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On the avoidance of singularities in C-field cosmology 

By F. HOYLE, F.R.S. 
St John's College, Cambridge 

AND J. V. NARLI'KAR 

King's College, Cambridge 

(Received 4 July 1963-Revised 7 October 1963) 

It is well known that a spherically symmetric imploding cold body collapses into a space- 
time singularity in general relativity. The singularity does not arise, however, in the modifica- 
tion of the theory proposed in C-field cosmology. Although the C-field has been used to 
represent creation of matter, the prevention of singularities does not depend on the creation 
property of the field, but on its negative energy density. It does not seem that singularities 
can be prevented except by a negative energy field. Internal pressures of the ordinary kind 
fail to provide support against gravitation provided the mass of the body is sufficiently large. 

1. COLLAPSE INTO A SING-ULARITY 

As was pointed out by Tolman (I934)' intrinsic spherical polars give the most con- 
venient choice of co-ordinates for studying the implosion of a cold, spherically 
symmetric object. This simply means that the r, 0, qS co-ordinates are chosen such 
that r = ro, 0 = 00, 0 = 0o; r0, 00, 00 constants (1) 

is a geodesic. The space co-ordinates of any element of the body stay fixed, and the 
energy momentum tensor V~ is diag (0, 0, 0, p)' where p is the proper density. The 
set of geodesics obtained from 0 < ro < oo, 0 < 00 < m, 0 < 0? < 2ff form a con- 
gruence, and a time co-ordinate t can be taken as proper time along the congruence, 
as is usual in the choice of geodesic co-ordinates in Riemannian geometry. The line 
element then takes the form 

ds32 = dt l -eldQ dQ22 = dO2?+sin 2 d0S2, (2) 
where A, gt are functions of r, t. 

Co-ordinates can similarly be chosen when a pressures is present, but elements of 
the body do not follow geodesics unless p is uniform, so that in general T) does not 
take the simple form diag (-p, -p, -p, c). However, the r co-ordinate can be 
defined within the body such that it remains constant for each material element. 
This destroys the geodesic property inside the body, and the line element takes the 
more complex form ds82 == eu dt2 - eA dr2 - el, dm2,3 (3) 
with v, A, 1a all functions of r, t, this being the most general form of the spherically 
symmetric line element. The energy momentum tensor is now diag (-.p, -.p, -p, e), 
6 being the energy density. 

The above statements can be proved by starting with (3) and by considering 
Ti 0. The k = 1 and k = 4 components give 

V 2p' A?21t= 26, (4) 
1+ 6 ]J?C 
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where primes indicate partial differentiation with respect to r, and dots differentia- 
tion with respect to t. When p' =0, v' is independent of r, so that a new time co- 
ordinate Tr, determined by dTd 

reduces the q- function to unity, and the form (2) is reached (but with Tr as the 
proper time). 

In the case p = 0, the Einstein field equations give 

2/~" 1~jt0, (6) 

~(jA +1ft) +e-/I1 e-A(at 3p2 t'A') 8ngp (7) 

Equation (6) integrates immediately to give 

eA = e/t/a' 2/4(l +f ), f a function of r. (8) 

To make further progress with the integration of (5), (7), (8) it is necessary to specify 
initial conditions. The solution is well known for the case of a body imploding from 
rest, and with initially uniform density po, having been considered by Datt (1938) 
and by Oppenheimer & Snyder (1939). In this case, ett is separable inside the body, 
and we can write eI/tr~) () 1 

Also f -ctr inside the body, where a "7Gpo. Thus 

-A S2/1 (I-or 2). (10) 

Equation (5) gives a second-order differential equation for S(t), which is easily 
integrated to give )~2= (1 - S)/S, (I11) 

where, the constant of integration has been adjusted to give S 0 at S =1, the 
implosion being taken to start at t1 0. The density remains uniform and is given by 

= p0/s3. (12) 

This solution for the interior is similar to the simple elliptic model of cosmology. 
Writing ic= + 1 in the Robertson-Walker line element for a homogeneous isotropic 
universe we have 

The field equations giveds dt-()[i2+rd1.13 
I2 - 1 ?T6pS2, p53 = constant. (14) 

Writing PO for the density at the maximum, and altering S by a scale factor to give 
S = 1 at the maximum, immediately converts (1 4) to the form of (11). Indeed, the 
interior solution for the case of a finite body behaves exactly as the matter in the 
vicinity of the observer in the cosmological case. 

