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The ratio of the curvaton energy density to that of the dominant component of the background sources may
be constant during a significant period in the evolution of the Universe. The possibility of having tracking
curvatons, whose decay occurs prior to the nucleosynthesis epoch, is studied. It is argued that the tracking
curvaton dynamics is disfavored since the value of the curvature perturbations prior to curvaton decay is
smaller than the value required by observations. It is also argued, in a related context, that the minimal
inflationary curvature scale compatible with the curvaton paradigm may be lowered in the case of low-scale
quintessential inflation.
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[. INTRODUCTION be dominated by the kinetic term of the quintessence field. In
this caser (#) increases aa® [9].
The isocurvature fluctuations generated by a feetbat is It is not impossible that the ratio(a) stays constant dur-

light during the inflationary phase and later on decays, caing a significant period in the post-inflationary evolution.
efficiently produce adiabatic curvature perturbations. ThisThis subject will be explored in the present investigation. It
idea has recently been discussed in different frameworksyill be argued that this type of “tracking” phase is disfa-
ranging from the context of conventional inflationary modelsvored because the initial isocurvature mode \idlther ge-
[1,2] to the case of pre-big-bang modé¢®5,4). It is appro-  nerically) turn into an adiabatic mode of much smaller am-
priate to recall that an earlier version of this proposal walitude, making the whole scenario ineffective in correctly
discussed inf6], not with the specific purpose of converting reproducing the amplitude of the large-scale fluctuations.
isocurvature into adiabatic modes, but rather with the hope One of the reasons to speculate on the possibility of track-
of providing physical initial conditions for the baryon isocur- ing curvatons is that one would like to allow for models
vature perturbations. where the curvature scale, at the end of inflation, is much
A common feature of various scenarigs-16] is that the  smaller than the value required, for instance, in single field
energy density of the homogeneous component of this lighinflationary models, where the curvature fluctuations are di-
curvaton field decreases more slowly than the energy densityectly amplified during the inflationary phase. It will be
of the background geometry. In the simplest realization, theshown that if the inflationary phase is not followed suddenly
Universe suddenly becomes dominated by radiation, as sodiy radiation but rather by a kinetic pha&es in the case of
as inflation ends. During the radiation epoch, the homogeguintessential inflationthe minimal allowed curvature scale
neous component of the curvaton field is roughly constants a bit smaller than in the standard case of sudden radiation
down to the moment when the Hubble parameter is compadomination.
rable with the curvaton mass, ild~m. The energy density The present paper is organized as follows. In Sec. Il the
of the oscillating curvaton field then decreasesa$, where  basic problem will be formulated. In Sec. IIl it will be shown
a is the scale factor of a conformally flat Friedmann-that if the curvaton field tracks the evolution of the dominant
Robertson-Walke(FRW) Universe. Since the energy density component of the background the resulting adiabatic mode is
of the background radiation scalesas®, the ratio smaller then the initial isocurvature mode. In Sec. IV the
lower bound on the inflationary curvature scale will be dis-
cussed. Finally, Sec. V contains some concluding remarks.

_ p@)

p(a) 9

r(a)
II. FORMULATION OF THE PROBLEM

will increase asa. Both a different post-inflationary history For illustrative purposes it is useful to consider the case
and a different potential will produce deviations from this where the inflationary phase is suddenly replaced by a
scaling law. In particular, if the potential is not exactly qua- radiation-dominated phase. During inflation, the curvaton
dratic (or if the coupling of the curvaton to the geometry is field e should be nearly massless and displaced from the
not exactly minimal [13] r(a) may decrease. If the post- minimum of its potentiaW(e):

inflationary phase is not immediately dominated by radia-

tion, r(a) may increase even faster thanf, after the end of 92W
inflation the inflaton field turns into a quintessence-like field —2<Hi2, |€— €ol>H;, (2.1
[17] (see alsd15,18), the background energy density will de

where the subscript denotes the moment when the cosmo-
*Electronic address: massimo.giovannini@cern.ch logically interesting scales left the horizon during inflation.
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Under the assumption that the Universe is dominated by rasrder in the amplitude of the metric fluctuations. In general
diation, the evolution equations for the background fields carterms, the scalar fluctuations of a conformally flat metric of
be writtert the type

