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1. Introductlion

The success of Maxwell's equatlons has lLed Ho

electrodynamics being normally formulated in terms of
that have degrees of freedom independent of the particle

- - 1 e L T = |‘I.-|l P~ Y - _,—_.' . = 55 i = = - P | - |
LJLJ-.'__:JJ # JGL"JPVEF, UELUE.:- EU;;_{‘:}ESLEH.L il U Il LAG LJ.GH"‘Ent_L-._L L xd

theory in which the action travelled at a finite veloclts

micht be possible. This idea was developed by
ST e ML T S e
'eynman who derived thelr Theory irom &an
that involved only direct interactlons between

icles. 4 feature of this theory was that the
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introduced are the half-retarded plus he
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claculated from the world-lines of the particles. However,

iheeler and Feynman, and, in a different way,

-

were able to show that, provided certain cosmologlcal

conditions were satisfied, these fields could
rive the observed field. Hoyle and Narlikar

cueory to general space-times snd obtained sim
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for their 'C'-field “5)and for the gravitational field
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Tt is with these theories that this chapter is concerned.
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It will be shown that in an expindiling universe the
advanced fields are infinite,and the retarded fields finlte.
This is because, unlike electric charges, all masses have T
lri]i: J..ljl.!-ﬂ.- Jl .L.Llr
2. The Boundary Condltion
Hoyle and Narlikar derive their theory from tne
action: _
‘ﬂ 2?2: G(Q,&)CLQCLb;
Q F 0

where the integration is over the world-lines of particles

b . - - r= . + 5 ¥ J'—"1 b i
a 2 In this expression f: is a Green funcilon

that satisfies the wave eguation:
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where S is the determinant of . oince the double
in tie ac;imn;4 is symmetrical between all palrs O:

: » et Ao : ' - eyt 4 o
['_?J;L'rtiﬂ_]_e’j.ﬂ Laijb y only that part of G(ﬁb) Tnat 1S5

symmetrical between & andad b will contribute to the actlon

i.e. the action can be written

/'ﬂf = 22 Sjct(ab)d& C{. b
(CLJ,L) T IiC(L C‘k)
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r'hus C must be the time-symmetric Green iunction, and
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Y requlrl that the action be statlionary under varl 0T
v lovle and Narlikar obtain the field-e C1lon:

/

(a) y K
wilelLe ﬁlbyéh) 5AQ [EL CL>CL51 . However, &s a

’ b= L .- r 4 = Y Yo - 7, Eh A o - -~
conseauence of the particular choice of Green functlion, tAae

~ontraction of the field-equations is satisfied identically.

‘here are thus only 9 equations for the 10 components of ('

the svstem 1s indeterminate.
iﬁ

iovle and Narlikar therefore 11an”3§gﬁ1 = ﬁﬂa =COoNnsts ,

R |

25 the tenth equation. By then makings the 'smooth-fluid
approximation, that 1s by putting 24, "AR S [ o TR g A M

Q#+0b
they obtain the Einstein field-equations:
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Thereis an important difference, however, between Thes
field-equations in the direct-particle interaction toeory

. . L o e | P P i . T .
and in the usual general theory of relativity. In the

L - ’ - = E - - e 5 i T e o ." - -~ = 1y o
ry of relativity, any metric that satlisiles 1Tine
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In an Infinite static universe
rrl Gl = = 2 Tal = | . wT e T T = "y T s =y i = = . ! .
the source always has the same sign. The difficulty was
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ved when 1t was realized that Che universe wWas exonaendlinc

1n dn expanding universe the retarded solution of the above

equatlion 1s finite by a sort of'red-shift' effect. The

|:"|

to choose the solution of the equation and so mey ignore
infinite advanced solution and take simply the finite

retarded solution.

advanced solution will be infinite by & 'blue-shift' effe

|.. . = - = ), I " L8 T O » e i g . g = w T
Lnls 1s unimportant 1ln Newtonian theory, since one is free

olmilarly in the direct-particle interaction theory the

m -1leld satisfies the equation:

[(Jm + iﬁQ}m 2 ﬂ/ (ﬂ/;}CQX

where Aj 13 the density of world-lines of particles. As

o

cne Newtonlan case, one may expect that the effect of the

expansion of the universe will be to make the retarded solution

finlte and the advanced solution infinite. However. one

free to choose the finite retarded solution, for

eguatlon 1s derived from a direct-particle interaction act

F_J.

l':'l-;"'

principle symmetric between pairs of particles, and one wmust

choose for M. half The sum of the retarded and advanced
solutions. We would expect tuis to be infinite., and this

shiown to be so 1n the next section.
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relatlvlity tnat altnougn 1 t furnishes field equatiocns it does

Yy - % - R N 5 1T - q = i £ <+ ] 1T} b B = 5 = o - o
NOotT provide boundary conditions for them. Thus 1t does not

71ve a unique model for the universe but allows a whole series

of models. Clearly a Tneory thet provided boundary conaitions
and vaus Testrlicted the possible solutions would be very
attractive. The Hoyle-Narlikar theory does Jjust that(tne
reguirement thet M = ;M
equivalent to a boundary condition).
nave seen above, this condition excludes those models that
seem o correspond to the actual universe, namely the
Robertsoin—-waliter models.

