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The discovery of Cosmic Rays

The charged cosmic radiation was discovered mainly accidentally, 
while 

trying to  understand the source of the air ionization.   

The problem was first identified at the end of 18th century, and led 
to

several Nobel prizes in the 20th century.  

Coulomb noticed that electricity dispersion (charge loss) 
occurred mainly through air.

Pacini demonstrated that the  radiation strength decreased while 
going underwater, thus excluding that it was coming from the Earth 

crust



CR discovery: Victor F. HESS 1912

1912 VF Hess embarked on 7 flights  onboard hot-air 
balloon. August 7, 1912 reached 5200m height.

In the data he collected, the radiation was increasing 
with the altitude: the opposite of what expected for
radiation originating in the Earth crust.

He measured a “rain” of particles 

pervading the sky, 
called cosmic rays (CRs).



Enrico Fermi
On the Origin of the Cosmic Radiation, Phys. Rev. 75, 1169–1174 

(1949)



Measured CR spectra
Particle data group

• Data taken across 14 o.o.m. in energy 
• From antiprotons up to iron
• Intensity varies over 32 o.o.m.
• Spectra show energy power laws  (~ E-2.7)

Bluemer et al  2009



The highest energy CRs 
They are the highest energy particles 

Measured by human experiments 
(extensive air shower detectors). 

Difficult to identify the composition
At E~ 51019 eV the spectrum 

Shows the GZK cut off 

GZK cut off 
p+γCMB  Δ+ p + π0

p+γCMB  Δ+ n + π+

GZK horizon



Galactic Charged Cosmic Rays

are charged particles (nuclei, isotopes, leptons, 
antiparticles)

diffusing in the galactic magnetic field
Observed at Earth with E~ 10 MeV/n – 103 TeV/n

1. SOURCES
PRIMARIES:  directly produced in their sources
SECONDARIES:  produced by spallation reactions of primaries on  the 

interstellar medium (ISM)

2. ACCELERATION
SNR are considered the powerhouses for CRs. They can accelerate 

particles up to 102 TeV

3. PROPAGATION
 CRs diffuse in the Galaxy by the  inhomogeneities of the galactic 
magnetic field

+  loose/gain energy with different mechanisms



The galactic CR spectra
Rare CRs and γ-rays
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Credits: Valerio Formato & Mirko Boezio 2013

Protons dominate at all energies          Antimatter and γ rays are rare 
wrt p 



Cosmic Ray composition 

Galactic Cosmic Rays  have abundances similar to the Solar System 
ones except for Li-Be-B and sub-Fe nuclei: They are produced by 
spallation (fragmentation) of heavier nuclei on the Interstellar 

Medium (H, He)   



Primaries    = present in sources:
                Nuclei: H, He, CNO, Fe; e-, (e+)  in  SNR (& pulsars)
                e+, p+, d+ from Dark Matter annihilation
Secondaries = NOT present in sources, thus produced by 

           spallation of primary CRs (p, He, C, O, Fe) on ISM
           Nuclei:  LiBeB, sub-Fe; e+, p+, d+; …



CRs as sources of γ-ray interstellar 
emission 

•p (He) + ISM (H, He)  … X .. 
        π0  2γ
      (π0 decay from interactions
      with IS gas) 

•e- + photons  e-  + γ 
       (Inverse Compton)

•Bremsstrahlung: e- + ISM
     (radiation from interactions
      with IS gas atoms)

From G. Johannesson



From the interstellar space to the 
Earth:

1:   THE SOLAR WIND 

Distorts charged particle spectra
Up to 10-20 GeV IS energy.
Below ~ 10 MeV, solar particles dominate 

http://voyager.jpl.nasa.gov

R.Pyle, Bartol

The solar wind intensity is 
modulated on a 11-year cycle.

Low energy data statistics is 
favored during solar minima



arxiv:1212.0883

The Voyager probe is sending data from the true INTERSTELLAR 
SPACE!! 

Now many decades in energy are covered by direct data on galactic 
CRs



From the interstellar space to the 
Earth

       2: THE GEOMAGNETIC CUTOFF

Herbst  et al 2013

Störmer theory for dipole magnetic field predicts a rigidity cutoff:

    Rc ~ 15 cos4λ GV (λ is the latitude)

Particle with R < RC cannot penetrate the Earth 

P. von Doetinchem              Geomagnetic cutoff              Oct 15 – p.6p.

Geomagnetic cutoff
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3: THE ATMOSPHERE, 
a destructive target and a contamination

Balloon borne experiments 
operate at a mean atmospheric 
depth of 4 g/cm2, of the same 
order of the amount of matter 
encountered by CR wandering

in the Galaxy 

Indirect measurements of H.E. CRs  
rely on the atmosphere as the target

for incoming CRs, producing very 
Informative air showers

Propagation of CRs in theAtmosphere

Straight ahead approximation:

dNi(x,Ek)
dx

=
X

T

RT (x)
mT

0
@−σiT (Ek)Ni(x,Ek) +

X

j>i

σj
iT (Ek)Nj (x,Ek)

1
A

I RT (x) = ⇢T (x)
⇢tot(x)

is the relative
density for the target T .

