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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

The big-bang standard model, based on the Friedma
Lemaı̂tre-Robertson-Walker~FLRW! solutions of Einstein’s
equations@1#, suffers from some drawbacks which led co
mologists to propose the so-called inflationary models@2#.
The common element to all these models is an expone
expansion phase of the size of the Universe prior to the
ginning of the standard scenario that describes the adiab
era extending from temperatures of order of 1024 at grand
unification ~GU! era until 10232, today’s temperature, in
Planck’s units~which are the units that will be used throug
out this work!.

From a kinetic point of view, the exponential expansi
phase corresponds to a de Sitter geometry@3# which later on
will transform itself into a FLRW geometry. From a physic
point of view, this scenario raises~at least! two questions.
What is the nature of the effective cosmological const
during the de Sitter phase of the history of the Univers
What is the mechanism which leads to the end of this pha
Among the different inflationary models, the first one to
proposed@4# looks especially interesting. It consists of a p
mordial inflationary model describing the birth and grow
of the Universe as the result of a cooperative mechanism
zero total energy, generated by a quantum fluctuation oc
ring in a flat background. The idea that a quantum fluctuat
may be the initial seed for the birth of the Universe has fi
been proposed by Tryon in 1973@5#. Because the tota
Hamiltonian of gravity coupled to matter is zero~an impor-
tant consequence of the invariance of general relativity w
respect to time reparametrization! and the energy contribu
tion of the gravitational conformal modes is negative, it
possible to obtain nontrivial semiclassical solutions of E
stein equations where gravity and matter emerge from
empty flat space in a cooperative process.

*Email address: fabris@cce.ufes.br
†Email address: spindel@umh.ac.be
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In the model proposed by Broutet al. @4#, matter is de-
scribed phenomenologically through the action of a sca
field nonminimally coupled to gravity. A consisten
asymptotic solution of the field equations@6,7# describes a de
Sitter geometry where the role of the cosmological const
is played by the~constant! density of the created matte
which has, due to the energy conservation law, the charac
istic equation of state of a cosmological constantrL1pL

50. On the other hand, the consistency of the model imp
that the~effective! cosmological constantL[8prL is a free
parameter of the obtained solutions. It must not necessa
be of order 1, which justifiesa posteriori the semiclassica
treatment employed. However, the mass of the scalar qu
fields is very large@6#: M.6Ap, this value being almos
insensible to the value of the cosmological constant@8# even
when the vacuum polarization effects are taken into acco
@9#; these effects play no significant role in the domain
validity of the model (L!1). On the other hand, the hig
value of the mass of the quanta is the signal that gravitatio
strong coupling must play an important role in the physics
this problem@10#. The scalar field used in the model must
interpreted as a phenomenological description of comp
objects, like black holes@11#. This interpretation, by the way
is confirmed by the analysis of the renormalization of t
gravitational constant@10#. Indeed, the renormalized gravita
tional constant becomes singular@12# exactly for the critical
value of the mass fieldM56Ap, which is the origin of the
analytical solution@13# of the semiclassical equations whic
describe, for this special value, the transition from a fl
space to a singularity. Since the cosmological ‘‘constant’’
this model is described as a gas of black holes, their su
quent evaporation through the Hawking radiation mechan
may imply a time decreasing of this effective cosmologic
‘‘constant,’’ generating hot radiation in the Universe.

For the moment, there is no consensus about how
inflationary phase ends. However, it is possible to dist
guish, from the phenomenological point of view, essentia
two types of transition to an adiabatic era: a first order ph
transition, employed in the so-called old and new inflationa
©2001 The American Physical Society07-1
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models, which deals with an effective cosmological const
given by the energy of a scalar field; a second order ph
transition, as it is discussed here, based on a variable co
logical constant.

The evaporation of the black holes or the infrared fluct
tions of the gravitational conformal modes@14# being re-
sponsible for the instability of the de Sitter geometry,
seems important to extract observational consequences o
model described above through the analysis of a simple
nario. In Ref.@15# analytical solutions of the FLRW type fo
the phenomenological model described above were obta
for any value of the spatial curvature (k50,61). They de-
pend on four physical parameters: the initial value of
cosmological constantL0, its residual valueL` , the initial
density of radiation in the Universes0, and the characteristic
time of transmutation of the cosmological constant into
diation energyt. The choice of a decaying of the cosmolog
cal constant into pure radiation is motivated in two wa
From the physical point of view, the temperatures enco
tered in this model permit us to ignore the masses of
usual degrees of freedom. From the mathematical poin
view, the background model is exactly integrable and th
perturbations easily computable.

