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One of the central points of the ekpyrotic cosmological scenario based @vad@vitten(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®1th terms of a canonically
normalized scalar field» describing the position of the brane, this potential must take a very unusual form
V() =—10 22M gexp(fSOOOqﬁ/Mp). 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 1€ on a scale 1% 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.
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[. INTRODUCTION paper will be devoted to an epicrisis of ekpyrdsis.
One of the central points of the ekpyrotic scenario is that
i we live on a negative tension brane, and the warp father
After 15 years of development of string theory and M yolume of the Calabi-Yau spaceecreases towards the vis-
theory we are still faced with the challenging problem ofipje brane. In the original version of RéfL] one can readAs
constructing a consistent and realistic stringy cosmology. Anwe will see in Section V B, it will be necessary for the visible
interesting step in this direction has recently been made brane to be in the small-volume region of space-tifilee
Khoury, Ovrut, Steinhardt and Turok, who suggested a threeauthors repeatedly emphasized that this condition is very im-
brane cosmological model based on the aia-Witten(HW) portant _for their scenario_ and argued that it results in a d_is-
theory, and argued that it may resolve all major cosmologicalinguishing feature of their model: a blue spectrum of density
problems without any use of inflatidri]. Their model was perturbations.

; : ari However, as we will explain in Sec. Ill, the standard HW
gigi?ots?se ekpyrotic universe, from the Greek-derived Wordphenomenolog){2—7] (both for standard and nonstandard

. . . _— . embedding is based on the assumption that the tension of
The basic idea of this scenario is that initially the universee \isible brane is positive, and the warp factor increases
was in a nearly Bogomol'nyi-Prasad-SommerfillPS  towards the visible brane. There were two main reasons for
state consisting of two parallel branes, and that we live orsuch an assumption. First of all, in practically all known
the brane with negative tension. Then the brane with positivgersions of the HW phenomenology, with few exceptions, a
tension splits into two positive tension branes, one of whictsmaller group of symmetrgsuch asEg) lives on the positive
(bulk brane starts moving towards our brane. The big bangtension brane and provides the basis for grand unified theory
corresponds to the moment when the bulk brane hits outGUT’s), whereas the symmetifgg on the negative tension
brane; the collision makes the universe hot. It was argue@rane may remain unbroken. It is very difficult to find mod-
that the flatness of the branes in the nearly BPS state solvé&$s WhereEg or SU(5) live on the negative tension brane
the homogeneity and flatness problems, whereas quantuEﬁ’g]-
fluctuations of the bulk brane result in the large-scale density————
perturbations on our brane when these branes collide. In thislgpicrisis is a Greek word for critical evaluation.
paper we reexamine some of the basic premises of this?They also noticed that gravitational waves in the ekpyrotic sce-
model. We will try to verify whether it follows from string nario will have a strongly blue spectrum; but, since their level is
theory and whether it indeed can solve all major cosmologigoing to be extremely small, the shape of the spectrum of the gravi-
cal problems without the help of inflation. In this sense, ourtational waves will be nearly impossible to determine.
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There is another reason why the tension of the visibleshould be forbidden, which may be difficult to achieve un-
brane is positive in the standard HW phenomenol®yy5]: less one assumes that originally our brane was the end-of-
The square of the gauge coupling constant is inversely prahe-world Eg brane, and it became the physical brane after
portional to the Calabi-Ya@CY) volume[3]. On the nega- the brane collision. No theoretical description of such a pro-
tive tension brane this volume is greater than on the positivéess is presently available; all previous attempts to do so
tension one, see e.g. R¢L]. In the standard HW phenom- assumed thédkg is already broken and colliding branes have
enology it is usually assumed that we live on the positivecOmparable tensions, which is not the case in Rf.

tension brane with small gauge couplirgf; /47~ 0.04. The peculiar nature of the brane potentigl(Y)~

. . . - _ . a—|amY . . i .
On the hidden brane with negative tension the gauge cou- € becomes manifest if one writes it in terms of a

pling constant becomes Iarg@rﬁidder(47720(1)’ which canonically normalized scalar fiell describing the position

. — _ 1022\ 4 -
makes the gaugino condensation possilde5]. It is not of the brane:(¢)=—10 "M ,exp(~50004/My) for the

: . . . ecific choice of the parametars «, m requested by Ref.
impossible to have a consistent phenomenology with th P . e A i
small gauge coupling on the hidden brane, but this is a 1]. While potentialsexpEg/My) with c=0(1) often ap

unconventional and not well explored possibilig]. r:tﬁ:armur?g:ggetg]:r(])tg(’j such terms as expp00¢/M,) are

.Thus, we believe that the ekpyrotic scenario is at 0dds ™ At the first glance, the theory of the generation of density
with the standard HW phenomenology as defined in RefSyertrhations in the ekpyrotic scenario seems very complex
[3-5]. The relevant issue is not the standard versus nonynqg prane specific, as indicated by the statement of [Rgf.
standard embedding, but Huor-Witten phenomenol-  that this mechanism requires the warp factor to decrease to-
ogy [3-5] versus Benakli-Lalak-Pokorski-Thoma$8]  wards the visible brane. However, in Sec. IV we show that
phenomenology.As explained in Sec. VB of Refl], the  the theory of the generation of density perturbations used in
reason to assume that the CY volume should decrease teef.[1] is in fact a limiting case of the theory of tachyonic
wards the visible brane was rooted in the idea that this igreheating recently developed in REfO]. The theory of this
required for generation of density perturbations in the ekpyeffect is very simple. It works for branes in five dimensions
rotic scenario. However, as we will show in Sec. IV, this (5D) as well as for the usual scalar field in 4D due to the
requirement is not necessary. exponential growth of long wavelength fluctuations in theo-

To improve the ekpyrotic scenario one would need tories with concave effective potentials’(<0). The spectrum
change the sign of the brane tension. In this case the wai@f perturbations may be flat, but it may also be red or blue,
factor decreases towards the hidden brane. This changes tdgpending on the choice of the potential. Power-law poten-
shape of the spectrum of density perturbations from blue téi@ls typically are unacceptable. One should make the very
red. However, one cannot simply flip the sign of the tensiorspecial ch_0|ce of a nearly exponential potential to produce a
in the model leaving all other parameters intact because §osmologically acceptable spectrum. To make this mecha-
would introduce a singularity between the branes. One need¥Sm realistic, one must solve the problem of the negative
to change other parameters of the model as well. We will calfoSmological constant on the visible brane and fine tune the
the improved scenaripyrotechnicto emphasize its relation Value of the bulk brane potential with an accuracy of 10
to the ekpyrotic scenario, but also to indicate that it remaindf 0ne does not perform this fine tuning, the standard infla-
vulnerable to other problems to be discussed below. In thi§onary mechanism for the generation of density perturba-
scenario, unlike in the ekpyrotic scenario, we will not maketions turns on, and the model becomes very similar to the
any attempts to avoid inflation. model of brane inflation proposed by Dvali and Tyd]. .

The critical assumption of the ekpyrotic scenario dis- !f one resolves all of these problems, and the tachyonic
cussed in Sec. V is that the bulk brane interacts with thén€chanism for the generation of density perturbations begins

visible brane with the negative potential to work, then we will have a new problem, which may be
much more serious than the previous ones: tachyonic insta-
V(Y)=—pelamY, (1) bility exponentially amplifies not only quantum fluctuations

but also initial inhomogeneities. As a result, to solve the
omogeneity problem in this scenario one would need the
ranes to be parallel to each other with an accuracy better

than 10 %° on a scale 1% times greater than the distance

e~ 12m(R=Y) "to include bulk brane interactions with hidden between the branes; see Sec. VI. Since the initial state is not

and visible branes. Originally, potentials of such type Werereally a true BPS state but rather some unstable and evolving

supposed to describe interactions of the visible brane or thgonfiguratio.n, we_do not see any reason why our ur_livgrse
bulk brane with the hidden brane with unbrokgg [14]. In must be so incredibly homogeneous from the very beginning.
such a case the potential would WEY)~ —pe-l@mR=Y) Thus we believe that at present inflation remains the only
whereR—Y is the distance between the bulk brane an’d th obust mechanism that produces density perturbations with a

hidden brane. In the ekpyrotic scenario all terms like thaclglt ;’?gggrjnn; and simultaneously solves all major cosmologi-

However, in cases where this potential has been explicitl
calculated, it was shown to be positiy&3]. Moreover, in
general the potential contains two terme; [4ImY and

o Il. GENERAL SETUP FOR EKPYROTIC UNIVERSE
3Note that one should clearly distinguish between the nonstandard

phenomenology of Ref1] and the nonstandard embedding thatis  The ekpyrotic scenario consists of many parts related to
required to describe the bulk brane. the M theory and cosmology. M-theory issues, including the
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sign of the tensions of the visible and hidden brane and the
BPS nature of the 3 brane solution, will be discussed in Sec. (inst;gz)‘;j’gbujk 8Y;,
[ll. For a cosmologist, the end result of the story from M brane
theory as presented in Réf] is the following:

There is a static three brane solution for the space-time

Posijy,

CSllive g

hidge,, btensmn
e

Tan,

metric and the dilatoe? (volume of the Calabi-Yau space V
given by — -
ds?=D(y)(—N2d 2+ A%dx?) + B2D*(y)dy?, { oomsn 1 -
o#=BDYY) g
D(y)=ay+C for y<Y (2) /
Y
=(a—pB)y+C+pBY for y>Y, (3)

where A,B,C,N are constants an€€>0. The boundary
branes are located =0 andy=R, and the bulk brane is
located aty=Y, where 6= Y<R. The tension of the visible
brane aty=0 is — « and isnegative The tension of the bulk
braneg is positive and the tension of the hidden brang at FIG. 1. Sketch of the ekpyrotic scenario. We live on a brane
=R is positive and equale— 3. One assumes th@<«, so  with negative energy density. The big bang occurs when the bulk
the bulk brane is relatively light. The visible braneyat0  brane hits our brane. The bulk brane has potential en®i(Qg)

lies in the region of smaller volume while=R lies in the ~ Which is postulated to have a very specific form: it is negative
region of larger volume. Indeed)(0)=C and D(R)=C everywhe_re except on our brane, and its abso!ute valut_a Qecreases
+aR and a is positive, soD(0)<D(R). This property is exponentially at larg&. An important feature of this scenario is that

considered one of the most important features of the scél® volume of space, controlled by the meffi¢Y), decreases near
nario our brane, which makes the spectrum of perturbations blue.

