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Outline

• The WIMP framework for dark matter candidates

• Indirect detection and the recent focus on positrons & 
electrons (why the standard astrophysical lore does not 
work)

•  DM with peculiar properties (large annihilation cross- 
sections? large effects from substructures?)

• The cross-correlation with other DM detection signals

• Perspectives rather than conclusions



Overwhelming evidence for CDM as building block of all structures 
in the Universe, from the largest scales down to galactic dynamics: 

+ many others: 

All point 
to a single 
“concordance” 
model:

galaxies 

CMB

“Bullet” cluster
BAOgrav. scaffold



Cosmological and astrophysical observations suggest that dark matter is: an  
optically-dark (i.e. dissipation-less), collision-less, classical fluid with 
negligible free-streaming effects. This excludes some models, such as, e.g.:

Hot DM
(e.g. SM neutrinos)

Baryonic DM

From the cosmologist perspective, Non-baryonic Cold DM is the  preferred 
paradigm (i.e., for DM only gravity matters). Not helping much the particle 
physicist: there are only (weak) upper limits on the DM interaction 
strength, while other crucial properties (e.g., the mass scale) are missing.
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Cosmological and astrophysical observations suggest that dark matter is: an  
optically-dark (i.e. dissipation-less), collision-less, classical fluid with 
negligible free-streaming effects. This excludes some models, such as, e.g.:

Hot DM
(e.g. SM neutrinos)

Baryonic DM

From the cosmologist perspective, Non-baryonic Cold DM is the  preferred 
paradigm (i.e., for DM only gravity matters). Not helping much the particle 
physicist: there are only (weak) upper limits on the DM interaction 
strength, while other crucial properties (e.g., the mass scale) are missing.

The picture becomes slightly more focussed addressing the question: 
How was DM generated? The most beaten paths have been:
i)  DM as a thermal  relic product   (or in connection to thermally
     produced species); 
ii) DM as a condensate, maybe at a phase transition; this usually leads to
     very light scalar fields;
iii) DM generated at large T, most often at the end of (soon after, soon  
     before) inflation; candidates in this scheme are usually supermassive.



CDM particles as thermal relics

ma ∼ 10−5 eV (60)

1/ma ∝ fa (61)

1/ma ∝ fa (62)
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1
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χ Mχ (65)

χχ̄ ↔ PP̄ (66)
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Let     be a stable particle, with mass      , carrying a non-zero charge under 
the SM gauge group. Processes changing its number density are: 
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dilution by Universe 
expansion

thermally averaged 
annihilation cross section
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with     some (lighter) SM state in thermal equilibrium. The evolution of the 
number density is described by the Boltzmann equation:
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After freeze-out, when              , the number density  per comoving volume 
becomes constant. For a species which is non-relativistic at freeze-out:
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〈σAv〉T=Tf
WIMP

x

Y eq
χ

dYχ

dx
= −

〈σAv〉T neq
χ

H

[

(

Yχ

Y eq
χ

)2

− 1

]

(80)

∼
∆Y

Y
(81)

Tf (82)

Γ(Tf ) = neq
χ (Tf)〈σAv〉T=Tf

% H(Tf) (83)

Γ & H (84)

Yχ(T ) % Y eq
χ (Tf ) (85)

(nχ

s

)

T=T0

=
(nχ

s

)

T=Tf

(86)

Ωχ =
ρχ

ρc
=

Mχ n0

ρc
=

Mχ s0 Y0

ρc
%

Mχ s0 Y eq
χ (Tf )

ρc
(87)

s0 % 3000 cm−3 (88)

Y eq
χ '= Y eq

χ (Tf ) (89)

Ωχ ∝ Mχ (90)

〈σAv〉T=Tf
(91)

Ωνh2 =

∑

mνi

91 eV
(92)

Ωχh2 %
Mχ s0 Y eq

χ (Tf )

ρc/h2
%

Mχ s0

ρc/h2

H(Tf)

s(Tf )〈σAv〉Tf

(93)

Ωχh2 %
Mχ s0 Y eq

χ (Tf )

ρc/h2
(94)

%
Mχ s0

ρc/h2

H(Tf )

s(Tf )〈σAv〉Tf

(95)

%
Mχ

Tf

g#
χ

geff

1 · 10−27cm−3s−1

〈σAv〉T=Tf

(96)

Mχ/Tf ∼ 20 (97)

Γ(Tf ) % H(Tf) (98)

5

x

Y eq
χ

dYχ

dx
= −

〈σAv〉T neq
χ

H

[

(

Yχ

Y eq
χ

)2

− 1

]

(80)

∼
∆Y

Y
(81)

Tf (82)

Γ(Tf ) = neq
χ (Tf)〈σAv〉T=Tf

% H(Tf) (83)

Γ & H (84)

Yχ(T ) % Y eq
χ (Tf ) (85)

(nχ

s

)

T=T0

=
(nχ

s

)

T=Tf

(86)

Ωχ =
ρχ

ρc
=

Mχ n0

ρc
=

Mχ s0 Y0

ρc
%

Mχ s0 Y eq
χ (Tf )

ρc
(87)

s0 % 3000 cm−3 (88)

Y eq
χ '= Y eq

χ (Tf ) (89)

Ωχ ∝ Mχ (90)

〈σAv〉T=Tf
(91)

Ωνh2 =

∑

mνi

91 eV
(92)

Ωχh2 %
Mχ s0 Y eq

χ (Tf )

ρc/h2
%

Mχ s0

ρc/h2

H(Tf)

s(Tf )〈σAv〉Tf

(93)

Ωχh2 %
Mχ s0 Y eq

χ (Tf )

ρc/h2
(94)

%
Mχ s0

ρc/h2

H(Tf )

s(Tf )〈σAv〉Tf

(95)

%
Mχ

Tf

g#
χ

geff

1 · 10−27cm−3s−1

〈σAv〉T=Tf

(96)

Mχ/Tf ∼ 20 (97)

Γ(Tf ) % H(Tf) (98)

5

x

Y eq
χ

dYχ

dx
= −

〈σAv〉T neq
χ

H

[

(

Yχ

Y eq
χ

)2

− 1

]

(80)

∼
∆Y

Y
(81)

Tf (82)

Γ(Tf ) = neq
χ (Tf)〈σAv〉T=Tf

% H(Tf) (83)

Γ & H (84)

Yχ(T ) % Y eq
χ (Tf ) (85)

(nχ

s

)

T=T0

=
(nχ

s

)

T=Tf

(86)

Ωχ =
ρχ

ρc
=

Mχ n0

ρc
=

Mχ s0 Y0

ρc
%

Mχ s0 Y eq
χ (Tf )

ρc
(87)

s0 % 3000 cm−3 (88)

Y eq
χ '= Y eq

χ (Tf ) (89)

Ωχ ∝ Mχ (90)

〈σAv〉T=Tf
(91)

Ωνh2 =

∑

mνi

91 eV
(92)

Ωχh2 %
Mχ s0 Y eq

χ (Tf )

ρc/h2
%

Mχ s0

ρc/h2

H(Tf)

s(Tf )〈σAv〉Tf

(93)

Ωχh2 %
Mχ s0 Y eq

χ (Tf )

ρc/h2
(94)

%
Mχ s0

ρc/h2

H(Tf )

s(Tf )〈σAv〉Tf

(95)

%
Mχ

Tf

g#
χ

geff

1 · 10−27cm−3s−1

〈σAv〉T=Tf

(96)

Mχ/Tf ∼ 20 (97)

Γ(Tf ) % H(Tf) (98)

5

with:
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(freeze-out + entropy conservation)

(standard cosmology)
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4The 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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A simple recipe in which maybe the most delicate point is the requirement 
of stability. You can enforce it via a discrete symmetry:

• R-parity in SUSY models

• KK-parity in Universal Extra Dimension models (Servant & Tait, 
hep-ph/0206071)

• T-parity in Little Higgs models (Bickedal et al., hep-ph/0603077)

• Z  symmetry in a 2 Higgs doublet SM extension (the “Inert 
doublet model”, Barbieri et al. hep-ph/0603188)

• Mirror symmetry in 5D models with gauge-Higgs unification 
(Serone et al., hep-ph/0612286)

• ...
or via an accidental symmetry, such as a quantum number preventing 
the decay: [Mirror DM], DM in technicolor theories (Gudnason et al., 
hep-ph/0608055), “minimal” DM (Cirelli et al., hep-ph/0512090) , ...

In most of these, DM appears as a by-product from a property 
considered to understand or protect other features of the theory.
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Minimal scheme, 
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Battaglia et al. 2001

E.g.: neutralino LSP in the CMSSM
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Indirect detection of  WIMP dark matter 
A chance of detection stems from the WIMP paradigm itself:

Pair 
annihilations 
of WIMPs in 
DM halos 
(i.e. at T≅0)

!

