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Collisionless shocks in space

• Cosmic shocks are in most cases collisionless 
• structure and particle acceleration at such 

shocks involve complex kinetic plasma 
processes, well beyond MHD description 

• radiation emission is governed by the efficiency 
of CR acceleration, that is determined by the 
injection processes 

White – optical (Hubble)!
Blue – X-ray (Chandra) !
Red – radio (VLA) !

MA =
vsh
vA

Ms =
vsh
cs

Alfvenic Mach number:

Sonic Mach number:

Plasma beta: � = pth/pmag

vA =
B0p

µ0(Neme +Nimi)

cs =
p

2�kBTi/mi

SN 1006 (X-ray, Chandra) 



• Fully self-consistent description of collisionless plasma:
- Vlasov equation (kinetic theory; time evolution of particle distribution function f(x,v,t)  

in phase-space) + Maxwell’s equations

• Particle-In-Cell modeling - an ab-initio method of Vlasov equation solution through:
- integration of Maxwell’s equations on a numerical grid
- integration of relativistic particle equations of motion in collective self-consistent EM field  
 
 

 
 

 
 
 
 
 
 
 
 
 
 

Particle distribution function represented by macroparticles on a numerical grid.  
(Macroparticles represent a small volume of particle phase-space; equations of motion as for realistic particles)

Method of Particle-In-Cell Simulations



Shock obliquity

Particle acceleration  
at nonrelativistic shocks

• Particle acceleration at collisionless 
shocks depends on plasma parameters 
(sonic and Alfvenic Mach number, plasma 
beta, shock speed, shock obliquity,…) 

• Most studies up to now concern low beta 
(𝜷 <1) shocks (Earth’s bow shock, 
interplanetary shocks, SNR shocks) 

• Emerging picture: 
• supercritical shocks - reflected ions 

drive plasma instabilities upstream 
• efficient proton acceleration at quasi-

parallel (QII) shocks 
• efficient electron acceleration at quasi-

perpendicular (Q⟂) shocks   

vsh/c ⌧ 1
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Selected topics:
• Magnetic field amplification at high Mach number shocks (SNRs, planetary bow 

shocks) Ms > 10, MA >10, 𝜷 ~1 

• Electron heating in high Mach number shocks 

• Short review of proton and electron acceleration in low Mach number shocks 
propagating in high-beta plasmas (galaxy cluster shocks): Ms < 5, MA <10, 𝜷 >>1  

• Electron injection in low Ms shocks with multi-scale turbulence



Microstructure of a quasi-perpendicular high Mach number shock
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Buneman instability
(shock surfing acc.) 

Weibel instability
Magnetic reconnection

Downstream  | Overshoot |              Ramp              |             Foot             |    Upstream

Microstructure of a quasi-perpendicular high Mach number shock



MA =  23 - 150
βe =  0.0005 , 0.5

V0         =  0.2c
mi/me = 50 - 400

MA ≈  5 - 200
βe ≈  0.01 – 1

V0         ≈  500 km/s ≈ 0.0017c 
mi/me = 1836

Simulation parameters Saturn's bow shock



Magnetic field amplification 
Bohdan et al., Phys. Rev. Lett. 126, 095101 (2021) 



Saturn’s bow shock: in-situ measurements of magnetic field

• strong correlation between Bmax/B0 
and MA 

• Leroy’s model (Leroy 1983) - based 
on plasma compression only. Multi-
dimensional effects not accounted 
for  

• PIC simulations, in-situ 
measurements (Sundberg 2017) and 
laboratory experiments (Fiuza 2020) 
suggest that high-MA shocks are 
Weibel-instability mediated



• density compression does not follow 
Leroy’s model 

• extra magnetic field: 

• If Bex=1, then magnetic field 
amplified due to plasma 
compression only 

• Bx and Bz components amplified 
due to the Weibel instability 

Density and magnetic field profiles (MA=32)

Bex,l =
|Bl|
|B0|

|N0|
|Ni|

, l = x, y, z
<latexit sha1_base64="B3GBKtIkk849H9RkjVBUz8FebCw="></latexit>



The magnetic field strength:

The magnetic field energy:

Does not depend on mass ratio and 
the upstream plasma beta.

