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We consider the dynamics of a single probe brane on various cosmological brane backgrounds. The
on-shell condition of the static probe brane leads to the supersymmetric intersection rules for static
BPS configurations, though the cosmological backgrounds do not preserve any supersymmetries. This is
a remarkable feature associated with the cosmological backgrounds because in the static background the
on-shell condition of the static brane gives no constraint on the brane configuration. Furthermore, it

follows that under this condition there is no velocity-independent force for the probe brane even on the

cosmological backgrounds.
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1. Introduction

String theory contains higher-dimensional p-branes (p > 1) as
well as strings. The low-energy dynamics of the branes are de-
scribed in supergravity theories. An innumerable number of brane
solutions have been discovered so far. Most of them are static, but
it is certain that cosmological brane solutions should also exist. For
example, colliding brane solutions, which are found by Gibbons, Lu
and Pope [1], are cosmological solutions (for the related progress,
see [2-8]). The colliding solutions have some potential applications
in realistic cosmology [9-12]. It may be related to a cosmic Big
Bang of the origin of our Universe. Therefore, it is of great signifi-
cance to understand the cosmological backgrounds profoundly.

An interesting issue along this direction is to consider the brane
dynamics on cosmological brane backgrounds. It is well studied
on static brane backgrounds [13]. The brane dynamics is an im-
portant subject in string theory and M-theory. For example, the
matrix-model formulations of M-theory and type IIB string the-
ory are intimately connected with the brane dynamics [14,15]. It
would be nice to consider cosmological backgrounds in the context
of the matrix-model formulations. It would shed light on a new
aspect of the non-perturbative formulation of superstring theories
and M-theory and one may make a fundamental progress in string
theory.

In this manuscript, we consider the dynamics of a single probe
brane on various cosmological brane backgrounds. This is for-
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mally a generalization of the work by Tseytlin [13], where “static”
source brane backgrounds are considered. The on-shell condition
of the static probe brane leads to the supersymmetric intersection
rules for static BPS configurations, although the cosmological back-
grounds do not preserve any supersymmetries. This is a remark-
able feature associated with the cosmological backgrounds because
in the static background the on-shell condition of the static brane
gives no constraint on the brane configuration. Furthermore, it fol-
lows that under this condition there is no velocity-independent
force for the probe brane even on the cosmological backgrounds.

This paper is organized as follows. Section 2 introduces cos-
mological brane backgrounds that we are concerned with here. In
Section 3, we consider the dynamics of a single probe p-brane
on the cosmological brane backgrounds. In particular, we argue
on the condition under which the velocity-independent force van-
ishes. We will also study D-branes on the cosmological brane back-
grounds in type IIB and IIA supergravities. Section 4 is devoted to
conclusion and discussion.

2. Cosmological brane backgrounds

We first introduce cosmological brane backgrounds used in
later discussion.

The gravitational theory we are concerned with here includes
the metric (in the Einstein frame) gyy, a scalar field (dilaton)
¢, and a (p + 1)-form field A(41) where the field strength is
F(p4+2) =dA(p1). This theory is realized by imposing some ansatz
in type IIB and IIA supergravities. It is enough to describe charged
p-branes.
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The action is given by [16]

1 ~ 1
S=— Rx1p — = xdp A d
22 [ D5 *dpndg
1 eecq)
————x%F ANF , 21
212 e (p+2)j| (21)
where k2 is the gravitational constant in D dimensions and s

is the Hodge dual operator, R denotes the Ricci scalar with the
D-dimensional metric gyy. Note that gy is related to the metric
gmn in the string frame via a Weyl rescaling:

gun =e?2gyy. (2.2)
Then the constants ¢ and € are defined as
2+ DD —-p-3)

2

c°=4 s 2.3a

) (23a)

€= + for electrlc'p—branes, (2.3b)
— for magnetic p-branes.

