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Scalar perturbations in a primordial inflationary scenario
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We compute the spectral index for scalar perturbations generated in a primordial inflationary model. In this
model, the transition of the inflationary phase to the radiative era is achieved through the decay of the
cosmological term leading to a second order phase transition and the characteristics of the model allow us to
implement a set of initial conditions where the perturbations display a thermal spectrum when they emerge
from the horizon. The obtained value for the spectral index is equal to 2, a result that depends very weakly on
the various parameters of the model and on the initial conditions used. So as it stands the model is in
contradiction with observations and pleads for the usual scalar-field inflation. Nevertheless, we conclude by
suggesting some ways to amend the model and reconcile it with the usual value of the spectral indice: 1.
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I. INTRODUCTION In the model proposed by Broet al. [4], matter is de-
scribed phenomenologically through the action of a scalar
The big-bang standard model, based on the Friedmanrield nonminimally coupled to gravity. A consistent
Lematre-Robertson-WalketFLRW) solutions of Einstein’s asymptotic solution of the field equatiof 7] describes a de
equationg 1], suffers from some drawbacks which led cos- Sitter geometry where the role of the cosmological constant
mologists to propose the so-called inflationary modé@s  is played by the(constant density of the created matter
The common element to all these models is an exponentiavhich has, due to the energy conservation law, the character-
expansion phase of the size of the Universe prior to the bestic equation of state of a cosmological constant+p,
ginning of the standard scenario that describes the adiabatie 0. On the other hand, the consistency of the model implies
era extending from temperatures of order of 4@t grand  that the(effective cosmological constant=8wp, is a free
unification (GU) era until 10 %, today’s temperature, in parameter of the obtained solutions. It must not necessarily
Planck’s unitgwhich are the units that will be used through- be of order 1, which justifiea posteriorithe semiclassical
out this work. treatment employed. However, the mass of the scalar quanta
From a kinetic point of view, the exponential expansionfields is very large[6]: M=6+/7, this value being almost
phase corresponds to a de Sitter geomg&hwhich later on  insensible to the value of the cosmological consf8heven
will transform itself into a FLRW geometry. From a physical when the vacuum polarization effects are taken into account
point of view, this scenario raisggit least two questions. [9]; these effects play no significant role in the domain of
What is the nature of the effective cosmological constant/alidity of the model A <1). On the other hand, the high
during the de Sitter phase of the history of the Universe%alue of the mass of the quanta is the signal that gravitational
What is the mechanism which leads to the end of this phasestrong coupling must play an important role in the physics of
Among the different inflationary models, the first one to bethis problem{10]. The scalar field used in the model must be
proposed4] looks especially interesting. It consists of a pri- interpreted as a phenomenological description of complex
mordial inflationary model describing the birth and growth objects, like black holegl1]. This interpretation, by the way,
of the Universe as the result of a cooperative mechanism dé confirmed by the analysis of the renormalization of the
zero total energy, generated by a quantum fluctuation occugravitational constaritl0]. Indeed, the renormalized gravita-
ring in a flat background. The idea that a quantum fluctuatioriional constant becomes singu[di2] exactly for the critical
may be the initial seed for the birth of the Universe has firstvalue of the mass fiell =6/, which is the origin of the
been proposed by Tryon in 197%]. Because the total analytical solutio13] of the semiclassical equations which
Hamiltonian of gravity coupled to matter is zefan impor-  describe, for this special value, the transition from a flat
tant consequence of the invariance of general relativity withspace to a singularity. Since the cosmological “constant” in
respect to time reparametrizatjoand the energy contribu- this model is described as a gas of black holes, their subse-
tion of the gravitational conformal modes is negative, it isquent evaporation through the Hawking radiation mechanism
possible to obtain nontrivial semiclassical solutions of Ein-may imply a time decreasing of this effective cosmological
stein equations where gravity and matter emerge from aficonstant,” generating hot radiation in the Universe.
empty flat space in a cooperative process. For the moment, there is no consensus about how the
inflationary phase ends. However, it is possible to distin-
guish, from the phenomenological point of view, essentially
*Email address: fabris@cce.ufes.br two types of transition to an adiabatic era: a first order phase
"Email address: spindel@umh.ac.be transition, employed in the so-called old and new inflationary
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models, which deals with an effective cosmological constanfeature of the traditional inflationary models driven by a self-