Our purpose in the present work is to study the evolut
of scalar perturbations in the inflationary model describ
before. We will restrict ourselves to the caseL`5s050 and
k50. This hypothesis leads us to the advantage that appr
mate solutions to the perturbed equations can be easily
tained without oversimplifying the physics. Our model d
fers essentially in two ways from the usual inflationa
models. First~after having fixed the residual gauge freedo
allowed by the coordinate transformations!, the perturbation
equations in the framework of this two fluid model~the ef-
fective cosmological constant and radiation! will result in a
third order perturbed equation~analytically solvable in the
radiation regime and that otherwise can be very well
proximated by a 211 system of decoupled equations, al
analytically solvable!. The second characteristic of the mod
we discuss here concerns the nature of the initial spectrum
the fluctuations. As it will be verified later, the fluctuation
evolve freely, i.e., they are determined by the Einstei
equations, only from the moment where the temperature
the created radiation is significant. Consequently, we w
adopt as initial fluctuation spectrum a thermal spectrum,
stead of a~hypothetical! spectrum inspired by quantum fluc
tuations of a vacuum state~a choice imposed more b
metaphysical1 than by physical considerations; see howe
the discussions in@17,18#, for instance!. However, we have
to recognize that these inital conditions lead to an adiab
spectrum of fluctuation, whose spectral index is close to o
in agreement with observations@19#. The Gaussian nature o
the quantum fluctuations of a vacuum state is another

1During the 1950s, Bertrand Russell observed: ‘‘The accusatio
metaphysics has become in philosophy something like being a
curity risk in the public service. . . . The only definition I hav
found that fits all cases is: ‘a philosophical opinion not held by
present author’.’’@16#.
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feature of the traditional inflationary models driven by a se
interacting scalar field and it is apparently confirmed by o
servations. But, these positive aspects of the cosmolog
perturbation problem in the usual inflationary models m
not hide some of the weakness of the models they are b
on ~ad hoc field, graceful exit, trans-Planckian frequencie!,
and consequently do not rule out other approaches to
problem.

This paper is organized as follows. In Sec. II, the fie
equations and the solution for the background are sum
rized. In Sec. III the perturbed quantities are settled, a
approximate solutions presented. In Sec. IV, the spectrum
perturbations is discussed. Section V is devoted to the c
clusions.

II. THE FIELD EQUATIONS

In order to be complete, let us review briefly the solutio
that will be used in our perturbative study. The geometry
the Universe is supposed to be of the flat type FLRW:

ds252dt21a2~ t !~dx21dy21dz2!. ~1!

This metric is a reasonable simplification for the primord
stages of the Universe. Moreover, in our case, due to
existence of an inflationary phase, the curvature can also
neglected in later stages of the evolution of the Univer
The unperturbed material source of the Einstein’s equati
is the sum of two comoving fluids:

Tn
m5~

0

p1
0

r!
0

um
0

un1
0

pdn
m[T(rad.)n

m 1T(cos.)n
m ~2!

with
0

r5r (rad.)1rL ,
0

p5p(rad.)1pL . The terms represent
ing the radiation perfect fluid (r (rad.) , p(rad.)) are supposed
to represent the high energy matter degrees of freedom u
the form of radiation

r (rad.)5n
p2

30
T4, ~3!

whereT is the temperature andn is the effective number of
degrees of freedom that we will take as being those of
standard model (n5106.75), this value ofn constituting, of
course, a lower bound at the energy considered. The t
rL5L(t)/8p52pL is purely phenomenological. It repre
sents the density of black holes created during the cos
genesis phase and that evaporate later. We will assume
be of the form

L~ t !5L0e2t/t, ~4!

where the parametert is the characteristic time of the blac
hole evaporation which is of the order of the lifetime of th
created black holes:

t;
2560p

n
Mbh

3 '105. ~5!
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SCALAR PERTURBATIONS IN A PRIMORDIAL . . . PHYSICAL REVIEW D64 084007
The equation of state of radiation,r (rad.)53p(rad.) , permits
to obtain a linear second order differential equation for
variableZ5a2 ~a dot representing a derivative with respe
to the cosmological timet):

Z̈2
4

3
L0e2t/tZ50. ~6!

The solution of this equation is given by a combination
modified Bessel functions:

Z5aK0~Ãe2j!1bI 0~Ãe2j!, ~7!

