International Journal of Theoretical Physics, Vol. 35, No. 1, 1996

(1 + 2)-Dimensional Model of the Early Universe

S. K. Srivastaval
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An anisotropic cosmological model is obtained by solving (1 + 3)-dimensional
field equations. The togology of the model is R' ® M2 ® S', where R' is the
real line (time axis), M* is 2-dimensional space, and S' is the circle. Employing
the method of Kaluza—Klein type compactification on §' and one-loop quantum
correction to scalar fields, an effective (1 + 2)-dimensional gravity is obtained.
The resulting (1 + 2)-dimensional cosmological model of the early universe
is derived.

1. INTRODUCTION

Recently there has been much interest in (1 + 2)-dimensional gravity,
as it is supposed to be a useful toy model for a (1 + 3)-dimensional theory
of gravitation. Until recently the existence of gravity in (1 + 1)-dimensional
space-time and (1 + 2)-dimensional space-time was supposed to be a theory
without any intrinsic dynamics. Fujiwara et al. (1991) have discussed nucle-
ation of the universe in (1 + 2)-dimensional gravity and topological changes
in the realm of quantum gravity. Souradeep and Sahani (1992) have discussed
quantum effects near a point in 3-dimensional gravity.

Here, using the method of spontaneous compactification in Kaluza—
Klein-type theories (McGuigan, 1991; Srivastava, 1992a,b, 1993) a (1 + 2)-
dimensional cosmological model is obtained. This approach is new in the
sense that the (1 + 2)-dimensional cosmological model is obtained from the
(1 + 3)-dimensional anisotropic model of the early universe without a “crack
of doom” singularity. Earlier, this method was employed (McGuigan, 1991;
Srivastava, 1993) to get (1 + 1)-dimensional gravity. In the present paper,
an anisotropic singularity-free (1 + 3)-dimensional cosmological model is
obtained by solving the Einstein field equations. The topology of this model
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is given as R' ® M2 ® S! (R! is the real line, which is the time axis, M? is
2-dimensional space, and S! is the circle, which is compact). The isometry
group U(1) acts transitively on the compact manifold S'. Kaluza-Klein-type
compactification is done on S!. As aresult, a (1 + 2)-dimensional cosmologi-
cal model is obtained.

The focus of this paper is first getting a (1 + 3)-dimensional cosmological
model by solving Einstein’s field equations exactly. Then it is discussed
that a physically meaningful model will be spatially flat. Second, using
Kaluza—Klein compactification, (1 + 2)-dimensional gravity is obtained. The
paper is organized as follows. Section 2 contains the exact solution of Ein-
stein’s field equations. In Section 3, dimensional reduction of scalar as well
as gravitational fields is discussed. Section 4 contains the one-loop correction
to dimensionally reduced scalar fields. In Section 3, an effective action for
(1 + 2)-dimensional gravity is obtained. Section 6 is a concluding section
which discusses some cosmological implications of the (1 + 2)-dimensional
model. Natural units (i = ¢ = 1) are used throughout the paper.

2. (1 + 3)-DIMENSIONAL ANISOTROPIC COSMOLOGICAL
MODEL

The cosmological model having topology R!' ® M? ® S! has the line
element

2
ds* = d? — az(t)<l dr

_——_k? + r2 dﬂz) - bZ(t)pZ dﬂ% (21)

where ¢ is the cosmic time, a(f) and b(¢) are scale factors, p is the radius of
S! (circle), k, is the spatial curvature with possible values +1, 0, —1 for
closed, flat, and open spatial submanifold M2, respectively, and 0 < 0 < 2.

