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Cosmic-ray spectrum in the current universe
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Cosmic-ray spectrum in the current universe
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10* “When did the nonthermal universe start?
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Accretion shocks in the structure formation

VS.
fist supernova remnants
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First supernova remnants vs. accretion shocks

First star are formed at 1.8 x 102 yrs Only small objects can be formed because
after the Big Bang (z~20) of the uniform expansion of the universe.
(Yoshida et al. 2003).

M~ 10 M, atz~20 (30)
M =10-1000 M,,, (Hirano et al. 2014)

Vn ™ Viir ~ 10° cm/s M¢/3 ((1+2)/20)*/2
Their lifetime is ~ 106 yr.
They explode at 1.8 x 108 yrs Upstream matters are neutral.
after the Big Bang. (To ionize the upstream matters,

V., > 107 cm/s Dopita et al. 2011)
Most matters are still neutral at 1.8x102yr,
but surrounding maters are ionized by the The shock dissipation is due to atomic
first stars. (Kitayama et al. 2004) collision.

= The shock is a collisionless shock. - No cosmic ray is accelerated.
— Cosmic rays could be accelerated.

Ohira & Murase (2018)



Collisionless shock of the first SNR

Upstream plasma: n~1cm3,T~1eV,f~1, B<10 G, ugs ~ 4x10% eV cm?3

SNR shock: Vg ~ 0.01c Esy,51"/% M) 1%/ Kitayama et al. 2004, Doi & Susa 2011
Gyro radius rg > 1kpc >> Rsyg =2 The initial background B is negligible.

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

p

Some particles are leaking

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, the collisionless shock driven by a first supernova remnant is a nonrelativistic

Weibel mediated shock.



PIC simulations of Weibel mediated shocks

Particle-in-cell simulations solve Maxwell equations and equatior

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)



Acceleration time scale of DSA in the
nonrelativistic Weibel mediated shock

Acceleration time of DSA, t.. ~ t.. (v/ug,)? (Krymsky et al. 1979, Drury 1983)
To estimate t,., we need to estimate the scattering time, t...
Length scale of 0Byyeipel » Agg = O €/, (0pp2 = 4mne?/m,)

Interaction time between a particle and the each wave, At = Ag /v

Scattering angle at each interaction, AG ~ F ..t, At/p

~ e(v/c)OByeipel At/P ™ Agg / 1y
After N interactions, AOy ~ N2 A

ABy ~ /2 2 N, ~ (1/2A6)?

(rg = cp/eSBWeibel)

tie = Ny At~ rgz/V}@B ~ c2p?/ €20Byyeipel’ VAsg € To estimate t,., we need

_ . to estimate OByeipel.
(e.g. Plotnikov et al. 2011,Subedi et al. 2017)



oB generated by the CR current

Upstream rest frame

p
flea: NUMber flux

density of CRs

jCR = efleak

VXB = 4chCR/C 9 SBWeibeI ~ 47Ief|eak7L53/C

The CR current depends on the number of accelerating CRs.
However, DSA theory does not tell us it.
Therefore, we introduce a free parameter n to estimate f,,.

n = [CR energy flux] / [upstream kinetic energy flux]

_ fleak(f)/p o l)mpc2
nimp gy, /2

OBeiber ~ 0.1 uG fory,~ 2, 0.~ 10,1~ 0.1, uy,/c ~ 0.01



Maximum energy of first CR protons

A0mp” 1 (forp=p/myec<<1)
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t... X u,,® 2> CRs are efficiently accelerated for the free expansion phase.

_ _ 10 5/6  -1/3
tacep = tiree = 4.1 X 1010 sec Egy 51 Mg 1 /6ng Y/

2> E,_ . o(tree) ~ 110 MeV o 871 47 Ecy e M,: 32719/21 0 j1/21 << 1015V
max,p\ *free ,1 ""l, 1 SN,51 ej,34 ,0

Fort> 1:free y Ugh X t-3/5' tacc,p =t—> Emax,p(t) = Emax,p(tfree) (t/tfree)_?’g/35

Cooling time of CRs due to the Coulomb loss, tcool = 1.51 x 10'° sec nﬁlﬁg

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

Enaxpl(te) 3 MeV > CRs with E<~ 3MeV cannot escape from the first SNRs.



Summary

CRs have important roles in many astrophysical systems.

When, where, how did CRs start affecting?

When, where, how were first cosmic rays accelerated?

Accretion shocks of the structure formation in the early universe
cannot accelerate cosmic rays because the upstream gas is neutral.

Supernova remnants of first stars accelerate first cosmic rays
to ~ 110 MeV at 1.8x108 years after the BigBang (z~20).

The first CRs are accelerated by the diffusive shock acceleration.

The first CRs ( 3 MeV < E <110 MeV ) can escape from the first SNRs
and heat the primordial gas. Ohira & Murase (2018)



