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Abstract. The solution for an inflationary universe withoutsin- A serious problem of former big bang models is the enor-
gularities is derived from the Einstein-Leiftra equations. The mously large value of abou?° times the Planck-length,
present state of the universe evolved from a steady state solutibtained for the cosmic scale factor at the Plank time, spanning a
for a tiny, but classical micro-universe with large cosmologicadnge that is not causally connected but nevertheless must be the
constant or large equivalent vacuum energy density and withsource of the fantastically isotropic microwave background ra-
equal energy density of radiation and/or some kind of relatividiation observed. This problem has been overcome by incorpo-
tic primordial matter in the infinite past. An instability of thisrating into the big bang models a phase of inflationary expansion
state outside the quantum regime caused a “soft bang” by tr{Guth[1981, Lindé 1982 and Albrecht & Steinhardt 1982), ac-
gering an expansion that smoothly started with zero expansimrding to which within an extremely short time a causally con-
rate, continuously increased, culminated in an exponentially imected region with the extension of a Planck-length is inflated to
flating phase and ended through a phase transition, the furtthermuch larger domain obtained from the classical Friedmann-
evolution being a Friedmann-Lefiti@ evolution as in big bang Lemdtre evolution. Exponential expansion of an inflationary
models. As a necessary implication of the model the univerglease can be obtained for a cosmic substrate with positive en-
must be closed. All other parameters of the model are very siargy density and negative pressure (Gliner 1965), and can be
ilar to those of big bang models and comply with observationakplained by the presence of a scalar Higgs field as assumed
constraints. in the Grand Unified Theories (Georgi & Glashow 1974), other
scalar fields, tensor fields or other mechanisms (see Overduin

Key words: cosmology: theory — cosmology: early Universe & Cooperstock 1998 for a list of references). The existence of a
field of this kind is equivalent to the existencieso- dynamical
- cosmological constant, and in the early stages of the universe,
the value of the latter must be extremely highx 1053 /m?,
if the above mentioned difficulty should be overcome.

Thus, there are strong arguments supporting the existence

In classical big bang models the universe starts atinfinite densiy@ large cosmological constantin the very early universe
and infinite temperature with infinite expansion velocity and egven in the big bang models, classical or combined quan-
pansion rate. No reason can be given why it expands so rapiéiiyi/classical, and when speaking about big bang models, it will
the conditions at the big bang enter the models as unexplaifédher be assumed thatan inflationary phase due to the presence
initial conditions. In the case of an open universe these con@lf-a largeA is included. When this necessity is accepted, then
tions must even prevail throughout the infinite space which tg@smological models become possible that avoid the singulari-
universe occupied already at the very beginning. Since for matig of classical big bang models and even avoid the necessity to
densities above the Planck-density; quantum-gravitational invoke a theory of quantum gravity or rather precursors of such
effects become important, the validity of classical big bang mo@theory which does not yet exist.

els is restricted to densities belaw, and times after the Plank A singularity-free model was suggested by Israelit & Rosen
time tp; at which this density is reached. Theories describingl989) (called IR-model in the following) according to which
guantum-evolution of the universe have been presented by d8¢ (closed) universe was set into existence as a tiny bubble
eral authors: de Witt (1967), Wheeler (1968), Hartle & Hawkin & homogeneous and isotropic quantum state with a pre-
(1983) and others. In general, singularities cannot be avoidednaterial vacuum energy density corresponding.to= op; =
these models either. However, when it is assumed that at véry - 10°° kg/m”, with matter and/or radiation density, = 0

early times there are no particles but only vacuum fields in tpad with the diameter of a Planck length as an initial condition.
universe, then nonsingular solutions also exist, having a similBrthis model it is assumed that, because it is in the quantum

time evolution as the model considered in this paper (StarobfRgime, this state can prevail for some time. Atthe momentwhen
sky[1980). it traverses the barrier to classical behavior it experiences an ac-

1. Introduction
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celerated expansion described by the expanding branch of arderinciple, could be extended further into the past by coupling
Sitter solution. For the later evolution a standard model soluti@rio a contraction phase like in the BP-model.) In the inflation-
with A = 0, Qo = 1.16 and Hy = 46.5kms~'Mpc~ ! is as- ary phase, due to the small valueothe densityo, decreases
sumed. The transition from de Sitter inflation into this evolutioanly very slowly whencd” ~ o,.S? increases, and the inflation

is performed by a phase transition (Kirzhriits 1972, Kirzhniis ended whefl’ reaches the Planck temperatdig. This way

& Linde [1972 and Albrecht & Steinhardt 1982), transformingo fine tuning is needed for the adjustment to the following ra-
vacuum energy density into ordinary matter as in the inflatiatiation dominated era, and in addition, no re-heating is needed
scenarios of big bang models. In order to get a smooth connbecause, differently from usual inflation models, the universe
tion to a reasonable later evolution, this transition must occureatters the radiation era with the appropriate temperature.

