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Accelerated particles - COSMIC RAYS 

 

High energy relativistic charged particles reaching 
the Earth’s atmosphere (CRs): 

  

 - electrons ∼ 1% 
  

 - protons ∼ 89% 
  

 - heavier nuclei, mainly helium ∼ 10% 
  

 - very few: antiparticles, muons, pions, kaons (from 

      interactions of CRs with the interstellar gas) 

Accelerated Particles – Cosmic Rays 



COSMIC RAY SPECTRUM 
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CRs and Magnetic Fields 

 Charged particles – circular orbits in Magnetic Field (MF): 

• gyro-radius (cyclotron) for relativistic 

particles : 

MKS  

CGS 

c 

c 

p: particle 

momentum  

g : Lorentz factor  

 _|_ 

 _|_ 

https://www.google.com/imgres?imgurl=https://upload.wikimedia.org/wikipedia/commons/thumb/0/00/Lorentz_factor.svg/1200px-Lorentz_factor.svg.png&imgrefurl=https://pt.wikipedia.org/wiki/Fator_de_Lorentz&docid=EgkFAmNrk4_m7M&tbnid=dbXJG2kab9y7aM:&vet=10ahUKEwiJk6vfhZjcAhXRwFkKHWbrDcEQMwg7KAQwBA..i&w=1200&h=1217&bih=498&biw=1093&q=Lorenz factor&ved=0ahUKEwiJk6vfhZjcAhXRwFkKHWbrDcEQMwg7KAQwBA&iact=mrc&uact=8
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CRs and Magnetic Fields 

 CRs with energies < 1015 eV:  sky distribution ISOTROPIC 

 

 Higher energy CRs: 
 

    are not as much deflected: ANISOTROPIC 

       Example: 

       E = 1019 eV 

       B = 2 µG 

    no correlation with galactic plane: 

 -> extragalactic origin 

 

rg = 10 kpc 



What is the origin of the 
CRs ? 

What are the acceleration 
mechanisms? 
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Ex.: CRs from the Sun 
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Power law spectrum at 
high energies 
 
 

Possible mechanisms:  
 

• Shock acceleration 
 

• Magnetic Reconnection 
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PLASMA & Cosmic Rays 

 

MHD description applicable to most astrophysical 
plasma species 
 

 

BUT:  cosmic rays 

    need kinetic description  

     and are coupled through waves with rest of the plasma  

(Tchekhovskoy’s cartoon) 



MIRROR EFFECT 
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v = (v// 
2 +       )1/2  



FERMI ACCELERATION 
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Fermi (1949):  could CRs be produced via random scattering with 

magnetized interstellar clouds? 



FERMI ACCELERATION 
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Frequency of head-on collisions  >  frequency of catch-up collisions            

  

                 

 

 

 

 

 

                                net energy gain by particles 

u u 



FERMI ACCELERATION 

Head-on collision: 

Catch-up collision: 

2nd Order Fermi 
 Net energy gain:  



2nd ORDER FERMI ACCELERATION 
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u <<v ≈ c:  the energy gain per collision is very small 
 

    Statistical reflection on many different clouds in a galaxy 

 

    Stochastic acceleration in magnetized turbulent medium 

There is net energy gain per collision:  

u 

u 

u 



2nd ORDER FERMI ACCELERATION 
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 Power Law spectrum: 

 Particles accelerated in this statistical process satisfy diffusion-loss 
equation (Fokker-Planck): 

a =Acceleration rate 
 

t = time a cosmic ray stays in the galaxy 

   G 

n=1/Dt~ v/L (frequency collision)  
V = u (clouds mean velocity) 



2nd ORDER FERMI ACCELERATION 
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Nice, BUT:  
   

Thus:  G calculated >> observed  G ~ 2.7 !!  
 

  2nd ORDER FERMI: too slow ! 

a ~  

  L = 100pc = mean separation between clouds (scatterers) 

 <V> = 10 km/s = clouds average velocity 

  t = 2×107anos =  time CRs stay in the Galaxy  

!!! 

G 
-G 

2 

N 



We need 1st ORDER FERMI 
ACCELERATION 
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REMEMBER :  
 

Head-on collisions: 

1st  Order Fermi 

       Net energy gain:  

Thus we need scattering in a CONVERGING FLOW:  
 acceleration in a SHOCK  does this (Bell 1978) !! 



DIFFUSIVE SHOCK ACCELERATION 
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• Particles with higher velocity than the plasma flow may travel  against the stream 

and cross the shock back to upstream (unshocked region) 
 

• They scatter and interact with magnetic field fluctuations (Alfven waves) 
 

• Shock  contains converging scatterers because particles experience higher 

(head-on) collision velocities upstream than (catch-up) collisions downstream 

B 

Assume for simplicity:  
• Adiabatic shock  
• B// v for simplicity 



DIFFUSIVE SHOCK ACCELERATION 
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DIFFUSIVE SHOCK ACCELERATION 
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Every round trip: particle executes one catch-up and one head-on     
 
   Average energy gain:  

1st order in ~u/c ! 

