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CDM particles as thermal relics
The WIMP recipe to embed a dark matter candidate in a SM extension:     
foresee an extra particle     that is stable (or with lifetime exceeding the age 
of the Universe), massive (non-relativistic at freeze-out) and weakly 
interacting.
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WIMPs

This production mechanism indicates the route to address the coupling of 
DM with ordinary matter, and hence how to search for DM. 
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Pair 
annihilations 
of WIMPs in 
DM halos 
(i.e. at T≅0)
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Indirect detection of  WIMP dark matter 
The chance of detection stems from the WIMP paradigm itself:

Focus on:
antiprotons, 
positrons, 
antideuterons, 
gamma-rays, 
(neutrinos)

Qi(E, r) = (σv)0
∑

f

Bf
dY f

i

dE
(E) Npairs(r)

total 
rate

branching
ratios

yield
spectra

# density of
WIMP pairs

WIMP DM source function:
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The chance of detection stems from the WIMP paradigm itself:







WIMP DM 
source function:

(σv)T!0 ∼ 〈σv〉T=Tf

?

Dynamical observations (?)/
N-body simulations (?)

final state branching ratios

•
•
•

Focus on:
antiprotons, 
positrons, 
antideuterons, 
gamma-rays, 
(neutrinos)



Definite patterns linking WIMP source functions
E.g.: the e  and γ  yields have in most cases analogous spectral 
features:

dY f
γ

dE
(E) from     decaysπ0

dY f
e±

dE
(E) π±from      decays

energy/WIMP mass

±

For leptophilic models annihilating into μ  μ  or e  e , final state 
radiation (FSR) is very important: the γ yield is suppressed but 
peaks at the threshold, a very important spectral feature.   

+

twin processes with comparable 
relative multiplicities in both 
hard (e.g. τ  τ  ) and soft (e.g. 
b b) 2-body annihilation channels

+ -
_

+ + --



Definite patterns linking WIMP source functions
If kinematically allowed, the p yield plays always a major role._

+

E.g.: for the W  W  final state, about 4% of the total energy 
released goes into p, as opposed to about 18% going into e . On 
the other hand, in general, the signal to background ratio in the 
p searches is much larger than than for CR leptons.  

_

_

+ -
±
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Even for leptophilic 
models, designed to 
prevent large p yields, in 
case of heavy WIMPS, 
there is a non-negligible 
p component due to 
radiative emission of 
EW gauge bosons.

_

_

Ciafaloni et al., arXiv: 1009.0224

WIMP mass

γ e

p
_

±

leptophilic

so
lid

: w
ith

 E
W

 c
or

re
ct

io
ns

da
sh

ed
: w

ith
ou

t



To be or not to be ... leptophilic

+

The focus on leptophilic models driven the CR lepton puzzle: 
Fermi 2009PAMELA 2008
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these data (most probably) cannot be fitted assuming positrons are  
secondary CRs generated by primary CRs during propagation.



To be or not to be ... leptophilic

+

An exotic source of primary 
positrons, such as a few TeV DM 
WIMP, should be introduced 
without producing a sizable 
antiproton term (leptophilic DM?), 
since antiproton measurements 
match the standard background.

PAMELA 2010
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However: there are viable astrophysical sources of primary 
positrons (e.g. pulsars), as well as the production of secondary 
species may take place within the CR sources (SNRs). 
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However: there are viable astrophysical sources of primary 
positrons (e.g. pulsars), as well as the production of secondary 
species may take place within the CR sources (SNRs). 
Also: in the CR leptons we may have seen a DM signal, but 
definitely have not identified a DM signature. The DM 
interpretation might be disproved by finding a spatial anisotropy 
or spectral features connected to individual sources (in case they 
are not DM clumps): possible with CALET or PEBS?  



