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Leonard Parkérand Alpan Raval
Physics Department, P.O. Box 413, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53201
(Received 16 March 2000; published 22 September 000

In a new model that we proposed, nonperturbative vacuum contributions to the effective action of a free
guantized massive scalar field lead to a cosmological solution in which the scalar curvature becomes constant
after a timet; (when the redshifz~1) that depends on the mass of the scalar field and its curvature coupling.
This spatially flat solution implies an accelerating universe at the present time and gives a good one-parameter
fit to high-redshift type la supernovd8Ne-la data, and the present age and energy density of the universe.
Here we show that the imaginary part of the nonperturbative curvature term that causes the cosmological
acceleration implies a particle production rate that agrees with predictions of other methods and extends them
to non-zero mass fields. The particle production rate is very small after the transition and is not expected to
alter the nature of the cosmological solution. We also show that the equation of state of our model undergoes
a transition at; from an equation of state dominated by non-relativistic pressureless raitieout a cos-
mological constantto an effective equation of state of mixed radiation and cosmological constant, and we
derive the equation of state of the vacuum. Finally, we explain why nonperturbative vacuum effects of this
ultralow-mass particle do not significantly change standard early universe cosmology.

PACS numbe(s): 98.80.Cq, 04.62:v, 98.80.Es

[. INTRODUCTION field theory, that fits the current dafa6—18. The position
of the first acoustic peak of the CMBR fluctuation spectrum
Ever since the path-breaking prediction by Casifdif  also agrees with observation, as explained in the last para-
that a quantized field in its vacuum state will exert a force ongraph of the Conclusions section. These quantum vacuum
nearby conducting plates, and its confirmation in the laboraeffects involve an ultralow-mass particle and are nonpertur-
tory [2], the fundamental importance of the vacuum has beehative in the curvature. They do not become significant until
clear. The electromagnetic vacuum also manifests itself transition that occurs at about half the present age of the
through other observable effects such as the Lamb [3iift  universe(i.e., at a redshifgz~1).
the anomalous magnetic moment of the elecfdpnand the In the present paper, we explore new features of our
anomaly-driven two-photon decay of the pifB]. The pre- model, and their possible cosmological significance. In par-
dicted magnitudes of these effects are obtained througticular, we calculate the creation rate of these ultralight par-
renormalization of fields and coupling constants, which abdicles resulting from the effect of the spacetime curvature on
sorb the infinities in a covariant manner. Renormalizatiorthe vacuum. The analytic result for the particle production
methods have long been extended to quantized fields prop#ate during the vacuum-dominated stage predicted by our
gating in the curved spacetime of general relatiyy (see  model reduces to that obtained in the massless limit by other
also [7] and references therginbut predicted quantum methods, and extends the result to the massive case. This
vacuum effects of curved spacetime have been too small tagreement adds confidence to the validity of our effective
be directly observed. Quantum vacuum effects in curvediction and its other predictions, such as that of a recent ac-
spacetimes have also been explored in connection with paeeleration of the expansion of the univer§ée predicted
ticle creation by the expansion of the universe and by blaclkacceleration and the particle production arise from the real
holes[8,9]. In addition, vacuum effects of self-interacting and imaginary parts, respectively, of the same term in the
scalar fields have been invoked to produce inflation of theeffective action.
very early univers¢10]. We then find the effective temperature of the particles
As is well known, observations of an accelerating expan<reated during the vacuum-dominated stage. This effective
sion of the recent univergd 1,12, together with other ob- temperature at the present time would be very sriwily
servations, such as those of small-angular-scale fluctuatioraout 10 **? K), and is not expected to alter the vacuum-
of the cosmic microwave background radiati@MVBR), im-  dominated behavior. It should be kept in mind that the rem-
ply the existence of a dark form of enerd¥3—15. The nant of these particles left over from the very early universe
present authors have argued that the recent acceleration wbuld have a much higher temperature today, probably of
the universe is the first directly observable manifestation ofhe order of 1 K.
guantum vacuum effects produced by the curved spacetime The mass of the ultralight scalar particle in our model is
of general relativistic cosmology, and have presented a cogypical of masses expected for pseudo Nambu-Goldstone
mological model, based on general relativity and quantunbosons(PNGB). In Ref. [15] the PNGB mass scale arises
from the ratio ofm,z, to f (m,~10 3 eV is a neutrino mass
and f~10' GeV is a global symmetry-breaking scgle
*Electronic address: leonard@uwm.edu quantities that are priori independent of the present expan-
"Electronic address: raval@uwm.edu sion rate of the universe. If the mass comes from a PNGB
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mechanism, then this may introduce additional interactionyhere x,=(167G)"! (G is Newton's constaft =&
terms into our free-field model. Also, it is known that in a — 1/6, and
Friedmann-Robertson-WalkéFRW) universe, the graviton

field equation can be expressed in the form of two scalar M2=m?+ (R 2)
field equations. If the graviton has an ultralow mass, then we
expect that it would lead to the same cosmological conse- f_zE(1/6)(1/5— &R+ (1/180
guences as the scalar particle discussed here. Furthermore,
such a low graviton mass appears to be consistent with gravi- X (Ryp,sRP7°— R, zR*P) ©)
tational experiments and observations.

