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Scientific context
More than 100 years after the discovery the origin is still not known

Viktor HESS (1883-1964)

Cosmic Ray discovery : 1912

Particle physics started with Cosmic Ray studies 
until 50’s (discovery of air showers, P. Auger 1938), 
> discovery of positrons, muons … 

V. HESS and  next contributors : CR come from 
space, not only of solar origin (H. Alfvèn’s guess) 

References: 


https://www.refletsdelaphysique.fr/articles/refdp/pdf/2013/01/refdp201332p8.pdf

Laboratoires en altitude

Pic du Midi de Bigorre (3000 m)

Aiguille du midi : chambre à brouillard de 55 cm de E Nagéotte 
Aiguille du Midi Chamonix (3650 m) 1942

laboratoire de la JungFraujoch (3 500 m)

hôtel

Observatoire du Sphinx

laboratoire



The three Cosmic Ray spectra
Energy spectrum    /   Composition spectrum  /    Angular spectrum

From MeV to almost ZeV  or 1021  eV  

Light element production by spallation

(here composition @ a few GeV/N)

High level of isotropy 

(anisotropy increases at the highest energies)

ExtragalacticGalactic



Cosmic Ray sources
Galactic sources : energies : MeV-100 PeV

• Most favorite : Remnants of Supernova but other could contribute : massive star 
clusters, pulsars (for leptons), the central galactic black hole (Sagittarus A* )…


• Main energetic argument : Pressure into CRs :  ~ 10% 

power injected by Supernovae in the Galaxy (for 3 SNe/century) 


— Energetically feasible —


[VG galactic disk volume, Tres CR galaxy residence time, eCR CR energy density]

• Observations do show particle acceleration is on-going.


PCR =
eCRVG

Tres
∼ 1041erg/s



Evidences of acceleration phenomenon
Supernova remnants : non-thermal spectrum from radio to gamma-rays + X-ray filaments

Gamma-ray spectra of several historical supernovae

Non-thermal (power-law) photon distribution + require relativistic 
particles (kinetic energies above GeV to TeV)

Tycho SNR image at X-rays by the Chandra satellite 

Blue: thin rims associated with the forward shock : non-thermal synchrotron 
radiation by TeV electrons in up to milli Gauss level magnetic fields.


Evidence of strong magnetic field amplification by on-going plasma processes

(eg Parizot et al 2006 A&A)




Cosmic Ray sources
Galactic sources : energies : MeV-100 PeV

• Most favorite : Remnants of Supernova but other could contribute : massive star clusters, pulsars (for 
leptons), central galactic black hole …


• Main energetic argument :  ~ 10% power injected by Supernovae in the 

Galaxy (for 3 SNe/century) — Energetically feasible —


• Observations do show particle acceleration is on-going.


Several big issues : 

1) Fine … but one major difficulty is to link what we observe at sources and what we measure on Earth 
(see the transport problem)


2) We do not know yet how exactly CR escape from their sources.


3) Calculating CR distribution at sources is a very complex task because of high degrees of non-linearity.

PCR =
ϵCRVG

Tres
∼ 1041erg/s



(3) Non-linear plasma physics at sources 
Particle acceleration at fast, strong shocks

• Main mechanism: diffusive shock acceleration but in fact challenging : multi-scale physics of a complex system


> CR back-reaction and self-generated turbulence : up to 8-9 orders of magnitude in scales to cover : indeed Particles are injected from 
the shocked plasma downstream (MeV) and have to be accelerated up to PeV energies  


Shock profile including CRs back-reaction in fluid Eqs (eg Drury et al 1981)Principle of diffusive shock acceleration (DSA, eg Bell 1978 MNRAS)

CR scattering back and forth the shock front with a compression ratio r by magnetic 
perturbations naturally produces power-law distributions  N(E) scaling as E-(r+2/r-1)   

The compression ratio depends on the particle energy, non universal power-law anymore

upstream=amont downstream=aval



Non-linear plasma physics 
Strong developments of numerical studies

• Challenging : multi-scale physics of a complex system


> CR back-reaction and self-generated turbulence : up to 8-9 orders of magnitude in scales to cover. 


