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Abstract

The curvaton reheating in a tachyonic inflationary universe model with an exponential potential is studied. We have found that the enel
density in the kinetic epoch, has a complicated dependencies of the scale factor. For different scenarios, the temperature of reheating is comp
These temperature result to be analogous to those obtained in the standard case of the curvaton scenario.

0 2005 Elsevier B.V. All rights reserved.

PACS:98.80.Cq

Inflationary universe mode[4] have solved many problems ementary theory of reheating was developegbinfor the new
of the Standard Hot Big-Bang scenario, for example, the flatinflationary scenario. During reheating, most of the matter and
ness, the horizon, and the monopole problems, among othemadiation of the universe are created usually via the decay of the
In addition, its has provided a causal interpretation of the oriscalar field that drives inflation, while the temperature grows in
gin of the observed anisotropy of the cosmic microwave backmany orders of magnitude. It is at this point where the universe
ground (CMB) radiation, and also the distribution of large scalecoincides with the Big-Bang model.
structures. In the standard inflationary universe models, the ac- Of particular interest is a quantity known as the reheat-
celeration of the universe is driven by a scalar figlinflaton)  ing temperature. The reheating temperature is associated to the
with an specific scalar potential, and the quantum fluctuationtemperature of the universe when the Big-Bang scenario begins,
associated to this field generate the density perturbations seetttat is when the radiation epoch begins. In general, this epoch
ing the structure formations at late time in the evolution of theis generated by the decay of the inflaton field, which leads to a
universe. To date, the accumulating observational data, espereation of particles of different kinds.
cially those coming from the CMB observations of WMAP  The stage of oscillations of the scalar field is a essential part
satellite[2] indicate the power spectrum of the primordial den-for the standard mechanism of reheating. However, there are
sity perturbations is nearly scale-invariant, just as predicted bgome models where the inflaton potential does not have a min-
the single-field inflation in the context of “slow-roll” over. imum and the scalar field does not oscillate. Here, the standard
At the end of inflation the energy density of the universemechanism of reheating does not w¢éf. These models are
is locked up in a combination of kinetic and potential ener-known in the literature like non-oscillating models, or simply
gies of the scalar field, which drives inflati¢d]. One path to NO modelq7,8]. The NO models correspond to runaway fields
defrost the universe after inflation is known as rehedihgel-  such as module fields in string theory which are potentially
useful for inflation model-building because they presents flat
" _ directions which survive the famousproblem of inflation[9].
Corresponding author. . This problem is related to the fact that between the inflationary
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use of NO models is quintessential inflation, in which the tailbringing inflation to the end. Following Liddle and Urefi],
of the potential can be responsible for the accelerated expansiove considered the evolution of the curvaton field through three
of the present univerdéO]. different stages. Firstly, there is a period in which the tachy-
The first mechanism of reheating in this kind of model wasonic energy density is the dominant component, pg.>> oo,
the gravitational particle productidd 1], but this mechanism even though the curvaton field survives the rapid expansion
is quite inefficient, since it may lead to certain cosmologicalof the universe. The following stage, i.e., during the kinetic
problemq12,13] An alternative mechanism of reheating in NO epoch[19], is that in which the curvaton mass becomes impor-
models is the instant preheating, which introduce an interadant. In order to prevent a period of curvaton-driven inflation,
tion between the scalar field responsible for inflation an anothethe universe must remain tachyon-driven until this time. When
scalar field7]. the effective mass of the curvaton becomes important, the cur-
An alternative mechanism of reheating in NO models is thevaton field starts to oscillate around at the minimum of its
introduction of the curvaton fielfl4]. The decay of the curva- potential. The energy density, associated to the curvaton field,
ton field into conventional matter offers an efficient mechanismrstarts to evolve as non-relativistic matter. At the final stage, the
of reheating, and does not necessarily introduce an interactiozurvaton field decays into radiation and then the standard Big-
between the scalar field responsible of inflation and anotheBang cosmology is recovered afterwards. In general, the decay
scalar field[8]. The curvaton field has the property whose en-of the curvaton field should occur before nucleosynthesis hap-
ergy density is not diluted during inflation, so that the curvatonpens. Other constraints may arise depending on the epoch of
may be responsible for some or all the matter content of théhe decay, which is governed by the decay paramegterThere
universe at present. are two scenarios to be considered, depending on whether the
Implications of string/M-theory to Friedman—Robertson—curvaton field decays before or after it becomes the dominant
Walker cosmological models have recently attracted great attertomponent of the universe.
tion, especially those related to brane—antibrane configurations In the first stage the dynamics of the tachyon field is de-
as spacelike branes. The tachyon field associated with unstaeribed in the slow-roll over approa¢h3]. Nevertheless, after
ble D-branes, might be responsible for cosmological inflatiorinflation, the termV~13V /3¢ is negligible compared to the
at early evolution of the universe, due to tachyon condensdtiction term. This epoch is called ‘kinetic epoch’ or ‘kina-
tion near the top of the effective scalar potenfidd,16]which  tion’ [19], and we will use the subscript™to label the value
could add some new form of cosmological dark matter at latef the different quantities at the beginning of this epoch. The
times [13]. In fact, historically, as was empathized by Gib- kinetic epoch does not occur immediately after inflation, may
bons[17], if the tachyon condensate starts to roll down theexist a middle epoch where the tachyonic potential force is neg-
potential with small initialg, then a universe dominated by ligible respect to the friction tertj20].
this new form of matter will smoothly evolve from a phase The dynamics of the Friedman—Robertson—Walker cosmol-
of accelerated expansion (inflation) to an era dominated by agy for the tachyonic field in the kinetic regimen, is described
non-relativistic fluid, which could contribute to the dark matter by the equations (s420])
specified above. We should note that during tachyonic inflation,
the slow-roll over condition becomes < 2/3 which is very ) ;
different from the condition for non-tachyonic fiefd < V (¢). 1_¢2 +3H¢ =0, 1)
¢
In this way, the tachyonic field should start rolling with a small
value ofé in order to have a long period of inflatiga3]. In  and
this way, the basic field equations for tachyon inflation become
3Hp+(1/V)(dV/d$) ~0and H2 ~ kyV, wherep denotesa  3H> = kopy- )
homogeneous tachyonic field (with unjt/& ,—1/energy+: , is
the Planck mass, so thatbecomes dimensionless).= V (¢)
is the tachyonic potentiald is the Hubble factor andg =
87rm1_,2. We have used units in which= % = 1. Dots mean V(9)
derivatives with respect to time. These expressions should hey = ———.
compared with those corresponding to the standard case, where V 1-¢?

