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Outline

1) The interplay between DM and CR

2) Recapping what has been so far achieved

3) Prospects and new challenges

Atelier CFRCOS – Laboratoire APC Paris – mardi 27 mars 2018

1) The interplay between DM and CR

2) Recapping what has been so far achieved

3) Prospects for the future – the new challenges

1

Dark Matter in the light of Cosmic Rays

Pierre Salati – LAPTh & Université Savoie Mont Blanc
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Dark Matter particles could be the major component of the haloes of galaxies. Their
mutual annihilations or decays would produce an indirect signature under the form of
high-energy cosmic rays.
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Antimatter is already manufactured inside the Galactic disk

• 1900 – C.T.R. Wilson discovers the continuous atmospheric ionization. It is believed
to be due to the natural radiation of the Earth.

• 1911 to 1912 – V.F. Hess measures the atmospheric ionization with electroscopes
during balloon flights at various altitudes. The ionization increases.

• 1914 – These results are confirmed and extended by W. Kolhörster with flights up to
an elevation of 9200 meters.
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Dark Matter candidates and Cosmic Rays

• The DM reference framework corresponds to early Universe cold thermal
relics with mass in the GeV to TeV range as predicted in most of the extensions

of the Standard Model – SUSY & extra-dim.

• The prototypical candidate is aweakly interacting massive particle (WIMP)
whose primordial production through freeze-out leads to the relic abundance
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• For weak interactions, the relic abundance miraculously matches the value mea-

sured by Planck.

⌦CDMh
2
= 0.1106± 0.0031

• Many other possibilities exist though, including for instance co-annihilation,
freeze-in, formation of bound states, so that in practice we can extend the

mass range and go down to the MeV scale and also above the TeV scale.
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• Primordial black holes are also considered as potential DM candidates. They can

inject CR in outer space as they evaporate.
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1) The interplay between DM and CR

2) A recap of what has been so far achieved

3) Prospects for the future – the new challenges

1

(i) Even though we are not strictly interested here in � rays, the observation of DM in
dSph galaxies by HESS or CTA has motivated a renewed interest in modeling the
DM distribution in these objects.

(ii) The discovery in 2008 of an excess in the positron spectrum above a few
GeV has triggered a feverish activity in building viable but quite exotic models
of DM candidates, based for instance on Sommerfeld enhancement or on displaced
annihilation through long-lived mediators.

(iii) Significant improvements in modeling positron propagation have also been made.
In particular, the so-called pinching method allows to scan the positron spectrum all
over the measured range. It excludes the excess to be explained by DM particles
alone.

(iv) We understand now that a cut-o↵ in the lepton spectrum above a few TeV does
not necessarily mean that we have found DM particles. A nearby pulsar would do as
well, as shown by T. Delahaye, K. Kotera & J. Silk, ApJ 794 (2014) 168.

(v) The putative discovery of an antiproton excess or of a few 3He events by AMS-02
has stimulated a renewed interest in modeling the production and propagation of these
species.

5



Dark matter annihilation and decay in dSphs 3

the findings of Bonnivard et al. (2015), where an optimised strategy
was proposed to mitigate possible biases introduced by the Jeans
modelling.

2.1.1 Spherical Jeans equation

Dwarf spheroidal galaxies are considered as collisionless sys-
tems described by their phase-space distribution function, which
obeys the collisionless Boltzmann equation. Assuming steady-
state, spherical symmetry and negligible rotational support, the
second-order Jeans equation is obtained by integrating moments of
the phase-space distribution function (Binney & Tremaine 2008):

1
⌫

d
dr

(⌫v̄2r) + 2
�ani(r)v̄2r

r
= �

GM(r)
r2

, (1)

where ⌫(r), v̄2r(r), and �ani(r) ⌘ 1� v̄2✓/v̄
2
r are the stellar number

density, velocity dispersion, and velocity anisotropy, respectively.
Neglecting the (< 1%) contribution of the stellar component, the
enclosed mass at radius r can be written as

M(r) = 4⇡

Z r

0

⇢DM(s)s2ds, (2)

where ⇢DM(r) is the DM mass density profile. The solution to the
Jeans equation relates M(r) to ⌫(r)v̄2r(r). However, the internal
proper motions of stars in dSphs are not resolved, and only line-of-
sight projected observables can be used:

�2
p (R) =

2
⌃(R)

Z 1

R

✓
1� �ani(r)

R2

r2

◆
⌫(r) v̄2r(r) r
p
r2 �R2

dr, (3)

with R the projected radius, �p(R) the projected stellar velocity
dispersion, and ⌃(R) the projected light profile (or surface bright-
ness) given by

⌃(R)=2

Z +1

R

⌫(r) r dr
p
r2 �R2

. (4)

Note that the velocity anisotropy �ani(r) cannot be measured di-
rectly, in contrast to �p(R) and ⌃(R). In our approach, parametric
models for �ani(r) and ⇢DM(r) are assumed in order to compute
�2

p (R) via equation (3). We can then determine the parameters that
reproduce best the measured velocity dispersion �obs(R).

2.1.2 Choice of parametric functions

DM density profile: Following Charbonnier et al. (2011), we
do not use a strong cosmological prior (e.g. assume the profile to
be cuspy), as this will bias the derived astrophysical factors. In-
stead, we fit the model parameters to data. We adopt the Einasto
parametrisation of the DM density profile (Merritt et al. 2006):

⇢Einasto
DM (r) = ⇢�2 exp

⇢
�

2
↵

✓
r

r�2

◆↵

� 1

��
, (5)

where the three free parameters are the logarithmic slope ↵, the
scale radius r�2 and the normalisation ⇢�2. Bonnivard et al.
(2015) find that the choice of parametrisation — Zhao-Hernquist
or Einasto — has negligible impact on the calculated J- or D- fac-
tors and their uncertainties. With fewer free parameters, the Einasto
parametrisation is more optimal in terms of computational time.

Velocity anisotropy profile: We use the Baes & van Hese
(2007) parametrisation to describe the velocity anisotropy profile:

�Baes
ani (r) =

�0 + �1(r/ra)
⌘

1 + (r/ra)⌘
, (6)

where the four free parameters are the central anisotropy �0, the
anisotropy at large radii �1, and the sharpness of the transition ⌘
at the scale radius ra. This parametrisation was found to mitigate
some of the biases arising in the Jeans analysis when using less
flexible anisotropy functions with fewer free parameters (e.g., con-
stant, Osipkov-Merrit — see Bonnivard et al. 2015).

