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Inflaton field as self-interacting dark matter in the braneworld scenario
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A unified model is developed within the context of the braneworld paradigm, where a single scalar field can
act as both the inflaton field in the very early universe and also as strong, self-interacting dark matter in the
post-inflationary universe. Reheating proceeds due to the overproduction and subsequent evaporation of pri-
mordial black holes. Observational constraints, most notably from gravitational waves, are satisfied if the
probability of PBH formation is sufficiently high.

DOI: 10.1103/PhysRevD.66.023514 PACS nunider95.35:+d, 98.80.Cq

The recent advances in astronomical observations arer” (SFDM) hypothesis that has recently been developed by
casting new light on old problems in cosmology. Two of thetwo of the author§15-21] (see alsd22]). The key idea of
most fundamental questions of interest today (@r¢he ori-  the SFDM scenario is that the dark matter responsible for
gin of the scalar inflaton field responsible for the acceleratedstructure formation in the universe is a real scalar fidid,
inflationary expansion of the very early universe diigithe  that is minimally coupled to Einstein gravity and has self-
nature of dark matter in the universe. Both questions havéteractions parametrized by a potential energy of the form
important implications for our understanding of large-scale
structure formatiori1]. V(@) = Vo[ cosh a/xo®) ~ 1], @

. Ne.W ideas about inflationary cosmology are NOW €Mergy, pare Vy and a are the only two free parameters of the
ing with the development of the braneworld scenario, wher

b bl . o d q . I 'emb odel, xo=87G and we employ natural units such thfat
8”;0 .fﬁrva hef ‘;”'ijfse IS .V'eWIe as a3 "Am"’;'?k.""a fem €= c=1. The effective mass of the scalar field is given by
ed within a higher-dimensional spaf3)]. A striking fea- m3 = koVoa®. A minimal coupling to gravity avoids the

ture of this scenario is the presence of a quadratic densit - . . S
. ) ; : trong restrictions imposed by the equivalence principle on
term in the Friedmann equatida]. Under quite general con-
scales of the order of the solar system.

ditions, t_h|s term allows steep scalar field potenuals to sup The advantage of the SFDM model is that it is insensitive
port an inflationary epoch that would otherwise be impos-,_ . .: L : .

S to initial conditions and the field behaves as CDM once it
sible in standard cosmolod,7-9.

An attractive feature of steep inflationary models is thatbegins o oscillate around the minimum of its potential. In
the universe can be naturall preheated by the process gtlis case, it can be showd5,1q that the SFDM model is
y y P able to reproduce all the successes of the standard CDM with

gravitational particle pro_duction, where par;icles. are pro—a cosmological constantA( CDM) above galactic scales
duced quantum mechanically at the end of inflation due tq: ; . i '
urthermore, it predicts a sharp cutoff in the mass power

the time variation of the gravitational fie[dQ]. If the infla- nepectrum due to its quadratic nature, thus explaining the ob-

ton is stable and is able to survive through to the prese T )
. . . served dearth of dwarf galaxies, in contrast with the excess
epoch, it may represent a possible candidate for the cosmg-

logical constant or quintessence fil8,6—d that has been predicted by high resolutiol-body simulations with stan-

; . ard CDM[16,23. The strong self-interaction of the scalar
g;?gflsle(iéo account for the high redshift type 1a supernov%eld results in the formation of solitonic objects called “os-

On the other hand, Barshay and Kreyerhoff first propose&matons’,i which have a mass Of. the order of a galaxy but do
that a metastable infiaton field could be identified with thenot exhibit the cusp density profiles characteristic of standard

CDM [19-21]. The best-fit model to the cosmological data

present-day cold dark matt¢CDM) [13]. By employing o
renormalization-group techniques to calculate radiative cors o be deduced from the current densities of dark matter and

rections to a scalar field potential involving a quartic self—radlaltlon in the universe an_d from the cutoff in the mass
: . . . . power spectrum that constrains the number of dwarf galaxies
interaction[14], they found that inflation could proceed in |

o S . in clusters. The favored values for the two free parameters of
the vicinity of the potential’s maximum and would end as the

field reached a well-defined minimum. Fluctuations aboutthe potential(1) are found to b¢16]

this minimum result in massive inflaton quanta with an en- a=20.28, )
ergy density that is sufficiently high that they can provide a
significant fraction of the CDM at the present epoch. Vo=(3X10"2"M,)*, 3