The light bulk brane may either appear spontaneously = | ) .
from the hidden brane or it may also exist from the veryMetric in Eq.(3), during the whole process of motion of the
beginning, i.e. one starts with two boundary branes and onBUlK brangltowards the visible brane. The motion begins at
bulk brane. The three brane configuration is assumed to be §=R=M; " and ends a¥'=0. During this proces®(Y)
a nearly BPS state. It is argued that the universe must bghanges from 350 to 100, which is not that much. A more
homogeneous because the BPS brane configuration is homeemplicated analysis performed in R¢l] shows that the
geneous. The bulk brane has a kinetic term and a potentiatcale factors on all branes also do not change much. This
which for a “successful example” is chosen to MgY)= suggests that the expansion of the universe and other com-
—ve MY Additionally it is assumed that at smafl the  Plicated gravitational effects cannot be of any relevance to

potential suddenly becomes zero due to some nonperturbie possibility to solve major cosmological problems and to
tive effects. the basic mechanism of the generation of density perturba-
Because of the slight contraction of the scale factor on thdions. On the other hand, the authors of Réf.emphasized
bulk brane, the bulk brane carries some residual kinetic enthat the decrease @¥(Y) towards the brane is crucially im-
ergy immediately before the collision with the visible brane.Portant and used the notion of the effective scale faatgr
After the collision, this residual kinetic energy transformst0 explain the mechanism of production of density perturba-
into radiation which will be deposited in the three dimen-tions.
sional space of the visible brane. The visible brane, now [N this paper we will attempt to analyze this situation,
filled with hot radiation, somehow begins to expand as a flagtarting from the M-theory part, and ending with a discussion
FRW universe. However, the temperature is not high enougRf the cosmological density perturbations and homogeneity
to trigger phase transitions in GUT’s and produce primordialProblem.
monopoles. Quantum fluctuations of the position of the bulk

brane generated during its motion frof=R to Y=0 will Ill. SUPERSYMMETRY AND HIDDEN-VISIBLE BRANES
result in density fluctuations with a nearly flat spectrum. The _ _ _

spectrum will have a slightly blue tilt for the exponential A. The action and the static solution

potential V(Y). Here we consider the specific construction of Rdf]

The set of parameters used in REf] is «=250Ms5, 8 which starts with the solution of two boundary branes with
=0.IM5, B=10"3, C=100, R=M;*, v~10 % m=1, almost opposite tensions and a bulk brane in between. We
andMg=10 %M ol - A sketch of the model is given in Fig. 1. will explain the reason why the status of unbroken supersym-

The total setup is rather complicated, but the final picturemetry (BPS property of this solution is problematic.
allows for a dramatic simplification. Indeed, let us look first ~ An effective five-dimensional action of heterotic M theory
at the behavior of the factdd(Y), which determines the is given in[1] the form
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M3 1
S=—- d5x\/—g(R—§(a¢)2—
Mg

e2¢ 12 tion requires apart from supergravity the presence of the su-
) persymmetric source actions which take care of the jump
conditions on the wall.

3 The status of unbroken supersymmetry of the solution
_32 angJ (i)d4§(i)( — h(i)e_¢ with two boundary branes without a bulk brane may be in-
i=1 M ferred from an action in Ref$15] and[16] where the Born-
N Infeld part of the brane actions at the fixed points of the
— —Ayasg%x(yi)ﬁyxg)¢9KX(Ei)¢9>\X(§i)) _ (4  orbifold was given. However when the bulk brane is present

4! in addition to boundary branes, the issue of unbroken super-

mmetry is | lear. Th rsymmetri Ik and brane

Here¢ is the modulus of .the CaIabi—Ya(LCY) threefold and ?(;nstrﬁczorsl gfs;gf.e[iﬂ (aids uﬁ\?vs%eor;taﬁot\),\lljs Oa:]e to
Ayse 1S @ 4-form gauge field. According to Rel], the left 46 clearly the unbroken supersymmetry only for the case
brane is the visible one and it is assigned a negative tensiof,¢ the positive and negative tension branes are placed at the
— a=as, the bulk brane has positive tensi@i=a, and the iy o4 points 0 andR of the orbifoldSY/Z,. When the brane is
hidden brane has a positive tensiefr 5= a;. The solution o 4¢ the fixed points, the supersymmetry variation of the
for the 5-form was written as follows: 4-form field in the Wess-Zumino term of the brane source
action is not compensated by the supersymmetry variation of
the Born-Infeld term. This makes the unbroken supersymme-
try of the multidomain walls problematic despite the fact that
the bosonic solution with the jump of the 5-form field

This action with three branes was not derived from superStrength can be given. _ _ , ,
symmetric theory. The action with two branes, which was An analogous problem exists f_or the multidomain wz_alls in
derived in Refs[5,15,1¢ from Horava-Witten theory, does the D8-O8-system of type IIA string theofg1]. The varia-
not have a 4-formd. 5., , either in the bulk or on the branes. tion of the Ramond-RamondR-R) 9-form in the Wess-
The appearance and the role of the 4-form gauge field in thgUmino terms of the brane action depends on the Neveu-
five-dimensional supersymmetric bulk and brane action waschwarz—Neveu-SchwardNS-NS 2-form B,,,, whereas
explained in Ref[17], but not in the context of HW theory. the supersymmetry variation of the Born-Infeld term does
Recently it was shown in Ref18] that one can actually Not depend orB,,. Therefore the BtWZ source action at
derive the action of the type of E), but the factor in the the fixed points of the onentn‘oldg is supersymmetric due to
action in front of F2 has to be corrected so that the actionthe fact that the NS-NS 2-forf,,, is odd undeZ, symme-
correspond to a bosonic part of the supersymmetric actiorfly @nd vanishes at the fixed points, but not between them.
Also the factor and the sign in E¢) have to be changed. It Therefc_)re .only when all D8 domain wal!s are coincident
is easy to verify that the WZ term in the brane action doe§Nlth or!entn‘olld planes, the supersymmetric bulk and brane
not cancel the BI term for the “solution” given in Ref1], ~ action is available and t.he unbroken supersymmetry of the
which proves that it is not a BPS solution before the correcSolution can be proven in Ref21]. The situation with the
tion is made. Thus one can find a BPS solution with thesupersymmetry of the multiwall solutions remains an open
boundary and bulk brane present, see R&8], but it is  !SSU€.
somewhat different from the one presented in R&f.

Note that the BPS property of the classical solution is not
the same as the requirement of unbroken supersymmetry. If
the unbroken supersymmetry is established, the solution al- Let us now compare the ekpyrotic construction with HW
ways has a BPS feature: the energy takes its minimal valutheory. At the time when HW theory was suggested the issue
and the supersymmetry bound is saturated, see e.g| F&f.  of brane tension was not emphasized. More recently in the
However, nonsupersymmetric BPS configurations are als®andall-SundruntRS) | scenarig 22] the positive and nega-
possible. The difference is that for supersymmetric solutionsive tension branes were given the names, *hidden” and
one may expect that they will remain BPS states even wittivisible” brane, respectively. In this version the hidden
an account taken of quantum corrections, because of noibbrane was at the left, at=0, and the visible brane at the
renormalization theorems for supersymmetric BPS statedght, at y=mr.. The visible brane, called sometimes the
[20]. Meanwhile, nonsupersymmetric BPS solutions may“TeV brane,” was designed to provide a solution of the hi-
lose their BPS properties when quantum corrections arerarchy problem due to the fact that the warp factor de-
taken into account. creases exponentially towards the visible brane. In R33]

The issue of the unbroken supersymmetry for multido-a dramatic change of the setup was made as the labels of
main wall solutions is more complicated than for other multi- hidden and visible branes were reversed. The former visible
brane solutions with co-dimension greater than 2, like multi-became hidden, the former hidden became visible and it was
black holes, multi-3-branes, etc. The major difference is thesuggested to send the negative tension hidden brane out of
behavior of the form fields at large distances. The supersynthe world.
metric domain walls are charged and the form fields are con- With all this in mind we will consider the known facts
stant. They exist therefore only in the compact space with thabout HW and heterotic M theory and the tensions of various
vanishing total charge. The explicitly supersymmetric solu-branes in agreement with supersymmetry.

f0123,:aD72 for y<Y,

Forzg=(a—B)D"2 for y>Y. (5)

B. Tension on visible brane
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1. Standard embedding The subsequent work on HW phenomenolddyis based on
In case of boundary branes of the original HW theory a2 strong coupling at the hidden brane required for gaugino

standard embedding corresponds to a positive tension visibgPndensation on the hidden brane.

brane and negative tension hidden brane. Let us briefly re-

mind how this happens. We will look at the heterotic M 2. Nonstandard embedding

theory in Ref.[16] where the Born-Infeld part of the brane The presence of the bulk brane requires using the non-

actions were derived from HW theory. The tension of thestandard embedding. The total tensiand the total charge

visible brane is given by-a,is, where (we ignore here of all branes must vanish. In the HW case the tension of the

some irrelevant positive constants visible brane was positive and opposite to the tension of the
hidden branew,= — a,>0. Now the new relation between

brane tensions is

1
- aviszﬁfctrR/\Rzn,

av+ah+,8=O. (9)

see for example Eq3.13 in Ref.[16]. Here the integration
is over a supersymmetric cycle of the CY manifold, &  This corresponds to a cohomology constraint
the curvature form of the internal manifold. The integer
characterizes the first Pontrjagin class of CY. Thus the ten- _ _
sion of the visible brane is positive. Co(V1)+€2(V2) = Co(TX) +[W]=0, (10

Let us present here a few important steps of the derivation . ) . .
of the tension formula. The tension on each brane, accordinyhere[W] is the cohomology class associated with the five-
to Ref. [16], is proportional to— a,s=(1/42) [ c(trF's ranes andc,(V;),c,(V3),co(TX) are the second Chern
AFYS—LyRAR), and — apq=(1/472) [ (trFMdAFNid  class of the gauge bundlég,V, and of the tangent bundle
—LrRAR). TX, respectively.

So far the visible and hidden branes are treated on an 1he situation with the tension in nonstandard embedding

equal footing. The difference is in spin embedding in whichiS the following. If one adds the bulk brane as a small modi-
only the visible brane participates. On the visible brane dication of the previous two-brane configuration, one still has
standard spin connection embedding was performed so thit€ Visible brane with positive tension. However, in general
the background is BYSAFYS=trRAR,FMNY=0, which im- ©necan have examples of both positive and negative tension
plies that trE?iS/AFvis+ FidAFhid) _yRAR=0 ... . The ©On Visible brand8,9]. . . .