the very early time ~ 100 ¢pr, when the density of the standard  Like big bang models with inflation, the model presented
model solution iso,, & op; - (tpL/t)3/2 ~ 1073 pp;. This is in this paper requires some primordial relativistic matter and/or
still far above the density & 1086 kg/m3 that prevails in this radiation in addition to a high energy density of some primordial
model at the temperature corresponding@®® GeV at which quantum field. It can even avoid singularities that are still present
GUTSs with simple groups give rise to magnetic monopoles f the BP-model, i.e. infinite extension of the closed universe
massm; ~ 10'% GeV/c? ('t Hooft 1974, PolyakoV 1974 and and infinite velocity of contraction in the far pagt,= —oo,
Zeldovich & Novikov[1983). Since inflation is already over a@nd it also avoids the problem of missing monopole dilution.
this stage, no possibility exists in this model to dilute the heavy

monopoles to such a low concentration that an expansiorpisThe “soft bang” model

possible until the present, and that the detection of magnetic

monopoles is most unlikely as expressed by the fact they hay¥® quations for a homogeneous and isotropic universe to be
not yet been observed. used are the well known Leritee equations

Blome & Priester((1991) proposed a “big bounce model’, 8z Ac?

2 2 2
(called BP-model in the following) in which the universe i’ 5 057+ 557 — ke, (1)
closed, exists for an infinite time and first contracts from an in- ArC 3 A2
finite size. After it has passed through a minimal radius larg6r= —3( —]; — 4G) (2)
C 78

thanlip, it starts re-expanding. In the contraction phase the uni-
verse is in a primordial state of a quantum vacuum with fini{g&s = gravity constantA = cosmological constant,= speed of
energy density and negative pressprelhe “big bounce” at light, k = —1,0, 1, S = cosmic scale factop = mass density
the minimal radius is supposed to trigger a phase transitiondayd p = pressure) following from Einsteins field equations.
which ordinary matter is created, the vacuum energy densitydg. [2) is a consequence of Hg. (1) fér£ 0 when the energy
reduced and the transition into a Friedmann-L#reavolution equation
is achieved as in the inflation scenarios of big bang models. T d

. . §3) = _p =93 3
parameters of the model are adjusted in a way such that tgﬁég ) 2 3)
above mentioned monopole condition is satisfied. is emploved
The IR-model was further developed by Starkovich & Coop- ployed. . .

Concerning the cosmological constant, as in the usual sce-

erstock ((1992) and by Bayin et al. (1994). The pre-material . " L . .

vacuum energy density of the IR-model is attributed to a sca arios of cosmic inflation it is assumed that it can be explained

® field obeying a covariant Klein-Gordon equation that is eﬁnd assumes a very large yalue due to 'the presence of.some
O[|mord|al vacuum field which at early times and very high

tended by an additional coupling term to the gravitational fief Mmperatures was in a ground siate of very high energy density.

and a potential of the field. Furthermore, an equation of st ﬁere are two possible ways to incorporate this assumption into
of the formp = (y — 1)o,c? for the pressure is assumed, for Eqs. [1)-): P y P P

the entropy density the equation of state- vo/T is derived, _
and an adiabatic evolution accordings§®= const is found to 1. One can sek = 0 and replac® — om + ov, whereo, is
comply with the other equations. Three different epochs in e mass density of a quantum field corresponding to its energy
evolution of the universe are assumed for each of whids density, ancy, is the mass density of matter plus radiation. In
treated as a constant: first an inflationary era with very smHNlS case the equations must be supplemented with the ansatz
~, second a radiation era with= 4/3, and third a matter era Pv = —¢vc” for anegative pressure of the vacuum (Starobinsky
with v = 1. The starting and end points of the different eras af80 and Zeldovich 1968), and it must be assumedihadds
determined by critical or limiting values of physical quantitiel® the pressure,, of radiation and matter, yielding the total
like the Planck density or the Planck temperature, the ideaRsfSSUr® = pm + py.

taking these as limiting values for cosmological models beirfg EQuivalently one can set= o, p = pm and replace by -
adopted from Markov (1982). As in the IR-model the (closed§$7G/c*)ov. If in addition the equation of state for relativistic
universe starts at the Planck density with S = ip;, and in Matter and radiatiom, = omc?/3, is employed, then froni (3)
addition to the IR-model the conditiafi = 0 is imposed as Poth representations yield

initial condition, thus providing a start without singularity. (They =~ 49 . .

model starts at the minimum radius of a big bounce model angf, = g~ 0mS” = 045, 4)
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wherep, andsS, are constant values of, ands to be specified velocity S becoming larger and larger with time until the expo-
later, and from[{{1)£(2) both representations yield nential term becomes dominant and the expansion exponentially
S inflating according to

us

T (an + QV)52 - kC2 ) (5)

. 81G
S(t) = _T@m - QV) S (6) just as after a big bang. During inflation the matter is getting
i i i extremely diluted and, as a consequence of this, cooled down
Now the first step is to look for steady state solutions. Fag \ye||. Therefore, in principle it would be necessary to replace
theseS = S = 0 is required, and fronb' = 0 and [6) the @ ¢ a certain stage by the equatians® — 35° valid for
condition cold matter. However, this is not necessary because at this stage
the matter density,, is much smaller than the vacuum density
o and can thus be neglected.
is obtained. It implies that in the static initial state from which It must be assumed that through the process of inflation a
the universe is supposed to evolve, there must be an equipartifiase transition is triggered, transforming energy of the vac-
between the energy of the vacuum and the energy of relativigim field into energy of matter as in the usual inflation models.
tic matter and/or radiation. Using this result, from the secofidom the simplifying assumption that this transition occurs in-
requirementS = 0 and from [6) the conditions = 1 > 0 and Stantaneously at the scale-factar= Sr(¢;) of a Friedmann-
Lemadtre solution for regular matter extending until today, and

R - from (1), the condition
S=8,:=c T67Co. (8)

(1 N eﬂc(tlftf))/s*)”g ,

-
N
—
o~
N
I

S = G, eclt—to)/(V2S.)

