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Abstract

We present a survey of 1D kinetic particle-in-cell simulations of quasi-parallel nonrelativistic shocks to identify the
environments favorable for electron acceleration. We explore an unprecedented range of shock speeds
ven ~ 0.067-0.267¢, Alfvén Mach numbers M, = 5-40, sonic Mach numbers M, = 5-160, as well as the
proton-to-electron mass ratios n;/m. = 16-1836. We find that high Alfvén Mach number shocks can channel a
large fraction of their kinetic energy into nonthermal particles, self-sustaining magnetic turbulence and acceleration
to larger and larger energies. The fraction of injected particles is <0.5% for electrons and ~1% for protons, and the
corresponding energy efficiencies are <2% and ~210%, respectively. The extent of the nonthermal tail is sensitive
to the Alfvén Mach number; when M, < 10, the nonthermal electron distribution exhibits minimal growth
beyond the average momentum of the downstream thermal protons, independently of the proton-to-electron mass
ratio. Acceleration is slow for shocks with low sonic Mach numbers, yet nonthermal electrons still achieve
momenta exceeding the downstream thermal proton momentum when the shock Alfvén Mach number is large
enough. We provide simulation-based parameterizations of the transition from thermal to nonthermal distribution
in the downstream (found at a momentum around p; / miveh & 3./mje/m;), as well as the ratio of nonthermal
electron to proton number density. The results are applicable to many different environments and are important for
modeling shock-powered nonthermal radiation.

Unified Astronomy Thesaurus concepts: Plasma astrophysics (1261); High energy astrophysics (739); Galactic

cosmic rays (567); Cosmic rays (329); Magnetic fields (994); Shocks (2086); Plasma physics (2089)

1. Introduction

One of the biggest open questions in high-energy astrophysics
and space physics is how energetic electrons are accelerated in
collisionless shocks, where Coulomb interactions are negligible.
While the production of these particles in sources such as the
Earth’s bow shock (e.g., T. Z. Liu et al. 2019), shocks in
supernova remnants (e.g., F. Acero et al. 2010) and other
galactic (e.g., M. Su et al. 2010), or extragalactic environments
(e.g., R. J. van Weeren et al. 2010) is inferred from synchrotron
radio, X-rays, and inverse-Compton ~-rays emission, no
available theory can predict the dependence of electron
acceleration efficiency on parameters such as the shock velocity,
the upstream plasma temperature, and the background magnetic
field strength and inclination relative to the shock normal.

The current theory of particle acceleration at space/
astrophysical collisionless shocks is based on a kind of Fermi
mechanism that is called diffusive shock acceleration (DSA;
E. Fermi 1949; W. 1. Axford et al. 1977; G. F. Krymskii 1977,
A. R. Bell 1978; R. D. Blandford & J. P. Ostriker 1978), which
naturally predicts power-law spectra of nonthermal (NT)
particles (see L. Drury Oc. 1983; A. Marcowith et al. 2020;
D. Caprioli 2023, for reviews). However, which processes are
responsible for electron injection into DSA is not well
understood. The main issue is that, in order to see the upstream
and downstream as converging flows while neglecting the
shock structure, the particle Larmor radius is generally
expected to be larger than the shock transition, which varies
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between the proton skin depth to the proton Larmor radius
(e.g., R. A. Treumann 2009); both scales are larger than the
Larmor radius of thermal electrons. Furthermore, there remains
uncertainty regarding whether such prerequisites, i.e., the
Larmor radius being larger than the shock transition, are truly
essential for injection into DSA (S. J. Schwartz et al. 1983;
D. Burgess & S. J. Schwartz 1984; D. Caprioli et al. 2015).

In the case of protons, observations and kinetic simulations
suggest that 10%—20% of upstream bulk kinetic energy goes
into NT protons, consistent with the efficiency required to
account for the energy budget in Galactic cosmic rays (CRs;
D. Caprioli & A. Spitkovsky 2014a; D. Caprioli et al. 2017;
S. Gupta et al. 2020). Proton injection from the thermal bath is
favored in quasi-parallel regimes, where the inclination of the
magnetic field relative to the shock normal is g, < 50°
(F. Acero et al. 2010; D. Caprioli & A. Spitkovsky 2014a), or
generally in weakly magnetized, nonrelativistic shocks
(L. Orusa & D. Caprioli 2023). However, both quasi-parallel
and quasi-perpendicular/oblique shocks (g, = 50°) are often
associated with energetic electrons (T. Amano & M. Hosh-
ino 2007, 2009; F. Acero et al. 2010; X. Guo et al. 2014a;
J. Park et al. 2015; T. Z. Liu et al. 2019; G. Winner et al. 2020;
R. Xu et al. 2020; P. J. Morris et al. 2022; M. Shalaby et al.
2022). This suggests that electron injection may work
differently from proton injection, with different scaling
dependence on environmental parameters.

Quantifying the fraction of bulk kinetic energy that goes to
energetic electrons, or the electron acceleration efficiency,
through observations is also challenging. In general, to explain
synchrotron emission from radio to X-rays, and inverse-
Compton emission in the ~-rays, even in the same class of
sources, the NT electron fraction in collisionless shocks may
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vary by orders of magnitude (e.g., A. Panaitescu &
P. Kumar 2001; R. A. Chevalier & C. Fransson 2006;
L. Merten et al. 2017; S. K. Sarbadhicary et al. 2017;
S. P. Reynolds et al. 2021). Finally, a dependence on the shock
speed is also likely because for relativistic shocks the difference
between electrons and protons is significantly reduced, as
attested by both simulations (L. Sironi & A. Spitkovsky
2009, 2011; L. Sironi et al. 2013; P. Crumley et al. 2019)
and modeling of gamma-ray burst afterglows (e.g., T. Piran
2004).

