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In recent work, two of us proposed a nonsingular ekpyrotic cosmology making use of an S-brane which
forms at the end of the phase of ekpyrotic contraction. This S-Brane mediates a transition between
contraction and expansion. Gravitational waves passing through the S-brane acquire a roughly scale-
invariant spectrum, and if the S-brane has zero shear, then a roughly scale-invariant spectrum of
cosmological perturbatiions results. Here, we study the production of gauge field fluctuations driven by the
decay of the S-brane, and we show that the reheating process via gauge field production will be efficient,
leading to a radiation-dominated expanding phase.
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I. INTRODUCTION

Although the inflationary scenario [1] has become the
standard paradigm of early universe cosmology, it has
recently been challenged from considerations based on
fundamental physics. On one hand, inflation (at least
canonical single field slow-roll inflation) seems hard to
realize in string theory based on the swampland constraints
[2] (see e.g., [3] for a review). On the other hand, the
effective field theory description of inflation is subject to
the trans-Planckian censorship constraint (TCC) [4] which
forces the energy scale of inflation to be many orders of
magnitude smaller than the scale of particle physics grand
unification (the scale used in the canonical single field
slow-roll models of inflation), leading to a negligible
amplitude of primordial gravitational waves [5] (see,
however, [6] for an opposite point of view on this issue).
Inflation is not the only early universe scenario which

can explain the current observational data (see e.g., [7] for a
review of some alternative scenarios). Bouncing cosmol-
ogies (see e.g., [8] for a recent review) and emergent
scenarios such as string gas cosmology [9] are promising
alternatives. However, at the moment none of the alter-
natives have been developed to the level of self-consistency
that the inflationary scenario has. However, in light of the
conceptual challenges to inflation, there is a great need to
work on improvements of alternative scenarios.

Among bouncing cosmologies, the ekpyrotic scenario
[10] has a preferred status. The ekpyrotic scenario is based
on the hypothesis that the contracting phase was one of
very slow contraction. Such a phase can be realized in the
context of Einstein gravity by assuming that matter is
dominated by a scalar field φ with a negative exponential
potential (but positive total energy density) such that the
equation of state is w ≫ 1, where w ¼ P=ρ is the ratio
between pressure P and energy density ρ. As a consequence
of this equation of state, all initial cold matter, radiation,
spatial curvature, and anisotropy is suppressed relative to
the energy density in φ. Thus, the ekpyrotic scenario solves
the flatness problem of standard big bang cosmology, and
the homogeneous and isotropic contracting trajectory is an
attractor in initial condition space, as first discussed in [11].
In the words of the recent paper [12], the ekpyrotic scenario
is a supersmoother.1

In order to yield a successful early universe cosmology,
there must be a well-controlled transition from the con-
tracting ekpyrotic phase to the radiation phase of standard
big bang cosmology. In the past, the transition was either
assumed to be singular (breakdown of the effective field
theory description [10]) or else obtained by invoking matter
fields which violate the null energy condition [15] (see e.g.,
[16] for a review). In a recent work, two of us have
suggested [17] that the transition arises as a consequence of
an S-brane which appears once the background energy
density reaches the string scale.2 From the point of view of
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1Note that the homogeneous and isotropic expanding phase
in large field inflation is also a local attractor in initial co-
ndition space [13], as recently reviewed in [14]. Large field
inflation is, however, in tension with the swampland criteria and
the TCC [5].

2See [18] for previous work on obtaining a nonsingular bounce
making use of an S-brane in a string theoretical setting.
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string theory, the S-brane represents string degrees of
freedom which decouple at low energy densities but
become comparable in energy to the energy scale of the
background and hence have to be included in the low
energy effective field theory as a space-filling object which
is localized at a fixed time. Such a brane has vanishing
energy density, and negative pressure (positive tension). As
such, it can mediate the transition between the contracting
phase and an expanding universe. In [17] it was shown that
gravitational waves passing through the S-brane acquire a
scale-invariant spectrum (with a slight blue tilt) if they
begin as vacuum fluctuations early in the contracting phase.
In [19] it was then shown that, assuming that the S-brane
has zero shear, the curvature fluctuations similarly obtain a
scale-invariant spectrum (this time with a slight red tilt),
and two consistency relations which related the amplitudes
and tilts of the scalar and tensor spectra were derived.
In the works [17,19] it was assumed that the universe is