2

a I
M%szg(pe‘f'pr), (22) g,w:az(ﬂ)ﬂ;w- (27)

can be parametrized as
2001 1.2 2 2
MpsH =—§[a pte T —Wa],

(2.3 5Mgeo=2a%(7) b,
W
¢'+2He + ——a’=0, (2.4) oWg;j=2a%(7) (¢~ 9i9E),
€
Dy = — 22( )9
pl+4Hp,=0, (2.5 3Hggi=—a(7)dB, (2.9

where it has been assumed that the curvaton is minimallwhere, ¢, B andE are the four scalar degrees of freedom
coupled to the background geometry. This assumption magf the perturbed metrics*) denotes the first order fluctua-
be relaxed by requiring, for instance, that the coupling beion of the corresponding quantity. Since the infinitesimal
non-minimal. This would imply the addition, in ER.4), of  coordinate transformations preserving the scalar nature of the
a term going likecRe, whereRxH? is the Ricci scalar of a fluctuation have two parameters, out of the four scalar fluc-
radiation-dominated FRW background. The addition of suchuations defined in Eq(2.8), two gauge-invariant Bardeen

a term is expected to lead to a decrease (af) [13] even  potentials can be defined, i.e.

prior to the true oscillatory phase taking place whidn
~m. For the purposes of the present section, it is useful to
parametrize the evolution af in terms ofr=p./p,. In this
case

®=¢+H(B—E')+(B—E'),

V=y—H(B—E'). (2.9
r
€'?=—M3Ha*| —| , . . o .
at The first order perturbation of the Einstein equations, of
the curvaton equations and of the covariant conservation of
the energy-momentum tensor of the fluid can be written, re-

OW 1 .
2_ 2 syt spectively, as
= —az(a e, (2.6 p y

—a
Je

where the first equation has been obtained by taking the de- SVRY — 15V SVUR= ia(l)TV+ i5(1)7w

rivative of the definition ofr and by subsequent use of Eq. o2k M3 M3 ”

(2.4). (2.10
Providedr (#;) <1, three possible physical situations may

arise. Ifr' >0, the curvaton field will become, at some point, — —

dominant over the background densityr <0 , the curva- 9“"09,0,68Me= 61T 9,e+T7 ,0,60e]

ton field will never dominate over the background geometry.

2
The third possibility is to have’=0, which is the case to be

_ 9*W
1 v o 1)
+8Wgh(d,0,~ T3 ,d,€)+ —5 6Me=0,

discussed in the following. Even if examples will be pro- Je

vided in the framework of specific potentials, it is better, at

this stage, to think of the potential as a function of the ratio (2.1
r, as suggested by Eq®.6). The perturbation equations rel-

evant in order to study the dynamical evolution of the field &M5(1)7—;:_ gl)rzyﬁ_szé(l)TZ_}_ 5(1)Fﬁaﬁy

are obtained by linearizing the evolution equations to first
+Ik sHT3=0, (212

1Units Mp=(87G) 2 will be adopted. The variabley denotes
the conformal time coordinate while denotes the cosmic time. Where T, is the energy-momentum tensor of the curvaton
Derivatives with respect to either conformal or cosmic time will be and 7, is the energy-momentum tensor of the fluid sources.
denoted, respectively, by a prime and by an overdot. Finally, thédn terms of the two gauge-invariant Bardeen potentials de-
expansion rate, in the conformal and cosmic time coordinates wilfined in Eq. (2.9) the gauge-invariant fluctuations of the
be denoted by{=a’'/a and byH=a/a. energy-momentum tensors can be written as
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o SW where 6,= 6p,/p, and where Eq(2.16 has been used. Fi-
SNTI=—| e2d—€' '+ —a?y/|, nally, using Egs.(2.13—(2.15 and (2.16) into Egs.(2.11)
de and(2.12 the explicit form of the remaining equations will
be
. 1 oW
(g)7T0_ — | _ _r2 Py A2
S\NTg= S| —€ (D+6)(+a€ax, 2

