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Decaying vacuum energy and deflationary cosmology in open and closed universes
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We consider a nonsingular deflationary cosmological model with a decaying vacuum energy density in
universes of arbitrary spatial curvature. Irrespective of the value ofk, the models are characterized by an
arbitrary time scaleH I

21 which determines the initial temperature of the universe and the largest value of the
vacuum energy density, the slow decay of which generates all the presently observed matter energy of th
Universe. IfH I

21 is of the order of the Planck time, the models begin with the Planck temperature and the
present day value of the cosmological constant satisfiesLI /L0.10118 as theoretically suggested. It is also
shown that all models allow a density parameterV0,2/3 and that the age of the Universe is large enough to
agree with observations even with the high value ofH0 suggested by recent measurements.

PACS number~s!: 98.80.Bp, 88.80.Es
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I. INTRODUCTION

A great deal of attention has recently been paid to cosm
logical models with a nonvanishing vacuum energy dens
or equivalently a nonzero cosmologicalL term. The revival
of interest in these models is physically compelling on bo
observational and physical grounds@1–10#. A large class of
recent observations~the age of the Universe, dynamical es
timates of the density parameter, kinematical tests, etc.! con-
sistently point to the probable existence of an effecti
vacuum component which, although incredibly small
comparison with common microscopic scales, is expected
contribute appreciably to the present large-scale structure
the universe~for a recent review see@10#!. From a theoretical
standpoint there is also a widespread belief that the ea
Universe evolved through a cascade of phase transitio
thereby yielding a present vacuum energy density that
smaller than its value at Planck times by a factor of at lea
118 orders of magnitude@3,5#.

On the other hand, since the value of the cosmologi
‘‘constant’’L0 ~a subscript 0 denotes the present day value
a quantity! may be viewed as a remnant of a primordia
inflationary stage, it seems natural to address the follow
question: Is it possible to describe the history of the Univer
accounting for a vacuum energy density that is high enou
to drive inflation at early times and is small enough to b
compatible with observations at late times?

To the best of our knowledge there is no formulatio
~from first principles! that provides a satisfactory descriptio
of the time dependence ofL which presumably occurs as the
Universe evolves. In such a situation the classical, pheno
enological approach seems to be a good tool with which
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gain some insight into this question. In fact, models wit
L5L(t) have been the subject of numerous papers in rec
years@11–18#. Indeed, since the basic motivation is to un
derstand the present day smallness of the cosmological c
stant, most scenarios do not attempt to provide any natu
relation between the magnitude ofL at the beginning of
inflation and the present day observational upper bound.

In a previous paper@19#, we investigated some conse
quences of a phenomenological decay law forL which
yielded a partial solution to the above question. Howeve
since that model was formulated in the framework of aflat
Friedmann-Robertson-Walker~FRW! geometry, the results
were crucially dependent on that particular spacetime@20#.

In the present paper we wish to demonstrate that the m
results of the previous work remain valid in spacetimes
arbitrary spatial curvature. To be more precise, there exist
large class of nonsingular deflationary cosmologies, beg
ning from the decay of a pure de Sitter vacuum and sub
quently evolving smoothly to a quasi-FRW stage at la
times. The models in this class seem to agree with pres
cosmological observations for all values of the curvature p
rameterk. As a general feature, the process of vacuum dec
generates all the matter radiation of the present day Unive
and has the added attraction of simultaneously solving t
same problems that inflation aims to explain. In addition,
theoretically suggested, the maximum allowed value for t
vacuum energy density is naturally larger than its prese
value by about 118 orders of magnitude.

II. THE MODELS

We shall consider metrics described by the general FR
line element

ds25dt22R~ t !2S 1

12kr2
dr21r 2dS2D , ~1!

whereR(t) is the scale factor,dS2 is the area element on the
unit two-sphere,k50,61 is the curvature parameter, and w

m-
du
4280 © 1996 The American Physical Society
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53 4281DECAYING VACUUM ENERGY AND DEFLATIONARY . . .
have adopted the metric signature convention~1,2,2,2!.
Throughout we use units such thatc51.

In such a background the Einstein field equations~EFE’s!
for the nonvacuum component plus a cosmologicalL term
are

8pGr1L53
Ṙ2

R2 13
k

R2 , ~2!

