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The possibility to study the M or string theory cosmology via 5D bulk and brane action is investigated. The
role of the 4-form field in the theory of Bogomol'nyi-Prasad-SommerfiBBS branes in 5D is clarified. We
describe arguments suggesting that the effective 4D description of the universe in the ekpyrotic scenario should
lead to contraction rather than expansion of the universe. To verify these arguments, we study the full 5D
action prior to its integration over the fifth dimension. We show that if one adds the poté(Yiako the action
of the bulk brane, then the metric ansatz used in the ekpyrotic scenario does not solve the dilaton and
gravitational equations. To find a consistent cosmological solution one must use a more general metric ansatz
and a complete 5D description of the brane interaction instead of simply adding an effective 4D bulk brane

potential V().
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[. INTRODUCTION theory, assuming that we live on the negative tension brane.

This required a substantial reformulation of HW phenom-
During the last few years there were many attempts tenology[9,10]. In particular, one must revise the standard
construct a consistent brane cosmology, see e.g. Ref§), assumptiori 8] that the gauge coupling on the hidden brane
and references therein. One of the most interesting possibilis large. In Ref[7] a different version of this scenario was
ties is to wuse supersymmetric Bogomol'nyi-Prasad-proposed, assuming that we live on the positive tension
SommerfieldBPS branes in cosmology. Studies of this idea brane, in accordance with RdB]. It was called the pyro-
developed from the no-go theorems for nonsingular supertechnic scenaridWe will discuss this in Sec. Il of our paper
symmetric domain wallf4] to the construction of supergrav- and explain that the relevant issue is not the standard versus
ity in singular space$5] where the bulk and brane actions nonstandard embedding, but fdea-Witten phenomenology
are supersymmetric. Investigation of the BPS brane cosmo[8] versus Benakli-Lalak-Pokorski-Thomgd1] phenom-
ogy, i.e. the theory of interacting and moving near-BPSenology.
branes, has brought an additional level of complexity, both  Other concerns include extreme fine tuning of the brane
on the technical and on the conceptual level. potentialV(Y) required in the ekpyrotic scenario. In particu-
One of the most challenging recent attempts to construct far, the potential must be extremely smélppressed by a
consistent cosmology based on a picture of colliding BPSactor at least as small as 1¥) near the hidden brane. This
branes is the ekpyrotic scenarfi6]. In this paper we will makes it very difficult to understand how this scenario could
discuss some of the general issues of the BPS brane cosm@le made consistent with the brane stabilizafiéh To solve
ogy by critically analyzing the ekpyrotic scenario. the homogeneity problem in this scenario, one would need
It was claimed in Ref[6] that the ekpyrotic scenario is the branes from the very beginning to be parallel to each
based on the Hawa-Witten(HW) phenomenology, and it other with an accuracy better than 8 on a scale 1¥
solves all major cosmological problems without using infla-times greater than the distance between the branes. In our
tion [6]. However, in Ref[7] it was argued that these claims opinion, these problems, as well as several other problems of
were overly optimistic. First of all, the standard HW phe- the ekpyrotic scenario pointed out in RET], remain unre-
nomenologyincluding most of its versions with nonstandard solved.
embedding is based on the assumption that we live on the |n this paper we would like to consider some other aspects
positive tension brang8]. Meanwhile, the model proposed
in Ref.[6] was based on an unconventional approach to HW———
1In the pyrotechnic scenario, unlike in the ekpyrotic scenario, we
do not make any attempts to avoid inflation. In fact we have argued
*Also at Imperial College, London and Lebedev Physics Institutejn Ref. [6] that avoiding inflation in this scenario may require ad-
Moscow. ditional fine tuning.
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of the ekpyrotic scenario. First of all, it was claimed in Ref. symmetry in the probler2] rather than the factorized ansatz
[6] that the action and the cosmological solution describingused in Ref[6]. The typical situation there when the junction
three static branes in the ekpyrotic scenario have been olgonditions on the branes are taken into account is that the 5D
tained in Refs[12,13. However, the 5D bulk and brane metric has a nonfactorizable dependence on time and the
action in Ref[13] was found for the case of the two bound- fifth direction.
ary branes only. We will show that it cannot be generalized Moreover, we believe that the brane potenté(Y)
to the case of boundary and bulk branes using the formalisrihould be interpreted as the “radion potential.” It represents
of Refs.[12,13. the total energy of the configuration involving the bulk brane
To add the bulk brane to this construction one must usétanding at the distancefrom the visible bran¢16]. In such
the 4-form field, which was introduced in the context of 5D @ Situation it may be incorrect to represaf(tY) as a delta-
supergravity in singular spaces by Bergshoeff, Kallosh andunctional contribution to the energy densﬁy localized 'on.the
Van Proeyer{5] and recently generalized in RdfL4]. We t_)ulk brane. _Instead of tha_lt, one should find out the distribu-
will show that the corresponding part of the 5D action andtion of the fields responsible for the emergence of the long
the part of the solution given in Re#6] are not quite correct ange interaction described by the potentigly), and sub-
as far as coefficients are concerned; we will present the cogtitute theiry-dependent energy-momentum tengeather
rected action and static BPS solution describing boundar§hanV(Y)] into the 5D equations. A simplest example of a