” r_ 2 J"W 2., ¥ Y M 2F —
x'+2Hx V)(+—2a)( 4e'd'+2—a“d=0,
Je &E

(2.20
. 1
STI= ¢’y
I a2 1 4
S5 —4d' — §V2u 0 (2.21)
(i) 7] 1 ]
o Tf = — §5pr5| , 1
u' — Z5r—<1>:0, (2.22
8 T3=4
0= OPr where EQq.(2.20 is the perturbed curvaton equation; Egs.
4 (2.21 and(2.22 correspond to th€d) and(i) components of
5(907?: ~pdiu, (2.13 Eq. (2.12. . .
3 Introducing the useful notatior=In(7/7), Egs.(2.17),
(2.18 and(2.20 can be written, in Fourier space,
where
dd,
x=086Ye+ e (B—E) 214 gy TP«
is the gauge-invariant fluctuation of the curvaton and 5(K) 1 [ (dé)z de dyy
=— = -— s
:5(1)Pr+Pr’(B—E’), 2 6M¢5 dx dX dX
4x ZaW
u=6Yu+(B—E") (2.15 M e (3T (2.23
are, respectively, the gauge-invariant fluctuations of the fluid log 4o
energy and of the velocity potential. Inserting E¢®.13— Ky _k_¢,k
(2.19 into the (,j) component of Eqs(2.10 the following dx? dx
relation is obtained:
. _5,(k)_ 1 de\? de d)(k o 2 IW
5 (D —W)=0, (2.16 "2 omzl Mdx) dx dax TN e X
implying ®=¥. From the (0,0), (=j) and (0i) compo- (2.24
nents of EQ.(2.10 and using the background equations )
(2.2)~(2.5), the following equations can be, respectively, ob-d° X %Jr 4 20 W d€ dq)k W 0.0
tained: A2 dx M2 X Yax ax * Ul e
(2.2
V2P —3H(HP+ D)
Combining Egs(2.23 and(2.24),
2
:a_ S5+ ——| —@ /2+6/ r+iNa2 5
2M'23pr r ZM% € X Je X d (Dk 0dq>k+ 1 |: (%) d€ ka 2e4X7]2MXk
b i
(217 dx? dx =~ 3M3 dx dx dx de
=0. (2.2

D"+ 3HD' +(H2+2H )P

2

Imposing isocurvature initial conditions right at the onset of

_a pd— — De'2— ey + Mazx , the radiation dominated epoch implies, for long-wavelength
6Mp 2Mp de modes:
218 dy(7)=0, Pp(m)=0, xu(m)=x{. x&(no?o. ,
2.2
! 2
HO+D'= < —xt —zuazpr, (2.19 In terms of R, the gauge-invariant spatial curvature pertur-
> 3Mp bations,
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(N —

HD + D, .
i3 (2.28 Xk =" g Xk - (2.36

sz_ HZ_H/

Dy +H

the initial conditions given in Eq(2.27) imply Ry(7)=0. Eduations2.35 and(2.36 imply that® (" is always smaller
From the Hamiltonian constraint, recalling E@.27), the  (by a factor\r <1) than the value of the curvaton fluctua-
relation between the initial density contrast and the initialtions at the end of inflation. Hence, even assuming that the

curvaton fluctuation can be obtained curvaton fluctuations are amplified with flat spectrum, i.e.
xO~H,;/(27), the final value of the produced adiabatic
_ W] x© mode @’ will always be phenomenologically negligible.

8 (k)= _[5 i (229 The value ofy{? will be even smaller. In the second place

m Pr the above equations are derived assuming that, in the

0 . ) asymptotic regime, the following relation holds:
where ;" (k)= 6,(k, ;). Using the observation that, from

Eq.(2.2)), the quantitys,(k) — 4®, is conserved in the long- 2 >

L A - 1(oW 1(9°W
wavelength limit the initial value of the isocurvature mode —|— = ) (2.37
can be related to the final values both of the Bardeen poten- €?\ de 7 4\ pe? .

tial and of the curvaton fluctuation. On this basis, useful
analytical relations will be derived and later compared with
the numerical solutions. From E(R.29 and taking into ac-
count Eq.(2.27), the Hamiltonian constraint of Eq2.23
leads to the relation

The relation(2.37) holds exactly in the case of exponential
potentials of the typ&V(e)=Wye ¢*. In this case the so-
lution for € is obtained by solving Eq2.4) in a radiation-
dominated background, with the result that
oW 0 _
5§f)(k):4q>(kf>—{¥} X_(kl) (2.30 ()= €+ eln( 7/ 7), (2.38
n -r

where e;=4A and r.=4(A/Mp)?. This remark already

where the superscript “f” denotes the finadonstank value ~ "ules out a curvaton potential, which is purely exponential