Multi-wavelength signals from WIMP DM

+

Having identified DM annihilations as a copious source of non-
thermal electrons (even when DM is not leptophilic), there are 
potentially signals associated to the radiative emissions of such 
electrons on ambient backgrounds and fields, such as starlight, 
CMB, gas and magnetic fields: 

synchrotron inv. Compton

bremsstrahlungCoulomb

Ionization



Multi-wavelength signals from WIMP DM

+

Having identified DM annihilations as a copious source of non-
thermal electrons (even when DM is not leptophilic), there are 
potentially signals associated to the radiative emissions of such 
electrons on ambient backgrounds and fields, such as starlight, 
CMB, gas and magnetic fields: 

synchrotron inv. Compton

bremsstrahlungCoulomb

Ionization

A flux extending over 10 decades in energy, !om the radio to 
the gamma-ray bands, stemming !om a single energy scale, 

the WIMP mass   



Multi-wavelength DM targets

+

It looks feasible to correlate the DM emissivities in e.g.:
● objects with large DM densities and well-measured SEDs, 
e.g.: the Galactic center & galaxy clusters; e.g.: Gondolo, 
2000; Bertone, Sigl & Silk, 2001; Aloisio, Blasi & Olinto, 2004; Bergstrom 
et al, 2006;  Colafrancesco & Mele, 2000;  Totani, 2004;

● objects with well-understood standard astrophysical 
backgrounds, e.g.: the Galactic emission at intermediate and 
high galactic latitudes (???); e.g.: Borriello, Cuoco & Miele, 2008 & 
2009; Hooper et al., 2008; Cirelli, Panci & Serpico, 2009;

● objects with very suppressed backgrounds from standard 
astrophysical sources, e.g.: dwarf galaxies, the LMC (?); e.g.: 
Colafrancesco, Profumo & P.U., 2007; Jeltema & Profumo, 2008; 
Siffert et al., 2010.

Other studies are more subtle, such as for the WMAP and 
Fermi haze/bubbles, e.g.: Finkbeiner, 2004; Hooper, Finkbeiner  & 
Dobler, 2007; Cholis, Goodenough & Weiner, 2009; Goodenough & 
Hooper, 2009; Su, Slayter & Finkbeiner, 2010.
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Good fits of the radio halo can be obtained with a WIMP 
annihilating into a soft channel, adjusting the WIMP mass and the 
annihilation rates (generally larger than for thermal relics)

Colafrancesco, Profumo & P.U.,2006

A sample “easy” target:  the Coma cluster



while the associated 
γ-ray component 
might be within the 
sensitivity of Fermi.
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Bonafede et al., 2010
Latest value from FR: B ≈ 4.7 μG



Fermi has searched for the γ-ray emission from nearby clusters and 
set upper limits:

Depending  
on density 
profile/ 
substructures

The Fermi LAT collaboration,  arXiv:1002.2239

For leptophilic 
channels γs from 
FSR + IC on the 
CMB: more critical 
dependence on the 
magnetic fields

Depending on B, 
radio constraints 
can be more 
competitive.



Recent reanalysis including also the IC γ-ray emissivity of 
electrons from dust and starlight:

Pinzke, Pfrommer & Bergström,  arXiv:1105.3240

leptophilic 
DM model

intracluster
CRs

sample 
DM model 
producing 

b-b
_



Another effect one should consider: the heating produced by the 
DM annihilation yields can be larger than the intracluster gas 
cooling rate. Back to the case of Coma and assuming again the 
synchrotron component at the radio halo level, adjusting B:
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excluded?



SZ: Compton scattering of CMB photons on the electron/positron 
populations in clusters. Net effect: low energy photons are “heated up”, 
hence there is a low frequency decrement and high frequency increment in 
the CMB spectrum. A large SZ effect is expected (and detected) in 
connection to the thermal gas in clusters, it may be hard to fight against 
this “background” in standard systems.    

What about tracing WIMPs in clusters through the 
Sunyaev-Zel’dovich effect? Colafrancesco 2004

What about in a 
system like the Bullet 
cluster, with recent 
merging and thermal 
components displaced 
from the DM 
potential wells?