In this paper, we consider whether the inflaton field can be
identified with the cold dark matter in the univerfg3], whereM,=G ¥2~10"° g is the four-dimensional Planck
within the specific context of the braneworld scenario andmass. This implies that the effective mass of the scalar field
the so-called “strong, self-interacting scalar field dark mat-should bem,=9.1x10 *>M,=1.1x10 % eV.
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An important feature of the potentiél) is that it is renor-  the canonicaV/=\®* potential, where COBE normalization
malizable and exactly quantizable, although it is presentlymplies the dimensionless parameter-10 ** should be
unknown whether it originates from a fundamental quanturmvery small, our model requires the small dimensionful num-
field theory[24]. Furthermore, the scattering cross section byber forV, given in Eq.(3), although this constraint does not
mass of the scalar particles,_,,/mg, can be constrained arise from the CMB. Furthermore, the magnitude of the po-
from numerical simulations of self-interacting dark mattertential N e-foldings before the end of inflation ¥y~ (N
that avoid high-density dark matter halp5]. This effec-  +1)V,,q, implying that the initial value of the scalar field is
tively constrains the renormalization scaleg, , of the po-  closer to®,4than in the quartic model.
tential to be of the order of the Planck mads;=1.93M, Given the COBE normalizatiof26], the spectral index of
=2.15x 10" GeV[18]. Such a value is indicative of a pos- the scalar fluctuation spectrum is determined td He
sible fundamental origin for the scalar field, which in turn
suggests that the strongly, self-interacting scalar field dark n=1-4/(N+1)=0.94, (6)
matter may also have been present during the inflationary
epoch[18]. However, we do not perform quantum field theo- WhereN~70 is the number oé-foldings that elapse between
retic or semiclassical calculations in this paper. the epoch that a given, observable mode crosses the Hubble

In view of the high energy scales associated with the veryadius during inflation and the end of the inflationary epoch.
early universe, it is natural to assume that the scalar field waBemarkably, the tilt of the scalar perturbation spectrum in
initially displaced from its global minimumkye®®?s>1. In  this scenario isuniquely determined by the number of
this limit, the potential is well approximated by an exponen-€-foldings and isndependenof the parameters in the poten-
tial function, but from Eq(2), the self-coupling is too large tial (1). A spectrum with a tilt of this magnitude away from
to support inflationary expansion in a standard cosmologica$cale invariance is presently favored by analyses of the CMB
setting. On the other hand, such a potential can drive inflaPower spectruni27]. Furthermore, the amplitude of the pri-
tion successfully within the braneworld scenaf9]. This ~ Mmordial gravitational wave spectrumy, relative to that of
follows because the Friedmann equation is modified due téhe density perturbationgs, can be estimated 43]
the motion of our observable univergthe domain wall

through the higher-dimensional “bulk” spacetime. In par- r=4mAZ/AZ=0.4 (7)
ticular, in the second Randall-Sundrum scendi®d, the
Friedmann equation is given §y] implying after COBE normalization thaA$~ 1.7x10° 10
This ratio is also independent of the model's parameters and
H2=1kop(1+ p/2\}) (4) s within the projected sensitivity of the Planck satellite. It
provides a potentially powerful test of the model.
when appropriate conditions are satisfied, wherea/a is Inflation ends when the quadratic corrections to the Fried-

the Hubble parametea,is the scale factor of the universe, Mann equatior{4) become negligible. Due to the steep na-
is the energy density of the inflaton fieldssumed to be ture of its potential, the inflaton then behaves as a massless
confined to the braneand \,, is the tension of the brane. field, where its energy density redshifts @g=a°. This is
Conventional Einstein gravity is recovered in four dimen-important, because after the tensor modes have re_entered the
sions when the energy density is significantly lower than théiubble radius, the evolution of the spectral gravity wave
brane tensionp<\,. However, at high energies, the qua- energy densityp,, is sensitive to the effective equation of
dratic correction implies that the expansion rate of the branstate in the post-inflationary universg,28. It is enhanced

is enhanced relative to what it would be in a universe gov{reduced on shorter scales ib>1/3 (0<1/3). In general,
erned by Einstein gravit}s]. Thus, the friction acting on the the bound on the gravitational waves imposed by successful
scalar field is increased and inflation driven by a potential ohucleosynthesisp,<0.2p,4, must not be violated and this
the form (1) is then possible at sufficiently high energies results in an upper limit on the duration of the kinetic energy
even thoughn®>1. dominated phasp9].