From the classical action (2.1), the field equations are obtained as

~ 1
Ryn = 58M¢3N¢

1 e AyApsa
BTl
p+1.
—p_38MN F(2p+2)i|, (2.4a)
€C eco g2 _
Ap— 5 RSN FE 2 =0, (2.4b)
d[e“? % F(p12)] =0. (2.4¢)

Here Ryy and A are the Ricci tensor and the Laplacian, respec-
tively, with respect to gyn.
Let us suppose the following form of the metric,

d§2 = gMNdXMdXN

= [h(x, 2]" Q0 dx“dx” + [h(x, 2) U (2)d2%d2>. (2.5
Here xM denotes the coordinates on the D-dimensional spacetime,
Xis a (p + 1)-dimensional spacetime with the metric q,, and the
coordinates x#, and Z is a (D — p — 1)-dimensional space with the

metric ug, and the coordinates z%. The parameters a and b are
given by

D—p-3 1
g=_2-P=3 ,_ptl (2.6)
D-2 D-2
Then the parameter c in (2.3a) can be rewritten as
) 1
c“=4(1- Eab(D -2)]. (2.7)

The metric ansatz (2.5) is a generalization of static p-branes with
a dilaton coupling [16]. The cosmological brane solution can be
obtained only in the particular case with (2.6), while the static
brane solution does not need to satisfy the conditions in (2.6).

In addition, for ¢ and F(,42), suppose the following forms,

eb — pec/2, (2.8a)

Fip2) =d(h™1) A 2(X), (2.8b)

where £2(X) is the volume (p + 1)-form,

QX) =/—qd® Adx' A AdXP,  g=detqyy. (2.9)

Then the metric in (2.5) should satisfy

Ruv(X) =0, Rap(Z) =0, (2.10a)
h(x,2) =ho(x) +h1(2),
D,Dyho =0, Azhq =0, (2.10b)

where D, is the covariant derivative with g, and the Laplacian
Az is defined on the Z space. Similarly, R, (X) and Rg,(Z) are the
Ricci tensors associated with g, and ugp, respectively.

For later argument, we concentrate on a simple case specified
with

Quv =Npv, Uab = Sab,

where 7, is the (p — 1)-dimensional Minkowski metric, and &g
is the (D — p — 1)-dimensional Euclidean metric.
Then the general solution of (2.10) is given by [17,18]

B + B+ X s (forD—p#3)
ﬂﬂx“+E+Z,Mlln|za—z?| (forD—p=3)’
(2.11)

h(x,z) = {

where 8, B and M; are real constants. The distance |z% — zZj| is
defined as

|2 — 2|

N A &

When g # 0, the solution becomes cosmological. For g, =0, the
solution describes static BPS p-branes with charges M;, which are
aligned in parallel.

In general, the dilaton does not vanish. There is no dilaton con-
tribution in special cases with ¢ =0, which contain

p=2 and p=5 forD=11,
p=3 forD=10.

In the following, we assume that Sy # 0 and the other compo-
nents are zero, for simplicity.

3. Probe branes on cosmological brane backgrounds

We study the dynamics of a single probe p-brane on the cos-
mological brane backgrounds. First of all, as a simple case, we
shall concentrate on a probe p-brane on cosmological p-brane
backgrounds in D dimensions with a constant dilaton or with-
out a dilaton. It is shown that the on-shell condition of the probe
brane leads to a constraint for the brane configuration. Then we
consider a generalization to a probe ps brane on a cosmological
pr-brane background. Finally, we consider a Dps-brane probe on
a cosmological Dp,-brane background.

3.1. A probe p-brane on a cosmological p-brane background
without dilaton

We consider a probe p-brane on a cosmological p-brane back-
ground with the (p + 1)-form A(41) in D dimensions. For sim-
plicity, we assume that the dilaton is constant or not contained.
The analysis includes probe D3-branes in type IIB theory and M-
branes in eleven dimensions. Then there is no distinction between
the string frame and the Einstein frame. Furthermore, it is sup-
posed that the NS-NS two-form and world-volume gauge field are
turned off.
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In total, the probe p-brane action is simply given by

Sp :/drdpac(a,x’“,aax’”)

:—Tp/dem/—detg,w +TP/A, (3.1)

where T is the p-brane tension. Then g,, and A are the induced
metric and p-form, respectively,

b _ M N

Zuv = ZMNOIX" 0uX",

A — M Mp41

AMl“'MpH = AM]"‘Mp+1 By X "'aﬂp+1x P (3.2)

The p-brane world-volume with the coordinates c* (u=0,..., p)
is embedded into a D-dimensional target spacetime via the func-
tions xM(z,0%) (M =0,...,D —1).

Let us argue a classical probe p-brane solution on a cosmologi-
cal p-brane background with the metric (2.5). We suppose that the
probe p-brane is parallel to the background p-brane, for simplicity.