!

species
particles

     SM

  lighter
stable

annihilation

2-body final state

into, e.g., a

fragmentation

and/or

decay process

(σv)T!0 ∼ 〈σv〉T=Tf Focus on:
antiprotons, 
positrons, 
antideutrons, 
gamma-rays, 
(neutrinos)

Signatures:
1) in energy spectra: One single energy scale in the game, the WIMP 
mass, rather then sources with a given spectral index; edge-line 
effects? 
11) angular: flux correlated to DM halo shapes and with DM 
distributions within halos: central slopes, rich substructure pattern.
A fit of a featureless excess may set a guideline, but will be inconclusive.



The focus on electrons and positrons because of recent 
experimental results:

2008-09: ATIC + PPB-BETS
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Charged particles in the Galaxy
A random walk (maybe with a preferred drift direction) in turbulent & 
regular magnetic fields, modeled through a diffusion equation: 

3

zh D0 α va βinj,nuc βinj,e dvc/dz χ2
red color

kpc 1028 cm2s−1 km/s km/s kpc−1 (d.f.=19) coding

B0 4 3.3 1/3 35 1.85/2.36 1.50/2.54 0 0.67 blue

B1 1 0.81 1/3 35 1.65/2.36 1.50/2.54 0 0.77 green

B2 10 6.1 1/3 35 1.85/2.36 1.50/2.54 0 0.74 red

B3 4 3.25 1/3 45 1.85/2.36 1.50/2.54 10 0.84 orange

B4 4 1.68 1/2 22 2.4/2.2 2.1/2.54 0 0.86 cyan

B5 10 2.8 · e|z|/zs 1/3 35 1.85/2.36 1.50/2.54 0 0.66 magenta

TABLE I: Benchmark models of propagation. The spectral index break for protons and electrons is at 9 and 4 GeV, respectively,
in the cases with Kolmogorov diffusion, and at 40 and 10 GeV in the Kraichnan case. The scale of diffusion in the model B5
is taken to be zs = 4 kpc.

II. COSMIC-RAY PROPAGATION IN THE GALAXY

We adopt the description of cosmic-rays as particles propagating in a determinate environment (i.e., disregarding
the effects induced on the ISM by the interaction with CRs). The CR propagation equation for a particle species i
can be written in the form [? ]:

∂ni("r, p, t)

∂t
= "∇ · (Dxx

"∇ni − "vc ni) +
∂

∂p
p2Dpp

∂

∂p

1

p2
ni −

∂

∂p

[

ṗ ni −
p

3
("∇ · "vc)ni

]

+ q("r, p, t) +
ni

τf
+

ni

τr
(1)

where ni is the number density per particle momentum (ni(p)dp = Ni(E)dE, with Ni(E)dE being the number density
in the energy interval (E, E + dE)), q is the source term, Dxx is the spatial diffusion coefficient along the regular
magnetic field lines, "vc is the velocity of the Galactic wind, Dpp is the coefficient of the diffusion in momentum space, ṗ
is the momentum loss rate, and τf and τr are the time scales for fragmentation loss and radioactive decay, respectively.

The transport equation is solved numerically and assuming a cylindrical symmetry, with halo boundaries at disc
radius R = 20 kpc and half-thickness zh as described below. We exploited a modified version of the GALPROP code [?
]. The main modifications consist in introducing by input the spatial and spectral profiles of the DM source (computed
within the DarkSUSYpackage [? ]), and in including the possibility of a spatially varying diffusion coefficient.

In the following, we mainly consider one-zone models with isotropic diffusion, which can be regarded as the most
extensively tested models of the recent past (see, e.g., Ref. [? ] for a review).

Our approach is to perform self-consistent tests in the local region and the parameters in Eq. ?? are chosen to
strictly reproduce the local directly-observed spectra of nuclei and electrons.

The goal of the paper is to study the possibility of disentangling the diffuse signals originated from two different
sources, CRs and DM, having different spatial distributions. The CR injection source is confined to the Galactic
plane, while the DM profile has a spherical shape. The region with intermediate and large z is thus the best target
for the analysis. The propagation reshuffles the distribution of the two populations of electrons (and thus IC and
bremsstrahlung signals), and the γ-ray signal associated to the decays of CR pions. The scaling of the signal along
the z-direction is affected by almost any quantity entering in the transport equation, such as the description of the
diffusion, the wind velocity, the magnetic field structure, and the ISRF distribution. Moreover, it is dramatically
sensitive to the height of the propagation halo, namely, to the boundary condition along the z-axis.

We are not interested in performing a full scan of the propagation parameters space and estimate the corresponding
uncertainties in the CR spectra (see, e.g., Refs. [? ? ]); rather, we want to investigate how different scalings along
the z-direction due to different propagation models can affect the predictions for the signal to background ratio. We
consider six benchmark scenarios of propagation and injection spectra, which are summarized in Table 1. In the
following, we motivate our selection.

Halo height: In addition to the ”conventional” model having zh =4 kpc (named B0), we consider two models of
propagation in which the halo height has been set to zh=1 kpc (model B1) and zh=10 kpc (model B2). The strongest
constraints on the halo height is given by the ”radioactive clocks”, namely, unstable secondaries. Indeed, the ratio
between stable and decaying isotopes is sensitive to the CR confinement time, which is in turn related to the halo
height (and the diffusion coefficient). At present, the most precise measurements is the ratio 10Be/9Be, with the
unstable 10Be decaying in 106 years. In Fig. ??a, we show the spectra of the 10Be/9Be ratio. As expected, zh =4
kpc seems to be preferred by data. The model B2 is fully consistent with data at low energy (which are the most
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wCR ! 0.5 eV cm−3 (1)

WCR ! wCRVconf ! 2 · 1055 erg (2)

LCR !
wCR

τconf
! 5 · 1040 ergs−1 (3)

LSN = RSNESN ! 3 · 1041 ergs−1 (4)

1

wCR ! 0.5 eV cm−3 (1)

WCR ! wCRVconf ! 2 · 1055 erg (2)

LCR !
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τconf
! 5 · 1040 ergs−1 (3)

LSN = RSNESN ! 3 · 1041 ergs−1 (4)

1

wCR ! 0.5 eV cm−3 (1)

WCR ! wCRVconf ! 2 · 1055 erg (2)

LCR !
WCR

τconf
! 5 · 1040 ergs−1 (3)

LSN = RSNESN ! 3 · 1041 ergs−1 (4)

1

wCR ! 0.5 eV cm−3 (1)

WCR ! wCRVconf ! 2 · 1055 erg (2)

LCR !
WCR

τconf
! 5 · 1040 ergs−1 (3)

LSN = RSNESN ! 3 · 1041 ergs−1 (4)

What are the main sources of galactic cosmic rays?

The energy density in CRs is about:

The total energy stored in the 
confinement volume is then about: 

Dividing by the CR confinement time, 
you find the required CR luminosity:

Compare with the typical Supernova 
luminosity (rate times injected energy):

SNe are the CR sources 
if the efficiency is about 10-20%

Some simplified argument (close to numerology):



Start with primary nucleon species:
At “high energy” (say, above 10~GeV), energy losses and reacceleration are 
small:

3

zh D0 α va βinj,nuc βinj,e dvc/dz χ2
red color

kpc 1028 cm2s−1 km/s km/s kpc−1 (d.f.=19) coding

B0 4 3.3 1/3 35 1.85/2.36 1.50/2.54 0 0.67 blue

B1 1 0.81 1/3 35 1.65/2.36 1.50/2.54 0 0.77 green

B2 10 6.1 1/3 35 1.85/2.36 1.50/2.54 0 0.74 red

B3 4 3.25 1/3 45 1.85/2.36 1.50/2.54 10 0.84 orange

B4 4 1.68 1/2 22 2.4/2.2 2.1/2.54 0 0.86 cyan

B5 10 2.8 · e|z|/zs 1/3 35 1.85/2.36 1.50/2.54 0 0.66 magenta

TABLE I: Benchmark models of propagation. The spectral index break for protons and electrons is at 9 and 4 GeV, respectively,
in the cases with Kolmogorov diffusion, and at 40 and 10 GeV in the Kraichnan case. The scale of diffusion in the model B5
is taken to be zs = 4 kpc.

II. COSMIC-RAY PROPAGATION IN THE GALAXY

We adopt the description of cosmic-rays as particles propagating in a determinate environment (i.e., disregarding
the effects induced on the ISM by the interaction with CRs). The CR propagation equation for a particle species i
can be written in the form [30]:

∂ni("r, p, t)

∂t
= "∇ · (Dxx

"∇ni − "vc ni) +
∂

∂p
p2Dpp

∂

∂p

1

p2
ni −

∂

∂p

[

ṗ ni −
p

3
("∇ · "vc)ni

]

+ q("r, p, t) +
ni

τf
+

ni

τr
(1)

where ni is the number density per particle momentum (ni(p)dp = Ni(E)dE, with Ni(E)dE being the number density
in the energy interval (E, E + dE)), q is the source term, Dxx is the spatial diffusion coefficient along the regular
magnetic field lines, "vc is the velocity of the Galactic wind, Dpp is the coefficient of the diffusion in momentum space, ṗ
is the momentum loss rate, and τf and τr are the time scales for fragmentation loss and radioactive decay, respectively.