radiation dominated after the transition. Here we study the
production of radiation during the decay of the S-brane and
show that, indeed, the post S-brane state is dominated by
radiation. In analogy to the reheating which takes place at
the end of inflation, where particle production is driven by
the dynamics of the inflaton field [20,21] (see [22] for
reviews), we can speak of the process of reheating after
ekpyrosis which we analyze here.
In the following section, we review the S-brane bounce

mechanism and discuss the string theoretic setting of the
S-brane. In Sec. III we then discuss the coupling of the
S-brane to the Standard Model radiation field and then (in
Sec. IV) estimate the efficiency of radiation production
during the decay of the S-brane. We conclude with a
summary and discussion of our results.
We assume a spatially flat homogeneous and isotropic

background space-time with scale factor aðtÞ, where t is
physical time. The Hubble expansion rate is H ≡ _a=a, and
its inverse is the Hubble radius, the length scale which plays
a key role in the evolution of cosmological fluctuations. We
use units in which the speed of light and Planck’s constant
are set to 1. Comoving spatial coordinates are denoted by x,
and the corresponding comoving momentum vector is k
(its magnitude is written as k). The reduced Planck mass is
denoted by mpl and it is related to Newton’s gravitational
constant G via m−2

pl ¼ 8πG.

II. S-BRANE BOUNCE

The ekpyrotic scenario is based on an effective field
theory involving a canonically normalized scalar field φ
with negative exponential potential

VðφÞ ¼ −V0e
−
ffiffiffiffiffiffi
2=p

p
φ=mpl ð1Þ

with V0 > 0 and 0 < p ≪ 1 coupled to Einstein gravity.
The universe is assumed to begin in a contracting phase at

large values of φ and positive total energy. The equation of
state of the scalar field matter is

w≡ P
ρ
¼ 4

3p
≫ 1; ð2Þ

where we recall that P is the pressure, and ρ the energy
density. Hence, in the contracting phase, φ comes to
dominate over all other forms of energy which might have
been present at the initial time.
Negative exponential potentials are ubiquitous in string

theory. In fact, the first realization of the ekpyrotic scenario
[10] was based on the potential of a bulk brane moving in a
Horava-Witten background [23]. In the context of string
theory, we know that as the energy density of the back-
ground approaches the string scale, new stringy degrees of
freedom become low mass and have to be included in the
low energy effective action. In [17], we proposed to do this
by adding an S-brane [24] to the action to yield

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p h
Rþ 1

2
∂μφ∂μφ − VðφÞ

i

−
Z

d4xκδðt − tBÞ ffiffiffi
γ

p
: ð3Þ

The second term is the S-brane. It is localized at the time tB
when the background density reaches the string scale. In
the above, R is the Ricci scalar and g is the determinant of
the four-dimensional space-time metric gμν, γ is the
determinant of the induced metric on the S-brane world
volume, and κ is the tension of the S-brane, given by the
string scale ηs.
As shown in [17], the S-brane mediates a nonsingular

transition between Ekpyrotic contraction and expansion.
Since the homogeneous and isotropic contracting solution
is an attractor in initial condition space and any preexisting
classical fluctuations at the beginning of the phase of
ekpyrotic contraction get diluted relative to the contribution
of φ, it is reasonable to assume that both scalar and tensor
fluctuations are in their vacuum state on sub-Hubble scales.
It was shown [17] that the gravitational waves passing
through the S-brane acquire a scale-invariant spectrum, and
in [19] it was shown that, provided that the S-brane has zero
shear, a scale-invariant spectrum of curvature fluctuations is
generated. The scenario leads in fact to two consistency
relations between the four basic cosmological observables
[19], namely the amplitudes and tilts of the scalar and
tensor spectra.
In [17,19] it was simply assumed that the state after the

cosmological bounce would be the radiation phase of
standard big bang cosmology, analogously to how the
Standard Model radiation phase follows after inflation. In
order for this to be the case, there has to be efficient energy
transfer from the S-brane to radiation. In this paper, we
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show that this reheating process exists and is indeed very
efficient.
In order to be able to study reheating after the S-brane

bounce, we need to better understand the S-brane micro-
physics. Let us consider, to be specific, type IIB superstring
theory. In this theory, the gauge fields of the Standard
Model of particle physics, including the photon field, live
on the world volume of D-branes. In the context of type IIB
string theory, our four-dimensional space-time can be
considered to be the world volume of a D3 brane (three
spatial and one time dimension) which is located at a
particular point along the compactified spatial dimensions.
Similar to what was done in the original Ekpyrotic

