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The GC is an extraordinary site from different points of 
view. It hosts a supermassive black hole,                           ,
with position consistent with the compact radio source
          :

MBH ∼ 3 · 106 M!

Sgr A*

data re-binning by 
Melia & Falcke, 2001 

0.18±0.02 mas, ~ 1 AU, ~ 12 RS, 
Shen et al., 2005 
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Aharonian et al., 2006 

HESS discovery of a 
central source on top of  
a Galactic center ridge:

1◦
Sgr A*X-ray & γ-ray counterparts of             have been (relatively) 

recently detected:



Aharonian et al., 2006 

HESS discovery of a 
central source on top of  
a Galactic center ridge:

1◦
Sgr A*

Analogously, CHANDRA found diffuse emission + a 
central (< 0.5 arcsec) central source

160 GeV→ 20− 30 TeV

X-ray & γ-ray counterparts of             have been (relatively) 
recently detected:



Multi-wavelength seed of             :Sgr A*

An unusual BH source, with low luminosity over the whole 
spectrum, at such a level that it is plausible for an exotic 
component, e.g. WIMP component, may be relevant!  
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FIG. 1: Multi–wavelength spectrum of Sgr A∗. The radio to X–ray emissions are shown in the quiescent state or at the epoch
of lowest luminosity among available observations. The plotted γ–ray sources have positions compatible with Sgr A∗; however,
due to a poor angular resolution, EGRET cannot clearly identify the source and perhaps neither the HESS telescope. See the
text for details about the observations in each band.

be obtained in the case of large WIMP densities and large magnetic field; moreover the source is predicted essentially
as point–like, rather than the extended source seen by the Chandra detector. We will use Sgr A∗ infrared and X–ray
data to set constraints on WIMP models.

Chandra detected also a diffuse emission in several regions within the inner 20 pc of the Galaxy. The reconstructed
image covers a field of view of 17′ × 17′ around Sgr A∗ [46]. This diffuse emission could be consistently modeled as
originating from a two–temperature diffuse plasma. The soft component (kT ∼ 0.8 keV) could be explained invoking
different astrophysical mechanisms, while the origin of the hard component (kT ! 3 keV), spatially uniform, is not
clearly understood. In principle it could be explained in terms of inverse Compton scattering on CMB induced
by WIMP annihilations; however the detection of several emission lines and the inconsistency with limits at other
frequencies make this hypothesis unplausible.

We come finally to gamma-ray observations. The EGRET team has reported the observation of a GC source in the
energy range 100 MeV–20 GeV [47]. As it can be seen in Fig. 1, the luminosity of such source exceeds by about one
order of magnitude the luminosity of Sgr A∗ at any other frequency. The angular resolution of EGRET was rather
poor, about 1 degree at 1 GeV, encompassing a large portion of the GC and not allowing for a clean identification
of the emitter. In Ref. [16], the authors argue that the improvement of the instrument angular resolution at multi-
GeV energies should be taken into account in the data analysis, and conclude that it is actually possible to exclude
the identification of the EGRET source with Sgr A∗; in the same paper it is suggested that the comparison to set
constraints on WIMP models should be with the diffuse background measured by EGRET in the GC region, rather
than with the EGRET GC source.

The detection of TeV gamma-ray radiation from the GC has been reported by HESS [13, 48, 49]. Such measurement
has been confirmed, with a consistent spectrum, by MAGIC [50] and supersedes previous results by CANGAROO [51]
and Whipple [52], whose significantly different spectra is likely due to a miscalibration of the detector and poorer
statistics rather than variability of the source. HESS has discovered a point source, whose position is coincident with
Sgr A∗ within 7.3 arcsec ± 8.7 arcsec (stat.) ± 8.5 arcsec (syst.) [53], excluding the identification with the nearby
supernova remnant Sgr A East, but not with other candidates, such as a pulsar wind nebula recently discovered by
Chandra [54] which is only 8.7 arcsec away from Sgr A∗. The luminosity spectrum of the HESS point source is shown
in Fig. 1; it is a rather features-less flux, φγ ∼ E−α with spectral index α # 2.25, extending from 160 GeV up to above
20 TeV. Even on the basis of the spectral characteristics only, without any consistency checks at other wavelength, it
has been shown that it is rather unplausible that such source is due to WIMP annihilations only [19–21, 23]. HESS
has also reported the detection of a diffuse gamma-ray emission along the central 300 pc of the GC ridge, within about
0.8 degree in longitude and 0.3 degree in latitude with respect to the GC. We will consider the central source and the
diffuse emission as maximal background level to understand the potential for a discovery of a WIMP component with
upcoming gamma-ray telescopes.

infra-
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Multi-wavelength signals from WIMP 
annihilations

WIMP CDM in DM halos:

Ωχh2 ! 3 · 10−27cm−3s−1

〈σAv〉T=Tf

χ χ

(σv)T=0 ∼ 〈σv〉T=Tf and this matching:

hadronization
and/or decay
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γγ γX0

π0
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(ϒ-lines)
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1-loop
states

...

(ϒs with continuum
spectrum)

2γ
ambient

backgrounds
and fields

Synchrotron
Inv. Compton
Bremstrahlung
Coulomb
Ionization

radio
IR
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introducing values for numerical constants, Êp ! 0.463 ν̂1/2B̂−1/2, with ν̂ the frequency in GHz and B̂ the magnetic
field in mG. Analogously, the induced γ–ray luminosity is:

νLγ
ν = 2π

σv

M2
χ

∫
dr r2ρ(r)2 E2 dNγ

dE
. (15)