Braneworld inflation driven by such a potential has been Sahni, Sami and Souradeg$)] assume that the evolution
studied in Refs[7,9]. Recalling the main results, the Cosmic of the short wavelenth gravitational waves is similar to that
Background ExplorefCOBE) normalization of the cosmic of conventional cosmology. They then conclude that the
microwave backgroundCMB) power spectruni26] relates  gravitational wave energy density begins to dominate the
the value of the brane tension to the scalar field self-couplingcalar field when the universe has expanded by a factor of
such that\{*a®?~10'> GeV. For the favored value of the A;'~10° and, consequently, the universe must become ra-

latter, as implied by Eq2), we deduce that diation dominated before the temperature has fallen by this
factor. Unfortunately, for the model under consideration, the
Ap=(6X10""M,)*=2.88x 10°1 GeV". (5)  thermalized temperature of the radiation produced from

gravitational particle production at the end of inflation is
For these given values dfx,\p}, the magnitude of the po- given byT.,~2X10° GeV, whereas the temperature at the
tential energy at the end of inflation i8/,=(3.2
X 10 M ,)*=2.33x10°* GeV* and this implies thatb g
~2My,, thus justifying the exponential approximation to the IThe equation of state is assumed to be of farmwp, wherew
potential(1) during the inflationary era. In comparison with is a constant baryotropic index. For massless scalar figted].
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epoch when this radiation dominates the scalar fieldfjs Scale at the same rate as that of the PBH energy density.
=(1-2) GeV[9], corresponding to a redshift of 10 More specifically, Q4=3(1+w)/a?® and ®?/V=2(1

An alternative mechanism for reheating the universe is+ w)/(1— w) and this implies that the variation of the scalar
therefore required that reduces the duration of the kinetidield with respect to the scale factor during tracking is given
energy dominated phase. One possibility is through the ovely [34] & =d,,— [3(1+ w)/\/K—oa] In(a/ay), where a sub-
production of primordial black holesPBHs that subse- script “t0” denotes the onset of the tracking behavior. This is
quently decay into relativistic particles via Hawking evapo-important because the large value of the field’s self-coupling,
ration [29—31. In the above inflationary model, a fraction, g~ 20, implies that the universe expands by many orders of
Bo, of the energy density of the universe collapses into PBHsgnagnitude before the field reaches its global minimum. In
due to the density fluctuations that reenter the Hubble radiugarticular, if the PBHs dominate the cosmic dynamics for the
immediately after the universe has ceased to accelerate. Thgajority of their lifetime, the universe can expand by up to a
PBHs form with a mass of the order of the horizon mass atactor of 13 before the PBHs evaporate. The rolling of the
this time[32] and this is given b y,~M3H g, where the  scalar field down its potential during this epoch is onlgp
Hubble radius at the end of inflatioH,, is estimated from  ~ —0.84. The subsequent transition to a radiation dominated
the Friedmann equatio) under the assumption that,y  universe has a negligible effect on the tracking behavior of
~Vens=2a?\,. Equation (5) then implies that Mpon  the field, and for a wide range of initial conditions, the field
~10°M, and the lifetime of PBHs with this mass ig,qp  does not reach its minimum until well after the primordial
~(Mppn/M,)%tp~10"1 s, wheret is the Planck time. nucleosynthesis era has passed. In this case, the nucleosyn-
This is sufficiently short that constraints on PBH evapora-thesis bounds are not violated sinee-5 [35]. In principle,
tions from primordial nucleosynthesis are satisfig@l,33. therefore, our model does not exhibit the problem of over-

Once formed, the PBHs behave as a pressureless fluid aistiooting nor undershooting for the initial conditiof85].
their energy density redshifts %bhxa‘*". Thus, they are The post-inflationary universe after the nucleosynthesis era
able to dominate thgmassless scalar field before they would then correspond to the universe considered in Refs.

evaporate if [15-18, where it was shown that the scalar field can subse-
quently act as dark matter in the universe.
30/(1—ﬂo)>(Mpbf/M4)*2%10’18 (8) To summarize, we have found that a scalar field with a