and bulk brane in Sec. lilsome technical details are given Similar situation is given by the energy of an electric capaci-
also in the Appendix tor. The energy of interaction of the charged plates of a ca-
In Sec. IV we will discuss an effective 4D description of Pacitor V(R) is proportional to the distanc between the
the 5D cosmology and give an argument that the 4D space iplates. However the electrostatic energy densiy is con-
the ekpyrotic scenario can only collagsaccording to Ref. ~ centrated not at the plates but in the bulk.
[6], this is indeed the case. The scale factor of the universe, We conclude that in addition to many other problems of
which was obtained after integrating the 5D action oyer the ekpyrotic scenario discussed in Réf], there exists an-
(the 5th dimensionand solving equations in the effective 4D other one. The ansatz for the metric and fields used in Ref.
theory, decreases. The authors of Réf.argued that one can [6] does not provide a correct solution to the dilaton equation
go back from the effective 4D theory to the 5D theory andand the 5D Einstein equations.
show that the scale factor of the visible brane grows. We
believe, hov_vever, that in order to go back from the effective || grRANE TENSION AND HW PHENOMENOLOGY
4D description to the 5D theory one should perform an ex-
plicit investigation of the 5D geometry before the integrating  According to the Hoava-Witten theory(8,13], the uni-
over the 5th dimension. verse consists of two branes in 5D space, which appeared
This is not an easy task since the bulk brane potentiaffter 6 dimensions of the 11D space were compactified on
V(Y) driving expansion of the universe in the ekpyrotic sce-Calabi-Yau(CY) space. The unification of weak, strong and
nario was added in Reff6] by hand to the 4D formulation of electromagnetic interactions is achieved on the visible brane,
the theory, rather than to the 5D theory. One can only specwith the gauge couplingg~0.04. The standard Hava-
late how one should interpret this term from the point of Witten phenomenology8], including its versions with non-
view of the 5D theory. standard embeddird.7], is based on the assumption that we
In Ref.[6] this term was interpreted as a correction to thelive on the positive tension brane, and the volume of the CY
bulk brane action, which means that it represents an effectivepace decreases towards the hidden brane, whereas the gauge
delta-functional addition to the total energy concentrated orcoupling constant increases. This leads to the strong gauge
the bulk brane. We will show in Sec. V that in this case thecoupling on the hidden brane;,q=O(1). In thestrong cou-
time-dependent ansatz for the metric and fields used in Refiling regime one can obtain gaugino condensation, which
[6] does not provide a consistent solution to the 5D gravitaplays an important role in the HW phenomenology.
tional equations and to the equation for the dilaton field. In  The ratio of the gauge couplings is inversely proportional
such a situation it is dangerous to take averages of the 5@ the ratio of Calabi-Yau volumes at the positions of the
action or of the 5D equations ovgr If one does so with the braned8],
5D dilaton equation, one finds that the whole universe, in-
cluding the visible brane, should exponentially collapse _
VVIS
rather than expand. Ahid= AGUTT— - (1)
In order to find a consistent solution of 5D equations one Vhid
needs to make at least two important modifications discussed
in Sec. VI. First of all, when one considers moving branes, oiThe visible brane is located =0 and the hidden one at
branes having an energy momentum tensor different from thg=R so thatV,=e?® and V;=e?®. This formula is
4D cosmological constant, one should use a general ansatalid for the versions of HW theory with the standard em-
for the metric and for the fields which respects fptanay  bedding without M5-branes, as well as for the versions with
the nonstandard embedding with M5-branes present in the
bulk, see e.g. a discussion of the phenomenology of the theo-
2Various versions of this argument were suggested to us indeperiies with the nonstandard embedding by Lukas, Ovrut and
dently by Banks, Dvali, and Maldacef#s5]. Waldram[17].
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In Refs.[6,9] it was assumed that the tension of the vis- lll. M OR STRING THEORY AND 5D BPS
ible brane— « is negative. The volume of the CY space in DOMAIN WALLS
Ref. [.6] is proportional tD*(y), whereD(y)=C+ ay. The Compactification of M or string theory with extended ob-
fu?c'uon D(y) grows at largey. As a result, the value of acts down to 5D sometimes leads to the appearance of su-
D*(y) near the hidden brane is 50 times greater than near thgarsymmetric domain walls. It has been explained in FGf.
visible brane for the parameters used in R, it is 27 that the supersymmetric domain walls in 5D must be
times greater for the parameters chosen in the replaced vegharged. The relevant 4-form and 5-form field strengtie
sion of their paper. The authors of the ekpyrotic scenario did=dA play an important role in the supersymmetry of the
not calculate the value afy,q in their scenarid6,9], so we  bulk and brane construction §5]. It is the consequence of
will estimate it now. If one hasygyr~0.04 on the visible the M or string theory supersymmetry where RR fields and
brane, one findsy,iq=0(10 3). This is way too small to M-theory form-field provide the balance of forces between
lead to the usual HW phenomenology, which requisgg ~ BPS extended objects.
~1 and gaugino condensati¢8]. We are not saying that a Ekpyrotic scenario is based on 11D theory with bdea-
consistent phenomenology withy,jy<agyt iS impossible, Witten domain walls and some M5-branes between them. A
see e.g. Ref[11], but this is a rather unconventional possi- compactification of this system may lead to 5D theory with
bility. charged 3—branes. A complete M—Fheory derivation of the 5D