Lensing map 
superimposed 
on Chandra 
X-ray image

Clove et al., 2006
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k Te = 6 keV

Subcluster

SZ effect in the simplified picture with two spherical DM halos 
(NFW profile) plus two isothermal gas components of given 
temperature (shock front neglected): 
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Colafrancesco, de Bernardis, Masi, Polenta & P.U., 2007
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k Te = 6 keV

Subcluster

SZ effect in the simplified picture with two spherical DM halos 
(NFW profile) plus two isothermal gas components of given 
temperature (shock front neglected): 
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81 GeV

NOTE: WIMP SZ
effect at the zero of 

thermal SZ, 223 GHz

Colafrancesco, de Bernardis, Masi, Polenta & P.U., 2007
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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-
red

*

A sample “tough” multifrequency target:  the GC 
A BH source with unusually 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! 
Multi-wavelength SED of Sgr A   in quiescent stage:



WIMP annihilations are expected to give a radio signal which is 
wider than the width  of the source (and hence of the γ-ray 
flux), while the X-ray signal (synchrotron on the very large B in 
the most inner region) is much smaller: 
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FIG. 8: Normalized radiation intensity in the radio, X and γ–ray bands for the benchmark models B1 and B2. In the Left
Panel, an ideal infinite angular resolution is considered, while in the Right Panel the intensity is filtered over typical angular
resolutions: 6 arcsec at 90 cm, 0.5 arcsec at 1018 Hz and 0.1o at 1 GeV. Dotted lines are the related experimental angular
profiles of a point-like source, as modeled by a gaussian detector response.

astrophysical sources are present. One often has to face the problem that although the WIMP source is extended, it
cannot be experimentally resolved. In the following we want to show that this is not the case at the radio frequencies,
since as expected from the approximate results in Section 3 the DM source may be very extended.

To study the angular profile of the photon source induced by WIMP annihilations, we define as ideal radiation
intensity I(θ) the signal in a detector with an infinite angular resolution. For γ–rays, the spatial extension is completely
fixed by the halo profile, i.e. by the dimension of the DM source. For synchrotron emission, on the other hand, it
is affected by many ingredients, both related to the dark matter properties, to the magnetic field shape and to the
frequency of observation, as we can see from Eq. 16. We expect from the approximate treatment the radio–band
signal to become wider than that in the γ–ray band, while in the X–ray band the need of a very large magnetic field
shrinks the signal to a region which is much smaller than the size of the DM source. This is confirmed in Fig. 8a,
where we plot the intensity as a function of the angular off–set from the GC, for the benchmark models B1 and B2
in Table I at the radio, X and γ–ray bands, normalizing each of the fluxes to unity to better understand the relative
spatial extension. The difference in the spatial extension between the two benchmark models is essentially given by
the halo profiles, since the Asp profile leads to a more narrow signal than Nsp.

In Fig. 8 we are evaluating and including synchrotron self–absorption effects, i.e. taking into account that the
emitted synchrotron radiation could be reabsorbed by the radiating electrons along the line of sight as described
by Eq. 10. Being α(ν, s, θ) the synchrotron self–absorption coefficient, see e.g. [58], the quantity which is useful to
estimate the relevance of the absorption effect is the optical depth:

τν(θ) =

∫

los
ds α(ν, s, θ) . (23)

In Fig. 9 we plot the optical depth along three different lines of sight for the benchmark models B1 and B2. As we can
see, the absorption effect is relevant only along the lines of sight pointing towards the very central region. This is due
to the fact that the probability of the radiation to be reabsorbed is related to the compactness of the source. Thus
in general we expect negligible effects for shallow profiles. The scaling of absorption with frequency, in general, takes
the approximate form: α(ν, s, θ) ∝ j(ν, s, θ) ν−5/2 [58]. More precisely for the benchmark models, we find numerically
that absorption modifies by a factor O(1) the flux associated to observations of the inner region in the radio band,
while it is irrelevant at larger angles and frequencies.

In a real observation, the detected angular profile is a combination of the intrinsic profile shown in Fig. 8a and
the experimental resolution, as described by Eq. 9. In Fig. 8b we plot again the WIMP induced emissions for the
benchmarks models B1 and B2, now filtered over a typical angular resolution. For the 90 cm signal, we take the
maximum resolution achievable by VLA, namely FWHM=6′′ (Configuration A in Ref. [69]). For the X–rays emission
we consider the Chandra point spread function, i.e. PSF=0.5′′ [44]. Finally in the γ–ray case, the signal is integrated
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astrophysical sources are present. One often has to face the problem that although the WIMP source is extended, it
cannot be experimentally resolved. In the following we want to show that this is not the case at the radio frequencies,
since as expected from the approximate results in Section 3 the DM source may be very extended.