8pGp2L522
R̈

R
2
Ṙ2

R22
k

R2 , ~3!

wherer andp are the energy density and pressure, resp
tively, of the nonvacuum component which is assumed
obey theg-law equation of state

p5~g21!r, gP@1,2#. ~4!

As we shall see, regardless of the value ofk, a primordial
inflationary scenario will automatically be generated at ea
times if the vacuum decays according to the following ph
nomenological decay ansatz:

rV5
L

8pG
5brTS 11

12b

b

H

HI
D , ~5!

whererV and rT5rV1r are the vacuum and total energ
densities, respectively,H[Ṙ/R is the Hubble parameter,
H I

21 is the arbitrary time scale of inflation andb is a dimen-
sionless parameter of order unity. ForH5HI Eq. ~5! reduces
to rV5rT so that we have inflation with no matter-radiatio
component~r50!, while for late times (H!HI), rV;brT as
is required by recent observations@1–10#. Since at all times
H<HI , Eq. ~5! can be viewed as the first two terms of
power-series expansion ofrV in the parametery[H/HI .
The ansatz~5! together with Eqs.~2! and ~3! generalize the
model of Freeseet al. @12# by including the curvature terms
and by introducing a time dependence in the parame
x[rV/(rV1r) which here is given byx5b1(12b)H/HI .
Of course, at late timesH!HI and this parameter reduces t
x.b as assumed in@12#. Note also that in the flat case
8pGrT53H2 and the flat decayingL model of @19# is
readily recovered, since in this case~5! reduces to@see Eq.
~1! of @19##

L~H !53bH213~12b!
H3

HI
.

Let us now consider the evolution of the scale factor
these models. Combining Eqs.~4! and ~5! with the EFE we
obtain the following differential equation forR and expres-
sion for r:

RR̈1D~Ṙ21k!S 12
D11

D

H

HI
D50, ~6!

8pGr53~12b!SH21
k

R2D S 12
H

HI
D , ~7!

where
ec-
to
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e-

y

n
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in

D[
3g~12b!22

2
. ~8!

Thus, in the very beginning, whereH5HI , ~7! givesr50
in accordance with the above qualitative arguments and
late times, whereH!HI , the Universe is in a quasi-FRW
epoch characterized byr5rT~12b! andrV5brT @see Eqs.
~5! and ~7!#. Note thatbP@0,1# parametrizes the extent to
which our model departs from the standard FRW picture
this phase.

To analyze the solutions of~6! in its various asymptotic
regimes it proves convenient to introduce an effective ‘‘adi
batic index’’

g̃5g~12b!S 12
H

HI
D , ~9!

so that~6! assumes the general FRW-type form:

RR̈1S 3g̃22

2 D Ṙ21S 3g̃22

2 D k50. ~10!

For H5HI , Eq. ~9! givesg50 with ~10! reducing to

RR̈2Ṙ22k50, ~11!

which yields the well-known de Sitter solutions

R~ t !5H HI
21 cosh~HIt !,

R* e
HIt,

HI
21 sinh~HIt !,

k511,
k50,
k521.

~12!

Hence, unlike in the standard FRW model, the present s
nario begins in a pure nonsingular de Sitter vacuum wi
Hubble parameterH5HI . Accordingly, Eq.~7! givesr50 as
discussed earlier. Note also that in this limit the initial valu
of theL parameter isL I53H I

2 corresponding to a vacuum
energy density ofrV53H I

2/8pG, regardless of the value of
k. In this way, the initial evolution is such that the singular
ity, flatness, and horizon problems are simultaneously elim
nated. Analytically, the ansatz~5! can be viewed as the sim-
plest vacuum decay law which destabilizes the initial d
Sitter configurations given by~12!. As should be expected,
no dynamic privilege can be associated with a particul
choice of the curvature parameter of the initial vacuum sta
All these solutions have constant curvature and are unsta
in the future. Of course, closed~k51! solutions are not of the
‘‘bouncing’’ type, rather the Universe begins its evolution
from a closed de Sitter universe.

In the opposite limit,H!HI , Eq. ~9! reduces tog̃5g~1
2b! so that Eq.~6! takes the form

RR̈1DṘ21Dk50, ~13!

which is the general equation for a slightly modified FRW
model. There exists a first integral to this equation: name

Ṙ25AR22D2k, ~14!
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4282 53J. A. S. LIMA AND M. TRODDEN
where the constantA.0 in order thatr be positive definite in
this phase@see Eq.~7!#. Parenthetically, such a condition als
guarantees the positivity of the vacuum~and consequently
the total! energy density.