Equation (8) holds in the exterior, but with 

f-ar 3/r=-2GM/r, M = 7po r, (15 
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where rlb is the radial co-ordinate at the boundary of the object. In the exterior e/t is 
not separable, but can be written as 

elI-rS(tr1/rl). (16) 

The function S is the same as before, in that it is the same function of its argument, 
i.e. / 3 r r -1 2 

S St) (1 
r )' if r-) 

t 

A simple integration of (11) shows that the interior collapses into a singularity 
S -? 0, ~V -> co in a proper time nj 2 Va. When S decreases to a value given by 

S 2GM/rb = ar (17) 

an event horizon develops. Integration of (1 1) shows that this occurs after a proper 
time ~~~~~~X o'[i" I-7-sin-1 (Ltr~) + o-rb(l- 

Signals directed outwards cannot cross the event horizon if they are emitted later 
than this, although some communication within the event horizon is still possible. 
However, all communication within the object (in the sense of communication from 
a particle with radial co-ordinate r,1 to a particle with co-ordinate r2 )ceases at 
t= 7T/2JVa. 
The development of an event horizon emphasizes the advantage of intrinsic 

co-ordinates. The more usual Schwarzschild co-ordinates, with the line element 
represented in the form 

d2- eNdT2- eAdR2- R2dQ2, (18) 

fails within the event horizon. However, the form (18) has -the advantage that the 
functions N, A are known explicitly for large RI, viz. 

eN- e-A- 1- constant/A-. (19) 

The constant in (19) can be fixed from. the initial conditions. Thus 1?--7 rb at the 
surface initially, and 

eN-e-A= 1 -2GM/R, T M=4i 3r (20) 

Provided a point with co-ordinate R lies both outside the body and outside the 
event horizon the line element is given by (18), (20). This is the case even when 

.p * 0 within the body provided radiation does not escape outwards from the 
surface. 

The interior solution can also be expressed in Schwarzschild co-ordinates so long 
as S > ar2 i.e. so long as the event horizon has not developed. Using (9), (10) the 
line element (2) can be written 

d,32 - dt2 - S2(t) L(1 - cr2)-1 dr2+ r2dQ2]. (21) 

The following transformation converts r, t to new co-ordinates R, T in terms of 
which the line element has the form (18) 

RI?=rS(t), T =I( f _lX~2 +fS~xs/dj, (22) 

30-2 
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in which the function (D is arbitrary, and a, b are arbitrary constants. The resulting 
forms are Sj2( q2 

1erAr22'eN_ - (2(13x) 1 - ar2 r2A~2' (l2 -ar2 -r2Sk2)'(3 
where (D\ denotes the derivative of (D with respect to its argument. 

Inserting for AS~2 in e , eA = 1/(1 -ar2/S), (24) 

in which the denominator is zero wvhen S = ar2. Evidently this situation occurs 
first at r = rb, i.e. for S = arb, which is the event horizon. The above transformation 
can be applied formally even for S < cxr2. The effect is to switch the time-like and 
space-like properties of the T, B co-ordinates. 

It remains to match the internal and external forms of (1 8) at the surface r == rb.- 
Immediately we have 

eboundary 21S___1 (225) 1 - oxrb/ 1 - 2CrM/rb S 1 - 2CM/Rb' 

R b-rS, CM brrp 2 b 
The internal and external expressions for eA are therefore matched at B =Rb 

irrespective of the choice of (D. This is not the case, however, for eN'. To match eN a 
particular choice must be made for (D. 

