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Preface

Special Relativity originally dealt with the symmetries of the electromag-
netic field and their consequences for experiments and for the
interpretation of space and time measurements. It arose at the end of
the nineteenth century from the difficulties in understanding the proper-
ties of light when this light was tested by observers at rest or in relative
motion. Its name originated from the surprise that many of the con-
cepts of classical non-relativistic physics refer to a frame of reference
(‘observer’) and are true only relative to that frame.

The symmetries mentioned above show up as transformation proper-
ties with respect to Lorentz transformations. It was soon realized that
these transformation properties have to be the same for all interacting
fields, they have to be the same for electromagnetic, mechanic, thermo-
dynamic, etc. systems. To achieve that, some of the ‘older’ parts of the
respective theories had to be changed to incorporate the proper transfor-
mation properties. Because of this we can also say that Special Relativity
shows how to incorporate the proper behaviour under Lorentz transfor-
mation into all branches of physics. The theory is ‘special’ in that only
observers moving with constant velocities with respect to each other are
on equal footing (and were considered in its derivation).

Although the words ‘General Relativity’ indicate a similar interpreta-
tion, this is not quite correct. It is true that historically the word ‘general’
refers to the idea that observers in a general state of motion (arbitrary
acceleration) should be admitted, and therefore arbitrary transforma-
tion of coordinates should be discussed. Stated more generally, for a
description of nature and its laws one should be able to use arbitrary
coordinate systems, and in accordance with the principle of covariance
the form of the laws of nature should not depend essentially upon the
choice of the coordinate system. This requirement, in the first place

XV



xvi Preface

purely mathematical, acquires a physical meaning through the replace-
ment of ‘arbitrary coordinate system’ by ‘arbitrarily moving observer’.
The laws of nature should be independent of the state of motion of the
observer. Here also belongs the question, raised in particular by Ernst
Mach, of whether an absolute acceleration (including an absolute rota-
tion) can really be defined meaningfully, or whether every measurable
rotation means a rotation relative to the fixed stars (Mach’s principle).

But more important for the evolution of General Relativity was the
recognition that the Newtonian theory of gravitation was inconsistent
with Special Relativity; in it gravitational effects propagate with an
infinitely large velocity. So a really new theory of gravitation had to be
developed, which correctly reflects the dynamical behaviour of the whole
universe and which at the same time is valid for stellar evolution and
planetary motion.

General Relativity is the theory of the gravitational field. It is based
on Special Relativity in that all laws of physics (except those of the
gravitational field) have to be written in the proper special-relativistic
way before being translated into General Relativity. It came into being
with the formulation of the fundamental equations by Albert Einstein
in 1915. In spite of the success of the theory (precession of the per-
ihelion of Mercury, deflection of light by the Sun, explanation of the
cosmological redshift), it had retained for a long time the reputation of
an esoteric science for specialists and outsiders, perhaps because of the
mathematical difficulties, the new concepts and the paucity of applica-
tions (for example, in comparison with quantum theory, which came into
existence at almost the same time). Through the development of new
methods of obtaining solutions and the physical interpretation of the
theory, and even more through the surprising astrophysical discoveries
(pulsars, cosmic background radiation, centres of galaxies as candidates
for black holes), and the improved possibilities of demonstrating general
relativistic effects, in the course of the last thirty years the general theory
of relativity has become a true physical science, with many associated
experimental questions and observable consequences.

The early neglect of relativity by the scientific community is also
reflected by the fact that many Nobel prizes have been awarded for the
development of quantum theory, but none for Special or General Rela-
tivity. Only in 1993, in the laudation of the prize given to J. H. Taylor, Jr.
and R. A. Hulse for their detection of the binary pulsar PSR 1913416,
was the importance for relativity (and the existence of gravitational
waves) explicitly mentioned.



Preface xvii

Modern theoretical physics uses and needs ever more complicated
mathematical tools — this statement, with its often unwelcome conse-
quences for the physicist, is true also for the theory of gravitation. The
language of the general theory of relativity is differential geometry, and
we must learn it, if we wish to ask and answer precisely physical ques-
tions. The part on General Relativity therefore begins with some chap-
ters in which the essential concepts and formulae of Riemannian geom-
etry are described. Here suffix notation will be used in order to make
the book easier to read for non-mathematicians. An introduction to the
modern coordinate-free notation can be found in Stephani et al. (2003).

This book is based on the lectures the author gave in Jena through
many years (one term Special and two terms General Relativity), and
thus gives a rather concise introduction to both theories. The reader
should have a good knowledge of classical mechanics and of Maxwell’s
theory.

My thanks go to all colleagues (in particular in Jena), with whom
and from whom I have learnt the theory of relativity. I am especially
indebted to J. Stewart and M. Pollock for the translation of most of the
parts on General Relativity for the foregoing edition, M. MacCallum
for his critical remarks and suggestions, and Th. Lotze for his help in
preparing the manuscript.






Notation

Minkowski space: ds? = 1,5 dz® da® = dz? + dy? + dz? — 2dt?
= dr? — 2dt? = —c2dr2.
Lorentz transformations: ™ = L™, ™, L"4L," = (‘52.

Special Lorentz transformation:

,  x—ut ot ct —vx/c
V1—v2/2 1=/
V1 + Vg

Addition of velocities: v = ————.
1+ vivg/c?

Four-velocity: u™ = dz™/dr.

Riemannian space: ds? = gqp dz® dz® = —c2dr?,

9% Gom = 6% = gty 9 = |Gal-
e-pseudo-tensor: gabmn. 1234 _ 1/v/=g,

abmn

Eabed€ ™™™ = —2(90 94" — 9¢"94)-
Dualization of an antisymmetric tensor: F* = %sabm"an.

Christoffel symbols: I'® = = %g“b(gbmyn + Gbn,m — Gmn.b)-

Partial derivative: Ty, = 0T,/0x™.

Covariant derivative: T%,,, = DT%/D2™ =T, —I'?,, T,
Tom = DTo/Da™ =Ty —I0,. T
D2z d%z L dz™ dz™

DA2  dA? AN AN

Parallel transport along a curve z¢(\): DT%/DA = T%,;, dz”/d\ = 0.
DI" 1. (de"D% da® DM\

Dr 2" “\ dr Dr2 dr Dr2 ) 7

Geodesic equation:

Fermi-Walker transport:
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XX Notation

Lie derivative in the direction of the vector field a*(x?):
,CaT” = T”,kak - Tka",k = T";kalc - Tkan;k,

LaT, = Ty pa® + Tpa* = Typa® + Tha®,.

Killing equation: &, + &nyi = Legin = 0.
) 1 )
Divergence of a vector field: a*; = —(y/—ga') ;.
= (V=99)
Maxwell’s equations: F™" ., = (y/=gF™") ,/v/—9 = j™ /¢,

Fmn, = 0.

)

Curvature tensor:
Umisig = Omigis = AR msq,
Rlsq = Thgs = T T Tnslng = Thglhes
Ramsq = %(gaq,ms + Yms.aq — Yas,mg — Gmgq,as) + non-linear terms.
Riccei tensor: Rypg = R¥psg = —Rmgs; R™m = R.
Field equations: Ggp = Rap — 3 Rgap = KT
Perfect fluid: Ty, = (10 + p/c)uqtp + pgap-
Schwarzschild metric:
dr?

ds?= ——
ST 1My

+r2(d¥? +sin® 9 dp?) — (1 — 2M/r)c*dt>.

Robertson—Walker metric:
2

ds? = K?(ct) + r(d9? +sin? 9 dp?) | — c2dt?.

1—er?
Hubble parameter: H(ct) = K /K.

Acceleration parameter: g(ct) = —KK /K2,
k=2.07x 10" g tem 1s?, ¢H = 55km/sMpc.
2MEgaren = 0.8876 cm,  2Mgy, = 2.9533 x 10° cm.



I. Special Relativity

1

Introduction: Inertial systems and the
Galilei invariance of Classical Mechanics

1.1 Inertial systems

Special Relativity became famous because of the bewildering proper-
ties of length and time it claimed to be true: moving objects become
shorter, moving clocks run slower, travelling people remain younger. All
these results came out from a theoretical and experimental study of light
propagation as seen by moving observers. More technically, they all are
consequences of the invariance properties of Maxwell’s equations.

To get an easier access to invariance properties, it is appropriate
to study them first in the context of Classical Mechanics. Here they
appear quite naturally when introducing the so-called ‘inertial systems’.
By definition, an inertial system is a coordinate system in which the
equations of motion take the usual form

mi*=F% «a=1,2,3 (1.1)

(Cartesian coordinates ! = z, 22 = y, 2° = 2, #* =d%z*/dt?). Expe-
rimentally, an inertial system can be realized in good approximation
by a system in which the stars are at rest. Inertial systems are not
uniquely defined; if ¥ is such a system, then all systems ¥’ which orig-
inate from 3 by performing a spatial translation, a rotation about a
constant (time-independent) angle, a shift of the origin of time, or a
motion with constant velocity, are again inertial systems. Accelerated
systems such as steadily rotating systems are not inertial systems, cp.
also (15.2).

We shall now study the abovementioned transformations in more
detail.



2 Introduction: Inertial systems and Galilei invariance

1.2 Invariance under translations

Experimental results should not depend on the choice of the origin of
the Cartesian coordinate system one is using (‘homogeneity of space’).
So if there is a system of masses my, then their equations of motion

meN :FN (12)

should be invariant under a translation by a constant vector b, i.e. under
the substitution

I‘EVZI‘N—f—b, 1"’N:1‘N, F/N =Fy. (13)

Substituting (1.3) into (1.2), the invariance seems to hold trivially. But
a closer inspection of (1.2) shows that if we write it out as

myty = Fn(rar, s, t) (1.4)

(the forces may depend on the positions and velocities of all masses),
then the substitution rfy = ry + b leads to

mNrGV = FN(I‘IZ\/[ - b,f‘/I\/[,t). (15)

This has the form (1.4) only if the force on a mass does not depend
on the positions rj; of the (other) masses, but only on the distances
ry — Iy, because then we have Fy = Fy(ry — raf, far,t) — Fly =
Fn(rly — vy, 1, ¢t); the b drops out. Closed systems, for which the
sources of all forces are part of the system, usually have that property.

Examples of equations of motion which are invariant against transla-
tion are m#¥ = g (motion in a homogeneous gravitational field) and the
motion of a planet (at position r) in the field of the Sun (at position rg)

r—rg

mi = f (1.6)

r—r 5|3 .

In a similar way, experimental results should not depend on the choice
of the origin of time (‘homogeneity of time’), the equations of motion
should be invariant under a time translation

t'=t+b. (1.7)

An inspection of equations (1.4) shows that the invariance is only guar-
anteed if the forces do not explicitly depend on time (they are then
time-dependent only via the motion of the sources of the forces); this
again will hold if there are no external sources of the forces.

We thus can state that for closed systems the laws of nature do not
permit an experimental verification, or a sensible definition, of an abso-
lute location in space and time.



1.8 Invariance under rotations 3

1.3 Invariance under rotations

Rotations such as the simple rotation about the z-axis
¥ =xzcosp+ysing, 1y =-—xsinp+ycosy, 2=z, (1.8)

are best described using matrices. To do this, we first denote the Carte-
sian coordinates by

zsi=xl=z, zo=a’=y, z3=03=z (1.9)

The convention of using z¢ as well as x,, for the same set of variables
looks rather strange and even clumsy; the reason for this will become
clear when dealing with vectors and tensors in both Special and General
Relativity. As usual in relativity, we will use the Einstein summation
convention: summation over two repeated indices, of which always one
is lowered and one is raised.

The general rotation (orthogonal transformation) is a linear transfor-
mation and can be written in the two equivalent forms

’
(0%

r = Dalﬁ :L"B, Lo — Da/B.Tﬂ (110)
(note the position of the indices on the Ds!). Here, and on later
occasions in Special and General Relativity, we prefer a notation which
distinguishes the new coordinates from the old not by a new symbol
(say y“ instead of z%), but by a prime on the index. This convention
is advantageous for many calculations of a general kind, although we
shall occasionally deviate from it. The transformation matrices DO/B
mediating between the two systems thus have two kinds of indices.
Rotations leave angles and lengths fixed; so if there are two arbitrary
vectors % and £%, then their scalar product has to remain unchanged.
With
To = DoPxg, € =D ¢ (1.11)

that gives the condition

2o = DoP DY, 058" = 256°. (1.12)
For arbitrary vectors x and & this can be true only for

DoPD¥, =82, a,B,7=1,2,3. (1.13)

Equation (1.13) characterizes the general orthogonal transformation. By
taking the determinants on both sides of it (note that D,? and Da/v
are numerically identical) we get

Do) = 1. (1.14)



4 Introduction: Inertial systems and Galilei invariance

The transformations with ||Da?|| = +1 are rotations; an example is the
rotation (1.8) with

cosp singp 0
DyP = —sing cosp 0 |. (1.15)
0 01
Transformations with HDa/ﬁH = —1 contain reflections such as, for
example, the inversion
= —ux, -1 0 0
y=-y, = D= 0-1 0]. (1.16)
7 =—z, 0 0-1

To apply a rotation to the equations of motion, we first observe that
for time-independent rotations we have

e =D P = i =D, (1.17)
We then note that the force F is a vector, i.e. its components F'* trans-
form in the same way as the components of the position vector x®. If we
now multiply both sides of equation (1.1) by D“’g, we get

D3P =mi® = DYy F° = F*'; (1.18)

the form of the equation remains unchanged. But if we also take into
account the arguments in the components of the force,

mi® = D3 F*(a” 3" 1) = F* (2,37 1), (1.19)

we see that the £ may depend on the wrong kind of variables. This
will not happen if the F'* depend only on invariants, which in practice
happens in most cases.

An example of an invariant equation is given by (1.6): the r —rg is a
vector, and the distance |r — rg| is rotationally invariant.

We thus can state: since the force is a vector, and for closed sys-
tems the force-components depends only on invariants, the equations of
motions are rotationally invariant and do not permit the definition of an
absolute direction in space.

1.4 Invariance under Galilei transformations

We consider two systems which are moving with a constant velocity v
with respect to each other:

ry=ry—vt, t'=t (1.20)



1.5 Some remarks on the homogeneity of time 5

(Galilei transformation). Because of ty =ty — v, ¥y = 'y, the equa-
tions of motion (1.4) transform as

myty = mytn = Fy(rhy, + vt, o)y, + v, t). (1.21)

Although the constant v drops out when calculating the acceleration,
the arguments of the force may still depend on v. The equations are
invariant, however, if only relative positions rj;—ry (as discussed above)
and relative velocities ¥y — 1 enter. This is usually the case if the
systems are closed and the equations are properly written. Take for
example the well known example of a motion in a constant gravitational
field g under the influence of friction,

mi = —ar — mg. (1.22)

At first glance, because of the explicit r occurring in it, this equation
seems to be a counterexample. But what is really meant, and is the
cause of the friction, is the relative velocity with respect to the air. The
equation (1.22) should correctly be written as

mi = —a(f — vair) — mg, (1.23)

and the invariance is now obvious.

For closed systems, the equations of motions are invariant under Gali-
lei transformations; an absolute velocity cannot be defined. Stated dif-
ferently: only relative motions can be defined and measured (Galilei’s
principle of relativity).

We close this section with two remarks. In all three cases of invariances
we had to refer to closed systems; how far do we have to go to get a
really closed system? Is our Galaxy sufficient, or have we to take the
whole universe? Second, we saw that only relative velocities matter;
what about acceleration — why is this absolute?

1.5 Some remarks on the homogeneity of time

How can one check that space and time are really homogeneous? We
want to discuss that problem a little bit for the case of time.

We start with the notion ‘constant velocity’. How can one check that a
mass is moving with constant velocity? Of course by measuring distances
and reading clocks. How does one know that the clocks are going uni-
formly? After some consideration, and looking at standard procedures,
one concludes that good clocks are made by taking a periodic process
(rotation of the Earth, harmonic oscillator, vibration of a molecule) and
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dividing that into smaller parts. But how does one know that this fun-
damental process is really periodic — no clock to measure it is available!
The only way out is to define that process as being periodic. But which
kind of process should one use for that?

Of course, one has to consult Newton’s equations of motion

. d%r
mi =y = F (1.24)

and to take a process, such as the rotation of the Earth around the Sun,
which is periodic when these equations hold.

To see that really a definition of the time is hidden here in the equa-
tions of motion, consider a transformation

T=ft = dT=fdt, d/dt=fd/dT (1.25)

of the time. In the new time variable T the equations of motion (1.24)
read
12 d’r

///g_ )
gz T =T (1.26)

f
they no longer have the Newtonian form.

We conclude that the correct, appropriate time coordinate is that in
which the equations of motion take the simple form (1.24); the laws of
mechanics guarantee that such a time really exists. But it here remains
an open question whether this time coordinate, which is derived from
planetary motion, is also the appropriate time to describe phenomena
in other fields of physics such as light propagation. This questions will
be answered by Special Relativity — in the negative.

Exercises
1.1 Is the equation m# — kr = 0 (harmonic oscillator) invariant
under translations?
1.2 Show that a rotation Da/g always has one real eigenvector w

with Dalg w® = Aw?, and that w® = (1,1,0) is a complex eigen-
vector of the rotation (1.15). What are the corresponding eigen-

values?
1.3 Is mi = f(z)r rotationally invariant?
1.4 Show that the Laplacian is invariant under rotations, i.e. that

0% /0x°0x4 = 0202 D24 holds.
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Light propagation in moving coordinate
systems and Lorentz transformations

2.1 The Michelson experiment

At the end of the nineteenth century, it was a common belief that light
needs and has a medium in which it propagates: light is a wave in a
medium called ether, as sound is a wave in air. This belief was shattered
when Michelson (1881) tried to measure the velocity of the Earth on its
way around the Sun. He used a sensitive interferometer, with one arm
in the direction of the Earth’s motion, and the other perpendicular to
it. When rotating the instrument through an angle of 90°, a shift of the
fringes of interference should take place: light propagates in the ether,
and the velocity of the Earth had to be added that of the light in the
direction of the respective arms. The result was zero: there was no
velocity of the Earth with respect to the ether.

This negative result can be phrased differently. Since the system of
the ether is an inertial system, and that of the Earth is moving with a
(approximately) constant velocity, the Earth’s system is an inertial sys-
tem too. So the Michelson experiment (together with other experiments)
tells us that the velocity of light is the same for all inertial systems which
are moving with constant velocity with respect to each other (principle
of the invariance of the velocity of light). The speed of light in empty
space is the same for all inertial systems, independent of the motion of
the light source and of the observer.

This result does not violate Galilei’s principle of relativity as stated
at the end of Section 1.4: it confirms that also the ether cannot serve to
define an absolute velocity. But of course something is wrong with the
transformation law for the velocities: light moving with velocity ¢ in the
system of the ether should have velocity c+wv in the system of the Earth.

This contradiction can be given a geometric illustration (see Fig. 2.1).
Consider two observers ¥ (coordinates z,y, z, t) and ¥’ (coordinates 2’ =
x—vt,y =y, 2 =z t' =t), moving with constant velocity v with
respect to each other. At ¢ = 0, when their coordinate systems coincide,
a light signal is emitted at the origin. Since for both of them the light
velocity is ¢, after a time T the light signal has reached the sphere
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Y,z Y

iy
N

by

Fig. 2.1. Light propagation as seen by two observers in relative motion; t =
t'="T.

22 4+ 9% + 22 = A2T? for 3, and (x —vT)% +y? + 22 = *T? for ¥'. But
this a contradiction, the light front cannot be simultaneously at the two
spheres!

It will turn out that it is exactly this ‘simultaneously’ which has to be
amended.

2.2 The Lorentz transformations

Coordinates The wave front of light emitted at ¢ = 0 at the origin has
reached the three-dimensional light sphere

4yt 22— =0 (2.1)

at the time ¢. Space and time coordinates enter here in a very symmetric
way. Therefore we adapt our coordinates to this light sphere and take
the time as a fourth coordinate z* = ct. More exactly, we use

2= (z,y, z, ct), xqo=(x,y,2 —ct), a=1,...,4. (2.2)
The two types of coordinates are obviously related by means of a matrix
7, which can be used to raise and lower indices:

1

a 1 a a
TNab = 1] b= 1 ) My = 5b' (23)

-1

_ b
Zg = Tab",

2t = by,
Using these coordinates, (2.1) can be written as

2%, = nap 2%ab = a2+t + 22— At =0. (2.4)
Invariance of light propagation and Lorentz transformations We now

determine the coordinate transformations which leave the light sphere
(2.4) invariant, thus ensuring that the light velocity is the same in both
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systems. Unlike the Galilei transformations (1.20), where the time co-
ordinate was kept constant, it too is transformed here: the definition of
the time scale will be adjusted to the light propagation, as it is adjusted
to the equations of motion in Newtonian mechanics, cp. Section 1.4.

The transformations we are looking for should be one-to-one, and no
finite point should go into infinity; they have to be linear. Neglecting
translations, they have the form

2" =L", 2% Ty =Lz, Ly’ = nmmn™L", (2.5)

(for the notation, see the remarks after equation (1.10); note that 7,/
and 745 have the same numerical components).

To give the light sphere the same form #,2" = 0 = 2™z, in both
coordinates, the transformations (2.5) have to satisfy

’
n

2" 2y = Lo Ly P2ty = alay, (2.6)
which for all z is possible only if
LV Ly =68 abn =1,... 4. (2.7)

These equations define the Lorentz transformations, first given by Walde-
mar Voigt (1887). The discussion of these transformations will fill the
next chapters of this book.

If we also admit translations,

’ ’ ’ ’
2 =L",x"+ ", " = const., (2.8)
we obtain the Poincaré transformations.

Lorentz transformations, rotations and pseudorotations Equation (2.7)
looks very similar to the defining equation (1.13) for rotations, DV’ D,/?
= 62, to which it reduces when the time (the fourth coordinate) is kept

fixed:
v (D"40
= (70, 29

Rotations leave 2%z, = x2 + y? + 22 invariant, Lorentz transformations
0w, = 2% +y? + 2% — 22

We now determine the special Lorentz transformation which corre-
sponds to a motion (with constant velocity) in the a-direction. We start
from

"= Ax+ Bet, Yy =y /
—

LY, = (2.10)

Qoonx
SO ~=O
O, OO
oo

t' =Cx+ Dct, 2/ = 2
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When we insert this expression for L™, into (2.7), we get the three
conditions A2 — C? = 1, D? — B?> = 1, AB = CD, which can be
parametrically solved by A = D = coshp, B = C = —sinh ¢, so that
the Lorentz transformation is given by

2’ = xcoshy — ctsinhp, Yy =y,

(2.11)
ct' = —xsinh ¢ + ctcosh g, 7=z
The analogy with the rotations
= xzcosp— ysingp, 2=z,
(2.12)

y' = —xsinp + ycos o, =t

is obvious — but what is the physical meaning of ¢ in the case of the
pseudorotations (2.11)?

To see this, we consider the motion of the origin 2 = 0 of the moving
coordinate system ' as seen from ¥. From 2’ = 0 and (2.11) we have
_dx _ csinhy
T cosh ¢

v = tanhp = E, (2.13)
c

 is in a simple way related to the velocity v. If we substitute v for ¢
in the pseudorotations (2.11), we get the well-known form

xr — vt ct —vzx/c
= ' = /

V1—02/2’ V1—v2/2

of the special Lorentz transformation. This transformation describes the

v =y, =z (214)

transformation between a system ¥ and a system ¥’ which moves in the
z-direction with constant velocity v with respect to X.

For small velocities, v/c < 1, we regain ' = x — vt, i.e. the Galilei
transformation; we see that Newtonian mechanics is valid for small ve-
locities, discrepancies will appear only if the particles are moving very
fast. We shall come back to this question in Chapter 4.

If we solve (2.14) for the 2%, we will get the same equations, with the
primed and unprimed coordinates exchanged and v replaced by —v.

2.3 Some properties of Lorentz transformations

In this section we shall discuss some of the more mathematical properties
of the Lorentz transformations. Many of the physical implications will
be dealt with in the following chapters, in particular in Chapter 3.

Group property The Lorentz transformations form a group. To prove
this, we remark that matrix multiplication is associative, and see by
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inspection that the identity v, = o7 is contained. Two successive
transformations yield

e =L e =L L 2 = L, 2t (2.15)
This will be a Lorentz transformation if L™, satisfies (2.7), which is
indeed the case:

Lm”aLm//d — Lm”n/Ln/aLm//b,Lb/d _ 52Ln/aLbld — Lb/aLb/d — 5g (216)

In a similar way one can show that the inverse of a Lorentz transforma-
tion is again such a transformation.

Classification of Lorentz transformations The 4x4 matrices L™, which
describe Lorentz transformations have 16 parameters which are subject
to the ten conditions (2.5); there are six independent Lorentz transfor-
mations, corresponding to three motions (e.g. in the direction of the
axes) and three rotations. As we shall show now, there are four distinct
types of Lorentz transformations.

From the defining equations (2.5) and (2.7) we immediately get

2%l = (162 = 1, (1 Zar®[| = e[| - [l - 127l = (2]l
(2.17)

so that
HL”’a :{j (2.18)

holds. Evaluating the (4,4)-component of (2.5), we obtain (remember
that indices are raised and lowered by means of n!)

1= —nuL"4L,*

. (2.19)
= =" LpiyLyrg = (Lya)? — (L114)? — (Lara)? — (Lgra)?
and conclude that
v _ Jz+1
L4{§_1. (2.20)

Equations (2.18) and (2.20) show that there are four distinct classes of
Lorentz transformations. Those which do not contain reflections have
|L".|| = +1 and are called proper. Transformations with L*; > +1
are called orthochronous; because of ct’ = L*; ct + - - - they preserve the
direction of time.

Normal form of a proper orthochronous Lorentz transformation By us-
ing an adapted coordinate system, any proper orthochroneous Lorentz
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transformation can be written in the form

@009
0 0

L=\ 0% %0 (2.21)
@009

of direct product of a special Lorentz transformation (motion) (©) and
a rotation (x) in the plane perpendicular to that motion. We leave the
proof to the reader, see Exercise 2.2.

Lorentz transformation for an arbitrarily directed velocity We start with
a question: how does a Lorentz transformation between two systems
whose spatial axes are parallel, as in Fig. 2.2, look? By ‘parallel’ we
mean that, for a fixed time, 2’ (for example) does not change if only y
and z vary: in
2 = Llla ¢ = L1/1 T+ Ll/z Y+ Ll/g Z+ L1/4 ct (2.22)
the Ll,g and L1/3 are assumed to be zero, and from the y’- and z'-
equations we see that also L27, L?5, L3 and L% should vanish. There
should be at least one component of the velocity, so we assume LY, #0.
Inserting all this into the defining equations (2.7), the result may be
a surprise to the reader: the Lorentz transformation necessarily is of
the form (2.11) of a motion in the z-direction (which is preferred here
because of the assumption LY, # 0). So if the spatial axes of the two
systems should be parallel, then the motion must be in the direction of
one of the axes! For all other cases, the Lorentz transformations contain
also terms which cause a rotation of the spatial system. For rotations the
analogous effect is well known: none of the axes of a coordinate system
can remain unchanged unless it coincides with the axis of the rotation.
So one should not be surprised that the Lorentz transformation de-
scribing the motion of the system ¥’ with an arbitrarily directed velocity
Ve (with no ‘extra’ rotation) looks rather complicated:

z : Yy

Fig. 2.2. Lorentz transformations between parallel systems.
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Lo, — <(7 — Dn%ng + 65 —vyn®/c
—vyng/c g

ne=1, v=(1-v%/c2)"12 «a,3=1,23.

>’ Ve =t/ (2.23)

Note that the rotational part in (2.23), the term (y—1)n%ng, is of second
order in v/ec.

Velocity addition formula for parallel velocities What is the result if we
perform two successive Lorentz transformations, both corresponding to
motions in the x-direction? Since the Lorentz transformations form a
group, of course again a transformation of that type — but with what
velocity?

Lorentz transformations are pseudorotations, i.e. they satisfy

/

2’ = wcoshpy — ctsinhpy, ¢ = —xsinhp; + ctcosh pq,

l,//

2.24
= a2’ cosh s — ct’ sinh gy, ct” = —a’sinh s + ct’ cosh ps. (2.24)
To get («”,ct”) in terms of (z,ct), we observe that one adds rotations
about the same axis by adding the angles:

2" = xcoshy — ctsinh,

= . 2.2
ct” = —xsinh ¢ — ct cosh ¢, PPt (2.25)

To translate this relation into one for the velocities, we have to use
(2.13), i.e. tanh ¢ = v/¢, and the well-known theorem for the hyperbolic
tangent,

tanh 1 + tanh o

tanh ¢ = tanh(p1 + ¢2) = 5 tanh oy tanh oy (2.26)

‘We obtain vy + 9

YT +vvg /e’

For small velocities, v,/c < 1, we get the Galilean addition formula
v = vy + vo. If we take the velocity of light as one of the velocities (as a
limiting case, since the Lorentz transformations (2.14) are singular for
v =c), we get

(2.27)

C+ vy
=—— =g, 2.28
YT va/c ‘ (228)
the velocity of light cannot be surpassed.
On the other hand, if we take two velocities smaller than that of light,

we have, with vy =c— X\, vo =c—pu, A\, u>0,
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v 2c—A—u . 2c—A—pu
1+ (c=N)(c—p)/c? 2c— A —p+ /e (2.29)
¢
= <c

L+ A/[c(e—=A—p)] =7
it is not possible to reach the velocity of light by adding velocities less
than that of light. The velocity addition formula (2.27) seems to indicate
that the velocity of light plays the role of a maximum speed; we shall
come back to this in the next chapter.

The addition of two non-parallel velocities will be considered in Sec-
tion 4.4.

Exercises

2.1 Show that the inverse of a Lorentz transformation is again a
Lorentz transformation.

2.2 Show by considering the eigenvalue equation L™, x;, = Az® that
the four eigenvalues A, of a proper orthochroneous Lorentz trans-
formation obey A1A2 = 1 = A3A4, and that by using the eigen-
vectors the Lorentz transformation can be written as indicated
in (2.21).

2.3 Show that the transformation (2.23) is indeed a Lorentz trans-
formation, and that origin of the system Y’ obtained from X by
(2.23) moves with the velocity V<.

2.4 Show by directly applying (2.14) twice that (2.26) is true.

2.5 In a moving system Y', a rod is at rest, with an angle ¢’ with
respect to the z'-axis. What is the angle ¢ with respect to the
x-axis?

3

Our world as a Minkowski space

In this chapter we will deal with the physical consequences of the Lorentz
transformations. Most of them were first found and understood by Ein-
stein (1905), although most of the more technical properties considered
in the last chapter were known before him.
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3.1 The concept of Minkowski space

We have seen that the velocity of light is the same for all inertial systems,
i.e. for all observers which move with constant velocity with respect to
each other. The velocity of light is just one aspect of Maxwell equations,
so that in fact the Michelson experiment shows that Maxwell equations
are the same in all inertial systems. Since the elements of our world
interact not only by electromagnetic fields, but also by gravitation, heat
exchange, and nuclear forces, for example, the same must be true for
all these interactions. The laws of physics are the same for all inertial
systems (principle of relativity).

The principle of relativity does not exclude the Galilei transformations
of mechanics, if one does not specify the transformations between inertial
systems. This can be done by demanding that the velocity of light is the
same for all inertial systems (principle of the invariance of the velocity
of light).

Both principles together characterize Special Relativity. They are
most easily incorporated into the laws of physics if one uses the concept
of Minkowski space.

The four-dimensional Minkowski space, or world, or space-time, com-
prises space and time in a single entity. This is done by using Minkowski
coordinates

2% = (x% ct) = (v,ct), Tg=Nab 2zt = (zq, —ct). (3.1)

A point in this space is characterized by specifying space and time; it
may be called an event.

The metrical properties of Minkowski space (in Minkowski coordi-
nates) are given by its line element

ds? = da? + dy? + d2® — 2 dt? = dr? — 2 dt? = g da®dab.  (3.2)
This line element is invariant under Lorentz transformations
" =L", 2% L",L,*=0d" (3.3)

since z"x,, is. Note that ds? is not positive definite!

3.2 Four-vectors and light cones

A four-vector a” = (a',a?,a% a*) = (a,a*) is a set of four elements

which transforms like the components x™ of the position vector,
a’ =L, a™. (3.4)

An example is the vector connecting two points P; and P, of Minkowski
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space, Py Py = (22 — xt,y? —y!, 22 — 21 ct? — ctt).
Obviously, a Lorentz transformation mixes the spacelike and the time-
like parts of a four-vector, but leaves the ‘length’ fixed:

’ ’
a" ay = L%, Lytamay = a"a, = inv. (3.5)

This invariant can have either sign, or can be zero, depending on the
relative size of the spacelike and timelike parts of the vector. This leads
to the following invariant classification of four-vectors:

> 0 spacelike vector
a"a, = a* — (a4)2 =0 null vector . (3.6)

< 0 timelike vector

For a given vector a™, one can always perform a (spatial) rotation of the
coordinate system so that a points in the x-direction: a® = (a',0,0,a*).
A special Lorentz transformation (2.14) then yields

v at—wat/c v a*—wval/c (3.7)

= 0 =YV .
V1—v2/c? V1—v2/c?

For |a1 / a4‘ > 1, one can make a? vanish by choice of v (note that v has
to be smaller than ¢ !), and similarly in the other cases. So one gets the

following normal forms of four-vectors.

spacelike vector:  a™ = (a,0,0,0)
Normal forms: null vector:  a™ = (a,0,0,a) (3.8)
timelike vector:  a™ = (0,0,0,a).

If we have two four-vectors a™ and b", then we can define the scalar
product of the two by

lab| = a’b; = nina’b™. (3.9)

This is of course an invariant under Lorentz transformations. When |ab|
is zero, the two vectors are called orthogonal, or perpendicular, to each
other. Note that in this sense a null vector is perpendicular to itself.

A light wave emanating at ¢ = 0 from the origin of the coordinate
system will at time ¢ have reached the points r with

r? — 2t = 0. (3.10)

If we suppress one of the spatial coordinates, equation (3.10) describes
a cone in (z,y, ct)-space. Therefore one calls (3.10) the light cone. As
Fig. 3.1 shows, the light cone separates timelike vectors inside it from
the spacelike vectors outside; null vectors are tangent to it.
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timelike A
null

spacelike

spacelike

Fig. 3.1. Light cone structure of Minkowski space.

One can attempt to visualize the special Lorentz transformation (2.14)
in Minkowski space by drawing the lines 2/ = 0 and ¢t = 0 as ct’-axis
or z’-axis, respectively, for a given value of v/c, see Fig. 3.2. This figure
clearly shows that the new ct’-axis always lies inside the light cone (and
the new z’-axis outside), that the transformation becomes singular for
v = ¢, and that any timelike (spacelike) vector can be given its normal
form by a suitable Lorentz transformation. But it does not show that
the two coordinate systems are completely equivalent as in fact they are.

ct ct/
i light cone

Fig. 3.2. Visualization of a Lorentz transformation.

3.3 Measuring length and time in Minkowski space

The problem One may argue that the results of any measurement should
be independent of the observer who made them. If we admit observers
in relative motion, then only invariants with respect to Lorentz transfor-
mations will satisfy that condition. So for example (spacelike) distances
which occur only as a part of a four-vector do not have an invariant
meaning.

In practice one is accustomed to measuring spatial distances and time-
intervals separately, and one often insists on using these concepts. But
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then the results of a measurement depend on the state of motion of the
observer, as the components of a three-vector depend on the orientation
of the Cartesian coordinate system one uses. The typical question which
then arises is the following: suppose two observer ¥ and ¥’ (in relative
motion) make some measurements; how are their results related? The
answer to this question leads to some of the most spectacular results of
Special Relativity theory.

The notion of simultaneity As a prerequisite, we will consider the mean-
ing of ‘same place at different times’. If an observer ¥ states this for
an object, it means the object is at rest at = 0 (for example). For
an observer ¥’ moving with respect to ¥ and to the object, the object
changes its position; from (2.14) one gets

— ot —ot
=t =0 = 2= (3.11)

1=/ 1=/
There is no absolute being at the same place for different times.

This is trivial — but the corresponding result obtained by interchanging
the role of space and time is not. If an observer 3 states that two events
at different places x4 and xp are simultaneous (observed at the same
time tg), then the application of a Lorentz transformation gives

ctg —vxra/c , ctg —vzp/c , (xp—xA)V
e BT rae al = s
V1—v2/c V1—v2/c cy/1—v2/c
(3.12)
For an observer ¥’ the two events are no longer simultaneous: there is
no absolute simultaneity at different places.
This result has been much debated. In the beginning many people

ct’y =

objected to that statement, and most of the attempts to disprove Special
Relativity rely on the (hidden) assumption of an absolute simultaneity.
There seems to be a psychological barrier which makes us refuse to
acknowledge that our personal time which we feel passing may be only
relative.

We now shall analyze the notion of simultaneity in more detail, just
for a single observer. How can we judge and decide that two events
at different places A and B happen at the same time? Just to assume
‘we know it’ is tantamount to assuming that there are signals with an
infinite velocity coming from A and B which tell us that events have
taken place; also, though not said in those terms, Newtonian physics
uses this concept. To get a more precise notion, our first attempt may be
to say: two events are simultaneous if two synchronized clocks situated
at A and B show the same time. But how can we be sure that the
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two clocks are synchronized? We cannot transport one of two identical
clocks from A to B, since the transport may badly disturb the clock and
we have no way of checking that. Nor can we send a signal from A to B,
divide the distance AB by the signal’s velocity V to get the travelling
time, and compare thus the clocks: without a clock at B, we cannot
know the velocity V!

Considerations like this tell us that we need to define simultaneity. As
with the definition of time discussed in Section 1.5, simultaneity has to be
defined so that the laws of nature become simple, which means here: so
that the Lorentz transformations hold. Einstein showed that a possible
definition is like this: two events at A and B are simultaneous if light
signals emitted simultaneously with those events arrive simultaneously
in the middle of the line AB. Note that here ‘simultaneously’ has been
used only for events occurring at the same place!

By procedures like this, an observer 3 can synchronize his system of
clocks in space-times; for a different observer ¥/, this system is of course
no longer synchronized.

Time dilatation At r = 0, an event takes place between tg = 0 and
tg = T; for an observer ¥ at rest with that event the corresponding
time-interval is of course At = T. Because of the Lorentz transforma-
tion (2.14) we then have ct’y = 0, ctly = ¢T'//1 — v2/c?; for a moving
observer ¥/ this event lasts

A
A= 2t (3.13)

1=/
A moving clock runs slower than one at rest, any clock runs fastest for
an observer who is at rest with respect to it.

Length contraction When we measure the length of a rod at rest, the
times t 4 and tp at which we look at the two endpoints x4 = 0and xg =
L are unimportant, its length is always L = Ax. For a moving observer
Y this is different: since the rod is moving in his system of reference,
he has to take care to determine its two endpoints simultaneously! So
when using the relations

o —vta ot — cta
A V1—02/c? A V1—02/c? 514
L —outg , ctg —vL/c (3.14)

Ty = ———, g = —,
B V1—v2/c? B V1—v2/c?
he has to set ¢/, = t5. Choosing t/; = 0, this amounts to t4 = 0,
tp = vL/c?, and thus to 2/y =0, ¥’y = L\/1 —v2/c2, or to
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Az’ = Az\/1 —v2/c2. (3.15)

A moving rod is shorter than one at rest, a rod is longest for an observer
at rest with respect to it.

3.4 Two thought experiments

The two effects explained above, the time dilatation and the length con-
traction, are experimentally well confirmed. To get a better understand-
ing of them, we will now discuss in some detail two gedanken (thought)
experiments.

3.4.1 A rod moving through a tube

We take a rod of length 2L, and a tube of length L (both measured at
rest), see Fig. 3.3.

L L/2
‘ 2L
_—
> - rod moving Z/ — tube moving

Fig. 3.3. Rod and tube.

System X (Tube at rest, rod moving) The length of the tube is L. If
the rod moves with velocity v = ¢v/3/2, application of (3.15) yields
2L\/1 —v?/c? = L as the length of the rod; if it moves through the
tube, it just fits in!

System X' (Rod at rest, tube moving) The rod is four times as long as
the tube, it never can fit into the tube!

How can the two results both be true? Observer ¥/ will state that X
did not measure the position of the rod’s endpoints simultaneously: %
determined the position of its tip when it had already reached the end of
the tube, and then waited until the end of the rod just entered the tube.

3.4.2 The twin paradox

Imagine a pair of twins; one is travelling around in space with a high
velocity, the other just stays on Earth.

System ¥ (Earth at rest) The travelling twin, assumed to have a constant
velocity (except at the turning point), experiences a time dilatation, his
biological clock runs slower; when coming back to Earth he is younger.
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System X' (Travelling twin at rest) For the travelling twin, the Earth is
moving with a (nearly always) constant velocity, and for him the twin
staying on Earth remains younger.

So when the two meet again on Earth: who really is younger than the
other? It is in the nature of a ‘paradox’ that the contradiction is only
apparent, something wrong has entered. So what is wrong in the above
reasoning?

C

N\,

Fig. 3.4. ‘Shortest’ connection between A and B.

The wrong assumption is that the two systems of reference are equiv-
alent. They are not, since the system (X) of the Earth is an inertial
system, whereas the system (X') of the travelling twin is not: when
returning, it must undergo an acceleration. One may argue that the
effect of this acceleration can be neglected if the times of constant
motion (which cause the time dilatation) are long enough. But that
is not true, as a detailed analysis shows. The reasoning saying that the
two systems are nearly equivalent, only the effect of the short times of the
acceleration needs to be neglected, is on a similar level as saying that —
since straight lines are the shortest connection between two points — the
connection of A and B via C is the shortest one, the short deviation
from a straight line in C' does not count, see Fig. 3.4.

For a really reliable answer one has to know how to deal with accel-
erated systems; here General Relativity is to be asked, and the answer
is: yes, travelling (deviating from geodesic motion) keeps you younger.

3.5 Causality, and velocities larger than that of light

Special Relativity denies the existence of an absolute simultaneity. Can
it happen that even the temporal order of two events can be changed,
i.e. that what for an observer X is the cause of an effect, is later than
that effect for an observer X/ 7

To be precise, let us have a cause at 1 = 0, t; = 0, and its effect at
x9 = L, to = T. The velocity of that phenomenon obviously is V = L/T.
An observer X', moving with velocity v, sees the cause when ¢] = 0, and



22 Our world as a Minkowski space

the effect when ct, = (¢T' — vL/c)/y/1 —v?/c%. He will state that the
effect takes place before the cause if t}, < 0, i.e. if

vV > 2. (3.16)

This relation can be true only if at least one of the two velocities exceeds
that of light. So to avoid this acausal behaviour, one has to demand:
velocities greater than that of light must not and cannot occur.

This statement is so strict that it invites people to challenge it, and
newspapers regularly report on new findings that a velocity exceeding
that of light has been observed. Because of its importance, we want to
discuss three aspects of the above statement.

First we can say it reflects the logical consistency of Special Relativity.
It is supported by the property of Lorentz transformations, discussed in
Section 2.3, that by addition of velocities we cannot surpass ¢, and will
be strengthened in the next chapter where we shall show that a material
body cannot be accelerated from zero velocity to that of light.

Second, we have to stress that the limitation is only for velocities of
material bodies or of processes which can be started voluntarily at the
first point and are therefore suitable for transmitting information. To
make that clearer, we consider two thought experiments.

Imagine, as in Fig. 3.5, one blade (1) at rest and the other one (2)
moving with velocity V. The intersection P of the two moves with ve-
locity V' = V,/sina to the right. By choosing a small, we can make V'
arbitrarily large, even exceeding c. Although the arrival of P may cut
your finger or your throat, the blade does not carry information, it is
always moving, and V' > ¢ does not violate the above statement. Blade
(2) would carry information, however, if we were able to start it at a
prescribed time simultaneously over its whole length, acting on it only
at P. This is not possible, since no material blade is completely rigid.

(2)

Fig. 3.5. Moving blades.
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To turn the argument around: Special Relativity forbids the existence
of completely rigid bodies.

The second thought experiment uses a laser pointing to the Moon. By
rotating it, the point where it hits the Moon can be made to move on
its surface with arbitrary large velocity — but the cause is on the Earth,
not at the point hit first on the Moon!

Our third remark is a rather hypothetical one. Special Relativity does
not exclude particles with velocities larger than c as long as they cannot
be used to carry information, i.e. as long as they cannot be generated or
cannot interact with ordinary matter. Such hypothetical particles are
called tachyons.

So although we can define velocities (as in the above thought experi-
ments, or as, for example, phase velocities of waves in dispersive media)
which exceed that of light, this does not contradict our statement. For
us it is certain that no physical law should permit us to change the past,
an acausal behaviour should not take place. But there is no logical way
of excluding the possibility that future experiments could disprove the
theory by, for example, finding particles faster than light; but so far
Special Relativity has always proved to be right.

We close this section by showing how causal relations between points
in space-time can be visualized. The light cone at a point P divides
space-time into three parts. Points Py in the upper part (inside and
on the future light cone) are in the (absolute) future of P; they can be
influenced by P, but cannot act back. Points P, in the lower part (inside
and on the past light cone) are in the absolute past; the can act on P,
but P cannot react. Points P5 outside the light cone are in the absolute
present; there is no causal connection between them and P.

future future null cone

past null cone

Fig. 3.6. Causal domains in space-time.
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Exercises

3.1 Show that the sum of two timelike vectors, both pointing into
the future (i.e. with positive timelike components) is again time-
like and pointing into the future.

3.2 Show that a vector orthogonal to a timelike vector is spacelike.

3.3 Show that two null vectors which are perpendicular to each other
are parallel.

3.4 Show that (as stated in the text) the observer ¥/ does not deter-
mine the position of the rod’s endpoints simultaneously when
judged by X.

3.5 How fast has a sphere of diameter D to be moved to pass through
a circular hole (diameter d) in a plane sheet of paper?

4
Mechanics of Special Relativity

Lorentz transformations were derived from the properties of light prop-
agation. So naturally one would expect that we now start to discuss
Electrodynamics and Optics. But since for that we need tensor analy-
sis, we will reverse the logical order and treat Classical Mechanics first.

4.1 Kinematics

Newtonian mechanics is Galilei invariant; its foundations have to be
changed to make it Lorentz invariant. The best way to avoid mistakes
when doing this is to use only invariants and four-vectors.

World lines and proper time In non-relativistic mechanics, the motion
of a point particle is described by giving its position as a function of
time, r = r(t). Sometimes one uses also the arclength [ defined by

di? = d2® + dy? +d2?, z=z(1), y=y(), z=2(1), t =t(l). (4.1)

Here we rather want to have a notation which incorporates space and
time on an equal level; this is done by choosing the proper time 7 defined
by
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—c?d7? = ds? = da" dx, = d2? + dy? + d2? — 2 dt? (4.2)
as our parameter, and by describing the world line of the particle as
2"(1) = (r(7), ct(r)). Writing (4.2) as
—?dr? = —c2dt*(1 — d®r/c? dt?) = -2 dt* (1 —v?/c?), (4.3)
we see that

dr = dty/1 —v?/c? (4.4)

holds, where v = v(7) is the — in general non-constant — velocity of the
particle. For a particle at rest, proper time and time coincide. Fig. 4.1
shows some typical examples of world lines.

(a) (b) (c)

Fig. 4.1. Typical examples of world lines of particles: (a) particle at rest,
(b) accelerated particle, (c) impact of two particles.

Four-velocity Using only the world line representation z™ = z"(7) and
the parameter 7 as ingredients, there is only one four-vector generalizing
the three-dimensional velocity, namely the four-velocity u” defined by

ny . da™ dz™ _ \4 c
wir) = dr dty/1—v2/c? B <\/1—v2/027 \/1—1)2/02). (4.5)

Because of the definition (4.2) of the proper time 7, the four-velocity

obeys 4o d
" dwzy, 9

uu, = ——— = —c”. 4.6
" dr dr (4.6)

This equation shows that the four components of u™ are not independent

of each other, and that u™ generalizes the tangent vector dr/dl (which

is always of length 1).

Four-acceleration Similarly we define the four-acceleration @™ by

du™  dZa”

O a (47)

,L'LTL

Because of (4.6) one has
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d(u"uy)/dT = 0 = 4" uy, (4.8)
four-velocity and four-acceleration are orthogonal to each other.

Rest system of a particle Since in general v(7) is not constant, an
accelerated particle cannot be transformed to rest by a Lorentz trans-
formation. This is possible only for a single instant of time 7 = 7, where
we can have u"(19) = (0,0,0,c).

4.2 Equations of motion

In the foregoing section, we introduced some new notations. Now we
come to a more difficult part: since Newtonian mechanics contradicts
Lorentz invariance, we have to find a new law of nature! To do this,
we imitate Newtonian mechanics by demanding that the equations of
motion should have the form ‘acceleration is proportional to force’, i.e.
by demanding the form

d2zn
mo g3 = . (4.9)
The constant my is called proper mass, or rest mass, and the four-vector
f™ the four-force, or simply force.

Since force and acceleration are four-vectors, and mg is an invariant,
this equation is certainly Lorentz invariant. But is it correct? Does
it really describe nature? One possible way of testing this is to study
the Newtonian limit ¢ — 0. As one can see from (4.5), the Newtonian
equations of motion (1.1) should be contained in the spatial components
of (4.9). But how is the three-force F contained in f"? Here we need
a result from electrodynamics (which we will give later in Section 7.4)
which says that f™ has the form

= (\/%72/02,#) , (4.10)

with a not yet determined fourth component f%.

Spacelike components of the equations of motion Inserting the expres-
sion (4.10) for f™ into the equation of motion (4.9), and using (4.5) and
(4.4), we obtain

mo
V1=0v2/2

For v < ¢, this is indeed the Newtonian equation of motion, with mass

—mv=F, m= (4.11)

dt
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m and proper mass mg coinciding. In general, however, it only has the
same form, but with a velocity-dependent mass m. It is a kind of a
surprise that the Newtonian form is still valid in Special Relativity!

For large velocities v, the mass m is growing, tending to infinity if v
approaches c; this shows that a finite force F cannot accelerate a point
mass so that its velocity equals that of light in a finite time.

Timelike component of the equations of motion The Newtonian equa-
tions of motion do not have a timelike component — so what new law is
hidden here? The answer is simple, but nevertheless surprising. If we
write the equations of motion as

mot™ = f™ (4.12)
and multiply this equation by w,, we see that, because of (4.8),
FMun =0 (4.13)

holds, so the four-force must be orthogonal to the four-velocity. This
relation can be used to determine f4; the simple calculation gives

F Fv
n_ , . 4.14
d <\/1—v2/02 c\/1—02/02> (4.14)

Using this result, the timelike component of the equation of motion (4.9)
reads

d
&mc2 =Fv. (4.15)

A relation similar to this appears in Newtonian mechanics if we multiply
mdv/dt =F by v and write the result as

%(%mv2) =Fv. (4.16)

It tells how the kinetic energy mwv?/2 changes with time. So by analogy
we conclude that also (4.15) is the balance equation for the kinetic
energy of a particle. This interpretation is supported by the fact that
the development of mc? with respect to v/c yields

1
m? =10 _ moc? + imfu2 +n (4.17)

V1—v2/c?
Energy E and (inertial) mass m are — except for the factor ¢ — just
two names for the same thing,
2

E=mc?=——20¢ (4.18)
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When this was first formulated by Einstein, it was a very surprising
result, with remarkable consequences, so that the above relation became
a trademark of Einstein’s. A consequence of (4.18) is that, besides a part
due to the motion of the particle, there is an energy moc? due to its rest
mass. Kinetic energy can be transformed into other forms of energy,
for example into heat, and so it was argued that the same should be
the case for the rest energy moc?; we know nowadays that this is true.
Conversely, any energy of a system contributes to its rest mass, and so
photons (electromagnetic radiation) in a box also have a rest mass; since
any mass is a source for the gravitational field, photons therefore also
must have a gravitational field.

Energy-momentum four-vector The fact that energy and momentum of
a particle are closely related is best seen from the energy-momentum
four-vector p™, which just the four-velocity multiplied by the rest mass:

pn mou" _ moVv mocC
VI—02/c? /1 —v2/c? (4.19)

= (mv,E/c) = (p,E/c), pnp" = —mic*.

The equations of motion (4.9) are the balance equations for this vector.

4.3 Hyperbolic motion

Simple examples for relativistic mechanics are rare; most of the daily life
examples cannot be generalized meaningfully as (for example) a Lorentz
invariant gravitational field does not exist. An interesting example is,
however, the generalization of the one-dimensional motion under a con-
stant force (which in analogy to the homogeneous gravitational field we
name mgg). The corresponding z-component of the equation of motion
reads

d d
— =F = — ———— = mog = const. 4.20
dtmv mo U 1oz ey 09 ( )
The question whether this is really a correct relativistic generalization
of a motion under a constant force is left to the reader, see Exercise 4.2.
Taking the initial value v(0) = 0, the straightforward integration of
(4.20) yields

v dx gt

\/17112/02 =9t R 1+ (gt/c)?’ (4.21)
)y=ctg /1 + (gt/c)2 +b, v(t)=c*t/(x—b),
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ct

Fig. 4.2. Hyperbolic motion.

from which
(x —b)? — 2 = /g2 (4.22)

follows. This equation describes a hyperbola in z-t-space, which explains
the name hyperbolic motion; see Fig. 4.2. A photon emitted at t = 0
from a point to the left of x = b can never reach the particle.

To obtain x and ¢ as functions of the proper time 7, we have to evaluate

dr = dty/1 —v2/c? = dt/\/1+ (gt/c)?. (4.23)

The result is

C2 2

t
r=S arcsinhg—, ct(r) = — sinh ﬂ, z(r)—b= € cosh 2T, (4.24)
g ¢ g c g c

For v < ¢, we regain with v = gt, x— const. = gt?/2, the well-known
results of Newtonian mechanics.

The simplicity of the hyperbolic motion admits some interesting
insights into relativistic effects.

Take two rockets, let them start at the same time t = 0 at x = x
and r = x¢ + L, respectively, and let them have the same accelera-
tion. Imagine now a rope spanned between them. What happens to the
rope when the two rockets are accelerating? From the viewpoint of an
observer at rest, the distance L between the rockets remains the same

Fig. 4.3. Two identical rockets in hyperbolic motion.
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for all times. For him a material rope spanned between them thus also
has the same length for all times. But since that rope is moving, this can
only be so if in the rope’s rest system its length L’ is growing according
to L' = L(1 — v?/c?)~1/2, so just compensating the length contraction
(3.15) due to its motion; the rope expands forever, until it finally tears
into pieces.

On the other hand, take two rockets with different accelerations g =
c?/X, but both their world lines being described by hyperbolae

z? -t = X2 (4.25)

For either of the rockets (for any fixed value of X), its velocity v can be
obtained from d(x? — c?t?) as v = dx/dt = c?t/x; it obeys /1 — v2/c2 =
X/z. Assume now the two rockets start at ¢ = 0 with an infinitesimal
distance Azg = AX. Because of (4.25), for any (constant) time we have
xdz = X dX, which amounts to Az = XAX/z =dX+/1 — v2/c?. So we
have Az = Axgy/1 — v?/c?, which is exactly the formula for the length
contraction of a moving rod! If two rockets of the family (4.25), now
at a finite distance from each other, are connected by a rod, then this
rod undergoes different velocities at each of its parts, but as a whole
it is neither contracted nor expanded by the motion of the differently
accelerated rockets.

Fig. 4.4. Two rockets in hyperbolic motion, with different acceleration.

4.4 Systems of particles
Actio = reactio? In Newtonian mechanics, for a system of, say, two

particles, the equations of motion read

d21‘1 d2I'2
Myt = Fip+ FO =2

where F4p denotes the force exerted from particle A on particle B, and

= Fy + F5, (4.26)
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Fig. 4.5. Interaction between two particles: (a) Newtonian physics, (b) Special
Relativity.

the F& are forces from outside the system. It is one of the fundamental
laws that actio = reactio holds, i.e. the forces between the two particles
are equal in magnitude, but opposite in direction,

Fip=—Fy. (4.27)

The two forces act — ‘naturally’ — at the same time, see Fig. 4.5.

In Special Relativity, causality has to be obeyed. This means that
the force F'1o, which has its cause in particle 1 at some instant of time,
can have its effect on particle 2 only at a later time such that the action
propagates at most with the velocity of light. Whereas in Newtonian
mechanics F'15 and F'oq refer to the same track of interaction Py P, this
is different in relativity: the action on particle 2 at P, comes from Pl,,
and it acts back on particle 1 at Pl//. In general, actio = reactio no
longer holds, which makes the treatment of interacting particles much
more difficult. The deeper reason for these difficulties is the fact that
the field by which the interaction is mediated (e.g. the electromagnetic
field) has its own momentum which contributes to the momenta of the
particles which are balanced in the equations of motion (4.26).

As a consequence of this, the equations and calculations are simple

only if the interaction takes place at the same point in space-time: this
happens for a collision, or a decay, of particles, and we shall consider
only those from now on.
Collision and decay of particles — energy-momentum balance and cen-
tre of mass There are no external forces F§*, and interaction between
the particles takes place only when they are at the same point in space-
time. We therefore can assume v4 = vp for all particles participating in
the process, and moreover Fap = —Fp4. In generalizing the relativis-
tic equations of motion (4.11) and (4.15), or (4.9), and the Newtonian
equations (4.26), we conclude that
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=/ —

P1 P2

P1 Y

Fig. 4.6. Elastic collision of two particles.

ZA myvs = const., ZA mac = ZA E4/c= const. (4.28)
or
Pt = ZA p’y = const. (4.29)

holds: three-momentum and energy, or four-momentum, are conserved.

The vector P™, being the sum of timelike vectors, all pointing into the
future, is again timelike and pointing into the future, see Exercise 4.1.
So there is a coordinate system in which it has the normal form

P™ = (0, P%). (4.30)

This system is called the centre of mass system. Since the four-momentum
of a particle satisfies p"p,, = —mZc?, we attribute a rest mass My = P*/c
to the system of particles; but this rest mass is not the sum of the par-

ticles’ rest masses mg4, since

My = P*/c= ZA ma(va) = ZA moa(l — v124/02)_1/2 > ZA moa
(4.31)
holds. The kinetic energy of the particles contributes to the system’s
rest mass.

Elastic collision of two particles A collision is called elastic if the two
rest masses remain unchanged during the collision. We consider two par-
ticles. In the observer’s system 3, the first is moving in the x-direction,
the second is at rest; a bar denotes the respective values before the
collision. The conservation laws (4.28) yield

Pi=pPi+pP2, E1+E:=E+E=E (4.32)

What are the deflection angles ¢; and ¢2? To calculate them, we
use the centre of mass system X'. Because of (4.32), it has P" =
(MV,0,0,Mc) = (m171,0,0,E1 + Es), so its velocity V (in the -
direction) is
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V =m0 /(B + E»), (4.33)
and the conservation laws (4.32) read
Pi+P; =0 =pi+ph Efc=/p? +mic? (434
Ell + EQ/ = FE = E{+ F), for each particle. .

If we now substitute the momenta p in the energy conservation (and use
p? = p3 etc.), we obtain

E'Jc = \/5{2 +m3;c® + \/51/2 + m3yc?

= VP2 +mie + /P + mie?,

(4.35)

To get Py in terms of p), we observe that an equation of the form
A —a+z = b+ has a unique solution for z. Since p}? = p}? is
a solution of (4.35), it is the only one: the three-momenta of the two
particles before and after the collision are of equal magnitude, they have
only been turned around, see Fig. 4.6, and the energies before and after
the collision are the same.

All that holds in the centre of mass system X’. To translate this into
the observer’s system 3, we make use of the fact that the particles’ four-
momenta py and p7 (before and after the collision, respectively) and
the four-velocity V" of the centre of mass obey

(P4 —DPi)Va =0, A=12, (4.36)

in any system of reference, since this relation is Lorentz invariant, and
correct in the centre of mass system. If we apply it in the observer’s
system, where V,, = (1 — V?2/c¢?)7'/2(V,0,0,¢) holds, and write the
momenta after the collision as p’y = (p, cos @4, -, -, E4/c) — the dots indi-
cate terms not entering (4.36) — then we obtain after a short calculation

cos o1 = [E1(E1 + Es) — E1Ey — mi,c*]/p1py 2,

_ _ (4.37)
COS Y2 = (El + EQ)(EQ — Eg)/plj_?162.

Velocities in the observer system ¥ and in the centre of mass system X'
If the system X' moves with the (constant) velocity V' with respect to 3
in the z-direction, we can apply the inverse of the Lorentz transformation
(2.14), with v =V, and obtain for the differentials
. dz’ +Vdt dy = dy dz = de, dt = dt’Jrde’/cQ.
V1=V2/c? V1=V2/e?

From this we get for the velocity (with v, = dz/dt etc.)

(4.38)
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v+ V vy /1= V?2/c? v A/T=V2/2
Up = , Uy = , Uy = .
1+, V/e2" Y 1+ v, V/c? 1+, V/c?

These relations describe a special case of the addition of non-parallel
velocities; for v, = 0 = v, we regain (2.27).

(4.39)

Exercises
4.1 Show that (4.14) follows from (4.13) and (4.5)!
4.2 Compute for (4.20) the components of the acceleration 4™ and
show that 4", = mig® holds!
4.3 Transform the two-dimensional line element ds? = da? — % dt?

by introducing coordinates x = X cosh T, ¢t = X sinh ¢T adap-
ted to the hyperbolae (4.25), and relate the lines T' = const. to
the velocity of the rockets flying on those hyperbolae!

4.4 An elastic rod tears when expanded to twice its rest length.
Such a rod undergoes from ¢ = 0 a constant acceleration in its
length direction; when will it tear?

4.5 Apply (4.37) to the case where particle 1 is a photon, with
Py = h/ X\, p1 = h\, where ) is the photon’s wavelength and h
is Planck’s constant, and give A in terms of A (Compton scat-
tering).

5

Optics of plane waves

5.1 Invariance of phase and null vectors

Optics is a part of Maxwell’s theory; but for most of its daily-life appli-
cations, the description of light by a scalar function suffices. This scalar
function u(z™) = u(r, ct) is a solution of the wave equation

0% 9* 9 02 02
R _ = nm =01 — U. .
<8x2 * 0y? T oz 028152) CE Gangm u=0 (5-1)

A simple solution to this equation is the general plane wave

u(r,ct) = uge'®, & =kr—wt, k?=w?/c’ (5.2)
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$ = const

Fig. 5.1. Plane wave and wave vector in three-space.

The three-vector k is called the wave vector; it points in the direction
orthogonal to the planes ® = const. and is thus tangent to the light rays,
see Fig. 5.1. Its magnitude k = 27/\ gives the number of wavelengths
A per length 7, and w = 27v is related to the frequency v of the wave.

To see that the above description is in fact already Lorentz invariant,
we first observe that for many optical experiments the phase ® is what
matters. Interference is due to differences in the phase of waves, and the
fact that at a given space-time point there is light, or is none, cannot
depend on the velocity of the observer looking there. So we conclude
that the phase ® = kr — wt is a Lorentz invariant. Since it obviously
can be written as

O =k"x,, k"=(kw/c)=(k,2mv/c), (5.3)

we further conclude that k™ is a four-vector. Because of (5.2), k? =
w?/c?, it is a null vector. So we have

Y = L% k™, K"k, = 0. (5.4)

Most of the relativistic effects in optics are due to, and can be ex-
plained in terms of, the Lorentz transformation of the vector k™.

5.2 The Doppler effect — shift in the frequency of a wave

Suppose there is a plane wave travelling in the z-direction of an
observer’s rest frame 3. It is characterized by its vector k™ = (k,0,0,w/c),
with k = w/c.

Longitudinal Doppler effect For an observer Y’ moving with velocity

v in the direction of the wave (in the direction of k), application of a
Lorentz transformation to k™ yields

o w k*—vk'/e  w/c—vk/c _w 1—-v/c (5.5)

c :\/1702/02_\/1702/02 c\/1—0v2/c?’

and because of w = 27v one gets for the frequencies
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;L 1—wv/c
v _U”1+v/c' (5.6)

Whereas most of the relativistic effects are of order v?/c?, here terms
of order v/c are included, which indicates that there may be a classical
part in it. Indeed one has

Relativ.: v/ = v(l —v/c+v?/2¢2 + ),
Class., moving observ.: v/ = v(1—v/c), (5.7)
Class., moving source: v = v(1+v/c) ' =v(l —v/c+v?/c? —- ).
Transversal Doppler effect For an observer ¥/ moving with velocity v

in the y-direction orthogonal to the direction of the wave (orthogonal to
k), application of a Lorentz transformation to k™ yields

/ E*
R R

¢ J1—v2/c? /T—v2/c

In non-relativistic optics there is no such effect.

5.3 Aberration — change in the direction of a light ray

In a system X, the wave vector has the form (see Fig. 5.2)

k" = (—kcosa, —ksina,0,k), tano = ky/k,. (5.9)

Fig. 5.2. Incident wave.

Seen from a system Y, which moves in the z-direction with velocity
v with respect to X, one then has

. —kcosa —vk/c
‘ V1—02/c?
and therefore, with (5.9) and tana’ = kj /k7,,

\/1—112/025ino¢. (5.11)

cosa+v/c

Ky = ky, (5.10)

tana’ =
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k

(a)

Fig. 5.3. Aberration of (a) star light and (b) rain drops.

The best-known non-relativistic application of this effect is that a
telescope monitoring the position of a star has to be turned during the
year due to the motion of the Earth on its orbit around the Sun, see
Fig. 5.3. In this case, one has

T v2/c2 2
a=m/2, tana’:—v/cf(lv—+~--). (5.12)

v/e v 2¢?

In the non-relativistic limit, the aberration angle o is exactly that angle
by which one has to incline a tube (moving with velocity v) to permit
rain drops (falling vertically with velocity ¢) to reach its bottom.

The relation (5.11) is rather asymmetric in the angles o and /. This
can be remedied by taking the tangent of «/2 instead that of «. Using
tan(a/2) = tana/(1 + V1 + tan? o), a straightforward calculation gives

/

a
tan — = tan —. 1
an 7 P (5.13)

5.4 The visual shape of moving bodies

Penrose (1959) taught us to understand what equation (5.11) ‘really’
means — about 50 years after that equation was first written down.

Consider a sphere moving at a large distance with velocity v. What is
its shape as judged by an observer at rest (in monocular, non-stereoscopic
vision)? The naive answer is that because of the length contraction, the
diameter of the sphere will be contracted in the direction of the motion,
but not altered orthogonal to that direction: instead of a circle, one
will see an ellipse. But in this answer one forgot that ‘seeing’ means
‘following light rays’, and light rays are subject to aberration. A correct
answer can be obtained as follows.
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tan a/2

z-plane

Fig. 5.4. Interpretation of the aberration formula.

When an observer ¥ at O sees and locates a far away object at K,
this can be understood as saying that he marks its position on a unit
sphere surrounding him, using spherical coordinates o and ¢ (¢ is the
angle around the axis, not shown in the figure). This sphere can be
projected onto a plane which it touches at its south pole S, see Fig. 5.4,
a procedure well-known from the theory of complex functions. In that
plane, the complex coordinate z = tan(«/2) exp(iy) is used. The angle
a/2 then naturally appears as the angle under which K is seen from the
north pole NV, and tan /2 as the projection onto the plane.

The aberration formula (5.13) now tells us that the change to a moving
system Y’ induces a simple scale transformation 2z’ = const. z. From the
theory of holomorphic functions one knows that such a transformation
always maps circles (and as their limits also straight lines) onto circles,
not only at the plane, but also on the sphere. So what is a circle to X
will remain a circle to ¥’: the moving sphere has the apparent shape of
a circle, only its diameter has changed. Similarly, since the projection
of a straight rod onto the sphere is a part of a circle for X, it is again a
part of a circle for ¥'.

For a general body, at a large distance, the application of the aberra-
tion formula gives again a surprising result, see Exercise 5.2. Here we
shall use a different approach, see Fig. 5.5. Neglecting the z-extension,
we ask which parts of a cube (square) can be seen by an observer far away
at y — —oo, i.e. by parallel projection onto the plane y = 0. When the
square is at rest, obviously only the front side BC (length [) is visible.
When the square is moving with velocity v to the right, light arriving
simultaneously with that from B and C' is that from A emitted when
A was at the position A, I’ = vl/c left of A. Moreover, because of the
length contraction the front side BC has the length I = [1/1 — v2/c2.
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Y A A

l l/ l// l/ l//
(a) (b) ()

Fig. 5.5. Image of a moving square: (a) at rest, (b) moving, and (c) rotated.

The projection is the same as if the square has been turned around by
the angle §, with

sind = v/c. (5.14)

Note that in both these examples a rather simplified model (monocular
seeing, parallel projection) has been used. A realistic description would
be much more difficult.

5.5 Reflection at a moving mirror

To treat the reflection at a moving mirror, we take the solution for a
mirror at rest (in ¥’), and transform it into the system ¥ in which the
mirror moves with constant velocity v.

Classical optics shows that for the reflection at a mirror at rest, the
two wave vectors have to satisfy (see Fig. 5.6)

mirror

Fig. 5.6. Reflection at a mirror.



40 Optics of plane waves

kT = (=K, cosa, K, sina/, 0, k), sina’ = sin 3,
Y (=H ! V) with (5.15)
kY = (kycos B, khsin 5,0, kb), k= kb =k;

the two angles are equal, and the frequency w = ck is not changed by
the reflection.

In the system X, the mirror is moving (receding) with velocity —v in
the z-direction. Application of a Lorentz transformation to the wave
vectors gives

i — —k'(cosa’ +v/c) E'(1 4+ v[cosa’]/c
! V1—v2%/c? V1 —0v2/c?
= (—k1 cosa, kysina, 0, k1),
o k' (cosa/ —wv/c) k(1 — [cosa]/c)
JiooE e

= (—ko cos 3, ko sin 3, 0, ko).

, k'sincd’, 0,

(5.16)

k'sind/, 0,

One can easily read off that both frequencies vy = ck4 /27 are changed
(Doppler shifted), and that the angles obey
sin o Vo

TS (5.17)

To eliminate the angles still hidden in the v4, one best introduces «/2
and 3/2, as in the discussion of the aberration formula. A straightfor-
ward calculation yields

p— / p—
tan & = L—vje tan ﬁ’ tan(a/2) =Y (5.18)
2 1+v/c 27 tan(B/2) c+w

This result can also be understood in terms of photons which are
reflected less hard when the mirror is moving in the z-direction.

5.6 Dragging of light within a fluid

In fluid with refractive index n, the velocity of light is not ¢, but only
V = ¢/n. If that fluid is moving with velocity v, then an observer ¥’ at
rest will measure a velocity as obtained by applying (2.27) to V and v.
The result is

V4o 1 ¢
V/:71+UV/62=V+U<1—¥>+“'=—~ (5.19)
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Two interpretations of this experiment due to Fizeau are possible: the
fluid drags the light with it and changes its velocity, or a moving fluid
has a different refractive index n'.

Exercises

5.1 Show that the wave equation operator O from (5.1) is Lorentz
invariant.

5.2 Show that the aberration formula (5.11), applied to o = 7/2,
gives just the result (5.14) with § = 7/2 — /.

5.3 Show that a motion of the mirror in its plane does affect the
reflection angles and the frequencies.

5.4 A rocket flies through a large ring (radius R) orthogonal to its
orbit. How far back is the plane of the ring with respect to the
rocket when the pilot sees it as exactly to his left?

6

Four-dimensional vectors and tensors

Before we can treat Electrodynamics and Fluid Mechanics, we need some
more tools from tensor algebra and analysis which we will supply now.
We shall do that in some detail, since they are very similar to those used
in General Relativity.

6.1 Some definitions

We repeat and list here the basic definitions, with only short comments.
Lorentz transformations are transformations of Minkowski space,

’ ’

2" =L",x%  Zyy = L’ ap, (6.1)

which satisfy
Lm,’b - nm’n’nabLnla7 Ln,aLm’a = 5:7;1 (62)

Scalars, or tensors of rank 0, are functions ¢ which remain invariant
under Lorentz transformations,
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¢ = (6.3)

Examples of scalars are the rest mass mg, the proper time 7, and the
phase ® of a wave.

Four-vectors, or tensors of rank 1, are objects with four components
which transform as the components of z™,

an/ _ LnlmanL) Oy = Lm’na'n- (64)
Examples are the force f”, the four-velocity u", and the wave vector k™.
Indices can be raised, or lowered, with the help of the matrix n,

— m n _ ,nm
Up = Mnma ", a” =1 Am,

nnm = dla’g (171717_1) = Tlnm; 771? =y,

n

(6.5)

The a™ are called the contravariant, and the a,, the covariant compo-
nents of the vector.

A quadratic 4 x 4 matrix T™™ is a tensor of rank 2 if — under Lorentz
transformations — it transforms like the product of two four-vectors,

™™ =", L™, T (6.6)

T™™ are the contravariant, T", = ngmT™™ the mized, and Ty, =
NanMemT ™™ the covariant components of that tensor.

The quantities 7% ,4,%*""...q, are the components of a tensor of rank
n if they transform like a contravariant vector with respect to each con-
travariant (upper) index, and like a covariant vector with respect to each
covariant (lower) index.
Pseudotensors transform similarly to tensors, but additional signs enter
into the transformation law which depend on the components of the
transformation matrix L™ ,. The most important example is the so-
called e-tensor £%*°?. It is so defined that under interchange of two
arbitrary indices its sign changes (it is completely antisymmetric), and
that

el =1 (6.7)

always holds (i.e. also after a Lorentz transformation has been per-
formed). Note that for a Riemannian space equation (6.7) has to be
replaced by (17.21)!

If we apply a Lorentz transformation to the e-tensor and erroneously
treat it as a real tensor, we first see that £#'?'¢'d" = L“lan/mLc/pLd/qsade

is again completely antisymmetric, and because of (6.7) we have

51,2/3/4/ = LllnL2/mL3/pL4/q5nmpq = HL”/aH = :tl (68)
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(the middle term of this equation is the rule for calculating the determi-
nant of a matrix). We see that only for proper Lorentz transformations
with ||L",|| = +1 do we get the correct result £1'23'4" = 1; in the general
case, we have to add a factor |[L"|| to the transformation law.

6.2 Tensor algebra

All rules for handling tensors have to guarantee that the results are again
tensors. The proof of the tensor property will only occasionally be given
in the text — we recommend the reader to fill that gap.

Addition One adds tensors of the same rank and the same index form
by adding their components,

T(lb + S(Lb — R(Lb. (69)
Structures of the form 7% + S, or T,? + S, are forbidden.

Multiplication Multiplication of the components of an nth rank tensor
by those of an mth rank tensor produces an (n + m)th rank tensor, for
example

ST, = NP, (6.10)

Contraction Summing over a covariant and a contravariant index of a
tensor gives another tensor, whose rank is reduced by 2:

Tabnm - Tabam - Sbm~ (611)

The simplest example of a contraction is the trace T = T?, of a second-
rank tensor.

Inner product, raising and lowering of indices, scalar product The mul-
tiplication of two tensors with simultaneous contraction over indices of
the two factors is called taking the inner product:

ST, = N, (6.12)

Important examples are the raising and lowering of indices by which one
can interchange covariant and contravariant components:

Tn — nnaTa’ Tnqu — ,',]mp,r}’l‘STnsmq. (6.13)
Another example is the scalar product of two vectors:
a" by = Muma”™ "™ = 0" an b, (6.14)

with the special case
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a® = apa”. (6.15)

The quotient law A structure N™™",,.. is a tensor if, and only if, the
contraction with every tensor TP?",,,,.. is an invariant,

N g TP . = inv. (6.16)
The proof (for a simple example) is left to the reader, see Exercise 6.2.

Formulae for products of e-tensors If during a calculation a product of

two e-tensors occurs, then it can be expressed in terms of Kronecker
symbols nj' = d; as follows:

Eabed€? M == OES1O1 00 + 620461 0h — 016y 0P + 6,68 60y

+ 02600000 — OOy 00 05 + 0,0y 086G — 6561688

+ O 01 OR8y — 6267870y + OBy 0060 — 61 0y ok Y

+ 5SSl — SIS 6P + S Sy 6 SS — SRS S8y (6.17)
+ 0P8, 8287 — S SEoT Ol + 648, R 8] — ST S8
+ 68188l — 8167 SE + 06y LSt — ST SIs)
Eabea® " =— 010005 — 676185 — 6,6407 (6.18)
+ 01600y + 0y 084 + 65 6267,
Eabeac™"" =250 07 — 6157), (6.19)
Eabede ™ =—66T" (6.20)
Eabed€PCl=—24. (6.21)

Formula (6.17) is a consequence of (6.7) and the symmetry proper-
ties of the e-tensor. In particular, the components of this pseudotensor
only differ from zero when the four indices have different values, so
that products fail to vanish only when the indices coincide pairwise.
The remaining formulae follow from (6.17) by contraction, noticing that
op =4.

6.3 Symmetries of tensors

A tensor is called symmetric with respect to two indices n, m which are
either both contravariant or both covariant if its components do not
alter under the interchange of these indices:

TPE e = TPE (6.22)

It is called antisymmetric if its sign changes under this interchange:
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T .. = = TP (6.23)

These symmetries remain preserved under Lorentz transformations.
The symmetric part with respect to the two indices a, m of an arbi-
trary tensor is the sum of the component and its permutation,

T(a|bc\m) = %(Tabcm + Tmbca)~ (624)
The antisymmetric part is obtained analogously:
T[a\bc\m] = %(Tabcm - Tmbca)~ (625)

Here we have used the convention of Bach brackets: round brackets
denote symmetrization, square brackets antisymmetrization. Indices in
the brackets not touched by the procedure are to be set between ver-
tical lines. This convention is especially useful when one symmetrizes
or antisymmetrizes with respect to several indices. One symmetrizes
by forming the sum of the tensor components with all permutations of
the indices and dividing by the number of permutations (when anti-
symmetrizing, one adds the even permutations and subtracts the odd
permutations). For example

T(n1n2-~n,,) = (Tnlnzunv +Tn2n1~~n,, =+ +Tn,,n1n2~) /V!, (626)
T[abc] = (Tabc - Tbac + Tbca - cha + Tcab - Tacb) / 3L (627)

One sees the advantage of this formulation when applying it to formula
(6.17), which can be written simply as

Eabeac?™™ = —245P 51676 (6.28)

Tensors which are symmetric or antisymmetric with respect to all
indices are called completely symmetric or antisymmetric, respectively.

A completely antisymmetric third rank tensor Tg;. has exactly four
essentially different components, for example 1193, T124, T134 and Thsy,
and therefore precisely the same number as a vector. One can exploit
this fact to map it to a pseudovector 7™ with the aid of the e-tensor:

5abchabc = Tn’ Tabc = %5nabcTna (629)

in analogy to the mapping of an antisymmetric second-rank tensor (e.g.
the vector product of two vectors) to a pseudovector in three-dimensio-
nal Euclidean space.

A completely antisymmetric tensor of the fourth rank has essentially
only one component, and, with the aid of the e-tensor, can be mapped
onto a pseudoscalar T,
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Eaved T = T; (6.30)

it is proportional to the e-tensor.
In four-dimensional Minkowski space there are no completely anti-
symmetric tensors of rank higher than four.

6.4 Algebraic properties of second rank tensors

An arbitrary second rank tensor can be decomposed into its antisym-
metric and symmetric parts, and the latter further into a trace-free term
and a term proportional to 7g:

Tab = Tiap) + Tiar) = Tiar] + {Tiat) = 1T0Mab} + 1Ty (6.31)

The physically important second-rank tensors often belong to one of
the symmetry classes, or at least their constituent parts have different
physical meanings. Thus, for example, the electromagnetic field tensor
is antisymmetric, and its energy-momentum tensor is symmetric and
trace-free.

Because of the particular importance of symmetric and antisymmet-
ric tensors of second rank we will examine more closely their algebraic
properties (eigenvectors, eigenvalues, normal forms).

The tensor ng, The defining equation
N wy = Mwg (6.32)

for an eigenvector is trivially satisfied (with A = 1) for every vector wy.
Every vector is an eigenvector, 1, singles out no direction in space-time.