The expansion rate being related to the ultralow mass is fzzf_2+(]_/2)E2R2_ (4)

not a coincidence in our model, because after the transition,

such a relation between the mass of the particle and the eX-he renormalized cosmological constant has been set to zero
pansion rate remains true for a time of the order of thein deriving the above effective action. The last term in the
present age of the universe. In addition, the vacuum energgbove equation constitutes the imaginary part of the effective
density remains within an order of magnitude of the matteraction, implying particle production. We will discuss the
density for a time of the order of the present age of themagnitude of the imaginary part in the next section. For now,
universe. we focus on the real part of the effective action.

The organization of this paper is as follows. In Sec. Il, we The trace of the Einstein equations, obtained by variation
briefly summarize our model and the cosmological solutiorof the real part of the effective action with respect to the
that arises from it. In Sec. Ill, we discuss the particle pro-metric tensor takes the following form in a Friedmann-
duction rate found from the imaginary part of the effective Robertson-Walker(FRW) spacetime(in units such thatc
action. In Sec. IV, we discuss the fine-tuning problem in our=1):
model and in a model with cosmological constant plus non-
relativistic matter(referred to here as th& mode). In Sec. Tl Am?
V, we derive the equation of state of the vacuum in our P 2 2 it
model. In Sec. VI, wqe calculate the ratio of totak., matter 2Ko  32m Ko m"+¢R
plus vacuum contributiongpressure and total energy density 3 R 1.R?_
for our model and compare it to that for /a model. This ><<1+ SEo+ 552—4(52—(1080*1)+v ]
ratio as function of redshift is useful for future comparison to m m
observations. In Sec. VII, we discuss nonperturbative quan- (5)
tum vacuum effects of this ultralow-mass field in the early
universe, and show that the standard cosmological model izhere T, is the trace of the energy-momentum tensor of
not significantly altered for times less than about half theclassical, perfect fluid matter and v=(R%4
present age of the universe. Finally, in Sec. VIII, we state our- RMR‘”)/(180n4) is a curvature invariant that vanishes in

m?¢R

[ (M2+ £R)In|1+ ERm 2| —

conclusions. de Sitter space. As a result of including the nonperturbative
sum of scalar curvature terms in the effective action, the
Il. NONPERTURBATIVE VACUUM ENERGY EFFECTS right hand side of Eq(5) becomes large aR— mZ/(—g).

We start with a brief summary of our non-perturbative This resonance can occur even at low curvaturesfis
y P sufficiently small, and is not displayed by a perturbative

vacuum energy model and our previous resiilt6—18. : . : i
Consider a free, massive quantized scalar field of inverstereatment o as can be seen by expanding Es).in pow

Compton wavelengtim, and curvature coupling. The ef- ers of R/m” and keeping a finite number of terms.

fectivF:a action for gr’avi’t coupled to such apfield is obtained As noted earliermis the inverse Compton wavelength of
. . 9 y P : ' the field. It is related to the actual mass of the field by

by integrating out the vacuum fluctuations of the fiflé—

: ) ) : . Myeua= M. Equation(5) above is nonperturbative iR be-
20] a_nd renormalized asin RefL6]. This effective action 'S cause it contains terms that involve an infinite sum of powers
the simplest one that gives the standard trace anomaly in th L L .
- . of R However, for a sufficiently low mass, it is possible to
massless-conformally-coupled limit, and contains the non-

2 2 _ 2 .
perturbative sunfin arbitrary dimensionsof all terms in the treat Macy o Mp =AM’/ (16m«,) (wheremp, is the Planck

propagator having at least one factor of the scalar curvaturé'?ass as a small parameter and expand perturbatively in this

R Itis qi 1 parameter. _ _ _
tis given by[16] For a sufficiently low mass, in an expanding FRW uni-

