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1. INTRODUCTION

The purpose or this work is to present in one place some of the important but
unconventional attempts made in the last few decades by astronomers,
physicists and mathematicians to understand the origin and the large scale
structure of the universe. The word "non-standard" in the title indicates the
unconveruion.rlity, and we clarify it further at the outset.

13y "standard" cosmology we mean the hot big bang Friedmann models
Lbtained from Einstein's general relativity. In these models the universe came
into existence ;\ finite time ago-at an instant which serves as a starting point
for the cosmic time axis. According to these models the universe was initially
dominated by r.idiution. Later its mailer component became more and more
importunt illlk(etlltillillg the dynamical evolution ofthe universe. At present
~Ithough radiation is one of the interesting features of the universe its density

NON·STANDARD COSMOLOGIES

is considerably less « 10 ') than that of observable matter density. The
early hot era is believed to have produced helium and deuterium. The
presently observed abundances of these nuclei and the microwave back-
ground radiation are usually cited as the proofs of this "standard" picture.

Einstein's general theory of relativity certainly represents an intellectual
excellence rarely found in the annals of science. The theory beautifully
combines the abstract concept of non-Euclidean geometry with the observable
phenomena ascribed to gravitation. The standard cosmology described
above represents the simplest set of models to follow from the Einstein
equations. They can claim the merit of having predicted two very important
results: the expansion of the universe and the cosmic microwave background.

The statement "Nothing succeeds like success" is probably best vindicated
in the progress of science. The successes of the standard cosmology have
inspired considerable important work in theory as well as in observations.
Nuclcosyruhcsis, galaxy formation, quasi stellar objects are some of the areas
where a great deal of intellectual effort is being spent to-day.

However, this has had negative effects tool I1y accepting the standard
cosmology, the scientist is taking for granted that he has more or less (if not
exactly) solved the most important and fundamental problem facing man:
ViI., the origin 01" the universe. From the status of "one of the possible
pictures" standard cosmology seems to have evolved to "tlu: picture" of the
universe. ;\ survey of the recent important textbooks in this field will easily
confirm this statement. Indeed, there seems to be a general commitment to
the standard view which has been aptly summarized by G. R. Burbidge:
. .. In this lield al present you Iind th.u wit h very few exceptions if the astronomer is well-known.
you know before he spcak s wha: position he wilt lake. Even more disturbing. if he or she is not
so well-known hul comes [rorn one of the great centers of learning. you also know once you
know where t hc individual comes from. what his or her position will be .... And the observers
lend 10 gel the result they expect. Many of them ccr taiuly know what they arc looking lor. and
arc not likely 10 discover .myihing new ....

[From the Proceedings of the 1976 IAU/CNRS Colloouium, Paris,
published by CNRS. Paris t977 (p. 561 >I

We find such a state of affairs disturbing for the progress of cosmology as
a science. Even Einstein never felt that general relativity was the last word in
gravitation and his attempts at a unified field theory testify to his desire to
improve on it. To this day general relativity has been verified experimentally
only in its weak field approximation (in all due respect to the black hole
bandwagon I). None of the cosmological observations enjoy the precision that
a laboratory physicist is assustomed to. R. P. Feynman has remarked in this
context:
When a physicist reads a paper hy a typical astronomer. he finds an unfamiliar style in the treat-
merit of uncertainties and errors .... The authors arc apparently unwilling 10 state precisely the

1
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odds that their number is correct. although they have pointed out very carefully the munv
sources or error. and although it is quite clear that the crror is a considerable fraction or the
number. The evil is that often other cosmologists or astrophysicists take this number without
regard to the possihh: error. trc.uing it as :111 astronomic,' o hvc r va ticm as accurate as the period

or a planet.
[Lectures on Gravitation. Califoruia Institute or Technology]

There are sc\cral unsatisfactory features in the standard cosmology. The
problem of the origin of the universe is still shrouded in mystery. The
isotropy of the microwave background poses problems. The so-called cosmo-
logical tests using optical and radio astronomy have become entangled in the
parameter fitting exercises in the volutionary properties of galaxies and radio
sources. Mach's principle remains an uncomfortublc feature which has to be
dismissed as baseu on a pure coincidence, We will discuss some of these
aspects in this article.

It is customary in science to subject existing theories to a continued critical
scrutiny and to reject, modify or augment them as and when they begin to
show inadequacies in explaining observational data. Of late, in astronomy no
subject has shown a greater growth in observational output than extra-
galactic astronomy and cosmology. It is not unreasonable therefore to subject
the canonical theoretical framework-thc standard cosmology-to the same
critical examination as any laboratory theory would be expected to undergo
under similar circumstances.

This critical outlook appears to be missing in theoretical cosmology. With
a few exceptions. the majority of astronomers and physicists seem to have
accepted the standard Einstein-Friedmann hot big bang picture. Here we
shall be concerm:d with the points of view which differ from this band-wagon.

To this end we have collected under the title "non-standard cosmologies"
several attempts which depart from the "standard" picture. As will be noticed
these attempts range from re-examining the very basic foundations of general
relativity to a somewhat superficial patching up of the existing framework.
We do not claim to have made an exhaustive search-indeed we may well
have inadvertently left out many important ideas. For any such omissions we
apologize in advance. As far as possible, we have included ideas which have
either generated a certain amount of theoretical discussion or which have
inspired fresh observations-or which have shed new light on the existing
data. Each section is self-contained and for the sake of comparison we
describe the standard picture in the beginning. Those familiar with it may
prefer to skip Section 2.

A conventional cosmologist, when faced with a theory purporting to tinker
with the basic assumptions of the standard cosmology, counters with a first
reaction combining a lack of interest, hostility, suspicion and derision. A

NON·ST.·\NDARD COSMOLOGIES

common criticism is as follows: "If we want to change the basic framework
the number of possibilities is unbounded. We cannot-go on testing each and
every alternative: if we start doing that we would not know where to begin."
M. J. Rccs gave an expression to the discomfo rt o l the st n ndu rd L'llSIl!lll~'I!i,t

when faced with a multitude of non-standard models, in the following words:

In Peebles' well-known textbook. one chapter is entitled "a child's garden or cosrnulogica l
models". Maybe a "jungle" would better describe the lush diversity or theories expounded at this
exceptionally interesting conference.

[From the Proceedings of rill' t976 l A U/CYRS C"l/vquiulII. Paris.
published 1977 by CNRS. Paris (p. 5631J

To some extent this criticism and this discomfort are justified. Any non-
standard cosmology must do at least as well as the standard models. In
addition it must make a clear case Ior the new assumptions t ha t have been
introduced. The success of the case is judged either by the conceptual clarit .
it has brought into the present understanding of physics and cosmolouv. or
by the ease with which it explains any baflling observations. -.

In presenting thc non-standard cosmologies we have tried to cmph.tsi,«:
these aspects more than the purely technical details. We hope that our
presentation will make the field of non-standard cosmologies look less like a
jungle and more like a series of unfamiliar but interesting gardens. To those
bored with digging in the same child's garden and who reel venturesome
enough to sample new flowers and shrubs we dedicate this article.

2. THE GENERAL THEORY OF RELATIVITY AND THE
STANDARD COSMOLOGY

The purpose of this chapter is to present a brief outline of the general theory
of relativity and the so-called "standard" cosmologies to enable the reader to
appreciate the different points of view presented by the non-standard
approaches. The treatment here will be elementary but self-contained. for
details the reader is referred to standard texts (Eisenhart, 1949; Hawking and
Ellis, 1973; Landau and Lifshitz, 1975; Misner, Thorne and Wheeler, 1973:
Narli kur, 1978, 1983; Pa papetrou, 1974; Wald, 1984; Weinberg. 1972).

2.1 The motivation behind general relativity
General relativity took final shape in 1915 and it represents the outcome or
Einstein's efforts to resolve certain conceptual difficulties in Newtonian
gravitation and in special relativity.

Newtonian gravitation, whether stated as the inverse square law

F = (I)
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or as the Poisson equation

v~4> = - 4rrCg (2)
implies an instantaneous propagation of gravitational interaction. As such
it is inconsistent with special relativity. If we modify (2) to the wave
equation

04> = 4rrCg (3)
the inconsistency is apparently resolved; but not quite. According to special
relativity matter and energy arc equivalent. So energy (in the form of radiation)
should exert I!ravitational attraction and g has to be interpreted not only
as matter density but also as energy density. So, properly speaking it is
not a scalar but a (time-time) component of the second ranked energy
momentum tensor. This means that Eq. (3) should really form part of a
tensor equation

(4)

Thus the oriuinal scalar theory has to be further enlarged.
Turninu now to special relativity, its basic formulation requires inertial

fr.uncs. These arc the reference frames of observers on whom no forces act.
(·;In such observers be realized in practice? It seems we can eliminate, com-
pensate for or shield against, all natural forces except gravitatiol~. E~en if we
isolate the expaimental system far away from any external gravuaung body
We cannot eliminate gravitation entirely: for the system's own gravitation is
still there. Therefore even the most basic concept of special relativity seems
unrealizable in practice!

By proposing the general theory of relativity Einstein sought to combine
the ideas of Newtonian gravitation and special relativity in a way that would
remove difficulties like those mentioned above. It is worth pointing out that
durinu the pre-g.eneral relativity decade 1905-15, there was no compelling
observcuiona! or cxpcrimentul reason for proposing this theory. This situation
was in contrast with that prevailing in physics in the post-Michelson-Morley
experiment-era prior to special relativity.

2.2 Gravity and the curved space-time
Einstein began with the second of the two difficulties mentioned above. If
I!ravitation cannot be eliminated, a physical theory should be so formulated
~hat it takes account of the permanence of gravitation. Any experiment
performed on the Earth is being performed in the presence of terrestrial
gravity. How to LIke account ofthisefTect? Einstein's solution was a dramatic
one and can be understood with the following example.
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FI G U R E 2.1 The dotted trajectory show, how a projectile would move "in a sl r;ti~:ht line with
uniform xpccd" in the .ibscncc of an external force II~c the Earth', gr.ivity. The ronlinuo",
tr.ijcctor y is Ihal of nl<llion under gravily and represents reality,
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Imagine a projectile thrown vertically up. If there were no gravity it would
continue to move up with uniform speed, as predicted by Newton's first law
of motion. Because of gravity the projectile will slow down. come to a halt
and begin falling down with increasing speed. The two trajectories. with and
without gravity, arc shown in Figure 2.1.

According to Ei~stein the dotted trajectory, being unobservable. is meaning-
less from the point of view of the terrestrial physicist. Since to him gravity is
an irremovable entity, only the continuous trajectory has reality. Einstein
therefore sought to rewrite Newton's law in a framework where gravity was
eliminated as a force; only other forces, e.g .. the electromagnetic force, were
still separated out as genuine forces. Thus in Figure 2.1 if there arc no forces
acting, the continuous curve represents straight line motion with uniform
velocity; and in order to justify this conclusion it is necessary to assume that
the background space-time geometry has changed. By the same token planets
move in straight trajectories of uniform motion - known as timelike geodesics
in a curved space-time produced by the Sun's gravity.

In this picture we have therefore the following equivalence:

Matter ~ Gravity ~ Geometry of curved space-time. (5)

Einstein gave a quantitative meaning to (5) in such a way as to preserve
general co-ordinate invariance.

i~,
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In special relativity the laws of physics arc invariant under the Lorentz
transformations. In general relativity they are invariant under the general
co-ordinate tLlnsformations:

(6)

where (6) repr~sents a (twice-differentiable) non-singular transformation
between two ,~tS of space-time co-ordinates. This transformation has
the meaning l)f describing accelerated frames: an observer at rest in the
x'-frame is in gcneral accelerated relative to an observer at rest In the

x-frame.
We will now briefly outline the mathematical tools needed to describe

Einstein's ideas in a quantitative manner.

2.3 General covariance
Physical laws and the geometrical properties of space-time arc not expected
to depend on any specific co-ordinate-system. We therefore need quantities
which mathen1Jtically exhibit this property. Borrowing concepts from physics.
we need to dCllnc scalars, vectors and tensors in the present scheme.

To fix ideas \\C start with a space-time manifold AI of 3 spacelike plus one
timelike dimensions. Let four co-ordinates x'(i = 0, I, 2, 3) specify a typical
event of M. By convention we shall use XO to denote a timclike co-ordinate
and xJ'(y = l. 2. 3) to denote the three space-like co-ordinates. We shall
imply a Latin index to take the four values 0, I, 2, 3 and a Greek index to
take the three values 1,2,3. The summation convention will be used wherein
a product (or any single expression) with an upper and lower index identified

is summed oyer that index. Thus:

c, Co0 + CI I + C/ + C/,
BII + B/ + B/, etc. (7)

B"
"

Expressions like A" B" or Ai B, C' arc "monsters" which arc not expected to
arise in a correct calculation.

We will assign a metric {g,.} to M through the "line clement":

ds' = gik dx' d.>!. (8)

Here ds represents the "distance" between two neighbouring points with
co-ordinates x' and x + dx', In special relativity with Cartesian co-ordinates
the matrix IIg" .' reduces to the simple form

111}" II = diagonal(+I~ -I, -I, -I). (9)

NON·STANDARD COSMOLOGIES

Following Einstein we assume that at any point. by a suitable co-ordinate
transformation S, can be reduced to 11". However, this cannot be achieved
in general at every point with the same co-ordinate trausform.uion.

How docs g" transform under a co-ordinate transformation') For this «c
first note that ds", by its physical meaning, is a scalar. i.e .. it has the same:
value in all co-ordinates. Using (6) we therefore get

g'mndx,m !lx,n

where we have used the standard differential rule:

dx' = ( 10)

Hence we get
(lX' I7x'

(lX''" ';x,n K,I.:·
(II)

The transformation law (II) is characteristic of the t runsforrnation lall of
covariant teIlSOTS. In general a covariant tensor or rank II transforms as

(I ~J

A covariant rector transforms as

B'k =
(lx'

-:;--;k u..
(,X

Thus if (p is a scalar function of the co-ordinates r:(f!j()xk transforms as a
covariant vector. On the other hand (10) is an example of the transformation
law of a contravariant vector. A contravariant tensor of rank 1/ transforms as

iJx,i, cJX,i.,
--\ ... -'1- T'
iJx' iJx'

T"'·· '. (1·1)

A mixed tensor has a few indices lip (contravariant) and a few indices do» II

(covariant). If we identify an upper index with a 10IVerone we reduce the rank
of the tensor by 2. This is known as contraction. Thus if T/ is a mixed tensor
of rank 2. T: is a scalar (i.e., a tensor of zero rank).

The inverse matrix of IIg,,11 is written as IIg'k II, so that

g"tl = fJ/ (15)
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where c),' is the Kronecker delta. It can be verified that g'l is a tensor. It is easy
to show that sums of tensors of the same rank are tensors and that products
of tensors are tensors. Thus if Ai and 111 are vectors, so are A,g,l and Blg,l'
It is conventional lO write

( 16)

r
\

This process is Known as the raising and lowering of index.
The quotient law states that if the product of T,l with an arbitrary vector

A':

is a vector. then T,t is a tensor. This can be generalized to tensor "quotients"
of arbitrary runk s. The proof is straightforward.

.Svnunetric tensors of rank 2 are defined by

S.I = SI, == SI,1I = ~(S,k + ,)'1,)

while higher rank symmetric tensors arc defined by the equality

( 17)

(I X)

I' being an arbitrary permutation of(il ... in)· The antisvnunctric tensors arc
similarly specified by

(llJ)

Thus g,k is a symmetric tensor.
An important antisymmetric tensor is the Lcvi-Civita tensor

C"ll = (-g)I~[i,j,k,/] (20)

where

g del !!g,k II (21 )

and

{

+ I if Ii, j, i; I] is an even permutation of [0, I, 2, 3]

[i,j, i, I] = -I if[i,j, k , I] is an odd permutation of[O, \,2,3) (22)

() otherwise.

However, (20) is really a "pseudo tensor" because it changes sign under reflcc-
tion. On the other hand a genuinely antisymrnetric tensor is the electromagnetic

:-\O:-\-ST ..\,\DARD COSMOLOGIES .'11

(23)

where Ak is the potential 4-veclOr.

2.4 Covariant differentiation
It is easy to verify that if A, is a vector function of space-time co-ordinates
(i.e., a vector jie/tl), then Au == iJA,/il.l is not in general a vector. This is
because A,.k represents the rate of change of Ai, and hence involves differencing
the values of A, at two neighbouring points before proceeding to the limit:

Ai.k =
f(.!: -.k) i(.!:)

I. " ,.x + ,\\ - /", .x
1111 . k .

,I.' -·0 ox (2-1)

However, while the denominator is a vector the numerator is not' ..t,(x.I + ,ix.l)
transforms with different transformation coefficients than docs A,(x.I). \n
order to obtain a legitimate difference we should take the difference olvcctors
at the SWill' point. This is achieved by the so-called "parallel transfer" of the
vector A,(x.I) to the point Xl + ,hk.

In the parallel transfer. we expect the components of A, to change to say
A,(.\.!:) + ,~/f" where oA, will be linear in A, and the displacement ,)x.l. The
most general way or writing this is

(25)

where the three index symbol r/" is called the Christoffel symbol. Taking the
difference in the revised form and proceeding to the limit we get the covariant
derivative of A, as

(26)

By definition, A'k is a second rank tensor ficld.]
The quantities PII define the "affine connection" on M by introducing the

notion of parallelism between infinitesimally separated directions. We will
assume-as is intuitively expected-that a scalar quantity docs not change
under parallel transfer. This is consistent with the fact that t;(p!i'x' does
transform as a vector. By considering the scalar A,B' for two vector fields..t,

,
tNotc the diflcrcncc: a comma is used to denote the ordinary derivative while a semicolan is

used for the covariant derivative.
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and B; it is then easy to deduce that the covariant derivative of B; is given by

(27)B"k =

We will [urther assume-although it is not so far warranted-that

r;kl = r;lk'

The transformation law of r;kl is given by

a ; a 'n " ," iJ' x" iJx;
. X X ex' r' m

r'!/ = (lX'm a.'I! (1.\J np + a.\.A a.\J iJx'P .

Thus f'!/ is not a tensor. This is to be expected since it makes up the difference
between the co\'ariant derivative (which is a tensor) and the ordinary derivative
(which is not a tensor). . .

The form of r'k/ is determined by the further requirement that

g,k:/ == O. (30)

This identilics f'!/ with the Rieniannian aflinc connection. /\ short calculation

(28)

(29)

gives
I" I ",,,,{,, +" (7}1..1 = 2,'" ,""mA.' ••..•",1.10. - ••..•",.'" ~

(31 )

where the comma denotes the ordinary derivative.
The geometry based on these assumptions is called the I.~iemannian

geometry and it forms the basis of the general theory of relativity.

2.5 Space-time curvature
Suppose we have two curves rand I" joining two points XI and X, in /If. Let
A; be a vector at XI' If we decide to parallel transfer It to X" will we get a
unique answcr~ In other words, for arbitrary rand I" will the parallel
transfer along r be equivalent to parallel transfer along I"?

If r is given parametrically by the equations
x; = a' ().), (32)

then if X is a general point (x;) on F (see Figure 2.2), we get the following
differential equation for A;:

i k do'
- r klA -,"( I.

(33)

Hence the condition for uniqueness and path independence of A; at Xl is that
we are able to generate a vector field A;(X) which satisfies the relation

(34)

I

NON·STANDARD COSi\tOLOGIES

'2

XI

FIGURE 2.2 The parallel transport of a vector from X, 10 X, will give (in g~n~ral) different
.rnswcrs .u X, along the curves rand I".

The necessary and sufficient condition for the existence of A'(X) is given bv
the rcla tion

(35)

The necessity may be verified by differing (34) once with respect to .v'" and
using the equality :f'.h" = A'.ml' For sufficiency see Einscnhart (11)41)) for a
detailed proof.

That R'!/", is a tensor can be verified either directly or by using the quotient
law in the identity .

Equation (36) also tells us that unless R'um = 0, the operation of covariant -
differentiation is not commutative.

The tensor R,klm is called the Riemann Christoffel tensor or the curvature
tensor. It can be shown that if R'kl,., = 0 the space-time can be given the
metric (9) of special relativity. The condi tion of the vanishing of the curvature
tensor implies that M is [lat . It need not. however, have a Euclidean or a
pseudo-Euclidean topology, (The surface of a cylinder has n'"", = 0,
although its topology is not that of a planc.)

If gklm " 0 the space is curved. In that case we cannot generate a vector
field by a parallel transport as attempted in Figure 2.2, We can, however, still
choose a special co-ordinate system which has r;kl = 0 at a specified point P.
This means that at P and in an iufinitcsirnal ncighbourhood of P, the g,! can



JI~ J. V. N.-\RLlKAR AND A. K. KEMIJIIAVI

be chosen t,) be equal to n, with g,k.l = 0 at P. Such a co-ordinate system is
said 10 be loc.tllv inertial at P. It is easy to see that given non-zero r'\/' with
co-ordinates .v'", we can use (29) to obtain :!such that r'kl = 0 at P.

The tensor R.um has many symmetries which are described by the relations

(37)

Hence of its ~" = 256 components there are in fact only 20 algebraically
independent components.

There an: also differential relations connecting R,klm:

R,qlm:nl = O. (38),

fi
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which are known as the Bianchi identities.
Finally \IC define two important quantities. The first is the Ricci tensor:

(39)

.md the second is the scalar curvat ure:

R = R\ _ RI,,{.

It is easy II) verify with (38) thai

(40)

o. (41 )

The tensor

(42)

is called the Einsteintensor, Both the Ricci tensor and the Einstein tensor are
symmetric. The following expression for the Ricci tensor is often useful for
computation:

(01 In J( -g)
a.1! a.\)

(43)

2.6 Geodesics
In Euclidean geometry a straight line is defined as the line of shortest distance
between any two specified points. The word "straight" also implies that the
line does not change its direction as we move along it. Both these definitions
can be generalized to Riemannian geometry and lead to "geodesics".

Let x'(i.) denote a curve in M for a real parameter ).. The tangent vector
at a typical point is given by II' = dx'[d): The condition of "straightness"
implies that II' docs not change along the line under parallel transport, i.c.,

(44)
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In terms of i. this becomes

d~ Xi . d\.k dx'
-,.' + r'kl-j' -d' O.CI.- (I, I.

(·b)

It is easy to verify that (45) has a first integral

dx' dx"
s« d). di. = C, (-16)C = constant.

Thus the parameter ;. cannot be arbitrary, since (46) will not hold if we
replace i. by an arbitrary monotonic function of J.. The parameter i. is called
the affine parameter.

If C > 0 the geodesic is time-like, if C < 0 it is space-like and if C = 0
it is 111111. Note that if C > 0 we can use s as an affine parameter while for
C < 0, 1.1'1serves as an affine parameter.

The generalization of shortest distance idea is the concert of stationary
distance

r.

f ds,
1',

o (-17)()s

where r is a typical curve joining 1', to P1' It can he shown that the same
equations (45) result from this procedure.

Geodesic deviation This denotes the rate at which. two neighbouring
geodesics separate. Suppose we take a series of geodesics labelled by a
continuous parameter II such that each geodesic is parametrically described
by an affine parameter L Thus a typical point on a typical geodesic is
described by x'()., II). The vectors

r/
a."I!
iJ)' ,

(-IS) .

are respectively the tangent vector and the "separation" vector.
A straightforward calculation comparing the rate of change of separation

of two points on neighbouring goedesics gives the so-called equation of
geodesic devia tion:

(-19)

Thus in flat space the separation vector depends linearly on the affine
parameter. In curved space the non-vanishing of Riklm may lead to "focuss-
ing" of geodesics.



2.7 The principle of equivalence
The fact that we can make ri

kl = 0 at a point with a suitable choice or co-
ordinates was given a physical significance by Einstein. Physically it means that
by a choice ,)1' a suitably accelerated frame we can eliminate the effect of gravity
at any given point P of M. This is illustrated by the celebrated example of the
falling lift. In a freely falling lift the rider would have a feeling of weightlessness.
An astronaut in a space-craft orbiting the Earth has the same experience.

What h:1Sbeen achieved here is really a local elimination of gravity. Unless
gk/m = 0, II'C cannot do this globally. Also, the possibility of achieving a
limited elimination of gravity is due to the fact that for any body the inertial
mass is equal to its passive gravitational mass. (This is nothing else but a
restatement of Galilee's law of railing bodies.)

The above limited equivalence of accelerated frames with gravity and its
implication that the inertial and gravitational masses arc equal arc referred
to as the weal: principle of equivalence. .

By contrast the strong principle of equivalence implies the following: in an
inertial co-ordinate system (ri

kl = 0) the physical laws would be seen to
behave as they would in a flat space-time. This means that if the laws arc
expressed in a generally covariant manner, we Gin observe them locallv in an
inertial co-ordinate system as if we had no gravity present. The word "I~cally"
is important: in general an inertial co-ordinate system can only be achieved
locally, not globally.

Consider a Mink owsk i space-time with the line clement
ds2 = e2dl2 - dx' - dy' - d:". (50)

An observer 0' moving along the x-axis with uniform acceleration g will have
co-ordinates

c: ( gr') c gr'x = - cosh - - I, I = - sinh -
g c .g c '

where t' is the proper time or 0'. The velocity of 0' at this stage is
gr'

1I = ctanh-.
c
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y = ;: = o (5 I)

(52)

We now consider a frame of reference in which 0' is at rest but which is
non-inertial. This is obtained by the following transformations:

c2
( gr') gt'x - cosh - - I + x' cosh -

g c c
y y', z = z'

C . h gl' x'
- Sill - +
g C C

(53)
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This frame really is made out of a series of inertial frames which momentarily
coincide with 0'. We get for the line element

(
I + g.:~)2£It': _ dx': _ ,h': - dz >,

c:
d.\': (5·~)

In this frame r'k/ # 0, and if we seek to replace the uniform accclcrution
by a pseudo gravitational field, the field will have a potential 'f! ::::0 - p'.
Further, for [g.v'] ~ c2 we have

(55)

Thus goo appears to be related to the gravitational potc nt ia l.
In the above example we get a hint of the basic idea that led Einstein to

the general theory or relativity. We note first that to an accclcr.ucd observer,
the space-time geometry appears non-Euclidean-in the sense that the coef-
ficient or dt" in (54) is not unity but dependent on .v'. Now. \\e could produce
such an accelerated observer if we had a uniform gral'itati(1I1~i1lield (~Ii(1ngthe
x'-axis) in which such an observer were falling freely. I\nd. ,;, denotes the
potential for such a gravitational field. In other words there sccm s to he a link
between the gravitational field and space-time geometry.

Going over from the above example to actual gravitationalliclds in nature
is like making a transition from the trivial to the non-t r ivial. In the above
example there is no real gravitational field-nor is the gcorlletry really
non-Euclidean. A change of co-ordinates (x', r'. z', r') --+ (.y. y, :::.I) in the
above example tells LIS that the space-time is the simple '\linkowski one.
Nevertheless the example gives us a hint at to how to proceed in the c.rsc or
real gravitational fields: in particular we can visualize a connection between
goo and (/' even in the general case.

We now turn to the Einstein equations and see how such a connection
comes about.

2.8 The field equations of general relativity
By a heurustic chain of reasoning (which we will not go into here) Einstein
(1915) arrived at the following set of gravitational field equations:

(56)

where 7:k is the energy momentum tensor of all types or matter and radiation
present in space (gravity of course excluded), and /( is a coupling constant.
These equations have the following desirable properties:

(i) They are generally covariant.
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(ii) If We t.rk c the hint from the preceding section and think ofg,. as related
to grnviuuion.il potentials, with g.j.l given by (55), then (56) arc second order
differential cqua tions generalizing the concept of the Poisson equation (-I).

(iii) In the case of "weak" gravitational fields (56) contain Newtonian
dynamics and Newtonian gravity if we take

SnC
t; = -~-.

c
(57)

This last st.ucmcnt needs some elaboration. In a "weak field appro xi-
marion" it is possible to write the space-time metric in a nearly special
rcl.uivisuc form That is, taking c = I and the special relativistic metric
tensoras(+I. -I, -I, -I),wemaywrite

(58)

,\1,;0. the rnuucr present is supposed to move slowly compared to the speed
ofliuht so th.u .ill umc derivatives orll" ma y he ignored. Then it can be shown
rh.u rhc (-I, -I) component of the field equations written in the equivalent form

R" = - ,,['I:. - 1g, i .~"''' r.; I (51)

reduces to the Poisson equation for Newtonian potential given by

c/) = -1h~.,. (W)

The equations of motion follow from the field equations by making use of
the identity (-II): i.c., from

'[" 0:k = . (61)

In the Newtonian approximations Eqs. (61) show that the gradient of ,I) acts
as;1 force. We have thus seen how the connection of (55) can he made in the
case of weak gravitational fields.

As was shown by Hilbert (1915), shortly after Einstein's derivation of these
equations, it is possible to obtain them from a variational principle

,)A = 0 (62)
~g'k

where A is the action defined over a subsp.icc V of M:

A = f (~ R + L) / ( - ")rI~ x16nC \ t> .

V

(63)

with L standing for the Lagrangian density of the matter and radiation in V.
In this notation T" is given by

I) f t.J(-- g)J'.\
,.

If' .,' . 42' 1 bg,. J( - g)d .v.
I'

(6·1)
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The energy-momentum tensor obtained in this way is automu ticnlly
symmetric in (i, k) and satisfies the conservation law (61). In the same way
(41) follows because

s f R J( - g)d~ x = - f (R'" - ~g;k) c5g,k\;'( - g)d' .v. (65)

v l'

Because of the four conservation equations, the number of independent field
equations is only six. However, since the ten g;k arc subject to four arbitrary
co-ordinate transformations.": --> x';, the system of equations is not under-
determined.

2.9 The Solar-system tests of general relativity
The expcrimental tests of general relativity have been largely confined to the
Solar-system. Here. however, the gravitational field is not strong and so the
dcp.uturc from Ncwto nin n gravity is very small. \Ve briefly describe the rests
below. With the exception of the last test. these arc based on the Schwarzschild
(I ') I(I) solution, which describes the curved space-time around a spherically
symmetric distribution of mass AI by the line clement

c1.1'~ = (
:JiM) .. , ( 2GJII)-' , ., "I - -, - ,II' - I - --, - dR' - R-(c1Ii- + silrOc/,I)-)·
c' R c· R

(66)

Here (R. Ii, t/») arc the spherical polar co-ordinates with the propcr ty that the
surface area of a spherical surface of co-ordinate radius R is -Ir.R:. They arc
often referred to as the Schwarzschild co-ordinates. for :1 detailed discussion
or some of the tests see standard texts (c.g., Weinberg, I In2) and Section II.

(i) The grl/l'itatio)/II/ rcdshi]! Let the line clement

cI.\2 = g,. ell." dx" (67f

describe a static space-time. This means that if XU is a tirnclikc co-ordinate,
g,k arc independent of'.v". Ifv" = constant = a", /I' arc the world lines of two
typical observers (I and b, the frequency of light sent by (J to h changes from
I'u to v, according to the formula

I'
" J(g~(hl'»)

g4~«(JI') .
(68)

This has been measured in white dwarf stars Sirius Band 40 Eridani B. The
frequency shift (\.1',,/1'/0 = 11'1, - 1'"1/1',, ~ 10'-"-10'-\ is too small to quanti-
tatively confirm (6H). However a terrestrial experiment using the \losshauer
effect (Pound and Rcbk a, 1960) does confirm (68) within the expcrimental
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errors. This involves measuring the change in the frequency ofa y-ray photon
emitted by Fe·;) (exited state of Iron nucleus) when the photon falls through
a heigh t 01" - 60-70 feet.

(ii) The perihelion precession of Mercury The small deviations from New-
tonian gravity produce small changes in the planetary orbits. The change is
most marked for planet Mercury, whose perihelion is expected to precess at
a rate

n

where .\fo == mass of Sun, I == semi latus rectum of Mercury's orbit and
T == period of Mercury's orbit. This works out at ~ 43" of arc per century.
Although small. this effect has been measured and found to be in good
agreement with the above figure.

(iii) The /Jcnding of'light In the curved space-time a null geodesic represents
the track 01" a light ray. In the weak field approxim.uion. the calculation of
the track shows that a light ray grazing the solar limb suffers a "bending" of
an angle

1.75"a ==

where Ro == radius of the Sun.
In Newtonian gravity if we assume that light (in the form of photons) is

attracted by the Sun. the bending produced is half of this value. Recent
results (Fomalont and Sramek, 1975) using microwaves clearly favour the
relativistic value.

(iv) Radar echo delav General relativity predicts that the round trip echo
delays, for light signals travelling between the Earth and another planet
grazing the solar limb, will be slightly delayed compared 10 a signal sent when
the Sun docs not happen to be near the track. Recently Rcascnbcrg 1'1 al.
(1979) have used the data obtained from radio ranging to the Viking landers
on Mass to verify the theoretical value predicted by general relativity to
within 0.2% accuracy.

(v) The equality of inertial and gravitational mass This is discussed in
Chapter X in connection with other gravitation theories as well as general
relativity.
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(vi) The precession of a gyroscope A rotating Earth will produce a change:
in the line element (66) by introducing small terms of the type '!!ol,dTcI.-.;I'.Such
terms show t hcircflcct Oil the prcccssio n oft hc axis ,,1':111 orhiling !!)TtlSC('I'C.

The effect is very small (~T per year) but is now technically measurable.
Hence an experiment has been planned (Everitt. 1974), but at the time of
writing this article the results are still to come.

2.10 Application to cosmology: the standard models
Apart from the cxperimcnt a l tests discussed in the previous scctiom , general
relativity has been applied to the astrophysics of super massive objects, black
holes ere, and to cosmology. Since this review article is devoted to cosmology,
we shnll only discuss here the cosmological applications of general rclntivity.
In particular we will describe first the so-calico "standard" models. for
dctuilcs the reader is again referred to standard texts (c.g., Weinberg, 1972:
Nar lik ar. 1918, 19S3).

The standart! nuulcls These were first obtained by A. Friedmann (I Y22). and
arc based on two simplifying postulates: the Weyl postulate and the cosmo-
logical principle.

The 11'('.1'/ postulate identifies the world lines of galaxies (trc.ucd as points)
with a J-parameter set of timclik c geodesics {rJ,} orthogonal to a family of
spaceli k c h ypcrsurlaccs {L

J
}. Ta king x' ;IS the three pa r.uuctc: s spcci Iyi II); I·"

and the typical surface LJ given by I == constant, the line clement becomes

Sincc the lines .v" = constant arc geodesics. it can be shown that g.l~ depend,
on I only and lienee by a suitable time-time (I -. r') trunsformation we C;III
make g.:.J == I. Thus I measures the proper time of each observer following
a r,,-geodesic. Such an observer is ca llcd ajilllda//lenlal obscr vcr. Note that-
since we have a system of hypersurfaces I == constant, it is possible to talk of
a global simultaneity for all points on LJ• The time I is called the cosmic time,

The cnsmological principl« states that the hypcrsurfaccs LJ are homo-
gcncous and isotropic in AI. This means, they arc muximally-synunctric
subspaccs of M. Physically, all fundamental observers at a given cosmic time
notice the same large scale features of the universe and dn not see any
preferred direction.

Under these assumptions the cosmological line element becomes. (with
c == I)

1 ,[ dr' l' .' , ]ell - S-(t) 1- k,-l + r (dU- + sIIl'Od(/)-) . (70)



I lcrc S(I) is called the scalrfactor and k is the ClI/"I'lIIl1rL' parameter taking the
values I, - I or O. This is known as the Robertson-Walker line 1'11'11I1'111 after
the two persons who derived it independently in a rigorous form (Robertson,
1935; Walker, 1936).

We will now consider the standard models in two forms depending on
whether the universe is largely made of pressure-Free matter (dust) or radiation.

(i) D1I51111oilels Taking the energy momentum tensor for the "smoothed out
universe" as for a homogeneous dust distribution

(71 )

the Einstein equations for the line clement (70) reduce to only two ordinary
differential equations

(72)

(73)

From these, or from the conservation law i=, = 0, we get a first integral

US] == constant = Qo (say). (74)

We may, without loss or generality take S = I at the present epoch I == 10
so that (10 is the present smoothed out density or matter in the universe. Then
(73) gives

5' == k 8iT GQo
- +35' (75)

The solutions or these equations arc illustrated in Figure 2,3, for the three
values or the parameter k and for a given Qo. Note that by fixing Uo we have
to place 10 at different positions on the three curves.

In all the models S(I) is shown to increase with I from S == 0, I = O. This
is consistent with observations or nebular redshift first found by Hubble
(1929), If we are receiving now light waves from a galaxy which sent out these
waves at an earlier epoch II ( < 10), we should see an increase in the wavelength
of light by a fraction

S(lo)
S(lI) - I

I
S(lI) - I. (76)

Such an increase has been noticed in the spectra of almost all distant galaxies,
This strongly suggests that S(I) is an increasing function of time, a result
which is often quoted ill the Iorm: "the universe is expanding".
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FIGURE ~J The three types or Fri~dmann models for the three values ofthe spacc·cur\,alurc
parameter k . The time I" denotes the prcscn. "age" of the universe cllrresl'lllHltll!! In the
mc.isurcd value of Hubble's cont.un.

For nearby galaxies (r small) we may approximate the distance Irornr 0
(taken to be the location of our Galaxy) by the formula

D ~ rS(ro) = r,

while, from (76) we get by a Taylor expansion near ( It),

: ~ S'(to)(lo - II)'

However, light travels along a radial null line which is given by

r
'0

fill "'".- I" - II'
S(I)

"
which gives us

z (77)

where in general.

5(1)
l{(l) == S(t)' H(ro) = Ho·

The result (77) was in fact first obtained by Hubble (1929) and its deri-
vation by the Friedmann model went a long way towards establishing the

(78)
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"expanding universe" concept. The present measurements indicate (Tam-
mann, 1977) that

Ho -I ~ (I - 1.8) x 1010 years. (79)

The wide range of uncertainty reflects the ambiguities in the estimation of
distances r. Unless otherwise stated we will take for the purpose of calculations

H -I 4 10'10o = J x years. (80)

Knowin~. Ho we can estimate to, provided we know whieh of the three
cu.rves of I-Igllr~ 2.3 describes the actual universe, and the value of Qo. For
this purpose define the deceleration parameter

S5
q(t) = - ST' qo = q(to) -HO-2S(to). (81)

We then get from (72) and (73) at t = 10,

- 2110H02 + Ho= + k: = 0;

H 2 S;;CQo
o + k = .3

From the. first we see that

we also get

3Hol
Qo = 4::C qo· (83)

Hence if we know 'l» we can estimate Q as well ·\S k In . . I .• • .' 0 <. pnnclp e qo IS
mea~ureabk b) ob~ervatIOns of rand:: for remote galaxies. However the
ambiguities III the distance determination mount up rapidly so that 10 cannot
at present be quoted reliably (Gunn, 1977).

Assuming that qo is known the "age of the universe" is given by (see
Weinberg, 1972)

H -I {
o I

(2/3)Ho -I for qo = }. k = a
ifll l)l/2 (Sin-I flo - I + ~) _ I }

qo 2 2qo - I

for qo > L k =

I _ qo In (~ + J(I - 2qo))}
- 2qo (I - 2qO)l/2 qo qo

for qo < t, k

110-
1

{
(2l/0

(82)

-1.

(84)
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1,10 = [(nI2) - I]Ho -I and for qo =

3Ho'
o. = SltC

0, I" = Iio - I. The va luc

(85)

is called the closure density. For Qo > Qn we must have k = I, i.c., the
universe with closed (compact) L-hypersurfaces. The visible density-in the
form of galaxies-is only ~ 3% of Qc' Thus if there is no "hidden matter",
qo ;:::::0.0 15. Notice that a large qo lowers the age of the universe, Since the age
of the Galaxy is (I - 1.5) x 1010 years, a very large qo(qo ~ 1/2) is some-
what embarrassing. We will return to this question in Section 10.

(ii) The ratiialiollllllil'erse Although matter dominates the T.k in the present
epoch of the universe, it is likely that radiation was the dominant part of T'k
in the early stages (5 ;:::::0), If II is the radiation density then the conservation

of the radiation part of 7~k gives

54!1 = constant = A (say). (X6)

Therefore (JIll cc S -+ a as S -+ o. For this reason it is essential to considcr
the radiation dominated early universe which is now gi\'cn by the field

equations

S 52 + k 8nCII}25 + --r = - -3-

52 + k
. 3-5-2- = 8nCu.