The energy-momentum tensor for the anisotropic fluid can be written as

Tp.v = (€ + p)up.uv - (SP + Sﬁ)gu.v (22)

where p, v = 0, 1, 2, 3; € is the energy density, p is the pressure on M 2 p
is the pressure on the compact manifold S', and 8 = 1 — & with

S = 1 for p,v=20,1,2
0 for p,v=3

Thus,
T =e¢, T\ =T%= —p, T3=—p (2.3)

In the background geometry with the line element given by equation
(2.1), Einstein’s field equations are
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1 k a'\ a b’

5 G3 . (a) +2 5 41Gtie (2.4a)
2k, , d {d af.,a b
= s (a) 2 (2 p b) 4wGti(e — p) (2.4b)

4 (b_) + 2 (2 a . %) = —4nGrie + p — 2p) (240

where prime denotes differentiation with respect to the dimensionless parame-
ter T = t/tp (tp is the Planck time), G stands for the four-dimensional Newtonian
gravitational constant, and G} are components of the Einstein tensor. We
have three constraint equations:

G, =0 (2.52)
TE, =0 (2.5b)
Gk, =Tk, =0 (2.5¢c)

where the semicolon stands for covariant differentiation.
In the geometry given by equation (2.1), equation (2.5a) yields the
constraint equation

(GY)' =0 (2.6a)
equations (2.2) and (2.5b) imply that

a b b’
’ ¢ +2 j— = 2.
e + 6(2 + ) p +p 0 (2.6b)

and equation (2.5c) yields
G{ = T3 const (2.6¢)

which reduces to equation (2.4a) on using the definitions of G§ and T?9.
Solutions of equations (2.4b) and (2.4¢) should satisfy the constraint equations
(2.62)—(2.6c) at all times. If these equations are satisfied at one particular
time, these can be treated as satisfied at all times. So, for convenience, one
can choose the particular epoch T = 0 and can find conditions obeying the
constraint equations (2.6).

Using the conditions

(2.7a)
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and
- ky
= + .
p=e 2wGtia® (2.70)
in (2.4b) and (2.4¢), one obtains
d [a a(,a b
—[=|+=2=—+—]= .
dT(a) a( a b) 0 (2.83)
d (b b’ b
= —+=|= :
dr (b) b (2 b) 0 (2.8b)
Now, it is helpful to make the ansatz
1
2 4
=f*+ TS 2.9)
Using the ansatz given by (2.9) in (2.8a), one obtains
a(l +fH2qg2 =4 (2.10)

where A is an integration constant. Connecting equations (2.8b) and (2.9),
one obtains

’

a

El+—f2azsﬁ =B 2.11)
Equations (2.10) and (2.11) yield
a' = (AB)'"? (2.12)
Now rescaling a to a(AB)'2, one obtains
a =1 (2.13)
which yields the solution
a=agyt+r (2.14)

where ay = a(t = 0).
Using equations (2.7) and (2.14) in equation (2.6b), we obtain

€= (@ + 7L + f¥ay + 17

sz2 ap + T
XA - In 2.
[ 2nGe} ([1 o T>21“2)] @19
Using the results given by (2.14) and (2.15) in the constraint equation (2.4a),
we can evaluate the integration constant A as
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A = (4nGtE) H(kt3 + 1)1 + f2a3)? — 2(1 + f?a}
+ 2k, f? In[ay/(1 + f2a3)'?]} (2.16)
Thus, from equations (2.15) and (2.16)
€ = (4nGtE) (o + 7)1 + fHap + 172

X {(kzt% + 1)1 + f2ad)? — 2(1 + f2a}

a \[1+ fa + 92]"
+ 2k, ln(ao 2 T)[ e ] 2.17)

From equation (2.17), one can derive the following conclusions:
1. If ki, = 0,ay # 0,

_ (A HFa)fd - 1)
€T 4nGria, + V1 + fag + T

(2.18)

Since e is the energy density, it will be positive. So, in this case

flad>1
2. Kk, =0, gy = 0, € < 0 at all epochs, which is unphysical.
3. If k, = *1, a5 = 0, e will be divergent at all times.
4. Ifk2 = +1, ap * 0,

€ = (4uGrp) (o + M1 + fHao + 7)77?