To study the angular profile of the photon source induced by WIMP annihilations, we define as ideal radiation
intensity I(θ) the signal in a detector with an infinite angular resolution. For γ–rays, the spatial extension is completely
fixed by the halo profile, i.e. by the dimension of the DM source. For synchrotron emission, on the other hand, it
is affected by many ingredients, both related to the dark matter properties, to the magnetic field shape and to the
frequency of observation, as we can see from Eq. 16. We expect from the approximate treatment the radio–band
signal to become wider than that in the γ–ray band, while in the X–ray band the need of a very large magnetic field
shrinks the signal to a region which is much smaller than the size of the DM source. This is confirmed in Fig. 8a,
where we plot the intensity as a function of the angular off–set from the GC, for the benchmark models B1 and B2
in Table I at the radio, X and γ–ray bands, normalizing each of the fluxes to unity to better understand the relative
spatial extension. The difference in the spatial extension between the two benchmark models is essentially given by
the halo profiles, since the Asp profile leads to a more narrow signal than Nsp.

In Fig. 8 we are evaluating and including synchrotron self–absorption effects, i.e. taking into account that the
emitted synchrotron radiation could be reabsorbed by the radiating electrons along the line of sight as described
by Eq. 10. Being α(ν, s, θ) the synchrotron self–absorption coefficient, see e.g. [58], the quantity which is useful to
estimate the relevance of the absorption effect is the optical depth:

τν(θ) =

∫

los
ds α(ν, s, θ) . (23)

In Fig. 9 we plot the optical depth along three different lines of sight for the benchmark models B1 and B2. As we can
see, the absorption effect is relevant only along the lines of sight pointing towards the very central region. This is due
to the fact that the probability of the radiation to be reabsorbed is related to the compactness of the source. Thus
in general we expect negligible effects for shallow profiles. The scaling of absorption with frequency, in general, takes
the approximate form: α(ν, s, θ) ∝ j(ν, s, θ) ν−5/2 [58]. More precisely for the benchmark models, we find numerically
that absorption modifies by a factor O(1) the flux associated to observations of the inner region in the radio band,
while it is irrelevant at larger angles and frequencies.

In a real observation, the detected angular profile is a combination of the intrinsic profile shown in Fig. 8a and
the experimental resolution, as described by Eq. 9. In Fig. 8b we plot again the WIMP induced emissions for the
benchmarks models B1 and B2, now filtered over a typical angular resolution. For the 90 cm signal, we take the
maximum resolution achievable by VLA, namely FWHM=6′′ (Configuration A in Ref. [69]). For the X–rays emission
we consider the Chandra point spread function, i.e. PSF=0.5′′ [44]. Finally in the γ–ray case, the signal is integrated
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FIG. 16: The same of Fig. 15, but taking τ+
− τ− as dominant annihilation channel.

E. Projected constraints with upcoming observations

Indirect dark matter detection is one of the most ambitious objectives for new observational campaigns or new
telescopes getting available in the near future, with the GC often being indicated as the prime observational target.
We try to make here a projection on how significant could be the improvement with respect to the region of the
WIMP parameter space already excluded in Figs. 15 and 16.

We mentioned that the radio bounds could become even stronger for wide field 90 cm observations of the GC region
reaching a noise level which is significantly reduced with respect to the map constructed in [41], at least in case the
intrinsic dimension of Sgr A in the radio band is not much larger than what is inferred from present observations.
In Figs. 17 and 18 we sketch the case of a hypothetical observation with the VLA in its configuration with maximal
noise reduction, without the purpose of spatial reconstruction, namely with FWHM=200” and a noise of 0.1 mJy
in 50 hours of observations (configuration D in Ref. [69])1. We are pointing the telescope at an angle of 50′ with
respect to the GC. The lower curves sketch the improvements in upper bounds which could be obtained in case of
no contaminations from astrophysical backgrounds (3 σ noise level). This scenario corresponds to the most favorable
case. On the contrary if a diffuse emission at the noise level estimated by [41] were found, there would be essentially
no improvement in radio bounds (upper curves). Reality is probably standing in between this two extreme cases.