A M2 verse the quantum contributions to the Einstein equations
sz d*x\—gk,R+ Zf d*x\—g| —m*In|— become significant at a tintg, when the density of classical
64m m matter,p,,, has decreased to a value given by
o M2 M2 3_ —
+mZER| 1—2In|—] | —2f,In| —]| + —£2R? pm(t;) = 2Kom?, ©®
m? m?| 2
where
i% _
_ 4y, [_ 4 Y4 — J—
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The timet; occurs in the matter-dominated stage of the evo-

lution. Furthermore fort>t;, the scalar curvatureR, re-
mains constant to excellent approximation near the vaitie
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- \/ tm '»{2 )
a(t)y=a(t;) \/sin ﬁ_a sin 37 t>t;,

For t<t;, the quantum contributions to the Einstein equa-

tions are negligible and the scale factor is that of a matter-

dominated FRW universe. Then, E@) implies that, in a
spatially flat universe with line elemends’=—dt?
+a(t)?(dx?+dy?+dZ%), one has

t=(2N3)m™L,  H(t)=m/\3, ®)
whereH(t;) is the Hubble constant &j.

=a(t)(V3mt/2)??,  t<t, (9)
with
a=2/3—tanh 1(1/2)=0.117. (10

We would like to point out here that the above solution also
satisfies, up to terms of orden,¢,,,/Mp,, the one remaining

The condition of the constancy of the scalar curvatureéndependent Einstein equation in a FRW universe, which can
after t; leads to a solution for the scale factor that can bebe taken to beS o= (2k,) *Too, whereG ,, is the Einstein

joined, with continuous first and second derivatives., in a
C? manney, to the matter-dominated solution fort;. The
scale factor is given by

tensor andT,, is the energy-momentum tensor, including
classical and quantum contributions. This equation takes the
form, with zero cosmological constant,

1 i &Ry ( o RR™ 1 ) _ —
kOGOO_Epm_ w{ m2+ER m*+2m“éR+ T+R & — 2—70 —3&°R Rygt m“£Gq
h RI[ MY o QR[5 1) 1 s 2
_ S b _2F _ _ ap 2 _  pa
LR { S +2M7EG oo~ —g—| E+55| + S5 dodRusR™+ 28R Rop— 72R6Roa |- (11)

To verify that Eq.(9) is indeed a solution of the above equa- the effective action from which our cosmological solution is
tion fort>t;, we note that, wheR is very close to the value derived leads to a particle production rate that is consistent

m2, the dominant terms in the rigﬂt-hand side of ELl) are
those that have a factor ah?+¢R in the denominator.

with that obtained using other methods, and generalizes the
other methods to the case of production of massive particles.

Keeping these terms and substituting for the various curva/ve also discuss the effective temperature of these particles.

ture quantities derived from Eq9), one finds that Eq(9)
satisfies Eq(11) up to terms of ordemyeyafl Mp) -

The constanR solution after the transition at tim¢ was
obtained from a consideration of the Einstein equations

The solution in Eq(9) corresponds to a universe that is based on variation of the real part of the effective action. The

accelerating (e, has a>0) for t>\3m a
+tanh %271 ]=1.50t;.

[11,12 to the SNe-la data, for the mass range

6.40x 10 3¥ev<

m
9 <7.25x10 eV, (12

imaginary part of the effective action is related to the prob-

This solution gives a good fit ability of the production of at least one pair of particfes,

following Schwinge{22]. When the imaginary part is small,
this probability is given by

whereh is the present value of the Hubble constant, mea-
sured as a dimensionless fraction of the value 100(&m/ From Eq.(1), we obtain

Mpo).

The ratio of matter density to critical density at the

present time{),, is a function of the single parameterh
and turns out to have the range 0:58,>0.15 for the range

B ImwW
P=27-. 3
T =(6am 1 [ 0/ =g(M A+ 2T, 6 M),
(19

of values of Eq(12). For the same range of values, the age

of the universet, lies in the range 8.107! Gyr <ty,<
12.2h~ ! Gyr. These ranges fdR, andt, agree with current
observation$21].

Ill. PARTICLE PRODUCTION AND EFFECTIVE
TEMPERATURE

WhenM?<0 andm=0, the above formula reduces to that
derived in Refs[23] and[24]. The derivation of the particle
production rate inf24] is based on the non-local effective
action derived in[25], which contains, in than—0 limit,
terms of the form IN{). Similar terms were discussed in
[26]. It is noteworthy that the nonperturbative scalar curva-

In this section, we consider the rate of particle productiorture sum used here gives the same imaginary part, in the
in the cosmological solution discussed above. We find thalimiting case of zero mass, as the nonlocal effective action.
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The reason for the similar results in the two cases was sug- I(x)
gested in[26], based on renormalization group arguments
[27]. However, these renormalization group arguments are
generally reliable only in the large- limit. The partially
summed form of the effective action that we use here is also
valid at small values oR, as in the present universe.

