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In this paper, we investigate the dynamics and the evolution of the scale factor of a pyetrari® which
moves in the background of sourcgfranes. The action of the probe brane is described by the Born-Infeld
action and the interaction with the background Ramond-Ramond field. When the probe brane moves away
from the source branes, it expands as a power law whose index depends on the dimension of the brane. If the
energy density of the gauge field on the brane is subdominant, the expansion decelerates irrespective of the
dimension of the brane. On the other hand, when the probe brane is a Nambu-Goto brane, the energy density
of the gauge field can be dominant, in which case accelerating expansion occprs4orThe accelerating
expansion stops when the brane has expanded sufficiently that the energy density of the gauge field becomes
subdominant.
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I. INTRODUCTION we review thep-brane solutions in supergravity as the back-
ground spacetime of the source D-branes. We consider the
With the discovery of D-branes, not only string theory but motion of a probe brane in this background spacetime in Sec.
also cosmology has been activated significantly. Thdll and follow the evolution of the scale factor on the probe
Randall-Sundrum braneworld modgl—3] is the simplest brane in Sec. IV. In Secs. V and VI, we give a discussion and
cosmological model which was induced by the idea ofSummary, respectively.
D-branes. In this model, the action of the brane is assumed to
be the Nambu-Goto action. Cosmology with the Born-Infeld Il. BACKGROUND SPACETIME
action has also been investigated #+-6] and it was found
that the behavior of a gauge field confined to the brane is We consider a system in which a probe D-braoeanti-
significantly different from that of a gauge field added to theD-brane moves within the background & parallel source
Nambu-Goto brane. Interaction between D-branes by th®-branes. In this section, we review thébrane solutions in
Ramond-Ramond(RR) charge, which is absent in the supergravity as the background spacetime of the source
Randall-Sundrum model, has been studied by many authol8-branes. Low-energy effective theories for superstring theo-
as a potential energy source that inflates the bfarel4).  ries are given by supergravities, among which we consider
For a review of cosmology in the context of string theory, only types IIA and 1IB here for simplicity. The effective ac-
see, for examplg,15]. tions include the metric, the two-form potential, and the sca-
Since D-branes are a fundamental object in superstrintgar dilaton in the Neveu-Schwarz—Neveu-Schwaxs-NS
theory, their two-body problem is also fundamental. Burgessector, (i—1)-form gauge potentials in the RR sector, and
et al. [16] studied the motion of a probe brane in the back-Chern-Simons terms. Hereis even for type I[IA and odd for
ground spacetime of source branes and found that there exigtpe 1IB.
bound states of a D6-brane and anti-D6-brane, which they To obtain a tractable system to study, we shall make a
called a “branonium.” Probe-brane dynamics was also dis<consistent truncatiotisee[24] and references thergiof the
cussed in17,18. Recently, cosmology on the probe braneaction down to a simple system comprising only the metric
was studied in the context of a bouncing univerg). Gun ., the scalar dilatorp, and a single if— 1)-form gauge
In this paper, we investigate the two-body problem andpotential A;,_;; with corresponding field strengtify; .
cosmology of D-branes. The basic approach is the same d$en the background spacetime of the sourgebbane is
[16,19 but we take into account a gauge field confined to thedetermined by the following action in the Einstein frame:
probe brane, which was neglected[i6,19. The motion of
the brane causes the time evolution of the induced metric on 1 1
it, which is seen as cosmological expansion or contraction by ~ S= J DDx\/z[ R— EﬁMd)(?Mgb— Fea"’F[zn] , (D
an observer living on the brane. In this sense, our picture is n:
similar to that of “mirage cosmology[20-23. Thus, by
following the motion of the brane, we can also follow the whereD =10 anda=(5—n)/2 is the dilaton coupling of the
evolution of the scale factor. We show that the gauge field ofiRR field. Assuming asymptotic flatness and spherical sym-
the probe brane, which has not been studied rigorously, cametry in the transverse directions, flatness of the branes, and
affect the behavior of the scale factor. an “electric” gauge field, the background spacetime and
The rest of this paper is organized as follows. In Sec. Il,gauge field forp=<6 are given by
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RR charge of the brane, which equatsl for the D-brane

