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Preface

The book is based on the course on general relativity given regularly at the
Physics Department of Novosibirsk University. The course, lasting for one
semester, consists of 32 hours of lectures and 32 hours of tutorials, plus home-
work of 10 — 12 problems. The exam is passed by 30 — 35 students. The results
of the homework and exam give good reasons to believe that at least 20 — 25
of these students really digest the subject.

The course requires of students the knowledge of analytical mechanics and
classical electrodynamics, including special relativity. Only chapters 7 and 10
of the book are in this respect exceptions: the acquaintance with the notion
of spin is useful for studying chapter 7, the fundamentals of thermodynamics
and quantum mechanics are necessary for the last chapter. But these parts of
the book can be skipped without any loss for understanding all other chapters.

The book (as well as the course itself) is influenced essentially by the
monograph by L.D. Landau and E.M. Lifshitz, The Classical Theory of Fields,
(Butterworth — Heinemann, 1975). However, I strived to make the exposition
as close as possible to a common university course of physics, to make it
accessible not only for theorists.

The book is also influenced by the course of lectures by A.V. Berkov and
I.Yu. Kobzarev, The Einstein Theory of Gravity, (Moscow, MEPhI, 1989, in
Russian). In particular, I borrowed from it the derivation of the equations of
motion from the Einstein equations (going back to P.A. Dirac and L.D. Lan-
dau), the derivation of the Schwarzschild solution (belonging to H. Weyl), as
well as the discussion of cosmology.

However, the book contains a lot of material absent in the above sources.
Of course, the selection of these topics was determined to a large extent by my
own scientific interests. Among these subjects are the gravitational lensing,
the signal retardation in the gravitational field of the Sun, the Reissner —
Nordstrém solution, some spin effects, the resonance transformation of an
electromagnetic wave into a gravitational one, the gravitational radiation of
ultrarelativistic particles, the entropy and temperature of black holes.

The book contains many problems.
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In fact, a considerable part of the content of the book was not presented
at the lectures, but was discussed at the tutorials. Moreover, in some cases
the succession of presentation is dictated by the necessity to create in good
time a necessary basis for tutorials and homework.

It is worth mentioning also that some questions considered in the book are
sufficiently difficult, though they require no extra knowledge. Usually these
questions are discussed neither at the lectures nor at the tutorials. There are
also difficult problems which are not obligatory. All this material is intended
for an independent work of those students who are most seriously interested
in the subject.

One cannot overestimate the imprint made on the book by the collabo-
ration with A.I. Chernykh and V.M. Khatsymovsky in teaching general rel-
ativity, this collaboration lasted for many years. In particular, some prob-
lems in the book belong to them. A.I. Chernykh, V.M. Khatsymovsky, and
V.V. Sokolov also made many useful comments on the manuscript.

The lively interest of numerous students was extremely important for me.

Some original results presented in the book were obtained in collabora-
tion with R.V. Korkin, A.A. Pomeransky, E.V. Shuryak, O.P. Sushkov, and
O.L. Zhizhimov.

To all of them I owe my deep and sincere gratitude.

In the fall of 2003, I lectured on general relativity at Scuola Normale
Superiore, Pisa, Italy. The major part of translating the book into English was
done during this visit. I recall with gratitude the warm hospitality extended
to me at Scuola Normale and the lively interest of its students to my lectures.

Novosibirsk, Tosif Khriplovich
October 2004
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Introduction

General relativity (GR) is the modern theory of gravity relating it to the
curvature of the four-dimensional space-time.

In its so to say classical version, the theory of gravity was created by New-
ton as early as in the seventeenth century, and up to now it serves mankind
faithfully. It is quite sufficient for many, if not most, problems of modern
astronomy, astrophysics, and space research. Meanwhile, its inherent flaw of
principle was clear already to Newton himself. This is a theory with action at
a distance: in it the gravitational action of one body on another is transmit-
ted instantaneously, without any retardation. The Newton gravity is related
to general relativity in the same way as the Coulomb law is related to Maxwell
electrodynamics. Maxwell has expelled action at a distance from electrody-
namics. In gravity it has been done by Einstein.

One should start with the remarkable work by Einstein of 1905 where
special relativity was formulated and development of the classical electrody-
namics was completed. Certainly this work had its predecessors, one cannot
but mention among them Lorentz and Poincaré. Their papers contain many
elements of special relativity. However, clear understanding and a complete
picture of the physics of high velocities appeared only in the mentioned work
by Einstein. This is no accident that up to now, in spite of the existence of
many excellent modern textbooks, this work can be recommended for the first
acquaintance with the subject even for freshmen.

As to GR, all its fundamentals were created by Einstein.

However, the anticipation that physics is related to the curvature of
space can be found in the works by remarkable scientists of nineteenth cen-
tury: Gauss, Riemann, Helmholtz, Clifford. Gauss came to the ideas of non-
Euclidean geometry somewhat earlier than Lobachevsky and Bolyai, but did
not publish his investigations in this field. Gauss not only believed that “the
geometry should be put in the same row not with arithmetics that exists
purely a priori, but rather with mechanics”. He tried to check experimentally,
by means of precision (for his time) measurements, the geometry of our space.
The ideas by Gauss inspired Riemann who believed that our space is really
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curved (and even discrete at small distances). Strict bounds on the space
curvature were obtained from astronomic data by Helmholtz. And Clifford
thought of matter as a sort of ripples on a curved space.

However, all these brilliant guesses and predictions were evidently pre-
mature. Creation of the modern theory of gravity was inconceivable without
the special relativity, without deep understanding of the structure of classical
electrodynamics, without deep realization of the unity of space-time. As men-
tioned already, GR was created essentially by the efforts of a single person.
The Einstein way to the construction of this theory was long and torturous.
While his work of 1905 “On the Electrodynamics of Moving Bodies” had ap-
peared as if immediately in a complete form, leaving out of sight of readers
long reflections and heavy work of the author, with GR it was the other way
around. Einstein started working on it in 1907, and his way to GR took a
few years. It was a way of trial and error that can be traced at least partially
through his publications during those years. The problem was finally solved
by Einstein in two works presented at the meetings of the Prussian Academy
of Sciences in Berlin on 18 and 25 November 1915.

At the last stage of the creation of GR, Hilbert contributed to it by formu-
lating the variational principle for the gravitational field equations. In general,
the importance of mathematics and mathematicians for GR is truly great.
Its apparatus, the tensor analysis, or the absolute differential calculus, was
developed by Ricci and Levi-Civita. Mathematician Grossmann, a friend of
Einstein, introduced him to this technique.

However, GR is a physical theory and a completed one. It is completed in
the same sense as classical mechanics, classical electrodynamics, and quantum
mechanics. Like those theories, it gives unique answers to physically reason-
able questions and gives clear predictions for observations and experiments.
However, the applicability of GR, as well as that of any other physical theory,
is limited. So, beyond its applicability limits the superstrong gravitational
fields remain where quantum effects are of importance. Complete quantum
theory of gravity does not exist.

GR is a remarkable physical theory because it is based essentially on a
single experimental fact, and this fact had been known for a long time, well
before the creation of GR (all bodies fall in the gravitational field with the
same acceleration). It is remarkable because it was created essentially by a
single person. But first of all, GR is remarkable because of its unusual internal
harmony and beauty. It is no accident that Landau said: one can recognize
in a person a true theoretical physicist by his admiration experienced at the
first acquaintance with GR.

Until about the middle of 1960th GR was to a considerable degree beyond
the main stream of the development of physics. And the development of GR
itself in no way was too active, being confined mainly to clarification of some
subtleties and theoretical details, as well as the solution of important, but
still sufficiently special problems. I recall a respectable physicist who did not
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recommend young theorists to work in GR. He said: “This is a science for
elderly people”.

Possibly one reason is because GR arose in a sense too early, Einstein
was ahead of his time. On the other hand, already in his work of 1915 the
theory was formulated in a sufficiently complete form. No less important is
the fact that the observational base of GR for a long time remained very
narrow. Corresponding experiments are extremely difficult. It is sufficient to
recall that experimentalists succeeded in measuring the red shift only in a half
a century after it had been predicted by Einstein.

However, at present GR is developing rapidly. This is a result of tremen-
dous progress of observational astronomy and development of the experimen-
tal technique. On the other hand, researches in quantum gravity are in the
forefront of the modern theoretical physics.

I hope that the present volume will serve as a comprehensible introduction
to this exciting field of exploration of Nature.
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Particle in Gravitational Field

2.1 Electrodynamics and Gravitation

We start with the comparison between the equations of motion of a point-like
particle in the electromagnetic and gravitational fields. We will compare as
well the equations for these fields.

The equation of motion for a particle of a mass m and a charge e in an
electromagnetic field F},, is well known:

“w
mddis = eF*u, . (2.1)

Here ut = da* /ds is the four-velocity of the particle; ds? = Nuvdxtdz” is the
four-dimensional interval in the Minkowski space; the diagonal metric tensor
in this space is chosen as 7,, = diag (1, —1,—1,—1); the velocity of light is
put to unity, ¢ = 1.

The equations of the electromagnetic field are

O, F" = dxj”,  Fo, = 0,A, —0,A,. (2.2)

Here A, is the electromagnetic vector-potential, and the four-dimensional
current density of point-like particles (marked by index a) is

5 = Y ewdle —ra(t)u & (23)

In the Lorentz gauge 0, A* = 0 the Maxwell equation (2.2) reduces to
OA” =4r5%; 0=0,0,=0; — A. (2.4)

Equations (2.1) and (2.2), taken together with initial conditions for charges
and fields on a space-like surface, determine completely the evolution of a
system. The equations of electrodynamics are linear, for electromagnetic fields
the superposition principle is valid.
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The equations of motion of a point-like particle in an external gravitational

field are
du*

ds
In the case of a weak gravitational field the symbol I',, ,,. is expressed as
follows through its potential, symmetric second-rank tensor h,,:

. (2.5)

1
Lyvse = 3 (Ovhyse + 0schpy — Ophose) . (2.6)

The equations for a weak gravitational field (in a gauge analogous to the
Lorentz one) are

1
Oy = 167k (T — 5 0 T5) - (2.7)

Here
k=6.67390(9) - 107 % cm?® . g~ . 572 (2.8)

is the Newton gravitational constant, and the energy-momentum tensor of
point-like particles is

d
T =Y ma 8(r — ra(t)) ul ul Ei . (2.9)

The similarity to electrodynamics is evident, however the distinction from the
latter is in fact very essential.

The point is that it is the charges that serve as a source of the electromag-
netic field. But the electromagnetic field by itself is neutral, it bears no charge.
As to the gravitational field, its source is energy, however, the gravitational
field possesses energy by itself. Therefore, the gravitational field equations are
in fact nonlinear. The linear equations (2.6) and (2.7) are valid, as has been
pointed out already, for weak fields only.

Problem
2.1. What is the behavior of the current density (2.3) and the energy-

momentum tensor (2.9) under the Lorentz transformations?  How does
0(r — ry(t)) transform?

2.2 Principle of Equivalence
and Geometrization of Gravity

GR is based on a clear physical principle, on a firmly established experimental
fact known already to Galileo: all bodies move in the field of gravity (if the
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resistance of the medium is absent) with the same acceleration, the trajecto-
ries of all bodies with the same velocity are curved alike in the gravitational
field. Because of this, in a freely falling elevator no experiment can detect
the gravitational field. In other words, in the reference frame freely moving
in a gravitational field there is no gravity in a small space-time region. The
last statement is one of the formulations of the equivalence principle. This
property of the gravitational field is far from being trivial. It is sufficient to
recall that for the electromagnetic field the situation is completely different.
There exist for instance non charged, neutral bodies that do not feel at all
the electromagnetic field. However, there are no gravitationally-neutral bod-
ies, there exist neither rulers nor clocks that would not feel the gravitational
field. There are no objects that could be identified in this field with straight
lines, as this is the case in the Euclidean geometry. Therefore, it is natural to
believe that the geometry of our space is non-Euclidean.

Still, in the local frame connected with a freely falling elevator the met-
ric remains the Minkowski one, and intervals of time and space coordinates
are measured by usual clocks and rulers. However, it cannot be done in
the whole space-time if the gravitational field is present. The coordinates
20 =t, z', 22, 23 are just space-time labels. They are continuous, i.e. close
values of z* correspond to two close points. The general form of the interval
is

ds® = g drtdz”; (2.10)
here and below the summation over repeated indices is implied. The symmetric
second-rank tensor g, () defines the Riemann space. Since in a locally inertial
frame it reduces to 7, = diag(1,—1,—1,—1), the rank of the matrix g, (z)
is 4, and its signature is (—2).

A reasonable physical realization of a coordinate frame in the Riemann
space is collisionless dust. Each dust particle has a space label 2™, m = 1, 2, 3,
as well as an arbitrary going clock. The coordinates are continuous, and on
some space-like surface we put 2° = 0 for all clocks. In such a physically
reasonable metric ggp > 0, the matrix g,,, of the metric on the surface z° = 0
has the rank 3 and the signature (—3).

The metric created by a well-localized distribution of gravitating masses is
asymptotically flat. However our Universe as a whole could be non-Euclidean.

2.3 Equations of Motion of Point-Like Particle

In special relativity the trajectory of a free point-like particle, moving between
two points A and B, is determined by the variational principle

B
5/ ds =0, (2.11)
A

where ds is the interval in the Minkowski space. Since the action of a grav-
itational field reduces to a change of the space-time metric, in this field the
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variational principle has the same form (2.11), but now ds is the interval in
the Riemann space and is defined by formula (2.10). In other words, in both
cases, in the Minkowski space and in the Riemann space, a point-like particle
moves along a geodesic.

We start with the variation of ds?:

6ds? = 6(guydrtdz”) = Org,,dx dztdz” + gy, (ddxtdx” + datdéx”).

By shifting d from déx* and ddx” to other factors, i.e. in fact integrating by
parts, and by changing the summation indices, we obtain

2dsdds = oz [(8;4]1“, — Ougrw — Ougrp)datda” — 2g>\ud29:”] .

Then, by going over to four-velocities u# = da*/ds, we obtain in this way

B B
1
(5/ ds = 3 / sz ds [l u” (0rguw — Opgrw — Ovgrn) — 2gun0"].
A A

Finally, we arrive at the following equation of motion for a point-like particle
in a gravitational field:

dut e A
-t I wu =0, (2.12)
where .
Flj{)\ =35 gﬂy(akgu)\ + 8)\guu - 81/9%,\) 5 (213)

2

and the contravariant metric tensor g*¥ is related to the covariant tensor g, ,.
as follows: g"g,,. = d%.. The quantity I"” , is called the Christoffel symbol.
One can easily check that in the case of a weak gravitational field, when
the metric deviates weakly from the flat one, g, = My + hpw, || < 1,
these equations go over into relations (2.5) and (2.6), written previously in
section 2.1.

It is useful to introduce the covariant four-velocity vector u, = g, u".
Using relations (2.12) and (2.13), as well as the identity

dgu dx*
= a% v ;= a% v %;
ds I ds Gput

one can easily demonstrate that the covariant four-velocity satisfies the equa-
tion

du, 109,

ds 2 Oxt
From it, the quite natural assertion follows: in a gravitational field indepen-
dent of some coordinate x*, the corresponding covariant component of the
four-velocity w, is conserved, and with it the covariant component of the
four-momentum p, = mu,. For instance, in a gravitational field indepen-
dent of time ¢, the energy E = pg is conserved, in an axially symmetric field
independent of ¢, L, = py is conserved.

u’u*. (2.14)
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A locally inertial frame at a given point corresponds to such a choice of
coordinates when g,, = 1, I'"., = 0. There are many such systems, they
are related to each other by Lorentz transformations.

It is sufficiently evident physically that a locally inertial frame can be cho-
sen not only at a point, but on a geodesic as well, i.e. on the whole trajectory
of a point-like particle moving in a gravitational field. Such coordinates are
called normal coordinates on geodesic.

2.4 The Newton Approximation

How is equation (2.12) related to the usual equation of motion of a nonrel-
ativistic particle in a weak gravitational field? Let the particle velocity be
small, v < 1, the deviation of the metric from the flat one be small,

uv = Nuv + hp,l/7 |huu| <1,
and in addition the fields vary slowly with time, i.e.
| Ohy /Ot < | Ol /O™

In this approximation equation (2.12) reduces to

d?x™
ez =Ty =— 3 Im3oo-
Now we require the validity of the Newton law:
d*z™
= - am¢ ;

dt?
here ¢ is the gravitational field potential. The natural boundary condition for
a well-localized source of a gravitational field is:

goo — 1, ¢—0 for |z™|— oo.

Then
goo = 1+ 2¢.
In particular, at a large distance r from a source with a mass M we obtain
2kM
goo =1——
c?r

(we have recovered explicitly in this formula the velocity of light c).
The quantity

is called the gravitational radius. For the Sun (its mass Mg = 2- 1033 g) the
gravitational radius is ryo &~ 3 km. With the radius of the Sun Rg ~ 7 - 1019
cm, even on its surface the deviation of the metric from the flat one is tiny:
ryo/Re < 107°. As to the the gravitational radius of the Earth, its value is
rge ~ 1 cm.
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Fundamentals of Riemann Geometry

3.1 Contravariant and Covariant Tensors. Tetrads

The considerations presented in the beginning of this chapter are valid for
spaces more general than the space of GR. To emphasize this fact, we use
here for tensor indices the Latin alphabet, but not the Greek one.

Let us consider a change of variables z° = f(z'%). Under it, the differentials
of coordinates transform as follows:

ozt

dz' = Dk

da'*. (3.1)

A collection of n quantities A%, that transform under a change of coordinates
as the differentials of coordinates:

; ot .
At = Dl , (3.2)
is called a contravariant vector.
Let ¢ be a scalar. Its partial derivatives transform otherwise:
0 ozt o
o _ 02" 99 (3.3)

oxt Ozt 'k

A collection of n quantities A; transforming under a change of variables as

derivatives of a scalar,
1k
oz'*

oxi Tk’

A = (3.4)

is called a covariant vector.
Tensors of higher ranks are defined in an analogous way. Thus, a con-
travariant tensor of second rank transforms as
i J
ox' 0x? .

AV = S S A, (3.5)
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a covariant tensor of second rank as

'k "
ox'™ o',

Aij = B % kl > (36)
a mixed tensor of second rank as
7 1l
A oxz* 0z" (3.7)

7 9k Ppd U

Let us go back now to the interval (2.10). Since ds? = g;jdz’dz? is an
invariant, it is clear that g;; is a covariant tensor. It is called the metric
tensor. The tensor g% inverse to g,j, i.e. related to it as

9" gij = 6%,

is called a contravariant metric tensor.

Let us find now the volume element in curvilinear coordinates. We in-
troduce vector dr, connecting two infinitely close points z' and x' + dax’:
dr = e;dx'. Here e; is the vector tangential to the coordinate line i going
through the initial point x. It is clear that the infinitesimal vector dr can be
described by its components dr® in the local Lorentz (or Cartesian) frame.
The expression for the vector dr can be rewritten as dr® = e?dz*. The set of
four linearly independent vectors ef in a four-dimensional space, labeled by
a, is called tetrad.

Obviously, the length squared of the vector dr is dr* = (e;e;)dz’dz’. On
the other hand, it is nothing but ds® = gl-jdxida:j . Then it is clear that

9ij = (eiej) = efeja. (38)

It is well-known that the volume element dV, built on the vectors e;dx?,
exdz?, ..., is expressed via the Gram determinant:

dV = \/det(e;dz’e;dx)
(here there is no summation over ¢, j), or
dV = y/det(e;e;) dz'dz? ... dz"

= \/det(g;;) da'da? ...da™ = /g da'da? ... dz". (3.9)

In GR, where g = det(g;;) < 0, the volume element is

dV = /=g dztdz?dz®dx?. (3.10)
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Problems

3.1. Is the coordinate =’ a vector?

3.2. Prove by direct calculation that A*B; is an invariant. Prove the same for
Aij Bij .

3.3. In a Euclidean space covariant tensors do not differ from contravariant
ones. To what property of the rotation matrix does this coincidence corre-
spond?

3.2 Covariant Differentiation

The differential of a vector dA*(z7) = A¥(27 + da?) — A(27) is the difference
between two vectors taken at two different points. In curvilinear coordinates
vectors transform in different ways at different points (9x'/02'% in (3.2) are
functions of coordinates). Therefore, here, as distinct from the Euclidean co-
ordinates, dA® is not a vector. To generalize the notion of a differential dA’
in such a way as to make it a vector, one should transport at first the vector
A(27) parallel to itself to the point 27 + da’. Let us denote by §A? its vari-
ation under this parallel transport. Now the difference DA* = dA? — § A" is a
vector.

The variation § A? should be linear not only in dz?, but in A’ as well. The
last point is clear from the fact that the sum of two vectors is also a vector.
Thus, 6A* can be presented as

SA" = — T, AFda’ (3.11)

where the coeflicients FLj are themselves functions of coordinates. In the
Cartesian coordinates all I’ ;k =0.
In line with I’;-k , the coefficients

Fl,jk = gl F;k (312)

are used.
Scalar products of vectors, as well as any scalars, do not change under the
parallel transport. Then, from § (A;B?) = 0 it follows that

B'6A; = —A;6B' = A;I'},;B*da’
or, since B’ are arbitrary,
§A; = I'f; Apda? . (3.13)

Therefore,
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DA" = dA® + I'j;A%da? = (0;A" + I A¥) da
DA; = dA; — I'l; Ada? = (ain - FfjAk) da? .

Since DA', DA" and dz’ are vectors, the expressions in brackets in these
equations are tensors. These tensors,

- DAI i i k
DA,
Ai;j = Dai = 6in - F%Ak, (315)

are called covariant derivatives of the vectors A* and A;. Of course, in the
Cartesian coordinates, where I’ ?Cj = 0, covariant derivatives coincide with
usual ones.

Since the transformation properties of second-rank tensors are the same as
those of a product of vectors, one can easily obtain the following expressions
for the corresponding covariant derivatives:

Al = 9; A" 4 T AM + T A (3.16)
i =0, A + T, A} — T A (3.17)
Ay = 0540 — T A — T Ai, (3.18)

The generalization to tensors of arbitrary ranks is obvious. We note that for
a scalar the covariant derivative coincides with the common one.

Since the index referring to a covariant derivative is of a tensor nature,
one can raise it with the contravariant metric tensor and obtain in such a way
the so-called contravariant derivative. For instance,

Ai;l _ glkAi;k, Ai;l _ glkAi;k )

How do the coefficients I fj transform under a transition from one coordi-
nate system to another? Comparing the transformation laws for the right-hand
side and left-hand side of equation (3.14), we find

k m m 2, .0 k
Fszrﬁmaxlaxv 8:va 8@ 'ax . (3.19)
ozt Ozt Oxd 0x'dxI Ox'"

It is clear now that the coefficients Ffj behave as tensors only under linear
transformations of coordinates, just as in this case the inhomogeneous term
in the right-hand side vanishes.