I can be obtained with the
MSISE-90 model (provided by
NASA)
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L. Derome



Experiments for E < O(10) GeV 
particles 

better to run: 

•during solar minima

•with polar orbits

•out of the atmosphere  



Cosmic ray database
One can find a complete database for galactic CRs:

D. Maurin. F. Melot, R. Taillet arxiv:1302.5535, A & A 569, A32  (2014)

http://lpsc.in2p3.fr/crdb/#



Propagation 

of cosmic particles in 

the Galaxy  



Note on useful quantities and units 

         X                             Definition                      Typical process

Rigidity                          R = pc/Ze  (GV)            Magnetic f.: acceleration, 
diffusion  

Total energy                  E2 = p2+m2  (GeV)          Energy measure 
(calorimeter)      

Energy per nucleon        E/n (GeV/n)                  CR showers

Kinetic en. per nucleon  T/n (GeV/n)                   Nuclear fragmentations on 
ISM

Intensity of CRs             I = Ner/(m2 s sr)

Differential Intensity dI/dX = Ner/(X m2 s sr)

Differential Density    dN/dX = 4π/v (dI/dX)
 



Propagation in the Galaxy
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accelerators

Diffusion
Fragmentation;
secondaries

Out of the disk, in the magnetic (diffusive) halo, Dark Matter sources 



From the interstellar space to the 
Earth

1. IS space
size ~ 30 kpc, t ~20 Myr

★

2. Solar cavity
size ~1 AU (10-10 kpc)
t ~  years

3. Earth magnetic 
field,
size ~ 104 km



Diffusion in the galactic magnetic 
field

The μG galactic magnetic disk is characterized by hydrodynamic 
turbulences with similar intensity. 

Charged particles diffuse randomly following Fick’s equation:

Particles flow from a region of higher concentration to another of 
lower concentration, with a magnitude proportional to the density 

gradient.

•J is the ♯/(m2s), the number of particles that flow through a surface in 
a unit time;

•D is the diffusion coefficient, m2/s (kpc2/Myr)
 

The Fick’s equation couples to the continuity equation:



The diffusion equation

diffusion equation with null source term. 

In 1D: 

With boundary conditions

The 1D solution is 

The density of diffusing particles decreases exponentially with 
distance  



Diffusive length

From                                                      

we can compute the 
average diffusive length

for dimension = n

Typically D is a function of energy (rigidity), thus the diffusive length 
increases mildly (sqrt) with the energy of the particle.

For typical values, it is ~ O(1)-O(10) kpc

D>=0.05 kpc2/Myr, t>=20 Myr     ldiff >= sqrt(6x0.05x20) kpc ~2.5 kpc



Energy losses and gains

Losses                      Gain         
          

Coulomb
Ionization

Bremsstrahalung
Inverse Compton
Synchrotron

Catastrophic losses (destruction)

Reacceleration on
Magnetic turbulences



Reacceleration: 
diffusion in momentum 

space
It is a second order ΔE/E ~ β2 Fermi acceleration (E Fermi, 1949).
 
CRs collide on the magnetic scatterers. 
It happens more head-on than tail-in scatters 

V=VA=scatterer speed,   v=CR 
speed

  

Diffusion equation: spatial and momentum space

● Diffusion in momentum space (reacceleration)

● Diffusion (or Heat) equation

1. Write equation in 1D

2. heck that the solution is

    N.B.: boundary conditions are

1. Fourier Transform

2. Solve for

3. Integration complex plan (residue)

● 1D geometry, constant D

- Analog to spatial diffusion (+ drift): 

- Natural mechanisms for reacceleration: Fermi 2nd order

● R (v) collides with magnetic scatterer (V):

● More head-on (1+V) than tail-in (1-V) collisions (take limit v→c)

Comments

[continuity]

[Fick's law]

N.B.: solution (behaviour) depends on
● Dimensionality
● Geometry
● D(r) spatial dependence
● Boundary conditions

II.2 Diffusion

Fermi 1
b=V/c ~ 10-1

DE/E    b

Fermi 2
b=V/c ~ 10-4

DE/ E    b2
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Reacceleration  

The space diffusion coefficient and the momentum diffusion 
coefficient are correlated. If D(E) ~ Rδ, 

The energy increase due to 
reacceleration is mild, 
and effective in the lowest 
part (~ GeV) of the CR spectrum. 

(See Drury & Strong, A&A 2017)



Convection
• The stellar activity and the energetic phenomena associated with the late 
stellar stages may push the ISM and the magnetic field out of the galactic 
plane. 

                                                              The net effect is a galactic wind 
                                           directed perpendicularly outwards 
                                                               from the galactic plane.

• It adds a convective term to the diffusion equation: 

• And adiabatic losses in an expanding plasma

https://community.dur.ac.uk/r.g.bower/WordPressSite/blog/wordpress/?page_id=148

VC ~ 10 km/s



Synchrotron e+e- energy losses

1. Synchrotron losses: an electric charge
spiralizing in a magnetic field B.

Typical energy of the photons is in RADIO 
frequences

  

Other energy losses: electrons and positrons
IngredientsSynchrotron

● Power emitted  ‖ and  to B ( polarised emission)
● If (E)-s → (e
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● Power: fold cross-section to density of photons
● Energy losses                          ∝ g2                    ∝ ln(g)

Bremsstrahlung (or free-free)
● Loss in plasma or atomic hydrogen within a factor of two 
● In the ISM: H (neutral and molecular) and He dominant
● e

g
  ~ E/2, and (E)-s → (e

g
)-s

Ionisation and Coulomb
● Ionisation: interaction in neutral matter
● oulomb: scattering off free electrons

B tracers
● Faraday rotation: free e- (ionised regions)
● Synchrotron emission: R e-

● Zeeman splitting: lines (neutral regions)
● Dust thermal emission, starlight polar.

Uncertainties [2 µG < B
sync

 < 6 µG]
● Geometry (z dependence)
● Arm-interarm strenght
● Regular vs irregular component

electron

radio
waves

B

e-

X-ray

e-

Plasma ( oulomb)
Atomic matter (ionisation)

e-

Van Eck et al. ApJ 728 (2011) 97

408 MHz

Uncertainties [n
disc

 ~ 1 – 2 cm-3]

● Distribution of HI, 
HII, H2, He...

