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Cosmology with decaying tachyon matter
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We investigate the case of a homogeneous tachyon field coupled to gravity in a spatially flat Friedmann-
Robertson-Walker spacetime. Assuming the field evolution to be exponentially decaying with time we
solve the field equations and show that, under certain conditions, the scale factor represents an
accelerating universe, following a phase of decelerated expansion. We make use of a model of dark
energy (with p = —p) and dark matter (p = 0) where a single scalar field (tachyon) governs the
dynamics of both the dark components. We show that this model fits the current supernova data as
well as the canonical ACDM model. We give the bounds on the parameters allowed by the current data.
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L. INTRODUCTION

The observational fact that the present universe is accel-
erating [1] has led to several theoretical speculations about
the nature of the acceleration and the cause behind it. No
completely consistent model exists to date, though a pleth-
ora of them with intrinsic advantages and discrepancies
have been proposed (for a sample of these in recent litera-
ture, see [2]). The cause of the acceleration is attributed to
the presence of a mysterious entity named dark energy
which dominates (is about 70%) the matter-energy content
of the present day universe [3]. In order to drive the
acceleration the dark energy needs negative pressure. For
an equation of state of the form p = wp observations place
bounds on w : —1.33 = w = —0.8. Thus models respect-
ing p = wp must be consistent with these bounds. Among
many, the simplest is Einstein’s old idea of a universe with
a cosmological constant, for which w = —1. In a more
general scenario the case of a time dependent w(z) has also
been looked at to some extent.

The majority of dark energy models involve the tempo-
ral dynamics of one or more scalar fields with varied
actions and with or without a scalar potential [4]. A sub-
class of these scalar field models includes exotic models
where the kinetic energy term may become negative (the
phantom) [5] or the scalar action may be of a nonstandard
form (the tachyon condensate). The latter arises in the
context of theories of unification such as superstring theory
[6]. In this article, we shall concentrate on the cosmologi-
cal consequences of the class of models where the scalar
tachyon condensate appears in the matter part of the
Einstein equations.

Let us first briefly review the origins of the effective
action for the tachyon condensate. It is known from the
early days of string theory that the spectrum of strings do
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contain a negative mass squared vibration called the
tachyon. For strings attached to Dirichlet (D) branes such
tachyonic modes reflect D-brane instability. The low en-
ergy effective action for the scalar tachyon field around the
tachyon vacuum thus contains a tachyon potential which
has an unstable maximum resulting in a negative mass
square value in the mass term. The scalar tachyon rolls
down from the potential maximum to a more stable con-
figuration thereby acquiring a stable vacuum expectation
value. This is the tachyon condensate. The questions in
cosmology are as follows: (i) Can such a rolling tachyon
drive the acceleration of the universe? (ii) Can the tachyon
condensate be of use in describing all that is described in
cosmology using scalar fields (inflation, dark matter, etc.)?
A distinct advantage of using the scalar tachyon to under-
stand cosmology is the fact that we do not need to answer
the embarrassing question of where the scalar field comes
from. Note that this is reminiscent of the oft-quoted ad-
vantage of string (dilaton) cosmology too [7].

There have been several articles in the literature where
the cosmological consequences of the tachyon condensate
has been dealt with [8]. It was shown in [9] that the
effective tachyon action can lead to an energy-momentum
equivalent to a gas with zero pressure (dust) but nonzero
energy density (modulo some assumptions and redefini-
tions). It has also been noticed in [10] that, modulo some
assumptions, the tachyon field can also be made use of in
describing dark matter at galactic scales. In addition, the
energy-momentum tensor of the tachyon condensate can
be split into two parts, one with zero pressure (dark matter)
and another with p = —p. This facilitates the description
of dark energy and dark matter using a single scalar field, a
fact we shall test in detail for our model in this article.
Tachyons and their dynamics in the context of string theory
have been reviewed in [6].

Most of the work on tachyon cosmology assumes a
tachyon field varying linearly with time. In addition,
the choice of the tachyon potential is also assumed to be
either exponential (decaying) or inverse quadratic [11].
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Alternative potentials satisfying the general features (de-
rived from string field theory) have also been proposed and
analyzed [12]. In our work, we shall assume the tachyon
field to be decaying exponentially with time. We will see
that the scale factor can have an accelerating behavior for
certain values of the constants which appear in our solu-
tion. The tachyon potential for such scenario does satisfy
the general requirements. In addition, we find different
types of solutions with the exponentially decaying tachyon
field. Finally, we use supernova data to constrain the
parameters that appear in our solution.