(2.6) (2.35 and(2.36 imply the smallness of the obtained curva-

ture perturbations. However, it is also suggestive to think of
e’zZHMP\/?. (2.3 the case where the curvaton potential is not purely exponen-
tial [19,20. The question would be, in this case, if the new
Then Egs.(2.23—(2.25 admit a solution with constant features of the potential allow a radically different dynamics
mode. Equation2.25 and the combination of Eqg2.23  ©f the fluctuations.
with (2.30 lead, respectively, to the following two relations:
I1l. EXPLICIT EXAMPLES

2
IW oW o - . o _
> Xk T2 ® =0, (2.32 In order to discuss a physically realistic situation, con
de J€ sider as an example the following potential
o L(ow| xf W(e) =Wl coste/A) 1], (33
*=5\ 7] o (2.33
7 Pr which has been studied, for instance, in the context of quin-
_ _ 0 ) _ ) tessence mode[21]. In spite of this formal analogy, in the
which allow, in turn,x{ to be determined in terms off’ , present case, the fieldwill decay prior to big-bang nucleo-
namely, synthesis and it will not act as a quintessence field. With this
_ caveat, also other quintessential potentiake, for instance,
9*W ® (oW [aw| x{ [22] for a comprehensive revigwnay be used, in the present
xi==3\7¢) 3¢ o @34 text, t truct physical models. The class of potential
92 3\ ge ge| 0 context, to construct physical models. The class of potentials
7t 7 e (3.1) has the property that wher/A|>1 the potential ad-

. ) mits solutions where the ratio between the curvaton energy
Defining now the constant value ofasrc, the previous density and the radiation energy density is, momentarily,

results imply constant. On the other hand, whésiA|=1 the curvaton
oscillates. Consider, for concreteness, the simplest case,
q)(f)~ _ _\/r_(r'(i) namely,
0=—gx+0(r), (2:39
W(e)=M*cosie/A)—1], (3.2
where y, = x«/Mp. From Eq.(2.39 it also follows, using
Eqg. (2.32 together with Eq(2.6) where the oscillations are quadratic since, [foA|<1,
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M4 v= 10" /
W(e)=—¢€>. 33
(e) oA (3.3 i 10” /
2.8 &: 10*6 /
Using the notation _ e /
- e A M H, I /
i wm, vmee, &=t @4 8. /
Mo T M, M. M /
the evolution of the curvaton is determined by the following IV
equation: V
d?e de w V! - Log(a/a;)
—+ —+e™——sinh(e/u)=0. (3.5
dx? dx wé? H FIG. 1. The numerical results for the evolution ofsee Eq.

(3.7)] are reported.
The constraints of Eq2.1) imply, in the present case,

dd, S(k) 1 de\? de dyy
m ax TP T T T ) Taxax
—e M<H?  |g|>A, |€|>H;. (3.6
A? '
4
14 ~ ~
+e™——sinh(e/ : 3.1
The ratio between the curvaton energy density and the wé? el )X 319
radiation energy density can be expressed as
e o|2c1>k+ dd, s(k) 1 (d?)z de dy,
— = A4 ~ _ 2 . YkT o5 T 5 Kl Av] — Av Av
r(x) G(dx) +3§2e [cosle/w)—1]. (3.7 dx dx 2 2 dx dx dx
4
14 ~ ~
The initial data[obeying the condition§3.6)] for the evolu- +e™—sinh(e/u)x|, (3.12
tion of the homogeneous component of the curvaton field are mé

set during the inflationary epoch in such a way tlh"ét
>u. Since the potential is essentially exponential, in this d?yv  dxk v ~ ~ dedd,
regime the field will be swiftly attracted towards the tracking — Te™——cosH X4y ax
solution, where the critical fraction of curvaton’s energy den- moE

dx? dx

sity will be constant. In this regime the solution can be ap- o
proximated by +2—e¥sinh(e/ u) P, =0, (3.13
72
~ _ ~ 8M2§2
=—"eot4ux, €=puln . 3.8 d
€T T CoT RS ST AT T 38 Lok —ad,]=0. (3.14
WhenH?~M*A%~M?1?/u?, i.e. Combining Egs(2.23 and(2.24
Xm=—| 1+1In Gk , (3.9 d (Dk+ doy
4 V4 dXZ dx
the curvaton will start oscillating in the minimum of its po- 1 de\? de dy, A L
tential. During the tracking phasgx)=r,=4u2<1. Dur- + 3 (O axl &W+2e“x—zsin|‘(e/,u)xk =0.
ing the oscillatory regime the energy density of the curvaton wé
will decrease as 2 so that 319
The evolution equations of and of the fluctuations can be
r)=4u? —|,  x=x.. 31 numeric_ally integrated. Analyticgl approximatiqns can also
(x)=4u an m 3.10 be obtained. In Fig. 1 the numerical results are illustrated, for

a typical set of parameters, in termsrgk) as defined in Eq.