The space satellite GLAST is scheduled to be launched in 2008. The energy range of detection is approximately
100 MeV–300 GeV, with an expected sensitivity improved by a factor 100 with respect to EGRET. The PSF and the
effective area at high energy are respectively 10−5 sr and 104 cm2 (in the following we will consider the full energy
dependence in these quantities as inferred from [70]; averaging over the angle of observation at which the GC stands
with respect to the zenith of the detector are included as well, finding an effective exposure which is essentially reduced
by a factor of 0.3). We have also assumed a 10% energy resolution, an exposure time of 5 years and systematic errors
of 5.2 % [80]; the latter are relevant only at energies < 10 GeV.

The next generation of ACT, the Cherenkov Telescope Array (CTA) project, is currently under development. The
proposed energy range of detection is 10 GeV–100 TeV, thus overlapping and extending on the HESS range. The
most dramatic improvement will be in the effective area, up to about 1 km2 or even larger in extreme configurations,
with highly reduced statistical errors. Based on the study in [74], we assume systematic errors to be ∼1%, the energy
resolution at the level of 10% and the point spread function equal to 10−5 sr. For an ACT, on top of astrophysical
backgrounds, one needs to take into account the background from misidentified showers, i.e.:

dNsh

dE
=

dNhad

dE
+

dNel

dE
(24)

1 For the EVLA project [71] the 3σ sensitivity in 50 hours should be ∼ 1 µJy, thus improving the constraint by about two orders of
magnitude.

Multi-wavelength limits in the plane 
WIMP mass - annihilation cross-section

equipartition B
reconnection B
constant B

HARD SPECTRA

NFW + “Bertone & Merritt”           + “Bertone & Merritt”1/r1.5

WIMP mass WIMP mass

W
IM

P 
an

n.
 c

ro
ss
-s

ec
tio

n

N
O

T
E

 M
IS

M
A

T
C

H
 O

N
 V

E
R

T.
 S

C
A

LE

10−26

10−26



Analogously, looking at a slightly larger angular region, allowing for 
larger magnetic fields + assuming a bare NFW, one can extrapolate 
the limits: Crocker et al., 2010

radio

γ-rays 
(EGRET)

Borriello 
et al., 2008

solid and dashed curves represent 
a loop over viable magnetic fields



Analogously, looking at a slightly larger angular region, allowing for 
larger magnetic fields + assuming a bare NFW, one can extrapolate 
the limits: Crocker et al., 2010

radio

γ-rays 
(EGRET)

Borriello 
et al., 2008

solid and dashed curves represent 
a loop over viable magnetic fields

What will Fermi say about the 
diffuse emission at the GC? 
Early indications of an excess:

Hooper & Goodenough, arXiv:
1010.2752
Multi-wavelength tests of an 
eventual DM component 
should be rather powerful.



An extra component of CR leptons seems also needed to account 
for the emissivity in the central region of the Galaxy on a much 
larger angular scale. This extra component was claimed to be 
identified in WMAP data and later confirmed in Fermi:

WMAP haze & FERMI haze/bubbles

Dobler, Cholis & Weiner, 2011Finkbeiner, 2004



Assuming a prolate 
halo & anisotropic 
diffusion, the 
FERMI & WMAP 
hazes can be fitted 
within a leptophilic 
model with mass of 
1.2 TeV and BF of 30: 

Dobler, Cholis & 
Weiner, 2011

WMAP haze & FERMI haze/bubbles

Caveats: different templates give different morphologies (haze or 
bubbles?), the edges are rather sharp for a DM component. 
Also: there are several contenders to this explanation, both in 
terms of additional astrophysical sources and of variants to the 
electron propagation or acceleration model.



Singling out DM in the central region of the Galaxy (low up to, 
maybe, intermediate latitudes) may remain problematic even in 
the future. Predictions for the background rely on severe 
extrapolations, such as on :
- the radial (vertical ?) distribution of sources (the same as the 
local sources?) which is very poorly known towards the GC;
- the diffusion and reacceleration terms (in most cases assumed 
spatially constant, ignoring the observed pattern of magnetic 
fields on large scales, and probably some structure in the 
turbulent component as well);
- the interstellar medium, again poorly determined in the central 
region of the Galaxy;
- ...  

Even the DM source function is rather uncertain since we do 
not know (after the baryon infall) whether the density of 
WIMP DM is Einasto-like (NFW-like) or cored. It will be vital 
to identify a clean DM spectral and/or morphological signature.  