We choose to work with units ¢ = 1 though, wherever
necessary we go back to the actual units and dimensions.

II. THE ANALYSIS

The action for the homogeneous tachyon condensate
coupled to gravity is known to be of the form [9]

§= SGrav + STachyon

R
= j\/—_gdd'x[ﬁ— v(T)(1 + gWaMTaVT)l/Z} (1)
where k = 87G and V(T) is the tachyon potential. We
choose the tachyon field to be time dependent T = T'(f) in a
spatially flat 3 + 1 dimensional Friedman-Robertson-
Walker background. The line element is

ds?> = —dt* + a*(t)(dx* + dy* + dz?), ()

where a(r) is the scale factor. The exact form of the
potential is not known. However as we argued above, (i)
it should have an unstable maximum at the origin and (ii)
should decay exponentially to zero as the field goes to
infinity. Moreover, the slope of the potential should be
negative for 7 > 0 [13]. Assuming the field stress energy
tensor of the form, diag(p, p, p, p), the energy density and
pressure obtained from Eq. (1) are as follows:

V(T)

p(T) = =V(ITW1 - 17 “)

Ignoring the cosmological constant the two independent
components of the Einstein field equation give

-4
<f>2 + 2% — kV(TW1 - T2 (6)

a

p(T) = 3)

&)

For the three unknown functions [V(T), a(z) and T(f)] we
have two equations and to solve for these we need to
choose one of them suitably. Since no initial or boundary
conditions are imposed, some arbitrary parameters are
expected to appear in the solutions but we will see that
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these will not be completely arbitrary in order to give
consistent, physically acceptable solutions. Also these pa-
rameters will be finally estimated by making a fit with
observed supernova data. Depending on one’s choice of
field or potential or the scale factor, a large class of con-
sistent solutions can be constructed. [E.g., [14] discusses
exact solutions starting with chosen form of inverse square
potential, and [13] discusses solutions based on choice of
T(1), whereas [15] discusses solutions obtained from a
different choice of the potential (exponentially decaying)].
One problem that might arise in the approach we adopt is
that the resulting potential may not be physical. This will
be revealed as we proceed with the calculations. Assuming
the tachyon field to be decaying exponentially with time
we have

T(1) = Toe™™, )

where « is a positive constant and Ty, is the value of the
field at + = 0. Using this form of the field in (5) and (6) and
eliminating V(T) one gets the Hubble parameter for the
universe:

a 1
B 8
a C_%e—hn ( )

where C is an arbitrary integration constant. Incidentally, a
physically acceptable theory is obtained only when C is
positive. (C = 0 gives collapsing universes.) Integrating
the last relation and using the fact that a(r =
to, present epoch) = 1 we get

par _ JaT3\ 1/2€a
at) = <74C> , ©)

2
2aty _ 3aT,
¢ ic

where t; is the age of the universe in the model under
discussion. To make calculations simpler we now define
three dimensionless parameters:

3(CYT0)2 1 2at,
= ; =— = e“%, 10
4aC g 2aC e (19)
Using these one can write
2at __ s
al) = (u> : (11)
r—p

The other unknown function, the tachyon potential can be
obtained from

3(1 — a272)1/2

O e

12)

The potential conforms to the nature of other tachyon
potentials provided the maximum of potential occurs at a
higher value of the field. Note that in our case the tachyon
field decays with time. This requirement leads to the
condition Ca < 3. In terms of the dimensionless parame-
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ters the time dependence of potential can be expressed as

3(1 _ %K—Zat)lﬂ

V() = .
(t) ka(l _ pe—Zat)Z

13)

The potential will be a real function for all values of time
if 2p/3s)<1,ie., p<(3s/2). However, from the ex-
pression for the scale factor we note that a(t = 0) =0
would imply a choice p = 1 (and hence s > 2/3). This
choice implies the occurrence of big bang in our model at
t =0 with a transition from a phase of decelerated to
accelerated expansion at late times [see (14) later], pro-
vided the constraints on Ca and s hold. Choosing a differ-
ent value of p <1 will lead to a shift in the location of the
point on the time axis where the scale factor a(r) = 0.

These two conditions give the required potential for our
purpose (see Figs. 1 and 2) which like the 1/7? potential is
singular at the origin (in time). It can be easily seen that the
isotropic pressure and energy density also remain well
behaved under these conditions. Another important feature
of the theory is the deceleration parameter which is given
by

_ G _p .,

ROz (1

and represents an accelerating universe at late times.