Thus, we believe that the original version of the ekpyroticth€ory with boundary HW domain walls and bulk branes
scenario was at odds with the standard HW phenomenolog€tween them was not actually worked out. Only the part of
as defined in Ref8]. So why was the tension of the visible 't With 2 HW walls was reduced to 5D in Ref13]. The
brane chosen to be negative in RES], despite all compli- 4-form field describing HW domain walls and compactified

cations associated with such a choice? In the original versiol¥|5'br""r.]es was introduced recently in REJ and it was
of Ref.[6] we read:As we will see in Section V B, it will be grgued N Ref[lq] that the 4-form_formulat|on of_the action
) | ' in Ref.[6] is equivalent to the action presented in Raf3].

necessary for th? V'S't.)le brane to be in the small—volumqt was claimed that this is easily seen by eliminating the
region of space-timeThis statement, as well as the related 4-form using its equation of motion

conclusion that the spectrum of perturbations in the ekpy- gjnce the purpose of these notes is to find the correct
rotic scenario is blue, was emphasized in many places of thgqyations in 5D which are related to M or string theory and
text. The reason of this statement, as explained in Sec. VB g§ps construction, we have examined this claim and found
Ref.[6], was rooted in the idea that the decreas®(¥) is  that it is not quite correct. We use in this analysis the super-
required for generation of density perturbations in the ekpysymmetric 5D theory with the 4-form field introduced in Ref.
rotic scenario. [5].

In Ref. [7] a simple description of generation of density  In Ref. [13] there are only 2 HW walls, no branes in
perturbations in the ekpyrotic scenario was presénsihg  between. We will show that in the case when in addition to
the methods developed in the theory of tachyonic preheatinthe 2 boundary branes there are bulk branes present, the co-
[19]. It was shown in Ref{7], in particular, that the require- variant action with the bulk dilaton potentiéeplacing the
ment that the visible brane must be in the small-volume re5-form contribution of the type[13] does not exist. Only the
gion of space-time is not necessary. Thus there is no reasdarmulation with the 4-form field can describe the two
to abandon the standard HW phenomenology and assuni®undary branes and a brane in between. We refer the reader
that we live on the negative tension brane. An improved© the Appendix where all technical details are explained.
version of the ekpyrotic scenario based on the assumption !N case of only 2 HW walls the action in Re#] is not
that we live on the positive tension brane was called theequwaleznt to the action in Reff13] unless the factor in front
“pyrotechnic universe{7]. of the F klnetlc_: term is changed. _ o

The expression for the 4-form for the static solution in
Ref.[6] is not correct. The numerical factor has to be modi-

SRecently it was claimefil8] that if one takes into account gravi- fied and the sign has to be changed to make it a BPS solu-

tational back reaction, no perturbations of metric are produced ir]i'on' . . . .
the ekpyrotic scenario. If this is the case, there is no need to con- We start with the CorreCted verg}lon of the action in Ref.
tinue discussion of this scenario. However, it is not obvious to ud 6] (note the factor 3/2 in front of):

that the absence of fluctuations of the effective 4D metric discussed

in Ref.[18] implies the absence of the 5D metric perturbations and Mg 1 3 e2¢j:§

the absence of the time delay of the brane collision. Perturbations S= 7] d5x\/—_g R— E(acf))z— 5 5 (2
investigated in Refd.6,7] appeared not because of the fluctuations Ms '

of the curvature of the 4D space-time prior to the brane collision,

but because of the “radion” perturbationsy (related todg,,). 3

These perturbations, describing an inhomogeneous embedding of _32 angf _ d4§(i)( ~/—h(i)e’¢

the bulk brane in the 5D space-time, cannot be reduced to pertur- i=1 MY

bations of the 4D geometry. In any case, before studying perturba-

tions, one should first carefully examine the behavior of the non- _
perturbed metric. This is what we are going to do in our paper. 41

E,LLVK)\

Ay&gaﬂxg)ayxg)akxfi)ahx(ﬂ)) , (3)

123524-3



KALLOSH, KOFMAN, LINDE, AND TSEYTLIN PHYSICAL REVIEW D 64 123524

wherea;= —a, a,=a— B, az= . The corrected form of modified form, the basic argument of REL5]; see also Ref.
the static solution fs [7].
R Let us write down the Einstein equations for a homoge-
ds’=D(y)(—N2dt>+ A%2dx?)+ B?D*(y)dy?, (4  neous flat universe. The first equation is

e?=BD3(y), ) , 87G
H =—3 P (10
D(y)=ay+C for y<Y, (6)
_ The second equation, which follows from the first one and
=(a— +C+BY f >Y, 7 N . \
(a=B)y B oy @ the energy conservation, can be represented in the following
whereA,B,C,N are constants;>0, form:
Aoroz= +A’NB™ D (y), H=—47G(p+p). (11
_ _ A3 -1n—-2 ’
Forzg=~ANB "D (y)D'(y), (8) Herep andp are the density and pressure in the effective 4D
and theory, andH=a/a, wherea is the scale factor in the 4D
space on the visible brane.
[D(y)]"=2[ad(y)—(a—B)S(y—R)]—B5(y—Y) In the beginning, the branes do not expaldd; 0, and the
effective energy density and pressure vanish for the static
—Ba(y+Y). 9) brane configuration considered in the previous section.