X {(1 + ffal(1 + #)(1 + f?af) — 2]

172
+ o ln( 2o )[1 * fHa +")2] } (2.19)

a + T 1 + f2a}

5. Ifk2 = '_1, g #* 0,
€ = (4nGtH) Yap + 7L + fAap + )72

X {(1 + ffal — B + f?af) — 2]

a+ T 1 + f%d} 2
+ 2f? ln< a )[1 T Fag + 1 (2.20)




176 Srivastava

Looking at the above five cases, one finds that the constraint equation
(2.6¢) is satisfied at T = 0 if gy # 0 and k; = 0 or £1. The constraint
equation (2.6a) yields the following results:

1. ffld =1+ 2 ifk, = 0.
2. fRak = -1 ifk, = —1.
3. 23 = 0ifky = +1.

Since fis a real number, f2a3 = —1/2 implies that a, should be complex,
which is unphysical. This indicates that k, # —1. Now, f cannot be zero,
because the vanishing of fimplies the existence of a “crack of doom” singular-
ity. So, if k; = +1, ag = 0. But if ay = 0, the constraint equation (2.6c) will
not be satisfied at any time. This indicates that the choice k, = +1 also is
not possible. Ultimately, one finds that the only possibility is k&, = 0 with

flad=1+ 2 (2.21)
Thus, one finds the solution of equations (2.4) as
a=ay+ (ttp) (2.22)
and using equation (2.14) in equation (2.9), we have
b = f2 + th(agty + 172 (2.23)

According to the discussions given above, one finds that k&, = 0 and a,
# 0. In the case gy = 0, some constraint equations are not obeyed. So, to
get the cosmological model obeying equations (2.4) at all epochs (¢ = 0), aq
should be nonzero and positive, which is given by equation (2.21) provided
that fis evaluated. Evaluation of f will be discussed later. A nonzero positive
value of a, implies a singularity-free cosmological model.

Because of the Hawking—Penrose theorem, the big-bang singularity
might be supposed to be inescapable in general relativity. But this supposition
was shaken in 1990 due to the discovery of the singularity-free cosmological
solution of general relativity by Senovilla (1990). Later, other authors also
obtained some interesting cosmological solutions without a singularity (Ruiz
and Senovilla, 1992; Dadhich and Patel, 1993). It is appropriate to mention
here that the Hawking—Penrose theorem was proved for closed models or
models with closed, trapped surfaces (Hawking and Ellis, 1973). The cosmo-
logical models mentioned above (Senovilla, 1990; Ruiz and Senovilla, 1992;
Dadhich and Patel, 1993) and the model derived here are neither closed nor
contain any closed, trapped surface. So, acceptance of this theorem does not
make these singularity-free cosmological models invalid.

Thus, the (3 + 1)-dimensional anisotropic singularity-free cosmological
model of the early universe is obtained as

ds? = df? — a¥(1)(dr? + r? do%) — b*(p® dot (2.24)
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with a(r) and b(r) given by equations (2.22) and (2.23), respectively. From
here on, we work with this line element.
Using equation (2.22) in equation (2.18), we obtain
. 2(1 + /2)%,
[fr+ (L + V2)PP{L+ [f + (1 + J2PP

(2.25a)

with
J2 Mif?
© T+ 222
b(#), given by equation (2.23), does not have a “crack-of-doom” singularity,

lim b(t) = f> 0

=

(2.25b)

3. DIMENSIONAL REDUCTION
3.1. Gravity

The four-dimensional action for gravity is given by

1
S8 = ~TencG J d*x(—g4)"Ry 3.0
where G is the (1 + 3)-dimensional gravitational constant. g, is the determi-
nant of g,, and R, is the Ricci scalar obtained from g,,,.

For the sake of convenience, the metric tensor given by equation (2.24)
is written as

— (8w O 3.2

gp.v ( 0 _bz(t)pz) ( . )

where g, = diag(1, —a? —a?). Now g,,, is conformally transformed to g, as
5. 0

Buv = DG = bz(t)<g’6 —p2) (3.3)

where
§u = diag(b™2, —a*7%, —a’h™?)