To quantify electron acceleration, one needs to account for
the nonlinear interplay between thermal/NT particles and
electromagnetic (EM) fields self-consistently, which requires
first-principles kinetic approaches, typically particle-in-cell
(PIC) simulations. In the past few decades, several studies
found compelling evidence of electron acceleration at non-
relativistic shocks (e.g., N. Shimada & M. Hoshino 2000;
M. A. Riquelme & A. Spitkovsky 2011; L. Sironi et al. 2013;
X. Guo et al. 2014a, 2014b; J. Park et al. 2015; A. Bohdan
et al. 2019; P. Crumley et al. 2019; R. Xu et al. 2020;
P. J. Morris et al. 2022; M. Shalaby et al. 2022). A few works
also reported the development of electron power-law tail in
both nonrelativistic and (trans)relativistic regimes (e.g.,
L. Sironi et al. 2013; T. N. Kato 2015; J. Park et al. 2015;
P. Crumley et al. 2019; R. Xu et al. 2020; B. Arbutina &
V. Zekovi¢ 2021; N. Kumar & B. Reville 2021; P. J. Morris
et al. 2022; M. Shalaby et al. 2022; A. Grassi et al. 2023;
V. Zekovi¢ et al. 2024). However, a systematic measurement of
electron acceleration efficiency for different shock parameters
remains to be completed.

In this work, we present a detailed survey of kinetic shock
simulations by focusing on quasi-parallel shocks, de facto
extending the pioneering work of J. Park et al. (2015), which
found a clear signature of electron and proton DSA at
nonrelativistic quasi-parallel shocks. We cover a range of
shock parameters, such as speed and magnetization, and also
explore the role of the plasma 3 (i.e., the ratio of thermal
pressure to magnetic pressure) in typical interstellar (3 ~ 1) and
intracluster (3> 10) conditions.

The key questions addressed in this work are

1. Do electron injection and acceleration depend on the
shock speed?

2. How do they depend on the shock Alfvén and sonic
Mach numbers (M, and M;)?

3. How can we scale the results from reduced proton-to-
electron mass ratios that are normally used in PIC
simulations to realistic values?

We provide several observational parameters, such as the
fractions of energy channeled into NT particles, thermal
plasma, and magnetic fields, and the electron-to-proton
temperature ratios behind the shock. Our results suggest that
high-M 4 quasi-parallel shocks accelerate both electrons and
protons efficiently.

We present our simulation setup in Section 2 and discuss the
basic properties of the shock structure in Section 3. The self-
generated magnetic fields produced by accelerated protons are
presented in Section 4, while in Section 5 we discuss how
acceleration occurs in different environments. We also provide
several useful observational diagnostics in Section 6, compare
our results with previous studies in Section 7, and finally
summarize our findings in Section 8.
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2. Shock Setup

We perform kinetic shock simulations using the EM PIC
code Tristan-MP (A. Spitkovsky 2005). We consider a quasi-
1D geometry (five cells along the transverse y-axis®) with grid
and time spacing fixed to Ax=d./10 and At = 0.045 w;,el

respectively, where d. = ¢/wy,. is the electron skin depth, and

Wpe = /41Ny e*/m. is the electron plasma frequency; ng is the
plasma density, while e and m,. are the electron charge and

mass. Each cell is filled with an electron—proton plasma with
200 particles per cell per species. Electrons and protons are
initialized with a Maxwell-Boltzmann distribution in thermal
equilibrium (i.e., their initial temperatures 7To; = T,).

The shock is launched using the left boundary of the
computation domain as a moving reflecting wall (hereafter,
the “piston”). The piston velocity, v, the initial orientation of the
magnetic field (By) relative to the shock/piston normal, fg,, the

thermal speed of protons and electrons, Vi = +/kgToie/Mie,
and the Alfvén speed va = By / J4mmin, are free parameters,
which are chosen to study a specific shock environment. As
the piston moves along the x-axis with v, >>v,, it sweeps up
plasma and produces a shock. We focus on quasi-parallel
shocks and initialize By in the x—y plane with fp, =
cos™!(B,/|B|) = 30° and ¢y, = tan~!(B,/B;) = 90°. For both
particles and fields, the right (left) boundary of the computational
domain is open (reflecting); other boundaries are periodic.
Shocks in our simulations are characterized by three
parameters: shock speed vy, Alfvénic Mach number
Map = vg,/va, and sonic Mach number M = v, /v To
infer the shock speed vy, from the piston speed, we assume
veh = Ve R/(R — 1), where the density compression ratio is
R = p,/p; = 4 (subscripts 1 and 2 refer to the upstream and
downstream quantities, respectively). However, we note that
the actual shock Mach numbers (as calculated in the shock
frame) can vary by ~410% depending on the compression
ratio R found in self-consistent simulations (e.g., D. Caprioli &
A. Spitkovsky 2014a; C. C. Haggerty & D. Caprioli 2020). The
displacement of the shock relative to the piston is

Ma
Xon = (v — vp )t = ?AF d;, M
where d; = /my d. is the proton skin depth, mg = m;/m, is
the proton-to-electron mass ratio, and w.; = v,/d; is the proton
cyclotron frequency in the initial magnetic field.

To make our runs computationally tractable, we use a
reduced mass ratio mg = 100. Since the reduced mass ratio
changes the effective electron sonic Mach number
M. = M,/ Jmg, we have also explored mg = 16, 40, and
1836 to quantify the differences.

The setup described above is similar to the previous PIC
campaigns (e.g., L. Sironi & A. Spitkovsky 2011; X. Guo et al.
2014a; J. Park et al. 2015; P. Crumley et al. 2019) with the
exception that our simulations are in the upstream rest frame,
similar to R. Xu et al. (2020). After a careful investigation, we
found that when the Debye length (Ap = Vine/wpe) is marginally
resolved or under-resolved, the upstream rest frame is an
excellent choice to avoid numerical heating for the parameter
space used in this paper. We also filter the current with 32

4 With five y-cells, the effective number of particles per d, is increased by a
factor of five compared to the traditional one y-cell choice. This approach
improves particle statistics while keeping the EM profiles similar.
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Table 1
Simulation Parameters: vy, is the Piston Speed, myg is the Proton-to-electron
Mass Ratio, M, is the Alfvén Mach Number, M, and M. Denote the Sonic
Mach Number (Relative to Thermal Speed) of Protons and Electrons,

Respectively
Runs ? mg Ma M, Mie B Figures
Al 0.05 100 20 40 4 1 3 and 4
Bl* 0.1 100 20 40 4 1 3 and 4
Bly 0.1 16 20 40 1 1 6
Bl 0.1 400 20 40 2 1 6
Bl 0.1 1836 20 40 0.9 1 6
B2 0.1 100 5 40 4 0.06 5
B2y 0.1 1836 5 40 0.9 0.06 6
B3 0.1 100 10 40 4. 1 5
B4 0.1 100 20 5 0.5 64 5
B5 0.1 100 20 10 1 16 5
B6 0.1 100 20 160 16 0.06 5
B 0.1 100 5 10 1 1 5
B8 0.1 100 10 20 2 1 5
B9 0.1 100 30 60 6 1 5
B10 0.1 100 40 80 8 1 5
Cl 0.2 100 20 40 4 1 3 and 4