ds’=h"("P8y, dxtdx”+hPTD8s  dy™dy",  (2)
and anti-D-brane, respectively. Note that the field strength

e?=hE"P/ (3)  F,, should be thermal in nature in order not to break the
isotropy of the brane. Therefore, we interpret that,F*"
AMlMZ...Mp+1=eMlMZ...Mwl(l—h*l), (4) —(F,,F*"), etc.[26]. The induced metric on the brane in

the string frame is written as
where x*(#=0,1,...p) and y"(m=1,2,...D—p—1)

are the coordinates parallel and transverse to the branes, re-
spectively. We define the radial coordinate transverse to the
brane ag?=s,,,,y"y" and thus,

ds?=e*(0-2)gs?
=—h"Y(1-hv?)dt>+h~Y25,dxdx, (10

h(r)=1+ K _ (5) where we took the static gaugesx°, andi,j=1,2, ... p.
r’-p Here we defined the velocity of the brane as
. . . . m n
Herek is an integration constant which represent the energy 2 dy™ dy (11)
scale of the source branes: mn gt dt

Thus the motion of the brane in the dimensions transverse to
the brane is described in terms of the radial coordinated
the velocityv.
wheregs is the string coupling constant at infinitl is the Due to the spherical symmetry in the transverse direction,
string length scale, and is the number of source branes. It the angular momenta of the brane are conserved. This shows
should be noted that these solutions are reliable onlyr for that the motion is confined to the plane that is spanned by the
>|,. This is because supergravity is a good approximatiorinitial position and momentum vectors. We will denote the
of superstring theory only within this region, where the branepolar coordinate in this plane by and 6. Further, due to
interactions are dominated by massless string states. technical difficulty, we treat the gauge field as a perturbation
The asymptotic behaviors of the gravitational field and theand consider the leading term. Then the total Lagrangian of
gauge field potential can be understood in terms of Gauss¥e probe brane is

law. Both behave asymptotically liker ~(7~P) as expected . _
from the Laplace equation, L=—mh Y V1-h(r?+r2¢?)(1+I¢F, F*) —q],

k=<2ﬁ>5pr(7;—p)gs@pN, (6)

(12
2 8-pd -
V2f(r)=| —+—— —|f(r)=0. (7) where we have neglected an additive constamt T,/ dPx
dr? rodr is the “mass” of the brane, and the overdot denotes a deriva-

tive with respect td. The independent variables arg, and

point particle in ordinary four-dimensional spacetime, *.  gssociated with these variables are

For global structures of these solutions, see, for example,

[25]. aL
On the other hand, there is no asymptotically flat solution p,=m 11—
for p=7. Hereafter we concentrate on the=6 cases. ar

r
= _ — (1+1¢F,, F*), (13
1-h(r?+r26?)

IIl. DYNAMICS OF PROBE BRANE

In this section we consider the motion of a probe brane,
which is assumed to be parallel to the source branes, in the

background spacetime discussed in the previous section. The . aL
dynamics of the probe brane which has “electric” charge is =m ~—
determined by the Born-Infeld actidin the string framg 90
r2e .
SBIZ_TPJ dpﬂxeid)\/_de'(guv"‘Zlng), (8) - ; — (1+1F L, F*), (14
V1-h(r?+r?6?
and the interaction with the background gauge figlg, 1], sl
pa=m~t—
Swz= _quJ Aprg- 9 IA
Here is the induced metric on the probe brake,, is the ANI-h(r2+r%6?)
g,uv p g«"’ = FIO, (15)

