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Cosmic-ray spectrum

Ohira et al., 2012
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21 cm���
(z ~ 20����������
����	
��

Rfree ~ 1Mpc ((1+z)/21)-3 (ECR/10MeV)2

Rdiff,B ~ 30kpc ((1+z)/21)-3/2 (ECR/10MeV)5/4 (B/10-16G)-1/2

4:/*�("�10MeV��0.�2-�������

4:/*�("�Bohm!'( lmfp = rg )
&�������

X.��	 8���#:

RXray ~ 100kpc ((1+z)/21)-3 (EXray/ 0.3keV)3.2

R ~ 50kpc

���"�#: Z~20
�21cm���������
�$5�713�%"�������
�0.�)+�,9�6������

Sazonov & Sunyeav 2015
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E <~ 10 MeV 
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Scholer

Axford 1977, Krymsky 1977, Blandford&Ostriker 1978, Bell 1978

Diffusive Shock Acceleration(DSA)
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dN/dE ∝ E-s s =                 = 2 
u1/u2 + 2
u1/u2 - 1

rgyro,p~1010 cm B-6
-1   Vsh,8

~1021 cm B-17
-1 Vsh,8

Ldiff ~ 1014 cm B-6
-1 EGeV

~ 1025 cm B-17
-1 EGeV



DSA��+�#�'

v , p u Δp = 2      p
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v
u

3v
4(u1- u2)
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Δp =               p

���+$�%��

u1 u2

shock 1���+$�%��

1��*((-�' Δt = [��+�	�']+[��+�	�']
~ [��+�	�']

tacc = p Δt/Δp ~ Dxx / ush
2 ( Krymsky et al. 1979, Drury 1983)
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��� ��!�� x ��& ��(,+flux x �	�'

nCR (Dxx/ush) ~ nCR v Δt
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Kitayama et al. 2004 	������������

�� n ~ 1 cm-3

�� T ~ 1 eV

��� fi ~ 1  ß����

�
 B < 10-19 – 10-17 G
(Doi & Susa 2011)

	������

Vsh ~ 0.01c ESN,51
1/2 Mej,1

-1/2

tSedov ~ 1 kyr ESN,51
-1/2 Mej,1

5/6 n,0
-1/3

RSedov ~ 4 pc Mej,1
-1/3 n,0

-1/3



�������First CR, First Jet
�.)Birmann����� "�

pe = pe,th + pe,CR

+ /!

�.)+/!(�(/!��
)�3�7(

First high mass x-ray binary, high z quasar, high z GRB 	Jet���
#,�2���1:6*	�

�2-�Birmann����� or ;&�305(�%'�$��
89�����MRI �%'�+4��à Jet?

Zweibel 2013
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Z ~ 20 �9G@�K=@5)�W:O:/Q��
WeibelU#L>����4%
��:/Q����
9G&JB�'F
���Emax,p ~ 60 GeV, Emax,e ~ 30 GeV�

Z ~ 20 �2D.?�S�:/Q��I>!"I�:/Q����
&JB 'F�	���

&JHA1�����&JB�'F
�6���
����TPM&J�6���� Y����

21cm �*E����&J3NX+$C�&JB'F�
7;�<V�R	8���������

First UHECR, first neutron star, first pulsar, first magnetor, 
first high mass X-ray binary, first GRB, first jet, ...

7;�,0������-(&JB�'F
�6��
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Ohira et al., 2012
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HU�|hl^C(SNR)��%�

<uGY�fS��R<u(DSA)��%�

SNR�#@��&�9{n��Q>�(D]��yK��
�

GeV,85n!TeV,85n�Fs��ECR ~ 10% ESN,51��e����
(Acero et al. ApJS 2016, Abdalla et al. arXiv:1802.05172)

����/*3�^C	b�9{n(<u���%��
�I��w�%�d617����ß9{n�qk�(���J¢��%�

�x��Fs�&�~300X� SNR���/*3����)�	T�������

SNR�fS��(2�`����#	b�9{n(NL���%��
ISM���CSM(���%fS�	b�9{n(NL���%�_'&��%�
Fs~gM����ß,85n�E��@�	t$���,85n;�)�

SNR�#���~�a.4-27��DSA��V�Z'���	v��
DSA + ���� (9{n��\���r?}��¡<u�ip�� )�m�=�

D]z��ISM�¡�"$[<u�&%���&��Q>B���c���
Q>��:P��Q>��rOA���&#o�£�
9{n�Fs�#T %���jW�%��=���¢~�T %�|���

+0-.n;�)�
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	�, Ia,Ibc, IIb, … 

�����,+B = B(x,y,z), ����D

��'�"%�! V = V(x,y,z)

&$.��*�".�����-
SNR��"����������0,/
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Abdalla et al. 2016
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r0 = u0t �����, D = const., r > r0����

t0 = tacc = haccD / u0
2

Ohira & Yamazaki 2017
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r0 = u0t ����, D = const., r > r0����

t = tacc à Emax,age , ( t = r0/u0 , tacc = haccD / u0
2 )

Ohira & Yamazaki 2017

Ldiff(Emax,age) / r0 = D/u0r0 = 1 / hacc

DSA������hacc >= 4� D�� << D
���	� hacc = 4�
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���hacc = 4

àD	� << D�
SNR�DSA���
������

Ohira & Yamazaki 2017
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Warm 
plasma

&3 �3
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Hot plasma

&3������3��)�$��/*�
	%�1�0�+�
 .��à Tdown < (3/16)mVsh

2.

&3',�"�����&3	 .���à Tdown = (3/16)mVsh
2.

Ux

X

à�*!-��%�1!-�2�$��. Hα�X-ray. 
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Non-thermal electron bremsstrahlung

Synchrotron

Nonthermal e- bremss.
~10keV

Vink, 2008, A&A

Cas A Tycho



Non-thermal proton (inverse) bremsstrahlung
�
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Eg / mec2

Jones(1971)

s ~ 10-26 cm2 ~ 0.3 x sppàg

F>50keV ~  F>100MeV
~ 10-6 photons/cm2/s

,  NCR,100MeV ~ 3 NCR,1GeV



Synchrotron radiation from secondary e�

CR ions produce p� and p0 by nuclear interactions.
↓
e�

↓
g , Le� ~ 0.25 Lg

If tcool,syn ~ 400 yr E300TeV
-1 B10µG

-2 < tage , Lx,2nd syn ~ Le� ~ 0.25Lg .

Ee� ~ Eg ~ 0.1Ep

à (nFn)20keV ~ 0.25 (nFn)300TeV <~ 10-13 erg/cm2/s 

hn2nd syn ~ 20 keV� E300TeV
2 B10µG

If there are CR protons with Eknee, they emit 300TeV g rays and e�.
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Spectra of CR p and He 
(and C) break at R~300GV. 

Spectra of CR He and C are 
harder than that of CR p.

Proton
Helium

Carbon x10  AMS-02
� CREAM

Ohira et al. 2015
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Summa et al. 2011
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Summa et al. 2011

Ohira et al. 
2012