The transport equation is solved numerically and assuming a cylindrical symmetry, with halo boundaries at disc ra-
dius R = 20 kpc and half-thickness zh as described below. We exploited a modified version of the GALPROP code [31].
The main modifications consist in introducing by input the spatial and spectral profiles of the DM source (computed
within the DarkSUSYpackage [32]), and in including the possibility of a spatially varying diffusion coefficient.

In the following, we mainly consider one-zone models with isotropic diffusion, which can be regarded as the most
extensively tested models of the recent past (see, e.g., Ref. [33] for a review).

Our approach is to perform self-consistent tests in the local region and the parameters in Eq. 1 are chosen to strictly
reproduce the local directly-observed spectra of nuclei and electrons.

The goal of the paper is to study the possibility of disentangling the diffuse signals originated from two different
sources, CRs and DM, having different spatial distributions. The CR injection source is confined to the Galactic
plane, while the DM profile has a spherical shape. The region with intermediate and large z is thus the best target
for the analysis. The propagation reshuffles the distribution of the two populations of electrons (and thus IC and
bremsstrahlung signals), and the γ-ray signal associated to the decays of CR pions. The scaling of the signal along
the z-direction is affected by almost any quantity entering in the transport equation, such as the description of the
diffusion, the wind velocity, the magnetic field structure, and the ISRF distribution. Moreover, it is dramatically
sensitive to the height of the propagation halo, namely, to the boundary condition along the z-axis.

We are not interested in performing a full scan of the propagation parameters space and estimate the corresponding
uncertainties in the CR spectra (see, e.g., Refs. [34, 35]); rather, we want to investigate how different scalings along
the z-direction due to different propagation models can affect the predictions for the signal to background ratio. We
consider six benchmark scenarios of propagation and injection spectra, which are summarized in Table 1. In the
following, we motivate our selection.

Halo height: In addition to the ”conventional” model having zh =4 kpc (named B0), we consider two models of
propagation in which the halo height has been set to zh=1 kpc (model B1) and zh=10 kpc (model B2). The strongest
constraints on the halo height is given by the ”radioactive clocks”, namely, unstable secondaries. Indeed, the ratio
between stable and decaying isotopes is sensitive to the CR confinement time, which is in turn related to the halo
height (and the diffusion coefficient). At present, the most precise measurements is the ratio 10Be/9Be, with the
unstable 10Be decaying in 106 years. In Fig. 1a, we show the spectra of the 10Be/9Be ratio. As expected, zh =4 kpc
seems to be preferred by data. The model B2 is fully consistent with data at low energy (which are the most reliable),

Consider, e.g., primary protons. The source 
function is in the form:

1

wCR ! 0.5 eV cm−3 (1)

WCR ! wCRVconf ! 2 · 1055 erg (2)

LCR !
WCR

τconf
! 5 · 1040 ergs−1 (3)

LSN = RSNESN ! 3 · 1041 ergs−1 (4)

Dxx(p) ∝ pα (5)

α = 1/3 Kolmogorov
α = 1/2 Kraichnan

τconf ∝ 1/Dxx (6)

qp ∝ p−βini,p (7)

βini,p ! 2 (8)

φp ∝ qp · τconf ∝ p−βobs,p (9)

2

βobs,p ! 2.7 (10)

βini,p = βobs,p + α (11)
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FIG. 2: Local proton (Left Panel) and electron (Right Panel) spectra. Data are compared to the benchmark models of
propagation B0 (blue), B1 (green), B2 (red), B3 (orange), B4 (cyan), and B5 (magenta), described in Table 1.

We model this additional component assuming that the spectrum at the sources is described by a power-law plus an
exponential cutoff: E−βinj,sas · exp(−E/Ec). We consider a Bohm diffusion inside the source, which implies a spectral
index βinj,sas = βinj,nuc − 1 (at high energy). The spatial part of this extra source is assumed to be the same as for
standard primary components. The normalization follows instead from the requirement that PAMELA data can be
fitted when including this additional term.

Although the physical insight for this picture is different from the case in which the enhancement in the positron
fraction is due to one or few nearby pulsars, from the point of view of testing the scenario through radiative emission
the two cases are hardly distinguishable. In both cases local sources dominate the signal, and in both cases these
sources are confined in the thin vertical layer where standard primary sources are confined. The discussion we present
below for secondaries at the sources is then readily extendable to the pulsar scenario.

C. Component from dark matter annihilations or decays

A further possibility is that the extra component needed to explain the rise in the positron fraction is an exotic
term due to dark matter in the Galactic halo. There are two possibilities: WIMP dark matter particles are stable
but can annihilate in pairs injecting a given species i; the source term associated to this process is given by:

Qa
i (r, E) = (σav)

ρ(r)2

2 M2
χ

×
dNa

i

dE
(E) , (3)

where ρ(r) is the Milky Way halo mass density profile, assumed for simplicity to depend only on the spherical
coordinate r, Mχ the mass of the dark matter particle, σv the pair annihilation rate for typical velocities of dark
matter particles in the Galactic halo (namely, in the zero temperature limit, as opposed to the finite temperature
regime which applies in the early Universe), and dNa

i /dE(E) is the number of particles i emitted per annihilation in
the energy interval (E, E+dE). The second possibility is that dark matter particles have a long but finite lifetime, and
the species i is injected in dark matter decays (for the interpretation of the PAMELA anomaly in terms of decaying
DM, see, e.g., [? ? ? ? ]); in this case the source function takes the form:

Qd
i (r, E) = Γd

ρ(r)

Mχ
×

dNd
i

dE
(E) , (4)

where Γd is the decay rate and dNd
i /dE(E) is the number of particles i emitted per decay in (E, E + dE).

The distribution of dark matter in the Galaxy is rather poorly known, and one has to rely on large extrapolations.
One possibility is to take N-body simulations of hierarchical clustering in cold dark matter cosmologies as a guideline.
Numerical results indicate that dark matter halos can be described by density profiles that sharply enhanced towards
the galactic center; there is still an on-going debate regarding how cuspy the profiles are, while, from the observational

Neglect for the moment also convection; spatial diffusion is the term 
setting the confinement time:
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Dxx(p) ∝ pα (5)

α = 1/3 Kolmogorov
α = 1/2 Kraichnan

with
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LSN = RSNESN ! 3 · 1041 ergs−1 (4)

Dxx(p) ∝ pα (5)

α = 1/3 Kolmogorov
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wCR ! 0.5 eV cm−3 (1)

WCR ! wCRVconf ! 2 · 1055 erg (2)

LCR !
WCR

τconf
! 5 · 1040 ergs−1 (3)

LSN = RSNESN ! 3 · 1041 ergs−1 (4)

Dxx(p) ∝ pα (5)

α = 1/3 Kolmogorov
α = 1/2 Kraichnan

τconf ∝ 1/Dxx (6)

qp ∝ p−βini,p (7)

βini,p ! 2 (8)

φp ∝ p−βobs,p (9)

and (??)

Solving the propagation eq. and comparing 
the result to the local proton flux:

with

In fair agreement with 
the prediction:

2

βobs,p ! 2.7 (10)

βobs,p = βinj,p + α (11)

qB ∝ φC ∝ p−βobs,C (12)

φB ∝ p−βobs,B (13)

βobs,B = βobs,C + α (14)

φB/φC ∝ p−βobs,B+βobs,C = p−α (15)

with (strong shock 
  limit)
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WCR ! wCRVconf ! 2 · 1055 erg (2)

LCR !
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τconf
! 5 · 1040 ergs−1 (3)

LSN = RSNESN ! 3 · 1041 ergs−1 (4)

Dxx(p) ∝ pα (5)

α = 1/3 Kolmogorov
α = 1/2 Kraichnan

τconf ∝ 1/Dxx (6)

qp ∝ p−βinj,p (7)

βinj,p ! 2 (8)

φp ∝ qp · τconf ∝ p−βobs,p (9)

1

wCR ! 0.5 eV cm−3 (1)

WCR ! wCRVconf ! 2 · 1055 erg (2)

LCR !
WCR

τconf
! 5 · 1040 ergs−1 (3)

LSN = RSNESN ! 3 · 1041 ergs−1 (4)

Dxx(p) ∝ pα (5)

α = 1/3 Kolmogorov
α = 1/2 Kraichnan

τconf ∝ 1/Dxx (6)

qp ∝ p−βinj,p (7)

