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NONSTANDARD COSMOLOGIES
by
|
Jayant V. Narlikar
Tata Institute of Fundamental Research
Bombay 400005, INDIA
I. INTRODUCTION

The adjective 'nonstancdard' applied to cosmologies is
intended to describe those ideas about the origin and structure
of the universe that are different from the Friedmann-Robertson-

Walker models based on Einstein's general theory of relativity.

To fix ideas, these latter models, called the 'standard
models' are given by the Robertson-Walker line element
2

a5t = e gt - 52y L—dﬁ—z + £ (d82+sin20d¢2)] (1.1)
l-kr

where (r,6,¢) are the comoving coordinates of a typical
'fundamental observer' and t the cosmic time. The spaces
t = constant are homogeneous and isotropic and are completely

specified by the curvature parameter k = 0, + 1 or -1. 1In
)
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terms of observable physics, the above statement is called the
'cosmological principle' implying that all fundamental observers
at any given epoch find the universe in the same physical state
and that to the typical observer viewing the universe <here is

no preferential direction.

The function S(t) called the 'scale factor' or the

'expansion factor' is determined by Einstein's equations:

1 _ 811G
Mk~ 7 %k BT - T Tige AT 2)
The 'physics' is contained in the T, on the right hand side.

ik

The standard Friedmann models describe the universe as
originating in a spacetime singularity at S = 0 (the 'big bang').
The cosmic clock beqgins from this instant. In the early stages

the universe was radiation-dominated while in later stages
(including the present) it was dust-dominated. Whether it will

continue to expand for ever ( k = 0, -1, S > 0) or it will

eventually contract ( k = +1, S > 0 now, S < 0 later) depends

on how much gravitating matter it has per unit volume. The

critical density (corresponding to k = 0) is

pe)
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Thus k = -1 mnodels have density p < P while k = +1 models

have p > PE- The constant H 1is of course the Hubble constant.
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as the 'density parameter' and the 'deceleration parameter'
respectively. we will denote the values of H, Q and q at the
present epoch (t = to) by Ho P Qo and q, and write
= =1
H = . B ¥ 100 km s 1 (Mpc) = (CL.251)
o o
current estimates place ho in the range 0.5 to 1.

In more recent times the standard models have had an
important input - that of the inflationary era brought in by
the phase transitions of matter. Since the main thrust of these
lectures is on nonstandard cosmologies, we will not discuss
these and other details of the standard models here but assume

them to be known. [(For details see refs 1, 4 and 5]

Nonstandard cosmologies are many and it would not be
possible to do iustice to all of them within the limited timespan
of these lectures. I will concentrate on some of those which
have played significant roles in the ongoing cosmological debate.
Even tnhose that I describe are presented without too many details,
but with the aim of giving their motivation, march of ideas and

confreontation with observations. This last topic of observational

tests will be ccnsidered at the end for all medels taken together.
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IT THE STEADY STATE THEORY
Tl MOTIVATION FOR A NON-BIG BANG COSMOLOCGY

In 1948, around the same time that George Gamow was
initiating detailed studies of the physical properties of the
universe close to the big bang epoch, three astronomers proposed
an entirely new approach to cosmology. This model, now famous
(or notorious!) as the steady state model, does not have a
singular big bang type epoch; indeed, it does not have either a
beginning or an end on the cosmic time axis. The cosmological
scene was considerably enlivened for two decades after the inception
of the steady state model by the observers' attempts to shoot this
rival model down. What was the motivation that led Hermann Bondi,
Thomas Gold, and Fred Hoyle to the steady state cosmology?

First of all, in 1948 the measured value of TOEH;l was
only ~ 1.8 x lO9 years. Consequently the age of a standard
Friedmann model could not exceed To - a value lower than the
geological age of the Earth! Thus a prima facie case existed for
doubting the conclusion that the universe began ~1 to 1.8 billion

years ago.

Secondly, if a model (like the Friedmann models) proposes
that the universe began at t = 0, it should provide a physical
discussion of the beginning. At least it should leave the question
tractable for a future, more sophisticated physical theory. The
spacetime singularity at the t = 0 epoch precludes any such
discussion. For example, the guestion as to how the matter and
radiation we see around us came into existence in the first place

remains unanswered.
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Finally, on a more fundamental level we could raise the
following doubt. The universe by definition contains everyvthing-
even the physical laws that describe the behavior of the matter
and so on contained in it. Have we any guarantee that the physical
laws that we use here and now have always remained the same? We
could have assumed this to be the case had the universe itself not
changed considerably in the course of time. This, however, was
not the case for the Friedmann universes. A typical standard
model changes considerably in its physical content and properties
from soon after t = 0 to the present day. So the assumption that
the laws of physics have remained unchanged throughout the history

of the standard models is more an article of faith than a verifiable

fact.

Today, as we shall see later, the age problem is still
with us, although not in such a severe form as the low value of
T, in 1948 suggested. The guestions of singularity and matter
creation still remain with the standard models: the work
discussed therein does not tell us what happened at t = 0.
Hoyle's approach to the steady state theory was designed to attack
the problem of primary creation of matter. His colleagues Bondi
and Gold, however, considered the last issue discussed above as

of paramount importance.

1T.2 THE PERFECT COSMOLOGICAL PRINCIPLE

Bondi and Gold argued that the cosmological principle
goes some way towards ensuring that the locally discovered laws

of physics have universal validity: but it does not go far enough.
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This principle tells us that at any given cosmic time t, all
fundamental observers see the same large-scale features of the
universe. Thus we are justified in assuming no spatial
variation in the basic physical laws at any given cosmic time.
But there is no justification from the cosmological principle

to assume that the laws remain unchanged with time.

To provide such a justification Bondi and Gold
strengthened the cosmological principle in what they called
the perfect cosmological principle (PCP). The PCP states that
in addition to the symmetries implicit in the cosmological
principle, the universe in the large is unchanging with time.
Thus the geometrical and physical properties of the hypersurfaces

t = constant do not change with ¢t.

It is important to emphasize the qualification "in the
large". On a small enough scale the observed part of the universe
will change. For example, stars in a galaxy will grow older,

a small cluster of galaxies may evolve with time in shape and
composition, and so on. However, according to the PCP the

statistical properties on a large scale do not change.

For example, Hubble's constant should remain the same
whether it is measured now or at any other time past or present,
since its accurate measurement involves sampling a largish reagion

in our neighborhood.
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This requirement tells us immediately that exist within the Galaxy and outside it. If HO = 0 we would

have a static, infinitely old Euclidean universe. Such a universe

should héve reached a thermodynamic eﬁuilibriuéuby now, as

(=]
(=]
e,

S
H = 2 = cor =H .

3 constant Fo (
implied by the Olbers paradox. If HO < 0 we would have a

. . i ; 3 o 2 : ; el
Further, the curvature of a t = cohstant hypersurface is given contracting universe in which radiation from distant objects would

2 . - e 7 i i i : i ini i i
by k/S®. This could in principle be measured at different times be blueshifted, Such radiation would lead to an infinite radiation
ik

and found to be changing unless k = 0. Thus the PCP leads us to backaround,.even worse than that indicated by the calculations of

the unique line element. Olbers. Thus our local observations preclude HO < 0, leaving

the case Ho > 0, which is consistent with the finite and low night

2 2 7] 9H t 2 2 sky background. Hence the universe must expand: a conclusion
ds” = c” dt” - e“ o [dr® + ¢ (de2 + sin26 d@z)]. (IT.2) ’
arrived at without looking at any nearby galaxies!
%
Not:ice that we have arrived at the line element of the 1 Creation of Matter

steady state universe without having to solve any field equations, It is easily seen that a proper 3-volume V bounded by

as we had to do to determine S(t) and k in standard cosmology. fixed (r, © 4 ) coordinates increases with time as
> ’ ,

Bondi and Gold cited this result as an example of the deductive

ower of the PCP. Two other exampl i hi
P ples of deductions from this l V = exp 3Hot,

principle are given below. |

[ that is

Expansion of the Universe i i

. |

The line element (II.2) is completely characterized by i = = 3H . CEIT:3)
| o
H . It is possible to have H_ = 1 !
- pos 5 0, Ho <0 ;00T HO 55405 = Ald .
; 23 b | . ; ; .

consistent with the PCP. If, however, we take account of the By the steady state hypothesis the density of the universe must
local thermcdvnamic conditions, we are able to deduce that H > 0. remain constant at o = p_. Then the amount of matter within

For our observations show that the universe in our local
neighborhood is far from being in a state of thermodynamic

equilibrium. Stars radiate; regions of high and low temperatures
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Vv must increase its mass M = VA as through a dynamic theory rather than from their deductive
approach. However, they felt that the PCP together with local
M = BHOVfé- observations fix the large-scale properties of the universe in a
| form that can be tested by observations (see § II.4). Therefore
i e they attached a greater importance to testing the PCP by
Q = BHof; (11.4) observations than to a dynamic theory that might determine
‘ HO, Pyt and so on quantitatively.
denotes the rate of creation of matter per unit volume. If we 1 Fred Hoyle, on the other hand, took the opposite view.
use cgs units we get : He looked for a process - that is, a field theory - that could
account for the phenomenon of primary creation of matter. After
Q=2 x 10—46 ;9 hi g cm_3 s-l, (ZZ.5) f several attempts he finally adopted the formulation suggested by
c M.H.L. Pryce. This formulation, known as the C-field theory,
where p_ and h_ have been defined in  .SI. ' was used extensively by Hoyle and the author in the early 1960s.

The small value of Q shows that there is a very slow The details of the C-field theory are given below.

but continuous creatiocn of matter going on, in contrast to the 3 . .
: 2 g ' The Action Principle

explosive creation at t = 0 of the standard models.
The C-field theory involves adding more terms to the

standard Einstein-Hilbert action to represent the phenomenon of

TT 3 THE CREATION FIELD

-

: ) creation of matter. Using Occam's razor, the additional field
. Attractive though the above deductive approach is, it

to be introduced is a scalar field with zero mass and zero charge.

has its limitations. For example, we do not have a quantitative

We denote this field by C and its derivative with respect to

relation connecting ¥ _to say, the mean density p, as we have in } N
o the spacetime coordinate x by Ci' The action is then given hy

Friedmann cosmologies. Nor do we have any physical theory for
such an important pheromenon as the continuous creation of matter. f 3
| | | Ao [n et e |
Is the sacrosanct law of conserwvation of matter and energy being I n a a a
violated in the process of matter creation? Bondi and Gold
i 1 i — 4 i
appreciated the fact that questions like these could be answered St J c;¢ /=g da'x + ) J ¢, da’. (I7:6)
a
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Instead of the electromagnetic temms (which might be present if
we had charved particles), we have in (II.6) the C-field terms. To appreciate
the difference between the two interactions, note that the last term of (II.6)
is path-independent. If we consider the world line of particle a between

the end poi_ntsl\:L and Az,wehave

A

2 :
c. da* = C(A) - Ca).
JAll A - Ciay

Normally such path-independent terms do not contribute to any
physics derivable from the action principle. So why include such a term? The
answer to this question lies in the notion of "broken" world lines. A theory
that discusses creation (or annihilation) of matter per se must have world
lines with finite beginnings or ends (or both). The C-field interaction term
picks out precisely these end points of particle world lines. If we vary the
world line of a and consider the change in the action 3f'in a volume
containing the point Al where the world line begins (see Figure 1), we get
at Ay (which is now varied)

i .
’“acé‘%a g Sl iel (11.7)
This relation tells us that overall energy and momentum are conserved at the
creation point. The 4-momentum of the created particle is ca'npensat;_ed by
the 4-momentum of the C-field. Clearly, to achieve this balance
the C-field must have negative energy. We will return to this

point later.
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We also note that singe the interaction term is path-independent,

the equation of motion of a 1is still that of a geodesic:

2 i 3 k L

d”a i da da _

m [ > + r‘kl 5 @ ] = 0 (11.8)
ds = a a

The constant f in the action (II.6) is a coupling constant.

