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In braneworld cosmology the expanding Universe is realized as a brane moving through a warped
higher-dimensional spacetime. Like a moving mirror causes the creation of photons out of vacuum
fluctuations a moving brane leads to graviton production. We show that, very generically, KK-
particles scale like stiff matter with the expansion of the Universe and can therefore not represent
the dark matter in a warped braneworld. We present results for the production of massless and
Kaluza-Klein (KK) gravitons for bouncing branes in five-dimensional Anti de Sitter space. We
find that for a realistic bounce the back-reaction from the generated gravitons will be most likely
relevant. This letter summarizes the main results and conclusions from numerical simulations which
are presented in detail in a long paper.

PACS numbers: 98.80,XX

Introduction: String theory, the most serious can-
didate for a quantum theory of gravity, predicts the ex-
istence of ’branes’, i.e. hypersurfaces in the 10 (or 11)
dimensional spacetime on which ordinary matter, e.g.
gauge particles and fermions are confined. Gravitons
can move freely in the ’bulk’, the full higher dimensional
spacetime [1].

The scenario, where our Universe moves through a 5-
dimensional Anti de Sitter (AdS) spacetime has been es-
pecially successful in reproducing the observed four di-
mensional behavior of gravity. It has been shown that at
sufficiently low energies and large scales, not only gravity
on the brane looks four dimensional [2], but also cosmo-
logical expansion can be reproduced [3]. We shall con-
centrate here on this example and comment on behavior
which may survive in other warped braneworlds.

We consider the following situation: A fixed ’static
brane’ is sitting in the bulk. The ’physical brane’, our
universe, is first moving away from the AdS Cauchy hori-
zon, approaching the second brane. This motion cor-
responds to a contracting universe. After a closest en-
counter the physical brane turns around and moves away
from the static brane, see Fig 1. This motion mimics the
observed expanding universe.

The moving brane acts as a time-dependent bound-
ary for the 5D bulk leading to production of gravitons
from vacuum fluctuations in the same way a moving mir-
ror causes photon creation from vacuum in dynamical
cavities [4]. Apart from massless gravitons, braneworlds
allow for a tower of Kaluza-Klein gravitons which appear
as massive particles on the brane.

We postulate, that high energy stringy physics will
lead to a turnaround of the brane motion, i.e. provoke
a repulsion of the physical brane from the static one.
This motion is modeled by a kink where the brane

∗Electronic address: ruth.durrer@physics.unige.ch
†Electronic address: marcus.ruser@physics.unige.ch

y

ys

L2

y2

Lyb(t)

C
a
u
ch

y
H

o
ri

zo
n

FIG. 1: Two branes in an AdS5 spacetime. The physical
brane is on the left. While it is approaching the static brane
its scale factor is decreasing and when it moves away from the
static brane the physical is expanding. The value of the scale
factor of the brane metric as function of the extra dimension
y is also indicated (dashed line).

velocity changes sign. As we shall see, a perfect kink
leads to divergent particle production due to its infinite
acceleration. We therefore assume that the kink is
rounded off at the string scale Ls. Then particles with
energies E > Es = 1/Ls are not generated. This setup
represents a regular ’bouncing universe’ as, for example
the ’ekpyrotic universe’ [5]. Four dimensional bouncing
universe have also been studied in Ref. [6].

Tensor perturbations: Our starting point is the
metric of AdS5 in Poincaré coordinates:

ds2 = gABdxAdxB =
L2

y2

[

−dt2 + δijdxidxj + dy2
]

.

(1)
The physical brane (our Universe) is located at some
time-dependent position y = yb(t), while the static brane
is at a fixed position y = ys > yb(t). The scale factor on
the brane is

a(η) =
L

yb(t)
, dη =

√

1 − v2dt = γ−1dt , v =
dyb

dt
,
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where we have introduced the brane velocity v and the
conformal time η on the brane. If v ≪ 1, the junction
conditions lead to the Friedmann equations on the brane.
For reviews see [8, 9]. Defining the string and Planck
scales by κ5 ≡ L3

s and κ4 ≡ L2

Pl the Randall-Sundrum
(RS) fine tuning condition implies

L

Ls
=

(

Ls

LPl

)2

. (2)