βinj,p ! 2 (8)

φp ∝ qp · τconf ∝ p−βobs,p (9)
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Apply the same to secondary nucleon species:
“Secondaries” are particles generated in the interaction of primary species 
with the interstellar medium in “spallation” processes.  Example: secondary 
Boron from the primary Carbon. The Boron source function proportional 
to the Carbon flux (after propagation): 

2

βobs,p ! 2.7 (10)

βobs,p = βini,p + α (11)

qB ∝ φC ∝ p−βobs,C (12)

φB ∝ p−βobs,B (13)

βobs,B = βobs,C + α (14)

φB/φC ∝ p−βobs,B+βobs,C =∝ p−α (15)

2

βobs,p ! 2.7 (10)

βobs,p = βini,p + α (11)

qB ∝ φC ∝ p−βobs,C (12)

φB ∝ p−βobs,B (13)

βobs,B = βobs,C + α (14)

φB/φC ∝ p−βobs,B+βobs,C =∝ p−α (15)

2

βobs,p ! 2.7 (10)

βobs,p = βini,p + α (11)

qB ∝ φC ∝ p−βobs,C (12)

φB ∝ p−βobs,B (13)

βobs,B = βobs,C + α (14)

φB/φC ∝ p−βobs,B+βobs,C =∝ p−α (15)

2

βobs,p ! 2.7 (10)

βobs,p = βini,p + α (11)

qB ∝ φC ∝ p−βobs,C (12)

φB ∝ p−βobs,B (13)

βobs,B = βobs,C + α (14)

φB/φC ∝ p−βobs,B+βobs,C = p−α (15)

The Boron flux (after propagation) 
is in the form:

predicting:

i.e., the secondary to primary ratio:

is predicted to be independent of 
the (unknown) Carbon injection 
index.
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FIG. 1: Local 10Be/9Be (Left Panel) and B/C (Right Panel) ratios. Data are compared to the benchmark models for propa-
gation B0 (blue), B1 (green), B2 (red), B3 (orange), B4 (cyan), and B5 (magenta). For details on the models see Table 1 and
text.

The diffusion coefficient D0 and Alfvén velocity va are tuned in order to reproduce the B/C ratio in all the benchmark
models. Values are reported in Table 1. Spectra of the B/C ratio are shown in Fig. ??b. The solar modulation is
computed in the force field approximation [? ]. Note that all the benchmark models are satisfactory in fitting the
B/C data.

In the rest of the paper, we are mostly sensitive to the high energy (! 10 GeV) description of the propagation.
We check the reliability of our models, by performing a χ2-analysis and comparing the predicted B/C ratio with data
from the most accurate surveys, namely, CREAM [? ], ATIC [? ], HEAO3 [? ], and CRN [? ], at E ≥ 3 GeV. Results
are reported in the last column of Table 1.

Energy loss: All the energy losses are computed within the Galprop code as described in Ref. [? ].
Updated calculations of the ISRF [? ] have estimated a quite different emission in the inner region of the Galaxy,

depending on the assumptions on the metallicity gradient. The picture in the outer region is, however, basically
unchanged, and our results can be only very mildly affected.

The large-scale structure properties of the magnetic field are not extremely important as the turbulence properties
in determining the diffusion. The strength is, on the other hand, crucial for the estimates of both synchrotron radiative
emission and energy loss. It turns out that the latter is a subdominant component of the energy loss term of Eq. ??
in most regions of the Galaxy. A precise estimate of the magnetic field strength is thus marginally relevant for X-
and γ-ray emissions, while it becomes obviously very important when discussing radio and infrared signals.

The magnetic field strength can be estimated from pulsar data as [? ]: B = B0exp(−R−Rs

RB
), with Rs being the

Sun-GC distance, B0 = 2.1 ± 0.3 µG and RB = 8.5 ± 4.7 kpc (similar results from extragalactic sources [? ]). Note
that polarization observations refer only to the line-of-sight component of the magnetic field. Radio synchrotron
measurements suggest higher values for the strength of the total field B, namely, 6 µG near the Sun and about 10
µG in the inner Galaxy (outside the GC), assuming equipartition between the energy densities of magnetic fields and
cosmic rays [? ] (this result is fairly in agreement with observations through the Zeeman splitting of atomic and
molecular lines [? ]). The radial scale length of the equipartition field is of about 12 kpc. On the other hand, analysis
of the WMAP synchrotron foreground data (plus some assumptions on the CR distribution and turbulence model)
can lead to [? ] B0 = 3µG, RB = 11 kpc, and Bturb/B0 = 0.57, not far from the estimate though rotation measures
of pulsars.

We consider the benchmark case B = 5 · exp[−(R − Rs)/10 kpc− |z|/2 kpc] µG, with Rs = 8.5 kpc.

III. SOURCE TERMS

A. Standard primary cosmic ray components

There are strong indications that the main mechanism of acceleration for primary Galactic CRs, up to energies of
100 TeV or so, is the scattering of CR particles with the strong shock wave fronts produced by supernova remnants

Boron over Carbon

compare against observations 
and find α (plus a combination 
of other parameters in the full 
propagation model)
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Antiproton flux

kinematic peak expected 
for secondaries, not for a 

primary component

The picture for antiprotons is totally consistent:
Antiprotons are generated in the interaction of primary proton and helium 
cosmic rays with the interstellar gas (hydrogen and helium), e.g., in the 
process:

2

βobs,p ! 2.7 (10)

βobs,p = βinj,p + α (11)

qB ∝ φC ∝ p−βobs,C (12)

φB ∝ p−βobs,B (13)

βobs,B = βobs,C + α (14)

φB/φC ∝ p−βobs,B+βobs,C = p−α (15)

p + H → 3 p + p̄ (16)

-
Use the parameter determination from the B/C ratio, to extrapolate the 
prediction for the p/p ratio: excellent agreement for secondaries only!

Antiproton over proton

Donato et al., arXiv:0810.5292
Latest Pamela data: Adriani et al., 

arXiv:0810.4994



Coming to electrons and positrons: 
Energy losses cannot be neglected (at any energy) for electrons/positrons: 

3

zh D0 α va βinj,nuc βinj,e dvc/dz χ2
red color

kpc 1028 cm2s−1 km/s km/s kpc−1 (d.f.=19) coding

B0 4 3.3 1/3 35 1.85/2.36 1.50/2.54 0 0.67 blue

B1 1 0.81 1/3 35 1.65/2.36 1.50/2.54 0 0.77 green

B2 10 6.1 1/3 35 1.85/2.36 1.50/2.54 0 0.74 red

B3 4 3.25 1/3 45 1.85/2.36 1.50/2.54 10 0.84 orange

B4 4 1.68 1/2 22 2.4/2.2 2.1/2.54 0 0.86 cyan

B5 10 2.8 · e|z|/zs 1/3 35 1.85/2.36 1.50/2.54 0 0.66 magenta

TABLE I: Benchmark models of propagation. The spectral index break for protons and electrons is at 9 and 4 GeV, respectively,
in the cases with Kolmogorov diffusion, and at 40 and 10 GeV in the Kraichnan case. The scale of diffusion in the model B5
is taken to be zs = 4 kpc.

II. COSMIC-RAY PROPAGATION IN THE GALAXY

We adopt the description of cosmic-rays as particles propagating in a determinate environment (i.e., disregarding
the effects induced on the ISM by the interaction with CRs). The CR propagation equation for a particle species i
can be written in the form [30]:

∂ni("r, p, t)

∂t
= "∇ · (Dxx

"∇ni − "vc ni) +
∂

∂p
p2Dpp

∂

∂p

1

p2
ni −

∂

∂p

[

ṗ ni −
p

3
("∇ · "vc)ni

]

+ q("r, p, t) +
ni

τf
+

ni

τr
(1)

where ni is the number density per particle momentum (ni(p)dp = Ni(E)dE, with Ni(E)dE being the number density
in the energy interval (E, E + dE)), q is the source term, Dxx is the spatial diffusion coefficient along the regular
magnetic field lines, "vc is the velocity of the Galactic wind, Dpp is the coefficient of the diffusion in momentum space, ṗ
is the momentum loss rate, and τf and τr are the time scales for fragmentation loss and radioactive decay, respectively.

The transport equation is solved numerically and assuming a cylindrical symmetry, with halo boundaries at disc ra-
dius R = 20 kpc and half-thickness zh as described below. We exploited a modified version of the GALPROP code [31].
The main modifications consist in introducing by input the spatial and spectral profiles of the DM source (computed
within the DarkSUSYpackage [32]), and in including the possibility of a spatially varying diffusion coefficient.

In the following, we mainly consider one-zone models with isotropic diffusion, which can be regarded as the most
extensively tested models of the recent past (see, e.g., Ref. [33] for a review).

