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Particle acceleration in supernova
remnants: estimate of maximum
energy for parallel shocks
condition of acceleration
by spherical shock
Bohm diffusion

maximum energy
observed amplified magnetic
field in young SNRs

Fermi 1949,
Krymsky 1977,
Bell 1978, …
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theory of CR streaming instability gives smaller Emax by factor of ~5 in
the Bell’s regime Bell 2004, 20012; Zirakashvili & VP 2008, Bell et al. 2013, Cardillo et al. 2015
energy achieved at the
beginning of Sedov stage:
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Acceleration by perpendicular shock in wind blown bubble
development of Berezhko & Voelk (2000) model

Stellar bubble created by powerful
wind of a supernova progenitor

Weaver et al 1977

Acceleration at quasi-perpendicular
shock produced by supernova
explosion in star wind
Voelk, Biermann 1988, Biermann 1993, Biermann et al. 2018




Acceleration rate is high.
Maximum particle energy is
determined by electric potential
difference under the condition
  1 where     ,  - is
scattering frequency of particles.
No need for strong turbulence
Jokipii 1986, Takamoto, Kirk 2015, Giacalone 2017

Problem with injection
Decker, Vlahos 1985

Maximum particle energy
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where M w  uw 4 B ( =  2) is wind magnetosonic Mach number

Ewmax = 0.035 PeV

for Ib/c SNR with Vsh=104 km/s, Mw=20, κ=0.1
Comments:
Application to Anomalous Cosmic Rays at solar wind termination shock:
Vs = uw = 400 km/s, dM/dt = 2.5 x10-14 Msolaryr-1, Mw= 20, k = 0.3 give Emax= 150 MeV .
Acceleration at solar wind termination shock was considered by Jokipii 1986

Cranfill effect: amplification of magnetic field downstream of
wind termination shock (Cranfill 1971, Axford 1972, Nerney et al. 1991, Chevalier 1992)

energy conservation along
the lines of the flow
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2D MHD modeling of WR bubble
Zirakashvili, Ptuskin 2018

uw =1000 km/s, Mw = 20, t = 300 kyr, n0 =10 cm-3

Proper stellar motion 10 km/s was taken into account.

B ~ 20 μG
at the periphery
if Mw=20, t~300 kyr

Particle transport and acceleration
see details in
V.N. Zirakashvili, V.S. Ptuskin, 2018,
Astroparticle Physics 98, 21

Transport equation
- azimuth symmetry,
- radial flow,
- circular average magnetic field
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- drift velocity

Parallel diffusion coefficient
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is not important

Perpendicular diffusion coefficient:

Variables:


 0,
, ,


Antisymmetric (Hall) diffusion
coefficient:
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calculated value Emab x Z  2 PeV for Ib/c SNR at age t sn ~103 yr

Discussion and conclusions
Diversity of cosmic ray source spectra:
Estimated maximum energy of accelerated particles is close to 0.1 Pev for
major part of Type IIP SNRs and several times more for Ia SNRs. Less
frequent Ib/c, IIn, IIb SNRs may accelerate particles to PeV energies.

evidence from cosmic ray data ?
Atkin et al 2017

Alfaro et al 2017

Cosmic ray acceleration in magnetic circumstellar bubbles:
Bubbles produced by O and WR stars with magnetic field amplified by
Cranfill effect are ideally suited for particle acceleration by quasiperpendicular shocks. No strong cosmic-ray streaming instability is
required.
Helium dominated composition is expected at the knee in the case of
acceleration in WR bubbles.
Quasiperpendicular geometry and low gas density are in favor of leptonic
origin of gamma-ray emission. Hadronic mechanism probably dominates
when the shock reaches dense envelope.
Several Pevatrons in Ib/c SNRs with age ~ 1000 yrs may exist in the
Galaxy.

On the whole:
Two kinds of young SNRs as cosmic ray sources exists:
- SNRs where the turbulence needed for efficient shock acceleration
is generated by cosmic-ray streaming instability (SN 1006, Tycho,
Cas A). Maximum energy of accelerated particles is ~ 100 TeV;
- SNRs in the wind blown bubbles with background turbulence and
magnetic field amplified by Cranfill effect (RX J1713.7-3946, RCW
86, Vela Jr.). Acceleration by quasi-perpendicular shock allows to
reach PeV energies.
Funk 2015