This situation changes when one adds by hand the poten-

The factor—ASNB~ ! in Fin Eq.(8) was absent in Ref6]. , - - o
. . . . tial energyV(Y) associated with the position of the bulk
The sign of Ag;,3 and Foy25, (Which differs from the one in brane. ,gglcoﬁdi)ng to Ref[6], V(Y)<Op. This, however,

Ref.. [6)), is easily checked by observing that the force ON &y6uld be inconsistent with Edq10) unless one assumes that
static probe_ brane parall_el to_ the source branes must Van'sr{he bulk brane has nonzero velocity from the very beginning,
The static BPS solution is Va.“d for _branes_thz_it are Noly, yhat the total energy density is non-negative. We do not
moving. It may Serve as a st_artlng point for finding time- want to speculate on how this configuration could emerge;
dependent cosmological solutions. see Ref[7] for a discussion of the problem of initial condi-
tions in the ekpyrotic scenario.

What is more important, Eq10) implies thatH<0 be-

Before investigating time-dependent cosmological soluausep+p=0 in accordance with the null energy condition.
tions in 5D, let us see what could be expected from the poinf hus, if the universe begins in a static stdtes 0, then it
of view of the effective 4D theory. Indeed, if one considerscan only collapse, since =a/a<0. Therefore one may ar-
the situation when the distance between the branes is verue that the ekpyrotic scenario cannot describe an expanding
small and their motion is slow, one could expect that in theuniverse[15].
first approximation it should be possible to describe low en- Let us compare these expectations with the results ob-
ergy theory from the point of view of 4D Einstein gravifyr ~ tained in Ref[6]. To describe the motion of the bulk brane in
Brans-Dicke theorycoupled to matter. Deviations from this the ekpyrotic scenario the authors started with the factorized
description could occur if there were some processes witlhinsatz based on Eq4)—(7) where it was assumed that some
the energies comparable to the inverse distance between tbéthe parameters of the static solution become functions of
branes. However, in the ekpyrotic scenario all energy scalesme but not ofy [A,N,Y—A(t),N(t),Y(t)], whereas some

(reheating temperature, Hubble constant,)&ite several or-  gther parameters remain constaB=(C=0). They substi-
ders of magnitude smaller than the inverse distance betwegq(jied this modified ansatz into the actit8), andintegrated
the branes R. over y In this way they obtained the 4D “moduli space”

Therefore one may expect that the ekpyrotic scenario cafetion with the Lagrangian density= Eﬁﬂ W+ Lg, where
be described entirely in terms of the 4D theory. But in such a

case the universe, which was static in the beginning of the

IV. 4D VIEW ON EKPYROTIC UNIVERSE

process, can only collapse. We present here, in a slightly 4d _ SASBME R 3
’ ' ’ Lpuik=— N . dyD°(y,Y)
R L2
“Herey is a point 0fS'/Z,, i.e. —R<y=R, with 0 andR as fixed « é) +3é E +£ E) } (12)
points, R identified with —R. This explains the factor of 2 for the A AD 2\D/ |
fixed-point brane sources atf0{accounting for their imagg¢sand
the presence of the brane in the bulkyatY and its image ay= and
=Y.
5The world-volume term cancels against the Wess-Zumino term in 38M3A3R[1
the static probe brane action. We are assuming the standard conven- L= BMs —DZ(Y)YZ (13)
tion €91%%=+1. B N 2 '
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We gave here a form of the Lagrangian in which it is clear So where did the expansion of the universe come from in

that it is integrated over the full range of the 5th coordinate Ref. [6]? After solving the effective 4D equations, the au-
In Ref. [6] the notation Ik(Y)EfﬁRdyD"(y,Y) thors decided to “unglue” the branes and go back to 5D.

zgfgdka(y,y) (k=1,2,...) and theexplicit form of D They studied the difference between the expansion of the

was used so th@ =0 at|y|<Y andD=BY at|y|=Y. After universe as seen by different observers living on different
obtaining the effective 4D action by integration overthe branes and concluded that whereas the universe described by

authors added by hand an important term, which plays éhe overall scale factoa collapses, the visible brane, de-
crucial role in their scenario: scribed by the scale facter_ , may expand.
It is this point that is in an apparent contradiction with our
ALy= —3,8M§A3BN V(Y). (14) 4D expectations suggesting that the scale factor of the uni-
verse in the ekpyrotic scenario cannot expand. However, the
The effective potential/(Y) may appear, e.g., as a result of statement tha&_ expands was based on the assumption that
the nonperturbative effects associated with open M2-branthe functionA in the metric(4) depends only o but not on
instantons[20]. It was assumed in Refl6] that V(Y) y, and that the effective 4D description with the metric ansatz
~e MY at largeY, and that it vanishes a=0. Heremis  of Ref.[6] provides a correct solution for the scale factor of
some positive numerical constant specifiejether with the  the universe in the full 5D theory. As we will see in the next
tensiona) in Ref.[6]. section, our analysis of the 5D solutions does not confirm
The next step was to replacd and N by a  this assumption.
=A(BI3Mg)Y? and n=N(BI3Ms) 2 This gives the effec-