Om = Ov =: O« - (7)

are obtained. It must, of course, be expected that, like Einstei‘rgf's* S
§t§1tic un.iverse, this stgtic solution will be yqstable. However,i'g obtained, which is satisfied by the choice
is just this property which opens the possibility that the present
universe has evolved from it through an instability. S, S\ 2

The instability of the static solutioi](8) follows from thefo = t1 — NP In (S) —1
existence of a dynamic solution that asymptotically converges :
towards it ag — —oo. To prove this and to derive the unstablef the integration constan.
solutionitsuffices to solve Ed.I(5) becauseSof 0 Eq. (6) will Since in the phase of inflation, according i (4), radiation
then be satisfied automatically. In order to satisfy the conditi@imd relativistic matter of the joint density, are becoming ex-
imposed on the asymptotic behavigy, = o, and [8) must be tremely diluted, it must be assumed that energy of the vacuum
inserted in Eqs[{4) and(5). However, it is more convenient figld with density.c? is transformed into energy of regular
use [8) and replace, with matter from which the present matter of the universe derives.
Therefore, the time;, must be before the creation of quarks but

0% = i , late enough that no remarkable density of magnetic monopoles
167GS? was able to develop, which would happen et ) > 10%° K.
and from [(5) one thus obtains With the choicep, =2 107 kg/m3 corresponding (e, ~
3-10~2" m, according td(8) the intersection of the solutibnl (11)
g (82 S? 5) = /S S\ 9 with a Friedmann-Leni&re solution Sg(t) (obtainable from
=5 (52 tg ) =3 (5 - S) ) @2)) occurs at the tima ~ 1033 s with T(t,) ~ 4 - 102 K,
and both conditions are met. The radfjs~ 3-10~27 m from
or which the universe started according to the present model is well
A c (S S, above the Planck length by a factor sf108. Thus the present
S = iﬁ (S* - 5) (10)  model s far out of the regime where quantum gravity has to be

employed. Fid.]1 shows the time evolutioni{f) for the present
For the equation with the plus sign one easily finds the solutigfodel (o, = 2 - 107 kg/m?), for a big bang model with infla-
1/2 tion (oy = 2- 10" kg/m?3 andg,, = op1 = 5 - 10° kg/m?),
S=35, (1 +eﬂ6<t—to>/5*) (11) for the BP-model ¢, = 2 - 107" kg/m?), and finally for the
IR-model (o, = gp; = 5 - 109 kg/m?).
with ¢, being an integration constant. (The solution for the minus A question of considerable interestis how and why the phase
sign, obtained from this solution by replacing- ¢t — to — ¢, transition from inflation to ordinary Friedmann-Lefira ex-
hasS < 0 instead of5 > 0 and is of no interest here becauseansion is triggered. A dynamical evolution, for example some
it describes a contracting universe.) For the solution (11) thestability of the vacuum field, must be supposed, and it must
universe has already existed for an infinite time and was ség@assumed that it was not present in the infinite time before in-
arated from the static solutiohl(8) through an instability in thiéation. Qualitatively it may be expected that, as in the inflation
infinite past. First it starts expanding very slowly, the expansi@eenarios of big bang models, extreme temperatures before the
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_S nent of quite different matter, although diluted and cooled down
[10*'m] extremely.

2. The vacuum energy could be completely used up for re-
heating the primordial matter, at the same time increasing its
density due to the mass contained in its thermal energy.

3. The third possibility consists in a combination of re-heating

of old matter and creation of new matter from vacuum energy.

In this paper, no preference to any of these possibilities is given

softbang =1~ static solution because the Friedmann-Leitra evolution following the phase
01— bighang transition is the same for all of them.
f In the following differences between the present model and
a 1 2 3 [107%s]

big bang models are searched. Before the phase transition the
present model provides much more time than big bang mod-
els, and also the ratio,,/o, is quite different, because in
the big bang model the densiiy, has already dropped to
om ~ 10732pp; = 2.5 - 107159, when it has reached the scale
factor S, while in the present model,, = o, at this stage.
Therefore, the stability behavior with respect to perturbations
that locally destroy the high symmetry of the cosmological prin-
ciple may be quite different. However, it must be expected that
differences arising this way are washed out by the exponential
inflation. Furthermore, in the process of phase transition, in spite
of quite different values ob,,,, no differences can be expected
to arise, because in both mode|s is extremely diluted so that

10 it can be neglected in comparison with which is the same in

Fig. 1a and b. Evolution of S(¢) for the model of this paper in com- both models. . . . .
parison with the IR-model, the BP-model and a big bang madet . After the pef'Od of 'nﬂat'o_n’ both r_nOdels merge Amto a
times before and after the Planck-time in linear time scaleefud  Friedmann-Lemidre evolution first described by the Leitra

¢t > tp1 in logarithmic time scale. In the linear time scale accordingguation

to the IR-modelS(¢) increases so rapidly that it coincides with thie 4 9
axis, while for the big bang modgl(¢) is still so small that it coincides ¢2 _ % 0157 + Ai S2 _ ke (12)
with thet-axis. Fort > tp) in logarithmic time scale the present model 3 S2 3

and the big bounce model become indistinguishable. After inflation glll]d later until today by the Friedmann equation
models merge into the same Friedmann-L&maavolution.

m‘w

b 104 10

g2 _ 87G 0055 Ac?