Let us note that this inhomogeneous term in the right-hand side of (3.19)
is symmetric in 4, j. Therefore, the antisymmetric in ¢, j combination Sfj =

k k .
I;; — I';; transforms according to
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k m m
Sk _ S,l al’ 5$ 5x
B ™ot Ozt Oxd

and is thus a tensor. Sfj is called the torsion tensor.

In virtue of the principle of equivalence, the geometry of our space-time
has a remarkable property: the torsion tensor vanishes. Indeed, in the locally
inertial frame the space of GR does not differ from the flat, Minkowski one.
In other words, in this frame all the coefficients I'7,, together with their
antisymmetric parts Sfj, vanish. And since Sfj is a tensor, if it turns to zero
in some reference frame, it vanishes identically. The spaces where the torsion
tensor vanishes are called the Riemann spaces. For coordinates and tensors of a
Riemann space we use the Greek indices. In a Riemann space both I}, = I'}},
and I',; vy = I'se) o

Problems

3.4. Prove relation (3.19).
3.5. How many independent components has I" f,‘ﬂ?

3.6. Let a locally inertial frame be given at the point ! = 0. Prove that under
the transformation

i __ ) 15 .0k 1
T =T A+ G

the frame remains locally inertial. Calculate

oI 0@,

Oz’ Ox!

at the point ' = 0.

3.3 Again Christoffel Symbols and Metric Tensor
A covariant derivative of the metric tensor vanishes. Indeed, on the one hand,
DA, = D(g,A") = Dgu A” + g, DA
But on the other hand, as well as for any vector,
DA, = g, DA".
Hence, since the vector A" is arbitrary,
Dg,, =0, or gu.»=0. (3.20)

The explicit form of the last equality, with the account for (3.18), is:
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gy — Lpon — 'y ux = 0.
Interchanging indices, we obtain
Oy —Lajw =L =0, 0ugun —Ix vy —Tun =0.

Now, recalling the symmetry I',, ,» = ', », we find easily

1
FA,;W = B (augku + 8ugu)\ - 8/\guu) (3'21)
and, correspondingly,
s 1 .
Fuy =39 . (8Vg/\u + 8ugu>\ - a)xg;w)~ (3'22)

2

Thus, in a Riemann space the coefficients I'7, coincide with the Christoffel
symbols (2.13) that arise in the equations of motion of a point-like particle
following from the variational principle (2.11). And this is quite natural since
equation (2.12), which can be written as

Dut = dut + ' u*dz* = 0,
is, in accordance with the principle of equivalence, a covariant generalization
for a Riemann space of the common equations of free motion

dut
du* =0, or Y =0
ds

We derive now a useful relation for I'f;, . From the definition of the Christof-
fel symbol, it follows that

1 1
Flulu = 5 gﬂ)\ (aug/\u + aug)\v - a)\guu) = 5 g”’\ augku-

The metric tensor ¢y, can be considered a matrix. Let us perform the following
transformations with an arbitrary matrix M:

SIndet M = Indet(M + M) — Indet M = Indet[M ' (M + 6 M)]

=Indet(I + M~'6M) =1In(1 +Sp M ~'6M) = Sp M5 M.

Thus,
SpM ™19, M = 8, Indet M (3.23)

and
_ 1

e, = oV —g.- (3.24)
Vg
We present two other useful relations:

GuseOrg"" = — 9" O\Gpuse; (3.25)
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1

\/jg 6M(\/ng’fﬂ) . (3'26)

The covariant generalization of the divergence of a vector is:

py e
g Fp,l/_

1
Aﬂ?ﬂ = ﬁau(\/ —gA'u) (327)
It follows in particular from the last equation that in a Riemann space the
application of the Dalembert operator to a scalar ¢ is as follows:
. 1
¢ =
V=

The Gauss theorem is now

/d4a: V=g A*,, = %dSu V—g A", (3.29)

Ou(V=9g9""0,9). (3.28)

One more useful relation is:
A,u; v Au;y = ayA# - a/_LAy. (330)

The covariant divergence of an antisymmetric tensor A*” = —A"* is

1
A, =
TV

Besides, we have for this tensor

B (/=g A). (3.31)

A/_w; A+ AVA;;L + A)\,u; v — a)\Ay,y + aHAV)‘ + &,A,\u. (332)

Problems

3.7. Prove formulae (3.25) — (3.32).
3.8.Is A = det(A,,) a scalar? Here A, is a second-rank tensor.

3.9. Calculate the Christoffel symbols for cylindrical and spherical coordi-
nates.

3.10. Present the explicit form of formulae (3.27) and (3.28) in cylindrical
and spherical coordinates.

3.11. Write the Maxwell equations in a Riemann space.
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3.4 Simple Illustration of Some Properties
of Riemann Space

A transparent intuitive idea of some properties of a Riemann space can be
given with the simplest example of a sphere. Let us consider on it a spherical
triangle, whose sides are arcs of great circles. An arc of a great circle connecting
two points on a sphere is known to be the shortest path between them, i.e. this
is a geodesic. Here we choose as these arcs those of the meridians, differing
by 90° of longitude, and of the equator (see Fig. 3.1). The sum of the angles
of this triangle in no way coincides with 7, the sum of the angles of a triangle

S

Fig. 3.1. Spherical triangle

on a plane, but equals to

3
oz+ﬂ+'y=§7r. (3.33)

We note that the excess of this sum of the angles over m can be expressed via
the area S of the triangle and the radius R of the sphere:

a+f+y—7m= (3.34)

ﬁ .
This relation can be demonstrated to hold for any spherical triangle. We note
as well that the common case of a triangle on a plane follows also from this
formula: a plane can be considered as a sphere with R — oc.
Let us rewrite formula (3.34) otherwise:
1 a+pf+y-—m

TR S
It is clear from this relation that one can determine the radius of a sphere while
being confined to it, without going from the sphere to the three-dimensional
space into which the sphere is embedded. To this end, it is sufficient to measure

(3.35)
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the area of a spherical triangle and the sum of its angles. In other words, R
and K are in fact internal characteristics of a sphere. The quantity K, which
is called the Gauss curvature, is generalized in a natural way to an arbitrary
smooth surface: L84
@ -7
K(z) = lim e

550 S (8:36)

Here the angles and area refer to a small triangle on the surface, bounded by
geodesics on it, and the curvature is a local characteristic that changes gener-
ally speaking from point to point. In a general case, as well as for a sphere, K
is an internal characteristic of a surface, independent of its embedding into the
three-dimensional space. The Gauss curvature of a surface does not change
under bending of a surface without tearing or stretching it. So, for instance,
a cylinder can be unbent into a plane, and thus for it K = 0, as well as for a
plane.

It is instructive to look at relations (3.35) and (3.36) somewhat otherwise.
Let us go back to Fig. 3.1. We take at the pole a vector directed along one
of the meridians, and transfer it along this meridian, without changing the
angle between the vector and the meridian (which is zero in the present case),
to the equator. Then we transfer the vector along the equator, again without
changing the angle between them (which is 77/2 now), to the second meridian.
And at last, we come back in the same way along the second meridian to the
pole. It can be easily seen that, as distinct from the same transport along a
closed path on a plane, the vector will be finally rotated with respect to its
initial direction by 7/2, or by

a+pf+y—m=KS. (3.37)

This result, rotation of a vector under its parallel transport along a closed
path by an angle proportional to the area inside the contour, is generalized in
a natural way not only to an arbitrary two-dimensional surface, but to mul-
tidimensional non-Euclidean spaces as well. However, in the general case of
an n-dimensional space the curvature does not reduce to a single scalar func-
tion K (z). It is now a more complicated geometrical object — the curvature
tensor, or the Riemann tensor. That is what we will now examine.

3.5 Tensor of Curvature

If z#(s) is a parametric equation of a curve (here s is the distance along it),
then ut = dx*/ds is the unit vector tangential to the curve. If this curve is a
geodesic, then along it Du* = 0. In other words, if u* is parallel transported
from the point xz* on the geodesic to the point xz* + dz* on it, then it will
coincide with the unit vector u* + du*, tangential to the geodesic at the point
" 4 dx*. Thus, under the motion along a geodesic the tangential unit vector
is transported along itself.



20 3 Fundamentals of Riemann Geometry

By definition, under a parallel transport of two vectors the “angle” between
them remains constant. Therefore, under a parallel transport of any vector
along a geodesic, the angle between it and the vector tangential to the geodesic
does not change, i.e. the projections of the transported vector onto geodesic
lines at all points of the path remain constant.

We have seen already that a vector on the surface of a sphere does not
coincide with itself at the initial point after a parallel transport along a closed
contour. Now we will consider a more general problem: we will find the change
AA, of a vector A, under a parallel transport along an infinitesimal closed
contour in a Riemann space. In the general case this change is written as the
integral § 0A,, along the contour. With the account for (3.13), we obtain

AA, = ]f 6A, = j’é Iy Ayda, (3.38)

We transform this integral by means of the Stokes theorem. To this end we
need the values of the vector A, inside the infinitesimal contour of integration.
Strictly speaking, these values are not functions of a point, but depend them-
selves on the path by which this point is reached. However, for an infinitesimal
contour this ambiguity is an infinitesimal quantity of second order. Thus, one
can neglect the ambiguity and define the vector A, inside the contour via its
values on the contour itself, by means of derivatives:

8,4, =T" A,. (3.39)

Now, recalling again that the area Aff” inside the contour is infinitesimal,
we obtain with the Stokes theorem

1 T
Ay = 5 [0,(I8, A,) — 0 (T, A4,)] AfF
1
=3 (0,18, Ay — 0,8 A+ T8 0,4, — Tt 0; A, AfFT.
With the account for (3.39), we obtain finally
1 .
AA, = 3 Rf, G ALASPT (3.40)
where
RuupT = 8PF57' - 87[‘5/) + Fﬁ;pl—‘g‘r - FgTng (341)

is the curvature tensor, or the Riemann tensor.
An analogous formula is valid also for a covariant vector A”. Since scalars
do not change under a covariant transport, we have

v v v v v 1 T
A(A'B,) = AN"B, + AAB, = AN'B, + A" S RV, B, Af?
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L 1 " v T
= B, (AA" + §R‘ vpr A AfPT) = 0.
Since the vector B,, is arbitrary, it means that
1 v T
AAH = — 3 R“W,TA AfPT. (3.42)

The operations of the covariant differentiation do not commute. In partic-
ular,

Apipiv — Apivip = RTpp.UAT ) (3.43)
APy = AP = RO AT (3.44)
APU§ piv APU§ vip = RTp;u/ATO' + RTO’/,LVA)OT . (345)

These tensor relations can be easily proven in a locally inertial frame.

In a flat space the Riemann tensor vanishes. Indeed, in such a space one
can choose the coordinates in such a way that I , = 0 everywhere, and hence
RT7,,, = 0. And a tensor vanishing in one coordinate frame, vanishes in any
other one.

The inverse statement is also true: if the Riemann tensor vanishes, the
space is flat. Indeed, locally, at a given point one can choose a Euclidean frame
in any space. And with R, = 0 the parallel transport of the Euclidean
coordinate frame from a given point to any other one is path-independent.
Thus, the Euclidean frame can be built in a unique way in the whole space.
And this means in fact that the space is flat.

Problems

3.12. Prove formulae (3.43) — (3.45).

3.13. What is the form of the Dalembert equation (2.4) in a gravitational
field in the covariant Lorentz gauge where A", =07

3.14. In the flat space-time the electromagnetic field strength F),, satisfies
the equation LJF),, = 0. What is the form of the corresponding equation in a
gravitational field?

3.6 Properties of the Riemann Tensor

The antisymmetry of the Riemann tensor in the last two indices,

R, =-R"

puv pvp>

is obvious from its definition (see (3.40) and (3.41)). To investigate its other
symmetry properties, it is convenient to go over from the mixed components
to covariant ones:
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o o
Rippw = gro R puv "

Going over again into the locally inertial frame, one can prove the following
symmetry properties of the tensor R, ., :

R‘rp,uu - *Rpruua (346)

R'rp;,w = Ruurp . (347)

The antisymmetry in the first two indices of (3.46) is sufficiently obvious: it
guarantees the conservation of the length of a vector under its transport along
a closed contour. Less obvious is the symmetry under the permutation of the
pairs of indices in (3.47), since the meaning of these pairs is different. The
first one refers to the vector we transport, and the second refers to the site
around which this vector is transported.

Then, the cyclic sum of the Riemann tensor components over three indices,
with the fourth one fixed, vanishes:

RTP[LV + RT/.LI./p + R‘rl/p'u, == 0 . (348)
And at last, there is the Bianchi identity:

R? + R

pvir + B e + B 0. (3.49)

IZ

By contracting the Riemann tensor in two indices one obtains a second-
rank tensor, or the Ricci tensor. We define it as follows:

R =R’,,, =8,I", —d,IV, + 1%, — I, (3.50)

Any other contraction of the curvature tensor either turns to zero or coincides
with this one up to the sign. The Ricci tensor is symmetric:

Ry =Ry (3.51)

The contraction of the Ricci tensor gives an invariant — the scalar curva-
ture of the space

R=g"R,,. (3.52)
We point out also the differential identity
y 1
R, = 3 o.R, (3.53)

that arises under contracting the Bianchi identity (3.49).

Let us find the number of independent components of the Riemann tensor
for a space of an arbitrary dimension n. The tensor R,,,, is antisymmetric
under the permutations 7 <— p, u <— v. Therefore, the total number of
independent combinations in an n-dimensional space for both pairs 7p and
pv is n(n—1)/2. On the other hand, the tensor R,,,, is symmetric under the
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permutation of these pairs, 7p <— upv. Hence the total number of independent
combinations of the indices is

% n(n—1) [n(n ~1)

1.
2 2 +]

However, one should also take into account the cyclic conditions (3.48):

B'rp;uJ = Rrpul/ + RT/,LVp + er/pu =0.

To find the number of them, note that the tensor B;,,, is totally antisym-
metric. For instance,

Bpryw = Rprpw + Rppwr + Rpprpy = —Reppy — Rrpwp — Rrvpp = —Brpuw -

It can be easily seen therefore that the total number of independent cyclic
conditions (3.48) is n(n — 1)(n — 2)(n — 3)/4!. Finally, the total number of
independent components of the Riemann tensor is

1nn-—1)[nn-1) n(n—1)(n —2)(n —3)
2 2 [ 2 +1]_ 41

- 7"2(”122_ DN (3.54)

In particular, the numbers of independent components of the Riemann tensor
are: 20 forn=4, 6 forn=3, and 1 forn =2.

However, the number of independent components of the curvature tensor
at any given point can be made even smaller. Indeed, the locally inertial (or
locally Euclidean) system at a given point is defined up to rotations. By a
corresponding choice of rotation parameters one can turn to zero n(n—1)/2
components more of the curvature tensor. As a result, the curvature of a four-
dimensional space is characterized at any point by 14 quantities, and that of
a three-dimensional one — by 3 quantities. This consideration does not apply
to two dimensions, where one can choose as the only characteristic the scalar
curvature: a scalar cannot be turned to zero by any rotations.

In a four-dimensional space, under the condition R,, = 0 (it will be
demonstrated in the next chapter that this is the property of the Riemann
tensor in an empty space), the curvature tensor has 10 independent compo-
nents. For any given point of this space the coordinate frame can be chosen in
such a way that all the components of R,,,, are expressed via no more than
4 independent quantities.

Problems

3.15. Prove formulae (3.46) — (3.49).
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3.16. Express the Riemann tensor in a two-dimensional space via the scalar
curvature.

3.17. Express the Riemann tensor in a three-dimensional space via the scalar
curvature and the Ricci tensor.

3.18. How is the scalar curvature of a sphere related to the radius of this
sphere?

3.19. Calculate the Riemann tensor, the Ricci tensor, and the scalar curvature
of the surface of a torus.

3.20. Calculate the Riemann tensor of the surface of a cone. Investigate the
integral [ NG d?z R near the top of the cone as follows: approximate the top
of the cone by a spherical cap and then let the radius r of the cap tend to
zero.

3.21. Choose a locally inertial frame at some point, with this point taken as
the origin. Prove that the metric tensor in the vicinity of this point can be
expressed through the Riemann tensor as follows:

uv = Npv — 3 Ruauﬁxaxﬁ-

3

3.7 Relative Acceleration of Two Particles
Moving Along Close Geodesics

Let a particle ¢ move in a gravitational field. In the normal coordinates on its
geodesic, the motion of this particle is free:

2 ot
d*zh

752 =0.

The equation of motion of a particle b moving along a neighboring geodesic,

d?x)! dx? daT
Iz Z7b b
ds? + ’”T(xb) ds ds ’

reduces, to first order in the difference of the coordinates n*(s) = x} (s) —z#(s)
(this difference is called geodesic deviation), to
2
d*xl
ds?

ydxh dry
ds ds

+ 0, (2a)n

Then in the normal coordinates on the geodesic of the particle a, the equation
for the geodesic deviation n* is
d2,'7u

W + &,F’;Tn”upuT = 0 . (355)
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This equation can be rewritten in a covariant form valid in an arbitrary ref-
erence frame. We note to this end that the usual derivative of any order along
a geodesic coincides with the covariant one, so that one may write D?n#/Ds?
instead of d?n*/ds®. Then, in the normal coordinates the Christoffel symbol
on a geodesic vanishes, so that

o, 10 ur = Lov
T — _

. -
Py ds

Hence in the second term in (3.55) one may substitute
QI u” — (0,1, — 0T, )u”.

The last expression is written in the normal coordinates, and its covariant form
is R* , u". In result, we arrive at the following generally covariant equation
of the geodesic deviation:

Dzn“
Ds?

+RY ufuTn” = 0. (3.56)

This equation describes in fact the tidal forces acting on a system of two
particles in an inhomogeneous gravitational field.
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Einstein Equations

4.1 General Form of Equations

It is natural to assume that the generally covariant equations of the gravita-
tional field should be second-order differential equations, and that the energy-
momentum tensor T*” should serve as a source in them. An additional as-
sumption is that these equations should be linear in the Riemann tensor. Then
their general structure is

aR™ + bg"’ R + cg"” = T".

The condition 7", , = 0 and identity (3.53) dictate that b = —a/2. In this
way we arrive at the Einstein equations

1
R — 2 g" R =8rkT" + Ag"". (4.1)

The coefficient 87k at T#" (k is the Newton constant) guarantees, as will
be demonstrated below, the agreement with the common Newton law in the
corresponding approximation. The so-called cosmological constant A is at any
rate extremely small, according to experimental data; therefore, the last term
in the left-hand side of equation (4.1) is usually omitted.

We note that if nevertheless A # 0, the cosmological term in (4.1) can be
presented as an effective additional contribution

A

wo_ pv
T 8k g

to the energy-momentum tensor of the matter T#”. This contribution is quite
peculiar. As distinct from the energy-momentum tensor of particles with a
rest mass, for 7#¥ there is no reference frame where only the component 7%
differs from zero. As distinct from the energy-momentum tensor of massless
particles, the trace of 7 does not vanish: 7' = A/2mk.

On the other hand, in the locally geodesic frame
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A A
= = diag(1,—-1,—1,-1).

THY
With this diagonal tensor 7%, the corresponding effective energy density ps
and pressure p, are as follows!:

T = diag(pa,pA, DA, DA) - (4.2)

Clearly, such a peculiar “matter” has also quite a peculiar equation of state:

A

Sk (4.3)

Pa= —pAa= —Too = —
i.e. its pressure is negative! Modern data of the observational astronomy give
serious reasons to believe that the cosmological term does not vanish. It is
quite possible that, though being tiny on the usual scale, the cosmological

term is very essential for the evolution of the Universe.
In the absence of matter T#” = 0 and the Einstein equations (4.1) reduce

to

RFY =0. (4.4)

The spaces with metric satisfying condition (4.4) are called the Einstein
spaces. Equation (4.1) (in the absence of the cosmological constant) can be
rewritten as:

1
R™ =87k (TW -3 gWT;) . (4.5)

The Einstein equations are in essence the content of general relativity.

Problem
4.1. Prove relation

Raﬁw;y — 8nk | TR B _ TuBia _ (g‘“’T;\\;ﬁ _ gMBT;‘?a>:|

N =

(A. Lichnerowicz, 1960).

4.2 Linear Approximation
In the linear approximation, g,, = 1y + huw, |hu| < 1, the Ricci tensor is
1
Ry, = 3 [0p,0uhyup + 0,0,k — Ohyy — 0,00y,

1See, for instance, L.D. Landau and E.M. Lifshitz, The Classical Theory of Fields,
§35, formula (35.1).
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We use for the metric the gauge
1
Ophyuy — 3 Ovhu, =0, (4.6)

analogous to the Lorentz condition 9,4, = 0 in electrodynamics. In this
gauge the Einstein equation reduces in the linear approximation to the usual
wave equation (of course, for a massless field)

1
—-0hy, = 167k (T;w -5 anM> . (4.7)

As well as in electrodynamics, in the linear approximation there is no real
difference between upper and lower indices.

Let us consider the case when the source of the field is a body at rest
with density p, i.e. when the only nonvanishing component of the energy-
momentum tensor is Tpg = p. Then

Ahoo = 87Tl€p
and ()’
p(r")dr
h = -2k

00(T) / Ty

Thus, at large distances from the gravitating mass M we find, as expected,

2k 2kM
hoo = — 7 p(r’)dr' = — r . (48)

In this gauge, other components of the metric far from the gravitating mass

are M
hOn = 07 hmn = _T 6’mn . (49)

Of course, equation (4.7) has nontrivial wave solutions even in the absence
of sources. The existence of gravitational waves is an important prediction of
general relativity.

4.3 Again Electrodynamics and Gravity

In section 2.1 we pointed out some similarity between electrodynamics and
gravity. Now we wish to turn attention to an essential difference between them.
It is well known that the Maxwell equations result in only one scalar condition,
that of the electromagnetic current conservation. In no way does the vector
equation of motion of the charge, which has four components, follow from
them. Indeed, when applying to 0,F"” = 4mj" the operator 0,, we obtain
0,j3% = 0. This single scalar continuity equation tells us not so much about
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the motion of the charged particle: only that its world-line does not break
anywhere.

Now, by applying the covariant derivative D/Dz" to the Einstein equation
(4.1), we arrive at the vector equation

=0. (4.10)

As distinct from the current conservation law, the four equations (4.10)
(= 0,1,2,3 therein) determine completely the motion of particles. Let us
demonstrate it with the example of dust, i.e. a cloud of point-like noninter-
acting particles of small mass, moving in an external gravitational field. The
energy-momentum tensor of dust is T = pufu”, where p is the invariant
energy density initially defined in the comoving frame. Equation (4.10) can
be rewritten here as follows:

Dut
Ds

™, = (putu”),, = (pu”),,ut +put u” = (pu”), ut +p =0. (4.11)

Multiplying the obtained identity by u,, and taking into account that utu, =1
and therefore u, Du*/Ds = 0, we obtain first of all the continuity equation
for the current density of the dust particles

(pul/); v = O ’
and then the required equation of motion

Dut
Ds

The example of dust was chosen for simplicity sake only. For a single particle
as well one can prove that its equations of motion are contained in the Einstein
equations.

