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One of the central points of the ekpyrotic cosmological scenario based on Hor˘ava-Witten~HW! theory is that
we live on a negative tension brane. However, the tension of the visible brane is positive in the usual HW
phenomenology with stronger coupling on the hidden brane, both for standard and nonstandard embedding. To
make the ekpyrotic scenario realistic one must solve the problem of the negative cosmological constant on the
visible brane and fine tune the bulk brane potential with an accuracy of 10250. In terms of a canonically
normalized scalar fieldf describing the position of the brane, this potential must take a very unusual form
V(f)5210222M p

4exp(25000f/M p). We describe the problems which appear when one attempts to obtain
this potential in string theory. The mechanism for the generation of density perturbations in this scenario is not
brane specific; it is a particular limiting case of the mechanism of tachyonic preheating. Unlike inflation, this
mechanism exponentially amplifies not only quantum fluctuations, but also initial inhomogeneities. As a result,
to solve the homogeneity problem in this scenario, one would need the branes to be parallel to each other with
an accuracy better than 10260 on a scale 1030 times greater than the distance between the branes. Thus, at
present, inflation remains the only robust mechanism that produces density perturbations with a flat spectrum
and simultaneously solves all major cosmological problems.

DOI: 10.1103/PhysRevD.64.123523 PACS number~s!: 98.80.Cq
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I. INTRODUCTION

After 15 years of development of string theory and
theory we are still faced with the challenging problem
constructing a consistent and realistic stringy cosmology.
interesting step in this direction has recently been made
Khoury, Ovrut, Steinhardt and Turok, who suggested a thr
brane cosmological model based on the Hor˘ava-Witten~HW!
theory, and argued that it may resolve all major cosmolog
problems without any use of inflation@1#. Their model was
called the ekpyrotic universe, from the Greek-derived wo
ekpyrosis.

The basic idea of this scenario is that initially the unive
was in a nearly Bogomol’nyi-Prasad-Sommerfield~BPS!
state consisting of two parallel branes, and that we live
the brane with negative tension. Then the brane with posi
tension splits into two positive tension branes, one of wh
~bulk brane! starts moving towards our brane. The big ba
corresponds to the moment when the bulk brane hits
brane; the collision makes the universe hot. It was arg
that the flatness of the branes in the nearly BPS state so
the homogeneity and flatness problems, whereas quan
fluctuations of the bulk brane result in the large-scale den
perturbations on our brane when these branes collide. In
paper we reexamine some of the basic premises of
model. We will try to verify whether it follows from string
theory and whether it indeed can solve all major cosmolo
cal problems without the help of inflation. In this sense, o
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paper will be devoted to an epicrisis of ekpyrosis.1

One of the central points of the ekpyrotic scenario is t
we live on a negative tension brane, and the warp factor~the
volume of the Calabi-Yau space! decreases towards the vis
ible brane. In the original version of Ref.@1# one can read:As
we will see in Section V B, it will be necessary for the visib
brane to be in the small-volume region of space-time.The
authors repeatedly emphasized that this condition is very
portant for their scenario and argued that it results in a d
tinguishing feature of their model: a blue spectrum of dens
perturbations.2

However, as we will explain in Sec. III, the standard H
phenomenology@2–7# ~both for standard and nonstanda
embedding! is based on the assumption that the tension
the visible brane is positive, and the warp factor increa
towards the visible brane. There were two main reasons
such an assumption. First of all, in practically all know
versions of the HW phenomenology, with few exceptions
smaller group of symmetry~such asE6) lives on the positive
tension brane and provides the basis for grand unified the
~GUT’s!, whereas the symmetryE8 on the negative tension
brane may remain unbroken. It is very difficult to find mo
els whereE6 or SU(5) live on the negative tension bran
@8,9#.

1Epicrisis is a Greek word for critical evaluation.
2They also noticed that gravitational waves in the ekpyrotic s

nario will have a strongly blue spectrum; but, since their level
going to be extremely small, the shape of the spectrum of the gr
tational waves will be nearly impossible to determine.
©2001 The American Physical Society23-1
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There is another reason why the tension of the visi
brane is positive in the standard HW phenomenology@3–5#:
The square of the gauge coupling constant is inversely
portional to the Calabi-Yau~CY! volume @3#. On the nega-
tive tension brane this volume is greater than on the posi
tension one, see e.g. Ref.@1#. In the standard HW phenom
enology it is usually assumed that we live on the posit
tension brane with small gauge coupling,gGUT

2 /4p;0.04.
On the hidden brane with negative tension the gauge c
pling constant becomes large,ghidden

2 /4p5O(1), which
makes the gaugino condensation possible@3–5#. It is not
impossible to have a consistent phenomenology with
small gauge coupling on the hidden brane, but this is
unconventional and not well explored possibility@8#.

Thus, we believe that the ekpyrotic scenario is at od
with the standard HW phenomenology as defined in R
@3–5#. The relevant issue is not the standard versus n
standard embedding, but Hor˘ava-Witten phenomenol
ogy @3–5# versus Benakli-Lalak-Pokorski-Thomas@8#
phenomenology.3 As explained in Sec. V B of Ref.@1#, the
reason to assume that the CY volume should decrease
wards the visible brane was rooted in the idea that this
required for generation of density perturbations in the ek
rotic scenario. However, as we will show in Sec. IV, th
requirement is not necessary.

To improve the ekpyrotic scenario one would need
change the sign of the brane tension. In this case the w
factor decreases towards the hidden brane. This change
shape of the spectrum of density perturbations from blue
red. However, one cannot simply flip the sign of the tens
in the model leaving all other parameters intact becaus
would introduce a singularity between the branes. One ne
to change other parameters of the model as well. We will
the improved scenariopyrotechnicto emphasize its relation
to the ekpyrotic scenario, but also to indicate that it rema
vulnerable to other problems to be discussed below. In
scenario, unlike in the ekpyrotic scenario, we will not ma
any attempts to avoid inflation.

The critical assumption of the ekpyrotic scenario d
cussed in Sec. V is that the bulk brane interacts with
visible brane with the negative potential

V~Y!52ve2uaumY. ~1!

However, in cases where this potential has been explic
calculated, it was shown to be positive@13#. Moreover, in
general the potential contains two terms,e2uaumY and
e2uaum(R2Y), to include bulk brane interactions with hidde
and visible branes. Originally, potentials of such type w
supposed to describe interactions of the visible brane or
bulk brane with the hidden brane with unbrokenE8 @14#. In
such a case the potential would beV(Y);2ve2uaum(R2Y),
whereR2Y is the distance between the bulk brane and
hidden brane. In the ekpyrotic scenario all terms like t

3Note that one should clearly distinguish between the nonstan
phenomenology of Ref.@1# and the nonstandard embedding that
required to describe the bulk brane.
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should be forbidden, which may be difficult to achieve u
less one assumes that originally our brane was the end
the-world E8 brane, and it became the physical brane af
the brane collision. No theoretical description of such a p
cess is presently available; all previous attempts to do
assumed thatE8 is already broken and colliding branes ha
comparable tensions, which is not the case in Ref.@1#.

The peculiar nature of the brane potentialV(Y);
2ve2uaumY becomes manifest if one writes it in terms of
canonically normalized scalar fieldf describing the position
of the brane:V(f)5210222M p

4exp(25000f/M p) for the
specific choice of the parametersv, a, m requested by Ref.
@1#. While potentials;exp(cf/Mp) with c5O(1) often ap-
pear in string theory, such terms as exp(25000f/M p) are
rather unprecedented.

At the first glance, the theory of the generation of dens
perturbations in the ekpyrotic scenario seems very comp
and brane specific, as indicated by the statement of Ref@1#
that this mechanism requires the warp factor to decrease
wards the visible brane. However, in Sec. IV we show th
the theory of the generation of density perturbations use
Ref. @1# is in fact a limiting case of the theory of tachyon
preheating recently developed in Ref.@10#. The theory of this
effect is very simple. It works for branes in five dimensio
~5D! as well as for the usual scalar field in 4D due to t
exponential growth of long wavelength fluctuations in the
ries with concave effective potentials (V9,0). The spectrum
of perturbations may be flat, but it may also be red or bl
depending on the choice of the potential. Power-law pot
tials typically are unacceptable. One should make the v
special choice of a nearly exponential potential to produc
cosmologically acceptable spectrum. To make this mec
nism realistic, one must solve the problem of the negat
cosmological constant on the visible brane and fine tune
value of the bulk brane potential with an accuracy of 10250.
If one does not perform this fine tuning, the standard infl
tionary mechanism for the generation of density pertur
tions turns on, and the model becomes very similar to
model of brane inflation proposed by Dvali and Tye@11#.

If one resolves all of these problems, and the tachyo
mechanism for the generation of density perturbations be
to work, then we will have a new problem, which may b
much more serious than the previous ones: tachyonic in
bility exponentially amplifies not only quantum fluctuation
but also initial inhomogeneities. As a result, to solve t
homogeneity problem in this scenario one would need
branes to be parallel to each other with an accuracy be
than 10260 on a scale 1030 times greater than the distanc
between the branes; see Sec. VI. Since the initial state is
really a true BPS state but rather some unstable and evol
configuration, we do not see any reason why our unive
must be so incredibly homogeneous from the very beginn

Thus we believe that at present inflation remains the o
robust mechanism that produces density perturbations w
flat spectrum and simultaneously solves all major cosmolo
cal problems.

II. GENERAL SETUP FOR EKPYROTIC UNIVERSE

The ekpyrotic scenario consists of many parts related
the M theory and cosmology. M-theory issues, including

rd
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PYROTECHNIC UNIVERSE PHYSICAL REVIEW D64 123523
sign of the tensions of the visible and hidden brane and
BPS nature of the 3 brane solution, will be discussed in S
III. For a cosmologist, the end result of the story from
theory as presented in Ref.@1# is the following:

There is a static three brane solution for the space-t
metric and the dilatonef ~volume of the Calabi-Yau space!
given by

ds25D~y!~2N2dt21A2dxW2!1B2D4~y!dy2,

ef5BD3~y!,

D~y!5ay1C for y,Y ~2!

5~a2b!y1C1bY for y.Y, ~3!

where A,B,C,N are constants andC.0. The boundary
branes are located aty50 andy5R, and the bulk brane is
located aty5Y, where 0<Y<R. The tension of the visible
brane aty50 is 2a and isnegative. The tension of the bulk
braneb is positive and the tension of the hidden brane ay
5R is positive and equalsa2b. One assumes thatb!a, so
the bulk brane is relatively light. The visible brane aty50
lies in the region of smaller volume whiley5R lies in the
region of larger volume. Indeed,D(0)5C and D(R)5C
1aR and a is positive, soD(0),D(R). This property is
considered one of the most important features of the s
nario.