Symmetric tensors The eigenvector equation for a symmetric tensor

Taba
T.bwy = Mwg > (Tap — Map)w® = 0, (6.33)

can be regarded as a linear system of equations for the w®. The condition
for the existence of a solution is the secular equation

|Tab — Anas || = 0. (6.34)

The eigenvalues A can be determined from this equation. Under a
Lorentz transformation the secular equation is only multiplied by the
square of the determinant of the L%, which because of (2.19) equals
unity. So the eigenvalues are invariant, and with them also the coeffi-
cients a4 of the equation

A + al)\?’ + Ozz)\2 4+ agA +ay =0, (635)
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which follows from (6.34). As the a4 are derived from the components of
Tup by algebraic operations, they are algebraic invariants of that tensor.
One can show that all other algebraic invariants can be constructed out
of the av4. The invariance property is also recognizable directly in, for
example,

OélzTn

n

ay = — HTab” . (636)

Equation (6.35) gives in general four different eigenvalues A from which
the eigenvectors can be determined. We will not go into the details here,
but instead indicate an important property. Whilst in three-dimensional
Euclidean space one can always transform symmetric tensors by or-
thogonal transformations to principle axes, that is no longer possible
in Minkowski space by Lorentz transformations. This is intimately con-
nected with the occurrence of null vectors, as can be seen by the example

0
0

Top = kaky = 1] Ra=(0,0,1,1), (6.37)
11

in which T, is constructed from the null vector k,.

Antisymmetric tensors An antisymmetric tensor Fy;, can, of course,
never be brought to diagonal form, but nevertheless the question of
eigenvalues and eigenvectors is again significant. For an antisymmetric
tensor Fy;, the eigenvalue equation

F, wy, = Mg (6.38)
implies, by contraction with w?®, the relation
Mwbwy, = 0. (6.39)

That is, either the eigenvalue X is zero, or the eigenvector w® is a null
vector, or both.
The antisymmetry of F,; also implies that

| Fap — Anav|| = [[=Fva — Abal| = [ Foa + AMball (6.40)

and since one can interchange rows and columns in the determinant it
follows that

HFab - /\nab” = ”Fab + /\nab“ . (641)

The secular equation ||Fap — Ags|| = O therefore transforms into itself
when A is replaced by —\, and hence contains only even powers of A:

M4 B2 + B4 = 0. (6.42)
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It thus furnishes only two invariants, 8o and (4.
Every antisymmetric tensor F,;, can be dualized; that is with the aid
of the e-tensor its associated (pseudo-) tensor can be constructed:

Fob = Leabedp (6.43)

Because of the property (6.19) of the e-tensor, a double application of
the duality operation yields the original tensor, apart from a sign:

Fn 1 ab 1 bed
an = §EnmabFa = Z‘Snmabga ¢ ch = _an' (644)

One can show that the two invariants fy and (4 can be simply ex-
pressed in terms of F;, and F' ab Tn fact

Bo = SFWF™, By = s (FuF)” (6.45)

6.5 Tensor analysis

As with algebraic manipulations with tensors, we demand that differen-
tiation of tensors (of tensor components) should result in tensors again.
This demand can easily be satisfied. Take for example a scalar ¢. Since
it is an invariant, the same is true for its differential dp = (9¢/0x™) da".
Using the quotient law from above (or Exercise 6.2), we can conclude
that

_ 9%
Sa,n—a

po (6.46)
is a tensor. Here and in the following we shall use the comma followed
by an index as an abbreviation for a partial derivative.

Similarly we can conclude that the partial derivatives of any tensor of

rank n give a tensor of rank n+1,

aTlab?nn
oxp

The operations (6.46) and (6.47) are generalizations of the three-dimensi-

onal gradient.

In a similar way, second and higher derivatives can be constructed, as
in

ab ab _
T mn > T mn,p —

(6.47)

aQTabmn
OxPOxd

Three differential operators are of particular importance in physics.

T npg = (6.48)

The first is the generalized divergence, the partial differentiation of a
vector or a tensor followed by a contraction,
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o™
m m _
™ —T" |, = pyel
The second is the generalized curl, the partial differentiation of a vector
followed by antisymmetrization,

(6.49)

T — 2 (Tam — Timon) (6.50)

and the third the generalized A-operator, applied to a scalar or a tensor,

e.g.

n_ 0
ox™ox™

Although partial derivatives always result in a covariant index, this

o7 =™ T =n""T% yun. (6.51)

last equation is sometimes also written as

mn 82 a __ ma ,n

n WT =T " (6.52)

We end this chapter with a remark concerning tensor equations, and

why it is so important to use only tensors in the formulation of physical

laws. If one knows that an equation is a tensor equation, then it suffices

to check its validity in any special coordinate system. For if Ty, = Sgp,

or Bup = Tap — Sap = 0, in some special system, and if By, is a tensor,

then because of the homogeneous transformation law (6.6) B, vanishes
in any system.

Exercises

6.1 Show that S?,, as defined by (6.11) is indeed a tensor. Hint:
start with the transformation law for 79,,,,,.

6.2 Show that B, are the components of a vector if B,, dz" = inv.
for any choice of the dz".
6.3 Show that n",, is a second rank tensor.

6.4 Prove that the symmetry property T, = Tp, is preserved under
Lorentz transformations.

6.5 Show by direct transformations of the differentials that T, is a
vector.
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Electrodynamics in vacuo

7.1 The Maxwell equations in three-dimensional notation

It is clear from the very beginning that Classical Electrodynamics need
not be changed to make it Lorentz invariant; the Lorentz transformations
were found by studying Maxwell’s theory! So what we have to do here
is to make that invariance explicit and visible, and then to use it for
answering interesting questions.

In a beginners’ course on electrodynamics, Maxwell’s equations are
usually given in a three-dimensional notation. We therefore will start
from such a formulation. Unfortunately, the people agreeing on the
MSKA-system of units in electrodynamics neglected the needs of rela-
tivists, as for example in the equation

curl E = —9B/0t (7.1)

shows: clearly a ‘¢’ is missing here at the dt! There are several ways
of solving this dilemma. The easiest seems to be to set ¢ = 1 by choice
of units. We shall take a different approach and start from Maxwell’s
equations in the rational Gauss system (called ‘rational’ since there are
no factors 47 in the field equations).

Maxwell’s equations then read as follows (below we sometimes use a
dot to denote the partial derivative with respect to t):

curl E + 0B/cot = 0, div B =0, (7.2)
divD = p, curl H=(dD/ot+j)/c, (7.3)
In vacuo: E = D, B=H. (7.4)

(Electric field E, displacement D, magnetic field H, magnetic induction
B, current density j, charge density p. In this chapter, from now on we
will set E=D and H=B.)

As an integrability condition for Maxwell’s equations the equation of
continuity (conservation of charge) has to be satisfied:

divj+p=0. (7.5)

Because of the system (7.2), a scalar potential U and a vector potential
A can be introduced by

50
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B=curl A, E=— grad U — 0A/cot. (7.6)

If these potentials satisfy the Lorentz condition (Lorentz gauge)
div A + 90U /cot = 0, (7.7)

the second set (7.3) of Maxwell’s equations reduces to the inhomogeneous
wave equations

0? 1 02

AA - ——=A=—j AU-——=

c2ot? o) c2ot?

The Lorentz force exerted on a point charge g is

U= —p. (7.8)

F=q(E+vxB/c, (7.9)
and the Poynting vector is given by
S=c¢(ExB). (7.10)

7.2 Current four-vector, four-potential, and the retarded
potentials

We now start to translate the above equations into a four-dimensional
language, in which we shall use only manifestly covariant equations,
that is, only tensor equations. For this we have to find out, for example,
which three-vectors can be upgraded to four-vectors, and how.

First we remember that a moving charge is a current; a charge at rest
is a current for a moving observer. So obviously j and p are to be tied
together. If we try j;” = (j,ap), with some unknown constant a, then
the equation of continuity (7.5) shows that this constant has to equal ¢,
and we end up with

i"=G,ep), Jh=0. (7.11)
If the current has its origin in a moving charge density (convection
current), then in three-dimensional notation we have j = pv, which

obviously translates into j* = (pv,pc). Using u" = (v,c)/v1 —v3c?,
we end up with
Po

b
1 — v2c?

Jt=pou", p= (7.12)
where pg is the rest-charge density.

Does (7.12) really indicate that the charge grows when it is moving? No,
p is the charge density, and (7.12) — together with the volume contraction
— just guarantees charge conservation.
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P
(r, ct)

r P/

(r', ct’)

Fig. 7.1. Causal structure of the retarded potentials.

When j and p form a four-vector, then equations (7.8) indicate that
the same is true for A and U; there is a four-potential A",

A" =(AU), A,=(A,-U), (7.13)
which satisfies the Lorentz convention
A%, =0 (7.14)
and the inhomogeneous wave equations
2 2
DA™ = ”mniaxfaxm A" = AA™ — 62‘;—%214" = —%j"- (7.15)
All these equations are invariant under the gauge transformations
A=Ay + ¢, (7.16)

where ¢ is an arbitrary function of all four coordinates.
The solution to the above inhomogeneous wave equations is usually
given in terms of the retarded potentials as
1 [ t—|r—x'[/c) 4
A" (r,t) = — ’ d°r’. 7.17
(r,) 4dme / v —r/| (7.17)
A manifestly covariant formulation of this relation is of course possible,
but we will not pursue this here. We stress, however, that the retardation
inherent in these integrals just says that electromagnetic fields propagate
on light cones, since t’ =t — |r — 1’| /c is the equation for the light cone
between the two points P and P’, cp. Fig. 7.1.

7.3 Field tensor and the Maxwell equations
Since there are no obvious candidates which might be added to the three-
vectors E and B to make four-vectors out of them, the essential idea is
to start with the relations between fields and potentials. Equations (7.6)
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show that E and B are given in terms of the derivatives of A™. To make
these equations tensor equations, we have to construct a tensor from
the derivatives of A,,. There are three preferred candidates: the full set
Apyn, its symmetric part (Ap,n + Anm), and its antisymmetric part
(Am.n — Anm). Counting the number of components of these tensors,
we get 16, or 10, or 6, respectively. Since the two three-vectors have
altogether 6 components, the choice is clear: the field-strength tensor,
or for short field tensor

Fo =Anm — A (7.18)

incorporates the components of both E and B.

When checking this assertion by calculating the components of F,,,
we first note that F,, is of course antisymmetric. Taking now A, =
(A, —=U) we obtain for example

FH4 = A4’# - AMA = _U»# - 8A#/Bct = El“ on = 172,3, (719)

or, with ™ = (z,y, 2, ct),

Fio=A41— A1 = % - 3@1‘;1 = B, = Bs. (7.20)
Putting all the pieces together, we find that
0 B, -By E, 0 B, -By —FE,
Foo— -B., 0 By E, pn -B. 0 B —E,
B, -B, 0 E, B, -B, 0 -FE,
-F, -E, -E, 0 £, E, E, 0
(7.21)

holds. The field tensor F,,,, indeed comprises E and B in a single entity.
The three components of B can be extracted from F,,, by

B® =" F,,, FMY=e""B, o,uv=123, (7.22)

where e**¥ are the components of the completely antisymmetric three-
dimensional e-tensor, with €123 = 1.

There is a different, although equivalent, way of constructing a tensor
out of E and B: one uses the dualized field tensor f‘mn instead, which
is defined as

ﬁ‘mn = %5mnabFab- (723)
So for example we have
Fio = Lo F = (1243 F® + €193, F3%)

(F43 _ F34) — F43 — EZ’ (724)

D= N
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and the final result is

0 E. -E, -B; 0 E. —-E, B,
o -E, 0 E, —-By fmn _ -E., 0 E, B,
e E, —E, 0 —-B. |’ E, -E, 0 B,
B, B, B. 0 -B, -B, —-B. 0
(7.25)
Comparing (7.21) and (7.25) we see that dualization is the transition
E—-B, B-E. (7.26)

Up to now all these are rather formal definitions; we still have to see
whether they fit into the framework of Maxwell’s equations. The answer
will be a clear ‘yes’. If we start with the equation div E = p, we see that
we can write it as

OFt  9gF4?  gF*  gF 1
+ =F", =p=—j* 7.27
Ox * Oy * 0z cOt m=P=d (7.27)
(note that F** = 0!). This is the fourth component of a tensor equation;
so we may guess that one full set of equations is given by

Fmm =" e, (7.28)

If that is correct, we can dualize this equation: the first set (7.2) follows
— in vacuo — from the second set (7.3) by a dualization (7.2), together
with 7 = 0, and we thus get

F™ = 0. (7.29)

We still have to prove that (7.28) is correct. We do this by inserting
Frn = Ay m — A, into this equation. Exchanging the order of partial
differentiations and making use of the Lorentz convention A™ , = 0 and
of the inhomogeneous wave equations (7.15), we obtain

anm — (An,m_Am,n)’n — (Anm)m@_Am,n’n — —DA” — jn/C (730)
The system (7.29) admits another representation. We can write it as
F{ab,c) = Fab,c + Fbc,a + Fca,b = 0, (731)

where (abc) denotes, as explicated, the rule for a cyclic permutation of
the indices together with a summation of the components. We leave the
proof of this form of (7.29) to the reader.

We close with a simple observation: if there are no charges and cur-
rents, j" = 0, then Maxwell’s equations are equivalent to

P =0, P =F™" 4 iFT", (7.32)

)
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7.4 Poynting’s theorem, Lorentz force, and the
energy-momentum tensor

Poynting’s theorem is the energy-balance equation for the electromag-
netic field. As an immediate consequence of Maxwell’s equations one
obtains for the Poynting vector S the equation

div S + 0w/0t = —jE, (7.33)

where w = (E? + B?2)/2 is the energy density of the field.

Here it is not so easy to identify the four-dimensional structure of this
equation. The right hand side is the product of a vector and tensor
components, and after some thought one sees that it can be written
as F4"j,. So Poynting’s theorem (7.33) is the fourth component of a
vector equation, with F™™j, on its right hand side. This reminds us of
mechanics, where we learned that the energy is the fourth component
of the energy-momentum four-vector, and we may guess that Poynting’s
theorem is just the energy-momentum balance for the electromagnetic
field. This guess is supported, and justified, by the spatial components
of F™™j, which can be written as

Frj, = FM g, 4 My, = 2B j, + E'cp ~jx B+ cpE. (7.34)

This is — except for a factor ¢ — the Lorentz force density, and with
j=qv, p = qc we regain (7.9).

The left hand side of (7.33) clearly is a divergence, not of a vector,
but of a second-rank tensor, which is quadratic in the fields. It turns
out that this tensor, called the energy-momentum tensor, is given by

T = F*"F," — 40" Fop F*. (7.35)

It satisfies
", =—F""j,/c. (7.36)

We leave the proof to the reader, see Exercise 7.3.

The energy-momentum tensor 7" is symmetric, and has a vanishing
trace, 7™, = 0. To get more insight into its structure, we study its
components. With

FOF,, = FYPF o+ FP Ey + FY P+ FY Fy 4+ - = 2(B2—E?), (7.37)
we immediately get
T* = F*F,* + J(E* - B?) = }(E* + B?) = w, (7.38)

the T*4-component is the energy density. Similarly we have
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T = F*F,” = F*F,” =c"""F*,B, = (E x B)" = S"/¢; (7.39)

here the Poynting vector appears. The T*’-components are less easy to
discuss. The result of a short calculation is

TP = —E*E® — B*B" + }(E® + B*)5°°. (7.40)

These are, up to a sign, the components of Maxwell’s stress tensor o,
an object often not very much discussed and seldom beloved by students.
Collecting all these pieces, we have found that 7" has the following
structure:
o S e ot¥ . Maxwell’s
stress tensor,

S¥ : Poynting vector,
w : energy density.

T = . with (7.41)

SV/e w

In mechanics, we have learned that momentum and energy of a particle
are tied together. Here the same is true for energy, Poynting vector, and
stress tensor. The relation

(03
Tom = —ao‘ﬁ,g + c%ai = %F“”jn = %(J x B+ cpE)*,  (7.42)
with the Lorentz force density on the right hand side, shows that —
since force equals the time derivative of momentum — S™/c? is to be
interpreted as the momentum density, and the equations (7.36) are the
energy-momentum balance of the electromagnetic field.

We close this section with the remark that the Lorentz force density,
which enters the above equation, is part of the four-vector F™"j,. We
can therefore conclude that the force density, and not the force itself,
is part of a four-vector — a fact we already used when formulating the
equations of motions in Section 4.2.

7.5 The variational principle for the Maxwell equations

Most of the fundamental equation of physics can be derived from varia-
tional principles of the form

1
W = /L dt = - /C diz = /C drdydzdt = extremum.  (7.43)

The action W is either given in terms of a Lagrange function L (as for
example in mechanics) or in terms of a Lagrange density £ (as will be the
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case here). Since the volume element is invariant under Lorentz trans-
formations, the Lorentz-invariant nature of the action W is guaranteed
provided L itself is an invariant.

There are not so many candidates for the £ of the Maxwell field; it
should be at most quadratic in the field variables Fg;, A, and j,, and
the possible constitutive parts should be tensors (or vectors). Out of the
antisymmetric tensor F,,, only two invariants can be constructed, see
Section 6.4 and equation (6.45); these are

F,F* =2(B? -~ E?), F,F® =4EB. (7.44)

The other two fields just combine to A,;".
It turns out that the correct choice, with all factors adjusted, is

L=-1F"F, + A,j"/c, (7.45)
which leads to

oW = 6% / [Anj"/c — in"“nmb(An,m —Amn)(Aap — Ab,a)] diz = 0.
(7.46)

For a given source j", out of all possible fields A, (z*) only those for
which W is stationary, dW = 0, are realized in nature. The variations
dA,, (the difference between the ‘real’ A,, and those admitted for com-
parison) are small and must vanish at the surface of the four-dimensional
volume of integration.

We shall now derive Maxwell’s equations from the above action prin-
ciple. When varying the A,,, we obtain for a general £

1 1
5W:—/§£d4x:—/ oL SA, + oL 0A, m | diz
& C 8An 8An7m ’ (747)

= [ (G2 Yo (52 ]

The last term under the integral sign is a four-dimensional divergence;
using the Gauss law, we can transform it into a surface integral which
vanishes since, by assumption, 64, = 0 on the surface. The action
principle then reads

1 (foc Ye .
SW = E/ {Mn - (aAm),m} §A, iz =0, (7.48)

which for arbitrary functions §A,, can be satisfied only if

5L 9 )
3A, a/fn N (aAfm)"" =0

(7.49)
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For the £ given by (7.45) we get 0L/0A,, = j"/c and

0L _ 0L OFy _ i pa OFa
OApm  OF 0An, 2 0Annm (7.50)

_ _%Fab(é‘gbé‘g’b _ 535;7;) = Fnm,

and we correctly have

i == F"m =0, (7.51)

Maxwell’s equations follow indeed from the action principle with £
given by (7.45). The second set (7.29) of Maxwell’s equations is identi-
cally satisfied by the introduction of the four-potential A,,.

7.1

7.2

7.3

7.4

Exercises

Show that Fl,.) = 0 holds by writing Fyp, in terms of the four-
potential A,,.

The field equations ™" ,, = 0 are invariant under the substitu-
tion @M — el@®™" o = const. (‘duality rotation’). How do
the three-vectors E and B transform?

Show that 77" ,, = —%Fm"jn is true by using the definition
of T™" Maxwell’s equations (7.27), and equations (7.32) to
substitute for F“bFab,n.

Derive the field equations for a Lagrange density of the form
L= (Zlanan + agﬁm”an, ai, az = const.

8

Transformation properties of electromagnetic

fields: examples

So far we have treated the electromagnetic field only in a rather formal
way. Here we want to give some examples of how the different quantities

are transformed under the special Lorentz transformations

vV poAZve gy v—a s

V1—02/c ‘ V1—02/c
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8.1 Current and four-potential

In case of the current density j” = (j, cp), the transformation law (6.4)
of a four-vector yields

jlodeZUp g pTvRlC L (59
Except for the relativistic correction 1/4/1 — v2/c2, these relations say
that moving charges contribute to the current, and part of the current
becomes charge if you move with it.
The four-potential undergoes the same transformation law,
s A, —vU/c L U—-vA,/c
* \/1—v2/c2, \/1—’[}2/62,

In both cases one has to be careful when discussing physical applica-

A=A, A=A, (83)

tions. Although the transformation law
A" =L, A%, (8.4)

is correct, it does not show explicitly that the arguments of the functions
A"(z%) have to be transformed, too, to get the A" in terms of the new
coordinates ™ :

A" 2] = LV A%t (a7)] = LY, AL~y 2], (8.5)

where (L71)?;, is the inverse of the Lorentz transformation L”,b, b =

(L—l)bi, 7t
Take, for example, a point charge ) at rest in the origin of the system
Y. Its potentials are

A=0, U= - Q

AT dm/a? + 2 + 22

For the observer ¥, this simple electric field has changed into a super-

(8.6)

position of a magnetic field (due to the motion of the charge) and an
electric field,

s —vU/e , U
In detail, the potential U is given by
_ Q 1
B 41— 02/ /(2 +ot')2 /(1 —v2/c?) +y2 + 22
_Q 1
A T (1 AR )

A =0=A..  (87)

U'(r',ct)

(8.8)




60 Transformation properties of electromagnetic fields: examples

/ /
Y,z Y,z

U = const U’ = const
Fig. 8.1. Lines of equal potential U and U’, respectively.

Instead of spheres, the lines of equal potential U are now rotationally
symmetric ellipsoids, flattened in the direction of the motion (Fig. 8.1).

8.2 Field tensor and energy-momentum tensor

To get the explicit transformation laws for the field components, one has
to take the transformation law

prmt = ' ', pab (8.9)

and to insert into it the matrices

r —ol/e 0 B, —B, —E,
, 0 10 O -B, 0 B, —-F
Lna — , an — z x Yy ,
0 01 0 B, —B, 0 -E,
—vl/c00 T £, E, E, 0
(8.10)

where T' = (1 —v?/c?)~1/2,
To calculate the new E,, for example, one may first write down only
the non-zero components of L"la, and then insert F™™:

E; — F4'1' — L4/aL1’bFab
= LY LY FY 4 LY LV Y 4 LY LY FY 4 LY LY R (811)
= (1—0v2/c?)! (U2F14/C2 + F41) —Fl_p

Proceeding in a similar way for the other components, we finally obtain

E-EB, E - E, —vB,/c B = E.+vBy/c
‘ ’ VAR /1= (8.12)
B —B, B — E,+vB;/c B - B, —vE,/c '
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With respect to a velocity v in the direction of one of the spatial axes,
this can be written as

, _Ei+(vxB)/c B,_BJ_—(VXE)/C ,

L= e BT T e
(8.13)

These equations clearly show that E and B do not transform as the
spatial components of four-vectors. They also show that ‘electric’ and
‘magnetic’ is a distinction which depends on the motion of the observer,
as ‘charge’ and ‘current’ is. Equations (8.13) are invariant under a
duality transformation E — —B, B — E.

We apply the above transformations (8.13) to the field of an infi-
nite charged wire, with charge line density 7, which extends in the x-

=E), B =By,

direction. In its rest system X we have only E | non-zero,
E,=0=E,, E.=n/2nrr, B=0 (8.14)

(here ¢ is the angle around the z-axis, and r? = y?+22). For an observer
Y’ moving along the z-axis, we obtain as the only nonzero components

o/ S ;Y S N— (8.15)
2rry/1 —v? /c? v ¢ 2mry/1 —v2/c?
cp. Fig. 8.2. For small velocities, the magnetic field of moving charges is
rather small compared to its electric field: magnetic fields are a typical
relativistic effect! That they are so big when we have a current in a
metallic (non-charged) wire, with only slowly moving electrons, is due
to the enormous number of these electrons.

(a) (b)

Fig. 8.2. Field of a charged wire (a) at rest and (b) moving.

This last example shows that a purely electric field becomes electric
and magnetic for a moving observer. Can it conversely happen that an
arbitrary electromagnetic field is purely electric or purely magnetic to a
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special observer? Since both EB and E? — B? are invariant, cp. (7.44),
this is possible only when EB = 0. If E2 — B? # 0, this condition is also
sufficient. To prove this, take the directions of E and B as the y-and
z-directions, respectively. The transformation law (8.12) then gives

- E —vB/c B B —vE/c

N N (8.16)
E: (O7E50)7 E,: (07E,70)’ B = (0?073)7 B/: (O’O’B/)'

Depending on the relative size of F and B, one can find a velocity v <
¢ so that either E' =0 (for E/B < 1) or B’ =0 (for E/B >1); E=B
violates the assumption E? — B2 # 0.

When written explicitly, the transformation law for the components
of the energy momentum tensor (7.41) becomes rather clumsy; so we
shall not discuss it in detail. What we want to study is the behaviour
of the Poynting vector S and the energy density w. These components
are more intimately related than one may guess. To see this, we observe
that because of

w? — 8%/t = L(E? +B?)? — (E x B)? = (EB)” + 1(E? - B?)2. (8.17)

w? — 82/c? = T4y, is an invariant — although (S/c,w) is not a four-
vector!

An immediate consequence of (8.17) is that the energy always
dominates, w? > S?/c?; only if both field invariants vanish, EB = 0 =
E? — B2, field momentum and field energy are of equal magnitude. We
will come back to those fields later in Section 9.4.

Exercises
8.1 How does the constant electric field inside a condenser look to
an observer moving (a) parallel or (b) orthogonal to it?
8.2 Use equations (8.12) to show that there is a coordinate system

in which E and B are parallel unless both invariants of the field
tensor vanish at that point.
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Null vectors and the algebraic properties of
electromagnetic field tensors

9.1 Null tetrads and Lorentz transformations

The occurrence of null vectors is a typical effect of the indefinite metric
of Minkowski space. In this chapter we shall show that null vectors can
be used in a systematic way for the representation of Lorentz transfor-
mations and for the study of the electromagnetic field.

In Minkowski space the preferred coordinates are the (quasi-)Cartesian
coordinates " = (z,y, 2, ct), in which we have

ds? = ngp dz® dzb = daz? +dy?+d22 =2 dt?,  ne = ! 1 . (9.1)
-1

Linked up with the four coordinates is a ‘tetrad’ of four unit vectors

Zay Wa, Vg and ug/c, which are orthogonal to the hypersurfaces z* =

const. and thus to each other,

Za =T .a = (1, 0, 070) ) Vg = Za = (O, 0, 170)a (9 2)
We =ya =(0,1,0,0), wug/c= —ct, =(0,0,0,—1). '
2924 = W' = Vg = —u®uy/c? =1, all other products zero. (9.3)

These four vectors form a complete system, any vector or tensor can be
expressed using their linear combinations and products, for example
_ 2
Nab = Za2b + WaWp + VaUp — UgUp/C”. (9.4)

We now want to use a tetrad of four null vectors instead of the above
tetrad of one timelike and three spacelike vectors. Since there are only
two real linearly independent null vectors in Minkowski space, which we
may take as

ko = (Ua/c4va)/V2, o = (ua/c —va)/V2, (9.5)
we have to add two complex vectors
Mg = (24 —1Wa)/V2, Mg = (24 +iwa)/V2, (9.6)

which are complex conjugates of each other. The system (kq, lq, mq, Tq)
of four null vectors is called a null tetrad, or a Sachs tetrad, or a Newman—
Penrose tetrad (the reader should be aware of different sign conventions

63
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in the literature). Only two of the products of these null vectors are
non-zero,

k%, =—1, m%mg, =1, all other products zero. (9.7)
Instead of (9.4), we now have
Nab = MaMp + MaMp — kol — Lo kp. (98)

The four real basic vectors are of course not uniquely defined: it is
exactly the Lorentz transformations which mediate between two sys-
tems (zq, Wa, Va, Ug/c) and (2, wh, v, u,/c) both satisfying (9.3)-
(9.4). The same is true for the system (kq, lo, ma, M,) of null vectors.
To find the transformations between two such systems of null vectors
explicitly, we first observe that the multiplication of k% by some con-
stant (or even function) A does not affect its being null; then to keep

k%1, fixed also (and k® pointing into the future), we have to take
kY = AK®, 1Y =A"N% A>0. (9.9)

The transformations keeping k¢ fixed turn out to be
k" =k*, 1% =1°+ BBk* 4+ Bm® + Bm®, m® =e®(m"+ Bk,
O real, B complex, (9.10)
and a special transformation keeping [* fixed is

kY = k* + EBI* + Em® + Em®, 1° =1*, m® =m*+ Bl°,

E complex. (9.11)

We also may simply interchange k£“ and (¢,

k=10, 1% =1 (9.12)
The general transformation between two null tetrads contains six real
parameters and thus precisely the same number as a general Lorentz
transformation. And indeed we are dealing here with a particularly
simple representation of the Lorentz transformations. The parameter
O on its own produces a rotation in the m®*-m“- (z-y-) plane. To see
this, we use (9.2) and (9.6) to write m, = (x +iy) . /v/2, and infer from
m® =e®ma that
(z +iy)" = '©(z +iy) (9.13)

holds. This splits into 2’ = zcos©® —ysin©, 3y’ = xsin © +ycos O. The
parameter A gives a special Lorentz transformation in the z-ct-plane,
and the parameters B and E describe so-called null rotations.
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9.2 Self-dual bivectors and the electromagnetic field tensor

Like every tensor, the antisymmetric field tensor Fy;, can be given in
terms of the null tetrad introduced above by an expansion of the kind

Fop = oy (kalb — k‘bla) + ag(kamb —kymg) + -+, (9.14)
but the combinations

Uab = malb - mblaa Vab = kamb - kbma7 (9 15)
Wab = MgMp — MpMg — kalb + kbla .
play a special role. These antisymmetric tensors, or bivectors, are self-
dual in the sense that under dualization they reproduce themselves up
to a factor —i:

ﬁab = %eabqupq = — anb, Vab = —iVab, Wab = — iWab. (9.16)

One can verify these relations by using, for example, the fact that the
antisymmetric tensor €qppqlPm? yields zero upon contraction with [, or
My, and therefore because of (9.3) must be constructed from the vectors
l, and m,, and that for the vectors of the null tetrad (verifiable with
V2ke = (0,0,1,1), v/2(* = (0,0,—1,1), and v2m® = (1,—i,0,0)), we
have
Eabpgk1PmP? = — i. (9.17)
Because of their definition (9.15) and the properties (9.7) of the null
vectors, the self-dual bivectors have the ‘scalar products’
W W = —4, Uy, VO = 2,

(9.18)
Wat W = WapU = VgV = Ugy U = 0.

The non-self-dual field tensor F;, of a Maxwell field cannot of course
be expanded in terms of the self-dual bivectors (9.15). Instead we have
to use the complex field tensor

Doy = Fup +1Fap (9.19)
already introduced in Section 7.3, which is self-dual in the above sense,
Dop = — 1Py (9.20)

Hence it can be expanded with respect to the bivectors U, V, and W:
Pap = poUab + 1 Wap + @2Vas. (9.21)

Corresponding to the six independent components of a second-rank an-
tisymmetric tensor there occur three complex coefficients ;. They can
be calculated from the field tensor, because of (9.18), according to
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o = 3P4V =B, —E,+i(E,+ B,),
o1 = —1@,W® = E, — iB,, (9.22)
2 = 304U = E,+ B, + i(Ey — By).

9.3 The algebraic classification of electromagnetic fields

First formulation Symmetric tensors become particularly simple when
one carries out a transformation to principal axes. Setting up the
analogous problem for antisymmetric tensors consists of simplifying the
expansion (9.21) by choice of the direction k% of the null tetrad; that is,
by adapting the null tetrad to the antisymmetric tensor under consider-
ation.
The self-dual bivectors transform under a rotation (9.11) according to
W/

a

py = Wap—2EUy, Ul

a

p = Ui, Vi =Va—EWu+E?Uy. (9.23)

a

Hence we have for the expansion coefficients occurring in (9.21)
po=¢o — 2B + E%py, 1= —Epy, w2=¢h  (9.24)

We can therefore make one of the two coefficients ¢y or ¢; vanish by
suitable choice of F, that is, by suitable choice of the new direction
k*, and thereby simplify the expansion (9.21). Since only ¢y remains
invariant under the transformations (9.10), which leave k% fixed but
alter [* and m®, and since we seek the most invariant choice possible,
we demand that ¢g vanishes:

0y — 20V E 4+ @b E* = 0. (9.25)

According to the number of roots F of this equation (and taking into
account a few special cases) one can divide the electromagnetic fields
into two classes.

Fields for whose field tensor the inequality

012 — ey # 0 (9.26)

holds are called non-degenerate. They possess two different directions k®
for which g vanishes, since in general (9.25) has two distinct roots E.
For ¢, = 0 only one root exists, but then [ is one of the null directions
singled out and one can again obtain ¢y = 0 through the interchange of
labels I* « —k®, Uy < V.

Fields whose field tensor satisfies

01 — popy =0 (9.27)
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are called degenerate or null fields. They possess only one null direction
k® with ¢f = 0. If one has achieved o = 0, then because of (9.27) ¢y
also vanishes.

The relation

@2 — ool = —4DDD,, = —2(FF,, + i FF,), (9.28)

which follows from (9.18) and (9.21), shows particularly clearly that the
classification of electromagnetic fields introduced above is independent
of the choice of the null tetrad and of the interpretation through the
bivector expansion.

Equation (9.28) implies a simple prescription for establishing the type
of an electromagnetic field: a Maxwell field is degenerate, or a null field,
if and only if its two invariants vanish, that is if and only if

FPF,=0= F%F,. (9.29)

Second formulation One can also translate the classification just set up
into the more usual language of eigenvalue equations and eigenvectors.
As one can deduce from (9.21) and (9.15), ¢ = 0 is equivalent to

B, ky = (F,° + i F,Y)ky = p1kq. (9.30)

Non-degenerate fields thus possess two distinct null eigenvectors k¢
for which (9.30) holds, or for which

ke Fappk® = 0 = ki Foppk®. (9.31)

Degenerate fields (null fields) for which ¢g and ¢; vanish possess only
one null eigenvector k* with

Fak? = 0= Fykb. (9.32)
Their field tensor has the simple structure ®,, = Vg, that is

Fop = kapb - kbpm paka =0= pala (933)
(p® is spacelike).
9.4 The physical interpretation of electromagnetic null fields

The simplest example of an electromagnetic null field is a plane wave,
A, =Re[p,e™], puk" =0, K"k, =0,

R N o (9.34)
an = Re [(pmkn 7pnkm)l el fr® ]
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One easily verifies that the necessary and sufficient condition (9.29) for
the vanishing of the invariants is satisfied.

Plane waves (null fields) also occur as far fields of isolated charge and
current distributions. If one starts from the representation (7.17) of the
four-potential, i.e. from

AP (e 1) = /jn(r/’t_ Ir=r1/e) gop, (9.35)

" drme v — /|

and expands the corresponding field tensor in powers of 1/r,
L 2 2 2 _ 2
Fom =Fnm [T+ Fom /75 + -+, =17, (9.36)
1
then one sees that F'y,,, has the structure

Fam= Pakn — Pk, (9.37)
with
pm = O [ ('t — [r — 1| Je)d®r'] /Amcor,
T, — T 1

n —> ~ (zp/re,—1/c), (9.38)

clr—r'|" ¢

b = ===/ = (

k"k, =0, N~ Pk, = 0.
A related example is the far field of an accelerated charged particle, see
Section 10.4 and Exercise 10.1.

The energy-momentum tensor (7.35) of a general null field has the
simple form

T = F"F," = pap k™k" = N2k k" (9.39)

Between the energy flux density (Poynting vector) S = ¢TI and the
energy density w = T* the relation |S¥| = wc holds; the energy flux
density is as large as if the whole field energy moves with the velocity of
light: electromagnetic null fields are pure radiation fields.

Exercises

9.1 How is the parameter A in (9.9) related to the velocity between
the two systems?

9.2 Show that @ as defined in (9.19) is in fact self-dual.

9.3 Show that degenerate fields are characterized by (B+iE)? = 0.

9.4 Show that the energy-momentum tensor can be written as 7"
— %q)am(ian_



10
Charged point particles and their field

10.1 The equations of motion of charged test particles

In (non-relativistic) electrodynamics, the equation of motion for a par-
ticle of mass m and charge e reads
d(mv v
mi = ( ):F:e(E—i——xB). (10.1)
dt c
The particle is a test particle in that the electromagnetic field generated
by the particle itself does not act back. From the considerations on
relativistic mechanics and the Lorentz force in Sections 4.2 and 7.4, it is
obvious that the relativistic equation of motion reads
d2z® du®

e
L —mp— = fo = Z by, 10.2
Mo = mog— = [ = ZF (10.2)

Its constitutive parts are invariants (mqg, 7, ), four-vectors (f%,u?), and
a tensor (F?°).

As in Section 4.2, we split this equation into its spatial part and the
rest. With (7.34) and (4.11) we immediately obtain

d v Mo
dt(mv) e(E+ e ), m Aot/ (10.3)

which differs from (10.1) only in the velocity-dependence of m. A re-
definition of e, which one may have expected, is not necessary. For the
timelike component we get from (4.15) and ve(E + v x B/c) = eEv

d(me?)/dt = eEv. (10.4)

The magnetic field does not change the particle’s energy.

As an example we consider the motion of a particle in the z-y-plane
under the influence of a constant electric field E = (E,0,0), with the
initial conditions mv, = 0, mv, = py at ¢ = 0. From the equations of
motion

d(mv,)/dt =eE, d(muv,)/dt =0 (10.5)
one immediately gets
mug = eFEt, muy, = po. (10.6)

Instead of solving the timelike component of the equations of motion,
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we use the identity m2v? —m?c? = —m?2c?, cp. (4.19), which gives with
m?c® = (eEt)> + A%, A% =mic® + pp, (10.7)
the time-dependence of m. With that (10.6) now reads
d Et d
’Ux = l = 466 ) Uy = 7y = pOC 9 (10'8)
dt (eEt)? + A2 dt (eEt)? + A2
and we can integrate it by
T —Tp = é (eEt)2+ A2, y—yo= Ig arcsinh (eEt/A). (10.9)
To see the geometric form of this orbit, we eliminate ¢ and get
A E(y —
T —xp = 2 cosh <w> . (10.10)
el Poc

The orbit is a catenary. Its non-relativistic limit (po = move, A =
moc, cosha = 1+ a?/2) is the parabola

T — g = const. + eE(y — yo)?/2mov. (10.11)

For pgp = 0 (no initial velocity in the y-direction) we regain from (10.9)
the hyperbolic motion of Section 4.3.

10.2 The variational principle for charged particles

As for the Maxwell equations in Section 7.5 we need invariants to con-
struct the Lagrange function L for a variational principle of the form
typically used in mechanics,

W = /ZdT = /Ldt = extremum. (10.12)

L should have the dimension of an energy. Out of the combinations
one can build from the entities (mg, 2™, u™) describing the motion of the
particle, only mou™u, = —moc? meets this condition, and if we admit
for a Maxwell field, u™A,, is the only additional candidate. So we make
the ansatz

W= /(—m002+eAnu”/c)dT = /[—mOCQ\/l —v?/c2+eAv/c—eU]dt.
(10.13)
In the non-relativistic limit v < ¢, the term —mgc?+/1 — v2/c? just gives
— up to a constant — the kinetic energy mqov?/2.
To prove that this Lagrange function L is correct, we have to show
that the Euler-Lagrange equations
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d oL oL
dt 0z> Oz~
give the equations of motion (10.3). This is easily done, since — with

v? = %%, — one gets

oL Lo L
= 1o + EA& = My + EAOM 0

8? A1 — ’1)2/02 c C 83:_0‘
and from this
d 0L oL d e DA,

i Pl el UL

=0 (10.14)

€ .
= —Ag i —eU,,
c

(10.15)

+ U+ =(Aas = Apa)” =0,
(10.16)
which agrees with (10.3).
From the Maxwell field F,,,,, the four-potential A,, is determined only
up to gauge transformations (7.16), i.e. up to

Ap=An+ ©n; (10.17)

the potential itself does not have an immediate physical meaning. How
does it happen that it appears in the action W? If we calculate the
change in W induced by such a gauge transformation, we obtain

__ 2 2 dz™ 2 2
C(W — W) / ego)nun dT = / e‘P,n— dT = / e(p’n dxn = / e dgp
1 1 dr 1 1

= ecpﬁ = const. (10.18)

Although W changes, it changes only by a constant which does not give
any contribution to the variation.

So far we have encountered two variational principles, one for the
Maxwell field in Section 7.5, and one for a charged particle just above.
An inspection of both actions shows that for a charged point particle,
where we can set

JAujndte = [eA,umdr, (10.19)
they jointly can be written as
W =il [FFrmdte + ec™d [Autdr — [mec?dr
= J Litaxw d*% + [ Linteraction A7 + fEMech dr.

The source-free Maxwell field, and the force-free particle motion, are

(10.20)

described by Lyfaxw and EMeCh, respectively. The interaction works on
both sides. This kind of approach for describing interaction by adding
a term to the action is quite common in theoretical physics.
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10.3 Canonical equations

From the Lagrange function

L= —moc®\/1 —3%,/c2 +eAv/c—eU (10.21)

we construct the Hamilton function H by first calculating the canonical
momenta D,

oL e
B = == = g + S A, 10.22
p g + c (10.22)

cp. (10.15). These canonical momenta p, are different from the usual
momenta p, = mu, (so that we used a different symbol). For the
Hamilton function H = ©“p,, — L we obtain, after a short calculation,

H =mc® +eU. (10.23)

We still have to substitute the velocities hidden in m by the canonical
momenta. For this we make use of

m?*v? —m?c? = (p — eA/c)® — m?c? = —m3c?, (10.24)

and arrive at

(H —eU)?*/c* = (p — eA/c)* + mict. (10.25)
This relation can be read as saying that there is a four-vector p, =
(p,—H/c) with p"p, = —m3c®. This indicates that there may be a

truly four-dimensional canonical formalism, with the usual Hamilton
function as a fourth component of a vector, and a still unknown general-
ized Hamilton function. Although it is in principle possible to formulate
such an approach (see for example Sundermeyer 1982), we will not fol-
low this line of thought. Rather we shall give below an example — there
are not so many simple but truly relativistic problems!

Equation (10.25) can easily be solved with respect to H,

H = eU 4 /moc* + 2(p — eA/c)?. (10.26)

For completeness, we add the system of canonical equations, which reads
d , O0H d . OH dH _0H

a’ T op @ T Towe at T ot

We now want to apply this formalism to the motion of a charge (charge

(10.27)

e, rest mass mg) in a plane electromagnetic wave, see Fig. 10.1. We
assume that the charge is at rest at the beginning, and that the linearly
polarized plane wave hits the charge at t = 0,
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2
wave Az
— > A

Fig. 10.1. Motion of a charge in a plane electromagnetic wave.

A" = (0, A(z' —ct),0,0) « E=(0,4",0), B=(0,0,4"),
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(10.28)

att=0: ' =22=23=0=a'=32>=23 A=0forz' —ct > 0.

The Hamilton function for this example is

H = \fmoct + 3% 1 (ps — eAJe)? + P78 = mipa, A,
and the canonical equations read
p1=md1, p2=mis+eA/c, p3=mis,

B _ (Fa—edfoecA _1dH  dpy

d/\

dt H cdt’ dt dt -

Making use of the initial conditions, one immediately gets

p2=0, p3=0 — H= \/moc‘l—i—czﬁ? + e2A2.
Combining the second and third equations of (10.30) gives
d(H —cpy)/dt =0 — H —cpy =moc?,
and together with (10.31)

. e2 A2 e2 A2 9 9
+ moc”® = mc”.

1= 2mgoc3’ - 2mgc?
We still have to integrate the first system of (10.30), that is
) dzt e? A? da? €4 da? 0
mip =mg—— =p1 = —=, mo—— = -A, mg— = 0.
! Car TP T amped M4y T M

Since
modzy /dT = H/c — moe = me — moe = moe dt/dT — mge
we have d(z1 — ct)/dT = —c and from this

er=ct—x, A=Az —ct)=A(1).

(10.29)

(10.30)

(10.31)

(10.32)

(10.33)

(10.34)

(10.35)

(10.36)
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The potential A just depends on the proper time of the charge, and that
makes the final integration easy:

x1(1) = 762 /T A% (—er)dr! t(r) = 7+ x1(7)
1 m263 ) 1 )
2moc” Jo (10.37)
wa(r) = ———

-
moc/o A(=cth)dr',  z3(r) = 0.

The charge oscillates in the zs-direction, due to the electric field.
This motion induces a Lorentz force in the x1-direction, and the charge
is driven in the direction of the (Poynting vector) of the wave. When
the wave has passed by (A = Ag = const. for some 7 > 7g), the charge
moves with constant (zero for Ag = 0) velocity in the x;-direction.

10.4 The field of a charged particle in arbitrary motion

If one gets the problem of finding the electromagnetic field of an acceler-
ated charged particle, the first idea may be to use the formula (7.17) for
the retarded potentials. Although it is possible, by means of §-functions,
to apply this representation to the current of a point particle, there is a
shorter way which we will take now.

From the retarded potentials we take the knowledge of the causal
structure: only those points of the particle’s world line a™(7) which lie
on the light cone with vertex in x® contribute to the potentials A™ at a
point z%, i.e. only those points which satisfy (see Fig. 10.2)

R"R,, = [z" — a"(7)][xy, — an(7)] = 0. (10.38)

We now use the Lorentz invariance of Maxwell’s theory by transform-
ing — for a given point (z™) and its counterpart (a™(7)) — to the system

Fig. 10.2. Field of a charged particle. For explanation, see text.
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in which the particle is at rest, v =da™/dr = (0,0,0,c¢). In that sys-
tem, only the scalar potential U survives and is given by the well-known
expression

e e

Here 7 is the spatial distance between (2™) and the point on the world
line; because of (10.38), it can also be written as 7 = R*. This can be
used to rewrite (10.39) as
nom eu™

A" (™) = ey T (10.40)
where |0 indicates here and later that for the particle’s data (e.g. a™(7),
u™(7)) those on the past light cone through (z™) have to be taken (with
RY=ct—a* >0).

As derived, equation (10.40) is valid only for the particle’s rest system.
But it clearly is a tensor equation, and so we can conclude that it is valid
in any system!

The equations (10.40) are often given in a three-space notation. With
A" = (A,U), u" = (v,¢)//1 —v%/c? and R" = (R, R) they read
_ ev
~ 4nce(R - Rv/c)

€

Alr,?) ! VT TR RV et

(10.41)

and are called ‘Liénard—Wiechert potentials’.

For calculating the field tensor from these potentials still another form
will be used. To get this, we split the vector R™ into its parts parallel
and orthogonal to the four-velocity, respectively:

R* = p(n* +u®/c), p=— Ru,/c| with u*n, =0, nng, =1
(10.42)

(p is the R from above, the spatial distance between source and (z™)

in the rest system of the charge). With (10.42) we can write the four-

potential as

ret ?

eu®

A*(z") (10.43)

- 4’/TCp ret.
To calculate the field tensor F,; we have to differentiate the potential
with respect to the ™. This has to be done carefully: since the point
(z™) and the position 7 of the particle are tied together by the light cone
prescription |ret, & shift in the 2™ induces a shift in 7. In detail, we get
from (10.38)

R, dR" = R, (dz" — u" dr) = 0, (10.44)



76 Charged point particles and their field
or — with (10.42) — (ny, + up/c)dz™ = (ny, + u,/c)u™ dr = —cdr, ie.
cOT/02™ = —(np, + uy/c). (10.45)

To calculate the derivatives of the potential,

eu et
A, , = { o a } , 10.46
b 47rcp2p bt 47TcpT’b ( )
we still need the derivatives of p. We get them from
dp d or
_r Ra o — (—qya o a 'a 2
oup = ar (~ Fae) g = (Cutua + Riia)(m + w/c) e (10.47)

= np + up/c + png®ny + up/cl/c?
Putting all the pieces together, and after some reshuffling, we finally

obtain
e wul — utub
Fab(xn) _ : _ naub 4 nbua
dmc2p c (10.48)
" e(u® b b,a
]|l =t
¢ ret 47TCp ret

This formula gives the field at a point (z") generated from a point charge
which at the retarded time has four-velocity u® and four-acceleration 4%,
where p is the spatial distance in the particle’s rest frame, and n® the
spatial vector from the particle to (z™) in that frame.

The terms without acceleration 4 are exactly those with p~2; they
correspond to the Coulomb field of a charge, and can be transformed
into a pure Coulomb field if the acceleration vanishes identically.

The terms containing the acceleration are those with a p~. One knows
from Maxwell’s theory that fields which go as r~! for large r (with
r?2 = 22 + 9% + 22) usually have a Poynting vector which goes with r—2
so that there is a net energy flux through a sphere at large distances:
these fields are radiative. The same is true here: accelerated charges
radiate. To support this assertion, we calculate the Poynting vector
with respect to the particle’s rest frame. We do this by first calculating
the electric and magnetic field vectors of the radiation field in that rest
frame,

E* = F%u/c = ——— [n®(n™,) — 7]
2 m I
dme?p ret (10.49)
€ .
B® = —F%uy,/c = — LM /e = T MMy Uy o

Note ubi, = 0 = ubny, and €™ yu® = 0; both four-vectors E¢ and B®
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are in fact spacelike three-vectors in the space orthogonal to u’. The
same is true for the Poynting vector

271 nay, a,y, \2
St = —ebrah g By, — CL0 e — (70T ) (10.50)

167T2C3 p2 ret

The Poynting vector points outwards, in the n®-direction. The radiation
field described by (10.49)—(10.50) displays some very special properties.
Both E* and B® are orthogonal to n®, and they are orthogonal to each
other; the three vectors S%, E® and B® form an pairwise orthogonal
set of vectors (all orthogonal to u®), which is a typical property of a
plane electromagnetic wave. The wave emitted by a charged accelerated
particle is locally a plane wave.

By using the above Poynting vector, one can calculate the total
momentum and energy loss of the particle due to the radiation. The
result is

dpP 2e a
I =35 (W iy )u®, (10.51)
which gives in the rest system for the radiated energy
AW 2¢?
= =i (10.52)

R

10.5 The equations of motion of charged particles — the
self-force

As shown in the preceding section, an accelerated charge radiates and
loses energy and momentum. This should cause a back-reaction to the
particle and should be reflected in its equation of motion. The equation
of motion should therefore be of the form

d2zm ~
v = P+ I+ P
(10.53)
external electro- self-force other
magnetic force forces

(we shall neglect the ‘other forces’ from now on). What is this self-force
I'? The first guess may be that it is equal to the loss term discussed
above, i.e. I = P" = 2e2 (%0, )u™ /3¢®. But this cannot be true; every
force four-vector has to be orthogonal to the four-velocity, and P is not:
Py, = —2€2(%,)/3¢3. We cannot discuss here in detail the possible
remedy, but only give a plausible argument. Because of

wug = —c%, Wu, =0, g+ 1%, =0 ete., (10.54)
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one can simply add an additional force term proportional to %™ to pr
to make it orthogonal to u,. This is done by writing
d2z" 262 . ca \UT
rere d7‘2 = F&T @ |:’an - (Uaua)c—2:| . (1055)
One may wonder whether this additional term does not lead to an extra
irreversible loss of energy. But when writing (10.55) as

2
a2 = a2
one sees that it is a reversible term (which may be interpreted as the
momentum of the radiation field).

Equation (10.55), the so-called ‘Lorentz—Abraham-Dirac equation’,
has been much debated. Its most unfortunate feature is the appearance
of third derivatives (second derivatives of u®), which contradicts the
fundamental assumptions of Classical Mechanics.

To get an impression of the difficulties, we shall consider the simple
example of a one-dimensional motion x = z(7),

d 262 9

. 249 T

62 n

Wlg) — (10.56)

)
C2

where K is an external force. If we parametrize the four-velocity by
i =csinhq, cf =ccoshq — & =cjcoshq, ct=cgsinhq, (10.58)
we obtain from (10.57)
G—10i=K, 70=2e*/3moc®, K = K/mgccoshg. (10.59)

For K = 0, this second order differential equation for the velocity
admits the solution

G=age™/™. (10.60)

This is a ‘run-away’ solution: there is no external force, but the particle
is always accelerated (it ‘borrows’ the energy for this from its own field).
To exclude those unphysical solutions, one has to impose some initial
conditions at, for example, 7 = +oco. If we have a force depending only
on T, K= IA((T), this can be done by taking the solution in the form

:/ ]?(T/)dT/—‘r/ =T/ K (71)dr, (10.61)

where the particle is at rest (¢ = 0) for 7 — —oo. If we take a force that
acts on the particle from 7 = 0 on, and is zero before, then we have
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7<0: g(r)= / T K (7 A7, K(r') =0 for 7' < 0. (10.62)

But this means that ¢(7) is non-zero for 7 < 0, the charge starts moving
before the force acts! This can be interpreted as an advanced action,
or by saying that its own field makes the point charge extended; for
an electron, the time 7y is exactly the time the light needs to pass the
classical electron radius 2e2/3mgc? ~ 2-10~3cm. For practical purposes
it may be a relief to note that at such small distances classical theory
becomes obsolete in any case, and has to be replaced by quantum theory.

It has been proposed (Rohrlich 2001) to replace the Lorentz—Abraham-—
Dirac equation (10.55) by the equation

d2zm 2¢*  rmoc

nm
032 Fext Uy, + 3mc —— F3 puPum + F,

p
ext F, mpext W

(10.63)
_|_ Fam

n
et Frp ext uaup} .

Although this equation excludes run-away solutions, it still does not
exclude the pre-acceleration described above.

All these attempts show that it is not simply possible to press the
degrees of freedom inherent in the point charge and its radiation field
into a simple particle model.

Exercises

10.1 Show that both the Coulomb part and the radiative part of the
field (10.48) can be written as F% = k%" — kbp®. How do the
vectors p’ in the two cases differ? Hint: use equation (10.38).

10.2  Verify the expression (10.50) for the Poynting vector by direct
calculation of 7.

10.3 Use the result of Exercise 10.1 to calculate the invariants of the
field.

104 Show that one obtains (10.63) by repeatedly substituting u™ by
eFI M Uy, /moc on the right hand side of (10.55), i.e. of

mot"™ = cEM MU, Je 4 2€2 (67 4 u™u, /c?)i® /3c3.

Further reading for Chapter 10
Rohrlich (1965).
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Pole-dipole particles and their field

11.1 The current density

Besides a charge, particles may also have a magnetic and an electric
dipole moment (and even higher moments). If we want to calculate, for
example, the force on a moving magnetic dipole, we first have to find a
suitable way of describing that dipole. This is done by giving the current
density 5™ in terms of four dimensional J-functions and their derivatives.
A thorough discussion of §-functions requires some knowledge of the
mathematical theory of distributions. What we will need, and give now,
is a physicist’s manual on how to deal with them.

For any function ¢(2®) which vanishes with all its derivatives at the
boundary of the domain of integration, the following rules hold:

54($m) = 0(2)d(y)d(2)d(ct) = 6*(r)o(ct),
Jot@m w(m“) = (™),
[ (@™) po(z)dzt = — [ 5 (z™)p(z), dzt = —¢ ,(0), (11.1)
f5 (T = b)p(r)dT = (b),
S[f(m)] = ;5(7—%‘)/|f’(ﬂ-)|7 f(m) =0,

where 7; are simple roots of f(7) =0, and f’ is df/dr.
Pole particle A simple point charge has the property that the current
(charge) density is zero except at the particle’s world line

™ =a™ (1), withu™ =da™/dr, u™u,, = —c*. (11.2)

This property can be ensured by using §*[z™ — a™ (7)]; this distribution
in itself would say that the charge is present not only at one point, but
also only for one instant of time, which is obviously wrong. This is
amended by performing an integration and writing

"= [w"(r)6*z™ — a™(7)]dT. (11.3)
For a particle at rest, proper time and time coincide, one has ¢r = a* =
ct’, and (11.3) gives

= [w(t)6*zh — at]d(ct — ct')dt' = w (£)63[zk — at]/c, (11.4)

80
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which is the required behaviour. To get the correct expression for w",
one could demand the Lorentz invariance of the current; we will go a
different way and exploit the equation of continuity instead.

From j7, = 0, (11.3) and the properties (11.1) of J-functions one
obtains

0= fw"(r)éfn[ar:"m—am(T)]d7'<,0(ar;b)dx‘1 = — [w"(T)p n[ab(T)]dr. (11.5)

Here we encounter a problem. At first glance one may think that since
the test functions p(z®) are arbitrary, so are their derivatives occurring
above. But this is not quite true: if ¢ is chosen along the world line
a®(7) of the particle, then its derivatives in the direction of the world line
are fixed, and only the derivatives orthogonal to it are free. To evaluate
equation (11.5), we therefore split the vector w™ into its projections

along and orthogonal to the tangent vector u", respectively:
w" = A(T)u” + 0" (1), b u, =0. (11.6)

With de/dr = ¢ ,u™ we then get from (11.5)

0 = [[Au" +b"]pndr = [b"p dT + [ A(dp/dT)dT

(11.7)
= [bp,dr — [@(dA/dT)dT.

Since ¢ and its derivatives in the directions of b™ are arbitrary, (11.7)
can be true only for " = 0 = dA/dr, and if we set A = ec, we obtain
the final result that the current for a charged pole-particle necessarily is

" =ec [u"(1)8*z™ — a™(7)]dT. (11.8)

Pole-dipole particle For the pole-dipole particle one starts with the
ansatz

i =c [ (w(r)6* [z™ — a™(7)] + w"(7)64 [z™ — a™(7)]) d7, (11.9)

where the functions w™(7) and w™*(7) are still to be determined from
the equation of continuity. First of all, we can assume that w™u, = 0,
since if there was a component in the direction of u*, for example f™u®,
this term would lead via partial integration,

ffnus{a 54[zm,am(7)]/8xs}d7 = - ffnus{a 54/aas}d7— (11 10)
_ ff"(d(54/d7')d7' = f(df”/dT)(54dT, '

to a contribution to the not yet determined vector w".
As before, we perform a projection in the direction of u"™, and orthog-
onal to it, by writing
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—dp™/dr = eu™ + 0", W™ =m" —u"p’, (11.11)
with b,u® = m™us = p*us = 0. If we use this in
= jh = c s, +w o, ldr (11.12)
and perform an integration over an arbitrary test function ¢, we obtain
0= [[~w"p, + W™ ,dr
= [[(=dp"/dT — cu™ — V") + (M™ — u"p®)p nsldr  (11.13)
= [le(de/dr)e — b @, + m™Sp 5]dT.

In this relation, ¢ and all its derivatives are arbitrary functions, and we
can conclude that the corresponding coefficients have to vanish:

e = const.,, " =0, m"=-m"". (11.14)

The results of all this that the current density of a pole-dipole particle
can be written in either of the forms

i"(x) = c [ [(eu™ + dp™/d7)5*[z™ — a™(T)] (11.15)

+ (mns _ unps)(;jls [:Cm _ am(T)] dT, mns = _TnSn7

or, using (11.10) to shift the dp™/dr-term to the m™?,
i"(z) =c[ [eu"64[:rm —a™ (7)) + w"séf’; [z — am(T)H dr,

ns

(11.16)

w = ms" — unps + uspn = — "

where e is a constant, and m™°, w™®, p™ and u" are arbitrary functions
of the proper time 7.

11.2 The dipole term and its field

The antisymmetric tensor w™ has six independent components, and it

"¢ represent the magnetic

is a fair guess that the three components of m
dipole moment, and the three components of p™ the electric dipole, cp.
also the structure of the polarization tensor (12.12).

To really prove that, one could determine the electromagnetic field
produced by the above current, and compare the results with the hope-
fully known field of dipoles. We will do this here only for the simple case
of a static electric dipole at rest. For such a dipole, with p™ = (p,0),

located at a™ = (0,0, 0, ct), 7 = ¢, one obtains as the four-potential
) b ? ) ) p
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3. 3,
A"(r):L 7( )d°z ———/"554 4z ,|d7'

4me |r — 1’|
= i/u"— 1 p° 64 (' — a¥)d?a dr (11.17)
4r oz \|r — /|

1 0 1
= e " x5’ \|r —r/|

which has as its only non-zero component the well-known potential

)
r’'=0

U = A* = pr/4mr3. (11.18)

In the general case, the potential of the dipole term can be calculated
using the retarded Green’s function of the wave equation as

cA™ (™) = [j™(x™ )Gres (2™ — x"/)d‘lx’,
20Gret (2" — ™) = 8[(a" — &™)z — 2] -
Inserting here the dipole part of the current, one obtains
A (z") = [w™ 64, [z™ — a™(7)]Grer (a — 2™ )dr da
= — [w" [0G et (2" — ) /02|, _ . dT (11.20)

zn' =qn

= [ W™ [0G et (2" — a™)/0x5|dT

(11.19)

Using, as in Section 10.4 and in Fig. 10.2, the notation
R" =2"—-a"(r) - dR"/dr = —u", d(R"R,,)/dT = —2R"u,, (11.21)
and taking into account the definition
Sret (R Rp) = 8(Tret)/2 | R%ug| (11.22)
of the retarded part of the §-function (cp. the rules for 6[f(7)]), we get

A™(z™) = /5ret ) 2R w™ dr

— __/da;et (R"R, /dT]RRZ ms dr (11.23)

a

= 177 dT< R w™ )5rct(R R)

Reu,
and finally ) iR
AT (") = —( s mS) 11.24
@) = TR ar T e (11.24)

The compactness of this formula is a little bit misleading: when really
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calculating the field tensor from this potential, one will get lengthy ex-
pressions, as in the case of the Liénard-Wiechert potentials in
Section 10.4.

11.3 The force exerted on moving dipoles

As shown in Section 7.4, the density f“ of the force exerted on any
current by the surrounding electromagnetic field is given by

~

f@=F"j,/c. (11.25)

To get the (three-dimensional) force F, we have to integrate this
expression over the three-dimensional volume. For the dipole part of
the current (11.16), we thus have

()" = [ o dzje = [urshfam — (1) F*,dr da. (11.26)

Because of dr =dty/1 — v?/c?, and the properties of the §-function, we
can perform the four-dimensional integration and obtain finally

(F)¥(1) = —w"(1)F* s (T)c /1 — v(7)2/c2. (11.27)

Exercises

11.1 Calculate the potential of a magnetic dipole at rest from the
m™*-part of the current, in analogy to equation (11.17).

11.2 Apply the formalism of Green’s function to the monopole part
of the current and show that the Liénard—Wiechert potentials
result.

11.3  Use (11.27) to find the force on a moving electric dipole in an
electric field.

12

Electrodynamics in media

12.1 Field equations and constitutive relations

For a medium, some of the fundamental properties of Maxwell fields are
the same as in vacuo, and we can make use of results of Chapter 7.
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The first set of Maxwell’s equations, curl E+ 0B/cot = 0, div B = 0,
guarantees the existence of a four-potential A™ from which the field
tensor F% can be derived,

Frn = Anm — A, F™, =0. (12.1)

Similarly, the second set of Maxwell’s equations, curl H = (j+9D/0t) /¢,
div D = p, is equivalent to

0 H, —H, -D,

Lim  ppmn_ | ~H. 0 H, =D,
¢ H, —H, 0 -D,
D, D, D. 0

(12.2)

These equations have to be completed by a set of constitutive relations
which relate F™" to H™" (and j™ to F™"). In many cases a linear
relation between H and F? is taken. In general, this is of the form

Hab = Aabmnany (123)

with the appropriate antisymmetry conditions on the tensor A. But to
mirror the simple relations D = ¢E, B = pH, a less ambitious approach
suffices, which we shall present now.

If u™ = u™(2?) is the four-velocity of the medium (which need not be
constant throughout the medium), then one can define the electric and
magnetic fields by

pe=pat po_ palt pge_  pgal®pa_ pabth g9y
C C & C

In the local rest frame u™ = (0,0,0, ¢), the spatial components of these
four-vectors are exactly the usual fields; hence the constitutive equations
are

H%yy, = e Fuy,, f[“bub = ,u_lﬁ“bub. (12.5)

In three-dimensional notation these equations read

1
D+X><H=5(E+X><B), H—XxDz—(B—XxE),(lz.ﬁ)
c c c 1 c

or, after decomposition into the parts parallel and perpendicular to v
and some reshuffling,

1 V2 € 1
Dy=¢E;, D, =— |E - — B|l-——
1= &5 B 102/02{L(5 u02)+vx ( uﬂ

(12.7)
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1 1 1 2 1
e Do - Lo (D) (19
1 1—v2/c uwooc ue ¢

We now have to translate Ohm’s law. In general, the three-dimensio-
nal current consists of two parts: a convection current due to charges
moving with the medium, and a conduction current within the medium.
The convection current j’ . thus is proportional to the four-velocity,

Jeony = pou’. (12.8)

It is a timelike vector whose spatial part vanishes in the local rest system
of the medium, whereas the conduction current j7 , is spacelike, with
jélond:O in the local rest system. So if only these two types of current
are present (there are for example no electrons moving freely through
the medium), the general current can be split as follows:

3" = ooy + Jlona = —u™(u%a) /* + [ +u"(wGa) /] (12.9)
Ohm’s law then can be written as
T+ u"(u,) /) = o F™u, /c. (12.10)

As can be seen from its right hand side, the driving force for the current
is the Lorentz force.

Media can be characterized by their polarization P and their magne-
tization M defined by

D=E+P, H=B-M, (12.11)

which can be interpreted in terms of (densities of ) magnetic and electric
dipoles. The corresponding tensor is the polarization tensor

0 M, —M, P,

-M, 0 M, —P
pmnt = pmn _ gmn — z r v 12.12
M, —M, 0 -P, ( )

P, w P 0

7

Fig. 12.1. Electric field of a rotating magnet.
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A magnetized medium may produce an electric field when rotated, see
Fig. 12.1. This effect may lead to enormous electric fields in a rotating
neutron star.

12.2 Remarks on the matching conditions at moving surfaces

It is well known that if a boundary f(z") = 0 divides the medium
into two parts with different physical properties, some care is needed to
satisfy Maxwell’s equations across that boundary. We shall now formu-
late the conditions appropriate for a moving boundary. For a boundary
(locally) at rest, we have f4 = 0. So in the general case the vector n,
normal to that boundary,

na = fa/(Fof")? nan® =1, f(a")=0, (12.13)

will be spacelike. We chose n® to point into the interior of medium 1. If
there are charges or currents in the surface f(z™) = 0, characterized by
Jj%, we assume that they do not leave it,

Jjgne = 0. (12.14)
The boundary conditions then read
H|, — Hny|, = j&/c, Fny|, — Fny|, =0, (12.15)

where |4 indicates on which side the value has to be taken.

To prove that these conditions are correct, at any point of the bound-
ary one can take the local rest frame n® = (n,0) and show that the
usual boundary conditions follow; one then gets for example H*n, =
D%, = Dy, j%/c = pp and thus D(n)|1 — D(n)‘g = pp (pp is the
surface density of the charge).

12.3 The energy-momentum tensor

Before we try to construct an energy-momentum tensor for electro-
magnetic fields in media, we shall collect the conditions an energy-
momentum tensor should satisfy in general.

The energy-momentum tensor Ty, of a physical system generalizes the
concept of the energy-momentum four-vector of mechanics, and there-
fore also that of energy and momentum in Classical Mechanics. For all
such systems a balance equation for energy and momentum can be for-
mulated. In particular if the system is closed, i.e. if there are no outside
forces and all forces are due to the interaction of the parts within that
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system, energy and momentum are conserved. In terms of the energy-
momentum tensor of that system this means

7", =0 for closed systems. (12.16)

For the Maxwell field (with sources) in vacuo this equation is not
satisfied: as equation (7.36) shows, the system is not closed, energy and
momentum can be transferred to the current (to the particles which
carry the charge). The system is closed only for j® = 0.

In Classical Mechanics there is one more balance equation: that of
angular momentum. It is a consequence of the equations of motion. To
generalize the concept of angular momentum to fields, we remind the
reader of the structure r x p of angular momentum: it is the antisym-
metrized product of r with the momentum. If we write 7" instead of
momentum, we get

Mmne = T e _ pan gm (12.17)

as the angular momentum tensor. To check whether it is conserved we
determine its divergence for closed systems:

ana _ Tmn xa + Tmn(;a _ Tan x’m _ T(lném J— Tm(l _ T(lm
,mo T ;n n RO n .
(12.18)
Angular momentum will be conserved only if the energy-momentum
tensor is symmetric,

T =T*" for closed systems. (12.19)

We now return to our task of finding the energy-momentum tensor
for an electromagnetic in a medium. From what has been said above it
is obvious that the system ‘electromagnetic field’ is not closed, due to
the presence of the medium and its currents. But the situation is even
worse: it is not clear which part of the total energy-momentum should
be called ‘electromagnetic’. For the system

pure inter- elastic

Maxwell field + action medium

there is no clear way of determining which of the two sides the interaction
should be added to, and how it might possibly be divided. This question
was much debated in the beginning of the twentieth century, when all
this was not yet clear.

In any case, as can be seen from the expression w = ED /2 for the elec-
trostatic energy inside a medium, the energy-momentum tensor should
be bilinear in the components of F%® and H®. The most preferred choice
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T = F*"H," + $n™" F* Hy, (12.20)

is due to Minkowski. This tensor is not symmetric, but its trace vanishes:
T, = 0. To understand the physical meaning of its components we
observe that if the momentum balance is included in 7" ,, it should
be in the form d(momentum)/dt + - - -, which means that the T*4-
components are the components of the momentum. On the other hand,
by calculating the components in a local rest system we find that

ot . stress tensor,
cg” = D x E : momentum
S” : Poynting vector,
w : energy density.

—gH gt
" = ,  with
SV/e w

Exercises

12.1 Show that F% can be written in terms of E* and B®.
12.2 Give the tensor Agpmn for the case of the relations (12.5). Hint:
use Un, Mmn aNd Eqpnm-

13
Perfect fluids and other physical theories

13.1 Perfect fluids
For the non-relativistic description of perfect fluids one needs the density

u(r, t), the pressure p(r,t) and the velocity field v(r,t). The fluid obeys
Euler’s equation (momentum balance)

dv d 0

— = —grad f, —=—+v¥—,
TR T T
where f is the density of the (exterior) forces. In addition to this the
mass is conserved, which is expressed in the continuity equation

op/ot + div(pv) = 0. (13.2)

a=1,2,3,  (13.1)

The system of the two equations has to be supplemented by an equation
of state, for example by
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flp,p) =0 < p=p(u). (13.3)

In a relativistic theory, the four-velocity field

ut(r,t) = u(z") = Y , ¢ 13.4
(1,1) = u"(a") (w—vw ¢1—v2/c2> (1.9

replaces the velocity field v(r,t). For an arbitrary (but fixed) point Py
it can be transformed to

u®(Py) = (0,0,0,¢) (local rest system). (13.5)

To find the relativistic generalization for the dynamical equations, we
will not try to generalize Euler’s equation. Instead we shall construct the
energy-momentum tensor of the fluid and get the dynamical equations
from it.

A perfect fluid is characterized by the fact that in the local rest system
of a fluid element there is only an isotropic pressure; other stresses, a
heat current across the border of that element I, etc. do not occur. That
is to say, the energy-momentum tensor has the form

— stress ¢ X momen-
tensor tum p
0 mn _ _ D
T = = , (13.6)
c X energy ener 4 2
current &y H

with the energy density proportional to the rest mass density p. This
tensor can be easily be written in a covariant form as

T = pn™ + (p + p/c)uul. (13.7)

The special case p = 0 is called dust, or incoherent matter. It will later
be used to model galaxies in the universe.

To understand the physical meaning of this energy-momentum tensor,
we shall now inspect some of its components. Momentum density g and
energy density w are given by

g% =T fe = (u+ p/e)uu fe = v (u+ p/e?) /(1 - v2/ ),

13.8
w=T" = (u+p/)utu* —p = (uc® +pv*/?) /(1 = v /). 1:5)

Combining the two equations, we get

g% = v*(w +p)/c>. (13.9)
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Not only the mass (w/c?), but also the pressure contributes to the
momentum of a fluid element.

As we shall show now, the dynamical equations of the fluid are con-
tained in the balance equations of its energy and momentum,

", = ™, (13.10)

where f™ is the four-vector of the external force density.
The timelike component of these equations is the energy balance

)

T =T o + T 4 = cg?, + Ow/cot = f*, (13.11)
which can be written as
div[(w + p)v] + 0w /dt = cf*. (13.12)

In the non-relativistic limit w = uc?, p < pc?, f*/c < 1, this equation
yields

div(pv) + 0p/ot = 0. (13.13)

One sees that the continuity equation (13.2) (mass conservation) is the
non-relativistic limit of the energy balance, the energy density is dom-
inated by pc?, and mass is not changed under the action of external
forces as it is in the fully relativistic description.

The spacelike components of (13.10) read

To™ = pa+ (1 +Dp/uav’] g+ (1 + /P uau®] 4 = fo  (13.14)

or
Poa + (9a”) 5 + 090 /Ot = fa. (13.15)

Substituting the expression derived above for g, and making use of the
energy balance equation (13.12), one obtains
w+pdv

> g Teradp+ (fs +pi/P)v="1. (13.16)

One easily recognizes that this generalizes Euler’s equation which is con-
tained here for w = uc?, p < uc?, vfy < f.
One learns from this approach to relativistic fluid mechanics that it is

c

advantageous to start with the energy-momentum tensor if one is asking
for the correct form of the dynamical equations — this is true also for
other theories.

We close this section with a few remarks on the balance equation for
the mass. We have seen that the continuity equation (13.2) no longer
holds. If one tries to give that equation a relativistic form, one may be
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tempted to write it as (pu™) , = 0. But that is not true; instead one
gets, with pu™ = =T™™ . /c¢* and u"uu, = W™ u, =0,

(pu™) = = f"un /¢ — pult, /¢ (13.17)

in general, mass will be generated (or annihilated). Note that in particle
dynamics we had p = 0 = f"u,, and mass was conserved there.

If not mass, then other properties of matter may be conserved, for
example the baryon number ng (number of baryons per volume). This
can be expressed by

(nou™),, = 0. (13.18)

13.2 Other physical theories — an outlook

At the end of the chapters on Special Relativity we add a few very short
remarks on its incorporation into other physical theories.

The typical notions and theorems of Thermodynamics are centred
around temperature, heat, work and energy (first law), entropy (sec-
ond law), and their foundation in Statistical Mechanics. Since we know
how to deal with mechanics, Statistical Mechanics offers the easiest way
for the understanding of the transformation properties of thermodynam-
ical quantities. The entropy S is defined there by the probability of a
configuration. Probability is based on counting numbers, and since num-
bers do not change under Lorentz transformations, the entropy S is an
invariant,

S = inv. (13.19)

A second typical expression in Statistical Mechanics, governing the

distribution of states, is e = E/FT

, with k£ being Boltzmann’s constant, F
the energy, and T the temperature. Not said, but tacitly assumed, is
that thermodynamics usually is done in the rest frame of the medium.
The function in the exponent must be an invariant, and since F is the
fourth component of a four-vector, we are forced to assume that E/kT

is the product of two four-vectors,
—E/T =p"O,, (13.20)

where p™ = (p, E/c) is the four-momentum — which is p™ = (0,0, 0, E/c)
in the rest frame — and © is the temperature four-vector

o" =u"/T. (13.21)
One can now take the invariant T = ¢/—0O"0,, as the definition of
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temperature, or alternatively define the temperature from the fourth
component ©* by 7" = ©*/c, in which case one has the transformation
law T = T+/1 —v?%/c2.

For a detailed discussion of relativistic thermodynamics we refer the
reader to specialized textbooks, see for example Neugebauer (1980).

All classical and quantum field theories, and elementary particle phy-
sics, use Special Relativity as an indisputable ingredient — with one
important exception: the theory of the gravitational field. If one tries to
generalize Newton’s theory of gravitation, one is faced with the problem
of generalizing the Poisson equation

2 2 2
AU = g;j + ‘zy(j + {;Zg —U®, =4rfp, a=1,23, (13.22)

which tells how the Newtonian potential U (defined by its action on a
mass, md?r/dt? = —mgradU) is generated by the mass distribution
w = p(r), f being the Newtonian constant of gravitation. It is easy to

write this Poisson equation Lorentz invariantly, namely as an inhomo-
geneous wave equation
02U L 0*U L 0?U  0°U
ox?  Oy? 022 c2ot?
But this equation not only violates the spirit of relativity in that only

the energy appears on the right hand side, and not the momentum four-
vector, nor the energy-momentum tensor. It also does not explain why

=U",=4nfp, n=1234 (13.23)

inertial and gravitational masses are equal, and — even worse — it turns
out to be experimentally wrong. It needs more than a cheap invariance
trick to obtain the correct theory of the gravitational field. We shall
deal with that problem in the following chapters.






II. Riemannian geometry

14

Introduction: the force-free motion of
particles in Newtonian mechanics

14.1 Coordinate systems

In theoretical mechanics one usually meets only a few simple coordi-
nate systems for describing the motion of a particle. For the purposes
of mechanics one can characterize the coordinate system best via the
specification of the connection between the infinitesimal separation ds
of two points and the difference of their coordinates. In describing the
motion in three-dimensional space one chooses Cartesian coordinates x,
Yy, z with

ds? = do? + dy? + dz?, (14.1)

cylindrical coordinates p, ¢, z with
ds? = dp? + p? de? + d2?, (14.2)
or spherical coordinates r, 9, ¢ with
ds? = dr? + 2 d¥? + r2sin? 9 dp?. (14.3)

If the motion is restricted to a surface which does not change with
time, for example, a sphere, then one would use the corresponding two-
dimensional section (dr = 0) of spherical coordinates

ds? = r? d? + r?sin? ¥ dp?. (14.4)

For other arbitrary coordinate systems ds? is also a quadratic function
of the coordinate differentials:

d82 = gaﬁ(‘ry) dz® dxﬁ7 O[7ﬁ,l/ = 17273' (145)

95
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't 4da?

x2 = const

22 +da?

Fig. 14.1. Measurement of lengths and angles by the use of the metric tensor.

Here and in all following formulae indices occurring twice are to be
summed, from one to three for a particle in three-dimensional space and
from one to two for a particle in a plane.

The form (14.5) is called the fundamental metric form; the position-
dependent coefficients g,g form the components of the metric tensor.
It is symmetric: gog = ggo. The name ‘metric tensor’ refers to the fact
that by its use the quantities length and angle which are fundamental to
geometrical measurement can be defined and calculated. The displace-
ment ds of two points with coordinates (!, 22) and (2! +da!, 22 +dz?)
is given by (14.5), and the angle v between two infinitesimal vectors
dWz® and d®@z diverging from a point can be calculated as

Jop AWy q(2).8
\/gpo_ dMWge dD)po \/gll«l’ d@)pr d2)pv '

cosp = (14.6)

Formula (14.6) is nothing other than the familiar vector relation ab =
|a||b] cos(a, b) applied to infinitesimal vectors.

If the matrix of the metric tensor is diagonal, that is to say, gas
differs from zero only when o = 3, then one calls the coordinate system
orthogonal. As (14.6) shows, the coordinate lines z* = const. are then
mutually perpendicular.

If the determinant of g,g is non-zero, the matrix possesses an inverse
matrix ¢%* which satisfies

Gapg™ = 1 = gh. (14.7)

The immediate significance of the fundamental metric form (14.5) for
mechanics rests on its simple connection with the square of the velocity

2 a 3
)2 <ds> dz® dz (14.8)

v of the particle,

at) ~9a ar
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which we need for the construction of the kinetic energy as one part of
the Lagrangian.

14.2 Equations of motion

We can obtain the equations of motion most quickly from the Lagrangian
L, which for force-free motion is identical with the kinetic energy of the

particle
m m  dz®d2z®  m
L=—v?= —_— = — il 14.
2" T g a2t (14.9)
The corresponding Lagrange equations (of the second kind)
d oL oL
Bl _ =0 14.10
dt 0zv  Ozv ( )

are easily set up. We have
OL/03" = mga,i®, OL/0x" =L, = imgag,i®i" (14.11)

(as done in Minkowski space, we use the comma followed by an index
as an abbreviation for a partial derivative), and from (14.10) it follows
immediately that

JoarZ* + Gar, st P 2gaﬂ Li%3? = 0. (14.12)
If we first write the second term in this equation in the form

Gav, ﬁx xﬁ = (gau,ﬁ + gﬁu,a)"taiﬁa (1413)

then multiply (14.12) by ¢g"¥ and sum over v, then because of (14.7) we

obtain
it + T 2 i’ =0, (14.14)

where the abbreviation

Fgﬂ = %g””(g(wﬂ + 98v,0 — GaB,w) (14.15)

has been used.