This remarkable property of the equations of gravity was formulated by
Einstein as follows: “Matter dictates to space how to bend; space dictates to
matter how to move.”

As to electrodynamics, its equations are linear, the superposition principle
is valid therein, the sum of the fields of particles at rest is the solution as well
as the field of each of them. Therefore, if the equations of motion of charged
particles in the electromagnetic field were not given, the charges initially at
rest could stay at rest further. But since the equations of GR are nonlinear,
there is no superposition principle here, so that bodies initially at rest should
start moving. In fact, this argument is closely related to the above derivation
of the equations of motion, based on the existence of four conservation laws for
the tensor equations of gravitational field. The point is that the nonlinearity
of the field equations is an inevitable consequence of their tensor structure.
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4.4 Are Alternative Theories of Gravity Viable?

First of all, the long-range nature of gravity is firmly established, so that it
should be described by a massless field (or at least the rest mass of this field
should be extremely small).

The simplest alternative to the Einstein gravity, one could think about, is a
scalar theory. The relativistic invariance demands that the scalar field should
interact with a scalar characteristic of matter. Such a reasonable characteristic
is the trace T} of its energy-momentum tensor. However, for massless parti-
cles, light included, T} = 0. Thus, in a scalar theory light will not interact
with a gravitational field. However, the light deflection by the gravitational
field of the Sun, the retardation of light in this field, as well as the frequency
shift by the gravitational field of the Earth are firmly established experimental
facts.

The situation with a vector theory is no better. The interactions of particles
and antiparticles with the vector field (as well as in the common electrody-
namics) have opposite signs. But certainly it is not so. Besides, here as well
the neutral photon will not interact with a gravitational field.

To summarize, general relativity, where the gravitational field is described
by a symmetric second-rank tensor, is the simplest theory of gravity consistent
with experiment.

With the best accuracy, of about 0.2%, the predictions of GR have been
checked experimentally for the retardation of light in the field of the Sun (see
section 6.5). Strictly speaking, one cannot exclude that on this level there is
an admixture of a scalar field to the tensor one.
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Weak Field. Observable Effects

5.1 Shift of Light Frequency
in Constant Gravitational Field

We start with an estimate for the possible magnitude of the effect. If the

gravitational field of the Earth is meant, then it is quite natural to assume

that the frequency shift of light Aw/w, as measured by a detector situated at

the height h above the source, should be proportional to this height as well

as to the free-fall acceleration g. Then simple dimensional arguments give
Aw gh

w 2’
where c is the velocity of light.

And now the quantitative consideration. In a constant field (i.e. indepen-
dent of the world time t) the energy E is conserved. It is well-known to be
related to the action S as follows: E = — 3S/0t. Exactly in the same way, in
a constant field the wave frequency w is conserved, and it is related to the

eikonal ¥ as follows:
ov

ot

However, both the clock that is at rest together with the source of light, and
the clock that is at rest together with the detector of light show the proper
time, each one its own. The frequency in the proper time 7

w =

o oAt w

_E __557 B 1/ 900

in the weak gravitational field of the Earth reduces to

(1)
wr=w |14+ — ).
T

wy =
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If the detector is situated at the height h over the source, then the frequency
fixed by the detector will be red-shifted as compared to the frequency of the
source. This shift is (A. Einstein, 1907)

kMh h
wr(r+h)—w(r)=—w—= —wZ—Q.
In the final expression we have recovered explicitly the velocity of light c¢. The
agreement with the initial simple-minded estimate is obvious.

The relative magnitude of the correction is extremely tiny. Even for h ~

100 m it is
ﬂ ~ 10~ 14
" .

For the first time, the effect was measured in the Mossbauer transition in °"Fe.
The theoretical prediction is confirmed within the experimental error that is
about 1%.

5.2 Light Deflection by the Sun

An obvious dimensional estimate for the deflection angle 6 is

o~ 2
P

where p is the impact parameter of the wave packet. The result 8 = r4/p
follows also from the naive calculation based on the picture of a fast particle
scattered by a small angle by the usual Newton potential.

The weak-field approximation is quite sufficient for the quantitative cal-
culation of the discussed effect. In this approximation the generally covariant
eikonal equation

g"ov oV =0

reduces in the centrally symmetric field to
Ty 2 _(1_Ts 2 1 2| _
(1 + ) (0:7) (1 T) [(8&) + = (050) } =0.  (5.1)

We use here the solution (4.8) and (4.9) for the metric far away from the
gravitating mass; in this approximation the nonvanishing contravariant com-
ponents of the metric are

r T
gOO = ]- + 793 gmn = 75mn (1 o l) ’ (52)
r r
Then we go over to the spherical coordinates and assume that the motion
takes place in the plane 6 = 7/2.

For small r,/7, equation (5.1) is conveniently rewritten as follows:
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1
(1 +2 %9) (9,0)? — {(arw + 5 (90)? = 0. (5.3)
We look for the solution in the form

= —wt +wp+(r),

where w is the frequency of light. The correspondence of the impact parameter
p to the common integral L of the orbital angular momentum is obvious:
p — L/hw (we put here the velocity of light ¢ = 1).

The radial part of the eikonal is

r):w/dm/l— 7{’—; + %:%(r)ww(r»

Here 1)o(r) describes the unperturbed rectilinear motion of the packet, and
the small gravitational correction to it is

= wry = wryln (r + /2 - p2) + const.

As usual, the trajectory of the packet is found by differentiating the total
eikonal over the integral of motion:

4
—— = const, p=———=—.
Jdp w Op
Thus obtained deviation of the beam of light from the straight line, when its
distance r to the Sun changes from —R to p, and then from p to R (R — c0),
is
1 0A 2 2
g L0AV _ o 0,2 _ 2

w p R P
For the minimum p close to the Sun radius, the deflection angle 6 is 1.75".
This prediction of GR (A. FEinstein, 1915) is confirmed now by observations
with an accuracy of about 1%.
Let us recall that the naive calculation of the effect, based on the picture of
a fast particle deflected by a small angle in the usual Newton potential, gives
a result (see the beginning of the section) that is two times smaller than the
correct one. The discrepancy is no occasion: in the considered ultrarelativistic
problem not only the Newton potential is at work, i.e. the deviation of ggg
from unit. Exactly the same contribution to the deflection is given by the
space metric gmy (see (5.1) — (5.3)).

(5.4)

5.3 Gravitational Lenses

Since a star deflects rays of light, it can be considered as a peculiar gravita-
tional lens. Such a lens shifts the image of a source (i.e. of a star) with respect
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to its true position. In the simplest case, when the source, lens, and observer
are on the same axis, the image of the source looks as a circle (0.D. Chwolson,
1924; A. Einstein, 1936). It is convenient to consider at once a more general
problem when the source S is shifted by a distance ¢ with respect to the axis
lens — observer, L — O (see Fig. 5.1). For simplicity sake, we have approxi-
mated in this figure the real trajectory by a broken line. Since the deflection
angle 6 is small, the distance & coincides approximately with the impact pa-
rameter p. Then, recalling again that the angles 6 and ¢ are small, we find
the following relation for the true deflection:

2ry
x

In the mentioned simplest case, when the source, lens, and observer are on

(=el —Lo=¢] -1, (5.5)

[

Fig. 5.1. Gravitational lens

the same axis, i.e. when ¢ = 0, we obtain from (5.5) that the fictitious radius
of the ring, that is the image in the plane of the lens, is

121,05,
50 = gl ’

B 570 [ 2rgls
¢= I, u, -

and its angular size equals

Contrary to a possible naive dimensional estimate, this angle falls down not
as the inverse characteristic distances themselves, but only as the square root
of them. Still, the observation of the effect is practically impossible even if
stars serve as both the source and the lens. However the effect gets observable
when the source is a nebula, and the lens is a galaxy (F. Zwicky, 1937). Let
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us estimate the angular size of the ring for the case when this lens consists of
1019 stars with masses on the order of the Sun mass. Let the lens be situated
at a distance on the order of 10° light years, or 10'® km, from us, and the
distance to the source is much larger (i.e. [ ~ s > [,). Then

6 - 1010 )
¢~ 1019 ~ 107% rad ~ 10 angular seconds.

Such a resolution is quite accessible for astronomers.
Let us address now a more general case when the lens does not lie on
the axis source — observer. It is convenient here to go over to dimensionless

variables
L€l
o’ o !
In these variables equation (5.5) reduces to
1
=r— — 5.6
y=z-— —, (5.6)

with the obvious solution
1
Te= g (y:l:\/y2+4).

Thus, in the general case, when the source S is shifted with respect to the
direction to the lens L, the picture is different. Two images arise (see Fig. 5.2),
one of them, I, is situated beyond the ring corresponding to the axisymmetric
picture, another one, I, is inside the ring. The distance between them,

A=x, —z_ =2 +4,

Fig. 5.2. Two images
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is minimum for y = 0, i.e. for the axisymmetric position of the source, the lens
and the observer. Since for such axisymmetric position both images should
coalesce into a circle, it is clear that for y < 1 these images appear as arcs.

For the first time a gravitational lens was discovered in 1979. This was
indeed a galaxy creating a double image of a quasar with the angular distance
between its components of about 6 angular seconds. At present, few sources
of radio waves are known which look like two arcs.

Problem

5.1. Consider a common optical lens that imitates the deflection of a ray of
light by the gravitational field of a star. How does the thickness of such a lens
change with its radius?

5.4 Microlenses

If the mass of an object, which acts as a lens, is not large, say, less than
the mass of the Sun, to resolve the angle between the images is practically
impossible. Nevertheless, even in this case the effect of gravitational lensing
can be detected, due to the fact that when the images get closer, their total
brightness increases. The brightness amplification K results from the growth
of the total solid angle of the observed image as compared to the solid angle
of the real source.

To estimate the effect, let us note that both & and (, as well as = and v,
are in fact two-dimensional vectors that lie in the planes of the lens and the
source, respectively. Evidently, the vector form of equation (5.6) is

x

y=x- 5. (5.7)
Let us introduce coordinate axes in the planes of the lens and the source. We
will label by the index 1 the axes, that lie in the plane passing through the
source, lens, and observer, i.e. in the plane of Fig. 5.1; they are parallel to
one another. We ascribe the index 2 to the axes orthogonal to the axes 1. The
discussed ratio of the solid angles is obviously

5616 5C16G|\ T
K:(I }g 2|> <| }2 2|) ‘

Here 6&1,2(6¢1 2) are the sizes of the image (source) along the axes 1 and 2.
In the dimensionless variables this ratio is

|6z 6]

= ——— = |0x1/0y1||0z2/0ya|.
Soigu] = 10 /0l1002 /0y
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Both partial derivatives are taken at yo = 0. Therefore, in virtue of (5.7), 1
and y; are related by the same equation (5.6):

y1=r1r—- —,
T
and the relation between x5 and ys is
T2
Y2 =22 — —5 .
T1

Thus, for the two different images the discussed relation of the solid angles is

(\/y2 +4:|:y)2
Ki=—~———7*
dy/y? + 4

For both images this ratio grows for small y:

(5.8)

1
Ky~ —.
+ 2

Therefore, the total brightness of the images increases as well:

K=K, +K_ =~ 1 .
Yy

What happens when a star, acting as a gravitational lens, passes close to
the line directed from the observer to the source? Even if one cannot resolve
the arising double image, the observed brightness of the source grows as the
lens approaches the line source — observer. This phenomenon, so-called mi-
crolensing, is of a rather special character: the increase of the brightness and
its subsequent decrease are symmetric in time. Then, the brightness changes
in the same way for all wave lengthes (the deflection angle (5.4) is independent
of the wave length). And at last, since the phenomenon is extremely rare, it
has one more distinctive feature: the repetition of the “flash” of a star caused
by microlensing is practically excluded.

Not only the microlensing effect was detected. In this way a new class
of celestial bodies was discovered — dwarf stars of low brightness, so-called
brown dwarfs, which acted as microlenses.

Problem

5.2. Derive relation (5.8).
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Variational Principle. Exact Solutions

6.1 Action for Gravitational Field.
Energy-Momentum Tensor of Matter

The action S, for the gravitational field should be an integral over the four-
dimensional space, invariant under any coordinate transformations. It is nat-
ural to require that the field equations, resulting from variation of the action,
should contain derivatives of the metric tensor g,, not higher than of second
order. Then the integrand of S, should contain derivatives of the metric not
higher than of first order. In other words, it may depend on g,,,, and F;\W only.
However, one cannot construct a scalar from these variables. Indeed, by going
over into a locally inertial frame, one can make at any given point the met-
ric flat and the Christoffel symbols equal to zero. However, in fact the scalar
curvature R can serve as the integrand. Though it contains second derivatives
of the metric, it depends linearly on them, so that one can get rid of these
derivatives by means of integrating by parts.

Thus, let us demonstrate that the variation of the action K [ d*z /=gR,
with an appropriate choice of the constant K, results indeed in the Einstein
equations. The variation of the integral gives

5/d4I\/*gR:5/d41'\/*ggl“/R,uy

=g
= [ d*z /=g (59‘“’R »+ — R+ g"" R l,) . 6.1
/ i \/jg n ( )

Then (see section 3.3),
1 v
OV=9 = 5V=99"0gu .
Using the identity g"¥g,,, = 4, we present the second term in (6.1) as follows:

6/—g 1
N 2 R=—-g.0¢"R. 6.2
/_g 2 H ( )
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Let us consider the last term of (6.1) in a locally inertial frame. Interchanging
the operations of variation and differentiation, we find in this frame

V=9 9" R, = /=g g"6(0,I", — 0,1%,) =/—gd,(g" oI, —g"*ol},).

Of course, as follows from (3.19), the Christoffel symbol is no tensor since
it transforms inhomogeneously under coordinate transformations. However,
according to the same relation (3.19), the variation of the Christoffel symbol
transforms homogeneously,

X 9.0 9.7
- 25270
and therefore is a tensor. Thus, the quantity

Ur =gtery,, —g"very,
is a vector. Therefore, its divergence 0,U”, which was written above in a
locally inertial frame, can be rewritten in a generally covariant form:
1

ip ﬁ
In result, the last term in the variation of the action (6.1) reduces to the

integral of a total divergence [ d*zd,(,/—gU”) and hence can be omitted.
In this way we obtain the following variation of the gravitational action:

U 0,(V—=gU").

1
0Sy = K(S/d4x\/—gR = K/d‘lx\/—g (R;w - QQWR) ogh. (6.3)

To determine the constant K in it, we need the Einstein equation with the
right-hand side, i.e. with the source. Therefore, let us find the variation of the
action of matter by example, say, of a material point:

0S,;, = —m (5/d8 =—-m 6/ v Guvdxtdz”

1 Ogdrtdz”

= ——m _— —
2 V 9prdxPdr™

The last integral over ds transforms with the obvious identity

1
—5m / dsuu”dg,, .

1 1
-3 /d4m\/jgpu“u”59#l, =3 /d4x\/ngW5guu~

to

Here
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pla(e) =m 20 (6.4

is the generally covariant mass density, and
T = putu” (6.5)

is the energy-momentum tensor of a point-like particle. At last, with the
identity

Tuyag;w = Tprgp#gTV(Sg,ul/ = - p‘rgpﬂgpuég‘ry = 7T,uuaguya

we find

1
0Sm = 3 /d4x\/—gTw§g””. (6.6)
Now it follows from identities (6.3) and (6.6) that the variational principle
5(Sg+ Sm) =0

leads to the Einstein equation (4.1) (with vanishing cosmological constant)

under the condition )

167k

Let us use relation (6.6) to derive the generally covariant expression for
the energy-momentum tensor of electromagnetic field. The covariant action
for this field is as follows:

1

w 1 v_pr
Sem = /d4$\/ngem; Lew, = — EFWF’ == w—ﬂFMprrg“ g9’

Variation with the account for relation (6.6) and formula (6.2) gives

2 0v—gLem 1 1
ZLU = I = (F"upF Z gltquTFpT) . (67)

V=g agm A

Let us come back to the action

Sy = d'z/=gR,

16k

to exclude from it second derivatives. The terms with derivatives of Christoffel
symbols in the integrand

V=9R=+v=99"" R =~9g" (0,1, = 0.1, + 1, —T,I7,),
after integrating by parts and omitting total derivatives, reduce to

/LV (\/79“”) +F au(ﬁ!]’”)

With the identities
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=G =V=GT% Ou(V=99") = —/=gg" %,
9 = 9+ TR g™ T g™ =0,
the last expression reduces to
2/=G 9" (I, T, — T4, I

Thus, after eliminating second derivatives, the action for the gravitational
field is as follows:
Sy =

4 yng 14 T 14 T
16 Tork /d /=g g" (0 1Y, —T0,17,). (6.8)

Problem

6.1. Prove that the action S, can be transformed also to

4 pv L — g o
S0= g [ 0 [Tl 0v70") - 2= O/ 0V ™)

6.2 Gravitational Field of Point-Like Mass

To solve the problem of the field of a point-like mass, we use the action in
the form (6.8). We express the integrand through components of the metric
possessing the spherical symmetry, and then obtain the field equations by the
direct variation of the action with respect to the functions it depends on. In
this way we do not need to calculate the Ricci tensor entering the Einstein
equation (4.1).

As usual, we take the source for the origin of the reference frame. The
spherical symmetry of our problem means that one can introduce the coor-
dinates x1, 2, =3 in such a way that ds? will go into itself under the trans-
formations that look as Euclidean rotations of these coordinates. In this way
we map the three-dimensional physical space onto the three-dimensional Eu-
clidean one. Now the rotations in the physical space are mapped onto rotations
in the Euclidean space that leave the quantity r = \/z% + 23 + #3 invariant.
In the Euclidean space there is no difference between co- and contravariant
vectors, so that the use of the coordinates z; with lower indices does not lead
to confusion. In line with r = v/x2 , one can construct from x and dx two more
scalars: dx? and xdx. Therefore, in the static spherically symmetric case the
interval can be written as

ds* = a?(r)dt? — b(r)dx? — c(r)(xdx)?. (6.9)

With the change of variables of the type x — f(r)x, one can make b(r) = 1.
Then the spherically symmetric metric is expressed through two unknown
functions of r:
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ds® = a®(r)dt? — dx* — c(r)(xdx)?,
goo = az(r), Jmn = —Omn — (1) Tm Ty, . (6.10)
With this choice of the reference frame, the space metric
di? = dx? + c(r)(xdx)? = dr? + r*(d6? + sin® 0 d¢?) + cr?dr?
= d*(r)dr® + r*(d6” + sin® 0d¢?), d*(r) =1+ c(r)r?,

is such that the infinitesimal arc of a circle in the plane 8 = 7/2 is dl = rd¢,
i.e. the length of a circle, with its center in the origin, is 27 as usual. Simple
calculations demonstrate that in metric (6.10) only the following components
of the Christoffel symbol I', ,, do not vanish:

T 1¢
!/ 1
I'gi0=—1%00=aa gk I'i k=~ (C$i5jk + 3 Tl‘iﬂ?ﬂ?k) .

Obviously, g% = 1/a?, so that

To find I}, and F;k, let us consider the expression ¢*™g,,,x,. On the one
hand, due to the identity g¥™g,,, = 0%, it equals x. On the other hand,

a direct calculation gives gmnTn = —(6mn + CTmTn)Tn = —d?T,y,, so that
G Grann, = —d2g* ™z, It is clear now that
1
km _
qg Ty = — ﬁ Tk .

Thus we find easily
, aa’ x; X T, 1c
w= g D= d;(06jk+2r$jxk>'

At last, let us note that due to the spherical symmetry of the problem,
it is sufficient to calculate the integrand of the action at a single point,
1y = r, x3 = x3 = 0. Only the following components of the space metric
and the Christoffel symbols are nonvanishing in this point:

1
911=—d2, go2 = g3z = —1, 11:_ﬁ’ 92229332—1,
0 0 a 1 aa' 1 1 r
F10:F01zgv Foozﬁv F22:F33:ﬁca
1T 1, _(d2)’_d’
Fll—dZ(C“rQCT)— 2d2 —E

When substituting these expressions into formula (6.8), the terms
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00 11
g (FSTFEP - FgOF;T) and g (FTTF‘lrp - Ffl)lpl‘CT)

cancel, and other terms produce

L T A w1 L
Sg = S /d z(ad) — = % /dtdr(ad)r(l dz)'

It is convenient now to introduce new independent functions u = r (1—1/d?),
w = ad. Then the variation of the action

1
Sy =— % /dtdruw’

is trivial and gives w = ¢;, u = c¢o. Coming back to the old functions, we find

easily
-1
d* = (1— 0—2) , a2:c§<1— 9)
r r
Since a? enters the interval ds? only through a?dt?, by changing the scale of
time we can put ¢; = 1. And finally, recalling that at large distances from a
gravitating mass M goo = 1 — 2kM /7, we obtain ¢y = 2kM = r,. In this way
we arrive at the metric for a gravitating point-like mass (K. Schwarzschild,
1916):

2kM 2kM\
ds? = <1 — ) dt? — (1 — ) dr? — r?(d6? + sin” 0d¢?) . (6.11)
r r

Problems

6.2. Find the surface of rotation on which the geometry is the same as that
on the “plane” passing through the origin in the Schwarzschild solution.

6.3. Find the spherically symmetric solution of the Einstein equations with
the cosmological constant. Estimate the upper limit on the value of this con-
stant, following from the fact that for Pluto (the radius of the orbit of this
planet is ~ 10! ¢cm) the Kepler laws are valid with an accuracy better than
107°. Formulate this upper limit for the corresponding effective mass density
790 (see section 4.1).

6.3 Harmonic and Isotropic Coordinates.
Relativistic Correction to the Newton Law

Let us note now that the space part of the metric (6.11) does not go over for
r — 00 into the solution gpmn = —0mn(1 + 2kM/r), obtained in section 4.2
for the case of a weak field. The reason is that metric (6.11) and the above
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weak-field solution correspond to different choices of the radial coordinate.
The simplest way to reproduce that weak-field limit, starting with metric
(6.11), is to shift in (6.11) the radial coordinate as follows:

r— 7+ kM. (6.12)

With this shift we arrive at the interval

1— kM/r 1+ kM/r ,
2 _ 2 _ 2 (1 kM /M2 (d0? +sin? 0do? 1
ds 1—|—kM/rdt 1—I€M/7"dr (1+kM/r)*(d0+sin” 6do~), (6.13)
o 1— kM/

2 1~ T o2 2 5.2

ds* = 1+I<;M/Tdt (1+ kM/r)=dr
_(RMY Lt kM/r (v’ (6.14)
r 1—kM/r \ r ' '
The metric
1—kM/r

= — 71:0)
goo 1+kM/r’ g0

EMN\? 1+ kM/r ot
1—kM/r r?

