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Radion-Induced Brane Preheating
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When the interbrane separation in the compact Randall-Sundrum model is stabilized using the
Goldberger-Wise mechanism, a potential is generated for the four-dimensional field, the radion, that
encodes this separation. Coherent oscillations of the radion in the early universe will produce an
exponential growth in the number of brane particles due to parametric amplification. We describe the
conditions necessary for this process, which resembles the preheating phase in inflation, and show the
exponential growth in the case of a scalar field confined to a brane.
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erarchy between the scale of electroweak interactions and
that of gravity, so that some means of fixing the expec-

Randall-Sundrum model below this scale. Radion pre-
heating is simplest to analyze in the limit where only the
The compact Randall-Sundrum model [1] provides an
extremely interesting relation between hierarchies in
four-dimensional physics and the warping of a five-
dimensional bulk geometry in which our universe could
be embedded. The model consists of two 3-branes placed
at the fixed points of an S1=Z2 orbifold, which serve as
the boundaries of a slice of a five-dimensional anti–
de Sitter space-time (AdS5). In order to balance the bulk
cosmological constant, the branes must have equal and
opposite tensions, which are in turn related to the value of
the bulk cosmological constant.

The model contains a geometrical mode, the radion,
that encodes the physical separation between the branes.
We can write the bulk metric in a way that exhibits it
explicitly [2]:

ds2 � e�2k�y�f�x�e2ky�ĝg���x�dx
�dx�

� �1� 2kf�x�e2ky�2dy2: (1)

The radion is given by the function f�x� and the metric
has been written to incorporate properly the symmetries
of the geometry. In particular, this form guarantees that
the radion will not mix with massless degrees of freedom
such as the 3� 1-dimensional gravitons [2]. The bulk
cosmological constant is equal to �6k2.

The linearized Einstein equations,

R̂R �� �
1
2ĝg��R̂R � 0; r̂r2f � 0; (2)

where R̂R�� and r̂r� are the Ricci tensor and covariant
derivative associated with the metric ĝg���x�, show that
the radion behaves as a massless 3� 1-dimensional field.
This behavior follows from the fact that the radion is the
Goldstone boson associated with the invariance of the
action under placing the second brane at an arbitrary
distance from the first. Note that the radion has no asso-
ciated Kaluza-Klein tower [2,3].

Since the radion is a Goldstone mode, the model does
not by itself select a particular value for the interbrane
separation. Physically, this separation determines the hi-
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tation value of the radion must be added. Goldberger and
Wise devised an elegant mechanism [4] for breaking the
invariance of the theory under changes of the distance
between the branes by introducing a bulk scalar field with
a nontrivial profile in the extra dimension and with
potentials on each of the branes. For simplicity, these
potentials are chosen essentially to fix the value of the
scalar field on each brane. Integrating the action of this
scalar field over the bulk coordinate yields an effective
potential for the radion, whose expectation value can then
be fixed in terms of the parameters of the Goldberger-
Wise action to take the correct value to enforce the
required hierarchy.

The appearance of the radion in the metric implies that
it naturally couples to any brane field whose action breaks
Weyl invariance. At sufficiently early times, the radion
will not yet have settled to the minimum of its effective
potential and will oscillate. As with the inflaton at the end
of the inflationary era [5], these oscillations can induce an
explosive production of brane particles through paramet-
ric amplification, a process known as preheating [6].

In this Letter, we describe the mechanism of radion
preheating by first deriving the effective action of the
radion and its couplings to fields on the IR brane. In
particular, we examine a scalar field on the brane and
follow the growth of the number of scalar particles as a
result of radion oscillations. We find not only an exponen-
tial growth of the scalar particle number but also that this
growth occurs over a wide band of momenta resulting in
an exponentially rapid production of brane particles.

The cosmology of a brane universe at temperatures of
the order of a TeV, the scale associated with the IR brane,
is not well understood since at such energies gravity
becomes strongly interacting near the IR brane. One
consequence is that, at such temperatures, the geometry
is unstable to the formation of a horizon [7] in the region
between the branes. To avoid this regime and to be able to
use a simple four-dimensional effective action for the
radion, we shall study the cosmology of a stabilized
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coherent, spatially independent, modes of the radion are
important. A sufficient means to obtain this limit occurs
if some inflationary era preceded the radion preheating.
Since compelling reasons already exist for inflation, we
shall assume in this Letter that the spatially dependent
modes have been inflated away. We should note, however,
that the question as to how to incorporate inflation into
the Randall-Sundrum model remains unsolved; in par-
ticular, without any new ingredients, the radion cannot by
itself serve as the inflaton [7].