We are interested in the following static configuration of the
solution,

x* = const (3.3)

t=r1, X =09,

By substituting (3.3) into the equation of motion, we obtain the
following condition,’

d(h? —h~ 1) =0. (34)
Here & is defined as

_(p+DD—-p-3)

D—-2 '
For the cosmological backgrounds introduced in Section 2, the con-
straint (3.4) is not satisfied in general, while it is trivially satisfied
for the static backgrounds. The special case is &€ = —2. The configu-
ration (3.3) becomes a classical solution if and only if § = —2. The
condition & = —2 is realized for the following cases:

E=

(3.5)

p=2or5 forD =11, (3.6a)
p=3 forD=10. (3.6b)

Note that the first contribution in (3.4) comes from the Nambu-
Goto part of the action and the second one from the coupling to
the p-form gauge field. Thus, if the gauge-field contribution is ig-
norable (for example, when the probe p-brane is not parallel to
the background p-brane), then & = 0 is required as the on-shell
condition.

The next task is to study the potential between the probe
p-brane and the background p-branes. We assume that & = —2
so that the configuration (3.3) becomes a classical solution. In or-
der to evaluate the potential, it is necessary to expand the original
action (3.1).

First of all, let us expand the Nambu-Goto part. The metric in
(2.5) is diagonal and the determinant part in (3.1) is expanded as

_ 1
\/— det(guv) = \/— det g, [1 + Egpagabapxaagxb
1 po aq b2
+ g(g 8ab9pX 35 x°)

1
- Zgpagaﬂgabgcdapxaaaxbagxcaﬂxd + .. ]

1 Appropriate boundary conditions have to be imposed at the spatial infinity
of the p-brane world-volume. Free endpoints are taken for all of the directions
MM=0,..., D-1.

1
= hf/z[l + Ehnp"(sabapxaagxb
1
+ ghznp" 1% 8ap e (X" 3o X” DX X

— 20X 30 X" 05X 9px") + } (3.7)
where “.-.” denotes higher-order terms in derivatives. Note that
the condition & = —2 indicates that the second-order terms in
derivatives vanish and the higher-order terms start from the fourth
order.

Then the coupling term to the gauge-field in (3.1) is expanded

as
A +1 1 VoV1---V
Tp | A=Tp | dPTlo—— eV
(p+1!
- axHo gxH axHe
X AMOM]“'MP Jo Vo go Vi 9o Vp
=T, / dPixh, (3.8)

where we have used (2.8b).
In total, the original action (3.1) is expanded as

Sp= Tp/dl’“x[—hé‘/z{l + %hnﬂaaabapxﬂa(,xb
+ %hzn"" NP SapSea (8px”8(,xb 8ax58ﬂxd
— 20X 30 X" 95X Bpx") + - } + h_l}
=T, / dPH1x[—h%/2 + h~'] + derivative terms, (3.9)
and the potential is obtained as

V=h8?%_p1,

Thus, for the on-shell condition & = —2, the non-derivative correc-
tions are canceled out and the potential starts at the fourth order
in derivatives. This is the same result as in the static case [13]. This
indicates that the RR charge is equal to the tension of the probe
p-brane.

When the probe p-brane is not parallel to the background
p-branes, the potential (3.1) receives the contribution only from
the Nambu-Goto part because the coupling to A(py1) vanishes.
The on-shell condition leads to the condition & =0 and then the
velocity-independent force vanishes. The condition & = 0 implies
p =7 (D7-brane) in D = 10. However, the D7-brane background
contains a non-trivial dilaton and hence this case is not included
in the present analysis. A generalization including the dilaton is
argued in Section 3.3.

3.2. A probe ps-brane on a cosmological pr-brane background
We next consider a probe ps-brane on a cosmological p,-brane

background with a constant dilaton or without the scalar field.
The classical ps-brane action is given by

Sps=—Tps/dps"']ow/—detguv+Tp5/;\

/drd%c(a,x’”, dax™M),

(3.10)

where T, is the ps-brane tension. Here g, and A are the in-
duced metric and p-form,
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g = gMNap.XMavXN,
(3.11)

Suppose that the probe ps-brane overlaps with the background
pr-branes in p spatial directions. Then it is suitable to rewrite the
cosmological p,-brane background as

A — My Mpg+1
Aﬂl"-ﬂpsﬂ = AM]"'Mps+l aﬂlx T aﬂszrlx bl

ds? = [hy(t, 2)]" [0 X)dxPdx” + 8;(V)dy'dy’]
+ [P (t, D] [Smn W)V AV + 80 (2)d2%d 2],
A1) =h 1t 2)2(X) A 2(Y).

