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Outlines 

¡  Introduction : 

A tour on astroparticle sources: the non-thermal universe. 
Ø  Recent observational hints related to particle acceleration and 

transport. 

¡  (some) Recent progresses in: 
¡  Astroparticle acceleration mechanisms  

¡  Astroparticle propagation in the interstellar/galactic medium.  

¡ Conclusions and perspectives. 
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Galactic sources: 
Supernova remnants 
¡  (likely) the main sites of cosmic ray acceleration. 

¡  Yearly variable X-ray filaments and stripes (Chandra legacy) 
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Composite Chandra image of 
Tycho (SN 1572) SNR Hwang+02 
 
 

X-ray stripes Eriksen+11  

blue: 4-6 keV 

Synchrotron X-rays by TeV electrons 
Amplified magnetic field => 500 µG   

Parizot, AM+06 
 

Yearly variable structures Patnaude & Fesen’09!

Cassioppeia A 

Direct probes of magnetic turbulence 

Bykov+12, AM & Casse’10!



Supernova remnants  
¡  Gamma-rays: leptonic or hadronic ? are isolated SNR the 

sources of cosmic rays 
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An interesting 
example RXJ 
1713-3946.5 

dominant leptonic (Inverse 
Compton) emission   
Ellison+12 Bd=10 µG 

Aharonian+06!

dominant hadronic (neutral pion decay)  
model Gabici & Aharonian’14 

Can be tested 
using neutrinos 
telescopes … 
Aartsen+14!



Massive stars and star clusters 
¡  Are SNR the only sources of galactic cosmic rays? 

¡  Search of non-thermal radiation 
¡  Binaries: non-thermal radio, X- and gamma-rays. 

¡  Massive star clusters: gamma-ray observations. 

¡  The Fermi bubble Crocker’13 
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Eta Carina  
Farnier+11!

Eta Carina 
by Hubble 

see review by Bykov’14, Parizot, AM’04, Bykov’01 !

Wind-wind interaction => GeV particles 

IR-Optical Westerlund2 

Hadronic origin 
highly debated eg 
W1 Ackerman’13, 
Ohm’13!

Aharonian’07 

Issue: extended 
emission may comprise 
several sources 



Compact objects 
¡  Gamma-ray binaries (legacy of Tcherenkov 

telescopes) 
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Gamma-ray novae 

PSR 1259 

Dubus’13!

Particle (electron) acceleration at the 
relativistic pulsar wind/stellar wind 
interface up to a few tens of TeV. 

Issue on particle acceleration process in 
pulsar wind dominated systems or 
accreting dominated systems. 



Pulsars and their nebula 
¡  (likely) sources of lepton cosmic rays 

¡  The pulsar wind nebulae: majority of galactic gamma-ray sources. 

¡  Crab pulsar wind nebula Gamma-ray day long flares 
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flare points in red  

Balbo+11! Crab Nebula by Fermi 

Hints for PeV lepton acceleration 

association with magnetic reconnection events Bykov+12, Cerutti+12  !



Starburst galaxies 
¡   TeV gamma-ray 

sources. 
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Acero+09!

Lacki+11!

Ratio of the total pionic flux 
at energies ≥ GeV to the 
total luminosity from star 
formation   

Calorimetric behavior ó CR transport  



Active galactic nuclei 
¡   Highlights 

¡  AGN feedback in structure formation models. 
¡  Cosmology/propagation issues: extragalactic background lights (IR/TeV, UV/

GeV), EBL and magnetic field: pair halos (=> gamma-ray burst) 
¡  Source physics: high-energy variability, time dependent spectra 
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PKS 2155-304 
Aharonian+07!

Rieger+13!

Variability timescale => lepton/hadron component 
Spectral variability profile => nature of the acceleration/losses 
Spectral forms => particle injection. 



Extragalactic sources: 
gamma-ray burst 

¡  Fermi multi-GeV photons  
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Extended and delayed gamma-ray emission 
detected by Fermi (GRB 130427A) 

Lorentz factor constraints: essential 
parameter for shock acceleration 
models 

Ackermann+13!

Ackermann+14!

Questions:  
The acceleration sites (prompt=internal shocks,afterglow=blast wave), emission 
mechanism (synchrotron, Inverse Compton, pionic contribution ?, dynamical role of 
magnetic fields (channeling the energy, shock magnetization) 
Acceleration ultra high energy CRs. 

http://ffp14.cpt.univ-mrs.fr/DOCUMENTS/SLIDES/DAIGNE_Frederic.pdf!