Eg gauge theory on the visible brane was broken to its sub- In the ekpyrotic scenario the ratio between the tensions of
group SU(3)xX E¢ and after spin embedding on the visible boundary arl(?l bulk branes was (_:hosen tq be extr_emely _smaII,
brane there ar&g gauge field excitations and on the hidden Bla=4x10"". No examples with negative tension visible
brane there ar&g gauge field excitations. On the visible brane andB/a<1 have been considered in the literature

brane, where spin embedding takes place aRdi%A\F's until very recently{9]. The examples considered in RET]
—trR/AR. we have require a special assumption that the volume of the base

curves is much larger than the volume of the fiber curve in
1 Calabi-Yau space. But even for such examples one still has
_ anS:_Zf trRAR>0, (6 an additional problem, which we are going to explain now.
87 Jc The switch to the nonstandard embedding does not
change the relation between the volume of the Calabi-Yau
on the hidden one witF"%=0 the tension is space and the gauge coupling, Eg). When the visible
brane tension is positivéhe warp factor decreases towards
1 the negative tension branehe standard HW phenomenol-
— apig=— _zf trR/AR<O. (7)  ogy applies. One can have small gauge couptigg /4
87" Jc ~0.04 on the visible brane, and large coupligfyye {4
=0(1) on the hidden brane, which may lead to gaugino
This explains how the visible brane in the original HW condensatiof3—-5].
theory with standard embedding acquires a positive tension. However, when the visible brane tension is negative, a
In Ref.[3] it was explained by Witten that the volume of substantial modification of the standard HW phenomenology
the CY spacee?=V at the visible brane ay=0 is larger is required since in this case the gauge coupling constant on
than that at the hidden braneytR: V(0)>V(R) and the the hidden brane is smaller than on the visible brane. For
gauge coupling on the hidden brane is stronger than the orgxample, with the parameters of Refl] one has
on the visible braneg?<g? due to the inverse relation be- Ghigge/4m~10"% on the hidden brane, which is way too
tween the CY volume and the gauge coupling: small for the gaugino condensation. In general, one may try
to develop acceptable phenomenology with stronger cou-
pling observable sect$B], but this unconventional possibil-
ity is much less understood and developed than the standard
HW phenomenology3-5].

9. Vi, D¥R)
@ Vv, D%0) ®
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3. Tensions and BPS harmonic functions 0

. oy;,
(instapgy 28 bulke Y},
ne Ny

Negatjy,
hidde, ¢ lens;
0n) by, 1ddep, branglon

The relation between brane tensions and the volume of
CY manifold (inverse to the square of the gauge coupling
can be seen in the BPS solution where the sign of the tension

on the visible brane defines the slope of the CY volume. The \oeeee ,
volume of the CY space is given by a harmonic function L
i contraction
e’=BD%®  D=C+ay, y<Y, (1) i reason D@y)

in notation of Ref[1]. In Ref.[16], where the standard em-
bedding was usedC>0, but the sign ofa was not dis-
cussed. If it were noticed in Ref16] that « in this equation

Dog;,..
is negativé one would be forced to rewrite the harmonic V,illg;eten%n
function as follows: € brang
D=C-laly, a<0, (12)
and comment on the existence of the critical distance be-
tween walls,
C FIG. 2. Sketch of the pyrotechnic scenario. We live on a brane

(13 with positive energy density. The volume of space controlled by the
metric D(Y) decreases near our brane, which gives a red tilt to the

This would promot a requirement that the second wall has t(ﬁpectrum of perturbations. The mechanism for the generation of
P P d uctuations8Y) in this scenario, as well as in the ekpyrotic sce-

cut off the singularity of the space-time metric whBr=0  nario, amplifies all inhomogeneities, including classical inhomoge-
and therefore neitiesAY of the bulk brane.

E)‘(ycrit)zo = YCrit:|

al’

R<VY¢rit - (14)  and takea=—250M5 we will find that the singularity of the
metric appears between the walls w0 and aty=R
Precisely this situation occurs in many cases of supersym=Mg1:
metric domain walls in Ref§17,21 where always the warp

factor falls down away from the visible positive tension D=C~|aly=100-250Msy,

brane and one has to take care of the maximal distance be- 5

tween the walls. . . - Yerit=gMs '<R=M5 . (15
However it was not noticed that the tension of the visible

brane is positive in Re{16], where the standard embedding A quick fix of this problem is possible: one can change the

~ r"ﬂ)arameters, e.g. by making larger or|a| smaller so that
D=C+ ay instead ofD=C—|aly. The authors of Ref1] vy . =C/|a|>R and the naked singularity at,; is cut off
used the same notation as in Rdf6] and assumed, as equa- by the hidden wall.
tion D=C+ ay suggests, thai is positive, i.e. the brane In what follows we will call the improved model the “py-
tension is negative, an®(y) decreases near the visible rotechnic universe,” see Fig. 2, where a sketch of the prop-
brane aty=0. This assumption, combined with the idea thaterties of the model is given. This model will have many of
the density perturbations are produced in their scenario béhe same problems as the ekpyrotic scenario, but it has two
cause of the decrease Bf(y) at smally, has led to the advantages. First of all, it is based on the.conventional HW
conclusion that it is “necessary for the visible brane to be inPhenomenology. The second advantage is that we are not
the small-volume region of space-timgt]. going to insist that this model solves all cosmological prob-
However, as we will show in Sec. IV, this requirement is lems without using inflation. As we will see, it is very hard

not necessary. We do not see any obvious reason to use UM €ven impossible to do so. Moreover, avoiding inflation

conventional versions of the HW theory and insist that Werequires additional fine tuning. In the ekpyrotic scenario one

mUSt e on he negalive tension bane. Should deviate o e weual W pnerirenclogy and give
On the other hand, one cannot improve the situation b)?p 29 y Y- y
L . . . . eason to do it.
flipping the sign ofa in all expressions in Refl]. Indeed,
according to the original version of the ekpyrotic scenario, |y A NEW MECHANISM FOR THE GENERATION OF
C=100, anda=250Ms. If we simply change the sign af DENSITY PERTURBATIONS WITH ANY KIND
OF SPECTRUM—AND WHY IT MIGHT NOT WORK

It was confirmed to us by D. Waldram in private discussion that A. A simple 4D example
indeeda in the harmonic function in E¢5.9) in Ref.[16] must be In this section we will consider the mechanism for the

understood as negative. generation of density perturbations in the ekpyrotic and py-
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rotechnic scenarios. Instead of considering a complicated sefield ¢ rolls down to some valueb,, which corresponds to
ting with three branes moving in an expanding five-the minimum ofV(¢) where the process of reheating begins
dimensional universe, let us first consider a simple problengor to the brane collision in the five-dimensional settingpif
of motion of a scalar field falling down from the top of the is identified with the modulu¥’). A detailed discussion of
effective potentialV(¢) with V"<0 in four-dimensional the process of the growth of fluctuations will be given in the
Minkowski space. As we will see, these two problems areappendixes. Here we will give a simple shortcut to the an-
directly related to each other. swer.

In what follows we will consider two particular examples:  To calculate the delay of reheating produced by these

V=-Vee "™ and V=—\,¢"/M""* with n>2; M is  fyctuations one should dividés by | 4|. This can be done
some constant of dimension of mass. In general, one needs § any time afters¢, stops oscillating. Indeed, for smal

add to these potentials some other terms that stabilize t . . I . . .
motion of the scalar field after it falls down and ensure '[har'}%e equations fob¢ and| | coincide, so their ratio remains

the effective potential vanishes at its minimum. We will re- constant. Suppose that we transplant this picture into an ex-
Ve p : : panding universe with the value of the Hubble constant
turn to this important point later.

. . — 71
In both cases the curvature of the potential is negativeInduced by the fieldp. Then for the wavelengti~k

" . : greater than the size of the horizon, the time defgy, ac-
V'(#)<0, and its absolute value grows whgn the field fallscording to Ref.[24], results in adiabatic density perturba-
down to smaller values o¥(¢). Conservation of energy

. tions
implies that¢?/2+V(¢)=E, whereE is some constant. We
will assume for simplicity that the field was falling from the Sk N (A
top of the potential with vanishing initial energ,=0, so | 6| ~H ét, ~H (ﬁ.( )~H- | ((M. (18
that ¢ VIV(9)|
|¢|:‘/_2\/(¢)_ (16)  The numerical coefficient in these equations depends on

various details such as the equation of state of the universe,
but typically it is of order unity, so we will omit it in what
follows.

For the exponential potential=—Vq,e M one finds
density perturbations

Quantum fluctuations of the scalar fi&fd&k(t)e“‘“; living in
a background of a homogeneous fielt) satisfy the equa-
tion

Sepyt [K2+m*(¢)]8¢ =0, 17) H
|6~ 17+ (19
where m?(¢)=|V"($)|. If V'<0 the modes withk?

<|V"(4)| do not oscillate. Insztead, they grow exponentially. Note that this amplitude does not depend loni.e. these
For example, if V'=-m"=const, one has ¢«  perturbations have flat spectrumng=1, like in inflation,
~expym*—k“t. The initial amplitude of the growing modes pyt without any inflation! To obtain this result we did not

depends on the initial conditions. Since the initial curvatureneed any brane physics or string theory, it is a trivial conse-
of the potential is very small, one may assume that the initiahyence of the tachyonic instability.

amplitude of fluctuations is the same as in the theory of a' For the power-law potentiaf= —\,,¢"/M"* we find
massless scalar field, so that¢?)= [(dk?/8?). Ignoring
the coefficients 2 andr, one may say that the average am- H
plitude of fluctuations with momentak is proportional tdk: |8l ~vn(n—1) 3’ (20
o¢(k)~Kk. [This is analogous to the famous relatiégh (k)
~H/27 during inflation] At larget this amplitude grows as ; — N ANT
5 (k) ~k expym?—k?t. Exponential growth ofs¢(k) can or, in terms ofk~[V*(4)],
be interpreted as generation of a classical fig4(k). This H
is the basic feature of the theory of tachyonic preheating |8 ~[n(n—1)]"20=2) ——_|~2(0=2)  (21)
developed recently in Ref10] in a different context. M (n=4)/(0=2)
In the models such asV=-Vge ¥M and V=
—\p@" /M4 with n>2, the curvature of the effective po- The spectral index is given by
tential grows while the field falls down from the top of the
potential. Therefore, in the beginning only the modes with . dlogl&® 4
extremely smalk are growing exponentially, whereas short Ns= dlogk 1= n—2 1. (22)
wavelength perturbations witk> \[V"[ are oscillating with
a nearly constant amplitude. However, when the figld We see that the spectrum in the class of power-law potentials
grows, the value ofV”| grows too, and new modes with is alwaysred, ns<1. For instance, fon=3,4,5 we haven,

momentak<|V"| stop their oscillations and start growing, =—3,—1,—1/3, respectively. All of these spectra are obser-
with the initial amplituded (k) ~k~ |V" ()| [10]. vationally unacceptabléoo red. To have|ng—1|<0.1, as

These fluctuations change the local value of the figld suggested by cosmological observatip®S], we must have
and therefore they lead to a delay of the moment when the>40.

123523-7



RENATA KALLOSH, LEV KOFMAN, AND ANDREI LINDE PHYSICAL REVIEW D 64 123523

These results are valid for the power-law potentials with d(x)= MD(Y)Y(X). (25)
negativen as well, in which case the spectrum becornkes
For example, fov=—X\,M*"" #" one has This is necessary in order to find the correct amplitude of
quantum fluctuations of. A properly normalized potential is
dlog| 6,/? 4 W¢)=3BM3IBV(Y) and a properly normalized term
Ns=1% Fiogk ~tthrz~ 1t 23 y(g)=d2Vide? is (d2V/dY?)D~2(Y). So the properly

normalized amplitude of quantum perturbations of the field

. t the moment when it stops oscillating is
Once again, to havie,— 1< 0.1 we must have>40. Thus, ¢_2a -1 L )
one should make the very special choice of a nearly expoY|d”V/dY*ID(Y). (For simplicity, here and in the follow-

nential potential to produce a cosmologically acceptabld"d eduations we are ignoring factors of 2, 3 and
Returning to the amplitude of fluctuations 6f one finds

spectrum.