Magnetic field strength and energy



The Weibel instability growth rate

• linear analysis for the parameters at 
the shock ramp 

• growth rate of the most unstable 
Weibel mode 

�max

!pi
/ vsh or

�max

⌦i
/ MA
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In-situ measurements 

PIC simulation data

Leroy’s model

New model

Magnetic field amplification: in-situ vs. PIC



Electron heating 
Bohdan et al., ApJ 904, 12 (2020) 



A part of the upstream kinetic energy is 
converted to the thermal particle energy.
Rankine-Hugoniot relations read (Гp=5/3):

ρ1/ρ2 ≈ 4

T2/T1 = 5 /16 Ms
2

If there is no energy exchange between ions and 
electrons then

T2,e/T2,i = me/mi

Observed temperature ratio: T2,e/T2,i ≈ 0.03 - 0.5

Saturn’s bow 
shock
(Masters 2011)

SNR shocks
(val Adelsberg 2008)

Electron heating in high Mach number shocks 



The downstream electron energy εe ≈ (0.1-0.2)⋅mi vsh
2 and can be 

expressed as 

Three stages of modeling:

1. Find all heating processes
Shock structure knowledge, individual and collective particle tracing analysis

2. Determine scaling properties: 
Physics of plasma instabilities, individual and collective particle tracing analysis

3. Calculation of efficiency coefficients using simulation data:
Energy history of particle sets

Electron heating model 



1. Shock-surfing acceleration (SSA) (Shimada 2001)

2. The shock potential (reflects ions, heats electrons)

3. Magnetic reconnection (Matsumoto 2015)

4. Stochastic Fermi acceleration (Bohdan 2017,. Matsumoto 2017)

5. Adiabatic heating (compression matters)

Electron heating processes 



MA > 20 

θBn> 45o

The Saturn’s bow shock (Masters 2011) SNR shocks (van Adelsberg 2008)

Te/Ti∝ v-2
sh is not expected

Electron heating: in-situ and observations vs. PIC



Proton acceleration



2

FIG. 1: (color online) Proton (a) and electron (b) x − px
phase space distributions for f(px), density profile (c), and
transverse magnetic field (d) at t = 4.6× 105ω−1

pe for a shock
with vu = 0.1c, ϑ = 30◦, and mp/me = 100. Energetic
protons and electrons diffuse ahead of the shock, amplifying
the upstream magnetic field.

fore, the shock is modeled in the downstream frame. The
computational box is 1D along x, with all components of
fields and velocities retained. In order to save computa-
tional resources, the box is enlarged to ∼ 4 × 105 cells
by expanding the right boundary as simulation proceeds.
The resolution is 10 cells per electron skin depth c/ωpe,
where c is the speed of light and ωpe =

√

4πne2/me is
the electron plasma frequency (e and n being the elec-
tric charge and number density); the time step is ∆t =
0.045ω−1

pe . We use 200 particles per cell per species, with
a reduced proton-to-electron mass ratio mp/me = 100.
Electrons and protons are initially in thermal equilib-
rium, i.e., Te = Tp = 1.12×10−3mec2 = 1.12×10−3mpv2u,
and vu = 0.1c. The sonic and Alfvénic Mach numbers are
Ms ≡ vsh/

√

Tp/mp = 40 and MA ≡ vsh/vA = 20, where
vsh ≡ vur/(r−1) is the upstream flow speed in the shock
rest frame and vA ≡ B1/