tive 4D theory in the following form: V. 50 THEORY IN THE BULK

. 3a3|\/|§[ |a 2+J(Y),82Y2 An assumption of the ekpyrotic cosmology in RE6J
n was that the time dependent solution can be obtained from
the static solution using the “moduli space” approximation,
B|1 s o VYY) i.e. by replacing the constant moduli parameters of the static
+G ED(Y) Y-n Bl;Mg| |’ (19 solution by time-dependent functions. More precisely, the

ansatz used in Ref6] was to introduce only timéut not y
whereJ(Y)=(913,/415—1,,/215) andD(Y)=aY+C. Then dependence inté\,N,Y which were constants in the static
the authors of Ref6] neglected the terms proportional 83 BPS solution, so that they becordgt), N(t), Y(t). All
(we will return to this point in the next sectipand studied dependence on time iD(y) then enters only vi&/(t), i.e.

the 4D theory with the effective Lagrangian for the cosmological solution one takBs=D[y,Y(t)]. The
) o two extra parameterB,C which appeared in the metric, in
_3a3M5 a Bl s o V(Y) the dilaton and in the 4-form field were assumed to be time-
Let=—1— 1"\ [ ZP()7Y =n BlMg || independent.

(16) As already discussed above, in RE] this ansatz was
plugged into the 5D action, and then integration oyeave
Since this Lagrangian leads to the equations which look exan action for time-dependent functions only. That action was
actly like the usual Friedmann equations for the scale factofaken as a starting point for a cosmological analysis. How-
a, the authors obtained the result which we expected on thever, it is not cleam priori why this procedure is actually
basis of our general argument$=a/a<0, i.e. the 4D uni- consistenti.e. why the solutions of the resulting effective
versecontracts equations represent at the same time the solutions of the
At this stage it is very important to realize that we are notoriginal 5-dimensionalgravitational equations.
talking here about contraction of the bulk brane, or the vis- Indeed, it is well-known(see e.g. Ref[21]) that the
ible brane, or the hidden brane. We are investigating an efmoduli space approximation, i.e. replacing moduli by time-
fective 4D geometry where the distinction between thesalependent function may not always be a consistent. Unless
branes completely disappeared. It was “washed away” bythe dependence on the internal coordinatan the present
the integration ovey. In a certain sense, one may imagine casg is “homogeneous” so that it effectively “scales out” of
that integration overy “glues” the three branes together. the time-dependent higher-dimensional equations, one can-
Thus we are talking about the contraction of the whole 4Dnot simply replace these equations by their integrateer-
space rather than of one of the branes. All the differenceged overy) version—the moduli space approximation an-
between the branes in 4D must be encoded in the dynamicatz will not be consistent with the full set of the
of the moduli fields, but not in the different rate of expansiongravitational equations.
or contraction of different branes. The question now arises whether it is possible to set up a
Note that the contraction of the universe was crucial for5D theory of ekpyrotic cosmology before integrating oyer
ekpyrotic scenario in order to gain a residual kinetic energy Since in Ref[6] the interaction between the branes in 5D
of the moving brane and transfer it to the radiation upon théoulk was not specified but only the potentM(Y) which
collision. This residual energy was suppressed by the smalives on the bulk brane at=Y was introduced, we will also
coefficientO(B/a) as compared to the maximal kinetic en- take this ansatz as part of the definition of the 5D theory. As
ergy of the brane. we shall see, this will lead to a major problem with ekpyrotic
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cosmology, a contradiction with 5D solutions of equations ofscenario,D(y,Y) for any y>Y changes just few times. In-
motion. deed, consider the maximum and minimum values of

It could be expected that the 5D thedf3) does not de- D(y,Y). At y=0 in ekpyrotic cosmology it takes the mini-
scribe the physics of the brane collision and does not addressum valueD=C. At y=R it takes the maximum value
the moduli stabilization problemi6]. The problem we are D(y,Y)=C+(a—B8)R+BY. Thus C<D(y,Y)<C+aR.
discussing now is completely different. Here we will analyzeln the examples of Ref8] D ,i,= 10% andD,5,=3X 107 or
equations in the bulk during the roll of the bulk brane until it D ,;,,=10> and D,,,=2X 10°. Therefore, the functiorD
reaches the minimum of its potenti(Y). If the 5D equa- changes 3 and 2 times in these two examples, respectively, so
tions do not work even at this stage, then we do not have ane can in the first approximation replaBgy,Y) by its
consistent scenario not only during the brane collision butverage value.

even before it. On the other hand, in the ekpyrotic cosmology one had
To make the discussion as clear as possible, we shall staffy — — \[—2v/(Y) = — \2ve*™"2 [6]. According to Refs.

with the simplest equation—the one for the dilatgn The [6,7], when Y changes fronR to 0, the functione®™Y()/2
dilaton equation of motion in the bullaway from the branes changes from some value greater tr&fto 1. This means

where the source terms vaniss given by that during this time the scale factax(t)~ f(y)/D2¥(t)