Light profile: We use a generalised Zhao-Hernquist profile
(Hernquist 1990; Zhao 1996) for the stellar number density:

⌫Zhao(r) =
⌫?
s

(r/r?s )� [1 + (r/r?s )↵](���)/↵
, (7)

the five free parameters of which are the normalisation ⌫?
s , the scale

radius r?s , the inner slope �, the outer slope �, and the transition
slope ↵. Many studies have used less flexible parametrisations (e.g.,
King, Plummer, or exponential profiles), but the use of these can
bias the calculated astrophysical factors (Bonnivard et al. 2015).

2.2 Likelihood functions

2.2.1 Binned and unbinned analyses

Before fitting the actual dSph kinematic data, we tested both a
binned and an unbinned likelihood function on a set of mock
data (mimicking ‘ultrafaint’ and ‘classical’ dSphs, see Appendix
A). Both methods have been used in the literature, but to date,
no systematic comparison has been undertaken to test the mer-
its and limits of each approach (binned analyses can be found in
Strigari et al. 2007; Charbonnier et al. 2011; unbinned in Strigari
et al. 2008; Martinez et al. 2009; Geringer-Sameth, Koushiappas
& Walker 2015). For the binned analysis, the velocity dispersion
profiles �obs(R) are built from the individual stellar velocities (see
Section 3), and the likelihood function we use is:

L
bin =

NbinsY

i=1

(2⇡)�1/2

��i(Ri)
exp


�
1
2

✓
�obs(Ri)��p(Ri)

��i(Ri)

◆2�
, (8)

where

�2�i=�2�obs(Ri)+

✓
1
2
[�p(Ri+�Ri)��p(Ri��Ri)]

◆2

. (9)

The quantity ��obs(Ri) is the error on the velocity dispersion at
the radius Ri, and �Ri is the standard deviation of the radii dis-
tribution in the i-th bin. This likelihood allows the uncertainties on
both �obs and R for each bin to be taken into account.

For the unbinned analysis, we assume that the distribution of
line-of-sight stellar velocities is Gaussian, centred on the mean stel-
lar velocity v̄. The likelihood function reads (Strigari et al. 2008):

L
unbin=

NstarsY

i=1

(2⇡)�1/2

p
�2

p (Ri)+�2
vi

exp


�
1
2

✓
(vi�v̄)2

�2
p (Ri)+�2

vi

◆�
, (10)

where the dispersion of velocities at radius Ri of the i-th star comes
from both the intrinsic dispersion �p(Ri) from equation (3) and the
measurement uncertainty �vi .

As detailed in Appendix A the unbinned analysis reduces the
statistical uncertainties on the astrophysical factors, particularly for
the ‘ultrafaint’ dSphs, without introducing biases. In the remain-
der of the paper we therefore favour the unbinned analysis and the
binned likelihood is used only to cross-check our results.

2.2.2 Analysis with and without membership probabilities

Kinematic samples are often contaminated by interlopers from
the Milky Way (MW) foreground stars. Different methods can be

c� Xxxx RAS, MNRAS 000, 1–18
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& Walker 2015). For the binned analysis, the velocity dispersion
profiles �obs(R) are built from the individual stellar velocities (see
Section 3), and the likelihood function we use is:

L
bin =

NbinsY

i=1

(2⇡)�1/2

��i(Ri)
exp


�
1
2

✓
�obs(Ri)��p(Ri)

��i(Ri)

◆2�
, (8)

where

�2�i=�2�obs(Ri)+

✓
1
2
[�p(Ri+�Ri)��p(Ri��Ri)]

◆2

. (9)

The quantity ��obs(Ri) is the error on the velocity dispersion at
the radius Ri, and �Ri is the standard deviation of the radii dis-
tribution in the i-th bin. This likelihood allows the uncertainties on
both �obs and R for each bin to be taken into account.

For the unbinned analysis, we assume that the distribution of
line-of-sight stellar velocities is Gaussian, centred on the mean stel-
lar velocity v̄. The likelihood function reads (Strigari et al. 2008):

L
unbin=

NstarsY

i=1

(2⇡)�1/2

p
�2

p (Ri)+�2
vi

exp


�
1
2

✓
(vi�v̄)2

�2
p (Ri)+�2

vi

◆�
, (10)

where the dispersion of velocities at radius Ri of the i-th star comes
from both the intrinsic dispersion �p(Ri) from equation (3) and the
measurement uncertainty �vi .

As detailed in Appendix A the unbinned analysis reduces the
statistical uncertainties on the astrophysical factors, particularly for
the ‘ultrafaint’ dSphs, without introducing biases. In the remain-
der of the paper we therefore favour the unbinned analysis and the
binned likelihood is used only to cross-check our results.

2.2.2 Analysis with and without membership probabilities

Kinematic samples are often contaminated by interlopers from
the Milky Way (MW) foreground stars. Different methods can be
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Figure 1. Velocity dispersion profiles �p of the eight ‘classical’ dSphs: data (symbols) and reconstructed median and 95% CIs (blue lines). These profiles are
shown for illustration; our results are based on an unbinned analysis.

and saturates beyond (see figure 4, where the J-factor obtained for
Fornax is plotted as a function of the integration angle ↵int; the
median value is seen to saturate above ⇠ 1�).

There is no clear criterion to define the size of DM halos
hence we adopt two different approaches for each dSph galaxy and
for each set of DM parameters accepted by the MCMC. The first
method considers the tidal radius rt to be a good estimator of the
halo size (as shown by N-body or hydrodynamical simulations —
see e.g. Springel et al. 2008; Mollitor, Nezri & Teyssier 2015); this
is computed as:

rt =


Mhalo(rt)

[2� d lnMMW/d ln r(d)]⇥MMW(d)

�(1/3)

⇥ d , (18)

where MMW(d) is the mass of the MW enclosed within the galac-
tocentric distance d of the dSph and Mhalo is the mass of the dSph
galaxy. A second method to estimate the size of a DM halo consists
in determining the radius req where the halo density is equal to the
density of the MW halo, namely,

⇢haloDM (req) = ⇢MW
DM (d� req). (19)

We have used both a Navarro-Frenk-White (Navarro, Frenk &
White 1997; Battaglia et al. 2005) and an Einasto profile (Navarro
et al. 2004; Springel et al. 2008) for the MW density, with no im-
pact on the results. We also find the above two estimates of the dSph
galaxy size to be comparable, leading to very similar astrophysi-
cal factors (see Appendix B). Note that other assumptions can also
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from triaxiality of the dSph galaxies (Bonnivard et al. 2015). Bottom: comparison of the J-factors to other works, with ↵int = 0.5�. See also Section 5.4 for a
critical discussion of the targets most favoured by our analysis.

