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Notations

In the whole book, i =c¢ =1 (except for Sec. 2.1);
Signature of the metric: (1,—1,—-1,—1,...).
The cosmological metric with synchronous time:

ds? = dt* — yapda®da”.

Units

1 light year ~ 108 cm.
1 parsec (pc) ~ 3 light years.
The Sun’s mass: Mg ~ 2-103 g.
The Sun’s luminosity: Lg ~ 4 - 1033 erg/s.
The Planck units:
M3, =1/G, or M3, =1/(87G).
Mpy ~ 10_5g ~ 1019 GeV.

lp = l/Mpl ~ 10733 cm.
tp1 = 1/Mp1 ~ 10744 S.

The main parameters of our Universe

Size: ~ 1028 cm, or ~ 6000 Mpc.

Age: ~ 14 billion years.

The Hubble parameter: Hy = 100k kms~! Mpc™'; h ~ 0.72.
Composition: Qp ~ 0.72; Qpym =~ 0.24; Qp ~ 0.04.

~ 10! of galaxies concentrated in clusters, with voids between them.

xiii
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Our Galaxy, the Milky Way

Size: ~ 50 kpc.
~ 10! of stars; neutron stars, white dwarfs, dark stars (brown dwarfs),
black holes, hidden mass (dark matter).

History of the Universe, main landmarks

Time since the

Big Bang Temperature, K  Redshift Comments

1074 — 107375 >10%6 Inflation

1065 >1012 Quark-gluon plasma, electrons,
neutrinos and their antiparticles

3-1075s 1012 Baryosynthesis, nucleon formation

10~*s — 3min. 1012 —10° D, He, Li formation

15,000 yrs 10 3000 Equal matter and radiation
densities

300, 000 yrs 4000 1300 Recombination, transparency of
the Universe

15-108 yrs 300 100 Room temperature in the Universe

1—3-10°yrs 20 6 Birth of the first stars

3-10° yrs 10 3 Formation of heavy nuclei in
Supernovae

3 —14-10% yrs 3 1 Emergence of life and intelligence

10 yrs — — Stellar formation stops

1037 yrs — — The last stars die

10100 yrg — — All black holes have evaporated




Chapter 1

Modern ideas of
gravitation and
cosmology — a brief essay

At the beginning of the 20th century, only two physical fields were known,
electromagnetic and gravitational. Einstein’s theory of special relativity
(SR), created in 1902-1905, described quite well the mechanical and elec-
tromagnetic phenomena at velocities up to the velocity of light, which
had been impossible in the framework of Galileo and Newton’s classical
approach. However, Newton’s theory of gravity, which was almost a per-
fect basis for celestial mechanics and all terrestrial physics, was formulated
using the old notions of absolute space and time and could not be reconciled
with SR where space and time were unified in Minkowski’s four-dimensional
geometry.

After the advent of SR there were numerous attempts to describe the
gravitational field in Minkowski space in the hope to include rapidly moving
gravitating objects into the theory. Newtonian gravity in such cases ought
to be recovered in the limit of small velocities.

Henri Poincaré, great French mathematician who had actually “dis-
covered” SR simultaneously with Einstein, was the first to try to extend
it to gravity, assuming a finite propagation velocity of the gravitational
field. The idea that gravity is transferred with the speed of light had
been expressed before, but without SR there was no proper geometric
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language for such ideas to underlie a consistent theory. But the fate of
special-relativistic theories of gravity was also not too happy. Despite being
intrinsically free of contradiction, they still faced serious problems. One
of them was their inability to explain the anomalous secular perihelion
advance of planet Mercury’s orbit, about 43" per century, which could not
be explained by Newton’s theory as well. This perihelion shift had been
quite confidently measured in astronomical observations.

By the way, Mercury is the fastest planet of the Solar system, and it was
natural to expect a manifestation of the new “gravity of high velocities” in
the peculiarities of its motion.

By Kepler’s laws, which follow from Newton’s universal law of grav-
ity, the planets of the Solar system move along closed elliptic orbits. This
ideal picture is true if each planet interacted with the Sun only. In reality,
the mutual influence of the planets upon each other slightly changes their
orbits, so that their ellipses slowly rotate from one revolution to another,
thus becoming unclosed spiral-like curves. These effects are calculated in
Newtonian celestial mechanics with high accuracy. The anomalous peri-
helion shift is obtained by subtracting all “normal” shifts (explained in
Newtonian physics by coordinate effects and gravitational perturbations
due to other planets, whose sum amounts to about 5558 angular seconds
per century) from the observed value of 5601” per century (see, e.g., [417]
for details).

One more circumstance of theoretical nature made any attempts to
describe gravity in the framework of SR, so to say, less attractive. Since
Galilean times it has been well known that, if one excludes air resistance,
quite different bodies — a bit of fluff, a wooden bar, a brick, a lead ingot,
a can of water etc. — fall to Earth with precisely the same acceleration.
The universality of free-fall acceleration was confirmed with high accuracy
(up to 107?) in the E6tvos experiment with a torsion balance at the end of
the 19th century: in fact, it established an equivalence between the Earth’s
attraction force and the inertial centrifugal force due to the Earth’s diurnal
rotation. In Newton’s equations it is expressed as an equality between
the inertial and gravitational masses, the so-called equivalence principle
(EP). Newton’s theory itself cannot explain this equality, as well as all its
generalizations in the framework of SR.

The inertial mass that appears in the second law of Newtonian mechan-
ics @ = F/m (acceleration is equal to force divided by mass) and the
gravitational mass that appears in the law of gravity are, in essence, quan-
tities of absolutely different physical nature. It was clear to Einstein that
an equality between them cannot be a mere coincidence and should have
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deep reasons. The universality of the action of gravity on all bodies led
him to the idea that became the basis of general relativity (GR): the grav-
itational field is a property of space itself, and this property should change
from point to point since the gravitational field is, in general, inhomoge-
neous. Therefore, the Minkowski space, which is flat, homogeneous (the
same at all its points) and isotropic (the same in all directions) is not suit-
able; gravity should warp and curve it. That is how emerges the idea of
curvature of physical space-time. And since the gravitational field is created
by heavy bodies, the same must be true for the curvature.

Certainly the main idea of GR, as any fundamental idea, had its forerun-
ners and proclaimers. Even N.I. Lobachevsky, discoverer of non-Euclidean
geometry, spoke in 1826 of a possible experimental determination of the
world’s geometry. Riemann (1854) and Clifford (1876) assumed that the
curvature of space must depend on the properties of matter that fill it, and
Clifford even expressed the idea that curvature may propagate by waves.
So the ideas as though wandered in air. But it was Einstein (in contact with
Hilbert, Poincaré and other outstanding mathematicians and physicists of
that time) who converted them into an elegant and logically consistent
theory.

The fruit was ripe by 1915. GR became one more step aside from the
simple and clear views of classical physics: the four-dimensional space-time
(or simply space, as is often said for brevity) became curved. Riemannian
geometry, the geometry of curved spaces, already invented by that time,
became a mathematical tool and a language of the new physical theory.

In Riemannian geometry, hence also in GR, the basic quantity used to
describe the space-time is the symmetric metric tensor g, (z®) (the met-
ric), which depends on the four coordinates x* and consequently changes
from point to point. The metric carries information on intervals between
close space-time points, or events, and in its terms one expresses the quan-
tities that directly characterize the space-time curvature, the Riemann and
Ricci tensors. It is the metric tensor components that are the unknowns
in the dynamic equations of GR, the Einstein equations (or the Hilbert-
FEinstein equations, as they are sometimes called to emphasize Hilbert’s
substantial contribution in GR’s creation):

1 81G
Ryw = 59wl = ——=

: T, (1.1)

In the general case, it is a set of ten nonlinear partial differential equa-
tions with respect to ten unknown functions of four space-time coordinates.
Their basic sense is a direct relationship between the space-time curvature
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(the left-hand side of the equations, called the Einstein tensor) and the
distribution and motion of matter (the right-hand side of the equations,
called the stress-energy tensor). Thus “matter tells space how to curve”.
Any solution to the Einstein equations describes some possible configura-
tion of matter and the gravitational field.

Just as SR did not cancel Newton’s mechanics (quite suitable at small
velocities), GR did not cancel SR, which is valid in any small region of a
curved but smooth space-time. The smaller the size of such a region, the
more precisely this region coincides with a certain region of the Minkowski
flat tangent space, and with greater accuracy hold SR and its numerous
consequences. The Newtonian theory of gravity also follows from GR under
proper conditions: Newton’s equations are obtained from those of GR in
the limit of small curvature (that is, in weak gravitational fields) and small
relative velocities of the gravitating bodies. Most of the observable phe-
nomena belong to this “weak regime”. But GR interprets the gravitational
forces in quite a different manner: these are now not forces but certain
geometric characteristics of the world lines along which the bodies move
in four-dimensional space-time. From the viewpoint of GR, a body falling
freely in a gravitational field moves without any external forces, and its
world line is a geodesic, a direct analogue of a straight line in flat space.

A phenomenon of utmost importance, absent in Newton’s theory but
predicted by GR, is the gravitational waves. Their existence directly follows
from the wave nature of GR equations and is confirmed (though so far
only theoretically) by their numerous wave solutions. There is also indirect
experimental data confirming their existence based on an analysis of pulsar
dynamics: a binary pulsar loses its energy just as predicted by the general-
relativistic radiation formulas.

GR readily responded to the observational challenge and surprisingly
precisely explained the above-mentioned anomaly in Mercury’s motion.
Another classical effect of GR available to verification is the effect of gravity
on light rays, leading to light bending in the field of a celestial body. By
Einstein’s calculation, light passing near the Sun should be bent by an angle
of 1,75"”. A similar effect is obtained in Newtonian theory if one represents
light as a flow of particles flying, naturally, with the speed of light. But
then the calculated bending will be half as much as in GR: approximately
0,87" for a ray passing near the edge of the solar disk.

The total eclipse of the Sun on 29 May 1919 made it possible to measure
this effect by comparing the photos of stars near the solar disk closed by
the Moon with usual night photos of the same part of the sky. As was
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expected, for pictures taken during the eclipse, the stars turned out to be
slightly shifted from the disk edge as compared to their night positions. The
deflection angle varied in different observers’ data from 1,61” to 1,98” near
the disk edge, gradually diminishing in the outward direction, at an error
within 30”. So the sky confirmed the rightness of Einstein’s prediction.

It was a true triumph: a theory created on the tip of a pen, swiftly won
a place under the Sun. And what is even more amazing is that it generally
preserves its leading position even now, withstanding the challenges of time
and lots of experiments.

Einstein after Einstein

But let us not “run ahead of the engine” and return to the 20s and 30s
of last century. It was the time of physics’ active penetration into the
micro-world and formation of a language adequate to its properties —
quantum mechanics, later quantum electrodynamics and, wider, quantum
field theory. The quantum theory was first built in the framework of the old,
Newtonian concepts of absolute time and absolute space (nonrelativistic
quantum mechanics), and it required substantial effort to extend it to the
world of large velocities and high energies and to formulate its content in
Minkowski’s four-dimensional space-time.

The understanding of gravity as space-time curvature endowed GR with
an exclusive character as compared to all the rest of physics, and this was
in conflict with the feeling of unity of the material world, important for
both philosophers and physicists. On the other hand, in GR itself there
emerge quite a number of important problems, one of which is known as the
problem of energy. The notions of energy and other conserved quantities
play a very significant part in the structure of quantum theory. In flat
space, one easily formulates the energy, momentum and angular moment
conservation laws due to the symmetry of Minkowski space with respect to
temporal and spatial translations and rotations, forming the 10-parameter
Poincaré group. In curved space-time there are no such symmetries at all,
and it is therefore quite difficult to define the energy and momentum of
the gravitational field in GR in a consistent way.

For this and some other reasons, not all physicists have agreed with
GR, and even now there are repeated attempts to build a theory of gravity
in Minkowski space. Unlike the first attempts of this kind, the new authors
have learned to explain the classical observed effects of GR, and gravitation
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in such theories is represented by a field with normal conservation laws
and hopes to be quantized on equal grounds with other physical fields.
According to Will’s book [425], as early as in 1960 the number of such
theories exceeded 25. But neither then nor afterwards did such theories give
rise to really substantial interest (though certainly their followers would not
agree with such a conclusion).

Going the other way, the contrary trend “to reduce all physics to geom-
etry” created a number of new ideas which even now remain topical in
theoretical physics. In this connection, GR was considered (and is now
considered) as a basis for extension which can be achieved by introducing
more complicated geometries than the Riemannian one (Weyl, Eddington,
Cartan), space-time dimension larger than four with additional invisible
coordinates (Kaluza, Klein), and new requirements to the symmetry of the
initial formulation of the theory (Weyl’s gauge symmetry principle). An
ambitious task was then formulated, going far beyond a simple unification
of the gravitational and electromagnetic fields: to obtain, from a unified
field, all characteristics of the small number of elementary particles known
at that time. And Einstein was not aside from all this effort, he was a
leader of the program aimed at building a unified field theory on the basis
of GR, and he remained that leader to the end of his life.

A description of these attempts would lead us too much away from
our main subject, gravitation. Therefore we would like only refer to
Heisenberg’s words said in the early 60s: “It has been in essence a splendid
attempt But at the time when Einstein developed his unified field theory,
more and more new elementary particles were discovered, with their cor-
responding new fields. So there did not exist a steady empirical basis for
carrying out Einstein’s program, and his attempt did not lead to any con-
vincing results.” [Back translation from Russian.]

Even today the problem of creating a “theory of everything” remains
a central problem of theoretical physics.

The technological breakthrough

By the end of the 1950s, physics already knew four rather than two basic
interactions: the gravitational, electromagnetic, strong nuclear (due to
which protons and neutrons join to form atomic nuclei) and weak nuclear
(which is responsible for many particle transmutations and nuclear reac-
tions of which the most well-known is beta decay). Among them, the
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gravitational interaction appeared to be something of minor importance:
for particles, being much weaker than even the weak interaction, it seemed
absolutely insignificant in micro-world physics. The accelerators supplied
more and more new experimental data about the other three interac-
tions, and quantum field theory in flat Minkowski space experienced rapid
progress, formulating and solving various problems of particle physics.
Against such a background, gravitational studies seemed to be something
of extravagance. Yes, GR was recognized as a fundamental, almost philo-
sophical theory, important for the world outlook, but its experimental basis
was too poor: one effect, Mercury’s perihelion advance, was checked up to
1%, and another, light bending near the Sun, up to roughly 30%. The cos-
mological observations could only testify to a nontrivial geometry of the
Universe but could tell nothing about the validity of particular gravita-
tional equations. .. Kip Thorne, at that time a student and now one of the
most famous gravitational physicists, was advised by his professors not to
deal with GR, which, in their opinion, was a theory very weakly connected
with the rest of physics and astronomy. He did not obey such an advice
and, as far as we can guess, hardly regrets now.

The situation began to change only in the late 50s and early 60s. The
development of experimental technology made it possible to plan and carry
out a number of new tests of gravity while astronomical observations gave
more and more evidence of the existence of real sources of strong gravita-
tional fields in space. As the number of alternative theories of gravity grew,
tens of new effects were predicted along with suggestions to test them.

Amazingly it is GR that is being confirmed now with greater and greater
accuracy. Very briefly, that is how the present experimental status of GR
looks.

One of the fundamentals of GR, the equivalence principle, has been
confirmed, using torsion balances and various test bodies, to an impressing
accuracy of 10712 by now [46]. It seems that the limit of experiments on
Earth’s surface has been reached by this result, due to inevitable atmo-
spheric, seismic, and technological noise. The planned satellite experiment
STEP (Satellite Test of the Equivalence Principle) [430] will raise the accu-
racy to 10717-10718. The equivalence principle is predicted by all metric
theories of gravity, including GR and its numerous extensions where gravity
is identified with space-time curvature.

Another effect, which is also universal and common to a large class of
theories is the so-called gravitational redshift. Its essence is quite simple:
a photon, moving away from a gravitating centre, loses energy, hence its
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wavelength grows (the photon “reddens”), while if it approaches the centre,
it gains energy and becomes “more blue”. In the same way a stone thrown
up loses its speed but gains it while falling down. In GR this effect is
also related to the clock slowing-down: the more we approach a source
of gravity, the slower are clocks of the same physical nature. This effect
has been checked both for photons (the experiments of Pound, Rebka and
Snider with resonance photon absorption by atomic nuclei) [330, 331], and
directly for clocks (deflections in precision atomic clock readings in air
travels around the world) [193].

By the way it is this effect that makes GR not only an abstract theory
but really a working tool. And, it should be stressed, very well working.
The global positioning systems using satellites, of which the one named
GPS is the most well-known and widespread, are more and more actively
used in diverse military and civil applications and by lots of individuals.
The system includes high-precision clocks, whose rate depends on both
the satellite velocity (an effect of special relativity) and the Earth’s grav-
itational field (an effect of GR), therefore corrections taking into account
these effects are included in the signal calculation software: the on-board
clocks are periodically “slowed down” adjusting them to clocks located on
Earth. One satellite revolution around the Earth yields a clock difference
that, if neglected, leads to an error of 50 to 100 meters in determining the
coordinates of a receiver on Earth; meanwhile, the positioning accuracy is
on the order of a meter.

The light (and radio signal) bending effect has been checked many times
and with high accuracy, approaching 10~# arcseconds. It became a basis for
the theory of gravitational lensing, the basic method used for discovering
otherwise-invisible heavy bodies in the Universe.

One more confirmation of GR is a measurement of radar echo delay
in the solar gravitational field (the Shapiro effect, sometimes called the
fourth classical effect of GR, in addition to the perihelion advance, light
bending and redshift). The delay is not caused by lower velocity of the
signals (the speed of light in vacuum is the same everywhere since spe-
cial relativity holds in a small neighborhood of every point) but by their
longer distance as compared to the calculated trajectory in flat space. The
experiments consisted of active radar tracking of spacecrafts, and the most
precise results have been obtained by using the Viking orbital and landing
components that reached the planet Mars in 1977 [369]. The effect itself
amounted to about 250 microseconds while the signals travelled for about
an hour in the interplanetary space.
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A measurement of a qualitatively different effect of GR at last produced
its final result in 2011: the mission is called Gravity Probe B [159, 426].
It was an amazing project that took 47 years and 750 million dollars [426]. It
was designed to test two fundamental predictions of GR, connected with
precession of a gyroscope in the gravitational field of a rotating body (this
time, the Earth) that had never been measured before, using four high pre-
cision gyroscopes on board a satellite orbiting the Earth at about 640 km
above its surface. One of the effects is called geodetic precession: the space-
time curvature exerts a torque on the gyroscope so that its axis slowly pre-
cesses, in the relevant case, by about 6.6 arcseconds per year, in the plane
of the satellite’s orbit. The other phenomenon, called frame-dragging, or
the Lense-Thirring effect, causes a precession of the gyro axis perpendic-
ular to the orbital plane and amounts to 40 milliarcseconds per year. The
results once again well confirm the GR predictions: 6.60240.018” vs. pre-
dicted 6.606"” for the first effect (a relative uncertainty of about 0.27%),
and 0.0372£0.0072" vs. predicted 0.0392” for the second effect (a relative
uncertainty near 18%) [159].

All effects of GR in the Solar system are small corrections to the predic-
tions of classical physics, which have been confidently checked up to 1073
by now, and a number of modern projects suggest an improvement by a few
orders of magnitude, reaching the second post-Newtonian approximation.

Much more interesting phenomena might be expected in strong grav-
itational fields. Observations bring us more and more new data on the
manifestations of strong gravitational fields in the Universe. Thus, neutron
stars, whose existence had been predicted by Oppenheimer and Volkoff as
early as in the 1930s (by the way, on the basis of GR) [320], were discovered
in 1967 as radio pulsars [202]. A rapid development of pulsar astronomy
and physics has led, among other things, to new tests of GR. The pul-
sars are superdense objects with masses of the order of the solar mass and
size of a few kilometers; quite often they are components of binary sys-
tems, sometimes rather close. In such systems there “operate” gravitational
fields stronger than those of the Solar system by factors of hundreds and
even thousands. The outstandingly high stability of pulsar “clocks” allow
for accurate tracking of the celestial mechanics of such a binary. This, in
particular, has brought about new confirmations of the GR prediction of
secular pericentre (analogue of perihelion) shifts in binary systems.

An even more substantial contribution to gravitation theory from pul-
sar observations is related to gravitational waves. Despite enormous effort,
they have not yet been observed directly, but binary pulsar observations
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unambiguously point at their trace: a slow decrease in the pulsar orbital
period indicates an energy loss, and, as obtained from a calculation by
general-relativistic formulas, such a loss can be explained with reasonable
accuracy by gravitational wave emission. Nowadays there are hardly any
people who doubt the reality of gravitational waves; on the contrary, dis-
cussed is a future advent of gravitational-wave astronomy as an important
source of data on the most violent events that occur in the Universe. On
the other hand, the above observational result immediately rules out many
alternative theories which predict the same effects as GR in the Solar sys-
tem but a more rapid energy loss by binary stars due to gravitational wave
emission.

The most popular and exotic prediction of GR is certainly the existence
of black holes. The image of huge insatiable mouths that devour everything
and return nothing has become, no exaggeration, a part of human culture,
from science fiction to folklore. Modern astrophysics considers black holes
as quite real objects in space, emerging as a result of gravitational collapse
of massive stars, while many phenomena in the cores of galaxies and quasars
are well explained by the existence of supermassive black holes of billions
of solar masses.

Curiously, the first exact solution of the Einstein equations, the
Schwarzschild solution (1916, [365]), characterizing the static field of a
gravitating centre, describes the simplest black hole. Though, the prop-
erties of the Schwarzschild solution were entirely understood only in the
50s [261, 392], and its peculiarities are sometimes a subject of controversy
even now.

Since the early 60s, black hole physics has been developing as an inde-
pendent line of investigations, and it has led to many interesting and unex-
pected results. Thus, it has been discovered that it is possible to mine
energy from rotating black holes by launching small bodies in their neigh-
borhood (thereby slightly slowing down their rotation) [325]; that black
holes can be at full rights considered as thermodynamic objects with cer-
tain temperature and entropy [29]; that black holes “evaporate”, emitting
energy to the ambient space precisely as usual bodies heated to the corre-
sponding temperature [197]. The Hawking evaporation process is connected
with quantum particle production in the hole’s classical gravitational field.
The black holes of stellar and larger masses evaporate extremely slowly,
and this does not affect any observable processes. Under real conditions,
on the contrary, a black hole increases its mass at the expense of mat-
ter falling. But this process is of utmost importance for small black holes



Modern ideas of gravitation and cosmology — a brief essay 11

which could have survived since the first stages of the Universe expansion.
Their evaporation gradually becomes stronger and stronger (since the
black hole temperature grows as the mass decreases) and ends with an
explosion.

In the third and fourth chapters of this book we introduce the basic
notions of black hole physics and briefly discuss their main properties.
A comprehensive presentation of this area of physics can be found, e.g., in
the books [168, 413].

There is one more, no less intriguing consequence of the description of
gravity in terms of space-time curvature. Indeed, if it is curved in principle,
it is quite natural to assume that under certain conditions the curvature
will be very strong — for example, it may lead to something like narrow
bridges between different weakly curved universes, or “handles” connect-
ing remote regions of the same Universe. Such geometric structures have
been named wormbholes. If they really exist, then, at least in principle,
both time machines and interstellar travel become possible. It is not sur-
prising that all this is readily employed in science fiction — nowadays the
properties of wormholes and the conditions for their existence and construc-
tion are broadly discussed in special physical literature, see, e.g., Visser’s
book [405] and the review [265]. We will touch upon some of these questions
in Chapter 5.

To quantize or not?

As already pointed out, experiment entirely supports GR. However, the
picture is not so unclouded in theory. We have previously mentioned
the gravitational energy problem. Another well-known difficulty of GR
is the existence of singularities which emerge in the majority of exact
solutions to the Einstein equations and, in particular, they are hidden
beyond black hole horizons and occur at the beginning and, in some mod-
els, at the end of the cosmological evolution as well as in modelling isolated
bodies. These are, to put it simply, the points, lines or surfaces where the
space-time loses smoothness and the quantities characterizing the curva-
ture become either indefinite or infinite. Singularities may be connected
with infinite matter densities or pressures, but there also exist purely geo-
metric singularities, such as those in solutions to the Einstein equations in
vacuum, in the absence of any matter. The inevitability of singularities in
GR solutions has been proved under very general and reasonable conditions
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in a number of theorems, and this clearly indicates that GR is apparently
not very precise in its description of extremely strong gravitational fields.

Unlike event horizons, i.e., black hole boundaries (distinguished but
quite regular surfaces that work according to the remarkable principle
“everybody can come in, nobody can go out”), singularities represent a
real problem for the theory since they indicate, on the basis of the theory
itself, the places where it does not work any more. Thus GR itself prompts
to the necessity of going out of its own framework. How to do that? It is a
question of great importance, the subject of many studies and discussion,
maybe a question outside the framework of not only gravitation theory but
physics as a whole.

It seems natural, for example, to try to account for quantum
phenomena.

The relationship between gravity and quantum theory is a separate,
long and very intricate story. On the one hand, as any wave field, grav-
itation should possess quantum properties at small scales. On the other
hand, the mathematical procedures of quantization, working well in particle
theory, cope very poorly with space-time curvature. There are a few ways of
obtaining quantum versions of GR, but they lead to fundamentally different
results. For this reason it is often claimed that quantum gravity must not
be built on the basis of GR, but one should instead begin with formulating
a deeper and more general theory unifying gravity with other interactions.
It is well known that Einstein was for many years Bohr’s opponent in dis-
cussions on the interpretation of quantum mechanics (“God does not play
dice”). Quite possible, the nonacceptance of a probabilistic picture of the
world by Einstein was related to its incompatibility with GR.

Some qualitative arguments prompt what might be expected from
quantum gravity. Thus, from the three fundamental constants: the Planck
constant A (quantum of action, the attribute inherent to quantum mechan-
ics), the speed of light ¢ (the equally fundamental constant of relativity, the
maximum velocity of matter and interaction transfer) and the gravitational
constant G (it is the same in Newton’s theory and GR) one can construct
a quantity with the dimension of length. It is called the Planck length (Ip))
and is equal to approximately 10733 cm — it is probably this characteristic
scale at which the space-time begins to display quantum properties. It is a
very small quantity: it is smaller that an atomic nucleus (about 1073 cm)
by roughly the same factor by which such a nucleus is smaller than the
globe (~107 cm).
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At such lengths there must be significant fluctuations of the metric and
even topology. Accordingly, at such lengths one can expect a foam-like
structure of space, which permanently changes, “breathes” at the Planck
time rate Ip)/c. At still smaller lengths, the very notion of smooth space-
time becomes inapplicable, and instead of it, very likely, there is some
discrete (point) structure. All this is certainly nothing more than hypothe-
ses, but they have already given rise to numerous attempts of mathematical
calculations and observational predictions.

The zoo of theories

To have a general idea of what concerns gravitational physicists nowa-
days, it makes sense to look through the program of some recent large
gravitational conference. About a third of all talks presented will proba-
bly belong to classical GR, its astrophysical and cosmological applications.
The mathematical tools are being refined, including the methods of solving
the Einstein equations, new solutions are found and old ones are analyzed,
questions of principle are discussed and new observational effects are sug-
gested or predicted. In the experimental section, there are numerous works
on gravitational wave detection and suggestion of measurements in space.
There is inevitably a section or a few sections devoted to alternative theo-
ries of gravity, where the grand trend belongs to multidimensional theories
and unification of interactions including gravity. (Let us note that the very
word “alternative” — naturally, with respect to GR — stresses the pecu-
liar role of GR among gravitational theories.) A quantum section is also
certainly there.

Those who work on alternative or generalized theories pursue quite
diverse objectives. There are attempts to overcome the difficulties of GR
(such as, for instance, the gravitational energy problem) while preserving or
strengthening its advantages; there are attempts to take into consideration
principles and phenomena absent in GR. But probably the main point in all
new theories is an approach to gravity as a constituent of a future “theory
of everything” (or much more if not everything). The unified theories that
include gravity, as a rule, use more complex geometric structures than 4D
Riemannian geometry and new physical fields apart from the metric. Many
of them employ ideas put forward as long ago as in the 1920s. Each of them
reduces to GR under certain conditions or restrictions. And, as in GR, one
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seeks there solutions of physical interest (such as black holes, cosmologies,
etc.) and observational predictions.

Let us mention some examples, by no means exhausting the whole diver-
sity of approaches.

Scalar-tensor theories (STT). As is clear from the name, in these
theories gravity is characterized, apart from the metric that determines
the space-time curvature, by one or a few scalar fields. Let us present the
Lagrangian of the Bergmann—Wagoner—Nordtvedt general STT with a sin-
gle scalar field [36, 312, 412]:

Lsrr = f(#)R+ h(9)9"" ¢ udp — 2U() 4 Lm, (1.2)

where R is the scalar curvature, ¢ is the scalar field, f, h, U are arbi-
trary functions of ¢, and L,, is the Lagrangian of all other matter. The
STT make the mathematically simplest extension of GR, which predicts,
in general, the dependence of the gravitational constant on the scalar
field and consequently on the position in space and time; it also pre-
dicts different values of classical gravitational effects from GR and more
types of gravitational waves. The Lagrangian (1.2) reduces to that of GR,
Lar = (R—2A)/(167G), if the field ¢ is constant in the whole space-time.
(Here G is the gravitational constant and A is the cosmological constant.)

The observational data strongly constrain the choice of admissible STT.
Without touching upon the motivations that led Jordan, Brans and Dicke
in the 50s and 60s to formulation of the first STT [49, 219], let us note
that numerous scalar fields naturally emerge in various multidimensional
theories, in particular, those following from unification ideas, when reduced
to four dimensions.

Curvature-nonlinear theories. Another important class of extended
theories are those whose Lagrangian includes, apart from the scalar cur-
vature R, some other functions of R (the so-called f(R) theories) as well
as other curvature invariants. Their distinguishing feature is that their
gravitational field equations include third-order and higher derivatives of
the metric tensor whereas this order is no more than second in GR. As a
result, the set of solutions of these equations becomes much wider (though,
together with the difficulty of finding them).

It should be noted that the advent of curvature-nonlinear terms in the
gravitational Lagrangian is a direct consequence of quantum field theory
in curved space since such terms inevitably emerge in the regularization
and renormalization procedures necessary to give sense to the results of
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calculations [38, 178]. In other words, any theories which do not include
curvature-nonlinear contributions, should be regarded as approximate ones,
able to describe reality at small curvature only (certainly, to the extent that
we trust the methods of quantum field theory in curved space-time).

Gauge theories. The basic idea of gauge theories traces back to the works
of Hermann Weyl of 1918-1922, where he suggested using the equations
of gravity and electromagnetism with a richer set of symmetries than the
one contained in the Einstein equations. The additional symmetry includes
some transformations of the fields themselves. Beginning with the 50s (the
works of Yang and Mills), such symmetries, called local gauge symme-
tries, are widely used for a description of particles’ interactions. It is this
basic idea that has led to a unification of the weak nuclear interaction,
responsible, e.g., for beta decay, with the familiar electromagnetic inter-
action (Weinberg, Salam, Glashow). There are promising versions that
unify the resulting “electroweak” interaction with the strong nuclear one:
such theories are called Grand Unification Theories (GUTs). But all this
does not concern gravity. What is important is that gauge symmetries can
be described in terms of geometries of some special spaces (fiber bundles),
thus continuing the trend of geometrization of physics, see, e.g., the books
[39, 128, 248].

Attempts to include gravity in the general scheme of gauge theories
have led to different variants of gravitational theories with torsion which,
in addition to the curvature, is one of the forms of “warping” the flat geom-
etry (the Einstein—Cartan theory, the Poincaré gauge theory and others
[166, 215, 328]). It has turned out that in such theories one can get rid of
many kinds of singularities which exist in GR solutions as well as give new
formulations of the problems of energy and quantization.

Multidimensional theories, models of superstring origin. One more
idea related to geometrization of physics rests on the possible existence
of extra space-time dimensions. It traces back to the pioneering works
of T. Kaluza and O. Klein (1921) related to attempts to unify gravity
and electromagnetism. In recent decades this idea has become a necessary
ingredient of almost all attempts to unify all the four physical interactions.

Among the candidate “theories of everything”, probably the most pop-
ular are the so-called superstring theories [176, 230]. Strings are one-
dimensional micro-objects which, like, say, guitar strings can oscillate with
a certain spectrum of frequencies. These frequencies correspond to ener-
gies of different particles. The prefix “super” designates the presence of
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the so-called supersymmetry, a symmetry between bosons (particles with
integer spin) and fermions (particles with half-integer spins). Supersym-
metry requires that each boson have a fermion counterpart. Superstrings
“live” in curved spaces of dimensions 10 or 11 (depending on the partic-
ular version of the theory) and, under certain conditions, lead to a 10- or
11-dimensional version of GR. Classical GR is then obtained after distin-
guishing four “usual” coordinates in such spaces and inherits a large set of
diverse fields from its multidimensional prototype.

Brane worlds, wells and trenches. Let us say a few words on one of
the “fashionable” trends in the theory of gravity, the brane-world concept,
related to unification ideas and superstrings but being of interest of their
own as such.

All theories formulated in space-times of dimension higher than four
have to answer the question of why the extra dimensions are still not
observed. In the majority of models, beginning with those due to Kaluza
and Klein, the answer is like that: the extra dimensions are closed, or com-
pact, and have an extremely small size. A tube (a two-dimensional surface)
of a micron in diameter cannot be distinguished from a geometric line, a
one-dimensional object, without a microscope. The same happens to the
fifth or tenth dimension: since our instruments have not reached a suffi-
ciently small size (or, from the viewpoint of particle physics, a sufficiently
high energy), the world for us is four-dimensional.

But another answer is also possible: the fifth dimension is not small, it
can even be infinite, but ourselves and all observable particles and fields
are “confined” in a single four-dimensional surface, or a thin layer, and a
huge energy is required in order to leave it. It is like sitting on the bottom
of a deep well having no power to climb out. The well is extended in three
spatial dimensions, so it is more like a trench than a well: you can move
along it where you wish, but not up or aside.

Such a distinguished surface or layer is called a brane (the cut-off word
“membrane”), and the whole concept is called the “brane world”. The
first models of this sort were suggested in the 80s [10, 12, 322, 351] and
became very popular in a few recent years. It became clear that they lead
to new approaches in quite a number of problems of particle physics and
cosmology. From the viewpoint of the theory of gravity, it is of interest
that the gravitational field equations on the brane (the only field that we
can observe) are more complicated than the Einstein equations and lead to
somewhat different predictions. Thus, Newton’s law of gravity should be
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violated at distances smaller than a fraction of a millimeter: instead of a
squared distance, there should appear its higher power in the denominator
(see, e.g., the review [75]). A discovery of such a modification of Newton’s
law would be a weighty argument in favor of extra dimensions in reality.
Brane worlds can contain nonsingular black holes [60], wormholes without
exotic matter [87] and other nonstandard phenomena.

It seems to be a good time to stop and look at the situation as a whole.

We have seen that, despite the splendid observational status of GR,
most of the specialists do not believe that it is the last word in this area
of physics, but only a low-energy limit of a so far unknown fundamental
theory, most probably, a multidimensional one, unifying all interactions
and free of such difficulties as singularities, the problem of energy and
ambiguity of quantization.

Variable “constants”. Among experimental predictions of the alterna-
tive theories of gravity there are quite a number of effects, such as the
already-mentioned difference in the properties of gravitational waves. But
probably the most striking new prediction as compared to GR is a common
fact for most of the new theories, variability of quantities which had been
regarded before as Fundamental Physical Constants (FPCs). In the first
place, it is the gravitational constant G that appears both in Newton’s law
of gravity and in the Einstein equations. The electron charge, the elemen-
tary particle masses and many other constants can also vary, though the
characteristic times of their variation should be comparable with the age
of the Universe or even exceed it, otherwise such a variability would have
been discovered long ago.

To date, the experiments and observations give only upper limits of
such FPC variations. But there are two exceptions. First, beginning with
the 70s, now and then there appear data on variations of G on the level
~10712 per year, but there is no confident result confirmed by different
research groups. Second, observations of optical spectra of remote quasars
[415] testify to slow variations of the fine structure constant o = e?/(fic),
where e is the electron charge [74]. The most recent data [416] testify
to spatial variations of a, more precisely, that quasar observations in the
Northern hemisphere (mostly by the Keck telescope, Hawaiian islands) give
slightly smaller values of a in the remote past while the opposite part of
the celestial sphere shows values of « slightly larger than the modern one,
ap, measured on Earth (by approximately 107°). The anisotropy has a
dipole nature and has received the name “Australian dipole” [34]. The
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existing data are summarized by the following expression for deflections of
«a from g at any point of space:

Safag = (1.10 £ 0.25) x 107° r cos 1),

where 1 is the angle between the measurement direction and the axis of
the dipole (declination —61 £9 degrees, right ascension 17.3+ 0.6 hours),
and the distance r is measured in billions of light years. There have already
appeared theoretical models trying to explain both spatial and temporal
variations of a [111, 319]. These models include a scalar field interacting
with electromagnetism (thus affecting the value of a') and forming a cosmic
domain wall due to the properties of its potential.

More details on the theoretical grounds for FPC variability and the
experimental situation can be found in books and review papers [112, 246,
247, 380, 400, 401, 425].

Gravitation and the Universe

For gravitational theory, the application area of utmost importance is cos-
mology, the science on the Universe as a whole or on its part available to
observation. Modern cosmology is a rapidly developing field of knowledge:
the wealth of observational data is impetuously growing, and a lot of most
diverse models are being developed. Some of the models will be discussed
in detail in this book.

For a long time the Universe was considered as a kind of “vessel” con-
taining different object: particles, stars, planets etc. It seemed that there
is no relationship between the properties of this “vessel” and its content.
The situation began to change with the advent of GR whose equations
just established a relationship between matter and geometry. In cosmol-
ogy, this relationship became even more evident after A.A. Friedmann’s
discovery that a stationary state of the Universe was unstable, so that
it must either expand or contract. It inevitably followed from an analy-
sis of the Einstein equations in a cosmological context. The expansion or
contraction rate depends on the density and other properties of matter.
The properties of the “box” have turned out to depend on its content.
Further studies have led to the conclusion that the presently observed part
of the Universe some time ago (about 14 billion years) had a size of about
10727 cm or even smaller. But it is smaller than the size of an atom by
19 orders of magnitude. Such a small region certainly could not contain
the whole wealth of particles making the stars. It means that the Universe
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and the particles were born simultaneously or almost simultaneously and
undoubtedly exerted influence on each other. By now it is quite clear that
the Universe is not a “vessel” able to contain anything but a complex organ-
ism whose parts are all mutually intertwined and interrelated. Everything
is of importance here: the particle properties, gravitational physics, statis-
tical physics, electrodynamics. .. and frequently all that at the same time.

A fundamental feature of the present epoch is the establishment of
cosmology as a science. We can now answer many questions with proper
grounds, we can explain a lot of observational data and theoretically predict
many effects. The general path of the Universe’s evolution is becoming
clear, beginning with its creation and further into the future. Certainly
not all details are clear, but it seems that almost all possible variants of
the Universe’s evolution have been named.

Gravity plays a key role not only in the physics of local objects, such as
stars, galaxies, black holes, etc., but also in the properties of the Universe
as a whole. Thus, the size of our Universe (more precisely, of its visible
part) unambiguously depend on the value of the gravitational constant.
The development of cosmology on the basis of GR is gradually establish-
ing the features of the Standard Cosmological Model (SCM) whose basic
significance begins to approach that of the Standard Model of particle
physics.

The SCM on the basis of GR explains, above all, the following
phenomena:

1. The homogeneity and isotropy of the Universe;

2. Fluctuations of the Cosmic Microwave Background (CMB)
temperature;

3. The primordial nucleosynthesis.

One can assert that the history of cosmology as a science studying the
Universe as a whole began in 1929 with E. Hubble’s discovery. He found
that the numerous nebulae, which looked on the photographs as small
spots of unclear origin, are galaxies located millions of light years from our
Milky Way Galaxy. It also turned out that these galaxies fly away from
ours, leading to the conclusion that the whole Universe is expanding and
hence there has been some time in the past when the Universe was born.
Further studies have confirmed this conjecture. The abundance of helium
and the existence of the CMB, discovered in 1965, also indicated that the
primordial Universe consisted of a very hot plasma. It is the essence of the
idea of the Big Bang.



20 Black Holes, Cosmology and Extra Dimensions

The Universe as a whole is to a large extent homogeneous and isotropic,
which is by itself hard to explain, but the large-scale structure, consisting
of galaxies and clusters of galaxies, could only appear due to primordial
energy density fluctuations. A detailed analysis has shown that only bary-
onic fluctuations are insufficient for modern structure formation. There
should be some “invisible” component of energy density (“dark matter”)
in order that the gravitational forces be able to compress the domains of
enhanced energy density and to launch stellar formation. The existence of
dark matter has been by now practically proven, but its precise nature and
its composition are still unclear. It is only clear that its total mass is larger
than that of baryons, the particles that form stars, by approximately a
factor of five.

A discovery of fundamental significance was made in 1998. It was dis-
covered that our Universe is expanding not with a deceleration, as had
been believed before, but with an acceleration. In the framework of GR it
can only be explained by that the main part of the energy density is not
concentrated in baryons or even dark matter but in some strange form of
matter possessing a large negative pressure. It cannot consist of particles,
otherwise it would form inhomogeneous structures, which is not confirmed
by observations. This strange kind of matter, which has been called “dark
energy”, is distributed in space in a surprisingly homogeneous way, but its
presence affects the galaxies’ recession rate. The origin of dark energy is
still unclear. The simplest explanation is that the minimum of the poten-
tial energy of a certain hypothetic field is not strictly zero but is a small
positive constant. This very fact is not too surprising: what is strange is
that this minimum is extremely close to zero. There is so far no widely
accepted theory explaining this smallness.

There are now many open questions, but there also exist substantial
advances. The most impressive step forward has occurred with the advent
of the idea of inflation, i.e., a very rapid expansion of space at a primordial
stage of the Universe evolution. According to the inflationary scenario,
immediately after the end of inflation there happened abrupt heating of
matter, reproducing the already well-known picture of a hot Universe which
had been considered in pre-inflationary models as the initial stage. There
are an enormous number of specific realizations of the inflationary scenario,
and it is the matter of future studies to choose the correct model. Their
common feature is that all of them predict an extremely rapid expansion
of space in the framework of that or other theory of gravity.
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One should bear in mind that cosmological models crucially depend on
the choice of a theory of gravity. Therefore one can hope that cosmology,
as greater and greater amounts of knowledge are stored, will not only help
us to make clear the fate of our Universe but also to come to a better
understanding of the mechanisms of gravity.
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Gravitation



This page intentionally left blank



Chapter 2

Fundamentals of general
relativity

The basic content of general relativity (GR) is very well presented in quite
a number of well-known textbooks and monographs (e.g., [263, 296, 393,
413, 417]). Assuming that the reader is aware of these fundamentals, in this
chapter, above all for reference purposes, we will mention only its basic
facts and relations. Many geometric notions (such as those of a vector
and a tensor, co- and contravariant components of vectors and tensors,
contraction of tensors and so on) are supposed to be known and are used
without explanations.

The space-time in GR is a four-dimensional manifold with a pseudo-
Riemannian metric (the prefix “pseudo” is often omitted to say sim-
ply “Riemannian space-time”). The gravitational field is described in
GR in terms of space-time curvature, which is expressed using the met-
ric tensor and its derivatives with respect to the coordinates. Thus GR
belongs to the class of metric theories of gravity [425]; it is histor-
ically the first, the simplest, and the most well-elaborated theory of
this class.

We begin this presentation by recalling the basic facts of special rela-
tivity (SR), bearing in mind that in the close neighborhood of any point a
Riemannian space-time coincides with its tangent flat (Minkowski) space-
time, in which SR is formulated. So GR is not only a generalization of
SR including gravity: SR holds locally in all cases as long as gravitational
effects can be neglected.

25
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2.1 Special relativity. Minkowski geometry

2.1.1 Geometry

The simplest example of a Riemannian geometry is the Minkowski flat
space-time. The basic geometric invariant in this space is the interval
between two arbitrary points — events. There is a class of preferable coor-
dinates (the Minkowski coordinates) *, of which each possible choice cor-
responds to a certain Cartesian inertial reference frame (IRF). The summed
force applied to a body at rest in a certain IRF is equal to zero, or, in other
words, such a body moves by inertia, uniformly and straightly with respect
to any other IRF. In any IRF, the squared 4-dimensional “distance” (inter-
val) between the events 1 [z = (ct1,71)] and 2 [z} = (cta, Z2)] is written
in the form

82(172) = Cz(tg — t1)2 — ({fg — 51)2, (21)

where c¢ is a universal constant coinciding with the propagation veloc-
ity of electromagnetic waves (light, in particular) in vacuum and called
the speed of light. For close events 1 and 2, the interval (2.1) can be
written as

ds? = ndatds”, p=0,1,2,3, (2.2)
where the tensor with the covariant components
Nuv :diag(17_]—7_17_1) (23)

is called the Minkowski metric tensor (the Minkowski metric). As usual,
summing is assumed over repeated indices if one of them is covariant and
the other contravariant. The matrix (2.3), together with its inverse matrix

" = diag(1,—-1,—-1,-1) (2.4)

of the contravariant components of the Minkowski tensor are used for rais-
ing and lowering vector and tensor indices, so that, e.g., for an arbitrary
vector a = (a*) we have a* = n""a,, a, = nuwa”. The Minkowski ten-
sor defines a scalar product (ab) of two arbitrary 4-vectors a* and b* as
follows:

(ab) = nuatd” = n"a,b, = a,b* = a'b,. (2.5)

In particular, the squared interval is a scalar square of the vector

iz Iz
Ty — Ty .
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Evidently, the scalar square a?

= ayot = guata” of any 4-vector a
can take a positive, negative or zero value because the matrix 7, is not
positive- or negative-definite. In the case a? > 0 the 4-vector a is called
timelike, if a? < 0, it is called spacelike, and if a? = 0 it is called null, light,
or lightlike. These notions also refer to the vectors x; — xo that connect
events 1 and 2 as well as intervals between events.'

Let us fix an arbitrary point O in Minkowski space and place there
the origin of the coordinate system of a certain IRF. Then the whole
set of ends of all null vectors z* beginning at O form a conic surface
called the light cone (or null cone) of the point O. Its equation follows
from (2.1):

(202 -2 =2 — 2% —y2— 22 =0 (2.6)

(where, as usual, 2° = ct, 2! = x,2? = y, 2% = z, and 7% = 2% + y? + 22
is the 3-dimensional scalar square). All timelike straight lines that contain
the point O are located inside the light cone (2.6) while all spacelike ones
are located outside it.

The trajectories (world lines) of particles of nonzero mass are timelike
at their any points. Since the speed of light in SR is the maximum velocity
of body motion and signal propagation, two events may be causally related
only if they are connected by a timelike or null interval, and one can use
for them such notions as “earlier than” and “later than”. In such cases,
one of the events is located either inside the light cone of the other or on
the cone itself. The light cone of any event splits into the future and past
light cones.

2.1.2 Coordinate transformations

A transition from one IRF to another is described in the simplest way if the
velocity ¥ of the system S’ with respect to the system S is directed along
one of the coordinate axes of the latter, for instance, along the axis Ox,
i.e., in the system S the origin of the system moves according to the law

1In some books, e.g., [263], the Minkowski metric and coordinate systems are strangely
called “Galilean”, despite the fact that, in Minkowski space, the (special) Einstein rel-
ativity principle is valid rather than the Galilean one, and the latter is only restored
at small velocities. The usage of the word “Galilean” instead of “Minkowski” is still
more confusing in connection with some new ideas in the theory of gravity, involving
the Galilean transformations in some multidimensional space-times.
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2 = vt. In this case, the coordinate transformation (the special Lorentz
transformation) that leaves the interval (2.1) invariant, has the form
, T — vt , , , t —vx/c?
x:\/fiz/cf y =y, 2z =z, t:\/Tié/cQ, (2.7)

where the primed coordinates belong to the IRF S’.

A general Lorentz transformation, connecting any two IRF's, includes
a boost (a transition of the type (2.7) with a vector ¢ of arbitrary direc-
tion) and an arbitrary rotation of the spatial coordinate axes. All Lorentz
transformations form a six-parameter group called the Lorentz group. In
addition to general Lorentz transformations, the interval (2.1) is invariant
under space and time translations

o'# =zt +a", a" = const, (2.8)

forming the four-parameter group of translations. Thus the complete group
of isometries (coordinate transformations leaving invariant the metric
tensor) contains ten parameters. It is called the Poincaré group.

The matrix of an arbitrary Lorentz transformation A = (A}) has
the definitive property of pseudo-orthogonality. It is this property that
expresses the invariance of the Minkowski metric under such transforma-
tions. Namely, let the coordinates x* of the system S and the coordinates
y# of the system S’ be connected by the linear transformation

at = Aby® +a¥, Ah a" = const. (2.9)

(2]

According to (2.9), A% = Ox*/0y*. Substituting (2.9) to the expression
for the interval (2.2), we obtain

ds® = ny Al A% dy® dy”. (2.10)

The invariance of the metric 7,,, means that in the right-hand side of this
equality there stands the expression nagdy"‘dyﬁ, where the matrix 7,4 is
the same as 7,, and has the form diag(1,—1,—1,—1). The condition

NuvAG Al = Tagp (2.11)

is the condition that the matrix A is pseudo-orthogonal. The arbitrary
constants a* in the transformation (2.9), forming the translation vector,
are absent in the condition (2.11) and play the part of integration constants
for the condition (2.11) treated as a set of differential equations for the
functions x*(y®).
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2.1.3 Kinematic effects

An analysis of the Lorentz transformations leads to the most important
kinematic effects of SR. Thus, any motion of a point particle at any fixed
time instant can be considered to be approximately inertial, so one can
introduce an IRF S’ in which the particle is at rest at this time instant.
Assuming, without loss of generality, that the motion occurs along the axis
Ox, it is easy to find that the time increment di’ by a clock connected
with the particle (and equal to ds/c) is related to the time increment dt
by the clock of the “laboratory” IRF S according to

dt’ = dt\/1 —v2/c2. (2.12)

Due to arbitrariness of choosing the axes, this formula is valid for a velocity
of any direction, ¥ = d#/dt. Consequently, for an arbitrary trajectory of
motion Z(t), the proper time interval 7 of the particle (that is, the time
elapsed according to a clock connected with the particle or any object
whose size is insignificant) is determined by the relation

(1 12) / ds = / it/ T— @), (2.13)

if the time t; to t2 has elapsed at the clock of an observer at rest.

From (2.12) and (2.13) it follows that the proper time interval of a
moving object is always smaller than the time between the same events
from the viewpoint of an observer at rest. It is the so-called Lorentzian
time slowing-down; it leads, in particular, to the famous twin paradox. If
one of the twins is at rest (or moves slowly) in a certain IRF while the
other travels with relativistic velocities and, having completed his closed
trajectory, meets his brother, then, at their meeting, their ages will be
different: the traveller will be younger than the home-sitter. It could seem
that if one considers the situation in the RF where the traveller is at rest,
the result should be the opposite. However, a careful analysis, taking into
account the fact that the traveller must have changed his IRF at least three
times (at acceleration, at turning back and at final deceleration) shows that
his calculated age will be smaller than that of his brother. The paradox is
explained by the asymmetry of the situation: the integral (2.13) turns out
to be smaller for an object (or subject in the present case) that has carried
out noninertial motion.

Another effect, the Lorentzian length contraction, consists in the fact
that the length of a ruler or a rod has different values while measured in
different IRFs. The length is maximum in the RF where the rod is at rest
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and contracts in the ratio 1/1 — v?/¢? in an IRF moving with the velocity
¥ parallel to the rod. This result is derived by finding the coordinates of
the rod ends at the same time by the clock of a moving RF. The transverse
size of a body does not change at its motion, and its volume changes in
the same ratio as the length in the direction of motion. A body moving at
relativistic velocities, comparable with the speed of light, becomes oblate,
and in the ultrarelativistic limit v — ¢ a spherical body acquires the shape
of a disc or pancake.

The third effect is the relativity of simultaneity: in different IRF's, the
spacelike hypersurfaces t = const are different. Even more than that: any
two events separated by a spacelike interval can be made simultaneous
by choosing a suitable IRF. This circumstance is illustrated by Fig. 2.1
showing a two-dimensional section of Minkowski space-time making the
(t,z) plane. In the coordinates z,¢ belonging to the IRF S, depicted
are the axes z/,t' of another IRF, S’; the lines ¢ = const represent
the spatial sections (surfaces of simultaneity) of the IRF S, and the lines
t’ = const (the 2’ axis and lines parallel to it) depict similar surfaces of
the IRF S’.

t/

Figure 2.1 The z and t coordinate axes in different IRFs
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There are other relativistic kinematic effects, e.g., light aberration (non-
coincidence of directions to a distant source of light being observed from dif-
ferent IRFs), the relativistic formulae for velocity addition and the Doppler
effect, different from their nonrelativistic counterparts etc. Their detailed
analysis can be found in numerous textbooks on SR.

2.1.4 Elements of relativistic point mechanics

In the formulation of SR in terms of the Minkowski geometry, the three-
dimensional quantities appearing in nonrelativistic mechanics are replaced
by their four-dimensional counterparts, which leads to a more elegant,
economic and transparent form of many equations. In particular, for the
motion of a material point or an element of a medium, the 4-velocity

(y=1/4/1—0v2%/c?) is introduced:
“w A
w8 (520, (2.14)

ds c

Here ds = cdty/1 —v?/c? is an element of the interval along the parti-
cle trajectory. It is easy to verify that the vector defined in this way is

normalized:
uput = 1. (2.15)
The 4-acceleration of a material point or an element of a medium is
du” vy dut
e — = ——. 2.16
“ ds c dt ( )

Due to the normalization condition (2.15), the 4-velocity and 4-acceleration
are mutually orthogonal: a,u* = 0.
The 4-momentum of a material point (particle) is, by definition,

p* =mut = (E/c,p), m = const, (2.17)
where m is the particle rest mass, characterizing its inertial properties,
7 = (p*) is the spatial momentum, and E = ymc? is the particle energy in
a given IRF. By definition, the squared momentum is p? = pupt = m2c?.

At small velocities, v < ¢, expanding the expression for the energy in
powers of v/c, we obtain

2
E ~mc + % +O(?/c3). (2.18)
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From this relation follows a conclusion of utmost importance: that the total
energy of a particle includes, in addition to the classical kinetic energy, the
rest energy mc?.

The role of Newton’s second law is played by an equality which can be

considered as a definition of the force 4-vector f*:
f/"' = — = mca/"' = mc—, (219)

where the components f# are connected with the usual force 3-vector by
the relations

- 612(1317)7 fi= %F (2.20)

The action of a free particle is written in the form [263]

02
S = —mc/ds = —mc / 1- —dt (2.21)

and, since by definition S = [ Ldt, the Lagrangian L is

02
L=- 1-— ok (2.22)
For a particle moving subject to an action of external forces, this action
must be supplemented with other terms which include potentials of inter-
action between the particle and other bodies and actions of various physical
fields.
For a free particle, variation of the action (2.21) with respect to the
functions (t), describing the particle world line, is zero, from which we
obtain the Lagrangian equation

d v
dt /1 —v2/c?

so that, as should be the case, a uniform rectilinear motion is obtained.
Photons and other massless particles follow lightlike (null) rectilinear
trajectories and can have an arbitrary energy E and spatial momentum
¢ = (E/c®)v, so that |p| = E/c. The connection between the photon
energy and frequency, E = hv appears, as is well known, not in SR but in

=0 = v’ = const, (2.23)

quantum mechanics.
The relativistic mechanics satisfies the correspondence principle:
Newtonian mechanics for massive bodies is restored at velocities v < c.
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2.2 Riemannian space-time. Coordinate
systems and reference frames

So far we have been using Minkowski coordinates in Minkowski space-
time, where the metric has the form (2.2), and the inertial reference frames
(IRFs) connected with these coordinates. However, nothing prevents us
from describing physical processes in the framework of SR with the aid
of other coordinate systems, even remaining in a fixed RF in Minkowski
space. For example, one can introduce spherical or cylindrical coordinates.

In the most general cases, both in Minkowski space-time and in any
Riemannian space-time, and wider, in any differentiable manifolds, arbi-
trary coordinate transformations z* +— y* are possible, with arbitrary
functions

ot =y yt Py, (2.24)

In the physical space-time, the coordinate transformations (2.24) lead in
general to changes in the reference frame.

One should note that a relationship between the notions of coordinate
systems and reference frames is rather a subtle question which sometimes
leads to confusions and misconceptions. It is therefore reasonable to explain
in which sense we shall use these notions.

In this discussion, we will mostly follow the books [406, 437, 438].

To begin with, omitting a number of mathematical details, we can say
that a Riemannian space (or space-time) is a differentiable manifold of
arbitrary dimension D equipped with a metric g,, of arbitrary signature.
If it is positive-definite [the signature (+ + ...+)], the space is called
proper Riemannian, in other cases it is called pseudo-Riemannian, but the
prefix “pseudo” is often omitted.

We will consider an arbitrary real four-dimensional (pseudo-)
Riemannian space-time with the interval

ds? = gul,dx“d;z;”, w,v=0,1,2,3, (2.25)

with a symmetric metric tensor g, , having the signature (+ — — —).2

2Space-times with this signature are called Lorentzian. The same term is also applied
to the signature (— + + +); many authors use this signature. The physical content
of the theory certainly does not depend on the choice of one plus and three minuses or
vice versa, but the forms of some equations become slightly different which creates some
inconvenience and requires certain care.
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Fixing an arbitrary point, we can bring the metric tensor at this point
to a diagonal form by linear coordinate transformations, and then, by evi-
dent additional transformations, ordering the obtained diagonal elements
and normalizing them to plus or minus unity, we will always obtain the
Minkowski tensor (2.3) due to our choice of the signature. This clearly
indicates that in a small neighborhood of each point the geometry of any
Riemannian space-time coincides with the Minkowski geometry, and all
phenomena for which the curvature is insignificant can be described in the
framework of SR.

2.2.1 Covariance, maps and atlases

Let us present the general definition of a coordinate system in a differen-
tiable manifold. The definitions of all the corresponding notions and their
detailed and rigorous discussions can be found in textbooks and mono-
graphs on global differential geometry, such as, e.g., [198, 270, 338].

A coordinate system in a certain region U of a differentiable manifold
of class k and dimension D (or, which is the same, a map of the region U)
is a one-to-one map of the region U to a certain region of the arithmetic
space RP . The region U itself is then called the range of the map or the
range of the coordinate system.

Thus each point z of the region U is put into correspondence with an
ordered set of D real numbers, which numbers are called the coordinates of
this point. Moreover, if U; and Us are ranges of two maps and « € Uy NUs,
then the coordinates of the point z in one of these maps are functions
of class C* of the coordinates of the point x in the other map, with
a nonzero Jacobian of the transformation. Most frequently, manifolds of
the class C°° are considered, with infinitely differentiable transformation
functions.

The global properties of a manifold are described by sets of maps whose
ranges cover the whole manifold (atlases). In other words, a union of ranges
of maps belonging to a certain atlas is identical to the whole manifold.

Thus a coordinate system in a manifold and, in particular, in a four-
dimensional Lorentzian space-time is simply a way to supply each point
(event) with a certain “address” or label in the form of a set of numbers,
and different ways of addressing must be related to each other by smooth
transformations.

It is thus clear that the space-time coordinates in general do not bear
any physical meaning if their values are not deliberately taken as functions
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of certain physical or geometric quantities (such as distances, time intervals,
values of the electric field strength and so on). At the same time, the
equations of a physical theory, describing objects in the space-time, contain
coordinate of points as variables or parameters. But neither the properties
of any physical bodies or phenomena nor any measurable quantities can
depend on which labels are ascribed to the points-events. Thus social life
in a city cannot depend on whether the houses are numbered by order, by
meters, miles, cubits or leagues and from which point the counting begins.
But the numbering can be very convenient or quite clumsy. The same with
coordinates in space-time.

It then follows that physical laws should admit a universal formula-
tion independent of a choice of the coordinate system (the so-called gener-
ally covariant formulation). This statement is the content of the General
Covariance Principle.

The General Covariance Principle may be called a mathematical expres-
sion of common sense: any physical theory pretending to be reason-
able should admit a generally covariant formulation. For instance, New-
ton’s theory of gravity, special and general relativity are all generally
covariant.

2.2.2 Reference frames and relativity

Let us now pass on to the notion of a reference frame (RF). By defini-
tion, a reference frame is an imaginary, massless, in general, arbitrarily
(but smoothly) deformable body (the reference body), existing in a cer-
tain region of space-time and equipped at each point with perfect rulers,
allowing for length measurements, and perfect clocks, allowing for time
measurements.

Thus, unlike coordinate systems, which notion is purely mathemati-
cal, a RF is a physical notion, quite necessary for connecting the theory
with measurements. As is well known, real prototypes of perfect clocks
are atomic clocks, while real prototypes of perfect rulers are the length
standards attached to the wavelengths of certain spectral lines.

The General Relativity Principle asserts the equivalence of all RFs in
formulating the laws of nature. It is a consistent physical principle, from
which follows the absence of preferred RFs in the nature. Let us note that
even theories in which there are preferred RFs admit a generally covariant
formulation of their equations. An evident example is SR, where inertial
RFs (IRFs) play a distinguished role.
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The absence of preferential RF's in the formulation of the laws of physics
certainly does not mean that the results of physical measurements will be
the same in all RFs: indeed, a measurement instrument is always situated
in a certain RF, and this inevitably affects its readings. In particular, in
SR, none of the IRFs is preferential, but measuring the length of the same
rod by instruments situated in different RF's give, as we have seen, different
results.

2.2.3 Reference frames and chronometric invariants

In principle, it is possible to use coordinate systems quite independently
from RFs. For example, when describing the life of a city in its natural
RF connected with its streets and houses, nothing and nobody forbids one
from using coordinates connected with a certain system of regularly moving
buses, or with the shadows of clouds floating in the sky.

In practice, however, it is much simpler and more convenient to attach
the coordinates to a certain RF, assuming that the reference body is cov-
ered by a three-dimensional coordinate net z’ while the time coordinate
20 changes along the world lines of fixed points of the reference body (they
are naturally called time lines). It is said in this case that the coordinate
system belongs to a reference frame. The world lines of particles at rest in a
given RF are described by the equation ¢ = const (are z"-independent).
If one makes a coordinate transformation (2.24), then the condition that
the new coordinates y* belong to the same RF as z* is that the new
spatial coordinates 3° are z°-independent.

Thus the transformations

y'=y'(z" 2% 2%, (2.26)
yozyo(xo,x17x2,x3), (2.27)

are the most general transformations between coordinate systems that
belong to the same RF. The equality (2.26) describes three-dimensional
coordinate transformations which change the spatial coordinate net. The
equality (2.27) describes arbitrary chronometric transformations that
change the course of arbitrary (coordinate) clocks as well as their syn-
chronization from one spatial point to another.

In any coordinate system z*, one often considers simulatneity surfaces,
or spatial sections, i.e., the sets of space-time points (events) defined by

the condition z° = const.
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It is clear from Eq. (2.27) that the condition 2° = const does not at all
guarantee 3° = const. In other words, even in coordinates belonging to the
same RF, there can be different spatial sections, since there can be different
sets of coordinate clocks (not to be confused with perfect clocks) which
are synchronized in different ways and having different (and differently
variable!) rates. A good example: different time scales on the Earth, i.e.,
manifestly in the same RF: Greenwich time, times in other time zones,
the true solar time etc. Also, time according to clocks with pendulums of
fixed length (whose rate depends on the gravity force which depends on
latitude and altitude) and atomic time which is thought to be universal
and is identified as the true physical time.

All measurable physical quantities in a given RF should be covariant
under the transformations (2.26) and invariant under (2.27) (chronometri-
cally invariant). This is the chronometric invariance principle introduced
by Zel’'manov [437]. It is dictated by the same reasoning as the general
covariance principle but applied to a particular RF.

It is not hard to obtain expressions for chronometric invariants from
the components of any four-dimensional tensors. Thus, any 4-vector A,
has the following chronometrically invariant (ChI) components:

Al i=1,2,3; A= Ao/\/9oo. (2.28)

Dealing with higher-rank tensors, one must do the same with each
index. More specifically, from the components of an arbitrary tensor
Ay, of rank r one constructs the quantities

Afi i (gog) (rmmI/2, (2.29)
where m ranges from zero to r while the number of lower indices (zeros)
is equal to 7 —m. The expressions (2.28) are Chl and form contravariant
tensors with respect to the spatial transformations (2.26). This result is
verified in a straightforward manner. The metric coefficient ggo is always
nonzero in coordinates belonging to a certain RF.

A very important example is the 3D chronometric metric tensor h;y :
according to the above, its contravariant components coincide (up to the
sign) with their 4D counterparts:

Rtk = —gtk. (2.30)
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It can be shown [297, 437] that the covariant components of the chrono-
metric spatial metric tensor and its determinant are expressed in terms of
4D quantities as follows:
hiw = —gin + 2290 p = det(hy,) = — . (2.31)
goo goo

The tensors h** and h;; can be used to raise and lower indices in various
chronometric vectors and tensors.

The Chl coordinate displacement vector dxz’ and the ChI (physical)
time interval dt = deo can be used to obtain the expressions for the
ChlI spatial length element dl and the 4D interval:

di? = hypda'da®,  ds? = dt? — dI?, (2.32)

the latter coinciding with the interval in SR. It is also clear that the Chl
3-velocity defined as dx'/dt automatically turns to unity in the case of a
null interval, ds = 0. Thus the locally measured velocity of light in GR is
always the same and equal to the fundamental velocity, as should be the
case since a Riemannian space-time coincides at any point with its tangent
Minkowski space (up to O(dz*)).

A further development of the chronometric invariants theory includes
a reformulation of all equations in terms of Chl quantities and ChI dif-
ferential operators as well as a description of RFs employing their Chl
characteristics: acceleration, rotation and deformation [297, 437, 438].

One should note that it is sometimes reasonable to use coordinates
that do not belong to any RF, e.g., null coordinates, and in such systems
it is quite possible to have ggoo = 0 in the whole space-time or its certain
subsets.

An even more universal description of reference frames is realized using
the so-called monad formalism [298, 406, 438], where a monad is the 4-
velocity field of the reference body; this formalism considers chronometric
invariants as one of its “gauges”.

More well-known is the tetrad (vierbein, hedron) formalism of RF
description (see, e.g., [296, 297, 346]), where an RF is characterized with the
aid of an orthonormalized hedron in Minkowski tangent space at each world
point. Recall that, to specify an RF according to the above definition, it is
sufficient to fix only one (timelike) vector at each point (i.e., the monad),
while the other three vectors of a tetrad, characterizing the positions of
spatial axes, are unnecessary. However, the tetrad formalism is extremely
useful for calculations of observable quantities and for the description of
fermions in curved space-times. More than that, some authors consider
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tetrads (rather than the metric) as the dynamic variables describing the
gravitational field in GR and its extensions.

2.2.4 Covariance and relativity

As we have seen, the general covariance principle is nothing else but an
opportunity to use any coordinates for describing the space-time and the
events in it.

On the contrary, various forms of the relativity principle are important
postulates of physical theories. Thus, the Galilean relativity principle that
acts in Newtonian mechanics asserts that the laws of nature are indepen-
dent of the choice of an IRF in Newtonian absolute space. The special
relativity principle asserts quite the same but in Minkowski space, where
IRFs are related by Lorentz transformations. In both cases, the theory con-
tains a class of privileged RFs, and the transformations in question occur
inside this class.

The Cartesian coordinates in Newtonian (Euclidean) space and the
Minkowski coordinates in Minkowski space are privileged in two respects.
They are distinguished mathematically since their coordinate lines coincide
with the orbits of isometry groups of the corresponding spaces (though,
this choice is not unique: spherical and cylindrical coordinates also pos-
sess this property). On the other hand, they are distinguished physically
by the convenience of describing IRFs with their aid. It is well known,
however, that, in many problems of classical mechanics, curvilinear coor-
dinates are used, and physical phenomena in various noninertial RFs are
studied. In SR, there is also a necessity to study accelerated RFs and to
use coordinates belonging to them (e.g., uniformly accelerated frames and
Rindler coordinates [344]). In such cases, quite helpful are the methods
elaborated in GR and related to generally covariant formulations of all
equations.

One should say that the word “relativity” that is part of the names of
both SR and GR may be said to have two faces. On the one hand, this word
denotes principles which declare quite an opposite property of physical
laws, their absolute nature, their RF-independence; however, one applies
the laws in specific RFs, i.e., relative to a chosen class of observers. On
the other hand, in both SR and GR, many things that have been absolute
in classical theory, become relative, i.e., RF-dependent. In SR these are
simultaneity, lengths, time intervals. In GR (as well as in other metric
theories of gravity) one should add to this list the finiteness or infiniteness
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of the spatial volume and even the topology of 3-space. In what follows we
will meet specific examples of such relativity.

2.3 Riemannian space-time. Curvature

Let us present some definitions and relations, important for what follows.
Above all, the contravariant components of the metric ¢g"” form a
matrix reciprocal to the matrix g, :

Iuag™” =6, (2.33)

where d;; is the Kronecker symbol, equal to unity for coinciding values of
the indices and to zero for noncoinciding ones. The tensors g,, and g"”
are used for raising and lowering arbitrary tensor indices.

Partial derivatives of any scalar function f(z*) with respect to the
coordinates, 0, f, form a covariant vector called the gradient of f. Par-
tial derivatives of the components of a vector A, or A* in general do not
form a tensor because coordinate transformations are, in general, non-
linear. To obtain a covariant form of physical equations and for many
other purposes it is thus necessary to generalize the notion of a deriva-
tive, to make it a tensor. This goal is achieved by introducing the covariant
derivatives

VA, =0,A, — T}, A

VAV =0,A" + T, A%, (2.34)
where the quantities I'7, (they do not form a tensor!) are called the
Christoffel symbols, or affine connection coefficients agreeing with the met-

ric (the metric connection, or the metric affinity); they are expressed in
terms of the metric tensor and its first-order partial derivatives:

1
FZV = Egga (augozu + (%gau - (%g,w), (2.35)
where for the contraction I'f, , using (2.35), it is easy to obtain
an = aﬂ(ln V _9)7 g = det(g,uu)~ (236)

The Christoffel symbols are symmetric in their lower indices, therefore, in
general, there can be as many as 40 different components (ten variants of
the lower pair and four values of the upper index).

One can directly verify the tensor nature for the transformations of the
covariant derivatives in coordinate transformations.
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For tensors of any rank, the covariant derivatives are calculated accord-
ing to the methodology (2.34) applied to each upper or lower index sepa-
rately. For instance, for the mixed tensor 7}, we have

v o v v B B8 v
VoIV = 0, T8 +T%,T5 — T8 T4 (2.37)

[e3%

Due to (2.35) (in fact, since the connection agrees with the metric), the
metric tensor is covariantly constant:

Vaguw = Vag"’ =0. (2.38)

It then follows that the operation of covariant differentiation commutes
with index raising and lowering, which is extremely convenient in transfor-
mations of complex tensor expressions.

The next point of importance is repeated application of covariant
derivatives. Usual partial derivatives are known to commute with each
other; the same is true for covariant derivatives of a scalar f. The first-
order derivative, V,f = 0, f, coincides with the partial one; the second
nabla operator is already applied to a vector (gradient), but nevertheless

(VaV —VgVa)f =0.
Applied to a vector, commutation of covariant derivatives gives

(V,V, —V,V,)A, = R%, Ay

puviion
(VuV, — V,V,)A? = —R.,, A%, (2.39)

where the quantities Rf,,, are components of a tensor called the curvature
tensor, or Riemann tensor (sometimes also called the Riemann-Christoffel
tensor):

R}, = 0,1, —0,I0, + 1,15, =2, (2.40)
The Riemann tensor plays a central role in Riemannian geometry since it
is this tensor that characterizes the distinction of a given metric from that
of flat space. For the latter, all components of the Riemann tensor are zero
(and, due to its tensor nature, all its components are zero, being calculated
in an arbitrary coordinate system, not only in Minkowski coordinates).

It is most convenient to describe the symmetry properties of the
Riemann tensor if it is represented by its covariant components, R, ,c =
Gualty,, - By construction, it is symmetric under permutation of the first
and second pair of indices and is antisymmetric within each pair:

R,uupcr = Rpcrul/ = _Ruppa = _R;wap- (241)
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Furthermore, the components of the Riemann tensor satisfy the Ricci
identity

RMOCB’Y + Rﬁﬂ’ya + Rp/yozﬁ =0, (242)

where the first index is the same in all terms while the other ones are
subject to cyclic permutation. Due to (2.41), one can rewrite this identity
with any other fixed index.

Given the symmetry of the Riemann tensor, the number of its inde-
pendent components in 4-dimensional space is 20. In the general case of
a D-dimensional space this number is equal to D?(D? — 1)/12. In spe-
cial examples of spaces possessing substantial symmetries, the number of
independent components is much smaller: for example, in de Sitter space
that has the maximum possible symmetry, all components of the Riemann
tensor are expressed via only one constant.

Contractions of the Riemann tensor lead to the Ricci tensor R, and
the scalar curvature R, also called the Ricci scalar:

R. = R%.; R=g"R,, =R (2.43)

A direct inspection shows that the Riemann tensor, in addition to the
algebraic identities (2.41) and (2.42), satisfies the differential identities

VioRagjys = 0, (2.44)

called the Bianchi identities.?
Their contraction by one pair of indices gives

VR4, + VyRap — VsRay =0, (2.45)

aBy

while a further contraction leads to an equality of utmost importance in
gravitation theory:

(o3 v v 1 v
VaGji =0, G} =R~ S0iR. (2.46)

The tensor G}, is called the Einstein tensor.

To conclude the section, we would like to present a formula for the
invariant volume element in a Riemannian space of arbitrary dimension
D: if we try to find the volume of a small parallelepiped specified by D

3As usual, symmetrization is meant over indices taken in parentheses and alternation
over those in square brackets.
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vectors dz¥ (a is the number of a vector, and u is, as usual, the number
of its component), the invariant volume element is

dV = +/|g|| det(dz)|, ¢ := det(gu). (2.47)

Consequently, an invariant integral of a scalar function f(z) over a certain
volume V' is

/ Vil @)dPz,  dPx = dutda? - daP (2.48)
14

Evidently, similar formulae are valid for integration over surfaces of any
dimension d < D if a* denotes the coordinates specified on the surface
while g, is the internal metric of the surface, induced by the metric of
ambient space.

2.4 The gravitational field action and dynamic
equations

2.4.1 The Einstein equations

In GR, the dynamic variables characterizing the gravitational field are the
metric tensor components g,,, . The dynamic equations of GR are derived
from Hilbert’s variation principle

-2
58 =0, S:/R2% J=gd'z + S, (2.49)

where S, = [ Lynyv/—g d*z is the action of matter, i.e., substance and all
fields except the gravitational field, and A is the cosmological constant,
which is usually negligible when considering “local” configurations (up to

A

the scale of a cluster of galaxies) but is manifestly important on the cosmo-
logical scale. The condition 45 = 0 leads to the Hilbert-Einstein equations
(more frequently they are simply called the Einstein equations)

1
Ry, — §gm,R + g = —5T1),. (2.50)

Here, » = 87G/c* is the Einstein gravitational constant (G is the

Newtonian gravitational constant), and T}, is the (metric) stress-energy
tensor (SET) of matter:

2 0Sn,

T, = — -2

V=g dgH”

In (2.50) there are in general ten nonlinear partial differential equa-

tions. However, first, the freedom of choosing a coordinate system makes it

(2.51)
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possible to impose four arbitrary coordinate conditions which can be formu-
lated as equalities involving the coefficients g, , and there remain only six
independent equations. Second, among the remaining equations there are
four differential dependences related to the identities (2.46), which results
in only two real dynamic equations. The other four are constraint equations
which do not contain second-order time derivatives. These circumstances
are of importance for all dynamic processes in GR, and above all for grav-
itational waves, which can have only two independent polarizations.

Due to the contracted Bianchi identities (2.46) and the Einstein equa-
tions (2.50), the SET of matter obeys four differential equalities having the
meaning of conservation laws*

VT =0, (2.52)

from which one can obtain the equations of motion for matter. Thus the
equations of motion follow from the field equations. This circumstance is
a fundamental difference between GR and the majority of classical field
theories, including the Newtonian theory of gravity, where one has to pos-
tulate the equations of motion for field sources separately from the field
equations.

Evidently, if the matter sources of gravity contain more than four
degrees of freedom, their equations of motion are only partly restored from
the Einstein equations.

2.4.2 Geodesic equations

The equations of motion for free particles in Riemannian space-times
can be obtained by varying the action (2.21) (now written for a
Riemannian linear element). The variation equation, as in Minkowski
space, has the meaning of a trajectory (geodesic) equation, describing the
extremum of the world line length between two given points. It can be
written as

d «@
% + 1% utu? = 0. (2.53)

4In the general case, these differential equalities do not lead to integral conservation
laws because, to do so, they should have the form afﬁ/dm” = 0, and it would be
more precise to say that they express the SET change related to the metric change.
Nevertheless, the name “conservation laws” for the equalities (2.52) has become quite
common, and even more, any tensor T}, obeying the condition (2.52), is often called
conservative.
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Here s is the interval which coincides with the proper time of an observer
moving along the geodesic if it is timelike and the proper length along the
geodesic if it is spacelike. In all cases s is a canonical parameter.’

Let us derive Eq. (2.53) from the conservation law (2.52). It will illus-
trate the possibility of deriving the equations of motion for matter from
the Einstein equations.

Let us begin with the expression for the SET of a perfect fluid, which
can be obtained as a natural extension of the corresponding expression
from SR [263] to Riemannian spaces:

TI“/ = (E + p)uuuu - pgum (254)

where w,, is the 4-velocity of particles of the fluid, e = pc? is its energy
density, and p its pressure. In particular, for dustlike matter consisting of
noninteracting particles,

p=0, T, =cu,u,. (2.55)

The dust grains move without influence of external forces other than
gravity, therefore their equations of motion coincide with those of free
particles. Let us obtain it by differentiating the tensor (2.55):

VoI =uuVa(pu®) + pu*Vau, = 0. (2.56)

Multiplying this equality by u*, taking into account that ufu, = 1 =
Va(utu,) =0, we obtain from (2.56) the continuity equation V,(pu*) =
0 (its meaning is mass conservation for the dust) and the equation of

motion
UV uq =0, (2.57)
which can be rewritten in the form
o dax? Ou® o y
uV,u® =0= s Dk + I utu” =0,

whence finally we obtain Eq. (2.53):

du® o y

% + FMVU”U =0.

5A canonical parameter is defined as the parameter along a curve with which the geodesic
equation has the form (2.53) (see, e.g., [393]). Evidently, if s is a canonical parameter,
then § = as + b, where a and b are numbers, is also a canonical parameter; however,
in gravitation theory it is reasonable to use just the parameter equal to the interval,
and the freedom of its choice is restricted to constant shifts, s = s + b. Usage of other,
noncanonical parameters would complicate the form of Egs. (2.53).
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The geodesics can be spacelike, timelike and null, and this nature of a
particular geodesic does not change along it because 0y (u,ut) = 0.

2.4.3 The correspondence principle

Since a Riemannian space-time coincides with Minkowski space (its tan-
gent space) in a small vicinity of each world point, the laws of SR are
approximately valid at any point. It is possible to pass over to SR in the
whole space in the limit of weak gravity; the weak gravity condition is for-
mulated as the condition that the metric is only weakly deflecting from the
flat metric (in any coordinates), or that the Riemann tensor is small.

It should be noted, however, that the formal transition »x — 0 in a
solution to the Einstein equations does not generally lead to a flat metric:
instead, it leads to a certain nonflat vacuum solution (that is, with T}, = 0)
of the Einstein equations.

Newton’s law of gravity follows from GR under the conditions of small
velocities (v < ¢) and weak gravity (that is, the Newtonian gravitational
potential, introduced in a proper way, should be small, V' < ¢?). In what
follows, we shall verify the existence of such a transition using as an example
the Schwarzschild metric, and also the validity of the relation s = 87G/c*.

A transition to Newtonian gravity can also be carried out under some
additional conditions as the formal transition ¢ — oo, and an expansion of
the metric in powers of ¢! (more precisely, in powers of v/c and V/c?) is
convenient for describing the observable effects of relativistic gravity both
in GR (the post-Newtonian approximation) and in other metric theories of
gravity (the parametrized post-Newtonian approximation) [425].

2.5 Macroscopic matter and nongravitational
fields in GR

All kinds of matter, except the gravitational field, admit a description in
the framework of SR. For their description in GR, (and, in general, in any
theory formulated in a Riemannian space), most frequently, the so-called
minimal coupling principle is used, according to which all equations known
in SR are extended to curved space-time by replacing all partial derivatives
with covariant derivatives. We note that this trick can even increase the
freedom of calculations in the framework of SR, without restriction to
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Minkowski coordinates, introducing curvilinear coordinates and invoking
any accelerations, both translational and rotational ones.

We will present some relations valid for nongravitational matter in
curved space-time according to the minimal coupling principle.

2.5.1 Perfect fluid

We have previously presented the expression (2.54) for the SET of a per-
fect fluid in Riemannian space-time. Using the conservation law for it, let
us derive the corresponding equations of motion, the general-relativistic
analogues of the continuity equation and the Euler equation.

Rewrite the tensor (2.54) in mixed components,

T, = (¢ + p)uyu” — péy,, (2.58)
apply to it the operator V, and equate the result to zero:
V. 1, = (Opw)upu” +wV, (uuu”) — 0up =0, (2.59)

where w := € + p is the thermal function of the fluid. Contracting (2.59)
with u* (i.e., making its projection to the direction of u*) and recalling
that 0, (u,u”) =0, we obtain:

Vo (wu”) — u#dup = 0. (2.60)

Let us now make a projection of (2.59) to a direction perpendicular to
ut. Such a projection has the form V,T)7 — u”uﬂv,\Tu’\ = 0. As a result,
we arrive at the perfect fluid equation of motion, the general-relativistic
analogue of the Euler equation

wu’Vyu, = 0up — uuu’ 0up. (2.61)

In nonrelativistic hydrodynamics, the continuity equation is known to
represent the mass conservation law. In SR and, even more in GR, the
mass is not conserved, and analogues of the continuity equation are only
obtained for conserved quantities such as the number of particles if one can
neglect their possible production and absorption. Then one can introduce
the particle number current n* = nu*, where n is the particle number
density in the RF where the fluid formed by these particles is at rest,
and u* is the 4-velocity of this fluid. The particle number conservation
law (valid in the absence of their creation, annihilation and conversion) is
expressed in the equality

Vu(nut) =0, (2.62)

quite similar to the electric charge conservation law (2.70) (see below).
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More general kinds of condensed matter, such as viscous fluids, are
also frequently used in gravitational problems related to astrophysics and
cosmology.

2.5.2 Scalar fields

For a scalar field ¢ with arbitrary self-interaction, described by a potential
V(¢), if it is minimally coupled to gravity, the Lagrangian in curved space
is written in precisely the same way as in Minkowski space:
1
Ly = 50" 60— V(6),c, (2.63)

and its variation with respect to ¢ leads to an equation that generalizes
the Klein-Gordon relativistic equation

O¢ + dV/de = 0, (2.64)

with the general-relativistic d’Alembert operator

1
—— 8, (V=99*P03) . 2.65
The scalar field SET is obtained from the Lagrangian (2.63) by its
variation according to (2.51):

TV = $u¢” — 8" L. (2.66)

0=V, =

More complex forms of scalar fields are also considered in the problems
of gravitation and cosmology. For instance, the so-called k-essence with
Lagrangians of the general form Ls = L(¢, X) (with X = (9¢)?) does not
violate the minimal coupling principle.

Some of these Lagrangians as well as those with nonminimal coupling
will be considered later.

2.5.3 The electromagnetic field

The electromagnetic (massless vector) field is characterized by the vector
potential A, and by the strength tensor, also called the Maxwell tensor

Fl = 0,A, — 0,A,. (2.67)

The electromagnetic field Lagrangian directly generalizes the correspond-
ing flat-space expression. For a field with sources, the Lagrangian reads

1
Le-m = =3 Fu F* = j* Ay, (2.68)
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where j# is the electric charge current density. Its variation with respect
to A, gives a dynamic equation that corresponds to the second pair of
Maxwell equations in usual electrodynamics,

\/L——gau(\/__gFW/) = jM’ (269)

and due to (2.69), the electric charge conservation law automatically holds:

1
—0u(v/—gj*) =0. 2.70
The first pair of Maxwell equations finds its analogue in the identity
that follows from (2.67),

V., F* =

\YWis

ViFoo +VolFu, +V,Fyy =0, (2.71)
or, equivalently,
Vv, F" =0, (2.72)
where *F#" is the tensor dual to F),,:
e - L€ (2.73)

v
The electromagnetic field SET is obtained by varying the action of the
field F},, with respect to the metric g*":

v vo 1 v «
e = =FuaF"" + 16, FagF’. (2.74)

The Maxwell field (2.67) does not change if one adds a gradient of any
scalar function f(z*) to the vector potential A, . This property of gauge
invariance is of utmost importance in electrodynamics. This property is
evidently preserved if one considers Lagrangians more general than (2.68),
such as L(F) and L(F,G), where F := F*F,, and G = *FM"F,,.
Such forms of nonlinear electrodynamics, respecting the minimal coupling
principle, can also be used in gravitational problems.

