
PHYSICAL REVIEW D, VOLUME 63, 103506
Cosmological evolution of a brane universe in a type 0 string background

E. Papantonopoulos* and I. Pappa†

National Technical University of Athens, Physics Department, Zografou Campus, GR 157 80, Athens, Greece
~Received 25 October 2000; published 13 April 2001!

We study the cosmological evolution of a D3-brane universe in a type 0 string background. We follow the
brane universe along the radial coordinate of the background and we calculate the energy density which is
induced on the brane because of its motion in the bulk. We find that, for some typical values of the parameters
and for a particular range of values of the scale factor of the brane universe, the effective energy density is
dominated by a term proportional to 1/(loga)4 indicating a slowly varying inflationary phase. For larger values
of the scale factor the effective energy density takes a constant value and the brane universe enters its usual
inflationary period.
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I. INTRODUCTION

There has been much recent interest in the idea that
Universe may be a brane embedded in some hig
dimensional space@1#. It has been shown that the hierarch
problem can be solved if the higher-dimensional Plan
scale is low and the extra dimensions large@2#. Randall and
Sundrum@3# proposed a solution of the hierarchy proble
without the need for large extra dimensions but inste
through curved five-dimensional spacetime AdS5 that gener-
ates an exponential suppression of scales.

This idea of a brane universe can naturally be applied
string theory. In this context, the standard model gau
bosons as well as charged matter arise as fluctuations o
D-branes. The universe is living on a collection of coincide
branes, while gravity and other universal interactions are
ing in the bulk space@4#. For example, the strongly couple
E83E8 heterotic string theory is believed to be an eleve
dimensional theory, the field theory limit of which was d
scribed by Horava and Witten@5#. The spacetime manifold
includes a compact dimension with an orbifold structu
Matter is confined on the two ten-dimensional hypersurfa
~nine-branes! which can be seen as forming the boundar
of this spacetime.

This new concept of a brane universe naturally leads
new approach to cosmology. Any cosmological evoluti
such as inflation has to take place on the brane while gra
acts globally on the whole space. In the literature there a
lot of cosmological models which study the cosmologic
evolution of our Universe. In most of these models t
spacetime is five dimensional, where the fifth dimension
the radial dimension of an AdS5 space. The effective Ein
stein equations on the brane are then solved taking u
consideration the matter on the brane@6–10#.

Another approach to cosmological evolution of our bran
universe is to consider the motion of the brane in high
dimensional spacetimes. In Ref.@8# the motion of a domain
wall ~brane! in such a space was studied. The Israel match
conditions were used to relate the bulk to the domain w
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~brane! metric, and some interesting cosmological solutio
were found. In Ref.@10# a universe three-brane is consider
in motion in ten-dimensional space in the presence o
gravitational field of other branes. It was shown that th
motion in ambient space induces cosmological expansion~or
contraction! on our universe, simulating various kinds o
matter.

In this direction we have studied@11# the motion of a
three-brane in the background of type 0 string theory. It w
shown that the motion of the brane on this specific ba
ground, with constant values of dilaton and tachyon fiel
induces a cosmological evolution which for some range
the parameters has an inflationary phase. In Ref.@12#, using
similar technics the cosmological evolution of the thre
brane in the background of type IIB string theory was co
sidered.

Type 0 string theories@14# are interesting because of the
connection@16# to four-dimensional SU(N) gauge theory.
The type 0 string does not have spacetime supersymm
and because of that contains in its spectrum a nonvanis
tachyon field. In Ref.@14# it was argued that one could con
struct the dual of an SU(N) gauge theory with six real ad
joint scalars by stackingN electric three-dimensional brane
of the type 0 model on top of each other. The tachyon fi
couples to the five form field strength, which drives t
tachyon to a nonzero expectation value.

Asymptotic solutions of the dual gravity background we
constructed in Refs.@14,22#. At large radial coordinates the
tachyon is constant and one finds a metric of the fo
AdS53S5 with vanishing coupling which was interpreted a
a UV fixed point. The solution exhibits a logarithmic runnin
in qualitative agreement with the asymptotic freedom pro
erty of the field theory. At small radial coordinates th
tachyon vanishes and one finds again a solution of the f
AdS53S5 with infinite coupling, which was interpreted as
strong coupling IR fixed point. A gravity solution which de
scribes the flow from the UV fixed point to the IR fixed poi
is given in Ref.@13#.