The second of these equations together with (86) (which in fact follows

from Eqs. (87)) leads to

(X7)

S
,l _ -k SltCA

- + 3Sl .
(88)

For 5 --+ 0, the k-term is not important and can be ignored. We then get

S _ (32ltCA)1/411/1 (89)
- 3 '

The corresponding radiation temperature is given by

T = (~)1/4 = (~)1/4 = (_3 )1/4 I-I:,
a a54 32nCa

(90)

where a is the radiation constant. Atl ;:::::Is, T ~ 1.5 x 1010 OK. However, if
pair creation is also taken into account (Hoyle and Taylor. 1964), the
temperature at Is is ~ 1010 "K.
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George Gumow and his collaborators (Garnow, 1946; Alpher, Bethe and
Ga mow, 1948) had suggested that the early universe was hot enough to
synthesize clements starting from free neutrons, protons and electrons. Later
work (Reeves, Audoze, Fowler and Schramm, 1973) has shown that this idea
is workable only up to helium. Thus deuterium (D) and helium (He) arc
produced soon after the initial epoch t = O. The parameters qo and I/o
determine the ratios D/H and He/H of these light nuclei by weight. If there
is subsequently no more production of D and He in significant amounts, the
present abundances carry the signature of the early epochs, provided they arc
universal,

The data (Reeves, Audoze, Fowler and Schramm, 1973) On abundances
is still too scanty to justify the adjective "universal". If it is so assumed
it becomes difficult to provide alternative scenarios for production of
D and He of this order. Stars, which are able to account for abun-
dances of heavier nuclei fail to produce D and He in quantities of this
order:

lit:
-II ~ 0.33

D
II (91 )

Ifsuch observed abundances arc considered univcrsnl a "hot early universe"
gains more credence. We will return to this point in Section I I.

The microwave buckground This is perhaps the most striking (and the only')
evil!ence directly relating the origin of the universe to the present epoch. If
one adopts the above picture, the universe started in a big hang with a hot
radiation dominated phase. Soon after the creation H, D, He were formed.
The expansion cooled the temperature of the universe and eventually matter
and radiation dccouplcd. It is argued (but by no means clearly established)
that the dccoupling took place and galaxies began to be formed at rcdshifis
~ 1000. The matter dominated phase has continued to this day. Thi~ is the
so-called standard canonical picture of the universe much in vogue today.
And one of its predictions-which was originally made by Gamow (1948)
-is that there should be a radiation background-a cooled relic of the hot
era-even today.

Such a background was first observed unexpectedly by Penzias and Wilson
(1965) at 7 ern. The results of many subsequent observations at higher and
lower wavelengths arc shown in Figure 2.4, as an intensity temperature
curve (see Meichiorri and Maiani (1985) for reviews and Johnson and
Wilkinson for a recent accurate measurement of the background temperature
and for other references to recent work).
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fIGURE 2.4 1\ composite spectrum of'the microwave background combining the data at
various frequencies. The dashed curve corresponds 10 the black body spectrum .u T = 2.7 K.

The I'NI' ('(lr/)' universe , The successes of the early radiation dominated
phase of the standard model inspired cosmologists to be more daring and to
attempt studies of the physics of the universe at epochs even closer to the
I = 0 instant than the period 1-200sec discussed hy Gamow ('I al. These
studies necessarily require the physics of matter at energies far exceeding the
rest mass energies of hadrons. For example, if we express particle energies E
as equivalent thermodynamic temperature T by the relation E = k T, thcn
Eq. (90) leads us progressively to E ex rli2 ~ <XJ as we approach the initial
epoch.

The particle physicists in the meanwhile have independently felt the need
to study physics at such high energies. For, guided by the successes of the
electroweak theory of S. Wein berg (1967) and A. Salam (1968), the physicists
today are looking for a unified theory of all interactions. Already, the
attempts to unify the strong, the weak and the electromagnetic interactions
suggest that one must study particle energies as high as ~ 1015 times the
hadronic rest mass energy. No man made accelerator can in the foreseeable
future genera te particle energies of this order. Thus experimental high energy
physics appears to have reached a dead end so far as the unification pro-
gramme is concerned unless one resorts to cosmology.

For, the extension of (90) to I .:s 10-35 see leads us to particle energies of
such high order. This very early phase in the standard model is probably the
only situation wherein the full unified theory of physics (if such a theory
existsl) would have had a role to play. Not surprisingly therefore cosmologists
and particle physicists have joined hands to explore the consequences of the
very early universe.

1·":
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Since as yet there is no accepted unified theory, work on the very early
universe cannot be considered 'standard' in the sense of this section. In a
subject which is rapidly changing with time (for fashions at CERN are more
transient than those in Paris) it will be hard to do justice to this field.
However, we will review some highlights in a later section (cf. Section 10).

For details of the present work on the very early universe see article by
J. D. Barrow in this volume.

2.11 The .i.-cosmologies
In his heuristic derivation of the field equations Einstein had arrived at the
possibility 01' including an extra-term). g,k (). = constant) on the left hand
side of the equations:

(92)

Since g,k:/ = 0, the divergence of T;k still follows from the field equations. In
Hilbert's deriyation the change in the action integrand

R -> R + 2). (93)

gives the sumc answer. In this case we may look upon}, as an undetermined
Lagrange multiplier introduced for a subsidiary condition that the four-
volume of I'

J ./(-K)tl4x = constant.
v

(94)

What is the physical significance of ).? For}, > 0 (which turns out to be
the more interesting case) the }.-term has the meaning of a repulsive force
which, in the Newtonian approximation increases in proportion to distance.
This force is therefore important for large distances, i.e., for cosmology.

In the Robertson-Walker space-times the field equations (92) become

2 ~ + 1:,'2 + k ~: i.. = O}
S S2, '

$'2 + k
3 -S-2- -), = SnGu·

(95)

It is easy to check that these equations permit a static solution of the form

k = +1, Q = constant = Qu, S = constant = So (96)

where
1

, S02
4rr GQo' (97)i.

NON-STANDARD COSI\10LOGIES

This model, now known as the Einstein universe. was introduced by Einstein
(1917) long before the Hubble redshift data became availublc. Indeed the
primary motivation of Einstein in introducing the i.-term in the equations
was to obtain a SIalic model of the universe (which the equations (72) and
(73) clearly do not permit). If £10 is as small as ~ 10 - 29 g em"), the value of ;,
is so small as to leave all the solar system tests practically unaffected.

Einstein had hoped that this model of the universe would turn out to be
unique. However, shortly after this work, de Sitter (1917) produced another
solution of (95) in which

k = 0, a = 0, S = cxp HI, }, = 3/1-(. (98)

This was the model of an empty expanding universe (motion without mailer)
in contrast to Einstein's non-empty static universe (matter without motion).

However, once expanding universes are admitted a whole range or models
is possible. Some of these are illustrated in Figure 2.5 schematically. For ),
close to the critical value which gives the Einstein universe (shown by E) we
can have a "nearly static" universe. Such a universe may have originated
from a big bang and will subsequently expand. This model was suggested by
Eddington (1930) and Lemaitre (1927) and is shown in the figure by EL. The
expanding phase asymptotically resembles the de Sitter model (lis in the

THE X - COSMOLOGIES
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rlGUR E 2.5 The cosmological solutions of Einstein's equations with a positive i.,term. E
denotes the static Einstein universe while EL is the Eddington-Lcmaitrc model which comes
arbitrarily close to it for a finite interval. ds is the empty de Sitter universe. Models I or II are
cases where the universe has a maximum or a minimum value of the scale factor.
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figure). Models I and II are cases of expansion followed by contraction and
vice versa. It should be mentioned that the Einstein universe is unstable, On
perturbation it either contracts to S = 0 or expands to S = :0.

The i.-cosmologies today have the main advantage that they contribute an
additional parameter (i.) to the cosmological problem. If a pooling of all
available cosmological data (Gunn and Tinsley, 1975) indicates that the
standard models are not viable, then the introduction of J. may be taken
seriously. Apart from this however, the case for it rests on a somewhat shaky
ground and the use of J. today would be considered a "non-standard"
procedure by most cosmologists.

where

(103)

Suppose we examine the displacement of a fundamental observer ~ relatiY.e
to a fundamental observer O. Assuming OG is small we express It as ntll
where II' is a normalized space-like vector. Then we get the anisotropic
Hubble law:

.,.
(104)

Here (.) denotes differentiation in a timelike sense measured by O. The rate
of change or direction is2.12 Anisotropic cosmologies

Although the present observational evidence for anisotropy in the large
scale structure or the universe is not such as to necessitate abandoning the
Robertson-Walker models, there have been many theoretical investigations
or anisotropic cosmologies, We do not wish to go into details here since
excellent and comprehensive discussions are available in the literature (Ellis,
1')71; Me Cullum, I<)7]), We will outline some of the main features of these
investigations which would he referred to elsewhere in this work.

As in the Wcyl postulate it is ussuuicd that there exists a unique normalized
time like vector field ,/ representing the typical velocity of a fundamentul
Oh,IWI'('f in the cosmological space-time. It is 1/01 however required that there
is a system of hyper surfaces to which II is orthogonal. (Indeed this is where
the concept of spin comes in as will be seen latcr.)

It is convenient to define a projection tensor

( 105)

We may identify Oj3 with the direction-averaged Hubble constant. The shear
tensor satisfies rr,k// = 0 and has the magnitude

(106)

We may similarly define the local spin UJ' with the help of the Lcvi-Civita
tensor:

( 107)

and denote the magnitude of spin by OJ. ,

For a general discussion of anisotropic models within the frarncwork of
Einstein's equations the following energy momentum tensor is useful:

(108)(99)
wi Ih the properties

h",/ = 0, (100)

Here II = energy densi ty of matter, p = isotropic pressure, n,k = anisotropic
stresses (c.g, viscous stresses) and qi = the energy nux relative to the mean
fluid velocity u., The identity t=, == 0 gives two equations

Ii + (,I + p)O + n'ka'k + r/k + qi/ii = 0; ... } (109)

(II + p)/ij + h/(P:k + n'u + qk) + (OJ,k + a/ + ~Oh,t)qk = O.

The general restrictions on the equations are of the type which require the
positivity of energy density. The following types are normally imposed from
physical considerations:

h/ h/ = 11/, h/ = 3.

It is clear that for a fundamental observer with co-ordinates .r' the space-like
separation or a nearby point Xi + 6,\J is (- "'k6.~hk )';2 while the timelike
separation is (1/,6Xi)I/2.

By comparing the velocity vectors at two neighbouring fundamental
observers, it is possible to introduce the concept of spin, shear and volume
expansion in an obvious generalization of the Newtonian concepts:

(101)
II + P > 0, J1 + 3p > O. (110)

Here W,k is the spin tensor, (J,k the shear tensor and () the volume expansion
factor. Explicitly we have For a perfect fluid we have

0, q, o. (I 1I)(102)

!.-r.;
t.
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Raychaudhuri's equation One of the main motivations for the study of
anisotropic cosmologies was to see whether the space-time singularity inherent
in the standard Friedmann models could be avoided by relaxing the sym-
metry requiremcnts. For instance, if the universe were homogeneous but not
isotropic, e.g., if it had spin, would the resulting centrifugal force prevent the
collapse of the universe into a singularity?

A clue to this problem came from an important equation derived by A. K.
Raychaudhuri l1955) from Einstein's field equations. For the energy tensor
given by (108) the equation may be written in the form

.3 ~ = 2(w~ - CT1) + I/;k - HJ1 + 3p) + i., (112)

where we have written
I

R) = expfOdl. (113)

Thus R is an average linear scale factor.
Notice that for a non-singular solution R must have a positive minimum,

i.c., j~ > 0 at 1~ = 0, R > 0. Although). > 0, it gets dominated by the density
term which is large and negative. The shear term is also negative. The rotation
term however, seems to hold out the hope of achieving a nonsingular solution.

There is a similar equation to (112) for spin rate of change:
R2

h/(R~UJ')' = CT/(R2wk) + T c"kui. ( 1\4)

Thus if we had CT,. = 0, lik = ° then for w of. 0, 0 of. ° we get
(R~Wk)' = 0, i.c., wo: I/Rl. (115)

Also, for dust (p = ° in addition to perfect fluid restrictions) we have
p 0: R-J• Thus the Raychaudhuri equation integrates to the form

'2 2n2 A ,3R + - - - - A R- = B . (1\ 6)
R2 R

where A, B, n~arc constants. Thus R is prevented from going to zero.
Unfortunately, it can be shown (Ellis, 1967) that general relativity does 1101

permit such solutions (CTik = 0, Ii. = 0, a of. 0) for p = ° or for op/cp of. 0.
In fact the general rule seems to be that you can have shear without rotation
but not vice rasa. Thus it seems that a proof that general relativity does
permit non-singular cosmological models cannot proceed along these lines.
In fact the Penrose-Hawking theorems (Hawking and Ellis, 1973) seem to
rule out non-singular models altogether unless some very esoteric conditions
are imposed. Below we describe a few specific models.

NON·STANDARD COSMOLOGtES

Godcl's model The interest in anisotropic spinning universes was initiated
by a model of Kurt Godel (1949) with the following line-element for a dust
filled universe:

ds' = d/~ - 2 cx p (XI)tI/tlx~ - ldx'f + 1 cx p [2x'lli/.\.')· ... (£1.\")'.

(IIi)

In this model II = 2(1/,). = - wl, CT = 0. a = ° and Ii. = O. This model is
unrealistic because (i) it has no expansion and hence no nebular redshift and
(ii) it has closed time like lines .

Godcl proposed this model as an anti-Machian model, i.c., it was a model
in which the local inertial frame is such that in it the distant stars are seen to
be rotating. (See Section 4 for a further discussion of this). Later work of
others (Ozsvath and Schucking, 1962) showed that such anti-Machian
models without the above two "defects" of Godel's models and also without
the ).-term can be obtained from general relativity.

110/1 wg rncou: 11/0"1'1.1' Spatially homogeneous hut anisotropic models h.ivc
been systematically classificd and studied during the last tcn years. The basis
for classification is the underlying group of motion. For hOlllogeneity the
group must act transitively on the whole of a typical space section t =
constant (cf. Weyl postulate). Thus the group must have at least J dimensions
and it must act transitively on spacclikc orbits. It turns out that ha rrin]; an
exceptional case of a four dimensional group all possible cases reduce to three
dimensional transitive groups. A classification on the basis of all such groups
was done by Bianchi (1918) and the d iITercnt cosmological models arc known
under Bianchi types I-IX. Belir and others have introduced a modified
scheme. For a detailed discussion of this classification see 1vl acCallum (1973).

The Bianchi type-I model is given by the line clement

ds2 = dt~ - X/(t)(dx'f - X/(I)(dx~)l - X/(t)(dXJ)2

For a dust filled universe, the functions XI' Xl' Xl are given by

, (/2 1)2>;0""
",,(t) = S S

( 118) -

( 119)

where
!Mt(t + 1:), (M, 1: constants) ( 12fJ)

and for an arbitrary a

o, (
J1 - I)a + -3- .27[. (121 )
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For different values of the constants the model ha a pancake singularity or
a line singul.iruy.

We will not discuss hen: the details of the various Bianchi types; cf.
MucCallum (1973) for such a discussion. These models have been useful in
trying to understand how and why the space-time singularity exists in the
past. to what extent the presently observed isotropy is a matter of initial
conditions, and in relating the presently observed abundances of helium and
deuterium to the early history of the universe.

co-ordinates XII. II == I,:!, 3,with himself at the origin. The co-ordinates of
a typical point P will be denoted by XII and its position vector by r.

At each point P we will place a "fundamental observer" as in relativistic
cosmology (cf. Weyl postulate) and ascribe to him a definite 3-velocity
v = \'(r, I). The existence of the velocity field implies an orderliness in the
motion of the fundamental observers. We also define e(r, I) and per, I) as the
density and pressure at P at time t.

We now introduce the cosmological principle by requiring that the functions
v, U and P as determined by any fundamental observer should be the same at
any given time. To fix ideas suppose another fundamental observer 0' located
at a relative to 0 makes the same measurements of these quantities at P. Then
he should find the velocity of the fundamental observer at P to be ,,(r, I) and
the density and pressure to be respectively e(r, I) and per, t), where

3. NEWTONIAN COSMOLOGY

By Newtonian cosmology is implied cosmology based on Newtonian con-
ccpts of space and time, on Newtonian mechanics and on the Newtonian
inverse square law or gravitation. It might be asked: "why go back to
outdated ideas when we know then to be incorrect')" Special relativity has
supplanted Newtonian mechanics while gncral relativity is accepted by Illany
to be superior to Newtonian gravitation both conceptually and obscr-
v.uionully. Nevertheless Newtonian cosmology has played an interesting role
in clarifying the limitations of Newtonian concepts. The similarity between
Ncwtonia n and relativistic models is striking and the relative simplicity of the
former has been helpful in the study of cosmological models.

Historically speaking, no significant progress seems to have been made in
Newtonian cosmology in the pre-relativity clays. The reason seems to be that
Newtonian equations failed to describe a static homogeneous universe. Even
if such a universe existed in an initiall static state, the mutual gravitational
pull of its constituents would pull them together so that a contraction would
result. Today we know that the universe is //01 static and hence a failure to
produce static models need not be a drawback to a cosmological theory. Even
general relativity had the same limitation and in the pre-Hubble clays Einstein
felt inclined to introduce a i.-term to generate static universe.

Ironically, atier the discovery- or the expanding universe and the estab-
lished success of Friedmann models of general relativity, Milne and McCrca
(1934) demonstrated that with suitable assumptions Newtonian cosmology
can generate identical models! We begin by a discussion or this important
work,

r ' = r - a.

We therefore have

u(r a, I)

a, I)

u(r, I) - U(I),

pt», I) _ p(I),p( r

As for the velocity, the usual law of relative velocity gives

y(r - a) == \'(r) - y(a),

The most general solution of (4) is expressible in the tensor form

vI,(r, I) == 1IJ"'(1)' .r,

where "1".(1) is a second rank Cartesian tensor function of time only.
The equations (2. l, 5) express the "homogeneity" property of the cos-

mological principle. If in addition we also demand isotropy at every point (as
seen by the fundamental observer) then we must have

HI" (I) = H(I)' 01'"
and (5) reduces to the Hubble !1I11':

y == H(t)· r.

This velocity field can be integrated in the form

r == S(l)ro

where S(I) is given by

I !IS
S cit

3.1 Homogeneous and isotropic cosmologies
Following Milne and McCrea, we assume the universe to be infinite, with
a Euclidean sp;lcc-gcollletry and a uniformly flowing IIhSO/1I11' time I, as
conceived or by Newton. Suppose a typical observer 0 sets up Cartesian

s
= H(I),

S
I.

Thus the observer at ro was at r at time I,

I
i,

JTf.=-¥t;:r.'\ •...•.:;r(r,7C'''~;~~.}.-~l~.~·~~~,...r·~~:--.~:""'~~~- .•..~''''T'P'T ••• '-·y •..·'~'--- •.---- ..- .•... '11"I:-:- __ n'--··· ...•..- #0-_1'"" --~. - 'J"' .•..••••• ..,....-. ••.• ".

(I)

(2)

(3)

(4)

(5)

(6) •

(7)

(8)

(9)
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Next we use Euler's equations of motion and continuity for the "cos-
mological fluid". The latter gives

(:0o = -;- + div(oy)
(:1

oS
iJ + 3 SO,

i.c., uS,! == constant = U(to) = UII (say).

The equation of motion gives, for an external force F per unit mass

(10)

,. + (v . 'V)y = F. (I I)

Since F is the gravitational force, we get by Gauss's theorem

div F = - 4nGQ.

Taking divergence of (II) then gives

( 12)

4nGu
3

i.c., .~: 4nGu S3 . ( 13)

Note that the equations (2.72, 73) of relativistic cosmology give exactly the
same answer!

However, if we substitute (13) in (II) we get

4nGU
- -3- r.F = (14)

How is this to be interpreted? It is the force on the observer at P due to the
mass contained in the sphere of radius 0 P, centred at O. J f we dra w spherical
shells concentric with 0 but of varying radii, the inverse square law of
gravitation tells us that the shells with radii exceeding OP (see Figure 3.1)
make no contribution to the gravitational force of the observer at P. Hence
the above result.

However, looked at from the point of view of the observer at P, the
universe being isotropic, it is absurd to image a well directed force F at 01 By
symmetry there can be no force at P. This ambiguity arises from our attempts
to apply the Newtonian laws to an infinite system and is one of the conceptual
drawbacks or Newtonian cosmology. See discussions of this by Layzer (1954)
and McCrea (1954).

Returning to (13) we see why a static universe is impossible. This equation
only admits the trivial case of the empty universe if we insist on the solution
S = constant. However, as mentioned earlier the equations (10 and (13) arc

NON-STANDARD COS\10LOGIES

Ft(jURE II A homogcncou» spherical shell of matter centred at 0 ""es lI"t pr oclucc ;II1Y

gra\,itationallicld at a typical interior point 1'.The net lido at I' is therefore 1lIlI,te" to shell, of
radius .1'1I",11", than OP. This field is directed along PO.

exactly the same as in relativistic cosmology. The first integral of these is

'.' SnG(!()s- = --' - k ,
3S

k = constant. (IS)

This equation is analogous to (73) of Section 2. Notice, hnwcvcr, that thc
constant k has only a dynamical significance in Newtonian cosmology whereas
in relativistic cosmology it also has a geometrical significance (the sign of-
curvature of hypersurfaccs I = constant).

How does rcdshift arise in this model? Consider a ray of light emitted by
a fundamental observer at P, (r,) at I = I, which is received by the observer
at OCr = a) at I = 10, This ray has a velocity c relative the absolute standard
of rest as judged by an fundamental observer. When it passes a typical point
P(r) en route to 0 (see Figure 3.2) it has a velocity c towards 0 as seen by
P. However, P is moving relative to 0 with a velocity Hr. Hence the speed
of light determined in the Newtonian way along PO. as "seen" by 0 is c-Hr .
Thus the equation of motion of the light ray is

dr $
- = Hr - c = r - - c.
dl S
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,
.1

c
P ( r )

o .

FI(JURE 3.2 The liglu siuna! from P, to 0, when at an intermediate point I'. has two velocity
components within the Newtonian framework. The component ("is directed rowards 0 while th~
component \lr due to the expansion at Pis directed away from O.

This integrates to

,fO £II

C Set) .
"

( 16). :j
1
i
i

I
!

I Icncc iftwo signals arc emitted successively at II and II + 1\11 and they arc
received respectively at 10 and lu -I- A/u we have from (16)

6/1 6/0

S(lI) S(I[)) .

This leads to a rcdshift identical to the relativistic formula (2.76):

I + z = S(lo).
S(lI): I

, !.,,
, ~i

( 17)

As discussed by Bondi (1961) extensively this approach essentially reproduces
(with suitable interpretation) all the general properties of standard cos-
mologies. Even the i.-term can be incorporated as a force of repulsion
proportional to distance and the ).-cosmologies can be reproduced as in
Section 2.

3.2 Homogeneous and anisotropic cosmologies
Thct c have been several invcsugations generalizing the above picture devel-
oped by Milne .1I1d McCrea to cosmologies with shear and rotation. Broadly
speaking there have been two different types of approaches. Of these the
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approach discussed by Heckmann and Schucking (1955. 1956) and Ray-
chaudhuri (1955) will be discussed first.

3.2.1 The potential function approach Heckmann and Schucking (1955,
1956) wrote the gravitational force in the form

F" = ¢;P' (IS)

where ¢ is the gravitational potential satisfying the Poisson equation

( 19)

Equation (19) could also be written as div F = 4rrGQ, provided we recognize
that F is the gradient of a scalar, so that the integrability conditions

curl F = 0 (20)

must be satisfied.
Thus we have the following three equations to describe the general behaviour

of a homogencous but anisotropic universe:

Eq. of continuity: ilia + div v 0 (2 I)

Eq. of motion: v + (\.. 'il)y F. (22)

Eq. of gravitation: 'il~(I) + i. 4nG(l. (23)

It should be remembered in (21) and (22) that (! and p are functions of I only
while in (23) the i.-term has also been included. The condition (20) can be
rewritten in the form

r/>./1V = 4)'\'jl'
(24)

In this approach therefore of the nine components of the tensor there arc
really only 6 algebraically independent components by virtue of(14). Equation
(23) reduces the number further by I. Hence Heckmann and Schucking had
effectively five unknown quantities still to be determined. Physically we may
link the arbitrariness of the problem to the arbitrariness of the choice of
accelerated frames at each fundamental observer. Such frames lead to fic-
titious gravitational forces without sources.

As in relativity (cf. Section 2) the velocity vector can be used to define
tensors for shear q;p and spin w;." and the spin vector U);.' Writing the
velocity-distance relation as in (5) we get

OJ/H, }CH,,,. - 11,.,,),

l'"H". }«: l(H, sv + H,.,,) (25)

W;. !£ijlyWJIY'
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From these definitions and the equations (21 )-(23), Heckmann and Schiicking
deduced the following relations:

exp f !H;.;.dl,R(I)

jrr(]RJ

tI ,
- (R-w.)dt ,.

.It,

(26)

Now utilizing the indeterminacy of the potential function, Heckmann and
Schiick ing looked for a special class of solutions which arc non-singular, i.e.,
in which R =l :: O. Their hope was that if such solutions exist in the
Newtonian framework we may look for their analogues in relativistic
cosmology.

The situation in relativity as mentioned in Section 2.12 is that the shear
tensor docs 1Ic11 help in this project. In Newtonian framework, however, it is
possible (in the above approach) to set

(27)

Then we ha vc 5 additional equations to complete the solution of the problem.
following this approach, Heckmann and Schucking gave the solution

I
Rio,co, cc J

R
(28)

At small R the rotation term dominates and we get a minimum of R for
R > O. It is possible to obtain for A ¥ 0 the analogue of Go del's model (cf.,
Section 2) in the Newtonian framework.

We will return to this approach after discussing the second approach which
is somewhat more restrictive and permits fewer models than in the present case.

3.2.2 The gravitational force approach This approach was initiated by
Narlikar (1963) and explored in detail by Davidson and Evans (1973) and is
essentially based on a generalization of the scope of Eq. (14).

The central assumption of this approach is that in an infinite homogeneous
universe we can still adopt (14) on the basis of the inverse square law of
Newton. The universe at any given timer is uniformly dense and can be
divided into concentric spherical shells as discussed earlier. Thus we begin by
substituting (14) into the Euler equation of motion but take for v the general
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anisotropic Hubble relation (5) derived earlier. Differentiating (5J with respect

to I and using v" = ;i:~we get
(29)

where
(30)

The Euler equation of motion and the equation of continuity give under
the present assumptions the following two relations respectively:

. 4rrCo _ }
A",. == H,••.: H";.H;.,. = - -3°,rv ,

(! + Q H;., = O.

(31 )

To integrate these we follow a procedure similar to that of Milne and
McCrea. Write the solution of (5) in the form

where at some specified time I = '0' x" = x"o, i.c.,

(33)

We then have

(iJJ,

Writing

we get 6jfl ~

D. = det II «.. II

/-I,., so that (31) integrates to

with (!o

QD. = constant = (10

(2(10)' Finally, the equation of motion reduces to

4rrC
-3- (100/ ••..

(36)

(37)

The general Newtonian problem is therefore contained in the solution of
(36) and (37). Narlikar (1963) showed that it is possible to eliminateall 0",
and obtain a fourth order non-linear differential equation for fl. Writing a
dimensionless time co-ordinate

r = (
4nC )1/2
--Qo t

3
(38)
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and denoting .I ilt by a dash. this equation is

t/ /1"" + 7!1!'!." - 46'~ + 96 = O. (39)

Narliknr used this equation to investigate whether there exists a New-
tonian singularity, i.c., an epoch whcn » --+ x», 6 --+ O. With the help of a
series of transformations

F1. (dFY X(F), F u dX
y(X),/1 = = e ,elr dU

i.c., X = (F')~, Y = 2 rr: (40)

the fourth order equation (39) can be reduced to a second order equation:

. ,d~ Y (rlY)~ ( Y) rlY
.\ y- dy2 + Xl' dX + X + '2 Y dX

+ Y~ - 2Xl' + 7Y - 2X + 9 = O. (41)

Since (39) has the property that if 6(1) is a solution, so is A . ~6(Ar + /J) for
arbitr.u y constants ..t and B, it turns out that all solutions or this family an:
ch.rructcrizcd by one curve in the (X, Y) plane. Along <I typical curve C
joining points 1'1 and P1 the 6-values <It 1\ and 1', arc related by

I'.

6, f' 2dX- = exp --.
61 Y

I',

(42)

In the curves invcstig.uccl by Narlikar (1<)(13) asymptotically Y = -2X, so
that the integral in (42) is negatively infinite as P~ recedes to infinity: i.e ..
/1, -> 0 and a singularity results. It is also interesting to note that there is an
exceptional curve which is the straight line (:

y = ~X-3 (43)

and an exceptional point (E), (9/2, 0) which are singular solutions. The point
corresponds to the Einstein-de Sitter solution (see Figure 3.3).

Davidson and Evans (1973) have pointed out that there exist solutions of
(41) which Narlikar had missed, in which 6 moves from a minimum [X = 0,
Y > 0] to a maximum [X = 0, Y < 0] before eventually moving to a singu-
larity. In Figure 3.3 such a curve is shown by D. Since the curves could be
continued to the past (r < 0) in a symmetrical manner, D would represent
a minimum with a maximum and a singularity of 6 on either side. The curve
C on the other hand has only a maximum and two singularitics.

Da vidson and Evans (1973) considered the solutions of (37) in detail rather
than analyse the fourth order differential equation for 6. To this end they
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(EI

P,

FIGURE 3.3 Th~ solutions or the homogeneous models in the Newtnl~ia:l rr,~m~lI'~r_k ,~s
studied by Narlik ar. Davidson and Evans. The pornt E denotes the rsotropic I.lIlstCl

r
n-de S,,'ltcr

t. h .,' ". Further "W"Y rom Imodel The curve (' denotes the case where as t e pomt ,I1Hl\eS ' b: I" t'
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defined the shear and spin tensors by

so that

and

(44)

H/".

1 f:, .
q +w +--0I'"~ I'"~ 3 6 1""-

(45)

1 f:,~
, 2 1 (46)

HI'" H/". q: - W + '3 61'

I rc /~ == q (.7 and 20/ == (j) .W " (Thus w is the magnitude of the spin
\V 1C q JII' III' c In III " I . d

_ I,.. (j) ) The equation (30) It1 contracted form then ea s tovector (jJi. - 2CJI/u' In'

j~ ) 4rrG (47)
3 - 2(v1 - q- -R1 120R .
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with RJ = 6. This is the same equation as derived by Heckmann and
Schucking (1955) from their approach and is the Newtonian analogue of the
Raychaudhuri equation (2.112). A little manipulation with these equations
also gives

(48)

It is now possible to contrast the two approaches described so far.
In the Heckmann and Schucking approach the Poisson equation replaces

the force equation (37). In this there is an extra freedom available, correspond-
ing to the solutions ofV~¢ = O. The forces V¢ due to the sourceless potential
equation may be interpreted as arising from arbitrarily chosen accelerated
fra~1es at difTerent fundamental observers. To fix this part Heckmann and
Schucking assumed that the five independent components of II,,,. could be
assigned arbitrarily. They therefore looked for solutions with If,,,. = 0,
although w'" ~ O,!'J. ~ O. From (47) we see that such a situation may result
in preventing the singular situation R -> O. And with this analogy they
conjectured that non singular solutions might exist in relativistic cosmology.

In the Narlikar-Davidson-Evuns approach the force is fixed and q,,, is
determined by the dynamical equations (37) with given initial conditions. It
is not therefore possible to ha ve q,,, = 0; indeed even if <f,,,. = 0 a t I = 10' say,
subsequently q,,, ~ 0 and shear develops. Thus whereas in the Heckmann-
Schucking case q,,, = 0 in (48) leads to o), o: R-2 and (1/ o: R·4 so that as
R -> 0 spin dominates and prevents a singularity (vis-a-vis the singularity-
conducing gravitational term ocR-J). In the second approach <f,,,. ~ ° docs
not permit the solution W;. o: R-2

• The second approach is therefore more
analogous to the theory of relativity (cf. Section 2) where a similar conclusion
was arrived at: shear free spinning universes are not possible.

Davidson and Evans (1973) have analyzed several specific solutions of(37)
and shown how they arc analogous to the solutions in relativistic cosmology.
For example a model spinning about the XJ axis and axisymmetric about it
will have

-OJ 01
I~ : .

a~•. (49)

The behaviour of x, z, u, H, OJ, K can be calculated in terms of the initial
conditions. In all cases 6 -> 0 eventually, i.e., a singularity is reached. For
example, a curve like D of Figure 3.3 results from the initial condition
Ho = 0, Ko = 0, OJo ~ O. Although shear is initially zero, it develops soon
and eventually dominates over the spin-term as the singularity is reached.

NON-STANDARD COSMOLOGIES

With the help of this solution Davidson and Evans (1973) have ~iven the
following argument as to why 6 -> 0 in all cases of Narlikar's ~qua.~lon (39~.;
In this equation ifat any given instant, = '0' .the v~lues 60, 60,60 and ~0

are given then the function 6(,) for .' ~ '0 IS. unlqu.ely detefllllne~. l'\~W
suppose that 6 docs not reach a zero, i.e., there IS no singularity. Then there
must exist a non-zero lower bound of 6. Without loss of generality set
6 = 6 > 0 at this minimum and let T = To at this instant. 1hen for a

. 0 , 0 A" 0 1-[. .f 6 " = 0 then aminimum at To, we need 60 = , 00 > . 0\\ ever: I. U .
• • . A nr - 0 6 nn > 0 which from (39) IS Impossible. HenceI111111mUmrequIres 00 - , 0 '

the minimum can only have the following range of parameters:
(50)co > 60 > 0, 6' = 0, CIJ > 60" > 0, co > 6u'" > - CD.

Now in (49), a particular case of axisymmetric soluti~n, we have thrcc ,
general parameters Ho, Wo and x; apart from the scaling par;~.I~eter ~~:
(which may be put equal to I for convenience). Given any 6" , 6u and tJ.,)

we can always find an axisymmetric solution with the values equal to them.
Thus for (50) we need

A • ') II + r> - 0 60" = 2wu1 - 32Ko" - :\ > 0,0" = - 0 fio - ,

(
K 2)and 60"" = ,6Ko (1)02 + -+ . (51)

However, for this axisymmetric solution it can be explicitly shown that
6 -> 0 at some epoch T > To. By the uniqueness arg.ul11ent the general case
will also have this property (6 -> 0) even though the individual fllncllo.I1~ II,,,.

may behave differently from the axisymmetric dISC. Thus the original
assumption of no singularity leads to a contradiction.

Thus the second approach gives results more analogous to the results from
relativity than the first approach. Davidson and Evans (1973) have ~aleulat~d
specific cases of models with shear and no rotation and have. shown .s~mdanlle~
with the Bianchi type [ models of Section 2 with pancake singularitics. :~cse
exist many close parallels between Newtonian models and the relativistic
models of l3ianchi types I, II, V and IX. .

Davidson and Evans (1973) also discuss ages of the various axisymmetric
models [rom observational considerations of H ubblc's constant, meaI~ density
of matter in the universe, observed limits on anisotropy etc. They find t~at
a pancake singularity in the past ~ 1.5 x 1010 years can be compatible with
the observed data.

3.3 The cosmologica[ principle .
In the preceding discussions it has been tacitly assumed that the eqlllvale~t
reference frames of fundamental observers are all similarly oriented. On this
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basis the linear velocity distance relation (5) was obtained. However, trans-
lations arc not the only possible transformations between such reference
frames in the Euclidean space. Evans and Davidson (1973) have generalized
the scope or the cosmological principle by going over to the most general
possible transformations between equivalent fundamental frames (EFF).
Their approach is briefly described below.

Suppose 5 and 5' are two EFFs and let P and P' be points which have the
same position vectors respectively in 5 and 5'. Let x be the position vector
of P relative to 5 and x " be the position vector of P' relative to 5. Under a
mapping

x -+ x " = f(x) (52)

the point Pol' S is carried over to P' of S'. It is assumed that Sand S' are
cartcsian frames. Then we may regard the mappingfas a translation of origin
o of S to origin 0' of S' followed by a rotation of axes. Let a be the position
vector of O' relative to O. Then at any given epoch the rotation of axes may
be described hy an orthonormal matrix T(a) which depends on 1I. Thus if a
vector is measured as u in S and II' in S', we have

u = T(a)II'. (53)

Theil it is clear that the translation and rotation implied by (52) is given by

Since a

x " = T(a)x + a.

o should give S' = S, x ' = x, we have

(54)

T(O) = I( = identity). (55)

II

Consider IlOW three EEFs S, S' and So. Let 00' be the vector a as before,
0'0" be b as measured in S' and let a typical point I' have co-ordinates c in
S"'. Then as measured in S',

O"P = T(b)e
I. and as measured in S

O"P = T(a)T(b)e.

However. we can do this calculation by another method. As measured in
S we have

0'0" T(a)b.

Hence in S we have

0'0" a + T(a)b,
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and hence, again in S

O"P T(a + T(a)b]e.

Therefore

T(a + T(a)b] = T(a)T(b). (56)

Under what conditions do the transformations (54) form a continuous
group in V)? These conditions have been discussed by Petrov (1969) in the
general transformations of the type

f(x. a) = T(a)x + a, (57)

and it is easily verified by Evans and Davidson (1973) that these conditions
are indeed satisfied because of (56). Thus (54) form a simply transitive group
of transformations. It turns out that there are essentially only two types of
transformations implied by this group in the Euclidean space.

Of these the simpler case implied by

T(a) = I (58)

gives the translational group of transformations which led to (5). The second
type involves translations coupled with rotations. Without loss of generality
we may take Xl as the' axis of rotation. Then we have

[

COS [m(/)a)l - sin [m(t)a)] . o~1
T(a, I) = Sill [m(/)u)l cos (m(/)o)]

·00
where u) = the XrC0ll1J1onent of the displacement vector a and 111(1) is an
arbitrary function of time.

Given T(a) we can compute the angular velocity of EFF: S' relative to
EFF: S. This is given by l1(a) where

(59)
l.r :,.
! .

'I;. = t£;~,t~.(a,t)t..(a, I)." (60)

If a particle of the cosmological fluid has the position vector b in S' and a
velocity vector y(b) in S' then a reasoning similar to the derivation (56) tells
us that the velocity of this particle as measured in S will be

v[a + T(a)b] = \(a) + T(a)v(b) + l1(a) x T(a)b. (61)

As before, the density and pressure functions depend on I only, with

div v (62)
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FIGL:RE 3.~ Diagram showing a generalized description or the cosmological principle in the
Newtonian framework (see text).

However, explicit models of the second type show non-linear velocity Iunc-
tions. Although the dynamical behaviour of these models docs not introduce
any qualitatively new features, the above groups of motion analysis puts the
Newtonian cosmological principle on the same footing as the cosmological
principle of relativistic cosmology.

3.4 Concluding remarks
Although there arc conceptual problems of instantaneous action at a distance,
velocities exceeding the light barrier, the boundary conditions at infinity,
Newtonian cosmology can be made to give a consistent and wide range or
cosmologicalmoclels, in close analogy with relativistic cosmology. This lends
confidence to the expansion that in the absence of explicit solutions of
Einstein's equation in many cases involving shear and rotation, the New-
tonian approach may give a useful insight.

4. THE STEADY STATE THEORY

Judging by the extent of controversy it has raised in the past the steady
state cosmology is perhaps the best known and the most misunderstood
non-standard cosmology. Today, on observational grounds it has receded
into the background, although its conceptual elegance cannot be dis-
counted. Nor can its bitterest opponent deny the useful role this theory has
played in promoting cosmology as a science. In this chapter we shall be
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concerned with the theoretical aspects of the steady state rhcory. The
observational assessment will be deferred to Section 10 when the standard as
well as the non-standard cosmologies will be discussed together.

4.1 The motivation
The steady state cosmology arose in 1948 out of discussions between three
I3ritish astonomcrs Herman Bondi, Thomas Gold and Fred Hoyle. Although
the end product of these discussions was the same cosmological model. the
motivation and approach of Hoyle (1948) differed from that of Bondi and
Gold (1948). Before describing these alternative points of view it is essential
first to review briefly the reasons for the need to discuss new cosmologies as
they were felt three decades ago.

In 1948, the value of Hubble constant was estimated to be ~ 5]0 kill s I

Mpc" ' so that Hijl was ~ 1.8 x 109 years. Consequently the age of the
universe estimated by standard cosmologies was no higher than this period:
for a closed universe the age was less than 2jJ of this value. By contrast the
age of the Earth as estimated hy geological and geophysic;t\ .rrgnmcnt • \\·;t'

certainly higher than this (Jcllcrcys. 1940). The crude estimates (I loylc. 1947)
of the stellar aces on the basis of the theory of stellar evolution (which was
then in a vcry r~dimentary stage) was also higher than the age of the universe.
Thus it was plausible to view the standard models with some degree or
skepticism.

The standard models do not provide any clues as to why and how the
universe came into existence. The singular epocJ2 I = 0 when the big bang is
supposed to have taken place seemed therefore somewhat arbitrary. The
space-time singularity at I = 0 seemed to point to a defect of the theory of
standard models. Could one not look instead for models without such singular
epochs?

Today the "age" problem is not as severe as it was in 1948. thanks largelr
to a downward revision of Ho. while problem of space-time singularity still
remains pertinent. If at all, it has become more sharply focussed with the
realization that space-time singularity is most probably an inherent feature
of cosmological models based on general relativity (cf. Section 2.12). We will
now review how the two approaches to thc steady state cosmology dealt with
these problems.