 Fermi I more efficient than Fermi II  !! 



DIFFUSIVE SHOCK ACCELERATION 
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Calculating the spectrum (Bell  1978): 
 

= E/Eo = 1 + DE/Eo   : new energy/ collision, or:  
 

P= probability that particle remains in the acceleration regime after one collision 

(probability that it returns to upstream to be accelerated again) 
 
-> After k collisions, the number of particles still scattering N : 
 
 
 
 
Thus, eliminating k: 
 
 

     
 
 
  
  
 
 
_ 



DIFFUSIVE SHOCK ACCELERATION 
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P= probability that particles remain in the acceleration region after one 

collision (that they return back to upstream from downstream): 
 
      - number of particles (with ~ c) crossing shock/area/time:  
 
      - steady state, the number of particles crossing back to upstream:  
 

  

 
 
Thus:                                                      and 
 
 
for  STRONG adiabatic shock   M>>1    

 
 

             !!! 
 
 
  
  
 
 
_ 

u1 
u2 
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Reconnection & Particle Acceleration 
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Reconnection breaks the magnetic field topology -> releases  
magnetic energy into plasma in short time -> explains bursty 
emission 

 Solar/stellar flares produced by fast reconnection 
 Particle acceleration connected with flares  
 

  Can reconnection lead to direct particle acceleration?  
 



 

Fast Reconnection in MHD flows 
 

   

Tested in 3D MHD numerical 

simulations (Kowal et al. 2009, 

2012; 2015; Takamoto et al. 2015)  

Turbulence drives FAST RECONNECTION   
(Lazarian & Vishniac 1999; Eyink et al. 2011) 

Magnetic lines wandering: 
many simultaneous 
reconnection events 



As in shocks: 1st-order Fermi !!  

(de Gouveia Dal Pino & Lazarian, 

A&A 2005): 
      particles bounce back and forth   

between 2 converging magnetic flows  

  

  

<DE/E> ~ vrec/c 

 

How particles can be accelerated in 
reconnection sites? 

                           

1st-order Fermi (e.g.Bell+1978; 

(Bell 1978): 

 <DE/E> ~ vsh/c 

Reconnection Acceleration Shock Acceleration  

B 
+ 

- 

vrec 

vrec 



As in shocks: 1st-order Fermi  

(de Gouveia Dal Pino & Lazarian, 

A&A 2005): 
      particles bounce back and forth   

between 2 converging magnetic flows  

  

  

<DE/E> ~ vrec/c 

 

How particles can be accelerated in 
reconnection sites? 

                           

1st-order Fermi (e.g.Bell+1978; 

(Bell 1978) 

 <DE/E> ~ vsh/c 

Reconnection Acceleration Shock Acceleration  

B 
+ 

- 

vrec 

vrec 



Similar derivation as in shock acceleration we obtain  

1st-order Fermi (de Gouveia Dal Pino & Lazarian 2005): 

 

 

 

 

 
1st-order FERMI ACCELERATION @ 

RECONNECTION SITE 
 

 

 

                           

 Particle Spectrum? 
     (see also de Gouveia Dal Pino & Kowal 2015) 

 N(E) ~  E-5/2 

 <DE/E> ~ 8vrec/3c 



 
 

 

 

 

 

 

Testing Particle Acceleration by Reconnection  
using MHD Simulations with test particles 

 

 
 

 

  

- 2nd order  Godunov scheme with HLLD  solver (Kowal et al.  2007, 2009) 
 

- f: random force term responsible for injection of  turbulence 

- We perform numerical simulations of magnetic reconnection site  

  simulated with MHD eqs. assuming isothermal plasma 
 

           (Kowal, de Gouveia Dal Pino, Lazarian ApJ 2011;  PRL 2012) 
 



 

 
 
 
 
 

 

 
 
 
 

 Inject test particles in the MHD domain of reconnection and follow 
their trajectories (6th order Runge-Kutta-Gauss):  

 
 

Kowal, de Gouveia Dal Pino, Lazarian ApJ 2011; PRL 2012 

Particle Acceleration by Reconnection  
using MHD Simulations with test particles 

Current sheet with 
turbulence to make  
fast reconnection 



 

 
 
 
 
 

 

 
 
 
 

Kowal, de Gouveia Dal Pino, Lazarian ApJ 2011; PRL 2012 

Particle Acceleration by Reconnection  
using MHD Simulations with test particles 



 

Test particle acceleration simulation in MHD 
Reconnection site 

 

Resistive Sweet-
Parker current sheet:  
 
 
Particle is confined  
1st order Fermi: 
   DE/E ~ vrec/v   

Exponential growth in energy 
(Kowal, de Gouveia Dal Pino, 
Lazarian 2011) 

vrec 

• Single Particle test: 