We calculate the effective energy density which is
duced on the brane because of its motion in the partic
background of a type 0 string. Using the approximate so
tions of Refs.@14,22,13#, we find that for large values of the
radial coordinater, in the UV region, the effective energ
©2001 The American Physical Society06-1
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density takes a constant value, which means that the univ
has an inflationary period. For smaller values ofr, or of the
scale factora, the energy density is dominated by a ter
proportional to 1/(loga)4, wherea is the scale factor of the
brane universe. This value of the energy density indica
that the universe is in a slow inflationary phase, in a ‘‘log
rithmic inflationary’’ phase as we can call it, in contrast
‘‘constant inflationary’’ phase which characterizes the us
exponential behavior. For even smaller values ofr, the ap-
proximation breaks down and we cannot trust the soluti
anymore. If we go to the IR region the energy density
dominated by the term 1/a4 and again we find the ‘‘logarith-
mic inflation’’ for larger values ofr. The approximation
breaks down again for some larger values ofr. It is well
known that it is very difficult to connect the IR to the U
solutions. Therefore our failure to present a full cosmologi
evolution, relies exactly on this fact@15#.

We note here that what we find is somewhat peculiar
the sense that one does not expect the effective energy
sity to be dominated, for a range of values of the scale fac
by terms proportional to 1/(loga)4. We understand this be
havior, as due entirely to mirage matter which is induced
the brane, from this particular background.

Our work is organized as follows. In Sec. II, we devel
the formalism for a brane moving in a string backgrou
with a dilaton and a Ramond-Ramond~RR! field. In Sec. III,
we discuss type 0 string and except the exact solution in
AdS53S5 background we discuss the asymptotic UV and
solutions of type 0 strings. In Sec. IV, we discuss the c
mological evolution of a brane in the background of type
string. Finally in the last section we discuss our results.

II. BRANE MOVING IN TEN-DIMENSIONAL
BACKGROUND

We will consider a probe brane moving in a generic sta
spherically symmetric background@10#. The brane will move
in a geodesic. We assume the brane to be light compare
the background so that we will neglect the back reaction.
the brane moves the induced world-volume metric becom
a function of time, so there is a cosmological evolution fro
the brane point of view. The metric of a D3-brane is para
etrized as

ds10
2 5g00~r !dt21g~r !~dxW !21grr ~r !dr21gS~r !dV5

2

~2.1!

and there is also a dilation fieldF as well as a RR back
groundC(r )5C0¯3(r ) with a self-dual field strength. The
dynamics on the brane will be governed by the Dirac-Bo
Infeld action given by

S5T3E d4je2FA2det~Ĝab1~2pa8!Fab2Bab!

1T3E d4jĈ41anomaly terms. ~2.2!

The induced metric on the brane is
10350
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Ĝab5Gmn

]xm]xn

]ja]jb ~2.3!

with similar expressions forFab and Bab . In the static
gauge,xa5ja, a50,1,2,3 using Eq.~2.3! we can calculate
the bosonic part of the brane Lagrangian which reads

L5AA~r !2B~r ! ṙ 22D~r !hi j ẇ
i ẇ j2C~r !, ~2.4!

wherehi j dw idw j is the line element of the unit five-spher
and

A~r !5g3~r !ug00~r !ue22F, B~r !5g3~r !grr ~r !e22F,

D~r !5g3~r !gS~r !e22F, ~2.5!

andC(r ) is the RR background. Demanding conservation
energyE and of total angular momentuml 2 on the brane, we
find

ṙ 25
A

B S 12
A

~C1E!2

D1 l 2

D D , hi j ẇ
i ẇ j5

A2l 2

D2~C1E!2 .

~2.6!

We can see that the above relation gives the following c
straint:

S 12
A

~C1E!2

D1 l 2

D D>0. ~2.7!

The induced four-dimensional metric on the brane is

dŝ25~g001grr ṙ
21gShi j ẇ

i ẇ j !dt21g~dxW !2. ~2.8!

In the above relation we substituteṙ 2 andhi j ẇ
i ẇ j from Eq.

~2.6!, and we get

dŝ252dh21g@r ~n!#~dxW !2 ~2.9!

with h the cosmic time which is defined by

dh5
ug00ug3/2e2F

uC1Eu
dt. ~2.10!

