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Preface

The subjects of relativity, gravitation, and cosmology are frequently discussed areas of
modern physics among the broad audience. Numerous popular books on these subjects
are available for the general reader who has no background in physics. At the same
time, a number of textbooks and monographs for advanced graduate students and young
researchers in the area are available.

However, intermediate books, allowing senior undergraduate students or junior PhD
students to enter this exciting area of physics in a smooth and pedagogical way, are rare. It
is generally assumed that new concepts of both physics and mathematics involved in the
subject are too complex to allow a simple and pedagogical introduction.

The only way to master the subject seems to be to exert a hard and time-consuming
effort to put together the intelligible pieces of advanced textbooks into an understandable
set of notes, as we and many of our colleagues have done. This approach has the advantage
of making young, capable students who persevere through such a learning process well
trained for future research tasks. However, at the same time, it severely limits the number
of people who ever really master the subject.

This book is an attempt to bridge the gap between a regular university curriculum,
consisting typically of courses in calculus and general physics, and the more advanced
books in tensor calculus, relativity, and cosmology. The book has evolved from a set
of lecture notes originally compiled by one of the authors, M. Dalarsson, but has been
improved and completed with a number of exciting new topics over the past 20 years.

It is the authors’ intention to give readers a high level of detail in derivations of all
equations and the results. The more lengthy and tedious algebraic manipulations are,
in general, outlined in such detail that they can be followed by an interested senior
undergraduate student or a junior PhD student with little or no risk of getting lost.

It is our experience that common showstoppers for a young university student trying
to master a subject are phrases in the literature claiming that something can be derived
from something else by some “straightforward, although somewhat tedious, algebra.” If
a student cannot readily reproduce such a “straightforward” algebra, which most often is
the case, the usual reaction under the time pressure of the studies is to accept the claim as
a fact. From that point, throughout the rest of the course, the deeper understanding of the
subject is lost.

Compared to the first edition (Elsevier Academic Press, 2005), the present edition has
two new chapters (14 and 22) that have been added, and the chapters from 14 to 24 from
the first edition have consequently been renumbered. The new Chapter 14 deals with
some well-known phenomena from the special theory of relativity (time dilatation, length

xi



xii Preface

contraction, addition of velocities, and the twin paradox). The present book focuses on the
mathematics of relativity and cosmology. These topics were omitted in the first edition as
being more descriptive and phenomenological. However, based on the strong feedback
received from readers of the first edition, both students and instructors, we decided to
include an introductory chapter on these phenomena in this new edition for the sake of
completeness.

The new Chapter 22 deals with an important topic of gravitational waves. It was omitted
in the first edition based on our assumption that a thorough understanding of a chapter
on gravitational waves would require a reader already have an advanced mathematical
knowledge of some wave theory (for example the electromagnetic wave theory). At the
same time, we wanted the present book to be as self-contained as possible, so that areader
would not have to refer to any other sources in order to understand the entire contents of
the book.

Needless to say, in both new chapters, we preserve the same style of presentation
as in the rest of the book. In other words, we still outline all the lengthy and tedious
algebraic manipulations in such detail that they can be followed by an interested senior
undergraduate student or a junior PhD student with little or no risk of getting lost. Last,
but not least, we have made a number of minor improvements and corrections of a few
typos in the chapters that appeared in the first edition,

There are a number of advanced books on relativity, gravitation, and cosmology, and we
have benefited from some of those, as well as from unpublished notes produced by some
of our distinguished colleagues. Some of these sources are listed in the bibliography at the
end of the book, as well as a few other books that may be recommended as suitable further
reading. However, in an introductory book such as this one, it is impossible to include an
extensive list of all original references, major textbooks, and monographs on the subject
or to mention all the people who have contributed to our understanding of this exciting
subject.

We hope our readers will find that we have, at least partly, fulfilled the objective
of bridging the gap between the regular university curriculum and the more advanced
literature on this exciting subject, and that they will enjoy reading this book as much as we
did writing it.

M. Dalarsson and N. Dalarsson
Stockholm, Sweden



Introduction

The tensor calculus is a mathematical discipline of relatively recent origin. It is fair to say
that, with few exceptions, the tensor calculus was developed during the twentieth century.
It is also an area of mathematics that was developed for an immediate practical use in
the theory of relativity, with which it is strongly interrelated. Later, however, the tensor
calculus has proven to be useful in other areas of physics and engineering such as classical
mechanics of particles and continuous media, differential geometry, electrodynamics,
quantum mechanics, solid state physics, and quantum field theory. Recently, it has been
used even in electric circuit theory and some other purely engineering disciplines.

In the early twentieth century, at the same time when the tensor calculus was de-
veloped, a number of major breakthroughs of modern science were made. In 1905 the
special theory of relativity was formulated, then in 1915 the general theory of relativity
was developed, and in 1925 the quantum mechanics took its present form. In the years
to come quantum mechanics and special theory of relativity were combined to develop
the relativistic quantum field theory, which gives at least a partial explanation of the three
fundamental forces of nature (strong, electromagnetic, and weak).

The remaining known fundamental force of nature, the force of gravity, is different
from the other three fundamental forces. Although very weak on the small scale, gravity
dominates the other three forces over cosmic distances. This dominance, due to gravity
being a long-range force that cannot be screened, makes it the only available foundation
for any cosmology. The other three fundamental forces are explained through particle
interactions in the flat space-time of special relativity. However, gravity does not allow
for such an explanation. In order to explain gravity, Einstein had to connect it with the
geometry of space-time and formulate a relativistic theory of gravitation. For a long time,
the general relativity was separate from the other parts of physics, partly because of the
mathematical framework of the theory (tensor calculus), which was not extensively used
in any other discipline during that time.

The tensor calculus is today used in a number of other disciplines as well, and its
extension to other areas of physics and engineering is a result of the simplification of
the mathematical notation and in particular the possibility of natural extension of the
equations to the relativistic case.

Today, physics and astronomy have joined forces to form the discipline called relativis-
tic astrophysics. The major advances in cosmology, including the attempts to formulate
quantum cosmology, also increase the importance of general relativity. A number of
attempts have been made to unify gravity with the other three fundamental forces of
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nature, thus introducing the tensor calculus and Riemannian geometry to the new exciting
areas of physics such as the theory of superstrings.

In the first two parts of the book a pedagogical introduction to the tensor calculus
is covered. Thereafter, an introduction to the special and general theories of relativity is
presented. Finally an introduction to the modern theory of cosmology is discussed.



PART 1

Tensor Algebra






2

Notation and Systems of Numbers

2.1 Introduction and Basic Concepts

In order to get acquainted with the basic notation and concepts of the tensor calculus, it
is convenient to use some well-known concepts from linear algebra. The collection of N

elements of a column matrix is often denoted by subscripts as x1, x2, . . ., xn. Using a lower
indexi=1,2,..., N, we can introduce the following short-hand notation:
x; (i=12,...,N). (2.1)

Sometimes, the same collection of N elements is denoted by corresponding superscripts
as x',x?,...,xN. Using here an upper index i=1,2,...,N, we can also introduce the

following short-hand notation:
x (i=12,...,N). 2.2)

In general the choice of a lower or an upper index to denote the collection of N elements of
a column matrix is fully arbitrary. However, it will be shown later that in the tensor calculus
lower and upper indices are used to denote mathematical objects of different natures.
Therefore, both types of indices are essential for the development of tensor calculus as a
mathematical discipline. In the definition (2.2) it should be noted that i is an upper index
and not a power of x. Whenever there is a risk of confusion of an upper index and a power,
such as when we want to write a square of x/, we will use parentheses as follows:

Zox=uwh? (G=1,2,...,N). (2.3)

A collection of numbers, defined by just one (upper or lower) index, will be called a first-
order system or a simple system. The individual elements of such a system will be called
the elements or coordinates of the system. The introduction of the lower and upper indices
provides a device to highlight the different nature of different first-order systems with the
equal number of elements. Consider, for example, the following linear form:

ax + by + cz. (2.4)
Introducing the labels a; = {a, b, ¢} and Xt = {x, ¥, z}, the expression (2.4) can be written as

follows:

3
alxl + agx2 + a3x3 = Zaixi (2.5)
i=1

Tensors, Relativity, and Cosmology. http://dx.doi.org/10.1016/B978-0-12-803397-5.00002-9 5
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indicating the different nature of the two first-order systems. In order to emphasize the
advantage of the proposed notation, let us consider a bilinear form created using two first-
order systems x* and y* (i = 1, 2, 3):

anx'y' + appx'y? + arzx'y?

+ an X*y' + anx?y? + axnx*y?

+ a313y! + azx’y? + azx®y?

3 3
=) @'y 2.6)
i1 j=1

Here, we see that the short-hand notation on the right-hand side of (2.6) is quite compact.
The system of parameters of the bilinear form

aij (l)] = 1,2, 3) (27)

is labeled by two lower indices. This system has nine elements and they can be represented
by the following 3 x 3 square matrix:

ayl a2 as

azy azy azs |. (2.8)

as) dasz2 dass

A system of quantities determined by two indices is called a second-order system.
Depending on whether the indices of a second-order system are upper or lower, there
are three types of second-order systems:

aj, d, a  Gj=12,..,N). 2.9)

1

A second-order system in N dimensions has N? elements. In a similar way, we can define
the third-order systems, which may be of one of the following four different types:

iy al, a*  (G,j=12,...,N). (2.10)
The most general system of order K is denoted by
ail,ig ..... ix (ilinv---)iKz 1)2)-'-7N) (211)

and depending on the position of the indices, it may be of one of several different types.
The Kth-order system in N dimensions has NX elements.

2.2 Symmetric and Antisymmetric Systems
Let us consider a second-order system in three dimensions
a;j (i,j=1,2,3). (2.12)

The system (2.12) is called a symmetric system with respect to the two lower indices if the
elements of the system satisfy the equality

ajj = aji (i,j=1,2,3). (2.13)
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Similarly, the system (2.12) is called an antisymmetric system with respect to the two lower
indices if the elements of the system satisfy the equality

aij = —aji (i,j=1,2,3). (2.14)

The equality (2.14) indicates that an antisymmetric second-order system in three dimen-
sions has only three independent components and that all the diagonal elements are equal
to zero:

agy=0 (J=1,2,3). (2.15)

Thus, it is possible to represent an antisymmetric second-order system in three dimen-
sions by the following 3 x 3 matrix:
0 an ai
—aiz 0 ax |. (2.16)

—ai3 —az 0

In general, a system of an arbitrary order and type will be symmetric with respect to two of
its indices (both upper or both lower), if the corresponding elements remain unchanged
upon interchange of these two indices. The system will be totally symmetric with respect
to all upper (lower) indices, if an interchange of any two upper (lower) indices leaves the
corresponding system elements unchanged. Elements of a totally symmetric third-order
system with all three lower indices satisfy the equality

Qjjk = Qikj = Ajki = Gjik = Akjj = Agji- 2.17)

Analogous to the above, a system of an arbitrary order and type will be antisymmetric
with respect to the two of the indices (both upper or both lower), if the corresponding
elements change signs upon interchange of these two indices. The system will be totally
antisymmetric with respect to all upper (lower) indices, if an interchange of any two upper
(lower) indices changes signs of the corresponding system elements. Elements of a totally
antisymmetric third-order system with all three lower indices satisfy the equality

Ajjk = =ik = Gjki = —Ajik = Aijj = —Akji- (2.18)

2.3 Operations with Systems

Under certain conditions, it is possible to perform a number of algebraic operations with
systems. The definition of these operations depends on the order and type of the systems.

2.3.1 Addition and Subtraction of Systems

The addition and subtraction of systems can be performed only with the systems of the
same order and same type. The addition (subtraction) of systems is performed in such a
way that each element of one system is added (subtracted) to (from) the corresponding
element of the other system (the one with the same indices in the same order). For
example, the systems Azm and Bzm can be added since they are of the same order and
of the same type. The sum of these two systems is given by
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i Al ij
Digm = Am + Bl 2.19)
and it is the system of the same order and type as the two original systems. This
definition is easily extended to addition and subtraction of an arbitrary number of
systems.

2.3.2 Direct Product of Systems

A system obtained by multiplying each element of one system by each element of another
system, regardless of their order and type, is called a direct product or just a product of
these two systems. Thus, for example, a product of two first-order systems a’ and b’ is a
second-order system

i = divl. (2.20)

For i,j = 1,2, 3 this operation can be written in the following matrix form:

al al bl al b2 al b3
[c’j] = |:a2 :| [ b D)= |:a2b1 a’b?® a*b? :| . (2.21)
a ab' a*b* o’

In general, the set of upper (lower) indices of a system, created as a product of several
other systems, is a collection of all upper (lower) indices of all of the constituent systems.
For example, we have

D = AIBFC)Y. (2.22)

2.3.3 Contraction of Systems

This operation is applicable to the systems with at least one pair of indices of opposite
type, that is, at least one upper index and one lower index. The actual pair of indices

of opposite type is then made equal to each other and a sum over that common in-

dex is performed. Thus, for example, by contraction of a third-order system aZ, we

obtain

a =al' +af +---+ay. (2.23)

a =

M-

1

j
The contraction of a system of order k gives a system of order k — 2, which is easily seen
from the example (2.23). The contraction of a mixed second-order system b]’. gives a zeroth-
order system

N
b:Zb]’.zb{+b§+--.+bN, (2.24)

]:

—

which is equal to the trace of the matrix [b]l:].
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2.3.4 Composition of Systems

The composition of systems is a complex operation consisting of a product of two systems
and a contraction with respect to at least one of the indices of opposite type from each of
the systems. The product of the two first-order systems a* and bj is a mixed second-order
system akbj. By contraction of this system, we obtain the composition of the systems a*
and b; in the form
N
c:Zaibj:albl+a2b2+~-~+aNbN. (2.25)
j=1

For N = 3, the result (2.25) can be written in the following matrix form:

N b!
Y dbj=[ad a® ]| P |. (2.26)
j=1 b3

2.4 Summation Convention

At the very beginning of the development of the general theory of relativity, in order to
simplify derivations of various results and expressions in the tensor calculus, the summa-
tion convention over the repeated indices was introduced. According to this convention
when the same index in an expression appears twice, it is understood that the summation
over thatindex is performed and no summation sign is needed. Thus, for example, we may
write

N . .
Z ajx = ajx, (2.27)
=1
N N ‘ ‘
DO apndxt = agdx®, (2.28)
=1 k=1
N . .
> Djmk”a’k = Djmk”a/k. (2.29)
=1 k=1

The repeated indices, over which a summation is understood, are usually called dummy
indices. When using the summation convention, following rules should be kept in mind:

1. Itisrequired to know exactly which range of values all indices can take. If nothing else
is specified, it is assumed that all indices in one expression or equation cover the same
range of integers.

2. When it is required to represent any of the three diagonal elements a%, a% or ag, in
order to avoid confusion with the summation convention, a% (M =1,2,3) could be
used instead of a])! (m = 1, 2, 3). In such a case the capital letters are only used for this
purpose and are otherwise not used as indices.
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3. In order to avoid confusion, whenever there are two or more pairs of dummy indices
in the same expression, they should always be denoted by different letters and never
by the same letters.

2.5 Unit Symmetric and Antisymmetric Systems

The unit symmetric system, called the §-symbol, is the symmetric second-order system,
defined as follows:

5l =

] (2.30)

1, fori=j,
0, fori#j.

Thus, the §-symbol 8]? for (i,j = 1, 2,3) is a system of nine elements such that the diagonal
elements, with indices i and j equal to each other, are equal to unity while the off-diagonal
elements are equal to zero. The matrix of this system is the following:

_ 100
[aj]z {8 (1) (1)} 2.31)

The §-symbol is often called the substitution operator, since by composition with the §-
symbol it is possible to change the index label of any system. For example, it is possible to
write

S}ai = 8}@1 + szaz + 8]-3a3 = aj. (2.32)

The validity of the result (2.32) is obvious from the definition of the §-symbol (2.30). Since
8M =1for M = 1,2, 3 the trace of the §-symbol in three dimensions is given by

8l =5l +83+65 =3. (2.33)

The use of the §-symbol may be illustrated by the following example. If a system of three
independent coordinates is given by Xt = {x, ¥, z}, these coordinates, by definition, satisfy

axt 1, fori=j
@_{0, fori;éj}' (2.34)

Equation (2.35) can be simplified using the §-symbol as follows:

axt

P i 8]-. (2.35)
Another important system is the unit antisymmetric system, that is, the totally antisym-
metric third-order system in three dimensions, called the e-system. It is denoted by %% or
eijk and it is defined for (i, j, k = 1, 2, 3) in the following way:

B +1, if ijk is an even permutation of 123,
e* = 1 _1, if ijk is an odd permutation of 123, (2.36)
0, ifi=ji=kj=kori=j=k.
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Let us now write down all 3! = 6 permutation of 123 in order

(123) zeroth permutation,
(132) first permutation,
(312) second permutation,
(321) third permutation,
(231) fourth permutation,
(213) fifth permutation.

(2.37)

The three cyclic permutations (123), (312), and (231) are even permutations and the
corresponding e-symbol elements are given by

el? = 312 = 1 = 1, (2.38)
Similarly for the odd permutations the e-symbol elements are given by

6132 — 6321 — 6213 =1, (2.39)
and all other elements of the e-symbol are equal to zero. This indicates that the
e-symbol has only 6 non-zero elements out of the total of 27 elements. Since the e-system
in three dimensions is a third-order system it is not possible to represent it by a two-

dimensional matrix, but a three-dimensional scheme is required. However, for better
visibility a following schematic representation is also possible:

jk 11 12 13 21 22 23 31 32 33

l-jk] _[i=t]o[o[ o] o[0T O0[-T]O
[e =20l o|=1] ol ol ol 1] of o (2.40)

i3 | o] 1] ol-1lo0o|lo| o] of o

The most general Nth order e-symbol is defined as follows:

o +1, iji2--- iy an even permutation of 12--- N,
2N = 1 1, jyip---iy an odd permutation of 12--- N, (2.41)
0, any pair of indices equal to each other.

Using the e-symbols it is possible to write down the expression for the determinant of a
matrix [a]’.], for (i,j = 1,2, 3), as follows:

a = det [a]’:] =eémalal . (2.42)

In order to verify that the expression (2.42) is indeed equal to the determinant of the matrix

[a]’:], we use the expression for the determinant of a 3 x 3 matrix as follows:

11
a, a, ds

a=det| a5 a5 a3 |, (2.43)

3 3
a) a; as

123 _ 3.2 123 3.2 123 32
a=ay(aya3 — a,a3) — a(ajaz — ajas) + az(aja, — a;as)

123 123 1,23 1,273 1,273 1.2°/}3
= a;a,a; — a,a3a, + azaia, — aza,aj + a,asa; — a,aia;z. (2.44)
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From the definition of the e-symbol (2.36) we see that the result (2.44) can be written in
the form

a=e"ala’ al, (2.45)

which is identical to (2.42).
The determinant of a matrix [a]’.], in a general case when (3,j=1,2, ..., N), has the form
a=e">"Nal a .. al). (2.46)

The definition (2.46) clearly indicates the advantage of the system notation, since the
expression for the determinant of the N x N-matrix in the expanded form, even for the
relatively small values of N, is quite complex.



Vector Spaces

3.1 Introduction and Basic Concepts

In general, a mathematical space is a set of mathematical objects with an associated
structure. This structure can be specified by a number of operations on the objects of
the set. These operations must satisfy certain general rules, called the axioms of the
mathematical space.

In order to specify the operations and axioms used to define a vector space, it is first
important to introduce some general concepts. The set of values (@', a?,...,a") of some
N variables (x!,x2,...,x") is called a point. A set of all such points for all possible real
values of the given N variables is called a real N-dimensional space. A vector in such a
space is an ordered pair of points, such that it is specified which point is the first point
(the origin of the vector) and which point is the last point (end of the vector). For example,
if the point P(a', a?, . ..,a") is the origin of the vector and the point Q(b', b?, . .., b") is the
end of the vector, then the vector PQ is the vector of displacement from the point P to the
point Q. The system of values

Ad=p-a,Z=0-4a ..., N=b"-d" (.1
or in a more compact notation
d=b-d (=12,...,N) (3.2)

is called the system of coordinates of the vector PQ in the N-dimensional space.
The vector PQ in the N-dimensional space is thus fully determined when we know all
of the N coordinates of the point of origin P, that s,

ad (i=12,...,N), (3.3)

and all of the coordinates of the vector Pb, given by (3.2). However, in many cases only the
coordinates (3.2) are used to specify a vector and it is assumed that they can be measured
from an arbitrary point in the N-dimensional space as an origin. Such a vector is called a
free vector. An arbitrary vector Pb = Cwill, therefore, usually be identified with the system
of coordinates

¢ (i=1,2,...,N). (3.4)

If we adopt a common point of origin for all vectors, defined in the N-dimensional space,
then the position of every point in that space is determined by its position vector with
respect to the adopted common point of origin.

The point with coordinates (0,0, ..., 0) is called the origin of coordinates. It is custom-
ary to adopt it as the common point of origin for all vectors in an N-dimensional space,
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although it is not mandatory. The equality of two vectors a and b requires the equality of
all of their components

d=b (i=12...,N). (3.5)

3.2 Definition of a Vector Space

A general N-dimensional space in which the operation of addition (subtraction) is defined
by the equation

d=da+b (i=12,...,N), (3.6)
and the operation of scalar multiplication is defined by the equation
a =i (i=12,...,N), 3.7)

for an arbitrary scalar A, is called the vector space in N dimensions. The two vector
operations satisfy the following axioms.

1. The commutativity of the addition
a+b=b+a (i=12,...,N) (3.8)
2. The associativity of the addition
@+by+c=da+@m+c) (i=12,...,N) (3.9)
3. The existence of a null-vector 0 such that
a+0i=0+d (i=12...,N) (3.10)
4. The distribution laws for scalar multiplication
AMd + by =ra +rb (i=1,2,...,N) (3.11)

(+va =ra' +va (i=1,2,...,N) (3.12)
5. The associativity of the scalar multiplication
OGwya =rva) (i=12,...,N) (3.13)
6. The existence of a unit-scalar 1 which satisfies
ldd=d (i=12,...,N). (3.14)

The above definition of the N-dimensional vector space implies certain properties of
objects in it. The co-linear or parallel vectors in the N-dimensional vector space are the
vectors a and b which are linearly dependent, that is, such that

d=\ (i=12,...,N). (3.15)
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A straight line in the vector space is defined by the equation
x'=da +ib' (i=12,...,N), (3.16)

where 1 is the variable parameter. The vector a determines one point on the straight line,
while the vector b determines the set of coefficients of the direction of the straight line. A
plane in the vector space is defined by the equation

X=d+rb+veé (i=1,2,...,N), (3.17)

where A and v are variable parameters. The vector a determines one point on the plane,
while the vectors b and ¢ are the direction vectors of the plane.

3.3 The Euclidean Metric Space
If the distance between two arbitrary points P(a',a?,...,a") and Q(b', b, ...,b") of a
vector space is defined by the equation

s=PQ= [(bl —a'? + P -+ + (DY - aN>2]1/2 (3.18)

such a vector space is called the Euclidean metric space. In the case of two infinitesimally
close points P(y',y?,...,y") and Q@' + dy',y* + dy?,...,yN + dyV), the distance ds is
given by

ds® = (dyh? + (@H)? + - + (dy™M)?, (3.19)
or
ds* = sydyfdy!  (k,j=1,2,...,N). (3.20)

The expression (3.20) is called the square of the line element ds or the metric of the
Euclidean metric space. The Euclidean metric space is a special case of the general vector
space. Thus, the operations of addition (subtraction) and scalar multiplication, satisfying
the axioms (3.8)—(3.14), are defined in the Euclidean metric space. However, in a metric
space there is another operation with vectors called the scalar product, defined as a
composition of vectors @ and ¥/, that is,

Sa*t = a'b' + a®b* + - + aV V. 3.21)

The Euclidean metric space in N dimensions is usually denoted by Ej.

3.4 The Riemannian Spaces

In the previous section, we have concluded that in an Euclidean metric space Ey, the
metric is defined by

ds* = sydyfdy!  (k,j=1,2,...,N), (3.22)
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where y¥ are Descartes rectangular coordinates. If, instead of the Descartes coordinates
yk, we introduce N arbitrary generalized coordinates x¥, by means of the equations

yE=yka %2, 6N (k=1,2,...,N), (3.23)
then, due to the relations
dykzaikdxm (k,m=1,2,...,N) (3.24)
axm ) ) PR ) ’ .

the metric can be written as follows:

a2 = ;20 qym ay 2P = L W qom gn (3.25)
axm a7 9x"

If we introduce a notation

ayk oyl
8mn =i o0 (3.26)
the metric can be written in the form
ds? = gmpdx™dx® (myn=1,2,...,N). (3.27)

From (3.26) it is clear that g, in general, is not equal to the §-symbol and that (3.27)
cannot be reduced to the sum of squares of differentials of N coordinates. Thus, (3.27)
is a general homogeneous quadratic form. Let us now, as an example, consider the
usual three-dimensional Descartes system of coordinates y* = {x, y, z} and the system of
spherical coordinates x* = {r, 6, ¢}, defined by the equations
y' = x! sin x? cos x3,
y? = x! sin x? sin x3, (3.28)
y3 = x! cos x2.
The components of the system g,;; in spherical coordinates are obtained using the
definition (3.26) as follows:
2 2 2
(W 3y 3y
gu= <8x1> + (8x1 s
= (sinx? cos %) + (sinx? sin x3)? + (cosx?)% = 1,

2 2

(W 3y 0% \?
o= () + () = (5e)

= (x! cosx% cos %)% + (x! cosx? sinx®)? + (—x! sinx?)? = (x1)?,
2 2 2
(! 39y? 3y*
833 = <8x3) + (8x3 e
=(—x 1 sin x? sinx ) + (x sin x? cos.xS)2 (x sin x ) (3.29)

Similar considerations show that

gmn =0 form#n. (3.30)
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Thus, the metric equation (3.27) becomes
ds? = (dxh)? + (1% (dx®)? + (x! sinx?)?(dx®)?, (3.31)
or using the usual notation for the spherical coordinates
ds? = dr? + r2de? + r sin 9 d(pz, (3.32)

which is the well-known expression for the metric in spherical coordinates.

The expression (3.31) or (3.32) is a homogeneous quadratic form and it is not a sum of
squares of differentials of the three coordinates.

In general a space of N dimensions, in which a metric is defined with respect to the
Descartes system of rectangular coordinates (3.22), does not cease to be an Euclidean
metric space when the metric is expressed with respect to some other generalized system
of coordinates (3.27) and is no longer a sum of squares of differentials of N coordinates.
The space remains the same Euclidean metric space and only the system of coordinates is
changed.

Let us now consider a case when the Descartes coordinates y* (k = 1,2,...,N) can be
expressed in terms of a number M (M < N) of arbitrary variables x* (« = 1,2, ..., M)

yr=yFa, 2. M) (k=1,2,...,N). (3.33)

In such a way we define an M-dimensional subspace, denoted by Ry, embedded in the
original N-dimensional Euclidean metric space Ey. The metric of the Euclidean metric
space has the form

ds? =8 dy*dy) (kj=1,2,...,N), (3.34)
and due to the relation
ayk
k_ % 4o
dyf = dx, (3.35)
the metric of the subspace Rys can be written in the form
ds® = g dx* A (0,8 =1,2,..., M), (3.36)
where
ay~ oyl
Gop = 8kj$$' (3.37)

In (3.37) and in the following text the Greek indices run from 1 to M while the Latin indices
run from 1 to N.

Thus, the square of the distance between two infinitesimally close points in the
subspace Ry is defined by the homogeneous quadratic differential form (3.36). Let us now
consider the M-dimensional subspace Ry independently of the original N-dimensional
Euclidean metric space Ey;, in which it is embedded. Now we would like to know whether
it is possible to find M independent variables and use them as coordinates, such that
the metric form (3.36) can be written as the sum of squares of differentials of these
coordinates. If this is possible, the M-dimensional space Ry is in its own right an
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Euclidean metric space. If this is not possible the M-dimensional space Ry, is called the
Riemannian space.

Let us, for example, consider the points on a sphere of a unit radius in the three-
dimensional Euclidean metric space E3, defined by the Descartes rectangular coordinates
y' = {x,7, z}. The metric has the usual form

ds? =8 dy*dy  (k,j=1,2,3). (3.38)

Let us now define a two-dimensional subspace Ry of the Euclidean metric space Es,
in which the position of the points on the unit sphere is specified by the polar angles
x* ={60, ¢}. The relations (3.33) in this case have the form

y! = sinx! cos x?,

y? = sinx! sinx?, (3.39)

y3 = cosx!.
The components of the system g, are obtained using the definition (3.37) as follows:

2 2 2

(! 39y? 3y*
s = <8x1) + <8x1 o

1 1

= (cosx! cosx?)? + (cos x' sinx?)? + (—sinxH)? =1
'\ 02\ [013\°
82=\55 + T + )
ax: ax: ax:
= (—sinx! sinx?)? + (sinx! cos x%)? = (sinx!)?
g2 =g1=0. (3.40)

Thus, we obtain the metric of the subspace R, in the form
ds® = (dx")? + (sinx!)?(dx?)?, (3.41)
or
ds? = d6? + sin? 6 dg?. (3.42)

It turns out that it is not possible to find two real variables {u, v} such that the metric (3.42)
can be written in the form

ds? = dv? + dv2. (3.43)

Thus, the surface of the unit sphere, as a two-dimensional subspace R, of the original
Euclidean metric space E3, does not have the internal Euclidean metric. In other words,
there are no Euclidean coordinates on the surface of the unit sphere.

It can, therefore, be concluded that in an Euclidean metric space there are some
subspaces with a non-Euclidean metric. Such subspaces are called the Riemannian spaces.
In principle, the metric geometry can be generalized by defining the metric of a space in
advance by choosing the functions g,,; in an arbitrary way, with only requirements that
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the system g, is symmetric and doubly differentiable. The metric does not even have to
be positively defined.

Thus a space, with a metric that is not positively defined but the components of the
system g, are constants, is sometimes called the pseudo-Euclidean space. Analogously,
a space that is not positively defined and the components of the system g;;,,, are arbitrary
functions of coordinates, is sometimes called the pseudo-Riemannian space.






Definitions of Tensors

4.1 Transformations of Variables

Tensors, as mathematical objects, were originally introduced for an immediate practical
use in the theory of relativity. The main subject of the theory of relativity is the behavior
of physical quantities and the laws of nature with respect to the transformations from
one system of coordinates to another. Therefore, it was important to introduce a new
class of mathematical objects which are defined by their transformation laws with respect
to the transformations from one system of coordinates to another. Such mathematical
objects are called tensors. The systems, that we call tensors, have linear and homogeneous
transformation laws with respect to the transformations of coordinates. In order to define
the main types of tensors, let us consider an arbitrary transformation of variables x¥ into
some new variables z¥, defined by

2=k K2, ) k=1,2,...,N). 4.1)
From (4.1) we may write
k
Ak = %% 4y km=1,2,....N). 4.2)
axm

The differentials of the coordinates dz' are linear and homogeneous functions of the
differentials of the old coordinates dx™. The differentials of coordinates are by definition
treated as the components of a special type of tensors, called contravariant vectors.
Let G be a zeroth-order system. The system of N quantities dG/dx’ is transformed

according to the transformation law

G  3x™ 3G

—=—— (kkm=12,...,N). 4.3

0FF ~ ok oam ¢ ) @3
The components 9G/dzF are linear and homogeneous functions of the components
39G/0x™. The components of the system dG/dx™ are by definition treated as the compo-
nents of a special type of tensors, called covariant vectors.

4.2 Contravariant Vectors

Generally speaking, any system of quantities, defined with respect to the systems of
coordinates {x*} and {z¥} by N quantities A*¥ and AF respectively, which is transformed
according to the transformation law
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Ak azk m
AR = = A" (k,m=1,2,...,N) (4.4)
axm
is called a contravariant vector. The contravariant vectors are always denoted by one upper
index.

4.3 Covariant Vectors

On the other hand, any system of quantities, defined with respect to the systems of
coordinates {x} and {z*} by N quantities B and By respectively, which is transformed
according to the transformation law

- ax™m
By = —kBm (kkm=1,2,...,N) (4.5)
0z

is called a covariant vector. The covariant vectors are always denoted by one lower index.

4.4 Invariants (Scalars)

Let us now form a zeroth-order system by composition of one contravariant and one
covariant vector

F=A"B, (m=12,...,N), (4.6)

with respect to a system of coordinates {x*}. Then, with respect to a new system of
coordinates {zF} this system has the value

= apm  02F L ax" azk axn

F=ABp = A" —_B,= — —_A"B,, 4.7

K7 aam T 9k T xmagks " @D
where the upper bar over the quantities F, A* and By denotes that they are defined with
respect to the new coordinates {2k}
On the other hand, by definition of the §-symbol, we have

%%:5;}1 (k,myn=1,2,...,N), (4.8)
and the result (4.7) becomes
F=81LA"B, = A"Bp, (4.9)
or
F = A*B; = A™B,, = F. (4.10)

The result (4.10) shows that the quantity F has the same value in all systems of coordinates.
Such a quantity is, therefore, called an invariant or a scalar. A composition of one
contravariant and one covariant vector is therefore called the scalar product since it
behaves as a scalar with respect to an arbitrary transformation of transformation of
coordinates.
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4.5 Contravariant Tensors

Let us consider a system of N? products of components of two contravariant vectors B
and D", denoted by

A"™ = BmD", (4.11)

with respect to a system of coordinates {x*}. In some other system of coordinates {2} this
system will have values in accordance with (4.4), that is,
Ak = ik = 970 g 97 02 (4.12)
ax™m gx" ax™m 9x"
In analogy with (4.12), any second-order system, defined with respect to the systems of
coordinates {x*} and {zF} by N2 quantities A”" and A/¥, respectively, which is transformed
according to the transformation law
Ak 07 92 (4.13)
ax™m ax"
is called a second-order contravariant tensor. The second-order contravariant tensors are
always denoted by two upper indices.
A third-order contravariant tensor is a system of N 3 quantities, denoted by A7, which
is transformed according to the transformation law
Aijk — B_ZIKE mn,
ax™ ox™" 9xP
Analogously with the definitions (4.13) and (4.14), it is possible to define contravariant
tensors of arbitrary order. By convention, any contravariant tensor is denoted by a number
of upper indices only.

P, (4.14)

4.6 Covariant Tensors

A system defined with respect to the systems of coordinates {x*} and {z¥} by N? quantities
Amn and Ajk, respectively, which is transformed according to the transformation law
m n
Ay = ‘%% A 4.15)
is called a second-order covariant tensor. Second-order covariant tensors are always
denoted by two lower indices.
A third-order covariant tensor is a system of N° quantities, denoted by Appp, which is
transformed according to the transformation law
m a4 94p
Age= 2 Ay (4.16)
Analogously with the definitions (4.15) and (4.16), it is possible to define covariant tensors
of an arbitrary order. By convention, any covariant tensor is denoted by a number of lower
indices only.
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4.7 Mixed Tensors

Let us consider a system, defined with respect to the systems of coordinates {x*} and
{(zF} by N* quantities ApS" and AZI respectively, which is transformed according to the
transformation law

i 0z' 37 9xP ax’

y _ Y« Y« YA I amn

Akl - dxm 9x" azk azl ps (4.17)
The system A" is called a fourth-order mixed tensor, that is, a second-order contravariant
and second-order covariant tensor. The indices m and n are contravariant indices and
indices p and s are covariant indices. In analogy with (4.17) it is possible to define mixed
tensors with arbitrary numbers of contravariant and covariant indices. There are two more
types of fourth-order mixed tensors

A A (4.18)
Using the transformation law (4.17) it is easy to construct the transformation laws for

arbitrary mixed tensors. The contravariant and covariant tensors can, of course, be treated
as special cases of mixed tensors.

4.8 Symmetry Properties of Tensors

A second-order covariant tensor Aj. is called a symmetric tensor if its components satisfy
the equality
Ap=Ay G k=12,...,N), 4.19)
and the tensor Ay is called an antisymmetric tensor if its components satisfy the equality
A=Ay (G k=12,...,N). (4.20)

Analogously, a second-order contravariant tensor A/ is called a symmetric tensor if its
components satisfy the equality

Ak =AM k=1,2,...,N), (4.21)
and the tensor A’ is called an antisymmetric tensor if its components satisfy the equality
AR =_AN (jk=1,2,...,N). (4.22)

It is important to note that the symmetry properties of tensors are independent on
the coordinate system, in which the tensor components are defined. In other words, a
tensor which is symmetric (antisymmetric) with respect to one coordinate system remains
symmetric (antisymmetric) with respect to any other coordinate system.

In order to show that it is the case, let us assume that an arbitrary second-order con-
travariant tensor, defined with respect to the coordinate system {x*} by N2 components
A" satisfies the equality

A=A (m,n=1,2,...,N), (4.23)
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which means that it is a symmetric tensor in the coordinate system {x*}. In some other
coordinate system {z}, this tensor is given by the components

i ok
ax™m gx"
However, by means of an interchange of the dummy indices m < n, which is just a change
of notation that does not affect the result of summation, and using (4.23) we obtain

Ak — (4.24)

Alk — 92 02 o _ EEA’”" = AN, (4.25)
ax" 9xm ax™M 9x™
which shows that the tensor A/* in the new coordinate system {z¥} is indeed symmetric
as well.

In general, if a tensor of an arbitrary order and type is symmetric (or antisymmetric)
upon interchange of one pair of its indices (both lower or both upper indices) in one
system of coordinates {x}, it remains symmetric (or antisymmetric) upon interchange
of the corresponding pair of indices in any other system of coordinates {zF}. In other
words, the symmetry properties of tensors are independent on the coordinate system, in
which the tensor components are defined.

4.9 Symmetric and Antisymmetric Parts of Tensors

Let us consider a second-order covariant tensor Ay;;. This tensor can always be written as
a sum of one symmetric and one antisymmetric tensor as follows:

1 1
Amn = E(Amn + Anm) + E(Amn — Anm), (4.26)
or
Amn = A(mn) + A[mn]- (4.27)
The symmetric tensor defined by the expression
1
Amn) = E(Amn + Apm) (4.28)

is called the symmetric part of the tensor A;,;, while the antisymmetric tensor defined by
the expression

1
Apmn) = E(Amn — Anm) (4.29)

is called the antisymmetric part of the tensor Ay,.

Analogously to (4.27), it is possible to use an arbitrary non-symmetric third-order
covariant tensor A,y to create a totally symmetric and totally antisymmetric part as
follows:

1
A(mnp) = Q(Amnp + Ampn + Apmn +Apnm +Anpm +Anmp) (4.30)
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1
A[mnp] = Q(Amnp - Ampn + Apmn - Apnm + Anpm - Anmp) (4.31)

From (4.30) and (4.31) it is easily seen that any interchange of indices m, n and p leaves
A(mnp) unchanged, while it reverses the sign of A;,p). The expressions (4.30) and (4.31) can
be rewritten in a more compact form by introducing a special label for the permutations
of the indices m, n and p, as follows:

mi(mnp) (j=0,1,2,3,4,5). (4.32)

The components of the system (4.32) are the 3! permutations of the three indices m, n, and
p, which can be listed as follows:

7t()(m, n, p) = mnp’
7t1(m, n, p) = mpn’
m2(m, n, p) = pmn, (4.33)
n3(m, n, p) = pnm,
7T4(m; n, P) = npm’

ns(m, n, p) = nmp.

Using (4.32) and (4.33), the expressions (4.30) and (4.31) can be rewritten in the following
more compact form:

31-1
1

Amnp) = 3 ZAnj(mnp), (4.34)
|

3!1-1
Apmnp = 37 (1 Axgmnp), (4.35)
j=0
valid for the third-order covariant tensor App.
The expressions (4.34) and (4.35) are easily generalized to the case of the Nth-order
non-symmetric tensor, where the totally symmetric and totally antisymmetric parts are
given by

Ni-1
1

AGiipi) = NI Z Aﬂj(hiz---iN)’ (4.36)
s
N!'—-1 )
Aliyipin] = NI Z (_1)]Anj(i1i2---iN)- (4.37)
s

4.10 Tensor Character of Systems

Sometimes we do not readily know the transformation laws for all systems encountered in
different expressions. In order to be able to determine whether a given system is a tensor
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or not, we need some criteria for determination of the tensor character of systems. These
criteria can be based on the following statement:

If an expression A By, is invariant with respect to the coordinate transformations and
we know that A* transforms as a contravariant vector (or that By transforms as a
covariant vector), then we know that the system By is a covariant vector (or that the
system AK is a contravariant vector).

In order to prove the above statement, let us begin with the assumption that the
expression AkBk is an invariant, that is,

A'Bj — A*B; = 0. (4.38)

If we then know that A is a contravariant vector, we know that it transforms as

. 94
A= = Ak, 4.39
o (4.39)
Substituting (4.39) into (4.38) we obtain
307 L= o 37 -
S gA"Bj — A'Be = A" B — B | =0. (4.40)
As the equality (4.40) is valid for an arbitrary contravariant vector A¥ we have
a7 -
o Bj — B =0, (4.41)
or
- axk
Bi = —B;.. 4.42
j 97 k ( )

The expression (4.42) is the transformation law for a covariant vector By, and it shows that
By is indeed a covariant vector. In the same way it can be shown that, if the expression
AmnB™D" is invariant with respect to the coordinate transformations and we know that
B™ and D" are two different contravariant vectors, then A;;,, is the second-order covariant
tensor. This is valid even if, as a special case, the expression A,,,B™B" is an invariant for
an arbitrary contravariant vector B, provided that it is known that A, also satisfies the
condition of symmetry

Amn =Apm (myn=12,...,N). (4.43)

These conditions can be generalized to tensors of an arbitrary order and used as the
criteria for determination of the tensor character of systems.
As an example of the above rules, let us consider a mixed second-order system 8;. Letus

take the numbers 8; as the coordinates of a second-order mixed tensor with respect to an

arbitrary coordinate system {xX}, which is always possible. The question is whether they
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will keep their values, that is, whether they will remain the coordinates of a §-symbol, after
the transformation to some new coordinate system {zX}. Thus, we may write
— 9zl ax"
Sl=om_——_ 4.44
J naxm 3z (4.44)

or, since {zF} is a system of mutually independent coordinates, we have

5 d9z' ox™ oz’ si (4.45)

77 8xm 9z 9d T '
The result (4.45) shows that the §-symbol is indeed a second-order mixed tensor, which
has the same coordinates in all coordinate systems.



Relative Tensors

5.1 Introduction and Definitions

The tensors defined in Chapter 4 are sometimes also called the absolute tensors, since
there are systems of quantities which, upon the transformations of coordinates, transform
according to the similar but somewhat more general laws. Such systems are called relative
tensors or pseudotensors. Thus, a fifth-order system, three times contravariant and twice
covariant

A]li]lih (i1,02,13,j1,j2 = 1,2,...,N) (6.1

is defined as a relative tensor or pseudotensor of weight M, if it transforms according to
the transformation law

M . . .
Airizis _ ax" mimamy 02 0z 9z 9x™ 9x™ 5.2)
Jij2 8zs | MM gxmu gxmz gxms gzh gzie’ '
In (5.2) we may introduce a notation
ax"
=|— 5.3
PP (5.3)

for the Jacobian of transformation of the original coordinates {x} into the new coordinates
{zF}. In analogy with the definition (5.2), it is possible to define the relative tensors of an
arbitrary weight, order, and type. The concept of relative tensors includes the absolute
tensors, defined in Chapter 4, as a special case. The absolute tensors can be treated as
relative tensors of weight zero.

In particular, the relative tensors of weight M = +1 are called the tensor densities, while
the relative tensors of weight M = —1 are called the tensor capacities.

5.2 Unit Antisymmetric Tensors

As an important example of relative tensors, we consider the e-symbol in three dimensions
with three upper indices, that is,

ek (i, k=1,2,3). (5.4)

If we assume that e¥¥ is a relative tensor of an unknown weight M, then it transforms
according to the transformation law

n |M I 8,8 gt
st | 0% ijk 92" 9z° 9z
st _ ok =% 22 (5.5)
2z ox' dx/ 9x
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On the other hand, by definition of the Jacobian of the transformation A, we have

axt ax oxl
0zl 022 923 i

x| e ax aw | ox axd oxF 56
~lagm| 7| v | T T a2 o (6
ozl 072 073
The Jacobian of the inverse transformation is given by
At |20 "fkail.aiz.ﬁ. (5.7)
axn dxi 9x/ dxk
Let us now, for the moment, consider the following system:
AT = e’jka{a;a,tc (5.8)
for an arbitrary mixed system a/”’. In the expanded form this system looks like
A® = diajal — alaial + dyaial — diajal + ayaial — ayaidl. (5.9)

From (5.9), we see that the system A is fully antisymmetric system with respect to
its three indices, in the space of three dimensions. However, an arbitrary third-order
antisymmetric system in three dimensions has only one independent component, that
is, A123 while the other five non-zero components are determined by the conditions of
full antisymmetry. Thus, we may write

AFS[ — A123€rst. (5‘10)
In other words, any fully antisymmetric third-order system in three dimensions is propor-

tional to the corresponding e-symbol. Using (5.8) and (5.10) we obtain

ijk r st _ rst ijk 1.2 3
etaaa = e e’ a; a; ay. (5.11)

Using (5.11) we may write

giik 32 32" 92° (02 92% 02°

axi o axk eiel axi ax axk’ 6.12)
or using (5.7)
Qi 027928 928 1 (5.13)
axt dx/ axk
Substituting (5.13) into (5.5) we obtain
et = AMerStpATL, (5.14)

From (5.14) we see that if we choose M = + 1, the components of the system e*! remain
unchanged upon the coordinate transformations. Thus, the system e/* is a third-order
relative contravariant tensor with the weight M = +1 (tensor density). The transformation
law of the unit antisymmetric system e’* is therefore given by

ax"
9zm

ot _ ik 92" 9z° 92" Aelik dz" 9z° 3z
axt axl dxk 3x? 3x dxk”

(5.15)
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In a similar way, we can consider the e-symbol with three lower indices in three
dimensions

ejc  (,j,k=1,2,3). (5.16)

Again, if we assume that e;j is a relative tensor of an unknown weight M, then it transforms
according to the transformation law

M axi 9l axk

a n
L S X O (5.17)

d0zMm

Crst =

Using an analog of (5.11) in the form

egralasal = ereqial dyal, (5.18)
we obtain
ax! 9 axk axt axl axk
‘o7 oz 02 ozl 02 02 (519
or
axt 9 axF
Cijk 57 95 92t erstA. (5.20)
Substituting (5.20) into (5.17) we obtain
err = AMeg A (5.21)

From (5.21) we see that if we choose M = —1, the components of the system e;s;; remain
unchanged upon the coordinate transformations. Thus, the system ey is a third-order
relative contravariant tensor with the weight M = —1 (tensor capacity). The transformation
law of the unit antisymmetric system ey is therefore given by

ax"
dzm

“Uoaxtax axk | axf axd axk
Crst =

ek — —— = Al e — — — (5.22)

In general, the transformation law of an arbitrary tensor is defined by

1. order—the number of indices;
2. type—the position and order of indices;
3. weight—the exponent of the Jacobian of transformation.

5.3 Vector Product in Three Dimensions

Let us consider two vectors of the same type, for example, two contravariant vectors
denoted by A’ and B!, in a three-dimensional space (i=1, 2, 3). Using the relative tensor
ejjk, We can define a first-order system

Ci=ejB* (i,j,k=1,2,3), (5.23)



32 TENSORS, RELATIVITY, AND COSMOLOGY

which is a first-order covariant relative vector with the weight M = —1, since it is defined
as a composition of one relative tensor of weight M = —1 with two absolute vectors. The
expression (5.23) can be expanded into three equations
C) = A’B — A3B?,
C, =ASB! — A'B?, (5.24)
C3 = A'B> — A’B!.
The transformation law for the vector C; is given by
_ oxP
Ci=A"'Co—, 5.25
j P o (5.25)
where the Jacobian of the transformation is given by
ax"
azm

. (5.26)

In a similar way we may define a relative contravariant vector C of the weight M = +1,
starting with two absolute covariant vectors A; and B; as well as the relative tensor ek,
that is,

C'= e AiB. (i,jk=1,2,3). (5.27)
The expression (5.27) can be expanded into three equations
C! = A2B3 — A3B,

C?% = A3B) — A1Bs, (5.28)
C3 = AB, — A2B;.

The transformation law for the vector C' is given by

. 97
C = ACP——. 5.29
P (5.29)

The product (5.23) or (5.27) is called the vector product of two contravariant or two
covariant vectors in three dimensions, respectively. This definition includes the usual
definition of the vector product of two vectors (assumed to be the position vectors) given
by their Descartes rectangular coordinates.

1
C=AxB=|A A As|. (5.30)

In the definition (5.30), 1, 2, and 3 are the unit vectors of the three mutually orthogonal
axes of the Descartes coordinate system. It should be noted that, in the Descartes
coordinate system, the contravariant and covariant coordinates of the vector product have
the same numerical values, that is,

= sk, (5.31)
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5.4 Mixed Product in Three Dimensions

The mixed product of three contravariant vectors A/, B/, and C/ is formed by a composition
of the vector product

Dj = egmBC™  (j,k,m=1,2,3), (5.32)

with the vector A/. It has the form
V = AIDj = ejmAIBFC™  (j,k,m =1,2,3) (5.33)
or in the Descartes coordinate system

Al A2 A3
B! B2 B?
c! c2 c3

V= (5.34)

From the definition (5.33) it is evident that the zeroth-order system V is a relative
invariant of the weight M =—1, or the scalar capacity, since it is composed of three ab-
solute contravariant vectors and the tensor capacity eji,,. The transformation law for this
system is

V=na"1lv. (5.35)

In the similar way, the mixed product of three covariant vectors Aj, Bj, and Cjis formed
by composition of the vector product

DI =e*mB.Cp  (jk,m=1,2,3), (5.36)
with the vector Aj, and it has the form
G =ADJ = e/ A;BiCpy  (jk,m =1,2,3) (5.37)
or in the Descartes orthogonal coordinates

A1 A Az
By By B3
C G G

G= (5.38)

From the definition (5.37) it is evident that the zeroth-order system G is a relative
invariant of the weight M = +1, or the scalar density, since it is composed of three
absolute covariant vectors and the tensor density ¢/, The transformation law for this
system is

G=AG. (5.39)

Unlike absolute scalars, the systems V and G, as relative scalars, in general change with
respect to the transformations of coordinates. The behavior of these systems with respect
to a special class of the orthogonal transformations of Descartes coordinates will be
discussed in the following section.
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5.5 Orthogonal Coordinate Transformations

In order to highlight some important properties of the vector products and mixed prod-
ucts in three dimensions, we will consider the orthogonal transformations of Descartes
coordinates rotation, translation, and inversion.