Now equation (3.1) can be rewritten as

2
1 ~ db
W = —— 1T | g3 2.0 55112 _ ao
§¢ 6nG J d’x dbg b*p(§3) [R3 18(dt> ] (3.4
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Ignoring terms of total divergence and integrating over 0, one obtains

db
SO + §Om = _E;% J x b*( 83 )"z[bst - 22( i ) ] (-5

To undo the earlier conformal transformation, another conformal
transformation

gu.’v’ = b_zgp.’v' (36)

is employed. As a result, from equation (3.5), one obtains

R S db
16mG, J d’x a b[R; = (dt) ] 3.7
where G; = G/2mp and

2
11 (db
§3)(m) = 3
S Jd xa [817G3b (dt) ] (38)

which is a contribution to the matter fields induced by the compactification
of the circular component of space.

3 3 —
SP + S =

3.2. Scalar Fields

The existence of some scalar field ¢ with bare mass my is assumed in
the background geometry with the action given by

59 = 3 [ @2 dbe ol ga,0%00 — @R, + mD*6] B9)

where £ is a nonminimal coupling constant and

2
R,=R; — %% (%) (3.10a)
with
R; = 4a™ ldz (3.10b)
ar
On the space-time with topology R' ® M2 ® S, ¢ can be decomposed as
& = Qmpb)~12 i &1, r, 0) expli(n + o)0g] (3.11)

where a = 0 (1/2) for untwisted (twisted) fields. S! is a manifold which is
not simply connected, so the possibility exists for untwisted (twisted) fields
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on the circle. From here on, only untwisted scalar fields on S! will be
considered (Srivastava, 1992b, 1993).

Substituting the decomposed form of ¢ given by equation (3.11) into
equation (3.9) and integrating over g, one obtains

1 0
Q) = —= 3y a2 2
S¢ zjdxa ,,;_wd)"[ a:( 6t¢">

2
- %ai( ﬂ) - LI m3¢,,] (3.12)

ar ar? 982
where
n?
m2 = m} + =53 (3.12b)
P
with

2 2
73 = md + ER, — 22§(db) 1db+3<db

i) " war W z) (3.12¢)

4. ONE-LOOP QUANTUM CORRECTION TO ¢,

Here the one-loop quantum correction to the scalar fields ¢, is obtained
by employing the operator regularization method, which is an extension of
zeta-function regularization.

Now, &, is a 3-dimensional scalar field. So, on adding the significant
contribution of the one-loop correction, the effective action is obtained up
to adiabatic order 4 as (Mann er al., 1988/89)

+ 1/2)172
T = S(a) + 2 ((111(47)332_ (mﬁ)

,._—oo

(m)*” md)'"? (1
3, 422 1
8 J dxa {(s T3 = 1) 6 - 1) (6 g)&

. R
+ (mz) 1/2[ D3R3 + m) RE}L BR3p.'v’u'|3’

2
1 W'y - l l — 1 2
~ 180 — Ry Ry 6 ELLRs + 2 (§ 6) R3]}) »

w,v,a,B,...=0,12) @.1)
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Now, I'; has a pole at s = 0, so one can write
1
I, = P + 0O(s) 4.2)

where y = 0.5772 is the Euler constant. Now, using equation (4.2) in (4.1),
we obtain

2
o d [ s(s+ 1/2)"2 [n?
= §O) + (42 af s+ V)T (1
['= Sgg + @4m 2 ds (1 — s + sO(s) \m?

n=—c

m3 m 1
3, 2 n n i
8 J dwa {(s s — 1) G = 1) (6 §>R3

11 1 va' 1 -
+ m, ][g (— - §) D3R3 + '18—0 R"’ R3u'v’a'B’ - —1% RY R:w',,'