Imn = — (1 + kM/r)z Omn — ( (615)

,
of interval (6.14) (or (6.13)) not only agrees with the linear harmonic gauge
Ophpy — %‘%hw = 0 of section 4.2. It satisfies a more general harmonic

condition
du (V=g9"") =0, (6.16)

that is not confined to the weak-field approximation. The coordinates satisfy-
ing condition (6.16) are called harmonic.
On the other hand, by substitution

2
r=p (1 + ZZ) : (6.17)

we obtain from (6.11) such an expression for the interval, where the space
metric is isotropic. It differs from the Euclidean space metric by an overall
factor only (i.e. is conformally Euclidean):

1—1y/4p)” e\ .
2 _ g 2_ (14 9 2 2(dp> 2 2. Nl
ds (1 +7“g/4,0) dt ( + 4p> [dp® + p*(d6® + sin” Odg?)]. (6.18)

Obviously, the asymptotics of this metric for r > r, also coincides with that
found in section 4.2.

Let us find now the relativistic correction to the gravitational interaction of
two bodies with comparable masses m; and msy. Dimensional arguments (re-
call that km/c? has the dimension of length) combined with the requirement

47
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of symmetry under permutation m; <+ mg, dictate that the corresponding
velocity-independent correction to the Newton law should have the structure

a k‘lemg(ml + m2>

272 :

To find the dimensionless numerical constant a in this expression, we ex-
pand the Lagrangian for a light particle of mass m; in the gravitational field
of a heavy body with mass ms in harmonic coordinates to first order in 1/c%:

2 2, 2

miv kmims 1 k*mimo
L = —mi\/guutu’ = —myc® + + - - 212
2 r 2 c*r

3 km1m2v2
2 c2r

Thus, in the case of a heavy mass mo, the static gravitational potential

(6.19)

U () = _Fmams
r
acquires the relativistic correction k*m3m; /2c%r2.
For comparable masses mi and mo, restoring the symmetry between mq
and my, we arrive at the relativistic correction (A. Finstein, L. Infeld, B. Hoff-
mann, 1938; A. Eddington, G. Clark, 1938)

1 k2mima(my + mo)
A (r) = ) 272

(6.20)

For the derivation of correction (6.20), it was rather crucial to use the
harmonic coordinates satisfying subsidiary condition (6.16) since this con-
dition does not violate the required symmetry under m; <> mso. As to the
Schwarzschild coordinates, with their origin chosen at one of the particles,
they are not appropriate for this problem.

Let us note, however, that one can arrive at correction (6.20) starting with
the isotropic coordinates.

Problems

6.4. Prove that metric (6.14) satisfies the harmonic condition (6.16).

6.5. Derive transformation (6.17) that changes the Schwarzschild coordinates
into the isotropic ones.
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6.4 Precession of Orbits in the Schwarzschild Field

A simple-minded dimensional estimate for the relative magnitude of the pre-
cession is again ~ r,/r, where r is the characteristic radius of the orbit. In
other words, during one unperturbed turn of the radius-vector (by the angle
27) the semi-axis of the elliptic orbit precesses by the angle

2mry

b~ = (6.21)

We start the quantitative consideration of the particle motion with the
equation connecting its energy E = po with the three-dimensional momentum
p and mass m:

9" pupy — m? =0. (6.22)

For the solution of the problem, it is convenient to use the isotropic coordinates
(6.18). For a diagonal metric its contravariant components g"” are inverse to
the covariant ones, so that the explicit form of equation (6.22) is here as
follows:

L+rg/4p ? 2 Ty - ,  L? 2
E?— 1+ -2 — | - =0. 2
(i) = (e ) (e i) -me=0 6

The motion of a particle in a centrally symmetric gravitational field, as well
as in any other central field, takes place in a plane passing through the origin.
We choose for this plane the plane § = 7/2. The energy E and the orbital
angular momentum L are integrals of motion.

Here we go beyond the linear approximation and include terms of second
order in r,/p. Multiplying equation (6.23) by (1 +r,/(4p))* and expanding
thus obtained coefficients in ry/p, we get

rg | 1575 rg | 375 L?
1422 + Z 9NV 1+ 2 4+ 22 1m?2—(p>+ =) =0. (6.24
e 2 8) e (10 20 ) e (e ) 0o

Now we put £ = m + ¢, where ¢ is the nonrelativistic integral of energy, and
keep the terms not higher than second order in 1/¢ (¢ is the velocity of light,
here we do not write it down explicitly). In the relation, arising in this way,

2,2 2
T 3 Tgm L
2me + &* + (m? + 4dme) -2 + = - —(pi—k 2)20,
p 2 p r
one can drop €2 as compared to 2me, and 4me as compared to m? in the factor
at r4/p. Obviously, neither of these corrections contributes to the precession
of the orbit. The resulting expression can be rewritten as

P 4 p?

1/, I? kmM 3 mrg
= —_— p —_— —_—_— =
2m P p2
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Thus, the problem is reduced to the motion in the Newton potential with the
perturbation
3k2mM?

P
Just the same result follows from the solution of the problem in the Schwarz-
schild metric (6.11). A simple calculation! demonstrates that this perturbation
results in the rotation of the semi-major axis a by the angle

0U(p) = —

3mr 6mkM
0= ) T all— ) (6.25)

during one turn. Here e is the eccentricity of the unperturbed elliptic orbit.
Our initial estimate (6.21) is confirmed (up to a factor 3/2).

As to the planets of our solar system, the maximum effect should be ex-
pected for Mercury, since the radius of its orbit is the smallest one. However,
even for it the effect is tiny: formula (6.25) gives for the shift of the Mercury
perihelion only 43.0” per century. Nevertheless such an anomaly in the Mer-
cury motion on the level of 45” 4+ 5" per century, incomprehensible at that
time, had been known to astronomers before Einstein. Its natural explanation
was the first triumph of GR. For a long time the rotation of the Mercury
perihelion was the only really observed nonlinear effect of GR. At present this
prediction of GR is confirmed by radar measurements with an accuracy of
about 1%.

Below we present the predictions of GR (first number) and the results of
measurements (second number) for Mercury and other objects. The units are
the same: angular seconds per century.

Mercury: 43.03,43.11 £0.45.
Venus: 8.6, 84+438.
Earth: 3.8, bH0=£1l.2.

Icarus: 10.3, 9.8+0.8.

Large eccentricity of the orbit of the asteroid Icarus enhances the effect (see
formula (6.25)), and at the same time allows one to measure the effect with
better accuracy.

One may expect that the effect will be much more pronounced in the mo-
tion of binary stars, since the gravitational fields in these systems are much
stronger. Indeed, careful investigations of the binary pulsar B1913+16 (B
means binary pulsar, numbers refer to the coordinates on the celestial sphere:

1See, for instance, L.D. Landau and E.M. Lifshitz, Mechanics, §15, Problem 3.
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the direct ascension is 19" 13™, the inclination is 16°) have shown that in this
binary the orbit periastron rotates by 4.2° per year. By the way, in such a
way the masses of the binary components were measured with high accuracy:
1.441440.0002 and 1.3867 4-0.0002 solar masses, respectively. It is no wonder
that the periastron rotation is so large here: though the masses of the com-
ponents are quite comparable to the solar mass, the distance between them,
1.8 x 10% km, is small as compared, say, to the radius of the Mercury orbit,
0.6 x 10® km.

Problems

6.6. Find the orbit precession, due to the relativistic correction, in the at-
tracting Coulomb potential.

6.7. Find the orbit precession, due to the relativistic correction, in the at-
tracting scalar potential, assuming that this potential is introduced into the
equation p,p, = m? by means of the substitution m — m + ¢.

6.5 Retardation of Light in the Field of the Sun

The effect discussed in the present section is linear in 74, and from this point
of view should be considered in the previous chapter. However this effect is of
interest not only in relation to the experimental check of GR. Its detailed con-
sideration is quite instructive in the sense of comparison of the Schwarzschild
and harmonic coordinates. Due to it, this section is included in the present
chapter.

So, let us consider the propagation of a signal from the point E, ry = (z1,y),
to the point V, ro = (x2,y), in the gravitational field created by a mass M,
situated at the point S, ro = 0, (see Fig. 6.1). We mean in fact the influence
of the gravitational field of the Sun on the propagation of a radar signal sent
from Earth to Venus. Hence the notation of the points in Fig. 6.1.

At first we solve the problem in the Schwarzschild coordinates. To this end
the interval (6.11) is rewritten as follows:

ds? = (1— %g)dtQ—er— %"(1— %)71dr2:0.

With the identity dr = (r - dr)/r, we obtain to first order in rg

2
dt:dx<1+rg+ "o )

2r 2r3

The total transit time is
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Fig. 6.1. Radar signal from Earth to Venus
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(for the location of the planets as in Fig. 6.1, 1 < 0). Obviously, the retar-
dation of the signal AT is described by the terms proportional to 74 in this
expression.

In the harmonic coordinates (labeled now with primes to distinguish them
from the Schwarzschild ones) we have, correspondingly,

ds® = mdﬁ — (1 +kM/r") da'? — <k7‘f\,4>2 mdﬂ? =0,
and obtain, again to first order in rg,
at=do’ (1+ ).
Now the total transit time is
T =ab — ) +ryln ij i:i . (6.27)

Since we confine to effects of first order in ry, in the logarithmic term here the
difference between the harmonic and Schwarzschild coordinates is neglected,
i.e. primes in this term are omitted.

No wonder that in different coordinates, Schwarzschild and harmonic ones,
the results for retardation,

To + T2

AT =741n ,
x|+ 7

x|+ 7 2

T2 + T2 Tg <£E2 _ 'T1> and AT/ — Tg In
T2 1

respectively, are also different. Indeed, one can obtain formula (6.27) directly

from (6.26) with the change of variables (6.12). Under it, the nonlogarithmic

term in AT is cancelled by a correction ~ rg arising in x9 — ;.
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In other words, formulae (6.26) and (6.27) differ since r and ' therein
correspond to different physical distances (see (6.12)). For instance, let us
consider two circular orbits, such that the numerical value of radius r for one
of them is equal to the numerical value of r’ for another. These orbits have in
particular different periods, and the latter are directly observable.?

Still, the natural question arises: how should one compare the theory with
experiment? The answer is as follows. There is no way to measure xs — x1
directly since measuring rods are of no use, and light signals do not differ
from the radar ones. But xo — x1 can be expressed in terms of r1, ro, and
¢ (see Fig. 6.1). On the other hand, neither of the last three parameters
can be directly measured with required accuracy. However, r; and ro can be
expressed via the observable orbital periods, eccentricities, and times elapsed
since the perihelions. To determine the angle ¢ one needs also the time elapsed
since conjunction of the planets. It goes without saying that the predictions
for the experiment, obtained in this way from formulae (6.26) and (6.27), are
identical.

The results of measurements of the signal retardation in the gravitational
field of the Sun agree for Venus with the prediction of GR within their accuracy
that constitutes 3 to 4%. The best experiments performed with satellites with
the active reflection confirm this result of GR with the accuracy of 0.2%.

Problems

6.8. Derive formula (6.27) from (6.26) with the change of variables (6.12).

6.9. Prove that the third Kepler law is valid for circular orbits in the
Schwarzschild coordinates, but not in the isotropic ones.

6.10. Estimate the correction to the retardation time due to the signal de-
flection by the Sun.

6.11. A particle has an initial velocity vg at infinity and falls radially to a black
hole. How does its velocity change with the distance? Under the assumption
of a weak gravitational field, find the value of vy for which the particle ve-
locity remains constant. (M. Carmeli, 1972; S.I. Blinnikov, M.I. Vysotsky,
L.B. Okun’, 2001).

20One cannot but recall here the well-known comment by V.A. Fock: “Physics is
essentially a simple science. The main problem in it is to understand which letter
means what.”
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6.6 Motion in Strong Gravitational Field

Let us consider now the motion of a point-like particle in a strong gravitational
field. The problem is solved conveniently with the Hamilton-Jacobi equation

g""0,50,8 — m2=0.

For the motion in the plane § = 7/2 this equation appears in the Schwarzschild
coordinates as follows:

(1- 29)_1 (0:9)2 = (1- ") (9,5)* - T%(%S)? —m?=0.  (6.28)

r r

Its solution can be presented in the form
S=—FEt+ Lo+ s(r).

We are interested here in the radial motion of the particle, when its orbital
angular momentum vanishes, L = 0. Then

f0-~(1-2)" (-2,

The dependence r = r(t) is found with the usual equation S/OF = const:

r dr
b=t = _/m (1= rg/r)/T— (L= ry/r)m2/E2

Our choice of the sign for the radical corresponds to the motion of the particle
to the center, r decreases with the increase of ¢. As the initial condition for
t = 0 we choose 7 = 1o, 7 = 0. Now,

For simplicity sake, assume also that ro > r,. Then we obtain

t:—/r dry/r3/rg
o T—Tg

For r — r4 we find from it

"od

rr r—r i/

tN_—/ S~ —ryln . or r—ryrge t/rg

r—r r
g g

Thus, from the point of view of a distant observer, the particle approaches the
gravitational radius asymptotically, reaching it only for ¢ — oco. In the course
of the approach the particle velocity dr/dt tends asymptotically to zero. In
the last chapter of the book we will come back to this problem.
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Let us consider now the radial propagation of light from a point r to a
point ro > r. Here ds®> = 0, so that dt = dr\/|g.+|/\/doo, and the time of
light propagation,

70 -1 —
Ah:/ dr(—r%) —rg—r+ryIn 29 (6.29)

r—"rg

tends to infinity with the initial point r approaching r4. The signal from the
surface r = r, travels for infinite time. Moreover, the frequency of light as
observed by a distant observer, also decreases when the source approaches 7y,
changing according to

Tg

w~l— (6.30)

r
One factor /1 —7y/r in this relation arises as usual from ,/goo, and the
second one from the Doppler effect due to the motion of the source to the
center.
However the fall of a particle to the center looks absolutely different for
an observer freely falling together with this particle. The interval of its proper
time is

—1/2
dr = \/goodt2 + grrdr? = \/goo(alt/dr)2 + grrdr = <Tg — rg) dr.
T To

Clearly, the particle reaches the Schwarzschild sphere during finite proper time

" (r ro\ Y2
T:—/ (g - g) dr.
ro r To

By the way, near the gravitational radius the velocity of this particle, according
to its proper time, tends to c.

After the particle crosses the Schwarzschild sphere, it moves to the center,
r = 0, and reaches it also during finite time. Here, for r < rg, goo becomes
negative, and g, becomes positive. In other words, inside the Schwarzschild
sphere ¢ becomes a space-like coordinate, and r becomes a time-like one! The
motion of a particle for r < r, shows how the “time” r flows in this region: it
flows to the origin » = 0. But it means that even if one would try to reverse
the direction of motion in the region r < rg, say, by switching on a powerful
rocket, the attempt would fail, regardless of how powerful the rocket is. Inside
the sphere r = r, the motion is possible to the center only.

Thus, the Schwarzschild sphere is the horizon of events, a one-way gate, it
does not let out to a remote observer any signal. Hence the name of such an
object — black hole.?

It means in particular that the reference frame of a remote observer, iner-
tial at infinity, is incomplete: it does not describe the motion inside the sphere

3We will see in the last chapter that this name is not quite accurate.
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r = r4. Besides, in it ggp turns to 0 and g, turns to infinity at r = r,. How-
ever, this singularity is special for the Schwarzschild system of coordinates.
The invariants of the metric are regular on the surface r = r,. This is obvious
for the determinant of the metric tensor, g = —r*sin? #, and can be proven by
a direct calculation for the invariant R, R***". However, the last invariant
turns to infinity at 7 = 0. At this point the metric has a true singularity.

To construct a reference frame free of the singularity at » = rg4, one can
take a set of freely falling particles of dust, enumerate them with radial marks,
and choose the proper time of a particle as the time coordinate (G. Lemaitre,
1938). Indeed, there is no singularity in this reference frame. But neither there
are particles at rest inside the horizon. By the way, in this comoving reference
frame not only the invariant R, ,,RM"PT remains finite at r = ry, but all
components of the Riemann tensor are finite as well. In other words, in this
frame the tidal forces acting upon an extended, non-pointlike body are finite
(see section 3.7).

Problems

6.12. Find the radii of circular orbits in the field of a black hole (S.A. Kaplan,
1949).

6.13. Find the cross-section of the gravitational capture by a black hole of a
nonrelativistic (at infinity) particle, and the correction of first order in v/c to
this cross-section ( Ya.B. Zel’dovich, I.D. Novikov, 1964).

6.14. Find the cross-section of the gravitational capture by a black hole of an
ultrarelativistic (at infinity) particle, and the correction of first order in 1/
to this cross-section (Ya.B. Zel’dovich, I.D. Novikov, 1964).

6.15. A particle with the velocity vo < 1 at infinity and with the impact
parameter p = 2ry(1 + 6) /v, 0 < 1, is scattered by a black hole and goes
again to infinity. Describe qualitatively the motion of this particle (Ya.B.
Zel’dovich, I1.D. Novikov, 1964). What is its velocity near the black hole?

6.16. Ultrarelativistic particle with the impact parameter
p=(3V3/2)r,(1+6), §<1,

is scattered by a black hole and goes again to infinity. Describe qualitatively
the motion of this particle (Ya.B. Zel’dovich, I.D. Novikov, 1964). What is its
velocity near the black hole?

6.17. A black hole (serving as a gravitational lens), a point source of light, and
an observer are perfectly aligned, just in this order. Describe qualitatively the
picture seen by the observer around the black hole (D.E. Holz, J.A. Wheeler,
2002).

6.18. Derive relation (6.22).
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6.7 Gravitational Field of Charged Point-Like Mass

Since any initially charged astrophysical object would be neutralized rapidly
by the surrounding matter, the case of a charged star is unrealistic by itself.
However, the considered problem is undoubtedly of a methodological interest
as a sufficiently simple, but nontrivial generalization of the Schwarzschild
solution.

Even if a point-like source is charged, its metric still has the structure
(6.10). To find in this case the functions a(r) and ¢(r), let us consider at first
the field of the charge. Obviously, it has no magnetic field, as well as in the
case when there is no gravity. To find the electric field, we use the covariant
Maxwell equation:

Fr. = AmjY. (6.31)

The left-hand side of its zeroth component has the following explicit form:

PO = Om(v/—g F™0).

1
TV
As to the right-hand side of this component, the invariant charge density

therein is 5(r — x(t))
pe(r) =ce W (6.32)

just as the invariant mass density is given by formula (6.4). Correspondingly,

0 40 _eé(r—r(t)) .

j = p r =
e( ) H
Arising in this way, equation
Om(v/—g F™) = 4med(r — r(t))

is solved with the Gauss theorem immediately:
0_ €
v —g F7 = 7‘72 .
Hence the radial electric field is

googrr € €
FOTziF'r‘O = 7ﬁr72 :adﬁ (633)

The action for the electromagnetic field is in this case as follows:

1 1 1
Sem = /d4x\/—gForFo,. = §/dth7‘2—F02,..

T 8 ad

Now, the total action is (in the same variables u = r(1 — 1/d?) and w = ad)

1 1, rF
_ __1 S — TEor Y 34
S =285+ Sem 2/dtdr<kuw " (6.34)
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The variation of this action with respect to the metric should be performed
at fixed covariant field components, Fp, in the present case, since just for
them the definition in curvilinear coordinates looks the same as in cartesian
ones: F,, = 0,A,—0,A, ; it contains neither metric, nor Christoffel symbols.
Let us note also that the variation of the total action (including —e [ A, dz*
in line with S, and S.,,) just with respect to the covariant components A,
results in the Maxwell equation (6.31) in the Riemann space.

The variation of the obtained action (6.34) with respect to u gives w’ = 0,
w = ¢1. As well as in the case of the Schwarzschild solution, we put ¢; = 1, i.e.
w = ad = 1. Then the variation with respect to w results in v’ = kr?Fg, /w? =
ke?/r?, or u =r(1 —1/d?) = co — ke?/r. It follows now that

Recalling again that at large distances from the gravitating mass

2kM
goo =1— ;
r

we obtain ¢; = 2kM = ry. In this way we arrive at the metric created by a
charged point-like mass (H. Reissner, 1916; G. Nordtrom, 1918):

26M 2
T T

UM ke
—(1- t o7
"

-1
> dr? — r?(d6? + sin® 0dp?) . (6.35)
;

The horizon radius here is the root

Trn = kM + \/E2M? — ke? (6.36)

of equation
2kM ke
1- = 0.
r r

Of course, of the two roots of this equation we have chosen that one which
goes over into ry = 2kM for e = 0. The Reissner — Nordstrom solution has a
physical meaning only for e? < kM?2. The charged black hole with e = kM?
is called extremal.

It is useful to present another derivation of the Reissner — Nordstrom
solution, a less rigorous one, but one that demonstrates explicitly the origin
of the term ke?/r? in (6.35). Let us start with the Schwarzschild solution
(6.11). When in line with the point-like mass My, there is a distributed mass
m(r), it is natural to perform in expression (6.11) the substitution

M—>Mo+m(r).
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In the present case m(r) is nothing but the part of the electrostatic energy of
the charge e that is confined inside the sphere of the radius r:

F? ez [Tdr e /1 1
— 4 d 2 Or — - = . .
m(r) 7T/ " 81 2 72 2 < To r >

To

As usual, the electrostatic energy of a classical point-like charge diverges lin-
early, and to obtain a finite result one has to introduce a minimum distance
ro. The term e2/(2rg), arising in this way, corresponds to the classical mass
renormalization, and together with the “bare” mass My combines into the

“observable” mass

€2

M=My+ —.
27"()

And the term —e?/(2r) in m(r) leads to the shift

62
M- M- —

2r
in the Schwarzschild metric (6.11), thus resulting in the Reissner — Nordstrom
metric (6.35).
Not only do these considerations lead to the correct result, but they are es-
sentially correct by themselves, differing in fact from the first, rigorous deriva-

tion in the following respect only: here we assume from the very beginning
that ad = 1.
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Interaction of Spin with Gravitational Field

In the present chapter, we use the term spin for brevity to mean the proper
internal angular momentum of a classical particle, unrelated to its motion as
a whole. In this sense one can talk for instance about the spin of a gyroscope
installed on an Earth satellite (see section 7.2 below).

7.1 Spin-Orbit Interaction

We discuss here the interaction of spin s of a particle with its orbital angular
momentum 1, related to the motion of this particle in a centrally symmet-
ric gravitational field. We assume that the field is weak, i.e. is described by
the potential ¢ = —kM/r, where, as usual, M is the mass of a source of a
gravitational field. We are interested here in the interaction linear in spin s.
Since the orbital angular momentum 1 of the particle is orthogonal both to its
radius vector r and momentum p, the spin-orbit interaction, being a scalar,
should be proportional to (Is). It is important that the scalar product (Is) of
two axial vectors is a true scalar (but not a pseudoscalar), which is necessary
in virtue of the invariance under the reflection of coordinates. Then, in a weak
external field the spin-orbit interaction should be proportional to the magni-
tude of this field, i.e. to kM. After it, simple dimensional arguments dictate
the form of the discussed interaction:

——=(Is), (7.1)

where m is the mass of the particle.
We note the correspondence between (7.1) and the operator of spin-orbit
interaction in a hydrogen-like ion with the charge of the nucleus Ze:

Ze?