First, we note that 

fX dxftdxfX xdx f~dS 
J1cX2 JS dS/dxJI lcXx2j S(dS/dx)2 

- In[Ia,)( _S2 o~. (26) 

where (11) has been used. Hence for a fixed value of r, e.g. r =rb at the boundary, 
(D is a function of 5, or of B. Thus any choice of (D gives a function of 5, and hence of 
B, at the boundary. And (D, is similarly a function of B at the boundary, C(B) say. 
We therefore write 1x~ R ( Lr2 

eN xb r b-B(-~ I 2.7) 
boundary [r2 C2(R) (1 - xr3/B)J R=Rb 

We require (27) to be equal to 1 - 2CM/Rb, and this will be the case if 

_x OZ(rb-B) (1 -c-r 2) 
G2(B) - 2( 2M b) (28) 

Equation (28) is the condition on (D, necessary for the internal solution to fit on to 
the usual Schwarzschild exterior solution. The -usual exterior solution is not of 
course unique, since a time transformation T T -(T) can be applied without changing 
the form of (1 8). 

2. THE EFFECT OF INTERNAL PRESS7URE 

The proper timne 7r/27oc is just the time of collapse of a cold object of uniform 
density as calculated in Newtonian dynamics for the case p = 0. In typical examples 
ff/27ca is much less than the cosmological time scale. For the massive objects 
discussed by Fowler & Hoyle (i963 a) the density in the hydrogen-burning phase is 

102(M?/~ M) 1g CM3. (29) 
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For M/M11,, = 106, (29) gives, 101-g cm-3 , and the use of this value for po in 
3 ~7TG/90, gives a collapse time of only 1O4 S. Such explicit cases would seem to force 

us to ask in a practical way, rather than abstractly, whether space-time singularities 
really do develop. 

At first sight one might think that a sufficiently large positive pressure might halt 
the implosion. First, we note that the pressure enters the equation for /i, but it 
eliters with the wrong sign-it makes /t still more negative. Next, we can ask what 
the structure of the equation for S?2 would be if pressure were to halt the collapse. 
A form such as M S2 (1Sp)/SO(S-cr) (0ir> 1), (30) 

with the new term becoming dominant as S -? 0 seems necessary. This gives a second 
root for ASI and the object would oscillate between the two roots. But then it should 
be possible to adjust the pressure to give coincident roots, in which case a static 
solution would exist. The question would then seem to devolve on whether static 
solutions with internal pressure can be found. Two possibilities require discussion: 

(1) Pressure ill cold material due either to a hard-core nucleon potential or to a 
packing of energy levels according to the exclusion principle. 

(2) Pressure in hot material. 
For the first case it is sufficienit to consider the well-known Schwarzschild interior 

solution. In this solution the energy density c is taken uniform throughout the body. 
The radius 11b has a minimum value (8/9a')-', a' = 7rz~2. The pressure at the Centre 
becomes infinite as 1b decreases to this value. 

The nucleonic mass M,, of the body is defined as the sum of the rest masses of the 
constituent particles taken one at a tinme; i.e. 

AI 4r p1 e~ dR, p being the rest mass density. (31) 

Rb ' This is less than 47T cB2 eiA dR, (32) 

since p < e. For e uniform, (32) can be evaluated and is 

2T__sin 1Ro(-bV1 2~'?)J (33) 

The miaximum value of (33) is obtained with 11b at its minimum, 1b= V(1a) 
namely (o~~~')% [~sin-' ,1 418> M". (34) 

Finally, since (34) is proportional to 6A1 and p < c-, we have 

Mn< sip 1 8_V 81TGOp (35) [2 9 91' 
Expressed numerically (35) becomes 

]ii~~/M? < 1O ~ p in g Cll3 (36) 
The Schwarzschild interior solution has sometimes been criticized on the grounds 

that uniform e is not consistent with p -> cc at the Ceiltre of the object, i.e. that it 
implies a physically unrealistic equation of state. However, this is just the situation 
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contemplated for a hard-core nucleon potential. The hard core is supposed to 
develop at a nucleon separation of 5 x 10-1-4 CM, implying a nuclear flu-id density 
in the present problem of ,1015 g CM-3. Inserting this value for p in (3 6), we see 
that the nucleonic mass of the object must be less than ,' 3M?-,, for a static state to 
exist. Even a hard-core potential will not prevent collapse to a singularity when the 
nucleonic mass is large compared with NOl.. 