5.5.1 Rotations of Descartes Coordinates

Let us observe two Descartes coordinate systems K and K’ with a common z-axis, denoted
by 3=3, perpendicular to the plane of the paper. The system K’ is obtained as a result of
a rotation in the positive sense of the system K about a common 3-axis for some angle 9,
as shown in Figure 5.1.

The relation between the coordinates of a position vector of a given fixed point P, with
respect to the coordinate systems K’ and K, is given by

zt cos® sind 0 x!
z22 | = | —sin® coso 0 x2 |, (5.40)
P 0 0 1 x3

or
Z*=Ak" (jk=1,2,3 5.41
- ] ]’ — L&y ) ( * )
The transformation (5.41) is a linear transformation with the Jacobian
sz k
a=|5| = ‘Aj‘ —1. (5.42)

Thus, the Euclidean metric, given by the analog of (3.18) in three dimensions, is invariant
with respect to the rotations of the Descartes coordinates. This can easily be shown by

7]
v
P
U
0
3=13 ¥

FIGURE 5.1 Rotations of Descartes coordinate systems.
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using the distance between the point P(x!, x?, x3) from the origin O(0, 0, 0), which in the
coordinate system K is given by

s=[eh?+ @+ (xs)z]l/2 : (5.43)
In the coordinate system K’ the distance between these points is given by
§ = [(zl)2 +@) + (z3)2]1/2 : (5.44)
Substituting (5.40) into (5.44) we obtain
S = [(xl cos b + x? sin6)? 4 (—x'sind + x? cosH)? + (x3)2]1/2 (5.45)
or
S =8. (5.46)

Thus, the distance between the points in the Descartes coordinate system is invariant with
respect to the rotation of coordinates about the 3-axis. The metric form of the space is also
invariant with respect to the rotation of coordinates about the 3-axis, that is, we have

ds? = ds%. (5.47)

It is easily shown that the above results are valid for arbitrary rotations of coordinates in
the Descartes coordinate systems.

5.5.2 Translations of Descartes Coordinates

Let us consider two Descartes coordinate systems K and K’ in three dimensions, where
the coordinates in the system K’ are denoted by {z*} and the coordinates in the system K
are denoted by {x*}. The translation of the coordinates is given by the equation

F=xk+ad* (k=1,23), (5.48)
where af is some constant translation vector. The Jacobian A of this transformation is
given by

azk k
= == ]s]. \ ~ 1 (5.49)

Thus, the metric form of the three-dimensional space in Descartes coordinates is invariant
with respect to the translation of the coordinate systems, since we have

dz¥ =dx* (k=1,2,3). (5.50)
From (5.50) we have
ds? = 83 dd de* = s dd dx* = ds*  (j,k=1,2,3), (5.51)

which proves the invariance of the metric form with respect to the coordinate translations.
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5.5.3 Inversions of Descartes Coordinates

Let us again consider two Descartes coordinate systems K and K’ in three dimensions,
where the coordinates in the system K’ are denoted by {zX} and the coordinates in the
system K are denoted by {x*}. The Inversion of the coordinates is given by the equation

k= —xF = —5]’.“xf (k=1,2,3). (5.52)

It can be shown that the inversion of Descartes coordinates cannot be achieved by means
of any rotation of the original coordinate system K. The metric form is invariant with
respect to the inversion, since we have

ds? = 8jk d7 dzF = 8jk d(—¥) d(—=x*) = 8jk dx/ dxF = ds%. (5.53)
The Jacobian of this transformation is equal to

azk
ax/

- \—aﬂ -1 (5.54)

5.5.4 Axial Vectors and Pseudoscalars

Thus, as a conclusion of this section, we note that rotation, translation, and inversion
constitute a group of orthogonal transformations which leave the metric form invariant.
Furthermore, the transformation laws of relative vectors and scalars (e.g., vector products
and mixed products in three dimensions), with respect to rotations and translations of
coordinates, are the same as those for the absolute vectors and scalars. However, relative
vectors and scalars (e.g., vector products and mixed products in three dimensions) do not
transform like absolute vectors and scalars, with respect to the inversion of coordinates.

As we have concluded before, the transformation law of an absolute contravariant
vector in three dimensions is given by

A= 27 (jk=1,2,3), (5.55)
axk

with respect to the coordinate transformations from {x¥} to {zF}. An example of this type
of vectors is the polar vector of the position of a certain point in a three-dimensional
space. However, the vector product of two absolute covariant vectors A; and B; is a relative
contravariant vector C/, which transforms according to the transformation law

&= a2 (J,k=1,2,3). (5.56)
axk

Substituting (5.42) or (5.49) into (5.56) we see that the vector product is transformed in
the same way as the absolute vectors (5.55), with respect to rotations and translations.
On the other hand, the vector product reverses sign with respect to the inversion of
coordinates and does not transform as the polar vectors. This difference between the
vector product, as the relative vector, and the polar vectors, being the absolute vectors,
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was noted in the three-dimensional vector algebra before the development of the Tensor
Calculus. In the three-dimensional vector algebra, the vector product is called the axial
vector as opposed to the position vector which is called the polar vector. From the tensor
point of view this difference is easily understood, since it relates to the definition of the
position vector as an absolute vector and the vector product as a relative vector.

The mixed product in three dimensions, as a relative scalar, is invariant with respect
to rotation and translation but it reverses sign with respect to inversion. In the three-
dimensional vector algebra these scalars are usually called pseudoscalars.






The Metric Tensor

6.1 Introduction and Definitions

As we have seen in the previous chapters, in the Euclidean metric space it is possible to
reduce the metric form to a sum of squares of the differentials of the coordinates, that is,
we may write

ds? =8 dy dy*  (jk=1,2,...,N). (6.1)

If, instead of the Descartes orthogonal coordinates {y}, we introduce the arbitrary gener-
alized coordinates {x*} by means of the equations

yE=ykahx? . N (k=12,...,N), 6.2)
we may write
dyk:idxm (k,m=1,2,...,N) 6.3)
axm ) ) PR ] ) .
and the metric form can be written as follows:
ds? = gmp dx™dx" (m,n=1,2,...,N), (6.4)
where
3yl ayk
8mn = jkaximﬁ (6.5)

is a symmetric second-order system. The square of the infinitesimal line element ds is
by definition an invariant in all coordinate systems and dx™ is an absolute vector. Thus,
using the criteria for the tensor character of systems and the fact that g, is a symmetric
system, we conclude that g,;;; is an absolute second-order covariant tensor. This tensor is
called the metric tensor. The determinant of the matrix associated with the metric tensor is
given by

2

k
w (6.6)

ox"

ayk
ox"

ayl
ax™m

3y ayk
k ax™ ox"

8= |gmn| = |4; = |8jk| =

where the multiplication rule for determinants has been used.

Thus, the determinant of the metric tensor is equal to the square of the Jacobian
of the transformation from the given Descartes coordinates to the arbitrary generalized
coordinates. Assuming that the Jacobian of the transformation from the given Descartes
coordinates to the arbitrary generalized coordinates is a non-zero real number, the
determinant of the metric tensor is always a positive quantity, that is, we have g > 0.
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As an example, using the results (3.29), the matrix form of the metric tensor in the
system of spherical coordinates x* = {r, 6, ¢} is given by

1 0 0
[gmn] =] 0 (1)? 0 , (6.7)
0 0 (x!'sinx?)?

and the determinant of the metric tensor is given by

1 0 0 ,
g=10 ()2 0 =[(x1)2sinx2] — (2 sin6)> 6.8)
0 0 (xlsinx?)?

As a system, the determinant g is a relative scalar invariant of the weight M = 2, which
is easily shown as follows:

2 2 2 2 2

_ kT JayRaxm T Jayk | [ax™m P | ax™ 69)
T azd axm azi | |ox™m| | az/ 9zJ '
or
g =gA% 6.10)

which proves that the determinant g is indeed a relative scalar invariant of the weight
M =2. From (6.10) we see that ,/g is a relative scalar invariant of the weight M =1,
that s,

Vg = JgA. (6.11)

Let us use G™" to denote the cofactor of the element gy, in the determinant |gy,,|. Then
according to the determinant calculation rules, we have

The adjunct matrix to the matrix [gy, |, which is denoted by adj [gmn], is by definition the

transposed matrix of the co-factors, that is, [G’””]T = [G"™]. The matrix, inverse to the
matrix [gmn], is, therefore, given by
= adilem] _ [

= . (6.13)
§ §

By definition, a product of a matrix with its own inverse is equal to a unit matrix. Thus, we
may write

inv|[gmn

Gmn T
[gmn] [ p ] =1, (6.14)
or using the system notation
Gkn T Gnk
gmn( ) =8mn—— = 551- (6.15)

8 8
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Introducing the notation

nk
e _ G , (6.16)

the expression (6.15) becomes
gmng"™* = 8. 6.17)

From (6.17), we see that the system g”k is a second-order contravariant tensor, which is
usually called the contravariant metric tensor. Analogously to the covariant metric tensor,
the contravariant metric tensor is also a symmetric tensor, that is, we have

gt =g"m. (6.18)

Using (6.17) and the multiplication rules for the determinants we find

1, (6.19)

|gmn | gnk

=[eh]
or

1 1
= = -, (6.20)
’gmn‘ g
The determinant of the contravariant metric tensor is a relative scalar invariant of the
weight M = —2, which is easily shown using (6.10)

nk

8

% _ 252, 6.21)
or
|g™"| = |g™"| A2 6.22)

Since the antisymmetric unit system e’12"V is a relative contravariant tensor of the weight
M= + 1, it is possible to form an absolute contravariant antisymmetric tensor g"1%2"v,
using /g, as follows:

L 1 .. .
ghizwin = —_ghlzi, (6.23)
V&
On the other hand, since the antisymmetric unit system e;, ;,...;, is a relative covariant ten-
sor of the weight M = —1, it is possible to form an absolute unit covariant antisymmetric
tensor &;,j,...iy, using /g, as follows:
Eiriyin = /8Ciriy-win - (6.24)

The absolute tensors defined by (6.23) and (6.24) are called the Ricci antisymmetric tensors
in the space of N dimensions.

6.2 Associated Vectors and Tensors

In a metric space, the contravariant and covariant tensors can be transformed to each
other using the metric tensors g, and g™". In general the upper indices can be lowered
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and the lower indices can be made to be upper indices, using the metric tensors. For
example, a covariant vector

Am = gnnA", (6.25)

derived from a contravariant vector A" using the metric tensor g, is called the associated
vector to the contravariant vector A”. In the same way, a contravariant vector

A" =gM"A,, (6.26)

derived from a given covariant vector A, using the metric tensor g"", is called the
associated vector to the vector A;,.
For the associated vectors, the following rules are valid:

1. The association relation of two vectors is reciprocal. If a vector A, = gnnA” is
associated to the vector A", then the associated vector to the vector 4, is the vector
A", This can be shown as follows:

8" A = g gmiAl = s7AK = A", (6.27)

2. The absolute square of a contravariant vector A™ or a covariant vector 4, is the scalar
(inner) product of a vector and its associated vector, that is,

A2 = AMAy, = gmnATAM (6.28)

3. From the above rule it is evident that the absolute squares of the associated vectors
are equal to each other.

4. The scalar product of the vectors AF and By is equal to the scalar product of the vectors
A, and B™ and it is invariant with respect to an arbitrary coordinate transformation.
This can be shown as follows:

A*B. = g"™ A, 81, B = A B" = Ay B (6.29)

The above rules allow us to consider the vectors A;;, and A" as the covariant and
contravariant coordinates of the same vector, which we may denote by A. From (6.29)
we see that, in the metric space, it is possible to define the scalar product of two vectors
Aand B regardless of their type, that is,

A.B=AB, = A,,B" = gnnA"B". (6.30)

The analogous rules apply to the tensors of an arbitrary order and type. By composition
with the metric tensors g, and g, the upper indices are lowered and the lower indices
are turned to the upper indices respectively. All tensors, created from each other by
composition with one or more metric tensors, are called associated tensors. Thus, for an
arbitrary second-order covariant tensor a,,, we can create three associated second-order
tensors a™", al*, and a}},, as follows:

amn — nggnjakj,
ay = g ay,, (6.31)
al, = g”kamk.
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It should be noted that the tensors a])! and a}},, associated to the tensor a;;,;, as defined
in (6.31), are in general not equal to each other. They are equal to each other only when
the covariant tensor a;;, is symmetric, that is, when a;,;, = anm. If we apply (6.31) to the
metric tensor itself, we first note that the definition of the associated contravariant metric
tensor turns to identity

gmn — gmkgnjgkj — ng(S]’Z — gmn. (6.32)

Secondly, since the metric tensor is a symmetric tensor, there is a unique mixed metric
tensor equal to the corresponding §-symbol

g =g gy =8y (6.33)

in agreement with (6.17).

6.3 Arc Length of Curves: Unit Vectors

Let us consider a Riemannian metric space in N dimensions, described by a system of N
generalized coordinates {x'}. If these coordinates are functions of an arbitrary parameter
t, then a curve in this Riemannian space may be specified by N parameter equations

*=xk@) (k=1,2,...,N). (6.34)

The square of an infinitesimal arc length element of the curve between the points x* and
x* + dx* is given by

ds? = gmp dx™dx" (m,n=1,2,...,N). (6.35)

The infinitesimal arc length element itself is given by

ds =,/gmpndxmdx® (m,n=12,...,N), (6.36)

and its derivative with respect to the parameter is given by

ds [ dx™dx"

The arc length of a curve from some reference point, with a parameter value of 7y, to some
arbitrary point, with a parameter value of ¢, is then equal to

r dx™ dx"

From (6.35) we see that we may write

dx™ dx" - -
gmn%% = gunA"A = A A =1 =1, (6.39)
where A is a vector defined by the expression

m

A = dj_s m=1,2,...,N). (6.40)
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From (6.39) we see that vector 1™ has the absolute square equal to unity. Thus, the absolute
value of the vector A", denoted by || is also equal to unity.

A =vi-x=1. (6.41)

A vector with the absolute value equal to unity is called a unit vector. The vector A™ is a
unit contravariant vector. As x™ are the coordinates of a point on a given curve and s is the
length of the arc of that curve, the vector A" is the tangent unit vector to this curve.

6.4 Angles between Vectors

Let us now consider two polar unit vectors A" and p with a common origin and with the
end points A and B, as shown in Figure 6.1.
From Figure 6.1. we see that

eM=p"—-\" m=12,...,N). (6.42)
Using the cosine theorem, the absolute square of the vector ¢’” can be written in the form
lel? = |l® + A2 — 2 |ul 1] cosd = 2 — 2 cosf = 2(1 — cos b). (6.43)

On the other hand, by definition, the absolute square of the vector ¢ has the form
l€1? = gmne™e" = gmn (W™ — XU — A, (6.44)

or
|E|2 = Gmnt" 1" 4 gmnA" A" = 2gmn A" " (6.45)

Since A and u are unit vectors, we have
Emn" 1 = gmnA ™A =1, (6.46)
and the result (6.45) becomes
le]> = 2(1 — gmnA™u™). (6.47)

Comparing the results (6.43) and (6.47) we find that the cosine of an angle between two
unit vectors is given by the expression

0 Am A
FIGURE 6.1 The angle 6 between unit vectors A™ and ™.
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cos6 = gmnA"u". (6.48)

If we have two arbitrary contravariant vectors A™ and B, then they define two directions
with unit vectors

A = ATjn wm = Bg. (6.49)
The angle between these two directions is, according to (6.48), given by
AMB"
CcoS6 = gmn B (6.50)

From (6.50) we also see that the orthogonality condition for two contravariant vectors
A™ and B" has the form

gmnA"B"'=0 (m,n=1,2,...,N). (6.51)

The angle formed by two curves at their intersection is an angle between their tangent
unit vectors at the intersection point. For two curves given by the parameter equations

M — ™ (t) and x" = ¢"(¢), the angle formed by these curves at their intersection point is
given by

dy™ de”
8mn—qr ~qr

\/ ‘ﬁm d‘ﬁ" de™ de” !
Emn=qr- 8mn=qr gz

cosf = (6.52)

where g, dgt and " are all calculated at the intersection point of the two curves. From
(6.51) we see that the orthogonahty condition for the two curves at their intersection point

is given by

gV =0 (mn=1,2,...,N). (6.53)

6.5 Schwarz Inequality

Let us consider two arbitrary contravariant vectors, denoted by A” and B, and let us form
a linear combination of these two vectors as follows:

A™ 4+ qB™ = C™, (6.54)

where « is an arbitrary real absolute scalar parameter. The linear combination C™ itself is
also a contravariant vector. The absolute square of the vector C" is given by the positive
definite form

ICP = gmnC™C",

IC* = gmn(A™ + aB™)(A" + aB"),

ICP* = gmnAMA" + 208mnA"B" + a’gmnB"B",

ICI? = |AP + 2agmnA™B" + o |BJ*.

(6.55)

In order that the quadratic form (6.55) is non-negative for all values of the parameter «,
the following inequality must be satisfied:



46 TENSORS, RELATIVITY, AND COSMOLOGY

(gmnA™B")* — |A* |BI* < 0. (6.56)
Using the notation A = |A| and B = |B|, the inequality (6.56) gives
|gmnA"B"| < AB. (6.57)

The inequality (6.57) is known as Schwarz inequality and it is of importance in a number
of branches of Mathematics and Physics.

6.6 Orthogonal and Physical Vector Coordinates

In this section we consider an important special case when the three-dimensional
Euclidean metric space is defined by some set of orthogonal curvilinear coordinates
{xk}, (k = 1,2, 3). For such a system of curvilinear coordinates, in every point of space the
following conditions are satisfied:
812 =3 =831 =0. (6.58)
Thus, we may write
gnn = Wydmn  (m,n,M =1,2,3), (6.59)

where hys = hy(xF) are some functions of coordinates {x¥}. In this case the metric of the
space can be written in the form

ds?® = (b dxH? + (he dx®)? + (hz dx®)?, (6.60)

and the matrix of the metric tensor is a diagonal 3 x 3 matrix

(h)? 0 0
[gnn] =] 0 (2> o0 |. (6.61)
0 0 (h3)?

Let us now, as an example, consider the vector of generalized velocities in this coordinate
system. The contravariant coordinates of the velocity vector are given by

dxm
where dx are the coordinates of a contravariant polar vector in any system of coordi-
nates and dt is a absolute scalar parameter. Using (6.61) we can calculate the covariant
coordinates of the velocity vector, as follows:

m

Um = gmnVn = hjz\/jsmnVn‘ (6.63)

As the generalized coordinates do not necessarily have the dimension of length (e.g.,
they can be the angular coordinates), the functions hy; = ha(x) are not necessarily
dimensionless (e.g., they may have the dimension of length). From (6.63) follows that the
dimensions of the contravariant and covariant coordinates of the velocity vector are not
the same, and they are not the same as the expected dimension of the velocity vector
(i.e., length/time). The coordinates of the velocity vector that do have the dimension of
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velocity (i.e., length/time) are called the physical coordinates of the velocity vector. The
physical coordinates can, in the special case under consideration, be obtained from the
contravariant or covariant coordinates using the formulae

Vimy = hyv'™ = ﬁvm. (6.64)
As an illustration, let us consider the velocity vector in the spherical coordinates, where
H=rx*=0,x>=g, (6.65)
and
hi=1, hy=r, hg=rsind. (6.66)

The contravariant coordinates of the velocity vector in the spherical coordinate system are
given by
@ U T ar

The associated covariant coordinates of the velocity vector in the spherical coordinate
system are given by

dr de dy
1 2 _
v v = (6.67)

dr de
dr’ dr’
From the results (6.67) and (6.68) we see that neither all the contravariant nor the covariant
coordinates of the velocity vector have the dimension of velocity (i.e., length/time).

The physical coordinates of the velocity vector in the spherical coordinate system, that
is, the projections of the velocity vector to the directions of the curvilinear axes in a given
space point, according to the definition (6.64) have the form

dr do

., de
vy = a, V) = ra, V@) = TSIHQE. (6.69)

de

vy =12 v3 = 2 sin? QE‘ (6.68)

v =

In a similar way, we can construct the physical coordinates of an arbitrary vector with
respect to an arbitrary orthogonal system of coordinates in three dimensions. This ap-
proach can also be extended to an arbitrary N-dimensional space, but it is most commonly
used in three or sometimes four dimensions.






Tensors as Linear Operators

Second-order tensors can be described as linear operators acting on vectors in metric
spaces. An operator in the N-dimensional metric space is defined by the way it acts on
different vectors in the space. For example, in the expression

B"=0'"A" (mn=12,...,N), (7.1)

the tensor O represents a linear operator, which in a unique way relates a vector B™ to the
original vector A™. This operator is called a linear operator since it satisfies the conditions

of linearity and homogeneity, that is,
O(A" + B") = OJ'A™ 4 O'B", 02
O (BA™) = BOJIA™, '

where A" and B" are arbitrary contravariant vectors and j is an arbitrary absolute scalar.

Eigenvectors of an operator O} are defined as those vectors S”, which retain the
direction and only change the absolute value as a result of the action of the operator O)".
In other words for the eigenvectors §”, we have

ors* =18™ (mn=12,...,N) (7.3)
or
O —ashHS"=0 (mn=12,...,N). (7.4)
The system of homogeneous linear equations (7.4) has a non-trivial solution for S” only if
its determinant is equal to zero, that is,
det(O™ — 18" = 0. (7.5)
The N solutions for the parameter A of the algebraic equation (7.5) are called the eigenval-
ues of the operator O}}'. Equation (7.5) is sometimes called the secular equation.

As an example of the concepts defined above, let us consider a tensor O, defined in a
three-dimensional metric space by the matrix

1 05
[OF]=]0-20 |. (7.6)
50 1

Substituting (7.6) into (7.5) we obtain the equation for the parameter A in the form

1-A 0 5
0 -2-x 0 =0. (7.7)
5 0 1—-A
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By expanding the determinant in (7.7) we obtain

A =M(=2-1A =D +5[-5(=2-M] =1 -H[A+2)(A — D]+ 250 + 2)]

=(+2)25—- (- 1?1 =0. (7.8)
The solutions of (7.8) for the parameter 2 are the following:
A+2=0=>1=-2,
25— (A—1)?*=0=>1=1%5. (7.9)
Thus, the three eigenvalues of the operator O are equal to
hs=—2, Ap=—4, ig=+6. (7.10)

The corresponding eigenvectors S”, P", and Q" are obtained from the matrix equations

1 0 5 ST B
0-20 §2|=-2] & |, (7.11)
50 1 ][ 8] B
1 05 Pl M pl
0-20 P2 | =-4| P |, (7.12)
50 1] P | | P
1 05 Q' [ Q!
0-20 Q> | =+6| @? |. (7.13)
5 0 1 Q@ | Q&

By solving the matrix equations (7.11)—(7.13), we obtain the normalized (unit) eigenvec-

tors of the operator O, as follows:

[8"] = [

(7] -

[Q"]=

S 1
SZ
S3

Pl
P2
p3

|

Ql
QZ
Q3

}z

L
V2

(7.14)
1
0o |, (7.15)
-1
(7.16)

1
0].
1

It is easy to show by direct substitution that the eigenvectors (7.14)-(7.16) satisfy the
matrix equations (7.11)—(7.13), respectively. It should also be noted that the eigenvectors
S", P, and Q", which correspond to different eigenvalues, are orthogonal to each other.
In other words, it is easy to show by direct calculation that these eigenvectors satisfy the
orthogonality conditions
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[s"]" [P =[s"]' [Q"] = [P"] [Q"] =0, (7.17)
where the notation M7 is used for a transposed matrix of an arbitrary matrix M. Fur-
thermore, the three eigenvectors are normalized so that their absolute values are equal
to unity. In other words they are unit vectors of the three independent directions. Thus,

it can be shown by direct calculation that the eigenvectors satisfy the normalization
conditions

("7 [5"] = [P [P"] = [@]" [@"] = 1. 7.1
The set of normalized eigenvectors orthogonal to each other is called the set of orthonor-
mal eigenvectors.
In general, the eigenvectors of an operator O}, corresponding to the different eigen-
values, are mutually orthogonal, if the tensor 0" = g™k O} is symmetric. It can be shown,
by using the definitions

oms" = xgS™,
(7.19)
Onmpn = ApP™
or
OMS"Py, = g, O"kS" P, = O"%S;.Pyy, = 1.3S™ Py,
n m = 8nk m kE'm S m (7.20)

OMP"S,, = gu Ok P"S,, = O™k PSS, = ApP™' Sy

Using the symmetry of the tensor O™, that is, the equality 0" = OF", we can interchange
the dummy indices m <« k to see that the left-hand sides of both of (7.20) are equal to
each other. Furthermore, we note the equality S"P,, = P™S,,,. With these properties, we
can subtract the second equation from the first equation in (7.20) to obtain

0= (As — Ap)S"P,. (7.21)

From the result (7.21) we see that whenever the two eigenvalues are not equal to each
other, that is, whenever Ag # Ap, the two corresponding eigenvectors are indeed orthogo-
nal to each other

S§"Ppm = gmnS"'P" = 0. (7.22)

The eigenvectors of an operator are in general determined up to an arbitrary multiplica-
tion constant. However, in most cases it is convenient to have normalized eigenvectors of
an operator, that is, to use unit vectors as eigenvectors. Thus, we require, as a convention,
that the eigenvectors should satisfy the normalization conditions

§"S = gmnS™S" = 1. (7.23)

This implies that the eigenvectors of an operator O} in the three-dimensional metric
space (e.g., S, P, and Q™ above) define three mutually orthogonal directions, provided
that the corresponding eigenvalues are not equal to each other, that is, As#Ap#A(.
These three directions are sometimes called the main directions of a second-order
tensor O
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If the roots of the secular equation (7.5) are not distinct, we have a degeneracy. In
the three-dimensional case, if two roots are equal to each other, the second-order tensor
has only one main direction and a plane perpendicular to it, where all directions are
main directions of the tensor. If all three eigenvalues of a second-order tensor are equal
to each other, such a tensor does not distinguish any particular directions in the three-
dimensional metric space. In other words, all directions in the three-dimensional metric
space are the main directions of such a tensor.



PART 2

Tensor Analysis






Tensor Derivatives

8.1 Differentials of Tensors

In the curvilinear coordinates the differential of a covariant vector A™, denoted by dA™, is
not a vector. It is easily shown using the transformation law of covariant vectors (4.5). If a
covariant vector is defined with respect to the systems of coordinates {x*} and {z*} by N
coordinates Ay, and A, respectively, then it transforms according to the transformation
law

i ax"
m= BZmAn (mn=12,...,N). (8.1)
Using (8.1) we obtain
dAm = — mdAn+d< )An, (8.2)
or
. ax" x4
d.Am = azm d.An +An azmazk dZ . (8.3)

The result (8.3) clearly shows that dA, does not transform as a vector, except in a special
case when
92x"
dzmyzk
that is, in the case of a linear orthogonal transformation of Descartes coordinates into
some new Descartes coordinates. As the differential of a covariant vector
0Am
ax"
isa system which is not a covariant vector, while the system dx” is a covariant vector, the
9m s not a tensor. The observation that the differential dA,, is not a

axn
vector is related to the definition of the differential, that is,

dAy, = Ak + dxF) — A ™ kom=1,2,...,N) (8.6)

—0, (8.4)

dAa,, = dx" m,n=12,...,N) (8.5)

By definition (8.6), dA,, is a difference between two covariant vectors with the origins
in different, infinitesimally close, points of the metric space. On the other hand, the
multiplier in the transformation law (8.1) is of the form

a n
) ®8.7)
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and it is in general a function of coordinates. The multiplier (8.7) is different in different
points of the metric space, except in the special case of linear transformations. It is,
therefore, evident that vectors, in general, transform differently in different points of
the metric space and consequently the differential (8.6) cannot transform as a covariant
vector. In order to construct a differential of a covariant vector in curvilinear coordinates,
which is a covariant vector itself, it is required that both vectors on the right-hand side of
(8.6) are situated in the same point of the metric space. This can be achieved by moving
one of the infinitesimally close vectors, entering the right-hand side of (8.6), to the same
point where the other vector is situated.

The operation of moving one of the infinitesimally close vectors to the point where
the other vector is situated must be performed in such a way that in the Descartes
coordinates the resulting difference is reduced to the ordinary differential dA,,. Since dA;,
is a difference of the components of the two infinitesimally close vectors, the components
of a vector, to be moved to the point where the other vector is situated, must remain
unchanged. This can only be achieved by a parallel displacement of the vector between
the two infinitesimally close points, using the Descartes coordinates.

Therefore, let us consider an arbitrary contravariant vector with the coordinates A™ at a
point of the metric space with coordinates x™. The coordinates of this contravariant vector
at the point of the metric space with coordinates x” 4+ dx'" are denoted by A" + dA™. An
infinitesimal translation of the vector A™ to the point of the metric space with coordinates
x™ +dx"™ generates a translated vector denoted by A™ at the point of the metric space with
coordinates x™ + dx™. Thus, the differential of the contravariant vector A™ can be written
in the form

dA™ = AM(xk + dxF) — Am(x),

dA™ = AM(xk 4+ dxk) — Ak + dxk)
+ A (xK + dxk) — A (xK),

dA™ = DA™ (x* + dxF) + sA™.

(8.8)

In (8.8) we have introduced a differential DA™ between the two vectors A (x + dx*) and
A" (xk 4 dxk) situated at the same point x* + dx* of the metric space, which itself behaves
as a contravariant vector with respect to the coordinate transformations, as follows:

DA™ = A™(xF 4+ dxk) — A"k + dxb. (8.9)

Furthermore, in (8.8) we have introduced an increment §A™, due to the parallel translation
of the vector A to the point of the metric space with coordinates x"* + dx™, as follows:

SA™ = AM(xF 4 dxFy — A (). (8.10)

As 8A™ is a difference between the translated vector A™ at the point x* + dx* and the non-
translated vector A” at the infinitesimally close point x, the system 5A™ is not a vector.
The difference §A™ vanishes in the Descartes coordinates and DA™ reduces to dA™, as
required.

In order to calculate the increment §A™, we note that it is a function of the coordinates
of the contravariant tensor A themselves. This functional dependence must be linear,
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since a sum of two vectors must transform according to the same transformation law
as each of the vectors. Furthermore, it also has to be a linear function of the coordinate
differentials. Thus, we may write

SA™ = —FZ}HA" dx?, (8.11)

where I'77, is a system of functions of coordinates, which are usually called the Christoffel
symbols of the second kind. Composition with the metric tensor gives the Christoffel
symbols of the first kind, as follows:

Timnp = gk - (8.12)

The system I'j, is dependent on the coordinate system and in Descartes coordinates all of
its components vanish, thatis, I'y;, = 0. It is therefore clear that I'y, is not a tensor, since
a tensor which is equal to zero in one coordinate system must remain equal to zero in
any other coordinate system. In a Riemannian space it is not possible to find a coordinate
system to satisfy the condition

ry, =0 (knp=12,.,N) (8.13)

in the entire metric space.

8.1.1 Differentials of Contravariant Vectors

Substituting the result (8.11) into the definition (8.8), we obtain the result for the differen-
tial of a contravariant vector A™, as follows:

0A™

"= AT AT = S da T A" A, (8.14)
or
dAm DA™
DA™ = (— +TMA ) = 55 - (8.15)

8.1.2 Differentials of Covariant Vectors

In order to derive an expression analogous to the result (8.15) for covariant vectors, let
us consider an absolute covariant vector A;;, and an absolute contravariant vector B™.
The composition of these two vectors gives an absolute scalar A;,B™. As the scalars are
invariant with respect to the parallel translation, we can write

8(AmB™) = B™5Ap + AmsB™ =0, (8.16)
or
B"6Am = —AmSB" = +A,T'7, B"dx”, (8.17)

where we have made an interchange of the dummy indices m < n on the right-hand side
of (8.17), such that it can be rewritten as
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B"5Ap = B"T0, Ay dxP. (8.18)
As the equality (8.18) is valid for an arbitrary contravariant vector B, we have
8Am = +I‘fnpAndxp. (8.19)

On the other hand, analogously to the case of the contravariant vectors, we may write

A
DAy = dAp — 8Anm = ﬁ’;} dx? — s, A" dxP, (8.20)
or
C(Am »  DAm

8.2 Covariant Derivatives
8.2.1 Covariant Derivatives of Vectors

From (8.15), we conclude that in the tensor analysis the differential of a contravariant
vector dA™, which does not have a tensor character, is replaced by the tensor differential
DA™. Comparing the results (8.5) and (8.15) we see that, following the same approach,
we need to replace the partial derivative of a contravariant vector with respect to a
coordinate, which does not have a tensor character either, by the covariant derivative of
a contravariant vector with respect to a coordinate, as follows:

dA™ DA™ 8.22)
—_— s — .
axP DxP’
where the covariant derivative of a contravariant vector is defined by (8.15), as follows:
DA™ Am
Dx? _ 9xP T anA ’ (8.23)

In the Descartes coordinates, where F,%:O, the covariant derivative reduces to the
corresponding partial derivative.

From the result (8.21), we see that the covariant derivative of a covariant vector is
defined by the expression

%‘% = ?T’: — I pAn. (8.24)
The results (8.23) and (8.24) show that the covariant differentiation of both contravari-
ant and covariant vectors gives the corresponding second-order tensors. In general, by
covariant differentiation we preserve the tensor character of an arbitrary tensor, but we
increase its order by one. It should be noted that for both contravariant and covariant
vectors the order is increased by one additional covariant index. Due to the fact that this
operation always increases the number of covariant indices of an arbitrary tensor by one,
the corresponding derivative has been named the covariant derivative.
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8.2.2 Covariant Derivatives of Tensors

Let us consider a special case of a second-order contravariant tensor, obtained as a
product of two contravariant vectors A” and B™, denoted by C™" = A™B". By parallel
translation, we obtain

S§(A™B™) = A™§B" + B"SA™. (8.25)
Using the definition (8.11), this expression becomes
8(A™B") = —A"T'{ Btdx? — B'T L AF dx?,
5(A™B") = — (I, A"B* + T AB") da?, (8.26)
sCM = — (r;gpcmk + r;g;ck") dx?.
Due to the linear character of the operation of parallel translation, the result (8.26) is also

valid for an arbitrary contravariant tensor C"". As the differential of a contravariant tensor
C™" is by definition given by

DC™ = dCc™ — sC™", (8.27)
substituting from (8.26), we obtain

acmn
oxP

k k
DC™" = ( +TR,C™ 4+ TR C ") dx?. (8.28)
From (8.28), the covariant derivative of a second-order contravariant tensor C"* is defined
as follows:
DC™ acmn n ~mk m ~kn

DxP ~  9xP + D C A+ Ty O (8.29)
The same approach can be used for a second-order covariant tensor C,,, = Ay, By, where
we may write

8(AmBn) = BndAm + AmdBn,
8(AmBn) = +ByT',,Axdx? + ATk, Bi dxP,

8(AmBn) = (anpAan ¥ r',;pAmBk) dx?, (8.30)
(SCmn = (Fs,lkan + Fl}gpcmk) dxp.
Again, due to the linear character of the operation of parallel translation, the result (8.30)

is also valid for an arbitrary covariant tensor Cy,;,. As the differential of a covariant tensor
Cimn is by definition given by

DCin = dCin — 8Ciun, (8.31)

substituting from (8.30), we obtain

acmn
axP

DGy = ( 1k, Con - r’,ipcmk) . (8.32)

From (8.32), the covariant derivative of a second-order covariant tensor Cy,;, is
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DCun  9Cmn
Dx?  oxP
By simple consideration of (8.29) and (8.33), it is easy to define the covariant derivative of
a mixed second-order tensor C!, as follows:
DC" aCm
Dx?  oxP
Analogously to the definitions (8.29), (8.33) and (8.34), it is possible to define covariant
derivatives of tensors of an arbitrary order and type. As an example, let us write down the
covariant derivative of a mixed third-order tensor C;\

— T} Cin — Ty Conkc (8.33)

+ TGy — T3, Gl (8.34)

DC™ aCcm

k k
Dx,; = ax’; + Fs",ZCZk - rfwcg - F;kC,’g. (8.35)
The example (8.35) clearly represents the general method for construction of the covariant

derivatives of arbitrary tensors.

8.3 Properties of Covariant Derivatives

There is a number of important rules and special cases that apply to covariant differen-
tiation. These rules and special cases are frequently used in tensor calculations, and the
most important ones are listed below:

1. The covariant derivation is a linear operation and the following linearity condition is
fulfilled:
D . ... DA™ DB"
2. The covariant derivative of a product of two tensors is defined in the same way as the
usual derivative of a product of two functions. As an example, for the product A" Cyy,,

we may write

D . DA™ m DCrn
_Dxl” A" Crn) = _Dxl’ Cmn +A _Dxf’ :

3. The covariant derivative of the metric tensor is equal to zero. In order to prove this
proposition, let us observe that for a covariant vector DA, in the same way as for any

other vector, we have

(8.37)

DAm = gmnDA™. (8.38)
On the other hand, using A;; = gnnA”, we may write
DA = D(gmnA") = gmnDA" + A"Dgpn. (8.39)

As A" is an arbitrary vector, by comparison of (8.38) and (8.39) we immediately
conclude that

Dgmn = 0 = Dg"™" = 0. (8.40)
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In other words, with respect to the operation of covariant differentiation, the metric
tensor can be treated as a constant, regardless of the coordinate dependence of its
components.

4. The covariant derivative of the §-symbol is equal to zero. In order to prove this
proposition, we use the above results

Dg =0 Dg" =o0. (8.41)
Using (6.17) and (8.41) we may write
D8 = D(g"*g.1) = g"*Dgi + guDg™* = 0. (8.42)

Using (8.34), it is also possible to prove this proposition by direct calculation

DSJT 88;1" m ok k ¢m m m
o = 3 T Dkptn — T’ = Ty = Ty = 0. (8.43)

5. The covariant derivative of an invariant scalar function is equal to its ordinary partial

derivative, and we may write

Do _ 99

DxP ~ oxP
The partial derivative of a scalar function is, therefore, transformed as a regular
covariant vector. In order to prove this proposition, let us observe a scalar ¢ = A™B,,
where A™ is some absolute contravariant vector and B;,, is some absolute covariant
vector. The covariant derivative of the scalar function ¢ is given by

(8.44)

D¢ D DA™ DB,
% — _— _(A™B,,) = —— By, + A" =", 8.45
Dx? Dxl’( m) Dx - T4 Dap (8.45)
or
D¢  dA™ m ok mdBm & om
D7 = 3 Bt DA B + AT ==k — T, AT By (8.46)

By interchanging the dummy indices k <> m, we see that the second term on the
right-hand side of (8.46) is cancelled by the fourth term, and we obtain

D¢  9A™ mdBm 0 3
D~ o ot A G = g ATBm = 55 (647

which proves the proposition (8.44).

8.4 Absolute Derivatives of Tensors

Let us assume that a curve C in the N-dimensional metric space is given by means of N
parameter equations

X" =x"s) (m=12,...,N), (8.48)

where s is some scalar parameter. Let us now consider a covariant vector A, defined along
the curve C as a function of the parameter s.
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The absolute derivative of the vector A, with respect to the parameter s is defined using
(8.21) as follows:

p
D(‘% = (%AT’; - r;’npA,,) %, (8.49)
or

DAp _ Dip d”

ds DxP ds

In the same way we define the absolute derivative of a contravariant vector A™, as follows:

DA™ DA™ dxP

“ds  Dx? ds

The definitions of the absolute derivatives (8.50) and (8.51), for covariant and contravari-

ant vectors respectively, are easily generalized to the case of an arbitrary tensor. For
example, the absolute derivative of a tensor C7; is given by

(8.50)

(8.51)

DC. DCT dxP

_ @ 8.52
ds DxP ds ( )
where the covariant derivative of the tensor C' is given by (8.35), that is,
DC™ ocm
k k
Dx’; = ax’;’ + TG = ThpCat = T Cre- (8.53)

The properties of the absolute derivative are the same as the properties of the covariant
derivative and will not be repeated in this section.



Christoftel Symbols

9.1 Properties of Christoffel Symbols

In order to define various tensor derivatives in Chapter 8, we have introduced a system
'y, called the Christoffel symbol of the second kind. The objective of this chapter is to
specify this system and outline its most important properties.

Let us first prove that the Christoffel symbols are symmetric with respect to their lower
indices. In order to prove this statement we note that if A, is an arbitrary covariant vector,
then the quantity

DA DA
—m _ P 9.1)
DxP  Dx™

is a second-order covariant tensor. Let us now assume that the vector A, can be given by

the expression

D¢ Lo
Ap=— = —, 9.2
" Dxm axm ©.2)
where ¢ is some arbitrary scalar. Then the expression (9.1) can be written in the form
DAn DA, 3Am Ay &
Dx? Dx™  3xP LmpAk = dxm + Cpmddr ©-3)
or
DA, DA, 924 924 © )\ 99
— = — r. —T P— 9.4
DxP _ Dw"  axPaxm  dxmaxp | < pm ’"’”) axk ©-4)
The first and second terms in (9.4) cancel each other and we obtain
DA, DAy f c 0\ 06

As the left-hand side of (9.5) is a second-order covariant tensor, we conclude that the right-
hand side of (9.5), that is,
99
k k

<Fpm - I‘mp) W (9.6)
is also a second-order covariant tensor. However, we know by definition of the Christoffel
symbols, that they are identically equal to zero in all points of the Euclidean metric space
described by the Descartes coordinates. Thus, the second-order covariant tensor (9.6) is
identically equal to zero in the Descartes coordinates. But a tensor, which is identically
equal to zero in one coordinate system, must be equal to zero in any other coordinate
system. Thus, we conclude that
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DA, DA, . p O\ 99
Dx?  Dx™ ( pm Fm”) ok = O
As the vector A, given by
D¢ ¢
A === 9.8
T Dxm T gxm ©.8)

is an arbitrary covariant vector and ¢ is an arbitrary scalar function, we conclude from
(9.7) that

Thn =Tk, (,mp=12,.,N), (9.9)

and the Christoffel symbols of the second kind are indeed symmetric with respect to
their lower indices. From (9.9) it is evident that, for the Christoffel symbols of the first
kind, we have

Conpm =Tnmp (mMyn,p=12,...,N). (9.10)

Let us now derive the transformation law of Christoffel symbols with respect to the
transformations of coordinates. If a contravariant vector is defined with respect to the
systems of coordinates {x*} and {zX} by N coordinates A” and A™ respectively, then it

transforms according to the transformation law
_ 9zm .
am= 2w 9.11)
ax/

Using (9.11) we may write

dA™M a [3zMm . axk 9 [azm .
o (=)= L (), 9.12
dzP  9zP <8x1 ) 0zP dxk ( ax/ ) ©-12)

or, after calculating the derivative in the parentheses

GA™ _ oxtpa oA | oxt 9.13)
dzP  9zP ox 9xk  9zP dxkox/
The transformation law (9.13) is just a direct confirmation of the fact that the partial
derivative of a contravariant vector is not a tensor, as we have shown indirectly in
Chapter 8. On the other hand, the covariant derivative of the contravariant vector is a
mixed second-order tensor and it transforms according to the transformation law

DA™ _ axk 9zm DA/
Dz? 3z 3x Dxk’

(9.14)

Here, we recall the definitions of covariant derivatives of contravariant vectors (8.23), in
the coordinate system (25}
DA™ 9A™

_ M an
o = o T IwA 9.15)

and in the coordinate system {xk}, that s,

DA A ;i
D =t T o
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Substituting (9.15) and (9.16) into (9.14), we obtain

aAm - axk azm oAl axk 9z
= = Al 9.17
9zP + A" = 927 o axk 9z ad ©-17

Substituting (9.13) into (9.17) we obtain
axk 9zm 9Al  axk 92zm axk azm oA axk 9z
- = A+ T — = Al
027 90 oxk | 927 axkan A+ DA™ = 929 93 axk | 92P 9w A

The first term on the left-hand side cancels the first term on the right-hand side in (9.18),
and by using

(9.18)

A=Al A= BZIA (9.19)
0x
we obtain from (9.18)
axk 92zm  _  9zh axk gzm
=~ 4 pmZ YAl =2 )AL 9.20
(1 o2 axkad TP axl) azP ax Ik (9.20)

As (9.20) is valid for an arbitrary contravariant vector Al, this tensor can be omitted. After
omitting A’ and multiplying the remaining equation by

3zl axl
ok 927 021
we finally obtain
i ox 92" azP ax 3%z™
J X z zZ m X z (9'22)

™ 9zm gxl gxk P oz jxkoxl”
Equation (9.22) is the required transformation law for the Christoffel symbols, and it shows

that the system I‘ﬁk behaves as a tensor only with respect to the linear transformations of
Descartes coordinate systems, when we have

92zm
axkoxl

In general, as we have concluded before, the Christoffel symbol is not a tensor.

(9.23)

9.2 Relation to the Metric Tensor

For practical calculation of the Christoffel symbol we need to find its relation to the metric
tensor. In order to find this relation, we start with the identity
Dgmn 08mn

T = aep ~ Tr8in = rp8mk = 0, 9.24)

or

08mn
oxP

= rn,mp + rmynp. (9.25)
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The permutations of indices in (9.25) give the equation

08pm
ox"

and, with the reversed signs, the equation

=Tmpn+Tpmn =0, (9.26)

_%8mp

PR —T'pum — Tnpm = 0. (9.27)
By adding together (9.25)—(9.27) and using the symmetry property (9.10), we obtain
_ 1 (0gmn dgpm _ 08np
Cmnp = 5 ( o o~ ) 9.28)

The result (9.28) is a definition of the Christoffel symbol of the first kind as a function of
the metric tensor. The Christoffel symbol of the second kind is then given by

m _  mk L ok (98kn | 98pk  98np
Top = 8" Thnp = 58"\ 5 T 5 ~ ok ) 9.29)
The result (9.29) is a definition of the Christoffel symbol of the second kind as a function of
the metric tensor. Using the definition (9.29), we can calculate the contracted Christoffel
symbol of the second kind I'}??, , as follows:

1 08 g 08nm
m mk °5kn mk %6mk — _mk
Frm =3 (g oxm T8 e T8 ok ) 930

Due to the symmetry of the metric tensor and the symmetry of the Christoffel symbol with
respect to the interchange of its lower indices, the first term in the parentheses of (9.30)
cancels the third term, and we obtain

Lk 98mk
m _ mk “dm
Tim = 58" 5 (9.31)

The determinant of the metric tensor is given by the expression (6.12) as follows:

g = gmkG™, (9.:32)

where G™* is a cofactor of the determinant | gmk| which corresponds to the element g,
The differential of the determinant g is, in view of (9.32), equal to
a
dg = -2 _dg, = G dgmpe 9.33)
8gmk

Using now the definition of the contravariant metric tensor (6.16), that s,

Gk = ggk, (9.34)
in (9.33), we obtain
0g 08mk
dg = gg™kdg = 28 _ ggmk 98mk. 9.35
g =88 "d8mk ox" 88 ox" ( )

Substituting (9.35) into the result (9.31), we obtain
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rn = %a% = al;;;l/g. (9.36)
If we now recall the result (6.17) in the form
" g =877, 9.37)
we may contract it to obtain
g g =8"=N (k,m=1,2,...,N). (9.38)
Thus, by differentiation with respect to the coordinate x", we have
% (8" gm) = g’"ki;gT’"f + gmkaang:C =0, 9.39)
or
mk aic"jl’“ - —gmkﬁc—mf. (9.40)

Thus, there is an alternative expression for the contracted Christoffel symbol of the second
kind obtained by substituting (9.40) into (9.31)
agmk

1
T = = 5 8mk - (9.41)

It is also of interest to calculate the quantity gk"I" o, since it frequently appears in various
calculations in the tensor analysis. This quantity is, by definition, given by

1 08k | 98 98kn
knym kn oml kn oml

r. = r == —_—t = — ). 42
8T = 88" T kn = 588 (ax" +oE T (9-42)
Using the symmetry of the metric tensor and interchanging the dummy indices k < n, we
see that the first two terms in the parentheses of (9.42) are equal to each other. Thus, we
may rewrite (9.42) as follows:

08k 1 08kn
knym kn ml
r; = — — = . 9.43
& m =878 (axn 2 gx! 049

The first term on the right-hand side of (9.43) can be rewritten as follows:

agml
ml _ okn
(8 gkl) 8 8kl ox"

agml 3gmn
_okn_Y (em\ _ ¢n - _

=& oxn ((Sk) 1 oxn oxn :
Combining the results (9.31) and (9.36), we may write

1 ind8n 1 0g _3Inyg
2 ax! 2g ax! axt

kn 0
axn
9

98k
kn ml —
§"g" S =8

(9.44)

(9.45)

and the second term on the right-hand side of (9.43) becomes

L i kn 98kn m9In /g mn 1 04/8
"2 o - 8 g =8 —Soa A
28 8 Sl ax! Vg x" (9.46)
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Substituting (9.44) and (9.46) into (9.43) we obtain
knrm _ _ agmn mn 1 3\/—
8 T = ( axn 8 Jg ax"

_ L —ag™ mna\/§>
=7 (@ el el B (9.47)
and using the rule for the derivative of the product ,/gg""", we finally obtain the expression
for the quantity gk”F,’c’;l as follows:

knrm __ mn
8" T =~ faxn (vV&g™). (9.48)



10

Differential Operators

10.1 The Hamiltonian V-Operator

In the ordinary three-dimensional Euclidean metric space the Hamiltonian V-operator is
defined by the following expression:
a

Vin=0m= PP (m=12,3). (10.1)
However, by acting with this operator on an arbitrary vector or tensor we obtain a system
which does not have the tensor character, as shown by, for example, (9.13). In an arbitrary
N-dimensional generalized curvilinear coordinate system, instead of V,;, we, therefore,
use the covariant Hamiltonian operator Dy, defined by

D

D, = D (m=12,...,N). (10.2)
Using the operator Dy, we define the operators called gradient, divergence, curl, and
Laplacian in the following four sections.