Note. 3 = 4(M, /M;)? is the ratio of thermal pressure to magnetic pressure.
The right-most column indicates in which figure the particle spectra are shown.
The symbol * marks the fiducial run.

passes of a digital filter (with 0.25-0.5-0.25 weighting) to
reduce numerical noise (e.g., M. Shalaby et al. 2017; B. Arb-
utina & V. Zekovié¢ 2021). We tested the impact of different
numbers of filter passes and found the results to be insensitive
to them. To capture the back-reaction of the highest energy
particles, we use a receding right boundary that enlarges the
size of the domain along the x-axis with time to ~10*d; for a
run time of 300 w;!. The key parameters of all of the runs are
detailed in Table 1.

3. 1D Quasi-parallel Shocks

Before presenting the results from the survey, we take a
moment to show some crucial shock profiles from our
benchmark simulation B1 (Table 1), where vpl/c =0.1,
My = M;/2 = 20, and mg = 100 (as used in J. Park et al.
2015, but in the upstream frame) in Figure 1.

3.1. Density

Figure 1(a) displays a snapshot of the plasma (thermal + NT)
density profile at # = 275 w;', when the shock has already
achieved a quasi-stationary structure. The horizontal axis shows
the distance from the location of the piston and the red line
marks the location of the shock, xg,~1400d; (also see
Equation (1)). While the density immediately behind the shock
is slightly higher than four, the spatially averaged compression
is consistent with the Rankine—Hugoniot shock jump condition
(e.g., F. H. Shu 1992).

3.2. Velocity and the Inclination of Magnetic Field

The black curve in Figure 1(b) shows the x-component of the
bulk plasma velocity (v,). Since our simulations are in the
upstream rest frame, v, in the downstream is approximately the
same as the piston speed. The cyan curve represents the local
direction of the magnetic field, which is significantly different

Gupta, Caprioli, & Spitkovsky

from the far-upstream value of fg, = 30°, due to the proton-
driven streaming instabilities that develop magnetic fluctua-
tions (e.g., A. R. Bell 2005; E. Amato & P. Blasi 2009;
A. R. Bell et al. 2013; D. Caprioli & A. Spitkovsky 2014b).
These modifications regulate both proton and electron injection
into DSA.

3.3. Phase Space

Figures 1(cl) and (c2) display the x—|p| phase-space
distributions of protons and electrons, respectively. The
upstream proton phase space shows two distinct populations
—one is thermal and the other encompasses energetic/NT
protons. In addition to these populations, the electron phase
space in the upstream contains an additional population,
namely, suprathermal (ST) electrons (with p/mivplw 1072).
This population comprises both electrons reflected by the shock
and electrons generated locally to neutralize the total current in
the plasma, as detailed in S. Gupta et al. (2024).

3.4. Spectra

Figures 1(d1) and (d2) show the momentum distribution
of electrons and protons (solid and dashed—dotted curves),
for the downstream (red) and upstream (purple and blue)
regions marked in the figures above. In both panels, the
distributions are multiplied by p* to facilitate the comparison
with the standard DSA prediction, f(p)  p~*. The gray curves
in Figures 1(dl1) and (d2) show the thermal Maxwellian
distribution, i.e.,

2
£ ] @)

1
4 _ 4
4w (p) = 4T p Qn mkgT)?2 P [_2 mkg T

Throughout this paper we normalize momenta by the piston
momentum, m;Vy, because it makes the resulting spectra
independent of the shock speed, as discussed below.

3.4.1. Thermal Distributions

The peak of the downstream thermal distribution for each
species a € i, e in the 47p*f(p) representation is expected at
2 m(,kBTa/mivpt = 0.82{m,/m;, when the postshock gas
follows the Rankine-Hugoniot strong shock condition that
gives kgTo, = p, (", — l)mivpzt/2 (with v =5/3), and equi-
partition between electrons and protons is assumed (i.e.,
tie =Tie/(T;+ Te) = 1/2). Note that in these units the down-
stream proton spectrum depends neither on the shock speed nor
on the mass ratio, and the peak of the electron distribution
relative to that of the protons depends on /mg and (T./T)),
where T,/T; is typically close to ~1/2 in the downstream.

Similarly, the upstream thermal momentum distribution

peaks at 2mokpT, [mivy = 2.67\ma/mi [ M, ie., it
depends only on M and /m,/m;, which can be seen from
Figure 1(d2) using M; = 40; however, it appears to be slightly
hotter than that specified at t = 0 due to the back-reaction from
energetic particles (S. Gupta et al. 2024). Note that particles
achieve a thermal distribution in the downstream in a
collisionless way, i.e., due to interactions with EM fields
rather than Coulomb collisions, with 7, only marginally
smaller than T; (e.g., A. Vanthieghem et al. 2024).
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Figure 1. Snapshot of different profiles at t = 275 w;' obtained from our
benchmark simulation (vp/c = 0.1, My = 20, and M, = 40, the run Bl in
Table 1). Panel (a) displays the spatial distribution of the proton number
density (normalized to the far-upstream density rg), panel (b) x-component of
the plasma velocity (left axis) and shock inclination (right axis). Panels (c1) and
(c2) show the x—|p| phase-space distribution of protons and electrons,
respectively. Panels (d1) and (d2) represent the spectra of the three regions
marked in panels (c1) and (c2), using the same color scheme for the lines. The
dotted vertical lines in panel (d1) mark the momentum identified as the
boundary between thermal and NT distributions. Panel (e) shows the different
pressure components (thermal, NT, and magnetic field) normalized to the initial
thermal pressure of protons (P ;).

