Acceleration and escape of first cosmic rays
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There are cosmic rays in the current universe. They play various important roles in the current
universe. However, we do not understand when, where, how cosmic rays are first accelerated
since the Big Bang. We show that supernova remnants of first stars can accelerate the first cosmic
rays at z ≈ 20. Shock waves of the first supernova remnants are nonrelativistic Weibel mediated
shock, so that the coherent length scale of magnetic field fluctuations is much smaller than the
gyroradius of the accelerated particles. Therefore, the maximum energy of the first CRs becomes
much smaller than that in the current universe, which is about 100 MeV. Furthermore, we discuss
cosmic-ray acceleration by accretion shocks due to the cosmological structure formation at z ≈ 20.
Since the accretion shocks at z ≈ 20 propagate not an ionized medium but a neutral medium, they
cannot accelerate the first cosmic rays.
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1. Introduction

2. Shock waves driven by first-star explosions
Cosmological simulations show that first stars are formed in dark matter halos with Mh ∼
M⊙ at z ≈ 20 [9]. Many theoretical studies show that the mass of the first stars becomes
heavier than 10 M⊙ [10, 11, 12]. The lifetime of the massive first stars is about Myr scale which
is much shorter than the Hubble time at the age of the Universez ≈ 20. Therefore, the first stars
gravitationally collapse, forming supernova remnants with strong shock waves at z ∼ 20. The first
stars emit a lot of ultraviolet photons until their gravitational collapse, which ionize surrounding
gas and form HII regions. Kitayama et al. (2004)[13] investigated the evolution of the HII region
formed by the first stars and showed that the number density, temperature, and ionization fraction
of the HII region are typically n ∼ 1 cm−3 , T ∼ 1 eV, and fi = 1, respectively.
Although some of the first stars may directly collapse to black holes and may not generate
strong shock wave, their envelopes are ejected by a supernova explosion after the first stars gravitationally collapse. We here consider only normal core-collapse supernovae of the first stars, and
the others are discussed in Ohira & Murase (2018) [8]. The typical expansion velocity of the ejecta
is given by
(
)1/2 (
)−1/2
Mej
ESN
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uej ≃ 4.5 × 10 cm s
,
(2.1)
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where ESN and Mej are explosion energy and ejected mass, respectively. The shock velocity of
the forward shock driven by the supernova is almost constant, ush ≈ uej , during the free expansion
phase, t ≲ tdec = (3Mej /4π mp n)1/3 /uej , where mp and n are the proton mass and number density in
the HII region. After t > tdec , the evolution of the shock velocity is given by ush ≈ uej (t/tdec )−3/5 .
1
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There are many types of nonthermal particles in the current universe. We have a lot of evidences that the nonthermal particles are accelerated in various scales from the earth to clusters of
galaxies. Cosmic rays (CRs) are one of the best examples. Since the pressure of CRs in our Galaxy
is comparable to the thermal pressure, the CRs could even affect outflow dynamics of galaxies
in the halo region, and their energy density is comparable to that of the warm-hot intergalactic
medium [1].
Many observations of supernova remnants have shown the evidence that electrons and ions
are accelerated to relativistic energies [2, 3, 4]. Recently, a CR precursor, which is a prediction of
the diffusive shock acceleration (DSA), was directly imaged [5]. Therefore, it is widely accepted
that supernova remnants are the origin of galactic CRs in the current universe and the standard
acceleration mechanism is DSA [6, 7].
However, it has not been studied when, where, and how the first CRs are accelerated since the
Big Bang. We naively expect that shock waves in early universe accelerate the first CRs because
CRs are accelerated by shock waves in the current universe. There are two energetic shock waves
in early universe, supernova blast waves of the first stars and accretion shocks associated with the
large scale structure formation. In this work, we consider particle accelerations by the two shock
waves, showing that the first CRs are provided by shock waves driven by the first star explosion at
z ≈ 20. For more detailed arguments and calculations, see Ohira & Murase (2018) [8]
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The shock waves driven by the explosion of first stars propagate to the HII region ionized by
the first stars. The shock wave becomes a collisionless shock because the dissipation mechanism
of the shock waves is not due to the Coulomb collision. We first investigate what types of collsionless shock and magnetic field turbulence are generated in the first supernova remnants. Since
the magnetic field strength in the HII region is expected to be too small to affect the collisionless
shock [14], the HII region can be treated as an unmagnetized plasma. In that case, downstream hot
plasma can leak to the shock upstream region, so that collisionless plasma instabilities are excited.

3. Shock waves associated with the cosmological structure formation at z ≈ 20
In the current universe, accretion shocks of the cosmological structure formation have been
considered as one of the high-energy accelerators in these environments [?]. Observations of the
radio relic in the cluster of galaxies show that electrons are accelerated by the accretion shocks.
However, the shock velocity of the accretion shock is expected to be slower at higher redshifts
because halo masses that can collapse at z ≈ 20 is much smaller than that in the current universe.
The velocity of the accretion shock is about the virial velocity,
ush ≈ vvir = 6.8 × 10 cm s
5

−1

(

Mh
106 M⊙

)1/3 (

1+z
21

)1/2
.