10.2 Gradient of Scalars

Gradient of a scalar function ¢ is a covariant vector with its covariant coordinates defined

as follows:
Do _ 9

Dy =—— = . 10.3
m® = pem = g (10-3)
The contravariant coordinates of the gradient of a scalar ¢ are obtained as follows:
D¢ A
DM = g™Mn — g/t . 10.4
¢=8 Dxn & axn ( )

In the orthogonal curvilinear coordinates, with the metric form given by (6.60), that is,
2 2 2
ds? = (hdx')" + (h2de?)” + (hsdx®)”, (10.5)

the physical coordinates of the gradient of a scalar ¢ are given by

1 1 9
Dimy¢p = %Dm = %M—‘i (mM = 1,2,3). (10.6)

The definition (10.6) gives the correct physical coordinates of the gradient in the well-

known cases of cylindrical and spherical coordinate systems. As an illustration, let us

consider the spherical coordinates where, using (6.65) and (6.66), we may write
xX=r x*=0, X>=9¢,

hi =1, hp=r, hy =rsin6. (10.7)
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The gradient of a scalar function ¢ is then, according to (10.6), given by

3¢ﬁ 1 3¢_. 1 9¢.
do = —e,, 10.8
gradg = ar T 730 T Tsine aq)e‘” (10.8)

where ¢, €, and é, are the unit vectors in spherical coordinates.

10.3 Divergence of Vectors and Tensors

Divergence of an arbitrary contravariant vector A™ is a scalar obtained by the composition
of the covariant Hamiltonian operator D, with that contravariant vector A™, that s,

9A™

Dy, A" = r +ro A" (10.9)
Using here the result (9.36), we may write
A" 91
pam = A7 Vg, (10.10)
axm axn

Since 7 is a dummy index in the second term on the right-hand side of (10.10), it can be
changed to m. Thus, we may write

DA™ = ﬂ L VE ym

«/_ dxm ’
aA™  9./8
Dy, A" = — + A" 10.11
" f (f ax™m - gx™ ) ( )
Finally the expression for the divergence of the contravariant vector A™ is given by
1 9
Dy A" = — — A 10.12
m /g axm (\/g ) ( )

If a vector is defined by its covariant coordinates A, then the divergence of such a vector
is written in the form

D" A = ™" DnAm = D (8" Am) , (10.13)

where we have used the property that the metric tensor behaves as a scalar with respect to
covariant differentiation. In such a case, using (10.12), we obtain

a
D" Ay = Tax_m (VEE ™ Ap) . (10.14)
Analogously to the case of a contravariant vector (10.12), it is possible to define the
divergence of an arbitrary tensor with respect to one of its upper indices. Thus, the
divergence of the tensor T);"" is defined by

19
DT = NG (\/§T’§”"> . (10.15)

In the orthogonal curvilinear coordinates, with the metric form given by (10.5), we have
& = h1h2h3 and the physical coordinates of the divergence of a contravariant vector A”
are given by
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1 d A(m)
m __
DA™ = pe o <h1h2h3 ™ ) (10.16)

where the physical coordinates of the contravariant vector A are given by

Amy = hyA™  (m,M =1,2,3). (10.17)
The definition (10.16) gives the correct physical expressions for the divergence in the well-
known cases of cylindrical and spherical coordinate systems. As an illustration, let us again

consider the spherical coordinates defined by (10.7) above. The physical expression for the
divergence of the vector A in the spherical coordinates is given by

0 (sinf Ag) + L34,
rsinf 96 97T Ysing 90

.10,
divA=— = (r A,) + (10.18)

10.4 Curl of Vectors

In an arbitrary N-dimensional metric space the curl of a vector function A, is a second-
order covariant tensor F,;, defined by the expression

Foun = DnAn — DnAm (myn=1,2,...,N). (10.19)

In the special case of a three-dimensional metric space, it is possible to construct a
contravariant vector C¥ related to the tensor (10.19) using the three-dimensional totally
antisymmetric Ricci tensor ¥, defined according to the general definition (6.23) as
follows:

1
kmn kmn
€ = —e (k,m,n=1,2,3). (10.20)
NG
Thus, the curl in the three-dimensional metric space is defined by
1 1
ck = zg’cm"an =¢kmnp A, = ﬁekm”DmAn. (10.21)

In the orthogonal curvilinear coordinates, with the metric form given by (10.5), we have
& = hi1hzh3 and the physical coordinates of the curl of a covariant vector A, are given by

- h a
k K k
Clll'l(k)A = hKC = h1h2h3 e mnax—m (hN A(n)) . (10.22)

where the physical coordinates of the covariant vector A, are given by

A
Am =75 (mN=123). (10.23)
N

As the expression (10.22) is somewhat more complex and generally not readily under-
stood, we expand it for the three components of the curl in three dimensions

- 1 (0(h3A@) 09(h2Ap)
curl) A = Tl ( o ,
- 1 (d(mAq) 3(h3Am)
curliz) A = Tl ( a3 , (10.24)
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curlp) A = — (3<th<2>>_a(h1A<n>).

hihy ax! dx2
The expressions (10.24) are usually structured into a determinant defined as follows:
il he2  h33
1 0 0 0
hihohsg ax! dx2 ax3
hlA(l) th(z) h3A(3)

curld = (10.25)

The definition (10.25) gives the correct physical expressions for the components of the curl
of a vector function in the well-known cases of cylindrical and spherical coordinate sys-
tems. As an illustration, we can write down this determinant for the spherical coordinates
defined by (10.7). Thus, we may write
e rey rsinde,
- 1 d d d
curlA = 7| 3. Ao —_— ,

resing | ar 99 agp

Ay TAp rsinbA,

(10.26)

or

N % [i (tAg) — B_Ar] 2 (10.27)

10.5 Laplacian of Scalars and Tensors

The Laplacian of a scalar function in the three-dimensional vector analysis is defined by
the expression

A¢ = div(gradg). (10.28)
In the tensor analysis this expression becomes
A¢p = Dy D¢ = Dy (§™"Dnop) = D (g”m%) . (10.29)

From (10.29) we see that the Laplacian of the scalar function ¢ is a divergence of a vector
given by its covariant coordinates
3¢
Dup = 55 (10.30)
Using here the definition (10.14) of the divergence of a vector defined by its covariant
coordinates, we may write
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19
- /8 axm
In the orthogonal curvilinear coordinates, with the metric form given by (10.5), we have
& = hi1hzh3 and the Laplacian of the scalar function ¢ becomes

Ag

axn

(\/gg"m%) . (10.31)

__ 1 9 n 0%
Ad = hihohg dxm (h1h2h3g 3xn)’ (10.32)
where
(h))™2 0 0
[¢"™]=| 0 t2 o |. (10.33)
0 0 (hy)?

Substituting (10.33) into (10.32) we obtain
bm i [ 2 (0
- hihohs | 9xt h ox!
3 (hhs ¢ d (h 3¢
s (_hg m) o (_h3 m)} - (1059
The definition (10.34) gives the correct physical expressions for the Laplacian in the well-

known cases of cylindrical and spherical coordinate systems. As an illustration, in the
spherical coordinates defined by (10.7), the expression for the Laplacian becomes

2
Ap= 2 (#B_"’)+ L0 (sine%)—k;a 4 (10.35)

2ar\' ar) " r2sin6 90 30 ) ' r2sin2e ag?

10.6 Integral Theorems for Tensor Fields

In the three-dimensional vector analysis there are two important integral theorems, called
the Stokes theorem and the Gauss theorem. These theorems remain valid in the tensor
analysis and their formulation is generalized in such a way that they can be applied to
integrals in arbitrary N-dimensional metric spaces. These theorems in the tensor notation
will be discussed in the rest of this section.

10.6.1 Stokes Theorem

In the usual three-dimensional vector notation the Stokes theorem is defined as

fﬁ. dr= / curl4 - dS. (10.36)
C S

The integral on the right-hand side of (10.36) is a surface integral over a surface S bound
by a closed contour C. The integral on the left-hand side of (10.36) is a line integral round
the closed contour C running along the boundaries of the surface S. In the tensor notation
the formulation of the Stokes theorem has the following form:
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fﬁcAmdxm = %/San ds™", (10.37)
where Fy;,;, is the Curl tensor of the vector A;,, defined by (10.19), that is,
Foun = DnAp — DrAp,. (10.38)
On the other hand,
dS™ = dx™ dx" (10.39)

is the contravariant tensor of an infinitesimal element of the surface S.

From the definition (10.37) we see that the Stokes theorem in tensor notation is valid for
arbitrary generalized metric spaces. Let us now prove that (10.37) is equivalent to (10.36)
in the three-dimensional metric space. We first note that in the three-dimensional space
we have

Apdx™ =A-d%x (m=1,2,3). (10.40)

From (10.40) we see that the integrals on the left-hand sides of (10.36) and (10.37) are
indeed equivalent to each other. In order to prove that the right-hand sides of (10.36) and
(10.37) are also equivalent to each other, it is convenient to introduce a three-dimensional
covariant surface vector as follows:

ds; = %ekmn dx™ dx" = %@ekmn dx™ dx". (10.41)
In the Descartes coordinates, where ,/g = 1, the components of this vector are given by
dS; =dx?dx®, dS;=dx'dx®, dS;=dx'dx® (10.42)

Furthermore, analogously to (10.21), it is convenient to introduce the contravariant curl
vector, denoted by C and related to the tensor Fy,,, by the expression

) . . Nk
ck = %g’cﬂFﬂ = MDA, = %ge’“ﬂDjA, - (curlA) . (10.43)
Using (10.43) we may write
Y BP L \F L kil n
curlA-dS = (curlA) dS; = 3¢ S egmnDjA dm dx". (10.44)

On the other hand, the e-symbols satisfy the identity
Moy, = 88L — 85 . (10.45)

Substituting (10.45) into (10.44) we obtain
N ;
curld - dS = (5{?15; - 5{15,51) DjAdx™ dx",

curlA - dS = = (DmAn — DnAp)dx™ dx”, (10.46)

1
i
curld - dS = EandSm”.
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From (10.46) we see that the integrals on the right-hand sides of (10.36) and (10.37) are
also equivalent to each other in the three-dimensional metric space.

10.6.2 Gauss Theorem

In the usual three-dimensional vector notation the Gauss theorem is defined by means of
the equation

fkd@ :/ divA de. (10.47)
S Q

The integral on the right-hand side of (10.47) is a volume integral over a volume 2 bound
by a closed surface S. The integral on the left-hand side of (10.47) is a surface integral over
the closed surface S enclosing the volume . The volume element d2 is a relative scalar
with the weight M = —1. If the volume element is defined with respect to the systems
of coordinates {x*} and {z*} by dQ and dQ™ respectively, then according to the Jacobi
theorem it transforms as follows:

az™m

dQ = |=-| dQ = A~ ldg. (10.48)
axk

Therefore, in the tensor formulation of the Gauss theorem, we use the invariant volume
element ,/g d<, to obtain

fAm dSy,, = / DA™ /g dS. (10.49)
S Q

The tensor formulation of the Gauss theorem (10.48) is valid for arbitrary generalized
metric spaces. The equivalence of (10.47) and (10.48) in the Descartes coordinates, where
V& = 1 and Dy, = Vy, is evident.

The Gauss theorem can be extended to the case of an arbitrary tensor with at least one
upper index. As an example, for a mixed third-order tensor 7", the Gauss theorem is
given by

fg T dSp, = / DT /g dS. (10.50)
Q






Geodesic Lines

In Euclidean metric spaces the shortest distance between two given points is a straight
line. However, even the simplest example of a two-dimensional Riemannian space on
the surface of a unit sphere, shows clearly that in the Riemannian spaces there are in
general no straight lines. It is therefore of interest to find the curves of minimum (or at
least stationary) arc length connecting the two given points in a Riemannian space.

In Riemannian spaces, we in general do not impose the requirement to find the lines
of the minimum arc length, and we replace it by the requirement to find the lines with a
stationary arc length between the two given points. We can illustrate this on the simple
example of the two-dimensional Riemannian space on the surface of a unit sphere. For
both arcs on the same circle, connecting the two given points on the unit sphere, we can
only say that their length is of a stationary character, but we cannot say that they are of
minimum length.

The curves with stationary arc length between two given points A and B are called the
geodesic lines and they are determined by the solutions of the corresponding geodesic
differential equations. In order to construct these differential equations, we will use the
variational calculus and Lagrange equations which will be derived in the next section.

11.1 Lagrange Equations

Let us observe two fixed points A and B in an arbitrary metric space. Their coordinates are
given by the parameter equations

X" =x"(Sp) x" = x"(Sp), (11.1)

where s is the arc-length parameter. Between the fixed points A and Bwe can draw a family
of curves of various arc lengths, as shown in Figure 11.1. Within the family of curves, which
connect the two fixed points A and B as shown in Figure 11.1, there is a single curve C
with a stationary arc length, which we call the geodesic line. All other curves between the
two fixed points A and B, for example, C’ and C”, do not have the stationary arc length
and they deviate from the geodesic lines by some variations §x™(s) for all values of the
parameter s. It should be noted that the points A and B are fixed and common for all the
curves connecting these two points. Therefore, the variations §x™ at these two points are
equal to zero

8x™(Sa) = 8x™(Sp) = 0. (11.2)

Let us now define a function
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N
A B
N
O/
FIGURE 11.1 Curves connecting the fixed points A and B.

L:L(xm,ﬂ,s>, (11.3)
ds

along each of the lines connecting the points A and B. This function may depend on the
coordinates x™, their first derivatives with respect to the parameter s, as well as on the
parameter s itself, as indicated in the definition (11.3). This function is usually called the
Lagrange function or Lagrangian. The integral of this function between the points A and B

is given by
Sp m
1:/ L(xm,dx—,s) ds, (11.4)
Sa ds

and it is usually called the action integral. According to the Hamiltonian variational
principle, the integral (11.4) has a stationary value along the geodesic line C. Using the
variational principle, we can derive the differential equation satisfied by the Lagrangian
function (11.3). The variation of the action integral (11.4) along the geodesic line C is equal
to zero and we may write

Sp m
8[:/ 5L (xm,di,s> ds = 0. (11.5)
Sa ds
By definition of the variation we have
m m
sL=1(xm 4 sxm X 59 ) g (am G (11.6)
ds ds ds

Since the variations of the coordinates and their derivatives with respect to the parameter
are small, we can expand the first term on the right-hand side of (11.6) into a Taylor series
and keep only the zeroth- and first-order terms. Thus, we obtain
dx™ aL aL _dx™
SL=1L (xm, K,s) + —5x" +

T (dg—?)aﬁ

dx™ oL oL dx™
—L{x" —s)= —66x"+ —5—. (11.7)
S axm P <dffm) ds

S

Since the differentiation with respect to the parameter is independent from the variation,
the order of these two operations can be interchanged. Thus, we may write
oL oL d

_ 9= e m -~ m
8L = axm(Sx a(dx'") I (6x ), (11.8)

ds
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or
SL = inm — i L 8x™ + i LSxm . (11.9)
ax™m ds 8<décm> ds 8<décm>
S S
Substituting (11.9) into (11.5) we obtain
Sp
Ss | 9L L L
51 :/ a_m SR gy 2L sem| —o, (11.10)
S ox dS a(d_xm> a(d_xm>
ds ds Sa

The second term of (11.10), which is calculated at the boundary points of the geodesic line
A and B, vanishes due to the conditions (11.2). Thus, we obtain

S
M:/B OL _d 9L |lsmgs—o. (11.11)
Sa axm dS a(d-x_m>

ds

Since the variations §x™ are arbitrary and in general different from zero, the result (11.11)
requires that the following equations are satisfied:

oL d aL

ds

The system of N-equations (11.12) is a system of differential equations that must be
satisfied by the Lagrangian function (11.3) along the geodesic line C. These equations are
usually called the Lagrange equations.

11.2 Geodesic Equations

In order to construct the geodesic equations which define the curve with a stationary arc
length, we may choose the arc length itself as the action integral with zero variation. Using
the expression (6.38) we write

Sp dxk dxn
I= — ——ds. 11.1
/;A 835 s 9 1113

From (11.13) we see that the Lagrangian function is given by the expression

| dxk dxn
L= gk”d_xsﬁ’ (11.14)

and it is equal to unity along the geodesic line C, where

ds? = g, dxfdx” (k,n=1,2,...,N). (11.15)
Along the geodesic line, where the metric condition (11.15) is fulfilled, we have
_1
L 1 dxk dxm) 2 de!  dx 11.16)
] (dg_'”> =2 \®" 745 ds Eml gy = 8mi g5 ’
N
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and

d JL d dx! 2xl gy dx! dxk
ds {—3 %)} =& (gmla) “EnGE ok ds ds —
S

By interchanging the dummy indices k < [, we may rewrite the second term on the right-
hand side of the result (11.17) as follows:

g A’ dx¥ 1 (g Ogmi) dx! dxF
axk ds ds = 2\ axk ax! ) ds ds
Substituting (11.18) into (11.17) we obtain

d oL d’x! 1 (0gu  Ogmi ) dx! dxk
as |:3(d§m):| ~ O +§<3xk T ) ds ds (119
S

(11.18)

On the other hand we have

1
aL 1 dx* dx™\ ? ogy dx! dxk
axm =2 (gknaa> axm ds s (1120
Using the metric condition (11.15), we obtain
ax™m  29x™m ds ds ’
Substituting (11.19) and (11.21) into the Lagrange equations (11.12), we obtain
ixl L (98m , 08mk _ 98k %lgk -0 (11.22)
Emiq7 T 5\ Gak ax!  9xm) ds ds )
Using now the definition of the Christoffel symbols of the first kind (9.28), that is,
_ l 98mi 98km _ 38’_1k
Pk = 3 <_axk t ool axm>’ (11.23)
we obtain from (11.22)
d2x! dx! dxF
gml@ + Fm'lkag =0. (11.24)

The composition of (11.24) with the contravariant metric tensor g™" gives the most
commonly used formulation of the geodesic equations, as follows:
d?x" ) dxl dxk
_ _|_ _—
ds? lk'ds ds
If a set of parameter equations of some curve C in a generalized N-dimensional metric
space is given by

=0. (11.25)

XM =x"(s) (m=12,...,N), (11.26)



Chapter 11 » Geodesic Lines 81

then the tangent vector to this curve is defined by

m
w = Y 12 N, (11.27)
ds
Using (11.27), (11.25) can be written in the form
dd +Tiuluf =o. (11.28)

Using (11.22) we can also write

du! 08mi | 98mk\ 1k 108K 1
== ulu =X yly
Eml™gs ( axk  ax! ) 2 gxm

=0 (11.29)

Interchanging the dummy indices / « k in the second term on the left-hand side of
(11.29), we obtain

du!  dgmi gk 138K 1 i

8mil—— s 4+ = oxk u'u Zax—muu =0. (11.30)

On the other hand, using the definition u,, = g,,;u!, we may write

dun, d o dul | dgm iy du! g Ak
T—a(gmlu)—gml ds +T =8ml—- ds +_ (11.31)

Substituting (11.31) into (11.30), we obtain

dum 1938k 1k
— —=——=u'u" =0, 11.32
ds 2 9x™m ( )

or
d*xm 1 0gK dx! dx*
ds? 29x™m ds ds
Equation (11.33) is an alternative form of the geodesic equations, which does not explicitly
involve the Christoffel symbols. Using the geodesic equations (11.25), we may also write

=0. (11.33)

dxk ou dxk
n.,,l _ n .l _
—— Ty — = <_axk + Flku) o =0 (11.34)

or, using the definition of the covariant derivative of a contravariant vector (8.23),
Du” au”
Dxk ~ 9xk
we find that the absolute derivative of the tangent vector (11.27), with respect to the
parameter s is equal to zero.

+ 1, (11.35)

Du"
ds
This means that if we translate the vector ™ along the geodesic line from the point x™ to
the point x™ 4 dx™ it will coincide with the tangent vector u” +du™ at the point x” + dx™.
This is a specific property of the tangent vector u"" along the geodesic line. In the Descartes
coordinates, where I',. = 0, the geodesic differential equation becomes

=0. (11.36)
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d2yn
=0. 11.37
as2 ( )
The solution of this equation is a set of linear equations
y'=a'"s+b", (11.38)

which represent the parameter equations of a straight line, which confirms our earlier
statement that the geodesic lines in the Euclidean metric spaces are straight lines.



12

The Curvature Tensor

12.1 Definition of the Curvature Tensor

In the Riemannian space the parallel translation of a vector between two given points
is a path-dependent operation, that is, it gives different results along different paths. In
particular, if a vector is parallelly translated along a closed path back to the same point
of origin it will not coincide with the original vector. Let us therefore derive a general
formula for the change of a vector after a parallel translation along some infinitesimally
small closed contour C. This change, denoted by AA;;, is obtained using the result (8.19),
in the following manner:

Al = 7§ 8Am = 7§ I Ay A, (2.1
C C

Using the Stokes theorem, this line integral over the closed contour C can be transformed
into a surface integral over a surface S bound by the closed contour C, that s,

AApm = % 7§C [ Dk (TpAn) = Dp (TltyAn) | dS, (12.2)

where we use the covariant operator
D

Dy = —-. 12.3
k= Dk (12.3)
Let us also, for the sake of simplicity, introduce the non-tensor operator
0
o = —. (12.4)
k= 9xk

Using the definition of the covariant derivative of a second-order covariant tensor (8.33),
we may then write

Dy Cnp = 9Cprp — Fiﬂkclp — Fékal

DpCpuic = 3pCpni — ThypCiic — r,lcpcm, (12.5)
Subtracting the two equations (12.5) from each other we obtain
DyCpp — DpCppe = 3 Cmp — T}, Cypy — F,’Dkaz — 3pConke + Thyp Citc + r,’cpcm,
= 0kCmp — 9pCpnic + ThypCik — UL L Cpy + T Comt = Ty Conl (12.6)

Using here the symmetry of the Christoffel symbols with respect to their lower indices, we
see that the last two terms in (12.6) cancel each other. Thus, using the symmetric surface
tensor dSP = dSPk, we may write
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(DCrnp — DpCoge) dS¥ = (akcmp — 8 Conke + Ty Citc — rfnkc,p) dske. (12.7)

By interchanging the indices k <> p in one of the last two terms in the parenthesis and
using the symmetry of the surface tensor dS*P, we see that these two terms cancel each
other. The result (12.7) therefore becomes

(D Cmp — DpCin) AS¥P = (8. Crp — 8pCri) dS*P (12.8)
Applying (12.8) with Cp,p = F?HPA,, in (12.2), we obtain

1 k
Ay = 3 ﬁ (06 (TpAn) = 0p (ToiAn) | a8, (12.9)
or
1
Ay = 3 fc <ak1“,’7‘wAn — TP A + Tt OAn — r;;kapAn) dsk» (12.10)
On the other hand, the change of the vector A;, along the contour C is due to the parallel
translation (8.19), and is given by
8An = Th,AldxP = 0pAn =T1 A, (12.11)

Substituting (12.11) into (12.10), we obtain
1
Ay = 3 7% (kT An — BpT oA + T DL AL = T2 T, A) dSHP (12.12)

As the labels of the dummy indices are irrelevant, we can interchange the indices n < [in
the last two terms of the integral (12.12). Thus, we obtain

1
Ap =5 fc (akr;}w — e+ Tl Tl — r’mkr;’p) Ay dS*P (12.13)

Introducing here the notation

Rn

"y = Ok — OpT iy + Do, T = Thy Th (12.14)

the result (12.13) becomes
1
AAp = Ef Ry, AndS'. (12.15)
C

Since the closed contour C is infinitesimally small, it is possible to replace the integrand of
the integral (12.15) by its value at some point enclosed by the contour C, and to bring
it outside the integral. Thus, we finally obtain a general formula for the change of a
vector after a parallel translation along some infinitesimally small closed contour C in
the form

1
AAy, = 5R"mkpAnAs"”. (12.16)

The mixed fourth-order tensor, defined by the expression (12.14) is called the curvature
tensor of a given metric space. The tensor character of the curvature tensor is evident from
(12.16), since A, is a covariant vector, AS? is a contravariant surface tensor and AA,, is
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a difference of two covariant vectors at the same point on the contour C. The curvature
tensor plays the key role in the theory of gravitational field and is very important in the
tensor analysis in general.

The formula, analogous to (12.16), for a contravariant vector A™ can be obtained
using the fact that a scalar A™By, is invariant under parallel translations. Thus, we
may write

A (A"By) = AA" By, + A" ABpy = AA"B,, + A" AB;y, = 0. (12.17)

Using here the result (12.16) we obtain

1 1
AA"By, +Am§R?nk,,BnAS’“” = (AA” + zankpAmASk”) B, =0. (12.18)

As the covariant vector By, is arbitrary, we obtain the formula
=]

2

In a given Euclidean space the curvature tensor is identically equal to zero, since it is
possible to choose the coordinates where F,"np =0 and therefore R"m kp = 0, in the entire
metric space. Due to its tensor character, the curvature tensor is then equal to zero in
any other coordinate system defined in the Euclidean metric space. It is related to the
observation that, in the Euclidean metric space, the parallel translation is not a path-
dependent operation and the parallel translation along a closed curve C does not change
the translated vector.

The reverse argument is valid as well. If the curvature tensor is equal to zero in the
entire metric space, that is, R"mkpzo, then such a space is Euclidean. Indeed, in any
metric space, it is possible to construct a local Descartes system in an infinitesimally
small portion of that space. On the other hand, if ankp =0 in the entire space, then the
parallel translation is a unique path-independent operation by which this infinitesimally
small portion of a given space can be translated to any other portion of that space.
Thus, we may construct Descartes coordinates in the entire space and the given space is
Euclidean.

As a summary, the criterion for determining the character of a space is that a metric
space described by a metric tensor gmy, is Euclidean if and only if R” = 0.

Ry AT AS. (12.19)

12.2 Properties of the Curvature Tensor
From the definition of the curvature tensor

Ry = Ty — 9T+ Thup Uik — o T (12.20)
it is easily seen that it is antisymmetric with respect to the interchange of the last two lower
indices k <> p, such that we have

n _Rl’l

mkp = mpk: (12.21)
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It is also possible to show that the curvature tensor satisfies the following identity:
Ry + Ry + R = 0 (12.22)
In order to prove the cyclic identity (12.22), let us rewrite (12.20) as follows:

n _ n 1 n 1 n
Ry = Ol imp — 0pL e + Tip U — Tt T

— 1 1

Ry = OmU e = 0T + T Uiy = Tyl (12.23)
— I I

Rme - a.”Flrclm - amrllgp + karlnp - I‘Icprlrin

By inspection of (12.23), using the symmetry of the Christoffel symbols with respect to the
interchange of the two lower indices, we see that for each term in these three equations
there is a counterterm with the opposite sign. Thus, by adding together the three equations
(12.23) we obtain the cyclic identity (12.22). In addition to the mixed curvature tensor
(12.20), it is sometimes useful to define the covariant curvature tensor by

Rinkp = EmiRyy (12.24)
or using the definition (12.20)
Rmnkp = gmlakrizp - gmlaprik + Iﬁizprm,lk - Fikrm,lp- (12.25)

In order to obtain a more symmetric form of the covariant curvature tensor (12.24), we use
(9.25) in the form

aPgml = Iﬂlmp +Tm Ip
, ) (12.26)
O8mi = Timk + Uik

and the definition of the Christoffel symbol of the first kind (9.28) in the form
Cinnp = % (0p8mn + ngpm — ImEnp) - (12.27)
Using (12.26) and (12.27) we can calculate
Okl = &tk (8" Tsmp) = (8midk€" ) Tsinp + 8300k op
= — (850%8m1) Tsmp + HTmnp = —T byt + ST
= —T}y (Timk + Tomae) + % (9kdp&mn + AxOngpm — IxdmEnp) (12.28)
By interchanging the indices k < p in (12.28) we also obtain
gmidpT e = =Tl (Cump + Do) (12.29)
+ % (0p9k&mn + 9pOngim — OpOmEnk) -
Substituting (12.28) and (12.29) into (12.25) we obtain

Rmnkp = _Fizp (Fl,mk + Iﬂm,lk) + +F,l1k (rl,mp + Iﬂm,lp)
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1
+ 3 (akapgmn + 0k 0n8pm — akamgnp)

1
-3 (apakgmn + 0pOngim — 8pamgnk) (12.30)

1 1
+ anrm,lk - Fnkrm,lp’
or

1
Rynkp = 5 ( kOn&pm + OpOmEuk — kOmEnp — apangkm) (12.31)

+ T Cimp — T
Finally, we obtain the alternative expression for the covariant curvature tensor in the form
1
Riynip = 2 (3k3ngpm + 0pOm&uk — kOmEnp — apangkm) (12.32)
+ 8y (rikr]mp - rilprink) .
From the expression (12.32) we see that the covariant curvature tensor is antisymmetric

with respect to the interchange of both the first two indices (m < n) and the last two
indices (k <> p). Thus, we have

Rmnkp = _ankp Rmnkp = _Rmnpk- (12.33)

From the expression (12.32) we also see that the covariant curvature tensor is symmetric
with respect to the interchange of the first two indices and the last two indices (mn < kp),
that s,

Rmnkp = Rkpmn‘ (12.34)

Furthermore, we note that the cyclic property (12.22) also remains valid after the contrac-
tion with the covariant metric tensor, such that we have

Rmnkp + Rmpnk + Rmkpn =0. (12.35)

Using (12.33) and (12.34), it can also be shown that the cyclic properties analogous to
(12.35) are valid not only for the last three, but also for any three indices of the covariant
curvature tensor.

12.3 Commutator of Covariant Derivatives

In the Descartes coordinates, with Dy =9y, it is allowed to change the order of the
covariant differentiation with respect to the two different coordinates. In other words,
we may write

akamAp = amakAp = DkDmAp = DkaAlJ (12.36)
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or
(DD — DinDi)AP = (850m — dmdg)AP = 0, (12.37)
where AP is an arbitrary contravariant vector. Since A” is an arbitrary contravariant vector,
it can be omitted and we can write the corresponding operator expression as follows:
DyDin — DDy = [Dm, Di] = [9m, %] = 0. (12.38)
The quantity [ Dy, D], introduced in (12.38), is called the commutator of the two oper-
ators Dy, and Dy. This commutator is equal to zero in the Descartes coordinates. Let us

now calculate the commutator [ Dy, Dy ] in the arbitrary curvilinear coordinates. In order
to calculate this commutator, we first calculate

DyDpAP = Dy (dmAP +Th A"
DiDmAP = 33 (0mAP +Th, A™)

+T7 (@mA! + Th A +TL (8AP + T A™)

(12.39)
DiDnAP = 3;.0mAP + Th 0L A" + A9, Th
+TPdmAl + TV L A" —TL 84 —TL TP A1
Analogously, we may write
DinDiAP = 3 AP + TF 9mA”" + A", I8+ TP oAl
+rP riar—rl aAP 1! TP A" (12.40)

If we now form the difference between the expressions (12.39) and (12.40), we see
that several terms cancel each other, that is, the first term cancels the first term, the
second term cancels the fourth term, the fourth term cancels the second term, the
sixth term cancels the sixth term and the seventh term cancels the seventh term. Thus,
we obtain

ml~ nk

(DiDy — DD AP = (akrf’nn SN A A R )A". (12.41)

Substituting now the definition of the curvature tensor (12.14), that is,

R = 9y — 0l +TL, TP — 1L TP (12.42)
into (12.41), we obtain
(DyDm — DnDAP =R, A" (12.43)

In line with the criterion for determining the character of a space, discussed above, we
conclude from (12.43) that the change of the order of the covariant differentiation is
allowed only in the Euclidean metric spaces with the zero curvature tensor, that is, with
R’ =0.

nkm
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12.4 Ricci Tensor and Scalar

From the curvature tensor (12.14), by contraction of the single contravariant index with
the second covariant index, it is possible to construct a covariant second-order tensor,
called the Ricci tensor, as follows:

Rinn = Rypp = —Riypi- (12.44)
Using here the definition of the curvature tensor (12.14) we may write

Rinn = 8pTyn — pTlpy + T TP, — rﬁmrfp. (12.45)

mp= nl

It is easily verified that the Ricci tensor can only be defined as in (12.44). Let us, for
example, consider the alternative contracted tensor R’,j L Which can be written as follows:

Rk

kmn

= 6FR, = 87 8piRY iy = 8P Rptmn = 0. (12.46)

kmn

From the definition (12.46) we see that RZmn is a scalar product of the symmetric metric
tensor g”¥ and the antisymmetric covariant curvature tensor Ryimn, which is by definition
equal to zero. Using the symmetry properties (12.33) and (12.34) in the definition of the
Ricci tensor

R = By = 8" Ry (12.47)
and interchanging the dummy indices k < p, we may write
Rin = 8" Rupiom = 8" Rukpm = 8" Rinmp = Rum. (12.48)
Thus, the Ricci tensor is symmetric with respect to its two indices, that is,
Ryn =Ruym (myn=12,...,N). (12.49)
Using the Ricci tensor (12.44), we can define the Ricci scalar as follows:
R =g " Ryn = """ Rinnp- (12.50)

The Ricci tensor and Ricci scalar are extensively used in the general theory of relativity and
cosmology.

12.5 Curvature Tensor Components

The components of the curvature tensor are related to each other by means of the
symmetry relations (12.33)—(12.35). Thus, the components of the curvature tensor are not
all independent, and the number of the independent components of the curvature tensor
in the N-dimensional space is equal to
N2(N? - 1)

n=—/7p—-
As this general result for the N-dimensional metric space will not be extensively
used and its derivation involves long and complex combinatorial manipulations,

(12.51)
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it will not be considered in detail here. We will only consider the two simplest
special cases, a two-dimensional metric space (N =2) and a three-dimensional metric
space (N =3).

In a two-dimensional metric space, the indices of the covariant curvature tensor Ry,
that is, (k, m, n, p), can assume the values 1 and 2. Thus, the components of the covariant
curvature tensor can be presented by the following rectangular scheme:

np=11 | np=12 | np=21 | np=22

km =11 0 0 0 0

[kanp] =| km=12 0 Ri212 —Ri212 0 (12.52)
km =21 0 —Riz12 | Rioz 0
km =22 0 0 0 0

From the scheme (12.52) we see that out of possible 24—16 components, the twelve
components with k=m or n=p or both are equal to zero due to the antisymmetry of
the covariant curvature tensor. The remaining four non-zero components with k # m
and n # p are related by antisymmetry relations as well. Thus, according to the expression
(12.51), we see that in a two-dimensional metric space there is just one independent
component of the covariant curvature tensor, that is,
44 -1)
T T

1. (12.53)

The Ricci scalar is then defined by

R = g""gP* Ry = 28" 8% Ri212 — 28'28* Ri212

2
R=2 <g11g22 - 812821> Riz12 = 2|g"™"| Riz12 = §R1212 (12.54)

The quantity R/2 is equal to the Gauss curvature of a surface, or the inverse of the product
of the main radii of the curvature.

Let us now consider a special case of the surface of the unit sphere, with the metric of
the form

ds? = do? + sin® 0dg?, (12.55)
or
ds® = (dx")? + (sinx!)?(dx?)?. (12.56)
Thus, the covariant metric tensor can be written in the following matrix form:
1 0
[gmn] = [ 0 (sinx!)? } , (12.57)

and the contravariant metric tensor can be written in the following matrix form:

1 0
[g™"]= [ 0 (sinxl)-2 ] (12.58)
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In this case, the quantity R/2 should be equal to unity. In order to show that, we need to
calculate the only independent component of the curvature tensor, that is,

Ryp12 = —%alalgzz + g1 (ML, =TI, (12.59)
+ 822 (M5, T, — THTS)).
On the other hand, the Christoffel symbols of the first kind are defined by
Tomynp = %(apgmn + 8n8pm — Im8np)- (12.60)
Substituting (12.56) into (12.60), we obtain
'y, =0,

112 =T121 =0,

T122 = — 33182 = —sinx! cosx!,
(12.61)
211 =0,
212 = Tp1 = 430182 = +sinx! cosx!,
222 =0.
The Christoffel symbols of the second kind are defined as
T = 8" Tinp) (12.62)
and in our example, they are given by
I, =g +g%rhn =0,
M, =T} =g"T121 +8%T221 =0,
T3, = g"T 2 + g% = —sinx! cosx?,
(12.63)
I =g*rn +8%In =0,
2, =T3% = g*I' 12 + g%T2,12 = +(sinx!) ! cos x?,
2, = g% 2 + %% = 0.
Substituting the results (12.63) into (12.59), we obtain
Ri212 = —%3131822 +g2(I')?%,
Ri212 = (sinxh)? — (cos xH? + (sinx")?(sin x') 2 (cos x1)?, (12.64)
Ri212 = (sinx!)?.
Finally, the Gauss curvature of the unit sphere is given by
g = lnglg = (sinx)) 2 (sinx!)? = 1, (12.65)

which proves that the Gauss curvature of the unit sphere is indeed equal to unity.



92 TENSORS, RELATIVITY, AND COSMOLOGY

In the case of the three-dimensional space (N = 3), in which the curvature tensor has
atotal of 3* =27 components, according to (12.51) there are six independent components
of the covariant curvature tensor.

99-1)

T T
There are also six independent components of the Ricci tensor Ry,,. Using the suitable
Descartes coordinates in a given point, it is always possible to make three of these six
components equal to zero. In particular, it is possible to diagonalize the Ricci tensor and
define the curvature in any given point of a three-dimensional space by three independent
quantities. In the four-dimensional space there are 20 independent components of the
covariant curvature tensor.

6. (12.66)

,_16a6-1) _
12
The case of a four-dimensional space is particularly important in the general theory of
relativity and cosmology.

20. (12.67)



PART 3

Special Theory of Relativity






Relativistic Kinematics

13.1 The Principle of Relativity

For the description of the motion of particles, it is necessary to have a system of reference.
By a system of reference we mean a coordinate system to which we attach a clock. The
coordinate system is used to determine the positions of particles in space and the clock is
used to measure the times at which the positions of particles in space are measured. There
are systems of reference where the free motion of a particle, that is, the motion of a particle
on which there is no action of any external forces, is such that the particle has a constant
velocity. Such systems of reference are called the inertial systems.

If two systems of reference are translated with a constant velocity with respect to each
other and one of them is an inertial system, then the other system of reference is also an
inertial system. Any free motion in that system of reference will also be along a straight
line with constant velocity.

Using the above definitions, we can write down the statement of the special principle
of relativity as follows:

All laws of nature are equal in all inertial systems of reference. In other words,
the equations which express the laws of nature are invariant with respect to the
transformations of spatial coordinates and time from one inertial system of reference
to another.

13.2 Invariance of the Speed of Light

Let us consider two bodies interacting with each other and let us assume that on one of
the bodies some event has occurred (explosion, distance increase, or some other change).
Then this event will be noticed at the position of the other body after the lapse of some
time. If the distance between these two bodies is divided by this time interval, we obtain
the maximum speed of interaction.

In nature, the motion of bodies with a speed higher than the maximum speed of
interaction is not allowed, since by means of such a body it would be possible to achieve
the interaction with a speed higher than the maximum speed of interaction. Based on
the special principle of relativity, we conclude that the maximum speed of interaction is
invariant with respect to the transformations of spatial coordinates and time from one
inertial system of reference to another. Thus, it is a universal constant of nature. It is shown
that this universal constant is equal to the speed of light in the vacuum, and its numerical
value is given by
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¢ =2,99792458 - 108 ? (13.1)

The principle of invariance of the speed of light is therefore stated as one of the basic
principles of relativistic mechanics. According to this principle the speed of light is
independent on the motion of the light source, that is, on the choice of the system of
reference in which the motion of light is described. In the next section, the mathematical
formulation of this principle is presented.

13.3 The Interval between Events

An event in nature is determined by four coordinates. These include the three space
coordinates of the position where the event has taken place and the time coordinate when
the event has taken place. Each event is represented by a point, called the world point of
the event, with the coordinates

X" = {xo,xl,xz,xs} (m=0,1,2,3). (13.2)

The first coordinate is a time coordinate defined by x = ct and it has the dimension of
length. The other three coordinates are the spatial Descartes coordinates

¥ ={xyz (@=1,23). (13.3)

We will from now on use Latin indices for the coordinates of the four-dimensional space-
time (13.2), and Greek indices for the usual three-dimensional spatial coordinates (13.3).

The set of all world points constitutes a four-dimensional manifold called the world. To
each particle in such a world, there corresponds a line called the world line. The world line
of a particle at rest is a line parallel to the time axis.

In order to express the principle of invariance of the speed of light mathematically, let
us now consider two systems of reference denoted by K and K’, which move with respect
to each other along the common x-axis with some constant velocity V. These coordinate
systems are shown in Figure 13.1. The times in coordinate systems K and K’ are denoted by
tand ¢, respectively. Consider now two events, where one event consists of a signal sent at
time #;, with a constant velocity equal to the speed of light, from the point with coordinates
{x1,1,21} in the coordinate system K. The other event consists of the same signal being
received at time #; and at the point with coordinates {x2, J», z} in the coordinate system K.
In the coordinate system K, the coordinates of these two events are related by the following
equation:

Aty —h)? — (2 —x1)* = 2 —y1)* — (22 — 21)* = 0. (13.4)

Due to the principle of invariance of the speed of light, in the coordinate system K’ the
coordinates of these two events are related by the analogous equation

Aty — 1) — (= XD = 0 —¥? = (2, —Z)* = 0. (13.5)
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z Z/

FIGURE 13.1 The coordinate systems K and K'.

If the coordinates (t1,x1,y1,21) and (f2, X2, 2, 22) are the coordinates of any two events,
then the quantity

1/2
S12 = |:CZ([2 — [1)2 — (X2 — XI)Z — 0/2 _yl)2 — (22 — Zl)z] (13.6)

is called the interval between these two events. Analogously to (13.6), the square of the
interval between two infinitesimally close events is determined by the metric

ds? = 2 dr? — dx? — dy? — dz? = gy dx™ dx”, (13.7)

where (m,n = 0,1,2,3), and the contravariant space-time coordinates in this four-
dimensional metric space are given by

XM = [xo,xl,xz,x3] = {ct,x,y,2}. (13.8)

The components of the covariant metric tensor g, are given by the following matrix:

1 0 0 0
0-1 0 0

[gmn] =10 0 _1 o | (13.9)
0 0 0-1

From (13.9) we conclude that the world is a four-dimensional pseudo-Euclidean metric
space. The determinant of the metric tensor g, is g = —1. The matrix of cofactors of the
matrix (13.9) is
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-1000
™= o710 (13.10)
0001
Using (6.13), the inverse matrix to the matrix [gmn] is given by
. T
(7] = inv [gnn] = 23 lgm] _ 1G] (13.11)

8 8

We conclude that the components of the contravariant metric tensor g are the same as
the components of the covariant metric tensor (13.9), that is,

1 0 0 O
mny_ | 0 =1 0 O
[E"]=10 0.1 o (13.12)
0O 0 0 -1
From (13.9) and (13.12) we see that
8" g =87 (k,mn=0,1,2,3). (13.13)

The covariant space-time coordinates in this four-dimensional metric space are given by
Xm = gmnX" = (X0, X1, X2, X3} = {ct, —x, —y, —z} (13.14)

Using (13.8) and (13.14) we see that

mem = gmnxmx" = Cztz - x2 _.y2 - Zz' (13.15)

Using expressions (13.4) and (13.5) and the principle of invariance of the speed of light, we
conclude that an interval which is equal to zero in one inertial system of reference is also
equal to zero in any other inertial system of reference. On the other hand the quantities ds
and ds’ are two infinitesimally small quantities of the same order. Thus, we may write

ds = ads, (13.16)

where the coefficient a may depend only on the absolute value of the relative velocity
V of the two inertial systems of reference K and K'. It may not depend on the spatial
coordinates or time due to the assumption of the homogeneity of space and time in the
inertial systems of reference. It may not depend on the direction of the relative velocity
V of the two inertial systems of reference K and K’ either, due to the assumption of the
isotropic nature of space and time in the inertial systems of reference. Thus, as we may

write (13.16), we may also write
ds’ = ads. (13.17)

From (13.16) and (13.17) we obtain @> =1 or a = £1. On the other hand, from the special
case of the identity transformation with ds = ds’ we conclude thata = +1, so that we always
have

ds'=ds. (13.18)
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Thus, we obtain the mathematical formulation of the principle of invariance of the
speed of light (13.18), which implies the invariance of the interval with respect to the
transformations from one inertial system of reference to another.

13.4 Lorentz Transformations

The objective of this section is to derive the formulae for transformations of coordinates
from one inertial system of reference to another. In other words, if we know the coordi-
nates of a certain event x”* = { ct\x',y,z } in some inertial system of reference K’, we need
the expressions for the coordinates of that event 2" = { ct, XY, z} in some other inertial
system of reference K. As x™ is a contravariant vector, it is transformed according to the
transformation law
m

= ?;n X = AITX (13.19)
The transformation (13.19) is a linear transformation and the coefficients A’ are inde-
pendent on coordinates. The system A" is a mixed second-order tensor in the pseudo-
Euclidean metric space defined by the metric (13.7), since it is defined with respect to the
linear transformations (13.19).

In order to calculate the components of the tensor A, we now introduce an imaginary
time coordinate

m

t=ict i=~/—1, (13.20)
and an imaginary metric
do =ids i=+—1. (13.21)
Thus, the metric of the space becomes
do? = dr? + dx? + dy? 4+ d22, (13.22)

and we thereby define the four-dimensional Descartes coordinates. The linear transfor-
mation (13.19) must keep the metric ds or do invariant. As we have argued before, the
only transformations of Descartes coordinates that keep the metric form invariant are the
transformations of translation, rotation and inversion.

Parallel translation of four-dimensional Descartes coordinates is not a suitable can-
didate for the transformation (13.19), since it merely changes the origin of the spatial
coordinates and the origin for measurement of time. Similarly, the inversion of the
four-dimensional Descartes coordinates is not suitable either, since it merely changes the
sign of the spatial coordinates and time.

Thus, we conclude that the only suitable candidate for the transformation (13.19) is a
rotation of four-dimensional Descartes coordinates. We are looking for the formulae for
transformation from the coordinate system K’ to the coordinate system K as shown in
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FIGURE 13.2 Rotations in the x plane.

Figure 13.1. In that case we have y =)' and z = z’ and we are only interested for the rotation
in the 7x plane, as shown in Figure 13.2. From Figure 13.2, we immediately obtain the
remaining two transformation formulae

x = x'cosy — v/ sin,

(13.23)

T =Xx'siny + 7/ cos .
According to Figure 13.1, the coordinate system K’ is moving with respect to the coordinate
system K with a constant velocity V. If we then consider the motion of the origin of the
coordinate system K’ we then have x’ = 0. Then from (13.23) we obtain

\%4
tany = —% = i~ (13.24)
T c
Using now the trigonometric formulae
cosy = ! siny = tany (13.25)
V1+tan2y V1+tan2y '
we obtain
%
1 . -
COSY = ———, siny = —5—. (13.26)
1= _r
c? c2

Substituting (13.26) into (13.23) we obtain

o +i(V/ox [ 4+ (V/c*x
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X —i(V/jor x + vt
X = X =
V2 V2

1_'2? 1_'2? (13.27)

y=y y=y
Z:Z/ ZZZ/

The results (13.27) are the well-known formulae for transformations of coordinates from
one inertial system of reference to another. They are called the Lorentz transformations.
In the special case when V « ¢, the Lorentz transformations are reduced into the so called

Galilei transformations of non-relativistic mechanics

t=t,
x=x +Vt,
, (13.28)
y=y,
z=12.

Although the Galilei transformations are closer to our everyday experience than
the Lorentz transformations, they are not in accordance with the principle of rel-
ativity and they do not leave the metric form of the four-dimensional space-time

invariant.
Using (13.27), it is easy to construct the tensor of Lorentz transformations A’ in the

following matrix form:

- Ve o0
- -5
. Ve L_ 00
[A7]=] -8 -2 : (13.29)
0 0 10
L0 0 01 |
The inverse of the tensor A, denoted by (A7) ™1, is given in the following matrix form:
— 1 _ V/C 0 0_
-5 -
_ V/L‘Z 1 - 0 0
[am™] =] V= e : (13.30)
0 0 10
0 0 01

and it is obtained from the tensor (13.29) by reversing the sign of the relative velocity V,
that is, by putting V— — V. Thus, we may write
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ax™ my—1 m
S = TV = AR, (13.31)

It is easily shown, by direct multiplication of the matrices (13.29) and (13.30), that

AR =8, (13.32)

13.5 Velocity and Acceleration Vectors

In the special theory of relativity, the time differential d¢ is not a scalar invariant, and the
usual definition of the three-dimensional velocity

dx®
v = a (x=1,2,3), (13.33)

is less useful, since it does not behave as a vector with respect to the transformations from
one inertial system of reference to another. Therefore, we introduce a four-velocity, as a
contravariant vector

D _ dx”
ds ds
On the other hand, by definition, we have
ds? = gyp dx” dx™ = ¢ d® + gup dx® dxP
= c2dr® — dx? — dy? — d2?, (13.35)

u™ =

(m=0,1,2,3). (13.34)

and the square of the intensity of the three-dimensional velocity is given by

2 2 2
vzzdx +dyc +dz

o = —gup V" 1P, (13.36)
From (13.35) with (13.36), we obtain
B
ds* = ¢* dr® (1 - fz) =c*dr? (1 + ‘w) . (13.37)
C C
Substituting (13.37) into (13.34), we obtain
m
wr— Y 01,2,3). (13.38)

2
cdtw/l—Z—2

The temporal zeroth component of the four-velocity is then given by

W0 = , (13.39)

U= — (13.40)
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From (13.39) and (13.40) we conclude that the components of four-velocity are not
independent on each other, but satisfy the equality

dx™ dx"
umum = gmnumun = gmn—dsz =1, (13.41)

since we have
ds? = gy, dx™ dx". (13.42)

The four-acceleration of a particle is defined as a contravariant vector

B Du™ B du™

m =0,1,2,3 13.43
W ds ds (m ) ( )
Using here (13.38), we may write
1 du™
W — —ZdL, (13.44)
o /1-% t
C
or
m
wn— 1 : % ! : ddit. (13.45)
efi-5% -5
The temporal zeroth component of the four-acceleration is then given by
1 d 1
0 _ JE—
w = = d = (13.46)
and the three spatial components of the four-acceleration are given by
1 d v
w* = . (13.47)

-z %1%

From (13.41), we conclude that the vector of four-acceleration is always orthogonal to the
vector of four-velocity. This can be shown by differentiating (13.41) with respect to the
metric, that is,

m n

u
& (gmnumun) = 8mn ds u" +gmnum ds =0,
m du” du™
8mn u u" + 8nm Clli u™ = ngn%un =0, (13.48)

s
gmnw"u" = wput = 0.

Thus, the vectors w” and u" are indeed orthogonal to each other.






4

Relativistic Phenomena

14.1 Introduction

The principle of relativity gives rise to a major change in our understanding of space and
time. This change is reflected in a number of relativistic phenomena that contradict our
everyday experience. The main idea behind all of these phenomena is the claim that the
observers, in relative motion with respect to each other, have different perceptions of
space and time. The objective of this chapter is to provide a brief discussion of some of
the most important relativistic phenomena.

