Cosmic ray acceleration
IN supernova remnants

Yutaka Ohira and Shoma Kamijima

The University of Tokyo
—————————————— Contents ---------------

1. Perpendicular shock and parallel shock

2. Injection to DSA at the perpendicular shock

3. CR Spectrum at the perpendicular shock

4. Maximum energy of CRs at the perpendicular shock

5. Summary



Cosmic-ray spectrum in the current universe
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SuperNova Remnant (SNR)
and Diffusive Shock Acceleration (DSA)

N SNRs are remnants of the explosion of a star.
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Origin of Galactic cosmic rays

SNR shocks are thought to be the accelerator of GCRs.

However, we don’'t know
What type of SN accelerate GCRs,
type la, Ib/c, lip, llb, ..., all?

Is it isolated or in a superbubble?

Which shock accelerates GCRs,
forward shock or reverse shock?

Which shock accelerates GCR,
parallel shock or perpendicular shock?



DSA at parallel and perpendicular shocks

Parallel shock
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Perpendicular shock

Low energy particles cannot go back

Particles can easily go back to

— to upstream region (Jokipii1987). &
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upstreamregion. H atoms help the injection.
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Hydrogen atom around SNRs
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lonization of Hydrogen atom

Charge exchange with proton H+p>p+H
Collisional ionization with proton H+p2>p+e+p
Collisional ionization with electron H+e 2>p+e+e
Collisional ionization with hydrogen atom H+H > p+e-+H
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Phase space plots (v,=10v,=2000km/s)

There are leaking hydrogen atoms and pickup ions in the upstream region.
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Energy Spectrum (3D, V,=1000 km/s=20V ,)
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Trajectories of accelerated particles (3D)
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Leaking particles are accelerated by the pickup process in the upstream
region and the second shock heating. The pre-accelerated particles are
injected to DSA at the perpendicular shock.



New picture of DSA at the perpendicular shock

Our simulation shows that the magnetic field fluctuation is
very strong only in the downstream region.
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New model of DSA
at perpendicular shocks

Original model of DSA at perpendicular shocks (Jokipii 1987)

Particles move diffusively both in the upstream and downstream.

To make the acceleration time small, magnetic field fluctuations
have to be small both in the upstream and downstream.
Then, the CR spectrum becomes very steep. (Takamoto & Kirk 2015)

Our new model of DSA at perpendicular shocks (Kamijima et al. 2020)

In the upstream, particles gyrate in the uniform magnetic field.
In the downstream, particles move diffusively in the strongly

amplified magnetic field.
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Test particle S|mulat|on |n plane shocks
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Our model simultaneously realizes the rapid 10
acceleration and the canonical spectrum,
dN/dp < p~2, even if there is no upstream 10!l
magnetic field amplification.
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Emax at the perpendlcular shock in SNRs

1Maximum energy limited by the age
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Self confinement by streaming instability

o o Random walk
CR streaming instabilities in the subluminal
amplify magnetic field >< upstream region
fluctuations in the

subluminal region.

o No streaming
fast acceleration in the instability
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Summary

Perpendicular shocks of SNRs have been thought to be the PeVatron.

However, DSA at the perpendicular shock has the injection problem
and spectral problem (Jokipii 1987, Takamoto & Kirk 2015).

We showed that the perpendicular shock in partially ionized plasma can
inject particles to DSA (Ohira 2016).

We proposed a new model of DSA at the perpendicular shock, which
simultaneously realizes the rapid acceleration and the canonical
spectrum, dN/dp « p~2, even if there is no upstream magnetic field
amplification (Kamijima, Ohira, Yamazaki 2020).

We first investigated the escape process of CRs from the perpendicular
shock. The escape process reduces E,, to 0.03PeV, but if a self
confinement by a CR streaming instability works, E, ., can be the PeV
scale even though the upstream magnetic field is smaller than 100 uG
(Kamijima & Ohira, in preparation).



What's your targeted physics in next decades?

Constructing a more specific acceleration theory
which includes information of the CR source

Understanding the injection and acceleration site for CR nuclei,
Dust injection?, reverse shock?

What we need to accomplish?
Deep observations of Gamma ray and neutrino at E > 100TeV

Precise measurement of CR nuclei at E ~ 1PeV

Precise identification of SNR type

Gamma-ray observation with a higher angular resolution A6<0.01°