Multi-messenger approach to local DM signals
Local observations compared to backgrounds as estimated from 
local observables are probably much safer. At the same time:

The local DM density is determined with good accuracy by 
dynamical constraints. Assuming a spherical halo, one finds:  
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Multi-messenger approach to local DM signals
Local observations compared to backgrounds as estimated from 
local observables are probably much safer. At the same time:

The local DM density is determined with good accuracy by 
dynamical constraints. Assuming a spherical halo, one finds:  

Einasto profile:
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Multi-messenger approach to local DM signals
Local observations compared to backgrounds as estimated from 
local observables are probably much safer. At the same time:

The local DM density is determined with good accuracy by 
dynamical constraints. Assuming a spherical halo, one finds:  

Einasto profile: NFW profile:
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The input from the locally measured proton and helium spectra 
and the ratio of secondary to primary nuclei is sufficient for a 
fairly accurate prediction of the antiproton background:

protons (fitted) B/C (fitted) p (predicted)
_

Set of sample propagation 
models simulated with Dragon:
Evoli, Cholis, Grasso, 
Maccione & P.U., to appear

Analogous to what shown yesterday with Galprop or Usine.

Kraichnan
Kolmogorov

convective (dv /dz = 50 km/s/kpc)

thick (z = 10 kpc)t
thin (z = 0.5 kpc)t

c



Use the background information to extrapolate limits on DM 
models contributing to the local antiproton flux. E.g.:

Limits depending o propagation model as well as (mildly) on the density 
profile:

Evoli, Cholis, Grasso, Maccione & P.U., to appear

Kraichnan
Kolmogorov

convective (dv /dz = 50 km/s/kpc)

thick (z = 10 kpc)t
thin (z = 0.5 kpc)t

c

non-thermal
WINO

light DM
motivated by DD

leptophilic
heavy DM

Einasto
NFW
Burkert



Extra input from the locally measured electron and positron 
spectra (plus some assumptions on gas and IRF) and prediction of 
the high-latitude gamma-ray background:

Cholis, Evoli, Tavakoli & P.U., 
to appear

Again very good agreement with 
data. Results for the reference 
Kraichnan model, the other cases are 
analogous, still with fairly good fits.

electrons (fitted)

γ, 60<| b | <90 (pred.)

γ, 60<b<90 (pred.)

γ, 20<| b | <60 (pred.)



Fermi should contribute to address the issue of whether the local positron 
excess is due to primary sources located in the disc or to a leptophilic DM 
component distributed in a much thicker halo: 

10

-4 -3 -2 -1 0 1 2 3 4
z [kpc]

10
-4

10
-3

10
-2

10
-1

10
0

!
e 

 [M
eV

 c
m

-2
 s

-1
sr

-1
]

~ "
2 

  (arbitrary normalization)

DMe

CR prim
ar

y

se
co

ndary
 at

 so
urce

se
co

ndar
y in

 IS
M

E
e
 = 200 GeV

R = 8 kpc

-10 -8 -6 -4 -2 0 2 4 6 8 10
z [kpc]

10
-4

10
-3

10
-2

10
-1

10
0

!
e 

 [M
eV

 c
m

-2
 s

-1
sr

-1
]

model B0
model B1
model B2

E
e
 = 200 GeV

R = 8 kpc

-10 -8 -6 -4 -2 0 2 4 6 8 10
z [kpc]

10
-4

10
-3

10
-2

10
-1

10
0

!
e 

 [M
eV

 c
m

-2
 s

-1
sr

-1
]

model B3
model B4
model B5

R = 8 kpc

E
e
 = 200 GeV

FIG. 4: Electron vertical profile at R = 8 kpc and E = 200 GeV. Left Panel: Propagation model B0: We show primary
CR electrons (solid), secondary CR e+ + e− produced in the ISM (short dashed), secondary CR e+ + e− produced at the
source (dashed-dotted), and e+ + e− induced by DM annihilation in the model DMe (thick dotted). For comparison, we plot
the distribution of a source scaling as ρ2

DM (black dotted), with an arbitrary normalization. Central Panel: The same of the
left panel, but adding the propagation models B1 (green) and B2 (red) and considering only the contributions from primary
electrons and DM induced electrons + positrons. Right Panel: The same of the central panel, but in the propagation models
B3 (orange), B4 (cyan), and B5 (magenta).

be rephrased in term of two benchmark decaying DM scenarios, which corresponds to the DMe and DMτ cases. They
have, respectively, Mχ = 600 GeV, τ = (5.4, 6.0, 5.0, 5.4, 5.1, 6.6) · 1026s in the (B0, B1, B2, B3, B4, B5) propagation
model, and e+e− decaying mode, and Mχ = 800 GeV, τ = (1.9, 3.2, 1.5, 1.7, 1.8, 2.1) · 1026s in the (B0, B1, B2, B3,
B4, B5) propagation model, and τ+τ− decaying mode.