3.4.2. Nonthermal Distributions

Above the thermal peaks, power-law distributions of NT
particles arise for both species. While quantifying the precise
transition point between the thermal and the NT particle is
generally challenging, Figure 1(d1) suggests that the transition
occurs at p/mivp, =~ 0.3 and 3, respectively, as shown by the
vertical dotted lines, which correspond to pg o =5 p., Where
Piha = N2 Mo kgTy, = 0.582 p, mom; vy is  the peak
momentum of the downstream thermal distribution for the
respective species (« €i, e). These lower ends of the NT
distributions can be rephrased as

g
Poa =3, |21ty —— mivpy 3
mj
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where i, =T, /(T; + T.) ~ 1/2 if the downstream protons and
electrons are in thermal equilibrium. The slope of the
downstream NT distributions for both electrons and protons
is very close to 4, which is consistent with the DSA prediction
for strong shocks.

The upstream spectra shown in Figure 1(d2) are complex
and their shapes depend on the distance from the shock. Near
the shock, where particles diffuse (shock precursor), spectra
may exhibit rapid fluctuations depending on the magnetic
structures, but are in general agreement with DSA expectations
(e.g., D. Caprioli et al. 2010). Further upstream, i.e., beyond the
shock precursor (blue curves in Figure 1(d2)), the top-hat
distribution primarily represents the escaping populations of
both energetic electrons and protons. In addition to such
populations, the electron distribution contains shock-reflected
electrons and the locally produced ST electrons that compen-
sate the current in NT protons (S. Gupta et al. 2024).

3.5. Thermal and NT Pressures

To obtain the profile of the pressure in thermal and NT
populations, we assume that any particle below a momentum of
Po.o. (Equation (3)) is thermal and above pg, is NT, as
discussed in Section 3.4.2. Such a threshold is set by the
transition observed in the downstream spectra, i.e., the power-
law tail for both protons and electrons starts at
pi,e/mivpt ~ 3./mi./m; (Figure 1(d1)). We also use the same
momentum threshold upstream, acknowledging that this may
include ST particles in the thermal pressure budget
(Figure 1(d2)).

The pressures are estimated locally in the rest frame of the
plasma using

Poa = 1 [Y(P)uplus(p)f (P)dp, )

where r, s € x, y, z, u, is the r-component of a particle’s 3-velocity
in the comoving frame, and n,, is the number density at a given
location for the species «. Figure 1(e) displays the pressure
profiles of the thermal particles (Py, ;: protons and Py, .: electrons),
the NT energetic particles (P, protons and Py.: electrons),
along with the magnetic pressure (Pg = B> /8), all pressures are
normalized to the initial thermal proton pressure Py ;.

The proton thermal pressure (brown line) experiences a jump
of Pui/Pumo.i =~ 700, which is approximately 40% smaller than
the one predicted for a  hydrodynamic  shock
QM?Z — (3, — 1)/(3y, + D >~ 1200. A smaller jump is
expected because the shock kinetic energy is also processed
into thermal electrons, magnetic energy, and energetic popula-
tions, which are not included in the single-fluid hydrodynamic
description. The electron thermal pressure (orange line) is
smaller than Py,; by a factor of 3, indicating the electron-to-
proton temperature ratio 7./7; ~ 0.3, i.e., downstream electrons
are slightly cooler than protons. Interestingly, the magnetic
pressure is lower than the thermal and NT proton pressures, and
it is correlated with the NT electron pressure. This suggests that
the dynamics of NT electrons may be connected to that of the
self-generated magnetic fields.

The values of Py,; and Py, just upstream of the shock are
larger than Py, ; by a factor ~2. The magnetic pressure (magenta
line) is also a factor of ~2 larger than its initial value, i.e., thermal
and magnetic pressure remain close to far-upstream equipartition
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Figure 2. Time-averaged (between 100-150 wc’il) B = IBVZ + Bf and g, = cos~!(B,/|B|) for different shock parameters. The left and right axes represent (B ),

and (fpy), respectively. The horizontal axis in all panels is normalized to Mad;. The dashed horizontal line(s) in each panel shows the 6, = cos™!(vy,/c) above which
the shock becomes superluminal. Panels (a)—(f) represent different runs where v, /c = 0.1, My = 20, M = 40, and mg = 100, unless otherwise mentioned.

values due to the back-reaction from streaming instabilities (e.g.,
A. R. Bell 2004; M. A. Riquelme & A. Spitkovsky 2009;
S. Gupta et al. 2022; G. Zacharegkas et al. 2024). The green and
blue lines representing the pressure in NT protons and electrons
show the exponential fall-off shape, which is characteristic of
diffusing particles (e.g., D. Caprioli & A. Spitkovsky 2014a).

Below we present the results from our survey simulations
(Table 1): first, the self-generated EM fields (Section 4),
followed by the spectra of electrons and protons (Section 5),
and finally, the physical scalings for different observational
parameters (Section 6).

4. Electromagnetic Profiles

Quasi-parallel shocks naturally develop back-streaming
particles, which drive instabilities and modify the magnetic
field topology and fg,, as we show in Figure 2. Such
modifications are pivotal to regulate the efficiency in producing
NT particles (e.g., A. R. Bell 2004; D. Caprioli & A. Spitkov-
sky 2014b; J. Park et al. 2015; S. Gupta et al. 2024).

In all of the panels of Figure 2, left-hand and right-hand axes
indicate the magnetic field (red) and the effective 0g, (blue),
respectively, where the thickness of the lines corresponds to
different runs; since the precursors exhibit rapid fluctuations,
we present profiles averaged in time over 100—150 w;'. Since
the particles cannot outrun the shock if the inclination exceeds
a critical angle 0y = cos™!(vy,/c), we also display . As the
wavelength of dominant EM modes in resonant/nonresonant
streaming instability scales with vy/vs (Where vgq~ vy, is the

drift speed of the streaming particles), the horizontal axis
showing the distance from the shock is normalized to M, d;.

Figure 2(a) shows three runs that differ by the piston
speed: v,/c=0.05, 0.1, and 0.2, respectively, with M, =
20, M, = 40, and mg = 100 fixed (the runs Al, Bl, and C1 in
Table 1). The profiles of the magnetic field and 6y, are almost
identical because magnetic field amplification mainly depends
on the Alfvén Mach number and the proton acceleration
efficiency, such dependences are explained as follows.