14.2 Time Dilatation

According to the principle of relativity, two identical clocks attached to two different
observers, in relative motion with respect to each other, tick at different rates and
consequently provide different results for the time interval between two given events. The
relativistic time dilatation is the observation that the measured time interval between two
events appears to have a minimum value in the inertial system in which the measuring
clock is atrest. That minimum time interval in the rest frame of the clock is usually referred
to as proper time interval.

In order to describe the phenomenon of time dilatation mathematically, we consider
two systems of reference denoted by K and K’, which move with respect to each other
along the common x-axis with some constant velocity V, as depicted in Figure 13.1.

The times in the two coordinate systems K and K’ are denoted by ¢ and ¢, respectively,
and we assume that the origins of the coordinate systems K and K’ coincide at a
synchronized time instant t =¢ = 0. Let us now attach a stationary clock to the origin of
the coordinate system K’, moving with constant velocity V with respect to the origin of the
coordinate system K, along the common x-axis. In the coordinate system K’ the stationary
clock ticks with the proper time period At =, — ;. On the other hand, when observed
from the coordinate system K, the same clock ticks with some other period At = t, — 1.

Next we choose the first tick of the moving clock to occur at the time instant ¢t = t' = 0
when the origins of the two coordinate systems K and K’ coincide, whereby we define the
first event (A) with coordinates

X' =1{0,0,0,0},  x{"={0,0,0,0}, (14.1)

in reference frames K and K’, respectively. As the second event (B), we choose the next tick
of the clock with coordinates
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X = {cAt, VAL 0,05,  x"=]cAr,0,0,0}, (14.2)

in reference frames K and K’, respectively. In the first of equations (14.2) we note
that in the coordinate system K, after the time period At the moving clock has the x-
coordinate VAt. By definition (13.6) the metric intervals between the events A and B are
given by

1/2
SAB = [CZAtZ - VZAtZ] , Shg = CAL, (14.3)

in reference frames K and K’, respectively. By the principle of relativity (13.18) we know
that the metric interval is invariant such that

V2
SAB = CAL[1 — =z = cAt = Sjp, (14.4)

At ,
At:—2>At, 0<V<e. (14.5)
- %

or

From the result (14.18) we readily see that the time interval At’ in the rest frame K’ is
smaller than the corresponding time interval measured in any other reference frame K
moving with relative speed V (0 < V < ¢) with respect to K’. Thereby we confirm that the
measured time interval between two given events indeed appears to have a minimum
value in the rest frame of the measuring clock.

For example, the result (14.18) implies that an Earth-bound observer (reference frame
K) would measure a considerably longer duration At of a trip taken by a very fast space
traveler (V ~ ¢) as compared to the duration of the same trip A’ measured by the clock
attached to the space traveler herself (reference frame K).

14.3 Length Contraction

Another interesting consequence of the principle of relativity is that the length of an object
does not have an absolute meaning. The length of an object depends on its motion with
respect to the coordinate system in which it is measured. The relativistic length contraction
is the observation that the length of a moving object, measured along the direction of
motion, appears to have a maximum value in the inertial system in which the object is
at rest. Such a maximum length in the rest frame of the object is usually called the proper
length of the object (lp).

In order to describe the phenomenon of length contraction mathematically, we again
consider the two systems of reference denoted by K and K’, as depicted in Figure 13.1.
The times in the two coordinate systems K and K’ are denoted by ¢ and ¢/, respectively,
and we once more assume that the origins of the coordinate systems K and K’ coincide
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at a synchronized time instant t = ¢’ = 0. Let us now place a thin object (a rod) of proper
length [y at rest along the x-axis of the coordinate system K, such that the first end of the
rod (A) is situated at the origin of K and the second end of the rod (B) is situated at the
spatial position x = Ax = [y in K.

As the first event (A) we now choose the passing of the origin of K’ by the first end of the
rod (A). This occurs when the two origins of K and K’ coincide, such that the coordinates
of that event are given by

X =1{0,0,0,0}, x" ={0,0,0,0}, (14.6)

in reference frames K and K’, respectively. As the second event (B), we choose the passing
of the origin of K’ by the second end of the rod (B). This occurs when the origin of K’ has
traveled the length of the rod [ (I # y) that we expect to measure in K'. The time At/, that
it takes to travel the length [ between the two ends of the rod with a constant velocity V, as
measured in K, is given by

At = é (AX' = 0), (14.7)

where we note that in K’ both events occur at the origin and the distance along the x-axis
between the events A and B is equal to zero. The time A¢, that it takes to travel the proper
length Ax = Iy between the two ends of the rod with a constant velocity V, as observed
from K, is given by

At = — = —. 14.8
T (14.8)

The coordinates of the second event (B) in reference frames K and K’, respectively, are
then
m ly
xg' = {cAt, Ax,0,0} = CV’IO’O’O , (14.9)
and
! l
xi" = {cAt,0,0,0) = {cv,o,o,o}. (14.10)
The metric intervals (13.6) between events A and B in reference frames K and K/,

respectively, are given by

2 e !
SAB = [czv_oz_zg} , s;\Bch, (14.11)

Since the metric interval is invariant, we have

Iy V2 l ,
SABZCV 1—6—2=CV=SAB, (14.12)
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V2
=1 l_c_2<lo’ 0<V<e (14.13)

From the result (14.13) we readily see that the proper length of the object [y in the rest
frame K is larger than the length [ measured in any other coordinate system K’ moving
moving with relative speed V (0 < V <c) with respect to K. Thereby we confirm that the
length of a moving object, measured along the direction of motion, indeed appears to have
a maximum value in the rest frame of the object. In other words, the result (14.13) implies
that a very fast spaceship (V ~ c¢) appears for an Earth-bound observer to be considerably
shorter (i.e., contracted) along the direction of motion.

or

14.4 Relativistic Addition of Velocities

Consider again the two systems of reference K and K’ depicted in Figure 13.1. Now we
assume that a point particle is moving with some arbitrary velocity v, (¢) along the x'-axis
of the coordinate system K’. The coordinate system K’ itself is moving along the x-axis of
the coordinate system K with some constant velocity V. In classical mechanics one would
expect that the two velocities V and v/, add to a resulting velocity vy observed from the
reference frame K, such that

vy =V + V. (14.14)

It is obvious that this result cannot be valid in the relativistic mechanics, since a very fast
object (v, ~ ¢) moving in the very fast coordinate system K’ (V' ~ ¢) would appear to move
faster than light in the reference frame K. In order to find the correct formula for relativistic
addition of velocities, we use the Lorentz transformations (13.27), where we note that V' is
constant, whereby

_dr' 4+ (V/cH)dx A +vdr

dt dx = —. (14.15)
H_1 [ _ 12
1-—- =z 1-— =
Then, by definition of velocity, we obtain
szgz dx' + vV dr _ (dx'/dt)y +V , (14.16)
dt  de'+ (V/edHdx 14 (V/e2)(dx'/dr)
or finally
L (14.17)

T 1+ (VO

which is the required relativistic formula for addition of velocities. For V << ¢, it is reduced
to the approximate classical formula (14.14), since in such a case (V - v/c?) can be
neglected compared to unity in the denominator of the formula (14.17). From (14.17) we
also note that the largest possible speed of the point particle remains the speed of light, in
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any inertial frame of reference. Even when both v, =c and V =g, the resulting velocity is
vy = c and does not exceed the speed of light.

14.5 The Twin Paradox

The phenomenon of time dilatation gave rise to an apparent paradox, known as the
twin paradox. Suppose that two twins Mary and Kate are separated in such a way that
Mary travels with a very fast spaceship (V' =0.98c¢) to a nearby star and returns after
At =10years according to a clock attached to herself and thereby to her ship (reference
frame K’). On the other hand, Kate remains on Earth (reference frame K) and according to
(14.18) measures the time of Mary’s trip to be

AY 10years
At = ~ = b0 years. (14.18)

N
C

If the two twins were 30 years old at the time of separation, upon her return Mary would
be 40 years old whereas Kate would be double that age, that is 80 years old. Even though
this outcome is very counter-intuitive and psychologically shocking for a layman, there is
really no paradox here at all. It is just an example of the effect of time dilatation. In other
words, it is simply the way nature really works according to the principle of relativity.

On the other hand, according to the principle of relativity, there is nothing special about
the system of reference K where Kate spent the time period Af, compared to the system
of reference K’ where Mary spent the time interval A¢'. Any inertial frame of reference
can be chosen as “stationary” such that every other inertial frame of reference is “moving”
with respect to it. Thus, at a first glance, it seems to be possible to claim the opposite to
the above description of the Mary’s trip. One could argue that it was not Mary traveling
with velocity V' = 0.98 ¢ with respect to “stationary” Kate, but it was instead Kate that was
traveling with velocity V = —0.98 ¢ with respect to “stationary” Mary. In such a case Kate
should be younger than Mary after the trip instead, since the sign of the relative velocity is
irrelevant in the analysis of the time dilatation phenomenon.

This situation gave rise to an apparent dilemma as to which of the two twins is older
after the trip. In the case of an even faster spaceship, the question might read, which of the
two twins is alive after the trip, given the normal age of the human beings. This apparent
dilemma was considered as a paradox by some early critics of the theory of relativity. The
detailed quantitative analysis of the above example of Mary and Kate, based on a specific
choice of trajectory of Mary’s spaceship, is not included here.

However, such a detailed quantitative analysis is really not needed to settle the issue,
at least in principle. It is sufficient to realize that it is not possible for Mary to travel to a
nearby star and return to Earth while staying in an inertial system of reference throughout
her entire journey.

The reciprocity between the two frames of reference K and K’, used in the above
description of the twin paradox, is only valid if both reference frames remain inertial
during the entire time between the two observed events (departure and return of Mary’s
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spaceship). This, in turn, requires that the two reference frames K and K’ are translated
with constant velocity V relative to each other throughout the entire journey. This require-
ment obviously cannot be satisfied by Mary if she is ever to return to Earth. Mary needs
to decelerate her ship, stop and then accelerate again in the opposite direction along the
same straight line. Alternatively, Mary could travel along a curved trajectory (e.g., a circle).
In both cases, the reference frame K’ does not remain inertial during the entire trip.

Thus, there is no reciprocity between the two frames of reference K and K’, and a
proper analysis of the problem at hand requires the application of the principles of the
general theory of relativity covered in the Chapter 18 of the present book. In conclusion,
as Kate remained in an inertial reference frame K between the two events (departure and
return of the Mary’s spaceship), she has indeed aged more than Mary in agreement with
the time dilatation effect described earlier.



15

Relativistic Dynamics

15.1 Lagrange Equations

Let us consider a free particle, that is, a particle that is not under the influence of
any forces. The equations describing the motion of this particle are obtained using the
variational principle. The action integral is defined by (11.4), that s,

Sp dx” Sp
I= / L (x", )ds = / L(x",u") ds, (15.1)
Sa ds Sa

where u" is the four-velocity of the particle. The equations of motion of the particle are
obtained using the variational principle, that is, the condition that the variation of the
action integral is equal to zero, §I =0. The Lagrange equations of motion of the particle
are given by (11.12) in the form

oL d oL
ox" ds \ou”

) =0 (n=0,1,2,3). (15.2)

Let us now define the form of the Lagrangian function for a free particle. Equations (15.2),
derived using the variational principle applied to the action integral (15.1), are equal in
all inertial systems of reference and the action integral is a scalar invariant with respect to
the Lorentz transformations (13.29). Thus, the Lagrange function L itself is also a scalar
invariant. Due to the homogeneity of the four-dimensional space-time in the inertial
frames of reference, the Lagrange function cannot be a function of space-time coordinates
x". Thus, we may write

L=Lw") (n=0,1,23). (15.3)
The only invariant which can be created using the four-velocity vector u" is given by
unt!" = g =1 (k,n=0,1,2,3). (15.4)

Thus, the action integral of a free particle is simply proportional to the arc length in the
four-dimensional space-time manifold, that is,

Sp Sp dxk dxn
I=— =— \ 8n—— ——ds, 15.
mc S, ds mc/SA 8in a5 ds ds (15.5)

where m is a mass parameter of the free particle. From (15.5) we see that the Lagrangian

function is given by the expression
L =—mc/genufur. (15.6)
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Using the Lagrangian (15.6) we may write

oL _ Rl [—mc (gkjukui)l/z]

au"  du”
= —%mc (gkjukLJ)—l/z (gknuk +gnjuj)' 15.7)

Using here gkjuk 1/ =1 and the symmetry of the metric tensor 8nj = &jn We obtain
oL 1 i

S =—§mc2gknuk=—mcgknu = —mcuy. (15.8)
Thus, we may write
d oL du,
_— = . 15.
ds ou™ me ds (15.9)
Using the Lagrangian (15.6) we may also write
Ly, (15.10)
axn
Substituting (15.9) and (15.10) into the Lagrange equations (15.2), we obtain
du, d
" _ - =0. 15.11
c s dS(mcun) 0 (15.11)
The equations of motion of a free particle are then given in the following form:
d n
w'="—0 (n=0,1,2,3). (15.12)
ds

From (15.12) we see that a free particle moves along a straight line with constant velocity.
Let us now investigate the non-relativistic limit of the action integral (15.5) when the
particles are moving with low velocities (v« c). If we substitute (13.37) into (15.5) we

obtain
15:] V2 15:]
I=-mc* / 1- —dr= / Lr (x*,v*)dt, (15.13)
17 c 17

where Lt is a Lagrangian defined with respect to the non-scalar time variable ¢, given by

2 v yB
Ly (@, 07) = —m*\[1- 5 = —me? 1+ B£5 0 (15.14)

In the non-relativistic limit of particles moving with low velocities (v « ¢), we may use the
approximation

-5 ~1- s (15.15)

Substituting (15.15) into (15.13) we obtain

B 1
sz (—mc2 +5m vz) dr. (15.16)
t,

A
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Thus, the non-relativistic approximation of the Lagrangian Lt can be written as follows:
1
L (x%,v*) ~ Emv2 —mdc2. (15.17)

As the non-relativistic Lagrangian is defined up to an arbitrary additive constant, the
second term in (15.17) does not contribute to the non-relativistic equations of motion and
can be dropped in the non-relativistic applications. Its physical significance in the special
theory of relativity will be discussed later in this chapter. Thus, the action integral (15.5)
has the proper non-relativistic limit.

15.2 Energy-Momentum Vector
15.2.1 Introduction and Definitions

In the non-relativistic mechanics there is a number of constants of motion. These include
the energy and the momentum of the particle. The objective of this section is to define the
energy and the momentum of a particle in the framework of the special theory of relativity.
Let us start with the action integral (15.13), in the form

5]
1= / Lt (x“, v"‘) dr. (15.18)
15

A
The Lagrange equations of motion of a particle , analogous to (11.12), defined in terms of
the Lagrangian Lt with the non-scalar time variable ¢ as the parameter, are given by

oLt d /oLy
v _ 4 (kT _ —1,2,3). 15.1
ax* dr (31)0‘) 0 (@ 3) (15.19)

Let us now calculate the total time derivative of the Lagrangian Lt as follows:
dLr _ oLy dx* oLy dv*
dr — ax* dr v dr
Using here the equations of motion (15.19) and the definition of the three-dimensional
velocity (13.33), we obtain

(15.20)

dLr d /oLt , OLrdv® . d /oLy
o a@ (W) e w T @ (m””)- (15.21)
The result (15.21) can be rewritten in the form
d /oLy
— [ —v* -L =0. 15.22
dr ( v T) (15.22)
Thus, the quantity
£ = aL—Tv"‘ — Lt = Constant (15.23)
v

is a constant of motion. The quantity (15.23) can be recognized from the non-relativistic
mechanics as the total energy of the particle. Let us also define the momentum p“,
conjugate to the coordinate x*, as follows:
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oLt
v

of aL_T = = aLT
ovp

= P=-8 v

ﬁ:

where
("} =1{pwpy.pz}, {po} ={-pPx —py —pz}
Substituting (15.24) into (15.23) we obtain
E=—pgV” —Lyr=—gupp"V —Lr=p-v—Lr.
Using the definition (15.14) of the Lagrangian Lt, we can calculate
po = —?)L—Ug = m&% <1+g“5:—;ﬁ)1/2,
or

—-1/2
1 gup v’ VP 1 9 p
pa:mczz (1+C—2 C—zgvﬂ 37 (UVU )

Using the symmetry of the metric tensor g,4 = gg,, we obtain

1 TR AN
Po =M 5 (1 + gvﬁcz ) Zgaﬂyﬂ'

Using v, = gup VP, we finally obtain

(15.24)

(15.25)

(15.26)

(15.27)

(15.28)

(15.29)

(15.30)

Substituting (15.30) and (15.14) into (15.26), we obtain the total energy of the particle as

follows:
M vy V? V2 mv? V2
E=———=—=+mc*|1- 5 = +m 11— —
_ 2 c V2 c
=z -z
mc>  m (¢ —17) ) v2
= - +m ¢ -
1= 2 _ 4
2 2
2 2 2 2
m c v mc
= -m AJl-—+m 21— =

1%
v? c? cz 2
i i

Thus, the total energy of the particle is given by
mc?

f1- 2
2

The particle at rest with v = 0 has the so-called rest energy & given by

E =

E = mc?.

(15.31)

(15.32)

(15.33)
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The kinetic energy of the particle is obtained if the rest energy (15.33) is subtracted from
the total energy (15.32). Thus, we obtain

1
gK:e‘—so:ch( - —1). (15.34)
1-5%
C

For the particles moving with low velocities (v « ¢), we may write
! ~1+ v (15.35)
- 2¢% ‘
CZ

Substituting (15.35) into (15.34) we obtain

1
Ek = > 2. (15.36)

In the same approximation (v < c), the components of the momentum of the particle are
given by

P = mit. (15.37)

The approximate results (15.36) and (15.37) are the well-known non-relativistic expres-
sions for the kinetic energy and the momentum of a moving particle, respectively.

15.2.2 Transformations of Energy-Momentum

The results for the momentum of the free particle (15.30) and the energy of the free particle
(15.32) were derived from the Lagrangian L7, defined with respect to the non-scalar time
variable f, in a non-covariant way. Now we want to define the energy and momentum as
the constants of motion using the covariant Lagrangian L given by (15.6). In analogy with
the definitions (15.24), we now define the energy-momentum four-vector p,, with following
covariant and contravariant components:

oL " L n
— =mcu, = = — =mcu 15.38
oun " P oup ( :

Pn =

From (15.11) we see that the four components of the energy-momentum of a free particle
satisfy the equations

dp”

ds
Thus, for a free particle the four components of the energy-momentum four-vector
are conserved. Using here (13.39), we obtain the temporal zeroth component of the
energy-momentum vector, which is proportional to the energy £ of the particle, in
the form

=0 (n=0,1,2,3). (15.39)

) (15.40)



116 TENSORS, RELATIVITY, AND COSMOLOGY

where the energy of the particle is given by (15.32). Furthermore, using (13.40), we obtain
the three spatial components of the energy-momentum four-vector, which are equal to
the components of the three-dimensional momentum of the particle p* given by (15.30),
that is,

p*=mcu® = . (15.41)

From the results (15.40) and (15.41), we see that the energy and momentum of a particle
are not two independent quantities as in the non-relativistic mechanics. In the relativistic
mechanics they are components of the same four-vector. It should be noted that the
constant of motion analogous to the non-relativistic result (15.23), is identically equal
to zero

oL

ou"
The energy-momentum vector as a four-vector, transforms with respect to the transforma-
tions from one inertial system of reference to another, according to the transformation law

u'"—L=—-ppu" —L=0. (15.42)

p* = Akpm, (15.43)

where pf are the components of the energy-momentum tensor in the inertial system of
reference K, while p’* are the components of the energy-momentum tensor in the inertial
system of reference K’ moving along the common x-axis with a velocity V with respect to
K. Using here the explicit form of the tensor AX given by (13.29), we obtain

]' ! /
E= — (& +Vpy),
Tz
1 v
Px = T (px + C_2€/> ) (15.44)
i
Py =P},
pz =P
Using (15.38) with (13.41) we obtain
P pn = m? ¢ uu, = m?c?. (15.45)
From (15.45) we may write
52
=z + PP = m2c?. (15.46)

From the results (15.25) for the components of the three-dimensional momentum vector,
we may write

PPy = PP’ = —p-p=-p*. (15.47)
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Substituting (15.47) into (15.46), we obtain

— —p°=mc. (15.48)

The relation between the energy and the three-dimensional momentum of a particle then

becomes
E = ¢ /p* + m2c. (15.49)

The function (15.49) is usually called the Hamiltonian of the particle and it is denoted by
H. Thus, we may write

H= c\/p2 +m2c? = \/pzcz + m2ct, (15.50)

being the most usual definition of the Hamiltonian of a particle.

15.2.3 Conservation of Energy-Momentum

The conservation law of the momentum of a particle is a consequence of the homogeneity
of space and the conservation law of the energy of a particle is a consequence of the
homogeneity of time. Due to the homogeneity of space-time, the mechanical properties
of a free particle remain unchanged after the translation of a particle from a point with
coordinates x” to a point with coordinates x" 4+ A", where A" is an infinitesimally small
constant four-vector. Thus, the Lagrange function must be invariant with respect to this
translation and its variation must be zero. Therefore, we may write

oL oL
S k _ )Lk

8L = —- =—21"=0. 15.51
axk axk ( )
Using here the equations of motion (15.2) we obtain
d[oL]
L= —|— A" =0. 15.52
ds [ ouk } ( )

Since A" is a non-zero infinitesimal four-vector, the expression (15.52) gives

d [ oL
——|—=|=0. 15.53
ds [auk} ( )
Using now (15.38) we obtain
d dL B du;, B dpn B
The expression (15.54) then gives
dp" 1 dp"

=0 = p" = Constant. (15.55)

ds C/l_‘c/_zz dt
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Thus, we obtain the three-dimensional momentum conservation law

dp -

d—’z —0 = j = Constant, (15.56)
and the energy conservation law

de

T 0 = & = Constant. (15.57)

15.3 Angular Momentum Tensor
In the relativistic mechanics the angular momentum tensor is defined by the expression
My = Xnpr — Xkpn (k,n=0,1,2,3). (15.58)

Only the spatial components of the angular momentum tensor with (k,n=1, 2,3) have a
physical meaning and coincide with the usual definition of the angular momentum in the
non-relativistic mechanics. In the non-relativistic mechanics it is customary to form an
axial three-dimensional angular momentum vector

1
M’ = ze”fﬂ-“Ma,fj =e"Pxypp (@,=1,2,3) (15.59)

or in the classical vector notation
1 2 3
M = X1 X2 X3 =7‘><}_5. (15.60)
p1 p2 p3

The conservation law of the angular momentum tensor (15.58) is a consequence of
the isotropic nature of the four-dimensional space-time. The three-dimensional angular
momentum conservation law is a consequence of the isotropic nature of the three-
dimensional space. Due to the isotropic nature of the four-dimensional space-time,
the mechanical properties of a free particle remain unchanged after rotations in the
four-dimensional space-time. Let us consider the special case of a rotation for some
angle 6 about the 3-axis in the three-dimensional space. Then the relation between the
coordinates z™ in the rotated inertial system of reference K’ and the coordinates x* in the
original inertial system of reference K is given by

Z'=Qfx (jn=0,123). (15.61)

Using (5.40) we may rewrite (15.61) in the matrix form

2 1 0 0 07[x°
1 : .
z 0 cosf sinf 0 X
z2 | | 0 —siné cosé 0 2 | (15.62)
z3 0 0 0 1 3

If we now consider the rotation for some infinitesimal angle 66 ~ 0, then we have

cosdh ~ 1, sinédo ~ 6. (15.63)
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Substituting (15.63) into (15.62) we obtain

20 1 0 00 X
1 1
z 0 1 800 ||«
2|7]10-80 10 2 | (15.64)
23 0 0 01 x3
or
2 =x" 4 8Q ] = x" + 8Q"* g = x" + 5Q"xy, (15.65)

where (SQ]’? is a mixed tensor defined by the following antisymmetric matrix:

(=]

~d
>
oS oo o

[m}l] - ; (15.66)

(=R i)

0
0
-6
0

o o

Using here (13.9) and (13.12), we obtain the covariant coordinates x; of the four-
dimensional space-time in matrix form

1 0 0 0 x° x°
; 0-10 0 x! —x!

=l [¥]=| 0 o -1 o || 2|=] | (15.67)
00 0 -1 x3 —x3

We can also calculate the components of the antisymmetric contravariant tensor §"* in
matrix form as follows:

[s027] =[] [s27], (15.68)
or
10 0 07[0 0 00
p*]=15 70 5 o || o 00 (15.69
00 0 -1/|0 0 00

Thus, we finally obtain the matrix form of the antisymmetric contravariant tensor §Q2" as
follows:

o o

0

[59"’“] - (15.70)

(=R )
~d
>
oo oo

0
-4
0
0

(=]

For an arbitrary infinitesimal rotation, the contravariant tensor §Q"* has a more complex
form compared to the simple matrix (15.70), but it is always an antisymmetric tensor.
Thus, we always have

sQ"F — _sQk" (k,n=0,1,2,3), (15.71)

and the most general infinitesimal rotation of the coordinates is given by the following
transformation relations:
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2V =x"+8x", 8x" = 5Q%xy. (15.72)
The most general infinitesimal rotation of four-velocity vector is given by the following
transformation relations:

U =u' +su”, Su' = sy, (15.73)
The Lagrange function of a particle L(x", ™) must be invariant with respect to this

infinitesimal rotation, that is, we must have §L =0. Let us now calculate the variation of
the Lagrangian L with respect to the infinitesimal rotations (15.72) and (15.73), that is,

oL oL
SL = X"+ —su" =0, (15.74)
axn aun
or
L L
SL = aa _5Q" x + ;—SQ”kuk =0. (15.75)
Substituting the equations of motion (15.2) into (15.75) we obtain
d /oL oL
8L = 8Q"F | — =0. 15.76
[ds(au”) k+8 n it ] ( )

Using the definition of the energy-momentum four-vector (15.38) and the definition of the
four-velocity (13.34), we obtain

dpn dxy

SL = —(ssz”’“[ g5 St P } __d (6Q”kpnxk) =0. (15.77)

T ds

Using here the antisymmetry of the tensor Q" (15.77) becomes
1 oo d 1AM
SL = —2852 & (PnXr — prxn) = 2852 I

From (15.78), as a direct consequence of the isotropic nature of the space-time, we obtain
the conservation law of the angular momentum tensor, that is,

dMy dM,,;.
s 07
The spatial part of this conservation law for (n, k = 1, 2, 3), that is,

=0. (15.78)

=0 = M, = Constant (15.79)

M’ = e"*Px,ps = Constant (15.80)

is the usual conservation law of the three-dimensional angular momentum vector.
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Electromagnetic Fields

16.1 Electromagnetic Field Tensor
The electromagnetic field in the four-dimensional space-time is described by a four-vector
A" = AM (x5, (16.1)

which is called the potential of the electromagnetic field. The temporal component of this

four-vector is defined by
[ACa)

A° = , (16.2)
C

where v (x*) is the electric scalar potential. The three spatial components of this four-
vector

A% = A*(x9), (16.3)
constitute the so called magnetic vector potential. Thus, we may write
A = {%W;Ax’Ay’Az}
An = guA* = {%w —As, Ay, —Az} : (16.4)
The action for a particle with mass m and charge g moving in the electromagnetic field

defined by A”(x*) is then given by
[=1Is+1Io, (16.5)

where I is the action for a free particle given by

Sp
Is = —mc/ / etk unt ds, (16.6)
s, 8kn

and I is the action describing the interaction of the charged particle with the electro-
magnetic field defined by the four-vector A”(x¥). The simplest invariant action that can
be constructed using four-vectors A” (x*) and 1", describing the electromagnetic field and
the motion of the particle respectively, is given by

Sp Sp
Ip= —q/ gmAfu ds=—q |  Anu'ds. (16.7)
Sa Sa

Substituting (16.6) and (16.7) into (16.5) we obtain

SB
I= —/ (mc,/gknuku” + qAnu”) ds. (16.8)
S

A
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The Lagrangian of the charged particle moving in the electromagnetic field defined by
A"™(x*) is then given by
L =—-mc/guku — gApu”. (16.9)

oL 0A,

Using (16.9) we obtain

o8 _ g% 16.10
axk 9 axk “ ( )
and
d /oL d
a(ﬁ> =~ (mew+ gA) (16.11)
Substituting (16.10) and (16.11) into the Lagrange equations (15.2) gives
d 0A
R (mcug + gAy) = qaxZ u®, (16.12)
or
duy 0An  0Ar\ ,
K _ i —_ . 16.13
¢ gs ( oxk  axn ) ( )
In (16.13) we define the covariant electromagnetic field tensor Fy,, as follows:
0A 0A
Fip = WZ - WS — 0cAn — Ay (16.14)

By definition (16.14), the covariant electromagnetic field tensor Fy, is an antisymmetric
tensor and it satisfies

Fin=—Fu (k,n=0,1,2,3). (16.15)

Substituting (16.14) into (16.13) we obtain the equations of motion of a charged particle in
the electromagnetic field
duk

mc — = qF,u". 16.16
ds qLin ( )

Using the definition of four-momentum p; = mc uy in (16.16) we may write

% — GFu". (16.17)

Let us now demonstrate that the three spatial equations (16.17) in the three-
dimensional vector notation are equal to the well-known expression for the Lorentz force.
Equation (16.17) for the three spatial components (¢ = 1, 2, 3) has the form

d(fsa = G Fynt" = qFyotl® + qFopuP. (16.18)
Using (13.37), (13.39), and (13.40) here, we obtain
e _ e Fuy+ g Fupt?. (16.19)

dt
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We then define the three-dimensional electric field vector denoted by E, and the three-
dimensional magnetic induction vector denoted by B”, as follows:

E, E“
FO(O = _0‘, FO(O =
C C
Foup = —eqpuB’,  F*P = —¢"P'B, (16.20)
where
{Ea} = {Ex;Ey;Ez} ) {Eot} = {_E.X,'r _Eyr _EZ} (1621)

{Ba} = {BX)By)BZ} ) {BO(} = {_B.X,'r _By; _BZ}
Substituting (16.20) into (16.19) we obtain

dpa

dr
Using here py = {—px, —py, —pz}, v* = {vx, vy, v} and the expressions (16.21) for the com-
ponents of the vectors E and B, (16.22) gives

= qEy — qeup VP B, (16.22)

d
—% = —qEyx — q (v,B. — v.B))
dpy _ E B B 16.23
_E—_Qy_CI(Vz v — UxBz) (16.23)
d

Thus, we obtain the familiar expression for the Lorentz force in the three-dimensional
vector notation, as follows:

-

% =qgE+qv xB. (16.24)

Using the definitions (16.20), the covariant electromagnetic field tensor Fj, can be
written in the following matrix form:

0 Ex/c Ey/c Ez/c
—Ex/c 0 —-B; By

[Finl=| _5)c B, o -B, (16.25)
—E;jc —B, By 0
The mixed electromagnetic field tensor F¥ is given by
Fy=g9Fn (i kn=0,123). (16.26)

and it can be written in the following matrix form:

0 Ex/c Ey/c E;/c

k| _ kj 1 Ex/() 0 Bz —By

][t | Bl 5 B
E;/c By —-Bx 0
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The contravariant electormagnetic field tensor F*" is given by
Fkn = ghipyghn — FFgln (j,k,1,n=10,1,2,3) (16.28)
and it can be written in the following matrix :
0 —Ex/c —Ey/c —E;/c

[F ]m]:[sz] [g’"]: E’;;z lgz _fz _ng (16.29)

E./c —B, B 0

As the next step, let us now calculate the electric field vector E in terms of the potentials of
the electromagnetic field (16.1). By definition (16.14) of the tensor Fy,,, we have

0Ap 0Ay
Ey, =cFy = — - — . 16.30
Cruo=¢ (axa on) (1630
Using now ¢ = ¢ Ag and x° = ¢t we obtain
W Ay
g, =Y _ % 16.31
“Tox ot (1631
or
Y A o« 0AY
E* =g — — = (grady)® — —. 16.32
g axP  at (rady) at ( )

The contravariant components of the four-dimensional gradient of a scalar function  are
given by

moy Jloy
" = 1o —gadey, —grad,y, —grad.y (16.33)

Using (16.33) for (¢« = 1,2,3), we obtain the relation between the electric field vector
E and the potentials of the electromagnetic field (16.1), in the three-dimensional vector
notation

. oA
E= arrie grad . (16.34)

Let us now calculate the magnetic induction vector B in terms of the potentials of the
electromagnetic field (16.1). By definition (16.14) of the tensor Fy,,, we have

Fop = dalp — dpAq = (sgsf - sgs;) o Ar =

/ (16.35)
eyape’’ T 0o Ar = €ypre" T 0sAr = —eypy B’
where we have used the identity (10.45) in the form
Crape”"" = 5585 — 855%, (16.36)

From (16.35) we obtain

B’ = —e"7 "9, A;. (16.37)
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Using (16.37) and the definition of the curl of the vector A, we may write

[9(—Ay)  d(=A)]  9A, 0A -
By = — (4 3(=4y) =2 _ "7 _curlA
ay 0z | ay 0z
[a(—A 9(—=Az) ] 0A 0A, -
B, =-— (A _3CA) | _ 0Ac £ = curl,A
0z ax | 0z ax
[9(—A a(=Ay)] 0A 0A -
B—_ |04 3CAIT_ My 0Ar g (16.38)
ax ay | ax ay

Equations (16.38) written in the three-dimensional vector notation give
B = curlA. (16.39)

The result (16.39) is the familiar relation between the magnetic induction vector B and the
magnetic vector potential of the electromagnetic field (16.3).
The temporal zeroth component of (16.16) gives

duo

2 o

—_ = Fo,u”, 16.40
mc 5 qcroqUi ( )

or

d (—mcz ) d (—mcz mcz) q ¢ Fou” (16.41)
R = — — = O . .
de \ /; _ z_j de\ /5 _ z_;

From (16.20) we see that ¢ Fo,v* = E. 7. Thus, we finally obtain

ddif =qgE 7. (16.42)
Equation (16.42) is the statement that the change of the kinetic energy £x of a charged
particle in the electromagnetic field is equal to the work done by the electric field E. The
work done by the magnetic field is identically equal to zero, since the force of the magnetic
field g x B is always perpendicular to the direction of the velocity .

16.2 Gauge Invariance

From the result (16.24) we see that, by measurements of the forces acting on a charged
particle in the electromagnetic field, we can measure the components of the three-
dimensional electric field vector E and the three-dimensional magnetic induction vec-
tor B. Thus, the components of the electromagnetic field tensor are observable physical
quantities which are uniquely defined. On the other hand, the components of the poten-
tial of the electromagnetic field (16.1) are not uniquely defined. From the definition of the
electromagnetic field tensor (16.14) we see that its components are invariant with respect
to the gauge transformations of the potential of the electromagnetic field

: 3
A, = Ap + —¢, (16.43)
axn
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where ¢ is an arbitrary scalar function. Substituting (16.43) into (16.14), we obtain

- A,  0A, A, A
B %n _%n %% _p 16.44
kn= 5%k T axn T axk  oxn L kn (1649

Thus, we need to impose an additional condition on the components of the potential of
the electromagnetic field in order to make it more precisely defined. Such condition is
usually called the gauge condition or simply the gauge of the theory. In the relativistic
electrodynamics the most commonly used gauge is the Lorentz gauge which requires that
the components of the potential of the electromagnetic field satisfy the equation

dAn A" JAD  BA“ 1 oy

When the Lorentz gauge (16.45) is adopted, then using (16.43) we obtain

9A 9A 92
Lk L ¢ ) (16.46)
0Xp 0Xp 0X,0x"

As both potentials A(x*) and A(x) satisfy the Lorentz condition (16.45), the arbitrary
function ¢ (x*) must satisfy the wave equation of the form

_ 0% — v?2 _i82_¢:
3x,0x" c2 91?2

(16.47)

Thus, ¢ (xX) is no longer an arbitrary scalar function but a solution to the wave equation
(16.47). It should be noted here that, even when we impose the Lorentz condition (16.45),
the components of the potential of the electromagnetic field are still not uniquely defined
and only the class of the allowed gauge transformations (16.43) is significantly reduced.

16.3 Lorentz Transformations and Invariants

The potential of the electromagnetic field A¥, as a four-vector, transforms with respect
to the transformations from one inertial system of reference to another according to the
transformation law

AR = ARKA™ (k,n=0,1,2,3), (16.48)

where A¥ are the components of the energy-momentum tensor in the inertial system of
reference K, while A”* are the components of the energy-momentum tensor in the inertial
system of reference K’ moving along the common x-axis with a velocity V with respect
to K. Using here the explicit form of the tensor A’,cl given by (13.29), we obtain

V= — (v +VA,),
A
1 |4
Ag = (A; + —21//) , (16.49)
1-Z ¢
c2
Ay =4,
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The transversal components of the vector A remain unchanged and only the longitudinal
component is impacted by the transformation from the inertial system of reference K to
the inertial system of reference K’, moving along the common x-axis with a velocity V with
respect to K.

The electromagnetic field tensor Fy,, transforms from one inertial system of reference
to another, according to the law

Fy=AfA}F, (ikLn=0,1,23), (16.50)

where Fj; are the components of the energy-momentum tensor in the inertial system
of reference K while F,  are the components of the energy-momentum tensor in the
inertial system of reference K’ moving along the common x-axis with a velocity V
with respect to K. Using here the explicit form of the tensor AX given by (13.29), we
obtain

Foi = AGATF, = AJA{Fy; + AgAYF,

Fop = AGALF, = AJASFy, + AGASF,,

— Ak —_ A0A3 1,3
Fos = AEARF, = ASASF), + AJASF,,,

3% kn
(16.51)
Fas = ASASFy, = A3 ASFy,,
Fs1 = ASATF, = AJALF;, + AJAQF,,
Fia = AYAZF, = AJASF), + AJASFg,.
Introducing here the notation
_ 1 Z(1 ) 2 1 16.52
Yy = T =V —=Z)=b (16.52)
c2
we may write
|4
AJ=A} =y, A(l):A(l):?y, AS=A3=1 (16.53)
Substituting (16.53) into (16.51), we obtain
2
For = y? (1 - ‘c/_z)F(/n = Fop»
Foo = yF, + Ly Fjy,
F03 = VF63 + %VFigy
(16.54)

Fo3 = Fys,
— / v /
Fs3 = VFgl + ?VFg()’

Frp = ]/Fiz + %VF(/)Z‘
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Using now the explicit form of the tensor Fj, given by (16.25), we have

Ec=E,
Ey =y (B~ VB.,),
Bi i B,<E; v ) (16.55)

Thus, we finally obtain the transformation laws for the three-dimensional electric field
vector E and the three-dimensional magnetic induction vector B in the form

E, - VB, E,+VB,
Ex=E, E=-2—2F E="——"2 (16.56)
1- 1- ¥
c? c?
B/ KE/ B. — ZE/
By=B, By=-2Y—¢% B -=—_¢cY (16.57)
1-Z 1- %
C C

The longitudinal components of the vectors E and B remain unchanged and only the
transversal components are impacted by the transformation from the inertial system of
reference K to the inertial system of reference K’, moving along the common x-axis with a
velocity V with respect to K.

In order to find the invariants of the electromagnetic field, following the discussion
leading to (7.5), we form the secular equation for the electromagnetic field tensor in the
form

det(FF — 155 =0, (16.58)

where % is by definition a scalar invariant. Using here (16.27) and introducing for simplicity
avector é = E/c, we obtain

—A  ex ey e;
ex —A B; —-B)
ey —B; —\ By
ez By —Bx -\

=0. (16.59)

Expanding the expression (16.59) and adding together the terms of the same order in the
scalar parameter A, we obtain

—3[~% (32 + BZ) = Bz (AB: — BBy) — By (B:By + 1B) |
— ey [ex <A2 + BJZC) — B. (—tey — Bre;) — By (—eyBy + Aez)]

+ ey [ex (\B; — BxBy) + A (—Ley, — Bre;) — By (eyBy + e.B;)]
— ez [ex (B:Bx + ABy) + A (—eyBy + rez) + B: (eyBy + €:B;)| =0 (16.60)
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or
4 22 22 2n2
3* + 32B% + A*B2 — AByByB; + ?B% + ABxBy B,
— 3262 — e2B% — reveyB, — exBye;B; — exByxeyBy + LexBye,
+ hexeyB; — exByeyB, — AzeJZ, — AByeye; — eJZ,BJZ, —eyBye;B;
— exBye:B; — AexBye; + ABxeye; — z%e2 — e,Bye;B; — e2B% = 0. (16.61)
After regrouping and cancellation of all terms equal in magnitude but with opposite signs,

we obtain

At a2 (BJZC +B+ B —e; — € — eﬁ) - (ejch)zC + e8]

y
+e2B2 + 2e:BceyBy + 2exBre:B; + 2¢yBye;B; ) = 0. (16.62)
In the three-dimensional vector notation (16.62) becomes
-\ 2
At a2 <32 - ez) - (é . B) —0. (16.63)
Using here é = E/c, we obtain
2\ (E-B\
A2 (32 - —2) - (—) =0. (16.64)
C c

Equation (16.64) can also be written in terms of the electromagnetic field tensor Fj, as
follows:

1 1 2
A4 a2 (EF,C”F'C”> - (ge/'d”ijFln> =0. (16.65)

Since A is an invariant absolute scalar, the quantity

2

1 E
szan" =B - — = Invariant (16.66)

is an absolute invariant of the electromagnetic field. The quantity
E-B

1.
ge’kl"ijFln == = relative invariant (16.67)

is arelative invariant, since B = curlA is a relative axial vector. However, from (16.65) we see
that the square of the quantity (16.67) is also an absolute invariant of the electromagnetic
field. These are the only two scalar invariants that can be constructed using the electro-
magnetic field tensor Fy,.






17

Electromagnetic Field Equations

17.1 Electromagnetic Current Vector

Let us consider a system consisting of a number of charged particles moving in an
electromagnetic field specified by the electromagnetic potential four-vector

Ap = A, (k,n=0,1,2,3). (17.1)

the electromagnetic field is a sum of terms (16.7), given by

Sp
=-> qM/ Ay dx", (17.2)
M $a

where M is just a label for the Mth particle and not a tensor index. An explicit summation
sign is therefore required in (17.2). In the electromagnetic field theory it is usually assumed
that there is a continuous distribution of charges in the three-dimensional space, with the
charge density defined by
dg

= v’ (17.3)
where the differential dV is an infinitesimal volume element of the three-dimensional
space. In such a case (17.2) can be written as follows:

n 0
/ odV / dx dx (17.4)
Sa
Let us now introduce the four-dimensional volume element, defined by the expression
dQ = dx®dV = dx? dx! dx* dx®. (17.5)

Since the four-dimensional space in the special theory of relativity is a pseudo-Euclidean
space, the four-dimensional volume element (17.5) is a scalar invariant. Substituting (17.5)
into (17.4), we obtain

1 dx”
Ip=—- A Q. 17.

Since the action integral (17.6) and the four-dimensional volume element (17.5) are both
scalar invariants and Ay, is a covariant four-vector, the system defined by

M=o 17.7)

dr’
is a contravariant four-vector called the electromagnetic current vector. The temporal
component of the four-vector (17.7) is proportional to the charge density o and is given
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by
1’ =co. (17.8)

The spatial components of the four-vector (17.7) constitute a three-dimensional current
density vector. It is the flux of the charge g through the element of the surface IT that
surrounds the volume domain V of the three-dimensional space in which the charges are
distributed.
d3q

~dnde’
The components of the electromagnetic current vector can therefore be structured in the
form

J* =ov” (17.9)

]n = {CU;]X’]y’]Z} ’

Jn = uJ* = {co, —Jx, — Ty, —Jz} - (17.10)
Substituting (17.7) into (17.6) we obtain

1 1
Ip=—- /Q]"A,, de = E/QLstz, Lo=—]"An, (17.11)

where L is the interaction Lagrangian density. Due to the electric-charge conservation
law, the charge density o and the current density J satisfy the continuity equation.
According to the electric-charge conservation law, the negative increment of the electric
charge g within a three-dimensional volume V is equal to the total flux of electric charges
through the boundary surface IT of the volume V in the unit of time. Thus, in the three-
dimensional vector notation, we may write

d 5 .o
—a/;/adefl_I]-dH. (17.12)

Using here the three-dimensional Gauss theorem and regrouping, we obtain
3 -
/ (—" + div]) dv =o. (17.13)
v \ ot
From (17.14), we obtain the differential continuity equation in the form
i)_‘; +div = 0. (17.14)

In the tensor notation, the result (17.14) becomes

n
i =0 (n=0,12,3). (17.15)
ax"
The continuity equation (17.15) is therefore related to the conservation law of the total

charge in the entire system, defined by

q:/vadV:%/V]OdV, (17.16)
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where V is the entire available volume of the system. Since there is no flux of electric
charges through the boundary surface IT of the volume V of the entire system, the surface
integral in (17.12) vanishes and we see that the time derivative of the quantity (17.16) is
equal to zero.

17.2 Maxwell Equations

The objective of the present section is to derive the differential equations satisfied by the
electromagnetic field tensor and its components. From the definition of the electromag-
netic field tensor (16.14), that s,

0A,  0Ag

we see that it satisfies the cyclic equation

Fin

0iFkn + OnFjk + 0k Fnj = 9j0kAn — 9j0nAg

(17.18)
+0n0jAx — OndkA;j + 0k dnA;j — 9k djAn =0
Thus, the first differential equation satisfied by the electromagnetic field tensor is
oF dF; oF,;
Wien | O7jk . (17.19)

ax/  9x" - axk
When all three indices j, k and n are equal to each other (j=k=mn), (17.19) is a trivial
identity since Fy, =0 for k=n. When two of the indices j, k and n are equal to each
other (j=k or j=n or k=n), (17.19) is also a trivial identity due to the antisymmetry of
the electromagnetic field tensor Fy,, = —Fy;. The only equations of interest are the four
equations obtained for j # k # n. Thus, we may write

dFp | dFy | 0F12

ax2 axl ax0

0Fp1  0dF3 0Fi3

’

ax3  axl ax0 0. (17.20)
0Fp 0F3 0Fs3 —0
ax3  axz o ax0 ’
oF12, 0F3 0Fs3 _o.

ax3 ax2 ox!
Using here the components of the covariant electromagnetic field tensor (16.25), we
obtain
0Ey 9E, 0B,
ay ax ar

:0,

dEx 9E, 0B
i 2y Y, (17.21)

0z 0x * ar
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9E, 0E, 0B

9z oy | or

’

0B, 9By 9By
0z ay ax

In the three-dimensional vector notation the result (17.21) gives the first pair of Maxwell
equations, that is,

. 9B .
curlE + rThn 0, divB = 0. (17.22)

Thus, (17.19) is the four-dimensional form of the first pair of Maxwell equations.

In order to derive the second pair of Maxwell equations we need to define the action
of the electromagnetic field. The total action for a system consisting of a continuous
distribution of charged particles in the electromagnetic field is given by

I=1Is+1g+1IF, (17.23)

where Is is the action for the free particle distribution that does not include the elec-
tromagnetic fields or potentials. Its explicit form is therefore not needed in the present
section. The term Iy is the action describing the interaction of the charge distribution
with the electromagnetic field and it is given by (17.11). The term I is the action of the
free electromagnetic field which is an integral of an invariant scalar function called the
Lagrangian density Lr over the entire three-dimensional volume V in the time interval
[ta, tg]. Thus, the action of the electromagnetic field is of the form

17:] 1
Iy = / L (An, 8pAyn) dV dt = = / L (An, 8pAn) dS. (17.24)
V /ity cJq

The invariant Lagrangian density function £r cannot depend on the potentials A, as
they are not uniquely defined. It may only depend on the space-time derivatives of the
potentials d;A;, or in other words on the electromagnetic field tensor Fy,. Thus, we may
write

Ip = l/ Lr (0pAp) dQ = 1/ LF (Fiyp) dS2. (17.25)
cJao cJa

Furthermore, due to the linearity of the electromagnetic field equations, the invariant
Lagrangian density function £r must be at most a quadratic function of the electromag-
netic field tensor. The only field invariant that satisfies this condition is given by (16.66).
The invariant Lagrangian density Lr is therefore given by

_ «E* B

- —. (17.26)
2 2p0

1
L (Fgy) = ——F " Fy,
4po

The invariant (16.66) can be multiplied by an arbitrary constant and we have chosen
this constant to be equal to (—2u0)~! in order to secure the correct physical dimensions.
In (17.26) the quantities po and ¢y = (uocz)_1 are the vacuum magnetic permeabil-
ity and the vacuum electric permittivity, respectively. Substituting (17.26) into (17.25)
we obtain
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1 B (egE>?  B?
Iy = — f Fkrp. dQ = / f (e" - —) dv dr. (17.27)
dcpo Jo vt 2 210

Substituting (17.11) and (17.27) into (17.23) we obtain the total action of the system in the
form

1 1 1
I=1Is— —/ wol Ay + ~F*F, ) do = -/ £de. (17.28)
Cuo Jo 4 cJa

During the derivation of the equations of motion of a charged particle in the electro-
magnetic field (16.16), we have assumed that the electromagnetic field is defined by four
given functions forming the four-vector A, = A,(x*). We have therefore only varied the
Lagrangian (16.9) with respect to the quantities describing the motion of the particle, that
is, the space-time coordinates x* and coordinates of the four-velocity u*. On the other
hand, in the present derivation of the electromagnetic field equations, we assume that
the motion of the charged particles or a continuous distribution of charges in space is
defined by given space-time coordinates x* and coordinates of the four-velocity u*. We
will therefore calculate the variations of the action (17.28) with respect to the quantities
describing the electromagnetic field, that is, the electromagnetic potential four-vector A,
and the electromagnetic field tensor Fy,. Thus, the variation of the first term in (17.28)
is zero and this term does not contribute to the derivation of the electromagnetic field
equations. It can therefore be omitted from the action of the system. Furthermore, the
electromagnetic current four-vector J”, as a function of a given charge distribution and its
motion in space, is also not varied. The variation of the action (17.28) is then given by

81:1/S£d9=0,
cJa

(17.29)
with
1
L (An, %An) = —J"A, — —F*F,. (17.30)
4 o
From (17.29) we may write
1 L oL
8l = — —38A —— 38 (0 A dQ = 0. 17.31
C/Q[aAn ”+8(8kAn) (kn)i| ( )
Since we have § (3 A,) = 9 (8A,), we may write
1 oL oL
8 = — —_— = —— |1 8A;, dQ
c /9 {aAn % [akan)]} nd
1
+ —/ E [%Mn] de=o0.
cJa (0xAn) (17.32)

Applying the Gauss theorem to the second integral on the right-hand side of (17.32), it
is reduced to the integral over the hypersurface which encloses the given domain Q@ of
the four-dimensional space-time. On the other hand, the variation of the electromagnetic
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field variables is assumed to be zero on the boundary of the domain €2, and this integral
vanishes. Equation (17.32) then becomes

8 = 1 / {£ — O [L} } §A,dQ = 0. (17.33)
¢ Jo |04, 0 (3An)

Since the variation §A, is arbitrary, from (17.33) we obtain the electromagnetic field
equations in the following form:

L oL
= = | =0. 17.34
9An ak[a(akAm] 0 (1734

Using now the expression (17.30) we obtain

ILC .
— 17.35
0A, J ( )
and
L oL  OF L 9

= = 3iA; — 01A;
0 (BcAn)  9Fj 0 (9kAn)  0F; 9 (0kAn) (0541 = i)

0L [ pn ke L AL oLc
=—(3‘sl—313‘)= - =2
oF; 7 7 0Fy, 0F. dFy,
9 1 1 9 ,
—2 (——FﬂFﬂ - (FﬂFﬂ)
Fn \ 410 2 o 0Fp
L il (sken _ skgn 1 kn _ pnk L kn
= ———FI' (fs — 6f8") = —— (F}" — F"™F) = ——F*™. (17.36)
210 J J 2 1o Ho

Substituting (17.35) and (17.36) into the field equations (17.34), we obtain

1
—J" — <_ _Fk") =0, (17.37)
Ko
or after regrouping
aFkn
ok = wol® (k,n=0,1,2,3). (17.38)
X'

The temporal component of (17.38) gives

9F%  19E* 1 . -
= — = —di E = 0 — y 1 .
Py o cdlv ot Lo CO (17.39)
or
divE = po o = <. (17.40)
€0
The three spatial equations (17.38) give
dF0 b

S o = ol (17.41)
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or
0B, 1 0E* 0B,

err — = —— - o, 17.42
¢ ot axP ¢ ot + dxp wo/ ( )

In the three-dimensional vector notation (17.42) is given by

L oE* 5

curlp — L 2B _ wol. (17.43)

c? ot
Equations (17.40) and (17.43) are the second pair of Maxwell equations. Thus, the com-
plete system of electromagnetic field equations in the four-dimensional notation is

given by
oF oF; oF, ) Fkn
kn ik no_

_ n
ax/  axn  axk 7 axk = mol” (17.49)
with the continuity equation
8 n
ai __o. (17.45)

The four-dimensional formulation of Maxwell equations (17.44) with (17.45) is quite
compact and it nicely emphasizes the relativistic nature of these equations.