We assume that the brane energy density is dominated
by a radiation component. The contracting (t < 0) and
expanding (t > 0) phases are then be described by

a(t) =
|t| + tb

L
, yb(t) =

L2

|t| + tb
, (3)

v(t) = − sign(t)L2

(|t| + tb)2
≃ HL (4)

where H = (da/dt)/a2 is the Hubble parameter and we
have used that η ≃ t if v ≪ 1. A small velocity also
requires yb(t) ≪ L. We approximate the transition from
contraction to expansion by a kink at t = 0, such that at
the moment of the bounce

|v(0)| ≡ vb =
L2

t2b
, ab = a(0) =

1√
vb

, H2

b =
v2

b

L2
. (5)

We consider tensor perturbations on this background,

ds2 =
L2

y2

[

−dt2 + (δij + 2hij)dxidxj + dy2
]

. (6)

Their amplitude h satisfies the Klein-Gordon equation in
AdS5 [9]

[

∂2

t + k2 − ∂2

y +
3

y
∂y

]

h(t, y;k) = 0 (7)

with Neumann boundary conditions (v ≪ 1)

∂yh|yb

= ∂yh|ys
= 0 . (8)

The spatial part of these equations forms a Strum-
Liouville problem at any given time and therefore has a
complete orthonormal set of eigenfunctions {φα(t, y)}∞α=0

at any moment in time. These ’instantaneous’ mode
functions are given by

φ0(t) =
√

2
ysyb(t)

√

y2
s − y2

b (t)
. (9)

φn(t, y) = Nn(t)y2C2(mn(t), yb(t), y) with

Cν(m, x, y) = Y1(mx)Jν(my)−J1(mx)Yν (my) (10)

and satisfy [−∂2
y + (3/y)∂y]φα(y) = m2

αφα(y) as well
as the boundary conditions (8). The massless mode
φ0 represents the ordinary four-dimensional graviton
on the brane. The massive modes are Kaluza-Klein
(KK) gravitons. Their masses are quantized by the

boundary condition at the static brane which requires
C1(mn, yb, ys) = 0. At late times and for large n the
KK-masses are roughly given by mn ≃ nπ/ys. Nn is a
time-dependent normalization condition. More details
can be found in [7].

Confinement of gravity: From the above ex-
pressions and using L/yb(t) = a(t), we can determine
the late time behavior of the mode functions on the
brane (yb ≪ L ≪ ys)

φ0(t, yb) →
√

2
L

a
(11)

φn(t, yb) → L2

a2

√

πmn

2ys
. (12)

At this point we can already make two crucial observa-
tions: First, the mass mn is a comoving mass. The in-
stantaneous energy of a KK-graviton is ωn =

√

k2 + m2
n,

where k denotes comoving wave number. The ’physi-
cal mass of a KK mode measured by an observer on the
brane with cosmic time dτ = adt is therefore mn/a, i.e.
the KK masses are redshifted with the expansion of the
universe. This comes from the fact that mn is the wave
number corresponding to the y-direction with respect to
the bulk time t which corresponds to conformal time η
on the brane and not to physical time. It implies that
the energy of KK particles on a moving AdS brane is
redshifted like that of massless particles. From this alone
we would expect the energy density of KK-modes on the
brane decays like 1/a4.

But this is not all. In contrast to the zero-mode
which behaves as φ0(t, yb) ∝ 1/a the KK-mode functions
φn(t, yb) decay as 1/a2 with the expansion of the uni-
verse and scale like 1/

√
ys. Consequently the amplitude

of the KK-modes on the brane dilutes rapidly with the
expansion of the universe and is in general smaller the
larger ys, i.e. the larger the volume of the bulk. This can
be understood by studying the probability to find a KK-
graviton at position y in the bulk which turns out to be
much larger in regions of less warping than in the vicin-
ity of the physical brane[7]. If KK-gravitons are present
on the brane, they escape rapidly into the bulk, i.e. the
moving brane looses them, since their wave function is re-
pulsed away from the brane. This causes the additional
1/a-dependence of φn(t, yb) compared to φ0(t, yb). The
1/

