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Foreword

My scientific career has developed so far at the borders between particle physics, cosmology and
astrophysics, in what is commonly identified as the field of astroparticle physics.

The ‘flow’ of my research can be generically captured by the following definitions: mod-
els with extra space dimensions for particle physics (2001) → models with neutrinos in extra-
dimensions (2002)→ sterile neutrinos and neutrino cosmology (2003-2006)→ neutrinos produced
from Dark Matter annihilations (2005)→ constructions of Dark Matter (DM) models (2006-2008)
→ phenomenology of indirect detection of DM (2008-2014) → exploration of alternative mod-
els for DM production (2012) → phenomenology of DM direct detection and collider detection
(2013-2014).

Hence, what is arguably the dominant core interest of my recent activity right now is the
exploration of DM Indirect Detection (ID) methods. These consists in using cosmic rays
(gamma rays, charged particles and neutrinos), produced by the annihilations or decays of DM
particles in our galactic halo and beyond, in order to reveal the existence (and eventually study
the properties) of the Dark Matter itself.

In this context, I have in particular put a special attention into the ID phenomenology of the
DM models recently proposed in the wake of the excitement for ‘anomalies’ in the data, such as
the Pamela positron excess, the Fermi gamma-ray line, the GeV gamma-ray Galactic Center
excess etc.

This mémoire is divided in two parts. In Part A I briefly present myself and my scientific
activities up to now (october 2014). In Part B I present a selection of results in DM Indirect
Detection. The logical structure of Part B, in turn, is twofold: 1) it presents the basic concepts
and formulæ that are used in the field, in the form of a ‘matter of fact’, (hopefully) useful collection
of tools; 2) it presents briefly the status of the searches and sketch the research directions that
have stemmed from them.
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- invited lectures – “Dark Matter in cosmic rays”,
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Brazil
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- invited discussion – Invisibles13 Workshop, 15-19 Jul 2013, Durham, UK

- Planck 2013 - 20-24 May 2013, Bonn, Germany

- invited talk – Portoroz 2013, 14-18 April 2013, Portoroz, Slovenia
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- invited talk – New Paths to Particle DM - 29-30 March 2012, Oxford, UK
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Italy

- invited talk – Bethe Program, Nov 2011, Bonn, Germany

- invited talk – IDEALS Workshop, 10-12 Nov 2011, SISSA Trieste, Italy

- talk – CERN-TH retreat - 2-4 Nov 2011, Les Houches, France

- invited talk – GGI Dark Workshop, 25-27 Oct 2011, Galileo Galilei Institute, Firenze, Italy

- invited talk – DESY 2011 - Desy Theory Workshop, 27-30 Sep 2011, DESY, Hamburg,
Germany

- invited talk – LC11 Workshop, 12-16 Sep 2011, Trento, Italy

- talk – 15th Lomonosov Conf. on Elementary Particle Physics - 18-24 Aug 2011, Moskow,
Russia

- invited talk – IDAPP 2days Meeting, 20-22 Jun 2011, Paris, France

- organizer – PONT d’Avignon 2011 - 18-22 Apr 2011, Palais des Papes, Avignon, France

- invited talk – Rencontres de Physique des Particules, 14 Jan 2011, Clermont-Ferrand, France

- convener – IWLC2010, Int. Workshop on Linear Colliders, 18-22 Oct 2010, Geneva, Switzer-
land

- convener – CRICATPP 2010, 7-8 Oct 2010, Como, Italy

- talk – COSMO 2010 - 27 Sep - 1 Oct 2010, Tokyo, Japan

- invited talk – IoA Conference Darkness Visible - 2-6 Aug 2010, I. of Astronomy, Cambridge,
UK

- organizer – ICHEP 2010 - 21-28 Jul 2010, Palais des Congres, Paris, France
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- organizer – TeVPA - 19-23 Jul 2010, Paris, France

- Planck 2010, From the Planck scale to the EW scale, 31 May - 4 Jun 2010, CERN, Switzer-
land

- invited talk – GGI DM conference - 17-21 May 2010, Galileo Galilei Institute, Firenze, Italy

- invited talk – Rencontres de Physique de la Vallee d’Aoste - 28 Feb - 6 Mar 2010, La Thuile,
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- convener – COSMO 2009 - 7-11 September 2009, CERN, Geneva, Switzerland
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Italy

- invited talk – New Lights on Dark Matter - 11-13 Jun 2009, Perimeter Institute, Waterloo,
Canada

- invited talk – Rencontre at the Colegio de España - 4-5 Jun 2009, Paris, France

- invited talk – TANGO workshop - 4-6 May 2009, IAP, Paris, France

- GDR Neutrino - 27-28 Apr 2009, LPNHE Jussieu, Paris, France

- invited talk – GDR TeraScale - 30 Mar - 1 Apr 2009, Grenoble, France

- invited talk – Rencontres Physique Particules - 23-25 Mar 2009, Ecole Polytechnique, France

- invited review talk – Dutch Astroparticle Meeting, 20 Mar 2009, Leiden, The Netherlands

- invited talk – Frontiers in Neutrino Physics - 16-18 Mar 2009, APC, Paris, France

- invited talk – Neutrino Telescopes Venice 2009 - 10-13 Mar 2009, Venice, Italy

- invited talk – IPhT Departmental Meeting - 15-17 Oct 2008, Batz-sur-Mer, France

- invited talk – UniverseNET school and meeting - 22-26 Sep 2008, Oxford, UK
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- talk – NOW 2008, Neutrino Oscillation Workshop - 6-13 Sep 2008, Conca Specchiulla, Italy

- talk – iDM2008, Identification of Dark Matter - 18-22 Aug 2008, Stockholm, Sweden

- 12th Paris Cosmology Colloquium 2008 Ecole Chalonge - 17-19 Jul 2008, Paris, France

- PLANCK 2008, From the Planck scale to the EW scale - 19-23 May 2008, Barcelona, Spain
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- High Energy Physics in the LHC Era - 13-17 Nov 2006, LPNHE Jussieu, Paris, France

- Astroparticle Workshop - 23 Oct - 4 Nov 2006, Galileo Galilei Institute, Firenze, Italy

- talk – IFAE (Incontri sulla Fisica delle Alte Energie) - 19-21 April 2006, Pavia, Italy
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21

- COSMO 2004 - 17-21 Sep 2004, Toronto, Canada
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- Corfu 2001, Summer Institute on Elementary Particles - 31 Aug-21 Sep 2001, Corfu, Greece
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Chapter 1

Introduction to Dark Matter and Indirect
Detection

The existence of Dark Matter is firmly established by observations from galactic to cosmological
scales. However these observations only probe the gravitational coupling of Dark Matter, namely
its total mass and (somewhat) its spatial distribution. To really understand what Dark Matter is
we need to observe its other possible interactions with ordinary matter.

Three are the main avenues of investigation that are pursued:

◦ Direct Detection, which aims at detecting the recoil event produced by a passing DM particle
hitting one of the nucleus of a super-shielded and closely monitored underground detector,
made of ultrapure semiconductors, noble gasses, pristine crystals etc.

◦ Indirect Detection, discussed in detail in all the rest of this work, which aims at detecting
in cosmic rays the signature of DM annihilations or decays.

◦ accelerator searches, which aim at producing DM particles in a controlled environment
(at this time essentially the pp collisions at the Large Hadron Collider at CERN, but also
possibly in e+e− colliders and in beam dump experiments) and then detecting their presence
via missing energy or other signatures.

In each of these directions very many experimental efforts are deployed. Fig. 1.1 reports a
good fraction of them and shows that they are distributed over many continents and different en-
vironments. In addition, most if not all of the experiments are run by international collaborations
comprising tens to thousands of scientists from many institutions. It is truly a global effort of the
scientific community. Hence, it is important and timely that the theoretical community supports
this effort by providing, on one side, plausible predictions of the expected candidates and, on
the other side, precision tools that allow to compute the expected signals in the different search
channels. This also with the need in mind of comprehensive tools that allow cross-correlating the
results obtained in such different channels. Concretely, what is needed is a unified framework that
allows to convert a signal detected, say, in cosmic antiprotons into an expected signature in high
energy neutrinos from the Galactic Center, or (if possible) into rate of events in a noble gas de-
tector. While this remains an unreached goal for the time being (except for specific frameworks),
steps have been taken along this way and in particular within the Indirect Detection approach.
Some of these steps will be illustrated in the rest of this thesis.
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Figure 1.1: Lots of experiments all around the planet and outside of it.

Indirect detection of Dark Matter is the core subject of this dissertation. It consists in
searching for the following signal: Dark Matter particles annihilate in pairs (or Dark Matter
particles decay) giving rise to Standard Model particles, that can be detected by looking, in cosmic
rays collected on Earth, for an excess with respect to the presumed astrophysical contribution.
Promising sources are generically the regions where DM is expected to be densest, such as the
center of our Galaxy, the inner halo of our Galaxy, nearby galaxies dominated by Dark Matter,
the center of the Sun, the center of the Earth. . . However, some of these regions are also the most
complicated from the point of view of the underlying astrophysics (notably: the Galactic Center)
and so the best detection opportunities might come from selecting targets which are not necessarily
the richest in DM but for which the signal over background ratio is most favorable. This also
depends on which species of cosmic ray one is looking for. In general terms, the SM particles
that we hope to detect are photons, neutrinos, positrons, electrons, antiprotons, antideuterium
and maybe even more exotic antinuclei such as antihelium. Each one of them has advantages or
disadvantages:

• High-energy photons (γ-rays). They freely propagate, in the galactic environment, such
that the information lies in both the energy and angular spectrum (in the extragalac-
tic/cosmological environment, however, absorption can occur, but its practical impact is
limited). However DM is electrically neutral, so that photons can be produced only via
some subdominant mechanism (e.g. loops involving charged particles) or as secondary ra-
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diation: the spectrum is expected to be suppressed and highly model dependent.

• Low-energy photons (X-rays, radio waves). In the case of heavy (∼ GeV-TeV) DM, low en-
ergy photons are typically produced as secondary radiation (synchrotron, Inverse Compton
or bremsstrahlung) by the electrons and positrons originating from DM. They do therefore
constitute a signal ascribable to DM, but they are ‘doubly indirect’ and very dependent on
the environment (magnetic field, ambient light distribution, gas density...). On the other
hand, X-rays and other low energy radiation can also arise directly from the decay of light
(∼KeV or MeV) DM particles, e.g. in models featuring sterile neutrinos.

• Positrons. Positrons diffuse in the galactic magnetic fields losing energy via synchrotron
emission, Coulomb scattering, ionization, bremsstrahlung and Inverse Compton (IC) pro-
cesses. The DM contribution is dominated by the nearby regions of the galaxy, and the
information lies in the energy spectrum. However, below a few GeV, this spectrum is dis-
torted by solar activity.

• Electrons. Similar to positrons, with the disadvantage of a higher astrophysical background
and the advantage that it is easier to measure at high energy the electron + positron flux
rather than the positron flux alone.

• Antiprotons. They diffuse in the galactic magnetic fields with negligible energy losses,
up to some scatterings on matter in the galactic plane. Therefore even far-away regions
of the Galaxy can contribute to the flux collected on Earth and, as a consequence, its
normalization has significant astrophysical uncertainties. The information lies in the energy
spectrum which, again, is distorted by solar activity below a few GeV.

• Antideuterons and antihelium. Nuclei of antideuterium can be synthetized via the coales-
cence of an anti-proton and an anti-neutron produced in the DM annihilation (or decay)
process. The expected yield is very small. On the other hand, the astrophysical background
is also expected to be small and, notably, it is expected to peak in a range of energies dif-
ferent from the one of the DM signal, thanks to the peculiar kinematics of the production
mechanisms. The propagation in the galactic environment is analogous to the antiproton
case. Heavier antinuclei, such as antihelium, can be produced in a completely analogous
way, with the important penalty of a much suppressed flux, due to the need of coalescing
more antinucleons.

• Neutrinos. TeV-scale neutrinos propagate freely in the Galaxy and can also propagate
through the dense matter of the Sun and the Earth. The low interaction cross sections
make more difficult to detect neutrinos than, e.g., gamma rays. Furthermore, they are
measured indirectly via the detection of charged particles (e.g. up-going muons) produced
by a neutrino interaction in the rock or water surrounding a neutrino telescope and therefore
their energy can be reconstructed only partially. On the other hand, the interaction cross
section increases with energy, thus partly compensating the decrease in flux for large DM
masses. Possible sources are the same already discussed for photons, plus the center of the
Sun and (less promising) of the Earth.

The rest of this Part is dedicated to discussing in detail these different messengers. First, however,
in Chapter 2, we will review the basic knowledge on how Dark Matter is presumed to be distributed
in the Galaxy. Then, in Chapter 3, we discuss the production of each messenger from DM and
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their energy spectrum. In Chapter 4 we describe the propagation of each messenger and therefore
the observable fluxes at Earth. In Chapter 5 we finally present the status of the DM Indirect
searches, with particular attention to the recent anomalies in charged cosmic rays and gamma
rays.



Chapter 2

Dark Matter distribution

In this Chapter we briefly remind the current state of the art concerning the presumed distribution
of Dark Matter density and velocity in the Galaxy.

Tentative determinations of the DM density profile ρ(r) proceed in two steps:

1. Guesses of the functional form of the spherical ρ(r) in terms of a minimal number of free
parameters, as discussed in section 2.1.

2. Determination of the free parameters in terms of safe observations of DM in our Galaxy, or
in other galaxies, as discussed in section 2.1.1.

The DM velocity distribution is inferred by simple arguments and then checked against numerical
simulations, as discussed in section 2.2. The velocity in the galactic rest frame has then to
be converted into the solar rest frame (e.g. for computation concerning the scatterings of DM
particles on the nuclei of the Sun, relevant for DM capture and production of high energy neutrino
fluxes) or the Earth rest frame (relevant for Direct Detection). These aspects are discussed in
sections 2.2.1 and 2.2.2.

2.1 DM density distribution
For the galactic distribution ρ(r) we list the functional forms considered more plausible:

NFW : ρNFW(r) = ρs
rs
r

(
1 +

r

rs

)−2

Einasto : ρEin(r) = ρs exp

{
− 2

α

[(
r

rs

)α
− 1

]}
Isothermal : ρIso(r) =

ρs

1 + (r/rs)
2

Burkert : ρBur(r) =
ρs

(1 + r/rs)(1 + (r/rs)2)

Moore : ρMoo(r) = ρs

(rs
r

)1.16
(

1 +
r

rs

)−1.84

(2.1)

All profiles assume spherical symmetry and r is the coordinate centered in the Galactic Center;
rs, ρs and α are free parameters. These functions are motivated by the following considerations.
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Figure 2.1: DM profiles and the corresponding parameters to be plugged in the functional forms of
eq. (2.1). The dashed lines represent the smoothed functions adopted for some of the computations in
Sec. ??. Notice that we here provide 2 (3) decimal significant digits for the value of rs (ρs): this precision
is sufficient for most computations, but more would be needed for specific cases, such as to precisely
reproduce the J factors (discussed in Sec.??) for small angular regions around the Galactic Center.

• The Navarro, Frenk and White (NFW) [10] profile (peaked as r−1 at the Galactic Center
(GC)) is a traditional benchmark choice motivated by N -body simulations.

