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Cosmology with the Dp-brane gas
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We study the effect of the Pbrane gas in string cosmology. When one kind g@-Brane gas dominates,
we find that the cosmology is equivalent to that of Brans-Dicke theory with perfect-fluid-type matter. We
obtain y, the equation of state parameter, in termg@nd the space-time dimensions.

PACS numbd(s): 98.80.Cq, 04.50:h

Recent developments of string theory suggest that, in a Uy e? Uy )
Planck length regime, the quantum fluctuation is very large ~ Ryuv= = R=5Tut @) V,0V,d= ==(V)
so that the string coupling becomes large and consequently

the fundamental string degrees of freedom are not weakly +{-V, V., 0+V, ¢V, ¢
coupledgoodones[1]. Instead, solitonic degrees of freedom ) 5

such asp-branes or P-branes[2] are more important. 0, P ¢ =9,V

Therefore it is a very interesting question to ask what the

effect of these new degrees of freedom on spacetime struc- 0=R-2wV?¢+w(Ve)* (]

ture is, especially whether including these degrees of free- ] o
dom resolves the initial singularity, which is a problem in R is the curvature scalar and the cosmological metric is
standard general relativity. given by

What should be the starting point for investigation of the 2., 2a(t) SRR
p-brane cosmology? It should be a generalization of general dsp=—Ndt*+e*5;dxdx  (i,j=12,...P-1),
relativity. Brans-Dicke theory is a generic deformation of (©)
general relativity allowing variable gravity coupling. In fact
the low energy theory of the fundamental strifgj contains
Brans-Dicke(BD) theory with a fine-tuned deformation pa-
rameter (= —1). Moreover, Duff ancet al. [4] found that
the natural metric that couples to tpeébrane is the Einstein
metric multiplied by a certain power of the dilaton field. In
terms of this new metric, the action that gives fibrane
solution becomes the BD action with definite deformation
parameterw depending orp. In our previous paperkb,6],
we have studied this kind of BD model and found exact D—
solutions depending on two arbitrary parameters. Further- 9°°Ro0= NG
more, according to the range of parameters involved, we also
have classified all possible behaviors of the BD cosmology
and found solutions resolving the initial singularity problem
for some region$7]. However, it remains an open questions
as to how to determine the equation of state parametém

this paper, we will determines from the relation between whit dIVta- With the equation of statp= vyp, the energy-

wheree®® is the scale factor and/ is a (constanik lapse
function. Now, we assume that all variables are functions of
time t only; then the curvature scalgt0O] in D dimensions is
given by

R=9%Ro+ 0" R, (4)

where

Slata?),

; D—-1 . .
Q'JRijZT[aJF(D—l)aZ], (5

this BD theory and string theory with afBbrane. momentum tensor of perfect-fluid-type matter is given by
We start by reviewing BD theory in which perfect-fluid-
type matter is included. Let us assume that our universe is a T,,=Pgut(p+p)U,U,, (6)
D-dimensional homogeneous isotropic one. The general BD
action is given by whereU , is the fluid velocity. Under the hydrostatic equi-
librium condition, the energy-momentum conservation is
— D _ — ¢ _ “ . .
S fd x=ge R0V, 67 6]+ Sn, (D p+(D—1)(p+p)a=0. @)

where ¢ is the dilaton field and,, is the matter part of the Using p=yp, we get the solution
action. The equations of motion of BD theory becofBe9]

p=poe P DI, 8
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If we consider only the time dependence, the equations ofyith the dual dimensiom=D —n. From this action, we can

motion (2) and the energy-momentum conservati@n fol-
low from the action

1 .
- (D-1a—¢| _—_¢_(p_ )2
S fdte {W{ (D—2)(D-1)a

+2(D—1)ap+ wp? — JNpe P~HE* VW‘/’] :

€)

Now, we introduce a new time variabteby
dt=elP~Da¢qr, (10

Then the action can be written as
szf dr i[—(D—2)(D—1)o/2
NV
+2(D—1)a’ ¢’ + 0’| Npel D=1d),

11

obtain an action in another frame by a conformal mapping.
The p-brane frame is defined by the conformal mapping

gpwzex(n)zb/(nfl)gEW, (14

WheregEM (9°,,) means the metric in Einsteip{brane
frame. In thisp-brane framd4], the action is written as

S:f dDX\/__gpe*(D*Z)a(nM/Z(n*l) R—wV,¢V* ¢

: (15

wherew becomeg4]

_ AV (n—1)2
w=—(D 1)(n—3)—(n—1) . 16
(D—2)(n—3)—(n—1)2

In four dimensions, the BD parameter is given by o

=— 3 for the 0-brane p=0) andw=— 3 for the instanton
(p=-—1), etc. Hence, the BD parameter can be varied
according to thep-branes included. However, it is not clear
whether the matters come from NSor Dp-branes in the
p-brane frame.

where a prime means the derivative with respect to the new In the string frame, by an appropriate conformal mapping,
time variabler and p, is considered as a positive real con- the action is given by
stant. Note that the variation over the constant lapse function

gives a constraint equation. So far we have discussed BD S:J' de\/—_g
the string cosmology by the
em?

theory.
Now we consider

D-dimensional effective action witm-form field strength < H1 i

that is coming from the appropriate compactification of ten- 2n! " #1#n

dimensional low energy effective string theory. In the Ein-

stein frame, the action reads

e YR+V,¢V*¢}

. (17)

Notice that the BD parametep is fixed as—1. Form
=—1, ann-form field strength comes from the compactifi-
cation of Neveu-Schwarz—Neveu-SchwdidS-NS three-
form in ten-dimensional theoryn=0 for n-form coming

(12  from the Ramond-Ramon(R-R) sector. The dual form in
NS-NS sector is defined Hy]

efX(n)‘!’