Inserting~14! into ~5! and~7!, the vacuum and the matte
energy density can be expressed forH!HI as

rV5brT0SR0

R D 3g~12b!

5brT ,

r5~12b!rT0SR0

R D 3g~12b!

[~12b!rT , ~15!

where rT053A/8pGR0
3g(12b) . For g54/3 it follows from

~15! that the radiation energy density scales asr r;R24(12b)

while for a dust-filled Universe~g5I ! the energy density
satisfiesrd;R23(12b). Hence, there is a natural transitio
from a vacuum-radiation- to a vacuum-dust-dominated pha
as the Universe expands, just as in the standard FRW mo
with no-vacuum component. For the sake of completene
we remark that in the flat case the evolution of the sca
factor can be analytically described@see@19#, Eq. ~10!#. In
the present notation this is given by

HIt5 lnS R

R*
D1

2~HI2H0!A
21/2

3g~12b!
R3g~12b!/2. ~16!

Hence, in the very beginning when the logarithm term
dominant, we obtain to a high degree of approximationR
.R* e

HIt in accordance with our equation~12!. At late times
~R@R

*
or H!HI! one obtains from ~14! that

A5H 0
2R0

3g(12b) with ~16! reducing to

R;R0S 3g~12b!
H0t

2 D 2/3g~12b!

,

as expected~see Eq.~15! of @19#!. Note also from~5! and~7!
that, irrespective ofk, bothrV andr always satisfy the weak
energy condition~e.g., positiveness of the energy densit!
during the course of the evolution~see Fig. 1!.

FIG. 1. The vacuum~full line! and matter~dashed line! energy
densities as a function of the Hubble parameter in units ofHI . Note
that in these units the present value,H0 , is essentially zero.
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It is also worth mentioning that in this scenario there is
preinflationary stage as in most inflationary variants p
sented in the literature@23–26#. In such models the Universe
emerges from a radiation-dominated FRW-type phase
enters a de Sitter epoch at a critical temperature due
vacuum domination. In particular, the existence of such a
radiation-dominated phase preceding the vacuum st
means that inflation does not evade the singularity proble
In connection with this we note that Narlikar and Padmana
han proposed a new variant on the ‘‘creation-field cosm
ogy’’ in order to avoid the singularity problem and othe
difficulties of the standard Big Bang model@22#. However,
unlike the scenario with vacuum decay presented here
such a model the singularity is removed at the expense
‘‘ C field’’ of negative energy density which leads to matt
creation.

The initial state of our scenario is the simplest one~con-
stant curvature! and is physically appealing from a quantum
theoretical point of view. It resembles the early inflationa
model proposed by Starobinskii where the initial de Sit
configurations are supported by quantum one-loop corr
tions to the vacuum energy-momentum tensor@27#. How-
ever, unlike the Starobinskii model which evolves direct
from de Sitter to dust domination, the scenario proposed h
contains the same phases of the standard FRW picture
as we shall see, has interesting concrete cosmological co
quences for the present vacuum-dust-dominated phase~see
the next section!. As a matter of fact, there have been ma
suggestions in the literature that the de Sitter spacetime m
be destabilized and decay to ordinary FRW universes@28–
30#. Of particular interest for us is the scenario proposed
Gott @28#. In such a model the Universe begins with th
Hawking temperature evolving, at late times, to the stand
FRW model with negative curvature parameter. As we sh
see~see Sec. IV!, this connection with the Hawking tempera
ture will be preserved in our scenario for all values ofk since
it will define, in a natural way, the highest values ofL and of
the temperature at the beginning of the universe.

III. DEFLATION CONFRONTS OBSERVATIONS

Time-varyingL models usually modify the predictions o
the standard FRW picture at both early and late tim
thereby leading to the possibility of constraining the fr
parameters of any vacuum decaying universe. In the last
tion we saw that the deflationary process driven by t
vacuum decay ansatz~5! hasHI andb as free parameters
However, as we shall see next, the former does not play
role at late times so that all predictions of the model conce
ing the present universe depend only on the parameterb.