Clusters of galaxies 
¡  Astroparticle sources by definition, at the interface between high-

energy astrophysics and cosmic ray physics, particle physics and 
cosmology. 
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shock Mach number distribution 
 

Radio synchrotron emission 

Pfrommer+07, Kang & Ruy’13!

Diffusive shock acceleration at weak and large scale shocks. Testing the diffusive shock 
acceleration paradigm: electron acceleration but low proton efficiency … 
 
No Fermi detection ! Ackerman+10 



Energetic particle 
acceleration mechanisms 

¡  Shock acceleration 
¡  Non-relativistic shocks 

¡  Relativistic shocks 

¡ Magnetic reconnection (de Gouveia dal Pino’13) 
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Diffusive shock acceleration 

¡  Principles 
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shock of compression ratio r=V1/V2 
G= ΔE/E = 4/3 (V1-V2)/v 
 
Pesc,d = 4 V2/v 
 
Stationary solution: 
 
N(p)=4πp2f(p) ≈ p-1-Pesc/G 

depends only on r and =2 for  
r=4 (strong shock) 
 
+ power-law close to 2, fast process 
(wrt) to Fermi stochastic process 



Principles 

¡  Particle transport. 
¡  Wave-particle interaction. 
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dp
dt
= qδE + q

mcγ
p× B0 +δB( )

stochastic acceleration  
(second order Fermi  
process) 

•   Angular diffusion of the cosine 
pitch-angle µ=(p.B/pB)=> random 
walk  

•  Field line wandering   

ballistic motion 

•  What does change shocks/ISM  are the properties of δE and δΒ
•  In shocks δB >> B0 The turbulence can be strong Ma >> 1. 
•  In the ISM the turbulence is weak Ma < 1, “standard” MHD waves can 

be adopted. Also δΒ = c/Va δE >> δE : magnetostatic turbulence, the 
diffusion of the the pitch-angle dominates.  



Application to shocks 

¡  Free energy: shock ram pressure (consequence of 
mechanical energy imparted into the medium) 

¡ A fraction of it transferred to CRs.  

¡ Magnetic fluctuations? 
¡  Background (interstellar) turbulence   

¡  but Emax is limited to Z x 1014 eV (supernova remnants, SNR): (Lagage 
& Cesarsky’83) or RL = Rshock  

¡  Protons beyond 10 PeV => 100 PeV seem to be required. 
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Cosmic Ray spectrum 
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galactic 

extragalactic 



Cosmic Ray spectrum 
galactic-extragalactic 
transition 
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Protons up to > 10 PeV beyond 60 PeV Fe dominate 

Fuhrmann+13!

Kaskade Grande 



Application to shocks 

¡  Free energy: shock ram pressure (consequence of 
mechanical energy imparted into the medium) 

¡ A fraction of it transferred to CRs.  

¡ Magnetic fluctuations? 
¡  Background (interstellar) turbulence  

¡  but Emax is limited to Z x 1014 eV (supernova remnants, SNR):(Lagage & 
Cesarsky’83) or RL = Rshock  

¡  Protons beyond 10 PeV => 100 PeV seem required. 

¡  Difficult to explain X-ray filaments in young SNR with B > 100 BISM. 

¡  Self-generated waves 

¡  Streaming instability Bell’78, Skilling’75, Lucek & Bell’01, Bell’04 …!
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Streaming instability 

¡  Particles streaming at speeds > Alfvén speed => generate MHD 
waves moving in the direction of the streaming Melrose’94 => 
magnetized waves and hence magnetic field is generated. 
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distribution RC 
upstream the forward 
shock 

(MHD) waves 

Two regimes of the streaming instability: 
 
Resonant λ∼rL Skilling’75!
 
Non resonant λ<<rL Bell’04 fastest growth 
 

γmax
−1 =

224φ15εPeV
ξCR,0.1u0.03c

3 n
cm−3

years



Non-linear effects 
¡  Efficient acceleration and magnetic field amplification 

Drury+81, AM+06, Caprioli’09 
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Efficient CR acceleration 
PCR => 10-30% ram pressure 
Can modify the shock dynamics 

Magnetic field amplification (MFA) 
Pm => a few % ram pressure 
Still not important dynamically 

Produces hard spectra (s < 2) 
at high energies 

MFA => Va ~ Vfluid  
 •  reduces the velocity contrast 

and the compression ratio 
 
•  heats the plasma upstream 
 
•  MFA at the expense of CR 

Produces soft spectra (s > 2) at 
high energies 

MFA may explain soft spectra (s=2.3-2.4) 



Gamma-rays SNR 
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Tycho SNR @ gamma-rays 
Tycho SNR @ X-rays 

MFA and softer gamma-ray spectra 
are observed 
 



Relativistic shock Fermi 
acceleration 

¡  The difference here is: Vshock ~ v (particles) 
¡  Different kinematics Lemoine & Pelletier’06, Pelletier, Lemoine, AM’09!

