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Gamma-ray flux E2 dN/dE (erg cm2 s°1)
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HEERBZOSA (ZD2)

Spectral index of radio synchrotron flux, f oy - ¢
80

Reynolds et al., 2011, SSR a = (s-1)/2
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EERZOSA (ZD3I)

H.E.S.S. (2016) RX J1713.7-3946, E > 250 GV |[HES

Abdalla et al. 2016
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Heating of the primordial gas by CRs

Sazonov & Sunyeav 2015
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Figure 1. Increment of the IGM temperature (upper panel) and of the
ionization fraction (lower panel) caused by LECRs from primordial SNe,
as a function of redshift, for three values of the SN explosion energy,

N = 10°! erg (dotted), 10°? erg (solid) and 103 erg (dashed). The other
parameters are fsn = 1, Miin = 108 My, Mmax = 10’ M5, n = 0.05 and
Jheat = 0.25. For EgN = 1073 erg also a model with a lower minimum halo
mass, Mpyin = 3 x 10° M@, is presented (dash—dotted).
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Figure 7. Increment of the average IGM temperature by CRs as a function
of redshift for three values of the CR injection slope. The CMB temperature
at the same redshift is shown by the dashed line.

Cosmic rays can ionize and heat the primordial gas.



Observation of 21 cm line in radio

Stopping length of free streaming CRs

~ -3 2
Rfree 1|V|pC ((1+Z)/21) (ECR/10|V|EV) Sazonov & Sunyeav 2015

Diffusion length during the cooling time due to ionization loss (for |, = r;)

Raires ~ 30kpc ((1+2)/21)3/2 (Ecr/10MeV)5/4 (B/10716G)1/2

Stopping length of X rays
Ryray ~ 100kpc ((1+z)/21)3 (Exvay / 0.3keV)32

Mean distance between halos
R ~ 50kpc Information about CRs and magnetic

fields at z ~ 20 could be obtained from the
observation of 21 cm line in radio.



CRs with E <~ 10 MeV heat the primordial gas
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Figure 3. Source function of CR protons with respect to their kinetic energy
at z = 10 for a spectrum slope o = 2 (blue line), 2.2 (green) and 2.5 (red).
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Figure 4. Energy-loss time-scales (see equations [25-27]) normalized to
the Hubble time for CR protons of 1 and 10 MeV. The adiabatic time-scale
(blue dashed line) is independent of the particle energy.

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



Diffusive Shock Acceleration(DSA)

( | \ rgyro,p~1010cm B-6-1 VSh,8
( ) ‘_I_\ ~1021 cm B_17-1 Vsh,8
a Shock Front
Upstream —
o 2" Downstream
Lair ~ 10" cm Bg™" Egey “,, -
~ 1025 cim B_17-1 EGer ?“)\)\\
= e -
V é _‘,o/':/

?—é f Scholer
MHD waves
CRs are scattered by g'\\
Electromagnetic waves

° | u,/u, + 2
Electromagnetic waves dN/dE XES s = ﬁ =2
are excited by CRs. U /uj -

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



Acceleration time of DSA

Momentum change by particle scattering, Ap

C - S After scattering,
c,p <

u
u Ap—va

For a shock, _
Ap per one cycle is
U, U;

|
> — 4(uq- uy,) u
éi Ap=———p=—'p

! 3v \';

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

CR column density ~ nqg(D,,/ug,) ~ nr Vv At

CR density x diffusion length CR flux x residence time

t..c = p At/Ap ~ D, / u,,? (Krymsky et al. 1979, Drury 1983)



First supernova remnants vs. accretion shocks

First star are formed at z ~ 20 (Yoshida et al. 2003). Halo mass that can collapse at z=20 ~ 10¢ M.,
M =10-1000 M,,, (Hirano et al. 2014) (30)

They explode at z ~ 20. Vg, ~ Vyir ~ 106 cm/s M¢/3 ((1+2)/20)/2

Shock velocity is Vg, ~ 6000km/s Esy 51'/2 M, 342, Upstream matters are neutral.
(To ionize the upstream matters, Vg, > 107 cm/s
Surrounding maters are ionized by the first stars. Dopita et al. 2011)
(Kitayama et al. 2004)

The shock dissipation is due to atomic collision.
Bsv ~ 1017 G (Doi & Susa 2011).