It is useful to make a few simple guess on some of the quantities introduced above. Along the line of [14], we

assume the γ–ray spectrum per annihilation following the law: dNγ/dx ! Ã x−B̃e−C̃x, with x ≡ E/Mχ. It is
also a fair assumption to approximate the integrated e+ − e− yield as a power law plus an exponential cutoff:
Ye(E) ! Ax−Be−Cx. The differential yields of secondary photons and e+ − e− are plotted in Fig. 4a, for three
sample cases of two-body final states from WIMP pair annihilations. These plots are obtained linking to simulations
of decay/hadronization performed with the PYTHIA Monte–Carlo package [59] and stored libraries contained in the
DarkSUSY package [60]; we will refer to such kind of simulations everywhere in the paper when making detailed
estimates of WIMP induced signals. As simplest guess for radial dependence for the magnetic field and the DM
profile, we consider the single power-law scalings, B(r) = B0(r/r0)−β and ρ(r) = ρ0(r/a)−γ . Eqs. 14 and 15 become:





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χ
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χ
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[
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Ê

M̂χ

]

GeV

(16)

with M̂χ the WIMP mass in GeV.
The right-hand-sides of Eq. 16 show some differences. For the gamma-ray luminosity, the energy cutoff follows

simply from energy conservation and thus scales with the dark matter mass, except for a O(1) factor related to the
annihilation mode. For synchrotron emission, at a fixed mass, the frequency cutoff increases with the magnetic field,
again except for a O(1) factor related to the annihilation channel. Away from the cutoff, the synchrotron emissivity
tends to originate from a larger spatial region with respect to the γ–ray case, due to the additional positive power
β/2(1 − B) in the radial dependence. At fixed mass and frequency, if the magnetic field is large enough to avoid the
frequency cutoff, the synchrotron signal is wider than the gamma-ray signal. This is typically the case in the radio
band and, to a much smaller extent, in the infrared band. Going to very high observed frequencies, however, the
magnetic field (or the energy of the radiating electron or positron) needs to increase to exceedingly large values, which
might be met only very close to the central BH (or for extremely massive WIMPs and/or hard e+ − e− spectrum, as
encoded in the factor C of Eq. 16). Scalings of the required magnetic field, as a function of peak radiating energy,
for a few values of the observed frequency are shown in Fig. 3b: one can see that for the observed frequencies getting
into the X-ray band (say 1018 Hz) a very small radial interval is selected, corresponding to the largest allowed value
for the magnetic field. Hence, in this case the synchrotron signal is actually expected to be originated in a very small
region around the central BH, possibly much smaller compared to the gamma-ray flux.

We can now make a sketchy estimate to find which of the limits in the different bands in Fig. 1 might be more
constraining. We write the ratio between synchrotron and gamma-ray luminosity in the form:

r =
νLsyn

ν

νLγ
ν

=
1.8

2π 0.463B

A

Ã

M̂1+B−B̃
χ ν̂(1−B)/2

Ê2−B̃

∫
dr r2−2γ

[
B̂(r)

]−(1−B)/2
exp

[
−CEp(r)−C̃E

Mχ

]

∫
dr r2−2γ

. (17)

In Fig. 4b we plot the relative multiplicity between photons and electrons for the three benchmark final states
from WIMP pair annihilations considered in Fig. 4a. This illustrates the fact that, sufficiently far away from the
energy cutoff and for a generic WIMP annihilation channel (except, of course, for the case of prompt emission of
monochromatic gammas, and/or electrons/positrons we are not considering here), the photon and electron/positron
yields are comparable and hence that it is difficult to avoid the correlation between the gamma and the synchrotron
signal by selecting a specific WIMP model. In Eq. 17 this implies that the ratio A/Ã is typically O(1). The last term
in Eq. 17 does critically enter in boosting or suppressing the ratio of luminosities only in case the exponential cutoff
(or the upper limit in the radial integral) is playing a role, i.e. at very large observational frequencies for synchrotron
emission (the X-ray band) or for shallow density profiles. Restricting to the case of singular halo profiles, and, e.g.
the radio band, it is of order O(1) or O(0.1). To see this more precisely, let’s take W+ −W− as annihilation channel,
as an intermediate case between the soft quark spectra and the hard leptonic spectra. We find that integrated e+−e−

yield, for masses in the range Mχ = 100 GeV–10 TeV, can be fairly well approximated by (A, B, C) ! (0.1, 0.7, 3);
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Ê

p
!

0.463
ν̂

1
/
2B̂

−
1
/
2,

w
ith

ν̂
th

e
frequ

en
cy

in
G

H
z

an
d

B̂
th

e
m

agn
etic

fi
eld

in
m

G
.
A

n
alogou

sly,
th

e
in

d
u
ced

γ
–ray

lu
m

in
osity

is:

ν
L

γν
=

2π
σ
v

M
2χ

∫
dr

r
2ρ(r)

2
E

2
dN

γ

dE
.

(15)

It
is

u
sefu

l
to

m
ake

a
few

sim
p
le

gu
ess

on
som

e
of

th
e

qu
antities

introd
u
ced

ab
ove.

A
lon

g
th

e
lin

e
of

[14],
w

e

assu
m

e
th

e
γ
–ray

sp
ectru

m
p
er

an
n
ih

ilation
follow

in
g

th
e

law
:

dN
γ /dx

!
Ã
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ÊM̂
χ

]

G
eV

(16)

w
ith

M̂
χ

th
e

W
IM

P
m

ass
in

G
eV

.
T

h
e

right-h
an

d
-sid

es
of

E
q.

16
sh

ow
som

e
d
iff

eren
ces.

F
or

th
e

gam
m

a-ray
lu

m
in

osity,
th

e
en

ergy
cu

toff
follow

s
sim

p
ly

from
en

ergy
con

servation
an

d
thu

s
scales

w
ith

th
e

d
ark

m
atter

m
ass,

excep
t

for
a

O
(1)

factor
related

to
th

e
an

n
ih

ilation
m

od
e.

F
or

syn
ch

rotron
em

ission
,
at

a
fi
xed

m
ass,

th
e

frequ
en

cy
cu

toff
in

creases
w

ith
th

e
m

agn
etic

fi
eld

,
again

excep
t

for
a

O
(1)

factor
related

to
th

e
an

n
ih

ilation
ch

an
n
el.