¡  Shock acceleration not diffusive anymore (at least upstream). 
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Particle u=>d if (V,n) > 1/Γsh 



Particle spectra 
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IF THEN 
Isotropic injection upstream and efficient scattering downstream => F(E) as E-2.2  

 
ELSE 
Unless turbulence develops at scales << rL at levels δB>>B Fermi acceleration is 
quenched 
Niemiec+06, Lemoine+06, Pelletier, Lemoine, AM’09!
ENDIF 

Bednarz & Ostrowski’98, Achterberg+01, Lemoine & Pelletier’03!



Magnetic reconnection 

¡  Topological changes of magnetic field lines. 
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Magnetic energy => heat, bulk outflows, particle acceleration. 
 
Particle acceleration: First order Fermi like, parallel resistive electric fields, or in 
the presence of several reconnection zones Kowal+11!



Particle spectra 

¡  First order Fermi like spectrum Drury’12!

¡  If ρ1 and ρ2 are the inflow and outflow densities respectively and 
r=ρ2/ρ1 hence: f(p) behaves like p-3r/(r-1) a solution similar to the one 
obtain in shocks. 

¡  But compression can produces r >> 1 so solutions as hard as p-3 

¡  It turns out that this depends on diffusion coefficient strongly  
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Particles have to stay 
confined while the 
converging of the flows is 
proceeding. 



Simulations of shock 
acceleration 
¡  3 different techniques  
¡  microscopic scales: Particle-

in-cell simulations 

 
¡  mesoscopic scales: hybrid 

simulations 

 
¡  macroscopic scales: PIC-

MHD or Vlasov-MHD 
simulations 

¡  Parallelized + adaptative 
mesh refinement grids 
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Over a grid solves: 
 
•  Maxwell Eqs. (EM fields) 
•  Lorentz Eqs. (particles) 
for electron-positron or electron-proton plasmas 
with mp/me usually < 1000. 
 
 
 
•  Electron treated as a fluid (no electron 

dynamics) 
•  Protons as particles. 

 

•  MHD Eqs. 
•  Lorentz Eqs (particles) or Vlasov Eq. 



Some recent results 

¡ Non-relativistic shocks 

¡  Relativistic shocks 

¡ Advances made over different aspects: 
¡  Injection problem 

¡  What drives the acceleration efficiency 

¡  What is the dominant instability to produce the magnetic field ? 

¡  What are the maximum energies to be expected ? 
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Parametric space studies: 
•  Magnetic field obliquity: magnetic field direction vs shock normal 
•  Upstream magnetization (R-shocks) : σ=(Va/c)2 
•  Alfvenic Mach number (NR-shocks) : Vs/Va 



Non relativistic shocks: 
injection 
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How particles are injected into DSA process ? 
 
⇒ CR normalization 
⇒ What fraction of high energy particles are accelerated and further 

injected in the ISM/source. 



Shock drift acceleration 
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Caprioli +15!

SDA DSA 



Non relativistic shocks: MFA 

¡ Magnetic field amplification Caprioli & Spitkovsky’14!
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Magnetic field upstream 
the shock front = MFA 

Magnetic field upstream 
versus Ma=Vsh/Va,ISM 
=> consistent with MF 
expected from the resonant 
streaming instability 
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Ma= 100 shock 
structures 

1.  Proton 
acceleration 
drives streaming 
non resonant 
modes far 
upstream 

2.  CR precursor 
shows both 
resonant and non 
resonant modes. 



Perpendicular/Parallel 
shocks 
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Caprioli & 
Spitkovsky’14!



The large scale: PIC-MHD 

¡  Particle acceleration 
in the relativistic 
regime. 

¡ NR streaming 
instability growth rates 
confirmed + non-
linear developments 
(Reville+08, Reville & Bell’13)!

 

19/01/15 Labex meeting Marseille 

34 

Bai+14!



Electron acceleration 

¡ Development of oblique 
whistler instability: requires 
Ma (mi/me)1/2 < 1 

¡ Develops at high obliquity. 

¡  In SNRs possible if MFA and 
MF compressed at the 
shock  

=> suggests connection with 
presence of X-ray filaments 
and CR acceleration 
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Riquelme & Spitkovsky’11!



Electron/ion acceleration 

¡ Ma=20, obliquity=30o (1D PIC), Park+14 
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Kep=fe/fp ~ 4 x 10-3 
 

transition to the test 
particle solution in the 
relativistic regime. 
 