we have 3¢ +dV/d¢ ~ 0 and 3~ koV. Thus, we ob- The tachyonic potential (¢) is such that satisfie (¢) — 0
serve a clear difference in the scalar field evolution equationsisg — . It has been argud@1] that the qualitative tachyon

meanwhile the Friedman equation remains practically the sam@ynamics of string theory can be describe by an exponential
Certainly, this modifications has important consequences, fofgtential of the form

instance, the slow-roll over parameters become quite differ-
en'[S[18]. V(¢) — Voe—am‘p’ (4)

In the following, we explore the curvaton reheating in tachy-
onic inflationary models with an exponential potential (i.e.,wherea andVy are free parameters. In the following we shall
a NO model). We follow a similar procedure described intakea > 0. We should note that,/kg represents the tachyon
Ref.[12]. As the energy density decreases, the tachyonic fieldhass[22]. An estimation of these parameters are given in
makes a transition into a kinetic energy dominated regimeRef.[13], whereVp ~ 10~1%% anda ~ 107°m?.

The associated energy density of the tachyonic figld, is
given by the expression

(3)
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From Eq.(1) we find a first integral fop in terms ofa given
by

1 12
1+ Ca®’ N é,fal‘j

¢? = >0, (5)

whereC is an integration constanpy anday represent values

at the beginning of the kinetic epoch for the time derivative of
the tachyonic field and the scale factor, respectively. A universe
dominated by tachyonic field would go under accelerate expa
sion ifq'b2 < 2. The end of inflation is characterized by the value

We considered that the curvaton field obeys the Klein—-Gordon
equation, and for simplicity, we assume that its scalar potential
is given by

m?c?

5
wherem is the curvaton mass.
First of all, it is assumed that the tachyonic energy density,
¢, IS the dominant component when it is compared with the
curvaton energy densityy,. In the next stage, the curvaton
field oscillates around the minimum of the effective potential

U(o) =

(11)

$2na= 5. The value o at the beginning of the kinetic epoch ;) Its energy density evolves as a non-relativistic matter,

lies in the range & ¢2 > 3

From Eq.(3), after substituting the scalar potentit¢)
and ¢2 from Eq. (5) into Eq. (2), and considering that =
(da/dp)p = (14 Ca®)~Y2da/dg, we get

2
Vig)=V(p@)=Vi= [vol/ze—amm/z Ve ,} |

(6)
where! represents the integral
/1/2
I(Cl) =1:= Wd
ax
2 135
-3 4’44
2 23 135 6
_éak 2F1 Zs Zv Zv_cak ) (7)

and, F1 is the hypergeometric function.