The variation of C gives the source equation in the form

k =

c ik cf n (I1.9)
where n = number of net creation events per unit proper 4-volume.
In calculating n we attach a + sign to the points like A1
where a world line begins and - sign to the points like AZ where

a world line ends. Again we see in (II.9) the relationship

between the C-field and the creation/annihilation events.

Finally) the variation of 9ix leads to the modified

Einstein field equations

5l % glk R an { e 2 Txk? (£1.10)
( (m) (c) .
where le is the matter tensor as in standard cosmology while
(m)
PR e r Gl e e, (11.11)
() 2 L
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44 R . .
Ac3in we note that T < 0 for £ > 0. Thus the C-field . 8 . s2 v kc2 _4cf 2 :
el ; i s 2 ==3C (IT.14a)
has negativs energy density that produces a repulsive gravitational i s -
effect. 1I- is this repulsive force that drives the expansion of

the universsa.

2 2
i S™ + kc £ 2
T-2> above effect may resolve one difficulty usually ¢ 3 52 = Sl {p _ - ¢ } . DT L)
[c]
associated with the quantum theory of negative energy fields.

Because such fields have no lowest energy state, they normally do

; ; It is easy to verify that the steady state solution (II.2)
not form stable systems. A cascading into lower and lower energy

. y ¢ 14 follows from these equations for
states wou.d inevitably occur if we perturb the field in a given f q
state of negative energy. However, this conclusion is altered if

i i = - _ O — 2
we include the feedback of (IT.11) on spacetime geometry. This k=0, S =c¢ , p=p_ = = fm° . (1115

feedback results in the expansion of space and in the lowering of

the magnitude of field energy. Both these effects tend to stabilize NEBESe EhaAt BoeH Ho ARa b, are given in terms of the elementary

the system. creation process; that is, in terms of the coupling constant f and
the mass of the particle created. Thus the Hoyle approach gives

ical Equations :
e 4 the quantitative information lacking in the deductive approach of

Using the Robertson-wWalker line element and the assumption the PCP.
that a typical particle created by the C-field has mass m, we get B¢ EEEOE Srdet beFturBEENSAs ofs Ehblabove. squstions and of
the following equations out of (IT.7) through (IT.11): the solution (II.15) also tells us that the solution is stable.

Indeed, a stability analysis brings out the key role played by (II.7).

. 2 5
C = mc (13.12) This tells us that the created particles have their world lines
A ]
along the normals to the surfaces C = constant. Hoyle has argued
. : - : that such a result gives a physical justification for the Weyl
mf {C+3§C§=§é+3§p§c (17.13)

postulate: it tells us why the world lines of the fundamental observers
are orthogonal to a family of space-like hypersurfaces. 1In the
C-field cosmology these hypersurfaces are not just abstract notions

but have a physical basis.
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Because the velocity field given by (II.7) is the gradient
of a scalar, the vorticity or spin vector mi must be zero. Thus
spinning universes would be excluded. Hoyle and the author have
argued that provided matter creation is always going on, the newly
created matter will tend to introduce the regularity implicit in the
Weyl postulate. Thus they conjectured that starting from arbitrary
initial conditions the universe may be driven by the C-field creation
process to the homogeneous and spinless state it is in today. Hence
the coincidence of §II.1 that led to Mach's principle is explained

as a dynamic outcome of matter creation.
Explosive Creation

Although the C-field was introduced primarily to account
for the continuous creation of matter, the author showed in 1973
that it also describes explosive matter creation such as is required
in the big bang cosmology. We illustrate below how this is achieved

for the case k = 0.

In equations (II.12) through (II.1l4), we make use of the
jdea that all matter is created in an explosive process at t = 0.
Then the right-hand side of (II.13) is like a delta function &(t}),
leading to the solution
c= 2.
S
Notice that this solution is inconsistent with (II.12) except at

one epoch, t = 0. This is hardly surprising, since we have assumed -

no creation of matter subsequent to t = 0. Thus the creation
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condition (II.9) is not satisfied at t > 0.

Substituting for C in (II.l4a) we can integrate for S

and obtain a solution

— (t + tl)Z 1/3
S(t) =« 1l + e (IT.16)
t
o
where ¢t and tl are constants related to the initial conditions

The scale factor given by (II.16) behaves like that for
the standard Einstein-de Sitter model for t >»> £, In the C-field
model not only is the spacetime singularity at t = 0 averted,
but we also see the present matter as arising from a primordial

explosion that conserves energy and momentum.

This conservation of energy and momentum must follow as
a general deduction for any C-field model, since the governing
equations are derived from an action principle. Hence criticism
based on the unexplained origin of new matter, which could be
validly apnlied to the explosive creation of the standard cosmology
or to the continuous creation in the Bondi-Gold version of the

steady state model, does not apply to the C-field cosmology. Al

In physical terms the creation is éxplained by a process
of interchange of energy and momentum between the negative energy
C-field and the matter. The divergence of (II.10) gives the

mathematical formula for energy conservation:



168

le.k = fclc
(m) 7

k
Sk*°

{TT 1 7)
It is easy =o verify that the idea would not work for a positive

energy field.

I1.4 ZSERVABLE PARAMETERS OF THE

STEADY STATE THEORY

Leaving aside the dynamics of the model, we now come to
some of the observable features of the steady state theory. Here
we deal essentialiy with the line element (II.2) and the geometrical
properties Jdeducible from it. Indeed, as Bondi and Gold emphasized
in their original paper, the steady state model makes precise
predictions and is therefore vulnerable to observational disproof,
in contrast to the big bang models, which can always be fed with
arbitrary parameters. (This comment will become clearer when we

discuss observational cosmology later).

Since these calculations of observable features are
similar to those for standard models. We will be brief here and

simply stats the results.

The Redshif:

The redshift of a galaxy G at (rl, el,ol) emitting

1
light at t, that is received by the observer 0 at r = 0 at

the present epoch t is given by

169
H_(€ _=t.) H Ht
_ o' o 1 _ _ o e}
2y e 1l = o e o (EL.18)
The Luminosity Distance
This is given for the above galaxy by
D, = =z, (1 +z,) T,
1 i 1 zy) . (IE.19)
o
Equation (II.19) is the Hubble law for steady state cosmology.
Angular Size
The angle 468(<<l) subtended at O by an astronomical
source of projected linear size d and redshift =z is given by
Ho l+z \
A8 = c—d > { T} 5 (XI1.20)
Thus the angular size tends to a finite minimum as 2z -+ =,
Flux Density
The formula for bolometric flux becomes in this case
Lb v
t; - ol 5 (ET. 22
bol 2
- L
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For flux density at frequency v, We get

~ LI _ 1+ 2)
Jo ) = g (1T.22)
(o] 2 5
z (1 # z)

4

|0
0

Number Count

The number of sources with redshift less than 2z is

given by
3 2
- c _ 3z + 22
N(z) = 47%n (n) In (l+z) —f‘l . (TT.23)
o 21 + z)

The Age Distribution of Galaxies

New galaxies are always being formed in the steady state
universe. Since the universe expands, the galaxies, once formed,
move away from each other. Thus the older a population of
galaxies, the more sparse its distribution will be. Since the
volume bounded by galaxies increases with time as exp(3HOt), we
have the following simple result for the age-density relation of
galaxies:

Q(r)« e 3HOT . {I1.24)
where Q(r)dr 1is the proper number number density of galaxies

with ages in the range 1,1 + dr. The average age is therefore
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(BHo)ﬁl. However, caution is necessary in the interpretation
of (II.24), as we shall see in the following section.
TL.5 PHYSICAL AND ASTROPHYSICAL CONSIDERATIONS

This section briefly outlines some of the ideas proposed
from time to time in the context of the steady state theory to
discuss such problems as the nature of created particles, the
formation of galaxies, the origin of the microwave background
radiation, and so on. Some of these concepts might still be
relevant whether or not the steady state cosmological picture

survives.

The Hot Universe

In 1958 Gold and Hoyle proposed the hypothesis that the
created matter was in the form of neutrons. The creation of
neutrons does not violate any standard conservation laws of
particle physics except the constancy of the baryon number. Although
this was considered an objection in 1958, today the baryon number
is no longer regarded as invariant. Indeed today scenarios are
being proposed in the context of the early universe to account
for the observed baryon number in the universe. 1In the Gold-Hoyle

A )
picture the created neutron undergoes a g-decay:

n-+p+e +7% . (TT.25)

The conservation of energy and momentum results in the electron

taking up most of the kinetic energy and thereby acquiring a high
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kinetic temperature of ~ 109K. Gold and Hoyle argued that such

a high temperature produced inhomogeneously'would lead to the
working of heat engines between the hot and cold regions, which

in turn would result in condensations of the size of > 50 Mpc , while
pure gravitational forces are known not able to provide a
satisfactory picture of galaxy formation. The temperature
gradients set up in the hot universe of Gold and Hoyle help in

this process.

The resulting system, howev§r, is not a single galaxy,
but a supercluster of galaxies containing ~ 103 to 104 members.
Such large-scale inhomogeneities in the distribution of galaxies
were first referred to mainly through the work of G.0. Abell

and G.de Vaucouleurs.

Tt is worth noting that inhomogeneities on such a large
scale as ~ 50 Mpc caution us against applying the cosmological
principle too rigorously. For example, the formula (I11.24) for
the age distribution of galaxies will hold over a region
considerably larger than 50 Mpc in such a model. 1If we are in
a particular supercluster, we expect to see a preponderance of
galaxies of age similar to that of ours in our neighborhood out
to say 20 or 30 Mpc. Thus it will not be surprising if our local
sample yields an average age much larger than the universal average

of (3 H )y le 3 x 16° years.
o o

Although newly created electrons have a kinetic temperature

9 .
of ~ 10 K, the temperature tends to drop because of expansion.
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The average temperature is 3/5 of this value, that is, around

6 x 108 K. It was suggested by Hoyle in 1963 that such a hot
intergalactic medium would generate the observed X-ray back-
ground. However, quantitative estimates by R.J. Goulé soon
showed that the expected X-ray background in the hot universe
would be considerably higher than what is actually observed,
thus making the hot universe untenable. Although the present
background measurements do not rule out such a hot universe for

ho = 0.5, astrophysicists are inclined to look for other

explanations for the origin of the X-ray background.

The Bubble Universe

In 1966 Hoyle and the author discussed the effect of
raising the coupling constant f by AJ1020. As the formulae
(I1.15) show, we would then have a steady state universe of very

. g cm_3) and very short time scale

large density (f ~ 10°
(H;lrv 1 yearl). If in such a dense universe creation is switched

off in a local region, that is, if we locally have

A 0, (iLT . 263

then this local region will expand according to (II.l6). Beina
Al
less dense than the surroundings, such a region will simulate an

air bubble in water.

According to this model, this bubble is all that we see
with our surveys of galaxies, quasars, and so on. Hence our

observations tell us more about this unsteady perturbation than
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about the ambient steady state universe. There are, however,

observable effects that give indications of the high value of f.