given by the energy of a scalar field; a second order phasiateracting scalar field and it is apparently confirmed by ob-

transition, as it is discussed here, based on a variable cosmservations. But, these positive aspects of the cosmological

logical constant. perturbation problem in the usual inflationary models must
The evaporation of the black holes or the infrared fluctuanot hide some of the weakness of the models they are based

tions of the gravitational conformal modé&4] being re- 0N (ad hoc field, graceful exit, trans-Planckian frequengies

sponsible for the instability of the de Sitter geometry, it@nd consequently do not rule out other approaches to the

seems important to extract observational consequences of tREoPlem. , _ _

model described above through the analysis of a simple sce- 1HiS Paper |shorga|n|z_ed ?S fcr)lllows. Iln Sec. II, the field

nario. In Ref.[15] analytical solutions of the FLRW type for e_qugtu?nssand Itllethso utlotn k?rdt € bat(_:t_ground argl ngmz'

the phenomenological model described above were obtaind{f€d- N >€c. the perturbed quantities are settied, an

for any value of the spatial curvaturé0,+1). They de- approxm.ate s_olut.|ons presented_. In S(_ac. IV, the spectrum of

. ) L perturbations is discussed. Section V is devoted to the con-
pend on four physical parameters: the initial value of the " .
: . . " clusions.

cosmological constamk, its residual value\ ., the initial

density of radiation in the Universegy, and the characteristic

time of transmutation of the cosmological constant into ra- IIl. THE FIELD EQUATIONS

diation energyr. The choice of a decaying of the cosmologi- | order to be complete, let us review briefly the solutions

cal constant into pure radiation is motivated in two ways.that will be used in our perturbative study. The geometry of

From the physical point of view, the temperatures encounthe Universe is supposed to be of the flat type FLRW:
tered in this model permit us to ignore the masses of the

usual degrees of freedom. From the mathematical point of ds?=—dt?+a?(t)(dx®+dy?+ dz?). (1)
view, the background model is exactly integrable and their
perturbations easily computable. This metric is a reasonable simplification for the primordial

Our purpose in the present work is to study the evolutionsiages of the Universe. Moreover, in our case, due to the
of scalar perturbations in the inflationary model describedyyistence of an inflationary phase, the curvature can also be
before. We will restrict ourselves to the case=00=0 and  peglected in later stages of the evolution of the Universe.

k=0. This hypothesis leads us to the advantage that approxirhe unperturbed material source of the Einstein's equations
mate solutions to the perturbed equations can be easily obs the sum of two comoving fluids:

tained without oversimplifying the physics. Our model dif-

fers essentially in two ways from the usual inflationary o o0 0 o o

models. First(after having fixed the residual gauge freedom Ty=(p+ p) U, + pdy=Thag)+ Tlcos)y (@
allowed by the coordinate transformatipnthe perturbation

equations in the framework of this two fluid modghe ef- 0 0

fective cosmological constant and radiationill result in a ~ With p=p(radqyTpa, P=P(rad)t Pa - The terms represent-
third order perturbed equatiof@nalytically solvable in the ing the radiation perfect fluidp(,aq.), P(rad.)) are supposed
radiation regime and that otherwise can be very well apio represent the high energy matter degrees of freedom under
proximated by a 21 system of decoupled equations, alsothe form of radiation
analytically solvablg The second characteristic of the model

we discuss here concerns the nature of the initial spectrum of ™ _,
the fluctuations. As it will be verified later, the fluctuations P(rad)= V%T ’ ©)
evolve freely, i.e., they are determined by the Einstein’s

equations, only from the moment where the temperature QfyhereT is the temperature and is the effective number of
the created radiation is significant. Consequently, we Willjegrees of freedom that we will take as being those of the
adopt as initial fluctuation spectrum a thermal spectrum, instandard modelx=106.75), this value of constituting, of
stead of ahypothetical spectrum inspired by quantum fluc- ¢oyrse, a lower bound at the energy considered. The term
tuations of a vacuum stqtéa choice imposed more by pr=A(t)/8w=—p, is purely phenomenological. It repre-
metaphysicai than by physical considerations; see howevergents the density of black holes created during the cosmo-

the discussions 17,18, for instancg. However, we have  genesis phase and that evaporate later. We will assume it to
to recognize that these inital conditions lead to an adiabatigg of the form

spectrum of fluctuation, whose spectral index is close to one,
in agreement with observatiof$9]. The Gaussian nature of A(t)=Age V7 ()
the quantum fluctuations of a vacuum state is another nice