The induced metric~2.9! on the brane is the standard form
a flat expanding universe. For this metric we can write
effective Einstein equations on the brane

Rmn2
1

2
gmnR58pG~Tmn!eff , ~2.11!

where (Tmn)eff is the effective energy momentum tens
which is induced on the brane. We have assumed that
brane is light and there is no back-reaction with the bulk. W
expect (Tmn)eff to be a function of the quantities of the bulk

Before we proceed, it is interesting to discuss the gen
case where there is matter on the brane with an energy
mentum tensortmn and a cosmological constantL. The Ein-
stein equations on the brane are@17,18#
6-2
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Rmn2
1

2
gmnR52Lqmn18pGtmn1k4pmn2Emn ,

~2.12!

whereqmn is the induced metric on the brane,pmn is a func-
tion of the matter content of the brane, having the form

pmn52
1

4
tmntn

a1
1

12
ttmn1

1

8
qmntabtab2

1

24
qmnt2,

~2.13!

andEmn is given by

Emn5Cbrs
a nanrqm

bqn
s , ~2.14!

whereCbrs
a is the Weyl tensor@17#. As we can see from the

above relation the termEmn is a geometrical object depend
ing on the bulk geometry. If we now compare Eq.~2.11!
with Eq. ~2.12!, we can see that because in our case we
not have matter on the brane, consistency requires
(Tmn)eff of Eq. ~2.11! should be proportional toEmn of Eq.
~2.12!. One can check that using relation~2.14! one can get
similar results as ours, an approach which is followed in R
@9#.

If we now assume the usual form of a perfect fluid for t
effective energy momentum tensor, we get from Eq.~2.11!

8pGr1L5
3

4
g22ġ2. ~2.15!

We can now define anreff from the relation

8pGr1L58pGNreff . ~2.16!

Using Eq.~2.10! we get

ġ5g8F ug00u
grr

2
g00

2

gsgrr
S g3gse

22F1 l 2

~C1E!2 D G1/2 uC1Eu

ug00ug3/2e2F
,

~2.17!

where a prime denotes differentiation with respect tor. To
derive an analogue of the four-dimensional Friedman eq
tions for the expanding four-dimensional universe on
probe D3-brane, we define the scale factor asg5a2 and then
Eq. ~2.16! with the use of Eqs.~2.15! and ~2.17! becomes

8p

3
GNreff5S ȧ

a D 2

5
~C1E!2gSe2F2ug00u~gSg31 l 2e2F!

4ug00ugrr gSg3 S g8

g D 2

.

~2.18!

Therefore the motion of a D3-brane on a general sph
cally symmetric background had induced on the brane a m
ter density. As it is obvious from the above relation, t
specific form of the background will determine the cosm
logical evolution on the brane.

We had definedreff through the relation~2.16!. In this
relation the four-dimensional Newton’s constantGN and the
10350
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four-dimensional cosmological constant appears. To m
our approach clear, we will discuss their physical meaning
our scheme.

We have assumed that in our brane universe there is
gravity by itself; therefore Newton’s law is defined on th
whole 10-dimensional space. As the brane moves, we
write on the brane the effective Einstein equations~2.11!.
The Newton’s constant which appears in this equation
the meaning of an effective parameter determined by
background. To see its value let us go to a particular ba
ground. Let us consider the near-horizon geometry of a m
roscopic D3-brane which is AdS53S5, with metric @10,9#,

ds25
r 2

L2 H 2F12S r 0

r D 4Gdt21~dxW !2J 1
L2

r 2

dr2

F12S r 0

r D 4G
1L2dV5

2, ~2.19!

where L454pgNa82 with g the string coupling in 10 di-
mensions andN the number of D3-branes. By using E
~2.18! the effective energy density on the brane in this ba
ground is

8p

3
GNreff5

1

L2 H S 11
E

a4D 2

2F12S r 0

L D 4 1

a4G S 11
l 2

L2

1

a6D J .

~2.20!

As we can see, the only scale which enters in this relatio
a8. Then as it is obvious from the above relation, we can
purely dimensional grounds writeGN5L2 or GN

52ApgNa8. We can express theGN in terms of the
5-dimensional Newton’s constant using the relationT3
53/4pGL @9#

GN5
4p

3
GT3~2ApgNa8!3/2, ~2.21!

whereT3 is the brane tension.
The induced cosmological constant on the braneL can be

expressed in terms of the background fields using the eq
tion

2g22ġ21g21g̈1
3

4
gg22ġ22gL50. ~2.22!