wherej5t/2t andÃ5A 16
3 t2L0. The coefficientsa andb

are given by

a5Ã~ I 08~Ã!1I 0~Ã!!, b52Ã@K08~Ã!1K0~Ã!#,
~8!

and are fixed by the conditionsZ(0)51 ~a choice of spatial
coordinates, spatial length units! and Ż(0)51A4L0/3 ~a
condition dictated by the Einstein equationG0

058pT0
0 at t

50).
Notice that there was an error of sign in Ref.@15#. The

scale factor written there corresponds toŻ,0, and the pla-
teau appearing in the graph of the entropy as function of t
is due to the crossing of the singularityZ50. The graphs for
the entropy and temperature as functions of time, for ini
conditions~8! corresponding to an expanding Universe, a
shown in Figs. 1 and 2.

FIG. 1. Logarithmic plot of the radiation entropy as function
time for L055.51027, i.e., Ne580.

FIG. 2. Logarithmic plots of the radiation temperature as fu
tion of time for L055.51027, i.e., Ne580.
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III. THE PERTURBED EQUATIONS

The perturbed equations for the scalar modes around
background solutions exhibited above are obtained thro
the standard methods. We suppose the metric perturbati

gmn~ t,xW !5
0

gmn~ t !1
1

gmn~ t,xW ! ~9!

to be synchronous, i.e., such thatg1
m050. The perturbations

in density and velocity read

r~ t,xW !5
0

r~ t !1
1

r~ t,xW !, um~ t,xW !5
0

um1
1

um~ t,xW !,

~10!

with
0

um5(1,0,0,0). All perturbed quantities can be e

pressed through a Fourier decomposition

1

gi j ~ t,xW !5
1

p3/2E hi j ~ t,nW !e2 inW •xWd3nW , ~11!

1

r~ t,xW !5
1

p3/2E dr~ t,nW !e2 inW •xWd3nW , ~12!

1

um~ t,xW !5
1

p3/3E 1

um~ t,nW !e2 inW •xWd3nW , ~13!

with nW .xW5( in
ixi , nW being the comoving wave vector of th

perturbations.
Introducing the perturbed quantities into Einstein’s equ

tions, we obtain three coupled perturbed equations:

~a2ḣ! .5a2dr, ~14!

~a4dr! .1~r1p!a4u58p~r1p!a4h, ~15!

@~r1p!a5u# .5
n2

3
a3dr, ~16!

whereu5nW •uW andh5216pa22( ihii . The system of Eqs
~14!, ~15!, and ~16! is underdetermined sincer5r (rad.)
1rL and consequentlydr5dr (rad.)1drL . We need a spe-
cific equation for the effective cosmological constant. Hen
we assume

~¹mT(cos.)
mn !un[2¹n~rLun!2pL¹nun5t21rL ~17!

which reduces to un]nrL5t21rL , since rL52pL

5L(t)/8p. Let us emphasize that Eq.~17! is of pure phe-
nomenological nature; indeed, we do not yet have a g
theory for the creation and evaporation of a gas of bla
holes, even if we have a good one for the decay of a sin
macroscopic black hole. For adiabatic perturbations (drL

1dpL50), it results (t being supposed to be a consta
given by the microphysics! in

1

um]m

0

rL1] t

1

rL5t21
1

rL. ~18!
-

7-3
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JÚLIO C. FABRIS AND PHILIPPE SPINDEL PHYSICAL REVIEW D64 084007
Since
1

u050, we obtainr1L5L(xW )e2t/t. But this solution is
a coordinate artifact. Indeed, the coordinate conditionsgm0
50 yet remain satisfied when the residual infinitesimal tra
formations generated by the vector fields

e05f~xW !, e i5c i~xW !a22] if~xW !a2E dt

a2
~19!

are performed. The choicef(xW )5tL(xW )/L0 allows us to
makedL(t)50. Notice that, in this way, Eqs.~14!, ~15!, and
~16! are now gauge invariants with respect to the remain
coordinate transformations. Indeed, residual transformat
e050, e i5c ia

2 only modify hi j (t,xW ) up to a term whose
time dependence is given bya2; henceh is defined up to a
constant, leavingḣ invariant. In other words, in the synchro
nous gaugeg0m50, drL may be fixed to zero and all solu
tions of the perturbed Eqs.~14!, ~15!, and~16! now acquire a
physical meaning, in contrast to what happens in the fra
work of a one-fluid model. In this later case, the third ord
perturbed equation may be reduced, using the residual c
dinate freedom, to a second order equation. Here, we fa
third order equation whose three integration constants h
physical meaning.