√

4πnmp is the Alfvén speed in
the initial magnetic field B1 = B1(cosϑx+ sinϑy), with
ϑ = 30◦. To improve performance, we also implemented
dynamical load balancing that repartitions the domain
and particles amongst CPUs to even out the load.
Bell Instability.— Fig. 1 shows the proton (a) and the

electron (b) x− px phase space distribution for f(px) at
the end of our simulation at t ≃ 4.6× 105ω−1

pe ≈ 310Ω−1
cp ,

where Ωcp ≡ eB1/mpc is the proton cyclotron frequency.
The streaming energetic protons and electrons are promi-
nent in the upstream region (x > 1.55 × 104c/ωpe).
The density is compressed by the expected factor of

FIG. 2: (color online) (a) Spectral distribution of the per-
pendicular magnetic field, δB⊥/B1, in the shock precursor.
(b) Polarization angle χ(k), where χ = +(−)45◦ corresponds
to right-(left-)handed circularly polarized modes. The red
dashed line indicates the inverse of the mean CR gyro-radius.

4 at the shock (Fig. 1c). The super-Alfvénic stream-
ing of energetic protons excites magnetic turbulence in
the upstream via the fast non-resonant (Bell) instabil-
ity [14]. Fig. 1(d) shows the self-generated magnetic
field, i.e., the field component δB⊥ transverse to B1:
the magnetic field is amplified by a factor of ∼ 2 in a
region of width ∼ 5 × 103c/ωpe upstream of the shock
(shock precursor), in agreement with the saturation level
δB⊥/B1 ∼ MA

√

ηvsh/c of the Bell instability [e.g., 17].

To assess the nature of the excited modes, we per-
formed Fourier analysis of δB⊥ in the precursor (Fig. 2a),
finding that the wave spectral energy density peaks
at wavenumber kmax = 4 × 10−3ωpe/c > kres, where
kres ≡ 1/ρCR ≃ 1.1 × 10−3ωpe/c is the wavenumber res-
onant with protons that contribute to the CR current
(red dashed line in Fig. 2a). More precisely, the rele-
vant CR gyroradius, ρCR, is calculated by averaging over
the distribution of non-thermal protons in the far up-
stream (x > 3 × 104c/ωpe), where the Bell instability
is triggered [4]. Fig. 2(b) shows the polarization angle
χ ≡ sin−1(V/I)/2, where I and V are the Stokes pa-
rameters [18] for the two transverse magnetic field com-
ponents in k-space. Since χ = +(−)45◦ corresponds to
a right-(left-)handed circularly polarized waves, we con-
clude that modes with k = kmax are indeed non-resonant
Bell modes, while the mode at k = 1/ρCR is the resonant
left-handed proton-cyclotron mode. We note that short-
wavelength, right-handed Bell modes are ineffective at
disrupting the proton current, which allows the gener-
ated turbulence to grow to nonlinear levels [4], but very
effective at scattering electrons, which can easily meet
the cyclotron resonance criterion kmaxρe ∼ 1.

Proton and Electron Acceleration.— In order to illus-
trate how protons and electrons achieve non-thermal en-
ergies, we tracked individual particles along their space-
time trajectories. In Fig. 3, we follow two protons

3

FIG. 3: (color online) Trajectories of individual protons (a-d)
and electrons (e-h) in the x − t and x − p spaces (left and
right columns). The gray-scale colormap and the color code
indicate the amplified magnetic field δB⊥/B1 and time, as in
the legends.