proposal [10], we assume that φ is a Kähler modulus related
to the size of one of the compact dimensions of space. The
potential for such a modulus field is exponential, and
negative (see e.g., [25] for a review). In line with the setup
of the ekpyrotic scenario, the evolution begins in a phase of
contraction with positive total energy density, the kinetic
energy density being slightly larger than the potential
energy density. As the universe contracts, the energy
density increases until it reaches the string scale, which
happens at a value of φ which we denote by φs. At that
point, the kinetic energy density of φ is large enough to
excite an S-brane. Similar to what was done in [24], we will
model the S-brane by a tachyon condensate. The tachyon
configuration Tðx; tÞ can be viewed as an unstable four
brane, the extra spatial dimension being, for example, the
dimension corresponding to φ. Since anisotropies and
matter inhomogeneities are smoothed out in the contracting
phase, the tachyon configuration will be homogeneous
Tðx; tÞ ¼ TðtÞ on the three brane of our space-time volume.
Note that the potential of φ at φs is negative. Its value can

be viewed as the magnitude of the (negative) cosmological
constant in the anti–de-Sitter ground state of the string
theory. The tachyon configuration can be described by a
positive potential energy density VðTÞ on top of the
negative value of the background. We take the potential
to have the form

VðTÞ ¼
�
− 1

2
λη2T2 þ 1

2
λη4; −η < T < η

0; jTj > η;
ð4Þ

where we expect η to be given by the string scale. A sketch
of this potential is given in Fig. 1.
In order to represent an S-brane, the total energy density

Vgrav (tachyon energy plus contribution from the cosmo-
logical constant) must vanish at T ¼ 0. This forces η to be
of the order of the string energy scale. It is the quantity
Vgrav which determines the evolution of the gravitational
background.
The action of a Standard Model gauge field (e.g., the

photon field) on the D3 brane has the Born-Infeld form (see
e.g., [26])

SBI ¼
Z

dtd3xV totalðTÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detðημν þ FμνÞ

q
; ð5Þ

where V totalðTÞ is the total potential energy of the tachyon,
and Fμν is the field strength of the gauge field Aμ (in string
units). The total potential energy gets a constant contribu-
tion from the tension τ of the D3-brane plus the contribu-
tion from the tachyon field:

V totalðTÞ ¼ τ þ VðTÞ þ fð∂0T; ∂2
0T;…Þ; ð6Þ

where fð∂0T; ∂2
0T;…Þ can be ignored for our case [27],

and the constant term coming from the brane tension does
not have any effect on the particle production calculation
which we discuss below.
We are interested in the growth of fluctuations of Aμ

which start out in their vacuum state. Hence, we can expand
the square root and keep only the leading term in FμνFμν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detðημν þ FμνÞ

q
≃ 1þ 1

4
FμνFμν: ð7Þ

In particular, we then recover the usual gauge theory action
for jTj > η where V totalðTÞ is a nonvanishing constant.
If we choose the gauge A0 ¼ 0, then for a homo-

geneous tachyon kink3 KðtÞ the action for the gauge fields
becomes [26]

S ¼
Z

dtd3x _K2ðtÞ
�
1

4
FabFab −

1

2
_Aa

_Aa

�
; ð8Þ

where the indices a, b are spatial ones, and we have
extracted the terms with time derivatives. We have also
used the on-shell condition in (4) to replace V total by

ð _KÞ2ðtÞ, ignoring constant factors. Note that, during

FIG. 1. The sketch of tachyon potential VðTÞ during the bounce
phase.

3As we pass through the S-brane, the value of the tachyon T
changes as a function of time. We set KðtÞ ¼ TðtÞ.
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passage through the S-brane, the coefficient _K depends on
time, and hence gauge field particle production is possible.
This is what we study in the following two sections.

III. COUPLING OF RADIATION TO THE S-BRANE

We have seen that the coupling of the S-brane to the
gauge field Aμ is given by [26]

S ¼
Z

dtd3x _K2ðtÞ
�
1

4
FabFab −

1

2
_Aa

_Aa
�
; ð9Þ

where the indices a, b run only over space, and we have
used temporal gauge. This action can be put into canonical
form by defining a rescaled gauge field

Ba ≡ _KAa ð10Þ

with associated field strength tensor F̃ab. In terms of this
rescaled gauge field, the action is given by [26]

S ¼
Z

dtd3x

�
1

4
F̃abF̃ab þ 1

2
Ba

�
−

∂2

∂2t
þ K;ttt

K;t

�
Ba

�
; ð11Þ

where K;ttt stands for the third time derivative of K.
The equation of motion for T in the range −η < T < η is

T̈ − λη2T ¼ 0; ð12Þ

and its solution is

TðtÞ ¼

8>>>>><
>>>>>:

v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðη4λv2 þ 1Þ

q
ðtþ PÞ − η; t < −P

v sinhðη ffiffiλp
tÞ

η
ffiffi
λ

p ; −P < t < P

v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðη4λv2 þ 1Þ

q
ðt − PÞ þ η; t > P;

ð13Þ

where we have adjusted the time axis such that T is at the
top of the potential at time t ¼ 0, and v is the velocity of
the field at the top. The time interval P is the duration of the
bounce, and is determined by when TðPÞ ¼ η.
The scenario we have in mind is now the following.