+ 8% —ke*. (13)

. . Lo . 3 S 3
inflation give rise to thermal fluctuations that change the ther- . ) ) ) o )
mally averaged potential of a quantum field in such a way trAtcomplete discussion of all possible solutions is given in a
it has a large positive minimum value. The phase transition cB8#vey paper by Felten & Isaacman (1986).
then be attributed to a decrease of this minimum caused by the Since during the phase transition most of the vacuum energy
rapid cooling through inflationary expansion. is used up for re-heating and/or creation of matter, afteniust

During the phase transition, the extremely low values gp e!ther zero or have an extremely ;mall value in comparison
density and temperature to which the primordial matter and)UEh its value befpre th.e phase transition. In order to obtain a so-
radiation have been brought down through inflation must B&ion that complies with the matter density presently observed
restored to the high values that are required as initial values #fthe universeA must be different from zero.
the Friedmann-Lenitre evolution finally leading to the present ~ AS long asS'is sufficiently small, the\- and thek-term on

state of the universe. For this process several possibilities ex{88 right hand side of (12) can be neglected and the evolution of
the present model and big bang models is essentially identical.

éij-t”oufa fhr'em;r:ézldmgtt; rflggﬁlr;)i::ecﬂg dainsd gcl)lglteeéj gzxnczr? us the possible appearance of differences is restricted to later
. ; . ; . o .F he Fri ion, for th iti
diluted still further during the following Friedmann-Lefire mes. From the Friedmann equation, for the quantities

evolution. In this case the vacuum energy dengitynust be om(to)
completely converted into the density of hot matter and raé?ﬂ = Ocrit(t0) |
ation, and matter of a kind completely different from the pri-

mordial matter that existed far— —oo could be created. As With

a consequence, in addition to the matter that developed during 3H2(t)
and after the phase transition there could be a second compei(t) = S

A= 2 (14)

Ocrit (tO)
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the condition Table 1. Typical parameter values obtained for the standard model,
kc2 the present model and other models ¢~ 0 andk < 1) with Hy =
Qo+X—1= (15) 65kms ! Mpc'. Sy is given in10° light-years and the life timg, of

2q 2
Ho?So the universe after the phase transition is givehlihyears. (Fok = 0
with H = Hubble parameter can be derived and becomes no value ofS, follows from (18).)

2 2
c kc
Q+r=14 —— or Q=14 ——— (16) Model A Qo kS t
o+ Ao + o252 0 + Ho2Sy2 (16) 0 0 0 9o 0
standard 0 02 -1 169 0.1 12.8
for the present modelk( = 1) or the standard modek(= siandard 0 1 0 — 05 87
—1,0,1and ), = 0) respectively. Furthermore, for the decelstand./pres. 0 11 1 413 055 85
eration parametey, = —So/(H3So) the result present 085 02 1 674 -0.75 166
Qo - -
G0 =—2— X (17) other 0.75 0.2 1 674 -0.65 159
2 other 08 02 0 — -0.7 16.2
is obtained.

. . . . . fhe casély = 0.2. The recent observational data also confirm
Ao = 0 is possible, and in this case no difference between

S . . negative value of the deceleration paramejezonnected
two arises ifc = 1is chosen in the latter as well. Inthe standar\%ith it. It can be seen from Tabl@ 1 that for comparable values
model, = 1 for k = 0, and when in the present modej ¢ Qo and ), in an open universe(= 0 andk = —1) almost
is zero and(), is only slightly abovel, then the differences the same results are obtained
between the two models are again negligible. s o L PSR

. It is illuminating to check the “strong energy condition
Thevalue$), > 1thathavetobe choseninthe casgs= 0 9 9 9y
andk > 0 considered so far are much larger than the value 3p  Ac?

Qo ~ 0.2 obtained from most observations when luminou%® + 2 ArQG

matter and the dark matter inferred from galaxy motions ¥t must be satisfied for all times by solutions starting with a

added (seg e.g. Riess efal. I998), and they can be only eXpIa'lWEﬂ)ang singularity (see e.g. Wald 1984). With the assumptions
by assuming large amounts of as yet unobserved dark mata

fAderlying the present model the condition becomes
In the standard model the observational vallge~ 0.2 can be ying P “
only obtained fok = —1 while in the present model, > 0.8  2(p,, — 0,) > 0.