Equations (14.14) are the required equations of motion of a particle.
In the course of their derivation we have also come across the Christoffel
symbols Fgﬁ, defined by (14.15), which play a great rdle in differential
geometry. As is evident from (14.15), they possess the symmetry

I, =Th., (14.16)

and hence there are eighteen distinct Christoffel symbols in three-dimen-
sional space, and six for two-dimensional surfaces.
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On contemplating (14.14) and (14.15), one might suppose that the
Christoffel symbols lead to a particularly simple way of constructing
the equations of motion. This supposition is, however, false; on the
contrary, one uses the very equations of motion in order to construct
the Christoffel symbols. We shall illustrate this method by means of an
example. In spherical coordinates (14.3), 2 = r, 22 = 9, 2® = ¢, the
Lagrangian

L= Im(r? +r29% + r?sin® 0 %) (14.17)
implies the following Lagrange equations of the second kind:

F—r0? —rsin? 92 =0, r@+ 2+ 2rcotd gl = 0, (14.18)
.. . 14.18
r 4+ 279 — rsind cosd $? = 0.
Comparison with (14.14) shows that (noticing that, because of the sym-
metry relation (14.16), mixed terms in the speeds 7, ¥}, ¢ always occur
twice) only the following Christoffel symbols are different from zero:

i, = —r, 2, =Tr% =r"1 IS, =13, =r71,
22 12 21 13 31 (14.19)
Iy, = —rsin®d, T3, =03, =coty, TI% = —sind cosd.

In the case of free motion of a particle in three-dimensional space the
physical content of the equations of motion is naturally rather scanty;
it is merely a complicated way of writing the law of inertia — we know
beforehand that the particle moves in a straight line in the absence of
forces. In the two-dimensional case, for motion on an arbitrary sur-
face, the path of the particle can of course be rather complicated. As
we shall show in the following section, however, a simple geometrical
interpretation of the equations of motion (14.14) is then possible.

14.3 The geodesic equation

In three-dimensional space the path of a force-free particle, the straight
line, has the property of being the shortest curve between any two points
lying on it. We are going to generalize this relation, and therefore ask
for the shortest curve connecting two points in a three-dimensional or
two-dimensional space; that is, for that curve whose arclength s is a
minimum for given initial-point and end-point:

Pg
s = / ds = extremum. (14.20)
Pr



14.8 The geodesic equation 99

In order to describe this curve we need an initially arbitrary parameter
A, which for all curves under comparison has the same value at the end-
points Pg and Pp; if for the differential arclength ds we substitute the
expression (14.5), then (14.20) implies

AE d AB dz® dz?
s://\I —sd)\ / Jop dx)\ dx)\ d\ = extremum, (14.21)

from which we shall determine the required shortest connecting curve,
the geodesic, in the form z*(A).

The variational problem (14.21) has precisely the mathematical form
of Hamilton’s principle with the Lagrangian

L= \/gapr'oa’ =VF, 2'*= ddxA (14.22)

and the parameter \ instead of the time ¢. Thus the geodesic must obey
the associated Lagrange equations of the second kind

d O0L oL d (gm,x/a> 1 g ro 13
aa o ox? - a af ¥ L
oo VE ) 2VE (14.23)

B ﬁ [ (jifg"‘” ” +2Fdd>\ (ga") = Fg‘“ﬁ’”x/am/ﬁ] -
We can simplify this differential equation for the geodesic by choosing
the parameter \ appropriately (only for this extremal curve, not for the
comparison curves); we demand that A be proportional to the arclength
s. From (14.21) and (14.22) it follows that F' = constant, and from
(14.23) we get the differential equation of the geodesic

d2am dz® dzP
2T pe AT 14.24
oz ey 70 (14.24)

This differential equation not only has the same form as the equation
of motion (14.14), it is also completely equivalent to it, since, of course,
for a force-free motion the magnitude v = ds/dt of the speed is constant
because of the law of conservation of energy, and consequently the time ¢
is one of the allowable possibilities in (14.22) for the parameter A which
is proportional to the arclength s.

If we choose as parameter A the arclength s itself, then we can reca-
pitulate our result in the following law:

A force-free particle moves on a geodesic
dz® da”

A2z
e S, 14.25
ds? tlap ds ds ( )
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of the three-dimensional space or of the surface to which it is constrained.

Its path is therefore always the shortest curve between any two points
lying on it; for example, on the spherical surface the paths are great
circles.

In the General Theory of Relativity we shall meet the problem of
how to set up the equation of motion of a point mass in an arbitrary
gravitational field. It will turn out that the formulation of the equation
of motion for force-free motion just derived is a good starting point for
the solution of this problem.

14.4 Geodesic deviation

In this section we shall turn to a question whose answer requires the
help of Riemannian geometry, which we shall indeed use. The reader is
therefore asked for indulgence if some of the formalism appears rather
vague and the calculations inadequately motivated. He is recommended
to read this section again after mastering Chapter 5.

If the surface to which the particle is constrained is a plane, or a
surface which is due to the deformation of a plane (e.g. cylinder, cone)
then the geodesics are straight lines of this plane, and the equations of
motion of the point mass are very simple to integrate. With the use of
unsuitable coordinates, however, the geodesic equation (14.25) can be
rather complicated. In such a case how can one tell from the equation
of motion, that is, from the Christoffel symbols I'; 5, that motion on a
plane is being described?

To answer this question we examine a family 2%(s, p) of geodesics on
a surface, see Fig. 14.2. Here the parameter p labels the different geo-
desics and the arclength s is the parameter along the curves fixing the
different points of the same geodesic.

s s+ds

Fig. 14.2. The family of geodesics (s, p).
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A family of straight lines in the plane is now distinguished by the dis-
placement of two neighbouring geodesics, as measured between points
with the same value of the parameter s, being a linear function of
arclength s. This is a hint that also in the general case of geodesics
on an arbitrary surface we should examine the behaviour of the sepa-
ration of neighbouring geodesics and from this draw conclusions about
the properties of the surface.

We first form the partial derivatives

9z =t°, 0z =Ve, o = ava. (14.26)
Js Op op Js

The unit tangent vector t* points in the direction of the velocity, and

V<dp is just the displacement vector of two neighbouring geodesics. In
order to see whether we are dealing with a plane or not, it is, however,
insufficient to simply form 92V /ds?. Indeed, even for a straight line in
the plane, the fact that the tangent vector t* = da*/ds is constant, that
is, independent of s, is not expressed in an arbitrary coordinate system
by dt#/ds = 0, but, as a glance at the geodesic equation (14.25) shows,
by D, dt dz?

—th=—+ 1“gﬁ750‘E =0. (14.27)

We interpret (14.27) as the defining equation for the operator D/Ds,
valid for every parameter s and applicable to every vector t#. If accord-
ing to this prescription we form the expressions

D Foatn D 0%z
—t* = re v —Ve = re, vegr (14.28
Dp 0s Op o ’ Ds 0s dp o ! )
then we can at once read off the relation analogous to (14.26),
D D
—t% = —V 14.2
Dp Ds v ( 9

We shall now calculate the quantity
DV D ( D a)
- = (=
Ds? Ds \Dp
in order to discuss with its help the behaviour of the separation of two
neighbouring geodesics. Our first goal is to express the right-hand side

in terms of the Christoffel symbols. Substitution of the defining equation
(14.27) gives us immediately

(14.30)
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D2V« D sot*
- - _ (= To t/zvu)
Ds2 _ Ds ( op
0%t otH ovy
= 2L 4Pmyv 4Te (—vv t# ) 14.31
0sOp + s t o 0s + Os ( )
« 8tp v T
+Fm(% + T, V)t
We can simplify this equation by invoking the relation
D Dt~ D (ot~
0:——:—(— ro t“t”), 14.32
Dp Ds Dp 8s+’“’ (14.32)
which follows from the geodesic equation (14.27). This leads to
2t ot tv
g—a o I‘ij(a—t” + aa—w)
5P p p (14.33)

—Te, (% + Y )V
which we can substitute into (14.31). Bearing in mind (14.26) and
(14.16), we then find that
D2ve
Ds?
The right-hand side of this equation gives us a measure of the change in
separation of neighbouring geodesics, or, in the language of mechanics,
of the relative acceleration of two particles moving towards one another
on neighbouring paths (V' dp is their separation, ds is proportional to
dt for force-free motion.) It is also called the geodesic deviation.
When the geodesics are straight lines in a plane, the right-hand side
should vanish; it is therefore — geometrically speaking — also a measure

__ 4B v/ o « « a TP
= PV (T, 5 — T, +T0T0, — T, ). (14.34)

of the curvature of the surface, of the deviation of the surface from a
plane. This intuitive basis also makes understandable the name ‘curva-
ture tensor’ for the expression R%,3,, defined by
R0 =T, 5 —Thg, +Toslh, — FgVFZﬁ' (14.35)

It can be determined from the Christoffel symbols by calculation or by
measurement of the change in separation of neighbouring paths. If it
vanishes, the surface is a plane and the paths are straight lines.

As an illustration we calculate the curvature tensor of the spherical
surface

ds?

K? (d¥? + sin® 9 dp?)

_ K2 1\2 02 .1 2\2] _ a .0 (14.36)
K? [(dz')? + sin® 2! (d2?)?] = gap dz™ daP.
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The only non-vanishing Christoffel symbols are
I, = —sind cosd, I, =T5 =cotd, (14.37)

and from them we find after a simple calculation the components of the
curvature tensor

Rlo9 = —R'51p = —sin? 9 = —K 2 gy,
(14.38)
R2121 = —R2112 =1= K_qu, Rauﬁy =0 otherwise.
This result can be summarized by the formula
Ru5, = K (05 9u — 07 9up) - (14.39)

It expresses the fact that, apart from the coordinate-dependent metric,
the curvature tensor depends only upon the radius of the sphere K. For
K — oo the curvature tensor vanishes.

Exercise

14.1 Show that the curvature tensor of an arbitrary two-dimensional
surface always has the form (14.39), with of course a position-
dependent K.

15

Why Riemannian geometry?

It is one of the most important results of Special Relativity that basic
physical laws are most simply expressed when they are formulated not
in three-dimensional space but in four-dimensional space-time

ds? = Nap dz® dzb = da? + dy? + dz? — 2 dt?,

(15.1)
Nap =% = diag(1,1,1,-1),  a,b=1,...,4.

We shall now show that it is worthwhile replacing this Minkowski
space by a yet more complicated mathematical space-time structure.

If we were to examine a circular disk which is at rest in an inertial
system, from the standpoint of a coordinate system rotating around the
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axis of the disc, and try to measure the geometrical properties of the
disc with the help of rulers, then the following result would be plausible:
rulers laid out in the radial direction are not influenced by the rotation
of the disc, and the radius of the circle is unchanged; rulers laid out
along the periphery of the disc are shortened by the Lorentz contraction,
the circumference of the circle being thereby decreased. The rotating
observer thus establishes that the ratio of the circumference of the circle
to its diameter is less than 7; he finds geometrical relations similar to
those on the curved surface of the sphere. Naturally the application of
the Lorentz transformation to rotating systems, and the definition of
simultaneity hidden in this measuring procedure, are questionable. But
that would only support the result of our ‘gedanken’ investigation, that
in going over to observers (coordinate systems) in arbitrary motion real
changes in the space-time structure (the behaviour of rulers and clocks)
can arise.

Physically even more significant is the indication to be deduced from
the investigation of the equation of motion of a particle moving in a
gravitational field g(r,t). If we write this equation in a Cartesian coor-
dinate system, whose origin moves with acceleration a with respect to
an inertial system, and which rotates with angular velocity w, then we
get the familiar equation

mi=mg—ma—2mw X —mw X (W Xr)—mw Xr. (15.2)

All the terms of this equation of motion have the mass m as a factor.
From the standpoint of Newtonian mechanics this factor possesses two
distinct physical meanings: the force mg, which acts upon a body in the
gravitational field, is proportional to the gravitational mass mg, whilst
all other terms in (15.2) are an expression of the inertial behaviour of the
body (which is the same for all kinds of forces) and consequently contain
the inertial mass mj. It was one of the most important discoveries of
mechanics that for all bodies these two parameters are the same: all
bodies fall equally fast, and hence

mg = mp =m. (15.3)

When testing this relation, one has to exclude that the ratio mg/my
depends on the composition of the body. The current values of the
E6tvos parameter ng(1,2) = (mg/mi)1 — (mg/mi)2 are ng(1,2) <
10712, see Will (1993) and Schiifer (2000).

The numerical identity of inertial and gravitational mass also points to
a more essential identity. In the language of (15.2) gravitation is perhaps
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just as much an apparent force as the Coriolis force or the centrifugal
force. One could therefore suppose that the particle moves weightlessly
in reality, and that also the gravitational force can be eliminated by a
suitable choice of coordinate system.

As an exact consideration shows, the gravitational force can really
only be transformed away locally, that is, over a spatial region within
which the gravitational field can be regarded as homogeneous: inside an
Earth satellite or a falling box bodies move force-free for the
co-moving observer. Globally, however, this is not attainable through a
simple coordinate transformation (by changing to a moving observer):
there is no Cartesian coordinate system in which two distantly separated
satellites simultaneously move force-free.

If we therefore wish to adhere to the view that in spite of the ex-
isting gravitational field the particle moves force-free, and in the sense
of Chapter 14 translate ‘force-free’ by ‘along a geodesic’, then we must
alter the geometry of the space. Just as the geodesics on a surface fail
to be straight lines only if the surface is curved and the curvature tensor
defined by (14.34) and (14.35) does not vanish, so the planetary orbits
are only geodesics of the space if this space is curved.

In fact this idea of Einstein’s, to regard the gravitational force as a
property of the space and thereby to geometrize it, turns out to be
extraordinarily fruitful. In the following chapters we shall therefore
describe in detail the properties of such curved spaces.

16

Riemannian space

16.1 The metric

The geometrical background to the Special Theory of Relativity is the
pseudo-Euclidean space (15.1) with one timelike and three spacelike
coordinates. In the generalization which we will develop now we also
start with a four-dimensional manifold; that is, we shall assume that
every point (within a small finite neighbourhood) can be fixed uniquely
by the specification of four coordinates x™. It can of course occur that
it is not possible to cover the whole space-time with a single coordinate
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system. In order to be able to study physics in this manifold, we must
be able to measure the spatial and temporal separations of neighbouring
points. As the generalization of (15.1) and (14.5) we therefore introduce
the metric

ds? = gpn(z") dz" dz™ (16.1)

(summation occurs from 1 to 4 over Latin indices appearing twice). This
fundamental metric form indicates how one measures on the small scale
(in the infinitesimal neighbourhood of a point) the interval ds between
the points (z") and (z™ + da™) and the angle between two directions
dz™ and dz"

_ Gnmdz"dz™

Vds? ds?

(see also Fig. 14.1). The metric tensor (the metric) gp,, characterizes
the space completely (locally). It is symmetric, its determinant g is in

cos(dz™,dz™) (16.2)

general different from zero, and it possesses therefore an inverse g®":

9mn = Gnm, |gnm| =g #0, 9" Gnm = 6?71 = 921' (16'3)

A space with the properties (16.1) and (16.3) is accordingly a gen-
eralization as much of the two-dimensional surfaces as also of the four-
dimensional uncurved (flat) Minkowski space. If ds? is positive definite,
that is, zero only for dz* = 0 and positive otherwise (and if the parallel
transport of a vector is defined as in Chapter 18), then we are deal-
ing with a Riemannian space in the narrower sense. But, as we know
from the Special Theory of Relativity, the physical space-time must have
an extra structure: we can distinguish between timelike and spacelike
intervals, between clocks and rulers, and there is a light cone with ds = 0.
Our space is therefore a pseudo-Riemannian space, ds?® can be positive
(spacelike), negative (timelike) or null (lightlike); it is a Lorentzian met-
ric. Nevertheless we shall usually use the term Riemannian space (in
the broader sense) for it.

In Section 16.4 we shall describe how one takes into account the re-
quirement that there exist one timelike and three spacelike directions.

16.2 Geodesics and Christoffel symbols

On a two-dimensional surface we could define geodesics by making them
the shortest curve between two points:

/ds = extremum. (16.4)
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In a pseudo-Riemannian space, in which ds? can also be zero or negative,
we encounter difficulties in the application of (16.4), especially for curves
with ds = 0 (null lines). We therefore start here from the variational
principle

2 n m
/Ld/\ = / (g—j\) dX = /gmn%dd% d\ = extremum,  (16.5)

which, as we have shown in Section 14.3, is equivalent to (16.4) for
ds # 0. The Lagrange equations of the second kind for the Lagrangian
L = (ds/d\)? give (see Section 14.3)
2,.m a b

dd% + r:{g%% —0 (16.6)
as differential equations of the geodesics. These are four second-order
differential equations for the four functions 2™ (\), and accordingly geo-
desics are locally uniquely determined if the initial-point and the initial
direction or the initial-point and the end-point are given. When later
we speak briefly of the separation of two points, we always mean the
arclength of the connecting geodesics. The Christoffel symbols occurring
in (16.6) are of course defined as in (14.15) by

Z}) = %gmn(gan,b + 9bn,a — gab,n)- (167)

The Lagrangian L = g,,,, dz™ dz™/d)\? is a homogeneous function of
second degree in the ‘velocities” ™ = dz™/dA

i"OL/9i" = 2L. (16.8)

Because of (16.8) and the Lagrange equation of the second kind we have

L oL aL..,_(d 8L>.n oL .,

ot Tam® T\ )t T g (16.9)
(DL gy g0k ’
—dA\gin CTa’

and therefore
dL dx™ dz™ ds 2
S 0, L= Inm = AN (a> = C = const. (16.10)

The constant C' can be positive, negative or zero, and we distinguish
correspondingly spacelike, timelike and null geodesics. We shall meet
timelike geodesics again as paths for particles, and null geodesics as
light rays. Because of (16.10) the (affine) parameter A along a geodesic
is clearly determined uniquely up to a linear transformation \' = a\ +b;
for timelike curves we shall identify A with the proper time 7.
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Christoffel symbols are important quantities in Riemannian geome-
try. We therefore want to investigate more closely their relations to the
partial derivatives of the metric tensor given by (16.7). Because of the
symmetry ¢gmn = gnm Of the metric tensor, the Christoffel symbols too
are symmetric in the lower indices:

=T (16.11)

5
2
tensor, and therefore because of the additional freedom provided by

the upper indices, 4 x 10 = 40 distinct Christoffel symbols. But this
number is the same as the number of partial derivatives gmn,q of the
metric tensor, and it should therefore be possible to express the partial
derivatives through the Christoffel symbols, thus solving (16.7). In fact
because of (16.3) we have

In four dimensions there are ( ) = 10 different components of the metric

gmiFZ}) = %(gai,b + 9bi,a — gab,i)7 (16.12)

gmaFZ;L = %(gimb + Gab,i — gib,a)7

and adding the two equations we get
iab = gmil'ap + gmal'ip- (16.13)

The partial derivatives of the determinant g of the metric tensor can
also be calculated in a simple manner from the Christoffel symbols. The
chain rule implies that

99 _ Oy
— = —Giab- 16.14
axb agla gza,b ( )
If one now introduces the expansion of the determinant g = |gmn|
along the ith row by
g= Z 9iaGia (n0 summation over 4!) (16.15)
a

and uses the fact that the elements ¢°* of the inverse matrix can be
expressed through the co-factors G;, according to

99" = Gia, (16.16)
then one finds that
99/9gia = 99" (16.17)
If one also takes into account (16.13), then it follows that
0g/02" = 99" giap = g(Tiy +Tly) = 29T%, (16.18)

and from this finally that
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dln\/—g 1 Jdg
VvV J_ — -7 T 16.1

Ozl 2g Oz ab (16.19)
In writing the formula thus we have already assumed that g is negative
(see Section 17.2).

16.3 Coordinate transformations

Naturally the physical structure of our space-time manifold is not
allowed to depend upon the choice of the coordinates with which we
describe it. We now investigate which properties of the metric tensor
and of the Christoffel symbols are derivable from this requirement, that
is to say, how these quantities behave under a coordinate transformation.

All coordinate transformations of the old coordinates z™ into new
coordinates 2™ are permitted which guarantee a one-to-one relationship
of the form

our | %0 (16.20)

We have in (16.20) made use of the convention of distinguishing the

’
’ ’ ‘ afL’n

new coordinates from the old by a prime on the index, as explained in
Section 1.3. With the abbreviation
’ 8:1:”

A = — 16.21
v (16.21)

we obtain from (16.20) the transformation law for the coordinate differ-

entials ) ,
dz" = Al dz". (16.22)
The inverse transformation to (16.20),
" = 2" (z"), (16.23)
implies analogously
/ ox™
dz" = A7, da™ Al = — 16.24
€L nt AT, n oxm’ ( )
and, from (16.21) and (16.24),
AV AN, =6, ATLAT = n (16.25)

We obtain the prescription for the transformation of the components of
the metric tensor from the requirement that lengths and angles should not
change under a coordinate transformation; that is, ds? is an invariant:

ds'2 = g dz” dz™ = ds? = gpm da" da™ = Inm A AT, dz™ dz™ .
(16.26)
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Since this equation must hold for arbitrary choice of the dx”', it follows
that
9n'm’ = gnmA:ll/A%/- (16.27)

The behaviour of the Christoffel symbols under transformations is
most easily calculated using the geodesic equation (16.6). Since the
variational principle (16.5) was formulated with the help of the invariant
quantities ds and d\, the geodesic equation must have the form (16.6)
in the new coordinates z" as well:

d\2 “EUAN dA

(the property of a curve, to be the shortest connection between two

=0 (16.28)

points, is independent of the choice of coordinates). If we substitute
into equation (16.28) the equation

2™ ,d2z™ , dazb dz™
= A SO A, T
d\2 d)\2 ™o dA dA
(16.29)
, dz? da? ,dab dze
= —_Amm =7 m’ = T
mtab iy Ty T e gy
which follows from (16.22) and
dl‘ml ’ dLEm
— =A™ 16.
an m (16.30)

and transform everything to dashed coordinates, we obtain finally
Iy, = A AL AL T — AT AL A, (16.31)

In this transformation formula it should be noted that the new Christof-
fel symbols are not homogeneous linear functions of the old. It is there-
fore quite possible that in a Riemannian space the Christoffel symbols
are non-zero in one coordinate system, whilst in another coordinate sys-
tem they vanish identically. Thus in the usual three-dimensional space
the Christoffel symbols are identically zero in Cartesian coordinates,
whereas in spherical coordinates they have the values given in (14.19).
We shall answer in Section 19.2 the question of whether the Christoffel
symbols can always be made to vanish.

16.4 Special coordinate systems

For many calculations and considerations it is convenient to use a spe-
cial coordinate system. But one must examine in each individual case
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whether a coordinate system with the desired properties really does
exist; that is, whether it is possible for a given metric g,y to define
the four functions z™(z™) so that the transformed metric g, fulfils the
chosen requirements.

Orthogonal coordinates If the matrix gq; has only diagonal elements,
ds? = g11(dzt)? + goo(dz?)? + g33(daz®)? 4 gaa(dz?)?, (16.32)

then we are dealing with orthogonal coordinates, and the coordinate
lines (lines along which only one coordinate varies at any given time)
form right-angles with one another. In the three-dimensional Euclidean
space one uses and prefers such coordinates; for example, spherical
coordinates or cylindrical coordinates. As a more exact analysis shows,
such orthogonal coordinate systems do not in general exist in a four-
dimensional Riemannian space, since for arbitrarily given functions gq/p
the system of differential equations

oz 9z’

Ja¥ Gz dab

has no solutions % (%) which satisfy the conditions (16.20). This result
is plausible, since (16.33) is a system of six differential equations for four

=0 fora#b (16.33)

functions.

Time-orthogonal coordinates We shall customarily choose time as the
fourth coordinate: z* = ct; time-orthogonal coordinates exist when
Jaa = 0. If, moreover, gy4 has the value £1, then we are dealing with
Gaussian coordinates, often also called synchronous coordinates. Since
it follows from g4, = 0 that also g** = 0 (and vice versa), in going over
to time-orthogonal coordinates we have to satisfy the system

Oz 9a*
= 927 0277
One can see that it is still possible to specify arbitrarily the function
2*(z?"), and then for every one of the functions z®(z%) a partial dif-
ferential equation has to be solved, the existence of the solution being

gl = A% AL g V' —0, a=1,2,3. (16.34)

guaranteed by general laws. Time-orthogonal coordinates,
ds® = Gap da® da? + 944(d564)2, (16.35)

can therefore always be introduced (the fact that z* has the name ‘time’
plays no role at all), and also it is still possible to satisfy the additional
condition |g44| = 1 by choice of the function z*(z?").

Comoving coordinates Later applications in Riemannian spaces often
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deal with a velocity field u™ = da™/d\ (a flux of bodies, or of observers).
Since A is a coordinate-independent parameter, the components of this
velocity transform like the coordinate differential

’ 8,’1’,‘” ’
By means of a coordinate transformation it is always possible to make
the three spatial components u® of the velocity zero, since the differential
equations
. Ozt N ozt N ozt o N ox!
= 7 u U u ’ u ’ u
Ox! Ox? O3 Ox*

u Y -0, ... (16.37)

always have a solution xa(a:“/) In the resulting coordinate system,
in which the velocity has the form u™ = (0,0,0,u*), the particles do
not change their position; the coordinates move with the particles (one
can visualize the coordinate values attached to the particles as names).
Although the coordinate difference of two particles never alters, their
separation can vary because of the time-dependence of the metric.

Local Minkowski system At an arbitrarily given point, which in the
following we shall identify with the origin O of the coordinates, let the
coordinate lines form right-angles with one another. That this is possible
is intuitively obvious, and mathematically provable since, with the help
of suitable transformation matrices AZ'7 one can transform the constant
matrix g (O) to principal axes. Then the metric at the point O,

ds'? = gi(dz')? + gaa(da?)? + gas(da®)? + gua(dz®)?,  (16.38)
can be further simplified to
ds'? = +(dzh)? £ (do?)? + +(d2®)? £ (do?)? (16.39)

by a stretching of the coordinates

' = V]gn|z, ... . (16.40)

In the general case of an arbitrary metric no statement can be made
about the signs occurring in (16.39). In order to make sure of the con-
nection to the structure of Minkowski space we demand that the spaces
used in the General Theory of Relativity have signature (+2); that is,
at every point under transformation of the metric to the form (16.39)
three positive signs and one negative occur. We call such spaces normal
hyperbolic pseudo-Riemannian spaces. One can show that the signature
is an invariant, that is to say, it is independent of the choice of the ini-
tial coordinate system and of the (not uniquely determined) coordinate
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transformations, which lead to (16.39) (law of inertia of the quadratic
forms).

In physically important spaces (e.g. gravitational fields), there can be
singular points, however, at which the metric cannot be brought to the
normal form (16.39). Obviously, at these points the structure of the
space really does depart from that with which we are familiar.

Locally flat (geodesic) system After the introduction of a local Minkow-
ski system the situation at a point is as in a flat four-dimensional space.
One can also extend such a system into a (differential) neighbourhood
of the point.

This can be illustrated by the example of an arbitrarily curved two-
dimensional surface (see Fig. 16.1). Suppose one sets up the tangent
plane to the surface at the point O under consideration and projects the
Cartesian coordinates of the plane onto the surface. Since surface and
tangent plane touch, the resulting coordinate lines on the surface differ
from the straight lines of the plane only in second order. Applying the
same consideration to a four-dimensional space-time, we would project
the quasi-Cartesian coordinates of the tangential Minkowski space onto
the Riemannian space and expect a metric of the form

gmn(xa) = Timn + %dmnab(o)xaxb + ttt (1641)

We therefore call such a coordinate system locally flat.
In fact one can always locally transform an arbitrary metric

Gmn (%) = Gmn(0) + Gmn,i(O)T" + - -- (16.42)

into the form (16.41). For if one introduces new coordinates z* by

2% =2+ 7% (O)z™a™ +... «— 2% =2 - 1T (O)z™a" +- -,

(16.43)

Fig. 16.1. Tangent plane and locally flat coordinate system.
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then, because of
0z /0x™ = 6% —T% (O)x™ + -+ | (16.44)

the new metric tensor has the form (ignoring terms higher than linear
in %)

Gmn = Gab (6 — T2, (0)z?) (6%, — T%,,.(0)z") . (16.45)

Its partial derivatives

dg _ - = _
i = Gupr(0) (=T%,(0)82, — 54T (O)) + Grm.s(O
o |, = 9ul0) (-T5(0) (©) +5ums(0) 16 161

= _gaTrL(O)an(O) - gnb(O)fgm(O) + gnm,S(O)

all vanish, however, since the last row is zero because of (16.13). We
have therefore arrived at a metric

Grn (2') = Gmn(0) + 3 dmnap(0)z 2", (16.47)

which can be changed into (16.41) by transformation to principal axes
and stretching of the axes.

Since in a locally flat coordinate system the partial derivatives of the
metric vanish at the point £® = 0, and with them the Christoffel symbols,
the geodesic equation (16.6) simplifies locally to

d2zm
dAaz

that is, the coordinate lines (e.g. ! variable; 22, 2% and z* constant)

=0, (16.48)

are geodesics. One therefore also calls such a coordinate system locally
geodesic (at z* = 0).

A locally flat coordinate system offers the best approximation to a
Minkowski space that is possible in Riemannian geometry. How good
this substitution of a curved space by the tangent space is depends upon
the magnitudes of the coefficients d;,nqp in (16.41), from which we can
therefore expect to obtain a measure for the curvature of the space.

16.5 The physical meaning and interpretation of coordinate
systems

Coordinates are names which we give to events in the universe; they
have in the first instance nothing to do with physical properties. For
this reason all coordinate systems are also in principle equivalent, and
the choice of a special system is purely a question of expediency. Just as
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in three-dimensional space for a problem with spherical symmetry one
would use spherical coordinates, so, for example, for a static metric one
will favour time-orthogonal coordinates (16.35). Because of the great
mathematical difficulties in solving problems in the General Theory of
Relativity, the finding of a coordinate system adapted to the problem is
often the key to success.

In many applications one is interested in the outcome of measurements
performed by a special observer (or a family of observers); then one will
link the coordinate system with the observer and the objects which he
studies (observer on the rotating Earth, in a satellite, ... ). After having
been thus fixed, the coordinate system naturally has a physical meaning,
because it is tied to real objects.

In addition to the comoving coordinates the locally flat coordinate sys-
tem possesses a particular significance. For an observer at the preferred
origin of the coordinate system, particles whose paths are geodesics move
force-free, because of (16.48). But geodesics are paths of particles in the
gravitational field (as we have made plausible and shall later prove); that
is, for the observers just mentioned there exists (locally) no gravitational
field: the locally flat coordinate system is the system of a freely falling
observer at the point in question of the space-time. This is the best
approximation to the Minkowski world, that is, to an inertial system,
that Riemannian geometry offers. It is determined in this manner only
up to four-dimensional rotations (Lorentz transformations).

Even when one has decided on a particular coordinate system, one
should always try to state results in an invariant form; that is, a form
independent of the coordinate system. To this end it is clearly necessary
to characterize the coordinate system itself invariantly. We shall later
familiarize ourselves with the necessary means to do this.

Finally, a few remarks on the question of how one can determine the
metric tensor g,;, when the coordinate system and auxiliary physical
quantities have been specified. Specification of the coordinate system
means physically that observers possessing rulers and clocks are dis-
tributed in the space. Locally, in the infinitesimal neighbourhood of a
point, the question is very easy to answer. One takes a freely falling
observer, who measures lengths and times in the manner familiar from
Special Relativity, and one then knows the interval ds? of two points.
One then transforms to the originally given coordinate system; that
is, one expresses the result through the coordinates of the observers dis-
tributed in the space. Since ds? does not change, from ds? = g, dz® dz?
one can read off the g4 for known ds? and dz®.
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In time measurement, which is especially important, one distinguishes
between clocks which run (forwards) arbitrarily and thereby show
coordinate times ¢ (which therefore have no immediate physical sig-
nificance), and standard clocks which show proper time 7, defined by

ds? = —c2dr?. For a clock at rest (dz® = 0) the two times are
related by
dr? = —gyq d7?. (16.49)
Exercises
16.1 A matrix A? has the structure (n': row, i: column)
(=1)?
ar=

1
Can it represent an infinitesimal coordinate transformation dz™
= AP da'?
16.2 Calculate the matrix Ax” representing two successive coordinate
transformations, and show that the matrices AZ, form a group.
16.3 A given vector u® can always be transformed into ud = (0,0,0,1).
Is that also true for u,?

Further reading for Chapter 16
Eisenhart (1949), Schouten (1954).

17

Tensor algebra

In General Relativity physical quantities and laws are required to have
a simple and well-defined behaviour under coordinate transformations

!’
’ (9l‘a
o0x®

just as they do in Special Relativity. In contrast to Lorentz transforma-

dz®

dz® = A% da®, (17.1)

tions



17.1 Scalars and vectors 117
¥ = LY, 2°, (17.2)

which are (special) linear transformations with position-independent
coeflicients La/a, we shall now be dealing with linear transformations of
coordinate differentials with position-dependent coefficients Ag'. But if
we restrict ourselves to the investigation of physical quantities at a given
point, without forming derivatives, then the differences from the rules
used in calculating with Lorentz transformations will be trivial: they
correspond to the difference between orthogonal and non-orthogonal
Cartesian coordinates. In particular the formal rules for manipulating
tensors are the same as those used in Sections 6.2 6.4 if we substitute
(Lala, Nab,N?) by (AZ/, Jab, 9°°), respectively. Referring to those sec-
tions, we shall give here only a rather concise review of tensor algebra,
concentrating on the differences to Minkowski space and Lorentz trans-
formations.

17.1 Scalars and vectors

Scalars (invariants) A scalar does not change under coordinate trans-
formation,

cp/ =, (17.3)

its numerical value remains unchanged even if the coordinates it depends
on are transformed.

Vectors The four quantities T are called the contravariant components
of a vector if they transform like the coordinate differentials

T = A"'T". (17.4)

This definition implies that the coordinates z® themselves are not the
components of a vector — in a Riemannian space there is no position
vector.

Using the prescription

T, = ganT", TV =g™T,, (17.5)

one can associate the covariant components T,, (index subscripted) with
the contravariant components T (index superscripted). Because of the
transformation laws (17.4) and (16.27) and the relation (16.25), the re-
lations

T = garnT" = gum AL AT AT = g,, T" A, (17.6)
hold, and therefore
Ty = ALT,. (17.7)
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————— Parallel projections T"

- — - Perpendicular projections T,

Fig. 17.1. Covariant and contravariant components of a vector T.

Covariant and contravariant components describe the same vector, the
difference between them being typical of non-orthogonal coordinates.

Fig. 17.1 shows how in the z!-z%-plane one obtains the contravari-
ant components by parallel projection onto, and the covariant compo-
nents by dropping perpendiculars onto, the coordinate axes of a non-
orthogonal Cartesian system (with g11 = 1 = ga2).

17.2 Tensors and other geometrical objects

‘Geometrical object’ is the collective name for all objects whose compo-
nents QF transform under a given coordinate transformation in such a
way that the new components Q" are unique functions of the old ones,
of the transformation matrix A%, and of its derivatives:

o' =Nk A AY A

!
a,m’“ta,mn " )

(17.8)

In this section we shall encounter several geometrical objects which are
especially important for physics.

4 are the components of a tensor if,

Tensors The quantities T%.. .
with respect to every upper (contravariant) index, they transform like
the contravariant components of a vector, and, to every lower (covariant)

index, like the covariant components of a vector:
T e & = T B AV AY A AL (17.9)

The rank of a tensor is equal to the number of its indices.

Corresponding to the rule (17.5) for vectors, we can also transform
between covariant and contravariant indices. For example, from (17.9)
we can form the covariant tensor (tensor written out in purely covariant
components)

Tnbcm = gnagdeabcd- (1710)
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Evidently the g4 are the covariant components of a second-rank ten-
sor, whose ‘mixed’ components coincide with the Kronecker symbol,

g =i, (17.11)
cp. equations (16.3) and (16.27).

Tensor densities If we transform the determinant g = |gap| of the metric
tensor to another coordinate system, then we obtain

= |gas| - |AL| - |A},

9" = lgav| = [gar A% AL, , (17.12)

that is,

Ox® |2
' 1A%, :’7 . 17.1
g=al"g= 5|9 (17.13)

The square of the functional determinant (Jacobian) | 9z®/ 8x“/| occurs
in the transformation law for g; we are dealing with a scalar density of
weight 2.

In general we speak of a tensor density of weight W, whenever

T, T =17V T, AT AL AL (17.14)

We can draw an important conclusion from equation (17.13); since
we admit only those Riemannian spaces which at every point allow the
introduction of a local Minkowski system with ¢’ = |[,,| = —1, then
from (17.13) the sign of g does not change under an arbitrary coordinate
transformation, and so g is always negative.

Pseudotensors In the transformation law of a pseudotensor (compared
with that of a tensor) there occurs also the sign of one of the elements
of the transformation matrix A%, or of a combination of its elements. A
simple example is a pseudovector,

T = sgn|A%|AY'T™, (17.15)

in whose transformation law the sign of the functional determinant of
the coordinate transformation occurs. Under coordinate transformations
possessing locally the character of a rotation it behaves like a vector;
under reflections it also changes its sign.

The e-pseudotensor The most important pseudotensor occurring in Gen-
eral Relativity is the e-pseudotensor, often also short: e-tensor. We have
learned in Section 6.1 that in a Minkowski space it is defined so that
under interchange of two arbitrary indices its sign changes (it is com-
pletely antisymmetric), and that
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Yrese g (17.16)

holds (we have added the superscript M to emphasize that this is valid
only in a Minkowski system, and used coordinates :r"/). To define the
e-pseudotensor in a Riemannian space, we can use this equation and
demand that (17.16) be valid in any local Minkowski system. If we
transform from this local Minkowski system 2" to an arbitrary coordi-
nate system z”, then we have
gabed — o Fa'ed go gb ge gd, (17.17)
The apparent ambiguity of sign appearing in (17.17) has its origin in the
pseudotensorial property. For example, (17.16) must again hold after a
pure reflection z' = —z!, that is, for A}, = —1, A2, = A3, = A} =1,
A%, = 0 otherwise, which once again leads to a Minkowski system; the
components of the e-tensor must not change.

One can, however, bring (17.17) into a more easily manageable form.
If one fixes the indices abcd as 1234, then the right hand side of the

formula

M///d/

is (up to the +) precisely the determinant |Ag, . Since in every Minkowski
system ¢’ = —1, then because of (17.13) this determinant has the value

|Ag/| = £1/v/~g, (17.19)

so that from (17.17) one obtains
6abcd -+ Jgabcd |Az/| :Jgabcd/\/__’ (17-20)
and thus the relation
el =1/, (17.21)

which replaces (17.16). For the covariant components of the e-tensor
one gets by lowering the indices according to (17.13)

Eabed = gamgbngcpgdqsmnpq

M M (17.22)
= Jam9onYcp9dq € mnpq/v —g=—-9g¢€ abcd/\/ -9,

so that
€1234 = —V—¢. (17.23)

Equation (17.21), together with the property of being completely
antisymmetric, uniquely defines the e-pseudotensor.
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Two-point tensors Two-point tensors are not geometrical objects in the
strict sense. They appear in the description of physical processes in
which a cause at a point P brings about an effect at the point P. Their
indices refer to the points P and P, and are written respectively with
and without a bar over the index. Accordingly the transformation law
for a two-point tensor reads, for example,

Ty (P, P) = Tan(P, P)AZ (P) A%, (P). (17.24)

An example of a two-point scalar is the arclength of a geodesic which
connects the points P and P. We shall meet an example of a second-rank
two-point tensor in Section 18.3 (the parallel propagator).

17.3 Algebraic operations with tensors

The rules for addition, multiplication, contraction and inner product of
tensors are the same as in Minkowski space, see Section 6.2, the prop-
erties (6.17)—(6.21) of products of e-tensors remain unchanged, and also
symmetries of tensors are defined the same way; only on some occasions
one has to replace Ny bY Gmn, or to add an additional /—g.

So the decomposition (6.31) of an arbitrary second rank tensor now
reads

Ty = [ab] + T(ab) = ab + {T(ab gab} + gab7 (1725)

the eigenvector equation (6.33) for a symmetric tensor Ty is to be re-
placed by

(Tab - Agab)wb =0, (1726)
and the coefficients ay and a4 occurring in (6.35) are now

ar =T, ays=—|Twl g7* (17.27)

no

Similarly, the secular equation for the antisymmetric tensors now reads
| Fab — Aga|l = 0. (17.28)

As in Minkowski space, every antisymmetric tensor Fy, can be dualized
with the aid of the e-tensor by defining

Fob = Leabedp (17.29)

Because of the property (6.19) of the e-tensor, a double application of
the duality operation yields the original tensor, apart from a sign:

ﬁja

5nmabFab enmab5adeF d — _an~ (1730)



122 Tensor algebra

17.4 Tetrad and spinor components of tensors

Tetrads At every point of space one can introduce systems of four lin-
early independent vectors h,(f), which are known as tetrads. The index
in brackets is the tetrad index; it numbers the vectors from one to four.
These four vectors can have arbitrary lengths and form arbitrary angles
with one another (as long as they remain linearly independent). The
matrix

g = (I p(® gab (17.31)

is an arbitrary symmetric matrix with negative-definite determinant. Its
inverse g(s)(t), which is defined by

969" =8 = g1, (17.32)
can be used to define tetrad vectors with tetrad indices subscripted
hirya = 90y hS, (17.33)
and to solve (17.31) for ga:
Jab = 9oy b Y. (17.34)

Tetrad components of tensors Just as one can write any arbitrary vector
as a linear combination of the four tetrad vectors, so one can use them
to describe any tensor

ab... _ r)(s)... a b
T =T o Bk h PR (17.35)

nm..

The quantities T(T)(S)'('I;)(q) are called the tetrad components of the

tensor. They are calculated according to
(r)(s)... __ mab... (M) pn pm
T ) @.. = T m. b hy "Ry higy -+, (17.36)

which is consistent with (17.31) and (17.33). Tetrad indices are raised
and lowered by ¢ () and 9(r)(s)> TESpectively.

Coordinate and tetrad transformations The advantages offered in many
cases by the use of the tetrad components, which at first look very com-
plicated, become clear when one examines their transformation prop-
erties and when one introduces tetrads which are appropriate to the
particular problem being investigated.

As one can see from a glance at the defining equation (17.36), the
tetrad components behave like scalars under coordinate transformations;
clearly the labelling of the tetrad vectors, that is, their tetrad indices,
does not change under a coordinate transformation. One has therefore
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a good way of investigating the algebraic properties of tensors and can
simplify tensor components (that is, tetrad components) in a coordinate-
independent fashion by the choice of the tetrads.

Besides the coordinate transformations — and completely indepen-
dently of them — one can introduce a new tetrad system through a linear
(position-dependent) transformation of the tetrad vectors h((f)
point in the space:

at every

() _ A 1 (r) _4m () glr) _ o(r)
hy fA(T) hy”, h(r)/afA(r),h(,.)u, A(T) A(S),fé(s),. (17.37)

Under such transformations, of course, the tetrad components of tensors
alter; indeed they will be transformed with the matrices AE:; and AE:;,,
respectively, for example,

_ (s) 4(®)
Iy = IO A ) Ay (17.38)
Special tetrad systems We can choose the tetrads in such a way that the
four vectors at each point are in the directions of the coordinate axes;
that is, parallel to the four coordinate differentials dz®:

h’?’r) = 5&)» Grs = 9(r)(s)- (17.39)

This choice has the consequence that tetrad and tensor components
coincide. But on the other hand, given an arbitrary tetrad system in
the space, it is not always possible to transform the coordinates so that
the tetrads become tangent vectors to the coordinate lines.

A second important possibility is the identification of the tetrad vec-
tors with the base vectors of a Cartesian coordinate system in the local
Minkowski system of the point concerned:

1

a b 1
9(r)(s) = h(r)h(s)gab =N(r)(s) = 1 . (17.40)

-1

The four tetrad vectors, which we shall call z,, w,, v, and u, /¢, form an
orthonormal system of one timelike and three spacelike vectors. From
(17.34) and (17.40), it follows that the metric tensor can be written as

Jab = ZaZp + Wawp + VaVp — uaub/cz. (17.41)

A third special case is the use of null vectors as tetrad vectors, a
possibility we already exploited in Section 9.1. As explained there, we
take two real null vectors

ko= J5(uafetva), o= J5lua/c—va),  (1742)
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and the two complex null vectors
Mg = %(za —iwg), Mg = %(za +iwg,). (17.43)

The system (kq, lq, Ma, Tg) of four null vectors is called a null tetrad,
or a Sachs tetrad, or a Newman—Penrose tetrad (the reader should be
aware of different sign conventions in the literature). Only two of the
products of these null vectors are non-zero,

k%, =—-1, m%m, =1, all other products zero. (17.44)
We thus have
01
10
g(r)(s) = 0 —1 . (1745)
-1 0
and
Jab = MaMp + Mamyp — kolp — Lo kp. (1746)

Using this system, complex tetrad components can arise, although we
have allowed only real coordinates and tensors.

Spinors First-rank spinors are elements of a two-dimensional, complex
vector-space, in which an alternating scalar product

[, ¥] = —[¢, ¢] (17.47)

is defined. A spinor ¢ can be represented either by its contravariant
components ¢ or by its covariant components 4. The scalar product
of two spinors can be formed from these components with the help of
the metric spinor esp,

[, 9] = eapp?? = —eapyp?p®, A,B=1,2. (17.48)

The metric spinor is antisymmetric:
€EAB = —€RA. (17.49)

Together with its inverse, defined by
eape’? =69, (17.50)

it can be used to shift indices:

gpA = GABQDB, B = gerAB. (17.51)

The scalar products (17.47) and (17.48) do not change if one carries
out a unimodular transformation

SDA = Afl ‘pAa PA = Aﬁ/(ﬂA, |Afl | =1, Af& Ag’ = 6]13" (17'52)
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The connection between the group of the unimodular transformations
and the group of Lorentz transformations isomorphic to it plays a great
role in special-relativistic field theory.

We denote quantities which transform with the complex matrix (A4")

= A’gl by a dot over the index ¢ 4, 97, ... (in the literature, a prime on
the index is also customary). They obey

= A4 A (17.53)

Scalar products ¢ AwA =€y B,(pAwB remain invariant under such trans-
formations. According to this convention one forms the complex conju-
gate of a spinor by dotting the index (with A = A, naturally):

(pa) = ¢, (17.54)

Spinors x 4z of higher rank are structures which behave with
respect to unimodular transformations of each index like the correspond-

N...

ing first-rank spinor. The rules for handling these spinors follow from the
properties of first-rank spinors sketched above. Notice that upon mul-
tiplication and contraction, only summation over a contravariant and a
covariant index of the same type (that is, dotted or undotted) yields a
spinor again.

A spinor is Hermitian if it obeys the condition

i = ¥PBAi- (17.55)

Spinor components and tensors With the aid of the metric spin-tensors
omP = 0,,B4, which are generalizations of the Pauli spin-matrices,
one can map the four complex components ¢ 4 of an arbitrary second-
rank spinor onto the four (now also complex in general) components of

a four-vector:

T = Uu,au’a‘:"AB/\/§ = pup=—0,45T"/V2,

. (17.56)
7T, = —<pA3<pAB.
Here the four 2 x 2 matrices O'aAB satisfy the equations
O ABOach = —2€ac€3ps Om L0, 455 = —20mn. (17.57)

In analogous fashion one can map every nth-rank tensor to a spinor of
rank 2n.
From two basis spinors x4 and p4, which satisfy the relations

Xapt = —pax® =1, xax* = pap’ =0, (17.58)



126 The covariant derivative and parallel transport
one can form four second-rank spinors

Map = Xakp, Tap =HaXp kap = XaXp lap = papps- (17.59)
The vectors myg, mq, k, and [, associated with them according to the
prescription (17.56) satisfy the relations (17.45) and (17.44) of the null-
tetrad system. Thus there exists a close relation between the represen-
tation of a tensor by its spinor components and its representation by
components related to a null tetrad.

Exercises

17.1 A vector A is given in a two-dimensional Cartesian coordinate
system. Perform a coordinate transformation x'' = z! — bx?,
2’2 = 22, and draw the contravariant and the covariant compo-
nents of that vector in both systems.

17.2 Show that the symmetry property T, = %(Ta;ﬂ—Tba) is invariant

under coordinate transformations.

Further reading for Section 17.4
Eisenhart (1949), Penrose and Rindler (1984, 1986).

18

The covariant derivative and parallel
transport

18.1 Partial and covariant derivatives

Physical laws are usually written down in mathematical form as differ-
ential equations. In order to guarantee that the laws are independent
of the coordinate system, they should moreover have the form of tensor
equations. We must therefore examine whether tensors can be differen-
tiated in such a way that the result is again a tensor, and if so, how this
can be done.

The partial derivative We denote the usual partial derivative of a posi-
tion-dependent tensor by a comma:



18.1 Partial and covariant derivatives 127
aTab.A.

C... :Tab... y

ozt Gt

However, the components 7% . are not the components of a tensor, as

(18.1)

we can show from the example of the derivative of a vector. For we have

8Tn / 8 n rny 8331 8 n' m
( ox? ) T 9z (A T") = oz¥ Ozt (A T")

= ALAYT™  + AL AT T

(T = (18.2)

That is, the T™ ; transform like the components of a tensor if, and only
if, the transformation matrices A" are independent of position (this is
true, for example, for Lorentz transformations of Minkowski space).

The only exception is the generalized gradient ¢ , = 0p/0z® of a
scalar ; its components are those of a covariant vector. From ¢’ = ¢,
and hence d¢’ = dg, we have

o dat = (gaﬂ)’d:n“/, (18.3)

and the quotient law ensures the vector property of ¢ 4.

One can see why the partial derivatives of a tensor do not form a tensor
if one describes a constant vector field in the plane by polar coordinates
(Fig. 18.1). The vector components of this constant vector field become
position-dependent, because the directives of the coordinate lines change
from point to point; the partial derivative of the vector components
is a measure of the actual position-dependence of the vector only in
Cartesian coordinate systems.

<

--» T,

Fig. 18.1. Components of a constant vector field in polar coordinates.

Definition of the covariant derivative The above considerations suggest
that a covariant derivative (which produces tensors from tensors) can be
constructed from the partial derivative by making use of locally geodesic
coordinates and defining: The covariant derivative Tab',',in___;i of a tensor
Tab};i

n... 18 again a tensor, which coincides with the partial derivative in
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the locally geodesic coordinate system:

ab... __ rmab...

mn...;i

i for gmn = Mmn, Ty = 0. (18.4)

This definition of the covariant derivative is unique. It ensures the
tensor property and facilitates the translation of physical laws to the
Riemannian space, if these laws are already known in the Minkowski
space (using partial derivatives).

Properties of, and rules for handling, the covariant derivatives Since the

M
partial derivatives of 7,,, and € **“? are zero, we have the equations
Gabim = 0, gabed (18.5)

The metric tensor and the e-tensor are thus covariantly constant.
Because the product rule and the sum rule hold for partial derivatives,
these rules also hold for covariant derivatives:

(Tab 4 Sab)m — Tabm _|_Sab;n’

(18.6)
(TS,). = T, S, + T%S,,,.

Contraction, raising and lowering of indices, and taking the dual
depend upon multiplication with the metric or the e-tensor. These op-
erations therefore commute with covariant differentiation. For example,

(Taa);n = Tab;ngab = (Taa),na (187)

in agreement with the fact that the covariant derivative of a scalar is
equal to its partial derivative.

For practical calculations we naturally need also a formula for
determining the covariant derivative in a given coordinate system — we
certainly do not want to transform every time first to the local geodesic
system, calculate the partial derivatives, and then transform back. This
formula is given by the following prescriptions.

The covariant derivatives of the contravariant and covariant compo-
nents of a vector are calculated according to the formulae

Ta;n — T(l,n +F(l Tm’

nm

(18.8)
Ta;n = Ta,n - F%Tma

respectively. The covariant derivative of an arbitrary tensor is calculated
by applying the prescription (18.8) to every contravariant and covariant
index, for example,

Tabc;d = Tabc,d + 1—‘ng’mbc - l:rleamc - ZbiTabm- (189)
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To show that these prescriptions meet the definition of the covariant
derivative given above, we first observe that in a locally geodesic system
all Christoffel symbols disappear, so that, there, covariant and partial
derivatives coincide. The formulae (18.8) really do produce a tensor, al-
though the two terms on the right-hand sides are not separately tensors;
we leave the proof of this to the reader.

Although the covariant derivative always produces a covariant index,
one also writes it as a contravariant index; for example T%%" is an ab-
breviation for

b = griqab (18.10)

18.2 The covariant differential and local parallelism

There is an obvious geometric meaning to the covariant derivative which
we shall describe in the following. One can visualize the covariant deriva-
tive — like the partial derivative — as the limiting value of a difference
quotient. In this context one does not, however, simply form the differ-
ence in the value of the tensor components at the points z* and z* +da’:

A7 = T*(2" + d2*) — T%(2") = T* ; da’ (18.11)
(this would correspond to the partial derivative), but rather uses

DT¢ =d7T*+ 1%, 17" da™ = (T° ,,, + T2, T")da™ =T, dz™.

(18.12)
The deeper reason for this more complicated formula lies in the fact that
tensors at two different points z* and 2* 4+ dz? obey different transforma-
tion laws, and hence their difference is not a tensor. Before forming the
difference, the tensor at the point x*+da*® must therefore be transported
in a suitable manner (preserving the tensor property) to the point z?,
without of course changing it during the process. In our usual three-
dimensional space we would translate ‘without changing it’ as ‘keeping
it parallel to itself’. We shall take over this way of speaking about the
problem, but we must keep clearly in mind that the meaning of ‘paral-
lelism at different points’ and ‘parallel transport’ is not at all self-evident
in a non-Euclidean space.

Three simple examples may illustrate this. Referring to Fig. 18.2, we
ask the following questions. (a) Are two vectors in a plane section still
parallel after bending of the plane? (b) Are the two vectors, which are
parallel in three-dimensional space, also parallel in the curved surface?
(Obviously not, for vectors in the surface can have only two components,
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Fig. 18.2. Parallelism of vectors on surfaces.

whereas vector (2) juts out of the surface and has three components —
but should one perhaps take the projection onto the surface?) (¢) Which
of the two vectors at the point @ of the sphere of Fig. 18.2¢ is parallel to
that at the point P? Clearly both were parallelly transported, the one
along the equator always perpendicularly, and the other over the poles,
always parallel to the curve joining P and Q!

What we should realize from these examples is that in a curved space
one must define what one means by parallelism and parallel displace-
ment. The definition used in the construction of the covariant derivative
obviously reads: two vectors at infinitesimally close points are parallel
if, and only if, we have

DT = dT* +T¢, T"da™ = T, dz™ = 0; (18.13)

that is to say, their covariant differential disappears. A vector field is
parallel in the (infinitesimal) neighbourhood of a point if its covariant
derivative is zero there:

T%, =T, +I% T™ =0. (18.14)

If in a general affine (hence possibly even non-Riemannian) curved
space one were also to use this definition, then the I'?  would in that
case be arbitrary functions. A Riemannian space is distinguished by
the fact that I'¢, are precisely the Christoffel symbols formed from
the metric tensor. The definitions (18.13) and (18.14) are of course so
constructed that in the local geodesic system they lead to the usual

parallel displacement in Minkowski space.
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18.3 Parallel displacement along a curve and the parallel
propagator
Let an arbitrary curve in our Riemannian space be given parametrically
by 2™ = z™(\). It is then always possible to construct a parallel vector
field along this curve from the requirement that the covariant differential
of a vector along the curve vanishes; that is, from
pre 7%, dz” dT® dz™

= ! = r¢e 7Tm—=0. 18.1
DA dX dX +am dX 0 (18.15)

One can in fact specify arbitrarily the value of the vector components
T® at some initial point A = X and uniquely determine the vector at
some other arbitrary point A of the curve from the system of differential
equations (18.15).
The geodesic equation

Lot | o detdem D det (18.16)
dA2 AN dA DX dA
is obviously an example of such an equation which expresses the parallel
transport of a vector. It says that the tangent vector t* = dz®/d\ of
a geodesic remains parallel to itself. The geodesic is thus not only the
shortest curve between two points, but also the straightest. The straight
line in Euclidean space also has these two properties.

There is precisely one geodesic between two points if one excludes the
occurrence of conjugate points. (Such points of intersection of geodesics
which originate in one point occur, for example, on a sphere: all great
circles originating at the north pole intersect one another at the south
pole.) The result of parallelly transporting a vector (or a tensor) from
the point P to the point P along a geodesic is therefore uniquely deter-
mined, while in general it certainly depends upon the choice of route (see
Section 19.2). Since the differential equation (18.15) to be integrated is
linear in the components of the vector T* to be transported, the vector
components at the point P are linear functions of the components at the
point P:

To(P) = go3(P, P)T"(P). (18.17)
For tensor components we have analogously
Tabn.“ = gadgbl;gnﬁ cee TaEﬁm~ (1818)

The quantities g,; are the components of the parallel propagator. It
is a two-point tensor of the type (17.24); the indices (barred or not) of
such a tensor also indicate the coordinates of which points it depends
upon. For more details, see Synge (1960).
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18.4 Fermi—Walker transport

The parallel displacement of a vector appears to be the most natural
way of comparing vectors at two different points of the space with one
another or of transporting one to the other point. There are, however,
physically important cases in which another kind of transport is more
useful for the formulation of physical laws.

An observer who moves along an arbitrary timelike curve 2™ (7) under
the action of forces will regard as natural, and use, a (local) coordinate
system in which he himself is at rest and his spatial axes do not rotate.
He will therefore carry along with him a tetrad system whose timelike
vector is always parallel to the tangent vector ¢" = dz™/dr of his path,
for only then does the four-velocity of the observer possess no spatial
components (he really is at rest), and he will regard as constant a vector
whose components do not change with respect to this coordinate system.

The fact that the tangent vector to his own path does not change for
the observer cannot, however, be expressed by saying that it is parallelly
transported along the path. Indeed the observer does not in general
move along a geodesic, and therefore under parallel transport a vector
v™ pointing initially in the direction of the motion will later make an
angle with the world line (see Fig. 18.3).

Fig. 18.3. Parallel transport (a) and Fermi-Walker transport (b) of a vector
",

If, however, for every vector T" one uses Fermi—Walker transport,
defined by the vanishing of the Fermi derivative, that is, by
DT™ 1 (dz" D2z® dz® D2z" _
Dr “c2 \ dr Dr2? dr Dr2 ) 7
then one can establish that the tangent vector t” to an arbitrary timelike

curve in the space is indeed Fermi—Walker-transported, since for T" = t"
(18.19) is satisfied identically as a consequence of the relation

(18.19)
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D /dx, dz™ dz,, D%z"
n” ) =0=92""_"_ 18.20
D’/"(dT dT) dr D72’ ( )
which follows from dz™dz, = —c2dr2. If the observer moves on a

geodesic D22" /D72 = 0, then parallel transport and Fermi-Walker
transport coincide.

For a given curve z"(7) through the space equation (18.19) provides
a definition of how the change of a vector T™ under advance along the
curve is to be calculated from the initial values of the vector. The reader
may confirm that the scalar product of vectors does not change under
this type of transport, and therefore that lengths and angles remain
constant.

A Fermi—Walker-transport tetrad-system is the best approximation to
the coordinate system of an observer who employs locally a non-rotating
inertial system in the sense of Newtonian mechanics (cp. Section 21.2).

18.5 The Lie derivative

If in a space a family of world lines (curves) is available which covers
the space smoothly and continuously, one speaks of a congruence of
world lines. Such curves can be the world lines of particles of a fluid, for
example. With every such congruence is associated a vector field a"(z?),
which at any given time has the direction of the tangent to the curve
going through the point in question.

Let a vector field T (x?) also be given. One can now ask the question,
how can the change of the vector T under motion of the observer in the
direction of the vector field a™ be defined in an invariant (coordinate-
system-independent) manner? Of course one will immediately think of
the components T ;a® of the covariant derivative of 7™ in the direction
of a*. There is, however, yet a second kind of directional derivative,
independent of the covariant derivative, namely the Lie derivative.

This derivative corresponds to the change determined by an observer
who goes from the point P (coordinates z*) in the direction of a’ to the
infinitesimally neighbouring point P (coordinates * = x'+ea’(z")) and
takes his coordinate system with him (see Fig. 18.4).

If, however, at the point P he uses the coordinate system appropri-
ate for P, then this corresponds to a coordinate transformation which
associates with the point P the coordinate values of point P; that is,
the transformation

" =" — ea"(x), A?/ =0 —ea” ;. (18.21)

s
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Transported
coordinate
system

Fig. 18.4. How the Lie derivative is defined.

He will therefore regard as components of the vector T™ at the point P
the quantities

T (P) = AP T (2% + ea®) = (67 — ea™ ;) [T (P) + T 1 (P)a"]
k

(18.22)
= T"(P) + T 1(P)a* — ea™ ., T*(P),

(ignoring terms in £2) and compare them with 77 (P).
This consideration leads us to define the Lie derivative in the direction
of the vector field a™ as the limiting value

LaT™ = lim [T”’ (P) — T™(P)], (18.23)

e—0 ¢

or the expression, which is equivalent because of (18.22),
LT =T" pa* — T"a™ . (18.24)

The Lie derivative of the covariant components T;, follows analogously
as ‘ ‘
LT, =Ty a" + Tia" . (18.25)

One forms the Lie derivative of a tensor of higher rank by carrying over
(18.24) or (18.25) to every contravariant or covariant index, respectively;
thus for example

Lagmn = gmn,iai + ginai,m + gmiai,rp (18.26)

Obviously the Lie derivative and the usual directional derivative coin-
cide if the partial derivatives a’,, are zero, for example, in a comoving
coordinate system a’ = (0,0,0,1).

The Christoffel symbols are not used in the calculation of the Lie
derivative. One can, however, in (18.24)—(18.26) replace the partial
derivatives by covariant derivatives, according to (18.8), obtaining
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EaTn — Tn;iai _ Twlan;i7
‘CaTn = Tn;iai + Tiai;n7 (1827)

Eann = Gm;n T Gnym-

This result shows explicitly that the Lie derivative of a tensor is again

a tensor, although only partial derivatives were used in its definition.

The Lie derivative of tensors has the following properties, which we
list here without proof.

()
(b)

()
(d)

It satisfies the Leibniz product rule.

It commutes with the operation of contraction (although the Lie
derivative of the metric tensor does not vanish).

It can be applied to arbitrary, linear geometrical objects, to Chri-
stoffel symbols, for example.

It commutes with the partial derivative.

The Lie derivative plays an important role in the investigation of sym-
metries of Riemannian spaces, see Chapter 33.

18.1

18.2

18.3

18.4

18.5

18.6

Exercises

Use equations (18.8), (16.21) and (16.31) to show that(7,,)
= 9T% /9z™ + T%, . T™ transforms like a tensor, i.c. that
(T%.,)" = A% A", T*.,, holds.

Apply hqy; = gmh?a) to a tetrad system (17.40) with (17.32) to
show that g;r = gn; holds.

Show that the scalar product of any two vectors does not change
under Fermi-Walker transport (18.19).

Show that the Lie derivative really has properties (a), (b), and
(d).

In a space with a given metric g,5, a covariant derivative is
defined by T, =T ,, + Dy, T™. Calculate f ,m — fm|n and
show that S%, = D% — D¢ is a tensor! Can S¢ . be deter-
mined by demanding g,p|,, = 07

To any vector a, with components a”, an operator a = a9/dz"
can be assigned. Use this notation to give the Lie derivative of
the vector T™ a simple form.

Further reading for Chapter 18

Eisenhart (1949), Schouten (1954), Yano (1955).
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The curvature tensor

19.1 Intrinsic geometry and curvature

In the previous chapters of this book we have frequently used the con-
cept ‘Riemannian space’ or ‘curved space’. Except in Section 14.4 on
the geodesic deviation, it has not yet played any réle whether we were
dealing only with a Minkowski space with complicated curvilinear
coordinates or with a genuine curved space. We shall now turn to the
question of how to obtain a measure for the deviation of the space from
a Minkowski space.

If one uses the word ‘curvature’ for this deviation, one most often has
in mind the picture of a two-dimensional surface in a three-dimensional
space; that is, one judges the properties of a two-dimensional space (the
surface) from the standpoint of a flat space of higher dimensionality.
This way of looking at things is certainly possible mathematically for
a four-dimensional Riemannian space as well — one could regard it as a
hypersurface in a ten-dimensional flat space. But this higher-dimensional
space has no physical meaning and is no more easy to grasp or compre-
hend than the four-dimensional Riemannian space. Rather, we shall
describe the properties of our space-time by four-dimensional concepts
alone — we shall study ‘intrinsic geometry’. In the picture of the two-
dimensional surface we must therefore behave like two-dimensional
beings, for whom the third dimension is inaccessible both practically
and theoretically, and who can base assertions about the geometry of
their surface through measurements on the surface alone.

The surface of, for example, a cylinder or a cone, which in fact can
be constructed from a plane section without distortion, could not be
distinguished locally from a plane by such beings (that is, without their
going right around the cylinder or the cone and returning to their start-
ing point). But they would be able to establish the difference between
a plane and a sphere, because on the surface of the sphere:

(a) The parallel displacement of a vector depends upon the route (along
route 1 in Fig. 18.2¢ the vector is a tangent vector of a geodesic;
along route 2 it is always perpendicular to the tangent vector).

(b) The sum of the angles of triangles bounded by ‘straight lines’ (geo-

136
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desics) deviates from 180°; it can amount to 270°, for example.

(¢) The circumference of a circle (produced by drawing out geodesics
from a point and marking off a constant distance on them as radius)
deviates from 7 multiplied by the diameter.

(d) The separation between neighbouring great circles is not propor-
tional to the distance covered (cp. geodesic deviation).

As a detailed mathematical analysis shows, these four possibilities car-
ried over to a four-dimensional space all lead to the concept of curvature
and to that of the curvature tensor. In the following sections we shall
become more familiar with this tensor, beginning with an investigation
of the parallel transport of vectors.

19.2 The curvature tensor and global parallelism of vectors
The covariant derivative enables us to give, through (18.15),

dz dT, m 4z
i s Ffmeﬁ =0, (19.1)

a unique formula for the parallel displacement of a vector along a fixed

curve. When the result of the parallel displacement between two points
is independent of the choice of the curve, one speaks of global parallelism.
A necessary condition for its existence is evidently that the parallel dis-
placement should be independent of the route already for infinitesimal
displacements.

Upon applying (19.1) to the parallel displacement of the vector a,,
along the sides of the infinitesimal parallelogram of Fig. 19.1 we obtain:

from P; to P’: diam, =T%,,a; d12", (19.2)
from Py to P": daay, =TI, a; daa™, (19.3)

Fig. 19.1. Parallel displacement of a vector.
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from P; over P’ to P, (Christoffel symbols are to be taken at P’, there-
fore I +T7 dix®):

mq mq,s

8 am = (T4 + Thgs z®)(ar + diay) doz? + dian,

mgq,s

~TI7 Tt dozddiz"a; + 17 .a, diz® doz? (19.4)

mq- Tn mq,s
+Ti a;(dyz™ + doz™),
from P; over P” to P, (Christoffel symbols are to be taken at P"):

0 a,, = (I‘fnq + 17 dox®)(ar + daa,) d12? 4+ doay,

mq,s

~TI7 T dyz?dsz™a; +T7 . apdox® diz? (19.5)

mq=rn mq,s
+T% a;(dyz™ + dea™).
The vectors transported to Py by different routes thus differ by
8 am—0"am = (-T7., A+TT

mq,s

+ry e =T Th ar dia® dex?. (19.6)

ms,q ngt ms ns+ mq

The parallel transport is therefore independent of the route for all vec-
tors a, and all possible infinitesimal parallelograms (d;z™ and daz™ arbi-
trary) if and only if the Riemann curvature tensor (Riemann—Christoffel
tensor), defined by

Rsqg=Tr0s—Trso+Thnslm. —107 'Y (19.7)

mq,s ms,q ns+- mq ng- ms»

vanishes. If this condition is satisfied, then one can also define global
parallelism for finite displacements; the parallel transport will be inde-
pendent of path (as one can show by decomposing the surface enclosed
by a curve into infinitesimal parallelograms).

Path independence of the parallel displacement is the pictorial inter-
pretation of the commutation of the second covariant derivatives of a
vector; in fact for every arbitrary vector a,, we have

— T '
Umisiq = Omis,g — Ding@ris — Dslmir
p— T T '
= Qm,s,q — Fms,an - Fmsa?ﬁq - quaTﬁ (198)
+ 1 Thsar — Tosamr + T4 0

mq- ns—T qgs— mn-=T

and, after interchange of ¢ and s bearing in mind (19.7), we obtain
Umisig — Gmigs = R msqQr (19.9)

Covariant derivatives commute if, and only if, the curvature tensor van-
ishes. One can also take (19.9) as the definition of the curvature tensor.
We can see the justification for the word curvature tensor in the fact
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that it disappears if, and only if, the space is flat, that is, when a Carte-
sian coordinate system can be introduced in the whole space. In Carte-
sian coordinates all the Christoffel symbols do indeed vanish, and with
them the curvature tensor (19.7). Conversely, if it does disappear, then
one can create a Cartesian coordinate system throughout the space by
(unique) parallel displacement of four vectors which are orthogonal at
one point. That R",,s, really is a tensor can be most quickly realized
from (19.9).

To summarize, we can thus make the following completely equiva-
lent statements. The curvature tensor defined by (19.7) and (19.9)
vanishes if, and only if (a) the space is flat, that is, Cartesian coor-
dinates with g, = n4p and I'j, = 0 can be introduced throughout the
space; or (b) the parallel transport of vectors is independent of path; or
(¢) covariant derivatives commute; or (d) the geodesic deviation (the rel-
ative acceleration) of two arbitrary particles moving force-free vanishes
(cp. Section 14.4).

19.3 The curvature tensor and second derivatives of the
metric tensor

The curvature tensor (19.7) contains Christoffel symbols and their deri-
vatives, and hence the metric tensor and its first and second derivatives.
We shall now examine more precisely the connection between the metric
and the components of the curvature tensor.

To this end we carry out in a locally geodesic coordinate system,

Jab = Nap, L. =0 forz" =0, (19.10)
a coordinate transformation
g = 2"+ 1D, 2’3", Al = 92" /0% = 67 +1D" 2P 39, (19.11)

the constants D",¢; being initially arbitrary, but symmetric in the lower
indices. This transformation does not change the metric or the Christof-
fel symbols at the point ™ = " = 0, but it can serve to simplify the
derivatives of the Christoffel symbols. Because of the general transfor-
mation formula (16.31) we have

v = (DR AT ALAL — AT ALAY) (19.12)
from which because of (19.11) follows that at the point 2™ =0
g;),n = f‘g}),n — D™ apn. (19.13)

Since the coefficients D™ 5, of formula (19.11) are symmetric in the
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three lower indices, whereas the derivatives Fab ,, of the Christoffel sym-
bols, which are to be regarded as specified, do not possess this symmetry
property, not all the derivatives I'l; | can be made to vanish. Through

the choice
Dmabn = :1’,( ab,n +Fnab +an a) (1914)
however, one can always ensure that
abn+Fnab+ana =0. (1915)

If (19.15) and (19.10) are satisfied at a point, one speaks of canonical
coordinates.

In such a canonical coordinate system it follows from (19.7) that the
components of the curvature tensor satisfy

R'msq = igs = Dinsgo (19.16)
and therefore, using also (19.15), that
R ysq + R smg = =305 4 (19.17)

From the definition of the Christoffel symbols (16.13), on the other hand,
it follows that

Gia,bn = gmirg;;’n + Ima Z;l’n, (1918)
and (19.17) and (19.18) together yield finally
Gia,bn = _%(Riabn + Riban + Raibn + Rabin)~ (1919)

Using in advance the symmetry relations (19.24), this is equivalent to
Gia,bn = _%(Riban + Rabin)- (1920)

The equations (19.19) and (19.20) lead to an important conclusion.
At first sight they merely state that in canonical coordinates the second
derivatives of the metric tensor can be constructed from the components
of the curvature tensor. But because of (19.10) and (19.20), in canonical
coordinates all tensors which can be formed out of the metric and its
first and second derivatives can be expressed in terms of the curvature
tensor and the metric tensor itself. This relation between tensors must
be coordinate-independent, and so any tensor containing only the metric
and its first and second derivatives can be expressed in terms of the
curvature tensor and the metric tensor.

If one wants to apply this law to pseudotensors, then one must also
admit the e-tensor as an additional building block.

Canonical coordinates permit a simple geometrical interpretation.
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Their coordinate lines are pairwise orthogonal geodesics, and the coor-
dinates of an arbitrary point are given by the product of the direction
cosines of the geodesic to the point from the zero point with the dis-
placement along this geodesic.

19.4 Properties of the curvature tensor

Symmetry properties The symmetry properties of the curvature tensor
can, of course, immediately be picked out from the defining equation
(19.7), or from

Ramsq = gar<Fr -I7 + rr —r-rre ) (1921)

mq,s ms,q ns+- mgq ng- ms

But, in the geodesic coordinate system, in which the Christoffel symbols
vanish, and in which it follows from (19.21) that

Ramsq = (gaTF;’Lq),S - (garrrns),Q’ (19'22)

and hence finally

Ramsq = %(gaq,ms + 9ms,aq — Yas,mq — gmq,as)a (1923)

they are more quickly recognized. As one can immediately see from
(19.23), the curvature tensor is antisymmetric under interchange of the
first and second index, or of the third and fourth,

Romsq = —Rmasqg = —Ramgs = Bmags, (19.24)
but it does not alter under exchange of the first and last pairs of indices,
Ramsq = Rsgam (19.25)

and, further, also satisfies the relation
3Rufmsq] = Ramsq + Rasqm + Ragms = 0. (19.26)

The equations (19.24) imply that under the relabelling (12) — 1,
(23) — 2, (34) — 3, (41) — 4, (13) — 5, (24) — 6 the independent
components of the curvature tensor can be mapped onto a 6 x 6 matrix
Rap. Because of (19.25) this matrix is symmetric, and therefore has
at most (;) = 21 different components. The cyclic relation (19.26) is
independent of (19.24) and (19.25) (that is, not trivially satisfied) if, and
only if, all four indices of the curvature tensor are different, and (19.26)
hence supplies only one additional equation. The result of this count is
thus that in a four-dimensional space the Riemann curvature tensor has
a maximum of twenty algebraically independent components. One can



142 The curvature tensor

show that in an N-dimensional space there are precisely N?(N? —1)/12
independent components.

Ricci tensor, curvature tensor and Weyl tensor Because of the symme-
try properties of the curvature tensor there is (apart from a sign) only
one tensor that can be constructed from it by contraction, namely, the

Ricci tensor:
Ry = R%aqg = —R%mqa- (19.27)

It is symmetric, and has therefore ten different components. Its trace
R=R",, (19.28)

is called the curvature scalar R.
Just as (17.25) decomposes a symmetric tensor into a trace-free part
and a term proportional to the metric tensor, the curvature tensor can
be split into the Weyl tensor (or conformal curvature tensor) C",,,
and parts which involve only the Ricci tensor and the curvature scalar:
RO™ oy = CoM g + L(gIRT + g RS — g1 Ry — gi R

q S

) (19.29)
— 59597 — 9790 R-
The Weyl tensor defined by (19.29) is ‘trace-free’,
Cq =0, (19.30)

and has all the symmetry properties of the full curvature tensor. The
name ‘conformal curvature tensor’ or ‘conformal tensor’ relates to the
fact that two different Riemannian spaces with the fundamental metric
forms d5? and ds? which are conformally related

ds? = Q?(2")ds? (19.31)

(all lengths are multiplied by the position-dependent conformal factor
02, independent of direction) have the same conformal curvature tensor,
although their Riemann curvature tensors are different.

In summary we can therefore make the following statement. At ev-
ery point of a four-dimensional Riemannian space of the 100 possible
different second derivatives of the metric tensor only twenty cannot be
eliminated by coordinate transformations; they correspond to the twenty
algebraically independent components of the curvature tensor. These
twenty components can always be expressed by the ten components of
the Ricci tensor and the ten of the Weyl tensor, as (19.29) shows.

In three-dimensional space the curvature tensor has only six indepen-
dent components, exactly as many as the Ricci tensor, and the curvature
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tensor can be expressed in terms of the Ricci tensor:
R yr = (g9 R + gh Ry — gh RY — gF RY) — $R(g5 g% — g7gb). (19.32)

On a two-dimensional surface (as for example on the sphere (14.36))
the curvature tensor has essentially only one component, the curvature
scalar R:

R*™ s = R(g897" — gr98"). (19.33)

Bianchi identities Until now we have always thought of the metric as
given, and derived the curvature tensor from it. Conversely, one can
also ask the question whether the curvature tensor (with the correct
symmetry properties, of course) can be specified as an arbitrary function
of position, and the metric belonging to it determined. The answer
to this apparently abstract mathematical question will reveal a further
property of the Riemann tensor, which is particularly important for
gravitation.

The determination of the metric from a specified curvature tensor
amounts, because of (19.23), to the solution of a system of twenty second-
order differential equations for the ten metric functions gu. In general
such a system will possess no solutions; given a tensor with the alge-
braic properties of the curvature tensor there does not correspond a
metric whose curvature tensor it is. Rather, additional integrability
conditions must be satisfied. Although (19.20) holds only at one point,
and therefore may not be differentiated, one can recognize the basis of
the integrability condition in it; since the third partial derivatives of the
metric commute, there must be some relations among the derivatives of
components of the curvature tensor.

To set up these relations we write down the covariant derivative of the
curvature tensor

Ramsqii = Gar(Uings = Ums.g T TnsUmg = Dnglms )i (19.34)

ms,q ns+ mq ngt ms

in locally geodesic coordinates. Since the Christoffel symbols vanish in
these coordinates one can replace the covariant derivative by the partial
and drop the products of Christoffel symbols:

Ramsq;i = gar(r:nq,si - F:ns,qi)' (1935)
If we add to this equation the two produced on permuting indices,
Ramqi;s = gm‘(F:ni,sq - F:nq,is)?

(19.36)

) _ r _ 1T
Ramzs;q — gaT(Fms,iq Fmi,sq)7
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then we obtain the Bianchi identities:
3Ram[is;q] = Ramis;q + Ramsq;i + Ramqi;s =0. (1937)

Every curvature tensor must satisfy these equations; if they hold, then
one can determine the metric for a given curvature tensor, and con-
versely, if one expresses the curvature tensor through the metric, then
they are satisfied identically. Because of the symmetry properties of the
curvature tensor exhibited in (19.24)—(19.26), many of the Bianchi iden-
tities are trivially satisfied, for example, if not all the indices i, q, s are
different. In four-dimensional space-time the system (19.37) contains
only twenty non-trivial independent equations.

Upon contracting the Bianchi identities, we obtain identities for the
Ricci tensor. We have

3gaqRam[is;q] = Ramis;a - Rms;i + Rmi;sa

(19.38)
3gmsgaqRam[is;q] = Rai;a - R,i + Rai;a»

and therefore
(R* - 1g"R),; = 0. (19.39)

Finally in this section on the properties of the curvature tensor we
should point out that various sign conventions occur in the literature.
With respect to our definition, the Riemann tensor can have the opposite
sign, and the Ricci tensor can be formed by contraction over a different
pair of indices and hence again change its sign. When reading a book or
an article it is recommended that the convention used there be written
out in order to avoid mistakes arising from comparison with this book
or with other publications.

19.5 Spaces of constant curvature

An N-dimensional Riemannian space is of constant curvature if its cur-
vature tensor obeys

R
Ruoped = —————(Gac — GadGbe), R = t., 19.40
bed = NN = 1)(9 9bd — YadJbve) cons ( )

where R/N(N — 1) = eK~2 is called the Gaussian curvature. Those
spaces will frequently occur as (sub-) spaces of physically interesting
gravitational fields. They are the spaces with the greatest possible num-
ber of symmetries (see Section 33.4). We will list here some of their
properties.