Once the energy density of the universe is below the
scale associated with the IR brane and the Kaluza-Klein
masses, e�k�yM5, the dynamics of the radion can be
described by an effective action. The five-dimensional
Planck mass is M5, and �y is the separation between
the branes. The kinetic terms for the radion effective
action arise from the five-dimensional Einstein action,
which is supplemented by the Gibbons-Hawking terms on
the boundary branes. The Goldberger-Wise action con-
tains a free scalar field of mass m with potentials to fix
the value of the field to be v0M

3=2
5 , and v1M

3=2
5 on the UV

and the IR branes, respectively. The calculation of the
radion effective action obtained by integrating out the
extra dimension results in an effective Lagrangian of
the form

Lradion �
1
2�1���1

F F� 1
2�

�2
F F

2�@�F@�F� 1
2m

2
FF

2

� 4
3gF�FF

3 � gFF
4 � 	 	 	

� 1
2@
�F@�F� 1

2m
2
FF

2 � 	 	 	 : (3)

We have defined the following quantities in this equation:

F�x� � 2
���
3

p
kM4e

k�yf�x�;

�F �
���
3

p
e�k�yM4 �O�TeV�;

mF �
v1�1� ��1=4

3

�
m
M5

�
3=2

�F; gF �
1

2

m2
F

�2
F

:

(4)

Note that �F is the natural cutoff for the effective theory
of the radion; at energies above �F radion dynamics—as
well as gravitation interactions on the IR brane —become
strong. � �<1� parametrizes the change in the tension of
the IR brane needed to counteract the effects of the
Goldberger-Wise scalar field. At low energies, it is con-
venient to introduce the effective Planck mass M4

seen by a low energy observer where M2
4 � �1�

e�2k�y�M3
5=k  M3

5=k. Reference [8] found a similar
mass for the radion based on a calculation using an exact
solution to a quartic potential for the Goldberger-Wise
field, rather than the effective action approach for a free
Goldberger-Wise field which yielded Eq. (3).

Only the leading terms of the effective potential are
important when the amplitude of the radion is sufficiently
smaller than the natural cutoff, �F. To some extent, the
Randall-Sundrum scenario already places the radion in
this regime. A comparison of the free energies of a
stabilized Randall-Sundrum scenario with two branes
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and a scenario with a single brane and a horizon, whose
distance to the UV brane is smaller than the equilibrium
position of the IR brane, suggests than the transition
between these two phases occurs at a temperature [7]

Tc 
1

23=4�

�
k
M4

�
1=2

�
mF
�F

�
1=2

�F: (5)

To be in the weak gravity regime in the bulk, we require
k� M4. We shall also generally have mF <�F so that
the critical temperature is typically about an order of
magnitude below �F. Since �F is the natural scale that
suppresses higher order operators in the effective
Lagrangian in Eq. (3), once the two brane phase sets
in, we can assume that the amplitude of the radion’s
fluctuations is small compared to �F and that the self-
interactions of Eq. (3) can be neglected.

To study the effect of excitations of the radion on brane
fields, consider a scalar field ��x�� confined to the IR
brane. The induced metric on the IR brane couples this
field with the radion. In the small amplitude regime for �,
we can write the scalar action as

S� �
Z
y��y

d4x
�������
�h

p
�12h

ab@a ~��@b ~��� 1
2 ~mm

2
�
~��2 � 	 	 	�;

(6)

where hab is the induced metric on the IR brane. Using
Eq. (1), we can rewrite this as

S� �
Z
d4x

�������
�ĝg

p
�12e

�F=�F ĝg��@��@��

� 1
2e

�2F=�Fm2
��

2 � 	 	 	�; (7)

where we have rescaled the fields � � e�k�y ~�� andm� �
e�k�y ~mm� to obtain a canonically normalized kinetic term
when the radion is at its equilibrium value F � 0. The
couplings of the radion to standard model fields were also
considered in [8] where precision electroweak observ-
ables were studied. In contrast, we are more concerned
with dynamical aspects of these couplings of the radion
to brane fields.

If we assume that the universe is homogenous and
isotropic in the 3� 1 large dimensions, the excitations
of the radion act as an oscillating background for the
brane fields,

F�t� � F0�F cos�mFt�; (8)

where F0 is dimensionless. Equation (5) indicates that F0

will naturally be small and we can approximate the
effective action in Eq. (3) by its quadratic terms. In this
Letter, we shall neglect radion quantum fluctuations as
well as the effects of the backreaction due to the produced
particles or other fields. This assumption is reasonable
during the initial stage of preheating since the backreac-
tion is small. The radion’s couplings to � imply that its
energy is drained off as the radion produces � particles.
In the absence of backreaction, this process apparently
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proceeds indefinitely, but more realistically the backreac-
tion eventually damps the motion of the radion.

To compute the number of scalar field particles pro-
duced, we expand � in creation and annihilation opera-
tors, ay~kk and a ~kk, for a mode with momentum ~kk,

��t; ~xx� �
Z d3k

�2��3=2
��k�t�e

�i ~kk	 ~xxa ~kk ���
k�t�e

i ~kk	 ~xxay~kk �: (9)

The mode functions are then determined by the equation
of motion for the scalar field from Eq. (7),

d2� ~kk

dt2
� F0mF sin�mFt�

d� ~kk

dt
�!2

k�t�� ~kk � 0; (10)

where

!2
k�t� � �j ~kkj2 �m2

�e
�F0 cos�mFt��: (11)

Although the universe is expanding, the effect of this
expansion, set by the Hubble parameter H < TeV2=M4 �
10�16 TeV, is negligible during the relaxation of the
radion oscillations, whose time scale is set by the radion
mass, and thus the expansion has not been included in
Eq. (10).