The light bulk brane may either appear spontaneou
from the hidden brane or it may also exist from the ve
beginning, i.e. one starts with two boundary branes and
bulk brane. The three brane configuration is assumed to b
a nearly BPS state. It is argued that the universe mus
homogeneous because the BPS brane configuration is h
geneous. The bulk brane has a kinetic term and a poten
which for a ‘‘successful example’’ is chosen to beV(Y)5
2ve2maY. Additionally it is assumed that at smallY the
potential suddenly becomes zero due to some nonpertu
tive effects.

Because of the slight contraction of the scale factor on
bulk brane, the bulk brane carries some residual kinetic
ergy immediately before the collision with the visible bran
After the collision, this residual kinetic energy transform
into radiation which will be deposited in the three dime
sional space of the visible brane. The visible brane, n
filled with hot radiation, somehow begins to expand as a
FRW universe. However, the temperature is not high eno
to trigger phase transitions in GUT’s and produce primord
monopoles. Quantum fluctuations of the position of the b
brane generated during its motion fromY5R to Y50 will
result in density fluctuations with a nearly flat spectrum. T
spectrum will have a slightly blue tilt for the exponenti
potentialV(Y).

The set of parameters used in Ref.@1# is a5250M5 , b
50.1M5 , B51023, C5100, R5M5

21, v;10210, m51,
andM551022M pl . A sketch of the model is given in Fig. 1

The total setup is rather complicated, but the final pict
allows for a dramatic simplification. Indeed, let us look fir
at the behavior of the factorD(Y), which determines the
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metric in Eq.~3!, during the whole process of motion of th
bulk brane towards the visible brane. The motion begins
Y5R5M5

21 and ends atY50. During this processD(Y)
changes from 350 to 100, which is not that much. A mo
complicated analysis performed in Ref.@1# shows that the
scale factors on all branes also do not change much. T
suggests that the expansion of the universe and other c
plicated gravitational effects cannot be of any relevance
the possibility to solve major cosmological problems and
the basic mechanism of the generation of density pertu
tions. On the other hand, the authors of Ref.@1# emphasized
that the decrease ofD(Y) towards the brane is crucially im
portant and used the notion of the effective scale factoraeff
to explain the mechanism of production of density pertur
tions.

In this paper we will attempt to analyze this situatio
starting from the M-theory part, and ending with a discuss
of the cosmological density perturbations and homogen
problem.

III. SUPERSYMMETRY AND HIDDEN-VISIBLE BRANES

A. The action and the static solution

Here we consider the specific construction of Ref.@1#
which starts with the solution of two boundary branes w
almost opposite tensions and a bulk brane in between.
will explain the reason why the status of unbroken supersy
metry ~BPS property! of this solution is problematic.

An effective five-dimensional action of heterotic M theo
is given in @1# the form

FIG. 1. Sketch of the ekpyrotic scenario. We live on a bra
with negative energy density. The big bang occurs when the b
brane hits our brane. The bulk brane has potential energyV(Y)
which is postulated to have a very specific form: it is negat
everywhere except on our brane, and its absolute value decre
exponentially at largeY. An important feature of this scenario is tha
the volume of space, controlled by the metricD(Y), decreases nea
our brane, which makes the spectrum of perturbations blue.
3-3
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S5
M5

3

2 E
M5

d5xA2gS R2
1

2
~]f!22

e2fF 2

5! D
23(

i 51

3

a iM5
3E

M 4
( i )

d4j ( i )SA2h( i )e
2f

2
emnkl

4!
Agdez]mX( i )

g ]nX( i )
d ]kX( i )

e ]lX( i )
z D . ~4!

Heref is the modulus of the Calabi-Yau~CY! threefold and
Agdez is a 4-form gauge field. According to Ref.@1#, the left
brane is the visible one and it is assigned a negative ten
2a5a3, the bulk brane has positive tensionb5a2 and the
hidden brane has a positive tensiona2b5a1. The solution
for the 5-form was written as follows:

F0123y5aD22 for y,Y;

F0123y5~a2b!D22 for y.Y. ~5!

This action with three branes was not derived from sup
symmetric theory. The action with two branes, which w
derived in Refs.@5,15,16# from Hor̆ava-Witten theory, does
not have a 4-formAgdez , either in the bulk or on the brane
The appearance and the role of the 4-form gauge field in
five-dimensional supersymmetric bulk and brane action w
explained in Ref.@17#, but not in the context of HW theory
Recently it was shown in Ref.@18# that one can actually
derive the action of the type of Eq.~4!, but the factor in the
action in front ofF 2 has to be corrected so that the acti
correspond to a bosonic part of the supersymmetric act
Also the factor and the sign in Eq.~5! have to be changed. I
is easy to verify that the WZ term in the brane action do
not cancel the BI term for the ‘‘solution’’ given in Ref.@1#,
which proves that it is not a BPS solution before the corr
tion is made. Thus one can find a BPS solution with
boundary and bulk brane present, see Ref.@18#, but it is
somewhat different from the one presented in Ref.@1#.

Note that the BPS property of the classical solution is
the same as the requirement of unbroken supersymmetr
the unbroken supersymmetry is established, the solution
ways has a BPS feature: the energy takes its minimal v
and the supersymmetry bound is saturated, see e.g. Ref.@19#.
However, nonsupersymmetric BPS configurations are a
possible. The difference is that for supersymmetric soluti
one may expect that they will remain BPS states even w
an account taken of quantum corrections, because of n
renormalization theorems for supersymmetric BPS sta
@20#. Meanwhile, nonsupersymmetric BPS solutions m
lose their BPS properties when quantum corrections
taken into account.

The issue of the unbroken supersymmetry for multid
main wall solutions is more complicated than for other mu
brane solutions with co-dimension greater than 2, like mu
black holes, multi-3-branes, etc. The major difference is
behavior of the form fields at large distances. The supers
metric domain walls are charged and the form fields are c
stant. They exist therefore only in the compact space with
vanishing total charge. The explicitly supersymmetric so
12352
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tion requires apart from supergravity the presence of the
persymmetric source actions which take care of the ju
conditions on the wall.

The status of unbroken supersymmetry of the solut
with two boundary branes without a bulk brane may be
ferred from an action in Refs.@15# and@16# where the Born-
Infeld part of the brane actions at the fixed points of t
orbifold was given. However when the bulk brane is pres
in addition to boundary branes, the issue of unbroken su
symmetry is less clear. The supersymmetric bulk and br
construction of Ref.@17# ~and HW theory! allows one to
prove clearly the unbroken supersymmetry only for the c
that the positive and negative tension branes are placed a
fixed points 0 andR of the orbifoldS1/Z2. When the brane is
not at the fixed points, the supersymmetry variation of
4-form field in the Wess-Zumino term of the brane sour
action is not compensated by the supersymmetry variatio
the Born-Infeld term. This makes the unbroken supersymm
try of the multidomain walls problematic despite the fact th
the bosonic solution with the jump of the 5-form fie
strength can be given.

An analogous problem exists for the multidomain walls
the D8-O8-system of type IIA string theory@21#. The varia-
tion of the Ramond-Ramond~R-R! 9-form in the Wess-
Zumino terms of the brane action depends on the Nev
Schwarz–Neveu-Schwarz~NS-NS! 2-form Bmn , whereas
the supersymmetry variation of the Born-Infeld term do
not depend onBmn . Therefore the BI1WZ source action at
the fixed points of the orientifolds is supersymmetric due
the fact that the NS-NS 2-formBmn is odd underZ2 symme-
try and vanishes at the fixed points, but not between th
Therefore only when all D8 domain walls are coincide
with orientifold planes, the supersymmetric bulk and bra
action is available and the unbroken supersymmetry of
solution can be proven in Ref.@21#. The situation with the
supersymmetry of the multiwall solutions remains an op
issue.

B. Tension on visible brane

Let us now compare the ekpyrotic construction with H
theory. At the time when HW theory was suggested the is
of brane tension was not emphasized. More recently in
Randall-Sundrum~RS! I scenario@22# the positive and nega
tive tension branes were given the names, ‘‘hidden’’ a
‘‘visible’’ brane, respectively. In this version the hidde
brane was at the left, aty50, and the visible brane at th
right, at y5pr c . The visible brane, called sometimes th
‘‘TeV brane,’’ was designed to provide a solution of the h
erarchy problem due to the fact that the warp factor
creases exponentially towards the visible brane. In RS II@23#
a dramatic change of the setup was made as the labe
hidden and visible branes were reversed. The former vis
became hidden, the former hidden became visible and it
suggested to send the negative tension hidden brane o
the world.

With all this in mind we will consider the known fact
about HW and heterotic M theory and the tensions of vario
branes in agreement with supersymmetry.
3-4
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PYROTECHNIC UNIVERSE PHYSICAL REVIEW D64 123523
1. Standard embedding

In case of boundary branes of the original HW theory
standard embedding corresponds to a positive tension vis
brane and negative tension hidden brane. Let us briefly
mind how this happens. We will look at the heterotic
theory in Ref.@16# where the Born-Infeld part of the bran
actions were derived from HW theory. The tension of t
visible brane is given by2av is , where ~we ignore here
some irrelevant positive constants!

2av is5
1

8p2E
C
trR`R5n,

see for example Eq.~3.13! in Ref. @16#. Here the integration
is over a supersymmetric cycle of the CY manifold, andR is
the curvature form of the internal manifold. The integern
characterizes the first Pontrjagin class of CY. Thus the t
sion of the visible brane is positive.

Let us present here a few important steps of the deriva
of the tension formula. The tension on each brane, accor
to Ref. @16#, is proportional to2av is5(1/4p2)*C(trFv is

`Fv is2 1
2 trR`R), and 2ahid5(1/4p2)*C(trFhid`Fhid

2 1
2 trR`R).
So far the visible and hidden branes are treated on

equal footing. The difference is in spin embedding in whi
only the visible brane participates. On the visible brane
standard spin connection embedding was performed so
the background is trFv is`Fv is5trR`R,Fhid50, which im-
plies that tr(Fv is`Fv is1Fhid`Fhid)2trR`R50 . . . . The
E8 gauge theory on the visible brane was broken to its s
group SU(3)3E6 and after spin embedding on the visib
brane there areE6 gauge field excitations and on the hidd
brane there areE8 gauge field excitations. On the visibl
brane, where spin embedding takes place and trFv is`Fv is

5trR`R, we have

2av is5
1

8p2E
C
trR`R.0, ~6!

on the hidden one withFhid50 the tension is

2ahid52
1

8p2E
C
trR`R,0. ~7!

