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Cosmic-ray spectrum at z = 0

Ohira et al., 2012
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GeV
���	TeV
�������ECR ~ 10% ESN,51�������
(Acero et al. ApJS 2016, Abdalla et al. arXiv:1802.05172)

Ackermann et al. Science 2013



Spectral index of radio synchrotron flux, fn∝n - a

a

a = (s-1)/2Reynolds et al., 2011, SSR

dN/dE∝E-s

The standard DSA predicts s = 2    (a = 0.5)
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Abdalla et al. 2016
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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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Eg,c = 3.5TeV

Ep,c = 12TeV

UCR ~ 1050 erg

Ahnen et al. 2017

dN/dE∝E-2.4

Cas A
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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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Aguilar et al. PRL, 2018

p, He, C, O ���������
������R~200GV �
hardening���� ��!�
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Cosmic-ray spectrum at z = 0

Ohira et al., 2012
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Heating of the primordial gas by CRs
Leite et al. 2017Sazonov & Sunyeav 2015

Cosmic rays can ionize and heat the primordial gas.



Observation of 21 cm line in radio

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

Stopping length of free streaming CRs

Diffusion length during the cooling time due to ionization loss (for lmfp = rg )

Stopping length of X rays

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

R ~ 50kpc

Mean distance between halos

Information about CRs and magnetic 

fields at z ~ 20 could be obtained from the 

observation of 21 cm line in radio.

Sazonov & Sunyeav 2015



CRs with E <~ 10 MeV heat the primordial gas
Leite et al. 2017

What is the maximum energy of the first CRs? 
Can the first CRs escape from the source?



Scholer

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

Diffusive Shock Acceleration(DSA)

CRs are scattered by
Electromagnetic waves

Electromagnetic waves
are excited by CRs.

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



Acceleration time of DSA

c , p u Δp = 2     p
For a shock, 

v
u

3v
4(u1- u2)

Momentum change by particle scattering, Δp

Δp =               p =       p

After scattering, 

u1 u2
shock Dp per one cycle is 

Time of one cycle, Δt ~ residence time in the upstream region

v
u1

tacc = p Δt/Δp ~ Dxx / ush
2 ( Krymsky et al. 1979, Drury 1983)

CR density x diffusion length CR flux x residence time

CR column density  ~ nCR (Dxx/ush) ~ nCR v Δt



First supernova remnants vs. accretion shocks

First star are formed at z ~ 20 (Yoshida et al. 2003). 
M = 10 – 1000 Msun (Hirano et al. 2014)

They explode at z ~ 20.

Shock velocity is Vsh ~ 6000km/s ESN,51
1/2 Mej,34

-1/2.

Surrounding maters are ionized by the first stars. 
(Kitayama et al. 2004)

BISM ~ 10-17 G (Doi & Susa 2011).

An unmagnetized nonrelativistic collisionless
shock is formed. 

The ion Weibel instability dissipates the upstream 
ion at the shock (Kato & Takabe 2008).

Cosmic rays could be accelerated by the shock. 

Halo mass that can collapse at z=20 ~ 106 Msun
(3s)

Vsh ~ Vvir ~ 106 cm/s M6
1/3 ((1+Z)/20)1/2

Upstream matters are neutral. 
(To ionize the upstream matters, Vsh > 107 cm/s
Dopita et al. 2011)

The shock dissipation is due to atomic collision.  

à No cosmic ray is accelerated. 

For z < 10, halos with M ~ 1010 Msun can collapse 
and ionize the upstream matters, so that CRs could 
be accelerated by the accretion shock at z < 10. 
However, …..



Ionization by the first star
Kitayama et al. 2004

HII region

n ~ 1 cm-3

T ~ 1 eV

fi ~ 1  ß fully ionized

B < 10-19 – 10-17 G
(Doi & Susa 2011)

First supernova remnants

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



Collisionless shock of the first SNR
Upstream plasma:   n ~ 1 cm-3, T ~ 1 eV, fi ~ 1,  B < 10-17 G, uCMB ~ 4x104 eV cm-3

SNR shock:   Vsh ~ 0.01c ESN,51
1/2 Mej,1

-1/2

Gyro radius  rg > 1kpc  >> RSNR à The initial background B is negligible. 

What types of collisionless shock is formed in the first SNR?

1) The Buneman is the most unstable mode (electrostatic mode). 

2)  Electrons are strongly heated by the Buneman instability to Te ~ meVsh
2 >> Tp ~ 1eV.

3) Then, the ion-ion twostream instability becomes most unstable mode (electrostatic mode).

4) Then, ions are heated to Tp ~ Te ~ meVsh
2 (Ohira & Takahara 2007,2008).

5) The ion Weibel instability becomes the most unstable mode (electromagneteic mode).

Most of the kinetic energy of protons are not dissipated by the early electrostatic instabilities. 
Therefore, collisionless shocks driven by the first supernova remnant is nonrelativistic Weibel 
mediated shocks. 
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Growth rate Im[ω] = (Vd/c) ωp

Vd

Vd

Vd
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Weibel instability

Vd ⊥ k

Wave length k-1 = c / ωp



PIC simulations of Weibel mediated shocks
Particle-in-cell simulations solve Maxwell equations and 
equation of motions for many charged particles.

Spitkovsky 2008

dN/dE∝E-2.4

For a relativistic Weibel mediated shock, the PIC simulation 
shows that particles are accelerated by DSA. 