2 5Syui 020 72 contracts at leagt*° times.
—— =9 (V-9 g"%3sp)— 3V~ =0. To compare this with the conclusions of RE] note that
5 24 : 17 they define the scale factor of the visible brane as
It is satisfied for the above static soluti¢f)—(9). Plugging a,(t)=A(t)\/E, (22

in the time-dependent ansatz of R], we find that the new
term in the dilaton equation, which was absent in static cas&yhereC is the constant iD. They conclude, using the 4D

is simply the time-derivative oneD=4,D): approximation, thah_(t) grows in time and the visible uni-
) verse expands. But as we have seen, this contradicts strongly
(N =g g"d,¢)=—3,(A3D2BN D). (18)  the solution of the 5D dilaton equation in the bulk, which
shows thata_(t) exponentially contracts.
The other terms in the dilaton equatiofy(y—g g"Yd,¢) However, the statement about expansion of the universe

—3(e??F?/5!), cancel not only for the static ansatz but for [6], as well as our statement about its exponential contrac-
the time dependent ansatz as well, for the corrected actiotion, was based on averaging over the 5th dimension, assum-
and solution given in Eqs(3)—(8). Following Ref.[6] in  ing that the solutions of the 5D equations satisfying the met-
assuming thaB andC are constant, we may study the dila- ric ansatz of Ref[6] do actually exist. Now let us look at our
ton equation which then reduces to the condition that Edexact result, Eq(21), more carefully. Sinc®[y,Y(t)]=(«

(18) should vanish for all values gf away from the branes. — g)y+C+ BY(t) is a function of bothy andt, one can

For y<Y the term(18) vanishes since foD=C+ay we easily check that this equation is formally inconsistent, i.e. it
find thatD = 0. However, fory behind the moving brane, i.e. does not have any solutions at all. This simply means that the

y>Y, we find thatD = 8Y+0, and therefore the correction @nsatz for the metric and the fields used in Réf.does not
to the dilaton equation due to the time evolution does nof°Ive the 5D equations.

vanish automatically. In this case E@.7) looks as follows: ~ One can come to a similar conclusion using the gravita-
tional equations in the bulk. First, note that general covari-
2 SSyui o i1 ance leads to a relation between 5D Einstein equations, dila-
EEVERE =d(A°DBN"BY)=0, y>Y(t). ton and 4-form equations. One can verify that the 4-form
5

(19) equation of motion in the bulkS,,/ 5A,4,s=0 is satisfied
by the time dependent ansatz of RE§]. Thus we get an

If we assume as in Ref6] that B is constant andN(t)  identity:

=A(t) (which corresponds to the choice toéis a conformal

time), we get the condition V75:b”|k—<95¢ 5?,11“(:0. 23
J(A2D2Y)=0, y>Y(t). (20) 9yo ¢
The solution of this equation is For a solution of bulk equations of motion each term in this
identity should vanish. However, if the dilaton equation is
A2()Dy, Y()IY()=F(y), y>Y(t) (22) not satisfied, this identity shows that a particular combination

of the gravitational field equations cannot be satisfied by the

wheref(y) is an arbitrary function o that does not depend ansatz of Ref[6] (note that the derivatives’s in the time
ont. and 5th direction do not vanigh

Let us first look at this equation in the spirit of RE6], To see this more explicitly Igt us insert the ansatz of Ref.
replacingD?[y,Y(t)] in the first approximation by its aver- [6] directly into the action, witlB=C=0. We shall change
age value. Wher¥ changes fronR to 0 in the ekpyrotic the variables so that
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A2[t,y,Y(1)]=A2(0)Dy,Y(1)], Note that here the functiorss b, andn depend both ohand
y, and there still is a residual freedom of transformation of
2 N2 3 the coordinatest(y). Similarly, one may need to consider a
NTLY YIOI=NAOD Ty V(O] @49 more general ansatz for the fields as in R&i.
Then, up to total derivatives, Before one begins looking for exact solutions using a
more general metric ansatz, one should reexamine other as-
M2 1 , 3e’F? sumptions of the theory. Indeed, in R¢6] the potential
Loult,y)= 7\/5 R— E(M’) T 57l ) V(Y) was added by hand to the bulk brane action, whereas
the bulk supergravity action remained unchanged. However,
3M§K3B it is not obvious to us whether this is the proper way to

(25 introduce the interbrane interactions in 5D.

As an illustrative example, consider two charged plates of
a capacitor in ordinary electrodynamics, positioneq at0
andy=R. If they have chargeq and —q, and the electric
field between the plates 5 then the potential energy of the

N

(]

Taking into account tha=3D/D we may also rewrite the
bulk action as

M2A3B A\ 7 interaction between the plates can be represented as the
Louty)=——= =| — =2 (26)  “brane potential”V(R)=—qE R However, it would be in-
N A 12 correct to think that this energy is localized on the plates.