5.3 D-factor: ranking of the dSphs and comparison to other
works

Dark matter decay is less often considered than annihilation, how-
ever recent observations of an unidentified X-ray line at 3.55 keV in
galaxy clusters has generated increasing interest in this possibility
(e.g., Bulbul et al. 2014a; Boyarsky et al. 2014b).

Ranking. The blue squares in figure 7 and the three rightmost
columns of table 2 give an overview of the D-factors computed
here. First, comparing the top panels of figures 6 and 7, we find that
the ordering of the most promising targets changes significantly
whether focusing on DM annihilation or decay, even though Ursa
Major II remains the best candidate for ↵int = ↵D

c . Furthermore,
the two panels in figure 7 show that changing the integration angle
for a decaying DM signal also has a strong impact on the ranking

and on the error bars, more strongly than in the case of DM anni-
hilation. In particular, for ↵int = 0.1� (bottom panel), most targets
have very similar D-factors and the increased error bars make the
ranking less obvious.

Comparison to other works. The availability of independently-
derived D-factors for dSphs in the literature remains limited, mak-
ing comparison less straightforward than in the case of annihilation.

• Although not published in the Charbonnier et al. (2011) study
which focused on J-factors only, the D-factors for the eight ‘clas-
sical’ dSphs were also obtained from our original analysis setup.
As in the case of annihilation, these values (green dots in figure 7)
are systematically lower than that obtained by the present analysis
and this is connected, as for J , to the choice of the light profile.
• We also compare our results to those of Geringer-Sameth,
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(i) Even though we are not strictly interested here in � rays, the observation of DM in
dSph galaxies by HESS or CTA has motivated a renewed interest in modeling the
DM distribution in these objects.

(ii) The discovery in 2008 of an excess in the positron spectrum above a few
GeV has triggered a feverish activity in building viable but quite exotic models
of DM candidates, based for instance on Sommerfeld enhancement or on displaced
annihilation through long-lived mediators.

(iii) Significant improvements in modeling positron propagation have also been made.
In particular, the so-called pinching method allows to scan the positron spectrum all
over the measured range. It excludes the excess to be explained by DM particles
alone.

(iv) We understand now that a cut-o↵ in the lepton spectrum above a few TeV does
not necessarily mean that we have found DM particles. A nearby pulsar would do as
well, as shown by T. Delahaye, K. Kotera & J. Silk, ApJ 794 (2014) 168.

(v) The putative discovery of an antiproton excess or of a few 3He events by AMS-02
has stimulated a renewed interest in modeling the production and propagation of these
species.

V. Bonnivard et al., MNRAS 453 (2015) 849
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M. Pospelov & A. Ritz, Phys. Lett. B671 (2009) 391
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  AMS Collaboration 

          CERN, Geneva, 15 April 2015 
 
 

“AMS Days at CERN” and Latest Results from the AMS Experiment on the International 
Space Station 

  
 
 
Results from the Alpha Magnetic Spectrometer (AMS) on the International Space Station (ISS) will be the 
focus of the three day “AMS Days at CERN” meeting, an occasion that brings together many of the 
world’s leading theoretical physicists and principal investigators of some of the major experiments 
exploring the field of cosmic ray physics (IceCube, Pierre Auger Observatory, Fermi-LAT, H.E.S.S. and 
CTA, the Telescope Array, JEM-EUSO, and ISS-CREAM). 
 
The main objective of this scientific exchange is to understand the interrelation between AMS results and 
those of other major cosmic rays experiments and current theories.  The latest results (published and to 
be published) from AMS will be presented by members of the AMS international collaboration during the 
three day event. 
 
AMS is the only major particle physics experiment on the ISS.  In its first four years on orbit, AMS has 
collected more than 60 billion cosmic ray events (electrons, positrons, protons, antiprotons, and nuclei of 
helium, lithium, boron, carbon, oxygen, …) up to multi-TeV energies.  As an external payload on the ISS 
through at least 2024, AMS will continue to collect and analyze an increasing volume of statistics at 
highest energies which, combined with in-depth knowledge of the detector and systematic errors, will 
produce valuable insight. 
 
The AMS results on the positron fraction, the electron spectrum, the positron spectrum, and the 
combined electron plus positron spectrum are consistent with dark matter collisions and cannot be 
explained by existing models of the collision of ordinary cosmic rays.  There are many new models 
showing that the results may be explained by new astrophysical sources (such as pulsars) or new 
acceleration and propagation mechanisms (such as supernova remnants). 
 
To distinguish if the observed new phenomena are from dark matter, measurements are underway by 
AMS to determine the rate at which the positron fraction falls beyond its maximum, as well as the 
measurement of the antiproton to proton ratio.  As seen in Figure 1, the antiproton to proton ratio stays 
constant from 20 GeV to 450 GeV kinetic energy.  This behavior cannot be explained by secondary 
production of antiprotons from ordinary cosmic ray collisions.  Nor can the excess of antiprotons be easily 
explained from pulsar origin.  The latest results on these studies will be reported by the AMS 
Collaboration during “AMS Days at CERN” and in future publications. 
 
In addition, a thorough understanding of the process involved in the collision of ordinary cosmic rays is a 
requirement in understanding the AMS results mentioned above.  The AMS Collaboration will also report 
on the most recent results on the precision studies of nuclei spectra (such as protons, helium and lithium) 
up to multi-TeV energies.   
 
The latest data on the precision measurement of proton flux in cosmic rays from 1 GV to 1.8 TV rigidity 
(momentum/charge) will appear shortly in Physical Review Letters. These results are based on 300 
million proton events.  AMS has found that the proton flux is characteristically different from all the 
existing experimental results.  As seen in Figure 2, the AMS result shows the measured flux changes its 
behavior at ~300 GV rigidity. The solid line is a fit to the data.  The dashed line in Figure 2 is the proton 
flux expected with no change in behavior; as seen, it does not agree with the data.   

!
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Figure 1.  Antiproton to proton ratio measured by AMS.  As seen, the measured ratio cannot be explained 
by existing models of secondary production. 
 
 
Most surprisingly, AMS has also found, based on 50 million events, that the helium flux exhibits nearly 
identical and equally unexpected behavior as the proton flux (see Figure 3).  AMS is currently studying 
the behavior of other nuclei in order to understand the origin of this unexpected change. 
 
These unexpected new observations provide important information on the understanding of cosmic ray 
production and propagation. 
 
