PHYSICAL REVIEW D 69, 044003 (2004

Multidimensional cosmological models:
Cosmological and astrophysical implications and constraints

U. Ginther'* A. Starobinsky' and A. ZhuR*
1Gravitationsprojekt, Mathematische Physik I, Institit fdathematik, UniversitaPotsdam, Am Neuen Palais 10, PF 601553,
D-14415 Potsdam, Germany
2Landau Institute for Theoretical Physics, Kosygina 2, Moscow 119334, Russia
3Department of Physics, University of Odessa, 2 Dvoryanskaya Street, Odessa 65100, Ukraine
(Received 20 June 2003; published 6 February 2004

We investigate four-dimensional effective theories which are obtained by dimensional reduction of multidi-
mensional cosmological models with factorizable geometry and we consider the interaction between conformal
excitations of the internal spa¢geometrical moduli excitationsnd Abelian gauge fields. It is assumed that
the internal space background can be stabilized by minima of an effective potential. The conformal excitations
over such a background have the form of massive scalar figidwitational excitonspropagating in the
external spacetime. We discuss cosmological and astrophysical implications of the interaction between gravex-
citons and four-dimensional photons as well as constraints arising on multidimensional models of the type
considered in our paper. In particular, we show that due to the experimental bounds on the variation of the
fine-structure constant, gravexcitons should decay before nucleosynthesis starts. For a successful nucleosyn-
thesis, the masses of the decaying gravexcitons shouto=b20* GeV. Furthermore, we discuss the possible
contribution of gravexcitons to ultrahigh-energy cosmic rays. It is shown that, at en&gié&’° eV, the
decay length of gravexcitons with masses 10* GeV is very small, but that fom=<10* GeV it becomes
much larger than the Greisen-Zatsepin-Kuzmin cutoff distance. Finally, we investigate the possibility for
gravexciton-photon oscillations in strong magnetic fields of astrophysical objects. The corresponding estimates
indicate that even the high-magnetic-field strenddhsf magnetargspecial types of pulsars witB> B iical
~4.4x 10" G) are not sufficient for an efficient and copious production of gravexcitons.
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[. INTRODUCTION external coordinates. Factorizable models of this type will be
the subject of the present consideratlofor these models,
The multidimensionality of our Universe is one of the the four-dimensional Planck scallép4y and the fundamen-
most intriguing assumptions in modern physics. It is a natutal mass scalé, 4,y are connected by the relation
ral ingredient of theories which unify different fundamental
interactions with gravity, such as string and M thedty. M2 v, M2TD )
The idea has received a great deal of renewed attention over PI4) "Dk (a4D7)
the past few years within the “brane-world” description of N
the universe. In this approach, the SUKSU(2)xU(1)  WhereVp =IIi_,vol(M;) denotes the volume of the com-
standard model(SM) fields, related to the usual four- PactifiedD’=Z3{_,d; extra dimensiongd;=dim(M;)]. Re-
dimensional physics, are localized on a three-dimensiondftion (2) is valid for models with factorizable geometry re-
spacelike hypersurfacéorane, whereas the gravitational 9gardless of SM matter localized on branes; i.e., it is valid in
field propagates in the wholbulk) spacetime. The geometry KK scenarios as well as in brane-world scenarios. It reflects
can be factorizable, as in the standard Kaluza-KigiK)  the fact that gravitons propagate in the whole multidimen-
approach, or nonfactorizable, as in M-theory-inspiredSiona| bulkM. The gravity force law in the product manifold
Randall-SundrumRS) scenarios[2]. For factorizable KK M depends strongly on the considered length scale. Introduc-

geometries, the topology is the product ing the characteristic sizds of the internal factor spaces as
bi~vol(M;)¥® and denoting the largest size among the
M=MgXM;X--- XM, (1) b; as bj=maxb, and the smallest one byp;=minb;,

it changes fromr~2 at scalesr>b, in an effectively

of a nonwarped manifol, which constitutes the external (d,=4)-dimensional spacetimtl, to r~2*P") at scales
spacetime, and compact manifoltls, i=1,...n, as internal  r<p_, where allD=dy+D’ dimensions of the complete
spaces which are warped with functions depending on thenanifold M contribute to the dilution of the effective gravity

*Present address: Research Center R?SSGndorf, P.O. Box 510119|n contrast, the nonfactorizable geometries of RS_type models
D-01314 Dresden, Germany. Electronic address: u.guenther@onsist of two or more patches of 5D anti—de Sitter space glued

fz-rossendorf.de together along brangsvith one of them identified as our “world-
"Electronic address: alstar@landau.ac.ru brane”). The four-dimensional spacetimes are then warped with
*Electronic address: zhuk@paco.net factors which depend on the exttd =1 dimension.

0556-2821/2004/69)/04400312)/$22.50 69 044003-1 ©2004 The American Physical Society



GUNTHER, STAROBINSKY, AND ZHUK PHYSICAL REVIEW D69, 044003 (2004

force (see, e.g., Ref$3,4]). Physically acceptable values for slowly varying compactification scale&onformal scales/
the compactification scaled; range from the four- geometrical moduliare still possible.

dimensional quantum gravity scallé;l(14)< bs up to the re- The stabilization of extra dimensiorignoduli stabiliza-
cently established experimental boumg<10!cm (see tion) in models with large extra dimensiofiDD model9
Refs.[5,6]). was the subject of numerous investigatidese, e.g., Refs.