In order to constrainb, we shall discuss some dynamica
tests. Following the standard development we define
usual observational parametersV0[8pGr0/3H 0

2 ~the matter
density parameter!, q0[2RR̈/Ṙ2 ~the decceleration param
eter! andVV0

[L0/3H0
2 ~the vacuum density parameter!. Us-

ing Eqs.~2!, ~6!, and~7! we obtain the following expression
for these quantities:

VV0
5bS 11

k

R0
2H0

2D 1OSH0

HI
D , ~17!
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V05~12b!S 11
k

R0
2H0

2D 1OSH0

HI
D , ~18!

q05
123b

2 S 11
k

R0
2H0

2D 1OSH0

HI
D . ~19!

As in the flat case@see Eqs.~11!–~13! of @17## the last term
on the right-hand side of the above expressions may alw
be neglected. More precisely, if the deflationary proce
begins at the Planck time,H I

21;10243 s and since
H 0

21;1017 s it thus follows thatH0/HI;10260 while the
remaining terms are of order unity. Even if deflation begi
much later, say atH I

21;10235 s or H I
21;10215 s ~the re-

spective scales of grand and electroweak unification in
standard model! one obtains H0/HI;10252 and
H0/HI;10232, respectively. Hence, to a high degree of a
curacy,HI is unimportant today and Eqs.~17!–~19! may be
written in the simplified forms

VV0
5bVT0

, ~20!

V05~12b!VT0
, ~21!

q05
123b

2
VT0

, ~22!

where we have introduced the present day total-energy d
sity parameterVT0

511k/R0
2H0

2. Forb50 the above expres-
sions reduce to the ones of the standard FRWmodel~VV50!,
whereas forbÞ0 but k50 (VT0

51), the results of@19# are
readily recovered.

The consistency of the above approximations is easily
tablished by adding Eqs.~20! and ~21! to obtainVT0

5V0

1VV0
. Further, by eliminatingb from ~21! and ~22! it fol-

lows that

V05
2

3
VT1

2

3
q0 , ~23!

which reduces to the well-known result~VT51! for zero cur-
vature~see, for instance,@15#!. As a matter of fact, one can
show that the above relation is quite general, remaining va
for any decayingL model. In particular, forb.1/3 and
VT0

<1, Eqs. ~22! and ~23! imply that flat and open uni-
verses satisfyV0,2/3, whereas for closed models this hold
only if the additional constraint 1,VT0

,2/3(12b) is im-
posed. Note also that~21! can be rewritten as

k

R0
2 5S V0

12b
21DH0

2, ~24!

explaining how the low-energy problem is alleviated in suc
a scenario, since this is the same as the usual FRW exp
sion but with an effective matter density paramet
Veff5V0/~12b!. As we show below, this fact allows us to
easily solve the age problem in this context.

The most physically appealing observational data calli
for the investigation of cosmological ‘‘constant’’ models in
volves the so-called ‘‘age problem.’’ In short, the ages of the
ays
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oldest globular clusters are estimated to be 1663 G yr while,
paradoxically, a large value of the Hubble parameter~the
natural inverse time scale of the FRW geometries! centered
at H0580617 km s21 Mpc21 is favored by recent measure-
ments@31,32#. The root of the conflict is that in the standard
flat FRWmodel this value ofH0 corresponds to an expansion
age (t052/3H0) of nearly 8.3 G yr. The situation is even
worse if the data of Pierceet al. @33# ~H058767
km s21 Mpc21! are considered. In this case the age is onl
7.3 G yr.

Such a paradox is easily resolved in the present decayi
L model. As in the flat case@19#, the time required by the
deflationary process is much longer than the correspondi
quasi-FRW phase. Note that, even in the open case, t
spacetime is regular at the horizon~t50! and can be contin-
ued beyond this point@27#. Computing the value of the con-
stantA in terms of the observational parameters@see Eq.
~14!#, it is straightforward to conclude that a lower bound fo
the age of the Universe is given by

t05H0
21E

xmin

1 dx

A12V0 /~12b!1@V0 /~12b!#x2~123b!
,

~25!

wherexmin is the smallest value ofx for which the integrand
remains real. In particular, for flat models~VT0

51,
V0512b, xmin50! this expression yields

t05
2

3~12b!
H0

21, ~26!

in agreement with@19#. In what follows all estimates will be
made using the somewhat more conservative data of Fre
manet al. @32#. Figure 2 shows the age of the Universe~in
units ofH 0

21! as a function ofV0 for some selected values of
b. The above-mentioned observations restrict the dimensio
less age parameterH0t0 ~which is 2/3 in the standard flat
FRW model! to the interval

0.85<H0t0<1.91, ~27!