(a-d) and two electrons (e-h) over the time interval
3.4 × 105 < ωpet < 4.4 × 105. Left panels show parti-
cle trajectories in the x − t plane (color lines), on top
of the map of amplified magnetic field, δB⊥/B1 (grey
scale), while right panels illustrate the momentum evo-
lution along the particle trajectories; positions are in the
shock rest frame, and p is calculated in the simulation
frame. Panels (a-b) depict a proton with initial momen-
tum p = 10mec(= 0.1mpc = mpvu) that encounters the
shock at t ≈ 3.62× 105ω−1

pe , gains energy in a few gyro-
cycles of SDA around t ≈ 3.7×105ω−1

pe , and finally enters
DSA at t ≈ 3.9 × 105ω−1

pe ; when the proton is injected
into DSA, its momentum is pinj ≈ 3mpvu = 30mec, con-
sistent with the model of injection from hybrid simula-
tions in Ref. [6]. In Fig. 3(c-d), a proton which has al-
ready been injected is shown to cross the shock several
times and gains energy by undergoing head-on collisions
against upstream waves (since the simulation frame is the
downstream frame, post-shock reflections do not increase
particle energy); its diffusion length, i.e., the maximum
displacement from the shock, is now larger than its gy-

FIG. 4: (color online) Evolution of the downstream momen-
tum distributions for (a) protons and (b) electrons. The
dashed lines represent thermal Maxwellian distributions.

roradius.

Electron acceleration proceeds in a different way. In
Fig. 3(e-f) we follow an initially cold electron that, af-
ter being reflected off the shock at t ≈ 3.65 × 105ω−1

pe

because of magnetic mirroring [e.g., 19, 20], remains
trapped between the shock front and the nearest up-
stream wave until t ≈ 4.25 × 105ω−1

pe . At each inter-
action with the shock, the electron may undergo a new
cycle of SDA, which results in vigorous energy gain. This
hybrid (SDA+scattering on Bell waves) acceleration pro-
cess is rather fast: in less than 8 × 104ω−1

pe ≃ 50Ω−1
cp

electrons increased their energy by a factor of more than
104 (from 5 × 10−3mec2 to 60mec2). Guo et al. studied
the physics of a similar process for quasiperpendicular
shocks [§4.2.3 in Ref. 12], in which the upstream con-
finement is provided by electron-induced firehose modes
[13] rather than by proton-induced Bell modes. In our
longer simulations, we find that this hybrid acceleration
transitions to standard DSA when the electron achieves
a momentum pinj ∼ 50mec (Fig. 3g,h). Note that in this
stage electrons diffuse into the upstream for more than
one gyro-radius, gaining energy when they reverse their
motion and not at the shock transition. From other elec-
tron trajectories (not shown here), we observe that the
typical momentum needed for injection into DSA spans
the range p ≈ 30− 100mec, comparable with the typical
proton injection momentum p ≈ 3mpvu = 30mec [6].

Proton and Electron Spectra.— Fig. 4 shows the time
evolution of the proton and electron momentum distri-
butions in a region 2000c/ωpe behind the shock, multi-
plied by p4 to emphasize the scaling with the expected
universal DSA spectrum at strong shocks. The dashed
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• ion and electron streaming upstream 
• nonresonant (Bell) instability excited  

(ion-induced short-scale waves, krgi≫1). 
• ion acceleration: SDA ⟶ DSA 
• electron acceleration: SDA + scattering on Bell 

waves (rgekmax~1) ⟶ DSA (?) 

SDA

DSA

DSA

SDA

SDA

scattering

scattering

1D3V, MA=20, Ms=40, 𝜗=30o, mi/me=100, v0=0.1c; Park et al. 2015 Quasi-parallel shock



Proton acceleration in low Ms high beta QII shocks

2D3V, MA~18-36, Ms=2-4, 𝜗=13o, mi/me=100, 
v0=0.027c-0.067c, 𝛽=(30)-100; Ha et al. 2019

• only shocks with Ms > Ms*~2.25 are 
supercritical and can accelerate protons 

• proton injection proceeds like in low-beta 
shocks for Ms > Ms* (no electron 
acceleration observed) 

• Proton injection fraction decreases in time 

2.1. Hybrid Simulations

As discussed in Section 1, the injection and acceleration of
protons at b » Q1 &-shocks with Ms6.3 were studied
extensively through 2D hybrid simulations (CS14a; CPS15).
A small fraction of incoming protons can be injected to DSA
after undergoing two to three cycles of SDA, followed by
reflection off the shock potential drop. In addition, at low-β
(β1) shocks, the proton reflection can be facilitated by the
magnetic mirror force due to the compression of locally
perpendicular magnetic fields in upstream MHD turbulence,
which are self-excited by back-streaming protons (e.g.,
Sundberg et al. 2016).