A
w

ay
from

th
e

cu
toff

,
th

e
syn

ch
rotron

em
issivity

ten
d
s

to
origin

ate
from

a
larger

sp
atial

region
w

ith
resp

ect
to

th
e

γ
–ray

case,
d
u
e

to
th

e
ad

d
ition

al
p
ositive

p
ow

er
β
/2(1

−
B

)
in

th
e

rad
ial

d
ep

en
d
en

ce.
A

t
fi
xed

m
ass

an
d

frequ
en

cy,
if

th
e

m
agn

etic
fi
eld

is
large

en
ou

gh
to

avoid
th

e
frequ

en
cy

cu
toff

,
th

e
syn

ch
rotron

sign
al

is
w

id
er

th
an

th
e

gam
m

a-ray
sign

al.
T

h
is

is
typ

ically
th

e
case

in
th

e
rad

io
b
an

d
an

d
,

to
a

m
u
ch

sm
aller

extent,
in

th
e

in
frared

b
an

d
.

G
oin

g
to

very
h
igh

ob
served

frequ
en

cies,
h
ow

ever,
th

e
m

agn
etic

fi
eld

(or
th

e
en

ergy
of

th
e

rad
iatin

g
electron

or
p
ositron

)
n
eed

s
to

in
crease

to
exceed

in
gly

large
valu

es,
w

h
ich

m
ight

b
e

m
et

on
ly

very
close

to
th

e
central

B
H

(or
for

extrem
ely

m
assive

W
IM

P
s

an
d
/or

h
ard

e
+
−

e
−

sp
ectru

m
,
as

en
cod

ed
in

th
e

factor
C

of
E

q.
16).

S
calin

gs
of

th
e

requ
ired

m
agn

etic
fi
eld

,
as

a
fu

n
ction

of
p
eak

rad
iatin

g
en

ergy,
for

a
few

valu
es

of
th

e
ob

served
frequ

en
cy

are
sh

ow
n

in
F
ig.

3b
:

on
e

can
see

th
at

for
th

e
ob

served
frequ

en
cies

gettin
g

into
th

e
X

-ray
b
an

d
(say

10
1
8

H
z)

a
very

sm
all

rad
ial

interval
is

selected
,
corresp

on
d
in

g
to

th
e

largest
allow

ed
valu

e
for

th
e

m
agn

etic
fi
eld

.
H

en
ce,

in
th

is
case

th
e

syn
ch

rotron
sign

al
is

actu
ally

exp
ected

to
b
e

origin
ated

in
a

very
sm

all
region

arou
n
d

th
e

central
B

H
,
p
ossib

ly
m

u
ch

sm
aller

com
p
ared

to
th

e
gam

m
a-ray

fl
u
x.

W
e

can
n
ow

m
ake

a
sketchy

estim
ate

to
fi
n
d

w
h
ich

of
th

e
lim

its
in

th
e

d
iff

erent
b
an

d
s

in
F
ig.

1
m

ight
b
e

m
ore

con
strain

in
g.

W
e

w
rite

th
e

ratio
b
etw

een
syn

ch
rotron

an
d

gam
m

a-ray
lu

m
in

osity
in

th
e

form
:

r
=

ν
L

s
y
n

ν

ν
L

γν
=

1.8

2π
0.463

B

AÃ
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WIMP source function:

Qi(E, r) = (σv)0
∑

f

Bf
dY f

i

dE
(E) Npairs(r)

total 
rate branching

ratios
yield

spectra

# density of
WIMP pairs

 

Npairs(r) =
[ρ(r)]2

2 M2
χ

For a smooth DM  distribution, i.e. no ignoring 
substructures:

What is the halo density profile         for the GC region?ρ(r)



D
M

 d
en

sit
y 

pr
ofi

le

radial coordinate

          from 
adiabatic settling 
of stellar bulge

1/r1.5

take a NFW profile, i.e.               at             (a profile with a 
large core gives no WIMP signal at all wavelength!)

ρ ∝ 1/r r → 0

the adiabatic growth of the BH generates a DM “spike” 
(Gondolo & Silk, 1999); WIMP annihilations and scattering 
from stars included here (Bertone & Merritt, 2005)



What about photon and electron/positron yields?
Except for components from radiative emission or 
prompt decays, they are twin processes: 

dY f
γ

dE
(E) from     decaysπ0

Whether you take a soft (e.g.,          ) or hard (e.g.,              )
the relative multiplicity is essentially constant!
Not necessary to focus on a specific WIMP model. 

b− b̄ τ− − τ+

energy/WIMP mass

dY f
e±

dE
(E) π±from      decays

(solid lines)

(dashed lines)



i) compute equilibrium               distribution functions:e− − e+

− 1
r2

∂

∂r

[
D

∂

∂r
(r2f)

]
+ v

∂f

∂r
− 1

3r2

∂

∂r
(r2v) p

∂f

∂p
+

1
p2

∂

∂p
(ṗp2f) =

Qe(r, E)
4π p2

dE

dp

spatial 
diffusion,
negligible 

for GC v(r) = −c

√
RBH

r

advection due to 
plasma inflow 
onto the BH

radiative losses, mostly 
synchrotron emission in 
the large magnetic field 

in the GC region 

Predictions for radiative processes need a few steps:  

see, e.g., Strong, Moskalenko
               & Ptuskin, 2007  

ii) compute emissivities:
ji(ν, r) = 2

∫ Mχ

me

dE Pi(r, E, ν)ne(r, E) ,

iii) compute intensities:
dIi(ν, s, θ̃)

ds
= −α(ν, s, θ̃) Ii(ν, s, θ̃) +

ji(ν, s, θ̃)
4π



Instructive shortcut: synchrotron emission and loss 
usually dominate. Assume synchrotron only and go to the 
monochromatic limit:

ν ∼ 0.29 νc νc =
3

4 π

c e

(mec2)3
B(r)E2

pwith

i.e. for a given observed frequency and given peak energy 
in the radiating distribution, a matching value for 
is needed.
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FIG. 3: Left Panel: Models for the magnetic fields in the central region of the Galaxy as a function of the distance from the
GC. Right Panel: Magnetic field as a function of the synchrotron peak energy for few values of the observed frequencies.