For example, these authors showed that particle creation
is enhanced near already existing massive objects and that the
resulting energy spectrum of the particles would simulate that of
high-energy cosmic rays. Although this result applies for any
value of f, the actual energy density of cosmic rays requires

the high value of £ chosen here.

Another useful idea to come out of this picture was that
galaxies, especially the elliptical ones, are examples of a small
bubble whose expansion is controlled by a local massive object.
The basic calculation is given below. Now that it is being
realized that ellipticals cannot have arisen from condensation of
a pregalactic cloud the above expansion idea may well contain a

germ of the truth.

Consider first an expanding bubble as a cloud of gas
moving radially outwards. The Einstein-de Sitter model is
simulated by this cloud, in which each particle has just the right
velocity to escape to infinity:

.2 2GM (r)

= = 5 (ILT.27)

Here M(r) is the mass interior to radius r.

Suppose now that when r =r_ an object of mass u appears

at the origin. The appearance of this object will influence the
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subseguent motion of the cloud according to the equation

o 2G[M(r) +w] _ 2G: (11.28)
r r
o
Here we have assumed that the velocities are not affected by
the introduction of u: thus (II.28) is continuous with (II.27)
at r =r,. The mass p now exerts its gravitational pull so that
the cloud is unable to escape to infinity. In (II1.28) r attains

a maximum value given by

M Mro
: 5 = {1 + = § r o~ — for M >> u. (TT029)
1Y o v

In our description it is assumed that there is no inward/outward

crossing of cloud particles, so M(r) is fixed for each cloud
element.

what is ,Fo? This radius can be fixed in the following
way. Although wé expect u to be small compared to M, we cannot
use the above Newtonian calculation unless I is large enough so
that any general relativistic corrections to our calculation are
negligible. At r_. these corrections are of the order (2GM/rOc2).
This quantity must be smaller than the Newtonian quantity 2Gu/rocg.

This requirement gives us a lower limit on ry

r ,_fui 261 (I1.30)
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Setting ro equal to the right-hand side gives for r

max
2
2GM M
o = (_) , T
. 22 . .
If we now set rmax ~ 3 x 10 cm, a typical galactic
radius, (II.31l) gives
:
27/ i
:4’_= 5 x 10° (;‘1—> : (11.32) ’
(€] (e} i
Thus a central condensation of u '\-109 M can control the shape
3

of a galaxy of mass M A 5 x 10 WD' Anisotropy of expansion
can lead to ellipsoidal shapes, the important result being that
galaxies formed this way should have no rotation. Apart from the
lack of rotation, ellipticals are now believed to contain massive
nuclei, the most dramatic discovery in recent years being that of

a supermassive object at the center of the galaxy M87.

The Origin of Elements

One of the beneficial influences of the steady state
cosmology on astrophysics was that it prompted work on stellar
nucleosynthesis. Since the model does not have a high-temperature
epoch, it cannot draw on the calculations given in Chapter 5 to

explain how nuclei are made from protons and neutrons.

Since centers of stars provide sites for high temperature
and density, astrophysicists locoked for nucleosynthesis in such
places. The pioneering work of E.M. Burbidge, G.R. Burbidge,

W.A. Fowler, and F. Hoyle in 1957 demonstrated in a comprehensive
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manner how the whole observed range of nuclei can be produced in
stellar processes as stars evolve. Thus it hecame established
that the bulk of the nuclei are produced in stars rather than in

the early hot universe, as Gamow had envisaged.

Light Nuclei and the Microwave Background

Between 1964 and 1965 the steady state model received
two near-fatal blows. The realization that the observed helium
abundance in several parts of the Galaxy is considerably higher
than that generated in the stars led astronomers hack to Gamow's
ideas once again. The case for the hot big bang became even

stronger with the discovery of the microwave background in 1965.

The steady state model has not quite recovered from these
two blows. Indeed, if it is to survive as a viable alternative
to the big bang it must produce an astrophysical interpretation
for both the above observations, as well as for the observed
abundances of other light nuclei besides helium, like deuterium,

Li, Be, and so on.

Energetically, it is realized that increased stellar
activity is required to account for the ohserved helium, and the
resulting additional starlight has to be thermalized to produce »
the microwave background possible scenarios ‘exist in which dust
grains in the intergalactic space act as thermalizers. In working
such scenarios into the steady state model a further constraint
has to be placed on any calculations. This is the constraint

demanded by the PCP, that is, that the universe in the past was no
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different from the way it is now. 8 MACHIAN COSMOLOGIES

The main difficulties of such attempts are as follows. ITI.1 INERTIA AND COSMOLOGY

Although increased stellar activity can generate sufficient

Next we will consider some of the cosmological models
helium, the production of deuterium in stars (or supermassive

inspired by the ideas of the philosopher - scientist Ernst Mach.
objects) has not proved so easy, since the deuterium produced

Mach's principle itself arose out of the observation that the
is quickly destroyed. Also, the extreme homogeneity of the

local inertial frame, earlier identified by Newton as the
microwave background places severe limits on any theory that

absolute space, is one relative to which the distance parts of
attempts to generate it from discrete sources.

the universe are nonrotating. Let us now examine the possible

Although attempts have bee ade b - .
; 9 E nEmRdeRby pEpSsteddy-state implications of this observation further.

astrophysicists to construct a viable explanation, the goal has

; Wwhen expressed in the framework of the absolute space,
not yet been achieved. Nor has the problem been abandoned as

Newton's second law of motion take the familiar form
insoluble; so the fate of the steady state model hangs in the

balance!
P =mnf . [TTZ:))

Inflation and the C-field

This law states that a body of mass m subjected to an external

There is considerable similarity between the C-field i force P experiences an acceleration f. Let us denote by S

cosmology and the inflationary scenarios currently fashionable. i the coordinate System in which P and f are measured

The idea of negative stresses of C-field cosmology is echoed in

Newton was well aware that his second law has the
the negative stresses of the vacuum of inflationary models. The

; ; simple form (III.1l) only with respect to S and those frames that

bubble universe model in which locally the C-field switches from
i : are in uniform motion relative to S. If we choose another frame

the creative to noncreative mode is very similar to the emergence i ¥
: ; | s’ that has an acceleration a relative to S, the law of motion

of the Friedmann universe when phase transition is completed in a i

. : . e . i measured in §' becomes
given region of the inflationary universe. Further, the result
that inflation wipes out memories of the state of the universe
(T3T.2)

i
"
i
1
3
1
Voh

existing before-hand was obtained earlier for the C-field cosmology

by F. Hoyle and the author.
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Although (III.2) outwardly looks the same as (III.1l), with
£/ the acceleration of the body in s! , something new has entered
into the force term, This is the term ma, which has nothing to do
with the external force but depends solely on the mass m of the
body and the acceleration a of the reference frame relative to the
absolute space. Realizing this aspect of the additional force in
(IT1.2), Newton termed it "inertial force." 2As this name implies,
the additional force is proportional to the inertial mass of the
body. Newton discusses this force at length in his Principia,

citing the example of a rotating water-filled bucket in which the

water surface is curved due to such forces.

According to Mach, the Newtonian discussion was incomplete
in the sense that the existence of the absolute space was postulated
arbitarily and in an abstract manner. Why does S have a special
status in that it does not require the inertial force? How can
one identify S without recourse to the second law of motion, which

is based on it?

To Mach the answers to these questions were contained in
the observation of the distant parts of the universe. Tt is the
universe that provides a background reference frame that can bhe
identified with Newton's frame S. Instead of saying that it is an
accident that Earth's rotation velocity relative to S agrees with
that relative to the distant parﬂs of the universe, Mach took it as
proof that the distant parts of the universe somehow enter into

the formulation of local laws of mechanics.

One way this could happen is by a direct connection

between the property of inertia and the existence of the universal
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background. To see this point of view, imagine a single body in
an otherwise empty universe. In the absence of any forces (III.1l)

becomes

mf = 0 . (TII.3)

~

What does this equation imply? Following Newton we would conclude
that £ = 0, that is, the body moves with uniform velocity. But

we now no longer have a background against which to measure
velocities! Thus £ =0 has no operational'siqnificance. Rather,
E should be coﬁpletely indeterminate. And it is not difficult to
see that such a conclusion is not inconsistent with (ITI.3) provided

we argque that

m = 0. (ILIX.4)

In other words, the measure of inertia depends on the
existence of the background in such a way that in the absence of
the background the measure vanishes! This aspect introduces a
new feature into mechanics not considered by Newton. The Newtonian
view that inertia is the property of matter has to be augmented to
the statement that inertia is the property of matter as well as

of the background provided by the rest of the universe.

Such a Machian viewpoint not only modifies local mechanics,
but it also introduces new elements into cosmology. For, excent in
the universe following the perfect cosmological principle, there is
no basis now for assuming that particle masses would necessarily stay

fixed in an evolving universe. This is the reason for considering
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cosmological models anew from the Machian viewpoint. The ideas
presented here give some instances of how different physicists

have given quantitative exoression to Mach's principle.

T2 THE BRANS-DICKE THEORY OF GRAVITY

In 1961 C. Brans and R.H. Dicke provided an interesting
alternative to general relativity based on Mach's principle. To
understand the reasons leading to their field equations, we first
note that the concept of a variable inertial mass just arrived
at itself leads to a problem of interpretation. For how do we
compare masses at two different points in spacetime? Masses are
measured in certain units, such as masses of elementary particles,
which are themselves subject to change! We nced an independent
unit of mass against which an increase or decrease of a particle
mass can be measured. Such a unit is provided by gravity, the so

called Planck mass:

1/2 &
(’g—c> ~ 2.16 x 107° g. (1TI.5)
Thus the dimensionless quantity
1/2
G .
= = I11.6
X m(hc) (a1 )

measured at different spacetime points can tell us whether masses
are changing. Or alternatively, if we insist on using mass units

that are the same everywhere, a change of x would tell us that G
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is changing. This is the conclusion Brans and Dicke arrived at
in their approach to Mach's principle . They looked fer a frame-
work in which the gravitational constant G arises from the

structure of the universe, so that a changing G could be looked

upon as the Machian consequence of a changing universe.

In 1953 D. W. Sciama gave general arguments leading to a
relationship bhetween G and the large-scale structure of the
universe. We have already come across one example of such a

relation in Friedmann cosmologies:

w2
DO = 447G qO‘

If we write ?O = c/Ho as a characteristic length of the universe
3 Al ;
and MO = 4npqno/3 as the characteristic mass of the universe, S

then the above relation bhecomes

4
S - T Z m. (T11.7)
Roc" e R C rc2

. Q=

Given a dynamic coupling between inertia and gravity, a
relation of the above type is expected to hold. Brans and Dicke .
took this relation as one that determines G_l as a linear
superposition of inertial contributions from masses all over the
universe, a typical contribution m/rc2 being from a mass m at
a distance r from the point where G 1is measured. Since m/r
is a solution of a scalar wave equation with a point source of

strength m, Brans and Dicke postulated that G behaves as the
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reciprocal of a scalar field ::

G~ ¢ , (TTT:8)

where ¢ is expected to satisfy a scalar wave equation whose source

is all the matter in the universe.
The Action Principle

These intuitive concents are contained in the Brans-Dicke

action principle, which may be written in the form

-1k 4
A = 5 J (6R +we b ¢k)/-’q'd x + A (I11.9)

Notice first that the coefficient of R is C3¢/lﬁn instead of
c3/16nG as in the Einstein-Hilbert action. The reason for this lies
in the anticipated behavior of G as given in (IIT.8). The second

k . : "
term, with #y 2 3¢/3x , ensures that ¢ will satisfy a wave equation,

while the third term includes, through a Lagrangian density L, all

the matter and energy present in the spacetime region 1% . The
energy momentum tensor le is derived from by variation of Ik
w 1is a coupling constant.