Recent kinetic simulations have shown that the ratio of
the anisotropic momentum flux of driving particles (Fy) to the
initial magnetic pressure (Pg ) regulates the saturation of the
nonresonant streaming instability (S. Gupta et al. 2021;
G. Zacharegkas et al. 2024). Since in the upstream frame
Pt & NPy ) va and Pgo = 0.5pv3, the final 6B/B, is given
as

(S_B - l@ <pnt,x>

~ M
Bo A

&)

2 ng mivp

where {pn.x) is the average x-momentum of NT protons in the
upstream rest frame and n,/ny represents the ratio of NT
protons to thermal protons in the upstream. Here, we have
assumed the bulk speed of NT protons vgq ~ vg,, as justified in
Appendix A (see also Appendix B). Clearly, when Ma is fixed
(as in Figure 2(a)), the profiles of B, /By are not expected to
depend much on vy,.

To understand how the results depend on the shock Mach
numbers M, and M, and on the plasma (3, we consider
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for vp[/c:0.0S, 0.1, and 0.2 (top to bottom), where other parameters,

My = 20, M = 40, and mg = 100, are fixed. While the proton phase spaces (left panels) are quite similar for different v, there are fewer upstream electrons (right

panels) for larger shock speeds.

Figures 2(b)—(d), where vpt/ ¢=0.1 and mg = 100 are fixed. In
general, we find that the magnetic field amplification drops for
low-Mach number shocks, as expected from Equation (5), also
see Appendix B. However, the dependence of B, /B, on M
for a fixed My, shown in Figure 2(c), is nontrivial and suggests
that the magnetic field at the shock is sensitive to the
temperature of the upstream plasma, an effect that may affect
the injection efficiency as well as the evolution of the spectra,
as we discuss in Section 5.

In Figures 2(e) and (f), we investigate the impact of the
reduced mass ratio for either low Mx = 5 (Figure 2(e), runs
B2 and B2y) or high My = 20 (Figure 2(f), runs B1, Bly,
Blyy, and Blyy); the shock speed vy/c and the proton sonic
Mach number M are fixed to 0.1 and 40, respectively. Both
panels show that the profiles for different mass ratios are
similar, though a moderate increase in amplification is noticed
for small mg runs, which was not predicted by Equation (5).
Upon a thorough investigation, we have identified that at
t = 100-150w_;' the nonresonant streaming instability has not
yet saturated for the larger mg. Since for a fixed M, the
magnetization of electrons increases with mg, self-generated
perturbations evolve more slowly and the streaming instability
is slower, as we have confirmed via the controlled runs shown
in Appendix A.

5. Acceleration Signatures

To investigate particle acceleration, we consider the x—p,
phase space of electrons and protons. Since simulations are
performed in the upstream frame, positive (negative) p,
populations ahead of the shock correspond to particles escaping
from (returning to) the shock, which is a signature of DSA. As
in the previous section, we first show results for different
piston/shock speeds and then discuss their dependence on
Mach numbers and mass ratio in Figures 3-6.
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Figure 4. Time evolution of downstream proton (dashed-dotted lines) and
electron (solid lines) spectra for vp‘/c =0.05, 0.1, and 0.2, The designations of
different panels are kept identical to Figure 3. The gray curves show the fitted
thermal Maxwellian. Both protons and electrons show the NT tail. Panel (c)
shows that the electron NT tail stalled.

5.1. Shock Speed

Figure 3 shows the x—p, phase space att = 225 w;il for three
runs with vpt/c:0.0S, 0.1, and 0.2. Left-hand panels,
representing the proton phase space, do not show significant
differences, except that the upstream free-escape boundary,
loosely defined as a location beyond which the energetic
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Figure 5. Downstream spectra for different M, while keeping M = 40 fixed (left panels), a fixed M, = 20 for different M, (middle panels), and different
M,y = M,/2 but a fixed § = 1 (right panels). For all panels, v, = 0.1c and mg = 100. Left panels: electron NT tail differs remarkably for different M,. In addition
to the run with M, = 5 (panel (al)), the spectra are evolving to higher energies (i.e., momentum p 2 m;v,,). Middle panels: the normalization of NT tail is sensitive to
M. Right panels: evolution is similar to panels (a2) and (a3), though at a slower rate compared to the same M, runs.

populations are no longer confined by magnetic fluctuations
and thus unable to return to shock, shrinks with increasing
shock speed; in other words, the extent of the precursor gets
shorter in high-speed shocks.

The differences in the phase space are more prominent for
electrons, shown in the right panels of Figure 3. Clearly, there are
fewer energetic electrons for high shock speed and they are hardly
noticeable for vpt/c:0.2, consistent with the findings of the
previous section: for larger shock speeds, shocks tend to become
superluminal frequently, which allows particles to outrun the shock
only for a smaller range of pitch angles (see the blue thick lines in
Figure 2(a)). One-dimensional simulations tend to exaggerate this
effect because they do not allow for a change in B, and for shock
rippling, and in fact 2D simulations of trans-relativistic shocks do
accelerate particles both protons and electrons (e.g., P. Crumley
et al. 2019). Future investigation is necessary to validate whether
the trend of precursor shortening with increasing shock speeds
persists in multidimensions.

The features mentioned above are also observable in the
downstream spectra, measured in a region of 1000 d; behind the
shock, as shown in Figure 4. While the evolution of electron
spectra is qualitatively similar for v,,/c =0.05 and 0.1 shocks,
the downstream electron spectrum for vy/c=0.2 develops
faster, but its NT tail saturates at p ~ 10 m;v,, after the shock
becomes superluminal.

5.2. Mach Number

Figure 5 displays the evolution of spectra of electrons and
protons for three different sets of runs, which differ by Ma
(Figures 5(al)—(a3)), M (Figures 5(b1)—(b4)), and both My
and M;/2 (Figures 5(c1)—(c5)); note that these runs span
different values of 8 = 4(My / M;). For all these runs we have
used a fixed vp/c = 0.1 and mg = 100. In general, phase-space

distributions do not differ much from those in Figure 3, except
for the energy of reflected electrons, as outlined below.

In low-Mach number shocks, the upstream x—p, phase space is
mostly populated by electrons with p, >0, i.e., shock-reflected
electrons struggle to return to the shock; also, the extent of their
momentum distribution is smaller than that found in high-Mach
shocks. This is due to the fact that a weaker self-generated
turbulence with 6B/B < 1 makes the scattering less effective and
leads to a smaller fractional energy gain.