NR Bell destabilized 



Summary: non-relativistic 
shocks 

¡  PIC & Hybrid simulations: 
¡  Process of injection related to SDA rather than thermal leakage. 

¡  Ion injection, acceleration and acceleration efficiency: 

¡  drop at large obliquities (above 45o) (note. contractions with 
MHD-PIC simulations) 

¡  MFA: 

¡  increases with the Alfvenic Mach number  ó NR streaming 
instability dominates for high Ma 

¡  Electron injection ó Whistler instability. 

¡ MHD-kinetic simulations 
¡  NR streaming instability confirmed. 

¡  Acceleration in the relativistic regime. 
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Relativistic shocks 

¡ Main parameters controlling particle acceleration Sironi & 
Spitkovsky’11!

¡  Obliquity and upstream plasma magnetization 

Condition ξCR σu Γsh
2 <1 Lemoine & Pelletier’11 
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far downstream/      shock     /far upstream 

e+/- shock 
 
σ=0.1



Critical angle 
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llimit sub/
superluminal shocks 

Sironi’11!



electron-ion 
shock 

¡  Superluminal magnetized 
shock 

¡  Electron are heated 
rather than accelerated 
ó synchrotron maser 
instability. 

¡  No ions acceleration 
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electron-ion 
shock 

¡  Subluminal magnetized 
shock 

¡  ions are accelerated 
not electrons. 
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Magnetization 
effects 
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subluminal shock 



Magnetization 
effects 
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superluminal shock 



Summary: relativistic shocks 
Sironi’11 (thesis)!

¡  Electron acceleration: 
¡  superluminal unmagnetized (σ < 10-4)  shocks: Weibel instability 

¡  subluminal unmagnetized (σ < 0.01) shocks : NR Bell instability 

¡  Proton acceleration: 
¡  subluminal magnetized (σ < 0.1)  shocks : NR Bell instability 

¡  superluminal unmagnetized (σ < 10-4) shocks : Weibel instability 
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Astroparticle propagation in 
the interstellar/galactic  
medium 
¡  Principle  

¡  The interstellar medium 

¡  Theory of cosmic ray transport 
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Principles 

¡  Particle transport. 
¡  Wave-particle interaction. 
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dp
dt
= qδE + q

mcγ
p× B0 +δB( )

stochastic acceleration  
(second order Fermi  
process) 

•   Angular diffusion of the cosine 
pitch-angle µ=(p.B/pB)=> random 
walk  

•  Field line wandering   

ballistic motion 

•  What does change shocks/ISM  are the properties of δE and δΒ
•  In shocks δB >> B0 The turbulence can be strong Ma >> 1. 
•  In the ISM the turbulence is weak Ma < 1, “standard” MHD waves can 

be adopted. Also δΒ = c/Va δE >> δE : magnetostatic turbulence, the 
diffusion of the the pitch-angle dominates.  



δB ?

¡  3 types of large wavelength waves (magneto-hydrodynamic 
waves): Alfvén, fast and slow magnetosonic. 
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Alfvén 

Yan & Lazarian’02!



Interstellar (intergalactic) 
turbulence 
¡ Different from shock turbulence. 
¡  Different source, not only self-generated turbulence  

¡  The turbulence is weak wrt to shocks 

¡  Dissipation scale depends on the ISM medium strongly (effects of 
neutrals in partially ionized gas). 
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injection: 
supernovae, stellar winds, streaming instability … 

dissipation: ion-
neutral collisions, 
interaction with 
thermal plasma 
(Landau damping) 
… 

P(k) 

k 



Specific properties 
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The magneto-hydrodynamic Alfvenic turbulence is anisotropic. 
 
In terms of vortex: the vortices are elongated along the mean magnetic 
field Goldreich & Sridhar’95 
 
However fast magneto sonic turbulence has been found isotropic (Cho+03)!
see talk by R.Cohet. 



Interstellar medium phases 
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Yan & Lazarian’04!



Some recent results 

¡ Analytical calculations 

¡ Numerical calculations 
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(semi) Analytical 
calculations 

1.  Alfvenic turbulence is inefficient in the transport of CRs (Chandran’00)!

2.  The transport is dominated by FM waves (Yan & Lazarian ‘04,’08)!

19/01/15 Labex meeting Marseille 

52 

k RL> 1 

different field 
lines: 
uncorrelated 

Alfvénic perturbations 

k RL ~1: resonant waves  

FM perturbations 

maximum effect on the pitch-
angle through resonance. 