150
T
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T

Potential V(T) in arbitrary units
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0 0.5 1

Field T in units of 1/«

FIG. 1. We plot the potential V(T) as a function of the field T
in arbitrary units. The values of the model parameters for this
and the next figure are taken from best fit to the current
supernova data given later.
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FIG. 2. Potential as a function of time. The field rolls down
from top of the potential and after infinite time interval reaches a
constant value.

III. FITTING THE SUPERNOVA DATA:
PARAMETER ESTIMATION

The tachyon condensate has been proposed as a candi-
date for dark energy. The above exact solution, however,
does not assume anything other than the tachyon conden-
sate as a source in the Einstein equations. Therefore, if the
above scale factor is assumed to be correct then we have to
believe in a universe where dark energy is the sole matter
source (which is unrealistic). To remedy this deficiency we
can propose the following.

(a) Add other matter fields (dark matter + A) and obtain
the scale factor analytically/numerically. Then obtain the
unknown parameters by fitting with supernova data.
Finally, use these parameters to ascertain the proportions
of dark matter and dark energy.

(b) Use the split of the energy density and pressures of
the tachyon condensate into dark matter (pressureless) and
dark energy (with w = —1) parts. This goes as follows:

P = Ppm T PpE} P = DPpu t PpEs (15)

where
V(T)T?
Pou = ﬁ; Pou =0, (16)
ppe = V(D1 — T% PpE = —PDE- (17)

In this way one should be able include the contributions
of both dark matter and dark energy.
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We shall first explore the second possibility. Using the
relation between redshift and scale factor, 1+ z =
ap/a(t) = 1/a(r) one gets time-redshift relation in the
present case as

1/s
1 1+2) i| (18)

o) = — 1
Z = —ae—_— n —

2a r(l—%—l—%(l-kz)l/s)
We notice one important restriction following from the last
relation. If we impose the condition that as t — 0, 7 —
then we must make p = 1. We will use this value when
calculating some parameters of the model of the universe
later. From this, one can express )p, and Qpp as a
function of redshift as follows:

Qpyz) =T% = Téa2 exp(—2at(z)), (19)

Qpe(z) =1 = Qpy(2), (20)

where 1(z) is as given in Eq. (18). Notice that in (19) and
(20) ¢, denotes the (present) age of the universe. We plot
Qpu(z) and Qpg(z) in Fig. 3.

One way to test the validity of our model is to calculate
its prediction of (), and compare with the known value
(in the LCDM model). It should be noted that in this model
these energy densities are only “effective” energy den-
sities, and these components do not truly behave like the
usual dark matter and dark energy. However, since we can
think of these densities as the appropriate terms in the
Taylor expansion of the Hubble parameter in our model,

Energy Density (Qp, & Qpe)

100

Redshift 1+z

FIG. 3. This plot shows how Qp, (solid curve) and Qpp
(dashed curve) evolve with redshift in our best-fit model. The
universe is completely dominated by matter beyond a redshift
z~10.
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it is likely that the local behavior that fits the supernova
data would be similar, and hence these densities might
compare well. Another constraint that our model must
satisfy is the age of the universe, which is known from
independent measurements. One can define the so-called
Hubble free luminosity d; distance using D; = cH, 'd;.
Using the definition of luminosity distance

dy(2) = (1+2) L dz'%,

we derive the expression for the same in our model as
p (1+2) [= p
d ; e = ] -
L(Z r s) (1-2 0{ r
1+ 7 1/s
% [ (1+2)

1 =2+ 2(1+ )

21

:”dz'. (22)

In order to test the suitability of the present model of a
tachyon condensate as the origin of dark matter and dark
energy we have used the observational Gold data set com-
prising 157 type Ia supernovae [16]. The Hubble constant
free distance modulus is given by

u(z) = Slog,y(d,(z)/Mpc) + 25. (23)

For model fitting we need to consider the likelihood func-
tion given by

2
£ o eXp(_X (H0J2p/r1 S))) (24)
s (i — p(Ho, /1. s, 2)\2
=3 ). e
i= gi

where w; and z; are the observed distance modulus and the
redshift, and ug; is the expression Eq. (23) with the lumi-
nosity distance given in Eq. (21). The posterior probability
for the model parameters (H,, p/r, s) is given by

2
P(Hy, p/r, s) = exp(— %) Pr(H,), (26)

where Pr(H,) refers to the prior on the Hubble parameter.
For our analysis we have used the Gaussian prior, Hy =
66 = 6 [17]. We need to define the bounds for the three-
dimensional volume in (Hy, p/r, s). The lower and upper
bounds on H are taken at 50 and 80. It is obvious from the
following expression that p/r < 1.