√
ys-dependence expresses the fact that the larger the

bulk the smaller the probability to find a KK-graviton at
the position of the moving brane. This behavior reflects
the confinement of gravity: traces of the five-dimensional
nature of gravity like KK-gravitons become less and less
’visible’ on the brane as time evolves and the larger the
bulk. The energy density of KK-gravitons on the brane
behaves as

ρKK ∝ 1/(ys a6) . (13)

This result, which is derived in detail in Ref. [7], is new.
It means that KK-gravitons redshift like stiff matter and
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cannot be the dark matter in an AdS braneworld since
their energy density does not have the required 1/a3 be-
havior. They also do not behave like dark radiation [8, 9]
as one might naively expect. Since the result is valid
for yb ≪ ys it should remain valid also when the static
brane moves out to infinity and we end up with a single
braneworld in AdS5, like in the Randall-Sundrum II sce-
nario [2]. In this case ρKK on the brane vanishes and no
traces of the KK-gravitons can be observed on the brane.

The situation is not altered if we replace the graviton
by a scalar or vector degree of freedom in the bulk.
Since every bulk degree of freedom must satisfy the 5-
dimensional Klein-Gordon equation, the mode functions
will always be the functions φα defined above and the
energy density of the KK modes decays like 1/a6, i.e.
KK-particles in an AdS braneworld cannot play the role
of dark matter.

Particle production: Let us now study particle
generation in our setup. The general solution of Eq. (7)
is of the form

h(t, y;k) =

√

κ5

L3

∞
∑

α=0

qα,k(t)φα(t, y). (14)

Here the pre-factor assures that the variables qα,k are
canonically normalized. The equation of motion for these
variables is of the form, see Ref. [7],

q̈α,k + ω2

α,kqα,k =
∑

β 6=α

Mαβ q̇β,k,• +
∑

β

Nαβqβ,k . (15)

Here ωα =
√

k2 + m2
α is the time-dependent frequency

of the mode and M and N are time-dependent coupling
matrices. When we quantize these variables, particles can
be created by two effects. First, the effective frequency

(ωeff

α )2 = ω2

α −Nαα

is time-dependent. Secondly, the time-dependent bound-
ary conditions induce couplings between the different
modes described by the antisymmetric matrix M and
the off-diagonal part of N .

In the technical paper [7] we have studied graviton pro-
duction provoked by a brane moving according to (3) in
great detail numerically. We have found that for long
wavelengths, kL ≪ 1, the zero-mode is mainly generated
by its self-coupling, i.e. the time dependence of its ef-
fective frequency. One actually finds that N00 ∝ δ(t),
so that there is an instability at the moment of the kink
which leads to particle creation and the number of 4D-
gravitons is given by 2vb/(kL)2. This is specific to ra-
diation dominated expansion where H2a2 = −∂η(Ha).
For another expansion law we would also obtain particle
creation during the contraction and expansion phases.
The lightest KK-gravitons are produced mainly via their
coupling to the zero-mode. This behavior changes dras-
tically for short wavelengths kL ≫ 1. Then the evolution

of the zero-mode couples strongly to the KK-modes and
production of 4D-gravitons via the decay of KK-modes
takes place. In this case the number of produced 4D-
gravitons decays only like ∝ 1/(kL).

The numerical simulations have revealed a multitude
of interesting effects in particular related to the compli-
cated coupling structure between the 4D-graviton and
the KK-modes. We have also been able to derive analyt-
ical expressions for special cases using approximations
which perfectly agree with the numerical results. In the
following we summarize the main findings of interest for
the phenomenology of braneworld models and refer the
interested reader to Ref. [7] for an extensive discussion.

Results and discussion: For the zero-mode power
spectrum we find on scales kL ≪ 1 on which we observe
cosmological fluctuations (Mpc or larger)

P0(k) =
κ4

π3
vb

{

k2 if kt ≪ 1
1

2
(La)−2 if kt ≫ 1 .

(16)

The spectrum of tensor perturbations is blue on super-
horizon scales as one would expect for an ekpyrotic sce-
nario. On CMB scales the amplitude of perturbations is
of the order of (H0/mPl)

2 and hence unobservably small.
Calculating the energy density of the produced mass-

less gravitons one obtains [7]

ρh0 ≃ π

a4

vb

LL3
s

. (17)

Comparing this with the radiation energy density, ρrad =
(3/(κ4L

2))a−4 leads to the simple relation

ρh0/ρrad ≃ vb. (18)

The nucleosynthesis bound [10] requests ρh0
<∼ 0.1ρrad,

which implies vb ≤ 0.1, justifying our low energy ap-
proach. The model is not severely constrained by the
zero-mode.