The latest AMS measurements of the positron fraction, the antiproton/proton ratio, the behavior of the 
fluxes of electrons, positrons, protons, helium, and other nuclei provide precise and unexpected 
information.  The accuracy and characteristics of the data, simultaneously from many different types of 
cosmic rays, require a comprehensive model to ascertain if their origin is from dark matter, astrophysical 
sources, acceleration mechanisms or a combination. 
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Dark Matter in the light of Cosmic Rays
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(i) CTA will deeply probe the � rays emission from dSph satellites. We need to model
as best as we can its distribution. Setting limits on the p-wave annihilation of DM
in the Galaxy also requires that we know its velocity distribution function.

(ii) The � ray observations of nearby sources are crucial to check whether or not the
positron excess is generated by local pulsars.

(iii) Massive DM candidates will be di�cult to observe. The CR di↵erential flux which
they yield is � / 1/m3

� and becomes exceedingly small Another conceptual problem
arises from �anv / ↵

0
/m

2

�. At fixed cross section, ↵0 becomes non-perturbative at the
PeV scale.

(iv) At high energy, CR physics becomes tricky and very exciting ! Sources of primary
CR are sporadic and discrete – see the Myriad model. At the PeV scale, di↵usion
starts to be replaced by ballistic motion. It is unclear how to deal properly with that
transition.

(v) At low energy, CR observations are plagued with solar modulation though Voyager
1 has opened a new window. A crucial issue arises from the production, spallation,
destruction cross-sections which need to be better determined.

N. Arkani-Hamed et al., Phys. Rev. D79 (2009) 015014
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delineate the DM-baryon parameter space where the Eddington-like calculations may apply.
We also discuss several other theoretical issues that have been overlooked in the literature,
such as the impact of the radial boundary of the system, which should not be neglected to
guarantee the existence of a closed system of equations, but may in turn induce divergences
in the velocity distribution. We propose ways to circumvent these issues, and provide re-
sults for some observables specific to DM searches in the frame of the Galactic mass model
of Ref. [37] (see A), namely radial profiles of the moments of the DM speed (direct DM
searches, microlensing event rate for compact DM objects, etc.) and of the (two-body) rela-
tive DM speed (p-wave and Sommerfeld-enhanced annihilation) distributions. We stress that
while we focus on the MW in this paper, the general aspects of this study are also relevant to
the use of Eddington-like methods to describe the DM PSDF of any other bounded system
(with or without baryons).

The paper is organized as follows. In Sec. 2, we review the Eddington-inversion for-
malism and some of its anisotropic extensions. In Sec. 3, we explain in detail the issues
mentioned above and their physical consequences—the divergences induced by the radial
boundary and the inability of the formalism to describe some DM-baryon configurations
allowed by kinematic constraints. In that section, we discuss some possible ways out that
allow one to recover a self-consistent description of the phase space. In Sec. 4, we illustrate
our results by calculating a series of observables relevant to particle DM direct and indirect
searches. These results can be straightforwardly used for predictions in these fields. Finally,
we conclude in Sec. 5.

2 Eddington’s inversion method and its anisotropic extensions

2.1 Jeans theorem and spherical systems

The Jeans theorem states that any solution of the collisionless Boltzmann equation can be
written as a function of integrals of motion [38]. In the particular case of a system with
spherical symmetry, the energy and the modulus of the angular momentum are integrals of
motion. Consequently, the phase-space distribution function (DF) of such a system can be
written f(~r,~v) ⌘ f(E , L), where L = |~r ⇥ ~v| is the modulus of the angular momentum per
unit mass and

E =  (r) �
v2

2
(2.1)

is the relative energy per unit mass—we assume all the particles in the system to be identical.
In Eq. (2.1), v is the velocity and

 (r) = �0 � �(r) (2.2)

is the (positive-defined) relative gravitational potential, where �(r) is the solution of Poisson’s
equation going to 0 at infinity. The constant �0 is the value of �(r) at some reference radius—
usually taken to be the physical boundary of the system—called Rmax in the following. The
relative potential  can be related to the mass distribution of the system through Poisson’s
equation, and reads

 (r) =

Z Rmax

r

Gm(r0)

r02
dr0 , (2.3)

where the mass inside the sphere of radius r is related to the mass density ⇢ through

m(r) = 4⇡

Z r

0
⇢(r0)r02 dr0 . (2.4)

– 3 –

This is an Abel equation, which can be inverted to give Eddington’s formula [21, 38]:

f(E) =
1

p
8⇡2

d

dE

Z E

0

d⇢

d 

d 
p

E � 
. (2.10)

A more convenient form of Eddington’s formula that does not explicitly feature a derivative
with respect to E can be obtained after integrating by parts:

f(E) =
1

p
8⇡2


1

p
E

✓
d⇢

d 

◆

 =0

+

Z E

0

d2⇢

d 2

d 
p

E � 

�
. (2.11)

This is the form we will use and discuss extensively in the following. Integrating Eq. (2.9),
one can reconstruct the density profile from the DF

⇢( ) = ⇢( = 0) + 4⇡
p
2

Z  

0
f(E)

p
 � E dE , (2.12)

where ⇢( = 0) = ⇢(r = Rmax) is the density at the boundary of the system. Note that the
Abel inversion is performed on d⇢/d rather than ⇢. An important point is that ⇢ and  
need not be related for the Eddington method to work. For instance, if one wants to compute
the DM phase-space distribution in a galactic system, ⇢ refers to the DM density while  is
the total gravitational potential (including baryons).

2.3 Anisotropic extensions

When the system features some degree of anisotropy, the density is no longer su�cient to
determine the DF, and an ansatz for f(E , L) is required to account for the dependence on the
angular momentum. An anisotropic system is usually characterized in terms of an anisotropy
parameter [39]:

�(r) = 1 �
�2
✓ + �2

�

2�2
r

, (2.13)

where �r, �✓ and �� are the velocity dispersions in spherical coordinates. If orbits in the
system of interest are mostly tangential, we have �2

r ⌧ �2
✓ + �2

� and � < 0, |�| �> 1. If

orbits are mostly radial, one gets �2
r � �2

✓ + �2
� and � = 1. In the following, we describe

two simple ansatz that provide semi-analytical solutions from the Abel inversion procedure
in the anisotropic case, and briefly discuss more sophisticated approaches.