The efficiency of proton injection could be quantitatively
different at weak ICM shocks with β∼100, because the shock
potential drop is smaller at lower Ms shocks and the magnetic
mirror force is weaker in higher-β plasmas. Caprioli &
Spitkovsky (2014b, hereafter CS14b), on the other hand,
showed that the magnetic field amplification due to resonant
and nonresonant streaming instabilities increases with the
Alfvén Mach number, b»M MA

1 2
s. Hence, the level of

upstream turbulence is expected to be higher for higher-β
shocks at a given Ms. Therefore, higher β could have two
opposite effects on the efficiency of proton injection, i.e.,
weaker magnetic mirror but stronger turbulence in the
foreshock. Unfortunately, so far hybrid simulations for high-
β (β?1) shocks have not been published in the literature yet.

CPS15 suggested that the proton injection at weak shocks
may be different from their findings for strong shocks in the
following senses: (1) the overshoot in the shock potential is
smaller at weaker shocks, leading to a smaller reflection
fraction at each confrontation with the shock; (2) the fractional
energy gain at each SDA cycle is smaller, so more SDA cycles
are required for injection; and (3) the levels of turbulence and
magnetic field amplification are weaker. As a result, the proton
injection and acceleration efficiencies should be smaller at
weaker shocks. According to Figure 3 of CS14a, for the
Ms≈6.3 shock (M=5 in their definition), the DSA efficiency
is η≈0.036, so a smaller η is expected for ICM shocks with
Ms4.

Moreover, CS14b showed in their Figure 9 that the
normalization (amplitude) of postshock fCR decreases as
p tmax ( ) increases with time. We interpret that this trend is

caused by the increase in the number of SDA cycles required
for injection to DSA, because the subshock weakens gradually
due to the CR feedback, and so the energy gain per SDA cycle
is reduced. Considering that the ratio of p pmax th,p reaches only
to ∼30 in these hybrid simulations, the normalization of fCR
may continue to decrease as the CR spectrum extends to the
relativistic region with p m c 1max p � .

2.2. Particle-in-cell Simulations

HRKM18 explored for the first time the criticality of high-
bQ& shocks and showed that protons can be injected to DSA
and accelerated to become CRs only at supercritical shocks
with 2M 2.25s . Figure 7 of HRKM18 showed that the shock
criticality does not sensitively depend on m mi e and numerical
resolution, but the acceleration rate depends slightly on β. As
mentioned before, turbulence is excited more strongly for
higher-β cases due to higher MA. But the reflection fraction is
smaller for higher β due to weaker magnetic mirror forces,
leading to lower reflection fraction and lower amplitude of fCR
near p inj.
In order to get a glimpse of the long-term evolution of the CR

proton spectrum, we extend the 1D PIC simulation reported
in HRKM18 fromW =t 90ci end to 270 for the model ofMs=3.2,
q = n13Bn , mi/me=100, β=100, and T1=8.6 keV (108 K).
Details of numerical and model setups can be found in HRKM18
(see their Table 1). The main change is that a different computation
domain, = ´L L c w, 3 10 , 1x y

4
pe

2[ ] [ ] ( ) , is adopted here in
order to accommodate the longer simulation time. Because of
severe computational requirements, in practice, it is difficult to
extend this kind of PIC simulation to a much larger box for a much
longer duration. In this simulation the average velocity of ions is