Form=+0, Eqg.(14) agrees, to leading order, with the par-
ticle production rate derived ir28]. Since the imaginary and
real parts of the effective action arise out of the same term,
the agreement of the imaginary part with that found in the
literature using other methods gives a further justification of 1 5 3 7 5 X
our approximation.

For our cosmological solutiov12<0 for all time, there- FIG. 1. A plot of Z(x) versusx=mct/3"2— «. The graph begins
fore the step function in the above equation is equal to latt=t; and asymptotes to a value of 2/3)as . The present time

The term f,=(1/6)(1/5- &)JR+(1/180)R,z,,R*F?Y®  corresponds td(x)=0.5.
- RaBR"B) can be expressed as

o O O O o O
L I N o)

2

v
_ 1/1 R 1C Caprs 1G . p=%(kBT)3, (19
g g +m afyd % ’ ( )

f2—6

) ] whereT is the physical, or measured, temperature, lanis
whereC,,5 is the Weyl tensor, an@ is the Gauss-Bonnet gojtzmann’s constant. From Egél8) and (19), we obtain

invariant the effective physical temperature of the particles produced,
G=R,z,sR™7"— 4R ;R + R2. (16 2°
: 3 43
In conformally flat spacetimes, such as the one under con- — 5 90y3 m — 13
. ) . — kgT=Amc*| ———— —1| Z(mct)~"~, (20)
sideration, the Weyl tensor vanishes. Therefbyés a total 32(4320°%7° Mp,

derivative term: and f d*x\/— gf, only has boundary contri- _ .
butions. Since these boundary contributions would vanish ifvhere we have now inserted appropriate factors,oand
the metric were static at the boundaries, one expects that ti&mct) is the dimensionless function

f_2 term in the imaginary part of the effective action does not

correspond to real particle producti¢f9]. The remaining i ,3,2fx . 3/
term,M#, will be used to estimate the probability of particle Z(met) = (sinhx) lewdy(smhy) ' (21)
production.
From Refs[16] and[17], we find, fort>t;, with x=mct/\/3— a. Note that the factor of that appears
m\4_ in Eq. (20) above is necessary becausés an inverse length
M*=(4320m) 2 m—) m?* (17) scale, rather than a mass. A plot&ik) vsx is shown in Fig.
PI

1. It is easy to verify analytically thaf(«) = 2/3. Also, at the

From Egs.(14) and (17), we obtain the probability per unit Present timet, [defined as the time at which the Hubble
proper volumep, for production of at least one pair of par- constant has the value 65 K®Mpg], one obtains
ticles after timet;, as Z(mcty/y/3— a)=0.5.
4 t hAs str:own earlier, a good r1:it to r’ﬁhe SINe-ga 9(Elgatg igaobtained
—~ -1 -2 A4y —3 Ta(1r13 when the mass parame as the value 6.9810 >°eV.
p=(32m) 7(4320m) (m_m) mra(t) ftjdt a(t’)” With the rescalepd Hubl;ITe‘Fl parametérs 0.65, this gives a
(18)  valuem=4.5045< 10 % eV. Also, mp;=1.2211x 10% eV.

To find the effective temperature of the particles produced,One can reexpress the effective temperature as

we compare the above expression with the case when the
particles are produced with a thermal spectfuRar thermal T(Ect)zl.Slx 10~ 11 I(Ect)llii
production, we hav§24]

m
4.5045< 10723 eV

4/3

(22

m
X
IOR is obviously a total derivative, and in Robertson-Walker (4.504E>< 10 %3 ev
spacetimes,/— gG= 24(d/dt)(a%3+ka), which is a total time de- B
rivative (k=0,+1, corresponding to flat, closed or open spatial |f m andm are roughly equal to 4.504510" 2 eV, then the

sections. above temperature corresponds to the temperature of the
2Although the actual spectrum may not be thermal, the high-Hawking radiation emitted by a Schwarzschild black hole of
frequency behavior of the spectrum is expected to bg38e-34. mass= 10" g, which is about 1" solar masses.
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The fact that the one can associate a temperature with th@ne similarly finds, for 0.£,<0.9, that 12.49 Gy ht,
created particles does not mean that the vacuum possesse$.75 Gyr, giving a time interval of 5.7 * Gyr, again of
thermodynamic entropy. Indeed, from the equation of stat¢he order of the age of the universe.
of the vacuum, it is straightforward to check that the change The preceding arguments show that there is no “coinci-
of entropy in a comoving volume of spaeéV is given by  dence” problem in the sense of the present time being spe-
TdS=d(pyaV)+pyd(aV), which vanishes as a conse- cial in either model. However, in the case of thenodel, an