4.2 The perfect cosmological principle
Bondi and Gold began by pointing out an important gap in the reasoning
behind the standard cosmologies, The usual way of tcstinga cosmological
theory is by a comparison of the distant parts of the universe with the
immediate neighbourhood of the observer. Since observations are via the
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electromagnetic waves these distant parts lie in the remote past; and thus the
cosmologist compares the state of the universe here and now with what it was
far awa~ a long time ago. Now the basis of the comparison is that the laws
of physics arc ,t~e same in the two regions of space-time. For example the
Hubble re~shJlt IS deduced on the assumption that the remote galaxy in the
past gave nsc to sl~ldar sp.ectra as found in our neighbourhood galaxies; that
the laws of atomic phYSICS which operated then have not changed over
billions of years of light travel time.

\V1.lat is the basis of such an assumption? The ordinary cosmoiogical
I'I'I//('II'/e (cf. Section 2) ensures that so far as variation in distance is concerned
on any surface of cosmic simultaneity the laws of physics are the same:
HO,wever, the same cannot be claimed for invariance with respect to time. I3y
definition the ullJ\'er:e is the totality of everything, including the laws of
science. Can we CO~\'JJ1ce ourselves that the laws of physics have not changed
even th?ugh the universe has? Clearly there is no mathematical proof for this
convlctl~n. All we have IS the Occam's razor: make a theory with as few
assumptions as possible, A theory in which the laws of physics chanuc with
epoch presents many more possibilities than a theory where there is no
change. Hence the cosmologist makes this assumption of no channc.

Bondi. and Gold questioned the propriety of making such a sweeping
assumption when the resulting model of the universe was so different in the
past as to include a singular epoch. Instead, they argued that the only
Icg!IJlllat~ way of Ill;~king this assumption was to presuppose that the
universe 111 the large IS Itself unch.mging in time. Thus the cosmolouical
p~'inciplc is enlarged to include homogeneity with respect to time, Bondi and
Gold called this enlarged cosmological principle the Perfect COSII/()/(}~ica/
Principle (PCP in brief). '

Mathematically the PCP implies the existence of a tirnclikc Killing vector
(Eisenhart, ~949) over and above those required for defining spatial homo-
gcncity and Isotropy. If we consider the Robertson-Walker line-element and
Impose the above condition on it we find that the function S(I) is determined
!ru med ia tel y:

.,
,

{""±HI k = 0
S(I) H-I cosh Ht k ='+ I (I)

H-! sinh Ht k = -I

where II = constant> 0,
or these Bondi and Gold rejected the cases k = ± I on the grounds that

th~ s~rfaces I = constant have time dependent curvature which could in
. principle be measured. For example, the k = - I case at I = 0 gives infinite

,..
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curvature. The case k '= 0, on the other hand, does not have this possibility.
The world line of the fundamental observer has the tirnclikc Killing vector for
a tangent so that such an observer sees the universe unchanging. Bondi and
Gold gave the name "steady state" to such a universe.

Thus the line element of the steady state universe is given by

ds2 = dl~ - exp(2Ht){dr + r2(tl02 + sin20(I4)2)}. (2)

Note that we have committed ourselves to the positive exponential in the
scale factor. This deduction can be made on the grounds of local thermo-
dynamic disequilibrium, J f S = constant or v/exp (HI), the line element
would describe a static or a contracting universe with a consequential infinite
sky brightness (for details, see Bondi and Gold, 1948), The observed darkness
of the night sky and the fact that the process in our neighbourhood appear
to be operating as if the universe is far from the state of thermodynamic
equilibrium led Bondi and Gold to the conclusion that only the line element
(2) is viable. Thus the steady state universe must expand.

This deductive approach typifies the Bondi-Gold approach to cosmology.
Once we accept the PCP, all we have to do is survey our neighbourhood. The
state or the universe anywhere at any time must be the same. Of course the
underlying symmetry of PCP is not to be taken to apply on a very small scale.
On distance scales up to ~ 30 mpc and time scales up to ~ 10')yrs there is
evidence for inhomogeneity (in space) and evolution (in time). The word
steady state is supposed to apply over distance and time scales large compared
to these.

4.3 The continuous creation of matter
Suppose we take a region of the steady state universe bounded by co-ordinates
(I', I' + tlr), (0, II + dll) and ((/>, 4) + (!tjJ). The proper volume of the 3-dimcn-
sional space in this region at a cosmic epoch I is given by

dV = 1'2 sin OdOd~)dr • exp (3f/I),

As I increases d V increases, its rate of increase being given by

d
-, (dV) = 3H (dV),
(I

(3)

(4)

Now if there were no creation of matter in the universe at any time, the,
existing density of matter will rapidly fall to zero, This would be contrary to
the PCP. If (! is the density at time I, the same density must be found at any
other time I. In the above instance, during a short time interval (iI, dV will
have increased by 3H d V (jl, and in order to maintain the density at Q, an
additional amount of matter must somehow be created to fill up this extra
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Q = 3HQ. (5)

Hoyle's resolution of the 111<1 ucr creation difficulty was through the addition
of another tensor to the right hand side of (6):

n; - ~g'kR = -I\[T;~ + T;kl (S)
(ml ld

space, The amount needed is 3H dV <5/(2 so that the rate of creation per unit
time per unit volume is

Estimating the observed density (in the form of galaxies etc.) to be
-1O-JOgcm-:andtakingH - 2.5 x 1O-'8s-' (corresponding to 75kms-'
Mpc-I) we get Q - 7,5 X 1O-~Mgcm-Js-'.

This is an extremely small quantity-too small to be detected in the
laboratory. Nevertheless it represents an apparent violation of th~ law of
conservation ofmatter. For this reason the steady state theory has been often
castigated, The critics apparently ignore that in the standard model a much
more dramatic violation of the conservation law took place when the whole
universe was created in a point singularity. The steady state theory at least
brings creation of matter within the purview of the physicist by making it, in
principle, an observable and testable phenomenon.

Unfortunately, Bondi and Gold did not take this any further. Granted that
continuous creation of matter does take place at the rate (5), what is the
mechanism of it? What is created primarily? In what way would it affect or
control the expansion of the universe? Is the process stable?

Questions like these cannot be answered by PCP along, however powerful
a deductive principle it may be. The conventional physicist's approach to
such problems is via a field theory. This was the approach of Hoyle.

where T,k/(C) is a tensor representing the so-called creation terms. The conser-

vation law now gives

t=, == - t=;
(m)' (co)

(9)

and the trick is to ensure that both divergencies are non-zero. Hoyle tried
several different forms for T,k/(C) but finally settled on one suggested by
M. H. L. Pryce. . .'

In the Pryce-formulation] the starling point is the action principle. To the
action leading to (4) (see Section 2) arc added the extra terms rcprcscnung
creation. These terms arise from a scalar field C in interaction With matter.
The action as a whole is given by (with the velocity of light c = I),

_1- f RJ(-g)eI~x - I fll1del.l'<I
16reG •

- Ll f c,C' J (- g )eI· .r + ~ J C, cia' .

A

(10)

4.4 The creation field
Hoyle's argument was to point out first that the standard relativistic models
fail to explain the one most important problem of cosmology: the creation of
ma tter. By adopting the standard Einstein cq uations

I lcrc C. = c1('/c'x' and / is a coupling constant.
The ~'ariation of C gives the field equations of the C-field:

II

DC = f (II)

Rik-1g,kR = -KT,k.
(m)

(6) where II is the net number of creation ('\'('111.1' per unit proper - 4 volume.
What do we mean by a creation event') Assuming as in Figure 4.1 that the
world line ofa typical particle a begins at the world point A .• and ends at the -
world point A _. the last integral of (I 0) gives

J c.a« = C(A._) - C(II +). (12)

one is forced to deduce the conservation of the matter tensor:

Tik;k == O.
(m)

(7)
Thus, except at a singularity (where (6) breaks down) there is no possibility
of creating matter. The alternative is to argue that the universe exists for ever
with no matter being created (or destroyed). However, relativity does not
provide such models. As the well-known singularity theorems have shown,
under reasonable physical assumptions all relativistic cosmological solutions
must have singularities (Hawking and Ellis, 1973). Thus there is a logical
anomaly in the conventional approach: by following Eqs. (6) and (7) we deduce
singularity and at a singularity we are forced to introduce matter creation
which violates (6) and (7)! This has been discussed by Narlikar (1973).

In the C-variation therefore we get opposite contributions from the end-
points A+. Counting + I for beginning (A+) and -I for ending (A _ ).we
include il~ II all such end-point contributions. Notice that only the endpoints
contribute to the source of C - the actual world lines of particles do not seen

to matter!

tThis has been discussed in several papers by Hoyle and Narlikar. Sec. for example. Hoy'e

and Narlikar (1963).
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a

~~enj (onnihiloticn)

/\ ---VV~. bq-nning (creation)
+

FlCiURE4:1 A typical world line may begin at A. and end at.4. _These points fl'spcctiwll'
at-t as p",HII'C and ncg.mvc sources of thc C·lidJ. .

The variation or world lines confirms this further. The last term or (10)
makes no contribution to the action. The world lines therefore arc geodesics.
However, at each end the following must hold:

ddlIII -
u da ~.. (13)

!his confirms also that even at a creation (or annihilation) event total energy
tS conserved. The energy-momentum of the created particle is balanced by
that of the C-field.

The variation of geometry (g,k -e+ g,( + og,() gives the field equations

R,( .- 19,( R = - 8nG [7:t - /(C,C( - L~'kC'C,)l. (14)
(m)

Thus we have

( IS)

Since / > 0 the C-field has negative energy.
That a ne~ati\:e energy reservoir is needed to sustain a steady state through

matter creation tS clear from the fact that we do not want the reservoir to be
~epleted by .matter creation. A positive energy reservoir will be depleted by
(I) the creation of matter and by (ii) the expansion of the universe (which

NON·ST ..\NDARD COSl\tOLOGIES 355

tends to dilute the reservoir). A negative energy reservoir is augmented by (i)
and diluted by (ii). By a proper adjustment a steady state is reached.

For the Robertson-Walker line element the field equations become

S S~+ k
2 S + -y- = 4nG/C~, (16)

,~~+ k
3 --, - == RnG(u - 2t j'(::~). (17)s·

It is interesting to note that (I) is a solution of Eqs, (16) and (17) for

, 3H~
C = I, (! == Ill'! = - = (!o (say). (18)

4nG

(Here III = mass of a typical particle). For reasons stated earlier, however,
we shall choose the solution

S = exp (I/t), k: = O. ( 19)

It is worth pointing out another aspect of the problem. It is sometimes
argucd=-cf Hawking and Ellis (1973) p. 90-that a negative energy field
would pose insurmountable problems of quantization. It is certainly true that
in flat space-time. quantum transitions in a negative energy field would lead
to a cascading process. However, when we couple such fields to gravity in the
Einstein framework there is an interesting dynamical feed back. In curved
space-time any cascading has a counteracting c/Tcct. As thc energy increases
in magnitude it exerts a larger and larger repulsive force and this leads to an
expansion of space-time which in turn dilutes the cascading effect. Thus the
gravitatio-nal interaction of the C-field exerts a controlling influence on the
negative energy insia bility. The quantum behaviour of ncga tive energy fields
is still to be investigated fully, however.

4.5 The C-field cosmology
The main attractive feature of the Bondi-Gold approach was that it produced
the solution (19) uniquely from the PCP. In the Hoyle approach this unique-
ness is lost, since the field equations (14) admit many solutions'. However, this
is compensated by the fact that many investigations of the type mentioned at
the end of Section 4.3 can be undertaken in this approach. One result is immedi-
ately seen from (18) where there is a unique relation between Q and H. We sum-
marize the results of some of these investigations, with appropriate references.

4.5.1 Two classes of solutions One consequence of the C-field equations is
seen from (9). Taking Tmik = Qllill for dust, we have

((!ll),kl/ +- Ilui'k = tccr; (20)
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Suppose in a given region, there is 1/0 creation of III a tter. Then (II) leads to

o; = 0, (QIl);k ='0 Ilu';k = 0. (21)

We will call such solutions, solutions of Class 1.
On the other hand, from (13) we see that if there is a net creation in any

given region. we have 1/ oc C' and
k ;

L/ U;k 0. (22)

From the firs: of (22) it follows that the velocity vector IS hypersurface
orthogonal, the hypersurfaces being

LIC) == {C = constant}. (23)

Thus 12 = constant along LIC); and there is 1/0 spin in the sense described in
Chapter 2. We will call such solutions, solutions of Class II.

4.5.2 Stability and Mach's principle It can be shown (Hoyle and Narliker,
1963) that if we consider the general first order perturbations or the SS
universe, these die out exponentially in fractions of the Hubble time scale.
The perturbations may be considered in the following form:

densi ty: (! Qo + (Ii

now vector: ui (I, 0, 0, 0) + IIIi (24)

line clement: dSl (I + h44)dtl - exp(2Iit)(<>,,,. + h,,,)dx"dx'

where (!I, u~, h" and h arc functions of space-time but arc small enough to
be ignored in second and higher orders. Over any specified proper volume
these quantities die out in various exponential modes of the type exp (-/llit),
/I ~ I.

This analysis has relevance to Mach's principle. We have already noted
that if creation of matter is permitted, i.e., if we have Class II solutions, the
spin tensor is eliminated. Thus Godel type solutions, which are anti-Machian,
will not be possible. The stability analysis shows that any first order irregu-
larity, i.e., a departure from homogeneity and isotropy is wiped out too. This
led Hoyle and Narlikar (1963) to make the following conjecture.

Suppose we have the universe in an arbitrary state at ( = 0, when creation
process is turned on. The C-field begins to produce new matter normal to the
surfaces C = constant. The negative energy of the C-field also produces
repulsion and hence expansion. Gradually the expansion dilutes the initial
irregularities while the C-field produces a "new deal" of regularly distributed
matter. There is a clear analogy here with a battery driven current replacing
the initial transients in an electric circuit. The outcome is that as t ~ OJ, the

r
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universe tends to the steady state form which represents the eventual outcome
of all Class II solutions.

This conjecture, stated in the general fonn still needs to be proved rigor-
ously. If proved it will explain why we see the universe in the highly regular
form-in a r~rm where the background or remote galaxies determines the
local inertial frame. This result, first noted in the last century by the physicist-
philosopher Ernst Mach, forms the basis of what is known as Mach's
principle. Mach interpreted it to imply a causal connection between the
inertia of a typical object and the large scale structure of the universe.

In Section 2 we saw that the spinning models of the type first discussed by
Gadel (1949) violate this observational basis of Mach's principle. Einstein
himself believed that general relativity would turn out to incorporate Mach's
ideas which had intluenced him favourably in earlier days. Indications like
the existence of spinning models showed, however, that this belief' was not
going to be justified. In the later part of his life Einstein begun to think
Mach's principle untenable, or at least inconsistent with the general develop-
ment or physics. In any case it became obvio us t hu l general relativ.ity a~ s~lch
could not be reconciled with or incorporate Machian Ideas. I he Cvlicld
described here seems to give a plausible link between the ideas or Mach and
Einstein. In Sections 5 and 6 we will consider other, more radical apprnachc<;
to Mach's principle.

4.5.3 The avoidance III singularity The Penrose-Hawking theorems and
other singularity theorems (Hawking and Ellis, 1973) require some kind of
posi tivi ty of energy. The Cofield energy tensor viola tcs these cncruy co.nth lions
with the result that we expect singularitcs of space-tunc to be nhscnt in many
solutions of (14).

The steady state solution is of course one example, and it is an example of
Class II solutions. There exists cases of Class I type also. Hoyle and Nurlik ar
(1964a) have discussed the classical Oppenheimer-Snyder problem of the
collapsing dust ball in the presence of a C-field (Oppenheimer and Snyder.
1939). It is well-known that the interior of the collapsing homogeneous dust
ball can be described by the Robertson-Walker line clement. The scale factor
S, in the absence of the C-field, satisfies the equation of the form

" A A °S'- = - + B A B constants, > .
S "

A Class I solution in the presence of the C-field modifies it to

(25 )

'2 A B J.L °S = S + - S~' /1 > . (26)
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Notice that whereas in (25) S .....•00, S .....•0, the corresponding situation does
not exist for (~6). There a bounce occurs for a minimum S when S = O. For
B < I, we have a finitely oscillating solution. This is possible only because
the C-field has negative energy.

Narlikar (llJ74) has shown how the Class I and II solutions can be com-
bined to produce non-singular Friedmann-like solutigns. By solving (I I) for
a delta-function of time it is possible to mathematically describe the big-bang
creation. The subsequent behaviour of the universe is through an equation of
the type (26). This universe 1135a non-singular "beginning" and tends asymp-
totically to the standard Friedmann models.

4.6.2 The electric universe Lyuleton and Bondi (1959) attempted to explain
the cosmological expansion by postulating a small difference between :he'
maunitudcs of the electric charges of the proton and the electron. Denoting
the-electron charge by - lei and the proton charge by lei + 1')1'1 where

ItSell' I ~ 10.-1
<) (31)

we see that a typical hydrogen storn will be positively charged with charge
1,)('1. Bondi and Lyulcton postulated a steady state universe with a con-
tinuous creation of hydrogen atoms. These atoms will repel each other and
cause a universal expansion. The Maxwell equations and the electromagnetic
energy tensor have to be modified to take account ~f this charge excess and
the non-conservation of charge. It is possible to obtain the steady state model
as a solution of the resulting equations. ,

Laboratory experiments (H ughcs, 1964) have, however. ruled out a charge
excess of even this small order. The alternative possibility suggested by
Lyulcton and Bondi that a comparable number excess (of say protons over
electrons) would produce the same result is or course untestahie and hence
not so attractive as a scientific hypothesis.

pressure does work is (per unit volume)

S
1/11 . 3 S = :.H o. 00)

The right hand side is simply the rate of creation of matter. Thus continuous
creation is the manifestation of the work done by negative stresses. McCrea
suggested that this stress could be related to vacuum stress of quantum field
theory.

4,6 The different variants of the steady state universe
Although the strict steady state implies conformity with the PCP at the
smallest scale of space and time the reality of the situation forces the cos-
mologist to apply it with varying degrees of relaxation. We have alrcadv
mentioned this towards the end of Section 4.2. Here we will review briefly the
different variations or the steady state theme both from the fundamental
conceptual point or view and from the astrophysical angle.

4.6,1 McCrca's interpretation Ifwe substitute the steady state line clement
into the left hand side of Einstein's equations

R,' - ~t5/ R -87T.(17:;

we get for 7~' the expression

-p

T~;
-p

-p

o
where

3H2 3H2

a = p = 87T.C·87T.C

(27)

4,6.3 TIll' [nthbl« universe Hoyle and Narlikar (1966a) explored ~Imode!"
which involved a radical departure from the steady state concept. In this the
old C-fleld formalism was adopted but with the coupling constantfraised by
~ io=. Of course this gives a highly dense universe (fJ - 10-' g cm .. J

) with
an extremely short time scale (H-1 ~ I year!). However, the au~hors
proposed that we live in a "bubble" in this dense universe. a bubble being a
part of the space where the creation has been temporarily SWitched ofT. S~ch
a bubble expands as a Friedmann universe would, except that Its expansion
starts from the density of _1O-8gcm-J instead of from an infinitely dense
state.

In this model the investigations of the behaviour of the C-fleld near
massive objects led to the conclusion that creation rate could be pushed up
in the strong gravitational fields of such objects (Hoyle and Narlikar, 1966b).

OX)

(29)

t-.1cCrea (1951) interpreted the steady state model as a universe with positive
dcnsith and negative stresses (which lead to expansion).

t\fcCrea argued that the negative stress in (29) being uniform all over the
universe, docs not produce any observable force (of - \lp type) in the
universe. However, it docs exert gravitational repulsion through Einstein's
equations and leads to expansion of the universe; the rate at which this
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~urely gravitational e?nsideration~ produced a spectrum of the type dE/E)
lor the numbe~ of particles created 111the energy.range (E. E + dE). A match
with the cosmic ray spectrum could thus be achieved (Hoyle and Narlikar.
1966a. b).

4.6.4 The hOI universe Gold and Hoyle (1958) suggested that the continu-
ous cre:lti,)n of matter might be in the form of neutrons. This idea conserves
charge 111the process of creation although the baryon number is not conserved

A neutron decays into a proton, an electron and an antineutrino .

11 ••.•• p + e" + \0. (32)

The conservation laws of energy and momentum force the electron to take
up most of the kinetic energy so that the electrons have a high kinetic
temperature or ~ 10'IOK, Gold and Hoyle proposed that this high tempera-
ture c~uld be made to work heat engines in the cosmos which would result
In the formation of large condensations of the size of > 50 rnpc 1'1 ' I_ . ,. ,. ~ . leyarguel
that a temperature gradient can cause condensations which pure gravity is
unable to do 111the expanding universe.

from these condensations groups or galaxies in numbers ~ la' _ 104

form at a umc. The observations of supcrclustcring (Abell. 1974) arc consistent
Wlt~ such a hypothesis. The idea is also useful in resolving one curious age
difficulty associated With the steady state universe (King. 1%1; Hoyle and
Narhk.er. 1962a). If the universe .is in a steady state we should expect an age
T distribution of galaxies according to the law

N(r)dr. (f. exp!.- ~lIr)dr. (D)

The average age ola galaxy in such a distribution should be ~ 1/311 1 This
. . 'I' . S
IS too 10\\ l ~ 4 x lay) compared to the age of our galaxy or or other
galaxies In our ~elghbourhood. However, if galaxies form in supcrclustcrs we
must add to this figure the period from the formation of the supcrclustcr to
the Iormauon ~f the first galaxy. Also. the galaxies in our own ncighbour-
hood could lie 111a supercluster of age ~H-I - 2//,,1

This picture introduces large scal~ inhomogeneities in the universe and
thereby reduces one attractive feature of the steady state model, viz. its ability
to make clear testable predictions. Hoyle and Narlikar (1961, 1962b) showed
that even a super-E~ciIdean slope of the log N-Iog S curve for radio sources
can be explained WI~hll1 the framework of this model (see Section 10.3).

Gould and Burbidge (1963) pointed out one serious difficulty of this
model. A kinetic t~mperature of ~ 109°K will lead to an X-ray background
at a level much higher than what is observed. Thus the hot universe idea
seemed doomed by the X-ray observations. However, it turns out that the
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Burbidge-Gould calculation depends on a high powcr of Hubble's constant
(_ II"). " lowering or the value of /I from l Gt) k m s I/Mpc .11';edby Gould
and Burbidge to half this value as suggested by Sandage and his collabonuors
would remove the seriousness of the discrepancy between the ohscl'\'ed X-ray
background and that predicted by the hot universe of Gold and Hoyle. This
was pointed out by Field (1972).

4.7 Concluding remarks .
One of the useful by-products of the steady state cosmology was the subject
of stellar nuc1cosynthcsis. As pointed out in Section 2.10, Gamow, and his
collaborators had proposed a workable but not entirely successful model of
sYnthesizing clements Ir om neutrons and protons in the early big bang.
- The steady statc model docs not have such a hot era, and hence it cannot

ucncratc clements that way. This posed a challenge to the sympatllll.crs of this
~os111ology to line! an alternative scenario for clement synth~sis. ",successful
attempt in this direction was finally made by Burbidge, Burbidge. Fowler and
l l oylc (1957) (n1n I) who showed that stars in their ditlcrcn: stages of
c\olution arc able to manufacture all the clements. They were able to obtain
a reasonable lit between theory and the obscrveL1 abundances.

It is believed by many that the stellar nueleosynthesis cannot c~plain the
observed abundances of He and D. and that for this purpose the big bang IS
necessary. This categorical conclusion is drawn on the assumption that tl:e
observed He/H and D/B abundance ratios (which arc real~y .secn 111~crt:lln
parts of the Galaxy only) arc universal. We will return to this Issue \11~ectlOn
10 wharcvcr the status of this investigation in future. it cannot be denied that
the idea ol'strllar nllclcos)'nthesis was prompted by the stc:ldy ·;t:lt,· univcrxr.

Although the steady state cosmology by virtue of its being vulncrahlc to
obscr\'ati~nal tests has faced many critical attacks. the most effective one to
date is the discovery of the cosmic microwave background first discovercd in
1965 (Pcnzius and Wilson, 1965). As discussed in Section 2 this background-
is believed to have carried a signature of the early high temperature cra.of the
hig bang. Lacking such an era how can the steady state model expluin this
background radiation')

It may well be that future observations turn out to show that the back-
ground is relatively local. i.e .. it docs not extend bcyond the Galaxy or the
local group. It might also turn out that the background spectrumis not that
of a blackbody. If these possibiliti.:s do not materialize, then for Its survival
the steady state theory will have to find an alternative (<lstrophy~ical)
explanation for this background. The situation in which the theory finds Itself
today is therefore remarkably similar to that 25 yeaI:s ago \~hcn the problem
of formation of clements posed a similar threat to Its survival.
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Whatever its ultimate fate it is interesting to record that many of the ideas
of the steady state cosmology are finding applications in altogether different
contexts. For example, the concept of baryon nonconservation was explicitly
discussed in the hot universe model (oJ!. cit). At that time the particle physicists
considered it "unphysicul" because the concept of conserved baryon member
was deeply rooted in their theories. Now the picture has changed. As discussed
in Section 10. the baryon number is no longer regarded as a conserved
quantity.

There is also a considerable similarity in the presently popular inflationary
universe (cf. Section 10.3) and the bubble universe of Section 4.6.3. This point
has been highlighted hy Narlik ar (198-t) who has also emphasized that the
decay of perturbations discussed in Section 4.5.2 (of Eq. (24)) is the same as
the "cosmic baldness hypothesis" put forward in the context of the infl.uionurv
model (cf. Barrow, 1984). .

Finally, several authors (cf., c.g., Atk.uz et al., 1982; Vilcnkin, 1982; Brout
('I (II., 1980) have arrived at C-field type energy tensors with negative energies
by discussing quantum scale fluctuations or spacetime geometry. We will
rclcr to this point in Section 10.4.

5. THE BRANS-DICKE THEORY

In 1961 Carl Brans and Robert H. Dicke proposed a theory of gravitation
which was based on Machian ideas. Since its inception this theory has
attracted considerable attention partly because it makes clearly testable
predictions for the weak field case (applicable to the Solar system) and partly
because cosmologies based on it lead to a slow decrease of the gravitational
constant.

We will first present two versions or the theory which arc needed in the
subsequent discussion. We will then consider several clusscs of homogeneous
and isotropic world models and finally a general cosmological solution
lacking these symmetries. Its observational status will be reviewed in Section
10 along with other cosmological theories.

5.1 Motivation for the Brans-Dicke theory
The Bruns-Dicke theory makes an attempt to incorporate Mach's principle
into gravitational theory (Brans and Dicke, 1961). Mach's principle can be
interpreted to mean that the inertia of every particle must arise from inter-
actions with all other particles in the universe. If this is true, the inertial mass
111 of a particle should depend upon the distribution of matter about it and
therefore should be a function of space-time position. '

NON·ST,\:\DARD COS~IOLOLJIES

It is of course impossible to compare masses at different points of space-
time, for this would i;lVolve carrying a standard mass from one point to
another for the purpose of comparison, and the standard itself would change
from point to point. One method of getting over this difficulty is to use the
characteristic mass provided by gravitation,

(I)

where the symbols carry their usual meaning, to obtain the dimensionless
number

(G)I'
111 he '

which can be compared at different points. Any change in this number can
be taken to be indicative of a change in the particle mass 11/ with position.
However, the change in (2) could equally well be attributed to a change in the
other constants appearing in the expression. If it is decided that hand (' will
always be taken to be constant] (for, any change in them would mean
sweeping changes in quantum theory and in special relativity) then either 11/

or G or both could vary to give different values to the above dimensionless
number at different points of space-time. In other words, Machian inter-
actions could be taken to manifest themselves either through a change in
particle masses when compared to the unit mass (he/G)I' defined at each
point, or through a change in the unit of mass itself, i.c., through a change
in G.

In the original version of their theory, Brans and Dicke (1961) considered
the possibility of having a varying "constant" of gravitation and fixed
particle mass. This involves replacing G by the reciprocal of a scalar field e/I
and obtaining the field equations for the metric and the scalar field. Later.
Dicke (1962a) considered a version of the theory in which G is truly a-
constant and the particle masses vary and arc represented by a scalar mass
field. The two versions of the theory are related by a space-time dependent
change of units, i.e., a conformal transformation. We will briefly consider the
two versions of the theory in the next two sections.

5.2 The Brans-Dicke theory with varying G
This is a scalar-tensor theory of gravitation in which the varying constant of
gravitation G is represented by a scalar field. It has been shown by Sciama

tA set of physical 'constants' may always be defined as constant if they cannot be combined
10 form one or more dimensionless numbers (Brans and Dicke, 1961).
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(1953) that Mach's principle leads to a simple relation of the form Variation or (/' leads to

(3)

where AI is the finite mass of the visible universe and R is its radius. This
equation suggests that in a linear approximation, the reciprocal of the aravi-
tation constant G is determined locally as a linear superposition of ccntribu-
tions from the matter in the universe. If there exists a scalar field ¢ such that

Contracting (8) with s" and using it in (9) then gives

S;r
(2w + 3) T,

(10,O¢
(4) where

a simple wave equation for ¢ with a scalar matter density as source would
lead to a relation roughly in aceord with (3). This led Brans and Dicke
to replace the gravitation constant G in the action of general relativity
(c = II = I in all subsequent equations),

S = f (_I - R + L) ,/ ( - g )d4 \"16n:G v . ,,.

T = g,k T.. (Ill

is the trace of the energy-momentum tensor. Equations (S) and (10) may be
taken to be the basic equations of the Bruns-Dicke theory. It is clear from
these equations and the remarks made above that the role of the scalar lield
(p is restricted to its effects on the gravitational field equations (S). Once g.,

is obtained, it completely determines the geometric properties of space-time
and the effects of gravitation 011 physical systems as in general rcl.u ivitv .

(5)

by 4)-1 ami to add a term corresponding to the Lagrangian density of the
scalar field. The action of the Bruns-Dicke theory is in fact given by

: ,,( (/)k(/)k )'
.) = i 4)R + (I) =i: + 16n:L ....1(_g)d4x,

5.3 The Brans-Dicke theory with varying particle masses
In this version of the theory, units are so chosen that C is a constant. Machi.m
interactions will then show up through varying particle masses and these arc
taken to depend on a scalar "mass field". This Corm of the theory is obtained
from the version presented in the previous section by making ;1 co n lorrnal
tra nsf orma tion

(6)

where U) is a dimensionless constant and L is the usual Lagrangian density
describing any matter and fields that may be present.

It is noteworthy that L does not contain the field 1> or its derivatives and
is identical to tile Lagrangi<ln density in (5). This means that the equations
or motion or particles and field equations (other titan the equations for the
metricg,,) will be the same as in general relativity. In particular, free massive
particles will move along timclikc geodesics and massless particles will 1110\·e
along null gcodesics, i.e., the equivalence principle is preserved. It also follows
that, as in general relativity (Landau and Lifshitz, 1975), the cncrgy-ruomcn.
turn tensor i» of the matter and fields satisfies the local conservation cq uations

t=; = O. (7)

The equations for the gravitational field are obtained by varying the g,•.
The result is

(I~I

where the conformal function is to be appropriately chosen (for the nte;tllin~
of such a transformation see Section 6).

Under the conformal transformation (12) the scalar field '/' which h.rs
dimension] (Length) ·-2 transforms to

(13 )

Choosing). ~ (p-I will make 1>* a constant in the new system of units, i.c ..
G will be a constant. If the Lagrangian density in Eq. (6) is of the form (say)
corresponding to interacting charged particles, 0, b, C, ...

8n:
"¢T,k

I¢ (¢;ik - s: 0 ¢).
t ln a system of units with c = " = l.

( 14)

(8)

: '

; .
: i
Ii
I!
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then in the new conformal frame

( 15)
where III, is the constant particle mass in the conformal frame with varying
C, The equations of motion for an uncharged, spinlcss, massive particle
obtained from (18) arcUsing Eqs (I::'), (13), (15) in (6) and putting

,p* = constant

leads to the action S written in terms 11f the starred variables:

( 16)
(
((x' ,) 1

III -- + r *'1/ /I' = h' IIItis:" ,I ,
(::'5)

,(I 1 i.: 1 ) / I~S = J (p*R* + '2 (2(:) + 3)</J*g*'/ + 16nL ,,(-g)*( .v;

where
( 17) (::'6)

s = f (R* + 16nC,,(L * + L;*)) J( - g)* tI~x, ( IS)

is the projection operator into thc rest space ofthc particle, with /I' the particle
four-velocity and s the proper time, A massive particle is prevented from ever
moving on a geodesic because of a force due to the varying particle mass
which is always present. For massless panicles, however, the aflinc parameter
can alw~lYs be chosen such that the particle trajectories are described by the
standard equations of null geodesics,

The two pairs of equations (8, 10) and (20, 23) provide alicrn.uivc descrip-
tions otthc scalar-tensor theory ofgravii.uion which are related by a conformal
transformation, It ruust he emphasized however th.u the theory is not con-
Formally invariant: the conformal transforrn.uion docs not generate new
solutions of the theory, it merely provides an alternative way of looking at
the same solutions, The conformal frame most suitublc to the problem under
considcr.nion is to he used, However, some care has to he exercised in the
conformal trnnsform.uion if there is a zero or infinity in the mass field i, or
the scalar field '/1, for then a singular conformal function would have to he
used, 1\ singular conformal transformation can lead to matter or curv.u urc
singularities or geodesic incompleteness in the new frame when these are not
present in the original one (scc Section 7 for examples of such behaviour in
a different context), '

this c.m be written as

with

Co = constant = t/)* I, ( 19)

In the form (IX). the action is the same as that of general relativity except
1',)1' the term I,; which is the Lagr.mgi.m density or the ;, field. The equations
for the gr~lvit:ltiollal field which follow from (IS) arc

(::'0)
which are the same as Einstein's equations, The energy-momentum tensor
'1;( * includes, however, a contribution from the i-field,

.. * (2w + :\) , ,f - ( I I - ~g" 11. .t: •. ['" J..I i..
1II

).
1;1" - 16nGoi,~ '., ',\ (::'1 )

and obeys the usual conservation equation

1'*",1 = 0, (::'::')

8nCo0* (IogJ.) = T*
(2(1) + 3)

where the D'Alcrnbcrtian 0* and the trace T* of the energy momentum
tensor are evaluated using the starred metric,

Particle masses have the dimension (Length}:". It follows that in the new
frame the mass of the ith particle is given by

(23)

5.4 Solar system experiments to determine the value of w
Brans and Dicke (1961) have obtained an exact solution of t heir theory which
corresponds to the static, spherically symmetric space-time around a point
mass, Using this, it is possible to calculate as in general relativity the gravi-
tational rcdshift, bending of light and the relativistic precession of the pcrihc-
lion of Mercury. Of these only the last can be of use in setting a limit on the
size of OJ, because of the accuracy available in thc observation of the precession.

The value predicted for the perihelion precession in the Bruns-Dicke
theory is

\1'IH:rc the covariant derivative is evaluated using the starred metric, The field
equation Ior i, is

• i (24) (

3(1) + 4) x (the value predicted by general relativity),
3w + 6 (27)
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When contributions due to planetary perturbations and other known effects
are subtracted from the observed precession of the perihelion of Mercury,
there is a residual value of 42.6" ± 0.9"jccntury which remains to be accounted
for. It is normally believed that the residual precession is entirely relativistic
in origin; and it then agrees well with the value 43.3"/century predicted by
general relativity. Dicke and Goldenberg however believed that part of the
residual precession could be due to the oblateness of the Sun (Dicke and
Goldenberg, 1<J67; Dicke, 1974). They concluded from photoelectric obser-
vations of the Sun that its polar diameter rp must be shorter than its equatorial
diameter by tsr.r = 4.51 ± 0.34 x 10-1, and took this as evidence for the
existence of a Solar quadrapole moment of 12 = 2.47 ± 0.23 x 10-1. This
Solar oblatencss shold contribute about 7 percent to the observed precession
and the relativistic effect should be. proportionately less than the value
predicted by general relativity. This is achieved by taking w ::::6 in the
Brans-Dicke theory. Such a value of w would lead to a value for the light
deflection which is ~ 6 percent less than the value predicted by general
relativity. However recent measurements of the rotation of the solar interior
by Hillset al. (1982) have led to the value 12 =(5.5 ± 1.3) x lO-b.Amore
recent measurement by Duvall et al. has led to the even smaller value of
12 = (1.7 ± O.~) x 10-7• This means that the gravitational quadrupole
moment of the Sun contributes a negligible amount to any Solar system test,
and w is restricted to large values.

A good lower limit on the value of w has come from the Viking relativity
experiment of Reasenbcrg et al. (1979), using radio ranging to Viking landers
on Mars and the Viking spacecraft in orbit around it (see Section 11.1). The
result of the experiment implies the metric parameter y = 1.000 ± 0.002,
which implies that

w ~ 500. (28)

'Such a large value of w makes the scalar-tensor theory much less compelling
than it would he for values of w close to unity. For large w, equation (10) can
be wri tten as

4> = O(I/w), (29)

for which a solution is
I4> = G + O(l/w),

with G constant. Using this in Eq. (8) gives
Rik - tgikR = - 8nGTj.I; + O(l/w). (30)

It follows that as w becomes large the Brans-Dicke theory goes over into
general relativity.

.j

NON-STANDARD COSMOLOGIES

5.5 Cosmological models in the Brans-Dicke theory
We hav~ seen in the previous section that recent experiments lead to a
substantially larger value for (J) than originally estimated. This means ihat the
scalar field, even if present. can have only a small effect on the scale of the
Solar system. But the scalar field can have a considerable effect on the
cosmological scale irrespective of the value of w. There are cosmolocical
models in which the effects due to the scalar field dominate over the etT~cts
due to matter and curvature in the early stages of the evolution. The reason
for this can be easily understood in the conformal frame of varying par tical
masse.s: the J.-field acts as a cosmological fluid of great rigidity with the
equation of state (! = p, and the energy density due to this field dominates
over the energy density of matter in the early stages. The effects of the scalar
field can speed up or slow down the expansion considerably over the rates
predlcte~ for corresponding models in general relativity, leading to large
changes In the amounts of various elements synthesized in the cosmic fireball.
Th.e scalar field also changes the nature of the singularity at the origin of the
universe '. TI~ese facts make the study of Bruns-Dicke cosmological models
worthwhile In spite of the small effects expected locally.

We will consider in this section some of the cosmological solutions or the
Bruns-Dicke tl.leory available in the literature. As in general relativity, most
of the work IS In the area of homogeneous and isotropic models. because of
tl~ei: tractab.ility and their possible relevance to the real universe. The possi-
bilities 111 this case are more numerous than in general relativity because or
the increased complexity of the field equations, but analytical solutions are
possible o~ly in the simplest cases and numerical integration has to he used
'" mos.t clrclln.lstances. After considering a variety of homogeneous and
isotropic solutions, we will consider an inhomogeneous and anisotropic
cosmological model. Some observational implications of the Bruns-Dicke
models will be considered in the next section.

5.5.1 Homogeneous and isotropic cosmologies In these models it is imagined
that the mailer content of the universe is in the form Of a homogeneous and
isotropic perfect fluid with the energy-momentum tensor

Tik = «(! + p)uit! _ rs", (31)

where (! is .the total energy density of the fluid, p its pressure and 1/ the fluid
four-veloc~ty. The.assumed symmetry of the model means that the space-time
geometry IS described by the Robertson-Walker line-clement

dt' - S2(t) [I ~rkr + r(d82 + sin28d4>2)].d~ (32)
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ill the usual r, 0, 4) co-ordinates centred at some arbitrary origin. Particles of
the fluid have constant r, e, ¢ co-ordinates so that 1/ = (I, 0, 0, 0), and I is
the time shown by synchronized clocks carried on the fluid particles. The
3-surfaces of constant curvature are homogeneous and isotropic. k takes the
values + I, O.-I when the surfaces are of positive, zero and negative
curvature respectively. The function 5(1) is to be determined by the field
equations.

For the line-clement (32) the space-space components of the field equations
(8) lead to the single second order equation

'2S S2 k 8rrp 2eb S web 2 ;p
S + S2 + 52 - T - ¢5 - 2¢2 - ¢' (33)

and the time-time component leads to

Sl k 8rrl? ss web 2

52 + 52 = 3¢ - ¢S + 6¢2' (34)

The field equation (10) for ¢ and the conservation cq ua tions (7) gi ve

I d J 8rr
SJ dl (cb 5) = (2w + 3) (l? - 3p) (35)

and

3S
- - (l? + p)

5 (36)

respectively. Due to the homogeneity of the space-time, all quantities in the
above equations arc functions only of the time I and (.) indicates differenti-
ation with respect to I. Taking the derivative of Eq. (34) and using Eqs. (35)
and (36), Eq. (33) can be obtained. The fundamental equations of homo-
geneous and isotropic Brans-Dicke cosmologies can therefore be taken to be
Eqs. (34)-(36) together with an equation of state p = p(Q).

