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Cosmological constraints on theories with large extra dimensions
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In theories with large extra dimensions, constraints from cosmology lead to nontrivial lower bounds on the
gravitational scaléM, corresponding to upper bounds on the radii of the compact extra dimensions. These
constraints are especially relevant to the case of two extra dimensions, since bhig £0 TeV or less do
deviations from the standard gravitational force law become evident at distances accessible to planned sub-
millimeter gravity experiments. By examining the graviton decay contribution to the cosmic diffuse gamma
radiation, we derive, for the case of two extra dimensions, a conservative hbmidl0 TeV, corresponding
to r,<5.1x 10 ° mm, well beyond the reach of these experiments. We also consider the constraint coming
from graviton overclosure of the universe and derive an independent b&und.5A/h TeV or r,
<0.01% mm. [S0556-282(199)05918-4

PACS numbgs): 11.10.Kk, 98.80.Cq

[. INTRODUCTION Bringing the fundamental scale of gravity down near 1
TeV dramatically alters our view of the universe, and it is
It was recently proposed that the large hierarchy betweenot a trivial matter that this picture is allowed experimen-
the weak and Planck scales arises because thereneigta  tally. In [3], a diverse range of collider, astrophysical, and
compact spatial dimensions, within which only gravity, andcosmological phenomena are examined to verify that the
not standard model particles and interactions, can propagafeamework is in fact safe for alh>1. However, lower
[1,2,3. In this framework, the Planck scaldp is not a bounds onMg from rough estimates of both energy loss in
fundamental scale of nature, but is rather an effective coustellar objects and cosmological constraints, described in
pling related toM, the scale of (4 n)-dimensional gravity, Sec. Il, cast uncertainty on whether these theories can be
by probed in future submillimeter gravity experiments, even for
then=2 case. In this paper we perform a detailed calcula-
1) tion of the most stringent cosmological constraints and de-
rive an upper bound on, that is far below the anticipated
range of these experiments.

2 _ Npg2+n
ME=4mrpM2*n,

wherer,, is the radius of compactification of the extra
dimensions. Setting M~1 TeV transforms the hierarchy
problem into the question of why the radii are large. The
approximate values for, obtained forM~1 TeV indicate
thatn=1 is ruled out immediately, while for the=2 case, In standard cosmology, big bang nucleosynth¢BiBN)
deviations from the standard force law may easily be deprovides a detailed and accurate understanding of the ob-
tected by planned experiments sensitive to gravitationaserved light element abundand@&$. In order not to lose this
forces at distances of tens of micrometgg$ depending on  understanding in the context of theories with large extra di-
the precise value dfl. The cases of highar can be tested mensions, we must require that, before the onset of BBN, the
instead at high energy collidefs. influence of the extra dimensions on the expansion of our 4D
wall will somehow become negligible. In particular, we must
imagine that starting at some “normalcy temperatuii,’,

!In this work we assume that the extra dimensions are compactit-he extr_a dim_ensions are virt_uglly empty of energy density
fied on ann-dimensional torus with a single radius. The scite and their radii are fixed. 3] it is suggested that the emp-
defined in Eq(1) is related to Newton’s constant in ¢4n) dimen-  tiness of the bulk can be explainedT, is the reheat tem-
sions according td1%*"=(2m)"/S, ,G ;% . WhereS is the sur- perature following inflation and |f the inflation is localized
face area of a unit radius spherekn-1 dimensions. This is the ©n our 4D wall and decays only into wall states.
same definition of the gravitational scale used in several recent What is the allowed range foil,? We needT,
phenomenological studi¢$,4,5. >1 MeV in order for ordinary BBN to be recovered. On the

2In [3] it is shown that if there exist gauge fields that propagate inother hand, ifT, is too large, then copious production of
the bulk, they can mediate long range forces relevant to submillibulk gravitons by standard model particles can alter cosmol-
meter experiments, regardless of the number of extra dimensions. Ibgy in unacceptable ways. The authord ®f perform rough
theories with approximately unbroken supersymmég8ySY) in estimates of several such effects and find that the most seri-
the bulk, light scalar fields such as the radius modulus can alsous constraints come from overclosure of the universe by
mediate long range forcgg]. In this paper we restrict our attention gravitons and contributions to the cosmic diffuse gamma
to gravitational forces. (CDG) radiation from graviton decay. They estimate that

