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Nature of branon dark matter
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We explore the different possibilities for branons as dark matter candidates. We consider a general brane-
world model, parametrized by the number of extra dimensibinshe fundamental scale of gravityp, the
brane tension scalge and the branon madd. We analyze the parameter region in which branons behave as
collisionless thermal relics, either cold or Hetarm), together with less standard scenarios in which they are
strongly self-interacting or produced non-thermally.
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[. INTRODUCTION both the astrophysical and a more fundamental level. They
include modifications of the primordial power spectrum at
Cold dark matteCDM) is a fundamental ingredient of small scaleg10], or of the collapse histories of CDM and
the current cosmological standard model. An enormous varibaryons{11], but also modifications in the nature of the dark
ety of observations at very large scales{ Mpc), from  matter. There are two main proposals along the latter lines,
cosmic microwave background anisotropies, galaxy surveyglamely, warm dark mattetVDM) [12] and self-interacting
cluster abundances to the ly-forest are successfully ex- dark matter(SDM) [13]. In the WDM scenario the particle
plained within this framework. However, to achieve thesedark matter is still collisionless, but much lighter wit
goals, the dark matter component is required to behave as=al keV. Free-streaming exponentially suppresses the power
collisionless nonrelativistic particle fluid. This poses an im-spectrum  below  the  scale Apg=0.2 (Qgh?)1?
portant problem from the particle physics point of view. In- X (keV/M)#® Mpc. This suppression solves the sub-halo
deed, no candidate with the assumed properties exists withiproblem providedV =1 keV [14]; however the central cusp
the known particles, and therefore physics beyond the staproblem requires a much lighter partide<300 eV[14]. In
dard model (SM) appears as the only feasible solution. addition, the Lye forest in quasar spectra observations puts
Among the proposed candidates, we find, on one hand, the severe lower bound on the mass of the WDM candidate,
axion, which is the Goldstone boson associated with theéaamely,M =750 eV, which makes the simplest models in-
spontaneous breaking of the Peccei-Quinn symmetry postdeasible[15]. A second possibility is to take into account
lated to solve the stron@P problem of QCD. The produc- dark matter self-interactions. Thus, if the mean free path of
tion of axions in the early universe mainly takes placedark matter particles is of the order of1l kpc, but still with
through the so called misalignment mechanism in which themall annihilation cross sections, then heat can be trans-
angle is initially displaced from its equilibrium valu@ ported out of the center of the halo smoothing out the central
=0 and oscillates coherently. Such oscillations can be incusp, which now would become a more spherical core. In
trepreted as a zero-momentum Bose-Einstein condensateder for this mechanism to work, the total elastic dark mat-
which essentially behaves as a non-relativistic matter fluidter cross section should be in the rarigé]
Despite the fact that axions are light particles, this non-
thermal mechanism produces cosmologically important en-
ergy densities. On the other hand we have the thermal relics,
produced by the well-known freeze-out mechanism in an ex-
panding universe. They are typically weakly interacting mas-
sive particles\WIMPs) such as the neutralino in supersym-
metric theories[1] (for a recent review see ald@]). In  which is comparable to that of a nucleon-nucleon interaction.
addition to their weak interactions with SM patrticles, these However, the SDM model is also very strongly con-
candidates usually also have very weak self-interactiools ~ strained by different observations. Thus, in order to avoid
lisionless. evaporation of halos on a Hubble time scale, the cross sec-
Despite the success of CDM at large scales, the modeion should be sufficiently sma#t/M <0.3-1 cnig ! [17].
exhibits certain difficulties at sub-galactic scales. In particudn addition Chandra observations of the mass density profile
lar, high resolutionN-body simulations of dark halos show of a certain cluster imposes a very strong limifM
cuspy density profile$3,4] which contradict observations <0.1 cnf g~ * [18]. Finally, the elliptical shape of a particu-
from low surface brightness galaxi¢S] and dwarfs[6,7] lar cluster determined by lensing data leads to a even stron-
that suggest flat density profiles. In addition, CDM also pre-ger limit ¢/M<0.02 cntg! [19], otherwise self-
dicts too many small subhalos within simulated larger sysinteractions would erase ellipticity. The interpretation of
tems[8,9], in contradiction with observations of the number these results together with other direct constraints can be
of satellite galaxies in the local group. Solutions which aimfound in[20]. It is also interesting to point out that the com-
to reduce the power at small scales, but keeping the goobination of both scenarios, i.e. self-interacting warm dark
properties of CDM at large scales, have been proposed atatter, could alleviate their individual problerfal]. Apart
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from SDM and WDM, an interesting proposal[i#2] shows So far we have only considered massless branons; how-
that non-thermal WIMP production could also help resolvingever, translational invariance in the extra dimensions can be
the mentioned discrepancies. explicitly broken, and branons can acquire mass. In such a