(3.12a)
(3.12b)

Here 7, is the (p 4 1)-dimensional Minkowski metric and 6;;(Y)
is the (p; — p)-dimensional flat metric. Then &mr (W) and §gp(2)
are the (ps — pr)-dimensional and the (9 — ps)-dimensional flat
metrics, respectively. The volume forms on the X and Y spaces are
given by £2(X) and £2(Y), respectively. The constants a, and b, are
given by
D—pr—3 _pr+1
D-2 - D-2°
The background p,-branes extend on the X and Y spaces, while the
probe ps-brane extends on the X and W spaces.

Here we are interested in the following static configuration of
the probe brane:

ar = ) r (3.13)

o%=x"=t, o%=x"

@=1,...,p),
’pS)v (3'14)

Then the equation of motion leads to the following condition,

cmM=v" (m=p+1,... x% = const

xh X2 =0. (3.15)
Here x' is defined as

_ 1 1
' =p+1— (pr+D(ps + ) (3.16)

D—-2
For the cosmological backgrounds, this condition is not automat-
ically satisfied in comparison to the static backgrounds. Therefore
the condition (3.15) is satisfied if and only if x’ = 0. That is, the
on-shell condition leads to the condition x’ = 0.

Let us evaluate the potential between the probe ps-brane and
the background p,-branes. Similarly, the total action (3.10) is ex-
panded as

/ 1
Sp.=—Tp, /dpsﬂxhﬁ( /2 [1 + Shrn?? Sapdpx e x”
1
+ ghfnp" 1% 8ap e (X" 3o X” 9 X X
— 20, X% 9 X” 9 X Bpx) + - }

=—Tp, /dpSHXhﬁc//z + derivative terms. (317)

“...” denotes higher derivative terms. One can read off the poten-
tial V as

Vit,z)=h X2, (3.18)

The on-shell condition means that x’ =0 and then the velocity-
independent force vanishes. Note that the derivative corrections
start from the second-order.

The condition x’ =0 implies that the overlapping dimension p
is described as

(Pr+ Dps+1)

1. 319
D3 (3.19)

I_J:

The relation (3.19) is equivalent to the supersymmetric intersecting
condition for the static branes when the dilaton is constant or not
contained.

In the eleven-dimensional supergravity, we get the intersections
involving the M2 and M5-branes [19-21] (see also [18,22] for the
dynamical brane background)

M2NM2=0, M2NM5=1,

M5NM5=3. (3.20)

3.3. A probe Dps-brane on a cosmological Dp-brane background

We study here a Dps-brane on a cosmological Dp,-brane back-
ground. Note that the dilaton contribution is taken into account
(except for D3-branes).

The classical Dps-brane action is given by

Sp, =_Tp3/al’s“ae—ﬂ/—det(gw +fuv)+rps/6(ps+1),

(3.21a)
Zuv = gunduxMa, N, Fuv = By + 270 Fpuy,
By = BunduxMa,xN, (3.21b)
Chtrmtipsin = CMy-Mpg i1 By XM Ot xMps+1, (3.21¢)

Here T, is the Dps-brane tension and g, is the induced metric.
Then By and C(p,+1) are the pullback of an NS-NS two-form and
a (ps + 1)-form. The world-volume gauge field is given by F,. We
work in the string frame hereafter.

Note that the world-volume gauge-field strength F,, is turned
off so that the probe brane does not carry the F-string charge,
unless otherwise noted, because we are interested in the force
between the probe brane without resolved F-strings and the back-
ground branes.

In the following, we will concentrate on two examples. One
is the case that a probe Dps-brane is parallel to the background
Dp,-branes. The other is that a probe Dps-brane overlaps with the
background Dp;-branes in p directions.

3.3.1. A probe Dps-brane is parallel to the background Dp-branes
The background metric and fields are given by

ds? = [hy(t, 2)] 2,00 (X dxtdx”

+ [ (t, 2] 8ap(@)d2d2, (3.22a)
e = p3 P4 (3.22b)
Coprrty = 71 (E, 2)2(X) A 2(Y). (3.22¢)

Here 71,y is the (p 4+ 1)-dimensional Minkowski metric, and &g
is flat (9 — p)-dimensional metric. Then §2(X) denotes the volume
form on the X space. A single probe Dps-brane and the background
Dp,-branes extend over the X space.

