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The existing and upcoming multiwavelength data from the Galactic Center suggest a comparative
study in order to propose or rule out possible models which would explain the observations. In this
paper we consider the X-ray synchrotron and the gamma-ray emission due to Kaluza Klein Dark
Matter and define a set of parameters for the shape of the Dark Matter halo which is consistent
with the observations. We show that for this class of models the existing Chandra X-ray data is
more restrictive than the constraints on very high energy gamma-rays coming from HESS.
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INTRODUCTION

Combined data from the cosmic microwave background
radiation, the distant type 1 supernovae and from large
scale structure studies suggest that approximately 23% of
the density content of the universe is non-baryonic Dark
Matter (DM) [1]. Weakly interacting massive particles
(WIMPs) such as stable neutralinos in supersymmetric
extensions of the standard model (SUSY) [2] or Kaluza
Klein particles (KKP) in theories where there is a TeV 1
size universal extra dimension into which all standard
model fields propagate |3, 4] are exciting candidates since
they can freeze out leaving a similar relic abundance to
what is observed.

Neutralino or KKP annihilation into standard model
particles may be detected astrophysically [5] by observ-
ing the regions of the Universe where the dark matter is
expected to be densest. N-body simulations suggest that
DM haloes may have cuspy density profiles with large
density peaks in the core. It is thought that the center of
the Milky Way might contain such a DM overdensity, but
it is also clear from observations that the gravitational
field in the very central region is dominated by the sev-
eral times 10% M, supermassive black hole which resides
there. The products of any DM annihilations will there-
fore be injected into the plasma falling into the central
black hole. In this work we calculate the signal expected
from the synchrotron radiation due to the annihilation of
KKP into electrons near the Galactic Center (GC).

DM annihilation products depend upon the type of
candidate involved. For instance, direct annihilation of
SUSY DM into light fermions is highly suppressed and
only low energy secondary electrons and positrons can
arise as annihilation products. In KK scenarios there are
universal extra dimensions with TeV~! size into which
the standard model fields propagate and there is an orb-
ifold condition which renders the lightest KK mode sta-

ble 4]. In this model, the lightest KK mode is well ap-
proximated by the first KK mode of the B component of
the electroweak field and therefore couples to standard
model fermions and not gauge bosons (although photons
may be produced via Bremsstrahlung processes [fl]). The
annihilation into light fermions is no longer helicity sup-
pressed and one might expect hard electrons from direct
annihilation.

Since the electrons produced in the annihilation of
SUSY DM typically have rather low energies compared
to those produced in KK DM annihilation, their syn-
chrotron radiation has a correspondingly smaller fre-
quency. Synchrotron from the electrons arising from the
annihilation of SUSY WIMPs (studied in detail in ref-
erence [1]) would emerge at a frequency where there is
either a lot of emission from the infalling gas or in a fre-
quency band where one would expect a large amount of
extinction. In contrast, synchrotron from the hard elec-
trons produced by the annihilation of KK particles will
emerge at much higher frequencies and peaks close to
the region of sensitivity of the Chandra X-ray telescope,
which conveniently has extremely good angular resolu-
tion. The background emission from Sagittarius A* is
also lower in this region of frequency space, increasing
the possibility of detection of a signal from the DM. We
will therefore concentrate on these hard electrons from
KK WIMP annihilation, rather than the electrons from
SUSY WIMP annihilation (we refer the reader to refer-
ence [i] for a detailed analysis of the latter).