is required. With these choices the differences between the two o )
models are remarkable: In the standard model the expanslgl$ €quilibrium from which the present model evolves through

is deceleratedg, = 0.1) while it is accelerated in the preseninStability hase, = ¢, and thus marks the boundary of the
model go < —0.7), and in the present model the scale factdfgime in which the strong energy condition is not satisfied; in
Sy of today and the life time, of the universe after the phase€ later evolutior,, decreases while, remains constant so
transition, that can be calculated fromX16) dnd (12), are mutlg left hand side of the inequality becomes negative and thus
larger than in the standard model. For convenience the valliggedes from the boundary.

of Sy, o andt, obtained for the standard model, the present It is possible to attribute the vacuum energy density of the
model and other models with, > 0 are listed in Tablg]1l Present model to the same kind of scalar field as introduced by

for different choices of the parametexs, Q0 andk. For the Starkovich & Cooperstock (1992) or by Bayin et al. (1994). In
evaluation ofS, andt, the valueH, = 65kms! Mpc—" of this case the trea’_[ment is only slightly _modl_f|ed,_ and the main
the Hubble parameter, having a high probability according ggsults are_essentlally the same as obtained in this section as will
latest measurements (see Riess ét al. 1998), was used. P& shown in Sedfl4.

The closure of the universe, associated witk 1, could in
principle be detected, e.g. by the double observation of a v@yClassification of inflationary solutions
bright and distant object in opposite directions. So far searchesyith A = const andk = 1

for double observations have not been successful, but if the o . .
present model would apply, the ressl = 67.4 ly > ety = In this section it is shown how the inflationary branch of the
16.6 1y would explain why. ' soft bang model presented in this paper fits into the framework

It can be concluded in summary that pronounced diffef! 9eneral inflationary solutions with = const (oroy :200nst
ences between the present model and standard big bang mo%%%valenjly) fork = 1. With 7 = ct, o = 87G/(3¢%) and
with inflation only appear if the universe does not contain Iar& = om 5" Eq. () becomes
amounts of da_rk matter, and t_h(kg, is markedly §mal|er thar_1 S2(r)+V(S) =0 (18)
1. The evaluation of observational data some time ago (Lieb-
scher et al_1992) and just recently (Riess éfal. 1998, Perlmuttath
et al.[1998 and Branch 1998) yields a strong preference for a o
non-negligible positive cosmological constant of aboutthe mag{S) = 1 — —5 — ap,5?. (19)
nitude that was employed for the evaluation of the present model

In the present model, as in the standard model, the chci'ﬁi%

>0




6 E. Rebhan: “Soft bang” instead of “big bang”

V(S) CiCy

P/ Py

for  3n

Fig. 3. DiagramC/Cr: versusgy/gp1 With location of the different
kinds of inflation solutions withk = 1. The curvesoft bangcorre-
sponds to[(23) and is the location of soft bang solutions, the upper
bound of the shaded area correspondEtb (25). BP-model solutions are
located on they, /¢p1 axis in the range frond to 3/(8~), IR-model
1.CaseC = 0 solutions in the range, /op1 > 3/(87). In the shaded area general-

?d big bounce solutions are obtained, in the area above it and below

This is the matter free case of the IR-model or the Bl:)-mOd.tée soft bang curve generalized IR-solutions. The region above the soft
resp. According td.(118)5(¢) is restricted to valueS > S, with g g ' g

. - . bang curve is the location of big bang solutions.
V(S,) = 0, sinceV (S) = —S? < 0. From [19) one obtains g gbang

Fig. 2. PotentialV (S) for the cases” = 0 andC > 0. In the case
C > 0, curve a) applies fdf,.x = 0, b) for Vi,ax > 0 and c) for
Vinax < 0.

Sy =1/\/aoy (20) that a matter and/or radiation density, = C/S* # 0 coex-

. ) . ists with the vacuum energy density. Since for all solutions
with S = 0 for S = S, according to[(I8). In the solution ofS0 = (C/oy)V/4, itfollows thatC' = 0,54 = 0., S*. Now, S(¢)
the BP-model,5(¢) comes fromoo for t — —oo, decreases g restricted taS > S. > S, (see FigiR) with
until a minimum valueS,,;, > Ip is reached, and then turns -
around to increasing values. This solution is obtained ffor (1§) _ (1 I
for S, = Smin > lp1. V20,

On the other hand, the solution of the IR-model is obtained , _.

for S, < lpy, starting atS = Ip; with $ > 0 andS > 0. obtained fromV/(5.) = 0, and therefore

1/2
1-— 4a29VC) (24)

According to [ZD)S, = Ip, for Om = 0¢(S0/5)* < 0,(S0/S:)* < oy .
0y = R — 0 1) Generalized big bounce solutions of the type considered in the
Vooald, Y BP-model are obtained fat, > Ip;, and generalized solutions

of the IR-model type foiS, < Ilp;. The boundary between the

and thus the following classification is obtained: two is given byS, = Zp; which with [22) leads to the boundary

solution of the BP-model for oy < ovs equation
solution of the IR-model for Ov > Ovs - 1