Let us now write, as a first step, the evolution equationd3.7). It can be appreciated that after a phase whéreO,
for the fluctuations in the case when the background after ththe energy density of the will decrease, implying that
end of inflation is suddenly dominated by radiation: r(x)~e*. In Fig. 2 the evolution ofe(x) is reported. The
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numerical resultgfull line) are compared with the analytical whose solution is
approximation(dashed ling In fact, a useful analytical ap-
proximation to the whole evolution can be obtained by
matching the solutio3.8), valid during the tracking regime,

2 2
with the_ exact solu_tior(nof the approximate_pc_JtentDal/alid in e =e ¥4 AJy,l e v +BY1,4( e2x v ” X> X,
the oscillating regime. In order to do so it is useful to write 2pé 2pué
the evolution equation foe as 317
d22+ 3 o|75+~ 0 o VP (316
—+———+te=0, y=e¥-—, . _
dy? 2y dy Y 2ué where the numerical constants
|
2Xm,2 2Xmy,2 242
e my e my 8ué
X2, _ — a2Xmy,2 _
e 7T| 4/.L§Y1/4( 2,U.§ ) e~"my Y5/4 2,LL§ ) 4 |Og a ]
A= Y ,
2Xm4,2 2Xm4,2 22
e“Xmy e“Xmy 8ué
eXm/2,n.| 4M§J1/4( Zﬂg + 62me2J5/4( m) 4Xm_ |Og V4 ‘| }
B= 4 , (3.18

have been obtained by continuous matching of the solutionandR, are reported. After a flat plateau corresponding to the

in Xy . In more explicit terms phase where(x) is constant, the adiabatic fluctuations grow.
However, the final value of the adiabatic fluctuatignem-

_ /85~ 5/ ~1/2, 5/4.1/ '

A= — e 2y \/Z_e)+ \/2—6Y5/4( \/Z—e)]V Ve St puted, for instance, at the moment wherecay$ will al-

ways be very small. In the integrations reported in Figs. 3

and 4 initial conditions are set according to E(&27). In

order to understand the smallness of the final value of the

B=mel 2754 2J,,(\2e) + \2e J5 i \2€) |~ V2u 514 adiabatic fluctuations, recall that the asymptotic solution of

the perturbation equations during the tracking can be written

= —1.70146¥ V_1/2M5/4§1/41

=3.9847 p~ 112, 5414, (319 as
According to Fig. 2, the analytical approximation, based on
the continuity of the solutions of Eq§3.8) and(3.17) com- 2 4
pares very well with the numerical calculation. OM=— §MX(|<') . xi=— §,u2)((k') . (320

Using the results for the evolution e{x) the amount of
the fluctuations produced during the oscillating phase can be
estimated. In Figs. 3 and 4, the numerical evolutiondgr

v=110"*
=10?
-12.1

o = 1078 apalytical AN = 10"
. a"proxunau/ou/ \m sical X F é/ (2 )
U= 10_2 solution g‘ —122
-0.1 k=
&= 107° 3 /

e(a)

=0..15 -123 /

-0.2 /
-124

=8.25 /

-0.3 4 5 6 7 8 9

Log(a/a; )

Log(afa;) FIG. 3. The numerical evolution ob, illustrated in the case
whereM=10"*Mp, A=10 8MpandH;=10 M. Notice that the
FIG. 2. The full line illustrates the numerical result while the constant value ofb, is correctly reproduced by the analytical esti-
dashed line shows the analytical approximation based o3ELj). mate given in Eq(3.20.
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vl 1072 dynamics occurring prior to the curvaton oscillations,
- —p= 10, namely the minimal curvature scale at the end of inflation

= 10 compatible with the curvaton idea. It has been shown, in the

x =oer previous sections, that to have a phase of tracking curvaton,

-11.97

unfortunately, does not help. In the present section the
bounds on the inflationary curvature scale will be reviewed,
with particular attention to the case where the post-
inflationary phase is not suddenly dominated by radiation
like in the case of quintessential inflatiph7,9].