Rather it is concentrated in the electric field between the
plates. It is possible to use the potent4IR) to study the

. . . . motion of the branes. For example, if each brane has Mass
over ¢, we will get the same dilaton equation as in E20) . , }
one can writemR=—V'(R), just as one does for the bulk

(not~e thft.A and N are independent of), namely, brane acceleration in the ekpyrotic scenario. But if one stud-
A (A’BIN)$]=0 fory>Y. S ies gravitational backreaction of the electric field, it would be
The reason why this equation was not satisfied in B&f.  completely incorrect to replace the contribution of the elec-
is that they took the action of the for(@6), integrated it over i field to the energy-momentum tensor in the bulk by the
y, added the brane acti~on_ and neglected the terge|ta-functional term proportional W(R).
J(Y)B2Y2(t)~ [dy[(M3AB/N) 2], as we have explained  Similarly, if the potentialV(Y) appears due to the mem-
in the previous sectiofsee Eqs(15), (16)]. One may argue brane instantons stretched between the branes, one should
about whether this term is small or not as compared to theheck whether the energy-momentum tensor in the bulk, as
brane contribution in the integrated action. However, in 5well as the dilaton and the 4-form field, changes due to these
dimensions, i.e. before the integration owgrthis term is  nonperturbative effects. Otherwise the appearance of the po-
given by (A3B#2/N)(t,y). Fory>Y there is no other con- tential depending on the interbrane separation would look as
tribution to the dilaton equation. Therefore the variation ofan example of the action at a distance.

This is alocal actionthat should be varied to derive the
local equations If we perform the variation of this action

this term must vanish as E¢L8) states. In a certain sense, the potenti({Y) is analogous to the
effective potentialV(r) of the radion field introduced by
VI. TOWARDS A CONSISTENT BRANE COSMOLOGY Goldberger and Wisgl6]. It is a very useful concept if the

only goal is to describe the forces acting on the bulk brane,
As we have seen, different ways of taking averages in thégnoring the change of the metric produced by these forces.
situation where the 5D solutions do not exist can lead tdHowever, if one wants to study the corresponding changes in
dramatically different conclusions regarding expansion verspace-time geometiand this was the main goal of R¢6]),
sus contraction of the universe. Thus, if one really wants tane should perform a full investigation of the interbrane in-
investigate cosmological consequences of the ekpyrotic sceeractions in 5D[22] and check whether one can add the
nario, one should find exact solutions of the correspondindields responsible for the radion potential without additional
5D equations. This is especially important in the situationfine tuning and strong modification of the 4D geomég2g].
where the results of the averaging over the 5th dimension Thus one has a lot of things to do. First of all, one needs
lead to the conclusions that are in an apparent contradictioto find a theory with the potentiaV(Y) which behaves as
with the Einstein equations in 4D; see Sec. IV. —e *MY at largeY (the functional form is important This
The fact that the ansatz for the metric and the fields useg@otential should be smaller in absolute value tea®?® near
in Ref.[6] does not solve the 5D equations is not very sur-the hidden brane, and should not have any positive contribu-
prising. Indeed, it was shown in Reff2] that even in the tions there with this accuracy. This fine tuning is necessary to
simplest versions of brane cosmology describing one or tw@roduce desirable density perturbations and avoid inflation.
branes one should use a more general ansatz for the metric Xiso, this potential should not receive any contributions pro-
order to satisfy the Israel junction conditions on the branes. Avortional toe ™ “™R~Y) due to the interaction with the hidden
generic metric which respects the planar symmetry of thésrane[7]. One must make sure that this potential vanishes at
problem has the form y=0, to avoid the cosmological constant problem. Then one
must take into account that the visible brane and the hidden
ds?= —n?(t,y)dt?+a%(t,y)dx?+b%(t,y)dy?. (270  brane should be stabilized by some strong forces so that the
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effective potential of the corresponding moduli field could does not have a 4-form. We questioned the origin of their
have mass on the TeV scale or even greater. One should alaation in Ref.[7] and they replied in Ref.10]: The 4-form
check that the strong forces leading to the brane stabilizatioformulation of the action is equivalent to the action pre-
do not interfere with the extremely weak interaction responsented in [12,13]. This is easily seen by eliminating the
sible for the potentiae™ *™Y. One cannot ignore the unre- 4-form using its equation of motion

solved problem of brane stabilizatidwhich was the posi- In Ref.[13] there were indeed the relevant world-volume
tion taken in Ref.[6]) and speculate about the interbraneterms in the actiononly 2 branes at the fixed points are
potentials suppressed by a factoresf!?°, present there, so ther8=0), but there were no Wess-

When/if the theory with the desirabM(Y) is found, one  Zumino terms with the 4-form field:
should investigate its 5D nature and make sure that the ef-
fects producingV(Y) do not induce large curvature on the B 1 5
branes. Then one should write down equations in 5D taking S=- ; d X‘/_
into account the energy-momentum tensor in the bulk to- °
gether with the junction conditions, and solve them. 2 V2
And finally, one should find out what happens at the mo- alf (i)d“g(i,J—_gv*. (A1)
ment of the brane collision: whether the visible brane col- Ma
lapses, expands, stays at the same place or oscillates, etc.
These issues have not been addressed in[BEfand they We take the constants in the bulk and boundary actions as
cannot be fully analyzed until the brane stabilization mechae= — a!)=a?). Then we make the redefinitiong—e?,
nism is understood. a—(3\2)a, Kg —>M5, R— —R so that our notations
Thus, if one wants to propose a consistent alternative tagree with Ref[6] That leads to
inflationary cosmology, one would need first to give a con-