I'ha calculations given above have considered the universe

= I o~ | o - - T 3 - A =y 49 o4 R R T 4 o vy e =~y bl =
s DedT] filled witn a uniform distribution of matter. Nn1Ls

ol

1s legitimate 1f we are able o make the 'smooth-7liuid'
approximation to obt&eln the liinsteln equations. Alternatively
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1if thls approximation 15 invalid, 1
theory yields the Linsteln equations.

It mizht possibly be that local irregularities could make

1 P finite, but this has certalnly not been demonstrated
C

-

and seems unlikely 1n vliew ol tThe fact Thut, 1n tiae Hoyle-

| o |

Nerlikar direct-particle interaction theory of their 'C'-field
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1. Introduction

T e al

Perturbations of a spatially isotropic and homogeneous expanding

universe have been investigated in a Newtonian approximation by

(1 (2)

=

Bonnor and relativistically by Lifshitz s L1ftshitz and
T L (%) 5 ey i) o . | _
Khalatnikov and Irvine'‘' "/, Thelr method was to consider small

variations of the metric tensor. This has the disadvant: 1ge that the
metric tensor is not a physically significant quantity, since one
cannot directly measure it, but only its second derivatives. It is
thus not obvious what the physical interpretation of a given
perturbation of the metric is. Indeed it need have no physical
significance at all, but merely correspond to a coordinate trans-
formation. Instead it seems preferable to deal in terms of
perturbations of the physically significant gquantity, the curvature.

et

a ot ttlmn

l_-_—..lr T e ey

Space~-time is represented as a four-dimensional Riemannian space

with metric tensor g.ah of signature +2. Covariant differentiation
L

=

in this space is indicated by a semi-colon. Sqguare brackets around

indices indicate antisymmetrisation and round brackets symmetrisation.

The conventions for the Riemann and Riccl tensors are:-

Vm,;ﬁbc__} s R Pn.: b Vp

0P
Rx g_b w= T{'\ £ B ;'.‘-n

Nabest 18 the alternating tensor.
Unlts are such that k the gravitational constant and ¢, the speed of

light are one,
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he Field Equations

o S i il

We assume the Einsteln equations:

Rl:::.iﬂ NT _Ii QGLR - _'Tmb

where Tab is the energy momentum tensor of matter, We will assume

that the matter consists of a perfect fluid,

——

}ab = /L{ UQUE_ 4 ’;"L E’LHE

where Ua 1s the velecity of the fluid, UEl U

jt 1s the density .

?1 is the pressure

h&b o O U W, is the pro
into the hyperplane orthogonal to Ua -

b
hngii = 0,
We decompose the gradient of the veloclity vec

Uasb= Wap+ Gap + 3 haw B - U Yy,

&

where Ua *-Lim}biJh is the
B = . +* 18 the
& = Uee;dyhs hs - % h, B

Wap = Ugesdy hl b

flow lines Ua' We define the rotation vector

| s _E_l‘.'J'l b
Wa = T Nabed @ U
e may decompose the Riemann tensor R
abcd
. -+ 3 3Ty O e
Hab and the "'eyl tensor Ybod

Then,

1
|
—

jection operator

tor U as

a

acceleration,
exXpansion,

1s the shear,

is the rotation of the

(), as

into the Riccl tensor

R/E Fals 3(:1} b )
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Cobed igs that part of the curvature that is not determined locally by
abc

the matter. It may thus be taken as representing the free gravit-
stional field (Jordan, Ehlers and Hundt(j)). We may decompose 1t

into its "electric" and “"magnetic" components.

i = = P19
‘tu_t,:: - CT:IE?IJC‘[- U U 3

v 5
}4qb - héf{:ﬂFq T?qrbﬁ uPtA ?

cd e (- .-::fj [c d]
C’ub - 8 UEU, l:]:,l LA = é}- 6[‘._.;._ E b] E
- P qlc d cdirs
E“‘D = %l ) o ab = H{_a\:-} )
L "
E = H' =
e b o
}_——mﬁb k= H wlo AT G J
Eab and Hab each have five independent components.
We regard the Bianchi ldentitles,
.L{ﬂhﬁ{_tdjﬁ‘] x O
as field equations for the free gravitational field,
Then el I e ({-)
o M O '*R~c[bxﬂ+“%'3=[QR;{] (Kundt and Trimper, Jie
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Using the decompositions given above, we may write these in a form

analogous to the Maxwell equations.