> Different tools : Particle-in-cell (small scales, injection), hybrid methods and kinetic-
magnetohydrodynamics (largest scales), semi-analytical solutions of 1D Fokker-Planck equation  

Technique Particle-in-cell hybrid Magneto-
hydrodynamic

Vlasov / Fokker-
Planck 

scales   c/wpe ~ L  c/wpe << L L =system scale

Time > 1/wci

all (in principle)

based on … Maxwell + 
Lorentz force

Maxwell + Lorentz 
force, electrons as 

fluid

MHD + Lorentz 
force

kinetic Eqs for the non-
thermal component

geometry usually 1D, 2D 1-2D rarely 3D 2D rarely 3D usually 1D

Distribution function = sum of individual (macro) particles

Described in Marcowith 
et al 2020 LRCA

Fluid description



(2) Escape from sources
Still the effect of CR self-generated turbulence

When relaxed from the accelerator still CR have some over density/pressure and carry some current => trigger a series of 
plasma instabilities (still widely unexplored). Actually very complex : intrinsically 3D, time-dependent, non-linear. 

> One (popular) case : CR resonant streaming instability (Nava et al 2016 MNRAS): Solve non-linear kinetic Eqs (Fokker-
Planck like as for Markov processes) CR Pressure PCR + Alfvén waves intensity I(k).  

N.B. : The resonant character is k =1/rg , rg is the CR gyro radius rg = (E/ZeB), E= kinetic energy, Ze charge, B total magnetic field strength 

3554 L. Nava et al.

coefficient of CRs of energy E (equation 2) depends on the energy
density of resonant waves I(k), while the growth rate of waves
(equation 3) depends on the gradient of the pressure of resonant
CRs ∂PCR/∂z. The two equations then read:

∂PCR

∂t
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where the left-hand side of both expressions is the time derivative
computed along the characteristic of excited waves:

d
dt

= ∂

∂t
+ VA

∂

∂z
. (6)

The advective terms VA∂PCR/∂z and VA∂I/∂z are neglected in the
following since they play little role in the situation under examina-
tion. This assumption can be easily checked a posteriori. The last
two terms in equation (5) account for possible mechanisms of wave
damping, operating at a rate !d, and for the injection Q of turbu-
lence from an external source (i.e. other than CR streaming). The
term representing the external source of turbulence can be set to Q
= 2!dI0, so that when streaming instability is not relevant, the level
of the background turbulence is at a constant level I = I0. In general,
the damping coefficient could be a function of I (see e.g. Ptuskin
et al. 2008), but for reasons that will be clear in the following, here
we limit our analysis to linear damping terms, i.e. !d is a constant
in both space and time.

As pointed out by Malkov et al. (2013), the approach described
above decouples the process of acceleration of particles (which
operates, for example, at an SNR shock) from the particle escape
from the acceleration site. In other words, equations (4) and (5)
apply in the transition region between the acceleration site (where
a high level of magnetic turbulence, typically at the Bohm level,
may be expected) and the average conditions of the ISM, where
the level of turbulence is much smaller. Though such a separation
might seem artificial, the problem defined above can still be useful
to describe the escape of particles from a dead accelerator, in which
the acceleration mechanism does not operate anymore, or operates
at a much reduced efficiency (Malkov et al. 2013). This situation
would probably apply to the case of old SNRs.

On the other hand, Ptuskin et al. (2008) suggested that
equations (4) and (5) could be also used to describe an intermediate
phase of CR propagation in which the CRs have left the source but
are not yet completely mixed with the CR background. For the case
of an SNR shock, the equations above could thus be applied to those
CRs characterized by a diffusion length large enough to decouple
them from the shock region. Typically, this happens during the Se-
dov phase to the highest energy particles confined at the SNR shock
when the diffusion length DB/us gradually increases with time up
to a value larger than some fraction χ of the SNR shock radius Rs,
where us is the shock speed and χ ≈ 0.05, . . . , 0.1 (e.g. Ptuskin
& Zirakashvili 2005; Gabici 2011). In both the scenarios described
above, CRs are decoupled from the SNR shock and we will refer to
them as a CR cloud.

The initial conditions for equations (4) and (5) can be set as
follows

PCR = P 0
CR z < a (7)

= 0 z > a, (8)

where a represents the spatial scale of the region filled by CRs at the
time of their escape from the source, and I = I0 everywhere. In fact,

a larger value of I ≫ I0 could be chosen as an initial condition for
z < a (to mimic Bohm diffusion inside the accelerator). However,
we found the exact initial value of I inside the source to have very
little effect on to the solution of the problem, and thus we kept a
spatially uniform I0.