The solution of Eq. 4 provides the e+/e− number density ne in the stationary limit. For a radiative process i, with
associated power Pi, the photon emissivity is given by folding ne with the power [58]:

ji(ν, r) = 2

∫ Mχ

me

dE Pi(r, E, ν)ne(r, E) , (7)

where the factor 2 takes into account electrons and positrons (in WIMP annihilations, as well as during propagation,
there is perfect symmetry between particles and antiparticles). For any given emission mechanism, the associated
luminosity at frequency ν is:

Li(ν) =

∫
d3r ji(ν, r) , (8)

while the intensity measured by a detector can be estimated as:

Si(ν, θ, θd) =

∫
dΩ′ exp

(
−

tan2 θ′

2 tan2 θd

)∫

l.o.s.
dIi(ν, s, θ̃) . (9)

Here θ labels the direction of observation, i.e. the angular off–set with respect to the GC and we are performing an
angular integral assuming a circular gaussian resolution of width θd for the detector. dIi is the differential of the
intensity of radiation Ii: within the increment ds along a line of sight, there is a gain in intensity ji/(4 π) ds, while a
decrease α Ii ds could be due to absorption. Ii follows from the solution of the differential equation:

dIi(ν, s, θ̃)

ds
= −α(ν, s, θ̃) Ii(ν, s, θ̃) +

ji(ν, s, θ̃)

4π
(10)

where θ̃ is the angular off-set from the GC of the line of sight along which Ii is calculated, as selected by θ and
the angular variables of integration θ′ and φ′. If absorption is negligible, the second integrand of Eq. 9 reduces to
dIi(ν, s, θ̃) = ds ji(ν, s, θ̃)/(4 π).

At low and intermediate frequencies, i.e. in the radio band up to (possibly) the X-ray band, the DM signal is mostly
due to synchrotron radiation. The power for synchrotron emission takes the form [58]:

Psyn(r, E, ν) =

√
3 e3

mec2
B(r)F (ν/νc) , (11)

where me is the electron mass, the critical synchrotron frequency is defined as νc ≡ 3/(4 π) · c e/(mec2)3B(r)E2,
and F (t) ≡ t

∫ ∞

t dzK5/3(z) is the standard function setting the spectral behavior of synchrotron radiation. At radio

M
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d
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“reconnection”
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Model the 
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derive a sketch for 
the radial profile of 
the magnetic field:
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103 G
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The solution of Eq. 4 provides the e+/e− number density ne in the stationary limit. For a radiative process i, with
associated power Pi, the photon emissivity is given by folding ne with the power [58]:

ji(ν, r) = 2

∫ Mχ

me

dE Pi(r, E, ν)ne(r, E) , (7)

where the factor 2 takes into account electrons and positrons (in WIMP annihilations, as well as during propagation,
there is perfect symmetry between particles and antiparticles). For any given emission mechanism, the associated
luminosity at frequency ν is:

Li(ν) =

∫
d3r ji(ν, r) , (8)

while the intensity measured by a detector can be estimated as:

Si(ν, θ, θd) =

∫
dΩ′ exp

(
−

tan2 θ′

2 tan2 θd

)∫

l.o.s.
dIi(ν, s, θ̃) . (9)

Here θ labels the direction of observation, i.e. the angular off–set with respect to the GC and we are performing an
angular integral assuming a circular gaussian resolution of width θd for the detector. dIi is the differential of the
intensity of radiation Ii: within the increment ds along a line of sight, there is a gain in intensity ji/(4 π) ds, while a
decrease α Ii ds could be due to absorption. Ii follows from the solution of the differential equation:

dIi(ν, s, θ̃)

ds
= −α(ν, s, θ̃) Ii(ν, s, θ̃) +

ji(ν, s, θ̃)

4π
(10)

where θ̃ is the angular off-set from the GC of the line of sight along which Ii is calculated, as selected by θ and
the angular variables of integration θ′ and φ′. If absorption is negligible, the second integrand of Eq. 9 reduces to
dIi(ν, s, θ̃) = ds ji(ν, s, θ̃)/(4 π).

At low and intermediate frequencies, i.e. in the radio band up to (possibly) the X-ray band, the DM signal is mostly
due to synchrotron radiation. The power for synchrotron emission takes the form [58]:

Psyn(r, E, ν) =

√
3 e3

mec2
B(r)F (ν/νc) , (11)

where me is the electron mass, the critical synchrotron frequency is defined as νc ≡ 3/(4 π) · c e/(mec2)3B(r)E2,
and F (t) ≡ t

∫ ∞

t dzK5/3(z) is the standard function setting the spectral behavior of synchrotron radiation. At radio
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The solution of Eq. 4 provides the e+/e− number density ne in the stationary limit. For a radiative process i, with
associated power Pi, the photon emissivity is given by folding ne with the power [58]:

ji(ν, r) = 2

∫ Mχ

me

dE Pi(r, E, ν)ne(r, E) , (7)

where the factor 2 takes into account electrons and positrons (in WIMP annihilations, as well as during propagation,
there is perfect symmetry between particles and antiparticles). For any given emission mechanism, the associated
luminosity at frequency ν is:

Li(ν) =

∫
d3r ji(ν, r) , (8)

while the intensity measured by a detector can be estimated as:

Si(ν, θ, θd) =

∫
dΩ′ exp

(
−

tan2 θ′

2 tan2 θd

)∫

l.o.s.
dIi(ν, s, θ̃) . (9)

Here θ labels the direction of observation, i.e. the angular off–set with respect to the GC and we are performing an
angular integral assuming a circular gaussian resolution of width θd for the detector. dIi is the differential of the
intensity of radiation Ii: within the increment ds along a line of sight, there is a gain in intensity ji/(4 π) ds, while a
decrease α Ii ds could be due to absorption. Ii follows from the solution of the differential equation:

dIi(ν, s, θ̃)

ds
= −α(ν, s, θ̃) Ii(ν, s, θ̃) +

ji(ν, s, θ̃)

4π
(10)

where θ̃ is the angular off-set from the GC of the line of sight along which Ii is calculated, as selected by θ and
the angular variables of integration θ′ and φ′. If absorption is negligible, the second integrand of Eq. 9 reduces to
dIi(ν, s, θ̃) = ds ji(ν, s, θ̃)/(4 π).