2

where the parameteris the characteristic time of the black
0pole evaporation which is of the order of the lifetime of the

During the 1950s, Bertrand Russell observed: “The accusation .
é:_reated black holes:

metaphysics has become in philosophy something like being a s

curity risk in the public service. ... The only definition | have
found that fits all cases is: ‘a philosophical opinion not held by the 2560m M3 ~10P

' T bh™~ Y ©)
present author’.[16]. v
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Logm[ S] IIl. THE PERTURBED EQUATIONS
120 The perturbed equations for the scalar modes around the
100 background solutions exhibited above are obtained through

80 the standard methods. We suppose the metric perturbations

60 = Q o -

9u(1,X)= 0, (1) + g, (1, %) 9
40
20 to be synchronous, i.e., such tf@é;w:O. The perturbations
5 i 3 5 75 £/ 27 in density and velocity read

-> 0 1 - > 0 1 -
FIG. 1. Logarithmic plot of the radiation entropy as function of p(t.X)= p(O)+ p(t,x),  U*(t,X)= uF+ u(t,x),
time for A;=5.5107, i.e., N,=80. (10

. . . . 0
The equation of state of radiatiopaq.)=3P(rad.), PErMIits  with u”=(1,0,0,0). All perturbed quantities can be ex-
to obtain a linear second order differential equation for the

variableZ=a? (a dot representing a derivative with respectPressed through a Fourier decomposition
to the cosmological timé):

1 . 1 I
4 gij(t,X): _S/ZJ hij(t,n)e_|n'xd3n’ (11)
y—~ §Aoe*t’fz=o. (6) m
1. 1 - TN
The solution of this equation is given by a combination of p(t,x)= ST Sp(t,n)e M *d3n, (12
modified Bessel functions: ™
Z=aKo(we %)+ Blo(we ™), (7 P R
U (t,x)=—2 u,(t,n)e”""*dn, (13
o

whereé=t/27 andw = /32 7%A,. The coefficientsx and 8

are given by with n.x==,n'x', n being the comoving wave vector of the

=w(l)(w)+] = —wlK M (w)+K perturbations.
a=wllo(@)tlo(w), A= ~wlKo(w) O(W)]’(s) Introducing the perturbed quantities into Einstein's equa-
tions, we obtain three coupled perturbed equations:

and are fixed by the conditiorig0)=1 (a choice of spatial

R 2R — 2
coordinates, spatial length uniteand Z(0)= + J4Ay/3 (a (a’h)=a“sp, (14
condition dictated by the Einstein equati@)=8=TJ at t
Z0). Y ali@y=BT, (a'3p) +(p+p)a‘9=8m(p+pia‘h, (19
Notice that there was an error of sign in REE5]. The 02
scale factor written there correspondsze 0, and the pla- [(p+p)ao] = §a35p, (16)

teau appearing in the graph of the entropy as function of time

is due to the crossing of the singularify=0. The graphs for - - s

the entropy and temperature as functions of time, for initialVN€re#=n-u andh=—16ma"“%;h;; . The system of Egs.
conditions(8) corresponding to an expanding Universe, are(14, (15, and (16) is underdetermined sinc=p(raq,)

shown in Figs. 1 and 2. +p, and consequentlyp = dp(raq)+ Sp, . We need a spe-
cific equation for the effective cosmological constant. Hence
gy we assume
Log[T] 1 (V,Tleos)) U= =V, (ppU") =PV, u"=7"1py (17)
-2.85 -

-2.86
-2.87
-2.88
-2.89

which reduces tou’d,p\=71p,, since p,=-—p,
=A(t)/8w. Let us emphasize that EqL7) is of pure phe-
nomenological nature; indeed, we do not yet have a good
theory for the creation and evaporation of a gas of black
/21 holes, even if we have a good one for the decay of a single
.05 0.1 0.15 0.2 macroscopic black hole. For adiabatic perturbatiof ,(
+8p,=0), it results ¢ being supposed to be a constant
given by the microphysigsn

