From brane assisted inflation to quintessence through a single scalar field
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We explore within the context of brane cosmology whether it is possible to obtain both early inflation and
accelerated expansion during the present epoch through the dynamics of the same scalar field in an exponential
potential. Considerations from successful inflation and viable radiation and matter dominated eras impose
constraints on the parameters of the potential. We find that the additional requirement of late time quintessence
behavior in conformity with present observations necessitates the inclusion of two exponential terms in the
potential.

PACS numbsis): 98.80.Cq

[. INTRODUCTION the spectral index of scalar density perturbatipfs 8.
The continued rolling down the potential slope of the in-
The idea that our universe is a brane embedded in highdlaton field raises interesting questions about its late time
dimensional space has received considerable attention in réehavior. Preliminary analyses support the idea that the same
cent year$1]. This has been motivated by solutions of string scalar field can provide inflation at early times, and behave
theory where all matter and gauge fields are confined to thas a quintessence field at late tinj@s8,10. Recent obser-
3-brane, whereas gravity can propagate in the bulk. In theseéations of distant supernovae and galaxy clusters seem to
schemes the extra dimensions need not be small or compaét/ggest that our universe is presently undergoing a phase of
a radical departure from the standard Kaluza-Klein scenariggccelerated expansi¢fl], indicating the dominance of dark
and the fundamental Planck scale could be significantlgnergy with negative pressure in our present universe. The
smaller than our effective four dimensional Planck sq;a'!)e idea that a slowly rolling scalar field provides the dominant
[2]. A lot of effort is currently being devoted to understand contribution to the present energy density has gained promi-
the cosmology of such a brane world scenb nence in recent timg4d.2]. The crucial feature for viability of
The most important feature that distinguishes brane coghis theme is the existence of late time attractor solutions for
mology from the standard scenario is the fact that at higt wide range of initial conditions for certain types of poten-
energies the Friedmann equation is modified by an extra teriials [13]. The possibility of obtaining quintessence through
quadratic in energy density [3]. It is expected that the tracker-type potentials has been analyzed through a variety
implications of such a modification would be profound for of power law or exponential potentials, and also combina-
the inflationary paradigm. Recent measurements of th&ons of thesg14], though a recent studyl5] seems to dis-
power spectrum of cosmic microwave backgrou@vB)  favor models with large inverse power law potentials.
anisotropy[4] provide a strong justification for inflatiof5]. In this paper we consider a potential consisting of a gen-
It has been realized that the brane world scenario is moréral combination of two exponential terms given by
suitable for inflation with steep potentials because the qua-
dratic term inp increases friction in the inflaton field equa- V(@) =Vo[Aexp —ap/m,)+Bexp—Bo/my)]. (1)
tion [6]. This feature has been exploited to construct infla-
tionary models using both large inverse power Igfy as  Such a potential has been recently claini#6] to conform
well as steep exponentif8] potentials for the scalar field. to all the observational constraints to date on quintessence
A common ingredient in these models is that reheating igor certain values of parameters. Our goal is to check in
supposed to take place through gravitational particle produadetail whether a viable scenario of brane world inflation, and
tion. The conventional reheating mechanism through decay feasible late time quintessence solution both work out with
of the inflaton cannot be implemented in these models bethis potential. We impose all the requisite constraints that
cause the saclar field potential does not have a minimumome into play in inflation, during the intermediate radiation
near the scale of inflation. At the end of inflation, the scalarand matter dominated eras, and finally from the present ep-
field equation becomes kinetic energy dominated because otth of accelerated expansion. Balancing the dynamics be-
the steepness of the potential. This energy is redshifted rapween such disparate scales requires, as expected, a tuning of
idly and radiation domination ensues. The detailed aspects @ine parameter in the potential. This is just a rephrasing of the
the scenario of gravitational particle production have beerrosmological constant problem which cannot be addressed
debated in Refd9]. The condition that radiation domination through this mechanism. Nonetheless, our results indicate
sets in before nucleosynthesis is used to impose constraintisat such a unified scheme is possible with certain restric-
on the parameters of brane inflation modéls3]. A definite  tions on the allowed values for the potential parameters. Our
prediction of these models is the parameter independence ahalysis serves to highlight the inevitability of requiring two
exponential terms and also to rule out certain specific catego-
ries (formed by the selection of particular combinations of
*Electronic address: archan@boson.bose.res.in values and signatures of parametetthe above potential.