= No cosmic ray is accelerated.
An unmagnetized nonrelativistic collisionless
shock is formed. For z < 10, halos with M ~ 101° M,,,, can collapse
and ionize the upstream matters, so that CRs could
The ion Weibel instability dissipates the upstream be accelerated by the accretion shock at z < 10.
ion at the shock (Kato & Takabe 2008). However, .....

Cosmic rays could be accelerated by the shock.



lonization by the first star
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First supernova remnants
VSh ~0.01c ESN,511/2 Mej,l-llz
tsedov ~ 1 Kyr Esy 5112 Mg 1%/6n 2/3

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

of an H 11 region around a massive star with M,y = 200 M, inside a halo with My, = 108 Mg and w = 2.0 at z, = 20. Radial profiles are
ed lines), 1.8 x 10° yr (dashed lines), and 2.2 x 10° yr (solid lines) for (a) hydrogen density, (b) temperature, () ratio of radiation force to
d) electron fraction, (e) H, fraction, and ( f) radial velocity. [See the electronic edition of the Journal for a color version of this figure.]



Collisionless shock of the first SNR

Upstream plasma: n~1cm3,T~1eV,f~1, B<10' G, ugys ~ 4x10% eV cm?

SNR shock: Vg, ~ 0.01c Egy 5122 Mg 171/2

Gyro radius rg > 1kpc >> Rsyg =2 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 T, ~ m.V,,2 >> T, ~ 1eV.

3) Then, the ion-ion twostream instability becomes most unstable mode (electrostatic mode).
4) Then, ions are heated to T, ~ T, ~ m.V,,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.



= ==Y+ B
SEEREE

2U./mgvg? B=0uG
0.018
0.015 ¢
0.012 ¢
0.009 ¢
0.006
0.003 J\ Ex
0 I S |
0 1000 2000 3000
time [wpe'1]
A7 2 RERELE

Buneman & 7€

2Ue/meVd2

S (BEOERBZ)

B=27uG

0.036
0.03
0.024 |
0.018

0

0.012 t l
0.006 | ﬁ -
N Ex

0

Buneman "4 &

1000 2000 3000

time [woe'1]

A F > 2 FRERNETE



=T 5 E

L (BAERT > > v LR B=0)

t=270w,. ! (Buneman % 7€ 7 B 1) 2edp/mevy?
580 T | I = 1
............... ] 8.8
488 4 F 4 8.6
.................... - 4 8.4
,.339 By R R Sy NIRRT TS e r ittt 1F 4 9.2
> 1F 4 @&
DOO e e R R R s - -p,2
188 nn e o K o B .—9+4
...... -8.6
H ] l | 1 _B.|.ﬂ
a 500 1008 15008 2000
®
t=1740w,. ! (A F ¥ ZRENLE H B ) 2edp/meve?
588 F T T ) ™= F 1.5
408 47 11
- 4 8.5
611 B em— -—
= - o= —— F 41 8
288 == . 1 F 4 -8.5
188 = . -1
B | | J | _1‘5
A 508 1068 1588 opaA



ATEmE CRELLORHEZE)

B=0pG B=27uG
1000 - ' 1000 -
100 100 +
10 ¢ 10 +
Te / Ti Te / Ti
1 : : 1 : '
0 1000 2000 3000 0 1000 2000 3000

Time [wpe] Time [wpe!]

AF Y 2 RERLTEIZL DA F > MNEC L2 TT/THTH %o
ZDRERAF VEFERIANLREDRER%Z TIT5,

2 3/2
Ay (me) (e 1) _ (@)” (2) 2 1
wr m; Vih.i Me T;




Weibel instability

v, 5B

d > ® .

5J
-

V, -V,

‘ > ® <

0J
(’_-
V4

e > ® \

VyL1Kk
Growth rate Im[w] = (V4/c) w,

Wave length k'=c/ w,



PIC simulations of Weibel mediated shocks

Particle-in-cell simulations solve Maxwell equations and

equation of motions for many charged particles.
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For a relativistic Weibel mediated shock, the PIC simulation
shows that particles are accelerated by DSA.

For V,, ~ 0.1c, DSA is not observed in PIC because of the short simulation time.