GALACTIC CENTER

Multi-wavelength observations of the GC (which we re-
view in Fig. [[l) have led to various models to explain the
observed emission from the central black hole. The con-
sensus at the time of writing is that the sub-Eddington
accretion flow onto the black hole is fueled by stellar mass
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FIG. 1: Multiwavelength luminosity of Sgr A* in the quies-
cent state. Observations in the radio and infrared come from
referenes [8,19,110,111]. The CHANDRA data is reconstructed
from reference [12] assuming an effective area of 400 ¢cm?>.
The HESS/MAGIC spectrum is plotted as one line since the
two experiments are in agrement with each other [13,114].

loss from the cluster of large mass stars which exists in
that region [18, 16, [17). The radio, mm and infrared
radiation is thought to come from the inner regions of
this flow close to the black hole, whereas the X-ray emis-
sion observed by Chandra is thought to originate further
from the black hole, close to the Bondi radius at the in-
terface between the spherical inflow region and the stellar
winds where the gravity of the black hole starts to dom-
inate the dynamics of the gas [12, [18]. The Bondi ra-
dius is thought to be at around 0.04 pc from the central
black hole, rather close to the resolution of the Chan-
dra telescope at this distance. HESS observations [13]
which have recently been confirmed by the MAGIC ex-
periment [14] show that there is significant TeV gamma-
ray emission from the central 30 pc around the black
hole. This emission might be due to the annihilation of
DM [, 24, 21, 22] or might have a more mundane origin,
being created by Fermi acceleration in shock fronts in the
stellar winds [23]. Recently it has been pointed out that
this emission may hinder searches for the annihilation of
dark matter because it provides too great a background
4.

In order to calculate the expected luminosity coming
from the annihilation of WIMPS, one first needs to know
what the density profile is within the region in question.
Many N-body simulations predict that the density at the
center of dark matter halos will asymptote to a power
law p oc 77 28, 126, 27] so the simplest approach is to
assume a simple power law and to normalise it so that
the local density at the sun is 0.3 GeV cm 3. Assuming
the emission along the line of sight is dominated by the
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FIG. 2: Expected total luminosity from the center of the galaxy
for different dark matter profiles of the form p o r~7 nor-
malised to 0.3 GeV em™ at the sun, for (ototv) = 3 x
10725 em® s and mam = 1 TeV. Since the emission is dif-
fuse, the two curves correspond to 3 arcminutes (HESS) and
arcsecond (Chandra) angular resolution. We assume a mazi-
mum density in the core due to self annihilation (see text).

galactic central region, the luminosity expected from that
region is given by

L= fom (Gror0)MamAT / " (M)2r2dr (1)

Trmin Mdm

where fe,, ~ 0.5 is the fraction of all the final states, like
electrons, muons, taus and quark jets that will give rise to
electromagnetic energy, (os,:v) is the total thermally av-
eraged KKP annihilation cross section, 4, corresponds
to the angular resolution of the instrument in question
and Tpin = Mam/{0totv) /T is the cut-off radius below
which a core is found, due to the high self-annihilation
rate, computed assuming a halo lifetime 75, = 5 x 10%yr.
In figure B we give the luminosity expected to lie within
the beam of an arcminute resolution device such as HESS
or GLAST and an arcsecond resolution telescope such as
Chandra.

Typical values of the asymptotic power law for the den-
sity profile in the inner regions found in N-body simula-
tions are v ~ 1 — 1.5. The quiescent X-ray emission
observed by Chandra is around 1033 erg s—!, which is
interesting as it is rather close to the emission that one
would expect from the annihilation of WIMPs from the
same region for these values of ~.

Generation of energetic electrons in a magnetized
plasma will lead to synchrotron radiation and in order



to predict the synchrotron spectrum, we need a model
for the magnetic field around the center of the galaxy.

MAGNETIC FIELD

At large radii the behaviour of the magnetic field is
governed by the general theory of quasi-spherical infall,
so that B(r) ~ r~2. This power law holds until the
radius 7equs at which equipartition between magnetic and
kinetic energy is achieved.

T’UT2 2’/‘
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For radii smaller than requ;, accretion is possible only if
the magnetic field is destroyed and the magnetic energy
dissipated. There are strong constraints on the approxi-
mate strength of the magnetic field in the central regions
in order to agree with the observed sub-mm radiation
L6, 1]

The simplest way to normalise the strength of the mag-
netic field in the GC is to assume that the inflowing gas
is due to the stellar outflow from large stars in the cen-
ter of the galaxy [15]. This gives rise to a mass inflow
at the accretion radius, which sets the electron density
and equipartition magnetic fields from that radius down-
wards.