2.3.1 Constant anisotropy

An simple extension of the Eddington method deals with systems having a constant anisotropy
parameter �(r) = �0, where �0 is a constant.. The ansatz for the DF takes the following
form [40, 41]:

f�0(E , L) = G(E)L�2�0 (2.14)

The function G is related to the density profile through

� ⌘ r2�0⇢ = �(�0)

⇥

Z  

0
G(E) ( � E)

1
2��0 dE ,

(2.15)
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FIG. 2: Predictions (e±) for 2 template cases: a 10 MeV
WIMP annihilating into e+e� (+ FSR), and a 10 GeV

WIMP annihilating into bb̄. The data are the same as in
Fig. 1, but the AMS-02 e+ data is multiplied by a factor of 2
to compare with the e± primaries. Propagation models A

and B, and the NFW and cored DM halo models were used.

to these observables. We consider several channels and
assume unity branching ratios: e±, µ±, ⌧±, bb̄, W±. We
generate injection spectra with the MicrOMEGAs code [45],
which includes final-state radiation (FSR) processes. For
the DM halo profile, we assume two di↵erent spherical
cases: a Navarro-Frenk-White halo [46] scaling like 1/r
in the center (NFW halo henceforth), and a cored halo
profile with constant central DM density (cored halo).
We use the kinematically constrained halo parameters
from Ref. [47], such that our halos are dynamically self-
consistent. In both halos, the DM density at the solar
position r� ' 8.2 kpc is ⇢� ' 0.4 GeV/cm3.

Template predictions for the DM-induced e± fluxes are
shown in Fig. 2, considering WIMPs of 10 MeV (10 GeV)
annihilating into e+e� (bb̄). In both cases, e+s and e�s
share the same injection spectrum and the same prop-
agation history, such that e± predictions can be com-
pared to the e+ data by multiplying the latter by two.
We reported our results for propagation models A and
B, and for the NFW and cored halos. In the weak-
reacceleration case (model A), the e± flux is suppressed
beyond the maximal injected energy set by m�, while in
the strong-reacceleration case (model B), low-energy e±s
are reaccelerated beyond m�. This important feature of
the strong-reacceleration regime has, to our knowledge,
never been noticed before: DM-induced e±s could then
be observed beyond m�, which makes the GeV data also
relevant to constrain sub-GeV DM.

Reacceleration also rules the impact of the DM halo
shape. Without reacceleration, sub-GeV CR propaga-
tion is mostly governed by energy losses, such that e±s
injected at sub-GeV energies and coming from regions
close to the Galactic center (GC) have been drifted to
the low-energy part of the spectrum. This is illustrated
in Fig. 2 for the e+e� channel, for which even if an NFW
halo induces a larger annihilation rate at the GC, the
net increase in the E2�e± curve for model B is lost at
low energies, while the peak at the WIMP mass only
reflects the very local annihilation rate. For the bb̄ chan-
nel, GeV e±s injected at GeV energies in the GC are
locally observed at sub-GeV energies, hence a larger flux
for a cuspy halo. On the other hand, e�cient reacceler-
ation (model A) makes these e±s continuously reheated
as they cross the disk on their way to us, compensat-
ing for energy losses, such that the di↵erence between an
NFW and a cored halo is now more pronounced beyond
m� (though still much less than the di↵erences induced
in gamma-ray predictions [17]). This non-trivial e↵ect
of reacceleration strengthens the complementarity of the
low-energy Voyager data with the higher-energy AMS-02
data, the former (latter) providing significant constraints
on predictions based upon weak-(strong-)reacceleration
models.

The AMS-02 data are particularly constraining in the
strong-reacceleration case, as secondary e+s provide a
large contribution above 100 MeV (⇠ the charged pion
mass), while more sensitive to uncertainties in the solar
modulation or Va. In contrast, flux predictions in the
sub-GeV range and in the weak-reacceleration regime
are almost not sensitive to uncertainties in the other
propagation parameters. This is because ionization en-
ergy losses are then the dominant process in the sub-
GeV energy range (see Sect. A 1). The correspond-
ing rate bion scales like the local gas density, for which
the uncertainties are small [48, 49]. In this configura-
tion, the peak observed in E2� at the WIMP mass in
the e+e� channel, whose amplitude fixes the Voyager
bound on h�vi, is predicted to an excellent precision
from the asymptotic approximation �e±(E ! m�) !
(v/4⇡)(⇢�/m�)2h�vi/bion(E ! m�).

We now combine the Voyager and AMS-02 data dis-
cussed above to derive limits on h�vi. We assume Majo-
rana DM particles – a factor of 2 must be applied to our
limits for Dirac fermions. We also assume that h�vi is
position independent (valid for an s-wave, approximate
for a p-wave). We derive limits by adding our flux pre-
dictions for the primary and secondary components, and
then demanding the total flux to lie below 2� from each
data point. These limits are displayed in Fig. 3. In the
left panel, we specialize to the e+e� channel to illustrate
di↵erences due to propagation, solar modulation, and
the DM halo shape. As already emphasized, the main
variation is driven by reacceleration: weak-reacceleration
models (⇠ model B) are severely constrained by the
Voyager data below ⇠ 100 MeV, with the nice bonus
of not su↵ering from solar modulation. On the other

4

FIG. 3: Limits on h�vi as a function of m�. Left: limits assuming annihilation into e+e� for propagation models A and B,
and for the NFW and cored DM halos. A conservative solar modulation is set with � = 830 MV. The result for � = 724 MV

is shown for the A-NFW configuration. Right: limits for di↵erent annihilation final states, assuming configuration
B-NFW-830 MV.

hand, this regime makes it possible to “hide” a positron
E2�e+ peak in the blind spot between the Voyager and
AMS-02 datasets, such that the 0.1-1 GeV mass range be-
comes unconstrained. In contrast, strong-reacceleration
models (⇠ model A) forbid any blind spot, simply be-
cause sub-GeV e±s are shifted up to GeV energies, in
which case AMS-02 constraints are turned on – curves
get then smoother over the full MeV-TeV energy range,
with a transition below ⇠ 10 MeV where Voyager takes
over. Limits inferred from strong-reacceleration models
are also more sensitive to solar modulation, as illustrated
by decreasing � = 830 MV to 724 MV: this justifies our
conservative choice of 830 MV.

In the right panel of Fig. 3, we generalize our limits
for several annihilation channels conservatively assuming
propagation model B, � = 830 MV for the solar mod-
ulation of the AMS-02 data, and the NFW halo (closer
to the best fit of [47] than the cored halo). These are
our main results, which demonstrate for the first time
that CR e±s constrain annihilating DM down to the MeV
mass range. We emphasize that for the e+e� channel our
bound reaches h�vi ⇠ 10�28cm3/s in the 10-100 MeV
mass range. We also notice the blind spot just below 1
GeV, but we stress that more reacceleration would fill
in this spot again – future studies on propagation pa-
rameters will be crucial to settle this. At higher energy,
we exclude thermal cross sections (⇠ 3 ⇥ 10�26cm3/s)
for masses up to ⇠ 50 GeV. This is less stringent than
bounds obtained in Ref. [50], where the authors have
assumed an additional primary component from pulsars

that saturates the data and forbids DM-induced contri-
butions. Because of the large uncertainties a↵ecting this
primary component [29, 30], we have instead decided to
discard it.