Therefore, electron acceleration may stall, either because the
shock becomes superluminal (at high speeds, see Figure 3) or
because of the lack of self-generated turbulence and inefficient
preacceleration mechanisms (for low-Mach numbers). This is
better seen from the downstream spectra, as we discuss in the
following.

All panels in Figure 5 show a distinct power-law tail in
momentum for both electrons and protons. However, unlike for
protons, the slope of the electron spectrum can vary
dramatically: only in shocks with M 2 10 does such a
slope match the DSA prediction ~4, with the tail evolving to
larger and larger energies with time. We note that the spectral
evolution is similar for a given Ma,, but acceleration is less
rapid for lower M, shocks; see, e.g., Figures 5(b2) and (b3),
which have the same M,y =20 but M, = 10 and 40,
respectively. As long as the plasma is not too hot (i.e., 5 is
not much larger than one), the amplitude of the upstream 6B/B
that controls particle confinement is regulated mostly by My
and depends weakly on M, causing a similar evolution of the
NT tail among these runs. Interestingly, unlike for low My
shocks, the maximum momentum keeps growing with time.

We conclude that low M shocks are capable of injecting
thermal electrons into DSA and of accelerating them to higher
energies as long as M, is large enough. However, if M, < 10,
both the efficiency of particle acceleration and the development of
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momenta, as expected (Section 3.4).

self-generated magnetic fields may be affected due to the lack of
confinement of NT particles across the shock. This has interesting
implications for understanding the NT X-ray and radio emissions
from galaxy clusters, which typically feature shocks with Mg < 5
in high-/3 plasmas (e.g., G. Brunetti & T. W. Jones 2014; R. J. van
Weeren et al. 2017).

5.3. Mass Ratio

This section deals with assessing the role of the reduced
mass ratio mg in regulating electron DSA. Since the
computational cost increases drastically with mg, we ran
selected simulations for two different values of M, while
keeping vp/c = 0.1 and M, = 40 fixed.

Let us first focus on runs with four different mass ratios and
a fixed M, = 20, as displayed in Figures 6(al)—(a4).
Comparison of the electron spectra among these runs suggests
that for smaller mg the downstream thermal electrons are more
energetic, as expected since the thermal electron distribution
measured in unit of p/myv, scales as ~1//mg (see
Section 3.4). All four cases show the development of NT
electrons, implying that altering the mass ratio does not halt
acceleration for large M,; indeed, both NT electrons and
protons continue to increase energy.

Instead, for a lower M, = 5 with all other parameters identical
to Figures 6(al) and (a4), the shape of the NT spectra are quite
dependent on the mass ratio, as shown in Figures 6(b1) and (b2). A
comparison between Figures 6(bl) and (b2) reveals that thermal
electrons appear more energetic in the mg = 100 case compared to
the mg = 1836 case, as expected. While for the large mg run the

NT electron spectrum is consistent with the DSA prediction, the
NT tail appears steeper in the small mg case. For low My shocks,
the downstream thermal electron distribution for small mass ratio
runs is not far from the cutoff of the maximum energy, causing the
NT spectrum to appear steeper than that found in large mg runs.

6. Physical Scalings

In this section we discuss how our simulations can inform the
electron DSA parameters used in modeling the NT phenomenol-
ogy of several galactic and extragalactic sources (see, e.g.,
G. Morlino & D. Caprioli 2012; S. Gupta et al. 2018; G. Winner
et al. 2020; S. P. Reynolds et al. 2021), in particular the fraction of
electrons injected into DSA (Section 6.1) and the electron
acceleration efficiency (Section 6.2.1). Since modeling shock-
powered systems often involves knowing the magnetic energy
density and the postshock electron temperature (e.g., to calculate
thermal X-ray and synchrotron radio/X-ray emission), we have
estimated these quantities as well (Sections 6.2.2 and 6.3). The
results are presented as a function of different shock parameters:
we fix vy=0.1c, My = M/2 =20, and mr=100 as
default parameters, varying vy, Ma, M, and my in the four
panels (a)—(d) of Figures 7-9, respectively.

6.1. Injection Efficiency and Electron-to-proton Ratio

One of the main goals of an acceleration theory is to
determine the fraction of particles that become NT. We



THE ASTROPHYSICAL JOURNAL, 976:10 (15pp), 2024 November 20

101 ((a)

HHI

T 1171

10 2 Tnt, i A—.—__.

Tht, e "\._\.

T 1 IIIIIII

nnt o

103

T IIIIIHI

-4 | |||||||| | ]
10702 107

—_
(@)
~—

T IIIIHl

Thnt, 1

LI IIIHII

7711t, e

T 1 IIIIIII

10 5 L | lllllll | | Illllll |

101 10%
M

Gupta, Caprioli, & Spitkovsky

10 |(b)
1072 ./.-———Fr.
- Tt i
103
= Tnt, e
-4_ | ] I I N | || ] ] L1
10700 101
M (B=1)
1011 [(d)
10_25_ Thnt, i
= nnt,e
10'3?
10 i Conl Lol Lol I
109 10! 102 103
mi/me
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therefore introduce the following expression:

fp dp 4 £, (p)

(6)
Jdp 4mp? f, (p)

nnt, « =

where f,(p) is the distribution function of thermal + NT
particles in the downstream, py, represents the boundary
between thermal and NT particles for the species a=e, i
(Equation (3)).

Figure 7 shows 7, ;. in red and blue, respectively. The
proton injection efficiency 7,.;~10"% does not show a
significant dependence on the shock speed (Figure 7(a)) and
mass ratios mg (Figure 7(d)); only for low My or Mg, Ny
decreases by a factor of <2 (Figures 7(b) and (c)).

The electron injection efficiency (blue lines in Figure 7) is
Mate S0.5 x 107 2, which is comparable to that of the protons,
and does not show much dependence on shock speed and mg,
as shown in Figures 7(a) and (d), respectively. However, for
low-Mach number shocks, 7, drops by a factor of ~5
(Figures 7(b) and (c)), i.e., the electron acceleration is more
sensitive to the shock Mach number than are the protons. Thus,
we conclude that high-Mach number quasi-parallel shocks
(Ms, My 2 10) are generally efficient in injecting protons
and electrons into DSA.