17.3 Electromagnetic Potentials

The objective of this section is to formulate the differential equations for the electro-
magnetic potentials A, =An(x*) and to outline their solutions. In order to derive the
differential equations for the electromagnetic potentials, we substitute the definition of
the electromagnetic field tensor (16.14) into (17.38). Thus, we obtain

% (akA" - B”Ak> — 9% A" — 93 AF = g™ (17.46)

Using here the Lorentz gauge (16.45), the second term on the left-hand side vanishes, and
we obtain the differential equation for the potentials of the electromagnetic field in the
form

_ n
W = pol”. (17.47)
By expanding (17.47) we obtain
1 924"
5o — VA" = o)™, (17.48)
or
o 1 3%A" "
VA" — C_ZF = —uoJ". (17.49)

The solution of this equation has the form

ne0 _ by _
AP (k) = KO / =R XD 4y, (17.50)
%4 %4 R
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where the integral is over the domain V where the sources of the electromagnetic field
are distributed. The quantity R in (17.50) is the three-dimensional distance between the
position of the sources and the position where the potential is calculated, that is,

R= /|xa _J‘Ca‘Z. (17.51)

Thus, for a given electromagnetic current four-vector J" (x*), we can calculate the electro-
magnetic potential four-vector A”(x*) using the result (17.50). The electromagnetic field
tensor is then obtain using the definition (16.14).

17.4 Energy-Momentum Tensor

We have shown earlier that the momentum conservation law is a consequence of the
homogeneity of space and the energy conservation law is a consequence of the ho-
mogeneity of time. In the four-vector language, due to the homogeneity of space-time,
the physical properties of a free field remain unchanged with respect to the space-time
translations. Thus, the energy-momentum tensor of the electromagnetic field is a field
invariant defined with respect to the space-time translations. The Lagrangian of the free
electromagnetic field is given by (17.26), that is,

1
L (Fn) = L (Fiy) = ———F " Fy,. (17.52)
4o

Furthermore, it is assumed that there are no sources of the electromagnetic field, that is,
that the electromagnetic current four-vector is equal to zero, J” = 0. Thus, the interaction
Lagrangian L, defined by (17.11), vanishes. The second pair of Maxwell equations (17.38)
then gives

WF = 0. (17.53)
In order to define the energy-momentum tensor of the electromagnetic field, let us first
calculate the space-time derivatives of the Lagrangian density £ as follows:

oL oL
L = —0nAj + ——— 9, (0r4)) . 17.54
n 3Ajn]+3(3kAj) n (9kAy) ( )

Using here the electromagnetic field equations (17.34), we obtain

ac | L
oLl =0 | ———— | 0nAi + ———— 0 (3,4) , 17.55
n k|:3(8kAj)_ n ]+3(akAj) k(n ]) ( )
or
[ oc
Ol = 0 | ———= 04 |. 17.56
n k_a(akAj) n ]:| ( )

On the other hand, by definition we may write

L = 8ka L. (17.57)
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From (17.56) and (17.57) we obtain
O | ———=0nAi — 8, L| =T, =0, 17.58
k |:3 (akAj) nsly n i| kin ( )
where T¥ is the mixed energy-momentum tensor of the Electromagnetic field, defined by

Ty (akAj)

Substituting (17.36) and (17.52) into (17.59) we obtain

InAj — SKL. (17.59)

Tk = —%F’CfanAj + ﬁaﬁFﬂFﬂ. (17.60)
The result (17.60) can be put into a more convenient form by writing
FNy,A; = FY (8,A) — 8;An) + FY9,A,, (17.61)
or
F¥0,A; = F¥F,; + o (F9A,) — AnyFY. (17.62)
The third term on the right-hand side of (17.62) vanishes due to the result (17.53). The

second term on the right hand of (17.61) side makes no contribution to the conservation
law (17.58) since we have

O (ijAn) = 00,V = 0. (17.63)

The expression (17.63) vanishes as a product of the symmetric tensor 9;9; and the tensor

V,f] that is antisymmetric with respect to its two upper indices.

Thus, the second term does not contribute to the field invariants obtained from the
energy-momentum tensor (17.60). Therefore, we may replace Fki onAj by kaFnj in (17.60)
to obtain the final result for the energy-momentum tensor of the electromagnetic field in
the form

| 1 ;
Tk = ——FYF,; + —skFE,. 17.64
n M() nj + 4,bL() n ]l ( )
The contravariant energy-momentum tensor is then given by
1 . 1 .
T = ——FNE" 4 — g Fi'Ey, (17.65)
mo 4 4po
and the covariant energy-momentum is given by
1 1 ;
Tk = ——FFpj + —gucF'Fy. (17.66)
Ho 40

Using the differential form of the energy-momentum conservation law (17.58), we may
write down the integral form as follows:

ok 1 [ar™ fa
T dV = - dv + 0, TP*dV = 0. (17.67)
v cJy ot v
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Applying the three-dimensional Gauss theorem to the second integral in (17.67),
we obtain

/ HT™dV = 1d [/ T dv] +7§ TP dr1, = 0 (17.68)
174 cdt v n

where IT is the closed surface surrounding the volume V. If we let the field domain V grow
to infinity (V' — o0), the surface integral in (17.67) vanishes and we have

drl1 dp"
TR Qv = — —/T”O V]:—:. 17.
fvak d dt[c ) d o =0 (17.69)

Thus, we obtain the definition of the conserved energy-momentum vector of the electro-
magnetic field

1
p= Ef T dV = Constant. (17.70)
%

The energy of the electromagnetic field is then

E=cp’ = / T qv, (17.71)
\%4

and the components of the three-dimensional momentum of the electromagnetic field are
given by

1
pe = E/ T*% dV = Constant. (17.72)
v

In order to calculate the energy (17.71) we first use (17.65) with (17.27) to calculate

1 E? B
700 — L poopo (EO _ _) . (17.73)
Ho 2 2p0

Using the definitions of the mixed and contravariant electromagnetic field tensors (16.27)
and (16.29) respectively, we obtain

po_ L (LB («F B
- no c? 2 2,LLO

eE*? B?
— enE? — -2, 17.74
0 ( 2 2#0) ( :
or
eE? B?
00 —. 17.75
2 + 20 ( )

Substituting (17.75) into (17.71) we obtain the expression for the total energy of the

electromagnetic field
2 2
5:/ <6°E +B—) dV:/ edV, (17.76)
v\ 2 2po v
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where ¢ is the electromagnetic energy density given by

E?2 B
=00 -0 L2 17.
e 2 + 210 17.77)
In order to calculate the momentum (17.72) we first use (17.65) with (17.27) to calculate
1 E2 B2
Te0 — ___ Oip _ go0 (e" - _) . (17.78)
mo 2 2p0

Using here g*° = 0, we obtain

1 1 1
T%° = ——F%Ff = ——F%gg F** = ——F)F*". (17.79)
Ho Ko o
Using here (16.20) in the form
1
FO = —~B, F"=-¢"B,, (17.80)
we obtain
0 1 70} 1 AV
7% = - —¢"*“E,B, = +——¢""“E, B, (17.81)
C Lo C 1o

Using here the notation D= E()E and (c no)~! = cep, the result (17.81 becomes
0 = ¢ (D x Ts)a . (17.82)

Substituting (17.82) into (17.72) we obtain the expression for the total momentum of the
electromagnetic field

p= / (Z) x B) dv = / Pdv, (17.83)
|4 v
where P is the electromagnetic momentum density given by
P % T — P x B. (17.84)

In order to calculate the spatial components of the electromagnetic energy-momentum
tensor in terms of the three-dimensional electric field vector E and magnetic induction
vector B, we use F¥ = —F/k and (17.26) to rewrite the definition (17.64) as follows:

1 |
k_ — ik _ 2ok (2 _ 2
Tk ” [F,UF 50n (e B )]
R PN N 2
=0 [on = 5% <e2 - B )] (17.85)

where we introduced the vector é=E/c and the tensor ©% =F,;F/* to simplify the
calculations. The contravariant electromagnetic energy-momentum tensor is then
given by

, 1 1
Tk — gtk — | @nk _ Zgnk (e2 - BZ> . (17.86)
T o 2
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We can now use the matrix forms of the covariant and contravariant electromagnetic field
tensors (16.25) and (16.29) respectively, to calculate the components of the tensor @ﬁ

[o7]

| —ez —By

0 ex e e 0
—e 0 -—-B;
B, 0
By 0 e;

By ey

—ey —By ey

—ey —e;
0 —-B. B,
B. 0 -B

B, By 0

_ey

r e? eyB; — e.By
—eyB; +e:B, & — B; — B

—ezBx +exB; eyex + ByBy

e;By —exB; exBy —eyBx
exey + BxBy
¢, — B; — B

ezey + B;By

exez + ByB;
eyez + ByBZ
L —exBy + eyBx ezex + B;Bx eg - BJZC - BJZ/

T (@ x B)y (éx B), (@ x B),
—(éx B)y €2+ B2~ B ece,+ BB, exe;+ BB, 1787
| ~@xB)y eyex+ByB, ¢ +B,—B ee.+BB, | '

| —(@xB), e:ex+B.B: esey+B.B, e+ B2 B

The spatial part of the tensor ©F is then given by the following matrix:

7] -

The contravariant components of the three-dimensional system (17.88) are obtained from

€2+ B2 —B? ewey+ BB, exe;+ BB,
eyex+ ByBx €+ B; —B* eye;+ ByB;
ezex+ BBy ezey+ BB, e+ B2— B’

(17.88)

0% = ghfre?, (17.89)
or in the matrix form
—e2 — B2+ B? —exey — ByB, —exe; — BiB;
[0°F] = | —eyex — ByBx —ei — B+ B* —eye; — BB, (17.90)
—ezex — BBy —e;ey—B;B, —e?— B+ B?
From the matrix (17.90) we obtain
E“EP
0% = —e%ef — B*BF — g*PB? =-—3 — B*Bf — g¥¥B? (17.91)
Substituting the result (17.91) into the spatial part of (17.86), we obtain
1 1
T = — [—e"‘eﬁ — B*Bf —g*PB? — _gf <€2 — Bzﬂ
o 2
1 1
- |:e°‘eﬁ + BBP 4 g (e2 n BZ>] . (17.92)
Mo 2

Thus, we finally obtain the spatial components of the electromagnetic energy-momentum
tensor in terms of the three-dimensional electric field vector E and magnetic induction
vector B, as follows:
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T — b, (17.93)

where we define the Maxwell stress tensor T by the equation
p agh . Lpups o b (g2 B

T = eE*EP + —B*BP + g* | eoE~+ — ). (17.94)
Ko o

Using the results (17.77) with (17.84) and (17.93) we may write the explicit matrix form of
the electromagnetic energy-momentum tensor as follows:

e PLP: P

nk Pl _7—11 _7—12 _7—13
[T ]Z p2 _q2l _q22 _q23
PS _7—31 _7—32 _7—33

(17.95)

From the definition (17.94) we see that the three-dimensional Maxwell stress tensor
is a symmetric tensor. By examination of (17.95) we conclude that the complete four-
dimensional electromagnetic energy-momentum tensor is also a symmetric tensor, that
is, that we have

Tk =Tk T = Tip. (17.96)

If the electromagnetic field is defined in a domain V with the boundary surface II, the
expression

op
F :/ T v :f T dIlg, (17.97)
v oxP m

defines the force due to the electromagnetic field pressure on the boundary surface II.






PART 4

General Theory of Relativity






Gravitational Fields

18.1 Introduction

The special theory of relativity discussed in the last four chapters is based on the concept
of the inertial frames of reference. An inertial frame of reference is defined as a system
of reference where a free particle, that is, a particle on which there is no action of any
external forces, moves along the straight line with constant velocity. On the other hand,
the gravitational interaction, as one of the fundamental interactions in nature, is a long-
range interaction which cannot be screened. The concept of inertial frames of reference
is, therefore, not compatible with the gravitational phenomena. The only way to define
an approximately inertial frame of reference is to visualize it as being far away from any
matter. Given the influence of the force of gravity on the observations of various physical
phenomena, both on Earth and in the universe as a whole, the concept of inertial frames of
reference as a foundation for the formulation of the laws of nature is clearly not sufficient.
Since the force of gravity is an unscreened long-range force, it can be considered as an
intrinsic property of the space-time and related to the space-time geometry.

In the absence of matter we can define the inertial frames of reference where the
geometry of space-time is pseudo-Euclidean. The space-time metric is then given by

ds® = g, dx¥ dx” = 2 dr? — dx® — dy? — d2?, (18.1)

such that the components of the metric tensor g, are constant and given by the
following matrix:

(18.2)

[gmn] =

|
o ~o

0 0
0 0
-1 0
0 -1

[=NeNene

0

In the presence of matter it is not possible to find the four space-time coordinates x' such
that the metric of the space-time manifold is reduced to the pseudo-Euclidean expression
(18.1). Thus, the geometry of space-time in the presence of matter must be a pseudo-
Riemannian geometry, where the components of the metric tensor g, are functions of
the coordinates x/, that is, we have

8n = 8  (j,k,n=0,1,2,3). (18.3)
The components of the metric tensor of the given space-time manifold (18.3) can therefore

be considered as the gravitation field potentials and the gravitational effects are described
by the metric itself.
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From (18.2) we note that the determinant g = —1 of the pseudo-Euclidean metric
tensor of special theory of relativity is a negative constant number. In the general theory
of relativity g = g(x/) <0 is a negative definite function of space-time coordinates. In
the ordinary positive-definite Riemannian metric spaces we have frequently used the
function /g to define the absolute tensors and invariants. In the pseudo-Euclidean and
pseudo-Riemannian space-times of the theory of relativity with g <0, this function is
not a real function and it is generally replaced by ./—g which is a real function. In the
pseudo-Euclidean special theory of relativity we have ,/—g =1, so the relative tensors
and invariants were transformed as the absolute scalars and invariants and the explicit
appearance of the factor ,/—g was not necessary.

In the presence of gravity it is not possible to reduce the metric of the space-time
to the pseudo-Euclidean expression (18.1) in the entire space. It is important to note
that the gravitational effects are understood as a deviation of the space-time metric
from the pseudo-Euclidean metric (18.1). The metric (18.3) is therefore a function of
the local distribution of matter as a source of the gravitational field and cannot be fixed
arbitrarily in the entire space. The metric tensor, as the gravitation field potential, is in this
context a solution of the gravitational field equations, which will be derived in the next
chapter.

Although we cannot transform away the gravity in the entire space, we can select the
local frames of reference falling freely in the gravitational field where the gravitational
effects are locally transformed away. In a small laboratory falling freely in a gravitational
field, the laws of nature are therefore the same as those observed in an inertial frame of
reference in the absence of gravity. The laboratory has to be small since the gravitational
fields are functions of coordinates and vary in magnitude and direction in different points
in space. The force of gravity can therefore be considered as uniform and transformed
away by a suitable choice of local frame of reference only in a sufficiently small space
domain.

Thus, we are in most cases able to cover the space-time with a patchwork of local
inertial frames of reference. The concept of local inertial frames of reference is very useful
in the general theory of relativity.

18.2 Time Intervals and Distances

In the general theory of relativity, the choice of the generalized coordinates used to
describe the four-dimensional space-time manifold is not restricted in any way. Thus,
the coordinates %/ are in general not equal to the distances and time intervals between
events in the same way as in the special theory of relativity. Therefore, given a set of
generalized coordinates x/, we need to relate these coordinates to the actual distances and
time intervals between the observed events.

In the general theory of relativity we denote the proper time by z. Let us now consider
two infinitesimally separated events which take place at exactly the same point in space.
Then we have dx! = dx?> = dx® = 0 and we may write
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2
ds? = g, dxF dx" = 2 de? = goo <dx0> . (18.4)

Thus, we obtain the relation between the element of the proper time dr and the coordinate
differential dx° as follows:

dr = % Voo dx°, (18.5)

or for the proper time between any two events occurring at the same point in space

T = % /4/_g00 dx®. (18.6)

In the special theory of relativity the element d! of the spatial distance is defined as the
distance between two infinitesimally separated events taking place at the same time.
In the general theory of relativity we cannot use this definition, since the proper time
is a different function of coordinates at different points in space. In order to find the
element dl of the spatial distance, we consider two infinitesimally close points A and B
with coordinates ¥ and x/ + dx/ respectively. Let us suppose that a light signal is directed
from point A to point B and then back from point B to point A along the same path. The
time required by the light signal to travel from point A to point B and back, observed from
one point in space and multiplied by c, is double the distance between the two points. For
the two events representing the departure of the light signal at one point and the arrival
at the other point we know from (13.4) that the square of the interval ds? is equal to zero.
Thus, we may write

ds? = gi, dxk dx” = goo(dx®)? + 2g0s dx® dx® + gop dx® dx” = 0. (18.7)

Equation (18.7) is a quadratic equation with respect to dx° and its solutions are given by

o dx® 1
_g()— + — (gOagOﬁ - googaﬁ) dx dxB. (18.8)
8oo 8oo

The coordinate time required by the light signal to travel from point A to point B and back
is then given by

(dx%) 4 =

2
(x4 — (dx0)_ = %\/ (80805 — 8008up) dx dxP. (18.9)

Using (18.5) we obtain the proper time required by the light signal to travel from point A
to point B and back, multiplied by c, as follows:

cdr = /g0 [(dx0)+ - (dxo)_]

2
= \/ﬁ\/(gwgo,s — 8008up) dxv dxP. (18.10)

Thus, the spatial element dl between the two points A and B is a half of the proper time
interval (18.10) multiplied by c, that is,

1 o
di=-cdr = \/<_gozﬁ + g‘)ﬁ) dx dx?. (18.11)
2 800
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Thus, the square of the space metric d/? can be written in the form

dP? = yup dx* dxP,  yup = —gup + g";%. (18.12)

It should be noted that the metric tensor g, in general depends on time coordinate.
The space metric d/? is therefore also time-dependent and in general it does not make
sense to integrate the element of the spatial distance d/, as such an integral would depend
on the world line chosen between the two end points. Only when the metric tensor g,
is not time dependent and the distance can be defined over a finite portion of space,
the integral of the element of the spatial distance dl along a space curve has a definite
meaning.

18.3 Particle Dynamics

In the special theory of relativity the motion of a free particle of mass m is defined by the
action integral (15.5). The action integral of a free particle is simply proportional to the arc
length in the four-dimensional space-time manifold, that is,

S Sp dxk dxn
[=— ds = — — s, 18.13
mc S, s mc/SA 8kn T ds S ( )

where m is a mass parameter of the free particle. From (18.13) we see that the Lagrangian

function is given by the expression
L=—mc/geufu. (18.14)

The equations of motion of a particle in the gravitational field are obtained by variation
of the same action integral (18.13), since the introduction of the field of gravity is
nothing but the change of the space-time metric to a pseudo-Riemannian metric with
a coordinate-dependent metric tensor (18.3). On the other hand, except for the overall
constant multiplier —m ¢, the Lagrangian (18.14) is the same as the Lagrangian (11.14)
used to derive the geodesic equations (11.25). Thus, we conclude that a free particle in the
gravitational field moves along the geodesic lines and that the equations of motion are the
geodesic equations (11.25), that is,

d?x" dxt dx*

S S 0 (k1n=0,1,23 18.15
a2 Tk s ds ik 4 ( )
or
d n
SLirnuuk =0 (k1,n=0,1,23). (18.16)
ds

In order to find the non-relativistic limit of (18.16), we first note that the non-relativistic
limit (v « ¢) of the components of the four velocity (13.39) and (13.40) is given by

1 v"‘ ”
u(): 2%1, ua:—zk—,
1% 1% C

1_6_2 C 1_6_2

(18.17)
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Thus, the leading term on the right-hand side of the expression (18.16) is the one with
I = k = 0, such that we may write
du”
ds
For a static gravitational field with dpgoo = 0, the only non-trivial equations in (18.18) are
the spatial equations

— I (n=0,1,2,3). (18.18)

du*

ds
Using here (18.17) and the zeroth-order non-relativistic approximation for the differential
of the parameter ds ~ ¢ dt, we further obtain

=-TY (¢=1,23). (18.19)

1 dv® N
Zq =T @=123). (18.20)
Let us now recall the definition of the Christoffel symbols of the first kind (9.28), that is,
o _ 1708 98k g
Pkip = 5 (W i W) ' (8.2

For a static gravitational field with dogj, = 0, we obtain

1 (080 , 08k 9800 1 9goo
Fpa = & _ 2800 ) _ 2 9800 18.22
k00 =3 ( ax0  9x0  gxk ) 2 9xk ( )
Using now the definition of the Christoffel symbols of the second kind (9.29), that is,
1 08kj I8k 0gj
n _ ghkp . _ — gnk [ Z9K pe TSP
rjp =8 rk,]p = 2g (axp + _ax]- Bxk ) ) (18.23)
we obtain
1 dgoo
[ = 8" koo = —58™ % (18.24)
The spatial components of (18.24) give
1 & 9800
rgy = —— —_ 18.2
00 28’“ ok (18.25)
For a static gravitational field with 3pgpp = 0 we then obtain
1 9800
rg, = ——g* ==, 18.26
00 28" 3P ( )
Substituting (18.26) into (18.20), we obtain
1 dv* 1 9800
= Zgep S ,B=1,2,3). 18.27
¢ dr Zga dxp (p ) ( )

In order to find the non-relativistic approximation for the component gyo of the metric
tensor, let us consider the non-relativistic Lagrangian for a particle moving in the gravita-
tional field defined by the gravitational potential ¢, given by

L:EK—V=%mv2—m¢, = ¢ x%). (18.28)
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We may always add a constant term to the non-relativistic Lagrangian without affecting
the dynamics. Thus, following the result (15.17) we add a constant —mc? to the Lagrangian
(18.28) and obtain

1 1
L:-mc2+§mv2—m¢=—mcz—Emgaﬁv"‘vﬁ—mqﬁ, (18.29)

where g,p are the spatial components of the pseudo-Euclidean metric tensor. In the

Descartes coordinates they are given by g, = —8us. Using (18.29) we obtain the non-
relativistic approximation to the action integral (18.13) in the form
5 ¢ 1 v dx?
I~ — =+ —gp—— ) dt, 18.30
mc/;A (C+c+2gﬁc dt) ( )

or after some regrouping

Sp
I=-mc ds
Sa

S ¢ 1~
~ — s - Z 4«8
mc/s [(H— 02) cdr + 58w~ dx } (18.31)

A

From (18.31) we obtain the non-relativistic approximation for the line element ds as

follows:
N ¢ o 1 v
ds~ (1 + C—2> dx’ + S gup— dx?. (18.32)

The non-relativistic approximation to the metric of the space-time manifold is then
obtained by squaring the expression (18.32) and dropping the terms of the order v?/c?
and higher. Thus, we obtain

2 0
2 ¢ 0.2 ) dx® dx
ds ~(1+C—2> (dx) +(1+C—2>gaﬁﬁdxﬁ—

c
1 v 2
Z ~dxf
5 (W ~dx ) . (18.33)
Here, we may drop the last term as the term of higher order in v?/c? to obtain
2 (142 a0y ¢ g
ds® ~ (14 7 ) @)%+ (14 7 ) gap dx do”’. (18.34)

Assuming that the gravitational field is relatively weak, we may use the approximations

2
(1 n :;2) ~14 26_‘;’, (18.35)
and

(1 * %) Gy A A =~ g A . (18.36)
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Substituting (18.35) and (18.36) into (18.34), we finally obtain
ds® ~ (1 + zc—f) (dx®)? + gup dx® dxP. (18.37)

From the result (18.37) we obtain the non-relativistic approximation to the quantity gopo in
the form

~142®
8oo ~ 1+ oz (18.38)
Substituting (18.38) into (18.27), we obtain
dv” 3¢
. = ﬁ— = . .
T g~ of @P=123 (18.39)

Using here the pseudo-Euclidean spatial metric g*#, consistent with the result (18.37), we
obtain in the three-dimensional vector form

-

% =—grad¢, ¢ =pX). (18.40)
If we now recall the non-relativistic result for the gravitational potential ¢, we may write
- M M.
P (X) = —GT = grad¢ = Gr—3r, (18.41)

where M is the mass of the of the source of the gravitational field, r is the three-
dimensional radial coordinate given by

F=/x2 + 32+ 22, (18.42)

and G is the gravitational constant given by

3
G=6,67-10"11 2 (18.43)

kg s?
Substituting (18.41) into (18.40) and multiplying by the mass of the test particle m, we
obtain the result for the non-relativistic gravitational force between two bodies with
masses M and m as follows:

A T
Thus, in the non-relativistic limit the equations of motion of a particle (18.16) are reduced
to the corresponding Newtonian non-relativistic equations of motion.

(18.44)

18.4 Electromagnetic Field Equations

The objective of the present section is to generalize the electromagnetic field equations,
derived in Chapter 17, to the pseudo-Riemannian metric space in the presence of gravity.
In the special theory of relativity the electromagnetic field tensor is defined by (16.14),
that s,

Frp = OkAn — dpAr (k,n=0,1,2,3). (18.45)
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As the partial derivatives do not transform as vectors in the Riemannian metric spaces, the
expression (18.45) has to be modified to the covariant expression

Fin = DiAn — DpAr  (k,n=0,1,2,3). (18.46)
Using here the definition of the covariant derivatives (8.24), that s,
DiAn = An —TL A;, DpAyp = 0,A; — T, A; (18.47)
we obtain
Fion = 0kAn — T A; — 9pA + T, A;. (18.48)
Using here the symmetry of the Christoffel symbols of the second kind (9.9), that is,
=1l (kmp=0123), (18.49)

the second and fourth terms on the right-hand side of (18.47) cancel each other and
we reproduce the pseudo-Euclidean result (18.45). Even in the presence of gravity the
definition of the electromagnetic field tensor (18.45) remains valid. Using the definition
of the covariant derivative of a second-order covariant tensor (8.33), we have

DjFyp = 0jFyn — T ]lchln -T f,ijz,
DuFji. = dnFj — T, Fik — T}, Fj, (18.50)
DyFyj = cFpj — T Fyj — r]%an,.
Using now the antisymmetry of the electromagnetic field tensor
Fijp=—Fn,  Fua=—Fy, Fj = —F;, (18.51)
and the symmetry of the Christoffel symbols of the second kind

I I I I I I
ij = ij’ rnj =T Iy, =T (18.52)

jn
we obtain from (18.50) the cyclic expression
DjFyy, + DnFjx + DiFnj = 9jFy + 0pFj + 0xFpj = 0. (18.53)
Thus, we conclude that the first pair of Maxwell equations remains unchanged in the
presence of gravity and has the form

Fkn + OFj  0Fy
ax/  ax™  axk

0 (jk,n=0,1,2,3). (18.54)

In order to derive the second pair of Maxwell equations, let us consider the interaction
Lagrangian (17.6) in the form

1 dx”
Io=—- A, dQ. 18.55
Q c /;2 o a ( )

The four-dimensional volume element, defined in the pseudo-Euclidean space-time of
special theory of relativity by the equation

dQ = dx°dV = dx° dx! dx? dx® (18.56)
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is no longer an absolute scalar. Instead of (18.56) we define the invariant volume element
as ,/—gd%2. Thus, we rewrite the interaction Lagrangian (18.55) as follows:

I ——1/ co v, = dsz——lfj”A,/— e (18.57)

R VS To A R A e ‘
Since the action integral (18.57) and the four-dimensional volume element ,/—gd<2 are
both absolute invariants and A, is a covariant four-vector, the system defined by

, oc dx"
= —— 18.58
J =g 4 ( )
is by definition the contravariant electromagnetic current four-vector. The temporal
component of the four-vector (18.58) is proportional to the charge density o and is
given by

o

P=c—, (18.59)
v—8
and the three-dimensional current density vector is
o
=2 o (18.60)
v —8

Given the definition (18.58) we can generalize the second pair of Maxwell equations (17.38)
by replacing the partial derivative d; by the covariant derivative D;. The second pair of
Maxwell equations then becomes

DyFF = poJ” (k,n=0,1,2,3). (18.61)

Using the definition of divergence of an arbitrary tensor with respect to one of its
contravariant indices (10.15), we obtain

1 9
DpFf = —— — ((/—gF*") = poJ". 18.62
W= —— o (Vo8FY) = (18.62)
In the same way we generalize the equation of continuity (17.45) to obtain
n_ 1 0 — o _
D,J" = —\/__g Py (,/ g/ ) =0. (18.63)

Thus, the complete system of electromagnetic field equations in the pseudo-Riemannian
space-time manifold, which includes the gravitational effects, is given by

OFg, OFj  0Fy 1 9 .
2Zkn =0, ——— (J/=gF") = puoJ" 18.64
ol axn T gk V=8 dxk ( & ) Hof ( :
with the continuity equation
1 9
= (vV-gI") =o. (18.65)

The pseudo-Riemannian four-dimensional formulation of Maxwell equations in the pres-
ence of gravity given by (18.64) with (18.65) is quite compact and it nicely illustrates the
general prescription for the introduction of gravity in the laws of physics.
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In general, the laws of physics must be valid in all systems of reference and expressed as
covariant tensor equations. The field equations of physics, which involve the derivatives
of the field variables, must therefore be rewritten such that the ordinary derivatives are
replaced by the covariant derivatives. Even if we are working in a flat space-time described
by some curvilinear coordinates, we need to use the covariant derivatives if we want the
field equations to be valid in all coordinate systems.

If we assume that a physical object described by a set of pseudo-Euclidean equations
does not represent an appreciable source of the gravitational field, then it does not
significantly influence the components of the metric tensor g, (/) as the potentials of
the gravitational field. In such a case the geometry of the four-dimensional space-time
manifold is rigidly determined by some massive external sources of the gravitational field.
Then the effect of the physical object under consideration on the geometrical structure
may be neglected. Under these circumstances the set of pseudo-Euclidean equations
describing the physical object can readily be generalized to incorporate the effects of
gravity by making the substitution

d— D, & — Dy, dQ— /—gdQ. (18.66)

Thus, the prescriptions (18.66) can be used to generalize any pseudo-Euclidean equation,
used to describe a physical object which is small in comparison to the sources of the
gravitational field, to incorporate the gravitational effects and to be valid in all systems
of reference.
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Gravitational Field Equations

19.1 The Action Integral

In Chapter 18, we have concluded that the components of the metric tensor of a given
space-time manifold are the potentials of the field of gravity and the gravitational effects
are described by the metric itself. The metric tensor is therefore a system of functions of
the local distribution of matter as a source of the gravitational field and cannot be fixed
arbitrarily in the entire space. The metric tensor as the field potential is therefore a solution
of the gravitational field equations. The objective of the present chapter is to derive the
gravitational field equations from the suitable action integral of the gravitational field.
The total action integral for a system consisting of a continuous distribution of matter
as the source of the gravitational field and the gravitational field itself is given by

I =1Ig+ Im, (19.1)

where I is the action of the gravitational field in the empty space, where there are no field
sources, and I is the action describing the interaction of the matter distribution with the
gravitational field. The action of the gravitational field in the empty space can be written
in the form

1
Ig =~ /;z LG (8kn» 0i8kn) v —8 AL, (19.2)

where Lg is the invariant Lagrangian density of the gravitational field which is integrated
over the invariant four-dimensional domain . The action describing the interaction of
the matter distribution with the gravitational field can be written as follows:

1
I = E /;2 Lwm (gknJ ajgkn) V-8 de, (19.3)

where Ly is the invariant Lagrangian density of the source fields. For example, if the source
of the gravitational field is the electromagnetic field, then Ly is the Lagrangian density of
the electromagnetic field (17.52), that s,

1 .
L (8kn) = — mgkjgan knpil, (19.4)

It should be noted that the electromagnetic field Fy,, in (19.4) is taken as the given source
of the gravitational field and the Lagrangian £y is varied with respect to the gravitational
field potentials gy,.

In order to construct the invariant Lagrangian density of the gravitational field L, we
note that it is a function of the metric tensor gi, and its first derivatives 9;gy,, only. On the
other hand, by using (9.25) in the form
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9i8kn = Inkj + Tinj = gan]lgj + gkll“fy-, (19.5)

we see that the first derivatives of the metric tensor 9;gi, can always be expressed in
terms of the suitable metric tensors and Christoffel symbols of the second kind. Thus,
the invariant Lagrangian density of the gravitational field £Lg can be seen as a function
of the metric tensor gy, and the Christoffel symbols of the second kind I‘fm. Thus, we
may write

L6 = Lo (gk,,, rjm) . (19.6)

The only non-trivial tensors that can be created from the metric tensor g, and the
Christoffel symbols F{m are the curvature tensor R{kn defined by (12.14) as follows:

i _ J J P 2]
Riy = 0l — 0Ty, + Ty lpn = T, Ty (19.7)

and the tensors obtained by contractions of the curvature tensor, for example, the Ricci
tensor Ry, defined by (12.44) as follows:

> o/ P P
Rin = RY,,; = 9T = T, + Tyl — T, I (19.8)

and the Ricci scalar R defined by (12.50) as R = g""Ry,.
Thus, a suitable candidate for the invariant Lagrangian density Lg is proportional to
the Ricci scalar R. In such a case we may choose

c?
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where G is the gravitational constant given by (18.43). The factor of proportionality in
(19.9) is added to ensure the correct dimensions of the physical quantities. The action
integral (19.2) may then be written in the form

LG =— R, (19.9)

03
Ig=— /=g dq. )
G 16nG/QR gdQ (19.10)

However, from the above definitions we note that the Ricci scalar R depends not only on
the metric tensor gy, and its first derivatives 9;gx,, but also on the first-order derivatives

of the Christoffel symbols BlI‘{m and thereby also on the second-order derivatives of
the metric tensor. On the other hand the gravitational field equations must contain up
to the second-order derivatives of the metric tensor as the gravitational field potential.
As these equations are obtained by the variations of the action (19.2), the Lagrangian
density £g must not contain the derivatives of the metric tensor of the higher order than
the first.

In order to resolve this difficulty, we need to analyze the structure of the Ricci scalar R.
If it can be shown that the terms containing the second-order derivatives of the metric
tensor do not contribute to the variations of the action integral (19.10), then we could
proceed using the action integral (19.10) in the derivation of the gravitational field
equations. Since the Ricci scalar is the only available non-trivial scalar invariant created
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using metric tensor g, and the Christoffel symbols of the second kind I“fc . itis important

to show that the above assumption is indeed valid. Let us therefore calculate the quantity
/—&R, as follows:

V&R = /=88 " R = y/—g&"" T,
V88" 0T, + V=88 (TThu = T4, 1)
= (V=88"T) — 3 (V-88"T,) — on (V88" T
+ 05 (V=88"") Tl — /=88 (Tl = Th) - (191D

Interchanging the dummy indices 7 <> j in the first term on the right-hand side of (19.11),
we obtain

V-8R = ; (V88T — 88T},
b8 Ty (V88™) — V8 Ty (28
/g N

— J=gg" (T}, 10, ~ T4Th,). (19.12)
Here, we note the result (9.48) in the form
ghrk = —Jl__gan (@g’“”), (19.13)
and we calculate
\/L__gaj (V=ge™) =g"5; (iny/=g) + o;g"". (19.14)
Using here the result (9.36) in the form
Iy, =9 (ny/~g), (19.15)
we obtain
\/L__gaj (\/?ggk") = g5T? 4 gk, (19.16)

Using further the result (8.29) applied to the metric tensor g&” and the property that the
covariant derivative of the metric tensor is equal to zero, we have

ki k ki k
Dig"" = 9;g"" +T)).g + T 8" =0, (19.17)
or
ki ki k
g™ = —T,g" —T,8". (19.18)

Substituting (19.18) into (19.16) we obtain

1
7= ( /—ggk”) =gh"rh — gt — ke, (19.19)
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Substituting (19.13) and (19.19) into (19.12) we obtain
V&R =1 (V-ggrf, — V-88"r%,)
+V=g T, (8T, ~ g™ ~ 8™ )
+ =g}, " 1k, — /=gg" (Th,1; — Thi%) (19.20)
or after regrouping
V-8R =1; (g8}, — V-8g""r%,)
+/g (rin gk sz; n rip g erﬂ) _ \/jgrgm (ijgkp n F”jjg””)
— J=ge"" (rf, Ty~ ThThy). (19.21)

Interchanging the dummy indices k < j in the second term on the right-hand side of
(19.21), gives

V=gR=5; (V=g8r}, — V=884,
+ /=88 (T, Th + Th %) = V=8 (T, Tyg™ + T, g™ )
— /=gg" (T, 10y = ThiThn) (19.22)

Interchanging now all dummy indices in the third term on the right-hand side of (19.22),
we obtain

V—8R = (,/—ggkjl”,’c’n - ,/—ggk”l“{m) +2,/—gg"" l”{ml“]’;
— V=g (ThThyg"™ + TR g)
— =gg" (T}, 10, — T4Th,). (19.23)

Using now the symmetry of the Christoffel symbols of the second kind with respect to its
two lower indices (9.9), the result (19.23) becomes

V—8R = (,/—ggkjl”,’c’n - ,/—ggk”l“{m) +2,/—ggk" l”{ml”j’”p

—2,/=gg"" T}, — /—gg"" (rﬁnréj - r,’jj.r{,n) (19.24)
or

V-8R =0 (V=g8"r}t, - V=g8"1%,,) +2y/~g8"" (T},,Ih, — TThn )

— /=88 (T, 10y = ThThn) (19.25)
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Now we note that the second term on the right-hand side of (19.24) is twice the third term
with a positive sign. Thus, we obtain

V=8R=0; (V88T — /88" T,

kn (pP P
+/=g8"" (T, I = Tk hn) - (19.26)

The final result for the quantity ./—gR can therefore be written in the form

V—8R = 8w/ +/=gT, (19.27)
where we define
r =g (g1, — Thr) (19.28)
kn” pj kj-pnj)> :
and
w = /—g (gkjp;;n - gk"r{m) . (19.29)

Here, we note that the quantity I' depends only on the metric tensor g, and its first
derivatives 9;gi,, while the terms containing the second-order derivatives of the metric
tensor in the Ricci scalar R are collected into an expression which has the form of the
divergence of a vector, that is, 3jwj . Substituting (19.29) into (19.10) we obtain

& & .
rJ/—gda— 9w dg.
16nG/Q § 167TG_/Q i

According to the Gauss theorem the second integral on the right-hand side of (19.30) can
be transformed into an integral over a hypersurface surrounding the domain 2 over which
the integration is carried out in the first integral. Thus, the variation of the second integral
vanishes due to the variational principle which requires that the variations of the fields at
the limits of the domain 2 are equal to zero. Consequently, we have

Ig = —
(19.30)

c3 c3

IGnGS./SzR,/—ngz—16”G8/;2F,/—gd§2. (19.31)

It should be noted that the variation of the action (19.31) is a scalar invariant, although the
integral

8lg = —

(33
—167TG/QF,/—ng, (19.32)

and the quantity I" defined by (19.28) are not scalar invariants. Thus, we have shown that
the terms in the Ricci scalar R containing the second-order derivatives of the metric tensor
do not contribute to the variations of the action integral (19.10) and that we may use the
action integral (19.10) in the derivation of the gravitational field equations.
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19.2 Action for Matter Fields

The variation of the total action (19.1) of the gravitational field in the presence of matter is
given by

8l =é8Ig + 8y = 0. (19.33)

Thus, we need to calculate the variations 8Ig and éIy. In this section we consider the
variation of the action integral of matter fields Iy, that is,

Shy = % / 5 (v—gLm) de, (19.34)
Q
or
1 0 (V=8LM) ( n , 0 (V=8Lwm) k
8y = — — L 5g 4+ —— 225 (0;g"") | dQ. 19.35

Integrating the second term in the integral (19.35) by parts and dropping the integral over
the hypersurface boundary of the domain of integration <, following the same steps as in
the case of the electromagnetic field, we obtain

Sl = %/Q {3 (xg_fn‘M) _y [3 gﬁér)} } 5g"" Q. (19.36)
Let us now define the energy-momentum tensor T, of the matter fields as follows:
%\/?g:r,m =9 [3 z(a\(/a;_;%d)} 0 (‘g;_ffM). (19.37)
Substituting (19.37) into (19.36) we obtain
Iy = —zic /Q Tindg™"/—g dS. (19.38)

Using here the result & (gk”gjn) = 88]’.‘ = 0, we may write

Tind8"" = 8T gnjd8™" = ~guTVg""5gn;
= 0/ TYsgyj = —T"ognj = — T "0g)n. (19.39)

Substituting (19.39) into (19.38) we obtain

1
oI = 5 / M8 g1 /—g dQ2. (19.40)
Q

Let us now calculate the energy-momentum tensor for the electromagnetic field with Ly
given by (19.4). In the case of the electromagnetic field the Lagrangian £y is a function of
the metric tensor gi,, only and not of its derivatives 9;gy,,. Thus, using (19.37) we obtain the
contravariant energy-momentum tensor in the form

3 (J=gL —
pln___2 0(V=8Lw) _ 0Lm 2 9V7E . (19.41)

v—8 98kn B 98kn B v—8 98kn
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Using here the result

2 3yg_10g _G"_ (19.42)
v—8 agkn 4 agkn g
we obtain from (19.41)
Thn — _2_2?4 L (19.43)
kn
Using now (19.4) we may write
Um _ pq 1 1 cpaplipgksn
220 4MOF F (gp,gq,) + 4M0F FU25.57 gy
L Ckgpin U kqpn
:+mF F gql:+mF Fq- (19.44)
Substituting (19.4) and (19.44) into (19.43), we obtain
T = —iF’CJF" ! — gk IRy, (19.45)
o o

The result (19.45) is identical to the result (17.65) obtained by other means in the special
theory of relativity with pseudo-Euclidean geometry.

As a next example, let us now consider a continuous distribution of non-interacting
particles with a total mass m and a rest-energy & in a three-dimensional domain of
volume V. If we denote the mass density of the matter distribution by p, we may write

m = / pdV, & = f pc? dV. (19.46)
v v
The action integral of the given matter distribution can be written in the form
Sp B
Ix = —mc ds= —c/ de /gdx/dx! (19.47)
K s, . P M i
or
dw/ dx!
- —c/ /[ =\ @ — /—gdvdt. (19.48)
Introducing here a system ®”, as follows:
no P 4
P" = g dr’ (19.49)

the action integral (19.48) can be written in the form

1 ,
= E/QLMK,/—gdsz, Lyg = —¢\/gdIdl. (19.50)

Since Lk is the invariant Lagrangian density, we see from (19.50) that the system &” is
a contravariant four-vector. The temporal component of the vector ®”" is proportional to
the mass density p and is given by
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pc
o0 = —. (19.51)
v=E
The spatial components of the vector ®” are proportional to the flux of mass through a
unit of the boundary surface dIT of the volume V in the unit of time, that is,

0 o d3m
J—g  dI,dt’
The definitions (19.51) and (19.52) are fully analogous to their respective electromagnetic

counterparts (17.59) and (17.60). In analogy with the electromagnetic result (18.63) the
mass conservation law gives the following continuity equation:

19
Tgﬁ( /—go") = 0. (19.53)

In the three-dimensional vector notation the continuity equation (19.53) has the form

% = (19.52)

D, ®" =

ap

ar
Integrating over the volume of the three-dimensional domain V and using the Gauss
theorem, we obtain the integral form of the mass conservation law

+div (p7) = 0. (19.54)

—i/ pdV:/ ov - dIl. (19.55)
dr Jv n

According to the mass conservation law (19.55), the negative increment of mass m within
a three-dimensional volume V is equal to the total mass flux through the boundary surface
I of the volume V in the unit of time. Using now (19.48), we may write

ds - ds
_ = _—pc—.Joquiul = —pc —. .
vV—8LMmK 'Ocdt giu'u 'Ocdt (19.56)
Using (19.41) we obtain the energy-momentum tensor of the given mass distribution as
follows:

phn 20 (vV=8Lmx) _ pc ds ey,
V=& = 08 v—gdt
In the pseudo-Euclidean case we note that the component T% gives the correct result for
the energy density

(19.57)

7% — , (19.58)

and the components T% give the correct result for the momentum density

T()ot — pva

) (19.59)
2
Z

:

For a weak gravitational field at low velocities, the following limits can be used:

8oa = 8u0 — 0; 8up — _(Saﬁ; (19.60)
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and
ds — goocdt, /-8 — goo- (19.61)
Substituting (19.61) into (19.57), we obtain
TH = p Fufu”. (19.62)

The energy-momentum tensor (19.62) can be considered as the kinetic energy-
momentum tensor which does not include the contribution from the internal energy
of the given matter distribution. In order to include the contribution from the internal
energy of the matter distribution, we may use the result for the differential of the internal
energy dU = —pdV, where p is the pressure within the matter distribution. Thus, we
obtain the action integral corresponding to the internal energy in the form

B
Iy = — Udr = 1/ Lymu/—gde, (19.63)
A cJq
where the Lagrangian density £y is given by
dUu
Luy = =gy =P- (19.64)

As the Lagrangian density £y does not include any dependence on the metric tensor gi,,

we use the constraint
1—/guuul =0 (19.65)

to create a Lagrangian function f = f(u¥, 1) with the constraint

f (uk,k) = p,/guiut + 1 (1 - ,/gjluful> . (19.66)

Using the method of Lagrange multipliers the equations for the parameter A and the
variables u¥ are given by

) - ,
a—]; =1- /guiul =0 = |/guuiut =1, (19.67)
and
) 1 , )
# =5 (p— 1) Jguuiul2giu! =0 = 1 =p. (19.68)

Using (19.68) we obtain the suitable Lagrangian density for the calculation of the energy-

momentum tensor
Lyu=p+p (1 - 1/gﬂufu’) =p. (19.69)

The contribution to the energy-momentum tensor from the Lagrangian density (19.69) is
obtained using (19.43) as follows:
kn__a[’M_kn _ k.n__ kn
T = 250 —8" b =p (u u'— g ) (19.70)
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where we used (19.69) to calculate

oL 1
M P ykyn — —5 puku’. (19.71)

98kn 2. [guiud

Putting together the results (19.62) and (19.70), we obtain the total energy-momentum
tensor of a matter distribution in the form

TR = ThE 4 Th (p T 02> ukyn — ghnp, (19.72)

The result (19.72) is the most commonly used form of the energy-momentum tensor
of a matter distribution in the general theory of relativity. It should be noted that the
quantity T% is always positive, and in most practical calculations the contribution from
the pressure terms can be neglected.