The variation of J4‘€or small changes of qlk leads to
the field equations

1 8w w d 1
= REsg et = = M = e

Baw ~ 7 Y 4, Tik T 2 {¢1°k 79 P 0}

3l
pil CPE - P« I I (ITT.10)
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Similarly, the variation of ¢ leads to the following eguation
for ¢
2¢ O% - ¢k ¢k = R 02. (BET <11 )

. w
This latter equation can be simplified by substituting for R
from the contracted form of (IIT.10). We finally get

8
¢ = s (T7T1.12)

(2w + 3)c

where T 1is the trace of Ti Thus (IIIX.12) leads to the

K
anticipated scalar wave equation for ¢ with sources in matter.
Because it contains a scalar field ¢4 in addition *o the

metric tensor Iy’ the Brans-Dicke theory is often referred to as

the scalar-tensor theory of gravitation.

Solar System Measurements of w

It is clear from these field equations that as w =+ =
the Brans-Dicke theory tends to general relativitv., For w = 0(1)
the theory makes significantly different predictions from general
relativity in a number of Solar System tests. These tests are the "

same as those for general relativity.

The computation of perihelion precession of the planet
Mercury gives the theoretical prediction of this theory as
(3w + 4) /(3w + 6) times the value given by general relativity. Dicke

and his colleaques suggested during the 1970s that if the Sun is
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oblate, with a guadrupole moment parameter of ~ 2.5 % 10_5, then
the resulting change in its gravitational field would lead to a
perihelion precession of about 7% of the observed (unexplained)
value of ~ 43 arc second per century. Had this been the case the
relativistic value of ~ 43 arc second would have been too high,
while a Brans-Dicke value of w = 6 would have correctly accounted
for the residual of ~ 40 arc second per century. However, external
studies of the Sun's surface do not conform with oblateness even
of this order. Hence this test does not give any evidence for w

as small as 6.

The bending angle of a light ray qrazing massive spherical
object in the Brans-Dicke theory is (2w + 3)/(2w + 4) of the relativistic
value. Since the accuracy of the radio and microwave measurements
of the bending angle is ~ 5% and the angle agreces with the
relativistic value within this error, the parameter w has to be as

high as ~ 10.

The lunar laser-ranging experiments, however, lead to the
conclusion that w > 29. Here again the general relativistic value
of the Earth-Moon distance is in excellent agreement with observations,
and any devartures from it, if they are to be tolerated by the
observations, have to be small enough to demand a large value of w.
Radar ranaing to probe landers on Mars places an even more severe limit

on w by recuiring that w>> 500.

1+ therefore follows that at the Solar System level the
Brans-Dicke theory has to have a large value of w in order to survive,

thus makina it practically indistingquishable from general relativity.
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However, even for a large w this theory can produce interesting
departures from general relativity at the cosmological level. The

following section outlines these differences.

LIL. 3 COSMOLOGICAL SOLUTIONS IN
THE BRANS-DICKE THEORY

We will consider only the homogeneous and isotropic
cosmological models in the Brans-Dicke theory. Accordingly we
start with the Robertson-Walker line element and the energy tensor
for a perfect fluid,as in standard cosmology. The scalér—field [y
is now a function of the cosmic time only. Thus the field

equations become

. .5 9 = ‘s

2S S + kc 8n 24S wé )

28 , 8 +ke . 8rp_ 245w 4 (IT1.13)

S Sz Te $S 202 [}

‘9 2 e ‘s

S +2k0_ - 8*; -85S ‘iLZ . (T11.14)
S 34c ¢S 6¢

Al
Compare these equations with the corresponding ones of the Friedmann

cosmologies. The conservation equation is the same:

4

3 2
S5 (es”) + 3ps” =0 .

(ILE.15:)
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In addition., we have the field equation for ¢

8 el ER 16)
L4 (es?) = ——— (e - 3p). (11I.
g3 at (2a + 316

We anticipate that big bang solutions will emerge from these
equations and set the big bang epoch at t = 0. Then the integral

of (ITI.1l6) gives

t

s = —————§l——5 I (e - 3p)s> at + c, (TIT.A7)
(2w + 3¢ :

where C is a constant. Two types of solutions are obtained,

depending on whether C = 0 or C # 0.

we will consider a simple example of this type, with

k=0, p=0,¢€= pcz. This solution is therefore analogous to

the Einstein-de Sitter model of general relativity. Write

A B
£ £
S =8 (——) b= ¢ (-—) . (II1.18)
0. \Es o t .
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So that p & t_3A and the field equations give
20 + 2 _ 2

A = m ’ B = m , (III.IQ)

and
(2w = 3)800
e T : (IT1.20)
8nt
o

The temporal behavior of S and G(do-l) is illustrated

in Figure 2. It can be verified that as w - = this solution tends

to the Einstein-de Sitter model.

An analogue of the radiation model can be obtained in
this theory. H. Nariai obtained solutions for p = n€ with n in

the range 0<n<l/3.

In this case the ¢-terms dominate the dynamics of the

universe in the early stages. Thus for small enough &t we have

t: .

B I (¢ - 3p) S5 at < |c], (IT11.21)

o 2 ax 2
(2w + 3)c

both for the cases of dust and of radiation. For our nower law
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solutions for the case p =0,

A+ B=1, £ =262

In the case of a radiation-dominated universe p =

we have at small enough

ol

(TTI.22)

1/3e and we can

again try a solution of the form (III.18) to get as

A = - AB + — .

Taking into account (III.22) we can solve (III.23)

w + 1 /(2u/3) + 1 _1+3/(2e/3) + 1

3w + 4 3w + 4

The upper sign holds when C > 0 and the

C <0, For C>0, &+0 when S + 0, while for
for S + 0. These conclusions hold irrespective of
or of the eaquation of state, since at small values

of the universe are controlled by the ¢-term.

to.get

t -+

0

(TTT.23)

(III.24)

lower sign when

C<LO,¢->==

the values of k

of

]

the dynamics
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TABLE 1
2 4
MASS FRACTIONS OF “H AND "He IN
BRANS-DICKE COSMOLOGY FOR
*
MATTER-DOMINATED MODELS
-3
s (g cm 7)
@ 167t T 3>
- - -8
5 7.6 x 1074 2.6 x 107° 3.4 x 10
0..26 0.33 0.40
10 7.6 x 1074 2.1 x 107° o 2072
0.26 0.30 0.35
® 6.6 x 1074 1.3 x 107> ~ 30718
0.25 0.27 0.29 "
* The deuterium fraction is given above the helium fraction.
Production of Light Nuclei N

Dicke and G.S. Greenstein independently investigated the
nucleosynthesis problem in the early Brans-Dicke universe. Greenstein
followed the same physical approach as for standard cosmologies,
for the case C = 0. The results ohtained by him for ho = 1 are

given in Table 1.
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Tor each of three values of the present density of
matter Py Table 1 gives three sets of values for the deuterium
and helium abundance, corresponding to w = 5 vmie=,10; and.w =00 -
The last case is of course that of general relativity. The
differences between the Brans-Dicke theory and general relativity
are noticeable for w = 5 at high values of o, when more ZH and
4He are formed in the former theory. For w > 30, the present
observed abundances set an upper limit of Do 5 x 10—30 g cm-3 in

the Brans-Dicke cosmology.

In the é-dominated models the constant C can be adjusted
to produce any desirable abundances, high or low. For cosmic
abundances lower than the above value one has to choose suitably low

value of sl

There is, however, another observational handle on C,

which is described briefly below.

The Variation of G

L = ;
Since G ¢ ¢ , a time-dependent ¢ will mean a time-dependent

gravitational constant. As seen from (IT1.18), we have for C =0
- R ALY (III.25)
G 3w + 4 £ w + ) '

Thus |G|G| is of the order of Hubble's constant unless w is large and
its sign indicates that the gravitatibnal constant should decrease

with time (see Figure III.l)
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However, for a larce enough |c| . the ¢-dominated
solutions differ significantly from the matter-dominated ones even
at the present epochs. 1In this case for C large and negative

we can have G increasing with time even at relatively recent

epochs.

We will review the evidence for or against G-variation
later.
IIT.4 THE HOYLE-NARLIKAR COSMOLOGIES

we next consider another gravitation theory that may claim
to have given the most direct quantitative expression to Mach's
principle. This theory was €irst proposed in 1964 by Fred Hoyle and
the author. and we will refer to it here as the HN theory and to
the cosmological models based on it as HN cosmologies. Throughout

this discussion we will set ¢ = i

Like general relativity and the Brans-Dicke theory, the
HN theory is formulated in the Riemannian spacetime. There is one
important difference, however, between this theory and all other
cosmological theories we have discussed so far. The difference lies
in the fact that general relativity, the Brans-Dicke theory, and soO
on are pure field theories, whereas the HN theory is based on the )
concept of direct interparticle action. The difference between the
two types of theories is best seen in a description of electro-
magnetism to which we will freguently refer in this section and the
next for comparison. Until the advent of Maxwell's field theory, iLiE

was customary to describe electrical and magnetic interactions as
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instances of direct action at a distance between particles. The
success of Maxwell's theory established the field concept in
1

physics at the expense of the concept of action at a distance

(see Figure 3).

Since Mach's principle (implying as it does a connection
between the local and the distant) suggests action at a distance,
even an early convert to it like Einstein later became skeptical
as to its validity. By the early 1960s, however, it became clear
that action at a distance can successfully describe electrodynamics
and that it has interesting cosmological implications. Since
Hoyle and the author had played an active role in these developments
(see ref. [3)), they naturally adopted an action-at-a-distance

approach to Mach's principle.
PP i F

Accordingly, we use here the somewhat unfamiliar notation
of action at a distance. Let us denote by a,b... the particles in

th

the universe, m_, e being the mass and charge of the a particle.

a
As implied by Mach, the mass m is not entirely an intrinsic
property of particle a: it also owes its origin to the background

provided by the rest of the universe. To express this idea

quantitatively, write

(IDL.26)

The above expression means the following. At a typical world point
A on the world line of particle a, the mass acquired by a is the net

sum of contributions from all other particles b ( # a) in the universe.
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3 : : 3 b
The contribution from b at A is given by the scalar function m( )

(A). The coupling constant xa is intrinsic to the particle a.
Notice, however, that if a were the only particle in the universe

m, = 0 and we have the conclusion arrived at in (ITI.4).

A Digression into Electromagnetic Theory

Wwhat are these functions m(b) (X)? That they communicate

the property of inertia from particles b to any particle placed at
the spacetime point X is clear from the context. To arrive at a
suitable form for them we take hints from action-at-a-distance
electromagnetism, in which it is usual to introduce electromagnetic
disturbances that arise specifically from sources, that is, from

moving electrical charges. Accordingly, we introduce the 4-potential

A;b) (%) as denoting the electromagnetic effect at X from the
(b)

electric charge b. The Ai (X) satisfies the wave equation

J(b)

B=" =AW Oy

r_]Aib) + R (IT1.27)

(b)

where Ji is the 4-current density generated by the charge b. The

solution of (III.27) may be written in the integral form

Al

(b) _ k
Ai (X) = 4n J ey Gik (x,B) db (ITT1.28)
where G, (X,B) 1is a Green's function of the wave operator

ik
*
(g?[] + R?). The well -known Cznlomb potential is a special case of

(TLT.28) .
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The Green's function is not uniquely fixed from the form
of the wave operator alone. Boundary conditions must also be
specified. The customary boundary condition is that imposed by
causality; that is, the influence from B to X must vanish if X
lies outside the future light cone of B. The Green's function
satisfying this condition is called the retarded Creen's function.
we will denote such a Green's function with a superscript R.
similarly a Green's function confined to the past light cone of B
is called the advanced Green's function and is denoted with a

superscript A (see Figure 4).

