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Proton and Helium spectra (E<0.2PeV)
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The spectrum of CR He is harder than that of protons.

CR Helium dominates at ~ 0.1PeV !?



P+He spectrum (E~1PeV)
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The p+He spectrum breaks at ~ 1PeV.
If CR He dominates over CR p at 1PeV,
the proton spectrum breaks at 0.5PeV ( < 3PeV ).



P+He spectrum (E>1PeV)
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Heavy CRs dominate over the CR p+He above 10 PeV.
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The P+He spectrum does not fall off exponentially.




Total CR spectrum (lceTop)
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Dip structure at 10PeV
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Total CR spectrum (Tunka-HiSCORE, Tunka-133)
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LOFAR(E=100PeV-300PeV)

Buitink et al. Nature 2016
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The cumulative X, distribution shows that

the total fraction of p+He at 100PeV is in the range [0.38,0.98]
at a 99% confidence level, with a best-fit value of 0.8.

Irons do not dominate at 100PeV.
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Summary of CR observations

There are some unexpected results and tensions.

CR He dominates at ~ 0.1PeV. (CREAM, NUCLEON)

The p+He spectrum breaks at ~ 1PeV < 3PeV. (ARGO-YBG)

The p+He spectrum does not fall off exponentially above 3PeV.
(KASKADE+KASKADE-Grande)

Heavy CRs dominate over the CR p+He at ~ 100 PeV.
(KASKADE+KASKADE-Grande)

The total CR spectrum breaks at 3PeV and 100PeV, and dips at 10PeV.
(IceTop, TALE, Tunka-133)

CR p+He dominates over heavy CRs at ~ 100PeV. (LOFAR)



Energy spectrum of total cosmic rays
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Diffusive Shock Acceleration(DSA)
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Axford 1977, Krymsky 1977, Blandford&Ostriker 1978, Bell 1978



E ., of DSA

Momentum change by particle scattering, Ap

After scattering,
c 7 < g u
' P u Ap = 2? P
For a shock,
shock Ap per one cycle is
> % —> A _4(U1' u,) _ o uy
; P 3c P c P

Time of one cycle, At = (A ¢ /Uy + A, 5/U5) ¥ T 4(€/uy) + T 0 5(c/uy)

t.. = P At/Bp ~ T, . 1(c/ug)® + 4T, ,(c/ug)? (Krymsky et al. 1979,
Drury 1983)

tacc = tSedov ~ Zooyr' and Tgyro,l >> Tgyro,z

> Eax ~ 0.03PeV B 1,6 (As/ 1) (Us,/3000km/s)?

To accelerate CRs to 3PeV, B >~100uG in the upstream region,
but no simulations demonstrate the sufficient magnetic field amplification.

mfp
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If y-rays are due to IC, we can measure B,
VFv, /VFV,c~ 16 2 By, ~ 12 uG Ohira&Yamazakil?

If y-rays are due to the pion decay, we can estimate E ...
E, max ~ 0.01PeV>E . ~0.1PeV

Y,max




SN1006

Acero+2010 Xing+2016
i 109 1 I I 1 I 1 I 1 1 I §
Synchrotron x 2 HESS (NE limb) ;
—— IConCMB ®m Fermi (this work) 1
10710 i
TU)
o
E 101 :
>
9L
5 1071
pd
s
TR
10-14 ' ] ] 1 ] ] ] 1 1 ] 1
15h0a 15h02 10 10 10 10% 10° 10 10* 10° 10° 10" 10'% 10™
m ™ RA (hours) Photon Energy (eV)

If y-rays are due to IC, we can measure B,
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Pulsar wind nebulae inside SNRs
Watters & Romani, ApJ, 2012

Fermi observed many gamma ray pulsars.
—> Pulsar birthrate ~ 1 per 59 yr, Initial spin period, P, ~ 50 ms

B, =10'2% G, L, ,~ 10°® erg/s, E.,; o ~ 10* erg, T, ~ 3 kyr
Most core-collapse SNRs have pulsar wind nebulae (PWNe).

The PWN region has strong magnetic fields, B >~ 100 uG

Shocked regions of SNRs are also expected to have strong magnetic
field, B >~ 100uG

In this talk, we propose the following two things.

The shocked region of SNRs and PWN region reaccelerate CRs to the
knee energy from 0.1 PeV.

The PWN-SNR system could be the origin of heavy CR nuclei.



Evolution of a PWN inside the SNR
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Radius ( pc)

Partlcle acceleratlon (t<t.)
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Partlcle acceleratlon (t>t)
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Size of PWNe after the compression

The size of PWNe is determined by the pressure balance.

Psnr = Ppwn 2 Esn/ RSNR,fs3 = NE, o/ Rpwn®

Synchrotron cooling

E,,=10erg, E ., =10 erg, n=0.12> R;,\(t..q) =0.1 Rsnr fs(tend)

Rsnr,fs(tend) ~ 13PC, Rpwn(te)™ 6pC > Royyn(te) / Rpyn(tena) ™ 5



Monte Carlo Simulation
Velocity fields

For t < t_, the velocity field is assumed to be uniform.
Vsnr shocked = (Rsnryrs/t = Vonrrs)/3 = Vnryrs ( Rsnres < T < Rsnpys)
Vewn = dRpyyn/dt (r<Rpwn)
For t > t_, the velocity field is assumed to be as follows.
Vown,in (h8)= -( Vown(t) /2) (r/ Rpyy(t) )
Particles
E,=0.1PeV, 1.,.= Q.1 < E/ B (Bohm scattering),

B=0 in the freely expanding ejecta, B=300uG in other regions.
At t,; = 3 kyr, simulation particles are isotropically injected
on the reverse shock sphere, r = Rgyr .

Simulation particles are isotropically and elastically
scattered in the local fluid frame.



Simulation result (Energy spectra)
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Summary

The observed CR spectrum breaks at about 1 PeV.

Since the upstream magnetic field amplification is not sufficient,
a simple SNR system cannot accelerate protons to 1 PeV.

Reverse shocks of SNRs are expected to be the origin of heavy CR
nuclei, but particles accelerated by the reverse shock lose their energy
by adiabatic loss. 2 The maximum rigidity of heavy CR nuclei < 1PV?.

The recent observation of gamma-ray pulsars suggest that most core-
collapse SNRs have pulsars with the spindown luminosity of 1032 erg/s.

The PWN-SNR system can reaccelerate 0.1PeV CRs to 1PeV.

The PWN-SNR system is PeVatrons and the source of heavy CR nuclei.
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Evolution of a PWN-SNR system
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