In this book, we will not consider other fields, such as the spinor
(spin 1/2) and massive vector fields and that with spin 3/2. The prop-
erties of such fields are discussed in detail, as well as their applications
in the problems of gravity, particle physics and astrophysics, e.g., in the
books [176, 232, 297].

The minimal coupling principle is not universal, and many researchers
discuss nonminimal interactions between material fields and gravity. These
interactions are introduced by adding such terms in the Lagrangian that
contain both a material field and some invariants of the curvature (most
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frequently the scalar curvature), or invariants involving both the mate-
rial field and the curvature (like, for instance, A*0,R). Thus, a nonmin-
imal interaction between a scalar field and gravity can be introduced by
adding in (2.63) the term £R¢?, ¢ = const, while a nonminimal inter-
action between the electromagnetic field and gravity can be described by
the term {R F,, F* . In what follows, we will deal with nonminimal inter-
actions of scalar fields and gravity in the framework of scalar-tensor and
multidimensional theories of gravity.

2.6 The most symmetric spaces

2.6.1 Isometry groups and Killing vectors

Minkowski flat space-time possesses the greatest possible symmetry,
expressed in the invariance of the interval with respect to the Poincaré
group (Gho, i.e., a 10-parameter group). A general Riemannian space-time
V4 does not possess any symmetry, while in special cases where such a
symmetry does exist, it is described by an isometry group with a certain
number of parameters, obviously no more than ten. This number is equal
to the number of linearly independent solutions £, of the Killing equation

Vaoés + Va€a = 0. (2.75)

The vectors £# satisfying Eq. (2.75) (the Killing vectors) possess the fol-
lowing property: if all points are shifted by {%dA (where dA is an infinites-
imal quantity), all metric relations in V; remain invariable. Consecutive
shifts by £“d\ lead to a motion of world points along an orbit of the
Killing vector, whose points are all mutually equivalent. (Example: on an
arbitrary surface of rotation in usual 3-dimensional space, there is a Killing
vector pointing along the “parallel” and describing shifts along it by small
azimuthal angles, while the whole “parallel” is an orbit of this Killing
vector.)

The maximally symmetric (G1g) metrics in V4 are known to be solu-
tions to the Einstein equations in vacuum,

Ry — %A =0, (2.76)

with the cosmological constant A, which corresponds to the effective SET
T, = 6;,A/. These are spaces called the constant curvature spaces: the
space of zero constant curvature is the Minkowski space (A = 0), that of
positive constant curvature is the de Sitter (dS) space (A > 0), and that
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of negative constant curvature is the so-called anti-de Sitter (AdS) space
(A < 0) (even though an author named Anti-de Sitter never existed). In
constant curvature spaces, the Riemann tensor is determined by a single
constant (A) and is expressed in terms of the metric tensor in an algebraic
manner:

A
R[U/po' = g(gupgmf - gutfgup)» (277)

whence for the Ricci tensor and scalar we obtain
R, =Agu, R=4A (2.78)

Explicit forms of the de Sitter [374] and anti-de Sitter metrics will be
presented a bit later.

2.6.2 Isotropic cosmology. The dS and AdS spaces

A smaller but still high symmetry (Gg) characterizes homogeneous
isotropic cosmological models, to be discussed in detail later. In accor-
dance with their name, these space-time are characterized by spatial sec-
tions satisfying the cosmological principle, that their metric properties are
the same at all points (homogeneity) and all directions (isotropy). Here
we will restrict ourselves to obtaining the simplest metrics, including those
of spaces with symmetries higher than Gg — these are the dS and AdS
space-times.

The general form of the metric of a homogeneous and isotropic space-
time, which is called the Friedmann-Robertson-Walker (FRW) metric, is

ds® = dt* — a®(t)dI?,

2

i = % + r2(d6® + sin® 0de?), (2.79)
where k = 1,0, —1 correspond to closed (spherical), open flat and open
hyperbolic models; ¢ is the physical (proper) time measured by perfect
clocks of comoving observers. It is the metric with maximally symmet-
ric spatial sections: for k = +1, each spatial section ¢ = const is a 3-
dimensional sphere, for £ = 0 it is a 3-dimensional Euclidean space, and
for £ = —1 it is a 3-dimensional Lobachevsky space. The isometry group
G of any of them, including translations in three directions and rotations
around three axes, is at the same time the isometry group of the space-time
as a whole.
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The function a(t) describes the common evolution of all spatial lengths
and is called the scale factor.

For the metric (2.79), the Einstein tensor has nonzero components G9
and G} = G% = G3 only:

G8:—%(d2+k); G%:—a%(2aéi+d2+k), (2.80)
where the dot denotes d/dt and the underlined index means that there is
no summing over it.

Due to the Einstein equations, the SET of matter, irrespective of its
particular nature, has the same structure as the Einstein tensor, therefore
inevitably

T, = diag(p, —p, —p, —p), (2.81)

where p is the energy density, and p is the isotropic pressure. It is an
example of how the space-time geometry prescribes the form of matter:
in the FRW metric, any kind of matter has actually the perfect-fluid
SET (2.81).

The (7) and (}) components of the Einstein equations are written in
the form

3
ﬁ(aQ + k)= 3p, (2.82)
—5(2ad + a* 4+ k) = —xp, (2.83)

Eq. (2.83) is a consequence of (2.82) if one takes into account the conser-
vation law (2.52), which gives

dp 3da

— = (2.84)
p+p a
Thus we have a set of two independent equations for three unknown func-
tions of time: a(t), p(t), and p(t). To make the system determined, one
should add one more equation, the equation of state of matter, i.e., a
relation between p and p, which will actually determine the form of the
solution.

In the case of the simplest, so-called barotropic, equation of state p =
wp where w = const, Eq. (2.84) gives the density evolution law

p = const - a3 F®), (2.85)
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Some characteristic values of w are:

w = 0 — dustlike matter, no pressure;

w = 1/3 — disordered radiation, in particular, the cosmic microwave
background;

e w = 1 — the maximally stiff matter compatible with causality, for which
the speed of sound is equal to the speed of light;

w = —1/3 — disordered cosmic strings;

w = —1 — the cosmological constant;

w < —1 — phantom matter.

In the case of dustlike matter, w = 0, the law (2.85) corresponds to
mass conservation in a given coordinate volume (proportional to a®) in the
course of expansion or contraction.

The hypothetic phantom matter is invoked by many authors to account
for the modern accelerated expansion of the Universe. Looking at (2.85),
it is easy to understand that it is indeed a very strange form of matter:
as the volume ~ a> grows, its density also grows instead of decreasing.
Such a behavior, being extrapolated to remote future, really leads to a
specific form of space-time singularity, called the Big Rip. Let us look how
it happens due to Egs. (2.82) and (2.85).

Suppose k = 0 (spatially flat cosmological models). Then, with (2.85),
Eq. (2.82) is easily integrated to give (provided w # —1)

a(t) = const - [t — to|>/B+3)  ¢5 = const. (2.86)

For w < —1, we thus obtain an infinite value of a at some finite time
t = tg, and at this time the phantom matter density grows to infinity,
while all forms of “normal” matter vanish.

The case w = —1, the cosmological constant, is also called the case of
vacuum matter. One of the reasons is that the corresponding effective SET,
Aoy, /», is invariant under all coordinate transformations, hence any RF is
comoving for such matter — this property is incompatible with any kind
of massive particles which are at rest only in some particular RF. Its other
important feature is that it has a constant energy density p = const = A/
irrespective of any evolution of the metric.

In the case w = —1, Eq. (2.82) leads to the following solutions at dif-
ferent k and A: for A > 0 we obtain

k=0: a(t) =ao et ay = const; (2.87)

k=1: a(t) = Hy' cosh[Ho(t — to)], to = const; (2.88)
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k=—1: a(t) = Hy'sinh[Ho(t — to)], to = const, (2.89)

where Hy := /A/3. For A < 0, Eq.(2.82) has a solution for hyperbolic
models only, k = —1:

a(t) = Hy'sin[Ho(t — to)], to =const, [=+/—3/A. (2.90)

The metrics (2.87)—(2.89) describe the de Sitter space in different coor-
dinates belonging to didJerent RFs It is evident that even the topology of
spatial sections is different: it is R3 for the models (2.87) and (2.89) and
S? (a 3-sphere) for the model (2.88). An analysis shows (see, e.g., the book
by Hawking and Ellis [198]) that the dS space-time is described completely
by the metric (2.88), whereas (2.87) and (2.89) only describe certain parts.

The metric (2.90) describes the AdS space.



Chapter 3

Spherically symmetric
space-times. Black holes

In this chapter, we will begin considering some questions of black-hole
physics. A black hole (BH) is, by definition, a space-time region where the
gravitational field is so strong that no material bodies or light rays can
leave this region and escape to infinity [168].

In the opinion of the majority of astrophysicists, BHs are widespread
in the Universe, a great number of BHs formed in the early Universe, they
form as a result of massive star evolution, and supermassive BHs (10°
to 10% solar masses) are located in the central regions of many types of
galaxies, including our own Milky Way Galaxy, quasars and active galac-
tic nuclei. BHs possess many interesting and unusual properties, both
theoretical and observational ones, described in detail in the books
[168, 198, 296, 413] and others as well as a lot of review papers. We here
only give an elementary introduction to this complicated and rapidly devel-
oping branch of physics, and we will be mostly restricted to the simplest
case of spherical symmetry. Still many of the results to be presented here
(e.g., the methodology of building Carter—Penrose diagrams in the gen-
eral case, exact solutions with scalar fields and others) have not yet been
included in standard textbooks, and some of them, to our knowledge, have
only been published in journal articles and appear in a book for the first
time.

3.1 Spherically symmetric gravitational fields

Spherical symmetry is a natural assumption in describing the sim-
plest isolated bodies and island-like configurations. Spherically symmetric

55
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space-times are invariant under spatial rotations forming the isometry
group G3.

In the general case, a spherically symmetric metric can be written in
the form (see, e.g., [263])

ds? = e27dt? — e**du? — ¥8d0?,  dO? = dh? + sin® 0 d¢?, (3.1)

where «, 3, v are, generally, functions of the radial coordinate u and the
time coordinate t. We will also use the notation r = e”; thus r is the radius
of a coordinate sphere u = const, t = const, or the Schwarzschild radial
coordinate. (Let us note from the very beginning that in curved space the
spherical radius r has nothing to do with a distance to the centre, and
there can even be no centre at all.) In the expression (3.1), there is a
freedom in choosing a reference frame (RF): different RFs correspond to
reference bodies with different radial velocity distributions with respect to
each other.

In the case of a static space-time (the isometry group Gy, since rota-
tions are supplemented with time translations), one can always choose the
RF in such a way that a, (3,7 depend on u only. But there still remains
the opportunity of replacing the radial coordinate u with another one by
transformations of the form u = wu(upew); one can fix the choice of the
radial coordinate by postulating a relation between the functions «, 3,~.

In solving different problems, different variants of such coordinate con-
ditions can be convenient. Let us enumerate some of them.

1. e*=1, du=dl — the Gaussian normal coordinates; the coordinate [ is
the true length along the radial direction, counted from a certain fixed
sphere [ = 0.

2. u=r,v="(),a = alr) — the curvature (Schwarzschild) coordi-
nates: r is the curvature radius of the sphere r = const.

3. e26(w) = g2a(w)y2 __ jsotropic coordinates, in which the spatial part of
the metric is written in a conformally flat form:

di? = W (du? 4 u2dQ?) = W42, (3.2)

where, in the three-dimensional linear element, Cartesian coordinates
have been introduced: ¥ = (x!, 22, 23).

4. a(u) = 26(u) + v(u) — the harmonic coordinate u is particularly
convenient for solving problems with scalar fields.

5. a = —v — the quasiglobal coordinate w. This name is connected with
the fact that (as we shall see later) that it is more suitable than others

for describing BH and other similar metrics at both sides of horizons.
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6. a(u) = y(u) — such u is sometimes called the “tortoise coordinate”
because in many important cases the metric functions change very
slowly when expressed in terms of w. In this case, the metric of the
(t,u) subspace takes a conformally flat form, which simplifies a consid-
eration of wave equations.

Other coordinate conditions can also be used.

Let us present the form of some quantities for the metric (3.1) with
arbitrary coordinates u and t, without specifying their choice (and even
the choice of a RF) from the very beginning. To obtain them in specific
coordinates like those enumerated above, one should simply substitute the
corresponding coordinate condition.

For a static metric (3.1), the Ricci tensor is diagonal; if there is a
t dependence, there appears the component Ry; #0. Let us present its
nonzero components in the general case:

RS = e 27206 + & + 262 + 62 — 4(26 + &)]
— e N 4268+ = ));
RY = e [a + @28 — 4 + a)]
— e TRB" 49" +20% +9 — o/ (26" +));
R:=e2 4 e 2 [B+B(28—4+a)
— e B+ 5260+ — o)) = RS
Ry = 2[8' + BB — aB' — 37']. (3.3)

Dots and primes stand for 9/0t and 9/0u, respectively. The expressions of
R}, for a static metric are obtained from here by putting all time derivatives
equal to zero.

Among the components of the Einstein tensor, of most interest to us is
the component G} since it does not contain second-order derivatives in u;
for a static metric,

Gl=—e2 e 238 +27). (3.4)

The expressions (3.3) and (3.4) are necessary for substituting into the
basic equations that determine the properties of self-gravitating systems in
GR, the Einstein equations (2.50), which can be written in two equivalent
forms:

| Z— v 1 v v
Gy = Ry, — 56,k = —T; (3.5)
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and
) Z— 17 v 1 v
R, =R, =—x (Tu — §5uT) , (3.6)

where T = T2 is the trace of the stress-energy tensor (SET) of matter,
and we have put » = 87G according to the Newtonian limit of GR.

When studying any space-time, it is above all important to know
whether it is regular, which means that all curvature invariants are finite at
all its points, or contains curvature singularities at which at least one such
invariant is infinite. In many cases, it is most helpful to check the finite-
ness of the Kretschmann scalar (sometimes also called the Riemann ten-
sor squared) K= Ragﬂ,gRaf”Y‘s. For a static metric (3.1), the Kretschmann
scalar is a sum of squares of all nonzero components Ra5’75 of the Riemann
tensor:

K=4K}{+8K3 +8K3 + 4K3,
K1 = e_a_ﬂy(’}/l eﬁy_a)l = _R0101’
Ky=e 0y = —Rp" = —Ro3",
K3=e Py e~ = —Rpy'? = —Ry3"3,
Kyi=— e 28 + ei2aﬂ/2 = —R2323. (37)
This happens because in this case (and in many other important cases) the
tensor Rafﬂﬁ is pairwise diagonal.

It is significant that all K; are invariant under reparametrizations of
the u coordinate, i.e., under the transformations v +— f(u). In other words,
they behave as scalars at such transformations. The same is true for mixed
components of all second-rank tensors, including R;, and G}, — that is
why, when writing the Einstein equations, we prefer to deal with these
components rather than R,,, G, or R*, G*”, which are sensitive to u
reparametrizations. Let us note that a reparametrization v — f(u) is a
special case of a purely spatial transformation of coordinates, leaving the
reference frame unchanged (see Chapter 2).

Since the scalar I is a sum of squares, for its finiteness it is necessary
and sufficient that all its components K, or, in other words, all nonzero
components of the Riemann tensor R*”,g are finite. Thus, if the scalar
K is finite, then all invariants that can be constructed algebraically from
the Riemann tensor and the metric tensor are finite, in particular, the
scalar curvature R, the “Ricci tensor squared” RagRo‘ﬂ, the invariant
R R*VRP? and so on. So, the finiteness of K at some space-time point
means that a curvature singularity is absent at this point.
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In the general case of a time-dependent metric (3.1), the situation with
singularities is more involved.

It should be mentioned here that curvature singularities are not the only
type of singularities that can appear in physically relevant space-times. In
the most general form, a singularity is defined as a point or a set of points
where geodesics terminate at a finite value of their canonical parameter.
In other words, they are places of geodesic incompleteness. This can
happen in any case where the metric loses its analyticity, for instance,
where some of the metric functions behave like (z — x9)® with fractional
a in terms of a manifestly admissible coordinate x.

a

3.1.1 A regular centre and asymptotic flatness

A centre in a static, spherically symmetric space-time is, by definition, a
point, line or surface where r = ¢# =0, a place where coordinate spheres
are drawn to points. A centre can be regular or singular; regularity, as in
any space-time point, is determined by finiteness of all K; in the expression
(3.7). It is necessary to note that there can be no centre at all in a spheri-
cally symmetric space-time; this happens if the quantity r is nonzero in the
whole space-time, or at least in its static region. We will encounter such
behavior very soon, while discussing the properties of the Schwarzschild
geometry.

With an arbitrary w coordinate, the necessary and sufficient conditions
for regularity of the metric at the centre (r = 0) are obtained in the form

v=2%+007), |Fle P =1+0(?), (3-8)

where g is a constant. The second condition is obtained from the finiteness
requirement of the quantity K4 in (3.7). Its meaning is that the circum-
ference to radius ratio should take the correct value (27) for small circles
circumscribed around the centre. This guarantees local flatness of space at
the centre and the existence of a tangent space. These are properties of
any regular point — but for a centre one has to introduce special regular-
ity conditions because a centre is a singular point of the class of spherical
coordinate systems used.

Asymptotic flatness. As r — oo, far from gravitational field sources, in
many cases (though not always) the space-time geometry should coincide
with the Minkowski geometry. Such space-times are called asymptotically
flat. It means, above all, that all components of the Riemann tensor turn to
zero, i.e., all K; — 0. The latter condition is, however, not sufficient: for an
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asymptotically flat space-time it is also necessary to have a correct circum-
ference to radius ratio (27 ) for large coordinate circles, otherwise even with
a zero curvature tensor the three-dimensional space will have a funnel-like
asymptotic, with a deficit or excess solid angle as compared to its stan-
dard value of 47. Such a geometry characterizes a specific type of con-
figurations called global monopoles. (A two-dimensional analogue of such
three-dimensional surfaces is a conical surface whole metric is flat at all
points but the top, however, the length of a circle circumscribed near the
top relates to its radius by a factor different from 27.)

Just as a centre can be lacking in a spherically symmetric space-time,
a flat infinity can also be lacking; moreover, there can be no limit r — co.
We have already met such a geometry: Friedmann’s closed world is spheri-
cally symmetric, and its every spatial section contains (in a given spherical
coordinate system) two centres but no spatial infinity.

The necessary and sufficient conditions for the metric (3.1) to be asymp-
totically flat as » — oo in terms of an arbitrary coordinate u are as follows:

Y= +O0/r), |Ble P =1+ 0(1/r), (3.9)

where v is a constant.

In the conditions (3.8) and (3.9), as everywhere, the notation y = O(x)
means that either = and y are quantities of the same order (y ~ z) or y
is much smaller than x (the latter is denoted as y < x or y = o(x)).

3.2 The Reissner—Nordstrém—(anti-)de Sitter
solution

3.2.1 Solution of the Einstein equations

Let us find an important class of exact static, spherically symmetric solu-
tions to the Einstein equations, characterizing the gravitational fields in
vacuum or in the presence of an electromagnetic field (without charges) and
a cosmological constant. This class contains the metrics that have the great-
est number of astrophysical applications among all spherically symmetric
metrics; it will also provide us with explicit examples in our future discus-
sion of general properties of spherically symmetric space-times, including
those with BHs.

It proves to be convenient to solve the problem in the curvature coordi-
nates, in which two independent Einstein equations can be written in the
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form (3.5):
1 2d 1
0 _ a2« _ 0
G0+A— € (T_Q_ T) — T—2+A——%T0, (310)
1 29 1
1 _ 2« _ 1
G1+A—e (T—2+T>—T—2+A——%Tl, (311)

where the prime denotes d/dr while the SET in the present case corre-
sponds to the electromagnetic field.

The Lagrangian and SET of the electromagnetic field are

Lem = —sp, w7V 1[—4F FY® £ §"FsFP].  (3.12)
e—m 4 1% ) “w 4 po 7 af : :

The Maxwell equations V4 F*? = 0 must now be written for the spher-
ically symmetric case, so that among the components of F),, only the ones
describing a radial electric field (Fp; = —Fy0) and a radial magnetic field
(F23 = —F32) can be nonzero.® Let us restrict ourselves to an electric field.
Then the only nontrivial Maxwell equation yields

(\/—_gFm)’ =0 = FO — w’ Fip = M,
Vamr? Vamr?

where the constant @) is interpreted as an electric charge (we are using the
Heaviside units in electrodynamic). The SET takes the form

(3.13)

2

v Q@
T, = Ry diag(+1,+1,—1,—1). (3.14)

Let us now solve the Einstein equations. Eq. (3.10) can be brought to the
form

[r(A=1)] = —(A 4 »T9)r?
Ar? G

= A=1- - Tor?dr, (3.15)

where A(r) = e72% and we have recalled that » = 87G. On the other
hand, the difference of Egs. (3.10) and (3.11), under the condition T3 =T1,

61t is often claimed that a radial magnetic field is only possible if one assumes the
existence of magnetic monopoles. However, in configurations like wormholes both electric
and magnetic radial fields can exist without any charges, see Chapter 5.
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gives
a4+ =0= e =1, (3.16)

under a proper choice of scale along the time axis. As a result of integration
in (3.15), the metric finally takes the form

ds? = A@)dt? — T _ 2402
A(r) ’
A, 2GM  GQ?
Ar)=1- 22— 1
()=1-37 - o+ ZL (3.17)

where the integration constant M is interpreted as the active gravitational
mass of the gravitational field source.

3.2.2 Special cases
The (anti-)de Sitter metric

In the special case of zero mass and charge, the function A(r) in Eq. (3.17)
takes the simple form A =1—(A/3)r?. At A = 0, the Minkowski metric is
reproduced. At A > 0, it can be shown that the metric describes the de Sit-
ter space-time, already discussed in the previous chapter in a cosmological
context. But here we have its static representation, hence we obtain it here
in a RF different from the previous ones. At A < 0 we accordingly obtain
the AdS space-time. Explicit relations between the static and cosmological
coordinates in de Sitter space-time will be presented later.
Consider the case A = 3H? > 0 in more detail. The metric is

ds* = (1 — H*r?)dt* — (1 — H*r*)"'dr® — r?dQ°. (3.18)

At r = 0 it has a regular centre. It must be so because de Sitter space-
time, being a constant-curvature space, is homogeneous; all its points are
equivalent and regular, and any of them can be “appointed” to be a centre.

At r = 1/H the metric coefficients goo and g1 turn to zero (this sphere
is called a horizon), while at » > 1/H they take negative values, so that
the coordinates r and t exchange their roles: the quantity r now becomes
a temporal coordinate and ¢ a spatial coordinate. Such a region is called a
T-region; see a more general description of horizons, R- and T-regions in
the next section. In this T-region, the metric can be rewritten as follows:

ds® = (H27"2 — 1)*1d?"2 — (H27"2 — 1)dac2 — 72403
= dr? —sinh*(H7)dz® — H 2 cosh?(HT)dQ?, (3.19)
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where the “former time” t is renamed z while the variable 7, introduced
instead of 7, has the meaning of proper time in this cosmological model,
which is homogeneous but anisotropic. The homogeneity follows from the
fact that, in addition to spherical symmetry, the metric coefficients are
independent of the spatial coordinate z; the anisotropy manifests itself
by the existence of two different scale factors, |g,.| = sinh?(H7) and
lgeo| = r? = cosh?(HT), characterizing the expansion of the Universe in
the z direction and in the two angular directions. Such spherically sym-
metric cosmological models, with the topology of the spatial section R xS?,
whose special case is the model (3.19), are called Kantowski-Sachs models.
Looking ahead, we note that Kantowski-Sachs models describe T-regions
of any spherically symmetric BHs.

In the model (3.19), the cosmological expansion begins with the horizon
7 =0, which is an extremely anisotropic state because g, =0, but becomes
isotropic and exponential (with the Hubble constant H) at large 7. It is
one more face of the de Sitter metric in addition to the three isotropic
cosmological models and (3.18).

Let us stress that in this description the metrics (3.18) and (3.19) must
be considered separately from each other because at » = H~', A=0, so
both metrics possess coordinate singularities. The same is true for all R-
and T-regions up to the end of this section. At all horizons, corresponding
to regular zeros of the function A(r), as is easily verified using Egs. (3.7),
the four-metric is regular, and it is natural to suppose that a transition
to new coordinates can allow for avoidance of coordinate singularities and
obtaining a complete space-time picture naturally including R- and T-
regions. Such transformations will be described in the next sections.

The Schwarzschild metric and the Newton law

In the case A =0, @Q = 0, the metric (3.17) turns into the Schwarzschild
metric

-1
ds? = (1 — QGTM> dt? — (1 = QGTM> dr? — r2dQ?, (3.20)

where the integration constant M has the meaning of an active gravita-
tional mass. To confirm this interpretation, let us use the geodesic equa-
tion (2.53) for the case of a test particle instantaneously at rest, at a large
(compared to 2GM ) value of the radius r:

d%xt

2z Lo (u”)? =0,
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where ds? = gpodt? ~ dt?> and u® ~ 1 due to the assumptions made.
Among the Christoffel symbols I'j, only one is nonzero, namely, I'}, =
7' €*772% (in terms of the metric (3.1)), or, with (3.20), T}, ~ GM/r?.
Thus the particle experiences the acceleration —GM /r? in the direction of
smaller radii, as was required.

The Schwarzschild metric describes the gravitational field in vacuum
around any isolated spherically symmetric body provided that the space-
time far from the body can be regarded as asymptotically flat — and this
is the case for an overwhelming majority of phenomena of astrophysical
interest. The properties of the Schwarzschild metric will be discussed in
detail in section 3.4. We will only mention here that, like the de Sitter
metric (3.18), the Schwarzschild metric (3.20) contains a single horizon at
r =rg = 2GM , beyond which, at r < ry, there is a T-region representing
a certain Kantowski—Sachs model.

The region r < r, is the simplest example of a black hole.

The Reissner—Nordstrom metric

The Reissner-Nordstrém metric is obtained from (3.17) at A=0 and
describes the external gravitational field of a body of mass M having
the electric charge Q. The geometric and hence physical properties of the
Reissner-Nordstrom space-time depend on the charge to mass ratio. Let
us introduce the “geometrized” mass and charge having the dimension of
length:

m=GM, q¢=+VGQ, (3.21)
then under the condition m? > ¢? the quadratic trinomial (see (3.17))
r2A(r) = r% — 2mr + ¢°, (3.22)
has two positive roots
re =m++/m?—q¢?, (3.23)

so that A(r) > 0 (the metric is static) at r4 < r < oo — it is the
outer R-region, and at 0 < r < r_— — the inner R-region. The interme-
diate values r_ < r < r4 correspond to a T-region, in which, as in the
Schwarzschild and de Sitter space-times, the metric describes a certain
homogeneous anisotropic Kantowski-Sachs model. The spheres r = r
and r = r_, separating the R- and T-regions, are called the outer and
inner horizons of a Reissner—-Nordstréom BH, respectively.
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Under the condition m? = ¢2, so that A = (r —m)?, the two horizons
merge into a single one, r = rp, = m = |¢|; it is called a double, or
extremal horizon, and the region r < m (or sometimes the whole con-
figuration) is called an extremal Reissner-Nordstrom BH. At both sides of
the sphere r = 7, the function A(r) is positive.

Lastly, for “large charges”, ¢> > m?, the whole space r > 0 is occupied
by a single R-region.

At r — 00, the contribution of the charge to the function A(r) can be
neglected, and the metric approximately coincides with Schwarzschild’s.

On the contrary, at small radii, » — 0, the properties of the metric are
completely determined by the charge. Since it is in all cases an R-region,
the value r = 0 corresponds to a centre, and, as shown by comparison with
Egs. (3.7), this centre is singular. Since gop = A — oo as 7 — 0, it is easy
to find that the centre repels neutral test particles.

Metrics with a nonzero cosmological constant

At A # 0, the basic properties of the metric (3.17) are again determined by
the behavior of the function A(r) and, above all, by the number and dispo-
sition of its zeros, each of them corresponding to a horizon that separates
R- and T-regions.

At Q =0, M >0 and A > 0 (the Schwarzschild-de Sitter metric),
the number of horizons can range from zero to two, but at small and large
r,at r — 0 and r — oo, there are T-regions. If there is, in addition, a
nonzero charge, then there is an R-region at » — 0, with a singular centre
just as in the Reissner—-Nordstrom solution, while at r — oo the metric
behaves as in the de Sitter solution (a T-region), so that the number of
horizons varies from 1 to 3 depending on the particular values of the three
parameters m, ¢ and A.

3.3 Horizons and geodesics in static, spherically
symmetric space-times

After the first appearance of horizons in the de Sitter, Schwarzschild and
Reissner—Nordstrom metrics and their generalizations, it makes sense to
make the notion of a horizon more exact and to establish its close rela-
tionship with the notion of a black hole (BH). As was mentioned at the
beginning of this chapter, a BH is by definition such a space-time region
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that no material body or light signal can leave it. Since the motion of
massive and massless particles is described in metric theories of gravity
by geodesic equations, the question of which space-time region is a BH is
answered by studying the properties of geodesics.

It is for this reason that this section begins with a description of the gen-
eral form of geodesics in an arbitrary static, spherically symmetric space-
time; after that, we will discuss the behavior of geodesics in the vicinity
of horizons and their relationship with the BH notion. We will conclude
the section by briefly describing different kinds of horizons mentioned in
papers on the theory of gravity.

3.3.1 The general form of geodesic equations

Let us return to the general static, spherically symmetric metric (3.1) with
an arbitrary radial coordinate v and consider the geodesic equations (2.53)
as equations with respect to the unknown functions 2° = t()\), z! = u()),
22 = 0()\), 23 = ¢()\), the coordinates of a point on the trajectory, as
functions of the canonical parameter .

For simplicity, and in connection with the symmetry of the problem, we
will assume that the geodesic is located in the equatorial plane 6 = 7/2;
we denote d/d\ by a dot and d/du by a prime. The equations, along with

first integrals of two of them, have the form

t4+2yti=0=1t=FEe 27, (3.24)
i+ e27=2042 4 (1p2 B 625*204(;'52 =0, (3.25)
$+20¢i=0=|g| = Le 27, (3.26)

where E and L are integration constants. The equation that contains 6 is
trivial.

Egs. (3.24)—(3.26) are mnot independent: there is the constraint
uqu® =k, where ut = dz*/dX\; k = +1 for timelike geodesics (in this
case ut is the 4-velocity and the parameter A coincides with the proper
time), k = 0 for null geodesics, and k = —1 for spacelike ones. Let us write
down the explicit form of this constraint, which represents an integral of
Eq. (3.25):

1% — &2 ? — 22 =, (3.27)
and substitute the integrals (3.24) and (3.26). After multiplying by e?” we
obtain

22 f ke 4 L2 e = 2, (3.28)
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The latter relation has the form of an energy conservation law for a particle
moving in a potential field along the u axis; the quantity E? > 0 plays
the part of the total energy, the first term is an analogue of the particle’s
kinetic energy while a sum of the second and third ones makes an analogue
of the potential energy; moreover, the effective potential

V(u) = (k4 L*e2P) (3.29)

plays the same role for geodesic motion as the potential in classical mechan-
ics for a one-dimensional motion of a point particle: the motion is only
possible in a region where E? > V(u), while the values of the coordinate
u at which E? =V correspond to turning points.

The constant L related to changes in the azimuthal angle ¢ can be
interpreted as the particle’s conserved angular momentum.

3.3.2 Horizons, geodesics and the quasiglobal
coordinate

In our further discussion, we will frequently use the quasiglobal coordinate
p (see Section 3.1), which possesses some advantages as compared with
other choices of the radial coordinate.

Thus, we can say in advance that this p behaves at horizons in the
same way as the coordinates used to carry out an analytic extension of
the metric, and therefore it can be used simultaneously on both sides of
the horizon (hence the name “quasiglobal”). In addition, as we will see
immediately, in some important cases the behavior of the p coordinate
can be a criterion of geodesic completeness of the space-time and therefore
the very necessity of its extension.

In terms of the quasiglobal coordinate u = p, the static metric (3.1) is
written as follows:
dp?
Alp)

ds* = A(p)dt* — —r%(p)dQ?, (3.30)
where A(p) = .

We have previously introduced the notion of a horizon using as examples
the de Sitter, Schwarzschild and other metrics in which the coordinate r =
p turned out to be simultaneously a curvature and quasiglobal coordinate.
In agreement with what has been said, let us define a horizon in any space-
time with the metric (3.30) as a regular sphere p = pp,, near which

Alp) ~ (p = pn)", (3.31)



68 Black Holes, Cosmology and Extra Dimensions

where n € N is the order of the horizon. Since A(p) is equal to the norm
&€, of the Killing vector £€* = (1,0,0,0), regular surfaces where A = 0
are Killing horizons (surfaces where the timelike or spacelike Killing vector
becomes null).

It is easy to notice that, in terms of the metric (3.30), an R-region is a
region where A > 0, and a T-region is a region where A < 0. A horizon
of odd order n separates an R-region from a T-region, while a horizon of
even order separates two R-regions or two T-regions from one another.”

Consider the behavior of geodesics of the metric (3.30) near horizons.
According to (3.28), in the notation of the metric (3.30) (u = p, e*7 =
e 2% = A(p)), and bearing in mind that @ = du/d\, we obtain

A L? 1/
i%:{W—A&E+@] : (3.32)

In particular, as p — pp such that A(pp) =0 (a possible horizon), where
the quantity p; may be finite or infinite, we have

d\ ~ Edp. (3.33)

If F is a finite constant, then, evidently, near a possible horizon the coor-
dinate p behaves as a canonical parameter for any geodesic approaching it,
be it spacelike, timelike or null. For timelike geodesics one can state that a
horizon is achieved along a geodesic at finite proper time A = 7 if and only
if this horizon corresponds to a finite value of the quasiglobal coordinate p.

If A— 0 as p — oo, such a surface may be called a remote horizon:
it is reached along a geodesic at infinite proper time, and apparently any
nongeodesic trajectories cannot make this time finite.

The constant E can be zero only in the case (see (3.24)) of spacelike
geodesics completely located in the spatial section ¢ = const. In this case
the canonical parameter A, coinciding with the proper length [, is deter-
mined by the integral

(3.34)

l:/d—u

"Noninteger n would violate the analyticity of the metric even if the curvature invariants
are finite, thus making meaningless an analytic extension beyond the horizon. Thus, if
p > pp in a R- or T-region, then at fractional n the metric loses sense at p < pp .
Although while considering only a static reference frame one could include fractional n
into consideration, we here put n € N for simplicity.
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The integrand is meaningless at r < L. Therefore r = L is the minimum
value of r reached by purely spatial geodesics. This is the simple geometric
meaning of the constant L.

According to (3.32), if E = 0, then in the limit A — 0, if p — oo,
then the canonical parameter A along the geodesics tends to infinity, just
as for nonzero values of E. Thus we obtain the following important result
for static, spherically symmetric space-time:

If p — co on a surface where A — 0 (i.e., on a candidate horizon), then
this surface (called a remote horizon) is the boundary of the space-time
under consideration, and it cannot be reached by any geodesics at finite
values of their canonical parameter.

So the space-time is geodesically complete at a remote horizon, and no
extension is needed beyond such a horizon.

Let us now return to usual (not remote) horizons and look how the
coordinate time ¢ (it is also the time according to the clocks of a distant
observer at rest in the case of an asymptotically flat space-time) behaves
there on timelike and null geodesics approaching such a horizon. From
(3.24) and (3.28) we obtain for the metric (3.30)

Y o AT VI, (3.35)

where E > 0, and the potential has the form V = A(k + L?/r?). At the
horizon, the potential turns to zero, and due to (3.31), we get from (3.35)

t~ i/dip = 400. (3.36)
(p—pn)"

Thus the coordinate time ¢ is infinite at the horizon for all geodesics that
cross it, except for purely spatial ones: it is equal to +oo for motion to the
horizon and —oo for motion from the horizon. It means that a horizon is
in absolute past or absolute future for any observer located in the static
region, and it becomes clear that to cross a horizon and to gain a joint
description of regions on its both sides it is necessary to pass on to coor-
dinates which do not belong to the static RF. More than that: even from
this consideration, completely restricted to the static RF, it follows that a
horizon as a limiting surface in the set of spheres r = const splits into two
parts: the past horizon and the future horizon.

Eq. (3.35) looks especially simple for radially moving photons:
dp/dt = +A. Tt shows that the coordinate velocity of photons (and the same
for massive particles), from the viewpoint of any static observer, tends to
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zero as the photon approaches a horizon, and tends so rapidly that the
coordinate time ¢ at which a photon reaches or leaves a horizon is infinite.

We see that if a given static region of space-time contains a future
horizon, then this horizon and the region beyond it realize the notion of
a BH from the viewpoint of this static region since, to put it simply, it
is possible to fly there but it is impossible in principle to return from
there — from the absolute future. In a similar way, a past horizon and a
region beyond it can be called a white hole, from which photons or any
other particles can appear, but it is impossible in principle to get there
from the static region because it is located in the absolute past.

3.3.3 Transitions to Lemaitre reference frames

Let us now use the geodesic equations to make a transition to a nonstatic
RF connected with a family of test particles moving in a static, spherically
symmetric gravitational field.

Consider the general static metric (3.30) written using the quasiglobal
coordinate p. We shall see that a transition from the coordinates (p,t) of
the static RF to the geodesic coordinates (R, 7), where 7 is the proper time
along a geodesic and the radial coordinate R is the congruence parameter,
different for different geodesics, can be described in a general form. A radial
timelike geodesic in the metric (3.30) satisfies the equations following from
(3.24) and (3.28)

where the constant F is connected with the initial velocity of a particle
moving along this particular geodesic at a given value of R. In general,
E = E(R), i.e., the particle energies are different for different geodesics.

Equation (3.37) gives two of the four components of the transition
matrix

10(t, p)/O(T, R)], (3.38)

namely, p and  (dots and primes here stand for /01 and 9/0R, respec-
tively) since this partial differentiation occurs along the geodesics:

p==+VE(R) - Alp), 1= E(R)/A(p). (3.39)

A relation between the other two components, ¢’ and p’, can be found
from the condition g,p = 0 when we substitute dt = tdr + t'dR and
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dp = pdr + p'dR into the metric (3.30):

t = V EQ(R) — A(p) p/. (3.40)
E(R)A(p)
It remains to find p'(R,7), which can be done by using the integrability
condition (0;0r — Ord:)p = 0. The latter takes the form of a linear first-
order differential equation with respect to p’ considered as a function of
R and p, p' = y(R,p):
y 0,A EF’

CEy R (3.41)

0,y = —
oY D)

Solving it, we obtain

y=p'(R,7)=E*— Alp)

dp
3/2
(B2 = A(p))”
where fo(R) is an R-dependent integration constant. The other integra-
bility condition (0;0r —Or0-)t = 0 holds automatically due to (3.40). The

functions t(R,7) and p(R,T) can now be found by further integration of
Egs. (3.39)—(3.42). The resulting metric can be written as follows:

o' (R, 7')2 2 2 9
rR) T (p(R, 7))der". (3.43)

One can see how this procedure works using the de Sitter space-time
as an example. Its static form is (3.30) with r = p and A(r) =1 — H?r?,
H = const > 0. Let us choose three different families of geodesics such that

E(R)=V1—kR?, k=01, (3.44)

and show that their corresponding reference frames represent the three

foR) + EE' [ ] (3.42)

ds? = dr? —

well-known forms of the de Sitter metric as isotropic cosmologies with
different signs of spatial curvature (see the end of the previous chapter).
Indeed, integrating the first relation in (3.39) as an equation for 7 = 7(r, R)
and properly choosing the arbitrary function of R that appears as an
integration constant, we obtain the following expressions for r:

r(R,7) = (R/H) x {cosh(HT), "™ sinh(HT)}, (3.45)

where the expressions in the curly brackets are ordered according to k=1,
0, —1. Substituting them into (3.43), we obtain the metric in the form

dR?
1—kR?

a(t) = (1/H) x {cosh(HT), "™ sinh(HT)}, (3.46)

ds* = dr* — a*(t) ( + R2d92) ,
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as was intended. One can also verify that the expression (3.42) with E(R)
given by (3.44) (provided the function fo(R) is chosen properly) coincides
with the expression for 1’ obtained directly from (3.45) in all three variants.
So the transition in the metric has been completed.

We see that the de Sitter metric in the form of an isotropic cosmolog-
ical model is written in geodesic RF's, comoving to some families of freely
moving test particles in de Sitter space-time.

Thus for finding the metric in the Lemaitre RF we needed only the tran-
sition matrix (3.38) consisting of derivatives whereas for writing explicitly
the corresponding coordinate transformation it is necessary to perform
further integration. In our example this integration has been performed
for r as a function of R and 7 but not for ¢. Let us find ¢(R,7) for the
geodesic family k£ = 0 that leads to a spatially flat cosmology. We have the
expressions

. 1 , R eQHT
e A (3.47)
Their integration gives
1
b=tlo+7— 5 In(1 — R?e?H7), (3.48)

where t( is an integration constant corresponding to an arbitrary zero point
of t. The corresponding expression for r from (3.45) is r = (R/H)e! ™.

The resulting metric (3.46) does not show any trace of the horizon at
r = H that restricted the static RF. This agrees perfectly with the previous
result that a horizon is reached by a geodesically moving particle at its finite
proper time. Such a particle (or observer) simply does not notice a horizon
being crossed. On the other hand, according to (3.48), the coordinate time
of the static RF makes sense only at r < H and diverges where r=H.
(This happens at different values of the proper time 7 of different geodesics
whose family parameter R characterized their initial conditions.)

Meanwhile, the metric (3.46) makes sense at any 7. Thus the transfor-
mation to a geodesic (Lemaitre) RF is one of the ways of extending the
metric beyond a horizon, and such an extension was really carried out not
only for de Sitter but also for BH space-times. It is really a useful tool
for many purposes, in particular, for comparison and matching vacuum
metrics with those describing the gravitational field inside matter distribu-
tions (such as, e.g., the Tolman solution for a dust cloud, to be presented
in Sec. 3.6.2). It is, however, not very convenient for extracting information
on the global structure of space-time.
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3.3.4 Horizons, R- and T-regions

The horizons described above in static (or homogeneous if a T-region is con-
cerned) spherically symmetric space-times are special cases of more general
kinds of horizons discussed in the literature on the theory of gravity. Let us
mention some of them, only briefly explaining their meaning but without
going into deep details and subtleties since it would require an introduction
of many concepts from such advanced branches of mathematics as differen-
tial and algebraic topology and global differential geometry. An interested
reader can find a detailed analysis of these concepts and their application
to gravity in the books [168, 198, 296, 413] and in review articles.

An event horizon is a boundary of a black hole, and both these notions
are rigorously defined in an asymptotically flat space-time, while in other
cases, such as spaces with a nonzero cosmological constant, natural exten-
sions of these notions are used. It is known (Penrose’s theorem) that an
event horizon is formed by null geodesics.

An apparent horizon is defined as a two-dimensional surface, such that
null geodesics which orthogonally leave it have zero expansion. In station-
ary BHs, the apparent horizon coincides with the event horizon; however,
an advantage of the apparent horizon is that it is defined locally.

A Cauchy horizon is the boundary of a space-time region in which the
evolution of physical fields and matter distributions can be found from
their equations of motion with initial data specified on a certain Cauchy
hypersurface (which can be null or spacelike). The emergence of Cauchy
horizons is most frequently connected with singularities since they can be
a source of impacts unpredictable in the framework of classical gravity.

A Killing horizon is, by definition, a surface whose normal is null and
coincides with a Killing vector. In other words, it is a surface at which a
certain Killing vector is null. Quite evidently, Killing horizons can occur
only in space-times possessing isometries which are then characterized by
Killing vectors.

For static space-time, of greatest importance are Killing horizons at
which the timelike Killing vector &* = (1,0,0,0) becomes null. This hap-
pens where ggo = €*Y = 0. From the viewpoint of a static RF, there is a
singularity at such a horizon, although the 4-curvature is certainly finite®.

8The definition of a Killing horizon implicitly assumes its regularity since otherwise such
a definition would be meaningless: we would then deal with a singularity rather than a
horizon.



74 Black Holes, Cosmology and Extra Dimensions

Lastly, sometimes the notion of a horizon is introduced, connected with
a certain scalar. Thus, for instance, in spherically symmetric space-times
with the metric (3.1), the quantity r(u,t) is a scalar from the viewpoint of
the two-dimensional subspace parametrized by the coordinates w and t.
On the basis of the behavior of the function r(u,t), one can introduce
the notions of R- and T-regions, generalizing these notions from static to
arbitrary nonstatic space-times. By definition, an R-region is a space-
time region where the gradient of the function e® = r(u,t), considered as
a scalar in the (u,t)-subspace, is spacelike:

PO = e 2T — o722 < (. (3.49)

In this case the quantity r can be chosen as a spatial coordinate.
A T-region is, by definition, a region where m“r , >0, and therefore one
can choose r as a time coordinate. Furthermore, an r-horizon is a surface
on which rmr, = 0.

All the horizons considered previously are evidently r-horizons and
Killing horizons. The sphere r=2m=2GM in the Schwarzschild met-
ric and the sphere r=r; in the Reissner-Nordstrom metric are Killing
horizons and event horizons simultaneously, while »=7_ in the Reissner—
Nordstrém metric is a Cauchy horizon, like many horizons in metrics with

A#0.

3.4 Schwarzschild black holes. Geodesics
and a global description

3.4.1 R- and T-regions

As already noticed, in the Reissner—Nordstrom—de Sitter solution (3.17)
the radial coordinate is simultaneously a curvature coordinate and a
quasiglobal coordinate (r = p). Therefore we can directly use the results
of the previous section in analyzing the properties of the solution.

Let us address the simplest special case, the Schwarzschild metric
(3.20). At r = 2GM = 2m = ry (this value of r is called the gravita-
tional radius corresponding to the mass M, or the Schwarzschild radius),
there is a simple horizon, and in the region r < 2GM (T-region) the coor-
dinates r and t exchange their roles: r becomes a temporal coordinate
and t a spatial one (just as was already discussed for the de Sitter metric).
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The T-region is described by the Kantowski—-Sachs metric

2 dr? 2 2 702

ds® = AW |A(r)|dy® — r=dQ?, (3.50)
where |A(r)| = 2GM/r — 1, and the spatial coordinate y replaces t. If we
suppose that r decreases from the value 2GM to zero, then the homoge-
neous model (3.50) contracts (collapses) to zero in two angular directions
along the coordinate spheres, whereas in the third direction (y) it stretches
without limit. The final state r = 0 is a spacelike singularity, reached at a
certain time instant.’

The inverse process of anisotropic evolution (expansion of coordinate
spheres 6 = const, ¢ = const and contraction from infinity to zero along
the y axis) is observed as r changes from r =0 to r = 2GM .

The metric (3.50) describes both expanding (in the sense of growing r)
and contracting cosmological models since the time direction is not unam-
biguously related to the growth or fall of r: the physical time 7 is related
to r by the integral

- i/dr/«/A(r), (3.51)

whose convergence at both r — 2GM and r — 0 indicates that the
evolution from the horizon to the singularity (or conversely) occurs in a
finite time interval according to a clock at rest in the metric (3.50) at a
fixed spatial point (y, 0, ®).

Meanwhile, the expanding or contracting T-region is in no way con-
nected with the initial R-region even though the curvature at the horizon
r =71 = 2GM which separates them is finite: the Kretschmann scalar is

IC = 48(GM)? /5. (3.52)

3.4.2 Geodesics in the R-region

The behavior of geodesics near the horizon corresponds to the general
description presented above. Thus, according to (3.28) and (3.24), in the

91t is sometimes claimed that the Schwarzschild space-time has a singularity at the
centre. As is clear from the above-said, this claim is completely wrong. Indeed, the
singularity » = 0 is in a T-region, which represents a homogeneous cosmological model,
whose all spatial points are equivalent, whereas the notion of a centre assumes a certain
distinguished spatial point. Moreover, in the coordinate system in which the metric
(3.50) is written, all spatial points reach the singularity simultaneously.
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Schwarzschild metric

dr\? 2m L? 9
(@) () (5 en) =

dt E

— = = GM. 3.53
dx  1-=2m/r’ mi=G (3:53)

(The quantity m, having the dimension of length, is sometimes called
the geometrized mass.) The first of these equations gives near the horizon
(r — 2m), independently of the nature of the geodesic and on the angular
momentum L, dr/d\ = +E, whence (assuming E > 0) d\ ~ +dr/E.
Thus all geodesics cross the horizon at a finite value of their canonical
parameter \. In particular, for timelike geodesics it means that the hori-
zon is crossed at finite proper time s.

In the exceptional case of purely spatial geodesics (E = 0), (3.34)
implies:

L >2m: r = L is the minimum value of r, such geodesics do not reach
the horizon.

L = 2m: the horizon is reached but the length I ~ [dr/(r —2m) loga-
rithmically diverges. In other words, the distance from any fixed
point to the horizon along such a (tangent) geodesic is infinite.

L < 2m: the horizon is reached, and the integral (3.34) converges at
r=2m.

It is also not difficult to verify directly that the 3-curvature of the
hypersurfaces ¢ = const is singular at the horizon.

Let us dwell upon massive particle motion in the Schwarzschild field,
i.e., on timelike geodesics (k =1, d\ = ds), where ds is the increment of
the particle’s proper time. From (3.53) we obtain

<%> 2 +V(r) = E? (3.54)

V() = (1 + f-j) (1 - 277”) (3.55)

Taking the derivative d/ds, we obtain the equation of motion

with the potential

1,
=5V, (3.56)
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Stable circular orbits can be found from the conditions V' =0, V" > 0.
Substituting the expression of the potential, we obtain

mr® — L?r + 3mL? = 0. (3.57)

A solution of this quadratic equation gives extrema of the potential:
L

" 2m

Text (L) (1++/1—-12m?/L?). (3.58)
The sign of the second-order derivative V' (r) at r = rext

2
V" (rext) = T—4(2m7‘ — L2)

T=Text

distinguishes the orbital radii (V" >0 [the plus sign in (3.58)] and a maxi-
mum of the potential that occurs at smaller radii [the minus sign in (3.58)]:

P = (L) = o (1 /T 1202/ I2) =

:2m

3.59)

6m (
14 /1 —-12m2/L?

It is clear that stationary orbits are absent at small angular momenta L,
L < Lipin = 2V3m.
The minimum orbital radius is
Tmin = Text(Lmin) = 6GM = 3ry, (3.60)

and this orbit is only marginally stable due to V" =0 (see Fig. 3.1).

Let us stress that in curved space-time the radius r of a coordinate
sphere is in general not equal to its distance from the centre even if there
is a centre. And in the Schwarzschild field, as we have seen, there is no
centre at all because the value » = 0 belongs to a T-region.

3.4.3 Particle capture by a black hole

Let us return to Eq.(3.54) and consider the problem of particle capture
by a Schwarzschild black hole. Let the particle move from infinity with an
“energy” E > 1 (where E =1 corresponds to zero velocity at infinity). If
it is not captured by the black hole, it again escapes to infinity. Then there
should be a maximum proximity position such that

dr=0=V(r) = E%

On the contrary, if it is captured, the equation V (r) = E?, with V(r) given
by (3.55), must not have a solution.
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Figure 3.1 The potential (3.55) for L/m = 3.2,2v/3,3.8,4.1 (bottom-up). Stable
circular orbits correspond to minima of the potential. The dot on the second curve
at r/m = 6 corresponds to the smallest (marginally stable) circular orbit. The horizon
is located at r/m = 2.

For a particle of unit mass moving from infinity with the initial veloc-
ity voo < 1, we have the following expressions for the energy and angu-
lar momentum corresponding to nonrelativistic mechanics in flat space:
Esw =1+0%/2~1 and L = bvs,, where b is the impact parameter. We
arrive at the algebraic equation

<1+f—j> (1—%):1,

whose solution is absent if
L<2rg =05 2rg/vs.
Consequently, the capture cross-section for a nonrelativistic particle is
o=nb? = 471'7“3/@20 = 16mm?/v2,. (3.61)

In the general, relativistic case, the capture condition is the same: the
absence of solutions to Eq. (3.54) with dr/ds = 0. By definition of the
angular momentum (see (3.26)),

209

L= .
7nds



Spherically symmetric space-times. Black holes 79

At large distances from the black hole, ¢ ~ b/r, hence d¢ = —dr(b/r?)
(where again b is the impact parameter), and therefore dr/ds = L/b.
Substituting it into Eq. (3.54), at large r, we obtain
L2
2 _
Ef=1+ R
Now, for arbitrary r, (3.54) takes the form

<1+f—22> (1—%)=1+€—j.

In the ultrarelativistic limit, L/r > 1, L/b > 1, and the equation is
simplified:

Thus the capture cross-section for ultrarelativistic particles moving near a
Schwarzschild black hole is

o=mnb?= %m"g. (3.62)

The above derivations did not take into account that an interaction of

a particle with a black hole is accompanied by gravitational wave emis-

sion. Most frequently this emission is really negligible, but it cannot be

neglected at interactions of two black holes and, in such cases, it substan-

tially increases the cross-section of their mutual capture. More precisely,

the cross-section of gravitational capture of two black holes with masses
My and M to a close binary is expressed as follows [304]:

]5 2/7 G2 (M. M 10/7M2/7M2/7
U:27r< ”) (Mo + M) 0 : (3.63)

18/7
6\/5 Cl0/7Urel/

where v, is the relative velocity of the two black holes. After the capture,
the black holes rapidly merge due to energy loss from gravitational wave
emission, and a new mighty gravitational-wave outburst is produced at the
moment of merging. The above cross-section is larger than the cross-section
of direct black hole collisions taking into account the gravitational focusing
in a wide range of black hole masses and velocities.
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3.4.4 A global description: The Kruskal metric

A transition from the Schwarzschild static metric to coordinates providing
its complete description by a single map was independently formulated in
1960 by Kruskal and Szekeres [261, 394].

Let us describe this transition. Only the (r,¢) subspace should be trans-
formed while the angular coordinates 6, ¢ remain the same.

First of all we transform r passing on to the “tortoise” coordinate
74, such that the two-dimensional metric in the (r,¢) subspace becomes
conformally flat:

-1
r*:/<1—2—m) dr:r—i—len‘L—l’,
T 2m

-1
ds? = (1 - 2—m>dt2 - <1 - 2—’”) dr?
r T

2
- (1 - —m> (dt* — dr.?). (3.64)
T
The horizon corresponds to the limit r, — —oo.
In Eq. (3.64) it is convenient to pass on to the null coordinates V, W:

U=V +W, 2r.=V-W. (3.65)

At fixed V', the horizon corresponds to W — oo, hence ¢ — oo. On the
contrary, at fixed W the horizon corresponds to V' — —o0o, hence ¢t — —c0.
Thus (in agreement with the previous discussion of geodesics), the horizon
is either in absolute past or in absolute future with respect to an observer
at rest and splits into a past horizon and a future horizon. So, in terms of
V and W, the Schwarzschild metric has the form

ds? = (1 - 27m)dv AW — r2d02. (3.66)

We have not yet removed the singularity at » = 2m. To this end, one more
step is necessary: a transformation of the form V = V(v), W = W(w).
Let us for certainty consider a transition through the future horizon: we
fix V' and concentrate on the limit W — oco. We wish to choose such a
function W (w) that the coefficient of dVdw in the metric is finite. It is easy
to verify that a suitable choice is W = —2mIn|w|, because 1 — 2m/r =
(r—=2m)/r ~ry/(2m) ~ —w/(2m) as r — 2m.



Spherically symmetric space-times. Black holes 81

In a similar way the metric is regularized at a transition through the
past horizon. It is not hard to see that the transformation

V=2mlnlv|, W =—-2mln|uw| (3.67)
leads to the relation
1— 277" = —pwe /M), (3.68)
and the metric acquires the regular form
ds? = 3270—"13 e /M) dy dw — r2dO2. (3.69)

It is possible to further transform the null coordinates into spatial (R)
and temporal (T") ones by assuming

1 1
v=3(T+R), w=g(T~R), dvdw=dl*—dR* (3.70)
whence
3
ds? = 32 o-r/2m) (dT? — dR?) — r2dQ2. (3.71)
r

This is the Kruskal metric giving a complete picture of the Schwarz-
schild space-time. The initial region r > 2m is mapped in it into the right
quadrant v > 0,w < 0,or R>0, —R <T < R (region R;, see Fig. 3.2).
In addition to it, there are two T-regions T_ and T4 (the first one is

Figure 3.2 The Kruskal diagram.
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obtained by transition through the future horizon, the second one through
the past horizon) and one more R-region, R_.

The horizon r = 2m is now depicted by the pair of intersecting axes
v =0 and w = 0, or, equivalently, T = +R. These axes (or these null
hypersurfaces if we recall that each point on the diagram corresponds to a
2-sphere) do not belong to any of the R- or T-regions, and the same is true
for their intersection point u = v = 0; still all points at the horizons are
regular points in the Schwarzschild-Kruskal space-time, as is evident from
the metric (3.69) or (3.71).

The singularity 7 = 0 is depicted by two hyperbolas: T = —v/1 + R?
(the past singularity) and T = ++/1 + R? (the future singularity). It is
the future singularity where everything gets after falling beyond the future
event horizon.

Due to the null nature of the v and w coordinates, all radial null
geodesics in the diagram are parallel to the v or w axes. Other causal
curves (timelike as well as nonradial null trajectories) have slopes smaller
than 45° from the vertical. This is true, in particular, for the lines r =
const in the R-regions (which depict the coordinate spheres at rest and are
not geodesics).

3.4.5 From Kruskal to Carter-Penrose diagram
for the Schwarzschild metric

In studies of the causal structure of space-time containing Killing horizons,
it is often helpful to use Kruskal-like coordinate transformations which pro-
vide smooth transitions between regions separated by horizons. The results
are most frequently presented with the aid of two-dimensional diagrams
(Carter—Penrose diagrams) whose form contains the basic information on
the global causal structure of the space-time in question. Such diagrams
are more convenient than the Kruskal diagram because each R- or T-region
is depicted there by a square or triangle of fixed finite size.

Let us build such a diagram for the Schwarzschild space-time using the
Kruskal metric (3.69):
32

m3
. e M) dy dw — r2d02, (3.72)

ds® =

where the radius r is related to the coordinates v and w by Egs. (3.68), or

r—2m
—w = r/(2m)
VW o © . (3.73)
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Figure 3.3 The Carter—Penrose diagram for the Schwarzschild metric.

The diagram becomes compact if, instead of the coordinates v € R
and w € R, we introduce the coordinates &, 7, specified on the segment
(w/2,7/2) by putting

v=tan{, w =tann. (3.74)
It is easily seen (Fig. 3.3) that the horizon is now represented by the two
segments £ =0, n =0 (BE and CF), and the singularity » = 0 by other
two segments where £ + 7 = +7/2 (BC and EF). The values & = +7/2
and 1 = £7/2 (the line strings FAB and CDE) correspond to an infinite
radius r. The whole two-dimensional (r,t) manifold has been mapped into
the interior of the hexagon ABCDEF. The null nature of the coordinates £
and 7 allows for easily distinguishing spacelike, timelike and null directions
at any point in precisely the same way as it is done using the Kruskal
diagram.

3.5 The global causal structure of space-times
with horizons

3.5.1 Crossing the horizon in the general case

Transformations similar to those applied to the Schwarzschild metric are
of quite general nature, and, as a result, Carter—Penrose diagrams can be
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built in the general case of two-dimensional sections of space-time with the
aid of simple correspondence rules between the behavior of metric functions
and graphic images.

Consider an arbitrary static or stationary space-time where the metric
depends on a spatial coordinate u, and let us restrict ourselves to its two-
dimensional section with the metric

ds2 = e gt? — o200 gy 2, (3.75)
(If the metric depends on other spatial coordinates, we suppose that they

are fixed.) Let the surface u = u* be a horizon, so that ") = 0. Let us
introduce two “radial” coordinates x and p by the relations

dr = e du

= ds% = ez"y(dt2 - dgcz)7 x = “tortoise”. (3.76)
dp = +e*du,
ds% = e27dt? — e Pdp?, p = quasiglobal. (3.77)

As u — w*, at the horizon z — +oo [it is easy to verify that a finite
z(u*) would mean a singularity, see (3.7)], while the coordinate p can
tend both to a finite and to an infinite limit. As we have already seen in
Sec.3.3, if p — +oo as u — u*, the space-time under consideration is
geodesically complete at v — u* even without an extension beyond the
“remote horizon” is a natural boundary of the space-
time. No extension is necessary in this case.

Let us address the more general case [p(u*)|] < oo. Without losing
generality we suppose that p(u*) =0, 2 — —oc0 and p — 40 as u — u*.
Besides, we assume that in some finite neighborhood of u = u*

¥ = p? F(p), (3.78)
where ¢ = const > 1, and F(p) is an analytic function with a finite value
F(0). It is precisely this behavior of the metric that takes place in most
situations of physical interest.

By analogy with the method of obtaining the Kruskal picture, we first
introduce the null coordinates

V=t+z, W=t—=z (3.79)
The limit V' — —oo at fixed finite W corresponds to the past horizon
(since t — —oo) while the limit W — oo at fixed finite V' to a future

horizon. Further, if one introduces new null coordinates v and w related
to V and W by

horizon, and such a

V=V, W=W), (3.80)
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then, under some simple requirements on these functions, the mixed coor-
dinate patch (v, W) will cover the past horizon V' — —oo while the (V,w)
patch will cover the future horizon W = +oc.

Indeed, consider the future horizon. It is easy to verify that a finite
value of the metric coefficient gy, at w =0 is achieved if, as W — oo,

WFO/2 (g =1),
w {

(3.81)
w-a/ta=1) (g >1).

A transition across the future horizon corresponds to a smooth transition
of the w coordinate through zero.

On the other hand, it is also easy to verify that, under the assumptions
made, as £ — —oo, the following relationship between p and z is valid:

{ O g=1),
P

3.82
|~ @D (g > 1), (3:52)

Consequently, according to (3.78), at transitions through horizons the coor-
dinate p behaves in precisely the same way as w, i.e., smoothly crosses
the zero value. Thus precisely this choice of the static spatial coordinate
makes it possible to describe the region beyond the horizon, despite the
impossibility of describing the whole space-time in the framework of the
static reference frame. It is for this reason that the coordinate p is called
quasiglobal.

Depending on the parity of ¢, the region beyond the horizon will be a
R- or T-region.

The extension through the past horizon is carried out in absolutely the
same way with the aid of the (v, W) patch and leads to similar results.

Remark. It often happens in specific problems that it is hard to perform
a transition to the quasiglobal coordinate in the whole region. For instance,
it can be necessary to solve a transcendental equation. Let us note in this
connection that for the above reasoning it is only significant that the coor-
dinate p satisfy the relation (3.77) near the horizon, remaining arbitrary
in the remaining space. This makes the choice much easier.

We have seen that an extension of the metric across a horizon can be
described in terms of a certain distinguished coordinate (w or p), which
changes its sign at such a transition. If, however, the number ¢ is fractional
in the representation (3.78), then at the values p < 0 the metric coefficients
lose their meaning. Hence the candidate horizon is actually a space-time
singularity. Such a singularity is connected with a loss of analyticity of the
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metric, and it does not necessarily imply an infinite value of any algebraic
invariant of the curvature tensor. In such cases, evidently, some di(]eren-
tial invariants, containing derivatives of the form (VoVg...)Ruup0, are
singular.

We will sometimes call such surfaces singular horizons.

This “quantization” condition ¢ € N can turn out to be not unique
if fractional powers of p appear in other metric coefficients besides g,,
and gy . Such examples are really sometimes considered in the literature.

3.5.2 Construction of Carter—Penrose diagrams

As follows from the above, for an analysis of the global causal structure of
two-dimensional Lorentzian surfaces with the metric (3.75), it is convenient
to use the coordinate p, specified by (3.77) and connected with the null
coordinates providing a smooth extension of the metric. Thus, suppose
that under some choice of the coordinates, the metric of a two-dimensional
section of space-time has the form

dp?
fp)’
where the coordinate p belongs to some finite or infinite range a < p < b
on the real axis. According to (3.76), z = =+ [ dp/f(p). Then, using the
same reasoning as was used above in the discussion of the global properties
of the Schwarzschild space-time, it is not difficult to verify that in some
coordinate system one can juxtapose the end points a and b and zeros
(p = pi) of the function f(p) to the following graphic images (assuming
that there are zeros of f(p) not coinciding with a or b):

ds* = f(p)dt* — (3.83)

p—a, p—b:

>0, 2] <0 —

le——

<0, |z] <o

p—ra, p—b, p—pi

f—=+40, 2] = < >

f = =0, [a > o0 AN N\



Spherically symmetric space-times. Black holes 87

R

Figure 3.4 Examples of transition across horizons. The double tilted segments show
the horizon of the initial region, single segments show new segments added at the
transition, and arrows correspond to the direction of the transition. The symbol R des-
ignates a region where f(p) > 0 (an R-region), the symbol T a region where f(p) <0
(a T-region). In a few subsequent figures the notations are the same.

(the arrows mark the direction along which we approach the point a, b or
pi). The construction process begins from any of the end points. To each
interval where the function f(p) has a constant sign there corresponds
the interior of a triangle or a square in the diagram. A horizon p=p; is
depicted by a pair of tilted segments forming a right angle. To carry out a
transition across this horizon, one should add two more tilted segments of
the same length as shown in Fig. 3.4. The way of adding new segments is
chosen depending on the sign of f(p) at p < p; and p > p;. The new pair
of segments corresponds to the same value p = p;.

One can formulate a convenient rule for transitions through horizons:
at RT and TR transitions (i.e., from a R-region to a T-region or vice
versa) the old and new segments form an X-shaped figure while at
RR and TT transitions the figure is like a zigzag. An explanation of
the rule is that a horizon with a given value of p; is located in the diagram
to the right or to the left of a R-region (and splits into a past horizon and
a future horizon) whereas with respect to a T-region a horizon is located
either above or below it.

The construction can continue endlessly or terminate if the diagram
covers a finite area whose boundary points correspond to the boundary
values p =a and p = b, which (recall) can be finite or infinite.

For each pair of regions separated by a tilted segment (i.e., a horizon)
there exists a common system of null coordinates like (3.79). The
rules formulated above are sufficient for building any two-dimensional
Carter—Penrose diagrams as soon as the metric is written in the form
(3.83). To illustrate the method, let us give examples of diagrams for the
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f(r)

e ii—
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[
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<

Figure 3.5 The qualitative behavior of the function f(r) in the metric (3.84) at 0 <
Ag? < 1/4 with two or three zeros.

Reissner—Nordstrom—dS metric, for which, in the notations (3.83),
f(r)y=1-=2m/r+¢*/r* — Ar?/3, (3.84)

where m and ¢ are the mass and the charge, respectively, in geometrized
units. The coordinate p introduced in (3.77) coincides here with the
(Schwarzschild) radial coordinate 7.

The behavior of the function f(r) at r € (0,00) is rather diverse and
depends on the values of the parameters m,q, A. Figure 3.5 shows the
qualitative form of f(r) in the cases where it has three simple roots or one
simple root and one double root. Figures 3.6-3.8 show the corresponding
Carter—Penrose diagrams. In other, simpler cases where f(r) has a single
root or two simple roots, the space-time structure is well known, see, e.g.,
the books [198, 296]. With the aid of the rules given above, the reader can
easily build the corresponding diagrams him or herself.

In Figs. 3.6-3.8, the tilted segments depict the Killing horizons whose
corresponding roots 7; of the function f(r) are enumerated in increas-
ing order. The squares excluded from the diagram in Fig. 3.7 as well as
the segments drawn by thick lines in Figs. 3.6 and 3.8 can play the role of
branching points (a trip around any of then does not necessarily lead to the
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Figure 3.6 The Carter—Penrose diagram corresponding to curve 1 for f(r) in Fig. 3.5.
The diagram continues indefinitely both up and down. The thick lines correspond to

T=00.

T3

T3

71
T
T2
T2 T3
T2
T2
T3 ry

Figure 3.7 The Carter—Penrose diagram corresponding to curve 2 for f(r) in Fig. 3.5.
The diagram continues indefinitely in all directions and occupies the whole plane
except the squares bounded by double and thick lines. The double lines correspond to

r = 0, the thick ones to r = co.
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r =00
T T
T2
T T T
T1
R R R R
r1
T T T
R R
r =00

Figure 3.8 The Carter—Penrose diagram corresponding to curve 3 for f(r) in Fig. 3.5.
The diagram continues indefinitely to the left and to the right. The thick lines correspond
to r=0.

same initial region), therefore any multisheet extensions of these diagrams
are possible. On the other hand, identifications of isometric hypersurfaces
are also possible.

3.6 A black hole as a result of gravitational collapse

3.6.1 Internal and external regions. Birkhoff’s theorem

As is known from astrophysics, as soon as the nuclear fuel of a star is
exhausted, it experiences a catastrophic contraction (collapse) due to grav-
itational forces which can no longer be balanced by hydrodynamic and
radiative pressure. The result of a gravitational collapse depends on which
mass is taking part in it (generally speaking, it is not the star as a whole
but only its inner part). At masses smaller than the Chandrasekhar limit
(about 1.4 Mg, where My, is the solar mass), the stellar inner core becomes
a white dwarf with a density of the order of 10% g-cm=2. At m > 1.4mg,
after gravitational collapse there emerges a neutron star whose density is
of the order of nuclear matter density, (10'3-10'° g-cm =3), while at still
larger masses the mass of the collapsing core exceeds the stability limit of
neutron stars (about 3-4 Mg, its precise value depends on the equation
of state of neutron matter, on the structure details of the neutron star
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and on the choice of the theory of gravity), and the contraction leads to
BH emergence. As shown by calculations, a BH should form if the initial
stellar mass is 2 10M ; in this process, more than half of the stellar mass
is thrown into the ambient space, which appears to a remote observer as a
supernova explosion.

BHs of smaller mass could form from collapsing density fluctuations at
very early stages of the Universe evolution.

Calculations of the gravitational collapse are very complicated, there
are only a few exactly solvable models (such as, for instance, the collapse
of a spherically symmetric dust cloud [398]; see, e.g., [263]), while in more
complex cases the problem is solved only numerically. Still there are some
general, model-independent features of gravitational collapse ending with
BH formation.

The main feature is that outside the collapsing body the space-time
remains a vacuum, hence all the results obtainable for the properties of
vacuum solutions to the equations of gravity are valid. Moreover, if a spher-
ically symmetric body is collapsing, the whole process occurs with spherical
symmetry, and then Birkhoff’s famous theorem holds [37],}° whose simpli-
fied formulation is “in GR, a spherically symmetric gravitational field in
vacuum is necessarily static”. It then reduces to the Schwarzschild solu-
tion (or Schwarzschild—de Sitter if the cosmological constant is included).!!
From a more general and correct viewpoint, the theorem indicates the case
where the field equations, under certain conditions, induce an additional
space-time symmetry that was not postulated initially. For example, for
a T-region of the same Schwarzschild space-time, what follows from the
theorem is certainly not staticity (which is absent) but homogeneity, or
independence of the metric on the spatial coordinate which corresponds to
the temporal coordinate ¢ in the static region.

10 After Birkhoff the theorem was extended to spherically symmetric systems with a
cosmological constant A, systems with electromagnetic and scalar fields, some scalar-
tensor theories (STT) of gravity, etc. The most general approach to the problem [78]
consisted in studying the general conditions under which one could prove the static
or homogeneous nature of the system. This included into consideration not only all
the previously studied cases of the theorem in GR and STT but also many new ones.
The theorem was generalized in two respects: inclusion of new symmetry types (planar,
cylindrical, pseudoplanar) and new kinds of matter sources of gravity (scalar fields,
gauge fields, perfect fluid, etc.). A multidimensional generalization of this approach is
described in [80].

11 The theorem was actually proved earlier by J. Jebsen [217], but it has happened that
his work is less well-known than Birkhoff’s; see also [218].
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Let us present a schematic proof of Birkhoff’s theorem for the sim-
plest case of spherical symmetry [the metric (3.1)] and vacuum, 7}/ = 0.
According to the Einstein equations, R}, = 0. Suppose that the inequality
(3.49) holds in the space-time region under consideration, that is, we are
in a R-region, and we can choose r = ¢ as a spatial coordinate. Then in
the expressions (3.3) for the Ricci tensor components one can put = 0.
The equation Ro; = —2&0’ = 0 then immediately leads to & =0 [8’ # 0
due to (3.49)], and among the three metric functions only + can still be
time-dependent. The Einstein equation G} = R} —1R = 0 contains 7 only
in the combination e~2%3’y’, whence it follows that ' = dvy/dr = +'(r),
and, v = v1(r) +72(¢) . But the function 75(t) can be excluded by a proper
choice of the time coordinate, which leads to a completely static metric.
The theorem is proved.'?

The validity of Birkhoff’s theorem is related to the fact that in GR the
gravitational field has spin 2 and consequently it does not have dynamic
monopole and dipole degrees of freedom. In other words, there are no
monopole and dipole gravitational waves.

As follows from Birkhoff’s theorem, in the collapse of spherical bodies,
the exterior space-time is unique and is described by the Schwarzschild
metric at all times. From the properties of the metric it follows that, from
the viewpoint of a distant observer, the stellar surface contracts to the
horizon for an infinitely long time — it seems to be frozen at the Schwarz-
schild radius r = 2m. However, as follows from calculations, deflections
from r = 2m decay exponentially in the distant observer’s time, with a
characteristic time of about 2m, which is about 10us (the time for which
light passes 2m = 3 km) in the case of m = Mg [340]. Very quickly it
happens that signals from the collapsing stellar surface stop coming, and
it disappears from the sight of a remote observer almost instantaneously.

On the surface itself, only a finite proper time passes at contraction
from any finite radius, not only to the horizon but to the singularity » = 0
(recall that it is a cosmological singularity).

121f, in the conditions of the theorem, we replace the inequality (3.49) with its opposite,
i.e., assume that we are in a T-region, then, by the same reasoning, we shall again
find out that the metric is t-independent, but t is now a spatial coordinate, and the
independence from it proves the space-time homogeneity. However, if one assumes that
the gradient of r is null, the theorem cannot be proved, and under this condition wavelike
solutions to the Einstein equations become possible.
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The global space-time structure for a collapsing star drastically differs
from the structure of an “eternal” Schwarzschild BH depicted in Kruskal
(Fig. 3.2) and Carter—Penrose (Fig. 3.3) diagrams. Thus, for instance, in
Fig. 3.2, from the whole empty space-time there only remains the region
to the right of the curve AB that depicts the world line of a point on the
stellar surface, while everything to the left of this curve remains uncertain
until a dynamic solution to the Einstein equations is known for the stellar
interior. There remain only one R-region (the right one) and one T-region
(the upper, contracting one).

3.6.2 Gravitational collapse of a spherical dust cloud

As an example of a solution describing the interior of a collapsing body, let
us consider Tolman’s solution [398] describing the evolution of a spherical
cloud of dustlike matter in a comoving reference frame. Since for dust
particles this is also a geodesic reference frame, the metric can be taken in
the synchronous form

ds? = dr? — BT GR? — p2(R, 7)dQ?, (3.85)

where 7 is the proper time along the particle trajectories labelled by dif-
ferent values of the radial coordinate R. The only nonzero component of
the SET is T3 = p, and the Einstein equations read

2ri+72 +1—e 22 =0, (3.86)
) o—2X
r—2(17"2 +2r7\) — = 2rr” + 1'% = 2r' \') = 87Gp, (3.87)
= A’ = 0. (3.88)
Equation (3.88) is easily integrated in 7 giving
/2

2a_ _ T

e TR (3.89)

where f(R) is an arbitrary function satisfying the condition 1+ f(R) > 0.
Substituting (3.89) into (3.86), we obtain the equation

2ri + 72 = f(R), (3.90)

whose first integral is

(3.91)
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This expression makes clear the physical meaning of the function f(R):
since 7 can be understood as the radial velocity of a dust particle, f(R)
specifies the initial dust velocity distribution: for f > 0 it is the particle
velocity squared at large » (f > 0 and f = 0 correspond to hyperbolic
and parabolic motion, respectively). If f(R) < 0 but F(R) > 0 (elliptic
motion), the particle cannot reach infinity, and the quantity F(R)/|f(R)|
shows the maximum value of r accessible to it.

The meaning of the other arbitrary function, F(R), becomes clear if
we substitute (3.89) and (3.91) into (3.87). We obtain

1P
T 8wG 2

(3.92)

or
F(R) = 87G / prr'dR. (3.93)

Assuming that in the initial configuration (before collapse) there was a
regular centre, so that ' =0 at » =0, we can write

F(R) =2GM(R), M(R)=4r / prdr, (3.94)
0

so that M(R) is the mass function equal to the mass of a spherical body
including all matter inside the sphere of given radius r, and F(R) is the
corresponding Schwarzschild radius.

Eq. (3.91) can be further integrated, and the solution can be written in
a parametric form for f # 0 and explicitly for f =0 [263]:

F
f>0: r:ﬁ(sinhn—l), To—T sinhn —n); (3.95)

F
:2f—3/2(

f<0: r:_izf(l—cosn), TO—T:%f‘W(n—sinn); (3.96)
1/3
f=0: r= <%) (10 — 7)2/3. (3.97)

The new arbitrary function 79(R) here indicates the instant of 7 at which
the particle with a given R reaches the singularity » = 0. To find out
whether this singularity occurs in a R-region (and can then be called a sin-
gular centre) or in a T-region (and is then cosmological in nature), we
must check whether the gradient of r(R,7) is spacelike or timelike at
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small r. Evidently,

«

PO =1 — e P2 = —1 — 27, (3.98)

where the second equality sign follows from (3.86).

It can be verified that for any f(R) near the singularity the function
r(R,T) is given by Eq. (3.97), whence it follows that 7 ~ — (7o —7)~%/3 —
—00, so that m*r, — 400, and the singularity occurs in a T-region for
any choice of the arbitrary functions.

Then of interest is the question: when does a given dust particle cross
the horizon thus getting from R- to T-region? The answer again fol-
lows from (3.98): since # = F(R)/(2r?), the gradient of r is null where
r = F(R) = 2GM (R), that is, a particle crosses the horizon precisely at
the time instant when (R, 7) reaches the value of the Schwarzschild grav-
itational radius corresponding to the interior of the sphere specified by a
given R. Note that such a crossing is quite regular, and this instant is
actually unnoticed in the comoving reference frame.

To obtain a global solution including both a dust distribution and
an external vacuum region, it is necessary to describe such a vacuum
(Schwarzschild) region in a reference frame suitable for smooth match-
ing to the internal solution. This problem is easily solved since the vac-
uum solution in a proper form is obtained from the Tolman solution by
putting F(R) = const whence p = 0. The resulting solution reproduces
the Schwarzschild metric in a geodesic reference frame as described above
in Sec. 3.3.3.

So a spherical collapse of a dust cloud always leads to a BH. One of the
most fundamental questions discussed in BH physics is whether or not there
are matter configurations whose gravitational collapse can lead to a naked
singularity instead of a BH. The so-called cosmic censorship conjecture
requires that such unwanted entities as space-time singularities, if any,
can only appear separated from external observers by BH horizons. There
are counterexamples to censorship, processes where naked singularities do
occur as a result of collapse, but it is still not certain whether or not such
situations are generic. Moreover, an answer can be different in GR and
its different extensions; see, in addition to textbooks on gravity and BH
physics, the reviews [124, 187, 209, 216, 414].
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Chapter 4

Black holes under more
general conditions

4.1 Black holes and massless scalar fields

In the previous sections we have seen that the presence of a massless vector
(electric or magnetic) field does not prevent the existence of BHs. In other
words, a BH can possess an electric or/and magnetic charge and be a source
of the corresponding fields. In this section we will discuss the question of
whether a BH can also be a source of a massless scalar field. To this end, it
appears to be possible to use exact solutions which are in this case obtained
rather easily and whose properties are of separate interest.

4.1.1 The general STT and the Wagoner
transformations

In what follows we will consider the properties of static, spherically sym-
metric gravitational fields for two most important versions of the massless
scalar field equations, the minimally coupled one!3 (¢ = ¢™i") with the
equation (i) = 0 and the conformally coupled one (¢ = ¢°°™) with the
equation Og¢ + %R(b = 0, where R is the scalar curvature.

3 The term “minimally coupled” applied to any field means (see Chapter 2) that the
influence of gravity manifests itself in replacing partial derivatives in the field equations
by covariant ones.

97
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We would like to begin with a more general formulation of nonminimal
coupling of scalar fields to gravity called the general (Bergmann—Wagoner—
Nordtvedt) scalar-tensor theory (STT) of gravity, whose Lagrangian

Lstr = f(O)R + h($)§" ¢,u, — 2U($) + Lum, (4.1)

is specified in a space-time V; with the metric Juv and scalar curvature R.
U(¢) is a potential, in some cases generalizing a cosmological constant; L,,
is the Lagrangian of all other matter which can also depend on §,, and ¢.

Let us present the well-known conformal mapping [412] which formally
reduces rather a wide class of systems with scalar fields in the framework
of the Bergmann—Wagoner—Nordtvedt STT of gravity to systems with the
scalar field ¢™*. Consider the Lagrangian of the general STT (4.1) speci-
fied in the space-time V; with the metric Juv and the scalar curvature R.
L,, is the Lagrangian of the rest of matter, maybe also depending on ¢ and
G - This formulation, corresponding to the Jordan conformal frame (or
picture) is of fundamental nature in STT as it is usually formulated since
it is in this picture that the SET of matter T} satisfies the usual conser-
vation law V, T}/ = 0, thus providing the standard equations of motion in
the atomic system of measurement. In particular, free particles move along
geodesics.

The field equations are easier studied and solved in the so-called Ein-
stein conformal frame (or picture) in which the scalar field is minimally
coupled to gravity. Namely, the conformal transformation [412]

dp a2
- Juv
70 hts (d<z>>

v = y y 4.2
=)y v 2
leads the Lagrangian (4.1) to a Lagrangian typical of GR (up to a full
divergence) with ¢ = ¢™in:
—2U(¢) + L, daf
h

f + pP

(4.3)

=/

L=R+eg" Pty , + € := sign

o))

for a system with the scalar field 1 in a space-time with the metric g, .
It is supposed that the function f(¢) used in the transformation (4.2) is
finite and positive in the whole region of interest.

Depending on ¢ = £1, the STT splits into two classes: normal ones,
in which € = 41, i.e., the kinetic energy of the scalar field in the Einstein
picture is positive, and anomalous or phantom (ghost), e = —1, where this
energy is negative.
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Special examples of the theory (4.1) are GR with a minimally coupled
scalar field (f =1, h = e = £1) and a conformally coupled scalar field

¢ — ¢conf:

f=1-¢2/6, h=1, &=+1, \/5¢:tanhw+w0, (4.4)
V6
where 1)y is an arbitrary constant.
The equation for a massless conformally coupled scalar field
1
o + 6R¢ =0 (4.5)

is invariant under the conformal transformation g, = Q7 2(z)g,. , accom-
panied by the scalar field transformation ¢ = Q¢, as one can verify directly
using the corresponding transformation formulas for the scalar curvature
and the d’Alembert operator:

R=0’R-600Q+120°Q,,
O¢p = Q%0¢ — 200% 4. (4.6)

It is easy to see that the transformation (4.2) is different from the one with
respect to which Eq. (4.5) is invariant. Therefore it becomes possible to
pass on from Eq. (4.5) to the equation Oy = 0.

The most well-known example of an STT is the Brans-Dicke theory [49]
for which

w
f@)=9¢, h(¢)= 3 °= exp((¢) — o)/ v/ |w + 3/2]], (4.7)

w = const. This theory is normal for w > —3/2, phantom for w < —3/2 and
has no dynamics at w= —3/2.

On phantom fields

We have seen that a large class of STT reduce to a phantom field in GR.
Being quite unusual, such fields are often considered as purely artificial
entities. But recently these fields attracted much interest in connection
with the Dark Energy problem, a search for models able to account for the
so-called Dark Energy (DE) that drives the observed growing acceleration
of the Universe expansion (for more details see Part II of this book, in
particular, the footnote on page 217).

It is known that phantom DE behavior can be explained without explic-
itly introducing phantom fields, in particular, in the framework of the gen-
eral STT (4.1) which has sufficient freedom for describing all observational
data (see, e.g., [169]).
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The main objection against a phantom field is that a field with a neg-
ative kinetic term can have an arbitrarily large negative energy of high-
frequency oscillations, which, according to quantum field theory, can lead
to runaway production of particles and antiparticles accompanied by addi-
tion of equal negative energy of the phantom field itself. Nothing of this
kind is observed, which casts serious doubt on possible existence of phan-
tom fields.