FIG. 2. The age of the Universe in units ofH 0
21 as a function of

V0 for selected values ofb. The two horizontal lines on the plot are
the allowed range of the age from observations@see Eq.~27!#. Note
that for 0.21<b<0.64 the age problem is solved.
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which should be compared with the rather conservat
bounds~0.6<H0t0<1.4! adopted in@19#. From~26! and~27!
it is easily seen that deflationary models solve the age c
flict if the allowed values ofb are constrained to be
0.21<b<0.64. It is interesting that forb in this range the
values of our observational parameters are restricted to
isfy @see Eqs.~20!–~22!#

0.63H0
2<L0<1.92H0

2, ~28!

0.36<V0<0.79, ~29!

20.46<q0<0.18. ~30!

It is worth noting that not only isL0 below the presently
accepted upper bound~VV<0.8, L0<2.4H 0

2!, but the low-
energy problem becomes much less serious. As a matte
fact, if the ‘‘best-fit’’ model consists ofVT51 with VV0
50.760.1 andV050.360.1, as claimed by some author
@1,10#, thenb50.860.1 and from~25! the age problem is
more easily resolved.

As is well known, vacuum decayL models predict both
matter and entropy production@11–19#. The present day rate
of the former is readily obtained from the energy conserv
tion law Tmn

;n50 expressed as

ṙ13H~r1p!52
1

8pG
L̇, ~31!

or equivalently, from~4!

1

R3g

d

dt
~rR3g!52

1

8pG
L̇. ~32!

At the present time~H!HI , g51!, the matter production
rate is easily computed. Combining Eqs.~5! and ~14! it fol-
lows that

L̇~ t0!529~12b!bH0SH0
21

k

R0
2D 1OS HHI

D
~in @19# the factorb is absent! and using~21! we have

1

R0
3

d

dt
~rR3!U

t0

53bH0r0 , ~33!

as previously obtained~see Eq.~17! of @19#!. Therefore the
present matter creation rate does not depend explicitly on
curvature parameter. Observe that the factor 3r0H0;10241

g cm23 yr21 is merely the creation rate appearing in th
steady-state model and thus lies far below detectable lim
Note also that~31! may be rewritten to yield an expressio
for the rate of entropy production in this model@11,14# as

T
dS

dt
52

L̇R3

8pG
.

In particular, forH5HI we have Ṡ50 and at late times
(H!HI) it is easy to see that
ive

on-
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r of

s

a-

the

e
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n

dS

dt
5
3bH0r0R0

3

T0
.

At this point it is appropriate to make a remark concern
ing baryogenesis in these models. The important obser
tional quantity for baryogenesis is the baryon to entropy ra
h[nb/s wherenb is the excess number density of baryon
over antibaryons ands is the entropy density. Since in our
models both the temperature-scale factor relationship and
entropy density at a given temperature differ from those
the standard FRW picture we expect there to be implicatio
for all baryogenesis scenarios. Naturally, similar remarks c
also be made concerning the predictions of light eleme
abundances from primordial nucleosynthesis. In this conte
we note that the results of Freeseet al. @12# indicate very
tight bounds on the parameterb, thereby leading to the con-
clusion that the Universe cannot be vacuum dominated
times later than aboutt;1 s. However, such a result is in
conflict with a wealth of observational indications of a
vacuum component in the presently observed Universe@10#.
This issue will be addressed elsewhere.

IV. FINAL COMMENTS

The study of cosmological models with decaying vacuu
energy density has at least a twofold motivation: to dete
mine how the high value of the vacuum energy density th
drove inflation became so small at present and to solve
age problem which, by the latest measurements, plagues
standard model for all values of the curvature parameter.

In this paper, the FRW-flat cosmological scenario drive
by decaying vacuum energy density as proposed in@19# has
been extended to include the curvature terms. Our deflatio
ary model provides an interesting cosmological history th
evolves in three stages: First, an unstable de Sitter confi
ration is supported by the largest values of the vacuum e
ergy densityrv53H I