From now on, we introduce the new set of variables,

T5~r (rad.)1p(rad.)!a
5u, R5a4dr (rad.) , H5a2ḣ,

~20!

which permit us to write the system of Eqs.~14!, ~15!, and
~16! as

Ḣ5
R
a2

, ~21!

Ṙ52
T
a

18p~r (rad.)1p(rad.)!a
2H, ~22!

Ṫ5
n2

3

R
a

. ~23!

The solutions of this system and their cosmological impli
tion will be the subject of the next section.

IV. EVOLUTION OF PERTURBATIONS

We are not interested here in the general solution of
system of Eqs.~21!–~23! governing the evolution of the per
turbations, for arbitrary values of their parameters. We s
only focus on the values of the parameters that are rele
for the cosmological model we consider here. In order t
an inflationary model is acceptable, the scale factor mus
amplified at least by 70e folds, before the Universe reache
the GU temperatureTGU51024 where the radiative era take
place. At this moment, the expansion of the Universe is
scribed by the asymptotic expression

Zas5a
t2ts

2t
[a~j2js!, js[

ts

2t
. ln

Ã

2
1g, ~24!
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g'0.577 being the Euler-Mascheroni constant. Using
Einstein’s equationG0058pT00, we obtain

jGU2js5S 128p3t2

90
nTGU

4 D 21/2

. ~25!

Hence a;@(128p3t2/90)nTGU
4 #1/2e2Ne'1062 and b

'10265 for a e-fold numberNe575. Accordingly, unless for
j very close to zero, we may neglect the second term in
~7!. From the asymptotical expression of theK0 Bessel func-
tion appearing in Eq.~8! we may deduce the value ofÃ ~i.e.,
L0) insuring a given numberNe of e fold:

Ã52Ne1
1

2
ln

212p2nTGU
4

3
1

1

2
lnF2Ne1

1

2
ln

212p2nTGU
4

3 G .
~26!

This impliesL0!1 for a large range of reasonable values
Ne , in particularL0'1.431027 for Ne575, which is com-
patible with the domain of validity of the model, while fo
L051/(192p2), which corresponds to the assumption
thermal equilibrium between de Sitter temperature a
Hawking temperature, we obtainNe.2400.

According to the range of the values settled by the init
conditions, we may build approximate solutions of the p
turbed equations. For instance, let us suppose thatR scales
with a asaK. From the perturbed equations, using the co
servation of the entropy of the radiation as the cosmolog
constant goes to zero, we obtainH;aK21 and T;aK21/2.
From the perturbed equations, it comes out that in this c
Ṙ;T/a;aK21, which is negligible compared to
(32p/3)r (rad.)a

2H;aK. Hence the perturbed equations c
be approximated by

Ḣ5
R
a2

, ~27!

Ṙ5
32p

3
r (rad.)a

2H, ~28!

Ṫ 5
n2

3

R
a

, ~29!

which can be integrated by quadratures. The general solu
is

H5Hi

Z~ t i !

Z~ t !
1

m

Z~ t !Et i

t

Z~ t8!dt8, ~30!

R~ t !5Z~ t !Ḣ~ t !5mZ~ t !2Ż~ t !H~ t !, ~31!

T 5Ti1
n2

3 E
t i

tR~ t8!

a~ t8!
dt8 ~32!

with

m5
1

Z~ t i !
~Ri1Ż~ t i !Hi ! ~33!

andRi , Hi , Ti being the initial values ofR, H, andT.
On the other hand, ifra3H can be neglected in front ofT,

the system reduces to
7-4
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SCALAR PERTURBATIONS IN A PRIMORDIAL . . . PHYSICAL REVIEW D64 084007
dR
dz

52T,
dT
dz

5
n2

3
R, Ḣ5

R
a2

, ~34!

wherez5* t i
t @dt8/a(t8)#. Its general solution is then

R5Ri cosS n

A3
z D 2

A3

n
Ti sinS n

A3
z D , ~35!

T5Ti cosS n

A3
z D 1

n

A3
Ri sinS n

A3
z D , ~36!

H5Hi1E
t i

t R~ t8!

tZ~ t8!
dt8. ~37!