0-9 

r~II 
-4-D~ ~ ~ ~ ~ 

- 

radius, R 

FIGURE 1. The zero level is the energy of the dispersed state at infinity, 
the nueleonie mass _211n 

Static solutions analogous to the Schwarzschild case can be obtained for any 
specified equation of state. An equation of state based on the best data then 
available (including the effect of exclusion packing but not of a hard core potential) 
was considered by Oppenheimer & Volkoff (1 9 39).- In their case the maximum value 
of M,, for a static model was only -0-7M?,~. We do not believe that any equation of 
state can be found for cold material that will change the maximum permitted mass 
from a value of solar order. 

Turning now to a thermal pressure, equilibrium at a sufficiently low density is 
always possible. However, such an equilibrium state cannot be permanent, since 
radiation will escape from the system. This leads to shrinkage and to an increase of p. 
As contraction proceeds the effective gravitational mass, or total energy as we might 
call it, defined by ORb 

]i[(RA) = 47T eRI dR (37) 

behaves in the way shown schematically in figuLre 1. For large Rb the total energy 
is less than the nucleonic mass JU, but as Rb decreases M(Rb) rises above ]M1, and 
eventually approaches a vertical asymptote. The fact that M(R0) rises above M_// was 
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pointed out by Fowler & Hoyle (1 963 b). A more thoroughgoing account of this 
important property has recently been given by Iben (i963). 

Granted that M(Rb) rises above AM,, it is easy to see that there can be no equili- 
brium models to the left of a certain ordinate. The equation of equilibrium is 

dp 47TfGR (c- p) M(B)](38 
dR 1- 2GM(R)/R [P4gR3J(8 

where MII(R) = 4174 ei2 dR. 

With M(A1) > 1I4~, a fixed number, it is clear that a singularity must develop in the 
pressure gradient for sufficiently small 11b* The internal pressure required for 
equilibrium then diverges, exactly as in the Schwarzschild interior solution. In the 
pres'ent case, however, a divergence of p implies a divergence of c and therefore of 
MJ(Rb).t 

Now M(Rb) cannot exceed M,, unless nuclear reactions supply the necessary 
energy, and even nuclear reactions must fail to do this as the vertical asymptote is 
approached. It follows that thermal energy must eventually fail to support an 
equilibrium state. We therefore conclude that when the mass appreciably exceeds 
J1,if, an object eventually implodes to a space-time singularity. Implosion cannot be 
prevented indefinitely by internal heat, nor can a hard-core nucleon potential 
prevent implosion. Gravitation is so strong that a sufficiently large aggregate of 
matter crushes itself to a singularity against all sources of pressure. 

One might argue that an imploding object is most unlikely to possess spherical 
symmetry (rotation, magnetic fields, etc.). While this is true it seems unlikely to us 
that departures from symmetry can prevent -the development of singularities, at 
any rate for sufficiently large masses, since it should always be possible to choose 
subregions that possess a greater symmetry than the main object. The above con- 
siderations can then be taken as applying to such subregions. 

3. THE AVOIDANCE OF SING-ULARITIES IN C-FIELD COSMOLOGY 

The above considerations all apply to -the usual form of the relativity theory. 
The C-field cosmology differs from normal relativity in that a new field contribution 
is added to the energy momentum tensor, 

-f - - 87TG[Tit 2 GG/ gilc), = DC/DXi, (39) 

where Tik is the normal t-ensor, andf is a new coupling constant. The C-field satisfies 
the source equation f 

;i =jii ji == p(dxi/ds), (40) 

when matter is represented by a smooth fluid of proper density p. The properties of 
these equations in the case of a homogeneous isotropic line element have been studied 

t In order to obtain models in which M(R) actually diverges to infinity it is necessary 
to admit non-zero pressnLre at BP = Rb. If zero pressure at B Rb is demanded the curve of 
figure 1 simply stops. No models of smaller radius can be found. 
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by Hoyle & Narlikar (19 6 3).- It was shown that if Ci. i -1 0 the onl y solution of the 
above equations is: S3 = A (I + cosh t), A a constant,' 

t proper time in units of (127TGf>2, (1 

C = I9 p = f cosh t/(1+ cosh t), 

where S is the expansion factor. The universe approaches a steady state for either 
t > 1 or - t?> 1. The physical requirement that the density po be positive demands 
f Positive. 