The new requirements imposed by these models on thease, we should include in the Lagrangian the corresponding
dark matter particles make it even more difficult to find ap-breaking terms. As shown 127,28, such terms will include
propriate candidates in the mentioned SM extensions. Faan arbitrary number of even powers of branon fields, i.e.,
that reason it is worth analyzing the potential of branon dark
matter[23] as an alternative to the more common neutralino M? , A M? 4 6
or axion cases. In this paper we study the different possibili- Lorear=— o7 + 41 27 +0(7). ©)
ties in terms of the brane-world parameters. We will consider v

the case in which branons and SM particles are the onlgince branons are pseudoscalar particles, parity on the brane
relevant degrees of freedom at low energies. This happeng pids terms with an odd number of fielf29]. Notice that
whenever the brane tension scélis much smaller than the here we are assuming for simplicity that the branons are
fundamental scale of gravity iD=4+N dimensionsMp degenerate, with a madg which is small compared to.
[24]. . ) ) ] Therefore the explicit breaking terms can also be organized
The paper is organized as follows: after introducing bran powers of the branon mass, which is considered to be of
non dark matter and its interactions, we study its collisionakhe same order as a derivative in the power counting. Ac-
(collisionless$ nature ess_e_n_tially in terms M p andf. Then cordingly, we expect the parametey which depends on the
we analyze the possibility of producing branons non-specific breaking mechanism, to be of order one. This is
thermally, in a similar way to the misalignment mechanism,completely analogous to the pion dynamics in chiral pertur-
where now the brane coherently oscillates along the extrgation theory[30], in which v would play the role of the

dimensions. We end with some conclusions. pion decay constant and the expression in &).with X
=1 corresponds to the expansionnfields of the lowest
Il. BRANON INTERACTIONS order mass term.

. . . . . . Branons also interact with the SM particles through their
In the case in which translational invariance is an exac%n

: . ) ergy momentum tensor. Again the lowest order term in
symmetry in the extra dimensions, the presence of the branc? rivatives was obtained {i26,28:
can break it spontaneously, and branons can be identified” T
with the corresponding Goldstone bosdi@$,26. For the 1
sake of definiteness, we will consider a particular model with Larsw=——5 (49,799, m—M ZWaﬁagWJr L TEN
three compact extra dimensions, although we expect that the 8f*
results will depend only on the different energy scales in- (4)

volved in the problem and not on the details of the model. . . -
We will choose an extra spad@=S?, so that its isometry where the ellipsis stands for higher order termsrirfields.
group G(B)=SU(2)xSU(2) is s}aontaneously broken We see that the branon-SM interactions are controlled by the

down to SU(2). Therefore, the coset space hs-SU(2) e B0 Son o 8 R o e e e e are
X SU(2)/SU(2)=SU(2)~S=B. We thus have three bra- P ! : :