These Green's functions have played a key role in action-
at-a-distance theories. It was originally believed that action at
a distance must be instantaneous and hence inconsistent with the
framework of special relativity. However, K. Schwarzschild, H.Tetrode,
and A.D. Fokker demonstrated during the first three decades of
this century that a relativistically consistent action at a distance

theory can inceed be formulated. If we consider two spacetime

2 2 ] ; 5 RN
points & and B with s AB as the invariant square of the relativistic
3 R 2 ! "
distance between them, then S(SAB), where & 1is the Dirac delta

function, is a convenient function for transmitting physical influ-
ences between A and B. For this function acts only when A and B
are connectible by a light ray (that is, when siq = 0). This delta
function ctherefore necessarily occurs as the main componént in any
Green's function in the action-at-a-distance theory. The action

principle, which is the basis of the electromagnetic theory in
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Riemannian spacetime, i i
ne, is described below We
e . start with the action
A =-3 E4neef""_ dat ank
L %5 } ik (ITT.29)
where G i
Gik is the symmetric Green's function given bv
.. (a,B) = L GR [ R) o
ik 5 T + Gik (A,R) s (TIT.30)
Thus G, B) =@
ik (A,B) = Gik (A,B) and each term in the action is

co Dletely symmetric between each pair of particles h act n
. the ctio

( . < - ‘ S
ITI.29) together with suitable cosr ologl undary conditions
g cal bo d ondit

xeprod +C e cc < B
ces al t e et magn the standard axwell
1 he e ro etic effects of h s o a 3 M e

field theory.

That ca i
smological boundary conditions are necessary in

the action-at i mn
-a- ) i
distance framework is seen from the following simple
£ W simy

t - o a w je
ration. Any retarded signa emitted by artiel 31 e}z
illus (<] 1
3 :
an advanced reaction back fror b, as shown in Figure 5. This

q 1 fror i i 3
na (0] b arrives at a at the that the origi 1 ic
o m v he same time h g1ina signal

no matter how far i
away b is! Thus electromagnetism ceases

to be a local t.xeory: any so-called local effect ust ake account

of the respo { - &
ns tions Yo
e of the universe, which consists of reacti £

all such particles b other than a. This was pointed out first by
j.A. Wheeler and R.P. Feynman in 1945. Later, between 1962 and ;°63
d.E. Hogarth, F. Hoyle, and the author showed that this response =

epends on the model of the universe. A "correct" resoonse’elééinates

vanc = 1 c .
all adva ed effects except those present ir the radiatio reaction
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It is interesting (and significant) that the steady state model
discussed in Chapter 9 generates the correct response, while all

Friedmann models fail to do so.

Inertia and Gravity

Our purpose in the above digression into electromagnetism
was to show that a similar approach to inertia leads us to a

Machian theory of gravity. 1In the case of inertia we note that the

functions m(b) (X) are scalars and so we have to deal with scalar
Green's functions. Thus we write
(b) o
m (X) = xb G (%,B) dsb (ILI.31)

and the inertial action as

P st 1 o} [ I A, A C(a,B) ds_ ds,. (I111.32)
3 a

~
what is G(A,B)? Again we proceed by analogy with electromagnetism.

From symmetry considerations we need E(A,B) = E(B,A).
Further we require T to be a Green's function of a scalar wave
equation. To fix ) completely we use another hitherto undiscussed
property of Maxwell's electromagnetic theory known as confnrmal

invariance.
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Conformal Invariance
Let us consider the transformation
CIE T (253.,33)

where 0 is a twice-differentiable function of coordinates xi and
lies in the range 0 < 0 < =. Such a transformation is called
conformal transformation. Given a spacetime manifold‘ﬂﬁ with
coordinates (x ) and metric (g, k), we have through (III.33) generated
another spacetime manifold JL with the same coordlnate system (x )
but with a different metric (Q qik). Jﬂ and /% are said to be
conformal to each other. If J% is flat then /{ is said to be

conformally flat.

If we identify the corresponding points (with the same xi)
—

in f4 and M , we will find that, in general, distances bg:yeen two
points are stretched or compressed when we go fron J% to J% . However,
the null-cones in Enth the manifolds are unchanged. This invariance
of null cones id distinct from the invariance under coordinate
transformations. The coordinate transformations preserve the null
directions locally, and they are important in field theories that
describe physical interactions locally. The action-at-a-distance °
theories describe interactions globally and must take account of
the global structure of null cones. Hence such theories are

expected to preserve their form under conformal transformations as

well.
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1+ is easy to verify that the scalar curvature changes

under the conformal transformation to

R =2 {a+sgf % (ITT.34)

where [1 is evaluated with respect to the metric (gik)' There are,
however, certain quantities that do remain the same under a

conformal transformation. These are known as conformally invariant
quantities. It is easy to see for example that the action

describing Maxwell's field theory is conformally invariant. Consider

the changes

. wE p hcat i ( v = a scalar function)
1 1 21
— = -4
= fiya s = Q «
ik ik g Jl

These changes leave the form of Maxwell's equations intact.

~
We now fix the form of G(A,B) by demanding that our inertial
action (III.32) is conformally invariant. Since under the
transformation (III.33)

ds, ‘= n(l\)dsa. 85: 4 =, @By ads. ~ (I11.35)

we must have

1 1

G@,B) = a(A) ™" a® - G(a,B). (II1.36)
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The only scalar wave operator that pexrmits (II1.36). is then
1 =
O+ 3 R. (TII.37)

In other words, E(X,B) satisfies the wave equation

lfj‘( + é- R(X) ] Tx,m) = [Fax) 172 5,(X,B). (111.33)

64(X,B) is the four-dimensional Dirac delta function, which
vanishes unless X = B. Thus we have ensured that the action-at-a
distance theory given by (III.32) does not change under conformal

transformations.

IIT.5 THE GRAVITATIONAL EQUATIONS OF HN THEORY

The action of HN theory is given by (III.32), and with the

help of definitions (III.26) and (IIT.3l) we may write it as

ch = Z Ima ds,. (ITI.39)
a

Al
Written in this form this action appears to have only the inertial
term describing free particles. How can such an action yield any

gravitational equations?

The answer to this question lies in the fact that the ma's

in (II1.39) are not constants but depend on spacetime coordinates as
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well as on spacetime geometry., For they are defined with the
help of Gresn's functions, which in turn are defined in terms of

spacetime cesometry. Thus if we make a small variation

qg.

TR ST

the wave eguation (III.38) will change and so will its solution.

Thus we will have
lo-d ~
3(a,B) + B(A,B) + §G(A,B)

and hence }{ 5 .9%+ 6&% . We therefore have a nontrivial problem
whose solution may be expressed in the following way. To simplify
matters we will take all xa to be equal to unity. (Later we will

relax this assumption.)

pefine the following functions:

n) = ¢ n@ e = 2R+ i (% 1 (IT1.40)
a

e(x) = mRx) nx), (II1.41)

wix) = § J 8, (X,A) {-g(X)]"l/z ds, - - (ITI.42)
a

As in the 2lectromagnetic case, we have chosen the symmetric
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(half R + half A) Green's function. The gravitational equations
then become (with ™y = M,k):
1 - -8 -1 i
Ry = 5 94 R= = [Ty = ¢ e O° 7 #nd
1 R _A R A pg R _A
- - P III.43
3 (mi m o+ momy Iy 9 L mq] ( )
together with the "source" equation for m(X)
m + % Rm = N. (ITI.44)

This derivation leading to the final set of equations of
the theory may appear somewhat long-winded to anybody unfamiliar
with the techniques of direct interparticle action. We have
followed here the method used by Hoyle and the author, who arrived
at this theory via their earlier work on electromagnetism. As in
the electromagnetic case, the universe responds to a local event.
To ensure causality and to eliminate advanced effects, the correct

response should be given by

Em(a)h (X) = Em(a)R(X) = m(X). (I1T.45)

a a
.

Under these conditions the eguations (ITI.43) further simplify to
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(ITI.46)

+
]
=
1
NI
-]
©
 —)

Had we adopted the standard field theoretical approach and
introduced a scalar inertia field m(X), we could have arrived at

(TTIT.44) and (III.46) from the action given by

J£L = j { f? Rm? + m' m i /=g ax - g desa. (RIT.47)
The action-at-a-distance approach, although unfamiliar to a typical
theoretical physicist, is useful in that it gives direct expression
to Mach's principle. The physical interpretation of the field
theoretical term (III.47) is not so easy to see. For this reason,

we have discussed the former approach at some length.

Notice that in the former approach our action (III.39)
contained only the last term of (JII.47), but there m was made up
of nonlocal two-point functions. Here m is a straightforward field
with sources in matter whose dynamic properties are defined through

the first t2rm in the abhove action.

Since the property of conformal invariance was used in the
formulation of the theory, we expect the final equations (III.44)
and (III.46) to exhibit conformal invariance. This expectation is

horne out. If (gik’ m) are a solution of these equations, then
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SO are

= Q m. (II1.48)

Thus apart from coordinate invariance of general relativity, this

theory also shows conformal invariance.

It is well known that the coordinate invariance of the
action leads to a conservation law for the energy momentum tensor.
In this case the conformal invariance of the action leads to a
vanishing of trace of the field equations. It may be easily verified
that the trace of (III.46) vanishes in view of (III.44). The
vanishing of trace represents the fact that the problem is under-
ik
ik

shows that more solutions can be generated from any given solution

determined. Just as the vanishing of T in general relativity
by coordinate transformations, so we can generate more solutions
through (III.48). All these solutions are physically ecuivalent
provided we stick to the rule that @ does not vanish or become

infinite.

Suppose we are allowed to choose an 2 in the abhove range that'

ensures that

B o= g e consEanE = m . (ITT.49)

This choice of 2 is possible provided m does not vanish or become

infinite. This conformal frame is called the Einstein frame, for
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from (IIT.49) we get a simplified form for (III.46).

1
By = 3 Gl B =~ ¥ Eo . (TI1.50)
with the constant x given by
n<=6
= - (ITTT.51)
m

o

Thus we have arrived at Einstein's equations! At first
sight we don't seemed to have gained anything. We have no new
theory and hence no new predictions, as in the Brans-Dicke theory.
Closer examination, however, reveals several ways in which this

theory goes beyond relativity.

1, Our starting point was based on Mach's principle. It is
only in the many particle approximation, when the response condition
(I11.45) is satisfied, that we arrive at the final Einstein like

field equations. An empty universe in relativity is given by

which can have well-defined spacetimes as solutions. Test particles
in such spacetimes will have well-defined trajectories. Such
trajectories would not make any sense according to Mach, since we

no longer have a material background against which to measure the

motion of these particles., These solutions in fact correspond to
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‘the £ =20 solutions of (III.3). 1In the HN theory an empty

universe corresponds to

m=20, indeterminate gik’

in accord with the Machian m = 0 solution of (III.3).