Now from Eq.(3) we get an explicit expression for the tachy-

onic energy density in terms of the scale factor
\%
Py = ——=
0= g 2

/T L .6 2
zif/t Ca [Vc}/zeaﬂd’k/z—«/?ﬁcl/“l] : @)
Ca3 2

and during the kinetic epoch the universe remains tachyonic-
dominated. The last stage corresponds to the decay of the cur-
vaton field into radiation, and then, the standard Big-Bang cos-
mology is recovered.

In the inflationary regimen is supposed that the curvaton
mass satisfied the condition <« H; and its dynamics is de-
scribed in detail in Refd12,23,24] During inflation, the cur-
vaton would roll down its potential until its kinetic energy is
depleted by the exponential expansion and only then, i.e., only
after its kinetic energy is almost vanished, it becomes frozen
and assumes roughly a constant value ogs 0. Here the
subscripts and f are used to denote the beginning and the end
of inflation, respectively.

The hypothesis is that during the kinetic epoch the Hubble
parameter decreases so that its value is comparable with the
curvaton mass, i.em >~ H. From Eq.(10), we obtain

T (Vm )1/2 @ (Caf+ DY (12)
He \Vi) (©al+114 32 7
where the /' label represents the quantities at the time when

the curvaton mass is of the order@fduring the kinetic epoch.

In order to prevent a period of curvaton-driven inflation, the
universe must still be dominated by the tachyonic matter, i.e.,
pola, = py" > ps (~ U(oy) ~ U(0y)). This inequality allows
us to find a constraint on the initial values of the curvaton field
in the inflationary epoch. Hence, from E@), at the moment

Finally, in the kinetic epoch the tachyonic energy density andvhen H ~ m we get the restriction

the Hubble factor can be written as follows,

2y = o v o a Ca®+1 ©)

’ Ve feafr1 @

AN a®  (Ca® Dt (10)
“\ve (Ca’+D1Y4  a%2 7

respectively. Herer = 3 p¢ Note the difference for the stan-

dard case, where the energy density is deflnltepw)

22 2.2

4nmo 3
1 = m? 13
2,0(’") 3 22<< = of <27 ™ (13)

This value is the same to that found in the standard [d&ge
The ratio between the potential energies at the end of infla-
tion is given by

Ur 4n mzaiz m?

— = — <L —. (14)
2172 2

Vy 3 m sH:  Hj

$%/2 + V(¢), and has a behavior during the kinetic epochHere, we have used fof; = (3/8)H2m? and Eq(13). Thus,

like stiff matter, i.e. ,pgtd)

Hubble factor in the standard theory follows the l&*'4) =
Hy(ax/a)3.

We now study the dynamic of the curvaton fiedd,through

= pjy(ar/a)® [12]. In this way, the

the curvaton mass should obey the constraint in the tachyonic
model

m<KHy, (15)

different stages. This permits us to find some constraints afvhich gives from Eq(14) thatU; <« V. We should note that
the parameters, and thus, to have a viable curvaton scenarite condition given by Eq15) is inherent to the nature of the
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curvaton field, since the reasen< Hy is because only then becomegl14]
can be the curvaton superhorizon perturbations de gener- 1 H2
ated during inflation. In this way, the condition < Hyisa P~ ——.
fundamental prerequisite for the curvaton mechanism. 9 o,

After the mass of curvaton field becomes important, i.e.,;The spectrum of fluctuations is automatically Gaussian for
m ~ H, its energy decays like non-relativistic matter in theo? > H?/472, and is independent of, [14]. This feature

(20)

form will simplify the analysis in the space parameter of our mod-
2.2 3 els. Moreover, the spectrum of fluctuations is the same as in the
m-o." a .
Po = 2’ —5 (16) standard scenario.
a

_ _ From Eq.(20) and by using that{? = H7(2N + 1) and
As we have claimed the curvaton decay could be occur in > _ «2c0/6 [13], we could relate the perturbation with the

two different possible scenarios. In the first scenario, when th%z{rameters of the model in such way that we could write
curvaton comes to dominates the cosmic expansion fi,e;

04), there must be a moment when the tachyonic and Curvato@ Py 2 oz_z 21)
energy densities becomes equal. From E8)s.(10) and (16at 4 (2N +1) % = m%

the time wherp, = pg, which happens when= deq, we get This expression allows us to the above equation permit fix the