This explains how the visible brane in the original H
theory with standard embedding acquires a positive tens

In Ref. @3# it was explained by Witten that the volume o
the CY spaceef5V at the visible brane aty50 is larger
than that at the hidden brane aty5R: V(0).V(R) and the
gauge coupling on the hidden brane is stronger than the
on the visible brane,gv

2,gh
2 due to the inverse relation be

tween the CY volume and the gauge coupling:

gv
2

gh
2 ;

Vh

Vv
;

D3~R!

D3~0!
. ~8!
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The subsequent work on HW phenomenology@4# is based on
a strong coupling at the hidden brane required for gaug
condensation on the hidden brane.

2. Nonstandard embedding

The presence of the bulk brane requires using the n
standard embedding. The total tension~and the total charge!
of all branes must vanish. In the HW case the tension of
visible brane was positive and opposite to the tension of
hidden brane:av52ah.0. Now the new relation betwee
brane tensions is

av1ah1b50. ~9!

This corresponds to a cohomology constraint

c2~V1!1c2~V2!2c2~TX!1@W#50, ~10!

where@W# is the cohomology class associated with the fiv
branes andc2(V1),c2(V2),c2(TX) are the second Cher
class of the gauge bundlesV1 ,V2 and of the tangent bundle
TX, respectively.

The situation with the tension in nonstandard embedd
is the following. If one adds the bulk brane as a small mo
fication of the previous two-brane configuration, one still h
the visible brane with positive tension. However, in gene
one can have examples of both positive and negative ten
on visible brane@8,9#.

In the ekpyrotic scenario the ratio between the tension
boundary and bulk branes was chosen to be extremely sm
b/a5431024. No examples with negative tension visib
brane andb/a!1 have been considered in the literatu
until very recently@9#. The examples considered in Ref.@7#
require a special assumption that the volume of the b
curves is much larger than the volume of the fiber curve
Calabi-Yau space. But even for such examples one still
an additional problem, which we are going to explain now

The switch to the nonstandard embedding does
change the relation between the volume of the Calabi-Y
space and the gauge coupling, Eq.~8!. When the visible
brane tension is positive~the warp factor decreases towar
the negative tension brane!, the standard HW phenomeno
ogy applies. One can have small gauge couplinggGUT

2 /4p
;0.04 on the visible brane, and large couplingghidden

2 /4p
5O(1) on the hidden brane, which may lead to gaugi
condensation@3–5#.

However, when the visible brane tension is negative
substantial modification of the standard HW phenomenolo
is required since in this case the gauge coupling constan
the hidden brane is smaller than on the visible brane.
example, with the parameters of Ref.@1# one has
ghidden

2 /4p;1023 on the hidden brane, which is way to
small for the gaugino condensation. In general, one may
to develop acceptable phenomenology with stronger c
pling observable sector@8#, but this unconventional possibil
ity is much less understood and developed than the stan
HW phenomenology@3–5#.
3-5
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3. Tensions and BPS harmonic functions

The relation between brane tensions and the volume
CY manifold ~inverse to the square of the gauge couplin!
can be seen in the BPS solution where the sign of the ten
on the visible brane defines the slope of the CY volume. T
volume of the CY space is given by a harmonic function

ef5BD3, D5C1ay, y,Y, ~11!

in notation of Ref.@1#. In Ref. @16#, where the standard em
bedding was used,C.0, but the sign ofa was not dis-
cussed. If it were noticed in Ref.@16# thata in this equation
is negative4 one would be forced to rewrite the harmon
function as follows:

D̃5C2uauy, a,0, ~12!

and comment on the existence of the critical distance
tween walls,

D̃~ycrit !50 ⇒ ycrit5
C

uau
. ~13!

This would prompt a requirement that the second wall ha
cut off the singularity of the space-time metric whenD̃50
and therefore

R,ycrit . ~14!

Precisely this situation occurs in many cases of supers
metric domain walls in Refs.@17,21# where always the warp
factor falls down away from the visible positive tensio
brane and one has to take care of the maximal distance
tween the walls.

However it was not noticed that the tension of the visib
brane is positive in Ref.@16#, where the standard embeddin
was used and the harmonic function was taken in the fo
D5C1ay instead ofD̃5C2uauy. The authors of Ref.@1#
used the same notation as in Ref.@16# and assumed, as equ
tion D5C1ay suggests, thata is positive, i.e. the brane
tension is negative, andD(y) decreases near the visib
brane aty50. This assumption, combined with the idea th
the density perturbations are produced in their scenario
cause of the decrease ofD(y) at small y, has led to the
conclusion that it is ‘‘necessary for the visible brane to be
the small-volume region of space-time’’@1#.

However, as we will show in Sec. IV, this requirement
not necessary. We do not see any obvious reason to use
conventional versions of the HW theory and insist that
must live on the negative tension brane.

On the other hand, one cannot improve the situation
flipping the sign ofa in all expressions in Ref.@1#. Indeed,
according to the original version of the ekpyrotic scenar
C5100, anda5250M5. If we simply change the sign ofa

4It was confirmed to us by D. Waldram in private discussion t
indeeda in the harmonic function in Eq.~5.9! in Ref. @16# must be
understood as negative.
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and takea52250M5 we will find that the singularity of the
metric appears between the walls aty50 and at y5R
5M5

21:

D̃5C2uauy51002250M5y,

ycrit5
2

5
M5

21,R5M5
21 . ~15!

A quick fix of this problem is possible: one can change t
parameters, e.g. by makingC larger or uau smaller so that
ycrit5C/uau.R and the naked singularity atycrit is cut off
by the hidden wall.

In what follows we will call the improved model the ‘‘py
rotechnic universe,’’ see Fig. 2, where a sketch of the pr
erties of the model is given. This model will have many
the same problems as the ekpyrotic scenario, but it has
advantages. First of all, it is based on the conventional H
phenomenology. The second advantage is that we are
going to insist that this model solves all cosmological pro
lems without using inflation. As we will see, it is very har
or even impossible to do so. Moreover, avoiding inflati
requires additional fine tuning. In the ekpyrotic scenario o
should deviate from the usual HW phenomenology and g
up all advantages of inflationary theory. We do not see a
reason to do it.

IV. A NEW MECHANISM FOR THE GENERATION OF
DENSITY PERTURBATIONS WITH ANY KIND

OF SPECTRUM—AND WHY IT MIGHT NOT WORK

A. A simple 4D example

In this section we will consider the mechanism for t
generation of density perturbations in the ekpyrotic and

t

FIG. 2. Sketch of the pyrotechnic scenario. We live on a bra
with positive energy density. The volume of space controlled by
metric D(Y) decreases near our brane, which gives a red tilt to
spectrum of perturbations. The mechanism for the generation
fluctuationsdYk in this scenario, as well as in the ekpyrotic sc
nario, amplifies all inhomogeneities, including classical inhomo
neitiesDY of the bulk brane.
3-6
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PYROTECHNIC UNIVERSE PHYSICAL REVIEW D64 123523
rotechnic scenarios. Instead of considering a complicated
ting with three branes moving in an expanding fiv
dimensional universe, let us first consider a simple prob
of motion of a scalar field falling down from the top of th
effective potentialV(f) with V9,0 in four-dimensional
Minkowski space. As we will see, these two problems
directly related to each other.

In what follows we will consider two particular example
V52V0e2f/M and V52lnfn/Mn24 with n.2; M is
some constant of dimension of mass. In general, one nee
add to these potentials some other terms that stabilize
motion of the scalar field after it falls down and ensure t
the effective potential vanishes at its minimum. We will r
turn to this important point later.

In both cases the curvature of the potential is negat
V9(f),0, and its absolute value grows when the field fa
down to smaller values ofV(f). Conservation of energy
implies thatḟ2/21V(f)5E, whereE is some constant. We
will assume for simplicity that the field was falling from th
top of the potential with vanishing initial energy,E50, so
that

uḟu5A22V~f!. ~16!

Quantum fluctuations of the scalar fielddfk(t)e
ikW•xW living in

a background of a homogeneous fieldf(t) satisfy the equa-
tion

df̈k1@k21m2~f!#dfk50, ~17!

where m2(f)5uV9(f)u. If V9,0 the modes withk2

,uV9(f)u do not oscillate. Instead, they grow exponentia
For example, if V952m25const, one has dfk

;expAm22k2t. The initial amplitude of the growing mode
depends on the initial conditions. Since the initial curvatu
of the potential is very small, one may assume that the in
amplitude of fluctuations is the same as in the theory o
massless scalar field, so that^df2&5*(dk2/8p2). Ignoring
the coefficients 2 andp, one may say that the average am
plitude of fluctuations with momenta;k is proportional tok:
df(k);k. @This is analogous to the famous relationdf(k)
;H/2p during inflation.# At large t this amplitude grows as
df(k);k expAm22k2t. Exponential growth ofdf(k) can
be interpreted as generation of a classical fielddf(k). This
is the basic feature of the theory of tachyonic preheat
developed recently in Ref.@10# in a different context.

In the models such asV52V0e2f/M and V5
2lnfn/Mn24 with n.2, the curvature of the effective po
tential grows while the field falls down from the top of th
potential. Therefore, in the beginning only the modes w
extremely smallk are growing exponentially, whereas sho
wavelength perturbations withk.AuV9u are oscillating with
a nearly constant amplitude. However, when the fieldf
grows, the value ofuV9u grows too, and new modes wit
momentak,uV9u stop their oscillations and start growing
with the initial amplitudedf(k);k;AuV9(f)u @10#.

These fluctuations change the local value of the fieldf
and therefore they lead to a delay of the moment when
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field f rolls down to some valuef0, which corresponds to
the minimum ofV(f) where the process of reheating begi
~or to the brane collision in the five-dimensional setting iff
is identified with the modulusY). A detailed discussion of
the process of the growth of fluctuations will be given in t
appendixes. Here we will give a simple shortcut to the a
swer.

To calculate the delay of reheating produced by th
fluctuations one should dividedf by uḟu. This can be done
at any time afterdfk stops oscillating. Indeed, for smallk

the equations fordf anduḟu coincide, so their ratio remain
constant. Suppose that we transplant this picture into an
panding universe with the value of the Hubble constantH
induced by the fieldf. Then for the wavelengthl;k21

greater than the size of the horizon, the time delaydtk , ac-
cording to Ref.@24#, results in adiabatic density perturba
tions

udku;Hdtk;H
df~k!