Equation (35) can be integrated to give

8rr f'ebsJ = (e - 3p)SJdl + C,
(2w + 3) o

(37)

where C =-- ¢(0)5J (0) is the constant of integration. For C = 0, a three
parameter family of solutions satisfying

cb 5J ~ 0 as I -> 0 (38)

is obtained. A four parameter family of solutions is obtained when C ;f. O.
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A) Cosmological models with zero space curvature (k = 0) and C = a The
simplest model of this class, a pressure free dust universe, was obtained by
Brans and Dicke (1961). Assuming power law solutions of the form

it follows from (36). using p 0, that

Q = Qo (~yA
Using these equations in (34) and (35) gives

2w + 2
3w + 4'

2
A B

3w + 4'

and

(2ev + 3)B
8rr

(39)

(40)

(41 )

(42)

A solution of the field equations is also given by A = 2, B = - 4. But in this
case it follows from (42) that either the energy density Q or the scalar field ¢
(i.e., G) would be negative for w > O. As w -> co, the solution (41), (42) gives

4> = constant, (43)

which is the Einstein-de Sitter solution of general relativity. This is to be
expected since in the limit of w -> co, the Brans-Dicke theory reduces to
general relativity.

Nariai (1968) has obtained power law solutions of the type given in (39) for
the equation of state

p = IIQ, o :( n :( 1/3. (44)

For these solution Nariai obtains, with the condition that Q and 4> should be
positive for w > 0,

2w(1 - n) + 2
3w(l-n2)+4'

B = 2(1 - 3n)
3w(1 - n2) + 4'

3[w2(1 - n)2 + 3w{(1 - n? - (1 - 3n)2/18} + 2 - 3nl
2rr[3w(1 - 112) + 4f

A (45)

(46)

(47)
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For n 0 this reduces to the dust universe of (4\), (42) and for II
the radiation universe of general relativity,

1/3 to

cjJ = constant. (48)

In the case of the models with non-zero space curvature, k i= 0, the
curvature term drops out in comparison with the other terms in equation (34)
as 1 -> 0, and the solutions given above are good approximations to the
solutions with k i= 0 for vanishingly small I.

B) eP-dolllinotcd models (Greenstein, 1968) These are the homogeneous and
isotropic cosmological models with C i= 0 in Eq. (37). If matter is pressure
free, it follows from Eq. (36) that {2 cc S-J; for non-zero pressure, as I -> O]
matter obeys the extreme relativistic equation of state 0 :::::0 3p. In either case,

for small I

I

871 f(2w + 3) ({2 - 3p)SJ(I)dl <{ C,
o

I
I

i\
I
I

,I
I

l·I: ;

r
i
!

(49)

and it follows from Eq. (37) that

SOlePOB
10 = -C--·

for sufficiently small I, for the power law solutions (39).
The strongest dependence of {2 on S is for radiation, {2 cc S-<. Using Eqs.

(39) and (50) in (34) with this form of Q, and noting that A < I for physically
interesting solutions (0, G positive for reasonable positive values of oi), it
follows that as 1 -> 0 the curvature and energy terms can be neglected in (34)
and we get

3A + B-1 = 0, (50)

wff
A2 = -AB + -6-'

It follows from (50) and (5\) that

A = w + 1 + -/(2wI3) +
3w + 4

(51)

i:
'j i
1·

j ~

(52)

and

± 3J(2wI3) +
3w + 4

(53)B
.,
::

+We always assume that clocks are set such that I ..•0 as S ..• o.
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where the upper sign corresponds to C positive and the lower sign to C
negative. For positive values of C, eP -> 0 as S -> 0 and for negative values
of C, (/I -> CfJ as S -> O. These results arc model independent, i.c., for
sufficiently small values of 1 the effects of space eurvaturc and matter arc
overwhelmed by those of the rapidly changing eP field, irrespective of the
value of k and the equation of state for the matter and the solution is civen
by (52) and (53). ,-

As time advances the integral in Eq. (37) dominates oyer C and the
solution goes over into the C = 0 case. But if C is very large, its effects could
be significant even at the present time. These effects are a reduction in the age
of the universe and increase (decrease) in ¢I¢ = GIG at the present epoch,
corresponding to C very large and positive (negative). If C is negative (¢!¢)
can be reduced significantly below the values for models with C = 0, and can
be made negative, giving rise to an increase in the gravitational "constant"
over recent epochs.

C) The solutions of Gurevich, Finkelstein and Ruban Gurevich ct al . have
obtained a class of Oat space solutions for the equation of state

p = no, 0 ~ II ~ I. (54)

We will present here their solutions without going into the details of the
calculations. It will be seen that Nariai's solutions (Eqs. (45)-(47» arc
obtained as a special case. Gurevich et al. have considered the consequences
of having a negative co (Gurevich, Finkelstein and Ruban, \972). We will
consider such cases also for completeness.

The authors introduce a time co-ordinatc » which is related to the Robert-
son-Walker time co-ordinate 1 of Eq. (32) through

dn = R-1n dt .

The nature of the solutions depends upon the sign of

!1, = (1 - 3n)1(\ + w(1 - IIW(I!I/'!l - If
(\ + 2(13)

(55)

(56)

where '11' '/2 are constants of integration.
Defining

'I
'11

(57)

the solution for !1 > o (w > - 312) is

S SoCii- ii+nii - ii-)P,

eP ePo(ii - ;;+)Q(;; - ;;-)Q,

(58)

(59)
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where

p w
3[(I - n)w + + J(I + 2wf3)]

Q
I + J(I + 2w/3)

[(I - 11)(1) + I + ..j(1 -I- 2m/))),

'I i

- jj ± J(tJ.)
A # 0,

2A

jj 3a(1 - /I) + (I n,- 3/1) -,
'12

(60)

(iiI)

(62)

(63)

2" = (I - 3/1) + 3(1 /1)(1 + (I - Il)w). (6~)
The density of matter is given by

M (2w + 3)</)0
8][//~~Ro.l11"'" A .M = (1i5)(! =

This solution always has a singularity at '/ = '/ + at which the scale factor S
is zero and the density of matter (! is infinitely large.

If tJ. < O(w < - 3/2), the solution is with A # °
S = So[(~ + 1i-)2 + ~+ ](I-,,~"+I,'12A)

X cxp [+ J(2/3Iwl - I) t -I 'I + I7-J
- A an - .

1/+

cPll[(~ + ~_)2 + 'I+ ](1-3,,)/2A

(66)

[
- 3(1 - n)..jC2f31(J)1 - 1).1 ~ -I- ~'J

x exp + A tan -_--,
'/ +

(67)

where

B/2A, ii+ = J(ItJ.I/2A), (68)

and all the other constants are defined as in the previous case. The expression
for the matter density e is the same as in Eq. (65).

In the tJ. < 0 case there is no singularity for any value of the parameter ~.
and it can be continued from - 00 to 00. Over this inverval S reduces from
00 to a value Smin and again increases to 00. There is no matter or curvature
singularity in this model. The reason for this becomes clear in the conformal
frame of varying particle masses. It follows from Eq. (21) that the scalar field
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J., in the homogeneous case, has the energy density

(2w + 3)J.2
32nCo;.2 . (69)e;. =

(). is negative for ({) > - 3/2 and acts repulsively and causes a bounce.
In the case 1'\ = 0 (1/ = I), the solution when expressed in terms of the I

co-ordinate reduces to Nariai's solutions.

I'

5.5.2 An inhomogeneous cosmological solution of the Brans-Dicke theory All
known cosmological solutions of general relativity have a space-time singu-
larity. It was believed at one time that these singularities were a result of the
special symmetries, like homogeneity and isotropy, which were inherent to
the known models. This conjecture was investigated, and was proved to be
wrong, in the singularity theorems of Hawking, Penrose and Geroch (Hawking
and Ellis, 1973), on one hand, and in the work of Belinskii, Khalatnikov and
Lifshitz on the other (Lifshi tz and K halatnikov, 1963; Bclinskii, K hala tnikov
and Lifschitz, 1970).

Bclinskii et al. argued that if the space-time singularity is inherent to
general relativity, and not a consequence of any special assumptions under-
lying the known solutions, then the singularity must occur in a general
solution of Einstein's equations. They considered a general solution to be one
which contains eight arbitrary functions of the space co-ordinates - one
function to describe. the density of matter on some initial surface, three
functions to describe its four-velocity field, and four functions to describe any
free gravitational waves that may be present. Belinskii etal. obtained such an
inhomogeneous. anisotropic, general solution as a generalization of Kasner's
homogeneous, anisotropic solution (Kasner, 1921). This solution showed
that (looking backwards in time) a curvature and matter singularity at I = °
was approached in a complicated, oscillatory fashion. As I -+ 0, the solution
passes through an infinite number of "Kasner like" epochs, in each of which
there is contraction along two axes and expansion along the third. When the
solution passes from one Kasner like epoch to another, the axes along which
there is expansion and contraction are interchanged.

'. Belinskii and Khalatnikov (1973) have obtained an analogous solution of
the Brans-Dicke theory and shown that the presence of the scalar field
changes completely the nature of the singularity. We will consider their
solution in this section. In order to obtain this solution, it is convenient to
work in the conformal frame of varying particle masses. It is easy to make
a conformal transformation to the more familiar conformal frame of constant
particle masses at the end of the calculation.

.;:
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In order to adhere to the notation of Belinskii et al. we introduee a field K

defined by
1'2_ (2ev + 3)' log )..

K - 2 (70)

The energy-momentum tensor of Eq. (21) then reduees to

* __ 1_ .. _ 1 .. 1T (.i)ik - 8rrG (".i".k 2gikK.lK.).
o

(71 )

It is assumed that there is no matter present. The field equations (20) and (23)
can then be written as

Rik * -K.iK.k, (72)

and

O*K = o. (73)

A homogeneous Kasner-like solution of these field equations is

ds*2 = dt' _ 12p'd.>? _ 12P1 dy2 _ 12p) dz' , (74)

(75)K = q log I,

where -00 < x, y, Z < 00,0 < 1<00 and PI' P2, P3, q are constants
satisfying

p/ + p/ + p/ = I _ q':PI + P2 + P3 = I, (76)

With the exponents arranged in the sequence PI ~ P2 ~ P3 (this can be done
by suitably interchanging the axes), the ranges of the constants are

-1/3 ~PI ~ 1/3, 0 ~Pz ~ 2/3, 1/3 ~P3 ~ I,

- J(2/3) ~ q ~ J(2/3). (77)

The Kasner solution of general relativity is obtained by putting q = O. In
this case the ranges of the exponents in (74) are

- 1/3 ~ PI ~ 0, 0 ~ pz ~ 2/3, 2/3 ~ P3 ~ I. (78)

The exponent along the x-axis is always negative and there is always con-
traction along this axis with increasing I. In contrast to this, in the case q of 0
the exponent PI can take both positive and negative values, and there can be
either expansion or contraction along the x-axis as I increases. The possibility
of positive PI leads to a singularity of a simple nature in the general solution.

The inhomogeneous solution is obtained only in the limit I --+ O. In this
case, in synchronous co-ordinates (goo = I, goP = 0, J1 = I, 2, 3) the line
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element and the field K are given by

*2 2 2P'l I 2p~ 2p.. .,-~tis = dt - (I % II + I /1/,/1/,1 + I 1I,1I,I)d\ 11.\ , (79)

and

K = q log I + Ko, (SO)

where PI' P2, P3' q are subject to the conditions (76) but are now functions of
the three spatial co-ordinates. The three vectors I, rn, nand K() are also
arbitrary functions of the spatial co-ordinates.

The principle terms in Eq. (73) and in the time-time and space-space
components of Eqs. (72) are of order 1-1; these are identically satisfied by
virtue of the relations (76). The space-time components of (72) are also
identically satisfied to order log 1/1,but reduce in order I-I to three relations
between the arbitrary three dimensional functions contained in the solution
(74) and (75). Together with Eqs. (76), these provide five relations between
the fourteen arbitrary functions I, rn, n, PI' P2, P3, q and Ko· The synchronous
nature of the co-ordinates being used is preserved under arbitrary three
dimensional co-ordinate transformations, and these can be used to fix three
of the nine functions I, rn, n. It then follows that there remain in the solution
(79), (80) six arbitrary functions, which is just the number required for a
general solution of the Brans-Dicke theory when matter is absent (when
matter is present this number is ten).

When the exponents PI' P2, P3 are all positive, as I --+ 0 the solution
approaches monotonically a curvature singularity at I = 0 in the same
manner as does the homogeneous solution (74), (75). In the case of the
general relativistic solution, PI is always negative. This causes a perturbation
term to develop in the equations R'k = 0; this term destroys one Kasner like
epoch and brings about a transition to another, with the negative exponent
transferred to one of the other two axes. In the present case as well, it is
possible for the exponent PI to be negative. However it can be shown-
(Belinskii, Khalatnikov and Lifshitz, 1970) that if an initial state is specified
with PI negative, a finite number of transitions from one Kasner like epoch
to another occur, at the end of which all the exponents take on positive
values. The transitions then stop and there is a monotonic evolution towards
the singularity. The infinitely many oscillations present in the general relativ-
istic case are therefore absent.

Matter can be written into the empty solution of general relativity without
affecting the evolution of the metric for vanishingly small values of the time
I, for then the curvature terms dominate over the matter terms in the field
equations. The same is the case for the general solution of the Brans-Dicke
theory. In contrast to this, the effects of the scalar field cannot be ignored in
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comparison with the curvature terms. The reason for this can best be under-
stood by writing the energy-momentum tensor (17) as

s:' J! .
8rrC t=: = (,," ,). - g'k (" '" j2). (81)o ('·1 ir-, J(" ',,) / (x '»: ) . .I. J.... . .,

Comparing with (31), we find that the scalar field acts like a perfect fliud with
four-velocity ,:.'/(".'".,) and the equation of state

(82)

The conclusion that matter plays a minor role near the singularity is valid
(G urcvich, Finkelstein and Robson, 1972) only for an equation of state which
satisfies p :( 2!Jj3. It is not valid for the fluid with equation of state (82), and
analysis shows the T*(;.f.14 is of the same order as R.~./ - Ij2g4-j*R* (i.e.,
~ (-').

The solution (79), (80) can be transformed to the conformal frame of
constant particle mass. In the notation of Section 3, if i. is the conformal
function which takes us from the frame of constant masses to the frame of
varying particle masses, then from Eqs. (70) and (80),

{(
? )(/1}

J. = exp 2w + 3 "

The metric and the scalar field ¢ in the new conformal frame can be obtained
using Eqs. (12) and (13).

(83)

5.6 The observational status of the Brans-Dicke cosmologies
The predictions of the various cosmological models we have been considering
have to be compared with observations to see ifanyBrans-Dicke model can
reproduce the properties of the real universe. Experience with standard
cosmological models has shown that the data now available is insufficient to
distinguish between various cosmological models using the apparent mag-
nitude-redshift relation, angular diarneter-redshift relation etc. The best that
an observational cosmologist can do at present is to look for some direct
effects due to the presence of the scalar field. The simplest such effect is of
course the non-constancy of the gravitational "constant" C. Since C ~ ¢-I,
we have GjC = - <p/¢, and if the rate of change of C can be accurately
measured, it will be possible to limit the cosmological models to some extent.
We have seen that the presence of ¢ can effect greatly the evolution of the

I universe in its early epochs. This can change the fractional abundances of
elements synthesized in the primordial fireball. Establishing that the observed
abundances of He4 and H2 are cosmological will therefore help to limit the
possible Brans-Dicke models. We will return to these possibilities in Section II.
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Whatever the outcome of such observational tests for the Bruns-Dicke
theory, it cannot be denied that the theory has, for over a decade and a half.
provided an interesting alternative to general relativity and to standard
cosmology.

6. DIRAC COSMOLOGY

We will consider in this section Dirac's Large Numbers Hypothesis and its
consequences to cosmology. This idea was first proposed by Dirac in 1937
and taken up again by him in 1973. During this period of 36 years cosmology
had advanced considerably as a science and today these ideas are of greater
interest than they were in the 1930s. It is now possible to have a clear picture
of how the predictions' of this cosmology can be checked observationally.

6.1 The large numbers hypothesis
Experimental physics provides us with a number of constants with dimensions.
The values of these constants depend on the system of units used and
therefore cannot be of any fundamental significance. But these constants can
be combined together in various ways to give dimensionless numbers which
are independent of the system of units used in measurement. These numbers,
like the reciprocal of the fine structure constant (e"jhe)-' ~ 137, or the ratio
of the proton mass to the electron mass mpjlll,. ~ 1836, reflect in trinsic
properties of nature. It is generally believed that some' future theory will
enable these numbers to be calculated from purely numerical factors like 4rr,
etc., which occur in the equations of physics.

The dimensional constants can also be combined together to give dimen-
sionless numbers which are very large. These numbers involve the gravitation
constant C or constants which pertain to properties of the universe as a
whole. The most important of these are: (i) The ratio of the electric force
between an electron and a proton to the gravitational force between them,
e2jGf1lpf1l< ~ 1040

• (ii) The age of the universe 10 ~ 2 x 1010 yrs expressed in
terms of some natural unit of time, say the time I, taken by light to travel
across the classical elect~on radius e'[mc': The age expressed in this way is
~ 1040• This number could vary by a few orders of magnitude depending on
which particular natural unit of time is chosen, but in every case it is an
enormously large number, about the same as e'[Gm.rn.. (iii) The number of
nucleons N in the universe. This number is clearly finite for a closed universe,
but for open universe models it can be infinitely large. In such cases "the
number of nucleons in the universe" is taken to be the number in a volume
of some characteristic radius like ejH, where H is Hubble's constant (at this
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radius the recession velocity of galaxies is c). If f1 is the proper density of
matter and m, the proton mass,

1ii
t:,

1

411:(C)l f1N-- - -- 3 H IIIp'

N is estimated to be - 1078 so that J N is remarkably close to the other large
numbers, and we can write

(I)

}'~l;
Ii
.i,.';; ,

e- - 's ~ 10-10,
- Ie

ij

'I
tH

i:i
-::j

11·
II
!I
i

jl
I

\i,-,
11

.ii

J N ~ Gm.m, (2)

where the equalities hold to within a few orders of magnitude.
These extremely large numbers seem to be on a completely different

footing from the dimensionless numbers like (e2/hc)-I, which by comparison
can be considered to be of the order of magnitude unity. It seems unlikely
that any theory can lead to these large numbers starting with factors like 211:;
see Eddington (1953) for an attempt.

An unorthodox explanation has been suggested by Dirac (1937, 1938,
1973a, b, 1974, 1975a, b) for the large magnitude of these large numbers and
their approximate equality. He points out that of the three numbers in (2),
the last is by definition not a constant, for it is the age of the universe (we are
assuming that there was a "big bang" and the time elapsed is counted from
that as the origin). This means either that the approximate equality of the
numbers at the present epoch is a coincidence, or that the first two numbers
must also be dependent on time so that the equality is preserved at all times.
Dirac accepts the second alternative beca use it provides a natural explanation
for the magnitude of the numbers in (2): these numbers are very large simply
because the universe is very old.

Dirac has generalized this idea in what he calls the Large Numbers Hypo-
thesis (LNH): any large number which is at the present epoch of the order of
magnitude (to/I,)k must be proportional to Ik with some coefficient close to
unity. The coefficients are not necessarily constant for all times I, but for large
values of the cosmological time I (we will always consider I to be expressed
in terms of I, except when otherwise stated) the time dependence can be
neglected and the coefficients taken to be constant.

The Large Numbers Hypothesis has far reaching consequences for physics
and cosmology. Some of these were discussed by Dirac (1937, 1938) in the
late thirties (see also Bondi, 1961). In recent years Dirac (1973a, b, 1974,
1975a, b) has revived the LNH and has attempted to reconcile it with general
relativity by introducing the concept of two space-time metrics, one of which
is relevant to mechanical phenomena and the other to atomic processes.
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Canuto and others have recently worked out some cosmological and astro-
physical consequences of the LNH (Canuto and Londenquai, 1977: Canute,
undated; Steigman, 1978). We will consider in the following sections the two
metric theory and some of the applications of the LNH relevant to cosmology.

6.2 Variation of the gravitation 'constant' and the law of
expansion of the universe
It follows from Eq. (2) and the LNH that e2/G/IIpl17, ~ I. Dirac assumes that
the atomic quantities are always constant in terms of the atomic units which
are always used in experimental measurements. It follows that in such units

G (3)

i.e.

G
G

(4)

If the value of Hubble's constant at the present epoch is taken to be 110
50 km sec-I M pc "1, the present age of the universe 10, for C/o = a (we will see
later that this is the qo value preferred by Dirac), is - 2 x 1010 yrs, which
gives

Q = -5xlO-"yr-1

G
(5)

The variation of the gravitation "constant" is the most unambiguous pre-
diction of Dirac's LNH. If observationally verified, it will not necessarily
mean that the LNH is true, but it will be necessary to discard Einstein's
theory of gravitation or at least to give a new interpretation of it to accommo-
date a varying G.

The LNH can be used to show that the universe cannot be of the type
which expands to a maximumm size and contracts again (as in the case of the
k = I Friedmann model). If the universe had a maximum size, this size
expressed in terms of a natural unit of length (the classical radius of the
electron e2/lIIc2, say) would be a large dimensionless number which would be
a constant by definition. The LNH rules out such constant large numbers and
therefore the universe cannot have a maximum size.

Dirac (1975b) has also used the LNH to determine the law of expansion
of the universe, i.e., the time dependence of the scale factor S(I). If the space
sections of the universe are taken to be homogeneous and isotropic, the
metric is of the Robertson-Walker type and S(I) is the usual scale factor of
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the universe. II' complications like anisotropy arc introduced. 5(t) can be
considered to he a representative length which determines the volume behav-
iour of an clement of the cosmological fluid of galaxies, In what follows we
will always consider cosmological models of the Robertson-Walker type (see
Section :n.

The distance at time I between our own galaxy and another is

d = x5(/) (6)

where .v is a constant depending on which particular galaxy is chosen.
According to the LNII, the asymptotic expression for S(/) cannot contain
any very large constants, and must therefore be of the form t" or log I. The
recession velocity of the galaxies must therefore be of the form

(i = IIXI,,-I or, XI-I. (7)

Now, if 5 ~ I" with /I > I, there must he some time If in the future at which
d must exceed the speed of light c, even for the nearest galaxy. On the other
hand, if I > 1/ or if Set) ~ log I, there must have been a time t, in the past
at which the recession velocity must have exceeded c. If we consider a aalaxv
for which v = 10 .lC now, we have for 5 ~ I", I" = 10' 10,,,-1, whe;e 10 i~
the present epoch, for 11 = 3/4 say, I" = 10~Kwhich is a large number. It can
similarly be shown that if 11 > I. If also is a large number ~ 1040• If 1/ < I
or 11 > I we get large numbers II' or If which arc constant by definition and
therefore not admissible by the LNH. Similarly 5 ~ log I also leads to a
large number Ip which is a constant. The LNH therefore rules out 5 ~ t" with
II > I or 11 < I and 5(/) ~ log I. The asymptotic law of expansion must
therefore be

5(/) ~ I. (8)
It must be stressed here that the deduction 5 ~ I, or any other law

deduced from the LNH, is valid only for large I. The large numbers can be
considered to be eq ual to each other for large I only after neglecting factors
of order unity which can be time dependent. These factors will not be
negligible for small I (when the large numbers arc no longer large) and will
have to be taken into consideration in determining the time dependences of
various quantities.

In deducing the law 5(/) ~ I, Dirac and later Canuto et al. have argued
that the moments of time i, and If at which the recession velocity exceeds C

must be physically significant moments of time. But it is not clear that anv
physical significance should be attached to these moments of time for (i) the
moments Ifor II' are not unique to a given model and depend upon which two
galaxies are chosen, (ii) the concept of velocity is not very meaningful in
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relation to two bodies separated by vast distances; in fact it is nowhere
necessary to introduce the concept in cosmography, and (iii) even if some
physical significance is attached to the concept of the velocity of recession v,
nothing peculiar happens when v > c in any of the standard models. If the
moments I" and Ifare indeed devoid of any physical significance. their being
large dimensionless numbers which are constant will not conflict with the
LNH, and it will not be possible to deduce that II = I in the manner we have
done above. We will proceed with this reservation in mind.

6.3 The creation of particles
It follows from Eq. (2) that

N ~ I~ (9)
i.c., that the number of particles in the universe (in the sense defined above)
increases with time. Dirac has taken this to mean that particles are continu-
ously created in the universe. He suggests two possible modes of creation:

(i) Additive creation: in this mode the new particles arc uniformly created
throughout the universe, and therefore mainly in intergalactic space.

(ii) Multiplicative creation: in this mode new particles arc created where
matter already exists, in proportion to the amount already present: presumably
the new matter will consist of the same kind of atoms as already existing at
the place of creation." '

Dirac has not developed a mathematical theory to describe the process of
creation. But it is possible to consider qualitatively the observable effects
which must be present if either creation mode is operative.

Consider, for example, the application of these ideas to a chunk of matter,
e.g., a rock. In the case of multiplicative creation, there would be a fractional
increase in the mass M of the rock at the rate Ai/M = 2/10 = 10-10 per year -
at the present epoch. This rate of increase of mass is too small to be observed
in the laboratory, but it is possible that the matter creation leads to discern-
able effects in the crystal structure of the rock over geological time scales. In
a crystal, the new atoms must either occupy interstitial positions at vacancies,
or dislocations (see Gittus, 1975), or they must be added to new unit cells
external to and part of the existing crystal structure. In the former case, it has
been estimated (Towe, 1975) that for a crystal 3 x 109 years old more than
30 percent of the atoms would have- to occupy interstitial positions. This is
too many for any crystal to accept without lattice disruption. There should
also be a marked difference between X-ray and pycnometrically determined
densities, but experiment shows that there is a reasonable agreement between
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the two. On the other hand, if new atoms are added to new unit cells. it is
necessary to create intercrystalline space to accommodate the new cells. If
this is the case, the roek and all its crystal should be getting bigger and there
should be a secular trend towards increasing grain size in the older rocks. But
available evidence supports the opposite conclusion (Nanz, 1953).

In. additive creation, new matter is ereated uniformly throughout space,
and Its density ISexpected to be too small to be directly observable. But it has
been possible to study theoretically the consequences of the LNH and additive
creation taken together for the evolution of a star. In additive creation the
amount of matter created in a star over its lifetime is negligible and the stellar
mass can be assumed to be constant. The gravitational "constant" G of
course varies as t: I . Pochoda and Schwarzschild (1964) and Garnow (1967b)
have studied numerically the evolution of the Sun under these assumptions.
They find that there is no difficulty for the representation of the observed Sun
through stellar evolution if the universe is at least 15 billion years old. Since
it is believed now that the universe is about 20 billion years old, LNH +
additive creation is not ineonsistent with observation and stellar evolutionary
theories.

We will consider in subsequent sections further consequences of choosing
either creation process.

It has been pointed out by Steigman (1978) that it does not necessarily
:ollow ~rolll (9) that particles are being continuously created. It was explained
111 Section 6.1 that by "number of particles in the universe" is meant the
number of particles in a characteristic volume VII(t) ~ (c] H)l. If net) is the
number of particles per unit proper volume, we have (with e = I)

, n(t) Sl(t)
N(t) = fI(t)V,,(t) ~ -l ~ fI(t)·~. (10)

H Sl(t)

Now, if %(t) is the number of particles per unit comoving volume we have
%(t) = lI(t)S)(/), and using (10) we get

%(t) ~ N(t)Sl(t) ~,t~S)(t). (II)

r.t foll?ws f~om this th~t for Set) ~ t, Set) = constant and the number of par-
ticles In a given co-ordinate volume increases and we have particle creation. If
on th~ other hand ~(t) ~ till, %(t) is constant. In this ease there is no particle
creation and the Increase in the number of particles in the universe N is
entirely due to the time dependence of Set). For any other time dependence
of Set) there is particle creation with JV(t) ~ r. In an early version of his
theory Dirac proposed that the total amount of matter in the universe was
conserved and was led precisely to the time dependence Set) ~ tl/3 for the
scale factor.
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6.4 The two metrics
The variation of G and the creation of matter predicted by the Large Numbers
Hypothesis seem to conflict with Einstein's theory of gravitation which is
based on a constant G and the conservation of energy. It is therefore necessary
to either modify Einstein's theory, or to reinterpret it suitably so that it is
consistent with the LNH. Dirac has chosen the latter alternative, for he
believes that general relativity, which is very successful in accounting for
observations, should not be abandoned altogether. Dirac has attempted to
reconcile general relativity with the LNH by introducing two metrics, the
Einstein metric ds; and the atomic metric ds :

All measurements in the laboratory are made using atomic standards. In
particular, distances and time intervals are measured using wavelengths of
spectral lines, lattice spacings in crystals, etc. These intervals lead to a metric
for space-time which Dirac calls the atomic metric dsA• Dirac proposes that
the metric which enters Einstein's equations is not dsi, but another metric ds;
which he calls the Einstein metric. In cont rust to cisA' the Ei nstei n met ric
cannot be directly observed, but it reveals its existence by determining the
course of mechanical phenomena. For instance, planets are expected to move
along the geodesics determined by dsf."

In a given physical situation, d~f: is obtained by solving Einstein's equations.
All measurements pertaining to list' arc said to be in Einstein units. In these
units G is constant by definition. The masses or macroscopic bodies whose
structure is determined gravitationally (planets, stars ete.) are also defined to
be constant so that these bodies will move along geodesics, in accordance
with Einstein's theory. In making measurements of course, it is necessary to
introduce atomic apparatus. Fundamental atomic parameters like particle
charges, masses, Planck's constant, etc., are then defined to be constant, and
atomic units arc said to be used. Quantities which are constant in the Einstein
units need not be constant in atomic units and vice versa. In particular. G
acquires a time dependence in atomic units when Eq. (2) is used. The introduc-
tion or the two rnctrics allows the calculation or space-time geometry using
Einstein's equations, but all quantities have to be transformed to atomic units
before comparison is made with observations. We will obtain below the time
dependence or some basie quantities in each system of units.

We will use in what follows the subscript E to indicate quantities expressed
in Einstein units. The absence or a subscript will mean that atomic units are
being used. The time dependencies obtained ii; the previous sections are all
in atomic units.

In Einstein units, we have by definition

GE = constant, ME constant ( 12)
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where ,\It is the mass of any astronomical body. In atomic units, the charge
and mass or clcrncntury particles are taken to be constant

c = constant, III = constant. (13)

The velocity of light c is taken to be constant (= I) in both units. The work
of Bahcall and Schmidt (1967) shows that the value of e2/hc (= 1/137) does
not vary appreciably over a large range: of rcdshifis, i.e., over large volumes
or the universe. It follows from (13) that

II = constant,

where h is (Planck's constant)/2n.
The: total mass of an object in Einstein units is

( 14)

(15)

where IIlL· is the mass of a nucleon and N is the total number of nucleons in
the object. N is a dimensionless number and therefore independent of the
system of units. In the case of multiplicative creation, the number of nucleons
N in the object increases as (); in the case of additive creation we have
N = constant. Since we must have ,lIt· = constant for any macroscopic
body, the nucleon mass lilt must have the time dependence

lilt· - (-2 (multiplicative creation) (16)

and

lilt; = constant (additive creation).

from Eqs. (2) and (12)
( 17)

i
t, ( 18)

and it follows from Eqs. (16), (17) and (18) that

eL' - (-31
2 (multiplicative creation) (J 9)

and

et· - (1/2 (additive creation). (20)

Since e)/hc is a dimensionless constant (note that c = but we sometimes
introduce it for convenience) we also have

h,. - (-3 (multiplicative creation) (21)

and

hE ": ( (additive creation). (22)
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The connection between the two metrics can be determined by considering
the motion of the Earth around the Sun in the Newtonian approximation.
The basic equation is

Clv/ = V~f (23)

where AI is the mass of the Sun, r the radius of the Earth's orbit and v its
velocity. This equation holds equally well in either system of units since it is
a "balance of forces" equation. The velocity v is a dimensionless number
(v < I) and v = Vf = constant. The mass Mf: and the "constant" of
gravitation Ct· are constant in the Einstein units and therefore

f£ = constant. (24)

In atomic units C - I-I and M - 12 for multiplicative creation and A'I =
constant for additive creation. We therefore have

r - ( (multiplicative creation) (25)

and

r - I-I (additive creation). (26)

If r and t c are taken to be equal at ( = I, we get r = f,:1 and r = fEI-
1 for

the cases of multiplicative and additive creation respectively.
In the case of multiplicative creation the Earth recedes from the Sun, when

the distance is measured in atomic units, and the whole Solar system expands.
In the case of additive creation the Earth approaches the Sun and the Solar
system contracts. The change in the radius of the orbit can produce change
in the Earth's surface temperature over geological time scales. For a discussion
of this point see Canuto and Londenquai (1977), Roxburgh (1977) and the
references given there.

The results (25) and (26) can be straightaway generalized to give the,
connection between the metrics dS.4 and ds.:

ds , = t ds.. (multiplicative creation) (27)

and

dSE = t dSA (additive creation). (28)

6.5 Cosmological models in Einstein units
In Einstein units the metric dSE of every cosmological model has to be a
solution of Einstein's equations.

We will first consider the case of multiplicative creation. The scale factor
S(/) which determines the distances between galaxies has the time dependence
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S(/) I, in atomic units (this time dependence is independent of the mode
of creation). We see then from Eq. (27) that all distances will be constant in
Einstein units and we therefore need a static solution of Einstein's equations.
The only static cosmological solution (assuming homogeneity and isotropy)
is the static Einstein universe (Weinberg, 1972). In this case if the energy
density and pressure of matter are not to be negative, it is necessary to
introduce the cosmological constant ).£. The line element is

2 2 [ dr E2 2 2JdSE = dIE - I _ r/IR/ + r£ dD. ,

matter is together. This difference in behaviour of the two metrics vis-a-vis the
singularity occurs because of the singular conformal transformation which
connects the two rnetrics (see Section 7).

At first sight it might seem inconsistent that a static solution is obtained
when the number of particles ~ 12. But there is no inconsistency if it is
remembered that in the Einstein units particle masses decrease as 1-2. The
masses of astronomical bodies in which the creation takes place are therefore
constant, the density of the cosmological fluid does not change with time and
a static solution is permitted .

In the atomic metric the observed redshifts in the light coming from distant
galaxies is attributed to the expansion of the universe. The redshift being a
dimensionless quantity will have the same value in the Einstein metric as well.
and we have to understand why redshifts occur in the static universe. To S~

this, it must be remembered that measurements are always made using
atomic clocks. If t'::l.IA is a unit of time in atomic units, the corresponding unit
in Einstein units is t'::l.1" = t: I t'::l.IA, and atomic clocks arc continually speeding
up with respect to Einstein clocks. For a given atomic time interval t'::l.l •• the
Einstein time intervals at epochs 10 and In measured with atomic clocks. arc
in the proportion

.(29)

with

)'E = RE -2, (!t: = [~J
4nG E'

(30)

for a dust filled universe with zero pressure and energy density (h.
Since we arc considering the case of multiplicative creation, the line element

corresponding to (29) in atomic units is

cls/ = 12dl.2 _ 12 [ dr/ + r .2dD.2J (31)
E I _ r/IRE2 E ,

(MfJo
(t'::l.lfJ,Using

,n:
i I
, 'I; :

·i:1

dl = dIE (32) Since the unit Einstein intervals are different at different epochs. the
wavelength of a spectral line changes with epoch, and for It) > I •. we have

and introducing a new radial co-ordinate r = rEI RtCnote that the co-ordinates
arc dimensionless numbers), we get

d~ = dl2
- S2(/) L ~ r + rdD.2}

.', .

!: which is the same as the relation we have for the rcdshift in the atomic metric.
In the case of additive creation, matter is created uniformly throughout

space. We cannot now have conservation of mass by letting particle mas,.es.
vary, for that would lead to a change in the masses of astronomical bodies
and that is not permitted in Einstein units. Dirac suggests that to have the
conservation of energy in this case, it must be supposed that together with
positive mass, a uniform distribution of negative mass is created, so that the
total density of the created matter is zero, In order not to have violent
disagreement with observation, Dirac suggests that the negative mass is not
observable. It must not interact with other atoms, except gravitationally, and
must not have any physical effects, apart from producing a curvature of
space. The newly created positive mass can be expected to be in the form of
hydrogen atoms. These condense to form the stars and galaxies that we
observe. The negative mass remains uniform and unobservable (it is interesting
to compare the distribution of negative matter with the sea of negative energy

(33)

with

S(/) = Sol,So = R£ = ).£-1/2. (34)

A comparison of (33) with the standard Robertson-Walker line element
shows that the I = constant 3-surface must have positive curvature (k = 1).
This is the only value of k consistent with the demands of the LNH and
multiplicative creation.

It is seen from (32) that referred to the time IE = log I, whieh Dirac calls
the dynamic time, the Einstein universe has always existed. It is everywhere
free from matter and curvature singularity. In contrast to this, referred to the
atomic units there is a matter and curvature singularity at t = 0, when all the
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electrons which Dirac postulated when interpreting his wave equation for the
electron. and II ith the creation field of Hoyle and Nurlikar (see Section 4».

The total density of matter is zero apart from local irregularities arising
from the condensations of the H atoms. If these irregularities arc smoothed
out a model is obtained in which the space-time. referred to the Einstein
metric. is Oat. It is just the Minkowski space-time and the Einstein metric
becomes the Minkowsk i metric.

6.6 Concluding remarks
Wc have been considering the Large Numbers H ypothcsis and its consequences
to Cosmology. It is difficult to test directly some consequences of the LNI I
like panicle creation On the other hand the LNH makes some predictions,
like G ~ t -I and flu = 0, which are in principle capable of being tested in
straightforward ways. In applying the standard cosmological tests like the
/II - ::, V - z relations to verify if qo = 0, it is necessary to allow for the time
dependences expected from the LNH, in addition to the possible evolutionary
effects present in the stundard models.

A further test of the LNH can be made by examining the nature of the
cosmic microwave background spectrum. It can be shown that there arc a
number or effects in Dirac's cosmology which tend to distort the spectrum of
the microwave hack ground ifit is initially a blackbody spectrum. This means
that if it is verified that the microwave background is of the black-body type,
the LNH would be inconsistent with observations. We will consider in greater
detail some of these questions in Section II.

It must be noted that the LNH is independent of the two-metric theory of
Dirac. The two mctrics have been introduced as a possible theoretical frame-
work to reconcile a time dependent G with Einstein's general relativity. If it
is necessary to discard the two-metric theory either because it clashes with
observations or because a more satisfactory theoretical framework is found,
the Large Numbers Hypothesis will in no way be affected.
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7. THE HOYLE-NARLIKAR COSMOLOGIES

We now discuss a theory of gravitation and cosmology which is perhaps more
strongly rooted in Mach's principle than any other theory discussed so far.
To introduce this theory we return to Mach's principle.

7.1 Another interpretation of Mach's principle
In Sections 4 and 5 we came across Mach's principle in two different contexts.
We now look at this principle from another angle which leads to a new

.1
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gravitation theory. These different interpretations are to some extent due to
the inherent vagueness of Mach's own statement of the principle: that the
property of inertia is in some way a result of the background provided by the
universe in the large. How the connection

background = inertia

is to be established quantitatively was never stated by Mach in any of his
discussions (Mach, 1960). Physicists following Mach (Einstein included) have
interpreted Mach's principle with varying degrees of confidence and skepti-
cism, Even those who consider the idea as a significant one diller in their
mathematical interpretation of it. The interpretation given in this section is
perhaps the most direct expression of Machi an concepts in quantitative form.
The approach to this interpretation is via the following argument.

Consider the second law of Newton in the obvious notation:

r = 1I1f. (I)

The force r acting on a body of mass III produces an acceleration f. The
sta tcmcnt of t he law of course presupposes a frame of reference. In Newton's
formulation the absolute space was postulated to serve the purpose of the
background reference frame. An inertial frame, i.e., a frame unacccleratcd
relative to the absolute space will also serve the purpose. An accelerated
frame of reference will, however, require the introduction of the so-called
inertial forces. For instance, even assuming that the external force r is
unaffected, the law given by (I) as seen through a frame with acceleration a
relative to the absolute space, would look like

r - ilia = 1IIf' (2)

where f" is the acceleration relative to the non-inertial frame. The inertial
force -ilia indicates that '<I non-inertial frame has been used.

Newton had been puzzled by the unique status of the absolute space (and
the inertial frames) and was not entirely satisfied that he had to postulate the
existence of such a fundamental entity.

Later Mach noted that the absolute space was in fact the background
framework of the distant stars (see Section I). Following his view that the
concept of inertia depends on the second law of motion which in turn requires
the distant background to provide a reference frame, we can argue that
inertia results from the distant background. To see this, consider the appli-
cation of (I) to an isolated particle in an otherwise empty universe. With
r = 0 we get

mf o. (3)
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The usual conclusion from this is f = O. This is manifestly nonsense: for
without a background it is meaningless to conclude that the particle moves
with uniform velocity! The alternative conclusion of (3) is 111 = O. In this case
the panicle has zero inertia and a totally indeterminate motion. Hence in
Machian spirit we should look for an expression for inertia in terms of the
background, which leads to m = 0 for the above empty universe scenario.