It is known since Riemann (1826 — 1866) and Christoffel (1829 — 1900)
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that locally a space of constant curvature, of any signature, can be writ-
ten as

%PQ dl‘deQ
(1 12K g 720

ds? = %PQ: diag (e1,...,en), (19.41)
where P,QQ = 1,..., N, and ep = £1 as appropriate. A space of non-
zero curvature, R/N(N — 1) = eK~2, K # 0, can be considered as a
hypersurface

Npo 2729 + K(ZNTH?2 = eK?, e =+l (19.42)
in an (N + 1)-dimensional pseudo-Euclidean space with the metric
ds* =npg dZPdZ9 + e(dZN )2, (19.43)

Any suitable parametrization of (19.42), for example in terms of angular
coordinates, will give rise to a special form of the metric of the space of
constant curvature.

Two-dimensional spaces of constant curvature can be regarded (at least

to some extent) as surfaces in flat three-dimensional space. Their metrics

can be given in many different though locally equivalent forms.
Surfaces of positive curvature (¢ = +1) are spheres of radius K,

ds® = K'Q(dﬁ2 + sin219dnp2), 0<p<2r, 0<9<m, (19.44)

cp. (14.36)—(14.39); they occur with spherically symmetric solutions.
Surfaces with negative curvature (¢ = —1) are pseudospheres, and
their metric can be written as

ds? = K?[d9? 4+ exp(20)de?], 0<p <21, —o00 <9 <oo. (19.45)
They can be realized by surfaces of revolution of the tractrix
Z:Kln‘(K:I: k2fp2)/p’ + VK2 p? (19.46)

about the z-axis (p? = 22 + y?). The name tractrix is due to the fact
that precisely this curve results if a man runs along the z-axis pulling
behind him an object on the end of a rope of length K, the object not
lying on the z-axis initially, see Fig. 19.2.

It is easy to convince oneself that the surface (19.46) really does have
the metric (19.45) by inserting the differential equation of the tractrix

dz\* K?-p?
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z z

(b)

Fig. 19.2. Tractrix (a) and surface of constant negative curvature (b).

into the line element of flat space and then making the substitution
p = Kexpd.

While the line element (19.45) of the space of constant negative cur-
vature is regular for all values of ¢ and 1, the surface has a singular line
for z = 0. One can prove quite generally that there exists no realization
of that space by a surface in flat three-dimensional space which is regu-
lar everywhere. This two-dimensional Riemannian space is not globally
embeddable in a flat three-dimensional space; such an embedding is only
possible locally.

Finally, a surface of zero curvature is locally a plane,

ds? =dv? +dp?, —oco<p<oo, —oo< V< o0, (19.48)

but can also realized (after bending the plane appropriately), for exam-
ple, by the surface of a cone or a cylinder. If one identifies the points
on the baseline of a cylindrical surface with those at height H, that
is, of one allows the variables ¥ and ¢ to occupy only the intervals
0 <9 <27R and 0 < ¥ < H by identification of the endpoints, then
one has constructed a closed space of zero curvature.

The three types (19.44), (19.45) and (19.48) can be summarized in the
form of (19.41), which here reads (after a rescaling of the coordinates)

2 _ g2 da? 4 dy?

ds . (19.49)
(14er2/4)
Another frequently used version of the metric is
dr? r
ds? = K2 2dg?], F=— 19.50
s 1_€F2+7‘ Y|, T =y ( )

Three-dimensional spaces of constant curvature likewise split into three
types if we restrict ourselves to positive definite metrics; those spaces
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occur in the interior Schwarzschild solution (Section 26.4), and in cos-
mology as part of the Robertson—Walker metrics.

A space of positive constant curvature (¢ = +1) corresponds to a
hypersphere

ds? = K2[dx? + sin? x(d9? + sin? 9 dp?)], (19.51)
0<y<m 0<d9<m 0<¢<2m, '
which can be embedded in a four-dimensional flat space according to
Z' = K cos x, 73 = K sin y sin 9 cos ¢, (19.52)
b
7?2 = Ksinycos?, Z*= K sinysindsinp.
The volume of this hypersphere (the surface area, as regarded from the
four-dimensional space) is
V=[,gdxdddy = [ K3sin® ysinddydddy = 2r2K3.  (19.53)
The ‘radial’ coordinate x can take only the maximal value x = 7; there
is one point maximally distant from the null point xy = 0, namely the
antipodal point y = 7.
A space of constant negative curvature (¢ = —1) has the metric

ds? = K?[dx? + sinh® x(d9? + sin® 9 dp?)]. (19.54)

The ‘radial’ coordinate x can vary arbitrarily, and the space can have
infinite extent.
Finally, a space of zero curvature (¢ = 0) is (locally) a flat space:

ds? = dy? + dv? + de? (19.55)

The metric of all three types of space can be written in the form

2 2 2 =2
QZI(QM:K2 ar — +72(d9? + sin® 9 dp?) | .
(1+er2/4) 1—eF
(19.56)

Spaces with € = 1 are called closed, since although they are of course

ds

unbounded, they contain a finite volume, and the separation of two
points is bounded. Spaces with € = 0 or ¢ = —1 are frequently desig-
nated open. Since, however, amongst the spaces of negative curvature
and the flat spaces, closed models which result from a suitable identifica-
tion of points can readily by found (see the example discussed in connec-
tion with (19.48)), this designation is rather misleading. The problem of
finding all possible realizations of a space of constant curvature is called
the Cayley—Klein space-structure problem.
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Four-dimensional spaces of constant curvature are known, as cosmolog-
ical models, under the name of de Sitter universes; sometimes one uses
this name only for the space of constant positive curvature, whereas
those of negative curvature are called anti-de Sitter universes. The de
Sitter universes can all be represented by a hyperboloid

Pyt 2 rew? -0 =K? (19.57)
in a flat space of metric
ds? = da® 4 dy? + dz? + e dw? — dv?. (19.58)
For positive curvature the metric can be written as
ds® = K2[cosh? ct{dx? + sinh? x(d¥? + sin® 9 dp?)} — 2 dt?], (19.59)

the space of zero curvature is Minkowski space, and spaces of negative
curvature are represented locally by

ds? = K?[cos? ct{dx? + sinh? x(d¥? + sin® 0 dp?)} — 2 dt?].  (19.60)

Amongst the spaces of negative curvature there are some with closed
timelike curves.

De Sitter universes contain three-dimensional spaces of constant cur-
vature and hence belong to the Robertson-Walker metrics (to be dis-
cussed in Chapter 40).

Exercises

19.1  Show (e.g. by using locally geodesic coordinates (16.41)) that
the two metrics gop, and gup = Q2 Gap, have the same Weyl tensor.

19.2 Show that the tractrix (19.47), with p = Kexpd, really gives
the metric (19.45).

19.3 Find all spaces of constant curvature with metric ds? = K?[d¥?
+ f2(9)dy?], K = const.

19.4 Show that Rpmaebn = F(ganGmb — GabGmn) a0d Rpabnii = Rmibna
imply F' = const.

Further reading for Chapter 19
Eisenhart (1949), Schouten (1954).
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Differential operators, integrals and integral
laws

20.1 The problem

In the formulation of physical laws in three-dimensional flat space one
often uses the vector operators div, grad, curl and A = div grad, which
in Cartesian coordinates can also be applied to tensor components.
Because of the integral laws

§divAdV = § AdS (Gauss) (20.1)
$eurlAdS = § Adr (Stokes), (20.2)

they make an integral formulation of physical statements possible, for
example in electrodynamics. The integral laws can also be applied to
tensors of higher rank.

While the differential operators can be carried over relatively easily to
a four-dimensional curved space, the generalization of integral laws leads
to difficulties. One cause of the difficulties is that integrals can never be
taken over tensor components, but only over scalars, if the result is to
be a tensor. A second cause is the fact that the reverse of an integration
is really a partial differentiation, whereas for tensor equations we have
to choose the covariant derivative; for this reason we shall be especially
interested in those differential operators which are covariant, and yet
which can be expressed simply by partial derivatives.

The comprehensibility of the calculations is further obscured by the
complicated way in which we write volume and surface elements in
covariant form. The use of differential forms here can indeed produce
some improvement, but for actual calculations the gain is small.

20.2 Some important differential operators

The covariant derivative is the generalized gradient; for a scalar, covari-
ant and partial derivatives coincide:

Pia = Pa- (203)

149
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The generalized curl of a vector A, is the antisymmetric part of the
tensor Ap.m:

Apim = Amin = A — App =T Ag +T0 A (20.4)

mn*ra:
Because of the symmetry of the Christoffel symbols in the lower indices,
one here can replace covariant derivatives by partial derivatives:

An;m - Am;n = An,m - Am,n- (205>

One obtains the generalized divergence by contraction over the index
with respect to which the covariant derivative has been taken. Because
of the relation (16.19), I'Y, = (In/—g) », we have for a vector

B".,=B",+1I,,B*=DB",+ (Iny—g).B% (20.6)

and therefore

B = = (B"V5).0 (20.7)

For an antisymmetric tensor F,, = —Fp, we have, because of the sym-
metry property of the Christoffel symbol,

Py =F% 4+ T4, F™ +Th F™ = F* , + (Iny/=g) m F*™; (20.8)

bm

thus, just as for a vector, its divergence can also be expressed as a partial
derivative:

1
Faby, = Tg(,ﬁ_g F) 4. (20.9)

ﬁ

Similarly, for every completely antisymmetric tensor we have
1
F[mn...ab]Ab — /_g F[mn...ab] b 20.10
b \/__g( )5 ( )

For the divergence of a symmetric tensor there is no comparable simple
formula.

The generalized A-operator is formed from div and grad; from (20.3)
and (20.7) we have

1

=599 ea) (20.11)

A‘)O = Qp’n;n =

20.3 Volume, surface and line integrals

In an N-dimensional (N < 4) space, an s-dimensional hypersurface ele-
ment (s < N) is spanned by s infinitesimal vectors d1z", daz™,. .., dsa”,
which are linearly independent and do not necessarily have to point in
the direction of the coordinate axes (see Fig. 20.1).
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coordinate
lines

Fig. 20.1. A surface element.

We shall need the generalized Kronecker symbol 61"  which is

antisymmetric both in all upper and all lower indices, and for n; = m;
takes the value 1 (when these numbers are all different), so that

St = ol = gpiene g =1 for ng =m,. (20.12)

We next define the object
dvrneette =gt dypp™ - dga™e (20.13)

as a hypersurface (volume) element. As one can see, and can verify
from examples, this is a tensor which is antisymmetric in all indices.
Its components become particularly simple when the d;z™ point in the
directions of the coordinate axes,

diz™ = (dz',0,0,...), doz™ = (dz%,0,0,...),.... (20.14)

For s =1, (20.13) simply defines the line element

dv™ = dz". (20.15)
For s = 2, since
Oy = Oty 02, — 07,002 (20.16)

the hypersurface element is associated in a simple manner with the sur-
face element dir x dor

dV™™ =dya™ doz"? — diz"? dpa™, (20.17)

and for s = N it has, using the differentials (20.14), essentially one
component

Since we can in principle integrate only over scalars, if we demand that
the integral be a tensor, then we must always contract the hypersurface
element with a tensor of the same rank. Thus only integrals of the form
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st Thy om,dVrime =1 1<s<N, (20.19)

are allowed.

In an N-dimensional space there are therefore precisely N different
types of integral, each corresponding to the dimension s of the hyper-
surface being integrated over. We may suppose that the tensors 1, n.
are completely antisymmetric, because in contraction with dV™1"s all
symmetric parts would drop out anyway. G, denotes the region over
which the s-dimensional integration is to be carried out.

In four-dimensional space there are thus four types of integral con-
tained in (20.19). When s = 1 we have, for example, the simple line
integral

I = [, T,da". (20.20)

For s = 3, as we have shown in (17.4), one can map the tensor T}, nyns
onto a vector, according to (6.29):

Tnlngng = ganlngngTa/'?)! =V —g ]ganann:;Ta/S!. (2021)
Here it is meaningful to introduce by
dfa = €anyngng AV1273 /31 (20.22)

the pseudovector d f, which is perpendicular to the hypersurface element
(that is, perpendicular to the vectors d;xz™), and whose length in a system
(20.14) is just /—gdax!dz?da3®. Thus df, is the generalized surface
element. In this way we obtain the simpler form

Iy = [, Tdfa (= [g, T*V=gdz' dz®da® 5}) (20.23)

of the hypersurface integral (the expression in parentheses is valid only
in the system in which Gj is the surface x4 = const. and in which (20.14)
holds).

Finally, for s = 4, every antisymmetric tensor 7, ,,n4n, 1S Propor-
tional to the e-tensor:

Tinansms = Temingnama /4. (20.24)
Because
nin2nzng — N1M2N3N4
6m1m2m3m4 = —€ Emimaomsma (2025)

(cp. (6.17)), it is appropriate to introduce the volume element dV by
dV = —emimamam, A1zt doz™? dgz™? dya™, (20.26)

which in the preferred system (20.14) has the form
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dV = /=g da' dz? dz® da?. (20.27)

Volume integrals thus always have the simple form
Iy= [, TAV (=[5, Tv=gdz'de®da® da?) (20.28)

(the expression in parentheses is the form when (20.14) is valid).

20.4 Integral laws

Integral laws which are valid in a Riemannian space all have the form
of a Stokes law, that is, they reduce the integral over a generalized curl

T[nlnz-..ns_l;ns] = T[m.»-ns_l,ns] (20-29)

to an integral over the boundary Gs_1 of the original (simply connected)
region of integration G:

st T’"‘l“'nsflyns dyrem et = fGS_l Tnl"‘nsfl dyma et (20'30)

(Because of the antisymmetry of the volume element we are able to drop
the antisymmetrizing brackets on the tensor field.) In spite of the partial
derivative, (20.30) is a tensor equation — one can in all cases replace the
partial by the covariant derivative.

We shall not go through the proof of this law here, but merely indicate
the idea on which it is based. Just as with the proof of the Stokes law for
a two-dimensional surface, one decomposes the region G, into infinites-
imal elements, demonstrates the validity of the law for these elements,
and sums up over all elements. In the summation the contributions from
the ‘internal’ boundary surfaces cancel out, because in every case they
are traversed twice, in opposite directions (see Fig. 20.2).

In three-dimensional flat space there are consequently three integral

Fig. 20.2. The Stokes law for a surface Gs.
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laws. For s = 1 we obtain from (20.30)
w2 T da™ = T(Py) — T(Py) (20.31)

(the boundary of a curve is represented by the two end points P; and
P,). The Stokes law proper corresponds to s = 2, and s = 3 yields the
Gauss law.

In four-dimensional space, too, the Gauss law is a special case of the
general Stokes law (20.30). Because of (20.21) and (20.22), for s = N =4
we obtain from (20.30)

fG4 Eaninang L Cin, AV 4112738 /3] = fG3 T*df,. (20.32)
We next substitute for dV™4m"1"2ms from (20.13), (20.25), (20.26):
- fc;4 Eanynang L “in €™M dV/3] = fGa T*df,, (20.33)

and, finally, taking into account the rule (6.20), we obtain the Gauss law
Jo, T dV = [, T*df,. (20.34)

When making calculations with integrals and integral laws one has to
make sure that the orientation of the hypersurface element is correctly
chosen and remains preserved; under interchange of coordinates the sign
of the hypersurface element dV™ s changes. Such a fixing of the
orientation occurs also, of course, in the case of the usual Stokes law
in three dimensions, where the sense in which the boundary curve is
traversed is related to the orientation of the surface.

20.5 Integral conservation laws

We want to describe in detail a particularly important physical appli-
cation of the Gauss integral law. From Special Relativity one already
knows that a mathematical statement of the structure

T, =0 (20.35)

(the vanishing of the divergence of a tensor field) corresponds physically
to a conservation law, establishing that some physical quantity does not
change with time. In order to prove this connection, one uses the Gauss
law, which there is also valid for tensor components.

In a Riemannian space the number of possible integral conservation
laws is already restricted by the fact that the Gauss law (20.34) can only
be applied to the divergence of a vector. To draw conclusions from

T, =0, (20.36)
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4

dfey ¢ a®
G

— 3 z* = const

Spatial Spatial
~ . dfe = G4 dfa T
infinity infinity
Gé]\/f)
_L— x* = const

Fig. 20.3. The region of integration used in deriving the conservation law
(20.38).

let us imagine a vector field T%(x%), which differs from zero only within a
finite spatial region, and apply (20.34) to a four-dimensional ‘cylindrical’
region (hatched in Fig. 20.3) whose three-dimensional lateral surface
G lies outside this regi f

3 gion of space.

Since the contributions from the lateral surface GgM) vanish, it follows
from (20.34) and (20.36) that

fG<31) T dfa + fG:(;Q) T dfa =0. (20.37)

If we now let the lateral surfaces go to (spatial) infinity, then the regions
of integration Ggl) and ng) cover the whole space * = const. And if
we further notice the opposite orientations of df, in the two regions,
then it follows from (20.37) and (20.22) that

St —eonst. T4Afa = [ 4 const, T*/—gdz' dz? dz® = const.  (20.38)

The integral (20.38) defines a quantity whose value does not depend
upon the (arbitrary) time coordinate z#; it defines a conserved quantity.
We have derived this law under the supposition of a so-called isolated
vector field 7%, that is, one restricted to a finite region of space. It is,
however, also valid when there are no lateral surfaces GéM), that is, when
the space is closed (like a two-dimensional spherical surface), or when
the integral over the lateral surface tends to zero (T* falls off sufficiently
quickly when the convex surface is pushed to spatial infinity).

Further reading for Chapter 20
Straumann (1984).
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Fundamental laws of physics in Riemannian
spaces

21.1 How does one find the fundamental physical laws?

Before turning in the next chapter to the laws governing the gravitational
field, that is, to the question of how the matter existing in the universe
determines the structure of the Riemannian space, we shall enquire into
the physical laws which hold in a given Riemannian space; that is to say,
how a given gravitational field influences other physical processes. How
can one transcribe a basic physical equation, formulated in Minkowski
space without regard to the gravitational force, into the Riemannian
space, and thereby take account of the gravitational force?

In this formulation the word ‘transcribe’ somewhat conceals the fact
that it is really a matter of searching for entirely new physical laws,
which are very similar to the old laws only because of the especially
simple way in which the gravitational field acts. It is clear that we shall
not be forced to the new form of the laws by logical or mathematical
considerations, but that we can attain the answer only by observation
and experiment. In searching for a transcription principle we therefore
want our experience to be summarized in the simplest possible formulae.

In the history of relativity theory the principle of covariance plays a
large role in this connection. There is no clear and unique formulation
of this principle; the opinions of different authors diverge here. Roughly
speaking, the principle of covariance expresses the fact that physical
laws are to be written covariantly by the use of tensors, to ensure the
equivalence, in principle, of all coordinate systems. Many criticisms
have been raised against this principle, their aim being to assert that
neither is it a physical principle, nor does it guarantee the correctness
of the equations thus obtained. An example from Special Relativity will
illustrate this. The potential equation

AV =n*®V,5=0, a,3=1,2,3 (21.1)

is certainly not Lorentz invariant. But we can make it so by introducing
an auxiliary field u™ which in a special coordinate system (in which
(21.1) holds) has the form u™ = (0,0,0,c). The equation

156
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AV = (0 +uu’/ )WV, =0, a,b=1,...,4, (21.2)

thus obtained is certainly Lorentz invariant (covariant), but it is defi-
nitely false, because according to it effects always propagate with
infinitely large velocity. Of course one has to criticize (21.2) on the
grounds that a vector field u® was introduced ad hoc which singles out
the three-dimensional coordinates used in (21.1) and thereby favours the
rest system of an ‘aether’.

It is instructive to compare this example with the transition from the
Lorentz-invariant wave equation,

OV = 5V, = 0, (21.3)
to the generally covariant equation
OV = g™V = 0. (21.4)

In place of the auxiliary quantity u”, the auxiliary quantity ¢%® has
entered, which also singles out special coordinate systems (for example,
locally geodesic ones). How do we know whether (21.4) is correct? The
fundamental difference between (21.2) and (21.4) consists of the fact
that ¢%°, in contrast to u®, possesses a physical significance; the met-
ric describes the influence of the gravitational field. One can therefore
interpret the requirement that physical equations should be covariant,
and that all the metric quantities being introduced to guarantee covari-
ance should correspond to properties of the gravitational field, as the
physical basis of the principle of covariance.

A much more meaningful transcription formula follows from the prin-
ciple of equivalence. Consistent with experience, we can generalize the
identity of inertial and gravitational mass. All kinds of interactions
between the constituent parts of a body (nuclear forces in the nuclei,
electromagnetic forces in atoms and molecules) contribute to its mass.
The principle of equivalence says that locally (in a region of space-time
not too large) one cannot in principle distinguish between the action of
a gravitational field and an acceleration. In other words, a freely falling
observer in a gravitational field cannot detect the gravitational field by
physical experiments in his immediate neighbourhood; for him all events
occur as in an inertial system.

We have already encountered coordinate systems, local geodesic
coordinates, in which the orbits of freely moving particles are described
by d%z%/dr? = 0 as in an inertial system. Because of this coincidence
we shall identify inertial systems and local geodesic coordinate systems.
As we know, such a local geodesic system can only be introduced in the
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immediate neighbourhood of a point; it is only useful so long as deriva-
tives of the Christoffel symbols, and hence the influence of the space
curvature, can be ignored. Accordingly the freely falling observer too
can establish the action of the gravitational force by examining larger
regions of space-time; for him the planetary orbits are not straight lines,
and upon bouncing on the Earth the freely falling box is no longer an
inertial system.

The identification (by the freely falling observer) of inertial system
and local geodesic coordinates and the definition (18.4) of the covariant
derivative make plausible the following transcription principle: one for-
mulates the physical laws in a Lorentz-invariant manner in an inertial
system and substitutes covariant for partial derivatives. This prescrip-
tion ensures simultaneously the covariance of the resulting equations and
their validity upon using curvilinear coordinates in Minkowski space.

Two criticisms can at once be raised, pointing out that this prescrip-
tion is neither unique nor logically provable. The first criticism concerns
the order of higher derivatives. Partial derivatives commute, covariant
ones do not. Practical examples nevertheless show that one can solve
this problem simply in most cases. The second objection concerns the
question of how we know that the curvature tensor and its derivatives do
not also enter the basic physical laws. The resulting covariant equations
would then not go over to the corresponding equations of Minkowski
space in local-geodesic coordinates; the difference would certainly be
small, however, and would be difficult to detect. Such a modification
of our transcription formula cannot be excluded in principle. But up
until now no experiments or other indications are known which make it
necessary.

In the following sections we shall formulate the most important physi-
cal laws in Riemannian spaces, without referring every time to the tran-
scription prescription ‘partial — covariant derivative’ we are using.

21.2 Particle mechanics
The momentum p™ of a particle is the product of the mass mg and the
four-velocity u™:
dz™
" = mo—— = mou”, 21.5
p mo dr ou ( )

in which 7 is the proper time, defined by

ds? = gpp dz™ daz™ = —c? dr? (21.6)
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For force-free motion in Minkowski space the momentum is constant.
Accordingly, a particle upon which no force acts apart from the gravi-
tational force moves on a geodesic of the Riemannian space,

Dp™ D2z" n i d2zn dz® da®

— =m =mou"u' =mg | —5 + I, —— ) =0. (21.7

Dt O Dr2 0% O\ dr2 @ dr dr (21.7)

External forces F'™ cause a deviation from the geodesic equation:

Dp™ D2z
= = F". 21.8
Dr D2 ( )

2

Since the magnitude —c® = u,u" of the four-velocity is constant, we
have

Upzu™ = 0; (21.9)

that is, the four-velocity is perpendicular to the four-acceleration u™ =
u";u’ and the force F",

The four equations of motion (21.8) are therefore not independent of
one another (the energy law is a consequence of the momentum law).

In order to understand better the connection between Newtonian
mechanics and mechanics in a Riemannian space we shall sketch how
the guiding acceleration a and the Coriolis force 2w x r, which an ac-
celerated observer moving in a rotating coordinate system would expe-
rience, are contained in the geodesic equation (21.7) which is valid for
all coordinate systems.

We therefore imagine an observer who is moving along an arbitrary
(timelike) world line and carries with him an orthogonal triad of vectors,
whose directions he identifies with the directions of his spatial coordinate
axes. For the description of processes in his immediate neighbourhood he
will therefore prefer a coordinate system with the following properties:
the observer is permanently at the origin O of the spatial system; as
time he uses his proper time; along his world line x® = 0 he always
uses a Minkowski metric (see Fig. 21.1). Summarizing, this gives up to
terms quadratic in the x™

ds? = ngp dz® dab + Gab,v (0)x” dz® da?, Gab,a(0) = 0. (21.11)

As spatial coordinate lines he will take the lines which arise from
‘straight’ extension of his triad axes (and are thus geodesic), marking off
as coordinates along them the arclength, and so completing this system
that in hisspace z* = const. all geodesics have locally the form of straight
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Fig. 21.1. Coordinate system of an arbitrarily moving observer.

lines x* = sA* (s is the arclength, and A\ are the direction cosines).
For these geodesics we have then for arbitrary constant A®
d2z@ ., dz™dz" a y )

T T e = TV =0 (21.12)
that is, all Christoffel symbols Iy, (a = 1,...,4; p,v = 1,2,3) vanish.
Because of (16.13) the derivatives of the metric (21.11) therefore satisfy
the conditions

Jap,v = 0, 94B,v = —Y4v,3- (2113)

The equations (21.13) show that there are only three independent com-
ponents of the derivatives gsg,,; one can thus map these onto the com-
ponents of a ‘three-vector’ w*,

948,y = —€apywh [c = —epg, w0t /c. (21.14)

The derivatives g44,, not yet taken into account in (21.11), (21.13) and
(21.14) can be expressed through the acceleration a, of the observer, for
whose world line & = 0, 2* = ¢t = ¢r we have

d2z” , dz® da® y
a2 Tre g a4 = e, (21.15)

v

and hence
gaaw = 20" [ = —2g,a" /. (21.16)
To summarize, an observer, who carries with him his local Minkowski

system and in whose position space all geodesics diverging from him are
straight lines, uses in a neighbourhood of his world line 2% = 0, 2* = cr,
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the coordinate system

ds? = Nap dz® dz” — 2egpx” W dzt dxﬁ/c — (1 + 2a,,:c”/c2) (dz)?.
(21.17)
For him the only non-vanishing Christoffel symbols are

% — e, wife, T =a®/  Th—a)P.  (2L18)

If the observer moves on a geodesic, then a, vanishes. In the coordi-
nates (21.17) the equation (18.19) which defines Fermi-Walker transport
has the form

4

dd—j;ﬂ + e W T =0, % =0. (21.19)
Hence for an observer who subjects this triad, formed out of vectors
which he regards as constant, to a Fermi—Walker transport, the vector
w* must vanish. If a” disappears as well as w”, then the coordinate
system (21.17) is an inertial system along the entire world line of the
observer.

To describe the motion of a particle the observer will naturally use
his coordinate system (21.17) and examine the acceleration d?z®/dt? of
this particle in it. From the geodesic equation (21.12) we have for the
three spatial components of the acceleration the relation

d?ze da” d\ d (dt) dx®

dA

=2 Wt — —a® — ——

21.2
dt dt dt ( 0)

de? dt

We can take the connection between A\ and t from the time component
of the geodesic equation

d72t a, dt dz¥

Substitution of (21.21) into (21.20) yields
2 .0 v 2 5 v (el
L S e (21.22)

d? dt 2 dt dt’

or, in vector form,

F=—a— 2w x I+ 2(ar)r/c. (21.23)

One recognizes the guiding acceleration a and its relativistic correction
2(ar)t/c? (both vanish if the observer is moving freely on a geodesic),
and also the Coriolis acceleration 2w X r, caused by the rotation of the
triad carried by the observer relative to a Fermi—Walker-transported
triad. The vanishing of the Coriolis term in the Fermi—Walker system
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justifies the statement that for an observer who is not falling freely
(a¥ # 0) alocal coordinate system produced by Fermi—Walker transport
of the spatial triad of vectors is the best possible realization of a non-
rotating system.

21.3 Electrodynamics in vacuo

The field equations As in Minkowski space, the electromagnetic field is
described by an antisymmetric field-tensor Fi,,. Because it satisfies the
equations

3F[m,n;a] = an;a+Fna;m+Fam;n = mn,a+Fna,m +Fam,n = 0; (2124)
it can be represented as the curl of a four-potential A,:
From =Anm — Amn = A — A (21.25)

This potential is determined only up to a four-dimensional gradient. The
field is produced by the four-current ;™:
1 1
—— (V=g F™) = —jm. 21.26
= (Vg ) = i (21.26)
Because of the antisymmetry of F,,, (21.26) is only integrable (self-
consistent) if the continuity equation

1

i == (V=9i"),, =0 21.27)
Lo, (
is satisfied. For an isolated charge distribution the conservation law for
the total charge @ follows from it (cp. Section 20.5):

fz4:c0nst. ja dfa = const. = Q (2128)

By substituting (21.25) into (21.26) one can derive the generalized
inhomogeneous wave equation for the potential. Using the expressions

mn —
Frn =

written with covariant derivatives, one obtains
A?’L;m;n _ A”L;'Il;n — Anm;m + RnWLA'IL _ AWL;?L;n — ]m/c. (2129)

If, on the other hand, one sets out directly from the special-relativistic
equation,
(A" )™ =A™ =37, (21.30)

and in it replaces the partial by covariant derivatives, then one obtains
(21.29) without the term in the Ricci tensor R, (which arises by inter-
change of covariant derivatives). One clearly sees here that the transcrip-
tion formula ‘partial — covariant derivative’ is not unique when applied
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to the potential. Potentials, however, are not directly measurable, and
for the physically important field strengths and their derivatives the pre-
scription which we gave above is unique. Since (21.29) follows directly
from this prescription it is considered to be the correct generalization of
the inhomogeneous wave equation.

For practical calculations it is often convenient to use partial deriva-
tives; (21.25) and (21.29) give

[V=99"9""(Aba — Aap)] , = V=393 /c (21.31)

Lagrangian and energy-momentum tensor Maxwell’s equations can be
derived from the action principle

W :/E dz :/[jaAa/c — HAn = Ap ) (A — A /=g d'
= extremum, (21.32)

where the components of the potential are varied as the independent
field quantities.
The symmetric energy-momentum tensor,

T = F*"F," — g™ Fo P, (21.33)

is trace-free, T™,, = 0. Its divergence is, up to a sign, equal to the
Lorentz force density,

T, = —F™j,/c. (21.34)

Description of the solutions in terms of the sources In a Riemannian
space it is still possible to express the solution to the differential equation
(21.29) in the form of an integral

A" (2 = [ G™™ (2%, 7)jn(2)/—g d*Z. (21.35)

The two-point tensor G™?, the generalization of the Green function, is
now in general a very complicated function. We want to point out (with-
out proof) a notable difference in the way in which effects (for example,
light pulses) propagate in a Riemannian space in comparison with that
in a Minkowski space. While in Minkowski space the propagation of
effects in vacuo takes place exactly on the light cone, that is, a flash of
light at the point P of Fig. 21.2(a) reaches the observer at precisely the
point P, in Riemannian space the wave can also propagate inside the
future light cone, a (weak) flash of light being noticeable also at points
later that P (for example, P’). The reason for this deviation, which
one can also interpret as a deviation from Huygens’ principle, can be
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Observer Observer

(a)

Fig. 21.2. Propagation of effects between source P and observer (a) Minkowski
space: on the light cone, (b) Riemannian space: within the entire (shadowed)
interior of the light cone. (Dashed line = possible light path (‘dispersion’).)

thought of as a kind of scattering of the light wave by the space cur-
vature. In particularly simple Riemannian spaces this effect does not
occur; for example, the Robertson-Walker metrics belong to this class
(see Chapter 40).

Special properties of source-free fields Since one can convert (21.24) into
the system

Faby, =0 (21.36)

3

by use of the dual field tensor,

Fop = eqpmnF™, (21.37)

then for ;7 = 0 Maxwell’s equations are equivalent to the equations
Uy = (F* +iF™), =0 (21.38)

for the complex field tensor ®?. A solution ®?* remains a solution

after multiplication by a complex number e (a ‘duality rotation’). The
energy-momentum tensor

7% = 19%@P, (21.39)

does not change under such a duality rotation.
The source-free Maxwell’s equations are ‘conformally invariant’. A

conformal transformation is a transformation between two spaces M
(with metric ds2) and M (with metric ds?) such that

ds? = Q*ds? < g = Q% Gup, (21.40)
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all distances are (locally) scaled by the same factor, independent of their
directions.
Suppose now in the space M we have a Maxwell field satisfying

V—gF™" ., = (\/—gFm”)’n =0. (21.41)

Taking then in M the same fields, Ea = A,, ﬁab = F,p, we have with
g=0Q8%G and F™" = Q~4F™" (here the dimension of the space enters!)

(V=G F™)  =0=(V=gF™) (21.42)

Maxwell’s equations are valid in M , too.

Null electromagnetic fields As in Minkowski space (cp. Section 6.4 and
(7.44)) the electromagnetic field tensor possesses two invariants, namely

I = F, F°, Iy, = F, F. (21.43)

Null electromagnetic fields are fields for which both invariants vanish.
They are therefore generalizations of plane waves in flat space. As shown
in Section 9.3, the field F},, and energy-momentum tensor T, have the
form

21.4 Geometrical optics

The transition from wave solutions of the source-free Maxwell equations
to geometrical optics can be accomplished by substituting into the field
equations

(A — A™), = [\/—g gmag"b(Ab,a — Aa,b)] n /\/—g =0 (21.45)
the ansatz
Ay = Ag(z™) 5@ (A, complex, S real) (21.46)

and setting the coefficients of w? and w separately to zero. As in
flat space, this splitting into amplitude A, and eikonal (phase) S is
meaningful only in certain finite regions of space and represents a good
approximation only for large w.

Substitution of (21.46) into (21.45) gives, on taking into account only

the terms in w?,

SM(A"S ) — A™(S ,,8™) = 0. (21.47)
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Since the part of the field tensor proportional to w is
Fn = (ApSm — AnS)iwe™s =iw (4,8 m — AnS.,),  (21.48)

this part vanishes if A,, is parallel to S m. We are therefore interested
only in the solution

Sn,S" =0, A,8"=0 (21.49)

of (21.47). The gradient S ,, of the surfaces of equal phase is therefore a

null vector and the field tensor (21.48) has the structure (21.44) of the

field tensor of a null field, with k,, proportional to S ,, and p, propor-

tional to Re A,, (note that for comparison purposes one must take the

real part of the complex field quantities used here). In this approxima-

tion the field consequently behaves locally like a plane wave.
Differentiating (21.49) gives

S™S pom = 0. (21.50)
Since the curl of a gradient vanishes (.S ;.. = S ), this is equivalent to
S,m;nSm = 0. (2151)

This equation says that the curves z™(\), whose tangent vector is S"™,

dx™ m D2g™ _DsS™ L de™
e S, D2 _W_S W_O’ (21.52)
are geodesics, and because S,,5™ = 0 they are null geodesics.

If we characterize the wave not by A, and the surfaces of constant
phase S = const., but by the curves 2™ (\) orthogonal to them (which
we call light rays), then we have accomplished the transition from wave
optics to geometrical optics. In words, (21.51) then says that light rays
are null geodesics.

We shall take the approximation one step further, investigating the
terms in Maxwell’s equations proportional to w, and hence obtaining
statements about how the intensity and polarization of the wave change
along a light ray.

From (21.45) and (21.49) one obtains immediately

—iw[24™, 8" + AmSn, — A",8™] = 0. (21.53)

If one contracts this equation with the vector zflm, which is the complex
conjugate of A,,, and takes note of (21.49), then the result can be written
in the form

(AnA™), 8"+ (A Am)sm,, =0, (21.54)
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or in the equivalent form

(ApA™S™) =0 (21.55)
Because the intensity of the wave is proportional to f:lmflm, (21.54) can
be read as a statement about the change in intensity of the light ray
in the direction S'™. Even clearer, however, is the picture suggested by
(21.55). If one interprets

J" = A AmSn (21.56)

as a photon current, then this current is source-free (conservation of
photon number) and in the direction of the light rays.

We obtain a further physical consequence from (21.53) if we decom-
pose the vector flm into its magnitude a and the unit vector P,,:

Am = aPp,. (21.57)
Then (21.54) is equivalent to
a, S =—1a5",,, (21.58)
and from (21.53) we have
PmySt =1 (Pra,/a+ Pmy,) S (21.59)
This means, however, that the tensor f,,, associated with the field tensor
(21.48),
Fon = PaS.m — P S, (21.60)
which contains the characteristic directions of the wave (direction of

propagation S"" and polarization P™), is parallelly transported along
the rays; we have

fmniS" = 0. (21.61)

21.5 Thermodynamics

Thermodynamical systems can be extraordinarily complicated; for
example, a great number of processes can be going on in a star simul-
taneously. We want to try to explain the basic general ideas, restricting
ourselves to the simplest systems.

During thermodynamical processes certain elements of matter, with
their properties, remain conserved, for example, in non-relativistic ther-
modynamics molecules or atoms and their masses. In the course of
transformations in stars and during nuclear processes the baryons with
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their rest mass are conserved instead. We shall therefore relate all quan-
tities to these baryons. If, for example, we choose a volume element of
the system, then we shall take as four-velocity u’ of this element the
average baryon velocity. The flow (motion) of the system will therefore
be characterized by a four-velocity field

u' = u'(z™), u'u; = —c (21.62)

To set up the basic thermodynamical equations one first goes to the
local rest system,

u' = (0,0,0,c), (21.63)

of the volume element under consideration and regards this volume
element as a system existing in equilibrium (of course it interacts with
its surroundings, so that the whole system is not necessarily in equilib-
rium); that is, one introduces for this volume element the fundamental
thermodynamic state variables, for example,

n baryon number density, s entropy per baryon mass,
p baryon mass density, p isotropic pressure, (21.64)
T temperature, [ chemical potential, ’

u internal energy per unit mass, f free energy per unit mass.

‘Density’ here always means ‘per three-dimensional volume in the local
rest system’; the entropy density, for example, would be given by sp.
There exist relationships between these state variables which in the sim-
plest case express the fact that only two of them are really independent,
and, from knowledge of the entropy as a function of the energy and the
density, or of the specific volume v = 1/p,

s = s(u,v), (21.65)

one can calculate the other quantities, for example,

Js 1 ds p

— = — == =u—"Ts. 21.66

ou T ov T ! ( )
For the interaction of the volume element with its surroundings we have
balance equations. These are the law of conservation of baryon number,

(pu);a =0 (21.67)

(generalized mass conservation), the balance equations for energy and
momentum, formulated as the vanishing of the divergence of the energy-
momentum tensor T™¢,

™, =0 (21.68)

)
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(generalized first law), and the balance equation for the entropy,
§%q=02>0, (21.69)

which says that the density of entropy production o is always positive
or zero (generalized second law of thermodynamics). Of course these
equations take on a physical meaning only if the entropy current density
s and the energy-momentum tensor T™® are tied up with one another
and with the thermodynamic quantities (21.64).

This can be done as follows. One uses the projection tensor,

hab = Gab + Uaup/, (21.70)

to decompose the energy-momentum tensor into components parallel
and perpendicular to the four-velocity,

Tap = puqty + phay + (anb + Qaub)/02 + Tab, (21 71)

QLLua = Oa TapU® = Oa T = 07 .

and links the quantities which then occur to the thermodynamic state
variables and to the entropy current vector. The coefficient of hg;, is the
isotropic pressure p, the internal energy per unit mass u is coupled to
the mass density p in the rest system of the matter by

pw=p(l+u/c?), (21.72)

and the heat current ¢° (momentum current density in the rest system)
goes into the entropy current density:

s' = psu’ +¢'/T. (21.73)

Equation (21.73) says that the entropy flows in such a way that it is
carried along convectively with the mass (first term) or transported by
the flow of heat (generalization of dS = dQ/T).

We now want to obtain an explicit expression for the entropy produc-
tion density o. Upon using (21.67) and the equation

1 /puc? 1 1 ,
sou == (5) wr+ Z(2) w= 7 [(p+ ne?)u's + pue?],

P ’ P/,
(21.74)
which follows from (21.65), (21.66) and (21.72), we obtain
n L 2\, i n,.2 q"
0=5"n=7 [(er pe®)uty; + ppute ] + (?)n (21.75)

Since the terms in square brackets can be written in the form

(p+ ,ucg)ui;i + ppu™c? = —(pugup + phap)u?, (21.76)
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and the divergence of the energy-momentum tensor vanishes, (21.75)
implies the relation

n

which, bearing in mind the definition (21.71) of ¢, and using (18.27),
can be cast finally into the form

7 = o) (Y2
T /in (21.78)
= —%(Tmn — puu" = ph™") L uy7) Gmn-

In irreversible thermodynamics one can satisfy the requirement that
o > 0 in many cases by writing the right-hand side of (21.78) as a
positive-definite quadratic form, that is, by making an assumption of
linear phenomenological equations. For the particular case 7" = 0,
when (21.78) reduces, because of (21.71), to

1 T *a a . a a n
o —qaﬁ(c—2u + T ), 4t = u®ul, (21.79)
this ansatz means that
Go = —R(Ty + @, T/ ", (21.80)

which represents the relativistic generalization of the linear relation
between heat current and temperature gradient.

In many cases one can ignore irreversible processes. If the system
is determined by only two state quantities in the sense of (21.65), this
means because of (21.78) that complete, exact reversibility (o = 0) is
possible either only for certain metrics (whose Lie derivatives vanish,
and the system is then in thermodynamic equilibrium), or for especially
simple media, whose energy-momentum tensor has the form

T = pu™u™ + ph™" = (p —|—p/02)umu” + pg™". (21.81)

Such a medium is called a perfect fluid or, for p = 0, dust. In a local
Minkowski system, the energy-momentum tensor has the form (13.6).
When superposing incoherent electromagnetic fields one has to add
(and average) the energy-momentum tensors and not the field strengths
(a field tensor can no longer be associated with this superposition). If
the fields being superposed single out locally no spatial direction in the
rest system v = (0,0,0,c) of an observer, then the resulting energy-
momentum tensor also has the perfect fluid form (21.81). Under the
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superposition the properties of vanishing trace, 7", = 0, and vanish-
ing divergence, T™".,, = 0, are of course preserved. Consequently the
radiation pressure p and the energy density uc? are related by

3p = pct. (21.82)

Such a medium is called an incoherent radiation field.

21.6 Perfect fluids and dust

According to the definition given in Section 21.5, a perfect fluid is char-
acterized by having an energy-momentum tensor of the form (21.81).
The equation of motion of this flow reads, using the notation g =
pou™, Ut = umut, ete.,
T = (n+p/A)u" ™ + (4 p/2)a™ + (u+p/c?) W™ +p™ = 0.
(21.83)
Contraction with u,,/c? gives the energy balance

o+ (N +p/02)un;n =0, (21.84)

and contraction with the projection tensor, hé = g’ + u'u,,/c?, the
momentum balance

(1 +p/c2)ui +h"p = 0. (21.85)

Equation (21.85) shows that the pressure too contributes to the inertia
of the matter elements, the classical analogue of this equation being of
course

dv
— = —gradp. 21.86
pgp = —eradp (21.86)
The equations of motion (21.84) and (21.85) must in each case be
completed by the specification of an equation of state. One can regard
as the simplest equation of state that of dust, p = 0. From this and the
equations of motion follow

W =Du™/Dr=0 and (uu")., =0; (21.87)

that is, the stream-lines of the matter are geodesics, and the rest mass
W is conserved.
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21.7 Other fundamental physical laws

Just as with the examples of particle mechanics, electrodynamics, ther-
modynamics and mechanics of continua which have been described in
detail, so also one can carry over to Riemannian spaces other classical
theories, for example, those of the Dirac equation, of the Weyl equation
for the neutrino field, and for the Klein—-Gordon equation. Although the
foundations of these theories have been thoroughly worked out, convinc-
ing examples and applications within the theory of gravitation are still
lacking, and we shall therefore not go into them further. For the Einstein
gravitation theory only the following property of closed systems, that is,
systems upon which act no forces whose origins lie outside the systems,
will be important; namely, that their energy-momentum tensor 7, is
symmetric (expressing the law of conservation of angular momentum in
Special Relativity) and its divergence vanishes (generalization of the law
of conservation of energy-momentum in Special Relativity):

Ton = Tom, ~ T™ . = 0. (21.88)

With the fundamental laws of quantum mechanics and quantum field
theory things are rather different. Here indeed some work has been
done, addressed to particular questions, but one cannot yet speak of
a real synthesis between quantum theory and gravitation theory (see
Chapter 38).

Exercises

21.1 In Minkowski space, the four-potentials are often gauged by
A", =0 (Lorentz gauge). Is that gauge also possible in a Rie-
mannian space? And will this gauge decouple the wave equa-
tions?

21.2 For a perfect fluid in hydrostatic equilibrium, the metric does
not depend on time in the fluid’s rest system. Determine g4 in
terms of p(u) and give the explicit expression for p = au. Is a
surface p = 0 always possible in the latter case?

21.3 Show that for hydrostatic and thermal equilibrium (with g, = 0)
the temperature T satisfies T'v/—gs = const.

Further reading for Chapter 21

Ehlers (1961, 1966, 1971), Neugebauer (1980), Synge (1960), Tolman
(1934).



III. Foundations of Einstein’s
theory of gravitation

22

The fundamental equations of Einstein’s
theory of gravitation

22.1 The Einstein field equations

As we have already indicated more than once, the basic idea of Ein-
stein’s theory of gravitation consists of geometrizing the gravitational
force, that is, mapping all properties of the gravitational force and its
influence upon physical processes onto the properties of a Riemannian
space. While up until the present we have concerned ourselves only with
the mathematical structure of such a space and the influence of a given
Riemannian space upon physical laws, we want now to turn to the essen-
tial physical question. Gravitational fields are produced by masses — so
how are the properties of the Riemannian space calculated from the dis-
tribution of matter? Here, in the context of General Relativity, ‘matter’
means everything that can produce a gravitational field (i.e.that con-
tributes to the energy-momentum tensor), for example, not only atomic
nuclei and electrons, but also the electromagnetic field.

Of course one cannot derive logically the required new fundamental
physical law from the laws already known; however, one can set up
several very plausible requirements. We shall do this in the following
and discover, surprisingly, that once one accepts the Riemannian space,
the Einstein field equations follow almost directly.

The following requirements appear reasonable.

(a) The field equations should be tensor equations (independence of
coordinate systems of the laws of nature).

173
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(b) Like all other field equations of physics they should be partial dif-
ferential equations of at most second order for the functions to be
determined (the components of the metric tensor g,,), which are
linear in the highest derivatives.

(¢) They should (in the appropriate limit) go over to the Poisson

(potential) equation:
AU = dnfpu (22.1)

of Newtonian gravitation theory (here U is the potential, f is the
Newtonian gravitational constant, and p is the mass density).

(d) Since the energy-momentum tensor 7" is the special relativistic
analogue of the mass density, it should be the cause (source) of the
gravitational field.

(e) If the space if flat, 7™ should vanish.

We now want to see where these requirements lead us. Plainly we need
a tensor (requirement (a)) that contains only derivatives of the met-
ric up to second order (requirement (b)); as building blocks for this
Einstein tensor G, only the curvature tensor, the metric tensor and
the e-tensor are available, as we have already shown in Section 19.3.
Requirement (d) means that the field equations have the structure

Gmn - Kmena (222)

with a constant of nature x which is still to be determined; this is consis-
tent with the symmetry and vanishing divergence (21.88) of the energy-
momentum tensor only if

G, =0 and Gunp=Gpm. (22.3)

There is now, as one can show, only one second rank tensor which is
linear (requirement (b)) in the components of the curvature tensor and
which satisfies (22.3); namely, R, — %gmnR, which we have already
met in (19.39) during the discussion of the Bianchi identities. Since the
metric tensor itself also satisfies (22.3), G™™ has the form

G™™ = R™ — Lg™"R + Ag™™. (22.4)

The natural constant A is the cosmological constant, introduced by
Einstein (1917). If it does not vanish, a completely matter-free space
(T™™ = 0) would always be curved, in contradiction to requirement (e),
since because of (22.2) and (22.4) the Ricci tensor R™" cannot vanish.
This requirement (e) is, however, difficult to prove. It is only possible
to distinguish the cases A = 0 and A # 0 by making observations and
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relating them to cosmological models. We shall assume that A = 0,
but we shall also discuss for a series of examples the influence of the
term Ag™" by bringing it into the right-hand side of (22.2) and formally
regarding it as part of the energy-momentum tensor.

The Einstein tensor thus has the form

Gmn = Rinpn — 2 Rgimn. (22.5)

For actual calculations, use of the explicit representation in terms of the
components of the curvature tensor

Gi = —(R%93 + R*y, + R3%3y),
G3 = —(R"13 4+ R"14 + R*34),
Gy = —(R¥ 3+ R 42),

G3 = —(R'%53 + R*243), etc.,

(22.6)

is often useful.
Our demands have led us in a rather unambiguous manner to the
FEinstein field equations

Gmn = Riyn — 2 Rgmn = KT mn. (22.7)

Einstein (1915) himself derived them after about ten years of research.
They were published nearly simultaneously by Hilbert (1915), who knew
about Einstein’s quest for the correct form of the equations and used the
variational principle (see Section 22.4) to derive them. The natural law
(22.7) shows how the space curvature (represented by the Ricci tensor
R, is related to the matter distribution (represented by the energy-
momentum tensor Ty, ).

The field equations (22.7) constitute a system of ten different equa-
tions to determine the ten metric functions g,,,. But even for fixed initial
conditions this system has no unique solution; it must still
always be possible to carry out arbitrary coordinate transformations.
In fact precisely this under-determinacy in the system of field equations
is guaranteed by the existence of the contracted Bianchi identities

Gm,n;n — K:Tmn;n — O (228)

They of course express the fact that the ten field equations (22.7) are
not independent of each other.

The equations (22.8) permit a conclusion of great physical significance.
Since the divergence of the Einstein tensor G™" vanishes identically, the
Einstein field equations are integrable and free of internal contradiction



176 The fundamental equations of Einstein’s theory of gravitation

only if T™".,, = 0. The covariant derivative in this condition is, however,
to be calculated with respect to the metric ¢,,,, which should be first
determined from this very energy-momentum tensor! It is therefore in
principle impossible first to specify the space-time distribution of the
matter (the matter and its motion) and from this to calculate the space
structure. Space structure (curvature) and motion of the matter in
this space constitute a dynamical system whose elements are so closely
coupled with one another that they can only be solved simultaneously.
The space is not the stage for the physical event, but rather an aspect
of the interaction and motion of the matter.

Sometimes one can assume to good approximation that the space
structure is determined by a part of the energy-momentum tensor (for
example, by the masses of the stars) and that the remainder (for exam-
ple, the starlight) no longer alters the curvature. One then speaks of
test fields. These are fields which do not cause gravitational fields, but
are only influenced by the gravitational fields already existing and hence
serve to demonstrate the properties of these fields; they do not appear
on the right-hand side of the field equations (22.7).

22.2 The Newtonian limit

In every new physical theory the previous one is contained as a limit-
ing case. This experience is confirmed also in the theory of gravitation.
The purpose of this section is to bring out the connection between the
Einstein equations (22.7) and the Newtonian theory of gravitation and
thereby to clarify the physical meaning of the natural constant x intro-
duced in (22.7). First of all we must define what we mean by ‘Newtonian
limit’. In the Newtonian theory of gravitation the mass density u is the
only source of the field. In the applications in which its predictions have
been verified, such as planetary motion, all velocities in the rest sys-
tem of the centre of gravity of the field-producing masses, for example
the Sun, are small compared with the velocity of light. Therefore the
following characterization of the Newtonian limit is appropriate.

(a) There exists a coordinate system in which the energy density
Tys = pc? (22.9)

is the effective source of the gravitational field and all other com-

ponents of the energy-momentum tensor are ignorable.

b) The fields vary only slowly: derivatives with respect to z* = ct
( y only \E p ,

-1

which of course contain the factor ¢™*, are to be ignored.
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(¢) The metric deviates only slightly from that of a Minkowski space:

Terms which are quadratic in f,,, and its derivatives are ignored;
the Einstein field equations are linearized (see Section 27.2).

We have now to incorporate these three ideas into the field equations
(22.7). By contraction we have quite generally from (22.7) the relation

—R =krT*, = kT, (22.11)
so that one can also write the Einstein equations in the form
Ryn = 6(Ton — 3GmnT). (22.12)
Of these ten equations only
Rys = /<;(T44 — %7]44T) = H(ucz — %ucQ) = %nucz (22.13)

is of interest in the Newtonian approximation. In order to calculate R4y
from the metric (22.10) we start from the defining equation (19.7) for the
curvature tensor and ignore terms which are quadratic in the Christoffel
symbols, that is, we use

Rambn = qu7l7b - nylnb,n = %nas(fsn,mb + fmb,sn - fmn,bs - fbs,mn)-

(22.14)
Then we have
Ras = R%4a4 = 30° (foa,aa + faa,sa — fasas — fas,a4), (22.15)
or, on ignoring all time derivatives,
Ras = =30 faaas = =30 fas,a0 = —3 A fus, (22.16)
and the field equation (22.13) simplifies to
Afay = —kpc. (22.17)

This equation has indeed the structure of a Poisson equation — but not
every quantity which satisfies a Poisson equation necessarily coincides
with the Newtonian gravitational potentiall In order not to make a
mistake in the physical interpretation of (22.17) we need one additional
piece of information, which is furnished by the geodesic equation
d273;" = ngbEd—fvb. (22.18)
dr? dr dr
For slowly moving particles (e.g. planets) proper time almost coincides
with coordinate time ¢ = 2*/c, and the four-velocity on the right-hand
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side of (22.18) can be replaced by u* = (0,0,0, ¢):
d2zv
2
If we compare this equation of motion with that for a particle in the
gravitational potential U, that is, with

d?r
— = —grad U, 22.20
-8 (22.20)
then we see that the Newtonian gravitational potential U is related to
the metric by the relation

2

= T4 = 517" gaa = %T]”“f44,,tcz. (22.19)

U= —cfu)2, gu=—(1+2U/c?), (22.21)
and that because of (22.1), (22.17) and (22.21) we have the relation
8rf/ct =k =2.07x 107 g7 lem~1s? (22.22)

between the Newtonian constant of gravitation f and the Einstein nat-
ural constant . This establishes the required connection between New-
tonian and Einsteinian gravitational theories.

The relation (22.21) between g44 and the potential U is in agreement
with equation (21.17), since for small spatial regions we certainly have
Ux') =Uyz” = ayx” (a, = +U,, because we are dealing with com-
ponents of the acceleration seen from a freely falling inertial system).

22.3 The equations of motion of test particles

Monopole particle Tt is one of its particular merits that, in the Einstein
theory, the equations of motion are a consequence of the field equations.
If we take, for example, the Maxwell theory, then charge conservation
is of course a consequence of the field equations, but the motion of the
sources and the distribution of the charges are arbitrarily specifiable.
Also the field of two point charges at rest a finite distance apart is an
exact solution of Maxwell’s equations — although the charges exert forces
upon one another and therefore would be immediately accelerated into
motion.

Even after the Einstein field equations had been set up it was thought
that one had to demand in addition that the geodesic equation be the
equation of motion of a test particle; but eventually it was realized that
this can be deduced from the relation

Tm ., =0 (22.23)

3
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which is always valid in the Einstein theory, and is thus a consequence
of the local energy-momentum conservation.

In order to show this we first of all need the energy-momentum ten-
sor for a pointlike particle of constant rest mass m. We use the four-
dimensional d-function defined in Section 11.1, preferring here to write
volume integrals as for example

47,..m n
/F(x’)(s[:i/__ga]\/_gd‘lx = F(a"), (22.24)
and perform the transition from the tensor 7" = pu™u" of dust to
that of a pointlike particle by

T*(y") = me /

In the local Minkowski rest-system (v/—¢g = 1, t = 7, ¥ = 0) it corre-
sponds precisely to the transition

11— md(x)3(y)d(2) (22.26)

47, _ .n % k
Oly" —an(r)] dz* da” | (22.25)
—g(ma) dT dT

of a continuous distribution of matter to a point mass.
We now insert the energy-momentum tensor (22.25) into (22.23).
Using (22.24) and (16.19) we can rewrite the partial derivatives as:

ik A1, m _ an k i k
T, = or” mc/3{5 y* —2"(D)]}/0y" da” da® |

oyt —g(z) dr dr
41, m _ m k k i
e [
—9(@) (22.27)

= mc/54[y" —x”(7)]%(%\/%)d7

S y™ — a™(1)] d%a’ dz? da®
- e, S g
me / N ( arz ~ dr dr )dT

From (22.23) we thus obtain
0= Tik;k _ T“CJC + F:lszn

§4y™ — a™(1)] A%t daz® da®
= I —_— 22.28
mc/ V=g (dT2 “*dr dr (22.28)
; dz™ da® , dz®da®
gy ey g )
and hence
§y" —a(r)] (D2’
0= mc/ = ( = )dT. (22.29)
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On the world line y™ = a™(7) of the particle this equation can only be
satisfied if
D2g?
D72
and so the particle must move on a geodesic.

=0, (22.30)

At first sight it is perhaps not apparent where it has in fact been
assumed in this rather formal derivation that we are dealing with a test
particle. But the gravitational field produced by a pointlike particle will
certainly not be regular at the position of the particle (the electrical field
at the position of a point charge is also singular), so that the metric and
Christoffel symbols do not exist there at all.

Spinning particle An extended body, for example, a planet, will in gen-
eral not move exactly along a geodesic. This is due not so much to
the gravitational field caused by the body itself as to the action of ‘tidal
forces’. Because of the space curvature, the distance between neighbour-
ing geodesics is not constant (see Section 1.4); that is, the gravitational
forces (which try to move every point of the body along a geodesic)
deform the body, change its state of rotation and thereby lead to a com-
plicated orbit. We can take account of one part of this effect by starting
off from the model of a pointlike body, but associating with it higher
moments (dipole moment, spin) in addition to the mass. Mathemati-
cally we can do this by using for its description not just d-functions, but
also their derivatives.

As we shall be interested later on in the action of the gravitational
field upon a top, the equations of motion of a spinning (monopole-dipole)
particle will be described in brief; for details and proofs we refer to the
extensive literature on this problem.

An extended body can be approximately described by its mass m(7),
the four-velocity u®(7) of a suitably chosen point, and the antisymmetric
spin-tensor S%°(7). From the vanishing of the divergence of the energy-
momentum tensor

Tzk

n _ x”(T)] (muiuk + %un[smuk + Snkuz]/c2)

5

follow the equations of motion as

DS /Dr = 8% = (u,S"u’ — u, S™u?) /¢ (22.32)

D (mu® + ubSb“/C2)/DT = L1R" g5l (22.33)
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Of these equations only seven are independent, as contraction with
u® shows. Thus they do not suffice for the determination of the ten
unknown functions (m, S, and three components of u®). The physical
reason for this is that S, like angular momentum or dipole moment in
Newtonian mechanics, depends upon the reference point, and we have
not yet fixed this point and its world line. We now define the reference
world line z%(7) by the requirement that in the instantaneous rest frame
of an observer moving on the world line, the dipole moment of the body
is zero. Since the total mass is positive, such a line always exists. One
possible version of this condition is, as one can show,

Sy, = 0. (22.34)

Because of this subsidiary condition the antisymmetric tensor S has
only three independent components, which can be mapped uniquely onto
the spin-vector (intrinsic angular-momentum vector) S, according to

Sa = %eabmnubsmn/Q Smn = eaqm"Sauq/c, (2235)

with S™u,, = 0.
Substitution of (22.34) and (22.35) into the equations of motion (22.32)

to (22.33) yields
DS, 1 Du™

D
5om=0. (22.37)
D 1 D*uf 1
mﬁua = —Efarqpsrqu + %RabchCdpquuqub. (2238)

The first of these equations says that the spin-vector S, is Fermi-
Walker transported along the orbit (cp. (18.19)); its magnitude then
remains constant:

S%S, = const. (22.39)

From the third equation (22.38) we see that the point defined by
(22.34) does not move on a geodesic; this effect will in general be ignorable.

The equation of motion for spin, (22.36), is also valid when additional
non-gravitational forces act, provided only that these forces exert no
couple on the body. An observer can therefore realize his Fermi—Walker
transported triad in the directions of the axes of three tops which are
suspended freely.
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Further reading for Section 22.3
Taub (1965), Westpfahl (1967).

22.4 A variational principle for Einstein’s theory

All known fundamental, physically significant equations of classical fields
can be derived from a variational principle, including the Einstein field
equations. What demands must one make regarding the Lagrangian
density £ in order that precisely the field equations (22.7) follow from

§[Ldz=0? (22.40)

Of course the quantity in (22.40) must be an invariant; that is, £ must
be the product of a scalar L and y/—g. But for the pure gravitational
field there is only one unique scalar which is quadratic in first derivatives
of the metric and linear in the second derivatives, namely, the scalar cur-
vature R (there is no scalar which contains only first derivatives). Since
the matter must also be represented in L, we couple it — as usual in
field theory — by simply adding a part xLy; arising from the matter dis-
tribution (for example, from an electromagnetic field). Our variational
principle reads, upon appropriate choice of numerical factors, thus,

SW=06[(3R+rLn)y/—gd'z=0 (22.41)

(Hilbert 1915). We shall now show that the Einstein field equations
(22.7) really do follow from this ansatz.

As fundamental quantities of the gravitational field, which are to be
varied independently of one another, we shall naturally take the com-
ponents of the metric tensor gpm,. (If in (22.41) one varies the non-
metrical field quantities contained in Ly, one obtains the corresponding
field equations, for example, Maxwell’s equations.) As usual with action
integrals containing second derivatives, the variations dg¢.,, of the basic
quantities and the variations of their first derivatives (combined into the
variations 6I'7, of the Christoffel symbols) will be restricted so as to van-
ish on the bounding surfaces of the four-dimensional region of integra-
tion. Our first goal is to express the variations occurring in the equation

W =} /[ R65/ "G+ /=G R 8™ + /=G 6™ Ry
+ 9 (26Lyy/—g)]d*z =0

in terms of §g,.-
From the properties of the metric tensor and its determinant described
in Section 16.2 we obtain immediately

8\/ — mn
6v/—g = Wg&gmn = %\/—gg OGmn (22.43)

(22.42)
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and

5™ = —g™ 9" g (22.44)

The defining equations (19.7) and (19.27) for the curvature tensor and
the Ricci tensor, respectively, lead to

BBy = —(0T%0) i+ (OT%) 0 — ST Ty — T Thy). (22.45)

T ma raT mn

The evaluation of the variational principle will be seen later to depend
only upon the structure of the term containing § R,,,,,, which is not easily
found by direct calculation from (22.45). We therefore give the result
(and its structure)

b
V=9

without calculation and prove the correctness of this equation by show-

9" O Ry = [V=g(g™" 0%, —g™* 0Tl = Flo (22.46)

ing that it is a tensor equation and that it is satisfied in a particular
coordinate system.

The tensor property of equation (22.46) follows from the fact that
not only the §R,,,, but also the difference dI'?,, of Christoffel symbols
(the disturbing terms in (16.31) cancel when the difference is formed),
are tensors. The equation (22.46) is clearly correct in locally geodesic
coordinates; for «/—g =1, ¢™" , =0, I't, =0, (22.45) and (22.46) lead
to the same equation, namely, to

9" ORmp = (""" 0L — 9™ 0L )0 = 97" (0L 0 — 0L n)-

(22.47)

We can only really work out the last term in (22.42) with exact knowl-
edge of the Lagrangian Ly; of the matter. In order to obtain Ly, we
shall invoke the aid of the usual transcription formula. One starts from
the corresponding special-relativistic Lagrangian, replaces the partial by
covariant derivatives and now forms scalar products with g,,, instead
of with 7,,,,. Ly may thus contain Christoffel symbols, but certainly no
second derivatives of the metric, since it is in general constructed from
the field quantities and their first derivatives only. We can therefore
write generally

5(¢—_9LM)=@5%“+(¢—_9 Ol 5gmn) . (22.48)

6gmn agmma a
in which we have used the usual abbreviation

STl _ OL/=ghw) (Y3 by (22.49)

6gmn B agmn 8gmn,a ,
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for the so-called variational derivative.
If we now substitute (22.43), (22.44), (22.46) and (22.48) into the
variational principle (22.42) then we obtain

2k 6 (/=g Lm)
6gmn + Fa;a
V=9 dGmn )

(22.50)
2 (g ) gt

With the help of the Gauss law (20.34) we can reduce the last two terms
of the sum to a surface integral; this surface integral vanishes, however,
because we have demanded that dg,,, = 0 and 6I'f, = 0 on the boundary.
Hence (22.50) simplifies to

5W:%/[ (3g™ R~ Rm

+

2K (5(\/—gLM)
_ 1 1 _mn _ pmn — 4 —
5W_2/(29 R-R +\/?g o )5gmm/ gda:( 0.)
22.51

Because of the independence of the variations §g,,, the sum of the terms
contained in the parentheses must vanish identically, so that from our
variational principle we obtain precisely the Einstein equations

R™ — Lg™ R = kT, (22.52)

if we identify the energy-momentum tensor with the variational deriva-
tive according to

pon 2 V=9 n) (22.53)
V=9 6gmn

How can one justify this identification? Two standpoints are possi-
ble. On the one hand one can regard (22.53) as defining the energy-
momentum tensor or, put more exactly, the energy-momentum tensor
out of the many possible energy-momentum tensors of a classical field
theory, which must stand on the right-hand side of the Einstein field
equations. In this sense (22.53) is the construction principle for the
symmetric energy-momentum tensor, which is remarkably complicated
to find in many field theories. Although this procedure is quite natural in
the Einstein theory, one can of course also corroborate it by comparison
with the energy-momentum tensor ™", which is already known. We
will do this for the example of the Maxwell field. Since its Lagrangian

Ly = —3FuF™ = —1(Apa — Aap)(Asr — Ar)g™ g™ (22.54)

1
1
does not depend at all upon derivatives of the metric, we have, because
of (22.48) and (22.44),
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6(v/—gL 0(v/—gL
(699 W - (899 W _ 5V=9 (Lug™ + F"F™,;),  (22.55)

and from the definition (22.53)

Tmn — Fanmb _ igrnanabF’ab7 (2256)

which is indeed the correct energy-momentum tensor of electrodynamics.

Finally, we want to draw attention to a peculiar property of the action
function of the gravitational field. Although the Lagrangian contains
derivatives of second order, it does not give rise to differential equations
of fourth order for the field equations — as we would normally have
expected. This has to do with the fact that the curvature scalar R
contains derivatives of second order in precisely such a combination that
a four-dimensional divergence can be formed from them,

R= V36" Ty = ™" T+ Flon Th). (2257)
which, by means of the Gauss law, can be turned into a surface integral
and hence supplies no contribution to the variation. This is also the
deeper reason why one part of the variation of the integrand appears as a
divergence (see (22.46)). The non-covariant decomposition (22.57) of the
Lagrangian of the gravitational field into a divergence and a remainder
containing only first derivatives plays an important réle in the attempt
to define an energy-momentum tensor (energy-momentum complex) of
the gravitational field in the context of the Lagrangian function.

23

The Schwarzschild solution

23.1 The field equations

The gravitational fields which are most important in our daily life,
namely, that of the Earth and that of the Sun, are produced by slowly
rotating, nearly spherical mass distributions; they are approximately
spherically symmetric. Since, on the other hand, we may hope that
spherically symmetric gravitational fields are especially simple, we dis-
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cuss, as a first application of the Einstein field equations, the problem
of obtaining exact spherically symmetric solutions.

Line element We shall naturally try to introduce coordinates appropri-
ate to the problem. Since a choice of coordinates always leads to require-
ments on the metric functions, we must proceed carefully in order not to
lose solutions by making the restrictions too strong. Spherical symmetry
evidently signifies that in three-dimensional space, T' = const., all radial
directions are equivalent and no perpendicular direction is singled out;
in spherical coordinates R, ¥, ¢ we have

d®s? = g11(R, ¢T) dR? + f(R, cT)[dv? + sin® 9 dp?]. (23.1)

The angular coordinates at different times can be so chosen that gry
and g7, do not appear in the metric (they would single out tangential

directions). Our ansatz thus reads
ds? = gu (R, cT)dR? + f(R, cT)[dV? + sin® § dp?] 52)
+2914(R, ¢T) dRAcT + gaa(R, ¢T')c? dT™. '

For many calculations it is expedient to simplify ds?® further. By the
coordinate transformation r? = f(R, cT), where f is positive (for if not
9, v would be additional timelike coordinates), we bring the line element
into the form

ds? = h2(r,T)dr? — 2a(r,T)b(r, T)cdT dr — b2(r, T)c* dT?
+ 72 (d192 + sin? ¥ d<p2),

which already contains the usual two-dimensional spherical surface

(23.3)

element. Here we have assumed implicitly that r is a spacelike and
T a timelike coordinate. A further transformation

e”/?d(ct) = bd(cT) + adr (23.4)

(e”/ 2 plays the role of an integrating factor) eliminates the undesired
non-orthogonal term. Thus we arrive at the Schwarzschild form,

ds? = N dr? 4 2 (d9? + sin® ¥ dp?) — e d(ct)?, (23.5)
of the line element of a spherically symmetric metric.

Christoffel symbols The Christoffel symbols associated with a metric are
constructed most quickly by comparing the Euler—Lagrange equations
d oL oL
—— — =0 23.6
dr 8 (dzt/dr)  Oa? ’ (23.6)

for the Lagrangian
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b= () (@) o () - ()]

with the geodesic equation

d2z? . dz™ da™

ri S . 23.
dr2 +mn dr dr 0 (23.8)
The Christoffel symbols can then easily be read off. With the abbrevia-
tions "= 9/dct and ' = 9/9r equations (23.6) become
d?2r 1 /dr\2 dr da* . d\ 2 dp 2

AT LdryEy,  drdrm o dUNS L g g (AP
¢ |:d7'2 + 2<d7) A /\} r(dT) e 19(d )

dr dr T
SICS
7“2327129 + 27‘%% — r%sin ¥ cos ¥ (j—f)Q =0, (23.9)
?”2811’12’!9((1127(;7 +27’sin219j—:3—f + 272 sin® cos ¥ i—f% =0,
[ LY ] e () o

Of the total of forty independent Christoffel symbols only the following

twelve are non-zero (here ! =7, 22 =9, 2% = ¢ and 2* = ct):

Il =Ly, ri, =3\ [l = —re?,
I'ly = —rsin®de, T}, = Jev 2/, 1%, = 1/r, (23.10)
I3, = —sind cosd, T3y =1/r, I3, = cotd,
It = 3, I, =3, Ty =i
Ricci tensor From the general defining equation
R pon = Tnp = Db + TipLln — Tin g (23.11)
we obtain, bearing in mind (23.10),
Rlin = Topna = Tl + Tl + Tlal i = Dol
RPon = 12,0 =15, + 13,0, — T2, T, (23.12)
RPpan = =T + 15500, + 15315, — 7,1,
Ryan = Thna = Thpn + T, + T4, — T Ty

Unless m = n or (m,n) = (1,4) these components vanish. Also Rjs34 =
0. Thus only the following components of the Ricci tensor differ from
Z€ero:
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Ry = e’\_"[%;\#— i/.\2 — i/.\z'/] — %1/’ - %Vﬂ — %l//)\/ + N/,
Ry, = e”_/\[%u” + iz/2 — iu')\’ + iu’/r] — %)\ - %).\2 + %).\D,
R14 = }\/7’,

Roy = —e? [1 + %r(z/ — )\’)] + 1 = Ra3/sin? 9.

We have indicated here in detail how the necessary calculations could

(23.13)

be done by hand. Of course, for really computing Christoffel symbols
and Riemann tensor components one would use one of the many existing
programs for algebraic computing, for example Maple or Mathematica.

Vacuum field equations Outside the field-producing masses the energy-
momentum tensor vanishes, and, since it follows immediately by taking
the trace of

R™ — 1gmnR =0 (23.14)
that R = 0, the field equations for the vacuum are simply
Ry = 0. (23.15)

That is, all the components (23.13) of the Ricci tensor must vanish.

23.2 The solution of the vacuum field equations
Birkhoff theorem From R;4 = 0 we have immediately that A= 0; thus A

and A depend only upon the radial coordinate . The equation Ros =0
can then only be satisfied if ¢/ is also independent of time,

v=uv(r)+ f(t). (23.16)

Since v occurs in the line element in the combination e*(Me/(*) d(ct)?
one can always make the term f(¢) in (23.16) vanish by a coordinate
transformation

dt’ = ef/% dt, (23.17)
so that in the new coordinates we have
A= A(r), v=uv(r); (23.18)

that is, the metric no longer depends upon time. And thus we have
proved the Birkhoff theorem: every spherically symmetric vacuum solu-
tion is independent of ¢. (The assumptions made in Section 23.1 may fail,
so that ¢ is not a timelike coordinate and r is not a spacelike coordinate,
for example, in a black hole (see Section 35.3). However, the theorem
still holds, although one would no longer describe the solution as static.)
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If one considers the vacuum gravitational field produced by a spheri-
cally symmetric star, then this field remains static even if the material
inside the star experiences a spherically symmetric radial displacement
(explosion). Thus the Birkhoff theorem is the analogue of the statement
in electrodynamics that a spherically symmetric distribution of charges
and currents does not radiate, that there are no spherically symmetric
electromagnetic waves.

Schwarzschild solution For static vacuum fields the field equations (23.15)
simplify to
%1/” + %I/ﬂ — il//)\/ —XN/r =0,
W+ XN)/r=0, (23.19)
e M1—-7N)—1=0.
The second of these equations is equivalent to

Alr) = —v(r), (23.20)

since a possible additive constant in (23.20) is a special case of the f(¢) in
(23.16) and can thus be made to vanish by a coordinate transformation.

Under the substitution o = e, the third equation transforms into
the differential equation

o +afr=1)r (23.21)

whose general solution is
a=eN=¢e"=1-2M/r, (23.22)
with 2M as a freely adjustable constant of integration. The spherically

symmetric vacuum solution, found by Schwarzschild (1916) and Droste
(1916), therefore has the line element

B dr?
- 1-2M/r

+ 7% (d9? + sin® ¥ dp?) — (1 - 2M) dt*. (23.23)
T

ds?

One can verify by direct substitution that the first of the field equations
(23.19) is also satisfied and furnishes no further conditions. We shall
discuss the physical meaning of the constant of integration M in the
following section.

23.3 General discussion of the Schwarzschild solution

In order to understand the physical properties of the Schwarzschild line
element (23.23) we have first to clarify the physical significance of the
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integration parameter M. This is best done through a comparison with
Newtonian theory. For large values of the coordinate r, (23.23) deviates
only a little from the metric of a flat space, and, from the relation
(22.21), which is valid in this limit and links the Newtonian gravitational
potential U to the metric, we have

U=—c*(1+gu)/2=—-Mc/r (23.24)

We have thus to interpret the Schwarzschild solution as the gravitational
field present outside a spherically symmetric mass distribution whose
(Newtonian) mass m is

Mc? _ 87M
f ke?

m = > 0. (23.25)
According to (23.25), the (positive) constant of integration 2M is a
measure of the total mass; since it has the dimension of a length, one
also calls rg = 2M the Schwarzschild radius or gravitational radius of
the source. For normal stars or planets rg is very small in relation to the
geometrical radius. The Schwarzschild radius of the Sun, for example,
has the value rg = 2.96 km, that of the Earth rq = 8.8 mm. Since the
Schwarzschild metric describes only the gravitational field outside the
matter distribution (we shall discuss the interior field in Chapter 26),
whilst the Schwarzschild radius mostly lies far in the interior, we shall
initially suppose that r > 2M always. See, however, Chapter 35, where
we shall investigate the Schwarzschild metric again, and in more detail.

In the discussion of physical properties of the Schwarzschild metric
(23.23) one must always remember that r and ¢ in particular are only
coordinates and have no immediate physical significance. We there-
fore call t the coordinate time, to distinguish it, for example, from the
proper time 7 of an observer at rest in the gravitational field; in the
Schwarzschild field these two quantities are related by

dr =+/1—2M/r dt. (23.26)

The radial coordinate r is so defined that the surface area of a sphere
r = const., t = const. has the value 47r2. The infinitesimal displacement
in the radial direction (d¥ = dy = dt = 0) is given, however, by

ds—dR— —— 9" (23.27)

V1—2M]r’
and is therefore always greater than the difference of the radial coordi-
nates. One can illustrate the metrical relations in the surface ¢ = const.,
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y =rsing
T—> T =TCoSp

A

— .- Surface of star

Fig. 23.1. Tllustration of the section ¢ = const., ¥ = 7/2 of the Schwarzschild
metric; F = [8M (r — 2M)]*/2.

¥ = m/2 by means of a surface of revolution F' = F(r), which for r — oo
goes over to a plane and for small r has a bulge out of this plane (see
Fig. 23.1). When discussing paths of motion (¢ variable) one must always
remember that g4 is also dependent upon position.

23.4 The motion of the planets and perihelion precession

Figure 23.1 gives a qualitative idea of the planetary orbits if one imag-
ines the planets as spheres which roll about on the surface under the
influence of a downwardly directed gravitational field. According to the
Newtonian gravitational theory the orbits of planets are ellipses (in the
zy-plane of Fig. 23.1). Does the Einstein theory in any way change this
well verified result?

To answer this question properly we should integrate the Lagrange
equations of the second kind already set up in (23.9). But since one
can always satisfy the initial conditions ¥ = 7/2 and d¥/dr = 0 by
a suitable rotation of the coordinate system, and (23.9) then implies
that d29/dr? also vanishes, the orbit remains permanently in the plane
¥ = 7/2; as in Newtonian theory, the orbit of a planet runs in a ‘plane’
which passes through the middle of the Sun. We can therefore proceed
from the simplified Lagrangian

1 1 dr? de? M sdaty2
L=l (e ) (@ ) - (-0 () | @2
2[1—2M/r dr r dr r dr (23.28)
which results from substitution of the Schwarzschild metric (23.23) and
¥ = /2 into (23.7).
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Since ¢ and z* are cyclic coordinates, two conservation laws hold,
namely, that of angular momentum,

7“2d<p/d7' = B, (23.29)
and that of energy,
(1—-2M/r)det/dT = A. (23.30)

In place of a third equation of motion, we use the defining equation

1 dr? 5 (dp 2 2M det\? 9
- (& WY (122 (€2 =2 (2331
1—2MJr (d7> tr (dT> ( r )(dT) c’ (23.31)

for the proper time 7, which like the energy law and the momentum law
has the form of a first integral of the equations of motion.

From now on the procedure is analogous to that of Newtonian
mechanics. In order to obtain the orbits r = () we replace the vari-
able 7 by ¢, with the aid of the angular-momentum law, and simplify
the equation of motion by the substitution v = r~!. Putting

1 de 5 det A dr du
= — —:B _ = - = — — 2 . 2
"TW ar Yo T 1 oMu’ dr de (23.32)

into (23.31), we have
B2/* + B2u2(1 — 2Mu) — A% = —2(1 - 2Mu), o' = du/dp. (23.33)

This equation can in fact be integrated immediately, but it leads to
elliptic integrals, which are awkward to handle. We therefore differenti-
ate (23.33) and obtain the equation

u” +u = Mc*/B? + 3Mu?, (23.34)

which is easier to discuss. The term 3Mwu?2 is absent in the Newtonian
theory, where we have

uy +uo = Mc*/B>. (23.35)

The solutions of this latter differential equation are, as is well known,
the conics
ug = Mc*(1 +ecosg) /B2 (23.36)

We can obtain an approximate solution u; to the exact orbit equation
(23.34) valid for M/r < 1, if we substitute the Newtonian solution
(23.36) into the term quadratic in u, that is, we solve

Mc? 5  Mc*  3M3c!
pr T 3Muo =g+ T

(1 + 2e cos ¢ + £ cos? gp).
(23.37)

"
Uy +up =
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This differential equation is of the type due to a forced oscillation. As

one can confirm by substitution, the first approximation sought for is
3.4

B4

The most important term on the right-hand side is the term linear in

up = ug + [1 +epsing + (3 — % cos 2@)}. (23.38)

gp, because it is the only one which in the course of time (with many
revolutions of the planet) becomes larger and larger. We therefore ignore
the other corrections to uy and obtain (after substituting for ug)

Mc? 3M3c2

U= {1 +ecosp+e I @sin@}, (23.39)
or, since rg = uy * is large compared with M (M?c?/B? < 1),
1 Mc? 3M?c?
ur == e {1 + € cos (1 — 7)9@} (23.40)

The orbit of the planet is thus only approximately an ellipse (see
Fig. 23.2). The solution (23.40) is indeed still a periodic function, but
no longer, however, with the period 27. The point at which the orbit
is closest to the Sun is reached again only after an additional rotation
through the angle

App = 6mM?c*/B?. (23.41)

This effect is the famous perihelion precession. If, using the equation of
the ellipse (23.36), we express the factor Mc?/B? in (23.41) in terms of
the semi-major axis a of the ellipse and of ¢, so that

App = 61M/a(1 —&?), (23.42)

then we see that the precession of the perihelion is greatest for a large
central mass M and an elongated ellipse (¢ &~ 1) with a small (motion
close to the centre). For circular orbits it disappears.

v\éapp

Fig. 23.2. Rosette motion of a planet due to perihelion precession (Ayp ex-
aggerated in magnitude).
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23.5 The propagation of light in the Schwarzschild field
Light rays and deflection of light Light rays are null geodesics, that is,
geodesics with ds? = 0. We can compute the corresponding geodesic
equation as in the previous section and hence immediately take over
a part of the results found there. However, we must use the affine
parameter A in place of the proper time 7 and the relation

1 dry2 5 /dp\2 2M N sdct 2
(= - (-=5)(55) = 23.4
1—2M/r(d)\> () (- (G@) =0 @
in place of (23.31), cp. (16.10). We then arrive at the statement that
for suitable choice of coordinates light rays in the Schwarzschild met-

ric travel in the surface ¥ = const. = 7/2 and satisfy the differential
equation

d2

d—; tu=3Mu?, u=1/r, (23.44)

which is analogous to (23.34).
In flat space (M = 0) the light rays are of course straight lines. With
our choice of coordinates these straight lines are represented by

1 1
u == sin(yp — ¢p). (23.45)

They run in the directions ¢ = g and ¢ = o + 7 to infinity (u = 0)
and have displacement D from the centre (r = 0).