Another crucial parameter that we can estimate from the
above analysis is the electron-to-proton number ratio, K,
measured at a fixed NT energy. As the NT tail of electron and
proton spectra starts at two different momenta, pg; and pg e, the

ratio at a given momentum p would be

4i— 4.
K. @) el P 2 e
L@ i \ P

where g is the slope of the NT electron/proton distributions,
and py, = py;//mr as in Equation (3). Equation (7) suggests
that in PIC simulations K,; is expected to drop with increasing
mg. For mg = 1836, assuming g.;~4, we find Ky < 1072
This is expected since electrons have to go through a larger
number of Fermi cycles before they can achieve a momentum
p, which is normally taken larger than p ;.

To summarize, at quasi-parallel shocks, the injection
efficiency of NT particles (p > po.), both protons and
electrons, iS 7y~ 10~ 2, with Tnte ONly marginally smaller
than 7, ;. Since the proton injection fraction is 7, ; ~ 1072, the
normalization of electron-to-proton DSA tail at a given NT
momentum is expected to be K. < 1072, which is consistent
with observations of supernova remnants (e.g., E. G. Berezhko
& H. J. Volk 2004; G. Morlino & D. Caprioli 2012; P. Slane
et al. 2014) and in general agreement with the electron/proton
ratio measured in Galactic CRs. Moreover, we find that the
ratio K.; becomes smaller in lower Mach number shocks.

6.2. Energy Budgets

Next, we consider the energy density in different populations
using the traditional definition

1
€q = — dp 477172]2(17)(7 - l)macz (8)
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Figure 8. Energy budget for the downstream thermal and NT populations, and the magnetic fields. The red and blue curves represent the fraction of total postshock
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where e, is the sum of the internal energy density in the thermal
and NT populations (%2, | = dp 4mp? £, (p)(y — D)myc?) and
the magnetic energy density (eg :Bz/ 8m) in the downstream.
Thus, €, represents the fraction of the total postshock energy
density available to different populations.

In Figure 8, the gray curves show the ratio of e, to the bulk
kinetic energy density of the upstream flow, (,,, = e / 0.5 plvsi),
in our simulations. Note that (> 1 does not violate energy
conservation because the downstream total energy density per
particle, (/R is less than unity (where R ~ 4 is the postshock
density compression). Importantly, (/4 =~ 9/16 suggests that the
sum of all energy densities downstream is consistent with the one
predicted in a high-Mach number hydrodynamic shock.

6.2.1. Acceleration Efficiency for Nonthermal Particles

Figures 8(a)-(d) show the acceleration efficiency for the
NT protons and electrons in red and blue colors respectively. For
most shock parameters the proton acceleration efficiency is
€nti =~ 10%, consistent with previous studies (e.g., D. Caprioli &
A. Spitkovsky 2014a; P. Crumley et al. 2019). The electron
acceleration efficiency, €., is approximately ~2%, and its
trends with Mach numbers are similar to the particle injection
efficiency displayed in Figure 7. Importantly, for a realistic mass
ratio €, ~ 1%, which increases marginally as mg decreases.

6.2.2. Magnetic and Thermal Energy Densities

Other important quantities in energy partitioning at the shock
are the self-generated postshock magnetic energy density,
which directly controls the synchrotron emissivity, and the

10

electron thermal energy, which controls the thermal brems-
strahlung. These quantities are shown in Figure 8.

Figure 8 shows the partitioning of energy density in thermal
plasma (brown—protons and cyan—electrons) and magnetic
fields (orange). While the profile of thermal particles is rather flat
in the downstream, the magnetic energy density peaks right
behind the shock (e.g., see Figure 2), which means that the exact
value of eg may depend on the integration region; for the present
analysis we have averaged over a length of 1000 d; behind the
shock, where electron and proton spectra are also calculated.

Figure 8(a) shows that eg (orange curves) does not depend
much on the shock speed. This is expected because the postshock
magnetic fields are directly influenced by the upstream magnetic
fluctuations produced by the proton-driven streaming instability.
For example, when the ratio of the upstream to the downstream
magnetic fields is parameterized by R, the postshock magnetic
energy density derived from Equation (5) yields

_ (SB2/87T _%ﬂ(<pnt,x>)i
2 ng Ctot

niVgh

Since the terms on the right-hand side are generally less
influenced by the shock speed, eg remains unaffected. Using
the ratio of the NT to thermal proton density in the upstream,
Nue/no <1072 (see e.g., Figure 10), Ry ~ 4, (poex)/miven ~ 2
(Equation (3)), and (=~ 2.3, Equation (9) returns eg ~ 0.06,
accurately reproducing the order of magnitude of eg observed
in the orange curve of Figure 8(a).

Comparing eg with €, in Figure 8(a) (orange and blue
curves), we find that € ,./ep decreases with the shock speed,

€))

€B
€tot
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Figure 9. The temperature of downstream thermal plasma for different shock parameters (Table 1). The brown and cyan lines show the temperature of protons and
electrons normalized to 0.5m;v2, and the orange lines represent the electron-to-proton temperature ratio (7./T;). The default parameters in all four panels are
vpr = 0.1¢c = 3wy /4, Mp = 20, M, = 40, and mg = 100, similar to Figures 7 and 8.

which is a similar trend to the one reported by S. P. Reynolds
et al. (2021) for Galactic SNRs (see their Figure 7). Note that
the rapid decrease in €./ €g for vy/c =0.2 in Figure 8(a) is a
result of the superluminal effect, which might be exaggerated in
our 1D shock simulations (see Section 5.1).

While eg is almost independent of the shock speed, it does
depend on the Mach numbers, as shown in Figures 8(b) and (c).
The reduction in eg with increasing Alfvén Mach number is a
consequence of the lower magnetization of the upstream
plasma, though the dependence of eg on M, becomes weak
when the nonresonant instability in the upstream is at work
(Equations (5) and (9)), which typically occurs for M, = 20
(see also D. Caprioli & A. Spitkovsky 2014b; J. Park et al.
2015). For a fixed M,, instead, we notice that a warmer
upstream (lower M) corresponds to a weaker magnetic field,
likely due to the effectiveness of damping in higher-$3 plasmas
(e.g., M. A. Lee & H. J. Volk 1973; H. J. Volk & F. J. McKe-
nzie 1981; J. Squire et al. 2017; Figure 8(c), and also see
Figure 2(c)).