The hypothesis that the inertia of a particle arises from sources far away
in the universe looks like an "action at a distance" concept. Since this had
already proved unsuccessful in electromagnetism, Einstein (1949) was doubtful
of its validity. However, since then action at a distance has been made a viable
concept in electrodynamics (Hoyle and Narlikar, 1974) and the extension of
the concept to inertia does not seem so unreasonable now,

7.2 Inertia as a direct particle field
Hoyle and Narlikar (1964b, I966c) defined the inertia of a typical particle in
terms of the rest of the particles in the universe and made this definition the
starting point of a theory of gravitation. Let the universe consist of a large
number of particles labelled a, b, c, ... 'with masses m.; 111", 111.., ••• I\s in
general relativity the space-time geometry is assumed to be Riemannian with
the metric tensor g,k' Let ai denote the c~-ordinates of particle a and cis. the
clement of its proper time so that

(4)

Hoyle and Narlikar then define the mass of particle a at a world point A
by the formula '

mu(A) = z, I lII(h)(A)
bf'.

(5)

where m(hl(A) is the contribution of inertia from the particle b. Thus the mass
of a arises from the "rest of the universe" as suggested by Mach. i-e is a
coupling constant.

To fix ideas further it is necessary to define the inertia functions. This is
done by the approach of direct particle fields, in analogy with the Fokker
action for electrodynamics. There the direct particle potential at a typical
point A due to an electrically charged particle b is given' by the formula

(6)

where G'k(A, B) is a symmetric bi-vector Green's function (with index i,
operating at A and k, at B) of the wave equation

0,. Gik(A, B) + R/i(A)G/k(A, B) = [_g]-1/2gikb4(A, B). (7)
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Here i« (A, B) is the parallel propagator (~ynge, 1960) bet\\e~n A and Band
fHA. IJ) is the determinant or the matnx g:k(A, B). The details of this ha~e
been discussed elsewhere (Hoyle and Narlikar, 1974). It can be sh~)wn th'lt.
a full theory of electrodynamics. classical and quantum, can be built out 01
such an action at a distance concept in which the direct particle fields and
potential have no degrees or freedom illdefendelll of th~ir source particles.

Returning to inertia, the definition of 111( '(A) can be given 111the formula

m1hl(A) = f J.hG(A, B)db. (8)

where teA, B) is the symmetric biscalar Green's function of the wave equation

[0 + iR]A G(A, B) = [-gtl
/
2(54(A, B). (9)

Note that corresponding to a vector interaction in electrodynamics we now
have a scalar interaction. The term R/6 in the wave operator IS necessary to
achieve conformal invariance as in electrodynamics. .

Conformal invariance has a particular significance in a ~Iachlan theory of
variable masses as well as in a direct particle theory.

7.3 Conformal invariance .
It is usually supposed that the units measuring any ph.ysical quanuty are
expressible as products of powers of three elementary units - of length (~).
mass (M) and time (T). However, two fl1nd.am.en~al c~n~tal~ts c (from s.pcclal
relativity) and It (from quantum theory) signifying lirnitations on me,l.sure-
merits placed by na-ture, really reduce tl~e number o~ fundamental U~ltS to
one. Taking this unit to be the mass unu, we can wntc, for example.

length ~ M-1, time ~ M-I, electric field ~ M2.

gravitational constant ~ M -2, magnetic moment - M·'. (10)

etc. etc.

Thus in principle any quantity can be "measured" if we fix a .unit of m.a~s.
Taking this. for example, to be the mass of the electron. all physical quantities
are expressible as numbers. However, do we have the guarantee that this urut
is the same all over the universe?

In a theory using the Newtonian concept of inertia this is ass/III/c(.l to be so.
But in a Machian theory, inertia may change owing to a changing back-
ground and hence a comparison of phy~ical quantities becomes a mea~lI1gless
exercise unless our physical interpretation docs not depend on the unit used.
Since a change of mass unit results in a change of length unit \~e may rest.ate
the above requirement in these words: "the physical theory of interpretation
should be cOllfomzally invariant".



In geometrical terms if the line clement measured in one set of units looks
like

(II )

then in another set of units all lengths are scaled and

tis -> ds" = 0.ds ( 12)

where 0. is a scale factor which may be a space-time dependent quantity. It
is of course implicit in the conformal transformation (13) that it is non-
singular, i.c.,

0. of:. 0, 10.1 of:. 00. ( 13)

We will call such a conformal function as "admissible". The physical theory,
i.c., the equations describing it, should not have to take account of the
arbitrary function n. This is the essence of conformal invariancc, Since the
mathematical equations describing physics are usually second order differential
equations 0. should be at least C'I.

From (II) and (12) we see that ds = 0 ~ ds" = 0, i.c., null lines arc
conformully invariant. Null geodesics arc also conformally invariant. Since
the main support of a direct particle interaction (i.c., of the Green's function
describing it) is along null cones, the conformal invariunce has a special
significance for direct particle theories. Just as null cones arc invariant/om!!)'
under a Lorentz transformation, so they arc invariant globally under a
conformal transformation (Hoyle and Narlikar, I972c).

7.4 The gravitational equations
The usual inertial term in the action (cf. Section 2) now takes the form:

.sf = - I fllladS" = - II ffJ."}'bC(A, B)dsadsb· (14)
CJ a a b

The remarkable aspect of this theory is that this term a/so contains gravitation!
The expression (14) in fact contains the action for a system of gravitating
particles. The Machian paradox of the single particle in empty space does not
arise. In (6) Ill" = 0 for a single particle a in an otherwise empty space. In fact
if the number of particles is less than two, (14) tells us that the action itself
cannot be defined: there is no physics in such a case!

The gravitational equations follow by the usual prescription bd/bgik = O.
It is convenient to express the resulting equations in terms of the following
space-time functions:

, '

II/(.\') = I lII'a)(x) ( 15)

i
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c/J(X)
(-11/
--;;-J; ctc.,
ex

( 16)

N(X) = I f ()~(X, A)[ - g(X, AWl.' ds,
"

(17)

Here the suffixes "retarded" and "advanced" denote respectively the retarded
and advanced inertial contributions (from all particles) at a typical point X.
We will take ).a = I for all a in the following presentation. Liter we will
investigate variable },,,. The gravitational equations are

~(MR'k - ~g,J.Rl = - T,J. + ifb',kO(P - (p:id + HIIl./'''II1I,'"hl

+ m.k("')m}·dv) _ g,km.p(rCl)m.q'adv)g"q]. (18)

These are supplemented by the "source" equation for III(X):

DIIl+iRm = N. (19)

It will he noticed that the trace as well as divergence of (18) vanishes
identically. This leaves us one equation short if we wish to determine all the
unknowns, i.c., g,k and Ill.

The situation is, however, analogous to that of general relativity. As in
relativity, the co-ordinate invariance means that we need not expect a unique
answer for g,k. A change of co-ordinates produces another equally valid form
of gik. In the same way here the conformal invariance implies that if lr:,k' m],
is a solution, then so is (0.2gik> 0.~1m) if 0. is an admissable conformal function.

Suppose that the universe as a whole produces a response such that

I m',,)(rClI(X) = I lIl(u)(.dv) (X) = III(X). (20)

This response condition is similar to that of Wheeler-Feynman absorber
theory of radiation which is automatically called into play in any action at
a distance theory (Wheeler and Feynman, 1945). For details see Hoyle and -
Narlikar (1974). The gravitational equations now become

lm2[R'k - 19,kR] = - T,k +~fb'ikOm2 - m':id + [III./Il.k 19,Am.'mJ.
(21 )

We will assume that (20) holds, and suppose that it is possible to find an
admissible conformal function 0. such that

·m(rCl)0.-1 = lIlo(constant). (22)

We will refer to this frame as the Einstein conformal frame (EeF). The
equations (21) then reduce to

(23)
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where

6
K = -,.

11I,j (24)

That the gravitational constant has turned out to be positive is a definitive
outcome of the theory. The choice of coupling constant J.jh, ... as unity
does not play any role in this; any arbitrary sign of G produces the same
result. This is not the case in relativity wherein the sign of G is arbitrarily
fixed. The above theory also does not allow the arbitrariness of the A.-term;
). = 0 is the only possibility consistent with linearity and conformal invari-
ance. In this context we refer the readers to the criticism of Oeser and Pirani
(1965) and its refutation by Hoyle and Narlikar (1966c).

It is interesting to notc that unlike the Brans-Dicke theory, here the
predictions are the same as of general relativity for such experimental tests
as the bending of light, the perihelion precession, etc. This is not, however,
an attractive feature of the theory which is now open to the criticism that
nothing new has been gained. In the rest of this chapter we shall consider
those features in which the theory genuinely differs from relativity.

The above' approach is entirely in terms of the direct particle fields. It is,
however, possible to recast the theory as a proper field theory according to
the prescription given by Narlikar (1968). There is an "inertial" field m(X)
which, along with gik> is described through an action principle:

sf = f [Iii Rm2 + l1Ii Ill, + 2']( - g)ln cf4x (25)

where 2' has the same interpretation as in Eq. (2.63). The discussion of most
of the remaining topics in this chapter is applicable to the field version as well,
except where explicitly stated otherwise.

7.5 The cosmological singularity
We note that the transition to general relativity was made through Eq. (22).
The transition is valid provided n is admissible. It may well be that n is zero
or infinite at a set of points of four dimensional measure zero. In that case
care is needed in the interpretation of the solution of Einstein's equations
where the part of the space-time manifold includes such points.

One example of this is the neighbourhood of the world line of the typical
particle a. Since a contributes to m(X), it is expected that I1I(X) will diverge
in the neighbourhood of the world line of a. Hence in such cases a more
careful analysis of the equations is needed. This has been done by Hoyle and
Narlikar (1974) and by Islam (1968).
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Cosmologically, however, the interesting situation arises in the ncighbour-
hood of hypcrsurfaccs III = O. How would a relativist interpret such hyper-
surfaces?

This is illustrated by the example of the simples standard cosmological
model: that of a dust filled homogeneous and isotropic universe. Using 00)
and (21) we see that the following is a solution:

(26)

where, is the time co-ordinate for the Minkowski spacetime .If. Note that
- 00 < r < 00 represents the whole range of, during which lilt:) decreases
from 00 to 0 and then increases to 00. Note that even though the space-time
is Oat, this universe has the phenomenon of redshift. This is because with the
characteristic frequencies of atomic lines increasing in proportion to /1/, a
wave emitted at 'I > 0 and received at T > T~ will have a smaller frequency
than a similar wave emitted at r.

If we choose to describe this model in ECF we have to take

(27)

It is easy to see that with a co-ordinate transformation we are able to describe
the new line element as

cls~ = dt' - Br4!l(d.-.? + cfi + d;;2) (28)

where B( > 0) is a constant and I cc ,J. (28) is none other than the simplest
Friedmann cosmological solution, the so-called Einstein-de Sitter model (see
Section 2).

The transformation to ECF is however not admissible over the entire
space-time j(. At, = 0 (I = 0), n = 0 and hence it is not correct to carry
through the ECF across the zero mass surface. The penalty paid for the
"illegal" use of the ECF is the appearance of space-time singularity at I = O.
Also, the conventional ideas of the origin of the universe relate to this
singularity at I = O. Looked at from the wider concept of conformal invari-
ance the "universe" in fact extends to "the other side" of the zero mass
surface, to I < 0, and hence does not really originate at I = O. We will return
to the observational implications of this concept in Section 9.

The big bang event in the Friedmann models is a highly symmetric singu-
larity, and it was conjectured by some that by reducing thc symmetries of a
cosmological model the singularity may be averted. Extensive work on
space-time singularities in general relativity in recent years has led to the view
that singularity is an inherent feature of general relativity, and that the
Friedmann case is not an isolated exception (Hawking and Ellis. 1973). This
leads therefore to the following question in the above reinterpretation in
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terms of a zero mass surface: "Is this reinterpretation of space-time singularity
of general relativity as a consequence of insisting on the use of ECF at a zero
mass surface, peculiar to the Friedmann singularity, or is it a general feature
of all relativistic singularitics?"

A. K. Kcrnbhavi (1978) has demonstrated with the help of several specific
examples that the second of the two possibilities is likely to be correct. The
basic approach in Kcmbhavi's work is as follows.

Given a spacetime manifold J/(GR) in general relativity with the space-time
singularity, it is possible to find as it solution of the equations (21) the
manifold .l1(f's) with the following properties:

(i) .l1(f's) has no curvature singularity.
(ii) . 11(f'sl is gcodesically complete.

(iii) .llf~SI is cogecdcsically complete. t
(iv) There exists a conformal transformation from .11(~sl to . I!((;R) , i.e., there
exists a function D connecting their mctrics:

dS(GRI = Ddl'(NS),

where D is admissible except on the III = 0 surfaces in . !!(NSI'

(v) All the singularitics of. l!fGR) arise from the inadmissability ofD, i.e., they
can be identified with the zero mass surfaces of J/(:-osl'

A rigorous proof of this result has not been obtained, but the diverse cases
of singularity considered by Kembhavi suggest that this result must hold in
general. The cases considered are outlined below.

7.5.1 The anisotropic Bianchi Type-I Cosmology This is the dust universe
which expands homogeneously with shear but no rotation. The manifold has
the line element

d.":\GRI = dt' - A2(I)dx" - B~(I)d/ - C(I)d:~. (29)

A general solution for A, B, C can be obtained' but the particular case of
"pancake" singularity at I = 0 illustrates the general case (Kembhavi, 1977).

A(I) ex 1(1 + a) .; Ii), B(I) = cel) ex (t + a)2il, (30)

tThe "cogcodcsic" corresponds (0 the track of a particle obtained by varying its world line
in the action (14). It is seen that a typical particle a follows the "cogeodcsic" given by

d (da') r- dd' do'
d, III. ds + III. Hd;" Jj.

"II II Q

g" • iJlII.
ih! ..i '

In the ECF a cogcodesic coincides with the geodesic.

\I:.! .. ,,
I

J
~;
~i.
l."
i4"J
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where (J is a constant> O. The corresponding ..II(NS) is given by a similar line
element

, , , ') I' Z' ( ) I 'tiT" - X-(r)d.\-- - y-(t {y- - - r {;:-, (31 )

with

12
D= 1=1--

12 + I'
(32)

Although the I = 0 in J/(GR) corresponds to r = - co in (NS) the transfo.r-
mation is not a trivial co-ordinate transformation. The III = 0 surface III

..II(NS) is seen to be non-singular and coincides with the I = ~ singularity of
J!(GR)' The manifold .I1(NSI satisfies the criteria ofnonsingulanty outlined on
p. 398.

7.5.2 The cosmological singularity of Belinsk ii, Khalatnik ov anti Lifschit :
Bclinskii, Khalatnikov and Lifshitz (19iO) (abbreviated to 8KL) have
obtained a general solution of Einstein's equations in the sense that it
contains eight arbitrary functions. This solution is a generalization of the
Kasner (1921) universe which is a homogeneous anisotropic empty space
solution of Einstein's equations:

ds~ = dt' - 12P1(dx')2 - /i':(dx2f - r2PJ(dx3j" (33)

with

(34)

The three parameters I'll are expressible in terms of a single parameter 1/:

11 I + 11 lIe I + 11)

I' (II) = " 1',(11) = " PJ(II) = I + II + II~' -
I I+II+rr - I+u+tr

(35)

In the BKL solution a synchronous co-ordinate system is chosen and the
line element is written in the form

(36)

with

(37)

Here I = (11' 12, I)), m, n are functions of the space co-ordinates and a, b,
c are functions of time. BKL found that the solution (whether the universe
is empty or not) tends to a singular epoch t = 0, through a succession of
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Kasner like regimes. During any regime, a, b, c behaves as

(38)',:

However, the parameters p). p~, PJ change through the successive epochs with
the result that the universe expands along one direction and contracts along
the other two as I -+ 0+ (backwards in, time!); but these directions are
themselves changing. It is therefore not possible to say along which directions
the final singularity is attained.

Kernbhavi (1978) finds that with n ~ I", 1/ ~ 3 it is possible to construct
a nonsingular Jt(NS) with the properties mentioned on p. 398. Jt(NS) contains
a zero mass surface at I = O.

x , J

7.5.3 The Tallb-NUT universe This universe (Taub, 1951) has many
properties which have made its study of interest more to mathematicians than
to physicists. It is an empty universe with the line clement

dsfGR) = U-I(t)dI2 - 41~U(t)(dljJ + cosOdc/Jf - W(/)(dO~ + sin20dc/J~)

(39)

where

(I - [I)(/~ - t)
[2 + 12U(I) I ~ <o<",,,,,,,}

(40)
W(I)

The Taub space-time is confined to I E (II' 12) while the NUT (short for its
three authors Newman, Tamburino and Unti, 1963) extension refers to I > 12

and I) > I. The space-time is singular at I), 12 but without the divergence or
any curvature invariants! The singularity comes from the incompleteness or
certain geodesics as I -+ II or [ -+ [2' The universe is unstable against the
introduction or matter (Misner and Taub, 1969).

Taking the Taub part as J((GR), it is possible to get Jt()';S) with the necessary
properties for the conformal function

(41)

Moreover JtINS) is stable against the introduction or matter so that it is not
inconsistent with Mach's principle. It thus becomes possible to attach a
semblance or physical plausibility to vlt(NS) as the limiting case or a matter
filled universe whose density tends to zero.

These cases suggest that most singularities in GR arise from the "wrong"
choice or conformal frame, in a non-singular space-time with zero mass
surfaces. It may well be that there is a "hard core" case or singularities or
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general relativity which do not arise this way. If such a class exists we may
be able to gain further insight into the nature or singularities. Another
advantage or this type or investigation is that the discussion of physics near
or at a singularity is precluded in the relativistic framework. In the above
conformal approach the problem is conceptually (if not operationally) simpler:
it boils down to discussing the physics or interacting particles or zero masses.
In some cases, as we shall see in Section 10 it is even possible to carry the
discussion across the zero mass surface.

7.6 Anomalous redshifts
The Hoylc-Narlikar theory can be modified in a simple manner to enable one
to understand the anomalous redshift observations or quasistellar objects
(QSOs in brier).

Before going to this modification let us consider one difficulty that arises
with the theory presented so far. It is easily verified that the response con-
dition (7.20) is 1/01 satisfied for the simple Friedmann cosmology; that is. the
advanced and the retarded contributions to inertia do not cancel and diver-
gencies arise. This had been pointed out by Hawking (1965). It was subse-
quently shown by Hoyle and Narlikar 1972d) that the divergences can be
eliminated by going to a path integral formulation or the quantum theory or
the above direct particle action. Here we show that by a simple modification
the divergence can be eliminated even in the classical framework.

Consider the Friedmann model which can be described by a flat mink owski
line clement and a -~ariable mass as in (26). Instead or a fixed coupling
constants consider constants }. which switch sign. Thus along the world line
or a typical particle (I, identify a "switch-over" point Ao and redefine (14) in
the form

.<I = - II ffC(A, Bo)c(B, Ao)G(A, B) da dh (42)-
CJ<h

where c(A, Bo) = + I if A lies to the future or Bo and c(A, Bo) = - 1 if A
lies to the past of Bi, This definition presupposes a synchronous co-ordinate
system which is usually possible in cosmology. In the Einstein-de Sitter
model we get the required sign value for mass if all particles have their
switch-over points on the surface r = O. The divergence is avoided by the
simple artifact that when the particles a and b (see Figure 7.1) are very far
apart the advanced and retarded contributions or b to the inertia ora have
the opposite signs and hence they cancel each other.

Narlikar (1977) has used this idea to investigate the problem of anomalous
redshifts of quasi stellar objects (QSOs). Suppose a particle does not have a
switch-over point at r = 0 as for the whole universe. In Figure 7.2 are shown
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o b

FIGURE 7.1 The world lines of particles a and b arc shown. with the switchover points at Ao
and Bu respectively. At A the inertial contribution of 11, is positive and of B _, negative.

111I"<:eparticles H', p, and q. H' and q have their switch-over points at T = 0
while P has it at T = TI > O. If lI' makes an observation at the present epoch
To, he sees p and q at epoch T2• Calculations show (Narlik ar, 1977) that the
masses of p and q as seen by H' will respectively be

m, = k(T2 - TI)2, tIlq = kr/, k = constant (43)

while H' will estimate his own mass to be

(44)

Since redshifts arise in this theory from variable masses, the redshifts of p
and q will respectively be

7-p

,
r

)' - I,
T -I

(45)

as seen by II'. Thus it is possible in this model for two extragalactic objects
physically near each other to show different redshifts. In the above example
we may identify the low (and normal) redshift object q with a galaxy and the
high (and anomalous) redshift object p with a QSO. We will return to this
idea in Section II.

NO~·ST"~l)'\lu) COS~IOLOGIES

w p q

T' 0

FIGURE 7.2 The anomalous rcdshift of p arises in the above scenario because its zero mass
epoch occurs "I 'I > O. (See text for dcrails.)

7.7 Cosmology with variable gravity
In 1972 Hoyle and Narlikar had considered two types of models within the
framework of their gravitation theory (Hoyle and Narlikar, 1972a, b). The
first type was essentially the same as those given by general relativity with t~e
more sophisticated interpretation of space-time singularity as discussed III

Section 7.5. The second type admitted creation of matter and led to a new
typc or model. However, this approach was partly kinematic in the sense that
there were no equations to describe creation as in the C-field cosmology (see
Section 4). These models led to a variable gravitational constant. Later in
1974 Hoyle and Narlikar used another approach to show how variable
gravity models can be obtained from their equations (Hoyle and Narlikar,
1974). The difference between these models and those discussed in Section 7.5
is best illustrated by going over to the simple homogeneous and isotropic
cosmology with Minkowski space-time. Suppose we do not require at the out-
set that (20) holds and we make a power series expansion in the T-parameter.

m(rel) a + bt + Cr2 + ... , }
(46)

mead,) - a + (B - b)r + Cr- + ... ,
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where a, b, C, B etc. are constants and we ensure that t = 0 is the zero mass
surface. From the gravitational equations we also have in the flat space

04> - 6g"Q lIl/ct) Ill/ad v) = O. (47)

Using (46) we find that at least one of the two ,;z!ret) and ,il(adv) must vanish
at r = 0, Without loss of generality we may take b = 0 (i.e., ,il(re') 0 at
r = 0). If we also have the response condition (20) we then get

a = 0, B = 0, (48)

and we are back to the case. considered in Section 7.5, Ifwe do not follow the
response condition then (48) need not hold and we get new models.

Consider what happens for small r. Since from the gravitational equations
(I 8)

3
G = 41[4> cc [_a2 + aBr + SCr~ + C2r4 + ... ] (49)

while III = 1/2Br + Cr2 + ... , we see that going to a constant-Ill con-
formal frame will not produce a constant G. If we choose a conformal
function n cc Ill, we find that in the new frame the mass function III +

11I0= constant, but the gravitational constant behaves as

G+ (1/2Br + Cr2 + ... )2
CC (_a2 +aBr + BCr) + C1r4 + ... )' (50)

We will now take first the case a = O. For r ~ BIC, we see that G+ ~
constant, and the universe tends to the Einstein-de Sitter form discussed in
Section 7.5. For SIC ~ r, however, we have

(51)

and the line element as

(constant)r2[dr2 - dr' -, ~(d02 + sirr' 0 d<lJl)]

dt' - At[d~ + ~(d02 + sin20d¢2)], (52)

with

A = constant.

In terms of the cosmological parameters Ho and qo we have at the epoch
= to .

2
Ho = -

to' (53)

Thus for small r we have a variable gravitational constant.

I
I,
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If a -# 0, (49) predicts a negative gravitational constant close to T = O.
Large repulsive forces close to T = 0 have the effect of removing "initial"
inhomogeneities by evaporating large condensations of matter.

However, as shown by Hoyle and Narlikar (1974), these models do not
satisfy the observed experimental tests of general relativity (see Section 9) and
so long as these tests are as accurate as they are claimed to be. such models
appear to be ruled out. Such tests therefore provide a confirmation of the
response condition (20).

8. MATTER-ANTIMATTER COSMOLOGIES

We consider in this chapter cosmological models which are based on the
assumption that the universe contains as much anti-matter as matter. We will
consider in some detail the symmetric models of Alfven and Klein, and
Omnes, and then the observational evidence for the existence of antimatter
in the universe.

8.1 Motivation
It follows from relativistic quantum mechanics that for every particle there
must be an antiparticle, and that when a particle is created or destroyed so
is an antiparticle. We should expect from this that the universe contains as
many antiparticles as particles. Antiparticles can combine to form antiutoms
and antirnolcculcs which have the same physical properties as atoms and
molecules, and there is no reason why there should not be stars and galaxies
made entirely of antimatter. It would be very difficult obscrvationally to
distinguish these from their "normal" counterparts because electromagnetic
radiation behaves symmetrically with respect to matter and antimatter.

All objects in our neighbourhood are known to be made of matter and not
antimatter, and it is an assumption of standard cosmology that this asymmetry -
extends to the whole universe. In order to have at the present epoch a world
made only of matter, it is necessary to postulate at the time of the big band
a small excess of particles over antiparticles (~ I part in 109). All the anti-
particles would be annihilated by an equal number of particles during the
dense phase, and all subsequent epochs would be matter dominated. The 3°K
background can be identified with the annihilation radiation. Such a process
would mean that particle-antiparticle symmetry is violated at the moment of
the origin of the universe.

It is the view of people like Alfven, Klein, Omnes and their co-workers that
the universe is symmetric between particles and antiparticles. They have tried
to build cosmological models which evolve from a symmetric initial state. In
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all such models it is necessary to provide a mechanism to separate matter
from antimatter on a scale consistent with observation, for if the matter and
antimatter remained uniformly mixed together, there will be total annihilation
in the universe. It is also necessary to study the possible effects of the presence
of antimatter. such as the annihilation radiation which must occur when
matter and antimatter come together, and to compare these with observations.
We will review in the subsequent parts of this section some matter-antimatter
cosmological models and their predictions. We will see in the last section
what light observatioJls shed on the possible large scale presence of antimatter
in the universe.

8.2 The cosmological model of Alfven and Klein
This model is the culmination of the ideas of O. Klein (Klein, 1958; Alfvcn
and Klein, 196.\; Alfvcn , 1965). In it the initial state of the universe is taken
to be a thin, very low density plasma which is a homogeneous and perfectly
symmetric mixture or matter and antimatter. Because of the low density, tilt:
rate or annihilation is very low. The plasma occupies a volume which is very
much larger than the present volume or the rnctagalaxy, i.e., the observable
universe.

For definiteness Alfvcn and Klein consider a homogeneous, low density,
symmetric sphere of protons and antiprotons. It is assumed that the initial
temperature is non-zero and that a magnetic field is present. The first is
necessary to cause matter-antimatter collisions, and the second to provide a
mechanism for the separation of matter from antimatter. The sphere collapses
under its own gravity, and as the density increases the annihilation rate goes
up. The ensuing radiation exerts a pressure opposing gravity and turns the
collapse into an expansion. It is assumed that Newtonian gravity is applicable
throughout the development of the sphere or matter and anti-matter
representing the metagalaxy.

As discussed in Section 3 the sphere contracts under its own gravity which
is proportional to the distance r from the centre. The velocity of a particle at
a distance r from the centre is given by

v = nr, 1/ = 1(/0 - I)-I (I)

where 10 is the time at which all the mass would be concentrated at the centre
if the collapse were to continue unchecked until then. The uniform density of
the sphere at time 1 is

Q (2)
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As the collapse proceeds, the protons and antiprotons in the sphere annihi-
late each other, and the energy production due to annihilation in a sphere of
radius r per unit time is

4rr ) ,I 8rr )')P = - r II '!1Il c: . - - . III C II -a r (_;)3 p - T 3k I' I' [I ,
P I'

where Ill" is the proton mass and Ill' the proton number density, T; is the
average lifetime of the proton (antiproton) and ao = tul", where ao is the
classical electron radius. T, is related to ao through

T, = (lIpCO"o)"-1 kp. (-\)

where k , is a function of the proton energy which is of the order unity up to
relativistic energies. The outward flow of momentum per unit area per unit
time due to the energy produced is

(5)

where Q = 2111'11I" is the matter density.
The annihilation results in the production of mesons, neutrinos and high

energy ,'-rays (see Section 8.3 for the details). After the /1 and n mesons decay
there are about four e t of energy around 100 MeV each per annihilation.
These spiral in the magnetic field and emit synchrotron radiation until they
annihilate each other and emit "'I-rays. If all the energy flow were carried by
low energy electromagnetic radiation, its pressure effect on the gas would be
given by the Thomson cross-section (8ao/3) of the electrons. But for y-rays
approaching I MeV the cross-section decreases by an order of magnitude.
until above 10 MeV it increases again due to pair production. A considerable
fraction of the energy also goes into neutrinos. Taking these factors into
account Alfven and Klein suggest that the force per electron at radius r
should be

8rraoF 4c(!2a(,2c2rIe. c : -- (6)
3 9kplllp

with e between 0.1 and 1.0. This radiation pressure exerts an outward force
fe/V on a volume element dV, with

8q/ncuQ'c2rf =
9kplllp

where 211, is the number of electrons and positrons
force opposes the gravitational force

4rrQ'GrIx = -
3

(7)

per unit volume. This

(8)
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per unit volume, and the resultant may be expressed as

[CV OV](2 CI - v or = f, + Ix- (9)

, I

Upon using Eqs. (I), (7) and (8) and taking as units of length. mass and time
the quantities (c~d2/GlIlp) = 6.3 x 1026 ern, (d2/Gmp) = 6.7 X 108 yrs and
(c4d~/G211lr) = 8 x 1054gms• the equation of motion reduces to

. ~ 47t [27tW' IJ
'1+'1 = 3 3k- .

p

The equation for the time rate of change of Q is

i j

(10)

7t 2
(2 = - 3'l(! - 2k e ,

p

where the last term represents the decrease in the mass density due to
proton-antiproton annihilation. The equation for the time rate of chance of
the electron (positron) number density is ~

(I I)

7t , 7t(22
Ii, = - 3'1// - - 1/ • + 2k ' (12)

< k, r p

where the second term on the right represents the decrease in II, due to
e+ - e: annihilation and the last term represents the e± created by p - fi
annihilation.

8.2.1 The solutions oj Bonnevier Bonncvicr (1965) has obtained solutions of
this system of equations which show that it is possible in some cases for the
radiation pressure to overwhelm gravity and turn the implosion into an
expansion. If II, and e are assumed to be related by lit = ao, (12) reduces to
(II) for

i

(13 )

where k, plays the same role in determining e± lifetime as k, does for pp (see
Eq. (4». k, is of the order unity for non-relativistic energies, but increases
logarithmically for relativistic energies. If 0 differs from 00 it will tend to 0o,

because Ii > 0 for 0 < 00 and a < 0 for 0 > ao, and it is sufficient to use
1/, = ooe. There are then only two independent equations. It is convenient to
introduce the variables Rand M which arc related to '1 and fl by

R 3M
'1 = nR' " = 47tR3'

( 14)
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FIGl'RE 8.1 Time variation or the radius R and mass M or the mctugalaxy Ior K = ~.
k , = I. r = O. where K is the ratio between the force due to radiation pressure and the
gravitarional force. k is proportional to the annihilation cross-section for protons and r is the
time delay between the annihilation and the force exerted on the electrons. The mctagal",y
shrinks indefinitely with a superimposed oscillation. Almost all the m.utcr-anrirnaucr content
is annihilated. Units used arc time 6.7 x 10' years. length 210 Mpc, Mass 4 x 10" Mo'

and satisfy the equations

j~

R
( 15)

3M~
8k R"p

where

K = 27l/;(/1I.

s«,
R can be taken to be the radius of the metagalaxy at time I and M the mass.
Bormcvicr has numerically integrated the equations (15) under the assumption
that the sphere collapses at a very early epoch with zero inward velocity and -
infinite radius; the constant 10 in Eq. (I) is set equal to zero. The initial mass
.\1" is taken to be 0.1 in the units 8 x 1054 gma mentioned above. For k; = I.
I\. = 2 the solution shown in Figure 8.1 is obtained.

It is seen that the metagalaxy collapses, consumes a part of its mass,
expands and again enters a contracting phase. For larger values of K (K is of
order of magnitude unity) the mass consumption is smaller and the expansion
phases are of longer duration. There is no value of K for which the expansion
continues for ever.

It has been assumed throughout the above discussion that there is no time
lag between annihilation and the establishment of the electromagnetic field
exerting a force on the electrons. Bonnevicr has suggested that such a time

(16)
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lt Gt 'RE S.2 Time variation or the radius R 'IIlJ the mass AI or the mcragalaxy for K = 2.
kr = I. r = 0.4 (see figure I for the meaning of these constants and the units used). There is
outward motion with finue velocity and finite mass [or I -> roo

lag can be allowed for in a crude approximation by replacing lvl(l) in the
equations (15) by M(I - r), with r taken to be 0.4. If this is done, the
solution for k . = I, K = 2 is of the form shown in Figure 8.2; it represents
a mciagalaxy that expands for ever after the bounce at I = O.

Stcigman (I t;73) has pointed out a difficulty with the Alfven-Klein models.
I Ic defines a free fall time for the collapse by

I ell! 'I-I = -- = (24G(l)1.2~2x 1O-)QI12,
If I! lil

where Eq. (2) is used. The rate of annihilation of pp pairs may be written as

,-I""n = IIp(Jv ~ 6 X 10-7
(JvQ, (18)

( 17)

and the ratio of the two times is

3 X I 0- 27
'ann ~ -,-._
Iff (JVI! 1 2

During the early stages of contraction, Q is very low and lann 3> Iff so that
there is hardly any annihilation. When the density is high the annihilation is
important, and the bounce must occur at a density Qb such that lann ~ Iff' i.e.

( 19)

(20)

For a low temperature plasma, T ;$ 100oK, (JV ~ 10-11 em) sec-I , and varies
as TI.~. Also at low temperatures hydrogen and antihydrogen are formed

l"Of'.!·STAl"DARD COSMOLOGIES ~II

and the atorn-antiatorn annihilation rate coefficients are very large. with
(JV <: 1O-lOcmJsee-l• This gives

(21 )

i.e .. the density at the bounce C" is at least two orders of magnitude less than
the present density of visible matter. However if we put v ~ c in Eq. (20)
as Alfven and Klein do (see Eq. (4)), (JV ~ ac ~ IO-Ilcm)sec-I and
Qh ~ IO-~J grn em - J, which is many orders of magnitude more than the
present density.

8.2.2 The relativistic solutions oj Laurent and Soderholm The equations of
Klein and Alfven for the evolution of the metagalaxy and the solutions of
Bonnevicr were obtained on the assumption that Newtonian gravity and
nonrclativistic mechanics are applicable throughout the development of the
metagalacy. Laurent and Soderholm (1969) have used the frarncwork of
general relativity to study the same physical processes. They consider the
collapse of a sphere with initial mass 1'vlo, the metric inside which is given in
standard Schwarzschild co-ordinates by

(22)

where \' and ). are functions of r and I.

The sphere is taken to collapse from an original thin cloud of protons,
antiprotons, electrons and positrons. The effects of annihilation. scattering of
radiation on matter, interaction of radiation and gravitation, and the inter-
action of gravitation and matter are all treated using the appropriate general
relativistic equations. The system of equations is integrated numerically. The
free parameters used are (i) the initial mass M; (ii) the inverse lifetime of
matter divided by the density of matter a and (iii) the radiation scattering-
cross-section per unit mass {I. (J and {I often appear in the combination
k = cll]«. The standard value of a is ao = e7fd~/2mp, and the standard value
of fI is fJo = 87fd~/3I1lp. For these values k is 41)(3).

The solutions obtained for a = ao, fJ = flo, k = ko and various values of
the mass parameter are shown in Figure 3. The units of Mo, Rand Tare
8.7 x 105Jgms, 1.4 x 1Q81yrsand 1.4 x 1018yrsrespectively,whereRisthe
Schwarzschild radius at the surface and T the Schwarzschild time. A bounce
at R ~ 0.25 occurs in' all the solutions shown. In contrast to the non-
relativistic solutions, it is not necessary to introduce an arbitrary timelag
between the annihilation and the exertion of force in order to produce the
bounce. For Mo ~ I (e.g., Mo = 0.005) the solutions are nearly the same as
Bonnevier's solutions. The radius at which the bounce occurs, R ~ 0.25,
corresponds in ordinary units to R ~ 3.2 x 101)cms. For Mo ~ 0.22, the
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FIGURE 8.3 Schwarzschild radius R at the periphery plotted against the Schwarzschild time
T. for the standard value k = ko = 4/,/3. with differ~nt choices of the initial mass Mo.

Schwarzschild radius is Rs ;;: 2.8 x I025cn{S. i.e., the radius at the bounce
is comparable' to the Schwarzschild radius. This makes it clear that it is
indeed necessary to use the general relativistic framework to study the
evolution of the metagalaxy. .

For k = k". the maximum value of Mo for which a bounce can occur is
Aio ~ 0.24, which is about 2 x 105) gms, which is an order of magnitude less
than the estimated mass of the observed part of the universe. Stcigrnarr' has
arrived at the same order of magnitude for the maximum mass which can
bounce. His calculations arc independent of the detailed nature of the
equations and their solutions. It is possible to increase the maximum per-
missible mass by increasing the values of a and {J above their standard values,
but it is not clear that these high values arc physically meaningful. The
smallness of the maximum initial mass permissible for a bounce to occur is
a serious limitation of the Alfven-Klein models.
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8.2.3 Separation mechanisms in the Alfven-Klein model We have seen that
the initial state of the Alfvcri-Klcin model is taken to be a homogeneous
mixtureof particles and antiparticles. It is necessary to provide a mechanism
for the separation of the homogeneous mixture into regions containing only
matter or antimatter, for otherwise the universe would soon annihilate. The
interstellar medium in a galaxy has a particle density of n ~ 1 particle ern -J.

If the galaxy were made of protons and antiprotons homogeneously mixed,
the lifetime of the galaxy would be of the order of magnitude of the proton
(antiproton) lifetime against annihilation, which would be To ~ (average
density n x annihilation rate coefficient ac)-I ~ (I part. cm " x 1.5 x
1O-llcmJsec-I)-1 ~ 2 x 107yrs. It is clear that if the galaxies were all
homogeneous mixtures the universe would have annihilated long ago. There
is some evidence to show that the separation matter and antimatter in the
universe is at least on the scale of clusters of galaxies, and it is necessary to

~1.1l'\O~·STANDARD COSMOLOGIES

provide a mechanism which would achieve this state beginning with a homo-
geneous mixture.

It was speculated by Goldhaber (1956) that our "cosmos" could be a p3rt.
of the universe where nucleons prevail over antinucJcons as a result ofa very
large statistical fluctuation, which is compensated by an opposite situation
elsewhere. Alpher and Herman (1958) have shown that this possibility C3n
apparently be ruled out. They supposed that the presently observable uni-
verse derived from a state early in the universal expansion in which thermo-
dynamic equilibrium prevailed between nuclei and antinuclei, and considered
an ensemble of finite comoving volume elements V, each containing .V
protons, antiprotons, neutrons and antineutrons, a total of 4N particles per
volume element. If a is the probability of annihilation, averaging over the
ensemble of finite volume elements should yield 411N as the mean number or
particles annihilating per finite volume element V. The standard deviation of
the mean number of nuclei undergoing annihilation is a = [4a( I - a)S r ~
which has a maximum at (J = 1/2, with am" = N1.2. In a finite volume
clement V, the excess of nucleons over antinuclcons will be of the order or
anu, = N112.

Suppose that at some early time the temperature of the universe was of the
order of 1010 OK, adequate enough to support thermodynamic equilibrium
among nucleons, antinucleons and radiation. In such a state the number of
nucleons and antinucleons should have been of the order of the number of
photons. Assuming the radiation field to be blackbody, the photon density
NI = (kT//ni ~ 1O)lcm-J at T = lOOK. For a volume clement V with
radius equal to the present radius of the universe, _IOllllyrs, the total

'I M 115' NI" 10"number of particles ~ 10' x 10 ~ 10 . For this N, am •• = 4 ~ ,

which is no more than the number of particles in the solar system.
The calculations of Harrison (1967) also show that statistical fluctuations

arc insufTicient to produce separation between matter and antimatter on lht:
galactic scale. The fluctuations considered by Harrison arc spatial fluctuations
on the number densities of baryons and anti baryons" Because of the inhomo-
geneity, the baryon number in a given co-ordinate volume V, t!.N = N - N,
could be positive or negative, where Nand N are the number of baryons and
antibaryons respectively in V. Even though t!.N could be a very small fraction
of N + N in the early epochs, as the universe expands the baryons and
antibaryons annihilate each other and t!.N grows to be a considerable fraction
of the number of baryons and antibaryons in V, making it possible for
separate regions of matter and antimatter to be formed.