II. COSMOLOGY IN THEORIES WITH LARGE EXTRA
DIMENSIONS
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these constraints require, fa=2, M=10TeV, even if the and the integrations can be performed analytically to obtain
normalcy temperature is pushed downTp~1 MeV.3 As s
M is raised to this level, it becomes unclear whether experi- sY . —h +3n.H= m°T
ments probing macroscopic gravity at small distances will be moom T 128732
sensitive to the extra dimensions, evemif 2. P
In light of the potential implications of cosmological con- where, is a Bessel function of the second kind. We have
straints on planned experiments, it is worthwhile to calculateapp”ed entropy conservation to express the evolution in
them more carefully. Detailed studif®,10] show that, in the  terms of the scaled number density=n,,/s, wheresis the
early universe, the electron neutrinos decouple at 1.25 MeVentropy density. We will be interested in KK states that de-
while the other flavors of neutrinos decouple at 2.15 MeV.cay to photons in the MeV range, and from E8) we see
From the results of9], one can deduce that @&t=1MeV,  that essentially all of the graviton production occurs at tem-
the relaxat|0n time fOI‘ muon a.nd tau neutrinos is 10 t|me§)eratures nean and thus at times well within the radiation-

|0nger than the inverse Hubble rate of eXpanSion. If the redominated era. The neutrino temperatcﬁ‘% therefore re-
heat temperature were less than 1 MeV, the weak interagated to the time by13]

tions would thus be unable to produce the thermal distribu-

tion of neutrinos required as an initial condition for standard t= 1-59,:1/2|\7pr2, (4)
BBN. For this reason we believe that by takinb,

=1 MeV, we suppress the cosmological effects of the extravhere, since we will be considering temperatures of order 1
dimensions as much as is conceivably allowable, so thatleV and lower,g, =10.75. Applyings=T? then leads to a
bounds we derive oM by requiringT, >1 MeV should be present-day graviton densitpeglecting decayof

robust. We also present bounds obtained using the less con-
servative choicd, =2.15 MeV, which, given that this it is m _, My (=

the decoupling temperature for two of the three neutrino spe- Ny =(2.3x10 )TJ - dx XKy(x), ®
cies, may in fact be a more realistic value. We find that the Mp =M

strongest bounds oM come from the CDG radiation, to
which we dedicate the bulk of our analysis.

m

l_I_! (3)

3

where the present day neutrino temperaturégis 1.96 K.

A photon produced in the decay of a KK graviton of mass
mwill have a detected energy that depends on the redshift or,
lll. CALCULATION OF THE DIFFUSE GAMMA RAY equivalently, the time at which the decay occurred. Thus the

BACKGROUND energy spectrum of photons produced in the decays of mass

To calculate the CDG background, we imagine that at thén KK gravitons can be calculated using
normalcy temperatu_ré* , the bulk is entirely empty, while _ an™  dn™ gt dz
standard model particles on our 4D wall assume thermal dis- y v 78 6)
tributions. The Kaluza-KleifKK) excitations of the gravi- dE dt dzdE
ton are produced through the process— G, for example. o )
The spin-summed amplitude squared for this procéss is  The derivatives are evaluated by applyirig=(m/2)(1
+2)7% t=ty(1+2)7*% and n{V=2n{"T /T't(1-e

5 s? ALY wherel, is the decay width of the graviton into two
> IM[?= — (2 photons and’; is its total decay width. We use the time-
AMp redshift relation that holds for the matter-dominated era, be-

—, _cause for KK gravitons that are produced n&gr-1 MeV
whereMg is the reduced Planck mass. The number densitynd which decay into photons during the radiation-

of massm KK states is then governed by the Boltzmann dominated era, the redshifted photon energies are far below

equation: the MeV range that interests us. The spectrum is evaluated to
d3p d®p, be
ot 3nH= | @m%2lp,] Zm2lp] dn™
v v Y :3ngm)ryto(Z/m)3/2E1/2e71“-|—t0(2E/m)3/2' @)
&p, dE
X 2m)*5*(Pm—P,— P7)
2m)32\[p P+ m? (2m)° 5 (Pm= Py =Py To calculate the full photon spectrum, all that remains is to
sum over KK modes. This is accomplished using the mea-
XZ |M|2e_|pvl/Te_|pﬁ/T' sure
M3
dN=231_1Wm“—1dm, )
3The authors of[8] estimate M>100TeV, by requiringT,
=3 MeV. where S,_;=27"4T'(n/2) is the surface area of a unit-
“Feynman rules for the coupling of gravity to matter are derived inradius sphere im dimensions. Using Eqg5) and (7), and
[11,12. Eq. (8), and the calculated width
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TABLE |. Values of the parametersy,(E) and f,(E,T,
=1 MeV) defined in Egs(11) and(13).