To obtain an approximation solution u; to (23.44) we put the Newto-
nian value (23.45) into the term quadratic in w and solve

d2u1 3M -2
12 +up = Dz sin (¢ — ¥0). (23.46)

As one can verify by substitution, for suitable choice of ¢y,

1 sing  M(14 cosp)?
u1—;7:|: D + D2

is a family of solutions. These curves come in parallelly from infinity
(from the direction ¢ = 7), see Fig. 23.3. The sign in (23.47) is always
to be chosen so that u; = 1/r is positive. Since a curve leaves the field
in the direction in which u; again becomes zero (r infinite), its total
deflection relative to a straight line is (ignoring terms quadratic in M)

Ap =4M/D. (23.48)

(23.47)

This effect is the familiar deflection of light in a gravitational field,
one of the most important predictions of the Einstein theory. The
deflection is inversely proportional to the (Newtonian) displacement
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p=m p=0 Ap = 4M/D

- — |

(a)

Fig. 23.3. Deflection of light: (a) flat space u = ug, (b) Schwarzschild metric
U= Uui.

from the centre; since M/D < 1 always holds in the Solar System (this
was presupposed in the derivation) the effect is very small. In very strong
gravitational fields (23.48) is no longer applicable (see Chapter 35).

Red shift When propagating in a gravitational field, light changes not
only its direction, but also its frequency. Since the corresponding for-
mulae can be derived for arbitrary static fields at no extra effort, we
shall carry out this generalization and only substitute the special case
of the Schwarzschild metric again in the final result. A more general
relationship, valid for arbitrary (non-static) gravitational fields, will be
described in Section 40.2.

In a static gravitational field, that is, in a metric g, which is inde-
pendent of time and which satisfies the condition g4, = 0, it is possible
by making the ansatz

Au(z™) = a, (™) (23.49)

in the gauge
Ay=0,  [V=gg"A"] ;=0 (23.50)

to separate the Maxwell equations with respect to time and reduce them
to the time-independent wave equation
1 po v w2 44 p
= [V=99"9""(ap,a = aa,5)] , + 9" =0 (23.51)
An observer who is at rest at the location P; of the transmitter will
naturally use not the coordinate time ¢ but the proper time 71 to measure

ﬁ

the frequency 17 of the wave. Because of the general relation
Tp = \/—gaa(P)t (23.52)

between proper time and coordinate time, he will therefore associate the
frequency
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wt w W —g(1) (23.53)

Vl = =
21Ty 27/ —gaa(1) 2m

with the monochromatic wave (23.49), in agreement with the interpre-
tation of the factor —g**w?/c? in (23.51) as the square of a position-
dependent wave number. Analogously, an observer at rest at the location
P, of the receiver measures the frequency

o w
21 —g44(2)

in his local Minkowski system. The frequencies vy and vo measured by
observers at rest at the points P; and P» are thus related by

vy (23.54)

2 944(2)
— = =14z 23.55
Vo gaa(1) ( )

Although v can just as well be larger as smaller than vy, in general one
speaks of the effect of the redshift in the gravitational field and calls the
quantity z defined by (23.55) the redshift at the position Ps.

For the Schwarzschild metric we have from (23.55) the relation

%1 1—2M/T2 1 1
— =/ ———=1+M|———]. 23.56
Vo V 1—-2M/r + (7“1 7“2) ( )

Light reaching the Earth (P;) from the Sun (P;) (r1 < r2) is shifted to
the red-wavelength region.
If we express g44 in terms of the Newtonian gravitational potential U
according to (22.21) then we obtain to first approximation
2! n Us — Uy -

21

s 3 (23.57)

In the picture of light as particles (photons) the gravitational redshift
corresponds to a change in the kinetic energy E = hv by the gain or loss
of potential energy mAU = (E/c?*)AU, in accordance with (23.57).

Light-travel times and the Fermat principle Here too we generalize the

problem and permit arbitrary static gravitational fields (gap,4 = 0, goa =

0), since in all these fields the equation

d2ze dz™ dz™

—— 41 ———— =0 23.58
dA? L dXx dA ( )

of a null geodesic can be brought into a form which allows a particularly

simple physical interpretation. For this we introduce the coordinate time
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t in place of the parameter A and substitute for the Christoffel symbols
the explicit expressions

U, = 39°%(98u0 + 9ovn — Gunp)s
Iy, =0, Ffw =0, Th= %94494441 = G44,0/2914, (23.59)
Yy = —39%gua s, Tiy=0.

The fourth of equations (23.58),

d*t  gaso dz® (dt) —0, (23.60)

dx2 " gy dt \dA
enables us to eliminate A\ from the three spatial equations

d?z” dat da”

A2t 7daN2dz®

re &S | pa 2 —<—) &y 93.61

a2 Trerg e T Toe\a) e 7Y (23.61)

finding

d2ze 4 gofL ( n )dx”dx”

a2 g 9pu,v T 9v,u — Gou,B dr dt (23 62)

, dz¥ dz@ '
_ 944,0 AT 29‘1594475:0.

gaq dt At
If we remember the property of null geodesics that ds = 0, that is,

Ade? = — gapdz® dxﬁ/g44 = Yop dz® dz’ = — di?/gua, (23.63)
then (23.62) can be reduced to

d2z> . dzt
— 4TI — =0
az T ’ (23.64)

Fﬁl’ = %’yaﬂ(/}/ﬂﬂu’/ + VBv,w — ’Y/Jl/,ﬁ)> ’)’QEVﬁV = 63

The curves described by this equation are, however, just the extremals
which follow from the variational principle

dz® dmﬁ
dt = \/ Yo = ext ,  (23.65
/ / YB3 ar \/% = extremum, ( )

see Section 14.3.

The variational principle (23.65) is the generalization of the Fermat
principle, that light propagates in a three-dimensional space in such a
way that the light-travel time ¢ is an extremum.

The variational principle (23.65) can also be interpreted as saying
that the three-dimensional space (metric gog) has a refractive index
n = (—ga4)~ /2, which is caused by the gravitational force (and which
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also contributes to the deflection of light), and that the velocity of light
v in the gravitational field is decreased according to ¢ = nv. But this
latter interpretation is only to be used with the proviso that v is the
velocity of light with respect to the coordinate time ¢ and therefore
has, like ¢ itself, no immediate physical significance. Predictions about
the numerical value of the velocity of light have little value in General
Relativity; the only essential thing is that light propagates along null
geodesics (and that in local inertial systems one can give the velocity of
light the value ¢ through choice of the unit of time).

23.6 Further aspects of the Schwarzschild solution

Isotropic coordinates The Schwarzschild coordinates in which we have
until now described the spherically symmetric gravitational field go over
to spherical coordinates at a great distance from the centre (for r — o).
For many calculations or considerations it is more convenient to use
coordinates which are related to Cartesian coordinates. We introduce
them by the transformation

= Fcos p sin ¥,

— 7(1+ M/27)°, T Z=rcos?, (23.66)
= 7siny sin ¥,

8l

which turns (23.23) into

1— M/2F

2
2 2
P . (23.
1+M/27—~) ¢ dt”. (23.67)

ds? = (1+ M/2r)" (d2* + dg? + dz%) — (

Since in this form of the line element the three spatial directions enter
on an equal footing, one speaks of isotropic coordinates.

Harmonic coordinates Coordinates which are restricted by

D2 = —[V=gg""a" m] , = (J_ 9""),, =0  (23.68)

ﬁ\

are called harmonic coordinates (of course (23.68) is not a covariant
equation, rather is serves to pick out a coordinate system). Such coor-
dinates are useful in approximation procedures for the solution of Ein-
stein’s equations (see Section 27.2). In such coordinates, the Schwarz-
schild metric has the form

S

M? M M?
ds? = [(1+? )naﬁ+:+— o Tap|do® daf -

v c2 dt?,

(23.69)

+ M

=

where
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F=7r—M. (23.70)

The interior field of a hollow (non-rotating) sphere The Schwarzschild
line element (23.23) follows from the requirement of spherical symmetry
alone, and it therefore holds also in the matter-free interior of a hollow,
non-rotating sphere. But in this case the metric must be finite at r = 0,
that is, M must vanish; the space inside a hollow sphere is field-free
(flat) as in the Newtonian gravitation theory.

23.7 The Reissner—Nordstrom solution

The Reissner—Nordstrom solution (Reissner 1916, Nordstrom 1918) is
the spherically symmetric, static, exterior field of a charged distribution
of mass. We state without proof that the gravitational field is described
by the metric

ds? = Ndr? 4 72 (d192 + sin? 9 dch) — e M2 ds2,

(23.71)
e M) =1 —2M/r + ke? /2r?
and the electromagnetic field by the four-potential
Ay =0, U=-A4=c¢/r. (23.72)

The potential (23.72) is a solution of the source-free Maxwell equations

[V -9 gmagnb(Ab,a - Aa,b)] n =0 (2373)

in the Riemannian space of the metric (23.71), and the metric (23.71)
satisfies the Einstein field equations

Rin - %Rgzn - KTin; (2374)

with the energy-momentum tensor of the Maxwell field (23.72) on the
right-hand side. The system (23.71) and (23.72) is thus an exact solution
of the coupled Einstein—-Maxwell equations.

Since for large r the term xe/2r? in the metric can be ignored, an
observer situated at great distance will interpret m = 87M/kc? as the
total mass of the source (see (23.25)). From (23.72) one deduces that
@ = 4me is the total charge of the source.

In practice celestial bodies are weakly charged or uncharged, and so
the influence of the electromagnetic field on their metric can be ignored,
the Reissner—Nordstrom solution being replaced by its special case, the
Schwarzschild solution. Originally the hope was that in the Reissner—
Nordstrém solution one had found a useful model of the electron. But
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even for the electron, the particle with the largest charge per unit mass,
ke?/M has the value of only 2.8 x 107!3 ¢cm. The influence of the term
ke?/2r? therefore only becomes important at such dimensions that the
effects of Quantum Mechanics and Quantum Field Theory dominate,
and the theories of General Relativity and Classical Electrodynamics
are no longer adequate to describe the properties of matter.

The Reissner—Nordstrom solution thus has only slight physical signi-
ficance. It deserves attention, however, as a simple example of an exact
solution of the Einstein—-Maxwell equations.

Exercises

23.1 A light ray from a distant star touches the Earth tangentially.
By what angle will it be deflected?

23.2  Are there circular orbits r = R =const. > 2M, ¢ = /2 for any
value of R?

24

Experiments to verify the Schwarzschild
metric

24.1 Some general remarks

The gravitational fields of the Earth and the Sun constitute our natu-
ral environment and it is in these fields that the laws of gravity have
been investigated and summed up by equations. Both fields are to good
approximation spherically symmetric and, as a result, suitable objects
to test the Einstein theory as represented in the Schwarzschild metric.
The Einstein theory contains the Newtonian theory of gravitation as a
first approximation and in this sense is of course also confirmed by Kep-
ler’s laws. What chiefly interests us here, however, are the — mostly very
small — corrections to the predictions of the Newtonian theory. In very
exact experiments one must distinguish carefully between the following
sources of deviation from the Newtonian spherically symmetric field:

(a) Relativistic corrections to the spherically symmetric field,
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(b) Newtonian corrections, due to deviations from spherical symmetry
(flattening of the Earth or Sun, taking into account the gravitational
fields of other planets),

(c¢) Relativistic corrections due to deviations from spherical symmetry
and staticity.

The Newtonian corrections (b) are often larger than the relativistic ef-
fects (a) which are of interest to us here, and can be separated from
them only with difficulty. Except for the influence of the rotation of the
Earth (Lense-Thirring effect, see Section 27.5), one can almost always
ignore the relativistic corrections of category (c).

The discussion of measurements and experiments in spherically sym-
metric gravitational fields is often done by comparing the results for the
Schwarzschild metric with those for a more general metric of the form
(in isotropic coordinates, with higher order terms neglected)

ds? = (1+~2M/F+---)(dz? + dg? + dz?)

o ) 2o, 2 (24.1)
(1—2M/7+B2M? /7 + - )c* dt?.

The free parameters 3 and 7 (two of the so-called PPN-parameters)
are found as ‘best-fit” parameters to the observational data and serve
to measure the agreement between Einstein’s theory and observation
(they both have the value 1 for the Schwarzschild metric). Perihelion
precession Agpp, light deflection Ay and light travel time At for the
metric (24.1) differ from the Einstein values (shown with a suffix E) by

App = $(2427=B)Appp, Ap=3(1+7)App, At=1(1+7)Atg.
(24.2)

24.2 Perihelion precession and planetary orbits

Einstein’s theory predicts the following relativistic contribution to the
perihelion precession per century:

Mercury 42.98”, Earth 3.8",

llite < 1000” 2.
Venus ~ 8.6", Mars 1.35", Satellite < 1000, (24.3)

see (23.42). Because the deviation from spherical symmetry of the
Earth’s gravitational field is so large that one can determine the density
distribution of the Earth from observed irregularities in satellite orbits,
artificial satellites are far from ideal test objects.

In the first decade of relativity theory the most promising evidence
came from data on Mercury’s orbit. Astronomers before Einstein were
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already perturbed because although most of the observed perihelion pre-
cession, 5600” per century, could be ascribed to the influence of other
planets, there remained an unexplained 41” now seen to be in good
agreement with Einstein’s theory.

The survey of the orbit of Mars on the Viking Mission (1976-82)
and radar measurements of the distances to Venus and Mercury have
furnished data of substantially increased accuracy. More measurements
and a comprehensive computer analysis (for example the influence of the
larger asteroids on Mars’ orbit was taken into account) has produced the
values:

B—1=3(£3.1)x 1073, y—1=07(£17) x 1073 (24.4)

The unknown quadrupole moment of the Sun is the main source of
uncertainty in the reduction of the data. The independently obtained
data for Mars and Mercury suggest, however, that it can be neglected.

In 1974 a pulsar (PSR 1913+16) was discovered that forms a binary
system with a smaller star whose nature (white dwarf, neutron star
or black hole) is unknown. The elliptic orbit of the pulsar shows an
unusually large rotation (periastron precession) of 4.22 (£0.04)° per
year, that is, 271 times the total value for Mercury. It is highly probable
that this is a purely relativistic effect.

24.3 Light deflection by the Sun

Maximum deflection occurs when the light ray grazes the surface of the
Sun (see Fig. 24.1), giving

Ap = 1.75". (24.5)

To measure this effect for stars one compared the appearance of the
night sky in some region with the appearance of the same region during
a solar eclipse. (Without the eclipse the Sun’s luminosity would swamp
that of the stars.) The effect of the gravitational field of the Sun appears
to move the closest stars away from it. Although experimental problems,
caused, for example, by the distortion of the photographic emulsion
during the developing process, have produced values between 1.43"” and

True position of star

"7 == Apparent position of star

Fig. 24.1. How the Sun deflects light.
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2.7"” for this effect, and Eddington’s experimental verification in 1919
brought Einstein public recognition. The current deflection values give

vy —1=0.1(£0.22). (24.6)

Today’s data for the reflection of electromagnetic waves by the Sun
are much more accurate. Instead of stars from within our Galaxy, the
sources are radio galaxies and quasars, and not their distances to the
Sun, but the changes in their mutual distances due to the motion of the
Earth are observed, using very long baseline interferometry. The current
data confirm the Einsteinian value

v —1=0.000 (+0.002). (24.7)

24.4 Redshifts

The redshift produced by the Earth’s gravitational field was measured
first by Pound and Rebka (1960) using the Méssbauer effect. The ®"Fe
source in the basement of a tower was set in motion so that the resultant
Doppler shift corresponded exactly to the energy loss at the receiver,
22.5 m higher. The relation

AN = gh (24.8)

was confirmed with 1 per cent accuracy.

A somewhat more accurate confirmation, 7x107°, has been made in
an experiment in which a hydrogen maser was taken, with the aid of a
rocket, to a height of 10 000 km.

These results can also be considered as evidence for the assertion
that atomic and molecular clocks measure proper rather than coordinate
time.

24.5 Measurements of the travel time of radar signals (time
delay)

The time taken by a radar signal that has been reflected by a planet
(e.g. Mercury, Venus) or that has been emitted by a satellite can be
compared with the relativistic formula

1
At = - —gag dz® dzf 24.9
N Nawrerrym 219

in order to verify Einstein’s theory. This so-called fourth test of General
Relativity was first proposed by Shapiro (1964). The main data come
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from the Viking mission to Mars (1977), giving
v—1=0 (£0.002). (24.10)

24.6 Geodesic precession of a top

The spin-vector S® of a top which is transported along a geodesic (e.g.
inside a satellite) satisfies, because of (22.34)—(22.39), the equations

DS¢/Dr =0, 54S, = const., S%ug = 0. (24.11)

Since the unit vectors h®(,y, which are used in the satellite and point
towards the fixed stars, are not parallelly transported during the motion,
the components S(,) = Sah?v) of the spin-vector in the rest system of
the satellite change as

dS(V) o DS(V) o S Dha(l,)
dr  Dr 7" Dr

The components of the tetrad vectors in isotropic Schwarzschild
coordinates are obtained from the three orthogonal unit vectors used
in the rest system of the satellite by carrying out a Lorentz transforma-
tion with the speed —v® = —u®d7/dt and a change of scale

(24.12)

de® = (1+ M/27)” da® ~ (1 = U/?) da®,
o (1= M (24.13)
1+ M/2rF

Including only terms of first order, we then have

) dt = (14 U/c?) dt.

h oy = (14+U/?)85 + v, /2, h'o) =0, Sy = Sa. (24.14)
Substituting this expression into (24.12), and, bearing in mind that
dvg /dT = —U 4, (24.15)
we have finally

62 dS(y)/dT ~ %S(a, [U7(a)v(y) - U7(,,)’l)(a)], UJ, ~ U7(,,), Vo = V()
(24.16)
that is, the spin-vector rotates in the satellite’s system with the angular
velocity w,

dS/dt =w xS, w=—3vxgradU/c*. (24.17)

If the rotation of the Earth is taken into account, an additional contri-
bution to w arises (Lense-Thirring effect, see Section 27.5).
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For an Earth satellite w amounts to about 8” per year; an experiment
is in preparation. The Earth—-Moon system can be considered as a gyro-
scope, with its axis perpendicular to the orbital plane. The theoretical
geodesic precession of about 2” per century has been confirmed to about
2%. Similarly, the orbital spins of satellites undergo a precession, which
has been verified with an accuracy of about 20%.

Further reading for Chapter 24
Will (1993), Ashby (1998), Schéfer (2000).

25

Gravitational lenses

25.1 The spherically symmetric gravitational lens

—_—
—_— .
—_—

R

Fig. 25.1. The spherically symmetric gravitational field as a gravitational lens.

The family of curves (23.47) can obviously be interpreted as the family
of light rays arriving from a very distant point source. If instead of just
one ray (as in Fig. 23.3) the whole family is drawn (as in Fig. 25.1), one
sees that the rays converge; a (spherically symmetric) gravitational field
behaves like a lens. This gravitational lens is far from ideal, possessing
two closely related peculiarities: it produces double images, and incom-
ing parallel rays are focussed onto a focal line rather than a focal point.
(In interpreting pictures Fig. 23.3 and 25.1 it should be noted that the
r-p-section of the Schwarzschild metric has been drawn as an r-p-plane,
which will be a good description only for large r.)

This picture may lead to the following predictions. An observer at P
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(a) Rays (b) Poynting vector

Fig. 25.2. Einstein ring (a), and what really happens (b).

outside the focal line (see Fig. 25.1) will see two images, with different
intensities, corresponding to the two rays arriving at P. At a point F
on the focal line, all rays on the surface of a cone around the axis arrive.
Consequently, an observer will have the impression that the light comes
from a full circle: instead of a point, he will see a ring, the famous
Finstein ring, see Fig. 25.2(a).

Unfortunately, these predictions are completely wrong, and this Ein-
stein ring does not exist. The reason is that light is to be described by
waves; as shown in Section 21.4, geometrical optics and rays are only
an approximation, and it is exactly at regions where rays meet that
this approximation breaks down. Here interference of the waves arriv-
ing along different rays takes place (note that light originating from a
point-source, and travelling the same distance on the different paths, is
always coherent).

Without any calculation, one can see what the result of that interfer-
ence will be. At a given point, there is a unique Maxwell field, with a
unique Poynting vector. Because of the rotational symmetry about the
focal line, that Poynting vector must have the direction of that line; the
source of the wave will be seen in the undisturbed direction, see Fig.
25.2(b).

The details of the interference pattern are rather complicated, see
Herlt and Stephani (1976). Most impressive is the increase of intensity:
for a wave of wavelength A, the intensity on the focal line is increased
by the (dimensionless) factor 4w M /A (for a solar mass, and visible light,
this factor is of the order 10!°). But also the apparent position of the
double images differs from that found by geometrical optics.

Both approaches, wave optics and geometrical optics, predict that
behind any pair of sources and lenses (stars, or galaxies), a focal line
extends to infinity; the universe is full of such focal lines.
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25.2 Galaxies as gravitational lenses

If we try to observe the image of a gravitational lens, the first idea may
be to inspect the focal line of the Sun; but that focal line starts only
at a distance of d ~ 8 - 10'° km from the Sun, practically outside the
Solar System. So we have to look out for more distant lenses. Since the
gravitational fields of stars are comparatively weak, galaxies are better
candidates for lenses. Galaxies are not spherically symmetric, even less
than stars; the model of a spherically gravitational lens does not apply.
Focussing will take place, but the waves travelling along the different
rays will in general no longer be coherent, their arrival times differing
up to years. So for most applications geometrical optics suffices.

In a good approximation, the gravitational lens may be described by
a transparent matter distribution p(r) in a plane orthogonal to the line
to the observer, and one can assume the deflection to take place only
within that plane. Again in an approximation, any mass element p(r’)
will deflect the passing ray in the direction towards the mass as the
Schwarzschild solution does, i.e. by dp = 4M(r' —r)/(r' — r)?, with
M = fu(r')/c?, see (23.48) and (23.25). Integrating over all masses

gives the total deflection
Af [ pE)( —r) 5,
== [ ————=d 25.1
<p(I') 02 (r/ _ r)2 r ( )

S source i

Dsr,

lens x D

0] observer Y Y

Fig. 25.3. Model of a gravitational lens.
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(all angles are small, so that we can treat them as vectors in a plane
tangent to the observer’s unit sphere), see Fig. 25.3. Note that the
distances Dgy, and Do may need a careful definition if a cosmological
background has to be taken into account.

If 3 is the direction to the unperturbed position of the source, and all
angles are projected onto the source plane, one sees that

~

B-@ =%, with B=DB, $ =DsLp, T=Dr/Dro, (252)

or
B=rD/Dro — Dsrp(r) (25.3)
holds.

Equation (25.3) (the ‘lens equation’) obviously describes a mapping
of the lens plane (r) onto the source plane (B) For a given position 3
of the source there may be more than one solution r; the source may
be seen at several positions on the sky. The magnification caused by
the deflection equals the ratio of the solid angles under which (a small
part of) the source and its image, respectively, appear to the observer;
it equals the Jacobian
-1

00 _ . ©=r/Dyo, (25.4)

9B
et% = =

J—‘d ’detag

of the mapping (25.3). The zeros of J~! correspond to caustics.

Although very few lens models have been treated rigorously, some gen-
eral results can be obtained from the mathematical theory of mappings,
including catastrophe theory, see Schneider et al. (1992) for further
details.

Gravitational lensing, with both source and lens being galaxies, has
been observed on many occasions. When the lens has a high symmetry,
the images of the (extended) source may even be part of a ring, which
is often called the Einstein ring.

Exercise

25.1  Use equations (25.1) and (25.3) to find the two directions in
which the star is seen by the observer at P in the Schwarzschild
field, cp. Fig. 25.1. What are the magnifications for the two
images?



26

The interior Schwarzschild solution

26.1 The field equations

If we want to determine the gravitational field inside a celestial body
then we need a model for this body, that is, we must say something
about its energy-momentum tensor. Ignoring thermodynamic effects,
such as heat conduction and viscosity, the ideal fluid medium (21.81)

Ton = (1 + p/cQ)umun + PGmn (26.1)

is a useful approximation.

We seek a spherically symmetric, static solution (ignoring radial mat-
ter currents in the stars), and thus require that the general line element
(23.5) is independent of time, that is,

ds? = N dr? 4 2 (d9? + sin® 9 dp?) — (M2 dt? (26.2)
holds; the matter is at rest in this coordinate system,
u™ = (0,0,0,ce*”m), (26.3)

and p and p are functions purely of the radius r.

In setting up the field equations we can use the components of the
Ricci tensor already calculated in (23.13), setting to zero all time deriva-
tives. Because of

R=R, = —2e7>‘[%V"—l—iyﬂ—%y’)\’—(u’—)\')/r—l—l/rQ] +2/r%, (26.4)

the Einstein equations

Ry, — i Rgp, = kT, (26.5)

hence assume the form
kp =Rl —iR=e 1 /r+1/r%] — 1/17, (26.6)
kp=R3 —iR=eiv + %Vﬂ — N+ LW =N)/r], (26.7)
—kpuc® = R — IR = —e N /r—1/r?] — 1/1°. (26.8)

The four functions A, v, p and p are to be determined from these three
equations and an equation of state f(u,p) = 0 yet to be formulated.

209



210 The interior Schwarzschild solution

26.2 The solution of the field equations

As we have discussed in detail in Section 22.1, the field equations are only
integrable if the balance equations of energy and momentum 77", =0
are satisfied. These conservation laws often give — analogously to the
first integrals of Classical Mechanics — an important indication of how
to solve the field equations. Since for static distributions of matter and
pressure we have

Hop” =0, ppu” =0, u",=0, (26.9)
the equations

T = [pg™" + (n—p/)u™u"] =0 (26.10)

simplify to the one equation
P+ (n+p/)upau® =p' — (p+ p/?)Tiusu’ =0, (26.11)
which leads to

/

p =i (p+pc?). (26.12)

This equation is a consequence of the field equations (26.6)—(26.8) and
can be used in place of one of these three equations.
The field equation (26.8) can be written in the form

kpcir? = —(e_’\r), + 1L (26.13)
Assuming that g'' = e~ is finite at r = 0, it is integrated by
2m(r) = —re 41, (26.14)
where m(r) is defined by
m(r) = 1kc? [) p(x)z? da. (26.15)

The function m(r) is called the mass function. Equation (26.15) can also
be interpreted as showing that m(r) is proportional to the total mass
contained within a sphere of radius r, but then one must be careful to
note that r is only the coordinate radius, the true radius R(r) of the
sphere being given by

R(r) = [ e*®/2dz. (26.16)
In (26.14) we have succeeded in specifying one of the metric functions,
e M =1 —2m(r)/r, (26.17)

independently of a special equation of state. Taking now (26.12) and



26.2 The solution of the field equations 211

substituting v/ and e* by using (26.6) and (26.17), we get for p the
differential equation
@ _ (uc? + p)[2m(r) + kopr?]
dr 2r[2m(r) — 7]
(Tolman 1939, Oppenheimer and Volkoff 1939). To solve this equation

we must fix the equation of state. The most simple possibility is to
assume a constant rest-mass density,

(26.18)

1 = const. (26.19)

This equation of state certainly does not give a particularly good stellar
model; a constant mass density is a first approximation only for small
stars in which the pressure is not too large. The spherically symmetric,
static solution with the special equation of state (26.19) is called the
interior Schwarzschild solution.

For constant mass density (26.17) becomes

e A=1-Ar%, A= %KMCQ. (26.20)
Instead of solving (26.18), we directly use (26.12) in the form
(erucz)/ = -1/ (p+ pc), (26.21)
and integrate it by
p+pc® = Be /2 (26.22)

As the third field equation to be solved, we choose the combination
k(pc® +p) =e NN + 1) /r =kBe "/? (26.23)
of (26.6) and (26.8). Upon substitution for e~ it goes over to
ev/? (2A — Arv' +V'Jr) = kB, (26.24)
and, through the intermediate step
2(1— Ar2)*?[e/2(1 = 4r2)"*) = kB, (26.25)
it can be easily solved to give
e’/? = kBJ2A — D\/1 — Ar2. (26.26)

The equations (26.20), (26.22) and (26.26) give the general solution
for the case of constant mass density p. They contain two constants
of integration, B and D, which are to be determined by the matching
conditions.
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26.3 Matching conditions and connection to the exterior
Schwarzschild solution

From the Maxwell theory one knows that matching conditions for cer-
tain field components must be satisfied at the interface between two
media; these matching conditions follow from Maxwell’s equations. In a
completely analogous way, we must here ensure certain continuity prop-
erties of the metric at the surface of the star if we want to construct
the complete gravitational field from the solution in the interior of the
star (the interior Schwarzschild solution) and the solution in the exte-
rior space (the Schwarzschild solution). As we shall show in Chapter
30, the appropriate matching conditions follow from the Einstein field
equations. Since in our simple example physical plausibility considera-
tions will answer the purpose, we shall limit ourselves here to some brief
remarks on the matching conditions.

Continuity properties of the metric and its derivatives can obviously
be destroyed by coordinate transformations and inappropriate choice of
coordinates. We therefore formulate the matching conditions most sim-
ply in a special coordinate system in which the boundary is a coordinate

4

surface z* = const. (in our example: r = ry) and Gaussian coordinates

are employed in the neighbourhood of the boundary, so that
ds? = e(daz*)? + gapda®da®, =41 (26.27)

(e = +1, if 2 is a spacelike coordinate). Since second derivatives of the
metric appear in the field equations, their existence must be ensured,
that is, we demand that:

gap and gap.4 are continuous on z* = const. (26.28)

By these requirements we have excluded layer structures in the surface
(6-function singularities in the energy-momentum tensor).

In order to connect interior and exterior Schwarzschild solutions to
one another on the surface of the star r = rg, we ought first of all to
introduce (separate interior and exterior) Gaussian coordinates by

dz?t = dre*m/2] (26.29)

and try to satisfy the conditions (26.28) through choice of the still un-
specified integration parameters B and D (the internal solution) and of
M (the external solution). But here we want to deal with the problem
in a more intuitive fashion; the reader may reflect on the equivalence of
the two methods.

We require that the metric g,,, is continuous for r = ry and that the
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pressure p vanishes on the surface of the star. Because of (26.22) and
(26.26), the pressure depends upon r according to

13ADV1 — Ar2 — kB/2
p=DBe /2 _pct == rt —nB/ (26.30)

K kB/2A — D\1— Ar?’

and hence these requirements correspond to the three equations

e* continous: 1—Ard =1-2M/ro,

e” continous:  (kB/2A — Dv/1 — Arg )2 =1-2M/ry, (26.31)

p=0: 3AD\/1— Ar} = kB/2.
They have the solution
M = LArd = Lrpcrd = Hnrdfu/c®, D=1,

3A/1— Arg = kpuc®\ /1 — $rpcrg,

by means of which all the constants of integration are related to the
mass density p and the stellar radius rg.

The spherically symmetric gravitational field of a star with mass den-
sity u = const. and radius rg is thus described (Schwarzschild 1916) by
the interior Schwarzschild solution

2 dr? 20192 1 win2 2
ds* = +r (d19 + sin ﬁdap)

1— Ar?
2
_[g,/1—Ar§ —~ %\/1—147“2} ¢ dt, (26.33)

_QA\/I—AT \/I—Arg
31— Arg — /1 — Ar2

inside the star, and by the exterior (vacuum) Schwarzschild solution

dr? 2M
2 _ 20192 1 ain2 2y _ (1 _ 2
ds =15 /T—i—r (d19 + sin ﬁdgo) (1 " )c,
(26.34)

2M = Ar}

(26.32)
kB

u = const., A= %H,UCQ,

outside. We should point out that in the coordinates used here dg,../dg,
is discontinuous on the boundary surface r = rg, but that this disconti-
nuity can be removed by making a coordinate transformation.
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26.4 A discussion of the interior Schwarzschild solution

In interpreting the constant M, one must note that M is a measure of
the total effective mass of the star as seen from outside (field-producing
mass). As (26.32) shows, it is in fact proportional to the coordinate
volume 4mry /3, but not, however, to the true three-dimensional volume
of the star.

While the mass density p is constant, the pressure p increases inwards;
the solution is non-singular as long as p is finite. At r = 0, where p takes
its maximum value, this is only possible, because of (26.33), for

3\/1— ArZ > 1; (26.35)

ro > 22M. (26.36)

that is, for

This inequality is to be interpreted as saying that for given total mass
M the interior solution is regular (exists) only if the stellar radius rg
is large enough, and in any case larger than the Schwarzschild radius
2M. For normal stars like our Sun this is always the case, but for stars
with very dense matter (nuclear matter) it may not be possible to satisfy
(26.36). There is then no interior Schwarzschild solution and, as we shall
describe in detail later (Section 36.2), no stable interior solution at all.
The three-dimensional space

d(g) 32 o d'f'2

=T T+ sin? ¥ dp?) (26.37)

of the interior Schwarzschild solution has an especially simple geometry.
One sees this best by introducing a new coordinate y via r = A~/2sin
and transforming the line element (26.37) into the form

d®s? = A7 [dx? + sin® x(d9? + sin® ¥ dp?)]. (26.38)

The metric (26.38) is that of a three-dimensional space of constant cur-
vature, cp.Section 19.5 and equation (19.45). In this space all points
are geometrically equivalent; of course the points in the star are physi-
cally ‘distinguishable’, because g44 (that is, in essence the pressure p) is
position dependent.

The geometric optical behaviour of the interior Schwarzschild solution
is exactly that of the Maxwell fish eye, truncated at some finite radius
(Buchdahl 1983).
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Exercises

Find the metric of the interior Schwarzschild solution in
isotropic coordinates ds? = e2'(?)[dp? + p?(d9? +sin® ¥ dp?)] —
evI" (Pl e2 4t? by (i) performing a coordinate transformation with
r = 2ap/(a® + Ap?) and an appropriate a, or by (ii) setting up
the field equations and solving them. Use the form (23.67) of
the Schwarzschild metric to show that in these coordinates g,,.,
is continous at the surface.

Show that the interior Schwarzschild solution is conformally flat.
Solve (26.18) for u = const. and compare the result with (26.30).
How does the Newtonian limit of (26.18) read?






IV. Linearized theory of
gravitation, far fields and
gravitational waves

27
The linearized Einstein theory of gravity

27.1 Justification for a linearized theory and its realm of
validity
One speaks of a linearized theory when the metric deviates only slightly
from that of a flat space,

and therefore all terms in the Einstein equations which are non-linear
in fpn or its derivatives can be discarded and the energy-momentum
tensor T% can be replaced by its special-relativistic form.
This energy-momentum tensor then satisfies the special-relativistic
equation
T ). =0. (27.2)

\K

Since no covariant derivatives occur in (27.2), in the linearized theory
the gravitational field has no influence upon the motion of the mat-
ter producing the field. One can specify the energy-momentum tensor
arbitrarily, provided only that (27.2) is satisfied, and calculate the gravi-
tational field associated with it. This apparently advantageous property
of the linearized theory has, however, the consequence that the gravita-
tional field corresponding to the exact solution can deviate considerably
from that of the linearized theory if the sources of the field (under the
influence of their own gravitational field) move in a manner rather dif-
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ferent from that supposed. It is therefore quite possible that there is
no exact solution whose essential features agree with those of a partic-
ular solution of the linearized theory. Since, however, one would like to
use approximation procedures at precisely those places where the exact
solution is unknown, one must be careful with conclusions drawn from
the results of the linearized theory.

Statements made in the linearized theory will be reliable then if we
have a good knowledge of the motion of the sources and if these sources
are not too massive (if the field produces by them is weak). This is the
case, for example, in the planetary system. The linearized theory can
also be used to analyze the fields, due to sources regarded as known,
at great distance from these sources, or to describe the metric and the
gravitational field in the neighbourhood of a point at which we have
introduced a locally geodesic coordinate system. As (27.1) already
shows, the linearized theory is applicable only as long as one can in-
troduce approximately Cartesian coordinates. From the standpoint of
the (curved) universe this means we shall always be dealing with local
applications.

27.2 The fundamental equations of the linearized theory
As we have already shown in equation (22.14), the curvature tensor
associated with the metric (27.1) has the form

Rambn - %nas(fsn,mb + fmb,sn - fmn,bs - fbs,mn)a (273)

obtained by ignoring all non-linear terms in fy,,.

For the following calculations we use the convention that indices in the
fmn and its derivatives are always moved up or down with the flat-space
metric 745, so that we have

fab _ namnbnfmn’ faa _ nabfaba o (274)
From (27.3) we thus obtain the linearized field equations

Rmn - %ann = _% [fmn’a,a - nmnfii’a,a + nmnfab,ab

+faa,m’ﬂ - fan,ma - fam’na] = FLTmn.

(27.5)

The following considerations lead, by means of suitable definitions and

subsidiary conditions (coordinate transformations), to a simpler and

mathematically clearer formulation of the linearized field equations.
We first of all introduce in the place of the quantities f,,, new field
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functions f,m,, which occur in the expansion
Vg =g (276)

of the density of the metric tensor and which are linked to the old func-
tions through the equations

fmn = fmn_%nmnfaa7 fmn = fmn_%nmnfaaa faa = _faa' (277)
The field equations (27.5) then read

fm7z7a,a + Umnfab,ab - farL,7rLa - fam,na = _QKTmrr (278)

We shall now simplify them further by means of coordinate transforma-
tions of the form

=" + 0" (") (27.9)

(these transformations are the analogue of the gauge transformations of
electrodynamics). From (27.9) we obtain

g = gm0n VW)Y ), G= T =g+ 26 )
(27.10)

and hence - =
fmn _ fmn —pm _pmn nmnba,a- (27]_1)

The four functions b™(z*) can be chosen arbitrarily; of course the trans-
formation (27.9) must not take us outside the framework of the linearized
theory, that is to say, f™" < 1 must hold. If we substitute (27.11) into
the field equation (27.8), then we see, upon making the choice

Ob" = """ s = ™" m, (27.12)

that the field equations become particularly simple. The field variables
fmn (we now drop the tilde) then satisfy the equation

i ==(=99""),=0 (27.13)

(thus we use the harmonic coordinates defined in Section 23.6), and the
Einstein field equations reduce to the inhomogeneous wave equation

O fimn = frn.a = —26Tn. (27.14)

Of course, one must take only those solutions of the field equation
(27.14) which satisfy the subsidiary conditions (27.13); the existence of
such solutions is guaranteed by (27.2).
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27.3 A discussion of the fundamental equations and a
comparison with special-relativistic electrodynamics

The fundamental equations (27.14) and (27.8) have just the usual form
of the equations of a classical field theory in Minkowski space. They are
linear and, after introduction of the subsidiary condition (27.13), they
are even uncoupled. One can completely dispense with the idea of a
Riemannian space and regard the f,,, as the components of a tensor
field by means of which gravitation is described in a flat space. The
action of this field upon a test particle is then given (according to the
geodesic equation) by
d2z® da™ dz™
dr? dr dr
Field equations and equations of motion are Lorentz invariant.
Although this kind of gravitational theory is very tempting (and has
hence occasionally been interpreted as the correct theory of gravitation),
it does however have a serious shortcoming; the gravitational force does
not react back on the sources of the field. If one tries to correct this,
one is led back to the Einstein theory.
The striking analogy between the linearized Einstein equations and
electrodynamics is shown in Table 27.1.

= _%nab(fbm,n + fbn,m - fnm,b) (2715)

Table 27.1. Mazwell theory versus linearized Finstein theory

Maxwell theory Linearized Einstein theory
Fundamental field four-potential A, Fmn
variables
General field Am’a,a — Aa,m,a fmn’a,a + nmn.fab,ab
equations = —jm/c +f%,am — fPm,na = —2Tmn
gauge transformations coordinate transformations
Field equations are A = Am + bm B Fmn =
invariant under (field tensor invariant)  fmn — bn,m — bm,n + Nmnd® a
(Christoffel symbols changed,
curvature tensor invariant)
Subsidiary conditions A%, =0 f’”",n =0
Form of the field B
equations simplified OAn = —jm/c Ofmn = —26Tmn

by these conditions

Further possible gauge
transformations 0b=0 ap™ =0
are restricted by
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In the linearized theory of gravitation, too, we can represent the solu-
tion to the field equations in terms of the sources, namely, in the form
of a ‘retarded potential’

ﬁmhﬁ)zfi/jk”mt_h_fMﬁﬁj (27.16)

27 |r — T

To this particular solution one can still always add solutions of the ho-
mogeneous equations

Ofpn =0, [0 =0, (27.17)

and thus, for example, go over from the retarded to the advanced solu-
tions.

Sometimes it is more convenient to simplify the metric by a coordinate
transformation

fmn = fmn - bm,n - bn,m (2718)
and not to use harmonic coordinates. Such a transformation can remove
pure coordinate effects, that is, terms which give no contribution to the
curvature tensor.

27.4 The far field due to a time-dependent source

In electrodynamics one learns that in general the following components
dominate in the far field of an arbitrary distribution of charge and
current (the characteristic r-dependence is in brackets): electrostatic
monopole (r71), electrostatic and magnetostatic dipole (r~2), electro-
static quadrupole (r—3), oscillating electric and magnetic dipole and
electric quadrupole (all 7=!). For charges which are not moving too
quickly, the spacelike contribution to the four-current density is smaller
than the timelike contribution by a factor of ¢, because ;" = (pv, pc),
and therefore the electromagnetic radiation emerging from a system is
essentially that due to an oscillating electric dipole.

In a similar manner we now want to investigate and characterize the
gravitational far field of a matter distribution. The calculations are
simple, but somewhat tedious. To keep a clear view we divide them into
three steps.

Step 1. Power series expansion of the integrand of (27.16) We assume
that we are dealing with an isolated distribution of matter; that is, T,
is non-zero only within a finite spatial region (Fig. 27.1). In the far field
we can then replace |r — | by the first terms of a power series expansion:
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Fig. 27.1. Isolated matter distribution.

asa a .0
b—F = VI - aF A P2 =1 — x;” - J;:; (977 — P26°P) + -,
1 1 297>  g9%f o 9 ca
m:;‘i’r—s—‘r 2’(‘5 (3I xﬂ—r65)+---- (2719)

Imagining the series (27.19) to have been substituted into the argu-
ment t — |r — T|/c of the energy-momentum tensor and an expansion of
the components T;,,, carried out, we then have

Ty (Tt — v —F|/¢) = Tyn (st —1/¢) + Ton (T, t — /) {r — |t — F|}/c

+ AT (= /) {r — [r = F[}2e 4
(27.20)

For a motion of the matter periodic in time (frequency w) it is justifiable
to ignore higher time derivatives if the diameter of the matter distribu-
tion is small by comparison with ¢/w, and thus small compared to the
wavelength of the waves radiated out.

The integrand of (27.16) has, after substitutions of (27.19) and (27.20),
the form

Ton(t,t —|r—1|/c) 1 z%z® P oo 5 ca
|r — | = Tonn {; + 73 25 (3z =3 B)}
Tmn fepete" a0
[m f x;i (3z2z" 777260“3)}
c T T
Tmn zz?
+5 [%3 f%ﬂ, (27.21)

where on the right-hand side the argument ¢ —r/c in Ty, and its deriva-
tives have been suppressed.

Step 2. Definition of the moments of the energy-momentum tensor and
simplification by Lorentz transformations and conservation laws For
matter not moving too quickly, the component T4 dominates the energy-
momentum tensor, and we have

| Taa| > [Taa| > [Tosl. (27.22)

Accordingly, in substituting (27.21) into the integrand of formula (27.16)
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it is only necessary to evaluate the integrals
[Tud3z=m, [Tuz*d3z=d~, [Tuz*z’d3z =d°°, (27,29
[Ty, 832 = —p,, [Tz d32=0,% [Topd®T =aas.

All these quantities are in principle functions of the retarded time t—r/c.
From the energy law

™, =T, (27.24)
and the law of angular momentum
(T*"z* —T*z™) 4 = —(T"™2° — TV*2™) , (27.25)

we obtain, upon integration over the matter distribution and application
of the Gauss law (all operations are carried out in a flat space),

m = const (> 0), p¥ = const.,

. (27.26)
b — b = B¥™ = const., d%*/c = p“.

We can therefore transform the three-momentum p® to zero by making
a Lorentz transformation and then (because m > 0) transform away the
matter dipole moment d* by shifting the origin of the spatial coordinate
system.

Further, from the two conservation laws (27.24) and (27.25), we obtain
the equations

T4z8 + T = (T*7°7%) 4 + (T 1°77) , (27.27)
(T*3°57) 44 = (T"2°7°) 0 — 2(T3" + TH ™), + 277,
which upon integration lead to the relation
bP 40P = —dP e, g = dup/26 (27.28)

between the moments of the energy-momentum tensor.

Taken together, all the moments in which we are interested can thus
be expressed in terms of the mass m, the angular momentum B, and
the mass quadrupole moment d,g according to

m = const., p¥ =0, d’ =0, B, = const.,
by = (Bl,a — d,,oé/c)/Q7 Aap = d.ag/QCQ.

Step 8. Writing down the metric and simplifying it by coordinate trans-
formations Substituting the integrand (27.21) into the formula (27.16),

(27.29)
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using the results (27.23), and remembering the relations (27.29), we have

2’/T - m xaxﬁ
—fu=— 3dap — fapd]
f44 r + 2’]"5 ( 8 T’ ﬂ (7)
x%zh . - 0B .
+ 2,’,.40 (Sdaﬁ - naﬁda) + 22—3da67 (2730)
27Tf - Byaq;a di/aza d'uaxa 27rf Nvu
W o3 2cr3 20272’ v = 52,

The conversion to the f,,, yields relatively complicated expressions
which we shall not give explicitly. The reader can verify by direct calcu-
lation that after a coordinate transformation (27.18) with the generating

functions
2 xo‘gjﬁ % B .
Pl 3dap — Napdy) + 5 (dag + lapd; 97.31
/{4 84( 8 7750)+8C7"( 5+7]ﬂ ) ( )
2£b = —3d”axa _ dyaz® + 3daﬁxaxﬁxy 4 (daﬁ +77agdg)xo‘xﬁgc”
R 4r? 2cr? 4rd 8crt

no time derivatives are contained in fy4 and f4,. The far field of an
isolated matter distribution then has, in the linearized theory, the metric

2M x%ﬁ

944 = —1+f44——1+—+
22 _

Jav = f4u 3 5/LV0¢P +O( 5)

2M  x%2P -
Guv = Nuv 1+ T + T—5(3Do¢ﬁ - naﬁD(r)} +

(38Dap — napD3) + O(r™%),

2 . .
E(?’Duu - 771/,U,D§\\)

.. Sy g M x¥
+ (38D ap — NapDY)zx [302T3 + s (27.32)

(3D1/a_77VaDA) o (3D a 17 Ozb)\) o v —
- 6023 ALk — H602r; A p%g? 4+ O(r?),

with the abbreviations

mass: M = 8£ /T44 (t,t —r/c) d*% = const.,
T

angular momentum: PF = EWQSE /T4,, (¥,t —r/c)z*dz
7r
= const., (27.33)
quadrupole moment: D = 8£ /T44 (v,t —r/c)z°z" 3z
T

=D (t—r/c).
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27.5 Discussion of the properties of the far field
(linearized theory)

As we have already shown in Section 22.2, fy4 = g44 + 1 is essentially
the Newtonian potential of the matter distribution. Here it contains
a mass term and a quadrupole term, but no dipole contribution (we
have transformed this to zero by the choice of coordinate system). If we
compare the linear approximation

gaa = —1+2M/r + 2°2°(3Dop — NapD3) /7° + O(r~?) (27.34)
with the expansion
gaa = —1+2M/r — 2M? /r? + O(r~?) (27.35)

of the Schwarzschild metric (in isotropic coordinates) in powers of 771,
see (23.67) and (24.1), then we see that retention of the quadrupole term
in g44 is only justified in exceptional cases. The higher non-linear terms
with M? will almost always dominate; (27.34) is a good approximation
only up to terms in 7—!. The same restriction holds for the part of Juv
proportional to 7, .

The occurrence of the angular momentum in g4, is interesting. In the
Newtonian theory there is no dependence of the gravitational field upon
the rotation of a celestial body. To appreciate the physical meaning of
this term in the metric, we recall that a metric of the form

ds? = nap dz® da® —2g4p da? dxﬂ—(l +2a,2" ) + - ) (dz*)? (27.36)
rotates with angular velocity
w* = —1cegug, (27.37)

with respect to a local inertial system, see Section 21.2. The coordinate
system used here, upon which we have based the linearized gravitational
theory, and which we have to identify with the system in which the
fixed stars are at rest, is thus locally a rotating coordinate system, or,
conversely, the local inertial systems rotate with angular velocity

0 — %050'81/94&1/ _ _(CP" 335"%P"c>
with respect to the fixed stars. This Lense—Thirring (1918) effect can
be demonstrated by the precession of a top (which adds to that of the
geodesic precession (24.17)). Experiments to check this are in prepara-
tion. By the way, the analogue in electrodynamics of the components g4,
of the metric and their effect is the magnetic field, which is created by

R (27.38)
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currents and exerts a couple upon dipoles (Q* has precisely the spatial
structure of the force field of a dipole).

The most important terms for the far field (27.32) of a source are
those strongest at infinity, namely, those proportional to r—!, that is
to say, the parts of the metric containing the mass M or the second
derivative of the quadrupole moment D,g(t — r/c). In electrodynamics
the corresponding potentials
SO O [ U LV

4y 4mr? c

(27.39)
0 - pu(t—r/c)
, === 1
4drr

represent the far field of a charge 2 and an oscillating electric dipole pq,
and the terms proportional to p, lead to the radiation of electromag-
netic waves. We may therefore suppose that the occurrence in the metric
of Dag /7 signifies that the system is emitting gravitational waves and
that, in contrast to the possibility of dipole radiation from a charge dis-
tribution, the gravitational radiation is quadrupolar in character. Both
suppositions can be to a certain extent verified. In order to be able
to make more exact statements one must of course go beyond the lin-
earized theory; we shall come back to this question in the next chapter.
(In electrodynamics, too, the Poynting vector, which characterizes the
radiation, is quadratic in the field strengths.)

27.6 Some remarks on approximation schemes

The linearized theory can be regarded as a first step in a systematic
approximation procedure. Using harmonic coordinates one starts with

™ =V=99"" = pm, [ =0 (27.40)
and finds that the (exact) Einstein field equations can be written as
afm =, (27.41)

where O is the flat space wave operator, and 7"

momentum tensor 7" and all terms from G™" which are non-linear in
f™". One then assumes a development of the sources and the field with
respect to a parameter A, which numbers the orders and may or may
not have a physical meaning (such as the gravitational constant, or the
velocity v of the sources divided by ¢):

=Ygy, =y, )

contains the energy-
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so that B
Df(’,’;)" = 7—(”,;)” (27.43)

holds. Since the T(’Z)” depend only on the f(’f)” of lower order, i < k —
1, the equations (27.43) can be solved successively using the retarded
or advanced Green’s functions of the wave operator. Since the field
equations are integrable only if 77" ;, = 0 holds, these equations have
to be satisfied in each step, thus giving the equations of motion for the
sources of the field. Instead of using the wave operator O one can also
take the Poisson operator A\, shifting the time-derivatives with their
¢ 2?to the right-hand side; this can be appropriate when considering
corrections to Newtonian gravity. (Note the sometimes strange labelling:
‘order 5/2’ means for example that the terms contain (¢=2)%/2 = ¢=9).

The actual calculations are very long and cumbersome, but necessary
to understand the motion of planets or binary pulsars including the back
reaction from the outgoing quadrupole radiation.

Further reading for Section 27.6
Blanchet (2002).

Exercise

27.1  Insert (27.40) into (28.20) and show that the field equations
really have the form (27.41).

28

Far fields due to arbitrary matter
distributions and balance equations for
momentum and angular momentum

28.1 What are far fields?

The linearized theory of gravitation is based on the presumption that
over whole regions of space, at any rate in the vicinity of the sources of
the field, the gravitational field is weak, and the metric deviates only
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slightly from that of a Minkowski space. In nature we often meet a situ-
ation in which a distribution of matter (a satellite near the Earth, the
Earth, the planetary system, our Galaxy) is surrounded by vacuum, and
the closest matter is so far away that the gravitational field is weak in
an intermediate region. In the neighbourhood of the sources, however,
the field can be strong.

If such an intermediate region exists, and far away sources are not
present or their influence can be neglected, then we speak of the far
field of the configuration in question (Fig. 28.1). Notice that here, by
contrast, for example, to most problems in electrodynamics, we may not
always assume an isolated matter distribution which is surrounded only
by a vacuum. The assumption of a void (the ‘infinite empty space’)
into which waves pass and disappear contradicts the basic conception of
General Relativity; also the fact that we orient our local inertial system
towards the fixed stars indicates that we must always in principle take
into account the existence of the whole Universe whenever we examine
the properties of a part of the Universe.

While in the linearized theory we investigated solutions to the lin-
earized field equations, their dependence upon the structure of the sources
and their behaviour at great distances from the sources, now we are in-
terested in approximative and exact propertries of the solutions to the
exact field equations in regions where the gravitational fields are weak.
Our goal here is to obtain statements about the system from a knowledge
of the far field.

The simplest examples are gravitational fields whose far fields are
independent of time. We assume that to good approximation the metric
can be written as

Imn = Nmn + Qmn /7 + bmn/rQ + O(T_3)- (28.1)

Far field

gmn = Outside
77mn+0(7l) WOI‘ld

Far field

Outside \(intermed.
world region)

System under consideration
(Earth, planetary system,
galaxy...)

Fig. 28.1. How the far field is defined.
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As the region of the far field is an annular or shell-like region and there-
may be sources outside, we ought to add onto (28.1) a series with in-
creasing powers of r. We drop these terms, however; this corresponds
to the model of an isotropic external environment.

The functions a.,, and b,,,, which are independent of r and ¢, are to
be determined by substitution of (28.1) into the vacuum field equations

Ron = 0. (28.2)

We can simplify these calculations by first obtaining solutions fy,, to
the linearized field equations

Afon =0, o, =0, (28.3)

and then calculating the non-linear corrections.

Every solution of the potential equation can be represented in the form
of a multipole expansion. Thus, neglecting terms which are O(r=3), we
have

faa = AJr + Aqx®/r3, fi = B, /7 + Boox® /73,

f_;u/ = fuu = V[L/r + Cuuaxa/rsa

where, because of the subsidiary condition f mn o, =0, the constants are
restricted by the algebraic conditions

B, =0, Byo =maB +5ua,8Fﬁa
Couw =0, Coua = 60uCo —,aCy — 0,aC,.

(28.4)

(28.5)

B and Cj,o can be eliminated by a coordinate transformation (27.9)
with

bt = B/r, b = —-C/r. (28.6)
Experiment shows that in non-flat fields A is always non-zero (mass is
always positive), so that by a shift of the origin of coordinates A, can
be transformed away as well. The linear approximation thus gives the

metric

ds® = (Nmn + frn — 30mn fe) dz™ da™
= (1+ A/2r) ap da® da? + 2r—3¢,052°FF dz” da* (28.7)
— (1 — A/2r) (dz*)2.

If we compare this expression with the metric (27.32), which we
derived from the description of the fields in terms of the sources, then

we see that the constants A and F? can be identified with the mass M
and the angular momentum P according to
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A=4M, FP=2P" (28.8)

This identification is not merely a repetition of the linearized theory. In
the linearized theory mass and angular momentum were defined through
the integrals (27.33) over the source distribution. Now, in the investiga-
tion of the far field of an (unknown) source, we take as definitions of the
mass and the angular momentum of the source just those coefficients in
the expansion of the far field which act upon a test body or a top in
exactly the same way as the mass or angular momentum, respectively,
of a weak source.

We have now to put into the metric (28.7) the corrections arising
from the non-linearity of the Einstein equations; (28.7) is not of course
a solution of the field equations (28.2), even if we ignore terms in r—3.
Since we are taking terms only up to r~2 and corrections due to the
non-linearity are always weaker by at least one power of r than the
original terms, we need to take into account terms quadratic in the
mass parameter. However, we can obtain these by series expansion from
the exact Schwarzschild solution (23.67) without performing additional
calculations.

We thus obtain the result that the far field of an arbitrary, time-
independent source has, in suitable coordinates, the form

ds® = (1+2M/r 4+ 3M?/2r*)nap da® da? + 4r=3¢,0p2° PP dz¥ da*
— (L —2M/r +2M?/r?)(dz*)® + O(r3), (28.9)

in which M and P are regarded as the mass and the angular momentum
because of the way they act upon test bodies and because of the analogy
with the linearized theory.

28.2 The energy-momentum pseudotensor for the
gravitational field

The problem Linearized gravitational theory and its strong analogy
with electrodynamics leads one to suppose that time-varying gravita-
tional systems emit gravitational waves. Is it possible by examining the
far field to establish whether, and under what conditions, such waves
exist?

In a special-relativistic field theory one would probably try to answer
this question in the following fashion. The decisive factor in the existence
of waves or radiation is not merely that the fields are time-dependent,
but that energy, momentum and angular momentum are transported
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from one region of space to another. One therefore encloses the system
under consideration in, for example, a spherical surface, writes down
the balance equations for the above-mentioned quantities, and ascertains
whether, for example, an energy current is flowing through the sphere.
If this is the case, one can speak of radiation (provided that particles
are not just flowing across the boundary surface and carrying with them
energy, etc.). We therefore start out from the balance equations

Tmnm — 0, (Tmnxa _ Tmaxn)ﬁm — 0 (2810)

for momentum and angular momentum for the field under consideration.

If we want to perform a similar analysis in gravitation theory, we must
construct an energy-momentum tensor of the gravitational field (not of
the matter!) and derive balance equations from it. In General Relativity
there is, however, just one energy-momentum tensor, namely, that due
to the matter. Although its divergence vanishes,

™", =0, (28.11)

one cannot, however, deduce an integral conservation law from (28.11)
in a Riemannian space, because integration is the reverse of partial, and
not covariant, differentiation and one cannot apply the Gauss law to the
divergence of a symmetric second-rank tensor (see Chapter 20).

Since we are supposing the existence of gravitational waves, this nega-
tive statement should not really surprise us. If energy can be transported
in the form of gravitational waves, the energy of the sources alone can-
not remain conserved. Rather, one would expect that in place of (28.11)
there is a differential balance equation, formulated in terms of partial
derivatives, of the structure

[(—g)(T™" +t™™)],, =0, (28.12)

which expresses the fact that a conservation law holds only for the sum
of the matter (7T") and the gravitational field (¢™").

The problem is, therefore, to construct a ™" from the metric in such a
way that (28.12) is satisfied alone as a consequence of the field equations

Gnm = Rym — 2 Rgnm = T, (28.13)

Before turning to this problem, we want to formulate clearly the
alternatives confronting us. Either we wish to deal only with tensors
and allow only covariant statements, in which case we use (28.11) and
can write down no balance equation for the energy transport by radia-
tion. Or else we want such a balance equation (28.12), which can only
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be formulated in a non-covariant manner; as one can see from (28.12),
t™" is not a tensor, and we call it the energy-momentum pseudotensor
of the gravitational field.

Since we pick out a Minkowski metric in the far field in a non-covariant
fashion anyway, to begin with we shall accept the lack of covariance in
(28.12), not going into its consequences until later. There are, however,
good reasons for deciding to maintain covariance and to regard the ques-
tion of energy transport by gravitational waves as inappropriate in the
theory of gravitation, because the concept of energy has lost its meaning
there (see Section 28.4).

Construction of the energy-momentum pseudotensor t™™ The program
just described perhaps sounds plausible, but already in the initial equa-
tion (28.12) there is a flaw: ¢™" is not uniquely determined. The addition
of a term of the form H*! ; to (—g)t'* in no way affects the validity of
(28.12), provided only that H®*! is antisymmetric in k and I:

(—g)F = (=gt + B, ()], = [(~g)t™] . (28.14)

s

Thus, one finds in the extensive literature on this problem a whole series
of different proposals, which finally, in the formulation of the conserva-
tion laws, give the same statements. We shall therefore not attempt to
derive our preferred (Landau—Lifshitz) form of ™", but rather guess a
trial substitution from seemingly plausible requirements and then verify
its correctness.

In analogy to the properties of the energy-momentum tensors of all
other fields, ™" should be symmetric, it should be bilinear in the
first derivatives of the metric, and it should contain no second deriva-
tives. Furthermore, bearing in mind the field equations (28.13), equation
(28.12) must be satisfied identically, that is,

[(=g)(G™" + wt"™")] = 0 (28.15)

must hold for every metric. Equation (28.15) can be satisfied most
simply if we introduce a superpotential U™" according to

Umni R (79)(Gmn + Htmn) Umni _ 7Umin Umnz R Unmi .
N ) - ) g e
(28.16)
Since second derivatives of the metric occur in G™”, U™ should contain
at most first derivatives. We can ensure this by writing U™ as the

divergence of a quantity U™"*:

Umni _ Umnik7k’ (2817)
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which depends only upon the metric, not on its derivatives. From the
symmetry requirement, the form of U™ is uniquely determined up to
a factor; we make the choice

Ut = 3(=g)(g™"g™ — g™ g™). (28.18)

While the validity of (28.15) is ensured because of our construction
procedure, we must examine explicitly whether t™" does contain no
second derivatives of the metric. From (28.16), that is, from

K=t = 3[(=9)(g"" g™ — g™ 9"k — (—9)G™,  (28.19)
one obtains, after a rather long calculation,

26(—g)t™" = 2(29™ 9" — ™" ¢") (29ip9ar — Ipa9ir)8" 187 k
+g™" g™ i — g™ g™ K+ 39" qug” peP ke (28.20)

mn nk nl _mk

— gig™ 1 (g™"g™ » + ™™ ) + 919" g™ kg™

where the abbreviation
g =4/—gg™ (28.21)

has been used. The energy-momentum pseudotensor ™" therefore really
does have the desired properties. That we have succeeded so simply in
expressing the second derivatives of the metric contained in G™" by the

Umnik

derivatives of is closely connected with the possibility mentioned

in (22.48) of splitting up the Lagrangian of the gravitational field.

Properties of the energy-momentum pseudotensor The energy-momen-
tum pseudotensor ™" is not a tensor; one can see this property most
clearly by noticing that at any point of space-time the energy-momentum
pseudotensor can be made to vanish by the introduction of locally geo-
desic coordinates gmn = Mmn, gmn,a = 0. Therefore, if our idea of
associating energy and momentum with the pure gravitational field is
at all meaningful, then the gravitational energy is on no account to be
thought of as localizable; it is at best a quantity which one can associate
with a whole spatial region, its value at any one point being arbitrarily
alterable through choice of the coordinate system.

On the other hand, the energy-momentum pseudotensor does trans-
form like a tensor under coordinate transformations which have the for-
mal structure of a Lorentz transformation:

" = I/n’nxn7 tn’m/ _ Ln/an/mtnma Ln,nLn/a — 5’(’11 (2822)

This property is important when the energy-momentum pseudotensor
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is used for the far field of an isolated matter distribution, where the
space deviates only weakly from a Minkowski space and hence Lorentz
transformations have a physical meaning.

28.3 The balance equations for momentum and angular
momentum

We want now to use the energy-momentum pseudotensor and its super-
potential to obtain global statements about the energy, momentum and
angular momentum of the system under consideration, from the local
balance equations for the four-momentum

[H<_g)(Tmn + tmn)]’n _ Umm,in — Ummk,kin _ 0, (2823)
and from the balance equation
{[K(=g)(T™" +t"™")]a® — [s(=g)(T™* + ")z}

— mnt a mat n —
= (UM 2t = U™ 2", =0

(28.24)

for angular momentum which follows from it.

To this end we integrate (28.23) and (28.24) over the region Gj of
the three-dimensional space 2* = const. indicated in Fig. 28.2, which
contains the matter and which reaches into the far-field zone, and with
the help of the Gauss law transform these integrals into surface-integrals
over the surface X of G, giving

d

dat
d

dat

(fG3 Um4i,i d‘31'> — ng Umuiﬂ,u de — _ fE Umm',i dfm (2825)

(fG3 (U4ni7i1.a _ U4ai7ixn) d3I> — fz(Uuni,ixa _ Uuai7ixn> d.fl/
(28.26)

Because of the symmetry properties (28.16), U™ ; contains no time

2G3l \GBng

d

o M

Far field Far field

World tube of
matter (T™" # 0)

Fig. 28.2. Derivation of the balance equations.
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derivative, so that the left-hand sides of these equations can also be
transformed into surface integrals. We designate these integrals as

P = Jo ()T H )] P = w7 [QUT AL, (28.27)

Jon = fG3 T4n a T4axn + t4nxa _ t4axn)] de (28 28)
— k1 fZ U4m/xa _ Uhavyn + U4nav _ U4mw) dfw :

and notice that if 7" vanishes on ¥ then we obtain the relations
dp™/dt = —cr™! [(U™;df, = —c [o(—g)t™ df,, (28.29)
A1 fdt = —cr™) [ (U™ 20 — UV 27 df,

= —c [o(—g) "z —t"*z™)df,.

(28.30)

We can interpret these equations as balance equations for the momen-
tum p™ and the angular momentum 7%". They state that the momen-
tum and angular momentum of a source (of the region bounded by )
change when gravitational radiation is transported over the boundary
surface X. Their particular advantage lies in the fact that all the quan-
tities occurring need to be known only on 3, that is, only in the far-field
region.

In practice we shall identify the surface X with a ‘sphere’ r = const.;
since its surface element is given by

df” = az"rsind dd de + O(r), (28.31)

in the far-field region (r very large) we need take into account only those
contributions to the integrands which tend to zero no faster than as 2.

If we are to test the physical content of the balance equations in the
example of the stationary metric (28.9), then, according to (28.27), for
the calculation of the momentum we need retain only the terms in the
metric proportional to 7~ (which give terms in =2 in U™#); that is,

we can use the relation
Umn1 _ (gmngzk gngnk) i (nnkfmz7k _ ,'71'k‘]?mn7k>7 (2832)
valid in the linearized theory. The result of this simple calculation is
Y =0, p* =8Mn/k = mc® = const.; (28.33)

that is, the spatial momentum is zero and the energy p* is connected with
the mass m measured in the far field exactly as in the special-relativistic
formula. On the other hand, only the term in g4, proportional to r~2
gives a contribution to the angular momentum 7%"; one obtains
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" =0, I* =8re"’Ps/k. (28.34)

The results (28.33) and (28.34) thus confirm our ideas, in particu-
lar the interpretation of p™ as the momentum and /" as the angular
momentum of the system comprising matter plus gravitational field.

For time-dependent fields, momentum and angular momentum will
not remain conserved. We examine this in the energy balance equation
of the far field (27.32) of a time-dependent source. Since the energy-
momentum pseudotensor is quadratic in the first derivatives of the met-
ric (see (28.20)), we have to take into account in the energy law

dpt/dt = —c [(—g)t*,z¥rsinY dY dp (28.35)
only the terms of the metric whose first derivatives go like 7—!, namely,
g =gt - a1 %Lagfjxﬁ,
g & —f ﬁ% Do = Dagp (t—1/c), (28.36)
gl ~ v — f;w Y — % f;;b

After a simple, but rather lengthy, calculation one obtains

4

% - —5%( Dap = 30as D3) (D™ = 3n*" D7);  (28.37)
that is, the energy of the system always decreases. In the planetary
system, this loss of energy through gravitational quadrupole radiation
can certainly be ignored, since it is proportional to the sixth power of the
frequency w of the system. In the system of the binary pulsar 1913+16,
however, this loss is significant.

The weakness of this application of the balance equations comes to
light when one tries to calculate not the loss of energy but the total
energy of the system emitting quadrupole waves: the corresponding in-
tegrals diverge for r — oo if the system emits continuously (the whole
space is filled with radiation). This diverging of the total energy is pos-
sible because in the linearized theory we have ignored the back reaction
produced by the emission of radiation upon the motion of the sources,
and consequently the system can give up energy continuously without
exhausting the supply. Of course, one can put in this back reaction
by hand, or better use an approximation scheme as sketched in Section
27.6, but it would be desirable to test the balance equations in the far
field of an exact solution. Unfortunately, however, no exact solution is
known which describes the emission of radiation by a physically reason-
able system.
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28.4 Is there an energy law for the gravitational field?

Because of the significance of the law of conservation of energy and (for
systems which are not closed) the energy balance equation in many areas
of physics, we shall examine their role in the theory of gravitation again,
to some extent repeating the discussion of Section 28.3.

In Special Relativity, Electrodynamics, Thermodynamics, Quantum
Mechanics and Quantum Field Theory it is always the case that a quan-
tity ‘energy’ can be defined for a system which is constant if the system
is isolated. If the system interacts with its surroundings, a balance equa-
tion can be written down so that the energy of the whole system (system
plus surroundings) is again constant.

By analogy one would expect that, for example, electrical energy and
energy of the gravitational field could transform into one another, their
sum remaining constant (if there are no other types of interaction). The
Einstein gravitational theory gives a completely different answer, how-
ever. In a general gravitational field there is indeed a conservation

7", =0 (28.38)

for the energy and momentum of the field-producing matter law in the
neighbourhood of a point, obtained upon introduction of the inertial
coordinate system there (locally geodesic system). But it holds only so
long as (in a region of space so small that) the curvature of the space, that
is, the real gravitational effects, can be ignored. In this sense, and with
this restriction, the theory of gravitation corroborates the conservation
laws of special-relativistic physics.

Over larger spatial regions when the gravitational field is properly
included there is no energy balance equation. It is incorrect to regard
this as a violation of energy conservation; there exists in general no local
covariant quantity ‘energy’ to which the property of conservation or non-
conservation can be ascribed. None of the foundations of physics are
thereby destroyed; energy is only a (very important) auxiliary quantity
for describing interactions, but the interaction of all parts of the Universe
is quite essential for the theory of gravitation.

The situation is rather more favourable if the gravitational field is not
completely general, but possesses certain additional properties. Thus
one can associate energy and momentum with a system that is sep-
arated from the rest of the Universe by a far-field zone, in the sense
of Section 28.1, and for which the integrals (28.27) exist. Here these
integrals assume an invariant significance through the use of Minkowski
coordinates, which they do not have in a general system, in which, for
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example, the superpotential also exists. Then balance equations can be
formulated, which for real systems, whose far fields of course do not
reach to infinity, are only approximations. A localization of the energy
in the interior of the system is in principle impossible.

Another important possibility for applying the concepts of energy,
momentum and angular momentum occurs when the gravitational field
possesses symmetries. While the local inertial system is invariant under
the Lorentz group and possible translations (rotations) just correspond
to the usual energy-momentum (angular-momentum) conservation law
of physics, the whole space-time has symmetry properties only in excep-
tional cases. If, however, symmetries are present, they always correspond
to conservation laws. We shall return to this problem in Chapter 33.

Further reading for Chapter 28
Misner et al. (1973), Landau and Lifschitz (1975).

29

Gravitational waves

29.1 Are there gravitational waves?

The existence of gravitational waves was disputed for a long time, but
in recent years their existence has been generally accepted. As often
in the history of a science, the cause of the variance of opinions is to
be sought in a mixture of ignorance and inexact definitions. Probably
in the theory of gravitation, too, the dispute will only be completely
settled when a solution, for example, of the two-body problem, has been
found, from which one can see in what sense such a double-star system
in a Friedmann universe emits waves and in what sense it does not, and
when the existence of such waves has been experimentally demonstrated.

Waves in the most general sense are time-dependent solutions of the
Einstein equations; of course such solutions exist. But this definition of
waves is, as we can see from experience with the Maxwell theory, rather
too broad, for a field which changes only as a result of the relative
motion of the source and the observer (motion past a static field) would
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not be called a wave. Most additional demands which a gravitational
wave should satisfy lead, however, to the characterization ‘radiation or
transport of energy’, and this is where the difficulties begin, as explained
in the previous chapter, starting with the definition of energy.

In order to make the situation relatively simple, in spite of the non-
linearity of the field equations, one can restrict attention to those solu-
tions which possess a far-field zone in the sense of Section 28.1. Thus
imagine the planetary system as seen from a great distance. Does this
system emit gravitational waves as a consequence of the motion of the
Sun and the planets? The linearized theory answers this question in
the affirmative, but ignores the back reaction of the radiation upon the
motion of the bodies. The general opinion of physicists is, however,
that such a system tries to adjust its state (the Sun captures planets
which have lost their kinetic energy by radiation) and thereby emits
waves. There is little to be said against this supposition if one imagines
the planetary system in an otherwise empty space. One may, however,
regard the process also in the following way (see Fig. 29.1). From an
initially non-spherically-symmetric field inside the far-field zone, and
the external universe which (as a consequence) is also not spherically
symmetric, there develops a Schwarzschild solution in the interior and
a Friedmann universe in the exterior (see Chapter 41). Both parts of
the universe strive to adjust their state, but whether, and in which di-
rection, energy transport occurs through the far-field zone in unclear —
neither of the two partners in the interaction is preferred in principle.
It is therefore not at all certain whether a freely gravitating system
(a system with exclusively gravitational interaction) emits gravitational
waves.

The situation is clearer when the properties (the matter distribution)
of a system are changed discontinuously by intervention from outside,

Schwarzschild
+
perturbation

Far field

Friedmann + perturbation Friedmann

Fig. 29.1. Settling down of a perturbed gravitational system.
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that is, by non-gravitational interaction, for example, by the explosion of
a bomb or a supernova. The change thus produced in the gravitational
field propagates out in the form of gravitational shock waves. We shall
go into this again in the discussion of the initial value problem in Section
30.5.

This theoretical discussion of definitions will not interest the experi-
mental physicist as much as the questions as to whether and how one can
produce gravitational waves and demonstrate their existence. Because
the gravitational constant is so small there seems no prospect at the
present time of producing gravitational waves of measurable intensity
by forced motion of masses. The question therefore reduces to whether
stars, stellar systems or other objects in our neighbourhood are emitting
gravitational waves and with what experimental arrangements one could
detect these waves. We come back to this problem briefly in Section 29.4.

Exact solutions describing the interactions between the motion of the
sources and the emission of radiation are not known. The considerations
of the next few pages almost always deal with an analysis of the local
properties of possible solutions. One introduces a local inertial system
in the far field or in the neighbourhood of a point and considers (small)
deviations from the Minkowski metric caused by the space curvature
which have wavelike character. Even when, in Section 29.3, we discuss
exact solutions, we are really dealing with an inadmissible idealization
and generalization of local properties of the gravitational fields, just as
for exactly plane electromagnetic waves in the Maxwell theory, which
also of course can only be realized in an approximate fashion (locally).

29.2 Plane gravitational waves in the linearized theory
The waves and their degrees of freedom The simplest solutions of the
linearized field equations in matter-free space,

D,fmn - nabf_mn,ab - O, fmn,n - 07

X (29.1)
9mn = Nmn + fmna fmn == fmn - §nmnfaa

see Section 27.2), are the plane, monochromatic gravitational waves
) p ) g
Fon = Re[tmne™®" ], amn = const., kk” =0, ampk™ =0, (29.2)

from which (in the sense of a Fourier synthesis) all solutions of (29.1)
can be obtained by superposition. (In this section indices are again
shifted with the flat-space metric n,,,.)

The independent components d,,,, ten in number because of the sym-
metry, are restricted by the four subsidiary conditions G.,,k™ = 0. One
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might therefore suppose that a plane, monochromatic gravitational wave
has six degrees of freedom (of polarization). But the waves (29.2) contain
pure coordinate waves; these are waves whose curvature tensor vanishes
identically, so that they can be eliminated by coordinate transforma-
tions. For many calculations it is convenient to get rid of these physically
meaningless degrees of freedom. To this end we have at our disposal the
coordinate transformations (27.9), whose generating functions,

O I (29.3)

satisfy the wave equation
ay" =0, (29.4)

and which effect a change of gauge
Unm = G — bk — binkn + Nmbrk” . (29.5)
The four constants b, can now be chosen so that, in addition to (29.2),
i =0 = apa (29.6)
(because amnk™ = 0 these are three additional conditions) and
a, =0=a," (29.7)

are satisfied. The remaining two independent components of @, cannot
be transformed away, and therefore are of true physical significance.

The conditions (29.2), (29.6) and (29.7) have a simple visual interpre-
tation. Let us choose the spatial coordinate system in such a manner
that the wave propagates along the z direction, that is, k" has only the
components

k" =(0,0,w/c,w/c). (29.8)

Then because of (29.2), (29.6) and (29.7) only the amplitudes a,,,
Gzy and ay, of the matrix a,,, are non-zero, and in addition we have
Qzg = —ayy. The gravitational wave is therefore transverse and, cor-
responding to the two degrees of freedom of the wave, there are two
linearly independent polarization states, which when (29.8) holds can
be realized, for example, by the two choices (‘linear polarization’)

Apy = —Qyy, anm =0 otherwise, (29.9)
gy = Gy, apm =0 otherwise. (29.10)
The result of this analysis is thus the following. Gravitational waves

propagate with the speed of light (k" is a null vector). They are trans-
verse and possess two degrees of freedom of polarization. In the preferred
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coordinates (29.8) they have the metric

ds? = (1 + fm)dav2 + 2fpydedy + (1 — frz) dy? 4+ dz? — % dt?,

29.11
fozx = Gz cos(wz/c—wt+ @), foy = Ay cos(wz/c —wt +P) ( )

The curvature tensor of plane gravitational waves Independent of any
special gauge the curvature tensor

Rambn = 2 (fanmb + fmb.an — fmnba — fabmn) (29.12)
of a plane gravitational wave always has the property
Rompnk™ =0, (29.13)
as a result of the relations

fmnkn = %kmfg7 fmn,ab = _kakbfmn (2914)

which follow from (29.1) and (29.2). The null vector k™ characterizing
the wave is an eigenvector of the curvature tensor.
In the special gauge of the metric (29.11) all non-vanishing compo-
nents of the curvature tensor can be expressed by
1 dgfag
S 2c2de?
The motion of test particles in a plane, monochromatic gravitational

wave If one writes down the equation of motion

d?z@ dz™ dz™
¢« — — =0 29.16
dr? thnm dr dr ( )

of a test particle in the coordinate system (29.11), then one finds that

Roaps = (29.15)

x® = const., ot =cr (29.17)
is a solution of the geodesic equation, because
Iy = %Uab(2fb4,4 — faap) =0. (29.18)

Particles initially at rest always remain at the same place; they appear
to be completely uninfluenced by the gravitational wave. This initially
surprising result becomes comprehensible when we remember that the
curvature of space enters the relative acceleration of two test particles,
and the action of the gravitational waves should therefore be detectable
in this relative acceleration (and not in the relative positions).