At low and intermediate frequencies, i.e. in the radio band up to (possibly) the X-ray band, the DM signal is mostly
due to synchrotron radiation. The power for synchrotron emission takes the form [58]:

Psyn(r, E, ν) =

√
3 e3

mec2
B(r)F (ν/νc) , (11)

where me is the electron mass, the critical synchrotron frequency is defined as νc ≡ 3/(4 π) · c e/(mec2)3B(r)E2,
and F (t) ≡ t

∫ ∞

t dzK5/3(z) is the standard function setting the spectral behavior of synchrotron radiation. At radio

GC distance

Ep ∼ 10 GeV

B ∼ few µG

r ∼ pc
r ∼ arcmin

radio
Mχ ∼ 100 GeVE.g., WIMP
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The solution of Eq. 4 provides the e+/e− number density ne in the stationary limit. For a radiative process i, with
associated power Pi, the photon emissivity is given by folding ne with the power [58]:

ji(ν, r) = 2

∫ Mχ

me

dE Pi(r, E, ν)ne(r, E) , (7)

where the factor 2 takes into account electrons and positrons (in WIMP annihilations, as well as during propagation,
there is perfect symmetry between particles and antiparticles). For any given emission mechanism, the associated
luminosity at frequency ν is:

Li(ν) =

∫
d3r ji(ν, r) , (8)

while the intensity measured by a detector can be estimated as:

Si(ν, θ, θd) =

∫
dΩ′ exp

(
−

tan2 θ′

2 tan2 θd

)∫

l.o.s.
dIi(ν, s, θ̃) . (9)

Here θ labels the direction of observation, i.e. the angular off–set with respect to the GC and we are performing an
angular integral assuming a circular gaussian resolution of width θd for the detector. dIi is the differential of the
intensity of radiation Ii: within the increment ds along a line of sight, there is a gain in intensity ji/(4 π) ds, while a
decrease α Ii ds could be due to absorption. Ii follows from the solution of the differential equation:

dIi(ν, s, θ̃)

ds
= −α(ν, s, θ̃) Ii(ν, s, θ̃) +

ji(ν, s, θ̃)

4π
(10)

where θ̃ is the angular off-set from the GC of the line of sight along which Ii is calculated, as selected by θ and
the angular variables of integration θ′ and φ′. If absorption is negligible, the second integrand of Eq. 9 reduces to
dIi(ν, s, θ̃) = ds ji(ν, s, θ̃)/(4 π).

At low and intermediate frequencies, i.e. in the radio band up to (possibly) the X-ray band, the DM signal is mostly
due to synchrotron radiation. The power for synchrotron emission takes the form [58]:

Psyn(r, E, ν) =

√
3 e3

mec2
B(r)F (ν/νc) , (11)

where me is the electron mass, the critical synchrotron frequency is defined as νc ≡ 3/(4 π) · c e/(mec2)3B(r)E2,
and F (t) ≡ t

∫ ∞

t dzK5/3(z) is the standard function setting the spectral behavior of synchrotron radiation. At radio
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FIG. 3: Left Panel: Models for the magnetic fields in the central region of the Galaxy as a function of the distance from the
GC. Right Panel: Magnetic field as a function of the synchrotron peak energy for few values of the observed frequencies.

The solution of Eq. 4 provides the e+/e− number density ne in the stationary limit. For a radiative process i, with
associated power Pi, the photon emissivity is given by folding ne with the power [58]:

ji(ν, r) = 2

∫ Mχ

me

dE Pi(r, E, ν)ne(r, E) , (7)

where the factor 2 takes into account electrons and positrons (in WIMP annihilations, as well as during propagation,
there is perfect symmetry between particles and antiparticles). For any given emission mechanism, the associated
luminosity at frequency ν is:

Li(ν) =

∫
d3r ji(ν, r) , (8)

while the intensity measured by a detector can be estimated as:

Si(ν, θ, θd) =

∫
dΩ′ exp

(
−

tan2 θ′

2 tan2 θd

)∫

l.o.s.
dIi(ν, s, θ̃) . (9)

Here θ labels the direction of observation, i.e. the angular off–set with respect to the GC and we are performing an
angular integral assuming a circular gaussian resolution of width θd for the detector. dIi is the differential of the
intensity of radiation Ii: within the increment ds along a line of sight, there is a gain in intensity ji/(4 π) ds, while a
decrease α Ii ds could be due to absorption. Ii follows from the solution of the differential equation:

dIi(ν, s, θ̃)

ds
= −α(ν, s, θ̃) Ii(ν, s, θ̃) +

ji(ν, s, θ̃)

4π
(10)

where θ̃ is the angular off-set from the GC of the line of sight along which Ii is calculated, as selected by θ and
the angular variables of integration θ′ and φ′. If absorption is negligible, the second integrand of Eq. 9 reduces to
dIi(ν, s, θ̃) = ds ji(ν, s, θ̃)/(4 π).