3 5 initial value of the curvaton field in terms of the free parame-
Aroim? Via,/Ca? +1 : .
Po _ropm m k tera. By using Eq.(21), the constraint Eq.15) becomes
2
P¢ la=aeq 3Hkm% Veqa,f’ /Cagq—i—l m pl/2 o
B 47701'2 Vi [CaS +1 1 17) mp 2N + 1Y% m,
- 3m2 Veq\ Cady+1 o Finally, Eq.(19) restricts the value of the decay parameter

I';, which can be transformed into another constraint ugon

Now from Eqgs.(10), (12) and (17)we obtain a relation for the ando;, so that

Hubble parametefeg, in terms of curvaton parameters and the

. . . X 5
ratio of the scale factor at different times, given by m U_iz > / i <1040 (23)
Veq 1/2 as/Z (Cagq+ L4 mp\ ms A
Heq= Hk<7k> (Cab + 1)1/4 3/2 where we have used the condition < aeq, and Eq(19).
k deq On the other hand, for the second scenario, the decay of
4ol ay, 12 18 the field happens before this it dominates the cosmological ex-
- 3m2 |:a_ec1:| . (18) pansion, that is, we need that the curvaton field decays before

) . o ) . . that its energy density becomes greater than the tachyonic one.
Notice that this result coincides with the one obtained in stanaqgitionally, the mass is no-negligible so that we could use

dard case. Eq.(16). The curvaton decays at a time whEp= H and then
On the one hand, the decay paramefgris constrained  from Eq.(10) we get

by nucleosynthesis. For this, it is required that the curvaton

field decays before of nucleosynthesis, which meHpg ~ I's  (Va 12 as/z (Ca3+ 4

10~4%, < I',. On the other hand, we also require that the cur-/, <Vk> (Cal + 1)1/ ag/Z

vaton decay occurs aft ,andl;, < HeqSo that we get ) . .
y % > 0 o = Heq g where d’ labels the different quantities at the time when the

a constraint on the decay parameter, . )
yp curvaton decays, allowing the curvaton field decays after the
Aro2T g 732 mass takes importance, so thdf < m; and before that the
i m 19) . . . . .
Im2 [ ] m ( curvaton field dominates the expansion of the universe, i.e.,
P I'; > Heq(see Eq(18)). Thus,

: (24)

10_4Omp <Iy < —
deq
Until now, it is interesting to give an estimation of the con- 5 a0

straint of the parameters of our model, by using the scalar/47o; am / m<l- <m (25)

perturbation related to the curvaton field. During the time the 3m% Geq ? '

fluc_tuatlons are inside _the horizon, they obey the same differ- Notice that the range af}, is the same that obtained in the

ential equation as the inflaton fluctuations do, from which we

conclude that they acquire the amplitudte >~ H;/2x. Once standard case.

the fluctuations ari ou(tqside the horigon the_ oble/ jtrr;e same dif- Now for the second scenario, the curvaton decays at the time

ferential equation that the un erturbed'cur\yatonz:ield does an hen oo < py. If we defined thery parameter as the ratio

then we eg ect that the remgin constant during inflation. Th etween the curvaton and the tachyonic energy densities, eval-
P y 9 - 'NBated au = aq and forry <« 1, the Bardeen parameter is given

spectrum of the Bardeen parameRr, whose observed value by [14,25]

is about 2« 109, allows us to determine the initial value of the '

curvaton field in terms of the parameter At the time when rf H,.2

the decay of the curvaton fields occur, the Bardeen paramet& = 3672 o2’ (26)
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With the help of Eq(24) we obtain In order to give an estimation of the gravitational wave, we
move to the kinetic epoch in which the energy density of gravi-
0 - Uizmz Vkafl /Ca;? +1 4y (,iz m2 ag[ tational waves evolves as in Ref&0,29]
rq =— = = —a

= = 2 > - 2 2 3"
P la=ay 3Hk my Vda]:j Cas +1 3FG "p g Pg 2 Vi a Cal? +1
V Pe , (33)
Cab+1

@) o Mewlv o

From Eq.(25) we obtain thaty < (aeq/aq)®, then fromr; <1 where we have used the same approximation than that used in
we get(aeq/ad)3 <« 1. Therefore, the conditioneq < aq al- Ref.[27].