L : ntrolled by a completely different energy scale from
nons, and the coset space ;n etg'c |52noth|ng but the23—sphe (Sr)anon-SM i¥1teractionps. Tk?/is means that i?)?s possible to
vn\:i?:]rlcl::\; E“l\ﬁ(_q)(l\_ﬂéc/“ﬁ; ;TZ,GT té(ev si_zg ())f t\r:V:?arftrl;_sf a'?% have strong self-interactions and simultaneously small anni-

dM B;h b IPPI D K Thereforais th P ‘ hilation cross sections into SM particles, so that the branon
andMp the ustua b ankq massl. ﬁrehonelts the spon a% threlic abundance can be important. In addition, since branons
zgggtssspgrg&ne fy breaking scale which sets the size o ﬁlways interact by pairs this implies that they are stable par-

As shown in[26], the low-energy branon dynamics is ticles and therefore they satisfy all the requirements of a dark

: . S : >~ matter candidate.
given, to lowest order in derivatives, by the non-linear sigma

model corresponding to that symmetry breaking pattern, i.e.,
Ill. COLLISIONAL VS COLLISIONLESS BRANONS

Branons were in thermal equilibrium with the rest of the
SM particles when the temperature of the universe was
above their decoupling temperature, which dependsand
M through the corresponding annihilation cross section. As-
suming that the evolution of the universe was standard up to
a temperature of the order of the brane tension scale, and that

+0(p*). (2)  decoupling occurred below this temperature, which is indeed
the casdsee[23]), then the above effective Lagrangians can
We see that sets the strength of branon self-interactions tobe used to compute the branon thermal relic abundances gen-
lowest order in derivatives. Notice however that t¢p*) erated by the standard freeze-out mechanism. The calculation
terms are not suppressed by thescale, but by thd scale  of the abundance®3,29 shows that there are two regimes
[26]. in which the corresponding energy density could be compat-

1
Lg=59""Nypg(m)d, 7 P+ 0(ph
2 a w v

1 1 5
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v
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ible with the measurements of the cosmological dark matter,  10° — ; ey ey sy
i.e. Qgh?<0.129 and also with LEP-II bound&8]. On one

hand we have a region in whidd =100 GeV andf<M, 107 5 ]
which corresponds to cold relics, and on the other, a regior iG] |
with M <180 eV andf =200 GeV in which branons behave COLLISIONLESS

as hot or warm dark matter. S 10° COLLISIONAL 1

In this section we explore these two regimes and calculatep
the branon self-interactions in terms of the number of branon=  4¢+ | -
fields N and the fundamental scaM . With that purpose

we will obtain the branon-branon elastic cross section. 10° N=3 ]
Since particles in the halo collide with very low relative Y N=5

velocitiesv,;~ 103, the scattering amplitudes can be ob- 10

tained from the above effective Lagrangian and they are 3

given, for \=1, by the well-known Weinberg low-energy 16° 10 10" 0% 10" 10% 10" 0% 107 10 10%

theorem[30] M)
D e
_ M2
A(s,t,u)= (5) FIG. 1. Collisional vs collisionless regions faM space for a
Y v model with M=100 eV andN=3,5,7. The dividing lines corre-

spond too,,;/M=0.5 cnf g~*. The lower shaded area is excluded
Assuming that the explicit breaking terms respect the reby LEP-II single photon analysis.
maining SU(2) symmetry, branons transform as &hJ(2)
triplet and it is possible to construct isospir 0,1,2 ampli-  \yhich is compatible with the general result derived &1].
tudes as For typical values ob |, we findM/v<O(10?). Substitut-
To(s,t,u)=3A(S,t,u) + A(t,5,U) +A(U,L,S), ing back in Eq.(8), we find a limit for the cross section:

T.(s,t,u)=A(t,s,u)—A(u,t,s),
Ut0t< 4>< 1(ﬁ

To(s,t,u)=A(t,s,u) +A(u,t,s), (6) M om3

11)

and also define the corresponding partial wave amplitudes

with definite angular momentud In order for this kind of branons to be strongly self-

1 (1 interacting they should satisfy,,,/M=0.5 cnf g 1=2.3
tu=ﬁf ld(COSé’)PJ(COSH)T|(S.LU)- (7)  x10* GeV 3, which implies M<12 GeV, in agreement

- with the general bounf31]. This immediately excludes cold
Eranons as possible SDM candidates, according to the