=t (5 -0t (25)
2.CaseC >0

Fig.[2 shows the potentidl (S) with C' > 0 for three different represented in Fig] 3 by the upper boundary of the shaded area.
kinds of solution together with its shape f6r= 0. ForC' > 0 ¢) For V., < 0 or C' > 1/(4a29,) finally, big bang solutions

it has a maximum with & = 1 are obtained withy,, = C//S* — oo for S — 0.
1/4 Fig[3 shows where the different kinds of inflation solu-
Vinax = 1 — 2ay/Cosy at Sy = <C> ) (22) tions withk = 1 are located in &'/Cp) versuse,/op: dia-
v gram, the definitiongp; = (hG/c*)'/2, op) = ¢°/(hG?) and

a) FOrVae = 0 OF Cpi = op1lp, being used. The boundary curvgsl(21) dnd (25)
don't intersect but only touch at
1
=5 (23) 1 3 2, 3
fater R T T St
there is an unstable equilibrium point&it= S,, and the soft
bang solution of this paper is obtained. The curve giveili Dy (
is shown in FigB.
b) For Viax > 0 or C < 1/(4a29,), big bounce solutions of
the same type as in the BP-model are possible as well as Isothis section it is shown that the vacuum energy can be at-
lutions of the type used in the IR-model, the difference beirigbuted to a scalar quantum fieddin essentially the same way

22?) Attribution of the vacuum energy
to a scalar quantum field
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as by Starkovich & Cooperstock (1992) and by Bayin et al. With slight modifications these ideas can be incorporated
(1994), only some slight modifications being necessary. Hato the present model. For this purpose it is assumed, that the
clearness the essential steps of their approach is briefly refield ® can be present in addition to primordial matter of equal

pitulated.

densityp,, and has the same properties as without matter. (In

The scalar fieldp that is responsible for the vacuum energgrder to explain the primordial equipartition between energy of

density is conformally coupled to the Ricci-curvatuteand is
described by a generalized Klein-Gordon equation

9"9,0,® + ERD® + dV (D) /d® = 0 (26)

where V(®) is the scalar field potential angl a numerical
constant. According to Birrel & Davies
momentum-tensor of the field is

T;w = (Qv +pv/62)u#uu — Pv9uv with (27)
0,
Uy, = “71/2, (28)
(04 P02D)
. B . 2 T . .
2 P2 S 1 SO
2 _ T _ - — -
o =+ 5 <S> | T g TV(®), (29
# o2 [(8\' 1] seb
“:6+6@>+y*ww‘wm(w
® dV(D)/dd )
(RAVBd0 @
With this from Einsteins field equations fbr= 1 the equations
52 = ¥gv52 -2, (32)
. 8rG 3y
= — 1 _——
S 3 ( 5 ) ov S (33)
are obtained where
vi=1+ pv2 . (34)
OvC

Differentiating [32) with respect to timeyields

. 81
<S - 3 QVS> )
and eliminatingd from this equation witH(33) yieldgo, /dS =

—3v0,/S and

0,88
ov = o3

From (32) and(33). can be eliminated yielding

5 3y 52 42
— -1 =0.
5+(5 )( 2 =0

doy O 3

dS §  4nGS2

(39)

From this equation the time evolution Sfcan be determined

independently of the evolution of the fieddif ~ is prescribed.

(1982) the energyé2

the field® and energy of matter, some interaction should be
present, but this has to be so small that it can be neglected for
the dynamical evolution.)

With this assumption, Eq§.(B2]=(33) far = 1 must be
replaced by the equations

(1) = 8rG

N (Qm + QV)S2 —c? )
S(t) =

. (1_3;> gv] s,

and Eq.[(3b) must be employed instead of the former assumption
o, = const that is recovered froni(35) foy = 0.

For an equilibriumS = 0 and S = 0 must be satisfied,
and in order to obtain the same equilibrium as in $éct. 2 the
assumptiony = 0 must be made. With this, froh (86)=(37) one
obtainsp = ¢, =: 0, and

3 (36)

37

S =8,

_ 3
N c\/ 16mGo.
as equilibrium conditions. The dynamics of deviations from
equilibrium is obtained from fronf (32) witli(4) and (35), and
similarly as [9) one now obtains the equation

S273'y

S2—3'y B 2)

for it. With v = 0 the same results as in Sédt. 2 would be ob-
tained. An evolution similar to that obtained by Bayin et al.
(1994) can be achieved by assuming thaicreases as soon as
the equilibriumis left, and saturates at the small value 103
in order to obtain inflation.

For studying the separation ¢f(¢) from the equilibrium
valueS,, the ansatzes

(38)

2

. S2
2 *
#-5 (G

(39)

S=8.+s5=5(14¢ with e=s/S,
and
v = e

with some constant are made. Expansion ¢f (39) with respect
to € up to terms of ordee? yields

. C2
S? = 5(4 — 3a)e?,
and for real solutions: < 4/3 must be assumed in addition.
With these assumptions an expansion evolution of the universe
from an initial equilibrium state through instability becomes
possible as in Sedil 2.

For S > S, with the assumptiony = const

~
~

10—3

Bayin et al.[[1994) made the simplifying assumption that duriréh_ [39) can be approximated by

different eras in the evolution of the universe the quantity
defined in[(3%) assumed different but constant values, especiasly_ c?

a very small oney ~ 1073, in the inflationary era.