• The Einasto [11, 12] profile (not converging to a power law at the GC and somewhat
more chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical
simulations; the shape parameter α varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, adopted here.

• Numerical DM simulations that try to include the effects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [13]. Most recently, [14] has found such a trend re-simulating the haloes
of [11, 12]: steeper Einasto profiles (smaller α) are obtained when baryons are added. To
account for this possibility we include a modified Einasto profile (denoted as EinastoB, EiB
in short in the following) with an α parameter of 0.11.

• Cored profiles, such as the truncated Isothermal profile [15, 16] or the Burkert profile [17],
might be instead more motivated by the observations of galactic rotation curves, but seem
to run into conflict with the results of numerical simulations.

• On the other hand, profiles steeper that NFW had been previously found by Moore and
collaborators [18]. Such profiles, despite being less plausible, are often considered because
imply larger DM indirect signals from the center of the Galaxy.

In some of the considered profiles ρ(r) diverges as r → 0, but in all profiles r2ρ(r)→ 0 such that
the central region of the Galaxy contains a small amount of DM.
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Authors Date Ref. ρ� [GeV/cm3] Notes

Turner 1986 [21, 22] 0.28 ‘uncertainty of about a factor of 2’

Flores 1988 [23] 0.3→ 0.43

Kuijken & Gilmore 1991 [24] 0.42 (±20%)

Widrow et al. 2008 [25] 0.304± 0.053

Catena & Ullio 2009 [26] 0.385± 0.027 Einasto
0.389± 0.025 NFW

Weber & de Boer 2009 [27] 0.2→ 0.4

Salucci et al. 2010 [28] 0.43± 0.11± 0.10

McMillan 2011 [29] 0.40± 0.04

Garbari et al. 2011 [30] 0.11+0.34
−0.27 isothermal stellar tracers

1.25+0.30
−0.34 non-isothermal stellar tracers

Iocco et al. 2011 [31] 0.2→ 0.56

Bovy & Tremaine 2012 [32] 0.3± 0.1

Zhang et al. 2012 [33] 0.28± 0.08

Piffl et al. 2014 [34] 0.59 (±15%)

Table 2.1: DM density at the location of the Sun as determined by historical and recent studies.
Note that the position of the Sun may not be exactly the same for all the authors, that key assumptions
might differ and that relative renormalizations might be necessary.

2.1.1 Determination of the Milky Way parameters

Next, one has to determine the parameters rs (typical scale radius) and ρs (typical scale density)
that enter in the tentative DM distributions ρ(r). This can be done in different ways, e.g.
extracting their values from numerical simulations of Milky Way-like halos, or determining them
in some way from observations of similar outer galaxies. We choose to fix them by imposing that
the resulting profiles satisfy the following ‘safe’ findings of astrophysical observations of the Milky
Way:

A) The density of Dark Matter at the location of the Sun is

ρ� = ρ(r�) = 0.3 GeV/cm3. (2.2)

This is the canonical value routinely adopted in the literature, with a typical associated error
bar of ±0.1 GeV/cm3 and a possible spread up to 0.2→ 0.8 GeV/cm3 (sometimes referred
to as ‘a factor of 2’). Recent computations (performed especially from 2008 to 2012) found
higher or lower central values and smaller or larger associated error, still subjects to intense
debate (see e.g. [19] for a recent discussion on the systematic uncertainties).1 Table 2.1
lists some of the results; for a dedicated and more thorough discussion see however [35].
Data from the upcoming Gaia mission [36] should allow a precision determination of ρ�,
although determining how precise this precision will be seems difficult.

B) The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to the
Large Magellanic Cloud, 50 kpc) is M60 ≡ 4.7 × 1011M�. This number is based on the
recent kinematical surveys of stars in SDSS [37]. We adopt the upper edge of their 95%

1It made the news in 2012 the claim of [20] which found ρ� = 0.000± 0.004 GeV/cm3, later ascribed to poor
modelling.
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C.L. interval to conservatively take into account that previous studies had found somewhat
larger values (see e.g. [38, 39]).

Notice that the distance of the Sun from the Galactic Center is itself somehow uncertain: we
assume r� = 8.33 kpc (see [40, 41, 42]), with an uncertainty of about ±0.2 kpc.

The parameters that we adopt are given in fig. 2.1, where we also plot the resulting profiles.
The values of the parameters that we adopt do not differ much (at most 20%) from the parameter
often conventionally adopted in the rest of the literature.

While the various density profiles give similar results above a few kiloparsecs, and in particular
around the location of the Earth. they differ considerably — by orders of magnitudes — at
smaller distances where there are no data and the results is uniquely determined by the assumed
asymptotic functional form as r → 0. As a consequence, indirect DM signals from the inner
Galaxy (e.g. gamma ray fluxes from regions a few degrees around the GC) will be highly sensitive
to the choice of profile, unlike DM signals that depend on the DM density around the Earth or in
the local environment (e.g. the fluxes of high energy positrons, produced at most a few kpc away
from the Earth) or that probe regions distant from the GC (e.g. gamma rays from high latitudes).

2.2 Dark Matter velocity distribution
The energy E of a DM particle changes with time because DM partices collectively are forming
a dynamical gravitational bound system, where the gravitational potential ϕ is changing with
time, such that dE/dt = ∂ϕ/∂t. This effectively amounts to tell that DM particles undergo
many gravitational scatterings. As a consequence their final velocities are given by a sum of
many random contributions. The Central Limit Theorem then says that their distribution is
approximatively Gaussian.

However, DM particles that happen to acquire a velocity larger than the escape velocity vesc

from the Galaxy tend to evaporate away. Consequently, the DM velocity distribution in the
galactic rest frame is often assumed to be a Maxwell-Boltzmann (MB) sharply cut off by a finite
escape velocity,

f(v) = N × e−v2/v20 Θ(vesc − v) , (2.3)

where the normalisation constant N is fixed such that
∫
d3v f(v) = 1. It is explicitly given as

N = 1/(
√
πv0)3 in the limit vesc →∞. Here v0 is the root mean square velocity which presumably

lies in the range,
220 km/s < v0 < 270 km/s (2.4)

and vesc is the escape velocity from the Milky Way, with presumably lies in the range [43].

450 km/s < vesc < 650 km/s. (2.5)

N -body simulations [44, 45, 46, 47] suggest a smoother cut-off at v < vesc, which can be parame-
terized as

f(v) = N

[
exp

(
v2

esc − v2

kv2
0

)
− 1

]k
Θ(vesc − v) (2.6)

with 1.5 < k < 3.5 [48]. The MB distribution is reobtained in the limit k → 0. These velocity
distributions are plotted in fig. 2.2a.



2.2. Dark Matter velocity distribution 35

0 100 200 300 400 500
10-11

10-10

10-9

10-8

10-7

DM velocity v in km�sec

D
M

v
el

o
ci

ty
d
is

tr
ib

u
ti

o
n

fHv
L

Galactic rest frame

k = 0

k
=

2

v0 = 270 km�s

v0 = 220 km�s

v
esc

=
5
0
0

k
m�s

0 200 400 600 800
10-12

10-11

10-10

10-9

10-8

DM velocity v in km�sec

D
M

v
el

o
ci

ty
d
is

tr
ib

u
ti

o
n

f �
HvL

Solar rest frame

k
=

0
k

=
2

v0 = 270 km�s

v0 = 220 km�s

Figure 2.2: DM velocity distributions: the Maxwell-Boltzmann with sharp cutoff at v = vesc =
500 km/s (thick black curve), the distribution, eq. (2.6), with a smooth cutoff computed for k = 2
(red). Two different values of v0 are shown: 220 km/s (dotted) and 270 km/s (solid). The DM
velocity distribution is plotted with respect to the galactic rest frame in the left picture and with
respect to the solar rest frame in the right picture.

2.2.1 DM velocity with respect to the Sun

The DM velocity distribution with respect to the solar local frame, f�(~v), is obtained in terms of
the velocity distribution in the galactic frame, f(v), through f�(~v) = f(|~v + ~v�|) where

~v� = (0, 220, 0)
km

sec
+ (10, 13, 7)

km

sec
(2.7)

is the velocity of the Sun, here written as the sum of the local Galactic rotation velocity plus the
Sun peculiar velocity. We here used Galactic coordinates, where x̂ is the direction to the Galactic
center, ŷ is the direction of disk rotation and ẑ the north galactic pole. The modulus of ~v� is
v� ≈ 233 km/ sec.

When computing DM capture by the Sun, we will later need the angular average of f�, given
by

f�(v) =
1

2

∫ +1

−1

d cos θ f(
√
v2 + v2

� + 2vv� cos θ) (2.8)

The numerical result is plotted in fig. 2.2b.

2.2.2 DM velocity with respect to the Earth

The DM velocity distribution with respect to the Earth local frame, f⊕(v, t), is obtained in terms
of the velocity distribution in the galactic frame, f(v), through

f⊕(~v, t) = f(|~v + ~v⊕(t)|) . (2.9)
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Here ~v⊕(t) is the relative motion of the Earth with respect to the galactic frame. It is given by

~v⊕(t) = ~v� + V⊕

[
ε̂1 cosω(t− t1) + ε̂2 sinω(t− t1)

]
(2.10)

where ~v� is the velocity of the Sun, V⊕ = 29.8 km/ sec is the Earth orbital speed, ω = 2π/ yr,
t1 = 0.218 yr = March 21 is the time of the spring equinox, ε̂1 and ε̂2 are the orthogonal direction
versors of the Earth at spring equinox and summer solstice (at t1 + yr/4). In Galactic coordinates
(defined in section 2.2.1) one has

ε̂1 = ( 0.9931 , 0.1170,−0.0103) (2.11)
ε̂2 = (−0.0670, 0.4927,−0.8676). (2.12)

Consequently the modulus of the Earth velocity is

v⊕(t) =
√
v2
� + V 2

⊕ + 2bv�V⊕ cos[ω(t− tc)] ' v� +
V 2
⊕

2v�
+ bV⊕ cos[ω(t− tc)] (2.13)

where

b =

√
(ε̂1 · ~v�)2 + (ε̂2 · ~v�)2

v�
≈ 0.490 (2.14)

is the sine of the angle between ~v� and the normal to the orbital plane of the Earth, and

tc = t1 +
1

ω
arctan

ε̂2 · ~v�
ε̂1 · ~v�

≈ 0.415 yr = June 2 (2.15)

is the time at which v⊕(t) is maximal, v⊕(t1) ≈ 249 km/ sec. The minimal Earth velocity is
v⊕(t1 + yr/2) ≈ 220 km/ sec.



Chapter 3

Energy spectra of cosmic rays from DM, at
production

In this chapter we discuss the production of the spectra of cosmic rays from DM annihilations
and decays in the Galaxy. A special section (sec. 3.3) is dedicated to neutrino fluxes from the
center of the Sun, as they have a completely different production history.

3.1 Introduction and method

We consider (see [1]) DM annihilations (parameterized by the DM DM cross section σv) and
decays (described by the DM decay rate Γ = 1/τ) into the following primary channels:

e+
Le
−
L , e

+
Re
−
R, µ

+
Lµ
−
L , µ

+
Rµ
−
R, τ

+
L τ
−
L , τ

+
R τ
−
R ,

qq̄, cc̄, bb̄, tt̄, γγ, gg,

W+
LW

−
L , W

+
T W

−
T , ZLZL, ZTZT ,

hh,

νeν̄e, νµν̄µ, ντ ν̄τ ,

V V → 4e, V V → 4µ, V V → 4τ,

(3.1)

where q = u, d, s denotes a light quark and h is the Standard Model Higgs boson, with a mass
fixed at 125 GeV. The last three channels denote models in which the annihilation or decay first
happens into some new (light) boson V which then decays into a pair of leptons, along the lines
of the models inspired by the charged cosmic ray excesses in Pamela, Fermi, Hess, Ams-02
etc (see chapter 5). The subscripts L and R on the leptonic channels refer to their left and right
polarization, while the L and T on the vector boson ones refer to their longitudinal and transverse
polarizations. It is important to distinguish such polarizations for the purposes of electroweak
radiation, which we will discuss shortly below. Of course, the corresponding unpolarized channels
can be recovered by means of the following averages:

e+e− =
e+
Le
−
L + e+

Re
−
R

2
, W+W− =

2W+
T W

−
T +W+

LW
−
L

3
.

37
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Our approach here is to consider all the channels in eq. (3.1) on equal footing, in a manner
which is completely independent of the DM model. In any given model, annihilation or decay
branching ratios into the specific channels will instead be dictated by the underlying theory. Some
channels (such as γγ, νν̄, gg) are ‘unusual’ as they are often suppressed in many models, but from
a model-independent point of view they are as viable as any other, so that we shall include them
and discuss them further below. Operationally, as discussed e.g. in [2], s-wave non-relativistic DM
DM annihilation can be seen as equivalent to the decay of a D resonance with massMD = 2MDM,
whereMDM is the DM particle mass. Decays of D into any pair of Standard Model (SM) particles
can therefore be computed and implemented in Monte Carlo generators.

These primary particles undergo parton showers and hadronization, in such a way to produce
fluxes of e±, p̄, d̄, γ,

(–)
ν e,µ,τ . This process is followed in most DM studies with the use of Monte

Carlo simulation programs. Pythia (version 8.135), is the one on which we base the results
presented here (with the exception of neutrinos from the center of the Sun, see section 3.3).
Other MonteCarlo codes can be used to perform the computation of the spectra at production.
In particular [1] has investigated the differences using Herwig (version 6.510). In fact, the
algorithms implemented in Herwig and Pythia are quite different, in both parton showers and
hadronization. A detailed comparison for the different channels and spectra is beyond my current
scope. Overall, the uncertainty connected with the numerical tools can be estimated to be of the
order of 20%, although larger discrepancies can appear in some specific cases.

However, in its current version, Pythia’s parton showering algorithms include gluon and
photon radiation, but not the emissions of W ’s and Z’s, which is called collectively ElectroWeak
bremsstrahlung.

3.1.1 Inclusion of ElectroWeak radiation

Electroweak radiation effects have been recognized as relevant for the purposes of DM indirect
detection only relatively recently [49]. At large DM masses, such bremsstrahlung corrections are
enhanced by one or more powers of ln(MDM/MW ) logarithms, which become large for MDM �
MW , compensating the suppression due to the additional weak coupling.

Phenomenologically, electroweak radiation effects can be particularly relevant for the leptonic
and γγ channels. In fact, the emission of W ’s and Z’s yields to further hadrons in the final state,
and therefore it significantly modifies the flux of γ’s and e± at energies E � M , M being the
DM mass. Moreover, W/Z radiation leads to a p̄ contribution, which is instead absent if weak
corrections are neglected; this is also true for the the neutrino channels, that thereby also give
e±’s, γ’s and p̄’s.

We therefore include electroweak bremsstrahlung (at leading order in the electroweak cou-
plings) by ‘post-processing’ the output of the MonteCarlo. We refer to [50] for a dedicated
discussion and a detailed presentation of the computational techniques. The enhanced terms are
model-independent: in the numerical results presented here they have been turned on abruptly
when MDM>∼MW . In a full DM model, these effects would actually appear in a smooth model-
dependent way when increasing the DM mass.The finite non-logarithmic terms, that cannot be
computed in a model-independent way, have instead been neglected.