From the amplitude, the corresponding total elastic scatterin > € > ) - -
EP-Il limits mentioned before. Notice that, in any case, this

cross section summed over final isospin states and averag

over initial ones in the non-relativistic limit reads is only a unitarity limit on the model; for larger masses,
branon interactions could be sufficiently strong, but they will
23M2 not be described by our effective theory.
atot=m+0(vfe|). (8) Nevertheless, self-interacting warm branons with masses

in the regionM =180 eV are not excluded priori by the
previous bound. In principle, such a light particle would con-

this is due to the fact that we are working with an e1‘fectivefIICt with Ly- forest observations, as commented before.

theory, and tree-level unitarity violations are expected forvvogﬁv?r:’ t?]léczollll?sqilgsn;I;lecr:sgi:gee-dstraesa?;mm?sC;J“SI?gslzzz
sufficiently high values o6=4M?2. In order to estimate the : g pp

range of validity of the above result, we will use the well- and the relevant cutoff scale for structure formation is the

T standard Jeans length, which can be substantially smaller
known unitarity limit than\gs[14]. In any case a detailed calculation of the matter
1 power spectrum would be needed for each particular model
Ret;< 2 9 [21].
p In Fig. 1 we have plotted the different regions in the
f-Mp plane for a branon madd ~100 eV. The curves are
not very sensitive to the branon mass, since they scale as
MY8 We see that for a gived, models become self-
2 interacting at sufficiently higiMp. Notice that the plotted
M 167 . . . . .
< (10) regions are consistent with the assumption of a low-tension
v?  Turel branef<Mp .

Apparently this cross section grows unboundedly wNih

wherep=(1—4M?/s)Y2. From the dominant,, wave, we
get in the mentioned limit
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IV. THERMAL VS NON-THERMAL BRANONS

Qg h*>0.1

So far we have considered branons as WIMPs which were .,
produced thermally in the early universe. However, if the :
evolution of the universe was not standard before branor
decoupling or the reheat temperaturg, was sufficiently 102
low, branons were never in thermal equilibrium with radia- = ;g ;
tion. However, they could still be produced non-thermally £ 1

3

1

L
very much in the same way as axiof®2]. Thus, if the : Rg=1 (GeV)”! -
maximum temperature reached in the universe was smalle 10¢ i\»”
1
1
1

Rg=10""8 (Gev )"

0-10

Rg=10""" (Gev)”!

NON-THERMAL

3 5 -1 ==

than the freeze-out temperatufg<T;, but larger com- 104 Ew" . THERMAL
pared to the explicit symmetry breaking scalg,>A with 1

A=(Mv)¥? then brane fluctuations were initially essen-
tially massless and decoupled from the rest of the matter 1o
fields. In this case, there is no reason to expect that the po 10 10€ 10® 10+ 10% 100 107 10%  10°
sition in the extra dimensio¥, at which the brane is created M (eV)

should coincide with the minimum of the branon potential

(Y:Q)' In ge_nerzillwe eXpeMONO(R_B)’ .. mo~v W'th'_n plane. The dashetted) line separates the two regions and corre-
,a reglon.of sizeH™ " [32]. The gvolupon of the br_anon T'eld sponds toT;=T;. The continuous(black) lines correspond to
is then simply that of a scalar field in an expanding universeq _ h2—0.1 for different values of the radius of the extra dimen-
Thus, whileH>M, the field remains frozen in its initial sjonsR,=10°,1,101°,107 28 GeVv L.

position 7=, Below the temperaturel; for which

3H(T;)=M, the branon field oscillates around the mini- , :
mum. These oscillations correspond to a zero-momenturiy TRH= Ty in order for the condensate to form and survive

branon condensate, its energy density behaving like norintil the present. Therefore ‘lf.i>Tf the above interval dis-
relativistic matter appears and only thermal relics can be present. In the oppo-

For the sake of simplicity we will consider the case of Sit€ caseli<T;, we can also have non-thermal production.