f,(E,T, =1 MeV) fo(E,T, =1 MeV)

E(MeV) MeV972 a,(E) (MeVIT?) as(E)
1 1456 4.x10 9570 0.56
2 1228 5.0x10 8835 0.72
3 778 4.0< 10 6571 0.66
4 379 2. 10 3801 0.44
5 150 9.8<10° 1773 0.22
6 51.1 3.6<10° 698 1.0x10°*
7 15.5 1.Xx10° 240 3.6<10°?
8 4.27 3.6 107 74 1.2x10°2
9 1.09 94 21.2 3810°°
10 263 24 5.6 18103
3
[(G—yy)=——, (9)
80mMp
we obtain the spectrum
dn, toTs "
—=(1.6X10"°)S,_;———EY(E,T,), (10
d E M 2+ nM b
where the functiorf,(E,T,) is given by
(BT = [ dmni o o m [~ g,
2E m/T,
(11

Numerically, one finds"(G— y7)ty~3X 10 "(m/MeV)3,

so that for the KK excitations that interest us, the graviton
lifetime will be much longer that the lifetime of the universe.
Even after considering other decay channels, we findlthat

is so small that setting the exponential factor in EfL) to
unity does not significantly change the valuesf gfE, T, ).

Taking t,=10yr, we find that for T, =1 MeV, the
spectrum can be written as

dn f(E, T, =1 MeV)
_7 = —6(n—2) nor ok
=4.6x10 Sn-1 (nt5/2
dE T,=1MeV MeV'"
E 1/2 M —(n+2)
| [ -1
% ( Mev) (TeV) Mev

xem 2s lgrt (12

M —(n+2)
) MeV~ lcm 2s tsrl

Ean(E)(m
(13

Values for a,(E) and f(E,T,=1MeV) for n=2,3 are
given in Table 1.
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single neutrino species. Repeating the same calculation for
vy annihilation, we find a spin-summed amplitude squared,

2
S
> IMPP=2—,
2
p

(14

and, taking into account the symmetry factor of 1/2 due to
the initial state photons, a contribution to the spectrum that is
larger than that coming from a single neutrino flavor by a
factor of 4. When comparing with the observed spectrum, we
will take the sum of contributions from photons and three
flavors of neutrinos:

% =T7ay(E)
T,=1MeV
M —(n+2)
X _Tev) MeV~ lcm 2s tsrt.

(19

Before comparing our results with the CDG background
data, we can already obtain an independent bount¥l doy
requiring that the KK gravitons do not overclose the uni-
verse. Contributions from photon and neutrino annihilation
give a graviton energy density

=
=148, ﬁf dm nfn{™ (16)
PG —1\2+n o 0

where ng“) is the density defined in Eq5). Forn=2 we
obtain

-4
pe=14% 10—44( l) GeV?, (17

TeV

which, upon comparison witlp.=8.1h?10" 4" GeV*, leads
to M>6.5//h TeV. Using the relation between the funda-
mental scale and the radius of compactification,

mm, (18

1 TeV 1+2n
{119

we obtain

r,<<0.01% mm. (29

It may be possible, although certainly challenging, to probe
distances of this size in near-future submillimeter gravity ex-
periments. If we take a less conservative boundTgnand
instead usel', =2.15 MeV, the decoupling temperature for
the muon and tau neutrinos, we get the more stringent

We neglect an additional contribution froei e~ annihilation for

The above photon spectrum was derived by calculatinghe sake of a simplified calculation. Including this contribution en-
the density of KK gravitons produced by annihilation of a hances the bounds we derive only slightly.
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bounds M>13.9Ah TeV and r,<3.2hx10 3mm. Dis- 9dreatly reduce the number of gravitons that decay on our

tances this small are likely not to be accessible to those exarane. If 1I'’, the decay lifetime onto the other brase is
periments. significantly longer than the age of the univetge then the