U(1) gauge field strength confined to the brane, qiglthe
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wherep), is also conserved as we can see from the Euler- 3
Lagrange equation. Thus the “electric fiel&'° can be writ- -
ten in terms of the other variables. On the other hand, the & 25
“magnetic field” F" is obtained from the Bianchi identity E‘
2
5MFV)\+ 0VF)\M+&)\FMV:0 (16) 15
as 1 T
Fij :Cij =const. (17) 0.5
Combining the above results, it follows that % 05 1 15 2 25 3 35 4
r/ls
E pur—| sksilc. Cu 5ijp|Ap]A h FIG. 1. Effective potentiaV/¢ for the radial motion of the probe
wrvto ikl 8 brane, varying its spatial dimensiqn Other parameters are set as
k=I=1 andC=0.
Eclh, (18) e I
—r2 for r—0,
whereC’ is a constant which represents the energy scale of vk
the gauge field. _ . Vei(r)—4{ 1+C—q+k(g—1)r !
From Eqgs.(13) and(14), we obtain the following useful 12
relation: 5
+|=—————-k(q— forr .
| t2iaroy K 1)}r o
: : pZ+12/r2 22
r2+r2¢°= 5 , (19 _
(1+Ch)2+h(p?+12/r?) Forp=5,
2
whereC=C'l% is a dimensionless constant which represents I__( ! + a r2  forr—0,
the energy scale of the gauge field in unitd of. Then the vk 2kyk Kk
Hamiltonian can be written as V() — |2 , (23
. - N 1+C—qg+ m%—k(q—l)}r
- {1+ (4D+C)h}(1+Ch)+h(p?+12/r?) g For p<4,
B 2 2., 12/,2 h'
hy(1+Ch)2+h(p2+12/r2) LI for 0.
(20) Jk
Ver(r)— ) (24)
which gives the conserved energy. Here we took the gauge 1+C—q+ I -2 forr—oo.

Ao=0 andD=6;;p,pA/16. Note that this agree witf2.22 2(1+0C) '
of [16] in the limit of no gauge fieldC,D— 0. Hereafter, we

setD=0 for simplicity, which means that there is only a As is pointed out in16], there exist stable bound orbits in
magnetic field. From Eq(20), we expect that the dynamics the case of the anti-6-brane.

does not change very much even if there are both electric and The behavior of the effective potential is shown in Figs. 1,

magnetic fields. 2, and 3. Figures 1 and 2 show the effective potential of the
Following [16], we define the effective potenti®l.« for ~ P-brane and antp-brane for various, respectively. From
the radial motion as this, we can see that there can be a stable bound state in the
case of the anti-6-brane, as is expected. Note that the position
Veir(r)=E(p,=0) of the potential minimumg .,;,, depends on the angular mo-

mentuml, andr ., can be much larger than if | is suffi-

ciently large. Figure 3 shows the effective potential of the

=h"YJ(1+Ch)?+hl?/r?>—q]. (21)  6-brane for variou€. As can be seen, the qualitative features
do not depend o.

The asymptotic behavior depends on the charge and the di- Using Egs.(13), (14), and (20), r can be expressed in
mension of the brane. F@r=6, terms ofr ,E,I:
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L du
0— 6= —_—_— (28
o \JA+Bu’ " P—u?
where
A=1"2(E?+2Eq—C2-2C), (29
B=E?-C2. (30
f Thus the orbit of the probe brane is equivalent to that of a
ok classical nonrelativistic particle in the central potential pro-

0 2 g 8 10 portional torP~7, even when there exists a gauge field on the
brane. In particular, fop=6, the bound orbit is closed.
FIG. 2. Effective potentiaV/ 4 for the radial motion of the probe
antibrane, varying its spatial dimensipnOther parameters are set IV. COSMOLOGY ON PROBE BRANE
ask=1=1 andC=0.
A. Evolution of scale factor

: r2(1+Ch)?+hl? From the induced metric on the brane Ef0), the scale
r’=h"H1-——0+———— (25 factorais given by

r2(Eh+q)?