Since baryon number is conserved we have t!.N'hcn = t!.Nnow= Nnow.If the
initial fluctuations occur when matter and antimatter are still in equilibrium,
we have N'hcn = (N,),hcn = (N7)now, since the number of photons N, is a



414 J. V. NARLlKAR AND A. K. KEMBIIAYI

cornoving volume I' is conserved as the universe expands. It follows that

6:L<n = ~ Inow = ~ Inow (23)

where II and II;. are the proper number densities of baryons and photons
respectively. It is known that (lIjll,)now ~ IO-~, so that a small fluctuation

tlN/_ == 10-9

/\' then -
(24)

in the early epochs of the universe is amplified by annihilation to (tlNj N)now =
I. But even such a small fluctuation cannot be produced statistically. If tlN
is stutisuc.rl thcn we have f'..N ~ N1/2• Now if we demand the largest possible
statistical fluctuation in the universe we get

i.c.

(25)

which makes the largest possible statisticailluctuation many orders ofrnagni-
tude smaller than the Iluctuation required to produce complete separation
now.

Alfvcn and Klein have considered the possibility of separating matter from
antimatter using gravitation and electromagnetic fields. We will briefly review
their separation mechanism. A detailed account may be found in Alfven
(1965).

Allven and Klein have studied the properties of a plasma consisting of a
mixture of matter and antimatter, called an (JIII/Jip/a.\"III(/, which has four
constituents, 11/ protons, II; antiprotons, net positrons and ",~ electrons per
unit volume. The number densities are so small that annihilation can be
neglected. The charge neutrality condition is taken to be satisfied so that

(26)

The plasma is acted upon by a gravitation field with intensity g in the -z
direction. In general this polarizes the ambiplasma so that an electric field E
is produced. Assuming all variables to depend only on the co-ordinate z, each
component of the plasma satisfies the equation

(27)
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where k is Boltzmann's constant, T the temperature and m, the mass and e,
the charge of the concerned particle. Assuming that the plasma is isot hermal,
i.e., T = constant, and putting

gm,
kT

eE = F
kT

(28)II, '

the equation for each type of particle is of the form

) e", _- -:;- = - IIj + F,
", c:

(29)

with the + sign used for negative and positive charges respectively. The four
equations (29) are combined with the charge neutrality condition (26) to
obtain solutions.

The solutions show that in the case of an asymmetric ambiplasrna. which
for example contains more matter than antimatter, there are three different
regions. The lowest region and the highest region contain a symmetric
arnbiplasrna with no electric field, but the intermediate region has a Rosscland
field and contains almost no antimatter. Almost all the antiprotons are
accumulated in the lowest region together with an equal number of protons,
and almost all the positrons are accumulated in the upper region together
with an equal number of electrons. The excess of matter accumulates in the
intermediate region. A gravitational field therefore has the tendency to
separate the heavy component of an arnbiplusma from its light component,
and to separate the excess of matter or antimatter from the rest of the
ambiplasma.

If the plasma contains equal amounts of matter and antimatter, i.c., if it
is symmetric, the solution is

/lp- = "" I = I'p exp ( -lip:), /I, - = n,+ = 1',. cxp (-II,.:), (30)

where I' is the value of II at z = O. The electric field is zero, and there is no -
coupling between the heavy component and the light component, i.e., the
total number of protons-antiprotons is independent of the total number of
electrons-positrons. It is seen that the gravitational field cannot separate the
ambiplasma when it is symmetric into matter and antimatter. However, this
is possible under the action of electromagnetic effects.

Consider an electric current antiparallel to g. This will remove positive
charges from the top of the atmosphere, and since the highest region contains
mainly positrons and electrons (the scale height of the e+ - e: gas is ) 840
times the scale height of the p - p gas), it is essentially the positrons that are
removed. The current removes negative charges from the base of the atmos-
phere, and since the lowest region contains mainly heavy particles, the result



416 J. V. NARLIKAR Al\D A. K. KEMI3HAVI

will be essentially a loss or antiprotons. Hence the current will remove anti-
matter, leaving an asymmetric arnbiplasrna with an excess of matter which
will accumulate in the intermediate region. A vertical current parallel to g will
bring about an excess of antimatter. Vertical currents may be produced by
hydromagnetic effects which are caused by motion of magnetized ambi-
plasma during the development of the metagalaxy, or in connection with the
formation of galaxies.

The separation of matter or antimatter out of a symmetric arnbiplasrna is
similar to the process of electrolysis. The quantity M of matter or antimatter
which is separated by a current 1 flowing during a time Tis

M"ITM (31 )
e

where M" is a constant.
Suppose that a current 1 = 7f.1.2 i flows along the axis of a circular cylinder

with radius r. The magnetic field at the surface of the cylinder is

21
fJ = (32)

cr

(it should be noted that the presence ofa magnetic field docs not change the
equilibrium state of an isothermal atmosphere). Combining Eqs. (31) and
(32) it follows that

M M"TcrB
2e ~ 0.5 x 10-4 TrB. (33)

-
The magnetic fields in space B :( 10 - 4 G. For T of the order of 3 x 10'1 yrs,

(34)

Hence a separa tion on a galactic scale. r ;;: IO~.1ems, would not be sufficient
to separate one Solar mass.

A small scale turbulence with dimension O.llyr or less can produce a high
degree of separation between matter andantimatter. The mass separated by
each turbulene element is not very large, but the total mass separated can be
a large fraction of the whole ambiplasma.

If regions of matter and antimatter lire brought together, the matter-
antimatter annihilation at the interface produces a very hot layer between the
matter and antimatter known as the. Leidenfrost layer. A pressure is
produced in this layer by the electrons and positrons which are products of
pp annihilations, and there is an apparent repulsion between regions of
matter and antimatter. There is no such repulsion between regions of similar

NON-STANDARD COSMOLOGIES -117

content. It is possible that because of this there is a coalescence of the small
regions to larger volumes of matter and antimatter. A small-scale separation
process may in this way ultimately lead to masses of plire matter and
antimatter on the scale of galaxies and clusters of galaxies. A detailed
theoretical analysis of these possibilities remains to be done. Some problems
associated with matter-antimatter boundary layers have been considered by
Lehnert (1977).

Nelson and Rowlands (1975) have considered a separation mechanism
which is based on the two stream instability which may occur whenever two
charged species ofa plasma stream relative to each other. In the Alfven-Klein
model the relative streaming of leptons and nucleons can occur in two ways.
Firstly, the self-pressure of leptons produced in annihilations will counteract
the gravitational attraction of the part of the spherical meta-galaxy acting on
them, so that they will collapse less rapidly than the non-relativistic nucleons,
thus leading to a relative drift in the radial direction. Secondly. the radiation
produced in nucleon-antinucleon annihilations will act more strongly on
leptons than on nucleons and in the absence of magnetic fields this will also
produce a radial drift between leptons and nucleons.

A linear perturbation analysis is made of the cold fluid equations for a
symmetric maucr-antimaucr plasma in which leptons stream with a velocity
v relative to nucleons. The analysis shows that a wave develops in which
adjacent half-wavelengths arc alternately enriched in protons and anti-
protons, i.e., a separation occurs. Although perturbations 0(' infinitely long
wavelengths arc unstable. the growth rate decreases with increasing wave-
length, and the maximum growth rate occurs at the instability threshold. It
turns out that the wavelength for maximum growth rate is of the order of a
few light seconds only. This means that a coalescence mechanism between
like cells would again be necessary to produce large units of mailer or
anti mailer.

8.3 Baryon symmetric big bang cosmology
We consider in this section the baryon symmetric big bang cosmology
developed by Ornncs and others. The calculations which describe the sepa-
ration and coalescence mechanisms operative in the early stages of this model
are very involved. We will give here only a bare qualitative outline of some
of the key features of this model. The interested reader is referred to the more
detailed reviews by Omnes (1972), Omnes and Puget (1974), Stecker (1978)
and Stcigman (1976) and the original papers listed therein.

Omnes considers a big bang model which is initially at a very high tem-
perature and density. Bosons and fermion-pairs exist in thermodynamic
equilibrium with photons of the black-body radiation field at T ): McJ/k,
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where AI is the rest mass of the particle considered (for nucleons T ~
10IJcK). Wh~n equilibrium exists the number of baryon-anti baryon pairs ~
the universe IS the same as the number of photons. In contrast to this. at
present the number of baryons is a small fraction of the number of photons
'/ == "'/1/1\';. ~ 10-9

• but this fraction is still very much larger than that which
would remain in thermodynamic equilibrium with black-body radiation at
:uoK. In fact the ratio '/ ~ 10-9 would be reached at T ~ 30 MeV (3.6 x
l O" ~K): There arc two possible ways to account for this descrepancy: (I) there
was Inlt~ally a slll~lll exccss.( "" I p~rt in 1(9

) of baryons over antibnryons (this
possibility was discussed 111 Section 2) or (2) the universe is symmetric in
particles and antiparticles and a separation of matter from antimatter Occurs
at T ;:: 30 MeV. A baryon symmetric model based on the second possibility
h,~s been dcvelop~d by Ornncs and others, who outlined how small regions
01 matter and antimatter arc formed in the dense phase of the universe and
how these can grow to galactic size during the subsequent evolution.

According to this scheme. when the universe was above a criticaltcmpera-
turc (1' > 300 MeV, i.c., 3.6 x IOI~OK) and critical density, a phase transition
occurred, creating a structure in which there were domains containing mostly
matter and mostly antimatter. Subsequent annihilation pressure in the Lcidcn-
frost layers between the mailer and antimatter regions led to coalescence of
regions or the same type together, by pushing apart regions of unlike baryon
number.

One of the main concepts of Ornncs' model is that a nucleon and anti-
nucleon pair within a certain distance r'J (~ I Fermi) of each other will form
a boun(~ state in which the two particles lose their separate identity and
behave IIke.a meson :I'lth appropriate quantum numbers. The number density
of mesons IS determined by statistical equilibrium at temperature T so that
there is a statistical exclusion principle acting to keep nucleons and anti-
nucleons from occupying the same cell. ~o such principle applies for particles
With like baryon number, and the net effect is a repulsion between nucleons
and antinuclcons. In this situation it has been shown that a phase transition
occurs - the symmetry between nucleons and antinucleons is spontaneously
broken and the thermal plasma breaks up into two phases, a nucleonic
phase and an antinucleonic phase. The result is that the universe is divided
into an emulsion of domains, each containing mostly nucleons or mostly
antinucleons.

The size of the domains of nucleons and antinucleons in the emulsion is
characterized by the distance d between two opposing boundaries. The
magnitude of d is .controlled by the diffusion of baryons into the regions of
a~tlb~ryons an~ vice versa. d is given at any time t by d = (Dt)I/2, where the
dIffUSIOn coefficient D ~ v,J./3, with V, the typical thermal velocity (= c) and

NON-STANDARD COSMOLOGIES

i. the typical mean free path (~I Fermi). The time t at which the phase
separation occurs is t ~ 1O-5sec, and d ~ 1O-4cm.

As the universe expands the temperature falls below the critical value. the
two phases become unstable and the matter and antimatter tend to mix and
annihilate. This process is slowed down by the strong pressure produced by
the annihilations at the boundary between matter and antimatter. Pions
produced during the annihilations are much lighter than the annihilating
nucleons and antinucleons and their momenta are very large; this produces
a large nux of momentum through the boundary. Such a nux produces a
pressure which is exerted up to distances from the boundary of the order or
the mean free path )./c. of the high energy photons produced by the decay
of reo s. When the temperature T ~ 30 keV, )./c. becomes equal to the size d
of the separate domains in the emulsion. This signifies the end of the annihi-
lation period. The annihilation pressure gradients now extend over whole
cells of matter and antimatter, and momentum can be transmitted on macro-
scopic scales of the order of the cell size to the fluid as a whole. This is the
beginning of the "coalescence period", and the size d grows in such a way that
d ~ i.,hc '.

Wh~n the temperature falls below 5000oK, electrons and protons combine
to form atoms, and the ioniza tion of matter decreases rapidly. The coalescence
stops at the time of recombination because the velocity of sound falls sharply
towards the thermal velocity of atoms. The coalescence motion would then
become supersonic, and this is not allowed. I t has been estimated' that the
total mass in a homogeneous system of matter (or antimatter) of the size i/c,

at the time of combination lies between the mass of a galaxy and that of a
compact cluster of galaxies (I O~galactic masses). Stecker and Pugct (1972)
have considered the formation of galaxies once the stage is reached at which
combination takes place.

In the cosmological model of Omnes,

'/ == (number of nucleons in comoving volume V/n~mber of
photons in the same volume), (35)

has the theoretical value

(36)

where ifJl is the ratio of between the densities N and N, of nucleons and
photons in thermal equilibrium at the critical temperature for seperation, ifJ2
is the ratio B/ N between the excess baryonic density and the nucleonic density
somewhat above the critical temperature, ifJJis the probability of the survival
of nucleons during the annihilation period and ifJ4the same quantity during
the coalescence period. Numerically one has ifJl ~ 0.4, ifJ2is poorly known
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discussion, out or space limitations, is necessarily brief. Our intention is to
convey only a flavour or the different ideas in order to emphasize the scope or
the field which opens out if we decide to enlarge our vision beyond the standard
models. We begin with a discussion or the kinematic theory or E. A. Milne.

9.1 The kinematic relativity of E. A. Milne
In the cosmologies associated with general relativity and other gravitation
theories, an attempt is made to describe the universe in terms or known
physical theories. The aim or E. A. Milne's kinematic relativity proposed in
1935 was to deduce as much as possible about the structure or the universe
merely from a cosmological principle and the basic properties or space and
time and the propagation or light. I n its dependence upon a cosmological
principle, kinematic relativity is similar to Bondi and Gold's version or the
steady state theory, but kinematic relativity covers not only cosmology but
a great part or theoretical physics as well. The work or Milne and his
coworkers is described in detail in two books by Milne (1935, 1948) and
reviewed amongst others by Bondi (1960) and North (1965). Our sketch or
the subject is heavily dependent on Bondi's very readable account.
. In .order to define and apply a cosmological principle, it is necessary to
identify a set or fundamental observers for whom the principle will be valid.
These observers arc considered to be those loeated on "fundamental particles"
which are taken to be the nuclei or galaxies. This last assumption is not free
from ambiguities. Since Milne considered the fundamental observers to form
a continuous set, not all fundamental observers can be identified with galactic
nuclei. Milne has expressed the view that the system of fundamental particles'
plays the part or an imaginary homogeneous background against which the
inhomogeneities and the random motions, which lead, for instance, to the
formation or galaxies, have to be considered.

The chief concept used in kinematic relativity is the passage or time. It is
assumed that each observer can causally order local evens, and label them
with real numbers. The labelling process is arbitrary except that an' earlier
event is labelled with a lower number than a later event. Any system of
labelling is called a clock, and the change from one system to another is called
a regraduation or the clock.

Clocks are physically realized by using any repetitive device such as an
atomic oscillator, a planetary orbit etc. Since it is impossible to compare
intervals of time occurring at different epochs by laying them side by side, the
concept or a uniform flow or time cannot be introduced a priori. It is therefore
not obvious that different physical clocks, sayan atomic and a dynamical
clock, should have the same ratio or their periods at all times, and different
time scales may exist.
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Distance measurements are less fundamental in kinematic relativity than
time measurements. Using light rays and the "radar" method. it is possible
to measure spatial distances by using observations or time intervals between
local events. An observer A sends out a light signal at an instant II by his
clock. This is reflected or replied to by B and arrives back at A at time 1:-

Observer A then calls (/2 - II )/2, multiplied by the conventional velocity of
light, the distance of B from him at epoch (II + 12)/2. This measurement
depends upon the clock A is using and a regraduation of A's clock necessarily
implies a regraduation of all distance measurements. It is now standard to use
the radar method in giving operational meaning to the notions or co-ordinates.
distances, etc. (see Marzke and Wheeler, 1964; Anderson, 1967), but it was
once criticized by Born (1943) as being far removed from all practical or
indeed practicable measurements of distances.

A further measurement which is permitted in kinematic relativity is the
measurement of angles, especially angles between light rays, by l11e:l11sof
some instrument like the theodolite. This brings the number of space dimen-
sions into the theorv.

In the above rran~c\Vork, the cosmological principle adopted by Milne is
that the totality of the observations that any fundamental observer can make
by means or his clock and theodolite is identical with those any other
fundamental observer can carry out.

Milne and Whitrow examined one-dimensional systems of observers
to see whether the observers can rcgraduatc their clocks in such a way
that in some sense all of them keep the same time. It turns out that
the problem has a well-defined solution if the relative motions of the
observers satisfy certain conditions. Then there exists a universal or
cosmic time for all the observers; the cosmic time is not unique. it admits
regraduation.

Since the regraduation affects both time and distance measurements, the.
variation of the mutual distances of the observers depends on the particular
type of clock used. Of the infinitely many time-scales available, the two most
important for kinematic relativity are the r-tirnc and the r-t imc. In I-time the
relative motion of the observers is non-zero but unaecelerated. The zero of
r-tirne may be chosen in such a way that the velocity distance relation v = r 1

is valid. The zero of r-tirne is a fundamental event at which the distance
between all pairs of observers vanishes. It is the origin or the whole system.
In r-time all the observers appear to be at rest. The transformation from
r-time to r-tirnc is

T
{

10 log - + 10'
10

(I)
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where 10 is a constant. In r-tirnc the origin of the whole system takes place in
the infinite past.

Milne deduced that the transformation from one fundamental observer to
another is the Lorentz transformation, when the I-time is used as the funda-
mental scale. This result is reasonable because the mutual accelerations
vanish in the r-systcm Since Lorentz transformations deal chiefly with
electromagnetic phenomena, Milne has suggested that these follow r-tirnc.
Atomic clocks which are essentially electromagnetic in character indicate
r-tirne, which may therefore be known as atomic time. The r-time is closely
associated with dynamical processes.

When this argument is carried over to three dimensions, it turns out that
additional assumptions are necessary to specify the curvature of three dimen-
sional space. The choice is made that, in I-time, the transformation between
any two fund.uncntal observers should still be the Lorentz transformation.
This implies that the four-dimensional space it flat, and this further implies
that the motion of the observers is relatively unuccclcratcd and that their
three-dimensional space is hyperbolic. The metric for the four-dimensional
flat space-time may be variously written as

-, -, di~ + dl'~ + d:~
ds~ dt - - 1- , . , " ,

(I - 1/4(.\'- + }- + :-»-
dt' - dx' - dy' - d:",

, / [I' , d>? + df + d:~ ]c- T I tl t" - r ~--,-.--'-~--,-...-:-:-
o 0 [I - (.>? + f + z'f/4 '

where the first form uses cornoving co-ordinates and a universal time, the sec-
ond locally defined measures of time and space in r-timc, and the third locally
defined measures of time and space in r-timc, The transformation laws are

-I + (.~~+ f + n2/4 .\:1

I = I I _ (Xl + i'~+ ~)l/4' x I - (.~ + f + z~f/4 '
I

T = 10 10f! -
- 10

Since the co-ordinates .X',.y, z are constant for any observer, it follows that X/I
is constant. Hence the velocity distance relation takes the simple form

dx X

ell
II

i.e., in vector notation,

(2)

(3)

(4)

(5)
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It follows from the theory of the Lorentz transformation that the quantity

(6)
is an invariant. The invariant density (!, which is the number of particles in
the invariant volume clement dxdvilzdtlds, is a function only of .\', and

tll
1/ = (!(x) ds' (7)

where 1/ is the apparent density. i.e., the number of particles in the volume
element dxdydz, From Eqs. (2) and (4) it follows that (ds/d/)~ X!/~, and
therefore that

(8)
Milne assumed that matter is conserved. It then follows from the equation of
continuity for 1/ and Eqs, (5) and (8) that

l! = J]X-J/1, II = BIX-1, (9)
where B is a constant. The meaning of Eqs. (5) and (9) is that the velocity
distance relation applies strictly. the density decreases in time but increases
from the origin towards X = O. and that the surface X = 0 represents the
invariant border of the universe which is advancing at the speed of light.

The knowledge about the behaviour of the density completes the discussion
of the substratum in kinematic relativity, as the question of pressure does not
arise since no random niotions have been introduced. The particularly simple
structure of the substratum in kinematic relativity is used together with the
cosmological principle to construct a dynamics and other branches of theo-
retical physics.

In kinematic relativity a free particle is defined as one which is not par-
ticipating in the motion of the substratum. For such a particle it can be shown
that acceleration

(Ff fef, \', I) (i' -
- y (10)

dl~ Y1) X G(X, n
where

, r~, -, Z2
(I I)X = t: Y - Y-, Z = I - V' r, ~ Xy

At this point it was assumed by Milne that since (10) involves a property of
the substratum which was itself built up without reference to any dimensional
fundamental constants, no such constants can appear in the theory. The



432 J. V. NARLlKAR AND A. K. KEMBHAVI

non-dimensional constant G cannot therefore depend on a dimensional
argument like X, and hence G = G(O. The vectorial part of (10) determines
the direction of the acceleration J: and this is along the line joining the free
particle to that fundamental particle which has the same velocity as the free
particle. Since X and Yare positive, the acceleration is towards the funda-
mental particle if G < 0 and away from it if G > O. In the first case the
system is stable in the sense that there is tendency for the velocities of free
particles to diminish relatively to the local fundamental particles. In the case
G > 0 the system is correspondingly unstable. It has been shown by Milne
that G ~ - I.

Consider a swarm of free particles of different positions and velocities
superposed on the substratum. It can be shown that the distribution function
I(x, )', z; ,x, j', :; I) of these particles is of the form

I = y-5/2 X-Jj2",W, ( 12)

where the dimensionless distribution function "'(0 is related to the acceleration
function G(~) through

G(O
c

-I ( 13)

with C a constant.
Milne interpreted (13) as a law of gravitation, since it determines the

accelerations in terms of the distribution of the massive particles. This is not
a general law of gravitation and it applies only to mass distributions satisfying
the cosmological principle, i.e., those which appear the same to every funda-
mental observer.

Milne identified the first term in Eq. (13) wi th the gra vitational effects of
the substratum alone, and the second term with the gravitational effects of
the statistical distribution of masses. In the absence of free particles,
therefore, G = - I and (10) takes the form

dv
dl

Y- X (i' - YI). ( 14)

In r-tirne this appears for small vas

d2rr
d!2 = 0, ( 15)

where the distance 7! in r-tirne for nearby objects [;:/1 small] is

rr
10 _
-r.
t ( 16)
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Hence for nearby, slowly moving objects. in the absence of other free particles.
Newton's first law of motion applies in r-time. Milne therefore identified
r-tirne with the time of Newtonian dynamics. Milne and Walker have shown
that with appropriate interpretations Eq. (13) can lead to an inverse square
law of gravitation. The constant C turns out to give the relation between
particle numbers and their effective gravitational masses. Milne and Walker
have built up a complete system of dynamics. Most of the results of this
scheme are in agreement with Newtonian theory, but there are a few exceptions
which though small on the local scale, are of great importance for cosmic
problems. A very significant deviation is that angular momentum turns out
to be a quantity proportional to the cosmic time I. This result greatly aids
Milne's theory of galactic structure. Kinematic relativity also leads to new
theories of photon and electromagnetic fields and even supplies a new basis
for atomic and nuclear theory.

iI:

9.2 Einstein-Cartan cosmologies
In the Einstcin-Cartan gravitation theory, the influence of the intrinsic spin
of matter on space-time geometry is considered. The theory was originated
by Carlan (1922), independently formulated hy Sciama (1962, 1964), Kibble
(1961) and Peres (1962) and developed by Hehl and coworkers (Hchl, 1973.
1974; Hchl, von dcr Heyde and Kerlick (1976) and Trautman (1972).

1\ justi lication for the consideration of spin as a source of the gravita tional
field may be made as follows (Hchl, 1973, 1974). In the classification or
elementary particles using the irreducible representations or the Poincare
group, particles are labelled by their mass III and their intrinsic spin s. Mass
is connected to the translational part of the Poincare group and spin to the
rotational part. In a field theoretic formalism mass corresponds to the
energy-momentum tensor and spin to the spin angular momentum tensor. In
general relativity, the gravitational field is the dynamical manifestation of
energy-momentum to which it is dynamically coupled through the energy--
momentum tensor. This is appropriate in macroscopic situations when the
spin usually averages out to zero. In microscopic situations, as well as in
those macroscopic situations where there is alignment of spin, however, there
is no a priori reason for relegating to spin a role inferior to that assigned to'
mass. In such situations the dynamical effects of spin on the geometry or
space-time should be considered. This is done in the Einstein-Cartan-
Kibblc-Sciama (U4) theory by making the affine connection asymmetric and
relating its antisymrnctric part to the spin angular momentum tensor.

The space-time of the U4 theory is a four-dimensional non-Riemannian
manifold on which an asymmetric affine connection r-, and a symmetric
metric g;j are defined. These arc compatible with each other, i.e., the covariant
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derivative of the metric tensor, defined using the affine connection f\, vanishes
and the scalar product of any two vectors is preserved under parallel transport.
The affine connection is given by

f,/ = {;/} + Q;/ - Q/I + Q\, (17)

where [~} is the Christofel symbol of the second kind and c, is the torsion
tensor:

The Riemann and Ricci tensors are defined in the usual manner using the
affine connection f\, and the scalar curvature R = g'( Rik as in a Riemann
manifold.

The field equations for the metric and torsion arc

( 19)

and

Qi ,i QI" QI s' (')0)j( - U i Ik - U ( il = I{ 1(' -

where I{ is Einstein's constant of gravitation 8rrG/c4, Iii is the asymmetric
canonical energy-momentum tensor and s', the spin angular momentum
tensor. lf L is the Lagrangian scalar density, these tensors arc defined as

J
IM-
(- ")S.' :.=o r>:» bKl'

'J

(21 )

and

/i = t» + Vk * (S,;k _ Siki + Sk'J),

where Ti is the metric energy-momentum tensor defined by

(22)

. (23)

and "V(* is the modified covariant derivative

v,* = v, + 2Qk/, (24)

with "Vk the usual covariant derivative defined in terms of r\.
The field equation (20) is an algebraic rather than a differential equation

relating torsion to spin. The consequence is that in the U4 theory, there can
be no torsion of space-time outside spinning matter. Torsion is inextricably
bound to matter and cannot propagate through the vacuum as a torsion wave
or via any interaction of non-vanishing range. Outside the matter distribution
spin makes itself felt only through its influence on the metric tensor.
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Because the equation for torsion is algebraic, it is possible everywhere to
substitute spin for torsion and effectively eliminate torsion from the formalism.
For this purpose the Einstein tensor on the left of Eq. (19) is split into its
Riemann part, which is computed using the Christofel symbol {~}, and its
non-Riemann part, the torsion terms for which arc substituted for using (20).
The result is the single field equation

(Rij - tgijR)! I = - I{7;i'

where the symmetric energy-momentum tensor is defined by

fiJ = Tii + I{[ - 4rik(llilk) - 2t'klljkl + Ikli Ikl + tgiJ(41"or/ ("Ikl + t",kltmkl)],

(25)

(26)

and obeys the conservation law VJ!} fij = O.
It is possible to estimate the densities at which spin effects are as important

as mass effects by considering a continuum made of elementary particles with
number density 11. For particle mass III and spin !!f2, the m3SS and spin
densities arc {} = 11111 and a = 1111/2 respectively. From Eq. (26) it follows
that mass density receives corrections from the spin density which arc of the
order of «o", and spin effects are as important as mass effects when the
density has the critical value

(27)

f! is of the order of 1047 gms cm-) for electrons and I0S4 grns em -) for neutrons.
This shows that it is necessary to consider spin effects only in connection with
the very high densities which occur in the early epochs of cosmological models
or in gravitational collapse, and in the study of quantum gravitational processes.

An interesting feature of the Einstein-Canan theory is that it admits non- -
singular cosmological solutions which are physically reasonable in the sense
that they can reproduce the observed properties of the universe as well as gen-
eral relativistic models do. The work of Penrose, Hawking and Geroch (Hawk-
ing and Ellis, 1973) has shown that space-time singularitics, at least in the sense
of geodesic incompleteness, are a general feature of Einstein's theory. I n this
circumstance a theory which admits non-singular solutions, in situations which
are always described as singular in general relativity, is especially significant.

It was first conjectured by Trautman that the singularities of gravitational
collapse and cosmology might be prevented by the direct influence of spin on
the geometry of space-time. Kopczynski (1972) has obtained a two parameter
family of non-singular cosmological solutions for a spherically symmetric
distribution of spinning dust. He has also obtained an anisotropic solution
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1 -

(Kopczynski, 1973) with shear in which there is no singularity when the effect
of torsion is greater than that of shear. A special case of this solution in which
the spins are aligned along an axis and the shear vanishes has been considered
by Trautman (1973).

In Trautman's model, the universe is filled with a spinning dust charac-
terized by a mass density Q and four velocity u', A classical description of spin
is assumed, so that the spin angular momentum tensor can be expressed in
terms of an antisymmctric tensor Sij:

s, = u'Sjk, ~k II

The metric is of the Robertson-Walker form

dSZ = c1dr - R1(1)(d,-'? + (Zr~ + dz'],

o. (28)

(29)

which is cornoving, i.e., II' = OOi, with XO = ct, Xl = x,;(l = )', Xl r. It is
assumed that the spins arc aligned along the x-axis, and the only independent
non-vanishing component of S'i is S21 = a. The field equations are reduced
to a modified Friedmann form

(30)

and the conservation laws for mass and spin are

M = jrrgR) = constant, S = j7laR) = constant. (31)

The last term on the left hand side of (30) is repulsive. It dominates at small
R and prevents R from reducing to zero. Equation (30) can be solved exactly
and gives

[
3GS1 9GMI1Jlil

R(I) = -- +--
2Mc4 2

(32)

R is minimum at I = O. For a sphere containing N particles with mass III

and spin hj2, the minimum value of R is

R. = (3GS1)1/J = (3NGh')I/J
moo 2M c4 8mc4

If III is the nucleon mass, Rmin ~ 3 X 10-17 NI/l ems. For N = 1080, which is
representative of the total number of nucleons in the universe, Rmin ~ I em,
This is a very small size, but it is much larger than the Planck length
(GhjC)I/1 ~ 1.6 X 10-5J em, which is considered as providing the only natural
limitation on the validity of classical, Einsteinian cosmology. The density of
matter at t = 0 is Q ~ m1c4jGiJ2 ~ 1055gmscm-J. This density is much

(33)
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smaller than the density cSjG'h ~ 1094 gmscm-J at which the quantum
effects of the gravitational field are presumed to playa dominant part.
Nevertheless this density is so large that the properties of matter near I = 0
are entirely unknown, and the merits of considering the state to be formally
non-singular may be questioned. For I ~ r = hj1l1c~ :::: 10 ,.1 sees the model
coincides with the Einstein-de Sitter solution of general relativity. Therefore
any considerations about the hadronic era of the universe, and its subsequent
development are little affected by the introduction of torsion in cosmology.
(It is interesting to note that the Cvficld cosmology of Section 4 yields exactly
the same solution (16) when there is no creation of matter.)

It is assumed in this model that spins are aligned along the x-axis. Trautman
(1973) has suggested that a cosmic magnetic field B may provide a correlating
mechanism for the spins. Such a magnetic field may successfully compete
with increasing temperature T, which would tend to destroy the alignment,
provided that the flux is conserved and BR' = constant. As RT = constant,
the ratio JIBlkTbchaves like IIR and may have been so large in the past that
the magnetic field aligned all spins in spite of the large temperature.

Isham. Salam and Strathdcc (1973) have considered the result on Traut-
man's model of the interposingf gravity, which is the strong short range
component of their two tensor (f-g) theory of gravity (Hchl, 1973, 197'+).
Isham et al. find that when f-gravity is taken into account the minimum
radius of Trautman's model is ~ 10lJems, rather than IClll and the density
of nucleonic mailer at minimum radius is 1017gms cm-) rather than
1055gmscm-J. The mailer thus collapses to densities only a few orders of
magnitude higher than known nuclear densities. The arguments used on
arriving at this result are heuristic in nature and are not based on some exact
cosmological solution of the field equations.

When the shear in Kopczynski's anisotropic solution docs not vanish. the
metric is of the form

ds' = dt' - X~(I)d_>? - y1(1)(d/ + d:1). <3'+j'

The cosmological fluid is considered to be pressure and rotation free. The
density of matter g, density of spin a and shear scalar e arc all x R J(t), where
R(I) = (J - g)) = (Xl',)1/1 is the average length scale factor (see Section
2.12). As in Eq. (31) constnats M, S and I: can be defined with

I

I

·1I

3M 3S
Q = 4rrRJ, a = 47lRJ' 1/'

The first integral for R(I) analogous to (30) is

R2 GM 3G1S1

"2 - R + 2c4R' (Sl - I:1)

3I:
4rrR)'

(35)

0, (36)
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which may be integrated to give

R(t) = [3G(S' -~ L') + 9GMI'JI 1

2Mc 2 (37)

The shear term is always attractive and has the same R dependence as the
repulsive spin term. A singularity can only be prevented when S > L.

Stewart and Hajicck (1973) have independently obtained this solution and
argued that the singularity is avoided in this model only because of its high
symmetry. At large values of R. we get from Eq. (37)

H' = R' 2GAl 8nG{!
R' ~ J?l 3 (38)

where /I is Hubble's constant, and we have from Eqs. (35)

If = )a', (39)

where i. is a constant. from Eqs. (35), (38), (39),

t: ~:~.~~= 8~~ G:){! = 8~~' (~',)u,
and Ior a fluid containing N neutrons each with mass /1/ and spin 11/2,

(ifJ') 3)N{!
JI' ~ 32nGII/"

Since the singularity is avoided when L < S, we have J. < I, and

(
ifJ

1
,) ~ 3h'{]now

2
~ JO.27 (glll)2 (42)

H- now 32nGIII em '

IO-'Y gms crn "". This may be expressed in a dimensionless form as

(40)

(41 )

for {!I\OW

(ifJ') (G)2
If' now ? :S 10-SJ. (43)

Comparison of this value with the observational upper limit ~ 10-6 shows
that unless the universe is very nearly isotropic a singularity cannot be avoided.

Non-singular cosmological solutions with spins aligned along an axis of
symmetry have also been obtained by Kuchowicz (1976a). Non-singular
Bianchi type-I cosmological models in which a magnetic field is present have
been obtained by Kuchowicz (197Gb) and Raychaudhari (1975) for various
equations of stale. Tafel (1973) has shown that non-singular cosmological
models of Bianchi types I-VIII are possible, and he has obtained a class of
solutions of Bianchi type V.
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In the Einstein-Cartan theory. spinless free massive particles move along
time like geodesics and photons along null geodesics. Geodesics therefore
have the same fundamental significance as in general relativity, and geodesic
incompleteness of a U~manifold should be considered an indication that it
is singular. The singularity theorems (Hawking and Ellis, 1(73) set down a
set of conditions under which geodesic incompleteness occurs. At least one
of these conditions must be violated in the non-singular cosmological models
of the U4 theory. One necessary condition common to the singularity theorems
is the strong energy condition

(44)

for every non-spacclikc vector ~; (the inequality sign in (21) can be reversed
by adopting a convention different from ours in defining various basic
tensors). Hchl, von dcr Heyde and Kcrlick (1974) have shown that the strong
energy condition is violated under the assumptions which have been made in
obtaining the known non-singular models. In all such models the metric
energy-momentum tensor is

(45)

and the spin angular momentum tensor obeys relations of the form given in
equations (2!i). The symmetric energy-momentum tensor for such a fluid is

t;i = (Qc2 + r > ~KC2S2)//Ui _ (p

- 2C(lIkU' + b/k)'Y,{} (Skli/lJ)), (46)

where 'Y/(} is the covariant derivative corresponding to the Christofel symbol.
and S2 = is.s-,

For the mixed field equation (25) the strong energy condition reduces to

(tiJ _ 19iit k);:;: >- 0
2 k ~ISJ:;;'--- ) (47) -

which in the special case (i = /I; gives upon using (46)

J·nc' + ~p - 1}{C2/ + 2cS;ii1(}/I >- 02 _ 2 2 (, JJ s-: • (48)

For the known cosmological models the last term on the left is zero, and the
strong energy condition reduces to

(49)

The quantities {!, p and S2 are all dependent on the time (i.e., on the average
length scale factor), and as soon as the spin density / reaches a value such that

(50)
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the strong energy condition is violated, and the possibility of avoiding
geodesic incompleteness arises. But geodesic completeness of itself is not
sufficient to ensure that there is no space-time singularity in a U4 manifold.
In the U4 theory particles with spin do not move along geodesics; their
equations of motion are of the Papapetrou type (Hchl, undated). It is
therefore necessary to ensure b-completeness (Hawking and Ellis, 1973) if it
is to be concluded that the space-time is non-singular.

9.3 The chronometric cosmology
Recently I. Segal (1976a) has proposed a new kinematic approach to cos-
mology. The main feature of this cosmology is the observational prediction
that the distance is quadratically proportional to rcdshift. Segal claims that
such a relation fits the observed redshift-magnitude diagram better than the
linear Hubble law of standard cosmology. Segal calls this theory chronometric
cosmology since it involves "time" in two different aspects, local and global.
The basic features of this theory are summarized below. The observational
validation is deferred to Section 9.

The fundanienta! assumptions Globally the cosmos is taken to be a four
dimensional" manifold if, causality preserving, homogeneous and isotropic.
Specifically, we take A1 as R' x S where R' is the real line corresponding to
a time co-ordinate I and S is the 3-dimensional spherical space (i.e., the
surface of a 4-sphere). Locally, however, the space-time is Minkowskian with
a time co-ordinate .\0 which is 110{ the same as I. The local measurements
measure .\0' not I. The differences between Xo and I can be apparent only from
a cosmological observation connecting the local domain to a distant one, e.g.,
the measurement of the redshift of a distant galaxy. The theory is based on
considerations of symmetry and on the group theoretical properties of
Maxwell's equations. The role of Riemannian geometry is only incidental.

The cosmos admits stationary observers. The assumption of stationarity,
Segal considers essential since without the notion of stationary states, .changes
of state cannot be validly described. The physical observers arc subjected to
restrictions similar to that in the Minkowski space-time. For example any
given timclikc direction at a point is tangential to the Iorward direction or
some admissible observer. Also, two different observers at the same point see
the cosmos in causally compatible ways. That is, causality is preserved when
transformation is made between the maps of the cosmos made by the two
observers.

The main problem next arises of "connecting" the local Minkowski space-
time M with the global space-time A1 so that non-local observations can be
locally interpreted. Although Segal considers a correspondence between the
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(n + 1) dimensional Minkowski space and an (n + 1) dimensional spherical
space we will describe here the relevant particular case of n = 3.

The M - ,f[ correspondence
space M with the usual
quantities:

Set up co-ordinates .\0' XI' X,, X) in the Minkowski
metric 1/" (cl'. Section 2). Deline t hc rllll()\\'in~

x -
(51 )

where i

CI I - !X2
, ~4 = 1 + iX2, ~I

0, 1,2,3. Let:=: (CI' (0' (I' ~~,~3' ~4)' with

:=:~ = CI2 + ~Ol _ (1" _ ~/ - ~/ - ~/ (521

be defined for arbitrary ~j and suppose that the transformation

t\:X-->:=: (53)

is defined such that if E = t\(X) for X in M then:=:~ O. We can look upon
:=: as a point in a general 6 dimensional vector space IV in which :=:~= 0
defines a quadric Q. Let if be the 5-dimensional projective space in rays in
W, obtained by the identification

«(.1' (0' ~I' ~1' ~), ~4) == (ex~ -I' ~(o, ~~I' ex(~, ex~), ex~4) for all ex --> O.

For the ray E through :=:, let
J.:X-->~ (54)

define a map of AI into the quadric J\J in if corresponding to Q in 11'. The
mapping is one to one. It is possible to recover (.\"0' XI' X2, x) from a general
point of Q in the following way.

For a non-zcro E in IV let II denote the vector (II .1' "0, "I' II~. u«, II,) with

II) = ~J(CI"+ ~O")-I~. (55)

Set \I = I/(:=:) and note that II is the same for all vectors on the same ray as
:=:.Thus II(:=:) = I/(:=:)is unique and E --> II is a wcll-dcfineu mapping from Q
into a 5-uilllellsional space I~'.Also. by uclillilioll

(561

Thus this mapping. to be denoted by

r:if->K (57 )

maps Q into the direct product of a circle SI co-ordinatized by (u.. "0) and
a 4-sphere S3 co-ordinated by (1/1, II~, II), 114), Conversely any point of
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S' X SJ corresponds to a point of XI via the mapping v :u -e+ ::::, where
::::= (II "I' ' , , 11.), This mapping is, however, two to one since both i u
correspond to the same point of Ivl. We say that )' is a two-fold covering of
ii by s' X 5'.

Noll', given (11-I' . , , 11.) for anyone of the two points of S' x 5),
corresponding to a given X in M, we have from Eq. (51)

k:' (I - iX2), II. = k-I(1 + iX2)

k-Ix}, k = i(1 - iX2f + X02]' 2. (58)

The mapping X -> U is one-to-two but is locally one-to-one. Taking k > 0
in the vicinity of X = 0, we have uniquely,

(59)

l lcrc we huvc u = (1,0,0,0.0, I) at X = 0, We may now define a new time
t by

I 110
t = tan --.