Our approach is to perform self-consistent tests in the local region and the parameters in Eq. 1 are chosen to strictly
reproduce the local directly-observed spectra of nuclei and electrons.

The goal of the paper is to study the possibility of disentangling the diffuse signals originated from two different
sources, CRs and DM, having different spatial distributions. The CR injection source is confined to the Galactic
plane, while the DM profile has a spherical shape. The region with intermediate and large z is thus the best target
for the analysis. The propagation reshuffles the distribution of the two populations of electrons (and thus IC and
bremsstrahlung signals), and the γ-ray signal associated to the decays of CR pions. The scaling of the signal along
the z-direction is affected by almost any quantity entering in the transport equation, such as the description of the
diffusion, the wind velocity, the magnetic field structure, and the ISRF distribution. Moreover, it is dramatically
sensitive to the height of the propagation halo, namely, to the boundary condition along the z-axis.

We are not interested in performing a full scan of the propagation parameters space and estimate the corresponding
uncertainties in the CR spectra (see, e.g., Refs. [34, 35]); rather, we want to investigate how different scalings along
the z-direction due to different propagation models can affect the predictions for the signal to background ratio. We
consider six benchmark scenarios of propagation and injection spectra, which are summarized in Table 1. In the
following, we motivate our selection.

Halo height: In addition to the ”conventional” model having zh =4 kpc (named B0), we consider two models of
propagation in which the halo height has been set to zh=1 kpc (model B1) and zh=10 kpc (model B2). The strongest
constraints on the halo height is given by the ”radioactive clocks”, namely, unstable secondaries. Indeed, the ratio
between stable and decaying isotopes is sensitive to the CR confinement time, which is in turn related to the halo
height (and the diffusion coefficient). At present, the most precise measurements is the ratio 10Be/9Be, with the
unstable 10Be decaying in 106 years. In Fig. 1a, we show the spectra of the 10Be/9Be ratio. As expected, zh =4 kpc
seems to be preferred by data. The model B2 is fully consistent with data at low energy (which are the most reliable),

The main effects are due to synchrotron emission on the galactic magnetic 
fields and inverse Compton emission on the CMB and starlight:

2

βobs,p ! 2.7 (10)

βobs,p = βinj,p + α (11)

qB ∝ φC ∝ p  βo b s ; C (12)

φB ∝ p  βo b s ; B (13)

βobs,B = βobs,C + α (14)

φB/φC ∝ p  βo b s ; B +βo b s ; C = p  α (15)

p + H → 3 p + p̄ (16)

ṗ ∝ p2 (17)

τloss !
p

ṗ
∝ p  1 (18)

φe  ∝ qe  · min [τloss, τconf ] ∝ p  β i n j ; e  δ (19)

2

βobs,p ! 2.7 (10)

βobs,p = βinj,p + α (11)

qB ∝ φC ∝ p−βobs,C (12)

φB ∝ p−βobs,B (13)

βobs,B = βobs,C + α (14)

φB/φC ∝ p−βobs,B+βobs,C = p−α (15)

p + H → 3 p + p̄ (16)

ṗ ∝ p2 (17)

τloss !
p

ṗ
∝ p−1 (18)

φe− ∝ qe− · min [τloss, τconf ] ∝ p−βinj,e−δ (19)

2

βobs,p ! 2.7 (10)

βobs,p = βinj,p + α (11)

qB ∝ φC ∝ p−βobs,C (12)

φB ∝ p−βobs,B (13)

βobs,B = βobs,C + α (14)

φB/φC ∝ p−βobs,B+βobs,C = p−α (15)

p + H → 3 p + p̄ (16)

ṗ ∝ p2 (17)

τloss !
p

ṗ
∝ p−1 (18)

φe− ∝ qe− · min [τloss, τconf ] ∝ p−βinj,e−δ (19)

setting a new timescale:

The solution to the diffusion equation becomes (approximately):

3

p + H → ...→ π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

3

p + H → ...→ π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

3

p + H → ...→ π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

with δ=1 for energy losses or δ=α for diffusion.
Secondary electron/positrons are produced, e.g., through: 



The secondary electron/positron source function is proportional to the 
proton flux (after propagation), i.e. it scales like:

3

p + H → ...→ π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

qe± ∝ φp ∝ p−βinj,p−α (23)

φe± ∝ qe± · min [τloss, τconf ] ∝ p−βinj,p−α−δ (24)

3

p + H → ...→ π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

qe± ∝ φp ∝ p−βinj,p−α (23)

φe± ∝ qe± · min [τloss, τconf ] ∝ p−βinj,p−α−δ (24)

with the induced flux, predicted to be about:

Looking at the ratio between the 
(secondary only) positron flux to 
the (mostly primary) electron 
flux, you expects it to scale like:

3

p + H → ...→ π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

qe± ∝ φp ∝ p−βinj,p−α (23)

φe± ∝ qe± · min [τloss, τconf ] ∝ p−βinj,p−α−δ (24)

φe+

φe−
∝ p−(βinj,p−βinj,e+α) (25)

βinj,p − βinj,e + α (26)

i.e. decreasing with energy since 
it would be hard to find a scheme 
in which:

3

p + H → ...→ π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

qe± ∝ φp ∝ p−βinj,p−α (23)

φe± ∝ qe± · min [τloss, τconf ] ∝ p−βinj,p−α−δ (24)

φe+

φe−
∝ p−(βinj,p−βinj,e+α) (25)

βinj,p − βinj,e + α (26)

is negative.

PAMELA measured a 
rising positron fraction
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• The propagation model is wrong: there are extra energy-dependent 
effects which affect secondary positrons (or primary electrons) but not 
the secondary to primary ratios for nuclei (at least at the measured 
energies), e.g.: Piran et al., arXiv:0905.0904; Katz et al., arXiv:
0907.1686

• There is production of secondary species within the CR sources with a 
mechanism giving a sufficiently hard spectrum (reacceleration at SN 
remnants?), e.g.: Blasi, arXiv:0903.2794; Mertsch & Sarkar, arXiv:
0905.3152

• There are additional astrophysical sources producing primary positrons 
and electrons: pulsars are the prime candidate in this list.

• There is an exotic extra source of primary positrons and electrons: a    
dark matter source is the most popular option in this class.

• ... 

How to explain a rising positron fraction? 



Few words on the pulsar interpretation: 
There are a few nearby pulsars (Geminga is at only 100 pc) within which 
electron/positron pair production could be efficient enough. Take a 
phenomenological approach and fit the data, e.g.:

Grasso et al., arXiv:0905.0636

Successful fits but with a few caveats, e.g.: you need extremely hard source 
spectra, β≈1.5-1.7; you need to get e /e  out of the source keeping such hard 
spectra; the deduced properties of nearby pulsars should be consistent with 
what you deduce from CRs and photons elsewhere in the Galaxy.

+-



Primary electrons/positrons from DM WIMPs: 
The relevant process is the pair annihilations of non-relativistic WIMPs in 
the DM halo, proceeding mostly through two-body final states:

10 S. Colafrancesco et al.: DM annihilations in Coma

analogous to that sketched above for parent halos with the Bullock et al. or ENS toy models, except that, on average,
substructures collapsed in higher density environments and suffered tidal stripping. Both of these effects go in the
direction of driving larger concentrations, as observed in the numerical simulation of Bullock et al. 2001, where it is
shown that, on average and for M ∼ 5 ·1011M! objects, the concentration parameter in subhalos is found to be about
a factor of 1.5 larger than for halos. We make here the simplified ansazt:

〈cs(Ms)〉 = Fs〈cvir(Mvir)〉 with Ms = Mvir , (23)

where, for simplicity, we will assume that the enhancement factor Fs does not depend on Ms. Following again Bullock
et al. (Bullock et al. 2001), the 1σ deviation ∆(log10 cs) around the mean in the log-normal distribution Ps(cs), is
assumed to be independent of Ms and of cosmology, and to be, numerically, about ∆(log10 cs) = 0.14.