ḟ
;H•

AuV9~f!u

AuV~f!u
. ~18!

The numerical coefficient in these equations depends
various details such as the equation of state of the unive
but typically it is of order unity, so we will omit it in what
follows.

For the exponential potentialV52V0e2f/M one finds
density perturbations

udku;
H

M
. ~19!

Note that this amplitude does not depend onk, i.e. these
perturbations have aflat spectrum,ns51, like in inflation,
but without any inflation! To obtain this result we did no
need any brane physics or string theory, it is a trivial con
quence of the tachyonic instability.

For the power-law potentialV52lnfn/Mn24 we find

udku;An~n21!
H

f
, ~20!

or, in terms ofk;AuV9(f)u,

udku;@n~n21!#n/2(n22)
H

M (n24)/(n22)
k22/(n22). ~21!

The spectral index is given by

ns511
d logudku2

d logk
512

4

n22
,1. ~22!

We see that the spectrum in the class of power-law poten
is alwaysred, ns,1. For instance, forn53,4,5 we havens
523,21,21/3, respectively. All of these spectra are obs
vationally unacceptable~too red!. To haveuns21u,0.1, as
suggested by cosmological observations@25#, we must have
n.40.
3-7
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These results are valid for the power-law potentials w
negativen as well, in which case the spectrum becomesblue.
For example, forV52lnM42n/fn one has

ns511
d logudku2

d logk
511

4

n12
,1. ~23!

Once again, to haveuns21u,0.1 we must haven.40. Thus,
one should make the very special choice of a nearly ex
nential potential to produce a cosmologically accepta
spectrum.

In general, the ‘‘color’’ of the spectrum depends on t
way uV9(f)u behaves with respect touV(f)u when the field
f rolls down to the minimum ofV(f). For example, the
potentialV52V0e2f2/M2

would lead to ablue spectrum of
density perturbations, decreasing as log1/2k at smallk.

B. The same mechanism in 5D brane cosmology

The reason we discussed this mechanism here is th
provides a simple interpretation and generalization of
mechanism of production of density perturbations in the
pyrotic and pyrotechnic scenarios@1#. The discussion of this
effect in Ref.@1# is very involved because the authors we
trying to follow simultaneously the expansion of the un
verse, motion of all three branes and perturbations of
bulk brane. At first glance it seems to be an extremely co
plicated gravitational problem. To treat it properly the a
thors introduced the effective scale factor which was no
real scale factor but in fact something very much differe
and as a result the physical meaning of this effect beca
rather difficult to analyze.

However, the motion of all branes and the total change
metric during the whole duration of the process of motion
the bulk brane towards the visible brane is rather insign
cant. As we will see, in order to understand the mechan
for the generation of density perturbations in the first a
proximation, one can completely neglect expansion of
universe. In this case, the equation of motion for the bran
a distanceY(x) from the visible brane is completely analo
gous to the equation for the scalar field discussed above,
it becomes clear that the mechanism of generation of den
perturbation in the ekpyrotic scenario is exactly equivalen
the effect of tachyonic instability described in the previo
subsection.

Indeed, density perturbations discussed in Ref.@1# are
produced due to the fluctuations of the bulk brane. Accord
to Ref. @1#, the effective Lagrangian of the brane in the low
est approximation inb/a is given by

Lb53bM5
3BF1

2
D~Y!2hmn]mY]nY2V~Y!G . ~24!

This Lagrangian looks like a Lagrangian of a scalar fie
Y(x) with a nonminimal kinetic term. To properly normaliz
Y @ignoring for a moment the insignificant dependence
D(Y) on Y at Y'R# one should multiplyY by A3bM5

3B, i.e.
introduce the variable
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f~x!5A3bM5
3BD~Y!Y~x!. ~25!

This is necessary in order to find the correct amplitude
quantum fluctuations ofY. A properly normalized potential is
V(f)53bM5

3B V(Y) and a properly normalized term
V9(f)5d2V/df2 is (d2V/dY2)D22(Y). So the properly
normalized amplitude of quantum perturbations of the fi
f at the moment when it stops oscillating
Aud2V/dY2uD21(Y). ~For simplicity, here and in the follow-
ing equations we are ignoring factors of 2, 3 andp.!

Returning to the amplitude of fluctuations ofY, one finds

dY~k!;
df

AbM5
3B

;
AuV 9u

AbM5
3BD~Y!

;
k

AbM5
3BD~Y!

;

AUd2V

dY2U
AbM5

3BD2~Y!
. ~26!

Dividing this result byẎ5D21(Y)AuV(Y)u one finds the
time delay

dt~k!;

AUd2V

dY2U
AbM5

3B V~Y!D~Y!
. ~27!

For the exponential potentialV(Y)52ve2amY one has

dY~k!;
maAve2amY

AbM5
3BD2~Y!

, ~28!

and the time delay

dt~k!;
ma

AbM5
3BD~Y!

. ~29!

This result coincides with the result obtained in Eq.~72! of
Ref. @1# up to a factor of 1/A3B;20.5 After multiplying this
result by H, we again obtain a nearly flat spectrum. It
slightly blue if D(Y) decreases towards smallY, as assumed
in Ref. @1#, and it is slightly red ifD(Y) increases towards
small Y as in the pyrotechnics scenario. But the mechan
of generation of perturbations works~or does not work! in-
dependently of the slow decrease or slow increase ofD(Y),
and the color of the spectrum often is much more sensitiv
the choice of the potentialV(Y) rather than to the behavio
of D(Y). In particular, for any power-law potentialV(Y);
2Yn one would get an unacceptably red spectrum unlesn
.40. The red tilt introduced by the growth ofD(Y) at small
Y implies thatn must be even greater. In this respect t
ekpyrotic/pyrotechnic scenario is much less robust than

5The reason of this disagreement, which affects the final ans
for the amplitude of density perturbations, is that the authors of R
@1# did not include 3B in the normalization ofY.
3-8
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PYROTECHNIC UNIVERSE PHYSICAL REVIEW D64 123523
inflationary universe scenario where the spectrum is ne
flat for almost all inflationary models.

C. Is this a realistic mechanism?

It could seem that now we have a new realistic mec
nism for the generation of density perturbations, which d
not require inflation, and which can produce perturbatio
with any spectrum we like, depending on the choice ofV(Y)
or V(Y). As we have seen, there is nothing brane specific
this mechanism. Explanation of this mechanism requi
nothing but two simple equations, Eqs.~18! and ~19!. So
why did we not use this mechanism before if it is so trivia
Is there a catch?

There are two different problems related to it. First of a
we needed toassumethat the universe was flat and homog
neous from the very beginning. Of course, one may ar
that our universe initiallymustbe flat and homogeneous fo
some reason to be discovered later. This was the ideolog
the models of structure formation due to topological defe
or textures, which sometimes were advertised as the mo
that ‘‘match the explanatory triumphs of inflation while re
tifying its major failings’’ @26#. In our opinion, if we find that
inflationary theory does not work, we may use such mod
as a ‘‘plan B,’’ but we will definitely lose a lot by doing so

A more serious problem is that in our discussion of flu
tuations in 4D we neglected expansion of the universe
duced by the effective potential@i.e. the term 3H ḋfk in Eq.
~17!#. Therefore, our results apply only for the short wav
length fluctuations withk2;uV9u.H2, where H is the
Hubble constant. This means that all perturbations that
correctly described by this method must have wavelen
k21 smaller thanH21. Thus, these perturbations are of n
interest for the theory of the large-scale structure format
unless one makes some trick to makeH exponentially small
during the process of generation of the perturbations. T
does not mean that no perturbations are produced with w
length larger thanH21. At the stage whenuV9u!H2, the
universe experiences inflation, so we get usual inflation
perturbations. A good thing about it is that such perturbati
have a flat spectrum for a much broader range of poten
such as2fn with n,40, as well as withn.40. Thus we are
back to inflationary theory.

Nevertheless, if our goal is to avoid using anything infl
tionary, we may still try to do so. For example, we can avo
any gravitational backreaction if we assume that the effec
potential vanishes near its maximum, so that it does not
duce any Hubble constant during the first part of the proc
This was exactly the assumption made in Ref.@1#. They con-
sidered the potentialV(Y)52v exp(2amY) which nearly
vanishes atY5R. Therefore, the Hubble constant initiall
also vanishes, and the new mechanism for the generatio
density perturbations works. However, the price one may
for it is that after the fieldf(xW ) @or Y(xW )# rolls down to the
minimum of the effective potential and the energy of its o
cillations dissipates, the effective potential remains large
negative, and we may find ourselves in a universe wit
large negative cosmological constant. The authors of Ref@1#
are aware of this problem but argue that it can be some
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resolved, assuming thatV(Y) may suddenly rise to zero a
Y50 due to some nonperturbative effects. Until this proble
is resolved, the existence of a novel realistic mechanism
the generation of density perturbations with a flat spectr
remains an interesting but speculative possibility.

Of course this issue would not arise if we assume t
initially V(Y) is positive, and then eventually the bulk bran
falls to Y50 with V(Y)50. But in this case initially we will
have inflation, which will produce inflationary perturbation
with flat spectrum. Thus, having inflation as a part of bra
cosmology may not be a bad idea after all.

Let us check how easy it would be to avoid inflation wh
still producing density perturbations with a flat spectrum o
scale comparable to the observable part of the universl
;1028 cm. At the beginning of the big bang~brane colli-
sion! our part of the universe was smaller by a factor
T/T0, whereT;1011 GeV in the reheating temperature
the ekpyrotic scenario@1# andT0 is the present temperatur
;3 K. This ratio is about 1024. This means that the wave
length of the perturbations we are discussing wask0

21

;104 cm at the moment of the brane collision, so that

k0;10217 GeV;10232M5 . ~30!

