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Accelerated expansion of the universe driven by tachyonic matter
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It is an accepted practice in cosmology to invoke a scalar field with a potéf(ti&) when the observed
evolution of the universe cannot be reconciled with theoretical prejudices. Since one function degree of
freedom in the expansion factaft) can be traded off for the functio¥(¢), it is alwayspossible to find a
scalar field potential which will reproduce a given evolution. | provide a recipe for determifigiy from
a(t) in two cases(i) a normal scalar field with the Lagrangidh= (1/2)d,¢3%¢—V(¢) used in quintessence
or dark energy modelsji) a tachyonic field with the Lagrangiafi=—V(¢)[1— d.¢5*$]Y? motivated by
recent string theoretic results. In the latter case, it is possible to have accelerated expansion of the universe
during the late phase in certain cases.

DOI: 10.1103/PhysRevD.66.021301 PACS nuni$er98.80.Cq

I. INTRODUCTION energy models and has been a favorite pastime of the cos-
mologists in the past several yedfsr a sample of refer-
The stress tensoF2 for any source term in a Friedmann €ences, seg5]). In this case, there is very littlendependent
universe, described by an expansion faetét), must have constraint onV(¢) and hence it is not possible to evaluate
the formT2(t) =dia [p(t), - p(t),— p(t), — p(t)]. Given an the relat|ve_ merits of_d|fferent choices fof(¢). In thg case
equation of state which specifipsas a function op, we will of tachyonic scalar fleld, there are some constra_lnts on the
be left with two degrees of freedoa(t) andp(t) which can form of V(¢), especially on the asymptotic behavior, which

be determined by two independent Einstein’s equations fo?OUId rule out a certain class of cosmologl_cal mOQeIs. Itis
) o T .. hevertheless possible to construct several interesting models
the Friedmann model. The situation, however, is slightly dif-

ferent if the source is described by an “adjustable function”satISfymg the asymptotic constraints bit¢). In particular,

i th f lar fields. If. f le. th it may be possible to have a rapidly accelerated phase of
as In e case of scalar Tields. 1, Tor example, the source Il%xpansion for the universe at late times which seems to have
described by a scalar field with a Lagrangiad

o~ i some observational support.
=(1/2)d,3*p—V(¢), then it is possible to chooSé( )
in order t_o_have a speciﬁc_: evolution for the universe. G_iven Il. RECIPE FOR THE SCALAR FIELD POTENTIAL
any a(t) it is usually possible to obtain ¥(¢) such that it
results in a consistent cosmological evolution. In fact, this Consider &k=0 universe with a normal scalar field hav-
can be achieved even in the presence of other energy dendig a potentiaM(¢) as the source. We assume that the evo-
ties in the universésuch as matter, radiation, etin addi-  Iution of the universe is already specified so tit),
tion to the scalar field. This should not be surprising, sinceH(t)=(a/a) ... etc. are known functions of time and we
the existence of a free function( ¢) allows a trade off with need to determin¥(¢) such that Friedmann equations
another functiora(t). iy )
Recently, it has been suggested fHidtthe tachyonic con- a 87G a 47G
densate in a class of string theories can be described by an (5) P (5) =——3 (p+3p) 1
effective scalar field with a Lagrangian of the forfw
—V(p)[1—d,052¢]*2 The evolution of this condensate as well as the equation of motion for the scalar field
can have cosmological significance which may be worth ex-
ploring [2]. (Scalar field models with a nonquadratic scalar b+ 3H = — d_V @
kinetic term were studied on phenomenological grounds ear- d¢
lier in [3]; time dependent solutions to the tachyonic field
were studied earlier if4].) Since this Lagrangian also has a are satisfied(Of course, only two of these three equations
potential functionV(¢), it seems reasonable to expect thatare independent when the universe is driven by a single
anyform of cosmological evolutiofthat is, anya(t)] can be  source). In a Friedmann universej(t,x)= ¢(t) and the en-
obtained with the tachyonic field as the source by choosingrgy density and pressure of the scalar field is given by
V() “suitably.” It turns out that this is indeed true. 1 1
I will outline a recipe for constructiny(¢) given a par- _T42 42

ticular form of evolution for the universa(t) in the two Pe 2¢ V(). Py 2¢ V(4)- @
cases(normal scalar field and tachyonic figlanentioned ) ) _ _
above. The first case corresponds to quintessence or datkis convenient to define a time dependent parametg)

by the relationw(t)=P ,(t)/p,(t). The equation of motion

for the scalar field, written in the formd(pa®)=

*Email address: nabhan@iucaa.ernet.in —wpd(a®), can be integrated to givep(/p,y)=—3H(1
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+w). The Friedmann equation, on the other hand, giwgs whereV, andn are constants anhl 3= 1/8wG. The corre-
«H? so that p,/p4)=2(H/H). Combining the two rela- sponding evolution of(t) is given by

tions we get
(1) Vo t
R N S

As a second example, consider an evolution of the form
thereby determiningv(t). (Note that we have not used the
specific form of the source so far; so, this equation will be ; B
satisfied by any source in a FRW moddirom the definition a(t)<explat’), f= 4+ B’
of w and Eq.(3), it follows that $%/2V=(1+w)(1—w) !
=f(t), say. Writing this as¢?=2fV, differentiating with
respect to time, and using E() we find that

2 H
1+w(t)=—

3ne (4)

0<f<1, a>0. (12

In this case, we can determine the potential to be

¢ )B(l B* Mg,
Mp

V_ f+6Hf
Vo 141 ®) V()

(13

Integrating this equation and using the definitionf @f) and
Eq. (4) we get where 8 is a constant. The two potentials described above

have been used extensively in inflationary models.