11 I
(60)

We now have a metric of the following form on Sl x S3:

d~2 = dt' _ d\,2 (61)

where d/' is the line clement on S3. The apparent Lorentzian structure on
Sl x .,,') is not invariant under the action 01' the Lorentz group on M; however
it is invariant under conformal transformation. Also, as (11_1,110) moves on the
unit circle, t goes from - (.I:.. to co because of the multivalucdness of the
transformation (60), This is the universal space RI x SJ representation of
Segal's chronometric cosmos ,\I. We will now discuss its observable properties.

The phvsical implications The space Sl x SJ is not causal in the large, since
the substitution

II -I = COS I 110 = sin I IIi = ci(constant) (62)

describes a cyclic curve in forward timelike direction. Is there any observable
effect of this peculiar timclikc behaviour? Segal points out that the local
obs'::\'er will make his measurements with the Minkowskian co-ordinates Xi

in M, He cannot measure t in a local experiment. However, a non-local
experiment can reveal the effect of the non-linear relationship between the
chronometric cosmos II! and the local Minkowski space-time,

Consider for example, the redshift of distant galaxies. this arises in this
cosmology because frequency is measured on the r-scale rather than on the
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1I0-scale. That is, the operator for frequency is - iD/oI rather than -IC, (-xo.
If t/J is the wavefunciion of light of frequency v at the point Pu of emission
taken as the origin, then initially we should have

iN- i - = I't/J = Ho(O)t/J
,Dxo

where Ho(O) is the energy operator at the initial stage. (We have taken
fl = I.) Initially, the r-tirne is also zero. At a later time I = S > 0, the energy
operator will be Ho(S) at the point P where the frequency is measured. P has
co-ordinates (S, II), say, where II is the position in SJ, Segal shows that !lu(S)
is related to Ho(O) by the unitary transformation

Ho(S) = e-iS/I Ho(O)eiS/I, (64)

(63)

where H is the "true energy operator". In the chronometric cosmos H stands
for - iD/Dt. It can be expressed in terms of the Minkowski co-ordinates by
using the relation

i)
Dt

+ "2-0 (XI ..j-- + x
2
1-- + x

J
..j--)

, oXI UX2 UX,

which follows from the transformations given earlier. A lengthy computation
then gives

(65)

+ cos S a---"---- +
2i Dxo

- c.os S Q ~ Q sin 5
2 0 + =': K,

I Xo ~I
(66)

where

Thus at P we would not expect Ho/S to have the same frequency eigenvalue
that Ho(O) had. Segal computes the new eigenvalue and finds that it is given by

, I + cos S
Vi = V,

2
(68)
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so that at P a redshift z is observed. given by
I' - 1.1 S

Z = --- = tan2-
\,1 2' (69)

A rigorous derivation of this formula was given by Segal in a later paper
(Segal, 197Gb). The quantum dispersion round this frequency shift is too
small to be observed. .

Since Sin (8. I9) represents the change in the t co-ordinate, we now need
to connect it with the local Lorentz frame at the observer. This Lorentz frame
should be tangential to the cosmic space-time in the manner described below.

3Take, at) the po.in.t of emission pO'. R(Po) t~ represent the radius of the space
S ..With l? as origui of the local Minkowski space, and R(P) = Ro (say), the
Minkowski co-ordinates are defined in terms of global co-ordinates 11 by

. J

x/ = 2I1jRo(II_1 + I/J-I. (70)

We can similarly set up co-ordinates at the point of observation P. Without
loss of generality we may take the problem as a two-dimensional one in which
the light from Po leaves in the local xl

O direction, and arrives at P in the local
XI direction. We now use the parameters 1 and Q, for the typical point on
SI x S3

U_I = COS I, lIo = sin I, 1/1 = sin Q, 1/2 = COS Q. (71).

The tangential Minkowski co-ordinates n~ar the point of emission are

xoo = 2Ro sin 1 .\} = 2Ro sin (!
cos t + cos (! , cos 1 + cos (!

Near point PI which being light-like W.r.t. P must have 1 = 1:) = ( ) tl• ,,(J sa y, ic

co-ordinates are

(72)

2R sin (I - 0:)
Xo = cos (I - 0:) + cos (Q - 0:)'

2RI sin (0 - 0:)
XI

COS (I - 0:) + cos (0 - :1)'

(73)

The transformation ~xoo, xI
O) -+ (xo, XI) can be interpreted as the' product

of a scale transformation by the factor (RI/Ro)seco: and a Lorentz trans-
forll1ati~n with a velocity d.cpcntling on 0:. However, the velocity is only
virtual since the chronometric cosmos is stationary.

In the spherical geometry of S3, the distance varies as sin 0 and hence the
expected flux from a source with luminosity spectral function 1(1') in the
observed frequency range (VI' v2) is

\'2(1 +:)f I(v) dv. (74)
)'1(1+:)

NON·STANDARD COSMOLOGIES +15

The derivation of (8.24) is similar to that in standard cosmology. If in the
relevant range,

1(1')01'-> (75)

then we have in terms of magnitudes

1/1 = 2.5 log z - 2.5(2 - 0:) log (I + z) + constant. (76)

where we have used the relation

(77)

to eliminate Q. (8.26) is the redshift magnitude relation in Segal's cosmology.
We shall discuss the observational implications of Segal's cosmology in the

next section. We mention in passing what Segal has often emphasized: that
his velocity-distance relation is not linear but quadratic. Thus at large rcdshifts
the curve (log z against 1/1) should iise faster than the standard Hubble curve.

9.4 McCrea's cosmological uncertainty
In a series of articles W. H. McCrea (1960, 1960-1) has questioned some of
the foundations of cosmology as a predictive science. His reasoning is as
follows.

Normally in physics we predict the future behaviour of a system on the
basis of physical laws and the information available about the system nOli'.

However, in cosmology, the vastness of the distance scale and the limitations
of the finite speed of light impose some restrictions on this procedure. for
example, when we look at a remote galaxy P we see it in a state in which it
could possibly affect us now. However, we do not know of the state of the
parts of the universe that affected P at the time and in the state we are seeing
it now. In a static Euclidean universe, suppose Pis 109 light years away. Then
we see it as it was 109 years ago. Now, it would be affected by other points
Q, R, ... on its past light cone. Thus a galaxy Q located 109 light years away
on the opposite side of us with respect to P, would be on this light cone
3 x 109 years in the past--i.e., 2 x 109 years before the epoch ill which it is
observed now. In a non-static universe, however, we cannot know (or claim
to know) from the state in which we see Q now, about the state in which it
was when it affected P at the epoch when P itself could affect us now.

Although standard cosmologies get round this difficulty by postulation
mathematical models for the universe, this approach, according to McCrea,
hides the underlying basic limitation on any cosmological theory making
predictions on the basis of observations on the past light cone. Many of these
predictions (cf. Section 10) involve factors (I + z) where z is the redshift of
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a remote gaLl\)'. Many different cosmological theories diner in their pre-
dictions in powers of (I + :). According to McCrea, it is futile, in view of
the above limitation, to try to distinguish between these theories with such
tests. Just as quantum uncertainty makes it meaningless to try to distinguish
between different paths of an electron in a scattering process, so McCrea's
cosmological uncertainty makes it meaningless to talk ofa difference between
say, the Hubble diagrams of the Einstein-de Sitter cosmology and the steady
state cosmology.

Davidson (1960) has criticized this point of view by arguing that once a
cosmological model is formulated it makes definite predictions. Thus it
should be possible to compare the present and the remote parts of the
universe and decide, for example whether it is in steady state, McCrea, on the
other hand, believes the proposition undecidable by light cone tests in view
of the cosmological uncertainty.

l\lcCrea has not carried this concept any further (in a quantitative manner)
and because of this the controversy seems to be unresolved. The concept or
limitation or Iinitc light speed is nevertheless interesting and deserves further
co n sida;l Iio n,

'I
I
I

iu , ,
I

9.5 The anthropic principle
The aruhropic principle states (Carter, 1974) that what we can expect to
observe in the universe must be restricted by the conditions necessary for our
presence as observers. It arose as a reaction to the Copernican principle being
carried too far in cosmology. We have seen in Section 2 that the cosmological
principle makes it impossible to talk of a privileged position in the universe
at any given cosmic epoch. In Section 4 we saw that the perfect cosmological
principle makes even all epochs alike. It has been argued by Dicke (1961) and
Carter (1974) that it would be wrong to believe that our situation cannot be
privileged in any sense if one accepts (a) that specially favourable conditions
of temperature, chemical environment, etc. are prerequisite for our existence
and (b) that the universe evolves and isby no means spatially homogeneous
on a local scale.

One aim of the anthropic principle is to explain the various large number
coincidences, mentioned in Section 6, without invoking new theories or
hypotheses, like Dirac's Large Numbers hypothesis. But it can also be driven
further to derive relationships between the fundamental constants which
would restrict their range of values, and perhaps even determine them with
accuracy. The observed coincidences and relations are of three kinds (Carter,
1974): (I) those which can be understood in terms of conventional physics,
without invoking the anthropic principle, (2) those which require the use of
a "weak" form of the principle, and (3) those which require an extended

, I,
i. "

! !
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"strong" form of the anthropic principle. We will now consider one example
of each kind.

(I) Stellar masses: The mass of the Sun can be elegantly expressed by the
relation

(78)

where IIlp is the proton mass and

Gm/ ~ 5 x 10-39
fie

is the gravitational coupling constant. This was first noticed by Jordan
(1974). who believed on the basis of it that star formation was a cosmological
rather than purely astrophysical process, and constructed an elaborate theory
to explain the coincidence. nut the relation follows from a straight forward
application of star formation theory (Carr and Rees, 1979). The virial theorem
can be used to show that the maximum temperature reached in the gravi-
tational collapse of a gas cloud is

(79)

where m, is the electron mass, N the number of protons in the cloud and
No == Cl.c;-J/2. The collapsing cloud becomes a star only if Tmax is high enough
for nuclear reactions to occur, that is if kTm ax > 'QI1l,C

2
, where q depends on

the strong and electromagnetic coupling constants and is ~ 10-2
• It then

follows from Eq. (79) that N <. a. I No. i.e.

M <. a.I('l.c-J/2/1lp'

An upper limit to the mass of a star is obtained from the requirement that
it should not be radaition pressure dominated, for such a star would be
unstable to pulsations which would probably lead to its disruption. Calcu-
lations show that the upper limit is ~ 10 Nol1lp, so all main sequence stars are
in the range '

a.1 O:c - Ji2/1lp ;S M ;S IOCl.G -3/2 I1lp,

which explains relation (78). A detailed review on the scales of various other
structures is nature has been given by Carr and Rees (1979).

(2) Coincidences between large numbers: We saw in section 6 that there are
several dimensionless numbers in physics and cosmology with magnitude
~ Ia40• Dirac's Large Numbers hypothesis was invoked to explain the
approximate equality between these seemingly unrelated numbers. One such
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relationship is

(80)

where 10 is the present age of the universe, ao is the Bohr radius of the atom
~ 1O-8cm and a == e2/hc = 1/137 is the fine structure constant. (It must be
noted that this relation is equivalent to equation (2) of Section 6. We are
using a slightly different form hcre to confirm with popular usage in the
presen t con tex t).

An anthropic explanation for Eq. (80) has been suggested by Dicke (1961).
Assuming that life requires clements heavier than hydrogen and helium
Dicke argued that any cognisable universe would be one in which some stars
have already completed their main sequence evolution. This is because the
heavier clements can only be produced and spread throughout the universe
!n supernova explosions. The main sequence lifetime of a star whose opacity
IS dominated by electron scattering, which happens in the large mass stars
necessary for generating supernovae is given by

where '/ ~ 10-2 is the efficiency of stellar nuclear burning, Me is the Chan-
drasckhar mass ~ I Mo, and I" == II/I/I"e2 ~ 10-l.ls. The quantity is braces
is of the order of unity, and M is of the order of Ale (see above). Living
observers can therefore exist only when

(81 )

However 10 cannot be much greater than 1m, since most of the universe would
otherwise have been processed into white dwarfs, newtron stars or black
holes. Obser~ers are therefore most likely to exist at 10 ~ 1m, ~ a,; -III" so
that the relation (80) IS satisfied (to within a few orders of magnitude).

Carr and Recs (1979) have provided an independent argument, based 011

cosmology and independent of stellar evolution theory, in support of the
rcla tion (81). These a \I thors, a lid others, have also dcmonstrutcd how the
anthropic principle could be used to explain other large numbers coincidences.

Dicke's .argun~ent.isan example of the "weaker" Iorrn of the anthropic
principle, 111 which It IS assumed that we must be prepared to take into
account the fact that our location in the universe is necessarily priviledged,
to the extent of being compatible with our existence as observers. In using this
form of the principle, no attempt is made to explain the actual values of the
fundamental constants. All that is done is that some otherwise unexplaincd
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features of the universe are understood as features for our very existence,
given various laws and constants.

(3) Relation between the gravitational and electromagnetic fine structure
constants: Carter (1974) has obtained a connection bet wecn a and a(i using
the anthropic principle and the existence of convective stars. The mass _H*
which divides convective (red dwarf) stars from radiative (blue giant) stars
may be shown to be (see Carr and Rccs (1979»

AI ~ AI IX .-1/21X6 (~)l ~ Af IX -1/laIO* ( (, c G
111"

using the relation 111,./111" ~ IOx2, which results from a coincidence in nuclear
physics. The mass M * lies in the range around the Chanclrasckher mass ·\Ie

in which main sequence stars exist only because

(82)

Were G (and hence a(;) slightly larger, all stars would be radiative; if it were
slightly smaller, all stars would be convective, It is possible to ascribe anthropic
signiflcancc to (20) if it is assumed that planets form only around convective
stars. For then no planets, and hence no life, would form if 'Y.c; were much
larger than a2U• If Xv were much smaller thnn «", all stars would be chemically
homogcniscd due to convection and probably would not form supernovae,
thus making it impossible for the heavy clements, which arc again necessary
Ior our existence. to be produced. The weakest link in this argument is thc
supposition that planets form only around convective stars. This must at the
moment be considcrcd speculative, but it is supported by the observation that
red dwarfs have much less angular momentum than blue giants. and the loss
01' angular momentum may be a consequence of planet formation.

The anthropic principle has thus provided a relationship between a and 1.(;,

and explained why a(; is so much smaller. Carter's argument is an example
of an application of the "strong" form of thc anthropic principle, which
states that thc universe, including thc fundamental parameters on which it
depends, must be such as to admit thc creation of observers within it at some
stage. This is a strongcr assumption than the onc Dicke had to make
ill his explanation or the large numbers' coincidence. There it was merely
assumed that observers like ourselves can exist only after the universe
has evolved sufficiently, but not too late in its history, i.c. at some privileged
epochs.

There are coincidences in nuclear physics as well to which anthropic signifi-
cancc may be ascribed. For instance, Hoyle (1965) has pointcd out that life
as we know it may turn out to be sensitively dependent on certain cncrgy
levels of carbon. In stellar evolution the element carbon is synthesized by the
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reaction sequence

He~ + He" -> Be8,

However, Bcs is unstable and normally CI~ would not have formed. But there
is a resonant level of excited state C*I~ of Carbon so that the reaction

3He~ -> C*11

proceeds. If this excited state were not possible the universe would have been
almost devoid of carbon which is so necessary for life as we know it. There
is however no similar fa vourably placed resonance in 016• Otherwise almost
all the carbon would be transmuted into oxygen.

An attempt has been made to provide a physical foundntion to the anthropic
principle by associating it with the "many worlds" interpretation of quantum
mechanics (Everett 1957). According to this, at each observation, the uni-
verse branches into a number of parallel universes, of which only one is
known to any well defined observer. Wheeler (1971) has in accordance with
this scheme envisaged an infinite ensemble of universes, all with different
coupling constants. Most of these universes are completely uninteresting;
only those which start ofT with the right coupling constants become "aware
of themselves" (Carr and Rccs, 1979), by producing observers who make the
universe cognisable. It is possible that all such cognisable universes have
some features in common with our universe.

The anthropic principle has not yet been used to predict any new feature
of thc universe. It leads to an estimate of the order of magnitude of most of
the fundamental constants of physics, but it has not yet been used to derive
any exact values. Moreover, it is based on a vary parochial concept of an
observer, which assumes that all intelligent living creatures have the same
nature as we ourselves do. Nevertheless apart from Dirac's Large Numbers
hypothesis (where applicable), it is the only framework we have for explaining
many of the remarkable coincidences that are found in nature. And Dirac's
ideas are now in some doubt because of the severe restrictions recently placed,
on the rate of change of the gravitational constant.

10. THE VERY EARLY UNIVERSE

In Section 2.10 we described the background of this topic, and the raison
d'etre for studying it. Until the particle physicists agree upon what is the form
of a unified theory of all interactions, the topic of the very early universe will
continue to belong to non-standard cosmology. We summarize the highlights
of this exciting field as they are seen at the time 01 writing.
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10.1 The problems of the very early universe
What are the problems of cosmology that necessitate the study of the uni-
verse much prior to the epochs discussed by Gamow et al'! The outstanding
problems are the following.

(i) The photon-baryon ratio The microwave background has a Planckian
spectrum which enables us to calculate the number density of photons II, to be

II, = 11.. == 2.4?4 (kT.lo)3, (I)
'0 7C C I

where To is background temperature at present.
Suppose that the universe at present has a total matter density of Doe,

where Or is given by Eq. (85) of Section 2. Let a fraction 18 of this be made
of baryons. Taking the typical baryonic mass III as the mass of a proton we
get the total baryon number density at present as

3Ho2
"B,) = -8 G Doln· (2)

rr m

Notice that both II, and "» at any epoch in the past (except the very early
onccs which we shall discuss scpa ra tely) depend on the scale factor S as S-3.

Therefore

(3)

Givcn the range of values of Ho, Do, To andlB based on present extragalactic
astronomy, we find that the ratio nf/IIB lies in the range ~ 108_1010

•

Why docs this ratio have this particular value? That this value was deter-
mined at a very early epoch is clear from the fact that only then was it possible
to alter the values of II, andnB substantially through (possibly) baryon
nonconserving reactions.

(ii) The horizon problem The microwave background radiation is
extremely isotropic both on large and small angular scales (except for the dipole
component which is due to the Earth's motion against the background). The
large scale isotropy indicates that the radiation has the same energy density
over large volumes of space, of linear dimensions ~ 1028 ern. However, when
the radiation was made, the particle horizon of the universe was very small,
too small to guarantee this degree of homogeneity. For, a horizon necessarily
restricts the range of 'communication and hence the ability of physical
processes to homogenize the universe. For example, at the recombination



452 J. V. NARLIKAR AND A. K. KEMBHAVI

epoch of redshift ~ IOJ, the scale factor was smaller than its present value by
the factor ~ 10.1and the present size of ~ IQ28cm corresponded to ~ 10~5cm.
However, using the relations (89) and (90) of Section 2. 10 we find that the
universe at this epoch was only ~ 3 x 105yrs old and had a particle horizon
size of ~ 10,Jcm, i.e., a hundred times smaller than the above value.

If we insist that the isotropy of the universe was established even earlier,
then the discrepancy becomes even larger: the horizons are far too small to
account for the observed isotropy. How then could the process of homoge-
nization take place? .

(iii) Flatness This problem was first mentioned by Dicke and Peebles
(1979) although it was highlighted by Guth (198 I) later. It can be seen from the
Eqs. (72) and (73) of Section 2.10. When we talk of the decIcration parameter
(jo as defined by cqn (81) of Section 2.10, its value in the currently estimated
range of say 0.01 to 5 (cf. Section 11.3) implies that at present the various
terms on the left-hand side of(72) and (73) are comparable to within an order
of magnitude. However, the terms 5/5, $2/52 and its: do not maintain this
comparability at all epochs. In particular, the curvature term declines in
relative importance compared to the other terms. Closer to 5 = 0, us: ~
$~/52, which is why we set k = 0 in Eq. (89), Section 2.10.

Justified through this appears when judged from the present stand-point,
the reasoning contains a fallacy. For, the state of the universe was decided not
at the present epoch but at some early epoch close to t = O. It is at that
epoch, say at , = 1', that one would expect the curvature term k/51 to be
comparable to the other two. If that were the case, the characteristic time
scale of the universe would have turned out to be ~ r; that is the universe
would either have collapsed to a singularity (k = + I) or dispersed to infinity
(k = - I) in times comparable to ~ 1'. Dicke and Peebles took l' ~ I see
corresponding to the epoch of nuclcosynthesis. If one is talking of the very
early universe as Guth did r would have to be even smaller.

The only way out of this difficulty is to assume that at t = 1', the universe
was very finely tuned close to the state k = O. For only in this "flati, model
do we find that the time scale r does not enter the functional form 5 ex ,2/3
of the scale factor. Why should the universe have selected the flat mode of
expansion-or a mode which was extremely close to the flat mode?

10.2 GUTs and cosmology
By writing kTin units of MeV or GeY it is convenient to identify the epochs
in the very early universe that are relevant to high energy physics. The
relation (90) of Section 2 is thus generalized to

'second = 2.4g-I/2TMcV-2 = 2.4 X IQ-6g-I/JTGcV-2, (4)
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where
(.5)g = gh + igf'

Here gh = number of spin states of ~elativistic bosons and g, := nUll1bc~ of
spin states of relativistic fermions,. It being assumed that tl:~ bo:ons a~d
fermions are in thermodynamic eqUllIbnum. (For details see Nnr lik ar , 198.).

In the mid 1970s it was apparent (cf. Steigman, 1976) that the photon t~
baryon ratio cannot be explained in terms of a simple model wherein baryons
and anti baryons form a primordial mixture with photons,. all being III
thermodynamic equilibrium. Thus initially, creatlOn/annJilllaliOn processes

B + jj •..• j' + Y (6)

go on against a back-drop of the expanding universe until the baryons
. .. I d t f ilibriurn The number 11,,1118become no nrclativisuc and then rop ou 0 cquurorruru. . ,1

is then frozen from that epoch. Stcigman top. ('il.) found that the value IS too
high:

!!J. ~ 5 X 1017• (7)
110

Moreover, the same ratio applies to antiharyons also, thus leading to zero

baryon number. .., . ..'" .
This result is not surprising since nowhere 111 this assumption IS the particle ..

antiparticle asymmetry built in. Indeed to und.erstand the observed val~e.of
n,l1l1J three ingredients are necessary to be~al1shedby the pfimorJI~I~ sc~n'lno.
(i) the baryon number is not conserved (11) there IS a baSIC asynunctr ; In the
way baryons and anti baryons react (iii) thermodynamic equilibrium IS not
maintained prior to the freezing of the ratio 11)11/1'. '.. .

Yoshimura (1978), Weinberg (1979) and others have gl\cr. sccnarros that
lead to II,./IIIJ in the range 10.1_1011 (which includes the observed range). Th~
large uncertainty of the answer depends on th.e unccrl.aln :~lfam,et~ls of the
grand unified theories chosen for the description of particle ph; SICS. •

Grand unified theories (GUTs) seek to unify the strong mtcrucuon, the
weak interaction and the electromagnetic interaction. The simplest of GUTs.
SUeS) framework (Georgi and Glashow, 1974), includes three colours or
quarks and two leptons (in three flavours) and requires 24 vector bosons. or
these the photon (y), the Wvbosons (W±, Wo) and the eight gluons were
already required by the simple justaposition of the three imcracuons JJ1a
SU(3) x SU(2)L x U(I) framework. (The subscript L stands for left handed
leptons.) The other 12 bosons, designated as X bosons can convert leptons
to quarks and vice versa and thereby violate the baryon number conservatIOn
law.
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However. the so called minimal SU(5) framework predicts the decay of the
proton with a lifetime of 10)1-IO)~ years. The experiments on proton decay
set lower bounds on proton lifetimes that are :<: 2 x lO" years (Krishnaswarny
ct al.; 1982) Cor decay of protons in iron and :<: 2 x 1o)~years (Park et aI.,
1985) for decays in water. Physicists consider even more elaborate GUT
models including supersymmetric ones. In supcrsymrnetry the distinction
between bosuns and fermions is removed. Bosons like photons, gravitons,
mesons have supersyrnmetric fermion partners photinos, gravitinos, mesinos,
etc. While fermions like electrons, neutrinos etc. have bosonic partners
sclcctrons, sncutrinos ere (for a review of supcrsyrnrnctric theories see, for
example, Gates et al, (1983». Another approach is based on the original
Kaluza-Klein theory (Kaluza, 1921; Klein, 1926) which was proposed to
llilify electromagnetism with gravity in a 4 -\- 1 dimensional spacetime. In
modern K-K theories there arc 7 extra dimensions which arc cornpactified to
represent internal degrees of freedom of particles. (see Van Nicuwcnhuizcn,
198 I, for a review).

It is expected ill all these exotic theories that their plethora of exotic
particles had a transient but definitive role to play in the early universe.
Although the particles themselves may not be observable today, their early
micracuons should have left relics which serve as observational checks. One
such awkward relic is the magnetic monopole. The monopole should not
exist in isolation according to Maxwell's theory. It can exist, as a compact
structure in GUTs, with typical mass encrgy of ~ 101(,GcV. Being stable
indestructible structures, the monopoles should survive from the early epochs
when they were formed. Estimates of their present number density, however,
show that their total mass density today should be :<: 1015 times the closure
density, Clearly, such monopoles should not be allowed to exist!

10.3 The inflationary universe
A ncw input into the early universe scenario was made by Guth (1981) who
explored the consequences of the phase transition as the GUT group (SU(5)
or any other) breaks into SU(3) x SU(2) x U(I) that is, when the three
component interactions separate. Guth pointed out that the change is not
achieved instantly, but over an extended period and in this process the
temperature of the universe drops in a manner that may be compared to the
supercooling of steam and its eventual conversion to water. When steam is
supercooled, it reta.ins its gaseous structure even below the existing boiling
POIl11. However, tl1JS state is not quite stable and in the course of time the
steam condenses to droplets of water releasing its latcru heat.

In the very carly universe the GUT-phase transition produces a shift in the
state of the vacuum. What was originally the vacuum (i.e., state of lowest
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energy) at high temperature is no longer the true vacuum at low temperature.
The change from false to true vacuum releases energy; the false vacuum also
genera tes nega tive stresses. As first caleulated by Callan and Coleman (1980)
the extended phase transition would occur in bubble of space, like the
droplets of water. However, beca use of the nega tive stresses generated by the
false vacuum these bubbles would expand until the false vacuum has com-
plctely changed over to true vacuum of lower energy.

Recall that in the context of the steady state universe described in Section
4.6. I, McCrea (1951) had explained the expansion of the universe as due to
negative stresses in the cosmic fluid. Guth's inflationary universe is nothing
but the same idea: the negative stresses arising from the false vacuum blow
up the bubble with the exponential scale factor

S = exp Ill, (8)
where the negative pressure is given by

3H~
II = --

SrrG"

(Refer to Eq. (29) of Section 4.6.1.) This exponential expansion was called
"inflation" by Guth. For a general review of the inflationary models see
Linde (1984).

It is customary to interpret this effect as a J.-tcrm. Using (98) from Section
2.II,weget

(9)

(10)

where (} is the energy density due to vacuum. The }.-tcrm here is in principle
calculable from GUTs and is expected to be quite large compared to the
cosmical constant ). discussed in Section 2. I I. However, the solution here has
formal similarity with the dc Sitter and the steady state models.

The inflation, according to Guth's model did not last longer than
~ 10 - J~ sec. The value of }.was such as to increase the scale factor by as much
as ~ IO~O. When the expansion was complete, the energy released by the
change over of vacuum states was expect cd to reheat the universe to ~ 10~7K.
(In the steam analogy the condensation of supercooled steam releases latent
hcat.) The energy released was supposed to be thermalizcd by collisions of
different bubbles. Thereafter the bubble expanded as the standard radiation
universe with S o: (1/2. What we consider as the observable universe is a
subset of this bubble. It is this feature that helps the inflationary model to get
round the horizon and flatness problems.

The exponential function (8) has the property that it does not produce a
particle horizon. During the inflationary phase therefore it is possible to
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argue that the ease of communication over large distances would tend to
establish homogeneity. It could also be shown that the curvature term k/S2

became negligible during the exponential expansion so that the flatness
problem does not exist.

The similarity of the inflationary model with other ideas proposed for the
steady state model is obvious. The concept of the bubble universe discussed
in Section 4.6.3 finds an echo here. So docs the work described in Section
4.5.2. For. it is argued that the exponential inflation more or less eliminates
the fine details of whatever initial structure that existed before inflation. In
modern terminology this result is called the cosmic baldness hypothesis (cr.
Barrow, 1984, and references therein).

The original Guth version of inflation, however, ran into difliculties largely
?ecause the phase transition required quantum tunneling that led to large
inhomogeneities 111 the universe - inhomogeneities too large to be consistent
'with the cosmological principle, A new way of phase transition was proposed
by Linde (1982) and independently by Albrecht and Steinhardt (1981). These
authors studied the consequences of phase transition as discussed by Coleman
and Weinberg (1973). Here the change over from false to true vacuum did not
require quantum tunneling and the resulting phase transition was slow and
smooth ..

The associated inflationary model called the 1/('\1' inflationary model ran
into fresh difficulties, however. The scenarios of galaxy formation and the
small scale fluctuations of microwave background radiation based on the
new inflationary model lead to temperature fluctuations at least ~ 10J times
those quoted as limits of the present observations.

The Iact that i. (inflation) exceeds Einstein's }, term by a factor ~ IOIfIX is
also a cause for concern. For, as seen by observational tests at present (cr.
Section 11.3) the Einstein J.-term is quite small ifat all non-zero. How was
it possible for the universe to switch over to a small value of ), after the
inflationary epoch? Clearly a fine tuning of i. seems to be unavoidable.

Such difficulties have led workers in the area to more esoteric particle
theories like supersymmetry and Kaluza-Klein theories. There arc scenaries
which discuss inflation in these frameworks. (See for example, Linde, 1982
and Van Nieuwenhuizen, 1981.) Since supersymmetry introduces more
adjustible parameters, the fluctuation problem is resolved by supersymmetric
inflation. However, it is still too early to assess the merits of these latest
versions of the inflationary universe.

Another feature which is still unsolved is the nature and extent of dark
matter in the universe. The rotation curves of galaxies and the observed
velocity dispersion in clusters of galaxies suggest the presence of unseen
matter considerably in excess of the visible component. The unseen matter,
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if it exists, must have played a crucial role in the formation of galaxies. their
distribution in clusters and superclusters etc. A major research industry has
grown round this problem in which the dark matter is supposed to be made
of any of these combinations: low mass stars. black holes. massive neutrinos.
gravitinos, photinos, axions and other exotic particles depending on the
research workers' prejudices. So far no directly observable prediction has
emerged. (See Section II for the discussion of dark rnattcr.)

10.4 Quantum cosmology
The standard big bang picture gets modified if we recognize that the Einstein
equations of classical gravity break down when the characteristic radius of
curvature of spacetime becomes comparable to or less than the Planck length

_ (GII)I!l
L - )

p c (II )

In the very early universe this happened prior to the cosmic time

(
Gh)I;2

I = '5' ~ 5 x 10 - Jl sec.
r ('

(I :!)

In energy units this corresponds to ~ 10'9GeV. A correct picture of the
universe beyond these limits will emerge from quantum gravity.

There is 110 universally accepted formally complete and directly applicable
theory of quantum gravity yet to answer the question whether the standard
model needs to be substantially modified because of quantum inputs. There
arc many approaches by different people (DeWitt, 1967a. b. c: Gibbons and
Hawkinu, 1977; Arnowitt et al., 1962: Penrose, 1975; to name a few) and
there is I~O common aurccrncnt between these approaches even on the funda-
mental question as to-whether the universe had originated in the big bang.

A somewhat simplified approach that addresses the questions of spacetime -
singularity. horizon and flatness has come from Narlikar and Padrnanabhan
(1983). In this approach only the conformal degree of freedom is quantized.
Thus, given the classical spacetime with singularitics as a manifold III with
metric g,k' the conformal quantization considers metries of the kind

( 13)

where n is a function of spacetime coordinates. n can be quantized by the
Fcynrnan path integral method and it leads to the conclusion that amongst
such spacetimcs those with singularity and horizon have probability measure
zero. In other words the standard big bang singularity is an exception rather
than the rule.
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The conformal fluctuations of empty flat Minkowski spacetime can
generate nontrivial world models (Brout et 01., 1980; Padrnanabhan, 1983a).
In particular, Narlikar and Padmanabhan (op. cit.) find that of the various
conforrnally flat models, the l: = 0 Robertson-Walker model is overwhelm-
ingly preferred by probabilistic considerations. Thus the so called flatness
problem is also resolved.

Padmunubhan (19X3b) has also shown that a semi classical approach to
cosmology can be developed in which the back ground metric gik is not a
solution or Einstein 's equations but satisfies a modified set of equations. The
modifying terms arise from taking expectation values of the quantum operators
n', n,ni

, non, etc. It is interesting that the modified equations resemble
those of the HN Cosmology discussed in Section 7.

In gcncr.rl, conformal Iluctuations produce effective contributions to the
energy tensor which resemble the negative energy or negative stress contri-
butions of energy tensors in the steady state theory (cf. Section 4).

While in this approach the conformal degrees of freedom arc treated in
most general fashion and this is the only degree of freedom relevant to the
Robertson-Walker line element, the question as to what will happen if
non-conformal degrees of freedom arc included remains unsettled.

11. THE OBSERVATIONAL TESTS

The test of the pudding lies in its eating. For all its conceptual elegance a
scientific theory is judged in the last analysis by its ability to measure up to
the experimental/observational tests. In this final chapter we will discuss the
observational situation vis-a-vis the non-standard models presented in the
preceding chapters. Some tests peculiar to specific models have been discussed
already along with those models and to avoid repetition we will not mention
those. Rather, we shall be concerned here with those tests which can be
applied to a wide range of cosmological models. These fall into' tests of
several types, outlined below in brief.

(A) Local tests of weak gravity These mainly refer to the experimental tests
in the Solar system where the gravitational fields are weak. Since non-standard
cosmologies employ some gravitation theory or other, these tests are also
indirect tests of these cosmologies.

(B) Local tests involvino astrophysics The state of the universe in our local
neighbourhood (i.e., up to say the local cluster of galaxies which includes our
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own) can tell us whether it is consistent with the large scale structure of the
universe as predicted by the cosmological model.

(C) Tests of the large scale structure of the universe These depend on .the
extragalactic observations through optical and radio telescopes with possible
inputs from space astronomy.

(D) Tests of fun dam en tal constants Some non-standard cosmologies directly
or indirectly imply the variation of some of the so-called fundamental con-
stants. We shall be concerned here mainly with the variation of the gravi-
tational constant G.

In these discussions we refer from time to time to the predictions of
standard cosmology to enable the reader to compare the performance of
various theories with the standard one. The type of test (in the above four
categories) will be indicated by an appropriate letter in brackets following it.

11.1 The weak field tests (A)
There arc three classical tests of general relativity which have been discussed
extensively since the early days of the theory:

(i) the gravitational redshift
(ii) the perihelion precession for planet Mercury

(iii) the bending of light by the Sun's gravitational field. . .
Recent improvements in technology have added three more tests to this list:
(iv) the equality of inertial and gravitational mass
(v) the radar echo delay

(vi) the precession of gyroscopes.

These tests with the exception of (vi) use the spherically symmetric solution
produced by a gravitating mass M. In the Newtonian theory the solution is
described by a potential

<P = GM
R

(I)

at a distance R from the centre of the mass. In general relativity the space-
time metric exterior to 1\1 is given by the Schwarzschild solution. In isotropic
co-ordinates this line element takes the form

, (Ids' = I - GM/2C:r)2 dT2 '- (I + G1~f)4[dr + r(d02 + sirr' 0 d(I?)].
+ CM /2c r 2c r

(2)
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In other gravitation theories using the space-time metric in the same way
as general relativity, the solution in the case of weak gravitational fields is
usually expressible in the form (Weinberg, 1972) (with 'I = GM/c2r):

ds' = (I - 2all + 2fll]2 + ... )dT2

- (I + 2YII + ... )[d? + ?(d82 + sin? 0 (/q)2») (3)

where a, fl, Y are constants. A comparison of (2) and (3) gives a = I, fl = I,
y = I for general relativity. For the Brans-Dicke theory we have (Brans and
Dicke, 1961)

w+1
a = I, fl I, Y.= (4)

w+2
where t» is the parameter discussed in Chapter V. For the Hoylc-Narlikar
cosmology (Hoyle and Narlik ar, 1974) with variable G (cf. Section 7.7)

a = I, fl= I, Y = 1; (5)

the Hoyle-Narlikar cosmology without variable G gives the same values for
a, fl, y as general relativity. The same applies to the Dirac cosmology. We now
consider these tests briefly.

(i) The gravitational rcdshift test is not a sensitive one for distinguishing
between different theories. Even in Newtonian gravity it is possible to ascribe
a photon of frequency v with a gravitational mass I1I'/c2 and to arrive at the
same prediction as Einstein's general relativity.

(ii) The preccssi?n rate for th~ perihelion of Mercury gives a remarkably
close agreement with the prediction of general relativity. The predicted rate
for an orbit of semi-latus rectum Lis

6nGM
l1Gf( = -L-- ~ 43.03" per century (6)

which may be compared w.ith the observed rate of 43.11" ± 0.45" per century.
The above observed rate IS arrived at by eliminating the Newtonian contri-
butions to the precession rate produced by the gravitational perturbation of
other planets. This effect is as large as 532" per century. Thus the residual
Newtonian contribution l1N is zero by definition. In the general case of the
line element (3) the predicted rate is

11 _ (2 + 2y - fJ) r.
- 3 HGR' (7)

We therefore get for the Brans-Dicke theory

3w + 4
l1BD = n3w + 6 ""GR' (8)

NON-STANDARD COS"IOLOGIES

(10)

If we assume that there is no other source of precession, e.g., a gravitational
quadrupole moment contribution due to the Sun, then the Hrans-Dick c
theory would be ruled out unless w is very large, say (() ~ 30. Earlier Dicke
(1974) had nr gucd that there is evidence for solar oblarcncss which could
produce a precession rate of ~ 0.08 l1GR. To account for the remaining 90
percent it is the necessary to have w = 6.4. However, more recent observations
due to Hills et al. (1982) and Duvall et al. (1984) show that the quadrupole
moment parameter 12 is so small that it makes a negligible contribution to
any solar system test (see Section 5.4). It is worth emphasizing, however, that
should it turn out in the future that there is some cause for the precession rate
even as small as ~ 5% of nGf(, the remarkable agreement between GRand
theory would disappear.

The Hoyle-Narlikar cosmology (1974) with variable G would also seem to
be ruled out by this test because it gives a much smaller precession rate:

1111N = jl1GR· (9)

Here again another source of precession rate ~ l4"/century is required to
make the theory survive. The earlier version (1972b), however, su rvi yes.

As a postscript on behalf of classical general relativity one may add that
the residual 43"/century mentioned in Section 2.9(ii) was recomputed by
Narlikar and Rana (1985) by evaluating the Newtonian contribution to the
perihelion precession of Mercury by other planets. I n contrast to the traditional
method of celestial mechanics, this approach was based on the N-body
programme developed by S. J. Aarseth for use on a fast computer. The new
method is 1I10re accurate and it shows that the residual precession rate is
exactly accounted for by general relativity.

(iii) The bending of light test has recently been made much more accurate
than the early attempts with visual light. thanks to the sophistication of
microwave technology. The bending of an electromagnetic wave prod uced by
the metric (3) is given by

o = 4~,fG (~)
c~ 2

where Ro = radius of the Sun-or more precisely the distance of closest
approach of the ray to the centre of the Sun. The bending produced by the
four theories described above is as follows:

4GM 1.75"
c"~ =

2m + 3 8GR 0""x
2w + 4 '
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Since the present accuracy of the experiments (Fornalcnt and Sramek, 1975)
admits an experimental error of ~ 5% and since they arc in good agreement
with VGR, the other three theories seem to be ruled out (except possibly the
Bruns-Dicke theory for w ~ 30). The Dirac cosmology, the C-field cosmology
of Section 4 and the H oyle-Narlikar cosmology of constant G give the same
answer as general relativity.

(iv) The equality of gravitational and inertial mass is implied by the
principle of equivalence on which general relativity is based. The Hoyle-
Narlikar cosmology and the Dirac cosmology also imply the same principle.
However, the Brans-Dicke theory departs from it in the following sense. For
one massive object moving in the field of another the gravitational potential
energy could chungc with space and time and this could lead to a difference
ill the gravitational and incruul mass. Such an effect would show up ill the
equations of motion of the object. Nordvedt (1968) calculated such an effect
Ior example, for the Earth-Moan-Sun system. The result is a change in the
Earth-Moon distance by an amount

(jr = Col/ cos (L L')

where ("0 is a constant ~ 10 metres, L = mean longitude of the Moon and
L' = mean longitude of the Sun. The parameter 1/ is related to ex, II, y and to
other weak field parameters. (For an exact and detailed discussion of 1/ see
Nordvcdi, 196X and the general literature on parametrized post-Newtonian
approximation-Misner, Thorne and Wheeler, 1973.) For the present pur-
pose it is sufficient to approximate 1/ by

'/ = 4{J - Y - 3. (I I)

Laser ranging of the Moon by two groups of observers (Williams ct al., 1976;
Shapiro. Counselman and King, 1976) leads to 1/ = 0 to a high degree of
accuracy (~5%). For the Bruns-Dicke theory this again implies a large
(t) ~ 29.