On the other hand, there are theoretical reasons for considering phan-
tom fields since they naturally appear in some models of string theory [367],
supergravities [307] and theories in more than 11 dimensions like F-theory
[236] and in some Kaluza-Klein theories (e.g., those discussed in Part IIT of
this book). They can be effective fields, following in some reduction proce-
dure from an underlying theory; they may not be subject to quantization
(at least directly) and possibly do not interact with other fields. This, at
least partly, counters the above objections.

Even not being a steady theoretical object, phantom fields seem useful
for a kind of gedanken experiment, they can lead to models or predictions
of interest which can afterwards be obtained by other, less exotic means.
It is the main reason for considering them in this book.

4.1.2 Minimally coupled scalar fields

Consider configurations with the metric (3.1) in the presence of a massless
scalar field ¢ = ¢™") with the Lagrangian

1
L, = §5¢’aw,a, €= =41, (4.8)
and an electromagnetic field F),, with the Lagrangian
1 17
Lem = —ZF“ F. (4.9)

The most general form of the electromagnetic potential compatible with
spherical symmetry is

A, = 52A(u) + §iqm cosf 4+ 0P /0x*, (4.10)

where ®(z*) is an arbitrary function and ¢, = const is the magnetic
charge. Accordingly, the SETs of the fields ¢ and F},, have the form

1, .
Ty =gee >y diag(1, ~1,1,1); (4.11)

v 2 .
T/[F]=2(E* + B?) diag(1,1, -1, —1), (4.12)
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where
E? = O Fyg = ¢2/rY; B2 = FB Ry =2 /r, (4.13)
E are B are the electric field strength and the magnetic induction, and
FOl'=qgoe /12 Fig=qee®™ /12, (4.14)

where g, is the electric charge. Let us denote Q2 = %%(qg +q2).
The equation for ¢ and its first integral are

(erT2Pmoyly =0, ¢ =Ce” P, (4.15)

where the integration constant C' is interpreted as a scalar charge.

The tensors (4.11) and (4.12) have the property Ti + T3 = 0. In this
case it is helpful to use the harmonic (Cu = 0) radial coordinate u [50],
such that the metric coefficients in (3.1) satisfy the condition (see Sec. 3.1)

a=20+7. (4.16)

Then the combination (1) + (2) of the Einstein equations reduces to the

Liouville equation
(B+7)" = 72, (4.17)
which is easily integrated giving

k= 'sinhku, k> 0;
e P = s(k,u) =S u, k = 0; (4.18)
k1 sin ku, k< 0;

where k is an integration constant; one more integration constant has been
removed by choosing the zero point of u. As a result, we come to the metric

ds® = e®dt? —

e~ [ du?

20w |2 +d92]. (4.19)

Without loss of generality we assume u > 0, so that « = 0 corresponds to
spatial infinity at which the metric is asymptotically flat, and we can put
in addition (0) = 0 under a proper choice of scale along the time axis ¢.

At the asymptotic (u — 0), the coordinate u behaves as 1/r, so that

r=¢e’ ~1/u; e*=~1/u* 5 —4'(0)=—-GM, (4.20)
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where M is the Schwarzschild mass, as follows from comparing the limit
of large r (4.20) with the Schwarzschild metric.

It should be noted that many exact static, spherically symmetric solu-
tions obtained by now refer to systems with T} +7% = 0 (or can be reduced
to them) and can therefore be found using the method described here.

The field equation for ¢ in the metric (3.1) with the coordinate (4.16)
gives

¥ =Cu+1yg, thy = const. (4.21)

Let us pass on, in addition to @, to geometrized mass and scalar charge:
m = GM and C = \/>C having the dimension of length.

Among the remaining Einstein equations only one is independent (cor-
responding to one remaining unknown function y(u)), but it makes sense
to write down two equations: the component (8) from (3.6), having the
Liouville form, and the component (}) from (3.5), which does not contain
second-order derivatives and is a first integral of other equations:

W Ry=—"=-Q%c?, (4.22)
1
eGl=8(8 +2v) = 551//2 — Q%M. (4.23)
Integrating (4.22), we arrive at the following metrics:

(a) for @ #0:

ds?

dt? Q?s%(h,u+ uy) [ du?
52

T Q@22(hutu)  s2(kou) (k,u) +df) ]; (4.24)

with the constants k, h, u;, C, @ connected with each other and the
mass m by the relations

s2(h,u1)=1/Q%

m? — Q*=h*signh = k?signk — cC?/2, (4.25)
where the first equality follows from the boundary condition v(0) = 0 and

the second one from substituting the expressions (4.18) for 5 —+ and the
solution to (4.22) into (4.23);
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(b) for @ =0:

ds® = e 2huqt? —

thu du2
s2(k,u) | s%(k,u)
Gm=h; k?signk =eC?/2+ h.

i dQQ] ; (4.26)

The function s is defined by Eq. (4.18) in all cases.

In the limit C'— 0, the solution (4.21)—(4.25) passes on to the Reissner—
Nordstrom electrovacuum solution and as @ — 0 to the solution (4.26); in
turn, (4.26) passes on, as C — 0, to the Schwarzschild vacuum solution. In
other coordinates the solution (4.26) (naturally, only for the normal sign
of scalar field energy, ¢ = 1) was found for the first time by I.Z. Fisher in
1948 [164] and was repeatedly rediscovered later; the solution (4.21)—(4.25)
was found by R. Penney in 1969 [324]. For € = —1, the solution (4.26) was
obtained in [35], and (4.21)—(4.25) in [50].

Let us briefly discuss the properties of solutions for € = +1.

In the electrically neutral case (4.26) the coordinate u is changing in
the range u > 0, and u — oo corresponds to a naked singularity, which is
attractive (gop — 0) for m > 0. The metric (4.24) behaves in a sim-
ilar way at h > 0, i.e., at small charges as compared to the mass in
proper units, Q> < m?. The singularity may be characterized as scalar
field dominated because there ¢ — oo, and the total scalar field energy E,
is infinite whereas the electromagnetic field energy FE. is finite. The cor-
responding Reissner—Nordstrom electrovacuum metric possesses horizons
(two for Q% < m? and one for Q2 = m?), which, as we see, disappear if
there emerges a scalar field, however small the scalar charge C' is.

At h < 0 (a large charge, Q? > m?), the coordinate u is changing in
the range 0 < © < Umax, Where umax is the closest zero of the function
sin[|h|(u + u1)]. The value © = umax corresponds to the central naked
repulsive (e¥ — o0) singularity of Reissner—Nordstrom type, dominated
by the electromagnetic field (¢ < co, Es < 00, E. = 00).

We see that in all cases the solution with a scalar field contains a
naked singularity. Thus at least in spherically symmetric space-times the
massless field ¢™" cannot be an external field of a BH. This statement,
as we will see below, is one of the special cases of the so-called no-hair
theorems for BH. Such a terminology traces back to J.A. Wheeler whose
famous phrase “Black holes have no hair” meant that BHs have no external
parameters other than mass, electric (and/or magnetic) charge and angular
momentum.
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4.1.3 Conformally coupled scalar field

The scalar-electrovacuum gravitational field with ¢°°* is obtained from
(4.21)—(4.26) with the aid of the transformation (4.2), (4.4); as a result,
the metric acquires a conformal factor substantially changing the nature

of the geometry. The solution has the form:'*

(a) for Q#0

ds® =

cosh?[C'(u + uo)] { dt?
cosh? Cug q?s?(h,u+ uq)

2.2 2
qg°s*(h,u+u) [ du o
— dQ 4.2
| 427
s2(h,u1) = 1/¢%, q = Q coshCuyg,
(h,u1) =1/ 0 (428)
k?signk = h?signh + 30?;

the electric field and the (geometrized) Schwarzschild mass m are deter-
mined according to (4.13) and by comparison with the Schwarzschild metric
at large spherical radii r = /—go2:

E? = F%F = ¢ e = ¢*(g22) 7%

[m + Ctanh(Cug)]? = ¢ + h?sign h; (4.29)
(b) for Q =0
2 2 2ku 272
4s? — cosh [Céu—i—uo)} o—2hugy? k 62 ( k dzu +d92>} ;
cosh” Cuy sinh® ku \ sinh” ku

m = h — Ctanh Cup; k= +/3C? + h?, (4.30)

in both cases, the scalar field ¢ = ¢°°* is given by
¢ = v/6 tanh[C(u + uo)]. (4.31)

Let us note that, unlike the solution for ¢™™, the coordinate condition
(4.16) no longer holds because of the applied conformal transformation.
As before, the value of the coordinate u = 0 corresponds to flat spatial
infinity.
In the case h < 0, the solution with a nonzero charge ¢ (4.27)—(4.29) is
specified on the segment 0 < u < Upax < 00, Where upyax is the zero of the

14We here restrict ourselves to normal scalar fields, € = +1.
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function sin[|h|(u+wu1)] closest to u = 0. The value © = uyax corresponds
to a naked central (r = 0) repulsive (goo — o) singularity similar to the
Reissner-Nordstréom one at g2 > m?; however, unlike the analogous case
with the field ¢™i" here both energies E, and E<°* diverge. The solution
(4.27)-(4.29) at h > 0, u1 < 0 behaves in a similar way.

The case 0 < h < |C|, u; > 0 differs from the one just described in
that the solution now ranges over the whole positive semiaxis, v > 0, and
the singularity at u = oo is scalar-dominated: r — 0, e?¥ = gyo — o0,
E¢ = 00, E, < 0o. The solution (4.30), (4.31) at h < |C| behaves in a
similar way.

In the case |h| > |C|, u1 >0, both solutions exist on the semiaxis u >0,
but now the value u=oc corresponds to an attractive (e*’ — 0) naked
singularity with an infinite spherical radius r, called a “space pocket”
(the term is suggested by P. Jordan). The singular nature of this sphere is
verified directly using (16). The spatial infinity (u = 0) and the singularity
(u = o) are separated by a throat, a sphere where the function e® = r(u)
has a minimum. The energy E. < oo (it is zero at ¢ = 0), whereas
Ecf = —00. The anomalous sign of the energy is related to the lack
of positive definiteness of the temporal component of the SET for ¢ .

At h = |CJ, up > 0, the sphere u = oo is regular, and it becomes
necessary to extend the solution beyond it. We can recall that this regular
sphere in the Jordan picture corresponds to a singularity in Einstein’s
picture. In other words, the whole space-time of Einstein’s picture maps to
only a part of the space-time in Jordan’s picture. It is an example of the
so-called conformal continuation [54].

To extend the solution beyond the sphere u = co, let us introduce the
new radial coordinate

y = coth [Cul. (4.32)

Then both solutions for ¢ take the form

2 10 _ |QI |Q|y2
E°=vFY%Fn == L

2 h2(y +yo)*(y + 1)

1+
gb:\/é Z/yo;
Y+ Yo
d? (y + y1)?
ds®=(y +yo)? | ——— — B*~——(dy* + y?d*) |

yo =tanh hug; y1 = coth huy. (4.33)
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At @ = 0 we have y; = 1; spatial infinity corresponds to y = oo, where
O = o = \/62/0-

If yo < 0, the solution is defined for —yy < y < oo and has a naked
attracting singularity at the centre (y — —yo > 0; ¢¥ = ¢ = 0), where
both fields ¢ and F),, are singular.

In the case yg > 0, the coordinate y is specified for all y > 0, so
that, as y — 0, just as in the limit y — oo, the metric becomes flat,
i.e., there is the second spatial infinity where €27 — (yo/y1)? and ¢ —
(1/y0)v/6. Thus we have obtained a regular configuration, a wormhole,
with a throat (minimum of r) at y = ,/yoy:. This solution is the only
nonsingular solution among those with linear fields. Wormholes will be
discussed in more detail in Chapter 5.

Lastly, in the case h = |C], yo =0 (i.e., » — 0 as y — o0o) the sphere

= 0 turns out to be a horizon (r — rog =m = hy;, €7 — 0). In this case
it is helpful to pass on to the curvature coordinates: » = h(y+vy1), whence

ds*=(1—m/r)%dt* — (1 — m/r)"2dr? — r*dQ?
F'=Fy=q/r%  ¢=C/(r—m). (4.34)

This solution is known as a BH with a scalar charge [30, 41, 50]. The
metric has the same form as that of the Reissner—Nordstrom extremal
BH (m? = ¢?), to which this solution reduces in the case C' = 0. It is
noteworthy that, even though the ¢ field itself is singular at the horizon,
its SET is finite there (it follows from regularity of the metric and the
Einstein equations and can also be verified by a direct calculation).

A subsequent analysis has shown that the BHs (4.34) are unstable under
small radial perturbations [73].

Solutions with nonconformal coupling

Vacuum and electrovacuum solutions have also been considered for a more
general nonminimal coupling of a scalar field with gravity, corresponding
to the Lagrangian (4.1) with

f(p) =1—¢&¢?, € = const > 0;

h(p)=1, U(s)=0. (4.35)
At £ =0 and & = 1/6 this reduces to minimal and conformal couplings,
respectively. For £ # 1/6, it has been shown that the solution properties

are to a large extent similar to those for £ = 1/6: they are generically
singular, but under some special relation between the integration constants,
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the singularity of the Einstein frame corresponds to a regular sphere in the
Jordan frame [22, 69-71].

If £ > 1/6, all solutions continued beyond this sphere have a second flat
infinity, i.e., describe wormholes, but, as always in such cases, the region
beyond the transition sphere is anti-gravitational in the sense that the
effective gravitational constant is negative there. Similar wormhole solu-
tions also exist for £ < 1/6, but only under an additional inequality for
integration constants, otherwise the conformally continued solution pos-
sesses a naked singularity [22, 71].

All these wormhole solutions with zero or small electric charges prove to
be unstable under radial perturbations [69-71], and the characteristic time
of perturbation growth is of the order of the time needed for a light signal
to cover a distance of the order of the throat radius. Meanwhile, numer-
ical calculations have shown [71] that the perturbation growth increment
diminishes as the charge grows. It therefore seems possible that some values
of the electric charge can lead to a stable wormbhole.

BH solutions like (4.34) are absent at £ # 1/6.

4.1.4 Anomalous (phantom) fields. The anti-Fisher
solution

In the case of anomalous fields, both minimally and conformally coupled,
there are more variants of the solution behavior. In particular, wormholes
are obtained with both ¢™™ and ¢°°"f not in exceptional cases (as the
metric (4.33)), but in the general case for k£ <0. From a formal viewpoint,
this is connected with the fact that in the solutions (4.24)—(4.26) one can
obtain either k<0 at h >0 or |k| > |h| if both h <0 and k<0. In these
cases, at appropriate values of the constant wui, the solution is defined on
the interval 0 <wu < 7/|k|, and at both its ends there is a flat spatial infinity.
From a physical viewpoint, the emergence of wormholes is connected with
violation of the Null Energy Condition 7},,§#¢¥ > 0, VE* : €Y, =0 —
see Chapter 5.

As an example, let us consider the properties of the scalar-vacuum
solution (4.30) for ¢ = —1, the phantom analogue of Fisher’s solution,
which, by analogy with “anti-de Sitter”, we suggest to call “the anti-Fisher
solution”.

Branch A: k > 0. In this case it is helpful to pass over to the quasiglobal
coordinate p by the transformation

e 2P =1 _2k/p= P(p), (4.36)
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and the solution takes the form

ds?=Pt* — P~ %dp? — P'7%p%d03,

C
o= % In P, (4.37)
with the constants related by
a=h/k, a®=1+C?/(2k?). (4.38)

In the case h < 0, i.e., m < 0, we have a < —1, and, just as in the
Fisher solution, a repulsive central singularity at p = 2k corresponding to
U= 00.

The situation is, however, drastically different for m > 0, or a > 1.
Indeed, the spherical radius r then has a finite minimum at p = py, =
(a + 1)k, corresponding to a throat of the size

r(pm) = ren = k(a +1)@+H/2(q — 1)(3-0)/2) (4.39)

and tends to infinity as p — 2k. Moreover, for a = 2,3,... the metric
exhibits a horizon of order a at p = 2k and admits a continuation to
smaller p. A peculiar feature of such horizons is their infinite area. Such
configurations have been named “cold black holes” (CBHs) [58, 59] since
all of them have zero Hawking temperature.

Furthermore, all Kretschmann scalar constituents K; [see (3.7)] behave
as P* 2 as p — 2k and P — 0. An exception is the value a = 1, in which
case C =0, ¢ =0, and the Schwarzschild solution is reproduced. Hence,
at p = 2k the metric has a curvature singularity if ¢ < 2 (except for
a = 1), a finite curvature if a = 1 or a = 2 and zero curvature if a > 2.

For noninteger a > 2, the qualitative behavior of the metric as p — 2k
is the same as that near a horizon of infinite area, but a continuation
beyond it is impossible due to nonanalyticity of the function (1 — 2k/p)*
at p = 2k. Since geodesics terminate there at a finite value of the affine
parameter, this is a space-time singularity (a singular horizon, as it has
been called in Chapter 3) even though the curvature invariants tend there
to zero.

Branch B: k = 0: the solution is defined in the range v € R4 and is
rewritten in terms of the quasiglobal coordinate p = 1/u as follows:

ds? = e 2h/Pqt? — 2h/P[dp? + p2dQ?], ¢ = C/p. (4.40)
As before, p=00 is a flat infinity, while at the other extreme p— 0, the

behavior is different for positive and negative mass m =h/G. Thus, for
m <0, p=0 is a singular centre (r=0 and all K; are infinite). On the
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contrary, for m >0, r — oo, and all K; —0 as p— 0. It is again a singular
horizon: despite the vanishing curvature, the nonanalyticity of the metric
in terms of p makes its continuation impossible.

Branch C: k < 0: the solution describes a wormhole with two flat asymp-
totes at u =0 and u = m/|k|. The metric has the form

2 2hu 2 g2
ds? — o 2hugy2 _ k 2e [ .kadu + dQQ}
sin (k’u) Sin (k’u)
— o2 — ohudp? 4 (k2 4 p?)d0?], (4.41)

where u is expressed in terms of the quasiglobal coordinate p, defined
on the whole real axis R, by |k|u = cot™!(p/|k|). This metric is further
discussed in Chapter 5.

4.1.5 Cold black holes in the anti-Fisher solution

Among different branches of the anti-Fisher solution, of greatest interest
for us is the case of cold BHs. Let us briefly discuss their structure and
properties.

For odd a, the principal geometric and causal properties, including the
Carter-Penrose diagram, coincide with those of the Schwarzschild metric.
Thus, at p < 2k, p is a temporal coordinate, ¢ spatial, and the space-
time is homogeneous and anisotropic, corresponding to the Kantowski-
Sachs type of anisotropic cosmologies. The singularity at p =0 (r =0) is
spacelike (cosmological) and is reached by all timelike geodesics in a finite
time interval after crossing the horizon.

For even a, the Penrose diagram is the same as that of the extreme
Reissner-Nordstrom space-time; however, the physical meaning of the
regions where p < 2k is quite different. Since goo and gs3 change their signs
at the horizon, the metric at p < 2k has the signature (— + ++) instead
of (+— ——) at large p. The Lorentzian nature of space-time is still pre-
served, and one can verify that all geodesics are continued smoothly from
one region to the other (the geodesic equations depend only on the Christof-
fel symbols and are invariant under the anti-isometry g,, — —g,u. ). The
time coordinate in that region is p since g”” < 0 while the other diag-
onal components of g,, are positive. Thus, just as for odd a, we have
a Kantowski-Sachs type cosmology with a spacelike singularity at p = 0
(r = 0). The direction of the arrow of time can be arbitrary there since
timelike geodesics that penetrate from the static region become spacelike
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(one cannot say for them where is the past and where is the future) there,
and can even avoid the singularity.

The properties of the scalar field are no less exotic. According to (4.37),
¢ — oo as p — 2k; this, however, does not contradict the regularity of the
surface p = 2k for a > 2 since the energy density

1 C? (p— 2k)*2
19 = —§A¢’2 = —7%, (4.42)
as well as the other components of 77, are finite there (recall that for a < 2
the curvature invariants also diverge, together with T} ). Thus the infinite
value of ¢ does not prevent the continuation of the space-time manifold to
smaller p, where the solution is valid with ¢ = —(C'In|P|)/(2k). On the
other hand, the total scalar field energy, calculated as the conserved quan-
tity corresponding to the timelike Killing vector, turns out to be infinite in
the static region independently of a,
0 3 2 dp
5—/TO\/§d x = —21C /m, (4.43)
and the integral logarithmically diverges at p = 2k. The divergence is
related to the infinite spatial volume: the integral | \/% d3x diverges near
p = 2k even stronger than (4.43).

4.1.6 Vacuum and electrovacuum in Brans—Dicke theory

All static, spherically symmetric solutions of the Brans—Dicke (BD) theory
(4.1), (4.7) with U(¢) = 0 are easily obtained from those described in
Sec.4.1.2 using the transformation (4.2). Namely, in the general theory
(4.1) one can choose the Brans-Dicke scalar field parametrization f(¢) = ¢,

h(¢) = w(¢)/¢, so that

Lvr = i+ 200,00, ~ 20 (@) + L, (149
and the transformation (4.2) reads
- 1 d _
o = g0 G = 0(0) + 3722 (1.45)

where the metrics g,, and g,, correspond to the Jordan and Einstein
frames, respectively. In BD theory, w = const, so the fields ¢ and 1 are
related by

¢ = e¥/VIwt3/2l (4.46)
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Recall that the BD theory is normal for w > —3/2, phantom for w < —3/2
and has no dynamics at w = —3/2; accordingly, Eq. (4.46) is meaningless
at w=—3/2.

Substituting the metrics from Sec.4.1.2 for g,, and the corresponding
expressions for 1 into (4.45) and (4.46), we obtain scalar-(electro)vacuum
solutions of the BD theory. Their properties are analyzed in detail in quite
a number of papers, see, e.g., [51, 58, 59, 85] and references therein. One can
note that in the scalar-vacuum case (¢ = 0), the conformal mapping (4.45)
with w = const applied to Fisher’s solution and the three branches of the
anti-Fisher solution leads to Brans’s four classes of vacuum BD solutions
[48] (in other notations). The main conclusions are as follows.

1. In the case of a normal BD field, i.e., w+3/2 > 0, all solutions possess
naked singularities, with the only exception: a special wormhole solution
existing at w = 0 [51] due to a conformal continuation, similar to that
described in Sec.4.1.3.

2. One of the generic types of BD solutions for all w < —3/2 is a wormbhole
with two asymptotically flat infinities.

3. Other generic types of BD solutions for all w < —3/2 contain singu-
lar horizons with an infinite area; their singular nature is connected
with violation of analyticity rather than an infinite curvature. Some of
these singularities are remote, i.e., correspond to infinite values of the
canonical parameter along geodesics that reach them. In such cases the
space-time is geodesically complete.

4. There is a discrete family of solutions with w < —3/2, parametrized by
two integers, where the horizon of infinite area is regular and admits
an extension beyond it (see diagrams 2b and 2d in Fig.4.4). These
configurations have been termed cold BHs since they inevitably have a
zero Hawking temperature. Many of these configurations do not contain
any singularities.

5. The electric charge adds some branches of solutions as compared with
the vacuum case but does not drastically change the situation with
singularities, BHs and wormholes [59].

4.1.7 Summary for massless scalar fields

From our consideration of exact static solutions with massless scalar fields,
one can draw the following basic conclusions concerning BHs.
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1. In GR with a normal scalar field ¢™ (& = +1), there are no solutions
with horizons.

2. In GR with a phantom scalar field ¢™® (e = —1), there are “cold
BH” solutions containing horizons of infinite area under special discrete
values of the parameters (integration constants). There are no horizons
of finite area.

3. In GR with a conformal scalar field ¢°°™, with the normal sign of
kinetic energy (e = +1), there is an unstable special solution in the
form of an extremal BH (with a second-order horizon).

4. Other kinds of nonminimally coupled scalar fields, scalar-tensor theo-
ries: at € = +1 cases like item three are possible in principle but are yet
unknown; at € = —1 the situation is similar to item two. For instance,
such discrete families of electrically neutral and charged cold BHs have
been found in the Brans-Dicke theory. Some of them are globally regu-
lar.

4.2 Scalar fields with arbitrary potentials. No-go
theorems

4.2.1 What is the use of no-go theorems?

In most of the applications, it is necessary to consider more general scalar
fields than those discussed in the previous section, namely, fields with
nonzero potentials as well as various interactions, generalized or modi-
fied scalar field theories. Meanwhile the equations for such self-gravitating
scalar fields can be explicitly integrated only in very rare special cases even
for fields with high symmetry, such as isotropic models in cosmology and
static, spherically symmetric systems. Therefore, of great value are general
statements or theorems about the properties of such systems which can be
obtained without completely solving the field equations.

For static, spherically symmetric scalar-vacuum configurations in GR,
described by the action

S:/d4x lg|[R/5® + Lsc],

Ls. = guuqs,uqs,u -2V (¢), (4.47)
where R is the scalar curvature and 2 the gravitational constant, the

following theorems are known:

A. “No-hair” theorems ([5, 31]), claiming that asymptotically flat black
holes with a nontrivial scalar field cannot exist under certain conditions
imposed on the potential V' (¢).
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B. The generalized Rosen theorem, claiming that a particle-like solution
(PLS) (that is, an asymptotically flat solution with a regular centre)
cannot exist if V>0 [84].

C. The nonexistence theorem for regular solutions without a centre (e.g.,
wormbhole solutions) [53].

D. The global structure theorem [53], claiming that the list of possi-
ble global causal structures (and the corresponding Carter-Penrose
diagrams) for configurations with arbitrary potentials V(¢) and any
asymptotic behavior is the same as the analogous list in the case
¢ = const, namely it includes the Minkowski (or AdS), Schwarzschild,
de Sitter and Schwarzschild-de Sitter structures.

A number of known exact solutions represent examples of configuration
admitted by these theorems: black hole solutions with scalar fields where
V(¢) > 0 but without asymptotic flatness; asymptotically flat PLS and
black holes with at least partly negative potentials V(¢), etc. All this,
taken together, leads to a clear enough picture of what can and what
cannot be expected from minimally coupled scalar fields in GR. A detailed
description of all these results is beyond the scope of our presentation here,
see, e.g., [53, 84] and references therein.

There are quite a number of generalizations of the action (4.47), for
which it is of interest to know whether or not the above Statements A—-D
hold, and if yes, under which additional conditions. In particular:

1. Multidimensional spherically symmetric configurations in GR, with the

scalar field Lagrangian given in (4.47) and the metric

ds* = e*Vdt* — e**du® — ezﬁdﬂfi07 (4.48)
where «, 3, = are functions of the radial coordinate u and dﬂgo is a
linear element on a dy-dimensional sphere of unit radius.

2. More general scalar field Lagrangians in GR, such as Ly, = F(¢, I),
where I = g"¢ ¢, and F is an arbitrary function of two variables
(the so-called generalized k-essence).

3. Sets of scalar fields ¢ = {¢%Y, K =1,N of o model type, considered
as coordinates in the N -dimensional target space Ty, so that

Ly = H1()(96", 06") — 2V (), (4.49)
where the target-space metric Hg, (usually supposed to be positive-
definite) and the potential V are functions of the N variables ¢X | and

we use the notation
0y, 0z) = g"" 0,yd, 2. (4.50)
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4. Scalar-tensor theories (STT) of gravity, with the D-dimensional action

Sert = / dPr Gl (O)R + h(6)(06)° — 20 (8)],  (4.51)

where (d¢)? = (¢, 0¢) and f, h, U are arbitrary functions of the
scalar field.

5. Theories of gravity with higher derivatives (curvature-nonlinear theo-
ries) where the scalar curvature R in (4.47) is replaced by a function
f(R), or, more generally, including, for example, the invariant R, R*".

6. More general multidimensional configurations such as products like

MP =R, x Mg x M x My x --- x M,,, (4.52)

where Mgyt = R, x My x M is the “external” manifold with the metric
(4.48), R, C R is the range of the radial coordinate w, M; is the
time axis, and My = S% . Furthermore, M, ..., M,, are the “internal”
factor spaces of arbitrary dimensions d;, i = 2,...,n; by this notation,
dimMo = do and dlli = d1 =1.

This list can be continued and/or its items can be combined to obtain
new generalizations.

We will consider here static, spherically symmetric systems in GR, in
space-times of arbitrary dimension D with a sufficiently general o-model
source. The proofs turn out to be almost the same as for similar systems
in four dimensions (4.47), but the present formulation is well suited for
(multi-)scalar-tensors and multidimensional generalizations.

4.2.2 Basic equations

Consider D-dimensional GR with the set of scalar fields (4.49). As in four
dimensions, the Einstein equations can be written in two equivalent forms:

ud_Ef v 1 v _ 2
G, < Ry — SR = Ty, (4.53)
or
~ ov
vo__ 27w def 2 v M a
RY = —2TY € 5 (T# -5t 2Ta>, (4.54)

where T}/ is the stress-energy tensor (SET). For the fields (4.49) it is
given by

v vig T 1 v
T[L =0 d)aﬂd) - §5uLsCa (455)
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or in the “tilded” version,
= 840,06 — 8"V (), (4.56)

where two arrows denote a scalar product in the target space T,: ab =
HKLaKbL .

The static, spherically symmetric metric (4.48) is written with an arbi-
trary radial coordinate u. Now, it is convenient for our purposes to use
the quasiglobal coordinate u = p corresponding to the gauge condition
a + v =0, so that the metric takes the form

du?
Alp)

where we have denoted r(p) = e® and A(p) = €27 = e~2*. This choice is
preferable for considering Killing horizons, described as zeros of the func-
tion A(p). The reason is that in a close neighborhood of a horizon the
coordinate p defined in this way varies (up to a positive constant factor)
like manifestly well-behaved Kruskal-like coordinates used for an analytic
continuation of the metric. This fact refers to the geometry of the (¢, p)
subspace and does not depend on the geometry of other dimensions and
even on their number.

With this choice of the coordinate gauge, the nonzero components of
the Ricci tensor for the metric (4.57) read

ds* = A(p)dt® — rz(p)dQZO, (4.57)

1
t d
= EX (A, (4.58)
RO =———(A'r%) — 4 A (4.59)
P 2rd0 0 '
do —1 "z 7,/2 Al
RY= Or — A (o= D)y | (4.60)

where 6 is any of the spherical angles in (4.57). Accordingly, the scalar field
equations and four different combinations of components of Eq. (4.54) can
be written as follows:

[Arfe Hyep(¢")) = Tdo@V/&PK (4.61)

(A'r®) =—(4/do)r (4.62)

dor” 17 =—3(¢)?; (4.63)

A@?)" =12 A" + (do — 2)r' (241" — A'r) =2(dp — 1); (4.64)
do(do — 1)(1 — Ar'®) — doA'rr' = — Ar?(¢)? + 2r2V.  (4.65)
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Egs. (4.62), (4.63) and (4.64) are the components (}), (})— (Z) and (})— (z)
of (4.54) respectively, and (4.65) is the (/) component of (4.53). We have
written (N +4) equations for (N +2) unknowns ¢, A and r, but there
are only two independent equations among (4.62)—(4.65); in particular,
(4.65) is a first integral of the other equations. So this set of equations is

determined.

4.2.3 Global structure theorems

The first theorem concerns the nonexistence of wormholes, horns and flux
tubes. A wormhole is, by definition, a configuration with two asymptotic
regions that have large r(p) (see Chapter 5), hence r(p) must have at least
one regular minimum. A flux tube is a configuration with r = const > 0,
a static (dop + 1)-dimensional cylinder. A horn is a geometry that tends to
a flux tube at one of its asymptotics, which happens if r(p) — const > 0
at one of the ends of the range of p. Such “horned particles” with a flat
asymptotic region have been discussed as possible remnants of black hole
evaporation [19].

Theorem 4.1 (on configurations without a centre). Egs.(4.61)—
(4.65) for D > 4 and positive-definite Hg do not admit (i) solutions
where the function r(p) has a regular minimum, (ii) solutions describing
a horn, and (iii) flux-tube solutions with o # const.

A proof rests on Eq. (4.63), implying ”/ < 0, which actually expresses
the null energy condition valid for the SET T}/ as long as the matrix Hrr,
is positive-definite. As a result, not only are wormholes as global entities
impossible but even wormhole throats.

Another theorem concerns the possible number and order of Killing
horizons, coinciding with the number and order of zeros of A(p). A simple
(first-order) or any odd-order horizon separates a static region, A > 0
(R-region), from a nonstatic region, A < 0 where (4.48) is a homogeneous
cosmological Kantowski—Sachs-type metric (a T-region). A horizon of even
order separates regions with the same sign of A(p).

The disposition of horizons unambiguously determines the global causal
structure of space-time (up to identification of isometric surfaces, if any).
The following theorem severely restricts such possible dispositions.

Theorem 4.2 (on the global structure). Consider solutions to
Eqs. (4.61)—(4.64) for D > 4. Let there be a static region a < p < b < 00.
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Then:

(i) all horizons are simple;
(ii) no horizons exist at p < a and at p > b.

A proof of this theorem [53, 84] employs the properties of Eq. (4.64),

which can be rewritten in the form

B + (do + 2)r*' B = —2(dy — 1), (4.66)
where B(p) = A/r?. At points where B’ = 0, we have B” < 0. Therefore
B(p) cannot have a regular minimum. Having once become negative while
moving to the left or to the right along the p axis, B(p) (and hence A(p))
cannot return to zero or positive values.

By Theorem 4.2, there can be at most two simple horizons around a
static region. A second-order horizon separating two nonstatic regions can
appear, but this horizon is then unique, and the model has no static region.

The possible dispositions of zeros of the function A(p), and hence
the list of possible global causal structures, are thus the same as in the
case of vacuum with a cosmological constant. The latter is a solution to
Egs. (4.61)—(4.64) with ¢ = const, 5>V = A = const, and the metric

ds? = A(r)dt? — A g2 (4.67)
A(r) do’ '
2
Ay =1— —2m ____2Ar (4.68)

(do — 1)Td0_1 do(do + 1) '
This is the multidimensional Schwarzschild-de Sitter (or Tangherlini-de
Sitter) solution. Its special cases correspond to the Schwarzschild (dy = 2)
and Tangherlini [395] (dy > 2) solutions'® when A = 0 and the de Sitter
solution in arbitrary dimensions when m = 0, called anti-de Sitter (AdS)
in case A < 0. For A > 0, if m is positive but smaller than the critical
value

, (4.69)

mCI‘

do —1[do(dy —1)] 7V
S do+1 [ 2A }

there are two horizons, the one at smaller r being interpreted as a black
hole horizon and the other as a cosmological horizon. At m = m.,, the two

5The mass M in conventional units, say, grams, is obtained by writing m = GM
where G is a (dp + 2)-dimensional analogue of Newton’s constant. The coefficient of m
is chosen in (4.70) and accordingly in (4.68) in such a way that at large r in the case
A = 0, when the space-time is asymptotically flat, a test particle at rest experiences a
Newtonian acceleration equal to —G M /rd0 .



118 Black Holes, Cosmology and Extra Dimensions

horizons merge, and there are two homogeneous nonstatic regions separated
by a double horizon. The solution with m > m,, is purely cosmological
and has no Killing horizon. In the cases m < 0 and/or A < 0 there is at
most one simple horizon.

Possible behaviors of A(r) and the corresponding Carter—Penrose
diagrams are presented in Figs. 4.1 and 4.2.

2b 9%

6h 6a

Figure 4.1 The behavior of A(r), Eq. (4.68), for different values of m and A.

In (241)-dimensional gravity (do = 1) we have a still shorter list of
global structures: at most one simple horizon is possible.

Theorems 1 and 2 are independent of the form of the potential and of
any assumptions about spatial asymptotics.

4.2.4 No-hair theorem

Let us now consider asymptotically flat space-times, which means, in terms
of the metric (4.57), that without loss of generality, r = p and the function
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D () [

la, 1b 2a, 2b 3
3% 3
R R
A T
4 5a, 5b
T- Ty T N T,
R R R
T, T 6b
o T
6c

Figure 4.2 Carter—Penrose diagrams for different cases of the metric (4.67) and
(4.68), labelled according to Fig. 4.2.3. The R and T letters correspond to R
and T space-time regions while T and T _ denote expanding and contracting
T region (i.e., with r increasing and decreasing with time, respectively). Single
lines on the border of the diagrams denote r = 0, double lines r = co. Diagrams
6b and 6¢ are drawn for the case of expanding Kantowski-Sachs cosmologies; to
obtain diagrams for contracting models, one should merely interchange r = 0
and r = co and replace T with T _. Diagrams 6a and 6b admit identification
of isometric timelike sections.

A(p) =~ A(r) has the Tangherlini form, (i.e., 4.68) with A = 0:

2m

A(r) zl—m,

(4.70)
as p — oo. It then follows from the field equations that the SET compo-

nents, and hence the quantities V and (¢)2, decay at large p ~ r quicker
than r—(do+1)
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Let us now prove the following no-hair theorem [68], extending to our
system the theorems known in four dimensions [5, 31]:

Theorem 4.3 (on external scalar fields of black holes). Given
Eqs. (4.61)~(4.65) for D > 4, with a positive-definite matrix Hy 1 (¢) and
V(¢) > 0, the only asymptotically flat black hole solution is characterized
by V =0, ¢ = const and the Tangherlini metric (4.67), (4.70) in the whole
range h < p < oo (the domain of outer communication of the black hole)
where p = h is the event horizon.

At the event horizon p = h we have by definition A = A(h) =0, and
A >0 at p > h. By Theorem 4.2, the horizon should be simple, so that
A~ p—h as p — h. Consider the function

rdo -
Filp) = -2V - 497, (4.71)
One can verify that
def 712 .
F'(p) = Falp) = rdo—t [QdOV + (do — 1)772 + A" |. (4.72)

To do so, when calculating F/, one should substitute ¢” from (4.61),
from (4.63) and A’ from (4.65). Let us integrate (4.72) from h to infinity:

Fi(o0) = Fi(h) = /h " Fap)dp. (4.73)

Since r'(c0) = 1 and " < 0, we have ' > 1 in the whole range of p,
but 7/(h) < oo. Indeed, regularity of the horizon implies a finite value
of the Kretschmann scalar given by (3.7), hence finite values of all its
constituents. Of interest for us is the condition |A'r’| < co. Since A’(h) > 0
(the horizon is simple due to the Global structure theorem), its finiteness
means 1’/ (h) < 00.16

The quantity Fi(h) should be finite, since otherwise we would have
either V or A¢? infinite, leading to infinite SET components (see (4.55))
and, via the Einstein equations, to a curvature singularity.

If, however, we admit a nonzero value of A$’2 at p = h, the integral in
(4.73) will diverge at p = h due to the second term in brackets in (4.72),

16 The expressions (3.7) are written for the case D = 4, but for the metric (4.57) they
have the same form up to numerical factors.
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and this in turn leads to an infinite value of Fi(h). Therefore Ad? — 0
as p — h, and we conclude that

On the other hand, F;(c0) = 0 due to the asymptotic flatness conditions.
Thus, in Eq. (4.73) there is a nonpositive quantity in the left-hand side and
a nonnegative quantity on the right. The only way to satisfy (4.73) is to
put V =0 and gz;’ = 0 in the whole range p > h, and the only solution for
the metric then has the Tangherlini form. |

As follows from the scalar field equations (4.61), the equality V =0
should take place where 9V/9p® = 0, i.e., at an extremum or saddle
point of the potential, and it should obviously be a minimum for stable
equilibrium.

It is of interest that one of the key points of the above proof, that
Aqg’2 = 0 at p = h, might be obtained from smoothness considerations.
Indeed, since A ~ p — h near p = h, a nonzero value of AggQ means that
some of (¢%)" behave as (p — h)~'/2, violating the C' requirement for
the scalar fields. Our proof is “more economical” since it only uses the
requirement of space-time regularity at the horizon.

One can also note that our no-hair theorem is in a complementarity
relation with a recent black hole uniqueness theorem [348] (see [349] for
recent generalizations and [201, 290] for earlier reviews). In D-dimensional
general relativity coupled to the o-model (4.49) with V = 0, it has been
proved without assuming spherical symmetry at the outset that “the only
black hole solution with a regular, nonrotating event horizon in an asymp-
totically flat, strictly stationary domain of outer communication is the
Schwarzschild-Tangherlini solution with a constant mapping ¢” [348]. In
contrast to that, our Theorem 4.3 applies to o-models with arbitrary
V(¢) > 0 but selects the Tangherlini solution among spherically symmetric
configurations.

There are a number of other theorems of similar nature whose common
meaning is that any stationary (rather than static or spherically symmetric
only) black hole is completely and uniquely characterized by solutions to
the Einstein equations determined by the parameters M (mass), @ (elec-
tric [and magnetic] charge) and J (angular moment). It is this statement
that is meant in Wheeler’s claim [424] that “Black holes have no hair”.
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There exist many generalizations and analogues of such theorems in exten-
sions of GR in diverse dimensions as well as for some non-asymptotically
flat configurations (see, e.g., [31, 161, 290] for reviews).

4.2.5 Two expressions for the mass and the properties
of particle-like solutions

In this subsection we will discuss particle-like solutions, i.e., solutions with
a flat asymptotic and a regular centre. We begin by deriving two gen-
eral expressions for the active gravitational (Tangherlini) mass m of a
D-dimensional configuration with the metric (4.48) and an arbitrary SET
compatible with the regular centre and asymptotic flatness conditions.
One expression is easily obtained from the (i) component of Eq. (4.53)
which may be written in the curvature coordinates (u = r) in the following

way:
do dm 2t
where m(r) is the mass function,
of do — 1
m(r) < =T (1 e, (4.75)

generalizing the well-known 4-dimensional mass function m(r) = r(1 —
e 2%). For a system with a regular centre (r = 0), the function m(r),
expressed from (4.74) as
T
m(r) = do—1 o / Tirodr, (4.76)
do 0
can be interpreted as the mass inside a sphere of radius r. If, in addition,
the space-time is asymptotically flat, this integral converges at large r» and
if taken from zero to infinity, gives the full Tangherlini mass m = m(c0).
The constant 2 is expressed in terms of dy and the multidimensional
Newtonian constant G (such that m = GM , see footnote 15) if we require
the validity of the usual expression for mass in terms of density, M =
J Tfdv (dv being the element of volume) in the flat space limit. One thus
obtains

d,
="y
do—1

1
s(do) =27\ ™t/2 /1 (—do; ) , (4.77)

where s(dp) is the area of a dyp-dimensional sphere of unit radius and T" is

(do)G,

Euler’s gamma function. In case D = 4 we have, as usual, »? = 87G.
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Eq.(4.76) for the Tangherlini mass is easily rewritten in terms
of any radial coordinate, e.g., the quasiglobal p coordinate used in
Eqgs. (4.61)—(4.65):

do — 1

m = —%2/ T!(p)rdor'dp, (4.78)
0 Pe

where p. is the value of p at the centre.
On the other hand, one can integrate the (:) component of Eq. (4.54),
which, in terms of the same p coordinate for R!, assumes the form
1
2rdo
For an asymptotically flat metric (4.57) with a regular centre, integration
of (4.79) over the whole range of p gives

(Alpdo) = 2Tt (4.79)

22

T d

where the index ¢ enumerates spatial coordinates. It is a multidimensional

m / oo[(d0 — )T} — T})rdp, (4.80)

c

analogue of Tolman’s well-known formula [398] for the mass of a regular
matter distribution in general relativity. Comparing the expressions (4.78)
and (4.80), we obtain the following universal identity valid for any particle-
like static, spherically symmetric configuration in D-dimensional GR:

/Oo[(r’ —1)(do — DT} + T}]r%dp = 0. (4.81)

c

For the o-model (4.49), Eq. (4.80) takes the form

22 [

_2z V(Qs)rdodp, (4.82)
do

Pe

m =

leading to a multidimensional version of what has been previously called
the generalized Rosen theorem [84]: a static, spherically symmetric particle-
like solution with positive mass cannot be obtained with scalar fields having
a nonnegative potential V.

An even stronger no-go theorem follows from the universal identity
(4.81) [68]:

Theorem 4.4 (on particle-like solutions). FEqgs.(4.61)—(4.65) with
D > 4 for the omodel (4.49) do not admit any particle-like solution if
the matrix Hg is positive-definite and V > 0.

In other words, even negative-mass particle-like solutions can only be
obtained with (at least partly) negative potentials.
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To prove the theorem, it is sufficient to show that the expression in
brackets in (4.81) is positive for any nontrivial solution under the conditions
of the theorem — it will then follow that the integral is positive, hence it
is not a particle-like configuration. This expression is

1 -
5(do —DA@ ) +V[2+ (do — 1)7'].
Its positivity is evident since, as already mentioned, r’ = 1 at the flat
asymptotic and, due to " < 0, we have " > 1 in the whole range
of p. |

4.3 Rotating black holes

Until now we have been discussing only spherically symmetric BHs, whose
angular momentum is zero. Now we will very briefly describe the basic
properties of rotating BHs. We will assume them to be electrically neutral
both for simplicity and in connection with the small role of possible BH
charges in astrophysical conditions.

Rotating BHs form as a result of the gravitational collapse of rotating
bodies (practically all celestial bodies are rotating) and at BH mergers.
Therefore rotating BHs are much more realistic than spherically symmetric
ones. Their structure and properties are, however, much more complicated.

Stationary rotating BHs are described by the Kerr metric [229]

2 4 2 12 2
ds? = (1 - ﬂ)dtQ y dmrasin? g, %er — p2d6?

p? p?
9 5  2mra?\ . , 9
—(r"+a”+ pE sin” 0 d¢*, (4.83)
where
a=J/m, p?*=r*+a’cos’l, A=r®>—-2mr+d. (4.84)

Here, (t, 7, 6, ¢) are the so-called Boyer—Lindquist coordinates [45] (ini-
tially, Kerr obtained his metric in less convenient notations). The metric
(4.83) represents an asymptotically flat (as r — oo0) stationary, axially
symmetric solution to the Einstein equations in vacuum (7} = 0). The
stationarity and axial symmetry are determined by the existence of the
Killing vectors £* = (1,0,0,0) and n* = (0,0,0,1), respectively (with
the usual order of enumerating the coordinates: ¢, r, 8, ¢). The station-
arity, instead of staticity, of the metric manifests itself in its noninvariance
under the substitution t — —t.
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The solution is parametrized by two constants, the mass m and the
angular momentum J; at J = 0 it turns into the Schwarzschild solution.

A true curvature singularity occurs at p = 0, r = 0, § = 7/2, and
an inspection shows that this singularity has the shape of a ring (this fact
is not evident in the Boyer-Lindquist coordinates and is established using
another parametrization of the metric, see, e.g., [168, 296]). The surfaces
where A =0, i.e.,

re =m=+yvm?—a?, (4.85)

are horizons. Evidently, the horizons exist if m? > a?, and in the case of
inequality there are two simple horizons while at equality there is only one
extremal (double) horizon.

Consider the metric (4.83) with horizons. In this case, the norm of the
Killing vector &, equal to

A — a?sin’ 0

Eaa— (4.86)

§uét = g1 =
vanishes on the surface where
A = a®sin? 4, (4.87)

i.e., outside the horizon (with the surface A =0, i.e., the horizon r = r |
it has only two common points, namely, the poles § = 0 and 6 = 7,
see Fig. 4.3). The surface (4.87) is called the stationarity limit because

Figure 4.3 The horizon and the ergosphere of a Kerr BH, a meridional section.
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stationary observers cannot exist on and inside this surface. Besides, the
surface (4.87) is a surface of infinite redshift for photons emitted from it
to spatial infinity.

The region of space between the horizon r = ry and the surface (4.87)
has received the name of the ergosphere. This name is connected with
the opportunity to extract the rotational energy of the Kerr BH with the
aid of the Penrose process [325]. The point is that the ergosphere con-
tains orbits of massive particles with a negative total energy (this means
that the absolute value of the binding energy exceeds the particle mass).
Then one can launch, say, a spacecraft into the ergosphere, where it will
emit particles with negative energy and return to the usual spatial region
with a larger energy than it initially had. As to particles with a nega-
tive energy, their motion is directed against the BH rotation and, being
absorbed by the BH, they diminish its rotation rate and total rotational
energy.

It has been shown [18, 183, 184, 434] that particle collisions close to
horizons of rotating black holes can lead to extremely high energies of the
order of the Grand Unification scale in the centre-of-mass reference frame
of colliding particles. According to [18], close to the horizon of an extremal
Kerr black hole, there is a resonance for the centre of mass (CM) energy
of two scattering particles: a pole for some special value of the angular
momentum of the scattered particle was found, showing that the centre of
mass energy can be arbitrarily large. The papers [183, 184] show that the
same effect can occur in nonextremal black holes if one takes into account
the possibility of multiple scattering of a particle: at the first scattering
close to the horizon the particle gets an angular momentum close to its
critical value, and at the second scattering, due to the resonance effect, it
can acquire an energy at the level of high energy physics, Grand Unification
or even Planck values.

Assuming that a rotating black hole is located at the centre of an active
galactic nucleus, the time needed for a particle to come from the accretion
disk to the first scattering point was estimated [184] and turned out to be
of the order of a week. Then, the time needed for a high-energy particle
to leave the ergosphere to be observed on Earth as a particle of ultra-high
energy cosmic rays (UHECR) was evaluated. This time was also found to
be quite reasonable: of the order of days, plus the time needed to travel to
the observer.

Electrically charged stationary rotating BHs are described by the
Kerr-Newman solution to the Einstein-Maxwell equations, characterized
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by the metric in the Boyer-Lindquist coordinates similar to those in (4.83)

2 _ 2 2 1.2 2
ds® = (1 _ M) g2 4 B — )20 sin O aoar — 2= ar? — p2d6?

p? p? A
- (7‘2 +a?+ W) sin? 0 d¢?, (4.88)
with
pP=r24+a%cos?, A=1r>-2mr+ad®+q% (4.89)

where ¢ is the electric charge. m and @ have the same meaning as in
Kerr’s solution. Evidently, p? is the same as in (4.84) while A has the new
contribution ¢2. The electromagnetic field of the BH is determined by the
vector potential A, given by

A, dat = —Z—g(dt — asin® 0dg). (4.90)

This solution reduces to the Reissner—Nordstrém solution if a = 0, and
to the Kerr solution if ¢ = 0. A detailed analysis of the properties of
Kerr—Newman BHs can be found in the book [168].

At large charges and/or angular momenta (¢%+a? > m?), the Kerr and
Kerr—Newman solutions are no longer BHs but describe the gravitational
fields of naked singularities. It is of interest that if we juxtapose these
parameters with masses, spins and charges of known elementary particles,
they correspond to such naked singularities. Surprisingly, it turns out that
the above solutions with rotation do really describe the particle properties
fairly well, even including some of their quantum features, see [92, 93] and
references therein.

4.4 Black hole thermodynamics

4.4.1 Four laws of BH thermodynamics

By definition, a BH can emit nothing (in the framework of the classical
theory) because neither photons nor massive particles are able to leave it.
Nevertheless, as found for the first time by Bekenstein [29], BHs satisfy
some relations identical to the well-known relations of thermodynamics,
and we can ascribe to them such thermodynamic characteristics as tem-
perature (which is in general not zero) and entropy.
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Hawking [197] discovered, while considering quantum processes near
horizons, that BHs emit radiation like black bodies with a certain temper-
ature, and he derived an exact relationship between the BH entropy and
the BH horizon area. A little later, four laws of BH thermodynamics were
formulated [172]. As a result, there emerged a consistent description of
thermodynamic systems which include both conventional matter and BHs.

The so-called zeroth law of BH thermodynamics is formulated as follows:

The Zeroth Law. The surface gravity of a BH does not change from
point to point of the event horizon.

The surface gravity is, by definition, the value of the free-fall accelera-
tion, calculated at the event horizon in terms of the particle acceleration.
For a Schwarzschild BH, the surface gravity s is

»x=1/(4m), (4.91)
while for a Kerr BH a rather bulky calculation gives (see, e.g., [185])

2 2

T —m m?2 —a
2mry  2m(m+vVm? —d?)

Eqgs. (4.91) and (4.92) contain only the BH parameters, without any angular
dependence, thus confirming the Zeroth Law.

(4.92)

The First Law of BH thermodynamics reads
dm = 2 dA+QdJ, (4.93)
8m
where A is the horizon area,
A=An(r? +a?) (4.94)

(at a = 0 we obtain the expression for the Schwarzschild BH, A = 47rr3_ =
167mm?), and € is the angular velocity at the horizon,
a

= . 4.95

3 + a? (4.95)

The equality (4.93) is similar to the first law of conventional thermody-

namics dU = TdS + dW (U is the internal energy, S the entropy, W

the work). Therefore, Eq. (4.93) may be pronounced as follows: Q2 d.J is the

work executed over the BH by adding the angular momentum d.J. Further

reasoning leads to the following identifications for the BH temperature and
entropy [197]:

TBH = %/(271’)7 SBH = A/4 (496)
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In particular, from the expression (4.92) it follows that the temperature is
zero only for an extremal BH with a double horizon (|a| =m).

The Second Law of BH thermodynamics is similar to the statement
that the entropy cannot decrease:

The Second Law. There is no physical process that could decrease the
horizon area of a BH.

The quantum process of BH evaporation due to Hawking radiation
violates this classical law.

Lastly, the Third Law asserts the nonaccessibility of an absolute zero of
temperature, or, as is sometimes formulated, the nonexistence of negative
temperatures. For a BH, a similar statement reads [24]:

The Third Law. There is no procedure able to bring the BH temperature
to zero by a finite sequence of operations.

In other words, it is impossible to make an extremal BH from a non-
extremal one, to say nothing of exceeding the extremal limit (to reach
|a] > m) and to obtain a naked singularity from a BH.

4.4.2 Black hole evaporation

As already mentioned, according to [197], BHs evaporate, emitting like
black bodies with the temperature Tgg = /(27), where the surface
gravity at the horizon s is determined by Egs. (4.91) and (4.92). A quali-
tative physical picture of BH evaporation consists in that virtual particle-
antiparticle pairs, permanently appearing and disappearing according to
quantum field theory, are subject to a sufficiently strong gravitational field
in the neighborhood of the horizon. Then, with a certain probability (which
is larger for larger space-time curvatures), the gravitational field can drag
apart such virtual pairs, so that one of the particles falls to the horizon
while the other escapes to infinity. As particles with nonzero energy leave
the BH, the latter loses its mass.

A substitution of the corresponding constants leads to the following
approximate expression for the temperature of a Schwarzschild BH in
kelvins:

Teu ~ 10" "me /m K, (4.97)

where mg is the solar mass. Thus the temperatures of BHs of solar (a for-
tiori, galactic) masses is very small, and their evaporation occurs very



130 Black Holes, Cosmology and Extra Dimensions

slowly: in fact, they increase their masses much more rapidly due to accre-
tion of ambient matter. The smaller a BH, the larger is the curvature of
space near its horizon and higher its temperature. In particular, the tem-
perature becomes smaller if mass is added, thus BHs have a negative heat
capacity.

The loss of mass (energy) of a BH can be calculated according to the
Stefan-Boltzmann law, —E/A = 0Tfy, where o is the Stefan-Boltzmann
constant. Integration of this expression leads to the following BH mass as
a function of time:

o hc?
15360 15360mG?’

where myg is the BH mass at t = 0; after the last equality sign, the expres-
sion is given in conventional units. At the time instant ¢ty = mg/(3K),
the evaporation terminates, but it is so far not clear whether the BH must
completely disappear or if there remains a certain object with a mass of
Planckian order of magnitude, m ~ 1075 g. The point is that as the mass
approaches its Planck value (hence also the horizon radius approaches the
Planck length ~10733 ¢cm), the so far unknown law of quantum gravity

m(t) = (my —3Kt)'/3, K = (4.98)

must come into force.

A second before the end of the process, as one can easily find, the BH
mass is of the order 10° g ~ 1033 GeV. It is the energy released in the last
second of BH evaporation.

On the other hand, if one equates the lifetime ¢y = mj/3K of a BH
with a given mass mg to the age of the Universe, ty ~ 13 -10? years,
we obtain the mass mg = my ~ 10'® g. Thus all primordial BHs of mass
smaller than 10'° g, having formed in the first seconds (or millennia) of
the Universe existence, have already evaporated and contributed to the
chemical composition of the modern Universe, while the remaining BHs
of masses close to my must now and then explode in the modern epoch.
Heavier BHs will have a much longer life.

4.5 Regular black holes and black universes

4.5.1 Different kinds of regular black holes

One of the long-standing problems in black hole (BH) physics, and GR
as a whole, is the existence of curvature singularities beyond the event
horizon in the BH solutions obtained under the simplest and the most
natural physical conditions (the Schwarzschild, Reissner-Nordstrom, Kerr
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and Kerr-Newman solutions of general relativity and their counterparts in
many alternative theories of gravity). Singularities are places where general
relativity (or another classical theory of gravity) does not work since they
do not belong to a Riemannian space-time. Therefore, a full understanding
of BH physics requires avoidance of singularities or/and modification of the
corresponding classical theory and addressing quantum effects. There have
been numerous attempts on this trend, many of them being connected with
the hope that the singularities of classical gravity will be cured by effects
of quantum gravity. However, of great interest also are the opportunities
of singularity avoidance in the framework of classical gravity.

Let us discuss the possible geometry of classical nonsingular BHs,
restricting ourselves to asymptotically flat static, spherically symmetric
configurations. We begin with the general static, spherically symmetric
metric

ds®> = A(p)dt® — d_p2 —1r%(p)dQ? (4.99)

A(p) ’

written in terms of the quasiglobal coordinate p, which is, as we have
already seen, particularly convenient for dealing with Killing horizons. At
a flat asymptotic (p — o0o) we have, without loss of generality, A(p) — 1
and 7(p) = p. A centre p = p. (if any) corresponds to r = 0 in a static
region; horizons (if any) are described by regular zeros of the function
A(p), and their number, order and disposition determine the global causal
structure of space-time.

The four simplest types of regular 4-dimensional, asymptotically flat,
and static, and spherically symmetric BHs known in the literature can be
presented as follows (see Fig. 4.4):

1. BHs with a regular centre (r ~ const p—p., A — A, >0, A(dr/dp)? ~
1+ O(r?) as p — p.). Since a regular centre can only be located in
a R-region, such a BH must have at least two simple horizons or one
double horizon, and its causal structure is then represented by the same
Carter—Penrose diagram as that of the nonextreme or extreme Reissner-
Nordstrom BH (diagrams 1b and 1c in Fig. 4.4), respectively. A larger
number of horizons is not excluded, leading to more complex causal
structures.

2. BHs without a centre, having second-order horizons of infinite area
(so-called cold BHs because such horizons are always characterized by
zero Hawking temperature) [58, 59, 97]. They may have different causal
structures. In one case, the Carter—Penrose diagram coincides with that
of Kerr’s extreme BH, consisting of an infinite tower of R-regions but
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Figure 4.4 Plots showing the qualitative behaviour of the metric functions and
Carter-Penrose diagrams for four different types of regular static, spherically
symmetric black holes. Diagrams 1b and 1d (like those for the nonextreme and
extreme Reissner—Nordstrom metrics) refer to curves A; and Az in plot la,
respectively. Diagram 2b, like that for the extreme Kerr metric, refers to plot
2a, diagram 2d to plot 2c, 3b to 3a and 4b to 4a. The R and T letters in the
diagrams designate the R and T space-time regions. Diagrams 1b, 1lc, 2b and
3b are infinitely extendible upward and downward. In all diagrams, all inner
slanting lines depict horizons while all boundaries correspond to r = oo, with
the following exceptions: the verticals in diagrams 1b and 1d describe a regular
centre, r = 0; the horizontal lines in diagram 4b correspond either to r = oo or
to r =rg > 0, according to the curves r1(p) or r2(p) at large negative p.

certainly without a ring singularity which is present in Kerr’s solution
(plots 2a and diagram 2b in Fig. 4.4). In another case, there are only
four R-regions (plots 2¢ and diagram 2d).

3. BHs whose causal structure coincides with that of a nonextreme Kerr
BH, again without a singular ring [60, 104] (diagram 3b).
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4. Regular BHs with a Schwarzschild-like causal structure [66] (dia-
gram 4b) but with cosmological expansion instead of a singularity. Such
BHs have been termed black universes [61].

Type 1 of regular BHs traces back to Bardeen’s work [23] which puts
forward the very idea of regular BHs instead of singular ones and suggested,
as an example, a particular BH configuration with

M p?
(P2 +¢?)3/%

where M, g = const, and two horizons exist provided ¢ < (16/27)M?2.
Later on there appeared numerous examples ([17, 52, 151] and others) of
regular BH solutions where, just as in Eq. (4.100), r = p. This, by virtue of
the Einstein equation, implies that the stress-energy tensor of the matter
source satisfies the condition

r=p, Alp)=1- (4.100)

T =T (4.101)

or, in other words, e = —p, (e = T} is the energy density and p, = —T} is
the radial pressure). The condition (4.101) is invariant under radial boosts,
making it possible to ascribe the source to vacuum matter [151]. Indeed,
it is a definitive property of vacuum that there is no comoving reference
frame: this kind of matter looks the same whatever is our motion in the
radial direction. At the regular centre in this case the matter equation of
state has necessarily the form of a cosmological constant [62], T} oc d}; .

It has also been shown [52] that regular BHs with r=p and any A(p)
satisfying the regular centre conditions may be obtained as magnetic
monopole solutions of general relativity coupled to gauge-invariant non-
linear electrodynamics with the Lagrangian L(F), F:=F,, F" (F,, is
the electromagnetic field tensor): the arbitrariness in A(p) corresponds
to the freedom of choosing the function L(F'). Solutions with an electric
charge were shown [52] to be impossible whatever the choice of L(F) if
L(F) is the same in the whole space; this theorem, however, may be cir-
cumvented by assuming different forms of L(F') near the centre and at
large r [94], i.e., by requiring a sort of phase transition(s) at some value(s)
of the radial coordinate.

Other examples of type 1 regular BHs have also been found and dis-
cussed, see, e.g., [16, 33, 200, 268, 291, 300, 368, 378] and references
therein. Among them, the BH models [16, 300, 378] are related to different
ideas of quantum gravity (the so-called UV-complete quantum gravity and
noncommutative geometry) realized in a semiclassical approximation.
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Type 2 regular BHs, with and without an electric charge, have been
obtained [58, 59, 97] in the framework of the Brans-Dicke scalar-tensor
theory (STT) with the coupling constant w < —3/2, when the theory is of
anomalous, or phantom nature. Their existence requires fine tuning in the
form of specific relations between w and the integration constants of the
corresponding exact solutions. It is of interest to note that these regular
cold Brans—Dicke BHs have singular counterparts in the Einstein frame, in
other words, in general relativity with a minimally coupled phantom scalar
field (see the anti-Fisher solution (4.41)) [57].

Type 3 regular BHs have been found [60, 104] as static, spherically
symmetric solutions to the effective equations [371] describing 4D gravity
in an RS2 type brane world. It has been shown that such regular solutions
are generic in a certain range of the integration constants [60] and that
many of them are stable, at least under some kinds of perturbations [2].
It should be stressed, however, that these 4D equations do not form a
closed set; to study the full 5D geometry of the bulk one should solve the
corresponding 5D equations, and there are only tentative results in this
direction [105].

Type 4 configurations have been obtained [66] as generic solutions to
the Einstein-scalar equations for the case of minimally coupled phantom
scalar fields with certain potentials. We would remind the reader that such
scalar fields have recently become popular in the cosmological context since
they are able to provide an equation of state with the pressure to density
ratio p/e = w < —1. It is this kind of equation of state that is probably
required for the dark energy (DE) component of the material content of
the Universe to account for its accelerated expansion (see, e.g., the reviews
[120, 363] and references therein). Type 4 configurations, termed black
universes [61], are, in our view, of particular interest, and in what follows
we will discuss them in some more detail.

Let us note that the above list of structures is certainly incomplete:
thus, one could easily imagine regular configurations with a larger number
of horizons (e.g., draw in a proper place a smooth peak twice crossing the
p axis in any plot of A(p) in Fig. 4.4).

An interesting example of a structure somewhat similar to a black uni-
verse has recently appeared in studies on the basis of a semiclassical limit
of loop quantum gravity [299, 323], see Fig. 4.5. This “quantum-corrected
Schwarzschild black hole” also has a Kantowski—Sachs temporal infinity
instead of the singularity r = 0, but there are at least three important
points in which it differs from our black universes: (1) the minimum radius
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I

I

o

T = Tmin

r

Figure 4.5 A regular BH structure obtained in [323]. I and I’ are R-regions like those
in the Schwarzschild space-time, II and III are Kantowski-Sachs regions (I’ and III
expanding, II and III’ contracting).

Tmin 18 always reached in the T-region; (2) min is of the order of the Planck
length whereas in our models it is arbitrary, and (3) this configuration does
not become isotropic at late times like ours.

Other conclusions on a quantum-corrected Schwarzschild space-time
have been obtained in [42] (approaching at large times a Nariai-type metric
with a constant spherical radius) and [16, 300, 378] (acquiring a regular
centre). This diversity is one of manifestations of an as yet uncertain choice
of a correct theory of quantum gravity.

4.5.2 Black universes with a minimally coupled
scalar field

Consider the action for a self-gravitating phantom scalar field in general
relativity

5= / i d'z[R — (96)? — 2V (9)), (4.102)

where g = | det(g,.)|, (d¢)? = 9" 0,0, ¢ and V(@) is an arbitrary poten-
tial. With the metric (4.99) and ¢ = ¢(p), the scalar field equation and
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three independent combinations of the Einstein equations read
(Ar?¢) =—r?dv/de,
(A'r?) =—2r%V,
2r" Jr = 2

A(TQ)N _ 7"2AH22,

4.103
4.104
4.105

(
(
(
(4.106

)
)
)
)

where the prime denotes d/dp. The scalar field equation (4.103) is a con-
sequence of Egs. (4.104)—(4.106), which, given a potential V(¢), form a
determined set of equations for the unknowns r(p), A(p), ¢(p). Eq. (4.106)
can be integrated, giving

B' = (A/r?) =2(po — p) /1, (4.107)

where B(p) = A/r? and py is an integration constant.

As we know from Sec. 4.2.2, Eq.(4.107) severely restricts the possi-
ble dispositions of zeros of the function A(p) and hence the global causal
structure of space-time [53], leading to the Global Structure Theorem (see
Sec. 4.3), according to which the choice of possible types of global causal
structure is precisely the same as for the general Schwarzschild-de Sitter
solution with arbitrary mass and cosmological constant. This result equally
applies to normal and phantom fields since Egs. (4.106) and (4.107) are
the same for them. It holds for any sign and shape of V(¢) and under
any assumptions on the asymptotics. BHs with scalar hair (respecting the
existing no-hair theorems) are not excluded. Examples of (singular) BHs
with both normal (e.g., [84, 108, 316]) and phantom [126] scalar hair are
known. However, BHs with a regular centre (type 1 according to the pre-
vious section) are ruled out for our system since their existence requires a
regular minimum of B(p).

As shown in Ref. [66], the system (4.103)—(4.106) has as many as
16 types of regular solutions with flat, de Sitter and AdS asymptotic
behaviours. Let us discuss asymptotically flat configurations, for which
A(p) — 1 and r(p) =~ p as p — oo. Then, as p decreases from infinity,
the derivative ' also decreases according to Eq. (4.105), the decrease rate
depending on the details of the system. If the decrease is slow enough,
r(p) will reach zero at some finite p. It can be a regular centre only if
horizons are absent (otherwise there would be a type 1 regular BH which
is ruled out here), and a particle-like solution is then obtained instead of a
BH one.
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Assuming the absence of singularities, other opportunities are r(p) —
ro = const and r(p) — oo as p — —oo. (Note that any kind of oscillatory
behaviour of 7(p) is ruled out by (4.105) according to which " > 0.)

In the first case, according to (4.107),

A~ =2p/rd — o0, Am—p’/r2 asp— —o0.

So this “ry asymptotic” is located in a T-region. The radius 7 is related
to the limiting value of the potential: V — —1/72. Changing the nota-
tions —p — T and ¢t — z (since p here becomes a temporal coordinate
and the former time ¢ a spatial one), we can write the asymptotic form of
the resulting Kantowski—Sachs metric as

ds? ~ ﬁ dT? — T—Qdac2 —72dQ? as T — oo (4.108)
s = 5 . .

It is a highly anisotropic universe, exhibiting no expansion in the two angu-
lar directions and an exponential (in terms of the physical time 7 ~ logT')
expansion in the third direction x. From the viewpoint of an observer at
large positive p, this universe is located beyond the event horizon of a BH.

In the case r — oo, the most interesting opportunity is that r ~ |p|
as p — —oo. Assuming r & —ap, a = const > 0, we obtain from (4.107)
and (4.104):

Ax1/a®> - Cd*p?, V ~3Ca* C = const. (4.109)

It is easy to verify that C' = 0 leads to a Minkowski metric at large negative
p (though the time rate will be different from that at large positive p if
a # 1), an anti-de Sitter metric if C < 0 and a de Sitter metric if C' > 0.
In the cases C' < 0 horizons are absent since otherwise the function B(p)
would have a minimum at some finite p, which cannot happen due to
(4.107). Thus possible solutions with C' < 0 describe traversable wormholes
(see Chapter 5), and the details of their geometry depend on the particular
choice of V(¢).

Lastly, for C > 0 we obtain a de Sitter asymptotic behavior of the
solution, describing (since we are now in a T-region) isotropic expansion or
contraction. From the viewpoint of an external observer, located at large
positive p, it is a BH, but a possible BH explorer now has a chance to sur-
vive for a new life in an expanding, gradually isotropizing Kantowski—Sachs
universe. The specific BH profile and the isotropization regime after cross-
ing the horizon depend on the choice of V(¢).

Since, according to the Global Structure Theorem (see above), an
asymptotically flat configuration can have only one simple horizon, such
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a BH has a Schwarzschild-like causal structure, but the singularity » = 0
in the Carter-Penrose diagram is now replaced by the de Sitter infinity
r=00.

A simple example may be obtained by putting [66]

r=(p*+b*)2, b= const >0, (4.110)
and using the inverse problem scheme. Eq. (4.107) gives

Alp) _ ¢ 1 Po bp
B = = — =

(p) 2(p) b2 T2 T2 T\ B2y p2
where ¢ = const. Egs. (4.105) and (4.104) then lead to expressions for ¢(p)
and V(p):

+ tan~! %) . (4.111)

p==+v2tan"t(p/b) + ¢o, (4.112)
cr?+2p2 po (3bp rEP+202 | p

with 7 = r(p) given by (4.110). In particular,

_ 2bc+Tpo
263

Choosing in (4.112), without loss of generality, the plus sign and ¢¢ = 0,

we obtain for V(¢) (v := ¢/v?2):

_pPo
b3
The solution behaviour is controlled by two integration constants: c
that moves the plot of B(p) up and down, and py showing the maximum
of B(p). Both r(p) and B(p) are even functions if pg = 0, otherwise B(p)
loses this symmetry. Asymptotic flatness at p = +o0o implies 2bc = —7wpg
while the Schwarzschild mass, defined in the usual way, is m = pg/3.
Under this asymptotic flatness assumption, for pg = m = 0 we obtain
the simplest symmetric configuration, the Ellis wormhole [155]: A = 1,
V = 0. For pg < 0, according to (4.114), we obtain a wormhole with
m < 0 and an AdS metric at the far end, corresponding to the cosmological
constant V_ < 0. For py > 0, when V_ > 0, there is a regular BH
with m > 0 and a de Sitter asymptotic far beyond the horizon, precisely
corresponding to the above description of a black universe.
The horizon radius r(py) can be obtained by solving the transcendental
equation A(pp) = 0, where A(p) is given by Eq. (4.111). It depends on the
parameters m and b = minr(p) and cannot be smaller than b, which plays

B(soc) —%V(j:oo) (4.114)

Vig) = —£(3 — 2cos? 1)) [3sinv cost) + (3 — 2cos? )], (4.115)
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the role of a scalar charge: ¥ ~ 7/2 —b/p at large p. Since A(0) =1+ ¢,
the throat p = 0 is situated in the R-region if ¢ > —1, i.e., if 3mm < 2b,
precisely at the horizon if 3mm = 2b and in the T-region beyond the horizon
if 3mm > 2b. These relations between the constants m and b prompt (and
this is probably the case in more general situations) that if the BH mass
dominates over the scalar charge, there is no throat in the static region,
and for a distant observer the BH looks approximately the same as usual
in general relativity.

As follows from Egs. (4.103) and (4.104), the potential V' tends to a
constant and, moreover, dV/d¢ — 0 at each end of the p range. It is a
general property of all classes of regular solutions indicated in [66]. More
precisely, a regular scalar field configuration requires a potential with at least
two zero-slope points (not necessarily extrema) at dilJerert values of ¢.

Suitable potentials are, e.g., V = Vg cos?(¢/¢o) and the Mexican hat
potential V = (\/4)(¢? — n?)? where Vy, ¢o, A, n are constants. A flat
infinity at p = +o00 certainly requires V; = 0, while a de Sitter asymptotic
can correspond to a maximum of V since phantom fields tend to climb
up the slope of the potential rather than roll down, as is evident from
Eq. (4.103). Accordingly, Faraoni [160], considering spatially flat isotropic
phantom cosmologies, has shown that if V(¢) is bounded above by Vy =
const > 0, the de Sitter solution is a global attractor. Very probably this
conclusion extends to Kantowski—Sachs cosmologies after isotropization.

One more point may be stressed: the late-time de Sitter expansion
rate is entirely determined by the corresponding potential value V_ > 0
(which, in our notation according to (4.102), coincides with the effective
cosmological constant A at late times) rather than by the details of the
solution such as the Schwarzschild mass defined at the flat asymptotic.

We can conclude that black universes are a generic kind of solutions to
the Einstein-scalar equations in the case of phantom scalars with proper
potentials.

Thus we have classified the possible geometries of static, spherically
symmetric, and asymptotically flat BHs and discussed in more detail a par-
ticular type, the black universes. Such hypothetical configurations combine
the properties of a wormhole (absence of a centre, a regular minimum of
the area function) and a black hole (a Killing horizon separating R- and
T-regions).

Quite naturally, such unusual objects require unusual matter for their
existence. We saw how they can be obtained using a phantom scalar field.
As shown in [61], such solutions also exist in much more general frameworks
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for the description of phantom matter, namely, STT of gravity and the so-
called k-essence. A conclusion is that a great number of models of phantom
matter produce such solutions.

The latter lead to the idea that our Universe could appear from
phantom-dominated collapse in another, “mother” universe and undergo
isotropization (e.g., due to particle creation) soon after crossing the hori-
zon. It is known that a Kantowski-Sachs nature of our Universe is
not excluded observationally [8] if its isotropization had happened early
enough, before the last scattering epoch (at redshifts z = 1000). One can
notice that we are thus facing one more mechanism of universes multipli-
cation, in addition to the well-known mechanism existing in the chaotic
inflation scenario.

But, as we saw in Sec. 4.1.1, there are arguments both pro et contra
phantom fields, and the latter seem somewhat stronger. It is reasonable
to try to avoid such fields in modelling real or hypothetic objects and
phenomena. In what follows, we describe two such attempts: one [63] is
devoted to obtaining a black universe model in a brane-world scenarios
of RS2 type; another [64] uses the notion of a “trapped ghost” [88], i.e.,
a scalar field which has phantom properties only in a restricted region of
space, a strong-field region, whereas far away from it all standard energy
conditions are observed. This can explain why ghosts, or phantoms, are not
observed under usual physical conditions but certainly does not remove the
basic shortcomings of phantom fields, see Sec. 4.1.1.

4.5.3 A black universe in a brane world

The brane world concept describes our world as a 4D surface (brane) sup-
porting all or almost all matter fields and embedded in a higher-dimensional
space-time (called the bulk). This concept traces back to the early 80s and
leads to a variety of consequences in cosmology, gravitational and particle
physics, see the reviews [119, 283, 311, 350]. In particular, brane worlds
turn out to be a natural framework for wormholes (see Sec. 5.3.3) since
there the modified Einstein equations [371] (4.116) contain a source term
E} of geometric origin which need not observe the usual energy conditions.
As we shall see now, it is this source term that can replace phantom fields
in constructing black-universe models.

The modified Einstein equations (4.116) used here correspond to the
so-called RS2 scenario: a single brane in a Zgy-symmetric 5-dimensional
bulk, with all fields except gravity confined to the brane. It generalizes the
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second Randall-Sundrum model comprising a single Minkowski brane in
an AdS bulk [337]. In other brane-world scenarios, the effective 4D Einstein
equations also contain terms similar to E}, e.g., on codimension-1 branes
without Zy symmetry [431] and in Dvali-Gabadadze—Porrati brane worlds
[150] with different kinds of induced gravity terms [360]. Thus we can
anticipate that black-universe solutions similar to ours exist in such brane
worlds as well, though probably under some other conditions.

The gravitational field on the brane is described by the modified
Einstein equations [371]

GY = =40l — 4T — 5411, — EY, (4.116)

where G}, = R — %5;:]% is the 4D Einstein tensor, A4 is the 4D cosmological
constant expressed in terms of As and the brane tension A:

1 1
Ay =3 <A5 + gzgv); (4.117)
s} = 81Gy = #E\/(67) = m;? is the 4D gravitational constant; Gy is
Newton’s constant of gravity, and my is the 4D Planck mass;

3/2

25 =myg ', ms being the 5D Planck energy scale;

T, is the SET of matter trapped on the brane;

I}, is a tensor quadratic in 7}/, obtained from matching the 5D metric

'u, b
across the brane:

1 1 1 1
v o__ I %0 al 2 v v af 2
I, = ZT" T — §TTM — §§u <TQ5T — §T ) , (4.118)
where T'=T%; and

E} is the “electric” part of the 5D Weyl tensor projected onto the brane:
in proper 5D coordinates,

E,, = 5;?55(5)CABCDTLBTLD, (4.119)

where A, B,... are 5D indices and n* is the unit normal to the brane. By
construction, E} is traceless, and Ef = 0.

Other characteristics of E,; are unknown without specifying the 5D
metric, hence the set of equations (4.116) is not closed. In isotropic cos-
mology this leads to an additional arbitrary constant in the field equations,
connected with the density of “dark radiation”. For static, spherically sym-
metric systems to be discussed here, this freedom is expressed in a single
arbitrary function of the radial coordinate.
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Reasons for neglecting 11},

Let us show that under quite reasonable conditions we can neglect the
tensor II}; in (4.116).
We put Ay =0, so that

1
|As| = g%f-f/\Q = 6% (504 /55)", (4.120)

and use the observational restriction on the bulk length scale ¢ which
follows from the recent short-range Newtonian gravity tests [279], show-
ing that Newton’s inverse-square law holds at length scales greater than
about 0.1 mm. This means that if we live on an RS2-like brane, the bulk
length scale can be estimated as

(= (6/]As))"? <1072 cm. (4.121)
Note that the 4D Planck scale in our notation is
my = 2, " = 87GN ~ 2.4-10'8 GeV,
Iy = 1/my = »4 ~ 810733 cm.
Combining (4.120) and (4.121), we obtain
ms/ma = (m€/13)"Y% > 10710, (4.122)

so that the 5D Planck energy scale in this scenario is at least about 108
GeV.
Now, we can assert that the term with II} is negligible in (4.116) as
compared with the T}, term as long as
s W? < 54 W,
where W' characterizes the magnitude of 7/, say, the absolute value of the
largest component of T or

W < m¢/m3 =mji(ms/m4)°, (4.123)

where mj} ~ 3.5-10" GeV* ~ 8.4-10% g-cm 2 is the Planck density while
the second factor is, according to the experimental bound (4.122), about
10790 or larger. As a result, for the “density” W we have

W <103 g-cm 3.

Recalling that the density of nuclear matter is about 103 g-cm ™3, it is
clear that this bound certainly holds for any thinkable matter.
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Brane gravity with a scalar field

Counsider Eq.(4.116) for static, spherically symmetric configurations of a
normal scalar field with an arbitrary potential, neglecting the term IIj.
So the scalar field Lagrangian has the form (4.47). The general static,
spherically symmetric 4D metric is again taken in the form

ds?* = A(u)dt* — du?/A(u) — r?(u)dQ? (4.124)

with the quasiglobal coordinate u.
The scalar field SET is conservative, so the same is required for E. If
we take it, for convenience, in the form

EY = diag(—P—Af, —P, P+Af/2, P+Af/2), (4.125)

where P and f are some functions of the radial coordinate u (so that, as
required, its trace is zero), then the conservation law V,E¢ is written as

(Prty = %rﬁf(A/rz)’. (4.126)

Equations (4.116) may be written in the form

%(A’rz)’:—V—P—Af, (4.127)
o' |y = _¢’2 +f, (4.128)
A(’/‘Q)H _ T2AH —92=92P+ gAf (4129)

The scalar field equation (Ar?¢') = r2dV/d¢ follows from (4.127)—(4.129)
combined with (4.126).

Thus, if V(¢) is specified, we have four independent equations
(4.126)—(4.129) for five unknown functions of u: ¢, A, r, f and P. The
system becomes still more underdetermined if V' (¢) is not specified: in this
case we can choose as many as two functions by hand to obtain a solution.

To have a regular positive minimum of r(u), required for a black uni-
verse, we must have 7/ > 0 at least in some range of «. By (4.128), this can
be achieved only with f > 0. However, if we try to put r”” > 0 everywhere,
ie., f > ¢'2, it inevitably leads to an oscillatory behavior of A(u), with
at least three horizons instead of the desired one [63]. A way of avoiding
such a behavior is to try a “more concentrated” distribution of f and P.

So we first try f(u) maximally peaked on a single sphere, for example,
u = 0, i.e., proportional to §(u), the Dirac delta function. We now make
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the equations dimensionless by putting

r=u/b, Pr*=Q(x)b?, fr*=2F(x)b?
r=br(z), B=B)/¥ (4.130)
where b = const > 0 specifies a length scale of the configuration, and to
justify our rejection of IIj; we assume b>> ¢ (see above).

Omitting the bars over r and B, we write Eqgs. (4.126), (4.128) and
(4.129) in the form

Q =rFB, (4.131)
/!
I (4.132)
T r
4y @ _
(r'B') +2+ — + 6BF =0, (4.133)

where the prime denotes d/dz and ) = ¢/v/2.
Then, we choose 7(z) so that "’ < 0 at all x # 0:
r?(z) = (|z] +¢)*> =1, ¢ = const > 1. (4.134)

This conforms to both flat and de Sitter asymptotics. Then, in Eq. (4.132),
the quantity 7’/ /r has a delta-like singularity at = 0. To compensate it
and make v’ continuous at x = 0, we put

F(z) = 2crgd(x), o= V2 -1, (4.135)
We then have
1 1
‘=t = 4.1
Al T P (4.136)
whence, without loss of generality,
h(c—z), x <0,
; 2h(c) — h(c+z), z > 0,
1 z+1
=5l : 4.1
h(x) 2nx_1’ (4.137)
Equation (4.131) gives for Q(x):
Q(z) = Qo + 2¢raByof(z), (4.138)

where Qo = const, B,o = B’(0) and 6(z) is Heaviside’s function equal to
zero at © < 0 and to unity at x > 0.
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It remains to solve Eq. (4.133) and to find V. We have solved it choosing

the initial conditions at large negative = in the Schwarzschild form

A() = r2(2)B(z) =1 — %’T m = const. (4.139)
The solution [63] is analytical but rather bulky and will not be presented
here. It really describes a black universe, but the delta-like distribution of
the effective exotic matter, characterized by f(u), causes an undesirable
discontinuity of B’ at x = 0.

Evidently the qualitative behavior of the model will not change if we
replace the delta-like distribution of f(x) with a smooth one but sufficiently
peaked near x = 0. We will present an example of such a solution. Namely,
let us preserve the notations (4.130), so that the field equations have the
form (4.131)—(4.133); however, instead of (4.134), we choose the following
function r(z):

r?(x) = (Je| +1)° =1, |2 >d, (4.140)

d+1

r?(z) = ax® + s = 2 4d, |r| <d, (4.141)

where d = const > 0 is sufficiently small and the constants in (4.141) are
chosen to make r and 7’ continuous at x = +d, as shown in Fig. 4.6.

Let us take f(z) = 0 at |z| > d and, for |z| < d, as in (4.71),
f=2C/r%. From (4.131) we find Q(z) as follows:

Qo, T < —d;
Q(z) ={ Qo+ [B(z) — B(—=d)C, |z| < d; (4.142)

Qo + [B(d) — B(—d)]C, x > d,

k 4
=

&
5
v
¢
&
o b —

(a) (h)

Figure 4.6 The area function r(z) chosen with a delta-like (a) and smooth (b)
function f(r).
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where )y is an integration constant. The constant C (more precisely,
its dimensionless counterpart C' = C/b*) is determined from Eq. (4.132),
where we require continuity of ¢’ at x = +d. Eq. (4.133) for the function
B(z) = A/r? is then solved analytically for |x| > d but only numerically
for |z| < d.

Integrating and maintaining continuity of B and B’ at © = +d, we
obtain B(z) shown in Fig. 4.7. Figure 4.8 shows the corresponding poten-
tial V(x). Clearly these are black universe models, where the asymptotic
behavior of V(z) approaching a positive constant as  — oo corresponds
to de Sitter expansion with a positive cosmological constant.