(here the electron spin s and its orbital angular momentum 1 include the
Planck constant 7 and have the dimension of action, as well as in our classical

em
Vis
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problem). Indeed, from the comparison of the Newton interaction kMm/r
with the Coulomb one Ze?/r (for the charges Ze and — e), the correspon-
dence is obvious between kMm and Ze?, and then between formulae (7.1)
and (7.2). Moreover, the positive sign of the numerical constant in formula
(7.2), originating in fact from the attracting Coulomb interaction, allows one
to suppose that in the gravitational spin-orbit interaction (7.1), originating
from the Newton attraction, a still unfound numerical factor will be positive
as well. This is the case indeed.

Unfortunately, the explicit calculation of this factor is quite tedious.!
Therefore we present here without derivation the complete formula for the
gravitational spin-orbit interaction (A.D. Fokker, 1921):

3 kM

Vie=z —5—=
52 me2r3

(Is). (7.3)

The equations of motion for spin are written via the Poisson brackets:

ds
a = {st S}'
Using the Poisson brackets for the spin components {s;, s;} = —¢;jrsk (they

should have the same structure as those for the components of the orbital
angular momentum), we obtain

s _ 3 MM Gy
dt 2 me2r3 '

Thus, the spin precesses with the angular velocity

3 kM

n=2"r"
2 mc2r3

1. (7.4)

Problem

7.1. In the gravitational field of a central body, a particle describes an ellipse
with semi-major axis a and eccentricity e. Calculate the frequency of the spin
precession averaged over the period. It is convenient to go from averaging over
time to averaging over the angle ¢ by means of relations

at _ d¢ (1—e2)3/2 1 14ecos¢ (75)
T 27 (l+ecosp)?’ r  a(l—e?)’ '

'Relatively economic calculation is described in the end of this chapter.
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7.2 Spin-Spin Interaction

Now we discuss the interaction of the spin s of a probe particle with the spin

so of a source of gravitational field. To linear approximation, sy influences

only the components hg, of the gravitational field of a source. We note at

once that go, = 7on + hon = hon. One can easily demonstrate that hg,, = h°".

Since we are interested here only in the effects due to the proper rotation of

the source of the field, then all other components of h,, can be neglected.
At first we try to guess the general structure of the vector

g = (ho1, ho2, ho3) = (go1, 902, go3) -

It enters the interval ds? in the combination go, dtdz™. Since the interval does
not change sign under time reversal dt — —dt and is a true scalar (not a
pseudoscalar), the vector g should change sign under time reversal together
with dt, and should be a polar (not axial) vector together with dz". Due
to the first requirement, g is proportional to sg; indeed, spin, like orbital
angular momentum, changes sign under time reversal. However, spin is an
axial vector, therefore, it should enter the expression for the polar vector g
in the combination r X sp, where r is the radius-vector of the probe particle.
Then, in the weak-field approximation g should be proportional to the Newton
constant k. And finally, simple dimensional arguments prompt that

r X So

g~k (7.6)

c3r3
The direct calculation is not much more complicated. In the stationary
case the equation for hg,, is (see (4.7)):

Ahop = 167k Ty, - (7.7)

We assume that the internal motion in the source is nonrelativistic and rewrite
the right-hand side of this equation as 16wkpv,, = —167kpv™, where p is the
mass density of the source, and v™ are the common, contravariant, components
of the local velocity vector v. It is clear now that equation (7.7) for the vector g
coincides up to notations with the stationary equation for the vector-potential
A in electrodynamics. Using the well-known solution of this last equation,?

we find easily
r X 8o

g=—-2k (7.8)

313

Now we consider the motion of the vector of spin s of a probe particle
in the gravitational field (7.8). We start with the covariant equation of mo-
tion for spin. The covariant vector of spin of a particle S, is defined in the
flat space-time as follows. In the rest frame of the particle it has only space

2See, for instance, L.D. Landau and E.M. Lifshitz, The Classical Theory of Fields,
§ 44.
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components, i.e. in this frame S, = (0,s), and in any other frame its compo-
nents are found by means of the Lorentz transformation from the rest frame.
The conservation of angular momentum in flat space-time means that the free
covariant equation for spin is

ast
= 7.
dr 0 (79)

(in the present chapter we denote the proper time by 7). Due to the principle
of equivalence, in the gravitational field equation (7.9) goes over into

DS*
=0. 7.10
Dr ( )
Now we rewrite equation (7.10) as
as*
T'* S%u™ =0 7.11
dT + vT U ) ( )

and note that for the present problem of a nonrelativistic probe particle it is
sufficient to put its velocity v = 0. Then, with S* = (0,s) and w* = (1,0),
equation (7.11) simplifies to

ds™
% = _F:Lnosn = Fm,nOSn = % (VnhOm - thOn)Sna
or d
S C
% = 5 s X [V X g] .

Thus, spin s precesses in such a gravitational field with the angular velocity
(L. Schiff, 1960)

3r(rsg) — r’sp

w:—g[ng]:k (7.12)

25
The corresponding Hamiltonian of the spin-spin interaction appears as follows:

(rso)(rs) —r?(sps)

3
Vss = (ws) =k 2,5

. (7.13)

Let us note that the spin precesses in such a way as if it were considered in
a reference frame rotating with the angular velocity — w with respect to the
inertial frame where spin is at rest. In this sense one can talk about “dragging”
the inertial frame with the angular velocity — w caused by the proper angular
momentum of the source of gravitational field.
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Problems

7.2. Prove relation hg, = ho".

7.3. A thin spherical shell of radius R rotates with an angular velocity 2. Its
total mass is distributed uniformly. Find the metric outside and inside the
shell, assuming that the deviation of the metric from the flat one is small.
Find the angular velocity w of dragging inertial frames inside the shell.

7.4. Find the contribution to the deviation of beam of light due to the rota-
tion of gravitating center. Assume that the plane of motion of the beam is
orthogonal to the axis of rotation of the center.

7.5. A satellite with gyroscope is on an orbit around the Earth. Estimate the
frequency of the gyroscope precession 1) due to the spin-orbit interaction, 2)
due to the spin-spin interaction with the proper angular momentum sg of the
Earth rotation. How should one orient the gyroscope axis with respect to the
plane of the satellite orbit, and the plane of orbit with respect to sq, to amplify
in a maximum way the relative contribution of the second effect with respect
to the first one?

Fig. 7.1. Shift of interference fringes

7.6. Beams of light emitted by a source situated at point A, propagate along
the paths ABC and ADC, and interfere on the screen situated at point C' (see
Fig. 7.1). At the center of the square ABC'D there is a rotating body with the
rotation axis orthogonal to the plane of the square. Estimate numerically the
shift of the interference fringes due to the rotation, if the rotating body is the
Earth, and the side of the square equals the Earth diameter (1. B. Khriplovich,
O.L. Zhizhimov, 1980).
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7.3 Orbit Precession Due to Rotation of Central Body

Rotation of a central body causes the precession not only of the spin of a
particle, but the orbit of this particle as well. Not only the perihelion, i.e. the

Runge — Lenz vector

1 kmMr

A= —[pxl- ——, (7.14)

m
precesses now, as this is the case in the central field due to the nonlinear cor-
rection to the potential. In the present case, due to the noncentral correction
to the field, the orbital angular momentum 1 is not conserved also. It pre-
cesses, and with it the plane of the orbit precesses as well since the normal to
it is directed along 1 (J. Lense, H. Thirring, 1918).

The correction to the Lagrangian L = —mds/dt of a particle with mass
m, due to nonvanishing vector g, is

2km
0L = —mc(gv) = — 2,3 ([r x v]sp).

The corresponding correction to the particle Hamiltonian is

2k
‘681 = 4444'(801). (7.15)

c2r3

Let us draw attention to the analogy between the gravitational effects,
discussed in the present chapter, and effects from atomic physics. For the spin-
orbit interaction (7.3) this analogy has been already mentioned. In the present
case, the spin-spin interaction (7.13) is an obvious analogue of the hyperfine
spin-spin interaction,® and (7.15) corresponds to the hyperfine interaction of
the electron orbital angular momentum with the nuclear spin.

Equation of motion for the orbital angular momentum of the particle ap-

pears as follows:

dl 2k

o = {Vis1,1} = 2,3 [so x 1],
i.e. the orbital angular momentum of the particle, together with the plane of
its orbit, precesses with the angular velocity

2k

w1 = —5—=5 Sp-
c2r3

The angular velocity averaged over the period is

2k

(wi) = mso- (7.16)

The time derivative of the Runge — Lenz vector (7.14) is calculated in an
analogous way. Its averaged angular velocity is

30f course, we do not mean here atomic s-states where the last interaction is of
the contact nature, i.e. is proportional to §(r) instead of 1/r®.
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(w2) = 02a3(12keZ)3/2 [So -3 l(lpso)} . (7.17)

Obviously, it can be said that the plane of the orbit, together with 1, also
precesses with the averaged angular velocity (w2). In other words, (ws) is the
angular velocity of the precession in space of the ellipse of the orbit as a whole.

Problems

7.7. Prove formulae (7.16) and (7.17).

7.8. What is the form of the gravitational spin-orbit and spin-spin interaction
in the two-body problem for particles with different masses my, ms and spins
S1, So7

7.4 Equations of Motion of Spin in Electromagnetic Field

In the next section the general problem of the spin precession in an external
gravitational field will be reduced to the analogous problem for the case of an
external electromagnetic field. The equations of motion for spin of a relativistic
particle in electromagnetic field are not directly related to GR, and besides,
they are well known.* However, at least to make the presentation coherent, we
will consider in this section just the problem referring to the electromagnetic
field.
We start with the spin precession for a nonrelativistic charged particle.

The equation that describes this precession is well known:

) eg

§= 5 [s x B]. (7.18)
Here B is an external magnetic field, e and m are the charge and mass of
the particle, g is its gyromagnetic ratio (for electron g ~ 2). In other words,
the spin precesses around the direction of magnetic field with the frequency
—(eg/2m)B. In the same nonrelativistic limit the velocity precesses around
the direction of B with the frequency —(e/m)B:

v=S[vxB].
m

Thus, for g = 2 spin and velocity precess with the same frequency, so that the
angle between them is conserved.

Now we are going over to the relativistic generalization of equation (7.18).
We will use here at first the four-dimensional vector of spin S,,, already dis-
cussed in section 7.2. In the reference frame where the particle moves with

4See, for instance, V.B. Berestetsky, E.M. Lifshitz, and L.P. Pitaevsky, Quantum
Electrodynamics, § 41.
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velocity v, the vector S, is constructed from (0,s) by means of the Lorentz
transformation, so that here

2
22v(vs)
So=7vs, S=s4+ ——* 7.19
0="7 ] ( )
Then, just by definition of S, the following identities take place:
S,S, = —s*(=const), S,u, =0; (7.20)

as usual, here u,, is the four-velocity.

The right-hand side of the equation for dS,,/dr should be linear and ho-
mogeneous both in the electromagnetic field strength F),,, and in the same
four-vector S, and may depend also on u,. In virtue of the first identity
(7.20), the right-hand side should be four-dimensionally orthogonal to S,,.
Therefore, the general structure of the equation we are looking for, is

as,

W = aF/J,VSl/ + /BU,U,FU)\UVS)\ . (721)

Comparing the nonrelativistic limit of this equation with (7.18), we find

_ 4
o2m’
Now we take into account the second identity (7.20), which after differentiation
in 7 gives
as, du,
p dr odr
and recall the classical equation of motion for a charge:

duy

me =eFu, . (7.22)

Then, multiplying equation (7.21) by u,, we obtain

e

6:—%(9—2)-

Thus, the covariant equation of motion for spin is

% - %FWS,, - % (g — 2)u, Fyti Sy (7.23)
(Ya.I. Frenkel, 1926; V. Bargman, L. Michel, V. Telegdi, 1959).

Let us discuss the limits of applicability for this equation.

Of course, typical distances at which the trajectory changes (for instance,
the Larmor radius in a magnetic field) should be large as compared to the
de Broglie wave length i/p of the elementary particle. Then, the external
field itself should not change essentially at the distances on the order of both
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the de Broglie wave length 7i/p and the Compton wave length 7/(mc) of
the particle. In particular, if the last condition does not hold, the scatter of
velocities in the rest frame is not small as compared to ¢, and one cannot use
in this frame the nonrelativistic formulae.

Besides, if the external field changes rapidly, the motion of spin will be
influenced by interaction of higher electromagnetic multipoles of the particle
with field gradients. For a particle of spin 1/2 higher multipoles are absent,
and the gradient-dependent effects are due to finite form factors of the particle.
These effects start here at least in second order in field gradients and usually
are negligible.

At last, in equation (7.23) we confine to effects of first order in the external
field. This approximation relies in fact on the implicit assumption that the
first-order interaction with the external field is less than the excitation energy
of the spinning system. Usually this assumption is true and the first-order
equation (7.23) is valid. Still, one can easily point out situations when this
is not the case. To be definite, let us consider the hydrogen-like ion 3He™ in
the ground s-state with the total spin F' = 1. It can be easily demonstrated
that an already quite moderate external magnetic field is sufficient to break
the hyperfine interaction between the electron and nuclear magnetic moments
(a sort of Paschen — Back effect). Then, instead of a precession of the total
spin F of the ion, which should be described by equations (7.18) or (7.23)
with a corresponding ion g-factor, we will have a separate precession of the
decoupled electron and nuclear spins.

Let us go back now to equation (7.23). We note that for g = 2 and in the
absence of electric field, its zeroth component reduces to

sy
dr

Taking into account definition (7.19) for Sy and the fact that in a magnetic
field a particle energy remains constant, we find immediately that the projec-
tion of spin s onto velocity, so-called helicity, is conserved.

We will obtain now the relativistic equation for the three-dimensional vec-
tor of spin s, that directly describes the internal angular momentum of a par-
ticle in its “momentary” rest frame. This equation can be derived from (7.23)
using relations (7.19), together with the equations of motion for a charge in
external field. It will require, however, quite tedious calculations. Therefore,
we choose another way, somewhat more simple and much more instructive.

First, we transform equation (7.18) from the comoving inertial frame,
where the particle is at rest, into the laboratory one. The magnetic field B’ in
the rest frame is expressed via the electric and magnetic fields E and B given
in the laboratory frame, as follows:

2

B =~B —
K v+1

v(vB) — v x E.
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This expression can be easily checked by comparing it component by com-
ponent with the transformation of magnetic field for two cases: when this
field is parallel to the velocity and orthogonal to it, respectively. Then
one should take into account that the frequency in the laboratory time ¢
is v times smaller than the frequency in the laboratory time 7 (indeed,
d/dt = dr/dt - d/dr = v~'d/dr). Found in this way contribution to the pre-
cession frequency is

S y——

2m y+1

v(vB) —v x E|.

However it is clear from equation (7.23) that spin precesses even if
g = 0. To elucidate the origin of this effect, the so-called Thomas preces-
sion (L. Thomas, 1926), we consider two successive Lorentz transformations:
at first from the laboratory frame S into the frame S’ that moves with the
velocity v with respect to S, and then from S’ into the frame S” that moves
with respect to S’ with the infinitesimal velocity dv. Let us recall in this
connection the following fact related to usual three-dimensional rotations: the
result of two successive rotations with respect to noncollinear axes n; and ns
contains in particular a rotation around the axis directed along their vector
product n; X ny. Now it is only natural to assume that the result of the above
successive Lorentz transformations will contain in particular a usual rotation
around the axis directed along dv x v. In result, spin in the rest frame will
rotate in the opposite direction by an angle which we denote by s [dv x v].
Here s is some numerical factor to be determined below. It depends generally
speaking on the particle energy.

This is in fact the Thomas precession. Its frequency in the proper time 7
is B

Wi =sx[dv/dr x v]= K [E' x v].

Now we transform the electric field E’ from the proper frame into the labo-
ratory one, as it was done above for the magnetic field B’, and go over also
from the proper time 7 to t. In result, the frequency of the Thomas precession
in the laboratory frame is

wT:%% {(E— ij_lv(vE)—vaB) xv]

[V xE—v’B+ V(VB)] .

—

m
To find the coefficient s, we recall that in a magnetic field, for ¢ = 2 the
projection of spin onto the velocity is conserved. In other words, in this case
the total frequency of the spin precession w = wy + wr coincides with the
frequency of the velocity precession which is well known to be

wU:—LB.
my
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From this we find easily that > = v/(y + 1) . Correspondingly, the relativis-
tic equation of motion for the three-dimensional vector of spin s in external
electromagnetic field is

ds e 2
— = = — —24 = B
= ror) xs= oo {(s-2+ 2 xmy

4972)71 [sxv](vB)(gﬁzl) [sx[vxE]]}. (7.24)

Problems

7.9. Derive equation (7.24) directly from (7.23).

7.10. Obtain the Hamiltonian of spin-orbit interaction in hydrogen atom from
equation (7.24).

7.11. Derive equation of motion of the quadrupole moment of a relativistic
particle in homogeneous electric and magnetic fields. In the rest frame, the
operator of quadrupole moment is

3q 2
mn = 5 /6. 45 |SmSn nSm — 3 15mn
Gmn = 555 =1 |SmSn +snsm = 3841

7.5 Equations of Motion of Spin in Gravitational Field

It has been pointed out in section 7.2 that the covariant equation of motion
for spin is Ds
m
I 0. (7.25)
However, the notion of spin is directly related to the group of rotations. It is
only natural, therefore, to describe spin in the local Lorentz coordinate frame
using the tetrad formalism (see section 3.1). The tetrad components of spin

a __ Qua
S—Seu

(by the first letters of the Latin alphabet, a,b, ¢, d, we label here and below
four-dimensional tetrad indices) behave as vectors under Lorentz transforma-
tions of the locally inertial frame. However, they do not change under generally
covariant transformations z# = f#(z'). In other words, the four components
S are world scalars. Therefore, in virtue of relation (7.10), the equations for
them appear as follows:

DS*  dS®
Dr = dr

= Ste,. u” = N vpeq utSe . (7.26)
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The covariant derivative of a tetrad is by definition

a _ a ¥ _a
€piv = ayeu -1,

and the quantity
Yabe = €ap;v €gez (727)

is called the Ricci rotation coefficient. By means of covariant differentiation
of the identity eq, eg‘ = 7)ap, ONe can easily demonstrate that these coefficients
are antisymmetric in the first pair of indices:

Yabe = —Vbac - (728)

Of course, the equations for the tetrad components of a 4-velocity look
exactly in the same way as those for spin:

du®

dr

= n%peq uduc. (7.29)

The meaning of equations (7.26) and (7.29) is clear: the tetrad components
of both vectors vary in the same way since their variation is due only to the
rotation of the local Lorentz frame.

There is a remarkable similarity between the discussed problem and the
special case of g = 2 in electrodynamics. According to equations (7.23) and
(7.22), the four-dimensional spin and four-dimensional velocity of a charged
particle with the gyromagnetic ratio ¢ = 2 precess with the same angular
velocity:
dug e

ds, e
@ - ZF,8° = = b,
dr R s

In other words, the obvious correspondence takes place:

e
— Lap < Vabcuc~ (730)
m

It allows us to derive the precession frequency w of a three-dimensional vector

of spin s in an external gravitational field from expression (7.24) by means of
the simple substitution

e 1 e
— B, — — = €iVrieuS; — Ei — yoicu. (7'31)
m 2 m

Thus, this frequency is (I.B. Khriplovich, A.A. Pomeransky, 1998)

1 uk u®
Wi = €5kl (2 Ykle + r—l—l 'Y()lc) uio. (7~32)

The factor 1/uS in expression (7.32) is due to the transition in the left-hand
side of equation (7.26) to differentiating over the world time ¢:
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d _dtd _ ,d

dr  drdt "t
We supply here u® with the subscript w to indicate that this is the world, but
not the tetrad, component of 4-velocity. All other indices in (7.32) are tetrad
ones, ¢c=0,1,2,3, 2,k,1=1,2,3.

However, in some respect the first-order spin interaction with a gravita-
tional field differs essentially from that with an electromagnetic field. In the
case of an electromagnetic field, the interaction depends, generally speaking,
on a free phenomenological parameter, g-factor. Moreover, if one allows for
the violation of invariance both under the reflection of space coordinates and
under time reversal, one more parameter arises in the case of electromag-
netic interaction, the value of the electric dipole moment of the particle. The
point is that both magnetic and electric dipole moments interact with the
electromagnetic field strength, so that this interaction is gauge-invariant for
any value of these moments. Only the spin-independent interaction with the
electromagnetic vector potential is fixed by the charge conservation and gauge
invariance. On the contrary, the Ricci rotation coefficients 7,4, entering the
gravitational first-order spin interaction (7.26), as distinct from the Riemann
tensor, are noncovariant. Therefore, the discussed interaction of spin with
gravitational field is fixed in unique way by the law of angular momentum
conservation in flat space-time taken together with the equivalence principle,
and thus it contains no free parameters (L.D. Landau). On the other hand, it
is no surprise that the precession frequency w depends not on the Riemann
tensor, but on the rotation coefficients. Of course, this frequency should not
be a tensor: it is sufficient to recall that a spin, which is at rest in an inertial
reference frame, precesses in a rotating one.

One can check easily that in the weak-field approximation where

Juv = Nuv + hMV’ |h;w| <1,

there is no difference between the tetrad and world indices in eq,, and the
tetrad appears as follows:

e = Nuv + €y €| < 1.
Relation between the tetrads and metric
eapebn®™ = Guv
in the weak-field approximation reduces to
Euv + €y =Py .

Under the demand that tetrads are expressed via metric only, one arrives at
the so-called symmetric gauge for the tetrads where

- 1
Cuv = §huy.
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Then in the weak-field approximation the Ricci coefficients are:

Yabe = % (hbc,a - hac,b) . (733)
Now, with relations (7.32) and (7.33) one can solve, for instance, in an
elementary way the problems of spin-orbit and spin-spin interactions for ar-
bitrary particle velocities. The combination of a high velocity for a spinning
particle with a weak gravitational field refers obviously to a scattering prob-
lem. Another possible application is to a spinning particle bound by other
forces, for instance, by electromagnetic ones, when we are looking for the cor-
rection to the precession frequency due to the gravitational interaction. So,
let us consider the spin-orbit and spin-spin problems.
We start with the spin-orbit interaction. In the centrally symmetric field
created by a mass M, the metric is
2kM Tg 2kM

hoo = — L = s hpn = — = 0mn = ——— dmn - (734)
r r r r

Here the nonvanishing Ricci coefficients are

kM kM
Yigk = 5 (Ojkri = dri) s Yo = = 5T (7.35)

Plugging these expressions into formula (7.32) yields the following result for
the precession frequency:

27+ 1 kM
— vV
v+ 1 r3

Wi = XT. (7.36)
In the limit of low velocities, v — 1, the answer goes over into the classical
result (7.4).