number of decays on our brane will not be substantially re-
IV. COMPARISON WITH DATA duced. If lF'<t0, on the other hand,.the.number of decayS
on our brane—and thus the contribution to the photon
The CDG background has been measured recently in thgackground—is reduced by a facterl/(I''t,). Moreover,
800 keV to 30 MeV energy range using the COMPTEL in-in this case nearly all of the gravitons decay at large redshift,
strumen{14]. The authors of14] find that the photon spec- so that forT, ~1 MeV the redshifted photon energies fall
trum is well described by the power-law function pelow the MeV range.
A(E/Ep) "%, with a=-2.4+0.2, E,=5MeV, and A We know of two scenarios that give the larferequired
=(1.05£0.2)x10 *MeV - *cm ?s tsrl. They find no to evade the CDG bound. In the firt, is large because the
evidence for the “MeV bump” that was inferred from pre- extra branés) have higher dimension than oJ®. If one of
vious data. Using the COMPTEL results and the calculatedhese so called “fat-branes” has thickne®¢ in a single
contribution to the background from graviton decay in Eq.extra dimension, the probability that a graviton will decay on
(15), we can place a lower bound on the gravitational scalét is enhanced over its probability of decaying on our brane
M: by a factor~WT, . For WT, ~5x10°, we find that the
graviton contribution to the CDG is consistent with the
dny/dE|measured (20) COMPTEL result forM as low as~1 TeV. Taking T,
MeV tecm?stsrt) =1 MeV, this corresponds to a thickne#¢>1 um. Note
] ) . that introducing a higher dimensional brane doesenable
We find that the most stringent bounds are obtainedgor s to evade the bound obtained by considering overclosure of
=4MeV. Using the very conservative upperboundtihe universe, Ec(19). Because the fat-brane is higher dimen-
dn,/dE|measured< 10 *MeVtcm ?s tsr ! gives, for n sjonal, the decay products have a momentum component that
=2, is perpendicular to our brane and which, therefore, does not
redshift (recall that the extra spatial dimensions are frozen
M>110 TeVv. (21) Thus the energy density of these decay products will go as
This corresponds to a bound on the radius of compactificaB ° rather tha_nR _4’ regardless of whet_he_r or not the par-
tion of ticles are relativistic, and we cannot eliminate the graviton
contribution toQ).
r,<5.1x107° mm, (22 In the second scenarid;,’ is large because there exist a
very large number of 4D branes in addition to our own. More
which is far smaller than the distances at which gravity carprecisely, we need at least5x10° additional branes to
be probed in planned experimefitsf we instead useT, have a graviton contribution to the CDG background that is
=2.15 MeV, we obtairM >350 TeV: M must be about 0  consistent with the COMPTEL result whéii~1 TeV. An
or more larger than the electroweak vacuum-expectatioimportant distinction between this scenario and the one in-
value (VEV), reintroducing a mild hierarchy problem and, volving higher dimensional branes is that now, provided the
hence, requiring supersymmetry or some other solutiap-  foreign branes are parallel to our own, relativistic decay
plying the same experimental bound to the 3 case leads products on thendo redshift, and the bound in E¢L9) can
to M>5.0 TeV orM>13.8 TeV, forT,=1 MeV andT, be evaded.
=2.15 MeV, respectively.

n+2

(m >7an(E)(

VI. CONCLUSIONS
V. COSMOLOGICAL UNCERTAINTIES ) ) )
We have examined two cosmological constraints on the

Are there ways to evade our boundsMf The authors of  thegries with large extra dimensions proposelii2,3. To
[3] have pointed out that there may be additional branes, ipjace limits onM, we apply a conservative lower bound on
addition to our own, on which gravitons can decay. Dependine normalcy temperatur&, >1 MeV, as required by BBN.
ing on the decay rate on these branes, their existence caqe find that, ignoring the possible existence of additional
branes, the radius of compactification of the extra dimen-
sions forn=2 is bound by the cosmic diffuse gamma ray
SThe authors of[8] estimate M>100TeV, by requiringT,  background to be,<5.1x 10> mm, well beyond the reach
=3 MeV. of planned submillimeter gravity experiments. From the con-
"The string scale may be lower thah in which case the hierar- straint that gravitons do not overclose the universe, we de-
chy is alleviated slightly. At least in the string scenario described infive a milder boundy,<<0.01% mm, albeit one that is less
[2], where standard model particles are localized on a three-branélependent on our assumptions regarding foreign branes. If
the factor one might gain in this way is10 rather than~10° [3]. one instead insists on a normalcy temperature above the de-
If the standard model particles are instead localized on a brane a@foupling temperature for the muon and tau neutrinbg,
higher dimension, one can achieve further suppression of the string 2.15 MeV, these bounds become<5.2x10 ®mm and
scale relative tdvl [15). r,<3.3hx10 ®mm, respectively.
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A recent calculation has given the boukt>50 TeV for  why gravity would be expected to diverge fram? behavior
n=2, from the requirement that supernovas do not cool tospecifically at those distance scales accessible to planned ex-
rapidly by graviton emissiori5]. This astrophysical con- periments.
straint complements the cosmological ones we have stud-
ied: it is subject to larger technical calculational uncertain-

ties, while our analysis is subject to uncertainties in the ACKNOWLEDGMENTS
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