In deriving the above equation we have used the conse
tion of energy momentum tensor (Tmn)eff and an equation of
state in the formp5(g21)r. Nevertheless we believe tha
in this approach we cannot really distinguish betweenr and
L and a definition of the form~2.16! is more meaningful. As
it is discussed in Ref.@17# in the case where we canno
distinguish between vacuum energy and matter energy
cannot truly specifyGN . Then as we discussed above,GN is
determined in a ‘‘phenomenological’’ way depending on t
background.
6-3
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III. TYPE 0 STRING BACKGROUND

Type 0 string theory is interesting because of its conn
tion to gauge theories. This enables us to study SU(N) gauge
theory by merely gravitational quantities. Another advanta
of this theory is the presence of a tachyon field. Tachyo
fields in ordinary field theory create instabilities. In cosm
ogy on the contrary, the time evolution of a tachyon fie
plays an important role. In two dimensions because
tachyon field is a matter field has important consequence
cosmology@19#, and it can give a solution to the ‘‘gracefu
exit’’ problem @20#. In four dimensions its effect to cosmo
ogy has been examined by various authors@21#.

As we have shown in Ref.@11# in type 0 string the
tachyon field can induce inflation on the brane. We had u
an exact solution of type 0 string with constant tachyon a
dilation fields. If these fields are coordinate dependent th
there is not an exact solution of the theory, but there
approximate solutions which we will discuss in the follow
ing. The action of the type 0 string is given by@14#

S105E d10xA2gFe22FS R14~]mF!22
1

4
~]mT!2

2
1

4
m2T22

1

12
HmnrHmnrD2

1

4 S 11T1
T2

2 D uF5u2G .
~3.1!

The equations of motion which result from this actio
with the antisymmetric field put to zero, are

2¹2F24~¹nF!22
1

4
m2T250, ~3.2!

Rmn12¹m¹nF2
1

4
¹mT¹nT2

1

434!
e2F f ~T!

3S FmklpqFn
klpq2

1

10
GmnFsklpqF

sklpqD50, ~3.3!

~2¹212¹nF¹n1m2!T1
1

235!
e2F f 8~T!FsklpqF

sklpq50,

~3.4!

¹m@ f ~T!Fmnkpq#50. ~3.5!

The tachyon is coupled to the RR field through the funct

f ~T!511T1
1

2
T2. ~3.6!

In the background where the tachyon field acquires vacu
expectation valueTvac5T0521, the tachyon function~3.6!
takes the valuef (T0)5 1

2 which guarantee the stability of th
theory @14#.

Equations~3.2!–~3.5! can be solved using the followin
ansatz for the metric:
10350
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m

ds10
2 5g00~r !dt21g~r !~dxW !21grr ~r !dr21gS~r !dV5 .

~3.7!

Technically it is easier to solve the above equations if we
to new variables. One can then introduce the new param
r through the relation

r5
e2F0

4r 4 ~3.8!

and the fieldsj andh from the relations

g5e~F2j!/2, ~3.9!

gs5e~F1j!/22h. ~3.10!

Then Eq.~3.7! takes the form

ds252e~F2j!/2dt21e~F2j!/2dxW21e~F1j!/225hdr2

1e~F1j!/22hdV5
2. ~3.11!

With this form of the metric the action~3.1! can be de-
scribed by the following Toda-like mechanical system~an
overdot denotesr derivative!

S5E drF1

2
Ḟ21

1

2
j̇21

Ṫ2

4
25ḣ22V~F,j,T,h!G

~3.12!

with the potentialV(F,j,T,h) given by

V~F,j,T,h!5g~T!e~1/2!F1~1/2!j25h120e24h

2Q2f 21~T!e22j. ~3.13!

If the tachyon field takes its vacuum value and the dilat
field a constant valueF5F0 one can find the electrically
charged three-brane

g0052H21/2, g~r !5H21/2, gS~r !5H1/2r 2,

grr ~r !5H1/2, H511
eF0Q

2r 4 ~3.14!

if the following ansatz for the RR field:

C01235A~r !, F0123r5A8~r ! ~3.15!

is used.
If T andF are functions of the coordinater, then approxi-

mate solutions exist@14,22#. These solutions are valid fo
large ~UV! and small~IR! values of the radial coordinate
The approximations of Refs.@14,22# agree in the UV region
but in the IR the approximation of Ref.@14# leads to an IR
fixed point, while the approximation of Ref.@22# to a con-
fining point.