For models with internal spaces all of the same charactef1,15-18).% In the corresponding considerations, the prod-
istic size b, and the fundamental energy scale set atict topology of a (4 D')-dimensional bulk spacetime was
M, (a-pr)~1 TeV, this leads to ADD brane-world scenarios constructed from Einstein spaces with scalerp factors

[3] with compactification scales defined from E8) as depending only on the coordinates of the external four-
dimensional factor space. As a consequence, the conformal
b~Vé/,D’~1(132’D/)_17 cm. 3) excitations of the extra-dimensional space components have

the form of massive scalar fields living in the exterf@lir)

. . spacetime. Within the framework of multidimensional cos-
In these scenarios, physically acceptable values are “Ohological models(MCM), such excitations were investi-
strained by experimen{$,6] to D’'=3 so that, e.g., foD’ 9 '

~ . . el ated in[19-24.* In Ref. [19], they were called gravita-
=3 one arrives at a submicrometer compactification Scalgonal excitons. Later, since the ADD compactification
b~10"° mm of the internal space. The fixing ™, 4401 ) '

at the scale 1-30 TeV near the electrowe@W) scale approach, these geometrical moduli excitations have been

Mgw~ 246 GeV[7] provides an elegant resolution of the hi- known as radion11,15.

erarchy problem. At the same time, a scale hierarchy be In the present paper, we study the interaction of gravita-
X : ; ) tional it ith Abeli fields, and i ticul
tweenb and 1 TeV *~10" 1" cm remains which only disap- onal excrrons wi elan galge nels, and in particuar

; A 1 1q-17 with electromagneti¢EM) fields. A possible observation of
pears in the limiD" —co when_b—>1 Tev: 10. cm. . reactions in this interaction channel would be of great inter-
In contrast to the 4D gravity force law, which is experi-

est because it could provide strong evidence for the existence
mentally tested at length scales above 0.1 mm, the four P g

. . i . . . of extra dimensions. The corresponding interaction term of
dimensionality of the SM gauge interactions is tested dowqhe four-dimensional effective theory has the form
to scales of abouM oji~1gw~107% cm. For models with
large extra dimensions, this requires a localization of the SM
fields on a world-brane. In general, this can be a higher- ASEM““Kof d*x/ §(°)|<//FWF“", 4
dimensionalp-brane withp=3. Thed,=p—3 longitudinal Mo

dimensions of thigp-brane should then be compactified at _
sufficiently small scales<I gy, [8]. whereF denotes the EM field strength tensor, and the mas-

According to observational data, the extra-dimensionafive scalar fieldcoy<1 describes small scale factowarp
space components should be static or nearly static at leaftCton excitations(gravexcitons of the extra-dimensional

from the time of primordial nucleosynthesis. Otherwise, theSPacé components. The interaction tef@n follows from a
fundamental physical constants would vargee, e.g., KK-like dimensional reduction scheme, where the scale fac-

[9,10). Equation(2) shows, for example, that ¥/ is a tors,_their e_xcitationab, and the EM figld strengtlir are
dynamical functioh which varies with time, then the effec- considered in a zero-mode approximation. As a result, they
tive four-dimensional gravitational constant will vary as will only depend on the coordinates of the external spacetime

well. This means that, at the present evolutionary stage of th¥o- In this scheme, the extra-dimensional space components
Universe, the compactification scale of the internal spac&hould be compactified at scales<lgy . (In a brane-world
should either be stabilized and trapped at the minimum of°ntext, one could interpret such a setup as a rough approxi-
some effective potential, or it should vary sufficiently slowly mation of ap-brane endowed with an internal warped prod-
[similar to the slowly varying cosmological constant in the UCt Structure where three dimensions and the time are repre-
quintessence scenarib?] (see also the reviewd3,14)]so  Sented byM, the remaining-3 longitudinal dimensions are
that the variations of derived parameters, like the variation offimicked by extra-dimensional warped factor spadés

the fine-structure constant would meet their observational <" **X My, and where any gravity contributions of the large

bounds. In both cases, small fluctuations over stabilized ofansverse extra dimensions are negle¢tedrthermore, itis
assumed that the scale factors are stabilized and frozen in

one of the minima of an effective potential withas fluc-

2lt is clear that a dynamical behavior of the volume of the extratUa@tions over this minimum. The main goal of our paper
dimensions allows for several different implications of Ez: (i) ~ consists in the investigation of interacti¢) and its cosmo-
one can assumbl, ;. py~Mgy as the fundamental relation and logical and astrophysical implications.
keep it fixed for varyingMp4 [11], (i) the four-dimensional
Planck scale Mp, is the fundamental scale and the
multidimensional/electroweak scal®l, 4. pny~Mgy is varying 3In most of these papers, the moduli stabilization was considered
whenVyp, varies,(iii) all three scaled/pq), M, (44py, andMgy without regard to the energy-momentum localized on the brane. A
are varying before nucleosynthesis and their present values are derane matter contribution was taken into account, e.d.17f.

fined by string dynamical processes, ding for fixed Mp4) and 4See also Ref.25], where a decoupling of scale factor excitations
My a+p7y, the relationM,, 1, pry~Mgy is the result of an earlier and inflaton was observed for a special solution subset of the Ein-
dynamics and not a fundamental one. stein equations.
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The paper is structured as follows. In Sec. Il, we explainspace M; [modulo the dimensionless warp factas
the general setup of our model and give a basic descriptiorsexp(3)], i.e., b; is the effective scale factor of the space
of gravitational excitons from extra dimensions. A consider-M; with metricg‘") and corresponding volure
ation of the interaction between gravitational excitons and
four-dimensional photons is presented in Sec. lll. It is fol-
lowed by a discussion of cosmological and astrophysical im-
plications of this interactior{Sec. IV). Due to the Planck-
scale suppressionko~1/Mpys) and a decay ratel’  whereVy has dimensions cfn Without loss of generality,

~Mm?/Mpy), gravitational excitons with masa are WIMPS e set the compactification scales of the internal spaces at
(weakly interacting massive particl¢26]) similar to other  the present time ag'=0—a;=1 (i=1,...n). This means
moduli fields, Polonyi field$27-31, and scalarong32]. We that at the present time the total volume of the internal spaces
investigate gravexcitons from a cosmological perspective bys completely defined by the characteristic scale fadbprs
taking into account experimental bounds on the variation of
the fine-structure constant Additionally, we discuss in this n _ n N
section a possible gravexciton contribution to ultrahigh- VD’EH f ddiyV|9('>|~H b;". (10

. . i=1 JM; i=1
energy cosmic rays(UHECR) as well as possible !

