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Cosmic-ray spectrum in the current universe
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CRs reduce star formations
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Fig. 21. Evolution of the cosmic star formation rate density in simula-
tions of galaxy formation at high redshift. We compare results for three
simulations that include different physics, a reference simulation with-
out cosmic ray physics, a simulation with CR production by supernovae,
and a third simulation which in addition accounts for CR acceleration at
structure formation shocks with an efficiency that depends on the local
Mach number.
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CRs suppress the cooling of gas and drive galactic winds, so that CRs reduce star formations
in low mass galaxies. Not only CRs from SNRs but also CRs from accretion shocks could be

important.



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,
Esn = 107! erg (dotted), 10°2 erg (solid) and 103 erg (dashed). The other
parameters are fsN = 1, Mpin = 100 M@, Mmax = 107 M@, 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).

Leite et al. 2017
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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 at z > 10.



Cosmic-ray spectrum in the current universe
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Accretion shocks in the structure formation

VS.
fist supernova remnants

‘Accretionshock. ~ *. . W Supernova remnant

lllustrisTNG project NASA/CXC/SAO
http://www.thg-project.or



http://www.tng-project.org/

First supernova remnants vs. accretion shocks

First supernova remnant @ Z ~ 20 Accretion shock @ Z ~ 20
First star are formed at 1.8 x 108 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)

Vi ~ Vyir ~ 108 cm/s Mg/3 ((1+2)/20)*>
Their lifetime is ~ 10° 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 1.8x108 yr,
but surrounding maters are ionized by the The shock dissipation is due to atomic
first stars. (Kitayama et al. 2004) collision.

- Weibel mediated nonrelativistic - No cosmic ray is accelerated.
collisionless shock

— Cosmic rays can be accelerated to ~GeV. Ohira & Murase, PRD 2019



Cosmic-ray current and e return current

In the early universe, there are free electrons, f, ~ 104,

- =V xB-—-—— ——— = —-VXxF = — E + X B
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@ @ ® @
D The electric field is generated by Jg, E - Jc.

C

(2 The electric fields accelerate e, which generates J...

@ ForlL> c/®,., VXE is small, so that free electrons cancel J;
before the magnetic field is generated.

Withint~ o, 1~ 0.01secn, ;1/2, ), = Jeg +J. = 0.
n,~103cm3 @ z=20

20=-n.+n,+ng, 0=J.+J (inthe proton rest frame)



Magnetic field generation
in a two-component plasma

0B /0t = —cV x E
9,
Generalized ot (Z q“”“"‘*‘) + V- (Z qﬁ”SVSV-*)

Ohm's law > ;
V. x B .
-3 (e VB oS (1, - wp)

c ~ Mg
If B=0att=0, the left hand side =0, Vs x B = 0.
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By ignoring contributions from protons,

E = _( V pe_fe)/ene
T T
Biermann battery e.g. Harrison battery (radiation force)
Biermann (1950) Harrison (1970)



Magnetic field generation
in a three component plasma.

0B /0t = —cV x E
0
Generalized ot (Z qsnsV> + V. (Z q.sns‘/s‘/s)

Ohm's law = ( V><B

(ISTL s ds
— - Vp.).
=2 I EDDTICEL
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Astrophysical plasmas are at least three-component plasmas.

Electron, ion, and cosmic ray

If one of the three plasmas has some inhomogeneities, the second term on the left hand side
does not always vanish, which has not been considered for the magnetic field generation.

Me

E — E gsnsVsVs | ¢<New battery mechanism

eQne
Ohira AplJL 2020



Physical mechanism of the Biermann battery

oV, /ot =-Vp./ p.

o

o(VxV,)/ot =-Vp . xVp./ p.?

0m®./ot

Zweibel 2013



Physical mechanism of our battery 1

Jcr = cOnst. 8pe=0, V, =V,

P = const. ‘

0p.<0, 6V.>0

>

V.=V, + 0V,

AV /ot=-V, * VV,

ol

3(VxV,)/dt=-Vx (V. * VV.)

0m,./0t



Example for a nonuniform density field

Initial condition of three plasmas
—1/2
nC:nC,(){l—i—éSin (%(:c-i-y))} ,

Np =Ne — NH 0,

PIC simulation (Ohira ApJL 2020)

np ="nn1,0,

2
Te :ﬂ)(nc.()/ne)y ::-5
Tp = ﬂ)(nc,()/nc)y 0.5
Ve =Ve 0(ne,0/Me)ex, _8.5
V,=0, -1
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The solid line shows

the analytical solution.

Analytical solution

212 mecV.2, 0t 2
B = N 2 sin (%(:c + y)) e,.




Example for a nonuniform velocity field

Initial condition of three plasmas

Ne = Ne 0,
My = Neo — Mo, PIC simulation (Ohira ApJL 2020)
Ny = Np,0,
V. = Ve,o{eX + 6 sin(zlx)ez}, . il 1.5
L F 3 ] 1
Vo= fle0 — nbOVeoé s1n(2—7rx)ez, I 0.5
Me,0 L S 0
Vo = Vb 06x - -0.5
-1
1.5
0O 10 20 30 40 50 60 p
X [C/O)pe] t [wpe ]

Analytical solution

47%mec V26t (27r )
B = ’ Sin ey
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The solid line shows
the analytical solution.




The Biermann battery induced
by the return current

ODe
ot

Ve
—I—V;°Vpe = —’ypeV-V; memm) Pe — Pe,0CXP | — o1
(Vp.,=0att=0,V.,=V,e,)

Since n, ~ n, + n¢g = constant in time, even though V p,x V n.=0 at t=0,

Vp.xV n,#0is possible att > 0.

Ve
e2ne <Z 455 Vs V. ) e

0B /0t = —cV x E , ) = constant, and V, = 0, n.=n.(x,y,z)

Ohm'slaw > E =

OB  mec ('9V62 CPeYE oV,

ot  2e ox enp, Vi, ox
Ohira (2020) in preparation




Physical mechanism of our battery 2

Vg = const.

P = const. P # const.

0p.<0, 6V_>0

0p.<0, 6V.>0

>

V.=V, + 0V,

Ve =V, o+ 0V,

V V>0 0P, <0 V * V<0 6P.>0

p. doesn’t change due to the charge neutrality.

In a region of V - V<0, electrons are compressed.

As a result, Vp, is generated and Vp, x Vp, 20



Order of magnitude estimate

oV2 CpeYt OVe
©x 7 enbe V‘/e XV ox

0B mec
ot 2e VX ox

Pop Il SN rate ~ 107/Mpc3/yr, Ecg ~ 10°% erg/SN =2 u ~ 3x10° eV/cm3 @z~20
N ~ 3x101*  /em3 @2~20

n,~107/cm3 @z~20 - V.~ (ng/n.) (Vr/c) ~0.1km/s (Ve /) @2~20

T.~ 300K @z~20 =2 V.~ 100 km/s
~ -26 2 -2
B~7.5x10°°G Ve,0.1km/s I'kpc t100Myr

B~7.5x10%G Vth,e,lOOkm/S 2 Ve,0.1km/s Lkpc-3 t100Myr2

These are sufficiently large to be the seed of the magnetic field
in current galaxies (e.g. Davis et al. 1999).



Summary

Cosmic rays and magnetic fields have important roles
in many current astrophysical systems.

When, where, how did CRs and magnetic fields start to affect?
When, where, how were first cosmic rays accelerated?

When, where, how were magnetic fields were first generated?

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

After the first CRs escape from the first SNRs, they could generate the
seed of magnetic fields in the current universe.

The electron return current generate magnetic fields
if there is an inhomogeneity.