● Geometry: radial 
and z-dependence

● Arm-interarm 
contrast

Uncertainties [Porter et al., ApJ 682 (2008) 400]

II.4 E losses

→ rucial for 
g-ray emissions

Haslam map at 480 MHz

For typical electron spectra:

The radio spectrum is 



Galactic Electrons and 
synchrotron radiation

1 (30) GeV electrons  100 MHz (GHz) photons



Inverse Compton e+e- Energy losses

2. Inverse Compton losses.
Energetic electrons upscatter background photons

              e- + γ(E)  e- + γ(E’) 

Thomson

or Klein-Nishina 

Crucial is the interstellar radiation field:
Visible, IR, UV 
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2.4. Full relativistic energy losses

In the GeV-TeV energy range, electrons lose their en-
ergy by electromagnetic interactions with the ISRF (in-
verse Compton scattering) and the magnetic field (syn-
chrotron emission), while Bremsstrahlung, ionization and
Coulomb processes with the ISM are negligible. Most of
studies have used the Thomson approximation to account
for inverse Compton losses, which is valid for an elec-
tron Lorentz factor γe mec

2/Eγ , where Eγ is the pho-
ton energy (e.g.Moskalenko & Strong 1998; Delahaye et al.
2009). This translates to a maximal electron energy of ∼
1.11×106GeV for interactions with CMB (Eγ ≃ 2.35×10−4

eV), and of 7.58×104/8.66×102 GeV for IR / starlight ra-
diation, respectively (with Eγ,IR / ⋆ ≃ 3.45× 10−3/0.3 eV).
From those numbers, it is clear that the Thomson approx-
imation is not valid anymore for energies at Earth above a
few tens of GeV, for which a full relativistic description of
the term dE/dt in Eq. (1) is consequently necessary. Other
studies have already implemented this relativistic treat-
ment over the past few years (e.g. Kobayashi et al. 2004;
Schlickeiser & Ruppel 2009).

The calculation of inverse Compton scattering of elec-
trons with photons in the relativistic regime has been de-
rived a long time ago in the astrophysical context by Jones
(1965). It was subsequently extensively revisited and com-
plemented by Blumenthal & Gould (1970). In the following,
we will rely on the latter reference to derive our relativistic
version of the inverse Compton energy losses, to which we
refer the reader for more details.

We assume relativistic electrons propagating in an
isotropic and homogeneous gas of photons, which, more-
over, exhibits a blackbody energy distribution. The rele-
vance of these assumptions will be discussed in Sect. 2.5.
The electron energy loss rate can be expressed in terms
of the energies ϵ and ϵ1 of a photon before and after the
collision, respectively, as follows:

−
dE

dt
= dϵ dϵ1(ϵ1 − ϵ)

dNcoll

dt dϵdϵ1
. (24)

The collision rate is given by

dNcoll

dt dϵdϵ1
=
3σT c

4γ2

dn(ϵ)/dϵ
ϵ

×

1 + 2q ln q − q +
1

2
+
(1− q)
2

(Γq)2)
(1 + Γq)

, (25)

where dn(ϵ)/dϵ is the initial photon density in the energy
range dϵ, which, for a blackbody radiation has the form
(including the two polarization states)

dn

dϵ
= 2×

4πϵ2

(2π c)3
eϵ/ (kbT ) − 1

−1
, (26)

and

q ≡
ϵ̂1

Γ(1− ϵ̂1)
; ϵ̂1 ≡

ϵ1

γmc2
; Γ ≡

4γϵ
mc2

. (27)

From kinematics, the range for ϵ̂1 is readily found to be
[ϵ̂, Γ

(1+Γ) ], which translates to [
1

4γ2 , 1] for q. It proves conve-

nient to rewrite the energy loss rate in terms of an integral

over q:

−
dE

dt
= dϵ dq

Γ2(γmc2)2

(1 + Γq)2
· q

(1− Γq)
−

1

4γ2 ×

×
dNcoll

dt dϵdϵ1
(28)

It turns out that the integral over q is analytical, so that
one can easily check the full numerical calculation.

Let us define a dimensionless parameter that charac-
terizes the relevant regime to be used for the energy loss
rate:

α ≡
γ (kbT0)

mec2
, (29)

where T0 is the mean temperature of the radiation field.
The non-relativistic Thomson limit is recovered for in-

verse Compton processes within a blackbody radiation
field, using Γ ≪ 1 or equivalently α ≪ 1:

−
dE

dt
=
4

3
σT c Urad γ2 , (30)

where Urad = dϵϵdn/dϵ, whereas the Klein-Nishina
regime applies for α ≫ 1:

−
dE

dt
=

σT

16

(mec kbT0)
2

3 ln
4γkbT0

mec2
− 1.9805 (31)

In Fig. 1, we show the comparison of both regimes with
the full calculation. From our numerical results, we have de-
rived a parameterization valid for any blackbody radiation
field, which is given by:

−
dE

dt
=

⎧
⎪⎨

⎪⎩

Thomson for Cn−r
E 2(kbT0)4

α exp i=0 ci (lnα)i for Cint

Klein−Nishina for Cu−r

,(32)

where the conditions C read:
Cn−r : α < 3.8× 10−4

Cint : 3.8× 10−4 ≤ α ≤ 1.8× 103

Cu−r : α > 1.8× 103 (33)

The fitting formula associated with the intermediate regime
and provided in Eq. (32) may be used with the following
parameters:

ci = 74.77,−0.1953,−9.97× 10−2,

4.352× 10−3, 3.546× 10−4,−3.01× 10−5 . (34)

An additional smooth interpolation between these three
regimes might improve the calculation by avoiding tiny gaps
at connections, which could arise e.g. from very small nu-
merical differences in the unit conversions or constants used
above. This parameterization is valid for any blackbody dis-
tribution of photons. If one considers a blackbody distribu-
tion, the absolute energy density Urad of which differs from
that standardly derived Ubb

rad, then one can merely renor-

malize Eq. (32) by a factor Urad/U
bb
rad to get the correct

energy loss rate.
In the following, we will use Eq. (32) to describe the

energy loss rates associated with Compton processes.
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T0[K ] Urad [GeV.cm−3]
CMB 2.725 Planckian