(v) Radar echo delay General relativity predicts that the round-trip echo
delay for light signals travelling between the Earth and another planet, and
grazing the limb of the Sun, will have an extra contribution relative to the
situation when the Sun is not near the track. The general expression for the
delay is

T =
(I + y)
--2- TGR

where TCR is the delay predicted by general relativily.
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Recently Reasenberg et al. (1979) have analysed 14 months of data
obtained from radio ranging to the Viking landers on Mars and the Viking
spacecraft in orbit around it. They find that

y = 1.000 ± 0.002.

The uncertainty is based on the spread obtained 'in the estimates or f from
many test solutions, and on a (subjective) judgement of the many procedures
used. This value ofy again rules out the second version of the Hoyle-Narlikar
cosmology based on variable G; (1974 op, cit.) and restricts the Brans-Dicke
parameter w to ~ 500.

(vi) The gyroscope precession test (Everitt, 1974; Richard, 1975) is still to
be made at the time of writing this article and it will be some time before its
implications [or the various gravitation theories become known.

To summarize, of the gravitation theories discussed here, those which make
substantially different predictions from general relativity are the Bran-Dicke
theory and the Hoyle-Narlikar cosmology with variable G. The rest of the
theories do not seem to differ critically from general relativity in so far as the
local Solar system tests arc involved. These tests, especially (ii)-(v) have now
become accurate enough io rule out the two rival theories mentioned ahove.
The Brans-Dicke theory can survive with a large w(;;;: 30) in which case it is
very similar to general relativity for weak gravity.

We will now review tests of type (13).

11.2 Local astrophysical tests (B)
Under this category the following tests may be mentioned: (i) the age of the
universe, (ii) the microwave background, (iii) the abundance of helium and
deuterium.

(i) The age of the standard Friedmann cosmology is expressible in terms
of two parameters Ifo and flu, the present value of the Hubble constant and -
the deceleration parameter (see Section 2):

r(flo, Ho) = flo-I

qo 3/2 {Sin-I qo - I + !!.2}
(2qo - I) qo

x i (k = 0)

(k I)

( \3)

qo ' ..' In \ - qo + -J(l - 2qo) ). (k = -\ .
(I - 2qo) (I 2qo)-- qo

In all cases r :j> Ho-I. With the value of Hubble constant around 75 km S-I
Mpc-I,Ho-1 ~ 13 x 10'l years. This poses a problem of "accommodating"
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old objects in a time-scale of this order since the big bang .. The age of our
Galaxy (Hoyle and Fowler, 1960) is estimated at a figure lying in the range
(1-1.5) x 1010years. Galaxies older than ours are also likely to be in existence.

It is worth remarking that the estimates of both the Hubble constant and
the age of the Galaxy have fluctuated over the past two decades. In the
mid-1960s, HO-I :;::: 1010 years posed severe problems for standard cos-
mologies. However, the age of the Galaxy was revised down (Dicke, 1962b)
to ~ 7 x 109 years. Subsequently Ho -I was revised up to as high as 18 x 109

years and it became embarrassing to argue' that our Galaxy was formed so
much later than the big bang. This led to an upward estimate of galactic age
(Smoot, Gorcnstcin and Muller, 1977) to ~ 15 x 109 years, only to be faccd
with a general consensus that HO-I should be revised down to ~ 13 x 109

years!
Clearly the age problem will be with the standard models for some time to

comc and its implications can only be realized after Ho, qo and the age of the
Galaxy settle down to stable values. Nevertheless it is safe to argue that
models with £fo > 0.5 give fairly low ages (see Figure 11.1) and arc therefore
more vulnerable to this tcst.

Most of the non-standard models discussed here are likely to face the same
problems, with the possible exception of the steady state theory. Models with
variable G need to be looked at more carefully, however. For, stellar evolution
rate isscnsitively dependent on G and with higher values of G in the past stars
must have evolved faster than in the G = constant case. ConsequenLly the
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FIGURE Il.l The age of the Friedmann universe is expressed in units of H-1 for different
values of qo. The maximum possible age is H -I for an empty open universe.
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age of the Galaxy as determined by stellar evolution must be lowered for such
models. This may make the test easier to satisfy for these models than for the

standard cosmologies.
In the steady state theory the average age of galaxies is If3Ho ~ 4.3 x 10"

years. Thus, although "infinitely old" galaxies-exjst they are very rare. We
should be seeing more of the very young galaxies. ''f-fl·i.s·,~yillpose a problem
if galaxies formed one at a time. In the hot universe ffi'odel (cr. Section 4.6)
this difficulty can be avoided by forming galaxies in large groups.

The inflationary universe or any other cosmological theory that claims to
resolve the flatness problem predicts the age of the universe to be 23Ho· This
age is too low to accommodate the astrophysically determined ages of stars.
globular clusters and galaxies if Ho -I = 1010years. Even with 110 -I = 18 x
109 years it is not possible to accommodate globular cluster ages 2: 12 x 10'

years.

(ii) The microwave background is claimed to be strongest evidence to date
for the standard cosmology. There are, however, certain aspects of this da ta
which raise doubts whether everything is right with this picture. These arc as

follows:
First. the energy density ill the observed part of the microwave radiation

spectrum is ~ 10 -1.1crg ern - 3. This is comparable to energy densities of many
other astrophysical quantities, e.g. star light, cosmic rays and galactic magnetic
field. Yet. according to the big-bang explanation, this coincidence of energy
densities is accidental: it just so happens that at the epoch of observation the
microwave background energy density happens to be at the value comparable
to the energy densities of the other processes.

The second problem was referred to as the horizon problem in Section I D.I.
Another problem is posed by the observed high degree of isotropy (tempera-
ture variation /:,T/T:S 10-5 of thc radiation background on thc small -
angular scale of a few arc seconds to an arc minute). Such anisotropes are
expected by galaxy formation scenarios ifthc galaxies formed aftcr the epoch
of recombination whcn radiation decouplcd from matter.

A fourth difficulty springs from the interaction of cosmic rays of very high
energies (> 1018eY) with the rnicrowa ve background. As shown by Greiscn
(1966), Zetsepin and Kuzrnin (1966), if the very high energy cosmic rays are
extragalactic, they should lose energy while travelling intergalactic distances
by collisions with the microwave photons. This would lead to a cut off or a
steepening of the cosmic ray spectrum at energies ;::;:101seY. No cut off has
been noticed in the air shower primaries with energies 2: 10~oeY (Cunningham
et 01., 1980; Linsley, 1980). Instead, flattening of the spectrum above 1019eV
has been reported (Horton et 01., 1983).

I



,.

. j

I
I.;

!
~ i
I

,~,

J. V. NARLIKAR AND A. K. KEt-.fBIlAVI

We should mention that in the 1970s there were two more difficulties with
the standard interpretation of the microwave background that have now
gone away. The so called dipole anisotropy of the microwave background
found by two groups (Smoot et al., 1977; Cheng et al., 1979) could be
explained by ascribing the Galaxy a velocity relative to the cosmological
substratum. This would lead to an anisotropy in the observed Hubble law.
Such anisotropy had been noted earlier by Rubin and Ford (Rubin et al.,
1976) from optical observations but its directionality and maanitude were
di Iferen t. However, la ter work or Hart and Da vies (1982) using 21 ern velocity
measurements did show Hubble flow anisotropy in agreement with obser-
vations or the microwave background.

The second difficulty was related to the spectrum or the microwave back-
ground. The direct mca surcmcnr-, of the radiation background at frequencies
around and beyond the peak frequency of the blackbody radiation curve
showed significant (;::: 3a) departures or the spectrum from the best-fit
Planckian CUf\'C (Woody and Richards, 1981). Several interpretations were
advanced to explain the cflcct. However later studies seem to indicate
that the spectrum is Planck ian with temperature ~ 2.75 K (see p. 326 for
references).

We will now review the performance of the non-standard cosmologies with
respect to microwave background.

The steady state theory docs not have a "hot" era and so it has to find a
new explanation for thc microwave background. Such an explanation, if it is
succ~ssf~l, will be astrophysical in origin and show how the existing energy
density 111other forms could be thermalized. Attempts that were made to
explain the radiation in terms or microwave sources (Sciarna, 1966; Gold and
Pacini, 1968; Narlik ar and Wickramsinghe, 1968; Wolfe and Burbidge, 1969)
run II1to the difficulty or how to account for the fine scale isotropy or the
radiation (Conklin and Bracewell, 1967). It turns out that the sources must
be much 1110~enUI~erous than galaxies although they need not be intrinsically
very energcuc (Smith and Partridge, 1970). Going to the other extreme there
have been attempts to produce the microwave radiation by thermalizing
starlight with intergalactic dust grains in the form or long needles (Narlikar,
Edmunds and Wickrarnsinghe, 1975). Such dust grains are made or graphite
whiskers an? may have cross-sectional radius or ~ IO-lcm but length or
~ Imm. TIllS model has not been fully investigated. Its main problems arc
that it seems to need highly efficient conversion mechanism and that as yet
there is no independent evidence for such grains in the intergalactic space.

~isncr (1969) sought to solve the particle horizon problem by starting the
universe from a homogeneous and anisotropic cosmology and later
approaching the homogeneous and isotropic standard model. In this model
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the universe originates with a big bang but has shear and rotation. The
anisotropy is such that at any epoch there is at least one direction in which
there is no particle horizon. However, this direction changes with time in a
random fashion generating what is called the mixmaster universe. Misner
hoped that by "mixing" in this fashion the information could be conveyed to
arbitrarily large distances. However, Chitre (1972) has shown that this
process does not work: the information does not mio ~!~)Ugh to make the
radiation background eventually homogeneous and isotropic r •

In Section 7 (Section 7.5) we saw that in the conformal g'f~\'ity theory or
Hoyle and Narlikar it was possible to extend the past or the standard model
to epochs prior to the space-time singularity. In the conformal frame in which
the Einstein-de Sitter model changes to the Minkowski space-time the singu-
larity is replaced by a zero mass surface. Hoyle (1975) used this extension to
explain the origin of the cosmic microwave background. In this theory the
starlight and other forms :or radiation generated in the past half of the
universe, i.c., in the r < 0 part of the Minkowski space-time arc thennalized
by electron scattering close to the zero mass surface r = O. Near this surface,
the scattering cross-section diverges leading to an efficient thermalization.
The advantage or this model is that the coincidence of the energy density or
the microwave background with the energy densities of other forms or
radiation is explained. ;

In Segal's chronometric cosmology (see Section 9) the background radiation
is divided into two classes: (a) the "pristine" which has made less than
half a circuit or the universe since emission and (b) the. "residual" part
which may have made many circuits before interacting with matter. This
latter radiation is expected to have thermalized in the infinite time availa-
ble for its circulation. The energy density or this radiation (which is sup-
posed to have originated in discrete sources) cannot be directly estimated
but is expected to be comparable to other energy densities, e.g., or star-
light. Thus a correct order or magnitude black body temperature would
result. Segal (1976) identifies the residual radiation with the cosmic micro-
wave background radiation and the pristine radiationwith the light from
stars, galaxies, etc. He estimates.the ratio or energy or residual to pristine
radiati,on to be ~ 0.4 jl-I 1'-1 where Jl = number density or bright galaxies
and r = the radius or a typical galaxy treated as an absorbing sphere.
Segal finds from this a value of background temperature nearly twice that
observed but is not worried by the discrepancy in view or the uncertainties
or various parameters in his estimation process.

Dirac's cosmology runs into difficulties in explaining the ongin of the
microwave radiation, ifit really has the black-body spectrum (Dirac, 1975).
If the characteristic energy kT or the present day radiation is expressed in

, :.

i

I

;..
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terms of a natural energy unit, say the electron rest energy, we get

. [ JI~m,.r- ~ x 109 ~ ~ ,
kT - 2 - I '

e
( 14)

where 10 is the age of the universe and I, the time taken by light to travel across
the classical electron radius. If follows from the Large Numbers Hypothesis
(see Section 6) that T ex: /-1;4, i.e., T ex: S-I/4, since S(/) - I in Dirac's
cosmology. This is much slower than the rate T ex: S-I expected in the
standard models. The slow rate of cooling requires that the microwave
radiation is not decoupled from matter very long ago, for if it were it would
cool as - S-I (I). We have to assume that the radiation is in interaction with
some form of matter which is cooling at a rate - t: 114. Dirac suggests that
the matter may be in the form of a tenuous intergalactic gas.

If it is assumed that the mean free path of the photons through the inter- .
galactic gas is a distance corresponding to z ~ I (this is only a representative
number), it follows from I + z = Ip/lem; that the photons originate at the
epoch Ip/2, where Ip is the epoch of observation. The temperature of the
intergalactic gas at the epoch of emission lern; is T. = 21/4 Tp, where 1~is the
present temperature of the gas. The temperature of the radiation at lem; is also

. To and if it is assumed that the radiation propagates freely after z = I. it
cools as I-I thereafter and its present temperature is 2 -2il7~.

In Dirac's cosmology the black-body nature of the spectrum is expected to
be distorted for two reasons. Firstly, low frequency photons have a higher
probability of scattering because of stimulated emission effects. The low
frequency photons therefore originate closer to us than high frequency
photons, and therefore at a temperature a little less than the temperature at
which high frequency photons originate. But the low frequency photons cool
less because they propagate freely for less time. The net effect is to distort the
spectrum at the low frequency end. The second effect for distortion occurs
when there is multiplicative creation taking place. In this case there is
multiplication of photons in a beam and this causes the spectrum to-deviate
from the black-body law. .

Recently Steigman (1978) has given an argument to show that a black-
body nature of the spectrum is incompatible with particle creation, which is
an essential feature of Dirac's cosmology. Stcigman's argument is as follows:
If a distribution of photons in the universe with average frequency v and
proper number density II,(V) is to maintain a black-body spectrum as the
universe expands, it is necessary that

V(I)ny -113(1) = constant.

NON,STANDARD COSMOLOGIES
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some erg 11 10 _ ( I )1.4 It follows from the Large Numbers Hypo. (N /N) ~ 10 = 10 I,. .1.e., }' II

thesis that

( 15)

J1~ 1.4
--I',

N fi'
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While this approach resolves the major difficulty of spectral shape being
different, it still becomes necessary to give cogent reasons why the normali-
zation to the black-body form is being achieved at the present epoch.

Recently Rccs (1978) has proposed that the pregalactic radiation in a cold
big bang universe can also be therrnalized and would look like the present day
2.7°K radiation. The merit of the idea proposed by Rees is that it explains in
astrophysical terms why the ratio of photons to baryons essentially slays
constant during expansion at the value

//.. )'-'- ~ 3.6 x 10 (0./r)·-1
//" '

( 18)

where h = Hubble constant in units of 100 km S-I Mpc-I and 0. = 8nGn /H '....0 0,

the cosmological density parameter. In the Rccs model it is assumed that in
the early universe there were supcrmassivc stars which formed when the auc
of the universe was :S 106 years. These stars would evolve quickly and be past
their bright phase long before galaxies formed. However, their radiation
would be thcrmalized at rcdshifts ::G100 by the intergalactic gas and dust
which would contain heavy clements, molecules etc. from nuclcosynthcsis of
these supcrmassivc stars. The thcrrnalizcd background then cools clown to
the present 2.7°K temperature. Detailed calculations (Dirac, 1975) give a
value for //)1/1> close to the observed one. The full implications of this idea arc
still to be investigated.

(iii) Finally we consider- the third test involving the abundance of liaht
nuclei. The study of the relative abundance of chemical clements in various
objects in the universe has revealed a "cosmic" distribution of abundances,
with hydrogen and helium by far the most abundant, followed by the group
C-N-O-Ne and with the group Li-Be-B and all clements heavier than nickel
scarce. This raises the possibility that the clements were all generated in a
single cosmic process. Detailed study has shown that hydrogen and helium,
and small fractions of the heavier elements, can indeed be produced. in the
early, hot, dense stages of an evolving universe. We will consider here the
production of the clements in the standard big bang models of the universe,
and see what difference would be made to the abundances produced when
non-standard cosmological models arc used. We will consider mainly the
cases of helium and deuterium, for these are the most important probes for
what must have been happening in the primeval fireball.

In general the abundance determinations for He4 give mass fractions x of
He4 ill the range 0.22 < x < 0.34 for young stars in our Galaxy, in the
interstellar medium in our Galaxy, and in other nearby galaxies. Considered
especially interesting are the cases of dwarf blue galaxies in which the

I
!

:\

:1

II
I

. I

abundance of He4 is normal, while the abundances of 016 and Ne" are only
20% of their normal value. These properties suggest that these are young
galaxies in which stars have produced few heavy elements while the He4 is of
primeval origin (for a review of abundances and references to the literature.
see Wagoner, 1973, 1974; Reeves, Audoze, Fowler and Schramm, 1973).

Helium production in ordinary stars is inadequate to explain the observed
values. If it is believed that the Galaxy has alwaysJ.1~cthe same luminosity
as at present, itis expected from most models of the G'll.<)'~)((for an esumate,
see Hoyle and Taylor, 1%4) that the production of r-ht'by burning of
hydrogen in stars can only contribute a mass fraction >- 0.0 \-0.04. This fact
together with the uniformity of He4 abundance raises the possibility that the
He4 was produced in a cosmic process. If the abundance of He4 is indeed
universal. then allowing for its production in stars, its pregalactic abundance
is expected to lie in the range 0.22 ~ x(He4

) ~ 0.32.
Observations indicate (see Rees, 1978, and the references given there) that

the mass fractional interstellar abundance of deuterium (J-r) is 2 x 10-5
• If

this deuterium is of cosmological origin, then its prcgalactic abundance
would have been higher due to subsequent stellar destruction, but the factor
is difficult to estimate reliably. We summarize in Table 11.1 the present day
estimates of the abundances of the light clements in the interstellar medium.

It was first suggested by Gamow and his collaborators that the chemical
elements could have been produced by nucleosynthesis in the early universe
(Gamow, 1946; Alphcr, Bethe and Gamow, 1948). We will now consider
briefly the more recent detailed studies of nucleosynthesis in the fireball.

The theory of nuclcosynthcsis in the primordial universe was worked out
in great detail by Peebles (1966) and by Wagoner, Fowler and Hoyle (1967).
More recently Wagoner (1973) has carried out a calculation taking into
account the improved k nowlcdgeof many of the cross-sections of the nuclear
reactions involved in the processes and the neutron half-life.

The assumptions which define the standard big-bang picture arc: (I) The
universe was reasonably homogeneous and isotropic during the epoch of
nucleosynthesis. (2) The temperature was once high enough for statistical
equilibrium among all particles present, (3) only known particles were

I
I. :

TABLE 11.1

Element H' He] . He' Li' B'O B"Be'

Mass 5 x 10-10
- 2 X 10·'

fraclion 2x10-S 3x10-s 0;22-0.34 4xlO-10 6xlO-9 IxlO-IO 5xlO-' 2xlO-'

(Taken from Wagoner, 1979)

I
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present, (4) all particles were non-degenerate and (5) general relativity is
valid. Excellent reviews of the scenarios considered by Peebles and Wagoner
et al. have been given by Peebles (1971) and Wcin berg (1972).

At very early times, when the temperature T of the universe is above
1012°K, it contains a great variety of particles in thermal equilibrium, including
photons (y), leptons (e±, p±), mesons .(n±, nO) and nucleons and anti-
nucleons (/I, ii, p, p). As the universe expands, its temperature drops and
various particle annihilations and creations take place. At the time when the
temperature is about ~ 1012°K, the universe contains ,', II±, e±, 1', v (electron
and muon neutrinos and anti neutrinos). There is also a very small nucleonic
contamination, and all the particles are in thermal equilibrium. The II± begin
to annihilate at temperatures below 1012OK, and arc all gone at T ~ 1.3 x
lOll "K, The 1', Ii decouple from the other particles and propagate freely,
leaving behind e±, y and a few nucleons in thermal equilibrium, with T 1/ S -I,
S being the scale factor. As the temperature drops below 5 x 109°K (which
happens at about I ~ 4 sees, withr = 0 as the moment of creation), the c±

pairs begin to annihilate, leaving as dominant constituents of the universe
only y, v, v in essentially free expansion, with the photon temperature higher
than the neutrino temperature by a factor of(II/4)1i! ~ 1.4. The neutron-
proton ratio is now frozen at about I: 5. At a temperature of about IO'}oK
(I ~ 180 sees) the neutrons rapidly begin to Iusc with protons to form
heavier nuclei, leaving an ionized gas of HI and He·, with about 27% He· by
mass, and traces of H2, Hel and other clements. As the universe continues to
expand, the y and v propagate freely, with the ionized gas temperature locked
to the photon temperature till hydrogen recombines at T ~ 4000°1(. At
some temperature between 10101( and 10loK the energy density olthc y and
I' drops below the rest-mass density of hydrogen and helium and the universe
enters the matter dominated era -.

The mass-fractional abundances of various clements synthesized have been
calculated after detailed considcrutio n or the above scenario by Peebles
(1966) and Wagoner and coworkers (Wagoner, 1973; Wagoner, Fowler and
Hoyle, 1967). We reproduce in Table 11.2 some results [rom Wagoner (1973).

The l-le4 abundance expected from the standard big-bang models compares
well with the lower bounds of the abundance for 5 x 10-32 .:S (!o .:S 10 -28 gm
cm-l. A universe with Qo .:S 6 X 10-31 gmcm-3 can also produce the required
pregalactic deuterium abundance. It is seen that the abundance of 1-1c"1
produced docs not depend very sensitively on the present density or matter.
This means that any conclusion drawn regarding the nature of the He·1

production would not depend upon (!o which is poorly known. Only very
small mass-fractions of nuclei heavier than He4 are produced. This is princi-
pally because there are no stable nuclei with A = 3 or A = 8, which makes

NON-STANDARD COSMOLOGIES

TAI3LE 11.2

A II' lie' u' Otherslie'
l!o

10- \I

10 - '0

10-"
10-"

0.763 6.~ x 10-' 6.3 x 10-' 0.236- 5'2 x IO-,n < 10-"
0.737 2.3 x 10-' 2.1 x 10-' 0.263 4~4--;' ·10-' < 10-"
0.7t9 1.5 x 10-" 5.6 x 10-. 0.281 4.3 x'" ./0-' < 10-"
0.701 < 10-" 3.5 x 10-· 0.299 2.9 x 10-' 1.0 X 10··1(1

A: Mass fractional abundance
l!o: Present mass density in gmsjcrn'

it difficult to build clements heavier than He4 by p-a, /I-a or (/-a collisions.
The low abundance of the heavier clements means that the production or
destruction of these nuclei in stellar interiors can drastically alter their
primordial abundance. It is for this reason that the cosmic abundance of He'
and H2 serve as the primary check on models of the early universe.

The abundances of clements produced in the fireball depend sensitively on
the expansion rate ,5·/S (Peebles, 1966). This is especially the case with He' for
which a change in the expansion time scale by a factor only of two is sufficient
to move the abundance outside the observed range. Any speed up in the
expansion rate tends to increase the frozen-in abundance of neutrons at
T ~ 10· "K, as there is less time for conversion of ncut rons to protons. There
arc more neutrons available and therefore more He' is produced. But if the
speed up factor ~ 10.1

, there would not be enough time for He' to be
produced before the density and tcmpcruturc rail too loll'. On the other hand
il' the expansion time scale is lengthened by reducing S"jS. more neutrons
would decay into protons before nucleosynthesis occurs. and less He' is
produced. We show in Figure 11.2 how various abundances are affected by
a speed lip [actor for a particular value or the present density.

or the non-standard cosmologies only in the Brans-Dicke cosmologies
there are detailed calculations of abundances. to compare with the predictions
of the standard big bang models. We outline the main features ofthese below.

Dicke (1968) has investigated the problem of primordial nucleosynthesis in
the representation of the Bruns-Dicke theory in which G is constant and
particle masses vary. Greenstein (1968) has obtained the same results in the
representation of the theory in which G varies. We will consider Greenstein's
approach as it is the simpler of the two.

In the representation of the Bruns-Dicke theory in which particle masses arc
constant, physical processes are identical to those in general relativity (this is
because the matter Lagrangian is independent of the ¢-field and all field equa-
tions except those for the gravitational field arc identical to the corresponding
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equations in general relativity). The only difference that the (Il-field makes is
that it alters the rate of expansion from what it would be if the t{J-lield were
a constant. We have seen earlier that the abundances of clements synthesized
arc sensitively dependent on the expansion rate, i.c., on the time taken by the
universe to reach a given stage in its evolution. This means that if the (Idicld
can alter considerably the expansion rate, the abundances predicted for
various clements would be very different from their standard big bang values.

G rccnstcin (I%8) has invcstiga ted homogencous and isotropic models
under the same physical assumptions that Peebles and Wagoner et (I/. make.
He has integrated the field equations (5.34) and (5.35) numerically in the case
of "matter-dominated models" for which the integration constant C =
(1)(0)5'(0) = 0 (see Eq. 5.37). The solutions obtained have to be iterated to
obtain solutions which satisfy the proper boundary conditions, 1/153 -+ 0 as
I -+ 0 and 4) -+ [(2w + 4)/(2w + 3)]Go - t as I -+ 10, where Go is the gravi-
tational constant at the present epoch I = 10. Some of the results obtained
by Greenstein are shown in Table 11.3.

W = o: is the general relativistic case; the abundances for this value of w
compare well with the values of Wagoner et at. For w = 5 there are
no essential differences at low densities between the abundances obtained
in the scalar-tensor and the general relativistic models. At high densities
more H~ and He

4
are formed in the scalar-tensor theory. It may be estimated

from Greenstein's results that for w ~ 30, Qo ::S 5 X 1Q-30gm would be
allowed if the abundances produced are to lie in the limits set by observation.
The upper bound on 0" is significantly less than the standard big bang upper
bound of l!o ::S lO ~xgrn.
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In the "</>-dominated models" for which the integration constant
C = (/)(0)53(0) of 0 (see Section 5.5.1 B), the expansion rate can be made as
large as one likes by making C sufficiently large in absolute value. By adjusting
120 and C the abundances can be made as high or as low as necessary. Defining

I (scalar tensor theory)
x = at T = 109°K, (19)

I (general relativity)

there is only a small range of values of the present matter density 110 and x,
which correctly reproduce the observed abundances: x ~ I and 110 ~ 3 X

10-31 grns/cm". If the expansion rate is increased significantly beyond this
value the abundances of either He4 or He) and H2 become first too great and
then too small. If x ~ I, H2 and He) are no longer too abundant but the
abundance of He4 is negligible. If 15) (O)</> (0)1 is so large as to have appreciable
effects at the present epoch, x ~ 0 and no elements whatsoever are produced.
If observations show that the "cosmic abundances" arc much lower than now
believed, scalar-tensor models with suitably low values of C would provide
possibilities for making theory compatible with observation.

11.3 Cosmological tests (C)
Under this heading the following tests are usually discussed: (i) the rcdshift-
magnitude relation, (ii) the counting of radio sources, (iii) the variation of
apparent angular size with distance.

We will discuss these tests in that order.

(i) The redshift magnitude relation is simply an extension of Hubble's law
to large rcdshifts. The procedure is In find the theoretical rclatiou between the
apparent magnitude 111 and the rcdshift z or a particular class or galaxies in
a given cosmological model and then to compare this relation with obser-
vations of that class of galaxies.

The relation in the Friedmann cosmologies for galaxies of luminosity L
and normalized intensity function ICi.) is given by

m(z) = - 2.5 log L - 2.5 log I [lo/C I + .::»)

+ 5 10g.D(z) + 7.5 log (I + z) + constant (20)

where D(z) is given by (Mattig, 1958, 1959)

c
D(z) = lio [qoz + (qo - I)(J(I + 2qoz) - 1)]{1 + Z)-I. (21)

In (15), )'0 is the observed wavelength. Normally the astronomer measures the
flux of radiation in wavelength band of specified width 11 around )'0' I
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nGURE t 1.3 The rcdshift magnitude relation Ior brightest cluster members based on thc
work or Kristian, Sandage and Westphal (t978. Figure 3). Theoretical curves have been super-
posed on the data points.

The galaxies chosen for this test must have a sm-rll dispersion ill their
L-values. In practice this is diflicult to achieve. The best so far has been the
method adopted by Sandage - of picking the bright and massive elliptical
which seems to dominate in a typical cluster of galaxies. Figure 11.3 shows
the observed data with a superposition of theoretical curves. The 1(11 = - I
curve is that for the steady state model. Althtlltgh Santi:lge and his ctl,\\'olkl'IS
(Sandage, 1972; Kristian, Sandage and Westphal, 1978) often quote a "formal"
value of 't» ~ I the scatter in the data and the uncertainties arc such as to
keep the issue wide open.

The difficult issues concerned with this test have been reviewed by Gunn and
Tinsley (1975) who conelud~ that it is generally difficult to fit all available infor-
mation (e.g., nuclcosynthcsis, formation of galaxies, density of matter 111 the
universe etc.) in a consistent way for any standard cosmology. The choice -
or the room for manoeuvre is increased if we admit the ).-term (see Section 2).

The uncertainties in the I/l-Z relation arise from many reasons. The chief
among them are (i) the dispersion in the luminosity of galaxies (ii) a possible
epoch dependence of L as the galaxies evolve (Tinsley, 1974) (iii) the possible
absorption by intergalactic dust (Chitrc and Narlikar, 1976) and (i\') a
selection effect in favour of brighter galaxies at faint magnitudes.

The I/l-Z relation for .Dirac cosmology has been studied extensively by
Canute (Canute, Hsieh and Owen, 1979). In this case, in addition to any
explicit stellar and galactic evolution which may be present, it is necessary to
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distribution of radio-sources we expect

N(S) = constant x S-JJ2,

i.e.,

dlog N = - 1.5.
d log S

In a standard cosmology the log N-Iog S curve s-hotld start offwith a slope
of - 1.5 and then its slope should flatten with decreaS'iUg/,S.

As a result of several radio-source surveys an overall log N-Iog S curve is
beginning to emerge. At high S it starts off by being steeper than the
Euclidean line - with a slope of - 1.8. rn the middle S-range the slope of the
curve is - 1.5 and then it flattens as required qualitatively by the standard
cosmologies, We do not wish to enter into the controversy surrounding the
interpretation of the log N-Iog S curve. One thing is clear. The standard
models do not satisfy if. However, they can be made to do so by ascribing
evolutionary properties to radio sources, e.g., making them more numerous
in the past up to say z :; 3. This type of evolutionary scenario brings in
considerations extraneous to cosmology and thereby weakens the data as a
source of coslIlological test.

Hoyle and Narlikar (1961) showed that the large scale units resulting from
the hot universe model of the steady state universe (cr. Section 4) introduce
inhomogeneity which can result in the log N-Iog S being steeper than the
Euclidean curve for small rcdshifts (:: .:s 0,2). This seems one way or salvaging
the steady state theory which cannot use the loophole of evolution (of
radio-sources) that works for the standard cosmologies.

It is also significant that the observed steepness of the log X-log S curve
is mainly due to a group of unidentified radio-sources. Until further infor-
mation can be obtained about the nature of these sources and their distances,
the interpretation or the log N-Iog Scurve remains largely a parameter litting
exercise.

(D)

:[
:1
,.~
~;'
~

'I
. ~

t.:

.,.

.~

(iii) The angular size test provides in principle a beautiful manifestation of
the non-Euclidean geometry-of space-tirne. If we calculate the angular size o:
of a radio source of linear size I (projected perpendicular to the line of sight)
and redshift z , in a standard cosmology, we get a relation of the following type

(J. = I fez). (24)

The functionf(z) for small z behaves as if z were proportional to distance in
a Euclidean universe: fez) Ct. Z-I. However, at large z the rate of decrease of
fis slower and beyond a certain critical value of z = z<,f(::) increases with

I
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z. This critical redshift z, is a function of qu. For Einstein-de Sitter cosmology
z, = 1.25. In 1958 Hoyle had suggested that radio astronomy could be used
to verify such a relation.

Unfortunately, as in the log N-Iog S test, the actual application of this test
tells us very little about cosmology since it brings in many intrinsic properties
of the radio sources. Chitre and Narlikar (1977) have discussed these issues
in their critique of the work of Swarup (1975) and Kapahi (1975) who had
attempted to draw cosmological conclusions from their data of angular sizes
a.nd .flux de.nsitie~ ~f radio sources. The test is therefore unlikely to be very
significant In deciding between standard or non-standard cosmologies.

Roeder (1975) has pointed out how sensitive this test is to the assumption
of homogeneity in the universe. If there are large scale clumps of matter the
theoretical conclusions drawn by Hoyle are significantly altered. Indeed, the
plot of ex. against z will tell us more about the inhomogencity parameter bo/a
(= fractional departure from the smoothed out density of the universe) than
about the large scale geometry of space-time.

It is possible to work out the various theoretical predictions for these three
tests in the non-standard cosmologies discussed in this article. However, these
prediction~ either do not differ from those of standard cosmology; or, if they
do, the differences arc usually masked by the observational uncertainties. We
do not therefore consider it worthwhile at this stage to go into further details.

11.4 Variation of fundamental constants
Here we shall consider three possible tests: (i) the variation of the gravitational
con.st~~nt, G (ii) the variation of masses of fundamental particles (iii) the
variauon of the fine structure constant e'[hc.

It is of course possible to imagine variations of many other basic quantities
but we consider here only the above three because for these some obser-

vational inputs arc available.

(i) In the gravitation theories of Newton and Einstein, the gravitational
field couples to matter through the constant of gravitation G. In more recent
theories like those of Bruns-Dicke and Hoyle-Narlikar, a constant G is
replaced by a scalar field. This means that in the homogeneous cosmological
models based on thes~ theories, G should be a function of the cosmological
time t. Though there IS no theory of gravitation to provide a framework for
Dirac's cosmology, the Large Numbers Hypothesis predicts in a straight-
forward manner that G ~ /-1.

The ti~le variation of G predicted in all these cosmological models provides
a potentially very strong test of the theories on which the models are based.
If it can be shown experimentally that G is constant with sufficient accuracy,

NON-STANDARD COSMOLOGIES j~ I

then all the theories which have a non-constant G would be effectively ruled
out. On the other hand if experiment does point towards a non-constant G.
it will be necessary to replace Einstein's theory, whatever may be the outcome
of any other exxperiment to test gravitation theories. We will consider in this
section the direct and indirect evidence currcntlyavailublc on a non-zero rate
of change of G. ~•. ' ..

- t I.'

Direct el'idence Most cosmological models with a changing G predict that
G should be decreasing with time. An immediate consequence of decreasing
G is a slow adiabatic expansion of all orbits in the Solar system about their
primaries. To see how this comes about, we will consider a planet in a circular
orbit about a central mass M. If v is the velocity of the planet in its orbit of
radius r, we have

If it is assumed that as G varies, the central mass M, the mass of the planet 111.

and its angular momentum L mur arc all constant, it is apparent from (I)

that
(~6)

and we have for the rate of change of the period T = 27!rv'-' of the planet.

G
(~7)

with the dot indicating diflcrcruiation with respect to the time t. In a more
rigorous calculation. Vinti (1974) has shown that for two-body motion with
G varying inversely with time and averaging over a complete revolution.

(;

G
r

21' (J

Ii

2/1

II

where (/ is the semi-major axis and /I the mean motion. It is assumed in this
derivation that all the masses involved arc constant. This is no longer true if
the creation of matter implied by Dirac's Large Numbers hypothesis is also
taken into account. The general expression for GIG is

~ = f~G /I'

wherc j" = 1 for the case of constant masses, .r = I and - I for Dirac's
cosmology with multiplicative and additive creation respectively.

Van Flandern (1981) has made use of the change in the motion of the moon
about the Earth to determine G/G. Since the Earth is slowed down in its orbit
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around the Sun if G decreases, an astronom] . I . .
observed motion of the Sun around the E tlcha tlm

l
e-scale derived from the

0
. ar sue 1 as ephemeris ti '11

su er a slowing down at the same rate Th '. irne, WI
E

' ". emotion of the moo d I
earth, on the other hand is affected bv varvi n aroun t re

~uch as tidal friction. If tile ~ccelerati~nV~~~\~; ~~;~ ~el~.as other by causes
IS measured using atomic time hi I . ongitude of the moon. ' w IC1 IS presumed to be unif h
accelera tron from all causes is obtai d \VI I orrn, t e totalme. len the same 'ICCe! . .
measured using ephemeris time any co trib . d ' , era lion IS· . - ,n n utron ue to varyi 1 G' b b
11110the tune scale and excluded TI diff I g ISa sor cd. . le Ilierence between the tw I .
gives the .uuount exclusively due to de . G 0 accc crauon.' . ccrcasmg .

Using all the available data Van Flandern I' I ., f ..' 1c\S ( etcrrnincd a we' ht d
mean or acceleration III ephemeris time to be ' rg e

li"f = (- 28.8 + I 5)"/( )~. -' cy (10)
where cy stands for century The . " .
that there could be unkno\~n so exp~rrefnce wrtl~ determination of n" shows

. urces 0 errors In this result
Lunar occultation timings since 1955 (whcrr : ..'

available) can be used to d tcrrni n atonuc time first became
· ' .' . e ermine the acceleration as me' .d in : .

urnc. Combining his observations IVI'11 I" asure 111 atorruc
. ' . 1 pre munary result f I

ranging observations, Van Flandcrn (1981) I' d . s rom .unar laserras ctcrrnined that
n" = (- 23.2 + I I)"j'( )2'. - .- cy. (3 I)

IIcrc ag.un the situation regarding systematic e . '. .
result must be viewed with caution I f. . f rrors IS unccruun, and the

" . '. n act 1/" as dctcrrni d I .
opposite slue of Ii'''!.'' 'IS c arcd wi .' me icrc IS on the, ornparc With earlier results (V Fl
A differencing of Eqs (31) and (30) yields an . andcrn, 1975).

n
; = (3.2 ± l.1) x IO-II/yr,

.:- .
::,
t :

;,1
Ii
.1\',

(32)

using II = 1.73 x 10~"/cy for the Moon. In a the rv wi ,
for astronomical bodies this would I'd . o.y With constant masses· . ' ea to a (!ravltatlonal co t . .
With lime. This would also be the ,. r 0':' ns ant increasing. .' e case lor Irac s cosmology . hi' .
cutrve creation, whereas for additi } WIt -mu upli-iuve creation we have

G
G = -(3.2 ± 1.1) x IO-II/yr.

The most accurate measurement to dat f I
gravitational constant has been mad f cot ie ~ate of change of the
I

" e rom an analysis of the d
t te Vikinc landers on Mars (Hell" I range ata to." ings et (J 1984) The dat d .
analyis include (I) range measurements to ·;he Vikin ' a use in the
Mariner 9 spacecraft in orbit around Mars (3) rad: b glanders, (2) to the
ments from the surfaces of Merc id V ar ounce range measure-

ury an en us, (4) lunar laser range

.'; .

l
I
I

I
}
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measurements and (5) optical position measurements of the Sun and planets.
A least-square fit of the parameters of the solar system model 10 the data
limits a simple variation in the Newtonian gravitation constant to

GG = (0.2 ± 0.4) x IO-II/yr.

The quoted errors arc much larger than the formal standard deviations, and
represents uncertainties is the masses of asteroids yvlJich arc used in the
analysis. The result is clearly consistent with zero vari;;il~ri/·in the gravitation
constant. This cannot be considered to be entirely inconsistent with the result
in Eq. (32) because of the many uncertainties involved there.

Indirect evidence A decrease in the gravitational constant at the rate
obtained by Van Flandcrn can have drastic effects on terrestrial and astro-
physical phenomena over geologic and cosmologic time scales. Some of the
effects which may be expected to be present have been discussed by Jordan
(1971), Dicke (1972c), Hoyle (1972) and others. We will briefly consider some
of the more interesting of these effects.

The interior of the Earth is compressed by the weight of the overlying
layers. If G is decreasing, the weight of the overlying layers should be
decreasing, and this should result in the expansion of the E·arth. Murphy and
Dicke (1964) have estimated from calculations on Earth models that the rate
of expansion is given by

or = -0.1 oG
r G'

For C'/G = -8 x IO-II/yr, this gives or = 0.005cms/yr.
Hoyle and Narlikar (1972b) have also calculated the expansion rate of the

Earth due to decreasing G. They use a three zone model of the Earth,
consisting of a fluid core of radius 3500 kms, a non-liquid mantle extending-
to about 6300 kms and a.thin crust of a few tens of kilometers. Assuming that
the system undergoes a homologous evolution as G decreases, they calculate
a rate of increase of the radius of the Earth of about 0.0 I cm/yr. Hoyle and
Narlikar estimate that the horizontal pressures which may arise during the
complicated changes which the Earth undergoes because of its tendency to
expand can move portions of the Earth's crust horizontally, providing a
mechanism for continental drift. Lyttleton and Fitch (1977) have questioned
the validity of Hoyle and Narlik ar's approach. Proceeding numerically
with the system of differential equations, they have obtained a rate of
increase of the Earth's radius which is one-fourth the Hoyle-Narlikar
value. Lyttleton and Fitch have pointed out that for their value of the rate

(31)
