In our model we have reqyi ~ 0.04pc and M =
10%2gs~! and if we assume standard spherical Bondi-
Hoyle accretion below that radius, we then have an
equipartition magnetic field of strength

0.01pc
r

Bey(r) =3.9 x 1072 < ) Gauss (3)

in agreement with the authors of [].

It has been pointed out however that the equipartition
picture may not be correct at very small distances from
the GC, where magnetic field line reconnection in the
turbulent plasma may reduce the magnetic field. We will
therefore also calculate the spectrum corresponding to
the following modified magnetic field:

r>10°Rpy
3Ry <r< 103RBH

B (1) = Beg(r)
By (1) = Bey(10° Rpyr)

-3
Bm(T) = Beq(?’RBH) ( ) Rpy <r <3Rpg (4)

3RBH

where Ry ~ 7 x 10 ¢m is the Schwarzschild radius
for the black hole. Here the various length scales have
been taken from the re-connected field in reference [2§],
although the overall strength of that field is slightly lower
at large radii than the naive equipartition value which we
adopt. The two magnetic fields are plotted in figureB To
a first approximation, it turns out that the synchrotron
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FIG. 3: Assumed magnetic field as a function of radius from
the Black Hole. The solid line corresponds to the equipartition
magnetic field of Eq.[d whereas the red dashed line is the fluz-
reconnection magnetic field of Eq.

spectrum arising from the annihilation of DM in the re-
gion of interest is not particularly sensitive as to whether
one chooses the B-field described by equation @) or (@),
at least in the window of sensitivity of Chandra.

There is rather a lot of uncertainty in the values of the
magnetic fields which should be adopted in this very cen-
tral region of the galaxy but we will show that the spectra
in the region of interest are not extremely sensitive to the
magnetic field.

ENERGY LOSS MECHANISMS

Since the synchrotron lifetime of TeV electrons in this
environment is much shorter than the time scales of any
of the other energy loss mechanisms, we can neglect them
in the solution to the diffusion loss equation. For exam-
ple, the energy loss for an electron with energy F via a
mechanism X can be expressed in the form

E= %caTUX’y2 (5)

where « is the Lorentz factor and Ux represents the
energy density contained in the magnetic field for syn-
chrotron losses, the background radiation field for in-
verse compton scattering (ICS) or the synchrotron ra-
diation itself for synchrotron self comptonisation (SSC).
If we consider ICS then the CMB will contribute 0.25 eV
cm~? whereas normal stellar radiation will contribute a
few eV cm ™3 [1]. With the fields that we have assumed



the magnetic field B > 10=2 G in the region of interest
which corresponds to Ugypne o B? > 10° eV cm ™3, much
larger than U, in the central accretion region in order to
affect the energy loss computation. While subdominant,
the ICS radiation will emerge at much higher energies
than X-ray, for example the CMB photons will be scat-
tered to tens of MeV, the region soon to be probed by
the GLAST mission.

One can show that the SSC is subdominant through
numerical integration over the synchrotron flux to obtain
Usse- A simpler, rougher way of seeing this is by checking
that the (over-)estimate of Ugs. obeys the inequality

2
U Lr e B e (6)
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where L is the luminosity of the system, r is the radius
and c is the speed of light. This is simply the amount
of synchrotron radiation that one would expect to flow
through a unit volume at a given radius due to the total
luminosity at smaller radii. Since the dark matter pro-
files we consider are rather steep, most of the emission
will come from smaller radii making this approximation
meaningful.

In the results that we present below it turns out that
only for the reconnection magnetic field and the most
spiked profiles (profile C below) could this inequality be
in danger, and then only in a small region of the emis-
sion region close to the black hole. Since we will see that
such profiles are already ruled out by gamma-ray obser-
vations, we conclude that we do not need to worry about
synchrotron-self absorption at the level of accuracy of
this paper.