Log|Ry |

-12.07

-1217

-12.27

A. The standard argument

LoeEn ) First the standard argument will be review@ee[14] for
a particularly lucid approach to this problenSuppose, for
FIG. 4. The numerical evolution d®, is reported for the same  simplicity, that the curvaton field has a massive potential

set of parameters discussed in Fig. 4. and that its evolution, after the end of inflation, occurs during
_ _ a radiation dominated stage of expansion. The fiektarts
implying that oscillating at a typical scalél,,~m and the ratio between

3 1do, 1 the curvaton energy density and the energy density of the

(M_ _ g _—_K_ = =) radiation background is, roughly,
Rk zq)k 2 dx 3/~LXk . (32])
€ 2 a
The values obtained in Eq&.20 and(3.21) are in excellent r(t)= YRAENE H<Hp. 4.1)

agreement with the amplitude of the flat plateau occurring

prior to Xy, (which is about 6.5 for the parameters chosen inyhen e decays the ratio gets frozen to its value at decay,
Figs. 3 and 4 Different choice of parameters lead to the ; o r(t)=r(tg =rq for t>ty. Equation(4.1) then implies
same qualitative features in the evolution of the fluctuations.

During the oscillating regime €2
m=——. (4.2
de (9W Xk —4 2 (X~ %.1) - I’de
W_a_ez’ r(x)=4u“e . X>Xpy-

(3.22 The energy density of the background fluid just before decay
' has to be larger than the energy density of the decay prod-

These solutions hold down to the moment of decay occurringiCts, i.e.p(t)=Tg. Since
at a typical curvature scale

M2 3
7) Mp?, (3.23

o am|?
pr(td=m’Mg —| , 4.3
Hy~ aq

the mentioned condition implies
where it has been taken into account that the effective mass

is, during the oscillating phagd?/A.. Integrating the evolu- m /m
tion equation forR, it can indeed be obtained using Egs. T M_>1’ (4.4
(3.20—(3.22 a 2P
fy “ 8 _ which can also be written, using E@t.2), as
R(kd):R(km)+2;X(km):§(l—§rd)x(k'), (3.24
(i) = 3/2(E). (4.5)
wherery=r(Xgy) andxq is determined through Ed3.23. Mp Mp

Sinceu <1 (to ensure that does not dominate already dur-
ing the tracking phaseand sincer <1, Eq.(3.24 implies
that the final valueR (? will be much smaller thany{’

Equation(4.5) has to be compared with the restrictions com-
ing from the amplitude of the adiabatic perturbations, which
should be consistent with observations.elfdecays before

~¢&l(2m). becoming dominant the curvature perturbations at the time of
decay are
IV. MINIMAL INFLATIONARY SCALE
[
In the standard curvaton scenario the energy density of the Rty = i M)A :rd&' (4.6)
curvaton increases with time with respect to the energy den- py de 'l €

sity of the radiation background. From this aspect of the ,
theoretical construction, a number of constraints can be deRecalling thaty,~H;/(2#) the power spectrum of curva-
rived; these include an important aspect of the inflationaryture perturbations
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o TaHi . and valid in the case whenrelaxes in a radiation dominated
Pe= m25>< 10 (4.7 environment. In fact, from Eq4.10),
I
implies, using Eq(4.5 together with Eq(4.2), me= 4.1
Vra
Hi — 10412 Tq
[ eIV (4.8 From the requirement
6
Recalling now thary<1 and m12<H" the above inequality pk(td)zszIZD( %) =T4 4.12)
implies that, at mostH;=10"*“Mp if T4~1 MeV is se- aq

lected. This estimate is, in a sense, general since the specific
relation betwee g andHy is not fixed. The boun4.8) can Itcan be inferred, using Eq4.11), that
be even more constraining, for certain regions of parameter e |32 T
space, if the conditiorils=\H4 Mp is imposed withH4 (—') = 3’4( d
=m3/M3. In this case, Eq(4.8) implies H>=10"mMp, Me Mg/’
which is more constraining than the previous bound for suf
ficiently large values of the mass, i®=10 *H,. Thus, in
the present context, the inflationary curvature scale is boun
to be in the interval 10'?M p<H;<10 ®M5.