Including the different 
phases 
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Evoli & Yan’14!



B/C ratio 
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Evoli & Yan’14!

using DRAGON code 
Evoli+08!



Numerical calculations 

¡  Two ways: 
¡  The turbulence is prescribed (Casse+02)!

¡  The turbulence is calculated from a MHD code (Beresnyak+11, Rimmer & 
Herbst’11, Xu & Yan’13, Cohet & AM’15). See also the talk by R.Cohet. 
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still difficult to directly compare analytical and numerical results: 
 
* dissipation scale is un reachable for MHD codes at present 

Notice: PIC or hybrid calculations are interesting for investigating CR 
generated instabilities: resonant streaming (Molecular clouds, disc-halo 
transition), 
but still to be developed… 
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Summary: propagation 

¡  Sub-trans Alfvenic turbulence 

¡  Transport controlled by fast magnetosonic turbulence. 

¡ Alfvén turbulence is not efficient 

¡ Diffusion process strongly dependent on the ISM phases ó 
damping process. 

¡ Combining the different phases => CR observables (S/P ratios, 
elemental spectra (Helium vs Hydrogen), electron 
propagation …) 

¡  PIC-MHD or Vlasov-MHD tools to test analytical theories.  
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Progresses in the origin of 
cosmic rays ? 

¡  Sources:  
¡  UHECR: relativistic shocks unable to produce Emax > 1018 eV in 

gamma-ray bursts: small scale turbulence. (Lemoine & Pelletier’13)!

¡  GCR: Magnetic field amplification boosts Emax (Schure & Bell’13, AM+14) 
during the early dynamical phases = Emax decreases with time from 
t0 = 1d-1y 

¡  Propagation:  
¡  Controlled by fast-magnetosonic waves => combine CR transport 

and “realistic” ISM description (Evoli & Yan’14).!
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Still some issues 

¡  UHECR: Sources of extragalactic cosmic rays (Lemoine & Pelletier’13)!

¡ GCR: Dynamics of supernova remnants and Emax(t) (Shure & Bell’13)!

¡ GCR: Effects of the type of supernovae (Ptuskin+10, AM+14)!

¡ GCR: Cosmic Ray escape from the sources (Ptuskin+08, Nava, Gabici, AM+15)!

¡  LECR: The role of cosmic rays in the ISM dynamics (Hanasz & Lesch’03)!

¡  LECR: Many objects may produce energetic particles that will not 
become cosmic rays 
¡  see talk by M.Padovani : protostellar objects => low energy particles => 

ionization  
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Conclusions 
¡  Sources: 

¡  Shock acceleration 
¡  Large parametric surveys for shock creation, injection, particle 

acceleration done (Princeton group Spitkovsky) 
¡  Dominant effects: Large scale MF obliquity, magnetization, shock Mach 

numbers. Still some work to fully understand the results of numerical 
simulations. 

¡  Streaming instabilities at least participate to MFA if not dominate it. 
¡  Electron/proton acceleration: shock Mach numbers and obliquity. 

¡  Reconnection: potentially important. Still to be investigated. 

¡  Propagation: 
¡  Emerging picture including ISM phases and related turbulence (Lazarian and 

collaborators).  
¡  To be fully tested using numerical simulations: eg kinetic-MHD. 
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Perspectives 
¡  Instrumental 

¡  SKA, ALMA 
¡  Athena 
¡  Cerenkov telescope Array. 
¡  Neutrino telescopes (IceCube => 10 km3), Km3NeT. 

¡  Simulation and theory 
¡  Plasma microphysics: particle-in-cell: shock formation, acceleration 
¡  Multi-scale simulations: Magnetohydrodynamics + kinetic simulations. 
¡  laboratory experiments => laser plasmas 

¡  New fields of research 
¡  Interstellar medium & cosmic ray: CR feedback 
¡  Cluster of galaxies: CR feed back 
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Principles in turbulence 
physics 
1.  Source of free energy: instability 

2.  Linear growth of perturbations 

3.  Back-reaction over the source of free energy: non-linear 
phase 

•  transfer from the injection scales to smaller (cascade) or larger 
(inverse cascade) scales. 
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Perez+12!

injection  Inertial range dissipation 

incompressible  
magneto- 
hydrodynamic 
(MHD) 
turbulence 



Particle trajectory 
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guiding center position rc : 
center of the particle’s gyration 
 

example of two trajectories in a 
turbulent magnetic field.  
Blue the particle is scattered back 

The guiding center position and the particle pitch-angle are both random 
variables => perpendicular transport & parallel transport wrt to the large 
scale (homogeneous magnetic field) 