a=h"14 (31

We can follow the motion of the brane by integrating this
equation. Since, as can be seen from @f)), the scale fac- On the other hand, the cosmological timen the brane is
tor on the brane is a function of its evolution can also be expressed as
calculated from this equation as we discuss in the next sub-
section. Note that this equation corresponds to the Friedmann
equation and that this reduces to the Friedmann equation in
[19] in the limit of C—0.

rth*l"‘ 1-h(r2+r26?)dt

The brane trajectory can be calculated as follows: define 1+Ch.
u=1/ and thus = | h™¥———1dr
' Eh+q
du dr r p
l= =y 2 _—_2_-_1" 1+Ch
7 L AL A S =f h1/4 dr.
V(Eh+q)%2—(1+Ch)2—hl%/r2

Eliminating p, from Eq.(20) using this equation, we obtain, (32

Here we used Eq$19) and(20) in the second equation and
E=h"Y[V(1+Ch)2+hl%(u®+u'?)—q], (27)  Eq.(25) in the last equation. Thus, from Eq&1) and(32),
the scale factoa can be obtained as a function of
from which the orbit is obtained as Here we define two characteristic radii: the gravitational
radiusr 4 and gauge-field radius,. The former corresponds
to the Schwarzschild radius,

rg=kY0-p. (33
It should be noted that

kir’=P for r<rg,
h(r)~ (34

1 for r>rg.

The latter represents the radius, below which the approxima-
tion of the Lagrangian(12) breaks down[l%F , F~"

st uv
1 =Ch(ry)=1]:
0 2 4 6 8 10
r/ls Ck | ¥7-p)
FIG. 3. Effective potentiaV/. for the radial motion of the probe e ( 1- C)
anti-6-brane, varying the energy scaleof the gauge field on it.
Other parameters are setlas|=1. ~(Ck)V(7=p), (35)
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Hereafter we consider the casg>|s because otherwise the 0
scale factor does not change very much in the region where -0.2
the background solution is reliabletl). o 04
Then let us consider the situation where the probe brane 5 ¢
goes away from the neighborhood of the source brabes S 08
r=ro>lg,r¢, of coursgto infinity. Whenr <r g, the relation ED '1
between the scale factor and the cosmological time is simple. i
In this case Eq(32) becomes, noting that>1 and Ch 1.2
<1, -1.4
-1.6
;
T~ f h1/41+E—Ehdr -1.8
o 210 8 -6 -4 =2 0 2 4 6

. log, )t
%E’lk’g""f r3(7=P/Ac1+ CkrP~7)dr. (36)
o FIG. 4. Evolution of the scale facta(7) without the gauge

L . o . field on the brane for varioup. Other parameters are set ks
Note that this is independent af in this limit. First we  _108 E=10% 1=10,q=—1,ry=1.

consider the cas€=0. Then,

We can also see the evolution of the scale factor by the
E~ 1k~ 3/4(r(25-3p)a_p (25-30)%) © (37)  effective Friedmann equation which can be derived from Eq.

T:
25-3p (25):
At late time ¢>r,), we obtain
2 2
rocr (2573p)/4, (39 a2 da)®_(7=p)° K~ 2/(7=P) g~ 2(11-p)/(7—p)
dr 16

from which the evolution of the scale factor is obtained as 5 (1—ah)2E-PIT=P)(1 4+ Ca—?) 2

—h—Ud (| P—T\—1/4

a(r)=h (krP=5 X[(E?~C?a *+2(Eq—C)

oc 7(7—P)/(25-3p) (39 — |2k~ 2(T=P) g =BIT=P) (1 — g#)2(T~ p)],
Here (7-p)/(25—-3p)=1/7,1/5,3/13,1/4,5/19,3/11 fop (42
=6,5,...,1. Although the expansion becomes faster with

smallerp, the acceleration phase cannot be realized.