19.3 Einstein Field Equations

In this section, we consider the variation of the action integral I in (19.33), which
describes the gravitational field itself, and derive the gravitational field equations. Using
the result (19.31) we have

03
In order to calculate the variation (19.73) we need to calculate
5 (v=8R) = 8 (y=88" Ri)
=68(y/—8) R+ /—g5g"" Ry, + /—88 "5 Ry (19.74)

Using here the results (9.35) and (9.40), we may write

58 = g8""68kn = —88ng™", (19.75)
and we have
5(v/-8)=- 2\/1_—g58 =— 2\/1__g (—gginss™). (19.76)
or
5(v/-8) = —ggkﬁgkn. (19.77)

Substituting (19.77) into (19.74), we obtain
1
5 (V8R) = V8 (Run ~ 58 38" + =85 (19.78)

Next, we calculate the expression gk”SRkn as follows:

k — gk J T Pl P
88 R = 855 (8T + 3T, + Ty — T5,I)

_ okn J T kngpP knpp s/
= g5 (ouT); — T, ) — gnary, 1Y, — ghrrl ord,

+ 88T Ty + T 8T + 8T, — g4 8T, (19.79)
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where we have added the term
knpj opP knpd spP
g1, — 8T8}, = 0 (19.80)
at the end of (19.78). Regrouping the terms, (19.79) becomes
kSR, = g6 (9,1 — a1 kn (pd spP _pdsrP
g kn =8 nbki = % kn +8 nj°" kp pi® kn
knpP i knsrP J knppP orf knpj opP
+ 8T 8T + 8T Ty — 8T, 8T, — g4'T,8TF . (19.81)
Renaming the dummy indices, we obtain
gSRy, = g7 (anr,fp - aprﬁn) +ghn (rﬁllsrgp - r;lsr,fn) -
knpl spP o oknspl P _ gknpP sl oknpl soP
+g ”I‘kp(SI‘nl +g ”6kal‘nl -g ”Fkn(SFpl -g ”Fnl(Ska (19.82)
or
g8 Ry, = g*1's (a rg, = 0k, ) + & (1810, — Thrh, ) -
kn =& n"kp P kn g nl®" kp pl®" kn
ik oP ok p jnpk spP ki P
+ /" 58Ty + 89T ]8T, — &I 8Ty, — gT7,8T) . (19.83)
Using the symmetry of the Christoffel symbols with respect to the lower two indices, we
may rewrite (19.83) as follows:
g5 Ry, = g5 (017, — 9pTp, ) + g (1yor%, — TLor%, )
. . . i
- (—gf”I‘]'-; - g’cfr;;) sTP 4+ (—gf”F]]-Cn —g fr;;) Dy (19.84)
From the results D,g"" = 0 and D,,g*" = 0, we have
gk = —Fj];gjn - F};gkj,
ong" = —Tj gl — 17 gh. (19.85)
Substituting (19.85) into (19.84) we obtain
g5 Ry, = 80 (5T, ) — 80 (T,
— 8T, 08" + 5T, ng"" + g (Th8T 0, — ThoTL,) (19.86)
or
g8 Ry, = 0y (861, ) — 8 (85T, )
I (oknspP 1 (knspp
+Th (g1, ) — 11, (gnrp,) (19.87)

Interchanging the dummy indices k <> p in the first and third term on the right-hand side
of (19.87), we obtain

g5 Ry, = 9 (85T, — oy

+ 1, (gary, — ghory,) (19.88)
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Introducing here a four-vector ” as follows:
of =gy — ghnsr? | (19.89)

and using I'}, = 9 In /=g, the result (19.88) becomes

1
"8 Ry = dpe” + T} 0P = dpo? + \/?ga,, (v/~8) »” (19.90)
or
1
kn
§"8Ryy = ——0p (/—goP). (19.91)
n \/_—g ,U( )

Substituting (19.91) into the result (19.78) we obtain

1
§(v/—8R)=-g (Rkn - 5gk,,R> 38" + 0, (/—goP). (19.92)

Substituting further (19.92) into (19.73) we obtain

3 1
§lg = — ——— Rip — =8inR ) 85 /—g dQ
e 16”G/Q(kn zgkn)g\/gd

C3

———— [ 3 (/—goP) d.

167 G /Q b (V=807 (19.93)
The second integral in (19.93) can, by means of the Gauss theorem, be transformed into
an integral of w” over the hypersurface surrounding the entire four-dimensional domain
Q. When we vary the action I, the variation of the second integral vanishes due to the
variational principle which requires that the variations of the fields at the limits of the
domain 2 are equal to zero. Thus, the second integral in (19.93) can be dropped and we
obtain the final result for the variation of the action integral for the gravitational field in
the form

c3

1 kn
1670 /;2 (Rkn - zgknR) sgy/—gde.

8l = —

(19.94)

Using now the result (19.33), thatis, —8Ig = év with (19.38) and (19.94), we obtain

c3 1 n
167G /Q (Rkn - Egk"R) ’g"y/—gde

1
-5 f Tindg"" /—g dQ. (19.95)
¢Ja

Since the variations of the metric tensor are arbitrary, the result (19.95) gives Einstein field
equations for the gravitational fields in the form

1 87 G
Rin = 58nR =~~~ Tin. (19.96)
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The field equations (19.96) with mixed tensors Rk and T* are given by

1
Rk — 55’,;1%: -

87 G
”TT,’;. (19.97)

Contracting (19.97), we obtain
1 87 G
R}~ 50iR=R—-2R=-R= —”TT. (19.98)

Substituting (19.98) into (19.96), we obtain an alternative form for the gravitational field
equations

87 G
Rin = — :4 (Tkn - zgkn T) . (19.99)

In empty space we have Ty, =0 and (19.99) give Ry,, =0. The result Ry,, = 0, however, does
not mean that the space-time is flat (i.e., pseudo-Euclidean). The condition for the space-
time to be pseudo-Euclidean is that the curvature tensor Riln is identically equal to zero,

. ] _
that is, Ry, =0.
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Solutions of Field Equations

In Chapter 19, we have derived the gravitational field equations. The gravitational field
equations are non-linear equations and they include the self-interaction, that is, the
interaction of the gravitational field with itself. The principle of superposition, which
is valid for the electromagnetic fields in the special theory of relativity, is therefore not
valid for the gravitational fields. However, in most practical cases we work with weak
gravitational fields for which the field equations can be linearized and the principle of
superposition is approximately valid. In this chapter we discuss the non-relativistic limit
of the gravitational field equations and the simplest solution of the complete gravitational
field equations for the static spherically symmetric field produced by a spherical mass M at
rest, known as the Schwarzschild solution. The Schwarzschild solution has played a major
role in the early development of the general theory of relativity and is still regarded as a
solution of fundamental importance.

20.1 The Newton Law

In order to find the non-relativistic limit of the gravitational field equations (19.96) or
(19.99), we start with the definition of the Ricci tensor (19.8), that is,

_ J ) P P
Rigy = 8nT%; — 8T, + Tiilpn — T, D (20.1)

In the non-relativistic limit in the static gravitational field, with the approximate metric
given by (18.37), the only non-trivial equation (20.1) is the one with k = n = 0. Thus, we
calculate

ROO_BOF’ ajl‘()0+r011‘;,0 b r! 1~ —a TGy (20.2)

For the static gravitational field with dpgi, = 0 we may use the approximation (18.26) with
(18.38), such that we have
1 1
T = —58" 9800 = — "¢ (20.3)
Substituting (20.3) into (20.2), we obtain

1
Roo ~ 8Ty = — 899, (20.4)

From the result for the energy-momentum tensor of a matter distribution (19.72), in the
static non-relativistic case under consideration, we obtain

Too ~ pclupuy ~ pc®, T ~ pc?g upu, = pc®. (20.5)
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Thus, we obtain
1

1
Too — =gooT = = pc?. 20.6
00 2goo ZPC ( )

Substituting the results (20.4) and (20.6) into the gravitational field equation (19.99) with
k = n =0, we obtain

1 87 G 1 47 G
Rop = —5040% = — Too — =80T ) = — , 20.7
00 = = ¢ A ( 00 — 5800 ) z P (20.7)
or
—3,0% = V?¢ = 47 Gp. (20.8)

Thus, we obtain the non-relativistic gravitational field equation for the gravitational
potential ¢ in the form

V3¢ =47 Gp. (20.9)

The solution of (20.9) is given by
¢ (r) = —G/ pdv, (20.10)
v R

where R is the three-dimensional distance between the position of the sources and the
position where the potential is calculated, that is,

R= /|xa_3‘ca‘2. (2011)

For a uniform mass distribution over the volume V, we obtain

.G GM
o (7) = _ﬁfvpdvz S (20.12)

The result (20.12) agrees with the result (18.41) which leads to the Newton law of gravity
(18.44). Thus, the gravitational field equations (19.96) or (19.99) have the correct non-
relativistic limit (20.9) which leads to the Newton law of gravity.

20.2 The Schwarzschild Solution

The Schwarzschild solution is a solution of the complete gravitational field equations for
a static spherically symmetric field produced by a spherical mass M at rest. The static
condition requires that all the components of the metric tensor gy, are independent on x°
or time ¢. Furthermore, we must have g,0 = go, = 0. The spherical symmetry suggests the
choice of the spatial coordinates as the three-dimensional spherical coordinates (7, 6, ¢).
The most general spherically symmetric metric satisfying the above conditions can be
written in the form

ds? = 202 d2 — 2 g2 — 2 (d92 + sin? 9d¢)2> , (20.13)
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where v = v(r) and A = A(r) are yet unspecified functions of the radial coordinate
r. In the metric (20.13) we are using the exponential functions in order to secure the
right signature of all terms. Thus, the covariant metric tensor of a static and spherically
symmetric gravitational field is given by

e 0 0 0
0 —e* o 0
[emn]l=1 0 o —2 o : (20.14)

0 0 0 -—rsin®s

The contravariant metric tensor is then given by

e 0 0 0
0 —e2 0 0
[g™]=| o o _-2 0 . (20.15)

0 0 0 -—r2sin29

The Christoffel symbols of the first kind for the metric (20.13) can now be calculated using
the definition (9.28), that is,

0gk g
1(ﬁ+ﬁ_ 3gkn>. (20.16)

Tity = - J
ik =5\ axn T axk T Tow

The results for the Christoffel symbols of the first kind for the metric (20.13) are summa-
rized in the following list:

To,00 = %(305’00 + 30800 — do&oo) = 0,

[o,01 = To,10 = %(%goo + dog10 — dogo1) = v'(r) exp(2v),
Fo,02 =To20 = %(aegoo + 90820 — 0802) = 0,
Fo03 =To30 = %(awgoo + 90830 — d0803) =0,
Lo = %(argm + 9r810 — dog11) =0,

Fo12 =To21 = %(%gm + 9r&0 — d0812) =0,

o3 =To31 = %(?%pgm + 9830 — d0&13) =0,
Fo22 = %(aegoz + 99820 — d0&22) =0,

Fo23 =To32 = %(%goz + 99830 — dog23) =0

To33 = %(&pgos + 9,830 — dog33) =0

1,00 = %(305’10 + d0go1 — 0rg0o) = —V'(r) exp(2v),

1
00 =T110= E(Brgw + 90811 — 9r801) =0,
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102 =T12 = %(38810 + dog21 — 9r802) = 0,
03 =T130 = %(3(/;810 + d0g31 — 9r&o3) = 0,
T = %(argll + 0rg11 — 9:811) = —A'(r) exp(21),
Fiz=T101 = %(aegu + 9r821 — 9r&12) = 0,
s =T131 = %(3(/1811 +0r831 — 9rg13) =0,
12 = %(39812 + o821 — Org22) =T,

23 =T132= %(33g12 + 90831 — 9r823),

33 = %(awgl?; + 0,831 — drgs3) = rsin® 0,
I2,00 = %(30820 + 90802 — d9&oo) = 0,

2,01 =T'210 = %(3rg20 + dog12 — dp&o1) = 0,
2,02 =220 = %(aegzo + d0g22 — d9&o2) = 0,
203 =T230 = %(3(/;820 + dog32 — d9&o3) = 0,
Fon1 = %(argZI + 9r812 — % 811) =0,

212 =T221 = %(30g21 + 0r822 — 9p812) = T,
213 =T231 = %(3(/1821 + 0832 — 99813) =0,
I200 = %(39822 + 0pg22 — o g22) =0,

203 =T232 = %(awgzz + 99832 — dp&23) = 0,
233 = %(agogzs + 0p832 — 09833) = r? sin cos 6,
I'3,00 = %(30830 + 30803 — 9,800) = 0,

301 =TI'3,10 = %(arg3o + 90813 — 9,801) =0,
302 =T'320 = %(aegso + 00823 — 9p802) = 0,
I'303 =T330 = %(awgso + 30g33 — 0,803) =0,
'3 = %(arg?;l + 0r813 — 9p811) = 0,

1
312 =T321 = 5(30g31 + 0rg23 — 0y812) =0,
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1 .
313 =T331 = §(3<pg31 + 0rg33 — 0p813) = —T sin® 9,
1
320 = 5(39832 + 09823 — 0y g22) =0,
1 .
323 =T332 = z(agog32 + 09833 — 0,23) = —12 sin6 cosé,

1
333 = z(agog33 + 0,833 — 9,833) = 0. (20.17)

The Christoffel symbols of the second kind for the metric (20.13) can be calculated using
the definition (9.29), that is,

Y =glTj k. (20.18)

The results for the Christoffel symbols of the second kind for the metric (20.13) are
summarized in the following list:

Yo = 8"Tj00 = §%To00 =0,

I, =T =8"Tj01 = g%To0 = v'(1),
Iy, =T% = g"Tj02 = g%To02 =0,

Mg =T3 = gojrj,os =g"%To03 =0,

9 =g"rjn =g"ron =0,

1Y =19 =g =802 =0,

Iy =19 =g"Tj13 =803 =0,

19 =gz = g% =0,

Iy =19, =823 = 8"T023 =0,

Iy = gojrj,33 =g"ro33 =0,

g0 = 8YTj00 = 8" T'1,00 = V(1) exp(2v — 23),
Iy =Tl =8I =g" T =0,

Il =T =8YTj =8"T102=0,

i =T3o = g"Tj03 =g"' 103 =0,

I =g¥rjn=g"ru=2,

Ml =Ty = gljrj,lz =g'"Tr,12 =0,

Iy =T} =g¥Tj3=¢"T113=0,

I}, =gVl = g''I' 22 = —rexp(—24),

[}y =T =gYTjp =g" 125 =0,
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Iy = gYTj33 = g''I'1,33 = —rsin® 0 exp(—22),

T3y = 8¥Tj00 = §°T2,00 = 0,

Ig =Tf = gzjrj,m =g*In =0,

[ =T5 = gzjrj,oz = g% =0,

I3y =% = g7Tj03 = §%T203 = 0,

I3 =g¥rjn =g%T =0

%, =73 =891 =g%T212 = %

I3y =13 = g9l =8%T213=0,

3, =890 = §%°T22 =0,

33 =T% =893 = g%T223 =0,

I = gzjrj,33 = g%’Ty33 = —sinf cosH

Iy = 8YTj00 = 8300 =0,

I3 =T =8YTjm =8%T30 =0,

I3, =T3 =8YTj0 =8%T30 =0,

I3y =T3 = 8¥Tj03 =8%T303 =0,

I3 =g¥rin =¢rsn =0,

Iy =Tr3 = gSij,lz =g%I312 =0,

I3y =T3 =893 =8%rs13 = %,

13, =g¥Tj0 =832 =0,

33 =T3 =g¥Tjs3 =g"T323 = % = cot 6,

I35 =833 = g°T333 = 0. (20.19)
From the results listed in (20.19) we can make the following conclusions:
[Tl T3 T3 ]
[Fgﬁ] = [Fﬁo] =| I T3 T3 | =0, (20.20)
L I T3y I
[T Iy T3]
[Fgﬁ] = [Fga] = rg1 ng Fga
L T3 I I

I
L

(20.21)
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where («, 8 = 1, 2, 3). Furthermore, we can calculate

J 0 1 2 3
To; = oo + Tor + oo + Loz =0,

i 2
M=+ T+ T+ T =v +3/+ 7,
I%; =T + T3y + '3, + I35 = cot,

J 0 1 2 3
Iy =T + '3 + '3, + I35 = 0.

Using the results (20.22) we note that

I oo ard j
. Oy Orly; Ol oy 0
il= J oo s | = ~
[aﬁraj] = | %Ly %l %0y | =1 0 8T 0
T
8,7 T 3Ty 0 0

or

aﬁrﬁ;j=o fora # f.

From the results listed in (20.19) we also have

Fiz ZF%3=F§3 =0= arféﬁ =0 forua#§8,

2

', = ;’

1

or

doTgg =0 foro # B.

M3 =T33 =0 = 5 =0 fora g,

(20.22)

(20.23)

(20.24)

(20.25)

(20.26)

The Ricci tensor for the metric (20.13) can be calculated using the definition (19.8), that is,

0 e iwd wy
Ry = 0nT; = 0T, + TTpn = T, T

(20.27)

From the result (12.48) we see that the Ricci tensor is a symmetric tensor Ry, = R,; and
that it has only ten independent components. The formulae for the components of the

Ricci tensor for the metric (20.13) are summarized in the following list:

J J p p i
Roo = 801"0]. — ajFOO + Fojl“po — Fool“pj,

_ _ J R p
Ro1 = Rio = 9,T; — 3T, + Foj'Fllgl -

_ P T p p
Ro2 = Ry = 39F0j — 311“02 + I, — FOZij,

0j° p2

— _ J T P P
Ro3 = R3p = 8¢F0j — 811"03 + oI, — Fosl“pj,

0j" p3

— a1t T P P J
Ry = ;T — 4T, + Ty — 1T,

J J p p
Ri2 =Ry = 891"1]. — ajl"lz + I, — Flzl“pj,

1j" p2

— —arl T P p
Ri3 = R31 = 9,1}, — i3 + T}l — Ti310,,

1j' p3

.
ol
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Roz = 99T — 0T, + T;T, — T5,T7,,

2jp
_ _ J T P/ p
Ro3 = R3p = 3¢F2j — 3]F23 + szl“p3 — F23ij,
_ J T P 2]
R33 = Bwl“gj —0jl33 + stFpS — Fggrpj. (20.28)

The results for all ten individual components of the Ricci tensor for the metric (20.13) can
be obtained from the above list (20.28). However, the calculation process can be facilitated
using some of the general results (20.20)-(20.26). Thus, for « = 1, 2,3 we may use (20.27)
to calculate

J j p p
Roo = 30T — 3jTg + Tl — Too T (20.29)

Using here the condition for the static metric 80F{m = 0, we obtain

B 0 B 2]
Rao = =984 — Taolo; = Taolgj + ToiTpo- (20.30)

Using here 1"50 = 0 and 1"{;]. = 0 from (20.20) and (20.22) respectively , the result (20.30)
becomes

Roo =TT =T8T + [Ty + ThoTho + o, T (20.31)

Using here I'), = 0, Faﬁo = 0and Fgﬂ = 0 from (20.19), (20.20) and (20.21) respectively, we
see that all four terms on the right-hand side of (20.31) vanish. Thus, we obtain
Ry =Rpe =0 (a¢=1,2,3). (20.32)

Furthermore, for o, 8 = 1, 2,3 and o # 8, we may use (20.27) to calculate

_ J T 2] P
Rap = 85T — 8T + TgiTs — Tag Ty (20.33)

From (20.24) and (20.26) we see that the first two terms on the right-hand side of (20.33)
for o # B vanish. Using (20.22) we then obtain
2] 0 ~J 1 2
Rup = T T),5 — TagTg; — Taglyj — Tasl;. (20.34)
Using here Fgﬁ =0and I“Ollﬁ = 0 for a # g from (20.21) and (20.25) respectively, we have

P 1.2 COtO
Ryp = I‘ajl*pﬁ — 5a5ﬁ7. (20.35)

Thus, the second term on the right-hand side of (20.35) is not equal to zero only for
(aB) = (12). Let us now calculate the first term on the right-hand side of (20.35), as follows:

PR _pP 0 p
Tyl = Tholps + Tawlpgs (20.36)
or
o T = Tool0s + Taolos + ToulGs + Toulip- (20.37)

From (20.19) we see that the only non-zero term of type I') or I'g, is 'y, = v/(r). Thus, for
o # B the first term on the right-hand side of (20.37) is zero. Furthermore, using (20.20)
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and (20.21), we see that the second and third term on the right-hand side of (20.37) are
also equal to zero. Thus, we have

P 1 2 3
ThiThs = Taulas = Taulfs + TauTss + To, T8
= Tyl + Taol5g + Tagliy + T4 Ty, + D55, + 12515,
+ T3 T35+ ToyT55 + T3T5,. (20.38)
Using the result (20.38) we can show by direct calculation that

2 cot9

P
ThiTs = 885 T T3, = 8365 (20.39)

Substituting (20.39) into (20.35) we finally obtain
Ryp=Rpu =0,  (a #P). (20.40)

From the results (20.32) and (20.40) we conclude that all off-diagonal components of the
Ricci tensor are identically equal to zero

Rin=Ry=0 (k#n. (20.41)

Thus, the only nontrivial components of the Ricci tensor are the diagonal components.
Using the static property of the metric aorjm = 0 and the results (20.20)-(20.26), they can
be calculated as

Roo = —3rT'gy — TgoI™y; +2TgeI G
" It 2 2 /
="+ VA =V ==V |exp2v —2A)
r

j 1 1 0)? 1)

Ry =8Iy = 9Ty — Ty Iy + (rm) + (Fu)

2 2 2
+ (l—-ﬂ) + (l—-:i}3> =" — ) + U/Z _ ;)L/

Ry = 8T, — 0,T}, + 2T, T2, + (r§3)2 ~ T,
=(1+nrn'—r)exp(-21) — 1
Rs = —9rT'33 — 36135 — FéBF Iﬁ33F +2I'33T
+ 2I% 03, =sin® 0 [(L+ v — r2)) exp(=22) — 1] (20.42)

From the results (20.42) we see that Rs3 = Ros sin®6. As sin®@ is in general different
from zero, substitution of these two components of the Ricci tensor into the vacuum
gravitational field equations Ry, = 0 gives the same differential equation for v and A. Thus,
the vacuum gravitational field equations Ry, = 0 give only three independent equations
for v and A, that is,

/

2
"+ VN =2 -2y =0,
r
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v = + V/Z _ %)»/ =0,
(1+7r —r1)exp(—21) = 1. (20.43)

Adding together the first two equations in (20.43) gives
—g(\/—i—k/) 0= Lo -o. (20.44)
r dr

From (20.44) we see that the quantity v+ must be a constant. On the other hand, for large
values of radial coordinate r the space-time is approximately flat and both v and A tend to
zero as r — oo. Thus, the constant v + A must be equal to zero, and we have

V+A=0 = A= —v. (20.45)

Substituting (20.45) into the third of (20.43), we obtain
(1+2r) exp(2v) = % [rexp2v)] = 1. (20.46)

Integrating (20.46) we obtain
rexp(2v) =r—rg, (20.47)

where the integration constant rg is called the gravitational radius of the body. Thus, we
obtain

e
8oo = exp(2v) =1— -
gi1 = exp(2h) = (1 - ) . (20.48)

The gravitational radius of the body is defined using the Newtonian limit (18.38) with
(20.12) as

2¢ 2GM
— =1- . 20.4
goo—>1+c2 1 oy (20.49)
Comparing (20.49) with the first of (20.48) we find
2GM
re="—5— (20.50)
Thus, the final result for the Schwarzschild space-time metric is given by
> _(1_T6\ 292 (1_T6\ ' a2 2(in2 2,0 2
ds” = (1 p )c dr <1 p ) dre —r <d9 + sin“ 0dg ) (20.51)

From the Schwarzschild solution (20.51) we conclude that the empty space outside a
spherically symmetric distribution of matter can be described by a static metric. Fur-
thermore, it should be noted that the solution (20.51) is also valid for moving masses as
long as the motion preserves the required symmetry, for example, a centrally symmetric
pulsation. We note also that the metric (20.51) depends only on the total mass of the
body which is a source of the gravitational field, just as in the case of the Newtonian
theory. If we put d¢ = 0 in the metric (20.51) we obtain the three-dimensional space with a
line element
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a2 = (1 - rTG)_l dr? + 12 (d92 + sin? Gdgoz) . (20.52)

As the Schwarzschild metric tensor gi,, is not time dependent, the distances can be defined
over a finite portion of space and the integral of the element of the spatial distance dl along
a space curve has a definite meaning. In other words it is possible to split the space-time
into the space and time with definite meaning. If we can turn the mass M of the source
down to zero, the metric (20.51) reduces to the pseudo-Euclidean metric of the flat space-
time in the spherical coordinates

ds? = c2de? — dr? — 12 <d02 + sin? Qd(pz) . (20.53)

Turning the M on again, we introduce a distortion into both the four-dimensional space-
time continuum and the three-dimensional space itself and neither of them is flat any
more. The level of distortion is proportional to the dimensionless quantity rg/r. In the flat
space-time described by the metric (20.53) the radial coordinate r is the measure of the
radial distance from the origin of the coordinates. In the curved space-time it is no longer
the case and r is just a space coordinate which does not measure the radial distance from
the origin. From the line element (20.52) we obtain the square of the infinitesimal radial
distance dR for d9 = d¢ = 0, as follows:

dR? = (1 _ rTG)*l ar. (20.54)

Thus, we see that the actual radial distance increment dR is larger than the coordinate
differential dr, that is, dR>dr. The distance between two points r; and ry is then

obtained as
2 re\—1/2
Ry = 1—— dr =
n= [ (1-7) e

1

= [VrT o+ (TR (20.55)
1

From the result (20.55) it can be shown that for small r;/r the distance between the two
points r; and r» tends to r» — r1. If we take the sphere in space with r = Constant, then the
three-dimensional space metric (20.52) becomes the metric of a two-dimensional sphere
of radius r embedded in the Euclidean space, that is,

di? = r? (d92 + sin? 9d<p2) . (20.56)

The infinitesimal tangential distances are therefore the same as in the Euclidean space

dl = r\/d6? + sin? 6dy2. (20.57)

Let us now consider the element of the proper time dr given by (18.5) as follows:
dr = Jgoodt = 1 — rTG dr < dt. (20.58)

The proper time between any two events occurring at the same point in space is then
given by
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12
r:/ h-TCar<p—u. (20.59)
h r

Thus in the curved space-time near the massive sources of the gravitational field there is
a slowing down of time, compared to the time that would be measured in the pseudo-
Euclidean limit at the infinite distance from the sources of the gravitational field, that is,
when r tends to infinity.

It should be noted that the Schwarzschild metric (20.51) becomes singular at r =rg,
where goo =0 and g11 = —o0. However, for most of the observable bodies in the universe the
gravitational radius lies well inside them, where the Schwarzschild metric is not applicable
anyway. For example for the Sun the gravitational radius is r; =2.9 km and for the Earth
the gravitational radius is 7 = 0.88 cm. Furthermore, the singularity of the Schwarzschild
metric can be shown to be more a consequence of the choice of the space-time coordi-
nates than of the space-time itself. Nevertheless for a few bodies in the universe that are
actually smaller than their gravitational radius, some physically interesting things do hap-
pen at the boundary r = r. For example, matter and energy may fall into the region where
r < rg but neither matter nor energy (including the light signals) can escape from the re-
gion where r < rg. Such aregion is called a black hole and will be discussed in Chapter 21.
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Applications of the Schwarzschild
Metric

In Chapter 20 we have derived the static Schwarzschild solution of the gravitational field
equations for a static spherically symmetric field produced by a spherical mass M at rest.
In this chapter we discuss two applications of the Schwarzschild solution to explain two
physical phenomena which cannot be explained within the framework of the classical
Newtonian theory of gravitation.

21.1 The Perihelion Advance

According to the Newtonian theory of gravitation, the orbit of a planet around the Sun is
a closed ellipse with the Sun at one of the two foci. Thus the point, which is called the
Perihelion and where the planet is closest to the Sun, is fixed. However, the experimental
evidence shows that the perihelion of the planets is not fixed, but gradually rotates around
the Sun. This rotation, although very slow, is cumulative and can be measured over a long
period of time. In the classical mechanics the Lagrangian of a planet in the central field of
the Sun is given by

mv* GMm

L=¢& — = — . 21.1
r— mo((r) 5 + ; ( )
The conserved energy of the planet is
L 2 GM
Eo oy _p_my _GMm o stant, (21.2)
¥ 2 r

From (21.1) we may write in the spherical coordinates

1/. . . . GM
L=m [5 (r2 + 1262 + 1% sin® 9<p2> + —] ,

(21.3)
where the dots denote the time differentiation of coordinates. Since the classical motion
of the planet in the central field of the Sun is confined to the plane of the orbit, which we
take to be the equatorial plane of the spherical coordinates, we have § = /2 and 6 =0.
From (21.3) we then obtain

_ ]. -2 2.2 GM
L_m[z(r +r¢;)+T . (21.4)
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The Lagrangian equation with respect to the angular variable ¢ is given by

d /oL oL

— =)= —. 21.5

dr <3¢> dp (21.5)
Substituting (21.4) into (21.5) we obtain

d; .

o (mr (p) —o, 21.6)
or

2 . 2 . h
mr°¢ = h = Constant = r° ¢ = g (21.7)

where £ is the conserved angular momentum of the planet. Substituting (21.7) into (21.2)
in the polar coordinates, we obtain

m[, h 2GM
E=5 [r M A 219
From (21.8) we may write
., 2E k> 2GM
m m-r r
Dividing now i from (21.9) by r* $? from (21.7), we obtain
1 /dr\?> m? (2E h* 2GM
F (@) =2 (% et T) (110
or
d (1\1? 2mE [1\®> 2GMm? (1
[@ (;)] = —hz - (;) + —h2 (;) . (21.11)
Introducing here a new variable u = 1/r, we obtain
2 2
(j—:) Fu? = 2;;15 + ZG%"I u, 21.12)
or
du\?> 2mE G*M2?m* [GMm? 2
(@) = Wz + WA —( 7B —u). (21.13)
Introducing here the following notation:
e 2mE G*M’m* 1 GMm?
Z=TE e = (21.14)
where
2 2
2. 2ER f (21.15)

T e P=GMmz
we may rewrite (21.13) as follows:
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2 2 2
()56

The well-known solution of the differential equation (21.16) is given by

1+ e cos
u=-—°"2%

, (21.17)
p
The validity of (21.17) is easily confirmed by direct substitution. Using (21.17) we can
calculate
1 2 e, (du)z e
— —u)] = — cos g, — | = — sin” ¢. (21.18)
(,, ) Y do) —p270 7

Substituting (21.18) into (21.16) and using cos? ¢ + sin® ¢ = 1 we obtain the identity. Thus,
(21.17) is a correct solution of the differential equation (21.16). Using here u = 1/r we
finally obtain

p

r=—"—. (21.19)
1+ecosg

It is the equation of an ellipse in the polar coordinates. The length of the major axis of this
ellipse, denoted by 24, is given by

2
2a=r(<o=0)+r(fp=n)=1ze+lfe=1_pez. (21.20)

Thus, we may express the parameter p as
p:a(l - ). (21.21)

Thus, according to the Newtonian theory of gravitation the orbit of a planet around the
Sun is indeed a closed ellipse with the Sun at one of the two foci and the perihelion is fixed.
Let us now consider the motion of the planet in the Schwarzschild space-time within the
framework of the general theory of relativity. The equations of motion are the geodesic
equations (11.25), that s,
d?x" dx! dxk
ds2 T Mkds ds
Using the non-zero Christoffel symbols of the second kind in the Schwarzschild metric
(20.19) we obtain the four equations of motion
P g dedr _
ds? Mdsds

d?r 5, g (de\* .y (dr\? o (doN® . [dg)?
@"‘C FOO(&) +r11(a) +F22<a) +F33<a> =0,

&0 o drde (dgo)z

=0 (k,,n=0,1,2,3). (21.22)

=Y =% Z) =o,
dsz+ lzdsds+ 33\ ds

2
d=g 3 drdg 23d9d(p_0

—_—— ——=0. 21.23
ds? T2l ds ds el ds ds ( )
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In (21.23) the factor of two appears before each of the off-diagonal terms as they appear
twice in the sum due to the symmetry of the Christoffel symbols of the second kind with
respect to its two lower indices. The Schwarzschild metric is a spherically symmetric
metric and the motion of the planets around the Sun is still confined to the plane of the
orbit, which we may take to be the equatorial plane of the spherical coordinates. Thus, we
still have 6 =7 /2 and § = 0. The third of the equations of motion (21.23) for the angular
variable 6 becomes therefore trivial and the other three equations are reduced to the
following equations:

d’t o drdr
2z Tz =
ds? ds ds

d?r LA\t /dr\E o (de)?
@‘FCZFOO (a) + T (&) +I'33 (a) =0,

d2¢ 5 drde

iz B ds = 0. (21.24)
Substituting the actual values for the Christoffel symbols of the second kind from (20.19)
in the first and the third of (21.24) we obtain

d?t . drdt
— +2v (r)aa =0,

0,

ds?
d?¢ 2drde
a2 T rasas =0 (2129

or

d dt
exp (—Zv)a (exp (2v)a> =0,

1.d /[ ,dp\
LS (r E) —o. (21.26)

Thus, we obtain two constants of motion

dt re\ dt 1 2E
epoVa = <1 — 7) T 1+ e Constant,
d h
22 — 2 _ Constant. (21.27)
ds mc

The form of the constants on the right-hand side of (21.27) is chosen in such a way to
secure the correct classical analogy. From (21.27) we may write

dr\? G\ 2 2E
2(88) (1.6 il
¢ (ds) _(1 r) <1+m02>'

A
(rzd_f) - (21.28)
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Using now the result for the Schwarzschild metric (20.51) with § = /2 and § = 0, we have
2 _ (1. TG\ 242 (1 TG\ ti2 oo,
ds® = (1 - )c dr (1 - ) dre — rde (21.29)
or
2 2 2
(12702 (9) (g ooy ()T L L (e de
1= (1 r )C (ds) (1 r) (ds 2\"a) " (21.30)

Substituting (21.28) into (21.30) we obtain

ro\—1 [ dr\? h?
(-9 (§) e 213D
or
L_T6_q, 2 dr\? n? <1 rG> 21.32)
r mc2 \ds m?2 c? r? r/’ '

Using (21.27) we may calculate

dr 1dr ,dp  h d (1
FrialR il m@(;)- (133
Substituting (21.33) into (21.32) we obtain
2 2 2 2
h_ [i (l)] h— = E U ﬂ (21.34)
m?c2 | de \r m?cir2  mc2  r  m?crd
Using here the result (20.50) for r; and introducing a new variable u = 1/r, we obtain
h? du\? 2E 2GM  Krg 4
m2c? [(@) tu i| T mc? + c? Ut mZc2 (21.35)
or
du\? , 2mE 2GMm? 5
<@> +u = B + B u+rgu’. (21.36)
Using again the result (20.50) for r, we finally obtain
du\? , 2mE 2GMm?* 2GM ,
(@) +u° = W2 + B u+ 2 u’. (21.37)

Comparing (21.37) with the Newtonian equation (21.12) we see that the only difference is
an additional non-linear term proportional to z® which vanishes for ¢ — oc. This term can
therefore be considered as a small perturbation of the Newtonian equation (21.12) which
introduces the general-relativistic corrections to the Newtonian results. Differentiating
both sides of (21.37) with respect to the angular variable ¢, we obtain

2 2
o du (d ”+u) =2@(GMm +3GMu2). 21.38)

de d_<p2 dy h? c?
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If we disregard the solution du/d¢ = 0, which represents the circular orbit with
r = Constant, we obtain the non-linear differential equation for # in the form
Cu | GMm® | SCM , (21.39)
de2 7T T 2 2 ‘
The solution to the corresponding Newtonian linear equation
d?u©® GM m?
0 _
T i (21.40)
is given by (21.17), that s,
1
y© _ 1recose (21.41)

p

Using the perturbation method, we may construct an approximate solution of the non-
linear equation (21.39) in the form

u=u® +u®, W «uy®, (21.42)
Using (21.42) with (21.41) we may write

d2u dzu(o) dzu(l) dzu(l) e
- = - — Zcosg, 21.43
dg? — de? * de? dp2 p? ( )

and

e 1
u=u®4+u®=y® 4 » cosg + > (21.44)

Combining the results (21.43) and (21.44) and using the definition (21.14) we obtain
d’u d?u® ) GMm?
— +ull 4 ———.

d(p2 tu= d(p2 h2

(21.45)

Substituting the result (21.45) into (21.39) and putting u = u® in the non-linear term, we
obtain the equation for the perturbation u in the form

dzu® 3GM 2
@1 _ )

oz =" ()", (21.46)

Substituting the result (21.41) into (21.46) we obtain
du'h 4 = 36M (14 e cos g)? (21.47)

dg? T2 2 e :
or
d?u® 3GM 6GM 3GM

Ly = 2 cos® . (21.48)

—— + 5 —ecosp+ ——-¢€
dg? Zp 22 vt 2

Considering orbits with small eccentricity e the term of the order ¢? can be neglected. The
contribution from the constant term is negligible as well. The only term that produces an
observable effect is the one proportional to cos¢ with the contribution which increases
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continuously after each revolution. Dropping the constant term and the term proportional
to €2, we obtain

du® ) 6GM
dg? +u = 2,2 ecos ¢. (21.49)
The solution of the differential equation (21.49) is given by
U 571\24 epsing, (21.50)
p

which is easily shown by direct substitution into (21.49). Substituting (21.41) and (21.50)

into (21.42), we obtain
1 M

y= 2 ecose ‘O’f ¢ osing. 21.51)

p p p

Let us now introduce the increment Ag as follows:

SGM _ 3GM
c2p (p_cza(l—ez

Ap = ) @, (21.52)

where we have used the result (21.21) for the parameter p. Thus, we may rewrite (21.51) as
follows:

"y 1+ ecosg+eApsing
v .

(21.53)

Using now the trigonometric formula
cos (p — Ap) = cos ¢ cos Ap + sin g sin Ag, (21.54)
and the approximations for the trigonometric functions of a small angle Ay, given by
CosAp ~ 1, sin Ap =~ Ag, (21.55)
we obtain
cos g + Agsing ~ cos (¢ — Ag) . (21.56)
Substituting (21.56) into (21.53) , we finally obtain

" 1+ ecos(p —Ap)
= » .

From (21.57) we see that while a planet moves through an angle ¢, the perihelion advances
for a fraction of the revolution angle equal to

Ay 3GM

(21.57)

—_— = . 21.58
¢ ca(l—e?) ( )
For a complete revolution (¢ = 27) the perihelion advances for an angle
M
PLLAS (21.59)

cta(l-—e?)
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For the planet of Mercury the theoretical result for the relativistic perihelion shift is equal
to Agp = 43.03 seconds of arc per century, while the observed perihelion shift is equal to
Agp = 43.11 £ 0.45 seconds of arc per century. The perihelion shift of the planet Mercury
could not be explained in the Newtonian theory of gravitation. This remarkable agreement
of the theoretical result from the general theory of relativity with the observational data
was the first major experimental confirmation of the theory.

21.2 The Black Holes

In Chapter 20 we mentioned the singularity of the Schwarzschild metric (19.51) at the
gravitational radius of the spherical body r=r and the possibility of the existence of
bodies in the universe which are actually smaller than their gravitational radius rg. The
region where r < rg around such bodies is called the black hole. A number of physically
interesting phenomena occurs at the boundary r = r. For example, we have argued that
matter and energy may fall into the region r < r of a black hole, but neither matter nor
energy (including the light signals) can escape from that region. In order to prove this
assertion, let us consider a particle falling radially into a black hole with a radial velocity
u' = dr/ds. As the particle is falling radially, we have u?> = u® = 0. The motion of the particle
is described by the geodesic equations (11.25), that is,

du” k_
ds

Using u? = u® = 0 and the results for the Christoffel symbols of the second kind (20.19),
we may write the temporal equation of motion as follows:

(21.60)

du® 0.1,k 0 ,,1,0
e —Trpuu* =2 yuu, (21.61)
or
dud dv dr WO = dv 0
- _ =2 21.62
ds dr ds dsu ( )

where the factor of two appears because the term proportional to I') 0= F | appear twice
in the sum. Thus, we obtain

du® _dv
o T = e 2v)— <exp(2v)u) 0. (21.63)

Equation (21.63) can be integrated to give
exp(2v)u° = goouo = K = Constant, (21.64)

where K is the integration constant which is equal to the value of gy at the point where
the particle starts to fall towards the black hole. Using the identity gi,u*u” = 1, we may
also write

1 = gt u = goou®)? + gu1 (uh)?. (21.65)
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Multiplying by goo and using (21.64) as well as gpog11 = —1, we obtain
800 = (800)* (1) + googn (u)* = K* — (u")?, (21.66)
or
W2 =K? —goo=K2— 1+ rTG (21.67)
For the radially falling body we have u! < 0, and we may write
G

ul = — (K2 14 7)1/2. (21.68)

Using (21.64) and (21.68) we may calculate the ratio d¢/dr as follows:

dt u® K rg\ /2

- —__— (K*-14+L , 21.69

dr cul ¢ 8oo ( + r ) ( )
or

dt K T\~ (2 UANE

——__Z (1= Ké—14+ 2 . 21.70

dr c ( r ) < + r ) ( )

If we now assume that the particle falling radially into a black hole is close to the
gravitational radius rg, then we may write r = rg + € with ¢ « rg. Equation (21.70) then

becomes
171 _17-1/2
@2_5[1_<1+i) } ><|:K2—1—|—(1—|—i) } . 21.71)
dr c rG rG

Using now the approximation

-1
(1 4 i) ~1o 5 (21.72)
e e
in (21.71), we obtain
e ~1/2
dt  _Krg [Kz_i] ~_ TG (21.73)
dr ce TG ce
or
dr e
— N 21.74
dr c(r—rg) ( )
Integrating (21.74) we obtain
t ~ —rgIn (r — rg) + Constant. (21.75)

From (21.75) we note that as r — rg we have t — oo. Let us now consider an observer
traveling with the particle. The proper time measured by the observer in its own rest frame
is given by (18.5), that s,

dr = %ds — Jgnd. (21.76)
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Thus, we may write

1 1 1
dr = —-ds = —é r=——-dr, (21.77)
c cdr cul
or
d —1/2
dr = - (K2 14 r—G) . (21.78)
c r

If we again assume that the observer traveling radially into a black hole is very close to
the gravitational radius rg, then we have r=rg + € with dr =de. Equation (21.78) then

becomes
dr = —d_; (KZ _ rGE+ 6)_1/2, (21.79)
or
dr ~ —d—: (I(2 - %)_1/2. (21.80)

Integrating from the starting point ¢ to the point ¢ =0 where the observer reaches the
gravitational radius r, we obtain

1 0 ~1/2
TR — —/ (KZ - i) de
CJe I

2rgK
_2rg [1_ - ] (21.81)
c Kerg
or
€ r—rg
N — = , rG. 21.82
TN e €L 16 ( )

From the result (21.82) we conclude that the observer reaches the point r=rg after the
lapse of a finite proper time according to his own clock. Thus, the singularity atr = r is not
a real unphysical singularity, but merely a coordinate singularity which is a consequence
of the choice of the coordinate system. Let us now assume that, during the radial fall, the
observer is sending light signals to a distant counterpart at precisely regular time intervals
according to his own clock. Using the definition of the differential of the proper time (18.5),
the differential of the coordinate time is given by

dr ro\—1/2
dr = = = dr (1 — 7) , (21.83)

and from the point of view of the distant receiver the light signals are red-shifted by a factor
proportional to

B ~1/2
(go0) 2= (1-2) . (21.84)
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Thus, although the traveling observer passes the point r=r¢ after the lapse of a finite
proper time, from the point of view of the distant receiver the time intervals between light
signals become longer and longer as the traveling observer approaches the point r=r¢.
The distant receiver never sees the traveling observer after his passing below the point
r=rg, which is in line with the initial assertion that neither matter nor energy (including
the light signals) can escape from the region with r < rg.

The lack of communication with the outside world is a basic property of black holes.
The boundary r = r is called an event horizon. Just as the curved earth creates a horizon
limiting the range of vision of an ocean navigator, the strongly curved geometry in the
vicinity of a black hole creates an event horizon hiding the space-time of the interior of
the region with r < r; from the external observer. Nevertheless, the black holes do exert
influence on the external observers by their gravitational effects on external bodies arising
from the Schwarzschild metric for r > rg.

Another interesting feature of the black holes is that inside the region r < rg there
can be no static bodies. Only the dynamic bodies can exist inside the region r < rg. This
property is obvious from the unphysical negative result for the square of the world line
element of a body at rest, for which we have dr = d9 = d¢ = 0, that s,

ds? = 2dr? = ¢ (1 _ r7c;> ar? < . (21.85)

At this point we want to examine how bodies move inside a black hole. In particular it is of
interest to find out if they are moving towards or away from the central mass. We first note
that by virtue of the principle of invariance of the speed of light, the world line element ds
of alight ray is always equal to zero. The equation ds = 0 defines the two light cones. As an
illustration consider a pseudo-Euclidean metric described by the Descartes coordinates,
where dy = dz = 0. The light cones are then defined by

ds® = ?d® — dx® =0, (21.86)
or
XQ — xp = Fc(tg — tp). (21.87)

Equation (21.87) is the equation of the cross section of two cones with the y-plane or
the z-plane. All world lines of a light ray in the four-dimensional space-time, passing
through an arbitrary world point P, must lie on these two light cones where ds=0. All
other permissible world lines of arbitrary bodies with ds? > 0 must lie within the two light
cones, since otherwise the slope of the actual world line would be larger than ¢ indicating
a body moving faster than the speed of light with ds? < 0. All world lines within one of the
two cones point into the future compared to the world point P, while all world lines in the
other of the two cones point into the past compared to the world point P.

As we have argued before, if we want to explain how bodies are moving inside a black
hole, the usual set of four coordinates (¢, r, 8, ¢) is not adequate and we need to introduce
amore suitable new set of coordinates. The simplest way to achieve this goal is to keep the
three spatial coordinates and just introduce a new time coordinate w, defined by
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) (21.88)

From (21.88) we obtain
-1
dt = dw— 6 (1 - r—G) dr. (21.89)
cr

The square of the original coordinate time differential d¢ as a function of the new
coordinate time differential dw defined by (21.89) is then given by

2
r =2
+ 5% (1= ) Tar, (21.90)

On the other hand for the light cones of a radial motion, where we have d6 = dy = 0, the
result for the metric gives

ds? = (1 - rTG) 2dr® — (1 - rTG)f1 dr? =0, 21.91)
or
dr? = clz (1 _ rTG)fZ ar. (21.92)

Substituting (21.92) into (21.90), we can remove the dependency on dt?> and obtain a
quadratic equation in dw/dr as follows:

2

The two solutions of the quadratic equation (21.93) are given by

)y
or
‘:1_’;’:_%, C;_l;’:%(H’TC") (1_%’)71, (21.95)

The first of (21.95) shows that outside the black hole for r > r; some world lines have a
decreasing coordinate distance r with increasing coordinate time w, that is, the light rays
move towards the central mass. The second of (21.95) for r > r; shows that some world
lines have increasing r with increasing coordinate time w, that s, the light rays move away
from the central mass. On the other hand inside the black hole for r < r; both equations
(21.95) show that all world lines have decreasing coordinate distance r with increasing
coordinate time w, that is, the light rays always move towards the central mass. Based on
the earlier conclusion that all other permissible world lines of arbitrary bodies with ds? > 0
must lie within the two light cones, we see that all matter and energy (including the light
signals) within a black hole for r < rg can only move towards the central mass and can
never escape from the region where r < rg.
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The above discussion of the properties of black holes would be only academic unless
there were reasons to believe that such objects exist in the universe. It is today generally
believed that the black holes do exist and that they are created by gravitational collapse in
the final stage of the evolution of massive stars with a mass larger than 10 times the solar
mass. This type of black holes is expected to have a mass in a range of 2-3 solar masses.
Some stellar objects that may be candidates for this type of black holes have already been
studied. The supermassive black holes comprising thousands, millions or billions of solar
masses may also exist. It has also been suggested that in the early stages of the creation
of the universe, due to a high density of the hot matter, some small material objects could
have been squeezed sufficiently to form the so called mini-black holes.
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Gravitational Waves

22.1 Introduction

The relativistic theory of gravitational fields includes the possibility of propagation of
gravitational waves with a finite speed, the speed of light (13.1), in source-free space.
It turns out that the linearized gravitational field equations (19.96) allow for wave-like
solutions that represent the propagating gravitational waves.

22.2 Linearized Einstein Field Equations

Let us first consider the non-linear field equations (19.96) in the form

1 87 G
Rin — 58kR = —%Tkn (k,n=0,1,23). 22.1)

Equation (22.1) determines future values of the metric tensor g, from given initial
values. Relativistic theory of gravitational fields is invariant under any possible coordinate
transformations

XM= 25 (k,n=0,1,2,3), (22.2)
where z = z(x*) are invertible and differentiable functions with differentiable inverses.
Under the transformations (22.2), the metric tensor gmn(xk) transforms as follows:

axP ox4
k k k
gmn(x") — g,/n,l(z ) = 32m 927 8pg(xX").

In order to linearize (22.1), we first assume that there exists a reference frame in which, in
a sufficiently large space-time region, we can write

(22.3)

Gnn () = nn + Bpn (), nl << 1, (22.4)

where 7, is the metric tensor of the pseudo-Euclidean space-time with components
displayed in the matrices (13.9) and (13.12), that is,

1 0 0 O
0-1 0 0

1] =[0"™]= |5 o -1 o (22.5)
0 0 0 -1

In the linear theory based on the approximation (22.4), we assume that the indices of all
tensors are lowered and raised using #,,, and n™", respectively. The correction arising
from the presence of h,;,;; and h""", respectively, can be neglected as being of higher order
in the perturbation tensor ;. Thus, we can calculate
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gmn — nmkgkp nPt = nmk(nkp + hkp)’?pn
_ 7]mk + n'"khkpﬂp" =™ 4 i, (22.6)

The components of the covariant perturbation tensor hy,, are as of yet unknown func-
tions of the space-time coordinates, that can be displayed as elements of the following
matrix:
hoo ho1 hoz hos
hio hi1 hiz s
h = mn = )
[Fomn] =[] hao ho21 hao hos
h3o hs1 hsz hss

(22.7)

The components of the corresponding contravariant tensor 2 can be calculated using
the following matrix equation:

(1) = [1%] D) [
1 0 0 O hoo hor hoz hos 1 0 0 O
~10-1 0 O hio h11 hi2 his 0-1 0 O
“]10 0-1 0 hoo ho1 hoy hos 0 0-1 O
0 0 0 -1 h3o h31 hsp hss 0 0 0 -1

hoo —ho1 —ho2 —hos

—hy hi1 hi2 his

_ , 22.8
—hao  h21  hap  ho3 (22.8)

| —hso hs1  hs  hss

where we note that the order of the tensors in (22.6) has been chosen to reflect the correct
order of matrices in the corresponding matrix product (22.8). While the order of matrices
in a matrix product is essential for the correct result, the order of tensors in a tensor
product can be chosen arbitrarily, as long as all indices are correct.

In the linear approximation (22.4), the coordinate transformations (22.3) become the
pseudo-Euclidean Lorentz transformations (13.29), and we can rewritte (22.3) as follows:

Gnn(xX) — gl (@) = AL, gpg(xF) AT, (22.9)
or
Nmn + W (2 = ADnpg Ay + Ay Bpg(x5) A}
= Nmn + Azz hpq(xk) AZ, (22.10)

such that the perturbation tensor h,;,, transforms as
Ry (@) = Aby Bpg (%) AT (22.11)
In (22.10) we used the result
Nonpg A% = o = [ A5 [1pq] [A%] = [1nn] (22.12)

which is easily verified using (13.29) for Af’n and AZ as well as (13.9) for 17,4, and performing
the matrix multiplications in given order.