For the static configuration,
o9=x"=t, o%=x x% = const,

(@=1,...,p), (3.23)

the equation of motion for the probe Dps-brane leads to the trivial
condition,

d(h7 ' —h 1) =0, (3.24)

and the resulting potential becomes constant. Thus there is no
velocity-independent force.
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3.3.2. A probe Dps-brane overlaps with the background Dp,-branes

The other case is that a single probe Dps-brane overlaps with
the background Dp,-brane in p directions. Then it is convenient to
rewrite the background as

ds? = [hy (6, 2)] "/ [1,00 0 dxtdx” + 83 (Y)dy'dy]

+ [he(t, 2] [Sin (W)AV™dV" + 80y (2)d2%d2"],  (3.25a)
e = p3 P4 (3.25b)
Coprrty = h (6, 2)2(X) A 2(Y). (3.25¢)

Here 7, is the (p + 1)-dimensional Minkowski metric. The flat
metrics 8jj, dmn and gy are defined in (pr — p), (ps — p) and
(94 p — pr — ps) dimensions. Then §2(X) and £2(Y) are the volume
forms on the X space and the Y space, respectively. The back-
ground Dp,-branes extend on the X and Y spaces, while the probe
Dps-brane extends on the X and W spaces.

For the static configuration,

0 0

o =x"=t, c%=x¥ (@a=1,...,p),

7p5)5

m m

cm=v" m=p+1,... x" = const, (3.26)

the equation of motion for the probe Dps-brane leads to the con-
dition,

3t(hr)(pr+Ps—2ﬁ—4)/4 —0. (3.27)
This condition is satisfied if and only if
pr+ps—2p—4=0. (3.28)

Under this condition, the resulting potential V is evaluated as

V(t,z) = hPriPs=2P=0/4 _q (3.29)
and hence there is no velocity-independent force. The condition in
(3.28) is equivalent to a supersymmetric intersection rule for the
static D-branes [20,23] (see also [17,22] for the cosmological brane
background),

1
Dpr NDp; = E(Pr +ps) — 2. (3.30)

3.4. Comments on other cases

Before closing this section, it is worth noting other cases. Our
analysis is applicable to cases, a probe F-string and the background
NS5-branes, etc.

Then the intersection rules [24]° involving F-string and NS5-
brane are given by

FINNS5=1, NS5NNS5 =3, (3.31a)
F1NDp =0, (3.31b)
DpNNS5=p—1, 1<p<6, (3.31¢)

where p is overlapping dimension of two branes. There is no so-
lution for the F1-F1 and DO-NS5 intersecting systems because the
numbers of space dimensions for each pairwise overlap are nega-
tive by the intersection rule.

2 See also [22] for time dependent backgrounds.

4. Conclusion and discussion

We have considered the dynamics of a single probe brane on
various cosmological brane backgrounds. The on-shell condition of
the static probe brane leads to the supersymmetric intersection
rules for static BPS configurations, although the cosmological back-
grounds do not preserve any supersymmetries. This is a remark-
able feature associated with the cosmological backgrounds because
in the static background the on-shell condition of the static brane
gives no constraint on the brane configuration. Furthermore, it fol-
lows that under this condition there is no velocity-independent
force for the probe brane even on the cosmological backgrounds.

The dynamics of branes has continued to give a new insight in
gravitational theories. Nowadays, it is of great interest to apply the
brane dynamics to the construction of realistic cosmological mod-
els. Cosmological brane solutions would provide a strong bridge
between string theory and cosmology. They could lead to realistic
cosmological scenarios and then the brane dynamics would reveal
the origin of the Universe.

There remain some open problems such as a resolution of the
curvature singularity in cosmological brane backgrounds. It is in-
teresting to argue whether the singularity can be resolved at the
string theory level by considering a probe brane moving on the
cosmological brane background with the use of the present results.
It would be an important key to understand the curvature singu-
larity of a particular type, which may be related to the so-called
enhancon mechanism that resolves a large class of spacetime sin-
gularities in string theory [25,26].

In trying to construct cosmological models in string theory such
as a brane inflation model [27,28] in the early universe, probe
branes are assumed in most of the models. Hence the dynamics
of the probe brane on cosmological brane backgrounds would pro-
vide us a new tool to make the models more realistic. We hope to
report progress in the near future.

Acknowledgement

K.U. would like to thank M. Minamitsuji and T. Van Riet for
discussions and valuable comments.