-2.91
-2.92

FIG. 2. Logarithmic plots of the radiation temperature as func- . o . .
tion of time for Ay=5.510"7, i.e., No= 80. U4, pat+dipa=T 1 pa. (18)
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Since Gozo, we obtainplA:L(i)e‘”T. But this solution is y~0.577 being the Euler-Mascheroni constant. Using the

a coordinate artifact. Indeed, the coordinate conditigpg ~ EiNstein’s equatiorGe=87Too, we obtain
=0 yet remain satisfied when the residual infinitesimal trans- 1287372

—-1/2
formations generated by the vector fields Eou— = (TVTéu> . (25)

€0=b(X), €i=¢i(§)32—5i¢(;)32f at (19 Hence a~[(128737%/90)rTg ] e®Ne~102 and B
a’ ~ 10" %5 for ae-fold numberN,= 75. Accordingly, unless for
) & very close to zero, we may neglect the second term in Eq.
are performed. The choic¢(x)=rL(>Z)/Ao allows us to (7). From the asymptotical expression of tkg Bessel func-
makedSA(t) =0. Notice that, in this way, Eq$14), (15), and tion appearing in Eq8) we may deduce the value &f (i.e.,
(16) are now gauge invariants with respect to the remaining\,) insuring a given numbe, of e fold:
coordinate transformations. Indeed, residual transformations o 2 -4 o 2 -4
€=0, &=y;a% only modify h;;(t,x) up to a term whose =N+ —In2 7" ”TGU+}|n ON.+ Emz T vTay
time dependence is given af; henceh is defined up to a e 2 3 2 e 2 3
constant, leavind invariant. In other words, in the synchro-

nous gaugeo,, =0, dp, may be fixed to zero and all solu- ;g imgjiesA <1 for a large range of reasonable values of
t'onS.Of the perjurbt_ad Eqgl4), (15), and(16) now acquire a Ng, in pl)oarticuloaermlAX 1%*7 fo? N¢= 75, which is com-
physical meaning, in contrast tq what happens in the frame|5atible with the domain of validity of the model, while for
work of a one-fluid model. In this later case, the third OrderA0=1/(192772) which corresponds to the assumption of

perturbed equation may be reduced, using the residual CO%rermal equilibrium between de Sitter temperature and
dinate freedom, to a second order equation. Here, we face ﬁawking temperature, we obtah,= 2400
1 e_ .

third order equation whose three integration constants have According to the range of the values settled by the initial

ph)I/:smaI meaning. d h £ variabl conditions, we may build approximate solutions of the per-
fom now on, we introduce the new set of variables, turbed equations. For instance, let us suppose7/hatales
5 4 . with a as . From the perturbed equations, using the con-
7=(p(rad)t P(rad))@°0,  R=a"6p(raq), H=2ah, servation of the entropy of the radiation as the cosmological
(200 constant goes to zero, we obtai~ o<~ t and 7~ o~ 12
From the perturbed equations, it comes out that in this case

(26)

which permit us to write the system of Eq4.4), (15), and

(16) as R~Tla~a®"1, which is negligible compared to
R (3277/3)p(rad_)a2H~ aX. Hence the perturbed equations can
H= — (21 be approximated by
a2’ . R
H=—, (27
. T 5 a
R=— a2t 8(p(rad.) T P(rad.))aH, (22) . 327 5
R=—3"Pad)@H, (28)
TR @3 n” R
"3 a - x
T 33 (29)

'I_'he sglutlons of th|§ system and their c_osmologlcal Impllca'Which can be integrated by quadratures. The general solution
tion will be the subject of the next section. ;

is
Z(t)  m
IV. EVOLUTION OF PERTURBATIONS H=Him+m£ Z(t")dt’, (30)
We are not interested here in the general solution of the B s :
system of Eqs(21)—(23) governing the evolution of the per- R(O=ZOH(1) = uZ(t) = Z(O)H(D), (3D
turbations, for arbitrary values of their parameters. We shall n? [tR(t")
only focus on the values of the parameters that are relevant T=T+~5 f ——dt’ (32
for the cosmological model we consider here. In order that sa(t’)
an inflationary model is acceptable, the scale factor must bﬁ/ith
amplified at least by 7Ce folds, before the Universe reaches
the GU temperatur@g,= 10 * where the radiative era takes )
place. At this moment, the expansion of the Universe is de- n= Tti)(Ri+z(ti)H‘) (33

scribed by the asymptotic expression

andR;, H;, 7; being the initial values oRR, H, and7.
On the other hand, ipa®H can be neglected in front &f,
the system reduces to