The initial timet i , where the initial values ofR, T, andH
have to be considered, depends on the size of the pertu
tions. Today the temperature is of the order ofT0;2
310232, the cosmological observational data which a
somehow free of astrophysical noises mainly concern s
l0 from 100 Mpc up to 3000 Mpc, i.e., 231062l Pl up to 6
31063l Pl . At these scales the Universe can be considere
homogeneous. At the grand unification epoch, the size
these fluctuations are shortened by a factorT0 /TGU52
310228. They must still be reduced by a factora(t i)/a(tGU)
in order to obtain their values at the initial time. Moreov
the evolution of the fluctuations is given by Eqs.~14!, ~15!,
and ~16! only once they grow faster than the microscop
interactions they can propagate. It is only then that their
havior is no more dictated by the microphysics but only
the overall cosmological expansion. This implies that
evolution of perturbations with comoving wave numbersn
and present day sizel0 will only be determined by the per
turbation equations from an initial timet i(n) given by
ȧ(t i(n))5n, i.e.,

ȧ@ t i~n!#5
2p

l0

TGU

T0
eNe. ~38!

This time t i(n) may be easily estimated by noting th
Ãe2jGU, and thusÃe2jn @wherej i(n)5t i(n)/2t], depends
very slowly on the number ofe folds. Moreover, neart i(n)
50 Eq.~38! easily may be linearized. Thus for each value
l!, it is possible to determine a minimal numberNmin(l!)
of e folds such that fluctuations of size asl! today emerges
from the horizon att50,

Nmin~l!!5 lnF l!

4pt

T0

TGU
ln

l!T0

4p2tTGUAjGU
G11.93

~39!

and giving this number, we obtain from Eq.~26!, for a given
numberNe of e folds,

t i~l!!'2t lnF Ã~Ne!

Ã~Nmin!
G ~40!
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as the time where a fluctuation of sizel! has emerged from
the horizon. We restrict ourselves to positive values oft i ~we
do not know the physics beforet,0). This implies that the
minimum number ofe folds betweent50 and the beginning
of the grand unification era we will consider is at least 75

The decay of the cosmological constant increases v
rapidly the temperature~see Fig. 1!, but, nevertheless, we
shall suppose that the density fluctuations are given by
laws of the equilibrium statistical mechanics@20#:

dr~ t i ,n!5ne f f
1/2T5/2S a@ t i~n!#

n D 3/2 1

a3@ t i~n!#
. ~41!

The extra factora23@ t i(n)# is the Jacobian that we have t
introduce when we consider the Fourier transforms with
spect to the comoving variablesn which are related to the
physical momentumnphys at time t i by

nphys5
n

a~ t i !
5

2p

l!

TGU

T0

eNe

a~ t i !
. ~42!

For consistency, we may check that the ratio of the pro
energy density of such fluctuation to the temperat
e(n)/Ti(n) is approximatively equal to 1.8 when the fluctu
tion emerges from the horizon, the temperatureTi(n) at this
moment being of the order or 1023. We may also check tha
these values are not very sensitive to the values oft andNe .
Moreover, we also assume the initial spectrum ofu@ t i(n)#

and ḣ@ t i(n)# being given by classical physics, i.e., they a
not affected by the overall expansion of the Universe. Us
standard arguments@20,21#, we obtain

u~ t i ,n!;ne f f
1/2Ti

23/2~n!n21/2a@ t i~n!#25/2, ~43!

ḣ~ t i ,n!;ne f f
1/2Ti

5/2~n!n25/2a@ t i~n!#21/2. ~44!

Hence R(t i ,n)5Z2@ t i(n)#dr(t i ,n), T(t i ,n);nR(t i ,n),
andH(t i ,n);R(t i ,n)/na(t i ,n). The second relation mean
that the longitudinal modeh(t i ,p) is determined by the
gravitational fluctuations, with a characteristic time of t
order of the size of the fluctuations considered~of course,
one also could ask about the metaphysical content of th
considerations, that we adopt in the absence of a better
nario!.