Thus we have built a family of black universe solutions to the modi-
fied Einstein equations valid in an RS2 type brane world without explic-
itly introducing any phantom matter. Instead of exotic matter in the field
equations we have used the “tidal” term of geometric origin, which has
no reason to respect the energy conditions known for physically plausible
matter fields.

The presently obtained models do not pretend to be quite realistic; they
simply show the possibility of such a scenario in principle. As any solution
to the effective 4D equations describing gravity on the brane, they certainly

B(x)
1,0
0,8,
24
- \

0,2

0,4

~0,6-

—0,8-
c=1;d=1;Q0=0;x0=0;
— — ¢=1,d=1;Q0=-0.9;x0=-1;
¢=0.8;d=2;Q0=-1.2;x0=-2

Figure 4.7 The function B(z) obtained from a smoothed but peaked f(u).
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Vi(x)

-10 -5 )

----- C=1.7,Q0=-0.7;x0=-0.5
— — C=1.6;Q0=-0.9;x0=0.1
—— C=1.55;Q0=-1.1;x0~1

Figure 4.8 The potential V(z) obtained from a smoothed but peaked f(u).

need extension to the bulk, whose finding is quite a challenging problem,
although an extension always exists due to the known embedding theorems.
Another problem to be solved is that of stability of such solutions.

4.5.4 A black universe with a trapped ghost

Let us now discuss another opportunity [64, 88] of obtaining black universe
(and wormhole) configurations in the framework of general relativity, with
a kind of matter which is phantom only in a restricted strong-field region
of space, whereas outside it the standard energy conditions are observed.
As an example of such matter, we consider static, spherically symmetric
configurations of a minimally coupled scalar field with the Lagrangian

Ly = 5h(8)9"0,60,6 ~ V(). (1143)

where h(¢) and V(¢) are arbitrary functions. If h(¢) has a variable sign,
it cannot be absorbed by redefinition of ¢ in its whole range. Cases of
interest are those where h > 0 (that is, the scalar field is canonical, with
positive kinetic energy) in a weak field region and where h < 0 (a phantom,
or ghost scalar field) in some restricted region e.g., a wormhole throat. In
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this sense it can be said that the ghost is trapped. A possible transition
between h > 0 and h < 0 in cosmology was considered in [260].

Taking the metric in the form (4.124), let us specify which kinds of
functions r(u) and A(u) are required for obtaining a black universe.

1. Regularity in the whole range v € R.

2. Asymptotic flatness as v — 4oo (without loss of generality), i.e.,
r(u) = u, A(u) — 1;

3. A de Sitter asymptotic as u — —o0, i.e., a T-region (A < 0) where
r(u) ~ [ul, —A(u) ~ u?;

4. A single simple horizon (i.e., a simple zero of A(u)) at finite w. It is an
event horizon as seen from the static side, and it is the starting point
of the cosmological evolution as seen from the T-region.

The existence of two asymptotic regions r ~ |u| as u — +o0o requires
at least one regular minimum of r(u) at some u = ug, at which

r=ro>0, =0 +">0, (4.144)

where the prime stands for d/du. (In special cases where " = 0 at the
minimum, we inevitably have r” > 0 in its neighborhood.)

The necessity of violating the weak and null energy conditions at such
minima follows from the Einstein equations. Indeed, one of them reads

241" [r = —(T} = TY), (4.145)

where T}7 are components of the stress-energy tensor (SET).

In a R-region (A > 0), the condition 7/ > 0 implies T} — T* < 0; in
the usual notations T} = p (density) and —T* = p, (radial pressure) it
is rewritten as p + p, < 0, which manifests violation of the weak and null
energy conditions. It is the simplest proof of this well-known violation near
a static, spherically symmetric wormhole throat [302].

However, a minimum of r(u) can occur in a T-region, and it is then
not a throat but a bounce in the evolution of one of the Kantowski—Sachs
scale factors (the other scale factor is [—A(u)]'/?). Since in a T-region t is
a spatial coordinate and u temporal, the meaning of the SET components
is =T} = p; (pressure in the ¢ direction) and T = p; nevertheless, the
condition r” > 0 applied to (4.145) again leads to p + p; < 0, violating
the energy conditions. In the intermediate case where a minimum of r(u)
coincides with a horizon (A = 0), the condition 7 > 0 holds in its vicinity,
along with all its consequences. Thus the energy conditions are violated near
a minimum of = in all cases.
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Let us now turn to the scalar field ¢(u) with the Lagrangian (4.143).
In a space-time with the metric (3.75) it has the SET

T = %h(u)A(u)qﬁ’(u)z diag(1,—1,1,1) 4 6%V (u). (4.146)

The kinetic energy density is positive if h(¢) > 0 and negative if h(¢) < 0,
so the solutions sought for must be obtained with A > 0 at large values
of the spherical radius r(u) and h < 0 at smaller radii r. It has been
shown [88] that this goal cannot be achieved for a massless field (V(¢) = 0).

Thus we seek black universe configurations with a nonzero poten-
tial V(¢). The Einstein-scalar equations can be written as

(Ar2h¢'Y — %Arzh/gb/:TQdV/dcb, (4.147)
(A7) =—2r2V, (4.148)

2" fr=—h($)¢”, (4.149)

A@?)" 124" =2, (4.150)

—14+ Alrr’ + Ar? =17 (%hfwa - V) : (4.151)

Eq. (4.147) follows from (4.148)—(4.150) which, given the potential V(¢)
and the kinetic function h(¢), form a determined set of equations for
the unknowns r(u), A(u), ¢(u). Eq.(4.151) (the G) component of the
Einstein equations), free from second-order derivatives, is a first inte-
gral of (4.147)-(4.150) and can be obtained from (4.148)—(4.150) by
excluding second-order derivatives. Moreover, Eq. (4.150) can be integrated
giving

B'(u) = (A/r?) = 2(3m — u)/r*, (4.152)

where B(u) = A/r? and m is an integration constant equal to the
Schwarzschild mass if the metric (4.124) is asymptotically flat as u — oo
(r = u, A = 1-=2m/u—+ o(l/u)). If there is a flat asymptotic as
u — —oo, the Schwarzschild mass there is equal to —m (r = |u],
A=1+2m/|ul+ o(1/u).

One more observation is that if the system contains a horizon and
r(u) ~ |u| at large |u| in the T-region, then B = A/r? tends to a finite
limit, which means that there is a de Sitter asymptotic. Indeed, under
these conditions the integral of (4.152) evidently converges at large |u],
so B tends to a constant. Furthermore, Eq. (4.150) can be rewritten as
r*B" +4r3r' B’ = —2, hence B” < 0 where B’ =0, so B(u) cannot have
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a minimum (and it is this circumstance that restricts the possible kinds
of global causal structure of any scalar-vacuum solutions [53]). This means
that B(u) can only tend to a negative constant in a T-region.

Thus, in the Einstein-scalar system (4.147)—(4.151), any solution with
a horizon and r ~ |u| as u — Z£oo is asymptotically de Sitter in the
T-region. It describes a black universe if it is, in addition, asymptotically
flat in the R-region.

As before, to find examples of solutions possessing particular properties,
we employ the inverse problem method, choosing some of the functions
r(u), A(u) or ¢(u) and then reconstructing the form of V' (¢) and/or h(¢).
We will first choose a function r(u) that can provide a black universe
solution. Then A(u) is found from (4.152) and V(u) from (4.148). The
function ¢(u) is found from (4.149) provided h(¢) is known; however,
using the scalar field parametrization freedom, we can, vice versa, choose a
monotonic function ¢(u) (which will yield an unambiguous function V(¢))
and then find h(u) from Eq. (4.149).

A simple example of the function r(u) satisfying the requirements 1-3
is [88] (see Fig. 4.9):

r(u) = am n = const > 2. (4.153)

Va2 +n?’

where = u/a, and a > 0 is an arbitrary constant (the minimum radius).

15 =10 =5 0 5 10 15

ula

Figure 4.9 Plots of r(u)/a given by Eq. (4.153) with n = 3,5,10 (solid, dashed, and
dotted lines, respectively).
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Integrating Eq.(4.152) under the assumption m > 0, we find (see
Fig. 4.10)

32t +32%n(n+ 1) + n?(n? +n+1)

B(u) 3a?(x2 +n)3

mx 4/p, 2 2k, 2

2 2 oo _1y| _ oM
+3n°(11n° — 2n 1)} Sa2ni)

(5n%+2n+1) cot ™ (%) .

(4.154)

The emerging integration constant is excluded by the requirement B — 0
as u — 00, providing asymptotic flatness. Examples of the behavior of
B(u) for m = 0.2a and some values of the parameter n are presented in
Fig. 4.10.

Substituting the expressions (4.153) and (4.154) into (4.148), taking
into account that A(u) = B/r?, we obtain the potential V as a function
of w or © = w/a. This expression is bulky and will not be presented here.

B(u)

Figure 4.10 Plots of B(u) given by Eq.(4.154) for m = 0.2a, n = 3, 5,10 (solid,
dashed, and dotted lines, respectively).
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To construct V' as an unambiguous function of ¢ and to find h(9),
it makes sense to choose a monotonic function ¢(u). It is convenient to
assume

200 ma [2(n—2)
™

p(u) = — arctan%, o = s\ (4.155)

and ¢ has a finite range: ¢ € (—¢o, ¢o), which is common to kink con-
figurations. Thus we have x = u/a = ntan(mw¢/2¢g), whose substitution
into the expression for V(u) gives V(¢) defined in this finite range. The
function V(¢) can be extended to the whole real axis, ¢ € R, by suppos-
ing V(p) =0 at ¢ > ¢ and V(¢) = V(—¢o) > 0 at ¢ < —¢g. Plots of
V(¢) are presented in Fig. 4.11 for the same values of the parameters as
in Fig. 4.10.
The expression for h(¢) is found from (4.149) as follows:

n—2)z? +n?(1 —2n

) = (=2 20— 2m)
a*(n —2)(2? +n)

where z = ntan(m¢/2¢¢). The function h(¢) given by Eq. (4.156) is also

defined in the interval (—¢o, ¢o) and can be extended to R by supposing
h(¢) = 1 at |¢p| > ¢p. The extended kinetic coupling function h(¢) is

(4.156)

Figure 4.11 Plots of V(u) for m = 0.2a and n = 3,5,10 (solid, dashed, and dotted
lines, respectively).
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Figure 4.12 Plots of h(¢) given by Eq.4.156 with n = 3,5,10 (solid, dashed, and
dotted lines, respectively).

plotted in Fig. 4.12. Evidently, the null energy condition is violated only
where h(¢) < 0.

Thus we have shown [64, 88] that a minimally coupled scalar field may
change its nature from canonical to ghost in a smooth way without creating
any space-time singularities. This feature, in particular, allows for construc-
tion of wormhole models (trapped-ghost wormholes [88]) where the ghost
is present in some restricted region around the throat (of arbitrary size)
whereas in the weak-field region far from it the scalar has usual canonical
properties. The same model allows for construction of black universes.

It has also been found that, in the Einstein-scalar field system under
study, a static, spherically symmetric configuration is inevitably a black
universe if it is asymptotically flat, has a horizon, and the function r(u)
grows linearly as u — 4o0o0. However, all this can only happen if the scalar
is of ghost nature at least in some part of space.
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Chapter 5

Wormbholes

5.1 The notion of a wormhole

In this chapter we will discuss one more type of configurations involving
a significant space-time curvature, the wormholes. Above all, let us fix the
terminology.

The term “wormhole” was introduced by J.A. Wheeler [422] in 1955.
Wormholes are generally understood as comparatively narrow “bridges”,
or “tunnels” between comparatively large or infinitely extended space-time
regions. Needless to say such an opportunity is widely used by authors of
science fiction whose heroes easily and without much emotion leave behind
them interstellar or thousands of years.

The possible appearance of a wormhole geometry is illustrated
by Fig. 5.1, which presents two-dimensional images instead of three-
dimensional ones. Each of the surfaces depicted contains a part having
the shape of a thin tube that joins either flat “universes” (a) or spherical
ones (b) (a dumbbell-like configuration), or a flat one with a spherical one
(¢) (a hanging-drop configuration), or distant regions of the same “uni-
verse” (d and e).

We see that the notion of a wormhole has in essence an intuitive nature
since it rests on such words as “comparatively narrow” etc., but it con-
tains an element that admits a rigorous definition. It is a throat, defined
as a two-dimensional surface of minimal area, which does not admit a
further contraction. In Fig. 5.1, the throats are one-dimensional circles of

155
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(c)

(b)

({10

Figure 5.1 Diverse wormhole configurations, two-dimensional analogues.

minimum radius, which conditionally depict two-dimensional spheres of
minimum area. It is obvious, however, that in general a wormhole need not
be spherically symmetric, and its throat is not necessarily a sphere.

One should also add that all these shapes correspond to spatial sections
of the four-dimensional space-time and, as usual, these spatial sections can
not only evolve with time but can in general also depend on the choice
of reference frame (recall the discussion of relativity of the spatial section
topology in Sec. 2.2).

In the case of static, spherically symmetric space-times described by the
general metric (3.1), it is not difficult to formulate the common require-
ments to be imposed on the metric coefficients which, if satisfied, enable
one to say that this metric describes a wormhole geometry.

The condition that there are two large regions separated by a throat
means that the function r» = e%(u), which is equal to the curvature radius
of the coordinate sphere u = const, t = const at each value of u, should
have a regular minimum r = ry;, > 0 at some value of u and assume
values r > rpi, far from this minimum.
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Another condition is that the wormhole must be freely traversable in
both directions. So the existence of a proper three-geometry is insufficient:
one must also require the absence of horizons. It is a fundamental dis-
tinction from black holes. For the metric (3.1), this requirement reads
gt = €27 > 0 in the whole range of the radial coordinate.

The simplest example of a wormhole metric is

ds® = dt* — du® — (u* + a*)dQ?, a >0, (5.1)

it differs from the Minkowski flat-space metric only by the emergence of
the term a?. But this drastically changes the geometry: at a = 0 we
have the Minkowski space, and the coordinate u changes from zero to
infinity, ©=0 is a regular centre, and an extension to negative values of u
is meaningless. However, if a > 0, the value u = 0 is a regular minimum of
the function r(u) = Vu? + a2, i.e., a throat, nothing prevents consideration
of u < 0, and u — —o0 is again a spatial infinity of the same kind as that at
u — +00. The 3-geometry corresponds to Fig. 5.1 and is time-independent.

To illustrate the importance of the second condition, let us make a small
historical digression.

Right after the advent of general relativity, the researchers began to
reflect on what could be expected if space-time is not simply curved but is
strongly curved. As early as in 1916, the birth year of GR, Schwarzschild
found his famous solution, Eq. (3.20), which describes, in modern terms,
the simplest black hole. Less well known is the work of Ludwig Flamm [163]
also dated 1916, where he noticed that the Schwarzschild solution describes
something like a bridge or shortcut between two worlds or two parts of the
same world, i.e., just what modern authors call a wormhole.

Let us explain this observation by passing on from the curvature coor-
dinates in the metric (3.20) to the isotropic coordinates (3.2) by the trans-
formation

rzu(l-i-%)Q. (5.2)

As a result, the Schwarzschild metric acquires the form

(2 = m/u)?

4
m
ds? = mdt? - (1 + %> (du? + u2dQ?), (5.3)

where the coordinate u ~ r as r — oo and has the value u = m/2 at
the horizon r = 2m. Here, it is convenient to introduce the dimensionless
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variable y = 2u/m. Then

2 2 4

ds? = 78 - Bzdﬁ Sl -;41) (dy? + y2d$2?), (5.4)
and the horizon corresponds to y = 1. The R-region r > 2m is now
described as the range y > 1. It is, however, easy to verify that the met-
ric (5.4) does not change at an inversion, y — 1/y. It means that the
range 0 < y < 1 describes one more R-region, with quite the same geom-
etry as the region y > 1, and the value y = 0 corresponds to another
spatial infinity quite similar to the one at (y = co); moreover, the value
y = 1, where the coordinate spheres have a minimum area equal to 16mm?2,
describes a throat in the spatial section of the 4-manifold under study. If
the geometry were restricted to the spatial section only, we would have all
reasons to say that there is a wormhole. However, everything changes due to
gt =0 at y = 1: as we know from the previous chapters, it is a horizon,
whose existence means that the 4-geometry is inextendible in the static
reference frame. For a more complete description one can introduce, e.g.,
the Kruskal coordinates, in which the complete geometry of the Schwarz-
schild space-time can be described. The resulting complete picture implies
that the metric (5.4) describes only the two R-regions represented by the
left and right quadrants in the Kruskal diagram. (Compare: the metric
(3.20) at r > 2m describes only one of the R-regions.) The sphere y =1,
which seems to be a boundary between the two R-regions when we look at
Eq. (5.4), turns out to be a pair of different surfaces in the full description,
and there is a whole T-region between them. The paradox is explained, in
particular, by the fact that the horizon » = 2m (or y = 1) does not belong
to any of the R-regions, hence the unity of their description by the metric
(5.4) is only seeming, and the coordinate regions y > 1 and y < 1, corre-
sponding to different R-regions of the Schwarzschild space-time, should be
considered separately.

Metrics like (5.4), containing horizons, are sometimes said to describe
“nontraversable wormholes”. In our view, in such cases, to avoid confu-
sion, one should speak of quite a different class of relativistic objects,
namely, black holes. Even more than that, as we have seen while build-
ing the Carter-Penrose diagrams, all black holes with simple horizons (and
any other horizons of odd order) contain quite the same pairs of R-regions
as the Schwarzschild black hole, and all of them could be called “non-
traversable wormholes” on the same grounds (more precisely, on the same
level of uselessness).
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It should be noted, though, that some families of solutions to the grav-
itational field equations can contain metrics describing objects of both
classes at different values of the parameters, see, e.g., [60].

5.2 A wormbhole as a time machine

The works on wormhole physics are certainly only theoretical; others are
impossible right now. They can be divided into two trends, supplementing
each other. In one of them, the researchers assume the existence of worm-
holes from the very beginning and try to infer what can come out of that.
An important part of this trend is what can be called wormhole astro-
physics: assuming that there are wormholes of astrophysically relevant size,
it is reasonable to seek their observational signatures. In the other trend,
the researchers (quite frequently, the same authors) try to find out under
which conditions, natural or artificial, wormholes can emerge, and what
will be their properties and peculiarities. Among such works are certainly
numerous attempts to obtain particular wormhole solutions to the gravi-
tational field equations.

Let us here dwell upon some questions belonging to the first trend,
leaving aside for a while the question of “what the wormholes can be made
of”. We will discuss the (probably) most interesting version of a wormhole
assuming that it connects different regions of the same space-time. To begin
with, let us suppose that there is a stable wormhole somewhere in space,
and that the space-time outside it is flat or almost flat, where, as usual,
the laws of special relativity hold. Then, simply from the symmetries of
Minkowski space it is clear that a wormhole can not only be an intergalactic
tunnel but also an accelerator and even a time machine.

Indeed, the wormhole has two flat asymptotic regions. In each of them
one can choose a reference frame (RF) (for simplicity, an inertial one)
in which the wormhole mouth is at rest. But it follows from nowhere
that it is the same RF for both mouths! And even if it is the same RF,
and in the regions where the mouths are located, the clocks are synchro-
nized in some reasonable way, it follows from nowhere that after passing
through the wormhole the traveller will get into the same epoch by this
common time, since the Minkowski metric is invariant under time trans-
lations. In other words, even if we know where a given wormhole (say,
found in space by chance) leads, we in general cannot know “to when”
it leads.
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The invariance of the Minkowski metric under boosts, i.e.,
transformations from one inertial RF to another, leads to uncertainty in
the velocity of the mouth of exit with respect to the RF of the mouth of
entry. Thus, a traveller which has passed through the wormhole can find
himself in motion with an arbitrary relativistic velocity with respect to the
initial RF and (which is more important if the mouths are far from each
other) with respect to the ambient bodies.

Thus the appearance, role and function of a wormhole depends on the
positions and motion of its mouths, not simply in space but in space-time.

Another statement of the problem is also of interest. Suppose we are
able to create a wormhole here and now, with quite macroscopic parame-
ters, so that one can pass through a wormhole from one mouth to the other
for a few seconds, and the mouths themselves are placed relatively close to
each other somewhere in circumterrestrial space. Is it possible to convert
such a wormhole into a time machine? It is shown by Morris, Thorne and
Yurtsever [302] how to do that: the idea is to leave one of the mouths, to be
denoted A, at rest, while the other, B (which should in principle behave as
an ordinary massive body) should be accelerated to velocities comparable
with the speed of light, then returned back and stopped near A. Then, due
to the familiar special-relativistic effect, the Lorentzian time slowing-down
on the moving body as compared with the one at rest, the time elapsed at
B is smaller than at A. The particular difference depends on the velocity
reached and the travel duration. It is actually just the well-known twin
paradox: the twin returning from an interstellar trip at relativistic speed
turns out to be younger than his brother sitting at home. If the difference
between the mouths is, say, six months, then, being located near mouth A
in January 2012, we would be able to see the green leaves of summer 2011
through the wormhole — and will really return there if we pass it through!
If we again approach mouth A (as we agreed, it is not too far from B) and
passing through the wormhole once more, we would get into last year’s
snow of January 2011. And so on, until we get tired... Naturally, under
the assumption that the wormhole is stable or we ourselves are able to
maintain it in operation.

Let us quote the beginning of the article [302], which looks like a slogan
of wormhole physics: “Normally theoretical physicists ask: ‘What are the
laws of physics?” and/or ‘What do these laws predict about our Universe?’
In this letter we ask, instead, ‘What constraints do the laws of physics place
on the activities of an arbitrarily advanced civilization?’ This will lead to
some intriguing queries about the laws themselves.”
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Soon after the works of Thorne’s group (1988) appeared the paper
by Frolov and Novikov [167] who showed that even without special effort
a wormhole in an external gravitational field, as time passes, inevitably
turns into a time machine. Indeed, suppose that one of the mouths (A)
of a stable wormhole is located near the surface of a neutron star and
the other (B) far from it. Then the time rate is slower near A and
faster near B, this difference is stored, and eventually there should appear
closed timelike trajectories threading the wormhole. The time machine is
ready.

The possible existence of wormholes would substantially affect black
hole physics as well, see a discussion in the same paper [167]. Thus, nothing
prevents us from assuming that mouth A of a wormbhole is located outside
a black hole while the other, B, is inside the horizon. Such a wormhole
may be used to rescue an astronaut who fell into the black hole as well as
for exploring the inner properties of the hole itself. Strictly speaking, the
black hole horizon is then not an event horizon any more.

We have seen that if there is a stable wormhole at our disposal, we can
rather easily obtain a time machine. The above reasoning makes it possible
to conclude that the laws of physics (among which we include the notion of
gravity as space-time curvature), in principle, do not forbid the existence of
wormbholes and consequently closed timelike and null trajectories that vio-
late the causality principle. As a result, in papers on theoretical physics one
can meet discussions of paradoxes whose place could be only expected in
science fiction. What about meeting another (third, tenth) copy of oneself?
What about the well-known “grandmother paradox” — the opportunity to
penetrate into the past and kill one’s grandmother in her childhood (or,
in a milder version, simply to marry the young grandmother, then a girl,
instead of the young grandfather)? Then the hero himself — where could
he come from?

One of the well-known ways to surmount such and other paradoxes
involves the hypothesis of parallel worlds, also called the Multiverse
hypothesis, which is closely related to Everett’s many-worlds interpreta-
tion of quantum theory [158]. Quantum processes are known to be of prob-
abilistic nature, and any of them can have a few outcomes. By Everett,
all possible outcomes are realized, but each of them in its own universe.
Thus any quantum event (including, by the way, all particle interactions
in any part of the Universe) increases the number of parallel worlds. Being
so exotic and evidently cumbersome, such an interpretation is free of log-
ical contradictions and rather naturally explains not only the quantum
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paradoxes but also the above-mentioned “grandmother paradox”: getting
to the past, the traveller actually creates a new universe, where a girl
looking like his grandmother in youth can exist, but she is not at all the
mother of his mother. ..

Another possible solution (more economical but not so easy to under-
stand) was suggested by Novikov as the “self-consistency principle” [314],
according to which “something can be realized locally only if it is globally
self-consistent”. It means [192] that events in a time loop affect each other
along a closed cycle, and not only the past determines the future, but the
future takes part in forming the past, which, whatever strange it can seem,
does not lead to a violation of the causality principle.

There is, though, the radically conservative viewpoint that nature does
not admit and cannot admit time loops — something like a chronological
censorship. As any censorship, it cannot cause sympathy with the authors
and many of their compatriots. But to put it seriously, this hypothesis, like
any other, needs proof on the basis of the first principles. (As is easy to
understand, any hypothesis claiming that something cannot exist can be
only rejected by experiment but not proved.)

5.3 Wormbholes as solutions to gravitational
field equations

The works belonging to the second trend are more numerous and are also of
much interest: among them there are searches for specific wormhole models,
discussions of their properties and peculiarities that determine whether or
not they might be realized, what could be done with them and how to use
them.

Above all, if wormholes or, wider, space-times containing time loops are
not forbidden completely, they should be quite rare in Nature, otherwise
they would be observed long ago. Thus if a theory pretends to describe
Nature, it should contain a mechanism forbidding or at least strongly pre-
venting the formation of macroscopic wormholes.

No doubt, GR pretends to describe reality. However, there are many
solutions describing wormholes and other spaces with closed timelike loops.
But all of them are as a rule considered to be unrealistic or, in a sense, not
dangerous. Thus, a very interesting solution to the Einstein equations has
been found by Gédel [174]: it is a homogeneous stationary universe, rotating
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as a whole. It contains closed timelike trajectories, but a calculation shows
that the smallest total duration of such a loop is much larger that the age
of our Universe.

Important constraints follow from the very structure of the Einstein
equations. The idea is that if we substitute a metric, possessing some prop-
erties of interest, to the left-hand side of the equations, it becomes possible
to find explicit constraints on the possible form of the right-hand side (that
is, the SET) compatible with these properties. Let us look how it is done
using, as a simple but important example, static, spherically symmetric
space-times.

5.3.1 Spherically symmetric wormholes.
General properties

Let us, as before, begin with the general form (3.1) of a static, spherically
symmetric metric

ds® = e dt? — 2*du?® — ¥ d0?, (5.5)

and consider some general properties of static, spherically symmetric worm-
holes, assuming the SET in the general form compatible with this kind of
symmetry, viz.,

T;: :dlag(p7 —Pr, —PL, _pl)7 (56)

where p, p., p1 are the density, radial pressure and transversal pressure
respectively, which in general can be arbitrary functions of the radial coor-
dinate u.

We will make use of two different radial coordinates, namely, the
quasiglobal and curvature coordinates.

With the quasiglobal coordinate!” u (a + v = 0), the metric has the
form (3.30),

du?
A(u)
and the conditions on a wormhole throat u = wugy, expressing the absence
of a horizon and a finite regular minimum of 7, have the form A > 0,

ds* = A(u)dt* — — 7?2 (u)d?, (5.7)

171n this section we denote this coordinate by the letter u instead of p since the letter
p denotes density.
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r >0, =0, " > 0. Then two of the Einstein equations (see (3.5),

"

RO —R}:QA% = —s(p+pr), (5.8)

Gi=—[-1+A'rr + Ar'?| = sp,, (5.9)

1
2
lead to the following conditions on the throat:

p+pr <0, p.<O0. (5.10)

Notice that there is no restriction on the sign of the density. The condi-
tions (5.10) are of local nature and do not depend on any assumptions
on the space-time or matter properties far from the throat. It is clear that
both inequalities are quite unusual for macroscopic matter, though for field
matter the second condition (5.10) can be easily satisfied, e.g., for a radial
electric field we have, according to (3.14), p, = —p.

It is easy to verify that the first inequality (5.10) violates one of the
most important conditions, satisfied by the majority of known kinds of
matter. It is the Null Energy Condition (NEC). In the general case, this
condition is expressed by the inequality

T >0, Ve €6, =0. (5.11)

In the metric (5.5), for the null vector & = (e™7, e~%, 0, 0), this condi-
tion takes the form

0 -1} >0. (5.12)

For the tensor (5.6) it reads p + p, > 0, contrary to (5.10). Thus the
wormbhole existence requires NEC violation.

Matter that violates the NEC is commonly called exotic. The conclusion
that it is this kind of matter that is necessary for wormhole existence is not
restricted to cases that are static or spherically symmetric and has quite a
general nature: it holds true for throats of any spatial configuration, both
stationary and time-dependent [204, 205] (though for the latter even the
definition of a throat is rather complicated [205]).

But let us return to static spherical symmetry and now write the metric
in terms of the curvature coordinates:

ds? = a2 — 2 g2 — 12402, (5.13)

Identifying the line elements (5.7) and (5.13), it is not hard to verify that on
a throat, if any, the following conditions hold: |y| < co, e 2* = B(r) =0,



Wormholes 165

dB/dr # 0. One of the Einstein equations (3.5) has the form

1 20/ e~ 22
0 _ —2« _
-Gy = r_Q(l_ e )—I—f—%p (5.14)
and can be integrated: putting e~ 2* = 1 — 2m(r)/r, we bring it to the
form 2m/(r) = »pr? and consequently,

m(r) = 47TG/ pridr, (5.15)

where 7o is an integration constant. The function m(r) is called the mass
function; in the case of an asymptotically flat configuration with a regular
centre it really gives the Schwarzschild mass if one integrates from zero to
large radii where the metric is approximately Schwarzschild. However, the
integral (5.15) is quite general for the metric (5.13).

In the case of an asymptotically flat wormhole, integrating in (5.15)
from the throat r = ry, to large values of the radius, we obtain

o0
Tin = 2m — %/ pridr, (5.16)
Tth

since on the throat B(r) =1 — 2m(r)/r = 0. Recalling that 2m(co) = 2m
is the Schwarzschild radius corresponding to the mass m, we come to the
conclusion that the radius of a wormhole throat is larger than the Schwarz-
schild radius corresponding to the wormhole mass at its flat asymptotic
only if the density of matter supporting the wormhole is negative; the throat
radius is smaller than the Schwarzschild one if the density is positive.

It is really an important constraint: indeed, if we wish to have a worm-
hole with a throat of a few meters or kilometers rather than something of
planetary or stellar size, we must take into account that meters and kilome-
ters are just the scale of planetary and stellar Schwarzschild radii (for the
Earth it is of the order of 1 c¢m, for the Sun about 3 km). To avoid huge
gravity near the wormhole mouth and/or throat corresponding to such a
mass, we must invoke not simply exotic matter, but matter with negative
density.

5.3.1.1 Wormholes with scalar fields

We will now consider a few examples of exact wormhole solutions to the
gravitational field equations.
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Wormholes in the anti-Fisher solution

The simplest example is given by the anti-Fisher solution described by
Eq. (4.30) with € = —1: in the case k < 0 it describes a wormhole with
two spatial asymptotics at uw = 0 and u = 7/|k|. The metric has the form

2 2hu 2 7,2
d32 = e_2hu t2 - k 26 |: k 2du + dQ2:|
sin”(ku) [ sin®(ku)
= e 2ug? — M dp? + (K2 + p*)d0?), (5.17)

where the harmonic coordinate u is expressed in terms of the quasiglobal
coordinate p, specified on the whole axis R, by |k|u = arctan (p/|k]).

At m > 0, the wormhole attracts the ambient test matter on the first
asymptotic (p — oo) and repels it on the other (p — —o0), and vice
versa in the case m < 0. At m = 0 we obtain the simplest solution called
the Ellis wormhole (although H. Ellis’s paper [155] discussed anti-Fisher
wormholes of any mass).

The wormhole throat is located at p = h and has the size

ron = (B2 + k2)Y2 exp <% cot ™! %) (5.18)

It has been shown in the recent paper [175] that the anti-Fisher worm-
holes are unstable under small radial perturbations, and the characteristic
time of perturbation growth is of the order ryy,/c, i.e., the time needed for
a light beam to cover a distance of the order of the throat size.

Analogues of the metric (5.17) with a nonzero electric charge are also
known [50]; they can be obtained from (4.24), (4.25) at e = —1: these are
counterparts of Penney’s solution [324] with a phantom scalar field. The
dependence of their stability or instability on the charge value has not been
studied yet. The stability of static, spherically symmetric configurations
will be discussed in the next chapter.

Quite naturally, wormholes can also be supported by minimally cou-
pled phantom scalar fields with nonzero potentials, see, e.g., [66]; a more
unusual observation is that wormhole solutions can be obtained with the
“trapped ghosts” [88], scalar fields which exhibit phantom properties only
in a string-field restricted region of space whereas in the rest of space
all standard energy conditions are observed. Such wormholes can only
exist with nonzero scalar field potentials. An example of such a solu-
tion can be found among the solutions presented in Sec. 4.5.4: it corres-
ponds to m = 0.
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Wormholes with nonminimally coupled scalar fields

In the case of a conformal scalar field with the Lagrangian (4.1), (4.4),
there exists a family of solutions to the field equations having the form
(4.32)—(4.33), with the metric [50]

ds* = (y + yo) o _it;)z el 231)2 (dy? +y2d0?)|;  (5.19)
Yo = tanh hug, y; = coth huq, (5.20)

and the scalar field
¢ = \/5%. (5.21)

In the electrically neutral case @ = 0 we have y; = 1; spatial infinity
corresponds to y = oo, where the scalar field tends to ¢ = ¢oe = V6y0.

The metric (5.19) describes a wormhole in the case yo > 0; the coor-
dinate y then has the range y > 0. It is easy to verify that as y — 0,
as well as for y — oo, the metric becomes flat. Thus y = 0 is the second
spatial infinity, where €27 — (yo/y1)? and ¢ — (1/y0)v/6. Thus we have
a wormhole with a throat at y = |/yoy1.

The metric (4.26) (in other notations) and its generalizations to other
nonminimally coupled scalar fields (the Lagrangian (4.1), f(¢) =1 — £¢?,
h(¢) =1, where £ > 0 is an arbitrary constant) were discussed by Barcelo
and Visser [21, 22] as examples of wormbholes existing even with a scalar
field with the normal sign of kinetic energy.

However, all wormholes supported by nonminimally coupled scalar
fields and, more generally, wormholes existing due to conformal contin-
uations in scalar-tensor theories [54] have a common peculiarity: at the
transition sphere, at which the nonminimal coupling function f(¢) in the
Lagrangian (4.1) passes through zero, the effective gravitational constant
also changes its sign. As a result, the second spatial infinity of such worm-
holes is situated in a region with a negative effective gravitational constant
(this phenomenon is sometimes characterized by the words “the graviton is
there a ghost”). The plausibility of such configurations is thus questionable;
also, evidently, they cannot connect distant regions of the same universe,
and their remote mouth should be situated in a world where the physical
laws are very unusual from our point of view. Besides, it has been estab-
lished [70, 71] that electrically neutral (or weakly charged) wormholes of
this kind are unstable under spherically symmetric perturbations (see also
Chapter 6), and there are reasons to believe that such an instability has a
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common nature since it is related to the field behaviour near the transition
surface with f = 0.

(For more details on conformal continuations in static, spherically sym-
metric configurations in scalar-tensor and f(R) gravity, the necessary and
sufficient conditions for their existence and the possible full geometries of
the continued space-times see [54-56].)

More generally, in the framework of STT and f(R) theories of gravity
(for instance, in the Brans-Dicke theory), wormhole solutions evidently do
exist and can be obtained from those of GR with a phantom scalar field
with the aid of the conformal mapping (4.3) provided the conformal factor
f(@) is regular everywhere. Thus, all wormhole solutions with a massless
Brans-Dicke scalar are transforms of the anti-Fisher wormholes discussed
above, except for the special case w = 0 [51] where a special wormhole
solution exists due to a conformal continuation (see Sec. 5.3.3).

5.3.2 Wormbhole construction by solving the trace
of the Einstein equations

In this section we demonstrate the significant level of arbitrariness in worm-
hole solutions of the Einstein equations if we do not specify the form of
exotic matter from the beginning. We will show that even if, for simplicity,
we restrict ourselves to matter with zero trace of the SET, the wormhole
solutions form a set parametrized by one arbitrary function plus an inte-
gration constant [87].

We will start with the general static, spherically symmetric metric in 4
dimensions written in the curvature coordinates

ds? = a2 — 2 g2 12402, (5.22)

where dQ? = df? + sin”® # d¢? is the linear element on a unit sphere.

If the SET of matter has a zero trace, the equation R = 0 is valid,
and it can be written as a linear first-order equation with respect to
F(r):=re 2

EF.24+rv.)+ FQ2ry., + 2rwf +3v) =2, (5.23)

where the subscript r means d/dr.

Let us note that Eq. (5.23) is of particular interest because the trace
equation is the only uniquely determined equation describing the 4D grav-
itational field in an RS type brane world since the set of equations for
gravity on the brane [371] contains a contribution E,, depending on the
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5D Weyl tensor, having zero trace. (The basic concepts of the brane-world
scenario are briefly discussed in Sec. 4.6.3.) In vacuum, where matter on
the brane is absent and the 4D cosmological constant is zero (a natural
assumption for scales much smaller than the size of the Universe), these
equations reduce to

G = —Ep, (5.24)

where G, is the 4-dimensional Einstein tensor corresponding to the brane
metric g,, while E,, is the projection of the 5-dimensional Weyl tensor
onto the brane. The traceless tensor £, connects gravity on the brane
with the bulk geometry (and is sometimes called the tidal SET), so that the
set of equations (5.24) is not closed. Due to its geometric origin, E,, does
not necessarily satisfy the energy conditions applicable to ordinary matter.
Thus, examples are known [408] when negative energies on the brane are
induced by gravitational waves or black strings in the bulk. Therefore, if
the brane world concept is taken seriously, £, can be the most natural
“matter” supporting wormholes.

Thus the wormhole metrics obtained with the algorithms to be
described here may be considered as vacuum wormhole metrics in a brane
world [87].

The general solution of Eq. (5.23) is
9 e—27+3T

Fry=——— [(2 ) e 3 2

()= s @+ (5.25)

where

HHZ/‘%W (5.26)

247y,

Thus, choosing the form of (r) arbitrarily, we obtain F(r) from (5.25),
and, after fixing the integration constant, the metric is known completely
at least in the region where e¢” and e® are smooth and nonzero.

From the solution (5.25), wormhole metrics (as well as black hole met-
rics [60]) are built algorithmically by specifying the generating function
~(r) with desirable properties.

Let us note for reference purposes that in many articles on worm-
holes, beginning with [302], the function e** in the curvature coordi-
nates is written in the form [1 — b(r)/r]~!, where b(r) is called “the
shape function”. This name is, in our view, not quite appropriate since
b(r) bears information on the wormhole profile in a very indirect form;
one could more reasonably call (1) in the metric (5.27) a shape function.
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In fact (see (5.15)) b(r) = 2m(r), where m(r) is the mass function. The
function F(r) introduced here is F(r) =r —b(r) =r — 2m(r).

Let us now make clear how to choose the function ~(r) (the so-called
redshift function) and the integration constant in Eq. (5.25) in order to
obtain a wormhole solution.

The coordinate r, which proves to be convenient for solving Eq. (5.23),
is not an admissible coordinate in the whole space for wormhole solutions
since in this case r has at least one minimum, and the solution in terms of r
therefore splits into at least two branches. As an admissible coordinate one
can take, e.g., the Gaussian coordinate ! (proper length along the radial
direction) connected with r by the relation { = [ e®dr, and the metric is
rewritten as

ds? = 2 Wat? — di? — r2(1)dQ>. (5.27)

We seek static, traversable, twice asymptotically flat wormhole solu-
tions. So we require:

1. There should be two flat asymptotics: | € R; r =~ |l] — oo and v =
const + O(r=1) as | — £o0;

2. Both functions r(I) > 0 and (1) should be smooth (at least C?) in the
whole range [ € R.

This guarantees the absence of curvature singularities and horizons (the
latter correspond to v — —oo which is ruled out). This also means that
r(l) should have at least one regular minimum, ryin, > 0 (throat), at some
value of [. Moreover, returning to functions of r, we see that at a flat
asymptotic e — 1 and F(r) = r.

Suppose, without loss of generality, that a minimum of (), that is, a
wormbhole throat, is located at | = 0. Then r(0) =79 > 0, r;(0) =0 and
(generically) r;;(0) > 0, where the subscript | denotes d/dl. Near | = 0
one has r—7g ~ [, hence the metric function e?*(") behaves as (r—7y) "',
and F(r) = re 2 ~ r —rg. In other words, a simple zero of F(r) is an
indicator of a wormhole throat provided ~(r) is smooth and finite at the
same 7.

On the other hand, the derivative +;(0) may be zero (which is always the
case if the wormhole is symmetric with respect to the throat) or nonzero.
If 7,(0) = 0, we shall have ~,(rg) < oco. If, on the contrary, v;(0) # 0,
then near ro we have ~, ~ 1/[l| ~ /r — ¢, so that

v(r) = v(ro) + kv/r —ro, k> 0. (5.28)
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We cannot put k < 0 since then we would obtain the expression 2 + rv,
ranging from 2 (at spatial infinity) to —oo at r = rg, so that 247y, would
vanish at some r > ro causing a singularity in (5.25).

We are now ready to single out a class of symmetric wormhole metrics
(WH1) and a class of potentially asymmetric wormhole metrics (WH2) on
the basis of the solution (5.25).

WH1. Specify the function v(r), smooth in the range ro < r < 0o, 79 > 0,
in such a way that y(co) =0, 7,(ro) < o0, and 2+ rv,. > 0 in the whole
range. Fix the integration constant in (5.25) by performing integration
from 79 to r. Then these y(r) and F(r) determine a wormhole which has
a throat at » = r9 and is symmetric with respect to the throat.

Indeed, by construction, F(r) ~ r — ry near ro. Introducing the new
coordinate z by the relation r = ro+a2, we have e**dr? ~ (r—rg) tdr? =
4dx? , which leads to a perfectly regular metric whose coefficients are all
even functions of x € R. Both z — 400 and x — —oo are flat asymptotics.

Each ~(r) chosen as prescribed creates a family of symmetric worm-
holes with zero scalar curvature. The family is parametrized by the throat
radius rg, taking arbitrary values in the range where ~(r) is regular and
247y, >0.

Another procedure is applicable to functions ~(r) behaving according
to Eq. (5.28).

WH2a. Specify the function v(r), smooth in the range rop < r < o0,
ro > 0, such that v(co) = 0, 247+, > 0 in the whole range, and Eq. (5.28)
holds near ro. Then, for proper values of the integration constant in (5.25),
the sphere r = ry is a wormhole throat, and the solution is smoothly
continued beyond it.

Indeed, the solution (5.25) may be rewritten as follows:

672'\/+3F T 1
Firy= ——— 1+ =7, 23 dr + C|. (5.29)
1 2 2
(1+ 57’%) ro

Suppose C' > 0. Then F(r) behaves near 79 as r —ro =: 22, while
v = (1) + kx + O(2?). The metric behaves smoothly at r =79 (z = 0)
in terms of the new coordinate x and can be continued through this sphere.
One cannot, however, guarantee that this continuation will lead to another
flat spatial infinity to yield an asymmetric wormhole, since the further
behavior of v(x) and F(z) may lead to a horizon or to a singularity.
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If we choose C' <0 in (5.29), we obtain two other situations:

WH2b. If C <0, then f(rg) < 0; recalling that f ~ r at large r, we see
that F(r) = 0 at some value r = r1 > ro, where +, is finite, and we return
to the circumstances described as WH1, obtaining a symmetric wormhole
with r > 71, and the sphere r = r; is its throat.

WH2c. If C = 0, then near ry we obtain F(r) ~ (r — r9)%/?, and the
metric is regularized at r = ry by another substitution: » — rq = £*. As a
result, Eq. (5.28) yields

v = 7(ro) + k& + further even powers of ¢,

and we again obtain a symmetric wormhole, but now with a quartic
behavior of r near its minimum as a function of the admissible coordinate
£eR.

Now we will give some examples, presenting expressions for the met-
ric functions v and F', the effective “tidal” energy density p and the
sum p 4+ pPrad , which characterizes violation of the Null Energy Condi-
tion (for static, spherically symmetric systems this condition reduces to
P+ Praa > 0).

We use the time scale of a distant observer at rest and so always assume
that ¢ — 1 as r — o0.

Example 1. The simplest example is obtained for v = 0. Choosing any
ro > 0 and applying the W1 algorithm of Sec. 2, we simply obtain F(r) =
r—rg . This is a symmetric wormhole solution known as the spatial Schwarz-
schild geometry [123]:

—1
ds>=dt?> — <1 — 1) dr? — r2d0?

To

=dt* — 4(ro + 2?)da® — (ro + 2%)?d0°. (5.30)

The effective SET E}; has the form T, = diag(0, —p, pr/2,p,/2) with the
radial pressure

pr = —ro/7°. (5.31)

Example 2. Our next example uses the Schwarzschild form of ~:

2
2 =1 Tm m > 0. (5.32)
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Choosing any 79 > 2m, we obtain according to the W1 prescription:

Fr)=" ;21”?37(7;" /; ro), (5.33)

ds? = (1 - 2—m>dt2 . S LGN . Y
r (1—=2m/r)(1 —1r/7)
e 4(2% +ro)(2® + 1o — 3m/2)
2+ 1 2 419 —2m
— (2% 4+ 1)2d02. (5.34)

:x2+r0—2m d

This is evidently a symmetric wormhole geometry for any rg > 2m > 0, or
for any ro > 0 in case m < 0. The Schwarzschild metric is restored from
(5.34) in the special case 1o = 3m/2.

The SET components of interest are

m(2ro — 3m) 2(r — 2m)(2rg — 3m)

p= r2(2r — 3m)2; Pt Prad = = r2(2r — 3m)?

(5.35)

The metric (5.34) was obtained by Casadio, Fabbri and Mazzacurati
[104] in search for new brane-world black holes and by Germani and
Maartens [171] as a possible external metric of a homogeneous star on
the brane, but the existence of traversable wormhole solutions for r¢ > 2m
(in the present notations) was not mentioned. It was supposed in [104] that
the post-Newtonian parameters of the metric must be close to their Ein-
stein values for experimental reasons and therefore the authors restricted
their study to configurations close to Schwarzschild. Then ry must be close
to 3m/2. In this case, as in the Schwarzschild metric, » = 2m is an event
horizon, but according to [104], the space-time structure depends on the
sign of n = rg —3m/2. If n < 0, the structure is that of a Schwarzschild
black hole, but the curvature singularity is located at r = 3m/2 instead
of r=0.If n > 0, the solution describes a nonsingular black hole with a
minimum of r at r = ry inside the horizon, which may be called a non-
traversable wormhole [104]. This kind of configuration is mentioned in the
classification of regular black holes in Sec. 4.6.1.

We would here remark that, in our view, such hypothetic objects as
brane-world black holes or wormholes, not necessarily of astrophysical size,
need not necessarily conform to the restrictions on the post-Newtonian
parameters obtained from the Solar system and binary pulsar observations,
and it therefore makes sense to discuss the full range of parameters which
are present in the solutions.
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Example 3. Consider the extreme Reissner-Nordstrom form of ~(r):

9 om ) 2
el = 1—7 5 m > 0. (536)
The W1 procedure now leads to
Piry=T=rlr=n) - g mro (5.37)
T To —m

9 2m22 7“0_1 7”1_12 2 702
ds” = 1—7 dt® — 1—7 1—7 dr® — r2dQ

2m  \? r -t
:(1— ) dt2—4(r0+x2)<1— ! ) dx?

2 + 19 T + 22
— (1o + 2?)d?. (5.38)

where we assume 1o > 2m, so that r; < rg. It is a symmetric wormhole
metric. The SET components of interest are

B mrg n _ (ro — 2m)?
P P Pred = 9m) (ro —m)

~ri(rg —m)’

In the solution (5.37), ro may be regarded as an integration constant,
so it is of interest what happens if ro < 2m. Evidently, ro = 2m leads to
the extreme Reissner-Nordstrém black hole metric (which is well known to
possess a zero Ricci scalar, as does the general Reissner-Nordstrom metric).
In case 2m > rg > m, we have r; > 2m, and we again obtain a symmetric
wormhole, but now r ranges from r; to infinity and r = r; is the throat.
Essentially, 7o and ri exchange their roles as compared with the case
ro > 2m. This property is expected due to symmetry between rg and r
in the metric (5.38).

The value ro = m is meaningless. Lastly, 1o < m leads either to r; < 0
(for 7o > 0) or to 0 < r; < 2m (for ro < 0). The solution exists in both
cases for r > 2m only, and r = 2m turns out to be a naked singularity, as
is confirmed by calculating the Kretschmann scalar.

‘We have seen that the equation R = 0 leads to a great number of worm-
hole solutions. Symmetric wormhole solutions of class WH1 can be obtained
from any ~(r) providing asymptotic flatness; asymmetric wormhole solu-

(5.39)

tions belonging to class WH2a require somewhat more special conditions
and are more difficult to obtain from the general solution (5.25); see an
example in [87].

As is seen from Examples 1-3, wormholes are not always connected
with negative (effective) energy densities p. They can appear with p > 0,
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but only with comparatively large negative pressures maintaining violation
of the null energy condition; recall in this respect our general reasoning in
Sec. 5.3.1. Example 3 shows that, for given v(r), sometimes even more
wormbhole solutions than expected can be obtained in search for class WH1
solutions.

All the above refers to metrics satisfying the condition R =0 in 4 dimen-
sions, which admits an interpretation as the brane metric. We did not dis-
cuss the possible bulk properties of models in question; it can be noted
that the existence of the corresponding solutions to the 5D equations of
gravity (in our case, the 5D vacuum Einstein equations with a cosmological
constant) is guaranteed by the Campbell-Magaard type embedding theo-
rems [98, 286]. A recent discussion of these theorems, applied in particular
to brane-world scenarios, and more references can be found in Ref. [366].
It has also been claimed that “any 4D space-time with R = 0 gives rise
to a 3-brane world without surface stresses embedded in a 5-dimensional
space-time” [409] since the embedding contains a very significant arbitrari-
ness. Nevertheless, a complete model requires knowledge of the full 5D
space-time. In other words, one should “evolve” the 4-metric into the bulk,
using this 4-matric as initial data for the 5-dimensional equations. It is
rather a difficult task, as was demonstrated in a study of particular black
hole solutions in Refs. [104, 107]. There are, however, two favorable cir-
cumstances. One is the wealth of wormhole solutions: there is actually an
arbitrary function ~y(r) leading to wormholes on the brane, which must
in turn lead to a wide choice of suitable bulk functions. The other is the
global regularity of wormhole space-times, and one can expect that the
bulk incorporating them will also be regular. (It may be recalled that it
was the singular nature of black hole solutions that caused some technical
difficulties in Ref. [107].)

5.3.3 Alternative gravity and vacuum
as wormhole supporters

The algorithms presented in the previous subsection demonstrate the
wealth and diversity of wormhole metrics even in the narrow class of spher-
ically symmetric space-times. Still this does not remove the question of
possible real material sources of wormhole geometry satisfying, under the
same symmetry, the conditions (5.10).

As we have seen, usual classical (nonphantom) matter, including fields,
does not lead to wormholes since it respects the NEC (5.11). This result
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is true in the Einstein theory, but it extends to a large class of alterna-
tive theories of gravity where the gravitational equations are reduced to
those of GR with an additional nonphantom scalar field. These are the
scalar-tensor theories (STT) under the condition ¢ = +1 (see Sec. 4.1,
Eqgs. (4.1)-(4.3)), F(R) theories, which have recently become very pop-
ular and where, instead of the GR Lagrangian (const - R), the gravita-
tional Lagrangian is a certain function F(R), and the class of theories
that unifies the STT and F(R) theories, where the Lagrangian contains
a function of two variables F(¢, R). The transformation from the initial
equations involving the physical metric g,, (the so-called Jordan pic-
ture) to the equations of GR with minimally coupled scalar fields (the
Einstein picture) have been obtained in a general form in the papers [412]
for STT, [25, 26, 148, 228, 428] for F(R) theories and [284] for F(¢, R)
theories.

Indeed, let the metric g,, in the initial manifold My (the Jordan
picture) and the metric g,, in the manifold Mg (the Einstein picture)
be related by the conformal mapping

Guv = f(ﬂf)gm,, (5.40)

where f(z) is an everywhere regular function of the space-time coordinates,
bounded both above and below by some positive constants. According to
[204], in GR, for the existence of a static throat (defined as a minimal
2-surface in 3-space) it is necessary that the material source in the Ein-
stein equations violate the NEC. Thus, if the NEC is respected, wormholes
and even throats cannot exist. Furthermore, under the assumptions made,
the transformation (5.40) always transfers a flat asymptotic in Mg to a
flat asymptotic in M; and vice versa (though the corresponding Schwarz-
schild masses may differ due to nonconstancy of f). If we suppose that
there is a twice asymptotically flat wormhole in My, then each of its
flat asymptotics has a counterpart in Mg, and due to smoothness of the
transformation we obtain a wormhole in Mg, contrary to what was said
above. Therefore, static asymptotically flat wormholes are absent in M
as well.

This simple reasoning [68, 86] does not require any assumption on the
spatial symmetry and works under very general assumptions on the original
theory. It admits extensions to dynamic wormholes [86], since in GR they
also require NEC violation, although introducing the notion of a throat
faces some difficulties in the dynamic case [205]. The asymptotic flatness
condition can also be weakened in an evident manner.
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It should be stressed that throats in Jordan’s picture are not forbidden
since local violations of the energy conditions can occur. However, as we
have seen, there are no wormholes as global entities.

If the requirements on the function f(z) are weakened, one can obtain
wormholes in Jordan’s picture in some theories (as we have seen above for
a conformal scalar field); however, such wormholes possess some patholog-
ical features, for instance, the effective gravitational constant either tends
to infinity at the second flat asymptotic [56] or has the wrong sign (see
Sec. 5.3.2).

Thus it is rather difficult to obtain more or less realistic wormholes in
classical field theory without explicitly invoking phantom fields, at least
in GR and its simplest extensions in four dimensions. More opportunities
appear in multidimensional theories. As we saw in the previous subsection,
in the brane-world scenario the 4D gravitational field equations contain a
geometric source which has no reason to respect the usual energy condi-
tions and can thus create wormholes (but there remains the difficulty of
solving the full 5D equations). In more general theories of gravity in four
dimensions, the terms effectively added to the matter SET as compared
with GR can also lead to wormhole formation: an example can be found
in the recent paper [226] where a family of static, spherically symmetric
wormbhole solutions was obtained numerically in dilatonic Einstein-Gauss-
Bonnet theory with the Lagrangian

L =const- |[R+ %(8@2 +ae MR, (5.41)

where RéB = Ruypoe RMP7 —4R,,, R + R? is the Gauss-Bonnet invariant,
a and A\ are constants. In these solutions, the scalar field is canonical,
nonphantom, and there is no other matter violating the NEC, so only
the Gauss-Bonnet contribution is responsible for the wormhole’s existence.
Curiously, among these solutions there are no force-free ones, i.e., those
with goop = e?” = const. Nonexistence of such wormholes has been proved
[65] for a class of Lagrangians more general that (5.41), with an arbitrary
potential V(¢) added and an arbitrary function h(¢) instead of e=*¢.
Another promising opportunity is connected with quantum phenomena.
We have already mentioned the concept of space-time foam existing at
Planck scales due to large chaotic quantum fluctuations of the geometry
and topology [422]. Among other formations, wormholes are elements of
space-time foam. Under usual conditions, the existence of the foam can-
not be noticed at macroscopic and even atomic and subatomic scales, but
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at the earliest stages of the Universe evolution, during its rapid expan-
sion (inflation, see the future chapters), some of the tiny wormholes get a
chance to expand to a large size. There exists an idea (see, e.g., [238, 239]
and references therein) that such wormholes of kiloparsec size (or like) form
a whole chaotic network in the Universe, and the Friedmann homogeneous
and isotropic space-time is only obtained as a result of averaging. It has
been shown that the inhomogeneities of this foam-like cosmic structure may
be observed as manifestations of dark matter (thus solving the well-known
problem of mass deficit in galaxies and clusters of galaxies for explain-
ing their dynamic properties [231, 321]). However, the authors themselves
admit [240] that by now there are quite a number of unsolved questions in
this scenario: what is the wormhole distribution by size and mass? Why
are they not yet observed astronomically? Do they take part in the present
expansion of the Universe? And so forth. And the same question is prob-
ably the most important: which material source supports the existence of
large wormholes after they left the Planck scale?

A possible answer is: vacuum polarization due to quantum fields. By
quantum field theory, as is well known, the vacuum is the field state with
minimum energy and without real particles. This state is not an absolute
rest but rather the chaotic creation and annihilation of pairs of all possible
virtual particles which all together form some energy density, which is
in general not small and can be of any sign. Both depend on the space
configuration where the vacuum is considered and on the matter present
there. This phenomenon, called vacuum polarization, does really exist and
has been repeatedly confirmed by experiment. In particular, the famous
Casimir effect, attraction of two closely located plane metal plates in empty
space, is explained by a difference in the properties of the electromagnetic
field vacuum in the region between the plates and in the whole remaining
space.

Calculation of the physical vacuum properties is a difficult task, but
some known results look promising from the viewpoint of wormhole exis-
tence. Thus, unlike macroscopic matter, the vacuum may not necessarily
obey the energy conditions, and it has been found [203, 258] that vacuum
polarization can in principle support static wormholes of any size. However,
as shown by Hsu [91], the so-called semiclassical matter, suitable for worm-
hole construction, possesses a special kind of instability due to quantum
fluctuations: a wormhole, being left to itself, will be distorted and will be
eventually destroyed (but what will then form is not clear). This insta-
bility is certainly not universal and not inherent to all wormhole models.
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Furthermore: if we discuss on the opportunities of principle, from a physi-
cal viewpoint of an “arbitrarily advanced civilization”, we can surely admit
that, having an interest in interstellar transport, it will launch some nega-
tive feedback mechanism that is able to damp the perturbations.

5.4 Observational effects. Wormhole astrophysics

In the recent years, the question of possible wormhole existence in our
Universe became a subject of serious analysis, which is evidently caused
by the discovery of the Universe’s accelerated expansion, repeatedly men-
tioned in this book. Let us recall the main facts. Acceleration replaced
deceleration rather recently from a cosmological viewpoint, about 3-4-10°
years ago and, according to the growing observational evidence, continues
to grow. As is well known, if the evolution of an isotropic universe is dom-
inated by a cosmological constant (such that the corresponding density
and pressure are related by € +p = 0), then it develops by a de Sitter
law, with a constant acceleration. For the acceleration to grow with time,
it is necessary to suppose € + p < 0, which violates the weak and null
energy conditions. (Though, the cosmological constant is also within the
observational bounds.) At present, there must be about 70 per cent of this
exotic type of matter, called phantom dark energy, and this fraction is
increasing. Indeed, unlike ordinary matter, whose density decreases with
increasing volume, phantom matter behaves in just the opposite way: its
density grows with growing volume.

But is is this kind of exotic matter, whatever be its origin and physical
nature, that is required as a construction material for wormholes.

Thus a number of papers discuss the hypothesis that some active galac-
tic nuclei, quasars and/or other compact astrophysical objects can be
wormhole entrances, and one seeks specific features able to distinguish
wormholes from black holes or other, less familiar objects predicted by
theorists (such as boson stars [364], gravastars [292, 303], quasi-black holes
[266, 267] etc.) sometimes designated as “black hole mimickers” [390].

Many effects, such as gravitational microlensing and the existence of
accretion disks, are common to different classes of compact objects, so it is
in general hard to expect that they can reveal specific wormhole features.
However, numerous calculations of these effects have very little predictive
power, especially if they deal with particular wormhole models. A reason
is that there is too great an uncertainty in the nature of the exotic matter
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supporting the wormhole geometry: as we have seen in Sec. 5.3.2, even
under the condition that the scalar curvature is zero, wormhole metrics
are obtained with an arbitrary function; in the more general static case
there are two arbitrary functions. All this arbitrariness refers to static,
spherically symmetric geometries, to say nothing about more general and
realistic cases. More than that, if the exotic matter supporting a wormhole
occupies a finite volume in space, then the regions outside it are, as always,
described by usual, most probably vacuum solutions to the equations of
gravity (e.g., Schwarzschild’s) with their usual characteristics.

However, there are some effects able to reveal wormhole peculiarities.
An interesting point is that a wormhole entrance may be a source of a
monopole magnetic field. In such a case, there is no necessity of isolated
magnetic poles (monopoles): the magnetic lines of force, as well as electric
ones, can simply thread the wormhole, realizing Wheeler’s idea of electric or
magnetic “charge without charge” [422]). Other distinguishing effects are
(see, e.g., [227, 315]) (1) a possible observation of objects in remote parts of
the Universe (or another universe) through the throat (assuming that the
throat is wide enough and filled with a transparent substance); there is a
certain probability to see the same object beside the wormhole and through
it with different redshifts [144, 145, 315]; (2) specific modes of particle
acceleration and jet shapes due to possible radial magnetic fields; (3) test
particle orbits impossible in other settings, such as oscillations across the
throat, if there is a minimum of the gravitational potential, (4) gravita-
tional lensing in a strong-field regime [121, 130, 334, 361, 397], etc.

According to Harko et al. [195], a wormhole signature can still be
obtained from the properties of accretion disks: it has been obtained that
the intensity of a flux emerging from the disk surface is greater for worm-
holes than for rotating black holes with the same Schwarzschild mass and
accretion rate. The conversion efficiency of the accreting mass into radia-
tion was also calculated [195] showning that rotating wormholes provide a
much more efficient engine for transformation of the accreting mass into
radiation than Kerr black holes.

Curiously, according to [11], it turns out that similar wormholes in the
Brans-Dicke theory are “quasi-Schwarzschild objects”, and their accretion
energy fluxes are smaller by about an order of magnitude as compared to
their GR counterparts considered in [195].

Pozanenko and Shatskiy [332] have considered a promising effect con-
nected with observation through a wormhole throat. They remark that if
radiation from another universe comes in this way, then a distant observer



Wormholes 181

in our Universe will perceive a wormhole throat like a point source. Further-
more, the brightest known sources are gamma-ray bursts (GRBs). Their
brightness in the gamma range may exceed that of the entire sky. If GRB
phenomena are present in the other universe (or anywhere beyond the
wormhole), an observer in our Universe will detect repeated aperiodic
gamma-ray flashes coming from a single point spatially coinciding with
the wormbhole.

Objects like that do exist: these are sources of soft repeated gamma-ray
bursts called soft gamma repeaters. Although most of them can be reliably
associated with magnetars in our Galaxy, it still makes sense to check
whether or not some of those repeaters can be observational signatures
from GRBs of another universe. A calculation of power spectra from GRBs
transmitted by a wormhole has led to a conclusion [332] that known soft
gamma repeaters are very unlikely to be wormhole candidates.

Thus, for the moment, there are no clear observational traces of natural
wormbholes in the Universe, but the rapidly growing wealth of observational
data leaves a hope that such evidence will sooner or later appear. If, cer-
tainly, they really do exist.
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Chapter 6

Stability of spherically
symmetric configurations

6.1 Preliminaries

In the previous chapters we have described a number of self-gravitating
static and stationary configurations described by solutions to the field equa-
tions. To see whether or not such solutions can lead to viable models of
some real objects in Nature, one needs to check their stability against var-
ious perturbations. This guarantees that the system under consideration
will not be immediately destroyed after its formation. The perturbations
can be large or small, and can appear as fluctuations in the system itself
or be caused by external influence. In all such cases we are dealing with
various stability problems.

Perturbations and stability of vacuum and electrovacuum solutions to
the Einstein equations (Schwarzschild, Reissner-Nordstrom, Kerr, Kerr-
Newman) have been studied by many authors; a comprehensive review
and bibliography can be found in the books [109, 168]. The most important
conclusion of these studies is that all these solutions are stable under any
small perturbation and have certain spectra of quasinormal modes, i.e.,
oscillations characterizing their late-time response to any disturbances.

Many papers are devoted to various more general and multidimensional
BHs (most often string theory-motivated ones) and their stability, see, e.g.,
[81, 177] and the recent reviews [213, 256].

Less attention has been paid to solutions with scalar fields although
they have some peculiarities of interest. Their main feature is that, unlike
gravitational (spin-2) and electromagnetic (spin-1) perturbations, scalar

183



184 Black Holes, Cosmology and Extra Dimensions

(spin-0) time-dependent perturbations can preserve spherical symmetry.
This circumstance is directly related to the Birkhoff theorem which holds
for gravitational and electromagnetic fields and in a very rough formulation
sounds like that: “spherically symmetric vacuum or electrovacuum space-
times are necessarily static” (see more details in Chapter 3), but a scalar
field inserts dynamics, so that both the scalar itself and the metric tensor
become essentially time-dependent.

Accordingly, in pure vacuum and electrovacuum space-times the multi-
pole expansion of small (linear) perturbations begins with dipole (if there
is an electromagnetic field) and quadrupole terms, whereas a scalar field
inserts a monopole term. Moreover, it turns out that monopole (spheri-
cally symmetric) perturbations are the most “dangerous” in the sense of
instability. The point is that in many important cases linear perturbation
equations can be reduced to single Schrédinger-like equations with certain
effective potentials with respect to some “wave function”, while the role
of an energy level is played by a frequency squared. Therefore negative
energy levels correspond to imaginary frequencies and hence a possible
exponential growth of the perturbations, i.e., instability. The experience
shows that higher multipoles lead to positive contributions into the effec-
tive potentials, like centrifugal barriers in quantum mechanics. Therefore
if a system to be studied is unstable, this instability will most probably
manifest itself under monopole perturbations.

In this chapter we will discuss in some detail the stability of static,
spherically symmetric solutions to the Einstein equations with scalar fields
as sources. Following [67], we will describe a general methodology of study-
ing small spherically symmetric perturbations of scalar-vacuum configura-
tions with any potential V(¢) (see (6.1)) and pay special attention to
space-times with throats. The difficulty with the latter lies in the fact
that the effective potentials Veg(z) for perturbations (not to be confused
with the self-interaction potential V' (¢)) possess a singularity at the throat,
which prevents a complete perturbation analysis. It is for this reason that in
some previous stability studies of anti-Fisher solutions [14, 58] no unstable
modes were found whereas a numerical perturbation analysis of Shinkai
and Hayward [370] revealed an instability in the simplest representative of
this family of solutions, the Ellis massless wormhole [50, 155].

Gonzalez et al. [175], analyzing the stability of anti-Fisher wormholes,
made a proper substitution in the perturbation equation (a special case
of the so-called S-deformation [212, 213]) and regularized the effective
potential Vig. As a result, they were able to consider a previously missed
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perturbation mode with nonzero perturbation of the throat radius and
showed that it can exponentially grow, which means that the anti-Fisher
wormholes are unstable. We will verify that a similar methodology can be
applied to more general self-gravitating scalar field configurations includ-
ing those with arbitrary self-interaction potentials V' (¢). To this end, we
will prove that, generically, (i) the effective potential Vog for such configu-
rations has precisely the form required for regularization by S-deformation
and (ii) any solution of the transformed wave equation with a regular-
ized potential leads to a regular perturbation of the background static
configuration.

As a particular example, we study the stability of all anti-Fisher solu-
tions (see Section 4.1) under spherically symmetric perturbations. We prove
the instability of Branch A and B solutions and confirm the conclusions of
[175] for Branch C solutions (wormholes). A study of particular solutions
with nonzero potentials V' (¢) is postponed for the future.

6.2 Perturbation equations

Consider a self-gravitating, minimally coupled scalar field with an arbitrary
self-interaction potential in general relativity. The Lagrangian is (up to a
constant factor, see, e.g., Section 2.5)

L- ¢——g(R g5 2V<¢>), (6.1)

where ¢ = 1 for a normal scalar field with positive kinetic energy and
€ = —1 for a phantom scalar field. Other notations are usual; the gravi-
tational constant is absorbed in the definitions of ¢ and V(¢). The field
equations are

0o+ Vy =0, (6.2)
Ry = =0 + 6,V (), (6.3)

where V, = dV/d¢.
The general spherically symmetric metric may be written in the form

ds? = g, datda” = eVdt* — **du® — e*Pd0?, (6.4)

where «, @, v are functions of the radial coordinate u and the time
coordinate ¢t and dQ? = db? + sin? 0 dp?. We will also employ the usual
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notation r = ¢” for the areal radius, such that 4772 is the area of coordi-
nate spheres u = const, t = const. There remains a coordinate freedom in
the (u,t) subspace, which in general corresponds to choosing a reference
frame preserving the spherical symmetry. In the static case, there is a ref-
erence frame such that there is no t-dependence, and then the coordinate
freedom concerns the choice of the u coordinate.

We will assume that a certain static, spherically symmetric solution to
Eqgs. (6.2) and (6.3) is known and study its stability under small spherically
symmetric perturbations. We thus consider, instead of ¢(u), a perturbed
unknown function

¢(u7 t) = ¢(u) + (5¢(’LL, t)

and similarly for the metric functions «, 3, v, where ¢(u), etc., are taken
from the static solutions.

Preserving only linear terms with respect to time derivatives, we can
write all the nonzero component of the Ricci tensor and the time-time
component of the Einstein tensor as

R) = e (@ +28) — e [ ++/(y — o +28)], (6.5)
R} = e ®a— e[y +20" +97+267 —o/(+/ +26')], (6.6)
Ri=e P+ e 23— e "+ 5y — o +20)), (6.7)
(6.8)
(6.9)

Ry =28’ + BB’ — aB' — 3],
G8 _ e—za[2ﬂ// + 6/(36/ _ 20/)] _ 6_2’87

where dots and primes denote 9/0t and 0/0u, respectively.

6.2.1 General form of the field equations

The zero-order (i.e., static) scalar, (J), (1), (3) components of Egs. (6.3)
and the Einstein equation G = ... are

¢+ ¢ (Y +28 —ad) = ee®V,, (6.10)
Y'Y 20 o) = Ve, (6.11)

V428" 4424282 — o/ (f +20) = —ed? — Ve (6.12)
— 2B LB L By 20 ) = -V, (6.13)

) (6.14)

_ e2a—2ﬁ + 25// + ﬂ/(gﬁ/ — 924/ 14

—1e¢? —Ve*. (6
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The first-order perturbed equations (scalar, Ro; = ..., R = ..., and
GY =...) read
620(727(5& _ (;(b// _ (s(bl(,y/ + 26/ _ O/)
— ¢'(67' + 256" — 5a’) +€6(e**Vy) =0,  (6.15)

83+ 363 — B'od — /503 = —Led' 5, (6.16)
5(620‘_26) + eQa—%/(;B _ 5ﬁ/, _ (Sﬂ/(’}/ + 26/ _ O/)
— B0 + 266" —6d) = 8(e**V), (6.17)

—5(e272P) 4 6p" + 6363 — 2600’ — 2a/53'
= —e¢/d¢p — 6(V e**). (6.18)

Eq. (6.16) may be integrated in ¢; since we are interested in time-dependent
perturbations, we omit the appearing arbitrary function of u describing
static perturbations and obtain

6B +0B(8 —4') — B'da = —Led'5¢. (6.19)

Let us note that we have two independent forms of arbitrariness: one is
the freedom of choosing a radial coordinate u, the other is a perturbation
gauge, or, in other words, a reference frame in the perturbed space-time,
which can be expressed by imposing a certain relation for da, 03, etc. In
what follows we will employ both kinds of freedom. All the above equations
have been written in the most universal form, without coordinate or gauge
fixing.

6.2.2 Gauge 638 =0

This is technically the simplest gauge, in particular, it is convenient for
considering usual black hole perturbations, but causes certain difficulties
when applied to wormholes and other configurations with throats. The
reason is that the assumption §3 = 0 leaves the throat radius invariable,
while perturbations must in general admit its time dependence [58]. This
problem will be discussed below.

With 68 =0, Eq. (6.19) expresses da in terms of d¢:

280 = e’ 5. (6.20)
Eq. (6.17) expresses 67" — da’ in terms of da and §¢:
B8y —da’) = 2% 2P5a — §(*V). (6.21)
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Substituting all this into (6.15), we obtain the wave equation
225 — 6¢" — 8¢/ (v + 28" — ') + Udp = 0,

9 9 ¢/2 2¢/
U=e Q{G(V— e 6)W+7V¢+€V¢¢} (622)
Before proceeding with a study of the wave equation, let us make sure
that all the remaining Einstein equations hold as a consequence of (6.20),
(6.15) and (6.17) and do not lead to any new restrictions. Consider the

component (6.18) (the constraint equation). It now takes the form
20a > 120350/ = ed/ ¢ + 6(V 2. (6.23)

This equation holds automatically owing to the zero-order equations and
(6.20). Indeed, a substitution of da from (6.20) brings (6.23) to the form
(;_Q/S ﬂ/qs// _ d)/ﬁ// + e2a725¢/ _ e2av¢/ _ ee2"‘V¢ﬁ’ _ O, (6.24)
Now, substituting ¢” and " from (6.10) and (6.13), respectively, we see
that all terms cancel, i.e., the equation does hold. Furthermore, the Einstein
equation G1 = ... holds as a consequence of (6.17) and (6.18); lastly, the
equation G3 = ... holds due to the Bianchi identity V,GY = 0 and the
corresponding property of the stress-energy tensor of the scalar field.
So we can return to Eq. (6.22). Passing on to the “tortoise” coordinate
z introduced according to

du/dz = 7™, (6.25)
and changing the unknown function d¢ — v according to
b=z, t)e P, o  lx,t) =rip, (6.26)

we reduce the wave equation to its canonical form, also called the master
equation for radial perturbations:

"Z} - 1pa:a: + ‘/;sz(x)w = 07 (627)
(the index x denotes d/dx), with the effective potential
Ver (z) = 72U + 87+ B2 + §'(7/ — o). (6.28)

This effective potential was previously obtained in other notations for
e = —1 in [126]. A further substitution

Y(x,t) = y(x)e™!, w = const, (6.29)

which is possible because the background is static, leads to the Schrodin-
ger-like equation

Yoz + [ = Ve (2)]y = 0. (6.30)
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If there is a nontrivial solution to (6.30) with Im(w) < 0 satisfying some
physically reasonable conditions at the ends of the range of u (in particular,
the absence of ingoing waves that guarantees the absence of energy pump-
ing into the system from outside), then the static system is unstable since
d¢ can grow exponentially with ¢. Otherwise our static system is stable
in the linear approximation. Thus, as usual in such studies, the stability
problem is reduced to a boundary-value problem for Eq. (6.30) — see, e.g.,
[58, 70-72, 109, 175, 254, 255].

Note that all the above relations are written without fixing the back-
ground radial coordinate u.

6.2.3 Gauge-invariant perturbations

To be sure that we are dealing with real perturbations of the static back-
ground rather than purely coordinate effects, it is necessary to construct
gauge-invariant quantities.

Small coordinate transformations z% — z% 4+ £% in the (¢,u) subspace
can be written as

t =1+ At(t,u), u=1u+ Au(t,u), (6.31)

where At and Aw are supposed to be small. Any scalar quantity with
respect to such transformations, such as, e.g., ¢(¢,u) acquires an increment:

Ad = oAt + ¢ Au~ ¢ Au, (6.32)

in the linear approximation since both ¢ and At are small. The quantity
r, also being a scalar in the (¢,u) subspace (a 2-scalar, for short), behaves
in the same way. If there are perturbations d¢ and dr, the transformation
(6.31) changes them as follows:

3¢ = 0 = 6 + ¢' Au,
Or = 6r = or + ' Au. (6.33)

It then follows that the combination
1 =1'0¢ — ¢ or, (6.34)

is invariant under the transformation (6.31), or gauge-invariant. Recall that
the prime here denotes d/du in the background static configuration.

Omne can notice that combinations constructed like (6.34) from any
2-scalars (for example, e® and 8 = Inr, or two different linear combi-
nations of ¢ and r) are also gauge-invariant. Moreover, ¥; multiplied by
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any 2-scalar or any combination of background quantities which are known
and fixed functions of u is gauge invariant.

The physical properties of perturbations must not depend on which
gauge-invariant quantity ¢ is chosen to describe them. Meanwhile, with dif-
ferent 1, the effective potentials will, in general, also be different. However,
given a specific background configuration, in order that the theory be con-
sistent, these different potentials should lead to the same perturbation
spectrum.

Due to gauge invariance of 11, equations that govern it may be written
in any admissible gauge. In particular, we can choose the gauge 3 = 0,
and Eq. (6.27) for 1) may then be considered as a result of substituting
¥ = (r/r" )11 = ré¢ in a manifestly correct equation for ¢ = r'd¢.

On the similar problem regarding cosmological perturbations and the
definition of the corresponding gauge invariants, see, e.g., the review [47].

6.2.4 Regularized potential near a throat

The gauge 68 = 0 (the same as r = 0) is suitable for describing the per-
turbations at any points except those with r’ = 0: these are throats and
other critical points of r(u). Indeed [58], putting dr = 0, we forbid pertur-
bations of the throat radius, while there is no physical reason for that. Tech-
nically, this restriction manifests itself in a generically infinite value of the
potential U(u) in Eq. (6.22) and consequently in Veg involved in the wave
equation (6.27). Throats are only possible in the case ¢ = —1 and, provided
U/r? <1 at such a throat (u = ug, ), the potential there is a wall of infinite
height, with the generic behavior Veg ~ 1/(u— uth)2 near the throat since
we have there generically r’(u) ~ u — ug, . As a result, perturbations that
are independent at different sides of the throat necessarily turn to zero
at the throat itself, and we thus partly lose information on their possible
properties. Such an incomplete treatment has led to a conclusion that anti-
Fisher wormbholes [50, 155] (that is, wormhole solutions to Egs. (6.2), (6.3)
with V' =0 and € = —1) were stable under spherically symmetric pertur-
bations. A similar conclusion was made in [58] concerning such wormholes
and cold black holes by using another (harmonic) gauge, da = 265 + v,
which does not lead to a pole in the effective potential, but as follows from
our further consideration in this chapter, this analysis was also incomplete.

It could seem that the above difficulty only concerns the gauge §3 = 0.
However, due to the gauge-invariant nature of Eq.(6.27) (to be verified
below), it is clear that the problem is inherent to the background geometry
itself, and the pole in the effective potential always emerges at a throat,
if any.
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A way of avoiding the restriction §83(utn) = 0 is connected with the
so-called S-deformations of the potential Veg. This method was used
in [212, 213] for transforming a partly negative potential to a positive-
definite one in master equations for perturbations of higher-dimensional
black holes. Using this method, Gonzalez et al. [175] transformed a sin-
gular potential to a nonsingular one for perturbations of the anti-Fisher
wormbholes and discovered the existence of an exponentially growing mode,
showing that such wormholes are unstable. Let us try to formulate a similar
scheme suitable for the more general field system (6.1).

Consider a wave equation of the type (6.27)

with an arbitrary potential W (x) (whose specific example is the above
potential Vg ). If there is a function S(x) such that W(x) is presented in
the form

W (z) = S*(z) + S, (6.36)

then Eq. (6.35) is rewritten as follows:
Y+ (02 + 8)(=0z + S)yp = 0. (6.37)

Now, if we introduce the new function
X = (—=0; + 5, (6.38)

then, applying the operator —d,, + .5 to the left-hand side of Eq. (6.37), we
obtain the following wave equation for x:

X — Xzx + Wreg(x)X = O, (639)
with the new effective potential
Wieg(w) = =S, + 5% = —W (x) + 252 (6.40)

If a static solution s(z) of Eq.(6.35) is known, so that sz, =
W (x)1s, then we can choose

S({,E) = ws,w/wsa (641)

to carry out the above transformation.

Generically, the function U in (6.22) and hence the potential (6.28)
behave near a throat as ' ~2 ~ (u — ugn)~2 ~ 272, where, without loss of
generality, we put « = 0 at the throat. Assuming that the potential W (x)
behaves in such a way, let us look if a transition to Wy, can really remove
this singularity. Above all, we see that according to (6.40), such removal
is only possible if W — +o00 as ¢ — 0 since we are dealing with real
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quantities. Thus a potential wall in W (z) can be removed but a potential
well cannot.

A positive pole W ~ 72

can be removed in W,eg if
S~-1/z = t;x1/x. (6.42)

It is a necessary condition for regularizing the potential. Besides, to avoid a
singularity of Weg, ¥, must be nonzero in the whole range of u. Moreover,
according to (6.40), it is clear that near the throat = 0 in this case

W(z) ~ 2/x2. (6.43)
Thus, to be regularized by the procedure described, the pole in W(x)
must behave as (6.43). Let us show that this is generically the case for the
potential W = Vog(z) given by Eq. (6.28).
Suppose such a generic situation, so that

(i) the function B(z) in the background metric is expanded near its min-
imum (the throat) in powers of z as follows:

B(x) = Bo + %52.%‘2 + %53$3 +.... (6.44)

where (32,3 are constants;
(ii) the background quantity ¢'(x) # 0 at z = 0.

Here and till the end of the section, we use the coordinate freedom to
choose the “tortoise” radial coordinate u = x specified by the condition
«a = . All functions are considered as power series in = at small x.

Let us estimate Veg (6.28). The term that determines the pole at
z=01is

B ¢/2
Woote(w) = €7(V — ) 2, (6.45)
where we have put e = —1 since throats are possible only in this case. By
(6.44),
Bo = Pox + $032° + ... (6.46)

Now we use the equations governing the static configuration: from (6.13)
it follows that e*(e™2% —V) = B,, at = 0, and then from (6.14) we
find that ¢2 = 26,, at = 0. Thus from assumption (ii) it follows that
B2 # 0. Substituting all this to (6.45), we find that it behaves precisely as
required in (6.43).

Thus we have shown that, for a (generic) throat in a solution to
Eqgs. (6.10)—(6.14), the effective potential Vg for spherically symmetric
perturbations satisfies the necessary condition for regularization by the
above method.
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Whether or not this regularization really works and leads to a regular
boundary-value problem for the perturbations should be investigated for
specific background configurations. (In particular, one should also take
into account the other singular term in the potential Vg, proportional to
Vg /Bs: the terms o 1/z evidently depend on the finite part of S(x).)

A positive example of such a study, concerning anti-Fisher wormholes,
is known from [175]; we will show that the other two branches of the anti-
Fisher solution are also such examples.

6.2.5 Regular perturbations near a throat

Suppose we have found a solution x(z,t) to Eq. (6.39), satisfying the appro-
priate boundary conditions. The function x is regular at = = 0 since the
potential Wi is regular there. If x is a growing function of ¢, it prob-
ably indicates an instability of the initial static configuration; but this is
indeed the case only if x(z,t) creates regular perturbations of the metric
functions «, 3, v and the scalar field ¢.

Let us look at how it happens. Given x(z,t), a solution to (6.35), or
(6.27), is found as ¢ = (9, + S)x. Generically, x is finite at x = 0 while
S =~ 1/z at small z, hence 9 ~ 1/z, and according to (6.26) we obtain
d¢ — oo at the throat. This result is in fact quite natural since the relation
(6.26) corresponds to the gauge dr = 0, in which the throat radius is fixed,
whereas we are seeking perturbations with nonzero §r on the throat. So it
is necessary to pass on to another gauge, which is easily done due to gauge
invariance of the quantity v given by

s

¥ =rdg -
Namely, a finite expression for dr is obtained in the gauge d¢ = 0 provided
©.(0) # 0 since then

or. (6.47)

Tz

while the product 7,1 is finite. It remains to find da and §v from the
perturbation equations in the gauge d¢ = 0. From Egs. (6.16) and (6.15)
we find

6Yz = day — 2083, — %w e**da, (6.50)

but here we are again facing a problem: according to (6.49), in general d«
diverges at the throat where 3, = 0. This divergence is only avoided if the
right-hand side of (6.49) behaves like 8, ~ u — u, ~ .



194 Black Holes, Cosmology and Extra Dimensions

Surprisingly, this is the case in a generic situation, as can be verified
in a general form using near-throat expansions. Indeed, let us preserve the
above assumptions (i) and (ii) and assume, in addition, that

(iii) the function x(z,t) that solves Eq.(6.39) is finite and nonzero at
z=0,
(iv) the function S(z) behaves at small x according to (6.42).

Our task is to estimate the right-hand side of Eq. (6.49) in the order
O(2°): if it is zero, it means that 3,6 ~ x ~ 3, and thus da(0) is finite;
the remaining metric perturbation d~ is then found from (6.50) and is also
finite.

Taking §3 = or/r from (6.48) and substituting ¢ as ¢ = x, +Sx~ —
Xo/, where xo = x(0), we find

63 = XO(;_B (52 + %ﬂgl‘—F...).

Then we substitute this expression to (6.49) to obtain

-8
XOG; [ — (ZsmcﬂZ + %(Zsz(ﬂg — 27zﬂ2):|,

where all quantities are taken at z = 0. Now, ¢,, can be expressed from
the background equation (6.10), B, from (6.13); we can use the fact that
B2 = B2z(0) etc., and we can also ignore all terms proportional to S, .
After these substitutions we finally obtain

Brba o ¥V, [Eﬁm + %dﬂ
But the expression in the square brackets vanishes due to the difference of
Egs. (6.11) and (6.12), which proves that 8,da = O(x) and thus da(0) is
finite.
We conclude that under the generic assumptions (i)—(iv), regularization
of the potential V. always leads to finite perturbations of the background
static solution.