Other timescales are also larger than the energy loss
time scale. For example, the gravitational infall timescale
compared with the synchrotron timescale for a TeV elec-
tron in the equipartition field (@) is given by

3
r3 r b
rav — =2.7 108
T GMpy x (0.0lpc) See
3 8t E ro\?
syne = ——— —=— = 2.6 x 10°
Tay dorc B2 2 . <0.01pc) see

(7)

so that Tyrqu > Tsync, demonstrating our point. The
characteristic timescale upon which the synchrotron
timescale itself varies is very close to the gravitational
timescale.

We assume that the electrons lose energy before they
change position significantly. In order for this to be true,
the diffusion length scale should be much smaller than
the radius of the electron. We obtain the diffusion length
scale in the same way as the authors of reference [19] by
taking the geometric average of the magnetic diffusion
length scale dp (taken to be one third of the gyromag-
netic radius) with the distance corresponding to the syn-
chrotron lifetime cTsyn..

VCTaneds _me [ W o 2o g ( _ ) ’
r r \ ecrB3 0.01pc
(8)
so that the diffusion of the electrons can also be ne-
glected.

We will therefore assume that all terms other than syn-
chrotron energy loss can be set to zero, which would cer-
tainly not be true for electrons arising from SUSY WIMP
annihilations.

When considering direct DM annihilation into elec-
trons we will be interested in a delta function of electrons
with energy mg.,,. The solution of the diffusion-loss equa-
tion then has the following form

dn _ 1/ p(r) ’ L 3 -1
5 (E,r) = 5 (mdm> <UtotU>NeebeeE-CH1 GeV
(9)

which is valid over a range of energies, £ < mgm. Nee =
2 is the overall number of electrons and positrons pro-
duced in each annihilation and b., = 0.19 is the branch-
ing ratio of annihilation in the electron-positron line.
As stated before, we used (oyv) = 3 x 107 26cm3s~1.
N(E,r) is zero for E > mgm.

DARK MATTER DENSITY PROFILES

The DM density profile, p(r), at the GC is a subject of
rich debate. N-body simulations predict a density profile
with an asymptotic power law behavior in the central re-
gion, the density rising as p o< v~ with different predic-
tions for v ranging between 1 and 1.5 |23, 26, [27]. Other
predictions suggest that the value of v changes steadily
as one approaches the center of the halo [29].

At the same time, it is well known that baryons in
gravitationally bound systems lose energy and fall to the
center, creating an enhanced potential well into which the
DM is then drawn [30]. This phenomenon of adiabatic
contraction is not completely understood, especially in
the very central regions of the galaxy, although attempts
to take into account the non-circularity of the orbits seem
to help [31].

It has also been suggested that the profile of DM in
the immediate vicinity of the GC is enhanced during the
period of formation of the black hole [32]. This would
lead to a rather dense “spike” of DM at the center which
would in turn give rise to large annihilation rates. How-
ever, more recently it has been argued that the DM in
this spike would be heated by the gravitational dynam-
ical friction of the stellar population, leading somewhat
to its dispersion [33]. We will use the results of the nu-
merical work of reference [33] to obtain hopefully realistic
models of the DM profile near the center of the galaxy.

In light of the above discussion, we consider three den-
sity profiles for the DM distribution, all of which can be



TABLE I: Parameters of the density profiles (see equation

([@). They are approximations of the profiles presented in

3.

Profile p(100pc) Y1 Y2 Tout Tin
A) 25 GeV /cm?® 1 - 0 0
B) 25 GeV/cm?® 1 1.85  7x 10%rs  10rs

C) 360 GeV/em® 1.5 1.82  7x 10  10r,

parametrised rather simply by the following expression

p(r) = p(100pc) (12%<)™
p(r) = p(rour) (L)
p(r) = p(rin)

T > Tout

Tout > T > Tin
Tin > T (10)

The three models we will consider are:- A) the standard
NFW ~ = 1 profile with no adiabatic contraction or cen-
tral spike. B) The same v = 1 profile, but now with
a central spike which has diffused away over time, con-
siderably reducing its density. C) A profile which has
undergone adiabatic contraction on galactic scales due
to the presence of baryons, and also has a central spike,
also allowed to diffuse away over time.