VdiEJM_dd‘y |g“>|~bid‘, i=1,.n, 9)

gravexciton-photon _oscnlatlons in strong r_nagn_etlc fields of With total dimensionD=Dg+D’=Do+3" ,d;, K2D
magnetars. The main results are summarized in the Conclu- 24D’ ) ) o
sion section. =877/M*(4+D,) a D-dimensional gravitational constamt,a

D-dimensional bare cosmological constant, &gy the
standard York-Gibbons-Hawking boundary term, we con-

Il. GRAVITATIONAL EXCITONS sider an action of the form

In this section, we present a sketchy outline of the basics 1 b
of gravitational excitons from extra dimensions. A more de- S= m fMd X\/H{R[g]— 2A}+ Syt Syen- (11
tailed description can be found, e.g., in our pajde].

, Let us consider a multidimensional spgcetlme manifdid Here the actiorg,, corresponds to possible matter fields, e.g.,
with warped product topologyl) and metric gauge fields and scalar fielflsn some models, these matter
fields can be considered phenomenologically as a perfect
fluid with energy densityp and corresponding equation of
state[20,21,34,3% This provides, for example, an efficient
way to take into account the Casimir effd@&6], Freund-
Rubin monopole$24,37,38, or other hypothetical potentials
[20,39. All these cases can be described by an additional
potential term

n

g=gun(X)dX"@dXN=g'?+ 21 e2B0g) (5)

wherex are some coordinates of th® ¢=4)-dimensional
manifold M, and

Sv=- | d®x\falo0). 12
g'9=gP(x)dx*@dx". (6)

5The volume is well defined for positive curvature spaces

Let further the internal factor manifoldsM: be (k=+1). For compact negative and zero curvature spaces
! k=-1,0), i.e., compact hyperbolic spacé68HS9 M;=HY/T,

di-idlmensmnal_ Wafped .EmStem ipacei V\_”th warp factor and toriTj=Rdi/1“j , We interpret this volume as the scaled volume
e# ™ and metrlcxg('):gﬁ'q?ni(yi) dy,'®dy;’, i.e., of the corresponding fundamental dom4ielementary cell’) Vg
~bidi><VFD(i) (see, e.g.[33] and references thergirHereH%, RY;
. o are hyperbolic and flat universal covering spaces, BpdI'; are
Rmini[g“)]=)\'g§T']i)ni , o mpni=1,..4d;, (7)  appropriate discrete groups of isometries. Furthermore, we assume
for the scale factors of the metrigé~b;3', with 3' scaled in such
a way thatVepi~0O(1). Thus, the volumé\/di is mainly defined
by b; .
®Here the actiorS,, is treated as an action component of matter
fields in a standard KK scenario. In an ADD-like large-scale com-
(7 i — s pactification scenario, such an ansatz can be used in the case when
R[g"]=Ndi=R;~kb ) the energy momentum localized on the brane can be ignored in
comparison with the energy momentum of the matter in the bulk
(see, e.g., Refd.22-24)). Then S,, can provide an approximate
with k=0,=1. b; is the characteristic size of the Einstein description of the bulk matter components.

and
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For some specific classes of models, e.g., for those describ- In the following, we consider models with a constant
ing the Casimir effect or Freund-Rubin monopoles, the enscale factor background which is localized in a minimum of
ergy densityp depends on the external coordinates onlythe effective potential . The values of the scale factors in
through the scale factom(x):eﬁ'(x) (i=1,...n) of the in- this minimum are rescaled in such a way that at the present

ternal factor spacesl;. Obviously, the functional depen- time it holds that3=0, JU.q/dB-0=0. In general, the ef-
dence on these scale factors is highly model-dependenfective potential+ can have more than one minimum so
Throughout the present section, we will not specify this dethat transitions between these minima should be possible.
pendence, using instead the general expresdign An ex-  FOr simplicity, we leave effects related to such transitions out
plicit consideration of matter fields is left for Secs. 11l ©f the scope of our present investigation. Instead, we will
and IV. concentrate on small scale factor fluctuatiggis<1 in the

After dimensional reduction and conformal transforma-ViCinity of one minimum only. The action functionél®) can
then be rewritten in terms of decoupled normal modes

tion ko' <1 (for details, we refer t§19—-21)),
(0)_ ) 25(0) ~
g/w_Q g,uv' 13 S[g(o)ﬂﬂ]
1
1 . - Doy TGO Rrg(0)]—
Q=exp — > dipg (14) 52 fM d2ox [P HRIG™ ] — 2A et
Do—2i=1 0 Mo
n
. . . . . 1 _ _ o -

fror_n the mterm.edlate Brans-Dicke frame to the final Ein- +Z > f dDox,/|g<‘o>|{_g(o>nv¢!ﬂlr,/!y_ mizw W,
stein frame, actiori1ll) reads[19,40 =1 Mo

1 (19

50 = Doy /[lgO IR0 > . .
Sl ngmod VG HRIG™] where A ;s=Ue(8=0) plays the role of @o-dimensional
_ effective cosmological constant. The normal modes and their
—Gijﬁ‘o)’”&ﬂﬁiay,@j —2U ¢}, (155 masses squarad? are obtained by a simultaneous diagonal-
ization of theo-model metric(17) and the Hessian
where 5
Vet 20
k3= KB IVpr =8mIM3 = ME=Vp,M 200, (16) IB'IB | 5_g

In the special case of only one internal spaoe=(), this

is the Dy-dimensional gravitational constaftiereafter,Mp, . .
procedure reduces to a simple rescaling

=Mpy4)), and formula(16) reproduces Eq(2). The tensor

components of the midisuperspace meftarget space met- ) Do-2
ric on RY) Gy (i,j=1,...n), its inverse metricG", and the B*=—ko\/ d,(D-2) 4 (21)
effective potential are given as
B and
_ 1 .o 1
Gij:digij—i_ﬁdidjr G”:E"—ﬁ, (17) m2= Do—2 02U6ﬁ|
° ! L di(D-2)a(BY?