M
1

IR 33.07 9.40 10−11

Stellar 313.32 2.0210−11

UV
3 249.3 1.37 10−10

6 150.4 8.4810−11

23 209.0 4.40 10−11

M
2

IR 33.653 1.19 10−10

Stellar 313.32 2.2910−11

UV
2 901.13 1.25 10−10

5 570.1 9.60 10−11

22 048.56 3.8 10−11

Table 2. Parameters used to fit the local ISRF with blackbod-
ies. M1 and M2 correspond to fits done on the data taken from
the analysis made in Porter et al. (2008) averaged over 2 × 2
kpc and 0.5 × 0.5 kpc around the Earth, respectively. M1 will
be our default ISRF model.

cyclotron frequency:

EB = h νc =
h eB

2πm
= 1.16× 10−14 B

1 µG
eV , (35)

where m is the electron mass, kB is Boltzmann s’ constant
and B is the value of the Galactic magnetic field. It is clear
that the condition γEB ≪ mc2 is fulfilled for the whole
electron energy range considered in this paper, so that the
Thomson approximation is fully valid. The local magnetic
field is estimated to B ≈ 1µG (Ferrière 2001) while the
corresponding energy density derived from classical elec-
trodynamics is UB = B2/(2µ 0).

Although there are uncertainties on the local value of
the magnetic field, we will fix B = 1 µG in the follow-
ing, so that the ISRF model M1 plus synchrotron leads to
τl = 7.5×1015 s in the Thomson approximation. The corre-
sponding overall energy loss rate b(E)/E2 is plotted in the
middle panel of Fig. 2, where it is shown to be quite differ-
ent from the Thomson approximation with τl = cst = 1016

s very often used in the literature, and which appears as the
dashed straight line. In particular, we can observe a cascade
transition due to Klein-Nishina effects, where we see that
the loss rate index α defined in Eq. (4) decreases step by

step from 2, its Thomson value: at about 1 GeV, relativistic
corrections become sizable for interactions with the main
UV component which is less and less felt by electrons; then,
between 10-100 GeV the IR component gradually loses its
braking potential, and finally, above 10 TeV, interactions
with CMB also ceases. The value of the magnetic field sets
the minimal value of the energy loss rate at higher energies.
Since this latter is proportional to B2, varying B from 1 to
3 µG translates into ∼ 1 additional order of magnitude in
the energy loss rate at high energy, as also depicted in the
middle panel of Fig. 2. Note that considering CMB only
provides a robust estimate of the minimal energy loss rate,
which converts into a maximal flux by virtue of Eq. (20);
adding the synchrotron losses would instead define a next-
to-minimal model for the energy losses.

In the right panel of Fig. 2, we quantify the impact of
using different energy loss models to derive IS flux predic-
tions, for which we adopt the med propagation setup and
a template injection spectrum ∝ E−2 homogeneously dis-
tributed in a thin disk. The dotted curve corresponds to
the Thomson approximation with τl = 10

16s, where we re-
cover a flux with predicted index γ = γ+ (δ+ 1)/2 = 2.85,
as predicted from Eq. (21) with α = 2. The higher curve
is the flux obtained with the minimal case for the energy
loss rate (the minimal τl ), i.e. considering the CMB only,
which provides the maximal flux. Indeed, in the Thomson
approximation, the flux scales like ∼

√
τl = 1/

√
b0, as seen

from Eq. (20). Again, the index reaches a plateau around
γ ≈ 2.85 in the range 10-1000 GeV, and then substantially
hardens above 1 TeV because of relativistic effects. The
next-to-minimal case exhibits the same feature, though the
amplitude is slightly reduced, as expected. Finally, we re-
port the flux associated our complete models M1 and M2,
both associated with a magnetic field of 1 (solid curves)
or 3 µG (dashed curves). We can remark that the naive
prediction of γ in the Thomson regime does not hold any-
more, since the energy dependence of the energy loss α is
no longer equal to 2, and the observed spectral index is
actually significantly harder. Indeed, we have to consider
instead an effective value αeff(E) 2 to account for rela-
tivistic effects. Taking a larger value of the magnetic field
slightly softens the index and increases the amplitude, as
expected.



Bremsstrahlung, ionization, Coulomb
 e+e- energy losses

3. Bremsstrahlung (free-free) in the 
ISM

4. Ionization, Coulomb 
Interaction with neutral matter 
(ionization) or with ionized plasma 
(Coulomb)

  

Other energy losses: electrons and positrons
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● Power: fold cross-section to density of photons
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Bremsstrahlung (or free-free)
● Loss in plasma or atomic hydrogen within a factor of two 
● In the ISM: H (neutral and molecular) and He dominant
● e
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Ionisation and Coulomb
● Ionisation: interaction in neutral matter
● oulomb: scattering off free electrons

B tracers
● Faraday rotation: free e- (ionised regions)
● Synchrotron emission: R e-

● Zeeman splitting: lines (neutral regions)
● Dust thermal emission, starlight polar.
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sync

 < 6 µG]
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● Regular vs irregular component
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● Geometry: radial 
and z-dependence

● Arm-interarm 
contrast

Uncertainties [Porter et al., ApJ 682 (2008) 400]

II.4 E losses

→ rucial for 
g-ray emissions
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Nuclei energy losses

With respect to e+e-:

• σT   σN ~ Z2x10-7

•γ is very different for e and p

Energy losses for NUCLEI are suppressed by Z2x10-7 and by 5x10-4

  

The only significant losses for nuclei are 

COULOMB and IONIZATION in the disc



Nuclei: catastrophic losses 

• Nuclei can destroy themselves in scattering off the ISM 

    σinel = σtot – σel 
   Γinel = nISMvσinel        

   σinel(p, C, Fe) ~ 40, 250, 750 mb

• Radioactive (beta) isotopes can decay 

    Γdec = ln(2)/(γt1/2)

• Electronic capture (and stripping, much lower effciency)
   