In fact, virtually all other potentials used in quintessence

6 or dark energy models for the universe can be obtained by
the recipe given above. Since one seldom worries seriously
about the microscopic origin &f(¢) in these models, it may
be mathematically more convenient to choose one’s favorite
cosmological evolution in terms ai(t) and then construct
12 V(¢) and study its properties.

()

2

87G

H
1+ —|.

vin= 3H?2

Substituting back in the relatiof?=2fV, we can determine
¢(t) to be

P(t)= fdt Py
Ill. RECIPE FOR TACHYONIC POTENTIAL

Equations(6) and(7) completely solve the problem of find-
ing a potentiaM(¢) which will lead to a givera(t). These
equations determing(t) andV(t) in terms ofa(t) thereby
implicitly determiningV(¢).

In fact, the same method works even when matter other
than a scalar field with somaownenergy densitynowr(t)

Consider next a universe with a givarit) and a tachy-
onic source with the Lagrangian £L=—-V(¢)[1
—d,0*$]1Y2 When ¢= ¢(1), the energy density and pres-
sure are given by

is present in the universe. In this case, E§$.and(7) gen- _ V(¢) p=—Vy1- ('ﬁz (14)
eralize to P 1 ¢2’ '
V(D)= 1 T _H(1-0Q)|6H+ ﬁ_i} (8 In this case, the “reverse engineering” to determivigs)
167G 1-Q from a(t) is almost trivial. Forany source with a parameter

w(t), we must have

1— 1 ¢ 2H 12
{ : Q)} L?Q_ H} - O : 2H
p
—=—-3H(t)(1+w)=—
p H

d(t)= f dt
(15
where Q(t) =[87Gpynowr(t)/3H?(t)]. Since ¢ has to be
real, one can invoke a scalar field in this manner only whe
the terms within the square brackets in E9).or Eq.(7) are
positive.[For example, Eq(7) shows that if the scalar fiel
is theonly source, themd must be negativéln practice, this
is not a serious restriction to model buliding.

As an example of using Eq&) and(7), let us consider a

rfeading to Eqg.(4). On the other hand, for the tachyonic
d model, p(t)/p(t)=w(t)= ¢2 1. Combining these, we can

determine ¢2= — (2/3)(H/H?) = (2/3)(dH~Y/dt) in terms
of H and obtain

1/2
universe in whicha(t) =agt". Elementary algebra now gives ; atl — 16
the potential to be of the form P(t)= § H2 (16)
V() Voexp< \[ ) (10) Multiplying the two equations in Eq.14) and using Eq(4)
nMp/’ and the Friedman equation, we get
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12 possible to show that the asymptotic form of the evolution is
(17  still given by the solutions found above. To see this, assume
that the late time behavior ab is given by

, .
V=(-w)¥?%p= 3 1+Ei
87G 3 K2

Equationg16) and(17) completely solve the problem. Given 2\ 12 2\ 12

anya(t), these equations determiigt) and ¢(t) and thus gb(t):(% t+Be Cl= (ﬁ) t+0(e” Y, (22
the potentiaM(¢). Equation(16) also implies thaH <0 for

these models. wheren,B,C are constants with (2/3yn. This implies that

Note the similarity between the forms 8(¢) in Eds.  we takeg(t) to grow proportional ta asymptotically with
(17) and(6). The fact that both tachyonic and normal scalarexponentially small corrections. In this case, it is possible to
field potentials can be used to drive the expansion of theepeat the above analysis and show that asymptoti¢atly
universe, suggests that—as far as cosmological evolution igte times, we have the following behavior:
concerned—there exists a mapping between the two poten-
tials directly. For example, we found that an exponentially e ©t
decaying potential for the normal scalar field leads to power a(t)%t”ex;{ O( t )
law growth fora(t). | will now show that a tachyonic po-
tential of the formV(¢) = ¢~ 2 will lead to the same kind of and
cosmological evolution.

Consider a universe with power law expansamat”. In Vi) (1 )1’2
this case, HH/H?) in Eq. (16) is a constant making> a con- ()~ 727G 3n) ¢
stant. The complete solution is given by

(23

—Ct

1+0| —— (24)

The asymptotic form fora(t) is essentially a power law

2\12 found before with exponentially small corrections. The time
$(t)= (S_n t+ o, scale for the validity of asymptotic solution is determined by
(1/C) which is a parameter that can be fixed independent of
2 2\ 129 n. This will allow one to ignore exponentially subdominant
V(t)= 8776( - %) 2 (18 terms even when large values fare invoked.