We now compare our results with those obtained from
CMB analyses. In Ref. [16], limits on s-wave annihi-
lation obtained for the e+e� channel go from h�vi .
3⇥10�30 cm3/s at 1 MeV up to ⇠ 5⇥10�29 cm3/s at 100
MeV, i.e. one order of magnitude better than ours. How-
ever, for p-wave annihilation, CMB limits degrade up to
⇠ 10�24 cm3/s in the same mass range (derived assuming
a velocity dispersion �v = 100 km/s). We can roughly
convert our s-wave limits in terms of p-wave by assum-
ing an isothermal velocity distribution for DM such that
�MW
v = vc/

p
2, where vc ' 240 km/s is the local rota-

tion velocity [51]. Therefore, our s-wave bounds h�vimax

rescale to h�vimax(�v/�MW
v )2 in terms of p-wave, giving

⇠ 3 ⇥ 10�29cm3/s for �v = 100 km/s, i.e. an improve-
ment by ⇠ 5 orders of magnitude. Finally, our bounds
are slightly more stringent than those derived in gamma-
ray studies [13], and less sensitive to the DM halo shape.

To conclude, we have considered for the first time the
Voyager e± data to derive constraints on annihilating
MeV DM particles (decaying DM in Sect. A 2). Since
Voyager has crossed the heliopause, solar modulation,
which prevents MeV CRs to reach space experiments
orbiting the Earth, can be evaded. We used state-of-
the-art semianalytic methods to describe CR propaga-
tion, including all relevant processes. We considered con-
strained sets of propagation parameters featuring strong
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FIG. 3. The most recent leptonic data from AMS and DAMPE, interpreted within a pulsar scenario. Credit to [202], Figure 2.

In the standard scenarios, positrons in the Galaxy are
believed to originate, like antiprotons, as an entirely sec-
ondary component arising from the collisions of relativis-
tic protons with the ISM gas according to a chain like
p+H ! · · · ! ⇡

±
! µ

± + · · · ! e
± + . . . . The source

function of positrons is then expected to scale as:

qe+ / Np nH �p!e+ / Qp ⌧diff / p
�↵p��

, (18)

where we have implemented the rather simplistic ap-
proximation of an energy independent cross section
�p!e+ , and used the fact that the relevant timescale
for propagation of high-energy protons is the di↵usion
timescale, and defined ↵p the spectral index for the pro-
ton injection source function. Plugging this result in
Eq. (18), we can predict the scaling of the propagated
positron flux over the electron one:

Ne+

Ne�
/ p

�↵p+↵e��
, (19)

with ↵e the spectral index at injection for the electron
source distribution.

In the framework of di↵usive shock acceleration, the
injected spectral index should not di↵er much among
di↵erent species. Consequently, the ratio of secondary
positrons over primary electrons is predicted to decrease
with increasing energy, unless a (very unlikely) large dif-
ference between the source spectral indexes for protons
and electrons is assumed ad hoc.

The rise at high energy in the positron fraction orig-
inally discovered by PAMELA in 2009 [17], and subse-
quently confirmed by Fermi-LAT and AMS-02 [18] col-
laborations, constitutes then a substantial deviation from
the standard prediction of Eq. (19) and appears robust
with respect to uncertainties in CR transport models, im-
plemented in a more realistic way (see, however, [203]).
The release of the data on the absolute positron spectrum
[204] confirmed and strengthened this conclusion.

The detection immediately triggered a debate in the
community (see e.g. [205, 206] and references therein). A
natural explanation in terms of nearby astrophysical ac-
celerators of primary e

++e
� pairs, e.g. pulsar wind neb-

ulae (already invoked in [92] as potential contributors to
the leptonic flux), was soon considered as a very promis-
ing one; see Fig. 3 for a recent realization of this scenario,
compared to up-to-date experimental data. Other astro-
physical interpretations were proposed (see, e.g., [207]),
including the already mentioned secondary production at
accelerators [166].

On the other hand, many DM scenarios were invoked
as well: The tough challenges for model building are in
this case the large annihilation cross section required to
sustain the measured positron flux at high energy, and
the strong constraints originating from other channels
(including gamma rays, CMB, and antiprotons); we refer
[208] for an early review on the topic.

More interestingly, nowadays it is possible to challenge
the widely debated pulsar hypothesis in several ways, and
the uncertainties in CR transport play a major role.

First of all, it is possible to look for an anisotropy in
the arrival direction of high-energy leptons; moreover,
the gamma-ray observatories may now allow to identify
the emission from the leptons leaving nearby known pul-
sars. Along this track, a detection of a TeV halo around
Geminga has recently been reported in [209]: In that
paper a naive estimate of the di↵usion coe�cient in the
vicinity of Geminga is presented, which turns out to be
much smaller than the average Galactic one inferred by
secondary-to-primary ratios, posing a challenge both to
CR transport models and to the pulsar interpretation of
the positron anomaly as well; see also the follow-up de-
tailed discussion in [210].

Very recently, the antiproton and positron channels
were critically re-examined in [211]. In that paper it
is noticed that the ratio between the positron (or an-
tiproton) flux to the proton one is consistent with the
secondary production rates in the conventional picture.

(i) CTA will deeply probe the � rays emission from dSph satellites. We need to model
as best as we can its distribution. Setting limits on the p-wave annihilation of DM
in the Galaxy also requires that we know its velocity distribution function.

(ii) The � ray observations of nearby sources are crucial to check whether or not the
positron excess is generated by local pulsars.

(iii) Massive DM candidates will be di�cult to observe. The CR di↵erential flux which
they yield is � / 1/m3

� and becomes exceedingly small Another conceptual problem
arises from �anv / ↵

0
/m

2

�. At fixed cross section, ↵0 becomes non-perturbative at the
PeV scale.

(iv) At high energy, CR physics becomes tricky and very exciting ! Sources of primary
CR are sporadic and discrete – see the Myriad model. At the PeV scale, di↵usion
starts to be replaced by ballistic motion. It is unclear how to deal properly with that
transition.

(v) At low energy, CR observations are plagued with solar modulation though Voyager
1 has opened a new window. A crucial issue arises from the production, spallation,
destruction cross-sections which need to be better determined.