Spectral index ~ 2.4

For Vsh ~ 0.1c, DSA is not observed in PIC because of the short simulation time.
Kato & Takabe (2008)



e+- relativisitic unmagnetized shock

twpe ~ 12000

Keshet et al 2009
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Ruyer et al. PoP 2017 twpe ~ 4800

ldB~ 10 c/wpi

twpe ~ 17000



Ruyer & Fiuza PRL 2018
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Drift kink instability���
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ldB~ 10 c/wpi



Acceleration time scale of DSA in the 
nonrelativistic Weibel mediated shock

Acceleration time of DSA,  tacc = 4D/ush
2

Length scale of dB, ldB = α c/wpp

dB2/8p = eB mpnush
2/2 à rg/ldB = (p/mpush) eB

-1/2 >> 1  for CR protons

For rg /ldB >> 1, D = 2pvrg
2/ ldB (e.g. Plotnikov et al. 2011,Subedi et al. 2017)

Gyro radius, rg = cp/edB

wpp
2 = 4pne2/mp

p = p/mpc�



dB generated by the CR current

jCR = efleak

∇xB = 4pjCR/c  à dB/ldB ~ 4pefleak/c ,     ldB ~ ac/wpp

h = [CR energy flux] / [upstream kinetic energy flux] ~ 0.1 

r fleak: number flux 
density of CRs

Upstream rest frame

x

~ 10-8

à

for gp~ 2,a~10, h~0.1, bsh~0.01



Maximum energy of first CR protons

tacc ∝ ush
-8 à CRs are efficiently accelerated for the free expansion phase.

For t > tSed , ush ∝ t-3/5. tacc,p = t à Emax,p(t) = Emax,p(tSed) (t/tSed)-38/35

à Emax,p(tSed) ~ 190 MeV a,1
6/7 h,-1

4/7 ESN,51 Mej,34
-19/24 n,0

1/21  << 3 PeV

tacc,p =  tSed = 4.1 x 1010 sec ESN,51 Mej,1
5/6 n0

-1/3

Cooling time of CRs due to the Coulomb loss, 

For t > tc ~ 43 tSed, the maximum energy is limited by the cooling.

Emax,p(tc) ~ 3.2 MeVà CRs with E<~ 3MeV cannot escape from the first SNRs.

( for p << mpc )



Maximum energy of first CR electrons

Sedov�( t > tSed )

Emax,e(tSed) ~ 470 MeV a,1
9/14 h,-1

3/7 ESN,51
3/4 Mej,34

-19/28 n,0
1/28

.$�Emax�cooling����%� ( t > tc ~ 43 tSed )

De,max = Dp,max à ve,max pe,max
2 = vp,max pp,max

2 à pe,max
2 ∝ pp,max

3

D = 2pvrg
2/ ldB

Emax,e(t) = 22 MeV (t/tc)-9/5

Emax,e(t) = Emax,e(tSed) (t/tSed)-57/70
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CR acceleration by other types of supernovae
�Fast ejecta of normal core-collapse SNe

Vsh ~ 2.2 x 109 cm/s ESN,51
7/16Mej,34

-5/16D12
-1/8t4

-1/8 , rej∝r-10, rCS = Dr-2

à Emax,p ~ 1.5 GeV a,1
3/4 h,-1

1/2 ESN,51
49/64 Mej,34

-35/64 D12
-3/32 t4

-7/32

�Pair instability SNe

Mej ~ 2x1035 g     , ESN ~ 1053 erg à Emax,p = 2.7 GeV

�Pulsational pair instability SNe
Mej ~ 1034 g         , ESN ~ 1051 erg à Emax,p = 190 MeV

Mej ~ 1034-1035 g, ESN ~ 1051 erg à Emax,p = 23 - 190 MeV

�Direct collapse to black holes (~ 30% of first stars)
Mej ~ 1030-1033 g, ESN ~ 1047 erg à Emax,p = 0.15 - 77 MeV



Accretion shocks at z <~ 10
Z <~ 10 �>%
�Dark matter halo (M ~ 1010 Msun) �+72(=���
Vsh >~ 100km/s ����2(=3B�#B���?1�9A$<�

Te,up ~ 1 eV à vth,e = 420 km/s > Vsh

à Only the Weibel ins. Is unstable. 

First SNR�;	'C�/���
@0�-,�� ������!"!��)���

Emax,p ~ 330 keV a,1
3/2 h,-1bsh,-3

4 n,-1
-1/4

90��-,�� ��@0�&.8���4*����

Emax,e ~ 4.1 MeV a,1
9/2 h,-1bsh,-3

4 n,-1
-1/4

90���3B6�:5$<�



Summary

Supernova remnants of first stars accelerate first cosmic rays
to ~ 190 MeV.
CRs ( 2 MeV < E < 190 MeV ) can escape from the first SNRs 
and heat the primordial gas. 

Accretion shocks of the structure formation at z~20 cannot accelerate
cosmic rays because the upstream gas is neutral.

When, where, how were first cosmic rays accelerated? 

First CRs could be investigated by observations of 21cm in radio.

Accretion shocks of the structure formation at z<10 can accelerate
CR protons to ~300keV but they cannot escape to the far upstream 
because of the ionization loss. On the other hand, CR e- can escape.

First CRs can generate magnetic fields.