2; The sian of x is fixed arbitrarily in general relativity.
Neither in the heuristic derivation of Finstein nor in the Hilbert
actionAprincinle is x required to be positive. ?t is only when

3 is determined by reference to Newtonian gravity in the weak
field approximation that we conclude that x > 0. In the HN theory
shows that » must necessarily be positive. (This conclusion does
not depend on our assumption of xa = 1; the result follows what-

ever sign the xa are given.)

3 In the direct interparticle approach it is not vossible to
accommodate the A-term of cosmic repulsion. Thus Occam's razor
automatically comes into play. In relativity the A-term is still

possible.

4. The transition from (IIT.46) to (IIT.50) is possible

provided 0 < 0 < «. What haopens if we hreak this rule? Suppose®

in the solution of (III.46) we had a hypersurface on which m = 0. 1If
we insist on the transformation (IIT.49) in a region that contains
such a hypersurface, we have to pay the price of 2 + 0, which in turn
produces spacetime singularities. The work of A.K. Kembhavi in 1979
showed that the well-known cases of spacetime singularities of

relativity arise hecause of the occurrence of zero mass hypersurfaces
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in the solution of the equations (III.46). For a simple example
of this conclusion let us look at the standard big bang singularity

of relativity.

Consider the Minkowski line element (with ¢ = 1)

2
48 = d1® - gx° - dy2 - dz? (LTS 2)

as a solution of (III.46). It is easily verified that the mass
function satisfying both (III.44) and (III.46) for a uniform number

density N of particles is

me« 1° (T1IT.53)

This is the simplest possible cosmological solution in this theory.

If we now insist on going over to a frame with constant
mass m, then from (ITI.48) we see that the appropriate o must be

given hy

Qo= 17, (TIT.54)

However, 2 vanishes on the hypersurface m = 0. The trans-
formation to the Einstein conformal frame is therefore "illegal."
The price paid for insisting that m = constant is that the
resulting model has a geometrical singularity at v = 0. In fact it
is easily verified that the new model is none other than the singular
t1/3

Einstein-de Sitter model. (Make the time transformation 1 =« to

demonstrate this result explicitly.)
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5. It is instructive to see how the phenomenon of Hubble
redshift is explained in the flat spacetime model of (III1.52) and
(ITT.53). Clearly, a light photon traveling in Minkowski space-
time does not undergo redshift. Consider, however, what happens
to a light photon arriving at the observer at the present epoch
T from a galaxy at a distance r. This photon originated in an

atomic (or molecular) transition at time Top o

From atomic physics, the wavelength of a photon so
transmitted varies inversely as the mass of the electron (making
the atomic transition). From (III.53) we see that if A is the wave-
length of this photon and xo is the wavelength of a photon emitted

in a similar transition at A at the ohserver, then

L+ 2 = = = 5 . (IT1.55)

Thus the redshift in the above HN cosmology arises from the variation

of particle masses.

6. A variable gravitational constant arises in the HN cosmologies
if we relax the assumption that X  are constants. TIf Aw change
with time it is possible to generate cosmological models in which G

Al

changes with time. We will not discuss such models in detail. The

result may be stated in the form

- aH, (TrT.56)

Qo .
1
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where H 1is the Hubble constant of the epoch of measurement and

a is a constant of order unity.

It was shown by Hoyle and the author in 1972 that la
increasing with time may be interpreted as creation of new particles
in the universe. They did not give a dynamic theory of matter
creation (like the C-field theory), but instead fixed the time
dependence of Xa by an appeal to the Large Numbers Hypothesis.

Since this hypothesis is discussed next, we will postpone further

discussion of the HN cosmology.

21

IV THE LARGE NUMBERS HYPOTHESIS

LV 1 THE LARGE DIMENSIONLESS NUMBERS OF PHYSICS

Physics is riddled with units of various kinds and with
experimentally determined quantities of various magnitudes. From
this vast collection certain constants emerge as having special
significance in the framing of basic physical laws; for example, the
constant of gravitation G, the charge of the electron e, and so on.
The numbers expressing the magnitudes of G, e, and so on depend on

the units used. For example

e = 4,80325 x 10~10 electrostatic units

1.60207 x 10_20 electromagnetic units.

Clearly these numbers by themselves cannot have absolute significance

However, certain combinations of these physical constants

have no units at all. For example, the combination of if, ¢, and e

*Ljr = 137.03602 (1v.1)

e
does not depend on the units used. It must therefore eXpPress some
physical fact of absolute significance. Indeed, its reciprocal
ez/xC, known commonly as the fine structure constant, expresses the
strength of the electromagnetic interaction, which we believe to be
an intrinsic property of nature. A future more complete theory may

well give a reason why this constant has this particular value.
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Given e, G, and the masses of proton and the electron
m_and m we can construct another dimensionless constant (that
o] e’

is, a constant with no units):

WOl e Al g SRl dOoyg AL (IV.2)

This constant measures the relative strength of the electrical
and the gravitational forces between the electron and the proton.
Like (IV.l) this constant reflects an intrinsic property of nature.

However, unlike (IV.l), the constant in (IV.2) is enormously large!

why such a large number?

Perhabs the appearance of a large dimensionless constant
might be dismissed as some guirk on the part of nature. The mystery
however, if we consider another dimensionless number. This

deevpens,

is the ratio of the length scale associated with the universe,

2 2 :
c/no, and the length associated with the electron, e /mec et-This
ratio is

m, ¢ 40 -1 40
—5—=3.7x 107" h "~ 1077, (IV.3)
e HO

Mot only do we have another large dimensionless number in (IV.3),

but it is of the same order as in (IV.2).

We can generate another large number of special significance

but of particle physics and cosmology. Assuming the closure density
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o, let us calculate the number of particles in a Fuclidean

sphere of radius c/HO, the mass of each particle being m_. The

answer 1is

2
N= 4n (L)B 3Ho ¥ o3
3mp ”o 8nG 2mpGHO
= 4x107p7t
o]
» 1% (IV.4)

Thus takinq\ﬁf as a standard we see that the large dirensionless

1/2
numbers of (IV.2) and (IV.3) are both of the order JV"‘_
Reactions among physicists have varied as to the signi-
ficance of all these numbers. Some dismiss it as a coincidewce
with the rejoinder: So what? Others have read deep significance
in these relationships. The latter class includes such

distinguished physicists as A.S. Eddington and P.A.M. Dirac.

Dirac pointed out in 1937 that the relationships (IV.3)
and (IV.4) contain the Hubble constant ”o' and therefore the
magnitudes computed in these formulae vary with the epoch in the
standard Friedmann model. If so, the near equality of (1v.2) and
(IV.3) has to be a coincidence of the present‘epoch in the universe,
unless the constant in (IV.2) also varies in such a way as to
maintain the state of near equality with (IV.3) at all epochs. With
this proviso, the equality of (IV.2) and (IV.3) is not coincidental
but is characteristic of the universe at all epochs. This proviso
also implies that at least one of the so-called constants involved

AT EIVE2)E, el m_, mg and G, must vary with the epoch.
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This proviso has been generalized by Dirac to what he
calls the Large Numbers Hypothesis (LNH). To understand this
hypothesis we rephrase the ratio (IV.3) as that between the time
scale associated with the universe, To = H;l, and the time
taken by light to travel a distance of the order of the classical
electron radius, te = ez/mec3. The LNH then states that any

large number that at the present epoch is of the order

{T %k
20/
te
i i ies wi (t/e )%
where k is of order unity, varies with the epoch t as _

with a constant of proportionality of order unity.

Applied to (IV.2), therefore, the LNH implies that the
ratio ez/GmDme must vary as (t/te)-l. Dirac made the distinction
between e, ﬁe, mp on one side and G on the other in the sense
that the former are atomic (small-scale quantities) which G has
macroscopic significance. 1In the Machian cosmologies G was in
fact related to the large-scale structure of the universe. Dirac
therefore assumed that if we use "atomic units" that always main-
tain fixed values for atomic quantities, then t, will be constant
and G oct-l. That is, in terms of atomic time units the gravita-

tional constant must vary with the epoch t, with |G/Gh H.

We will now explore the implications of LNH for cosmology.

U ——
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TVia 2 THE TWO METRICS

Clearly the variation of G predicted by the LNH goes
against Einstein's theory of gravitation, which demands a constant
G. As in the Brans-Dicke theory of Chapter 10, we are forced
to modify the relativistic framework to accommodate a varying G.

Dirac approached this problem in the following way.

First he took note of the many Solar System tests that
are in favor of general relativity and argued that the theory
should not bhe abandoned altogether. 1Instead, Dirac proposed two
scales of measurement, one holding in atomic physics .and the
other in gravitation physics. 1If we choose the atomic system, we
will be able to describe atomic physics in the usual way, that is,
with constant values for the atomic constants like e, A, Mgs My
and so on. However, in this system G will be variable, since
Dirac considers it a constant belonging to gravitation phyvsics. If
on the other hand we use gravitational units, then according to
Dirac G will be constant and atomic quantities will be found
variable. And in these latter units the gravitational phenomena

can be described by the Finstein equations.

These two units can be specified in Dirac's framework by
having two different spacetime metrics. We will denote these by \
dsi and dsg respectively for the atomic and the gravitational
systems (the subscript E in the latter case committing us to

Einstein's equations of gravity). We will use these subscripts in

gerieral on any physical quantity to indicate what system of
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i i irac
measurement is being used. Thus according to Di

m_)
G (m )A . ( o A
are constants, while
Gpr (me)E (M) g

are variable.

Returning to the astronomical tests of general relativity,
i i <
we note that the mass of the gravitating body (for example, the Sun)

occurs in the Schwarzschild solution. Clearly this mass, which is
o P

S

th ravitational mass, must be a constant in the gravitational units.
e g ac ’

ni asurements made on the Earth,
We denote this mass by MF' Any me

however, use atomic systems (such as spectrometers and atomic clocks),
v e

and before we interpret any experimental result we must make sure

that all observable quantities are transformed to atomic units.

This argument tells us how necessary it is to know the

ratio

0 (1V.5)

and how the transformation is to be made of any physical quantity
from one system of units to another. Here we need a quantitative
theory to guide us, a theory that goes further than the above -

qualitative arguments have so far taken us. We will come to this

problem scon.
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We also note another outcome of our Solar System example.
If we assume that our astronomical body has NE nucleons, each
of mass M then we may write
M_ = = N Iv.
E me NE mE (Iv.6)

where we have dropped the suffix E on N because it is a pure number.
Whatever metric we use, we will count the same number of particles
in the gravitating body. In (IV.6) we have ME = constant,

me # constant, since the latter is an atomic quantity. Thus

N # constant. In other words, we are forced to conclude that the
number of nucleons in the body must change with time. Again we

need a quantitative theory to tell us how N changes; but creation

(or destruction) of nucleons in a macroscopic object is demanded

by Dirac's arqument.

So far we have not used the LNH, which started us on the
two-metric theory. Let us now see how it helps us in deciding how

the nonconservation of nucleon number in the body is requlated.

The Creation of Particles

If we go back to (IV.4) and apply the LNH to uVﬂ , we

easily find that k = 2, that is,

\ 2
N(t) N(%) C o tz. (1v.7)

e

In other words, the number of particles in the universe in the

Sense defined in §IV.1 increases with t. Dirac has taken this
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result to imply that particles are being continually created in

the universe.