To produce perturbations on this scale by the tachyo
instability rather than due to inflation one needs to haveH
,k0. According to Eq.~20! of Ref. @1#,

H25S ȧ

a
D 2

5bS 1

2
D2Ẏ21V~Y! D , ~31!

where b;10214M5
2. The authors of Ref.@1# have chosen

V(R) to be nearly zero,V(R)52ve2amR;2102120,
whereas at smallY one hasV(Y);210210. This negative
potential has not been really derived from a fundamen
theory, and, as it was argued in Ref.@11#, where a similar
scenario was developed as a basis for inflationary theory,
potential may contain many other terms of different natu
One of the problems with this potential becomes obvious
one tries to assume that the bulk brane initially did not mo
Ẏ50, which looks like a very natural assumption. Then t

equation H2;b@ 1
2 D2Ẏ21V(Y)# becomes inconsistent fo

negativeV. This is an indication that either the bulk bran
has a more complicated geometry, like an open universe
ated by tunneling, or one should add some positive term
V(Y). So let us see whether anything will change if we a
to it a very small positive constantVL such thatuV(R)u
!VL!uvu.

In such a case, the later stages of the bulk brane mo
will not change at all, but in the beginning of its evolution
will experience inflation withH2.10214M5

2VL . This will be
similar in spirit to the Dvali-Tye scenario@11#. Inflation will
induce the usual inflationary perturbations with flat spectr
on a scalek0;10232M5 unless one fine tunesVL to be in-
credibly small,VL,10250.

To summarize, if one wants to use a tachyonic instabi
to produce density perturbations with a flat spectrum, o
must fine tune the functional form of the potential. For e
3-9
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ample, one should avoid such potentials as2Y6n with n
,40. Then one must solve the problem of the negative c
mological constant at the end of the process and fine tune
value ofV(Y) near the hidden brane with accuracy 10250 in
the natural units ofM5

4. This last step should be made if on
wants to avoid using a much more robust method of gen
tion of density perturbations provided by inflation.

V. PROBLEMS WITH THE BULK BRANE
POTENTIAL V„Y…

One of the most crucial assumptions of the ekpyrotic s
nario is the existence of the exponential potential of the b
brane,

V~Y!;2ve2uamuY. ~32!

This potential was added to the model by hand. It was a
necessary to assume that this potential is not purely expo
tial, but it rises to zero atY50. But does this potential cor
rectly describe the situation, or something else should
added to it? This is a very important issue because this
tential is of the order 102120 near the hidden brane@1#, so
one must avoid any corrections to this potential with an
curacy 102120 to keep the scenario intact.

If one adds an exponentially small positive constant
V(Y), one gets inflation, as in Ref.@11#. Such terms asY6n

with n,40 also should be forbidden. If the brane configu
tion is a supersymmetric BPS state, one may assume
such terms cancel each other and vanish. However, as
already mentioned, supersymmetry of the three-brane c
figuration in HW setting is not rigorously established. Mor
over, there is no supersymmetry in the real world, so
cancellation of the long-range forces cannot be exact.
we really suppress power-law terms with accuracy 102120?
Also, even if these terms were absent for exactly para
branes, they would appear again if the branes are not exa
parallel, or if they become nonparallel because of the qu
tum fluctuationsdY produced due to the tachyonic instabili
@27#. Indeed, if the branes are nonparallel, they are not i
BPS state, and the cancellation of the long-range forces
ing between the branes is again not exact, see e.g. R
@28,29#. Meanwhile we need it to be exact with accura
102120.

There are other issues to consider as well. In the ekpyr
scenario the positive tension hidden brane splits into
positive tension branes. As we have shown, however,
setting contradicts the usual HW phenomenology. If o
makes the standard assumption that the hidden brane in
scenario has negative tension, does it mean that it splits
two negative-tension branes? It is very hard to imagine
such a process is possible. But it is equally hard to imag
that it splits into a positive tension bulk brane and a nega
tension hidden brane with anincreasedabsolute value of
tension. Do we have a runaway brane instability where
brane tension tends to become indefinitely large?

Let us return now to a much simpler and less ambigu
issue and analyze the assumption made in Ref.@1# that the
energy of the bulk brane is negative and is given byV(Y)
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;2ve2uamuY. According to Ref.@1#, such Yukawa-type terms
may appear for precisely parallel branes because of non
turbative effects such as the exchange of virtual M2-bra
between the bulk brane and either of the boundary bra
However, as shown by Moore, Peradze and Saulina@13#, the
structure of the potential can be much more complicated

Before discussing the general structure of the poten
obtained in Ref.@13#, let us first discuss the mechanism ou
lined in Ref. @1# that could lead to the potentials such
V(Y);2ve2uamuY.

First of all, let us represent this potential as a function
f(x)5A3bM5

3BD(Y)Y(x), as we did when we discusse
the mechanism of generation of density perturbations. T
representation is only approximate sinceD(Y) changes a
few times whenY changes from 0 toR. However, as we have
already seen, this simple approximation is very useful if o
wants to understand the most important features of
theory. Let us use the same parameters as in Ref.@1#. In this
caseD(0)5100 andD(R)5350. For definiteness, let u
take D;300, which corresponds to the beginnin
of the process. Then one findsf(x)'5M5

2Y(x)
5531022M pM5Y(x). According to Eq.~24!, the effective
Lagrangian of a properly normalized fieldf is given by

Leff'
1

2
~]mf!22V~f!

5
1

2
~]mf!2110222M p

4expS 2
5000f

M p
D . ~33!

Exponents such as exp(Cf/Mp) with C5O(1) often
appear in string theory. However, it is an challen
to find a realistic model with a potentialV(f)}
210222M p

4exp(25000f/M p). Note that the huge coeffi
cient 5000 in the exponent is crucially important for obta
ing long-wavelength perturbations with a nearly flat spe
trum in the ekpyrotic scenario, as well as in the pyrotech
scenario; see Appendix B.

It is argued in Ref.@1# that one may think ofV(Y) as the
potential derived from the superpotentialW;e2cY for the
modulusY in the 4D low energy theory, wherec is a positive
parameter with dimension of mass. The corresponding po
tial in terms of the fieldf is constructed fromW and the
Kähler potentialK,

V5eK/M pl
2 FKi j DiW DjW̄2

3

M pl
2

WW̄G , ~34!

where Di5]/]f i1Ki /M pl
2 , Ki5]K/]f i , Ki j 5]2K/

]f i]f j .
Let us indeed try to calculate the corresponding potent

Note that the properly normalized fieldf is very small,f
,0.05M p for Y,R5M5

21. In such a situation one may ex

pect that in the first approximationeK/M pl
2

'1, Di']/]f i .
This is what happens if one has minimal Ka¨hler potential for
the properly normalized fieldf, as suggested by Eq.~33!. In
reality, the Kähler potential may be quite complicated, in
volving many other fields, and the superpotential will conta
3-10
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contributions of other fields in addition tof. Still it is quite
instructive to see what happens if one considers a single
f with the minimal Kähler potential.

To obtain V(f);exp(25000f/M p) one should take
W(f);exp(22500f/M p). Then the first, positive term in
Eq. ~34! will be 106 times greater than the second, negat
term, so that the second term can be neglected, just as
globally supersymmetric theory. Therefore, even though
potential will be proportional to exp(25000f/M p), as ex-
pected in Ref.@1#, it will be positiverather than negative. In
this case the bulk brane will be attracted to the hidden br
and it will never fall to the visible brane.

The positive sign appears in this expression not by a
dent. If one would takeW;e2cf/M p with c!1, the sign
would be negative, as required. But in this case the scen
would not work because the spectrum of perturbations wo
be strongly red. That is why in Ref.@1# one hasc;2500. But
in this case the scenario does not work anyway because
potential becomes positive and the bulk brane does not m
towards the visible brane. It might be possible to resolve
problem by taking a completely different set of parameters
compared to the ones taken in Ref.@1#. Finding a proper se
of parameters is a separate problem to be addressed.

Now let us forget for a while about this problem an
simply assumethat the potential energy of interactions b
tween the branes produces the negative potentialV(Y)5
2ve2amY, whereY is the distance between the branes.
deed, we will see shortly that similar~though somewhat dif-
ferent! terms may appear if one considers a contribution
other matter fields. But then one should take into acco
interactions between the bulk brane andboth of the other
branes. This would add at least one new term to the pote
tial:

V~Y!;2v1e2c1Y2v2e2c2(R2Y). ~35!

Hereci are some positive constants. The first term descri
the Yukawa-type interaction of the bulk brane with the v
ible brane, the second term, which was not present in R
@1#, describes a similar interaction of the bulk brane with t
hidden brane. Potentials of this type may indeed appear
three-brane configuration@13#. In general, they may contai
many other terms, the coefficientsv i may be functions of
various moduli, and may be either positive or negative. B
fore discussing this more complicated situation outlined
Ref. @13#, we will discuss our toy potential~35! to develop
some intuition.

The appearance of the second term in the expression
V(Y) is very important. Now the potential near the hidd
brane is entirely dominated not by the exponentia
small term 2v1exp(2c1Y), but by the second term
2v2exp@2c2(R2Y)#. If both v1 andv2 are positive, then the
bulk brane is attracted to the hidden brane and never mo
towards our brane. Meanwhile, ifv2 is negative, there will
be a large repulsive force between the hidden brane and
bulk brane. As a result, the bulk brane will be rapidly movi
towards the visible brane. The total duration of the proc
will be very short, and therefore no long wavelength pert
bationsdY(k) will be produced.
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The only way to overcome this problem would be to ha
the second exponential term extremely small. In this case
bulk brane could stay for a while in the shallow minimum
V(Y) nearY5R, then tunnel through the barrier and fall t
our brane. However, it must tunnel to the part of the poten
with the curvature smaller thank0

2;10264M5
2 if one wants to

produce density perturbations on the scale of the present
rizon. Simple estimates indicate that it would only be po
sible if v2,10260. In other words, one should complete
forbid any contribution to the superpotential coming fro
the interaction of the bulk brane with the hidden brane.

An example of the calculation of the effective potent
V(Y) due to the nonperturbative instanton effects in H
theory was given in Ref.@13#. The calculation was very com
plicated, and it was based on several carefully specified
sumptions. In particular, they assumed that the contributi
of the hidden and of visible branes to the superpotential
of comparable magnitude, and they included contributions
just a few matter fields assuming special relations betw
their values. Still their results are very interesting and
structive. We will present them in the notation of Ref.@13#.
The nonperturbative potential is schematically represente

U5
1

VJ2 FaC42b~12x!uCu3ue2Jx7e2J(12x)u

1gVS ~e2Jx7e2J(12x)!2

1
2J

3V
~122x!e22J(12x)6

4Jx

3V
e2JD G . ~36!

HereV andJ are some slowly moving moduli,C are charged
scalars living on the visible brane,x is the bulk brane coor-
dinate changing from 0~visible brane! to 1 ~hidden brane!.
This result is valid under several conditions including t
requirementJx@1, J(12x)@1 ~i.e. the exponentse2Jx and
e2J(12x) must be exponentially small indeed!. The exponent
e2Jx in the notation of Ref.@13# corresponds toe2amY in
Ref. @1#.