This analysis assumes that the asymptotic “velocity” of

wheren> (2/3). [| will comment on then=(2/3) case later the scalar field is given by(=) = (2/3n)*2if the expansion

on.] Combining the two, we find the potential to be of the universe at late times is given hyt)=t". This, in
turn, requires the tachyonic potentisd(¢) to have the

12 5 asymptotic formA/ ¢? without any restriction om. To have
= " 3n — %o - accelerated expansion, we must have reasonably farge
V(d)=7-5|173,] (6= o) (19 | d h bly ta
quiring ¢(«) to be sufficiently less than unity—which is

For such a potential, it is possible to have arbitrarily rapidpossible ifA is nonzero and arbitrary.
expansion with large. [It is also possible to reproduce the  The situation is different if there are string theoretic rea-
evolut|_on in Eq.(12) by a more compllcli/azted choice of the g4ps to expecth()=1 asymptotically. Since Eq16) can
potential, of the formVe«@¢*(1+c,¢Y)"< The reverse- |q equivalently written as
engineering procedure is exactly the same.

If ¢,02<1 the tachyonic Lagrangian can be approxi- 3.
mated by the form H™(t)= Ef P*dt, (25

L=—V($)[1- (9,(1<;S<9a¢>]1’2~E baP—U() (200 ¢()=1 asymptotically will implya(t)<t?3, Then we must
2 haven=(2/3)which is just a dust dominated, zero pressure,
expansion law. The cosmological implications are very dif-
ferent depending on whether string theory requires the con-
dition ¢()=1 asymptotically or not. Let me discuss the
= f VW(g)de, U(h)=V[e(4)]. (21)  different possibilities briefly.
If it is possible to havep(~)# 1 asymptotically, then an
In our case,V(¢)=A/¢p? (say, giving y=Aln¢ and attractive scenario emerges in which the tachyonic conden-
U () xexp(=2y/A). Curiously, this has the sanferm of  sate could be driving the acceleration of the universe and
the potential we found in Eq10) for a normal scalar field to mimicking the cosmological constant. In this case, one is
produce thea=t" evolution though the coefficient ofy  interpreting the asymptotic evolution to be applicable during
matches with that in Eq10) only whenn>1. In this limit,  the current phase of the universe, in the range of redshifts,
the mapping in Eq(20) becomes increasingly accurate. say, 0<z<3. In a realistic model, one may need to worry
The potential in Eq(19) has the reasonable behavior of about the time scales in string thedigresumably=tp,nc)
V—0 as¢—o though its form for small and intermediate in the manner of the cosmological time scale. But this issue
values of¢ is not supported by string theory. It is however will arise in any attempt to use the tachyonic condensate in

with
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the late phases in the evolution of the universe, like, forthat the model is consistent with CMBR and galaxy cluster-
example, as some kind of dark matter. ing data but will contradict the supernova data if it is inter-
An easy way out is to use the solutions in the early uni-preted as indicating>0 in the recent pastBecausea<0
verse. The solutions | have obtained, of course, could also bahenn<1, this model will not be acceleratingGiven the
used to provide a power law inflation in the very early uni- observational uncertainties, it may still be worth studying the
verse ift— is interpreted merely as=tpa It may be — consequences of such a model.
easier to have nonvanishing pressure for the tachyonic con- Even in this caséwith ¢(=)=1 asymptotically, it may
densate foit=tpje than during the current epochs of the Pe possible to provide an accelerated expansion for the uni-
universe. (I think it would be nicer if string theory could Verse in the recent past if one considers more complicated
provide an effective cosmological constant at the Currenpotennals. For example, one can construct models such that

. . n>1 in the redshift range of 3z>0, say, with the
epoch—whu_:h hasomeobse_rvanonal_ support—rather than asymptotic regime om=(2/??) coming into efert only in the
merely provide yet another inflaton field. But the procedurefuture_ The procedure developed in this paper can be used to

qutlined herg can be used to construct a wide class of inflas;qin suitablev( ) which will ensure such a scenario.

tionary solutions as wejl. _ All these emphasize the need to understand the constraints
If, on the other hand, string theory demand¢~)=1 on V(¢) in the Lagrangian from more fundamental consid-

asymptotically, theW—0 asymptotically in such a manner erations. A possible interpretation which is of relevance to

as to give finitep and zero pressure. The tachyonic conden-cosmology is suggested [6]. . .

sate can then contribute, s&y=0.7 in the universe and— Results partially overlapplr_lg with those in the cur_rent pa-

together with clustered normal matter contributing P€" ar:—:- a'?% rﬁported ifY] which appeared almost simulta-

Q=0.3—can lead to & =1 universe. Such a model is an "coUSY with this paper.
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