- - - -  He+9
4Be

——  p+9
4Be

- - - -  He+12
6C

——  p+12
6C



Energy losses: nuclei and leptons
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The smaller the time, the stronger the effect



The diffusion coefficient
It describes effectively the scattering of charged particles on the 
irregularities of the galactic magnetic field.  In principle, a tensor:

•It can be derived analytically (i.e. in quasi-linear theory, δB<<B)
•Or with numerical simulations, not yet very predictive

The interaction particle – turbulence is resonant, and maximal when the 
irregularities are // to the regular magnetic field:
k// = ±s/(rgμ)  s=integer, for cyclotron order; μ is the pitch angle, rg = R/B 
gyroradius

k// ~ 1/3 vrg/P, with

If B(k)2~ k-a (k ~ 1/rg) k// is a power law.
a=5/3  K(R) ~ R1/3,  Kolmogorov spectrum
a=3/2  K(R) ~ R1/2,  Kraichnan spectrum

  

Diffusion coefficients from microphysics

● Physics problem: motion in a turbulent field

● Ansatz: diffusion equation

Unknown vx,y, unknown
position in dBx,y

Pitch angle µ=cos(v,B0)

Taylor-Green-Kubo formula

→ Low resolution only 
(time-consuming)

→ Near future(?): full MHD 
treatment ( Rs + gas + B)

Numerical simulationsAnalytical calculation

- Mean free path

- Fokker-Planck coefficient

- Equation of motion (Lorentz)

Reality: resonant wave-particle interaction with 
stochastic motion... turbulence model requires:

● Energy spectrum (diff.eq. for wave!): W    k-s

● Geometry
● Dynamical behaviour

- Instabilities
- Damped waved
- Intermittency 

→ an only be solved in ideal situations
● Quasi-Linear Theory (dB B): QLT
● 2nd order QLT: SOQLT
● Non-linear guiding centre: NLG

III.1Microphysics

[Adapted from R. Tautz ( RISM 2014)]
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Diffusion along B
Diffusion perp. to B
Drift effects



Characteristic times for various processes

For a particle to reach z and come back 
(diffusion time) : tD≈ z2/K(E)

At the same time, convection time: 
tC=z/VC

A particle in z can come back to the 
disk

only if tC<TD   zmax= K/VC

N. B. The smaller the time, 
the most effective the process is

For protons:    escape dominates > 1 GeV
       E<1 GeV, convection and e.m. losses

For iron:  Spallations dominate for E<10 GeV/n



Where do these particles come 
from? 

(if sources located in the galactic disk)

Energetic electrons are quite local due to radiative cooling 
Stable hadrons arrive at Earth from farther places, depending on 

spallations on the interstellar medium (ISM: H, He)

Different species explore different galactic environments 

Electrons Protons (~antiprotons)          Nuclei



Transport equation in diffusion models
for flux (intensity) Nj(E) 

Primary production 
(SNR,  PSR, DM)

Secondary production 
by fragmentation 

R

R=20 kpc

h=0.1 kpc
r

L=3-10 kpc

=8.0 kpc

z

(axial symmetry around z)

R 0.6

( B )

b
+

b
-

R
-2.2

(H+He+...) ISM

(p,He)

Spallation

V1 V2

p1 p2

Þ1 Þ2

(Halo+Disc) (Disc)

(Disc)(Halo+Disc)

Diffusion on magnetic inhomogeneities Acceleration by shock waves

ß disintegration

Energy losses

Reacceleration : Va

N
j

Nl

Nk

Z,A

Z’,A’
(A,Z) (A,Z+1)

(A,Z-1)

Vc

Vc

Ec/n

Ec/n

(Disc)

(Disc)

R

R=20 kpc

h=0.1 kpc
r

L=3-10 kpc

=8.0 kpc

z

(axial symmetry around z)

R 0.6

( B )

b
+

b
-

R
-2.2

(H+He+...) ISM

(p,He)

Spallation

V1 V2

p1 p2

Þ1 Þ2

(Halo+Disc) (Disc)

(Disc)(Halo+Disc)

Diffusion on magnetic inhomogeneities Acceleration by shock waves

ß disintegration

Energy losses

Reacceleration : Va

N
j

Nl

Nk

Z,A

Z’,A’
(A,Z) (A,Z+1)

(A,Z-1)

Vc

Vc

Ec/n

Ec/n

(Disc)

(Disc)

R

R=20 kpc

h=0.1 kpc
r

L=3-10 kpc

=8.0 kpc

z

(axial symmetry around z)

R
0.6

( B )

b
+

b
-

R
-2.2

(H+He+...) ISM

(p,He)

Spallation

V1 V2

p1 p2

Þ1 Þ2

(Halo+Disc) (Disc)

(Disc)(Halo+Disc)

Diffusion on magnetic inhomogeneities Acceleration by shock waves

ß disintegration

Energy losses

Reacceleration : Va

N
j

Nl

Nk

Z,A

Z’,A’
(A,Z) (A,Z+1)

(A,Z-1)

Vc

Vc

Ec/n

Ec/n

(Disc)

(Disc)

It is a second order differential equation in space and in energy 

Γj = Γj,inel + Γj, rad 



Particles diffusing in the Galaxy 

• Diffusion 
coefficient: 

K(R)=K0bR

• Convective velocity: 
Vc

• Alfven velocity: VA

• Diffusive halo 
thickness: L

• Acceleration 
spectrum: 
Q(E)=q0p

 K0, , Vc, VA, L, ()



The solution to the diffusion equation
in the cylindrical symmtery

1– 8 –

2. Integration (limh→ 0
+h
−h ...dz) of equation (A6) through the thin disc

6, which gives

2N ′ j
i (z)|z=0 − 2N j

i (0)
Vc
K − 2hN j

i (0)
Γ̃ j

K + Q̄j = 0 (A7)