3.1.2 Comments on some specific channels

The annihilation into SM Higgs, tau, photon and gluon pairs deserves a few comments.
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hh. A particle very consistent with the SM Higgs boson has been discovered recently (see [51]
in case you have been on Mars lately) and we include the corresponding channel in the list of
possible annihilations. On the other hand, the detailed properties of such a particle are obviously
still under very active investigation, so that we have to make some guesses/assumptions. For its
mass, we assumemh = 125 GeV. For its branching ratios, we take those predicted by the Standard
Model and embedded in the MonteCarlo codes. The values in Herwig and Pythia can differ by
up to 25% for a light higgs: Herwig has a slightly smaller BR into WW and ZZ with respect to
Pythia, while it has has a slightly larger BR into bb̄. Such discrepancies are due to the different
accuracy which is used to compute the partial widths (see, e.g., [52]). For example, in the decays
into WW/ZZ Pythia allows both vector bosons to be off-shell, whereas in Herwig at least one
is forced to be on-shell. In the rate of h→ bb̄ processes, Herwig includes also the resummation
of mass logarithms ∼ αnS(m2

h) lnn(mh/mb), which are not resummed in Pythia. Hereafter, we
shall stick to the default branching fractions for the two codes. We stress that the mentioned
branching ratios are obtained for the Standard Model Higgs boson and that, Beyond the Standard
Model, the Higgs decay fractions will clearly be different. Should the investigations at the LHC
highlight a non-SM behavior of the h particle, these assumptions will clearly have to be revised.
τ+τ−. As for τ leptons, Herwig and Pythia treat them as unpolarized and implement the
Standard Model three-body decay matrix elements. Alternatively, the two Monte Carlo codes
could be interfaced with the Tauola package [55], which fully includes polarization effects and
implements several lepton and hadron decay modes, by means of hadronic matrix elements. In
the following, we shall nonetheless use the standard routines even for the purpose of τ decays
and subsequent showers and hadronization. In fact, this is a reasonable approximation for the
observables which we shall investigate, namely the hadron/lepton/photon energy fraction in the
Dark Matter rest frame and averaged over many, many events. A remarkable impact of the
inclusion of the τ polarization should instead be expected if one looked at other quantities, such
as angular correlations between the τ decay products from the same event.
γγ. We include γγ as a primary channel: Dark Matter, being dark, has no tree-level coupling
to photons, but γγ production can occur at one loop. This is not to be confused with photons
emitted by charged particles or produced in three-body annihilations or radiative hadron decays,
such as π0 → γγ. Photons in final-state showers or hadron decays are of course included in the
fluxes yielded by Herwig and Pythia. Including instead DM annihilation into three-body final
states would require a specific model of Dark Matter (see e.g. [56, 57]), whereas in this work we
shall stick to model-independent results.
gg. Neglecting the case of colored Dark Matter, the DM DM→ gg mode can also take place only
at one loop. In the Monte Carlo codes which will be employed later on, we shall implement the
D → gg decay in the same fashion as h → gg, i.e. with an effective Dgg vertex, assuming that
DM is color neutral.

3.2 Results

In fig. 3.1 we present some examples of the spectra produced by the annihilation of two DM
particles with massMDM (normalized per annihilation), for four values ofMDM. They correspond
to the fluxes from the decay of a DM particle with mass 2MDM.

Some specifications on these fluxes are in order.
About γ ray fluxes: We specify that of course the fluxes here include only the prompt emission and
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Figure 3.1: Primary fluxes of e±, p̄, d̄, γ and νe.



3.2. Results 41

e

Γ

Ν
d + p

EΓ +e�Etot = 0.996 H0.948L
Ep+d�EΓ +e = 0.000 H0.002L

DM DM® eL
-+eL

+

e
Γ
Νd + p

EΓ +e�Etot = 1.000 H0.998L
Ep+d�EΓ +e = 0.000 H0.000L

DM DM® eR
-+eR

+

e
Γ

Ν

d + p

EΓ +e�Etot = 0.402 H0.396L
Ep+d�EΓ +e = 0.000 H0.006L

DM DM® ΜL
-+ ΜL

+

e Γ

Ν

d + p

EΓ +e�Etot = 0.341 H0.351L
Ep+d�EΓ +e = 0.000 H0.001L

DM DM® ΜR
-+ ΜR

+

e

Γ

Ν

d + p

EΓ +e�Etot = 0.320 H0.318L
Ep+d�EΓ +e = 0.001 H0.007L

DM DM® ΤL
-+ΤL

+

e

Γ

Ν

d + p

EΓ +e�Etot = 0.321 H0.328L
Ep+d�EΓ +e = 0.000 H0.001L

DM DM® ΤR
-+ΤR

+

e

Γ

Ν

d + p

EΓ +e�Etot = 0.464 H0.458L
Ep+d�EΓ +e = 0.262 H0.287L

DM DM® g+g

e Γ

Ν

d + p

EΓ +e�Etot = 0.989 H0.943L
Ep+d�EΓ +e = 0.001 H0.007L

DM DM® Γ +Γ

e

Γ

Ν

d + p

EΓ +e�Etot = 0.464 H0.457L
Ep+d�EΓ +e = 0.262 H0.283L

DM DM® c+c

e

Γ

Ν

d + p

EΓ +e�Etot = 0.462 H0.454L
Ep+d�EΓ +e = 0.159 H0.198L

DM DM® b+b

e

Γ

Ν

d + p

EΓ +e�Etot = 0.428 H0.430L
Ep+d�EΓ +e = 0.140 H0.188L

DM DM® t+t

e

Γ

Ν

d + p

EΓ +e�Etot = 0.439 H0.428L
Ep+d�EΓ +e = 0.145 H0.173L

DM DM® h+h

e

Γ

Ν

d + p

EΓ +e�Etot = 0.401 H0.419L
Ep+d�EΓ +e = 0.170 H0.175L

DM DM® WT
-+WT

+

e

Γ

Ν

d + p

EΓ +e�Etot = 0.403 H0.411L
Ep+d�EΓ +e = 0.170 H0.183L

DM DM® WL
-+WL

+

e

Γ

Ν

d + p

EΓ +e�Etot = 0.377 H0.382L
Ep+d�EΓ +e = 0.175 H0.194L

DM DM® ZT+ZT

e

Γ

Ν

d + p

EΓ +e�Etot = 0.380 H0.388L
Ep+d�EΓ +e = 0.173 H0.189L

DM DM® ZL+ZL

e
Γ

Ν

d + p

EΓ +e�Etot = 0.002 H0.082L
Ep+d�EΓ +e = 0.080 H0.041L

DM DM® Νe+Νe

eΓ

EΓ +e�Etot = 1.000 H1.000L
Ep+d�EΓ +e = 0.000 H0.000L

DM DM® V+V ® 2e-+2e+

e Γ

Ν

EΓ +e�Etot = 0.353 H0.353L
Ep+d�EΓ +e = 0.000 H0.000L

DM DM® V+V ® 2Μ-+2Μ+

e

Γ

Ν

EΓ +e�Etot = 0.313 H0.313L
Ep+d�EΓ +e = 0.000 H0.000L

DM DM® V+V ® 2Τ -+2Τ +

Figure 3.2: Energy distribution between the final states particles: e±, hadrons (p+ d), γ and ν,
for a set of characteristic annihilation channels. The inner (outer) pie refers to a DM mass of 200 GeV
(5 TeV). For each pie chart, the first caption gives the energy fraction going into γ and e± (Eγ+e) with
respect to the total. The second caption gives the energy fraction into hadronic final states (Ep+d) with
respect to γ and e±.
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not the secondary radiation (e.g. due to Inverse Compton processes) that we discuss in Sec. 4.5.1.
Furthermore, we recall that by ‘prompt emission’ we here mean all photons in final-state showers
or hadron decays as given by Pythia, including those from (IR-enhanced model-independent)
QED and EW bremsstrahlung as discussed above and in [50]. But further contributions to prompt
emission can come from other three-body final states such as internal bremsstrahlung [56, 57]:
these can only be computed in the framework of a precise DM model because one needs to know
the higher order QED annihilation/decay diagram. These are not included.
About fluxes of anti-deuterons: They are computed taking into account the jet structure of the
annihilation products. The yield scales with the cube of the uncertain coalescence parameter,
here fixed to p0 = 160 MeV; for details on the computation we refer the reader to [58].
About fluxes of neutrinos and anti-neutrinos: Those that we provide here are of course the
neutrino spectra at production; the corresponding fluxes at detection are affected by oscillations
(if travelling in vacuum, such as for neutrinos from DM annihilations/decays at the Galactic
Center) and/or by interactions with matter (if e.g. from DM annihilations/decays in the center
of the Sun). The fluxes at detection of neutrinos having traveled in vacuum from a distant
astrophysical source can be obtained taking into account average oscillations with the formula

P (ν` → ν`′) = P (ν̄` → ν̄`′) =
3∑
i=1

|V`iV`′i|2 ≈

 0.6 0.2 0.2
0.2 0.4 0.4
0.2 0.4 0.4

 (3.2)

where i runs over neutrino mass eigenstates, and the elements |V`i| of the neutrino mixing matrix
can depend on its unknown CP-violating phases. The case of neutrinos from the center of the
Sun is more complicated and is discussed separately in sec. 3.3.

To conclude this quantitative presentation of the DM fluxes, in fig. 3.2 we show some charac-
teristic energy distributions between the final-states particles: e±, hadrons (p+ d), γ and ν. The
inner pie refers to a DM mass of 200 GeV (a typical SuSy WIMP value) while the outer pie to
5 TeV (taken as a typical multi-TeV case). One can see that the portion of energy which goes
into gamma rays and e± is often the most important one and always dominates over the energy
fraction of the hadronic final states for all the channels. This is especially relevant in the context
of extragalactic gamma rays signatures, where the energy fraction in e± is quickly converted to
gamma rays due to Inverse Compton radiation. For the channels involving µ+µ− and τ+τ− and of
course for the νν̄ channels, the portion of energy carried away by neutrinos becomes the dominant
one. The fractions are rather independent of the mass of the DM particle, with some exceptions.
For example, in the νν channels, primary neutrinos start to radiate gamma rays and charged
leptons due to radiative weak corrections when MDM is above the electroweak scale (i.e. for the
outer pie in the figure) and this increases the energy fraction of γ and e±.

3.3 Neutrinos from the center of the Sun
The Dark Matter (DM) particles that constitute the halo of the Milky Way have a small but
finite probability of scattering with a nucleus of a massive celestial body like the Sun if their orbit
passes through it. If their velocity after the scattering is smaller than the escape velocity from that
body, they become gravitationally bound and start orbiting around the body. Upon additional
scatterings, they eventually sink into the center of the body and accumulate, building up a local
DM overdensity concentrated in a relatively small volume. There they annihilate into Standard
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Model particles, giving origin to fluxes of energetic neutrinos [59]. These neutrinos are the only
species that can emerge, after experiencing oscillations and interactions in the dense matter of the
astrophysical body. The detection of high-energy neutrinos from the center of the Sun, on top of
the much lower energy neutrino flux due to nuclear fusion or radioactive processes, would arguably
constitute one of the best proverbial smoking guns for DM, as there are no known astrophysical
processes able to mimic it (except possibly for the flux of neutrinos produced in the atmosphere
of the Sun, which however are expected to have a different spectral shape [60]). It is therefore
worthwhile to compute the expected yield and the expected spectra of such neutrino fluxes, in
terms of the usual primary DM properties such as the mass and the annihilation channel. With
respect to those presented in the previous section, however, the computation here is made more
complex by the fact that the annihilations occur in a very dense medium, that affects significantly
the hadronization and showering process. Also, the produced neutrinos are subject to oscillations
(in matter and in vacuum) and interactions with matter along their journey to the Earth. In
this section we will address the computation of the fluxes at production while in sec. 4.6 we will
discuss their propagation.

Geant4 is a toolkit for the simulation of the passage of particles through matter [61], a very
suitable tool for modeling cascades in the environment of the solar core. Following the approach
of [62, 63], we couple it to Pythia in the following sense. Hadronization of the quarks and gluons
produced by DM annihilations is performed by Pythia; the stable and metastable hadronization
products (e, νe,µ,τ , µ, KL0, π, K, n, p, ND,He) are injected into Geant4 which adds the effect
of particle/matter interactions. We model the matter around the solar core following the Solar
Standard Model, but with a simplified chemical composition (we just include 74.7 % by mass of
H and 25.3 % of He). In our Geant4 code, we consider a sphere with radius of 1 km, that is big
enough for our purposes: we verified that only neutrinos from the cascades can reach its surface,
while secondary products are contained.

Fig. 3.3 presents, for reference, an example of our final results for the neutrino spectra at
production [3]. We plot the spectra of ν (first column) and ν̄ (second column) for all the channels
that we consider for a sample DM mass of 1 TeV. The spectra are normalized per one annihilation
of two DM particles. The considered range of x = E/MDM covers from 10−8 to 1. In the third
column we zoom on the high energy part, relevant for neutrino detectors such as IceCube.

In very general terms, moving from low to high x = E/MDM, the obtained spectra are char-
acterized by some very pronounced low energy humps or spikes, an intermediate energy smooth
shoulder and, for some channels, a high energy peak. These features are easily understood.

• The high energy peak occurs when DM annihilate into particles that directly decay into
neutrinos. This is visible in the W+W−or ZZ channel. For large DM masses, i.e. for large
boosts of the primary W and Z, this feature smears into a smooth spectrum.

• The smooth component of the spectrum arises from the neutrinos produced in the cascading
event by primary and secondary particles (hadrons and leptons), that lose energy and rapidly
decay.

• The low energy humps and spikes essentially arise from relatively long-lived particles that
have been stopped in solar matter and then decay, essentially at rest. More precisely,
recalling that n, π−, µ− and K− are mostly absorbed or captured by matter, the low energy
neutrino peaks arise from the following processes:



44 Chapter 3. Energy spectra of cosmic rays from DM, at production

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-5

10-4

10-3

10-2

10-1

1

10

102

103

x=E�MDM

d
N

Ν
�d

lo
g

x
Νe, MDM = 1000 GeV

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-5

10-4

10-3

10-2

10-1

1

10

102

103

x=E�MDM

d
N

Ν
�d

lo
g

x

Νe, MDM = 1000 GeV

10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

x=E�MDM

d
N

Ν
�d

lo
g

x

Νe, MDM = 1000 GeV

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-5

10-4

10-3

10-2

10-1

1

10

102

103

x=E�MDM

d
N

Ν
�d

lo
g

x

ΝΜ, MDM = 1000 GeV

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-5

10-4

10-3

10-2

10-1

1

10

102

103

x=E�MDM

d
N

Ν
�d

lo
g

x

ΝΜ, MDM = 1000 GeV

10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

x=E�MDM
d
N

Ν
�d

lo
g

x

ΝΜ, MDM = 1000 GeV

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-5

10-4

10-3

10-2

10-1

1

10

102

103

x=E�MDM

d
N

Ν
�d

lo
g

x

ΝΤ, MDM = 1000 GeV

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1
10-5

10-4

10-3

10-2

10-1

1

10

102

103

x=E�MDM

d
N

Ν
�d

lo
g

x

ΝΤ, MDM = 1000 GeV

10-3 10-2 10-1 1
10-4

10-3

10-2

10-1

1

x=E�MDM

d
N

Ν
�d

lo
g

x

ΝΤ, MDM = 1000 GeV

Figure 3.3: Final results for the neutrino spectra at pro-
duction, including all effects (in particular ElectroWeak correc-
tions). Left column: neutrino spectra. Central column: antineu-
trino spectra. Right column: zoom on the high energy portion of
the neutrino spectra. Upper row: e flavor; middle row: µ flavor;
bottom row: τ flavor.
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– π+ → µ+νµ decays, which produce a monochromatic line in the νµ spectra, at Eν =
29.8 MeV. For numerical reasons we artificially broaden it.