_ _ _ _ potential of the form(1) can drive an epoch of inflationary
and this change in the effective equation of state occurs aftesxpansion in the braneworld scenario and may also act as a

the universe has expanded by a factor candidate for the dark matter at the present epoch. The re-
5 heating of the universe proceeds via PBH domination and
Bol (1= Bo) =~ (@end Agom)”s (9 evaporation. The model is able to explain a variety of astro-

physical observations over a wide range of scales and, in-

where agon, denotes the scale factor at the onset of PBHgeed, contains only four free parameters: the effective mass
domination. It follows, therefore, that the PBHs dominate thegf the scalar fieldmg , its self-coupling,a, the tension of
scalar field before the back reaction of the gravitationakpe brane),,, and the initial mass fraction of PBHg,. It is
waves becomes significant if the initial mass fraction satistpe insensitivity of Eqs(6) and(7) to the potential’s param-
fies Bo>10"* This is consistent with E8) and the con-  eters that allows us to simultaneously satisfy the constraints
straint arising from the integrated gravitational wave energyarising from the mass power spectrum without the need for
density is therefore alleviated since the PBH equation ofjne-tuning. Once fixed by observational constraints, the pa-
state,w=0, is “softer” than that of radiation. rameters of the potential can remain unaltered throughout the

A stronger, and more reliable, constraint on the initialhistory of the universe.
PBH fraction can be imposed by requiring that the PBHs | this paper, we have considered the poter(tiaffrom a
dominate the universe before the scalar field has reached t%enomenological perspective W|th the primary aim of deter-
minimum of its potential and begun to oscillate. During the mining the region of parameter space consistent with astro-
kinetic dominated regime, the scalar field varies &s physical observation. The parameters cover a wide range of
=®eng— V(3/4m)M4In(a/agnd and from the estimate of scales and one question that immediately arises is whether
®gng given above dq,~2M,, the field reaches the mini- the form of the potentia(1) and, in particular, the best-fit
mum of its potential after the universe has redshifted by aalues for its parameters, can be more fully understood from
factor a/agn~60. Thus, from Eq(9), the PBHs dominate a field-theoretic perspective. This is beyond the scope of the
the universe before this point is reachegBf>5x10"°. present paper. Nevertheless, we have developed a model

If the PBHs come to dominate sufficiently early, the dis-based on a single scalar field that covers the history of the
placement of the scalar field away from its minimum is suchuniverse from the inflationary era through to the present ep-
that the potential is still well approximated by an exponentialoch and it is therefore to be expected that the parameters
form at this time. This is the case fdr>0.0IM,. Moreover,  should cover a similar range of energy scales. The success of
the standard Friedmann equation is valid f<1.8M,, the model in simultaneously satisfying a number of funda-
where the quadratic corrections in E4) become negligible. mental observational constraints provides strong motivation
Since its potential is steep, the field subsequently tracks thiar considering its field-theoretic origin in more detail.
PBH (fluid) component in this regime as in the standard We have viewed the initial mass fraction of PBHs as a
cosmology[34], where its potential and kinetic energies free parameter in the above analysis, but its magnitude is
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determined by the density perturbations at the end of inflaef standard model particles that are indeed confined to the
tion. A more detailed calculation of the fluctuation spectra isbrane[37].

therefore required if further insight is to be gained, but this Finally, there is the question of whether the PBHs leave
involves an extension of the slow-roll analyses employedhehind stable, Planck-sized relics at the end point of their
thus far[5] and is beyond the scope of the present paperevaporatior{30,38. Although such a possibility is now con-
Since the post-inflationary universe is initially dominated bysjdered unlikely, it is worth remarking that when the PBHs
a scalar field, the question of PBH formation in this scenariqjominate the universe before they evaporate, their relics can-
is closely related to the problem of scalar field collapse ang,ot overclose the universe il h<10°g [30] and this

this topic has attrgcted considerable attention in repent Year§ond is satisfied for the above pscenario.

(For_ a recent review, see, e.g., R.ESB]') Moreover, In esti- In conclusion, we have proposed a simple, unified model
mating the limits on the probability of PBH formation, we of the inflaton and dark matter particles, where the same

have assumed that standard four-dimensional results derlve-S alar field provides the origin for the primordial spectrum of

within the context of Einstein gravity are valid. This is rea- : : ; ;
sonable since the PBHs form once inflation has ended an%ensny perturbations produced quantum mechanically during

thi rs when the bran rrections to the Eriedm ol flation and also plays a central role in forming the cosmo-
S occurs e € brane corrections fo the Friedma R)gical structures that we observe today.
equation(4) have become negligible.
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