From the action~3.12! we can derive the following equa
tions of motion@22#:

j̈1
1

2
g~T!e~1/2!F1~1/2!j25h12

Q2

f ~T!
e22j50, ~3.16!

ḧ1
1

2
g~T!e~1/2!F1~1/2!j25h18e24h50, ~3.17!
6-4
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F̈1
1

2
g~T!e~1/2!F1~1/2!j25h50, ~3.18!

T̈12g8~T!e~1/2!F1~1/2!j25h12
Q2f 8~T!

f 2~T!
e22j50,

~3.19!

whereg(T) is the bare tachyon potential

g~T!5
1

2
T22lT4 ~3.20!

andl is a parameter. Defining a new variabler5u24, in the
UV for u→`, or r→0, we can solve the equations of m
tion ~3.16!–~3.19! to the next to leading order and fin
@22,14#

T5T024
g8~T0!

g~T0!

1

logr
1OS log~2 logr!

log2 r D , ~3.21!

F522 log~C0 logr!2F718S g8~T0!

g~T0! D 2G S log~2 logr!

logr D
1

B

logr
1OS log2~2 logr!

log2 r D , ~3.22!

j5 log@A2 f 21~T0!Qr#2
1

logr
1OS log~2 logr!

log2 r D ,

~3.23!

h5
1

2
log~4r!2

1

logr
1OS log~2 logr!

log2 r D , ~3.24!

whereC0524C2
5/g(T0)AC1 and

C15
2Q

A2 f ~T0! S 11
1

4 log
u

u0

D , C252S 11
1

4 log
u

u0

D .

~3.25!

The above solutions show that at the UV point, t
tachyon takes a constant value and if we calculate the ne
leading order effective couplinge(1/2)F,

e~1/2!F;
1

logu2S 7

8
1

g8~T0!2

g~T0!2 D log logu

~3.26!

we see that goes to zero for largeu.
For u→0 or for larger there are two approximate solu

tions in the literature, leading to infrared fixed point@14# or
to a confining fixed point@22,13#. For the first approximation
we have
10350
to

T52
16

logr
2

8

log2 r
~9 log logr23!1OS log2 logr

log3 r D ,

~3.27!

F52
1

2
log~2Q2!12 log logr2

1

logr
9 log logr

1OS log logr

log2 r D , ~3.28!

j5
1

2
log~2Q2!1 logr1

9

logr
1

9

2 log2 r S 9 log logr2
20

9 D
1OS log2 logr

log3 r D , ~3.29!

h5 log 21
1

2
logr1

1

logr
1

1

2 log2 r
~9 log logr22!

1OS log2 logr

log3 r D . ~3.30!

While for the second solution@22,13# we have

F5F01r2
1

16~A513!2
eF0/2e2~A513!r, ~3.31!

h5
1

A5
r2

5

2
e2~4/A5!r, ~3.32!

j5r2
1

2
e22r, ~3.33!

T52
1

2
e22r. ~3.34!

In both approximations the tachyon field in the IR poi
goes to zero while the effective coupling gets infinite. It
important to observe that the approximate solutions in
UV ~3.21!–~3.24! and in the IR~3.28!–~3.30! of Ref. @14#
are related byy→2y, suggesting that they can be smooth
connected into a full interpolating solution. An attempt
connect these solutions was presented in Ref.@13#. As we
mention above, the tachyon field starts atT521 atr50 in
the UV, and grows according to Eq.~3.21!, then enters an
oscillating regime and finally relaxes to zero according
Eq. ~3.27!, whenr5` in IR. This guarantees thatT2e(1/2)F

becomes small which leads the metric in the AdS53S5 form.
There is a question if we can trust the asymptotic so

tions in the infrared. The problem is that when the coupli
becomes strong, string corrections become important.
situation is different in the UV where we can trust our so
tions because the coupling is small. The role of thea8 cor-
rections in the IR has been discussed in Refs.@22,13#. It was
claimed that thea8 corrections are small.
6-5
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IV. COSMOLOGICAL EVOLUTION
OF THE BRANE-UNIVERSE

We consider a D3-brane moving along a geodesic in
background of a type 0 string. Having all the solutions in t
ultraviolet and the infrared, we can follow the cosmologic
evolution of our universe as it moves along the radial co
dinate r. In the presence of a nontrivial tachyon field th
couplinge2F which appears in the Dirac-Born-Infeld actio
in Eq. ~2.2!, is modified by a tachyonic functionk(T)51
1 1

4 T1O(T2). Then we can define an effective couplin
@16#

eeff
2F5k~T!e2F. ~4.1!