Broa =

r=

6.3 Instabilities of the Fisher and anti-Fisher
solutions
6.3.1 The static solutions

Let us recall the well-known static, spherically symmetric solutions to the
field equations (6.2) and (6.3) for zero potential, V' = 0. For ¢ = +1 this
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corresponds to Fisher’s solution [164] and for € = —1 to that of Bergmann
and Leipnik [35] (but these authors used the curvature coordinates [i.e.,
the condition uw = r in terms of the metric (6.4)], which are not well
suited for the problem, and maybe therefore they did not give a clear inter-
pretation of the solution). These solutions are described in detail in Sec.
4.1.4 and 5.3.2, but here we will briefly recall them using slightly different
notations.

The solution can be written jointly for ¢ = +1 using the harmonic
coordinate v = v in the metric (6.4), corresponding to the coordinate
condition a(v) = y(v) 4+ 26(v) [50]. The solution reads

e2mv |: dv2

d 2 _ 72mvdt2 _
y ¢ s2(k,v) | s2(k,v)

+ dm], ¢=Cv, (6.51)

where the integration constants m (the Schwarzschild mass), C' (the scalar
charge) and k are related by the equality

2k?sign k = 2m? + eC?. (6.52)

The function s(k,v) is defined according to (4.18). The coordinate v is
defined in the whole range v > 0 for k > 0 and in the range 0 < v < 7/|k|
for k£ < 0. The value v =0 in all cases corresponds to flat spatial infinity:
at small v, the spherical radius is 7(v) ~ 1/v, and the metric becomes
approximately Schwarzschild with mass m.

In the case k > 0, we pass over to the quasiglobal coordinate u (such
that @ 4+~ =0 in (6.4)) by the transformation

e 2 =1 - 2k/u=: P(u), (6.53)
and the solution takes the form
ds* = Pdt* — P~%du® — P*""u?dQ?, ¢ = —% InP(u), (6.54)
with the constants related by
a=m/k, a®=1-eC?/(2k%). (6.55)

The Fisher solution [164] corresponds to € = +1, it consists of a
single branch k¥ > 0 and, in (6.54), |a|] < 1. It is defined in the range
u > 2k, and uw = 2k is a naked central (r = 0) singularity which is
attractive for m > 0 and repulsive for m < 0. The Schwarzschild solution
is restored at ¢ = 0, a = 1 for m > 0 and at C = 0, a = —1 for
m < 0.
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The solution for € = —1 (the anti-Fisher solution) splits into three
branches with the following basic properties.

Branch A, k > 0: we have again the solution (6.54), but now |a| > 1. For
m < 0, that is, a < —1, we have, as in the Fisher solution, a naked central
singularity at w = 2k. The situation is, however, drastically different for
m > 0, a > 1: there is a throat (a regular minimum of r) at u = uy, =
(a4 1)k, and r — oo as u — 2k. Moreover, for a = 2, 3, ... the metric
exhibits a horizon of order a at u = 2k and admits a continuation to
smaller w [57]. These horizons have an infinite area and zero Hawking
temperature (the so-called cold black holes [58]). The throat radius does
not coincide with the (geometrized) Schwarzschild mass m = ak but is of
the same order of magnitude.

The metric (6.54) has a curvature singularity at v = 2k if a < 2
(except for the Schwarzschild case a = 1), a finite curvature if @ = 2 and
zero curvature if a > 2. At noninteger a > 2, we are dealing with weaker
singularities termed “singular horizons” (see Sec.4.1 and [58]).

Branch B, k = 0: the solution is defined in the range v € Ry and is
rewritten in terms of the quasiglobal coordinate u = 1/v as follows:

ds? = e 2m/vqt? — &2/ du? + u?dQ?], ¢ = C/u. (6.56)

As before, u = oo is a flat infinity, while at the other extreme, u — 0, the
behavior is different for positive and negative mass. For m < 0, u =0 is
a singular centre (7 = 0), while for m > 0, r — oo, and all K; — 0 as
u — 0. This is again a singular horizon: the nonanalyticity of the metric in
terms of u makes its continuation impossible. The throat occurs at u = m
and has the size e - m, e being the base of natural logarithms.

Branch C, k < 0: the solution describes a wormhole with two flat asymp-
totics at v =0 and v = 7/|k|. The metric has the form [50, 155]

2 2mv 2 7,2
ds? — o=2mv g2 k' 26 [ .k2du +d92]
sin®(kv) [sin”(kv)
— o2 2?4 (k2 + u?)d0?), (6.57)

where v is expressed in terms of the quasiglobal coordinate u, defined on
the whole real axis, by kv = cot™!(u/k), where we denote —k = k > 0.
If m > 0, the wormhole is attractive for ambient test matter at the first
asymptotic (u — oco) and repulsive at the second one (© — —o0), and vice
versa in case m < 0. The wormhole throat occurs at u =m.
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6.3.2 Perturbations: The Fisher solution

For a massless scalar field [V = 0 in (6.1)], the effective potential in (6.27)
takes the following form in terms of the quasiglobal coordinate u:

Ag? Ar" Al Ap? A A%
T2 =T s T 3T T3

Veﬂ:_er +r+r_ 72 2 27

(6.58)

T T

where A(u) := ¢*7(") = ¢722(") "and the second equality in (6.58) follows
from Eq. (6.13).

Calculating Veg for the solution (6.54), we find a common expression
for both e = +1 and e = —1:

Vet (u) =

2au® — 3(14+a)%ku® + 2(3 + 4a + 3a® + 2a®)k?*u — (14a)*k>

kP w?(u—k(1+a))?(u—2k)?

(6.59)

Since in the Fisher solution a < 1, the binomial u — k(1 + a) is positive
at all w > 2k, and the only singularity in Veg is u — 2k, coinciding with
the singularity of the background solution. Near the singularity, at which
according to (6.25) we can put =0, Veg(u) ~ —1/(42?), a negative pole
in agreement with [72] and many subsequent papers.

The boundary condition at spatial infinity (v — oo, © — o0) is
natural: ¢ — 0, or v» — 0. For uw — 2k, where the background field
¢ tends to infinity, the boundary condition is not so evident. In [72] and
other papers, dealing with minimally coupled or dilatonic scalar fields, the
minimal requirement was used providing the validity of the perturbation
scheme:

|09/ ¢| < oo. (6.60)

(The requirement of absence of ingoing waves then does not lead to further
restrictions.) Under this boundary condition it is easy to conclude that
there are solutions to the Schrédinger-like equation (6.30) with any w? < 0,
which means that the static field configuration is unstable, in agreement
with the previous work [72] (see also [57] for details).

6.3.3 Perturbations: The anti-Fisher solution
Branch A

The effective potential has the same form (6.59), but now, since a > 1
(we restrict ourselves to this case providing m > 0), the potential has a
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positive pole at u = ug, = k(a + 1) > 2k, the throat in the background
configuration.

To remove this singularity, we were able to find the following simple
static solution to Eq. (6.27):

au — Ugh

Py (u) o< r(u) (6.61)

U— Ugh

Applying the technique described in Sec. 6.2.4 with these ©4(u), we calcu-
late the new effective potential Wyeg = Wa(u):

B 2%\ > N (u)
Walu) = (1 a E) u?(u — 2k)2(au — uy )2’

N(u) = 3(1 + a)*k* — 2a(6 + 19a + 16a* + 3a*)k3u
+3a2(9 + 10a + a®)k*u? — 2a%(4 + 5a)ku® 4 2a%u.  (6.62)

The potential (6.62) has no singularities at r > 2k and is partly negative,
which should in general lead to an instability. To prove it, one can use the
method of time-domain integration [186] allowing for the time evolution of
the perturbations under prescribed initial and boundary conditions. The
latter, as usual, must provide the absence of ingoing waves from the bound-
ary, and in our case it is sufficient to simply require ¢» — 0 and x — 0 as
x — Foo for all three branches of the anti-Fisher solution. The reason is
that the effective potential Veg as well as the regularized potentials vanish
at large |z|, and therefore those modes of interest with w? < 0 should
exponentially decay at large |z|.

Examples of plots for the potential (6.62) and the results of time-domain
integration are shown in Fig. 6.1. By fitting of the profile we find that the
perturbations grow approximately as 1 oc e9-25t/™

In the limit ¢ — 1 the regularized potential still has a negative gap;
however, at @ = 1 no growing mode is observed, and a stationary solution
dominates at late times (Fig. 6.2), while at any nonzero a — 1 the per-
turbation does grow. This shows how the instability is “dying out” when
approaching the Schwarzschild solution. One can recall that in the genuine
Schwarzschild case there is no scalar field, and the modes we are considering
here simply do not exist.
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tk
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Figure 6.1 The regularized effective potential W4 (left panel) and the time-domain
profiles (right panel) for the Branch A solutions with a = 3/2 (blue), a = 2 (green),
a = 3 (red). Smaller values of a correspond to deeper potential wells and a more rapid
growth of perturbations.
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Figure 6.2 The potential W4 (left panel) and the time-domain profile (right panel)
for the Branch A solution with a = 1.

Branch B
For the solution (6.56), the effective potential (6.58)

Vet (u) =
4m\ 2u® — 3mu® + 4m2u — m?
- 6.63
is singular at wuy, = m. We again find a static solution to (6.27)
u? em/u
s —_—, 6.64
o) o = (6:60)

and perform the transformation described in Sec. 2.5.
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Figure 6.3 The potential Wg (left panel) and the time-domain profile (right panel)

for the Branch B solution.

The regularized effective potential has the form of an inverse potential
barrier:

4m\ 3m? — 10mu + 2u?
Wpg(u) = exp (—7) : . (6.65)

The perturbations grow approximately as 1 oc e?-23t/™ (

Fig. 6.3).

see example in

Branch C
For the wormbhole solution (6.57), the potential (6.58) has the form

Vet (u) =
o—dmo 2k* + k2(3m2 —2mu+-3u?) — m(m3—4m>u+3mu®—2u?)
(m — u)?(k? 4+ u?)? '

(6.66)

It again exhibits a positive pole on the throat. To regularize it, we can take
any of the two static solutions

r(w)

Ys—1(u) x m[sz +m? — mo(k? + mu)], (6.67)
s_o(u) o %(k2 + mu). (6.68)

The first of them coincides with the solution found by Gonzélez et al. in
[175]. As a result, we reproduce their regular potential

Nl(u)
(k2 +u2)2(k2(mv — 1) + m2(uv — 1))2’

Wer(u) = e (6.69)
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Figure 6.4 The potential W1 (left panel) and the time-domain profile (right panel)
for Branch C (k=m =1).

where
Ni(u) = =3k%(mv — 1)% + m* (3m? — 10mu + 2u?) (uv — 1)?
+ k2m? (uv — 1) (8u + 2m?v + m(5 — 15uv))
+ krm(mo — 1)(2u + m2v + m(9 — 12uv)).

A further investigation revealing an unstable mode of perturbation is
described in detail in [175] (Fig. 6.4).

The second static solution (6.68) can be used to demonstrate that,
despite the different regularized potentials, the physical result, namely,
the perturbation growth rate remains the same. Indeed, the regularized
potential produced by the solution (6.68) reads

Na(u)
(k2 + mu)2 (k2 + u2)2’
No(u) = —=3k° + k*m(m — 12u) + k*m?(2m — 15u)u
+ m2u?(3m? — 10mu + 2u?), (6.70)

WC2 (U) — €—4mv

and leads to perturbations growing as shown in Fig. 6.5, at the same rate
as in Fig.6.4.

We have demonstrated the instability of all anti-Fisher solutions to the
Einstein-scalar equations under spherically symmetric perturbations, thus
confirming and extending the conclusions of [175] made for Branch C solu-
tions (wormholes). It turns out that in almost all cases the characteristic
time of perturbation growth is of the order of the time needed for a light
signal to cover a distance equal to the throat radius.

We have found out that the S-deformation method of regularizing the
effective potential for the perturbations, having a positive pole at a throat
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Figure 6.5 The potential W (left panel) and the time-domain profile (right panel)
for Branch C (k=m =1).

(a minimum of the spherical radius (u) ), used in [175], is applicable to any
static, spherically symmetric configuration of self-gravitating scalar fields
with self-interaction potentials. We have shown in a general form that,
under some generic assumptions [items (i)—(iv) in Sec. 6.2], the potential
Voge near the throat has the form admitting regularization, and that a
regular mode found as a solution to the regularized equation leads to a
regular perturbation of the initial configuration. The latter circumstance
is quite nontrivial because regularity is required not only for solutions to
the master equation but also for all metric coefficients.

However, application of this methodology to specific solutions with self-
interaction potentials V' (¢) # 0 faces the problem of explicitly finding the
function S(z) satisfying Eq. (6.36), or, equivalently, a proper static solution
to the master equation (a zero mode). We hope to extend this study to
some configurations with nonzero V(¢) (including black universe solutions
desribed above) in the near future.

6.4 Extensions and related problems

An important extension of the presently obtained results is connected with
the fact that Egs. (6.2), (6.3) are not only the equations of GR but also the
Einstein-frame equations of the general scalar-tensor (STT) (see Sec. 4.1)
and f(R) theories of gravity [284, 294, 309, 412]. Note that in f(R) theo-
ries, the Einstein frame always contains a scalar field with nonzero V(¢).
The observable physics in such theories is usually described in the corre-
sponding Jordan conformal frame, whose metric differs from that of the
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Einstein frame only by a conformal factor that varies from theory to the-
ory. A transition from one frame to the other is, from the viewpoint of
differential equations, simply a substitution, therefore the stability study
can be safely performed in the Einstein frame. Then, if the conformal fac-
tor is everywhere regular and nonzero (including the end points of the
coordinate range), the conformal mapping preserves the boundary condi-
tions for regular perturbations, and the stability conclusions obtained in
the framework of GR are readily extended to the corresponding solutions
of these generalized theories. In particular, we can assert that all vacuum
static, spherically symmetric solutions in scalar-tensor theories, connected
with the (anti-)Fisher solutions by everywhere regular conformal factors,
are unstable.

However, in many cases the conformal factors bear nontrivial features,
i.e., they blow up or vanish somewhere, and this can affect the bound-
ary conditions for the perturbation equations; in any such case a sepa-
rate study is necessary. Consider, for instance, the counterpart of Fisher’s
solution (6.54) in the Brans-Dicke (BD) scalar-tensor theory, where the
Jordan-frame metric is g3, = (1/®)g,; ® = exp(¢/+/w + 3/2) is the BD
scalar field, w > —3/2 is the BD coupling constant, and |a|] < 1. It is the
so-called Brans class 1 solution. In both frames, the value © = 2k is a naked
singularity (see more details on these solutions in [58, 85]). In the stability
study, to formulate a boundary condition at this singularity, we have used
the minimal requirement (6.60) for Fisher’s solution , [0¢/¢| < oo, provid-
ing the validity of the perturbation scheme, and we then concluded that
the background solution is unstable. In the BD picture, it is more reason-
able to require that the perturbed conformal factor 1/® behave not worse
than the unperturbed one, i.e., |§®/®| < co. However, since 6®/P ~ d¢,
we arrive at the condition |d¢| < oo which is more restrictive then (6.60)
if  — oo, and this made us conclude in [58] that this BD solution is
stable.

Another example of using the conformal mapping between Jordan and
Einstein frames for stability studies can be found in [70, 71], where the
instability was proved for electrically neutral and charged wormholes sup-
ported by nonminimally coupled scalar fields [22, 50, 71] (for the case of
conformal coupling see Sec. 5.3). Then there is a drastic difference between
the manifold structures in the two conformal frames: in the Einstein frame,
without an electric charge, it is the Fisher solution with the metric g,,,, that
has a singularity at w = 2k. In Jordan’s, this singularity is removed due to
the conformal factor, the solution is continued beyond this (now regular)
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sphere and has a flat asymptotic at the other end. Such wormholes proved
to be unstable [70, 71], but their instability is of quite different nature
than that described in this chapter and in [175]: it is related to a negative
pole of the effective potential (6.59) at u = 2k for Fisher’s solution (6.54),
€ = +1 and a similar singularity in its counterpart with an electric charge.
Actually, it is the same singularity as that in Veg for Fisher’s solution,
but for the latter it occurred at the boundary of the range of the solutions
whereas in continued solutions it is located somewhere in the middle.

The same reason leads to an instability [73] in the black hole solution
with a massless conformally coupled scalar field [30, 41] with the metric
coinciding with the extreme Reissner-Nordstrém metric with a scalar
source — see (4.34). This solution also involves a conformally continued
space-time with respect to the Einstein frame, and there is again a sin-
gularity in Veg on the transition surface, but the stability study involves
other boundary conditions as compared with the wormhole case since one
of the boundaries (r = m) is now a horizon.
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Chapter 7

Stages of the Universe’s
evolution

This chapter describes the standard theory of our Universe’s evolution.
The physical essence of the phenomena under study is emphasized. For
understanding the material, it is sufficient to know the fundamentals of
field theory, gravitation and quantum mechanics.

7.1 The cosmological principle and the Einstein
equations

When discussing many problems concerning the properties of the Universe
as a whole or its part accessible to observations, one can distract from
specific properties of its separate regions and the matter that fills them.
It is expressed in the so-called cosmological principle, according to which
all points of the Universe and all directions in it are equivalent, or, in
other words, the space is homogeneous and isotropic. Due to the Einstein
equations, the matter distribution must also be homogeneous and isotropic.
The cosmological principle agrees fairly well with observations: regions of
the size > 100 Mpc really differ very little from each other.

The assumption of homogeneity and isotropy of space and matter
distributed in it drastically simplifies the calculations and the analysis of
physical processes. The corresponding equations were very briefly discussed
in Chapter 2. Let us dwell upon them in more detail.

The system contains dynamic variables related to matter (density,
pressure, etc.) and gravity (the metric tensor components g, ). They obey

207
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the Einstein equations

G,=R, — %5;]% = —87GT,, — Ad,,, (7.1)
where RJ; is the Ricci tensor and R = Ry is the scalar curvature; both
of them are expressed in terms of the metric tensor and its first- and
second-order derivatives with respect to the space-time coordinates. The
stress-energy tensor (SET) T}, describes the properties of matter filling the
space, see Chapter 2. The equations also take into account the so-called
cosmological constant A, which is very probably observed in experiments.
Eq. (7.1) can be written in another equivalent form,

v v 1 v v
Rl = —87G (TM ~ §5MT) + YA, (7.2)

where T' = T¢. Due to the contracted Bianchi identities (2.46) and the
Einstein equations, the SET satisfies the equalities (2.52)

V. T, =0, (7.3)
which have the meaning of conservation laws (see Chapter 2 and the foot-
note to Eq. (2.52)), and the equations of motion for matter can be derived
therefrom.

Owing to the assumption of spatial homogeneity and isotropy, the

squared interval can be written in the Friedmann—Robertson—Walker
(FRW) form

ds? = g datda” = dt* — a®(t) +r2d0?| (7.4)

1— kr?
where dQ? = df? + sin” fdp? is the length element on a unit sphere (as in
the previous chapters). Here, a particular choice of the coordinates has been
made: the synchronous (true cosmological) time ¢ and the dimensionless
spherical coordinates r,60,¢. The behaviour of the gravitational field is
determined by the scale factor a(t) (with the dimension of length) and the
parameter k which can take three values depending on the sign of spatial
curvature: k = +1 for spherical space, k = 0 for flat space, and k = —1
for hyperbolic space.

In the metric (7.4), the nonzero components of the Ricci and Einstein
tensors are

3i o1
0_ i_ . .2

Ro—;7 Ri—a—Q(aa—f—?a + 2k),

=~ @1 k), Gim - (2ai+a®+ k) 7.5
0= 5@ +k), Gi=-—(2ad+a"+k) (7.5)

there is no summing over an underlined index.
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Due to the symmetry properties of the tensor G, and the Einstein
equations, the tensor T}; automatically takes the form

T: = dlag(p’ -p,—D, _p)a (76)

where p and p are certain functions of the time coordinate. It is easy to

verify that if the matter is a perfect fluid, then the coordinates chosen

correspond to the comoving reference frame (RF) of the fluid, and the

quantities p and p should be interpreted as its density and pressure.
Indeed, the SET of a perfect fluid is

Ty = (p + p)uu” — poy,, (7.7)

where p and p are its density and pressure, respectively, and u* is the
4-velocity of its element. In the comoving RF (i.e., for an observer at rest
with respect to the fluid), the 4-velocity has the form u* = (1,0,0,0), and
the SET takes the form (7.6).

From (7.5) it is evident that there are two different Einstein equations.
It is convenient to choose for consideration the equation with the left-hand
side G because it contains only a first-order derivative of the scale factor
a, and the trace R = 87GT + 4A:

a? 3k
6 . .
ﬁ(aa +a® 4+ k) = 87G(p — 3p) + 4A. (7.9)
One more first-order equation follows from the conservation law (7.3):
dp 1
— =—-3 ,
70~ g3t
or
dp
& = —3H(p+p) (7.10)

where the quantity H := a/a, characterizing the expansion rate, is called
the Hubble parameter.

It is easy to verify that Eq.(7.9) is a consequence of (7.8) and (7.10).
Thus we have two independent equations (7.8) and (7.10) for three
unknown functions a(t), p(t) and p(t).

Evidently, a full solution of the equations depends on the properties of
matter described by the equation of state that connects the energy density
and the pressure, p = p(p). Very frequently this relation can be chosen in
the simplest linear form

p = wp, (7.11)
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where w = const has different values for different kinds of matter:

w = —1 corresponds to a cosmological constant,

w = 0 to dustlike matter (or a gas of noninteracting particles),

w = 1/3 to disordered radiation or an ultrarelativistic gas,

w = 1 to matter of maximum rigidity compatible with causality, in which

the velocities of sound is equal to that of light in vacuum.

Let us consider some geometric properties of FRW space-times with the
metric (7.4) and an arbitrary scale factor a(t).

Let one observer be located at the point r = rg = 0, and another one
at a point with some r # 0. Then the last term in (7.4) makes it possible
to calculate the area of the sphere r = const, at which the second observer
is located at some time instant ¢: S = 4wa®(¢t)r?. Thus even if the second
observer is at rest, that is, » = const, the physical radius of the sphere is
changing proportionally to the scale factor a(t):

R(t) = a(t)r. (7.12)

Different clusters of galaxies are examples of such “second observers”.
The coordinate radius of such a cluster, r, is fixed, whereas the physical
radius R(t), with an observer at the centre of the sphere, is growing with
time. An experimental confirmation of the physical radius growth is the
frequency decrease of light emitted by the second observer and received by
the first one (the cosmological redshift).

The distances between points of space can be measured in different
ways. The results of measurements (even in Minkowski space) depend on
the choice of the RF and, for a time-dependent metric, even on the choice of
a spatial section (i.e., on the clock synchronization method) in the frame-
work of the same RF. We will use the notion of instantaneous physical
distance, i.e., the distance at a fixed time instant in the metric (7.4). This
distance is measured by a set of observers in the RF which is at rest in the
metric (7.4) with clocks synchronized by the cosmological time ¢t. At mea-
surements along the radius r, the physical distance between neighbours
separated by the coordinate difference dr is a(t)dr/v/1 — kr?. The total
distance

R (7.13)

st = a(t) /T _dr
inst 0 m7

measured by all such observers at the same time instant, is equal to the
instantaneous physical radius.



Stages of the Universe’s evolution 211

If we introduce, instead of 7, the coordinate x by the equality
arcsinr, k=1,
/ T k=0 (7.14)
= = r, = VU, .
X o V1—Fkr? -1
sinh™ " r, k=-1,
we obtain in terms of x an alternative expression for the metric (7.4):
ds® = dt* — a®(t)[dx + 2 (x)dQ?],

siny, k=1,
r(x) =4 X k=0, (7.15)
sinhy, k=-1,

and a very simple expression for the instantaneous distance (along the
radius, at fixed values of 6 and @) between the observers r = r(x1) and

r=r(x2):
Rinst = a(t)(XQ - Xl) (716)

Consider the motion of a light signal emitted at t = ¢y on an arbitrary
sphere, labelled by some r, and coming at ¢t = ¢; to an observer located at
the origin (centre) r = 0. In this case the motion occurs along the radius
(df = dp = 0). From the condition ds = 0, according to (7.4) and (7.15),
we have

Bt T dr
| &= ===~ (7.17)
to a(t) 0 1 - kr2
Thus the instantaneous physical distance Rinst = Rhor(f1,%0) between the
observer and the source (with the radial coordinate r1 or yxi), measured
at t1, is

Rpor(t1,t0) = a(t1)x1 = a(tl)/t 1 %

This quantity is called the particle horizon radius at the time ¢; for parti-
cles emitted at the time tg. (Frequently, omitting the word “radius”, it is
called “the particle horizon” or even simply “the horizon” in cases where

(7.18)

it cannot cause a confusion.)

A subtle point should be mentioned here: this distance measured at
t; is always larger than the physical distance covered by the light sig-
nal as it travelled from the source to the observer. The latter is simply
equal to t; —tg (or c(t1 — to) if one wishes to write the speed of light ¢
explicitly), since the speed of light, measured locally at each point on the
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signal trajectory, is a universal constant, and the time ¢ coincides with the
physical time of the considered reference frame. The distance Ryor(t1,t0)
is larger because the Universe has expanded while the signal travelled.!®
However, the distance ¢(t1 — tp) is never used in cosmological calculations
since other quantities like Rj,s are much more convenient in both theo-
retical and observational relations.

It should be noted that the notion of a particle horizon has a few defi-
nitions at different levels of rigour. One of them is “the distance to which
the light signal has moved away from its source in a certain time interval”.
For example, the particle horizon radius of our Universe is about 10%% cm
for its lifetime since the beginning of expansion.

Let us also remind the reader that, apart from the notion of a parti-
cle horizon in cosmology, there are quite a number of horizons defined in
the theory of gravity, which are above all used in black hole physics (see
Chapters 3 and 4). Thus, the event horizon is sometimes defined as the
locus of points that can be achieved by light signals, emitted from a fixed
distant point, for infinite time. A typical example of such a horizon is the
event horizon of the Schwarzschild BH.

Some solutions for the scale factor

Consider the time dependence of the scale factor a(t) for some kinds of
matter with the equation of state (7.11) in the homogeneous and isotropic
space-time with the FRW metric (7.4). Recall that we can speak of spatial
homogeneity and isotropy in the modern epoch only if we mean averaging
of matter density at scales of the order of hundreds of megaparsecs.

The basic equations for our analysis are Eqgs. (7.8) and (7.10). As will
be seen from what follows, in many cases (including models of early stages
of the evolution) the scale factor is much larger than unity, and the term
k/a? in Eq. (7.8) may be neglected. Then Eq. (7.8) takes the form

a’ = ?pa? (7.19)

18The distance covered by the signal and the distance to which it has moved away in
an expanding background are quite different quantities. It can be understood from the
following example. Imagine that you enter an escalator moving up, ascend along it at
your usual pace and have made, say, ten steps — but you are now as far away as 40
steps from the bottom at the expense of the escalator’s own velocity!
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Eq. (7.10) with (7.11) takes the form

dp P
L= _34F, = 1, 7.20
o v YEw (7.20)
with the obvious solution
p=Ca3 = (Ca 3D, (7.21)
3y

The constant C is found from the initial conditions: C' = pjna;’, where the
subscript “in” refers to an initial instant at the evolutionary stage under
consideration. Transitions between stages cannot be abrupt in reality, but
this effect is often neglected.

Substituting the expression (7.21) to Eq. (7.19), it is easy to find the

time dependence of the scale factor [234]:

e 2/(37)
— . \37/2 @ _ 4
a(t) la(tm) + i’w’/ 3 C(t tm)] .

Inserting the constant C', we obtain the following expression for the scale
factor with different values of w or ~:

2 [87G 2/
TG pin
a(t) = ain |1+ —1/ t— tin . 7.22

The influence of the properties of matter is reflected in the parameter ~.

It is conventional to divide the Universe evolution into five stages: infla-
tion, reheating, the radiation dominated stage, the matter dominated stage,
and the modern stage of accelerated expansion, also called secondary infla-
tion. Every stage, depending on the dominating form of matter, is approx-
imately characterized by its parameter ~.

Since the scale factor rapidly grows with time, the first term in the
brackets can frequently be neglected. As a result, we obtain the compact
expression

in ?

] 2/(37)
(7.23)

a(t) ~ Qin [%Hl . (t — tin)

Here Hi, = H (tin) = \/87Gpin/3 is the value of the Hubble parameter at
the beginning of this stage.
It is easy to obtain the time dependence of the Hubble parameter:

At 2
=40 2 (7.24)
a(t) 3t
(We note that the Hubble parameter was called the Hubble constant for
some time after the expansion of the Universe was discovered, since only
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times close to the present epoch were only considered, and the value of H
is almost invariable during this period.)

All stages, except for the inflationary ones, are well described by the
above relations. The inflationary stages, approximately described by the
de Sitter metric, have a number of important features. Before discussing
them, it is useful to consider the basic properties of de Sitter space.

7.2 De Sitter space

At the beginning of last century, de Sitter studied the properties of a curved
space which does not contain any matter. The only feature different from
Minkowski space was the presence of a nonzero cosmological constant in
Eq. (7.8). The peculiar properties of this space were only of academic inter-
est for a long time. But now it is becoming evident that it is de Sitter space
that describes fairly well both the initial, inflationary stage of our Universe
and the modern accelerated stage. It is therefore useful and instructive to
devote some time to learning its properties.

This kind of space was briefly discussed in Chapter 2, and now we will
consider it in more detail. Since there is no matter, p = p =0, Eq. (7.8) is
greatly simplified,

a* — H?a* =k, H?= % (7.25)
(assuming A > 0) and is easily integrated:
E=0: a(t)=ae*™, ag= const

(a spatially flat Universe); (7.26)

k=1: a(t)=H 'cosh[H(t —ty)], to= const
(a closed Universe); (7.27)

kE=—1: a(t)= H 'sinh[H(t —to)], to = const
(a hyperbolic Universe). (7.28)

The choice of constants (i.e., the choice of zero point for ¢) such that
ag=H™', ty =0, and the plus sign in (7.26) (it corresponds to the Uni-
verse expansion) lead to a convenient general expression for an asymptotic
form of all three expressions for a(t) at late times:

a(t)y=H tet t>HL (7.29)
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Let us use this expression for an analysis and a deeper understanding
of the general expressions obtained above. Let two observers be located
at spatial points with fixed values of r: r1 = 0 and 7o = r, i.e., both
are at rest in the RF in which the metric is written. Nevertheless, the
physical distance which they measure, according to the expressions (7.12)
and (7.29), grows exponentially with time.

It is also important to clearly understand the question of distances to
which light signals escape in de Sitter space. Consider a flat Universe (k =
0) with the scale factor a(t) = H~!ef* as the simplest case preserving all
necessary features (by the way, all three models have the same asymptotic
behaviour). For flat models, the dimensionless coordinates r and x that
we have introduced coincide. Similarly to (7.17), we obtain the expression

Ar(t,t') = /t dr/a(t) = et — o= HY (7.30)

for the coordinate distance covered by a light signal which has started at
the time ¢, by the time #'. Hence the maximum value of Ar accessible to
a signal emitted at the time ¢, is

Arpor = Ar(t, t' — 00) = e At (7.31)

Thus the horizon is located at a finite coordinate distance, and even more
than that, the later is the signal emitted, the smaller this distance is. In
the coordinate sense, the horizon size is decreasing with time.

From the viewpoint of physical distances, the situation is different: for
the time (¢ —t), the light signal moves away to the distance

Rphys(t,1) = a(t)Ar(t, ') = H- [0 1),

With fixed initial time ¢, the distance grows exponentially, which is in
drastic contrast with the usual situation in Minkowski space. Moreover,
according to the equation

Rior(t) = Rppys(t, ¢ — 00) = H eI =1), (7.32)

the horizon size tends to infinity.

The notion of a horizon is of utmost importance in cosmology because
it determines the dynamic processes in the early Universe. In the infla-
tionary period, soon after the birth of the Universe, the space-time could
be approximately viewed as the de Sitter one, and the horizon size was
about 10727 cm. Such was the size of causally connected regions. Recalling
that the Compton length of the electron is about 10~!! cm, it is easy to
see that the very existence of the horizon inserts certain peculiarity into
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the physical processes. At the modern stage, dark energy is dominating,
and this most probably means that we are entering a de Sitter space. In
this case, the modern horizon size is ~ 10%® cm, and larger distances are
unobservable.

I's there real expansion in de Sitter space?

Let us once again consider the de Sitter metric in the form (7.4) with flat
3-space (k=0):

ds* = dt?* — H=2 21 (dr® 4 r2d0?), (7.33)

where H = /A/3. The scale factor is time-dependent, and therefore the
distances between point objects at rest with respect to the cosmological
RF also change.

Meanwhile, there is a coordinate transformation that brings the metric
to a static form, see (3.18):

ds* = (1 — H*r?)dt*> — (1 — H*r*)"'dr® — r?dQ°.

In this metric, the distances between bodies fixed in this static RF are
invariable. There also exists an RF in which the distances decrease in time,
e.g., this will be the case if we take the minus sign in Eq. (7.26).

Let us return to the metric (7.33) and consider test particle motion.
The geodesic equation has the form

@ i ﬁ% =

ds? " ds ds ’
Since the Christoffel symbol '}, = 0, one of the solutions of this equation
is 2'(t) = const. The coordinates of points (and their differences) are
time-independent. On the other hand, physical measurements (Rphys(t) =

e RyLys(0)) clearly indicate the growth of distances between particles at

(7.34)

rest.

So, does the Universe really expand, while the de Sitter space is max-
imally symmetric and all its points-events are absolutely equivalent? This
seems to mean that a transition from one time instant to another changes
nothing and there is no expansion at all.

A simple explanation of this seeming paradox is that it is not the
4-dimensional space-time that expands but the 3-space of that or other
RF. Moreover, we have just seen that the time lines x' = const of the
RF, in which the metric has the form (7.33), are geodesics — while the
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distances Rpnys are growing — consequently, this bundle (congruence) of
geodesics is expanding. Other geodesic congruences in the same space-time
can contract; it depends on the initial data specified in Eq. (7.34).

One can present one more argument confirming the reality of spatial
expansion in the metric (7.33). Consider a set of test particles homoge-
neously distributed in the whole space and immovable in the coordinates
(7.33), i.e., those with the world lines x* = const. It is important that they
weakly interact with each other (e.g., gravitationally). If we discover that
their interaction is diminishing, then it indicates unambiguously that the
distances between them grow, i.e., the Universe is really expanding.

Recall that, in the same coordinates, the horizon size (7.31) is decreasing
in time by the law e~* while the coordinate distance between the particles
is fixed. Then, for any two particles there is a time instant at which the
horizon size will be smaller than the distance between them, which will
indicate the absence of a causal connection between the test particles. In
other words, the initially nonzero interaction between the particles must
tend to zero in time, hence the Universe (more precisely, the 3-space of this
particular RF) is expanding.

One could present a similar reasoning in terms of physical distances,
and naturally the result will be the same.

7.3 Inflation

The idea of inflation, i.e., extremely rapid expansion of the Universe at its
early stage, was advanced in the early 80s of the last century. The achieve-
ments of the inflationary paradigm in explaining the observable properties
of the Universe made these ideas generally accepted. A great number of
inflationary scenarios are known today, and it is a hard problem to single
out among them the one that was realized in the past. The number of
inflationary models is continually growing. In what follows, we discuss the
properties of the inflationary models based on the idea of so-called chaotic
inflation.

Decades have passed since the moment when it became clear that the
well-known expansion of the Universe, beginning with the “hot” (radiation-
dominated) stage, leaves many questions, and it became evident that there
was a nontrivial development of the Universe before the hot stage. A full list
of problems can be found in [272] and in most of cosmological textbooks.
The basic ones are discussed in Sec. 7.6.
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The way to a solution of this set of problems was outlined in the papers
[173, 191, 382].

Some time later it became clear that inflation is able to explain the basic
set of observational data. The advances of the inflationary scenario were
so impressive that it was included into the standard cosmological model as
its main component.

The simplest and the most widespread method of describing the infla-
tionary period is as follows. Let us assume the existence of a scalar field
(inflaton) which evolves together with the gravitational field created by it.
Under certain conditions, to be discussed later on, there emerges a situation
resembling the de Sitter one. Thus the size of space under the horizon is
growing exponentially, and it is the main feature of the inflationary period.

The Lagrangian density of a system consisting of a scalar field and
gravity is written in the form

L= {55

where g = det(g,,) and G is the gravitational constant.

We can say in advance that the inflationary process is effective with
a large energy density of the scalar field. The latter can emerge due to
quantum fluctuations. Let us estimate the size of a fluctuation using the
uncertainty relation

1
R+ Sg™0,00,0 - V(e >} (7.35)

AEAt ~ 1(= h), (7.36)

and that AFE ~ ¢(AL)3. We are interested in regions where there is enough
time to establish causal connections. Therefore the lifetime of such a fluctu-
ation should not be too short. Let us suppose At ~ AL, i.e., a light signal
has time to fly through the whole region. Then the size of such a region
and the energy density of the quantum fluctuation are simply related by

AL ~ e V4,

By modern views, for the beginning of inflation, the energy density must be
of order of 107!2 in Planck units. The size of the region AL must be about
103 in Planck units, or ~ 1073% cm. We are coming to an understanding
of the fact that quantum fluctuations of fields in the space that surrounds
us permanently create regions with an increased energy density. From the
viewpoint of an observer from outside, the lifetime of such a fluctuation is
small. In the example under consideration it is of the order of 1074 s. The
spatial size of a region occupied by a fluctuation is ~1073% cm. Despite
being so small, it is still larger than the Planck size, which allows for



Stages of the Universe’s evolution 219

using the Einstein equations in their standard form in order to describe
the processes inside such a region.

In general, a region of an increased energy density can be created arti-
ficially, for example, in heavy ion accelerators. Creation of such regions of
arbitrary size, able to exist for a finite time, may become real in the future.
Let such a region be formed with a size much larger than the horizon size.
Let us ask ourselves: can external and internal observers make a coordi-
nated decision on (non)expansion of this region? The answer is negative
because light launched into such a region (or from it) can only cover a
distance within the horizon size.

Further on, the viewpoint of an internal observer is considered.

The scalar field equation follows from (7.35):

Ou(V=99"" 0,0) + V=gV (¢) = 0. (7.37)

The metric is assumed in the form (7.4). Due to spatial homogeneity, we
also assume the homogeneity of the scalar field ¢, i.e., ¢ = ¢(t). Eq. (7.37)
simplifies:

G+3Hp+V'(p)=0, H=ala. (7.38)

One more equation is obtained if one takes into account that the energy
density of the scalar field is p = 1? + V(). Then Eq. (7.8) in the form

H? = % (%qbQ + V(<p)>, (7.39)

is the second equation for the set of dynamic variables (t), a(t). In this
case we can assume that the term A/3 in (7.8) is either zero or is already
included in the definition of the potential V.

A key point for the inflationary process is a “slow” evolution of the
scalar field ¢ (the inflaton). In this case, the behaviour of the system (7.38),
(7.39) takes place effectively in de Sitter space even if A = 0. Indeed, by
analogy with ordinary material point mechanics, a slow motion takes place
if the term responsible for friction, 3H ¢, is large enough, i.e.,

3H[p| > |l (7.40)

This simplifies the set of equations even more. Indeed, using (7.40), we can
write Eq. (7.38) as

3Ho +V'(p) ~0. (7.41)
Hence we arrive at the inequality

V'(p) ~3Hp > .
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Multiplying the equation by ¢ and integrating, we obtain the desired
inequality

@ < V(p). (7.42)

This inequality means that the kinetic energy is small as compared to
the potential energy, and the latter therefore changes very little during the
inflation V' =~ const, and moreover, due to Eq. (7.39), the Hubble parameter
is also almost constant:

8rG v

5 V(9)- (7.43)

a
H=-~
a

The solution to (7.43), a(t) o exp(Ht), means an (approximately) expo-
nential growth of the scale factor and hence of physical distances, similar
to de Sitter space. It is not surprising because an (approximately) constant
potential of the inflaton ¢ can be interpreted as a cosmological constant.

The dynamics of a scalar field coupled to gravity is much more
interesting than the dynamics of de Sitter space. In particular, the inequal-
ity (7.42) is eventually necessarily violated since the field ¢, though slowly,
moves towards a minimum of the potential. As soon as the potential
becomes sufficiently small, the Hubble parameter H will be small as well.
As a result, one can neglect the “friction” in Eq. (7.38), which means that
the inflaton begins to move rapidly to the minimum of the potential, and
the inflationary stage is over. Let us, however, now follow the processes at
the inflationary stage. The dynamics of the inflaton ¢ is determined by
Eq. (7.41) and that of the scale factor a by Eq. (7.43). The latter is solved
in a general form:

t

a(t) = a(tiy) exp [ H(cp)dt} . (7.44)

tin

If the inflation began at ¢ = 0 and has ended by t = t., then the
initial spatial region has grown by a factor of a(t.). Conventionally, the
Hubble parameter value H, ~ 10'3 GeV, is used, which is in agreement
with the observational data. For the overwhelming majority of estimates,
it is sufficient to put H(p) ~ H, = const. In this case, the scale factor at
the inflationary stage looks as follows:

a(t) = a(tin) exp[Hend (tend - tin)]- (745)

Here Hcnq is the Hubble parameter value at the end of the inflationary
period, and tenq is the inflation ending time.
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It is also useful to introduce the notion of e-folding number, N,
defined as

NEmL$$} (7.46)

In other words, if we know the number N, it means that by the present
time the Universe has expanded by a factor of eV

If the inflation began when the scalar field had the value ¢;,, then the
number N is calculated as follows:

N=I [ } /Hﬁ /H / ;ﬁ?. (7.47)

Pin
Let us discuss the slow-rolling condition (7.40) in more detail. To deter-
mine more explicitly under which conditions it is possible, let us do the
following. From Eq. (7.41) written in the form
_V(y)
3H(p)’
we express the second-order derivative:
/ 1"
:ggﬁ oy V)
©) 3H ()
For the slow-rolling condition to hold, both terms in the right-hand side
should be small as compared to 3H¢. Recalling the expression (7.43) for
the Hubble parameter, we obtain the following conditions:
_MAVP MR V)
167 V()2 8m | V(p)
The stress-energy tensor (SET) of the scalar field ¢(t) in the met-
ric (7.4), as follows from the symmetry of the problem, coincides with
the SET of a perfect fluid in its comoving RF (see Sec. 5.1), T}/ =
diag(p, —p, —p, —p), and for the scalar field the energy density p and the
pressure p are expressed as

‘<L (7.48)

p=%ﬁ+Vw) (7.49)
p= 58~ V() (7.50)

In the inflationary period, 1¢? < V(p), and this means an approx-
imately de Sitter space with the corresponding behaviour of the scale
factor.
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7.4 Post-inflationary stages

7.4.1 Post-inflationary reheating of the Universe

The stage right after inflation is probably the most difficult for analysis.
Even its name (reheating) is not quite correct since there has not been
any primary heating. It is this stage during which active high-energy par-
ticle production and their thermalization occurs, which, in the language of
statistical physics, means heating of the plasma just born.

The inflationary period terminates when the “friction” becomes small,
i.e, at Hena < Mina (Mina is the inflaton mass). The inflaton field begins to
rapidly oscillate near the minimum of the potential according to Eq. (7.38).
It is this motion, alternating with time, that creates the particles. The
oscillation energy gradually passes over to the energy of particles. Using
the expressions for the pressure, p = %gbz — V(¢), and for the energy
density, p = %<,b2 + V(p), it is easy to transform this equation to the
familiar form

dp

i —3H(t)(p+ p). (7.51)

The additional condition (the equation of state) p 4+ p = ~p, holds only
approximately, after averaging over the oscillation period. Meanwhile, the
parameter v depends on the model:

T T Pmax
[ (p+p)dt f @ dt J ede
~ 9 _ _ 0
7= T -7 T Pmax L. -
[ pdt [[32+ V()] dt bf do [302+V(0)] /¢
0 0

(7.52)

This expression can be further simplified if one assumes that, during a
single oscillation period, the Universe expands very little, which is quite
realistic. Then, according to the energy conservation law, we have ¢ =
V2[V (¢max) — V(¢)]. Near its minimum, the potential is approximated
by the parabola V(p) = \¢?, Eq.(7.52) is strongly simplified, and the
quantity v at the reheating stage turns out to be equal to unity,

y=1L (7.53)

Let us determine the time dependence of the scale factor. Its initial
value at the reheating stage coincides with that at the end of inflation,
a(tin) = aina(tend) = H(py) eV . It is assumed that the visible part
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of the Universe has formed at Ny e-foldings before the end of inflation.
The initial size of the Universe was equal to the inverse Hubble param-
eter, H(py)~ !, while the inflaton value was ¢y . The energy density
at the beginning of reheating was the same as at the end of inflation,
p(tin) = pinfi(tend) = V(@ena). Then Eq. (7.23) is written as

9 2/3
QAreh (t) = (gHend> H(@U)il eNU t2/3' (754)

Recall that it is usually assumed that Henq ~ H(pp) =~ 1013 GeV.
During the rapid oscillations, the inflaton field produces particles, giving
them a part of its energy. Suppose that the interaction energy density of

the inflaton () with fermions ¢ and other scalar particles x has the usual
form,

Ling = hott) + gox*,

where g and h are coupling constants. Then the rate of change of inflaton
energy density is
_d
Tt
where AL is a term responsible for diminishing the inflaton energy density
at its decay into other, secondary particles.

Suppose that the back reaction of the radiation on the inflaton dynamics
is small [141]. Then, in the first approximation, according to the equations
of motion, we obtain

1 L :
p 5492 +V(p) +AL| = ¢+ ¢V'(p) + AL,

$~—3Hp— V'

Substituting into the previous expression, we find the changing rate of the
inflaton energy density

p=~—3H(p+p)+AL.
Now the meaning of the last term is clear: it is the changing rate of inflaton
energy density due to decay into other particles,
AL = —Ap,
where Ap is the secondary particles’ energy density changing rate due to

the inflaton decay. Expanding it in a Taylor series by the derivative of the
field ¢, we have

Ap(@) = Ap(0) + Ap +T@? + ... =~ T2

The first term of the expansion is zero because a static field does not
radiate, and the second one is zero because at oscillations of the inflaton
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the mean value of its derivative is (approximately) zero. Let us also take
into account that the pressure and energy density of the oscillating inflaton
field satisfy the usual relation p = wp. Then,

p~—@BH+T)P* = —BH+T)(p+p) ~—BH+T)(w+1)p.

Recalling that H = a/a, we obtain the time dependence of the inflaton
energy density as
a(t) —3(w+1)
P = Pend <—) exp{—T'(w+ 1)(t — tena) }, (7.55)
a(tend)
where the subscript “end” refers to the inflation ending time. This expres-
sion is quite understandable physically. The second factor means that the
inflaton energy density is decreasing due to expansion of space, and the
third one due to its decay into particles.
What is now happening to the energy density of the created particles
of matter? The changing rate of the energy density of relativistic particles
pm 18 written as follows:

pm = —=3H (pm + pm) + T¢?
= —3H(wm + )pm + T(w +1)p
=4Hp,, +T(w + 1)p. (7.56)

Here it has been taken into account that w,, = 1/3 for relativistic particles.
It is evident that two terms are competing: the density decrease due to
expansion of space (the first term) and its increase due to inflaton decay.

The relativistic particles rapidly thermalize. When the oscillations
begin, the energy inflow into the particle plasma is predominant, and the
temperature is growing. As time passes, the oscillation intensity decreases,
and the space expansion effect that cools the plasma becomes more
important. Let us estimate the temperature of the plasma at which its
density is the highest. Assuming p,, ~ p, we obtain from the previous
equation H ~ T'. Since the Hubble parameter and the cosmological time
are related by ¢t ~ 1/H (see (7.24)), while the temperature is related to
time as T ~ /Mp1/t (see Sec. 7.4.2 and Eq. (7.63) for more detailed
consideration), we arrive at the following estimate:

Tren ~ / Mpy/t ~ V/Mp H ~ \/MpT.

A large uncertainty in the calculation of the quantity I' prevents us from
determining the heating temperature unambiguously. It is usually supposed
that it varies in a wide range between 10* and 10'? GeV.




Stages of the Universe’s evolution 225

7.4.2 The radiation-dominated stage

Up to now, we succeeded in expressing the energy density in terms of fields,
and this allowed us to solve Eq. (7.41) and find the time dependence of the
scale factor. But, by the end of the reheating stage, the inflaton oscilla-
tions have decayed, having created high-energy particles. The existence of
the particle plasma indicate that it is desirable to introduce the notion of
temperature, to use the standard tools of statistical physics and thermo-
dynamics. The notion of temperature is only rigorous if the system is in
equilibrium. It our case it is evidently not true because the Universe is
expanding.

Nevertheless, the relaxation processes occur so rapidly that at each time
instant the state of the Universe is close to equilibrium. To verify that, let
us assume that it is the case and check if we come to a contradiction. We
introduce the plasma temperature 7' at the time ¢. It will be shown below
that the cosmological time and the temperature are related by ¢ ~ Mp;/T?
(see Eq. (7.63)). An equilibrium is established due to particle collisions. The
characteristic time of a collision between an electron and a photon, %,
is tye ~ 1/(nov), where n ~ T? is the electron density, o ~ o?/T? is
the Compton cross-section, and v ~ 1 is the electron velocity. We can
use the notion of temperature only if ¢,. < t. Substituting the estimates
presented in this paragraph, we obtain the applicability condition of the
notion of temperature in the expanding Universe in the form 7' < a?Mp| ~
10'7 GeV. It is known that the temperature at the end of inflation can
hardly exceed 10° GeV. Thus an equilibrium in the medium is established
very rapidly, at least due to Compton scattering, which justifies introducing
the notion of temperature.

To find an explicit form of the scale factor arp(t) at the radiation-
dominated stage, we use the general relation (7.22) with v = 4/3. This
value follows from the pressure-density relation p = p/3 for a medium
consisting of relativistic particles and Eq. (7.20).

The initial conditions for this stage are ti, = tren, Pin = P(tren) and
ain = a(tyen), where the subscript ‘reh’ refers to the end of the previous
stage, reheating . The final expression for the scale factor is

1 1/2
a(t) = arD (t) = Qreh (treh) |:§H(treh):| (t - treh)l/z. (757)

Let us look how the temperature evolves with time. First of all, we
recall that the energy density of the ultrarelativistic particles is related to
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the temperature 7' by

7.‘.2

4

p= %g*T , (7.58)

where g, is the number of types of particles, taking into account their
statistical weight.

Let us further establish the important relationship between the tem-

perature and the scale factor. On the one hand, at this stage v = 4/3,

and according to (7.21) we have p ~ a~*. On the other hand, p ~ T%.

Therefore,
a(t) = const/T(t). (7.59)

The temperature decreases inversely proportionally to the scale factor.

Let us show that the entropy after the reheating stage (when the par-
ticles were created and hence the entropy grew) remains constant. Indeed,
using the known relationship between the entropy density and the temper-
ature

272
="_q, T3, 7.60
$= =9 (7.60)
it is easy to obtain
S ~ sa®(t) = const. (7.61)

Another useful relation, following from (7.59), is also important for
making estimates in cosmological models:

tre
T(1) = LWxet)
a(t)
Lastly, combining Eqs. (7.57), (7.58) and (7.59), it is easy to obtain the
explicit time dependence for the temperature of the medium filling the

Universe:
45 \Y* [Mp
T= (W> - (7.63)

Let us stress that this relation is valid in the radiation-dominated stage
only.

Tren. (7.62)

7.4.3 The matter-dominated stage

As the Universe expands, the medium temperature falls, massive particles
become nonrelativistic, and the photon wavelengths grow. There comes
a moment when the particles’ rest energy becomes equal to their kinetic
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energy. Beginning with this moment, there begins the matter-dominated
stage. From that time on, the pressure p becomes so small that it can be put
equal to zero, and accordingly the parameter v is equal to 1 in Eq. (7.20).
By full analogy with the previous stages, the scale factor ayp(t) can be
found from Eq. (7.22) with v = 1. The initial conditions for this stage are
2

309*T1%Da Ain = aRD(tRD)7

tin = trD,  pin = p(trD) =
where trp corresponds to the end of the radiation-dominated stage.

It is of interest that Eq. (7.59) remains valid at this stage as well, with
one reservation: now T is the photon temperature. The latter are called
relic photons.

Before beginning to prove (7.59), let us discuss one more period of
utmost importance in the life of the Universe, the so-called recombination
period. The point is that at high temperatures electrons and protons can-
not form hydrogen atoms because of their small binding energy. The Uni-
verse is filled with a plasma of charged particles which actively interact
with photons. It means, by the way, that the emitted photons performed
something like Brownian motion. The Universe was not transparent to
electromagnetic radiation. But at a certain moment, when the tempera-
ture became low enough, hydrogen atoms began to form. Being neutral,
they weakly interacted with photons allowing them to propagate to large
distances. The time interval during which the atoms recombined and the
medium was becoming transparent is called the recombination period. All
the existing data say that the two periods, that of recombination and that
of equality between the energy densities of matter and radiation, roughly
coincided in time. In what follows, we will neglect their difference, which
is small from the cosmological viewpoint.

Thus we suppose that the photons do not interact with matter after
reaching the temperature Te.. Before this time, the photon distribution
by energies was a Bose-Einstein distribution, which, by the recombination
time, had the form

E? dE
AN (trec) = Viee—== = . 7.64
( ) 7T2 eXp(Erec/Trec) - 1 ( )

Here, dN is the number of photons with energies between FEy.. and
FErec+dFE, o inside the volume V.. Since after recombination the photons’
interaction with the ambient medium is regarded to be small, the photon
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energy decreases only due to the common expansion of space,

OO
a(trec)

M) 4

The number of photons is a conserved quantity, so that
dN (t) = dN (trec),

while the volume V' containing these particles grows by the law

vie) = (a?t(:c))s Ve

As a result, we obtain the photon distribution at arbitrary time ¢:

E(t)? dE
aN () =V o S )
E Tiec| — 1
e | B0 5%/ T
The distribution preserves its Bose-Einstein form, and
trec
T(t) = a( )Trec' (7.67)

Our statement has been proved: the law (7.59) really holds at both the
radiation-dominated stage and the matter-dominated stage. The unknown
constant in (7.59) can be determined from normalization for the present
time: const = a7y, or for the recombination time, as has been done before.

7.4.4 The modern stage of accelerated expansion
(secondary inflation)

More and more confidently, the observational data show that the density
of dark energy, a substance uniformly distributed in space, contributes to
the modern total energy density at about 70 per cent. The most natural
assumption is that this quantity is time-independent and is related to the
cosmological constant A. This means in turn that in the present epoch
the Universe is approximately described by a de Sitter model but with the
energy density much smaller than in the inflationary period. More than
that, with further expansion of space, the matter density decreases while
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the energy density related to the cosmological constant remains constant.
Consequently, the Hubble parameter also tends to a constant value,'®

and the scale factor to the function
a(t) = HyteHalt=to), (7.69)

The Hubble parameter characterizes the rate of expansion, and to
describe the change of this rate, i.e., the acceleration, one more dimen-
sionless parameter is used, the deceleration parameter q(t) := —ad/a?.
The parameter ¢ was introduced when it was believed that the Universe is
expanding with deceleration. Accelerated expansion corresponds to values
qg<0.

The modern observational estimates of these parameters are different
as given by different authors but are approximately in the following limits:

Hy~ 071004 — o0~ —1404, (7.70)
¢ - Mpc
where the subscript “0” corresponds to the modern epoch. In the case
(7.69) we obtain ¢(t) = qo = —1.
The inverse Hubble parameter characterizes the size of a causally con-
nected region. An estimate on the basis of the observational data gives

H™' =~ 10 cm ~ 1092 Mp,.

It is this quantity that gives the size of the visible part of the Universe. If
the Hubble parameter is really constant, then information on more remote
parts of the Universe will never be available to us.

When using relations like (7.22) [such as Egs. (7.77), (7.78), (7.57),
(7.80) given below] for obtaining numerical estimates, there emerges a
question connected with the particular value of the scale factor ai, at
the beginning of each stage. Besides, the value of the coordinate distance r
is not evident. Therefore a problem appears when calculating, e.g., the

19The cosmological constant corresponds to a density to pressure ratio w equal to
negative unity. The modern cosmological observations admit a certain interval of w
values including —1. Let us present, as examples, two recent estimates: w = —1.10 £+
0.14(10) [245] (according to the T-year WMAP data), and w = —1.0691’8:83% (389]
(mainly from data on type Ia supernovae from the SNLS3 sample). Noteworthy, the
central values of w in these estimates belong to the phantom range, w < —1.
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scale factor a(to) at a given time instant ¢ty and consequently the physical
distance between two objects, equal to

Ro = a(tg)r. (771)

It is this quantity that is measured by observers. The problem can be
circumvented if one considers the expression (7.71) as a way to get rid of
the comoving coordinate r by normalizing the scale factor to its present
value ag = a(tp). Then the distance between two point objects at arbitrary
time is expressed as
R(t) = @Ro.
ao

For example, the distance during the matter-dominated stage is

2/3 2/3
t—t t
to — trD to

The lifetime of the Universe t; and its size ag are already well defined.
The dimensionless scale factor is also frequently introduced:
a(t)

a(t) = —=, O0<a(t) <L
ao

7.4.5 Future of the Universe: Is a Big Rip expected?

The description of dark energy with the aid of the cosmological constant in
the Einstein equations well agrees with observations in the modern epoch.
However, the same observations leave quite a wide range of admissible
values of the parameter w if one describes dark energy as a perfect fluid
with the equation of state p = wp. For such a description, in general, the
parameter w is time-dependent, while for w = const the conservation law
leads to Eq. (7.21), p ~ a3+,

It is easy to verify that an accelerated expansion, ¢ < 0, requires a
negative pressure, w < —1/3. Then, for a large scale factor a, the term
with & in Eq. (7.82) is small relative to the other terms, so that the late-
time behaviour of the scale factor does not depend on the spatial curvature,
and the dependence a(t) can be described as follows:

(a) For —1/3 > w > —1, so that p > |p| (the dominant energy condition
holds), the so-called power-law inflation occurs:

an~ 2Bl g — 1y g(w—i—l) > —1; (7.72)
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(b) at w = —1, which corresponds to the cosmological constant A > 0,
p = const > 0, exponential inflation is obtained:

a~ef' H=const, ¢=—1; (7.73)

(c) for w < —1 with the so-called phantom matter, hyperinflation takes
place, ending with a singularity due to growth of the scale factor:

3
an~ (t,—t) 2Bl g — g Slw+1 <=1, (774
where ¢, is the time of a singularity called the Big Rip.

As is clear from the estimates (7.70), from the observational viewpoint,
all three variants are admissible. However, since the acceleration not only
exists but increases, there is some preference for (b), and many papers
discuss cosmological models where the dark energy “overcomes the phan-
tom barrier”, i.e., at some instant (3 — 4-10° years ago) passes over from
w>—1tow<—1.

In case (c) matter behaves quite exotically: unlike usual matter, its
density does not decrease as the volume grows, but even grows, and at the
singular time both a and p blow up simultaneously.

The catastrophic growth of a(t) makes all distances grow, beginning
with extragalactic ones, then also interstellar, interplanetary, and finally
intra-atomic ones, i.e., right before the singularity all kinds of matter should
decay and even all composite particles.

Is such a sad fate of our Universe inevitable if a modern value w < —1
is after all confirmed? Fortunately, the answer is negative.

Indeed, if w = p/p is time-dependent, one can assume that the dark
energy is represented by a scalar field ¢ with the Lagrangian

Ly = 50" 6ub0 ~ V(6), (7.75)

where e = £1 and V(¢) is the self-interaction potential of the field ¢.
These are the same normal and phantom scalar fields that we met in the
previous chapters. At ¢ = ¢(t),
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2V 4 e¢?’
Thus a normal scalar field (¢ = +1) with a positive potential V gives
w > —1 while a phantom scalar field (e = —1) with V' >0 leads to w < —1.

However, if at large ¢ the scalar field tends to an extremum of the potential
Vext > 0 sufficiently rapidly, then ¢ — 0 and w — —1 as t — 00; Vex

1 . 1 .
P=§5¢2+V’ p:§€¢2_‘/a w==-=-1+ (7.76)
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behaves as an effective cosmological constant, and accordingly we obtain a
de Sitter asymptotic (7.73) for the Universe evolution.

It is well known that a normal scalar field tends to a minimum of its
potential (“rolls down” along the curve V(¢)), whereas a phantom one,
on the contrary, tends to a maximum of V' (“climbs up” along the curve
V(¢)). If V(¢) has a maximum, then a phantom scalar field will tend to
it in the course of the cosmological evolution. For this case, an exact result
is known [160]: if the potential V' (¢) is bounded above, then its maximum
represents a global attractor for cosmological solutions to the gravitational
and scalar field equations.

7.5 The scale factor in the general case

It is useful to put together the basic expressions for the scale factor at

different stages. Since each stage is much longer than the previous ones,

ie., t > tin, we use the more compact but approximate equation (7.23).
The inflationary stage:

a(t) = ar(t) = H;' exp (/Hdt) ~ H telNvt, (7.77)

The numerical values Ny =~ 60, H, =~ 10'3 GeV agree with observations
for the majority of models.
The reheating stage:

9 2/3
a(t) = aren(t) = ar(te) <§H) (t —te)?/3. (7.78)
The radiation-dominated stage:
1 1/2
a(t) = arD (t) = Qreh (treh) |:§H(treh):| (t - treh)1/2~ (779)
The matter-dominated stage:
9 2/3
a(t) = aMD (t) = GRD (tRD) [gH(tRD):| (t — tRD)2/3~ (780)

The modern accelerated expansion (secondary inflation), assuming that
the dark energy is described by the cosmological constant A in the Einstein
equations:

a(t) = Hyletlalt=to)  H\ —3/A. (7.81)

All these expressions are approximate because they take into account
only one predominant source of the gravitational field at each stage.
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The real content of the Universe is a mixture of radiation, matter and
dark energy which is rather probably described by the cosmological con-
stant. Let us obtain a general expression for the scale factor, using Eq. (7.8):

>  k  81G A
Al —. 7.82
a?  a? 3 7 * 3 (782)
The contribution from the dark energy density pa is written separately
as the A-term, A/3 = (8wG/3)pa . The remaining part of the energy den-

sity consists of the matter density p,, and the radiation density p,,

P = pm + pr (7.83)

Their dependence on the scale factor has already been discussed,

pm(t) = pm(to)/a®(t),  pr(t) = pr(to)/a*(t).

Substituting these quantities into (7.82), we obtain the equation for the
scale factor

dz 8rG Pm (to) Pr (to) k

— = - —. 7.84
a? 3 a3(t) + a*(t) +oa a? (7.:84)
Let us choose the additional condition in the form a(tp) = 1. Numerical
solution of this equation does not represent any problem. Let us transform

it, introducing some definitions often used in practice.

First of all, we define the critical density at the modern epoch:
_ 3H;§
=
where H is the modern value of the Hubble parameter. At such a value of
the energy density the Universe should be flat (kK = 0) provided A =0. In
general, the mean density of the Universe p # p., therefore it is convenient
to introduce the dimensionless density parameter

Qtot = P/ﬂc (786)

Let us also introduce the partial density parameters 2 for the present time.

pe (7.85)

Thus, for matter, radiation and the cosmological constant we have

Q. pm(to) Q pr(to) O pa(to)

b b

Pe Pe Pe
An expression for 0, the density parameter related to the spatial curva-
ture is constructed in a different way:

k

Qp = ——.
k H02
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Now Eq. (7.84) looks as follows:

2(¢
a?(t

~—

Qe

H2(t) = HE[Qra 2(t) + Qna 3(t) + Qa2 (t) + Qa],  (7.87)

~—

where Hy = H(to). Choosing t = t¢ in equation (7.87), we obtain the sum
rule

Qr+Q + QA+ Q= 1.

Lastly, let us present the time dependence of the horizon size (in the
present case, it means the distance to which a light signal can get for the
time ¢):

Ruoe () = alt) /0 a‘g).

At the inflationary stage, a(t) = conste’® where H is the Hubble
parameter expressed in terms of energy density and assuming a constant
value with good accuracy. The horizon size is Ruor = H (1 — e H?),
and at large times it tends to the inverse Hubble parameter, i.e., also a
constant.

At other stages, we have the approximation a(t) = const -, where the
constant 3 < 1. Then the Hubble parameter has the form H(t) = gt~!,
and the horizon size is Ruor = t/(1 — 3). Thus H~! = R, (1 — 3)/8, i.e.,
the inverse Hubble parameter coincides with the horizon size by order of

magnitude.

7.6 Why do we need an inflationary period?

In scenarios of the Universe’s birth studied before the inflationary idea
was put forward, the first stage was that of a “hot” radiation-dominated
Universe. All of them face some unsolvable problems. Let us enumerate the
most significant ones.

1. The initial singularity. A study of the classical equations of GR applied
to the Universe as a whole leads to the conclusion that its initial state
was characterized by an infinite density. The inflationary idea does not
completely solve this problem though indicates a way of its solution.
Very probably, our Universe has originated from quantum fluctuations
where the classical equations, and, the more so, the conclusions that
rest on them, were unapplicable.
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2. Our space is described with high accuracy by Euclidean geometry. Its
causes are not evident.

3. Our Universe contains about 1022 stars. How could an object of such
mass and volume emerge? Why does it exist for such a long time?

4. The cosmic microwave background (CMB) is highly isotropic. Why are
its energy density deflections so small?

5. How did the energy density inhomogeneities that have led to galaxy
formation appear?

6. Why does matter dominate in our Universe while the laws of Nature are
almost symmetric with respect to changing particles to antiparticles?

7. At the early stage, at large energy densities, topologically stable states
like magnetic monopoles should form. Their number and mass are large
enough to be mnoticeable [436]. But such objects have not yet been
discovered.

Let us discuss the main problems. The first of them is the Universe
flatness problem.

7.6.1 The flatness problem

Let us recall the notion of the critical density defined as the density of
matter such that the curvature parameteris k = 0 at A = 0. From Eq. (7.8)
it directly follows

3
pcrit(t) = §M31H2(t) (788)

(Keep in mind that G = 1/Mg, and a/a = H.) Since the constant A is
small at least at the radiation-dominated stage, let us neglect it in Eq. (7.8),
which results in

pcrit(t) - p(t) _ a—2
e ) 7

for £k = £1. The modern value of the energy density is very close to the
critical value, [379], so that the inequality

Parit(to) — p(to)
Perit (tO)
is established confidently. From Egs. (7.89) and (7.90) we obtain

pcrit(t) - P(t) ‘ _ pcrit(tO) - p(tO) a2(t0) C.L2(150)
pcrit(t) pcrit(tO) d2 (t) a2(t) '

=a"2(tg) < 1, (7.90)
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In the absence of inflation, there are only two stages, the radiation- and
matter dominated ones. The time dependence of the scale factor at both
stages can be presented in the form

a(t) =const-t", n=1/2 or 2/3<1. (7.91)
Consequently,
perit (1) —p(t>' a2 (to) (t)“")
< = ~ | — < 1. 7.92
pern(D) 20 "\ (7:92)

Then, if the dependence (7.91) is correct, at birth of the Universe, i.e.,
at t < tg, the matter density must be equal to the critical one with
inexplicable accuracy. The only way out from this situation is a violation
of the law (7.91), at least at the initial stage. It is this way out that is
provided by inflation.

Let the Universe pass an inflationary stage with the scale factor (7.44)
a(t) = H~!cosh(Ht). The Hubble parameter at inflation is almost con-
stant, H ~ const. Then the time dependence of the ratio (7.89) is

Perit (t)

peris () — p(t) ’ — sinh2(H¢).

This function exponentially decreases at the inflationary stage, and this
explains its smallness in the post-inflationary period, see (7.92).

7.6.2 The initial size of the Universe
If now the Universe has the size Ly ~ 1028 cm, at any ¢ its size is

;((t?) Ly = %LU. (7.93)

Let us estimate the smallest size of the Universe. From Eq. (7.93) it
follows that it took place at the greatest temperature. The classical descrip-
tion is valid at energies, hence temperatures smaller than the Planckian
energy, T < Mp) ~ 1032 K. Substituting this value into (7.93) and taking
into account the modern CMB temperature Ty ~ 2.7 K, we obtain the
minimum size of the Universe at birth:

L(t) =

Lnin ~ 10~ % cm.

It remains an enigma why was the Universe born with such a large size as
compared to the Planckian one.
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The inflationary mechanism just allows the Universe to rapidly expand
to the above size.

Moreover, if the Universe was born with the size ~ 1074 cm at the
Planckian energy scale, then, at the same moment, the size of a causally
connected region is about 10732 cm. It means that the Universe consisted
of ~1087 causally disconnected regions. It is absolutely unclear why the
energy density is the same in all these regions up to about 107°. It is the
essence of the horizon problem.

The assumption of the existence of an inflationary period solves this
and other problems, such as the monopole problem [436].

7.6.3 Causal connections at inflation and after it

The inflationary stage has a feature of great interest, distinguishing it from
all other stages. Since an understanding of this feature is necessary for
understanding the majority of subsequent processes, let us dwell upon it
in more detail.

Consider two spatial points at rest in the cosmological RF. Suppose
that at the initial moment ¢;, the distance between them is equal to I(tiy,),
and both are located in the same causally connected region, “under the
horizon”. Since the size of a causally connected region is determined by
the inverse of the Hubble parameter H, at the first moment there holds
the inequality

l(tin) < H_l(tin).

Further on, the distance between the particles grow along with the scale
factor a(t)

1(t) = a(t)r, (7.94)

where the coordinate distance r does not change with time, and the Hubble
parameter is by definition H(¢) = a(t)/a(t). Using these relations, it is
easy to find the time dependence of the ratio I(t)/H(t)~!. This ratio of
the distance between the particles and the horizon size as a function of
time is the subject of our interest:

= a(t)r. (7.95)

In the inflationary period, the scale factor is a(t) oc efo!  while

the Hubble parameter is approximately constant, H(t) Hy = const.
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Eq. (7.95) acquires the form

(07

so that the distance between two particles grows exponentially as compared

to the horizon size. Even if these particle were born in a causally connected
region, there will be an instant ¢; when they will turn out to be in causally
disconnected regions, for which I(t;) > H~!(¢;). It is said that at this
moment the distance between the particles “has crossed the horizon”.

Thus the previously close particles turn out to be far from each other,
in causally disconnected regions, at the expense of the properties of space
during inflation.

What happens when the inflation is over? The scale factor behaves as

a(t) o tP,
where the parameter ( is in the interval 0 < § < 1 at any post-
inflationary stage [see (7.57), (7.80)]. Let us calculate the ratio of interest

using Eq. (7.95):

1(t) B—1

1.
(H(t)l)powermt ’ O<ﬁ<

We see that the horizon size H(t)~! grows more rapidly than the distance
between the two particles. At some time ¢ the horizon size becomes equal
to the distance between these particles and later exceeds it. The particles
are then again in a single causally connected region. All the above-said
certainly refers not only to distances between particles but also to any other
phenomena which do not strongly affect the metric, e.g., field fluctuations.

7.7 Basic properties of expanding space

7.7.1 The redshift

Here and henceforth the scale factor is normalized so that a(tg) = 1.

Let a source emit a light signal with the wavelength A(¢) at a time ¢,
which is received on Earth with the wavelength . At emission, the scale
factor is equal to a(t), and at the moment of absorption it is naturally
equal to unity.

The redshift is defined as

p==2=2"00 (7.96)
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Evidently
1—alt 1
_1oad) |y :
a(t) 1+2
Let us suppose that the Universe is flat, K = 0. The coordinate distance
r(t) and the physical distance R(t) to the source are

(7.97)

r(t)= /t 0 % (7.98)

R(t) =a(t)r(t) = r(t). (7.99)

We are interested in the physical distance (7.99). To find it, we will need
an expression for a(t) or the related H(z). In more detail,

R to dt/ 1 to , d/
t) = alt _= 1 t)|dt".
0 =a) [ 5 =1 | 1)
The substitution ¢’ — z leads to the expression

_ _H({)
a2 a(t)

dt' = —H()[1+ =(t)]dr'

The dependence H(z) is known: according to (7.87),

H(z2) = Ho/Q (1 + 2)* + Qu(1 + 2)3 + Qa.

The quantity Q = 0 since we are considering a flat Universe with k£ = 0.
Finally, the distance to the object that has emitted the light signal is
1 * d2

And the redshift z is determined from observations by the frequency shift
between the emitted and absorbed signals according to (7.96).

Thus, in the expanding Universe, we can find the distance to the emit-
ting object. We can also find the velocity of its separation from the observer
due to cosmological expansion:

_ H(z) (7 dz
14z )y H(2)

v(t) = R(t) = a(t)r(t) = H(z)R(t) :

The emission time ¢ is also unambiguously related to the redshift z.
This relationship can be easily found for any of the main periods using the
expressions (7.78), (7.57), (7.80) and the relation (7.97).
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Problem. Observers have detected radiation from a quasar with z = 6.41.
Find: when and at what distance from the Earth was this light emitted?
What is the speed of the quasar measured from the Earth?

Let us note that, apart from the cosmological redshift, another, gravi-
tational redshift is also well known, and it is one of the classical observable
effects of relativistic gravity; it is closely related to the time slowing-down
near gravitating masses. It has no direct relationship with cosmology but
must be taken into account for interpretation of astronomical observations.

7.7.2 The luminosity distance

An important role in observations is played by the notion of luminosity
distance dy,. Let an object emit an energy E per unit time in the form of
photons or gravitational waves. An observer on Earth detects the energy
flux F'. Since in the expanding Universe the wavelength is changing as the
signal moves from the source to the observer, the seeming luminosity of
the object is L = E/a(t). It is simply the effect of photon energy decrease
due to increased wavelength. It is natural to define the luminosity distance
through the relation

L
- Amd?’

Then the relationship between the energy emitted by the source and that
absorbed by the receiver on Earth at ¢ =ty is

Fdty - 4mr* = Edt = La(t) dt. (7.100)

Let us prove the relationship

dt
i = ol (7.101)

For a signal emitted at ¢ and received at present, tg, by an observer at the
coordinate distance r, we have

/to dt/ _
. oalt)

The same after the time interval dt:

to+dto dt/
[
trar a(t)
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Comparing the two expressions for 7, we obtain (7.101) and hence
La?(t)
4mr?

Returning to (7.100) and (7.101), we obtain

dr — :L:Rphys
L= \/47TF 47rLa2 )/(4xr2)  at)  a2(t)’

and finally we obtain a relationship between the luminosity distance and
the redshift in the form

F =

Rphys

dL:m.

(7.102)

7.7.3 The velocity of particles in FRW space-time

The properties of matter, its density and its equation of state, affect the
global properties of the space itself and, in particular, its expansion dynam-
ics, i.e., the time dependence of its scale factor. But the opposite is also
true: it turns out that the expansion of space diminishes the velocities of
particles. Let us prove it, for example, for massive nonrelativistic particles.

Let us first prove the Hubble law for arbitrary times and distances. Let
there be two observers located at a coordinate distance r from each other,
both at rest in the comoving RF, i.e., » = const. The physical distance
varies in time, R(t) = a(t)r. Thus the physical velocity of one observer
with respect to the other is also variable. Indeed,

v=R=a(t)r = H(t)a(t)r = H(t)R. (7.103)

Evidently, the Hubble parameter H(t) can be considered to be approxi-
mately constant only at the present epoch.

Consider the motion of a particle from one observer to the other, located
at the coordinate distance dr, under the same conditions, so that dr =
const. Physically, according to the Hubble law, the second observer moves
away from the first one with the velocity

dVobs = H(t)dR,

where dR is the physical distance between them. A particle having the
velocity V' (t) with respect to the first observer and passing near him at
the time ¢ = ¢y will reach the second observer in the time

= dR/V(t).
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If the space were not expanding, the particle velocity V(¢) would be con-
stant. In the expanding Universe it is not the case. In the time interval dt,
the particle velocity is measured by the second observer who moves relative
to the first one with the velocity duvens. He will find that the velocity of
the particle passing by him is

V({t+dt) = V(t) — dvops = V(t) — H(t)dR.

This equality shows that

av dR Vda

_ = — = —H = ———

dt ®) dt BV a dt

The last equality is simply substituting the definition of the Hubble param-

eter. Finally, we have the following trivial equation:
dV/)V = —da/a,
whose solution is
V(t) = const/a(t). (7.104)

The constant is, as usual, determined by the initial conditions.

Thus in the expanding Universe the velocity of a free particle decreases
with time. The Newton laws hold only in Minkowski space in which
a(t)=1. Moreover, unlike both Newtonian mechanics and special relativ-
ity, there is a distinguished RF in nature: it is the one in which the CMB
is isotropic.



Chapter 8

Field dynamics in the
inflationary period

The inflationary paradigm has been developed for about 30 years, begin-
ning with the papers [191, 382, 383]. It has allowed for successfully solving
the basic cosmological problems, beginning with the earliest stages at which
our Universe was formed and ending with the galaxy formation stage. The
existence of an inflationary period in the history of our Universe seems
inevitable since it explains a great number of observational facts [232, 272].
The first inflationary mechanisms [191, 383] were based on self-consistent
equations of the scalar and gravitational fields. They solved in the most
economic manner the key problems of the Big Bang theory: the horizon
problem, the flatness problem etc. The key point is that, under certain
conditions, the interacting gravitational and scalar fields lead to an expo-
nential growth of initially small spatial regions. The scalar “inflaton” field
ultimately decays into fermions, thus heating the Universe [275].

Nevertheless, the simplest inflationary models usually require substan-
tial improvement. For instance, their predictions concerning the CMB
temperature fluctuations agree with reality only with unnaturally small
parameters of the potential for the inflaton field which is responsible for
the very opportunity of the inflationary process. On the other hand, its
interaction with the matter fields must be sufficient for creating, in the
post-inflationary period, the observed baryon and lepton numbers.

A further development of the theory has led to emergence of a
large number of inflationary models containing additional fields, such
as, for example, hybrid inflation [274] and inflation with pseudo-Nambu-
Goldstone field [139]. Most of these models are based on interactions
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between the classical components of different fields. Meanwhile, their
nature contains numerous kinds of fields whose interactions must lead to
new phenomena during inflation. Thus, for instance, dissipation effects
lower the probabilities of phase transitions. Some inflationary models
include as one of their basic elements an interaction between the classi-
cal inflaton field with various sorts of particles it has created. This effect
is a basis for the model of “warm inflation”; back reaction of the created
particles on the dynamics of the inflaton field has been discussed in [141].

8.1 Quadratic inflation

Consider inflation with a quadratic potential as one of the most promis-
ing models. The general equations have been presented in the previous
chapter. It is well known that the inflaton field, as a number of other
scalar fields, emerges in multidimensional theories in a natural way. The
shape of the potential can be quite complicated and strongly depends on
the theory chosen. However, our interest is in the shape of the poten-
tial near its minimum since our Universe was formed at the last stage of
inflation, in the process of its completion. But near a minimum, any rea-
sonable potential can be expanded in a Taylor series and approximated by
its quadratic term. Thus we choose as an example the simplest, quadratic
potential

V(p) = %m2<p2- (8.1)

Now the general equations of Sec. 7.3 can be given in a specific form.
In particular, the set of Eqgs. (7.38) and (7.39) is solved analytically. The
solution has the form

mMPl

t) = Yin — .

Recall that this solution is valid as long as the inequality (7.40) holds.
For the quadratic potential it reduces to the inequality

(8.2)

Mpy
231

It is useful to know the field value at which the slow-rolling conditions
are violated, i.e., when ¢ ~ 1, n ~ 1, and therefore inflation terminates.
It can be easily found that for the quadratic potential we are considering

> (8.3)
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this happens at

Pend ~ mMPL (84)
Thus the ¢ field (the inflaton) should be at the Planck scale to make the
conditions for an inflationary stage.

Let us estimate the growth of the spatial size of the filed fluctuation.
To do that, one should find the number of e-folds IV, since the size of the
Universe grows by a factor of eV. This number is easily obtained from
Eq. (7.47) in our special case of a quadratic potential:

2T 4 9
N = W(Qpin - @end)' (85)
Pl
It is known from observations that N~ 60. Now we can estimate the infla-
ton value at the moment when the modern horizon was created, i.e., at
creation of the spatial region that we call the observable Universe:

N
in ~ M — ~ 3Mp. .
%) PIY\/ o 3Mp) (8.6)

It has been taken into account here that ¢eng < ¢in and that the number
of e-folds known from observations is IV & 60. It is now easy to estimate
the value of the potential (8.1) at the creation of the modern horizon:

V(i) = %ngo?n ~ 4.5m?ME ~ 4.5 - 10712 M3,
The last equality has been obtained for the usually-supposed value of the
inflaton mass, m ~ 107%Mp;. Thus the modern horizon of our Universe
appeared at energies much smaller than the Planck one.

Let us see what is the size of the horizon that appeared at the
Planck energy scale, at V ~Mg,. In this case, the initial field value is
©OPlanck ~ M3, /m ~ 10 Mp. Substituting this value to the expression (8.5),
we obtain

N ~ 27 -10'2,

So the linear size of the spatial region that emerged at the Planck energy
scale has increased by a factor of exp (27 - 1012). Its initial size was of the
Planck order. Right after the end of inflation, the spatial size of such a
region is

L ~exp(2m-10"2) - 107*3 cm ~ 10210 ¢,
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8.2 Quantum fluctuations during inflation

A brief analysis

As is known, the classical evolution of systems is slightly changed by
quantum fluctuations. In Minkowski space their role is insignificant in
many cases because the quantum corrections are proportional to a small
parameter, the Planck constant A. In addition, according to Heisenberg’s
uncertainty principle, the larger a fluctuation, the smaller its existence
time. The situation is radically different at the inflationary stage which is
approximately described in terms of de Sitter space. The main property
of inflation is that any spatial inhomogeneity is stretched along with the
expansion of space. Field fluctuations are also inhomogeneities, and their
behaviour is quite unlike the behaviour of fluctuations in Minkowski space.
In de Sitter space, their size rapidly grows and exceeds the horizon size.
This process resembles particle creation in a strong field. After creation,
virtual particles fly apart instead of annihilating, as happens in Minkowski
space. The additional energy is created by the work of the external field,
the gravitational field in our case.

The hypothetic field that makes the inflationary stage possible is gener-
ally assumed to be scalar. One of the Einstein equations where this scalar
field ¢ is a source has the form

$+3Hp — H 2e ?H Ap +V'(p) = 0. (8.7)

Eq. (8.7) follows from Egs. (7.37) and (7.4) after simple calculations. Here,
we have neglected the weak change of the Hubble parameter H = a/a at
the inflationary stage, so that the scale factor is a(t) = H~1eflt.

Now we divide the field into “classical” (®) and “quantum” (g¢) parts:

p(x,1) = D(x, 1) + q(x, ). (8.8)
The term ¢(x,t) = dp(x,t), representing small fluctuations, must be quan-

tized, and to do so, we employ, as usual, the Fourier expansion

S, ) /—d3k [ar () % + h.c.]
x, = a e .C.l
v (2m)3 wIk

where aj is the annihilation operator for the mode k. Note that in this
analysis we are using the comoving RF with a dimensionless coordinate
x, and the wave vector k is also dimensionless. From the basic Eq. (8.7),
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putting H =~ const, we obtain

2

fo +3Hfr + (leth)ka + V(@) fr = 0. (8.9)

During inflation the field is changing slowly, therefore we neglect the last
term, which allows for finding a suitable solution to this equation

Fult) = \/%(i + ke Htyeike (8.10)

The behavior of the solution is extremely curious. At large wave numbers it
rapidly oscillates while at small wave numbers it tends to a constant. A crit-
ical wave number that separates the two regimes is ky = a(t)H (t) = eft.
This wave number is inversely proportional to the characteristic size of the
region, which is in this case a fluctuation emerging at a certain instant at
the inflationary stage.

The following picture is appearing. Quantum effects create a fluctuation
of the ¢ field whose spatial size, [, is naturally smaller than the horizon
size because a fluctuation can only appear in a causally connected region.
The condition ! < 1 means k& > 1 (recall that we are using dimensionless
coordinates and momenta).

Let us suppose that there initially emerged a small-scale field con-
figuration with the size lp < 1 and the characteristic momentum
ko> 1. The function fj describing this configuration, (8.10), rapidly oscil-
lates. The limiting momentum kg (t) = e”? grows exponentially rapidly,
and there must occur such an instant, ¢z, that the characteristic momen-
tum of the system will be comparable with the limiting momentum,
ko~ kp(tg). Beginning with this time, the function fj stops to oscillate
and tends to a constant. It is clear that the values of this constant are ran-
domly distributed. The distribution law is considered in the next section.