The creation can occur, according to Dirac, in two possible
ways. In additive creation the particles are created uniformly
throughout space, while in multiplicative creation the new particles
occur preferentially where matter already exists. Thus in the former
mode creation occurs mostly in intergalactic space, while in the

latter mode creation occurs mostly in the vicinity of existing
astronomical objects.
Using these ideas we return to (IV.6). 1In additive creation

the astronomical body will not acgquire any significant number of

new particles and thus N = constant, giving

me = constant (additive creation) (1Iv.8)

2
In multiplicative creation N must increase as t and hence

m_ « t"2 (multiplicative creation). (Iv.9)

The Determination of 8

The connection between dsA and dsF can be fixed by
considering the motion of a planet (such as the Earth) around a

star (the Sun). The dynamic equation in the Newtonian approximation

is

GM = v2r (Iv.10)
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where M = mass of the star, v = speed of the planet, and
r = radius of the orbit. The above relation is expected to hold
in either of the two systems of units, since GM/VZr is a

dimensionless quantity. Also, with c = 1 the speed Vv is

dimensionless. Thus v = constant in either units. Next, in
gravitational units ME = constant, GF = constant, hence
r, = constant.

If (IV.2) is used with atomic units, we have

. TR (IV.11)

Also, in multiplicative creation MA « t2 while for additive

creation MA = constant. Hence in these units
anlt (multiplicative creation), (6nV, 229
r,~t7t (adaitiv '
A e creation). (‘TV.13)

thus we have

x
A o : .
;E ~ t  (multiplicative creation) (Iv.14)
and
T oAl B i
= additive creation). (TV' 1'5)

In other words, measured in atomic units, the distance of the planet

from the star increases with t if the universe has multiplicative
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. =1
creation of nmatter, and the distance decreases with t (as t 7)

for additive creation. We will consider in Chapter 13 the

observable consequences of such an assertion.

From (IV.14) and (IV.15) we get the behavior of f defined

=1
in (IV.5). This ratio of dsE to dsA behaves as t or t,
depending on whether we have multiplicative creation or additive

creation in the universe.

IV.3 COSMOLOGICAL MODELS

Using the LNH Birac constructed cosmological models in
both the circumstances discussed above, namely for multiplicative
and additive creation. As in the case of standard cosmologies,
the assumptions of homogeneity and isotropy lead to the Robertson-
Walker line element in atomic units:

2

dad 1 se2at LB bl [ —9r _ 4 r? (ae? + sin?e d@z).] (IV.16)
s? 5
1 = kr

How does the LNH determine k and S(t)? We reproduce below the

argument given by Dirac.

First we note that the metric proper distance at time t

between a calaxy G at r = 0 and a galaxy at r = ry is'given by

Ty

dr

————— = S(t) £ (r
i
1 = kr

2% CIV.17)

d = S(t) J 1

o

According tco LNH, for large t (that is, for t»> te) the expression

for S(t) should be A)(t/te)n or ln(t/te). The (metric) recession
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velocity corresponding to (IV.17) will therefore be given by
2 ~-n n=1 2 =1
d~ nt £l Yt or d~t Elr.) (IV.18)
e L 1
The constants multiplying (t/te)n or Zn(t/te) in S(t)

must be on the order of unity, and hence the constants implied in
the (~) relation above are also on the order of unity. It is
then easy to verify that except for n = 1, there exists an epoch

either in the past (for n <1 or for S~ 1ln t) or in the future

(for n > 1) when d = c for any galaxy with ry > 0. For example,

for n = 1/2 we find that for a galaxy that at present has d ~110_3c,

the condition 4

¢ occurred in the past epoch given by

T
t=}—o-§-106t/v1034t
o] t e
f e ‘
That is, tp/te is a large number. However, by the LNH, ¢t is a

constant epoch when a significant event took place for galaxy Gl’
its recession speed became equal to c. Hence such a constant epoch

should not generate a large number. Therefore only the case

S(t) ~r (t/te_) (IV.19)

is permitted by the LNH.

The arqguments given above could be criticized on the
following grounds. The epoch when d = ¢ is not unique to the model
as a whole; it depends on f(rl) and hence on the galaxy chosen. So

it is not necessary that LNH should apply to this epoch. Nor is it
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clear why é - ¢ should be considered significant. Nothing special

happens to the galaxy in question when its metric velocity of

i = 0. No
recession becomes equal to ¢ for the observer at r

global property like the event horizon or the particle horizon enters

the argument.

Nevertheless if we follow the argument further , then we

can write cur cosmological line element as

2 5 5
de2 = of AL” = [aa)’ [——‘11'—5 + 2 (a0% + sinZe d¢ >J,(rv.2o>
& 1 - kr
where A 1is a constant. We next consider multiplicative creation.
Since in this case from §IV.2
ds, = t ! as (Iv.21)

it is easy to see that a transformation

a0y (1v.22)
th =
gives us
2 2D 2 ar? 2 2 2 2 .
ds. = c” dt_ - A ————— 4+ r° (d6° + sin“8 d¢") . (IV.23)
o E 1 - kel :

X>w we recall that the ahove line element must be a solution

of Einstein's equations. 1In fact Einstein did obtain such a static

solution for homogeneous and isotropic cdust with the use of the X-term.
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Thus provided we admit the A-term, the spacetime of (IV.23) is
none other than the spacetime of the Einstein universe with

k = + 1. With a suitable scaling of the r-coordinate we can
express (IV.23) in the standard form. Notice, however, that
unlike the Einstein universe this Dirac universe does show the
phenomenon of redshift of galaxies. For redshift measurements
involve comparisons of the rates at which atomic clocks run at the
emitting and receiving galaxies: and for such comparisons the line

element (IV.20) instead of (IV.23) must be used.

For additive creation the situation is more complicated.
In the multiplicative creation case the gravitational mass of an
astronomical object was held constant in the gravitational units
in spite of creation of new particles, by letting the particle
masses decrease with time. In the additive creation case the particle
masses remain constant even though their number increases [see (IV.8)].
Dirac was therefore faced with apparent nonconservation of enecrgy.
To conserve energy Dirac proposed that along with positive mass
particles an equal number of negative mass particles is also created.
The negative mass distribution is homogeneous and remains undertectable
by standard astronomical observations. In a completely homogeneous
situation the positive and negative mass distributions compensate
gravitaionally to produce flat Minkowski spacetime. The formation
of stars and galaxies by the accumulation of positive mass particles
in the actual universe is a result of small departures from this

completely homogeneous situation.
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I+ is worth pointing out that when Dirac first proposed
a cosmological model tased on the LNH between 1937 and 1938 he
assumed no matter creation. In this model the number of particles

per unit coordinate volume is constant, as in standard cosmologies.

=3
Hence the number of particles per unit proper volume goes as § ~,
3
and since the proper volume of the universe goes as (c/H)”, the
number of particles in the universe denoted earlier by goes as

3 o
~3 () &3
S <ﬁ> =« (S) .

However, by LNH we know that

N = £2, (IV.24)

Therefore we have
'3
t®™ S = constant,

that is,
S =« tl/3. (IvV.25)
Thus for no particle creation S increases much more slowly with

t. (Of course, this solution is ruled out if we apply the pNH to

the function S, as we did in the beginning of this section.)
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Iv.4 THE SCALE COVARIANT THEORY OF GRAVITY

In 1977 V.M. Canuto and S.H. Hsieh proposed a field theory
to incorporate Dirac cosmology. As we have seen in the case of the
steady state theory, the C-field theory gave a field-theoretic
description of creation of matter that was demanded by the deductive
approach of the perfect cosmological principle. In the same way
this theory attempts to provide a quantitative framework for the

deductions of LNH.

It is clear from the preceding discussion that the crucial
function needed to quantify Dirac's arqguments is the function 8
relating the two metrics dSA and dsE. How do we determine g8?
In the theory proposed by Canuto and Hsieh, called by these authors
the Scale Covariant Theory of Gravity (SCTG), the first step is to
note that a physicist making measurements on the Earth uses the
atomic metric rather than the gravitational metric. How would the
gravitational equations look in the atomic metric? The answer to
this question is straightforward when we note that the two metrics

are conformal to each other.

For convenience let us drop the suffix A on the atomic

metric and on all other quantities measured with this metric. Write

A
therefore

d52 =

g, % ax® = 877 9;pp A% ax". (1v.26)

Then, since we know that the metric tensor 9ixe

satisfies Einstein's
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equations, we can work out the equations satisfied by the atomic
metric tensor gik' A straightforward manipulation gives the

answer as

o)

(2838 - B’ Bli). (IV.27)

Here everything is expressed in terms of the metric tensor Iy

The energy momentum tensor TiVE of the rest of the physics in

the gravitational metric becomes Tik in the atomic metric. So

long as scale covariance (that is, conformal invariance) is main-

tained, we have definite prescriptions for obtaining Tik' Thus

i @ P is the perfect fluid energy tensor derivable from the
ik

action

-Jec 1 m, ds, (IV.283)
a

E

then scale covariance of the theory demands that to preserve

(IvV.28) in going from dsE + ds we must have masses transforming

as

m,+ M= m_p (1IV.29)

\otice, however, that if the masses m in (IV.28) are

constant, the SCTG gives nothing different from general relativity!
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For the particle masses m must vary in the gravitational frame-
work (multiplicatiwe creation) and stay fixed in the atomic frarme-
work. Clearly then we need some prescription to tell us how the m

w

vary in the former framework. Or, alternatively, the standard form
(IV.28) must be replaced by something different involving B8 , in such
a way that the result m = constant emerges in the atomic frame-
work. Although the SCTG does not specify how this is done, we will
assume henceforth that this is the case. (This is one of the two

aspects in which the SCTG is not yet complete. The second aspect

is discussed shortly.)

What is B8? If we take the trace of the equations (IV.27)

we get a wave equation for B8:
1 X m o
B+-6—R8 g I (IV. 30)

However, this wave equation is not independent of the field
equations and therefore does not supply any new information. The
situation here is similar to that for the Hoyle-Narlikar theory of
the last chapter. 1Indeed, the unknown B can be eliminated by

transforming back to the gravitational metric.

Al
Clearly, to say what B is, that is, how the atomic units

are related to gravitational units, a new and independent source
equation for 8 is needed. Canuto and Hsieh have so far not been

able to suggest how this equation is to be obtained. As they have
pointed out, the scale covariance must be broken by such an equation,
hence until this symmetry-breaking term is introduced the SCTG

remains incomplete.
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So in the absence of a true equation for B we have to
fall back on the LNH to determine 8 . It can be shown, for
example, that G is a definite function of B corresponéing to
the cases of no creation and multiplicative creation:

(IV.31)

GB constant (no creation)

"

constant (multiplicative creation) (1v.32)

("]
™
"

Canuto and Hsieh have called 8 the gauge function, and
(Iv.31) and (IV.32) are examples of fixing specific gauges. A
complete theory should be able to tell whether either of the two
gauges (or some other gauge) is the correct one. 1t is also worth
noting that in this framework the variation of the gravitational
constant depends on the variation of 8 and the qauge.chosen. Thus
if experiments give é/s > 0 then (IV.3l) gives G/G < 0 while

(1v.32) gives G/G > 0.

IV .5 HN COSMOLOGY PEVISITED

some of the ideas of Dirac and of Canuto and Hsieh are

i s between
found in a version of HN cosmology proposed by 1its author

1971 and 1972. In our earlier discussion of the HN cosmology we
tants that denote the

considered the case where Aa, Xb"" the cons

strength of the inertial interaction, are true constants. If,

however, these constants vary with time, new cosmological models
emerge Tn these models the following properties hold: (1) there

is particle creation at all epochs in such a way that the LNH 1is
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satisfied, (2) in atomic units G wvaries, while (3) in the
gravitational units G is constant and particle masses vary. Thus
this model is like the multiplicative creation model later

proposed by Dirac, although its motivation and quantitative details

are different. We briefly illustrate how this model works.