References

[1] G.W. Gibbons, H. Lu, C.N. Pope, Brane worlds in collision, Phys. Rev. Lett. 94
(2005) 131602, arXiv:hep-th/0501117.

[2] W. Chen, Z.-W. Chong, G.W. Gibbons, H. Lu, C.N. Pope, Horava-Witten stability:
eppur si muove, Nucl. Phys. B 732 (2006) 118, arXiv:hep-th/0502077.

[3] H. Kodama, K. Uzawa, Moduli instability in warped compactifications of
the type IIB supergravity, J. High Energy Phys. 0507 (2005) 061, arXiv:hep-
th/0504193.

[4] H. Kodama, K. Uzawa, Comments on the four-dimensional effective theory for
warped compactification, J. High Energy Phys. 0603 (2006) 053, arXiv:hep-
th/0512104.

[5] M. Minamitsuji, K. Uzawa, Cosmology in p-brane systems, Phys. Rev. D 83
(2011) 086002, arXiv:1011.2376 [hep-th].

[6] M. Minamitsuji, K. Uzawa, Dynamics of partially localized brane systems, Phys.
Rev. D 84 (2011) 126006, arXiv:1109.1415 [hep-th].

[7] M. Minamitsuji, K. Uzawa, Cosmological brane systems in warped spacetime,
Phys. Rev. D 87 (2013) 046010, arXiv:1207.4334 [hep-th].

[8] K. Uzawa, K. Yoshida, Dynamical Lifshitz-type solutions and aging phenomena,
Phys. Rev. D 87 (2013) 106003, arXiv:1302.5224 [hep-th].

[9] D.R. Brill, G.T. Horowitz, D. Kastor, ].H. Traschen, Testing cosmic censorship with
black hole collisions, Phys. Rev. D 49 (1994) 840, arXiv:gr-qc/9307014.

[10] K.i. Maeda, M. Minamitsuji, N. Ohta, K. Uzawa, Dynamical p-branes with a cos-
mological constant, Phys. Rev. D 82 (2010) 046007, arXiv:1006.2306 [hep-th].

[11] K.i. Maeda, K. Uzawa, Dynamical brane with angles: collision of the universes,
Phys. Rev. D 85 (2012) 086004, arXiv:1201.3213 [hep-th].

[12] K. Uzawa, K. Yoshida, Dynamical F-strings intersecting D2-branes in type IIA
supergravity, Phys. Rev. D 88 (2013) 066005, arXiv:1307.3093 [hep-th].

[13] A.A. Tseytlin, ‘No force’ condition and BPS combinations of p-branes in eleven-
dimensions and ten-dimensions, Nucl. Phys. B 487 (1997) 141, arXiv:hep-
th/9609212.


http://refhub.elsevier.com/S0370-2693(14)00753-9/bib476962626F6E733A323030357274s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib476962626F6E733A323030357274s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4368656E3A323030356A70s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4368656E3A323030356A70s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4B6F64616D613A32303035667As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4B6F64616D613A32303035667As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4B6F64616D613A32303035667As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4B6F64616D613A32303035637As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4B6F64616D613A32303035637As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4B6F64616D613A32303035637As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D696E616D697473756A693A32303130757As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D696E616D697473756A693A32303130757As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D696E616D697473756A693A323031316A74s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D696E616D697473756A693A323031316A74s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D696E616D697473756A693A323031326966s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D696E616D697473756A693A323031326966s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib557A6177613A323031336B6F61s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib557A6177613A323031336B6F61s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4272696C6C3A31393933746Ds1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4272696C6C3A31393933746Ds1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D616564613A32303130616As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D616564613A32303130616As1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D616564613A323031327862s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D616564613A323031327862s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib557A6177613A323031336D7361s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib557A6177613A323031336D7361s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib54736579746C696E3A313939366869s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib54736579746C696E3A313939366869s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib54736579746C696E3A313939366869s1

498 K. Uzawa, K. Yoshida / Physics Letters B 738 (2014) 493-498

[14] T. Banks, W. Fischler, S.H. Shenker, L. Susskind, M theory as a matrix model:
a conjecture, Phys. Rev. D 55 (1997) 5112, arXiv:hep-th/9610043.

[15] N. Ishibashi, H. Kawai, Y. Kitazawa, A. Tsuchiya, A Large N reduced model as
superstring, Nucl. Phys. B 498 (1997) 467, arXiv:hep-th/9612115.