In general, the “color” of the spectrum depends on the B
way |V"(¢)| behaves with respect {&/(¢)| when the field SY (k) ~ 59 _ Vv’
¢ rolls down to the minimum of/(¢). For example, the VBMIB  {BMZBD(Y)

potentialV= —Voe~ ¢M* would lead to alue spectrum of

density perturbations, decreasing as'fégat smallk. d2v|
k dy?
B. The same mechanism in 5D brane cosmology - JAMIBD(Y) ~ JBMIBD2(Y)’ (26)

The reason we discussed this mechanism here is that it _
provides a simple interpretation and generalization of theDividing this result byY=D1(Y)|V(Y)| one finds the
mechanism of production of density perturbations in the ektime delay
pyrotic and pyrotechnic scenarip]. The discussion of this

effect in Ref.[1] is very involved because the authors were d2v|
trying to follow simultaneously the expansion of the uni- davy2

verse, motion of all three branes and perturbations of the St(k)~ . (27
bulk brane. At first glance it seems to be an extremely com- VBMB V(Y)D(Y)
plicated gravitational problem. To treat it properly the au-

: : — —amY
thors introduced the effective scale factor which was not a O" the exponential potentiad(Y) = —ve one has

real scale factor but in fact something very much different, ——y
and as a result the physical meaning of this effect became SY(K)~ mayve " (28)
rather difficult to analyze. BMEBDA(Y)’

However, the motion of all branes and the total change of
metric during the whole duration of the process of motion ofand the time delay
the bulk brane towards the visible brane is rather insignifi-
cant. As we will see, in order to understand the mechanism Mo
for the generation of density perturbations in the first ap- &(k)”m- (29)
proximation, one can completely neglect expansion of the BMs

universe. In this case, the equation of motion for the brane 3his result coincides with the result obtained in EtQ) of

a distanceY(x) from the visible brane is completely analo- Ref.[1] up to a factor of 1Y3B~ 205 After multiplying this
gous to the equation for the scalar field discussed above, anrgsult byH, we again obtain a nearly flat spectrum. It is
it becomes clear that the mechanism of generation of densitgIightly blué if D(Y) decreases towards smifl as assur.ned
perturbation in the ekpyrotic scenario is exactly equivalent tqn Ref. [1], and it is slightly red ifD(Y) increases towards
the effect of tachyonic instability described in the previoussma”\'( as, in the pyrotechnics scenario. But the mechanism

subsection. . : :
. . . . of generation of perturbations worker does not workin-
Indeed, density perturbations discussed in R8f. are dependently of the slow decrease or slow increase (0f),
%nd the color of the spectrum often is much more sensitive to
the choice of the potentidf(Y) rather than to the behavior
of D(Y). In particular, for any power-law potenti&(Y)~
1 —Y" one would get an unacceptably red spectrum untess
£ﬁ=3BM§B ED(Y)ZnM”&MYayY—V(Y) . (24 >40. The red tilt introduced by the growth Bf(Y) at small
Y implies thatn must be even greater. In this respect the

ekpyrotic/pyrotechnic scenario is much less robust than the
This Lagrangian looks like a Lagrangian of a scalar field

Y(x) with a nonminimal kinetic term. To properly normalize
Y [ignoring for a moment the insignificant dependence of Stne reason of this disagreement, which affects the final answer

D(Y) onY atY~R] one should multiplyy by y38M:B, i.e.  for the amplitude of density perturbations, is that the authors of Ref.
introduce the variable [1] did not include B in the normalization of.

to Ref.[1], the effective Lagrangian of the brane in the low-
est approximation irB/ « is given by
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inflationary universe scenario where the spectrum is nearlyesolved, assuming that(Y) may suddenly rise to zero at

flat for almost all inflationary models. Y =0 due to some nonperturbative effects. Until this problem
is resolved, the existence of a novel realistic mechanism for
the generation of density perturbations with a flat spectrum

o remains an interesting but speculative possibility.
It could seem that now we have a new realistic mecha- of course this issue would not arise if we assume that

nism for the generation of density perturbations, which doesitially \V/(Y) is positive, and then eventually the bulk brane
not require inflation, and which can produce perturbationgy)is to =0 with V(Y)=0. But in this case initially we will
with any spectrum we like, depending on the choic&0Y)  haye inflation, which will produce inflationary perturbations

or V(Y). As we have seen, there is nothing brane specific iyith flat spectrum. Thus, having inflation as a part of brane
this. mechanism. Explanation of this mechanism requireosmology may not be a bad idea after all.

C. Is this a realistic mechanism?

nothing but two simple equations, Eqd8) and (19). So Let us check how easy it would be to avoid inflation while
why did we not use this mechanism before if it is so trivial? stj|| producing density perturbations with a flat spectrum on a
Is there a catch? scale comparable to the observable part of the univérse,

There are two different problems related to it. First of all, _ 1?8 ¢m. At the beginning of the big bangrane colli-
we needed tassumehat the universe was flat and homoge- siory) our part of the universe was smaller by a factor of

neous from the very beginning. Of course, one may argue /T, whereT~10 GeV in the reheating temperature in

that our universe init!allynustbe flat and_ homogengous for ihe ekpyrotic scenaripl] and T, is the present temperature
some reason to be discovered later. This was the ideology of 3k This ratio is about 13. This means that the wave-

the models of structure formation due to topological defect ength of the perturbations we are discussing w@é

or textures, which sometimes were advertised as the models 10" cm at the moment of the brane collision. so that

that “match the explanatory triumphs of inflation while rec- '

tifying its major failings”[26]. In our opinion, if we find that ko~10"17 GeV~10"32M.. (30)

inflationary theory does not work, we may use such models

as a “plan B,” but we will definitely lose a lot by doing so.  To produce perturbations on this scale by the tachyonic
A more serious problem is that in our discussion of fluc-instapility rather than due to inflation one needs to heve

tuations in 4D we neglected expansion of the universe inw<\  According to Eq.(20) of Ref.[1],

duced by the effective potentifile. the term 3 5¢, in Eq.

(17)]. Therefore, our results apply only for the short wave- a\?

length fluctuations withk?~|V"|>H?, where H is the H2=(—) =b

Hubble constant. This means that all perturbations that are a

correctly described by this method must have wavelength _
k= smaller thanH . Thus, these perturbations are of no where b~10"Mg. The authors of Ref[1] have chosen

—_ —amR__ _ — 120
interest for the theory of the large-scale structure formation’(R) 1o be nearly zero,V(R)=—ve 107,

L AA-10 T ;
unless one makes some trick to makexponentially small whereasi ?\t smaly kc))ne has\/”(Y)d . 13 f . This fne%atlve |
during the process of generation of the perturbations. Thi§otential has not been really derived from a fundamenta

does not mean that no perturbations are produced with wav&1€0rY: and, as it was argued in Ret1], where a similar
length larger tharH 1. At the stage whenV”|<H?2, the scenario was developed as a basis for inflationary theory, this

gotential may contain many other terms of different nature.

perturbations. A good thing about it is that such perturbation ne 9“ the problems with this potent|al_ bgpome_s obvious if
have a flat spectrum for a much broader range of potentialgne tries to assume that the bulk brane initially did not move,
such as— ¢" with n<40, as well as witm>40. Thus we are Y=0, which looks like a very natural assumption. Then the
back to inflationary theory. equation H2~b[ £D?Y?+V(Y)] becomes inconsistent for
Nevertheless, if our goal is to avoid using anything infla-negativeV. This is an indication that either the bulk brane
tionary, we may still try to do so. For example, we can avoidhas a more complicated geometry, like an open universe cre-
any gravitational backreaction if we assume that the effectiveited by tunneling, or one should add some positive term to
potential vanishes near its maximum, so that it does not iny(Y). So let us see whether anything will change if we add
duce any Hubble constant during the first part of the processo it a very small positive constant, such that|V(R)|
This was exactly the assumption made in R&f. They con-  <v, <|v|.
sidered the potential/(Y)= —v exp(~amY) which nearly In such a case, the later stages of the bulk brane motion
vanishes aty=R. Therefore, the Hubble constant initially will not change at all, but in the beginning of its evolution it
also vanishes, and the new mechanism for the generation gfill experience inflation wittH2>10~M éVA- This will be
density perturbations works. However, the price one may pagimilar in spirit to the Dvali-Tye scenarid.1]. Inflation will
for it is that after the fieldp(x) [or Y(x)] rolls down to the induce the usual inflationary perturbations with flat spectrum
minimum of the effective potential and the energy of its 0s-on a scalek,~ 10" 3?Mg unless one fine tuneg, to be in-
cillations dissipates, the effective potential remains large andredibly small,V <10 °C,
negative, and we may find ourselves in a universe with a To summarize, if one wants to use a tachyonic instability
large negative cosmological constant. The authors of[Réf. to produce density perturbations with a flat spectrum, one
are aware of this problem but argue that it can be somehowmust fine tune the functional form of the potential. For ex-

%D2Y2+V(Y)>, (3D

universe experiences inflation, so we get usual inflationar
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ample, one should avoid such potentials-a¥ =" with n ~—pelemy, According to Ref[1], such Yukawa-type terms
<40. Then one must solve the problem of the negative cosmay appear for precisely parallel branes because of nonper-
mological constant at the end of the process and fine tune therbative effects such as the exchange of virtual M2-branes
value ofV(Y) near the hidden brane with accuracy ¥in  between the bulk brane and either of the boundary branes.
the natural units oM2. This last step should be made if one However, as shown by Moore, Peradze and Salili8} the
wants to avoid using a much more robust method of generastructure of the potential can be much more complicated.
tion of density perturbations provided by inflation. Before discussing the general structure of the potential
obtained in Ref[13], let us first discuss the mechanism out-
lined in Ref.[1] that could lead to the potentials such as
V(Y)~—ypelemY,

First of all, let us represent this potential as a function of
One of the most crucial assumptions of the ekpyrotic sceg(x) = \/3,8M53B D(Y)Y(x), as we did when we discussed
nario is the existence of the exponential potential of the bulkhe mechanism of generation of density perturbations. This

brane, representation is only approximate sinb€Y) changes a
few times wher changes from 0 t&® However, as we have

V(Y)~—velemlY, (32)  already seen, this simple approximation is very useful if one

wants to understand the most important features of the

This potential was added to the model by hand. It was alstheory. Let us use the same parameters as in[Rgfln this

necessary to assume that this potential is not purely exponepase D(0)=100 andD(R)=350. For definiteness, let us

tial, but it rises to zero a¥=0. But does this potential cor- take D~300, which corresponds to the beginning

rectly describe the situation, or something else should bef the process. Then one findsp(x)~5M2Y(x)

added to it? This is a very important issue because this po=5x 10*2MpM5Y(x). According to Eq.(24), the effective

tential is of the order 10*° near the hidden brand], so Lagrangian of a properly normalized fieltl is given by

one must avoid any corrections to this potential with an ac-

curacy 10 *?°to keep the scenario intact. 1 5

If one adds an exponentially small positive constant to LEﬁQE(a#d’) —V(¢)