Zm o= =t 24
asma 5 —=a(—&), =5 =Inr+y, (24
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drR d7 n2 R as the time where a fluctuation of sixg¢ has emerged from
R, H= 5 (39 the horizon. We restrict ourselves to positive valuet ¢ive
a do not know the physics befote<0). This implies that the
N , o minimum number ot folds betweert=0 and the beginning
where{= [ [dt'/a(t)]. Its general solution is then of the grand unification era we will consider is at least 75.
The decay of the cosmological constant increases very
n 3 [n rapidly the temperaturésee Fig. 1, but, nevertheless, we
R=TR,cos ﬁg - 7775'” ﬁé“ , (39 shall suppose that the density fluctuations are given by the
laws of the equilibrium statistical mechanii&0]:

CIR T

T:Ticos(lg +1Ri sin(lé) : (36) Sp(t; ,n)=vY2T572 alti(m]|** (42)
AR CR R )
tR(t") The extra factom 3[t;(n)] is the Jacobian that we have to
H="H;+ ft 20) ' (37 introduce when we consider the Fourier transforms with re-
i T

spect to the comoving variableswhich are related to the

The initial timet; , where the initial values ok, 7, andH physical momentunnypys at timet; by

have to be considered, depends on the size of the perturba- n 27 Ty eNe
tions. Today the temperature is of the order Bf~2 Nphys™ O T 0o
X 10 %2, the cosmological observational data which are a(t) A To a(t)
somehow free of astrophysical noises mainly concern size

; 3
Xo from 100 Mpc up to 3000 Mpc, i.e., 2104 up to 6 energy density of such fluctuation to the temperature

3 . .
X 10°3 5, . At these scales the Unll\_/ers_e can be conS|de.red a n)/T,(n) is approximatively equal to 1.8 when the fluctua-
homogeneous_. At the grand unification epoch, the size of emerges from the horizon, the temperafiifgn) at this
thesgzgluctuatlons are shortened by a faclg Teu=2  moment being of the order or 16. We may also check that
X 10" They must St!" be reduced by. a facmi)/a(tGU) these values are not very sensitive to the valuesaridN,.
in order to obtain their values at the initial time. Moreover, \, .o \ve also assume the initial spectrumepf;(n) ]

i I

th luti f the fluctuati is gi by Eq$4), (15 .
e evolution of the fluctuations is given by Eqs4), (15) andh[t;(n)] being given by classical physics, i.e., they are

and (16) only once they grow faster than the microscopic & d by th I ) f the Uni Usi
interactions they can propagate. It is only then that their beOt affected by the overall expansion of the Universe. Using

havior is no more dictated by the microphysics but only bystandard argumen(£0,21, we obtain
the overall cosmological expansion. This implies that the
evolution of perturbations with comoving wave numbers

and present day size, will only be determined by the per- . 12—5/2 g Y
turbation equations from an initial time(n) given by h(ti,m~ver T (n)n~*7ati(n)] 12 (44)
a(ty(n))=n, i.e.,

(42)

Bor consistency, we may check that the ratio of the proper

O(t; ,n)~ vedT A nyn~Y2a[t;(n)] 752, (43

Hence R(t;,n)=Z?[t;(n)]dp(t;,n), 7(t;,n)~nR(t;,n),
o T andH(t; ,n)~7R(t;,n)/na(t; ,n). The second relation means
27 _GU N, (38)  that the longitudinal modé(t;,p) is determined by the
Ao To gravitational fluctuations, with a characteristic time of the
order of the size of the fluctuations consider@d course,
one also could ask about the metaphysical content of these
considerations, that we adopt in the absence of a better sce-
nario).

alti(n)]=

This time t;(n) may be easily estimated by noting that
we ‘v, and thuswe ™ [whereg;(n) =t;(n)/27], depends
very slowly on the number o folds. Moreover, neat;(n)
=0 Eq.(38) easily may be linearized. Thus for each value of  \yjith these assumptions, it is possible to verify that at