Il. INFLATION IN THE BRANE WORLD SCENARIO

To begin with, let us note certain points regarding the

parameters in potenti@l). First, one of the constanfsor B
can be absorbed M,. SecondlyV(¢) is invariant under the
transformationa— —«a, B——B, ¢——¢. So without
loss of generality we can sBt=1, a«<0, and¢;>0, where
¢; is some initial value ofp. Further, we assume that either
of the two conditions,(@Q) —a>|p|, or (b) |A|>1, for
al B~+1 hold. This makes the first term W(#) dominate
except for very small or negative values ¢f thereby en-
abling us to make use of the analysis of Copelandl. [8]
during the early inflationary era.

The brane world dynamics is governed by the modified

Freidmann equation
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where, for reasons of simplicity, we have set the contribu-
tions from bulk gravitons and higher dimensional cosmologi-

cal constant to zerf6—8]. The brane tensioih defines the
scale below which the quadratic correction begins to los
importance and standard Friedmann evolution is recovere
The scalar field obeys the equation

d+3Hp+V'($)=0. ©)

As long as the conditiop/2\>1 holds, the quadratic term

and
Vv Ne? 7
e~ 7 (7)
Hence, the number of e-foldind$ can be written as
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where the value of the potential te-foldings from the end
of inflation is given by
Vn=V(N+1). (9)

Following Refs[6,8] one can define the amplitude of density
perturbations as
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Using the Cosmic Background Exploré€OBE) normaliza-

Zion A=2X10 °[18], one gets
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Though we have assumé&t{¢)>\ during inflation, consis-
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in Eq. (2) dominates and contributes to increased friction i”tency demands that the scalar field be confined to the brane

the scalar field equatio(8). Thus during inflation, one can
define a modified slow role parameter
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If the brane energy momentum tensor is dominated by the

energy density of the scalar field, inflation ensues wien
< 1. The condition for brane assisted inflatids thus weak-
ened compared to the standard case, as pere 3p guar-

antees accelerated expansion, &e,0. In the slow roll ex-
pansion, the number of e-folding$is given by

s

where ¢, denotes the value ap at the end of inflation ¢
~1). AssumingV>\ during inflation, one obtains
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The term “assisted inflation” was coined in the context of stan-

dard Friedmann cosmology where cumulative effects of multiple

scalar fields in exponential potentials give rise to inflat[dm].

at all times. One has to ensure that,,<(Ms)*, whereMg
is the five dimensional Planck scale, relatedtg and brane
(Mg)?

tension\ by

The above consistency conditip¥,,,< (Ms)*] leads to the
constraint

Ms. (12)

— a(Pmax— Pe)

mp|

<13.8. (13)

Using Eqgs.(8) and(13) one can see that the maximum num-
ber of e-foldings possible is given by

Nmax= exp{

We recover the results of brane assisted inflation pre-
sented in Ref[8] since our model reduces to theirs during
inflation. It should be mentioned here that two generic pre-
dictions of brane inflatiorithe spectral indexis~0.92, and
the ratio of the amplitude of tensor to scalar perturbations,

— a(Pmax— de)

pl

) ~10°. (14)

A2/A%~0.03), are independent of the slopeof the expo-

However, in this paper we use the term “brane assisted inflation'nential potential6,8,19. However, 50 groduce an observa-
simply to signify the effect of the quadratic energy density correc-tionally acceptable value fars andAs/Ag, one needs a very
tion towards helping slow roll. high power of¢ for inverse power law potentialg].