At low and intermediate frequencies, i.e. in the radio band up to (possibly) the X-ray band, the DM signal is mostly
due to synchrotron radiation. The power for synchrotron emission takes the form [58]:

Psyn(r, E, ν) =

√
3 e3

mec2
B(r)F (ν/νc) , (11)

where me is the electron mass, the critical synchrotron frequency is defined as νc ≡ 3/(4 π) · c e/(mec2)3B(r)E2,
and F (t) ≡ t

∫ ∞

t dzK5/3(z) is the standard function setting the spectral behavior of synchrotron radiation. At radio

GC distance

Ep ∼ 10 GeV

B ∼ few µG

r ∼ pc
r ∼ arcmin

radio

infrared B ∼ few G

r ∼ few10−4 pc

Mχ ∼ 100 GeVE.g., WIMP
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The solution of Eq. 4 provides the e+/e− number density ne in the stationary limit. For a radiative process i, with
associated power Pi, the photon emissivity is given by folding ne with the power [58]:

ji(ν, r) = 2

∫ Mχ

me

dE Pi(r, E, ν)ne(r, E) , (7)

where the factor 2 takes into account electrons and positrons (in WIMP annihilations, as well as during propagation,
there is perfect symmetry between particles and antiparticles). For any given emission mechanism, the associated
luminosity at frequency ν is:

Li(ν) =

∫
d3r ji(ν, r) , (8)

while the intensity measured by a detector can be estimated as:

Si(ν, θ, θd) =

∫
dΩ′ exp

(
−

tan2 θ′

2 tan2 θd

)∫

l.o.s.
dIi(ν, s, θ̃) . (9)

Here θ labels the direction of observation, i.e. the angular off–set with respect to the GC and we are performing an
angular integral assuming a circular gaussian resolution of width θd for the detector. dIi is the differential of the
intensity of radiation Ii: within the increment ds along a line of sight, there is a gain in intensity ji/(4 π) ds, while a
decrease α Ii ds could be due to absorption. Ii follows from the solution of the differential equation:

dIi(ν, s, θ̃)

ds
= −α(ν, s, θ̃) Ii(ν, s, θ̃) +

ji(ν, s, θ̃)

4π
(10)

where θ̃ is the angular off-set from the GC of the line of sight along which Ii is calculated, as selected by θ and
the angular variables of integration θ′ and φ′. If absorption is negligible, the second integrand of Eq. 9 reduces to
dIi(ν, s, θ̃) = ds ji(ν, s, θ̃)/(4 π).

At low and intermediate frequencies, i.e. in the radio band up to (possibly) the X-ray band, the DM signal is mostly
due to synchrotron radiation. The power for synchrotron emission takes the form [58]:

Psyn(r, E, ν) =

√
3 e3

mec2
B(r)F (ν/νc) , (11)

where me is the electron mass, the critical synchrotron frequency is defined as νc ≡ 3/(4 π) · c e/(mec2)3B(r)E2,
and F (t) ≡ t

∫ ∞

t dzK5/3(z) is the standard function setting the spectral behavior of synchrotron radiation. At radio
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The solution of Eq. 4 provides the e+/e− number density ne in the stationary limit. For a radiative process i, with
associated power Pi, the photon emissivity is given by folding ne with the power [58]:

ji(ν, r) = 2

∫ Mχ

me

dE Pi(r, E, ν)ne(r, E) , (7)

where the factor 2 takes into account electrons and positrons (in WIMP annihilations, as well as during propagation,
there is perfect symmetry between particles and antiparticles). For any given emission mechanism, the associated
luminosity at frequency ν is:

Li(ν) =

∫
d3r ji(ν, r) , (8)

while the intensity measured by a detector can be estimated as:

Si(ν, θ, θd) =

∫
dΩ′ exp

(
−

tan2 θ′

2 tan2 θd

)∫

l.o.s.
dIi(ν, s, θ̃) . (9)

Here θ labels the direction of observation, i.e. the angular off–set with respect to the GC and we are performing an
angular integral assuming a circular gaussian resolution of width θd for the detector. dIi is the differential of the
intensity of radiation Ii: within the increment ds along a line of sight, there is a gain in intensity ji/(4 π) ds, while a
decrease α Ii ds could be due to absorption. Ii follows from the solution of the differential equation:

dIi(ν, s, θ̃)

ds
= −α(ν, s, θ̃) Ii(ν, s, θ̃) +

ji(ν, s, θ̃)

4π
(10)

where θ̃ is the angular off-set from the GC of the line of sight along which Ii is calculated, as selected by θ and
the angular variables of integration θ′ and φ′. If absorption is negligible, the second integrand of Eq. 9 reduces to
dIi(ν, s, θ̃) = ds ji(ν, s, θ̃)/(4 π).

At low and intermediate frequencies, i.e. in the radio band up to (possibly) the X-ray band, the DM signal is mostly
due to synchrotron radiation. The power for synchrotron emission takes the form [58]:

Psyn(r, E, ν) =

√
3 e3

mec2
B(r)F (ν/νc) , (11)

where me is the electron mass, the critical synchrotron frequency is defined as νc ≡ 3/(4 π) · c e/(mec2)3B(r)E2,
and F (t) ≡ t

∫ ∞

t dzK5/3(z) is the standard function setting the spectral behavior of synchrotron radiation. At radio
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Conclusion 1: the X-ray emission may come from the 
very central region only, and depend crucially on B and 
WIMP mass, radio-emission spreads out to a larger 
region and are more model independent.

νLsyn
ν =

9
√

3
4

σv

M2
χ

∫
dr r2ρ(r)2Ep Ye(Ep)

with Ep = Ep(ν, r)Ye(Ep) the integrated yield and                         . 
Compare it the γ-ray total luminosity: 

νLγ
ν = 2π

σv

M2
χ

∫
dr r2ρ(r)2 E2 dNγ

dE
Plug in numbers, typical ν and E, and find: 

Take the approximate total radio luminosity: 

Conclusion 11: the radio and gamma luminosities are 
at a comparable level. 
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When applying the full numerical treatment, we find that 
indeed the radio signal is wider than the width  of the 
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Synchrotron  WIMP luminosities in the 
radio and infrared bands

Note: the point-source approximation gives 
an overestimate of WIMP radio limits, 
future wide field radio surveys may be useful
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FIG. 16: The same of Fig. 15, but taking τ+
− τ− as dominant annihilation channel.