2
e 1w
+1 <§ 6) R]}) 43)
Using the Riemann zeta function
o) =3~ 44)
one can easily abtain from equation (4.3)
2 (m2)3/2 s
=(~2)3/2—s i 1 +(%—S)( )l/2 s 2b 2 z_ n
l 2 — l — 12— s 212
+2(2 s)(z s>( 2y~ b~ "_E_mn
= 2(m3)*?~*p(0) + 2(3/2 — 5)(F) "> ~p~ 2" 2p(—2)
+ (312 = 5)(1/2 — 5)(rig) 2 p 2" 2p(—4) + - 4.5)

Though p(—2x) (x is a positive integer) and p(0) are divergent, using the
method of analytic continuation one obtains (Bateman, 1955)
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and p(—2x) =0 for x>0

__1
p(0) = 2

As a result, equation (14.5) yields

2 (m2y¥2s = — (g (4.62)
Similarly,

R_E_m ()5 = — ()2 (4.6b)

Fz_w ()12 = — (i)~ (4.6¢)

From equations (4.3) and (4.6)

- _n d [ s(s + 1/2)"? p? \
b= S+ Um0 (1 ~ s + sO(s) \i}

m(3) ’710 .
% j & az{_(s 36 —12) - 12)\6 (— g)

1/1
- 'ﬁEI[— (‘5‘ - §) (R + —“R"" # Riprap

180

2
RN PP
180 —— RYV Ry + 2(& 6>R3]} @.7

Equation (4.7) gives the renormalized effective action up to the one-loop
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correction in (1 + 2)-dimensional space. It is interesting to see that the one-
loop correction to ¢, contributes to gravity the induced terms

1 (g _ 1) g (4.8)

161TG(3)ind 4 6
Ag 1
817G(3)ind - 6m (48b)
and the higher derivative terms
X ~—Ill_§|:|R +LRuvaBR
ind = 6 343 180 3u'via’'p’
L1 1Y
180 — RY§ vR3u o 5 (§ - 6) R%] (4.8¢c)

5. EFFECTIVE FUNDAMENTAL CONSTANTS

Including the contribution of the one-loop correction to (I + 2)-dimen-
sional gravity from equation (4.7) yields the effective gravitational action

2
11 [db\ | 7
3). = 3y 2] — =) + =
Ssem = f dxa [ 817G (dt) 6m

b _ 1 Xind
* {1611'63 4w (§ )} * 811'!7'10] 1)

where i, is given by equation (3.12c) and x is defined by equation (4.8c).
Thus from equation (5.1) one obtains

1 _ b 1
1 61TG(3)eff 1 6’TI'G3 (E ) (5 23)

where G is the 3-dimensional effective gravitational constant, which
is time dependent. The effective time-dependent cosmological constant is
given as

A _ 11 (@)2_@ (5.20)

81TG(3)eff - 8 G3b2 dt 6

Using b(r) from equation (2.23) in equation (5.2a), we obtain
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1 _ 2+ daote + 5772
1611'6(3)35 161TG3
LD g s gn, - 28 ab\' _tda% 3 (an\]"
™ 6 3 dt] 2 dP AP\

(5.3)

where R; is given by equation (3.10b), and a(¢) and b(¢) are given by equations
(2.22) and (2.23). Taking the limit ¢ — o in equation (5.3), one finds that

1 foom 1
= + — —— .
161TG(3)eff 161TG3 4T (g 6) (5 4)

To determine f, one can go back to 4-dimensional gravity, where we know
that at late times the gravitational constant is the Newtonian gravitational
constant. One can then use G; = G/2mp (where G is the 4-dimensional
Newtonian gravitational constant) given in equation (8.7). Thus, one obtains

1 _  f _2
16mGe  16G * 87 (g ) ©-3)
As late times, G.g is supposed to be equal to G, so one gets from equation (5.5)
2Gmy {1
=14+ —-]=-- 6
fe1e (6 g) (56)

Equation (5.6) implies that

(@) f=1ifmy=00r&=160rmy=0and £ = L6.
(i) f= 0if £ = 1/6 + wp/(2Gmy) and my #* 0.