Following Malkov et al. (2013), we introduce the quantity #,
defined as:

# = VA

DB
$CR , (9)

where

$CR ≡
∫ ∞

0
PCR dz = a P 0

CR. (10)

It follows that # is a conserved quantity that can be considered as
a control parameter. To understand its meaning, consider the initial
setup of the problem, in which CRs are localized in a region of size
a. The CR pressure within a is P 0

CR, and then $CR = a P 0
CR. The

initial diffusion coefficient outside the region of size a is equal to
D0 = DB/I0. In such setup, three relevant time-scales exist: (i) the
growth time of waves τg ≈ I0/(VA∂PCR/∂z) ≈ aI0/VAP 0

CR, (ii) the
time it takes the CR cloud to spread significantly due to diffusion
τ diff ≈ a2/D ≈ a2I0/DB, and (iii) the damping time τ damp = 1/2!d.
In order to have a significant growth of waves due to CR streaming,
the time-scale for growth must be shorter than the two other time-
scales: τ g < min (τ diff, τ damp). In terms of the parameter #, this
conditions reads: # > max (1, τ diff/τ damp). It is evident then that
the parameter # regulates the effectiveness of CR–induced growth
of waves. In the absence of a damping term for waves, # > 1 is a
sufficient condition for streaming instability to be relevant, while in
the presence of efficient wave damping, a more stringent condition
on # applies.

For # ! max (1, τ diff/τ damp), CRs play no role in the generation
of Alfvén waves, and equation (4) can be solved analytically:

PCR =

√
I0

πDBt
$CR e

− I0z2

4DB t . (11)

Equation (11) is referred to as test-particle (TP) solution. When
wave growth cannot be neglected, the solution deviates from the
TP one. It is worth noticing that, independently on the value of #,
equation (11) is also the formal asymptotic solution of the non-
linear equations (4) and (5) at late times, when CRs are spread over
a large region along the magnetic flux tube, and consequently their
ability to amplify Alfvén waves is strongly reduced (in other words,
∂PCR/∂z is small).

For completeness, we mention that in the extreme scenario (not
considered in this paper) where # ≫ max (1, τ diff/τ damp) waves
grow so quickly that the diffusive term in equation (4) becomes
negligible when compared to advection term VA∂PCR/∂z. In this
case the advection term can no longer be neglected. This describes
a situation in which CRs are ‘locked’ to waves and move with them
at a velocity equal to VA (Skilling 1971). An identical result was
found by Cesarsky (1975) in a study of the escape of ≈ MeV CRs
from sources, and also suggested by Hartquist & Morfill (1994).

To conclude this section, let us estimate the numerical values of
#, the main parameter that regulates the problem under examina-
tion. The value of # for the case of an SNR of radius Rs = 10 R1 pc
which releases 1050WCR, 50 erg of CRs with a differential energy
spectrum ∝ E−2.2 is

# ≈ 3 × 104 WCR,50 R−2
1 n

−1/2
i,−1 E−1.2

1 , (12)

MNRAS 461, 3552–3562 (2016)
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Non-linear coupled Eqs
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Figure 5. Time evolution of a CR cloud of initial radius R in the WIM
phase of the interstellar medium. CR energies of 10 GeV, 100 GeV, and
1 TeV are considered (top to bottom). The top (bottom) section of each
panel shows the CR partial pressure (diffusion coefficient). See the text for
more details.

Figure 6. Time evolution of the diffusion coefficient D (normalized to the
background galactic value D0) for CR energies of 1 TeV. The initial radius
and the half-time of the CR cloud are indicated on the top of the panel.

panel shows the CR pressure (in both normalized and physical
units) as a function of the distance from the SNR centre, while
the lower section shows the CR diffusion coefficient D, also in
terms of ratio I = DB/D (right y-axis). In all cases, I ≪ 1, and
the assumption of quasi-linear theory is justified. Purple, green, and
red solid lines show the solution of equations (4) and (5) at times
equal to t1/2/4, t1/2, and 4t1/2, respectively, while dotted lines refer
to the TP solution of the problem (i.e. streaming instability is not
taken into account). The dashed black lines represent the level of the
CR background in the Galaxy and the average turbulence level in
the ISM (δB/B)2

k = I0(k) (upper and lower section of each panel,
respectively).