[16] H. Lu, C.N. Pope, E. Sezgin, K.S. Stelle, Stainless super p-branes, Nucl. Phys. B
456 (1995) 669, arXiv:hep-th/9508042.

[17] P. Binetruy, M. Sasaki, K. Uzawa, Dynamical D4-D8 and D3-D7 branes in su-
pergravity, Phys. Rev. D 80 (2009) 026001, arXiv:0712.3615 [hep-th].

[18] Ki. Maeda, N. Ohta, K. Uzawa, Dynamics of intersecting brane systems -
classification and their applications, ]J. High Energy Phys. 0906 (2009) 051,
arXiv:0903.5483 [hep-th].

[19] G. Papadopoulos, PK. Townsend, Intersecting M-branes, Phys. Lett. B 380 (1996)
273, arXiv:hep-th/9603087.

[20] A. Strominger, Open p-branes, Phys. Lett. B 383 (1996) 44, arXiv:hep-th/
9512059.

[21] PK. Townsend, D-branes from M-branes, Phys. Lett. B 373 (1996) 68, arXiv:
hep-th/9512062.

[22] M. Minamitsuji, N. Ohta, K. Uzawa, Cosmological intersecting brane solutions,
Phys. Rev. D 82 (2010) 086002, arXiv:1007.1762 [hep-th].

[23] M.R. Douglas, Branes within branes, in: Cargese 1997, Strings, Branes and Du-
alities, 1997, pp. 267-275, arXiv:hep-th/9512077.

[24] R. Argurio, Brane physics in M-theory, arXiv:hep-th/9807171.

[25] C.V. Johnson, A.W. Peet, ]. Polchinski, Gauge theory and the excision of repulson
singularities, Phys. Rev. D 61 (2000) 086001, arXiv:hep-th/9911161.

[26] L. Jarv, C.V. Johnson, Orientifolds, M theory, and the ABCD’s of the enhancon,
Phys. Rev. D 62 (2000) 126010, arXiv:hep-th/0002244.

[27] G.R. Dvali, S.H.H. Tye, Brane inflation, Phys. Lett. B 450 (1999) 72, arXiv:hep-ph/
9812483.

[28] S. Kachru, R. Kallosh, A.D. Linde, J.M. Maldacena, L.P. McAllister, S.P. Trivedi,
Towards inflation in string theory, J. Cosmol. Astropart. Phys. 0310 (2003) 013,
arXiv:hep-th/0308055.


http://refhub.elsevier.com/S0370-2693(14)00753-9/bib42465353s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib42465353s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib494B4B54s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib494B4B54s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4C753A313939356373s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4C753A313939356373s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib42696E65747275793A323030377475s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib42696E65747275793A323030377475s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D616564613A323030397A69s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D616564613A323030397A69s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D616564613A323030397A69s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib50617061646F706F756C6F733A313939367571s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib50617061646F706F756C6F733A313939367571s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib5374726F6D696E6765723A313939356163s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib5374726F6D696E6765723A313939356163s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib546F776E73656E643A313939356166s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib546F776E73656E643A313939356166s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D696E616D697473756A693A323031306B62s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4D696E616D697473756A693A323031306B62s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib446F75676C61733A31393935626Es1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib446F75676C61733A31393935626Es1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4172677572696F3A313939386370s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4A6F686E736F6E3A313939397174s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4A6F686E736F6E3A313939397174s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4A6172763A323030307A76s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4A6172763A323030307A76s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4476616C693A313939387061s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4476616C693A313939387061s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4B61636872753A323030337378s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4B61636872753A323030337378s1
http://refhub.elsevier.com/S0370-2693(14)00753-9/bib4B61636872753A323030337378s1

	Probe brane dynamics on cosmological brane backgrounds
	1 Introduction
	2 Cosmological brane backgrounds
	3 Probe branes on cosmological brane backgrounds
	3.1 A probe p-brane on a cosmological p-brane background without dilaton
	3.2 A probe ps-brane on a cosmological pr-brane background
	3.3 A probe Dps-brane on a cosmological Dpr-brane background
	3.3.1 A probe Dps-brane is parallel to the background Dpr-branes
	3.3.2 A probe Dps-brane overlaps with the background Dpr-branes

	3.4 Comments on other cases

	4 Conclusion and discussion
	Acknowledgement
	References


