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We investigate a novel collisionless shock jump condition that constrains the cosmic-ray (CR)
energy density. The injection process and the subsequent acceleration of CRs in the SNR shocks
are closely related to the formation process of the collisionless shocks. The shock formation is
caused by wave-particle interactions. Since the wave-particle interactions result in the energy
exchange between electromagnetic fields and charged particles, the randomization of particles
around the shock may occur at the rate given by the scalar product of the electric field and current.
The randomization can be quantified by the entropy production. We find that order-of-magnitude
estimates of the entropy production with reasonable strength of the electromagnetic fields in the
SNR constrain the amount of the CR nuclei and ion temperatures. The constrained amount of the
CR nuclei can be sufficient to explain the Galactic CRs. The ion temperature becomes half of the
case without CRs. Future observations by XRISM and Athena can distinguish whether the SNR
shock accelerates the CRs or not from the ion temperature observations.

38th International Cosmic Ray Conference (ICRC2023)
26 July - 3 August, 2023
Nagoya, Japan

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:jshimoda@icrr.u-tokyo.ac.jp
https://pos.sissa.it/


P
o
S
(
I
C
R
C
2
0
2
3
)
0
5
2

Ion Heating Mechanism & CR Production in Collisionless Shocks Jiro Shimoda

1. Introduction

Collisionless shocks of supernova remnants (SNRs) are invoked as the main sources of the
Galactic cosmic rays (CRs). However, the production process of CRs is still an open question
despite numerous studies reported. The amount of CRs in the shock is related to the thermal energy,
i.e., the ion temperature. Once we determine the downstream ion temperature, we can derive the
CR amount from the shock energy budget arguments. We recently proposed a novel collisionless
shock model in which the ion temperatures are estimated by modeling the entropy production at the
shock transition [1]. We review the model in this paper.

2. Model

In this model, we assume that a part of shock kinetic energy is consumed for the generation of
the CRs and the amplification of the magnetic field. The generated magnetic field is assumed to
be disturbed (not an ordered field). In this model, we consider the randomization of the particles
incoming from the far upstream region at the shock transition region. The randomization is
quantified by the entropy. We consider the parallel shock or the case of negligibly small magnetic
field strength at the far upstream region.

Conservation laws of total mass and momentum flux can be written as

d0E0 = d2E2, (1)

d0E0
2 + %0 + �esc = d2E2

2 + %2 +
X�2

4c
+ %cr, (2)

where the symbols d, %, and E have their usual meaning. The generated (turbulent) magnetic-
field strength is X�. We regard that the field with X� has a coherent length scale (injection scale
of turbulence) much larger than the Larmor radius of the thermal particles with a velocity of
∼ E0 and that the turbulence cascades to the smaller scale. The disturbances associated with the
field are assumed to randomize the thermal particles by the wave-particle interactions. The net
momentum flux of escaping CRs is �esc . d0E0

3/32 which is negligibly small (�esc = 0). From
these conservation laws, we can derive the relation between the compression ratio A2 ≡ d2/d0 and
the jump of pressure (internal energy) G2 ≡ %2/%0 = Y2/Y0 as

A2 =

[
1 + 1 − G2

WMs2 − bB − bcr

]−1
, (3)

or

G2, 9 = 1 + WMs
2
(
1 − 1

A2
− bB − bcr

)
, (4)

where bB ≡ X�2/(4cd0E0
2), bcr ≡ %cr/(d0E0

2), andMs = E0/
√
W%0/d0 is the sonic Mach number.

Thus, once another relation between A2 and G2, 9 is found, we can derive the shock jump condition
with given bB and bcr. In this model, the entropy production of the thermal particles is modeled
explicitly that determines the fraction of downstream thermal energy. If the thermal energy fraction
is smaller than the incoming kinetic energy upstream, the remaining energy is regarded to be
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consumed for the nonthermal components (bcr and bB). Note that in the collisional, adiabatic shock,
especially the strong shock limit, we can derive the downstream temperature as :)2 = (3/16)<̄E0

2

or (3/2):)2 = (1/2)<̄E′0
2, where <̄ is the mean molecular mass and E′0 is the upstream velocity

measured at the downstream rest. This relation indicates that the coherent upstream motion of each
particles in the fluid is completely randomized at the downstream region due to the particle-particle
collisions, corresponding to themaximum entropy production. In ourmodel, the entropy production
is not enough, and therefore a part of shock kinetic energy can be divided into X� and %cr.