And now the spin-orbit interaction. Using expression (7.8) for the compo-
nents of the metric due to the spin sy of central body, we find the nonvanishing
Ricci coeflicients:

So X 1]; So X 15 So X 1],
'Yijok(vi[o : ]J*Vj[0 : ]), ’YOij:*kviQ- (7.37)
r r r
The frequency of the spin-spin precession is
1 1
Wes = k (2 - ) (50V)V =
v r
1
- 71 - [V(s0V) = 80(vV) + (vs0) V] (vV) . (7.38)

In the low-velocity limit this formula also goes over into the classical result
(7.12).
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Problems
7.12. Prove identity
Caps X — ’Yabxez = Oxeap — FZ,\eap - %b,\ez =0
for the tetrad. Compare it with identity
Guvix = g — I3 gow — I8, 9up = 0
for the metric tensor.
7.13. Is €}, a tensor in the Riemann space?

7.14. Find the frequency of spin precession in the Schwarzschild field for cir-
cular orbits (beyond the weak-field approximation) (7.A. Apostolatos, 1996).
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Gravitational Waves

8.1 Free Gravitational Wave

In this chapter (as well as in the previous one) we do not go beyond the linear
approximation to the Einstein equations.! In the linear approximation, under
the auxiliary harmonic condition (4.6), the gravitational field is described by
equation (4.7). The solutions of the corresponding free equation are gravita-
tional waves.

We demonstrate first of all that for an arbitrary weak field h,, (x) one can
always choose such a coordinate transformation

o't =zt + et (x),

after which the transformed field hj,, (z’) will satisfy condition (4.6). Indeed,
in virtue of the transformation law (3.6) as applied to the metric tensor g, =
Nuv + Py, the following relation takes place

;. oxf 0x"
v + i (2') = BT W{WT +hpr (2)] = Ny + By (2) — O () — Duep (),
or
P () = hyw () = Ope, () — dpeu(z). (8.1)

Let us note that since both h,, and ¢, are small, there is no reason to distin-
guish in the arguments of these functions x and z’. Now

1 1
O, () — 3 vl (x) = Ophy (x) — 3 Oyhyy(x) — Oey ().

Thus, for an arbitrary initial h,, (), by choosing the vector parameters ¢, (z)
in such a way that they satisfy the equation

!Only in section (8.6) we discuss a weak gravitational wave radiated during the
motion in a strong external gravitational field.
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L (@), (8.2)

Oey(x) = 0phyw(x) — 5

one can always make h/,, () satisfying the harmonic condition
!/ 1 /
8th(x) ~ 35 8l,hw(m) =0.

However, this condition still does not fix the reference frame uniquely. Obvi-
ously, one can perform over the field h,,, (z), for which the harmonic condition
is valid, a new coordinate transformation (8.1) with parameters ¢, (x) satisfy-
ing the condition

Oe,(z) =0.

The harmonic condition, combined with the possibility of this last addi-
tional coordinate transformation, allows one to fix the tensor structure of a
plane wave. So, let h,,(z) = e e~ . In virtue of wave equation (4.7), the
4-vector k,, satisfies the condition k* = 0. The harmonic condition for the
polarization tensor e,, appears as follows:

1
kueu, — 5 kveu, =0. (8.3)

We choose the wave vector as k, = w(1,0,0,1). Then the components v =
a = 1,2 of equation (8.3) give

€a0 = €a3 -
The sum of the components with ¥ = 0 and v = 3 results in
€aq = €11 + €22 = 0.

Then it follows from the component with v = 0 that

1
€03 = B (€go + €33) -

Now we perform the additional transformation with parameters ,(xz) =
- —ikx.
i€ € :
o
€ = €uv — kucw — kye, .
Putting in it
€00 €33

Ea = (a:]-v?)a 60:2w7 EB:QW,

we turn to zero
/ / /
€a3s €005 €335

respectively. In the result, the polarization tensor has only two independent
components:
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€11 = —€22, €12 = €21

(we omit the primes now).
Let us consider how the 2 x 2 matrix

€11 €12
€12 —€11

transforms under the rotation by angle ¢ around the z axis. This transforma-
tion €/, = OucOpgecd, where

0= ( cos ¢ singzﬁ)

— sin ¢ cos ¢
is conveniently rewritten as ¢/ = O e OT. After it we find easily
el =cos2¢per; +sin2¢ern, €y = —sin2¢er; + cos2pers.
Now we go over from the linear polarizations e11, e12 to the circular ones

. —e11 Fieq2
t=—
V2

For ey this transformation appears as follows:
ey =eT?ey . (8.4)

By the analogy with the quantum of electromagnetic field, the photon,
one introduces the notion of graviton, the quantum of the gravitational field.
The transformation law (8.4) means that the projection of the total angular
momentum of a graviton onto the direction of its momentum, i.e. onto z axis,
equals & 2. And since the projection of the orbital angular momentum onto the
momentum vanishes identically, it means that the projection of the graviton
spin onto the direction of its motion, i.e. its helicity, is +2. Let us recall
that the photon helicity is & 1. The more general assertion is valid: for any
(nonzero) spin s of a massless particle, this particle has only two polarization
states, with helicities =+ s.

One more remark concerning the graviton. In chapter 4 it was demon-
strated that the requirement of general covariance fixes strictly the form of
the second-order equation for the gravitational field. In this way, as strictly
fixed is the linear approximation to this equation, and it follows explicitly
from the linear approximation that the gravitational field is massless. The
only additional assumption made, that of the absence of the cosmological
constant, is in fact inessential for this conclusion. It can be easily seen that
in the weak-field limit the cosmological term in the wave equation reduces to
a constant, but not to the additive term fmzhl“,, which would correspond
to a finite mass. Thus, in the generally covariant second-order equation there
is no place for the nonvanishing graviton mass. There are no experimental
indications of the finite mass of the gravitational field. Its detection would
mean a cardinal going beyond the framework of GR.
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Problems

8.1. Find the components of the Riemann tensor for a plane gravitational
wave propagating along the z axis.

8.2. Find how the relative distance between two particles changes with time
under the action of a plane gravitational wave propagating along the z axis.
Assume that the particles were initially in the plane xy.

8.3. Find the frequency of spin precession in the field of a plane gravitational
wave propagating along the z axis.

8.2 Radiation of Gravitational Waves

We come back now to equation (4.7). Taking its trace and thus expressing
T\ through hyy, we rewrite this equation as

Oy = 167k Ty (8.5)

where ¢, = hy, — %nwh,\,\. It is clear from equation (8.5) that the har-
monic condition 0,%,, = 0 agrees in a natural way with the conservation
law 0,7, = 0. It should be noted that though equation (8.5) is linear in the
field of a gravitational wave, it is not necessarily linear in a gravitational field
in general. Indeed, it is sufficient to consider a simple case when the source
is a system of nonrelativistic particles bound by gravitational forces. Obvi-
ously, without the account for the stress tensor quadratic in the gravitational
potential ¢, T}, will not be conserved.
The retarded solution of equation (8.5) is

dr' T, (v',t — R —1'|)
y(R,t) = —4k A
Vel Bet) = —ak [ S

As it was shown in section 8.1, in the wave zone hy) — 0, so that in this region
Y — hy, and, moreover, h,, has pure space components only. Besides, here
one can change in the denominator for R > r’, as usual, |R — r/| — R. Thus,
at large distances we have

4
hmn(Rat) = - ﬁk / dr/Tmn(rlat - |R_ P/D'

For a system of nonrelativistic particles, the integrand in the right-hand
side is conveniently transformed in such a way that instead of T),,, which
depends on details of the motion and interaction of these particles, only their
mass distribution enters this integrand. To this end, we at first integrate with
the weight x) the conservation law 0,7}, = 0:
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/dr Ik(aoTon + 6men) = 8t/drxk Ton — /dI‘Tkn =0.

With the account for the symmetry Ty, = T,i, we rewrite the obtained
relation as

1
/dI‘Tkn = §8t/dr(ka0n+anok).

In the analogous way, integrating with the weight z;x; the conservation law
0,T,0 = 0, we obtain

/dI’Jik X (60T00 + 8me0) =0 /drxk x; Too — /dI’ (Z‘k Tor + TOk) =0.

Thus,
2k
R = — = af/drmm Zn Tho-

We recall now that for a nonrelativistic system Ty coincides with the mass
density p, and that h,, = 0. Then the result is expressed through the
quadrupole moment ¢,,, of the mass distribution:

2k

hmn = ﬁ (j’mn ) dmn = /dI’ ( 3xm Tn — r26mn) p- (86)

The result is quite natural for the following reasons.

If the multipole expansion of the vector-type electromagnetic radiation,
i.e. of the field in the wave zone, starts with the dipole term, one could expect
from the very beginning that for the tensor-type gravitational interaction such
an expansion should start with the quadrupole.

On the other hand, it is well known that for a system of particles with
the same ratio e/m there is neither electric dipole radiation, nor magnetic
dipole?. And for the gravitational field the role of e/m is played by the ratio
of the gravitational mass to the inert one, which according to the principle of
equivalence, is the same for all particles. Therefore, there should be no dipole
gravitational radiation.

Now we go over to the calculation of the gravitational radiation intensity.
To this end we need the energy flux density of the gravitational field, i.e. tf
component of its energy-momentum tensor (EMT). As to the EMT of matter
T#, it satisfies the condition

1
TV, =T +TH TP —TF TH= —
q W o1 wrtp N

Due to the term —1I" ZVTA‘ in this relation, the matter EMT T is not conserved,
which is quite natural in the presence of the gravitational field. But then one

Ou(V—=gT})—1%,Ty)=0.

2See, for instance, L.D. Landau and E.M. Lifshitz, The Classical Theory of Fields,
867,71.
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should build from g, (or h,,) such a structure ¢/ that would guarantee the
relation

1 o Y] —

Then we obtain in the standard way the conservation law for the 4-momentum:

P, = /dr\/—g (T° +t%) = const . (8.7)

However, there is no true tensor t#. Indeed, in virtue of the equivalence prin-
ciple, one can always choose a reference frame in such a way that at any given
point the metric will be flat and its first derivatives will turn to zero. But
then the structure t#, which is built from the first derivatives, turns to zero
as well. For a true tensor it means that the tensor vanishes identically. Still, a
corresponding pseudotensor t¥, which behaves as a tensor under linear coor-
dinate transformations, can be constructed, and even not in a unique way. For
an asymptotically flat system the corresponding total energy and momentum
are conserved and defined uniquely by the integrals (8.7).

In the case of interest to us, that of a weak gravitational wave, the con-
struction of the pseudotensor t# is sufficiently simple. Let us start with the
action (6.8). We note first of all that in our case the term

—V=99"' 1", ', = 0,(V—99"" )"},

in the action turns to zero in accordance with the harmonic condition (6.15)
and therefore can be immediately omitted. By the way, it can be easily demon-
strated that the second factor in this term, F;T , also vanishes for the gravita-
tional wave. Other terms of second order in h,,, in the action, after integrating

by parts and omitting total derivatives, reduce to

1
55(12) — m /d4$ huy,phuy7p .

We have taken into account here the harmonic condition and the fact that
huu = 0. Recalling also that hg, = 0 in the wave, we present the integrand,
which is the Lagrangean density for the free gravitational wave, as follows:

1
L® = 1o oo Bmn o (8.8)

Now the energy flux density is calculated in the usual way:>

oLy _ 1
Ohmn,s  32mk "

t3 = Bmn.o (8.9)

We have taken into account here that in a plane wave Ay, 3 = —hmn, 0 -

3See, for instance, L.D. Landau and E.M. Lifshitz, The Classical Theory of Fields,
§32.
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In a plane wave propagating along the axis 3 the contraction h.,phmn
reduces to h3, + h3, + 2h3, . However, the calculation of the total intensity
requires integrating over the angles, i.e. over the directions n of the wave
propagation. Therefore, the expression h?, + h3, + 2h3, should be rewritten
in the form valid for an arbitrary n, but not only for that directed along the
axis 3. First, the tensor, the square of which enters the result, should belong
to the plane orthogonal to n, i.e. it should satisfy the condition n,,hy,, = 0.
Such transverse tensor is

hyJ;m = Rn — N Rin, — NN R + N Mn M35 hz]
But still this is not all. The needed tensor should also be traceless. Therefore,
its correct form for an arbitrary direction n is

. 1
R = hi: . — 5 Gmn = 1) hi: .

Thus, the contraction entering the answer, for an arbitrary n equals Bonn Ponn
Simple transformations give

1

It is convenient to average at once this expression over the directions of n. By
means of formulae

1
(ning) = = 6ij, (ninjnmn,) =

1
3 e (6ij 6mn + 6im 5jn + 6in 5jm) ) (810)

15

we obtain

2
<hmn hmn> = g hmn hmn . (811)

Now, with relations (8.6), (8.9), and (8.11), we obtain the final result for
the total intensity of the gravitational quadrupole radiation (A. FEinstein,
1918; M. von Laue, 1918):

I = 47 R? 32% (P o) = 45% G mnd mn - (8.12)
We have restored in the last expression the explicit dependence on the velocity
of light c.

As it should be expected, the obtained result (8.12) is very close in struc-
ture to the corresponding formula for the electromagnetic quadrupole radia-
tion.* In particular, it is also of fifth order in 1/c.

The discussed effect is extremely small, the registration of gravitational
radiation from any conceivable source on the Earth is absolutely unrealistic.

4See, for instance, L.D. Landau and E.M. Lifshitz, The Classical Theory of Fields,
§71.
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Problem

8.4. Derive relations (8.10).

8.3 Gravitational Radiation of Binary Stars

As to the detection of gravitational waves from cosmic sources, and from
binary stars in particular, the situation is different. Let us consider, therefore,
in more detail the problem of gravitational radiation of two bodies bound by
gravitational interaction. If the distance between the bodies is much larger
than the size of both, these bodies can be considered as point-like. Then

p(r) =m1é(r —ri(t)) + m26(r —ra(t));

here m4 o are the masses of the bodies, rq2(t) are their trajectories. The
quadrupole moment of the system is

dmn = M (37”an - r26mn)a

where p = mimg/(mq +mg) is the reduced mass, and r = r;(t) — ra(¢) is the
relative coordinate. Using the equation of motion

m =mi+ ms,

and the result of its differentiation over time,

kem [V_ 3r(rv)}7 _—

3 2
we obtain
km1m2 2 2 9 2
G mnq mn = 24 ( 3 > [127’ V7 — 11(I‘V) }
k;mlmg 2 12
=24 ( 3 ) r?v? + 11 2| (8.13)

where 1 = g [r x v] is the orbital angular momentum of the system.

In the simple case of a circular orbit (when (rv) = 0), we get easily the
total intensity of radiation, i.e. the energy loss in unit time:
dE 32 E*mim3(my +mo)

= : (8.14)

=%
dt 5 cdrd

This energy loss results in particular in a decrease in orbital period T'. This
decrease can be expressed via the world constants £ and ¢, and via masses
my, mg, and period T itself, which are measurable. The result for a circular
orbit is
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L1027k T\ TP
T=— 55 (27r) mymy (my +mg) 2. (8.15)

The gravitational radiation even of binary stars has not been directly mea-
sured up to now. There is, however, convincing quantitative proof that it
indeed exists. The detailed measurements of the pulses of radio waves from
the binary pulsar B1913+16 (see short information on it in section 6.4) have
demonstrated that the orbital period of this binary star decreases with the
rate —(2.4056 #+ 0.0051) x 10712 s/s. The effect is exactly the same quanti-
tatively as it should be due to the energy loss caused by the gravitational
radiation. The ratio of the measured rate T, to the calculated one T, (of
course, with the account for the orbit eccentricity, see problem 8.7) is

Tm
T = 1.0013 £ 0.0021.

c

Let us note that the energy of gravitational waves is huge in the present case,
it is quite comparable to the total energy of the Sun’s radiation.

It is expected that in the next few years the gravitational radiation of bi-
nary stars will be directly registrated by detectors using laser interferometers.

Problems

8.5. Derive relation (8.13).
8.6. Derive formula (8.15).

8.7. Find the relation between the energy loss and the change of the orbital
angular momentum, caused by the gravitational radiation, for the circular
orbits of components of a binary star.

8.8. Find the intensity of the gravitational radiation, averaged over the rota-
tion period, for the elliptic orbits of components of a binary star (P.C. Peters,
J. Matthews, 1963).

8.9. Find the change of the orbital angular momentum, averaged over the
rotation period, for the elliptic orbits of components of a binary star (P.C.
Peters, 1964).

8.10. Find the change of the eccentricity of elliptic orbits of the components
of a binary star (P.C. Peters, 1964).

8.11. Find the change of rotation period for elliptic orbits of the components
of a binary star (P.C. Peters, 1964).
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8.12. A particle with the velocity v, < 1 at infinity and the impact param-
eter p = 2ry(1 4 0)/v, 6 < 1 scatters on a black hole (see problem 6.14).
Estimate the total energy loss due to the gravitational radiation if the particle
goes to infinity again (Ya.B. Zel’dovich, I.D. Novikov, 1964). How does the
total cross-section change due to the gravitational radiation?

8.13. Let us assume that there is a massless scalar field interacting with the
energy-momentum tensor of the usual matter. Estimate the intensity of the
radiation of this scalar field by a binary star.

8.14. Estimate the total energy loss due to the gravitational radiation when
two bodies of comparable masses scatter in such a way that the minimum
distance is on the order of their gravitational radii.

8.4 Resonance Transformation of Electromagnetic Wave
to Gravitational One

Let a free wave with the electric and magnetic field strengths e and b, respec-
tively, propagate in a constant external field with field strengths E and B.
Then it is the total field strengths that contribute to the stress tensor Ty,
which is the source of the gravitational wave h,,,, so that

—DOhpn = 167k, = 4E[(E+ e)m(E+€)p + (B + b)) (B +b),].  (8.16)

In the present case it is just T),, (but not Ty,, + 1/2 6mnT§‘), which enters
the right-hand side of the wave equation, since for the electromagnetic field
) = 0.

Obviously, the constant part of T, does not generate the gravitational
wave, so that E,, F,, + B,,B,, in the right-hand side can be at once omitted.
Then, if the electromagnetic field is weak, one can certainly neglect as well
the contribution of e, e, + by,b, into Ty,y,-

In fact, even if the free wave is strong, its stress tensor

Tmn ~ €m€n + bmbn

in principle cannot generate a gravitational wave. To prove it, let us choose
the direction n of the wave propagation as the z axis. Since in a free elec-
tromagnetic wave b = n X e, in our case by = —ey and by = e;. Therefore,
Ti1 = Too ~ e1e1 + eseq, and T2 = To1 = 0. Obviously, such a stress tensor
cannot serve as a source of a gravitational wave which should also propagate
along the z axis: in this gravitational wave at least one of two polarizations
should be distinct from zero, either h1y = —haa, or his = ho1.

Thus, it is sufficient to keep in the right-hand side of (8.16) only the
interference terms E,,e,, + Eném + Bmb, + Bpbp,.

The characteristic features of the discussed phenomenon can be elucidated
with the following specific example. Let the external field be purely magnetic
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and directed along the x axis: B = (B,0,0), and the magnetic field of the
wave be as follows: b = (0,be™(*~% 0). Then equation (8.16) reduces to

(=02 + 8%)hiy = 4kBbe™ =) |

Its solution is

hip = —2ikBb = e (1) (8.17)
w
The energy flux in the gravitational wave is
1 . kB2b%2?
tg = m (R,e h12)2 = T COS2 W(Z — t) .

We are interested here only in the contribution to t3 that grows with z as
22. Therefore, as well as in the case of a common plane wave, we differentiate
over z only the exponential in expression (8.17). As to the energy flux in the
electromagnetic wave, it is obviously
3 b? 2
Ty = — cos“w(z —1).
8= L cotw(z—1)
Thus, a resonance transition of an electromagnetic wave into the gravitational
one takes place in an external field (M.E. Gertsenstein, 1961), with the trans-
formation factor
K o1 kB?2?
= = = - z=.
T 2
Despite the resonant character of the transition, i.e. the linear growth with z
of the gravitational wave amplitude, the effect is so weak that one can hardly
hope to observe it in the conceivable future.
Still, the discussion of this phenomenon is not only of methodological in-
terest. Searches for other, nongravitational, hypothetical fields with zero or
very small rest mass are based on analogous effects.

Problem

8.15. How does the quadratic growth of the energy flux of gravitational wave
change at very large distances?

8.5 Synchrotron Radiation of Ultrarelativistic Particles
Without Special Functions

The synchrotron radiation, i.e. the radiation of a charged particle in an ex-
ternal magnetic field, is considered in numerous textbooks.” However, the

5See, for instance, L.D. Landau and E.M. Lifshitz, The Classical Theory of
Fields, §74.



88 8 Gravitational Waves

consideration is based usually on the analysis of the exact solution of the
problem. For the radiation of relativistic particles in a gravitational field such
an analysis and exact solution by itself are incomparably more complicated.
In the case of radiation in a gravitational field the qualitative analysis is not
only more transparent, more instructive from the physical point of view, but
certainly more practical also.

The detailed qualitative analysis of the common synchrotron radiation
performed below serves as an introduction to the next section where the ra-
diation of ultrarelativistic particles in a gravitational field is considered. One
may think that the arguments presented here will be useful by themselves,
irrespective to the problems considered in the next section.

Let us start with the total radiation intensity. In the locally inertial frame
(LIF) comoving with an electron, it is

!
I' ~é*(a)? ~ — (B2 (8.18)
Here e and m are the electron charge and mass, a is its acceleration, F is
the electric field strength; I, a and E are supplied with primes to point out
that they refer to the LIF. E’ is obtained from the magnetic field B in the
laboratory frame (LF) by the Lorentz transformation

1
= V1?2’

We recall now that I is an invariant. Indeed, the radiation intensity is
expressed through the probability of the photon emission W and its energy
hw as follows: I = Whw. Then, the probability W in the LF is related to the
probability in the LIF W’ by the relation W = W’/v (just recall that the
lifetime of an unstable particle in LF is v times larger than that in LIF). On
the other hand, it is well known that w = w'~. Finally, I’ = I.