The second implication is not physically valid, as it would mean that
at late times the cosmological model with line element given by (2.24) will
be (1 + 2)-dimensional. This is not correct, as the present universe is
(1 + 3)-dimensional.

The effective cosmological constant is give by equation (5.2b) as

2
_ 11 [(db\ i}
Aer = S“G‘”‘“[SnG;bz (dt) 611-]

_ 161G [ llp [(db\ @] 5
4mbp + 8rigG(E — 1/6) | 4Gb* \ dt 6T ’

At late times, one obtains from equation (5.7) that



184 Srivastava

lim Ay = — BmgG
e T 3[4mfp + 8myG(E — 1/6))]
8mj

= T34nfpME + 8mo(E — U6)] (58)

my is the mass of the scalar field ¢ in (1 + 3)-dimensional space (used in
Section 3). For a physically relevant theory m, cannot be greater than the
Planck mass Mp. Normally, my is supposed to be quite less than Mp. So from
equation (5.8) one finds lim, . A.g very small.

6. (1 + 2)-DIMENSIONAL GRAVITATIONAL EQUATION AND
COSMOLOGY

The (1 + 2)-dimensional effective action for gravity is obtained from
equations (3.7) and (4.7) as

SO+ SO+ T + 5O

=5Q + 8P - _J x /g3
b 11 (db) 4 1
X { — + 20 — 2| = —
{ZG3R G3b< ) 3™ 2’""(6 E)R3

.1 1
+ g [6 (_ - ‘5) LhRs + 150

X (R';’v’“ B'RBu'v'a’B’ - R;IV'R:;”',,')

1 1\’
r3(s-4)m]} o
where S is the action of the matter present other than the scalar fields ¢,
and \/8—3 = a? in the effective (1 + 2)-dimensional cosmological model
ds* = df — a*(r)(dr* + r? de?) 6.2)
with a(f) = ap + (t/tp) given by equation (2.22).

The (1 + 2)-dimensional gravitational field equations are derived from
equation (6.1) as
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2
b 1 N 1 db\ _ 4mj
[263 2 < g)]<R‘”“’"' 23*”R3) [G;b <dt) 3 ]g“

2
1 1
5— (g - —) (2R3;p.'v' - 2gp.’v’|:]3R3 - E 8y R% + 2R3R3u'v’)

1 1
+W(;(—'§gp’v’R3 R3GB‘)’8 "'-2R3p,aﬁ'~/lea'y _3D3R3p.v
+ 2R, . — ARy RSy + ART® Ry — 2R

1 . 1 .
+ '2_ gu’v’D3R3 - 2Rgu'R3a’v' + '2' gu.'v’R%l BR3u'B') = _817<Tp.'v'> (6.3)

If the matter fields in the model behave like a perfect fluid (which is very
likely in the very early universe), we know that

p=(TY, p1=(TD, pr=(TH

where p is the energy density, (. ..) denotes the vacuum expectation value,
and p, and p, are components of the pressure. Thus, in the model given by
equation (6.2),

I R Clp\ L[ (ae) _ 4R
"'[E 2”“’(8 g)]( 2R3)+2[G3b2(dt) 3]

2
1 1 . 1
?n?o (& - g) (2R—£0 —~ 23Ry — 5 R + 2R}R‘§0)

U1 s -
* 1801, (—_i R§PY¥Ryygryy + 2Rapurpy RG®Y — 3 R
+ 2Ry — 4R%. RS — AR P Ry0p — 2RSS

+ % sR; — 2R ®Rsy0 + %Rg’B'Rh-B,)

2 2
L[ 11 (b _ 4 1
=== - = — =)= 5 R} + 2R; RS
2[031; (dt) 3 T 2mg (g )( 277 7 3")