V(Y), one gets inflation, as in Ref11]. Such terms a¥ ="

with n<<40 also should be forbidden. If the brane configura- 1 ) o 4 5000¢

tion is a supersymmetric BPS state, one may assume that :E(‘?M’) +10 “Mpexp — M :

such terms cancel each other and vanish. However, as we

already mentioned, supersymmetry of the three-brane corExponents such as e@H/My) with C=0(1) often

figuration in HW setting is not rigorously established. More-appear in string theory. However, it is an challenge

over, there is no supersymmetry in the real world, so thep find a realistic model with a potential)(¢)«

cancellation of the long-range forces cannot be exact. Can 10‘22M3exp(—5000¢/Mp). Note that the huge coeffi-

we really suppress power-law terms with accuracy ‘¥ cjent 5000 in the exponent is crucially important for obtain-
Also, even if these terms were absent for exactly parallelng long-wavelength perturbations with a nearly flat spec-
branes, they would appear again if the branes are not exactfyym in the ekpyrotic scenario, as well as in the pyrotechnic
parallel, or if they become nonparallel because of the quanscenario; see Appendix B.

tum fluctuationsY produced due to the tachyonic instability |t js argued in Ref[1] that one may think o¥/(Y) as the
[27]. Indeed, if the branes are nonparallel, they are not in ®otential derived from the superpotentidl~e ¢ for the
BPS state, and the cance!lation pf the long-range forces aciodulusy in the 4D low energy theory, whereis a positive

ing between the branes is again not exact, see e.g. Ref§arameter with dimension of mass. The corresponding poten-
[28,29. Meanwhile we need it to be exact with accuracytjg| in terms of the fieldg is constructed fromW and the

1071 . . Kahler potentialK,
There are other issues to consider as well. In the ekpyrotic

V. PROBLEMS WITH THE BULK BRANE
POTENTIAL V(Y)

(33
p

scenario the positive tension hidden brane splits into two N 3 _
positive tension branes. As we have shown, however, this v=eMa| KID;W D;W— —WW|, (34)
setting contradicts the usual HW phenomenology. If one M3

makes the standard assumption that the hidden brane in HW _ i 2 _ i .,
scenario has negative tension, does it mean that it splits int§€re  Di=d/dd'+Ki/My,, Ki=dK/ag',  Kij=a"K/

. . . . - [EPN
two negative-tension branes? It is very hard to imagine that® 99" . .
such a process is possible. But it is equally hard to imagine Let us indeed try to calculate the corresponding potential.

that it splits into a positive tension bulk brane and a negativéVote that the properlyinlormallzed field is very small, ¢
tension hidden brane with aimcreasedabsolute value of <0.0Mj for Y<R=Mg". In such a situation one may ex-
tension. Do we have a runaway brane instability where thgect that in the first approximatioeMpi~1, D;~d/d¢'.
brane tension tends to become indefinitely large? This is what happens if one has minimalier potential for
Let us return now to a much simpler and less ambiguoushe properly normalized fieleb, as suggested by E(33). In
issue and analyze the assumption made in Rdfthat the reality, the Kdler potential may be quite complicated, in-
energy of the bulk brane is negative and is given\iy) volving many other fields, and the superpotential will contain
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contributions of other fields in addition t. Still it is quite The only way to overcome this problem would be to have
instructive to see what happens if one considers a single fielthe second exponential term extremely small. In this case the
¢ with the minimal Kaler potential. bulk brane could stay for a while in the shallow minimum of

To obtain V(¢)~exp(—50004/M ) one should take V(Y) nearY=R, then tunnel through the barrier and fall to
W(¢)~exp(—25004/M). Then the first, positive term in our brane. However, it must tunnel to the part of the potential
Eq. (34) will be 10° tlmes greater than the second, negativewith the curvature smaller thakﬁ 10*64M5 if one wants to
term, so that the second term can be neglected, just as inmmoduce density perturbations on the scale of the present ho-
globally supersymmetric theory. Therefore, even though theizon. Simple estimates indicate that it would only be pos-
potential will be proportional to exp{50004/M), as ex-  sible if v,< 10" %, In other words, one should completely
pected in Ref[1], it will be positiverather than negative. In forbid any contribution to the superpotential coming from
this case the bulk brane will be attracted to the hidden branthe interaction of the bulk brane with the hidden brane.
and it will never fall to the visible brane. An example of the calculation of the effective potential

The positive sign appears in this expression not by acciV(Y) due to the nonperturbative instanton effects in HW
dent. If one would takeV~e ¢#Mp with c<1, the sign theory was given in Ref13]. The calculation was very com-
would be negative, as required. But in this case the scenariplicated, and it was based on several carefully specified as-
would not work because the spectrum of perturbations wouldumptions. In particular, they assumed that the contributions
be strongly red. That is why in Rdfl] one hax~2500. But  of the hidden and of visible branes to the superpotential are
in this case the scenario does not work anyway because tluf comparable magnitude, and they included contributions of
potential becomes positive and the bulk brane does not movjast a few matter fields assuming special relations between
towards the visible brane. It might be possible to resolve thigheir values. Still their results are very interesting and in-
problem by taking a completely different set of parameters astructive. We will present them in the notation of REf3].
compared to the ones taken in REf]. Finding a proper set The nonperturbative potential is schematically represented as
of parameters is a separate problem to be addressed.

Now let us forget for a while about this problem and _ 4 3 e IXe A J(1—%)
simply assumethat the potential energy of interactions be- U= VR aC’=B(1-x)[C[*|e" e |
tween the branes produces the negative poteM{ad)=

—ve “™Y whereY is the distance between the branes. In- e 312

deed, we will see shortly that similéthough somewhat dif- +yV| (e e N

feren) terms may appear if one considers a contribution of

other matter fields. But then one should take into account 2J 23(1-%) 4Jx ;

interactions between the bulk brane apath of the other gy (1=2x)e T3v e | (36)

branes This would add at least one new term to the poten-

tial: HereV andJ are some slowly moving modul; are charged

scalars living on the visible brang,is the bulk brane coor-

V(Y)~—v.e &Y —p,e 2R, (35  dinate changing from Gvisible brang to 1 (hidden brang

This result is valid under several conditions including the

Herec; are some positive constants. The first term describegequirementix>1, J(1—x)>1 (i.e. the exponents Y* and
the Yukawa-type interaction of the bulk brane with the vis-e 2~ must be exponentially small indeedhe exponent
ible brane, the second term, which was not present in Ree X in the notation of Ref[13] corresponds t@ *™ in
[1], describes a similar interaction of the bulk brane with theRef. [1].
hidden brane. Potentials of this type may indeed appear in a This expression has positive and negative terms, with ex-
three-brane configuratigri3]. In general, they may contain ponential and nonexponential factors which may rise or fall
many other terms, the coefficients may be functions of near each of the branes. The tem@* is positive; it does not
various moduli, and may be either positive or negative. Bedepend orx (i.e. onY in the notation of Ref[1]). The term
fore discussing this more complicated situation outlined in— 8(1—x)|C|%e ™%, which appears due to interference of
Ref. [13], we will discuss our toy potentidB5) to develop the nonperturbative superpotential with the superpotential of
some intuition. charged scalarg, is the only term with the desired behavior

The appearance of the second term in the expression for —e™ 7%, However, it is shown in Ref.13] that this term is
V(Y) is very important. Now the potential near the hiddensubdominant andhe sum of all terms is always positive
brane is entirely dominated not by the exponentiallywithin the domain of validity of Eq(36). To obtain the nega-
small term —uv.exp(~c;Y), but by the second term tive exponential potential required in the ekpyrotic scenario
—v.exd —c(R-Y)]. If bothv, andv, are positive, then the one would need to forbid all terms except the negative term
bulk brane is attracted to the hidden brane and never moves —e % in Eq. (36). This term must appear because of the
towards our brane. Meanwhile, if, is negative, there will interaction of the bulk brane with the visible brane where the
be a large repulsive force between the hidden brane and tlgoupEg is broken. In particular, we would need to forbid all
bulk brane. As a result, the bulk brane will be rapidly movingterms ~ e~ J~% that would appear because of the inter-
towards the visible brane. The total duration of the procesaction of the bulk brane with thEg brane.
will be very short, and therefore no long wavelength pertur-  This is a rather nontrivial task. According to REf4], the
bationséY (k) will be produced. nonperturbative contribution to the superpotential is only

123523-11



RENATA KALLOSH, LEV KOFMAN, AND ANDREI LINDE PHYSICAL REVIEW D 64 123523

nonvanishing if the restriction of vector bundle to the holo-visible and hidden branes, but to the bulk brane as well. This
morphic curve around which the supermembrane is wrappedill imply that the potential(¢) will acquire much greater

is trivial. This condition is satisfied when the bulk brane curvature than 10°*M2, in which case the mechanism of
interacts with the end-of-the-worlthidden brane with un-  tachyonic instability will be unable to generate large-scale
brokenEg. That is why the superpotential calculated in Ref.density perturbations.

[14] described interaction of the bulk brane with tBg hid- Can we have the best of both worlds: brane stabilization
den brane, but not with the visible brane. But in our caseand large-scale density perturbations? Yes, we hope that it is
such interaction would induce the terme ©2(R~Y) which  possible, but only if we have inflation.

should be forbidden in the ekpyrotic scenario. Does it mean
that this scenario requires that our brane was in factBhe
brane before the brane collision, and theg was broken
down to the Symmetry of the standard model after the colli- Now let us be very Opt|m|st|c and assume that all previ-
sion of the brane with tensior with the brane with an  ously mentioned problems can be resolved and let us see
extremely small tensiog= a/2500? So far no realization of \hether this scenario can solve the homogeneity problem. Of
such a scenario was proposed. All previous works on thigourse, one magssumehat the universe from the very be-
subject assumed that we live on the brane whegewas  ginning was entirely homogeneous. The idea is that our uni-
already broken to some smaller group prior to the collisionyerse starts its evolution in a BPS state, which is a com-
and that the colliding branes had comparable tensions, whicpletely stable lowest energy state containing two

is not the case in Refl]. homogeneous branes.

Now let us look at this situation from a somewhat differ-  Here we have several important issues at once. First of all,
ent perspective. Historically, one of the main reasons to calone may indeed expect that the universe after a long and
culate the nonperturbative brane potential was to find &iolent evolutionends upin a ground state. Thus, one could
mechanism of brane stabilization in the HW scenario. In-argue that thdinal state of the universe, rather thaniitiial
deed, at the classical level these branes can stay at any digrate, could be a BPS state. But is it possible to start with the
tance from each other, as long as no naked singularity apiniverse being in a ground state? Is it possible that a ground
pears between the branes. The hope was that the distansgte of a theory decays? A decaying state cannot be a true
between the branes will be stabilized due to nonperturbativground state. The existence of the nonvanishing potential
effects. The result of the calculations performed in R&8]  v/(Y) violates the BPS nature of the initial state and leads to
shows that under the conditions specified in this work thehe instability the brane configuration which develops within
nonperturbative effects instead of the brane stabilization profinite time But a nonsingular state with finite lifetime cannot
duce a small destabilizingpulsionbetween the branes, pro- pe a true initial state of the universe, at least not in the
portional toe 7. In the language of the ekpyrotic variables, classical theory of gravity.
this would correspond to the repulsion proportional to  Essentially we have two different options. The first one is
e “MR~e 20 that the universe appeared from an initial singularity or was

This result has several important implications. First of all,created “from nothing,” then it experienced a period of ex-
at present the problem of brane stabilization in the HW SCepansion, cooling down, and eventually reached its ground
nario remains unsolved. Second, if the brane stabilizatiotate. Here, there is no obvious reason to expect that it begins
occurs due to the nonperturbative effects considered in Refn a ground state.

