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Cosmic Rays (CRs)

• Victor Hess discovered CRs (1912)

• Nobel Prize in Physics (1936)





particle acceleration



• Fermi acceleration (“Type A” in Fermi (1949))
                    
             



• Fermi acceleration (“Type B” in Fermi (1949)) – affirmed in 
this paper

          



• In both cases   
 

             ΔE / E ~ (v / c)2
   



Diffusive Shock Acceleration (DSA) 
Microscopic approach (Bell 1978a)



 DSA – test particle case



DSA
• first order Fermi acceleration

              ΔE / E ~ v / c

• Bell (1978a,b), Blandford & Ostriker (1978, 1980), Drury 
(1983a,b), Malkov & Drury (2001)



DSA – test particle case
   Resulting spectrum of the cosmic ray particles in DSA 

theory is power law:

  N(E) dE ~ E-μ dE,
    where  μ=(2v2+v1)/(v1-v2),
    for strong non-modified shocks (v1=4v2)

    μ=2  α=0.5 (Sν ~ ν –α)



It is way for creation of:

CRs (ultra-relativistic electrons)
                                        ↓
radio and X-ray synchrotron emission, gamma-ray 

emission by: inverse Compton scattering, non-
thermal bremsstrahlung and pion decay             

(SNRs, AGN, PSRs, PWN…) 



Cas A



DSA - SNRs
                Energy spectra for CR protons and electrons  (Bell 

1978b)                     



Acceleration at Relativistic Shocks

Energy gain depends on μ, μ
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Encounter with the hock:

in the downstream frame:

Elastic scattering (e.g., gyration):

Back in the upstream:

E.g., Vietri 1995



Acceleration in Relativistic Flows

Laboratory (Upstream)

Requirement: interface thickness << gyroradius << typical flow size

Most trajectories lead to a ∼  Γ   energy gain!2
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Espresso Acceleration of UHECRs
 SEEDS: galactic CRs  up to E     3∼ Z ×10  eVknee

15

Hercules A

ONE-SHOT
reacceleration can
produce UHECRs up to

E    2Γ∼ 2 Emax knee

galactic-CR halo

Caprioli 2015



Radio spectra and particle 
acceleration 



Spectrum of one synchrotron electron 



- the limiting frequencies of the radio domain,
10MHz - 100GHz 

- the corresponding energies of electrons: 
   800MeV (at 10 MHz) 
   80GeV (at 100 GHz)
  for B = 1μG - the characteristic value of ISM magnetic field.

- electron energies  ~ TeV →  X-ray synchrotron emission



γ=2α+1



   What we do in Belgrade on SNRs? 



Tycho SNR



Σ – D dependence 

Pavlović et al. (2018)





 Spectra of SNRs    (Cas A - Onić & Urošević (2015))



nonlinear particle acceleration + thermal absorption + dust emission



Summary on the different forms of 
continuum radio spectra

Table from Urošević (2014) 



Equipartition through SNR evolution 

Urošević, Pavlović, 
Arbutina (2018)



 http://poincare.matf.bg.ac.rs/~arbo/eqp
Arbutina et al. (2012, 2013re.matf.bg.ac.rs/~arbo/eqp



Determination of evolutionary status of SNRs 
detected by radio observations by using:

  Evolution of SNRs in radio (Σ – D tracks)

  Radio spectra of SNRs  

  Equipartition







Belgrade SNR group



Better part…



THANK YOU VERY MUCH FOR YOUR 
ATTENTION!!!
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