1 1 N
+ Wo (— E RS B’y aRJa’B'y’S' + ZRgu'ﬁ'-y' R‘;"OB v

— 4R, RE — 4RY® Rewop — 2RSS
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+ 4 [03R; — 2R§"R3yp + %Rng,R:ia'B')

_1fn (@Y _
21 Gsb\dt

4 3 WL
+ ———451mo [3a~1 19 | 207 %‘—1—“ - 2a-3(d—“—> d—“] (6.43)

b 1 i
=P = [2_0’; — 2y (g - §)](R(l3n ) Ra)

2
L] (a4 ] 1 1Y/ o
= S|+ —{E-= .
+2[G3b (dt) 3 ] 217 (g 6)(2R3"

1
- 2 D3R3 - 5 R% + 2R3R(l3)1)

1 | R s
180rit, [_ 2 RE®YORyygys + 2Ripapy REVEY
— 43RGy + 2R3 — 4RGa REy — 4RSVRyp

1
= 2R§ + (LR, + 2 LhR; — 2R$'Ry + ‘;‘R‘;BRJQB]
(1 b | _d%a 1] 11 [db 4,3]
= — — —_— — —_— + —_ —_— —
[2'”"(6 g) 263]“ ac " 2 [G3b (d:) 3™
+ A (e pmda_ oda
;ﬁo art de

2
U [opdia oy ofd%
+ 18007, [7(1 i 22a (dtz (6.4b)

where b is given by equation (2.2) and 7, is defined through (3.12c).




(1 + 2)-Dimensional Model of the Early Universe 187

Taking the trace of equation (6.3), one obtains

2
1 b 1 3[ 11 [abY 4
e +2 = (2} - 23
2[203 <6 g)]zg 2[G3b<dt) 3’"°]

2
1 1 1 1 {1
+ — —_ —_ +-—2+——-——"'B'Ya' R
21ty (‘5 6)( 4 LRy 2R3) 18017, (2 REZT Raargrys
1 L B
—5D3R3—§R3 Ry | = —8m(T) (6.5)

In the case (T) = 0, equation (6.5) yields
2
1] b 1 3111 [db
— | -y — g Ry + 2| = (2] -
2 [2G3 '"°<6 g)] 372 [G3b (dt)

2
1 S
+ —_—( - 1) (_4 LRy + l R%) * l (1 R B78R3°"B'v'8’

g 6 2 18011, \ 2
- loRr, - LRevRy, ) =0 (6.6)
2 303 2 3 3p'v .

Using the definitions of b(f) and iy given by equations (2.23) and (3.12c¢),
respectively, and taking the limit + — o, one obtains

mg=20 6.7

Thus if the energy-momentum tensor is traceless, the effective cosmological
constant given by equation (5.8) vanishes at late times.

REFERENCES

Bateman, H. (1955). Higher Transcendental Functions, Vol. 11, McGraw-Hill, New York.

Dadhich, N., and Patel, L. K. (1993). [UCAA Preprint 19/93.

Fujiwara, Y., Higuchi, S., Hosoya, A., Mishima, T., and Siino, M. (1991). Physical Review D,
44, 1763.

Hawking, S. W., and Ellis, G. E. R. (1973). The Large Scale Structure of Space-Time, Cambridge
University Press, Cambridge.

Mann, R. B., Tarasov, L., Mckeon, D. G. C., and Steele, T. (1988/89). Nuclear Physics B,
311, 630.

McGuigan, M. (1991). Physical Review D, 43, 1199.

Ruiz, E., and Senovilla, J. M. M. (1922). Physical Review D, 45, 1995,

Souradeep, T., and Sahani, V. (1992). Physical Review D, 46, 1616.

Senovilla, J. M. M. (1990). Physical Review Letters, 64, 2219.

Srivastava, S. K. (1992a). International Journal of Theoretical Physics, 31,

Srivastava, S. K. (1992b). Journal of Mathematical Physics, 33, 3117.

Srivastava, S. K. (1993). Classical Quantum Gravity, 10, 2307.