[ll. CONSTRAINTS FROM RADIATION AND MATTER Before proceeding further, one needs to ensure that the tem-
DOMINATED ERAS perature of radiation density at the end of inflation given by
Eq. (16) does not exceed 2GGeV, the temperature at which

The scalar field potential at the end of inflation is given bythermal production of gravitinos might be signific4@o]. It

V. [Eq. (7)]. At this stage the brane correction to Friedmann o
A . 2 X . can be checked from Eq16) that T,<10° GeV implies
equation is dominant fow=>87. The field ¢ continues to —a=1C. Using this bound together with the requirement

ro_II down in the absenc_e of any minimum for the potential atfor the onset of radiation domination before nucleosynthesis,
this scale. Thus reheating can take place only through gravi-

tational particle productiof®]. Assuming this to be the case, we set the value oi to be
the energy density in radiation at the end of inflation is given —a~0(10%). (19)
by
Recently, it has been claimed that the requirement that reheat
101 Gev\* temperature after inflation be bounded by production of ex-
(Pr)e=9 N (15  cess gravitons limits the brane tension, Xz 10" GeV*
4 v

[21]. Our choice ofa is consistent with this bound.

) ) ) ) Exponential potentials are known to yield tracker solu-
whereg is the number of fields which produce particles atjons Here we look for a late time attractor or scaling solu-
this stage. The ratio of radiation density to scalar field densjqny \where the scalar field dynamics mimics that of the domi-
sity is (PR)e/(P¢)e~g(107_l7) [8]. Radiation red shifts as nant packground fluid (radiation or matter with an
pr>a " and competes with the scalar field energy density;pnroximately constant ratio between their energy densities.

p 4 for domination. The equation state f@rafter inflation is  The tracking conditiori13] requires that
w,=—2/3. p, falls off starting fromp(25c><a‘1 (when brane

effects are most importanto p(,)oca*6 (complete kinetic V' (@) m—ll
domination. In the rather unlikely case of the former evolu- W: L (20
tion throughout the time untip<2X\, the onset of radiation ¢ VO,

domination gets delayed. Radiation domination ensues aft rOIdS at various stages of evolution. Equati@®) can be
the scale factor has expanded by an extra factor o Y - =4

used to check the consistency of the constréifj at differ-
(Ve/2))%3=(— a/ \/87)1%3[8] over and above the factor of :
around 16 by which it would have expanded had kinetic ent stages, for example, &f,c when the recently obtained

domination of the scalar field set in immediately at the end OPound ®¢)””9<0'045 [2.2] needs to be sgtlsﬂed. The exis-
. . o ._tence of tracking behavior can be determined by the quantity
inflation. The temperature of radiation at the onset of radia;

tion domination is given in this scenario by 113]

V" ($)V( )
T __ 10 Gev (16) : V()2
RD (_a/\/g)l3/3'

If T stays nearly constant, then a solution converges to a
Radiation density in the universe must dominate before nutracking one. For our model it is easy to verify tHat1
cleosynthesis, i.eTrp=1 MeV. Hence, one obtains an up- Whenever either of the two terms dominate in Ep. [With
per bound ony, i.e., a<10?. In practice, however, this sce- our choice of conditionga) or (b), we want the first term to
nario is extremely unlikely because the steep nature of thdominate during inflation, as well as throughout the radiation
potential will quickly forcep, to be dominated by kinetic and matter dominat_ed eras. Th_e transient regime _When l_aoth
energy @,~1, =a %), and the above bound should be the terms play equitable roles in the dynamics will be dis-
interpreted in a loose sense. Keeping this caveat in mind, orf@SSed in the next sectign. , _ _
could still calculate the number of e-foldings encountered by '€ exact evolution of thep field will depend on its
the ¢ field from the end of inflation to nucleosynthesis, eNergy fraction(, and its equation of state parametey,