Now, substituting into (8.18) expression (8.19) for the electric field E’ in
the LIF, we obtain the well-known result

E' ~ B, (8.19)

et 2 2

If instead of B one fixes the radius of the electron trajectory rg, related to B
via eB ~ m~y/rg, the expression for the total intensity becomes

(8.21)

Let us go over now to the angular distribution of the radiation. In the LIF
it has a common dipole form, it is just trigonometry. In other words, in LIF
0" = ki/k; ~ 1. Here kj is the transverse (longitudinal) component of the

wave vector of the photon. In the LF these components are: k; = kj, kj = k;y.
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Therefore, in the LF an ultrarelativistic electron radiates into a cone with a
typical angle
O ~ ki /ky ~ L (8.22)

An observer receives the signal only staying inside this cone which moves
together with the electron. An elementary consideration demonstrates that
the electron beams at the observer only from the piece of the trajectory arc
that has the same angular size as the cone itself. In the present case it means
that the angular size of this piece of the arc is 8. ~ v~ !. In other words, the
formation length for radiation, which in our ultrarelativistic case (v ~ ¢ =1)
coincides with the formation time for it, is

At ~ rol, ~ 1oyt

Then the duration of signal receiving, with the account for the longitudinal
Doppler effect, is
1
6t = (1 —nv)At ~ 3 (6% +~72)At, (8.23)

where n = k/k. For § ~ 0, ~ v~! we obtain §t. ~ 1oy 3. It means that the
characteristic frequency of the received radiation is v3 times larger than the
rotation frequency wq:

We ~ St~ gt~ yPwg (8.24)

We turn now to the spectral distribution of the synchrotron radiation.
Its intensity decreases rapidly for w > w.. Let us assume that for w<w, it
changes according to a power law: I(w) ~ w”. Then, by comparing the total
intensity given by the integral

We
/ dwl(w) ~ W~ P

with formula (8.21), we obtain v = 1/3. In other words,

I(w) ~w'? for w<we, (8.25)
or for the discrete spectrum
3 for ngy. (8.26)

I, ~n

And at last, let us find the angular distribution of the radiation for the
frequency range
wo K w K we, l<n<ys.

It is natural to expect that here the characteristic angles 6 are larger than
~v~1. As previously, while the angle of the radiation cone is small, # < 1, the
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electron beams at the observer only from the piece of the trajectory arc which
has the same angular size §. But then, instead of relation (8.23), we obtain

5t~ w02 AL ~ 031y ~ 03wyt

Thus, in this frequency region

0 ~ (@)1/3 ~ Y3, (8.27)
w

In the conclusion of this section, it should be emphasized that the obtained
qualitative results are not special for the considered problem of finite motion
of an ultrarelativistic particle in a magnetic field. They are applicable as well
to a more general case, that of scattering in external electromagnetic fields if

characteristic scattering angles exceed v~ 1.

Problem

8.16. An ultrarelativistic electron scatters by a large angle in an external
electromagnetic field. Find the momentary intensity of the gravitational ra-
diation. In the present case the basic mechanism of its generation is the res-
onance transformation of the electromagnetic synchrotron radiation into the
gravitational one (I.B. Khriplovich, O.P. Sushkov, 1974).

8.6 Radiation of Ultrarelativistic Particles
in Gravitational Field

In this section, as well as in the previous one, we are not confined to the
case of a circular motion, that for the Schwarzschild field is of methodological
interest only, due to instability of ultrarelativistic circular orbits. We discuss
also the radiation under infinite motion. The presented approach is due to
L.B. Khriplovich, E.V. Shuryak (1973).

It can be easily seen that in this case as well, the radiation of a particle
is concentrated in the region of angles 6 ~ 1/ (see (8.22)). Still, there is a
serious distinction from the radiation in an external electromagnetic field. It is
as follows. In an external gravitational field, just in virtue of the equivalence
principle, the trajectory of an emitted particle, photon or graviton, is very
close to the trajectory of its ultrarelativistic emitter. Thus, here the formation
length of the radiation, both electromagnetic and gravitational, for the circular
motion coincides in the order of magnitude with the radius of the trajectory
ro, but is not contracted as compared to it by ~ times, as was the case in an
external electromagnetic field. Due to the nonlocal formation of the radiation,
it does not make sense in the present case to talk about its total intensity in
the LIF.
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Therefore, we will estimate the differential intensity dI in the element df2

of solid angle with the standard formula
dr ~ w22 R2d0 2L
at’

Here v is the characteristic amplitude of the field of the wave; w?u? is the
estimate for the energy flux density, i.e. for T3 and ¢ in the cases of elec-
tromagnetic and gravitational waves, respectively. The factor 9t/0t’ is due to
the fact that the intensity is being measured with respect to the time ¢ of the
observer, but not to the time ¢’ of the emitter. Since t = ¢ + [r — r(¢')|, for an
ultrarelativistic particle we have

ot N r—r(t) e 5
%—1 vt ——= =1 nv g ?—k@ ,

or

At ~ <712 + 92> At (8.28)

With the radiation concentrated in the angular interval § ~ 1/, its charac-
teristic frequencies are

1
we ~ Y2wg ~ 42 o (8.29)

They exceed the rotation frequency not by 7> times, as was the case with the
synchrotron radiation (see (8.24)), but only by 42 times. In this respect the
situation here resembles that taking place for a scattering by a small angle,
less than 1/, in an external electromagnetic field.

For w<w. the radiation propagates inside characteristic angles 6>1/v
with respect to the direction of motion of the emitter, so that

PR
At 7“0(92 ’
N 0 ~ (wrg) 2 ~ (ﬂ)l/2 (8.30)
0 " :

(but not (wop/w)/3, as was the case with the synchrotron radiation, see (8.27)).
Let us turn now from these general relations to concrete expressions for
the electromagnetic and gravitational radiation. In the formulae below they
are described by the first and second expression, respectively.
The three-dimensionally transverse (with respect to n) field amplitudes «
in the wave zone are:

ev| ed 3 VEe(vy)? Vke6?
I—nv  @2+1/2° ~F 1—nv 02 +1/~42"

Al ~

We recall here that v/ke, where ¢ is the particle energy, plays the same role
in gravity as e in electrodynamics.
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The differential intensities of radiation for the angles >1/~ are

dlepm, 2 i dlg, kfsQE _ km?2+?

e 1
do rd 037 do R

And at last, the total intensities are

e (1 dh e?y? ke 1 dh ke? km?2~?
Iemw—/ — o~ — Igrw—/l — ~ — Iny= s—In~y.

2 3 2 2 2
T J1/y 0 i 5 Ji/4 0 i i

The corresponding frequency spectra for w < w, ~ v2/ro are

Lo ~ WO

=const, Iy ~Inw. (8.31)

Now we briefly discuss a more realistic problem, that of the radiation
of ultrarelativistic particles moving with the impact parameter p in the
Schwarzschild field. In this case the duration of the signal is At ~ p/+?,
so that the characteristic frequencies are w. ~ ¥2/p. The total intensity of
radiation can be obtained from the corresponding formulae for the circular
motion by the substitution 1/r§ — r2/p*. Indeed, while for the circular mo-
tion the acceleration equals dv/dt’ ~ 1/rg, in the scattering problem it is
dv/dt' ~ g/ p?. Then, we multiply the intensity by the characteristic time of
flight, and obtain in this way the following estimates for the total energy loss:

2,22 2,.2 2.2,.2
e“riy ke*r kmey*r
Aty ~ 9 Aegyp~ —2Iny= ———ZL Iny
em P3 gr p3 P3
Problems

8.17. Derive relations (8.31).
8.18. An ultrarelativistic particle with the impact parameter
p=(3V3/2)r,(1+6), d <1,

scatters on a black hole (see problem 6.16). Estimate the total energy loss due
to the gravitational radiation if the particle goes to infinity again. How does
the total cross-section change due to the gravitational radiation?
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General Relativity and Cosmology

9.1 Geometry of Isotropic Space

The modern cosmology is based on the solution of the Einstein equations
found by A.A. Friedmann (1922). This solution, in its turn, is based on the
assumption that the distribution of matter in the Universe is homogeneous
and isotropic.

In the real world, the matter (or at least a large part of the matter) is
condensed into stars, stars are condensed into galaxies, and galaxies are con-
densed into clusters. But on this last stage the inhomogeneities are apparently
over: astronomic observations at least are not in conflict with the assumption
that the “gas” of the clusters of galaxies is homogeneous and isotropic.

If an n-dimensional space is completely isotropic, its Riemann tensor R;;;
should be characterized by a scalar, namely by the scalar curvature R. There-
fore, with the account for the symmetry properties (3.46) and (3.47), the
curvature tensor in the locally Euclidean space should appear as follows:

Rijri = K(0ir0j1 — 04djk) ,

with the coefficient K being proportional to R. The natural generalization of
this equality for arbitrary coordinates is

Rijr = K (gingjt — gadjk) - (9.1)

The coefficient K in this formula is independent of coordinates. This can be
easily proven by plugging relation (9.1) into the contracted Bianchi identity
(3.53). Thus, an isotropic space is simultaneously a homogeneous one. How-
ever, the constant K may depend on time.

In a three-dimensional space, contracting formula (9.1) in ¢k and in jl
relates the coefficient K to the scalar curvature R as follows:

R=6K.
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Depending on the sign of the scalar curvature, three essentially different cases
are possible for the space metric of an isotropic space: 1) constant positive
curvature, K > 0; 2) constant negative curvature, K < 0; 3) zero curvature,
K = 0. Clearly, the last case corresponds to the flat, Euclidean space.

It is convenient to investigate the geometry of a space of constant positive
curvature by treating it as the geometry on a three-dimensional hypersphere
in some auxiliary four-dimensional Euclidean space (of course, unrelated to
the four-dimensional space-time). The equation for a hypersphere of radius a
in this space is

2 2 2 2 2
r{t+x3+x3+ 71 =a",

and the element of length on it is
di* = da? + da3 + daj + da3.

By expressing the auxiliary coordinate x4 via the physical ones x1, 2, x3,
and eliminating dx? from dI?, we find

(v1dxy + T2dro + 13dT3)>

2 2 2 2
a* —x{ — x5 — T5

di* = dz? + do3 + da3 + (9.2)

To relate the constants a? and K, we put x5 = 0. It is clear that the surface
obtained in this way is a two-dimensional sphere with the Gauss curvature
1

K=—. (9.3)

Now we go from z1, x2, 3 to the spherical coordinates r, 8, ¢. Instead of
direct calculation, one can note that under the shift along the radius, i.e. for
dr||r, the longitudinal interval is

2 2
9 .o T B dr
lefdr <1+a2—r2> =22

On the other hand, for the shift dr L r the transverse interval is di? = dr?.
Then it is clear that in the spherical coordinates

dr?

a?= ——
1—1r2/a?

+r2(d6? + sin® 0 dg?) . (9.4)

Of course, any point of the space can be chosen as the origin. The length of
a circle in these coordinates is 277, and the surface area of a sphere is 47r2.
The length of the radius of a circle and sphere

" dr oo
—————— = garcsin —
0o V1—1%/a? a

exceeds r.



9.1 Geometry of Isotropic Space 95

Then, it is convenient to introduce four-dimensional spherical coordinates
a, 0<xy<m 0<0<m 0<¢<2m
in the auxiliary space, so that
x1 = asinysinfcos¢, ro = asinysinfsing, r3 = asiny cosb,

Ty = acosy.

Obviously, now r = asin x and the interval becomes
di? = a*[dx® + sin® x(d6?* + sin” 0d¢?)] . (9.5)

In the new variables the distance of a point from the origin is ax. With the
increase of this distance, the surface area of a sphere S = 4mwa?®sin® y at first
increases and reaches at the distance 7a/2 its maximum value equal to 4mwa?.
Then it starts to decrease and turns to zero at the maximum possible distance
ma. The volume of a four-dimensional space with positive curvature is finite:

2m ™ T
V= / d¢/ sin9d9/ sin? y dy a® = 27%a. (9.6)
0 0 0

However, this space has no boundaries. Hence it follows in particular that
the total electric charge in such a space should be equal to zero. Indeed, any
closed surface in a finite space splits this space into two finite domains. The
flux of electric field through this surface is equal to the total charge of a
domain situated on one side of the surface. But the same flux is equal to the
total charge of another domain situated on the opposite side of the surface
taken with the opposite sign. It is clear that the sum of the charges from both
sides of the surface should be equal to zero. By the analogous reason, the total
4-momentum of a closed space should also vanish.

Let us discuss the spaces of constant negative curvature. It follows from
(9.3) that formally this corresponds to the substitution ¢ — ia. Therefore,
the geometry of a space of constant negative curvature corresponds to the
geometry on a four-dimensional pseudosphere of imaginary radius. Now

1

Kz_ﬁ’

and the element of length in the coordinates r, 6, ¢ is

dr?

d?= ——
1+72/a?

+72(d6* + sin® 0d¢?) ,
with 0 <17 < co. The change of variables r = asinh x gives
di? = a®[dx? + sinh? x (d6? + sin? 0 d¢?)] . (9.7)

The volume of a space of negative curvature is infinite.
Of course, the case of a flat, Euclidean space, with K = 0, is also possible.
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Problems

9.1. Prove that K in expression (9.1) is independent of coordinates.

9.2. Prove equality (9.3) by direct calculation of the scalar curvature of space.
The calculation is conveniently performed in the vicinity of the origin, i.e. for
small x1, z9, x3.

9.3. Transform interval (9.4) to the form where it is proportional to the Eu-
clidean expression.

9.4. Prove relation (9.6).

9.2 Isotropic Model of the Universe

In the case of a closed Universe, the visual two-dimensional analogue of the
solution we are looking for is an inflating sphere, a soap bubble. In the co-
moving reference frame the matter on the sphere is at rest, i.e. the angular
coordinates of each particle of the dust do not change, and only the radius of
the sphere grows with time. In our problem of a three-dimensional space the
coordinates x, 6, ¢ of each cluster of galaxies remain constant, only the scale
of the distances a(t) grows.

Since there is no singled out direction in the space, the components go,,
(m = 1,2, 3) of the metric tensor, which constitute a three-dimensional vector,
should vanish. The component gog depends only on ¢, so that by a suitable
choice of the time coordinate one can turn ggodt? into dt?. Thus, the four-
dimensional interval transforms to

ds* = dt? — dI* = dt® — a®(t)[dx* + sin® x(df? + sin? 0d¢?)] .

It is convenient to change from the time ¢ to a new variable n defined by
relation dt = a(t)dn. In result, the interval is written as

ds® = a*(n) [dn? — dx* — sin? x(d#? + sin® 0d¢?)] . (9.8)

To write down the Einstein equations, one should calculate the Ricci tensor.
First of all, it is the curvature of the three-dimensional space that contributes
to it. This contribution is found at once from formula (9.1) (taking into ac-
count that the four-dimensional space is pseudoeuclidean):

m__ 2
Ri;" = — 2 Jig - (9.9)
Another contribution to the Ricci tensor is due to the dependence of the

metric on 7. The components of the Christoffel symbol with the derivative
over 7) (denoted below by prime) are
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! ! /
o _ @ o__20a i _ 0
Foo*g, Fij*_ﬁgijv o]'*g‘sj- (9.10)
The components I'; and Iy, vanish since there is no singled out direction in
our three-dimensional space. By the same reason, turn to zero the components

Ry; of the Ricci tensor. Its purely time component is
" 12

Roo = —3 (a - a2> . (9.11)

a a

At last, the corresponding contribution to the purely space components is
" 2
(2) a a
The total expression for the space components of the Ricci tensor is

1 9 a// a/2 2
Rij = jo) +R§j) = —Gij ((13 + Py + prl (9.13)

The scalar curvature is

a” 1
R:—6(a3 + (12>

so that the 00 component of the Einstein equation is written as

1 a/2
Royo— =gooR=3|— + 1| =8nkTy.
2 a?

Quite analogous calculations in the case of the open Universe result in the
equation that differs from this one only by the sign at 1 in the bracket. And for
the Universe where the three-dimensional space by itself is flat, Euclidean, the
bracket simplifies to a’? /a?. As to the right-hand side, since u® = dn/ds = 1/a,
we obtain in all three cases, for the closed, open, and flat Universe,

Too = googoop uu’ = pa®.

Thus, in the general case of isotropic Universe the discussed equation is

a’? q T

— — = —kp. 9.14

a Tz = gk (9.14)
Here and below ¢ = 1 for the closed Universe, ¢ = —1 for the open Universe,

q = 0 for the flat Universe.

In the employed comoving reference frame the space components of the
four-dimensional velocity are equal to zero, i.e. the coordinates x, 6, and ¢
of each particle of the dust are independent of 7. Therefore, in this frame all
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components of the energy-momentum tensor, but Tjy, vanish. The On com-
ponents of the Einstein equations turn into the identity 0 = 0, and their mn
components appear as follows:

1 a// a/2 q
Rmn_gmnR:(23_+2)gmn:07
a a

2 at
or simpl
Py CLH a/2 q
25— 7+ 3 =0 (9.15)

We note that while the transition from the three-dimensional geometry of
the closed Universe to the geometry of the open one is accompanied by the
change a — ia, the corresponding transition in the dynamic equation (9.15)
demands one more change: n — in.

The volume of the closed Universe grows ~ a® in the process of expansion,
and the total mass of the dust remains constant. So the dust density changes
according to the law p = ¢/a3. With this dependence, we arrive for the closed
Universe at the equation

a’? + a® = 2apa, where ay= — ke,

or
a?+ (a—ap)® = ag.

This is obviously the energy integral for the oscillator with equilibrium at the
point a = ag. Under corresponding choice of the initial condition, the solution
for a(n) is

a = ag(l —cosn). (9.16)

Since by definition dt = adn, then
t = ap(n — sinn). (9.17)

Equations (9.16) and (9.17) describe in a parametric form the evolution of the
closed Universe. This evolution is of cyclic character: the expansion from the
point (a = 0 for t = 0) t0 amqee = 2ap changes with contraction to the point,
and then everything starts anew.

We now examine the case of the open Universe. Looking at (9.16) and
recalling that this transition is linked to the change n — in, and also that
a > 0, it is natural to assume that in this case

a = ap(coshn — 1). (9.18)

One can check easily that function (9.18) indeed satisfies equation (9.15) (for
q = —1). Correspondingly, in this case

t = ap(sinhn — 7). (9.19)



9.3 Isotropic Model and Observations 99

Here the expansion from the point (a = 0 for ¢ = 0) goes on infinitely. The
dust density, defined here by equation (9.14), falls down with the increase of
7, the regime of the expansion approaches the free one, so that asymptotically
the radius a grows linearly with time.

And at last, in the case of the flat Universe, in line with the trivial solution
a = ag, t = agn, there is the nontrivial one:

a=ayn’, t= % n®, or af(t) ~t¥3 (9.20)

This solution corresponds to the interval of the form
ds? = dt? — art*/3(da® + dy® + d=?).

In fact, the dependence of a(t) ~ t2/3 takes place also in two other cases as
well, but for small times only. One can easily check it by considering the cor-
responding formulae, (9.16) and (9.17), (9.18) and (9.19), in the limit n — 0.

In this limit J
a —1/3
— ~t .
o — 00

We note that for the closed Universe the same regime sets in also under the
subsequent contraction into the point.

However, near the singularity where the density p turns to infinity, the
discussed description is inapplicable. First, the “dust” approximation, used
for the description of matter is not valid here. But there is an even deeper
reason: we deal here with superstrong fields and therefore need the quantum
theory of gravity.

Problems

9.5. Derive relations (9.10) through (9.13) for the closed Universe, as well as
analogous formulae for the open Universe.

9.6. Find the asymptotic behavior of density p in the open Universe for
t — oo.

9.7. Derive relations (9.20) for the flat Universe.

9.3 Isotropic Model and Observations

Let us come back into the present epoch. We choose the position of an observer
as the origin in the isotropic Universe. Then his distance to the galaxy with
coordinates Y, @, ¢ is | = ax, and due to the expansion of the Universe, this
galaxy moves away from the observer with the velocity
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_da _1d£

a2 — Hi.
vE X = g g () = Hi

Thus, the model results in the remarkable qualitative prediction: the velocity
v with which galaxies move away one from another (at a given moment ¢) is
proportional to the distance [ between them. This prediction agrees with the
observations of the red shift in the spectra of galaxies that is interpreted as
the Doppler effect. The numerical value of the proportionality factor, the so-
called Hubble constant, obtained from the modern astronomical observations,
is

1 da 1 1

= ——=73£3km s~ Mpc 9.21

o p (9.21)

(1 Mpc (Megaparsec) = 10° parsec, 1 parsec = 3.26 light years).
We come back now to equation (9.14). It can be rewritten as follows:

or

p=pc+ Skl (9.22)

We introduce here the so-called critical density

2
Pe = % ~10-107% g/cm®;

this number for p, corresponds to the value (9.21) of the Hubble constant. It
is clear from formula (9.22) that the type of the geometry of the universe is
determined by the relation between the true density p and the parameter p,
that depends on the Hubble constant. If the density exceeds the critical one,
the Universe is closed; if the density is less than the critical one, it is open; if
the density is equal to the critical one, it is flat.

Usually the dimensionless parameter {2 = p/p. is considered. Modern as-
tronomical data give for the density of the common luminous matter the
following result:

However, the density of some invisible dark matter {24 is perhaps much higher,
as indicated in particular by the estimates of the masses of galaxy clusters,
based on the velocity distribution of separate galaxies. Quantitatively, the
total matter density is

Q=821+ 25 =0.25. (9.23)

On the other hand, a global analysis of the modern data of observational
astronomy indicates that the Universe is flat, that

Qpor = 1.02 £ 0.02. (9.24)
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The gap ~ 0.77 between (9.24) and (9.23) should be filled in by some unknown
form of matter. Moreover, this mysterious form of matter should have negative
pressure, p =~ —p, which is required by the observational data indicating
that the expansion of the Universe at the present epoch is accelerated. It is
considered as a serious indication that this peculiar “matter”, filling in the gap
between (9.24) and (9.23), is in fact the nonvanishing cosmological constant
A (see equation (4.3)).

It should be noted that the required magnitude of A is extremely small
(typical value of the corresponding density is A/87k ~ p. ~ 10729 g/cm3)7 SO
that it hardly could be observed anywhere, but in cosmology.

We discuss now the relation between the Hubble constant and the age of
the Universe. For the flat world, with 2 = 1, it follows from relation (9.20)
that H(t) = 1/a da/dt = 2/3 t. It means that, under the assumption of the flat
Universe, its age T' (i.e. the time elapsed from the moment when the density
was infinite) is related to the present value (9.21) of the Hubble constant as
follows:

T= S (9.25)
Obviously, the obtained relation is valid also for the early stages of expansion
in the closed and open Universe, where in both cases a ~ t2/3. Even at the
late stage of expansion of the open Universe, when the density is so small
that a grows linearly with time, the relation between 7" and H differs from
(9.25) by a coefficient only: 1 instead of 2/3. Therefore, since the ratio {2 is at
any rate not so far from 1, the estimate (9.25) is apparently quite reasonable.
The numerical value of the age of the Universe for H ~ 70 km s~ Mpc™*,
according to (9.25), is
T ~ 13- 10? years. (9.26)

The age of the Earth, according to the data on the content of radioactive
isotopes in the crust of the Earth, is about 4-10° years. The estimates of the
ages of the oldest galaxy clusters appear as 10-10° years. Therefore, the age
of the Universe certainly cannot be considerably less than result (9.26).