Summarizing this section, we conclude that conformal
)—2/(00—2> zero-mode excitations of the internal factor spabgshave

(22)
and

n
H ediﬁI

=1

the form of massive scalar fields developing on the back-
ground of the external spacetinvg,. In analogy with exci-
tons in solid-state physidgxcitations of the electronic sub-
system of a crystal we called these conformal excitations of
the internal spaces gravitational excitdd®]. Later, since
Refs.[11,15, these particles have been known as radions.
We recall thatp depends on the scale factors of the inter-
nal spaces: p=p(B%,...,8"). Thus, action15) describes a

self-gravitatingo model with flat target spaceRf,G) (17) In this section, we study the interaction of gravitational
and self-interaction potentidll8). Accordingly, the internal excitons with Abelian gauge fields, and in particular with the
spaces can stabilize if the effective poten(ie8) has at least standard electromagnetic field 0f(1)gy Symmetry. Strictly

one minimum with respect to the scale fact@l's Because speaking, the photon will not exist as a separate gauge boson
the conformal transformatiol3) was performed only with at temperatures higher than the electroweak sddlgy
respect to the external metgé®, the stability of the internal  ~ 246 GeV, where the full electroweak SU(2)J(1) model
space configurations does not depend on the concrete choiskould be considered. Nevertheless, our results should repro-
of the frame(Einstein or Brans-Dicke duce the correct coupling term between the gravexciton sec-

Uer(B) =

X

. (18

n
izl Re 28+ A+ k3P

N -

Ill. ABELIAN GAUGE FIELDS
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tor and the EM gauge field sector of the theory. In the next+df, Ff=dA+d?f=dA=F, with f(x) any smooth and

section, we will use this coupling term for estimating the single-valued function. AccordinghBey is gauge-invariant
strength of cosmological and astrophysical effects related tgyg [see Eq(24)].
the corresponding interaction channel. The action functional24) is written in a Brans-Dicke

In order to derive the concrete form of the coupling termframe. For passing by the conformal transformatids),
in the dimensionally reduced, four-dimensional effective(14) to the Einstein frame, we choose an ansatz

theory, we start from the simplified toy model ansatz

A=QKA (26)
1 . : . :
Sem="35 fMdDX\/HFMNFMN, (23)  for the vector potential and introduce the auxiliary field
strengthF by the relation
where the gauge field is assumed Abelian also in the higher- F=dA=d(Q¥A)=QFF,
dimensional setup. Additionally, we work in the zero-mode
approximation for these fields, i.e., we keep only the zero E=d(Ian)D,3\+d~A. (27)

modes of the harmonic expansion in mass eigenstates of the

higher-dimensional field§42,43. In this case, the Abelian The conformally transformed effective action then reads
vector potential depends only on the external coordinates,

Au=Au(xX) (M=1,..D), and the corresponding nonzero = Dov [0 2k-1)E Tav

components of the field strength tensor dg,=d,A, Sem="35 Mod ox\[g™{Q FuF 7 (28
—d,A, (1,v=1,..Do) and F,n =3 ,An—dmA,=3,An

(m=1,...d;;i=1,..n). where the external space indices are raised and lowered by

Dimensional reduction of the gauge field actié®3)  the metricg®). With F=dA, we have in Eq(28) explicitly
yields

— = = o= ky_ A k
F L Fer=F, F*'—2F*A,0,(InQ%—A,d,(In QY]

w

1 " i ~(0) K k KA VA
Sem=—5 fMOdDOx\/|g(0)|i1_[1 ediB { F, Frr+2g@mr +2{g%#,(InQ"a,(InQA"A,
. —[A*3,(In Q%12 (29
xizEl e % (X)ﬁ(i)mini%AmiﬁuAniJ, (24) In order to fix the conformal weighk of the vector po-

tential in Eq.(26), we require the effective external field
strength tensoF ,, in Eq. (28) to be gauge-invariant, i.e., to

where we introduced the metric integral be invariant undeA—A'=A+df. From Eq.(27), we have
for this transformation
) 1 i ) ) = =1 ~ =
gtmn; =y fM.ddiy,/lg(_|)|g(|)mini(y') (25) F—F'=dA+d?f+d(In QX OA+df)
o =F+d(In QX 0df (30)

and included the facton/Vp, into Ay for convenience:
Wp/Ay—Ay . Due to this redefinition, the field strength
tensorF,, acquires the usual dimensionality chv?2 (in
geometrical unitsi=c=1). In Eq. (24), we assumed*"

= g(O)HKg(O)V‘sFKlS.

It is easily seen that thAmi components play the role of

scalar fields in théDy-dimensional spacetime. In what fol-

lows, we will not investigate the dynamics of these fields.tra[‘riﬁormat'?]n'th tin order to preserve th invarian
Instead, we will concentrate on the interaction between fth S tieifsn?i N (I)wi r?p es; efr n??haung N _aDiakce
gravexcitons and the 2-form field strength=dA, A of the action functional, when passing 1ro € brans-bicke

=A,dx* which is described by the first term of the action frame to the Einstein frame, we have to keep the vector

functional(24). The corresponding truncated actigmithout pot.ent|al unchanged, ie., we have to fix t'he confprmal
_ — weight atk=0. As a result, we arrive at the action functional
A, terms will be denoted bySgy .

The exact field strength 2-forfi=dA with components ~ — 1 b oyt gg
. . . =—— JIgO|fal2(Dg—2)]12 ), 1di B (X) v
F,, is invariant under gauge transformatioAs—A’=A Sem 2 fmod xV[g{e e ! FuF '}

- (31)

so that for nontrivial()#1 the gauge invariancE=F' is
only achieved for zero conformal weiglt=0. The same
result follows also directly from the gauge invariance of the
field strength tensoF in Eq. (24) and the ansat#26): One

checks immediately th& is invariant under a transforma-
tion A—A=A+Qkdf, which only for k=0 is a gauge

"The excitation of Kaluza-Klein modes of Abelian gauge fields with dilatonic coupling of the Abelian gauge fields to the
was considered, e.g., in R¢#1]. gravitational excitons.
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For completeness, we note that fo=1, according to  Then, for small scale factor fluctuatioggy<1, action(19)
Egs.(28) and(29), we obtain a theory with a pure free action together with Eq(31) reads
term F,,F#* without any prefactor @2~ Y=1) but with 1 _
explicitly destroyed gauge invariance. The corresponding ef-  S= TJ dPox/[3OVH{RIGO]— 2A o1}
fective action reads 2K Jmg