Now which acceleration is measured by an observer at rest at the origin
(O, ct) of the spatial coordinate system, who observes a particle which is
at rest at the point (z%,ct)? For the interpretation of his measurement
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OO OO

/2 - 3mw/2

Fig. 29.2. Motion of a ring of test particles in a gravitational wave.

the observer will use not the coordinate system (29.11), but rather a
local inertial system which he carries with him,

ds® = 15 d2® di? — ¢ dt? + higher terms, (29.19)
which arises from (29.11) by the transformation
&% =2+ 3 f3(0, ct)a”. (29.20)
In this inertial system the test particle has the time-varying position %,
and its acceleration is (see (29.15))

d2ze _ lefag(O,ct) B
de? 2 de?
Since f,g has components only in the xy-plane, test particles also are

= —?R%yp42". (29.21)

only accelerated relative to one another in this plane, perpendicular to
the direction of propagation of the wave. In this physical sense too, the
gravitational wave is transverse. Figure 29.2 shows the periodic motion
of a ring of test particles under the influence of the linearly polarized
wave (29.9).

The energy-momentum pseudotensor of the plane wave In the case of
the linearized plane wave the energy-momentum pseudotensor (28.20)
has the simple form

™" = 1a;,a" k™ k" sin? koa®. (29.22)
Its proportionality to k™k"™ is typical of a plane wave. It is found also

for the electromagnetic wave (21.44) and expresses the fact that all the
energy flows with the velocity of light, there is no static part.

29.3 Plane waves as exact solutions of Einstein’s equations

Can one obtain exact solutions to Einstein’s equations which have prop-
erties similar to those of the plane waves in the linearized theory? Before



244 Gravitational waves

this question can be answered, it is necessary to characterize the required
solutions in a covariant manner and thereby define in what sense one
wants to make a generalization.

If one scrutinizes the results of the previous section, then one sees that
only (29.13) is a covariant statement. One could try to start from there
and characterize plane waves by

Ryn =0, Rompnk™ =0, knk™ = 0. (29.23)
However, only the stronger conditions,

Ryn =0,  kan=0,  kok" =0, (29.24)

3

actually give the restriction to plane waves. (One can convince oneself
that (29.23) follows from (29.24)!) The requirement that k,.,, = 0 gener-
alizes the property of plane waves in flat space of possessing parallel rays
with which are associated a null vector k™. These waves are therefore
called plane-fronted waves with parallel rays (pp-waves).

We shall encounter the more general class of solutions (29.23) again
in Chapter 32.

Choice of a suitable coordinate system Since ki, = 0 holds, the null
vector k, can be written as the gradient of a function u. If we identify
u with the coordinate z*, then we have

ko = Uq, u =2, k, = (0,0,0,1). (29.25)

)

For a plane wave in flat space, which is propagating in the z-direction,

u is proportional to ct — z. Since k, is a null vector, g** vanishes, and
. . ! ’ .

by coordinate transformations & = x® (2®), v’ = u one can arrive at

gt =g =g"=0 ¢*=1, (29.26)
and, because g**gam = 6%,
931 = g32 = g33 = 0, gse = 1. (29.27)

The reader may verify for himself that this and the following transforma-
tions really do exist (existence theorems for partial differential equations)
and do not destroy the form of the metric already obtained previously.

The null vector field k, is covariantly constant, and from this and
(29.23)-(29.27) it follows that

kam = iy km = —59an,3 = 0. (29.28)
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If we label the coordinates as (z") = (z,y,v,u) and introduce con-
formally Euclidean coordinates into the two-dimensional xy-subspace
(which is always possible on a surface) then we arrive at the metric

ds? = p?(x,y,u) (d:z:2 + dyg)

p2 00 mi
+2mq (z,y,u) dedu 0 p2 0 my
Gab = )
+2ma(x, y,u) dy du ‘ 0 00 1
12
+2my(z,y, u) du? + 2dudo, e i
(29.29)
p? 0 —mp > 0
ab _ 0 p~? —maop~? 0
g —mip~2 —maop~2 —2my + (m?+m3)p~? 1
0 0 1 0
Solution of the field equations Because we have
km;b;n - km;n;b =0= Rambnkav (2930)

the components R* 5, and Rsmen of the curvature tensor vanish iden-
tically, so that the field equations reduce to the five equations

Ron = R'yiin + R?ppon = 0. (29.31)
Upon substitution of

F%z = F%z = _F% = (lnp),% F%z = Fh = _Féz = (lnp),la

(29.32)
rds =0, T'y;=0, A B=12,
into the defining equation for the curvature tensor,
Rn = Thn e = Dipn — TonL s + Tiplinn, (29.33)
it follows that R1; = 0 and Ry = 0 are equivalent to
A(lnp) = (88—; + 88—;2> Inp =0. (29.34)

Inp is therefore the real part of an analytic function of z + iy, so that
by a coordinate transformation in the zy-plane we can achieve

p=1, Id. =0, A B=1,2. (29.35)

If we now calculate the components R'415 and R?49q using (29.35)
and

rg, =0, Iy, = %(m2,1 —my2) = —T34, (29.36)

then we see that the relation
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mio—M21 = QF/(U) (2937)

follows from the field equations R4 = Ros = 0. With the aid of the
coordinate transformations

v="0—[mydz+ F'(u)zy,

(29.38)
T =xcosF(u) +ysin F(u), §=—xsinF(u) + ycosF(u),
this enables us to introduce the simplified form
ds? = da? 4+ dy? + 2dudv + H(z,y,u) du? (29.39)

of the metric (the bar on the new coordinates has been dropped). The
remaining field equation yet to be satisfied, Ry4 = 0, then reads

92 02
522 T 52

Metrics (29.39) which satisfy this relation are the most general plane-

AH = ( )H(J;,y,u) —0. (29.40)

fronted waves with parallel rays.

Properties of plane-fronted waves with parallel rays In the coordinates
u=(z—ct)/V2, v=(z+ct)/V2 (29.41)
flat space has the line element

ds? = da? + dy? + 2 dudv. (29.42)

Comparing this expression with the gravitational wave (29.39), one
can see that the wave is plane also in the intuitive sense that the char-
acteristic function H depends upon the time only in the combination
z — ct.

The general manifold of solutions also contains special wave-packets

Y Gravitational
. wave
5 Direction of propagation
of the wave
H=0 Hi1 #0 H=0
Flat space Curved space Flat space

Fig. 29.3. A special wave-packet.
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which are so constructed that the space before and after passage of the
wave is flat, see Fig. 29.3.

Since there is no potential function which is regular over the whole zy-
plane, H always possesses singularities (the only exception H = H (u)
leads to a flat four-dimensional space). To avoid such singularities it
is in many cases convenient to use another coordinate system. For the
simplest form of a wave

H = (2% — y*)h(u), (29.43)

for example, the coordinate transformation

r=2zZa(u), y=7yb(u), v=70v—3daz®— 00’y

CLN/a = h(u) — _ b///b7 (2944)

leads to the line element (the dash on the coordinates has been sup-
pressed after the transformation)

ds? = a®(u) dz? + b*(u) dy? + 2dudv, a”’b+ab” =0, (29.45)

with a metric regular over the whole xy-plane.

To end this discussion we shall compare the exact solution with the
plane waves of the linearized theory. If we once more go through the
derivation of the metric (29.39) of the exact solution, or if we substi-
tute this metric immediately into the field equations, then surprisingly
we can establish that no quadratic expressions of any kind in H or its
derivatives occur. The exact solution (29.39) is therefore also a solution
of the linearized field equations, and it even satisfies the gauge conditions
(vV=99™").n =0, but not always of course the requirement |H| <« 1. If
we want to compare exact solutions and approximate solutions in detail,
then we must linearize the exact solution; in the case of the solution
(29.45) this can be done by carrying out the substitution

a=1+a/2, b=1-0/2, akl, K1, (29.46)

and ignoring higher terms in « and (. Because of (29.45) we have
o = ", and hence o = 8 4 ¢1u + ¢z, but then ¢; must be zero (the
coordinate u can become arbitrarily large!) and co can be eliminated by
a coordinate transformation. Therefore the linearized form of (29.45) is

ds? = [1 + a(u)]dz? + [1 — a(u)]dy? + 2 dudo. (29.47)

As a comparison with (29.9)—(29.11) shows, we are dealing with a lin-
early polarized packet of plane waves of differing frequencies.
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29.4 The experimental evidence for gravitational waves

Gravitational waves change the curvature of space-time. They can in
principle be detected by the change in the trajectories of particles (mir-
rors, satellites, planets, ...) or the oscillations they produce in mechan-
ical or electromagnetic systems. Only when large masses are rapidly
accelerated does one expect that the resulting gravitational waves are of
detectable strength. Such processes could occur, for example, in gravita-
tional collapse (see Chapter 36), in a supernova explosion of a star, in a
rapidly moving binary stellar systems or in processes near to black holes.

The first experimental search for gravitational waves was initiated by
J. Weber in 1961. His ‘aerial’ consisted of an aluminium cylinder 1.53 m
long and with radius 0.33 m; waves arriving at the cylinder transversally
would cause length oscillations. The initially observed ‘events’ could
not be reproduced, in spite of a greatly improved experimental proce-
dure and a cryogenic environment. Current technology of this type can
measure relative displacements h ~ 1078 (for millisecond pulses), cor-
responding to length perturbations of 10~*¢cm, that is, a thousandth of
the radius of the nucleus of an atom.

Most gravitational detectors now built or under consideration use laser
interferometry: they measure the displacement of freely suspended mir-
rors in a Michelson-type interferometer. To achieve the planned sensi-
tivity of h ~ 102!, the arm-lengths of the interferometers have to be
large: 600 m in the recently built GEO 600 detector near to Hannover,
4km in LIGO (Laser Interferometer Gravitational-wave Observatory) in
the USA, 3km in the French-Italian VIRGO project, and 5 - 10° km in
the space-borne LISA (Laser Interferometer Space Antenna) project, see
Rowan and Hough (2000) for details.

Although in the last 40 years the sensitivity of the receivers has been
improved by an order of 10%, in the same time the theoretical predictions
about the wave magnitude to be expected have been revised and say
that — as in the 1960s — the receivers are just one order of magnitude
less sensitive than they ought to be. Gravitational waves have not yet
been detected.

An indirect proof of the existence of gravitational waves arises from
the very precise data from observations of the pulsar PSR 1913416.
This rapidly rotating binary system should emit appreciable amounts of
gravitational quadrupole radiation, thereby lose energy and hence rotate
faster. The observed relative change in period of —2.422 (£0.006)-10~12
is in remarkable agreement with the theoretical value.
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Exercises

29.1  Show that (29.24) implies (29.23).

29.2 Mr. X claims to have found a particularly interesting but simple
solution of Einstein’s equations, namely the wave ds? = dy? +
[1 —sin(z — ct)]dz? + 2sin(z — ct)dz det — [1 + sin(z — ct)]c? dt?.
Is he right?

30

The Cauchy problem for the Einstein field
equations

30.1 The problem

The basic physical laws mostly have a structure such that from a know-
ledge of the present state of a system its future evolution can be
determined. In mechanics, for example, the trajectory of a point mass
is fixed uniquely by specifying its initial position and initial velocity;
in quantum mechanics, the Schrédinger equation determines the future
state uniquely from the present value of the ¢ function.

As we shall see in the following sections, the equations of the gravita-
tional field also have such a causal structure. In order to appreciate this
we must first clarify what we mean by ‘present’ and ‘present state’. As
a preliminary to this we examine the properties of a three-dimensional
surface in a four-dimensional space. In the later sections we shall con-
cern ourselves with the initial value problem mainly in order to gain a
better understanding of the structure of the field equations.

30.2 Three-dimensional hypersurfaces and reduction formulae
for the curvature tensor

Metric and projection tensor Suppose we are given a three-dimensional
hypersurface in a four-dimensional Riemannian space which can be imag-
ined as an element of a family of surfaces; the normal vectors n® to this
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family of surfaces must not be null:

nen® =¢e = £1. (30.1)

4 = const. of

Let us take these surfaces as the coordinate surfaces x
a coordinate system that is not necessarily orthogonal and denote the

components of the normal vectors by

na:(0,0,0,EN), na:(_Na/N71/N)a

(30.2)
a,b,...=1,...,4, «,0,...=1,...,3.
Then the metric tensor g,g of the hypersurface,
®),
ds? = gop da® da?, (30.3)

and the metric tensor g, of the four-dimensional space are related by

()
ds? = gap dz® dz® = gap(dz® + N dzt)(dz? + NP dz?) + ¢(N dz*)?,

(30.4)
from which we obtain for the inverse tensors
af anB 2 2 Bv _ sv
a_ (9 +eN*NFP/N? —eNa/N 7 9oy oy, (30.5)
—eNP/N? g/N? N, = gapNP.

With the help of the projection tensor hqp = gap — ENgnp, which has
the properties

habhbc = haca habna = 07 haﬁ = 9as, haﬂ = gaﬂ7 hé = 0) (306)

we can decompose every tensor into its components parallel or perpen-
dicular to the vector normal to the hypersurface.

The extrinsic curvature tensor Kgp, In making the splitting
Nap = na;i(eninb + hg) (30.7)

of the covariant derivative of the normal vector we encounter the tensor
K, defined by

Koy = _na;ihib = —TNa;b + ENgMNyp. (308)

Since n, is a unit vector and is proportional to the gradient of a family
of surfaces, K, is symmetric; it has of course no components in the
direction of the normal to the surface:

Kab = Kba; Kabn“ =0. (309)
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B b
Dne = —Kapdx Hypersurface

% 4+ dx®

Fig. 30.1. Extrinsic curvature of a hypersurface.

4
Its components are linear combinations of the Christoffel symbols T4 3
of the four-dimensional space

Koy = —hihEngy, = eNhShY T4
o0 = e = S e (30.10)

4 3
Kap = eNThs=(Nap+ Nga—2N, %5~ gapa)/2N.

Figure 30.1 shows that the tensor K,; has a simple geometrical mean-
ing; under a shift of the normal vector along the hypersurface we have

Dn, = ngp dz” = na;ih% dz? = — K, daP. (30.11)

Ky is therefore a measure of the extrinsic curvature of the surface, that
is, of the curvature in relation to the surrounding space (in contrast to
the intrinsic curvature, which is characterized by the three-dimensional

3
curvature tensor R apg~s of the surface alone.) In the theory of surfaces
the tensor K, is associated with the second fundamental form.

Decomposition of the derivative of a vector perpendicular to n, For the
covariant derivative of an arbitrary vector T;, orthogonal to the normal
vector n, which obeys

T,n* =0, T = (Ta,o), Ty = (TaaT,@Nﬁ)v (3012)

one obtains, after a short calculation using (30.9) and n,,T% = —nTyy,
the decomposition

T = hihE Ty + enyTohi, + ena T Ky — nanyTi;. (30.13)
Because hé =0 and
i Lk ayB 4 r
hah’bTi;k - ha h’b (Ta,ﬂ - Tr FO‘B)

’ 1 (30.14)
= hghy, [Ta,ﬁ = 51°(9pp,0 + Gpa,p — gaﬁm)]v

the first term of this decomposition, which is wholly orthogonal to the
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normal vector, can be expressed in terms of the covariant derivative of
the three-vector Tj, with respect to the three-dimensional metric gqg:

. 3
Wit Tin = hghy Tas, Tap = Tas— ThgTy. (30-15)

In the derivation of this relation only the definition of the covariant
derivative and the orthogonality of T; to n; have been used, and therefore
analogous equations hold for the projections of the derivative of arbitrary
tensors of higher rank perpendicular to the normal vector.

Reduction formulae for the curvature tensor The aim of the following
calculations is to set up relations between the curvature tensor of the
four-dimensional space and the properties of the hypersurface, that is,

4 3
between R pmn on the one hand, and R g, and the quantities n, and
K, on the other.
Because of (30.15), (30.13) and the equation

hab;z' = —(’flanb + nahb)ni + E(Kmﬂb + Kbina)a (30.16)
which follows from (30.8), we have

B v
(D111 = T vl ) by Wiy P

b'""m'"p
= (Trsshihi)sahi (o b = hphi) (30.17)
= (Trisig — Tr;q;S)hghfnhZ + Tr;s(hth);qhi(hfnhg - h;lfhgn)

or

3 4
R g TOh) BB = Rarsg TGRS, A + e(Kpp Ko — KoK pa) T

(30.18)
Since this equation holds for every vector T, the relation
4 3
Ragw, = Ragw, + E(KguKm, — KBVKMQ) (30.19)

holds between the curvature tensors (remember that h? = §8, ht = 0).
In the theory of surfaces one refers to the analogous relation between
the intrinsic and extrinsic curvatures of a surface as Gauss’s equation.

We obtain expressions for the remaining components of the four-
dimensional curvature tensor by making similar transformation of the
second derivatives of the normal vector. From (30.8), (30.15) and (30.16)
we have first of all

(Ngsrs — nq;sw)hgh:nh; = [(nq;ihi’);s - (nq;ihé);r} hgh:nh;
= (Kgsr — qu;s)hghrmh;s; (30.20)
= (KBVHM - Kﬁul\'/)hﬁh# hy

b'"m' p>
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and from this follows the Codazzi equation:

4
Raﬁwjna = Kﬁ””u - KﬁHHV' (3021)
Analogously, from

(Ngiris — Ngssir )y hy,
= [(engny — Kqr)is — (engns — Kgs) 0" hih3, (30.22)
= Ngshihy + Kgen' shihy — enpig + Kyporn” — Koo (hlhg)on",

we obtain finally

4
Ragml,nanm = ’1.7,(/3;”) + KQ#K”V — Ehgfly + ﬁnKﬁy. (30.23)

The reduction formulae (30.19), (30.21) and (30.23) are frequently
used for expressing the curvature tensor of a metric

ds? = Jop dz® dzP + eN? (d:zc‘l)Q7 e = =+1, (30.24)

in terms of the three-dimensional subspace (the metric g,g) and the
function N. In this special case (N = 0) the equations simplify to

Ko = —gapa/2N,
4 3
Raﬂlw = Raﬂw’ + 5(K5#K0W - KﬁVKau)v
4 (30.25)
R4ﬂw = e(Kpu|ju — Kppuw) /N,

4
R4B4u = EK@,,A/N— N’QHV/N—I—EKQI@KO‘V.

30.3 The Cauchy problem for the vacuum field equations

We are now in a position to be able to answer the following question.
Given a spacelike surface, that is, a surface with a timelike normal vector
ng: which initial values of a metric can one specify on this surface and
which must one prescribe in order to be able to calculate the subsequent
evolution of the system with the aid of the vacuum field equations?

It is clear ab initio that, independent of the choice of the initial val-
ues, the metric of the space-time cannot be determined uniquely; we
can carry out arbitrary coordinate transformations on the initial sur-
face as in the whole four-dimensional space. Only certain characteristic
geometrical properties will be specifiable which then evolve with time in
a way which can be determined. For example, one can show that the
quantities N of the metric (30.4) must be given not just on the initial
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4 = const., but in the whole space, in order to fix the metric

uniquely. To simplify the calculations, in the following we shall start
from N® = 0; that is, we shall restrict ourselves to the time-orthogonal
coordinates (30.24) with ¢ = —1. The essential results of the analysis of
the initial value problem are unaffected by this specialization.

surface x

Vacuum field equations Let us write down the Einstein field equations
Rpm = 0 for the metric (30.24), that is, for

ds? = gop dz® dz’ — N2(da?)?, (30.26)

using the reduction formulae (30.25) and

4 4 4 4
Rim = (" =1"n") Raprm = R*bam + 9 Robum.- (30.27)

Then, after making a useful rearrangement, we obtain

4 4 3
RY— g3, RP" = — R — KPKF 4+ Kg,KPr =0,
Ao o om (30.28)

4
4 __ _
NRy =K"= KPg), =0,
and
4 3
Ry = Ry — 2K 0, K°+ KO Ky — Kpga/N — Ngy /N = 0. (30.29)

Initial values and dynamical structure of the field equations The Ein-
stein field equations are second-order differential equations; accordingly
one would expect to be able to specify the metric and its first derivatives
with respect to time (z*) on an initial surface x* = 0 and hence calcu-
late the subsequent evolution of the metric with time. As examination
of the field equations (30.28) and (30.29) shows, this surmise must be
made precise in the following way.

(1) In order to be able to calculate the highest time derivatives
occurring in equation (30.29), namely, Kg,, 4, one must know the metric
(gap, N) and its first time derivatives (K,g); that is, one must specify
these quantities on the hypersurface 24 = 0.

(2) The field equations (30.28) contain only spatial derivatives of gng
and K3, and consequently the initial values gog(z”,0) and Kog(z",0)
cannot be freely chosen. The equations (30.28) thus play the role of
subsidiary conditions (‘constraints’), limiting the degrees of freedom con-
tained in the initial value data, namely, the intrinsic and the extrinsic
curvature of the three-dimensional space.

(3) It is not possible to determine the time derivative of N with the
aid of the field equations from the initial values go5(z",0), Kyp(z”,0)
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and N(z”,0). Rather, the function N = \/—g44 must be specified for
all times (had we used the N, of the general form (30.4) of the metric,
we would have found the same for them). Since one can always achieve
N =1 by coordinate transformations (introduction of Gaussian coordi-
nates), this special role played by N becomes understandable: N does
not correspond to a true dynamical degree of freedom.

(4) If one has specified N and the initial values of gop and K,g,
bearing in mind the four subsidiary conditions (30.28), then from the six
field equations (30.29) one can calculate the subsequent time evolution
of the metric. The equations (30.29) are therefore also called the true
dynamical field equations.

The Bianchi identities,

4 4
R%g, = [(h§ —n"ny) RY] =0, (30.30)

ensure, because of the equation

4 4 4 4
—(n; R%).an® = (NR%).4/N = NK” R* — (R®).a (30.31)

that follows from them, that the subsidiary conditions (30.28) are satis-
fied not just for z* = 0 but for all times. That is to say, if the dynamical

equations ;{Bu = 0 are satisfied for all times and if R, = 0 for z* = 0,
then because of (30.31) the time derivative of R*, also vanishes (and
with it all higher time derivatives), and so R*, = 0 holds always.

The splitting of the field equations into subsidiary conditions and
dynamical equations, and the questions of which variables of the gravi-
tational field are independent of one another, play an important part in
all attempts at quantizing the gravitational field.

30.4 The characteristic initial value problem

From the initial values of the metric and its first derivatives in the
direction normal to the surface we could in principle calculate the met-
ric in the whole space-time, because the vacuum field equations gave us
the second derivatives in the direction normal to the surface as func-
tions of the initial value data. In this context it was of only secondary
importance that the surface normal was timelike (¢ = —1).

The situation is completely different, however, if the initial surface
u = z* = const. is a null surface, that is, a surface whose normal k, = Ug

is a null vector. Because

ko =uq=(0,0,0,1), k.k®=g®koky =0 (30.32)
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we have ¢g** = 0 and furthermore, by the coordinate transformation
2 =2 (2*,u), v = u, we can also achieve g*' = 0 = g2, In these pre-
ferred coordinates we therefore have (remembering that k% = (0,0, k2,0)

and gapg%t = 0%)
g =g"=¢"=0, gs1=g2=933=0, gug**=1. (30.33)

Since second derivatives enter the curvature tensor only in the combina-
tion

4

Rmabn = %(gab,mn + 9Imn,ab — Yan,mb — gmb,an) + ey (3034)

4

second derivatives with respect to u = x* occur only in the field equation

4
R44=—%g“”gw,44+"':07 (30.35)

while the remaining nine field equations,

4 4

Ryo =0, Rog =0, (30.36)
contain at most first derivatives with respect to z*.

Although through the choice (30.33) of coordinates we have more or
less eliminated the unphysical degrees of freedom tied up with possible
coordinate transformations, the field equations are in no way sufficient
to calculate all second derivatives of the metric from the metric and its
first derivatives. The characteristic initial value problem, that is, the
initial value problem for a null hypersurface, differs fundamentally from
the usual Cauchy problem, that is, from the initial value problem for a
spacelike surface.

We shall not go into details here, but instead just clarify the physical
reasons for this difference by reference to the example of plane waves

ds? = daz? + dy? + 2dudv + H du?,
o2 52 OH (30.37)
—+ -5 |H=0, H =—=0
oxr?  Oy? Ov
discussed in Section 29.3. If for u = 0 we were to specify the initial
values of H = g44 as a function H(x,y,v,0) which is initially arbitrary,

nk™

s

then we could not determine the subsequent behaviour of the function H
from these values; nor would the additional specification of derivatives
with respect to u change anything. The field equations (30.37) only
give conditions for the initial values, the dependence of the metric upon
u remaining undetermined. Physically this indeterminacy is connected
with the possible occurrence of gravitational shock waves, and thus of
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waves whose amplitude H is zero outside a finite region of u. For an
observer in an inertial system a null surface u = z — ¢t = 0 is of course a
two-dimensional surface which moves at the speed of light. A wave-front
of a gravitational shock wave which is parallel to this surface will not be
noticed on the surface (there is no point of intersection; see Fig. 30.2).
An observer who knows only the metric on the surface u = 0 cannot
predict the arrival of the shock wave. A spacelike surface, on the other
hand, would intersect the shock wave somewhere; that is to say, from
the initial data on such a surface the subsequent course of the wave can
be determined (if one knows H on the surface ¢t = 0 for all values of z,
then H is known as a function of u = z — ct).

L.

N.----- t = 0 (spacelike surface)

u =0 (null surface)

Gravitational shock wave

Fig. 30.2. A gravitational shock wave and the characteristic and usual initial
value problems.

30.5 Matching conditions at the boundary surface of two
metrics

In solving field equations one is often faced in practice with the problem
of joining together two metrics obtained in different regions of space-
time; for example, of joining a solution of the field equations Ry, —
Rgap/2 = kT, valid inside a star, with that of the vacuum equations
R,y = 0, appropriate to the region outside.

Clearly it is not necessary for all components of the energy-momentum
tensor to be continuous on the boundary surface. But what continuity
properties must the energy-momentum tensor and the metric and its
derivatives have in order that one can meaningfully speak of a solution
to Einstein’s equations?

We shall now deal with this problem under two restrictions: the
boundary surface should not be a null surface (where even in the vacuum,
pure discontinuities of the metric, that is, gravitational shock waves, can
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occur), and the energy-momentum tensor may indeed be discontinuous
but should contain no d-function singularities (a surface layer structure
should not occur). Further, we want to simplify the formulae by using
a coordinate system of the form

ds® = gap dz® dz? + eN?(dz?)? (30.38)

4 = const.

on both sides of the boundary surface x

We can obtain a qualitative statement about the results to be expected
by the following consideration. If certain components of the energy-
momentum tensor are discontinuous, then, because of the field equations,
the components of the curvature tensor are at worst discontinuous. But
if the second derivatives of the metric are at most discontinuous, then
the metric and its first derivatives must be continuous.

When making this statement quantitative, one must note that by a
clumsy choice of coordinates artificial discontinuities can be produced
in the metric. The boundary surface between the two spatial regions I
and II should of course be a reasonable surface, that is, whether it be
approached from I or II it must always show the same metrical prop-
erties. To avoid unnecessary singularities we shall introduce the same
coordinate system on both sides of the boundary surface, that is, on this
surface we demand that

o] = 9as— Gap = 0. 30.39
(905] = a5 Gas (30.39)

Clearly all derivatives gng,u,... of this metric should also be continuous
3
in the surface, particularly the curvature tensor R ,g,,. We can make

the function N = ,/Ega4 continuous as well by suitable coordinate trans-
formations, or even transform it to unity; here, however, we shall allow
discontinuities, but no singularities.

Further statements about the continuity behaviour of the metric can
be obtained from the field equations. As the reduction formulae (30.25)
show, second derivatives of the metric in the direction of the surface

4
normal are contained only in the components R 454,, of the curvature
tensor; they consequently enter the spatial part of the field equations in
the combination

G =e(K§ —063KY) 4/N + G Ky v Guwrs N, N, . .) = KT
(30.40)
Since in (30.40) neither T} nor G5 will be singular on the boundary
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surface, Kj — 5gK v, and hence K,z itself, must be continuous:

Kogl =Kosg— Ko = 0. 30.41
[Kag] Kap= Kap ( )

While (30.39) ensures the equality of the intrinsic curvature on both
sides of the boundary surface, (30.41) demands equality of the extrinsic
curvature too.

When the two matchmg conditions (30 39) and (30.41) are satisfied,

then, because of (30.25), R(,mw and NR suv are also continuous; be-
cause of the field equations we must then also have

[T{] =0, [NT1] = 0. (30.42)

4 — const. of two metrics

To summarize: if on the boundary surface x
of the form (30.38) the energy-momentum tensor is non-singular, then
the metric gop and the extrinsic curvature Kog = —gag,a/2N of the
surface, as well as the components Ty = en,nT2 and NT2 = en, T2
of the energy-momentum tensor, must all be continuous there. While a
possible discontinuity of N = ,/€gss can be eliminated by a coordinate
transformation, T, can be completely discontinuous; although we must

of course have
[Gg] = /<;[T§‘]. (30.43)

When in Section 26.3 we joined together the interior and exterior
Schwarzschild solutions, we satisfied (30.39) by requiring continuity of
the metric and (30.42) by the condition p = 0; the matching condi-
tions (30.41) are then automatically satisfied. N also turns out to be
continuous in this case, whilst N4 (note that % = r!) is discontinuous.






V. Invariant characterization
of exact solutions

Suppose that a solution of the Einstein equations is offered with the
request to test it and establish whether it is already known, what phys-
ical situation it describes, what symmetries are present, and so on. Be-
cause of the freedom in the choice of coordinate system, such questions
cannot usually be answered by merely looking at the solution. Thus one
only establishes with certainty that

ds? = da? — zsinydz dy + 2%(2 + cosy)dy? -
—I-xQ(%—l—cosy—%sinQy)siHdetZ—sz (8L1)
describes flat Minkowski space (in inappropriate coordinates) by deter-
mining the curvature tensor. There exists, however, a series of methods
for characterizing solutions invariantly (independently of the choice of
coordinates), by means of which it has been possible to provide insight
into the structure of solutions and hence often find ways of obtaining
new solutions.

These methods, the most important of which we shall discuss in the
following chapters, are at first sight of a purely mathematical nature.
But, as often in theoretical physics, understanding of the mathemat-
ical structure simultaneously makes possible a deeper insight into the
physical properties.

31

Preferred vector fields and their properties

31.1 Special simple vector fields

With many problems and solutions in General Relativity, preferred vec-
tor fields occur. Their origin may be of a more physical nature (velocity

261
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field of a matter distribution, light rays) or of a more mathematical
nature (eigenvectors of the Weyl tensor, Killing vectors). One can use
a knowledge of the properties of such vector fields for the purpose of
classifying solutions or to simplify calculations by the introduction of
coordinate systems which are adapted to the preferred vector field. We
shall now discuss some special vector fields and coordinates appropriate
to them.

Congruences of world lines The vector fields investigated in the follow-
ing should have the property that at every point precisely one vector is
defined. A family of world lines (congruence of world lines) is equivalent
to such a vector field a™ (%), its tangent vectors having the direction of
a™ and covering the region of space under consideration smoothly and
completely. This association is not unique, since not only a™ but also
Aa™ points in the direction of the tangent.

One obtains an especially simple form of the vectors a™(z*) by tak-
ing these world lines as coordinate lines (for example, z* = const., x*
variable); the vector field then has the normal form

a™(z") = (0,0,0,a*(z")). (31.2)

By means of a coordinate transformation z*' = 2*(2') one can set

a* = 1. If a" is the four-velocity of the matter, then in (31.2) we are
dealing with comowving coordinates.

Hypersurface-orthogonal fields A vector field is called hypersurface-
orthogonal (or rotation-free) if it is possible to construct a family of
surfaces f(z') = const. across the congruence of world lines in such a
way that the world lines, and with them the vectors of the field, are per-
pendicular to the surfaces (Fig. 31.1).The vector field a™ must therefore
point in the direction of the gradient to the family of surfaces,

fn = Aan, (31.3)
and hence must also satisfy the equations
Anim — Gmin = (A nGm — A m@n) /A, (31.4)
which give
Wt = %eimma[mm]w =0. (31.5)

A vector field a” can be hypersurface-orthogonal only if its rotation w’

as defined in (31.5) vanishes. One can show that this condition is also

sufficient: a vector field is hypersurface-orthogonal if (31.5) holds.
While the contravariant components a™ of a vector can always be
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V1!

an(l,i)] f f }f = const
P

World line congruence

Fig. 31.1. Hypersurface-orthogonal vector field.

transformed to the normal form (31.2), a corresponding transformation
of the covariant components to the form

an(z") = (0,0,0, as(z")) (31.6)

is only possible in a region of space if the vector field is hypersurface
orthogonal. One can see this immediately from the fact that (31.6) is
equivalent to a, = a4 x4’n. If a™ is not a null vector, one can take
the surfaces f = const. as coordinate surfaces, and simultaneously with

(31.2) and (31.6) one can bring the metric to the form
ds® = gap dz® dz? + gas(da?)?. (31.7)
We shall examine the case of a null vector in Section 31.3.

Geodesic vector fields A vector field a™ is called geodesic when the world
lines 2%(s) of the associated congruence satisfy the geodesic equation:

tint" =0,  t'=dz'/ds. (31.8)
Since t* = A\(z™)a’ should certainly hold, this implies
[ ai)pa” = 0. (31.9)
This condition is also sufficient; that is to say, if it is satisfied, then one
can always determine a function A\ which, when multiplied by a’, gives
a t' which satisfies (31.8).

If the vector field is hypersurface-orthogonal and geodesic, then
because of (31.2) and (31.6) we have in the metric (31.7)

Aana” =0=T0hy = 209", a=123; (31.10)

that is, gs4 depends only upon z* and can be brought to the value +1
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by a coordinate transformation 2% = x% (z4):
ds® = gap(z?) dz® da® + (dz*)?. (31.11)

Killing vector fields Killing vector fields a;(2™) satisfy the condition

in, + Qi = 0. (31.12)

Because of their great importance we shall discuss them in more detail
in Chapter 33.

Covariantly constant vector fields A vector field is covariantly constant
if its covariant derivative vanishes:

Qi = 0. (31.13)

s

From the definition (19.9) of the curvature tensor we have immediately
a”* Riinm = 0. (31.14)

The curvature tensor and with it the metric are restricted if such a vector
field exists.
If @' is not a null vector, then in the metric (31.11) we have

that is, gag is independent of z%. Because of (30.10), the tensor K,gs
of the extrinsic curvature of the surface z* = const. vanishes, and the
reduction formulae (30.19) and equation (31.14) lead to

4 3 4
R4ﬁl/,u. = 07 Raﬁyu :Raﬁy;p (3116)

For vacuum solutions of the Einstein field equations we have accordingly

4 3
Rop =Rap =0, (31.17)

and, since the curvature tensor of the three-dimensional subspace can
be constructed from its Ricci tensor alone, according to (19.32), then
the curvature tensor of the four-dimensional space completely vanishes.

We thus have shown that, if a vacuum solution of the Einstein field
equations possesses a covariantly constant vector field, then either space-
time is flat or else we are dealing with a null vector field.

The vacuum solutions with a covariantly constant null vector field are
just the plane gravitational waves investigated in Section 29.3.
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31.2 Timelike vector fields

The invariant decomposition of U, and its physical interpretation One
of the most important examples of a timelike vector field is the veloc-
ity field u?(z™) of a matter distribution; for example, that of the mat-
ter inside a star or that of the stars or galaxies (imagined distributed
continuously) in the universe. The properties of this velocity field are
best recognized by examining the covariant derivative wu;.,. The idea
consists essentially in decomposing that portion of the covariant deriva-
tive which is perpendicular to the four-velocity u?, namely, the quantity
Ui + U™ up /¢ (notice that the relation u'u;, = 0 follows from
ulu; = —c?), into its antisymmetric part, its symmetric trace-free part,
and the trace itself:

Uiin = _uiun/c2 + Win + Tin + @hzn/?)a

3

U; = uimu" = Dui/DT, uiui =0,
Win = U] + Uit /C2, winu™ = 0,
n) + tn)/ (31.18)
Oin = U(in) + ’ljt(iun)/CQ - @hzn/B, oinu™ = 0,
O = ui;ia
Rin = Gin + uitin /2, Rinu™ = 0.

Since this splitting is covariant, the individual components characterize
the flow field invariantly; they have the names:
1; : acceleration, win : rotation (twist),
) (31.19)
Oin : Shear, © : expansion.
We shall now clarify the physical meaning of these quantities, and
thereby also justify the names (31.19). The congruence of world lines

= ax(y, 1), (31.20)
which is associated with the velocity field
u(x') = 0z /0, (31.21)

obviously has the physical significance of being a family of streamlines
(see Fig. 31.2). Along the world line of every particle (every volume
element) the y® are constant and 7 varies; y* labels the different world
lines. Keeping the parameter 7 fixed one passes from the world line (y®)
to the neighbouring world line (y® + dy*) on advancing by

Sy”. (31.22)
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Stream lines

Fig. 31.2. Stream kinematics.

Since we have

D d daz? 8%z
dx® = — 1@ Te dx¢ = Sy Te b(sc
Dr . dr T e dr v ot Oy~ Yot bpeuon
5 5 (31.23)
ua ua
= ay° 5ya+Fgcub5xc = axnéx"+Fgcub5xc,

this difference vector changes with advance along the world line by
(0z%) = u®,0z". (31.24)

An observer comoving with the flow, however, will define as displace-
ment to the neighbouring fluid elements not dz%, but rather the projec-
tion of this quantity into his three-dimensional space, that is,

§12% = (gff +uup/c?)oa’ = hgdx®. (31.25)

Since this observer will use as his ‘natural’ comoving local coordinate
system one whose axes are Fermi—-Walker transported (cp. Sections 18.4
and 21.2), he will define as the velocity of the neighbouring matter
elements the Fermi derivative of §, 2®. Using (31.24) and (31.25), and
remembering that (6, 2%)u, = 0, we obtain for this velocity

D(6,2%) /D71 — ¢ 2(6 L 2™) (u®ty — 1%u,) = (5, 2™) hY

n’

(31.26)
and from this, with (31.18), finally

(6L2™) he = (u®, + Uy /) (6 L2™) = (W, + 0%, + OhL/3) (5 2™).

(31.27)

Equation (31.27) gives the connection between the velocity (6, ™) h?

of the neighbouring particle to the observer (velocity relative to the

observer) and the (infinitesimal) position vector §, ™ pointing from the
observer to the particle. From it we can deduce the following.
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(a) The expansion © leads to a radially directed velocity field whose
magnitude is independent of direction; a volume element is thereby mag-
nified (© > 0) or diminished (© < 0) in size with its form preserved.

(b) Since the antisymmetric tensor w,,; of the rotation can be mapped
into the vorticity vector w® according to (31.5) through

abmsi

@ € UpWini » Wi = 8mmbw“ub, (31.28)

_1
wo =3

the velocity field described by it has the form
(612™) he = e pmiw™u'd, ™. (31.29)

The velocity is perpendicular to the position vector d z™ and to the
vorticity vector w™, and thus we are dealing with a rotation about the
axis defined by w™.

(¢) The symmetric tensor o,, of the shear leads to a direction-depen-
dent velocity field which produces an ellipsoid out of a sphere of particles.
Since the trace o™, vanishes, this ellipsoid has the same volume as the
original sphere, and thus we here have a change in shape at constant
volume.

Special cases and statements about possible coordinate systems When
performing calculations one often uses the comoving coordinate system

u® = (0,0,0,u). (31.30)

If the rotation w,,; vanishes, then the flow given by u! is hypersurface-
orthogonal and the metric can be brought to the form

ds® = gap(x®) de®™ dz® — u3 dt?, u; = (0,0,0, uq). (31.31)
If one writes down the covariant derivative uqy, explicitly in this metric
and compares the result with (31.18), then one can show that:

(a) for wy,; = 0 and oy,,; = 0 the metric g of the three-space contains
the time only in a factor common to all elements:

gag(xi) = V2(x”,t)§ag(:17“); (31.32)

(b) for wy,; = 0 and © = 0 the determinant of the three-metric g, s
does not depend upon the time;
(c) for wy,; =0 and 4; = 0 one can transform uy to c.

If the expansion and the shear vanish (© = 0 and o,,; = 0), but not
the rotation (w,,; # 0), then for the comoving observer the distances
to neighbouring matter elements do not change, and we have a rigid
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rotation. In the comoving coordinate system (31.30) one can see this
from the fact that, because

uhapa = Lu(gab + Uatis /) = Uap + Ubsa + (Uatiy + Uatip) /% =0,
(31.33)
the purely spatial metric hyp, does not change with time.

31.3 Null vector fields

Null vector fields k™(z%) can be characterized in a similar fashion to
timelike vector fields by the components of their covariant derivative
ki.n. In this case some peculiarities arise from the fact that because
k,k™ = 0 one cannot simply decompose a vector, for example, into its
components parallel and perpendicular to k™; if we put a,, = Ak, + Gy,
then A and a,, cannot be uniquely determined. It is therefore preferable
to use projections onto a two-dimensional subspace associated with the
vector k™ (which is spanned by the vectors m, and 7).

Geodesic null congruences and decomposition of kq,, Light rays and, as
we shall see later, also the null vector fields induced by gravitational
fields, lead to geodesic null vector fields. In the following we shall con-
sider therefore only such fields.

We can describe a family of null geodesics by

x® = a(y",v). (31.34)

Here y distinguishes the different geodesics and v is an affine parameter
along a fixed geodesic, that is, a parameter under the use of which the

tangent vector
k® = 0x/0v, k%, =0, (31.35)

satisfies the equation _
ko = kapk® = 0. (31.36)

The affine parameter v is not determined uniquely by this requirement;
a linear transformation

v = A7y + D(y*) (31.37)
is still possible along every geodesic, corresponding to a transformation
K = Ak®. (31.38)

Using the null tetrad of Section 9.1, we now decompose the covari-
ant derivative k;,,, of a geodesic null vector field with the help of the
projection tensor
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Pab = MaMp + MeMp = Jap + laky + lpka (3139)

into the components in the plane spanned (locally) by m, and m, and
the perpendicular components. Taking into account (31.35) and (31.36),
we obtain

with

Ain = ka;bpgpg =2Re [(9 + lw)mzmn - Omimn];
_ ] (31.41)
a;k* =0, bk*=0, 0,wreal, o complex.

In spite of the non-uniqueness of the vectors m, and m, for fixed k%
(see (9.9)), the invariants

@ = VA A = \[iknke, 0= 34, = P

o] = /3 [Awm A™™ = $(A1)?] = /3 [k b7 = 3(K1)?]

formed from the antisymmetric part, the symmetric trace-free part, and

(31.42)

the trace of Aj;,, respectively, characterize the vector field in a unique
fashion, since they can be expressed solely in terms of k,;. For a fixed
congruence of world lines, under a gauge transformation of the associated
null vector field according to (9.9), the invariants (31.42) will contain the
factor A too.

The physical interpretation of the decomposition of k;., — the optical
scalars 8, w and o We fix attention on one element of the family of null
geodesics (31.34), which we shall now call light rays, and consider the
connecting vector

_ 02"(y",v)

Sx?

Sy™ (31.43)

to neighbouring light rays. The neighbouring light rays clearly form a
three-parameter family. From this family we single out a two-parameter
family by the condition

kb2 = 0. (31.44)

Equation (31.44) expresses the fact that dx® is a spacelike vector. In
the rest system of this vector we have, because dx* = (dr,0) and k® =
(k3 k4)a

kér = 0; (31.45)
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k + 0k (neighbouring
light ray)

A% dv
(shadow)

k" = (k, k*)
k (light ray)

W) et )

Fig. 31.3. Three-dimensional sketch for interpreting the optical scalars.

that is, the three-dimensional light rays of this family are perpendicu-
lar to the connecting vector dr. In an arbitrary coordinate system we
can define the component of the connecting vector restricted by (31.44)
which is perpendicular to the light rays by

Sia® = ploab. (31.46)

We shall now calculate how §, % changes along the light rays, which
we can visualize as how the shadow which the light rays throw onto
a screen at right-angles to them differs from the ‘object’ d,x® (see
Fig. 31.3).

The required quantity

A" = pg(pgéa?i)mk" (31.47)

can be easily calculated by using the equation

(62")., k"™ = k', 62", (31.48)
which follows from
; 06z’ 0%’ ok’ Ok'
0x") k™ = = ¢ = oy = ox™, 31.49
(0a"), v Ay Ov Y ay® Y oz v ( )

remembering the relations (17.44), (31.36), (31.40), (31.41) and (31.44).

We obtain

A® = A% 2 = 2Re[(9 + iw)m;m® — Umima](h_xi (31.50)
=05 2% +iw (mm“ - mim“)élxi — 2Re [amm“] 5,2t

The three optical scalars 6, w and o can thus be visualized in the

following way

(a) The antisymmetric part of A,;, associated with w, produces a
difference vector A% which is perpendicular to §, . Since the shadow
is then rotated with respect to the object, w is called the torsion or the
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1 dr l rdr

T dr

Fig. 31.4. How distance is defined with the aid of 6.

rotation of the light rays. Within the realm of validity of geometrical
optics k, is always hypersurface-orthogonal, so that w vanishes; systems
with w # 0 can therefore be realized in a simple manner only by a
twisted bundle of light rays.

(b) The symmetric trace-free part of A,;, associated with o, produces
as shadow of a circle an ellipse of equal area. The shrinking (stretching)
of the axes is determined by |o|, whilst the direction of the axes of the
ellipse follows from the phase of o. o is called the shear of the null
congruence.

(c) The trace of A,;, which is associated with 6, produces a shadow
which is diminished or magnified in size with respect to the object in-
dependently of direction. € is therefore called the expansion of the light
rays. The light rays emitted from a pointlike source of light constitute
the standard example of a family with # # 0. Since in flat space we
have § = 1/r for these rays (see Fig. 31.4), one uses 6 in curved space
to define a parallax rp distance by

0 =1/rp. (31.51)

Special cases and appropriate coordinate systems For making calcula-
tions with null vector fields one often uses coordinate systems in which

k' =(0,0,k3,0). (31.52)

If k; is hypersurface-orthogonal (w vanishes), then as well as (31.52) one
can set

k‘i = /\uz = (0,0,0,]4;4),

) AB i (31.53)
ds® = gapdx® da® +2m;da"du, A,B=1,2.

A comparison of (31.53) with the form k; = (0,0, A\, —\) of a null vector
in Minkowski space and Minkowski coordinates shows that —u signifies
a retarded time, for example, u = z — ct.

For plane waves with k., = 0 all three optical scalars vanish in agree-
ment with the intuitive interpretation of these quantities.
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Exercises

31.1 Show that in a spherically symmetric metric (23.5) any radially
directed vector field is hypersurface-orthogonal.

31.2  Show that in a Robinson-Trautman metric (34.4) the null vector
kn = u, is hypersurface-orthogonal and shearfree, but has a
non-zero divergence.

32

The Petrov classification

32.1 What is the Petrov classification?

The Petrov classification is the classification of Riemannian spaces
according to the algebraic properties of the Weyl tensor (conformal cur-
vature tensor) defined by

C%q=R" g — (gl R, + g, Re — gL Re — g2 RL) + (gl gl — 94gs). (32.1)

From other areas of physics, one knows that algebraic properties of
tensors are linked with important physical properties. Thus, for exam-
ple, in crystal optics the classification of media according to the number
of distinct eigenvalues of the e-tensor leads to the division into optically
biaxial, uniaxial or isotropic crystals. Therefore we may also hope to find
physically interesting relations by investigating the algebraic structure
of the curvature tensor.

The examination of the conformal tensor does not suffice of course if
one wants to determine all algebraic properties of the curvature tensor.
The information lacking is hidden in the Ricci tensor or (because of the
field equations) in the energy-momentum tensor. Here, however, we shall
restrict our discussion to the Weyl tensor, which anyway coincides with
the curvature tensor for vacuum fields; the Petrov classification is the
classification of vacuum gravitational fields according to the algebraic
properties of the curvature tensor.

The Petrov classification of gravitational fields is the analogue of the
algebraic classification of electromagnetic fields performed in Sections 9.2
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and 9.3, both formally and as regards physical content. The reader is
advised to consult these sections, since because of those analogies we
shall describe the Petrov classification relatively briefly.

32.2 The algebraic classification of gravitational fields

The expansion of the Weyl tensor in terms of self-dual bivectors With
the Weyl tensor Cl,.4q of a gravitational field can be associated the tensor

Carsq: Carsq + iC ~a,rsq = Uarsq + %iesqmncm“mn (322)

which is analogous to the complex field-strength tensor ®,;,. This tensor
is clearly self-dual with respect to the last two indices:

*

= —i Carsq - (32.3)

. _ 1 x mn
Carsq - §€sqmn Car

Because of the definition (32.1) of the Weyl tensor its contraction van-
ishes:

C%uq = 0. (32.4)
Hence the Weyl tensor (in contrast to the curvature tensor of an arbi-
trary space) has the property that the dual tensors formed with respect
to the first and to the last pairs of indices coincide:

*
~ XL 1 "
Carsqg = Zgarikgsqmncz mn = _ Ca'r‘sq (325)

(use equations (6.17) and (17.30)!). The tensor C*’mnsq is therefore auto-
matically also self-dual with respect to the front index pair and can be
expanded entirely in terms of the self-dual bivectors (9.15):

Carsq - \Ij()UarUsq + \Ililvar‘/sq + \Ijll(UaTWSq + USQWGT) (326)
+ \I’/2(Uarvsq + Usanr + WaTqu) + \I/g}(varvvsq + Vquar)-

In this expansion account has already been taken of the symmetry prop-

erties of the Weyl tensor; the ten algebraically independent components

are described by the five complex coeflicients W,.
The original Petrov (1969) classification consists essentially of classi-

fying the types of the self-dual tensor C*‘amq according to the number of
eigenbivectors defined by

% Carsq qu = AQarv Qar = _iQar~ (327)
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Here we shall take a rather different approach and therefore state the
Petrov result without proof. Type I (special cases D, O) occurs when
there are three eigenbivectors, type I (special case N) possesses two
eigenbivectors and type II1 only one eigenbivector.

The classification of gravitational fields — first formulation By adapting
the null tetrad, and along with it also the self-dual bivectors to the Weyl
tensor under investigation, one can simplify the expansion (32.6) and set
¥y = 0. To this end, because of (9.11) and (9.23), one has to line up
the direction k® (determine FE) so that

Uy = U — 4V E + 6V, E? — 4V FE3 + U E* = 0. (32.8)

Equation (32.8) has, as an equation of fourth degree, precisely four
roots F (this is true with corresponding interpretation also in the special
cases: for U) = 0 and ¥} # 0 one obtains by the exchange of labels
lo <> —k, an equation of fourth degree, for ¥, = ¥ = 0then E =0isa
double root, and so on). To these four roots correspond four directions
k* (eigenvectors k%) with g = 0. According to the multiplicity of these
roots one can divide Riemannian spaces into the following types:

Non-degenerate: Type I :  four distinct roots,
Degenerate: Type II : one double root and two simple roots,
Type D : two double roots,
Type II1 : one triple root and one simple root,
Type N : one four-fold root,
Type O : the Weyl tensor and all ¥4 are zero.

I

g

11— D

are

II[ —= N---— 0
Fig. 32.1. The Penrose diagram.

The Penrose diagram (Fig. 32.1) provides a summary of the successive
growth in degeneracy; every arrow signifies one additional degeneracy.
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The classification of gravitational fields — second formulation It is pos-
*

sible to avoid the detour through the tensor Cg4rsq and pick out the
types of gravitational fields directly from the Weyl tensor and its null
eigenvectors k.

First of all one expresses the coeflicients ¥ 4 directly in terms of prod-
ucts of the Weyl tensor with the null-tetrad vectors, using (32.2) and
(9.16):

Yo = % C*'av'sq Verved = icarsqvarvsq = Cgarsgk®m"k*m1,
U1 = — 2 Careg VW™ = Copggk®m™ k19,
Uy =3 Carsg UV = —Clypagk®m" 1°me, (32.9)
Wy = — 1 Carsg UW™ = Copeglm" Ik,
Uy = L Cargg UUS = Copgglm"1°m.
W, vanishes for null eigenvectors k%; the real symmetric tensor
Saq = Carsqk"k* (32.10)

therefore contains no terms proportional to m”m? and m"m?. Further,
as a consequence of the symmetry properties of the Weyl tensor, the
relations

Saqk? =0, Se=C%sak"k* =0 (32.11)
hold, and therefore it has the structure

Sag = akaky + Re[B(kamg + kqma)]. (32.12)
Eigenvectors of the Weyl tensor therefore have the property

kpCajrsighnk"™k° =0 < Wy =0. (32.13)

If two eigenvectors coincide (E = 0 is a double root of (32.8)), then
¥, must also vanish, besides ¥y. Because of (32.9), it then follows that
B =0, and hence that

k[bCa]qukrks =0+ \I/() = \I/l =0. (3214)

By pursuing these considerations further one finally arrives at the
results presented in Table 32.1 (in each case the last two columns hold
for the null eigenvectors of highest degeneracy).

By rotations of the null tetrad (for fixed k%) one can in addition set
Wy = 0 for type I, W3 = 0 for type II, U3 = ¥, = 0 for type D (for
which 3W, ¥, = 2U;2 always holds), and ¥4 = 0 for type I11.
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Table 32.1. The Petrov types and their properties

Multiplicity of the Vanishing Criterion satisfied
Type null eigenvectors coefficients by Cabed
I (1,1,1,1) L) ki Caprs[gknk"k® =0
Ir (2,1,1) _
D (2,2) Wy, Uy kpCajrsqk™k® =0
IIT (3,1) Ty, Uy, Uy kipCajrsgh” =0
N (4) Vo, V1, W2, U3 Carsgk® =0
(@) there are none all Uy Carsq =0

In order to determine the Petrov type of a given space one must first
compute the Weyl tensor and hence, using (32.9) with an arbitrary null
tetrad, the U/;s. Equation (32.8) then gives the possible transformations
FE and thus the multiplicity of the null eigenvectors.

32.3 The physical interpretation of degenerate vacuum
gravitational fields

For vacuum solutions of Einstein’s field equations the Weyl tensor and
the curvature tensor are identical, so that all statements of the previous
section also hold for the curvature tensor.

The simplest example of a degenerate vacuum solution is provided by
the plane gravitational waves dealt with in Section 29.3. Because

Rapmnk™ =0,  k"k, =0, (32.15)

they are of type N. One might therefore suppose that degenerate vac-
uum solutions are connected with gravitational radiation and gravita-
tional waves. In fact one can show that the curvature tensor of an iso-
lated matter distribution allows, under certain assumptions about the
sources, at large distance an expansion

Nabmn I apmn Dapmn
Rabmn = b + 2b + b3 + -y (3216)
T T T

where the symbols N, II] and D refer to tensors of the respective al-
gebraic types. The far field of every source of gravitational radiation
(if such a field exists) is therefore a plane wave (type N) locally; if one
approaches closer to the source, then the four initially coincident direc-
tions of the null eigenvectors separate (peeling theorem). Unfortunately



32.3 The physical interpretation of degenerate vacuum fields 277

this result is not as fruitful as the corresponding one in electrodynamics,
because in general the relation between Napmn, I Lapmn and Dgpmy, and
the properties of the sources of the field are not known.

Two simple properties of the null eigenvector fields of degenerate vac-
uum fields can be deduced from the Bianchi identities, which it is best
to use here in the form

R4, =0 (32.17)

or, since Ry, = 0,
*

Cors., = 0. (32.18)

)

We shall do this explicitly for type II and type D (¥g = ¥y = 0,
Uy # 0); the calculations for the other types run analogously. Because

Vb gW = dkiggm®, (32.19)

we have from (32.18) and (32.6)

*

0= Rarsq;qvar — (Rarsqvar) - Rars‘lvm_;q (3220)

3

= 4(WaVoT),, — 8UV Uy m® — 20U VoIV, — 8Ua Wk, m®.

Contraction with k, yields
Vo ks 4+ 2ka,qom®k? = ko,qgm®k? = 0; (32.21)

that is, the vector field k% is geodesic. Contraction of (32.20) with m
leads to

VL ms + 2kg.qm®mi = 3kg.qm®mi = 0; (32.22)

that is, the vector field is also shear-free (o = 0).

The (multiple) eigenvectors of degenerate vacuum solutions thus form
a geodesic, shear-free congruence of world lines (as also do the eigenvec-
tors of degenerate electromagnetic fields). The converse of this state-
ment holds as well (Goldberg—Sachs theorem): if in a vacuum solution
a shear-free, geodesic null congruence exists, then this solution is degen-
erate and the congruence is a (multiple) eigencongruence. This law is
often used for determining the Petrov type, since a conclusion can be
drawn from knowledge of first derivatives (kq;,) alone, while the Petrov
type is generally only determinable from the curvature tensor (second
derivatives).

The example of the Schwarzschild solution (Exercise 32.1) shows that
degenerate solutions can in general not be interpreted as radiation fields.
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Exercises
32.1 Show that for the Schwarzschild metric (23.23) the vectors
V2ke = (€22,0,0,e72), =2, = —(e*/2,0,0, —e/?),
V2mg = (0,7, —irsindg,0), e *=1-2M/r
form a null tetrad satisfying the relations (17.44) and (17.46).

Show that both vectors k, and [, are geodesic and shearfree.
Which Petrov type occurs?

32.2  Which is the Petrov type of the plane waves (29.39)—(29.40)?

33

Killing vectors and groups of motion

33.1 The problem

When we are handling physical problems, symmetric systems have not
only the advantage of a certain simplicity, or even beauty, but also spe-
cial physical effects frequently occur then. One can therefore expect in
General Relativity, too, that when a high degree of symmetry is present
the field equations are easier to solve and that the resulting solutions
possess special properties.

Our first problem is to define what we mean by a symmetry of a Rie-
mannian space. The mere impression of simplicity which a metric might
give is not of course on its own sufficient; thus, for example, the relatively
complicated metric (31.1) in fact has more symmetries than the ‘simple’
plane wave (29.39). Rather, we must define a symmetry in a manner
independent of the coordinate system. Here we shall restrict ourselves
to continuous symmetries, ignoring discrete symmetry operations (for
example, space reflections).

33.2 Killing vectors

The symmetry of a system in Minkowski space or in three-dimensional
(Euclidean) space is expressed through the fact that under translation
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along certain lines or over certain surfaces (spherical surfaces, for ex-
ample, in the case of spherical symmetry) the physical variables do not
change. One can carry over this intuitive idea to Riemannian spaces
and ascribe a symmetry to the space if there exists an s-dimensional
(1 < s <4) manifold of points which are physically equivalent: under a
symmetry operation, that is, a motion which takes these points into one
another, the metric does not change.

These ideas are made more precise by imagining a vector & (z%) at
every point z% of the space and asking for the conditions under which
the metric does not change when proceeding in the direction £?. Since
every finite motion can be constructed from infinitesimal motions, it is
sufficient to ensure the invariance of the metric under the infinitesimal
motion

T =2% 4+ &% (a™)d\ = 2% 4 dz*. (33.1)

For such a transformation we have
0Gab = gapn&" dA,  0(dz®) =d(dx®) = &%, dz™ dA, (33.2)

so that the line elements at the point z* and at the neighbouring point
¢ are identical only if

§(ds?) = 6(gap dz® da?)
= (gab,nfn + gnbgn,a + gangn,b) dz®dab dX = 0.

A symmetry is present if and only if (33.3) is satisfied independently of
the orientation of dz“, that is, for

gab,ngn + gnbgn,a + ganfn,b = 0. (334)

For a given metric, (33.4) is a system of differential equations deter-

(33.3)

mining the vector field £*(z™); if it has no solution, then the space has
no symmetry. In spite of the fact that it contains partial derivatives,
(33.4) is a covariant characterization of the symmetries present. One
can see this by substituting covariant for partial derivatives or formu-
lating (33.4) with the help of the Lie derivative; (33.4) is equivalent to
the equation

ga;b + gb;a = ‘Cegab - 07 (335>
which is clearly covariant.

Vectors £ which are solutions of the equations (33.4) or (33.5) are
called Killing vectors. They characterize the symmetry properties of
Riemannian spaces in an invariant fashion (Killing 1892).

If one chooses the coordinate system so that £ has the normal form
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& =1(0,0,0,1), (33.6)
then (33.4) reduces to
Ogap/0x* = 0; (33.7)

the metric does not depend upon z*. This shows clearly that in (33.4)
the alternative definition of symmetry as ‘independence of a coordinate’
has been covariantly generalized.

The world line congruence associated with the Killing vector field, that
is, the family of those curves which link points which can be carried into
one another by symmetry operations, is obtained by integration of the
equations

dz™/dX\ = " (z"). (33.8)

33.3 Killing vectors of some simple spaces

The Killing equations (33.5) constitute a system of first-order linear
differential equations for the Killing vectors £!(z"); the number and
type of solutions of these ten equations are dependent upon the metric
and hence vary from space to space. Here we shall first of all determine
the Killing vectors explicitly for two simple metrics, and only in the next
section deduce some general statements about the diversity of solutions
to the Killing equations.

The Killing vectors of Minkowski space can without doubt be obtained
most simply in Cartesian coordinates. Since all Christoffel symbols van-
ish, in these coordinates the Killing equations read

€ap +&pa = 0. (33.9)
If one combines the equations
Eabe +E&bac =0, Eb,ca + &cpa = 0, €eab T &ac0 =0, (33.10)
which result from (33.9) by differentiation, then one obtains

ga,bc = 07 (3311)
with the general solution
o = Ca + eap2®. (33.12)

The Killing equations (33.9) are satisfied by (33.12), however, only if
€ab = —Eba- (3313)

Flat space thus processes ten linearly independent Killing vectors; the
four constants ¢, correspond to four translations and the six constants
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€ab to six generalized rotations (three spatial rotations and three special
Lorentz transformations).

One can also obtain relatively quickly the Killing vectors associated
with the spherical surface

ds? = dv¥? + sin? ¥ dp? = (dz!)? 4 sin? 2! (dz?)% (33.14)
Written out in full, equations (33.4) read
&i=0, o+sin®9e? =0, €lcos?d+sindé?,=0. (33.15)
The general solution
¢! = Asin(p + a), €2 = Acos(¢ + a)cot 9 + b (33.16)

shows that there are three linearly independent Killing vectors, for
example the vectors

&%= (sinp, cos p cot ), &%= (cosp, —sinp cotdd), &= (0,1). (33.17)
1 2 3

The sphere thus possesses exactly the same number of Killing vectors as
the plane, which of course permits as symmetry operations two transla-
tions and one rotation.

33.4 Relations between the curvature tensor and Killing

vectors
From the Killing equation (33.5)
ga;b + €b;a =0 (3318)
and the relation
fa;b;n - fa;n;b = Rmabngm (3319)

valid for every vector, a series of relations can be derived which enable
one to make statements about the possible number of Killing vectors in
a given space.
Because of the symmetry properties of the curvature tensor, the iden-
tity
(Sasp = &bsa)in — (Ensa — Lasn )b + (Ebsn — &nip)ia =0 (33.20)
follows from (33.19) for every vector. For Killing vectors it yields
ga;b;n + gn;a;b + Eb;n;a =0 (3321)
and together with (33.19) and (33.5) leads to
fn;b;a = Rmabngm- (3322)
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This equation shows that from the Killing vector &, and its first deriva-
tives &, all higher derivatives can be calculated in a given Riemannian
space. To determine a Killing vector field uniquely it therefore suffices to
specify the values of &, and &, at one point. Since one must of course
at the same time ensure that &, = —&,.q, then in an N-dimensional
Riemannian space there are precisely N + (J;[) = N(N+1)/2 such initial
values and, accordingly, a maximum of N (N +1)/2 linearly independent
Killing vector fields. The physical space (N = 4) thus has at most ten
Killing vectors and, as we shall show, it has ten only if the space is one
of constant curvature.

The maximum number cannot always be realized in a given space,
since the Killing equations are not necessarily integrable for every com-
bination of the initial values, and there even exist spaces without any
symmetry. Thus, for example, from the combination of the equation

gn;b;a;i - gn;b;i;a = Rmnaigm;b + Rmbaign;ma (3323)

which holds for every tensor &,.p, with (33.22) and the Killing equation,
we obtain the relation

(Rmabn;i - Rmibn;a)gm

R™ k — R™, k R™, . k _ R™ . k — (3324)
+ ( abn¥; ibnYq + bain nmgb )Em;k 07

which further restricts the freedom in specifying &, and &.x. From
the equations mentioned one can derive an algorithm for determining
the number of possible Killing vector fields in a given space. We will
not go into the details here, but rather refer the reader to the specialist
literature, e.g. Eisenhart (1961).

It is relatively easy to answer the question of which spaces possess
precisely the maximum number N(N + 1)/2 of Killing vectors. Clearly
for such spaces (33.24) must imply no restrictions on the values of &,
and &,., and therefore in this case we must have (remember that &,., +

gk;m = O')
Rmabp;i = Rmibp;a; (3325)

-F{mab;l?gz]'€ - Rkabpg;n - Rmibpgs + Rk’ibpg;n (33 26)
+ Rm'baigz - Rkbaig;)n - Rmpaigl]j + Rkpaiglcn = 0.

By contraction first just over i and &, and then both over ¢ and k and
over ¢ and b, one obtains from (33.26) the equations

(N = 1)R™ app = Rapg" — Rapg!", NRI" = Rg™" (33.27)

D
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and hence the curvature tensor of such spaces of maximal symmetry has
the form

Rmabp = R(gapgmb - gabgmp)/N(N - 1) (3328)

The curvature scalar R must be constant, see FExercise 33.4. Spaces
with these properties are called spaces of constant curvature (cp. Sec-
tion 19.5). The curvature R/N (N —1) can be positive, zero or negative.

The quantity
K =+/N(N -1)/|R| (33.29)

is known as the radius of curvature. In these spaces no point and no
direction is preferred. They are isotropic and homogeneous. Flat spaces
with vanishing curvature tensor are special instances of these spaces.

As one can easily show, a four-dimensional space of constant curvature
is not a solution of the vacuum field equations, apart from the trivial case
of a Minkowski space. The question of the maximum number of Killing
vectors in spaces which correspond to vacuum gravitational fields can
be answered in the following way. Vacuum solutions of type I or D have
at most four Killing vectors (to this group belongs the Schwarzschild
metric, for example, with one timelike Killing vector £ = (0,0,0,1) and
the three Killing vectors of the spherical symmetry); solutions of type N
have at most six, and solutions of types II and III at most three Killing
vectors.

33.5 Groups of motion

Translation in the direction of a Killing vector field can also be inter-
preted as a mapping of the space onto itself, or as a motion (for example,
a rotation) of the space. Since we designate as motions precisely those
transformations which do not alter the metric (for which the metric is
the same, in a suitable coordinate system, at the initial point and the
end point of the motion), these transformations form a group.

Groups of motion (Lie groups) are continuous groups whose elements
are differentiable functions of a finite number of parameters r. One
can imagine the entire group to be generated by repeated application of
infinitesimal transformations (33.1) in the direction of the r Killing vec-
tors of the space. These (linearly independent) Killing vectors thus serve
as a basis for generating the group. Since every linear combination of
Killing vectors is also a Killing vector, this basis is not uniquely deter-
mined.

One can characterize a group (and hence a space) by the number of
linearly independent Killing vectors and their properties. An intuitive
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picture of the way in which the group acts is provided by the regions
of transitivity, which are those regions of the space whose points can be
carried into one another by the symmetry operations of the group. The
surfaces of transitivity of the rotation group are spherical surfaces, for ex-
ample, and the group is multiply transitive on them; that is, there exists
more than one transformation which transforms one point into another.

The structure constants of a group of motion The structure of a group
which is generated by r Killing vectors can be most clearly recognized
if one examines the commutability of infinitesimal motions.

Two infinitesimal motions

% = 294 £ (2%) dA g+ F (AXa)? +---, (33.30)
A

% = 294 £*(2V) dAp+ ga (dAg)* +---, (33.31)
B
in the direction of the Killing vectors £ and £¢, respectively, give
A B

% = 14 £"(7") dAp+ P (dAp)* + -
B

w4 €% (2') dAat F*(dAa)’+ €7 (¢") dAp (33.32)
A A B

+ &%, () €7 (2Y) dAa dAp+ FO (dAg)2 + -+

B A B
when performed one after the other. If one performs the transformations
in reverse order and then takes the difference of the two results, then
only that part of (33.32) antisymmetric in A and B remains:

%“—E“:(fa’n & =&, 5")d)\Ad)\B+-~- (33.33)
B A A B
Infinitesimal motions thus commute only to first order; in second order

a difference term is left over, according to (33.33). We know, however,
that just as the point P (coordinates Z%) is equivalent to the initial

Fig. 33.1. Commuting of infinitesimal motions.
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point P, so also is the point P (coordinates %), see Fig. 33.1; because
of the group property of the symmetry transformations it is thus also
possible to construct a linear transformation from the Killing vectors
which describes the transition from P to P. Because of (33.33) we then
have for this transformation

2 P .
T - — ) = ¢ AB,D=1,...,r .34
(g oz™ B g oz™ A ) CABg ’ R ’ 7 (333 )

The quantities C{p are called the structure constants of the group; they

are independent of the choice of coordinate system, but do depend upon
the choice of basis £* and can be simplified (brought to certain normal

A
forms) by suitable basis transformations.
Using the operators

0
=" —, 33.35
%4( f; ox™ ( )
(33.34) can also be written in the form of a commutator relation

— =[x, x]=0C%;Xx. 33.36
o xyl-oby (83.36)

One can show that for arbitrary specified structure constants a group
always exists, if these constants have the antisymmetry property

Cclp=-C8, (33.37)
discernible in (33.34), and satisfy the Jacobi-Lie identity
CipCEc + CEpCEs + CEpCRE =0, (33.38)
which follows from the Jacobi identity
[ lpx)+ [p g+ [xlxgl] -0 @

FEzamples The group of translations

9= 09, %4(: 0% 0/0z°, a=1,...,n, A=1,...,n, (33.40)
A

of an n-dimensional flat space is an Abelian group. All its transforma-
tions commute, all the structure constants vanish.
The group of rotations of a three-dimensional flat space

£ = (y,—x,0), X =y0/ox —x0/dy,

= (z,0,—x), )2( = 20/0r —x0/0z,

“=02-y), X =20/0y-y0/02 (33.41)

wmn N~
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has the commutators

(X, x]=x, [XxX]=X, [XX]=Xx (33.42)
1772 3 2773 1 371 2
Since not all the structure constants vanish, but C3, = C3; = C3, = 1,

rotations do not commute. The operators X and their commutators
A

correspond to the angular-momentum operators of Quantum Mechanics
and their commutation rules.

Classification of spaces according to their groups of motion One char-
acterizes the group of motion of a space by the number of its Killing vec-
tors, the structure of the group and the regions of transitivity.
Establishing all the non-isomorphic groups G, of r Killing vectors, that
is, of groups whose structure constants cannot be converted into one
another by linear transformations of the basis, is a purely mathematical
problem of group theory. It is in principle solved: in the literature one
can find tables of all such possible groups for the cases of interest in
relativity theory.
Thus every group with two elements is either an Abelian group

[)1(,)2(] =0, (33.43)
or else we have
(X, X|=a X +eX, (33.44)
172 1 2

with ¢; # 0. In the second case, however, we can always arrive at the
normal form

(X,.X]=xX (33.45)
1772 1
by means of a basis transformation
X=X +cX, X=X/eci. (33.46)
1 1 2 2 72

The relations (33.43) and (33.45) characterize the two non-isomorphic
groups Gs.

Of special interest in cosmology are those groups whose regions of
transitivity are three-dimensional spaces (homogeneous models of the
universe; all points of the three-dimensional universe are equivalent).
All simply transitive groups G3 lead to such models. A list of all non-
isomorphic groups Gz can be obtained by using the relation

1eABECR, = NPE. A, B=1,23, (33.47)

which, because of the antisymmetry condition (33.37), maps the nine
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possible components of the matrix of the structure constants C onto
the 3 x 3 matrix NP and then splitting this matrix further into its

symmetrical part n?F and the antisymmetric part, which in turn can

be mapped onto a ‘vector’ a?:

NPE — pPE 4 DEA, (33.48)
If one substitutes the representation of the structure constants resulting
from this decomposition,

CRs =cpapnPf + 65 as — 67 ap, (33.49)

into the Jacobi-Lie identities (33.38), then these reduce to
n“Ba, = 0. (33.50)
One can always set a4 = (a,0,0) by real linear transformations of the
basis operators X and moreover transform n g to principal axes, so that

A

the diagonal elements have only the values 0,£1. One hence obtains the
following normal form for the commutators and the structure constants
of a group Gs:

[X,X ] =n3 X +a X,

1 2 3 2

[)2(,)3(] =m X, any = 0, (33.51)
(X, X]=no X —-aX, n;=0z=£L

3 1 2 3

As Table 33.1 shows, there are eleven types of groups G altogether,
which are distributed amongst the nine so-called Bianchi types I to IX.
Notice that in the types VII and VI for a # 0,1 one is always dealing
with a whole family of non-isomorphic groups.

Table 33.1. The structure constants of the groups Gs

Bianchitype [ II vII VI IX vl v IV I1I VvIl VI

a 0 0 0 0 0 0 1 1 1 a a
ny 0 0 0 0 1 1 0 0 0 0 0
n2 0 0 1 1 1 1 0 0 1 1 1
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We should mention further that there are also groups G4 and G which
are (multiply) transitive in three-dimensional space and can therefore
likewise correspond to homogeneous models of the Universe.

33.6 Killing vectors and conservation laws

The conservation laws of physics are closely connected with the sym-
metry properties of physical systems. In the theory of gravitation, the
properties of the four-dimensional space also have a physical significance.
In this section we shall show how symmetry properties (that is, the
existence of Killing vector fields) lead to conservation laws or other sim-
ple statements.

Mechanics of a point mass The motion of a point mass on a surface or
in Minkowski space in the absence of forces or the pure inertial motion
in a Riemannian space (motion in the gravitational field) takes place
along a geodesic:

D2 a D a a b

—ax% = —u" =upu’ =0. 33.52
D72 Dt b ( )

Contraction of this equation with a Killing vector field £¢ leads to
A
€aDu/Dr = d( &eu) /AT — uEapu’ =0, (33.53)
A A A

and taking into account the Killing equation (33.5), that is, the anti-
symmetry of £,., we have
A

&,u® = const. (33.54)
A

The quantities £,u® do not change during the motion of the point mass;
A

they are conserved quantities. Thus in mechanics a conservation law is
associated with every Killing vector field. In Minkowski space with its
ten Killing vectors (33.12) and (33.13) there are accordingly ten con-
servation laws: the four translational Killing vectors lead to the con-
servation law for the four-momentum, the three spatial rotations to the
angular-momentum law and the three special Lorentz transformations
to the centre-of-gravity law.

Interestingly enough, there exist Riemannian spaces in which there are
more conservation laws than Killing vectors, that is to say, conservation
laws which cannot be traced back to the presence of a symmetry. To see
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this consider the equation
Eab;n + Ebn;a + Ena;n =0, Zna=Zan, (3355)

which we shall take as the defining equations for a Killing tensor 4, .
If these equations possess a solution which is not a linear combination

of products of Killing vectors, and which thus cannot be written in the
form

Eab = cogab + Y can( Ea Eot &b £a),  Co,cap = const.,  (33.56)
w: AB A B

then the conservation laws
D(Egpuu’) /D1 = (Egpuub).u’ =0 (33.57)

which follow from (33.52) and (33.55) are independent of the conserva-
tion laws (33.54). One can show that in Minkowski space there exist

only the trivial Killing tensors (33.56). An example of a space with a
non-trivial Killing tensor is the Kerr metric discussed in Section 37.1.
Killing tensors reflect symmetries of the (geodesic) differential equations
in a space spanned by the variables (z®, u®) rather than those of space-
time.

If forces are present and these have a potential,

Dug /D7 = —® (33.58)

then the conservation law (33.54) is still valid if the potential does not
change under the symmetry operation of the space:

€0, =X D=0 (33.59)
A

The symmetry group of a mechanical (or general physical) system is
thus always a subgroup of the symmetry group of the space in which the

system is situated.

Scalar potentials in electrodynamics As the Killing equations (33.5)
show, a space possesses a Killing vector field if and only if the Lie deriva-
tive of the metric in the direction of this vector field vanishes:

LeGnm = gnm,igi + gimfi,n + gmfi,m =0. (33.60)

We call a physical system in this space invariant under motion in the
direction of the Killing vector field if the Lie derivatives of the physi-

cal variables vanish. This definition guarantees that the components of
the field variables do not change under the motion when one introduces
the old coordinate system again at the point reached by the motion
(cp. the remarks on the intuitive interpretation of the Lie derivative in
Section 18.5).
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Thus if in a Riemannian space there exists an electromagnetic field (a
test field, or a field which acts gravitationally), then this field possesses
a symmetry if and only if, in an appropriate gauge, the four-potential
satisfies the condition

If the associated field tensor is contracted with the Killing vector, then
the resulting vector E,, can be written as

E, = mngn = (An,m - Am,n)gn = ann’m + Angnym; (3362)
that is, E,, can be represented as the gradient of a scalar function ®:
Em =("An)m =P m. (33.63)

In the absence of charges and currents, or in a simply connected region
outside the sources, or, when the current density vector j¢ and the
Killing vector £ are parallel, then one can derive an analogous statement
for the vector

Hypy = Fypné” (33.64)
as well. From the Maxwell equation
Fmm, = Ltemn B, = ™ /e (33.65)
we obtain, upon contracting with €,,,.:£?, the equation
(F'rs,t + Fst,r + Ftr,s)ft =0, (33.66)

and since because of (33.61) the Lie derivative of the dual field tensor
vanishes,

Egpmn = ~mn,a£a + Fanga,m + Fmaga,n = Oa (3367)

H,, satisfies the condition H,, , = H, ., and consequently can be written
as the gradient of a potential U:

Hpo=—-V,,. (33.68)

)

The six quantities E™ and H™, which (for £,£* # 0) completely
describe the Maxwell field, can thus be represented as gradients of two
scalar potentials, if £ is a Killing vector. These potentials are gener-
alizations of the electrostatic and magnetic scalar potentials which one
usually introduces in Minkowski space when the fields are static, that
is, admit a timelike hypersurface-orthogonal Killing vector.

Equilibrium condition in thermostatics As we have shown in Section 21.5,
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a system is in thermodynamic equilibrium only if the Lie derivative of the
metric in the direction of u®/T vanishes; that is, if this vector is a Killing
vector. It is static if, further, the vector is hypersurface-orthogonal. In
the rest system u® = (0,0,0,c¢/\/—ga4) of the matter, the components
4o then vanish, and the metric does not change under time reversal.

Substituting the vector £ = u®/T into the Killing equations (33.60),
we have (when g4, = 0)

9apa =0, Ta=0, (V-guT), =0. (33.69)

By means of a transformation of time only, dt’ = \/—gus T dt, gyrar =
—1/T?, one can convert these equations into

Gmna =0, (V=914 T) ;=0 (33.70)

(we have once again dropped the dash on the indices).

The equations (33.70) are the equilibrium conditions in the rest system
of the matter. A system is thus in equilibrium not when the temperature
gradient vanishes, but rather when the gradient of /—ga4 T is zero. This
condition can be interpreted in the following way: in equilibrium, the
change in temperature just compensates the energy which has to be fed
in or carried away under (virtual) transport of a volume element in the
gravitational field.

Observables in quantum mechanics In the usual coordinate represen-
tation of quantum mechanics the operators of momentum and angu-
lar momentum associated with the physical observables correspond to
the operators il( of the translations (33.40) and rotations (33.41) of the

three-dimensional Euclidean space. There thus exists a close connection
between those quantities which remain constant for a more extensive
physical system (for example, an atom) because of the symmetry of the
space, and those which can meaningfully be used to describe part of a
system (for example, an electron). This connection explains the diffi-
culties involved in carrying over the quantum mechanics of Minkowski
space to a general Riemannian space, which of course possesses no Killing
vectors at all.