lows us to use expressic@ﬁG)for the Bardeer! parameter. On the other hand, when the curvaton field decays, i.e.,
From expressio(26) and (27)we could write (I; = m) it produces radiation which decays g&41. Then we
5 ) 5 may write
o 81m), (ay Py Ff
S =——l =) s (28) m202 43 a*
ms, 4 m*\a,) (2N +1) Hf p(a) — i Zm7d (34)
! 2 a3at

and thus the expressi@@5) becomes d

If the radiation produced from the curvaton scalar field is

ag Pgl/2 mp, . equal to the tachyonic density, i.epy) = pg, at the time in
v2im 32,372 2N + D2 m?H; Ie<--<1 (29)  whicha = aeq, then we could keep the gravitational waves sta-
mTeq ble, so that

Even though the study of gravitational waves was developed
in Ref. [26] for the tachyonic model, it is interesting to give Pr

) _47'[m2 O’i2 Vi (am>3<ad> Ca,?—l—l _1
an estimation of the constraint on the curvaton mass, using thisoe azaeq_ 3m3 HZ Veq\ ax aeq)\ Cafq+1

type of tensorial perturbation. Under the approximation give in (35)
Ref.[27], the corresponding gravitational wave amplitude in theg g ysed Eq€12), (24) and (33)we obtain a constrains during
tachyonic model may be written as the kinetic epoch given by
W2y~ C1 mo; T\ (Vi \Y8 [ @ \¥? [ Cab +1\ Y12

P my Hy Va am Ca;+1
where the constanitC; ~ 1073. Now, using thatV; = (36)
V(2N + 1), we obtain where we have useg, /p, < 1 at the time in whiclu = aeq.

) We note that from Eq¢13), (32) and (36)ve obtain a bound

2 H for them parameter, i.e.,
hZy ~3C12N + 1) L. (30)
8nm,, \/Eh Y r, 1/3 Vi 1/6 a, 3/2 Ca,§+ 1\ /12
In this way, from Eqs(15) and (30\we get that 3 OWER H, v an Cal+1
h2 <m<107%m,. (37)
m? & 8rm? ——CW__ @y ! o ,
3C1(2N +1) It is interesting to note that in this case we have obtained a

If we consider thatgw of the order of 16° and if take the bound from bellow fo_r the: curvaton mass.
In the first scenario, our computes allow to get the reheat-

number of e-fold to bev ~ 70 (but in context of the curvaton . : :
ing temperature as hight as‘l‘bn,,, since the decay parameter

may be much lower that this value, let say 45 or so, since th T2 hereT. 's the reheating t t
inflationary scale can be lower) we find that the above equatiorlr" o T/ mp, WhereTm represents the reheating temperature.

101
gives the following upper limit for the curvaton mass Here, we ha\5/e 2used Eqfl9), (21) and (32)a /aeq~ 10
anda ~ 10~ ms,. We should compare this bound with the

m < 107%m, ~ 10'° GeV, (32)  bound coming from gravitino over-production, which gives
_ o _ o _ Tin < 1071%,, [30].
which coincides with the limit reported in RgR28]. We note In the second scenario from E¢&5) and (32)we could es-

that in this model we have” = 3«?H?%, where the prime de-  timate the reheating temperature to be of the order 00 ~3m
notes differentiation with respect to the tachyonic figldnd if  as an upper limit.

V' > Hzm;‘, the curvature perturbations can becomes too large  As it was reported in Ref13] at the end of inflatiorp s at
compare to the COBE observatidas], so that the inflationary  pest could scales as 3, it is valid irrespectively of the form
scale cannot be much larger than the scale of grand unificatiosf the tachyonic potential provides it satisfi&g¢) — 0 as
(inflation does not produce perturbationsit- m3/+/3). This ¢ — 0o. However, this is not in general since in our particu-
means thaf y < 1013 GeV [6]. Hence, the bounds in E(82)  lar case, we have found that it is possible to get a more complex
is redundant unless the inflaton does not produce any curvatusxpression for the dependencepgfin terms of the scale factor.
perturbations. This could be seen from E(B).
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On the other hand, the shape of the tachyon condensate ef- In conclusion, we have introduced the curvaton mechanism
fective potential depends on the system under consideration. into NO inflationary tachyonic model as another possible so-
bosonic string theory, for instance, this potential has a maxlution to the problem of reheating, where there is not need to
imum, V = Vg, at ¢ = 0, whereVp is the tension of some introduce an interaction between the tachyonic and some auxil-
unstable bosonic D-brane. A local minimuvi,= 0, generi- iary scalar field.
cally at¢p — oo, corresponding to a metastable closed bosonic
string vacuum, and a runaway behavior for negativé\n ex-  Acknowledgements
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