1
_ 1 — = = = +_f dDo =(0)|y _=O0)uv A2
SEM:_E JAMOdDoX‘/|g(0)|{|:W|:M —4F#A,0,,(INQ) 2 Ju, xVIg -3 Vb, m¢¢¢}
+2[59#%9,(InQ)3,(In Q)AA, _%f dDoX1ﬁ|§<o>|{FMVFMV
—(A*9,InQ)?]}. (32 5
—l v .o
Obviously, the localization of the scale factg@@5at their —2 V (Do—2)(D-2) Ko F BT - (33

present valueg' =0 results inl=1. Then, both approaches ) ]
(31) and (32) coincide with each other. However, the pres-We used the notations of E419), m,:=m,, and relation
ence of small scale factor fluctuations above this backgrount?? tietweenﬁ and the rescaled fluctuational component

—_ ; 2_ 2
will restore the dilatonic coupling of Eq31) (see also the ¥=¢ . As mentioned above, kp=87/Mp is the
next sectiop D,-dimensionalusually D,=4) gravitational constant. The

last term describes the interaction between gravitational ex-
citons and photons. In the lowest-order tree-level approxima-
tion, this term corresponds to the vertex of Fig. 1 and de-
scribes the decay of a gravitational exciton into two photons.
The probability of this decay is easily estimated as

In this section, we discuss some cosmological and astro- 2 m 1
physical implications related to the possible existence of r~ —) m3¢=<—‘/' —<my, (34
gravitational excitons. We suppose that the scale factor back- Mei Mei/ te
ground of the internal spaces is localized in one of theyhich results in a lifetimer of the gravitational excitons with
minima of the effective potentialsee Sec. )l and that respect to this decay channel of
gravexcitons are present as small fluctuations above this 3
static background. Our analysis is based on the dilatonic cou- _ 1 [Mp (35)
pling (31) which describes the interaction between gravexci- T m,, Pl
tons and zero-mode photohsiereafter, we treat these KK
zero-mode photons as our usual SM matter photons. In pal
ticular, the vector potentiah ,(x) of the previous section
corresponds to our 4D photons. In the following, we conside

the simplest example—the interaction between gravitation IMPs (weakly interacting massive particlé6]) because

excitons and phqtons In-a systeim W't.h on_Iy one Internaltheir coupling to the observable matter is suppressed by pow-
space (= 1) with its scale factop™ localized in one of the /5 of the Planck scale.

minima of the effective potentidlL8). We rescale the size of
the corresponding factor space in such a way that the back- A. Light gravexcitons
ground component takes the val@é=0 at the present time.

IV. GRAVITATIONAL EXCITONS
AND THEIR COSMOLOGICAL
AND ASTROPHYSICAL IMPLICATIONS

3

§imilar to Polonyi particles in spontaneously broken super-
gravity[27,28, scalarons in theR+ R?) fourth-order theory

Ipf gravity [32], or moduli fields in the hidden sector of su-
ersymmetry (SUSY) [29-31], gravitational excitons are

We first consider light excitons with masses,
<10 ?Mp~10"2 GeV~20m, (where m, is the electron
mass. Their lifetime 7is greater than the age of the universe
=10 sec>t,,;,~ 10" sec. From this estimate it follows

v that they can be considered as dark ma@). The type of
——,— - the DM depends on the masses of the particles which con-
" Mp stitute it. It is hot formpy,<50—100 eV, warm for 100 eV
Y <mpy=10 keV, and cold fompy=10-50 keV.

Concerning the gravexciton decay processes, we note that
there exists a characteristic timg within the evolution of
the Universe when these processes are most efficient
FIG. 1. Planck-scale suppressed gravexciton decay: [see, e.g., Eq(43) below]. The time can be estimated as
h—27y. H(tp)~I = tp~ 7, whereH =a/a is the Hubble constang,
is the scale factor of the external space in the Einstein frame,
and dots denote derivatives with respect to the synchronous
8Brane-world models with on-brane dilatonic coupling terms have
been considered, e.g., in Refd4,45. In a rough approximation,
the results of the present section will also hold for these models. °Exact calculations givé'=[2d,/(d;+2)] (m}/M3).
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timet in the Einstein frame. It is clear that for gravexcitons if m¢>10*56Mp|, so that the oscillations began at the
with massesm,,< 102 GeV, we can neglect their decay radiation-dominatedRD) stagé! (the consistency condition
during the evolution of the Universe because for thesés #i,<Mp). Similarly, we obtain for all massesn,
masses the characteristic timgis much greater than the age <10 °®Mp, (then the oscillations started at the beginning of
of our Universe. Such gravexcitons up to the present tim¢he matter-dominate@MD) stage the bound
undergo coherent oscillations according to the approximate
equation

in=Mpj (39

Y+ 3Hy+mi =0, (36)

) ) o ) . Herey;, denotes the amplitude of the initial field oscillations
and did not convert into radiation with subsequent reheating ,, ahove the minimum position of the effective potential.
of the Universé? Assuming that at the present time the Usually, it is assumed tha,~O(Mp), although it depends
gravexciton energy density,, is less than or similar to the g the form ofUs and can be considerably less thsiip,.
critical densityp,=<p., we obtain an upper bound for the pgticles with masses,,~ 1032 eV~ 10" 5!M, are of spe-
gravexciton masses cial interest because Viligg~1;, [19-22 they are related to

the recently observed value of the effective cosmological
/3 Mp\* oo (Mp|? constant (dark energy Aeg~10 12°Ap4)~10"%" cm™2,
my= ﬁHeq i ~107"Mp, Wi 37 These ultralight particles have a period of oscillations
~1/m,~10'"® sec which is of order of the Universe age.
Thus, for these particles a splitting of the scale factor of the
internal space into a background component and gravexci-
production due to interaction with other mattéwith high- tons makes no SEnse. A more qdequate interpretation O_f the
temperature radiation at the radiation-domingeB) stage, in par- scale factor ‘?'y”am'cs would be In terms of a SlOWIV_ varying
ticular) have to be taken into account here, too. The latter proces@ackground in the sense of a quintessence scefte2id3.