18.36 times higher than that of real protons for the given
temperature.
Figure 1 shows the time evolution of the postshock energy

spectra of ions, dN/dγ (where γ is the Lorentz factor), and the
injection fraction, ξ(t) (see Equation (11) of HRKM18). We
adopt the simulation data of HRKM18 for W »t 94ci (red),
while the data from the new extended simulation are used for
W »t 240ci (blue). The region of (1.5–2.5) rL, i behind the
shock is included, where rL, i is the ion Larmor radius defined
with the incoming flow speed. Note that the spectrum near the

Figure 1. (a) Postshock energy spectrum, dN/dγ, of ions with mi=100me, taken from PIC simulations for the ICM shock ofMs=3.2 with θBn=13°, β=100, and
T1=8.6 keV (108 K). For W »t 94ci (red), the simulation data reported in HRKM18 are adopted, while for W »t 240ci (blue), those from the new extended
simulation described in Section 2.2 are used. The red and blue dashed lines show the fits for the respective spectra (solid lines) to Maxwellian and test-particle power-
law forms. The vertical dotted magenta line marks the injection energy, γinj, where the two fitting forms cross each other. (b) Time evolution of the injection fraction ξ
(t), calculated with the postshock energy spectra for the shock model shown in panel (a). The red and blue arrows denote the points for Ωcit≈94 and 240,
respectively.

3

The Astrophysical Journal, 883:60 (7pp), 2019 September 20 Ryu, Kang, & Ha

⇠ =
4⇡

N2

Z pmax

pmin

hf(p)i p2dp
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Proton acceleration in low Ms high beta QII shocks
• cosmological structure formation simulations adopting Ha et al. 2019a 

results show that only ~30% of cluster shocks is QII, of which ~23% is 
supercritical 

• only ~7% of the kinetic energy flux of entire shock population is 
dissipated at shocks able to accelerate protons 

• average fraction of kinetic energy transferred to CR protons is ~10-4 
• Gamma-ray emission is thus below upper limits for clusters observed by 

Fermi-LAT  (Ha et al. 2020)

Gamma-ray & Neutrino Emissions from Galaxy Clusters 7

Figure 4. The number of �-ray photons emitted per second in the energy band of [0.5, 200] GeV, L� , as a function of the total
mass, for all 58 sample clusters (black circles). The three panels are for di↵erent CRp distribution models with di↵erent � in
clusters. The red horizontal bars are the upper limits from clusters observed by Fermi LAT. The blue dashed lines draw the
mass-luminosity relation, L� / M5/3

200 , assuming virial equilibrium and a constant CRp-to-gas energy ratio.

with similar masses may undergo di↵erent dynamical
evolutions, they could experience di↵erent shock for-
mation histories and have di↵erent CRp productions.
Hence, the L� �M200 relation exhibits significant scat-
ters. (2) Assuming virial equilibrium and a constant
CRp-to-gas energy ratio, the mass-luminosity scaling re-
lation, L� / M

5/3
200 , is predicted (see, e.g., Zandanel et

al. 2015; Vazza et al. 2016). Although there are sub-
stantial scatters, L� ’s for our sample clusters seem to
roughly follow the predicted scaling relation. (3) Di↵er-
ent CRp distribution models with di↵erent � give dif-
ferent estimates for L� within a factor of two. Being
the most centrally concentrated, the model with � = 1
produces the largest amount of �-ray emissions. All the
models including the one with � = 1 predict L� ’s that
are mostly below the Fermi-LAT upper limits. Hence,
although there are uncertainties in our models for CRp
distribution in clusters (see Section 2.4), we conclude

that the DSA model proposed in Paper I predicts the
�-ray emission that would be consistent with the Fermi-
LAT upper limits.
We attempt to compare our results with the predic-

tions made by Vazza et al. (2016), in particular, the one
for their CS14 model of the DSA e�ciency, ⌘CS14(Ms),
which adopted the e�ciency based on the hybrid simula-
tions of Caprioli & Spitkovsky (2014) for high Ms along
with the fitting form of Kang & Ryu (2013) for the Ms