i , which agrees with20] in the limit of C—0.
If C#0, a correction term is added,

a(r)oc[ 777PV30 — ACay(7)], (40) B. High energy limit
whereA is a constant which depends &nk,p, anda; is, to Here we consider the probe brane to be a Nambu-Goto
leading terms, brane with a gauge field and the same RR charge as a

D-brane, for which the Lagrangidf2) is exact. In this case,
7 3(=PI(5-3P)  for p=4,

a(n={ 7 ¥Mogr for p=3, &4
T—l(r6(3—p)/4_BT—16/(3—p)(25—3p)) for pszy -1.2
(42 B 13
: . © 14
where B is also a constant which depends &nk,p. It 0’

should be noted that the effect of the gauge field decreases asS -1-5

the brane expands since its energy density decreastés as -1.6
-4

“a . -1.7
Whenr becomes much larger than, the scale factor

stops to evolve and becomes almost unity. The behavior of 18

the scale factor in the case of no gauge field is shown in Fig. 1.9

4. As is expected, the scale factor evolves as a power law and 27

then decelerates quickly to become unity. Figure 5 shows the loglor

effect of the gauge field on the brane. As can be seen, the

effect is very small even i€ is as large as possible and the  FIG. 5. Evolution of the scale facta(r) with the gauge field
late-time behavior is independent of the existence of th&n the brane for variou€. Other parameters are set ps4, k

gauge field. =10, E=1C, 1=10,q=—1,ro=1.
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we can take the high-energy limi€h>1). Although, for a 0
D-brane, this limit is in contradiction to the approximation 0.2
which we used to derive Eq12), we could still obtain the S 04
tendency to the high-energy effect, as is often done in higher- 06
derivative theory. In this regime, E(32) for r <r, becomes u% _0'8
o' -0.
g c N
7~ | h dr -1.2
o JE?-C? 1.4
CKY4 18
~ —J r(P=7)44 . (43 -1.8
VEZ—C2/1o 2
Forp=4, 10g10T
4 CKV4 FIG. 6. Evolution of the scale facta(7) of the brane domi-
7= —— —— (r (P73 r(()p—3)/4) nated by the gauge field for variops Other parameters are set as
p—3 JEZ-C? k=1C%, E=10° 1=10,q=—1,r,=1,C=1.
riow(p%)m- (44)  cases with intermediat@. We can see the transition from the
accelerating phase to the decelerating phase. Of course, the
then transition occurs earlier with small€.
a(7)oc 77 PV(P=3) (45
C. Einstein frame
where (7-p)/(p—3)=1/3,1,3 forp=6,5,4. Thus accelerat-  FEinally, we give the evolution of the scale factor in the
ing expansion is realized fqr=4. Next, forp=3, Einstein frame. The procedure is almost the same as in the
CKl4 string frame. The induced metric in the Einstein frame is
r
T= ———=100—; (46) ds?=—h" P81 —hyp?)dt?+h~ P85 dxdx.
/E2_ CZ o ] (50)

then, . N
Then the cosmological time is

/EZ_CZ
T

C kl/4

_1,— 1/ r
a(n) =k 4ToeXP( (47) e J h—(7-P6,/1 1,2y, (51)

Thus the scale factor increases exponentially. Finallypfor

<2, With C=0, the scale factor evolves as, fiorry,
1/4 2 2
S S SRRV S R N a(7)=h" 7P 7P (52
O 1
3-p JE2-C?
0
then, -0.2
(7o /(3— > 04
3-p /E2_C2 (7—p)/(3—p) \% 5
a(r):k_1/4 r6(3—10)/4__—7- . o
4 CKl4 %‘5‘ 0.8
(49 - -
-1.2
It can be easily shown that the expansion is accelerating in
. . P -1.4
this case. These analyses are confirmed in Fig. 6.
As stated in the previous subsection, the energy density of S8
the gauge field decreases as the brane expands. With the -18 i
parametrization in Fig. 6, the gauge field is dominant for the 25 7 6 5 4 13 =2 1 o0
whole evolution sinceC is sufficiently large so thaCh at 1og10¢