can be described by a source term on the rhs of the effective equa- Another very strong restriction on light gravexcitons fol-
tion of motion lows from experiments on the time variation of the fine-

structure constant. It is well known(see, e.g.[49]) that the
interaction between a scalar fielgd=«yy and an electro-
magnetic fieldF of the formf(¢)F? results in a variation of
the fine-structure constant

Ostrictly speaking, the decal of gravexcitons as well as their

g EH+D) Yt M=,

wherel ,, is proportional either to the trace of the EMT of matter on
the world-brang(in brane-world scenariogl7]), or to the energy
density of matter in our 4D Univergén the Kaluza-Klein approach
[9,21,34,48). The behavior of the source teriy, is defined not
only by the redshifting EMT of matter but also by gravexcitons’
interactions with it, e.g., by gravexciton decay into radiation as well
as by reactions of the type gravexcitory— everything. The ther-
mal production and balance of gravexcitons is described by the
Boltzmann equation for their number density,

(39

dn (The dot denotes differentiation with respect to tijr€his
d—t“’+3Hn¢=%ov)nl,,(n,,fnmeq,)*F(nl,fn(/,(eq)), relation has its origin in the observation that a theory with

— 2 ; .
where(av)~M3 is the typical cross section of these reactions andL = (@) can be interpreted as a theory of an electromag

I" is given by Eq.(34). n,q denotes the gravexciton number den- I’letIC field in a dlqlgctrlc: ﬂedlum with permltt'V't)E.d.
sity in thermal equilibriuntthe subscript is not to be confused with ~— f(¢) and permeability.=f~*(¢). On the 0~ther hand, itis
that of the characteristic time of matter/radiation equalitjow-  equivalent to a field theory in vacuum with=F? [an analog
ever, due to extremely weak interaction of gravexcitons with matterof F in our Eq. (32)] and a variable electric charge

it is very difficult for them to reach the thermal equilibrium. For :f—l/z((p)eo_ Thus, the fine-structure constant is also a dy-
particles which never dominate the Universgusually starts 0 namical function azez/(hc)zegl(fﬁc).

oscillate whem,,<neq and, as was shown {7}, the contribu- ) ot &, denote the value of for a stable configuration at
tion of thermally produced gravexcitons to the total energy density . — —
is negligible. Thus, in this case the source tefimat effectively € Present time, and’_‘POZ’fO”:_U/_M Plé_l .(here, Mepi
reflects the efficiency of interaction between gravexcitons and ordi:=Mpi/ V87) be small fluctuations in its vicinity. Then the
nary mattey does not play any important role in E6). On the

other hand, in scenarios where gravexcitons dominate the early dy-

namics of the Universe, their number density can initially e Uin Eq. (37), Heqdenotes the Hubble parameter at that evolution-
>N, eq and it will decrease until it reaches its thermal equilibrium ary stage when the energy densities of matter and radiation are of
atn,eq - In such a scenario, the initial amplitude can be assumedhe same orde(matter/radiation equalily Using the WMAP data

as Yin~Mp. Then the number density of quanta will ben, for the ACDM model[48], we obtainH ¢~ 10 %%Mp,. Because the
~T3< n,, so thatn,,,~e‘“a‘3. Therefore, thermal production of field oscillations start when the Hubble parameter becomes less
gravexcitons may be neglected. The scenario when gravexcitorthan the mass of the particled £m), particles with masses greater
have enough time to decay into radiation with subsequent reheatingr less tharH . start to oscillate at the RD stage or at the MD stage,
of the Universe is considered below, in Sec. IV B. respectively.
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tionally, ultralight gravexcitons can lead to the appearance of
a fifth force with characteristic length scale~1/m,,. Re-

i cent gravitational(Cavendish-type experiments(see, e.g.,
are defined by Eq¢31) and(33) as [6,59) exclude fifth force particles with masses,
=<1/(10 2 cm)~10"3 eV. This sets an additional restriction
on the allowed mass region of gravexcitons.

interaction term of the Lagrangian rea;zlsn/I\Wm)Fz, where
y==df/dcp|%. In our case, we have,=0, andf(¢) and y

flo)=— %6*2 [d1/(Dp—2)(D-2)]¢

d; B. Heavy gravexcitons
=>Y=\"" o _ o (40 ) . .
(Dg—2)(D—-2) Let us now consider gravexcitons with masses,

_ _ o =102 GeV. For such gravexcitons, the ded@y) plays an
The experimental bounds on the time variationcohave  important role. If there is no broad parametric resonance

been considerably refined during recent ydae®, e.g[50—  (“preheating”) (see[60—62 for the details of the deriva-
54] and references therginDifferent experiments give dif- tion), then forH <m,, as a result of this decay the facer!t
ferent bounds on|a/al (see Table Il in[54]), from  becomes dominant in the energy density and the number

<10 Y yr ! (following from the data analysis of the ob- density
served cosmic microwave backgrouid]) to <10 17 yr—t

(following from the Oklo experimer|5]). Estimates on pri-

mordial nucleosynthesis requifAa/a|<10"* at a redshift  and due to the gravexciton decay the Universe undergoes a
of order z=10°-10" [56], i.e., |a/a|<10"*yr . The  reheating(RH) up to the temperaturg22,28,29

WMAP data analysi$57] gives upper bounds on the varia-
tion of « during the time from reionization/recombination
(z~1100) until today: |Aa/a|<(2X102)—(6X10"?),
i.e.,|ala|=(2x107 %) —(6x10" 2 yr 1), In all these esti- _
mates,&e=Aa/At is the average rate of change @fduring ~ FOr @ successful nucleosynthesis, a temperafligg=1
the time intervalAt (corresponding to a redshifi. For our MeV is needed S0 that the gravexciton masses should satisfy
calculations, we use the estimdi@/«|<10"15yr! [52], mwzlo4 GeV. This result is obtained under the only as-

which follows from observations of the spectra of quasars apumption that gravexcitons dominate at the t|érr%<_a of their de-
a Hubble time scaldt~H - 1~10yr. For this bound, we cay. Moreover, for a successful hot baryogenesisshould