guence of conservation of vacuum energy. alternative statement of the fine-tuning problem is that there
is no “natural” explanation, within elementary particle
IV. THE FINE-TUNING PROBLEM physics, of a small non-zero value @f . The favored values

of p, are either 0 0|m‘,-§I , the latter value being at discrep-

In the absence of data that does not distinguish betweeancy with observations by about 122 orders of magnitude.
models for an accelerating universe, a criterion for the suc- In our model, the question then is whether there may be a
cess of a given model is the lack of fine-tuning of fundamen-hatural explanation for the small value of the mass parameter
tal parameters. In a spatially flat model with cosmologicalm=H,. Friemanet al. [15] show that, for spin-0 pseudo

constantA, and non-relativistic matterA' mode), the fine-  Nambu-Goldstone boson®NGB), a mass scalen of the
tuning problem is often understood as a coincidence betweegyder of the present value of the Hubble constant can be
the matter density, and the energy density associated with yenerated from the neutrino mass=10"3 eV and a global

the cosmological constant, , at the present time. However, symmetry breaking scaldor example, the scale for sponta-

it is straightforward to show, in both our model and the neous preaking of the @) Peccei-Quinn symmetiyf
A-model, that the time interval for which, is, say, between ~10'8 GeV. via the combinatiom=m2/f They also show
0.1and 0.9 tlmes the C“.t'c.al densify, IS of the order of the' that this combination arises out of the coupling of such a
age of the universe. This is also the time interval for Wh'Chpseudo Nambu-Goldstone boson to neutrinos in a low-

g F‘ dZPdO]EhI’?’IE\i/arcl:il:[llljg:E e(?fe;%ycﬁecﬁ'gf ?’rﬁer%l;?gd)llaggrr:l?u?\g aenergy effective theory. It therefore appears possible that the
oll | 9 del.0 dht ' the following f flltralight spin-0 particle we consider in our model may be
ofiows. In our model,2o andhty are the following Tunc- gated to a PNGB, although such a relation would involve

tions of the single parameten,=m/h [17]: additional self-interaction terms.
sin(cmyhty/\3—a)| %2

_ V. VACUUM EQUATION OF STATE
sinh(2/3— «)

Qo=(2.996x 10° Mpcz)mﬁ(

(23 Although the basic dynamical equations, E@.and(8),
incorporate non-trivial quantum effects, our model admits a
, remarkably simple description. Indeed, the scale fat®r
[tanh™*(865.4 Mpamy) + «], may be used to find the total effective energy dengignd
(24) pressurep of vacuum plus matter by directly computing the
Einstein tensor. We obtain, far-t;,

r 3
hto=3.26x 106y—(£
Mpc| my

wherem, is in units of Mpc . If 0.1<Q,<0.9, then the

above equations give 1.1430 3Mpc 1>m,>7.955 p(t)=2koGoo= (kom?/2)coth?(tm/\3— a)
X 10~ *Mpc™ . For this range ofn;, values, one then obtains _ _
13.4 Gye>ht,>6.83 Gyr. Thus the time interval for which =(312) kom?a(t)/a(t;)]~*+ (1/2) kgm? (27)
0.1<0,<0.9 is (13.46.83h ! Gyr, or 6.5h" ! Gyr,
which is of the order of the age of the universe. p(t)=2koa(t) "*G;j
In the A model, it is straightforward to show th&t, and —, — —,
ht, are functions of the single parameterC = (1eoM’/6) cOttF(tm/ 3~ a) = (2/3) kom”.  (28)

=./67Gp,/(ch), which has dimensions dfime) ~! (with
the rescaled Hubble parameteregarded as a dimensionless
quantity. They are

The effective equation of state for-t; is therefore
p=(1/3)p—(2/3) xom?’, (29

QO=1—g(C 9.78 Gy»? (250  which is identical to the equation of state for a classical
model consisting of radiation plus cosmological constant. In
5 our model, the equation of state of pressureless matter and
htozcltanhl(—c 9.78 Gyil. the equation of state of quantum vacuum terms combine so
3 as to appear as a sum of radiation and cosmological constant
(26) equations of state. Our model differs, even at the classical
level, from the usual mixed matter-cosmological constant
model becausé) for t<t; the effective cosmological con-
3We will often refer to the vacuum energy density @s, inde-  Stant vanishes, an() for t>t; vacuum contributions trans-
pendent of the model under consideration. For themodel, p, ~ Mute the effective equation of state into that rafliation
=py. (rather than pressureless majtelus cosmological constant;
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this surprising metamorphosis is a result of the near+elativistic matter plus cosmological constant.
constancy of the scalar curvature, which causes certain terms From Egs.(24) and(25) above, we find that, foz<z;,

in T, to take the form of an effective cosmological constant

term in Einstein’s equations. In general spacetime, these 1 2 k,m?
terms donot have the form of a cosmological constant term. w(z)= 3 3 p (34)
The equation of state for the quantum vacuum terms
alonemay be inferred from Eqg27) and(18), and from the  with
fact that the density of pressureless matter is given by
—[3[1+z\* 1
pn(t) = p(ty) [a(t))/a(D)]° pRI= KoM 2l 157 | T3 (39