Several considerations are in order:

(i) at early times, the solution of equations (4) and (5) clearly
differs from the TP solution, while for time-scales significantly
longer than the half-time of the cloud t1/2, the solution approaches
the TP one (see the red curves referring to a time equal to 4t1/2). This
implies that t1/2 represents an order of magnitude estimate of the
time interval during which waves can grow significantly above the
background level in a region surrounding the initial CR cloud. This
is an energy dependent effect, since t1/2 is a decreasing function
of energy. Thus, for CR energies of the order of 1 TeV or above,
relevant for ground-based gamma-ray observations, the growth of
waves operates for a quite short time interval (few thousands years
or less);

(ii) large excesses of CRs above the galactic background can be
maintained for times much longer than t1/2. This is a well-known
result from the TP theory (e.g. Aharonian & Atoyan 1996; Gabici
et al. 2009) which can be easily verified after comparing the values
of the CR partial pressure (see scale on the right y-axis in Fig. 5)
with the total energy density of CRs in the galactic disc, which is
of the order of ≈1 eV cm−3;

(iii) the CR diffusion coefficient is strongly suppressed with re-
spect to its typical galactic value at the cloud border due to the
strong gradient of CRs there, which translates in a fast growth rate
of waves. The suppression of the diffusion coefficient remains sig-
nificant in a region of tens of parsecs surrounding the SNR, as
illustrated in Fig. 6, where the diffusion coefficient of 1 TeV par-
ticles is plotted in units of the typical galactic value D0. The ratio
D/D0 reaches a value equal to 0.5 at distances from the SNR centre
equal to ∼25 pc (∼35 pc) at times t = t1/2/4 = 1.2 kyr (t = t1/2 =
4.7 kyr), while at later time (t = 4 × t1/2 = 19 kyr), the ratio is

MNRAS 461, 3552–3562 (2016)
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Γd

Γd It depends on the interstellar (galactic) medium properties (temperature, fraction of neutrals …)
CR diffusion D
Advection at the Alfvén speed Va

time dependent evolution of CR pressure & diffusion coefficient

solid: non-linear solutions

dotted: solutions without self-generated 
turbulence

General Introduction to Charged Particle

Transport in Turbulence

Perpendicular Scattering of Cosmic Rays

Physical process: field line random walk

dx =
�Bx

B0
dz ) vx = vz

�Bx

B0

Non-linearity

1D propagation

Nava & Gabici 2013 MNRAS



(1) Cosmic Ray transport: microphysics
From sources to Earth : the journey through interstellar medium

• Most standard way : the quasi-linear theory (first order (Born) approximation) : solve 
transport (Fokker-Planck like) Eqs. (see back-up slide 1)


A. The particle trajectory is the unperturbed one (Larmor motion)


B. The amplitude of the fluctuations is low


C. Perturbations exist at all scales (fully-developed turbulence)


> But QLT again is not valid at sources and around sources (to which spatial and time 
extend ?) : requires numerical simulations (PIC - MHD …). 


Not even sure it is valid in the mean interstellar medium: the turbulence properties are 
strongly space and time-dependent (intermittency phenomenon, its effect barely 
addressed: Shukurov et al 2017).



(1) Cosmic Ray transport: phenomenology
Based on Quasi-linear theory 

• Diffusion is almost parallel to the mean magnetic field


Diffusion coefficient ,  adjusted by observations (spectra, anisotropy).


Typically  


> But difficult to explain the full spectral properties: hardening around 200 GeV, too large anisotropy, gamma-ray gradient problem, low 
energy fit … need for more refined theory, interstellar medium models …  

D(E) = D0 ( E
E0 )

a

D0, E0, a

D0 = 1028cm2/s , E0 = 4GeV , a = 1/3

Figure 2. Anisotropy amplitude for ten random realizations of sources in the cylindrical model,
assuming δ = 1/3 and a SN rate R = 1/100 yr−1 (R = 1/30 yr−1) on the left (right). The halo
size is H = 4 kpc. The injection spectrum is assumed to have slope (below the cutoff) such that
γ + δ = 2.67. The data points are from [20–22].

impose that the slope γ of the injection spectrum is related to δ through γ + δ = 2.67, in
order to ensure a good fit to the CR spectrum at Earth (see Paper I). The red, staircase line
represents the average amplitude calculated using the 10 random realizations.

In all figures the (black) crosses, the (blue) diamonds and the (orange) stars are taken
from Ref. [20]. The (green) triangles are from EASTOP [21, 23] and the (red) squares are
the Akeno data points [22]. The oblique (red) lines at high energy show the upper limits on
the amplitude of anisotropy from KASCADE and GRANDE [24].

The comparison between the two panels shows that the spread in the anisotropy patterns
is not affected in a significant way by the SN rate. This can be qualitatively understood if
one considers that for H = 4 kpc, the anisotropy signal is already dominated by δA1 (see
§ 5). Looking at Eq. 3.5 one sees that the rate of Supernova explosions R only enters ⟨JCR⟩
(and the same is true for nCR) through the normalization of the probability distribution. It
is then clear that any dependence on R will disappear when δA1 is obtained as the ratio
between ⟨JCR⟩ and nCR. Both panels of Fig. 2 show very clearly the strong dependence
of the strength of anisotropy on the specific realization of source distribution, thereby also
disproving the naive expectation that the anisotropy should be a growing function of energy
with the same slope as the diffusion coefficient D(E). Whenever the small scale contribution
is not negligible, the observed anisotropy can in fact even be a non monotonic function of
energy, with dips and bumps, and with wide energy regions in which it is flat with energy,
quite like what the data show at energies E < 105 GeV. It is interesting however that none
of our realizations of the source distribution leads to anisotropies as low as the one suggested
by the data in the energy region 105 − 106 GeV (contributed by the EASTOP experiment).