2/8pG. Initially, for all values of k,
there is no matter or radiation in the usual sense. This ha
pens becauseHI is the maximum allowed value for the
Hubble parameter and atH5HI the model yieldsr50 @see
Eq. ~7! and Fig. 1#. As we shall see in a moment, this de
Sitter initial state is an indispensable ingredient in harmon
ing the scenario with the so-called ‘‘cosmological constant
problem.’’ Second, the de Sitter configuration evolves to
quasi-FRW vacuum-radiation-dominated phase, there
naturally solving the horizon and other well-known problem
in the same manner as in inflation. This is achieved simp
by takingg54/3 in all equations at early times. There genu
inely is no flatness problem in this scenario. Such a proble
appears in the standard FRWmodel because the total entr
(S;T3R3) is constant withT}t21/2 andR}t1/2 at times of
order the Planck time@34#. As we have shown, these condi
tions are not satisfied in our model. The burst of entropy a
matter is provided by the decay of the vacuum which
solely responsible by the initial de Sitter configurations fo
k50,61. The status of the FRW class of geometries is r
covered in the sense that only observations can decide if
Universe is flat, negatively curved or positively curve
nowadays. In other words, the flat~k50! geometry is no
longer theoretically favored. Such an evolution, which fo
k50 is exactly described by Eq.~16!, can also be viewed as
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a noteworthy solution to the ‘‘graceful exit’’ problem of old
inflation @35#. Finally, the transition from the vacuum-
radiation to the vacuum-dust stage occurs in the same m
ner as in the standard cosmology.

The ansatz~5! can mathematically be considered as th
simplestL(t) which destabilizes the initial de Sitter configu
rations. As is well known, in the spirit of quantum cosmo
ogy it seems natural to expect negligibly small deviatio
from such a highly symmetric spacetime at the beginning
the Universe~see@36# and references therein!. In connection
with this we recall that quantum effects in the de Sitt
spacetime give rise to a geometrothermodynamic equil
rium state characterized by the Gibbons-Hawking tempe
turekBT5\~L/12p2!1/2 @37#. In the present caseL I53H I

2 so
that the initial temperature of our scenario is given by

TI5
\HI

2pkB
, ~34!

whereH I
21, the arbitrary time scale of the de Sitter state

not fixed by the model. This allows us to make the natu
choice thatH I

21 be of the order of the Planck time. Indeed
in the framework of quantum cosmology, many authors ha
suggested that the spontaneous birth of the Universe le
naturally to a de Sitter stage withH21;tp or equivalently
rv5rPlanck~see, for example@38#!. It is remarkable that such
a choice, sayHI52pt p

21, has two interesting consequence
First, from~34! the initial temperature of the Universe is jus
the Planck temperature
an-

e
-
l-
ns
of

er
ib-
ra-

is
ral
,
ve
ads

s:
t

TI5
1

kB
A\

G
.

Further, since our model essentially predictsL I /L0
;(HI /H0)

2 we obtain L0;102118LI as theoretically ex-
pected. This generalizes the results of@19# for all values of
the curvature parameter. The vacuum energy density deca
from rv5rPlanck to the present valuerv.bH 0

2, thereby gen-
erating all the matter energy filling the observable Universe
Presumably, the specific form of the constantsHI andb will
be furnished by a fundamental particle physics model of de
caying vacuum energy density.

ACKNOWLEDGMENTS

It is a pleasure to thank Robert Brandenberger and Jack
son Maia for many valuable suggestions and a critical read
ing of the manuscript. Many thanks are also due to Rau
Abramo, Richhild Moessner, and Andrew Sornborger for
their permanent stimulus and interest in this work. One of us
~J.A.S.L.! is grateful for the hospitality of the Physics De-
partment at Brown University. This work was partially sup-
ported by the Conselho Nacional de Desenvolvimento Cien
tı́fico e Tecnologico-CNPq~Brazilian Research Agency!, and
by the U.S. Department of Energy under Grant No. DE-
F602-91ER40688, Task A.
-

@1# P. J. E. Peebles, Astrophys. J.284, 439 ~1984!.
@2# M. S. Turner, G. Steigman, and L. M. Krauss, Phys. Rev. Le

52, 2090~1984!.
@3# A. Zee, inHigh Energy Physics, Proceedings of the 20th An

nual Orbis Scientiae, edited by B. Kursunoglu, S. L. Mint
and A. Perlmutter~Plenum, New York, 1985!.