We shall follow the number N~kk�t� of quanta of the
initial state defined by

_�� ~kk�0� � �i!k�0�� ~kk�0�: (12)

This defines a vacuum state j0i that is annihilated by the
operators a ~kk.

The periodicity of the coefficient functions in Eq. (10)
under t! t� 2�m�1

F implies, by Floquet theory (see, for
example, [9]), that there will be values of the dimension-
less momentum j ~kkj=m� for which � ~kk�t� will undergo
exponential growth—there are unstable bands. These
instability bands are shown in Fig. 1.

The growth in the number of particles with momentum
~kk, N~kk�t� � h0jay~kk a ~kkj0i, is found by evolving the creation
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FIG. 1. The broad instability band for the differential equa-
tion, Eq. (10), when F0 � 0:2. The dark region shows where the
amplitude of � ~kk�t� grows exponentially. Both mF and k � j ~kkj
are expressed in units of m�.
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and annihilation operators with respect to the initial
vacuum defined in Eq. (12). For momenta in the unstable
bands, the particle number grows exponentially, as shown
in Fig. 2, which plots the expression for lnN~kk�t�:

N~kk�t� �
e�F0

2!k�0�
�e2F0�1�cos�mFt��j _�� ~kk�t�j

2 �!2
k�0�j� ~kk�t�j

2�

�
ie�F0 cos�mFt�

2
���

~kk
�t� _�� ~kk�t� �

_���
~kk
�t�� ~kk�t��: (13)

This extremely rapid particle production will affect
brane physics, producing a large nonthermal distribution
of standard model particles starting when the brane tem-
perature is O (100 GeV). Although by the time the uni-
verse cools down to nucleosynthesis temperatures the
standard model fields should have thermalized, depend-
ing on their abundance as well as their equation of state
they can modify the expansion law in the early universe.
To follow this effect carefully would require computing
the expectation value of the energy-momentum tensor of
the produced particles and using it as a source in the
relevant Robertson-Walker equations describing the ex-
pansion of the brane. We have estimated the density and
pressure of the produced particles and plotted the behav-
ior of the equation of state w � p=% as a function of time
in Fig. 3.

While the initial radion amplitude determines the
width of the instability band, we quite generally find
that a rapid production of particles occurs when mF *

2m�. Thus, if � corresponds to a Higgs field with m� �
150 GeV, then the population of Higgs fields will receive
a parametric amplification during the preheating phase as
long as the mass of the radion is greater than about
300 GeV, although, depending on the actual Higgs boson
mass and the amplitude of the radion oscillations, this
limit can be substantially lower.
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FIG. 2 (color online). The lnN~kk�t� for mF � 3m� and F0 �
0:2. Note that, for momenta within the instability band of Fig. 1,
the number of particles produced grows exponentially; t and k
are expressed in units of m�1

� and m�, respectively.
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FIG. 3. The equation of state w � p=% as a function of time.
The dotted line indicates an average value of w at later times.
For this case, mF � 3m� and F0 � 0:2, this average is approxi-
mately 0.189. t is given in units of m�1

� .
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The initial distribution of the standard model fields on
the brane depends on the details of the mechanism that
produces the IR brane. If the standard model fields are
essentially in their vacuum state, then the subsequent
evolution of the nonthermal particles could differ sub-
stantially from the standard radiation dominated universe
when the temperature is near the electroweak scale. Even
with an initial thermal population of fields, the paramet-
ric amplification due to the radion could still produce a
significant fraction of the total energy density in a non-
equilibrium distribution.

The production of a large component of the universe in
a nonthermal distribution with an energy density very
near or below the electroweak phase transition naturally
provides some of the ingredients needed for electroweak
baryogenesis.

For example, the explosive production of Higgs fields
would generate winding configurations in a manner
analogous to the production of topological defects. With
the presence of CP violation, the decay of some windings
produces baryons anomalously [10]. While past inflation-
ary scenarios have attempted to produce the observed
baryon asymmetry by not reheating above the electro-
weak scale [11], in radion preheating this scale emerges
naturally. Moreover, unlike the couplings of the inflaton,
the couplings of the radion to other fields is completely
determined.

For the case of a light radion, a rough estimate using
the sphaleron length scale and the Kibble mechanism
gives enough Higgs windings to explain the observed
baryon asymmetry with the addition of a modest
amount of additional CP violation beyond the standard
model [12].

A stage of radion-induced preheating represents a gen-
eral feature of the Randall-Sundrum cosmology [13]. In
this Letter, we have described its basic mechanism, show-
ing how oscillations of the radion after the formation of
the IR brane lead to the exponential growth of the fields
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on this brane. An appealing feature of this picture is that
the full geometry completely determines the radion’s
couplings and fixes scales to be naturally near the electro-
weak scale so that definite predictions are possible. As an
illustration, we mentioned how radion preheating could
produce the observed baryon asymmetry. We shall ad-
dress this baryogenesis and other consequences and
study the damping of the radion during preheating in
future work.
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