dependence in low Ms. For instance, the red triangles
(labeled as CS14) in Figure 7 of Vazza et al. (2016) shows
L� ⇡ 2 � 3 ⇥ 1043 photons s�1 for simulated clusters
with M200 ⇡ 2�3⇥1014M�, while our estimates for the
model with � = 1 vary as L� ⇡ 0.5�1⇥1043 photons s�1

for the same mass range. The ICM shock population and
energy dissipation should be similar in the two works
(see, e.g., Ryu et al. 2003; Vazza et al. 2009); for in-
stance, both works find that the fraction of Qk-shocks
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Particle injection to DSA

injection

rg(εinj) > dsh 

dsh ~ (1-100) λgi  

 
 

DSA



Electron injection at shocks in high beta plasmas: 
Shock Drift Acceleration (SDA) 

• particles gain energies from the 
motional electric field while drifting 
along the shock surface due to the 
magnetic field gradient 

• some particles can be reflected 
from the shock back upstream 
(magnetic mirror effect) and form 
non-thermal upstream plasma 
component 

• works at subluminal shocks: 

• acceleration time:  

• energy gain:   

vt  c

vt = uup
sh / cos ✓Bn

⇠ ⌦�1
i

de Hoffman-Teller velocity:

Guo et al. 2014 (2D)



•  SDA-reflected electrons 
scattered back towards shock 
by upstream self-generated 
waves - DSA-like process 

•  formation of upstream power-
law spectra 

•  more effective at high 𝛽 
•  γmax ≪ γinj?

 Multiple Shock Drift Acceleration cycles  
at quasi-perpendicular shocks

upstream

downstream

Matsukiyo et al. 2011 (1D) 
Guo et al. 2014 (2D) 
Kang et al. 2019 (2D)



•   rippling in the shock transition on 
different scales (overshoot-
undershoot-2nd overshoot)  
- AIC and mirror modes 

•  short-scale whistler waves in the 
overshoot 

•  oblique and perpendicular modes 
of the electron firehose instability 
in the upstream, enhanced and 
modulated by the ripples

Bx

Bz

Ne

Ni

 Large-scale effects of the shock rippling: multi-scale turbulence



•   substantial increase in non-thermal  
tail production efficiency coincident  
with the onset of the shock rippling  
at Ωcit ≈ 25 

•   maximum electron energy sufficient for 
injection to DSA:  

•  upstream spectra weakly depend on beta

Electron spectra – time evolution 

SDA prediction

�inj ⇡ 25 (pinj ⇠ 3pth,i)

�max,up ⇡ 40� 60



• most accelerations associated with an increase in p⟘ 
• strong pitch-angle scattering (arcs in pII-p⟘ momentum space) 
• energy gain mostly through the drift along motional electric field:

��drift = (�e/mec
2)

Z
Ez dz

➜ Stochastic Shock-Drift Acceleration (SSDA; Katou & Amano, 2019)





Summary 
•  kinetic modeling of particle acceleration at collisionless shocks requires multi-

dimensional and large-scale effects to be taken into account 
•  in high Mach number shocks the Weibel instability amplifies magnetic field; PIC 

results combined with in-situ data allow extrapolation towards SNR shock 
conditions  

•  PIC modeling also allows us to derive a model for the electron-ion temperature 
ratio in agreement with in-situ data  

•  1D studies of proton injection suggest proton acceleration efficiency at ICM 
shocks much lower than in low-β plasmas - detection of gamma-ray emission 
requires sensitive observations (LHAASO, CTA) 

•  protons injected only in supercritical quasi-parallel shocks with Ms > 2.25     
•  electron injection at low Mach number shocks occurs at quasi-perpendicular 

sub-luminal shocks 
•  electron injection proceeds mainly through the stochastic SDA process in multi-

scale turbulence in the shock transition 