More stringent bounds come from the KK-modes.
Their energy density on the brane is found to be

ρKK ≃ π5

a6

v2

b

ys

L2

L5
s

. (19)

This result is dominated by high energy KK-gravitons
which are produced due to the kink. It is reasonable
to require that the KK-energy density on the brane be
(much) smaller than the radiation density at all times
and in particular right after the bounce where ρKK is
greatest. If this is not satisfied, back-reaction cannot be
neglected. We find

(

ρKK

ρrad

)

≃ 100 v3

b

(

L

ys

) (

L

Ls

)2

. (20)

If we use the largest value for the brane velocity vb ad-
mitted by the nucleosynthesis bound vb ≃ 0.1 and re-
quire that ρKK/ρrad be (much) smaller than one for back-
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reaction effects to be negligible we obtain the very strin-
gent condition

L

ys
<

(

Ls

L

)2

. (21)

Taking the largest allowed value for L ≃ 0.1mm,
the RS fine tuning condition Eq. (2) determines
Ls = (LL2

Pl)
1/3 ≃ 10−22mm ≃ 1/(106TeV) and

(L/Ls)
2 ≃ 1042 so that ys > L(L/Ls)

2 ≃ 1041mm
∼ 1016Mpc. This is about 12 orders of magnitude larger
than the present Hubble scale. Also, since yb(t) ≪ L
in the low energy regime, and ys ≫ L according to the
inequality (21), the physical brane and the static brane
need to be far apart at all times otherwise back-reaction
is not negligible. This situation is probably not very
realistic. We need some high energy, stringy effects
to provoke the bounce and these may well be relevant
only when the branes are sufficiently close, i.e. at a
distance of order Ls. But in this case the constraint
(21) will be violated which implies that back-reaction
will be relevant. On the other hand, if we want that
ys ≃ L and back-reaction to be unimportant, then
Eq. (20) implies that the bounce velocity has to be
exceedingly small, vb <∼ 10−15. One might first hope
to find a way out of these conclusions by allowing the
bounce to happen in the high energy regime. But then
vb ≃ 1 and the nucleosynthesis bound is violated since
too many zero-mode gravitons are being produced.
Clearly our low energy approach looses its justifica-
tion if vb ≃ 1, but it seems unlikely that modifications
coming from the high energy regime alleviate the bounds.

Conclusions: Studying graviton production in an
AdS braneworld we have made the following important

findings. First, we have found that the energy density of
KK-gravitons on the brane behaves as ∝ 1/(ysa

6), i.e.
scales like stiff matter with the expansion of the universe
and can therefore not serve as an candidate for dark
matter. Furthermore, if gravity looks four-dimensional
on the brane, its higher-dimensional aspects, like the
KK-modes, will be repelled from the brane. Even if
KK-gravitons are produced on the brane they rapidly
escape into the bulk as time evolves, leaving no traces
of the underlying higher-dimensional nature of gravity.
This is likely to survive also in other warped braneworlds
when expansion is mimicked by brane motion.

Secondly, the scenario of a braneworld bouncing at
low energies is not constrained by the 4D-gravitons and
satisfies the nucleosynthesis bound as long as vb <∼ 0.1.
However, for interesting values of the string and AdS
scales and the largest admitted bounce velocity we
have found that the back-reaction of the KK-modes
is only negligible if the two branes are far apart from
each other at all times which seems rather unrealistic.
We may therefore conclude that for a realistic bounce
the back-reaction from KK modes can most likely not
be neglected. Even if the energy density of the KK-
gravitons on the brane dilutes rapidly after the bounce,
the corresponding energy density in the bulk could even
lead to a important changes of the bulk-geometry. The
present model seems to be adequate to address the back-
reaction issue since the creation of KK-gravitons happens
exclusively at the bounce. This and the treatment of
the high energy regime vb ≃ 1 is reserved for future work.
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