The entropy per unit mass is defined as

3B =
1
"

3&̃

:)
, (5)

where " is the mass of fluid parcel and 3&̃ is the energy transferred from electromagnetic fields
to the internal energy due to the shock transition. Note that 3&̃ = 3* + %3+ indicates only the
increment of the internal energy rather than the total kinetic energy of the thermal particles (a sum
of the bulk motion and the random motion). Substituting 3&̃ = 3* + %3+ to the equation (5), and
using the relation of 3Y = 3 (d4) = 43d + d34, where 4 ≡ */" , we can derive the change of the
internal energy per unit volume as

3Y

Y
= W

3d

d
+ (W − 1)<̄3B. (6)

Note that we have presumed that # 9 is constant during the shock transition. Thus, we obtain the
entropy jump before and after the shock transition, ΔB = B2 − B0 as

(W − 1) <̄ΔB = ln
(
Y2
Y0

)
− W ln

(
d2
d0

)
= ln G2 − W ln A2 . (7)

Then, the jump conditions are derived by estimating ΔB independently from the equation (7). Since
the SNR shock is expected to be formed by the wave-particle interactions, the transferred energy
in total Δ&̃ may be around ∼ P · KΔC, where P is the electric current of species 9 . The electric
field measured in the comoving frame of the ions is K. ΔC is a time taking the shock transition. We
estimate each value as � ∼ @# 〈Ẽ〉, � ≡ |K | ∼ (〈Ẽ〉/2)X�, and ΔC ∼ <2/@X�, where @ is the typical
electric charge of the particles in the fluid, and 〈Ẽ〉 = E0 +

√
2:)0/<̄ is the mean kinetic velocity,

respectively. The transition time scale is assumed to be comparable with an inverse of the cyclotron
frequency. In a hybrid simulation solving the particle acceleration (e.g., [2]), the shock jump seems
to occur at a very small length scale despite a significant amplification of turbulent magnetic fields
at the ‘upstream’ region (it may correspond to a shock precursor region in our situation). We regard
that the randomization of particles resulting in the shock transition mainly occurs at such a very
small length scale. Thus, we assume the entropy production due to the shock transition as

ΔB =
1
"

��ΔC

:)
=

1
"

@# 〈Ẽ〉
:)2

〈Ẽ〉
2
X�

<̄2

@X�
=
〈Ẽ〉2
:)0

A2

G2
, (8)

where we suppose ) ∼ )2. Substituting the equition (8) to the equation (7), we obtain the relation
between A2 and G2 as

5 ≡ G2
A2
[ln G2 − W ln A2] − W (W − 1)

(
〈Ẽ〉
E0

)2
Ms

2 = 0. (9)
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We solve this equation setting %cr, X� andMs = E0/
√
W%0/d0 with the equation (3) to derive G2 in

the case of the proton by regarding that the most abundant ions form the shock structure. Then, the
compression ratio A2 is derived from the equation (3) by using the derived G2 . When we specify the
energy flux conservation laws of CRs and X�, the collisoinless shock is fully described. However,
the diffusion coefficient of CRs, the magnetic field amplification, and their relation have not been
understood yet (e.g.,[3–5]). In this paper, we consider the most efficiently accelerating CR shock
feasible in which all of CRs is confined around the shock (there is no escaping CRs). In such a
situation, the CR pressure is a practical function of X� because of the energy budget of the shock.
The upstream kinetic energy is divided into the thermal energy, the magnetic field, and the CRs.
The fraction of the thermal energy is given by the entropy production. The fraction of the magnetic
field is treated as a free parameter. Thus, the remaining energy is divided into the CRs.

3. Results and Discussion
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Figure 1: Solutions of 5 = 0 with fixed 1/
√
bB = 3 andMs = 197 for the proton (<̄ = <p). The horizontal

axis shows the CR fraction bcr and the vertical axis shows the pressure jump Gc/Ms
2. The color indicates

the compression ratio A2 . This figure is taken from [1].