So far we have been dealing with comoving coordinates. Let us now look
at these processes from the viewpoint of physical distances Rpnys = a(t)r =
H~'efl'r and the corresponding physical momenta Pphys = p/a(t) =
He H!k. The limiting physical momentum at which the magnitude of a
certain fluctuation is “frozen” is PH = He Htky = H. The character-
istic size is then Lpnys = 1/ Pﬁlys = 1/H. Thus a fluctuation emerging at
the inflationary stage due to quantum effects develops in the following way:
the field value fluctuates very rapidly while its spatial size exponentially
grows until it becomes the inverse value of the Hubble parameter.
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A detailed consideration

Let us return to the expansion (8.8). The classical part of ® is associated
with smooth and slow changes of the field. The following expansion on the
basis of the Fourier transformation is often used:

P’k Zi(kx) | Ty i(kx)
p(x,t) = W[ak(ﬂe + ay (t) e

w0 = [ K (1) =099 4 g ()09
’ k|<k (27)3/2 ’

dSk et kx i(kx
0000 = [ Gl s s
where the critical momentum k* separates the “rapid” subsystem from
the “slow”, classical one. This choice is not unique and depends on the
problem under consideration. In Minkowski space, the most convenient is
the choice of basis functions of the form ay(t) ~ e?ot
of the d’Alembert equation

, which are solutions

Og(x,t) = 0.

In de Sitter space it is also convenient to choose the solutions of this equa-
tion as basis functions. After the Fourier transformation

t) = /dgacei(px)g(x, t),
the equation acquires the form

0?gp(t Ogp(t
gp(t) +3H o (t)
ot? ot
where H is the Hubble parameter. Let us note that the momentum p is
dimensionless as well as the comoving coordinate x. One often uses the

+ (Hp)? e Mg, (t) = 0, (8.12)

momentum P = Hp, having the correct dimensionality. Then the set of
solutions of Eq. (8.12) is expressed in terms of Hankel functions:

(2) (1) 1 \1# 2 1
) = W) === (1+_y)

The solution can be presented in the form

dp(t) = L Hr ey ()Y (nP) + ea(0) B (P
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Here, the so-called conformal time has been introduced:
n=-—H 1te (8.13)

This quantity simplifies the equations when analyzing processes in de Sit-
ter space. The two constants are determined from additional conditions.
More precisely, it is natural to suppose that at distances much smaller
than the horizon size, i.e., as p — 0o, the solution must coincide with that

in Minkowski space. It is possible if ¢; = 0, ¢co = —1. Thus the set of
orthonormalized solutions has the form [272]
. iH P . iP

An analysis of the behaviour of gp(t) indicates the existence of the thresh-
old value of the momentum,

P*(t) = H et (8.15)
At each time ¢, the solution oscillates at P > P* and tends to a constant
at P < P*:
- 1H
gP(t) - P3/2\/§’

To make clear the physical meaning of the result obtained, let us pass on
to physical distances, Rpnys = a(t)r, and momenta. Evidently, the physical

P < P, (8.16)

momentum Py is connected with the coordinate one, p, in the follow-
ing way: Ppnys=p/a(t) =P/(a(t)H). At the inflationary stage, the scale
factor is related to the Hubble parameter, a(t) ~ H~!eft. Consequently,

the threshold value of the physical momentum Plhys

is
P*

P = =H.

Phys = o (t)H

The characteristic value of a fluctuation is L pnys ~ P;hlys. If this size is
larger than the horizon size H~!, the magnitude of the fluctuation tends
to a constant. Note that the physical size Lpnys of the fluctuation grows

exponentially:

-1 a(t)H L m
Lpnys ~ Py = » —p¢ -
This behaviour is just characteristic of de Sitter space. In Minkowski space,

the lifetime of a quantum fluctuation is of the order 1/AE (AE is the

(8.17)
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fluctuation energy). In de Sitter space, a quantum fluctuation, having been
born, increases its size exponentially according to the expression (8.17). At
the same time, its magnitude is determined by the expression (8.16).

Now we can return to the problem of splitting the scalar field ¢ into
classical and quantum parts. The quantum part, see (8.11), can be written
in the form

d3p a o~ —i(px At o~ 1(px
ﬂxﬂz/ﬁﬁﬁwﬂﬁw%%@e“”+@%@e@).(m&

Here we have introduced the creation and annihilation operators dL and
ap, according to the standard manner of field quantization. Instead of
roughly cutting off the momentum by the condition P > P*, we use the
function W (P,t) with the properties W(P — 0,t) =0, W (P — o0o,t) — 1
[385]. This can be, e.g., the function

W(P,t) =60(P —eHe), e<1. (8.19)
As will be seen later, the final result does not depend on the small but

otherwise arbitrary parameter . Substituting the expressions (8.8) and
(8.18) to Eq. (8.7), we obtain

90 1 [ —2mipg  OV(R)] _
ot 3H[e AP = =55 | Tyt
1 a1

(Lt 9o o 1 _om
y(x,t) = <3H 92~ B + Y A) q(x,1). (8.20)

In this equation we have made an approximation: taking into account
the slow change of the field during inflation, we omit the second-order
derivative and neglect the higher powers of the function y(x,t). Eq. (8.20)
describes the dynamics of the ® field subject to the random “force” y.
The latter is assumed to be small, so that we can seek the solution in the
form [342]

D = Pyt + . (8.21)
The main part of classical field @40t obeys the equation

8(I)det _ L eithAq)det . 8Vv(q)det)

ot 3H 6(I)det

=0, (8.22)
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whereas the random part ¢ entirely depends on quantum fluctuations
according to the linear equation
¢ 1
ot 3H
(We consider the limit ®gep >> ¢, which is justified if the random “force”
y(x,t) is small). Calculating the random “force” appearing due to quantum
fluctuations, we obtain (see details in [342])

1 02 9 1

— -z = = A—2Ht
vx0 = (sgam - ot 3me ) ax

1 92 0 1 om d*p e
_<3_HW_§+3_HG A)/rﬁ)sxzﬂp—aﬂe )

x [apgp(t) ™" P) + af g (1) ' P)]

[e 2HIAD — V" (Bger) @] = y(x,1). (8.23)

He Ht d*p Ht\ra —i(px) _ At .i(px
= et [ et - eH ey ) ] )
(8.24)

Here we have used Eq.(8.12), which substantially simplifies the calcula-
tions; omitted is the second-order derivative, proportional to the small
parameter 2. We also have P=+/P2=/(pH)2. In the last line we use
the approximation (8.16). The validity of this assumption follows from
smallness of the momentum that enters into the argument of the delta
function.

Consider the correlator

D(x,t,x',t") = (0 |y(x,t),y(x', )] 0) .

Using the expression (8.24) obtained above and the properties of the cre-
ation and annihilation operators a and a, we can obtain an analytic
expression for this quantity:

3

H
D(x,t,x',t') = =6t —t
(X7 » Xy ) 471'2 ( ) €‘X—X/|6Ht

ek 1. (8.25)

sineglx — x/| ef!?

)

Homogeneous fluctuations

According to the expression (8.25), the correlator D(x,t,x’,t) turns out
to be an abrupt function of the distance |x — x’|. For the same reasons,
one can neglect the spatial derivatives in Eq. (8.23), which greatly simplifies
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the equations. So there is a reason to consider a homogeneous distribution
® = &(t) obeying the simple equation

o0 1 0V(®)
=+ 5 a@ =0, (8.26)
¢
00 Ib=ylt). (5:27)

Here we have introduced the notation
m? = V" (®get).

For the quadratic potential
L o5 .9

this quantity is a constant, while in the general case of an arbitrary poten-
tial it is almost constant during inflation. The correlator (8.25) of the
random function y(¢) in the limit € < 1 can be approximated as follows:

(ylt)y(t2) = Dlx,t,3,8) = 2 50(12 — t2).

The emergence of a delta function in the right-hand side of the equation
means the Gaussian distribution law of the random function y(t) with the
energy

H3/2
2

1
W (y) = const - exp ——/y(t)zdt , 0=
202

Due to a linear relation between the functions ¢ and y(t), see (8.27), their
probability distributions are proportional to each other. It means that the
probability of finding the value of the function ¢(t) inside a certain small
interval is equal to (see [162])

dP(¢) = const - D¢ exp [—L/ [(‘M + ¢] i dt] .
202 ot
The measure has the form D¢ = Hfil do(t;), N — oo.
It is now easy to obtain the probability of finding the field value ¢- at
the moment t; under the condition that the quantity ¢, at ¢; is known.
Evidently, it is necessary to integrate over all field values in the interval
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(t1,t2), except for the boundary points ¢1 = ¢(t1), ¢2 = é(t2), which
leads to the expression
2 1 to a¢ m2 2
dP to; p1,t1) = t-d D - — 4+ — dt|.
(@2, t2; ¢1,t1) = const - de N ¢6XP[ 557 /tl L% + SH(@

(8.28)

The unknown constant is found from the normalization condition
oo
/ dbs P, 1 b, tr) = 1.
—00

The functional integral (8.28) can be calculated exactly [162] using the
saddle point method, which implies a search for an extremum of the action

m2

S B
— =0 =_
p—p =0, p SH

with the boundary condition
P(t1) = g1, P(t2) = 2.
A solution of this equation reads
P(t) = Aet + Be M

:¢2—¢1e_”T B_—¢2+¢16”T,

=———: T =ty —t;.
2sinh(pT) ’ 2sinh(pT) ’ 2

Substituting it into the integral in the exponential in the expression (8.28),
we find the required probability as

dP(¢2,t1 +T;¢1,t1) = dos - \/éexp[—r(@ — pre T2,

_ K 1
" RT el
2 H3/2
= :;n_H ~ const, o= 5 = const. (8.29)

In the massless field limit we arrive at a simpler expression

2
AP(0n.t1 4 Tin,10) = dony| oo oxp |~ 20 = 02| (830)

This formula is widely used in different inflationary scenarios where the
field evolution should be small and therefore the second-order derivative of
the potential and hence the mass can be neglected.
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The field evolution picture looks as follows. The field is assumed to con-
sist of two components, the classical (deterministic) one and the quantum
one, see the expression (8.21). The classical part ®ge; obeys the equations
of motion (8.26) with a random “force” y. As shown above, the influence
of this force is included in the random component ¢ and has the proba-
bility density (8.29). It is easy to calculate (¢?) for estimating the time-
depending deflections from the classical value ®4e¢. Using the expression
for the probability (8.29), we obtain

(6()%) = /_ 0 AP(6, 41 + 1 61, 11)
= 217 = % (1= ™). (8:31)

This expression can be substantially simplified in the case of a massless
field. As already said, the field can be regarded as approximately mass-
less during inflation, when the condition m < H holds. Expanding the
exponential in the Eq. (8.31), we obtain

(607 = 0 = 5V (8.32)

In terms of e-folds, N = Ht, we obtain a formula to be widely used in
what follows:

(0077) = o = 3V, (339

In particular, one can conclude that fluctuations with the magnitude
~H/2m are formed in the time interval t ~ H=! (N = 1). The expres-
sions (8.15), (8.17) indicate that its spatial size becomes fixed at the scale
Lphys ~ H L

The spatial size of the fluctuation can also be estimated. To that end, let
us note that the correlator (8.25) is not small at ¢t ~ H
distance |x — x’| < 1. It means that those fluctuations with comoving size
of the order of unity are significant. Their size in physical coordinates grows
in the usual way,

Lif the comoving

Lauet = a(t)|x — x| ~ H1 e, (8.34)

and is equal to H~! at t ~ H~!. This remark is very important for what
follows. By the way, the results (8.33) and (8.34) can be easily reproduced
even in Minkowski space. Indeed, choosing the Lagrangian for a massless
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scalar field, let us make order-of-magnitude estimates for the action
1
S = /d4x\/—g§g””8#gp&,gp.

As a result, we obtain

A 2

S ~ ( SD) H74.

-2
Here Ay is the magnitude of a fluctuation emerging by the time ¢ ~ H 1.
It has also been taken into account that the fluctuation size is of the order
H~', which is true for a massless field propagating with the speed of light.

The probability of such a fluctuation is of the order of unity under the
condition that the action S ~ 1. Accordingly, we get the estimate

Ap ~ H,

which coincides by order of magnitude with the result (8.33) obtained more
rigourously.

There also exists another way of studying fluctuations, based on the
fact that Eq. (8.27) is nothing else than the Langevin equation. Then one
can at once make the statement that the probability density satisfies the
Fokker—Planck equation

OP  H? 9°P = m? 8%(¢P)

9t 872 9¢2 ' 3H2 g2
The expression (8.29) for the probability obtained above is a solution of
this equation (dP = Pd¢ in our notations).

(8.35)

8.3 Hybrid inflation

The main shortcoming of the simplest model with a quadratic potential
is the small value of the inflaton mass as compared to the Planck mass,
m/Mp) =~ 1075 There are different opportunities to improve the situation,
such as, for instance, introduction of one more hypothetic scalar field. One
of the most well-known attempts of this kind is hybrid inflation [274, 281].

The potential of hybrid inflation depends on two scalar fields ¢ and x
and is usually written as

2 /\2

2
1
V(x, o) = »* <M2 - XZ) + szaz + §m202, (8.36)

where 72, A and m are parameters of the theory.
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Such a form allows for obtaining in a natural way a slow rolling along
the valley x =0, 0 > 0. and rapid fluctuations of both fields after the end
of inflation. The slow rolling is necessary for carrying out the inflationary
stage while rapid oscillations are necessary for effective production matter
particles and heating the Universe.

The inflation is going on until the fields reach the critical point

acz\/igM.

After the field o passes this value, the motion along the line x =0, o < o,
becomes unstable, and the field x rapidly reaches one of the minima
x+ =*x2M, 0 =0. The fate of the Universe depends on the initial data,
Xins Oin -

Nevertheless, even this well-studied picture has a serious shortcoming.
During the inflationary stage, when the fields ¢ and x “move” along
the line xy = 0, the space splits into a number of causally disconnected
regions. Due to quantum fluctuations, the scalar fields in these regions
slightly differ from each other. Evidently, the overwhelming majority of
regions contain the field x #0. So, at the end of inflation, after the field
o reaches its critical value o., there emerges an enormous number (of
the order of exp(3 - Ny)~107®) of domains. In half of them, those con-
taining the field y <0, the rolling proceeds to the minimum y_ = — 2M
whereas in the other half it goes to the minimum y; = +2M . After infla-
tion, there appears a Universe consisting of chaotically distributed domains
with the field values x4 or x_ inside. Adjacent domains are separated by
domain walls because in moving from y; to x_ it is necessary to visit
the point (x = 0, 0 = 0), representing an extremum of the potential.
Such a period of “wall domination” in the Universe evolution is unaccept-
able because it makes the existence of the Universe in its present form
impossible. Accordingly, the assumed motion “on the average” along the
line x = 0 is also excluded. It is a very strong restriction imposed on
the model of hybrid inflation by taking into account quantum fluctuations.
But it can be circumvented both in the framework of this model and in
its modifications. Addition of a small slope to the potential substantially
eases the situation. A change in the shape of the potential leads to a non-
trivial scalar field dynamics and, in particular, to a new mechanism of a
transition from the inflationary stage to usual cosmological expansion in
FRW space-time with effective production of matter particles. A formation
mechanism of massive primordial BHs [354] also exists in the framework
of hybrid inflation.



Field dynamics in the inflationary period 257

8.4 Influence of massive fields on the process
of inflation

In this section we will discuss the influence of quantum fluctuations on
the classical evolution of the inflaton field. Our purpose will be a study of
the back reaction of the cloud of virtual particles created by the inflaton
field on the evolution of the field itself. Let us stress that here we are only
considering interaction with virtual particles which are in no way related
to the ambient temperature. It is known that such a cloud, possessing
inertial properties, can appreciably slow down the system evolution. This
phenomenon has been well studied in solid state physics (the polaron effect
[259]). The whole analysis is conducted in Minkowski space, i.e., without
taking into account gravitational effects.

The inertial properties of the virtual cloud depend not so much on the
shape of the interaction potential or on the kinds of particles as on the value
of the coupling constant and on the mass of the virtual particles, because
it is these parameters that determine the richness of space in particles of
different kinds. It is also clear that inclusion of new fields only strength-
ens the “braking” effect in the classical field evolution. Therefore in what
follows we consider the simplest form of interaction allowing for obtaining
analytical results. Specifically, we consider, apart from the inflaton field ¢,
an additional scalar field x and write the action in the form

1 1 1
S = /d4x\/—g [?P,MP’” = V(@) + Gxux™ = 5mix® — sexulp)|.
(8.37)

Here u(y) is a polynomial with respect to ¢ with the power not higher
than three for renormalizable theories. The linear term in the additional
field x is only needed in the interaction for finally obtaining observable
analytical results, valid for an arbitrary coupling constant . An interac-
tion of this kind emerges in supersymmetric theories and is discussed in
hybrid inflation models [281]. In the paper [141], such a form of interac-
tion is used in a study of the back reaction of the created particles on the
classical motion of the inflaton field. As indicated above, the inclusion of
real opportunities, e.g., with fermions, will only enhance the braking effect.
Since our interest is in the interaction with virtual y-particles, consider the
transition amplitude

Pf 0
Algi xi = 0; 97, xp = 0) = / Dy / Dy explis]. (8.38)
Pi 0
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We here assume that the x field is sufficiently massive and, by the relevant
time, is located near a minimum of its effective potential. Integrating in
the field variable x, we obtain an amplitude of the form (8.38) with the
effective action

Sert = /d4x\/—_g B@,Wu _ V(QD)}
+Z / d'a [ da'V=gule@)Gla, s Nulela),  (5.39)

where G(z,z') is the Green fluctuation of the scalar field x. This expres-
sion is exact but, due to the presence of a nonlocal term, which is physi-
cally interpreted as a contribution from a cloud of virtual x-particles, exact
analytical transformations are impossible. Therefore, as in the method of
effective action [214], we expand the nonlocal term in (8.39) in powers of
x—12'. Then the first several terms renormalize the initial parameters of the
potential and the field variable ¢ (the wave function). Since the parameters
of the potential are determined by the physical conditions at some energy
scale, we will be interested in new terms which cannot be incorporated in
renormalizations.

An explicit expansion of the expression (8.39) in a power series in « —1’
requires integration of the Green function, which, if we take into account
gravitational effects, is a hard problem. Instead, let us use the Green func-
tion equation [38] written as

= - (9 V—go"G(x,2"). (8.40)
my x V™

Substituting this expression into (8.39) and neglecting higher derivatives

in ¢, we obtain

_ 4 — 1 o _ L >
Seff = /d T\ —g |:2<P,p%0 Vien() V=9 2m

( )Ouv/=g0"u(ep) |,
(8.41)

with the corresponding equation of motion

a2

Opuv/=90"p + V/=gVien (e )+—u (£)0pv/—g0"u(p) = (8.42)

X
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and energy density

2

«
2m

1
E =Ty = 5(80§0)2 + Vien(®) + 3 (aou)2a (8.43)
X
where we have introduced the dimensionless parameter a = »/m,, .
The renormalized effective potential Vien(p) contains a sum of con-
tributions from interactions with all possible fields. A contribution from

interaction with the x field is easily found explicitly:
Vien(9) = V(p) + 8V, = V() — (*/2)u(p)*.

A shortcoming of the first model of chaotic inflation with the potential
Arentp? is the small value of the coupling constant, Aren(~10713), at which
there is agreement with the observational data. It means that all terms
in the expression for Aen, including dV, , should cancel with high accu-
racy. It is further proved that taking into account a renormalization of the
kinetic term makes it possible, in particular, to substantially weaken the
restrictions on the parameters of the theory due to observational data.

The terms similar to the last term in the expression (8.41) emerge at
renormalization of any theory and are usually interpreted as “quantum
corrections to the parameters of the theory depending on the value of the
field itself” [214]. In weak fields, a contribution from this term is negligibly
small. But at the inflationary stage, at large field values, the last term in
Eq. (8.41) can be quite significant.

The classical Eq. (8.42) can also be obtained in another way, using the
classical equations that minimize the initial action (8.37),

1
NS
1
—0,
Ve
We here consider the case u(¢) = 2. The first Eq. (8.44) can be trans-
formed to

O (V=90"x) +mix + p° =0,

(V=99"9) + V'(p) + 220X =0. (8.44)

x(x) = —%/G(J;,x')goQ(x’)da:’. (8.45)

Substituting (8.40) and (8.45) to the second Eq. (8.44), we arrive, in the
same slow motion approximation, at Eq. (8.42).

Let us note that the correction §V = — (a?/2)p* to the potential has
emerged from an analysis of the classical Eq. (8.44). On the other hand,
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quite the same answer can be obtained by calculating the first quantum
correction to the potential of the ¢ field due to interaction with the y field
at zero 4-momenta of the external lines corresponding to a quanta of the ¢
field. The last term in the expression (8.42) is usually interpreted as “back
reaction of radiation” [141].

During inflation, the field is regarded as homogeneous, ¢ = ¢(t), and
Eq. (8.42) is greatly simplified. Let us write it for the specific case u(p) =
2, also taking into account that the scale factor a is expressed in the
usual way in terms of the Hubble parameter H, a = exp([ Hdt):

d?¢ dy 40?2 dy d? dy 2
— +3H—— +V’ — |3H* = 2T — =0.
az Ot T (@)J’m; Var Y dt2+‘p< )

Due to a slow change of the ¢ field in time, we discard the terms

proportional to d?p/dt? and (dyp/dt)?, which is justified by the final result,
and after that we arrive at the easily integrable equation

12Ha?
<3H+ m;‘ <,02> o+ V() =0. (8.46)
X

Solving this equation for the potential V' (p) = Ap™, taking into account
the usual relationship between the Hubble parameter and the potential,

H = \/87V (p)/3/Mpy,

we arrive at an expression for the implicit time dependence of the field
variable :

" V24r |: 1 ( 2-n/2 _802_”/2>

= Mp\72 | n(2 —nj2) \P0

4 R Y R
* n(4 —n/2) m_i (Sﬁo R ) ' (8.47)

Here the first term reproduces the result of the standard inflationary
model while the second one takes into account the interaction with vir-
tual y-particles.

It is necessary to note that according to Eq. (8.46) there is an intermedi-
ate inflationary stage at which one already cannot neglect the second-order
derivative in the ¢ field in the square brackets. Nevertheless, of greater
interest is the first stage, and it is this stage that is studied below. The
further consideration is performed under the assumption that the second
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term dominates in Eqs. (8.46) and (8.47), i.e., under the condition
2ap/my > 1. (8.48)

For what follows, it is convenient to introduce the quantity

_ My

= Mx 4
o, (5.49)

Pe

which represents a boundary field value and separates the first stage of
superslow motion of the ¢ field from the second stage of ordinary infla-
tion. In both cases the field dynamics is described by simple analytical
expressions.

In the case ¢ > ¢, the time dependence of the field is

)

n 1/(4=n/2)
o(t) = e =t/ ]

8V 61 P
a n(4 —n/2) m;*(Mpl)\l/2 '

(8.50)

This expression is obtained under the “superslow-rolling” condition, which,
according to Eq. (8.43), has a somewhat unusual form

2
b < 12H<p2<p%. (8.51)
X

It is important to note that, as expected, the field changing rate

) m2 174
TR

obtained from (8.46) with (8.48), turns out to be much smaller than the
usual value ¢ = V’//3H. The first stage of inflation terminates when the
condition (8.51) does not hold any more. Further on follows a period of
ordinary inflation which lasts as long as the condition ¢ < 3H¢ holds.
As estimates show, the second stage turns out to be very short.

Let us determine the values of quantum fluctuations emerging at the
inflationary stage. The fluctuations of noninteracting fields have been stud-
ied well enough [272]. Meanwhile, for fields with self-interaction, only order-
of-magnitude estimates are known [138].

Let us address the fluctuations emerging at the first stage of inflation
for the potential Ap*. It can be done most simply if we introduce the
auxiliary field ¢ and, by substituting @ = (a/m,)p?, bring the action
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(8.41) to the form

S = /da:\/—_g [augza“@ — %m%ﬁ , (8.52)
corresponding to a free field with the mass m = mX\/ﬁ/ a. Such a sub-
stitution is admissible at this stage of inflation where the field values are
manifestly greater than zero. For a massive field, the fluctuation value is
known [90], A@ = /3/(872)H? /. Also known is the restriction on the
mass of the field ¢, obtained by comparison with the measurements of
energy density fluctuations by COBE [32], dp/p ~ 6 - 1075 on the mod-
ern horizon scale: m ~ 1076Mp,. Expressing m in terms of the initial
parameters, we obtain a relationship between them:

my VA -6
Mo o ~ 107", (8.53)

Since it is natural to suppose m, < Mpi, the inequality (8.53), obtained
from the observational data, is not burdensome and holds in a wide range
of the parameters.

Let us determine the field value ¢y which gave rise to the causally
connected region that created the visible part of the Universe. It is known
that the number of e-folds necessary for explaining the observational data is
Ny ~60. Then, using, as always, the relationship Ny = f;p;“d Hdt, we get

Pe Pend
Ny = / H) 4 1 / A9 4,
® P P

U

c

21(0&2 4 4 m 2 2
_ 4+ — — . .54
—lemi (SZU <iﬁc) .7\[21((;6 end) (85 )

Taking into account the different time dependencies of the ¢ field at
the first and the second stages of inflation, and also using the smallness of
the field value @enq right after the end of inflation as compared with its
initial value ¢, we obtain the desired expression

No\Y*
oy~ (2_U) [ My (8.55)
™ (0%

We note that the visible part of the Universe in this case can form at ¢ <
Mp;, at lower energies as compared to quadratic inflation. It is explained
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by the “superslow” field motion at the first stage of inflation, allowing the
Universe to expand to a necessary size.

All the above reasoning is correct if the field x has a sufficiently large
mass, so that, at inflation, it can be considered as being located at the min-
imum of its potential. It is known that a field begins to roll rapidly to a
minimum if the Hubble parameter becomes smaller than its mass, H < m.
The Hubble parameter is time-dependent, therefore let us give the neces-
sary estimates for the initial moment of emergence of the visible Universe
(¢ =u ) and at termination of the first stage of inflation (¢ = ¢, ). Simple
calculations lead to the following result:

A
my > H(py) — % <0.1,

VA
my > H(pe) — my, < Mp]g. (8.56)

These inequalities hold in a wide range of the parameter, at least near
the termination time of the first stage of inflation. Quantum corrections to
the mass m, of the x field bound the mass from below, therefore we will
further assume that m, > s, or, which is the same, oo < 1.

Thus the interaction between the inflaton field and the quantum fluc-
tuations of a massive field of another sort created by the inflaton makes it
possible to explain, in particular, the smallness of energy density fluctua-
tions under sufficiently soft conditions on the parameters of the potential.

8.5 Suppression of vacuum decay
by virtual particles

There have probably been a few phase transitions in the early Universe. To
such transitions one can attribute the one at the Grand Unification scale
of ~10'7 GeV and the one at the electroweak interaction scale, ~100 GeV.
So far we have been considering the class of models on the basis of chaotic
inflation. However, there also exists an inflationary scenario on the basis
of a first-order phase transition from which the Universe evolution begins
[244]. In field theory, first-order phase transitions happen by means of a
decay of a metastable (false) vacuum into spherically symmetric domains
filled by a true vacuum. These domains begin to expand and occupy more
and more volume. A calculation of the probability of such a decay repre-
sents a nontrivial problem.
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This problem was repeatedly discussed in the literature in different
areas of physics, such as field theory, solid state physics and the physics
of phase transitions. Theoretical aspects of this phenomenon have been
studied from a quantum-mechanical viewpoint for quite a long time [262].
Significant progress in these studies in quantum field theory began in the
70s, see [116], and these works laid the basis of the instanton approach to
the calculations of vacuum decay. The same method is also applicable for
calculating the probability of quantum-mechanical tunneling. The basic
idea is that the integration contour is deformed in such a way that the
basic contribution to the integral representing the transition amplitude be
given by a single trajectory, the “instanton” xinst(tg), where tg is time in
Euclidean space. The subbarrier transition amplitude obtained in this way
contains the necessary suppressing factor exp(—S[Zinst])-

Further progress in the subbarrier transition theory revealed the exis-
tence of numerous additional factors affecting the transition dynamics.
These factors can appreciably change the physical picture of the transi-
tion and particular conclusions of one or other cosmological models.

One of the main factors is the temperature at which the subbarrier
transition takes place. In cosmological phase transitions, the temperature
corrections to the effective potential strongly distort its shape, so that at
high temperatures such a transition can simply be absent [272]. As the
temperature decreases, there emerge additional minima of the potential,
and a phase transition becomes possible, though the parameters of the
effective potential are different from those observed at present.

Another fundamental factor is the ambient medium. An interaction
with it usually diminishes the tunnelling probability. When studying phase
transitions due to false vacuum decay, it is necessary to take into account
energy dissipation during the phase transition itself, at the motion of the
wall that separates the true vacuum from the false one. It is of particular
importance in studying the electroweak transition at the early stage of
the Universe evolution [277], when the density of the ambient medium
is high.

A third factor is interaction of a particle or a classical field with virtual
particles of another sort, see [352]. The “heavy nucleon” model also con-
firms the conclusion that a cloud of scalar particles interacting with the
nucleus affects the renormalizations of both its wave function and its mass.

A separate question is the calculation of quantum corrections to the
vacuum decay probability in field theory. It turns out that the correc-
tions, being small as compared with the main contribution, still lead to
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an appreciable change in the magnitude of the main effect, the subbarrier
transition probability. The papers [252, 253] describe a method of summing
the low levels which allows for a correct determination of the contribution
of quantum corrections. In what follows, we consider the influence of a
cloud of virtual particles on the classical evolution of a scalar field and the
false vacuum decay probability.

We consider a first-order phase transition, where the scalar field making
this transition is surrounded by a cloud of virtual particles of another
sort. As will be shown below, such a cloud diminishes the probability of
a subbarrier transition even at zero temperature, and the suppression can
be strong enough to completely change the picture of the transition. It is
sufficiently clear from a physical viewpoint because the cloud of virtual
particles needs time for its state restructuring.

Consider a system with the action (8.37) in Euclidean space. Acting in
full analogy with the previous sections, we obtain the effective Euclidean
action for the main field ¢:

1
Seir = /d‘*ﬂc {—590,;&’” - V(s@)}
# 4 4./ ! /
-7 /d J;/d Pu(p@) Gz, 2 u(p(@).  (8.57)
(Here and henceforth the gravitational effects are ignored). For what follows

it is convenient to transform this expression to

2
a 2

55 = [ s 5002 + V() - Fu(e)

a? /d4x du(p(z)) du(p(z)) (8.58)

+ 2 Oz, Oz,

The third term in this expression must be included in renormalization of
the potential,

‘/ren(@) = V(‘ﬂ) - —U((p(l‘))2, Q= %/m)w

while the last term can substantially affect the system behaviour. It is this
nonlocal term that reflects the influence of the cloud of virtual particles of
the sort x on the dynamics of the field ¢. Here we also take into account
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that for the Green function Gg(x — z) the inequality
/deE(x — ') =1/m}. (8.59)

is valid.

Let the potential V,., have two minima and the initial field value
pr correspond to a metastable state. In this case, the metastable state
decays by formation and expansion of true vacuum bubbles with the
field value . This process is described by the O (4)-invariant solu-
tion @p(r) of the classical field equation with the boundary conditions
vB(0) = pr,pp(c0) = ¢r. The decay probability density was found for
the first time in the paper [116]:

2 /7 —1/2
r/V= (SE(WB)> Det’ D{pp) e Sp(en), (8.60)
27 Det D(¢r)
where the core K of the operator D(yp) is
2SB(p)
K(z,y) = —————. 8.61
) = Sow)00ty) 5oy

The calculation of the normalizing determinant in the denominator is
usually not difficult. Since ¢p = const, everything is reduced to a cal-
culation of the well-known determinant like Det(—d? + const). However,
in the case under consideration, the effective action is nonlocal, and the
calculation of the normalizing determinant is a problem. If we introduce
the definitions

92 — VN(QD )+ a2 du ?
= F d@F )

M* = 52 (d—“)2 (8.62)
= (50) .

then the problem reduces to calculating the determinant of the operator

D(¢F), whose core has the form
Kp(z,y) = {0z —y)(=07 + Q%) = M*Gp(z —y)}. (8.63)

This core is not diagonal, but, due to its particular features, can be diago-
nalized and after that is easily calculated (see [259]). Let us introduce the
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operator G5! = (—02 + m2). Then,
Det D(pr) = Det G5' D(pr)/ Det G5!
= Det[(—02 + Q°)(—02 + m?) — M*]/ Det G
= Det(—92 4+ w}) - Det(—02 + w3)/Det G5',  (8.64)

where we have introduced the parameters

1
Wiy =5 [0+ m2 - Q2 —m2)2 +and]. (8.65)

The problem of calculating the normalizing factor in the pre-
exponential of the expression (8.60) has been reduced to calculations of
known determinants of oscillator-type operators.

As a matter of fact, quantum corrections at high energies lead to serious
alteration in the effective action and substantially affects the vacuum decay
rate. Let us show that using as an example a potential with two minima,
a local one and an absolute one,

Y 212 €
Vien = 8(('0 a”)” + % (o —a). (8.66)

The instantonic solution to the Euclidean equation of motion can be char-
acterized as follows:

QD({,C) = Qpinst(r) = Atanh (%(7" - R)) - B, (867)

where 72 = Zizl 22 | and the parameters R and M are arbitrary quanti-
ties determined by minimization of the action. The parameters A and B
are found from the boundary conditions

Pinst (T i OO) = P+, Pinst (T - O) = Y- (868)

Here ¢, corresponds the right local minimum of the potential (8.66) (the
false vacuum) and ¢_ to the left, absolute minimum (the true vacuum).
The action (8.58) is written with neglected high-order derivatives in the
field . This approximation is correct under the condition dgp/m,pp < 1
(m, is the mass of x particles that form the cloud). On the instanton
trajectory, the derivative dpp is proportional to the mass of a quantum
of the main field, m,,. Thus a validity criterion for the approximation is

me/m, < 1. (8.69)
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In fact, the transition domain from false to true vacuum is strongly widened
by retarded effects due the cloud of virtual y-particles. Therefore the above
condition manifestly holds and is even too strict.

For making a numerical analysis, let us write down the classical equa-
tions whose solution is the O(4)-symmetric instantonic trajectory:

3
00+ =00 = Vien ()

o

+ ) | 20 ()0 + 0 ()(0r0) + ()| = 0. (8.70)
X

A solution to this equation is sought in the form (8.67) with the unknown

parameters M and R. The parameters A and B are determined by the

boundary conditions.

The results of the numerical calculations are shown in Fig.8.1. The
abscissa axis is chosen to coincide with the known result [116, 117], obtained
without taking into account the cloud of virtual particles. It is seen from
the plot that the action can increase by orders of magnitude and hence the
phase transition probability turns out to be exponentially suppressed as
compared with the usual predictions.

For a more specific estimate we assume that the action on the instan-
tonic trajectory, without interaction with an additional field, is Sy, and
that taking into account this interaction is pSy. Evidently, if this interac-
tion is taken into account, the lifetime of the metastable state increases by

100

Lol

1

Action -1073
=]

e |

Figure 8.1 The dependence of the Euclidean effective action on the parameter
F= %Q/m;l( . The parameter values are a=1; A=0.1;e=0.01 in units of m, =1.
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a factor of ¢ = exp[(p — 1)So]. Using the plot of Fig.8.1, we choose the
intermediate value p = 10. The probability of a subbarrier transition is
usually calculated in the quasiclassical approximation, such that Sy > 1.
Let us choose the minimally possible reasonable value of the action,
So = 10, which yields the estimate ¢ = €°° ~ 10°. Such an abrupt increase
in the lifetime of the metastable state is able to change the conclusions
obtainable on the basis of a specific model. The action is usually much
larger than the value chosen, and the suppression is still much stronger.

Evidently, the false vacuum decay probability is quite an uneasy prob-
lem, requiring the inclusion of first-order quantum corrections. The latter
can drastically change the estimated lifetime of a metastable state and, in
particular, affect the rate at which our Universe was formed if that hap-
pened due to a first-order phase transition, or the rate of the electroweak
transition.
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Chapter 9

The large-scale structure

In the first two sections of this chapter we briefly describe the modern
views of galaxy formation. The subsequent sections are devoted to studying
the new opportunities arising due to a correct consideration of quantum
fluctuations during inflation.

9.1 The cosmic microwave background

In 1964, Arno Penzias and Robert Wilson decided to carry out some
research in radioastronomy and satellite communication. For testing the
antenna, they chose the wavelength of 7.35cm. Very soon it became clear
that the antenna permanently detected an unexplained additional noise
of unclear origin, and no way was found to get rid of it. The isotropy
of the noise and its constancy in time meant that its source was located
somewhere outside the Solar system. Even if its origin were related to our
Galaxy, its intensity would vary due to the Earth’s rotation and orbital
motion around the Sun, which change the antenna’s direction in space. So
it was clear that the noise was of extragalactic origin. On measurement,
the intensity of this radio signal corresponded to the radiation intensity of
an absolutely black body with a temperature near 3 K. That is how the
Cosmic Microwave Background (CMB), also called the relic radiation, was
discovered.

What is the CMB? According the Big Bang theory, the Universe
emerged approximately 14 billion years ago as a result of an enormous
“bang” that created our space and time and the whole existing matter and

271
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energy of our Universe. Up to an age of about 300 thousand years, the
young Universe consisted of a hot plasma of elementary particles and, cer-
tainly, photons. The common expansion of the Universe gradually cooled
this medium, and as soon as the temperature fell down to a value of a few
thousand degrees, the free protons and electrons formed neutral atoms.
After that, the existing radiation in the form of photons propagated freely
since they almost do not interact with neutral atoms. Due to further cosmic
expansion, the wavelengths of this radiation continually increased. It is this
radiation that was detected by Pensias and Wilson as an unknown noise.

The CMB has a spectrum corresponding to the temperature
T = 2.73 K. CMB investigations at different angles have revealed surpris-
ingly small values of its temperature fluctuations, about 1075 in relative
units. Nevertheless, these fluctuations bear valuable information on the
early Universe.

Let us discuss at a qualitative level the effects leading to the tem-
perature fluctuations AT(6,¢). For convenience, the perturbations are
expanded in spherical harmonics

AT( 0
SD Zalm lm 0 QD (9.1)

and the plot of the quantity I(I + l)Cl, where C; = (|aym,|?) is studied.
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Figure 9.1 CMB temperature fluctuations.
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This plot contains information of utmost importance. For example, we
are now catching photons which were located near the horizon [l at
recombination time, after which the Universe became transparent. (Recall
that the horizon is the distance to which a light signal escapes in the
expanding Universe from a certain time up to now.) While the Universe
was opaque, the motion of massive particles was also hindered by friction
due to interaction with photons.

On the other hand, in the same period of time there were fluctua-
tions of the particle density and the gravitational potential. Subject to
the gravitational field, the density fluctuations could have grown, but that
did not happen because, as was said above, the motion of charged parti-
cles was strongly hindered. At recombination time, two events happened:
(a) the friction disappeared, and particles began to move to the “cen-
tre” of the density fluctuation; in doing so, they are accelerated, which
raises the local temperature; (b) photons from these heated regions move
freely.

How does the size of the region of a density fluctuation affect further
events?

1. Regions comparable with the horizon size at the recombination time,
Lioc = 2H}, are causally connected regions of the largest size at that
time. These are regions having the largest gravitational well and hence
the largest temperature contrast. Photons from such heated regions are
now reaching us, and we must see a temperature peak in the plot. Let
us estimate the size of these heated regions Lg at present:

1 T

Lyec = = Lyec = 300 MpC

Lo=—
O () To

Since H-! ~ %trem we have Ty =~ 3000 K.

rec
The angle at which we see such a region is

Lo 300 oo
_ENm—O.O3rad~2 .
Consequently, a peak must be observed at about 2°. This acoustic, or
Doppler peak, is clearly seen in the plot.

2. Regions much larger than the horizon size L., at recombination evolve
insignificantly. Their mean temperature weakly depends on the size,
and there is an evident plateau in the plot (the Sachs—Wolfe plateau)
at large angles.
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3. Regions much smaller than L. After recombination, these regions
had enough time not only to contract but also to expand due to internal
pressure. Therefore they are cooled a little, and we must see a minimum
in the plot at smaller angles.

Classical evolution of quantum fluctuations

One of the most important results of the previous section is the following.
At the inflationary stage, the density fluctuations created by quantum fluc-
tuations rapidly increase their spatial size. At some instant, they become
larger than the horizon size — the fluctuation crosses the horizon for the
first time. By the end of inflation, the fluctuation scale can greatly exceed
the horizon. The fluctuation magnitude is changing until the fluctuation
scale crosses the horizon for the second time, now after the end of inflation.
It turns out that in the period between two horizon crossings, there holds
a simple relationship

5
LN const, (9.2)
ptp

which we shall need in what follows. Let us first of all prove this relationship
using Eq. (7.10) written in the form
dp  3da
ptp  a
Suppose there is a one-to-one correspondence between matter density

and pressure, p <> p. Hence the pressure is a certain function of the density,
p(p), and the previous expression can be formally integrated:

) 4 a®) g
/ 70:_3/ da@ (9.3)

plto) P(P) £ p a(to) @
where tg is a time instant at the inflationary stage, and ¢ is an arbitrary
time satisfying the condition ¢ —tg > 1/H,, and H. is the Hubble param-

eter at the end of inflation. If a quantum fluctuation creates a perturbation
of the energy density dp(to), then Eq. (9.3) should read

p(t)+3p(t) d a(t)+da(t) 4
/ A 4 / da (9.4)
p(to)+6p(to) p(p) +p a(to)+6a(ty) @

which holds for the spatial region occupied by the fluctuation.
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Let to and ¢ denote the times of the first and second horizon crossings
by the fluctuation in question. Let us split both parts of Eq. (9.4) into a
sum of integrals:

/P(tO) dp N /P(t)+5p(t) dp
p(to)+op(to) P(P) P S p(p) +p

_ /a(to) d_a B 3/a(t)+5a(t) d_a'
a(to)+da(to) @ a(t) a

Here, Eq. (9.3), which is valid for a volume including the volume occupied
by the fluctuation, is used in order to cancel the main terms in both parts
of the equality. The remaining integrals can be easily estimated taking into
account the smallness of the fluctuations:

5
<_p+3@) 2(5_ﬂ+3d_a),
p+p a /.y, p+p a ),

The scale factor a grows exponentially since the beginning of the inflation-
ary stage, so that we can neglect the second terms in both parts of the
equation to obtain the required equality (9.2).

Equation (9.2), rewritten in the form

(%), =G5) 09
p+o)y, p+p),’

can be used for obtaining the spectrum of large-scale fluctuations. Here,
tin = to is the fluctuation emergence time at the inflationary stage, before
the first horizon crossing, and t; is the second horizon crossing time after
the end of inflation at the matter-dominated stage. The left-hand side
of this equality can be expressed in terms of the scalar field (inflaton)
© = @(tin). The right-hand side of the equality is especially simple at the
matter-dominated stage because the pressure is zero, p = 0. Let us write
down the expression for dp and p + p at the inflationary stage:

6p=V'(p)dep, p+p=¢>

Now, the quantity dp/p|:, to be estimated is also expressed in terms of the

lnﬂal on ﬁeld:
< ) £ - ( ( ) ) n '
p t QD t;
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In the slow-rolling approximation we have dp ~ H(p)/27. Using the infla-
ton field equation, we obtain

(%), ()., 69

At the inflationary stage, the Hubble parameter H is expressed in terms of
the potential V(¢), and we arrive at a formula for calculating the density

fluctuation magnitude:
o) _9(4 i me? (9.7)

The fluctuations are characterized by values of the ¢ field at first horizon
crossing. This formula includes, for completeness, the factor 2/5, which
emerges when taking into account matter domination at the second horizon
crossing. For what follows this factor is not very significant.

Another important parameter of the fluctuation is its characteristic
size [. It depends on the times t;, and ¢ of the first and the second
horizon crossings, respectively. The fluctuation size at the time ¢ such that
tin < t < t¢ can be estimated using a normalization to the size of the visible
part of the Universe, Ly :

I = Ly exp(N — Ny), (9.8)

where N is the number of e-folds at which the scale [ of this fluctuation is
formed at the inflationary stage, and Ly denotes the size of our Universe,
Ly =~ 10*Mpc ~ 102 cm.
On the other hand, the number of e-folds is expressed in terms of the
inflaton value ¢ according to the expression (8.5):
27
N~ —p?
MQP 180 )
where the potential is chosen in the form V(¢) = (m/2)p?, and the
inequality ¢ = @in > @ is assumed. Substituting this expression and
Eq. (9.8) into the expression (9.6), we arrive at a relationship between the
fluctuation magnitude (dp/p):, and its size | [264]:

(7). = ) rmn(@)
“(3), rmge) = (), () o

Here it is taken into consideration that the second term in the brackets is
much smaller than unity at large scales, such that {/Ly > 0.01.
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Consequently, the magnitudes of large-scale fluctuations very weakly
depend on their spatial size. In this case, one speaks of an almost flat
fluctuation spectrum. The above series expansion in [ ~ Ly leads to a
power-law spectrum with the spectral index n = 1 — 2/Ny < 1. Let us
note that one can judge on the perspective of a specific model of inflation
by the observed value of the spectral index.

9.2 The development of density fluctuations

9.2.1 Density fluctuations in Minkowski space

Let us follow the development of energy density fluctuations. We will sup-
pose that the substance which is the carrier of energy can be considered as
a perfect fluid with the stress-energy tensor

Tuw = pguw + (0 + p)UuU..
Here U, are the velocity components of an elementary volume of the fluid.
In the comoving reference frame,

Ut=1, U'=0.
The hydrodynamic equations of motion have the form
% + V(pv) =0,

% + (0V)v + %Ver Ve =0,

Ap = 47Gp, (9.10)
where ¢ is the Newtonian gravitational potential. The solution of this
equation in the zero-order approximation is elementary:

vo =0, po=const, po= const.

In general, it is just an approximate solution, satisfactory when the
influence of the gravitational field potential is small. Consider the behaviour
of small fluctuations, marked with the subscript 1. Equations (9.10) are
simplified:

dp1 _

— 4+ V =0

8t + (pOUl) 5
87 2
i + U—SVm + V1 =0,
ot po

Ap; = 4nGp;. (9.11)
The velocity of sound is v2 = (9p/0p)adiabat = P1/p1 -
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From Egs. (9.11) it is easy to obtain the wave equation
(92;)1
ot?

whose stability must be investigated. To this end we seek a solution in the
form of plane waves

—v2Vp1 = 4nGpopa,

pi(F,t) = Apg e~ kTt

From the expression for the frequency
w = +£/k?02 — 47Gpo
it is evident that at small frequencies, such that

k < kj=+/41Gpo/v2,

the solution is unstable.

The theory of gravitational instability was discussed for the first time
by James Jeans in his paper “Stability of a spherical nebula” (1902), which
considered quantitatively the gravitational instability of a gas cloud. The
index “J” appearing in this section is related to Jeans’s name.

The growing modes destroy the zero-order approximation in the form
of a homogeneous energy density distribution. Under the impact of gravity,
the structures become more dense. There occurs an exponential growth of
fluctuations, ending with the formation of stars and stellar clusters. The
size of an unstable region is, by order of magnitude,

lElJ>27T/kJ.

One can also estimate the Jeans mass of matter M, above which the
structure turns out to be unstable:

47r<7r)3 7oz 2
=\ 77 ) Po=—"F—

M. —_—
7 3 \ ks 6 G3/2p3/2

9.2.2 Density perturbations in the expanding Universe

In the previous section, the cosmological expansion was not taken into
account. Therefore the conclusions are correct only in a limited number of
situations, for instance, for intragalactic gas condensation.

In a homogeneous Universe, the expansion is described by the time
dependence of the scale factor a(t). Then Egs. (9.10) preserve their form,
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but their solution changes drastically. As a zero-order approximation, we
will choose a solution in the form
_ . . 47 G R
po(t) = a3 ()po(to), ¥o(t) = H()F, Vo= Tpo(t)r.
We introduce small perturbations marking them by the subscript 1. Acting

as above, we obtain

v2k?
a?(t)
where ), is the Fourier image of the relative density dp/p ~ p1/po. The

velocity of sound v is proportional to the velocity of particles, therefore
vs ~ 1/a(t). An unstable regime emerges at large wavelengths, i.e., at

k < ky=a(t)/4nGpo(t)/v2(t).

Consider the growth of long-wave fluctuations, such that k¥ < k. Recalling
that at the matter-dominated stage we have the relationships

Sk—FQH(;k—F ( —47TGp0(t)) 6 =0,

a 2 1
®) a 3t po(t) 67Gt2’
we obtain from the original equation that
.. 4 . 2
Op + =6k — —0 =
kTt 570k = 50k 0,

which leads to growing solutions:

5r(t) = On(tim) <i>2/3.

tin
The long-wave fluctuations, having been formed, grow much slower than
in a stationary Universe. Further on, these density fluctuations lead to the
formation of galaxies and clusters of galaxies.

9.3 The baryonic asymmetry of the Universe

It is well known that, despite the symmetry between particles and antipar-
ticles, baryons dominate in our Universe. It is one of the most impor-
tant ingredients of the modern cosmological picture. At which moment did
such an essential symmetry breakdown occur? What is the mechanism of
baryosynthesis? A great number of reviews are devoted to this problem,
see, e.g., [138, 232]), where quite various opportunities are discussed.

The whole previous presentation assumed homogeneity (on the average)
of energy density and entropy fluctuations. In this chapter we will show
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that, under certain conditions, large-scale fluctuations of different kinds are
also possible. This leads to new phenomena, such as macroscopically large
antimatter regions and massive primordial black holes. The conditions for
such phenomena originate in the course of inflation and develop in the
post-inflationary period. The possible formation of antimatter regions has
also been discussed earlier [110].

Since antimatter islands (regions) have not yet been found experimen-
tally, the number of antibaryons in the whole Universe must be much
smaller than the number of baryons. For the same reason, antimatter
islands cannot be too large — otherwise we would observe annihilation
photons at the edges of the corresponding regions.

On the other hand, if the size of antimatter regions is not sufficiently
large, then annihilation at their boundaries should lead to their rapid
evaporation, and it is just what happens in the majority of models of
baryosynthesis . The processes of spontaneous CP symmetry breaking usu-
ally manifest themselves in the course of first- and second-order phase tran-
sitions that took place in the early Universe. In this case, the antimatter
regions turn out to be too small to be preserved until the present [138].
As has been shown in [233], a boundary separating an antimatter region
from its baryonic environment moves due to annihilation not farther than
by 0.5 pc by the termination of the radiation-dominated epoch. Thus, to
be preserved up to the present time, the antimatter regions should be large
enough. This in turn means that the future antimatter regions should have
begun their formation at the inflationary stage, because the main property
of this stage is the ability to effectively “stretch” the spatial lengths.

9.3.1 Baryogenesis

From the large number of models of baryosynthesis, we would like to choose
the one [138, 139] where the inflationary period plays a substantial role.

This model postulates the existence of a complex scalar field x, possess-
ing a baryonic charge. Since at present the baryonic charge is concentrated
in fermions (quarks), it is necessary to provide a transition of the baryonic
charge from the x field to the quarks. To this end, one introduces the
interaction Lagrangian of the x field with heavy quarks @ and leptons L,
so that the full Lagrangian has the form

L= —-9,x*0"x — V(x) +iQy"8,Q + iLy"9,L
—m@QQ —myLL + (9xQL + h.c.). (9.12)
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It is supposed that the heavy quarks ) and leptons L are connected
with the ordinary quarks and leptons of matter fields. The fields y and @
possess a baryon number but not a lepton number. On the contrary, the
field L possesses the lepton number only. Consequently, the term in the
Lagrangian (9.12), determining their interaction, leads to lepton number
nonconservation [139]. The baryon number conservation follows from the
U (1) symmetry of the Lagrangian with respect to the transformations

x —exp(if)x, Q —exp(if)Q, L — L. (9.13)

Let us return to studying the dynamics of the scalar field x that creates
the baryon asymmetry. We choose the potential in the first-order approxi-
mation in the form

V() = =maxX"x + A0+ Vo = AxI? = f/V2)P + Vo, (9.14)

where the constant Vj is added for the minimum of the potential to be
equal to zero. The “Mexican hat” potential (9.14) is the first, basic approx-
imation. In what follows we will need quantum corrections to it.

The x field can be presented in the form

x(¥) = % exp (?) (9.15)

A violation of the U(1) symmetry means that the radial component of
the x field takes the fixed value

f=my/ \/Ey

and the variable ¥ in Eq. (9.15) now has the meaning of a massless scalar
field since V(1) = const. The minimum of the potential is located on a
circle of radius f. Further on we work with the dimensionless variable
0=49/f.

The quantum corrections change the shape of the potential, so that
its symmetry (9.13) is violated, and a small tilt of the “Mexican hat” is
observed:

V(0) = A*(1 —cosh); A< f. (9.16)
This potential has a countable number of minima at 6 = 27N,
N=0,1,2,.... Note that the potential (9.16) is a convenient approxima-

tion of a more involved expression, see, e.g., [4]. The final form of our
potential is

Vo(x) = M|x|? = f/vV2)? + A*(1 — cos6) + V. (9.17)
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For baryogenesis, of importance is the tilt of the potential (9.16) near
the minimum which fixes the mass of the 8 field:

A4

Since the tilt is caused by quantum corrections, it is natural to assume a
small value of the parameter A. It means that the contribution of the field
0 to the energy density is small as compared with the full energy density
at the inflationary stage. For this reason, the field @ is effectively massless,
so that

(9.18)

my < H, (9.19)

where H is the Hubble parameter at inflation. After the end of inflation,
when the condition (9.19) is violated, the field € oscillates near the min-
imum of the potential (9.16), and the energy py ~ 62m2f? of the field 6
passes on to the energy of created baryons and antibaryons [114, 139]. The
sign of the baryonic charge in the final state depends on the initial value
of phase at the time of symmetry breaking.

As a result of the symmetry breaking, the phase 3 of the x field
acquires the random value 6, and the effective Lagrangian has the form

r . ,
L= —7@08"9 +iQy"0,Q + L0, L

~moQQ —myLL + (%fQL + h.c.) +8,007"Q.  (9.20)
For a spatially homogeneous field x = (f/v/2) e, we have the following
expression for the formed baryonic charge:

Q =i[x*dx/dt — (dx*/dt)x] = —fdb/dt. (9.21)

It is clear that @ > 0 if < 0 in the process of classical motion to the
zero of the phase 6. Consequently, a clockwise motion leads to a baryon
excess, and a counterclockwise motion to an antibaryon excess.

Let us estimate the number of baryons and antibaryons created at oscil-
lations of the phase # with an arbitrary initial phase ;. An expression for
the concentration of the baryons formed, Np By in the limit of a small
phase 6; has the form [139]

3 3
@D =7 Y [ Gt el Qs L) D). (022)

$Q,SL
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After standard calculations using the last term in (9.12) as an interac-
tion Lagrangian, we obtain the density of created baryons

2 o] 0o
npE) = J / wdw '/ dix(t) et2t

2
™ mg+mr

i , (9.23)

which is correct in the case x(t — —o0) = x(t — +00) =0.

For the more general case x(t — —o0) # 0, x(t — +00) = 0 a result
can be obtained by partial integration of the expression (9.23), which leads
to

2

2 o]
g . WT
Npp) = 12 Qgi/dw‘/_m drx(t)e*? (9.24)

where 2, is a volume containing the initial phase 6;. In obtaining
Eq. (9.24), the surface term is equal to zero at ¢ = oo due to Feynman
conditions on radiation of the x field at ¢t = —oo.

A numerical result can be approximately found by assuming the time
dependence of the phase in the form

0(t) ~ 0;(1 — mot), (9.25)
during the first period of oscillations. Substituting (9.25) and (9.15) into
(9.24), we obtain after simple calculations:

2 £2
Npp) = ot 000, k(0:),  k(0;) =9?/ dw

~ 2 0.
8 %

sin® w
w?

(9.26)

where the sign at the lower limit of the integral corresponds to a baryonic
or antibaryonic excess.

At the reheating time, the inflaton energy density is transformed to the
energy density of relativistic particles. It is then assumed that the inflaton
decays into light particles rather rapidly as compared with the oscillation
period near a minimum (recall that due to the tilt of the potential the mini-
mum is located at the point § = 0). Thus we have I'yot > myg. Oscillations
of the field # begin when friction in the medium can be neglected, i.e.,
at H =~ mgy. The phase change with time leads to baryon and antibaryon
creation as discussed above. The entropy density after thermalization is

272

=g, T3, 2
§= =9 (9.27)

where g, is the total effective number of degrees of freedom. It is assumed
that the temperature exceeds the electroweak symmetry violation scale.
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At this temperature all degrees of freedom of the Standard Model are
in equilibrium and g, ~ 106.75. The temperature is connected with the
expansion rate as follows:

MpH VW
T= [ e YT (9.28)
1.669. s

In the last expression (9.28) it is assumed that relaxation processes begin
when the condition H ~ my holds. Using Eqgs. (9.26), (9.27) and (9.28),
we obtain different expressions for baryon and antibaryon concentrations:

_ 3/2
NB(B) 459> / /
= — 1) 2

P 1674g1/* \ Mpy Ak (9.29)

The function k(6;) includes the dependence of the magnitude and sign
of the baryon asymmetry on the initial phase which is different in differ-
ent spatial regions. The behaviour of this function can be easily analyzed
numerically with the aid of the expression (9.26).

The expression (9.29) makes it possible to obtain the observed average
baryonic asymmetry in the Universe, np/s ~ 3-1071%. In this model it has
been assumed that f > H ~ 1075Mp;. A natural value of the coupling
constant is ¢ < 1072, which leads to the observable baryon asymmetry
under the reasonable requirement f/A > 10° [4].

9.3.2 Large-scale fluctuations of the baryonic charge

There appears an opportunity of interest if one takes into account the
effect of phase fluctuations during inflation. To do so, let us consider in
more detail the motion of the phase along the valley |x| = f/ V2, having
the shape of a circle. Let the phase # = 0 correspond to the north pole and
0@ = m to the south pole. The minimum of the potential is located at the
north pole. Using Eq. (9.21), it is easy to show that preferred antibaryon
production takes place if the field is moving to the north pole counterclock-
wise, while baryon production occurs if the field is moving clockwise.

Let us calculate the volume distribution of antimatter domains. The
total volume of all antimatter domains formed by the end of the N;-th
e-folding before the end of inflation may be calculated using the recursive
procedure: suppose the total volume of all the domains with the average
phase @ formed by that time is V (6, N;). Then their total volume at the
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(Nt — 1)-th e-folding before the end of inflation is given by
V(O,Ny —1) =3V (0, N) + [V (Ny) — 2 V(0, Ny)] - P(, Ny — 1) - h,
(9.30)

where Vi;(N;) is the volume of the Universe Vi (NV;) ~ 3 (Nv—Nopg—3
at N; e-folds before the end of inflation, Ny = 60 is the total number of

e-folds during inflation, and h = H/(2rf). P(0, Ny — 1) gives the phase
distribution, which is Gaussian, see (8.33), (8.30):

_ 1 (9U—9)2)
PO,N;)= — . ERUACEE 9.31
(9.8 = S ex o (9.31)
H
ON, = — ————— " NU - Nt. (932)
27 - [x ()]

Here 0y is the initial phase of the field.

Note that here N; is the number of e-folds before the end of inflation,
so it decreases with time; so if the moment (¢ = 0) corresponds to the
beginning of inflation, then Ny = Ny & 60, while at the end of inflation
N; = 0. Accordingly, the volume of antimatter domains at the beginning
of inflation is V' (6, Nyy) = 0.

The first term in Eq. (9.30), eV (0, Ny), is the total volume of anti-
matter domains formed before the N;-th e-folding. The second term

v(0,Ny) = [V (Ne) — 2 V(0,Ny)] - P(0, Ny — 1) - h, (9.33)

is the total volume of antimatter domains formed during the N;-th
e-folding. Since the initial volume of each domain is H 3, the number
of domains formed during a given e-folding is

’U(é, Nt)
Domains grow in size during inflation, so the earliest domains to form
become the biggest at the end of inflation. Their linear sizes at present are
determined by the equation

L(N;) = 6103~ (Nu=Ne), (9.35)

Here L(N¢) is the size (in Mpc) of the antimatter domain formed at the
N, -th e-folding.

Using the relations obtained, one can calculate the size distribution of

matter and antimatter domains. However, to be realistic, our model should
suppress in a consistent way the large-scale fluctuations of the baryonic
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charge. Otherwise such fluctuation would contribute to the CMB spectrum
and would be observed. Indeed, according to the mechanism we are dis-
cussing, the CMB temperature fluctuations are proportional to the energy
density of matter, dp/p ~ 00Q5 /o . Here 60 = H/(27f), see above, Qp
is the relative baryonic energy density, and ) is the total relative energy
density. Consequently, we have the restriction §6 < 1072, at least at large
scales. But in this case, for 60 e-folds during inflation, the phase will move
by an angle of at most Af ~ 60- 1073 ~ 0.1 rad to zero, and a transition
through the zero value is very unlikely.
Let us discuss how this difficulty could be overcome.

The first method is to take into account the interaction of x with the
inflaton ¢, with a certain coupling constant g [234]. Then the potential
(9.14) takes the form

Ve, x) = MIxI* = £2/2)* — glx*(¢ — cMp)?, (9.36)

where A, g and ¢ are parameters of the potential. This potential also has
the shape of a Mexican hat with a maximum at

= Fonle) = [ 12+ Lo = eMp (0.87

Now, evidently, the position of the minimum is not constant. On the con-
trary, it strongly depends on the classical field ¢, which changes in the
course of inflation,

mWMpl

o(t) = pu — e

for the quadratic potential U(p) = mZp*/2. Recall that the fluctuation
magnitude of the phase 6 of the field y is inversely proportional to the
quantity fesr(¢). It is not hard to obtain the dependence of the inflaton
value on the number of e-folds N:

t, (9.38)

o= on = gp— 01
24/ 37

Here it is taken into account that m, = H and N = Ht. Thusin N e-folds
after Universe formation the effective scale feg (9.37) looks as follows:

fer(N) = f\/l + %A]{—f’l [(;j—‘fl - ) - %] (9.40)

N. (9.39)
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Denoting (¢u /My —¢) = Nf/(2v/3m), we arrive at the final expression of
the form

2
ferr(N) = f\/ 1+ % "‘?;l (N — N)2. (9.41)

This expression has an important property: there is from the very begin-
ning the large parameter M%,/f? ~ 10'°, and the function feg(N) has a
sharp minimum at feg(Ny) = f at a reasonable relationship between the
parameters. Hence it immediately follows that the fluctuation magnitude
of the phase 6

H
(00) = ot (V) (9.42)
abruptly increases near the e-folding N = Ny.
Let us estimate the possible range of the parameters g and A. The
first inequality follows from the requirement that fluctuations should be
sufficiently strongly suppressed, i.e., fexr > f, and from the expressions

(9.37):
(X) ~ Vg/AMp1 > [. (9.43)

The second inequality is connected with the fact that the additional
term inserted into the potential also renormalizes the inflaton mass,

m?en :m2 _g<X2>

The requirement that the renormalization should be small leads to the
inequality m? > g(x?) ~ g?M%,/\. Thus the second inequality reads

m > gMpi/V\. (9.44)
Choosing the numerical values of the parameters
f=10"°Mp;, m=10"Mpy, (9.45)

and substituting them into the expressions (9.43), (9.44), we arrive at con-
straints on the parameters g and A:

Vg/A>10"% g/VA< 107 (9.46)

This set of inequalities is not very burdensome. Thus, if A\ ~ 1, then
10719 < g < 107°. The smallness of the parameters is related to the
choice of small parameters in (9.45), which is conventional for inflation-
ary models. Under such restrictions on the parameters, the phase fluctua-
tions have a sharp peak at some e-folding number, which we have denoted
by Nf .
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The second method of suppressing large-scale fluctuations is more car-
dinal and consists of the following. Recall that the Mexican hat potential
has been postulated from the beginning. Its shape has no other foundation
than convenience and effectiveness. But let us also recall the notion of a
“landscape” that appears in string theory as well as in the mechanisms of
cascade reduction and random potentials, to be discussed further in this
book. As a whole, the landscape implies that the shape of the scalar field
potential depends on a number of random circumstances such as the initial
values of the field. Then the shape of the potential may be arbitrary. Let
us employ this and slightly change the shape of the potential (9.14). Using
the landscape ideas, we consider one of the possible forms of the potential

V(x) = W(x) - Fx),

02
F(x) = W7

The function F(x) — 1, so that V(x) — Vb(x), and the modified
X~ X~

C,a = const. (9.47)

potential is close to the original form V; from (9.17) while x is small.
Since the modified potential may be made less steep by varying the
parameters a and C', the time required for the field to reach its minimum
may be accordingly increased.
The x field dynamics is governed by the equation of motion

x(t) ox() , OV(x)
3H =0 A4
R TR (0.48)
where H is the Hubble parameter. This differential equation can be solved

numerically.

The number of e-folds since the beginning of inflation is N = H - t. It
can be seen that in the modified potential the field reaches its minimum
(Ixlmin = |£1/v/2) slower.

The magnitude of the baryon fluctuation is proportional to the fluctu-
ation A6 of the phase # which depends on time as

AG(t) A (9.49)

2m - [x(8)]
each e-folding, where |x(t)| is the mean absolute value of the field x dur-
ing that e-folding. Figure 9.2 shows the evolution of Af in the modified
potential. Due to the inverse relation between Af# and yx, the modified
potential allows the value of A# to be significantly smaller during the first
e-foldings as compared to its value after ~ 10th e-foldings. This is exactly
what is needed to suppress large scale baryon fluctuations.
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Figure 9.2 Computed values of A as a function of N, the number of e-folds, N = H-t.
Parameter values: H = 1, A = 0.05, f = 10,a = 1.1,C = 10.

So, in this chapter we have considered an example of an inflationary
model with inhomogeneous baryogenesis: islands of antimatter, sufficiently
spatially extended, emerge here in a natural way. Their number and size
and the antimatter density inside them are controlled by a few parameters
of the model.

Besides the model of baryogenesis, there exist a number of other possi-
bilities, see, e.g., [6, 138]. It would be of interest to apply to them the ideas
outlined here.

9.4 Massive primordial black holes

In the previous sections we have seen that quantum fluctuations during
inflation can lead to such nontrivial phenomena as cosmologically large
antimatter regions. Besides, while discussing the hybrid inflation model, it
has been observed that inclusion of quantum fluctuations is able to cardi-
nally change the picture of the system’s further evolution.

Now we would like to discuss the role of quantum fluctuations in pri-
mordial black hole (PBH) formation. It is conventionally believed that
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the PBH mass is bounded above by a quantity of the order of a single
solar mass. The suggested mechanism is of interest in that it allows for
formation of massive and supermassive black holes long before the first
stars appeared. Let us mention here in advance that this becomes possible
because there appear closed domain walls whose size is much larger than
that of the horizon right after inflation. While contracting, they deliver to
the horizon an energy proportional to their surface area. We will consider
a formation mechanism of such walls.

9.4.1 Field fluctuations near an extremum
of the potential

Some inflationary models suppose creation of our Universe either near a
maximum of the inflaton field potential or near its saddle point(s) to supply
slow rolling during a sufficient number of e-folds. As will be shown below,
these models include the possibility of formation of macroscopically large
closed walls from a scalar field. After the end of inflation, these closed walls
collapse to black holes if these walls are large and heavy enough [234, 356].
This mechanism is realized in well-known models like Hybrid Inflation [274]
and Natural Inflation [139]. A scalar field could be the inflaton itself or some
additional field.

First of all, we consider a general mechanism of closed wall formation
based on quantum fluctuations near unstable point(s) like a saddle point
or a maximum of the scalar field potential. An evolving scalar field may
be split into a classical part, governed by the classical equation of motion,
and quantum fluctuations [385].

Let us choose a positive value for the initial field, ¢, > 0, as illustrated
in Fig. 9.3. Then the mean field value will increase with time, ultimately
reaching a minimum of the potential at some value ¢4 > 0. It means that
a greater part of space will be finally filled with the field value ¢ = ¢ .
Meanwhile, the field in some (small) spatial domain could jump over the
maximum due to quantum fluctuations. Later on, the mean value of the
field representing this fluctuation tends to another minimum of the poten-
tial, ¢_ < 0. As a result, the space at the final stage will be filled with
the vacuum ¢, while some spatial domains will be characterized by the
field value ¢ = ¢_ < 0. If one starts to move from inside the domain to
the outside, the path will begin from a spatial point with ¢_ and end at
a point with ¢, . Hence, the spatial path must contain a point with the
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Figure 9.3 Quantum creation of walls during inflation. A right black point relates to
the initial field value, ¢iy, -

maximum value of the potential. It means that a wall is inevitably formed
between such spatial domain and the “outer” space with ¢ = ¢ .

So the “dangerous” values of fluctuations are those with ¢ < 0. Such
spatial domains will be surrounded by closed walls, and if their number is
too large, it will strongly affect the dynamics of the early Universe. It is
useful to calculate the probability of nucleation of these fluctuations. The
latter depends on the initial field value ¢;, at the moment of creation of
our Universe. The corresponding probability

$=0
Polom D)= [ dP(6.T560.0) (9.50)

=—00

)

to find the field value ¢ < 0 at some spatial point, for reasonable values
of the parameters, is presented in Fig. 9.4. This probability determines the
ratio of spatial volumes with different signs of the field.

To facilitate the analysis, let us approximate the potential near its max-
imum by

2
V=V, - %¢2, (9.51)

where the maximum is assumed at ¢ = 0 without loss of generality. Then
the probability density to find a certain field value ¢ has the form [234]
(adapted to the case under consideration):

— b pHTH2
exp |—a (¢ ¢1n€ )
m(e2rT — 1) e2rT — 1

Here a = p/o?, p = m?/(3H), and ¢ = H?'?/(27), with the Hubble

parameter H ~ /87Vy/(3Mp)).

dP($,T; ¢in,0) = do (9.52)
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Figure 9.4 The part of space occupied by another vacuum state, depending on the time
measured in e-folds. The initial field value is ¢in = ¢max + 3H , where ¢p™?* is the field
value at a maximum of the potential. The parameter m is chosen to be m = 0.3H,
where H is the Hubble parameter at the top of the potential.

This probability is highly sensitive to the initial field value ¢i,: the
closer the nucleation to the maximum of the potential, the greater the part
of the Universe that is covered with walls at the final stage.

If the fraction of space surrounded by the walls is not very large, the
resulting massive black holes, formed from the walls, could explain the
early formation of quasars.

The mass and space distribution of the resulting black holes strongly
depends on the specific model and the parameters of the corresponding
Lagrangian as well as on the initial conditions.

9.4.2 A specific example

Let us choose a specific form of the potential and study the possible PBH
mass spectra. We start with a complex scalar field ¢ with the Lagrangian

1
Ly = 5100 = V(). (9.53)
where ¢ = re . The potential is chosen in the form (9.17)

V(g = Mgl — £2/2)* + A*(1 —cos¥), A< f. (9.54)



The large-scale structure 293

Here )\ and f are parameters of the Lagrangian. This potential has already
been used in this chapter, see Sec. 9.3. It has a countable set of saddle points
at # = m and is quite suitable for our goals.

We assume the mass of the radial field component r, i.e., the value

m? = d2V/dr2|T:f/\/§,
to be sufficiently large, so that the complex magnitude of the field acquires
a value somewhere in the circular valley |¢| = f/+/2 before the end of

inflation. Since the minimum of the potential (9.54) is almost degenerate,
the field has the form

o~ fIV2- &), (9.55)
In the framework of this model, the PBH spectra have been obtained and
studied in detail in the book [234] and the article [357] where we refer the
reader for details. The resulting spectra have a peculiar feature: an expo-
nential growth of BH number as their mass decreases. A physical reason is
evident: closer to the end of the inflationary period, more closed walls are
formed and they are less “stretched” for the time remaining by the end of
inflation. Recall that the mass of a wall is proportional to its area.

We see that this scenario, in addition to supermassive BH (SMBH)
formation, also predicts the existence of intermediate-mass BHs (IMBHs)
in galactic halos at significant distances from their centres. A distinguish-
ing feature of this scenario is black hole formation even at the radiation-
dominated stage as well as their spatial distribution in stellar clusters.
While “astrophysical” black holes are formed in potential wells at centres
of dark matter halos [133], the PBHs are, on the contrary, able to form
around themselves an induced dark matter halo which looks like a dwarf
galaxy [134, 135] with a sharp density growth towards the centre.

It would be wrong to imagine that absolutely all IMBHs merge to form
central SMBHs in modern galaxies. It is more likely that among them only
some fraction will merge while others should form an IMBH population
in galactic halos. A similar situation emerges in many models with pri-
mordial SMBHs. Indeed, if a certain mechanism predicts the formation of
a single SMBH in the volume of a galaxy, it is hard to avoid the pres-
ence of multiple less massive IMBHs in the same volume. Besides, even if
the origin of SMBHs in galactic nuclei is not connected with IMBHs, the
IMBH mass distribution function usually grows in the direction of small
masses.

Thus a sufficiently common feature of the above-mentioned SMBH for-
mation mechanisms is the predicted high abundance of IMBHs. However,
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the observational data substantially restrict the possible number of IMBHs
in galaxies. Only a small number of objects might be attributed to IMBHs
with a certain probability, e.g., IMBHs in some globular clusters, but there
is so far no unambiguous proof of IMBH presence at their centres.

One has to state that the present observational data do not give a clear
answer to the question of IMBH existence and abundance in the Universe.
There are only particular examples and indications as well as theoretical
arguments for their existence. In what follows we will modify the previ-
ous model in order to suppress IMBH formation in galaxies but preserve
the effective SMBH formation in galactic nuclei. This variant can become
topical if future observations substantially restrict the IMBH number.

9.4.3 Suppressed intermediate-mass black hole
formation

Up to now we neglected the classical field evolution during inflation. Let
us look what happens if we take it into account. For simplicity we will first
assume that the field is moving along the valley of the potential V(). The
latter means that Eq. (9.55) holds. Then the equation of motion for the
field ¥ with the potential (9.54) reads

. . A4

9+3H0+Fsin9:0. (9.56)
The Hubble parameter H remains constant during inflation since the field
f is not an inflaton. During inflation the quantity 6 changes slowly, and
only after its termination does 6 rapidly oscillate near the minima, which is
necessary for effective particle production and for heating of the Universe.
Depending on the initial conditions, # can roll down to one of the minima
Gmin =0 or Gmin = 2.

The number and mass of PBHs which have formed as a final result
strongly depend on the slope of the potential A and on the symmetry
breaking scale f at the beginning of the inflation. In [136] such model
parameters were chosen at which there form clusters initially consisting of
massive PBHs, of which the largest ones reach the mass of ~ 4 - 107 M.
Such massive PBHs can eventually serve as protogalaxy cores, further
increasing their mass up to ~109Mg due to accretion.

We are interested in the phase evolution with time due to both quantum
fluctuations and classical motion. The suitable mathematical formalism
was developed in [342, 385], where it was suggested to split the field into
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a sum of the classical component © and the fluctuations 9 around it:
0=01)+9, I<0. (9.57)

The probability density Py(d) of finding the fluctuation part of the
phase ¢ satisfies the Fokker—Planck equation whose solution has the form
of a Gaussian distribution [385]. The phase distribution which is of interest
for us is evidently found by the elementary substitution P(#) = Pr(©—90).

With the parameters chosen, A = 1.75H, f = 10H, the tilt of the
potential (9.54) is small, and we will take it into account only when cal-
culating the main, classical contribution ©(¢) in (9.57). Small corrections
due to the fluctuations ¥ in (9.57) will be taken into account neglecting
the slope of the potential in order not to exceed the required accuracy of
the calculations. Meanwhile, in addition, for the spatial distribution of the
phase, see analytical results, e.g., in [342, 385].

In terms of e-folds, the probability to find the phase in the interval
(0,0 + d6) at a given spatial point is [234, 357]

2
L[ 0]y

PO= e P wem, - N ~onf

(9.58)

Here, as already mentioned, we have neglected the slope of the potential.
The classical part of the phase O(t) is presented in the form 6,.(N), where
the number of e-folds is N = Ht.

The condition that one and only one SMBH will appear at the instant
Ny,

SP(r) - BWr=No) — 1. (9.59)

indicates that the BH is formed at crossing of the extremum point of the
potential 8§ = 7. Now, from the equation

O = N N R )

we find the phase 6,.(Ny) with which the spatial region should be created
such that at Ny e-folds before the end of inflation the conditions for SMBH
formation emerge:

0,(No) = 7 — 80+/ (N, — No)[6(N,, — Ng) — In27(N, — No)]. (9.61)

Let us now determine the probability of smaller-mass BH formation
which takes place at the e-folding IV, such that N < Ny < N,.. Fig. 9.5
depicts the time dependence of the phase 6 (where time is expressed in
e-folds), obtained by numerically solving Eq. (9.56) and in the slow-rolling
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Figure 9.5 The dependence of 6 on the number of e-folds at the values A = 1.75H, f =
10H . The solid line corresponds to a numerical calculation, dots (which almost merge
with the line) denote the result of analytic calculation in the slow-rolling approximation.
The approximating straight line is dashed, its slope coefficient is o = 0.028.

approximation. The fine agreement shows that the system is indeed in
a slow-rolling mode. In the subsequent calculation of the probability of
quantum fluctuations of the field @, it is expedient to use not the numerical
solution of Eq. (9.56) but rather the linear dependence that approximates
it. Taking into account that the primordial IMBHs are formed from large
domains emerging at a small number of e-folds, the approximation of the
solution to (9.56) is carried out in the initial part (N < 20). It is convenient
to approximate the needed dependence by the linear function

0,(N) ~0,.(Ng) —a- (N — Np). (9.62)
Then the probability of the conditions for IMBH formation emerging during
the e-folding number N is

- 1 (00 (No) — a - (N — Np) — )2
Ry ey v b I SRRV, ~ W)

(9.63)



The large-scale structure 297

BH

T

T T T T T T
107! 10° 10' 107 10° 10* 10° 10°

My

Mo

Figure 9.6 The PBH mass distribution. The solid line corresponds to the distribution
for A=1.75H, f = 10H (the crosses mark the results of calculations), the dashed line
to the distribution for a = 0 (the calculated results are marked with circles).

Knowing the number of causally disconnected regions, exp[3(N — N,)],
which have formed since the formation time of the spatial region N,., one
can find the total IMBH number in this region. A detailed description has
been given in [234], where, unlike our case, the classical field motion is not
taken into account, i.e., a = 0.

Figure 9.6 presents the PBH mass distribution for the parameters
A=1.75H, f=10H. It is clear that the IMBH formation turns out to
be really suppressed.

Thus the resulting BH mass spectrum is sensitive to the details of the
classical motion and, in particular, to the initial field value. The logic and
the relations obtained above will be useful in the next section.

9.4.4 PBH mass spectra and the scalar field dynamics

Let us look which results can be obtained in the general case assuming
that the modern horizon has formed at ¢ > f/+/2. For simplicity, we split
the classical motion of the field ® = o(t)e?") in the potential (9.54) into
two parts: the radial motion describing changes in the field magnitude,

p(t), 6 = const,
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when approaching the minimum ¢ = f//2, and the transverse motion
describing the evolution of the field phase in the valley of the potential:

szf/\/ﬁ’ 0 =0(t).

During inflation, the space splits into a great number of mutually causally
disconnected regions (but causally connected inside!), in which, due to
quantum fluctuations, the field values are different. As described in [234],
along the boundaries of regions with the phase § = 7w there form closed
field walls and, after their collapse, PBHs. The fluctuations of the field
magnitude take place at radial motion of the field, which leads to changes
in the BH mass spectrum.

As has been done above, the field is considered as a sum of the classical
term © and the fluctuation ¥ around it,

0=01)+9, I<0O. (9.64)

The probability to find the phase in the interval (m, 7 + 66) by the end of
inflation, under the condition that at some time the phase was 6 = 6(z), is

iP=——1 exp [—ﬂ} . (9.65)
2m(zy — 2)

Here 66 is the mean value of the phase fluctuation magnitude for a single
e-folding, 66 = % , zy 1s the duration of the inflationary stage in which the
observable Universe has formed, and z is the number of e-folds remaining
to the end of inflation. In Eq. (9.65) it has been taken into account that the
mean value ©(t) of the phase € is also time-dependent due to the classical
motion. To include the field magnitude fluctuations during the separate
motion, a similar formula is used:

1 (or —)° ]
dP(py) = ———exp |—————|. 9.66
(r) 2 a—2) ¥ [ 2002 (20 — 2) (9.66)
Here 0 = H/(27) is the mean value of the fluctuation magnitude of the
radial field component. The radial motion of the average field is described
by the equation
9%p 9¢ |
— +3H—+V,=0. 9.67
oz e Ve (0.67)
The form of the solution to (9.67) is mainly determined by the initial field
value iy # f/vV2 (Pin = 0).
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When the field magnitude reaches the value ¢ ~ f/v/2, it is necessary
to take into consideration the change in the field phase 6 which, in this
case, is described by the equation

2
%4—3}[%4-‘/9’:0. (9.68)

The next step is to find the spatial size distribution of the domains with
the phase 6 > m, taking into account the classical motion (9.67), (9.68).
Such domains emerge due to quantum fluctuations of the scalar field.

The number of domains JN, filled with the phase 6 > 7, emerging
during a single e-folding at z e-folds before the end of inflation and creating
a black hole in the future, is determined by the probability (9.65):

SN = NdP, (9.69)

where the total number of domains N is N = e**. By the end of infla-
tion, these domains turn out to be surrounded by closed field walls. As a
result of a collapse, almost the whole energy of such a closed wall can be
concentrated in a small volume inside the gravitational radius, which is a
necessary condition for BH formation.

The forming BH masses depend on the characteristic size of the closed
wall, which is larger if a spatial domain surrounded by a given wall appeared
earlier. The analytic dependence of the PBH mass on the wall size is dis-
cussed in [233, 234, 357]. Following these references and using the formulas
of the present section for calculating the size distribution of the walls, we
obtain the PBH mass spectrum.

Figure 9.7 shows the PBH spectrum in the observable Universe obtained
from the above considerations. The initial field values ¢, = 28H , 6;, = 2.5
lead to a sufficiently narrow spectrum. The maximum of this distribution is
located at the BH mass of ~ 10°~5Mg, . Later on they can become SMBHs
in galactic nuclei, having increased their mass due to matter accretion and
merging with other BHs.

Less massive IMBHs form BH populations in galactic halos. It is also
seen from Fig. 9.7 that, for instance, the number of IMBHs with the
mass ~103M, is suppressed by two orders of magnitude. That is, if the
probability of SMBH formation in a certain galaxy is of order unity, then
the probability of finding an IMBH is of the order of 1%. It can explain the
difficulty of their search. The obtained PBH mass spectra are very sensitive
to the initial values i, and 6y, .



300 Black Holes, Cosmology and Extra Dimensions

IgN 67

-

ro-
.
o]
oo
5

T
0

Figure 9.7 Primordial black hole mass distribution with the model parameters A =
0.005, A =2.5H, f=10H, i, = 28H, 6;, =2.5.

9.4.5 Discussion

The galaxy formation process includes quantum creation of energy density
fluctuations and their spatial growth at the inflationary stage, growth of the
density after the fluctuation comes under the horizon, and the subsequent
star formation. In the standard picture, the stars gradually accumulate near
the centre and merge, thus forming a massive black hole whose mass grows
with time. However, the possibility of galaxy formation with supermassive
BHs at the centre is becoming more and more intriguing and unclear,
especially in connection with the discovery of distant quasars with redshifts
z > 6. Such an early formation of black holes with masses ~ 10°Mg can
become a serious problem for the standard models of BH formation [131].
Thus the scenarios with primordial massive BH formation [28, 100, 356,
435] attract attention as a possible alternative to the standard scenario.
Such PBHs can be condensation centres for baryons and dark matter [131,
132] with subsequent protogalaxy formation.

In this chapter, we have described a PBH formation mechanism as a
result of collapse of closed field walls as well as a formation mechanism of
these walls themselves. It has been shown that the shape of the BH mass
spectra strongly depends both on the parameters of the potential and on
the initial conditions.
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A further evolution of a closed wall goes on as follows. The wall pos-
sessing an energy excess tends to the most energetically favourable state.
Like a soap bubble, it acquires a spherical shape and contracts. (If there
were no air in a soap bubble, it would do the same). The fate of a small
wall is of minor interest: it contracts to its centre, different parts of the wall
collide with each other, and as a result all its energy passes on to expand-
ing waves of the field which had formed the wall. The situation with large
walls is quite different. Their contraction delivers enormous energy to a
small spatial volume. This energy is held by the gravitational field, and
a compact object is formed. A more detailed analysis shows that such
objects, black holes, are formed in whole families, or clusters. It is evident
that no stars are required to form these massive primordial black holes!
On the contrary, it is such a BH cluster that can create a gravitational
potential well and collect there a sufficient number of baryons from which
stars can later form. There already exist observational data on solitary
supermassive black holes, whose environment is free of luminous matter.
This can be considered as an indirect confirmation of the above-described
mechanism of massive PBH formation.