For profile A) 7,,:=7;,=0 and p(100pc) = 25GeV /cm?
where the value of the density is obtained by normalising
to the canonical density 0.3GeV /cm? at the solar radius.
The parameters for profiles B) and C) are obtained by
making approximate fits to the results published in figure
1 of reference [33]. For both profiles 7,,; = 7 x 10*r, and
rin = 107, where ry is the Schwarzschild radius of the
central black hole.

RESULTS

The X-ray synchrotron flux emitted in the central re-
gion of the Galaxy is attenuated mainly via photoelec-
tric absorption, which is the dominant process for X-
ray absorption up to energies of at least 100 keV. This
effect depends weakly upon atomic arrangement and
can be computed considering free atoms. The magni-
tude of the effect therefore depends upon the integrated
cross section of electrons Ny, which we set equal to
1.5%10%® em ™2 [34] and on the photoelectric cross section
Op.e. |39]. The visible flux for the observer is thus atten-
uated by the energy dependent factor exp(—Npg X 0p.e.).

Figure @l shows the synchrotron spectra from a 1 TeV
KKP annihilation in the GC, for the different density
profiles described in Eq. MM and for the different magnetic
field assumption of Eqs. Bl and Bl

In order to find out if the X-ray emission predicted in
our model is reasonable, we have to compare it with the
HESS data to make sure that the haloes we consider do
not give rise to too much emission in gamma-rays. First
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FIG. 4: Synchrotron spectra from 1 TeV KK DM annihila-
tion in the central 0.01 pc of the galaxy assuming the three
density profiles (A,B,C) described in Eq. [ The solid lines
correspond to the equipartition magnetic field of Eq. [ and the
dotted lines are the spectra with the fluz-reconnection magnetic

field of Eq.

we assume that the HESS resolution corresponds to a
30 pc radius sphere around the GC, then we note that
the authors of [d] fit the HESS data with an NFW v =1
profile and a boost factor of 200 in the flux. It is therefore
necessary to ensure that the profiles that we use are not
so dense as to saturate this bound, otherwise one would
expect more emission in the form of TeV gamma-rays
than observed by HESS. The HESS bound corresponds
to a total luminosity from within the 30 pc sphere of
about 6.9 x 1037GeVs~! whereas the three profiles A),
B) and C) that we have considered correspond to 3.5 x
1035,5.5x10%% and 1.3 x 10**GeVs~! respectively, so that
profile C is ruled out.

Profile B, which does not violate the bound from
HESS, gives rise to approximately the same flux as the
observed signal from Chandra in the region of interest as
can be seen in figure [ In this way one can claim that X-
ray observations are therefore more restrictive than TeV
observations, since they rule out density profiles which
are less steep than those ruled out by HESS.

It would be tempting to argue that the observed emis-
sion in X-ray could be explained via DM synchrotron
rather than thermal-bremsstrahlung. As we see in figure
B the flux from DM synchrotron is certainly conceivably
of the right order of magnitude, although the spectrum
seems to have the wrong shape given the magnetic fields
considered in this work. There is also the observation of
an iron line [12], a spectral feature which could not be



,of g
(2] C [=1
5 ) g
T r — Profile B b
= r ks
i oo e Fit to Chandra data &
jg r e Flat core E
3 r 5
3 jepiraemLILL L <
10735 ., %
E 8
[ 3
—4
10 b .
F .,
-5
10 L L
3 4 5 6 7 8
£ (kev)
FIG. 5: Comparison of profile B with Chandra data: the

dot-dashed curve is an approximate fit to the data presented
in 18] without the iron line. The solid curve is the signal
expected from synchrotron radiation from electrons produced
in DM annihilations assuming density profile B. The dashed
curve corresponds to the synchrotron radiation from the flat
core described in the text. We assume a CHANDRA effective
aperture of 400 cm?.

explained very easily by synchrotron.