2
2n! Hn™,

s:dex —g5 R— EV dVHp—
2 M

wherey is given by

*H=e ’H, (18)
Y2(n)=4- w (13)  for the solitonic N§-brane, andn=1 for this case.
n+n—2 Under the ansatz
a(t) T ' i ' a(t)
4 .
2 g
2 ]
1 ]
0o : : : : ] : : <
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FIG. 1. The behavior of the scale factor with the D-particle.
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FIG. 2. The behavior of the scale factor with the D-string.

Hupooop = NEu, o VoA, (19 2(D-1)(D—2)a"~2(D—1)¢"

_ _ 2a2(n—1)a—(m+1)¢_
whereuq, ... ,u,—1#0, the Bianchi identity 2(n=1)g% 0, @7

_ _ "__ "__ + 2n2(n—1)a—(m+1)¢_ .
V[,LLH;Ll,~--,;Ln]_0 (20) 2(D-1)a"—-2¢"—(m 1)qe 0

(28)

is always satisfied, since we assume e is a function of g6 equations of motion can be derived from the following

t only. VAV should be used for obtaining the correct CON- 5ction:

straint equation. In terms &(t), ¢(t), anda(t), the action

(17) for the cosmology becomes 1
—f drfl—[—(D—-2)(D—1)a'?

VN

1 .
szf dte(D1>“¢{\/—Xf{—(D—2)(D—1)a2
+2(D_1)a/¢/_¢72]_\/NquZ(n—l)a—(m+l)¢ )

S N.
+2(D-1)ap—¢*t+ gAZez(”l)“”m“Wl. (29
(21 Comparing this action with that of BD theory given by Eq.

(11), the action of BD theory is equivalent to that of string

Using the new time variable defined in Eq(10), the action theory with the p-brane gas=0) if we setp,=g? and

is given by 2(n—1)=(D—1)(1-y). From these, the BD parameter
1 is related top, the spatial dimension of the world volume of
S:f dr| —[—(D—-2)(D—1)a'? the p-brane:
NV
D-2p-3 30
Y=~ a1 -
+2(D_1)a/¢1_¢l2]+ ﬂArze—Z(n—l)a+(m+1)¢ . D-1

2
This is the main result of our paper. Note that in string

(220 frame, the behaviors of the cosmology depend onlypon
(=n-2). In four-dimensional space-time,of the instanton
gas (p=—1) is fixed to 1 and for the particlep&0) vy

2(D-1)(D-2)a"—2(D—1)¢"—(n—1) = 1/3is gonsistent with the kn_own value ¢ffor the rgdia—

tion dominant era. In our previous wofk], the behavior of

From this, we can obtain the equations of motion

X(A/)Ze—Z(n—l)a+(m+l)¢:0' (23)
a(t) ‘ ' '
m+1 |
2(D—1)a”—2¢"— ( > )(A/)Ze—Z(n—l)a+(m+l)¢:0, 1.0
(24) .8 b
VT[Are72(nfl)a+(m+1)¢] =0, (25) -6 7
4 .
where the lapse functio/V is set to 1 after calculation. The
solution of Eq.(25) is given by 2 ]
A= \/quZ(nfl)af(erl)d)’ (26) 0.0 ¢
with a constang. Substituting this into Eqs23) and (24), FIG. 3. The behavior of the scale factor with th@-Drane @
the resulting equations of motion are written as =2 orp=3).
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the scale factor for generad and w was classified. With the the NS- (n=-—1) or the dual NS-branenf=1) gas, the
D-particle gas p=0 andy=1/3), the string cosmology has matter couples to the dilaton, and the energy-momentum of
two phases as in Fig. 1. For the D-string gas, —1/3 which  the perfect fluid is not conserved due to this coupling. Hence
is consistent with the value of the cosmic string ffbs|, the  we cannot consider the NS-type brane gas as a perfect fluid.
behavior of the scale factor has two phases as shown in Figio describe the NS brane gas as a perfect fluid, we have to
2. For D2-brane or D3-brane casgs<2 orp=3), the scale  study string theory in a frame where the dilaton does not
factor behaves as in Fig. 3. couple with the brane. Details will be discussed in a later
In this paper, we have shown that string theory with theyygrk [12].
Dp-brane gas can be described by BD theory with perfect-

fluid-type matter and the parametgiin BD theory is deter-
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