§2-37 g\ 13/2
2 (SE‘” <S)
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and yields an evolution (tem = time of emission), obtained by inserting f6t(tem)
S o (f — £)2/37) the smallest value that assumes in the model, must be at
~ 0) ) least as large as the greatest red-shift observed. In the present
Since2/(3v) is very large, this is an inflation-like evolution al-model,S(ty) = Sy = 67.4 - 10° ly, the minimal value ofS is
though algebraic instead of exponential. At some stage and with~ 3 - 107" m, and therefore the greatest possible red-shift
similar assumptions and consequences as inSect. 2 a phase idnuch greater than the greatest one observed.
sition described by a rapid changeyomust take place in order
to enable the transition to a Friedmann-Lémreaevolution.
In the primordial equilibrium state = 0 viz. p, = —0vC?,
S =S, and® = 0. With this from [29)-{(3IL) the condition In the present model all kinds of singularities (e.g. of the ex-
4V (®) 25, pansion velocity, the expansion rate,$r— oo fort — —oo
=— (40) asinthe BP-model) are avoided and no necessity arises for em-
do 52 : i
* ploying a theory of quantum gravity. For— —oo the (closed)
is obtained, and with the choide, = 0 it can be achieved that universe is a tiny micro-universe in a classical static state. Its
V(@) has an extremun¥, (®) is an arbitrary function and sinceexpansion is triggered by an instability and starts quite slowly
no condition is obtained fol’ (®,) = V/(0), it appears that at the velocityS = 0 and expansion rat§/S = 0. Only much
this quantity, which is contained ib_(P9)=(31) aidl(33), can bater it gains appreciably until it becomes exponentially inflat-

6. Discussion and summary

chosen such that the extremum becomes a minimum. ing and finally reaches the later expansion rate of an inflationary
big bang universe. It is an advantage of the present model that
5. Observational constraints the universe is not “born” with an unexplained and extreme ex-

pansion rate like in most big bang models, but that the observed
Models with a cosmological term (or o, equivalently) must expansion can be explained as the consequence of an instability
comply with certain observational constraints for which a cle@ js far past.
survey was given by Overduin & Cooperstock (1998). It should be noted that the dynamical solution describing the
Of course, the flatness constrait§ + Ao = 1, where€dy  departure from the unstable equilibrium obtained in this paper
and), are the present values 8f = o /0 andA = ov/0er s quite different from the well known Eddington-Leitra so-
with o = 3H?/(8G), cannot apply for the present mode|ytion of the Einstein-Lenri#re equations that describes the de-
since a space-time with positive curvature can never becofigture from Einstein’s static solution. While it has been shown
completely flat. by Borner & Ehlers[(1988) and Ehlers & Rindlér (1989) that for
Observations concerning CBM fluctuations, gravitationg), > (.02 the latter violates the maximum red-shift constraint,
lens statistics, supernovas etc. restigtto a range0.5-0.8.  the present model is in good agreement with this constraint and
The value0.85 used for the calculations in this paper is in faipther observations, as was shown in $8ct. 5.
agreement with this and can be taken even smaller Whes The coexistence of a quantum field of energy density?
raised correspondingly. with some sort of primordial relativistic matter and/or radiation
The age of the universe is another quantity imposing rathgran essential ingredient of the present model that may be crit-
stringent conditions on possible values\gf The presentmodel jcally considered and certainly needs discussion. The fact that
has an infinite age of the universe. However, the inelapsed 3 similar coexistence is assumed in big bang models with infla-
after the phase transition until tOday, COinCiding with the tln\%n may be invoked in support, but it may be a weak argument
thatwas available for the creation of the elements observedinfhgiew of opposing arguments raised by other authors. Priester
universe and the evolution of stars and galaXieS, should Obs%ya| (1989) emphasize that a quantum vacuum state of the uni-
the same conditions as the age of universes with finite pastydtse is the more natural choice for its primordial stage than a
was numerically evaluated for the present model, and its vali@ite in which elementary particles already have been present.
presented in Tablgl 1 is in very good agreement with the latggyally the origin of the vacuum energy density is assumed
requirements derived from observational data (see e.g. Riesgp@ie either the Higgs field that was introduced in elementary
al.[1998). particle physics in order to explain the mass of elementary par-
Another constraint is provided by the requirement that, ttles through interactions, or some other quantum field or other
a closed universe, the antipode must be further away than ggises like worm-holes etc. The question is whether a primor-
most distant ObjeCt for which graVitational |enSing is Observegi.aj quantum field can exist on its own as a precondition for
For the present model, according to Tdlle 1 the distance of @y&ssive particles to be formed later, or whether it in turn needs
antipode istSy = 7 - 67.4 - 10” ly which is still far beyond our these particles for its own existence. When the venerable prin-
horizon, so the gravitational lensing constraint is well observqgme actio = reactiois invoked, the second view appears as the
By nonsingular models the maximum red-shift constraigiore natural one. If this is accepted, then still another feature of
must be observed which requires that the maximal value of i model becomes plausible. At first glance an extreme fine tun-
red-shift ing appears to be needed in order that the conditign= o,
S(to) is getting satisfied. However, in an equilibrium state equipar-

" S(tem) tition between two interacting ingredients is the only natural
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. vk g Conceptually it has been considered as a very satisfying
phase transition P 110 . . .
S = 00 property of big bang mode_ls_that in them the universe dogs not
5 B A T 10 s haye an eternal past but originated from some act of creation. In
== - this sense the eternal past of the present model may appear as a
infinite past present|; ;100 0 conceptual disadvantage. However, the situation is not as bad as
167 itappears. In physics time is a parameter that is used for ordering
changes of states. However, when there are no changes then
Fig. 4.. Ratio g,/ om as function ofS/.S, for the present model. this order parameter loses its sense. In a very slowly changing

situation it may therefore become more useful to consider the
constellation, and in this spirit the fact, that equipartition in th%hanges ther_nselves as the order parame_ter that represents t|me
Instead of using an order parameter ordering no changes. In this

equilibrium state results from the the field equations, may even L . . . .
. . sense the lifetime of the universe considered in this paper is not
appear as a confirmation.