Chapter 22 » Gravitational Waves 199

As a next step, we now use the definition (9.28) with (22.4) to calculate the Christoffel
symbols of the first kind

1
Cmnp = 5 (apgmn + 0n8pm — 8mgnp)

1
=5 (Ophmn + dnhpm — dmhnp) , (22.13)

where we note that n,,, are components of a constant tensor that do not contribute to the
result (22.13). Christoffel symbols of the second kind are then obtained by means of the
definition (9.29), as follows:

1
l—-rrlr;) = gmkrk,np = 2 (nmk + hmk) (aphkn + anhpk - 8kgnl7)

1
= En’”’“ (3phmn + dnhpm — dxhnp) + Olhmn)?], (22.14)

where O[(h;;n)?] denotes the terms of at least second order in the small perturbation
|hmn| << 1, that can be neglected in the present context. Using further the definition

(12.20), we can calculate the linearized curvature tensor
Rynp = 0nT iy = 9L + Thnp Ty = Thn T (22.15)

where we note that the products of Christoffel symbols (22.14) are always of order
O[(hmn)?] and can be neglected, such that

Ry = Lk — 9pT o + Olhmn)?1 ~ 85T, — 3pT k. (22.16)
The Ricci tensor (12.44) then becomes
Rin = Riypp = 0nTnp — 3pTimn + OL(hmn)?, (22.17)

or, neglecting the higher order perturbations,

1
Ry = gn”kan (aphkm + amhkp - akhmp)
1
—En”kap (anhkm + Omhpk — 8khmn)
1
= E(anaphlr?n + 8namﬂpkhpk - anaphmp
—3pdnhly, — dpdmhlh + nP*8,0khmn) (22.18)
or
1 P P
Rom =3 (apanhm + Dbl — i b — Dhmn) , (22.19)
where we introduced the notation
1 92
_ pk — Pk — — 7 _y2
0= nP oy = npud?d* = 5 = V7, (22.20)
h = nP*hye = npehP*. (22.21)

Contracting again with """, we obtain the Ricci scalar (12.50), as follows:
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R= Umann
1
=-3 (nm"apa,,h’,”n + 3Bl — ™l — Dnm”hmn) (22.22)

Interchanging the dummy indices m < n in the first term in the bracket on the right-hand
side of (22.22) and using symmetry of the pseudo-Euclidean metric tensor (™" = »n™™),
we obtain

1
R == (20™0pdmhl; — 20h) = 3,0k + 0. (22.23)

Substituting the results (22.18) and (22.23) into (22.1) gives the linearized Einstein field
equations in the form

1 1
Ron = 58mnR = —5 @pdnhty + dpdmhly — dndmh

— Ohmn — nmn 8pakhpk + nmn Oh) = _&CTTGTmn- (22.24)
Equations (22.24) are the equations for the potentials of the gravitational field, since the
components of the metric tensor g,,, define the potentials of the gravitational field, as
indicated in (18.38).

As in the case of the electromagnetic fields, the components of the gravitational
potentials &, are not uniquely defined. The uniquely defined gravitational field forces,
being the observable physical quantities described by means of the space-time curvature
tensor (22.16), are therefore invariant with respect to the following gauge transformations:

hmn — hmn = Rmn — Omxn — Onxm- (22.25)

The invariance of the space-time curvature tensor (22.16), with respect to the gauge
transformations (22.25), is easily proven by substituting (22.25) into the formula for
Christoffel symbols of the first kind (22.13), whereby we obtain

f‘m,np =5 (aphmn + anilpm - amflnp>

[3p(hmn — OmXn — Onxm) + an(hpm - ap)(m - amXp)

DN = N =

iy~ 3y~ )] = 5 Ol -+ Dnlipm — i)
+ %(—apam)(n — IpOnxXm — IOpXm — MmOmXp
+ 0mOnXp + Ompxn) = Umnp — 20p0nXm- (22.26)
By definition (22.14), we then obtain the Christoffel symbols of the second kind
Fp = 8" Fmmp = Ty — 20p9nx " (22.27)
Substituting (22.27) into (22.16), we obtain
Rl = 00Tk, — 9pL e = 90Ty — 20p0mx*)
— Op (T — 2000mx™) = 9nThyy — OpT ey = Riys (22.28)
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and the result (22.28) shows that the components of the space-time curvature are indeed
invariant with respect to the gauge transformations (22.25). As in the case of the electro-
magnetic fields, we can now choose a specific gauge condition for linearized gravitational
fields. It is common to adopt the harmonic gauge condition, where we use the result (9.43)
to require that

1
In the linearized case, the gauge condition (22.29) becomes
1 1
nk"n’"” <3nhkp - Eaphkn> = nmp |:3nhz - Eap(nknhkn)]

- (anhz - %aph> =0, (22.30)
or
ophll = 18 h. (22.31)
p— %P

Let us now recall the linearized Einstein field equations (22.24), in the form

anaphi’n + 8maph}€ — Ipdmh — Ohmp — 77mnnpjapakhjl'C

+ nmnBh = %Tmn. (22.32)
Substituting the gauge condition (22.31) into (22.32), we obtain
%anamh + %amanh — 3p0mh — Oy — %nmnnpfapajh
+ nmnDh = IGC—ZGTmn- (22.33)

By inspection of (22.33) we readily see that the first three terms on the left-hand side cancel
each other, while the fifth term is equal to minus a half of the sixth term. Thus, (22.33) can
be significantly simplified to read

1 167 G
—DOhmn + 5nmn0h = -

2 CTTmn, (22.34)

or

1 167G
):— o T (22.35)

O (hmn - Eﬂmnh 074

The linearized gravitational field equations (22.35) can be further simplified if we intro-
duce the so-called trace-reverse tensor as follows:
1

Bnn = Rnn — >, (22.36)
such that
h= Umn}_lmn ="y — %ﬁmnﬂmnh =h-— %4}1 =—h, (22.37)
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where we used the property the diagonal tensors (22.5),
™ 0mn = 1" noo + ' i1 + n*naz + 0¥ sz = 4. (22.38)

Using the definition (22.36), (22.35) become

_ 167G
Ohn = — C’Z Toun. (22.39)

Equations (22.39) are linear wave equations for the potentials of the weak gravitational
fields. They allow for the solutions that represent the propagating gravitational waves.

22.3 Plane-wave Solutions

In vacuum, far away from the field sources (where Ty, = 0), the linearized gravitational
field equations (22.39) become

- 1 92 ) -
Ohmn = (C—Za? -V ) hmn = 0. (22.40)
Equations (22.40) have the plane-wave solutions of the form

Fonn = Apn@® 1! = Apel @k, (22.41)
where Ay, is a constant symmetric covariant tensor and

K = {%, k) = kg = ngpk? = {%, —k), (22.42)

is a constant four-vector, known as the wave vector. Substituting the solutions (22.41) into
the wave equations (22.40), we obtain

= —hmnkpk? =0, (22.43)
which leads to the following condition for the components of the wave vector kp,

w?

kpk? = =5 — k2=0 = |kl = % (22.44)

The condition (22.44) is analogous to the corresponding condition for the electromagnetic
plane waves (e.g., light), and it implies that k” is a null four-vector as in the case of
light rays. Thus, the gravitational plane waves propagate with the speed of light (13.1) in
vacuum. The constant covariant tensor A, defines the polarizations of the gravitational
plane waves. In order to specify the components of the tensor A, let us first recall the
harmonic gauge condition for the linearized gravitational fields (22.31), in the form

1 1 _
dmhy' — Eaph = 0m (h;” - Ea;%) = dmhy' =0, (22.45)
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where we note that the mixed metric tensor of the pseudo-Euclidean space is equal to the
unit §-tensor,

8y’ = 8pa8™™ = npgn™™ =8, (22.46)
such that the mixed trace-reverse tensor (22.36) is defined by

= 1
h;," = h;," — 553%’ (22.47)

in agreement with (22.45). Substituting the solution (22.41) into the condition (22.45), we
obtain
Oty = npndmh™ = i(kmA™™)pne*e™ = 0. (22.48)
Thus, the harmonic gauge condition (22.45) requires that A" is orthogonal (transverse)
to the direction of wave vector k;,, that is
knA™ =0, (n=0,1,2,3). (22.49)
In general, an arbitrary rank-2 tensor A™" in the four-dimensional pseudo-Euclidean
space-time has 16 independent components. The symmetry of the tensor A™", that is,
the condition A™" = A"", reduces the number of the independent components of A™"
to ten. Each of the six components of the matrix [A™"] below the main diagonal are
equal to a corresponding component above the main diagonal. The four gauge conditions
(22.49) reduce the number of independent components of the tensor A™" to only six. As a

final step, we can now recall the contravariant form of the gauge transformations (22.25),
that is,

R i — pmn _ gmgh _ gngm. (22.50)
such that
™ = 3 K™ — 00" — 3™(9,,0™) = 0. (22.51)

Thus, if we can find a four-vector 6" (xP) such that 00" and 9,,6" vanish, then the gauge
transformation (22.50) preserves the harmonic boundary condition

O™ = B ™ = 0. (22.52)
A suitable four-vector 8" (xP) can be written in the form
o™ = iCMelka*, (22.53)
where C™ is a constant transverse four-vector perpendicular to the wave vector kP. Using
now the condition (22.44), we readily obtain
0o = —(kpk’”)Gm =0, (22.54)
and, since k;;C™ = 0, we also have

0™ = —(kC™yeka = 0, (22.55)
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such that the condition (22.52) is indeed satisfied. Using further (22.50), with (22.41) and
(22.53), we can write

W™ = (Amn + kmCn + knCrm)e™*#" = Apypetar’. (22.56)

Thus, we conclude that with a suitable choice of the constant transverse four-vector C,,
we can impose four more conditions to the components of the tensor A;,,. This reduces
the number of independent components of A, to just two, and these two independent
components of A, represent the two polarizations of the gravitational waves. For exam-
ple, by choosing

Amo = Aom = Amo + kmCo + koCim = 0, (22.57)

we can fix that all temporal components of the tensor A, vanish. From (22.57) with
m = 0, we readily obtain

- A
Ago = Ao +2kgCo =0 = Cp = —=2, (22.58)
2ko
while for m = o« (¢ = 1, 2, 3), we obtain
Ao = Age = Ago + kaCo + koCy = 0, (22.59)
or
AOa k()t Aoa k}x
Co=—7———Ch=—-——+——=A00. 22.60
%o o 0 ko + 2 (ko) 00 ( )
For the four-vector C,, given by (22.58) and (22.60), we can calculate
Ao k%Apg k*ky
K"Cpp = K° Kc,=-—" - — =% Ago. 22.61
Cin Co + k*C, 2 ko 20k 2 ( )
Using here kk, = —k3 by (22.44), we obtain
k*Apg 1
K™ Cp = —Agp — ——20% — _ (kOAoo + k“AOQ) — 0. (22.62)
ko ko

where we used (22.49) with n = 0, to confirm that the above choice of the four-vector C,
is indeed perpendicular to the wave vector k™. Thus, we see that we can always put all
temporal components of the tensor A, to zero. This leaves us with nine space-oriented
components for m, n = 1,2,3. In order to specify these components, without loss of
generality, we can choose the direction of the wave propagation to be along the z-axis
(m = 3). Such a choice gives the following wave vector:
K =(2,00k, k==, (22.63)
c c
whereby we can again use (22.49) to write
kAT = kg A% + k3 A3 4 k3 A3 = kA3® =0, (22.64)

which implies that the longitudinal components (m, n = 3) of the tensor A, are all zero.
Since now both temporal and longitudinal components of A, can be put to zero, the
symmetric tensor A, itself can be displayed as the following matrix:
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00 0 0

0 Axx Axy O
WAmnl = [A™] =\ 0 4l Ay 0 | (22.65)

00 0 0

As a final step, we adopt the so-called transverse traceless (TT) gauge where we require that

h=n""Amp = —(Axx + Ayy) =0, (22.66)

which specifies the final condition on one of the three remaining independent compo-
nents of App, as specified in (22.65). Thus, we have Ay, = —Ayy, and

00 0 0
_ mnl _ 0 Axx Axy 0

[Amn] = [A™"] = | | Ay —Ay 0 (22.67)
00 0 0

In the traceless gauge we have h = h = 0 and there is no need distinguish between the
traceless tensors h,,; and h;;,. Thus, the plane-wave solution has the form

00 0 0
_| 0 he hx O -k
() =1l —p, o [€77 (22.68)
00 0 0

where we introduced the notation i, = Ay and h, = Ayy for the amplitudes of the two
polarization states of gravitational waves in z-direction. These two polarization states can
be describes by means of two polarization tensors

00 00O 0000O0
iml =00 10| Ewl=|0100] (22.69)
00 00O 0000
such that the plane-wave solution can finally be written as follows:
hinn = (Ren + hxce ) €77 (22.70)

22 .4 Effects of Gravitational Waves on Particles

The detection of gravitational waves is based on the possibilities to measure the tiny
relative displacements of test particles due to the interactions with gravitational radiation.
It is therefore important to investigate the effects of gravitational waves on point particles.
We therefore consider a single test particle at rest for s=0, and use the geodesic equa-
tions (11.25),

d2x" o do dx! 0

rr=—"== _ 22.71
a2 T lilds ds (22.71)
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At s = 0, the particle is at rest, such that

m 0
(%) = {%,0, 0,0} =1{c0,0,0}, (22.72)
s=0
and (22.71) becomes
d2x" dx/ dx!
- =— (== =Tl 22.73
< ds? )s:O ( Mds ds >s=0 o =

On the other hand, from (22.14), we obtain
1
[y = 51" (30hgo + dohog — dghoo) = 0. (22.74)

In TT-gauge, I'(}, is identically equal to zero, as we have put all temporal components of
hmn equal to zero. Thus, in TT-gauge, we have

dx* d2x>
_— = 0 —_— = 0, 22.75
( ds >s=0 - ( dSZ )s:() ( )

which implies that a particle, at rest before the arrival of a gravitational wave, remains at
rest. Thus, it is not possible to detect any effect of gravitational waves on a single particle.
In other words, the coordinate position of a point particle, initially at rest, does not change.
What may change is the relative proper distance between two particles, and the effects of
gravitational radiation can be detected by measuring the proper distance between two
particles. In order to illustrate this point, we can use (22.68) to write down the linearized
metric tensor in the form

[gmn] = [mn] + [Rmn]

1 0 0 O 00 0 0

lo-1 0 o0 0 he hy O
0 0 -1 0 + 0 hy —h. 0 cos(wt — kz). (22.76)
0 0 0 -1 00 0 0

Thus, the space-time metric becomes
ds? = gupdx™dx" = cdt? — [1 — h,. cos(wt — kz)]dx?
+ 2h, cos(wt — kz)dxdy — [1 + hy cos(ot — kz)]dy? — d?
= c?d? — dP2. (22.77)
Consider now two particles that are initially (for s = 0) at rest along the x-axis, with L being

their initial unperturbed relative proper distance. In such a case y = z = 0 and the spatial
distance element along the x-axis, denoted by dl, is obtained from (22.77) as

dly = (1-hy cosa)t)l/2 dx ~ (1 - % coswt) dx, (22.78)

where we used the approximation 4/1 — a ~ 1 —a/2, valid for small values of a. Integrating
(22.78), we obtain

L)~ L (1 — h% Coswt> . (22.79)



Chapter 22 » Gravitational Waves 207

In an analogous way, for two particles initially separated by a proper distance L along the
y-axis, we obtain

Ly(L) ~ L (1 + % cos wt) , (22.80)

Thus, when the separation along the x-axis is compressed, the separation along the y-axis
is elongated and vice versa. But there is no change in the longitudinal separation, that is
the separation along the z-axis, where we readily obtain /(L) = L. This can be explained by
the fact that, similarly to the electromagnetic radiation, the gravitational radiation consists
of transverse waves.

As a next step, we consider the effects of the gravitational radiation on two particles
separated by a relative proper distance L along the lines y = +x (dy = +dx), such that

1 1
AX"=L10, —,+—,0;. 22.81
= 1{o. J #7500} 2280
The square of the spatial distance elements along the lines y = +x, denoted by di3, is
obtained from (22.77) as

d% = (1 — hy coswt F 2hy cosot + 1 + hy coswr) dx?
=2 (1 F hy coswt) dx?, (22.82)

and we have

dly ~ V2 (1 ¥ %X coswt) dx. (22.83)

Integrating (22.83) over 0 < x < L/+/2, we obtain

IL.(L)~L (1 = % cos cot) dx. (22.84)

From the analysis of the present section, we conclude that the two independent polar-
izations of gravitational radiation are at an angle of 7 /4 with respect to each other. While
the effects of a plus-polarized wave (h.) are along x-axis (or y-axis), the effects of a cross-
polarized wave are along the lines y = +x, which are rotated by an angle of /4 relative to
the x-axis (or y-axis).

This property of gravitational waves differs from the corresponding property of elec-
tromagnetic waves, where the two independent polarization directions are at an angle
of 7/2 with respect to each other. A deeper analysis of this fundamental difference
between the electromagnetic and gravitational radiation is beyond the scope of the
present book.

Nevertheless, it is worth mentioning that this difference is related to the tensor charac-
ter of the two fields. While the potential of the electromagnetic radiation (16.1) is a four-
vector, that is, a rank-one tensor, the potential of the gravitational radiation is the rank-two
tensor h,,. In the language of quantum field theory the carriers of the electromagnetic
radiation (photons) are spin-one particles, while the carriers of the gravitational radiation
(gravitons) are spin-two particles.
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22.5 Generation of Gravitational Radiation

In the previous two sections, we discussed the solutions to the linearized Einstein field
equations that describe the gravitational radiation in vacuum (22.40). In the present
section, we relate the perturbation tensor i, to the sources of the gravitational radiation
Tmn, and study the solutions of the more general wave equation (22.39),

1 9%\ - 167 G
2
(V — ?ﬁ) hmn = ?Tmn. (22.85)
In analogy to the result (17.50) for electromagnetic potential, we can readily write down
the solutions to (22.85) as follows:

- 4G [ Tun(x® —R,X*) -

Ry (xT) = —— de (22.86)
ct Jy R

where the integral is over the domain V where the sources of the gravitational radiation

are distributed. The quantity R in (22.86) is the three-dimensional distance between the

position of the sources and the position where the potentials are calculated, that is,

R=./|x* — x|2. (22.87)

We also introduce the notation r= (|x*|?)!}/2 for the three-dimensional distance from
the origin of coordinates to the position where the potentials #;;,; are calculated. Let us
now assume that the spatial extent of the sources is negligible compared to the distance
between the source and the position where the gravitational field potentials are calculated,
that s, that [x*| > |x¥| (¢ = 1, 2, 3). Then by definition (22.87), to the lowest order, we have
R =~ r and the solution (22.86) can be written as

4G

(6%, x%) = a7 ), Tpn(x° — r, x)dV. (22.88)

Here we no longer distinguish between hy,,, and hy, since we are using the TT-gauge
where the two tensors are equal to each other. In order to calculate the integral on the
right-hand side of (22.88), we refer to the energy-momentum conservation law, as defined
in (17.58) for the case of electromagnetic fields, that is

I T™ = 39T 4 9, T*" = 0. (22.89)
Differentiating (22.89) with respect to x%, and letting n = 0, we obtain
T = —a, (007™), (22.90)

where we used the symmetry of the source energy-momentum tensor (7" = T"), On
the other hand from (22.89) we also have
dT% = —9g TP, (22.91)
such that
T = 3, (—agTPY) = 8,05 T, (22.92)
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Multiplying (22.92) by X”x% and integrating over the source domain V, we obtain
1=0; f dv ¥Px1 7% = f dV 8,dp T*F XPx4. (22.93)
14 v

Integrating by parts twice, using Gauss theorem (10.47) and dropping the surface integrals
as being equal to zero, as indicated below, we obtain

= / AV 3, (35 T #39) — / dVas T3, (W27)
\%4 |4
- 7§ dil, 35 T% xPx9 — / AV T (87 + 5037)
I 174
- / V3, TP — f V3, T3P
v 14
__ / AV (TPP3) + / AV 1793, (+9)
\% v
- / V3 (T937) + / AV 793, ()
14 14

=— @ dllg TP X7 4 | dVTPP ]
fi v P

- 7§ drig T9° xP +f AV 79 ) = 2[ dav P, (22.94)
fi 14 14
Substituting (22.94) into (22.93), we obtain
2 / av Tri = 32 / av xPx1 1%, (22.95)
v |4
or in our specific case
2/_ dV Topn(x® — 1, X*) = 33/_ dV X TGO — 1, 3%) (22.96)
|4 |4

Let us now recall the expression for the energy-momentum tensor of a matter distribution
(19.72),

" = (p s c2) umy — gMp. (22.97)

In the linearized case (g°° ~ 1) and in the non-relativistic limit (u° ~ 1), we have T% ~ p ¢?,
such that

_ . 82 _ .
2/{7dVTmn(x°—r,x") = ﬁ/‘;demxnp(xo—r,xo‘) (22.98)
where we used the identity
192 9
202 2
Fof=c 55 =g (22.99)

Introducing here the quadrupole mass moment by definition

Lo (t - f) :f AV Zpnin p(f — =, 3%), (22.100)
Cc v Cc
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we obtain
_ 0 . . r
2/ AV Ty (x° — 1, %) = I (r - 7), (22.101)
4 C

where the double dots over I, denote the second-order time derivative. Substituting
(22.101) into (22.88), we finally obtain

2G .. r
hyn(r, 1) = e Inn (t — E) . (22.102)

From the result (22.102) we see that the lowest-order contribution to gravitational radia-
tion is the quadrupole radiation. This is in agreement with the earlier discussion about the
carriers of the gravitational radiation (gravitons) being spin-two particles.

This also indicates that, similarly to the electromagnetic radiation, there is no
monopole radiation of the gravitational waves. However, unlike the electromagnetic
radiation, there is no dipole radiation of the gravitational waves either. Both monopole
and dipole mass moments contributions to the gravitational radiation must vanish due to
the energy-momentum conservation.
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The Robertson-Walker Metric

In the previous two chapters we have shown that the general theory of relativity provides
the solutions for the space-time structure created by any given matter distribution. Thus,
if we can specify the average distribution of matter in the entire universe, the general
theory of relativity provides the solution for the average space-time structure of the entire
universe. The study of such a solution for the average space-time structure of the entire
universe is a part of the subject of cosmology.

23.1 Introduction and Basic Observations

In the present chapter we study the phenomena on the cosmological scale. For that
purpose we need to develop a suitable model of the universe and to make suitable
assumptions about the physical processes that are dominant on the cosmological scale.
The two basic observations that allow us to address the large-scale structure of the
universe are the expansion of the universe (the Hubble law) and the cosmic microwave
background radiation.

The first basic observation that allows us to address the large-scale structure of the
universe is the discovery that the spectral lines of the distant galaxies are shifted towards
thered end of the spectrum. If we interpret this red shift as a Doppler shift, this observation
leads to the conclusion that all the distant galaxies are receding from us. Thus, we conclude
that the universe as a whole is expanding. This expansion implies a finite age of the
universe. In other words, by observing the sky we can only see stars that are close enough
for the radiation originating from them to reach us in such a finite time.

It has been shown by Hubble that the velocity of the distant galaxies v increases linearly
with their distance r. This proportionality is known as the Hubble law. Using simple
Euclidean geometry, the Hubble law can be formulated as follows:

- km 1
=Hr, H=05B5+£7)——7—, (23.1)
s Mpc

<!

where the quantity H is called the Hubble constant. The Hubble constant is a constant in
a sense that it does not depend on the magnitude or the direction of the vector 7. However
it may depend on time and the numerical value given in (23.1) is its present-time value.
According to the Hubble law the universe is in the uniform expansion, which means that
there are no privileged positions in the universe and that the observer traveling with any
galaxy sees the surrounding galaxies as receding from him. If we observe from earth two
different distant galaxies G; and Gy, then according to the Hubble law their respective
velocities observed from our galaxy are given by
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i =HH, Uy = Hs. (23.2)

The relative velocity of the galaxy G; as observed from the galaxy G, denoted by V, is then
obtained as follows:

V=01-0=H (i —72) =HR (23.3)
where f?:?l — T, is the relative distance between the two galaxies G; and G,. Thus,
the observer traveling with galaxy G, sees the galaxy G; and indeed any other galaxy
as receding from him. Although we have used non-relativistic approximation in the
Euclidean geometry and ignored the time dependence of the Hubble constant, the above
general conclusions are nonetheless valid, that is, the observer traveling with each galaxy
sees all the other distant galaxies as receding from him.

Since the distant galaxies are receding from us with a velocity directly proportional
to their distance, there must be a point at which each of them will approach the speed
of light and the relativistic effects will become dominant. The set of all those points
is called the world horizon. The radius of the world horizon is approximately equal to
rwha = ¢/H = 2 x 100 lightyears, if the present-day value of the Hubble constant is used.
The galaxies which are located at or beyond the world horizon are invisible to us.

The second basic observation that allows us to address the large-scale structure of
the universe is the discovery of the extremely isotropic cosmic microwave background
radiation. This radiation has the same intensity in all directions with a precision better
than one part in a thousand. Regardless of the origin of this radiation, this observation is a
convincing evidence for the assumption that any acceptable model of the universe has to
be an isotropic model.

Another interesting feature of the microwave background radiation is its relatively high
energy density. It is by far the component of the diffuse radiation in the universe with
highest energy density. The universe today is matter-dominated, but there are reasons to
believe that the universe was radiation-dominated in the early phases of its history and
that the observed microwave background radiation originates from these early phases of
the history of the universe.

23.2 Metric Definition and Properties

The basic observations described in the previous section indicate that the large-scale
structure of the universe is both homogeneous and isotropic. This assumption is often
called the cosmological principle. We imagine that the matter in the universe is on the
large-scale evenly distributed in the form of a cosmic fluid, with no shear-viscous, bulk-
viscous and heat-conductive features. This is a good approximation of the actual universe
as long as we take the large-scale point of view. Clearly, on the smaller scale, the matter in
the universe is unevenly distributed and the universe is highly non-homogeneous.

We denote an observer at rest with respect to the cosmic fluid as a fundamental
observer. As the universe expands, the cosmic fluid takes part in the expansion and the
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fundamental observer is co-moving with the fluid. Every co-moving observer in the cosmic
fluid sees the same isotropic and homogeneous image of the universe. The objective of the
present section is to define the space-time metric in the co-moving frame of reference. We
cannot use the static Schwarzschild metric to describe the expanding universe, which is
certainly not static. We need a non-static, homogeneous and isotropic metric to describe
the entire universe.

Let us take the proper time measured by the fundamental observer co-moving with
the cosmic fluid as the time coordinate, which we here denote by w. In such a case the
space-time metric has the following general form:

ds? = 2 duw? + 2¢ 8oo dw dx® + gop dx® dx?. (23.4)
Applying now the condition of isotropy and spherical symmetry to the metric (23.4), we
obtain
ds? = 2 dw? — D(r, w) dr? — cE(r, w) dr dw
— F(r,w) (d92 4 sin? 9dg02> . (23.5)
In (23.5) it should be noted that we have chosen the dimensionless radial coordinate
r = R/L, where R is the usual radial coordinate with the dimension of length and L is a yet
unspecified reference length of the universe. The functions D(r, w) and F(r, w) therefore
have the dimension of the square of length and the function E(r, w) has the dimension of

length to secure the proper dimension of the metric (23.5). Let us now use the geodesic
equations of a particle given by (11.32), in the form

duj 19
i 8ik 1 k
—— =-—uu. 23.6
ds 2 9x (23.6)
For a particle at rest in the co-moving frame of reference we have
W=1 u=0 (¢=123). (23.7)

Substituting (23.7) into (23.6) and using goo = ¢?, we obtain

8 o) = o)
_ dw@ _ lag()()

= dw —2ad (23.8)

Thus, we obtain

dgjo d
w 0= EE(I‘, w) =0. (23.9)

From (23.9) we conclude that E = E(r) is not a function of time coordinate w, and the
metric (23.5) becomes

ds® = ¢®dw? — D(r,w) dr? — cE(r) drdw
_F(r, w) (d92 +sin0 d<p2) . (23.10)
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The term proportional to dr dw can be eliminated by introducing a new time coordinate

,
t=w—if E(rnydr = dw=dt+ LE(r)dr. (23.11)
2c 2¢c
Using (23.11), we may write
2 dw? = 2 d? + cE(rydrdt + i [E(M)* dr?, (23.12)
and
—cE(r)drdw = —cE(r)drdt — % [E()]? dr?. (23.13)

Substituting (23.12) and (23.13) into (23.10), we obtain
ds? = 2 de® — A(r, 1) dr® — B(r, 1) (d92 +sin%6 d<p2) (23.14)
where
1
gn = A(r, 0) = Dlr,w(r, 0] + 5 [E(")?,
&2 = B(r,t) = F[r,w(r, 1)]. (23.15)
The functions A(r, t) and B(r, ) defined by (23.15) have the dimension of the square of
length to secure the proper dimension of the metric (23.14). In order to further specify the

functions A(r, t) and B(r, t), we now apply the condition of homogeneity of the space-time
and consider the following coordinate transformation:

2 =x"+e%r,0,9) (¢ =1,2,3). (23.16)
Using the initial assumption that £ = 0 and (23.16) we obtain

9z* 9e? 320

— =%+ —, — =0. 23.17

xP gt axP xP ( )
The general transformation law for the covariant metric tensor, defined with respect to the

systems of coordinates {x*} and {zX} by gi,, and gji respectively, is given by

8 8zl _
8kn = wmgjl- (23.18)
Using (23.17) and (23.18) we may write
0z" 0z° _

8up = ﬁmgw (23.19)

Substituting (23.17) into (23.19) we obtain

ae” 97\ -
wp = S0+ 7= )| 85 + -5 ) &o- 23.20
o= (5 22) (3425 )& 2520
Expanding the expression (23.20) and dropping the term quadratic in the derivatives of
the small translational parameters ¢, we obtain

_ deY _ deY _
Gup(F) = Zup () + %gvﬁ @) + %gva ). 23.21)
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The homogeneity of space-time now requires that the metric is invariant with respect to
the transformation (23.16), that is, that we have

2 =g @ (@ 8=1,23). (23.22)

Substituting (23.22) into (23.21), we obtain

_ &Y eV
Gup (XF) = Bup () + 5 8% ) + - ). (23.23)

On the other hand, expanding g,z (z) into the Taylor series, we may write

gﬁtﬁ v

8up (2F) = gup (oK) + 222 (23.24)

Substituting (23.24) into (23.23) and dropping the terms quadratic in the small transla-
tional parameters ¢“ and their derivatives, we see that only the zeroth-order term of (23.24)
contributes to the first-order equation (23.23). Thus, we obtain

oe¥ e
86 () = Bup (&) + T8 () + =580 (), (23.25)

or

_ oe” oeY
Bup (2F) = gup (F) — 7 88 (xky — - by, (23.26)

Using again the homogeneity condition (23.22) and comparing (23.26) and (23.24) with
each other, we obtain

Bga,g v oe” k o’ Ky
g + axaguﬁ(x )+ 8xﬁgm(x ) =0. (23.27)
For « = B8 = 1 and using the metric (23.14) with (23.15), (23.27) becomes
oA &l 2—A 0. (23.28)
ar
For ¢ = 1 and 8 = 2 and using the metric (23.14) with (23.15), (23.27) becomes
9e2 9el
WB_F B_HA 0. (23.29)
Finally for « = 8 = 2 and using the metric (23.14) with (23.15), (23.27) becomes
0B ol de?
Br + ZEB 0. (23.30)

From the differential equations (23.29) and (23.30) it is possible to eliminate &2, We first
rewrite (23.29) and (23.30) as

982 _ sl A

ar 90 B’
9e2 1 9B
o B (1nB—1/2)el. (23.31)
00 2B or Br

From (23.31) we may write
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9%e? 9%l A

T 9ra0 902 B’
3262 92 1 d del
oE _ 0 —1/2\ 1, 9 -1/2) %8 )
aro0  or? (lnB )8 tor <lnB ) or (23.32)
Addition of the two equation (23.32) gives
2l A 92 9 9el
4 (mB Y%+ = (InB12) = =o0. 23.
892B+8r2(n >8+ar(n )ar 0 (23.33)
Using now (23.28) and (23.30), we may also write
19A 2 9¢l
1A _ 8§ (InA) = __ai,
Adr or el ar
19B @ 2 3g?
— —_— = _—_(InB) = —=——. 23.34
B or Br(n ) el 90 ( )

As the small translation parameters ¢“ are by definition independent on the time coordi-
nate ¢, we conclude that d,(In A) and 9,(In B) are not the functions of the time coordinate ¢
either. But the functions A(r, t) and B(r, t) are dependent on the time coordinate t. This is
only possible if the functions A(r, t) and B(r, t) are factorized as follows:

A(r,t) = a(r)R*(t),  B(r,t) = b(nR%(¢), (23.35)
where R(?) is some yet unspecified function of the time coordinate ¢ which has the dimen-
sion of length. This function in some sense plays the role of the radius of the universe. The
function R(¢) should not be confused with the Ricci scalar R used in the gravitational field
equations, and whenever there is a risk of confusion the distinction between the two will
be explicitly stated. On the other hand we note that the dimensionless radial coordinate r

is not uniquely defined. The metric (23.14) is invariant with respect to the transformation
from the radial coordinate r to some new radial coordinate p, defined by

P
rzf F(p)dp = dr = F(p)dp, (23.36)

where F(p) is some arbitrary function of the new radial coordinate p. Indeed, if we
substitute (23.36) into the metric (23.14), we obtain

ds? = ¢ de? — A(p, t)dp® — B(p, 1) (d92 +sin0 d<p2) , (23.37)
where

_ p
g1 =Alp, 1) :A[/ F(p)dp, t] [F(p)?,

_ P
&2 =B(p,t) =B [/ F(p)dp, t] . (23.38)

The metric (23.37) has the same form as the metric (23.14) and they are fully equivalent to
each other. Thus, we are free to make an arbitrary choice of the form of one of the functions
a(r) or b(r). If we set b(r) = r?, the metric (23.14) becomes
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ds? = 2 df® — RR(Da(r) dr? — R¥(1)r (d92 +sin6 d(p2> . (23.39)

From the metric (23.39) we see that the surface area of a sphere with the relative radius r is
equal to 47 r>R?(1). If we, at the conveniently chosen time instant 7, have R(f) = L, then the
surface area of a sphere with the relative radius r = R/L is equal to 47 R? and the angular
coordinates # and ¢ become the usual spherical angular coordinates. In order to specify
the function a = a(r), we use (23.28) and the factorized form of the function A(r, t) given
by (23.35) to obtain

% <ln81> - % <1nA—1/2) - % (lna_l/z). (23.40)

The solution of the differential equation (23.40) can be written as
el (1,6,¢0) = e(6, p)a 2 (1. (23.41)

Substituting now the factorized form of the functions A(r, t) and B(r, t), given by (23.35)
with b(r) = r?, into (23.33), we obtain

2ela 92 9 el
——=— 1 Ty —(Inr) —, 23.42
a7 2 = g (nne + 5 (nn) (23.42)
or
92l r2 (1 9el 1, 29 (¢!
—=— (=-S5 ) =——(=). (23.43)
962 a \r ar r adr\r
Substituting the solution (23.41) into (23.43) we further obtain
19%¢ 2 & 1
. = __ | —)=C. 23.44
edv?  al’? dr (ral/z) ( )

The expression on the right-hand side of (23.44) is a function of the angular variables
6 and ¢ only, while the expression on the left-hand side is a function of the radial variable
r only. Thus, both sides of (23.44) are equal to a constant which we denote by C. In order
to determine the value of C, we use (23.44) to write

9%e

202
If the translation (23.16) is chosen to be along the polar axis (z-axis) in the corresponding
Descartes coordinates, we have e(f, ¢) ~ cos 6. This determines the value of the constant

=Ce. (23.45)

C to be C = —1. Thus, we obtain the differential equation for the function a = a(r) in the
form
29 1
VT (_ral/z) =—1. (23.46)

The solution of the differential equation (23.46) is

a(r) = (23.47)

1—kr?
It is easy to verify by direct calculation that (23.47) satisfies the differential equation (23.46)
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1 — 2
21— er% (1—’”) -1 (23.48)

r

Substituting (23.47) into (23.39) we obtain the final result for the Robertson-Walker metric
in the form

dr?
1—kr?

where R(?) is a dynamic function of the time coordinate ¢ with the dimension of length,
which will be calculated as a solution to the gravitational field equations, and k is the
so-called curvature constant, which describes the geometry of the three-dimensional
space at any particular time instant. The positive values of the curvature constant (k > 0)
correspond to the three-dimensional space with a positive curvature, the zero value
(k = 0) corresponds to the flat three-dimensional space and the negative values (k < 0)
correspond to the three-dimensional space with a negative curvature. The value of the
curvature constant k can always be taken as +1, 0 or —1 by a suitable rescaling of the
radial coordinate r.

The infinitesimal element of the proper distance between two arbitrary galaxies given
by cdt can be calculated from the condition ds = 0 using the Robertson-Walker metric
(23.49) as follows:

ds?® = 2 dr® — R*(1) ( + 2 de% + r*sin®0 d¢2) ) (23.49)

dr?

Tt 2 d6? + r? sin? 6 dg?, (23.50)

cdt =R(t)do, do?=

where do? is the metric of the three-dimensional space for a fixed value of the time
coordinate ¢t which is usually called the cosmic time. The cosmic time is a universal time
equal for all observers at rest with respect to the local matter. Using (23.50) we may write
¢ At = R(t) Ao for finite proper distances. All measurements are made at the same epoch
t. The radial coordinate r is a co-moving coordinate and it remains fixed for each galaxy.
The angular coordinates 6 and ¢ also remain fixed for the isotropic motion of each galaxy.
Thus, the spatial metric do? remains fixed and the proper distance between two galaxies
is only scaled by the function R(t) as the cosmic time ¢ varies. The function R(#) with the
dimension of length is therefore called the scale radius and it increases or decreases as the
universe is expanded or contracted respectively.

23.3 The Hubble Law

In the present section we discuss the Hubble law in the framework of the Robertson-
Walker geometry. It has been concluded before that each galaxy has similar coordinates
(r, 0, ¢). Let us now assume that our own galaxy, being an approximately co-moving
object, lies at the spatial origin r = 0 and that some other distant galaxy lies at some radial
coordinate distance r. Due to the homogeneity of space-time this choice of coordinates
does not place our own galaxy in the center of the universe, since any galaxy can be chosen
to have r=0. This particular choice is only made for convenience. The proper radial
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distance D, between our galaxy at r =0 and the distant galaxy, at some radial coordinate
distance r and at a given cosmic time ¢, can be calculated using the Robertson-Walker
metric as

Toodr

D, = R(t) _—
' ( 0 vV1—kr?

(23.51)

The integral (23.51) is elementary and gives
R(t)arcsinr (k=1)
D, =

R r (k=0) (23.52)
R(t)arsinhr (k=-1)

where it should be noted that r = R/L is the dimensionless radial coordinate. Thus, the
proper distance is proportional to the scale radius R(f) which changes with time. Keeping
in mind that the radial coordinate r is a fixed co-moving coordinate, the proper velocity
is obtained by differentiating the proper distance D, with respect to the cosmic time ¢,
that s,

Todr RD
o JI—krZ R
where the dots denote the time differentiation. Thus, we obtain the Hubble law saying

that at any given cosmic time ¢ the speed of any distant galaxy relative to our own galaxy
is proportional to its proper distance from our galaxy. The Hubble constant is given by

vy = Dy = R(1) (23.53)

Rt
H®) = %, (23.54)

and we see that the Hubble constant is indeed a function of the cosmic time as we
have anticipated earlier in this chapter. The quantity Hy measured by the astronomers
is the value of the Hubble constant at the present epoch, that is, for t = #. It should
be noted that the proper distance is not a directly measurable quantity and it can
only be measured indirectly by measurements of some other quantities like the red
shifts.

23.4 The Cosmological Red Shifts

In the present section we discuss the cosmological red shifts as one of the means to
measure the proper distances to the distant galaxies and test the validity of the Hubble
law in the framework of the Robertson-Walker geometry. Let us consider a distant galaxy
at some relative radial coordinate distance r = r; emitting two light wave crests at cosmic
times ¢, and #; + At,; towards our own galaxy situated at r = 0. The two wave crests are
received in our galaxy at cosmic times fy and # + Atp. For the radial motion of light the
Robertson-Walker metric gives

dr?
1—kr?

ds® = ¢*dr®* — R*(v) =0. (23.55)
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Thus, we may write
dr 1 dr
R(1) cVT—kr?
Since the beam of light is moving towards us, the radial coordinate r decreases as the time

coordinate ¢ increases along the null geodesic and it is appropriate to use the minus sign
in (23.56). Thus, we may integrate (23.56) to obtain

(23.56)

/’0 dt _ 1/‘rd dr (23.57)
w RO clo V1—kr? '
and
ty+Aty T,
/ dr 1 / ¢__dr (23.58)
oy, RO ¢cJo V1—kr?

For all types of radiation received from distant galaxies the time intervals At; and At are
tiny fractions of a second and over that time R(t) remains effectively constant. Subtracting
(23.57) from (23.58) we obtain

At At, Aty R
o _ Ala _, _ Al _ R (23.59)
R(t) R(ty) Aty R(ty)

The observed wavelength Ao and the emitted wavelength 1; are related to the time
intervals Afg and A, by the following definitions:

Ao = CdAL, Ad = CAtLg. (23.60)

Thus, the red shift of the received light waves can be obtained in terms of the function R(¢)
as follows:
- Ao —ra _ Rlo) '
Ad R(ty)

(23.61)

In the expanding universe we have R(fy) > R(t;) and the red shift z is positive in agreement
with the empirical observations. The red shift (23.61) is a consequence of the light traveling
in the curved space-time and it is not a result of the Doppler effect. This red shift is called
the cosmological red shift. Most observed cosmological red shifts are rather small and ¢, is
relatively close to f. It is therefore possible to expand R(t;) in a Taylor series around t; as
follows:

. 1 .
R(tg) = R(to) + (tg — to)R(to) + E(td —t0)?R(to) + ... (23.62)
or

. 1
R(t7) = R(t) [1 + Ho(tg — to)R(to) — Equg(::,,, — )% +-- } , (23.63)

where Hy is the present value of the Hubble constant given by

_ Rw)

0= Rito)’ (23.64)
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and qo is a dimensionless deceleration parameter given by

_ _Rao)Rto)

; 23.
(1) -

The deceleration parameter gy is positive when R(@) is negative, that is, when the expan-
sion of the universe is slowing down. Substituting (23.63) into (23.61) we obtain

, 1 -1
zr [1 + Hy(ty — to)R(tp) — zquOZ(td - to)z] -1, (23.66)
or
1
z~ Hy(ty — tg) + (1 + qu> HE(to — tg)%. (23.67)

This formula is sometimes very useful but we must keep in mind that it is only valid for
small cosmological red shifts where f; is relatively close to %.

When we observe a galaxy with a red shift z=1, it means that the scale radius R(z;)
of the universe at the cosmic time f; when the radiation was emitted was one half of
the present scale radius R(fy). In other words the size of the universe at the time t; was
a half of the present size of the universe. Unfortunately we do not know the cosmic time #,4
when the radiation was emitted. If we did, we could directly measure the function R(f). We
therefore need some theory of the cosmic dynamics in order to determine the scale radius
R(t). Such a cosmic dynamics theory is the subject of the following chapter.
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The Cosmic Dynamics

The non-static models of the universe based on the Robertson-Walker metric (23.49)
are described by their scale radius R(¢) and the curvature constant k. The analysis in
Chapter 23 did not determine the scale radius R(f) as a function of the cosmic time .
The knowledge of the function R(?) is essential for determining the rate of expansion of
the universe and other physical properties of the expanding universe. In order to find the
solution for R(t), we need a theory of cosmic dynamics based on the gravitational field
equations. We therefore combine the homogeneous isotropic Robertson-Walker metric
with the gravitational field equations to obtain the dynamic equations satisfied by the
scale radius R(?). These equations are called the Friedmann equations.

24.1 The Einstein Tensor

In the present section we use the Robertson-Walker metric (23.49) given by
2 21,2 2 dr? 2902 | 2 i 2
ds® = ¢°dt“ — R°(¢) 1= 52 + r°do“ + r° sin” 0dg (24.1)

The covariant metric tensor for the Robertson-Walker metric is given by the following
matrix:

1 0 0 0
0 —RZQ—-kr®»! 0 0

[gmn] = | o 0 R 0 (24.2)
0 0 0 —R%r2sin%0

The contravariant metric tensor for the Robertson-Walker metric is then given by the
following matrix:

1 0 0 0
0 —R2(1—kr?) 0 0
mnl _
™=, 0 _Rp2p-2 0 (24.3)
0 0 0 —R2r2sin%9
Using the matrix (24.2) we may write
RZ
— 1, = -,
800 811 1= k2
g0 = —R2r2, 833 = —Rzl"z Sil’l2 0. (244)

The coordinate differentials of the metric tensor components (24.4) can be calculated as

8]Cgo() =0 (k = 0, 1,2, 3),
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2RR . 2kiR
-k 8T T T

dog11 = 9,811 =0,

d0g22 = —2RRr?, 3,820 = —2R%r,

Ogg22 = 0,822 =0,

d0g33 = —2RRr?sin®60, 9,g33 = —2R%rsin?0,

99833 = —2R%r2sin# cos 6, 9,833 = 0. (24.5)

90811 = —

In the results (24.5) and in the following calculations, we temporarily define by dots the
derivatives of the scale radius R(f) with respect to the temporal coordinate x° = ct rather
than with respect to cosmic time ¢ to simplify the calculations and to make the results
compatible with the results obtained elsewhere in the literature using the units with ¢ = 1.
Thus, we have
dR(t) 1 dR(¢t)
dx® ¢ dr
The Christoffel symbols of the first kind for the metric (24.1) can now be calculated using
the definition (9.28), that is,

1 08k 08nj 08kn
Titn = = _ Zokn ) 24.7
Jkn =5 (axn Tk o ) (240

Rt =

(24.6)

The results for the Christoffel symbols of the first kind for the metric (24.1) are summarized
in the following list:

1
o0 = z(aogoo + dogoo — d0&oo) = O,
1
o1 =To,10 = 5(8rgoo + 90810 — d0go1) = 0,
1
o2 =To20 = 5(3ag00 + 90820 — 90802) =0,

1
To,03 = T'o30 = E(ngoo + 90830 — do&o3) = 0,
RR
1— kr?’

1
o1 = E(Brgm + 9r810 — d0&11) = +
1
Fo12 =To21 = E(aegm + 0rg20 — d08&12) =0,
1
o3 =To31 = E(awgm + 9rg30 — d0&13) =0,
1 .
Fo22 = z(aagoz + 39820 — d0g22) = +RRr?
1
o3 =To32 = 5(3¢g02 + dpg30 — dog23) =0,

1 . .
To:33 = 5 (0,803 + 0,830 — dogs3) = +RRr? sin®0,

1
00 = E(aoglo + dogo1 — 9r&o0) =0,
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r =T = ! (0 + 0 ) ) = RR
1,010 = 11510 = 2 r810 0811 r801) = T— 2
1
02 =T12 = 5(30810 + d0&21 — 9rgo2) = 0,
1
I'yos =T130 = 5(3¢g10 + dog31 — 9rgo3) =0,
r = 1(8 +0 d ) = Rokr
L =3 r811 r811 r811) = A= k22’

1
2 =T101 = z(aegu + 0rg21 — 9rg812) =0,
1
s =T131 = 5(3¢g11 +0rg31 — 9:813) =0
1 2
22 = z(aegIZ + 0921 — Orge2) = +R°r
1
I3 =T132 = E(asglz + 09831 — 0rg23) =0,
1 .
33 = z(awgls + 8,831 — drg33) = +R%rsin?0,
1
I2,00 = z(aogzo + 90802 — d9goo) = 0,
1
201 =T210= 5(3rgzo + 30812 — d9go1) =0,
1 .
202 =T220 = E(aegzo + 80822 — d9go2) = —RRr?,
1
203 =T230 = E(ngzo + dog32 — 99 go3) = 0,
1
F211 = z(argZI + 0r812 — % 8&11) =0,
1
212 =T221 = 5(30821 + 3,822 — 3p812) = —R°r,
1
213 =T231 = §(3¢g21 + 0832 — 99 &13) = 0,
1
220 = 5(39822 + 09822 — 09 &22) =0,
1
23 =T232 = E(ngzz + 09g32 — d9g3) =0
1 .
33 = z(awgzg + 8,832 — dpg33) = +R*1? siné cos 6,
1
I'3,00 = 5(30g3o + 30803 — 9y800) = 0,
1
301 =T'3,10 = E(Brg3o + 90813 — 9,801) =0,
1
302 =TI'320 = 5(39g30 + 00823 — 9,802) =0,

1 . .
I's03 =330 = §(3¢g30 + 00833 — 0803) = —RRr? sin? 6,

227
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I3 = %(3rg31 + 0rg813 — 9y811) =0,

312 =T321 = %(aegm + 0rge3 — 9p812) =0,

313 =T331 = %(awgm + 8833 — 0,813) = —R°rsin? 9,

300 = %(305’32 + 0p Q23 — 0p822) =0,

323 =I'332 = %(3¢g32 + 89833 — 9,823) = —R°r? sinf cos 6,

1
333 = §(3¢g33 + 0p833 — 0p833) = 0. (24.8)

The Christoffel symbols of the second kind for the metric (24.1) can be calculated using
the definition (9.29), that is,
Tow = 8" Tjen- (24.9)

The results for the Christoffel symbols of the second kind for the metric (24.1) are
summarized in the following list:

% =8%Tj00 = 8"To00 =0,

I, =T =8"Tj0 = g"Ton =0,

I =T9% = 8”02 = §"To02 =0,

Iy =T = 8”03 = §"To,03 = 0,
Rkt
1— kr?’
1Y =19 =g"rj12 =012 =0,
Iy =19 =g%rj13 =g"To13 =0,
9, = 8%l = g"T02 = +RR1?,

Iy =T9 = g¥Tj3 = §"To23 = 0,

9 =g%rjn =8g"Ton =+

Yy = g"Tj33 = §"To,33 = +RRr? sin® 0
Tgo =8 Tjo0o =8"T1,00 =0

i R
Iy =Tip =gl =g" o =+

E;
Il =T =8YTj0 =8" T =0,
g =Ty = gYTj03 = g"'T103 =0,
i kr
n=8un=g liu T

I, =T =g =¢"T,12=0,
My=T3 =g"¥Tji3=¢"T1,13=0

r}, = gljrj,zz =gl =—r (1 - kr2>
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[}y =T =gYTjp =g" T2 =0,
Il =8"Tjss =g" 33 = —r (1 - kr2> sin?9,
TG = &%Tj00 = §%T2,00 = 0,
g =Tf = gzjrj,m =g*Tn =0,
; R
I = T35 = 8¥Tj0 = §%T202 = +7
G =T3) = g¥Tj03 = g%T203 =0
rf, =g9rjn =g*T11 =0
; 1
If, =T3% =g¥Tj12 =812 = +o
I3y =T3 = g9l =8%T213=0,
I3, = g9l = g2 =0,
F§3 = ng = gzjrj'zg = g22F2,23 = 0,
M = gzjrj,ss = g%’Ty33 = —sinb cos O
T30 = 8YTj00 = 8300 = 0,
rg =I5 =g =g¥rs0 =0,
To, =T =g Tj0 = §°T302 =0,
oy =T3) =8¥Tj03 = g"T303 = +3
I3 =g¥rin =¢"rsn =0,
I}, =73 =gTj1 =8"T312 =0,
; 1
Iy =T3 =gTj13=8"T313= +o
3, =g Tja = g"T32 =0,
; cosf
ng = ng = gSJFj,zs = 833F3,23 = sno = coté,
33 =8¥Tj33 = %333 = 0. (24.10)
From the results listed in (24.10) we can make the following conclusions:
kK _ 0 0 _
rk =0, 19, =r%=0, (24.11)
and
0 ; B o_ b _spR
Tap = —Rgups  Top=Toy =8u 3 (24.12)
where (a, 8 = 1, 2, 3). Thus, we further obtain
Fgﬁ =0, Foltﬂ =0 fora#8,
1 1
Tep = 501,5?5;, rog = 6;82; + 8583 cotd fora # (24.13)
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Using the results (24.12) and (24.13) we note that
T, =0 fora#p,  p9sThy =0. (24.14)

Furthermore, we can calculate the following sums:

; R

J 0 1 2 3

TPoj =Too + Tor + T2 + Tog = +35,

i kr 2
J _ 0 1 2 3 _
Flj—F10+F11+r12+F13—w+;’

I}y =% + T4 + % + Ty = cots,
M =T+ T4 + 1%+ =0. (24.15)
Using the results (24.15) we note that
0pTS, =0 fora #p, dll, =0. (24.16)
The Ricci tensor for the metric (24.1) can be calculated using the definition (19.8), that s,

0 e iwd wy
Rin = 0nTy = 9T, + T3l = T, T (24.17)

From the result (12.48) we see that the Ricci tensor is a symmetric tensor Ry, = R, and
that it has only ten independent components. The formulae for the components of the
Ricci tensor for the metric (24.1) are summarized in the following list:

J J P p i
Roo = 801"0]. — ajFOO + Fojl“po — Fool“pj,

_ _ J R P P J
Ro1 = Rio = 9,T; — 8JF{)I + FOjFIpl —Tolyp

_ . J T P p
Roz = Rao = 9p'; — 9jTgy + T l'yp — rozplloj’

— _s 1 Rl prf p
Ro3 = R3p = 8¢F0j — ajl"os + Fojl"p3 — Fogl“pj,

_ J T p i P
Ru = 8;T; — ;T + TyTyy =TT

_ _ J T p i p
Riz = Ro1 = 9p1"y; — 9j'yp + T — rlzpllgj,

— _a Rl pf p
Ri3 =R31 = 8¢F1j — ajl"ls + Fljl"ps — Flgl“pj,

P P
M, — Iy,

_ J Ry
Rap = 9pT; — 8T + Iy, —

j.
pi’

— — a1/ 1/ P P
Ry = Ray = 8, — T35 + Tyl — T3T,

_ J T P 2]
Ryg = 8,T'3; — 9jT'33 + [y;ls — Tyl (24.18)

The results for all ten individual components of the Ricci tensor for the metric (24.1) can
be obtained from the above list (24.18). However, the calculation process can be facilitated
using the general results (24.11) - (24.16). Thus, for«, 8 =1, 2, 3 and « # 8, we may calculate

_ J Rl 28] P
Rap = 9pT),; — 0jThg + Ty s — Togl (24.19)
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From (24.14) and (24.16) we see that the first two terms on the right-hand side of (24.19)
for ¢ # B vanish and we may write

2] 0
Ry = rajrpﬁ — Faﬁ

Using here Fgﬁ =0and Fiﬁ = 0 for o # B from (24.13), we obtain

Ty — TapTy; — TasT;- (24.20)

, cotod

Ryp=TPT  — 5;5/37 for o # . (24.21)

of pp

Thus, the second term on the right-hand side of (24.21) is not equal to zero only for (¢8) =
(12). Let us now calculate the first term on the right-hand side of (24.21), as follows:

PR _ P 0 p
o Ths = Teolps + Tawlpps) (24.22)
or
2T = Taolos + Taolos + TaulGs + Toulop. (24.23)

It is shown by direct calculation that the first three terms on the right-hand side of (24.23)
vanish. Thus, we obtain

P 1 2 3
Fajp,lnﬁ = rgwrﬁ)ﬁ = Fawrllnﬁ + FawIﬂZDﬁ + FawIﬂSDﬁ
1 pl 1 2 1 3 2 1 2 2 2 3
=TT+ Taolp + Taalip + T2 + 50T + Tl
+ T3 T35+ T0,T55 + T3aT5,. (24.24)

Using the result (24.24) we can show by direct calculation that

p i 15213 13 _ o142 COLO
ToiTos = 83T 5T 5, = 885 ——. (24.25)
Substituting (24.25) into (24.21) we finally obtain
Ryp = Rpa =0, (a # B). (24.26)
Furthermore, for « = 1, 2, 3, we may also calculate
. o . .
Roo = 80T, — 80T 00 — 9T 5 + Tl — ThgT,. (24.27)

Using here the results (24.11), (24.14) and (24.16), we see that the first three terms on the
right-hand side of (24.27) vanish. We then have

Ryo = ThyTpg + Thg T = Ty — Thio . (24.28)

Using further (24.11), the first and the third term on the right-hand side of (24.28) vanish.
Thus, we obtain

Ruo = T,y + Tl — 1B 9 — ThT,. (24.29)

Using once again the results (24.11), the first and third term on the right-hand side of
(24.29) vanish. We may then write

Rao =TTy — TE T, (24.30)
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Using the result (24.24) we can show by direct calculation that
Ry, =0, (¢ =1,2,3). (24.31)
From the results (24.26) and (24.31) we conclude that all off-diagonal components of the
Ricci tensor are identically equal to zero
Rin=Ryu=0, (k#n). (24.32)

Thus, the only nontrivial components of the Ricci tensor are the diagonal components.
Using the results (24.11)—(24.16), they can be calculated as

— o P
Roo = 801"0]. + Fojrpo

0 () + (r0)" + () + ()" =55

Rii = 8T, — 8T}, — Ty + T, — T T, — T}y,

_, kr 2 L RR . kr
- 1—kr2+; O\ T "2 "\1—kr2

2R? k2r? 2 3R?
-+ -
1—kr2  Q—kr®)? r2 1-—kr?