Equations (39), (40) also have solutions in the case C. i = 0. Evidently C =0, the 
normal theory, is such a solution. In the cosmological case such solutions are not of 
much interest, since the C-field has no source. 

The question evidently arises as to whether the arguments of preceding sections 
require modification if a non-zero C-field exists, as it certainly does if we accept the 
cosmology set out in (41). 

We can hardly suppose that the source term in the wave equation for C is of 
importance in a local problem. That is to say, creation or annihilation of matter is 
not of importance at the large densities that arise in local implosions. Locally, it is 
sufficient to write C;i 0, (42) 

and to take C =t as the behaviour of C at infinity. The problem is analogous to the 
cosmologically uninteresting case mentioned above; the field satisfies the homo- 
geneous wave equation and is non-zero at infinity. Since the cosmological case can 
be solved without difficulty, this case gives a valuable hint as to what may happen 
in the local problem. 

Again consider the line element (13), obtained by writing ic ?l Iin the Robert- 
son-Walker form. The equation for 8~2 is modified to 

82 I + 7TS2 (p U- 2 (43 

owing to the presence of the C-field in the energy momentum tensor. With C a 
function of t only (the homogeneous isotropic case) (42) becomes 

0?+3(8/5)0=0 (44) 
which integrates to give 

C = A/S3, A being a constant. (45) 

Substitution ini (43) then gives- 1~C2p~A/6.(6 

Remembering that po is proportional to S-3, we see that the C term dominates as 
S -?> 0. Moreover, the new term enters with the correct sign to provide a second root 
for ASI. In fact, if there is any range of S over which 8~2 is positive (as there must be 
for a physically meaningful situation) then (46) must have two roots for S. Thie 
introduction of a non-zero C into a closed elliptic universe causes thte universe to oscillate 
periodically. 
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This result suggests that the introduction of a non-zero Ci into the implosion 
problem might prevent collapse into a singularity, giving an oscillation between 
two roots of S~. Indeed, if we accept (45) as the solution of Ci; i -- 0 within an object, 
equations (6) and (8) remain valid. Since T k 

; 0, elements of the body follow 
geodesics as before, and the line element can still be represented by (2). The equation 
for ~2 is modified, however, to the form 

it + 3ft,2 +e1' - I eA21t'2 47TGfC2. (47) 

Again writing e1it rS, e' - e/1a241t -a&r2 3 nG 
AS S2 

we have 2-- + 2 2 gY2 (48) 

With C given by (45), (48) can be integrated to give 

S2 _ oc-47 f + constant. (49) S 3 S3 

The constant of integration caln evidently be adjusted so that S 0 at S 1, the 
beginning of the implosion. 

Suppose next that the C-field is of only minor importance during the early stages. 
Then to sufficient accuracy 

k12 o,,(I -5) 47TrGfA 2 

s 37 S (150) 

As S decreases the term in S-4 eventually becomes important, however, and there 
is a second root for A?'. The object oscillates, exactly as in the cosmological case. 
Implicit in this statement is the condition that the coupling constant f be positive. 
This is necessary, however, since the density must be positive in the cosmological 
solution (4 1). 

The above argument does not constitute proof that the solution must be oscil- 
latory because (45) was assumed. What has been shown is that the oscillatory 
solution satisfies all the necessary equations-(39) and (40)-for the interior. To 
complete the proof it is necessary to demonstrate that the oscillatory solution for the 
interior can be matched to an exterior solution in which the boundary conditions at 
large r are those given in (41). In particular, it is necessary to show that a solution 
of Qi; i = 0 can be found that satisfies 

C-=A/S3 at r =rb; C -t at large r. (51) 
In considering such an exterior solution C must be taken as a function of both r, t. 
Equations (39), (40) are then partial, and consequently difficult to handle. We have 
not succeeded in solving this problem. Nevertheless, we have succeeded in dealing 
with the asymptotic situation as S -> 0. 