Consider a homogeneous and isotropic Minkowski universe

given by

ds; = ar? - ar? - f? (de2 + sinZe doz), (TV:33)

where we have put ¢ = 1 for convenience. Let n(r) be the particle

number density and \(r) the time-varying inertial coupling

constant of (IV.31l). The functions n(1) and A(r) vary in such a way

as to compensate each other's effect; that is, to maintain

An = constant. (IV.34)

Thus the mass function m(r) is the same as if we had a universe of

uniform particle number density n = constant and fixed A. As in

(IV.53) we then get

m(t) = t°. (IV.35)

) 2
Since Gm~ = constant, we get the gravitational constant in the

Minkowski framework as

. (IV.36)
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The mass of 2 typical particle is not, however, m(t) but am(t) .
To determine it we need to know XA(1). Hoyle and the author
determined 1 (r) from a requirement that the universe is opaque
to electromaanetic radiation along the future light cone. A
torough discussion of this issue will take us to the absorber
theory of radiation, which lies beyond the scope of this book. We

simply quote the result.

=1,

This requirement fixes A1) = 1 and n(t) =« 1. It is
then verified that the LNH is incorporated by the fact that the
dimensionless number

xz (13 n)l/2 = constant = 0(1). (IV.37)

A conformal transformation

- « (Iv.38)
dsR = nE dsM, 1] T

then takes us to the gravitational framework in which G_ = constant.

E

Also, the gravitational mass of an astronomical body remains constant.
, the gr

el

i i hd
Thus as in Dirac's multiplicative creation theory, the local sola

system tests give the same answer as in relativity.

~5 transform to atomic framework we need another conformal

transformation:
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By writing ¢t « 12 the line element now becomes

2

dsi‘ sdes = 2H0t [dr2 + r2 (da2 + sinze d¢2)], (IV.40)

In this framework the gravitational constant varies as

-..1 |
Gy =t = (Iv.41)

There is therefore considerable similarity between this theory

and the model proposed by Dirac a few years later.

IV.6 CONCLUSION

This brings us to the end of our excursion through sonme
of the better-known parts of nonstandard cosmology. Our survey is
by no means exhaustive. We have not discussed such important
models as the matter-antimatter symmetric cosmology of Alfven and
Klein, the Einstein-Cartan cosmologies, or Milne's kinematic
relativity; nor have we discussed such unusual ideas as Segal's

chronometric cosmolo or McCrea's notion of cosmological uncertainty.
g9 Y

Our purpose was to summarize a few nonstandard cosmologiesy
in order to show that "respectable" cosmology has not been confined
to Friedmann models only. Indeed, if the history of science (and
astronomy in particular) is anything to go by, it would be premature
to conclude that the problem of the universe has been basically
solved. To what extent do the theoretical ideas (standard or non-
standard) presented so far in this book stand up to observations

available today? We briefly review this question next.
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Y OBS&RVRTIONAL TESTS

Cosmological tests are of two kinds: (1) those which
look at the remote parts of the universe and (2) those which
examine nearly regions. Because light (our mode of observation)
travels with a finite speed, the tests of the first kind tell
no about what the universe was like long time ago. A comparison
of those conditions with what exist now can tell us how (if at all)
the universe has changed over the cosmological time scales. In
principle such tests can be well focussed on predictions of
specific models. In practice, however, observational uncertainties

predominate over the predicted differences in specific cosmologies.

Tests of the second kind are less prone to observational uncertainties.

Their value lies in telling us what relics exist today that carrv
signatures of past events in the universe. However, the
uncertainty here comes from the specific scenarios that links those

relics with the early epochs.

These shortcomings should be taken into account while
assessing the performance of any cosmological theory vis-a-vis

observations.

V.1 OBSERVATIONS OF THE DISTANT PARTS OF THE UNIVERSE

-

The Redshift Magnitude Relation
The steady state cosmology requires G = -1 while standard
cosmologies yenerally predict q, in the range o to 1. The

measurement of the Hubble relation down to large redshifts (z > 0.2)
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and faint magnitudes should in principle distinguish between the
predictions of different models. Figure 6 illustrate how the ( m-z)
curves begin to diverge from one another for different values of

q, as z increases beyond 0. 2.

Unfortunately the numerous observational uncertainties
tend to smear out these differences. These include the aperture
correction, the K-correction, the Scott effect, the Malmquist bias,
intergalactic absorption and possible luminosity evolution
(not,.of course, in the steady state model). Details of these may
be found in literature cited at the end. Figure & itlustrates the

scatter of actual points around the predicted curves

The nature of K-correction was not understood in the
early 1950s and this had resulted in the erroneous claim by Stebbins
and Whitford that the steady state theory was disproved. Likewise,
the effect of G-variation on galactic magnitudes in the loyle-
Narlikar cosmology was incorrectly estimated by Barnothy and Tinsley
in 1972. At present assessment both the steady state cosmology

and the H-N cosmology are consistent with the data on m-z relation

Radio Source Counts
Al

The counting of radio sources is a potential test of space-
time geometry. In a complete survey the radio astronomer counts all
sources brighter than a specified flux density S. For details of

this test see reference (4] at the end.
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If quasars are at cosmological distances then counts of
guasars indicate evolution and disprove the steady state theory.
T1f, however, the guasars are not so far away, their counts are

not of any value in deciding ccsmology.

For radio galaxies also strong evolution was claimed,
most recently by Peacock in 1985. However, after a reanalysis of
the data taking into account redshifts of all sources, P. DasGupta,
G. Burbidge and the author have claimed that the hypothesis of

'no evolution' cannot be ruled out.

So far as G-varying H-N cosmology or the Dirac cosmology

are concerned the source count does not rule them out.

Angular sizes

Fere again some studies have claimed evidence for
evolution (see reference (4] at the end) but the uncertainty of
the data together with a suitable luminosity-size anticorrelation
have been claimed by DasGupta and the author to 'save' the steady

state theory.

V2 OBSERVATIONS OF LOCAL SPACE TIME

The Microwave Background

It is usually assumed that the microwave background
provides a strong evidence for the big bang. The standard model

does, however run into difficulty in explaining the extraordinary
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smoothness of the background on the small scale. So far no
satisfactory theory of galaxy/cluster/supercluster formation
has been able to account for this effect. It is tempting to
suggest that dust grain thermalization as required in the
steady state theory took place after these discrete structures

formed.

The horizon problem of the standard model and its
implication for anisotropy of the microwave background have led
to the various inflationary scenarios. These solve one set of
problems but raise others! It is too early to pass judgement on
this approach. For a detailed discussion of these ideas see

reference [5]).

The Age of the Universe

The standard big bang cosmology runs into severe 'age
problem' if ho = 1 and marginal age problem if ho = 1/2,
This is because the total age of the standard model lies between
;1/2 billion years for g = 0 to »JSh;I/z

9 = 1. Compared to the ages of globular clusters ( > 12 - 18 b.y) ,

~ 9h billion years for

this age is not quite adequate.

The problem is not so severe for the steady state model
but continues to be so for other nonstandard models discussed here.

For a fuller discussion see references at the end.



The Abundance of Light Nuclei

The big bang standard models run intc the over-abundance
problem of 4He, especially if the number of neutrino species
turns out to be 3 or more. There also may be a problem of getting
both deuterium and 4He right in the same standard model. We
have already discussed the Brans-Dicke cosmology which also tends

to run into the same problem.

In steady state model 4He and ZH must be produced
locally in supermassive stars. Here the details work out
reasonably well for 4He but a stellar scenario for 2H seRms

hard to achieve.

The variation of G

As yet no laboratory experiment is sensitive enough to
measure G/G of the order of lo-ll/yr. Such evidence as is
available comes from radar measurements of planetary distances and

from anomalies in the motions of moon and the planets. Thus Hellings

et al have argued that range measurements to viking-landers and Mariner

spacecrafts around mass rule out G/G of the above order that is
required by most cosmological theories. Van Flandern on the other

hand claims that G/G ~ (6.9 + 2.4) x 10711 yr~

from the data of
Moon's motion. In the case of Moon's motion tidal forces also

contribute a term of the same order as the G/G term.

Thus the issue seems somewhat uncertain.

237
v, 3 CONCLUSIONS

The present situation in cosmology may be dignosed under
the following sentence: 'The sophistication of theories is not
matched by the accuracy of observations'. This sentence neither
reflects favourably on theories nor adversely on observations. 1In
standard cosmology ideas from particle physics have brought in
numerous speculative scenarios for the early universe. These have
yet to pay dividend in terms of explaining any of the observed
relics like galaxies, photon to baryon ratio, the nature of matter
etc. or in terms of predicting any relics that can be (and have been)
observed. Although sophisticated electronics has made extra-
galactic observations much more precise compared to the days of
Hubble and Eddington, we are still far from appreciating the nature

of errors which can easily vitiate any cosmological deduction.

In such a situation nonstandard cosmologies have a useful
role to play in offering alternatives that can stimulate the
observers into devising discriminatory tests, as the steady state
theory did. In any case cosmology can remain a healthy science only
until dissenting alternatives to the standard picture are freely

aired.
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FIGURE 1

The world line of a begins at Al and ends at

Az. If we consider variations in the shaded
region, the point Al shifts by ¢a*. This

shift produces a change in the C-field interaction
term by an amount -4C = Ci sai. The change in
the inertial part of the action similarly makes a
contribution at Al of péa)
the 4 momentum of the particle a. The result

sa®  where Péa) is

(II.7) follows by equating the net contribution of

sk at A| to zero.
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FIGURE 3 : (a) In the action-at-a-distance picture the influ-
FPIGURE 2 = The temporal behavior of S and G. Both are i ence from the point A on the world line of particle‘
|
plotted on a log-log plot for w = 6. The scales a is transmitted directly across spacetime (along
are arbitrary. the dotted track) to the point B on the world line

of particle b. (b) In field theory the field in the
neighborhood of A (shown by the shaded region) is
disturbed: the disturbance propagates across spacetime
as a wave in the ambient field and reaches the
neighborhood of B. The disturbance then exerts a
force on b at B. This is how the influence propagates

from a to b.
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FIGURE 4

GRX,B)#0
Retarded

Advanced
GAX,B)#0

The retarded Green's function of B is non-
vanishing only in the future light cone of B,
while the advanced Green's function is

nonvanishing only in the past light cone.

FIGURE 5
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A retarded signal (shown by dotted line) leaving
point A on the world line of a hits particles
b,¢,d,... on points B, C, D,... Their advanced
response returns to A along the same dotted traék,
no matter how far these particles are from a.

Thus even the remote parts of the universe generate
instantanecous responses to the retarded disturbance

leaving A.
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Redshift
(on a logarithmic scale)

FIGURE

€
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€ The redshift magnitude relation for the brightest

cluster members. A number of theoretical curves
(qo = 5,1,0.5,0, - 1) are superposed on the data.
ss stands for the steady state model. [Based on
J. Kristian, A. Sandage, and J.A. Westphal, 1978,
"The extension of the Hubble diagram-IIXI," Ap.

J 22 383851

THE PROGRAM OF AN ETERNAL UNIVERSE

M. NOVELLO
(CBPF/Rio de Janeiro)

245