[13], then the stabilizing forces will be vanishingly small if  Another option is that we are in a self-reproducing false
one uses the parameters of the ekpyrotic scenario. There J&cuum state. There is no initial singularity, and there is an
not much freedom in making™ *™® larger because the ab- ongoing repetitive process of creation of new parts of the
solute value of the curvature of the effective potentiéd) universe. The first semirealistic version of this idea was pro-
near the hidden brane must be smaller tkgr 10 %*MZif  posed in Refs[30,3]] in the context of the eternal new in-
one wants to produce density perturbations by the mechdlation scenario. However, it was immediately realized that
nism of tachyonic instability; see Appendix B. Thus we re-this idea will not work and the universe in the new inflation
ally need to haveemR>107. Consequently, th& moduli(or  scenario must have a beginning because of geodesic incom-
the ¢ field in our notation corresponding to the brane exci- pleteness of an expanding de Sitter univel32], see also
tations will be nearly massless. This does not seem to bRef.[33]. A similar conclusion may not be valid for chaotic
phenomenologically acceptable. In addition, in the absencflation [34], so it remains to be seen whether eternal infla-
of a sufficiently powerful mechanism of brane stabilizationtion in the simplest versions of the chaotic inflation scenario
there is no obvious reason to expect that the branes must p85] requires any beginning.

parallel to each other from the very beginning. In the begin- However, in the ekpyrotic scenario there is no inflation,
ning of the evolution of the universe different parts of theby design, and no self-reproduction. The properties of the
branes at large distance from each other “did not know”BPS statdthe tension of the brangshange each time a new
where they should stay. As we will see in the next sectionpulk brane is born. Thus, it is not a stationary process, so one
this leads to a severe problem of homogeneity. cannot avoid the question of the initial conditions that could

On the other hand, if eventually we will discover the create the two- or three-brane near-BPS state. In such a case,
mechanism of brane stabilization in the HW scenario, therthe required homogeneity of the two- or three-brane universe
most probably this mechanism will apply not only to the should be explained rather than postulated. The initial homo-

VI. HOMOGENEITY AND ENTROPY PROBLEMS
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geneity of the two- or three-brane configuration postulated inthis by the initial value¥~R=Mg* one finds that in order
the ekpyrotic scenario is not a solution of the problem butio avoid unacceptably large density perturbations and CMB
rather a problem to be solved. anisotropy in the observable part of the universe one must

Of course, it may happen that an approximate homogenerave the branes positioned exactly parallel to each other with
ity on a very small scale is all we need. This is the case in theccuracy
simplest versions of chaotic inflation where an approximate
homogeneity on the Planck scale is the only condition re-
quired to trigger an eternal chain reaction of self- AY(ko) 1032 38)
reproduction of the inflationary univerd®5]. Let us see Y
whether an approximate homogeneity on small scales is
good enough for the consistency of the ekpyrotic scenario.

Suppose that initially the position of the bulk brane wason the macroscopically large scatg*~10* cm, which is
slightly perturbed, so that it was equal¥¢0)-+ A Y(x), with 30 orders of magnitude greater than the physical distance
Y(0)~R. For simplicity one may assume that this perturba-between the braneBD?Mg *.” In other words, the anglé
tion can be represented by a sinusoidal wavg(k)sinkx.  between the branes on the sc&g'~10°M ' must be
Then we immediately see a possible problem: A very smalbmaller than 10%2 from the very beginning. This incredible
classicalinhomogeneityAY(x) of the initial position of the fine tuning cannot be considered a solution of the homoge-
bulk brane can be exponentially enhanced by the tachyonipeity problem.
instability, which may lead to a strong inhomogeneity of the Can we do something about it? One possible idea would
visible brane upon collision. In other wordshe same be to deviate from the static setting describing initial con-
mechanism that produces large scale classical perturbationfiguration of two or three branes in a near BPS state, as
from small quantum fluctuations may greatly amplify smallsuggested in Refl1], and instead consider the process of
initial inhomogeneities of the position of the bulk brae  cosmological evolution which could eventually result in cre-
the amplitude of thelassicalperturbation\ Y (k) is greater  ation of such a configuration. For example, one may imagine
than the average amplitude of quantum fluctuatiéigk),  that initially there was a stage of inflation which made the
we will see unacceptably large irregularities in the CMB universe homogeneous and the branes parallel. Another pos-
spectrum. To avoid this problem we must require that thesibility is to consider a noninflationary Friedmann evolution
classical perturbations of the bulk brane positib¥i(k) are  starting with a cosmic singularity and resulting in formation
smaller than the quantum perturbatio®¥(k) for all wave-  of two branes. If there exists a powerful mechanism of brane
lengths that we can presently obsefve. stabilization, then the branes could stay at a distance ap-

To evaluate the significance of this effect we will estimateproximately equal td\/|5‘1 for an exponentially long time.
the initial amplitude of quantum fluctuation®Y'(k) on the  Then the energy density of matter on the branes, including
scale corresponding to our present horizgr; 10°® cm. As  the energy of their inhomogeneities, will be diluted by cos-
we have shown in the previous section, at the moment of thenic expansion, and eventually the branes will become almost
brane collision such perturbations had momentlkg  exactly parallel to each other.
~10"Y GeV~10 *Ms. The corresponding length scale Let us assume for a moment that we were able to make
ko * was 10° times larger than the proper distance betweerthe universe homogeneous by this mechartistrich is not a

the braneR~BD2M5‘1~102M5‘1. part of the ekpyrotic scenario assuming static initial condi-
Equation(26) gives the following expression for the av- tions). Could we solve all major cosmological problems due
erage amplitude of quantum fluctuatiod¥ (ko): to the stage of the cosmological expansion preceding the

onset of the pyrotechnic stage? Suppose that the universe is
Ko closed, and initially it was filled with radiation. Then, ac-
Y (Ko) ~ ——=—==—~10"3M; " (387)  cording to Ref.[36], its total lifetime is given byt
VAM5BD ~S*®M ', after which it collapses. Ignoring for a moment
the possible time dependenceMf,, we find that in order to
survive until the momentt~ky~10*M5~10*M,,, the
universe must have the total entropy greater thatf. 1@
other words, the universe must contain at leas #emen-
tary particles from the very beginning. Thus in order to ex-

6 . .
O =2 .
ne may even argue that the requirement that classical perturba ain why the total entropyor the total number of particlgs

. . Dl
tions must be smaller than the quantum ones means that stnct% . .
speaking there are no classical perturbations at all. Indeed, pertut- the observable part of the universe is greater thafl

bations can be called classical only if the corresponding occupattioﬂ'"'lslt a_ssume_ that It was greater tharP1om the very
numbersn, for particles with momentk are much greater than 1. P€ginning. This is the so-called entropy problgs6]. If the
But then the amplitude of such perturbations would become greatéfniverse initially has the Planckian temperature, its total ini-
than the amplitude of quantum fluctuations by a factox@h, +1  tial mass must be greater than°4a , .

[36], which is incompatible with the conditioAY (k) <s8Y(k). In

this sense one may say that to avoid large CMB anisotropy one

should not haveny large-scale classical perturbations of the bulk “The resuli(38) can also be derived using variation with respect to
brane: We must start with an ideally flat brane. time in formula(A10).

To avoid problems with anomalously large CMB anisotropy
one should haveAY (kg)<8Y(ko)~10"32M; 1. Dividing
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On the other hand, if the bulk brane was created due tby string theory and resolves all major cosmological prob-
the tunneling, then one must make sure that the tunneling iems without using inflation. These are very serious claims
extremely strongly suppressed so that it does not happesince so far all attempts to replace inflation by an equally
during an exponentially large time required for the branes toalid paradigm were unsuccessful.
become parallel with accuracy of 16%. One must also en-  In our opinion, this new attempt is not an exception. We
sure that the tunneling does not take place twice within théhave found that the ekpyrotic scenario is not entirely string
time 16°°M; ! that is required for the formation of our part motivated and must be modified. In particular, to obtain this
of the universe. Indeed, each tunneling makes the universscenario from the Hava-Witten model one must change the
inhomogeneous, but if only one such event occurred, it magigns of the brane tensions, which entails many other
be interpreted as a creation of a homogeneous open universghanges in the parameters and properties of the model.
However, such interpretation will fail if there were many  One must also find the way to generate the brane potential
bubbles within the cosmological horizon. V(Y), which in terms of the effective fielg is given by a

More importantly, our mechanism of brane “homogeniza-very unusual expression 10~ 2°M gexp(—5000¢/M p)- TO
tion” could work only if there were some reason for the find such potentials one must allow nonperturbative interac-
branes to be dynamically stabilized immediately after thetion of the bulk brane with the visible brane and entirely
beginning of the evolution of the universe, at the same dissuppress interaction of the bulk brane with the hidden brane.
tance all over the huge domain many orders of magnitudehis is a requirement which is difficult to satisfy. And in the
greater than the brane separation. However, the problem @hd one would need this potential to vanishfat 0. As we
brane stabilization in the HW scenario still remains un-have argued, existence of such potentials is hardly compat-
solved, and in the ekpyrotic scenario there are no forces thale with string phenomenology and with the possibility to
would keep the branes at a fixed distance. It is possible thaichieve brane stabilization in the HW scenario.
nonperturbative effects similar to those responsible for gen- Many other features of this model are equally question-
eration of the potentiaV/(Y) will fix the distance between able. Is it really possible for BPS states to decay? Does the
the brane$4,13,37. But with the parameters used in REf]  bulk brane have flat geometry? What exactly happens when
such stabilizing forces would be suppressed by the same kinghe branes collide? If the bulk brane brings too much nonex-
of exponents a¥/(R)~10 %, i.e. they will be incredibly panding matter to our world, our universe may collapse
weak. rather than expand. Indeed, prior to the collision, our brane