Kato & Takabe (2008)




e* relativisitic unmagnetized shock
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Acceleration time scale of DSA in the
nonrelativistic Weibel mediated shock

Acceleration time of DSA, t,. =4D/ug?
_ ®, 2= 41tne?/m
Length scale of 6B, A55 = a ¢/, PP p

Gyro radius, r, = cp/edB

OB2/8m = gg m nug,2/2 = ry/Asg = (p/myug,) €51/2>> 1 for CR protons

For r, /As >> 1, D = 2mvr,2/ Agg (e.g. Plotnikov et al. 2011,Subedi et al. 2017)

407 ]53 _q P =p/myc

W
aEBﬁsh \/152 T (ms/mp)Q oY

tacc,s —




OB generated by the CR current

Upstream rest frame
P _ fleak: NUMber flux
jer = €fiak density of CRs

VxB = 4njz/c 2> OB/Ag ~ 4mefi,/c,  Agg™ ac/oy,

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

n = fleak(,Yp B 1)mpc2 S ep = Offleak ? o 042772 ;lh
nmpug, /2 ? NUsh 4(yp —1)?

~ 108

fory,~ 2,0~10,n~0.1, 34,~0.01



Maximum energy of first CR protons
407’ 1

tacep N 04377268}1 Wop (forp<<my)
S

t... X u,,® 2> CRs are efficiently accelerated for the free expansion phase.

tacep = tsea = 4.1 x 10%0sec Egy 51 Mg 1>/ ngt/3

> Emax,pltsed) ~ 190 MeV 0‘,16/ ’ 1"l,-14/ "Esn 51 Mej,34-19/ 24 “,01/ 1 << 3 PeV

Fort> tSed » Ugh X t-3/5- tacc,p =1 2 Emax,p(t) = Emax,p(tSed) (t/tSed)_38/35

Cooling time of CRs due to the Coulomb loss, fcool = 1.51 X 1015 sec nﬁlﬁg

Fort>t.~ 43 t,.4 the maximum energy is limited by the cooling.

Enaxp(te) 3.2 MeV - CRs with E<~ 3MeV cannot escape from the first SNRs.



Maximum energy of first CR electrons
BTk BEIILF—BTOHRMEICL > THRINS,

- 2 — 2 2 3
I:)e,max = I:)p,max 9 ve,max pe,max - Vp,max pp,max 9 pe,max < pp,max

D = 2nvr2/ Agp

Emaxeltsed) ~ 470 MeV 0‘,19/ 1 11,-13/ ¢ ESN,513/ : Mej,34'19/ 28 n,01/ 28
SedovHA( t > ts.y)

Emaxcelt) = Emaxeltsea) (t/tseq)57/7
P FDE,,, Hcooling TR E B A (1>t ~ 43ty )

Ernaxe(t) = 22 MeV (t/t)*/5

SEHDBPMDHDEVDT, MESN=-EFITLE T, SNRH HLEREE,



CR acceleration by other types of supernovae

* Fast ejecta of normal core-collapse SNe
Vg, ™ 2.2 X 10° cm/s Egy 5,7/16M, 3,5/16D,, /3¢, 1/8 P10, ps = Dr2

> Emnaxp ~ 1.5 GeV OL’13/4 11’_11/2 ESN’5149/64 Mej’34-35/64 D,,3/32t,7/32

* Pair instability SNe
M~ 2x10%g , Esy~10%3erg 2 E ., , = 2.7 GeV

* Pulsational pair instability SNe
M~ 103 g , Esy ~ 10°1 erg 2 E, ., , = 190 MeV
M,; ~ 1034-10%° g, Egy ~ 10°* erg 2 E, ., , = 23 - 190 MeV

* Direct collapse to black holes (~ 30% of first stars)
M,; ~ 10%0-10%3g, Egy ~ 10%7 erg 2 E, ., , = 0.15 - 77 MeV



Accretion shocks atz<~ 10

Z <~ 10 CHAEJ B Dark matter halo (M ~ 1010 Msun) DEESEE KL S,
V., >~ 100km/s &Y | BERERZ TiRd o DS TEEERIEE,

Teouwp ~ 1€V 2 vy . =420 km/s >V,
- Only the Weibel ins. Is unstable.
First SNR& [A] LRI HMEZ S,
BFOEREILANLF—E, 7—AYAATREY,
Emaxp ~ 330 keV o ,3/2n 4 By, 3%n ,1/4
BFlE. REIRNVX—BFOILBRICL > THIRI NS,
Enaxe ~ 4.1 MeV o ,92m 4, By, 340 Y4

BF7EF, LRANCEER]EE,




Summary

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~¥20 cannot accelerate
cosmic rays because the upstream gas is neutral.

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<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.