The exterior solution is needed in the general case to justify (45), rather than some 
other solution of C; i = 0. However, in the asymptotic situation we can show that 
(45) becomes the only solution for the interior as the implosion develops. We start 
the implosion from a dispersed state, so that car2 < 1, and we suppose that the effect 
of the C-field in the field equations is negligible during the early stages, so that 

-l' rS, cA - S2/(1 - ar2) -52 (052) 
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as before. In its partial form the wave equation for C is 

[e/I- AC] 2 e6i~] (53) or ~~~at 

Inserting (52) we have - [r2C'] - S3C].(54) 

The general solution of (54) can be represented as a sum of separable solutions of the 
form C(r, t) = X(r) 1Y(t), because of the linearity of the equation. In terms of such 
a separable solution 

r2 a (rX) SY at (5 

Evidently 

(r2X' B2X, -(S3Y) BS Y, B being a constant. (563) Or Br ~~~at 
The solution for X is X (r) =sinh (lB r)/Ir, (5'7) 

there being no term in cosh JB rbecause of the singularity that would develop as 
r -> 0. 

We now show that 1~ tends to the form A/S3 as S -?0 even if B + 0. This can be 
seen from an expansion in series. Write 

~= So(' ao>a~n) (58 

Retaining only the lowest power of S on each side of the equation (56) for Y7, we have 

Cr[So-?2S + (o- + 2) So%15.A2] _BS-+1. (9 
Now either the 0-field slows the implosion or it does not. If it does not, then 

Substituting in (59) oao-(o- +3) So' _ BSG'1. 

The right-hand side becomes negligible as S ->O0so that either o- = 0 or o- 
The case o- == 0 corresponds to a time independent C-field. A static C-fleld is always 
a solution of the wave equation, but a static solution does not satisfy the time 
dependent cosmological condition given in (41). The static solution was omitted 
above through the tacit assumption of a non-zero constant of integration in (45). 
The case o =- gives 17 oc S-`L. Since all separable solutions have this behaviour as 

S-?> 0, C is also proportional to S1a. Hence 6' is proportional to SAS. Finally, with 
~S proportional to 5S-4 we have Cx 5C-3, as in (45). Hence the special solution repre- 
sented by (45) must develop as implosioi proceeds, and hence the implosion is 
finally halted. 

We conclude that in the presence of a C-field with the cosmological boundary 
condition (41) there is no collapse into a singularity. Although gravitation is 
strong enough to crush matter alone, the C-field ultimately dominates. It does 
so through the effect of the modification of the line element on the wave equation 
in curved space. The proportionally 6' OC S-3 shows that ('behaves in the same way 
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as p. But the C-field terms affect (39) quadratically, instead of linearly as in the 
ease of matter. For sufficiently small S the 0-field terms therefore become over- 
riding. It will be noticed that the contribution of the 0-field to the 44-component of 
(39) is negative-the energy density is negative. Hence the C-field has a repulsive 
'gravitational' effect, which explains why implosion can be halted. We believe 
implosion into singularities to be inevitable if all physical fields have positive energy 
density. To prevent singularities, a negative energy field is required, one that 
dominates all positive energy fields as S -> 0. In this connexion it is of interest that 
in the cosmological case electromagnetic fields only add a term in S-2 to (50), showing 
that electromagnetic fields are unable to compete with the C-field as S -> 0. 

It is worth noting here that the inclusion of the A-term in Einstein's field equations 
does give rise to a force of repulsion. This force, however, varies as S and fails to 
compete with the gravitational force of attraction as S -> 0. 

4. A STATIC SOLUTION FOR A BODY OF ARBITRARY MASS IN THE 

PRESENCE OF A C-FIELD 

In ? 2 we argued that if internal pressures could produce an oscillatory solution it 
should be possible to adjust the pressure to give a static solution. Similarly, it 
should be possible to obtain a static C-field solution. But it is not intuitively clear 
that such a field can be matched to the appropriate cosmological boundary condi- 
tion at large r. Once again the exterior equations are partial in character. The 
problem is less difficult in this case, however, because the matching of interior and 
exterior solutions take place at a fixed surface instead of at a moving surface. All 

explicit solution for this problem will now be given. 
As seen in ? 3 the line element inside the body can be written in the form 

d82 - t2 S2d2/(i-o 2)?2d?02]. (0 

The function S satisfies a differential equation 
S2 = P(S)/S4, P(S) = oy'S3(1-S) -4 7fA 2 (61) 

with the density p and ( given by 

p =(3a1/SnG)S-3, O AS-3, (62) 

a, A being constants. The scale of S can always be adjusted to make 5 1 at the 
beginning of the implosion; but for a static solution such a transformation is not 
important. 