Conservation laws for general fields In a Riemannian space the local
conservation law

T% =0 (33.71)

holds for the energy-momentum tensor of an arbitrary field (an arbitrary
matter distribution). But no genuine integral conservation law can be
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associated with it, because of the non-existence of a Gauss law for tensor
fields of second or higher rank.
If, however, a Killing vector field £ exists in the space, then it follows

A
from (33.60) and the Killing equation (33.5) that
(&T™), = E&uT™+ &T™ ) =0, (33.72)
A A A

and the Gauss law can be applied to this local conservation law for a
vector field (see Section 20.5). Under certain mathematical assumptions
a conservation law

T = [T"¢&dfa= [ T™ &y/—g da! do? da® = const. (33.73)

A zi=const. A z4=const.
can then be associated with every Killing vector field of the space. If
the Killing vector is timelike, the associated conserved quantity will be
called energy. Whether for a spacelike Killing vector one uses the label
‘momentum’ or ‘angular momentum’ is sometimes only a matter of defi-
nition. In such a case one can be guided by the transitivity properties of
the group of motion (the three translations in flat space yield a transitive
group, the three spatial rotations are intransitive), by the commutators
of the associated operators X or by the structure of the Killing vectors

in the asymptotically flat far-field zone.
Starting from the identity

(fa;b - gb;a);a;b = 07 (3374)

valid for all vectors, one can recast the conservation law (33.72) in a
different form (Komar 1959). If £ is a Killing vector then this identity,
(33.5) and (33.22) imply

(R0 =0 = (T~ 4™ )6 ], (3375)

which agrees with (33.72) since T,,™ = 0.

From the standpoint of the symmetry properties of a field and of
the connection between symmetries and conservation laws, one would
therefore answer the question, discussed in detail in Section 28.4, of the
validity of an energy law for and in a gravitational field in the following
way. The energy of a gravitating system can be defined if a timelike
Killing vector exists, and then it is always conserved.

Exercises

33.1 Show that if £, Fyp = 0, then there is a gauge such that LA, =
0.
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33.2 Assume there are two Killing vectors £ and 7. Is it always
possible to gauge the four-potential A4,, by L. A, =0=L,A,7

33.3  Find the Killing vectors of the metrics (34.1) and (19.41).

33.4  Show that the Killing vectors (33.17) satisfy (33.42).

33.5 In a Minkowski space, there is a rotationally symmetric Maxwell
field. Use the two potentials ¢ and ¥ to formulate Maxwell’s
equations in cylindrical coordinates.

34

A survey of some selected classes of exact
solutions

A compendium of all currently known solutions of Einstein’s equations
fills a thick book, see for example Stephani et al. (2003). In spite of
the complexity of the Einstein field equations many exact solutions are
known, but most have little physical relevance, that is, it is most im-
probable that sources with that specific structure exist in our universe.
On the other hand, exact solutions to many realistic problems, for ex-
ample, the two-body problem, are unknown. Here we must restrict our-
selves to a few brief references to, and remarks about, rather arbitrarily
selected classes of solutions. In Chapters 37, 41 and 43 we shall discuss
at greater length several solutions which can be used as models for stars
or the universe.

Many of the known solutions have been found by assuming from the
very beginning a high degeneracy (Petrov types D, N or 0) or a high
symmetry. We shall follow this approach.

34.1 Degenerate vacuum solutions
Several classes of degenerate vacuum solutions, that is, solutions with (at
least) one shear-free, geodesic null congruence, have been systematically
investigated. These classes include the following.

Type D solutions They are all known; their most important represen-
tative is the Kerr solution, see Section 37.1. An example of a type D
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solution which it has not (yet?) been possible to interpret physically is
the metric

dz? b
ds? = b/zz— . + (; - 1)d<p2 + 22(dr? — sinh? r ¢ dt?), (34.1)
which arises out of the Schwarzschild metric (23.23) via the transforma-
tion

9 —ir, @ —ict, r—z, c— ip (34.2)

and an overall change of sign. Note that the coordinate labels in (34.1) are
completely arbitrary, for example, ¢ need not be an angular coordinate.

Degenerate solutions, whose eigenvector field is rotation-free and diver-
gence-free In Section 31.3 it was explained that the most important
physical and mathematical properties of a null vector field are contained
in the three optical scalars o (shear), w (rotation) and 6 (divergence).
For degenerate solutions ¢ vanishes, in accordance with the definition,
and the vanishing of the other scalars as well simplifies the field equa-
tions considerably. Besides some special type D solutions, which have
this property, the structure of all types 111 and N which fall into this
category is known. Their metrics have the form

ds® = |dz +idy + W dul* + 2dudo + H du?, (34.3)

where the functions W (complex) and H (real) must satisfy two partial
differential equations. The most important representatives of this class
are the plane fronted waves with parallel rays (29.39)-(29.40) found in
Section 29.3.

Degenerate solutions, whose eigenvector field is rotation-free, but has a
non-vanishing divergence These solutions are comprised by

ds?* = r?P~2(da? + dy?) + 2dudr + 2H du?, (34.4)

2 2
2m 2( o a_) 1nP—2r8(1;;P,

21 922 T a2

m=0,1,
r

where the function P(z,y, u) is a solution of the equation (Robinson and
Trautman 1962)

P2<86—; + aa—;) [PQ(;—; + ;—;) In P| = _12ma(1912P_ (34.5)

It can be shown that some of these time-dependent solutions finally

settle down to the Schwarzschild solution which is contained here as a
special case. But the hope of finding metrics amongst the solutions (34.3)
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and (34.4) which describe the radiation field of a bounded physically
meaningful matter distribution has not been realized.

34.2 Vacuum solutions with special symmetry properties

The Weyl class — axisymmetric, static vacuum fields In flat space, phys-
ical configurations which are static and also spherically or axisymmetric
(in cylindrical coordinates: ¢-independent) are particularly simple. The
analogue of spherical symmetry leads immediately to the Schwarzschild
solution (Birkhoff theorem, see Section 23.2). The relativistic general-
ization of axially symmetric, static vacuum fields is the Weyl class: in a
suitable coordinate system the solution should not depend upon the time
t nor the cyclic coordinate ¢ and should not change under the transfor-
mations t — —t and ¢ — —¢ (should contain no terms geur, got, gpo; Gir
or gry). The last condition means physically that a time-independent
rotation of the source whose external field we are considering is forbid-
den.

To give an invariant definition: all vacuum solutions with two com-
muting, hypersurface-orthogonal Killing vectors, of which one is time-
like, whilst the world line congruence associated with the spacelike vector
consists of closed curves of finite length, belong to Weyl’s class. (A met-
ric is said to be stationary when it possesses a timelike Killing vector,
and static if in addition that vector is hypersurface-orthogonal). One
can show that for this symmetry the metric can be transformed to the
normal form (Weyl 1917)

ds? = e 2Y[e?*(dp? + d2?) + p? dp?] — 2V 2 dt?, (34.6)
where the functions U(p, z) and k(p, z) are to be determined from

Upp+p U, +U,, =0 (34.7)
and
p 'k, =UZ-UZ p k. =20U,U.. (34.8)

Since (34.8) is always integrable when (34.7) holds, we have evi-
dence which apparently suggests the astonishing fact that from every
(p-independent) solution U of the flat space potential equation (34.7),
that is, for every static axisymmetric vacuum solution of the Newtonian
gravitation theory, one can obtain a reasonable solution to the Einstein
theory by simply performing two line integrals (34.8). This statement
is, however, false in this oversimplified form. This is because we have
not yet ensured that the singular line p = 0 of the coordinate system is
not singular in the physical sense as well, with infinite mass density. To
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exclude the occurrence of such a singularity one has to demand that for
every infinitesimal circle about the z-axis the ratio of the circumference
to the radius is 27 (space-time is locally a Minkowski space); this is done
by the condition

k=0 for p=0 (z arbitrary). (34.9)

The differential equation (34.7) is of course linear, and solutions U
can be superposed, but the sum of two solutions, which individually
have a regular behaviour, will not in general satisfy the subsidiary con-
dition (34.9). The simple superposition of fields of two sources does not
yield a field whose sources are in gravitational equilibrium; to keep two
attracting masses apart one needs a singular mass distribution on the
axis.

In Newtonian theory, the spherically symmetric gravitational field is
given by U = 1/r = 1/4/p? + 22. Surprisingly, this U does not lead to
the Schwarzschild solution, see Exercise 34.1. Rather

ry +r_+2m’ dryr_ ’ (34.10)
= G

U _ Tt - 2m o2k (ry +7r_)? —4m?

gives the Schwarzschild solution in Weyl coordinates, cp. Fig. 34.1. This
is the analogue of the field of a massive rod (line) of length 2m in Newto-
nian physics. The singular surface » = 2m is just this line. This example
clearly shows that Weyl coordinates do not have an immediate physical
meaning, and moreover, that in relativity it is dangerous to connect an
intuitive meaning with coordinates suitably named.

Axisymmetric, stationary vacuum solutions In the Newtonian gravita-
tion theory the gravitational field of an axisymmetric source distribution

z
A
me._  T_
"~
e
pe—F—FF—>p
'
e T+
R
—m

Fig. 34.1. Schwarzschild solution in Weyl coordinates.
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does not depend upon a possible rotation of the source about the sym-
metry axis. In the Einstein theory, on the other hand, the metric will be
altered by the corresponding matter current, which enters the energy-
momentum tensor. For uniform rotation, the metric will, of course, be
independent of ¢ and ¢, but the direction of time (the sense of rotation)
will be important. Formulated invariantly: axisymmetric, stationary
vacuum fields possess two commuting Killing vectors (an Abelian group
of motion G3), of which one is timelike (but not necessarily hypersurface-
orthogonal). One can show that vacuum metrics of this class can be
transformed into the canonical form

ds® = e 2U[e®*(dp® + d2?) + p? dp?] — 2V [dt + Ad ¢]?, (34.11)

where the functions U, k and A depend only upon p and z and have to
satisfy the differential equations

Upp+0 U, + U = _%ezwpﬂ(A,/% + A;),

4U -1 U -1 (34'12)
(eptA.) .+ (e*"p A ), =0,

Py = UJ—UZ—3etp 2 (A7 - A2),

(34.13)
p~ k. =2U,U, — 3eVp 24 A ..

The system (34.13) is always integrable when (34.12) holds, so that k
can simply be calculated by quadrature. The system (34.12) has been
extensively investigated with regard both to simple solutions and to the
possibility of producing new solutions from those already known by, for
example, Backlund transformations.

The best known and most important representative of the class of
axisymmetric, stationary vacuum solutions is the Kerr metric, given by

v _ (ry +7-)%(2cos? p —1) +4m(m —ry —r_)cos’p
e = )
(r+r_)2+dm(m+r- +ry)cos? (34.14)

r3 = p? + (mcos ® + 2)?
(the Weyl coordinates used here are related to the Boyer—Lindquist
coordinates of (37.1) by z = (r — m)cosd, p = Vr?2 + a? — 2mrsin?).

Cylindrically symmetric solutions The cylindrically symmetric soluti-
ons are the counterpart of the static axisymmetric Weyl solution; instead
of a timelike and a spacelike Killing vector, one now has two spacelike
ones. The metric is independent of z and ¢ and can be written as

ds? = e 2U[e?*(dp? — dt?) + W2dp?] + e2Yd22. (34.15)
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The function W has to obey the wave equation
W —Wu=0, (34.16)

which is solved by
W =f(t—p)+gt+p). (34.17)

Numerous solutions are known, which describe colliding plane waves.
For sz — W% > 0, one can adjust the coordinates by W = p, and the
rest of the field equations then yield

Upp+p U,y =Up =0 (34.18)

p 'k, =U2+UZ, p ks =2U,U,. (34.19)

These are the Finstein—Rosen waves, which are the counterpart of the
flat-space cylindrical waves which obey (34.18).
For W = sinp sint, the equation for U reads

sint(U ,sinp) , —sinp(Uysint) ; = 0. (34.20)
Standard separation leads to

U :Z cnhn(cos p)hy(cost), ¢, = const., (34.21)

where the h,, are the Legendre functions (first and second kind). This
form of the solution suggests that we should consider also p as a periodic
coordinate. Indeed, the regularity conditions (e.g. at p =0 = m) can be
satisfied, and p, z and ¢ can be interpreted as generalized Euler angle
coordinates. These solutions are known as Gowdy universes; they are
closed universes containing only a gravitational radiation field, and they
have final and initial collapse singularities at ¢ = 0 and ¢ = .

34.3 Perfect fluid solutions with special symmetry properties

Perfect fluids are often used to model the interiors of stars, or the galaxy
distribution in our Universe. Many exact perfect fluid solutions are
known, but only very few of them can serve as realistic models. The most
discussed ones are the (static or non-static) spherically symmetric solu-
tions; contained here are also the Friedmann universes, see Section 41.2.

For a realistic model of a spherically symmetric star, one should pre-
scribe an equation of state f(u,p) = 0.But then in most cases it turns
out that the field equations cannot be solved analytically. So one rather
likes to solve the field equations by making some assumptions on the
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metric functions, and only then does one calculate pressure p and mass
density pu.
To give at least one example, we take the McVittie solution

ds® = (1+ f)*e9® [1 + 72 /4R?|72[dr? + r?(d9? + sinh? 9 dp?)]
—(1—f)de?/ 1+ f), (34.22)
2f =me 921 472 /4R%|Y2/r, R = const.

For m = 0, this a Robertson—Walker metric, the space ¢ = const. is a
space of constant (positive) curvature, cp. Section 19.5. For g = 0 and
r?2/R? < 1, the solution approaches the exterior Schwarzschild solution
(23.67). So the McVittie solution has been interpreted as a particle in
a homogeneous universe.

Stars are usually rotating, and their interior should be modelled by a
stationary axisymmetric perfect fluid solution. But here the situation is
even worse than in the spherically symmetric case. A spherically sym-
metric perfect fluid with a surface p = 0 can nearly always be matched
to the exterior Schwarzschild solution; there is only one spherically sym-
metric vacuum solution, and the surface of the star always is a sphere.
For a rotating star, one cannot prescribe the shape of the surface, then
solve the interior problem, and then find an exterior vacuum solution to
be matched at the surface: such an exterior solution (asymptotically flat,
with no singularities) need not exist! Rather one has to solve the interior
and the exterior problem in one go, finding as a by-product the shape
of the star’s surface. No realistic model of a truly relativistic rotating
star has been found so far. Only in the extreme limit of a rotating disc
of dust is the complete solution known (Neugebauer and Meinel 1993).

Exercises

34.1  Determine the function k for the potential U = r—! = (p? +
22)~1/2 and show that the resulting metric (the Chazy-Curzon
particle) is not spherically symmetric.

34.2 Find the static cylindrically symmetric vacuum solutions (U =
U(p), k = k(p) in (34.6) or in (34.15)).

34.3  Show that ds? = K?[(dz')? + sin?2!(dz?) + sin® ¢t (dz?)? —
c? dt?] is the gravitational field of a covariant constant electro-
magnetic field whose only non-vanishing omponent is F3q =
K 3sinct.






VI. Gravitational
collapse and black
holes

In the examples and applications considered up until now we have always
correctly taken into account the non-linearity of the Einstein equations,
but most of the properties and effects discussed do not differ qualita-
tively from those of other classical (linear) fields. Now, in the discussion
of black holes and of cosmological models, we are going to encounter
properties of the gravitational field which deviate clearly from those of
a linear field. The structure of the space-time is essentially changed by
comparison with that of Minkowski space, and essentially new types of
questions arise.

35
The Schwarzschild singularity

35.1 How does one examine the singular points of a metric?

A quick glance at the Schwarzschild metric,

dr?

ds? = ————
ST 1 oMy

+7%(d9? +sin? 9 dp?) — (1 — 2M/r)c? dt*  (35.1)
shows that a singularity of the metric tensor (of the component g,,.) is
present at » = 2M. In our earlier discussion of the Schwarzschild metric
in Chapter 23 we had set this problem aside with the remark that the
radius r = 2M lies far inside a celestial body, where the vacuum solution
is of course no longer appropriate. Now, however, we shall turn to the
question of whether and in what sense there is a singularity of the metric
at r = 2M and what the physical aspects of this are.

Places where a field is singular constitute a well-known phenomenon
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of classical physics. In electrostatics the spherically symmetric Coulomb

field

e
1) = — .2

is singular at r = 0, because an infinitely large charge density (point
charge) is present there. In non-linear theories the situation is more
complicated, because the singularity need not occur at the position of
the source. Einstein hoped that the singularities of the gravitational
field would represent elementary particles, that the general theory of
relativity would thus to a certain degree automatically yield a (non-
quantum-field-theoretical) theory of elementary particles. This hope has
not been fulfilled. Meanwhile, however, much has been learnt about the
nature of singularities of the gravitational field and about the physical
effects which occur there. Here we shall have to limit ourselves to the
description of a few basic ideas.

A singular coordinate system can evidently give a false indication of
a singularity of the space. For example, in flat three-dimensional space
spherical coordinates are singular at » = 0 in the sense that /g is zero
there and ¢”? and ¢¥¥ become infinite, without the space showing any
peculiar properties there. Therefore, if the metric is singular at a point,
one investigates whether this singularity can be removed by introducing
a new coordinate system. Or, appealing more to physical intuition, one
asks whether a freely falling observer can reach this point and can use
a local Minkowski system there. If both are possible, then the observer
notices no peculiarities of the physical laws and phenomena locally, and
hence there is no singularity present.

Singular points or lines can also arise if a hole has been cut in the
universe by mistake, its edge appearing as a singularity. Of course one
can repair such a defect by substituting a piece of universe back in,
that is, one can complete the space by extension of a metric beyond its
initially specified region of validity by unbounded extension of geodesics.

In distinction from these two local types of investigation, one can also
examine the topological properties of the space in the neighbourhood
of a singularity and, for example, ask what possibilities there are of
interactions between the outside world and the neighbourhood of the
singularity, that is, which points of the space can be linked to one another
by test particles or by light rays.

We shall now elucidate some of these questions by reference to the
simple example of the Schwarzschild metric. For a more exact discussion
see for example Hawking and Ellis (1975).
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35.2 Radial geodesics near r = 2M
Soon after the Schwarzschild metric had been obtained as a solution of

the field equations, it was recognized that both the determinant of the
metric

—g =rtsin®9 (35.3)
and also the invariant
Rapea R = 48 M2 /1 (35.4)

associated with the curvature tensor are regular on the ‘singular’ surface
r = 2M. This suggests that no genuine singularity is present there, but
rather that only the coordinate system becomes singular.

In order better to understand the physical conditions in the neigh-
bourhood of r = 2M, we investigate the radial geodesics, information
about which is provided by the line element

_
- 1-—2M/r
From (35.5) or from (23.30) and (23.31) we obtain for the trajectories
of test particles

dr det A

ds? (1—2M/r)c* dt?. (35.5)

dr % e /), dr  1-2M/r (35.6)
(A =const.). For photons one has ds? = 0, that is
dr = £(1 — 2M/r)cdt. (35.7)

For a test particle (for a freely falling observer) passing from r = rgy to
r = 2M, equations (35.5) and (35.6) tell us that an infinitely long time

2M y dr
/dt - /,-0 (1 _eM/r) /A Bl _2M)r) (358)

is required to traverse the finite distance

M dr

Ly = _, 35.9
" ) VI-_2MJr (85.9)
but that the destination is reached in the finite proper time
2M
d
o= ! (35.10)

ro VAT —c2(1—2M/r)
The freely falling observer would therefore probably not notice anything
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special at » = 2M; but the coordinates r and ¢ are not really suitable
for describing his motion.
A photon would likewise require an infinitely long time, namely,

1 M dr
To = - - — 11
07 ¢ /T0 1—2M]/r (35-11)

to cover the finite stretch Ly (35.9) — and again the coordinate time ¢
proves physically unsuitable for describing the process.

35.3 The Schwarzschild solution in other coordinate systems

We seek coordinate systems which are better adapted to the description
of physical processes in the neighbourhood of » = 2M than is the usual
Schwarzschild metric, coordinate systems which may possibly even cover
the space-time completely. Notice that an extension of the Schwarzschild
metric from the exterior space across the surface r = 2M does not
necessarily have to lead from (35.1) to the metric

dr?

d52 = (2M/T‘ — 1)02 dt2 + 7‘2 (d'l92 + Sin2 19dg02) — m,

(35.12)
which — with r < 2m — one could of course regard as the metric
‘inside’ r = 2M (where r is a timelike, and ¢ a spacelike coordinate).
For r = 2M the metric (35.1) is completely undefined, and by extension
of the metric of the exterior space into r < 2M one could also arrive in
a completely different region of the ‘universal’ Schwarzschild solution,
just as by crossing a branch cut one can reach another branch of the
Riemannian surface of an analytic function. We must therefore distin-
guish between the Schwarzschild metric, which is only valid for r > 2M,
and the general Schwarzschild solution, which is the (yet to be revealed)
maximal extension of the Schwarzschild metric, which contains (35.1)
as one section, but which can also be described in completely different
coordinates. We shall now meet three new coordinate systems (metrics)
which describe various sections of the Schwarzschild solution.

One can adapt the coordinate system to a freely falling observer by
the transformations

2M dr
Al = di+y (1 —2M/r)’ (35.13)

cT(r,t) = ct +2vV2Mr +2M In |(vr — V2M)/(\/r + V2M)

)
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dr\/_ Vo dr
dR = cdT + cdt + ——
V2M VaM 1= 2M/r’ (35.14)

(R, cT) = [(Rch)i%\/Mi/ﬂ e

In this way we pass from the Schwarzschild metric to the Lemaitre metric
(Lemaitre 1933)

2M

ds? = = dR?+7? (¥ +sin® 9 dp?) —* dT?, r =r(R,cT). (35.15)

T is clearly the proper time for particles which are at rest in the coor-
dinate system (35.15); and because of (35.14) and (35.6) dR = 0 holds
exactly for those particles which are initially at rest at infinity (4 = ¢)
and then fall freely and radially. The line element (35.15) is regular at
r = 2M , and a freely falling observer notices nothing peculiar there; only
the point r = 0 is singular. A drawback of this metric is that the static
Schwarzschild solution is described by time-dependent metric functions.

In another coordinate system null geodesics are preferred to the time-
like geodesics used above. If one introduces a retarded time v by

dv = dt —dt* =dt +dr/c(1 — 2M/r),

(35.16)
cw=ct+r+2MIn(r —2M) —2MIn2M

(dt* is the time needed by a radially falling photon to complete the
distance dr), then from the Schwarzschild metric (35.1) one arrives at
the Eddington—Finkelstein metric (Eddington 1924, Finkelstein 1958)

ds® = 2cdrdv + r*(dv® + sin® 9 de?) — (1 — 2M/r)c® dv?,  (35.17)

in which light rays travelling inward radially are described by dv = 0.
In these coordinates, too, the metric functions are only singular at r = 0
(the vanishing of g, at r = 2M implies no loss of dimension, since
the determinant of the metric (35.17) does not vanish there). The line
element (35.17) is not invariant under time reversal v — —wv, which
corresponds to a time reflection ¢ — —t¢ and a substitution of inward-
travelling by outward-travelling photons. But from this time reversal we
obtain another section of the universal Schwarzschild solution.

The maximal extension of the Schwarzschild metric is a metric which
contains all the sections considered up until now as component spaces
and which cannot be further extended. It is reached by introducing the
advanced time u,

cu =ct—r—2MIn(r — 2M) + 2M In2M,

(35.18)
2r +4M In(r — 2M) — 4M In 2M,

c(v—u)
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into the metric (35.17), which hence (after elimination of dr) in ‘null
coordinates’ u,v takes the form

ds® = r?(d¥? + sin® 9 dyp?) — > dudv (1 — 2M/r), (35.19)
and by then making the coordinate transformations
v = ecv/4M, u = 7efuc/4M’ 5 = %(U’ N ul)’ w— %(’Ul + u/). (35.20)

The result is the Kruskal form of the metric (Kruskal 1960) representing
the Schwarzschild solution

ds? = 32M3r e 7/2M (d2®—dw?)+r*(w, 2) (A9 +sin® ¥ dp?), (35.21)

which is related to the original Schwarzschild metric by

—2ct/4AM
9 9 1—e /

¢ —w® = —1>er/2M, v

ct

(531

In the Kruskal metric (35.21) ¢ and ¢ are spherical coordinates (co-
ordinates on the subspaces with spherical symmetry). The coordinates
z and w are spacelike and timelike, respectively; they can take positive
and negative values, but are restricted so that r is positive.

We now want to describe briefly how the Schwarzschild metric and
its singularity appear from the standpoint of the Kruskal metric. The
exterior space of the Schwarzschild metric (r > 2M, t finite) corresponds
to region [ of Fig. 35.1, where z > |w|. Theraysw = +z, z > 0, form the

w _
r=92M r=0 r=0 r=2M,t = +oco
z
N r = const
r=2M =0 r=0 r=2M,t=-o0

Fig. 35.1. The Kruskal diagram of the Schwarzschild solution (¢, ¢ sup-
pressed).
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boundary of this region, which is described in the r, ¢ coordinates by ¢t =
+ oo orr = 2M. If one crosses this boundary inwards into region II, that
is, if one crosses t = +o00, r = 2M, then one arrives in the ‘interior’ of the
usual Schwarzschild metric; the Eddington-Finkelstein metric (35.17)
covers precisely these two regions. The regions I’ and II’, which can
be reached by further varying the coordinates w and z, are isometric
to (metrically indistinguishable from) regions I and IT: the maximal
extension of the Schwarzschild solution contains both the exterior part
(r > 2M) and the interior part (r < 2M) of the Schwarzschild metric
twice. No boundaries or singularities occur, with the exception of (what
can be shown to be) the genuine singularity » = 0, which cannot be
removed by coordinate transformations, and which is represented in the
Kruskal diagram by two hyperbolae.

If we are inside the gravitational field of a spherically symmetric star,
that is, within region I, then because of the existence of the star, whose
surface is described in Fig. 35.1 by the line r = const., the regions I,
II and II' are of course to be replaced by an interior solution. Before
turning to the question of whether and in what manner the complete
Schwarzschild solution (including I’, IT and II’) can be realized in na-
ture, we want to discuss more closely the physical consequences of the
maximal extension of the Schwarzschild metric.

35.4 The Schwarzschild solution as a black hole

From the mathematical description given in the previous section of
the different regions of the Schwarzschild solution, one might gain the
impression that it would be possible for an observer to pass from our
universe (region I) through the Schwarzschild singularity r = 2M and
the interior space (region IT) into another universe (region I’), which
is again the exterior space of a Schwarzschild metric. Since, however,
this observer requires an infinite time (as measured in proper time by
the people left behind) just to reach r = 2M, he would have vanished
forever to those remaining behind. Or, alternatively, while they believe
him to be still on the way to r = 2M, he has long since (as measured
in his proper time) been exploring the new universe I’. To see whether
such journeys are possible, we must examine more carefully the proper-
ties of the geodesics of the Schwarzschild solution. Our traveller need
not necessarily fall freely (move on a geodesic), since he can of course use
a rocket; but he can never travel faster than light. Hence, with regard
to possible journeys and to the physical relations between the different
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regions of the Schwarzschild solution, the course of the null geodesics
(light rays) is particularly important.

If we limit ourselves to purely radial motions (¢ = const., ¢ = const.),
then the line element

ds? = 32M3r~te™/2M (dz% — dw?) (35.23)

determines the course of geodesics. This metric is conformally flat. Null
geodesics (ds? = 0) have
dz = £ dw, (35.24)

they are straight lines inclined at 45° (or 135°) in the zw-plane. This
simple form for the null geodesics follows from the choice of our coordi-
nates, which were deliberately adapted to light propagation.

If one inserts into the Kruskal diagram all the null geodesics which
in region I run radially inwards (¢ increasing, r decreasing) or radially
outwards (¢ increasing, r increasing) and extends them across r = 2M,
then one obtains the result sketched in Fig. 35.2. All light rays going
radially inwards intersect r = 2M (for ¢ = o00), penetrate into region
IT and end up at the singularity » = 0; all light rays running outwards
come from the region II’ and the singularity there.

Thus one cannot send radially directed light rays from our world (I)
into the regions I’ or I1'; only region IT is within reach, and once the
photon is there it cannot avoid the singularity » = 0. One might think

r=20 w r=20 r=2M, t =40

\\r = const

Outgoing

\\light rays

Incoming
light rays

r=20 r=20

Fig. 35.2. Null geodesics and local light cones in the Schwarzschild solution.
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of escaping the singularity » = 0 by using non-radially directed light
rays or observers with suitable rockets. But in fact once a photon is in
region 11, it cannot avoid ‘falling’ to r = 0. Addition of new degrees of
freedom to (35.23) implies for photons that because

ds? = 0= 32M°% e " /2M(d2? — dw?) + do?, do® >0, (35.25)

dw? must be larger in relation to dz? than for radial photons since
the term do? must also be compensated. In Fig. 35.2 such light rays
would bend up more steeply and reach r = 0 even earlier. The same
conclusion can be drawn for observers with rockets. Their fate can also
be described as follows. While in our part of the universe it is always
possible with the aid of rockets to remain at a fixed point, in spite of
the gravitational field, r cannot remain constant in region II; as one
can see from (35.12), it plays the rdle of a time coordinate there, and
the observer cannot prevent the passage of time. By the way, in region
11 the Schwarzschild solution is no longer static, since the Killing vector
which is timelike in region I becomes spacelike here.

Let us return to the observer whom we wanted to send into region I’.
While we believe him to be on the way to r = 2M, he has long ago been
lost to the singularity r = 0 in region II; he can never reach regions I’
or IT'.

We can thus establish the following causal structure for the Schwarz-
schild solution. From our world I we can influence region 11, but not
regions I’ or II', and we can be influenced by region I1’, but not by IT
or I’. While region I’ is therefore rather uninteresting for us, region IT
is a ‘black hole’ (everything can go in, nothing can come out), and region
IT' is a ‘white hole’ (nothing can go in, things can only come out).

Is all this just playing with mathematical constructions? The current
opinion is that in our universe gravitational fields of this structure were
not present from the beginning, but have possibly developed since. If
they have thus only been in existence for a finite (coordinate) time, then
region 11’ has no interest for us, since in a finite time nothing can reach
us from there. Since, therefore, of the three regions I’, IT and II' on
the other side of the Schwarzschild singularity (it is probable that) only
11 has relevance for us, we often speak of a ‘black hole’ when we mean
the full Schwarzschild solution.

The story of how a black hole comes into being, of the evolution of
the gravitational field of a normal star to a field whose Schwarzschild
radius r = 2M can be crossed from outside (no longer lies within the
star) — this will be the subject of the next chapter.
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Exercises

35.1  Are the curves {r, ¢, 9} = const. geodesics for r < 2M?

35.2 Find all light rays which have r = const.

35.3 Show that in the metric (35.19) the coordinates v and v are null
coordinates in that w"u_, = 0 = v'"v, holds.

35.4 Show that for small r the Schwarzschild solution behaves like
ds? = —dr24(ar)*dt® 4 (ar)P4M?(d¥? +sin? ¥ dp?). Determine
a, a, and § and discuss the fate of a freely falling observer by
using the results of the discussion of the Kasner-type solutions
in Chapter 43 and Fig. 43.1.

36

Gravitational collapse — the possible life
history of a spherically symmetric star

36.1 The evolutionary phases of a spherically symmetric star

In our universe a star whose temperature lies above that of its surround-
ings continuously loses energy, and hence mass, mainly in the form of
radiation, but also in explosive outbursts of matter. Here we want to
sketch roughly the evolution of such a star which is essentially charac-
terized and determined by the star’s innate properties (initial mass and
density, ...) and its behaviour in the critical catastrophic phases of its
life.

According to observation, stars exist for a very long time after they
have formed from hydrogen and dust. Therefore they can almost always
settle down to a relatively stable state in the interplay between attrac-
tive gravitational force, repulsive (temperature-dependent) pressure and
outgoing radiation.

The first stable state is reached when the gravitational attraction has
compressed and heated the stellar matter to such a degree that the con-
version of hydrogen into helium is a long-term source of energy sufficient
to prevent the star cooling and to maintain the pressure (a sufficiently
large thermal velocity of the stellar matter) necessary to compensate the
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gravitational force. The average density of such a star is of the order of
magnitude 1 gecm™3. A typical example of such a star is our Sun.

When the hydrogen of the star is used up, the star can switch over to
other nuclear processes (possibly only after an unstable phase associated
with explosions) and produce nuclei of higher atomic number. These
processes will last a shorter time and follow one another more quickly.
For sufficiently massive celestial bodies (the Earth would be too small!)
the resulting pressure is then so great that the nuclei lose their elec-
trons and a degenerate electron gas results. The density of this star is
of order 107 gecm™3; stars of such density are known as white dwarfs.
Using quantum mechanics for calculating the equilibrium states of such
a degenerate electron gas, Chandrasekhar (1931) could show that white
dwarfs with a mass above ~1.44 solar masses cannot be stable (their
radius thus amounts at most to 5000 km). Stars with masses exceeding
this Chandrasekhar limit must therefore either lose a part of their mass
after hydrogen burning or else evolve towards a different final state.

If the pressure (the mass of the star) is large enough, this can happen
by the electrons and the protons of the nuclei (starting, for example, from
56Fe) turning into neutrons, so that the whole star finally consists of the
most closely packed nuclear matter. The density of such neutron stars

is about 10%* gem™3.

Although the details of the nuclear interactions
are not known exactly, one can nevertheless show that neutron stars are
only stable (the pressure can only then support the gravitational force
in equilibrium) if their mass does not appreciably exceed the mass of
the Sun. Neutron stars hence have radii of about 10 km. We are now
convinced that the so-called pulsars are neutron stars. Pulsars are stars
which send out optical or radio signals at regular intervals of 1072 to
1 s; the period is kept so exactly that it can only be caused by the
rotation of the star, and rotation times of this order are only possible
for exceptionally small stars. However, the fact that more massive stars
cannot end their lives as neutron stars is crucial here to the question of
the final state of a star.

Before turning to the possible fate of more massive stars, we shall
bring in the Einstein field equations and ask what they have to say
about stable, spherically symmetric accumulations of matter.

36.2 The critical mass of a star

As we have shown in the discussion of the interior Schwarzschild
solution in Chapter 26, the gravitational field inside a static, spherically
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symmetric star is described by the metric
dst = M) dr? 2 (d9? + sin* ¥ dp?) — e’ de?. (36.1)

A good approximation to stellar matter is given by the model of a perfect
fluid medium with rest mass density p(r) and pressure p(r). Here the
field equations lead to

e M) =1 —2m(r)/r, (36.2)

where m(r) is the mass function defined by

m(r) = 1kc® [j p(x)z? da. (36.3)
The remaining field equations can be converted, upon using (36.2), into
2p’ v 2m 2m
/
—_ : __17_)7_. 36.4
p+ pc? P ( T 3 (36-4)

While we integrated these field equations earlier for the special case
1 = const., we now want to derive a conclusion valid for arbitrary u(r),
following Weinberg (1972).

Suppose we have a star with finite (coordinate) radius 9. The pressure
p will vanish on the surface and will be greatest at the centre r = 0 of
the star; it cannot, however, be infinitely great there. The density wu(r)
should likewise remain finite for 7 = 0 and (on grounds of stability)
decrease outwards:

' (r) < 0. (36.5)

Since e” and its derivative must be continuous on the surface, m(r) takes
the value
m(rg) = M (36.6)
there, where M is just the mass parameter occurring in the exterior,
Schwarzschild solution; m/r? is finite at r = 0 because of (36.3).
Our aim is to derive a condition for the maximum possible mass M
for given rg from the condition that p and p are finite.

From (36.4) one can see at once that v//r must be finite at » = 0. If
one introduces in place of €” the function f(r), where

f(r) ="M, (36.7)
then this requirement becomes
f'/rf finite at r = 0. (36.8)

By eliminating p from (36.4) one obtains, after some transformations,
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d |1 /1 2mdf| f d (m) (36.9)

dr |r rodr| V1=2m/rdr \r3/" '
Since m/r? is the average mass density of the sphere of (coordinate)
radius r, because of the definition (36.3), and since the average mass

density cannot increase with r if o decreases, then the right-hand side
of (36.9) is negative or (and this only for u = const.) zero:

d |1 ] 2m df
— | =4/l - ——| <0. 1
dr [r T dr] <0 (36.10)

On the surface of the star the metric must go over smoothly to the
exterior Schwarzschild metric and the pressure must vanish, so that

fP(ro)=1-=2M/ro,  df/dr|,_, = M/(rgy/1—2M/ro) (36.11)
must hold, see (36.3) and (36.7). If one integrates (36.10) from r to rg
using these relations, then one obtains

Fr) > Mrrg® (1 —2m/r)" 2. (36.12)

Since for finite f and m the right-hand side of (36.9) is finite, then
f'(r)/r will be bounded. The finiteness condition (36.8) for the pressure
then reduces to the requirement that f(0) > 0. Integration of (36.12)
between 0 and rg, using (36.11), gives, however,

1/2 To
If we now split p(r) into a constant density pug = 6M/kc?ri and a
variable part p(r),
1= pio + p, o p(x)x? dz =0, P <0, p(0)>0, (36.14)
then we see that the integral in
m(r) = Mr3rg® + [ p(z)z? da (36.15)

is always positive. The right-hand side of (36.13) can therefore be
increased in magnitude by substituting Mr3/r3 for m(r). We then ob-
tain the final result of the analysis, namely,

F(0) < 3 (1—2M/rg)"/? — L. (36.16)

As we have shown above, the central pressure p(0) is only finite if f(0)
is greater than zero. Thus we can formulate the following important
statement: a spherically symmetric star can only exist in a state of stable
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equilibrium (can only compensate its own gravitational attraction with
a finite pressure) if its mass M and its radius rq satisfy the inequality

ro > 32M. (36.17)

For the special case of the interior Schwarzschild solution with the equa-
tion of state g = const. we have already derived this inequality in Chap-
ter 26. Now we know that it is valid for an arbitrary equation of state.
In discussing this relation we must be careful about the definitions of M
and ro. M is (up to a factor) the integral of the mass density p over the
coordinate volume; it has the invariant significance of being the gravi-
tating mass of the star as determined in the Newtonian far field. The
stellar radius ry is defined so that the surface area of the star is 47rd.

The inequality (36.17) expresses the fact that a star of fixed surface
area is only stable as long as its mass lies below a critical mass. A
star whose mass transgresses this limit must inevitably collapse into
itself as a consequence of its now too strong gravitational attraction.
While in the linear Newtonian gravitational theory a predominance of
the gravitational force can be compensated by a contraction and the
associated finite increase in pressure, or by additional forces, in the non-
linear Einstein theory above the critical mass (36.17) a pressure increase
or an extra force acts (via the energy-momentum tensor) to further
increase the gravitational field.

An analysis of the maximum stable mass for given constant mass den-
sity u, using the model of the interior Schwarzschild solution, leads from
(36.3), (36.6) and (36.17) to the critical mass Mt

8 2
Meit = =4 —=—- 36.18
7 9V 3ke2p ( )

With ¢ = 1.86 x 10727 cmg™! one obtains for typical densities the
following critical masses, which are compared with the mass of the Sun:

p (in gem=3) 1 106 10%°
Meig(in cm)  1.685 x 1013 1.685 x 101°  0.532 x 10°
Mo /My 1.14 x 108 1.14 x 10° 3.96

These very rough considerations already show that neutron stars can
have only a few solar masses; more massive stars have no stable final
state.

As an interesting side result we observe that, because of the general
formula (23.57) and the inequality (36.17), the redshift of a light signal
coming from the surface of a stable star has a maximum value of z = 2.
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Intuitively it is obvious that a rotation of a star will diminish the
central pressure and thus permit a larger critical mass. Indeed, Schobel
and Ansorg (2003) could show that a rigid rotation enlarges the critical
mass (36.18) by (at most) a factor 1.3425.

36.3 Gravitational collapse of spherically symmetric dust

The considerations of the previous section have shown that if, during
its evolution, a massive, spherically symmetric star does not succeed in
ejecting or radiating away sufficient mass to become a neutron star, then
there is no stable, final state available to it. At some time or other it
will reach a state in which the pressure gradient can no longer balance
the gravitational attraction. Consequently it will continue to contract
further and its radius will pass the Schwarzschild radius r = 2M and
tend to r = 0: the star suffers a gravitational collapse.

Of course one would like to confirm these plausible intuitive ideas
by making exact calculations on a stellar model with a physically rea-
sonable equation of state (a reasonable relation between pressure and
mass density). The only model for which this is possible without great
mathematical complexity is that of dust (p = 0). Because the pressure
vanishes it is to be expected here that once a star started to contract it
would ‘fall in’ to a point. Nevertheless, this example is not trivial, since
it yields an exact solution of the Einstein equations which is valid inside
and outside the collapsing star, and which in a certain sense can serve
as a model for all collapsing stars.

As the starting point for treating this collapsing stellar dust we do
not take the canonical form (23.5) of the line element used earlier, but a
system comoving with the dust (cp. Section 16.4). We obtain it by car-
rying out a transformation r = r(p, c7), t = t(p, c7) and hence bringing
the metric (23.5) into the form

ds? = eNeer) dp? 4+ 12 (p, er) (d9? + sin®* ¥ dp?) — ¢® dr?. (36.19)

The coordinate 7 is clearly the proper time of a particle at rest in
the coordinate system (36.19), and the curves p = const., ¥ = const.,
¢ = const. are geodesics (note that because of (21.87), dust always
moves along geodesics). Since u™ = (0,0,0,¢), the energy-momentum
tensor has as its only non-vanishing component

T = —Pu(p, cr). (36.20)

The non-vanishing Christoffel symbols of the metric (36.19) are
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Tl = X/2, Tl = —e7r, Ty = —e=rrlsin,

Ty =7'/r, T3 =7/r, '35 = —sind cos, (36.21)
iy =7r'/r, T3y =7/r, I35 = cot, iy = }‘/2’ '
T4, = Ae*/2, Tdy = 1, 'y = risin® 9,

with 2! = p, 22 =9, 22 = p and 2* = cr, and denoting partial deriva-
tives with respect to p and ¢7 by’ and * respectively. The field equations
finally take the form

Rl L - _ 2 L = O 36 22
1 2 7,2 r ,r.2 7n2 ’ ( )
R R ! '\ A A A2
m_ B B (1 A A AT =0,(36.23
2T Ty ( r o or )e o "2 a1 Ty 0(36.23)
R 27 Nl g A 21
4 - 2
R4_5:(7_ - +r_2)e -5y = e (36.24)
Riy = M Jr —2¢' Jr = 0. (36.25)

First integrals of these equations can be obtained very easily. The
first step is to write (36.25) as

A= (")) (36.26)

and then integrate it to give
12

5 r
A= =041, 36.27
1—ef%(p) (36:27)

with f(p) as an arbitrary function. Substitution into (36.22) leads to
2ir + 1% = —ef2(p). (36.28)

If one now chooses r as the independent variable and u = ()2 as the
new dependent variable, then one obtains the linear differential equation

d(ru)/dr = —ef*(p), (36.29)
whose solution (with a still to be fixed function of integration F'(p)) is
i = —ef?(p) + F(p)/r. (36.30)

If one next eliminates f? in (36.27) with the aid of (36.30), then one
finds that (36.23) is satisfied identically and that (36.24) leads to
F/
Kpc® = (36.31)

rlr2 :

The partial differential equation (36.30) can be integrated completely,
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since p only plays the part of a parameter. For € # 0 one can, through
introducing

dn = fder/r, (36.32)
bring the differential equation into the form
or\®> F
<8n> =7 er? (36.33)
and solve it by
F(p)
= hZ(n)
2f2(p) =7 n—sinn for e = +1,
F(p) he =19 . ; ) (36.34)
p sinhn —n for e = —1,
— = h
cT CTO(p) 2f3(P) 5(77)’

while for € = 0 one immediately has from (36.30) that
et — eto(p) = i%F‘l/g(p)rWQ, e=0. (36.35)

The general spherically symmetric dust solution, the Tolman (1934)
solution, thus has in comoving coordinates the form

or\>  dp?

ds? = (—) s ,CT d9? + sin? 9 dp? —CQdTZ,
dp) 1—¢f?(p) (pem)( @)

F'(p) (36.36)

2 _
K, er) = r20r/dp’

where r(p, cT) is to be taken from (36.34) and (36.35). Of the three
free functions F(p), f(p) and 79(p), at most two have a physical signifi-
cance, since the coordinate p is defined only up to scale transformations
p = p(p). Unfortunately one cannot simply specify the matter distri-
bution p(p,cr) and then determine the metric, but rather through a
suitable specification of f, F' and 7y one can produce meaningful matter
distributions. Since layers of matter which move radially with differ-
ent velocities can overtake and cross one another, one must expect the
occurrence of coordinate singularities in the comoving coordinates used
here.

We now want to apply the Tolman solution to the problem of a star
of finite dimensions. To do this we have to obtain an interior (u # 0)
solution and an exterior ( = 0) solution and join these two solutions
smoothly at the surface p = pg of the star.

We obtain the simplest interior solution when i does not depend upon
position (upon p) and r has (for a suitable scale) the form r = K(c7)p.
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Fig. 36.1. Radius of a collapsing star as a function of time.

These restrictions lead to
f=p, F= %nMpS, pclK3(cr) = M = const., 719 =0, (36.37)

and the metric

dp?

ds? = K?%(cr) -

+ p? (d192 + sin? 19d<p2) —c2dr?,

n—sinn for e = +1, (36.38)
R he(n) =< n3/6 for e = 0,
sinhn —n for e = —1.

As comparison with (19.56) shows, the interior p < po of the star is a
three-dimensional space of constant curvature, whose radius K depends
on time (in the language of cosmological models, it is a section of a
Friedmann universe, see Section 41.2). A great circle on the surface of
the star has the radius poK (c7), and because of the time-dependence of
K the star either expands or contracts.

As Fig. 36.1 shows, models with € = 0 or —1 correspond to stars whose
radius decreases continuously from arbitrarily large values until at the
time 7 = 0 a collapse occurs, while models with € = +1 represent stars
which first expand to a maximum radius and then contract.

The solution in the exterior space to the star is clearly a spherically
symmetric vacuum solution, and because of the Birkhoff theorem it can
only be the Schwarzschild solution (see Fig. 36.2). Since the Tolman
solution (36.36) holds for arbitrary mass density p, it must contain the
exterior Schwarzschild solution p = 0 as a special case (F = const.).
In the Tolman solution the coordinates in the exterior space are chosen
so that the surface of the star is at rest. In the usual Schwarzschild
metric, on the other hand, the stellar surface is in motion. But in both
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Schwarzschild Friedmann Schwarzschild
metric metric metric

p=po

Fig. 36.2. Snapshot of a collapsing star.

cases the motion of a particle of the surface takes place on a geodesic.
The equation (35.6) of the radial geodesics of the Schwarzschild metric,
namely,

(dr/dr)? = A% — 2 + 2M P )r, (36.39)

must therefore coincide with (36.30) for all times 7 at p = po; that is,
the relation

F=2M (36.40)

must hold. Since scale transformations p = p(p) are still possible, f(p)
cannot be uniquely determined here; in the following we shall not need

f(p).

We must now ensure that the interior solution (36.38) and the exterior
solution (36.34), (36.35), (36.36) and (36.40) match smoothly at the
stellar surface p = pg. The necessary condition for this is clearly

r(po, cT) = K(cT)po. (36.41)

If we choose the origin of time in the exterior metric so that 74(pg) =0
then for € # 0 the relation (36.41) can only be satisfied for all time 7
if both sides have the same functional dependence on 7, that is, only
if in (36.34) and (36.38) h.(n) has the same factor. This leads to the
condition

6M/f3(po) = kuc?K3. (36.42)

From this and the above equations we obtain f(pg) = po, and hence for
condition (36.42) we have finally

kuc?pd K3 = 6 M. (36.43)

For ¢ = 0 one immediately obtains the same condition from (36.35),
(36.38) and (36.41). It is easy to convince oneself that when (36.43) is
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satisfied, then the metric is continuous on the surface of the star and
the normal derivatives have the required continuity behaviour (30.41).

The condition (36.32) links the mass density p of the star and its
coordinate radius Kpg with the externally acting Schwarzschild mass
parameter M, in the same way as occurred in (26.32) when the interior
and exterior Schwarzschild solutions were joined. If we recall the relation
(23.25), that is, the relation 2M = rkmc? /41 between the Schwarzschild
radius 2M and the mass m which we would associate with the source of
the Schwarzschild solution in the Newtonian gravitational theory, then
we have

%47mpgK3(c7') = %47m7"8 =m. (36.44)

Notice that only for € = 0 is m the same as the integral over the mass
density p, calculated in the interior metric (36.38).

The solution found here for the gravitational field of a collapsing star
clearly shows that in the interior of the star no peculiarities occur even
when the stellar surface p = po lies inside the Schwarzschild radius
r = K(ct)po = 2M; only at K(ct) = 0 does the interior field become
singular.

To end this discussion, we shall follow the fate of a collapsing star in
the Kruskal space-time diagram. To do this we draw a radial geodesic
on which the points at the surface of the dust star move (Fig. 36.3). On
its left is the stellar interior with a metric which is regular up to the
point 7 = 0 (from outside: r = 0). During the collapse a part of the
region I is revealed to an observer in the exterior space, but the regions
I’ and 1T’ (see Fig. 35.1) are not realized.

7

7
Interior
of star

N

Surface of star
r = poK(cT)

Fig. 36.3. Collapse of a star in the Kruskal diagram.
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Fig. 36.4. Spherically symmetric collapse of a star in Eddington—Finkelstein
coordinates.

For many purposes it is more convenient to describe the collapse
in Eddington—Finkelstein coordinates (35.17), since one of the two ro-
tational degrees of freedom can be more easily represented here (re-
member that the Eddington-Finkelstein coordinates describe just the
regions I and IT of the Kruskal diagram; that is, they include just those
parts of the Schwarzschild solution essential to the collapse). One can
see from Fig. 36.4 how the star contracts until it vanishes behind the
Schwarzschild radius r = 2M, that is, until the emitted light rays

2dr

do=—2"
T oMy

(36.45)
no longer succeed in reaching the exterior space (dv < 0 for r < 2M!).
The radially ingoing light rays

dv =0, (36.46)

however, can always reach the surface of the star (or the singularity
r = 0). In order to interpret Fig. 36.4 or similar diagrams one has to
remember that the metrical relations of a two-dimensional Riemannian
surface are not correctly included in the plane of the paper. It is the
possibilities of interaction represented by light rays or by geodesics that
are essential.

Further reading for Chapter 36
Hawking and Ellis (1975), Shapiro and Teukolsky (1983).
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Rotating black holes

37.1 The Kerr solution

Most known stars are rotating relative to their local inertial system (rel-
ative to the stars) and are therefore not spherically symmetric; their
gravitational field is not described by the Schwarzschild solution. In
Newtonian gravitational theory, although the field certainly changes
because of the rotational flattening of the star, it still remains static,
while in the Einstein theory, on the other hand, the flow of matter acts
to produce fields. The metric will still be time-independent (for a time-
independent rotation of the star), but not invariant under time reversal.
We therefore expect that the gravitational field of a rotating star will be
described by an axisymmetric stationary vacuum solution which goes
over to a flat space at great distance from the source. Depending on
the distribution of matter within the star there will be different types
of vacuum fields which, in the language of the Newtonian gravitational
theory, differ, for example, in the multipole moments of the matter distri-
bution. One of these solutions is the Kerr (1963) solution, found almost
fifty years after the discovery of the Schwarzschild metric. It proves
to be especially important for understanding the gravitational collapse
of a rotating star. To avoid misunderstanding we emphasize that the
Kerr solution is not the gravitational field of an arbitrary axisymmetric
rotating star, but rather only the exterior field of a very special source.

We shall now discuss the Kerr solution and its properties. Since its
mathematical structure is rather complicated, we shall not construct a
derivation from the Einstein field equations.

The line element of the Kerr solution has the form, in the so-called
Boyer—Lindquist coordinates,

ds? = 2 (dr?/ A+ dv?) + (r? + a?) sin® 9 dp? — ¢ dt?
—|—2J\47"(asir1219d<,0—cdt)2/27 (37.1)
Y =r2+a’cos??, A =r2—2Mr+d?

For very large r it goes over to the line element of a flat space. To
disclose the meaning of the two parameters M and a, we take the far
field (large 7, ¥ ~ A ~ 72) and transform the metric (37.1) there to

322
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‘Cartesian coordinates’ by r2 = 22 + 9% + 22, 9 = arctan (\/ac2 + y2/z),
and ¢ = arctan(y/x). We obtain

Gae = 2May/73, Gay = —2Max/r®, gi. =0, gaq=1-2M/r. (37.2)

By comparison with the representation (27.32), which is valid for every
far field, we can deduce that M is the mass and Ma the z-component
(the magnitude) of the angular momentum of the source of the Kerr field.
This physical interpretation of the two constants of the Kerr metric is
further consolidated by the facts that for a = 0 (absence of rotation)
(37.1) reduces to the Schwarzschild metric and that the Kerr metric is
invariant under the transformation ¢ — —¢, a — —a (time reversal and
simultaneous reversal of the sense of rotation).

The Boyer-Lindquist coordinates are generalized Schwarzschild coor-
dinates and like these are not suitable for describing the solution over
its full mathematical realm of validity. Provided that 0 < a® < M?, the
coordinates (37.1) are clearly singular for A = 0, that is, for the two
values

ry =M+ VM? —a? r_=M—+M?— a2 (37.3)

For a = 0, r4 goes over to the Schwarzschild radius » = 2M, while r_
goes over to r = 0. From now on we shall ignore the parameter region
M? < a?, which would correspond to very rapidly rotating bodies and
does not lead to black holes.

In analogy to the transition from Schwarzschild coordinates to Edding-
ton—Finkelstein coordinates, one can also transform the Kerr solution
into a form which has no singularities at ry. One introduces a new
coordinate v adapted to light propagation by

cdv =cdt+ (r’* +a®)dr/A (37.4)
and a new ‘angular coordinate’ ® by
d® =dy + adr/A, (37.5)

which takes into account the corotation of the local inertial system (cp.
our discussion of the action of an angular momentum in Section 27.5).
The result of these transformations is the Kerr solution in Kerr coordi-
nates,

ds? = ¥do¥? — 2asin® 9 dr d® + 2cdr dv
+ X tsin? ¥ {(TQ + a2)2 — Aa?sin? 19} d®? (37.6)
—4MarL ' sin?9d® cdv — (1 — 2M7 /%) ¢ dv?.
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- r=ry
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Fig. 37.1. The limiting surfaces of the Kerr solution.

The Kerr solution possesses (like every axially-symmetric stationary
metric) two commuting Killing vectors, namely — in the coordinates
(r,9, p,ct) or (r,9,®,cv) — the vectors

n' = (0,0,1,0), £ =(0,0,0,1). (37.7)

The Killing vector £?, which in the far field is associated with the station-
arity (time independence), has an interesting property. Its magnitude

L& =—(1-2Mr/x) (37.8)
changes sign when one crosses the surface
Y —2Mr = 1% — 2Mr + a® cos? ¥ = 0. (37.9)

Inside this surface the Killing vector & is spacelike. The surface is
therefore called the limiting surface of stationarity (stationary limit).
Observers (particles) on it cannot be at rest with respect to infinity, but
must corotate.

The physical properties of the Kerr space-time are best brought out
(as for the Schwarzschild solution) by studying the possible trajectories
of test particles or photons. The details which one assembles in this
way are, however, so complicated and confusing that we shall eschew an
exhaustive description with proofs and merely give a qualitative discus-
sion of the most important results.

When we approach (Fig. 37.1) the singularity of the Kerr solution,
coming from the far field, we encounter first the stationary limit (37.9).
Between it and the surface r = r lies the so-called ergosphere. Particles
and light rays can penetrate this region from outside and leave it again.
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Even the following physical process is in principle possible. A particle
of positive energy Fjy,
—mou;€ = Ey > 0, (37.10)

falls from outside along a geodesic into the ergosphere, Ej remaining
conserved ((37.10) is a special case of (33.54)). Under conservation of
four-momentum, the particle then is split into two parts:

mou’ = myuy® + maous’. (37.11)

Since the Killing vector &° is spacelike inside the ergosphere, because of
(37.8), then the timelike vector u;* can be chosen so that Fy = —mqu;*¢;

is negative. In the exterior space such a choice is impossible, because
¢ is timelike there and the product of two timelike vectors is always
negative. We then have

—mquifi =FEy=FEy— E| > .Eo7 (3712)

and the second particle leaves the ergosphere with a greater energy than
that of the particle shot in. The rotation of the source is what yields the

energy for this process. A similar enhancement may happen to radiation
(‘superradiance’).

The surface r = r4 can of course be crossed by particles or photons
from outside, but it is impossible for photons or particles ever to leave the
interior space: like the Schwarzschild solution, the Kerr metric describes
the gravitational field of a black hole. Since all events which occur inside
the radius » = r, such as the disintegration or radiation of test particles
or real particles, are never recorded by an external observer (no photon
can reach him from there), this surface is called the event horizon.

Further inside is the surface » = r_, which has no particular physical
significance, and finally one reaches at r = 0 a ring singularity, and not,
as one might at first suppose, a point singularity.

The regions of the Kerr solution discussed up until now correspond to
the regions I and IT of the Kruskal diagram (Fig. 35.1) of the Schwarz-
schild solution. It is also possible to extend maximally the Kerr metric;
that is, the points corresponding to the regions I’ and II’ can be made
mathematically accessible, see for example Hawking and Ellis (1975) for
details.

37.2 Gravitational collapse — the possible life history of a
rotating star
The life history of a rotating star differs from that of a spherically sym-
metric star (considered in Section 36.1) not in the phases and the se-
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quence of processes which yield energy and the possible final stages of
these processes, but rather by the influence of the rotation in the con-
traction phase. If a rotating star contracts very strongly, then because
of the conservation of angular momentum it will rotate more and more
rapidly and possibly break up into separate fragments (only the nu-
cleus carries on contracting). Or, put another way, a star can in general
become extremely contracted (e.g. to a neutron star) only if it gives up
angular momentum to its surroundings. This can occur through ejec-
tion of matter or through gravitational interaction with other masses.
If, however, at the end it still possesses sufficient mass at very high den-
sity, then the gravitational forces become so strong that gravitational
collapse takes place, and then the Kerr solution remains as the external
gravitational field. Although these ideas seem very plausible and are
supported by a large number of facts and calculations, there are two
gaps in the theory of the gravitational collapse of a rotating star which
to date have not been closed.

The first gap is the lacking ‘internal’ Kerr solution. We do not have a
(stable or unstable) interior solution with a reasonable equation of state
which can be joined to the Kerr metric at the surface of the star, and
probably such a solution does not exist. Nor does one know any time-
variable (interior and exterior) solution whose exterior part changes into
a Kerr metric under collapse of the star. For these reasons one cannot say
in detail exactly how the collapse proceeds, although numerical relativity
is making progress here.

The second gap in our present knowledge is our ignorance as to whe-
ther, under a gravitational collapse, a Kerr metric always results, or
whether there are other, differently constituted, (singular) vacuum
solutions, which describe the end stage of the gravitational field of a
collapsed star. It is presumed that the star either does not collapse at
all or just tends to a Kerr metric; but the proof of this has so far eluded
us. The (supposed) uniqueness of the Kerr solution would be a typical
property of the Einstein theory: the gravitational field of a collapsed
star is characterized by only two parameters, namely, the mass M and
the angular momentum Ma, in contrast to the infinitely many parame-
ters (multipole moments) of a non-collapsed star. For the collapse itself
this restriction to two parameters signifies that the star must lose all the
higher moments not appropriate in this scheme by ejection or radiation
of mass before it disappears behind the event horizon.
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37.3 Some properties of black holes

In this section we want to collect some properties of black holes, tak-
ing particular account of those which are important for an observer in
the exterior space. To some extent we shall repeat things said in Chap-
ters 35-37, but we shall also bring out some new aspects and in particular
take into regard the fact that a black hole can be electrically charged
(the Kerr—-Newman solution which is then appropriate contains the Kerr
solution as a special case).

(a) Black holes are solutions of the field equations which describe
the gravitational field of collapsed masses. This field is characterized
by three parameters: by the mass M, the angular momentum Ma and
the electrical charge (). (An external observer can determine these three
parameters by observing the trajectories of uncharged and charged parti-
cles.) Other possible physical properties the source of the field had before
collapse (baryon number, electrical dipole moment,...) are lost during
the collapse. The relation between angular momentum and the magnetic
moment produced by the rotation is, moreover, the usual ‘anomalous’
one for the electron.

(b) Black holes contain a closed event horizon. Within this surface
the gravitational field is so strong that particles, light rays and time-
dependent fields produced inside can no longer leave this region. Parti-
cles and light rays from outside can penetrate the horizon; for this they
need (as seen by a distant observer) an infinite time. An observer can
reach and pass the horizon in a finite time and inside can, it is to be
hoped, convince himself of the correctness of the theory described; but
he can never report back to the outside.

(c) Inside the event horizon there is a genuine singularity of the gravi-
tational field, which forms during the collapse. Fortunately the universe
is so constituted that (because of the event horizon) we cannot see this
singularity (‘cosmic censorship’) and so it is without meaning for physics
in the outside universe.

(d) Once it has formed, a black hole is (probably) stable and cannot be
destroyed. Matter (mass, radiation) which reaches the black hole from
outside can, however, change the charge @), the mass M and the angular
momentum P = aM (the ‘indigestible remains’ of physical properties of
the matter fed in will be emitted in the form of radiation, from outside
the horizon of course). But during all these processes the quantity

A=4r [2M2 — Q2+ 2(M* — M2Q? — PQ)”Q} (37.13)
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can only increase. In the Kerr metric (37.6) A can be visualized as the
surface area of r = const. = r;, v = const. (the event horizon). This
law is also called (because of certain analogies to thermodynamics) the
second law of black-hole dynamics. The rearrangement

A 4nP? 7@t @2

= Ton ) + A + b3 (37.14)

of (37.13) clearly shows that it is indeed at the cost of charge and angular
momentum that one obtains energy (mass) from a black hole, but that
one cannot go below M = (A/16m)'/2. These statements also hold for
the possible union of two black holes into one. If, for example, two
spherically symmetric black holes (of masses M; and Ms) coalesce to

M2

form one black hole, again spherically symmetric, then we must have

167 M? = A > Ay + Ay = 167 (M7 + M3), (37.15)
and so at most the fraction
My + My — M / M?Z + M2 1
:1+—2§1,¥§1,7 (37.16)
My + M, My + M, V2

of the mass can be given off in the form of gravitational radiation.
(e) The inclusion of quantum effects could alter this picture radically.
We shall return to this point in Section 38.4.

37.4 Are there black holes?

The question as to whether these black holes with their remarkable prop-
erties really exist and are necessarily formed in the final stages of col-
lapsing matter (stars, galaxies,...) has various aspects.

There seems no doubt that there are no stable configurations when
mass becomes extremely concentrated. In those cases there must be a
collapse, and according to General Relativity a horizon is formed. Stated
otherwise, the gravitational field of very massive objects is so strong that
light cannot escape.

One can get rid of the sense of uneasiness which the existence of an
event horizon may imply. The lack of a genuine interaction with the mat-
ter behind the horizon is only apparent; if the matter has disappeared
behind the horizon, then it is left only with the properties of mass,
angular momentum and charge, and these act outward, are determinable
and (within limits) can even be changed from outside.

Doubts may arise whether the physics near to the horizon is ade-
quately described by Einstein’s theory. In the next chapter we shall
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see that quantum physics certainly will change the classical picture,
although the details of the interplay of quantum physics and relativity
are not yet understood.

Even more doubts may arise whether the fate of a collapsing star
which contracts to a point is really well understood. Perhaps this deep
extrapolation of the realm of validity of the Einstein theory — which
was developed mainly in weakly curved spaces — is wrong. But how,
where and whether at all the Einstein theory must be modified can only
be established by exploration of this theory and by comparison with
astrophysical observation.

Do black holes exist somewhere or other in our Universe?

Gravitational collapse is itself very probably associated with an explo-
sive outburst of matter, so that the star would suddenly flare up, rather
like a supernova. But this flaring up is not on its own very conclusive,
because it could also indicate the formation of a neutron star. Since the
far field of a black hole in no way differs from that of an ordinary star,
only processes close to the horizon can provide reliable evidence.

This evidence for the existence of a black hole becomes more con-
vincing when one finds very compact mass distributions which cannot
be stable if extended. This could be a partner of a double star, but
the most promising candidates are the centres of galaxies with masses
exceeding 10° M. This evidence can be supported by observing X-rays
originating therefrom: matter falling into a rotating black hole, via an
accretion disc in the equatorial plane, may during the sharply acceler-
ated terminal stages emit X-rays or gravitational waves of high intensity,
and thus provide evidence for the existence of black holes.

In all these cases General Relativity is used to conclude the existence
of a black hole from the observation of a very massive object. By its very
definition, the horizon itself (and what is beyond it) cannot be seen. So
it is not yet possible to assert with absolute certainty whether or not the
black holes (in the form predicted by Einstein’s theory) exist. Whatever
the final answer turns out to be will improve our understanding of space-
time, that is, gravity, significantly.

Further reading for Chapter 37

Hawking and Ellis (1975), Chandrasekhar (1998), Frolov and Novikov
(1998), Celotti et al. (1999).
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Black holes are not black — Relativity
Theory and Quantum Theory

The picture of black holes we have drawn so far changes drastically if
quantum effects are taken into account. Before we go into the details of
this in Section 5 of this chapter, we want to make a few general remarks
on the interplay of Relativity Theory and Quantum Theory. For a more
detailed discussion we refer the reader to the literature given at the end
of the chapter.

38.1 The problem

The General Theory of Relativity is completely compatible with all other
classical theories. Even if the details of the coupling of a classical field
(Maxwell, Dirac, neutrino or Klein—-Gordon field) to the metric field are
not always free of arbitrariness and cannot yet be experimentally tested
with sufficient accuracy, no doubt exists as to the inner consistency of
the procedure.

This optimistic picture becomes somewhat clouded when one appreci-
ates that besides the gravitational field the only observable classical field
in our universe is the Maxwell field, while the many other interactions
between the building blocks of matter can only be described with the aid
of Quantum Theory. A unification of Relativity Theory and Quantum
theory has not yet been achieved, however.

One of the main postulates of relativity theory is that a locally geodesic
coordinate system can be introduced at every point of space-time, so
that the action of the gravitational force becomes locally ineffective
and the space is approximately a Minkowski space. Hence it is easily
understandable why in our neighbourhood, with its relatively small space
curvature, space is, to very good approximation, as it is assumed to
be in quantum theory. But it also shows us the limits of this more or
less undisturbed coexistence of quantum theory and relativity theory: in
regions of strong curvature (close to singularities) and in questions which
concern the behaviour of far-extended physical systems, the two theo-
ries are no longer compatible, since they start out from different space
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structures. Quantum theory presupposes a Minkowski space of infinite
extent both in its fundamental commutation rules, which are formulated
explicitly using the group of motions of the space (the Lorentz group),
and in more technical issues like expansion in plane waves, asymptotic
behaviour at infinity or the formulation of conservation laws. Relativity
theory shows, however, that the space is a Riemannian space.

On the other hand, the idea of relativity theory, that the properties
of space are properties of the interaction of the matter and can be mea-
sured out by material test bodies, leads to contradictions when defining
or measuring very small distances (the metric in very small regions of
space); if the dimensions are so small that atoms or elementary parti-
cles should be taken as test objects, then quantum theory shows their
location is no longer so precisely defined that one can really speak of a
measurement, even be it only in a gedanken experiment.

In nature, however, there exist stars, which consist of elementary par-
ticles and whose motion obeys the gravitational laws, and therefore a
self-consistent synthesis of relativity theory and quantum theory must
be possible, where it is to be expected that at least one of these two
theories must be modified. Theoretical physicists are certainly in a dif-
ficult situation: in contrast to the physics of elementary particles, which
provides large amounts of experimental data seeking interpretation, here
there are no experimental findings (or at least none recognized as such)
which could give an indication of the course to be followed.

There are some likely candidates for the unification of gravity and
quantum theory; three of them will be outlined in the following sections.

38.2 Unified quantum field theory and quantization of the
gravitational field

Recently, after the successful unification of the weak, electromagnetic and
strong interactions in a unified quantum field theory (see e.g. Weinberg
1996), theoretical physicists have set themselves the ambitious task of
describing all four known interactions in a unified quantum field theory,
for example, in a supergravity or superstring theory. Complicated theo-
ries, sometimes with mathematical beauty and elegance, have been pro-
posed, but as yet there have been no resounding successes. But perhaps
this ‘theory of everything’ sought after both by relativists and elemen-
tary particle physicists is an illusion; the unity of our world need not be
reflected, even at the most basic physical level, by a simple comprehen-
sive set of formulae.
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A less demanding approach is to quantize only the gravitational field.
Various physical and formal mathematical grounds suggest that all fields
and interactions should be handled in a uniform manner; thus the gravi-
tational field also should be quantized. Many attempts in this direction
have already been made. So one may start from the analysis of the
Cauchy problem for the vacuum Einstein field equations made in Chap-
ter 30, use it to isolate the true dynamical degrees of freedom of the
gravitational field, that is, those which do not arise from pure coor-
dinate transformations, and quantize them. This is the starting point
for canonical quantization. Although a great deal of effort has been in-
vested not only to construct a formal theory, but also to understand and
interpret it physically, the task is still in its infancy. The picture of the
(four-dimensional) world would look quite different in a quantized the-
ory of gravity. At each event the world is a mixture of states, each with a
certain probability. Each of these states corresponds to a possible three-
geometry, including its topological properties, and can be described by
a point in superspace. How one couples in non-metric fields, how man
is to interpret the wave function of the universe and how measurement
processes and observers are to be described is unclear.

There is no problem in quantizing the linearized Einstein field equa-
tions, that is, the classical field f,,, described by the equations

Ofpmn =0, o, =0 (38.1)

(see Section 27.2). It shows that the massless particles of this field,
analogous to the photons of the electromagnetic field, have spin 2. Of
course by restricting consideration to source-free weak fields the real
problems have been swept under the carpet.

38.3 Semiclassical gravity

A possible resolution of the problems caused by attempting to quantize
gravity is to treat the gravitational field classically, but quantize all
other fields. This school of thought is supported especially by those
who regard the gravitational field as playing a privileged role, which
should not and cannot be quantized. An extreme standpoint of this
conservative-relativistic view was taken by Einstein himself. For a time
he believed that quantum theory could be encompassed in a (possibly
generalized) theory of relativity that would link space-time singularities
to elementary particles. This hope has not been realized.

In a semiclassical theory the coupling of gravity to the quantized fields
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depends, on the one hand, on the fact that the field equations of the
latter can be formulated covariantly, and thus can be made to depend
on the gravitational field. On the other hand the gravitational field is
generated by the quantum fields; these occur, however, in the ‘source’
of the Einstein field equations, the energy-momentum tensor, not as
operators but as expectation values:

Rynn — 2 Rgmn = £(Tpnn)- (38.2)

In order for the field equations (38.2) to be integrable the expectation
values for the components of the energy-momentum tensor must be di-
vergence free,

(T™)., = 0. (38.3)

However, as a deeper analysis reveals, (38.3) is not a simple conse-
quence of the equations governing the quantum fields (which have not
been given explicitly), but rather a constraint on those quantities, for
example, the states, which are used to form the expectation values. One
sees immediately that the main problem in this form of unification of
quantum and relativity theory is the choice, meaning and interpretation
of states, even the ‘vacuum state’. In addition there are the difficul-
ties in carrying over to a non-linear theory, in which the superposition
principle is invalid, the usual interpretation of measurement processes.
It cannot be said with certainty whether such a semiclassical theory is
self-consistent, and to what extent it is a good approximation or even
consistent with observations.

38.4 Quantization in a given classical gravitational field

One can obtain an insight into the problems and consequences of the
as yet unknown unified theory by considering the influence of a given
gravitational field on the quantum field and ignoring the back-reaction,
that is, the inertia field produced by the quantum field. As an example
we outline the typical procedure, some results and some problems by
considering a real massless scalar field ¢(z?),

O¢ = ¢, = 0. (38.4)

In order to quantize classical fields ¢ satisfying the wave equation
(38.4) in Minkowski space one can proceed as follows. One first repre-
sents the general (classical) solution of (38.4) by its Fourier transform
with respect to time ¢ and splits the inversion integral into waves of posi-
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tive (e7“!) and negative (eti“?) frequency:

P(z) = [)7 [dw(@™) e + g (z*) €] dw, a=1,2,3. (38.5)

On the surfaces ¢ = const. one constructs a complete orthonormal sys-
tem, f,(x®) and f,(z%), of solutions of the time-independent wave equa-
tion which can be used to represent ¢,, and ¢,,. The norm used thereby
is defined by

(U1, To) = —i [ (0105 — U1 05) dz = (o, ). (38.6)

Every solution of the wave equation can be represented as a superpo-
sition of partial waves g, of the form f,(z%)e ™! and their complex
conjugates g,; the index n represents symbolically the possible values
of p, which are often discrete, and the continuous frequency parameter
w. Because of the structure of the norm (38.6) g, and g, satisfy the
equations

(9n> Gm) = 0, (9n> gm) = —(Gn> Gm)- (38.7)

The general Hermitian field operator ¢(z®,t) can then be written in
the form

o(z,t) = Z {angn(xa,t) + algn(xa,t)}, (38.8)

n

where the operators a,, and a! satisfy the commutator rules
[an,a] =0=[al,al,], [a,,a],]=du.. (38.9)

The set of states which can be constructed by single or multiple appli-
cation of the creation operator al to the vacuum state |0) forms the
Hilbert space of the system. Here the vacuum state is defined as that
state in which no particles can be annihilated,

a,|0) = 0. (38.10)
A single particle state (of type n) |1,) is then constructed via
al |0) = |1,,). (38.11)

The total number of particles in a given state can be found by using the
number operator

N=> N,=) ala,. (38.12)

It can be shown that this quantization procedure is Lorentz invariant.
In particular the vacuum state is independent of the (arbitrary) choice
of surfaces t = const.
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However, the attempt to carry over the procedure sketched above to a
curved space-time leads to a series of difficulties, which occur essentially
because of the non-existence of a preferred foliation of space-time by
three-dimensional surfaces and because the topology of space-time may
differ from the Minkowski one. Two different foliations of space-time
lead in general to different systems g, and g, of partial waves, that is,
to different definitions of particles.

Consider the representation of a general field operator with respect to
two such systems

¢ = (angn+algn) = Y (Amdm + &}, 9m), (38.13)

m

with corresponding vacuum states |0) and |0)
a,[0) =0,  &,|0)=0. (38.14)

Because of the completeness of both systems, the functions and operators
of each system can be represented in terms of the other. In particular,
there exist relations of the form

with constant (complex) coefficients au,y, and By, (the relations (38.15)
describe a ‘Bogoliubov transformation’). On inserting (38.15) in (38.13)
one obtains the transformation law for the operators

Am = Z(anmén + BnméL)~ (38.16)
n
Thus not only are the particle (partial wave) definitions in the two sys-
tems different, but also, if 3,,, # 0, what one observer regards as a
vacuum state |0) is seen by the other to be a mixture of particles

am‘6> = Bnmén|0> = Bnm|in> (38.17)

This surprising result shows clearly that within General Relativity the
concept of particles is more problematical than one might have expected.
Proper Lorentz transformations in Minkowski space-time have (,,,, =0
and so do not alter the vacuum state. However, an accelerated observer
in the ‘usual’ Minkowski space-time vacuum state would detect particles
(with a thermal spectrum).

An immediate consequence of this property of a quantum field is the
possibility that a gravitational field can create particles. Suppose, for
example, that initially (as ¢t — —oo) there is a flat space with vacuum
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state |0>, then a gravitational field is switched on and off, and finally
(as t — 400), the space is again Minkowski. However, the final vacuum
state |0) will not always agree with the initial one |0); particles have
been produced.

38.5 Black holes are not black — the thermodynamics of black
holes

The most spectacular example for the creation of particles by a gravi-
tational field is produced by the gravitational field of a collapsing star,
that is, the creation of a black hole. We shall sketch the basic ideas in
the case of spherically symmetric collapse. We shall use the Eddington—
Finkelstein coordinates introduced in Chapter 35, in which the Schwarz-
schild line element has the form

ds? = 2cdrdv + r?(dv? + sin® 9 dp?) — (1 — 2M/r)c? dv?,

(38.18)
cv=ct+r+2MIn(r/2M —1) = ct + r*.

Of course this metric represents only the exterior of the star, whose
boundary is given by

f(r,v) =0, (38.19)
cv
A
r=2M r=2M
- == v >
/ A
_ - vV = Vo

Surface of star

f(r,v) =0

<3
A
\
<3

0

Fig. 38.1. A collapsing star and light rays in Eddington-Finkelstein coordi-
nates.
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see Figs. 36.4 and 38.1. The metric in the interior could be, for example,
a part of the Friedmann universe (36.38). What matters is that it is
regular and shows no peculiarities even when the surface of the star
disappears behind the horizon.

We consider a state of the system in which incoming waves do not
occur, especially as t — —oo. This corresponds to the choice of partial
waves

G = ho (1,9, 0) €7 = hy (1,0, ) e 7wt/ (38.20)

as waves of positive frequency (with respect to v). Thus we write the
solution of the wave equation O¢ = 0 as

¢ = fooo(dwgw + &Léw) dw, (38'21)

and require the system to be in the corresponding vacuum state |0>

If the gravitational field creates particles, outgoing particles should be
present, although there are no ingoing ones. However, outgoing waves
are best described in terms of retarded time w given by

cu=ct—r"=cv—2r"=cv—2r —4MIn(r/2M — 1), (38.22)

and the corresponding preferred system of partial waves with positive
frequency with respect to u is

Gor = ey (1,9, 0) €<% = hyy (1,0, @) e 71 (072r7/€), (38.23)

Unlike (38.20), this system is not complete, for in a general state some
incoming waves will be absorbed by the black hole and not propagate to
infinity as those in (38.23). However, in spite of this one can represent
the functions g,/ in terms of the complete system §,, and g,

' = fooo (aww’ﬁw el — ﬂwwlflw eiwv) dw. (38.24)

Outgoing particles occur if and only if the Bogoliubov coefficients 3,
do not vanish.

It is not possible to carry out exactly the transformation between the
two systems of functions g, and §,; in particular, the radial depen-
dence of the functions h.s and h,, cannot be given as simple analytic
expressions. However, as often in the discussion of wave propagation,
a geometrical optics (eikonal) approximation (see Section 21.4) allows
further progress. Both systems of functions have the form

¢ = A(z?) e Wrv), (38.25)
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where, because of the wave equation (38.4), the eikonal W (r,v) is to
satisfy

0=cW W*=W,[2W,, +c(1—2M/r)W,] = W,[2W,, + cW -]
(38.26)

Clearly the solutions of this equation form two classes: ingoing waves
having W = W (v), and outgoing waves having W = W (v — 2r*/c) =

The approximation that we shall now make is to convert only the
eikonal function W of the outgoing wave to the ingoing form, thus
neglecting the factors h,, and h., and to include only those terms in the
eikonal whose derivative is especially large. (In the geometrical optics
ansatz (38.25) it is always implicitly assumed that derivatives of W are
large in comparison with those of A.)

The conversion of the eikonal

W =uw'u=uw[cv—2r—4MIn(r/2M —1)] /¢, (38.27)

of the outgoing waves (38.23), that is, the determination of the eikonal
W = W(v) of the corresponding ingoing wave can be done as follows.
Since W does not depend on 7 it is obviously sufficient to know W on
the surface of the star. In order to extract from W, the eikonal of the
outgoing wave, the eikonal of the ingoing wave on the surface of the
star, we have to trace the outgoing wave back to the surface of the star,
thence to the centre and further back to the surface again, and sum up
all changes in phase occurring along this path. Although we do not know
the eikonal or phase change within the star, we can at least estimate the
required quantities.

If the surface of the star is at rest or almost so (e.g. at the start of
the collapse, t — —00), the forward and backward directions within the
star are equivalent and in particular are v-independent. Therefore the
eikonal W (v) coincides with W (v) (up to an additive constant) on the
surface of the star,

W) = W(u)|— + const. = W(v,r)|,=n, + const.
(©) = W@, (@7 lrer 525)

w'[v — 2r*(ro)/c| 4 const. = w'v + const.

A constant contribution to the eikonal is inessential and can be
incorporated in the amplitude A (see (38.25)). Thus an outgoing wave
e W — e=iw'u i3 agsociated with an ingoing wave e™'"W = e~V of the
same frequency; if there is no ingoing wave then outgoing waves will not
exist and particles are not produced.
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If the surface of the star moves, and especially when it approaches
the horizon r = 2M, the forward and backward directions in the stellar
interior are no longer equivalent; the eikonal W(v) on the surface of the
star (and hence for all values of v) differs from W(u) on the surface
f(r,v) = 0 by an additive v-dependent function F'(v),

W () = W (W)l a0 + F(v). (38.29)

Near the horizon the equation f(r,v) = 0 for the surface of the star has
the approximate form

r=2M + Be(vg —v) +---, B=const.,, v<up. (38.30)
From (38.27) and (38.30) follows
W(u)|j=o = w'c " (cv — 4M — 2Be(vy — v) (38.31)
—4M1In [Be(vg —v)/2M] +---).