This expression has positive and negative terms, with
ponential and nonexponential factors which may rise or
near each of the branes. The termaC4 is positive; it does not
depend onx ~i.e. onY in the notation of Ref.@1#!. The term
2b(12x)uCu3e2Jx, which appears due to interference
the nonperturbative superpotential with the superpotentia
charged scalarsC, is the only term with the desired behavio
;2e2Jx. However, it is shown in Ref.@13# that this term is
subdominant andthe sum of all terms is always positiv
within the domain of validity of Eq.~36!. To obtain the nega-
tive exponential potential required in the ekpyrotic scena
one would need to forbid all terms except the negative te
;2e2Jx in Eq. ~36!. This term must appear because of t
interaction of the bulk brane with the visible brane where
groupE8 is broken. In particular, we would need to forbid a
terms;6e2J(12x) that would appear because of the inte
action of the bulk brane with theE8 brane.

This is a rather nontrivial task. According to Ref.@14#, the
nonperturbative contribution to the superpotential is o
3-11
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nonvanishing if the restriction of vector bundle to the ho
morphic curve around which the supermembrane is wrap
is trivial. This condition is satisfied when the bulk bran
interacts with the end-of-the-world~hidden! brane with un-
brokenE8. That is why the superpotential calculated in R
@14# described interaction of the bulk brane with theE8 hid-
den brane, but not with the visible brane. But in our ca
such interaction would induce the term;e2c2(R2Y), which
should be forbidden in the ekpyrotic scenario. Does it me
that this scenario requires that our brane was in fact theE8
brane before the brane collision, and thenE8 was broken
down to the symmetry of the standard model after the co
sion of the brane with tensiona with the brane with an
extremely small tensionb5a/2500? So far no realization o
such a scenario was proposed. All previous works on
subject assumed that we live on the brane whereE8 was
already broken to some smaller group prior to the collisi
and that the colliding branes had comparable tensions, w
is not the case in Ref.@1#.

Now let us look at this situation from a somewhat diffe
ent perspective. Historically, one of the main reasons to
culate the nonperturbative brane potential was to find
mechanism of brane stabilization in the HW scenario.
deed, at the classical level these branes can stay at any
tance from each other, as long as no naked singularity
pears between the branes. The hope was that the dist
between the branes will be stabilized due to nonperturba
effects. The result of the calculations performed in Ref.@13#
shows that under the conditions specified in this work
nonperturbative effects instead of the brane stabilization p
duce a small destabilizingrepulsionbetween the branes, pro
portional toe2J. In the language of the ekpyrotic variable
this would correspond to the repulsion proportional
e2amR;e2250.

This result has several important implications. First of a
at present the problem of brane stabilization in the HW s
nario remains unsolved. Second, if the brane stabiliza
occurs due to the nonperturbative effects considered in
@13#, then the stabilizing forces will be vanishingly small
one uses the parameters of the ekpyrotic scenario. The
not much freedom in makinge2amR larger because the ab
solute value of the curvature of the effective potentialV(f)
near the hidden brane must be smaller thank0

2;10264M5
2 if

one wants to produce density perturbations by the mec
nism of tachyonic instability; see Appendix B. Thus we r
ally need to haveamR.102. Consequently, theT moduli ~or
the f field in our notation! corresponding to the brane exc
tations will be nearly massless. This does not seem to
phenomenologically acceptable. In addition, in the abse
of a sufficiently powerful mechanism of brane stabilizati
there is no obvious reason to expect that the branes mu
parallel to each other from the very beginning. In the beg
ning of the evolution of the universe different parts of t
branes at large distance from each other ‘‘did not kno
where they should stay. As we will see in the next secti
this leads to a severe problem of homogeneity.

On the other hand, if eventually we will discover th
mechanism of brane stabilization in the HW scenario, th
most probably this mechanism will apply not only to th
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visible and hidden branes, but to the bulk brane as well. T
will imply that the potentialV(f) will acquire much greater
curvature than 10264M5

2, in which case the mechanism o
tachyonic instability will be unable to generate large-sc
density perturbations.

Can we have the best of both worlds: brane stabilizat
and large-scale density perturbations? Yes, we hope that
possible, but only if we have inflation.

VI. HOMOGENEITY AND ENTROPY PROBLEMS

Now let us be very optimistic and assume that all pre
ously mentioned problems can be resolved and let us
whether this scenario can solve the homogeneity problem
course, one mayassumethat the universe from the very be
ginning was entirely homogeneous. The idea is that our u
verse starts its evolution in a BPS state, which is a co
pletely stable lowest energy state containing tw
homogeneous branes.

Here we have several important issues at once. First of
one may indeed expect that the universe after a long
violent evolutionends upin a ground state. Thus, one cou
argue that thefinal state of the universe, rather than itsinitial
state, could be a BPS state. But is it possible to start with
universe being in a ground state? Is it possible that a gro
state of a theory decays? A decaying state cannot be a
ground state. The existence of the nonvanishing poten
V(Y) violates the BPS nature of the initial state and leads
the instability the brane configuration which develops with
finite time. But a nonsingular state with finite lifetime cann
be a true initial state of the universe, at least not in
classical theory of gravity.

Essentially we have two different options. The first one
that the universe appeared from an initial singularity or w
created ‘‘from nothing,’’ then it experienced a period of e
pansion, cooling down, and eventually reached its grou
state. Here, there is no obvious reason to expect that it be
in a ground state.

Another option is that we are in a self-reproducing fa
vacuum state. There is no initial singularity, and there is
ongoing repetitive process of creation of new parts of
universe. The first semirealistic version of this idea was p
posed in Refs.@30,31# in the context of the eternal new in
flation scenario. However, it was immediately realized th
this idea will not work and the universe in the new inflatio
scenario must have a beginning because of geodesic inc
pleteness of an expanding de Sitter universe@32#, see also
Ref. @33#. A similar conclusion may not be valid for chaoti
inflation @34#, so it remains to be seen whether eternal infl
tion in the simplest versions of the chaotic inflation scena
@35# requires any beginning.

However, in the ekpyrotic scenario there is no inflatio
by design, and no self-reproduction. The properties of
BPS state~the tension of the branes! change each time a new
bulk brane is born. Thus, it is not a stationary process, so
cannot avoid the question of the initial conditions that cou
create the two- or three-brane near-BPS state. In such a
the required homogeneity of the two- or three-brane unive
should be explained rather than postulated. The initial hom
3-12
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PYROTECHNIC UNIVERSE PHYSICAL REVIEW D64 123523
geneity of the two- or three-brane configuration postulated
the ekpyrotic scenario is not a solution of the problem
rather a problem to be solved.

Of course, it may happen that an approximate homoge
ity on a very small scale is all we need. This is the case in
simplest versions of chaotic inflation where an approxim
homogeneity on the Planck scale is the only condition
quired to trigger an eternal chain reaction of se
reproduction of the inflationary universe@35#. Let us see
whether an approximate homogeneity on small scale
good enough for the consistency of the ekpyrotic scenar

Suppose that initially the position of the bulk brane w
slightly perturbed, so that it was equal toY(0)1DY(x), with
Y(0)'R. For simplicity one may assume that this perturb
tion can be represented by a sinusoidal waveDY(k)sinkx.
Then we immediately see a possible problem: A very sm
classicalinhomogeneityDY(x) of the initial position of the
bulk brane can be exponentially enhanced by the tachy
instability, which may lead to a strong inhomogeneity of t
visible brane upon collision. In other words,the same
mechanism that produces large scale classical perturbati
from small quantum fluctuations may greatly amplify sm
initial inhomogeneities of the position of the bulk brane. If
the amplitude of theclassicalperturbationsDY(k) is greater
than the average amplitude of quantum fluctuationsdY(k),
we will see unacceptably large irregularities in the CM
spectrum. To avoid this problem we must require that
classical perturbations of the bulk brane positionDY(k) are
smaller than the quantum perturbationsdY(k) for all wave-
lengths that we can presently observe.6

To evaluate the significance of this effect we will estima
the initial amplitude of quantum fluctuationsdY(k) on the
scale corresponding to our present horizon,l 0;1028 cm. As
we have shown in the previous section, at the moment of
brane collision such perturbations had momentumk0
;10217 GeV;10232M5. The corresponding length sca
k0

21 was 1030 times larger than the proper distance betwe
the branesR;BD2M5

21;102M5
21.

Equation~26! gives the following expression for the av
erage amplitude of quantum fluctuationsdY(k0):

dY~k0!;
k0

AbM5
3BD

;10232M5
21 . ~37!

To avoid problems with anomalously large CMB anisotro
one should haveDY(k0),dY(k0);10232M5

21. Dividing

6One may even argue that the requirement that classical pertu
tions must be smaller than the quantum ones means that st
speaking there are no classical perturbations at all. Indeed, pe
bations can be called classical only if the corresponding occupa
numbersnk for particles with momentak are much greater than 1
But then the amplitude of such perturbations would become gre
than the amplitude of quantum fluctuations by a factor ofA2nk11
@36#, which is incompatible with the conditionDY(k),dY(k). In
this sense one may say that to avoid large CMB anisotropy
should not haveany large-scale classical perturbations of the bu
brane: We must start with an ideally flat brane.
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this by the initial valueY'R5M5
21 one finds that in order

to avoid unacceptably large density perturbations and C
anisotropy in the observable part of the universe one m
have the branes positioned exactly parallel to each other
accuracy

DY~k0!

Y
;10232 ~38!

on the macroscopically large scalek0
21;104 cm, which is

30 orders of magnitude greater than the physical dista
between the branesBD2M5

21.7 In other words, the angleu
between the branes on the scalek0

21;1032M5
21 must be

smaller than 10262 from the very beginning. This incredible
fine tuning cannot be considered a solution of the homo
neity problem.

Can we do something about it? One possible idea wo
be to deviate from the static setting describing initial co
figuration of two or three branes in a near BPS state,
suggested in Ref.@1#, and instead consider the process
cosmological evolution which could eventually result in cr
ation of such a configuration. For example, one may imag
that initially there was a stage of inflation which made t
universe homogeneous and the branes parallel. Another
sibility is to consider a noninflationary Friedmann evolutio
starting with a cosmic singularity and resulting in formatio
of two branes. If there exists a powerful mechanism of bra
stabilization, then the branes could stay at a distance
proximately equal toM5

21 for an exponentially long time.
Then the energy density of matter on the branes, includ
the energy of their inhomogeneities, will be diluted by co
mic expansion, and eventually the branes will become alm
exactly parallel to each other.