1
o= ca=p/m

But for ¢ there is no upper bound. So we choose a sufficient
range for these parameters (0.1 < p/r <0.91 and 0.66 <
s) in such a way that p/r X s is of the order unity.
Starting from the best fit p/r, s (the value at the maxi-
mum of the probability distribution), we may move down

27)
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FIG. 4. The innermost, middle, and the outermost contours
correspond to 68%, 90%, and 95% confidence level, respec-
tively. Peak of likelihood surface corresponds to p/r = 0.385,
s = 0.66. The asterisk marks the minimum of y2. As discussed
in the text, to keep the potential physical at all times we must
impose the constraint s = 2/3. We find that the maximum of the
probability density lies at the edge of this interval.

till 68% probability is enclosed under the surface and
obtain the 1o bound on the parameters. The 20 and 3o
bounds can be similarly obtained. In Fig. 4. we plot the
68% (solid), 90% (broken) and 95% (dotted) contours. The
maximum of the likelihood surface is at s = 0.66 and
p/r =0.385. The x2, /d.o.f. for this fit is 1.16. We si-
multaneously obtain Hy = 64.00. One can see that the
contours are not closed in the allowed region in the pa-
rameter space. For this fit, the value of Ca = 0.76 which
satisfies the constraint stated earlier. In Fig. 5 we compare
the present fit with the canonical best fit ACDM model.

Accepting the values of the parameters obtained from fit
we can now estimate various properties of the universe and
compare with known values. Since best fit p/r = 0.385,
s = 0.66, Hy = 64.0 and we argued p = 1, it follows, r =
2.6 and « = 0.46H,. Thus the age of the universe accord-
ing to this model is 7, = log(r)/2a = 15.2 Gyr. Also
(Qpu)o = 0.39, (Qpg)o = 0.61, qo=p/rs—1=
—0.42. These values are close to the currently accepted
values. The deceleration parameter and redshift in this
model are related by

0.58 ~
0.615(1 + 2)~'5 + 0.385

q(z) = 1, (28)

and is found to represent a universe which is accelerating at
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T T T T

redshift z

FIG. 5. The solid curve is the Hubble plot for the best-fit model
with p/r = 0.385, s = 0.66, and H, = 64.0. For comparison we
also show the best-fit ACDM model (dashed curve).

present epoch but was decelerating in the remote past [see
Fig. 6]. This fact is also in agreement with current picture.
The transition takes place at z = 1.15. Note also that apart
from the best-fit values there are a whole range of values of
the parameters which are allowed at different confidence
levels.

0.4

Deceleration Parameter q(z)

<
C|> . ! . ! . ! . ! . .
0 2 4 6 8 10

Redshift z

FIG. 6. The deceleration parameter calculated for the best-fit
model as in previous figure. We see that the universe starts
decelerating around z ~ 1.
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It is obvious that there are many inadequacies in this
model. For instance in the remote past there should be a
radiation-dominated phase and the amount of radiation
should decay to very small values in the present epoch.
However, addition of any extra piece in the action to
account for the radiation-dominated era would make the
model unsolvable analytically. It will require a numerical
approach to obtain the time evolution of the physical
quantities (scale factor, tachyon field profile, potential) in
such a scenario. It may also be necessary to obtain the
evolution of these quantities in the respective phases (ra-
diation, matter) in a piecewise manner and join these
quantities smoothly at the transition redshift (time). The
values of the various quantities at the end of radiation
domination would surely serve as initial values for the
matter dominated epoch. All of the above stated facts
will constrain the model parameters to a greater extent
and impose further fine tuning.
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At best, the present model can accommodate a deceler-
ated phase followed by a late-time accelerated phase
which, by and large, has been our goal. We have an analytic
expression for the scale factor and the tachyon field. In
addition, we have made a simplistic assumption about dark
matter and dark energy being born out of the same scalar
field. In some sense, our model tests how good this as-
sumption is. The fact that the model fits the data quite well
is appealing but to improve on it we must add the necessary
features (as quoted above) which are required for a realistic
cosmological model. Finally, it might be worthwhile look-
ing at cosmological perturbations in this model and try to
use WMAP data to set more stringent bounds on the
parameters [17,18].
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