Figure 1 shows the sets of bcr, G2 , and A2 satisfying 5 = 0. The function 5 (G2) shows two
solutions for a given X� depending on %cr. The one solution describes the allowed shock jump and
the other describe the energy gain: Let us consider the solutions around bcr = 0 for simplicity. We
will refer to the solution giving G2/Ms

2 ≈ 0.17 and A2 ≈ 1.27 as ‘solution A’, while we will refer to
the other solution giving G2/Ms

2 ≈ 1.28 and A2 ≈ 8.31 as ‘solution B’. The resultant temperature
()2/)0 = G2/A2 ≈ 0.1<E0

2/W:)0) is almost the same as each other because each solution is derived
from the same Δ&̃. This means that the speed of particles’ random motion is almost the same as
each solution. On the other hand, the difference in the compression ratios indicates that the speed
of particles’ bulk motion is significantly different from each other. In a collisional shock in the
strong shock limit, the downstream temperature satisfies (3/2):)2 = <E

′
0

2/2. This might mean
that since our shock consumes its energy for the generation of the nonthermal components, the
random motion speed measured in the downstream rest frame Ẽ′R ≡

√
3:)9 ,2/< 9 should be equal

or smaller than E′0 = E0 − E2 for the solution representing the shock transition (i.e. Ẽ′R/E
′
0 ≤ 1).

Solution A gives the speed as Ẽ′R/E
′
0 ' 2.3, while solution B gives Ẽ′R/E

′
0 ' 0.6. Hence, solution B
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may correspond to the shock transition. Solution A should be rejected because it does not satisfy
the energy flux conservation law.

When bcr becomes large, the two solutions approach with each other, coinciding at bcr ' 0.3
(multiple roots), and finally, the solution vanishes. The multiple roots (bcr = 0.3) give Ẽ′R/E

′
0 ' 0.7

and ΔB 9/ΔB 9 ,ncr ' 0.93. Thus, the multiple roots may represent the shock transition giving the
maximum %cr feasible in our shock model. In this article, we set the maximum bcr to compare the
no CR cases with the case of extremely efficient CR acceleration. The maximum bcr is derived from
the multiple roots of 5 = 0 with given bB.

For the case of E0 = 4000 km s−1 and )0 = 3 × 104 K with given 1/
√
bB = 3, we obtain the

maximum acceptable CR production bcr ' 0.3, A2 ' 3.29, and :)p,2 ' 14.4 keV. Note that in the
usual collisional shock case, we obtain A2 = 4.00 and :)p,2 = 31.3 keV. The prediction of such
smaller ion temperature can be tested by future X-ray observations such asXRISM [6] andAthena [7]
(see, [1] for details). The fraction of the CRs bcr = 0.3 seems to be reasonable for the SNR shocks
as sources of Galactic CRs. From the subtraction of the energy fluxes of the thermal particles
at the far upstream and downstream, we can regard that roughly 50 % of the upstream energy
flux is transferred to the nonthermal components. The fraction of magnetic pressure 1/

√
bB = 3

corresponds to magnetic-field strength of X� ' 611 `� (E0/4000 km s−1) (=p,0/1 cm−3)1/2 which
is consistent with estimated strength from X-ray observations of young SNRs (e.g., [8–10]). Thus,
our parameter choice of 1/

√
bB = 3 can be reasonable to adopt our model to the young SNR shocks.

References

[1] J. Shimoda, Y. Ohira, A. Bamba, Y. Terada, R. Yamazaki, T. Inoue et al., X-ray line
diagnostics of ion temperature at cosmic ray accelerating collisionless shocks, PASJ (2022) .

[2] Y. Ohira, Magnetic Field Amplification by Collisionless Shocks in Partially Ionized Plasmas,
ApJ 817 (2016) 137 [1512.04167].

[3] Y. Ohira and F. Takahara, Oblique Ion Two-Stream Instability in the Foot Region of a
Collisionless Shock, ApJ 688 (2008) 320 [0808.3195].

[4] J.M. Laming, U. Hwang, P. Ghavamian and C. Rakowski, Electron Heating, Magnetic Field
Amplification, and Cosmic-Ray Precursor Length at Supernova Remnant Shocks, ApJ 790
(2014) 11 [1405.7332].