infinity is still large[ Ch(r =«)=C=1]. If Cis smaller than

unity, the late phase will behave like that of the case dis- FIG. 7. Evolution of the scale facta(r) of the brane domi-
cussed in the previous subsection, even if accelerating exated by the gauge field for vario@ Other parameters are set as
pansion occurs in the early phase. In Fig. 7, we show th@=3,k=10°, E=10°, I=10,q=—1,r,=1.
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where the index is (#p)?/(11-p)?
=1/25,1/9,9/49,1/4,25/81,9/25 fop=6,5,...,1. In the
high-energy limit Ch>1), for p#3,

a(7)t7-PHE-p)? (53)

where (7-p)?/(3—p)?=1/9,1,9,25,9 fop=6,5,4,2,1. For

p=3,
a(q-)ocexp( 7).

C k1/4 (54)

PHYSICAL REVIEW B9, 103506 (2004

which can be made sufficiently small by appropriate choice
of the string coupling constant. One of the key assumptions
they made is to treat the brane motion as nonrelativistic. In
other words, their results have been obtained in the large-
separation limit:k/r’ P<1 (or r>rgy in our notation. We
obtain some of the expressions for the scale factorrfor
<rgy where the relativistic treatment is necessary in the strict
sense but we expect that the relativistic corrections will not
change the stability discussed[it6]. Recently, it was shown
in [29] that time variations in the background moduli fields
generally preclude the existence of stable elliptical orbits.
Finally, although our study is based on the approximated

Thus, the condition that accelerating expansion occurs is theagrangian(12), it would be quite interesting and important
same as in the string frame. It should be noted that the into study the exact Lagrangian. This will be our future work.

duced metrics in the string frame and the Einstein frame

coincide with each other fogp=3 because the dilato8) is
constant in this case.

V. DISCUSSION

In the previous section, we dealt with a simple situation
that a probe brane goes away from the neighborhood of th
source branes to infinity. If the probe brane approaches th

source branes, the scale factor decreases as the inverse
that in the previous section. Then the other situations, fo
example, scattering and bound state of branes, are easy
imagine. In the former case, the brane contracts first, the

bounces and finally expands. In the latter case, the bran®

continues to expand and contract periodically.
In this paper, we followed the dynamics of a probe brane
that is, we neglected the back reaction. This is justified if th

probe brane is light compared to the source branes. Thi
meansN>1, which we assumed in the analyses in Sec. IV.
If N~1, we have to treat both branes equally and the self

gravity of the branes must be taken into accoam,2§.

Our analysis assumes stability of the probe brane. Ther
are possible instabilities due to brane bending and radiation

from the brane[16]. Reference[16] gave a preliminary
analysis of such instabilities. They found, fo=6, that the
brane is stable classically against bending and that the radi
tion is dominated by the one into the bulk dilation field,

VI. SUMMARY

In this paper, we investigated the evolution of the scale
factor of a probe P-brane which moves in the background
of source [p-branes. When the probe brane moves away
from the source branes, it expands as a power law, whose
index depends on the dimension of the brane. If the energy

ensity of the gauge field on the brane is subdominant, the
ggpansion is decelerating irrespective of the dimension of the
prane. On the other hand, when the probe brane is a Nambu-

oto brane, the energy density of the gauge field can be
gc?)minant, in which case accelerating expansion occurs for
<4. The accelerating expansion stops when the brane has
expanded sufficiently so that the energy density of the gauge
field becomes subdominant. Although this is not the case
with a probe D-brane, we could still obtain the tendency to a

igh-energy effect of the Born-Infeld action.

The system which is investigated in this paper is too
simple to be our universe. However, further investigation
will give understanding of the relation between superstring
@eory and our universe.
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