@4# P. J. E. Peebles and B. Ratra, Astrophys. J.325, L17 ~1988!.
@5# S. Weinberg, Rev. Mod. Phys.61, 1 ~1989!.
@6# R. Durrer and N. Straumann, Mon. Not. R. Astron. Soc.242,

221 ~1990!.
@7# O. Lahav, P. B. Lilye, J. R. Primack, and M. J. Rees, Mon. N

R. Astron. Soc.251, 128 ~1991!.
@8# S. M. Carroll, W. H. Press, and E. L. Turner, Annu. Rev. A

tron. Astrophys.30, 499 ~1992!.
@9# M. Fukugita, T. Futamase, and E. L. Kasai, Astrophys. J.393,

3 ~1992!.
@10# L. M. Krauss and M. S. Turner, Gen. Relativ. Gravit.27, 1137

~1995!.
@11# M. Ozer and M. O. Taha, Nucl. Phys.B287, 776 ~1987!.
@12# K. Freese, F. C. Adams, J. A. Frieman, and E. Mottola, Nu

Phys.B287, 797 ~1987!.
@13# W. Chen and Y. S. Wu, Phys. Rev. D41, 695 ~1990!.
@14# A-M. M. Abdel-Rahman, Phys. Rev. D45, 3497~1992!.
@15# J. C. Carvalho, J. A. S. Lima, and I. Waga, Phys. Rev. D46,

2404 ~1992!.
@16# I. Waga, Astrophys. J.414, 436 ~1993!.
tt.

-
z,

ot.

s-

cl.

@17# J. Lopez and D. V. Nanopoulos, ‘‘A New Cosmological Con-
stant Model,’’ CERN Report No. CERN-TH/95-6, hep-ph/
9501293, 1995~unpublished!.

@18# J. Matygasek, Phys. Rev. D51, 4154~1995!.
@19# J. A. S. Lima and J. M. F. Maia, Phys. Rev. D49, 5597~1994!.
@20# One point worth mentioning here is that in such a model the

Universe begins att52` as a steady-state Universe~R}eHt!
whose coordinate system covers only half of the de Sitter
manifold as represented as a hyperboloid embedded in a five
dimensional flat space@21#. As described, such a spacetime is
past-geodesically incomplete. We are grateful to an unknown
referee for drawing our attention to this point.

@21# S. W. Hawking and G. F. R. Ellis,The Large Scale Structure of
Space-Time~Cambridge University Press, Cambridge, En-
gland, 1973!.

@22# J. D. Narlikar and T. Padmanabhan, Phys. Rev. D32, 1928
~1985!.

@23# A. H. Guth, Phys. Rev. D23, 347 ~1981!.
@24# A. D. Linde, Phys. Lett.108B, 389 ~1982!.
@25# A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett.48, 220

~1982!.
@26# S. W. Hawking and I. Moss, Phys. Lett.110B, 35 ~1982!.
@27# A. A. Starobinskii, Phys. Lett.91B, 99 ~1980!.
@28# J. R. Gott, III, Nature~London! 295, 304 ~1982!.
@29# L. Ford, Phys. Rev. D31, 704 ~1985!.
@30# C. Hill and J. Traschen, Phys. Rev. D33, 3519~1986!.
@31# D. A. Vanderbergh,The Formation and Evolution of Star Clus-



e
-
o

4286 53J. A. S. LIMA AND M. TRODDEN
ters, PASP Conference Series Vol. 13, edited by K. Jones~183
Astro. Soc. Pacif., San Francisco, 1991!.

@32# W. L. Freedmanet al., Nature~London! 371, 27 ~1994!.
@33# M. J. Pierce, D. L. Welch, R. D. McClune, S. van der Berg

R. Racine, and P. B. Stetson, Nature371, 29 ~1994!.
@34# S. Blau and A. Guth, in300 Years of Gravitation, edited by S.

W. Hawking and W. Israel~Cambridge University Press, Cam
bridge, 1987!.

@35# A deflationary solution to the ‘‘exit problem’’ was first consid
h,

-

-

ered by J. D. Barrow@Phys. Lett. B180, 335 ~1986!# in the
context of Murphy’s viscous cosmology. However, such a
model is inconsistent with present observations since at lat
times it evolves to the standard FRW picture. In fact, the dy
namic behavior of the scale factor in this model corresponds t
our flat case withb50 as in@19#.

@36# L. P. Grishchuck, Class. Quantum Grav.10, 2449~1993!.
@37# G. W. Gibbons and S. W. Hawking, Phys. Rev. D15, 2738

~1977!.
@38# A. Vilenkin, Phys. Lett.117B, 25 ~1982!.