= 2 koM Sinh(2/3— a)/sinh(tm/\/3— &) ]2

The redshift at which the transition occugs, is given by

(30)

a(to) _
where we have inserted an appropriate factor.dfsing the
value ofa from Eq.(7), and the present value of the Hubble

\/sinwctoﬁlﬁ— )

L+z= snh23—a)

where Eqs(6) and(9) have been used to arrive at the second (36)
equality. The quantum vacuum energy dengifyand pres-

surepy then follow, fort>t;, as

pv(t)=p(t) = py(t)

constant,
Kom? . _ —
= — cm ctom
5 cott?(tm/y3— ) H0=—c0tr( om_ |, @7
Viz o\ 3
. 3/2
_4<M) (31)  one can reexpress E(B6) as
sinh(tm//3— ) 71/4
4HF 1
py(t)=p(t), (32 1+z= 2m? 3
with p(t) given by Eq.(18). The above equations show that 6.93x10° 33 eVv|2 1) 4
for t>t; the vacuum energy density is positive, while the =[0.3788(m— - §] , (38
h

vacuum pressure is negative. As stated earlier, the vacuum
terms are negligible for<t;.

As a consequence of Egd.3) and(14), we find that the
equation of state for the vacuum is

where we have substituted for the numerical value of the
speed of lightg, in the second equality.
Combining Egs(34), (35) and(38), we obtain

pv="3py+2m?io[ 1— (1+2py/(kom?)*4. (33

6.93x 10" % eV) 2

1 4
w(z)=§——{l.13641+z)4 -

This vacuum equation of state joins continuously to the
equation of state,=py,=0 att=t; and is asymptotic to the
pure cosmological constant equation of stafe= —py ast
—o0, Equation(33) is parametrized by the single parameter,

m, and is different from the equation of state of a pure cosfor z<z;. For z>z;, our model is entirely matter-
mological constant. However, E@3) holds only in the case dominated, therefore=w(z)=0.

of Robertson-Walker symmetry. Any inhomogenous pertur- On the other hand, in a spatially flat model with non-
bation of the matter content or the metric in our model wouldrelativistic matter plus cosmological constant, it is straight-
change the effective equation of state of the vacuum, sinctvrward to show that

such perturbations would change the form of the right-hand-
sides of Eqs(2) and(8). This feature is a complication when
one analyzes the evolution of small perturbations in the
theory_ However' we expect that the terms of BB) may WhereQA is the ratio of the energy denSity in the cosmo-

still dominate the equation of state for the perturbations. logical constant and the critical density. _
A plot of w(z) for both models discussed above is shown

in Fig. 2, with representative values of,=6.93< 10" 33 eV
(in our mode], and (), =0.7 (in the non-relativistic matter
plus cosmological constant moglefFuture experimental data
should be able to distinguish between these models.

-1

—(1+2%*+1 (39

w(z)=—{1+(1+2%Q '~ 1)}, (40)

VI. RATIO OF PRESSURE AND ENERGY DENSITY

In this section, we derive the ratio of total pressprand
total matter density in our model, as a function of redshift.
This quantity, which we calv(z)=p/p, is a useful one for Noting that the equation of state of non-relativistic matter
comparison with future observations. We also compaig)  would give w(z)=0, and the equation of state of a pure
in our model with the same quantity in a model with non- cosmological constant would giwe(z)=—1, we see from
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w(z) of the expansion of the universe. What role do quantum
z vacuum effects of this ultralow-mass particle play during
these two early stages?

To answer this question, we consider two possibilities for
the value of|T4| during the radiation-dominated stage)
there is sufficient non-relativistic matter at the end of post-
inflationary reheating so thdffy| is always greater than

2K052 during the radiation-dominated stage, (by there is
not enough non-relativistic matter, and the conditipfy|

<2k,m?, is satisfied at some time during the radiation-
dominated stage.