Finally, we need to specify the spatial distribution of substructures within the cluster. Numerical simulations,
tracing tidal stripping, find radial distributions which are significantly less concentrated than that of the smooth DM
components. This radial bias is introduced here assuming that:

ps(r) ∝ g(r/a′) , (24)

with g being the same functional form introduced above for the parent halo, but with a′ much larger than the length
scale a found for Coma. Following Nagai & Kravtsov (Nagai & Kravtsov 2005), we fix a′/a % 7. Since the fraction fs

of DM in subhalos refers to structures within the virial radius, the normalization of ps(r) follows from the requirement:

4π

∫ Rvir

0
r2ps(r) = 1 . (25)

3. Neutralino annihilations in Coma

3.1. Statistical properties

Having set the reference particle physics framework and specified the distribution of DM particles, we can now introduce
the source function from neutralino pair annihilations. For any stable particle species i, generated promptly in the
annihilation or produced in the decay and fragmentation processes of the annihilation yields, the source function
Qi(r, E) gives the number of particles per unit time, energy and volume element produced locally in space:

Qi(r, E) = 〈σv〉0
∑

f

dNf
i

dE
(E)Bf Npairs(r) , (26)

where 〈σv〉0 is the neutralino annihilation rate at zero temperature, the sum is over all kinematically allowed annihi-
lation final states f , each with a branching ratio Bf and a spectral distribution dNf

i /dE, and Npairs(r) is the number
density of neutralino pairs at a given radius r (i.e., the number of DM particles pairs per volume element squared). The
particle physics framework sets the quantity 〈σv〉0 and the list of Bf . Since the neutralino is a Majorana fermion light
fermion final states are suppressed, while – depending on mass and composition – the dominant channels are either
those with heavy fermions or those with gauge and Higgs bosons. The spectral functions dNf

i /dE are inferred from the
results of MonteCarlo codes, namely the Pythia (Sjöstrand 1994, 1995) 6.154, as included in the DarkSUSY package
(Gondolo et al. 2004). Finally, Npairs(r) is obtained by summing the contribution from the smooth DM component,
which we write here as the difference between the cumulative profile and the term that at a given radius is bound in
subhalos, and the contributions from each subhalo, in the limit of unresolved substructures and in view of fact that
we will consider only spherically averaged observables:

Npairs(r) =

[
(ρ′g(r/a) − fs Mvir ps(r))

2

2 M2
χ

+

ps(r)
∫

dMs
dns

dMs

∫
dc ′

s Ps (c ′
s(Ms))

∫
d3rs

(ρ′s g(rs/as))
2

2 M2
χ

]
. (27)

This quantity can be rewritten in the more compact form:

Npairs(r) =
ρ̄2

2 M2
χ

[
(ρ′g(r/a) − fs ρ̃s g(r/a′))2

ρ̄2
+ fs∆2 ρ̃s g(r/a′)

ρ̄

]
, (28)

total 
rate branching

ratio into f

# density of
WIMP pairs

 

e / e  energy spectra of 
two kinds:
+ -

Soft spectra from, e.g., quark final states which produce charged pions 
decaying into leptons;
Hard spectra from, e.g., lepton or gauge boson final states, in which 
electrons and positrons are produced promptly or in a short decay 
chain.

3

p + H → ...→ π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

qe± ∝ φp ∝ p−βinj,p−α (23)

φe± ∝ qe± · min [τloss, τconf ] ∝ p−βinj,p−α−δ (24)

φe+

φe−
∝ p−(βinj,p−βinj,e+α) (25)

βinj,p − βinj,e + α (26)

χχ̄→ ff̄ (27)

(the energy of  f  is equal to the WIMP mass) corresponding to the source 
function:
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Propagate this extra source in analogy to standard primary and secondary 
astrophysical components (only caveat: this source is not located in the gas 
disc, as the astrophysical sources, but spreads out in the full diffusive halo).

Different strategies. One possibility is to take again a phenomenological 
approach and adjust a generic WIMP model (defined by WIMP mass and 
dominant annihilation channel) to the data (i.e. find, for a given WIMP 
density, find the annihilation cross section). E.g.: start only with the fit of 
the PAMELA excess in the positron ratio:

either very massive WIMPS, or lighter WIMPs but hard 
annihilation spectra (leptons or W-bosons)
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... then cross correlate, for the same WIMP model, other signals. The 
comparison with antiprotons is very powerful, since there is very little 
room for an exotic  component in that channel:
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The W-boson annihilation channel has an antiproton yield 
which is large and inconsistent with antiproton data for 
WIMPs lighter than 10 TeV or so; leptonic channels are 
unaffected (they do not give rise to a positron yield). 
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... add in the recent measurement of the electron+positron flux by FERMI
(and disregard previous claims by ATIC and PPB-BETS): 
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annihilation into muons, 
heavy WIMPs, large 

“enhancement factors”

This “solution”:
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Slightly different results among the numerous fits to the recent data, but 
convergence on models which are very different from “conventional” 
WIMP models (e.g. neutralinos in the MSSM). DM seems to be:

• leptophilic, i.e. with pair annihilation into leptons only, or 
into light (pseudo)scalars which for kinematical reasons can 
decay into leptons only (for this second class, see, e.g.: 
Arkani-Hamed et al., arXiv:0810.0713; Nomura & 
Thaler, arXiv:0810.5397);

• heavy, with WIMP masses above the 1 TeV scale;

• with a large (order 1000 or more) “enhancement factor” in 
the source function, either in the annihilation rate because                                                 
_                        (or there is a resonance effect, or DM is 
simply non-thermal) or in the WIMP pair density 
because                .     .               

3

p + H → ... → π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

qe± ∝ φp ∝ p−βinj,p−α (23)

φe± ∝ qe± · min [τloss, τconf ] ∝ p−βinj,p−α−δ (24)

φe+

φe−
∝ p−(βinj,p−βinj,e+α) (25)

βinj,p − βinj,e + α (26)

χχ̄ → ff̄ (27)

〈σv〉T0 & 〈σv〉Tf.o. (28)

〈ρ2
χ〉 & 〈ρχ〉2 (29)

3

p + H → ... → π± + ... (20)

µ± + νµ (21)

e± + νe + νµ (22)

qe± ∝ φp ∝ p−βinj,p−α (23)

φe± ∝ qe± · min [τloss, τconf ] ∝ p−βinj,p−α−δ (24)

φe+

φe−
∝ p−(βinj,p−βinj,e+α) (25)

βinj,p − βinj,e + α (26)

χχ̄ → ff̄ (27)

〈σv〉T0 & 〈σv〉Tf.o. (28)

〈ρ2
χ〉 & 〈ρχ〉2 (29)



DM is charged under a (new) gauge force, mediated by a “light” boson: this 
sets a non-perturbative long-range interaction, analogously to Coulomb 
interaction for positronium: 

4

V (r) = −α

r
(30)

S =
∣∣∣∣
ψ(∞)
ψ(0)

∣∣∣∣
2

=
π α/v

1− e−π α/v
(31)

π α

v
(32)

v # α (33)

4

V (r) = −α

r
(30)

S =
∣∣∣∣
ψ(∞)
ψ(0)

∣∣∣∣
2

=
π α/v

1− e−π α/v
(31)

π α

v
(32)

v # α (33)

4

V (r) = −α

r
(30)

S =
∣∣∣∣
ψ(∞)
ψ(0)

∣∣∣∣
2

=
π α/v

1− e−π α/v
(31)

π α

v
(32)

v # α (33)

4

V (r) = −α

r
(30)

S =
∣∣∣∣
ψ(∞)
ψ(0)

∣∣∣∣
2

=
π α/v

1− e−π α/v
(31)

π α

v
(32)

v # α (33)

a non-perturbative 
enhancement in 
the cross section at 
low velocities
Hisano, Matsumoto 
& Nojiri,(2003); 
e.g.: Cirelli et al., 
arXiv:0809.2409

The same 1/v enhancement is obtained for a Yukawa potential. In a DM 
context, first studied in the MSSM for pure very massive Winos or 
Higgsinos and weak interaction as gauge force (light W boson limit).

gives the enhancement  
in the cross section:

First possibility: Sommerfeld effect 
Different 
possibilities for 
extrapolating 
the cross section 
from the early 
Universe: 



Arkani-Hamed et al., arXiv:0810.0713
Example: a new (sub-)Gev scale dark sector:

The DM particle ψ is charged under a  new gauge force mediated by X   :

The dark gauge field X  mixes with the photon A  :

μ

μ μ

leptonic final
states:

non-perturbative 
Sommerfeld enhancement



Second possibility: Enhancements in the indirect detection DM signals are 
often invoked in connection to substructures within the Galaxy, 
assuming:                     .〈ρ2〉 # 〈ρ〉2

In hierarchical CDM structure 
formation, small dense structures 
collapse first, merging then into 
larger and less dense objects, with 
a substructure population 
partially surviving tidal 
disruption in the merging:

Moore et al., 2005
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The smallest substructures  
on the scale corresponding 
to the WIMP free-
streaming scale, ~ 10  M❍.-6

Green, Hofmann & 
Schwartz, 2004



Brun et al., arXiv: 0904.0812

Several analysis and slightly different results:
the enhancement in a typical 
realization in a CDM halo (summing 
the contributions over all substructures 
and averaging over a statistical ensemble 
of realizations) is unlikely to be larger 
than a factor or few (maybe 100), e.g.: 

Lavalle et al., arXiv:0709.3634
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positron energy

B<20

The signal might be dominated by the 
closest/densest substructure in the 
distribution - a configuration with a very 
small probability within CDM simulations 
(have we “won the lottery”?)~ total annihilation rate

10%

10%

0.1%



Single DM substructures and proper motion effects

DM clumps have been mostly treated as static point sources (propagation 
eq. solved in the steady limit). However clumps are expected to have, on 
average, a velocity of the order of the velocity dispersion for non-
rotationally-supported galactic populations, i.e. about:                               .     