Meanwhile, if the branes were even slightly inhomoge-was empty. If one simply deploys there a lot of matter, the
neous from the very beginning, they were out of the BPSuniverse may collapse. It is not sufficient to reheat our brane
regime, and the long-range forces of attraction and repulsioand create matter there. One must make sure that this matter
were not compensatd@8,29. Our estimates indicate that if expands rather than implodes, and that it expands in such a
the initial angle between the branes was greater thart?L0 way that the kinetic energy of matter is exactly equal to its
these forces could be much stronger than the nonperturbatiystential energy, because otherwise our universe will not be
potential V(Y). The potentialV(Y) would contain a large flat, and there will be no inflation to make it flat later.
power-law contributior{11] which would lead to a prema- To study this problem one would need to use the Israel
ture fall of the bulk brane to our brane. In such a case thgunction conditions for the extrinsic curvatuk” for the
perturbations with a flat spectrum would not be produced. colliding branes embedded into 5D bulk. Usually the hyper-

Moreover, if one considers a generic inhomogeneous resyrfaces, in the junction conditions is a timelike hypersur-
gime in the early universe, where the initial fluctuations offgce. In this model we have to consider a spacelike hyper-
metric could beD(1) on the Planckian scale, and the branesgyrface t,, where the four-dimensional brane energy

were not parallel at all, then the non-BPS long range forceghomentum tensof* experiences a jump from the vacuum-
of attraction and repulsion could be dozens of orders of Magike form T“=os" to the radiation formT#=p diag(1

nitude greater thal/(R)~10" In this case we do notsee _ 1/3 _ 1/3 " 1/3). Therefore the extrinsic curvatufem-

any way to ma%e.the universe even marginally homogeneougg 4ing of the visible brane also will have a jumptat This
on the scale 10 times greater than the brane separation. eang that cosmology at the visible brane after the collision

In comparison, in the simplest versions of chaotic inﬂa-m(,j‘y be more complicated than what one may naively
tion scenario the homogeneity problem is solved if our par%xpec@

of the universe initially was relatively homogeneous on the  'A|| of these issues are very nontrivial. Our experience

. _l .
smallest possible scal®(M, ") [12]. The whole universe i prane cosmology tells us that it is often dangerous to

could have originated from a domain with total entropy make approximations which at the first glance seem very
O(1) and total mas©(Mp). Once this process begins, it

leads to eternal self-reproduction of the universe in all its———
pOSSIbIQ forms{3.5’3@ Nothing like that is possible in the 8Recently it was found that the 5D description of the ekpyrotic
ekpyrotic scenario. scenario is problematic even before the colligit8]. It was shown
there that the ansatz for the metric and the fields used in[REf.
VIl. CONCLUSIONS does not provide a consistent solution to the dilaton and gravita-
tional equations in the bulk. To avoid this problem one would need
In this paper we were trying to evaluate the claims thatio use a more general ansatz for the metric and provide an improved
the recently proposed ekpyrotic scenario is fully motivatedsD interpretation of the bulk brane potenti(Y).
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natural. For example, we have found that if one takes the In addition, in order to survive until the horizon becomes
two-brane Randall-Sundrum model and adds there a scal&0 orders of magnitude greater than the distance between the
field in order to achieve brane stabilization without changingbranes, our universe from the very beginning must have en-
the brane tension, as in the Goldberger-Wise scei@8h  tropy greater than £8, which constitutes the entropy prob-
the branes become exponentially expandi@f]. To avoid  lem.
this expansion one must adjust the brane tensions in a spe- This demonstrates once again how difficult it is to con-
cific fine-tuned way40]. We suspect that a similar adjust- struct a consistent cosmological theory without using infla-
ment is necessary in the ekpyrotic/pyrotechnic scenario agon.
well. . . . Note added:Recently the authors of the ekpyrotic sce-
But the main problem is related to the claims that thenario issued a paper replying to some of our comments on
ekpyrotic scenario provides us with a new noninflationaryi,eir theory[41]. However, since they incorporated many of

brane-specific mechanism of generation of density perturbgs ;. regyits and suggestions in the revised version of their

tions with nearly flat spectrum, gnd that it also provides aper[ 1], we do not think that there is any real disagreement
solution to the homogeneity, horizon and flatness problem

In this paper we have shown that there is nothing brane s e—ith respect to our results.
Pap 9 P& The only “incorrect” statement they have found in our

cific in the ekpyrotic mechanism of production of density work was our conclusion that the HW phenomenoloay re-
perturbation. It is based on the simple mechanism of tachy- P 9y

onic instability, which works in 4D theory as well. But to quires visible brane with positive tension. However, it is

make it realistic one must consider a narrow subclass of po(jefinitely true that this requirement is satisfied in all works

tentials with V"<0 that would lead to inflation if their ©n the HW phenomenolog}8—5] to which the authors of
maxima would correspond t¥>0. Then if one wants to Ref.[1] referrgd in thelr paper. The only e>.<cept|on that we
avoid inflation one must fine tune the height of the maximumaré aware of is provided by the unconventional approach to
with accuracy about T04%°. Finally, one must ensure that the HW phenomenology outlined in Refs3,9]; see a de-
with this setting we do not wind up in an AdS universe with tailed discussion of this issue in Sec. IIl of our paper and in
large negative cosmological constant. Ref.[18]. Instead of repeating this discussion here, we just
It is ironic that if this goal is achieved, we will unleash a mention that the authors of Refl] removed the statement
mechanism of tachyonic instability which will exponentially that the visible brane must be in the small-volume region of
amplify not only quantum fluctuations, but also initial inho- space-timgi.e. that it must have negative tensidnom the
mogeneities. revised version of their papdi]. They also removed the
To understand the nature of the problem one may compargustification” of this statement in Sec. V B. After that they
this scenario with inflation. Consider, for example, a potensaid[41] that they never claimed that the tension of the vis-
tial with V"(¢)<0 used in new inflation. Inflation occurs if ible brane must be negative.
|V"|<H?. Therefore the exponential tachyonic instability, ~ Another point of criticism was related to our use of the
which is controlled by\[V"[ (and dampened by inflation theory of tachyonic preheatirig.0] for the derivation of the
develops much more slowly than the exponential stretchinggmplitude of the density perturbations in the ekpyrotic sce-
of the universe controlled byH: d¢~exf(V'[/3H)t],  nario. This derivation allowed us to show that the assumption
whereasa~expHt). As a result, all perturbations which that p(Y) must decrease towards the visible brane was not
could exist prior to inflation are stretched away. This combi-pecessary for generation of density perturbations. This as-
nation of two instabilities dominated by expansion is ag,mption was the basis for the statement that the density

unique and.ve.ry important property Qf inflation.. ... perturbations in the ekpyrotic scenario have blue spectrum
Meanwhile in the ekpyrotic scenario the only instability is [1]. We also found an error by a factor of B~ ~2~ 20 in

the tachyonic one. If it is powerful enough_to prqquce Clas'the expression for density perturbations in Egp) of Ref.
sical perturbations out of quantum fluctuations, it is equally[l] After that, the authors of Ref1] have withdrawn the

powerful in making small classical perturbations exponen- . : .
tially large. To see CMB anisotropy generated by qu(,jm,[un?tatement that the spectrum of the density perturbations in

fluctuations but not by initial inhomogeneities, the initial in- 1€ €kpyrotic scenario must be blue. They improved(&g),
homogeneities must be below the level of quantum noise. and ma_\de a dramatic m(_)dlflcat_|on of a!l parameters of_thelr
Thus, inflation removes all previously existing inhomoge-mOdel in order to keep it consistent with the observational
neities, whereas in the ekpyrotic scenario even very smaffata.
initial inhomogeneities become exponentially large. There- The remaining points of disagreement are rather philo-
fore instead of resolving the homogeneity problem, it make$ophical. For example, it is argued in Rg41] that until a
this problem much worse. Moreover, if the universe in thistheory of quantum gravity is fully developed, we will not
scenario was even slightly inhomogeneous, the long-rangknow which initial conditions are better. However, we still
forces, which would be cancelled in a BPS state, appeabelieve that it is much easier to imagine that the early uni-
again. This may completely change the whole scenario. verse was relatively homogeneous on the Planck scale
To avoid this problem one must provide a physicalO(10 %% cm, as required for the eternal process of chaotic
mechanism which would make the branes parallel to eacinflation to begin36], than to assume that the universe from
other with accuracy 10°° on the scale 30 orders of magni- the very beginning was huge and nearly exactly homoge-
tude greater than the distance between the branes. neous on a scale ibtimes greater than the Planck scale.
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dation. the large wavelength limit. The density fluctuations are given

by S=H[ 8(to)! d(to)1(k/27)%2 The onlyk dependence

is in the 8¢, (tp). Therefore the spectrum of the density fluc-

tuations| 6,2~ k3~2#. We will use the spectral index of the
Let us derive more rigorously the spectrum of fluctuationsdensity fluctuations, which is defined by the formyig|?

considered in Sec. IV. We shall consider the equation for-k("s~1). We have

guantum fluctuationg17). Let us begin with a class of

power-law potentialy/(¢)=—A$"/M""* n>2. The equa- Ns=1+(3—-2u). (A7)

tion for the temporal part of the eigenmode function

S (e *is

APPENDIX A: SPECTRUM OF FLUCTUATIONS
PRODUCED BY THE TACHYONIC INSTABILITY

Substituting here expressidA5) for u, we find the simple
formula

n—-2
S+ | kK2=—n(n—1)\

_ 4
Y S¢=0. (A1) ne=1- o (A8)
Initially the field rolls from the top of the potentialhp~0,  Remarkably, this is precisely the same result as derived in
towards largep, ¢>0 (in the context of the moduli field Sec. IV by elementary methods. We see that the spectrum in
between branes we shall simply redefipge- po— ). As-  the class of the power-law potentials is always negy 1.
suming that the initial energy of background field vanishes, In the limit n—o, which can be considered as a shortcut
we find the time evolution of the background field in the answer for the exponential potential, one may expect the flat
form spectrum,ng=1. Indeed, let us consider thigery specific
potential V= —Voe~ M which plays a special role in the
2 M=o 2oy 4 2-)i2 ekpyrotic scenario. We shall consider the evolution of quan-
flo—t= n-2 2x (D) — %o - (A2) " tym fluctuations at the time when the fieddlrolls from the
top of the potential(i.e. from large$) to ¢=0. For the
We will consider the evolution of the field until it hits a temporal part of the eigenmode functidip,(t) we have
certain value ¢y. It is convenient to chooséy,=(2/n
—2)(M("=D212\) pZ~™"2 | then timet flows from the ini- St
tial value toty. Substituting expressio(A2) into Eq. (A1), .
we reduce Eq(Al) to the Bessel equation

Vv
k2— M—‘;eWM) S =0. (A9)

Assuming that the initial energy of background field is van-

. , h(n—1) 2 ishingly small, we find
Oyt | ko= - | 8¢=0. A3
¢k (n—2)2 t2 ¢k ( )
—t+to= edM—1). A10
A solution corresponding to the positive-frequency initial 0 W( ) (A10)

vacuum fluctuations is given in terms of the Hankel function
Here ¢(tp) =0, and the time flows from —< to ty as the

Sebi()=NtH (k) (A4)  field ¢ rolls from the top of the potentiallarge ¢) to ¢
_ ) =0. It is convenient to chooséy,=—M/\{Vy/2, then
with the index e ¢M=(2M?/V,)(1/t?). Substituting this expression into
Eqg. (A9), we obtain
n(n—1)
w’=1/4+2 . (A5)
(n—2)2 el 2
Sdit| K= 7| 6=0. (A1)