Itis interesting to note that the condition for the existence 8]{eaterthan thatof big bang models because there has been even

an unstable equilibrium state from which the universe evolvaélsSmaller change from the original state to the present.

through instability is quite contrary for the classical equilibrium
of the present model and the quantum equilibrium consider8éferences

by Starobinsky[(1980): in the classical case in addition to ta\‘?orechtA Steinhardt P.J., 1982, Phys. Rev. Lett. 48, 1220
guantum field the presence of particles is necessary while in g}%in S.S.”Cooperstock.F..’I. Faraoni V. 1994 Ap'J 428 439

quantum case just the absence of particles is required. Birrell N.D., Davies P.C., 1982, In: Quantum Fields in Curved Space.
In this paper, in agreement with its modern interpretation Cambridge Univ. Press, 87

as the energy density of some quantum field, the cosmologiBdme H.J., Priester W., 1991, A&A 250, 43
constant is treated as a dynamical variable rather than a georBétner G., Ehlers J., 1988, A&A 204, 1
rical one. However, this treatment is rather crude becduise Branch D., 1998, Nat 391, 23
still kept constant for most of the time — at a very large valdee Witt C.M., 1967, Phys. Rev. 160, 1113
during early stages of the universe and at its present low vafefders J., Rindler W., 1989, MNRAS 238, 50
after the phase transition until today. Many models have be'(:eaﬁgigi‘]f'g;as?g\?vag E"llgff’ghe;’s' NFLZ% ngégfﬁggg
pr(_)posed cquplmg the decay of to thg time evolutlc_)n of the Gliner E.é., 1965, Sov. F;hys. J’ETP 22 378 '
universe or its scale factaf - a survey is pre;ented in & papeg i, o 4. 1981, Phys. Rev. D 23, 347
by Overduin & CooperstocK{1998) -, and it should be possiyje J.B., Hawking S.W., 1983, Phys. Rev. D 28, 2960
ble to replace the instant transition assumed in this paper Withooft G., 1974, Nucl. Phys. B 79, 297
one of these more refined transitions without major changesdpkelit M., Rosen N., 1989, ApJ 342, 627
the results. The validity of this assumption was demonstrateddiiizhnits D.A., 1972, JETP Lett. 15, 529
Sectl4 for one specific model. Kirzhnits D.A., Linde A.D., 1972, Phys. Lett. 42 B, 471

Alook at the evolution ob, / o, used for the calculations of Liebscher D.E., Priester W., Hoell J., 1992, Astron. Nachr. 313, 265
this paper (Fid.4) shows that the present model could contriblstéde A.D., 1982, Phys. Lett. 108 B, 389
to a solution of the “coincidence problem” (see Zlatev et dlarkov M.A., 1982, JETP Lett. 36, 265
1999). This is raised by the latest observations accordingQ¥erduin J-M., Cooperstock F.I., 1998, Phys. Rev. D 58, 1
which o, lies in the same range as the matter densifytoday. Perlmutter S., Aldering G., Della Valle M., et al., 1998, Nat 391, 51
The coincidence bl ists in the fact that di Polyakov A.M., 1974, JETP Lett. B 20, 430

problem consists in the fact that, accordingda e\, Hoell 3., Blome H.J., 1989, Phys. BI. 45, 51

many modelsg,, ande, start at very different values in thegiecs A G , Filippenko A.V., Challis P, et al., 1998, AJ 116, 1009
early universe and require an extreme fine tuning at that timegfyrkovich S.P., Cooperstock F.I., 1992, ApJ 398, 1
order to reach almost equal values at present. In the soft b&agrobinsky A.A., 1980, Phys. Lett. 91 B, 99
model of this paper the universe starts with = o, during Wald R.M., 1984, General Relativity. The University of Chicago Press,
the evolution of the universe there are times at which the two 220
densities temporarily depart from each other, but today th@heeler, J.A., 1968, In: De Witt C.M., Wheeler J.A. (eds.) Battelle
are very close to each other again. It appears that the presenfRecontres. Benjamin (Publ.), New York
model would provide a good starting point for developing 4gldovich Y.B., 1968, Sov. Phys. Usp. 11, 381 .
quintessence field with “tracking properties” (see Zlatev et égldowch Y.B., Novikov 1.D., 1983, Relativistic Astrophysics Vol. Il,

. . - Univ. of Chicago Press
9) — .
1999) — at least it appears to be in good agreement with the, '\ "\v. 10| “Steinhardt P.J., 1999, Phys. Rev. Lett. 82, 896
requirements of such a concept.
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