√
〈v2〉 # 300 km s−1

This effect defines a “proper-motion” timescale which turns  to be 
comparable or even smaller than the energy loss or spatial diffusion 
timescales: it is necessary to solve the propagation equation for charged 
particles in the Galaxy without assuming the steady state limit, as recently 
done for electrons/positrons and antiprotons, see:

Regis & P.U., arXiv: 0907.5093

The result is that proper motion matters, possibly being the dominant 
effect, in all cases except for very close substructures or at very high 
energies.



E.g.: assume you have a 500 GeV DM candidate annihilating 
into monochromatic e / e , on a orbit perpendicular to the 
galactic plane and passing close to the Sun:     

labeling time with the 
distance along the 
orbit, for vs = 300 km s−1

+ -

(e
.g

.) 
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The matching between the measured excesses and the particle physics 
properties, which used to be: 
i) the DM mass to the energy threshold of the excess;
ii) the annihilation channel to its spectral shape; 
iii) the annihilation rate to the normalization of the signal;

                                  is now totally spoiled!
In fact:
i) the energy threshold can be drastically shifted if you allow the
   substructure to be far away from the observer;
ii) the spectral shape is mostly determined by the transient, and is very
   sensitive to the specific transient one considers;
iii) the normalization depends mainly on the dark matter density 
   within the substructure. 

This is clearly an extreme case, however it illustrates nicely the point that 
one should never give for granted quantities that are deduced in modeling 
of a given data set, rather than directly measured in the data.
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FIG. 4: Left Panel: upper limit from Pamela, EGRET, FERMI Right Panel: ....
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Sample fit to the Pamela and Fermi electron/positron data 
Assumes a given: i) DM annihilation channel: monochromatic e / e ,
ii) DM mass, & iii) clump orbit/velocity. Fit optimized with respect to: 1) 
the distance along the orbit, & 2) the source normalization.  The electron 
background is assumed to follow from Fermi data:

+ -

Hardly any correlation between the point source contribution and the 
contribution from the smooth DM halo component (which in all studies 
displayed so far was scaled by by the “enhancement factor”)
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Sample fit to the Pamela and Fermi electron/positron data 
Assumes a given: i) DM annihilation channel:  τ / τ , ii) DM mass, & 
iii) clump orbit/velocity. Fit optimized with respect to: 1) the distance 
along the orbit, & 2) the source normalization.  The electron background 
is assumed to be significantly below the Fermi data:

+ -
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Much larger annihilation rates are predicted in other scenarios. One 
possibility: in the first DM halos, intermediate-mass black holes may form 
and, during this process, DM is adiabatically compressed in the center of 
these systems, inducing very dense DM “spikes”; such objects are expected 
to be present in the Milky Way, possibly corresponding to extremely bright 
DM sources. Bertone,  Zenter & Silk  (2005), Brun et al. (2007).

Are these fits meaningful?
Indeed the required total 
(i.e. volume integrated)  
annihilation rates are very 
large, much larger than the 
expected values in 
substructures according to 
CDM N-body simulations.

Brun et al., arXiv: 0904.0812

~ total annihilation rate

10%
0.1%

~ 1 & 2 

~ 3 & 4 

(the comparison is not totally 
consistent since the plot 
assumes static substructures)



Caveat: we may have seen a DM signal, but have not seen 
a DM signature.  

Bergström et al. on model 
by Arkani-Hamed et al.

The sample fit of the data with 
a DM signal:

is analogous to the signal foreseen 
in models of more than a decade 
ago:

Aharonian et al., 1995

except that this 
is a pulsar signal

Cleaner spectral features in upcoming higher statistics measurements (???).
Pay attention to cross correlations with other DM detection channels.

E.g.: a DM point source accounting for the PAMELA excess would be 
detected by the Fermi GST looking at the associated γ-ray flux



DM annihilations and gamma-ray fluxes:
The source function has exactly the same form as for positrons:
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analogous to that sketched above for parent halos with the Bullock et al. or ENS toy models, except that, on average,
substructures collapsed in higher density environments and suffered tidal stripping. Both of these effects go in the
direction of driving larger concentrations, as observed in the numerical simulation of Bullock et al. 2001, where it is
shown that, on average and for M ∼ 5 ·1011M! objects, the concentration parameter in subhalos is found to be about
a factor of 1.5 larger than for halos. We make here the simplified ansazt:

〈cs(Ms)〉 = Fs〈cvir(Mvir)〉 with Ms = Mvir , (23)

where, for simplicity, we will assume that the enhancement factor Fs does not depend on Ms. Following again Bullock
et al. (Bullock et al. 2001), the 1σ deviation ∆(log10 cs) around the mean in the log-normal distribution Ps(cs), is
assumed to be independent of Ms and of cosmology, and to be, numerically, about ∆(log10 cs) = 0.14.

Finally, we need to specify the spatial distribution of substructures within the cluster. Numerical simulations,
tracing tidal stripping, find radial distributions which are significantly less concentrated than that of the smooth DM
components. This radial bias is introduced here assuming that:

ps(r) ∝ g(r/a′) , (24)

with g being the same functional form introduced above for the parent halo, but with a′ much larger than the length
scale a found for Coma. Following Nagai & Kravtsov (Nagai & Kravtsov 2005), we fix a′/a % 7. Since the fraction fs

of DM in subhalos refers to structures within the virial radius, the normalization of ps(r) follows from the requirement:

4π

∫ Rvir

0
r2ps(r) = 1 . (25)

3. Neutralino annihilations in Coma

3.1. Statistical properties

Having set the reference particle physics framework and specified the distribution of DM particles, we can now introduce
the source function from neutralino pair annihilations. For any stable particle species i, generated promptly in the
annihilation or produced in the decay and fragmentation processes of the annihilation yields, the source function
Qi(r, E) gives the number of particles per unit time, energy and volume element produced locally in space:

Qi(r, E) = 〈σv〉0
∑

f

dNf
i

dE
(E)Bf Npairs(r) , (26)

where 〈σv〉0 is the neutralino annihilation rate at zero temperature, the sum is over all kinematically allowed annihi-
lation final states f , each with a branching ratio Bf and a spectral distribution dNf

i /dE, and Npairs(r) is the number
density of neutralino pairs at a given radius r (i.e., the number of DM particles pairs per volume element squared). The
particle physics framework sets the quantity 〈σv〉0 and the list of Bf . Since the neutralino is a Majorana fermion light
fermion final states are suppressed, while – depending on mass and composition – the dominant channels are either
those with heavy fermions or those with gauge and Higgs bosons. The spectral functions dNf

i /dE are inferred from the
results of MonteCarlo codes, namely the Pythia (Sjöstrand 1994, 1995) 6.154, as included in the DarkSUSY package
(Gondolo et al. 2004). Finally, Npairs(r) is obtained by summing the contribution from the smooth DM component,
which we write here as the difference between the cumulative profile and the term that at a given radius is bound in
subhalos, and the contributions from each subhalo, in the limit of unresolved substructures and in view of fact that
we will consider only spherically averaged observables:

Npairs(r) =

[
(ρ′g(r/a) − fs Mvir ps(r))

2

2 M2
χ

+

ps(r)
∫

dMs
dns

dMs

∫
dc ′

s Ps (c ′
s(Ms))

∫
d3rs

(ρ′s g(rs/as))
2

2 M2
χ

]
. (27)

This quantity can be rewritten in the more compact form:

Npairs(r) =
ρ̄2

2 M2
χ

[
(ρ′g(r/a) − fs ρ̃s g(r/a′))2

ρ̄2
+ fs∆2 ρ̃s g(r/a′)

ρ̄

]
, (28)

total 
rate branching

ratio into f

# density of
WIMP pairs

 

Prompt emission of γ-rays 
associated to three components:

1) Continuum: i.e. mainly from f → ...→ π0 → 2γ

11) Monochromatic: i.e. the 1-loop induced                       andχχ→ 2γ

χχ→ Z0γ (in the MSSM, plus eventually others on other models)

111) Final state radiation (internal Bremsstralungh)

5

Qmax ∼ 20 keV (40)

F " ρχ

Mχ
· 〈v〉 (41)

R " NT F σχN " NT
ρχ

Mχ
〈v〉σχN " 4 events

kg day
ρ0.3

χ

M100
χ

〈v200〉
(

σ1 pb
χN

A

)
(42)

dR

dER
" Rtot

r E0
R

exp
(
− ER

r E0
R

)
(43)

r =
4 Mχ MN

(Mχ + MN )2
(44)

E0
R ER (45)

log
(

dR

dER

)
(46)