Data in this region are in fact somewhat puzzling because they are so low as to suggest
that the Compton-Getting effect [25] leads to a level of anisotropy close to the lowest expected
limit. The Compton-Getting anisotropy is estimated to be between 3 × 10−4 and 10−3

depending on the velocity with which the Earth moves with respect to the rest-frame of the
CR scattering centers. This velocity is not known and the above estimates refer to a velocity
range from a minimum of ∼ 20 km/s to a maximum of ∼ 250 km/s, corresponding to the
motion of the solar system through the Galaxy [26]. It is clear that the measured anisotropy
between 105 and 106 GeV is only marginally consistent with a velocity of few tens of km/s

– 11 –

Blasi & Amato 2012 JCAPAn et al 2019



French theory teams 
IN2P3 INSU CEA 

APC (low energy, acceleration, 
transport, multi-messengers, 

Galactic + Extragalactic)
CRAL (star formation dynamics, 

transport)
IAM Saclay (low energy, 

acceleration, dynamics, Galactic)

IJClab (low energy, transport, 
Galactic + Extragalactic)

IAP (low energy, acceleration, 
transport, Extragalactic) CELIA (acceleration, Laser)

LAPTH (transport, Galactic) IPAG (acceleration, Extragalactic, 
Galactic) LULI (acceleration, Laser)

LPSC (transport, Galactic) IRAP (acceleration, transport, 
Galactic)

LUPM (acceleration, transport, 
dynamics, Galactic, multi-

messengers)
LUTH (acceleration, Extragalactic)

+ Important support by INP

+ Teams involved in cosmo-chemistry like IMPMC @ MHNN, CEREGE …(see back up slide 2)

+  Teams in space plasma physics like LATMOS …  



Cosmic Ray physics
Prospects + organisation

• What do we need: 


• Effort on a better understanding of the microphysics (analytical/numerical)


• Better organisation of the french community


• INTERCOS project : IN2P3 funded project 2021-2023.


• Links with laboratory experiments — laser physics, irradiation experiments …



Back-up



(1) Cosmic Ray transport: microphysics (ba1)
From sources to Earth : the journey through interstellar medium

• Two main effects (in sources diffusion is more isotropic) (see A. Shalchi 2009 ASSL)


• Diffusion parallel to the mean magnetic field: pitch-angle random walk ( parallel Lorentz force 
component, B mean along z here, v particle speed)





• Diffusion perpendicular to the mean magnetic field: magnetic field line wandering. 





Example for the perpendicular diffusion coefficient:  involves


terms like , time correlations of order 4. 


• The problem is that: in order to reach a particular x at a time t, the pathway depends on the 
turbulence crossed along it, so the above integro-differential equation can not be 
straightforwardly solved.

v∥

v
= ·cos(α) =

Ω
v (vx

δBy

B
− vy

δBx

B ), Ω = v/rg

vx = v∥
δBx

B

D⊥(t) =
⟨Δx2⟩

2t
= ∫

∞

0
dt⟨vx(t)vx(0⟩

⟨v∥(t)δBx(t)v∥(0)δBx(0)⟩

General Introduction to Charged Particle

Transport in Turbulence

Perpendicular Scattering of Cosmic Rays

Physical process: field line random walk

dx =
�Bx
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dz ) vx = vz
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General Introduction to Charged Particle

Transport in Turbulence

Parallel Scattering of Cosmic Rays

Physical process: pitch-angle di↵usion
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Cosmic Rays and star formation dynamics (ba2)
A new emerging theme

• Low energy Cosmic Rays: keV-MeV leptons + MeV-GeV hadrons (protons).


> Matter ionization where photons can not penetrate (matter-magnetic fields coupling) 


> Source of heat.


> Spallation, radioactive elements production, impact over dust.  


> Initiate complex prebiotic chemistry in proto-planetary medium.  


> GeV CR proton pressure gradients drive winds at galactic scales.


> CR pressure effects contribute to galactic (and circum-galactic ?) magnetic dynamo.