– µ+ → ν̄µνee
+ decays, which contribute to the νe, ν̄µ energy spectra producing the

typical three body decay bump with an end-point at mµ/2 ≈ 53 MeV and peaked at
E ≈ mµ/3 ≈ 35 MeV.

– µ− → νµν̄ee
− decays, which similarly contribute to the ν̄e, νµ energy spectra, although

the resulting bump is about two orders of magnitude less intense than the bump in
νe, ν̄µ. Indeed π− are absorbed by matter before decaying into µ−.

– K+ decays with 63% branching fraction into a monochromatic νµ at Eν = 240 MeV.
Three body decays have smaller branching ratios (5.1% BR into π0 e+ νe and 3.4% BR
into π0 µ+ νµ) producing bumps below about mK/2 ≈ 250 MeV.

– K− get absorbed, synthesised by nuclei into a Λ which decays into nucleons and pions.
Their rare free decays negligibly affect the neutrino spectra.

– Decays of K0
L into neutrinos are blocked by matter effects that break the quantum

coherence between K0
S and K0

L, such that K0
S are continuously regenerated and quickly

decay hadronically.

These spectra also include the effect of ElectroWeak radiations, added on top of the Geant
computation as discussed in the analogous case of sec. 3.1.1. In fig. 3.3 this is visible in the low
energy plateaux and in the fact that, for instance, the spectrum for the e channel extends to
x = 1 (in absence of EW radiation, the process DM DM→ e+e− would not produce any neutrino
except the low energy ones from the stopping of light leptons and hadrons in the matter cascade).

These spectra will then have to be propagated through the matter of the Sun, the vacuum
and the matter of the Earth as we will discuss in sec. 4.6.



Chapter 4

Computation of the propagation and thus
the observable CR fluxes at Earth

Having at disposal the energy spectra of charged particles, gamma rays and neutrinos per annihi-
lation at production, as generated by MonteCarlos and as discussed in the previous chapter, we
next need to consider where these fluxes of particles are produced (essentially everywhere in the
galactic halo for what concerns charged species, but also in specific sources such as the Galactic
Center or the center of the Sun for gamma rays or neutrinos) and how they propagate to the
Earth.

For simplicity, we start by presenting separately the propagation formalism for electrons or
positrons, for antiprotons, for antideuterons and antihelium nuclei. In these latter two cases, only
a few trivial changes have to be implemented with respect to antiprotons, as we discuss below.
We then move to discuss gamma rays and neutrinos.

4.1 Propagation of electrons and positrons
The differential e± flux 1 per unit of energy from DM annihilations or decays in any point in
space ~x and time t is given by dΦe±/dE (t, ~x, E) = ve±f/4π (units 1/GeV · cm2 · s · sr) where ve±
is the velocity (essentially equal to c in the regimes of our interest). The e± number density per
unit energy, f(t, ~x, E) = dNe±/dE, obeys the diffusion-loss equation [64]:

∂f

∂t
−∇ (K(E, ~x)∇f)− ∂

∂E
(b(E, ~x)f) = Q(E, ~x) (4.1)

with diffusion coefficient function K(E, ~x) and energy loss coefficient function b(E, ~x). They
respectively describe transport through the turbulent magnetic fields and energy loss due to
several processes, such as synchrotron radiation and Inverse Compton scattering (ICS) on CMB
photons and on infrared or optical galactic starlight, as we discuss in more detail below. Notice
that other terms would be present in a fully general diffusion-loss equation for Cosmic Rays, such
as diffusive re-acceleration terms (describing the diffusion of CR particles in momentum space,
due to their interactions on scattering centers that move in the Galaxy with an (Alfvén) velocity
Va) and convective terms. These are however negligible for e±, see e.g. [64, 65].

1Notice that with the notation e± we always refer to the independent fluxes of electrons e− or positrons e+,
which share the same formalism, and not to their sum (for which we use the notation e+ +e− when needed) which
of course differs by a trivial factor 2.

46
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Electrons or positrons Antiprotons (and antideuterons)
Model δ K0 [kpc2/Myr] δ K0 [kpc2/Myr] Vconv [km/s] L [kpc]
MIN 0.55 0.00595 0.85 0.0016 13.5 1
MED 0.70 0.0112 0.70 0.0112 12 4
MAX 0.46 0.0765 0.46 0.0765 5 15

Table 4.1: Propagation parameters for charged particles in the Galaxy (from [74, 75]).

Eq. (4.1) is solved in a diffusive region with the shape of a solid flat cylinder that sandwiches
the galactic plane, with height 2L in the z direction and radius R = 20 kpc in the r direction [66].
The location of the solar system corresponds to ~x = (r�, z�) = (8.33 kpc, 0). Boundary conditions
are imposed such that the e± density f vanishes on the surface of the cylinder, outside of which
electrons and positrons freely propagate and escape.2 Assuming that steady state conditions hold
(as it is if one assumes that the typical time scales of the DM galactic collapse and of the variation
of propagation conditions are much longer than the time scale of propagation itself, of the order
of 1 Myr at 100 GeV energies [68]), the first term of eq. (4.1) vanishes and the dependence on
time disappears.3

Before illustrating the solution method, we briefly comment on the different pieces of the
equation. We dedicate a special attention to the energy loss function and the processes it encodes.

First we briefly discuss the diffusion coefficient function K. This is in principle dependent on
the position, since the distribution of the diffusive inhomogeneities of the magnetic field changes
throughout the galactic halo. However, a detailed mapping of such variations is prohibitive: e.g.
they would have different features inside/outside the galactic arms as well as inside/outside the
galactic disk, so that they would depend very much on poorly known local galactic geography.
Moreover, including a spatial dependence in K would make the semi-analytic method described
below much more difficult to implement numerically. We therefore leave these possible refinements
aside 4 and, as customary, we adopt the parameterization K(E, ~x) = K0(E/GeV)δ = K0 ε

δ. The
values of the propagation parameters δ, K0 and L (the height of the diffusion cylinder defined
above) are deduced from a variety of cosmic ray data and modelizations. It is customary to adopt
the sets presented in Table 4.1, which are found to minimize or maximize the final fluxes. 5

Next, we discuss DM DM annihilations or DM decays in each point of the halo with DM
density ρ(~x), which provide the source term Q of eq. (4.1). It reads

Q =
1

2

(
ρ

MDM

)2

f ann
inj , f ann

inj =
∑
f

〈σv〉f
dN f

e±

dE
(annihilation), (4.2)

2See [67] for the impact of not neglecting the propagation outside the cylinder.
3A caveat on this point is that the time-independence of the diffusion process might not be justified in extreme

environments such as the galactic central regions, where the propagation conditions may possibly change on a
short enough time scale that they make this assumption invalid. E.g. recently the Fermi satellite has pointed out
the existence of large gamma-ray structures (dubbed ‘Fermi bubbles’) above and below the Galactic Center [69].
A detailed modeling of the impact of these possible features on CR propagation is, for the moment, well beyond
the scope of our analysis and probably of most DM related ones.

4See [70] for a recent analysis for antiprotons.
5We stress, however, that the determination of these parameters is a whole evolving research area, which will

certainly update these values in the future as more refined modelizations and further CR data become available.
See e.g. [71, 72, 73] for recent references. The choices presented in Table 4.1 should be seen as the current bracketing
of sensible possibilities.
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Q =

(
ρ

MDM

)
fdec

inj , fdec
inj =

∑
f

Γf
dN f

e±

dE
(decay), (4.3)

where f runs over all the channels with e± in the final state, with the respective thermal averaged
cross sections σv or decay rate Γ.

We now discuss in some detail the energy loss coefficient function b(E, ~x) and its ingredients.

4.1.1 An improved energy loss function for e± in the Galaxy

We want here to present the computation of a ‘state-of-the-art’ function describing the energy
losses of electrons and positrons during their propagation in the Galaxy. It includes energy losses
by Coulomb interactions with the interstellar gas, by ionization of the same gas, by bremsstrahlung
on the same gas, by ICS (using an updated InterStellar Radiation Field (ISRF) presented below)
and by synchrotron emission, with the choice of the three magnetic field models discussed below.
Schematically:

btot(Ee± , r, z) ≡ −dEe±

dt
= bCoul+ioniz + bbrem + bICS + bsyn (4.4)

where Ee± is the energy of the electron or positron and r and z are cylindrical galactic coordinates.
Details can be found in standard references such as [76, 77] as well as in [1, 4].

• Energy losses by Coulomb interaction and ionization on neutral matter are described
by

bneut
Coul+ioniz(Ee± , r, z) =

9

4
c σTme

∑
i

niZi

(
log

Ee±

me

+
2

3
log

me

∆Ei

)
(4.5)

where c is the speed of light, σT = 8πr2
e/3, with re = αem/me, is the Thompson cross

section, ni is the number density of gas species i with atomic number Zi and ∆Ei is its
average excitation energy (it equals 15 eV for hydrogen and 41.5 eV for helium).

On ionized matter, one has

bion
Coul+ioniz(Ee± , r, z) =

3

4
c σT me ne

(
log

Ee±

me

+ 2 log
me

Epla

)
(4.6)

where ne is the electron density and Epla =
√

4π ne r3
e me/α corresponds to the characteristic

energy of the plasma.

The total energy losses for Coulomb interactions and ionization processes will therefore be
given by the sum of eq. (4.5) and eq. (4.6) with, respectively, the densities of ionized and
neutral gas species. In both cases, energy losses are essentially independent on Ee± , since the
constant terms in the brackets are numerically dominant. The input gas maps are discussed
below.

• Energy losses by bremsstrahlung are described by

bbrem(Ee± , r, z) = c
∑
i

ni(r, z)

∫ Ee±

0

dEγ Eγ
dσi
dEγ

, (4.7)
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Magnetic field configurations

Model ref. B0 RD zD
[µG] [kpc] [kpc]

MF1 [85] 4.78 10 2
MF2 [82, 86] 5.1 8.5 1
MF3 [89] 9.5 30 4
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Figure 4.1: Collection of the astrophysical ingredients we use. Top row: parameters of the mag-
netic field configurations. Middle row: illustration of the ISRF in two sample locations. Bottom row:
illustration of the galactic gas densities (figure from [5]).
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where Eγ corresponds to the energy of the gamma ray emitted in each bremsstrahlung
process. The differential cross-section reads

dσi(Ee± , Eγ)

dEγ
=

3αemσT
8π Eγ

{[
1 +

(
1− Eγ

Ee±

)2
]
φi1 −

2

3

(
1− Eγ

Ee±

)
φi2

}
, (4.8)

where φi1,2 are scattering functions depending on the properties of the scattering system.

For a completely ionized gas plasma with charge Z one has

φion
1 (Ee± , Eγ) = φion

2 (Ee± , Eγ) = 4(Z2 + Z)

{
log

[
2Ee±

me c2

(
Ee± − Eγ

Eγ

)]
− 1

2

}
, (4.9)

and thus the energy losses in this regime (‘weak shielding’) read

bion
brem = αem

3σT

2π
ni Z(Z + 1)

(
log

(
2
Ee±

me

)
− 1

3

)
Ee± . (4.10)

On the other hand, for atomic neutral matter the scattering functions have a more compli-
cated dependence, which is usually parameterized in terms of the quantity ∆ = Eγme

4αemEe± (Ee±−Eγ)
.

For the relativistic regime we are interested in, since Ee± & 1 MeV always, one basically
cares for the limit ∆ → 0 for which these functions are constant and take the following
numerical values:

φH
1 (∆ = 0) ≡ φH

1,ss = 45.79,

φH
2 (∆ = 0) ≡ φH

2,ss = 44.46,

φHe
1 (∆ = 0) ≡ φHe

1,ss = 134.60,

φHe
2 (∆ = 0) ≡ φHe

2,ss = 131.40,

φH2

(1,2)(∆ = 0) ' 2φH
(1,2),ss.

(4.11)

The subscript ss in this notation refers to the fact that this regime is usually called ‘strong-
shielding’ because the atomic nucleus is screened by the bound electrons and the impinging
e± have to force the shield. In this limit the energy losses read

bneut
brem = αem

3σT

8π
ni

(
4

3
φi1,ss −

1

3
φi2,ss

)
Ee± . (4.12)

The total energy losses for bremsstrahlung will therefore be given by the sum of eq. (4.10)
and eq. (4.12) with, respectively, the densities of ionized and neutral gas species. In both
cases, at leading order, energy losses are linearly dependent from Ee± . A further logarith-
mic dependence arises for scattering in ionized medium, while a small additional energy
dependence is also found in neutral medium if one accounts for the effect of finite ∆.

The input gas maps are as follows.

◦ Gas maps. We use the gas maps described in [78] and already used in [5]. They are
illustrated in fig. 4.1. The relevant species are atomic (HI) and molecular (H2) neutral
hydrogen, ionized hydrogen (HII), neutral atomic helium (He) and ionized helium (which is
however irrelevant for all practical purposes). These maps represent a reliable description
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of the coarse grained distribution of gas in the Galaxy, but miss important features at small
scales. In particular, they do not take into account the regions characterized by a much
higher gas density (up to 2 or 3 orders of magnitude with respect to the coarse grained
maps) which are known to exist close to the galactic center (typically at r . 200 pc scales).

• Energy losses by Inverse Compton Scattering are described, in their exact form, by

bICS =

3σT

∫ ∞
0

dε ε

∫ 1

1/4γ2
dq n(ε)

(4γ2 − Γε)q − 1

(1 + Γεq)3

[
2q ln q + q + 1− 2q2 +

1

2

(Γεq)
2

1 + Γεq
(1− q)

]
,

(4.13)

where n(ε, r, z) is the number density (per unit volume and unit energy) of photons of the
ISRF, with energy ε, γ = Ee±/me is the relativistic factor of the electrons and positrons
and Γε = 4εγ/me.

In the Thomson limit (valid for low electron energies), it reduces to the particularly compact
expression

bICS =
4σT

3m2
e

E2
e±

∫ ∞
0

dε ε n(ε, r, z) [Thomson limit], (4.14)

which makes the energy density in the photon bath uISRF =
∫
dε ε n(ε, r, z) apparent.

The ICS energy losses are proportional to E2
e± (as evident in the Thomson expression, but

also in eq. (4.13) noting that 4γ2q is the dominant piece at the numerator) for small Ee± .
For large Ee± , the dependence softens.

◦ InterStellar Radiation Field (ISRF). A detailed description of the radiation field against
which electrons and positrons scatter in the ICS process is important in order to reliably
compute the energy losses. We adopt the latest radiation maps extracted from Galprop.
These replace the ones formerly used in the literature, and in particular in [1]. In fig. 4.1 we
draw the two maps in two sample locations (at the Earth and near the galactic center) and
compare them. One clearly sees the 3 different components (StarLight SL, InfraRed IR and
the CMB blackbody spectrum). The current map is much more detailed and normalization
differences of the order of a factor 2 are visible, but the overall behavior is confirmed. We
will see that these small differences have a (equally small) impact on the observables entering
e± propagation.