 

 

    1st order Fermi Reconnection Acceleration:  
   successful numerical testing in 3D MHD  
 
 

   Kowal, de Gouveia Dal Pino, Lazarian, PRL 2012 

Injected in turbulent 
current sheet 1st order 

Fermi 
 

vrec 
10,000 test particles  

del Valle, de Gouveia Dal Pino, Kowal MNRAS 2016 



 

 

    1st order Fermi Reconnection Acceleration:  
   successful numerical testing in 3D MHD  
 
 

   Kowal, de Gouveia Dal Pino, Lazarian, PRL 2012 

Injected in turbulent 
current sheet 1st order 

Fermi 
 

vrec 
10,000 test particles  

N(E) ~ E-1,-2 

del Valle, de Gouveia Dal Pino, Kowal MNRAS 2016 

Similar to PIC simulations  
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SHOCK ACCELERATION SITES 
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Supernova Remnants (SNRs): 

• SN II eject shell – shock 
front 
  

 M = 10 Msol    

 v=100 km/s 
 SN rate = 10-2 yr-1 

 

 Power output: 
 

 PSN = 5 x 1042 J yr-1 

 

• Power to accelerate CRs in the Galaxy: 
      galactic radius:  R~15 kpc 
      thickness:         D~0.2 kpc  
      CRs energy density:    rE=1 eV cm-3  

 

 PCR = 2 x 1041 J yr-1 

SNRs more than 
sufficient to 
account for 
galactic CRs 
 



SHOCK ACCELERATION SITES 
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Merging clusters of galaxies: 

??? 

Bagchi et 
al. 2006 



ACCELERATION SITES 
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Astrophysical Jets: 

Shock Acceleration: 
in internal shocks  
and terminal shocks (hot spots) 

Acceleration by 
Magnetic  
Reconnection ? Cygnus A 

Synchrotron radiation  evidences 
Particle acceleration in these shocks 
 



Reconnection Acceleration can be important in magnetically 
dominated regions as Relativistic Jets and surrounds of 

Black Holes  

If jet very high emission produced 
near the jet basis and this is 
magnetically dominated, then 
reconnection acceleration may 
prevail  



PKS2155-304 (Aharonian et al. 2007) 

See also Mrk501, PKS1222+21, PKS1830-211 
• Variation timescale: 

      

 tv ~200 s < rs/c ~ 3M9 hour 

 

• For TeV emission to avoid pair   

 creation  Gem>50   (Begelman,   

 Fabian & Rees 2008) 

 

• But bulk jet G ~ 5-10 

 

• Emitter: compact   

and/or extremely fast  

 

 

• Only model that can explain: 

Reconnection 

acceleration   

inside the jet 

(Giannios et al. 2009) 

(Kushwaha et al., MNRAS 2017 ) 

Very-rapid 1012eV Flares in Blazar Jets 
hard to explain with shock acceleration 



Press Release – SCIENCE 

TODAY!! 

Multimessenger observations of a 

flaring blazar TXS 0506+056  

coincident with 

high-energy neutrino IceCube-170922A 

for the first time !! 
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Gamma-ray and neutrino observation in blazar  
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p
o
  gg    

 

p
± 
 m

±
 n 

p + photons  p + p 

 Neutrinos and gamma-rays are produced by high energy CRs : 

 Observed by 
IceCube, Fermi -
LAT, MAGIC, HAWC, 
H.E.S.S, VLA, etc  
(Science, 11 july, 
2018) 



 

Reconnection driven by Kink in AGN & GRB 

Magnetically Dominated Relativistic Jets 

 

Singh, Mizuno, de Gouveia Dal Pino, ApJ 2016 

Sites for 
magnetic 
reconnection, 
dissipation, 
particle 
acceleration 
(and gamma-
rays)! 

MHD Simulations of Reconnection driven in 
Magnetically Dominated Relativistic Jets  

 

curl B = max 

vrec~ 0.05 vA 



 

Reconnection driven by Kink in AGN & GRB 

Magnetically Dominated Relativistic Jets 

 

Medina-Torrejon, de Gouveia Dal Pino, Kowal, Mizuno, Kadowaki, Singh, in prep. 
 

Injected 1000-
10,000 test 
particles 
accelerated in  
current sheets: 
 
104 MeV -> 
1017 - 1019 eV  
very fast at 
sub-pc 
distances 
(B=0.13 -13 G) 
  
-> may produce 
Gamma-rays 
and neutrinos! 
 

Test Particle simulations ofAcceleration by 
Reconnection in Relativistic Jets  

 

vrec~ 0.05 vA 

Bo=0.13 G 
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Sites of particle acceleration and non-thermal emission ?? 

AGNs and microquasars ? 

Evidence of Reconnection in general relativistic MHD 
Simulations of accretion disk/corona around BHs  

Kadowaki, de Gouveia Dal Pino & Stone, 2018b (Athena++ code)  
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