branons which are lighter than all the SM particles massed! the case of light branons, a good estimation for the freeze-
i.e. we will assume thaM <1 MeV and that neutrinos are OUt teémperature was obtained if23,29: log(T;/GeV)

massless. In such a case the branon condensate cannot degap/7)109(/GeV)—3.2. In Fig. 2 theT; =T curve which

by particle production into massive SM particles, but still S€Parates the thermal and non-thermal regions is plotted as a
branons could annihilate through-22 processes into mass- dashed line. We see that for sufficiently light or weakly
less gauge bosons or neutrinos. Since the expectation val§@uPled branons non-thermal production is possible.

of 7 varies on horizon scales, the typical momentum of bra- Following the same steps as in the axionic case, we can
. . . calculate the energy density that is stored today in the form
nons can be estimated h§;|)~H, i.e. |5T~M at the begin-

. o . ; - of branon oscillations. Assuming thit does not depend on
ning of the oscillationg(if there was a previous period of

inflation then the typical momentum would be much the temperature, it is given H2]
smalle). It is possible to estim7at§ tge annihilation rate from
the results in29] asT',_.,~M'v</f° at the first stages of on 3 o0
oscillation. In the regions in which we will be interested, we Qg h?= 2 3No"MTo _68:5¢<10 7N fARZMY2 (12

find I',_,<M. In addition, those processes in which four ' MepTipo Ge\P? ®
zero-momentum branons are transformed into two branons

with energiesE=2M were already considered in the first

reference in32]. In this case Bose enhancement effects aravhere T, and p, are the photon temperature and critical
important. The results obtained for axions can be immedidensity today, respectively.

ately translated into the branon case, simply identifying In particular it can be seen that within certain parameter
with the Peccei-Quinn scale. It was shown that in the initialregions, the above energy density can be cosmologically im-
stages of oscillations, which correspondsmte v, the decay portant. Thus in Fig. 2 we plot th@g,h?=0.1 curves, cor-
rate wasl',,_.»,~M. Again, this rate would be smaller if responding to the current observational values, for different
there was a period of inflation. Therefore the necessary conralues ofRg in the f-M plane. Thus the region above each
dition to avoid the energy depletion of the branon condensateurve would be excluded by non-thermal branon overproduc-
is H(Trn) =M. Making use of the Friedmann equation in a tion. This is another manifestation of the cosmological
radiation dominated universe, this impli€g,=(MMp)*2 moduli problem. Notice that in the allowed non-thermal re-
which automatically ensure$ry>A. Since ' decreases gions of the figure the conditioh<Mj is also satisfied.

very fast due to the universe expansion, it will never become In the case in which the branon masses are larger than
comparable tdd. Accordingly, the branon condensate energysome SM particle mass, then the corresponding annihilation
density essentially is not reduced by particle production, buthannel will open up and a detailed analysis of the energy
only diluted by the Hubble expansion. We see that the reheatess rate will be necessary. In any case, the possibility of
ing temperature should satisfy the conditibp=(MMp)¥2  having heavier non-thermal branons is not excluaetiori.

FIG. 2. Thermal vs non-thermal branon regions in th&l
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V. CONCLUSIONS less, the allowed parameter region reduces only to warm

We have exolored the different possibilities of branonCO"iSional branons and therefore a detailed analysis of the
P P actual effect on structure formation is needed.

dark matter in terms of the brane-world parameter
(N,Mp,f,M). We have shown that apart from the standard
scenario 23] in which branons behave as collisionless ther-
mal relics, the large parameter space of these models allows | would like to thank J. A. R. Cembranos, A. Dobado, and
for branons to behave also as collisional or non-thermal darld. R. Pelaz for useful comments and discussions, and also
matter candidates. In the collisional case, this opens an intealberto L. del Amo for additional motivation. This work was
esting possibility since the existing proposals for SDM can-partially supported by the DGICYTSpain under the project
didates in the literature are very limit¢@1,33. Neverthe- numbers FPA 2000-0956 and BFM2002-01003.
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