During the phase of Ekpyrotic contraction, φ is decreasing
from a very large initial positive value. Once the energy
density of φ approaches the string density the S-brane
forms. The formation of the S-brane is the process where T
increases from T ¼ −η to T ¼ 0. The decay of the S-brane
corresponds to the motion of T from T ¼ 0 to T ¼ η.
During the phase of ekpyrotic contraction, the total energy

density in the φ field is slightly positive. This implies that
the magnitude of the kinetic energy is close to (but larger)
than the absolute value of the total potential energy V total.
Hence we expect

v ≃ λ1=2η2; ð14Þ

where v is defined in (13). This implies that

P ≃ λ−1=2η−1: ð15Þ

To make contact with the discussion in [26], we note that in
our case the profile function KðtÞ is given by the soliton
solution of the equation of motion for TðtÞ:

KðtÞ ¼ TðtÞ; ð16Þ

which implies that

K;ttt

K;t
¼ λη2: ð17Þ

IV. REHEATING FROM S-BRANE DECAY

As discussed in the previous section, the coupling of the
rescaled gauge field Bμ to the S-brane profile function KðtÞ
is given by (11). The resulting equation of motion for the
gauge field Bi is

B̈i − ∂a∂aBi − λη2Bi ¼ 0; ð18Þ

which is a wave equation with tachyonic mass term. The
solution for the Fourier modes is given by

Biðk; tÞ ¼ c1et
ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
þ c2e−t

ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
; k < kc

Biðk; tÞ ¼ c1eit
ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
þ c2e−it

ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
; k > kc; ð19Þ

with kc ≡ λ1=2η. From (20) it is not hard to see that the
growing mode k → 0 for t > 0 asymptotically scales as
eη
ffiffi
λ

p
t. The corresponding modes of Ai field, however, is a

constant mode. Therefore there is no growing mode for Ai
after t ¼ 0.
In terms of the canonical gauge field, the equation of

motion becomes [inserting the expression (16) for KðtÞ]

Äi þ 2η
ffiffiffi
λ

p
tanh ðη

ffiffiffi
λ

p
tÞ _Ai þ k2Ai ¼ 0: ð20Þ

The solution of this equation can be written as follows:

Aiðt; kÞ ¼ sechðη
ffiffiffi
λ

p
tÞ ×

(
c̃1e−t

ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
þ c̃2et

ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
; k < kc ¼ η

ffiffiffi
λ

p

c̃1e−it
ffiffiffiffiffiffiffiffiffiffiffiffiffi
−η2λþk2

p
þ c̃2eit

ffiffiffiffiffiffiffiffiffiffiffiffiffi
−η2λþk2

p
; k > kc ¼ η

ffiffiffi
λ

p
:

ð21Þ
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In the asymptotic regions t → �∞, Eq. (20) has solutions

Aiðk; t → ∞Þ ∼ e−η
ffiffi
λ

p
t ×

(
e�

ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
t; k < kc ¼ η

ffiffiffi
λ

p

e�ið−
ffiffiffiffiffiffiffiffiffiffiffi
η2λþk2

p
Þt; k > kc ¼ η

ffiffiffi
λ

p

ð22Þ

and

Aiðk;t→−∞Þ∼eþη
ffiffi
λ

p
t×

(
e�

ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
t; k<kc¼η

ffiffiffi
λ

p

e�ið−
ffiffiffiffiffiffiffiffiffiffiffi
η2λþk2

p
Þt; k>kc¼η

ffiffiffi
λ

p
:

ð23Þ

During the phase of ekpyrotic contraction, any preexist-
ing gauge field fluctuations are diluted compared to the
energy density in φ. Hence, the gauge field fluctuations will
be in their ground state when φ hits the S-brane. Hence,
focusing on modes with k < kc, we can write the solution
for Ai in the form

Ai ¼

8>>><
>>>:

Að1Þ
i ¼ e−iktffiffi

2
p ffiffi

k
p t < −P

Að2Þ
i ¼ sechðη ffiffiffi

λ
p

tÞðc1e−t
ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
þ c2et

ffiffiffiffiffiffiffiffiffiffi
η2λ−k2

p
Þ −P < t < P

Að3Þ
i ¼ α e−iktffiffi

2
p ffiffi

k
p þ β eþiktffiffi

2
p ffiffi

k
p t > P;

ð24Þ

where the constants c1, c2, α and β (which are all functions
of k) are determined by matching Ai and _Ai at t ¼ −P and
t ¼ P, i.e., using the junction conditions

�
Að1Þ
i ð−PÞ ¼ Að2Þ

i ð−PÞ; _Að1Þ
i ð−PÞ ¼ _Að2Þ

i ð−PÞ
Að2Þ
i ðPÞ ¼ Að3Þ

i ðPÞ; _Að2Þ
i ðPÞ ¼ _Að3Þ

i ðPÞ:
ð25Þ

Using (24) and (25) we can solve for the Bogoliubov mode
mixing coefficients β. Notice that jβj2 − jαj2 ¼ 1 by the
requirement of unitarity. The result is

jβj2 ¼ μ2sech4ðμPÞ
16k2ð1− k2

μ2
Þ

×

" ffiffiffiffiffiffiffiffiffiffiffiffi
1−

k2

μ2

s
þ 1

!
sinh

 
2 μP

 
1−

ffiffiffiffiffiffiffiffiffiffiffiffi
1−

k2

μ2

s !!

þ
 ffiffiffiffiffiffiffiffiffiffiffiffi

1−
k2

μ2

s
− 1

!
sinh

 
2 μP

 ffiffiffiffiffiffiffiffiffiffiffiffi
1−

k2

μ2

s
þ 1

!!#
2

ð26Þ

where we introduced the constant μ≡ ffiffiffi
λ

p
η to simplify the

expression. In the infrared limit k ≪ kc we obtain

jβj2 ≈ k2sech4ðμPÞð4Pμþ sinhð4PμÞÞ2
64μ2ð1 − k2

μ2
Þ ∼ k2; ð27Þ

while for k ∼ kc we get

jβj2 ≈ −
μ2sech4ðμPÞðsinhð2 μPÞ − 2 μP coshð2 μPÞÞ2

4k2
:

ð28Þ

Note that for k > kc the Bogoliubov coefficients are sup-
pressed.
Since the particle number density is given by the

Bogoliubov mode mixing coefficient, i.e., nðkÞ ∼ jβj2,
we can use the above results to give an order of magnitude
estimate of the energy density in gauge fields produced
during S-brane decay. The energy density in the gauge
fields can be obtained by integrating over the contribution
of all modes with k < kc, making use of the initial vacuum
value

Akð0Þ ¼
1ffiffiffiffiffi
2k

p : ð29Þ

Making use of the solution (24) we obtain

ρAðPÞ ∼
Z

kc

0

dk
k2

2π2
1

2k
jβkj2k2 ∼

1

32π
λ2η4: ð30Þ

Here, the first factor of k2 comes from the phase space
measure, and the second factor of k2 comes from the
gradients (recall that the energy is gradient energy). The
integral is dominated by the upper limit, and, inserting
the value for kc and the result (28) for the Bogoliubov
coefficients, we obtain

ρAðτÞ
V0

∼
3

16π
λ: ð31Þ

This is the main result of our analysis. We expect λ ∼ 1, and
hence we see that the S-brane can very efficiently decay
into radiation.
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V. CONCLUSIONS AND DISCUSSION

We have studied the embedding of the S-brane bounce
scenario proposed in [17] into string theory. Considering
type IIB superstring theory, our space-time can be viewed
as a D3-brane on which the usual Standard Model fields
(including the gauge field of electromagnetism) live. At the
end point of a phase of ekpyrotic contraction, an unstable
D4-brane is excited and acts gravitationally as an S-brane.
This tachyonic brane fills our three spatial dimensions and
is extended in one further direction (e.g., the direction
which corresponds to the Ekpyrotic scalar field φ). The
tachyon configuration couples to the gauge fields via a
Born-Infeld action. Hence, during the formation and decay
of the D4-brane, gauge field production can occur. We have
shown that the process of gauge field production is very
effective and can transfer a fraction of order one of the

S-brane energy into radiation. Hence, there is no obstruc-
tion to efficient reheating after the S-brane bounce. The
S-brane will automatically mediate not only the transition
between an initial contracting phase and an expanding
phase, but in fact to the expanding radiation phase of
standard big bang cosmology.
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