With these assumptions, it is possible to verify that
initial times T/a is about 2 –53103 times greater than
(32p/3)r (rad.)a

2H:

32p

3
r iai

3 Hi

T i
'8p

a2~ t i !r (rad.)~ t i !

n2

'
3

16t2n2
Ãe2j i /2eÃ(12e2j i)!1, ~45!

a result again almost insensitive to the values ofNe andt. As
a consequence, during a first short period of time we m
approximate the system of the perturbation equations by E
~27!, ~28!, and~29!. Hence one verifies that the functionsH,
7-5
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JÚLIO C. FABRIS AND PHILIPPE SPINDEL PHYSICAL REVIEW D64 084007
R, andT given by Eqs.~35!, ~36!, and~37! change little in
the beginning of the evolution of perturbations. But the ra
between the two terms in the right hand side of Eq.~15!
behaves as

32p

3
r (rad.)a

3
H
T ;8p

r (rad.)~ t !a3~ t !

n2a~ t i !
~46!

and increases very quickly. Hence, for values ofj very near
j i , the system will be in the domain of validity of the firs
approximate solution~30! and ~31!. Taking into account the
uncertainties on the the parameters of the problem~initial
spectrum, precise duration of validity of the perturbed eq
tions, etc.!, we can adopt them as solutions of the perturb
equations. From these considerations, it comes out that a
grand unification temperature, the density contrastdGU
5udr(tGU)/rGUu is given by

dGU5
R~ tGU!

rGUZGU
2

'
32p

3

me2Ne

a2
, ~47!

and all dependence on the wave numbern is contained in the
value of the integration constantm. This constant is given by
the sum of two terms@see Eq. ~33!#, but the first one
@Z(t i)dr i # is significantly more important than the seco
one. Hence the spectrum index depends only on the in
spectrum of density perturbations and on the dates where
a given sizel0, the fluctuations emerge from the horizon. A
the temperatureT(t i ,n) is almost constant during the inte
val of time where the relevant perturbations (100 M
,l0,3000 Mpc) cross the horizon whilea@ t i(n)#}n we
immediately obtain the spectral index

ns541
d

d ln n
ln$@dr~n!/r#2%'2. ~48!

V. CONCLUSIONS

In this work, we have studied an inflationary model th
joins the radiative regime by a second order phase transi
This model is inspired by an inflationary primordial scena
where the transition from a de Sitter phase to a radia
phase occurs due to the evaporation of primordial bl
holes. It must be considered as a source of a possible a
native to the usual inflationary models, and not as a defini
model. Indeed, the underlined physics leading to the ba
ground geometry is phenomenological and asks for m
deep fundamental investigations. It offers, however, the c
ceptual advantage of making no appeal to a self-interac
scalar field. The kinetics of the phase transition asks also
a more rigorous argumentation. However, we believe our
sults not to be dependent on the details of the model as
spectral index obtained is very little sensible to the values
Ne andt.
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Moreover, we have introduced a hypothesis on the na
of the initial spectrum of the fluctuations. In particular, w
employed a thermal spectrum for the fluctuations as t
emerge from the horizon. Notice that, from the concept
point of view, the spectrum more delicate is that of theh but
this quantity does not play a significant role in the compu
tion of the spectral index, since the gravitational fluctuatio
are dominated by those, much more important, fluctuati
of matter, which are governed byR. The nature of the spec
trum of dr affects the spectral index essentially by the fun
tion a(t i);n which appears in the Jacobian of density flu
tuation definingdr i and on the behavior ofZ(t i ,n), as
appears in the expression for the initial conditions. Of cou
the obtained value of the spectral index is not in agreem
with observational data. Accordingly, we may interpret o
negative result as an argument in favor of the scalar-fi
inflationary model. Alternatively, we also may imagine som
improvements of our model. We made an assumption of
cal thermodynamical equilibrium. But, if at high energy, th
coupling constants vanish~according to asymptotic freedom!
the initial spectrum has to be reconsidered. We also h
only discussed scalar fluctuations; it remains to verify if te
sorial fluctuations can reconcile the power spectrum we
tain with the expected Harrison-Zeldovich spectrum. In pr
ciple, if we remember the state of art of gravitation
perturbations in the scalar-field inflationary model, this e
pectative may be frustrated. However, the source of per
bations at short distance is the consequence of very h
energy primordial fluctuations, i.e., fluctuations whose init
spectrum may depend both on the nature of initial state~for
instance, a high temperature thermal state modify the h
energy density of states!, and the nature of the dispersio
relation they are supposed to obey@18#. Finally, and this is
the most probable weakness of the model, it may happen
the phenomenological approach to the black hole crea
and subsequent decay is too naive; that modifications of E
~4! and~17! may lead to a better value of the spectral inde
Of course, such an analysis, if not performed at a phen
enological level, reopens the question of the choice of
initial spectrum of the gravitational perturbations, and mo
fundamentally what theory of quantum gravity to use,
question whose answer, in our opinion, is beyond our pres
knowledge of physics.
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