χχ → l+ l−γ (47)
especially relevant for:

in case of Majorana fermions



Then for a model  for which all three are relevant (e.g. pure Higgsino)The 
source function has exactly the same form as for positrons:

Bergström et al., 
astro-ph/0609510

FRS

pions
lines

FRS

pions + lines 

including a typical detector 
energy resolution
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Qmax ∼ 20 keV (40)

F " ρχ

Mχ
· 〈v〉 (41)

R " NT F σχN " NT
ρχ

Mχ
〈v〉σχN " 4 events

kg day
ρ0.3

χ

M100
χ

〈v200〉
(

σ1 pb
χN

A

)
(42)

dR

dER
" Rtot

r E0
R

exp
(
− ER

r E0
R

)
(43)

r =
4 Mχ MN

(Mχ + MN )2
(44)

E0
R ER (45)

log
(

dR

dER

)
(46)

χχ → l+ l−γ (47)

dΦγ

dEγ
(Eγ , θ, φ) =

1
4 π

〈σv〉T0

2 M2
χ

∑

f

dNf
γ

dEγ
Bf ·

∫

∆Ω(θ,φ)
dΩ′

∫

l.o.s.
dl ρ2

χ(l)

The induced gamma-ray flux can be factorized:

Particle Physics DM distribution

Targets which have been proposed:

• The Galactic center (largest DM density in the Galaxy)

• The diffuse emission from the full DM Galactic halo

• Dwarf spheroidal satellites of the Milky Way

• Single (nearby?) DM substructures without luminous counterpart

• Galaxy clusters

• The diffuse extragalactic radiation

• ...



A number of “excesses” claimed in recent years; the Fermi GRT has 
collected over one year of data by now and will allow for much firmer 
statements. Preliminary results on DM searches have been presented in 
summer conferences, unfortunately reporting upper limits only.

E.g.: S. Murgia, TeV Particle Astrophysics 09

• No evidence for a WIMP contribution within 1° of the GC;

• The diffuse Galactic emission at intermediate and E > 1 GeV is 
lower then from EGRET data, consistent with the background;

• A set of upper limits have been inferred for dwarfs and clusters;

• Upper limits on monochromatic emission from the Galaxy 

• No evidence for extended sources without luminous counterpart;

• The diffuse extragalactic can be simply fitted by a single power law.
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DM annihilations and radiative emission:
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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:






νLsyn
ν =

1.8 A

0.463B

σv

M2
χ
ρ2
0 a2γ

(
ν̂/B̂0

)(1−B)/2

M̂−B
χ

∫
dr r2−2γ

(
r

r0

) β
2
(1−B)

exp




−

C
√

4.66

(
ν̂/B̂0

)1/2

M̂χ

(
r

r0

) β
2




 GeV

νLγ
ν =2πÃ

σv

M2
χ
ρ2
0 a2γ Ê2−B̃

M̂1−B̃
χ

∫
dr r2−2γexp

[

−C̃
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);

ambient
backgrounds

and fields

Synchrotron
Inv. Compton
Bremstrahlung
Coulomb
Ionization

radio
IR
X-rays
ϒs
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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:
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ν = 2π
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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
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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
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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,
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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
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M̂1−B̃
χ

∫
dr r2−2γexp

[

−C̃
Ê
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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:
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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);

The annihilation yields give rise to a multicomponent spectrum:

For certain DM sources is a very powerful (although model dependent) 
approach. E.g., the Galactic center (Sgr A ) has a well-measured seed: *

significant limits 
on WIMP models 
at any wavelength, 
unlikely the most 
stringent from the 
γ-band (even with 
Fermi)

infra-
red

X-bandradio
γ-band



An excess from standard astrophysical sources would be confined to the 
galactic disc, one from DM annihilation would be spread out to a much 
larger scale, leading to different predictions for the IC radiation. 
IC terms (plus FSR or pion terms) for two sample (leptophilic) models 
fitting the Pamela excess in the positron ratio:  

cross checked against Fermi 
preliminary data at 
intermediate latitudes  

a more solid prediction when 
looking at high latitudes ...  
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FIG. 5: γ-ray diffuse spectrum at intermediate latitudes (10◦ < b < 20◦), integrated over longitudes 0◦ < l < 360◦ and compared
to the FERMI preliminary data [77]. Left Panel: Emission in the propagation model B0. The CR (primary+secondary) spectra
associated to π0-decay, IC, and bremsstrahlung are shown by thin dotted lines. The thick solid blue line is the sum of the three
components. The solid black line shows the extragalactic background in the model described in the text (thick) and fitted from
EGRET data [20] (thin). The IC and FSR emission associated to the WIMP DMe are shown by thick dotted lines. The IC
and γ-ray from π0-decay signals induced by the WIMP DMτ are shown by thick dashed lines. Central Panel: Emission in the
propagation models B1 (green) and B2 (red). Same line styles of the left panel. Right Panel: The same of central panel, but
for the propagation models B3 (orange), B4 (cyan), and B5 (magenta).

B. γ-ray emission

The discussion in the previous Section pointed out that, in order to detect a DM-induced signal in the diffuse
emission of the Galaxy, intermediate and high latitudes are the best targets.

At high latitudes, the diffuse extragalactic gamma-ray background (EGB) is expected to become the dominant
background component. To estimate the level of the extragalactic emission in the FERMI preliminary data [77]
reported in Fig. 5, we rely on the EGRET data and we consider the fit obtained in Ref. [20] (upper black curve). The
sharp increase, with respect to EGRET, in sensitivity of the FERMI telescope to point sources may, on the other
hand, lower significantly such term. In three months of observations, FERMI has already detected an amount of
individually resolved active galactic nuclei (which are believed to be the main component of the EGB) corresponding
to ∼ 7% of the EGRET extragalactic diffuse gamma-ray background [78]. We consider a model for the contribution
of unresolved blazars as in Ref. [79] (lower black curve in Fig. 5 and 7), estimating the FERMI point source sensitivity
as 1.6 · 10−9cm−2s−1, roughly corresponding to 3 years of observations. Another crucial ingredient to estimate the
diffuse extragalactic radiation is absorption of gamma-rays at high energies, mainly due to pair production on the
extragalactic background light emitted by galaxies in the ultraviolet, optical and infrared bands. We consider the
parametrization of this effect in Ref. [80], as derived in the context of the ΛCDM cosmological model.

In Fig. 5, we plot the γ-ray diffuse spectrum at 10◦ < b < 20◦, integrated over longitude (0◦ < l < 360◦), and
compared to the FERMI preliminary data. These measurement do not confirm the EGRET excess in the GeV energy
range, with the level of the detected diffuse flux being significantly reduced. In Fig. 5a we show the case of the
”conventional” propagation model B0. The first remark is that the sum (blue solid line) of three CR components
(blue thin dotted lines), namely, IC, bremsstrahlung, and π0-decays, plus the extragalactic background contribution
(black solid line), can approximately account for the measured flux at E ≤ 10 GeV (note that propagation models
have not been tuned to do so, while we are just extrapolating from the LIS of nuclei). Exotic components, claimed in
order to explain the EGRET excess, are now significantly constrained, at least at mid-latitudes1.

In the same plot one can see that the γ-ray flux induced by our benchmark DM models is more than one order
of magnitude smaller than the detected flux at E ≤ 10 GeV, while it becomes comparable to or higher than the
background at E ! 100 GeV. At such energies, both the IC and FSR signals are relevant in the model DMe (thick
dotted line), while in the model DMτ (thick dashed line) the flux is driven by the π0-decay emission.

1 Other observations reported by the FERMI LAT telescope (e.g., Vela pulsar [81]) go in the same direction, namely, reporting a reduced
flux at GeV energies with respect to the EGRET observations. The current most likely interpretation of the EGRET excess is thus an
instrumental bias. This would imply that a significant contribution from exotic components at few GeV is severely constrained in any
portion of the sky.
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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 −

10˚< b < 20˚ 50˚< b < 60˚
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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 −

A result which is solid against uncertainties in the propagation model: the 
previous model extrapolated to  a few sample setups consistent with B/C

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 annihilating or decaying DM (since it is 
normalized to the locally measured  electron/positron flux)



DM annihilations at early stages of the Universe:
The very large annihilation cross sections has lead to several reanalyses of 
the limits from “polluting” the early Universe with DM yields. E.g.: 

Hisano et al., arXiv: 0901.3582

BBN limits: mainly from 
photo- and hadro-dissociation 
of light elements, and changes 
in the neutron to proton ratio

CMB limits: mainly from 
ionization of the thermal bath, 
Ly-α excitation of Hydrogen and 
heating of the plasma

Slatyer et al., arXiv: 0906.1197

These limits do not depend on the poorly-known fine graining of the 
local DM halo; note also that the velocity is different (v≈10  at the LSS)  -8
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