3. Put the halo solution in equation (A7) to ensure continuity beetwen the two zones.

We finally obtain the solutions for stable progenitors in relativistic regime:

N j (r, z) = exp
Vcz

2K

∞

i=0

Q̄j

Aj
i

sinh
S j

i (L −z)
2

sinh
S j

i L
2

J0(ζi
r

R
) (A8)

Q̄j ≡ qj
0Q(E)q̂i +

mk >mj
k Γ̃kjNk

i (0) (A9)

Sj
i ≡ (

V 2
c

K 2 + 4
ζ2
i

R2 + 4
ΓN j

r ad
K )1/ 2 Aj

i ≡ 2hΓ̃tot
N j + Vc+KS

j
i coth(

S j
i L
2 ) (A10)

For a primary Q̄j = qj
0Q(E)q̂i , and for a pure secondary Q̄j =

mk >mj
k Γ̃kjNk

i (0). Note that

solutions given in Webber et al. (1992) for secondary takes advantage of the primary form of

Nk
i (0). Since we are here interested in a shower–like (see §3.2.2) resolution, the form given here

is more adapted.

β decay contribution from N k For all the nuclei treated here, N j never has more than one

unstable contribution, so that the sum over k for Nk
rad reduces to one term in equation (A1).

Resolution is complicated by the localisation of this source in the whole halo. Focalising on

this specific term, neglecting for a while primary source and classical spallative secondary con-
tribution 2hδ(z) k Γ̃kjNk(r, 0), one obtains (following the same procedure as described in the

previous section7)

N j
Γk

r ad
(r, z) =

∞

i=0

J0(ζi
r

R
)×

Γkj
rad

K j (a2
i − a2)

Nk
i (0)

sinh
Sk

i L
2

(A11)

6In terms of distribution (quoted in braces), defining σ0 and σ1 as the discontinuities of 0th et 1st order,
remember that

∂ 2

∂ z2 {F (z)} = ∂ 2F (z)
∂ z2 + σ1δ(z) + σ0

∂ δ(z)
∂ z

Imposing the continuity of the vertical cosmic ray current across the plane z = 0, we thus have
σ1 ≡ limϵ→ 0 dN j

i (z)/ dz
+ϵ

−ϵ
= −2N j

i (0) Vc
K and σ0 = 0.

7The contribution of these radioactive nuclei may be unimportant in some cases, but we should take it into
account as it is thedominant process for someothers. In thesimpleexampleof 10Be→ 10B, neglecting this channel
would give an error of about 10% on the B flux, whereas considering that this term is only located in the disc
would give an error of about 3% compared to the rigourous treatment given above. Notice finally that at fixed
energy per nucleon, the rigidity depends on the nuclear species at stake. The diffusion coefficient K j of the child
nucleus j is therefore different from its progenitor’s one K k . The dif ference K j − K k tends to vanish for the
heaviest nuclei.

Γkj = nISM σkj v 

 Production
Γkj = nISM σtot v 

 Destruction

See simple trends …



Fixing the diffusion coefficient
Boron-to-Carbon: a standard candle?

• Li, Be, B are produced by fragmentation of heavier nuclei (mostly C, N, O) 
on H and He

• B/C is very sensitive to propagation effects

B/C (AMS, PRL 117, 2016)  does not show features at high energies

Feng, Tomassetti, Oliva PRD 2016

         B/C = Sec/Prim 

~ Qsec(E)/Qprim(E)

~ Qprim(E)/K(E) / Qprim(E)

~ K(E)



Fixing L: Radio data vs latitude 

Shaded: varying K0 and L within
B/C constraints (Maurin et al. APJ 2001) 

Very small magnetic halos seem disfavoured 

Bringmann, FD, LIneros JCAP 2012



The role of high energy particle 
physics 

in CR physics

1– 8 –
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Γkj = nISM σkj v 

 Production cross section
        Γkj = nISM σtot v 

 Destruction cross section



Production cross sections in the 
galactic cosmic ray modeling 

 
H, He, C, O, Fe,…  are present in the supernova remnant 

surroundings, 
and directly accelerated into the interstellar medium (ISM)

All the other nuclei (Li, Be, B, p-, and e+, gamma, …) are produced by 
spallation of heavier nuclei with the atoms (H, He) of the ISM

We need all the cross sections σkj - from Nichel down to proton -  
for the production of the j-particle from the heavier k-nucleus 

scattering off the H and He of the ISM

Remarkable for DARK MATTER signals :
antiproton, antideuteron, positron and gamma 

rays. 



Constraining galactic cosmic rays 
with light isotopes

Coste, Derome, Maurin, Putze A&A 2012 

Pre-Pamela theoretical analysis: 
some of these models are already excluded by Pamela light isotopes 

data

Different models 
derived from B/C

Higher δ for red 



Data from light isotopes 
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Data show clear trends. 

Future data on significantly wider energies would be useful 
for studies of propagation in the Galaxy, and also for heavier isotopes
 



Antiprotons



 Cosmic antiprotons 

Antiprotons are produced in the Galaxy by 
fragmentation

of proton and He (and marginally heavier nuclei) 
on the ISM (secondary antiprotons).

These antiprotons would be the background to 
an exotic component due to 

dark matter annihilation
 in the galactic halo (primary antiprotons). 