[5] D. Caprioli, Particle Acceleration at Shocks: An Introduction, arXiv e-prints (2023)
arXiv:2307.00284 [2307.00284].

[6] M. Tashiro, H. Maejima, K. Toda, R. Kelley, L. Reichenthal, L. Hartz et al., Status of x-ray
imaging and spectroscopy mission (XRISM), in Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, vol. 11444 of Society of Photo-Optical Instrumentation
Engineers (SPIE) Conference Series, p. 1144422, Dec., 2020, DOI.

[7] D. Barret, T. Lam Trong, J.-W. den Herder, L. Piro, M. Cappi, J. Houvelin et al., The
ATHENA X-ray Integral Field Unit (X-IFU), in Space Telescopes and Instrumentation 2018:

5

https://doi.org/10.3847/0004-637X/817/2/137
https://arxiv.org/abs/1512.04167
https://doi.org/10.1086/592182
https://arxiv.org/abs/0808.3195
https://doi.org/10.1088/0004-637X/790/1/11
https://doi.org/10.1088/0004-637X/790/1/11
https://arxiv.org/abs/1405.7332
https://doi.org/10.48550/arXiv.2307.00284
https://doi.org/10.48550/arXiv.2307.00284
https://arxiv.org/abs/2307.00284
https://doi.org/10.1117/12.2565812


P
o
S
(
I
C
R
C
2
0
2
3
)
0
5
2

Ion Heating Mechanism & CR Production in Collisionless Shocks Jiro Shimoda

Ultraviolet to Gamma Ray, J.-W.A. den Herder, S. Nikzad and K. Nakazawa, eds., vol. 10699
of Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series,
p. 106991G, July, 2018, DOI [1807.06092].

[8] J. Vink and J.M. Laming, On the Magnetic Fields and Particle Acceleration in Cassiopeia A,
ApJ 584 (2003) 758 [astro-ph/0210669].

[9] A. Bamba, R. Yamazaki, T. Yoshida, T. Terasawa and K. Koyama, A Spatial and Spectral
Study of Nonthermal Filaments in Historical Supernova Remnants: Observational Results
with Chandra, ApJ 621 (2005) 793 [astro-ph/0411326].

[10] Y. Uchiyama, F.A. Aharonian, T. Tanaka, T. Takahashi and Y. Maeda, Extremely fast
acceleration of cosmic rays in a supernova remnant, Nature 449 (2007) 576.

6

https://doi.org/10.1117/12.2312409
https://arxiv.org/abs/1807.06092
https://doi.org/10.1086/345832
https://arxiv.org/abs/astro-ph/0210669
https://doi.org/10.1086/427620
https://arxiv.org/abs/astro-ph/0411326
https://doi.org/10.1038/nature06210


P
o
S
(
I
C
R
C
2
0
2
3
)
0
5
2

Ion Heating Mechanism & CR Production in Collisionless Shocks Jiro Shimoda

Full Authors List: Collaboration
0Jiro Shimoda 1Yutaka Ohira 2,3Aya Bamba 4, 5 Yukikatsu Terada 6,ℎRyo Yamazak 8Tsuyoshi Inoue 6, 9Shuta J. Tanaka

0Institute for Cosmic Ray Research, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8582, Japan. 1Department of
Earth and Planetary Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 2Department of Physics,
Graduate School of Science, the University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 3Research Center for the
Early Universe, School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 4Graduate School of
Science and Engineering, Saitama University, 255 Shimo-Ohkubo, Saitama, 338-8570, Japan. 5 Institute of Space and Astronautical
Science, Japan Aerospace Exploration Agency,3-1-1 Yoshinodai, Chuo, Sagamihara, Kanagawa, 252-5210, Japan. 6Department of
Physical Sciences, Aoyama Gakuin University, 5-10-1 Fuchinobe, Sagamihara 252-5258, Japan. ℎInstitute of Laser Engineering, Osaka
University, 2-6 Yamadaoka, Suita, Osaka 565-0871, Japan. 8Department of Physics, Konan University, Okamoto 8-9-1, Kobe, Japan.
9Graduate School of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka, 565-0871, Japan.

7


	Introduction
	Model
	Results and Discussion