For a static solution with S -=- S, (say) the quartic F(S) has a double zero at S =- 8. 
Hence P(,, = 0, P'(S,) = 0. This gives 

SC 3~ (63) 

4?rGf A2 = 27 / i.e. A== (3 (2 7L A~ (say). (64) 3 256 \4rnGfI \d5o6J 

For A < AC, F(S) has two real positive zeros 81, 52 and S oscillates between S1. and 
S,, For A > A~ there is no physical solution at all. 
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Consider next the external solution. This solution must match the above static 
internal solution at r = rb and at infinity it must approach the cosmological solution. 
As shown in ? 3 the cosmological solution is the steady-state solution. In the form 
originally used by de Sitter the line-element is given by 

d82 ==(1 - H2B2) dT2 - dB2/( - H2B2) - B2 dQ2, (65) 
where H is the Hubble constant given by 

H-1 =V(3/47n~f). (66) 

The non-zero components of Tik and Ci are 

T11 -fB2H2, T14= T41= =fBH/(I-B2H2), T44 -f/(1- H2_B2)2,~ (67) 
C,= -BRH/(1-B2H2)' C = 1. f 

We now consider the modification produced by the body and take the line- 
element to be of the form 

d82 - eN dT2 -e-N dR2 -B2dQ2. (68) 

We expect the line element (68) to approach the form given by (65) at large B and 
to behave as the usual exterior Schwarzschild solution near the body where cosmo- 
logical effects are unimportant. As the line element (65) is stationary, we first try 
for a solution with N independent of T. This simplifies the problem considerably. 

As a generalization of (67) consider the non-zero components of Pik and 0i in 
the form T"1 = Po2, T14 rT41 = p 6yi, T44 = pjj2, (69) 

CI=~ C4 = 1, (70) 

where ~,y ,p are functions of B only. The field equations (39) reduce to 

0 + P611, ~~~~~~~(71) 
cNN' 1 eN-8Gp2NVeN 2e),() 

cNN' 1 eN 
B - 

- = - 8irG[pV2 eN- -fff(e-N + ~2 eN)], (73) 

1 eN(N"?+N') 
cN' 

~417Tf feN - 2eN], (74) 

where N' stands for dN/dB. 
A solution of these equations is obtained with 

Y Y ~~~~~~~~~(75) 

provided 3fl = 4lTGf. But, since 3H2 = 4gGf, this requires f? = H2, so that eN tends 
to the required form at large B. 

This solution also satisfies the equation (40) which determines the rate of creation. 
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The constant y is determined only by fitting the boundary conditions on the 
surface of the body. We now turn to the question of matching the internal and 
external solutions. 

Continuity of the coefficients of dQ2 in the two solutions requires 

= Rb =rb SI =d-1rb. (76) 

Continuity of the coefficient of dr2 at r ==rb gives 

lo~ Rby 14,y9H2r2 77 

For continuity of g4 we need 

t = IT = Vp _ar2) T. (78) 

It is also necessary to make the C-field continuous across the boundary. For the 
external solution C is given by 

C T+j< YIjT~ T?FI(R) (say). (79) 

In the internal solution C is given by 

C 
A 

dt--A t?+B, B =constant. (80) 
C 

For continuity at r = rb at all times we therefore require 

B = F(Rb); (A0/S3) V aor 2) 1.() 

Substituting for A,, Sc from (64) and using (66) we get 

3 3 H 

This relation determines the radius of the body in terms of a~. Using (62) this can 
be written as a radius-density relation. 