(3.1)

To accelerate CRs by the shock, about a half of matters around the accretion shock has to be ionized
[18, 19, 20, 21]. However, most of matters in the universe is not ionized at z ≈ 20. Thus, ionization
of the upstream medium is important for the particle acceleration at z ≈ 20. For the first supernova
remnant, ultraviolet photons from the first stars ionized their surrounding meida. On the other hand,
the upstream medium of the accretion shock at z ≈ 20 cannot be ionized because the shock velocity
have to be larger than about 107 cm/s to ionize the upstream medium [22]. Therefore, accretion
shocks due to the cosmological structure formation at z ≈ 20 propagate to neutral medium and
cannot accelerate the first CRs.
2
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Since unmagnetized shocks with ush ≈ 0.01c are not understood so far, we first consider evolution of two counter streaming electron-proton plasmas where the relative velocity is ush ∼ 0.01c
and the temperature of each plasma is T ∼ 1 eV. The electron two-stream or Bunemann instabilities are the most unstable mode initially. After the saturation of those instabilities, electrons are
heated to Te ∼ me u2sh , but protons are still cold [15]. Thereafter, the most unstable mode becomes
ion-ion two stream instability and protons are heated to Tp ∼ me u2sh [16]. After the saturation of
the ion-ion two stream instability, the ion acoustic instability and the ion-ion two stream instability
are stabilized, so that the ion Weibel instability becomes the most unstable mode, which generates
magnetic field fluctuations. Since most of the kinetic energy of the proton beams are not dissipated
by the early electrostatic instabilities, the ion Weibel instability mainly dissipates the proton beams.
Therefore, collisionless shocks driven by the first star explosion are nonrelativistic Weibel mediated
shocks. It has been shown by particle-in-cell simulations that relativistic Weibel mediated shocks
can accelerate particles by DSA [17]. We can naively expect that first supernova remnant shocks
can accelerate CRs at z ≈ 20.
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4. Acceleration of the first CRs by the Weibel mediated nonrelativistic shock
As discussed above, the first CRs would be accelerated by the first supernova remnants at z ≈
20. Magnetic field fluctuations, δ B, can be generated around the shock front of the first supernova
remnants by the ion Weibel instability. Recent studies for the ion Weibel instability showed that
the coherent length scale of the magnetic field fluctuations is λδ B = α c/ωpp [23], where α is a
numerical factor. The magnetic field fluctuation scatter charged particles and some of the scattered
particles are accelerated by DSA. Then, the acceleration time scale of DSA in the nonrelativistic
Weibel mediated shock is given by (for derivation, see .Ohira & Murase [8])
40π p̂7 −1
ω
8 pp
α 3 ηp2 βsh

(for nonrelativistic protons)

(4.1)

tacc,e ≈

40π p̂14/3 −1
ωpp
8
α 3 ηp2 βsh

(for relativistic electrons) ,

(4.2)

where p̂ = p/(mp c) ≪ 1 and me /mp ≪ p̂ ≪ 1 are assumed for protons and electrons, respectively.
ηp is the ratio of the CR proton energy flux to the upstream kinetic energy flux in the shock rest
frame, which is expected to be about 0.1 in the current universe.
The first CRs are most efficiently accelerated during the free expansion phase t ≲ tdec because
the acceleration time scale strongly depends on the shock velocity, tacc ∝ u−8
sh . The time-limited
maximum energy is almost the same as the size-limited maximum energy for the case of supernova
remnants at t = tdec [24, 25]. The maximum energies at the deceleration time are given by
dec
Emax,p
dec
Emax,e

)(
( α )6/7 ( η )4/7 ( M )−19/21 ( E
n )1/21
p
ej
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≃ 110 MeV
, (4.3)
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After the deceleration time, the shock velocity decreases with time, so that the size or time-limited
maximum energy decreases with time,
dec
Emax,p = Emax,p
(t/tdec )−38/35 ,

(4.5)

dec
Emax,e = Emax,e
(t/tdec )−57/70 .

(4.6)

For the parameters adopted at Eqs. (4.3) and (4.4), after t = tc ≃ 29 tdec , the maximum energy
of protons is limited by the Coulomb loss and the maximum energy at t = tc becomes Emax,p ∼
2.9 MeV. Therefore, the first supernova remnants can scatter CR protons in the energy ranges
3 MeV ≲ E ≲ 100 MeV to the intergalactic medium.

5. Summary
We studied the acceleration and escape of the first CRs in this work. Our results can be summarized as follows: 1) The first CRs can be accelerated by the first supernova remnants driven by
the explosion of first stars at z ≈ 20. 2) The first CRs are accelerated by DSA in the nonrelativistic
Weibel mediated shocks. 3) The maximum energy of the first CRs is about 100 MeV. 4) The first
3
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tacc,p ≈
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CR protons with energies larger than a few MeV can escape from the first supernova remnants.
5) Accretion shocks of the cosmological structure formation at z ≈ 20 cannot accelerate particles
because the shocks propagate in neutral media.
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