\.. it is possible to determine a minimal numbBef"(\.)  initial times 7/a is about 2-5¢(1C° times greater than
of e folds such that fluctuations of size as today emerges (327/3)p rad )aZH:

from the horizon at=0,
2r M a%(ti)p(raa,(t)
8 ——mMM

. . AT P =
N™(\,) =In| -—— —In ¢ |+1.93 3 T n?
4T TGU 47TZTTGlJ\ gGU
(39 3 —&2pw(1—e b)
~ > ;we % <1, (4H
and giving this number, we obtain from E&6), for a given 167°n

numberN, of e folds, . . "
€ a result again almost insensitive to the valueblgiind . As

a consequence, during a first short period of time we may
(40) approximate the system of the perturbation equations by Egs.
(27), (28), and(29). Hence one verifies that the functiohs

w(Ne)

(N =27l .
ti(A) 7in m_(Nmm)
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R, and7 given by Eqs(35), (36), and(37) change little in Mor(_aq\{er, we have introduced a hypothesis on the nature
the beginning of the evolution of perturbations. But the ratioof the initial spectrum of the fluctuations. In particular, we
between the two terms in the right hand side of Etp)  employed a thermal spectrum for the fluctuations as they

behaves as emerge from the horizon. Notice that, from the conceptual
point of view, the spectrum more delicate is that of thieut
327 K p(rad_)(t)a3(t) t_his quantity does not play a significant r_ole_ in the computa-
Tp(rad.)a T WT(U (46) tion of the spectral index, since the gravitational fluctuations
i

are dominated by those, much more important, fluctuations

and increases very quickly. Hence, for valuestafery near ~ Of matter, which are governed by. The nature of the spec-
&, the system will be in the domain of validity of the first trum of &p affects the spectral index essentially by the func-
approximate solutiori30) and (31). Taking into account the 10N a(tj)~n which appears in the Jacobian of density fluc-
uncertainties on the the parameters of the probfaitial ~ tuation definingdp; and on the behavior oZ(t;,n), as
spectrum, precise duration of validity of the perturbed equa@PP€ars in the expression for the initial conditions. Of course
tions, etc), we can adopt them as solutions of the perturbe&h_e obtained \_/alue of the spectr_al index is not in agreement
equations. From these considerations, it comes out that at thth observational data. Accordingly, we may interpret our

grand unification temperature, the density contragy, negative result as an argument in favor of the scalar-field
—|8p(teu)/peul is given by inflationary model. Alternatively, we also may imagine some

improvements of our model. We made an assumption of lo-

Ritey) 32 ue?Ne cal thermodynamical equilibrium. But, if at high energy, the
U= T3 5 (47 coupling constants vaniglaccording to asymptotic freedom
pPculcy a the initial spectrum has to be reconsidered. We also have

only discussed scalar fluctuations; it remains to verify if ten-
sorial fluctuations can reconcile the power spectrum we ob-

, tain with the expected Harrison-Zeldovich spectrum. In prin-
the sum of o termgsee Eq.(33) but the first one ciple, if we remember the state of art of gravitational

[Z(ti)gp‘] IS tﬁlgmﬂca?tly ”.‘Oée ngportagt thaln thetﬁecpntq erturbations in the scalar-field inflationary model, this ex-
one. Hence e spectrum index depenas only on the 1Nl oative may be frustrated. However, the source of pertur-
spectrum of density perturbations and on the dates where, f

i v the fluctuati ¢ the hori A ations at short distance is the consequence of very high
a given size\o, e fluctuations emerge from the horizon. As energy primordial fluctuations, i.e., fluctuations whose initial
the temperaturd(t; ,n) is almost constant during the inter-

X ) spectrum may depend both on the nature of initial stfe
val of time where the relevant perturbations (100 Mpc P y Jep

. . instance, a high temperature thermal state modify the high
<A\g<3000 Mpc) cross the horizon whilg{tj(n)]=n we  gnerqy density of statesand the nature of the dispersion
immediately obtain the spectral index

relation they are supposed to obfgy8]. Finally, and this is
d the most probable weakness of the model, it may happen that
ng=4+-——In{[8p(n)/p]?}~2. (48)  the phenomenological approach to the black hole creation
dinn and subsequent decay is too naive; that modifications of Eqgs.
(4) and(17) may lead to a better value of the spectral index.
V. CONCLUSIONS Of course, such an analysis, if not performed at a phenom-
enological level, reopens the question of the choice of the

. _In this wo_rk,_ we hz_ive studied an inflationary model t.h.atinitial spectrum of the gravitational perturbations, and more
joins the radiative regime by a second order phase trans't'OQUndamentally what theory of quantum gravity to use, a