1
R+ —a WV IV +——a?
3v2

sistent formulation of the alternative theory, and then find a
correct solution of the corresponding equations. As we have  S= —f d®xy— [ = 0,9 é’“d)— a?
seen, this is a rather nontrivial task.
In this paper we studied a very limited part of this prob- 2
lem. We tried to check whether the basic assumptions of the _321 Mgai J'M(i)d4§(i) h—g e ¥ (A2)
=

ekpyrotic scenariothe ansatz for the metric and for the
fields, and the modification of the bulk brane action proposed
in Ref. [6]) can lead to a consistent 5D description of anThe kinetic terms match the ones in EqO) in Ref. [6].
expanding visible brane. We have found that this is not theNow we may perform the procedure suggested in R&f.
case. We promote the constant to a functionG(x) and add a
Lagrange multiplier of the form“ﬁy‘*(aeG)Aamg and as-
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5 aByd
APPENDIX: THE 4-FORM STORY Sp= i) ., d X| —&“P7°¢(3.G) Aypys
There are two points about the 4-form dependence in Ref. 2
[6] which must be changed to get the correct setup for +2 zaiSMVpUAMVpo_a(XS_XiS) _ (A3)
“

charged BPS 5D domain walls. One has to correct the coef-
ficient in the action and the coefficient in the solution for the
4-form. These corrections in the form sector are important inThe relative normalization between the two terms is arranged
order to test the time-dependent ansatz of Reff. such thatw jumps by 2v; at branei. If we differentiate over
the 4-form we are back to EA2). To have agreement with
Ref. [6] we have to choose=%Mg. We may however do
The action in Eq(10) of Ref.[6] is not the one to which something else, namely, add and subtract a term quadratic in
they refer as given in Ref§12,13. The one in Ref[13] F. We find

1. Action
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s [ 3M2 il g 2 © G'=2a[8(y)— oly—R)]= By =)= Bo(y+Y).
= X| ———V—ge" - A8
Ms 4 g 3M3/—g 5! (A8)
2 20 In this case the solution fo& which is dual to the 5-form
X g@BYde T M&E) _ /__95|3M3C2}-2 ' (A4) takes values
' 5
G2=a? at 0<l|y|<Y,
Now we vary over the fields and from its equation we find 2. 2
that G’=(a—p)* at Y<|y|<R. (A9)
2e?? ¢ caByoe AS If we would try to plug this solution back into the action
M3\/_ 5i° apyde: (AS) (into the terme™2%G?), we would find that théulk poten-

tial is a piecewise function, and, therefore, there is no local

We thus find the action given in RdB] but wherethe factor ~ general covariant theorylf, however, we keep the 4-form,
in front of theF2 term has to be changed I3y2. The correct there exists a local general covariant 5D bulk action. In the

action (i.e. the one which is equivalent to an action without Presence of sources, this will lead to piecewise values of the
4-form in Ref.[13]) is thus 5-form for the solutions, but the local general covariant ac-

tion is available.

3 e2¢f2)

M
S=—1 d5x\/_(R——a¢)2 5

2 3. Solution

Let us suppose first that the action given in Réf.were
_32 “Maf _ d4§(i)< —hpe ? correct and let us try to check the solution for the 4-form.
i=1 Y The corresponding equation is

e;uzK)\
= 2 Ayaecd X)X () i X(l)akx(o) (AB) 9y (N—g&?F?%¥)+ 3| —ad(y)+(a—B)S(y—R)
This action for the two branes at the fixed poifits. without B

=0. (A10)

B
the third brang taken in the static gauge witk*=&* and +50y=Y)+ 58y +Y)

X*=Y=const does agree with the action in Rgif3].

For the ansatz in Ref6] we have\—g=A’BN[D(y)]*
2. Bulk brane and 4-form while —a. . 9 =A3N[D(y)]2 and e2¢ = B[D(y)]3. We find
As was promised, we will show here that the formulationthen that the solution is
of the 5D supersymmetric theory with a bulk brane between 3
the orbifold planes is impossible without the use of the ]—“0123/=—§A3NB*1D*2(y)D’(y), (Al11)
4-form or, equivalently, without the gauge coupling figkd
dual to the field strengtk=dA [5].
In the case of two orbifold planes we may derive the
action(Al) by solving the equation of motion for the 4-form. [D(Y)]"=2[ad(y)—(a—B)8(y—R)]
This leads to

where

=2a[5(y)— 8(y—R)]. (A7) “RAy=Y)mBolytY). (AL2)

The solution for the gauge coupling field@&y) = ae(y). It This differs from the solution given in Ref. [6] by a factor of

simply means that the gauge coupling is posmve for positives A’NB™* and by a sign. If we now start with the corrected

y and negative for negative Therefore[ G(y)]°=a? forall ~ form of the action in Eq(3) (with extra kinetic term factor

y and we find the bulk potential proportional ¢02¢a2 asit  3), e find the corrected expression for the 4-form,

was given in the original form of the actidgA2) where there

was no 4-form, neither in the bulk, nor on the branes. Forzy=—ANB D 2(y)D'(y). (A13)
Now we may try to perform the same procedure of getting

rid of the 4-form in case when the bulk brane is present. WeT his solution differs from the one in Rdi6] by the sign and

find the gauge-coupling field dual to the 5-form field strengthby the factorASNB™ 2,
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