Unfortunately this is a regime in which other constraints take over.
VLT NIR limits depend to some extent to the magnetic field choice and show some non–trivial behavior. Consider

the case of the τ+ − τ− final state. For very heavy WIMPs, and hence very energetic radiating particles in this
hard emission spectra, the value of the magnetic field matching the peak in synchrotron emission is quite small (see
Fig. 3b), corresponding to the region where we have assumed identical shapes for the profile of the three benchmark
cases. Going to smaller masses, the energy at which the e+ − e− distribution peaks becomes smaller, and thus the
required magnetic field higher, approaching the value we assigned (by mere chance) to the central plateau in the
constant magnetic field case (limits are coded in magnetic field using the same convention for line-type as in Fig. 3a);
the emission is particularly efficient and bounds are more effective with respect to the equipartition and reconnection
magnetic field cases. At smaller masses the magnetic field matching the synchrotron peak becomes greater than the
constant plateau and constraints are quickly relaxed. The same effect happens for the reconnection magnetic field,
at even smaller masses. Analogous effect takes place for the b − b̄ channel, but to a smaller extent due to the soft
spectrum.

We have already discussed patterns of dependences of the synchrotron X-ray signal with the magnetic field in many
details. For moderate to large values of magnetic fields around the central BH, the limit from the detection of Sgr A∗

by CHANDRA tends to be the tightest in the WIMP parameter space, except if the WIMP mass is too small, or the
annihilation channel is too soft, or the density of WIMP very close to the GC is not large enough, i.e. if, in connection
to one or more of these issues, we do not have enough high energy radiating electrons and positrons. The signal is
generated in a very small region, where the DM profile depends on the ratio σv/Mχ, and hence the scaling of the
flux with the cross section is not linear. In case of the Asp profile, this dependence is so strong that the limit can be
double valued.

Finally, the dash-dotted line refers to the limit extracted from detection by CHANDRA of a diffuse X-ray back-
ground, when compared to the predicted IC emission on the CMB. It can be the tightest X-ray limit, however it is
never the strongest constraints in any combination of our reference setups.

In general, the request for the WIMP thermal relic abundance to not exceed the value of the mean DM density in
the Universe as derived from cosmological measurements, fixes a lower bound on the total annihilation rate at zero
temperature (the relic density scales approximately with the inverse of the pair annihilation rate; there are however
cases when such correspondence is badly violated, the prime example being when coannihilation effects are present).
The very tight constraints we have found in case of the Asp profile should make very narrow, or even close, the allowed
window in the WIMP parameter space. For the Nsp profile, on the other hand, the limits we have derived are much
less stringent.
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FIG. 18: The same of Fig. 17, but taking τ+
− τ− as dominant annihilation channel.

produced as well: emitted in a region with large magnetic fields, they give rise to synchrotron emission covering radio
frequencies up to, possibly, the X-ray band. A minor role is also played by inverse Compton scattering on the cosmic
microwave background or starlight.

Referring to a generic WIMP DM scenario, we have discussed spectral and angular features, and sketched the
correlations among signals in the different energy bands. We have illustrated which are the critical assumptions in
deriving such conclusions, starting from uncertainties in the DM source functions, regarding both WIMP models and
DM distributions, up to the modeling of propagation for electrons and positrons, and the assumptions on magnetic
field profiles. We have introduced benchmark cases to guide the discussion and extracted the most relevant general
trends: Radio to mm synchrotron emission is essentially independent from the shape of the magnetic field in the
innermost region of the Galaxy, while at shorter wavelengths, i.e. in the infrared and, especially, the X–ray band,
a different choice for the magnetic field may change predictions dramatically. Radio signals have in general very
large angular sizes, larger than the typical size for the source function and hence of the γ-ray signals. The size of
the region of synchrotron X-ray emissivity shrinks dramatically going to larger frequencies, smaller WIMP masses or
softer annihilation channels.

The luminosity of the WIMP source at the different frequencies, and especially comparing the radio to the γ-
ray band, is essentially at a comparable level, with luminosity ratios depending rather weakly on WIMP mass and
annihilation channels. This is interesting, since the GC astrophysical source Sgr A∗, an unusual source, certainly very
different from typical galactic or extragalactic compact sources associated to black holes, has a very low luminosity
over the whole spectrum, at a level at which it is plausible that a WIMP-induced component may be relevant. Indeed,
after a closer look, one sees that none of the fluxes detected in GC direction has spectral or angular features typical
a DM source, still all data-sets contribute to place significant constraints on the WIMP parameter space. We have
found that, although the γ-ray band is the regime in which it is most straightforward to make the connection between
a given dark matter model and the induced signal (hence it is also the regime on which most of previous analysis have
concentrated on), it does not seem to be the energy range with the best signal to background ratios. In case of large
magnetic fields close to the GC, X-ray data can give much tighter constraints. Radio and NIR measurements, which
are less model dependent, tend to be more constraining as well.

For what regards an outlook for the future, we have explored the capability of improving γ-ray constraints on
WIMP models of the GLAST satellite telescope, and of CTA as representative of the next generation of air Cherenkov
telescopes. The recent discovery of a γ-ray GC source and of a diffuse γ–ray component, however, limits the possibility
of dramatic improvements, possibly reducing the region in the parameter space accessible to γ-ray telescopes to regimes
that, within the range of assumptions listed in our analysis, are already excluded at other wavelengths. On the other
hand, if the Sgr A source has a size in the radio band which is not significantly larger its presently estimated value,
future wide field radio observations could be a new effective way to test WIMP DM models.
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FIG. 15: Upper bounds on the WIMP pair annihilation cross section as a function of the WIMP mass, assuming b − b̄ as
dominant annihilation channel. The Left Panel and Right Panel show the limits for, respectively, the Nsp and Asp profiles;
note the mismatch on the vertical scale in the two plots. The radio constraints from Davies et al., the limits from EGRET
and HESS γ-ray measurements, and the bound from the X-ray diffuse emission as detected by CHANDRA (dashed–dotted
line), do not depend on the choice of the magnetic field radial density profile. The constraints associated to the NIR and X-ray
observations of Sgr A∗, respectively by VLT and CHANDRA, are shown for the three magnetic field models of Fig. 3a (using
the same line styles).

angular resolution of EGRET does not allow for a univocal identification of the source. In Ref. [16], using only energy
bins above 1 GeV and a spatially unbinned maximum likelihood analysis, the authors argue that the Galactic center
is excluded as the position of the source at 99.9% and the maximum likelihood location is at l = 0.19, b = −0.08.
Thus they derive an upper limits on the γ–rays flux from DM annihilations under the condition of no evidence of
a point–source at the GC. Whether this is the correct approach, is still under debate and only GLAST will give
a definitive answer. We derive more conservative but robust limits comparing with the EGRET source; would one
follow the line of [16], the limits would be improved up to about a factor of ten. Except for very light WIMPs, the
strongest constraint comes from the last data-point in the EGRET measurement, in the energy bin 4 − 10 GeV.