T?}'S m?rc]ielgs |ns$|redf by an w(;flatgqgary p;]rlmor;:hal Scedr?atr.'oquestion whose answer, in our opinion, is beyond our present
where the transition from a de Sitter phase to a radia 'Vefmowledge of physics.

phase occurs due to the evaporation of primordial black
holes. It must be considered as a source of a possible alter-
native to the usual inflationary models, and not as a definitive
model. Indeed, the underlined physics leading to the back-
ground geometry is phenomenological and asks for more The authors thank d@me Martin for fruitful discussions
deep fundamental investigations. It offers, however, the conand CAPES (Brazil) for partial financial support. Ph.S.
ceptual advantage of making no appeal to a self-interactinthanks Robert Brout, Franis Englert, and Marianne
scalar field. The kinetics of the phase transition asks also foRooman for numerous enlightening discussions about many
a more rigorous argumentation. However, we believe our reaspects of the study performed here, Jean Bricmont for no-
sults not to be dependent on the details of the model as thécing Ref. [16], and CAPES(Brazil) for partial financial
spectral index obtained is very little sensible to the values oSupport. He also thanks the Departamento aic&iof UFES

N, and 7. for its warm hospitality.

and all dependence on the wave numihés contained in the
value of the integration constapt This constant is given by

ACKNOWLEDGMENTS

084007-6



SCALAR PERTURBATIONS IN A PRIMORDIAL ... PHYSICAL REVIEW D64 084007

[1] A. Friedmann, Z. Phy<l0, 377(1922; G. Lemétre, Ann. Soc. [10] F. Englert, in Proceedings of the Erice International School on

R. Sci. Med. Nat. Bruxelle&53, 51 (1933; H. P. Robertson, “Basics and Highlights in Fundamental Physics,” 1999.
Astrophys. J.82, 248 (1939; A. G. Walker, Proc. R. Soc. [11] A. Casher and F. Englert, Phys. Let04B, 117 (1981).
Edinburgh52, 345 (1932. [12] J. S. Dowker and R. Critchley, Phys. Rev.1B, 327 (1975.

[2] A. H. Guth, Phys. Rev. 23, 347(198)); S. K. Blau and A. H.  [13] Ph. Spindel, Phys. Rev. B7, 2092(1988.
Guth, in300 Years of Gravitationedited by S. Hawking and [14] I. Antoniadis and E. Mottola, J. Math. Phy32, 1037 (199J.
W. Israel (Cambridge University Press, Cambridge, England,[15] R. Brout and Ph. Spindel, Phys. Lett.320, 241 (1994.

1987. [16] B. Russell,My Philosophical DevelopmeriRoutledge, Lon-
[3] S. W. Hawking and G. F. R. Elliihe Large Scale Structure of don, 1995 (1959, p. 164
Space-Time(Cambridge University Press, Cambridge, En-[17] J. Martin, A. Riazuelo, and M. Sakellariadou, Phys. Re®1D
gland, 1973. 083518(2000.
[4] R. Brout, F. Englert, and E. Gunzig, Ann. PhyN.Y.) 115 78 [18] J. Martin and R. H. Brandenberger, Phys. Rev6® 123501
(1978; Gen. Relativ. Gravitl0, 1 (1979. (200D; J. C. Niemeyer and R. Parentani, “Trans-Planckian
[5] E. P. Tryon, NaturéLondon 246, 396 (1973. dispersion and scale-invariance of inflationary perturbations,”
[6] R. Brout, F. Englert, and Ph. Spindel, Phys. Rev. L48.417 astro-ph/0101451.
(1979; 43, 890(1979. [19] C. B. Netterfieldet al,, “A measurement by BOOMERANG of
[7] R. Brout, F. Englert, J.-M. Fre, E. Gunzig, P. Nardone, C. multiple peaks in the angular power spectrum of the cosmic
Truffin, and Ph. Spindel, Nucl. PhyB107, 361 (1981). microwave background,” astro-ph/0104460.
[8] Ph. Spindel, Phys. Leti.07B, 361(1981). [20] L. Landau and E. LifshitaVecanique StatistiquéMir, Mos-

[9] Ph. Spindel and P. Vandepeutte, in Proceedings of the 26th  cow, 1967.
Liege International Astrophysical Colloquium, Universite [21] L. Landau and E. LifshitzMécanique des Fluide&Vir, Mos-
Liege, 1986. cow, 1972.

084007-7