• Energy losses by synchrotron emission are described by

bsyn =
4σT

3me

E2
e±
B2

8π
(4.15)

where B is the strength of the magnetic field, discussed below. This formula is in close
analogy to the one for ICS losses: the integral term in (4.14) and the B2 term in (4.15)
correspond to the energy density in the photon bath and in the magnetic field respectively.
In particular, synchrotron energy losses are also proportional to E2

e± .

◦ Galactic magnetic field Our Galaxy has a complicated magnetic field structure, and
dedicated efforts by several groups have been performed in order to map it: for some recent
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overviews and sets of references see for instance [79, 80, 81]. We here recall the salient
features of the inferred magnetic field and then define the simplified functional form that
we will adopt.

The total galactic magnetic field ~Btot is the sum of a regular ~Breg and a turbulent ~Bturb

component. The regular field, in turn, can be decomposed in a disk ~Bdisk
reg and a halo ~Bhalo

reg

contribution. Several observational techniques are employed to map the different compo-
nents. The regular magnetic field is caused by dynamo effects in the galaxy and their
direction can be determined by Faraday rotation measurements of the signals from nearby
pulsar and high latitude radio sources, or by measurements of the polarized synchrotron
intensity. On the other hand, the turbulent (random) magnetic fields are tangled by tur-
bulent gas flows and can be traced looking for their unpolarized synchrotron emission. In
addition, the distribution of cosmic-ray electrons and their induced γ-rays are other tools
that allow to test the modeling of magnetic field. For instance, a complete model has been
recently proposed in [82].

Rather than the detailed magnetic field geography, the overall intensity is more important
for the purposes of DM indirect detection. In general terms, in spiral galaxies, like ours,
the strength of the total magnetic field is expected to be of the order of 10 µG − 1 mG and
to follow the spiral pattern [83]. Radio-faint galaxies, like our neighbor Andromeda (M31)
have instead weaker fields ∼ 5µG. In the Milky Way, measurements point to a value around
6 µG at the position of the Sun and an increase to 20− 40 µG close to the Galactic Center
[84]. In addition, despite the spiral pattern, a magnetic field reversal is present at the Sun’s
radius.

While we keep in mind that the complicated cartography sketched above can have an impact
on the determination of the synchrotron emission from DM, we choose to model the disk
field strength by a double exponential in z and in r, as proposed e.g. by [85] and [86] for
the radial part, neglecting the halo component.

Btot = B0 exp

(
−R−R�

RD

− |z|
zD

)
(4.16)

We then adopt several configurations for the values for the parameters B0, RD and zD, as
shown in the table in fig. 4.1:

� Model 1 (MF1 for “Magnetic Field 1” hereafter) is the configuration used in [1] and very
similar to the one used in the original Galprop code (it differs by the normalization
factor B0, which has changed a few times in the Galprop literature [85, 87, 88]).

� Model 2 (“MF2") is loosely based of the findings of [82] (and previous [86]). Following
one of the models in [82] we take a value of 2.1 µG for the intensity of the disk regular
field at solar location (we report it to our value for R�); we then add an intensity of 3
µG to account for the random component. The resulting field is steeper in r and in z
than MF1 and reaches slightly higher values at the GC.

� Model 3 (“MF3") is modeled following [89]. It is substantially higher at the location of
the Earth and has larger scale heights both in r and in z, i.e. it extends much farther
out in both directions.
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Figure 4.2: Left panel: the different processes contributing to the energy loss coefficient function, at
the location of the Earth. Right panel: the dependence of the energy loss coefficient function (synchrotron
only) on the choice of magnetic field model, in two locations.
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Figure 4.3: Energy loss coefficient function for electrons and positrons in the Milky Way. Left
panel: in the galactic disk (z = 0), at several locations along the radial coordinate r. Right panel: above
(or below) the location of the Earth along the coordinate z. Here the magnetic field model MF1 has been
fixed for definiteness. The circled dot identifies the constant value sometimes adopted. The dotted colored
lines are the same function before the improvements listed in Sec. 4.1.1. This figure replaces the analogous
one (fig. 5) of [1].



54 Chapter 4. Computation of the propagation and thus the observable CR fluxes at Earth

In fig. 4.2, left panel, we plot the different energy losses discussed above, at the location of the
Earth. The different dependences on the e± energy are clearly shown. Hence, the dominant pro-
cess in the different energy ranges are, in order, ionization (including Coulomb), bremsstrahlung,
ICS and synchrotron.

In fig. 4.3 we plot the total energy loss function in several locations in the galactic plane (left
panel) and at several galactic altitudes at the location of the Earth (right panel). We compare it
with the previous version of the same function not including the improvements that we are now
implementing (dashed colored lines). The main modification is apparent at low energies and it
is due to the inclusion of bremsstrahlung, ionization and Coulomb losses. Being related to the
presence of gas, it disappears at the locations outside of the galactic disk.

The modifications due to the use of the new ISRF is minimal and mostly concentrated at low
energy, so it is hidden by the dominant bremsstrahlung, ionization and Coulomb losses in most
cases except well outside of the plane where the absence of gas makes it indeed visible (see the
slight difference between the solid and dashed purple lines corresponding to z = 15 kpc in the
right panel).

While in fig. 4.2 left and in fig. 4.3 we have chosen the MF1 for definiteness, in fig. 4.2 right we
explore the impact of changing the magnetic field model. Not surprisingly, in the (r, z) = (3, 0)
kpc the synchrotron energy losses are larger than in the (r, z) = (0, 2) kpc one, and the ordering
reflects the intensity of the magnetic field in the corresponding model (see fig. 4.1).

4.1.2 Electrons or positrons: result

Armed with the energy loss function described in detail in the previous subsection, as well as
with the other ingredients, we can write down the solution of the diffusion-loss equation (4.1) as
follows. The differential flux of e± dΦe±/dE = ve±f/4π in each given point of our Galaxy for any
injection spectrum can be written as

dΦe±

dE
(E, ~x) =

ve±

4π b(E, ~x)


1

2

(
ρ(~x)

MDM

)2∑
f

〈σv〉f
∫ MDM

E

dEs

dN f
e±

dE
(Es) I(E,Es, ~x) (annihilation)(

ρ(~x)

MDM

)∑
f

Γf

∫ MDM/2

E

dEs

dN f
e±

dE
(Es) I(E,Es, ~x) (decay)

(4.17)
where Es is the e± energy at production (‘s’ stands for ‘source’) and the generalized halo functions
I(E,Es, ~x) are essentially the Green functions from a source with fixed energy Es to any energy
E. In other words, the halo functions I encapsulate all the astrophysics (there is a halo function
I for each choice of DM distribution profile and choice of e± propagation parameters) and are
independent of the particle physics model: convoluted with the injection spectra dN f

e±/dE (dis-
cussed in detail in Sec. 3), they give the final spectrum searched for. They obey I(E,E, ~x) = 1
and I(E,Es, ~x) = 0 on the boundary of the diffusion cylinder. Neglecting diffusion (i.e. setting
K = 0) one would have I(E,Es, ~x) = 1. Plugged in eq. (4.17), they allow to compute the e± flux
everywhere in the Galaxy.

Some examples of the functions particularized to the location of the Earth, that is: I(E,Es, ~r�),
are plotted in fig. 4.4. Plugged in eq. (4.17), these allow to compute the e± flux at the location
of the Earth, Φ(ε, r�, z�).
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Figure 4.4: Generalized halo functions for electrons or positrons, at the location of the Earth,
for several different values of the injection energy εS (color coded) and for some illustrative choices of the
profile, propagation and magnetic field parameters.

The generalized halo functions I are computed as follows. Due to numerical issues it is
convenient to search for the solution of eq. (4.1) using an ansatz similar to eq. (4.17) but somewhat
different:

f(ε, ~x) =
1

bT(ε)


1

2

(
ρ�
MDM

)2 ∫ MDM

ε

dεs f
ann
inj (εs) Ĩ(ε, εs, ~x) (annihilation)(

ρ�
MDM

)∫ MDM/2

ε

dεs f
dec
inj (εs) Ĩ(ε, εs, ~x) (decay)

(4.18)

where ε = E/GeV. Here we adopted the (arbitrary but convenient) normalizing factor bT(ε) =
ε2 GeV/τ�, with τ� = GeV/b(1GeV, ~x�) = 5.7 × 1015 sec, which is the energy loss coefficient at
Earth in the Thomson limit regime. Plugging now the ansatz (4.18) in the differential equation
(4.1) one can recast (4.1) into a partial differential equation for Ĩ(ε, εs, ~x) (this extends the solution
method first discussed (to our knowledge) in [90]). Indeed, (4.1) becomes

− K0τ�ε
δ−2

∫ MDM(MDM/2)

ε

dεs finj(εs)∇2Ĩ(ε, εs, ~x) +
b(ε, ~x) finj(ε)Ĩ(ε, εs, ~x)

bT(ε)

∣∣∣∣∣
ε=εs

+

−
∫ MDM(MDM/2)

ε

dεs f(εs)
∂

∂ε

(
b(ε, ~x)

bT(ε)
Ĩ(ε, εs, ~x)

)
= finj(ε)

(
ρ(~x)

ρ�

)η
, (4.19)

where η = 1, 2 for decay or annihilation scenarios respectively and the upper integration limit
changes accordingly. One then extracts the partial differential equation for Ĩ:

∇2Ĩ(ε, εs, ~x) +
1

K0τ�εδ−2

∂

∂ε

(
b(ε, ~x)

bT(ε)
Ĩ(ε, εs, ~x)

)
= 0, (4.20)

with boundary conditions 
Ĩ(εs, εs, ~x) =

bT(εs)

b(εs, ~x)

(
ρ(~x)

ρ�

)η
,

Ĩ(ε, εs, ~xmax) = 0, with ~xmax ≡ (R,L).

(4.21)

Finally the halo functions with the normalization conventions of eq. (4.17) are obtained as

I(E,Es, ~x) = Ĩ(ε, εs, ~x)

[
bT(ε)

b(ε, ~x)

(
ρ(~x)

ρ�

)η]−1

, (4.22)
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Solving numerically eq. (4.20) with (4.21) allows to compute the Ĩ(ε, εs, ~x) and in turn the
I(ε, εs, ~x).

4.2 Propagation of antiprotons
The propagation of antiprotons through the galaxy is described by a diffusion equation analogous
to the one for positrons and electrons. Again, the number density of antiprotons per unit energy
f(t, ~x,K) = dNp̄/dK vanishes on the surface of the cylinder at z = ±L and r = R. K = E −mp

is the p̄ kinetic energy, conveniently used instead of the total energy E (a distinction which is of
course not particularly relevant when one looks at fluxes originating from TeV-scale DM, i.e. at
energies much larger than the proton mass mp, but important for the low energy tails and in the
case of small DM masses). Since mp � me one can neglect the energy loss term that was instead
important for electrons/positrons. But new terms appear in the diffusion equation for f , which
reads

∂f

∂t
−K(K) · ∇2f +

∂

∂z
(sign(z) f Vconv) = Q− 2h δ(z) (Γann + Γnon−ann)f, (4.23)

where:

- The pure diffusion term can again be written as K(K) = K0β (p/GeV)δ, where p = (K2 +

2mpK)1/2 and β = vp̄/c =
(
1−m2

p/(K +mp)
2
)1/2 are the antiproton momentum and

velocity. δ and K0 are given in Table 4.1.

- The Vconv term corresponds to a convective wind, assumed to be constant and directed
outward from the galactic plane, that tends to push away p̄ with energy T <∼ 10mp. Its
value is given in Table 4.1.

- The source term Q due to DM DM annihilations or DM decay has a form fully analogous
to eq. (4.2) or (4.3), with E now formally replaced by K.

- The first part of the last term in eq. (4.23) describes the annihilations of p̄ on interstellar
protons in the galactic plane (with a thickness of h = 0.1 kpc � L) with rate Γann =
(nH + 42/3nHe)σ

ann
pp̄ vp̄, where nH ≈ 1/cm3 is the hydrogen density, nHe ≈ 0.07nH is the

Helium density (the factor 42/3 accounting for the different geometrical cross section in an
effective way) and σann

pp̄ is given by [91, 92]

σann
pp̄ =

{
661 (1 + 0.0115K−0.774 − 0.984K0.0151) mbarn, for K < 15.5 GeV
36K−0.5 mbarn, for K ≥ 15.5 GeV

. (4.24)

The second part, similarly, describes the interactions on interstellar protons in the galactic
plane in which the p̄’s do not annihilate but lose a significant fraction of their energy.
Technically, one should keep them in the flux, with a degraded energy: they are referred to
as “tertiary antiprotons”. We here adopt instead the simplifying approximation of treating
them as if they were removed from the flux. The cross section that we need for the whole
last term of eq. (4.23) is then the sum of σann

pp̄ + σnon−ann
pp̄ = σinel

pp̄ . It is given in [91] as

σinel
pp̄ (K) = 24.7 (1 + 0.584K−0.115 + 0.856K−0.566) mbarn (4.25)
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(at large energies this expression has to be replaced by a better approximation [93]). We
find, anyway, that the precise expressions adopted for these cross sections do not significantly
impact the final results.

- We neglect, as just said, the effect of “tertiary antiprotons”. It can be re-included in terms
of an absorption term proportional to a different σnon−ann, and of a re-injection term Qtert

proportional to the integrated cross section over f(K). The full solution of the resulting
integro-differential equation can be found in [93]. The effect of tertiaries is mainly relevant
at low energies K . few GeV.

Assuming steady state conditions the first term in the diffusion equation vanishes, and the
equation can be solved analytically [94, 95, 96]. In the “no-tertiaries" approximation that we
adopt, the solution for the antiproton differential flux at the position of the Earth dΦp̄/dK (K,~r�) =
vp̄/(4π)f acquires a simple factorized form (see e.g. [75])

dΦp̄

dK
(K,~r�) =

vp̄
4π



(
ρ�
MDM

)2

R(K)
∑
f

1

2
〈σv〉f

dN f
p̄

dK
(annihilation)(

ρ�
MDM

)
R(K)

∑
f

Γf
dN f

p̄

dK
(decay)

. (4.26)

The f index runs over all the annihilation channels with antiprotons in the final state, with the
respective cross sections or decay rates; this part contains the particle physics input. The function
R(K) encodes all the astrophysics of production and propagation. 6 There is such a ‘propagation
function’ for annihilations and for decays for any choice of DM galactic profile and for any choice
of set of propagation parameters among those in Table 4.1.