As discussed in the previous Section, for comparison, we consider also the case of an extra non-standard component
due to the production of secondary e+ − e− inside CR sources. In Fig. ??, we plot the e+ + e− spectrum and positron
fraction in the propagation model B0 for a population injected with βinj,sas = 1.36, an energy-cutoff at Ec = 1 TeV
and normalization tuned to the best fit value for the PAMELA data.

From the same figure, note that the local spectra of all the components considered as explanation for the positron
fraction are below the spectrum of primary CR electrons. Their local e+ + e− flux and the associated diffuse emission
is therefore hard to be detected (a small excess could be present in the DMe case). If the spatial distribution of the
sources of such ”exotic” components traces the CR sources, the last sentence would be true everywhere in the Galaxy.

In Fig. ??, we plot the vertical profiles of the electron number density distributions, at the local radial distance
R = 8 kpc and E = 200 GeV. For this slice of the Galaxy, at rather large distance from the GC, the determination
of propagation model parameters as derived by matching the LIS of nuclei is rather robust. We are focusing on some
typical energy at which electron and positron sources relevant for the raise in the positron fraction are also a significant
contribution to the total population of e+ + e−. In Fig. ??a we consider the propagation model B0, and plot the
vertical profile of CR primary electrons (solid), secondary e+ + e− produced in the ISM (short-dashed), secondary
e+ +e− injected at the source (dashed-dotted), and e+ +e− flux induced by WIMP annihilations in the DMe scenario
(dotted). All these cases but the latter follow a distribution which is mainly confined to the disc (although broadened
by the diffusion). The DM-induced component is instead much flatter (we plot for comparison the profile of the DM
injection source ∝ ρ2

DM ). It is the dominant component at intermediate and large z. We thus expect the associated
radiative emission to dominate at intermediate and high latitudes.

In order to understand how this conclusion is dependent on the propagation model considered, we show the cases of
the propagation model B1 and B2 (plus again B0, for comparison) in Fig. ??b, and of B3, B4, and B5 in Fig ??c. In
these figures, we do not plot the vertical profiles of secondary e+ + e−. Their shapes are analogous to the CR primary
electrons profile and the rescaling factor is roughly the same as in Fig. ??a. Note from Fig. ??b that, as expected, as
the boundary of propagation zh increases (decreases), the region at which the DM-induced component is dominant
becomes larger (smaller). From Fig. ??c, we conclude that at high energies the effect of convection (model B3) on
the shape of the vertical profile is negligible. The same conclusion applies also to the effect of varying the spectral
index of the diffusion coefficient (model B4). In the model B5, the population of electrons induced by DM at high z is
mildly reduced with respect to the model B2 since the spatial diffusion coefficient is increasing with z, and electrons
and positrons are less efficiently confined.

Equilibrium number 
density profile of “all-
electrons”, at the local 
Galacto-centric distance 
and as a function of height
over the disc - plot 
obtained with Galprop 
within a (older) reference 
propagation model; the 
sketch for other models is 
perfectly analogous.

Galactic diffuse γ-rays and the e  / e  CR  puzzle+ -
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Primary/secondary sources 
located in the disc

DM sources extending 
in the halo



A prediction for the IC term (plus final state radiation or pion decay 
terms) for two sample (leptophilic) models fitting the Pamela excess in the 
positron ratio:  

Note also: the prediction is insensitive to the halo model (since it is well 
away from the GC), and to whether it is related to decaying or annihilating 
DM (since it is normalized to the locally measured  electron/positron flux)
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FIG. 7: γ-ray diffuse spectrum at high latitudes (50◦ < b < 60◦) integrated over longitudes 0◦ < l < 360◦. Line styles and
colors as in Fig. 5.