. hold thatm,= 10" GeV [28]. Thus, either the decaying par-
obtain from Eq.(39) ticles should have masses, which satisfy these lower
bounds(and will decay before nucleosynthesis due to the

p¢~e*“a*3, ngb,vefl“taf?,, (43)

m;
TRHN M_p| (44)

f |1 df 1// |y Ay 1 1Y 15 -1 interaction channel shown in Fig) br, for lighter gravexci-
? - ? d_ = ? E — |~ ; =10 yro tons, we should find other scenarios which would allow us to
¢ Mpy Mei get rid of such particles before nucleosynthesis starts. The

(41) latter can be achieved if the decay rate becomes larger. How-

which leads to the following restriction on the parameger ever, a fast decay in the r(_agime of a broaq parametriq reso-
nance[62] may not be realized for gravexcitons since it re-
M quires the conditio’>H at the beginning of the decay
|y|~At’E—P' = |y|=10°5. (42 (H~my), which is not satisfiedsee estimate34)].
al Ay Thus, in order to avoid the aforementioned problems,
] gravexcitons should be sufficiently heavy and decay before
Here we took into account the present valuef0)=1, pycleosynthesis starts. However, as was pointed out in Sec.
supposed for the time interval a value dft~H™* || in models with stabilized internal spaces the minimum of
~10%yr, and assumed )~ Mp,. However, Eq(40) shows the effective potential plays the role of the effective cosmo-
that in our model we havey|D0:4= vdq/[2(2+dq)] logical constant, which usuallgfor simplified cosmological
~0(1). This obvious contradiction means that light gravex-models is connected with the gravexciton masses by a rela-
citons with massesn, <10 2 GeV should have decayed at tion Aer~m, Hence, heavy gravexcitons result ifieq
sufficiently early times of the evolution of the Universe in >10"°" cm™2, which is in obvious contradiction to recent
order not to contradict the experimental bounds on the varigobservation$14]. For such particles, a mechanism should be
tion of the fine-structure constatftFrom this point of view, found which could provide a reduction dfe to its observ-
the presence of such light gravexcitons is unacceptable fable value. A similar problem with a large cosmological con-

the time after the end of primordial nucleosynthesis. Addi-Stant exists also in superstring modular cosmol&g. [For
a discussion of the cosmological constant problgdCP

within the framework of string theory, we refer {65].] A
121n general, the performed estimates can be refined by accounting0ssible resolution of this problem could consist in a consid-
for viralization and accretion processes during the formation oferation of more or less realistic models which contain differ-
overdense spacetime regions, such as gala&@&s In this case, if
the gravexcitons are also sufficiently clustered, the study of time
variations ofa should be supplemented by an analysis of spatial 1A low-temperature mechanisms for the baryogenesis can consid-
variations ofa. erably lower this mass valye8,63 (see alsd64]).
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ent types of matter fields. Some of these fields should violate
the null energy conditioiNEC) and the weak energy condi-
tion (WEC). As shown in our recent papg24], in this case

one can obtain large gravexciton massgs-M, 4, p) and Acat
a small positiveA ¢4 which is in agreement with the observed e
value ~ ”

Most probably, primordial cosmological gravexcitons de-
cayed already at the early stages of the evolution of the Uni- £ 2. Photon-induced gravexciton creation in a strong mag-
verse. Nevertheless, it is of great interest to consider differmetic background field.
ent mechanisms which could lead to a gravexciton
production at the present time. Obviously, due to the Planck-

scale suppression, it is hardly possible to observe the integytoff distancer 5,«~50 Mpc. Thus, such heavy gravexci-
action between gravexcitons and photons in laboratory-scalgns cannot be used for the explanation of the UHECR prob-
experiments. Thus, we should look for regions in our Uni-lem. However, it can be easily seen that foj=<10? GeV
verse where conditions could exist which are suitable enougthe decay length exceeds the cutoff distange;rgzc. On

for such reactions to occur. For example, a thermal graveXne other hand, the very weak coupling consta@{ngll

citon production would become possible at temperatires |o54s to a negligible scattering of gravexcitons at the CMBR
=m,, when the exponential suppression in the creation probr7g). Thys, if a mechanism could be found to reconcile the
ability is switched off: P~exp(-m,/T)~O(1). Then, the = ,resence of gravexcitons of mass,~ 10° GeV with a suc-
creation ratg{per unit time per unit volumecan be estimated  cessfyl nucleosynthesis, then such gravexcitons could be
asv~T5/M§, (see, e.g., Ref67], where a similar estimate helpful in solving the UHECR problem.

was given for the production of KK gravitondn our case, a
thermal production of heavy gravexcitons with massgs
=10 GeV would take place ifT>10' K. The maximal
temperatures which can be reached in any known astrophysi-
cal Objectés (Supernovasl neutron stars, pu|$a$ defined Another pOSSible source for the prOdUCtion of graveXCi-
by nuclear reactions and do not exceed®3q0?K  tons could be the strong magnetic fields of some astrophysi-
~1-1G MeV. Hence, a thermal gravexciton production in cal objectse.qg., neutron stars, pulsars or magngtarsanal-

the cores of these objects is absent. Such a production cou@y With effects described for axion§r1,72, a strong

be possib'e at ear'y evo|uti0n Stages Of the hot Universe, bLﬁXternal electl’ic/magnetic f|e|d can Iead to OSCi||ati0nS be-

the corresponding cosmological gravexcitons would have deWeen gravitational excitons and photons in accordance with
cayed before nucleosynthesis started. the diagram of Fig. 2. It corresponds to an interaction term