(21)

which is given by which varies with time all the way fromw,~1 (kinetic
domination at some stage after inflation to,— —1 (quin-

_ _ 1L 10 tessenceduring the present epoch. Analysis of recent CMB

ex% (e ¢”“C)) - @ _ (17) data constrain§) ,<0.39 during the radiation dominated ep-
M, kp. (8m)° och[22]. Numerical analysi$23] suggests that fror, . to

teq (14 rises slowly staying nearly constant around 0.2. As-
In the more likely case of brane effects continuing to play asumingw,, tracks the behavior of radiatiofi.e., w4~ 1/3)
role in the dynamics for some time after the end of inflation,up to the era of matter-radiation equality, one obtains
a more plausible solution fap is of the “tracker type”[13]

— _ 2
wherew 4= w,=1/3. In this case it turns out that exr{ a(Pnuc™ Peq) _|[ Bea 22)
mpl Anuc
2
— — a . .
ex%M = ;“C (18) From t., to the present era the field experiences a few
p! tracker e

more e-foldings(exd — a(deq— Pnow)/Mpi]=0O(1)). Dur-



ing galaxy formation(},<0.5, and hen_ce, the dynamics 10F%exp( @ — B)
should be such that 0.5<w ,<—1/3 during this ergd23|. A= —mMm——,
These are approximate results in the sense that for more ac- a

curate results one has to solve the equations of motiowb for
andH. Nevertheless, our use of average valuesdgduring
different eras is justified as our purpose here is to estimat
the available parameter space #grbefore (), domination
sets in around the present epoch. Or, in other words we es-
timate the total magnitude of rolling down the effective slopem
a of the potential experienced by until the present phase b IN(—AalB)
of accelerated expansion influenced by the second term in min _

Eq. (1) is arrived at. My, a—p

. (24

That we require such a large value #®does not come as a
gurprise, since we have reached the present energy density
Starting from a scal&/,~0O(10' a) GeV.

We now analyze the case Ka/B<0. Here one gets a
inimum for the potential with

(25

and
IV. ACCELERATED EXPANSION DURING THE PRESENT
EPOCH \a? ade
Viin=7—x€X
47TA mp|

)(A(—Aa/ﬁ)“"“’”

With a high level of confidence present observations sug-

gest that our universe has entered an era of accelerated ex- +(—Aal ) ~Plla=B)), (26)

pansion driven by a cosmological constant or energy density

of a scalar field with) 4~0.7 [11,24. Our model with ef-  For this case one does not require the second attractor solu-

fective slopea describing the dynamics from inflation to tion, and hence no corresponding restriction on the value of

matter domination is unable to account for a second periogs. Numerical integration in Ref.16] confirms that whenp

of accelerated expansion. This is because the late time attraeaches the minimum of the potential, the effective cosmo-

tor solution used here has,~ w,. Although recently it has logical constanV,;, takes over and oscillations are damped,

been claimed that a viable model of quintessence could workhus driving the equation of state towardg=—1. For our

with a potential having a single exponential tef@5], the  model, the requirement th¥t,,;,~ V., can be satisfied for

allowed value for the slope of the potential is two orders ofg,.;,/m,~O(1)~A, and —a~10°~p. However, again

magnitude smaller than the value @fthat needs to be used setting [ — a($e— Pnow)/ My ]~O(60), the tuning required

by us. It is known that exponential potentials also allow forin this case is given by

another kind of late time attractor solution, vizV'(V)?