D. Combined constraints on the WIMP parameter space

Having specified how individual constraints are implemented, we are now ready to discuss the global picture. We
refer to a model independent scenario in which a WIMP model is labeled by the value of the WIMP mass Mχ and its
total annihilation rate σv, both assumed as free and independent parameters. As for the benchmark cases, we discuss
as extreme cases for the WIMP source functions, a soft spectrum configuration fixing to 1 the branching ratio in the
b − b̄ channel, and a hard spectrum setup when τ+ − τ− is the dominant annihilation mode. Again, having specified
the annihilation mode and the WIMP mass, injection spectra are fixed accordingly to simulation results with the
PYTHIA package as implemented in DarkSUSY [67]. Reference models for the DM distribution in the GC region are
the Nsp and Asp profiles (with the second much denser than the first, hence with upper bounds on σv expected to
shift dramatically). Finally, we loop over the three reference magnetic field radial profiles given in Fig. 3a.

In Figs. 15 and 16 we consider the four possible combinations of annihilation channels and halo profile. The Davies
et al. radio bound does not depend on the magnetic field choice since, as we have seen above, the signal is generated
mainly outside the accretion region. The same is of course true for the EGRET and HESS γ-ray limits. It is rather
striking to see that the radio limit is always tighter than the EGRET limit, with this trend getting enforced even
more, the softer the spectra and the more cuspy the halo profile. Were we considering a DM profile obtained by
implementing the original simplified procedure by Gondolo and Silk as response for the adiabatic formation of the
central SMBH [68], we would find that essentially the whole WIMP parameter space is excluded, as in the original
conclusions in Refs. [25, 26] (despite the fact that several ingredients in this analysis are refined and/or treated
differently). The HESS limit becomes more stringent for heavy WIMPs, especially in case of hard emission spectra.
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FIG. 17: Projected exclusion limits from VLA, GLAST and CTA, in the plane WIMP annihilation cross section versus WIMP
mass, in case of b − b̄ as dominant annihilation channel. The Left Panel and Right Panel show the limits for, respectively, the
Nsp and Asp profile. The GLAST and CTA projections are obtained combining an angular and spectral analysis as described
in the text. The VLA limit arises from the comparison with the background noise level at 50 arcmin away from the GC.
The upper curve is derived assuming a noise level as in [43], while the lower curve is computed considering the minimal noise
achievable by VLA (D configuration). Shaded regions identify the models violating at least one of the constraints in Fig. 15
(considering the weakest limit among the three cases with different choice of the magnetic field radial profile).

on top of a new two-component background ÃiE−B̃i
γ . Among all the Ãi and B̃i coefficients allowed, we retain the

case providing the smallest χ2 and take as exclusion criterion χ2
red > 3, namely a flux not well fitted by the dark

component plus any viable astrophysical components. The χ2 analysis is performed both on the energy spectra and
on the angular structure of the flux. The angular bin size is fixed according to the PSF. For the Asp profile, this
last step is useless, since the dark matter signal is concentrated in the central angular bin (see Fig. 8), while for the
less cuspy Nsp profile this procedure provides additional information. (The method we are implementing leads to
analogous conclusions with respect to the treatment in [24], the main differences in the extrapolated limits stemming
from the different halo profiles adopted and a different treatment of systematic errors.)

Results are shown in Figs. 17 and 18. In the same plots, shaded regions identify the models violating at least one
of the constraints in Figs. 15 and 16 considering the weakest limit among the three cases with different choice of the
magnetic field radial profile, i.e. models that are excluded (at least within the rather general set of assumptions we
are making regarding magnetic fields, treatment of electrons and positrons propagation, dark matter densities in the
GC region, and spectral features of the yield from WIMP annihilations). The projected limit for GLAST is always
lying in a shaded region; those for CTA span modest portions of the parameter space which are not already excluded.
One should consider, on one hand, that we may have been over conservative, since we derived these limits relying on
extrapolations on both the energy spectra and the angular profile for the background astrophysical components, as
well as without assuming any theoretical modeling of such astrophysical sources; with data at hand the picture may
look slightly more favorable. On the other hand, this is indeed suggesting that, although the γ-ray band is the regime
in which it is most straightforward to make the connection between a given dark matter model and the induced signal,
it does not seem to be the energy range with the best signal to background ratios, at least in case of the GC and of
not very cuspy DM profile.

VII. CONCLUSION

We have presented a systematic, self-consistent study of the multi–wavelength emission due to WIMP pair annihi-
lations in the Galactic center region. The WIMP signal is expected to extend from the radio band up to gamma-ray
frequencies. The gamma-ray luminosity is mostly associated to the chain of decays and/or hadronization processes
initiated by two-body annihilation channels, leading to the production of neutral pions and their subsequent decays
into two photons. In analogous chains, and with comparable efficiencies, high-energy electrons and positrons are
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Conclusions
The multi-wavelength approach to WIMP indirect 
detection is very powerful when applied to the GC. 

Constraints from currently available data pile up; 
datasets at all energy bands are relevant.

WIMP signals show definite patterns in source angular 
sizes and spectral features (unfortunately with no 
match to observations so far). 

The gamma-ray band may not be the most promising 
to set stronger limits or possibly detect a WIMP DM 
component, as commonly assumed when neglecting 
the signals at other frequencies.