It is interesting to see if it is possible to fit the contin-
uum emission observed by Chandra and assumed to be
thermal bremsstrahlung. The observed spectrum drops
more rapidly than our synchrotron, so we need to assume
a magnetic field of the form (@) but with a strength one
order of magnitude smaller than that plotted in figure
Bl so that its maximum is at a lower energy than the
absorption cut off at 2 keV. If we then assume a core
of dark matter with constant density of around 108 Mg,
pc3 then we can obtain a spectrum rather close to what
is observed.

While this is an amusing result, it would be rather
optimistic to claim that the continuum component of X-
rays observed at the galactic center comes from the syn-
chrotron radiation associated with dark matter electrons.
Nevertheless, we feel it is important to note that the en-
ergy injected into the plasma in the form of electrons is
significant compared to the energy emitted in the X-ray
region of the spectrum. A more detailed study of the
effect of these electrons as they thermalise and heat the
local environment might be worthwhile.

To be consistent with the studies [6, 20, 122], we can also
consider the spectra emitted for different masses of KK
particle. This is perhaps not so interesting for the case of
universal extra dimensions, because it is only when the
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FIG. 6: Synchrotron spectra from 10 TeV KK DM annihila-
tion in the central 0.01 pc of the galaxy assuming the three
density profiles (A,B,C) described in Eq. [ The solid lines
correspond to the equipartition magnetic field of Eq. [ and the
dotted lines are the spectra with the fluz-reconnection magnetic

field of Eq.

KK particle has a mass close to 1 TeV that one obtains a
good relic abundance. However, for the sake of complete-
ness we have calculated the spectra for a 10 TeV particle
which annihilates into electrons the same branching ratio
as KK particles in figure Bl

We have therefore presented the expected spectra from
dark matter for three density profiles which seem to well
motivated from astrophysical considerations at the time
of writing. A more general approach to the density pro-
files, which may be more appropriate given the large
amount of uncertainties involved in their derivation, is
the following. We assume that the density of dark matter
at the solar radius is 0.3 GeV cm ™ and then we choose
a single power law that is valid down to very small radii.
This is clearly unrealistic at the very center of the galaxy
due to the dynamics discussed in the previous section,
but it does serve as a useful parametrization.

We find that the steepest profile which is compatible
with the x-ray data is »—13°. The gamma rays produced
by such a profile within the angular resolution of the
HESS telescope array are much less than what is ob-
served. Consequently we find that the x-ray observations
from CHANDRA can be much more restrictive than the
data from gamma ray telescopes with much larger angu-
lar uncertainties.



CONCLUSIONS

In this paper we have calculated the expected x-ray
synchrotron spectra flux from high energy electrons pro-
duced by the annihilation of KK dark matter particles at
the galactic center. Many of our conclusions will be ap-
proximately valid for other TeV dark matter candidates
which decay into hard fermions without helicity suppres-
sion.

We presented spectra for two different magnetic fields,
one corresponding to equipartition with the plasma
falling into the central black hole, the second taking into
account the possibility of flux reconnection which may
occur due to turbulence in the infalling gas. We also
looked at three different density profiled, showing how
they affected the expected spectra.

The luminosity expected from the galactic center re-
gion due to the annihilation of WIMPS is rather close to
what is actually observed (within a few orders of mag-
nitude either way, depending upon the assumed density
profile.) This is remarkable because of the physics which
governs the flux from dark matter annihilations is com-
pletely different to that governing the accretion onto the
central black hole. The electrons injected into the plasma
due to the annihilation of dark matter may therefore have
a considerable effect upon the astrophysics of the central
region around the black hole.

We found that the X-ray emission from the GC is not
inconsistent with the annihilation of KK particles of mass
1 TeV, providing the shape of the inner density profile is
less steep than =135, Since the total luminosity corre-
sponding to this profile within the angular resolution of
the HESS telescope is less than the luminosity which has
been observed by HESS, we are able to claim that X-ray
observations from Chandra are more constrictive than
existing gamma-ray data. Because of this, it should be
impossible to detect KK dark matter using gamma-rays,
since if it were possible, the X-ray synchrotron signal
should already be visible in the Chandra data.
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