The bulk fields are also coordinate dependent and the
duced metric on the brane will depend on a nontrivial way
the dilaton field. Therefore the metric in the string frame w
be connected to the metric in the Einstein frame throu
gSt5eeff

F/2gE . All the quantities used so far were defined
the string frame. We will follow our cosmological evolutio
in the Einstein frame. Then the relation~2.18! becomes

8p

3
reff5S ȧ

a D 2

5
~C1E!2gS2ug00u~gSg31 l 2!

4ug00ugrr gSg3 S g8

g D 2

.

~4.2!

Having the approximate solution in the UV given by Eq
~3.21!–~3.24! we can calculate the metric components of t
metric ~3.7! and find

gyy5
1

16
AQ

2 S 12
9

2yD , ~4.3!

g5
1

A2Q
ey/2S 12

1

2yD , ~4.4!

gs5AQ

2 S 12
1

2yD . ~4.5!

The variabley is defined by

r5e2y. ~4.6!

Then we can identifyg of Eq. ~4.4! with the scale factor
a2 and solve fory. We get two solutions

y152
1

4 loga1 log 2Q
, ~4.7!

y25 log 2Q14 loga1
1

log 2Q14 loga
. ~4.8!

From the solution~4.8! which has the right behavior fo
largea, we keep the log 2Q14 loga term. Then the RR field
C becomes

C5
ey

Q
2

2

Q
Ei@y#. ~4.9!
10350
e
e
l
-

n-
n
l
h

.

Then, we can calculate the effective energy density fr
Eq. ~4.2! settingl 250 and we get

8p

3
reff5F S 12

1

Qa4 Ei@ log 2Q14 loga#1
E

2a4D 2

2
1

4 S 12
1

2~ log 2Q14 loga! D
4G

3S 12
1

2~ log 2Q14 loga! D
24

3S 12
9

2~ log 2Q14 loga! D
21

3S 11
1

~ log 2Q14 loga!2

3
1

S 12
1

2~ log 2Q14 loga! D D
2

. ~4.10!

For some typical value of the parametersQ51 and E
51, and for large values ofa, it is obvious thatreff has a
constant value. Therefore an observer on the brane will
an expanding inflating universe. It is interesting to see w
happens for small values ofa. As a gets smaller, a term
proportional to 1/(loga)4 starts to contribute toreff . There-
fore the universe for small values of scale factor has a s
expanding inflationary phase which we call the ‘‘logarithm
inflationary’’ phase. For smaller values ofa we cannot trust
the solution which is reflected in the fact thatreff gets infi-
nite. The behavior of the effective energy density as a fu
tion of the scale factor is shown in Fig. 1.

To have an idea how the slow inflationary phase procee
we can assume for the moment that the effective energy d
sity scales as

8p

3
reff5S ȧ

a D 2

5
1

~ loga!p . ~4.11!

FIG. 1. The induced energy density on the brane as a functio
the brane scale factor.
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The solution of the above equation is

a5et@2/p12#
~4.12!

Therefore we remain in an exponentially growing un
verse, but various values ofp have the effect of making the
universe to slow down its expansion. We note here tha
order to estimate the behavior and the duration of this ‘‘lo
rithmic inflationary’’ phase, we have to resolve the proble
of the singularity.

Going now to IR using Eqs.~3.27!–~3.30! we get for the
metric components

gyy5
AQ

16
223/4S 12

1

2yD , ~4.13!

g5
221/4

AQ
e2y/2S 12

9

2yD , ~4.14!

gs5223/4AQS 11
7

2yD , ~4.15!
e

al

io
IR

10350
in
-

where nowy is defined by

r5ey. ~4.16!

Then the identificationg5a2 using Eq.~4.14! gives again
two solutions

y152
9

4 loga1 log&Q
, ~4.17!

y252 log&Q24 loga1
9

log&Q14 loga
. ~4.18!

For smalla we keep from the solutiony2 of Eq. ~4.18! the
term 2 log&Q24 loga. Using this solution we can calcu
late the RR field

C52
e2y

Q
2

2

Q
Ei@2y#. ~4.19!