4.2.1 Solar modulation in a force field approximation

In the final portion of their journey, antiprotons penetrate into the sphere of influence of the Sun
and are subject to the phenomenon of solar modulation. In general terms, the solar CR wind and
the solar magnetic field have the effect of decreasing the kinetic energy and momentum of the
particles, especially low energy (. 10 GeV) ones. This can be effectively described in the so-called
‘force field approximation’: the energy spectra in the local interstellar environment dΦLIS/dK (i.e.
at the end of the galactic propagation but before entering into the solar sphere, which corresponds
to the dΦp̄/dK of eq. (4.26)) are modulated to obtain the flux at Earth dΦ⊕/dK in the following

6Formally, it is given by

R(K) =

∞∑
n=1

J0

(
ζn
r�
R

)
exp

[
−VconvL

2K(K)

]
yn(L)

An sinh(SnL/2)
(4.27)

with

yn(Z) =
4

J2
1 (ζn)R2

∫ R

0

dr r J0(ζnr/R)

∫ Z

0

dz exp

[
Vconv(Z − z)

2K(K)

]
sinh (Sn(Z − z)/2)

(
ρ(r, z)

ρ�

)2

(4.28)

The coefficients An = 2hΓann + Vconv + K(K)Sn coth(SnL/2) with Sn =
(
V 2
conv/K(K)2 + 4ζ2n/R

2
)1/2 encode the

effects of diffusion.
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way
dΦ⊕
dK

(K) =
dΦLIS

dK
(K + φFZ/A) · K(K + 2m)

(K +m+ φFZ/A)2 −m2
. (4.29)

Here Z,A and m are the atomic number, the mass number and the mass of the CR species.
In our case, Z = A = 1 for protons and antiprotons. The force-field or Fisk potential φF
parametrizes the effect of the solar modulation on CRs and will take a value which depends
on several complex parameters of the solar activity and therefore ultimately on the epoch of
observation 7. For the analysis of the Pamela data, for instance, one can choose a conservative
interval 0.1 GV < φF < 1.1 GV. This is based on the fact that, using more refined tools such as
HelioProp [97] to model the propagation in the heliosphere, ref. [6] has concluded that for the
Pamela data taking period the solar modulation conditions correspond to such a range. For the
Ams-02 data, projections suggest an even more conservative interval of 0 < φF < 2 GV.

4.3 Propagation of antideuterium (and heavier antinuclei)
The propagation of antideuterons and heavier antinuclei (we will consider anti-3He only) through
the Galaxy follows closely that of antiprotons discussed above, with a few trivial changes. The
diffusion equation is still the one in eq. (4.23). In it:

- Diffusion, being governed by the electromagnetic properties of the particles, is the same
for antinuclei as for antiprotons, but of course the deuteron mass md or nucleus mass mĀ

should replace the proton mass in the expression for the kinetic energy and the momentum.

- It is actually customary for low Z nuclei to use as a variable Kd,Ā/n: the kinetic energy per
nucleon (n = 2 or n = 3 for the cases of antideuteron and anti-3He). We will present all
results as functions of this quantity.

- The treatment of spallations of d̄ or Ā on the interstellar gas (‘annihilating’ and ‘non-
annihilating’ reactions) is less straightforward than for p̄, essentially for the scarcity of
experimental nuclear data on d̄ and even more on Ā. We have therefore to adapt from
existing data. For antideuterons, we still write Γ(non−)ann = (nH + 42/3nHe)σ

(non−)ann

pd̄
vd̄ and

so we now need σinel
pd̄

. This can be obtained from related experimental measurements with
the charge conjugated reaction p̄d or with the reaction pp̄: we refer for more details to [98, 7]
and references therein. All in all, we find that a good approximation is to effectively adopt
σinel
pd̄
' 2σinel

pp̄ . For antihelium, the same equation holds and for the nuclear cross sections
we use the parametrizations in Table 4.5 of [99].

With the ingredients above one can compute, exactly as for antiprotons, an antideuteron/antinucleus
propagation function Rd,A(Kd,A/n) for annihilations and for decays for any choice of DM galactic
profile and for any choice of set of propagation parameters among those in Table 4.1. Not supris-
ingly, since the changes are so minimal with respect to antiprotons and affecting subdominant
processes only, the propagation functions resemble those for antiprotons closely.

7Note that, with the notation φF , we will always refer to the Fisk potential for antiprotons. The corresponding
quantity for protons, φpF can in principle be different (in which case one has ‘charge dependent’ solar modulation).
Ref. [6], based on the same HelioProp runs mentioned below, finds that the two quantities typically do not differ
by more than 50%. Moreover, dedicated runs find that the value for antiprotons tends to be larger than the one
for protons, at least for the conditions of solar activity which are appropriate during the data taking period of
Pamela.
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With these ingredients, it is straightforward to compute the antideuteron or antihelium dif-
ferential flux at the position of the Earth as

dΦd̄,He

dE
(K,~r�) =

vd̄,He

4π
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MDM

)2
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2
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(
ρ�
MDM

)
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∑
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Γf
dN f

d̄,He

dKd,He

(decay)

. (4.30)

Solar modulation can be applied as discussed for antiprotons, with the due changes.

4.4 Prompt gamma rays
The differential flux of photons from a given angular direction dΩ produced by the annihilation
of self-conjugated DM particles (e.g. Majorana fermions) is

dΦγ

dΩ dE
=

1

2

r�
4π

(
ρ�
MDM

)2

J
∑
f

〈σv〉f
dN f

γ

dE
, J =

∫
l.o.s.

ds

r�

(
ρ(r(s, θ))

ρ�

)2

(annihilation)

(4.31)
where dN f

γ /dE is the energy spectrum of photons produced per one annihilation 8 in the channel
with final state f . If DM is not constituted by self-conjugated particles (e.g. in the case of Dirac
fermions), then σv must be averaged over DM particles and antiparticles: in practice, the equation
above has to be divided by an additional factor of 2 if only particle-antiparticle annihilations are
present.

In the case of DM decay, an analogous equation holds

dΦγ

dΩ dE
=
r�
4π

ρ�
MDM

J
∑
f

Γf
dN f

γ

dE
, J =

∫
l.o.s.

ds

r�

(
ρ(r(s, θ))

ρ�

)
(decay) (4.32)

Here the coordinate r, centered on the Galactic Center, reads r(s, θ) = (r2
� + s2− 2 r� s cos θ)1/2,

and θ is the aperture angle between the direction of the line of sight and the axis connecting the
Earth to the Galactic Center.

The J factor in eq. (4.31) and eq. (4.32) integrates the intervening matter along the line of sight
(along which the variable s runs) individuated by the angular direction, and it is conventionally
weighted by r� (here assumed to be 8.33 kpc) and the appropriate power of ρ� (here assumed
to be 0.3 GeV/cm3) so to be adimensional.9 J(θ) is of course invariant under rotations around
the axis which connects the Earth to the GC, due to the assumed spherical symmetry of the DM
distribution ρ(r).

The J factors are plotted in fig. 4.5 as a function of θ.

The recipes (4.31) and (4.32) are ready for consumption if one needs the flux of gamma rays
from a given direction. More often, of course, one needs the integrated flux over a region ∆Ω,
corresponding e.g. to the window of observation or the resolution of the telescope. The J factor is

8Not per initial state particle; not per final state primary particle.
9Alternatively, sometimes an analogous factor is defined as J =

∫
l.o.s.

ρ2(r) = r�ρ
2
� J in units of GeV2/cm5

(annihilation) or J =
∫
l.o.s.

ρ(r) = r�ρ� J in units of GeV/cm2 (decay).
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Figure 4.5: J(θ) for annihilating (left) and decaying (right) Dark Matter, for the different DM
profiles. The color code individuates the profiles (Burkert, Isothermal, Einasto, EinastoB, NFW, Moore
from bottom to top in the inset).

then replaced by the average J factor for such region, simply defined as J̄(∆Ω) =
(∫

∆Ω
J dΩ

)
/∆Ω.

The following simple formulæ hold for regions that are disks of aperture θmax centered around
the GC, annuli θmin < θ < θmax centered around the GC or generic regions defined in terms of
galactic latitude b and longitude `10 (provided they are symmetric around the GC):

∆Ω = 2π

∫ θmax

0

dθ sin θ, J̄ =
2π

∆Ω

∫
dθ sin θ J(θ), (disk)

∆Ω = 2π

∫ θmax

θmin

dθ sin θ, J̄ =
2π

∆Ω

∫
dθ sin θ J(θ), (annulus)

∆Ω = 4

∫ bmax

bmin

∫ `max

`min

db d` cos b, J̄ =
4

∆Ω

∫∫
db d` cos b J(θ(b, `)), (b× ` region)

(4.33)
where the integration limits in the formulæ for J̄ are left implicit for simplicity but obviously
correspond to those in ∆Ω. For the ‘b× ` region’ the limits of the integration region are intended
to be in one quadrant (e.g. the b > 0◦, 0 < ` < 90◦ one for definiteness), hence the factor of 4 to
report it to the four quadrants.

The values of the J̄ factors and ∆Ω for some popular observational regions are reported in
table 4.2, for the cases of annihilating and decaying DM and for the different halo profiles. Any

10Galactic polar coordinates (d, `, b) are defined as

x = d cos ` cos b, y = d sin ` cos b, z = d sin b

where the Earth is located at ~x = 0 (such that d is the distance from us); the Galactic Center at x = r�, y = z = 0;
and the Galactic plane corresponds to z ≈ 0. Consequently cos θ = x/d = cos b · cos `.
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other region can be computed by using the formulæ in eq. (4.33) and the J(θ) functions provided
above.

With these ingredients, one explicitly has for the differential γ ray flux from a region ∆Ω

dΦγ

dE
(Eγ) =

r�
4π


1

2

(
ρ�
MDM

)2

J̄ ∆Ω
∑
f

〈σv〉f
dN f

γ

dEγ
(annihilation)

ρ�
MDM

J̄ ∆Ω
∑
f

Γf
dN f

γ

dEγ
(decay)

(4.34)

4.5 Secondary photons
Galactic e± generated by DM in the diffusion volume lose essentially all their energy into photons
by means of two processes: Inverse Compton and synchrotron radiation. In regions close to the
galactic disk (where gas is abundant) and for low energy electrons, bremsstrahlung radiation is
also important.

The resulting fluxes of ICS (and bremsstrahlung) γ rays and of microwave synchrotron ra-
diation are thus possible signatures of DM. The ICS flux is particularly promising. One of its
best features is that it originates from ‘everywhere’ in the diffusion volume of the galactic halo,
including regions where the astrophysical background is reduced (e.g. at high latitudes). More-
over, essentially everywhere synchrotron energy losses are sub-dominant with respect to Inverse
Compton energy losses (as discussed in Sec. 4.1.1), so that, thanks to energy conservation, the
resulting ICS γ flux suffers only moderate astrophysical uncertainties.

The microwave synchrotron emission is generated in significant amount from the region close
to the Galactic Center (where the intensity of the magnetic field and the density of Dark Matter is
highest) and therefore is plagued by more uncertainty and more background. However it can also
come from large latitudes, as recently appreciated [100, 101, 102, 103, 104, 105, 106, 107, 108].

Finally, the bremsstrahlung emission can be a relevant signature for DM in the conditions
mentioned above (large gas density and .10 GeV e± energy) [5]. In any case, it has to be taken
into account if one wants to consistently model the other emissions with which it competes [5].

In this section we describe in some detail the computation of ICS emission (sec. 4.5.1, based
on [1] but upgraded with the results of sec. 4.1), of bremsstrahlung emission (sec. 4.5.2, based
on [8]) and synchrotron radiation (sec. 4.5.3, based on [8]). The methods that we describe builds
on standard EM formalism but they introduce new tools in the form of generalized halo functions
(for ICS, bremsstrahlung and synchrotron). These functions, analogous to the halo functions for
e± propagation, are computed once and for all and then allow to compute the emission by a
simple convolution with the injection electron spectrum, making the phenomenology much faster
to analyze for any DM model.

4.5.1 Inverse Compton gamma rays

The differential flux of ICS photons within an angular region ∆Ω can be written in terms of the
emissivity j(Eγ, r) of a cell located at a distance r ≡ |~x| from the Galactic Center as

dΦICγ

dEγ dΩ
=

1

Eγ

∫
l.o.s.

ds
j(Eγ, r(s, θ))

4π
(4.35)
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In general, for any radiative process, the emissivity is obtained as a convolution of the spatial
density of the emitting medium with the power that it radiates (see e.g. [109]). In this case
therefore

j(Eγ, r) = 2

∫ MDM(/2)

me

dEe PIC(Eγ, Ee, r)
dne±

dEe
(r, Ee), (4.36)

where P =
∑

iP iIC is the differential power emitted into photons due to ICS radiative processes
(the sum runs over the different components of the photon bath: CMB, dust-rescattered light and
starlight) and dne±/dEe is the electron (or positron) number density after diffusion and energy
losses, as computed in subsection 4.1.2 (notice that there it was denoted as f for simplicity, see
page 46; dne±/dEe just corresponds to eq. (4.17) removing the ve±/4π factor). The minimal and
maximal energies of the electrons are determined by the electron mass me and the mass of the
DM particle MDM. The ‘/2’ notation applies to the decay case. The overall factor of 2 takes into
account the fact that, beside the electrons, an equal population of positrons is produced by DM
annihilations/decays and radiates.11

The radiated power PIC, in the full Klein-Kishina case, is given by (we refer the reader
to [4, 110] and references therein for more details on the derivation)

P iIC(Eγ, Ee, ~x) =

3σT

4γ2

∫ 1

1/4γ2
dq

(
Eγ −

Eγ
4qγ2(1− ε)

)
ni
(
E0
γ(q), ~x

)
q

[
2q ln q + q + 1− 2q2 +

1

2

ε2

1− ε
(1− q)

]
.

(4.37)

where γ = Ee/me is the Lorentz factor of the scattering electron and the integrand is expressed
in terms of

q =
ε

ΓE(1− ε)
, with ΓE =

4E0
γEe

m2
e

, ε =
Eγ
Ee
, in

1

4γ2
' 0 ≤ q ≤ 1. (4.38)

Here E0
γ is the initial energy of the photon in the background bath. Correspondingly, Eγ lies in

the range E0
γ/Ee ≤ Eγ ≤ Ee ΓE/(1 + ΓE). The non-relativistic (Thompson) limit corresponds to

ΓE � 1, so that ε� 1, the last term in the integrand of P is negligible, and q → y = Eγ/(4γ
2E0

γ)
with 0 ≤ y ≤ 1. Thus in the Thomson limit

P iIC(Eγ, Ee, ~x) =
3σT

4γ2
Eγ

∫ 1

0

dy
ni
(
E0
γ(y), ~x

)
y

[
2y ln y + y + 1− 2y2

]
[Thomson limit]. (4.39)

Plugging now PIC and ne± in eq. (4.36), we can write the IC differential flux in the following
convenient form:

dΦICγ

dEγ dΩ
=

1

E2
γ

r�
4π


1

2

(
ρ�
MDM

)2 ∫ MDM

me

dEs

∑
f

〈σv〉f
dN f

e±

dE
(Es) IIC(Eγ, Es, b, `) (annihilation)

ρ�
MDM

∫ MDM/2

me

dEs

∑
f

Γf
dN f

e±

dE
(Es) IIC(Eγ, Es, b, `) (decay)

(4.40)

11Recall from footnote 1 that with the notation e± we always refer to the independent fluxes of electrons e− or
positrons e+ and not to the sum.
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where Es is the e± injection energy and IIC(Eγ, Es, b, `) (with the dimension of an energy) is a
halo function for the IC radiative process. This formalism allows therefore to express the flux of
ICS γ as the convolution of the electron injection spectrum dNe±/dE and this new kind of halo
functions, in close analogy with the formalism for charged particles. Indeed, we can explicitly
express IIC in terms of the ICS ingredients discussed above and the generalized halo functions for
e± that we introduced in Sec. 4.1.2. We get

IIC(Eγ, Es, b, `) = 2Eγ

∫
l.o.s.

ds

r�

(
ρ(r(s, θ))

ρ�

)η∫ Es

me

dE

∑
iP iIC(Eγ, E, r(s, θ))

b(E, r(s, θ))
I(E,Es, r(s, θ)),

(4.41)
where again η = 1, 2 for the decay or annihilation scenarios respectively. The intensity of the
interstellar radiation

∑
i ni cancels out in the ratio

∑
Pi/b, up to the sub-leading synchrotron

contribution and provided that we are not interested in the contributions from the individual
light baths.