Eddington’s inversion formula

M. Boudaud, J. Lavalle & P. Salati, PRL 119 (2017) 021103

T. Lacroix, M. Stref & J. Lavalle, JCAP (2018)

Q. Yuan et al., Interpretations of the DAMPE electron data, arXiv:1711.10989

7

(i) CTA will deeply probe the � rays emission from dSph satellites. We need to model
as best as we can its distribution. Setting limits on the p-wave annihilation of DM
in the Galaxy also requires that we know its velocity distribution function.

(ii) The � ray observations of nearby sources are crucial to check whether or not the
positron excess is generated by local pulsars.

(iii) Massive DM candidates will be di�cult to observe. The CR di↵erential flux which
they yield is � / 1/m3

� and becomes exceedingly small Another conceptual problem
arises from �anv / ↵

0
/m

2

�. At fixed cross section, ↵0 becomes non-perturbative at the
PeV scale.

(iv) At high energy, CR physics becomes tricky and very exciting ! Sources of primary
CR are sporadic and discrete – see the Myriad model. At the PeV scale, di↵usion
starts to be replaced by ballistic motion. It is unclear how to deal properly with that
transition.

(v) At low energy, CR observations are plagued with solar modulation though Voyager
1 has opened a new window. A crucial issue arises from the production, spallation,
destruction cross-sections which need to be better determined.

Eddington’s inversion formula

M. Boudaud, J. Lavalle & P. Salati, PRL 119 (2017) 021103

T. Lacroix, M. Stref & J. Lavalle, JCAP (2018)

Q. Yuan et al., Interpretations of the DAMPE electron data, arXiv:1711.10989
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⌧0 = L2/K

3

• The Green function Gp translates the probability for a proton injected at position
xS ⌘ (xS, yS, zS) and time tS to travel through the Galactic magnetic fields until it
reaches, at time t, an observer located at x ⌘ (x, y, z)

 (x, t) =

Z t

�1
dtS

Z

DH
d3xS Gp (x, t  xS, tS) qacc(xS, tS)

• The proton Green function Gp is actually a solution of the CR transport equation

@Gp

@t
+ @z(VCGp) � K�Gp + 2h�(z)�pGp = �3(x� xS) �(t� tS)

• The construction of the Green function for CR protons is inspired from the solution
of the heat di↵usion problem inside an infinite slab. The horizontal and vertical
dependencies in Gp can be factored out by setting

Gp (x, t  xS, tS) =
1

4⇡K⌧
exp

✓
� ⇢2

4K⌧

◆
⇥ Vp (z, t  zS, tS)

where ⌧ = t� tS and ⇢2 = (x� xS)2 + (y� yS)2. The vertical propagator Vp fulfills
the di↵erential equation

@Vp

@t
+ @z(VCVp) � K @2

z
Vp + 2h�(z)�pVp = �(z � zS) �(t� tS)

Vp(⌧) ⌘ Vp (0, t  0, tS) = Vp (0, ⌧  0, 0)

• Large values of the Green function are equivalent to large values of the flux and
correspond to small distances and ages. The large flux regime is reached for young
and local sources for which

Gp (x, t  xS, tS) =
1

(4⇡K⌧)3/2
exp

✓
� r2

4K⌧

◆

where ⌧ = t� tS and r2 = (x� xS)2 + (y � yS)2 + (z � zS)2.

Martin Pohl – CASPAR 2013
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The Green function solution

• The master equation for the space and energy number density  ⌘ dnp/dTp of CR
protons with kinetic energy Tp takes into account space di↵usion, Galactic convection
and collisions onto atoms of the Galactic disc

@ 

@t
+ @z(VC  ) � K� = qe↵ = qacc � qcol

• The CR injection rate through acceleration is denoted by qacc. The collisions of CR
protons on the hydrogen and helium atoms of the interstellar medium (ISM) tend
to deplete the high energy regions of the proton spectrum. They act as a negative
source term for the energy bin located at Tp, with amplitude

qcol(xS, tS) = 2h�(zS)⇥ �p ⇥  (xS, tS)
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R. López-Coto & G. Giacinti, arXiv:1712.04373

K�(100 TeV) = (4.5± 1.2)⇥ 10
27

cm
2
s
�1 ⌧ KB/C(100 TeV)

7

Kinetic energy [TeV] 0.724 0.96 1.41 3.16 5.02 7.94 12.6

P value in % 10.2 8.68 7.67 1.6 1.23 1.18 0.98

+7.24798e+02 +1.86000e-08 +6.08276e-10 +6.08276e-10 +2.51749e-09 +1.66697e-08 +9.00435e-

10 +1.02462e-01 +9.60002e+02 +8.57100e-09 +3.58935e-10 +3.58935e-10 +1.36869e-09 +7.49177e-

09 +4.35094e-10 +8.68447e-02 +1.41632e+03 +2.93300e-09 +1.74270e-10 +1.74270e-10 +5.89806e-

10 +2.47633e-09 +1.59262e-10 +7.67268e-02 +3.16131e+03 +3.72000e-10 +1.00000e-11 +1.00000e-

11 +1.04130e-10 +2.51650e-10 +2.00718e-11 +1.60020e-02 +5.01900e+03 +1.10000e-10 +4.00000e-

12 +4.00000e-12 +3.84356e-11 +6.74522e-11 +6.10171e-12 +1.22909e-02 +7.93629e+03 +3.19000e-

11 +1.90000e-12 +1.90000e-12 +1.43228e-11 +1.82864e-11 +1.87577e-12 +1.17942e-02 +1.26481e+04

+9.47000e-12 +8.00000e-13 +8.00000e-13 +5.25125e-12 +4.84757e-12 +5.65471e-13 +9.86666e-03
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• The survival function R(') behaves as '�5/3 in the large flux limit where

lim
'!+1

'5/3R(') = ⇡3/2 (2/5)5/2 D(x�, 0) (6K)3/2 a5/3 ⌘ c

• The variance is infinite because p(') / '�8/3 when the flux is large. This is not a
problem since the PDF of the total flux � does exist.

(�� h�i)
⌃�

is distributed according to S(5/3, 1, 1, 0; 1)

Generalized Central Limit Theorem

• According to that theorem, the spread of the total flux � is gauged by

⌃� =

⇢
⇡N c

2�(5/3) sin(5⇡/6)

�3/5

/ q SN ⇥K�3/5 ⇥ ⌫3/5
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⇢
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A few typical scales can be compared

• The cosmic ray magnetic halo extends vertically over a distance L which we will set
equal to ⇠ 5 kpc.