Let us assume for a moment that we were able to m
the universe homogeneous by this mechanism~which is not a
part of the ekpyrotic scenario assuming static initial con
tions!. Could we solve all major cosmological problems d
to the stage of the cosmological expansion preceding
onset of the pyrotechnic stage? Suppose that the univer
closed, and initially it was filled with radiation. Then, ac
cording to Ref. @36#, its total lifetime is given by t
;S2/3M p

21 , after which it collapses. Ignoring for a mome
the possible time dependence ofM p , we find that in order to
survive until the momentt;k0;1032M5;1034M p , the
universe must have the total entropy greater than 1050. In
other words, the universe must contain at least 1050 elemen-
tary particles from the very beginning. Thus in order to e
plain why the total entropy~or the total number of particles!
in the observable part of the universe is greater than 1088 one
must assume that it was greater than 1050 from the very
beginning. This is the so-called entropy problem@36#. If the
universe initially has the Planckian temperature, its total i
tial mass must be greater than 1050M p .

a-
tly
ur-
n

er

e
7The result~38! can also be derived using variation with respect

time in formula~A10!.
3-13
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On the other hand, if the bulk brane was created due
the tunneling, then one must make sure that the tunnelin
extremely strongly suppressed so that it does not hap
during an exponentially large time required for the branes
become parallel with accuracy of 10262. One must also en
sure that the tunneling does not take place twice within
time 1032M5

21 that is required for the formation of our pa
of the universe. Indeed, each tunneling makes the univ
inhomogeneous, but if only one such event occurred, it m
be interpreted as a creation of a homogeneous open univ
However, such interpretation will fail if there were man
bubbles within the cosmological horizon.

More importantly, our mechanism of brane ‘‘homogeniz
tion’’ could work only if there were some reason for th
branes to be dynamically stabilized immediately after
beginning of the evolution of the universe, at the same d
tance all over the huge domain many orders of magnit
greater than the brane separation. However, the problem
brane stabilization in the HW scenario still remains u
solved, and in the ekpyrotic scenario there are no forces
would keep the branes at a fixed distance. It is possible
nonperturbative effects similar to those responsible for g
eration of the potentialV(Y) will fix the distance between
the branes@4,13,37#. But with the parameters used in Ref.@1#
such stabilizing forces would be suppressed by the same
of exponents asV(R);102120, i.e. they will be incredibly
weak.

Meanwhile, if the branes were even slightly inhomog
neous from the very beginning, they were out of the B
regime, and the long-range forces of attraction and repuls
were not compensated@28,29#. Our estimates indicate that
the initial angle between the branes was greater than 10262,
these forces could be much stronger than the nonperturb
potential V(Y). The potentialV(Y) would contain a large
power-law contribution@11# which would lead to a prema
ture fall of the bulk brane to our brane. In such a case
perturbations with a flat spectrum would not be produced

Moreover, if one considers a generic inhomogeneous
gime in the early universe, where the initial fluctuations
metric could beO(1) on the Planckian scale, and the bran
were not parallel at all, then the non-BPS long range for
of attraction and repulsion could be dozens of orders of m
nitude greater thanV(R);102120. In this case we do not se
any way to make the universe even marginally homogene
on the scale 1030 times greater than the brane separation.

In comparison, in the simplest versions of chaotic infl
tion scenario the homogeneity problem is solved if our p
of the universe initially was relatively homogeneous on
smallest possible scaleO(M p

21) @12#. The whole universe
could have originated from a domain with total entro
O(1) and total massO(M p). Once this process begins,
leads to eternal self-reproduction of the universe in all
possible forms@35,36#. Nothing like that is possible in the
ekpyrotic scenario.

VII. CONCLUSIONS

In this paper we were trying to evaluate the claims t
the recently proposed ekpyrotic scenario is fully motiva
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by string theory and resolves all major cosmological pro
lems without using inflation. These are very serious clai
since so far all attempts to replace inflation by an equa
valid paradigm were unsuccessful.

In our opinion, this new attempt is not an exception. W
have found that the ekpyrotic scenario is not entirely str
motivated and must be modified. In particular, to obtain t
scenario from the Hor˘ava-Witten model one must change th
signs of the brane tensions, which entails many ot
changes in the parameters and properties of the model.

One must also find the way to generate the brane pote
V(Y), which in terms of the effective fieldf is given by a
very unusual expression210222M p

4exp(25000f/M p). To
find such potentials one must allow nonperturbative inter
tion of the bulk brane with the visible brane and entire
suppress interaction of the bulk brane with the hidden bra
This is a requirement which is difficult to satisfy. And in th
end one would need this potential to vanish atf50. As we
have argued, existence of such potentials is hardly com
ible with string phenomenology and with the possibility
achieve brane stabilization in the HW scenario.

Many other features of this model are equally questio
able. Is it really possible for BPS states to decay? Does
bulk brane have flat geometry? What exactly happens w
the branes collide? If the bulk brane brings too much non
panding matter to our world, our universe may collap
rather than expand. Indeed, prior to the collision, our bra
was empty. If one simply deploys there a lot of matter, t
universe may collapse. It is not sufficient to reheat our bra
and create matter there. One must make sure that this m
expands rather than implodes, and that it expands in su
way that the kinetic energy of matter is exactly equal to
potential energy, because otherwise our universe will not
flat, and there will be no inflation to make it flat later.

To study this problem one would need to use the Isr
junction conditions for the extrinsic curvatureKn

m for the
colliding branes embedded into 5D bulk. Usually the hyp
surfaceS in the junction conditions is a timelike hypersu
face. In this model we have to consider a spacelike hyp
surface t0, where the four-dimensional brane ener
momentum tensorTn

m experiences a jump from the vacuum
like form Tn

m5sdn
m to the radiation formTn

m5r diag(1,
21/3,21/3,21/3). Therefore the extrinsic curvature~em-
bedding! of the visible brane also will have a jump att0. This
means that cosmology at the visible brane after the collis
may be more complicated than what one may naiv
expect.8

All of these issues are very nontrivial. Our experien
with brane cosmology tells us that it is often dangerous
make approximations which at the first glance seem v

8Recently it was found that the 5D description of the ekpyro
scenario is problematic even before the collision@18#. It was shown
there that the ansatz for the metric and the fields used in Ref@1#
does not provide a consistent solution to the dilaton and grav
tional equations in the bulk. To avoid this problem one would ne
to use a more general ansatz for the metric and provide an impro
5D interpretation of the bulk brane potentialV(Y).
3-14



th
a

in

sp
t-

he
r

rb

m
sp
ity
h
o
p

um
t

ith

a
ly
o-

a
n

if
ty,

in

h
bi
a

is
s
ll

en
um
n-
.
e
a

re
ke
his
n
e

a
ac
i-

es
the

en-
-

n-
a-

e-
on

of
heir
ent

r
re-
is
ks

e
to

in
ust
t
of

y
is-

e

ce-
ion
not
as-
sity

rum

s in

eir
nal

ilo-

t
ill
ni-
cale
tic
m
ge-

PYROTECHNIC UNIVERSE PHYSICAL REVIEW D64 123523
natural. For example, we have found that if one takes
two-brane Randall-Sundrum model and adds there a sc
field in order to achieve brane stabilization without chang
the brane tension, as in the Goldberger-Wise scenario@38#,
the branes become exponentially expanding@39#. To avoid
this expansion one must adjust the brane tensions in a
cific fine-tuned way@40#. We suspect that a similar adjus
ment is necessary in the ekpyrotic/pyrotechnic scenario
well.

But the main problem is related to the claims that t
ekpyrotic scenario provides us with a new noninflationa
brane-specific mechanism of generation of density pertu
tions with nearly flat spectrum, and that it also provides
solution to the homogeneity, horizon and flatness proble
In this paper we have shown that there is nothing brane
cific in the ekpyrotic mechanism of production of dens
perturbation. It is based on the simple mechanism of tac
onic instability, which works in 4D theory as well. But t
make it realistic one must consider a narrow subclass of
tentials with V9,0 that would lead to inflation if their
maxima would correspond toV.0. Then if one wants to
avoid inflation one must fine tune the height of the maxim
with accuracy about 102120. Finally, one must ensure tha
with this setting we do not wind up in an AdS universe w
large negative cosmological constant.

It is ironic that if this goal is achieved, we will unleash
mechanism of tachyonic instability which will exponential
amplify not only quantum fluctuations, but also initial inh
mogeneities.

To understand the nature of the problem one may comp
this scenario with inflation. Consider, for example, a pote
tial with V9(f),0 used in new inflation. Inflation occurs
uV9u!H2. Therefore the exponential tachyonic instabili
which is controlled byAuV9u ~and dampened by inflation!
develops much more slowly than the exponential stretch
of the universe controlled byH: df;exp@(uV9u/3H)t#,
whereasa;exp(Ht). As a result, all perturbations whic
could exist prior to inflation are stretched away. This com
nation of two instabilities dominated by expansion is
unique and very important property of inflation.

Meanwhile in the ekpyrotic scenario the only instability
the tachyonic one. If it is powerful enough to produce cla
sical perturbations out of quantum fluctuations, it is equa
powerful in making small classical perturbations expon
tially large. To see CMB anisotropy generated by quant
fluctuations but not by initial inhomogeneities, the initial i
homogeneities must be below the level of quantum noise

Thus, inflation removes all previously existing inhomog
neities, whereas in the ekpyrotic scenario even very sm
initial inhomogeneities become exponentially large. The
fore instead of resolving the homogeneity problem, it ma
this problem much worse. Moreover, if the universe in t
scenario was even slightly inhomogeneous, the long-ra
forces, which would be cancelled in a BPS state, app
again. This may completely change the whole scenario.

To avoid this problem one must provide a physic
mechanism which would make the branes parallel to e
other with accuracy 10260 on the scale 30 orders of magn
tude greater than the distance between the branes.
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In addition, in order to survive until the horizon becom
30 orders of magnitude greater than the distance between
branes, our universe from the very beginning must have
tropy greater than 1050, which constitutes the entropy prob
lem.

This demonstrates once again how difficult it is to co
struct a consistent cosmological theory without using infl
tion.

Note added:Recently the authors of the ekpyrotic sc
nario issued a paper replying to some of our comments
their theory@41#. However, since they incorporated many
our results and suggestions in the revised version of t
paper@1#, we do not think that there is any real disagreem
with respect to our results.