FIG. 2. A plot of w(z) versus redshifg, in our model(solid . If possibil?ty_ @ occurs, then the ‘fresonanc.e” andition
curve and a mixed matter plus cosmological constant modellS never satisfied during the reheating from inflationary to

(dashed curve The relevant parameter values am,=6.93 radiation-dominated expansion, and during the subsequent
x 10" 23 eV (solid curve, andQ, =0.7 (dashed curve evolution from radiation-dominated to matter-dominated ex-

pansion. Thus these quantum vacuum effects of an ultralow-

Fig. 2 that the redshift interval for which the effects of non- Mass particle remain negligible in the early universe, and

relativistic matter and vacuum energy are both significant i§uring the matter-dominated stage, until the universe transits
Az=2. This range is a small one compared to the full red-l0 vacuum-dominance, at about half its present age, as de-

shift range, which is infinite. This feature is often taken toSC'ibed in Sec. II. .
comprise an alternative statement of the “coincidence” It pOSSIbIlIty.(b) oceurs, _then aresonance of the type .l
problem outlined in the previous section. However, as Wecussed here will occur during the reheating from inflationary

showed there, the small redshift range corresponds to a larggPansion to radiation-dominated expansion, and will force
range in time. The discrepancy between posing the “coinciR to remain nearly equal tan’ during the radiation-
dence” problem in terms of time range and redshift rangedominated stage. During such a stage, the scale factor would
reflects the subjective nature of this problem. We reiteratde a(t)= sinh¢n/y/3). However, tm<1 during the
that the most reasonable way to pose the fine-tuning problemadiation-dominated stage, and the scale factor, to excellent
is in terms of a fundamental explanation for the smallness oépproximation, exhibits radiation-dominated behavior, i.e.,

A ormg. a(t)=t*2 Once enough non-relativistic matter has accumu-

lated, | T,| increases above the valuecgn? while the uni-
verse is still radiation-dominated. At this point, quantum ef-
fects become negligible, as can be seen from(gg.and the
universe eventually transits to the matter-dominated stage.

In this section, we consider the possible quantum vacuunyjych later, at timet;, when the conditiof Ty| = 2KOEZ is
effects of an ultralow mass fieldr(~10"**eV) in the early,  again satisfied, the universe transits to vacuum-dominance,
post-inflationary universe. We first note that quantumgiving rise to the present acceleration. However, because the
vacuum effects become significant whenever the “resodensity of non-relativistic mattefor equivalently,|T|) is
nance” condition is Satisfied, i.e., whenever the trace of thQ]OW decreasing’ the universe remains vacuum-dominated for
classical stress tensdiy=—pq+3py decreases below the gl time.
value 2¢,m? [see the arguments leading from E8) to Eq. The above arguments show that, even if these ultralow-
(6) for detaild. Consider now the evolution df, from early ~ mass-nonperturbative quantum vacuum effects become sig-
inflation to the present time. During early inflatioh, has a  nificant at early times in the evolution of the universe, the
large negative value, i.e|Ty|>2«,m2 After the reheating fransition to the present vacuum-dominated stage is not af-
process at the end of inflation, the universe is expected to bgcted and the early universe dynamics is not significantly
nearly radiation-dominated, witT | decreasing to a small altered beyond the standard cosmological model.
value. As the universe expands, and enough matter becomes
non-relativistic, |Ty| increases smoothly to a maximum
value much greater thankgm?. As the universe expands
further, it enters a matter-dominated Stage. DUring this Stage, The Cosmo|ogica| model that we investigate here is based
|Tol decreases again, until about half the age of the universgn nonperturbativein R) vacuum effects of a quantized
(z~1), when it passes through the value,#h?, and quan- noninteracting massive scalar field. This model is the sim-
tum vacuum effects begin to dominate, leading to the present
acceleration. However, as described above, there are two
early stages of the EVOIUt'On during Wh'¢m°'| may pass “The exit to matter-dominance is analogous to the time-reversed
through the value 2,m?, namely, during the reheating from evolution of the present vacuum-dominated stage through the tran-

inflationary expansion to radiation-dominated expansion, andition at timet; . Once there is sufficient non-relativistic matter, the
when|T| is increasing during the radiation-dominated stageexit must occur.

VII. NONPERTURBATIVE EFFECTS OF AN ULTRALOW
MASS FIELD IN THE EARLY UNIVERSE

VIIl. CONCLUSIONS
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plest one exhibiting these nonperturbative quantum effects. ikosmological constant, although the actual matter content is
is based on the extension of quantum field theory to curvedhainly non-relativistic. .
spacetime, a subject that has been extensively developed andWe showed that these nonperturbative vacuum effects of

has given rise to fundamental advances in black hole physic&h ultralow mass field would not significantly alter standard

and cosmology. Since our scalar field has no nongravitac®Smology at early times. The possible existence of much

tional interactions, there are no higher order corrections in more massive scalar fields, for which these nonperturbative