de

cd b c '1 b
b Epesd 57+ 3 Hopw” = pea W 0% H =3 ha” sk

- A< ,
hPH e d %« 3 Eab@® - Jabed WG E™ = (K4 h) wa | (2)
- h . "2l G[::E c ;
A Eap* N Moede e * E 0 - E (a@)),
E (o G-'b).; = }?uf.de V}hpqr U ur Cj'"dq E
L R W s BT S e B T S (3)
d,
L Hr::LE. iﬂ(q i’?'b),:.g‘e L;ll: E{ JE,;_ I'—l:ﬁn t‘) - |"€ (ﬂwb){-
* M e T = Mocde Meee 5wl L= (1)

TEHJD_}?}ECJELLLC&E &

where 1 indicates projection by hab orthogonal TO ba‘
~ s

(GoLe Trﬁmper,( ))n

The contracted Bianchi identities give,

/ - ;
(Rab_%%nERj} ".I.:—'-|'Eii;,’ =

#

R+ (Pl (59 0, (5)

(;L,{-}-'j’t) L.,ri&-* ﬁ;b }’Wbuzﬁ 4 (f))

The definitien of the Riemann tensor 1s,

a o 7 2 Rm?bt HP .
Using the decompositions as above we may obtain what may be regarded

as "equations of motion",

© Stephen Hawking, All Rights Reserved







If we assume an equation of state of the form, %L = 1%(};) :

{Hﬁn by (6), (10), f“l_}'ghba = Q = {—"{a

This implies that the universe is spatislly homogeneous and isotropilc

since there is no direction defined in the 3-space orthogonal to Ua

Ir this universe we consider small perturbations of the motion
of the fluid and of the Vleyl tensor. We neglect products of small
guantities and perform derivatives with respect to the undisturbed
metric. Since all the quantities we are interested 1in with the
sxception of the scalars, Mgfmﬁ 8 have unperturbed value zero, we
avoid perturbations that merely represent coordinate transformatlon
and have no physical significance.,

To the first order the equations (1) - (4) and (7) - (9) are

© Stephen Hawking, All Rights Reserved

i



From these we see that perturbations of rotation or of Eab or Hah
not produce perturbations of the expansion or the density. Nor do
perturbations of E and Hab produce rotational perturhations.

ab

4, The Undisturbed Metric

[ Tl oy W Tl e Il e WAl R

Since in the unperturbed state the rotation and acceleration
are zero, Ua must be hypersurface orthogonal,

LA :‘T‘.ﬂ

@ J 7

where T measures the proper time along the worlid linaa; As the

gurfaces T

constant are homogeneous and 1isotropic they must Dbe
3=gurfaces of constant curvature. Therefore the metric can be

written, X
(:451 == *-d.Tq' + Q d\d’i

Ehsos Q = Q(T} 3

:Lyi is the line element of a spaece of

zero or unit positive or negative curvature.

we def'tne t by,

it o
dr g :

o B 4 2
then ds? a (2 (“dt'*dﬁ’]
in this metric, U = (-C7, CJJC},CJ)

Joo L= 375”2;__ - 282

A §1'

(prime denotes differentiation with respect to t)
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The extra terms on the right of equations L27) (28) are similar to
conduction terms in Maxwell's equations and will cause the wave to
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4s in Chapter 2 we use the Bianchl ldentitles as
field equations for the Weyl tensor. In the Newman-Penrose
formalism they may be written:
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The undlsturbed metric may be written
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(. 1s a null coordinate
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For the third and fourth coordinates 1t 1s more convenient to
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oince the matter is dust 1ts energy-momentum tensor
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(Cince qlh is complex it represents two components)
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5. Boundary Condlitions

Ye wish to consider radiation in a universe that

asymnptotically approaches the undilisturbed universe gjgiven

above. 'Qb and /\ will then have the values
oD

riven above plus terms of smaller order. To determine this
order and the order of A0 and yé} y LOETEe-are two
ways 1n which we may proceeaed. (e may take the smallest orders
chat will permit radiastion, that is % = D[ r 'U .
Larger order terms than these 1n dém, : /\ ana

qj turn out to have their (L derivatives

Ol | | | e

dependent only on themselves and not on the [ coefficient
of uﬁ , the radiation field. They are thus disturbances

not produced by the radiation field and will not be conslaere

Alternatively we may proceed by a method of successive
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An immediate corrollary is that if q is the f{irst Doinv
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