Problem

9.8. Prove that in an isotropic Universe the relation

dp
L oysmg =0
pri (p+p)

holds. Here p is the pressure of matter (17" = —p o).
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Are Black Holes Really Black?

10.1 Entropy and Temperature of Black Holes

The classical description of black holes, presented earlier in section 6.6, is
incomplete in principle. J. Wheeler (1971) was the first to realize it. His line
of reasoning looked roughly as follows. Let us take a box filled with the black-
body radiation at some temperature 7. Obviously it possesses a finite entropy
as well. We drop the box into a black hole. Then the entropy of the observable
part of the universe will decrease forever. But this is an explicit violation of
the second law of thermodynamics! To save the second law we are just obliged
to assume that the black hole itself has some entropy (J. Bekenstein, 1972)
which increases when the box is absorbed. But it is only natural to ascribe
some finite temperature as well to a system with a finite entropy. In spite
of being so unexpected, this conclusion is quite natural from a somewhat
different point of view. A black hole is an ideal absorber, an absolutely black
body, for which the temperature is a quite natural property.

Let us try at first to estimate this temperature just by dimensional argu-
ments. We will measure the temperature in the same units as energy, getting
rid in this way of the Boltzmann constant in our formulae. By the way, in
these units the entropy is dimensionless, so that it cannot be estimated by
means of dimensional arguments. A black hole by itself is characterized by
the only parameter, its mass M. Besides M, we have also at our disposal two
fundamental constants, k and c. One of them, the gravitational constant k,
should apparently enter the result by the very meaning of the problem. The
obvious combination M¢? will not do as temperature: it is too large, and does
not contain k. But one cannot construct any other combination of the dimen-
sion of energy from M, k, and c. But there is one more fundamental constant
at our disposal, the Planck constant A. By means of &, it is no problem to
construct the necessary combination of the dimension of energy: the black
hole temperature is on the order of magnitude hc®/(kM), or (up to a factor
of two) hic/ry.
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The problem is formally solved, but the natural question arises: what has
the quantum of action A to do with our problem, that is completely classical
at first sight? To reply to the question, we will consider the box filled with
radiation from a somewhat different point of view (R. Geroch). Now we lower
adiabatically this box to the black hole by means of a rope. The rope is wound
on a fly-wheel situated far away from the black hole. The fly-wheel rotates,
and its energy may be utilized in principle. We recall that the energy of a
body in the gravitational field of a black hole is

E=mc*\/1—r,/r.

Therefore, at this slow, adiabatic lowering of the box filled with radiation,
which has the total mass m, the energy extracted in this way is

AE:ch(l—m).

When the box approaches the horizon, we open a lid in its bottom. The
radiation escapes into the black hole, and then the box is brought with the
rope back into its initial position far away from the star. At first sight, the
energy extracted in this way equals the energy of all radiation that was stored
in the box. One may think that all this radiation has stuck to the horizon.
However, this is not the case. Due to the uncertainty relation, the size of
the box cannot be smaller than the characteristic wave length of radiation \.
In its turn, the characteristic energy of quanta fw is nothing but the radiation
temperature T3 . Therefore, the size of the box, its height included, is bounded
by the condition
he
T
On the other hand, it is in principle important here to be able to bring the
box back to its initial position, far away from the horizon. Therefore, the
upper wall of the box certainly stays at a distance, that exceeds d, from the
horizon. Then it is natural that not all the radiation contained in the box can
be transformed into work, but its part only, limited by relation

d h
nelo L1 8
Ty rg1h

d >

(10.1)

The discussed system, consisting of the black hole and the box, filled with
radiation and attached to a rope, can be considered as a heat machine with
the working body, which is radiation, of the temperature 7. Now, 7 is nothing
but the efficiency of this machine, and hence it is well known to be bounded

by the Carnot formula
T

?1 ’
where T is the temperature of the colder body. By comparing relations (10.1)
and (10.2) we come to the conclusion that fic/r, can be identified with the

Nmaz = 1 — (10.2)
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temperature of the colder body, i.e. of the black hole, in complete agreement
with the result obtained by dimensional arguments.

To derive the numerical factor in the relation T' ~ hc/ry, we consider the
following problem (7. Padmanabhan, 1999). Let a semiclassical wave packet
of a massless field propagate from a point ry = r, + ¢ close to the horizon, to
a distant point r (¢ < r4,7 > 1,). Since the wave packet is semiclassical, its
motion can be described by relations obtained in section 6.6 for a point-like
particle. According to (6.29), the time of this packet propagation from 7y to
7 is
T—"7g

t=r—ro+ryln %1"Jr7’glnf (10.3)
5

7"0—7“9

(we note that notations rg and r are interchanged here as compared to (6.29)).
If the frequency at rg = 74 + € is wo, then at r > ry it becomes

/ | €
W1 = Wo gOQ(TOZ’I‘g—Fé‘)%(JJQ 7
g

Since, in virtue of (10.3),
€ ( t— r)
- =exp|— ,
r Tg

the frequency w; depends on time as

I3 t—r
w1 = Wo reXp - 2 s
g g

and the phase of the wave is

t_
/dtw1 = —2wq /1Ty exp (— r> .

2ry

The spectral function of the wave packet at large distances looks as follows:
flw) ~ /dtei‘”t exp (—2iw0 TTg e_(t_")/%g) )
With the change of variables
Y = 2wy /Ty e'm/2et/2rg

we express this integral via I'-function:

f(w) ~ (2w 1/7"7"£,)2i“’rf’efm”g I'(—2iwry)

(factors, independent of w, are omitted here). In result, the spectral density
of the wave packet at large distances is:
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[f(@)? ~ 727 | D (= 2iwrg)[?

us 1 s

= o, e =1 = o exp(—4mrwry) (10.4)
(we recall that this is a semiclassical wave packet, so that wr, > 1). In
a remarkable way, the spectral density of a signal, that arrives at infinity
from the vicinity of the horizon, is completely universal. And if one goes over
in it from the frequency w to the energy Aw, it gets clear that the leading
exponential factor in (10.4) corresponds to the high frequency asymptotics of
the Boltzmann distribution with the temperature

he hc?

T = = .
4mry 8k M

(10.5)

This expression for the black hole temperature was obtained by S. Hawking
(1974).

The inevitable result of the finite temperature T of a black hole is the
conclusion that in fact it radiates. Black hole produces not only photons and
neutrinos with energies on the order of T', but particles of non-vanishing rest
mass m as well (only if its temperature is sufficiently high). Thus, one of the
most amazing properties of black holes is that they shine!

V.N. Gribov was the first who made this conclusion.! One of his arguments
was as follows. The uncertainty relation AE At > h allows the creation of pairs
of particles from vacuum for the time ¢ that does not exceed fi/F; here E is
the total energy of the pair (2mc? for massive particles). The gravitational
field near the horizon is very strong, so that the energy conservation by itself
allows one of the particles to be absorbed by the black hole, and the second
one to go to infinity. In quantum mechanics, due to the tunneling effect of such
a sort, the processes of particle creation become possible. In particular, the
creation of electron-positron pairs in strong electric fields has not only been
studied theoretically for a long time, but has been observed experimentally
in the heavy ion collisions. In fact, an analogous phenomenon can serve as an
explanation of the black hole radiation.

One more of Gribov’s arguments is worth mentioning here: a black hole
certainly cannot confine radiation with wave length exceeding its gravitational
radius. The correspondence is obvious of this argument with the expression
(10.5) for the temperature, i.e. for the frequency where the exponential fall
down of the intensity starts.

L Gribov precisely formulated the statement that black holes radiate in discussions
taking place in 1971 or 1972. This was told to me independently by A.D. Dolgov,
D.I. Diakonov, L.B. Okun’, who had been present at those discussions. One can
only regret that Gribov did not publish this result, apparently he considered it self-
evident. In 1974 radiation of black holes was predicted independently by S. Hawking.
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In fact, for real black holes the temperature (10.5) is negligibly small.
In particular, for the mass comparable with that of the Sun it is only about
10~7 K. For instance, for the temperature to be sufficient to produce electron-
positron pairs, the lightest particles of nonvanishing rest mass, the black hole
mass should be smaller than that of the Sun by 17 orders of magnitude, i.e.
it should not exceed 107 g. However, a star with such a small mass cannot
compress to its gravitational radius, it cannot turn into a black hole. Such light
black holes in principle could arise at the most early stages of the Universe
evolution when the matter density was very high.

But could such mini-holes survive since those times? Could their age ap-
proach the Universe life time 7 ~ 10'° years, or 10!7 s? The obstacle here is the
black hole thermal radiation itself. Let us estimate its intensity I by dimen-
sional arguments. To this end it is sufficient to divide T" by the characteristic
time, which is nothing but ry/c:

T mict
I~—=~—2_ 10.6
g hM?2 (10.6)
We have introduced here the so-called Planck mass
e\ /2
m, = (kc) =2.2x 10 °g. (10.7)

On the other hand, obviously, I = —c2dM /dt. Solving the differential equation

dM méc2
dt - RM?

we find that to survive until our time a black hole should have an initial mass

, 1/3
M >m, (t) ~ 10"%g. (10.8)
p

Here t,, is the so-called Planck time

h hik\'?
t, = = ( ) =0.54 x 107 %5, (10.9)

2 5
myC c

Together with the energy, a black hole also loses its mass. Then, according
to relation (10.6), the intensity of its radiation grows, it shines brighter and
brighter. The gravitational radius of a black hole gets smaller and smaller.
How does this process end? Obviously, a star cannot radiate more energy
than it has. The radiation certainly stops when the black hole temperature
becomes comparable to its rest energy, at

2.2
m., C
ME~T~ —2
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i.e. when the mass of such a mini-hole decreases to the Planck mass:
M ~m,,.

Here our semiclassical consideration of quantum effects in the vicinity of black
holes, and in quantum gravity in general, becomes inapplicable. Here a con-
sistent quantum theory of gravity is necessary. However, such a theory does
not exist up to now.

Let us go back to the question of whether such bright mini-holes, arising
at early stages of the Universe evolution, could survive until our time. Simple
estimates with formula (10.8) demonstrate that the mass of the brightest
among such relics looks quite modest, it is about 10'® g. However, the last
stage of its evolution, just before reaching the Planck scale, should be very
impressive: an explosion with a power of thousands of the biggest hydrogen
bombs. These phenomena have not been observed by astronomers up until
now.

It is instructive to look at relation (10.5) from a somewhat different point
of view. It demonstrates that the mass of a black hole, and hence its energy as
well, decreases as the temperature increases. In other words, the heat capacity
of a black hole is negative. This unusual property is in no way special to black
holes, it is quite typical for gravitating systems in general.? As to a black
hole, its negative heat capacity is directly related to the instability caused
by radiation. Let us recall, however, the classical instability of the orbit of
a bound electron in the Coulomb field. It is also caused by radiation, but
is finally stabilized by quantum effects. In the case of black holes as well,
it is natural to assume that on the Planck scale their semiclassical radiative
instability is stabilized by quantum effects.

In conclusion of this section, we pay attention to the following important
fact related to the radiation of black holes. For the typical time interval At ~
rq/c between the acts of radiation, the uncertainty of the energy of a black hole
is AE ~ h/At ~ he® /kM. The corresponding uncertainty in the gravitational
radius is (J. York, 1983)

kAM EAE h
c? ct Mc’
It is only natural to believe that at least due to this uncertainty, the time of the

fall of a point-like particle to the horizon, which is logarithmically divergent
in the classical approach (see section 6.6), becomes finite:

Arg ~

2

t~ryln ~rgln

— -
mp

Ty
Ary
And the fact that the arising logarithm is very large, In M?/m2 ~ 102, in the
present case is not of much importance.

2See L.D. Landau and E.M. Lifshitz, Statistical Physics, part 1, § 21.
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Problem

10.1. Prove relation (10.6), starting from the Stefan — Boltzmann law.

10.2 Entropy, Horizon Area, and Irreducible Mass.
Holographic Bound. Quantization of Black Holes

Now, when the temperature of a black hole has been found, the calculation of
its entropy becomes an elementary problem. The well-known thermodynami-

cal formula
dE =TdS (10.10)

relates the increase of the energy F of a body to the increase of its entropy .S.
In our case T is given by formula (10.5), and E = M¢c?. Solving the arising

differential equation
he

8tkM
with the natural boundary condition

dM = s

S=0 for M=0,

we find

Ak M?
he
It is convenient to introduce the so-called Planck length

S:

1/2
l, = (Zf) =1.6 x 107* cm. (10.11)

Then we arrive at the following remarkable relation between the entropy of a
Schwarzschild black hole and the area of its horizon A = 47r7‘§:

w2 A
S= -2 =" (10.12)
2 a2

The corresponding analysis for a charged black hole is more intricate. In
the Schwarzschild case, the horizon area A depends on the only parameter,
the mass M of a black hole. Therefore, the adiabatic invariance of A means
that M is also an adiabatic invariant. But what happens with the Reissner
— Nordstrom black hole when a small charge e is lowered adiabatically to its
horizon? What remains constant, the horizon area or the mass (if either)?

To answer this question, we resort again to a thought experiment. To sim-
plify the electrostatic part of the problem, we modify the experiment described
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in the previous section as follows. We will consider a thin spherical shell con-
sisting of small charged particles, each of them attached by its own rope to its
own fly-wheel. All the particles are lowered synchronously and adiabatically
to the black hole. When the shell reaches the horizon, the charge of the black
hole changes from the initial value ¢ to ¢ 4+ e, where e is the total charge of
the shell. As this was the case in the thought experiment of section 10.1, the
rest mass of the shell adds nothing by itself to the mass of the black hole. The
latter changes only due to the difference between the final and initial values
of the total electrostatic energy (see section 6.7). Since the electric field of a
charged shell exists only outside of it, this difference is as follows:

2 2 °
M/ iii/ _ He) e RN (TRE)

2 71 2’/"1 T1 1

Here r; is the radius of the new horizon, it has changed as compared to the
initial value r,, = kM ++/k2M? — kq? , together with the total charge. Thus,
to first order in small e the resulting correction to the mass is
€q

Trn

AM = (10.14)
We have taken into account here that to zeroth order in e r; = rp.p.

When the mass and the charge of a Reissner — Nordstrém black hole change
by AM and Agq, respectively, the resulting total change of the horizon area

2
App = 4772, = 4 (k:M +/K2M? — kg? ) (10.15)

is
8mrrnk

/k2M2 _ kq2

With AM = eq/rq, and Aq = e, it vanishes for a nonextremal black hole
(with ¢? < kM?). Therefore, it is the horizon area of a Reissner — Nordstrém
black hole, but not its mass, which remains constant under the adiabatic
change of the charge.

It is useful to introduce the so-called irreducible mass M;, of a black hole
(D. Christodoulou, R. Ruffini, 1970, 1971) related to its area A as follows:

AApp = (AM 7y, — Aqq) . (10.16)

A = 167k* M2, .

Of course, for a Schwarzschild black hole M;, coincides with M. For a Reiss-
ner — Nordstréom black hole

M = 5 (M + VAE=@R ).

Solving this equation for M, we obtain

2 2

M = M., .
4kMW or "

M = M, + (10.17)
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The last form of this solution has a simple physical interpretation: the total
mass (or total energy) M of a charged black hole consists of its irreducible
mass M;, and of the energy ¢*/2r,, of its electric field in the outer space
> Trn.

Now we will briefly discuss black holes with internal angular momentum.
Unfortunately, the solution of the equations that describe these black holes
(R. Kerr, 1963) is extremely tedious.® Therefore, we resort to some plausible
arguments that will allow us to guess the correct result for the area and irre-
ducible mass of a rotating black hole without mentioned tedious calculations.

According to equation (10.17), the difference between the mass and the
irreducible mass of a charged black hole is due to the energy of its Coulomb
field. It is natural to assume that for a rotating black hole this difference is due
to the kinetic energy of its rotation. Then the simplest relation between M
and M;,., with the account for the possible relativistic nature of this rotation,
is I

M? =M.+ = (10.18)

Tk

here J is the internal angular momentum of the rotating black hole, r is the
radius of its horizon. With r; = 2kM;,., (10.18) can be rewritten as

J2
2 _ a2
Solving this equation for M2, we obtain
OME = M? + /M2 — J2 k2. (10.20)

In this way, our guess (10.18) results in the correct formula for the horizon
area of a Kerr black hole:

Ay = 87 <k2M2 +VEM? — k2J2) : (10.21)

that follows from accurate calculations. Besides, these calculations demon-
strate that the horizon surface of a rotating black hole is spherical. And this
is also one of the assumptions made in fact in our initial formula (10.18).

We note that, according to formula (10.21), the internal angular momen-
tum J of a Kerr black hole is bounded by the condition J? < k2M*. The Kerr
black hole with J? = k2M* is called extremal.

In this case as well, thought experiments demonstrate that the horizon area
of a nonextremal Kerr black hole remains constant under adiabatic change of
the internal angular momentum.

3Even in the book by L.D. Landau and E.M. Lifshitz The Classical Theory of
Fields (see §104 therein), instead of the corresponding solution of equations of GR,
only a footnote is given: “In literature there is no constructive analytical derivation
of the Kerr metric, adequate to its physical meaning, and even the direct check of
this solution of the Einstein equations demands tedious calculations.”
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To summarize, the horizon area of nonextremal black holes does not change
under considered adiabatic processes. Therefore, in the general case as well,
the entropy of a black hole is related to the horizon area by the same formula
(10.12) (of course, with the corresponding value of the gravitational radius).

The fact of proportionality between S and A was established by J. Beken-
stein (1973).

The second law of thermodynamics imposes serious limitations on possi-
ble processes not only in the common life. It plays an important role in the
physics of black holes as well. In particular, the following statement follows
from it: for any interaction among black holes the sum of the areas of their
horizons increases or remains constant. Originally this result was obtained by
S. Hawking (1971), but with quite different arguments.

It is appropriate to mention here the so-called holographic bound (J. Beken-
stein, 1981; G. 't Hooft, 1993; L. Susskind, 1995). According to it, the entropy
S of any spherical nonrotating body confined inside a sphere of area A is
bounded as follows: 4

Sgia
4

(10.22)
with the equality attained only for a body that is a black hole.

A simple intuitive argument confirming this bound is as follows. Let us
allow the discussed spherical body to collapse into a black hole. Due to the
spherical symmetry, this process is not accompanied by radiation or any other
loss of matter. Therefore, during the collapse the entropy increases from S
to Spn, or at least remains constant. But the resulting horizon area Ay, is
certainly smaller than the initial confining one A. Then, using relation (10.12)
for a black hole, we arrive, through the obvious chain of (in)equalities

S<Sn="5 <7175
42~ 42
at the discussed bound (10.22).

The result (10.22) can be formulated otherwise. Among the spherical sur-
faces of a given area, it is the surface of a black hole horizon that has the
largest entropy.

The holographic bound looks rather surprising since according to the com-
mon experience the entropy of a body is proportional to the volume of this
body, but not to the area of its surface. However, usually limit (10.22) is so
mild quantitatively that no contradiction with the common experience arises.

We consider now the temperature of charged and rotating black holes. For
a rotating black hole the thermodynamic relation (10.10) generalizes to

dM = TdS + wdJ (10.23)

where w plays the role of the rotation frequency. Now, differentiating with
respect to S at J = const the expression for entropy (following directly from
(10.12) and (10.21))
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S =or (kM2 +V/R2M - J2) : (10.24)
we find
T_ oM PVE2MA — J? (10.25)
0SS ArkM(kM? 4+ VE2ME—J?)’ '
For a charged black hole the analogue of relation (10.23) is
dM = TdS + ¢dq , (10.26)

where ¢ is the electrostatic potential. Differentiating the expression for entropy
in this case

S = 27k (M+ M? = q2/k)2,

we obtain
M h/M? — ¢2/k
v M _ ¢/ (10.27)

98 2rk(M + \/M2—q2/k)2.

The important conclusion follows from relations (10.25) and (10.27): the
temperature of extremal black holes is equal to zero.

However, the radiation of extremal black holes in no way vanishes, though
it certainly is not of a thermal nature. For an extremal charged black hole the
nature of this radiation is the particle production by its electric field. This
radiation is bounded by the condition A(kM? — ¢?) > 0. Obviously, in this
case the loss of energy should be accompanied by the loss of charge, i.e. only
charged particles can be radiated, all of them having finite rest mass. In the
natural situation when e is comparable to the electron charge, the upper limit
on the mass p of a radiated particle looks quite liberal:

1< Vam,, (10.28)

where a = 1/137, and m,, is the Planck mass (see (10.7)). Clearly, an extremal
black hole (of course, if its mass is sufficient) can radiate any known charged
elementary particles, W-boson and t-quark included.

The radiation of a rotating extremal black hole can be explained in an
analogous way (I.B. Khriplovich, R.V. Korkin, 2002). The loss of a charge
by a charged black hole is due in fact to the Coulomb repulsion between this
black hole and particles with the same sign of charge. In the present case the
reason is the spin-spin interaction: particles (massless mainly) whose total
angular momentum is parallel to that of a black hole are repelled from it.

Generally speaking, these mechanisms are operative, in line with the ther-
mal one, for nonextremal black holes as well.

It should be noted that neither the horizon surface, nor, consequently, the
entropy of a black hole turn to zero in the extremal case, i.e. for the vanishing
temperature. This is in contradiction with the Nernst theorem, or with the
so-called third law of thermodynamics, according to which the entropy of a
system should vanish when the temperature tends to zero. However, there
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are no special reasons for anxiety here. In fact, the Nernst theorem is valid
only under the condition that the state of a system is nondegenerate at zero
temperature. This is the case indeed for stable ground states of common ther-
modynamic systems. However, due to the mentioned nonthermal radiation,
the state of an extremal black hole is in fact metastable one.

We come back now to the adiabatic invariance of the horizon area of a
nonextremal black hole. It is well-known that the quantization of an adiabatic
invariant is perfectly natural. And just on this argument is based the idea of
quantizing the horizon area of black holes proposed by J. Bekenstein (1974).
Once this hypothesis is accepted, the general structure of the quantization
condition for large quantum numbers gets obvious, up to an overall numerical
constant 8. The quantization condition for the horizon area A should be

A=BI2N, (10.29)

where N is some large quantum number. Indeed, the presence of the Planck
length squared ZIQJ = kh/c? is only natural in this quantization rule. Then, for
the horizon area A to be finite in the classical limit, the power of IV here should
be the same as that of /i in lf,. This argument can be checked by considering
any expectation value in quantum mechanics, nonvanishing in the classical
limit. It is worth mentioning that there are no compelling reasons to believe
that N should be an integer. Neither are there compelling reasons to believe
that the spectrum (10.29) is equidistant.

However, at present it is not exactly clear how black holes are quantized.
We stay, at best, within the semiclassical approximation to the quantum the-
ory of gravity, which has not been built up to now.

Problems

10.2. Find maximum energy liberated under the fusion of two black holes
with masses mq and msy .

10.3. Derive relations (10.25) and (10.27).

10.4. Prove condition (10.28).
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