• Charged particles spiral along the turbulent magnetic field which is of order 1 µG in
the Milky Way. The Larmor radius is given by

RL =
p

qB
' 10

�6
pc⇥ (E/1GeV)

• Cosmic rays di↵use on the knots of the turbulent Galactic magnetic field. This process
is described through the di↵usion coe�cient K / E

�. We may derive a typical di↵usion
length �di↵ through Fick’s relation.

K(E) =
1

3
v�di↵ ⌘ hL

⌧esc

+
�di↵ ' 1.5 pc⇥ (E/1GeV)

�
with � ⇠ 0.3� 0.5

• We find that L = �di↵ for E = 107 GeV. The Larmor radius exceeds the Galaxy size
when L = RL at E = 5⇥ 109 GeV.
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(i) CTA will deeply probe the � rays emission from dSph satellites. We need to model
as best as we can its distribution. Setting limits on the p-wave annihilation of DM
in the Galaxy also requires that we know its velocity distribution function.

(ii) The � ray observations of nearby sources are crucial to check whether or not the
positron excess is generated by local pulsars.

(iii) Massive DM candidates will be di�cult to observe. The CR di↵erential flux which
they yield is � / 1/m3

�
and becomes exceedingly small Another conceptual problem

arises from �anv / ↵
0
/m

2

�
. At fixed cross section, ↵0 becomes non-perturbative at the

PeV scale.

(iv) At high energy, CR physics becomes tricky and very exciting ! Sources of primary
CR are sporadic and discrete – see the Myriad model. At the PeV scale, di↵usion
starts to be replaced by ballistic motion. It is unclear how to deal properly with that
transition.

(v) At low energy, CR observations are plagued with solar modulation though Voyager
1 has opened a new window. A crucial issue arises from the production, spallation,
destruction cross-sections which need to be better determined.

Eddington’s inversion formula

M. Boudaud, J. Lavalle & P. Salati, PRL 119 (2017) 021103

T. Lacroix, M. Stref & J. Lavalle, JCAP (2018)

Q. Yuan et al., Interpretations of the DAMPE electron data, arXiv:1711.10989

R. López-Coto & G. Giacinti, arXiv:1712.04373
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2
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R. López-Coto & G. Giacinti, arXiv:1712.04373

K�(100 TeV) = (4.5± 1.2)⇥ 10
27

cm
2
s
�1 ⌧ KB/C(100 TeV)

Y. Génolini, D. Maurin, I.V. Moskalenko & M. Unger, arXiv:1803.04686

A. Reinert & M.W. Winkler, JCAP 1801 (2018) 055

7

(i) CTA will deeply probe the � rays emission from dSph satellites. We need to model
as best as we can its distribution. Setting limits on the p-wave annihilation of DM
in the Galaxy also requires that we know its velocity distribution function.

(ii) The � ray observations of nearby sources are crucial to check whether or not the
positron excess is generated by local pulsars.

(iii) Massive DM candidates will be di�cult to observe. The CR di↵erential flux which
they yield is � / 1/m3

�
and becomes exceedingly small Another conceptual problem

arises from �anv / ↵
0
/m

2

�
. At fixed cross section, ↵0 becomes non-perturbative at the

PeV scale.

(iv) At high energy, CR physics becomes tricky and very exciting ! Sources of primary
CR are sporadic and discrete – see the Myriad model. At the PeV scale, di↵usion
starts to be replaced by ballistic motion. It is unclear how to deal properly with that
transition.

(v) At low energy, CR observations are plagued with solar modulation though Voyager
1 has opened a new window. A crucial issue arises from the production, spallation,
destruction cross-sections which need to be better determined.

Eddington’s inversion formula

M. Boudaud, J. Lavalle & P. Salati, PRL 119 (2017) 021103

T. Lacroix, M. Stref & J. Lavalle, JCAP (2018)

Q. Yuan et al., Interpretations of the DAMPE electron data, arXiv:1711.10989
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The discussion is now opened

• DM searches under the form of neutral and massive particles has been a driving force
for CR studies, especially on antimatter fluxes and associated secondary backgrounds.
This will probably go on a few more years with CR measurements at TeV energies.

• Between the knee (10 PeV) and the ankle (5000 PeV), a transition takes place between
di↵usion and ballistic motion. Is there a satisfactory treatment of the problem ? Nu-
merical vs analytical ?
As regards the discreteness of primary sources, the Myriad model allows to gauge the
Galactic variance of the fluxes.

• �-ray studies of nearby pulsars is a powerful tool yielding informations on how CR
propagate near these sources. HAWK versus DAMPE debate.

• But the absolute must is a better determination of the cross-sections of the processes
implied in CR production and destruction. CR observations are now so accurate that
interpreting them requires to measure cross-sections with the same precision.

• ...
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The B/C ratio : a probe of cosmic ray transport

• In the leaky box model, the Milky Way disc is described as a single
region where cosmic rays are homogeneously distributed. They are pro-
duced within that box from which they escape with typical timescale ⌧esc.
They can also collide upon the interstellar medium (ISM) and undergo
destruction.

• Carbon nuclei are present in the ISM and are accelerated to high energies.
They are called primary species, like protons and He nuclei.

d C

dt
= qC �  C

⌧esc
� (�nH v) C

• Boron nuclei are not present in the ISM. They are produced by carbon
nuclei colliding on the ISM. For this reason, they are called secondary
species.

C + H ! B + nucleons @ fixed energy per nucleon

d B

dt
= {qB ⌘ (�nH v) C}�

 B

⌧esc

• Assuming that steady state holds – a common assumption – we find that
the carbon and boron cosmic ray abundances are given by

 C =
qC

�nH v + 1/⌧esc
and

 B

 C

= ⌧esc ⇥ �nH v
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• Assuming that steady state holds – a common assumption – we find that
the carbon and boron cosmic ray abundances are given by

 C =
qC

�nH v + 1/⌧esc
and B/C =

 B

 C

= ⌧esc ⇥ �nH v

• Measuring the B/C ratio allows to determine the escape timescale ⌧esc
from the Galactic disc. The density of the ISM is nH = 1 cm�3. The
cosmic ray velocity is v ' c ⌘ 3 ⇥ 1010 cm s�1. The carbon to boron
destruction cross section is measured to be � = 100 mb = 10�25 cm2.

⌧esc =
B/C

�nH v
' B/C ⇥ 10 My

• For kinetic energies of order a few GeV/nuc, we find that ⌧esc is 3 Myr.
In comparison, the crossing time of the Galactic disc ⌧dc is given by h/v '
100 pc/c ⇠ 300 yr. Cosmic rays do not propagate ballistically.

Cosmic rays di↵use inside the Galaxy
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