N. B. Thousands of cosmic antiprotons have already been 
detected by balloon-borne (Bess, Caprice,…) 

 or satellite experiments (Pamela), and AMS-01, 
and 290000 (out of 54 billion events)  from AMS-02 on the ISS



To calculate the secondary antiproton flux:

• p and He in CRs                    (measured fluxes)

• Nuclear cross sections            (data + MonteCarlo)

• Propagation                                  (diffusive models)

Antiprotons in CRs
Secondary component 

Secondary antiprotons in cosmic rays (CR) are produced by 
spallation reactions on the interstellar medium (ISM)

                                    
                                                   pCR + HISM

                pCR + HeISM

                pCR + HISM

                HeCR + HeISM

+ X 

The production threshold for p+p  p- + ppp  is  Ep,min = 7mp  



Protons  antiprotons
Kachelriess, Moskalenko,Ostapchenko PRD2015

z= Epbar/Ep

Epbar = 1, 3, 10 GeVs
Eγ = 10 GeV

The bulk of antiprotons 

is produced by protons 

with kinetic energy 
 

10-30 times greater

AMS energies ~ 1-500 GeV in Epbar  

Proton energies  with ~ few GeV – 10 TeV 
Also Fluka analysis in progress: Mazziotta+ 1508.00201
Many secondary nuclei, emphasis on gamma rays 



The antiproton sources

Duperray et al. PRD 2005



Antiprotons on wide energy range

Giesen+ JCAP 2015

Data do not force exotic (Dark Matter) interpretations
Interactions of CRs with the ISM explain observed 
speactra 

Most relevant theoretical uncertainty is due to pbar production 
CROSS SECTIONS

Donato+ PRL 2009 



Positrons



 

1. Secondary e+ e-:  spallation of cosmic p and He on the ISM (H, He) 
       
2. Primary e- and e+ from Pulsars (PSR, PWN): 
    pair production in the strong PULSAR magnetoshpere

3. Primary e- from SNR: 1°  type Fermi acceleration mechanism

4. Primary e+ e- from exotic sources (DARK MATTER): relic WIMPs annihilate in 
the galactic dark halo) 

Sources of e+ & e- in the Milky Way

Electronandpositrondata: viable
interpretations

F.Donato1, S. Manconi 1, andM. Di Mauro2

onbehalf of theFermi LargeAreaTelescopeCollaboration
1Universityof Turinand INFN Turin, Italy

2SLAC (StandfordUniversity)

We present an interpretation for the origin of the electron and positron data in terms of astrophysical primary components and a secondary component produced in the interstellar medium. We
compute theflux of electrons produced via a diffusiveshock acceleration in supernova remnants as well as emission of positrons and electrons fromthepulsar wind nebulaeof theATNF catalog.
We also discuss possible primary fluxes coming from the annihilation of dark matter in the halo of our Galaxy. The analysis aims at identifying the physical parameters compatible with the
observed spectra. Our predictions are compared to the most recent Fermi-LAT and AMS-02 data.

Interpretation of cosmic lepton data: astrophysical sources vs. dark matter

I The electron and positron in Galactic cosmic rays are interpreted as a
combination of primary and secondary sources. They are all located in the
Galactic disk except for a possible dark matter contribution in the halo.

I Thesesourcetermsarethenpropagated in theGalaxy, whereleptonsdiffuse
and loose energy:

@tN − ~r · {K (E )~r N }+ @E
dE
dt N
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[Di Mauro,Donato,Fornengo,Vittino (2015)]
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Pure astrophysical sources can easily explain all the AMS-02 observables.
The high-energy tail is shaped by SNR for electrons, and by PWN emission for positrons.

[Di Mauro,Donato,Fornengo,Vittino (2015)]

Robust upper limits can be derived on the annihilation cross section/ decay time.
A dark matter contribution can improve the fit, mainly for µ+µ− channel.

3σ fit to AMS-02 observables
E 3Φ(e+ + e− )

⌘P W N (4.45± 0.18)%
γP W N 1.84± 0.04
dV ela 0.24± 0.04 kpc
TV ela 13± 4 kyr
BV ela (50± 5) µG
γV ela 2.40± 0.25
Q0,S N R s (1.49± 0.28)1050 erg/ s
γS N R s 2.28± 0.03
E cut 1700+2000

−800 GeV

I Fit to AMS-02 e+ , e− , e+ + e− ,
e+ / (e+ + e− ) fluxes

I Soft SNR spectra (far and Vela)

1σ fit to Fermi-LAT e+ +e− flux

⌘P W N 0− 20%
γP W N 1.40− 1.90
dV ela 0.25± 0.04 kpc
TV ela 13± 4 kyr
BV ela (40± 8) µG
γV ela 2.20± 0.20
Q0,S N R s (3.95± 0.45)1049 erg/ s
γS N R s 2.01± 0.09
E cut 2500+2500

−1500 GeV

I PWN efficiencies comparable with
AMS-02 ones

I Harder SNR spectra (far and Vela)

E 3Φ(e+ + e− )

Dipole anisotropy from Vela Supernova Remnant

Near source dominates Ne+ +e− at high energies:
) Dipole anisotropy in its direction

In the diffusion model:

∆ (e+ + e− ) =
3K (E )

c
r Ne+ +e−

Ne+ +e−

I N tot
e+ +e− (E ,x) = Ne− (E ) + Ne+ (E )

| {z }
isotropic, sec+PWN+far SNRs

+N V ela
e− (E ,x)

| {z }
anisotropic, SNR

I Integrated to Emax = 5 TeV

AMS-02 at 3σ level: Fermi-LAT 7-years-sensitivity on dipole anisotropy will test the model with Vela SNR as the only high-energy electron source.
Fermi-LAT at 1σ level: larger uncertainty band.