If we are only interested in the dominant part of W (v) near v = vy we
need only retain the In term in (38.32), and we can also discard F(v) in
(38.29) which has a finite derivative at v = vy because of the regularity
of the metric in the stellar interior. Thus for small positive vg — v
W(v) = —w'c M In c(vg — v). (38.32)
Ingoing waves cannot produce outgoing waves with v > vy because the
former must pass within the horizon » = 2M and can never return.

Let us summarize. The outgoing partial wave (38.23) has the following
representation in terms of incoming waves:

Ju' = 0, v > Vo,
G ™~ e+iw’4M[ln(’uo—U)]/c7 C(’Uo _ U)/2M <1, (38.33)
Gur ~ €7, v — —00.

Because the Fourier transform of the middle line contains I'(1—iwdm/c),
g. contains all frequencies w (and not just the positive ones), and the
Buww of (38.24) are non-zero; particles are produced! The same result
(38.33) would have been obtained when instead of a collapsing star we
had considered a shrinking reflective spherical surface. Here too the
essential condition is that on the surface the phase (eikonal) of the
incoming wave coincides with that of the outgoing one.

The important parameter for particle production and the frequency
spectrum is the quantity 4M /c. A more precise analysis (Hawking 1975)



340 Black holes are not black
shows that the particles have a thermal spectrum, that is, a black hole

with (Newtonian) mass m radiates like a black body of temperature

o he __h_12x10%K
T 8tMk  kmkc® m[g]

, (38.34)

where in the last equation the mass m is to be given in grams and the
temperature is obtained in degrees Kelvin. Black holes are therefore
not black but emit radiation continuously (‘Hawking effect’); smaller
(lighter) ones are hotter.

Even before Hawking had found this astonishing relationship between
thermodynamics, quantum theory and gravitation, Bekenstein (1973)
had suggested that a temperature and entropy could be associated with
a black hole. Just as the total entropy of a process involving several ther-
modynamical systems can never decrease, so the sum of all surface areas
A; of a system of (rotating or non-rotating) black holes cannot decrease
(see Section 37.3). In fact Hawking’s discussion can be generalized to
rotating black holes, whose temperature T' and entropy .S are given by
Ury = Mhe o 2k, (38.35)

Ak kch
For spherically symmetric black holes the first law of thermodynamics
then reads

T =

TdS = d(87M/k) = dmc?. (38.36)

Let us return to the derivation and discussion of particle production
in the gravitational field of a spherically symmetric collapsing star. The
derivation of the effect outlined above may appear to include some-
what arbitrary approximation procedures. However, the main equation
(38.32) furnishes all the important details about outgoing waves (parti-
cles) that would be observed by a distant observer at late times, since all
those come from a neighbourhood of the horizon. One sees immediately
that the basic idea can easily be carried over to other massless fields (e.g.
the Maxwell fields) because the eikonal equation (38.26) is the same for
all such fields. It can also be shown that massive particles are produced.

Where precisely do these particles originate? The analytic structure
of the eikonal suggests that the creation can be localized in a close
neighbourhood of the horizon; however, the global nature of the particle
concept in quantum field theory suggests caution before accepting so
simple an interpretation.

If a collapsing star emits particles continuously, its energy (mass) must
of course decrease. Because a solar mass black hole has a temperature
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T = 6 x 1078 K this mass loss for conventional celestial objects undergo-
ing collapse is totally negligible. However, very low mass black holes can
have only a short life; because of the energy loss the temperature rises
rapidly, more is radiated, and in a self-accelerating process the black
hole disappears.

In order to decide whether these considerations are correct one needs a
theory which correctly describes the back-reaction of the quantum field
on the gravitational field, and we do not yet have one. Therefore it
is not clear whether in gravitational collapse a black hole must occur,
or whether particle production (which will have started before the star
disappears within the horizon) decreases the mass so quickly, and so
forces the horizon r = 2M to shrink so rapidly, that the outer surface of
the star always remains outside the horizon. It is highly plausible that
a horizon is created, but as yet we have no detailed ideas or theory as
to how it might subsequently disappear.

Further reading for Chapter 38

Bekenstein (1973), Hawking (1975), Birrell and Davies (1984), Green
et al. (1988), Ashtekar (1991), Wald (1994), Rovelli (1998).

39

The conformal structure of infinity

39.1 The problem and methods to answer it

Where does one end if one moves unwaveringly straight on? The naive
answer will be: at infinity. But is there only one infinity? From math-
ematics one knows that the complex plane is closed by a single point,
whereas infinity of the projective plane is a straight line. How is it in
a general space or space-time: does infinity depend on direction and/or
on velocity?

On the other hand one knows from the theory of complex functions
that the complex plane can be (stereographically) mapped onto the sur-
face of a sphere, so that infinity of that plane corresponds to a point
of the sphere. So, to study infinity, one should perhaps always per-
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Fig. 39.1. Conformal transformation mapping infinity on 2 = 0.

form a transformation which carries the infinitely extended manifold
over into a finite one, where the former infinity now is a point or in gen-
eral the boundary of a hopefully finite region. This transformation can
in general not be a coordinate transformation, and so we have to decide
which transformations should be admitted; the structure of infinity may
depend on that decision.

In space-time, the causal structure mediated by light cones is most
important. If we want that causal structure to be conserved, we are
led to use conformal transformations. A conformal transformation is a
transformation between two spaces M (with metric ds2) and M (with
metric ds?) such that

ds? =Q2ds? < ga = V%Gw, (39.1)

all distances are (locally) scaled by the same factor, independent of their
directions. These transformations leave the source-free Maxwell equa-
tions invariant, as was shown in Section 21.3.

To study the structure of infinity for a given physical space M we
have to find a conformal transformation (39.1) which relates M to a
conformally equivalent mathematical world M such that the infinity of
M is mapped onto the ‘boundary’ of M which is given by 2 = 0. This
boundary may be a point in an infinite region or — if we are lucky — it
looks like that in Fig. 39.1.

There is no algorithmic way of finding such a conformal transforma-
tion. Omne usually looks at the geodesics, extends them to arbitrarily
large values of their affine parameter to see where infinity is, and then
one tries some coordinate transformations in M and hopes that one can
identify an 2. The boundary 2 = 0 may a point, a line, or a hypersur-
face.
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39.2 Infinity of the three-dimensional Euclidean space (E3)

In three-dimensional Euclidean space
ds? = de? + dn? + d¢3, (39.2)
the potential equation
AV = (V=33""V.u) n/V—-7 (39.3)

can be considered to be the physically most important equation.

As a first trial to discuss infinity, one may take the straight lines in
the ¢-direction as starting point. These geodesics extend to infinity. We
introduce a new coordinate x = 1/¢ (which brings infinity to = = 0).
The metric (39.2) then reads

ds? = 27 *[da? + 2*(dn? + d¢?)]. (39.4)
One can easily read off Q and ds? as
Q=22 ds?=da? +2*(dn? + d¢?). (39.5)

For Q = 0 we have ds? = 0; infinity is a point, all parallel straight lines
end in a single point — which may be a different point for each direction
of the lines. The potential equation is no help in deciding this — it is not
invariant.

In a second trial we write the metric as

d5% = dr? + r3(d9? + sin2 9 dy?) (39.6)

and take the radial geodesics as starting point. Again we choose an
inversion z = 1/r to map infinity to = 0. We now get

ds? = x74da? + 22(d0? + sin® ¥ dp?)] (39.7)
and can read off
Q=27 ds? =da? + 2%(dv? + sin? ¥ dp?). (39.8)

We see that d52 and ds? give the same metric — which reflects the fact
that the inversion is a conformal transformation in an F3. The boundary
Q = 0 is a point, independent of the direction of the radial geodesics.
Moreover, the potential equation is invariant under this special confor-
mal transformation if V is suitably transformed, see Exercise 39.1. We
conclude that infinity of E3 is a point.
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39.3 The conformal structure of Minkowski space

The study of geodesics Since we want to use ‘radial’ geodesics, we start
with the form

ds? = dr? + r2(d¥? + sin® 9 dp?) — ¢ dt? (39.9)

of the line element.

To deal with the spacelike geodesics, we parametrize them by r =
pcosh x,ct = psinhx (x, ¥ and ¢ label the different geodesics, and
infinity is approached for p — o0). Taking p and x as coordinates,
we get

ds? = dp? + p® cosh? x(dv? + sin? ¥ dp?) — dy? (39.10)
= 27 4[d2? + 2% cosh? x (d¥? + sin® 9 dp?) — z¥dx?], x=1/p>0.

We read off ds®> = da? + 22 cosh? x(d9? + sin ¥ dp?) — zdy?, Q = 22.
We see that = 0 is the point x = 0 which we call I°; it represents
spacelike infinity.

Similarly, for timelike geodesics we take r = psinhy, ct = pcoshy,
and arrive at

ds? = z74[~da? 4 22 sinh? x(d9? + sin® 9 dp?) + 21dx?], = = 1/p.
(39.11)

But now p can have either sign, depending on the geodesics going into
the future or into the past. Timelike infinity consists of two points,
called I and ™.

For null geodesics we best use null coordinates u = (ct —r)/v/2, v=
(ct + r)/v/2, and label the null geodesics pointing into the future by
(v, ¥, ). We obtain

ds? = —2dudv + 3 (v — u)*(d¥* + sin® ¥ dp?),
= 2’ [2dzdu+ (1 — uz)*(d¥? +sin® 9 de?)], z=1/v. (39.12)
We read off ds? = 2dzdu + (1 — uz)?(d¥? + sin? 9 dp?)/2, Q = z and

see that future null infinity Z* (scri-plus, from scri = script i) is char-
acterized by

Q=2=0, ds* = 1(d¥*+sin®9dyp?). (39.13)

It is not only a sphere, since the null coordinate u can also vary, but a
three-dimensional null surface. For the null geodesics pointing into the
past, we have to interchange v and v, and get past null infinity Z—. Null
infinity comprises Z+ and Z~. The results are summarized in Fig. 39.2.
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A It i

Fig. 39.2. Infinity of Minkowski space.

Conformal mapping to the FEinstein universe A clearer picture of the
structure of infinity than that given by Fig. 39.2 can be obtained by the
conformal mapping of Minkowski space in the Einstein universe

ds? = —c2dt? + dy? + sin? x(d9? + sin® ¥ dp?),

(39.14)
0<x<m 0<9<m, 0< < 2m,

which we will discuss in detail in Section 41.2.

Since both Minkowski space and Einstein universe are conformally
flat, there is at least a conformal relation of the type (39.1) between the
two. To make that explicit, one first transforms the Einstein universe

N I+

It It

s I° I°

Fig. 39.3. Conformal Minkowski space (a) as part of the Einstein universe
(b) developed.
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by introducing null coordinates p, g to

ds?, = —4dpdq + sin*(p — ¢)[d¥? +sin’ Vd¢?], x=p—¢q, ct=p+q.

(39.15)
Starting with (39.12), one then gives Minkowski space a similar structure
by

ds? = cos 2pcos—2q {74 dpdq + sin?(p — ¢q)[d9? + sin? ¥ dch]} , ( )
39.16
tanp = v/V2, tang=u/V2, p>gq,

(the condition p > ¢ originates in r > 0 in (39.9)). Comparing the two
line elements, one reads off

Q = cosp cosq = cos 5(x + ct) cos 3(x — ct). (39.17)

In the following discussion we shall suppress the two coordinates ¢, ¢.

The mapping between Minkowski space and Einstein universe is not
one-to-one. Rather, because of tanp = v/v2, tang = u/v/2, the
whole of Minkowski space (—oo < u, v < 4+00) is mapped onto the part
(7%7‘( <pq< +%7r) of the Einstein universe, infinity of Minkowski
space being the boundary © = 0. We shall not discuss in detail the
different parts of that boundary analytically, but just refer to Fig. 39.3.

The boundary Q2 = 0, where p and ¢ are constant, is thus built from
null geodesics on the Einstein universe. The corresponding picture of
Minkowski space is that of a square handkerchief wound around a cylin-
der; if developed, we get the square of Fig. 39.3(b). This is also called
the Penrose diagram of the Minkowski space. It shows that (conformal)
infinity is a closed light cone.

Qualitative questions can often be discussed in terms of this diagram.
The world lines of particles all originate in I~ and end in IT. The
point I is the ‘usual’ spacelike infinity. Radiation going to infinity ends
up in ZT. Null geodesics are given by p =const. or g=const., both
coordinates are null coordinates (p .p® =0 = g,,¢'%).

39.4 Asymptotically flat gravitational fields

Suppose one has a gravitational field which is isolated, all material
sources being within a closed region of space. Only incoming and out-
going radiation extends to spatial infinity. Albeit the material sources
will in general extend to timelike infinity, one may expect that far away
from the sources space-time is nearly Minkowskian or ‘asymptotically
flat’. How can one specify this ‘nearly Minkowskian’? One possibility
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is to assume that there is a conformal mapping as discussed above, and
to impose conditions on the conformal factor 2.

The essential condition arises from the inspection of the field equa-
tions. If two metrics are related by (39.1), i.e. by gap = 22 Gap, then one
gets for the traces R and R of the Ricci tensors the relation

R=Q*R+600Q,/1° — 120,07, (39.18)

where || denotes the covariant derivative with respect to the (unphysical)
metric gqp.

If at infinity, i.e. at 2 = 0, one has vacuum (f ub = 0) or electrovacuum
(T = 0), then the field equations imply R = 0, and because of (39.18)

we have

Q,0°=0 at Q=0, (39.19)

Q =0 is a null surface (except for 2 , = 0). A further condition is that
Q) = 0 has the same structure as in Minkowski space, any null geodesic
should begin and end there.

Space-times (]\//.7 , Jab) which have the three properties that

(I) a relation g,, = Q2 g, exists, with Q > 0, where go, and Q are C?

on M and its boundary,

(IT) on the boundary one has 2 =0, Q, # 0, and

(ITI) every null geodesic intersects the boundary in two points
are called asymptotically simple. Together with the field equations these
three conditions should lead to asymptotically flat space-times. Note
that there may be singular points like I* and I°, which have to be
studied separately.

It is not known whether all ‘reasonable’ solutions for isolated sources
are asymptotically flat in this sense.

39.5 Examples of Penrose diagrams

The Schwarzschild solution Starting with the metric (35.19), i.e.
ds? = —dudv(1—2M/r)+r2[d9? +sin® 9 de?], r=7r(u,v), (39.20)

which is already adapted to light rays, we map the two null coordinates
u and v to finite ranges by

tanU = cu, tanV = cv. (39.21)

This leads to
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It r=0 It

Fig. 39.4. Penrose diagram for the Schwarzschild solution.

ds? = cos 2 Ucos 2 V(1 — 2M/r)dU dV + r2[dv¥? + sin? ¥ dp?]
= Q7?2 [(1 - 2M/r)dU dV + r*Q?(d0® + sin® 9 dp?)], (39.22)
Q = cosUcosV.

The boundary ©Q = 0 is where U = £7/2 or V = +7/2 (or both), i.e.
u,v = 00. Since r{) # 0 at Q = 0, the boundary consists of (pieces of)
a light cone. We will not present a detailed discussion, but rather give
the results as Fig. 39.4; see also the diagrams Fig. 35.1 and 35.2.

Robertson—Walker metrics Cosmological models of the Robertson—Wal-
ker type, which will be discussed in the next chapters, are homogeneous
in space and, therefore, not asymptotically flat. But one still may ask
where null, or timelike, geodesics begin and end, and use conformal
factors to do this.

As can be shown by calculation of the Weyl tensor (32.1) or by
explicitly carrying out a coordinate transformation, all Robertson—Walker
metrics are conformally flat. If we restrict ourselves to the closed spaces

ds? = K?(ct)[dx? + sin? x(dv? + sin® 9 dp?)] — c*dt?, (39.23)
then after the transformations
2sin y 2sincl
T= [ dt/K(ct = =——— (39.24
/ [Klet), T cosy + coscl"’ i cosy + coscT ( )

the line element takes the form

ds? = LK?(ct)[cos x + cos eT)?[dr? 4 r?(d¥? + sin® 9 dp?) — dn?],
(39.25)
which differs from that of a Minkowski space only by a conformal factor.
More important for our present purpose is the fact that these metrics
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are all conformal to the Einstein universe,
ds? = Q7 2(cT)[dx? + sin? x(d9? + sin? ¥ dp?) — 2dT?],

(39.26)
Q= Y(ct) = K[ct(cT)),

which — in contrast to (39.16) — describes a one-to-one mapping.

t=m D 1*

-——

t=0 I~
Fig. 39.5. Conformal structure of the Friedmann dust universe.

For example, for the Friedmann dust universe (41.34) we have Q =
const./ (1 — coscT'): at the ‘boundary’ — beginning and end of the uni-
verse — the conformal factor 2 is not zero, but tends to infinity. But
the three-spaces ¢T' = 0, 2m (circles in Fig. 39.5) still have the property
that all past and future null geodesics end there: they represent Z— and
I+, which are spacelike for this universe. This is closely related to the
occurrence of horizons, see Section 40.3 and the figures given there.

Exercises

39.1  Show that AV = 0 in metric (39.6) leads to AV = 0 in metric
(39.8) if one sets V = V.

39.2 Identify the different parts of infinity of Minkowski space con-
tained in 2 = cospcosq = 0.






VII. Cosmology

Gravitational forces are the only forces presently known which are long
range (in contrast to the nuclear forces, for example) and which cannot
be compensated (there are no negative masses). It is therefore to be
expected that, for large quantities of matter distributed over wide regions
of space, they will be the decisive forces, and hence the gravitational
forces will determine the evolution and dynamics of the universe.

Physical laws get their importance from the fact that a single law
describes many very different situations. Technically this comes out by
writing the laws as differential equations (usually of second order), which
admit a multitude of initial or boundary conditions. The law itself has
often been found by extracting some common rules from the observed
variety of effects. All these features are also present in the theory of
gravitation.

In cosmology, however, we encounter a very different situation. There
is only one realization of a cosmos, that which we are living in. And if
there was an extra physical law for this cosmos, we could not find and
prove it the usual way. That is to say, if we find a surprising new phe-
nomenon, we cannot easily decide which of its properties are a new law,
and which are due to initial conditions. Sometimes it is claimed that, in
a proper theory, initial conditions should be excluded, the cosmos must
not depend on them (this was one of the assumptions of the ‘inflation’
theory). Or one claims that the new law can be obtained from other
principles, such us the anthropic principle. It seems that mankind does
not like to be the outcome of an accidental initial value, but rather of
an extra law.

In this book we shall set aside these more speculative ideas. Rather we
shall take the conservative approach by asking whether our cosmos can
be understood as a special case governed by the ‘usual’ laws. That is, we
take the physical theories found and checked in our tiny neighbourhood,
extending and stretching them to the outmost. The laws of gravitation,
for example, have been checked only for a few hundred years, and mostly
inside the Solar System, and for small matter densities; to apply them
to the universe is an extreme extrapolation likely to fail.

For a recent review on many problems of cosmology see Ellis (1999).
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40

Robertson—Walker metrics and their
properties

40.1 The cosmological principle and Robertson—Walker
metrics

Cosmology makes statements about the whole universe. Here as in many
other areas of the natural sciences, every new discovery can revolution-
ize the structure of our knowledge, our present picture of the universe
being in no way complete and secure. But up until now this picture has
always proved compatible with assuming initially the universal validity
of natural laws, making calculations with strongly simplified models of
reality, then comparing with the observations, and thus in a stepwise
manner approximating models and formulations of the laws of nature
to reality. Still General Relativity is able to explain, and helps us to
understand, many features of the universe.

The simplest model of the universe is obtained from the cosmologi-
cal principle, that is, from the assumption that in the rest system of
matter there is no preferred point and no preferred direction, the three-
dimensional universe being constituted in the same way everywhere. A

BPRERC P E r O

‘The universe, my son,
is a large tank full of water.

’

Fig. 40.1. The cosmological principle.
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glance at the sky (which of course ought to be uniformly bright or dark)
shows us that this model is a very great simplification and that the uni-
verse is uniform at best only on the average. We do not know how large
are the spatial regions over which the average should be taken — at any
rate the galaxies are not uniformly distributed, but tend to be clustered.
Nevertheless, this most simple of cosmological models can explain ob-
servations surprisingly well — although we have to admit that we might
be in the situation of the fish in Fig. 40.1.

Translated into the language of Riemannian geometry, this cosmolog-
ical principle clearly asserts that three-dimensional position space is a
space of maximal symmetry, that is, a space of constant curvature whose
curvature can, however, depend upon time:

(3
ds® = gapde®da’ = K?(ct) do?, (40.1)
- dz? + dy? + dz? dr?

do? = = 72 (dY? + sin? 9 dp? =0, +1.
7 (14 er2/4)? 1—5772+T( st ddgt), =0,

cp. Section 19.5. Since the occurrence of terms gy, in the full space-time
metric picks out a spatial direction and g44(z®) signifies the dependence
upon position of the proper time of a test particle at rest, then only
the Robertson—Walker metrics (R—W metrics) (Robertson 1936, Walker
1936)

ds? = K?(ct) do? — ¢ dt? (40.2)

are in accord with the cosmological principle. The metric of this model
is thus already substantially determined by symmetry requirements; the
Einstein field equations can (if they are satisfied at all) now fix only the
time behaviour of the universe — the function K (ct) — and the type of the
local space — the choice of €. For the reasons explained in Section 34.2,
K is called the radius of the universe, although K can only be visualized
in this way for closed (three-dimensional) spaces (¢ = +1).

In the next section we shall discuss first of all some physical properties
of the metrics (40.2)—(40.2); we shall not draw conclusions from the
Einstein equations until Chapter 41.

40.2 The motion of particles and photons
We use the R-W metric in the form

ds® = K?(ct)[dx® + f2(x)(d9? + sin® 9 de?)] — ¢* dt?,
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sin x for e=1,

fx) =14 x for =0, (40.3)
sinhy for e=-1.

It picks out the origin x = 0 as a preferred point, and the coordinate y
is directly related to the distance D of an arbitrary point (star at rest)
from the origin by

D = K(ct)x. (40.4)

If the radius K of the universe changes with time, then the distances
of the stars and galaxies between each other also change, just as the
separations of fixed points (fixed coordinates) on a balloon change when
the balloon is blown up or deflated. The velocity D which thereby results
is proportional to the displacement D:

. 0D K

A test particle or a photon which moves in the absence of forces
describes, under suitable choice of the coordinate system, a purely ‘ra-
dial’ trajectory x(7), ¥ = const., ¢ = const., that is, a geodesic of the
metric

ds? = K?(ct)dx? — 2 dt? = —c2dr?. (40.6)

For a test particle of mass mg we get, if we denote by v the speed
Kdyx/dt and by p = mv = mov/+/1 —v?/c? the momentum of the
particle, a conservation law in three-dimensional form as

pK = const., (40.7)

(see Exercise 40.2). That is, the product of the radius of the universe
and the magnitude of the momentum is constant for force-free motion.

For photons one expects a similar result, that is, a dependence of the
wavelength and the frequency of an emitted photon upon the radius of
the universe K. We want now to derive the formula for the more general
case that the source and the observer move arbitrarily with respect to
the coordinate system (which we shall later identify as the rest system
of the matter), see Fig. 40.2.

The world line z*(v) (null geodesic) of a photon defines the null vector
k* = dz®/dv uniquely up to a factor which is constant along the world
line if we use an affine parameter as the parameter v; that is, one which
brings the geodesic equation to the form ka;bkb = 0 (see Section 21.4).
The frequency v which an observer moving with the four-velocity u®
associates with this photon is proportional to the timelike component
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1 2

Source  Receiver
Fig. 40.2. The change in frequency of a photon in the gravitational field.

of k® at the location and in the rest system of the observer, that is,
proportional to k%u, = g.pu®k®. The frequencies measured in the rest
system of the source and by the observer are related according to

n _ (R (gak™e’): (40.8)
vo  (k%q)2  (gapk®ub)s
This formula describes not only the change in frequency which is a con-
sequence of the relative motion (dependence upon u§ and u$), that is,
of the Doppler effect, but also the shift in frequency in the gravitational
field (dependence upon the metric gqs), and shows that the two effects
can only be separated in an artificial manner depending upon the coor-
dinate system.
Applying the formula (40.8) to sources and receivers which are at rest
in the coordinate system (40.6), we have to substitute

u®=(0,0,0,¢), kqe=1(1,0,0,—1/K), (40.9)
and obtain Kt
n_Klets) g~ const, (40.10)
1] K(Ct1>

in complete analogy with (40.7).
One usually expresses the change in frequency of the light received at
two points through the red shift (relative change in wavelength)

)\2 — A1
= 40.11
2= 2o (40.11)
The equation (40.10) thus yields the relation
K(CtQ)
= —1 40.12
T K(ct) (40.12)

between the redshift z of light received, for example, on the Earth at
time ¢o and the radii of the universe at the times of emission (¢;) and
reception (ts).

If on the Earth at the present time t = t; one examines the light
emitted by a star at the time ¢ = ¢1, then, if the radius of the universe
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does not change too quickly and the light travel time t; — ¢; is not too
large, one can replace K(ct1) by the first few terms of the Taylor series

K(ct) = K(cta)[1+ He(t — ta) — 3qH?*P(t —t2)* + -], (40.13)
The parameters occurring here are the Hubble parameter H,
H(cty) = K(cty)/K(cts), (40.14)
and the acceleration parameter (retardation parameter) g,
q(cty) = —K (cta) K (cta)/ K*(cts). (40.15)
Substitution of the series (40.13) into (40.12) gives the relation
z=He(ts —t1) + (1+ 3q) H*P(ta — t1)* + - -~ (40.16)

between the redshift z and the light travel time ¢5 — ¢;.

The validity or applicability to our universe of the model of a Robert-
son—Walker metric is usually tested in the relation between the redshift
and the distance of the source. Since ds? = 0 for light, from (40.6) and
(40.13) it follows that, to first approximation,

Boedt clta—t) | H(ts —t)?
w K(ct) — K(ctp) 2K (cts)

and therefore, using (40.4) and (40.5),
z=HD+3(q+1)H*D*+--- = D/c+L(D*~DD)/c* +---. (40.18)

\ = T (40.17)

The redshift is to first approximation proportional to the present dis-
tance D of the source or to the ratio of the (cosmological) escape velocity
D of the source to the velocity of light.

40.3 Distance definitions and horizons

The determination of distance in astronomy is mostly done using the
concepts and ideas of a three-dimensional Euclidean space. We there-
fore want to describe briefly how the laws of light propagation in R-W
metrics influence the determination of distance.

One possible way of determining the distance of an object is to com-
pare its absolute luminosity L, which is defined as the total radiated
energy per unit time and is regarded as known, with the apparent lumi-
nosity [, which is the energy reaching the receiver per unit time and per
unit surface area. The luminosity distance Dy, is defined by

Dy, = /L/4xl, (40.19)
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Fig. 40.3. The relation between apparent brightness and coordinate distance.

so that in the Euclidean space luminosity distance and geometrical dis-
tance coincide.

In a Robertson—Walker metric the relationship between true distance
D = Kx and luminosity distance Dy, is more complicated, see Fig. 40.3.
The photons streaming out at ¢ = ¢; from the source xy = 0 are dis-
tributed, after a coordinate interval of y, not of course over the surface
47x?, but, in the metric (40.3), over the surface

F = 4m f2(x)K*(cty). (40.20)
Moreover, because ds® = 0, that is, because
K dy = cdt, (40.21)

near to the source the photons emitted during the time interval §t are
distributed over the interval é;x = c¢dt/K(cty), while at the receiver
in the time d¢ all those photons arrive which lie in an interval doy =
¢dt/K(ctz). And third, the energy of an individual photon has also
changed during its passage through the gravitational field by the factor
K(ct1)/K(ctz). We therefore finally obtain for the apparent luminosity

- L K2(6t1)
'S PR () K (et)’ “0.22)
that is, the relation
_ FOOK?(ctz) Fx)

between the luminosity distance Dy, the coordinate distance D (at time
t2) and the redshift z of a light source. Since one observes objects with
z > 5, D and Dy, can differ considerably.

A alternative way of determining distance is to compare the true
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_<I A= JOOK(ctr)s
x=0

t =12 X, t =11

Fig. 40.4. Measurements of distance by determination of angle.

diameter A of a system with the angle § which it subtends at the Earth.
In Euclidean space we have of course

Da=D=A/S (40.24)

for the distance Da determined by measurement of angle.
In an R-W metric, however, (40.3) implies, according to Fig. 40.4,

Da =5 = foK(en) = -1, (10.25)

These two examples of how to determine distance show clearly how
the space curvature comes into astronomical considerations via the laws
of light propagation. Unexpected effects can occur. If, for example, the
function K (ct1) decreases with ¢y, for increasing f(x), then the more dis-
tant of two objects of identical dimensions may have the greater angular
diameter.

Of course optical methods can only be used to determine the distances
of objects whose light reaches us. In flat space we can in principle see
every flash of light, however distant, if we wait sufficiently long to allow
for the finite velocity of light. In a curved space, however, the situation
is more complicated. Imagine a fly (a photon) which is crawling at
constant velocity away from the south pole of a balloon. By blowing up
the balloon (increasing the radius of curvature) sufficiently rapidly, can
one prevent the fly from reaching the north pole?

Light emitted at time t; at the origin x = 0 has, because of (40.3),
reached the point

2 cdt
o K(ct)

X = (40.26)
by time t5. If we want to know whether at the present time t = t5 we
can see all stars, then we must investigate whether the light sent out at
the beginning of the universe tg (the earliest possible time), from the
furthest possible star, can reach us, or whether our signal sent out at
the beginning of the universe and at the origin of the coordinate system
has by now reached all stars. Depending on the cosmological model the
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Particle horizon Event horizon
End of

universe tg

Beginning of
universe tg

Particle World line Event which Event which
invisible of the remains invisible the observer
for t = to observer to the observer cannot influence

Fig. 40.5. Particle and event horizons.

beginning of the universe is here tg = —oo or the first zero of K(ct)
(where the metric becomes singular) lying in the past.
At the present time ¢t = t5 we can see stars up to a coordinate distance

2 ot

Xp = ) m (40.27)

If this value xp is smaller than the maximum coordinate distance (which
is 7 in closed universes and co in open ones), that is, if not all stars are
visible, then xp defines the horizon up to which we can see. It is called
the particle horizon.

If, for example, the radius of the universe changes according to the
law K (ct) = ct? and we find ourselves in the contraction phase ¢t < 0,
then at the observer time to = —1

—1
dt
Xp = / z=h (40.28)

that is, in this cosmological model there is a particle horizon.

Another physically interesting question is whether (by means of the
photons emitted there) we can learn about every event occurring in the
universe, no matter when or where, or whether the end of the universe
tg (tg = oo or the next zero of K(ct) lying in the future) coming prema-
turely prevents this. An equivalent question is whether our light signal
sent out at the present time ¢t = t5 reaches all points of the universe
before its end tg. Since this light signal traverses a maximum coordi-
nate distance

teodt

XE = g W (40.29)
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World line of the observer

Beginning of
the universe

Fig. 40.6. A cosmological model without an event horizon: the past light cone
going out from the observer intersects the world lines of all particles.

there exists an event horizon xg if xg is smaller than 7 or co: we shall
never learn anything about events which at the present time ¢ = ¢, are
situated at distances greater than yg.

Figures 40.5 and 40.6 give a qualitative picture of how horizons work.
The occurrence of horizons is closely related to the conformal structure
of infinity discussed in Section 39.5.

A possible misinterpretation of the significance of the horizons should
also be dealt with. Should there be an event horizon in our universe,
that is, events about which we can never learn anything, then that would
not imply the absence of an interaction with that part of the universe or
the establishing of something which is in principle now knowable. Our
(very poor) cosmological model presupposes from the beginning that the
universe is everywhere the same, and we therefore know in advance that
the same gravitational field and the same mass densities, and so forth,
are present behind the horizon as close by, because without the presence
of these masses as well the space in our neighbourhood would not be
homogeneous and isotropic. The events which we cannot observe only
affect test particles, that is, particles without a gravitational interaction,
and it is only we who cannot detect these particles, which do act upon
observers situated nearer to them.

40.4 Some remarks on physics in closed universes

There exists a multitude of cosmological models (up until now we have
encountered in the Robertson—Walker metrics only the most primitive),
which do not always differ significantly from one another, since they
form a continuous sequence. There are, however, some characteristics
of spaces which can be expressed by integers; in this class belongs the
property of whether a universe is open or closed. It is to be expected
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that closed universes also differ from open ones in a clear physical way
and that this difference may even possibly lead to statements which can
be tested on the Earth. We therefore want to describe in more detail
some properties of closed universes with R—W metrics.

As can be shown by calculation of the Weyl tensor (32.1) or by
explicitly carrying out a coordinate transformation, all R-W metrics
are conformally flat. If we restrict ourselves to closed spaces

ds? = K?(ct) [dx? + sin® x (d0? + sin® 9 dp?)] — de?,  (40.30)

then after the transformations
dt 2sin x 2sin T’

= | — =" = 40.31
K(ct)’ " cos x + coscT’ < cos x + coscT' ( )

the line element takes the form

ds? = %Kz(ct) [ cos x + cos cT'| 2 [dr2 + 72 (d192 + sin? 19d<p2) — dnz] ,
(40.32)
which differs from that of a Minkowski space only by a conformal factor.

As one can immediately see from the transformation formula (39.24),
this statement has only a local significance: the relations (40.31) map
a section (cosx + coscT) # 0 of the curved space-time onto the full
Minkowski space, but a one-to-one mapping of the metrics (40.32) and
(40.30) onto one another is impossible, see also the discussion in
Section 39.2.

The source-free Maxwell equations are conformally invariant (see Sec-
tion 21.3); if we know their general solution in the Einstein universe,
then we also have at hand the general solutions in every closed R-W
universe. Since all spatial coordinates are periodic in the Einstein uni-
verse, the source-free Maxwell equations have the character of eigenvalue
equations for the frequency (Schrodinger 1940, see also Stephani 1974).
Amongst the solutions one finds a generalized plane wave (eigenfunction
with frequency ¢/)\), which in the neighbourhood of a point is practically
a plane wave, but whose amplitude is noticeably different from zero only
over a region

d~ VK. (40.33)

The influence of the space curvature ‘localizes’ the plane wave and makes
it similar to a particle trajectory. For visible light and a radius of the
universe of 2 x 100 light years, we obtain the value d ~ 107 km.

If in an Einstein universe one draws the field lines of the D field
emanating from a point charge at rest, then they all intersect at the
antipodal point, but they arrive there with the opposite sign: in a closed
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universe, to every charge there corresponds a charge of opposite sign
(which, however, is not necessarily situated at the antipodal point). This
intuitively obtained statement can be derived from Maxwell’s equations.

For the charge density j*/c we have
3 3
\/;F“" / \/; (40.34)

1 /4 /4
*j4 _ F4n§n _ [ o gF4n / g —
&

or, in three-dimensional form with F** = D¢,

D>, = j*/c. (40.35)

Since the closed three-dimensional space has no surface (a spherical sur-
face has no boundary), application of the Gauss law yields

/ A3V = o; (40.36)

that is, Maxwell’s equations can only be integrated if the total charge
vanishes. Our universe is uncharged on the average, and so in this
respect a closed cosmological model would not stand in contradiction
with experiment.

The conclusion deduced from (40.35) evidently uses only the mathe-
matical structure of this equation, not its physical interpretation: the
volume integral of any quantity which can be written as a three-dimen-
sional divergence must vanish. A Newtonian gravitational theory, for
example, in which there are only positive mass densities p,

AU =U"g = —p,pu >0, (40.37)

is not possible in a closed universe (40.30).
If there exists in a closed universe a Killing vector £™ proportional to
a four velocity u™,

gn;i + fi;n = 0, fn = Oéun, (4038)

then because of the definition of the curvature tensor, the Einstein field
equations and the general splitting (21.71) of the energy-momentum
tensor of a fluid, we have

“no_ ¢nit = -9 n;i'n = _9 mRmnln
(€60 =€) = =2 = =26 o)
= —2k("T," — %flT”n) = om(?)p + ,uc2)uz + 2akq".

Because of the formal similarity to Maxwell’s equations one can con-
clude that for every closed universe the integral over the time component
(i = 4) of the right-hand side of (40.39) — over the analogue of the charge
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density — must vanish. But this is clearly not possible for perfect fluids
(¢ =0, p >0, u> 0): there exists no static or stationary, spatially
closed cosmological model with perfect fluid medium, whose Killing vec-
tor is parallel to the four-velocity. In the language of thermodynamics
this can also be formulated as a cosmological model with closed three-
dimensional space and perfect fluid (¢° = 0) cannot exist in complete
thermodynamical equilibrium (the temperature vector u®/T cannot be
a Killing vector) (Neugebauer 1974).

In these last considerations we have already made use of the Einstein
equations. We shall now turn to the problem of determining the evolu-
tion of the R—W metrics from these field equations.

Exercises

40.1 A balloon is inflated so that its circumference D grows as D =
Vit. A fly starts at ¢ = 0 at the south pole, creeping with velocity
v < V. Will it ever reach the north pole?

40.2  Show that the conservation law (40.7) holds for the geodesics of
the metric (40.6).

41

The dynamics of Robertson—Walker metrics
and the Friedmann universes

41.1 The Einstein field equations for Robertson—Walker
metrics

The Robertson-Walker metrics are completely determined by the tem-
poral behaviour of the radius of the universe and by the sign of the cur-
vature, that is, by K (ct) and €. We are thus confronted with the problem
of calculating these parameters from the properties of the matter in our
universe, and of seeing whether observational results and cosmological
model can be brought into agreement.

The curvature tensor and the Ricci tensor of an R—W metric can be
calculated relatively easily by applying the reduction formulae (30.25)
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to the line element
ds? = K?(ct)do? — 2 dt? = gopda® da® — 2 di2. (41.1)

That is, we start from

3 .
Raﬁp,u = Raﬁuu - K2K—2(ggugau - gﬁl/gau)a (412)
R4ﬁ4y = KK_lggy, R4/3MV =0, Kaﬁ = —KK_lgalg,

and, in accordance with (19.40), substitute the relation

3

Raﬂuy = 5K72(gaugﬁu - gﬂugau) (413)
for the three-dimensional curvature tensor of the R-W metric, whose
space is of course a space of constant curvature. For the non-vanishing
components of the Ricci tensor we obtain

Rp, = [K/K +2(K? +e)K~2gg,, Ru=-3K/K.  (41.4)
Together with the Einstein field equations
Rypn — %Rgmn = K1, (41.5)

the equations (41.4) show us that the energy-momentum tensor of the
matter in the universe is spatially isotropic in the coordinates (41.1)
and that no current of energy occurs (Ty, = 0); in R-W metrics the
energy-momentum tensor must be that of a perfect fluid,

Tn = DYmn + (N + p/c2)umun7 (416)

where the preferred coordinate system (41.1) is the rest system of the
matter and p and p depend only upon time.
As a consequence of (41.4) and (41.6) the field equations (41.5) reduce
to .. .
2K/K + (K* +¢)/K* = —kp, (41.7)
3(K2+5)/K2 = —Kkuc?. (41.8)
These two equations are only mutually compatible if

it/ (1 +p/c®) = 3K /K. (41.9)

Since for K # 0 and uc® +p # 0 (41.7) also follows from (41.9) and
(41.8), the field equation (41.7) can be replaced by (41.9).

Equation (41.8) is called the Friedmann equation (Friedmann 1922),
and the special R—-W metrics which satisfy it are called Friedmann uni-
verses. Occasionally, only the cosmological model arising from the spe-
cial case p = 0 is designated the Friedmann universe. If one knows the
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equation of state f(u,p) = 0, then from (41.9) one can determine the
radius K as a function of the mass density p and hence calculate the
behaviour of K and g with respect to time from (41.8).

The Friedmann cosmological models can also be characterized invari-
antly by the fact that they are just those solutions of the Einstein field
equations with a perfect fluid as source whose velocity fields u™(z*) are
free of rotation, shear and acceleration.

41.2 The most important Friedmann universes

The Einstein universe Soon after having set up his field equations, Ein-
stein (1917) tried to apply them to cosmology. In accordance with the
then state of knowledge, he started from a static cosmological model.
Thus all the time derivatives in (41.7) and (41.8) vanish, so that we are
left with the equations

5/K2:—/§p’ SE/KQZI{/_LCQ, (4110)

These can only be brought into agreement with the observed data, which
require that p ~ 0, by rather artificial means, namely, by introduction of
the cosmological constant A. According to this hypothesis, the energy-
momentum tensor contains, in addition to the contribution due to the
gravitating matter (here the dust), a contribution proportional to the
metric tensor:

ETmn = —Agmn + KAUmU,, @ >0, A = const. (41.11)
Comparison of (41.11) with (41.10) gives us, upon use of
kp = —A, kpc? = kjic? + A, (41.12)
the relations
e=+1, A=+1/K?% kic? =2/ K2 (41.13)

The Einstein universe is a closed universe of constant curvature:

ds? = K?[dx®+sin® x (d9?+sin® 9 dp?)| —c* dt?, K = const. (41.14)
As (41.12) shows, introducing a positive cosmological constant A is tan-
tamount to admitting a negative pressure.

The de Sitter universes The introduction of the cosmological constant
means that the space is curved even in the complete absence of matter.
For if one substitutes

KT mn = —ANgmn, A = const., (41.15)
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into the field equations (41.7) and (41.8), then one obtains

KK - K? =¢ (41.16)
3(K? +e)K2 = A. (41.17)

The best starting point for the integration of this system is equation
(41.17) differentiated once, namely,

K- iAK =0. (41.18)

For positive A one obtains the proper de Sitter metrics (de Sitter 1917)

e =+1: K = B~ !coshBect,
e=-1: K = B 'sinhBet, A=3B? (41.19)
e=0: K = AeBe,
for negative A the anti-de Sitter metrics
e=-1: K=Bl'coseBt, A=-3B?% (41.20)

and for A = 0 the flat space ¢ = 0, K = const.

The de Sitter universes have a higher symmetry than might be sup-
posed from their description by Robertson—Walker metrics. If from
(41.2), (41.3), (41.16) and (41.17) one calculates the complete four-
dimensional curvature tensor of these spaces, then one obtains

Rabmn = %A(gamgbn - gangbm)~ (4121)

Thus we are dealing with four-dimensional spaces of constant curvature
(of positive curvature for A > 0) in which neither any space-direction
nor any time-direction is singled out, cp. Section 19.5. In particular,
the three metrics (41.19) are only three different sections of the same
four-dimensional space of constant positive curvature.

The radiation universe Incoherent, isotropic electromagnetic radiation
can formally be described by the energy-momentum tensor (41.6) of a
perfect fluid with

p=suc’ (41.22)

With the aid of this equation of state we can at once integrate (41.9)
and obtain

puc® K* = const. = 34, (41.23)

which says that when the universe expands or contracts the mass density
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(energy density) of the radiation is inversely proportional to the fourth
power of the radius of the universe.
The behaviour of this universe with respect to time is determined by

K?=kAK™2 — ¢, (41.24)
upon introduction of y = K? the differential equation (41.24) becomes
197 = KA — ey, (41.25)

which can easily be integrated. If we choose the constant of integration
so that y(t9) = 0, then we obtain the solutions

e=0: K? = 2eVEA(t — ty),
e=-1: K?%=c2(t—ty)?+2cVKA(t —to), (41.26)
e=+1: K?=—c2(t—t9)*+2cVKA(t — to).

Although we certainly do not live in a radiation universe now, several
properties of these solutions are worth noting. One such is the occur-
rence of a singularity of the metric at ¢ = t3. There K goes to zero,
the separation of two arbitrary points in the universe becomes arbitrar-
ily small, and in the neighbourhood of this singularity the radius K
becomes independent of £; that is, the same for open and closed uni-
verses. Another interesting statement is that electromagnetic radiation
(light) alone can, by virtue of its own gravitational interaction, produce
a closed universe (¢ = 1) whose radius K increases from zero to a maxi-
mum of vkA and then after the time AT = 21/kA/c? goes back to zero
again.

The Friedmann universes By Friedmann universes in the strict sense
one means cosmological models with dust:

Ton = Ul Uy, . (41.27)
For this special case one can immediately integrate (41.9) to give
et K3 = M = const. (41.28)

The integration constant M is evidently proportional to the total mass
for closed universes. Notice the changed power-dependence upon K in
comparison with the radiation universe (41.23)!

The remaining field equation (41.8) simplifies to the ‘Friedmann dif-
ferential equation’

K? = kM /3K —¢. (41.29)
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Introduction of the new variables

det
T=4+ | —— 41.30
¢ K (ct) (41.30)
brings it to the form
K" = kMK/3 - eK?, (41.31)

in which it can easily be solved by separation of variables. If we denote
the time at which K vanishes by ¢t = 0, then the solutions of (41.29) are
parametrically (see Fig. 41.1)

e=0: K =xMAT?/12, ¢t = +xM(cT)? /36, (41.32)
e=-1: K = LsM(cosheT — 1), et = £1xM(sinhcT — cT), (41.33)
e=+41: K = %HM(l —coscT), ct = :t%FLM(CT —sineT).  (41.34)

All three types have a singularity at the ‘beginning of the universe’ t = 0,
where the radius K goes to zero. In the neighbourhood of this singularity
the three types have the same dependence upon time, namely,

K(ct) ~ (3cM/4)' /323, (41.35)

For the closed model (¢ = +1), K(ct) reaches a maximum and then goes
back again to zero, describing a cycloid. In the two open models K(ct)
increases continuously (if we take as the positive direction of time that
in which T increases).

K(ct) A 1
e=0
. oe=1

» ct

to=0 HWM/G l{TrM/i%

Fig. 41.1. The radius of the universe K as a function of time for the three
Friedmann models.
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41.3 Consequences of the field equations for models with
arbitrary equation of state having positive pressure and
positive rest mass density

From experience we know that the equation of state of ordinary matter
lies between that of dust (p = 0, > 0) and that of incoherent radiation
(uc? = 3p) in the sense that uc? —3p > 0 (in the microscopic picture the
pressure is caused by collisions of particles with at most the velocity of
light). Some notable properties of the Friedmann model follow, however,
from the field equations alone and the assumptions that > 0 and p > 0,
independently of the particular kind of equation of state (temperature
dependence!).
Thus from (41.7) and (41.8) one obtains the relation

6K = —r(uc® + 3p) K, (41.36)

which can be interpreted in the following way. If K is positive at a time
t, then, because of (41.36), K (ct) is a curve concave downwards (like the
curves of Fig. 41.1), which must have touched the axis K = 0 a finite
time ago. If K is negative, this point K = 0 lies in the future. Since, as
we shall describe in detail, we are currently observing a positive K, the
universes with Robertson-Walker metrics inevitably have a ‘beginning
of the universe’ ¢t = 0 at which the metric becomes singular (K becomes
zero), independently of the equation of state and the choice of . By
comparison of the function K(ct) with its tangent at the time ¢, the age
of the universe can be estimated in terms of the Hubble parameter H
according to

ct < K(ct)/K(ct) = 1/H(ct). (41.37)
If one writes (41.9) in the form

O(u*K?) /0K = —3pK?, (41.38)

then one can see that uc?K?

becoming infinite: for K — 0, u increases at least as fast as K 3.
Hence one can ignore the term proportional to € in equation (41.8) and
near the origin of the universe calculate with

increases into the past, possibly even

3K? = kuc® K2 (41.39)

The expansion behaviour of the early universe does not depend upon ¢;
it is the same for open and closed models.

The future behaviour of the universe, on the other hand, will essen-
tially depend on e. Because of (41.38), for increasing K the rest mass
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density i decreases at least like K3, and hence the term suc?K? goes
at least like K. Thus for ¢ = 1, a maximum K = 0 will be reached
in a finite time, and since K = const. is not a solution of (41.36), the
radius function will decrease again and will necessarily reach K = 0
again: a closed universe with ¢ = 1 executes a cycle (or several cycles).
Fore = —1, K2 can never become zero, and the universe expands contin-
uously, K tending to the value 1 (K (ct) ~ ct for t — oc). The universes
with € = 0 also expand continuously, only now K and K go to zero.

In all these universes there are particle horizons; an observer cannot
always see the whole universe at time ¢. Because of (40.26), the existence
of such horizons obviously depends crucially upon the behaviour of K (ct)
at the origin tg = 0, and therefore we substitute the ansatz K ~ (ct)®,
a > 0, into (41.36). From the signs alone of both sides of the resulting
equation it follows that o < 1. For small times we have

xp ~ ()™ 0<ac<l, (41.40)

so that yp is finite near t = 0 and smaller than 7, and also for arbitrary
finite times xp is finite: in open models part of the universe is always
invisible. In closed models, however, after a sufficient time yp can take
the value 7 or even 27. Thus, for example, in the Friedmann universe
(41.34) xp = ¢I' = 7 for the time of maximum expansion (the whole
space is visible) and xp = 27 at the end of the universe (the observer
sees his world line, that is, he himself, at the beginning of the universe).

The occurrence of event horizons depends upon the behaviour of K(ct)
at the end of the universe. Since for open models (¢ = 0, —1) the radius
function K goes at most like t=1 for large ¢, then the integral (40.4)
diverges for tg — 4o00: there is no event horizon; provided one waits
long enough, one learns of every event. In closed models (¢ = +1), how-
ever, there do exist event horizons (the proof runs as with the above
considerations regarding particle horizons); an observer will not neces-
sarily learn anything before the universe comes to an end about events
which take place after the stage of maximal expansion.

Exercises

41.1  Show that for the de Sitter universes (41.21) holds.

41.2 Determine acceleration, rotation, shear and expansion (see Sec-
tion 31.2) for the R-W solutions!

41.3  Are there R-W metrics which have a constant p (= 0)7
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Our universe as a Friedmann model

42.1 Redshift and mass density

It was one of the most important confirmations of the ideas of the theory
of General Relativity and its application to cosmology when the cosmo-
logical redshift was found by Hubble in the year 1929, about thirteen
years after the basic equations had been set up and seven years after the
publication of the Friedmann model. In between had been the detour
and error of Einstein, who believed he could arrive at a cosmological
model only by the introduction of the cosmological constant, which led
to the Einstein universe, a static model without redshift.

Not only does the redshift verify the cosmology of General Relativity,
and in particular the concept of the expanding universe, but its exact
evaluation also gives us data to determine which of the homogeneous,
isotropic cosmological models our universe most closely resembles. From
the redshift (as a function of distance) the Hubble parameter H and the
acceleration parameter ¢ can in principle be determined, see (40.18). If
one substitutes them according to their definitions

H=K/K, q¢=-KK/K? (42.1)
into the field equations (41.7) and (41.8), then one obtains
6¢H? = k(uc® + 3p), 3H? = kuc® — 3¢/ K> (42.2)

In general these two equations are of course not sufficient to determine
the four unknowns pu, p, € and K from the redshift, that is, from a
knowledge of ¢ and H?2. But for our universe in its present state the
predominant part of u is contained in the masses of the galaxies and the
pressure can consequently be ignored. For this dust we then have

6gH? = Kpuc?, H?*(2q—1) =¢/K>. (42.3)

Since € can only take on the values 0,41, it can be determined from
the value of ¢ alone: ¢ > % gives a closed universe, ¢ < % the two
open models. If ¢ is fixed, then from H and ¢ one can determine the
radius function K and the mass density p, and compare them with
observations. That mass density p which corresponds precisely to the

371
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critical value ¢ = % (the transition from an open to a closed model of
the universe) is called the critical mass density:

peric = 2H? /K. (42.4)

Unfortunately present measurements and analyses of the redshift—
distance relation (40.18) are still so incomplete and inexact that the
relations (42.3) cannot yet be reliably evaluated. The following numer-
ical values based on the redshift (H and ¢) and the analysis of galaxy
counts (u), are the most probable to date:

H=6-100% cm™', cH =55kms~ ' Mpc™!, 1/cH =18-10° a
g=1=+1,
pu=3-10"3 gem=3

, (42.5)
(42.6)

(42.7)
If one compares the three numerical values with the relations (42.3)
then one establishes that:

(a) the presently observed mass density lies below the critical density
frerie = 6-107%" cm™? (42.8)

which means that we ought to be living in an open universe;
(b) our universe has a radius of about K ~ H~! = 1.8 - 101° light
years, is about 1-10'° years old and is in an expansion phase;
(c) since g cannot yet be determined exactly enough from the redshift
and also p is not yet known with sufficient certainty, we cannot
yet say whether our universe is open or closed.

Taking into consideration the surprisingly rapid change (oscillations)
in the ‘certain’ numerical values of H, ¢ and p in the last few decades
one can regard only the following as reliably established:

(a) the age of the universe, which follows from the Hubble parameter
and from the age of rocks or of stellar systems, is of the order of
magnitude 10'° years (the uncertainty is by a factor of 2);

(b) the average mass density is about u = 1073} gem™3 (uncertain
by a factor of 10);

(c) there is no doubt concerning the cosmological nature of the red-
shift and the applicability of relativity theory to cosmology.

As we have shown above, in the early epoch of the universe the
parameter € played no essential part. Our ignorance of the exact value
of the acceleration parameter ¢, that is, of the value ¢, thus does not
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put the value of the models for the earliest developmental stages of our
universe in jeopardy. In the following we therefore want to sketch the
ideas embodied in these models.

42.2 The earliest epochs of our universe and the cosmic
background radiation

In direct optical observation of very distant objects we are looking a
considerable way back into the past of our universe. But the origin of the
universe, and times close to it, corresponds to an infinitely large redshift;
it is therefore invisible in practice. Thus if from our observations we want
to obtain statements about the constitution of the universe in its early
phase, then we must look at physical objects closer to us, and judge from
their present condition, and the laws governing their (local) evolution,
the state of the universe when they were formed.

How then did our universe appear at the beginning? ‘Beginning of
the universe’ does not mean that no matter was present before or that
it was created at an instant; rather, this phrase should express the fact
that on the basis of physical laws the state of the universe was essentially
different from its present state (similarly at the ‘end of the universe’). In
the framework of the Friedmann universe, the beginning of the universe
is that time in the past at which the radius of curvature K was zero,
and the universe manifested a singular behaviour.

When speaking about ‘time’ in the early universe, one must take into
account that the measurement of time should always be seen in relation
to the properties of the matter. The time coordinate (universal time) ¢
of the Friedmann universe is the proper time for the mass elements of the
universe. The clocks which one uses for measuring proper time have zero
dimensions in the abstract theory; in practice, this means that they are
so small that the cosmological gravitational field does not change within
the clocks and during the lapse of one period. While at the present
time, therefore, the planetary system, for example, is a useful clock, in
the early universe only elementary particles and their conversions are
available. Measured by the number of characteristic individual physical
processes going on, the beginning of the universe may be still very far
away (possibly infinitely far away) even in the early phases (close to
the singularity); the unit of measurement derived from the planetary
system, the year and its subdivisions, does not correctly express this.

Let us return to the model of the early stages of the Friedmann uni-
verse. Today the major contribution to the energy-momentum tensor
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comes from stars (and possibly the mysterious dark matter hidden in
galaxies); the contribution from radiation is negligibly small. But in
the early stages of the universe a rather different balance must have oc-
curred. On the one hand, as the radius of the universe K decreases, the
energy density of radiation increases faster than that for matter because
of equations (41.23) and (41.28). On the other hand, the energy density
and temperature would rise so much that massive elementary particles
and antiparticles, which would be unstable under terrestrial conditions,
would be in thermal equilibrium with the high-energy photons. All ob-
servations and calculations point to the fact that about 10'° years ago
the universe was probably in a state of very high density. Cosmological
models therefore begin with conditions in which interactions of elemen-
tary particles are the decisive process. Thus a precise description of the
earliest epoch is only possible if quantum physics (elementary particle
physics) is taken into account; we can extrapolate into the past only
as far as we know the laws of high-energy physics, taking gravity into
account. This is a highly speculative area, but the following broad ideas
are generally accepted.

The universe began in a state of extremely high temperature and den-
sity, which can only be described accurately through the not yet achieved
unification of quantum theory and gravity. In the subsequent expansion
an era may have occurred in which quantum effects produced an energy-
momentum tensor proportional to the metric tensor, corresponding to a
negative pressure. During this epoch the world is described by a de Sit-
ter universe, in which the radius K increases exponentially (see equation
(41.19)); this is known as an inflationary universe.

This rapid expansion of the universe reduced the temperature, so that
equilibrium preferred the stable particles, namely, the electrons, protons,
atomic nuclei, the lighter chemical elements, and the neutrinos and pho-
tons generated in particular by pair annihilation. All these are particles
which are rather well understood, so that more confident predictions are
possible from here on.

During further expansion and cooling the photons then decouple in
the following sense. On the one hand, photons are not created to any
great extent, they do not have sufficient energy for pair production, and
they do not give their energy to the remaining matter (the universe is
‘transparent’). On the other hand, the energy density of the photons
decreases more rapidly than that of the rest of the matter, so that the
subsequent behaviour of the expansion is not influenced by the photons.

From this time on the energy-momentum tensor of the photon gas
alone thus obeys a conservation law



42.2 The early universe and the cosmic background radiation 375
Tih =0, (42.9)

so that the energy density ppnc? obeys the relation
ppnc>K* = const., (42.10)

see (41.23), where now, however, in contrast to (41.24), the evolution of
the radius function K(ct) is dictated from outside (by the main compo-
nent of the matter, that is, by the matter in atomic nuclei). Since we
also have for the photon gas, according to the Planck radiation law,

ppnc? = const. T?, (42.11)
its temperature decreases with increasing radius function as
T~1/K. (42.12)

The experimental confirmation of these considerations (first made by
Gamow as early as 1948), namely, the discovery of the incoherent cosmic
background radiation by Penzias and Wilson (1965, Nobel Prize 1978),
was certainly the greatest success of relativity theory in cosmology since
the interpretation of the Hubble redshift. Observations show that the
Earth is bathed by an (incoherent) electromagnetic radiation, whose
frequency spectrum corresponds to the radiation of a black body at
temperature

Ty ~2.7TK (42.13)

with a maximum intensity near the wavelength A\ ~ 0.2 cm. (Since the
earliest measurements could be fitted by a slightly higher temperature,
this radiation is still also called the 3 K radiation.) The energy density
of this radiation today corresponds to a mass density of about

pph ~ 4.4 x 1073 gem ™3, (42.14)

If one assumes that the photons uncouple from the rest of the matter at
about 4000 K, then the cooling which has taken place in the meantime
corresponds, because of (42.13), (42.12) and (40.12), to a red shift of

z=4000 : 2,7 — 1 ~ 1480. (42.15)

The cosmic background radiation thus gives us immediate optical
access to the early epoch of the universe, back to much earlier times than
are accessible to optical instruments by observation of distant objects
(for which z < 10). The high degree of isotropy of this radiation shows
that already at this time (if one assumes that initial anisotropies were
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dissipated) or up to this time (if one thinks of the inhomogeneities result-
ing later from the formation of galaxies) the universe was Friedmann-like
and that the Earth moves at most with a small velocity relative to the
rest system of the total matter.

For people who believe that all properties of the universe must be due
to its evolution and not to its initial conditions (see the discussion at the
very beginning of this part), this high degree of isotropy was the main
reason to introduce the inflationary model: an inflation will smooth out
that part of the universe which is accessible to our observations and
make it Friedmann-like.

For all discussions about the early universe one should keep in mind
that if we use an R-W metric, then General Relativity permits any
behaviour of the world radius K: we can insert K(ct) into (41.7)—(41.8),
read off p and u, and invent a model sophisticated enough to give this
energy-momentum tensor.

To end this section we make some brief remarks about the evolution of
the universe after the formation of the electromagnetic background radi-
ation. During the gradual cooling of the ‘primeval fire-ball’ the chemical
elements hydrogen and helium form in the preferred equilibrium ratio
of about 73:27, almost no heavier elements being synthesized. Small
disturbances to the homogeneity of the universe then lead to galaxy for-
mation, and there the subsequent compression and heating of matter in
the stars leads to nuclear processes, during which the heavier elements
are produced. All these things are still the subject of research.

42.3 A Schwarzschild cavity in the Friedmann universe

The assumption of a position-independent mass-density in the universe
leads, as we have seen, to useful cosmological models with properties
which approximate to the observations, but they stand in flat contradic-
tion to the mass distribution to be found in our neighbourhood. Here
the mass is always concentrated into individual objects (planets, stars,
galaxies), and the practically matter-free space in between exceeds the
volume of these objects by several orders of magnitude.

This discrepancy can at least partially be removed, since the exact
solution for the gravitational field of a spherically symmetric star which
is surrounded by a matter-free space and situated in a special Friedmann
universe (p = 0) is known (Einstein and Strauss 1945).

The details of this model are as follows (Fig. 42.1). A spherically
symmetric star is surrounded by a space free of matter which again is
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Friedmann Friedmann
universe universe
vacuum
Interior of sta{©ﬁ = 1o = const

(Schwatr?schlld r=r(t)
metric
) p = p1 = const

Fig. 42.1. The Schwarzschild vacuole in the Friedmann universe.

surrounded by a Friedmann dust universe. The gravitational field inside
the star can be described, for example, by the interior Schwarzschild
metric (for a static star) or by the section of a Friedmann universe (for
a collapsing or exploding star). A Schwarzschild solution

dr?

2 _
4" = 150

+7r2(d9? + sin® 9 dp?) — (1 — 2M/r)c® dt?,
( @)= /7) (42.16)

ro <1 <71y,

can always be joined to this interior solution, and to this Schwarzschild
solution a Friedmann universe. This last part has been discussed in
detail and proved in Section 36.3, although always from the viewpoint
of a connection ‘inwards’. One can easily show, however, that all the
calculations are equally valid for the connection ‘outwards’ which is used
here. This connection can be most simply achieved by introducing a
new coordinate system into the Schwarzschild metric via a coordinate
transformation

r=r(p,cr), ct = ct(p, cT), (42.17)

so that we have

2 2
ds® = (37“) _dr +7r2(p, c7) (d192 + sin? 19d<p2) —c2dr?,

aap j_gfz(p) (42.18)
(5=) +=f2(p) —20/r =0,

where the boundary p = p; to the expanding or contracting universe

dp?
1—ep?

ds? = K?(cr) [ + p? (0 + sin® ¥ d<p2)] —c?dr? (42.19)
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is at rest. The junction between the Schwarzschild metric (42.16) or
(42.18) and the Friedmann universe (42.19) is possible if and only if
between the mass density p(c7) and the curvature K (c7) of the universe,
on the one hand, and the gravitational radius 2M, the Newtonian mass
m = 87 M /kc? and the ‘radius’ py, or rq = 7(p1,cT), on the other hand,
the relations

kuc? K3p3 = 6M = 3xmc? /4, ry = p1 K (er) (42.20)

hold. These relations ensure that the dust particles of the boundary
surface between the vacuum and the cosmic matter move on geodesics
both of the interior Schwarzschild metric and of the exterior universe;
that is, the system is in a dynamical equilibrium.

In a Friedmann universe one can thus construct one or several spher-
ically symmetric cavities, gather up the originally dust matter within
each, and put it back into the middle of the cavities as stars. Notice,
however, that for € # 0 the total extracted mass

e prdp
0 V1—ep?

differs from the stellar mass m (only insignificantly for small radii p;).
The most interesting property of the vacuole solution is that inside the

P1
my = [ opdddedp =4rK?p (42.21)
0

vacuole the field is static. The expansion or contraction of the universe
has no influence on the physical processes inside the vacuole, except that
the radius r of the vacuole is time-dependent. An observer inside is only
made aware of the cosmic expansion through the redshift of objects lying
beyond the boundary surface. Stars inside show no redshift.

How then is the vacuole in which we live constructed? The relation

r1 = /6 M/kuc? (42.22)

between the coordinate radius r1 of the vacuole, the Schwarzschild radius
2M of the central body and the cosmic mass density u is crucial for
the size of the vacuole. If we measure r1 and 2M in centimetres and
substitute the value 3 x 1073! gem ™ for y, then we have

1~ 1.75 x 10 V/2M. (42.23)

The vacuole radius of the Earth (2M = 0.88 cm) would thus extend
out far beyond the Sun, and many of the nearest fixed stars would in
fact be contained within the vacuole of the Sun (2M = 2.95 x 10°cm).
But we obtain a realistic model if we identify the central body with
the local group of galaxies (2M ~ 5 x 10'7cm) to which belongs not
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only, for example, our Galaxy, but also the Andromeda nebula; there is
then no other galaxy in the associated vacuole. Inside this system the
expansion of the universe is not effective, the gravitational field being
determined exclusively by the masses contained within the vacuole (in so
far as the model is applicable, that is, as the mass distribution is to good
approximation spherically symmetric). The radius of the Earth or of the
Earth’s orbit thus does not change because of the cosmic expansion. But
of course the central body, that is, our Galaxy, could also be in a state
of general expansion which is independent of the cosmic expansion.

Of more theoretical interest is the fact that time runs differently inside
and outside the vacuole. As a consequence of the method of joining,
the universal time 7 of the Friedmann universe is identical with the
proper time 7 of the particles on the boundary layer r = r1, which move
on radial geodesics. Because of (35.6) and (36.41)—(36.45), this proper
time differs from the coordinate time ¢ of the Schwarzschild metric by

the factor
dt V1 —ep?
< s B— (42.24)
dr  1—-2M/p1K(cT)

In general this factor is ignorably small.

Vacuoles cannot be arbitrarily large. Trivially, the vacuole radius
p1 = sin xy; may not exceed the maximum value 7 of the coordinate x
in a closed universe (¢ = +1). (The coordinate system used here covers
only the half universe with 0 < p < 1.) A second, more important,
condition follows from the requirement that the vacuole radius r; must
be outside the Schwarzschild radius » = 2M. Because of the relation
(42.20) between vacuole radius and mass and the special form

K(ct) = tkpc® K k(cr), (42.25)

of the time dependence of the Friedmann universe (see (41.28) and
(41.32)—(41.34)), the condition r > 2M just mentioned is only satis-
fied for

pi < k(cr). (42.26)

The maximum allowed vacuole radius Kp; depends upon the age of the
universe. In a closed Friedmann universe the vacuole is always smaller
than the semi-universe (p; < 1). A galaxy (a group of galaxies) of mass
M can thus only occur in a universe if the age of the universe 7 is greater
than that required by

M? = k(cr)K?(cT)/8. (42.27)
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In a closed universe (¢ = +1) with a period of about 6 x 10° years, that
is, kM /6 ~ 9x 10?7 s, a vacuole of mass M = 2.5 x 10'7 cm, for example,
can form at the earliest 128 days after the beginning of the universe.

43

General cosmological models

43.1 What is a cosmological model?

A cosmological model is a model of our universe which, taking into
account and using all known physical laws, predicts (approximately) cor-
rectly the observed properties of the universe, and in particular explains
in detail the phenomena in the early universe. Such a model must also
explain inter alia why the universe was so homogeneous and isotropic
at the epoch of last scattering of the cosmic microwave background, and
how and when inhomogeneities (galaxies and stars) arose.

In a more restricted sense cosmological models are exact solutions
of the Einstein field equations for a perfect fluid that reproduce the
important features of our universe. Because there is only one actual
universe the large number of known or possible cosmological models
may at first seem surprising. There are, however, two reasons for this
multiplicity.

Firstly, only a section of our universe is known, both in space and in
time. All cosmological models which differ only near the origin of the
universe must be accepted for competition. In fact solutions are known
which are initially inhomogeneous or anisotropic to a high degree, and
which then increasingly come to approximate a Friedmann universe.
All cosmological models which yield a redshift and a cosmic background
radiation can hardly be refuted. The possibility cannot be excluded that
our universe is not homogeneous and isotropic, but has those properties
only approximately in our neighbourhood. An expanding ‘dust star’,
that is, a section of a Friedmann universe which is surrounded externally
by a static Schwarzschild metric (the model of a collapsing star discussed
in Section 36.3), may also perhaps be an excellent model of the universe.

Secondly, one also examines solutions of the field equations where it is
clear in advance that they do not correctly reproduce the properties of



48.2 Solutions of Bianchi type I with dust 381

our universe. Every model is of course a great simplification of reality,
and only by the study of many solutions can one establish which simpli-
fications are allowed and which assumptions are essential. Exaggerating
one can say that there is almost no exact (perfect fluid) solution of the
field equations to which one could not attribute the name ‘cosmological
model’.

A special role is played now as before by cosmological models which
satisfy the cosmological principle to such an extent that the universe
(the three-dimensional position space) is homogeneous, that is, that the
points on a section t = const. are physically indistinguishable. Besides
the Robertson—Walker metrics, these models include all spaces which
possess a simply transitive group of motion GG3 and are accordingly to
be associated with one of the Bianchi types I to IX (see Section 33.5)
or which permit a transitive group G, which possesses no transitive
subgroup G3 (Kantowski-Sachs model). We want to go briefly into two
examples of such cosmological models.

43.2 Solutions of Bianchi type I with dust

If the three-dimensional space is the rest space of the matter and pos-
sesses three commuting Killing vectors, then we are dealing with homo-
geneous cosmological models of Bianchi type I. Since one can simulta-
neously transform the three Killing vectors to the normal forms

& =(1,0,0,0), &5 =1(0,1,0,0), &5 =1(0,0,1,0) (43.1)

in suitably chosen coordinates, the metric depends only upon the time
coordinate z* = ct. By the transformation % = 2% (2?), 2% = 2 +
f%(x*) one can, without destroying (43.1), always bring the metric to
the normal form

ds? = —c* dt? + gap(ct) daz® da”’. (43.2)

As one can see, the subspaces t = const. are flat three-dimensional spaces
in which — for a fixed ¢ — Cartesian coordinates can always be introduced.

To calculate the curvature tensor of this metric we use the reduction
formulae (30.25). They give

Ra,@;w = _i(gﬁp«gau - g,@l/g.a,u)a R4,8;w = 07

4 1. L. e (43.3)
R Bav = 398v — 39Ba9urgd " -

Using the relations g/g = go‘ﬁga,@ and ¢%" = —gﬁag”“gau, the field

equations
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Ray — $Rgap = Kpuquy, (43.4)
can be written as
Ri—3R=—495.9" — §(3/9)* = —ruc’, (43.5)
RS —653R — (V=99 4p8) /v/—9 — 65 36puc®> =0 (43.6)
(the equations R: = 0 are satisfied identically). Because of the equation

of conservation of rest mass (21.87), which always holds for dust, the
system of field equations is only integrable if

kpuc®/—g = M = const. (43.7)

In order to integrate the field equations we take the trace of (43.6),
which gives the differential equation

(V=g) = 3M, (43.8)
which we can solve as
V=g = 3ct(Mct + A). (43.9)

The complete system (43.6) can be integrated once, using (43.7), with
the result

V=990 = Mctgpa + aligus. (43.10)

If for a fixed arbitrary time one introduces a Cartesian coordinate system
and arranges its axes so that the constant matrix a¥ is diagonal, then
because of (43.10) the diagonal form of the metric remains preserved for
all time. Hence from (43.9) and (43.10) follows

g1 = [SM/(Mect + A) + 2p1 Afct(Met + A)| g1, p1A= 2a} (43.11)
with the solution
g11 = const.(Mct + A)Y3[ct/(Mct + A)]*" (43.12)
and analogous results for goo and g33. Thus we have finally the solution
ds? = —c2dt? + g11 da? + goo dy? + g33 d2?,

g1 = (—g)"/3[ct/(Mct + A)]*P 72/, , . (43.13)
Kkucy/—g =M,

g2z = (—g)'/? [ct/(j\}[ctJrA)]sz—Q/g’ it s A
g3 = (—g)"/3[et/ (Mt + A)] 7 72°,

in which, because of (43.6) and (43.5), the three coefficients ps must
satisfy the conditions
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pr+petps=1  pi+ps+p3=1 (43.14)

which is guaranteed by, for example,

op — 2 = Lsina, 2pp — 5 = gsin(a+37), (43.15)
23— 5 = 3sin(a+371), —gm<a<im |

For the four-velocity u® = (0, 0,0, ¢) of the field-producing matter we
have

Uq;b = %Cgab,éb (4316)

Thus we are dealing (compare with the definitions (31.18) of the kine-
matic quantities) with a geodesic (i, = 0), rotation-free (wqp = 0) flow,
whose expansion velocity is

2Mect + A

0= T2 (43.17)
t(Mct + A)

and the components of whose shear velocity are
o = 1Acgaa(3par —1)/v/—g (no summation over \). (43.18)

The integration constant A is therefore a measure of the shear, while
the py) characterize its dependence upon direction. The particular case
A =0 leads to an (isotropic) Friedmann universe, see Exercise 43.1.

The metric (43.14) describes an anisotropic, homogeneous universe,
which is expanding or contracting. The distances between the dust
particles (at rest in these coordinates) change in a direction-dependent
fashion, as the isotropic case p; = ps = ps3 stands in contradiction to
(43.14). For A > 0 (which can always be achieved by choice of the time
direction) the metric becomes singular at ¢ = 0, if we approach the origin
from the positive t side.

In the general case a # 7/2 (p3 # 0) precisely one of the py, namely,
ps, is negative. Because

G33/933 = [ct(Met + A)] ™ (4Mct +2p3A),  ps <0, (43.19)

then the relative change in distances in the z-direction is very strongly
negative at very small times. This collapse comes to a halt for ¢t =
—3psA/ 2M and it is followed by an expansion. In the z-direction and
the y-direction, on the other hand, the universe expands continuously.
If we follow its history backwards from positive ¢, then from an initial
sphere we find a very long, thin, elongated ellipsoid, and in the limiting
case t — +0 a straight line — a ‘cigar’ singularity occurs.
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é

a#1/2 a=m7/2

Fig. 43.1. The two types of singularity of a Bianchi type I universe.

It is worth noting that the mass M does not affect the behaviour as
t — 0; the metric (43.14) can be approximately replaced by the vacuum
solution (Kasner metric)
ds? = (ct)?Pr dz? + (ct)?P2 dy? + (ct)?P2 d2? — ¢? dt?, (43.20)
p1+p2+p3=1, P +p3+p3 =1 .

In the exceptional case a = 7/2, that is, p1 = 1, p» = ps = 0, we have

gu _ AMet/3+24  gw _gss _ AM
911 ct(Mct+ A)’ 922 g3 3(Mct+ A)
A singular behaviour occurs for ¢t — + 0 only in the z-direction, and then
in such a way that (followed backwards in time) out of a sphere first a
strongly flattened, rotating ellipsoid is formed and finally a ‘pancake’
singularity (see Fig. 43.1).
For large times the metric approaches (independently of ) that of a
homogeneous and isotropic Friedmann universe with € = 0.

(43.21)

43.3 The Godel universe

The Godel (1949) universe is a homogeneous, but anisotropic, four-
dimensional space whose metric is best be written in either of the two
forms

ds® = a*[da2”® + Je** dy® + d2® — (e"dy + cdt)®], a = const., (43.22)
ds? = 4a®[dr® + d2* + (sinh? 7 — sinh* ) dyp?

43.23
—2v/2sinh?r dpecdt — dt2] . ( )
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It possesses five Killing vectors, which in the coordinates (43.22) have
the form
flll = (0717070)3 5(21 = (analao)a gél = (070>071)7
51(11 = (17 -Y, 07 0)7 é-g = (ya 6726$ - %y27 07 _267w)'
Its gravitational field is produced by the energy-momentum tensor

= g
2Kka? Kkc2a?’

(43.24)

u™ = (0,0,0,c/a), (43.25)

which we can interpret either as the energy-momentum tensor of a per-
fect fluid with

p = pc =1/2ka?, (43.26)

or as an energy-momentum tensor which besides the contribution from
the dust also contains the cosmological term Agp,, (see (22.4)):

pw=1/kc%a®, A= —1/2d° (43.27)
Since only the components
Uy;2 = —U2;1 = ace$/2 (4328)

of the derivative u,;; of the four-velocity are non-zero, the matter current
is geodesic, shear-free and expansion-free, but rotates with the constant

w = \/waw®/2 = c/aV2. (43.29)

The Godel universe is certainly not a realistic model of the universe,

velocity

but it does possess a series of interesting properties. It is one of the few
cosmological models which contains rotating matter, and it also contains
closed timelike lines; that is, an observer can influence his own past, see
Exercise 43.1.

43.4 Singularity theorems

Of the cosmological models which we have so far discussed, the physi-
cally reasonable ones (Friedmann model, Bianchi type I universes) have
a singularity in their evolutionary history, that is, a beginning of the
universe or a primeval ‘big bang’, while the physically less realistic ones
(Einstein universe, de Sitter universe, Gédel universe) certainly do not
possess such a singularity, but they involve the cosmological constant, or
its matter obeys a rather implausible equation of state, show no redshift
or else contradict our ideas about causality.
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Since a singularity at the beginning of the universe is, however, a
rather unwelcome property of cosmological models, one would very much
like to know whether this singularity is unavoidable for physically rea-
sonable models. Do singularities perhaps occur only in cosmological
models of high symmetry and vanish under the small deviations from
symmetry which are always present in reality; or were we unlucky in our
selection of the model: are singularities absent in other universes of high
symmetry (for other Bianchi types)?

In answer to the last of the questions raised here we shall now show
that in gravitational fields which are produced by perfect fluids whose
elements move without rotation along geodesics, then under certain plau-
sible assumptions singularities must occur. Our starting point is the de-
composition (31.18) of the covariant derivative of the velocity field uy,
of the fluid, that is, the representation

Unnsi = Wini + Tmi + 5O (gmi + Ut /€*) — Upu; /. (43.30)
If we substitute this into the identity
(Ui — Uminsi ) g™ U™ = — Ranu™u® (43.31)
which is valid for every vector u,,, and use the field equations, we obtain
de/dr = 762/3 — Ginc'™ — kc? (3p + ucz)/Q + winw'™ + ", (43.32)
(Raychaudhuri equation). If we also assume that
pue®> +3p >0 (43.33)

(physically we would of course expect further that g > 0 and p > 0), then
all terms on the right-hand side of (43.32) except w;,w™ and possibly
4", are negative. Therefore, if the rotation and the acceleration vanish
we have

d(©7')/dr>1/3. (43.34)

Accordingly ©~! was either (© > 0) zero at a finite proper time in
the past, or (© < 0) will take the value zero after a finite proper time.
Since the expansion © is a measure of the relative change in volume,
then singularities (with ©® = oo) are always present in such models.
Because © = 3cK /K in the Friedmann universe, these singularities just
correspond to the zero points of the radius function K.

A similar conclusion can be drawn if the fluid itself is not necessarily
non-rotating, but if there does exist a rotation-free, geodesic congruence
of timelike world lines (cluster of test particles). Since for two timelike,
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future-directed, unit vectors u’/c and V?/c we always have u'V; < —c?,
and hence the field equations yield

Ry VOV™ > kc® (3p + pc?) /2, (43.35)

the inequality (43.34) follows also for these geodesics, and the family
of test particles shows a singular behaviour. The space-time is there-
fore singular in the mathematical sense. Whether the physical quanti-
ties (pressure, rest-mass density) behave singularly must be investigated
separately.

As a generalization of these laws one can show that in every universe
which is at some time homogeneous (which possesses a transitive spatial
group of motion), for which the associated initial value problem can
be solved uniquely on this initial surface and in which the condition
R, VeVt < 0 is satisfied for all timelike or null vectors V¢, then there
exists a singularity. This singularity is characterized by the occurrence
of geodesics which although of finite length cannot be extended. Again
the type of physical singularity must in every case be clarified separately.

The existence of singularities can be proved under still weaker assump-
tions; singularities occur, for example, in every spatially closed universe
which at some time or other expands or contracts.

Exercises

43.1  Show that for A = 0 equation (43.8) leads at once to ggo =
4gsq/ct — aggua/02t2, and that the field equations (43.9) can
only be satisfied for aj; = 0. What kind of universe is this?

43.2  Use the form (43.23) of the Godel metric to show that — if ¢
is a angular coordinate — there are curves r = R, v = const.,
t = —e p + const., which are timelike circles for € = 0 and which
go into the past for small € > 0.

Further reading for Chapter 43
Hawking and Ellis (1975), Krasiriski (1997), Wainwright and Ellis (1997).
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