The only ‘‘incorrect’’ statement they have found in ou
work was our conclusion that the HW phenomenology
quires visible brane with positive tension. However, it
definitely true that this requirement is satisfied in all wor
on the HW phenomenology@3–5# to which the authors of
Ref. @1# referred in their paper. The only exception that w
are aware of is provided by the unconventional approach
the HW phenomenology outlined in Refs.@8,9#; see a de-
tailed discussion of this issue in Sec. III of our paper and
Ref. @18#. Instead of repeating this discussion here, we j
mention that the authors of Ref.@1# removed the statemen
that the visible brane must be in the small-volume region
space-time~i.e. that it must have negative tension! from the
revised version of their paper@1#. They also removed the
‘‘justification’’ of this statement in Sec. V B. After that the
said@41# that they never claimed that the tension of the v
ible brane must be negative.

Another point of criticism was related to our use of th
theory of tachyonic preheating@10# for the derivation of the
amplitude of the density perturbations in the ekpyrotic s
nario. This derivation allowed us to show that the assumpt
that D(Y) must decrease towards the visible brane was
necessary for generation of density perturbations. This
sumption was the basis for the statement that the den
perturbations in the ekpyrotic scenario have blue spect
@1#. We also found an error by a factor of (3B)21/2;20 in
the expression for density perturbations in Eq.~75! of Ref.
@1#. After that, the authors of Ref.@1# have withdrawn the
statement that the spectrum of the density perturbation
the ekpyrotic scenario must be blue. They improved Eq.~75!,
and made a dramatic modification of all parameters of th
model in order to keep it consistent with the observatio
data.

The remaining points of disagreement are rather ph
sophical. For example, it is argued in Ref.@41# that until a
theory of quantum gravity is fully developed, we will no
know which initial conditions are better. However, we st
believe that it is much easier to imagine that the early u
verse was relatively homogeneous on the Planck s
O(10233) cm, as required for the eternal process of chao
inflation to begin@36#, than to assume that the universe fro
the very beginning was huge and nearly exactly homo
neous on a scale 1030 times greater than the Planck scale.
3-15
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APPENDIX A: SPECTRUM OF FLUCTUATIONS
PRODUCED BY THE TACHYONIC INSTABILITY

Let us derive more rigorously the spectrum of fluctuatio
considered in Sec. IV. We shall consider the equation
quantum fluctuations~17!. Let us begin with a class o
power-law potentialsV(f)52lfn/Mn24, n.2. The equa-
tion for the temporal part of the eigenmode functi
dfk(t)e

2 ikWxW is

d̈fk1S k22n~n21!l
fn22

Mn24D dfk50. ~A1!

Initially the field rolls from the top of the potential,f'0,
towards largef, ḟ.0 ~in the context of the moduli field
between branes we shall simply redefinef→f02f). As-
suming that the initial energy of background field vanish
we find the time evolution of the background field in th
form

t02t5
2

n22

M (n24)/2

A2l
@f~ t !(22n)/22f0

(22n)/2#. ~A2!

We will consider the evolution of the field until it hits
certain value f0. It is convenient to chooset05(2/n
22)(M (n24)/2/A2l)f0

(22n)/2 , then timet flows from the ini-
tial value to t0. Substituting expression~A2! into Eq. ~A1!,
we reduce Eq.~A1! to the Bessel equation

d̈fk1S k22
n~n21!

~n22!2
•

2

t2D dfk50. ~A3!

A solution corresponding to the positive-frequency init
vacuum fluctuations is given in terms of the Hankel functi

dfk~ t !5NAtH m
(2)~kt! ~A4!

with the index

m251/412
n~n21!

~n22!2
. ~A5!

Early time asymptotic value for the large argumentkt should
be dfk(t)5(1/A2k)e2 ikt, so we choose the normalizatio
factor N5(Ap/2)e2 ipm/2. The spectrum of fluctuations a
the momentt0 is given by the expression~A4! at t0 as a
function of k. For largekt0.1 the spectrum will be an os
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cillating function ofk. However, for large wavelengths fluc
tuations with k,t05@2/(n22)#(M (n24)/2/A2l)f0

(22n)/2 ,
the fluctuations are frozen with the amplitude which can
estimated from the small argument asymptotic of the Han
function,

udfk~ t0!u;k2m. ~A6!

Further, we can find the spectrum of density fluctuations
the large wavelength limit. The density fluctuations are giv
by dk.H@dfk(t0)/ḟ(t0)#(k/2p)3/2. The onlyk dependence
is in thedfk(t0). Therefore the spectrum of the density flu
tuationsudku2;k322m. We will use the spectral index of th
density fluctuations, which is defined by the formulaudku2
;k(ns21). We have

ns511~322m!. ~A7!

Substituting here expression~A5! for m, we find the simple
formula

ns512
4

~n22!
. ~A8!

Remarkably, this is precisely the same result as derived
Sec. IV by elementary methods. We see that the spectrum
the class of the power-law potentials is always red,ns,1.

In the limit n→`, which can be considered as a shortc
answer for the exponential potential, one may expect the
spectrum,ns51. Indeed, let us consider thisvery specific
potentialV52V0e2f/M, which plays a special role in the
ekpyrotic scenario. We shall consider the evolution of qu
tum fluctuations at the time when the fieldf rolls from the
top of the potential~i.e. from largef) to f50. For the
temporal part of the eigenmode functiondfk(t) we have

df̈k1S k22
V0

M2 e2f/M D dfk50. ~A9!

Assuming that the initial energy of background field is va
ishingly small, we find

2t1t05
M

AV0/2
~ef/2M21!. ~A10!

Here f(t0)50, and the timet flows from 2` to t0 as the
field f rolls from the top of the potential~large f) to f
50. It is convenient to chooset052M /AV0/2, then
e2f/M5(2M2/V0)(1/t2). Substituting this expression int
Eq. ~A9!, we obtain

df̈k1S k22
2

t2D dfk50. ~A11!

A solution corresponding to the positive-frequency init
vacuum fluctuations is given in terms of the Hankel functi

dfk~ t !5N1t1/2H 3/2
(1)~kutu!, ~A12!
3-16



t

m

f a
a

c
e

th

am

y
n

lis
i

e
ro

ec-

his

-
erv-

rv-

the
a

the

e
e
is
to

ccu-

to

ef-
-

x-

. In

an

PYROTECHNIC UNIVERSE PHYSICAL REVIEW D64 123523
where H 3/2
(1)(z)52A2/pzeiz(11 i /z), and we choose the

normalization factorN152Ap/2. Indeed, forutu→` we
havedfk(t)5(1/A2k)eikt ~time is negative!. However, the
most interesting asymptotic corresponds to the moment0.
For the modeskut0u5kM/AV0/2!1, we have

udfk~ t0!u5
1

A2ut0uk3/2
5

AV0

2M

1

k3/2
,

df~k!5S k

2p D 3/2

udfk~ t0!u.
AV0

M
. ~A13!

Cosmological fluctuations would have a flat spectru
with the amplitude

dk.
H

M
. ~A14!

The spectrum of density fluctuations will be exactly flat,ns
51.

APPENDIX B: THE CHOICE OF PARAMETERS
AND THE BULK BRANE POTENTIAL V„Y…

IN THE PYROTECHNIC SCENARIO

As we have shown in Sec. V, the effective potential o
properly normalized fieldf in the ekpyrotic scenario has
very peculiar form

V~f!;23bBM5
3v expS 2

amf

A3bBM5
3D

D
;210222M p

4expS 2
5000f

M p
D . ~B1!

The huge coefficient 5000 in the exponent makes this s
nario rather suspicious from the point of view of string ph
nomenology. Usually the coefficients which appear in
exponential potentials in string theory areO(1).

This large number appears when we are using the s
parameters as in the ekpyrotic scenario@1#. One may wonder
whether it is possible to obtain a much smaller number b
proper choice of the parameters. Indeed, one must cha
these parameters anyway if one wants to describe a rea
model withD(Y) decreasing towards the hidden brane, as
the pyrotechnic scenario.

In order to answer this question we will first outline som
~though not all! requirements for the parameters of the py
technic scenario. Herea is a positive tension of the visible
brane. In this scenario one has

D~Y!5C2aY. ~B2!

Thus one should have

aM5
215aR,C. ~B3!
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The absolute value of the second derivative of the eff
tive potentialV(f), which is given bya2m2D22ve2amY,
determines the square of the comoving momentak2 of the
fluctuations generated due to the tachyonic instability. T
quantity should be further divided byD to obtain the square
of the physical momentum@1#. One can obtain density per
turbations on the scale comparable to the size of the obs
able part of the universe ifa2m2D23ve2amR,k0

2, wherek0

is the momentum corresponding to our present horizon,k0
2

;10264M5
2;e2150M5

2; see Eq.~30!. If this condition is not
satisfied, there will be no large-scale structure in the obse
able part of the universe. The expression fork0 can be a few
orders smaller or greater, depending on the choice of
parameters, but this will not affect our final estimate in
noticeable way. Combining all numbers together, we get
following constraint onamM5:

amR5amM5
21*120. ~B4!

Thus the exponente2amY near the hidden brane must b
smaller thane2120 if we want to explain the large-scal
structure of the universe by the tachyonic instability. This
an important constraint, since it shows that all corrections
V(Y) near the hidden brane must be suppressed with a
racy e2120;10250.

Another important relation that we are going
use is M p

25BM5
3I 3(0), where for b!a one has I 3(0)

5(1/2a)@D4(0)2D4(R)# @1#. Since in the realistic theory
one must haveD(R) several times smaller thanD(0)5C, in
the first approximation one hasI 3(0)'C4/2a. Conse-
quently,

M p'
ABM5

3C2

A2a
. ~B5!

Using these relations one can representV(f) as follows:

V~f!;23bBM5
3v expS 2

amfC2

A6baM p D
D . ~B6!

Here we will concentrate on the absolute value of the co
ficient amfC2/A6baM p D in the exponent. Using the in
equalitiesC.D, C.aM5

21, andamM5
21*120, one finds

amfC2

A6baM p D
.

amfC

A6baM p

.
50f

M p
Aa

b
. ~B7!

Note thata@b. Thus the factor in the exponent in the e
pression forV(f), Eq. ~B6!, is much greater than 50f/M p
for any choice of parameters in the pyrotechnic scenario
particular, if one takesa/b;2500 as in Ref.@1#, one finds
that the factor in the exponent must be greater th
2500f/M p .
3-17
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