WIMP scenario DMτ are again very favourable in all the propagation models. The emission induced by DMe is also
detectable, being, roughly, of the same level of the sum of the backgrounds at E ! 100 GeV. This is no longer true
at higher latitudes, where the EGB takes over and such emission becomes too faint to give a clear signature. Fig. 6,
shows that, as explained in the discussion above, the longitudinal profiles become flatter than at lower latitudes. The
emissions come mostly from the local region and therefore these predictions can be assumed as rather robust.

Note that the enhancement in the DM-induced IC emission in the propagation models with zh = 10 kpc (B2 and B5)
with respect to the ”conventional” case (zh = 4 kpc) is more significant than at intermediate latitudes, and viceversa
for the model B1. The B2 case is more favourable than the B5 model, since in the latter the e+/e− population is
slightly depleted at large z since the spatial diffusion coefficient increases in such region. The predictions in the models
B3 and B4 are again analogous to the ”conventional” case.

The level we predict for diffuse γ-ray fluxes is about E2J ! 1 − 3 · 10−4 MeV cm−2 s−1 sr−1 at E ! 100 GeV (see
Figs. 5-8). Considering the FERMI performances stated in Ref. [82] (roughly, an effective area of Aeff = 8 · 103 cm2

and a field of view FoV = 2.4 sr), the expected number of counts, for an energy bin size of ∆Eγ = 50 GeV, is about
Nγ ≥ 70 sr−1 yr−1 . We deduce that the diffuse γ-ray spectra as predicted in Figs. 5 and 7 can be detected with a
statystical error smaller than 10% in 1 year of observation. The precise description of longitudinal and latitudinal
profiles requires, on the other hand, some years of observations. Combining different slices of the sky, however, the
disentaglement between the CR source having a ”disc” shape and the WIMP induced source having a spherical shape
will be feasible in the forthcoming future. Full sky-maps, at 150 GeV for the π0-decay signal associated to primary
CR and DMτ , and for the IC emission associated to primary CR electrons and DMe is shown in Figs. 9 and 10.
Differences in morphologies for the various components are indeed very clear.

C. Radio and infrared emission

Now we turn the discussion on the synchrotron emission in the radio and infrared bands. Electrons and positrons
injected by DM or CR source interact with the Galactic magnetic field (described in Section 3), giving raise to a
synchrotron radiation. Due to the spectral behaviour, the synchrotron emission is the dominant component of the
Galactic diffuse emission at low frequency. The sky-map of Ref. [83] at 408 MHz is the standard calibration for
the synchrotron diffuse signal (altough it could include a significant amount of unresolved sources). Foreground
estimations in the WMAP data [84] suggest a spectral index for the synchrotron emission ∼ 3, at frequency up to 60
GHz. (An anomalous component has be claimed to be present in the innermost region of the Galaxy, a result which
depends on the template used for the foreground estimation. The associated spectral index turns out to be harder
than 3. Such component, dubbed ”WMAP haze”, has been associated to be a possible DM signal due to WIMP
annihilations [15–18]. Since the haze is associated to the central portion of the Galaxy, we will not discuss it here.)

In Fig. 11, we show the emission associated to primary+secondary CR electrons in the ”conventional” model at
intermediate latitudes. Matching the diffuse emission induced by CRs with the observed synchrotron emission in the
whole Galaxy is beyond the goal of this paper. Note, however, that the spectral index is very close to 3, as required.
The overall normalization is also very close to the one estimated by the WMAP team.

Again, in order to explore a possible DM signal, the region at intermediate and large latitudes is the best tar-
get. Indeed, the magnetic field slowly decreases outside the disc (we adopt the benchmark case B = 5 exp[−(R −

50˚< b < 60˚

a prediction independent on 
propagation at high latitudes  

DM spectral 
feature at 

E≥ 100 GeV (?)
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Conclusions

Several examples for which the multi-wavelength / 
multi-messenger approach to DM detection is at hand 
and very powerful. 

There are definite patterns in the source functions for 
the different species generated in WIMP DM 
annihilations; hence, correlations among the different 
indirect detection signals are expected.

The issue of discriminating the signal from background 
contaminations is a delicate one, however the approach 
combining different detection techniques looks 
promising. Given the wealth of data experiments are 
delivering, surprises may be around the corner!


