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Abstract

We study the evolution of (phantom) dark energy universe by taking into account the higher-order string corrections to
Einstein—Hilbert action with fixed dilaton and modulus fields. While the presence of a cosmological constant gives stable
de Sitter fixed points in the cases of heterotic and bosonic strings, no stable de Sitter solutions exist when a phantom fluid is
present. We find that the universe can exhibit a Big Crunch singularity with a finite time for type Il string, whereas it reaches a
Big Rip singularity for heterotic and bosonic strings. Thus the fate of dark energy universe crucially depends upon the type of
string theory under consideration.
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1. Introduction Whenuw is less than-1, dubbed as phantom dark en-
ergy, the universe ends up with a Big Rip singularity
[3,4] which is characterized by the divergence of cur-
vature of the universe after a finite interval of time (see
Refs.[5,6]).

The energy scale may grow up to the Planck scale
in the presence of phantom dark energy. This means
that higher-order curvature or quantum corrections can
be important around the Big Rip. For example, quan-
T E-mail address: shinji@nat.gunma-ct.acjiS. Tsujikawa). tum cc_)rrections coming from conformal anomaly are

1 0On leave from: Department of Physics, Jamia Millia, New taken into account in Reffr] for dark energy dynam-
Delhi 110025. ics. It was found that such corrections can moderate

Recent observations suggest that the current uni-
verse is dominated by dark energy responsible for an
accelerated expansidi]. The equation of state pa-
rameterw for dark energy lies in a narrow region
aroundw = —1 and may even be smaller thaii [2].
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the singularity by providing a negative energy density
[8]. Thus itis important to implement quantum effects
in order to predict the final fate of the universe.

In low-energy effective string theory there exist
higher-curvature corrections to the usual scalar cur-
vature term. The leading quadratic correction corre-

sponds to the product of dilaton/modulus and Gauss— £, — £4; — 6, L40 — 5_£43,

Bonnet (GB) curvature invariai®]. The GB term is
topologically invariant in four dimensions and hence
does not contribute to dynamical equations of motion
if the dilaton/modulus field is constafit0]. Mean-
while it affects the cosmological dynamics in presence
of dynamically evolving dilaton and modulus fields.
The possible effects of the GB term for early universe
cosmology and black hole physics were investigated
in Refs.[11,12] Lately the GB correction was applied
to the study of cosmological dynamics of dark energy
[13].

When the dilaton and modulus are fixed, it is impor-
tant to implement third and next-order string curvature
corrections[10]. This can change the resulting cos-
mological dynamics drastically as it happens in the
context of inflatior{14] and black holegl5]. The goal
of the present Letter is to study the effect of next-to-
leading order string corrections to the cosmological
dynamics around the Big Rip singularity with an as-
sumption that the dilaton and the modulus are stabi-
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whereo’ is the string expansion parameter,s the
dilaton field, and

Lo=§2o, (3)
L3=225+ Rly RSO R )
5)
with
22 =R? — 4R, R" + R, ,0p RMP, (6)
$23= Ry R RIS — 2RUIRIPP RS
3
+ 4RR/21«uotﬁ + GRHWﬁRaltRﬂV
R3
+4R"'R,oR% —6RR3, + R Q)
1= () Ryupo R*PP (R RY — 2R5) RYT),  (8)
1 1 § ppPo v
= é(leaﬂ RMeP)? 4 ZRIORYS REERYY
1
PO L 5 PV pys pUho
— SRR R, R — RERIRIDRLS.
)
Laz= (Ryvap ") = 10R 100 R**7 Ry, RPY*
— Ryuvap R#V/J Rﬂ"V(SRglyp (20)

lized. We would also investigate the existence and the Here one hasdy ) = 1 for heterotic (bosonic) string

stability of de Sitter solutions in the presence of a cos-
mological constant. We shall consider three types of
string corrections and study the fate of the universe
accordingly.

2. Evolution equations

Let us consider the Einstein—Hilbert action in low-
energy effective string theory:

5=/deJ—_g[R+£c+--~], (1)

where R is the scalar curvature angd. is the string
correction which is given bj10]

Lo=cro'e 2 Lo+ coa'2e ™™ L+ c30'3e %Ly,
(2

and zero otherwise. The Gauss—Bonnet terms,
as well as the Euler density23, does not con-
tribute to the background equation of motion for
D = 4 unless the dilaton is dynamically evolving.
The coefficients(ci, c2, c3) are different depend-
ing on string theorieg10]. We have(ci, ¢2, c3) =
(0,0,1/8),(1/8,0,1/8), (1/4,1/48,1/8) for type Il,
heterotic, and bosonic strings, respectively. In the case
of type Il string withD = 4, for example, only th&€ 4,
term affects the dynamical evolution of the system.
We shall consider the flat Friedmann—Robertson—
Walker metric with a lapse functioN (¢):

d
ds?=—N®2d2 +an)? ) (dx'),

i=1

(11)

whered = D — 1. The Ricci tensors under this met-
ric are given inAppendix A In what follows we shall
consider the case dp = 4 under the assumption that
the modulus field which corresponds to the radius of
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