Lk (ko 2\_ R (R 2R+2k
1—kr2\1—-kr? r)~ 1—kr2\R R?

Roz = 8pT; — 8013, — 813 + T35 — T2, — Ty,

— 3 (cot) — 3 (Rer) — 9 [—r (1 - krz)] +2R2r2

+

-2 (1 - kr2> +cot?0 — 3R%r% +2 — kr?
R 2R% 42k
=-RP(-+——=
(%)
0 1 2 P 0 1/
Raz = =933 — 9rT'33 — 9’33 + g5 — T3l — gy
— 11y = o (RRr? sin? 0) — o, [—r (1 - kr?) sin? 6 |
— 8p (—sin O cos ) + 2R?r? sin®6 — 2 <1 - kr2> sin® @
—2cos20 — 3R%r%sin% 6 + (2 - krz) sin® 0 + cos? 0
R 2R*42k
= —R**sin’0 (= + =——— 24.33
R + 72 ( )

Multiplying the covariant components of the Ricci tensor (24.33) by the corresponding
components of the contravariant metric tensor given by (24.3) we obtain the components
of the mixed Ricci tensor as follows:

5
Ry = g™ Roo =35,

1'%‘+2R2+2k
R

Rl =g""Ri = =z
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R 2R* 42k
R2 — o22R,, — ’
s = 8§ 2 R+ 72
R 2R*+2k
3 _ o33p.. _
The Ricci scalar R]j is then given by
. R R 2R? 42k R R+k
Rl=3-43(-+—"—)=6(=-+——). 24.35
/=sz 3 (g o) =5 (7 ) (24.35)

Let us now form a mixed tensor G,’§ entering the gravitational field equations (19.97) as

1 .
Gk =Rk — za’,gR]! = —C—T,’f. (24.36)
The tensor GX is usually called the Einstein tensor. Substituting the results (24.34) and
(24.35) into the definition (24.36), we obtain the components of the Einstein tensor for

the Robertson-Walker metric as follows:

R (R R2+k)__3i?2+k

1 .
0 _ p0 _ “pJ _ 2t -
G) =R} ZRj_3R 3 2t R T
1. R 2R+2k
1 _ 2 _ ~3_ pl J _
GI_GZ_GS_RI—ERJ._E+T
R _R+k R R +k
—3= -3 _ = (2= 4 —— 24.37
R R2 (R+ R2 ) ( )

At this stage it is appropriate to reverse the temporary convention (24.6) and to return to
the usual definition of dots as the derivatives of the scale radius R(¢) with respect to the
cosmic time ¢, that is,

R = ?. (24.38)

This change of convention introduces an additional factor of 1/c before each derivative
defined by the dots. Thus, the results (24.37) become

co_ 3Rtk
0 c2 R
1 /. R R4k
Gl=G=Gl=- (2§+%). (24.39)

Equations (24.39) are the final results for the components of the Einstein tensor in the
Robertson-Walker metric.

24.2 Friedmann Equations

In order to construct the gravitational field equations (24.36) we now need the energy-
momentum tensor TX of the cosmic matter. The assumption is that the matter in the
universe is on the large-scale evenly distributed in the form of the cosmic fluid with no
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shear-viscous, bulk-viscous and heat-conductive features. Thus, we may use the mixed
energy-momentum tensor of an ideal fluid, which is in the covariant form given by (19.72).
We may then write

Tk = <p + pcz) unuk — 55p, (24.40)

where p is the pressure and p is the matter (or rest energy) density of the cosmic fluid. In
the co-moving frame the cosmic fluid is at rest and we have

W=1, u=0 (@=123). (24.41)
Using the results (24.41) and observing that p <« pc?, we obtain

10 =pc?, Tl =T:=T; =—p. (24.42)

Thus, the energy-momentum tensor of the cosmic fluid in the co-moving frame can be
structured in the following matrix:

pct 0 0 0

K_| 0 —p 0 0
[75]=| o % . (24.43)

0 0 0 -p

Substituting the results (24.39) and (24.42) into (24.36), we obtain the gravitational field
equations in the form

R% 4 kc? _ 882G

R R%+4kc? 87G
2— =— . 24.45
R @ 2 P ( )

Equations (24.44) and (24.45) are called the Friedmann equations and their solution
describes the cosmic dynamics. Combining (24.44) and (24.45) we may write

R 87G 87 G
2— 4+ —p=———p. 24.46
7 + 3 P z P ( )
Furthermore, from (24.44) we have
. 87 G
R 4 ke? = ”T oR2. (24.47)

Differentiating (24.47) with respect to the cosmic time ¢, we obtain

.. 812G 87G . .
2RE = HT PR? + HT p2RR, (24.48)

or

R 8rG.R 8rG
2— = 250+ "2p. 24.49
R 3 pR+ 3 %P ( )

Substituting (24.49) into (24.46) we obtain

87rG,R+871G3 _ 87tG3p (24.50)
3 PRT 3 P T e ‘
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or

p§+3(p+ CEZ) —o. (24.51)

Observing that the universe as a system of galaxies in the smooth fluid approximation
behaves as an incoherent dust, we can again use the approximation p <« pc? to obtain

. R 1d
pH3og == (pR3) —0. (24.52)
Integrating (24.52) we obtain
pR3 = poR3 = Constant, (24.53)

where pp and Ry are the matter density and scale radius at the present epoch (t = f).
From the result (24.53) we see that the matter density varies in time as R=3 and that the
quantity of matter in a co-moving volume element is constant during the expansion of the
universe. This conclusion is relevant to the present matter-dominated epoch in the history
of the universe.

In the early phases of its history when the universe was radiation-dominated this
conclusion was not valid because at that stage the assumption p < pc® was not valid either.
In the radiation-dominated universe equation (24.51) becomes

p+3(o+ CEZ) % —0, (24.54)

and the pressure component cannot be neglected. Using (24.53) and neglecting the
pressure, we obtain the Friedmann equations for the matter-dominated epoch of the
universe as follows:
R R +ke
2g+ =0, (24.55)
R? +ke>  8wGpo R}
R 3 R¥
The solutions of the Friedmann equations for the matter-dominated epoch of the universe
given by (24.55) and (24.56) will be the subject of the following chapter.

(24.56)
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Non-static Models of the Universe

In Chapter 24, we have derived the cosmic dynamic equations satisfied by the scale
radius R(¢), known as the Friedmann equations. As we have concluded earlier, the non-
static models of the universe based on the Robertson-Walker metric (23.49) are described
by their scale radius R(¢) and the curvature constant k. The objective of this chapter is
therefore to study the appropriate solutions for the scale radius R(¢) and the appropriate
values of the curvature constant k and their implications for the future evolution and other
physical properties of the expanding universe.

25.1 Solutions of Friedmann Equations

In order to solve the Friedmann equations (24.55) and (24.56), we first introduce some
useful quantities. Let us recall that the Hubble constant (23.54) is given by

R(t
H() = th; (25.1)

Substituting (25.1) into (24.56) we obtain
ke? 8w Gpo Ry

2 QE— —_—
H- + 72 3 B (25.2)
In the present epoch (t = tp) with R = Ry and H = H, (25.2) becomes
k287G
HZ 4 o = 0 (25.3)
R 3
or
k  87xGpy H§ 87G
L _9moh o _ . 25.4
2 32 2 =32 (po — pc) (25.4)
where p¢ is the critical (or closure) matter density of the universe, defined by
= 3H§ (25.5)
PC= 8aG ’

With the range of the estimated values of the Hubble constant Hy in the present epoch,
the numerical value of the critical density is given by

kg

pc =2 x 1072642 05<a<]l. (25.6)

Tensors, Relativity, and Cosmology. http://dx.doi.org/10.1016/B978-0-12-803397-5.00025-X 237
Copyright © 2015 Elsevier Inc. All rights reserved.


http://dx.doi.org/10.1016/B978-0-12-803397-5.00025-X

238 TENSORS, RELATIVITY, AND COSMOLOGY

Let us also recall the definition of the deceleration parameter g(t) defined according to
(23.65) as follows:

_ RWRw) 1R
1= =R (25.7)
From the Friedmann equations (24.55) and (24.56) we may write
R 4nGpy R}
R=""3 & (25.8)
Substituting (25.8) into (25.7) we obtain
_ 4nGpo R}
A0 =~ 23 (25.9)
The present-epoch value of the deceleration parameter (25.9) is given by
47 Gpo o
= =, 25.10
P= 30 T 200 (25.10)

From (25.10) we see that the present-epoch value of the deceleration parameter can be
expressed in terms of the present and critical matter densities of the universe.

25.1.1 The Flat Model (k = 0)

For the flat model with k = 0, (25.4) gives po = pc and from (25.10) we find go = 1/2. Using
po = pc and (25.5) we may write

HE =220 (25.11)

The Friedmann equation (24.56) then becomes

3 2p3
P2 87 GpoR; _ H§R;

) 25.12
3R R (25.12)
or
L, A2 /2
R=2 A= HoRY>. (25.13)
Equation (25.13) can be rewritten as follows:
. R
R= % =AR'? = /\/ﬁdR :A/ dr+ C. (25.14)
Performing the elementary integration in (25.14) we obtain
2 A0\ 2/3
SR =At+C = R0y = (%) 123, (25.15)

where we used the initial condition R(0) = 0 to set the integration constant C in (25.15)
equal to zero. From (25.15) we may also write

2 2/ R\%?
t=—R¥2=_—_ (= ) 25.16
3A 3H, \ Ry ( )
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The present-epoch equation (25.16) for t = ty has the form
th = 2 (25.17)
°7 3Hy ‘

The solution (25.15) for the scale radius R(t) with the choice of the curvature constant
k = 0is in the literature sometimes called the Einstein-de Sitter solution.

25.1.2 The Closed Model (k = 1)

For the closed model with k = 1, (25.4) gives pp > p¢ and from (25.10) we find gp > 1/2.
The Friedmann equation (24.56) then becomes

R? 8nGp0Rg B
AT [P R 25.18
c? + 3¢2R R ( )
where we introduce a constant B as
87 GpoR3 HZR}
_ BmGnoly _ ,4mGoo HoK (25.19)
3¢? 3H; ¢
Using the definition of the present-epoch deceleration parameter (25.10) we obtain
HGRg
B=2q0 —0;0. (25.20)
Furthermore, using (25.4) for k = 1, we may write
1 H ([ 4nGpy H3
— o, —1) =22 (290 1), 25.21
R2 cZ( 3H2 o (2a0=1) @521
or
c —1/2
Ro=—1(2g0—1 . 25.22
0= 1 (2q0 — 1) ( )
Substituting (25.22) into (25.20) we obtain
2
B— 90 ¢ (25.23)

@017

Equation (25.18) may be rewritten in the form

1dR B—R t R R
== /2== dr = — dR. 25.24
cdat V'R :>/0 ¢ /0 VB_R (25.24)

Let us now introduce an angular parameter n as follows:

B
R = Bsin? g =5 (1—cosn), (25.25)
with
dR = Bsin g cos gdn. (25.26)

Using (25.25) and (25.26) we may write

R B
,/de = Bsin? gdn = 5 (1= cosn) di. (25.27)
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Using (25.25) and performing the elementary integration in (25.24) with (25.27), we obtain
the two parameter equations

B B .
R= > (1—cosn), ct= 5 (n —sinn). (25.28)

The parameter equations (25.28) define the scale radius R(f) by a parameter n. The
function R(#) defined by (25.28) is a cycloid and the scale radius is a cyclic function of
the cosmic time. The universe starts expansion at the cosmic time t = 0 (n = 0) with
scale radius R = 0 and expands to a maximum size R = B at the cosmic time t = /2
(n = m). Thereafter the universe is contracted back to the scale radius R = 0 at the
cosmic time t = f1, (n = 27). The time #;, in the closed model is called the lifespan
of the present universe. It can be calculated from (25.28) with (25.23) for n = 2, as
follows:
B B 21 qo 1

= T e T G P _q1)3 A (25.29)
For example, the choice qo = 1 gives the lifespan of the universe equal to #1, = 27 /Hp.
From (25.22) and (25.22) we also note that for go = 1, the present scale radius Ry = ¢/Hop
is equal to one half of the maximum scale radius B = 2¢/Hj. It means that in the closed
model for qo = 1, the present universe will expand to twice its present size before it starts
contracting.

25.1.3 The Open Model (k = —1)

For the open model with k = —1, (25.4) gives py < pc and from (25.10) we find qo < 1/2.
The Friedmann equation (24.56) then becomes

R? SnGpoRg B
AN T 25.30
c? 3c¢2R R ( )

where we again use the constant B given by (25.23). Equation (25.30) may be rewritten in

the form
1dR B+R ! B[R
- =,/ — dt = ——dR. 25.31
cdt “VTR :/OC /OVB+R (2531)
Let us now introduce an angular parameter » as follows:
B
R = Bsinh? g = 5 (coshn — 1), (25.32)
with
dR = Bsinh g cosh gdn. (25.33)

Using (25.32) and (25.33) we may write

R _ . 21 _ B
‘/de = Bsinh Ed” =3 (coshn — 1) dn. (25.34)
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Using (25.32) and performing elementary integrations in (25.31) with (25.34), we obtain
the two parameter equations

R= g (coshn—1), ct= 1; (sinhn —n). (25.35)

The parameter equations (25.35) define the scale radius R(f) by a parameter n. The
function R(t) defined by (25.35) is growing indefinitely as t — oo (n — o0). Like the flat
Einstein-de Sitter solution, the open solution continues to expand forever. It should also
be noted that the expansion of the universe in the open model is faster than that of the flat
model due to the presence of the exponential functions in the parameter 7.

25.2 Closed or Open Universe

The analysis of the three possible models for the expansion of the universe, presented in
Chapter 24, does not resolve the question whether the present universe is open or closed.
The answer to that question must be looked for in the astronomical observations and
estimates of the various parameters of the model. The current estimates of the present-
epoch Hubble constant Hp and the critical density p¢ are

Ho = 100450 1
0= s Mpc’
_26 2 kg
pc=2x10"%a =, 05<a=l. (25.36)

The estimates of the present-epoch deceleration parameter g are more difficult to obtain.
In order to study the deceleration parameter o, we use the result for the Hubble constant
H = R/R to calculate the second derivative of the scale radius with respect to the cosmic
time as follows:

R=HR = R=HR+ HR = H?R+ HR. (25.37)

Substituting (25.37) into (25.7) we obtain

1 R H

Using (25.38) we can calculate the present-epoch deceleration parameter g as

__( Huw)
do = (HZ(tO) + 1). (25.39)

The result (25.39) indicates that if we can measure H(fy) and H(fy) we can calculate the
present-epoch deceleration parameter g. In order to measure H(ty) we use the fact that as
we look deeper into space at the same time we look farther back into time. For example, if
we estimate the Hubble constant H(t) for objects one billion light years away, we are really
estimating the Hubble constant H(¢) for the universe one billion years back in the cosmic
time. The difficulty with such a method of determining the present-epoch deceleration
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parameter ¢ is related to the difficulties to measure the distances to the objects deep in
space.

In spite of these difficulties, some existing observational data suggest the value of the
present-epoch deceleration parameter gy = 1. As we have concluded before, for gp > 1/2,
the universe is closed and such observational data suggest that the present universe is
closed. However, using (25.10) for go =1, we obtain the following present-epoch matter
(or rest-energy) density of the universe

26,2 kg

po=2pc=4x10""a g 05<a<l, (25.40)
which is much larger than the observed density of matter in the universe. This discrepancy
is the origin of the so-called problem of the missing mass in the universe. The problem was
identified by measurements of the masses of clusters of galaxies in two different ways. One
method was to exploit a definite relation between the luminosity of a galaxy and its mass,
to sum up all the masses of member galaxies to obtain the total mass of the cluster. The
other method was to measure the relative velocities between the member galaxies and
to calculate the mean relative velocity which is determined by the mass of the cluster. It
was discovered that the luminosity mass obtained by the first method was considerably
smaller than the dynamical mass obtained by the second method.

Thus, there is a reason to believe that there is a large amount of invisible matter within
the observed clusters of galaxies. The first decisive evidence of the existence of such dark
matter in the universe came from the rotation curves of galaxies. By measurements of the
rotation curves of smaller galaxies revolving around great spiral galaxies it was discovered
that they differ completely from the curves expected from the Newtonian mechanics in
the empty space. The only possible interpretation of this result is that the space around the
galaxies is not empty. On the contrary, it seems to consist of a considerable amount of dark
matter. It is today generally believed that up to 90the form of the high-temperature ionized
gas emitting X-rays, and X-rays have indeed been detected in the clusters of galaxies.
However the observed density is again far below the density required to account for the
large amount of the dark matter in the universe. There are enormous numbers of neutrinos
in the present universe. Some experiments indicate that they may have a rest mass of the
order of 103° kg, and if this is true the neutrinos may just be the missing matter. This is
a growing area for combined efforts of astrophysics and particle physics today, although
it is still not clear how the neutrinos could impact the rotation curves of galaxies in the
observed way.

25.3 Newtonian Cosmology

In this section, we study the evolution of an expanding universe within the framework of
the Newtonian theory of gravitation and compare the results with those obtained using the
general theory of relativity. Let us imagine the large-scale matter-dominated Newtonian
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universe as an ideal fluid with negligible pressure moving according to the Newton laws
of motion and gravity. Such fluid is often called the Newtonian dust. We now consider
the Newtonian dust with a uniform density p(f) being in the state of uniform expansion.
The only force acting on the dust particles is the force of gravity. The components of the
three-dimensional position vector of an arbitrary dust particle at some cosmic time ¢ are
given by

x*(t) = RMOA* (@ =1,2,3), (25.41)
where 2 is a constant vector defined by the initial position of the dust particle, and R(t)

is the scale radius of the uniform expansion. The first and second time derivatives of the
coordinates (25.41) are given by

Y R e R
B =R = px% = Hx¥, ¥ =R = x, (25.42)

where H(t) = R/R is a Hubble constant of the Newtonian expansion. Let us now use the
continuity equation (19.54) in the form

9 + 0o (p1*) = 9 + X0 p + p3yx* = 0. (25.43)
at at

Using (25.42) and the definition of the total time derivative of the density p, given by

. dp  9p dp dx“
_ 90 _ 9, 9 47 25.44
P=w "ot Toe @ (25.44)

we may rewrite (25.43) as follows:

o+ pHdx* =0 = p+3pH =0, (25.45)
or
R 1d
5+3=p=——(pR®) =0. 25.46
p+350 = 1 (PF) (25.46)

Integrating (25.46) we recover the result (24.53) obtained using the Friedmann equations,
that s,

,oR3 = ,ooR3 = Constant, (25.47)

where pp and Ry are the matter density and the scale radius at the present epoch (¢ = f).
From the result (25.47) we see that in the Newtonian cosmology the matter density also
varies in time as R3. The isotropy and spherical symmetry of the universe require that any
spherical volume evolves only under its own influence. If the observed spherical volume
has the radius r and mass M(r) = (47/3)r3p, the equation of motion of a dust particle
somewhere on its surface is given by the Newtonian equation (18.44), as follows:

P Ex“ __GM() ,_ 47Gp

R r3 3
As (25.48) is valid for an arbitrary x*, we obtain

x“*. (25.48)
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R=— 4”3Gp R. (25.49)
Using now the result (25.47), (25.49) becomes
. 4 G,ooRg
R=——-——. 25.
3 (25.50)
Multiplying now both sides of (25.50) by R, we obtain
471G,o0R(3) R
RR+ ——— =0, 25.51
gt =0 (25.51)
or
1dR?  47GpoR3 d (1
P T T (ﬁ) =0. (25:52)
Thus, we may write
d (., 8n GpoRg _
T (R - —3p )= 0. (25.53)
Integrating (25.53) we obtain
., 81GpoR3
g2 ST 2, (25.54)

3R

where kc? is the integration constant. After some restructuring of (25.54) we recover the
second Friedmann equation (24.56), that is,

R +ke®*  87Gpo R}

= 3R (25.55)
Furthermore, using the result (25.54) rewritten as
47rGpoR3 1 R + kc?
om0 _ AR (25.56)
3R2 2 R
Equation (25.50) becomes
.. 1 R2 + kc?
R=—- . 25.57
5 R ( )

Dividing by R and restructuring of (25.57) we recover the first Friedmann equation (24.55),
that is,
R R +kc?

2§ + = 0. (25.58)
From the above discussion we conclude that the Newtonian cosmology gives the same
dynamic equations for the scale factor R(¢) of the expanding universe as the relativistic
cosmology based on the Robertson-Walker metric. In the Newtonian cosmology the
parameter k is just an integration constant, while in the relativistic cosmology k is the
curvature constant. In fact if k #0 there is no loss of generality if we set k = 1 in the
Newtonian cosmology either. The dynamic equations (25.55) and (25.58) lead to exactly
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the same three models of the expanding universe with k = —1, 0, 1. It should however be
kept in mind that the Newtonian cosmology is just a non-relativistic limit of the standard
relativistic cosmological model and that it cannot account for a number of important
physical features of the expanding universe. In particular it cannot handle the radiation-
dominated early phases of the expanding universe and incorporate the pressure of the
cosmic fluid in the proper way.
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The Quantum Cosmology

The objective of the present chapter is to give a short introduction into the most profound
speculations about the earliest moments of the present universe. In the solutions of Fried-
mann equations, presented in Chapter 25, we have generally used the initial condition
R(0) =0. In effect such an initial condition means that in the earliest moments of its
evolution, the present universe may have been so compact that its size was comparable
to the size of a single quantum particle. In such an early epoch the classical solutions of
the Friedmann equations, derived in Chapter 25, are no longer adequate and we need
a quantum theory of the very early universe, that is, the quantum cosmology. Since the
quantum cosmology is a highly speculative theory in its early development phase, the
presentation in this chapter will be limited to a few introductory topics. Furthermore, as
the quantum theory is outside the scope of the present book, a few elementary quantum-
mechanical results needed in the present chapter will be introduced without a detailed
derivation from the first principles.

26.1 Introduction

The non-static models of the expansion of the universe, discussed in Chapter 25, are
based on a well-formulated gravitational field theory and available observational data.
These models can be used to study the early moments of the universe down to the times
t <1072 s. The subject of the present chapter is to investigate the so called Planck epoch,
that is, the times t <10~ %3 s,

The approach pursued in the present chapter is to use the canonical quantization
procedure to quantize the gravitational degrees of freedom and to derive the Klein-Gordon
wave equation for the wave function of the universe governing both the matter fields and
the space-time geometry. Such wave equation is generally known as the Wheeler-De Witt
equation. The wave function of the universe in this approach is a function of all possible
three-dimensional geometries and matter field configurations, known as superspace. It
should be noted that the concept of superspace used in quantum cosmology has nothing
to do with the concept of superspace of the supersymmetric quantum theories.

In order to reduce the problem to a manageable one, all but a finite number of
degrees of freedom are frozen out, leaving us with a finite-dimensional superspace known
as the mini-superspace. In the present chapter we consider a simple mini-superspace
model in which the only remaining degrees of freedom are the scale radius R(f) of a
closed homogeneous and isotropic universe and a homogeneous massive scalar field ¢.
Furthermore, all the degrees of freedom of the scalar field are also frozen out, and the
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only effect of the scalar field is to provide the vacuum energy density pyac. Such a vacuum
energy density contributes to a cosmological constant term defined by A = 87 Gpyac.

Using the mini-superspace model described above we then calculate the semi-classical
wave functions of the universe and the tunneling probability for the universe to make the
transition from R = 0 to the transition point R = Ry, being the upper limit of the classically
forbidden region 0 < R < Ry.

26.2 Wheeler-De Witt Equation

Let us start the derivation of the Wheeler-De Witt equation by recalling the Friedmann
equations of cosmic dynamics, given by (24.44) and (24.45), that is,

R+ ke  87G

=P (26.1)
R R% 4 kc? 87G

2= =— ) 26.2
7 + 72 2 p ( )

In the very early phases of its evolution, the universe was clearly not matter-dominated. In
fact it is generally believed that in the Planck epoch it was not even radiation-dominated,
and the energy-momentum tensor was determined by the vacuum energy. In such a
vacuum-dominated epoch the pressure of the extremely dense matter of the universe is
given by p = —pc?. Using (24.54), we see that in the vacuum-dominated epoch we have

=0 = p = pyac = Constant. (26.3)

Thus, the Friedmann equations (26.1) and (26.2) in the closed model (k = +1) become

R+ 8xG A
—RZ = —3 IOVaC = E, (26-4)
R R+ c?
ZE + T = 87tG,0vac = A. (265)
Substituting (26.4) into (26.5) we obtain
2R+A—A:>R—A (26.6)
R 3 R 3 '
Equation (26.6) can be written as follows:
2
R-ZR=0, Ry= c\/? (26.7)
RZ A
The classical solution of (26.7) is given by
ct
R(t) = Rg cosh (—) . (26.8)
Ry

This solution describes a universe which was infinitely large (R — oo) in the infinite past
(t — —o00). Then it has been contracted to a minimum size of Ry at t =0 after which it
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starts expanding again to an infinite size in the infinite future (# — +o00). From (26.8) we
see that the classical solution has a forbidden range for 0 < R < Ry. Thus, it is classically
impossible for the universe to start from R=0 and evolve into the above cosmic model.
However, given the quantum mechanical nature of the problem in the Planck epoch, it
may be possible for the universe to make such a transition with some finite quantum-
mechanical tunneling probability. In order to calculate the wave functions of a universe
starting at R =0 and tunneling into the region R > Ry and the tunneling probability of such
a transition, we now construct the action integral of the universe in the Planck epoch as
follows:

Io = — MC:G /;dtﬂ [R(z),R(t)]/V\/ngrde do, 26.9)
where
r’dr
J/—gdrdody = R = sin6 do de. (26.10)

In (26.9) we have used the result for the Ricci scalar (24.35) in the Robertson-Walker metric
with k = +1, that s,

i 6 (R R4

R}:_(EJ“T)’ (26.11)
to conclude that the Lagrangian density E[R(t),R(t)] in the present model is space
independent. Thus, we can integrate out the spatial part of the action integral (26.9), which
is just a the three-dimensional spherically symmetric volume in the Robertson-Walker
curved space-time metric (23.49), to obtain

r2 dr b4 2

1
/V /—gdrdédy = R3 /0 =), sin6 do dy (26.12)

0

Integrating the elementary integrals over 6 and ¢ and introducing the new angular variable
X as

r=siny = dr=cos ydy, (26.13)

the result (26.12) becomes
/2
/ J/—gdrdode = 47tR3/ sin? x dx = 272R°. (26.14)
\%4 0
Substituting (26.14) into (26.9) we obtain
wct .

Io=-5c / diR* ()L [R(0), R(D)]. (26.15)

t

Using the result for the Ricci scalar (26.11) in the Robertson-Walker metric with k = +1,
we construct the Lagrangian density of the present model as follows:

. 6 (R>—c* A
L[R@®,EO) = (TC + g) : (26.16)
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where we have eliminated the term including the second-order time derivative, which
should not appear in the Lagrangian density, by reducing it to the total time differential.
Substituting (26.16) into (26.15), we obtain

2
Ig = /er(r) S /dt (RR2 —R&+ A11?3> (26.17)
t 4G t 3
where the Lagrangian L(¢) is given by
_ 3mc? . s A 3
L) = ETeR (RR — Rc* + §R ) . (26.18)
The Lagrange equation for the scale radius R(?) is then given by
aL d (4L
R (8_R> =0. (26.19)

Substituting (26.18) into (26.19), we obtain

37c?

3w, PP
o (R ¢ + AR? — 2RR 2R>, (26.20)
or

R R+¢2

A K+ 26.21

R+ 7 ( )

Thus, the Lagrangian (26.18) gives the correct equation (26.5) for the scale radius R(f). Let
us now define the momentum conjugate to the scale radius R(?), as

PR = — = ———RR. (26.22)

Using (26.22) we may express R in terms of pg as follows:
2G pr

R=-200 (26.23)
Using (26.22) and (26.23) we obtain the Hamiltonian of the present model as follows:
. . G pp 3w, A )
H=ppR-L=—320+ == (Rc 3 R). (26.24)

The Hamiltonian (26.24) is a classical Hamiltonian of the present mini-superspace model.
The quantum-mechanical Hamiltonian operator H is obtained using the canonical quan-
tization prescription

PR — ih%, i=+/—1. (26.25)

The wave equation of the universe in the present mini-superspace model known as
Wheeler-De Witt equation is then obtained from the condition H = 0 as follows:

. h’G 92 3mc? A
HYR) = | —— — R - =R)|wv@®R =0, 26.2
® |:3n02R8R2+ 4G ( ©73 )} (=0 (26.26)
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or

2
[—hza% + U(R)] Y(R) =0, (26.27)

with the potential U(R) defined by

2 2 4
oo (5 () (2)]

The Wheeler-De Witt equation written as in (26.27) has the familiar form of the one-
dimensional Schrédinger equation for a particle with zero total energy moving in the
potential U(R). The form of the potential (26.28) clearly indicates that there is a classically
forbidden region for 0 <R < Ry and a classically allowed region for R > Ry. The point
R=Ry is a turning point of the potential (26.28). Classically speaking and using the
particle analogy, we conclude that a particle at R=0 is stuck there and cannot travel
to the region R > Ry. However, in the quantum mechanics there is a finite probability
that the particle can tunnel through the barrier and emerge at the classical turning point
R = Ry. Thereafter it can evolve classically in the region R > Ry.

26.3 The Wave Function of the Universe

In order to find the solutions of the Wheeler-De Witt equation for the wave function of
the universe W (R) and to calculate the tunneling probability of the universe through the
potential barrier (26.28) we restructure (26.27) as follows:
v,
iz +Q°(2¥ =0, (26.29)

where z = R/Ry is a dimensionless scale variable and the function Q?(z) is defined by

_ 37c*R§ 9nc®

20 2( 4 _ 2 -
F@ =a (2 -2), G = Zhe (26.30)
Using the WKB approximation the wave function of the universe W (z) is given by
1N -1/2 ) 1 (R<R
v =] 2 0|QR)™ /" exp [w(2)] z<1 (R<Ro) (26.31)
NolQ(2)|7'/? cos (jw(z)| — %), z>1 (R> Ro)

where Ny is the WKB normalization constant, which is not essential for the present
analysis. The function w(z) is given by

B a,  \32
w(z) = /z Q@ dz =3 (z 1) . (26.32)
For example in the region where R > Ry the wave function (26.31) becomes

1
(@) = Noa /2 cos (§z3 - %) . (26.33)
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and it is a slowly falling periodic function. Let us now turn to the tunneling probability
for the universe to make a transition from R=0 to the transition point R=Ry. The most
general WKB result for the tunneling probability is given by

1 -1
T= |:1 + exp (Zf Q(z)dz)] = |:1 + exp (_Z?a)] . (26.34)
0

Substituting a from the result (26.30) into (26.34), we finally obtain

-1

3¢5\

It should be noted that in many quantum-mechanical problems the exponential in the
expression for the tunneling probability (26.34) is a large quantity. It is therefore customary
in the literature to use the approximate expression

1
T = |:1 + exp (2/ Q(2) dz)]
0

However, since the gravitational action integral is a negative quantity, such an approxi-
mation is invalid in the present discussion and only the more general result (26.34) can
be used. Even though the energy density pyac and thereby the cosmological constant A of
the vacuum-dominated Planck epoch are very difficult to estimate, in order to get the idea
of the orders of magnitude of these quantities let us assume that the quantity a given by
(26.30) is of the order of unity. This gives the tunneling probability of the order of T ~ 2/3.
Using now the result (26.30), we obtain

-1

1
~ exp (—2/ Q(2) dz) . (26.36)
0

5 5

9rc 9rc 1
= ~1= A~——=487x10T7=. 26.37
“=onea T 7T 2hG X 2 (26.37)
Using now A = 87 Gpyac, we have
A kg
_ ~ +96
Pvac = % 2.9 x 10 _m3 . (2638)

The result (26.38) indicates an enormous energy density of the universe in the vacuum-
dominated Planck epoch. Furthermore, using the result (26.7) we can estimate the radial
distance of the turning point of the potential (26.28) as follows:

3
Ry=cty=c¢ <~ 7.44 x 10735 m. (26.39)

The length scale of this order of magnitude is sometimes called the Planck length. The
time scale #p corresponding to this length scale is then given by

3
fo=\/—= "~ 2.48 x 1074, (26.40)

and it is roughly £y < 10743 s, which is in agreement with our assertion in the introduction
to the present chapter.
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A remarkable, and surprising, property of the wave function of the universe is the fact
that it is time-independent and depends only on the space-time geometry and the matter
field content. A possible interpretation of the wave function W(R) is that it measures
probabilistic correlations between the geometry and the matter field content. In this
interpretation it is possible to use some function of the matter fields, for example, the
energy density of the matter fields, as a surrogate time variable. However neither the role of
time in the quantum cosmology nor the interpretation of the wave function of the universe
are fully understood yet.

We also note that just having the wave equation of the universe does not resolve the
issue of the quantum evolution of the universe. To be more specific about the quantum
evolution of the universe, we need information about the initial quantum state. There
are currently several proposals for such an initial quantum state giving different physical
predictions. If such predictions can be made to be sufficiently precise, then the present-
day observations could be used, at least in principle, to test these different proposals for
the initial quantum state of the early universe.

The quantum cosmology efforts around the world today are very ambitious and the
very limited presentation given in the present chapter only gives some flavor of this
exciting subject. It is our hope that after mastering the material discussed in this chapter,
an interested reader will be able to proceed to the more advanced monographs on the
subject. It is also important to note that despite a number of speculative efforts to create
the self-consistent and empirically supported cosmological quantum theory, a lot of work
remains to fulfill that goal and several fundamental questions still remain unresolved.






Bibliography

(1]
(2]
(3]

M. Berry, Principles of Cosmology and Gravitation, Adam Hilger, Bristol, 1989.
M. Carmeli, Classical Fields: General Relativity and Gauge Theory, Wiley, New York, 1982.

N. Dalarsson, Phase-integral approach to the wave equation of the universe, Mod. Phys. Lett. A 33

(1995) 10.
A. Einstein, Die grundlage der allgemainen relativititstheorie, Ann. Phys. (1916) 49.

]. Foster, J. Nightingale, A Short Course in General Relativity, Longman Scientific and Technical,

Harlow, Essex, 1979.

E. Kolb, M. Turner, The Early Universe, Addison-Wesley, Reading, MA, 1990.

C. Moller, The Theory of Relativity, Oxford University Press, London, 1952.

L. Landau, E. Lifshitz, The Classical Theoryof Fields, Addison-Wesley, Reading, MA, 1959.

W. Panofsky, M. Phillips, Classical Electricity and Magnetism, Addison-Wesley, Reading, MA, 1955.
W. Rindler, Essential Relativity: Special, General and Cosmological, Springer-Verlag, Berlin,

Heidelberg, 1977.
J. Stewart, Advanced General Relativity, Cambridge University Press, Cambridge, 1991.

N. Straumann, General Relativity and Relativistic Astrophysics, Springer-Verlag, Berlin, Heidelberg,

1981.

R. Tolman, Relativity, Thermodynamics and Cosmology, Clarendon Press, Oxford, 1934.
R. Wald, General Relativity, The University of Chicago Press, Chicago, 1984.

S. Weinberg, Gravitation and Cosmology, Wiley, New York, 1972.

255


http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0010
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0015
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0020
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0025
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0030
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0035
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0040
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0045
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0050
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0055
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0060
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0065
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0070
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0075
http://refhub.elsevier.com/B978-0-12-803397-5.09999-4/rf0080




Index

Note: Page numbers followed by f indicate figures.

A
Absolute derivatives
of tensors, 62
of vector, 62
Acceleration vectors
and velocity, 103
Action integral
definition, 77
of free particle, 112, 153
gravitational field equations, 161
non-relativistic limit of, 113
Action, of electromagnetic field, 136
Addition and subtraction of systems, 8
Angular momentum tensor, 120
Antisymmetric system, 7
Antisymmetric tensor, 24, 25
Arbitrary tensor, transformation law
of, 31
Arc length
of curves, 44
element, 44
Associated tensors, 42, 43
Associated vectors, 42
rules, 42
Axial vector, 37

B

Black holes, 182, 195
mini-black holes, 195
region, 193
supermassive, 195

C
Charge density, 133
Christoffel symbols
of first kind, 57
for metric, 175, 182

and metric tensor, 68
properties of, 65
of second kind, 57
symmetric, 64
transformation law of, 65
Closed or open universe, 242
Commutator
of covariant derivatives, 88
operator expression, 88
of operators, 88
Composition of systems, 9
Conservation law
of angular momentum tensor, 120
electric-charge, 133
of energy-momentum, 118
mass, 166
Continuity equation
electric-charge, 133
mass, 166
Contraction of systems, 8
Contravariant metric tensor, 41
Contravariant tensors, 23
Contravariant vectors, 21, 22
covariant derivative of, 58
differentials of, 57
Coordinates
Descartes (see Descartes coordinates)
origin of, 14
orthogonal, 47
physical coordinates, 47
spherical coordinates, 47
of system, 6
Cosmic
dynamics, Einstein tensor, 233
fluid, 214, 215
microwave background
radiation, 214
time, 220

257



258 Index

Cosmological
principle, 214
red shifts, 223
scale, 213
Cosmology, 2
Newtonian, 245
Covariant derivatives
commutator of, 88
of contravariant vector, 58
of covariant vector, 58
properties of, 61
of tensors, 60
Covariant index, 58
Covariant tensors, 23
Covariant vectors, 21, 22
differentials of, 58
Curl of vectors, 72
Current density vector, 133
Curvature constant, 220, 225
Curvature tensor
alternative expression for, 87
components of, 92
covariant, 87, 90, 92
cyclic identity, 87
definition of, 85
mixed, 87
properties of, 87

D
Dark matter, 242
Deceleration parameter, 223, 233
Degeneracy, 52
§-symbol, 12
Density
charge density, 133
critical/closure matter
density, 238
Lagrangian density, 166
Descartes coordinates
inversions of, 36
mixed product, 33
rotations of, 34f, 35
translations of, 36
vector product, 32
Determinant of metric tensor, 39

Differential operators
curl of vectors, 72
divergence of vectors and tensors, 71
gradient of scalar function, 70
Hamiltonian V-operator, 69
Laplacian of scalars and tensors, 73
Direct product of systems, 8
Divergence
of tensors, 71
of vectors, 71
Doppler shift, 213. See also Cosmological,
red shifts
Dummy indices, 10

E
Eigenvalues of linear operator, 49
Eigenvectors of linear operator, 49
Einstein-de Sitter solution, 235
Einstein field equations, 169
linearized, 202
Electric-charge conservation law, 133
Electric field vector, 123
Electric scalar potential, 122
Electromagnetic
current four-vector, 136, 138
current vector, 133
field invariants, 139
Electromagnetic field
potential of, 122
tensor, 125
Electromagnetic field equations
charge density, 133
electromagnetic current vector, 133
electromagnetic potentials, 138
Maxwell equations, 137
Electromagnetic potentials, 138
Elements/coordinates of the system, 6
Energy
rest energy, 113
total energy, 113
Energy-momentum tensor
of cosmic fluid, 235
electromagnetic field, 163
of electromagnetic field, 143
Lagrangian density, 166



of mass distribution, 166
matter fields, 163
Energy-momentum vector, 115
conservation of, 118
transformations of, 117
Epoch
matter-dominated epoch, 235
Planck epoch, 247, 251
vacuum-dominated epoch, 251
Equation of motion
of dust particle, 245
of free particle, 112
temporal, 193
e-symbol in three dimensions, 31
e-system, 12
Euclidean metric spaces, 15, 77
Events
horizon, 193
interval between events, 99

F
Field equations of physics, 156
First-order system, 6
Flux
of electric charges, 133
of mass, 139
Four-acceleration, of particle, 103
Fourth-order mixed tensor, 24
Four-velocity, 103
Free vector, 13
Friedmann equations, 233-235, 237
for closed model, 239-240
critical density, 237-238
deceleration parameter, 237-238
for flat model, 238-239
Hubble constant, 237-238
for open model, 240-241
Fundamental forces of nature, 1
Fundamental observer, 215

G
Galilei transformations, 100
Gauge
condition, 125-126
harmonic condition, 202

Index

invariance, 126

Lorentz, 125-126

of the theory, 125-126

transverse traceless gauge, 205
Gauss curvature of unit sphere, 91
Gauss theorem, 75
General theory of relativity, 1, 2

local inertial frames of reference, 148

time intervals and distances, 148, 149
Geodesic differential equations, 77
Geodesic equations, 82, 190, 193
Geodesic lines, 77
Geometry

pseudo-Euclidean, 147

pseudo-Riemannian, 147
Gradient of scalar function, 70
Gravitational constant, 153, 158
Gravitational field equations

action integral, 161

Einstein field equations, 169

matter fields, 166

Newton law, 172

non-relativistic limit of, 172

Schwarzschild solution, 182
Gravitational fields

electromagnetic field equations, 156

gravitation field potentials, 147

particle dynamics, 153

time intervals and distances, 150
Gravitational potential, 153, 172
Gravitational radius, of body, 182
Gravitational waves

linearized Einstein field equations, 202

plane-wave solutions, 205

on point particles, 207

radiation, generation of, 210

H
Hamiltonian
covariant operator, 69, 70
V-operator, 69
variational principle, 77
Harmonic gauge condition, 202
Hubble constant, 214, 221
Hubble law, 214, 221

259



260 Index

|
Indices

dummy indices, 10

lower indices, 6
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Second-order covariant tensor, 23
Second-order system, 6
Second-order tensors, 49
Secular equation, 49
Simple system. See First-order system
Space character, 85
Space-time
coordinates, 96, 98
geometry, 247, 253
metric, 215, 220
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Stokes theorem, 75
Straight line, in vector spaces, 15
Substitution operator. See §-symbol
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Tensor calculus, 1
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relative tensors (see Relative tensors)
symmetry properties of, 25
tensor capacities, 29
tensor densities, 29
trace-reverse tensor, 202
Third-order contravariant tensor, 23
Third-order covariant tensor, 23
Third-order systems, 6
Three-dimensional momentum conservation
law, 118
Time
dilatation, 106
proper time interval, 105



synchronized, 105, 107

intervals and distances, 150
Total energy, of particle, 113
Trace-reverse tensor, 202
Transformation laws

of arbitrary tensor, 31

of Christoffel symbols, 65

of electric field vector, 128
Transformations

of coordinates, 22

of energy-momentum vector, 117

Galilei transformations, 100

of variables, 21
Translations, of Descartes coordinates, 36
Transverse traceless (TT) gauge, 205
Twin paradox, 110

U
Unit antisymmetric system. See e-system
Unit antisymmetric tensors, 31
Unit matrix, 41
Unit sphere, Gauss curvature of, 91
Unit symmetric system. See §-symbol
Unit systems
3-symbol, 12
e-system, 12
Unit vector, 44
Universe
closed or open, 242
critical/closure matter density, 238
dark matter in, 242
expansion of, 225, 235
large-scale structure, 213, 214
lifespan, 240
matter-dominated, 214
matter-dominated epoch, 235
missing mass problem, 242
non-static models of, 225
quantum evolution of, 253
radiation-dominated, 214, 235
tunneling probability for, 248, 251, 252
wave function of, 253

Index

\'
Vacuum-dominated epoch, 251
Variational calculus, 77
Vector product, in three dimensions, 32
Vectors
angles between vectors, 45
axial vectors, 37
covariant derivatives of, 58
curl of, 72
divergence of, 71
electric field vector, 123
magnetic induction vector, 123
polar vectors, 36, 37
surface vector, 75
tangent unit vector, 44
unit vector, 44
Vector spaces
definition of, 15
in N dimensions, 14
planein, 15
straight line in, 15
Velocity
and acceleration vectors, 103
four-velocity, 103
relativistic addition of, 109
Velocity vector
contravariant coordinates of, 47
physical coordinates of, 47
in spherical coordinates, 47

W
Waves
plane-wave, 205
polarization, 205
vector, 205
Wheeler-De Witt equation, 247, 251
WKB approximation, 252
World, 96
horizon, 214
line, 96
point, 96
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