V(2nCp) J(l - 97Tpr 2) == H. (83) 

The constantlydetermines the effective gravitational mass of the body as 'seen' 
by an external observer. From (77) we get 

Writing MV = 4Trr S3p (85) 

we get, using (62), y = 2G{3M----(H2/G)r~}. (86) 

The gravitational mass is therefore (3 M - --97-H2/G) rA). The nucleonic mass M as 
defined by (31) is given by 

Mn= b'(j' t [sin-'2~ 2CIJ~~C ) (87) 
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It is interesting to consider the ease where "b- 20JII, but 1Tb <- H-k1, the cosmo- 
logical distance scale. Writing 

2GM = (l-fl) rb (Y < 1), (88) 

we get, from (833) and (85), y/ = 2 I12r2. (89) 

The nucleonic mass is given by MJ~' -TJI1. (90) 

To this approximation Al1 = (2&G)I (lp)2 (91) 

and the gravitational mass as seen by an external observer is close to 3M. The 
effective gravitational mass of the body is reduced owing to the negative energy 
density of the C-field which has a repulsive gravitational effect mentioned earlier. 

5. CoxSCL~USION 
The static solution in the previous section demonstrates that the repulsive 

gravitational force of the C-field can be adjusted to balance the usual gravitational 
force inside a body of arbitrary mass. The meatching of interior and exterior solutions 
in the oscillatory case is much more difficult, though not different in principle. Anl 
explicit solution in the oscillatory case will yield information about the maximum 
density attained in the body during its oscillations and will be of relevance to the 
massive objects considered by Fowler & Hoyle (i 963 a, b). 

The above considerations also appear to show that a negative energy field like 
the C-field is necessary in order to prevent singularities from developing in space- 
time. 

REFERENCES 

Datt, B. 1938 Z. Phys. 108, 314. 
Fowler, W. A. & Hoyle, F. 1963 a ilMon. Not. R. Astr. Soc. 125, 169. 
Fowler, W. A. & Hoyle, F. i 9636b Nature, Lonct. 197, 533. 
Hoyle, F. & Narlikar, J. V. 1963 Proc. Roy. Soc. A, 273, 1. 
Iben, I. 1963 Astrophys. J. 138, 1090. 
Oppenheimer, J. R. & Snyder, H. I93 Phys. Rev. 56, 455. 
Oppenheimer, J. R. & Volkoff, G. M. 1939 Phys. Rev. 55, 374. 
Tolman, R. C. 1934 Proc. Nat. Acad. Sci., 'Wash. 20, 3. 


	Article Contents
	p. 465
	p. 466
	p. 467
	p. 468
	p. 469
	p. 470
	p. 471
	p. 472
	p. 473
	p. 474
	p. 475
	p. 476
	p. 477
	p. 478

	Issue Table of Contents
	Proceedings of the Royal Society of London. Series A, Mathematical and Physical Sciences, Vol. 278, No. 1375 (Apr. 21, 1964), pp. 465-613
	Volume Information [pp. ]
	Front Matter [pp. ]
	On the Avoidance of Singularities in C-Field Cosmology [pp. 465-478]
	The Elastic Scattering of Slow Positrons by Hydrogen Atoms [pp. 479-489]
	Kinetic Spectroscopy in the Vacuum Ultra-Violet Region. I. The Dissociation Energy of SO and the Combustion of Hydrogen Sulphide, Carbon Disulphide and Carbonyl Sulphide [pp. 490-504]
	Kinetics and Mechanisms of the Pyrolysis of Diethyl Ether. I. The Uninhibited Reaction [pp. 505-516]
	Kinetics and Mechanisms of the Pyrolysis of Diethyl Ether. II. The Reaction Inhibited by Nitric Oxide [pp. 517-526]
	A Sedimentation Study of Gel Systems [pp. 527-542]
	Spectroscopy at Extreme Infra-Red Wavelengths. III. Astrophysical and Atmospheric Measurements [pp. 543-573]
	The Physical and Thermodynamic Properties of Some Associated Solutions. II. Heat Capacities and Compressibilities [pp. 574-587]
	Faraday Effect in Semiconductors. II [pp. 588-609]
	Back Matter [pp. ]