A particular realization of this mechanism has been developed in the
papers [132, 234, 235, 354, 356]. In [132] such model parameters have been
chosen that from the very beginning there form large clusters of massive
PBHs with central BH masses of ~4-107 M, which grow by accretion up
to values ~ 109M and thus describe the observed activity of the distant
quasars.

In this scenario, there are several stages of BH and galaxy formation:

1. Formation of closed walls of a scalar field immediately after the end of
inflation and their collapse to a PBH cluster according to [235, 356, 357].
The most massive PBH is formed at the centre of the cluster after
crossing the cosmological horizon.

2. Separation of the central dense region of the cluster from the cosmologi-
cal expansion and its virialization. A large number of less massive PBHs
that surround the central one merge with it and increase its mass.

3. Separation of the external regions of the cluster, dominated by dark
matter, from the cosmological expansion, and growth of a protogalaxy.
End of protogalaxy growth due to interaction with ordinary fluctuations
of dark matter.

4. Gas cooling and star formation, merging of protogalaxies and formation
of modern galaxies.
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One cannot exclude the possibility that both galaxy formation scenar-
ios, the standard one and the one with PBHs, are realized simultaneously.
With all that, since at the initial stage the galaxies often merge, it is suf-
ficient that a small fraction of protogalaxies possess massive black holes
at their centres to explain the observed abundance of supermassive black
holes at galactic centres.
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Extra Dimensions
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The idea of extra dimensions, tracing back to the pioneering works of
Thomas Kaluza [222] and Oscar Klein [241], became in the last decades
a necessary component of almost all attempts to unify the four physical
interactions. The most popular are models with dimensions D = 10 (super-
strings) and 11 (M-theory), but there are quite a number of still higher-
dimensional models. The bosonic sector of such theories usually contains,
apart from the metric, different kinds of scalar and vector fields as well as
antisymmetric form fields; meanwhile, it is well known that, in the extra
(with respect to the usual four) dimensions, the D-dimensional metric
components naturally create scalar and vector fields when reduced to the
four-dimensional space-time (see, e.g., [407] and references therein).

It is the simplest case of such a reduction, leading to Einstein’s gravity
and Maxwell’s electromagnetic field, that has been described in Kaluza’s
paper [222]. More complex unified multidimensional theories, providing the
advent of boson fields that appear in the Standard Model of particle physics
from multidimensional gravity, have been described in the book [407] (see
there also references to other works in this area, including numerous papers
by members of Yu.S. Vladimirov’s group). A separate problem to be solved
is geometrization of fermion fields.

Of special interest are multidimensional theories with a gravitational
action containing terms nonlinear with respect to curvature. Their emer-
gence directly follows from quantum field theory in curved space-time
[38, 178], and therefore it may not even be considered as an independent
postulate.

According to [77,83], multidimensional gravity with curvature-
nonlinear Lagrangians leads to a diversity of low-energy theories owing to
arbitrariness of the input parameters of the gravitational action and differ-
ent variants of the initial data. The latter can include both the metric and
the topology of extra dimensions that can emerge from quantum fluctua-
tions at high energies. Thus even at fixed parameters of the initial effective
Lagrangian, one can expect the emergence of many kinds of Universes with
drastically different properties. Even under comparatively simple assump-
tions on the nature of multidimensional geometry, after reduction to the
four observed dimensions there appear effective scalar fields with compli-
cated potentials, whose properties to a large extent determine the physical
properties of one or another universe.

Such a viewpoint is close to the concept of chaotic inflation, according to
which there permanently emerge indefinitely many universes at fluctuations
of a scalar field (inflaton). With a sufficiently sophisticated shape of the
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potential, the situation resembles the so-called landscape concept in string
theory: the number of different vacua in heterotic string theory reaches
101590 [269], the number of more realistic de Sitter vacua [220] is also huge
though finite. We try to make a next step, explaining the origin of such
potentials from the standpoint of multidimensional gravity.

Obtaining particular results in multidimensional gravity is substantially
simplified by using the slow-change approximation [77, 83] that assumes
small values of all derivatives (in a sense to be discussed below) and small-
ness of all energy densities as compared to Planck scales. Such assumptions
turn out to hold even in early cosmology characterized by Grand Unifica-
tion energies, to say nothing about processes at lower energies and in the
realm of modern cosmology. This method allows for considering quite dif-
ferent kinds of gravitational actions and the wide ranges of parameters they
contain.

In the Kaluza—Klein concept, the extra spatial dimensions remain invis-
ible due to their extreme smallness. In the recent years, however, an alter-
native concept became a subject of active studies, namely, the brane-world
concept, which considers our Universe as a distinguished three-dimensional
(or four-dimensional if time is included) surface or layer, called the brane,
in a multidimensional space-time where the extra dimensions have large or
even infinite size. They remain invisible because the Standard Model fields
(and hence the observers) are assumed to be concentrated on the brane
while gravity (and as a rule only gravity) is allowed to propagate in the
surrounding space, called the bulk. The history of such models is traced
back to the early 80s, with papers by Akama [9], Rubakov and Shaposh-
nikov [351] and others. The outburst of interest in such models is basically
related to some achievements of string theory and M-theory, in particular,
with the well-known Hofava—Witten 11-dimensional model [208, 429], in
which one of the extra dimensions has a much larger size than others. This
approach was shown to be able to suggest a natural mechanism of solving
the hierarchy problem in particle physics ([336] and others), while in weak
fields the Newtonian law of gravity is preserved as required by modern
experiments. Other unsolved basic problems of particle physics as well as
cosmology have received significant progress in brane-world models.

A separate problem is the very number of extra dimensions which varies
from zero to infinity in works by different authors. Introducing the notion
of “extended superspace”, we will arbitrarily vary this number. Originally,
the concept of superspace meant the set of various geometries [423]; subse-
quently, the set of all possible topologies was included in it. Let us take one
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more step and extend the superspace to include spaces of various dimen-
sionalities. To be more precise, let us define the extended superspace E as
a direct product of superspaces M of various dimensionalities:

E=M;xMyxMszx---xMp...

Here, M, is a superspace of dimension n = 1,2,..., D, which is the set of
all possible geometries (up to diffeomorphisms) and topologies.

Quantum fluctuations generate various geometries in each of the super-
spaces (space-time foam) [423]. The probability of a quantum birth of
“long-lived” 3-geometries and the conditions under which this occurs are
discussed below. In this chapter, we consider the corollaries of the hypoth-
esis on the existence of an extended superspace.
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Chapter 10

Multidimensional gravity

In this chapter, we will describe a few classes of model universes originating
in nonlinear multidimensional gravity, without invoking any fields other
than the metric one in the initial action. Among them are cosmological
models able to describe both inflation in the early Universe and the modern
stage of accelerated expansion.

10.1 Compact extra dimensions. A brief review

The idea that our world can have a dimensionality greater than four has
appeared at the beginning of last century. The idea has turned out to be
both simple and deep. Simple because it is rather simple to imagine, at
least using two- and three-dimensional analogues. Thus, a sheet of paper
is perceived (and used) as a two-dimensional object, but for microbes it
is unambiguously three-dimensional. Evidently, due to a small size of, say,
the fifth dimension it can avoid our perception. The idea is deep owing to
its numerous and unexpected consequences. To obtain significant results,
it is necessary to master the corresponding mathematical tools. Therefore
in what follows we briefly present the necessary information.

Consider a D-dimensional differentiable manifold Mp, which can be
presented as a direct product,

MD = M4 X Md. (101)

The extra-dimensional space My is supposed to be compact and
have a volume V; < oo. Let us introduce some coordinates in Mp:

309
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{X} = ({=z},{y}), where the set z#, pu = 1,2,3,4 describes the four-
dimensional space-time M and the set y,, a = 1,2,...,d the extra space
M, . The interval is written in terms of the metric tensor as usual:

ds* = GyndXMax?™, (10.2)

where the indices M, N run over the values 1,2,...,d + 4. The volume
of the extra space is expressed in terms of the positive-definite “internal”
metric Ygp:

Vg =V(My) = /ddy\/'_y < o0, (10.3)

where v = det(yq). The latter inequality is a necessary condition of com-
pactness of this subspace.

Scalar fields and extra spaces

To demonstrate the opportunities, let us consider the behaviour of a scalar
field ® defined in the full space Mp, with the action

S=/ dDX\/@F(aMfI)aM@)—U(@) : (10.4)
Mp 2

Varying the action in ® with a fixed metric, we obtain the equation of
motion

Op® + dU/dd = 0.

Here, the D-dimensional d’Alembert operator is defined as follows:

1
Op® =V VMO = —@aM(\/|G|aM<I>), (10.5)
where G = det(G ). If we restrict ourselves to small deflections from an
equilibrium position (a minimum of the potential), we can approximate the
potential with a quadratic expression U(®) ~ M?®? /2. Then the equation
of motion simplifies to take the form

(Op + M?)® = (0, + 04+ M*)® =0,

where [0y and [0y are d’Alembertian operators in the corresponding sub-
spaces.
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Let us introduce an orthonormal set of functions Y, (y), such that
OaYn(y) = AnYa(y). (10.6)
Since My is a compact space, the eigenvalues of the d’Alembert operator
An are discrete. The orthonormality condition is written as follows:

j/ /Y () Yo (9) = G (10.7)

Mg
Expanding @ in a series in the eigenfunctions Y;,(y),

X) = 3 Yay)@a(a), (10.8)

and taking into account the expressions (10.6) and (10.7), it is easy to write
the @ field equation in the space My:

(04 + My + MO, (x) = 0. (10.9)
The fields ®,,(z) are perceived by an observer as scalar fields with masses
M, = M? + )\,. The nonobservability of scalar particles appearing from
extra dimensions is usually explained by their large masses.

Let us consider a widespread example of extra space. Suppose that
the extra space My has the geometry of a d-dimensional torus, My =
T¢ x §* x St x St x ... x S1, y™ € [0, 2nR]. Then the explicit form of
the eigenvalues (10.6) is well known:

d
)\n = )\{nl,nz,uwnd} Z

The eigenfunctions then have the form
1 iy nyl

Yv{nl,ng ..... nd}(y) = \/V_T €xXp [ R]
If the radius R of the torus, characterizing the size of the extra space, is
small, then all excitations with j > 1 correspond to supermassive particles.

(10.10)

::J|w

], Vr = (2rR)%. (10.11)

10.1.1 A Kaluza—Klein model with a single
extra dimension

A closed one-dimensional manifold (a closed curve) is, from the viewpoint

of its internal geometry, a circle S!. Therefore the structure (10.1) in the
case d =1 is

My = My x St. (10.12)

It is convenient to represent the metric of the full space My as a matrix:

G Gus
Gap = (T On ) 10.13
AP <G5u Gss ( )
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where G55, Gs,, Gy are the scalar, vector and tensor in the 4-dimensional
space My .
How to extract gauge symmetry from extra dimensions

To understand the idea, let us make the restriction Gs; = const = —1.
Then transformations of the form

't =t
Yy =y+e(@), el <1 (10.14)
affect the metric in the following way:
dxd dxB oz
! !
G = oz oz AP Mo (%c—’“G'%’

while the coefficient G55 remains invariable. In our case of infinitesimal
shifts,

G;“/ = G;W — Gl,5au€ — G#5(9y€ + 0(62),
;5 = Gu5 — G558M5 = GM5 + aufi. (10.15)

The very idea of extra dimensions has emerged from a wish to describe
the gravitational field and the electromagnetic (gauge) field in a unified
form. As components of the latter, one can take the off-diagonal elements
of the metric tensor G5, because, as is seen from (10.15), their trans-
formations strongly resemble gauge ones. The situation is somewhat more
complex with the choice of the four-dimensional metric. A choice of G, as
the metric tensor in the main subspace My does not seem good because it
depends on the choice of the extra-space coordinate, (10.15). On the other
hand, it is not hard to understand that

uv = G/J.l/ + G/J.5GV57

is invariant under the infinitesimal transformations (10.14). It is this tensor
that is convenient as a choice of the metric tensor in the main subspace

My . Denoting B,, = —G 5, we write the metric tensor in the form
Gap(z) = (9“” :lf“B” __Blf*>. (10.16)

The inverse matrix of Gap is

AB .y _ [ 9" —B*
G (x)—(_BV —1+B,\B’\>' (10.17)



Multidimensional gravity 313

The quantity B,,, under the transformation (10.14), is transformed as
Bl =B, — e, (10.18)

which is of particular interest: it is in this way that the vector potential of
the electromagnetic field transforms under the action of the group U(1) on
the wave function of a charged particle. The greatest advantage of Kaluza—
Klein theories is that gauge symmetries follow from the symmetry of a
compact extra space instead of being additionally postulated.

The invariance of the action (10.4) under the transformations (10.14)
causes the emergence of gauge invariance of this action under the transfor-
mations (10.18).

Let us look how the transformation (10.14) affects a real scalar field
®(x,y). It can be represented by the Fourier series (10.8)

where Y, (y) is an orthonormalized set of eigenfunctions of the operator
85 acting in the extra space M;j . Since in our case it is a circle of a certain
radius 7, we have

e—iny/r'

Yo(y) =

2rr

The symmetry of the extra space (circle) manifests itself in the invariance
of the functions Y;,(y) under the shifts y — y + 27r. The scalar field is
transformed by the substitution y — y + ¢ in the following way:

' (2,y) = 0(z,y +¢).
Comparing the Fourier transforms of both parts of the equality, we obtain
@' () = B, ()’ /e,

It is in this way that a charged scalar field transforms at gauge transfor-
mations. It means that the Fourier component ®,,(x) can be perceived as
a scalar field with the charge ¢, =n/r.

We see that U(1) symmetry of the extra space implies the existence of
the gauge 4-vector B, and charged particles in the space My. It is clear
that the Lagrangian in four dimensions that we are going to obtain will
be invariant under gauge transformations since they are created by the
transformations (10.14), under which the initial Lagrangian is manifestly
invariant. Nevertheless, to obtain an explicit form of the low-energy action,
some further reasoning is necessary.
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Let the action of an arbitrary scalar field ® have the form
5 1 L 5a2
S=[d2VG —5006® — om*e? ).

The purely kinetic term in the action is written as
100 09
20z 0xy”
The two expressions differ by a total derivative that does not affect the

classical equations of motion for the field ®. We choose the five-dimensional
metric in the simplest form and approximate it as follows, see (10.16):

Gap(r) = (”W :lf“B” __Blﬂ). (10.19)

We here neglect the dependence of the gauge field B,,(z) on the coordinate
y of the extra space and the dynamics of the metric coefficient Gs5. It
means physically that, by assumption, all relaxation processes in the fifth
dimension have finished. The d’Alembert operator is presented as

DG = 7’]””(8“ — Bﬂﬁy)(ﬁy - Bya’y) + I:ly

Substituting this expression into the action, we obtain
1
S=35>. / Ao/ =g®(~ 0, + m2) S,
n

where

1

On = g™ (0, — iAW) (8 —iqnA,), A, = ﬁBH,

an =n(V2%/R), m2=m?+n?/R>

In the language of field theory, the resulting effective action describes a set
of scalar fields with masses m?2 and charges ¢, , interacting with the gauge
field A, in Minkowski space.

Generalization: G ;;57#const

Up to now we have been considering the simplest version of a 5D theory
where the metric coefficient G55 is coordinate-independent. Let us extend
the boundaries of what was presented by assuming Gss # const.
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It is convenient to introduce the field B,,, generalizing the one intro-
duced previously in the following way:

Gus = —V/|Gs5|By. (10.20)
As will be shown a little later, the 5-metric can be written as
—e*B,B, —e’B
gu — e*’B, B, e?B,,
( —e’B, _ 26 )7 (10.21)

where we have introduced the scalar field ¢:
Gss = —e2?. (10.22)

This result makes it possible to single out the gauge symmetry in the
5-dimensional Hilbert—FEinstein action. Indeed, the Ricci scalar Rs5 of the
5D space is expressed in terms of the corresponding scalar R4 of the 4D
space as follows:

1
Rs = Ry — 2¢%0e? — Ze%’FWF“”; (10.23)
F,, =8,B, —0,B,. (10.24)

Then the 5D Einstein-Hilbert action, after some calculation, takes the form

_ 1 5
S e /M5d X/|G[(Rs — 2A)

_ 1 4 _ /_§ Iz _13¢ 24
_167TG4/M4dx |g|<R4 20 = 20,0010 — 7 X Fu P ).

(10.25)

The derivation of this formula is omitted due to its lengthiness. During the
calculation, the following conformal transformation was done:

G — Juv = e¢guv
and we have denoted G4 = G5/(27R), A’ = 3A. In (10.25) the metric §
is used.

Thus, having assumed the existence of a single extra dimension, we have
obtained 4D gravity with a massless scalar field interacting with an Abelian
gauge (electromagnetic) field. The theory with such an interaction is often
called dilaton gravity, and the field ¢ is called the dilaton. If ¢ = const,
it is the usual Einstein-Maxwell theory.
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The geometric meaning of g,

The extra space in the form of a circle has the symmetry (isometry group)
U(1), whose transformations are rotations by an arbitrary angle. The met-
ric tensor g, of the main (i.e., our) space is invariant under such transfor-
mations. It is this group that acts as a gauge group for the gauge field B,
obtained from the geometry and interpreted as the electromagnetic field.

Owing to the simplicity of the extra space we were able to easily con-
struct a suitable combination from the quantities G, G5 and Gss. In
more involved cases this procedure is not so obvious. It is therefore neces-
sary to come to a clearer understanding of the meaning of the quantities
introduced.

Since the metric tensor G 2p has off-diagonal elements, the space My
with the metric G, is not orthogonal to M. Let us find a space Uy
orthogonal to M; . We will seek a small displacement vector, orthogonal to
My, in the form

§ = daté, + dyés, (10.26)

where €),, € are a set of five unit vectors, and é5 is tangent to M, . For
the orthogonality condition written as

(dz*é, + dgyés) - €5 = 0,
we find the displacement dy:
dy = —G33 G5, dxt.
The absolute value of the displacement vector is
6% = MG NN = (G — Gt GusGus)datda” = g dztda”.  (10.27)

Here we have used the equalities 0* = dz*, §° = dy, see (10.26). Now
the meaning of the tensor g, is clear: it determines the interval in a space
orthogonal to M .

Vielbeins

Let us introduce the vielbein formalism which is convenient for extension
of the above results to compact extra spaces of d spatial dimensions.

It is well known that gravity can be described by a full set (basis) of
linearly independent vielbein vectors e4 instead of the metric tensor. The
index A is the number of the vector in M5, A = 1,2,...,5. The metric
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tensor components gap are defined in terms of the vectors e4 using their
scalar product:

gAB = €A €B.
The basis vectors can be chosen in such a way that the metric tensor defined
with their aid have the canonical form nap = diag(1,—1,—1,...,—1). The

vielbein consisting of the vectors ez such that ezesz = nap is called the
Lorentz basis. One basis can be expanded by another:

€A = bﬁeg =bhes + bgAeg. (10.28)
We assume summing over repeated indices. The vectors e; and e5 are
chosen to be collinear, e5 = bges. Then Eq. (10.28) immediately implies
that b5 = 0. The expansion (10.28) can be presented in a matrix form,

with the matrix
bu b2

acting on the columns (eg, ez),e,, e5. The inverse matrix

BB
(hﬁ h g)
hS hS
has an important property that
h3b2 = 1.
The components of the metric tensor in My are expressed as follows:

_ fip D 515
G =e, e, = b b egep = bibyepes + b b eses

= VA0 s + U300 055 = g — DO (10.29)

uvs
where we have introduced the tensor g,, = biibyepes = biibynuy , which is
obviously invariant under coordinate transformatlons in the extra space.
Besides,

Gus =ey,-e5 = bgbfegeg = bibgegeg = —bibg,
Gss = €5 - e5 = bZbleses = —b2b2.
Defining the field B,, by
5_ 1515
B, = B, = hgb),,
we arrive at the expressions obtained above (see (10.21), (10.22), where
b2 =e?):
Gy = guv — 03B, B,;
Gus = 03B,
Gss = —bIbE.
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10.1.2 Kaluza—Klein models. The general case

There is no reason for which it would be necessary to restrict oneself to a
single extra dimension. As will be seen, an increased number of dimensions
yields rich opportunities. Let us therefore consider a Riemannian space
with an arbitrary number of dimensions, singling out, for evident reasons,
the four-dimensional physical subspace.

In the previous section, we have considered splitting of the metric tensor
using the vielbein method. This metric is readily extended to an arbitrary
number of extra dimensions. In what follows we do things quite similar to
the 5D variant.

We introduce the basis vectors: the coordinate basis e for splitting
My x Mg, and ez, the Lorentz basis of the same space-time. One basis can
be expanded by the other:

ea =bhes = blen + bhea, (10.30)
where again summing is assumed. The indices pu, v refer to the space My
while a,b, ... to the space M.

The expansion (10.30), by full analogy with the previous case, can be
represented in a matrix form with the transition matrix

(bﬁ bg)
by, by

In the Lorentz basis, the scalar product ej - ez = 0 by definition. Conse-
quently, b% = 0, while the matrix

ha I
he )

is the most general form of the inverse matrix.
The components of the metric tensor G in My can be expressed in
terms of the expansion coefficients of one basis with respect to the other:

Guw=e¢, e = bﬁbfege@ = bﬁbieﬂe; + bef,eae@

= Vb + b0 Nac = g — DL (10.31)
Besides,
Gua = e ea = bibC e jec = bibCeaes = —bLbE, (10.32)
and

Gac = €q - €. = blbiezez = —bIbe. (10.33)
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Here we have used the basic property of the Lorentzian basis that e jes =
Nic - Let us define the field B, as follows:

by, =ba By,
or explicitly
B, = By, = hibt.
It addition, it is useful to denote
GQC = ¢QC7

thus reminding the reader that this expression is a scalar with respect to
transformations in My, Substituting this definition into (10.31), (10.32),
(10.33), we obtain the desired formulae for splitting the metric tensor of
multidimensional space:

G;u/ = Guv + ¢acBZB§7 (1034)
o = GacBE. (10.35)

Let us give an explicit form of coordinate transformations for these
quantities. Thus, a transformation similar to the 5D case

/

o =2 (x), ¥y =y (zy),

leads to the following relations:

337)‘ (%U” 8yd ayf
gl/W = ox'k ax,l,g;u/» éw = (9y’a ay,chf, (10.36)
v la la C
Bl =2 O e, OO (10.37)

B0xr 9y Y Oy Oxv
All these relations are valid without taking into account the symmetry
of the extra space. Previously, when studying the 5D model, one could
ignore the issue of form invariance of the extra space with respect to the
transformation (10.14). Due to the simple geometry of the space M, the
form of its extra-space metric did not change under the transformations
(10.14). If, however, the extra space is multidimensional, then arbitrary
coordinate transformations, in general, affect the metric. For this reason,
in the low-energy limit, the Lagrangian will not have the standard gauge-
invariant form, although the off-diagonal components of the metric will be
associated with vector gauge fields.
To obtain a gauge-invariant theory at low energies, it is necessary that
the extra space possess the corresponding symmetry. Then the more narrow
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class of transformations applied to the metric of this space, the one that
leaves the metric form-invariant, creates a gauge-invariant theory. We will
see what are the consequences of this situation.

Killing vectors

As was previously shown, local transformations of the extra space My only,
ya N y/a — ya _|_ 6(1(:1:)’

can be considered as transformations of a gauge field, at least in the 5D
case. In general, this affects both the metric G2 of the main space My
and that of the extra space My. While in the main space it is possible to
single out the invariant part g, , transformations of the extra space metric
is an undesirable feature. Therefore it makes sense to address coordinate
transformations that leave the extra space metric invariable.

A coordinate transformation y — 3 is called an isometry if it leaves
the metric form-invariant:

Gavr(y) — Gop(y') = Gan(y'). (10.38)

If such coordinate transformations form a group, it is called an isometry
group G(My,) of the space M. We will be interested in infinitesimal trans-
formations.

Let there be a set of vectors kI"(y), ¢ = 1,2,...,r such that small
shifts along them

Yy oy =y R (y)E (), e (10.39)

leave the metric of My invariable. The vectors k"(y) are called Killing
vectors and are generators of the isometry of this space. It can be shown
that these vectors satisfy the commutation relations

k{Oak? — k§Ouky = fliky. (10.40)

The structure constants ffj are determined by the specific isometry group.
The maximum possible number of independent Killing vectors is related
to the dimension of space in the following way:

did+1)

5 (10.41)

max A =
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The equations for determining the Killing vectors can be obtained from
(10.38) and read

Vakiv + Vikia =0, kia = Gapk! (y). (10.42)

They are called the Killing equations.

A non-Abelian gauge group as an isometry group of the extra space

Let us apply the above equations for studying a relationship between the
symmetry of the extra space and gauge invariance of a low-energy theory
in four dimensions. We choose the following coordinate dependence of the
metric:

G = G (@), Gmn = Gmn(y). (10.43)
Furthermore, we expand the vector B in a basis of Killing vectors k;':
B = k" (y)B,,(z). (10.44)

This can be done because B))" is a vector in the space My, possessing the
corresponding symmetry.

Now we can show that the isometry group in My is realized in My
as a non-Abelian gauge group. To this end we consider the infinitesimal
transformations

ot =t Y=yt + kR (y)e ().

After some calculations, from the transformations (10.36) follows the
transformation law for the object B;:

0B}, = —0uc' + [} Ble".

It is precisely what is called a gauge transformation of the group G. The
extra space metric Ggp(y) is invariant under these transformations because
k¢ are Killing vectors of the extra space.

The standard gravitational action in D-dimensional space is

1
Sg = —/dDX\/G(RD —2A). (10.45)
2%[)
Lengthy calculations lead to the following expression for the Ricci scalar:
1 o
Rp = Ry + Rq = 3 Gapk{ K3 F,, F/", (10.46)

F., =0,B,—0,B] — ;le,{Bly, Finv — g#AgVPF;‘p. (10.47)



322 Black Holes, Cosmology and Extra Dimensions

Substituting this expression into the action, we find
1 1 S
So =5 / d*zd"yv/=gv/Ga <R4 + Ra = 5 Gakkj F, P — 2A>.

Let us now use our assumption that the extra space metric Gg;(y) does
not depend on x. For that reason, one can normalize the Killing vectors
as follows:

1
P / dYyVGGak (Y)Y (y) = 045

Thus the purely gravitational action in D-dimensional space describes
gravity and a gauge field in 4D space:

— 4 _ _L _1 i g _ /
S—/d xy/ g[ 2%R4 4FW(JJ)F (x) —2A"]. (10.48)

10.2 Multidimensional gravity with higher-order
derivatives. Basic equations

In what follows we develop an approach, suggested by the authors, which
allows for reducing multidimensional models with higher-order derivatives
to the 4D Einstein—Hilbert action with scalar fields.

10.2.1 F(R)-theory

The Einstein—Hilbert action for a gravitational field, linear in curvature
R, completely describes the physical phenomena at low energies where
gravity is important. However, it is clear that quantum effects inevitably
lead to nonlinear corrections in the expression for the action [143]. In this
case, the action should contain terms with higher derivatives in the form
of polynomials of various degrees in the Ricci scalar and other invariants.
Thus, whatever gravitational action we take as the basis, after applying
quantum corrections it takes the form

S:/le‘(R+€1R2+€2R3+€3R4+"'+(11RABRAB+"'),

with a set of unknown coefficients depending on the topology of space
[95, 345, 387]. However, the problem is not that acute, since the nonlinear
(in Ricci scalar) theories can be reduced to a linear theory by a confor-
mal transformation. Moreover, in our papers [77, 83|, we have suggested a
more general method for reducing arbitrary Lagrangians to the standard
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Einstein—Hilbert form in the low-energy limit. In this case, the problem
of stabilizing the size of the extra dimensions [101] turns out to be quite
solvable.

Consider a (D = dg+d;)-dimensional manifold M, having the simplest
geometric structure of a direct product, M = My x M, with the metric

ds® = guvdxtdx” + ezﬁ(w)babdac“dacb, (10.49)

where the extra-space metric components b,, do not depend on x*, the
observable space-time coordinates. For realistic models dy = 4, but in
Egs. (10.49)-(10.53) we leave an arbitrary do for generality.

The D-dimensional Riemann tensor has the following nonzero com-
ponents:

v DHHY
Ry = R" .
RIS, = 0 BY, BY = eIV, (eB),
Rabcd = e_QﬁEabcd + 6abcdﬁpﬂ#, (1050)

where capital Latin indices run over all D values, an overbar marks quan-
tities obtained separately from g,, and by, 3, = 9,83, and §%.4 =
5265 — 6362, The nonzero components of the Ricci tensor and the scalar
curvature read

R, =R, +d By,
Rt = e PR’ 4 606 + d1(88)?),
R = Rlg|+ e ?Rb] + 2d,0p3 + di(d1 +1)(0B)?,  (10.51)

where (88)% = 3,8*, O = ¢"'V,V, is the dy-dimensional d’Alembert
operator, and R[g] and R[b] are the Ricci scalars obtained from g, and
bap , respectively.

Suppose that b, describes a compact d; -dimensional space of nonzero
constant curvature, i.e., a sphere (k = 1) or a compact d;-dimensional
hyperbolic space?? (k = —1) with a fixed curvature radius 79 normalized
to the D-dimensional analogue mp of the Planck mass, i.e., 7o = 1/mp

20Compact hyperbolic spaces of constant curvature on the basis of the conventional
Lobachevsky space H? are isometric to H%/T", where T is a nontrivial discrete subgroup
of the isometry group of H?, see, e.g.., [146]. On possible applications of such (3D) spaces
in cosmology see, e.g., [305] and references therein.
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(here, as everywhere, we use the natural units, with the speed of light ¢
and Planck’s constant /i equal to unity). We have

—ab

R cq=km? 5%,

RY = km? (dy — 1)53,

[b} = kmD dl(dl — 1) = Rb. (1052)

The scale factor b(z) = e” in (10.49) is thus kept dimensionless; R, has
the meaning of a characteristic curvature scale of the extra dimensions.

Consider, in the above geometry, a sufficiently general curvature-
nonlinear theory of gravity with the action

_1 mb- 2/\/_03’3 + L), (10.53)

where F(R) is an arbitrary smooth function, L,, is a matter Lagrangian
and Pg = |det(garn)|. The extra coordinates are easily integrated out,
and the action is reduced to dy = 4 dimensions:

g %V[dl]m%/\/%d% eMP [F(R) + L], (10.54)

where *g=|det(g,,)| and V[d;] is the volume of a compact d; -dimensional
space of unit curvature.

10.2.2 Slow-change approximation. The Einstein
frame

Equation (10.54) describes a 4D theory which is nonlinear in curvature and,
moreover, contains a nonminimal coupling between the effective scalar field
( and the curvature. A significant progress can be achieved by using an
expansion in the smallness parameter Ly/Lp < 1, where Ly and Lp are
the characteristic sizes of the extra and basic spaces. We will also consider
only such geometries whose Ricci scalars satisfy the condition

Ry> Rp. (10.55)

These two conditions do not contradict each other for such widely used
geometries as, e.g., a d-dimensional sphere.
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Let us simplify the theory in the following manner:

(a) Express everything in terms of 4-dimensional variables and §(z); note
that now

R= R4 + ¢ + fla
Ry =R[g], fi =208+ di(d+1)(08)?, (10.56)

and we have introduced the effective scalar field
é(x) = Ry e 28(@) = kdi(dy — 1)m% e 28(@), (10.57)

Recall that we have £ = £1 for positive and negative curvature in d;
extra dimensions, respectively, so that ¢ has different signs in these cases
by definition.

(b) Suppose that all quantities are slowly varying, i.e., consider each deriva-
tive 0,, (including those in the definition of R) as an expression containing
a small parameter €; neglect all quantities of orders higher than O(g?) (see
[143]).

(c) Perform a conformal mapping leading to the Einstein conformal frame,
where the 4-curvature appears to be minimally coupled to the scalar ¢.

In the decomposition (10.56), both terms f; and R4 are regarded small
in our approach, which actually means that all quantities, including the 4D
curvature, are small as compared to the D-dimensional Planck scale. So the
only term which is not small is ¢, and we can use a Taylor decomposition
of the function F(R) = F(¢ + Ry + f1):

F(R)=F(¢+Rs+ 1)~ F(¢)+ F'(¢) - (Ra+ f1)+---,  (10.58)
with F'(¢) = dF/d¢. Substituting it into Eq. (10.54), we obtain up to
0O(£?)

S = Vi [ Vigdts WPF @)Ra+ () + /(@) + L)
(10.59)

where ( is related to ¢ according to (10.57). The expression (10.59) is
typical of a scalar-tensor theory (STT) of gravity in a Jordan frame.

For an analysis of the scalar field dynamics and, in particular, for finding
stationary points, it is helpful to pass on to the Einstein frame where ¢ is
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minimally coupled to gravity. After the conformal mapping

G = Guw = | F ()G, [(0) = e"PF(9), (10.60)

with the corresponding transformation of the scalar curvature

_ 3.
Ry =f] <R4+?Df 32

(the tilde marks quantities obtained from or with g, ) the action (10.59)
acquires the form

1) ) (10.61)

S — %V[dl] m2 / Vidiz {[Sign F'(¢)] [RL + K(¢)]

v ) 10.62
- V(o) + O m}, (10.62)
with the kinetic (K') and potential (V') terms
3(0f)° B
K(0) = 30 a0 L 1 o,
V(9) = —e " F(9)/F(9)*. (10.63)

It remains to express everything in terms of a single scalar variable, say,
¢. We can write the action (10.62) in the form

S = Mm%/czl‘lac\/E(signF’)L

2
L= Rt 3 Kin(6)(00)° ~ Vein(6) + Lo, (10.64)
~ e~ 4B
Ly, = (sign F") (¢)2Lm; (10.65)
Kgin(¢) = 2¢2 60> <F ) 2d1¢> ~ + dl(d1+2) (10.66)
oo [lelmp? 1M F(e)
Viin(¢) = —(sign F) |:d1(d1 - 1)] o) (10.67)

n (10.61)—(10.64), the indices are raised and lowered with the metric g, ;
everywhere F' = F(¢) and F' = dF/d¢.

Equations (10.64)—(10.67) are valid for both positive (¢ > 0) and neg-
ative (¢ < 0) curvature of the extra dimensions. Minima of the potential
VEin, defined in the Einstein frame, determine stationary points of the
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scalar field, and they remain stationary points after a transition to any
other conformal frame, including the original Jordan frame. It is the Ein-
stein frame that determines the scalar field behavior since its dynamics
near an extremum is governed directly by the potential V' (¢) and only
implicitly by the metric.

If ¢ resides at a minimum of the potential Vgi,, this potential turns
into an effective cosmological constant. Being applied to the present cos-
mological epoch, it can determine the observable dark energy density that
drives the accelerated expansion of the Universe. Alternatively, in principle,
it may drive inflation in the early Universe.

The potential (10.67) valid for any function F(R) looks quite complex
to have some nontrivial extrema. In addition, we have obtained rather a
complex form of the kinetic term (10.66). Its properties are known to be as
important for the field dynamics as the shape of the potential. For example,
as shown in Ref. [260], zeros and singular points of the kinetic term may
describe stable states of a scalar field.

In our expressions, both the effective potential (10.67) and the kinetic
term (10.66) are singular at the values of ¢ where f(¢) ~ F'(R) [the factor
before Ry in the Jordan-frame action (10.59)] is zero. Unlike many papers
restricted to F'(R) > 0, we also include models with F'(R) < 0. As will
be seen below, this opens new promising possibilities such as new minima
of the effective potential at which the extra dimensions may be stabilized.

In (10.64)-(10.67) we have changed the sign of the Lagrangian in the
case F' < 0; to preserve the attractive nature of gravity for ordinary
matter, the matter Lagrangian density should appear with an unusual sign
from the beginning. As a result, the sign of the whole action of gravity and
matter will be unusual. However, there is no effect on the matter equations
of motion, and the conventional form of the effective Einstein equations at
a stationary value of ¢ will also be preserved. Only the action of the ¢ field
itself can be unusual, according to Eqgs. (10.66) and (10.67). It should also
be noted that the common sign of the total action does not affect quantum
transitions as well. Indeed, the transition amplitude is expressed in the
path integral technique as [exp (iS[g])Dgq where ¢(t) is some dynamic
variable. The transition probability

// exp (iS[q1] — ©S[g2]) Dq1 Dga,

is invariant under the substitution ¢ — —i (with interchanging the inte-
gration variables ¢; and g¢2).
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The following remark is in order here. There is a well-known conformal
transformation [25, 26, 148, 156, 228, 285, 287, 428] that leads the action
(10.53) to a form characteristic of the Einstein theory with a minimally
coupled scalar field x (instead of an additional degree of freedom connected
with R), whose potential is expressed in terms of the function F(R). This is
a D-dimensional Einstein picture. The theory thus obtained can be further
reduced by one more conformal transformation, now depending on 3(z),
to the 4D Einstein picture. This has been done, in particular, in the papers
[189, 190] for quadratic gravity. Our method is technically simpler and is
more universal since (see below) it is able to work with other invariants as
well, not only F(R). In cases where our approximation works, the results
of the two approaches coincide, as shown in [83].

Some estimates

To confront the theory with reality, it is necessary to choose a physical
(observational) conformal picture. Let us suppose that the original Jordan
frame in which the theory has been formulated coincides with the obser-
vational frame in which measurement standards do not change in space
and time. A general discussion of the problem of choosing the physical
conformal frame can be found in [82].

Thus we use the Einstein frame only as a convenient tool for finding
stationary states.

In any observational frame, in the expected stationary state, the grav-
itational action has the approximate Einstein—Hilbert form

1
Sar = 53 / VIgdte (RS — 2Ae), (10.68)
where my = (87Gy)~Y/? is the 4D Planck mass, Gy is the effective

Newtonian constant and R} is the observable 4D curvature (for our choice,
R; = R4). To be consistent with our approach and with observational
constraints, this stationary state should satisfy the following requirements:

(i) A classical space-time description should be admissible, i.e., the true
size of the extra dimensions should exceed the true D-dimensional
Planck length 1/mp, the fundamental length scale of the theory:

mpby = % > 1, o ¢/m? < di(dy —1). (10.69)

(ii) The slow-change approximation should work, which, for ¢ = const,
reduces to the requirement Ry < m?,.
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(iii) The observed size b* of the extra dimensions can be much larger
than the Planck length Iy = 1/m4 ~ 8-10733 cm, but not larger
than about 107'7 cm, which corresponds to the TeV energy scale.

(iv) The predicted effective cosmological constant Aeg should be very
small to conform to the observations:

Aege/m3 ~ 107120, (10.70)

Obtaining such a small value as (10.70) is one of the well-known prob-
lems of theoretical cosmology since it is hard to explain without fine tuning
why Am?2, generally associated with vacuum energy density, is so many
orders of magnitude smaller than the characteristic energy densities inher-
ent to the known physical interactions (e.g., the Planck density mj for
gravity).

Thus we assume that observations are performed in the Jordan frame.
The corresponding action (10.59) is approximated by (10.68) with the effec-
tive constants

F(¢o)
o8]

=m3 =V[d|mp 26 Fy, Ao = — (10.71)
where by = e8(®0) /mp = by is the observable size of the extra dimensions
and Fj = F'(¢o).

Eq. (10.71) leads to the following relation between the dimensionless
quantities bomp and bgmy:

bam? = V[di] F} (bomp) B +2. (10.72)

The factor V[di] is of order unity; the same may be expected from
the dimensionless quantity Fj. By item (iii) above, b3m2 < 1030, and
Eq. (10.72) gives

bomyp < 1050/ (4 F2),

ma/mp ~ (bomp)® < 101941/ (d142) (10.73)

Thus mp does not too much differ from my4. It means, in particular, that
our slow-change approximation (item (ii) above) works manifestly well in
almost all thinkable circumstances since R4 is the observable curvature.
If ma/mp is sufficiently close to unity, this approximation is even valid for
the curvature characteristic of primordial inflation at the Grand Unification
scale, such that Ry/m3 ~ 107% [83]. In particular models this inequality
is strengthened, to say nothing of the modern stage of the evolution.
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Let us return to the inequalities (10.73) and the estimate of Aeg. The
ratio Aeg/m3 can be expressed as follows:

Aer _ Fléo) m2
m3  2m2F} m3b3

= 2;6 F(¢0) (F V[ ])d1+2 (m4b0)(;12—g2 (1074)

D

If we try to make this ratio small, the last factor in (10.74) can give at
best about 1073° (for sufficiently large d;). The remaining 90 orders of
magnitude must be gained due to unnatural smallness of the dimensionless
quantity F(¢o)/m? (actually, of the initial cosmological constant) and/or
greatness of F{j. The latter variant is, however, unsuitable since it will
make bymp > 1 impossible, see (10.72).

As a result, the problem of fine tuning remains topical, though it should
be noted that the very small value of 1073°
without any artificial effort.

appears in this approach

10.2.3 The first generalization: A more general form
of the Lagrangian

The method described above allows for considering wider classes of
Lagrangians. Let us demonstrate that by adding terms proportional to
the Ricci tensor squared RapRAB and the Kretschmann scalar K =
RapcpRABCD . By common views, these and other high-order curvature
terms appear due to quantum corrections, and it seems natural to include
them on equal footing with c¢R?. Now the action has the form

— 2%2 /d4 gedlﬁ R+ cR?>+ c1RapR” +02K—2A)
(10.75)

where the internal variables have been integrated out in full analogy with
Eq. (10.53). For the metric (10.49), it is easy to obtain expressions for
RipRAB and K:

RapR*8 =R, B +2d1 Ry B + e ¥Ry R"
+2e 2 R[A][0B + d1(98)?] + d1[0B + d1(0B)*)?,  (10.76)
K = Klg] + 4d, B, B" + e *’K[h]
+4e 2PR[1)(8B3) + 2d:1(dy — 1)[(8B3)]%. (10.77)
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In the slow-change approximation, in the same manner as before, we
obtain the 4D effective Lagrangian

VAL = /g e"P[Ry(1 + 2¢) + ¢ + crord® — 2A + (14 2¢¢) f1

+ 2610083 + 2(c1dy + 2¢2)(98)?], (10.78)
where
o C1 262
Ctot = C+ d1 + d]_(dl _1)

The conformal mapping (10.60) leads to the Einstein-frame Lagrangian
(10.64) with the kinetic and potential terms

c1+ c2

. _ (2) _atc
Viin(¢) = — sign(1l + 2¢¢)
9] d1/2 Crotd® + ¢ — 2A
. [dl (d1 — 1)} (1 + 2c¢>)2 ’ (10.80)

where the term ngl(qﬁ) is taken from (10.66).

The presence of the parameters ¢; and ¢y adds freedom in choosing
the shape of the potential. The kinetic term also acquires a more complex
form which can significantly affect the scalar field dynamics [260]: zeros
of the kinetic term can represent stationary values of ¢. The ¢ field can
be captured in the vicinity of such points in addition to minima of the
potential.

In particular, as shown in [76], cosmological models with ¢ — 0 as
t — o0, like those discussed in Sec. 10.3.1, become viable. As a result, we
obtain a class of spatially flat cosmologies where both the observable scale
factor a(7) and the extra-dimensional one, b(7) grow exponentially at late
times, but b(7) grows sufficiently slowly to leave variations of the effective
gravitational constant G in the limits compatible with observations. Such
models predict substantial changes in the physical laws in the remote future
due to further growth of the extra dimensions.

To satisfy the tight experimental constraints on the temporal variation
of the effective gravitational constant G, the parameters of the theory
(10.75) should satisfy the condition [76]

di+2  8(c1+c2)

12
o T e

> 100. (10.81)
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Thus, if we leave only F(R) in the initial theory, it is impossible to
satisfy the constraint (10.81): to do so, it is necessary to invoke the Ricci
tensor squared or/and the Kretschmann scalar with the initial constants
c1 and ¢y such that

c1+co 2 d3. (10.82)

Under the condition (10.82), the model is potentially viable since it
combines a de Sitter expansion of the observable Universe with sufficiently
slow variations of the gravitational constant.

10.2.4 The second generalization: Several extra
factor spaces

Let us consider nonlinear multidimensional gravity in more general spaces,
admitting a reduction to smaller dimensions, namely, in a D-dimensional
space-time M with the structure

M=Mpx M x - xM,, (10.83)

where dim M; = d;, and the metric

ds% = gap(z)dzdzb + Z e20i(@) (1), (10.84)

i=1

where (x) denotes the dependence on the first dy coordinates z%; gup =
gap(z) is the metric in My, and g(i) are x-independent d;-dimensional
metrics of the factor spaces M, i = 1,n.

The initial action is taken in the form

1
_5 mp~ /\/ R)+ciRapR*P + 2K + L), (10.85)

where F(R) is an arbitrary function of the scalar curvature R of the
space M; ¢1, co are constants; Rap and K = RapcpRABCP are the
Ricci tensor and the Kretschmann scalar of the space M, respectively;
and L, is the matter Lagrangian. Capital Latin indices encompass all D
coordinates, small Latin ones (a,b,...) the coordinates of the factor space
My, and a;, b;,... the coordinates of the spaces M;.

We will suppose that the “Kaluza-Klein” (KK) factor spaces M; are
compact and small in size, to exclude their observability by modern exper-
imental tools.
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The D-dimensional Riemann tensor has the nonzero components

Rabcd — Eab
Ry, = (555 By () Bg(i) = eiﬂivb(eﬁiﬁ;a)7
Raibic’i _ 72ﬁi§aib1‘6i 4 +5aibicidiﬂi,aﬂéa7
RN = 0065 Bial, i F ks (10.86)

The overbar marks quantities obtained from the factor space metrics gqp
and ¢ taken separately, B.a = 0.3; it is denoted, as before, §%°.4 =
5265 — 6262 and similarly for other kinds of indices.

The nonzero components of the Ricci tensor and the scalar curvature are
o = EZ + Zdi Bg(i),
Rbi = *%zR "+ 6% 0B + Biac], o —Zdﬁu

R=TRlgl+Y e *R;+200+ (00)* + Y _di(98;)*, (10.87)
1 K3
where Y, means .. ; 0 =Y., d;f;; (00)* = 0,0 and similarly for
other functions; 0 = ¢*V,V, is the do- dlmenslonal d’Alembert oper-
ator; R[g] and R; are the Ricci scalars corresponding to g, and g,
respectively.

Let us assume that the factor spaces M; are d;-dimensional compact
spaces of constant nonzero curvature K; = +1, i.e., spheres (K; = 1)
or compact d;-dimensional hyperbolic spaces (K; = —1) with a fixed
curvature radius rg, normalized to the D-dimensional analogue m, of
the Planck mass, i.e., 79 = 1/m, (recall that we use the natural units
¢=h=1). Then we have

Faibicld :K‘?’TLQ 5aibic»d»
R =K;m? (d; —1)%, R;=K;m?di(d; —1). (10.88)

The scale factors 7;(z) = e’ in (10.84) are dimensionless.

10.2.5 Slow-change approximation. Reduction
to dg dimensions

Suppose that all quantities are slowly varying, i.e., consider each derivative
O, (including those in the definition of R) as an expression containing a
small parameter €, and neglect all quantities of orders higher than O(¢?).
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Then we have the following decompositions:
R=¢+R[g|+fi fi:=200+ (90)* + Zdi(aﬂi)z;
7

F(R) = F(¢) + F'(¢)(Rlg] + f1) + O(e");

RapRAP =37 267 +23" digi[006: + (06:,00)] + ()

P P 606" + O(cH
K=2) G —n T 12408 + 06, (1089)
where

¢ o= Kim(di —1)e %, ¢:= dig;. (10.90)

The symbol (da,dB) means g% o8, and F'(¢) = dF/dé.
As a result, neglecting O(¢?) and integrating out all Mi;, we obtain the
action reduced to dy dimensions:

1 _
5= gVmi / o d%x {7 F (@) Ro+ K — 2V(di) + ¢ Lon},

K =F'(¢)e”fr +2¢7 Y didilei0Bi + c1(9B;, 00) + 2¢2(98i)°),

(2

—2V(¢;) = €7

, (10.91)

Fo)+ Y dio? (+ 7221

where gy = |det(gu,)| and V is a product of volumes of n compact
d;-dimensional spaces M; of unit curvature. The expression (10.91) is typ-
ical of a (multi)scalar-tensor theory (STT) of gravity in a Jordan frame.

Subtracting a full divergence, we get rid of second-order derivatives in
(10.91), and the resulting kinetic term takes the form

K=F¢e —2F" 7 (0¢, 00)

—(00)> + > di(05;)?

+4e”(cl +62)Zd1¢1(8ﬁ1)2, (1092)

where F” = d>F/d¢?.
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Transition to the Einstein frame

For further analysis, it is helpful to pass on to the Einstein frame using
the conformal mapping (10.60). The expression with the scalar curvature
in (10.91) transforms as follows:

do—1 (9f)*
do—2 f?
where the tilde marks quantities obtained from or with g,, and div denotes

a full divergence which does not contribute to the field equations. The
action (10.91) acquires the form

Va0 "Ry = \/g0f Ro = (sign f)\/3 | R+ +div,  (10.93)

S = %Vm‘éO*Q / Vg d®z{sign F'(§)|[R + Kp| — 2Ve(¢;) + Lin(m) }s

(10.94)
with the kinetic and potential terms
1 jak 2 " 2 )
4
+ Z [1 + e+ cQ)qsi] (0B:)?, (10.95)

_2VE(¢1‘) — o 20/(do—2) |F’|*d0/(d0*2)

F(9)+ Y dic} (q + dfi?l)] ,
(10.96)

where the tildes are omitted though the metric g, is used, and the indices
are raised and lowered with g,, . The matter Lagrangian is

Ly = e 27/ (o= 2) | pr|=do/(do=2) . (10.97)

The quantities 3; and o are expressed in terms of the n fields ¢;, whose
number coincides with the number of factor spaces.

10.3 Extra dimensions and low-energy physics

The introduction of extra dimensions is justified by the fact that their
existence explains a great number of observed effects in the most economic
way. In what follows we will present different applications of the general
results of mathematical nature described above. In all our constructions we
do not use any fields other than gravity. It should be noted that, although
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the idea of extra dimensions is often connected and even identified with
string theory, in our consideration the idea of strings is not employed. We
should also warn the reader that we are not building any final and complete
theory here. Our goal is to demonstrate the wealth of opportunities that
follow from the idea of extra dimensions. We therefore, at the present stage,
do not fix a particular form of the initial Lagrangian and the number of
extra dimensions. This allows us to explain one or another phenomenon in
the most economic way.

It is assumed that a D -dimensional space-time is born as a result of
quantum fluctuations from space-time foam. Thus there can appear spaces
with different topologies, geometry and dimensionality. A calculation of
probabilities of such processes does not seem productive at the present
stage, and we simply use the assumption that these probabilities are not
zero.

10.3.1 Self-stabilization of an extra space

One of the shortcomings of the idea of extra dimensions is the difficulty in
explaining why they are stable. The reasons why the size of extra dimen-
sions remains small and finite instead of collapsing to the Planck value or
expanding to visible values remain vague. We will show how this problem
can be solved in the framework of our approach.

In what follows we consider pure gravity (L,, = 0) and use the units
mp = 1, thus dealing with dimensionless quantities.

As the first example we consider the action (10.53) with the function

F(¢) = ¢ +cod* —2A, ¢, A= const. (10.98)
Then (10.66) and (10.67) give the effective potential (10.80)

ign(1+ 2 2 —2A
VDo) — — SELLZ g 2202

[d1(dy — 1)]/2 (10.99)

and the coefficient Kg;, of the kinetic term

1

(2) _
KEin(qS) - (1 + 2C¢)2¢2

1
+ |26 (d} — 2 +12) + dico + 7di(di +2)|. (10.100)

The potential is plotted in Figs.10.1 and 10.2.
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Figure 10.1 The potential Vgin(¢) for di = 3, ¢ = 0.3 in the range ¢ > —5/3, where

F'(R) > 0, for a few values of A (indicated near the curves). The dashed line (A =1)
shows a minimum at ¢ = 0. The values of ¢ are expressed in the units mp = 1.

c=1.5

Figure 10.2 The same as in Fig. 10.1, but with ¢ = 1.5.
in the range ¢ < —1/3, where F’' < 0.

Minima of V(¢) are located

effective potential, there is a solution of the form ¢(¢) = const. And since
fixed.

The existence of minima of the potential indicates possible stabilization
the size of the extra space is L = b ~ 1/4/¢, it means that this size is

of the size of extra dimensions. Indeed, if a field is in a minimum of the

337
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There is one more minimum of the potential Vg;, with F’ > 0, existing
in the range A > 0 and located at the point ¢ = 0. The asymptotic
¢ — 0 corresponds to growing rather than stabilized extra dimensions:
b=¢e~1/ \/W — 00. A model with such an asymptotic growth at late
times may still be of interest if the growth is sufficiently slow and the size
b does not reach detectable values by now.

Potentials with A < 0 (Fig10.2) show minima with Vi, > 0, so that
Aeg > 0, which should lead to cosmological models with de Sitter external
space and stable extra dimensions. Such models again correspond to ¢ < 0,
i.e., hyperbolic extra dimensions. By fine tuning of the initial constants c
and A we can obtain the present-day values of the cosmological parameters.
As in Fig. 10.1, we also find a minimum at ¢ = 0, whose properties have
already been discussed.

Thus the behavior of the system is drastically different in different
ranges of ¢ and depends on the numerical values of the initial parameters.
We also confirm that gravity alone can stabilize the size of extra dimen-
sions, without the need for introducing other fields with specific forms of
potentials. Positive values of Aeg (vacuum energy density) were found in
the range where F’ < 0. As will be seen below, it is a feature of quadratic
gravity only.

10.3.2 On the influence of the number of extra
dimensions on low-energy physics

We have discussed some low-energy theories corresponding to special cases
of the metric (10.84) at different choices of the initial action. It is not
surprising that some values of the parameters are suitable for describing
some properties of our Universe. More opportunities emerge if we vary
the structure of extra dimensions, including the number of extra factor
spaces, their dimension and curvature. In such cases it is possible to obtain
a set of substantially different low-energy theories even with a fixed initial
Lagrangian.

Let us recall once again the well-known shortcoming of chaotic inflation
in its simplest, quadratic form. According to the observable temperature
fluctuations of the CMB, the inflaton mass should be of the order 1076 Mp;.
Its smallness requires an explanation which so far does not exist. Consider
the effective potential (10.96), created by the initial action (10.64) and
(10.98). Its shape is presented in Fig. 10.3 for some values of the number
of extra dimensions d. It is evident that the values of d can be chosen in
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Figure 10.3 Effective potential V(¢) for the theory (10.64) with F(R) of the
form (10.98) for different numbers d of extra dimensions. The parameter values:
c=1, A=-04.

such a way as to obtain the required inflaton mass. Numerical estimates
lead to the following results: the second-order derivative of the potential at
its minimum (which determines the inflaton mass) is ~ 0.2m, for d = 3,
~ 15-1073m, for d = 5 and ~ 0.8-0"°m, for d = 7. The initial
Lagrangian does not contain small parameters. Nevertheless the required
value of the inflaton mass emerges at a classical level at a suitable choice
of the parameter d.

The strong influence of the number d on the form of the low-energy
Lagrangian is not surprising because the potential (10.96) contains the fac-
tor ~ d~?. Thus, if the stationary state is ¢ = ¢¢, and the dimensionless
parameters |¢glm,2 and F’'(¢g) are of the order of unity, then the effec-
tive cosmological constant Aegr = Viin(¢o) is connected with the function
F(¢o) (which can be close to m?2) as follows:

Aett/F(¢o) ~ [d(d — 1)]2. (10.101)

It is of interest that d~¢ ~ 10723 for d = 67. It means that space-time
fluctuations creating a (67+4)-dimensional space can cause the creation of
space with the observable vacuum energy density 10723 my4. The extreme
smallness of A.g is thus related to the number of extra dimensions of a
space randomly created by quantum fluctuations at the Planck level.

Figure 10.4 shows another example of d-dependence on the effective
potential shape. It is evident that the very existence of a minimum of
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Figure 10.4 Potentials at different numbers d of extra dimensions, obtained from the
Lagrangian (10.64) with F(R) = R + cR? + w1 R3 + waR* — 2A. The parameters:
c=0, wp =0, wg = —1, A = —0.25. The curves are adjusted to a single scale.

the potential, indicating a possible stable configuration, is d-dependent.
Thus, if the Universe was born with a single extra factor space of negative
curvature, then ¢ < 0, see Fig. 10.4. It is clear that with the initial field
value ¢ < —1 its mean value in such a Universe tends to infinity if d = 2,
to a constant if d =4 and to zero if d = 6. If the Universe was born with
—1 < ¢ < 0, then the mean value of the field is localized at a minimum of
the potential, and the size of the extra space remains fixed.

It is known that the existence of local minima of the potential corre-
sponds to a possible false vacuum decay . As an example, Fig. 10.5 shows
the effective potential (10.80), emerging under the condition that the extra
space has the topology of a sphere. It is evident that the field located at a
metastable minimum will eventually pass on to the basic state with ¢ = 0.
It means that after the phase transition the size of the extra space will
grow infinitely. Nevertheless, the Universe existing in a metastable state
can survive for quite a long time if the probability of tunneling to the
lower minimum is small.

10.3.3 Extra dimensions and inflation
A single extra factor space

Now, our program is as follows:
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Figure 10.5 The effective potential (10.132). The parameter values: ¢ = —0.5, A = 0.2,
¢’ =—0.626, and d = 2.

1. Choose the parameters of the original action (10.85) to obtain a behav-
ior of the potential (10.96) providing primordial inflation.

2. Additionally vary the parameters to satisfy the inflationary conditions
conforming to observations.

3. Try to describe the modern acceleration stage, providing the ratio of
the effective cosmological constant to the Planck density Acg/mji of
the order 107123,

We begin with the case of one factor space. Then Egs. (10.95) and
(10.96) simplify to give

= g/d‘% Vg (sign F')L

L= R4+K<”< $)(09)* — 2V (9), (10.102)
Ky (o) = [ (l;—> — 20 + g +2)| 222
(10.103)

(1), _ signF’ ElR ¢
VE ((b) - 2F2 |:d1(d11):| |:F(¢) +cv d1:|

202
dy — 1

cy =c1+ (10.104)
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Here we take
F=F(¢)=¢+co> -2\, ¢, A= const, (10.105)

and d) = dl ¢1 .

In (10.102)—(10.104) we have actually changed the sign of the
Lagrangian in case F’ < 0; to preserve the attractive nature of gravity
for ordinary matter, the matter Lagrangian density should appear with an
unusual sign from the beginning. As a result, the sign of the whole action
of gravity and matter will be unusual, without any effect on the equations
of motion. As was discussed above, one can show that quantum transitions
are then unaffected as well.

The presence of the parameters ¢; and ¢y adds freedom in choosing
the shape of the potential. The kinetic term also has a complex form which
can substantially affect the field dynamics. An analysis of kinetic terms like
(10.103) of variable sign can lead to interesting possibilities, and we hope
to return to this point in our future work.

Let us employ the fact that chaotic inflation with a quadratic potential
and the inflaton mass m, ~ 10~ %m, well conforms to the observational
data. Therefore our task is simplified and reduced to finding such parame-
ters ¢, c¢; and co that the potential (10.104) near its minimum is approx-
imated by a quadratic function with the above inflaton mass. It turns out
to be possible with the following parameter values:

di=4; ¢=25-10% ¢ +co = 0.6;
oy =—248, A=0.2. (10.106)

With these parameter values, all basic requirements to inflation are
satisfied. Thus, the duration of the inflationary period exceeds 60 e-folds,
the temperature fluctuations are ~6-107°, and the spectral index is n, =
0.943, within observational bounds, ns = 0.958 4+ 0.016. Thus a single
factor space is sufficient for obtaining a fairly good inflationary scenario.

Since the constant ¢ has actually the dimension of length squared, it is
/¢ ~ 100 that should be compared with the Planck length. So this model
does not contain unnaturally large or small parameters.

A serious shortcoming of this model is that it is unable to solve the
problem of modern acceleration, including the smallness of dark energy
density. Indeed, it is easy to prove that slight variations of the parameters
c, ¢ and cy could give rise to an arbitrarily small potential value at
the minimum. However, though the values of these parameters are quite
moderate, they need to be extremely “fine-tuned” to fit the modern value
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of vacuum energy density. An attempt to solve this problem in a slightly
more complex model is undertaken in the next section.

10.3.4 Two factor spaces: Inflation and modern
acceleration

Inflation

Additional opportunities emerge if the extra space is a product of two
factor spaces, My, x My, of dimensions d; and da. For further analysis,
let us make the situation more specific by putting K; = Ks, di = d2 and
choosing the function

F(R) = R%. (10.107)

(Note that one of the coefficients in the initial Lagrangian can be chosen
at will, e.g., equal to unity, without affecting the field equations; it simply
specifies the scale for other coefficients.)

Figure 10.6 presents the potential of the effective scalar fields for this
model with the following choice of the parameter values:

di=dy =5, cy=-10.001, ¢ +co=1.25-10% (10.108)

All further numerical estimates will be obtained with these values. As fol-
lows from the above, at low energies (as compared to the Planck scale mp, )
this model is equivalent to Einstein gravity with two scalar fields. In full
similarity with the previous section, the constants ¢; and co have actually
the dimension of length squared, and their square roots are not unnaturally
large or small.

Note that, with the ¢y value chosen, a positive potential V' (hence a
positive effective cosmological constant ) is obtained with K7 =1, i.e., a
spherical extra factor spaces. For other values of ¢y, e.g., ¢y > 0 we would
need hyperbolic factor spaces.

The inflationary period is characterized by moving down one of the
steep slopes of the valley. The inflaton mass squared is proportional to the
second-order derivative of the potential in the direction perpendicular to
the valley (its bottom is located at ¢1 = ¢2 = ¢p). It is this direction in
which the field moves during inflation and oscillates during reheating at
the post-inflationary stage. The specific value of ¢g depends on the initial
value of the inflaton field at which the classical universe was born.

Figure 10.7 shows the dependence of the effective inflaton mass on the
parameter ¢g. In the framework of chaotic inflation, universes are created
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Figure 10.6 Potential of the effective scalar fields for the model (10.85) and (10.107)
with the parameter values given in (10.108).

with different inflaton values under the horizon, leading to different values
of ¢y and hence different inflaton masses. This is how this model solves the
problem of smallness of the inflaton mass in Planck units. It is a point of
importance: instead of introducing a small parameter (the inflaton mass)
and wondering why it is small, we have obtained a self-fitting mechanism.
We live in a particular Universe, among many, with the appropriate inflaton
mass.

Post-inflationary particle production is a result of oscillations in the
direction across the valley. The conditions suitable for our Universe cor-
respond to the value ¢y ~ 0.5. It is just such a value that, according
to Fig. 10.7, the inflaton mass, related to the second-order derivative
of the potential in the direction across the valley, is ~ 1076—10'3 GeV,
which satisfactorily explains the observational data on CMB temperature
fluctuations.

It is of interest to what extent the values of ¢; and c¢2 (or, more conve-
niently, their combinations ¢y and cx = ¢1+c¢q) in (10.108) are fine-tuned.
An inspection shows that with ¢y in the range (—10.2, —10) the potential
provides all three necessary stages of evolution: inflation, reheating and the
present expansion, in agreement with the observational data under proper
initial conditions. Larger deviations destroy the valley of the potential sur-
face thus drastically changing the whole picture.
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Figure 10.7 ¢o dependence of the effective inflaton mass (Planck units).

The admissible range of cx is wider: its value may vary by an order of
magnitude with respect to the one given in (10.108). Within this area, the
predictions are actually the same, within uncertainties in the observational
data.

Matter-dominated stage

The inflationary stage ends with rapid field oscillations across the valley
in Fig. 10.6, on whose bottom, by our assumptions, ¢; = ¢2 = ¢/(2d;).
These oscillations are accompanied by effective particle production in full
agreement with the standard version of chaotic inflation with a quadratic
potential. In the model under discussion, the energy density of the produced
particles makes the material content of the Universe and affects not only
the cosmological expansion rate but also the scalar field dynamics. The
latter now corresponds to slowly rolling down along the bottom of the
potential valley.

We assume a spatially flat cosmology in 4 dimensions, with the Einstein-
frame metric ds3 = dt? —a?(t)dz?. So, with the choice (10.107), the action
(10.94) leads to the Lagrangian

Lg = Ry + K(9)(d¢)* — 2V (9), (10.109)
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and
K()(39)* = Ko(09)*/¢* = 4K(B)*,
2K = di —dy + 3+ 4(c1 + c2), (10.110)
V() = Volg|™t = Vie 27,
K
- (1 ; 2%) Vo = Vil2di (1), (10.111)

where K; = sign¢ = sign F'(¢) and3(t) = (31(t) is, as before, the loga-
rithm of the extra-dimension scale factor (which is in the present case the
same for all extra dimensions), such that d¢/¢ = —2d3, and ¢y has been
defined in (10.104). One can also notice that a usual form of the Lagrangian
with a scalar field ® and a potential Vg is obtained if we substitute

2V KoB = V81GD, Vi = 81G V.

With (10.109), we can write two independent components of the
Einstein-scalar equations for 8(t) and a(t) as follows:

3H? = 2Ko3% + Vi e 248 1 871p,, (10.112)
2Ko[3 + 3HP) = di Vi e 217, (10.113)

where H = a/a is the Hubble parameter.

Let us begin with considering the matter-dominated stage, which is
the longest. The subsequent dark energy (DE) dominated stage will be
discussed in the next subsection. The following simplifying assumptions
will be used: (i) we neglect the pressure of matter, treating it as dust from
the very beginning (¢ = t;) thus ignoring a radiation-dominated stage;
(i) we neglect a possible direct interaction between matter and the scalar
field; (iii) we neglect the scalar field contribution to the dynamics of a(t)
at the matter dominated stage t; < t < tp ~ 10'% years and, vice versa,
we neglect the contribution of matter at the DE dominated stage ¢ > ta.

So, neglecting the contribution of 8 in (10.112), we obtain for times
t1 <t < ty, as in the usual Big Bang scenario,

H=2/(3t) att, <t<to. (10.114)

To solve Eq. (10.113) numerically, we take the following initial data corre-
sponding to the end of the post-inflationary epoch:

d
hi(t) = oalt) = S =005 L) =0
= ") =45 B(t) =0. (10.115)

The initial time ¢; is chosen to be ¢; = 9-10° for definiteness.
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Numerical solution of Eq. (10.113) then gives the following value of 3
at t = t2:

e9(12) & 55101 = ¢(ty) ~ 1.3-1022, (10.116)

This value of 3 will be used in analyzing its dynamics at the modern stage
for which the equations simplify and can be solved analytically.

Modern stage

The modern epoch t > to is DE dominated. In the present approach, the
DE is represented by the scalar field ¢ (or equivalently 3 or b = ef)
with the potential (10.110), and the Universe dynamics is described by
Egs. (10.112) and (10.113). In (10.112) we now neglect the matter contri-
bution.

It is hard to solve this set of equations exactly. However, as the ¢ field
decreases (which corresponds to a growing size of the extra dimensions)
along with a decreasing value of the potential (related to the effective
cosmological constant), at some stage it becomes possible to treat this
process as secondary slow rolling, for which the field dynamics is sufficiently
simple and may be described analytically. Indeed, let us suppose

18] < 3(a/a)B, Kof? < 3(a/a)?, (10.117)

and drop the corresponding terms in Egs. (10.112) and (10.113). Then we
can express a/a from (10.112) and insert it to (10.113), getting

AL
" 2V3BK,

whence we find the evolution law for the extra-dimension scale factor

di3eM? = By

(10.118)

e = [Bo(t — )]/, (10.119)

where ¢, is an integration constant (¢, = t, — By '[b(t2)]"*). Substituting
this result to (10.112), we find the evolution law for a(t):

a(t) = a.(t —t.)P, p:=2Ko/di, (10.120)

where a, is an integration constant.
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With the parameters (10.108), some relevant constants are

Vi =1.25107%, 2K, = 5023,
5023

p= 5 ~201, By~32107° (10.121)

Eq. (10.119) with the initial value (10.116) gives the present size of the
extra dimensions, at t = tg = 13.7-10° yr:

b(tp) ~ 5.5 10" ~ 910722 cm, (10.122)

well within the observational limits. From (10.120) we find the Hubble
constant Hy = a(tg)/a(to) and the Hubble time t; = 1/Hp:

Hy~ 12510701, ¢5 ~8-10%° ~ 13.8-10° yr, (10.123)

in agreement with observations. The potential energy density V', coinciding
with the DE density,

Ve(¢(to)) ~ 5110712, (10.124)

also well agrees with observations.

One can notice that in our model with d; = 5 the function (10.119)
grows extremely slowly. The present value in (10.122) differs from that
in (10.116) only in the fifth decimal digit, so that the change is actually
indistinguishable. The same is true for the DE density which thus behaves
like a cosmological constant. The expansion law (10.120) with the exponent
p = 201 is really almost exponential, i.e., de Sitter, and the DE equation-
of-state factor w = ppg/ppE is very close to minus unity. Indeed, in the
DE epoch, a(t) ~ t2/(3+3%) hence

2/(3 4 3w) = 201 = w ~ —0.9967.

Lastly, one can verify that this solution fairly well satisfies the slow-
rolling conditions (10.117), which hold as long as p > 1, or, in terms of
the input parameters of the theory, if ¢; + co > d2.

It is of interest that models of gravity (10.85) where F(R) contains a
linear term do not lead to similar attractive results in the present approach.

Discussion

In the framework of pure curvature-nonlinear gravity with extra dimen-
sions, it has been possible to describe (though only in a rough approxima-
tion) the entire evolution of the Universe beginning with an inflationary
stage and ending with the modern accelerated stage with sufficiently small
dark energy density. In doing so, it has been possible to avoid unnaturally
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small or large parameter values in the initial Lagrangian. The small val-
ues of the inflaton mass and especially that of DE density agreeing with
observations have been obtained from a Lagrangian whose dimensionless
parameters differ from unity by no more than two orders of magnitude.

Using a single extra factor space, it appears possible to explain the
emergence of an inflaton, and choosing proper values of the parameter, it
is possible to fulfil all requirements applicable to inflationary models and
achieve an agreement with the observational data. However, to solve the
problem of small DE density, it is necessary to invoke (at least) two extra
factor spaces.

The inflationary stage with an appropriate inflaton mass is again well
described. Indeed, field fluctuations create universes with different initial
field values. The potential in Fig. 10.6 (i.e., at fixed values of the initial
Lagrangian parameters) has different curvatures at different points of the
valley, which correspond to different inflaton masses. We live in a universe
created by a suitable field fluctuation whose evolution leads to the observ-
able inflaton mass.

As to late-time evolution, it becomes possible to obtain in a natural
way a small current value of the effective potential which plays the role
of DE density (effective cosmological constant), Aeg ~ 107123 mj. The
form of our late-time solution shows that the size of the extra dimensions
is slowly growing in the modern epoch. In the remote future, this size,
which is so far invisible to modern instruments, will grow to such values
that will lead to drastic changes in the physical laws of our Universe. Let
us stress, however, that such a model is only one particular possibility con-
tained in our approach. There are other models where the extra dimensions
are stable at late times [83] making the effective physical constants also
invariable.

Our model with two factor spaces has the following advantages:

(a) Tts low-energy limit represents the Hilbert—Einstein action with appro-
priate accuracy.

(b) It describes inflaton with an inflation mass that agrees with
observations.

(c) The size of the extra dimensions b(t) never exceeded the experimental
threshold ~ 10717 cm (though it should in the remote future).

(d) At the modern stage, the scalar field density (actually, the potential
V(¢) in proper units) describes the modern DE density ~ 10~23m$;

(e) The DE equation-of-state parameter w satisfies the observational con-
straint w < —0.8.
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This model has a somewhat unusual total dimension D = dy + 2d; = 14.
With such a choice, it is clear that we do not use the ideas of string theory in
this study, which makes our model less restrictive in the choice of the dimen-
sionality. We believe that other choices of parameter sets, including dimen-
sionality, can also lead to good potentials in the low-energy limit, and this can
be a subject of future work. However, the particular values dy + ds = 3 + 3,
leading to D = 10 (the “string” dimension), are probably unsuitable in our
case since then ¢y = ¢k = ¢1 + ¢2 (see the notations above), which leaves
one independent parameter instead of two thus substantially restricting the
choice of effective potentials.

Since we have been working in the Einstein conformal frame, the
problem of varying physical constants (above all, the effective Newto-
nian constant of gravity Geg) did not emerge. One should note that even
remaining in the Einstein frame, we could assume m, # my4, which would
affect the estimated boundary between the classical and quantum worlds.
In a more general framework, interpreting another conformal frame (pos-
sibly but not necessarily the original Jordan frame) as the observational
one, we obtain a dependence of the constant Geg (hence the current Planck
mass my = Ge_ff1 / 2) on the size of extra dimensions, which in general can
not only be time-dependent but also vary from point to point in space.
In the cosmological context, models with variable G.g should not only
satisfy the observational bounds on the variation rate Geg/Geg (< 10713)
but also take into account the effect of G(t) on stellar evolution and pro-
cesses in the early Universe. (Therefore, models with self-stabilizing extra
dimensions like those discussed in [77, 83] can be more attractive.) In still
more general models of this sort even the Planck constant & can be vari-
able. A discussion of these problems can be found, e.g., in [147, 358, 411].

10.3.5 Rapid particle creation in the post-inflationary
period

Let us address one more problem that can be successfully solved in the
class of theories under consideration.

According to [137], rapid oscillations of the inflaton field immediately
after inflation create the particles which form the matter content of the
modern Universe. It is known [243, 372] that the particle and entropy pro-
duction mechanism as well as heating of the Universe can be ineffective
if the coupling constant of the inflaton and matter fields is too small. On
the other hand, a strong coupling leads to significant quantum corrections
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of the inflaton potential parameters, which casts doubt on their smallness
that follows from the observational data on CMB temperature fluctuations.
This problem is solved, for instance, by hybrid inflation which includes one
more hypothetic scalar field (see Chapter 8). During inflation, the energy
density changes slowly until the classical field value reaches a bifurcation
point, after which the field begins to rapidly oscillate near a minimum of
the potential, producing the required particle number. Unfortunately, this
model also leads to black hole over-production, which is a serious shortcom-
ing [354]. Another promising mechanism of effective particle production
(parametric resonance) is described in [243]. One more mechanism, con-
nected with quantum production of supermassive (GUT scale) particles,
sufficient for explaining the observed wealth of matter, has been considered
by Grib and Pavlov [179-182]

Nonlinear multidimensional gravity provides one more opportunity.

Consider the potential and kinetic terms of the effective Lagrangian
(10.64) with the function F'(R) of the form

F(R) = R+ cR* —2A. (10.125)

These functions are plotted in Fig. 10.8. The nontrivial ¢ dependence of
the kinetic term strongly affects the scalar field dynamics. The effect is
especially evident if a minimum of the kinetic term coefficient coincides
with a minimum of the potential, as in Fig. 10.8.
For illustration, consider a simplified scalar field model with the poten-
tial and a coefficient in the kinetic terms of the form
1
Vi(¢) = §m2¢2
K(¢) = K1 (¢ — ¢dmin)? + Kmin, K1, Kmin>0. (10.126)
(The function K(¢) is positive and can be reduced to unity by a field
redefinition ¢ — ¢, but this equivalent formulation is more convenient in
the present case.)
A numerical solution of the corresponding classical equations for a spa-
tially flat universe,

= k@) +vig)]
K(@)(6+3H) + SKo(0)F +Vy(9) =0, (10.127)

(the subscript ¢ denotes d/d¢, and H is the Hubble parameter) is pre-
sented in Fig. 10.9 for the quadratic potential (10.126) and two different
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Figure 10.8 The potential and kinetic terms of the effective 4D theory (10.53) with the
function F(R) of the form (10.125) with the parameters d = 3,¢ = 6.0, w1 A = 2.

kinetic terms, with K = 1/2 and the one given in (10.126). The parameter
values are given in the figure caption. Each curve describes the inflaton
behaviour before and after the end of inflation. In the nonstandard kinetic
term, K(¢) = 1/2 at the end of the inflationary stage (the first point of
curves’ intersection in Fig. 10.9). It is clear that in the model with a vari-
able kinetic term inflation begins at smaller energies as compared to the
conventional case.

Let us also note the difference in the oscillation frequency of the inflaton
field. The number of created particles is proportional to this frequency, see
the review [139] and an additional discussion in [234]. This conclusion can
also be grounded as follows.

After the end of inflation, the inflaton oscillation amplitude is small
compared with the Planck scale, and the coefficient K.g ~ K, in the
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Figure 10.9 The inflaton behaviour at the end of inflation for two models: 1. The
standard kinetic term, K = 1/2, 2. The kinetic term of the form (10.126). The parameter
values Ko = 0.1, ¢ppmin = 0.1, Kipyin = 0.005 are given in Planck units, and time is
measured in inverse inflaton field masses.

effective kinetic term is small due to the choice of the parameters. The
effective Lagrangian containing an interaction of the inflaton with a certain
scalar field x

1 .
Legt = 5 Kmin®” + 90XX; (10.128)

can be transformed to the standard form by redefining the inflaton field:

g
Kmin

Leg ~ %q52 + PXX- (10.129)
A small value of Ky, increases the coupling constant (by orders of mag-
nitude for the chosen parameter values) and consequently leads to intense
particle creation. In this way one overcomes the difficulty discussed above:
a weak interaction constant at the inflationary stage does not contradict a
rapid particle production immediately after the end of inflation.

The field behavior near K =0

The function K(¢), the coefficient of the kinetic term in the scalar field
Lagrangian, can in general possess both zeros and poles, and their neigh-
borhood is of special interest. Let us discuss the possible state of the system
near a zero value of K (¢) [260]. If it is a simple zero, then the kinetic term
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changes its sign when crossing it. The case K(¢) = Kgin > 0 corresponds
to a normal scalar field while the case K(¢) < 0 corresponds to a phantom
field with negative kinetic energy.

In general, F'(R) theories lead only to positive values of K(¢). Indeed,
it is easy to see that the expression in square brackets in Eq. (10.66) is
always positive, with a minimum equal to d(d + 3)/3.

In more general theories containing other curvature invariants, this is
not the case. Let us consider as an example the simplest nonlinear theory
with

F(R) = R+ cR* - 24, (10.130)
including second-order nonlinear terms: the Ricci tensor squared R4pR45
and the Kretschmann scalar K = RapcpRAECP | so that

S = /dDac\/ Dg|F(R) + c1RapRAE + c2K]. (10.131)
Calculations in the model (10.131) with the function (10.130) and the

metric (10.49), similar to those made above, lead to an effective scalar-
tensor theory (10.64) with kinetic (10.79) and potential (10.80) terms

. ~ '¢% 4+ ¢ — 2A
Viin(6) = —sign(1 + 2e0) d(d — D]~/ 1" =,
d=or Sy %, (10.132)
4 IS T ST N 2 E
Kein(9) = iy aege € (@ — 20 +12) +d*ep + 7d(d +2)
c1+c2

+ 300 1 200)" (10.133)

The dashed lines A and B in Fig. 10.10 mark zeros of the kinetic term
for the quadratic gravity (10.130). If a field fluctuation has emerged to the
left of point A, the field tends to a minimum of potential at the point ¢ = 0,
which corresponds to a growing size of the extra space. Some fluctuations
are created in the range between points A and B, where the kinetic term
is negative. Then the field ¢, being phantom, moves towards a growing
potential, to point B. Evidently, point B is an attractor without being a
minimum of the potential. A universe for which this situation takes place
has a nontrivial basic state, which should be discussed in more detail. To
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Figure 10.10 The potential (10.132) and the coefficient in the kinetic term (10.133) for

the theory (10.131) and F(R) from (10.130). The parameter values: d = 3, ¢ = —0.12,
A=2,c1+co=-55, c =-0.626.

this end, consider a simplified situation:
1
5= [ ate|3r@0007 - Vo], (10.134)

with K (¢eit) = 0 and, without loss of generality, put ¢cit = 0. Then
the behavior of K(¢) and V(¢) at small ¢ is K(¢) = k¢ + o(¢), and



356 Black Holes, Cosmology and Extra Dimensions

V(¢) = V(0)+ he + o(¢), where it is assumed that k& > 0,h > 0, referring
to point B in Fig. 10.10. Evidently, near the critical point the field tends
to it irrespective of where its initial value is chosen, to the left or to the
right of it. Nevertheless, a classical motion near the critical point ¢ = 0 is
absent. Indeed, the classical equation for ¢ in curved space-time has the
form

K(¢)O¢ + %K¢(a¢)2 = -V, (10.135)

or, according to the above expressions for K and V at small ¢,
1
koo = — <h + 5l<:(8¢>)2) + o(9). (10.136)

Let (9¢)? > 0 (as in the cosmological case where ¢ = ¢(t)). Then the
right-hand side of Eq. (10.136) is smaller than —h < 0 and does not tend
to zero as ¢ — 0. Hence the second-order derivative in (¢ tends to infinity
because ¢ — ¢criy = 0. Introduction of additional terms with higher-order
derivatives into the Lagrangian does not improve the situation. Indeed,
in a stationary state, where all derivatives are equal to zero, the classical
equation (10.136) with A > 0 has no solution. It means that the kinetic
energy of a homogeneous basic state cannot be equal to zero.

Multiple factor spaces and a spatially varying size of the
extra dimensions

Recall that a priori we do not assume a fixed number of extra dimensions,
their geometry, and topology. All this emerges at the Planck scale due to
quantum fluctuations. The more complex the emerging structure of the
extra space, the richer the possibilities.

Consider a space with the metric (10.84) and two extra factor spaces:
M = My x Mg, x Mg,. Using the same action (10.131), we must now
introduce two scalar fields in order to describe the low-energy limit of the
theory. The effective potential in the Einstein picture has the form

|y |41/2 |po| %2/
[(dy = 1)]1/2 [(dy — 1)]4=/2
2 2
F(dip1+dago) + dr1¢? |e1+ @ +dag3 |1+ @
di —1 dy — 1

. [F'(di1¢1+dagp2)]? 7

Vein(61,62) = —5 sign(F'(din + dao2)

(10.137)
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Figure 10.11  The effective potential for a model with the extra space My, X My, ,d1 =
dg = 3, with the parameters ¢ = —0.5, A = 0.2, ¢; = ¢cg = —0.38. View from above,
lower levels look darker. A local minimum is marked by a long arrow.

Figure 10.11 presents a potential with two valleys along the mutually
perpendicular directions ¢; = 0 and ¢2 = 0, each of them corresponding
to an infinitely large size of one of the factor spaces My, or My, . Of greater
interest is the local minimum, where both factor spaces have a finite size.
The Universe can be located for a sufficiently long time in this metastable
state, as in the case with one extra space with a simpler structure discussed
above.

An opportunity of interest emerges if we suppose that the Universe was
born at point B in Fig. 10.11. During inflation, the field moves from point
B along the arrow, and quantum fluctuations create different field values in
causally disconnected domains. The fate of a domain depends on the field
value inside it. Even if the majority of domains get into the metastable
minimum at the end of inflation, some part of them rushes to one of the
valleys. In this case our Universe must contain a certain number of domains
with a macroscopically large extra space. Their number and sizes strongly
depend on the initial conditions.

If in our Universe there are domains with a large extra space, then the
laws of low-energy physics in such domains are different from those we
know. Thus, if a star flies into such a domain, the balance of forces inside
it will be violated, and the star will either collapse or explode.

Thus we have shown that the same basic theory can lead to drastically
different low-energy theories, depending on the structure of extra dimen-
sions and the initial data.
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10.3.6 Conclusions

It is clear that pure multidimensional gravity, without invoking any fields
of nongeometric origin, and even with a very simple choice of the geom-
etry, can be an arena for quite complicated phenomena. It is a result of
the curvature-nonlinearity of gravity, but such a nonlinearity inevitably
emerges due to quantum corrections to the Einstein theory and must in
principle be included in the theory of gravity.

The slow-change approximation, introduced here for multidimensional
gravity, substantially simplifies the analysis. This approximation turns
out to be valid in a wide range of phenomena at which the curvature
and the energy scale are far from Planckian ones (though, Planckian in
the multidimensional sense, these scales can appreciably differ from the
four-dimensional ones).

On reduction to four dimensions, nonlinear multidimensional gravity
leads to a sophisticated scalar field dynamics, with stable and metastable
minima of the potential and a nontrivial form of the kinetic term. Some
such minima look promising in the sense of describing the modern Universe
evolution, with an accelerated expansion of the external space and stable
extra dimensions. The latter leads to constant values of the fundamental
constants or their extremely slow drift as is the case if the system is only
approaching its stable state. In other viable models the extra dimensions
are variable, but the variations are small and do not leave the bounds of
modern experimental constraints.

Among the unsolved problems are the choice of the physical conformal
frame and the necessity of a fine tuning of the parameters for obtaining
the observed small value of the cosmological constant.

10.4 The origin of gauge symmetries
and fundamental constants

Despite the advances made in fundamental physics, the existence of a large
number of theories and approaches suggests that there are problems in
describing observational and experimental data. The idea of compact extra
dimensions allows one to effectively explain a considerable number of phe-
nomena and indicates the direction of further development in the theory in
spite of the absence of direct experimental confirmation of their existence.