(4.13

Tollowing the analysis reported 9], the amount of pro-
uced fluctuations can be computed. The spatial curvature
erturbation can be written, in this model, as

H . .
B. Different post-inflationary histories Ry=— TJF-Z[@U sTev, (4.14
@ €

Consider now the case where the inflationary epoch is not
immediately followed by radiation. Different models of this where
kind may be constructed. For instance, if the inflaton field is _
identified with the quintessence field, a long kinetic phase @
occurred prior to the usual radiation-dominated stage of ex- Vo= Xot ﬁ‘b’ (4.19
pansion[17] (see alsq23] for some other references not
directly related to the present calculatjomhe evolution of a :
massive curvaton field in quintessential inflationary models =Xt iq)' (4.16
has been recently studi¢€l] in the simplest scenario where
the curvaton field is decoupled from the quintessence field
and it is minimally coupled to the metric. In order to be are, respectively, the canonically normalized fluctuations of

specific, suppose that, as[ib7], the inflaton potentialy/( o) ¢ ande. As discussed ifi9] the relevant evolution equations

is chosen to be a typical power law during inflation and an®&n be written as

inversepower during the quintessential regime:

. : 2 AV o1 gla,
V(e)=N(g*+ M%), <0, %+3H%‘g Vet g2 Mz at|n
AM8 1 9
where \ is the inflaton self-coupling an¥ is the typical . . 52\/\/ 1 g /ad
scale of quintessential evolution. The potential of the curva- v.+3Hv .~ Vzv + T2 gt HE € |ve
ton may be taken to be, for simplicity, quadratic. In this a? & M pa
model the curvaton will evolve, right after the end of infla- 1 4
tion, in an environment dominated by the kinetic energy of (Pe v,=0. (4.18
¢. The curvaton starts oscillating &t,,~m and becomes M sat\H

dominant at a typical curvature scate~m(e;/Mp)?. Due _ _ _ o
to the different evolution of the background geometry, theSolving Egs.(4.17) and (4.18 with the appropriate initial

ratio r (t) will take the form conditions, and using tha’¢?/H is constant during the ki-
, . netic phase, Eq4.14 can be written a§9]
€; a
r(ty=m ( —1|, H<H_, (4.10 H. IW (1)
Mp/ \an e XeOW [ Xk
Ry(t)= keve P rgl — pk (4.19

to be compared with Eq4.1) valid in the standard case. For
t>tg, r(t) gets frozen to the value; whose relation ta; is ~ Recalling thaty{’~H;/(2), the observed value of the
different from the one obtained previousigee Eq.(4.2)] power spectrum, |ePl’2 5% 10 °, implies

083509-8
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(i);10—4(ﬁ
Mp Mp

23 ous estimates of this preliminary analysis seem to suggest
(4.20  thatifr’=0 for a sufficiently long time the obtained curva-
ture perturbations present prior to curvaton decay are much
The same approximations discussed in the standard case wamaller than the value required by observations. The possi-
now be applied to the case of quintessential inflation. Supbility of having r’=0 down to sufficiently low curvature
pose thatT4~1 MeV (i.e. the minimal value compatible Scales would, on the other hand, be interesting to relax the
with nucleosynthesis consideration¥hus, from Eq.(4.20 bounds on the minimal inflationary curvature scale, which, in
H;=10"Mp. This estimate has to be compared with the standard scenariqwhere r’>0), is roughly H;
=10 *? Mp which was obtainedsee Eq.(4.8)] in the case >10 12M, for the most optimistic set of parameters. If this
when e relaxes to its minimum in a radiation dominated bound could be evaded inflation could take place, within the

environment. Suppose now that the decayeofs pure|y framework discussed in the present paper, also at much
gravitational, i.e.l ~m3/Mp. If this is the case, as previ- Smaller curvature scales. In this sense, the presence of a
ously argued, one could also require tiige VHqMp. This phaser’=0 does not alleviate the problem. Furthermore, if

requirement implies that for masses>10 TeV, H; r’ =0 for a sufficiently long time, the final amount of curva-
~10"“m. ture perturbations gets drastically reduced.

In a related perspective the case of low-scale quintessen-
tial inflation has been examined. In this case>0 and the
background geometry is kinetically dominated down to the

In the present investigation the possibility that the ratiomoment of curvaton oscillations. The same argument, lead-
between the curvaton energy density and that of the domiing to the standard bound on the minimal inflationary curva-
nant component of the background sources is constant durirtgre scale shows, in this case, that the bounds are a bit re-
a significant part in the evolution of the Universe. The vari-laxed and curvature scalés>10 M become plausible.

V. CONCLUDING REMARKS
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