The final step to obtain the differential ICS γ flux dΦICγ/dEγdΩ consists in performing the
convolution integral over Es with any desired prompt e± energy spectrum from DM.

Finally one can compute the differential flux from a region ∆Ω by integrating over b and ` as
discussed in Sec. 4.4

dΦICγ

dEγ
=

∫∫
db d` cos b

dΦICγ

dΩ dEγ
. (4.42)

Due to the intertwined dependence on b and ` and on Eγ and Es of the halo functions, here
the geometrical integral cannot be pulled out as for prompt γ rays, so a J̄ factor cannot be defined
in a simple way.

4.5.2 Bremsstrahlung gamma rays

The computation of the bremsstrahlung emission and its generalized halo functions follows quite
closely the one for ICS in the previous subsection, using also the formalism for bremsstrahlung
spelled out in sec. 4.1.1. We summarize here the main ingredients for completeness.

In exact analogy with eq. (4.40), the bremsstrahlung differential flux reads:

dΦbremγ

dEγ dΩ
=

1

E2
γ

r�
4π


1

2

(
ρ�
MDM

)2 ∫ MDM

me

dEs

∑
f

〈σv〉f
dN f

e±

dE
(Es) Ibrem(Eγ, Es, b, `) (annihilation)

ρ�
MDM

∫ MDM/2

me

dEs

∑
f

Γf
dN f

e±

dE
(Es) Ibrem(Eγ, Es, b, `) (decay)

(4.43)
where now (in analogy with eq. (4.41)) the generalized halo function for bremsstrahlung is

Ibrem(Eγ, Es, b, `) = 2Eγ

∫
l.o.s.

ds

r�

(
ρ(r(s, θ))

ρ�

)η∫ Es

me

dE
Pbrem(Eγ, E, r(s, θ))

b(E, r(s, θ))
I(E,Es, r(s, θ)),

(4.44)
where as before η = 1, 2 for the decay or annihilation scenarios respectively and I is the e±
generalized halo function. The bremsstrahlung power consists in

Pbrem(Eγ, E, ~x) = cEγ
∑
i

ni(~x)
dσi(Eγ, E)

dEγ
(4.45)
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where ni are the number densities of the gas species and the bremsstrahlung cross section was
given in eq. (4.46):

dσi(Ee± , Eγ)

dEγ
=

3αemσT
8π Eγ

{[
1 +

(
1− Eγ

Ee±

)2
]
φi1 −

2

3

(
1− Eγ

Ee±

)
φi2

}
. (4.46)

4.5.3 Synchrotron radiation

The synchrotron power (in erg s−1 Hz−1) of an isotropic distribution of relativistic electrons with
energy E in a uniform magnetic field is

Psyn(ν, E, α) =
√

3
e3B sinα

me c2
F (x) (4.47)

with
x = ν/ν ′c, ν ′c =

1

2
νc sinα, νc =

3

2π

e

mec
Bγ2.

Here B is the strength of the magnetic field, α the angle between the line of sight and the magnetic
field direction and γ = E/me the Lorentz factor of the electron or positron. The synchrotron
kernel F (x) is

F (x) = x

∫ ∞
x

K5/3(x′)dx′

where Kn is the modified Bessel function of the second kind of order n.
In presence of a randomly oriented magnetic field, which is the case of our interest, the

synchrotron power has to be averaged over the pitch angle α:

Psyn(ν, E) =
1

2

∫ π

0

dα sin(α)Psyn(ν, E, α) (4.48)

For relativistic electrons (γ ≥ 2) this corresponds to [111]:

Psyn(ν, E) = 2
√

3
e3B

mec2
y2

[
K4/3(y)K1/3(y)− 3

5
y
(
K4/3(y)2 −K1/3(y)2

)]
(4.49)

with y = ν/νc. Integrating this quantity over ν yields the total power emitted by an electron of
energy E in all frequencies, i.e. eq. (4.15).

Next, the synchrotron emissivity has to be computed convolving the synchrotron power in
eq. (4.49) with the number density of electrons per unit energy f(E, r, z) (in cm−3 GeV−1) dis-
cussed above

jsyn(ν, r, z) = 2

∫ MDM(/2)

me

dE Psyn(ν, E) f(E, r, z) (4.50)

where the minimal and maximal energies of the emitting electrons are determined by the electron
mass and the mass of the DM particle. The ‘/2’ notation applies to the decay case. The overall
factor 2 takes into account that, besides the electrons, an equal population of positrons radiates.
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Finally, the observable in which we are interested is the intensity I of the synchrotron emission
(in erg cm−2 s−1 Hz−1 sr−1) from a certain direction of observation. This is obtained by integrating
the emissivity of eq. (4.50) along the line-of-sight. Schematically:

I(ν, b, `) =

∫
l.o.s.

ds
jsyn(ν, r, z)

4π
(4.51)

where it is intended that a point in (r, z) is identified by the the parameter s along the line of
observation individuated by the galactic latitude b and longitude `: r(s, b, `), z(s, b, `).

Recollecting eq. (4.51) and eq. (4.17), the synchrotron intensity I at a given frequency ν and
for given galactic coordinates (b, `) can be cast as:

I(ν, b, `) =
r�
4π


1

2

(
ρ�
MDM

)2 ∫ MDM

me

dEs
∑
f

〈σv〉f
dN f

e±

dE
(Es) Isyn(ν, Es, b, `) (annihilation)(

ρ�
MDM

)∫ MDM/2

me

dEs
∑
f

Γf
dN f

e±

dE
(Es) Isyn(ν, Es, b, `) (decay)

(4.52)
with the generalized synchrotron halo function Isyn(ν, Es, b, `) defined as

Isyn(ν, Es, b, `) =

∫
l.o.s.

ds

r�

(
ρ(r, z)

ρ�

)η
2

∫ Es

me

dE
Psyn(ν, E)

b(E, r, z)
I(E,Es, r, z), (4.53)

where η = 1, 2 for the decay or annihilation cases respectively and again implicitly r(s, b, `),
z(s, b, `).

4.6 Propagation of neutrinos from the center of the Sun
The propagation of neutrinos from DM annihilations from the center of the Sun deserves a dedi-
cated section since it is quite involved and represents a subject by itself.

The final energy spectrum of the neutrino flux at the detector location is written as

dΦν

dEν
=

Γann

4πd2

dNν

dEν
(4.54)

where d is the Sun–Earth distance, Γann is the total DM annihilation rate in the Sun, dNν/dEν is
the energy spectrum of νe,µ,τ and ν̄e,µ,τ produced per DM annihilation after taking into account
all effects. What we present here is the computation of dNν

dEν
, starting from the spectra obtained in

sec. 3.3 and discussing the propagation. The latter features the superposition of flavor oscillations
and (at energies above tens of GeV) Neutral Current (NC) and Charged Current (CC) interactions
with solar matter, which give rise to absorption and (when a τ lepton is produced) to regeneration
of neutrinos with lower energies.

4.6.1 Formalism

Flavor oscillations are a quantum coherent process while interactions with matter are coherence-
breaking, but both processes simultaneously affect neutrino propagation. The appropriate formal-
ism that marries in a quantum-mechanically consistent way these two aspects, consists in studying
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the spatial evolution of the 3 × 3 matrix of densities of neutrinos, ρ(Eν), and of anti-neutrinos,
ρ̄(Eν). The diagonal entries of the density matrix represent the population of the corresponding
flavors, whereas the off-diagonal entries quantify the quantum superposition of flavors.12 The ma-
trices ρ(Eν) and ρ̄(Eν) satisfy a coupled system of integro-differential equations in the distance
r from the center of the Sun:

dρ

dr
= −i[H , ρ] +

dρ

dr

∣∣∣∣
NC

+
dρ

dr

∣∣∣∣
CC

(4.55)

with an analogous equation for ρ̄.

• The first term describes oscillations, computed including the vacuum mixing and the MSW
matter effect [112]. The effective Hamiltonian reads

H =
m†m

2Eν
±
√

2GF

[
Ne diag (1, 0, 0)− Nn

2
diag (1, 1, 1)

]
, (4.56)

wherem is the 3× 3 neutrino mass matrix, and the + (−) sign applies for neutrinos (anti-
neutrinos). One has m†m = V · diag(m2

1,m
2
2,m

2
3) · V † where m1,2,3 > 0 are the neutrino

masses and V is the neutrino mixing matrix given by

V = R23(θ23) ·R13(θ13) · diag (1, eiφ, 1) ·R12(θ12) (4.57)

where Rij(θij) represents a rotation by θij in the ij plane and we assume the present best
fit values for the mixing parameters [113]13

tan2 θsun = 0.45, θatm = 45◦, θ13 = 8.8◦,

∆m2
sun = 7.5 10−5 eV2, |∆m2

atm| = 2.45 10−3 eV2.

• The second term in eq. (4.55) describes the absorption and re-emission due to NC scatterings
(ν)N ↔ (ν)N∗ (where N is any nucleon in the Sun and with N∗ we denote its possible excited
state after the collision), which remove a neutrino from the flux and re-inject it with a lower
energy. So they contribute to the evolution equation as:

dρ

dr

∣∣∣∣
NC

= −
∫ Eν

0

dE ′ν
dΓNC

dE ′ν
(Eν , E

′
ν)ρ(Eν) +

∫ ∞
Eν

dE ′ν
dΓNC

dEν
(E ′ν , Eν)ρ(E ′ν) (4.58)

where
ΓNC(Eν , E

′
ν) = Np(r) σ(ν`p→ ν ′`X) +Nn(r) σ(ν`n→ ν ′`X). (4.59)

• The third term in eq. (4.55) describes Charged Current (CC) scatterings (ν)
`N → `±X

of an initial neutrino ν` with energy Eν , which remove the ν` from the flux and produce
a charged lepton ` and scattered hadrons X. They decay back into neutrinos ν`′ and

12Alternatively, the fully numerical approach pursued in Wimpsim [114] consist in writing down an event-
based MonteCarlo that follows the path of a single neutrino undergoing oscillations and interactions (with given
probabilities). The two approaches yield results which are very well in agreement, for any practical purpose.

13We neglect the indications possibly in favor of a non-maximal θatm and we do not consider the small dependence
of the best fit values on the choice of the mass hierarchy.



68 Chapter 4. Computation of the propagation and thus the observable CR fluxes at Earth

anti-neutrinos ν̄`′ with lower energy E ′ν : their energy distributions are described by the
function f`→`′(Eν , E ′ν). When the initial neutrino is ντ (ν̄τ ), the produced τ− (τ+) decays
promptly before losing energy, giving rise to energetic ντ , ν̄e, ν̄µ (ν̄τ , νe, νµ): this is the tau
regeneration phenomenon [115]. When instead the initial neutrino is a νe or νµ we assume
that the produced e, µ is totally absorbed and we neglect the corresponding low energy
neutrinos. CC scatterings thereby affect the propagation of neutrinos with the term

dρ

dr

∣∣∣∣
CC

= −{ΓCC,ρ}
2

+

∫
dEin

ν

Ein
ν

[
Πτρττ (E

in
ν )ΓτCC(Ein

ν )fτ→τ (E
in
ν , Eν)

+Πe,µρ̄ττ (E
in
ν )Γ̄τCC(Ein

ν )fτ̄→e,µ(Ein
ν , Eν)

]
, (4.60)

where Π` is the projector on the flavor ν`: e.g. Πe = diag (1, 0, 0). The matrices ΓCC, Γ̄CC

that describe the rates of CC interactions are given by ΓCC(Eν) = diag (ΓeCC,Γ
µ
CC,Γ

τ
CC),

where
Γ`CC = Np(r) σ(ν`p→ `X) +Nn(r) σ(ν`n→ `X). (4.61)

In both NC and CC processes, we neglect low energy neutrinos that might emerge from the
scattered hadrons and light leptons, i.e. the de-excitation of N∗ in NC and the decay of X and
e, µ in CC. E.g. in particular we neglect the very low energy neutrinos with Eν ∼ mπ,K,µ coming
from the decay at rest of light hadrons/leptons. In order to include them, one should implement
neutrino/matter interactions in dedicated codes such as Geant, which currently do not include
them. I.e. this would be analogous to the work we performed in sec. 3.3, now with neutrinos as
primary particles. We estimate that such a neglected effect would only give a small enhancement
in the final flux of neutrinos at very low energy.

Solving numerically the full evolution equation (eq. 4.55) starting from the initial condition
dictated by the spatial distribution of DM annihilations inside the Sun, allows to compute the full
transition probabilities P±(ν`(E

′)→ νi(E)) from the Sun to the Earth, with ` = {e, µ, τ, ē, µ̄, τ̄},
i = {1, 2, 3, 1̄, 2̄, 3̄} and E ≤ E ′ in the two cases of normal (P+) and of inverted (P−) neutrino
mass hierarchy. Some transition probabilities are plotted as examples in fig. 4.6. The transition
probabilities incorporate thus all propagation effects and allow to obtain the spectra of neutrinos
and anti-neutrinos at the Earth (in terms of mass eigenstates νi) via a simple convolution with
the spectra at production (presented in sec. 3.3):

dN±νi
dE

=
∑
`

∫ M

E

dE ′ P±(ν`(E
′)→ νi(E))

dNprod
ν`

dE ′
. (4.62)

The final step consists in taking into account the oscillations in the matter of the Earth. If
neutrinos do not cross the Earth, the energy spectra for the neutrino flavour eigenstates are simply
given by

dN±ν`
dEν

=
∑
i

|V`i|2
dN±νi
dEν

. (4.63)

If instead neutrinos cross the Earth with zenith angle ϑ (cosϑ = −1 corresponds to the maximal
vertical crossing, and cosϑ = 0 corresponds to the minimal horizontal crossing), the neutrino
fluxes at detection are given by

dN±ν`
dEν

=
∑
i

P±earth(νi → ν`, Eν , ϑ)
dN±νi
dEν

. (4.64)
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Figure 4.6: Neutrino (continuous curves) and anti-neutrino (dashed) transition probability
from the Sun to the Earth, assuming θ13 = 0. At E � 10 GeV the total probability P (νi →∑

f νf ) is smaller than 1 because of absorption. The probabilities plotted here do not include
regenerated neutrinos, see text for details.
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(dashed), for neutrinos crossing vertically the Earth.
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where the oscillation probabilities Pearth are readily computed adopting the standard Earth density
model. We neglect neutrino absorption within the Earth (they would be relevant only for energies
above ∼ 10 TeV and neutrinos with those energy essentially do not emerge from the Sun, as
discussed above). Some Earth oscillation probabilities are plotted in fig. 4.7 for illustration; for
large and small neutrino energy they approach the limiting values |V`i|2.