Conclusions
I Present e+ and e− data can be interpreted in terms of primary and secondary sources in the Galactic disk.
I The addition of a dark matter component can lead to robust upper limits on the annihilation cross section (or decay time). In some

cases it (as µ+µ− final states) can improve the fit.
I Fermi-LAT and AMS data have been interpreted with secondary sources and contribution from PWN and Vela SNR: source spectral

index, PWN efficiency and SNR normalization constrained to narrow ranges.
I Fit to Fermi-LAT data alone provide parameters in ranges compatible with AMS ones. In particualar, ⌘P W N 20%.
I The corresponding e+e− dipole anisotropy is at the level of Fermi-LAT published upper limits, and is shown to be a complementary

tool to the understanding of the high-energy electron sources.
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Positrons in CRs
Secondary component 

 Spallation of proton and helium nuclei on the ISM (H, He)

•  p+H  p++   p+0 & n++    (mainly below 3 GeV)
•  p+H  p+n+ + 

•  p+H  X + K 

     And all reactions involving He.
     Data available for pH, Monte Carlos or rescalings for the other      

reactions

       Diffusive semi-analytical model may be employed.
Above few GeV:  only spatial diffusion and energy losses
At higher energies: only energy losses



The positron source term

Uncertainties on the 
production cross sections up 

to factor 2

(upper)

(lower)

Secondary positrons relevant 
            for E < 50 GeV 

secondary

Data needed for 
p+p and p+He  e+ + X



Sources of e+ and e-
Di Mauro, FD, Fornengo, Vittino JCAP 2014

Supernova remnants

Electrons                                    Positrons          

Pulsars 

1 TeV 1 TeV

These SNR and PWN sources taken from the radio ATNF catalog



Dark matter in the

 cosmic radiation 



Indirect DARK MATTER searches

Dark matter can annihilate in pairs with standard model final states. 
Low background expected for cosmic ANTIMATTER, and for 

NEUTRINOS and GAMMA RAYS coming from dense DM sites.

Tine DM signals are searched for in cosmic antimatter and photons 

p-

p

γ, ν



WIMP INDIRECT SIGNALS 

Annihilation inside celestial bodies (Sun, Earth):
  at neutrino telescopes as up-going muons

            
Annihilation in the galactic halo:

        -rays (diffuse, monochromatic line), multiwavelength

          antimatter, searched as rare components in cosmic rays 
(CRs)

 ν and γ keep directionality
 SOURCE DENSITY

Charged particles diffuse in the galactic halo
 ASTROPHYSICS OF COSMIC RAYS!

e+ , p̄ , D̄



Antimatter sources from DARK 
MATTER

Annihilation

Decay

•         DM density in the halo of the MW
• mDM  DM mass
•           thermally averaged annihilation cross section in SM channel 

f
•         DM decay time  
• e+, e- energy spectrum generated in a single annihilation or 

decay event

See F. Calore’s Lectures



DM Sources are also

 in the diffusive halo 

Rdisc ~ 20 kpc

Lhalo ~4-10 kpc

hdisc ~ 0.2 kpc

DM halo~ 200 

kpc



Elementary Methodology for DM 
indirect detection with charged CRs

• Identify DM sources – A particle physics problem 
(see G. Gelmini and F. Calore’s lectures) 

• Locate sources in the DM halo – A cosmology problem 
(see M. Vogelsberger’s lectures) 

• Propagate the sources in the diffusive halo – An astrophysics 
problem 

• Compute very carefully all the possible backgrounds

• Derive upper bounds on DM properties, typically annihilation cross 
section

• Or discover DM through a peculiar (IF ANY) signatures



PRIMARY and SECONDARY ANTIPROTONS

At low energies, primary and secondary antiproton fluxes 
 have indistinguishable shapes

- - -       Secondaries
(CRs on the ISM)

____  Primaries 
(Dark Matter)

m=60-100-300-500 GeV

Donato et al. PRD 2004



Bringmann & Salati, PRD 2007

Antiprotons: 
secondary vs Dark Matter component

Dark matter 

Uncertainties due to propagation in the Galaxy 



mDM=500 GeV

Positron fluxes: effect of annihilation channels
Delahaye et al. PRD 2008

Direct annnihilation in 
e+, or in tau, are harder 
than bb or gauge boson 

In typical SUSY models 
annihilation in leptons is 
helicity suppressed wrt 
quark production

Uncertainties on 
primaries is 
3-5, depending on:

- Energy
- Annihilation channel
- DM distribution



Searching for a DM signal 

When also mDM is let free to vary, the fit with DM improves w.r.t the 
scenario  with astrophysical contributions only. 

Leptonic (hadronic) annihilation channels are compatible (in tension) 
with upper bounds from DM searches in high latitude Fermi-LAT gamma rays   

Upper bounds are from 
Fermi-LAT gamma ray data 
at latitudes > 20 
(Di Mauro&FD PRD2015)

Positron fraction vs 
detected energy: DM 
component is 
added to secondary and 
PWN 
spectra 

Di Mauro, FD, Fornengo, Vittino 2016



Adding a Dark Matter component:
Upper bounds on annihilation cross section/decay time

from fitting AMS-02 lepton data

The upper bounds are obtained with astrophysical components 
AND a contribution from Dark Matter annihilation / decay  

(MED propation model, Einasto DM radial density profile).

Limits on annihilation cross section at the thermal value 
For  m<200 GeV and e+e- annihilation channel 

Di Mauro, FD, Fornengo, Vittino JCAP 2016



ANTIDEUTERONS from RELIC WIMPS
FD, Fornengo, Salati PRD 62 (2000)043003 

In order for fusion to take place, the two 
antinucleons must have low kinetic energy

Kinematics of spallation reactions prevents the formation 
of very low antiprotons (antineutrons).

At variance, dark matter annihilates almost at rest

Up to now, NO ANTIDEUTERON has been detected yet.



Secondary antideuterons

Contributions to 
secondaries
 

FD, Fornengo, Maurin PRD 2008

p-p,  p-He, 
He-H, He-He
H- pbar, He-pbar

Propagation uncertainties
Compatibility with B/C

Nuclear uncertainties
Production cross sections & Pcoal

Production from antiprotons
Non-annihilating cross sections



Antideuterons: 
Dark matter detection perspectives 

Fornengo, Maccione, Vittino JCAP 2013 (1306.4171)

Prospects for 3σ detection of antideuteron
with GAPS (dotted lines are Pamela bounds 
from antiprotons)

3σ expected sensitivities
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•Malcom Longair: High energy astrophysics
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• Aa.Vv. Particle Dark Matter (Ed. G Bertone) 
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•Castellina, Donato: Astrophysics of Galactic charged cosmic 
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