Thenreff becomes
8p

3
reff5F S 2122

1

&Qa4
Ei@ log&Q14 loga#1

E

&a4D 2

2
1

2 S 11
9

2~ log&Q14 loga!
D 4G

3S 11
9

2~ log&Q14 loga!
D 24S 11

1

2~ log&Q14 loga!
D 21

3S 12
9

2~4 loga1 log&Q!2

1

S 12
9

2~ log&Q14loga!
D D 2

. ~4.20!
of
As we can see, the above relation is the same as the
ergy density in the UV@relation ~4.10!# up to some numeri-
cal factors, as expected. The difference is, that now it is v
for small a. For smalla first the term 1/a8 dominates and
then the term 1/a4. As a increases the term 1/(loga)4 takes
over and drives the universe to a slow inflationary expans

We will also discuss the cosmological behavior of the
solutions of Refs.@22# and@13#. Using Eqs.~3.31!–~3.34! we
have for the metric elements

grr5e~1/22A5!re2~1/4!e22r1~25/2!e24r/A5AQ, ~4.21!

g5e2r/2e~1/4!e22r 1

AQ
, ~4.22!

gs5e~1/221/A5!re2~1/4!e22r1~5/2!e24r/A5AQ.
~4.23!

Then the equationg5a2 gives
n-

id

n.

r524 loga2 logQ ~4.24!

and the RR field becomes

C5~22e22r2e24r!
1

Q
. ~4.25!

Finally reff becomes

8p

3
reff5~Qa4!2A511/2@~22Qa42Q3a121Ea24!2

2~11Q2a8!#S 12
1

4
Q2a81

25

2
~Qa4!4/A5D 21

3~11Q2a8!. ~4.26!

The above calculated effective energy density, in spite
its different form, has a similar behavior as Eq.~4.20!. As a
increases, various negative powers ofa take over until the
singularity is reached where positive powers ofa dominate.
6-7
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V. DISCUSSION

We had followed a probe brane along a geodesic in
background of type 0 string. Assuming that the universe
described by a three-dimensional brane, we calculate the
fective energy density which is induced on the brane beca
of this motion. We study this mirage matter as the bra
universe moves along the radial coordinate.

In our previous work@11# we found that the motion of the
brane-universe in this particular background induces an
flationary phase on the brane. We made the analysis in
limited case where the dilaton and tachyon fields were c
stants. This assumption simplified the calculation beca
there is an exact solution of the equations of motion.

In this work we extend our study to a background whe
all the fields are functions of the radial coordinate. Then
problem becomes more complicated because there is
more an exact solution to the equations of motion. Nevert
less there are approximate solutions for large values of
radial coordinate, in the UV region and solutions for sm
values of the radial coordinate in the IR. In the UV the co
pling of the theory is small, so we can trust the approxim
solutions. In the IR, the coupling becomes strong but it w
shown in the literature@22,13# that all string corrections are
small.

Using these solutions, we calculate the energy dens
that are induced on the brane. What we find is that for la
values of the scale factor as it is measured on the brane~large
values of the radial coordinate! the universe enters a slow
tt.

B

s

h-

B

y

n-

10350
e
is
ef-
se
-

-
he
-

se

e
e
no
e-
e

l
-
e
s

es
e

inflationary phase, in which the energy density is prop
tional to an inverse power of the logarithm of the scale fa
tor. As the scale factor grows the induced energy den
takes a constant value and the universe enters a norma
ponential expansion. For small values of the scale factor
induced energy density scales as the inverse powers o
scale factor and then the logarithmic terms take over and
universe enters a slow exponential expansion.

The energy densities we calculated break down for so
specific values of the scale factor. This is a reflection of
fact that the approximate solutions in the IR cannot be c
tinued to the UV. To answer the question if there is a tr
phase of ‘‘logarithmic inflation’’ in which the universe in
flates but with a slow rate, we must resolve the problem
singularities, where our theory breaks down. We are stu
ing the problem numerically trying to solve the equations
motion numerically@13# and see if we can smoth out th
singularities. Then we can apply our technics for calculat
the effective energy density.

Note added. While this work was written up to its fina
form, Ref.@23# appeared where a similar problem was stu
ied, and it was found that the tachyonic background is l
divergent than the one without a tachyon.
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