Early time asymptotic value for the large argumkhshould

be 8¢ (t)=(1/\2k)e ¥, so we choose the normalization A solution corresponding to the positive-frequency initial
factor N=(\/m/2)e " ""*2 The spectrum of fluctuations at vacuum fluctuations is given in terms of the Hankel function

the momentt, is given by the expressiof®A4) att, as a Vors (1)
function of k. For largekt,>1 the spectrum will be an os- S (1) =NtV “H 5 (K[t]), (A12)
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where 1 $)(z)= — V2/mzé%(1+i/z), and we choose the  The absolute value of the second derivative of the effec-
normalization factorN;=— /2. Indeed, for|t|—» we tive potential)(¢), which is given bya?m’D~2ve” ™,
have 8¢, (t) = (1/.2k)ekt (time is negative However, the determ|_nes the square of the comoving mon_wek?tzm_‘ .the _
most interesting asymptotic corresponds to the momgnt fluctuations generated due to the tachyonic instability. This

For the modek|to| =kM/\Vo/2<1, we have quantity should be further divided HY to obtain the square
of the physical momenturfil]. One can obtain density per-
Wo 1 turbations on the scale comparable to the size of the observ-
| di(to)|= able part of the universe #°m?D ~Sve” “™R<k3, wherek,

32 2M 132’ _ ) .
\/§|t°|k k is the momentum corresponding to our present honi«én,

e ~10 *M2~e 15M2; see Eq.(30). If this condition is not
Yo (A13)  satisfied, there will be no large-scale structure in the observ-
M able part of the universe. The expressionKgican be a few
orders smaller or greater, depending on the choice of the
parameters, but this will not affect our final estimate in a
noticeable way. Combining all numbers together, we get the

k 3/2
6¢><k>:(5> |51(to)|=

Cosmological fluctuations would have a flat spectrum
with the amplitude

H following constraint onamMs;:
=17 (A14)
amR=amM; 1=120. (B4)
The spectrum of density fluctuations will be exactly fiag, )
=1. Thus the exponene™ *™" near the hidden brane must be
smaller thane '?° if we want to explain the large-scale

APPENDIX B: THE CHOICE OF PARAMETERS structure of the univgrse py thg tachyonic instability. This is
AND THE BULK BRANE POTENTIAL V(Y) an important constraint, since it shows that all corrections to
IN THE PYROTECHNIC SCENARIO V(Y) near the hidden brane must be suppressed with accu-

racy e 120~10" 0,

As we have shown in Sec. V, the effective potential of a  Another important relation that we are going to
properly normalized fieldp in the ekpyrotic scenario has a yse is M§=BM§I3(0), where for B<a one hasl;(0)
very peculiar form =(1/2a)[D*(0)— D*(R)] [1]. Since in the realistic theory
one must hav® (R) several times smaller than(0)=C, in

am i imati ~C4 .
V(¢)~—3,88M§v exnl — ¢3 the first approximation one hag;(0)~C*/2«. Conse
3BBM:D quently,
5000 32
~—1022Mgexp<— ¢). (B1) Mo VBMsC (B5)
My p \/Z -

The huge coefficient 5000 in the exponent makes this sce-

nario rather suspicious from the point of view of string phe-Using these relations one can represgfy) as follows:
nomenology. Usually the coefficients which appear in the

exponential potentials in string theory a@€1). 5 am¢C?

This large number appears when we are using the same W(¢)~—3BBMzv exp — J6BaM D
parameters as in the ekpyrotic scendfip One may wonder paM,
whether it is possible to obtain a much smaller number by
proper choice of the parameters. Indeed, one must chan
these parameters anyway if one wants to describe a realis
model withD (YY) decreasing towards the hidden brane, as i
the pyrotechnic scenario.

In order to answer this question we will first outline some am¢C? - am¢C >50<b \/E
(though not all requirements for the parameters of the pyro- =n. =n. M. Ng
technic scenario. Hera is a positivetension of the visible 6BaM,D V6BaMy p VP
brane. In this scenario one has

. (B6)

ere we will concentrate on the absolute value of the coef-
R'E:ient am¢C2/\/6ﬁaMp D in the exponent. Using the in-
qualitiesC>D, C>aM; !, andamMg *=120, one finds

(B7)

Note thata> . Thus the factor in the exponent in the ex-

D(Y)=C—aY. (82)  Ppression for/(¢), Eq. (B6), is much greater than M,
for any choice of parameters in the pyrotechnic scenario. In
Thus one should have particular, if one takesy/8~2500 as in Ref[1], one finds
. that the factor in the exponent must be greater than
aMg = aR<C. (B3) 25006/M .

123523-17



RENATA KALLOSH, LEV KOFMAN, AND ANDREI LINDE

PHYSICAL REVIEW D 64 123523

[1] J. Khoury, B.A. Ovrut, P.J. Steinhardt, and N. Turok, Phys.[18] R. Kallosh, L. Kofman, A. Linde, and A. Tseytlin, Phys. Rev.

Rev. D64, 123522(2001).

[2] P. Horava and E. Witten, Nucl. Phy8475, 94 (1996.

[3] E. Witten, Nucl. PhysB471, 135 (1996; P. Homva, Phys.
Rev. D54, 7561(1996.

[4] S. Ferrara, R.R. Khuri, and R. Minasian, Phys. LetB7, 81
(1996; T. Banks and M. Dine, Nucl. Phy&479, 173(1996);
I. Antoniadis and M. Quiros, Phys. Lett. 892 61(1997); H.P.
Nilles, M. Olechowski, and M. Yamaguchipid. 415 24
(1997; Nucl. Phys.B530, 43 (1998.

[5] A. Lukas, B.A. Ovrut, and D. Waldram, Nucl. PhyB532, 43
(1998; Phys. Rev. D57, 7529(1998.

[6] A. Lukas, B.A. Ovrut, and D. Waldram, Phys. Rev. 19,
106005(1999.

[7] B.A. Ovrut, T. Pantev, and J. Park, J. High Energy PI9.
045 (2000.

[8] K. Benakli, Phys. Lett. B447, 51 (1999; Z. Lalak, S. Pokor-
ski, and S. Thomas, Nucl. PhyB549, 63 (1999.

D 64, 123524(2007).

[19] R. Kallosh, A. Linde, T. Ortin, A. Peet, and A. Van Proeyen,

Phys. Rev. D46, 5278(1992.

[20] R. Kallosh, Phys. Lett. 82, 80 (1992.
[21] E. Bergshoeff, R. Kallosh, T. Ortin, D. Roest, and A.V. Pro-

eyen, Class. Quantum Gralg, 3359(2002.

[22] L. Randall and R. Sundrum, Phys. Rev. L&®8, 3370(1999.
[23] L. Randall and R. Sundrum, Phys. Rev. L&, 4690(1999.
[24] V.F. Mukhanov and G.V. Chibisov, JETP Le&3, 532(1981);

S.W. Hawking, Phys. Lettl15B, 295 (1982; A.A. Starobin-
sky, ibid. 117B, 175(1982; A.H. Guth and S.-Y. Pi, Phys. Rev.
Lett. 49, 1110(1982; J. Bardeen, P.J. Steinhardt, and M.S.
Turner, Phys. Rev. 28, 679(1983; V.F. Mukhanov, Pis'ma
Zh. Eksp. Teor. Fiz.41, 402 (1985 [JETP Lett. 41, 493
(1985]; V.F. Mukhanov, H.A. Feldman, and R.H. Branden-
berger, Phys. Re215, 203 (1992.

[25] A.H. Jaffeet al, Phys. Rev. Lett86, 3475(2001).
[26] D. Spergel and N. Turok, Sci. An266, 52 (1992.

[9] R.Y. Donagi, J. KhOUry, B.A. Ovrut, P.J. Steinhardt, and N. [27] G. Dvali (private Communicatioh
Turok, “Visible Branes with Negative Tension in Heterotic [28] A.A. Tseytlin, Nucl. PhysB487, 141 (1997.

M-Theory,” hep-th/0105199.

[29] G. Dvali and M. Shifman, Phys. Ref20, 107 (1999.

[10] G. Felder, J. Garcia-Bellido, P.B. Greene, L. Kofman, A.[30] J.R. Gott, NaturéLondon 295, 304 (1982.

Linde, and I. Tkachev, Phys. Rev. Le87, 011601(200)); G.
Felder, L. Kofman, and A. Linde, Phys. Rev. (@ be pub-
lished, hep-th/0106179.

[11] G. Dvali and S.H. Tye, Phys. Lett. B50, 72 (1999.

[12] A.D. Linde, Phys. Lett129B, 177 (1983.

[13] G. Moore, G. Peradze, and N. Saulina, Nucl. PIB3607, 117
(2001).

[31] A.D. Linde, “Nonsingular Regenerating Inflationary Uni-

verse,” Cambridge University Print-82-0554, 1982.

[32] A.D. Linde, in The Very Early Universesdited by G.W. Gib-

bons, S.W. Hawking, and S. Siklo€ambridge University
Press, Cambridge, England, 198@p. 205-249.

[33] A. Borde and A. Vilenkin, Phys. Rev. Let?2, 3305 (1994);

Int. J. Mod. Phys. 05, 813(1996.

[14] E. Lima, B. Ovrut, J. Park, and R. Reinbacher, “Non- [34] A. Borde and A. Vilenkin, Phys. Rev. B6, 717 (1997.
perturbative superpotential from membrane instantons in hetf35] A.D. Linde, Phys. Lett. BL75 395 (1986.
erotic M-theory,” hep-th/0101049; E. Lima, B. Ovrut, and J. [36] A.D. Linde, Particle Physics and Inflationary Cosmology
Park, “Five-brane superpotentials in heterotic M-theory,” (Harwood, Chur, Switzerland, 1920
hep-th/0102046. [37] T. Banks, “M theory and cosmology,” hep-th/9911067.

[15] A. Lukas, B.A. Ovrut, K.S. Stelle, and D. Waldram, Phys. Rev. [38] W.D. Goldberger and M.B. Wise, Phys. Rev. Le28, 4922
D 59, 086001(1999. (1999.

[16] A. Lukas, B.A. Ovrut, K.S. Stelle, and D. Waldram, Nucl. [39] G. Gibbons, R. Kallosh, and A. Linde, J. High Energy Phys.
Phys.B552, 246 (1999. 01, 022 (2002.

[17] E. Bergshoeff, R. Kallosh, and A. Van Proeyen, J. High Energy{40] O. DeWolfe, D.Z. Freedman, S.S. Gubser, and A. Karch, Phys.
Phys.10, 033(2000; R. Kallosh, T. Mohaupt, and M. Shma- Rev. D62, 046008(2000.
kova, “Excision of singularities by stringy domain walls,” [41] J. Khoury, B.A. Ovrut, P.J. Steinhardt, and N. Turok, “A Brief
hep-th/0010271. Comment on ‘The Pyrotechnic Universe’,” hep-th/0105212.

123523-18