Here we will study the problems associated with emergence of gauge
symmetries and fundamental constants at the early stage of the evolution of



Multidimensional gravity 359

the Universe using the approach proposed in our previous works [83, 358].
This approach is based on the assumption that there are extra dimensions
forming a compact space with the properties determining the observed
low-energy physics. A solution to the first problem within the Kaluza—
Klein approach is well known: gauge symmetries arise as a consequence
of the corresponding symmetries of the extra space (see, e.g, [39]). There-
fore, the problem is reduced to justification of the choice of symmetric
spaces among a set of extra spaces with an arbitrary geometry. More pre-
cisely, we assume that, at some instant of time on the Planck scale, the
four-dimensional Riemannian space My [196, 402, 427] arises as a result
of quantum fluctuations. Simultaneously, there appears a compact extra
d-dimensional space M. The set of possible geometries of the extra space
My is at least a continuum. However, a geometry with a high degree of
symmetry is observed because the existence of gauge symmetries is beyond
question. The probability of its emergence is negligible, and hence there
should exist a selection mechanism that separates the appropriate geome-
tries. One of possible variants based on statistical considerations will be
analyzed below.

The second problem discussed in our work is related to the fundamen-
tality of the parameters h and G [147] and consists in the following. The
geometric approach to the theory implies the presence of only one scale of
the dimension of length ¢. The parameters of the initial Lagrangian con-
structed only from the metric tensor are proportional to ¢™, where n is
an integer. The question arises on the instant of time at which the Planck
and gravitational constants appear as independent fundamental parame-
ters and on their relationship with the initial parameters of the theory. An
answer to this question for the gravitational constant is well known and,
as a rule, is presented in the form

M3 =mP=2v,. (10.138)

Here, Mp is the Planck mass, m, is a parameter with the dimension of
mass or, more precisely, inverse length, and V; < oo is the volume of the
extra space M. The similar problem of fundamentality of the Planck con-
stant % is less well understood, even though some interesting works have
appeared in this direction. In particular, Volovik [411] discussed the place
of the Planck constant in modern theory, analyzed different methods of
including this constant in the field equations, and considered the conse-
quences of a hypothetic spatial dependence of the Planck constant. How-
ever, a specific implementation of these hypothetical variants was not given.
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Below, we propose a mechanism of emergence of the Planck constant
together with the gravitational constant without a detailed discussion of
the possibilities this entails. As a result, we can reveal the relationships of
the constants i and G determined from low-energy experiments with the
parameters of the initial Lagrangian describing multidimensional gravity
with higher derivatives.

Continuing the ideology developed in [358], we assume that spaces with
an appropriate geometry arise in space-time foam with some (maybe small)
probability. We are interested in spaces with the geometry of a direct
product

MD = IMID1 X Mdl, D1 > 4, d1 > 2 (10139)

and the volumes V(D;) > V(dy). Transitions with changes in the geom-
etry are conveniently described in terms of the path integral technique
[196, 402]. For this purpose, the superspace Mp = (Mp;g;;) is defined as
a set of metrics g;; in the space Mp up to diffeomorphisms. On a spacelike
section ¥ we introduce the metric h;; (for details, see [427]) and define
the space of all Riemannian (D — 1)-metrics in the form

Riem (X) = {hi;(z)|z € T}.

The transition amplitude from the section i, to the section X is an
integral over all geometries allowable by the boundary conditions:
hg

Af,in = <hf,2f|hin,2m> = Dgexp[iS(g)]. (10140)
Rin

The absence of the Planck constant in the exponential function is a
result of choosing the appropriate units of measurement. Nonetheless, it
will be shown below that the Planck constant naturally emerges after the
definition of the dimensional units simultaneously with the gravitational
constant G.

10.4.1 Why is the extra space symmetric?

The transition amplitude (10.140) generating a four-dimensional space is,
as a rule, calculated under the assumption of a special form of the metric
hy on the hypersurface ¥ with an interval of the type [403, 427]
_ 1
o 12m2ME)

The transition amplitude (10.140) describes the birth of a space of type
(10.139), where D; = 4 and there is no preferred geometry for the subspace

ds® = c*[N(t)%dt* — a(t)*dQ3), o° (10.141)
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My, . In this section, we propose a symmetrization mechanism for compact
spaces. It was shown that the space with a metric that weakly differs from
the metric written above asymptotically tends to (10.141) in the course of
cosmological expansion.

Let us postulate that the evolution of any closed system is accompanied
by an increase in its entropy. It should be noted that the entropy of a
subsystem can decrease. In particular, the Hawking evaporation of a black
hole decreases its entropy but increases the entropy of the Universe as a
whole. Below, we will consider a space with the symmetry (10.139) under
the assumption that the subspace volume is considerably larger than the
volume of the compact subspace My, .

Entropy of a compact space

First and foremost, we will demonstrate that the entropy of a compact
space reaches a minimum on a class of maximally symmetric spaces. The
initial definition of the entropy in our work coincides with the known def-
inition by Boltzmann, who related the entropy to the number Q of states
of a system: s = kpIn2. A discussion of other possibilities can be found,
for example, in [89, 223]. The notion of the number of states is correctly
defined at a quantum level, where the set of energy levels and the degree of
their degeneracy are known. However, quantization of the space M; means
quantization of a gravitational field, which by itself remains an unsolved
problem. In this respect, we will restrict ourselves to calculating the number
of states from a classical viewpoint. It is sufficient because we are interested
in relative quantities (see also [381]).

The entropy of an arbitrary compact space My, in which matter fields
are absent, is a functional s[G] of the metric tensor G. The number of
states is determined by an observer outside the system. It is intuitively
clear that the higher the symmetry of an object (in our case, a compact
space), the smaller the statistical weight of the object. Let us prove this
statement. To calculate the statistical weight €2, the space My is embedded
in the space R, which can be done if My is sufficiently smooth and N is
sufficiently large [149]. It is assumed that the external observer is located
in the space RY . Each point of the space My is described by the internal
coordinate y € My and the external coordinate x € RY . We choose a
specific point P € My and fix its coordinate zp € RY . Then, we choose
the set of basis vectors ey, k =1,2,...,N in RY. We require that all d
tangent linearly independent vectors at the point P, eg”, a=1,2,...,d,
which form the coordinate basis in My, should be included in this
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set. Using this basis, we calculate the components of the metric tensor
G((;;) (zp) of the space M. We fix the tangent space T'(P) spanned by the
vectors egp

Then we choose another point @) € My, with the coordinates xg € RN
and the tangent space T(Q). By moving along the curve lpg C Mg, the
point @ is displaced to the point with the coordinates xp, so that the
tangent space T(Q) coincides with the tangent space T(P).

The new components of the metric tensor Ggi))(x p) of the space My
are calculated at the same point zp € RY . If the metric tensors do not
coincide, G'Y (xp) # G7)(xp), the observer in the space RV will fix a
new “microstate” and increase the statistical weight of the space My by
unity. If the equality

G\P(wp) =G (wp), (10.142)
is valid, the number of microstates remains unchanged. It should be noted
that the condition (10.142) corresponds to the existence condition of a
Killing vector along the curve PQ@Q. Therefore, the presence of Killing
vectors decreases the statistical weight of a compact space. Maximally sym-
metric spaces have a minimum entropy.

Decay of excitations of a compact space

The compact subspace My, can be considered as a subsystem of the space
Mp. Now, we show that, if the subspace volumes satisfy the inequality
Vb, > V4, , there is an entropy flow from the subspace My, to the subspace
Mp, , the entropy of My, tends to a minimum, and its geometry tends to a
maximally symmetric one. Furthermore, the entropy of the entire system,
i.e., the space Mp increases.

As a rule, the entropy of a closed system changes along with conser-
vation of the system energy. Since gravitational energy depends on the
space topology, we will restrict our consideration to transitions without its
changes. In [83, 190], it has been demonstrated that, in the framework of
gravity nonlinear in the Ricci scalar, at least local minima of the energy
density exist. In this case, there is a set of energy levels, and each geometry
of the extra space can be represented in the form of an expansion in eigen-
functions of the d’Alembert operator of the background metric. In terms
of the Kaluza-Klein theory, the eigenvalues of this operator contribute to
the mass of excitations, which are interpreted as particles in the space My.
For a compact space with the geometry of a circle of radius r, the mass of
the lightest particle is my = 1/r, and it is experimentally bounded below
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by a value of several TeV. It is evident that its decay into light particles
propagating in our space should be accompanied by an entropy increase.
In the process, the geometry of the extra space relaxes to a state that has
a minimum entropy and is characterized by the absence of excitations.

As an illustration, we consider a space of the type (10.139), where
Mp, = My x My,, My, = S1, My, = S1 with the metric gpsn, which
differs from the diagonal metric nyny = diag(1,—1,—1, -1, —ry, —r2) only
slightly, so that gy = nmn + havw (2,91, y2). The size of one of the
extra spaces is considerably larger than the size of the other extra space:
ro = Bry, [ > 1. The dynamic equation for the field hpsny can be written
in the form [39]

n*P040phnN (7,y1,y2) = 0.

By substituting the field h in the form of the expansion in eigenfunc-
tions of the d’Alembert operators Y, (y1), Yn(y2) of both subspaces
(in our case, circles),

P (@, y1,92) = D RN (@) Yo, (1), Yoo (32)

ni,n2

we obtain the equation for the components

2
(D + 4 ) pimm2) () = . (10.143)
1 2

The microstates of the subspaces My, and My, are characterized by the
integers nq1 and no. The first excited state of the subspace My, has a mass
my = 1/r;. A decay of this state into two excited states of the subspace
Mg, with masses mo = na/re and mh = nh/ra, na,nhy = 0,1,2,..., 3]
and zero momenta occurs with energy conservation,

my = mg + mj (10.144)

and an increase in the entropy of the entire system. This increase is associ-
ated with the fact that the number of different microstates of the space Mg,
that satisfy the condition (10.144) is of the order of Qo = 3/2 ~ ro/ry.
In this case, the geometry of the subspace My, tends to a maximally sym-
metric geometry because the number of excitations in the subspace tends
to zero and the entropy tends to a minimum.

It is obvious that the number of microstates increases with an increase
in the volume of the subspace My, . Inclusion of states with different four-
momenta in the Minkowski space My substantially enhances the effect.

Let us increase the dimension of the compact space with a
large volume and consider a manifold of the type (10.139) where
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Mp, =My x Mg,, Mg, =Sa, My, =S;. It is known that the excitation
mass in Sy is m(l) = 4/I(l 4+ 1)/r2, and the degeneracy factor is 2 + 1.
The decay of an excitation of the space S; into two excited states of the
space Sy also proceeds with energy conservation: my = m(l) +m(l’). It is
easy to see that the number of allowed energy states with zero momentum
is also proportional to the volume of the large space: Qg ~ 32 = r2/r?.

Therefore, if quantum fluctuations generate a space of the
type M, x M, the entropy flow is directed toward the subspace of
larger size. The geometry of the subspace of smaller size tends
to a maximally symmetric geometry compatible with its topology.
The existence of gauge symmetries in the main space appears to
be a purely statistical effect.

The transition rate to a symmetric state

The entropy of the entire system consisting of two subspaces (10.139)
increases as a result of transformations of particles (excitations) of the
compact subspace My, to particles propagating in the subspace Mp, .
The compact extra space that, at the initial time instant, had an arbi-
trary geometry, acquires a maximally symmetric shape during the entropy
transfer to the main space. In this case, the entropy of the entire sys-
tem (including the extra and main spaces) increases while the entropy
of a subsystem (the compact extra space) tends to a minimum. The sit-
uation resembles the third law of thermodynamics, according to which
the entropy of a body tends to zero with a decrease in the thermostat
temperature.

The subspace Mp, in (10.139) does not necessarily have a direct-
product structure. The main requirement to this subspace is the presence
of a large number of energy levels that contribute to the statistical weight
of the system at fixed temperature. The Minkowski space My itself exhibits
this property to a full extent.

Let us estimate the “symmetrization” rate of the extra space. Weak
deviations of the geometry from an equilibrium configuration can be inter-
preted as excited states of mass my (see, e.g.,[12]). Since it is the only scale,
it should be expected that the probability of decay will satisfy the relation
T ~mq ~ 1/Lg, where Ly is the characteristic size of the extra space.
Setting Lg < 10~'7 cm, we find that the lifetime of the excited state is
ti1 ~ Lg < 10727 5. Therefore, the extra space transformed into the most
symmetric state long before the onset of the primordial nucleosynthesis
but maybe after completion of the inflationary stage. However, states that
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correspond to the first excited level of the Kaluza-Klein tower with a life-
time of the order of 10° s or more are also considered [345]. Under these
conditions, the theory acquires gauge invariance well after the nucleosyn-
thesis stage, which creates new possibilities and problems. In order that a
Kaluza-Klein particle be stable, it is necessary to make additional assump-
tions that complicate the structure of the extra space [341].

10.4.2 Fundamental constants and the properties
of an extra space

Now we will discuss the problem associated with the emergence of phys-
ical parameters in the modern Universe. A more detailed discussion is
presented in Sec. 11.2. In a consistent implementation of the Kaluza-
Klein idea, boson fields represent individual metric components of the
extra space. The only scale possible in this situation is the length scale
?; however, it is hard to use even this unit because quantum fluctua-
tions in the space-time foam continually renormalize any parameters in
an unpredictable manner. The situation becomes better as soon as a clas-
sical spacetime region arises due to the same quantum fluctuations. It is
also accompanied by the appearance of independent stationary quanti-
ties that can be chosen as measurement units, for example, the volume
of the compact space V4, and the vacuum energy density U,,. Only in
this case can dimensional physical constants, including fundamental con-
stants, be fixed. A possible variant of this scenario will be considered
below.
The action is chosen in the form (see, e.g., 310, 377, 386]),

S = Ny / dPyv/—GF(R;a,). (10.145)

The parameters a,, Ny take on specific values in the birth of this spatial
region [358] after the choice of the length unit. The appropriate choice of
the parameters a, can provide boundedness of the effective action from
below [77, 83]. The dimensionality of the arbitrary function F(R) is con-
veniently chosen to coincide with the dimension of R, i.e., it is {72. Then,
the dimension of Ny is 1>~P. Note that the normalization constant Ng
equals 1/(16w@) only in the low-energy limit.
The metric of the space Mp is written in the form [83, 101]

ds® = GapdX*dXP = gab(x)dxadxb — ezﬂ(m)%j (y)dyidyj
= Ndt* — g, (v)dx"dz” — 625(9”)%]' (y)dy'dy’ . (10.146)
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Here gqp is the metric of the subspace My = R x M3 with the signature
(+———), @) is the curvature radius of the compact subspace My, and
vi; (y) is its positive-definite metric. For a specified foliation of space by
spacelike surfaces, we can always choose the normal Gaussian coordinates
which are used in the last equality in the expression (10.146). We assume
that the coordinates z, y have the dimension [, time is measured in seconds,
and the lapse function N is an unknown parameter with the dimension of
(¢/s)?. The metrics gqp and 7;; are dimensionless.
According to [77, 83], the topology and metric on the spacelike section
Y; of amplitude (10.140) are determined by imposing the following
conditions:
(i) The topology of Mp has the form of a direct product,
Mp = My x My, (10.147)
where d is the dimension of a compact extra space.
(ii) The curvature of the subspace My satisfies the condition
Ry(gav) < Ra(vij)- (10.148)
(iii) As shown above, the extra space with an arbitrary geometry evolves
to a space with a maximum number of Killing vectors possible for the
topology under consideration. In this respect, in the set of subspaces

M, we choose maximally symmetric spaces of constant curvature Ry,
related to the curvature parameter k£ in a typical manner,

Ra(yij) = e @ kd(d — 1)¢72, (10.149)
Owing to the special form of the chosen metric (10.146), the following
relations hold, see Sec. 10.2.2:
R: R4+¢+fder7
¢ = kd(d —1) e 2P@)=2,
fder = 2dg""V V., 8 4 d(d + 1)g"" 9,30, 53, (10.150)
where the field ¢ is defined by explicitly introducing its dimension [~2.
The covariant derivative V acts in the space M. The volume V; of the

internal space of unit curvature depends on its geometry, being expressed
in terms of its own metric:

Vi = /ddyﬁ. (10.151)

In what follows, we will use the slow-change approximation (see
Sec. 10.2.2)

|9l > |Ral, | fderl, (10.152)
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which is valid even at the onset of the inflationary stage. Then, by expand-
ing the expression F(R;a,) = F(¢+ Ry + fder; an) in a Taylor series and
integrating over the extra-space coordinates we obtain the expression

S’:VdNo/\/%dALxedﬂ
+[F'(¢;an)Ry + F(d;an) + F'(¢;a0) faer],  (10.153)

which is typical of a scalar-tensor theory of gravity in the Jordan frame.
Using the conformal transformation

G = G = (DG, [(9) = e F'(¢;a2), (10.154)

we pass on to the Einstein frame:

S =V No/d4x Vg (sign F')L, (10.155)
L= Ry + 5K(6)(09) - U(6), (10.156)
1 F(d;an)"\° F(dran)" 1
K@) =35 [%2 (Flaay) ~ 205wy + 342
(10.157)

il 'Iz)r/Q (3 an) (10.158)

U(¢) = —(sign F(¢;an)’) |:d(d 1 F'(¢;an)%

where F(¢;a,) = dF/dg.

Assuming the existence of a minimum of the potential (10.158) at ¢ =
¢m and using the slow-change approximation, the action (10.155) can be
presented near this minimum in the form

S ~ NngcI/dtd3x1 [R[ + %K(Qsm)(ald))Q - U(¢m)

- 30" )6 = o)’ (10.159)
where

(019)* = (0¢/c10t)* — (0¢/0x)>.

Here, we have taken into account that /g = c¢; in four-dimensional
Minkowski space. The index [ designates the used unit of length, and c;
is the speed of light in the chosen units.
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The measurement units are related by the expression
l=a-cm. (10.160)

where « is an as yet unknown parameter. In Eq. (10.159), we pass over to
the standard units of length:

S = NoVgca? / dtd3z {34 + %K(qﬁm)(@qﬁ)z — U (¢m)

— 2 0" (6)(6 — 6] (10161

Here, x; = az, ¢; = ac, Ry = Ry/a?, and (91¢)? = (0¢)?/a?.

Since the expression (10.145) is a low-energy limit of the action (10.161),
it should adequately describe purely gravitational phenomena. Moreover,
the expression (10.161) makes it possible to explain the origin of the infla-
ton potential and the cosmological constant. The effective action (10.161)
contains the initial parameters of the theory without using fundamental
parameters, such as the Planck constant i and the gravitational constant
G. However, from practical and historical viewpoints, it is more conve-
nient to explicitly introduce these parameters. In terms of the developed
approach, this can be done by imposing the constraints

4
2 C
NoVgco™ = T (10.162)
1
02U () = 6CZGA. (10.163)

Here A is the observable vacuum energy (dark energy) density. It is impor-
tant that such quantities as the volume of the extra space V; and the
minimum value of the potential U(¢,,) acquire specific values only at
¢ = const. If the field ¢ is identified with the inflaton, a nontrivial sit-
uation arises. The inflationary stage is completed before the scalar field
(inflaton) reaches a potential minimum. Consequently, at the inflationary
stage, when the Universe formed and the field ¢ varied with time, the
quantities G andh should also have been time-dependent. In this case, the
theory of gravity is an effective theory valid at low energies (see also [410]).
Let us introduce the definition

me =« U(ém) (10.164)

K(¢m)



Multidimensional gravity 369

and, under the assumption K(¢,,) > 0, change the variables:

ct

167G

As a result, we arrive at the conventional form of the action for a scalar
field ® interacting with gravity, that is,

1 3 ¢t 1 9 1 5.9

Now, it becomes clear that the parameter me¢ has the meaning of the
scalar field mass.

Equations (10.162) and (10.163) allow us to solve the problem of sepa-
rate emergence of the gravitational and Planck constants, which appear to
be functions of the parameters of the theory Ny, {a,}. The set of param-
eters {a,} is also implicitly included in the expressions for the quantities
Vi,U(¢dm). We do not consider here the origin of the lapse function and
hence the speed of light. Eliminating the insignificant parameter « from
Egs. (10.162), (10.163) and (10.164), we obtain

U)K (¢m) 167G A
(?]H)( d»SS ) _ - T (10.166)
K(pm) ¢

U'(¢pm)  167Ghm2’

NoVi(ém) (10.167)

Here, the right-hand sides contain measurable quantities whereas the left-
hand sides involve quantities depending on the initial parameters of the
theory. At energies on the Planck scale, when the field ¢ did not reach the
potential minimum, the use of the modern values of the fundamental con-
stants G and h requires some care. Moreover, assuming that the vacuum
energies A are different in different regions of the Universe [142, 170, 358],
the fundamental constants G and h are also different according to the
expressions (10.166), (10.167). A discussion of this problem and references
can be found in [411].

At the inflationary stage, when ¢ varied, the quantities G and h
also varied. The dependence of these quantities on the field can be
determined from (10.166) and (10.167) through the change ¢,, — ¢, which
are true for small deviations of the field from the equilibrium position.
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As a result, we have

o €3 U)K (9)
G =GO = T5rk —Tg)
CS
= 167G (0)Va(@)No’

The time dependence of the inflaton field ¢ in different inflationary models
is well understood [282], hence the dynamics of the fundamental parameters
can be described by choosing a specific inflationary model.

The conversion factor between the units of length o = I/em can also
be found by another method. Indeed, the characteristic size of the extra
space is determined to be V;/ 4 in units of 1. Moreover, by designating
the size of the hypothetical extra space as Ly, expressed in terms of cm,
we obtain o = Ld/V;/d. The values of Ly < 10717 do not contradict the
experimental data. With due regard for Eq. (10.164), we find the constraint
on the initial parameters

K(pm
ma V) ? Kom) _ Lg <1077, (10.169)

U"(¢m)

Equations (10.166), (10.167) and (10.169) allow us to determine the
parameters of the theory Noa, (see Eq. (10.145)) from the known constants
¢, h,G and the energy density A, the mass of the scalar field mg, and
the volume of the extra space Vy. Implementation of this program is a
matter for the future. Actually, the fundamental constants are measured
with high accuracy, whereas the vacuum energy density is determined with
a considerably lower accuracy. It is especially true regarding the mass of the
hypothetic scalar field, even though this field is identified with the inflaton.
The greatest uncertainty is associated with the volume of the extra space,
which is yet to be revealed.

h = h(¢) (10.168)



Chapter 11

The emergence of physical
laws

11.1 Fine tuning of the Universe parameters

One of the impressing observational facts is the fine tuning of the Uni-
verse parameters. This means that all microscopic parameters, the particle
masses and coupling constants, not only have the values at which an intel-
ligent life can appear in the Universe, but the admissible values of these
parameters are confined to very narrow ranges. Tiny deflections from their
real values would lead to catastrophic consequences for the existence of
complicated structures. Before proceeding with the discussion, let us con-
sider a few examples.

The electron and the properties of the Universe

The characteristic masses of fermions are of the order of 1 GeV. Ounly the
electron has a mass three orders of magnitude smaller. Imagine that its
mass became a few times larger. It could seem that nothing significant
should happen, all the same it is still a very light particle. However, an
electron mass increase by a factor of three would lead to catastrophic con-
sequences for the Universe. Indeed, the mass difference between the neutron
and the proton is Am = m,, —m, = 1.28 MeV, whereas the mass of a “new
electron” amounts to mg = 3m. = 1.53 MeV. It means that the neutron
becomes stable because its decay via weak interaction

n—p+e+r,

371
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is energetically forbidden. Moreover, the allowed reaction
pte—n+rve,

will destroy the stability of hydrogen atoms. Consequently, immediately
after the recombination period, practically all protons and electrons are
converted to neutral particles. Charged particles simply disappear long
before the formation of the first stars. In this case stars will not be formed
at all since the gravitational contraction of clouds is efficient only if there
is an energy dissipation process.

Thus, an insignificant growth of the electron mass leads to the absence
of stars in the Universe and consequently the absence of any, to say nothing
of intelligent, life.

The carbon level

Fine tuning works so unconditionally that with its aid one can even esti-
mate unknown parameters. The most well-known example is Fred Hoyle’s
prediction.

Carbon in stars is formed in two stages. At first two alpha particles
merge, forming the unstable isotope beryllium-8. Then a third alpha parti-
cle joins this beryllium, forming a carbon nucleus. But beryllium-8 rapidly
decays. Therefore, in forming the Universe, it would be reasonable to pro-
vide a resonant interaction between beryllium-8 and an alpha particle.
Nature did precisely that: the energy level equal to 7.65MeV is remark-
able in that the energy of an excited state of the carbon nucleus is only
0.3 MeV higher than than the summed mass of the alpha particle and the
beryllium nucleus. This 0.3 MeV is compensated by the kinetic energy of
colliding particles, resonantly increasing the efficiency of the reaction. It is
these considerations that led Fred Hoyle to his theoretical prediction of the
energy of this level in 1953. When our Universe was only forming, Nature
must have already “known” about the future necessity of this level for the
existence of carbon life.

Slow reactions in stars

Let us mention one more interesting example of fine tuning of the Universe
parameters. Consider the question: what should the Fermi constant G be
for the emergence of our type of intelligent life? Experience tells us that
it requires about five billion years for that. It is the time — not less than
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that — for which nuclear reactions should last in a star like the Sun. Thus
the time of the first reaction in the proton-proton cycle,

p+p—=2H+e" +u, (11.1)

should be ¢ = 1/(ovn) ~ 5 — 10 billion years, where v ~ /2T/m,, is the
mean proton velocity in a star, while the mean concentration of protons
inside a star is n ~ 1.5 g/cm®. Nuclear reactions begin at temperatures
T ~ 107. The cross-section of the first reaction of the proton-proton cycle,
occurring due to the weak interaction, is o ~ G%.E? ~ G%T?.

Collecting all that, we obtain an expression for the Fermi constant

ml/4
(nt)1/2T5/4°

connecting it with such parameters as the mean stellar concentration of pro-

Gp ~ (11.2)

tons and temperature, the proton mass and the intelligent life emergence
time, or, more precisely, the stellar lifetime. Substituting the numerical val-
ues, we obtain Gp ~ 107° GeV 2, which coincides by order of magnitude
with the experimental value.

Let us note that nuclear reactions usually occur rapidly. The small value
of the Fermi constant makes it possible to slow down the stellar nuclear
processes, beginning with the reaction (11.1). Let us look how efficient
this slowing-down is. The solar luminosity is known: the energy per second
released by the Sun is Lg = 3-102° J/s. Consequently, 1kg of solar matter
emits

g0 ~ Lo /Mg ~1077J/(s - kg).
Compare this with the specific energy release of a human being of 80 kg:
2000 - 10% - 0.01 - 4.18
24 - 3600 - 80

Here, for the estimation, it is assumed that only 1% of the energy absorbed
by man, 2000kcal, passes over to heat. Owing to the smallness of the
Fermi constant, stellar nuclear reactions turn out to be by many orders of
magnitude less efficient as compared with chemical reactions.

~ 0.02J/(s - kg).

€homo ™~

Question. If chemical reactions inside a human being occur much more
rapidly than nuclear reactions in stars, why is the temperature of a human
body so much lower than the solar temperature?

The weak interaction should be really very weak in order that the neu-
tron live long enough. In addition, during Supernova explosions, neutrinos,
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owing to the weak interaction, are able to carry away the main part of
energy from the central part of the star, allowing its inner layers to rapidly
contract. But on the other hand, the weak interaction constant cannot be
too small. Otherwise, first, the number of neutrinos created in an exploding
star would be too small, and second, the outer layers of such a star would
not receive sufficient energy from the neutrinos to fly away in space.

Stellar lifetime

Heavy elements are formed in the stars but they must be eventually ejected
to space, in order that future stellar generations with planetary systems
could form. Therefore the parameters of the theory should be selected in
such a way that at least a certain part of the first stellar generation have
a short lifetime ending with an explosion. But the next stellar generations
should live for a long time (ten billion years) to make possible the emer-
gence of intelligent life. Nature has been able to satisfy these contradictory
requirements.

The long life of the next stellar generation rests on the slow proton-
proton cycle (here is where the weak interaction is necessary). The short
lifetime of the first stars takes place due to large masses plus primordial
helium burning. But how to create the primordial helium?

Passage through a needle’ s eye

To create helium, neutrons are necessary. The latter, created when the
Universe was hot, should eventually decay. How to preserve them? Can we
preserve neutrons inside deuterium?

p+n—D+n.
But the inverse reaction prevents:
D+y—=p+n,

it is efficient at high temperatures. The binding energy of deuterium is
not large, 2.234MeV, and at temperatures higher than 10°K deuterium
is rapidly destroyed. The threshold temperature 10°K of the Universe is
achieved in 300s after the Beginning. If the neutrons had the “usual” life-
time like 107% s, their concentration by that time would be vanishingly
small.

A way out is a long-lived neutron (900s)! After this time, the temper-
ature decreases enough, so that the energy of photons becomes insufficient
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to destroy the deuterium nuclei. The remaining 24 per cent of neutrons
turn out to be sufficient.

It is good time to ask a question: what should an Ultimate
Theory look like?

It seems that there are two possible answers to this question:

A. The laws of Nature are strictly derived from an initial postulate and
simply cannot be different. The whole history of science can be viewed as
an approach to this postulate.

B. There are many universes with different laws, and we live in one of them.
This approach is gaining more and more adherents, but is it constructive?
Suppose that somebody wishes to create a universe like ours, at least purely
theoretically. The above examples are designed to convince the reader that
it is not a simple task. Indeed, the number of problems to be encountered
by the brave creator is immense. Starting from the beginning she (he) must
choose properties of all particles and their interactions keeping in mind the
future evolution. The sketch looks as follows.

Choosing particles and interactions

The basic components of complex structures are protons and electrons,
which already give rise to the simplest of the atoms, the hydrogen atom.
More massive nuclei are also necessary, for instance, carbon, the base of
organic compounds. But massive nuclei consisting of only protons will
immediately decay because of the protons’ electromagnetic repulsion. One
will have to introduce a new interaction providing attraction. We call it
the strong interaction. But then too large nuclei will form, which is also
bad, as the matter density formed will be too large. Therefore we make the
strong interaction short-range.

The situation has become much better, but the nuclei, though slowly,
still decay. If, due to fluctuations, one of the protons flies a little farther
from the others, the strong interaction cannot withstand the electric repul-
sion, the proton escapes, and the nucleus decays. It is evident that the goal
is close, only a little is needed to make nuclei heavy enough and stable. The
last stroke: we introduce the neutron, having no charge but taking part in
the strong interaction. Now the nuclei consist of protons and neutrons and
are stable up to the nucleus of iron. All that should have been provided by
Nature from the very beginning.
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To create complex structures, one needs a large volume, and the expan-
sion solves this problem. But the expansion rate cannot be arbitrary, for
too many effects depend on it. The most basic is apparently star formation.

The expansion of space leads to such cooling of the medium at which
no intelligence could live. The contradiction can be avoided by creating a
locally warmed medium. This function is performed by the stars. Besides,
the stars are factories of heavy elements. The long-term existence of the
stars is one more problem that the nature had to solve.

It seems evident that the idea of a “multiverse” is a good basis
for solving the fine-tuning problem, be it “science” or not.

More examples of fine tuning of the Universe — briefly

We further enumerate the parameters that need to be in a narrow range
to make complex structure creation in the Universe possible.

1. The strong interaction constant.
Larger: no hydrogen and light nuclei, e.g., carbon.
Smaller: nuclei heavier than hydrogen are unstable.

2. The weak interaction constant.
Larger: (a) too much primordial helium in the first stars = too large
amounts of heavy elements are created in the stars; (b) supernova
explosions are absent. The nuclei remain in stellar remnants.
Smaller: (a) too little primordial helium in the first stars; (b) super-
nova explosions are absent. The nuclei remain in stellar remnants.

3. The gravitational constant.
Larger: the stars are too hot and therefore burn too rapidly (while
five billion years are needed to create intelligence).
Smaller: cold stars. Consequently, no nuclear reactions and their
product, heavy elements.

4. The electromagnetic interaction constant.
Larger: the atoms are smaller (all structures become more dense).
The nuclei are unstable.
Smaller: too weak chemical bonds.

5. The ratio of the electromagnetic interaction constant to the gravita-
tional constant.
Larger: stellar masses are high and therefore their lifetimes are small.
Smaller: no massive stars and therefore no heavy elements.

6. me/my,.
Larger: weak chemical bonds.
Smaller: weak chemical bonds.
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. The Universe expansion rate.

Larger: galaxies have no time to form.
Smaller: the Universe collapses before the stars can form.

. The mean baryonic energy density.

Larger: too much primordial helium, the stars burn too rapidly.
Smaller: too little primordial helium, hence too little amounts of
heavy elements.

. Primordial density fluctuations.

Larger: the Universe would consist of black holes.

Smaller: the stellar formation process is suppressed.

Mean interstellar distance.

Larger: the heavy element density is insufficient for making solid
planets.

Smaller: unstable planetary orbits.

Beryllium-8 decay rate.

Larger: absence of elements heavier than beryllium.

Smaller: the nuclear reaction rate increases, leading to small stellar
lifetimes.

The initial excess of nucleons vs. antinucleons.

Larger: too large baryon density. Mostly black holes form.
Smaller: baryonic matter insufficient for stellar formation.
Frequency of Supernova explosions.

Larger: life on the planets is destroyed.

Smaller: heavy elements insufficient for making solid planets.
Dark matter density.

Larger: an early collapse of the Universe.

Smaller: galaxy formation suppressed.

The neutron—proton mass difference.

Larger: smaller neutron lifetime, hence too little primordial helium.
Smaller: rapid neutron decay. Heavy elements are absent.

The number of spatial dimensions(3)

Larger: planets are not kept near stars, no stationary orbits.
Smaller: hard to provide the viability of complex structures.

11.2 Fine tuning mechanisms

All the above considerations were aimed at convincing the reader that
choosing the parameters for forming complex structures in the Universe
is a task of formidable difficulty. Admissible ranges of their variation are
extremely narrow. Whatever the future theory, the latter statement will



378 Black Holes, Cosmology and Extra Dimensions

refer to it and its parameter set. All that means that the probability of
a random implementation of such a parameter set is close to zero. From
this viewpoint, the idea of multiple universes with different properties is
more attractive. The question is “only” the mechanism of their formation.
Multidimensional gravity gives such an opportunity, and that is what is
discussed in what follows.

11.2.1 Cascade birth of universes in multidimensional
spaces

In this section, the formation mechanism of universes with distinctly dif-
ferent properties is considered in the framework of pure gravity in a space
of D > 4 dimensions. We also discuss the emergence of the Planck scale
and its relationship with the inflaton mass.

The dynamics of our Universe is well described by a modern theory
containing 30 to 40 parameters. This number, whose value is determined
experimentally, is too large for a theory to be considered as an ultimate
one. In addition, it is well known that the range of admissible parame-
ter values is extremely narrow (fine tuning of parameters) for the birth
and existence of such complex structures as our Universe, which is hard
to explain. Extensive literature is devoted to a discussion of this problem,
see e.g. [7]. One way of solving it is based on the assumption of multi-
ple universes with different properties [220, 269, 353]. Rich opportunities
of justifying this assumption are contained in the idea of multidimension-
ality of our space itself. The number of extra dimensions has long been
a subject of debate. Thus, the Kaluza-Klein model originally contained
one extra dimension. At present, for example, infinite-dimensional spaces
[106] and even variable-dimensional spaces [40] are being discussed. The
concept of superspace is extended to a set of superspaces with different,
unbounded from above numbers of dimensions [358]. Based on the intro-
duced extended superspace, we suggest a formation mechanism of universes
with distinctly different properties and the emergence mechanism for the
Planck scale. We discuss the probability of quantum transitions that pro-
duce lower-dimensional subspaces.

Let us define according to [358] the superspace Mp = (Mp,g;;) as a
set of metrics g;; in the space Mp up to diffeomorphisms. On a spacelike
section X, let us introduce a metric h;; (see, e.g., [427] for details) and
define the space of all Riemannian (D — 1)-metrics:

Riem(X) = {h;j(z) |z € }. (11.3)
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The transition amplitude from one arbitrarily chosen section ¥;, with the
corresponding metric hi, to another section ¥; with a metric Ay is written
above, (10.140).

The topologies of the sections ¥j, and X can be different. We will be
concerned with quantum transitions in which the topology of the hyper-
surface ¥ is a direct product of subspaces, Mp_1_4 X Mg. The space My
is assumed to be compact.

The entire analysis is performed in the framework of nonlinear grav-
ity in a space of D > 4 dimensions without including any matter fields.
We discuss the emergence of the Planck scale and its relationship with
the inflaton mass. The reduction to a lower-dimensional space is made in
several steps to produce a cascade. Different cascades give rise to four-
dimensional spaces with different effective theories and different numbers
of extra dimensions.

The parameters of the low-energy theory turn out to depend on the
topology of the extra spaces and vary in a wide range (see also [118, 165]),
though the parameters of the original theory are fixed. This also applies
to such fundamental concepts as, for example, the Planck mass and the
topology of the extra space. The absence of matter fields postulated here
at the outset is a fundamental point. It is suggested that the metric tensor
components of the extra (super)space at low energies will be interpreted
as matter fields in the spirit of Kaluza—Klein theories.

11.2.2 Simultaneous formation of space-time
and the parameters of the theory

In this section we investigate the problems of emergence of the fundamental
constants as well as other parameters at an early stage of the Universe’s
evolution on the basis of the idea of multiple universes. This idea generally
implies the existence of an initial Lagrangian with specific parameters and
a potential density with numerous local minima. Each of these minima
corresponds to a certain low-energy effective theory with its own unique
set of parameters. Which of the minima will be ours depends on the initial
conditions. Therefore, the observed low-energy physics depends not only
on the initial parameters of the Lagrangian but also on the initial metric
tensor of the created space-time.

This idea is usually developed in the framework of string theory
[391], which incorporates, among other assumptions, the existence of extra
dimensions. Here we develop a purely geometric approach [83], postulating



380 Black Holes, Cosmology and Extra Dimensions

only the existence of extra dimensions. We use the cascade reduction mech-
anism, introduced in [358], to explain the fine tuning of the parameters in
our Universe without invoking any string theory assumptions other than
the existence of extra dimensions.

The essence of our idea is as follows. Consider a certain multidimen-
sional space. Due to quantum fluctuations, in some of its regions, the geom-
etry of a direct product of two subspaces can arise. Suppose the curvature
of one of these subspaces significantly exceeds that of the other; let us refer
to the former as the extra subspace and to the latter as the main one.
Quantum fluctuations in some region of a newly formed main subspace
similarly divide it into a direct product of two subspaces. Considering fur-
ther divisions, we arrive at a “chain” of space partitions. We will call every
such partition a reduction of space. Multiple consecutive reductions will be
called a reduction cascade.

Thus a reduction cascade consists of several steps reducing the effec-
tive dimensionality of space. It will be shown that every step of a cascade
changes the parameters of the Lagrangian. Therefore, by choosing differ-
ent cascades we can obtain different final Lagrangians starting from fixed
initial parameters. Each Lagrangian corresponds to universes with distinct
properties. It is this possibility that is usually associated with the concepts
of a landscape, i.e., numerous low-energy vacua. Our goal is, in a sense, the
opposite: we try to assess the set of all parameters of the initial Lagrangian
leading to the observed fundamental constants.

We will show that there are numerous initial Lagrangians leading to the
observable physics, and the low-energy physics depends not only on the ini-
tial parameters, but also on the properties of compact spaces in a particular
cascade. Therefore a variation of the initial parameters may be compen-
sated by an appropriate variation of the properties of the cascade, leaving
the low-energy physics almost unchanged. This diminishes the importance
of a search for the “unique” Lagrangian of the Theory of Everything.

We also discuss the relationships between the parameters of the initial
Lagrangian and the fundamental constants 7 and G determined in low-
energy experiments.

11.2.3 Reduction cascades

Let us discuss the main idea in detail. Consider a D-dimensional
space Mp. Due to its metric fluctuations, new spatial regions with var-
ious geometries are continually born within it. We will be interested in
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regions with a direct product geometry of the form
U, :TXMdl ><I\/JID17 U, Cc Mp. (114)

Here T is the timelike direction, My, is a compact space of d; dimen-
sions, and Mp, is the main space whose metric fluctuations are studied
at the next step of the cascade. We emphasize that the geometry changes
not in the whole space Mp but only in its small region U;. All physical
processes are considered from the viewpoint of an observer located inside
the subspace Mp, .

Let us restrict our consideration to quantum fluctuations satisfying the
following relation for Ricci scalars in the subspaces My, and Mp, :

Ra, > Rp,. (11.5)

For the simplest geometries, the larger the curvature of space, the
smaller its volume. This is the type of geometries we will be studying.
But the smaller the system volume, the faster the relaxation processes in
it (see a discussion in [358]). Therefore, due to the condition (11.5), the
processes in My, advance much faster than those in Mp, . We will discuss
the conditions needed to stabilize the volume of My, and its geometry. The
theory then becomes effectively D;-dimensional, with d; compact extra
dimensions. The parameters of the initial D-dimensional Lagrangian are
renormalized, with their new values depending on the properties of the
compact extra space My, .

What is described above is the first step of the cascade. The following
steps are similar: due to the metric fluctuations in some volume of the
newly formed space Mp, , there arises a new geometry

UQZTXMdZ XMD27 UQCTXMDI, (116)

resulting in segregation of another compact space My,. We choose those
spaces among many for which the relation

Ra, > Rp,, (11.7)

is satisfied similar to (11.5). The parameters of the reduced Lagrangian are
renormalized once more; their values become dependent on the properties
of the compact extra space My, as well.

The succeeding steps form a cascade:

Mp, — Mp, x Ma,;
MD2 — MD3 X Md3 —> s = Mg X Mdﬁnal' (118)

Cascades differ from each other by the properties of their compact sub-
spaces: their volume, topology, and geometry.
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Each reduction consists of two stages: the first is the quantum formation
of space of the form (11.4); the second is the classical evolution of this space,
which results in stabilization of the compact extra space My, .

11.2.4 A step of the cascade in detail

Quantum formation of space

In this section we discuss the probability of quantum formation of geome-
tries we are interested in. Consider a D-dimensional space. Quantum fluc-
tuations in its small regions create subspaces of the form My, x Mp, .

The absence of the Planck constant in the exponential function, see
(10.140), may be thought of as a result of choosing the appropriate mea-
surement units. It will be shown below that the Planck constant & naturally
emerges simultaneously with the gravitational constant G after introduc-
tion of dimensional units. However, the statement on a unification of gravity
and quantum theory would be premature. The essence of quantum mechan-
ics is based on the summing rule for transition amplitudes (10.140), which
is postulated originally.

What is the probability of such a process? The answer is far from clear
even for the birth of a 4-dimensional space in the standard theory of gravity,
linear in scalar curvature [196, 402]. Since we need only to verify that
this probability is nonzero, let us approximate the Lagrangian by a linear
theory. This is ensured by the condition (11.5).

The action in the space Mp is chosen in the form (10.145),

Sp = No/dDX\/ |G F(R; ay),

F(R;an) ZanR” a; =1, (11.9)

where G(P) = det(Gap), R is the Ricci scalar, Ny and {a;} are constants.
Let us refer to Sp as the first generation action. The standard form is
F(R;an,)=R—2Aie., a1 =1, ap = —2A.

The first step of a cascade begins in a region of small volume by forming
a subspace (11.4) with a metric of the form

ds? = GapdXAdXP = Ndt? — gup(x)dada® — 2P @y (y)dy'dy’
(11.10)
where gq(z) is the spatial part of the metric in Mp, , 7;;(y) is a positive-

definite metric of the extra space My, and €2’(®) is a scaling factor (see
[77, 101]).
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Let us find the probability of producing such a space, approximating it
by a linear dependence on R. Recall that owing to the form of the chosen
metric (11.10), the relations (10.150) are valid.

As shown in [359], an extra space with an arbitrary geometry evolves
into a space with a maximum number of Killing vectors for a given topology.
So we can choose a maximally symmetric space with a constant Ricci scalar
R4, and a curvature k = £1.

The volume Vg, of an internal space of unit curvature depends on its
geometry since it is expressed in terms of its internal metric:

Va, = /ddly./|G<d1>|. (11.11)

Let us emphasize that it sufficies to demand that only a small fraction of
the volume of the initial space Mp has the geometry (11.10). The following
discussion is concerned with the point of view of an internal observer in
Mp, , who cannot get any information from outside.

We will use the slow-change approximation suggested in [83]:

[Ra,| > |Bp, |, |Ray| > |faer]- (11.12)
Substitution of Eq. (10.150) into Eq. (11.9) yields
F(Rp) = F(Rp, + Ra, + fder)
~ F(Rg4,) + F'(Ra,)Rp, + F'(Ra,) fder- (11.13)
Also, the determinants satisfy the relation
\G(D)| — 26(@) . \G(D1)| . \G(d1)|. (11.14)

Substituting these expressions into the action (11.9) and carrying out cer-
tain computations given explicitly in [83], we obtain a Lagrangian of a
scalar-tensor theory of gravity in D; dimensions:

Sp, = N(’)/lex \/ |IGPY)| (sign F')[Rp, + %(8@2 - U], (11.15)

F(¢;a0)"\*  di F(¢3a)" |
K =3|——=] ———————+—(d 2 11.16
=3 (Faay) 5 Floay tigh a1
ol ™ F(gran)

di(di — 1) F(¢5a5)%

In accordance with (11.12), we have kept only terms linear in the Ricci
scalar.

The quantum birth of the Universe in linear theory has been studied

by many authors. It is usually examined in the minisuperspace framework,

U(¢) = —(sign F(¢;an)’) [ (11.17)
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where the interval is written in the form (11.20). The probability of quan-
tum birth of a D;-dimensional space was calculated in [99]. A lot of papers
devoted to creation of universes in the presence of a scalar field has also
appeared.

In our case, the situation is complicated by the fact that we consider
nonlinear gravity and, in addition, there are extra dimensions whose stabil-
ity should also be taken into account. The birth of an n-dimensional space
with extra dimensions in the framework of standard gravity was consid-
ered in [103, 317], where stability regions of a compact subspace were also
studied. The possibility of inflation in the presence of extra dimensions was
explored in [103, 190]. Quadratic (in the Ricci scalar) gravity was investi-
gated in this aspect in [388].

The Universe birth probabilities calculated in different approaches differ
radically from one another [403]. This may be indicative of both an imper-
fection of modern theories and the complexity of the subject. The ultimate
goal of such calculations is to determine the probability of appearance of a
universe like ours. It would be unreasonable to expect this probability to
be high, given that the parameters of the Universe are fine-tuned. In this
case, calculating the probability is of purely academic interest, because
there are no causal relationships between the universes. At present, to jus-
tify the promising study, it is probably necessary and sufficient to prove
that the fraction of the universes like ours is nonzero in the framework of
a specific approach. In our case, this means that the probability of each
transition (11.8) in the cascade is nonzero.

The classical trajectories on which the action is stationary make a major
contribution to the transition amplitude (10.140). Their shape depends on
the boundary conditions and, in particular, on the properties of the mani-
fold X¢. In our case, the metric on the hypersurface ¥ is determined by
the conditions (10.147), (10.148), (10.149). Therefore, we will seek classi-
cal trajectories subject to the same conditions on any section 3 between
the sections Y, andXy. The initial hypersurface i, can either be absent
altogether (the Hartle-Hawking approach) or have a “zero geometry” (the
interval between any two points of this hypersurface is zero in Vilenkin’s
approach). We will show that the transition probability weakly depends on
the properties of the hypersurface ¥, in these cases. As an example, let
us consider the formation probability of the structure

Zf = M3 X Mdﬁna” (11.18)
that emerges at the last step of the cascade. Classical trajectories make a
major contribution to the transition amplitude. A topology change in the
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case of classical motion is unlikely. Therefore, classical trajectories con-
sisting of hypersurfaces that also satisfy the condition (11.18) will be of
importance for us. The topology of the D-dimensional Riemannian space
between the sections X, and ¥y is then

R x Mg x Mg, .,- (11.19)

As above (see (10.148)), the inequality Rs < Rgg,,, , which allows the
results of the previous section to be used, is assumed. Indeed, in the
approximation used, the action (11.29) transforms into a theory of the form
(10.155) and then into the conventional Einstein—Hilbert action (10.165).

The action (10.165) has been repeatedly used to study the quantum
birth of the Universe (see, e.g., [153, 196, 271, 402, 403, 421]). However, in
such papers the presence of a scalar field is usually postulated, while in our
approach this field constitutes the metric tensor components of the extra
space. Therefore, we can use the results of numerous studies by briefly
reproducing their main results. The quantum birth of the Universe is gen-
erally studied within the framework of minisuperspace in which the interval
is written as [403]

ds* = o [N(t)*dt* — a(t)*dQ3]

9 1

= — 11.2
127r2M12,l7 ( 0)

where N(t) is the lapse function and a(t) is the scale factor. The wave
function ¢ (a) satisfies the Wheeler-DeWitt equation

82
[Eiif'_ VV(a)]qp(a)-— 0, (11.21)
with the potential

U(x)

2 2 2
W(a):a(l—Ha),a>O, H:m

The birth of the Universe is described as a tunnelling transition with the
forbidden region

0<a<H' (11.22)
The wave function in this region is [403]

\/—QW(a’)da'] : (11.23)

H71

Y(a) ~ exp [

a
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The integral in this expression is ill-defined at the lower limit, where a — 0.
The approximation R3 < Rg,,., does not work in this region since Rz =
k/a? — oo, and no explicit expression is defined for the potential. The same
problem also takes place in other models of a quantum birth of the Universe
[295]. Nevertheless, the integral calculated in this way is meaningful in the
limit

H < Mpy, (11.24)

if the region a ~ 0 is small as compared to the entire integration domain.
Since our Universe was formed at H ~ 1075Mp), the inequality (11.24)
holds even in the inflationary phase. The conclusion that the result weakly
depends on the behaviour of the function near the singularity is also con-
firmed in papers by other authors. Thus, for example, an initial wave
function of the form d(a — ai,) was suggested in [388], while the decay
of a metastable vacuum from a state with fixed energy was studied in
[153, 421]. In both cases, the initial conditions were shown to weakly affect
the transition probability. The quantum birth of universes in multidimen-
sional gravity is discussed in detail in [103, 157].

In Vilenkin’s approach, the probability of the birth of the Universe is
dP  exp[+2/(3U(x))], while the Hartle-Hawking approximation yields
dP o exp[—2/(3U(x))]. Since the scalar field x is uniquely related to
the size of the extra space, the probability of birth of extra dimensions
depends on their linear size. For all their differences, the main thing in
both approaches is that the probability of the event is nonzero and hence
the fraction of universes with given properties produced by a cascade of
reductions is nonzero.

The classical evolution stage

To estimate the probability of the quantum birth of a space consisting
of two subspaces, the main one and the extra one, we restricted the dis-
cussion in the previous Sec. 11.2.4 to an approximation linear in scalar
curvature.

Let us confine ourselves to those initial parameters which lead to poten-
tials having minima. Our numerical calculations indicate that such param-
eters do exist.

After nucleation, classical dynamics of these subspaces implies that the
compact extra subspace evolves so that the field ¢ approaches the value
¢m , corresponding to a minimum of the potential U(¢).
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As follows from the definition of the field ¢ (10.150) and the expres-
sion for the interval (11.10), the characteristic size of the space My, is
proportional to e’ o 1/y/@. Therefore, the size of a compact extra space
quickly stabilizes when the field reaches the value ¢ = ¢,,. This corre-
sponds to Ry, — const, fger — 0. Thus in the following discussion we can
use the conditions

Ry, = const,  fger =0, (11.25)

which greatly simplify the calculations.
The equation for the scaling factor of the main subspace during a de
Sitter stage has the form [101]

DD -1 <d>2 NIt Y (11.26)

2 a 2
We assume that the size of an extra space My, has stabilized and U(¢) ~

U(¢m) = A. Consequently, the scaling factor depends on time as

2A

at) x e, H=—""
®) Di(D; - 1)

at large t. The size of the main subspace rapidly increases.

Thus, we have a D;-dimensional quickly expanding space and a d;-
dimensional compact extra space. The curvature-linear approximation is
sufficient to obtain this result, but to advance further we will need a more
accurate expression for the reduced action. The latter could be derived
using the conditions (11.25). Expanding the relation F(R;ay) = F(Rg4, +
Rp,;a,) into a Taylor series and integrating over the extra-dimensional
coordinates, we obtain

Sp, = Né/leX |GPO|F(Rp,; an)- (11.27)

Here the new parameters a, are functions of Rg,, n > 0.

We arrive at the second generation of the action (11.27), which is similar
to the first generation of the action (11.9) with changed numerical values of
the parameters a,, . The dimensionality of the main space has been reduced,
Dy < D, and a new compact extra space of d; = D — D; dimensions has
been formed.

The size of the space Mp, is much larger than the size of My, . In this
discussion we are concerned only with quantum fluctuations creating spaces



388 Black Holes, Cosmology and Extra Dimensions

satisfying such a relation. The subsequent dynamics further increases their
disparity.

The second step of a cascade is analogous to the first one with
substitution Sp — Sp,: in a small region of the space Mp, there
occurs a quantum fluctuation which creates a subspace with the topol-
ogy Mp, x My,; Da 4+ da = D;. As a result of classical dynamics, the size
of the space My, is stabilized while the space Mp, expands.

If we do not want to be concerned with excitations of the compact
space My, , we should only consider such quantum fluctuations in Mp,
that satisfy R4, < Rg, -

11.3 Quadratic gravity as an explicit example

In this section we will be guided by the formulas derived in Chapter 9.4.5.
The initial gravitational field action includes all powers of the Ricci scalar
and other invariants. A vast majority of the works on the subject uses some
finite polynomial in the Ricci scalar. The choice of a particular polynomial
may be justified as follows. Consider a quantum fluctuation that produces
a geometry with a characteristic value Ry of the scalar curvature. Then
the initial Lagrangian (11.9) may be approximated by a finite polynomial:

K
F(R,an) ~ Y b(Ro)x(R— Ro)". (11.28)
k=—K

The specific values of K and K’ are chosen according to the author’s
purposes. The coefficients bx(Ry) depend on the location of the expansion
(11.28) and vary in a wide range.

Consider quadratic gravity in the space Mp with the action of the form

N
5p - /dDX\/M [Rp(Gap) + CRH(Gan)

+ C1RApRAP + C,K — 2A] + KdP~'y,  (11.29)

where we have also included the Ricci tensor squared and the Kretschmann
scalar K = RapcpRAPCP . The boundary term (0Mp) introduced by
Hawking and Gibbons does not affect the classical dynamics and can be
ignored in what follows [99].
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Let us try to find the values of the parameters that allow the forma-
tion of a universe similar to ours. In this case a set of parameters of the
Lagrangian {a,} (see (11.9))is {C,Cy,Cq, A}.

Following the steps outlined above, we will find the form of the action
(11.29) reduced to the space Mp, . An action pertaining to only Mp, can
be recovered by integrating the action in Mp (11.29) over My, .

The Ricci scalar can be expressed using Eqgs. (10.150):

RD(GAB) = RD1 (gab) + (]5(33), (11.30)

where we have set fqer = 0, see (11.25). The decompositions of RapRAP

and K are given by (see [83])

RapR*? = RyyR™ + e ). R, R,
K = K(gap) + e @ - K (v,5), (11.31)

where variables with the indices A, B correspond to the metric G4p, those
with the indices a,b to ga, and with p,v to the metric ~;;, (ie., they
correspond to the spaces Mp, Mp, and My, , respectively).

To advance further, recall that we are considering the d;-dimensional
metric 7;; of a constant curvature k, so that we can express the Riemann
tensor, the Ricci tensor, and the Ricci scalar in Mz, space in terms of its
curvature:

RM = k6™, RY=k(dy —1)8%, Ry =kdi(di—1), (11.32)

where 0", = dbd; — 040y . R represents the characteristic curvature
scale of the extra dimensions. The expressions for the squared Riemann
and Ricci tensors are derived from (11.32); the former is by definition the
Kretschmann scalar:

Ry R =di[k(di — 1)),
K(¥ij) = Ryuwpn R*P" = 2d1(dy — 1)k (11.33)

Now we can rewrite (11.31) substituting e’ from (10.150) and
using (11.33):

1
RapRAP = Ry, R™ + d—¢(x),
1

2

K= ’C(gab) + m

o). (11.34)
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After plugging (11.30) and (11.34) into the action (11.29) and grouping
the terms we obtain

N,
Sp = /de\/ |G| {Rm (9ab)(1 +2C9) + CRD, (gap) — 2A

C 2C,
ab -1 [ — 2
+ C1Rwp R™ + CoK(gap) + ¢ + (C + d; + di(di — 1)) ¢ }

N
= TO/de,/|G<D>| - L(gap)- (11.35)

The expression in brackets has been denoted L(g,p) for convenience; it
does not depend on the coordinates of the extra space My, .

To find the action in Mp, we have to integrate (11.35) over the
space My, using the appropriate volume definition (11.11). Substitution
of Eq. (11.14) for \/|GD)], Eq. (10.150) and (11.32) for ¢2#(®) yields:

N
=5/ de\/|G<D>| - L(gab)

NV R (G(dl ) 1/2
== /lex G| (W) +L(gap).  (11.36)

Suppose that there exists a minimum of the potential U(¢). The field
¢(x) rapidly relaxes to it and stays fixed during the low-energy processes
(see [359] for a discussion). This case is the most natural since the relaxation
time is proportional to the scale of the extra space My, , which is small as
compared to the scale of the space Mp, .

Assuming that these conditions are satisfied, let us make a conformal
transformation of the form (see, e.g., [60])

9ab = | F(dm)| 7>/ P12 Gy,
f(9) = ¢~ 12 (2)[1 + 2C¢(x)),
= f(ém)/ P Rp,,
abRab |f( )|4/(D1—2)]:%1)]:?11)7
K =[f(om)*/ P =2K,

VIGED] = [ (g)| P/ P12y GO, (11.37)
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which, being applied to Eq.(11.36), brings us to the initial form of the
action (compare with (11.29)):

Nl
Sy = TO/lex\/ |G(P1)] {RD1 (9ab) + CPYRp, (ga)?

O R4 + P Kl 200}, (119

where N} = NoVy, and the tildes were omitted for short. The new param-
eters are expressed in terms of the old ones as follows:

CP = sign(f(dm)) | (¢m)| PP 020, (11.39)
AP = sign(f(&m))1f (9m) |4/ D g2

) = sign(f () | (6u)| =P/ P12 g s 20, (11.41)

37 = sign(f(dm)) | ()| &P/ (P12 /20, (11.42)

where f(¢) is defined in (11.37). Recall that we are considering the case
where the field ¢ is already at its minimum, ¢ = ¢,,, so the kinetic terms
are neglected. Eqgs. (11.39)—(11.42) connect the old and new parameters
after a single reduction.

Thus a single step of reduction to a space of smaller dimension only
changes the numerical values of the initial parameters. Meanwhile, the
form of the action remains invariable.

The next reduction leads to similar relations for the parameters C'(P2) |
P2 P2 A(D2) with the substitutions C — CPV | ¢y — PV
Cy — C§D1)7 A — AP Thus we have obtained recurrence formulas for
the parameters.

Again, the action (11.38) for a subspace Mp, coincides in its form with

the initial action (11.29) for Mp , but with renormalized parameters C(P1) |
oPY, ofPY APy,

11.3.1 Formation of low-energy physics

Here we use the results of Sec. 10.4.2.

It was shown in the previous section that the form of the action (11.29)
does not change after the reductions (11.10). Now we will consider the
final reduction of an arbitrary cascade of (n+ 1) reductions, the reduction
leading to four-dimensional space-time.
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As was shown in [83], the action (11.29) may be reduced to the four-
dimensional form

NoV,
5= 200 [ doloWlir + K@@ ~20@),  (1143)
Uiy - —sign(l+ 200 g)  CEIg2 4 ¢ — oA 9] ?
() = 2 (14200 g)2 |:d1(d1 - 1)} ’
(11.44)

(CPNN2¢2(d3 — 2dy + 12) + CLPDd3¢ + 2dy(dy + 2)
(1+ 200 g)2¢2
P 4 P
2¢(1 4 20(Pn) )’

K(¢) =

+ (11.45)

(Dn) (Dn)
where Ct(g") =CWPn) 4 Cldl + % (compare with (11.16), (11.17),

which are written for the case C{D) = CéD) = 0). These equations, though
derived for the action (11.29), are still applicable after any number of reduc-

tions since the reductions do not change the form of the action, as was
shown in the previous section.

In the vicinity of a minimum, U(¢,,) = min(U(¢)), the potential can
be expanded in a Taylor series, so that the action (11.43) becomes

N()2Vd /d%\/@ {34 F K (én)(00)? — 2U (61m)

—U"(¢m)(¢ — dm)? — %U”’(aﬁm)(qb — m)® — - |, (11.46)

S ~

The measurement unit I is still arbitrary. Let the units be related by the
expressions (10.160),

I=a-cm,

where « is a yet unknown parameter. We now turn on to the standard
units of length (10.161):

S = NyVzea? / dtd®z [R4 + %K(¢m)(8¢)2 — U (¢pm)

— a2%U”(¢m)(¢ — ¢m)? — QQ%U”’(qsm)(Qg — o)l (11.47)

Here, x — az, /|GW| =c; = ac, Ry — Ry4/a?, and (0¢)? — (0¢)?/a?.
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Since the expression (10.161) is the low-energy limit of the action
(11.29), it should adequately describe purely gravitational phenomena.
Moreover, the expression (10.161) makes it possible to explain the origin of
the inflaton potential and the cosmological constant. The effective action
(10.161) contains the initial parameters of the theory without involving
fundamental constants, such as the Planck constant i and the gravita-
tional constant G. Now we will find relations between those values.

Recall that

U (¢m)
K(¢m) '

(see (10.164)) and, under the assumption K(¢,,) > 0, we introduce the
variable

e
167G

K(¢m)(¢ - ¢m)

The action (10.161) in terms of & is

167TG 3 1 2 C4 2
5 = 120 NoVieo? /dtd [16 SRat 3 (09) — = a?U (o)
"
I IGZGm?p 0" (9m) 3. (11.48)
2 6V ¢ U"(pm)V/ K (dm)

We arrive at the conventional form of the action for the scalar field ®
interacting with gravity, see (10.165):

_1 3 _l 2 52 3
S—h/dtdx<16G (8<I>) —A 2mq><I> + A3P° ).

Comparing (10.165) with (11.48), we obtain the relations

11

== 67;GN0Vda2, (11.49)
- 2U (6m) (11.50)
T 16rG" O '

"
g1y 167G e UT(Om) (11.51)

6Vt U (¢) /K (Gm)
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Eliminating the parameter « from Eqs.(11.49), (11.50), (11.51) and
(10.164), we obtain

U(dm)K(¢m) 167G A
(?}N)@ﬁ )_ CZ T (11.52)
K(pm)
NoVa s = TomGmZ (11.53)
U (6m) gy (11.54)

167G m%’

U"(6m)VE (fm)

The right-hand sides of (11.52)—(11.53) contain fundamental constants
while the left-hand sides depend on the initial parameters. If the field ® is
associated with the inflaton, its mass is about 10'® GeV. The parameter A3
defined in (11.51) is not yet measured and may be considered as a prediction
of our approach. In numerical calculations we kept in mind that A3 <
10~ '2Mp,. It provides inflation which does not contradict the observational
data.

As was discussed in Sec. 10.4.2, the conversion factor between the units
of length a = I/cm can also be found by comparison with the characteristic
size of the extra space le/d in the units of I, a = Ld/le/d. Here Ly
is the size of the hypothetic extra space expressed in cm. The values of
Ly <1077 do not contradict the experimental data. Taking into account
Eq. (10.164), we find the constraint on the initial parameters

K(fm)
U (ém)

The relations (11.52)—(11.55) allow us to relate the initial parameters
of the theory Ny, C, C1, Ca, A from the action (11.29) with the observed
constants ¢, i, G, A, me¢ and to predict the value of inflaton coupling con-
stant 3. The question is whether or not we can find the initial parameters
satisfying the constraints (10.166) and (11.55). We have proved the exis-
tence of such parameters by numerical simulations of reduction cascades.
As is shown in the next section, there are numerous sets of initial param-
eters satisfying those conditions.

Lq=mgeV, <1077, (11.55)

11.3.2 Numerical computations

We generate the random initial parameter set {C, Cy, Co, A} and try to find
the cascade that leads to the 4-dimensional space-time and satisfies all the



The emergence of physical laws 395

constraints laid out in Sec. 11.3.1. The cascade is completely specified by
the dimensions of the spaces that undergo reductions. For instance, we take
a l4-dimensional space as our starting point and consider the reduction
to an 11-dimensional one, which stabilizes when the field ¢ reaches its
minimum. This new space is in turn reduced to an 8-dimensional one, and
finally to the 4-dimensional one. Thus, we have a cascade that could be
designated as (15 — 11 — 8 — 4).

We have carried out numerical simulations to assess the density of
the initial parameters {C,Cy,C3,A} that can lead to the observable
4-dimensional space-time. The greater this density, the less precisely one
has to specify the set of initial parameters of the theory. In the event that
every set of parameters {C,Cy,Cy, A} leads to the observable 4D space-
time, there is no need to specify the initial parameters at all, because all
of them can lead to our space-time. If this could be done for the initial
space-time of any dimensionality, then dimensionality also does not have
to be specified.

These reduced space-times have their own sets of parameters {C, C1,
Cy, A}. After each reduction the parameters are transformed according to
(11.39)—(11.42). Using these recurrence formulas we can obtain the last
set of parameters before the final reduction. Plugged into (11.44) and
(11.45) they give the potential and kinetic energies at the last step of reduc-
tions. Finally, if this parameter set satisfies the conditions (11.52)—(11.55),
we can conclude that they correspond to the observable 4-dimensional
space-time.

A set of initial parameters {C, C1,Cs, A} is represented by a point in
the parametric hyperspace (C,C1,C2, A). We shall refer to those param-
eter sets that lead to observable constants (i.e. satisfy (11.52)—(11.55)) as
the solutions. We are interested in the density of solutions in the para-
metric hyperspace. To assess the density visually we have to use its plane
projections — for instance, projections onto planes (Cp,Cs) or (C,A).
Figure 11.1 presents the results of numerical computation — projections
of a four-dimensional solution image onto planes (C,C1) and (C,A).

It can be seen that there are numerous solutions. This means that
the observed low-energy physics is reproduced by a wide range of initial
parameters of our theory.

Recall that we took into account only the simplest geometries of
the hyperspaces undergoing reductions — only the maximally symmet-
rical ones. Including other geometries into consideration would yield addi-
tional solutions. If these solutions form a continuum in the parametric
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Figure 11.1 Results of numerical computation: plane projections of the points in the
hyperspace (C,Ci,Ca,A) corresponding to solutions: (a) a projection onto the plane
(C,C1) (b) a projection onto the plane (C,A).

space, any point in that space (i.e. any set of initial parameters) would
lead to the observable physics.

11.4 Discussion

The prospective theory, called a “Theory of Everything” (TOE), should
solve the problem of fine tuning in the Universe. How are the initial param-
eters of TOE chosen and why do they allow very complex structures to
arise? A way to approach this problem was found by proposing the exis-
tence of numerous vacua with different properties — a “landscape” in the
modern terminology. The landscape derived in the scope of string theory
is an important advance, but the questions to be answered still remain. Is
the concept of “strings” indispensable or will the assumption of multiple
dimensions alone suffice? How crucial are the values of the initial param-
eters? What is the probability of getting to a particular vacuum? Which
additional values besides the metric do we need to include?

In the framework of the theory described in this chapter, these questions
can be answered as follows:

— For a low-energy “landscape” to exist, we only need to assume the
existence of multiple dimensions. The rest of the string theory tools as
well as incorporation of additional fields are unnecessary. The cascade
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reduction mechanism effectively produces the low-energy physics with
various parameters.

— Changes in the initial parameters do not substantially affect the prob-
ability of universe formation.

— The values of the Plank constant and the gravitational constant, being
expressed in the same units I — see discussion in Sec. 10.4.2 — differ
in different universes and depend on the choice of a reduction cascade
for a given set of initial parameters. Those constants change with time
during the early stages of the universe formation.

It has been shown that there are numerous values of initial parameters
of the theory which can be “connected by a cascade” with observed fun-
damental constants. Particular numerical values of the initial parameters
are therefore not as important as was previously thought.

The “landscape” concept implies that numerous low-energy theories
with various properties originate from a theory with unique initial param-
eters. Here we are concerned with the opposite scenario that the observed
physics is derived from numerous initial theories. This “inverse landscape”
model puts to doubt the significance of a search for the unique Lagrangian
of a TOE.

A set of all such values is rather large although it does not constitute
a continuum in the parametric hyperspace. This may be attributed to the
limited subset of all possible cascades that we have studied — only those
consisting of absolutely symmetric compact spaces. Evidently, an extension
of this subset to include all possible geometries will increase the number of
acceptable parameters.

Conjecture

For any given set of initial parameters, there exists a cascade of reductions
leading from a multidimensional space to a universe of our type.

The credibility of this hypothesis should be fully examined in future
research.

We have already studied the conditions making it possible to create
universes with different properties. Extra dimensions and quantum fluctu-
ations are necessary attributes. Let us pose a question: are extra dimensions
really so necessary in the present case?

We will show that already the existence of quantum fluctuations is
sufficient for making certain inferences.
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Random potential

When creating a theory, one usually postulates some specific form of the
Lagrangian. The interaction constants are assumed to be small, so that
quantum corrections to the originally chosen Lagrangian are also small.
In the present case, it is important that quantum corrections lead to
emergence of an infinite number of additional terms in an initially sim-
ple Lagrangian. The corrections are really small for weak fields, but for
strong fields it is far from being so.

On renormalizability

A widespread viewpoit is that there are “good”, renormalizable theories
and “bad”, nonrenormalizable ones. Briefly, a theory is called renormal-
izable if quantum corrections do not lead to a necessity of inserting an
infinite number of new terms into the initial Lagrangian. Strictly speaking,
ALL theories are nonrenormalizable. Indeed, if one recalls that all
fields are supposed to be coupled to gravity, which is a nonrenormalizable
theory, this statement becomes almost trivial. From this viewpoint, the
only “good” — renormalizable theory is the one containing all possible
terms.

As an example, consider the Lagrangian of a scalar field with self-
interaction

1 2 m? 2 A4
L= 2(8ﬂ<p) 5 19 (11.56)

One-loop quantum corrections to the potential have the form [272]

(3Ap? +m?)? In (3% +m?)

oV =
6472 2m?

— ap?® — bt (11.57)

The last two terms renormalize the mass and the coupling constant in the
initial potential and depend on the way of renormalization. But the first
term changes the very form of the potential. Many-loop corrections add
new terms to the potential.

It is easy to see, comparing the expressions (11.56) and (11.57), that
the new terms are small relative to the initial ones in the range ¢ <
m - exp(1/A). If one chooses for estimates the values of m = 100 GeV,
A = 0.1 (we mean here that the field is not an inflaton), then the quantum
corrections to the potential become large at ¢ ~ 106 GeV. It is quite
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a large value if we study the interactions with accelerators, but at the
early inflationary stage of our Universe’s evolution the fields reached values
at the level ¢ > 10'9 GeV, and at chosen values of the parameters it is
necessary to take into account the whole infinite series of additional terms
in the Lagrangian (11.56). Even more than that, restrictions on the scalar
field magnitude are still stronger. Indeed, the logarithm in the expression
(11.57) is a result of the summing of an infinite series that converges only
at ¢ < m/v/3\. Besides, even from the form of the Lagrangian (11.56) it is
seen that the interaction potential becomes comparable with the mass term
at ¢ ~ m\/2/_)\ . The latter two estimates agree well with each other and
give a much smaller field magnitude at which one could call the quantum
corrections small.

Thus when considering strong-field phenomena, such that ¢ > m/ VA,
it is necessary to include all additional terms that inevitably emerge when
taking into account the quantum corrections. The shape of the potential
becomes much more complicated than could be imagined on the basis of
the low-energy limit of the theory. Thus, in a mountain country one can
speak of smooth surfaces with a small curvature only in valleys, i.e., at
minima of the potential energy, but having ascended to a certain height, it
becomes evident that the relief is much more complex.

The interaction potential of a scalar field is usually postulated in the
simplest form suitable for the purposes of a specific study. Then the renor-
malizability requirement is not compulsory because it is assumed that
inclusion of gravitational effects at the Planck scale will lead to regular-
ization of the integrals. In conventional field theories the fields are weak
indeed, and quantum corrections are reduced to renormalizations of the
Lagrangian parameters and an assumption that the finite corrections are
small. From the above arguments it follows that at the birth of our Uni-
verse, at large field magnitudes, the quantum corrections were most prob-
ably of the same order as the basic terms, and the form of the Lagrangian
was much more involved than could be assumed at the outset. Therefore,
instead of postulating a simple form of the Lagrangian and trying to prove
that it is valid at high energies as well, let us do just the opposite. Namely,
let us accept as a fact that the potential is a polynomial containing all
powers of the field ¢ [353, 355]. The contribution of each term into the
renormalization is a result of a complex interference of contributions from
interactions with all sorts of fields. This reasoning leads to the idea that
the specific numerical values of different polynomial coefficients are weakly
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related to each other. We suggest to accept the following statement as a
postulate:

The only correlation among the polynomial coe cients of

*
the potential is the condition |V (¢)| < M7, )

The latter inequality allows one to avoid complications related to quan-
tization of gravity at the Planck scale. We will show that this postulate
leads to consequences of interest and is intrinsically noncontradictory. As
a working example, consider a scalar field Lagrangian of the form

1 o0 n
L=50u0) = V() Vie)=)_ =2 (11.58)
n=0 Pl

Potentials with an arbitrary but finite polynomial order are used in the
model of A inflation [280]. The field ¢ is defined in the range (—oo, +00).
The factors at powers of ¢ in the polynomial V(y) are random numbers.
The random number distribution law is irrelevant.

Figure 11.2 presents a characteristic plot of the potential in some range
of the ¢ field.

At each minimum, the potential V(p) is approximated in a natural
way: V(o) ~ V(pm) + ag? + bg® + cp*, ¢ = ¢ — ¢, Usually such a
potential is postulated from the very beginning with certain constants a
and b, and the constant a is connected with the mass of the ¢ field,
a= mi/?, if @ > 0. Our Universe is situated at one of such minima. Let
us also note that the Lagrangian (11.57) is a special case of a more general
Lagrangian which should contain quantum corrections to the kinetic term.

V(p

Figure 11.2 A possible shape of the effective potential.
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In the next section, we discuss cosmological consequences of the introduced
postulates.

Quantum fluctuations as a generator of universes

All (quasi-)stationary states are located at minima of the potential, and our
Universe, not being an exception, is located in one of them. Since there is
a countable number of minima, each being characterized by its own energy
density, it seems unlikely that our Universe has gotten into a particular
minimum with a small energy density. To estimate this probability, let us
assume that the probability of finding a minimum of the potential with the
energy density py, = V(ppn) in the range dpy, ’ is

dP(p\) = dp{" M, (11.59)

i.e., we assume a homogeneous distribution of p%,m) in the whole range

(0, Mg)). The expected vacuum energy density value in our Universe is
pv ~ 107120}, Consequently, the fraction of universes with vacuum
energy densities like ours is ~ 107123. Still the number of such universes is
countable because such is the number of all minima. Quantum fluctuations
that emerge, in particular, near these minima, create a countable number
of universes of our type in the course of inflation.

A causally connected region, having emerged, eventually splits into
more and more causally disconnected regions, and some of them, due to
field fluctuations, move to the closest maximum of the potential. Consider

\

Figure 11.3 Fractal structure formation due to quantum fluctuations of a scalar field
near a maximum of the potential.
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a fluctuation close to a maximum (point C in Fig. 11.3). In a time equal to
1/H, this spatial region will split into €3
each with its own field value inside. The mean value of the ¢ field in
some of these regions will get into another side of the maximum (point C’
in Fig. 11.3). Each of the regions will in turn, in a time of 1/H, consist
of e* causally disconnected regions, and some of them will pass through
the maximum in the opposite direction. Such a process is self-reproducing,
and already after a few steps there will be a fractal-type picture in the
neighborhood of the maximum.

It is known that adjacent regions located at different sides of a maxi-
mum of the potential are separated by a wall [335]. Fields in these regions
roll down to different (neighboring) minima, while the wall energy density

causally disconnected regions,

grows. Thus neighboring universes turn out to be separated by field walls
with large energy densities.

Thus from a consistent application of the postulate (%) it follows that
our Universe has formed from a single region bounded by a closed wall. The
inflationary mechanism has provided an exponential growth of its size (from
the viewpoint of an internal observer), so that the modern size of the visible
part of the Universe of ~10%% cm turns out to be many orders of magnitude
smaller than the characteristic size of the closed region, ~101°" ¢m [275].
Consequently, such walls are unobservable.

This mechanism also makes it possible to select universes according
to other parameters, for instance, by particle masses. An interaction of a
scalar field with fermions is usually postulated in the form of a Yukawa
coupling,

Vi = gpip. (11.60)

In this case we are facing a serious difficulty. The point is that the suitable
minimum of the potential may turn out to be quite far from the value ¢ =
0. Consequently, the contribution to the fermion mass pr = gy, due
to interaction with the inflaton will be anomalously large. Even if a direct
interaction of the form (11.60) is absent from the beginning, it emerges due
to quantum corrections. The problem is solved if one takes into account
that the quantum corrections, in full analogy with the above, modify the
interaction potential and bring it to the form

Vr = G(p)v, (11.61)

which is a natural generalization of the expression (11.60). The function
G(p) is a polynomial with random coefficients, by analogy with the basic
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potential V(). Under such a choice, the fermion mass pp and the constant
g of its interaction with the field ¢ = ¢ — ¢, turn out to depend on the
number of the Universe (or, more precisely, on the position of the m-th
minimum of the potential of ¢, ):

pr = Gem); 9= G (om)(e—om)+ - (11.62)

Evidently, for any given fermion mass range (1, pr+9) and any function
G(y), from the countable number of universes one can select a universe
with such a potential at the minimum V(p,,), that the equality pup =
G(¢m) holds. This allows for using the same mechanism for a fine tuning
of the Universe parameters, not only the vacuum energy density. Indeed,
let it be necessary that the mass of a given fermion belong to the range
(wp, pp 4+ 0pp). Then, in the countable number of universes with suitable
vacuum energy densities we will always find a universe with a suitable
value of G(py,), such that the fermion mass will be inside the given range.
Moreover, there is a countable number of such universes; among them
we can select those suitable for life by other parameters. There occurs
an automated “search” for universes admitting life by all parameters. The
formation process of each of them is unique since the shape of the potential
near each minimum is unique. Consequently, the formation processes of
different universes should be described by different inflationary theories.
A great number of realistic inflationary models are known by now. Very
probably, all of them describe a certain subset of universes of our type.

Let us introduce a finite set of physical parameters ¢, k = 1,2,...,
Niige, necessary for creating our sort of life in the Universe. Let R({¢},)
denote the set of universes possessing a certain subset of n such parameters
l1,0a,...,0,. Then the selection process for finding a universe suitable for
life can be presented as follows:

R({L}o) = R({€}1) = R({L}2) = - = R{L} Nyiee)- (11.63)

Each next set is a subset of the previous one but is nevertheless a
countable number. If the number of parameters whose numerical values
are important for the emergence of life is finite, Ny < 0o, then the pro-
cess (11.63) leads us to a countable number of universes where life can
emerge.

Lastly, let us discuss the Higgs mechanism of light fermion mass cre-
ation. Since the Higgs field interacts with the inflaton field (not necessarily
to the first order in %), it is obvious that the Higgs field potential should
also contain an infinite series of powers of this field, a unique one for every
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universe. It is clear that there is a countable number of universes where
the Higgs field potential has two close minima separated by a maximum
of suitable height. It is also clear that the masses of fermions, emerging
due to their interaction with the Higgs field in any two universes, are
uncorrelated quantities. It means in turn that the quantum corrections to
the initial potential (9.65) due to interaction with these fermions are also
uncorrelated. Thus the postulate (x) is free of contradictions.

The suggested approach also makes it possible to formulate some quan-
titative predictions. The main point is that the measure of the set of uni-
verses with an exact value of any of the parameters is zero. Therefore, for
instance, an exact equality of the cosmological constant to zero is excluded.
For the same reason there should not exist real scalar fields having poten-
tials withe degenerate minima. The latter statement is true for any other
sorts of fields in the absence of symmetries prescribed at the outset.
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A.1 A controversy between adherents of multiple

universes (M) and an ultimate unified
theory (U)

Where: a gravitational conference
When: coffee break
Who: two scientists

U: The whole development of science tends to unify the postulates.
A success is obvious (the Standard Model, for instance). Do you want
to entirely abandon all that?

M: But why do you think that this trend will always be successful? A wish
to create a “theory of everything” — isn’t it like a wish to make a theory
of mass of the planet Earth? Well, by the way, the Standard Model has
been created tens of years ago, and there is not much progress since then.

U: Well, the development of the inflationary idea is quite a significant
progress. At least, we are moving in a positive direction by unifying the
theories and testing their predictions experimentally. But how can you
verify that there are many worlds? If, as you admit yourself, it is impossible
to get to another universe, there cannot be any proof of your truth. So it
does not sound better than creating a theory of the Earth’s mass.

M: It should be recognized that it seems a weak point of the idea of multiple
universes. But in this case, for instance, the photoelectric effect theory also
has no right to exist: indeed, you cannot get into a solid body and make

405
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sure that the photon is really absorbed by the electron. In both cases one
should accept indirect experimental proofs. On the other hand, your way of
creating a unified theory will never lead to a final result. The next question
will be: why does your Theory of Everything contain these parameter and
not others? For example, if M-theory explains all the existing phenomena,
the next question will be: why there are eleven or ten dimensions?

U: But who told you that the cognition process is finite? An asymptotic
approximation to the Unified theory is also not the worst perspective. At
least as compared with what you suggest. If all theories are possible, what
is the reason to study anything?

M: Not quite so. The wealth of stars does not prevent us from studying the
Sun. There are a lot of things to be understood in our own Universe. An
asymptotic tendency to a unified theory is quite a worthy undertaking. But
it does not promise an answer to an experimental fact: the finest selection
of the unified theory parameters as though specially to provide conditions
for emergence of the intelligence.

U: The unified theory must answer this question as well, although it looks
trivial in the many-world concept. But still, to end with: where are all these
universes situated?

M: It’s really a difficult, almost philosophical question. We’ll be able to
answer it next to understanding where is our Universe.

A.2 Why do correct theories look elegant?

The idea of multiple universes with different properties also enables us to
come to an understanding of such questions, quite far from physics, as
the title of this section. Certainly, there cannot be a rigorous proof, not
least because the notion of “elegance” is not strictly defined. Therefore
let us begin with filling this gap. A criterion of elegance is the degree of
economy of the means needed to achieve the goal: explanation of a certain
set of phenomena and prediction of new ones. Let us express it by a simple
formula:

R=N/P,

where R is the quality factor of a theory: the higher it is, the more elegant
the theory as we see it; N is the number of explained phenomena, and P
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is the amount of information (in bits) used to formulate the first principles
of the theory.

Now the question can be formulated in another form: why do theories
with large values of R turn out to be correct? Accepting the multiple-
universe theory, we can reduce the problem of elegance to the following
question: why is the fraction of universes with a large R-factor large as
compared with the fraction of other universes? In this case it would be not
surprising that our civilization has just emerged in such a universe.

It is reasonable to suppose that the more complex the structure of a
given universe, the more rarely such universes appear (the complexity of
a universe is determined by the number of bits necessary to describe it).
Yes, certainly intelligent life cannot appear in quite simple universes, which
make a majority. There is some complexity threshold, such that intelligence
cannot emerge below it. Their number is much smaller than that of simple
universes, but only these ones are of interest. In other words, if the whole
set of universes is classified by complexity levels, we obtain the sequence

K17 K27 Kg,...,KU, KU+17...

The index denotes the complexity level: K; is the number of the simplest
universes (described by a smallest number of bits), Ky is the number of
those slightly more involved, etc. The number of the simplest universes
where intelligence is possible is denoted by Ky ; Ky41 is the number of
more complex universes which can be inhabited by intelligence. It has been
supposed that the more complex are universes, the smaller is their fraction.
This means that

K1>>K2>>K3>>"'>>KU>>Ku+1>>"'

Thus the probability of an intelligent civilization to find itself in a rel-
atively simple universe is higher (and most probably much higher) than
in a more complex one. And it is this circumstance that means that our
Universe must be described by an elegant theory.

The assumption of the existence of extra dimensions turns out to be
amazingly fruitful. On its basis, the many-worlds idea finds quite a natural
explanation, as well as the fact of utmost importance, the fine tuning of the
parameters of our Universe. Extra dimensions are a source of physical fields.
It seems probable that a source of all phenomena and theories presented
in the book is in the extra dimensions, and even such a vague fact as the
elegance of correct physical theories becomes if not explained then at least
more understandable. Unfortunately, the extra dimensions can be very hard
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to observe, for instance, due to their small size, so that their convincing
experimental discovery can be a concern for the remote future.
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