: . : vacuum effects would be significant in the very early uni-
58;2(9\;{;%“\’8 action beyond the ordercorrection that we verse, may enhance inflation. In addition, the associated par-

) ) ticle production may help reheat the universe during the exit
In the present paper, we have studied the particle produgiom early inflation. It is possible that processes, such as

tion resulting from the imaginary part of the same term thatgpontaneous symmetry breakitzaused, for example, by a

in earlier work, we showed would cause, through its reakeif-interactiop, may cause the vacuum expectation value of
part, an acceleration of the universe consistent with that inthe field to become non-zero, while its fluctuations are re-
ferred from recent supernovae observations and other cosm@uced. In the present non-interacting model, such processes
logical data. We find that the predicted rate of particle pro-are absent. The effect of interactions, such as those arising
duction during the recent vacuum-dominated era is the samieom a PNGB, on the observational predictions of the present
as that found by other methods. It has been shi@hthat  model(involving an ultralight magsis also worth exploring.

this production rate also agrees with that found by the Bogol- Also worth noting is that quantum vacuum terms would
ubov transformation techniqu&,31]. This agreement of the become dominant in regions of low average density.,
particle production rate given by the imaginary part of our,, —2m2,.) earlier than in regions of high average density.
effective action, adds confidence to the validity of the accel-This would alter the evolution of density inhomogeneities
eration resulting from the real part of the same term in thenat existed during the early matter-domnated stage of the

effective action. . ~expansion. This may eventually provide another observa-
The density and effective temperature of these ultralightional test of our model.

particles created after the transition to vacuum dominance is our present model may also be observationally tested

negligible compared to the matter and radiation alreadye|ative to other models through more accurate observations
present. Long after non-relativistic matter and radiation areyf the small-scale CMBR fluctuations and the SNe-la. These
sufficiently diluted by_ the expansion of the universe, thefctuations are determined by the functior{z) given in
vacuum energy density continues to dominate over the ensec. v|° Non-zero spatial curvature would, of course, affect
ergy density of the created ultralight particles. ~ he predicted shape of the CMBR fluctuation spectrum, as
We also note that the production of these particles in thgyoyld the addition of interactions to our present free-field
early universe would leave a remnant of such particles simip,qgel.
lar to the remnant of gravitons created near the big bang. The Note added in proof. There is one statement that we
mass of these particles is suc_:h thgt .they may contrlbute_ fhade in Ref[17] concerning the CMBR fluctuation spec-
component to dark matter that is sufficiently cold to be gravi-i,,m that we wish to correct. There we stated at the end of
tationally concentrated in the vicinity of galaxies. The possi-gec. |v that the first acoustic peak in the spectrum would
bility that these may contribute to extended galactic halos i$)ccur in our model at=300. This statement was inaccurate
worth exploring. o _ because we were not careful enough in relating the apparent
As is well known, if this scalar field interacted with bary- angular sizes of a fluctuation on the surface of last scattering
ons in a manner similar to an additional neutrino species, thigy the mode number of the corresponding feature in the
would affect the light element abundances predicted by bigcBR fluctuation spectrum. A comparison of our model
bang nucleosynthesiBBBN), which would place limits on  th 4 classical model having a cosmological constant and
the possible strengths of such interactions. In the preseRte same value of), as in ours, shows that the value &f
non-interacting model, any of these scalar particles producegdyrees to within 3 percent in both models. Since the latter
during the big bang would not significantly affect the predic-mqqe| with ,=0.3 agrees with the observations that the
tions of BBN, just as the_ presence of primordial gravitonsg ot acoustic peak lies dt=197=6, our model with the
does not alter the predictions of BBN. same(), agrees as well. The corresponding valuemsfis

The evolution of the scale factaa(t), in our cosmologi- g ,ch that our model continues to agree with the other obser-
cal solution depends on a single parameter related t0 thg iions that we discussed earlier.

massm of the particle. Cosmological data give a value fior

of order 10 3 eV. This mass is of the same order of mag- ACKNOWLEDGMENTS

nitude as the mass of a pseudo-Nambu-Goldstone boson, ob- ) )

As discussed in Sec. IV, this fact may be significant withfor helpful comments. This work was supported by NSF
regard to the question of fine-tuning. grant PHY-9507740.

We calculated the effective equation of state during the
vacuum-dominated era in our model, and gave the function
w(z)=p/p. The effective equation of state of vacuum plus SThe functionw(z) given in Sec. VI includes the contributions of
matter during the vacuum-dominated stage turns out to bgatter and vacuum. The functiam,(z)=py /py is easily obtained
the same as that of a classical model with radiation plusrom Egs.(9), (31) and(32).
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