Lo~ rotF et 1 WhereFZL is the field strength of the ex-
ternal electric/magnetic field anél,, denotes the photon
wave function. In the presence of a strong external field, the
The observation of cosmic rays with ultrahigh energiesprobability for an electric/magnetic conversion of gravita-
(UHECR) E=10% eV (see, e.g., revieWs9]) shows that our tional excitons into photon&nd vice versacould be much
Universe contains astrophysical objects where particles witlgreater than Eq34) and would result in observable lines in
energies E>m¢,2104 GeV can be produced. Obviously, the spectra of astrophysical objects. Usually, the electric
these energies should have a nonthermal origin and shoufiklds of astrophysical objects are very small. However, the
be large enough for the creation of heavy gravexciton, e.gmagnetic fields can be very strong. For example, magnetars
in reactions &— (y quanta conformally excite internal as special types of pulsars can possess magnetic fields of
spacek Then, if a gravexciton acquires the enefgym,,  strengthsB>Bjica~4.4x 10" G~3X 10 ° GeV?. So, it
it propagates through the Universe without decay a distancis of interest to estimate the magnetic-field strengths which
[70], would provide an efficient and copious gravexciton produc-
; . tion. For this purpose, we note that for the creation of a
|~ E E (101 GeV) gravexciton the energy conservation law in a stationary ex-
D 'm, 10 ev m,, ternal field requires an energy of the incident photorEof
=m,. Furthermore, an efficient gravexciton production

where I'~m3/M3, is defined by Eq.(34). SubstitutingE takezs Zplace for - magnetic-field strengthB2~mj x>
~102° eV andm,,~ 10" GeV, we obtaidp~10 pc, whichis ~ ~MyMp,. Thus, for a gravexciton of mass,,~ 10* GeV we

considerably less than the Greisen-Zatsepin-Kuz(G#@K)  obtain B~10% GeV?, which is much larger tham ey
Hence, we have to conclude that the magnetic-field strengths

of magnetars are not sufficient for an efficient production of
4E0r a possible resolution of the CCP in codimension-2 branegdravexcitons. The reason for this is clear. First, gravexcitons
world scenarios, we refer the reader to the recent 66k are heavy particles and, second, the gravexciton-photon in-
5Concerning the maximal possible temperature in the Universeteraction itself is Planck-scale-suppressed.
see the papdi68] by Sakharov in which this temperature was esti-  To conclude this section, we note that, similar to the re-
mated asT oy~ Tp~ 107 K. sults on dilatonic couplings~e™ ?F? of electromagnetic

D. Gravexcitons and magnetars

C. Gravexcitons and UHECR

lpr, (45

044003-9



GUNTHER, STAROBINSKY, AND ZHUK PHYSICAL REVIEW D69, 044003 (2004

fields in inflation model$73] and string cosmolog}j74], we  should first address the problem of the absence of a “fifth
can expect in theorg31) an amplification of electromagnetic force.”
vacuum fluctuations due to the presence of a dynamical (iii) For gravexcitons with masses,> 102 GeV, decay
gravexciton background. Such amplification processes caprocesses play an important role during the evolution of the
generate sufficiently strong magnetic seed fields to start gdJniverse. These processes can contribute considerably to re-
lactic dynamo effects which maintain the intergalactic mag-heating. We demonstrated that heavy gravexcitons with
netic field at the present time. Furthermore, they can result imassesn,= 10* GeV can best meet the existing cosmologi-
contributions to the observable anisotropy of the cosmic mi<cal restrictions. On the one hand, the reheating temperature
crowave background. of these particles is sufficiently high for a successful nucleo-
synthesis. On the other hand, they intensively decay already
before nucleosynthesis starts, which prevents a too large
V. CONCLUSION variation of the fine-structure constant afterwards.
The Planck-scale suppression of the interaction and the
In the present paper, we investigated interactions of small,igh energyE=m,, needed for the creation of heavy gravex-
conformal scale factor fluctuatiorigravitational excitonsof  citons with massem = 10* GeV will make it very difficult,
extra-dimensional space components with 4D Abelian gauger even impossible, to observe such reactions in future
fields. The considered model was based on a factorizablgboratory-scale experiments. So, it is of interest to clarify
background geometry. whether reactions with intensive gravexciton production may
With the help of a toy model ansatz, we demonstrated thatake place in some astrophysical objects.
the 4D gauge-invariant electromagnetic sector of the theory As a first example, we discussed a possible contribution
is dilatonically coupled to the scale factor fluctuationsof gravexcitons to UHECR with energi€s~10% eV. It is
(gravexcitonk For a static background with background clear that, due to their weak interaction with ordinary matter,
scale factors frozen in the minimum of an effective potential gravexcitons will propagate in the Universe without signifi-
the interaction term of gravexcitons and 4D photons has théant scattering on CMBR. This makes them attractive as a
form (y/Mp)F#*F,,. This Planck scale suppressed cou-Possible candidate for UHECR._Our estimates show that the
pling leads for gravexcitons with mass,, to a decay rate decay length of gravexcitons with masseg= 10" GeV is
I'~m3/M3, Accordingly, gravexcitons are WIMPs with re- V€'Y short, but for massem,=<10° GeV it becomes much

spect to this interaction channel. Depending on the concret!é;mger than the Greisen-Zatsepin-Kuzmin cutoff distance.

gravexciton mass, different physical effects will become rel- As a seconq example, we con5|dered the Interaction be-
evant. tween gravexcitons and photons in the strong magnetic back-

R . . _, ground fields of magnetars. The presence of the background
(i) Light gravexcitons with masses, <10"* GeV have a fields will strongly enhance the reaction and, in analogy to

lifetime which exceeds the age of the Universe so that they,jon_photon oscillations, one might expect the occurrence
can be considered as dark matt&M). In this case, the ot gravexciton-photon oscillations. However, our estimates
inequality (37) is saturated, and in order that gravexcitonsgho that even the strong magnetic fields of magnetars with
constitute the present DM, each mass vatog should be  fig|g strengths B> B yicq~4.4X 108 G are not strong
connected with a corresponding special value of the i”itialenough for an efficient gravexciton production.

fluctuation amplitudey;,. Additionally, laboratory tests of It remains to clarify whether other astrophysical objects or
the gravitational inverse-square law limit the gravexcitongiher interaction channels could lead to an efficient gravex-
mass from below: m>10"°eV. Furthermore, such citon production with directly observable phenomena.
gravexcitons lead to a temporal variability of the fine- Note addedAfter finishing this paper, we noticed that the

(even with the Weblet al. data[52] taken as upper limits on  axtra dimensions are also discussed.

the variability ofa). Thus, this case seems to be excludfed.
(i) Ultralight gravexcitons with masses,~10" % eV

are closely related to the observable cosmological constant/
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