<3(w+1) and wg4~—1+(V'/V)%3 [13,16. To achieve —a o 3

such a solution, we invoke the second term in our potential 721_0(10 0’ (27)

(1), which plays a dominant role in the dynamics for small

values of ¢/my,. The potentialV(¢$) has a minimum if We thus find that the basic requirements for viable sce-

Aa/B<0. The dynamics in this case is quite different from narios of quintessence are possible for certain choices of the

the case whem rolls down monotonically. We will analyze parameters. It remains to be seen if observations indicate

the two cases separately. whether or not a potential with a minimum is favored. With
Let us first consider the case whéw/B>0, and the the availability of more precise data in the future, the accu-

potential at present is dominated by the second term, i.e., rate reconstruction of quintessence potentials and the equa-

tion of state parameter may be possible. It is hoped that

\a? ade ~ Bdbnow programs such as the ones initiated in R@6] using red
Viow= 2 Aex% - m ) (23)  shift—luminosity distance correlations and in Rf5] using
& Pl pl CMB data[27] will enable the enforcement of tighter con-

. N straints on the signature and value of the paramétensd 5.
It can be seen from Ed21) that the tracking conditionI{

=1) is satisfied. However, in the transient regime when both
the terms in Eq(1) are of comparable magnitude, one ob-
tainsI'=1 only for a/B~0O(1). Since early universe dy- We have analyzed the dynamics arising from a scalar field
namics constrains-a~0O(10%), acceptable values fg8 in  rolling down the slope of a exponential potential in the
this case would violate the late time attractor requirement oframework of brane cosmology. The brane world inflationary
Wy~ — 1+ B213. So for this scheme to work, the present uni-scenario is feasible with steep potentials as distinct from the
verse should be well out of the transient regime. In othewsituation in standard cosmology. This is the case for both
words, the validity of Eq(23) should be accurate. exponential potentialf8] and inverse power law potentials

The value of the potential at presé,,, should be equal [7]. During inflation the desiderata of enough inflation and
to the present energy densipg~10 %7 (GeV)*. Combining  the COBE normalized amplitude of density perturbations are
Eq. (17) or (18 with Eg. (22) one could set the average used to fix the values of the brane tension and the scale of the
value of the quantitf — a(pe— ¢dnow)/Mp]=0(60). If we  potential at this stage. The generic predictions of the models
set the value 0fppq,,/My~0O(1), then equating/,,, with  using exponential potentials is the parameter independence
pc and using Eq(11) one obtains of the spectral index and the tiltA%/A? [8]. Subsequently,

V. CONCLUSIONS



the requirements of suppression of gravitino production anecionminimal couplings of the scalar field. The inclusion of a

the emergence of radiation domination before nucleosynthedigher dimensional quantum effect or a cosmological con-

sis constrain the effective slope of the potential after infla-Stant together with a four dimensional potential gives rise to

tion. The tracker behavior of the scalar field in an exponengffective potentials with two or more exponential terfs).

tial potential ensures the viability of dynamics in the matter !N Order to obtain viable inflation and radiation and matter

dominated era. domlnated eras we ensure that one of the two terms in the
The emergence of a second phase of accelerated expa{?ﬂqtentlal dominates throughout these epochs. The values of

e parameters must be so chosen that the second term starts

sion that we observe today necessitates the introduction of aying a comparable role after the era of galaxy formation.
second exponential term in the potential. From the point 0{?1 this way we are able to obtain a workable scheme of

view of construction of a model of just quintessence, thergyuintessence. To conclude, we obtain a scalar field domi-
exists an ongoing debate as to whetf#5] or not[16,28 a  nated cosmology in the brane world scenario where one part
potential with a single exponential term is able to produce af the potential drives inflation, and the other part plays a
viable scenario. However, our analysis shows that a combierucial role in quintessence. In order to achieve this with
nation of two exponential terms is essential for obtainingthree parameterse(3,A) in the potential, our results show
both inflation and present acceleration. The motivation forthat through the present status of analysis of observational
considering such a potential is largely phenomenologicaldata[4,11,27 one parameterd) is constrained, anothéei-
Nevertheless, such kinds of potentials do arise in the conforther A or 8) has to be tuned, and the sign of the remaining
mal Einstein frame due to Brans-Dicke or other types ofone is dictated by the choice of the other two.
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