4.6.2 Results

Fig. 4.8 presents, for reference, an example of our final results for the neutrino spectra at detection,
analogously to fig. 3.3. The spectra are, as always, normalized per one annihilation of two DM
particles.

In fig. 4.9 we present a more detailed comparison of the effect of propagation, for a few selected
masses and channels. One sees, for instance:

• The effect of flavor vacuum oscillations: for an annihilation into τ+τ− the flux of electron
and muon neutrinos is greatly enhanced and the corresponding flux of tau neutrinos is
depleted; for an annihilation into b̄b, the opposite happens since νe,µ mostly emerge from
the b channel.

• The effect of solar matter absorption: moving towards higher masses, the spectra are sig-
nificantly degraded in energy; the case of the Z spectrum (peaked at production) is the
most apparent. For even larger mDM all spectra approach a limit, ‘bell-shaped’ exponential
spectrum dictated by the maximum energy to which the Sun is transparent [9].

• The effect of Earth crossing oscillations: the wiggles at around 1 to 10 GeV.
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Figure 4.8: Final results for the neutrino spectra at de-
tection, including all propagation effects. For definiteness we
choose the case of Normal Hierarchy and neutrinos crossing ver-
tically the Earth. Left column: neutrino spectra. Central col-
umn: antineutrino spectra. Right column: zoom on the high en-
ergy portion of the neutrino spectra. Upper row: e flavor; middle
row: µ flavor; bottom row: τ flavor. These plots can be directly
compared with those in fig. 3.3.
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Figure 4.9: Comparison of the neutrino spectra at production and detection, showing the
effects of propagation. For definiteness we choose the case of neutrinos crossing vertically the
Earth. Upper row: e flavor; middle row: µ flavor; bottom row: τ flavor. Different columns:
different values of the DM mass.



Chapter 5

Status of the searches

In this chapter I intend to briefly review the current status of the field, using the pretext of
discussing four recent experimental ‘anomalies’ and the ensuing phenomenological activity. The
four anomalies are: 1) the positron and electron excesses, first soundly detected by Pamela in
2008 in the positron fraction and then corroborated by many results from Fermi, Hess and
recently Ams-02; 2) the ‘130 GeV line’ from the Galactic Center (GC), first identified in 2012 by
Christoph Weniger and collaborators in Fermi data; 3) the ‘GeV Galactic Center γ-ray excess’,
promoted since 2010 most notably by Dan Hooper; 4) the 3.5 KeV X-ray line, supposedly detected
in march 2014 in data from the Xmm-Newton satellite from several galaxy clusters and the
Andromeda galaxy (M31).

5.1 The positron and electron excesses

There has been a flurry of positive results from a few indirect detection experiments looking at
the fluxes of charged cosmic rays. In particular, the signals pointed to an excess of electrons and
positrons at the TeV and sub-TeV scale:

◦ Notorius data from the Pamela satellite [116] showed, back in 2008, a steep increase in
the energy spectrum of the positron fraction e+/(e+ + e−) above 10 GeV up to 100 GeV,
compatibly with previous hints from Heat [117] and Ams-01 [118]. These findings have
later been confirmed with independent measurements by the Fermi satellite [119] and,
recently, by the Ams-02 experiment [120] and extended to about 430 GeV.

◦ Data from Pamela [121] also showed no excess in the p̄ energy spectrum compared with
the predicted background.

◦ In the e+ + e− energy spectrum, the results of the Fermi satellite [122], combined with the
results from the Hess telescope [123], hint to an excess (with respect to the expected back-
ground) reproduced by a simple power law up to about 1 TeV and eventually a steepening
at energies of a few TeVs.

The data are displayed in fig. 5.1, together with the expected astrophysical ‘backgrounds’ and
with the contribution from an annihilating DM particle which fits them reasonably well (see
below). The properties of such a particle are pin-pointed quite precisely by the data. The DM
has to be:
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Figure 5.1: A compilation of recent and less recent data in charged cosmic rays, superimposed on
plausible but uncertain astrophysical backgrounds from secondary production and on the flux produced by
Dark Matter annihilations for a specific model. Left: positron fraction. Center: antiproton flux. Right:
sum of electrons and positrons. Figures from ref. [124].
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. With a mass of 1 to few TeV, in order to reproduce the feature in the e+ + e− spectrum.
Actually, the hint of a flattening in the positron fraction suggested by Ams-02 favours a
DM mass below about 1 TeV with about 3σ statistical significance, depending on the DM
annihilation channel, so that a little bit of a tension is present with the e+ + e− spectrum,
which requires a slightly larger value.

. Leptophilic, i.e. annihilating almost exclusively into leptonic channels, otherwise the an-
tiproton measurements would be exceeded.

. With a very large annihilation cross section, of the order of 10−23 cm3/sec or more (for the
masses under consideration), much larger than the thermal one, in order to produce a large
enough flux that can fit the positron rise and the e+ + e− bump.

As tantalizing as these hints of DM can be, they have to be confronted with associated
constraints. Many possible constraints can be considered, but here I will focus on two classes
only. The first one is observations of γ-rays. In fig. 5.2 we show representative γ-ray bounds (the
constraints are taken from [125, 126], more recent analyses find similar or slightly more stringent
bounds). We see that the fit region shows some tension with γ-ray data (or it is rather clearly
excluded) if (left) we have chosen a benchmark NFW galactic Dark Matter profile. Choosing the
shallower isothermal profile (right), however, makes the constraints looser. It is therefore difficult
to get a final answer from γ-rays. The second class of constraints comes from observations of the
cosmic microwave background (CMB), which imposes bounds on DM annihilations (based on the
fact that they would have re-ionized the primordial universe) that disfavor at various degrees and
for most channels the DM interpretation of the positron excess [127].

5.2 The 130 GeV line

Figure 5.3: Left: Fermi γ-ray data and fits pointing to a line at about 130 GeV. Right: behavior
with time of the accumulated significance for this signal. Figures from ref. [130] and ref. [139].
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The ‘130 GeV line’ claim has gathered a lot of attention in the past two years (for a more thorough
review see [128]). Originally spotted by [129] and, above all, by [130] in the publicly available
Fermi data from an extended region including the GC (fig. 5.3 left reports the most evocative of
the original analysis’ figures), it has later found support in other analyses [131, 132, 133, 134], with
varying degrees of accuracy and claimed significance. [131, 134] have seen it in what could possibly
be DM subhaloes of the MW, and there might be two lines, at 111 GeV and 129 GeV [135, 132].
[133] has seen it in galaxy clusters too. For a response, [136, 137, 138] challenged the analyses in a
number of ways, suggesting that the line(s) could be due to unidentified instrumental, statistical
or astrophysical origin. Although it is probably too early for a final conclusion on this claim, it
is fair to say that the current consensus seems to be that the line has been a rather unfortunate
combination of an instrumental effect and a statistical fluctuation. The right panel of fig. 5.3
illustrates that, as more data are accumulated, the significance of the signal lowers, hence pointing
at something which is probably not an actual signal.

5.3 The GeV Galactic Center excess
Several authors have reported since 2009 the detection of a gamma-ray signal from the inner
few degrees around the GC [140, 141], with the most notable early claims by Dan Hooper. Its
spectrum and morphology are found to be compatible with those expected from annihilating DM
particles: to fix the ideas, the results of one of the most recent analysis [142] confirm the presence
of this excess at an incredibly high level of significance (if taken at face value) and find this signal
to be best fit by 31-40 GeV DM particles distributed according to a (contracted) NFW profile
and annihilating into bb̄ with 〈σv〉 = 1.4 ÷ 2 × 10−26 cm3/s. Fig. 5.4 displays the earliest fit to
the data (from [140]) and one of the most recent ones (from [142]).

Of course, one should not forget that, in very general terms, the identification of an ‘excess’
strongly relies on the capability of carefully assessing the background over which the excess is
supposed to emerge. The claim under scrutiny constitutes no exception, quite the contrary. The
extraction of the residuals strongly relies on the modeling of the diffuse gamma-ray background
(in particular the one publicly made available by the Fermi collaboration) as well as on additional
modeling of astrophysical emissions, e.g. from Fermi bubbles, isotropic component, unresolved
point sources, molecular gas... While this is probably the best that can be done, it is not guar-
anteed to be (and in general is not expected to be) the optimal strategy. Also, one should not
forget that there might be alternative astrophysical explanations for the excess. A population
of milli-second pulsars has been extensively discussed since the beginning [143], as well as the
possibility of a spectral break in the emission of the central Black Hole [144]. More recently,
the possibility has been suggested that isolated injections of charged particles (electrons [145] or
protons [146]) sometime in the past, possibly connected with the activity of the central Black
Hole, can produce secondary radiation able to account for the anomalous signal. While reproduc-
ing with these models all the details of the observed emission might be not easy, they represent
plausible and useful counterexamples to the DM interpretation.

Still, it is interesting to insist on the tantalizing DM hypothesis and to explore ways to confirm
or disprove the result within the DM framework. In particular, given the alleged hadronic origin
of the signal, it is very useful to analyze the antiproton channel to put constraints on the DM
interpretation of such excess. Ref. [147] delved precisely into this issue, and the condensed results
are displayed in fig. 5.5. It considered several galactic propagation models for antiprotons (THN,
CON, KOL, KRA, THK, roughly distinguished by the thickness of the diffusive halo, the diffusion
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Figure 5.4: Earliest and latest fits to the GeV excess at the GC. From ref. [140] and ref. [142].
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Figure 5.5: Antiproton constraints on the GC GeV excess: 3-σ exclusion contours on 〈σv〉 for
100% DM annihilation into bb̄, for the three approaches to solar modulation briefly discussed in the text.
The grey area is the best-fit region. Fig. from ref. [147].

properties and the presence of side effects such as convection) and several assumptions for solar
modulation. More precisely, it considered a solar force field for p̄ fixed and equal to p one (left
panel of fig. 5.5), variable within 50% (central panel) or free within a wide range (right panel).

The overall conclusions are the following: adopting the most realistic propagation models and
well motivated choices for the solar modulation potential, the hadronic (bb̄) DM interpretation
for the GeV excess is definitely in strong tension with the antiproton data. Nevertheless, given
that our knowledge of CR diffusion both in the Galaxy and in the heliosphere is far from being
accurate and complete, there are still conservative choices of the parameters involved that do not
result in ruling it out, namely thin halo models and large solar modulation potentials. 1

1The authors of ref. [148] have also discussed the antiproton bounds. They find that the antiproton data
can be marginally consistent with the GeV excess only if a very conservative propagation model with thin halo
is used (a model roughly corresponding to our THN). The analysis in [147] differs from ref. [148] since: 1) it
considers a comprehensive set of propagation models, including several ‘thin’ models with different halo height,
and models with high reacceleration or convection together with others where these effects are less important; 2)
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Figure 5.6: Identification of the 3.5 KeV line in Xmm-Newton data (left) and the parameter space
of its interpretation in terms of a decaying sterile neutrino. From ref. [150] and ref. [149].

5.4 The 3.5 KeV X-ray line

One of the latest claims in the field of indirect detection comes from a different range of energies:
X-rays. In datasets from the Xmm-Newton satellite, two independent groups [149, 150] have
found evidence for an unexplained line at 3.5 KeV. The former group found it in observations of
a set of 73 galaxy clusters with redshift between 0.01 and 0.35. The latter one in observations
both of the Perseus cluster and of Andromeda, with no detection in “blank sky” measurements.
Fig. 5.6, left, displays an extraction of the spectrum showing the line, from [150].

The complication is that the X-ray spectrum in this range of energies is crowded with atomic
de-excitation lines from elements such as Cr, Mn, K, Fe, Ni, Ca, Cu... Ref. [151] has indeed
recently argued that previously-unaccounted-for potassium lines can well explain the signal.
Ref. [152] reiterates, however, that data from Andromeda are instead solid and make the potas-
sium interpretation problematic. On another side, ref. [153] has argued that no line is seen
in Chandra data from the GC, although this conclusion depends on how one models the local
background. The discussion is currently unfolding and probably more data from independent
instruments will be needed.

If confirmed, however, the most straightforward explanation of the line in terms of new physics
is of great interest for the field of DM indirect detection as it consists of a sterile neutrino of mass 7
KeV decaying into an ordinary neutrino and a photon (the detected X-ray). The decay rate turns
out to be O(10−29) sec−1. This, translated in terms of particle physics parameters by the effective
mixing angle of the sterile and active neutrino, lies in a region of parameter space still allowed
by other constraints, as illustrated by the right panel of fig. 5.6. The production mechanism of a
population of sterile neutrinos in the early universe would involve active-sterile oscillations helped
by the presence of a sizable leptonic asymmetry. Quite uncompelling, but possible.

it fully includes the subtleties associated to solar modulation: this turns out to be crucial since the more the Fisk
potential for the antiprotons is allowed to vary the less stringent the bounds become.
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5.5 Conclusions
There are arguably no firm conclusions in this field at this moment in time. There are tantalizing
hints (the positron and electron excess, the gamma-ray line, the GeV GC excess and the X-ray line)
and there are stringent constraints. Such constraints, however, are often relaxed by appropriate
assumptions, which can be extreme or not (the illustration with the antiproton constraints on the
GeV excess in section 5.3 is exemplar). The only firm albeit generic conclusions seem to be that:

� current experiments are clearly reaching (and in some cases have already reached) the
sensitivities for which they were designed, and hence they probe very promising regions of
the parameter space;

� astrophysics, in different manifestations, is the main killjoy, introducing alternative com-
pelling explanation, irreducible uncertainties, unbeatable background noise...;

� hence, it is important to pursue a multi-messenger approach in all instances, investigat-
ing associated signals in other channels, cross-checking constraints and confirmations from
independent targets etc;

� in any case, the profusion of data from the recent experiments have spurred a remarkable
proliferation of DM models, so that ‘traditional’ DM models (such as SuSy DM) have, for
better or for worse, been joined by many other possibilities.



Epilog

As stated at the beginning of this mémoire, my scientific career has developed so far at the borders
between particle physics, cosmology and astrophysics, in what is commonly identified as the field
of astroparticle physics. As perhaps all border areas, this is somewhat a dangerous zone. Particle
physicists tend to think that you are escaping the formalities of their discipline (e.g. QFT,
or group theory) by invoking mysterious ‘(g)astrostuff’, while astrophysicists and cosmologists
secretly (or not so) believe that you are just constructing the latest daydreaming particle theory
which has little connection with what actually populates the night sky. On the individual side,
it is easy to quickly lose memory of your roots and to develop a sense of arrogance stemming
from the rapidity at which you seem to make some progress in a relatively less charted territory.
One may soon find him/herself an ‘expert’ of several bits and pieces of all three disciplines, with
unfortunately little connection among themselves. Yet, as perhaps all border areas, it is a field
which is thriving with activity and it is where many efficient cultural exchanges are happening.
It is undeniable that it tackles some of the most profound questions (What is the Universe made
of? How did we come to exist? bla bla) and yet it is still in a state of bricolage in which some
results can be obtained with relatively little effort. My efforts in this (sub)field so far have been
the subject of this document, and I plan to continue in these directions for quite some time.

Dedicated to Alice and Fabio,
who did not give me the time

to do a better job.
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