When comparing the energy density of thermal protons e, ;
(shown by the brown curves) with that of other populations, we
observe that a major fraction of the shock energy is processed
into thermal protons. The thermal electron energy density ey, ¢
is only slightly lower than ey ;, suggesting that downstream
thermal electrons have caught up with thermal protons, which
we elaborate in the following section.

6.3. Postshock Temperature

We now characterize the temperature of the downstream
thermal plasma, comparing the results with the predictions of a
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collisionless system, where Coulomb interactions and inter-
species energy exchanges are negligible. In such a system,
thermal electrons and protons are decoupled fluids: each
species experiences its own shock jump and the downstream
temperature for protons/electrons is given by

_ OGw-D tn O —D
1 ZMgi,e :II:MELE: + 2 ]

(1 — v/ M3 )?

kB E,e o 9 mie [
0.5mvy 8 m;

, (10)

where vq =5/3, Mg.e = Vin/Viie is the ion/electron Mach
number far upstream, and vy = 3vg, /4.

In the limit of strong shocks (M > 1), Equation (10)
returns kg 7,/(0.5 mivs%l) ~ (.375. When comparing it with our
simulations, shown by the brown curves in Figure 9, we find
that the proton temperature is smaller by a factor of <2 for all
parameters (see also Figure 1). Such differences are expected
because the derivation of Equation (10) ignores energy transfer
to electrons and magnetic fields.

In the case of electrons, the same choice M, > 1 returns
kg T./ (O.Smivs%) ~ 0.375/mg, i.e., electron temperature is
expected to be smaller than proton temperature by a factor of
mg. However, our analysis does not show much dependence on
mg, see, e.g., the cyan curve in Figure 9(d). In fact, the
electrons are roughly (within a factor of ~3) in equipartition
with protons for all parameters (Figures 9(a)—(d)), consistent
with supernova remnants observations (see, e.g., P. Ghavamian
et al. 2007). Moreover, in our simulations, T,/T; is always
found be much larger than 1/mg. The discrepancy is due to the
nonadiabatic heating ensuing from the ion-driven instabilities
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in the precursor and in the shock foot, which control the
electron temperature (S. Gupta et al. 2024).

To summarize, we show that the downstream thermal
protons are cooler than that predicted in hydrodynamic quasi-
parallel shocks and in general the final T,/T; ~ 0.3. The T./T;
ratio decreases with increasing shock speed and M,. We
observe a slight decrease in T,/ T; as my increases, while it rises
with M, especially when M, = 1.

7. Comparison with Previous Studies

Our 1D kinetic survey shows that in quasi-parallel non-
relativistic shocks, electron injection efficiency 7 =~ 0.5% and
acceleration efficiency e, ~ 2%. The results qualitatively agree
with the previous findings, where the NT efficiencies are
estimated using a threshold of p =5py, (e.g., B. Arbutina &
V. Zekovi¢ 2021). Our 7y and €, are slightly (factor of ~2)
smaller than those reported for quasi-perpendicular shocks
(0, = 63°) with a similar set of Mach numbers (R. Xu et al.
2020). The acceleration efficiency in our simulations attains an
asymptotic value in M, for M, s 2 20. Moreover, due to
proton-driven EM turbulence, in quasi-parallel shocks the NT tail
continues to grow with time; our simulations cover more than
two decades in energy, but the process is self-sustaining, so we
expect quasi-parallel shocks to be able to accelerate relativistic
electrons to the larger and larger energies necessary for both
synchrotron radio and X-rays in astrophysical sources.

M. Shalaby et al. (2022) suggested that electron injection
and acceleration may be strongly dependent on the effective-
ness of the “intermediate-scale streaming instability,” which
should be active only when M, < /mg /4 (M. Shalaby et al.
2021, 2023). Our low-Mach number shocks, with M, = 5, are
in this regime and our results align with the energy /momentum
span of NT electrons reported in M. Shalaby et al. (2022).
However, we do not observe a marked suppression in electron
injection for larger mass ratios in high-M, shock. We
discussed how the differences in the shape of the NT tails in
the case of M, = 5 shock for mg = 100 and my = 1836 arise
mainly from the normalization of the peak momentum of
thermal electrons on the momentum axis, rather from the
intrinsic injection/acceleration efficiency. In fact, the cutoff
energy of the NT spectra is comparable in both runs (see
Figure 6). Our simulations of higher-Mach shocks with
Ma =20 > /mg /4 find an acceleration efficiency a factor
of >10 larger than that reported by M. Shalaby et al. (2022;
see their Figure 4), which suggests that the threshold for the
intermediate-scale instability may not be a threshold for
electron injection. A possible reason behind this discrepancy
may lie in the selection of different initial parameters: 6, = 0°
(strictly paralle]) and the sonic Mach number M, =
Veh/Ven ~ 600 (note we redefine the value of the mentioned
M using thermal speed). In our case, these parameters are
0, =30° and M, = 40, respectively (see the run Blyy in
Table 1). However, such a significant difference is unexpected
once proton acceleration begins because they reorganize the
initial orientation of the magnetic field through streaming
instabilities (see Figure 1(b)) and increase the plasma pressure/
temperature (Figure 1(e)), which can reduce the effective sonic
Mach number, especially for electrons (S. Gupta et al. 2024). A
shock with M ~ 600 and M, = 20 represents a regime of
B = 4(Ma/M)? < 0.004 (strongly magnetized), while we
consider here 3= 0.06-64 typical of shocks propagating in the
solar wind or in the interstellar/intracluster medium.
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When comparing our benchmark run with the results of
J. Park et al. (2015), we find that our 7, is slightly larger by a
factor of <2. These simulations have identical shock
parameters, but are performed in different frames (downstream
frame for J. Park et al. 2015, upstream frame here); it is likely
that the choice of the upstream frame is less prone to the noise
produced by drifting plasmas and hence more accurate for
capturing the growth of the self-generated waves that scatter
reflected particles. A common ground of agreement is that
high-Mach number quasi-parallel shocks are capable of
accelerating electrons and protons up to the maximum energies
allowed by the system age/size, or synchrotron losses for the
electrons. Since particle injection efficiency positively corre-
lates with shock reflectivity, our results also support the notion
that quasi-parallel shocks are effective in electron reflection
(see e.g., P. J. Morris et al. 2022; A. Bohdan 2023)—a topic we
will discuss in an upcoming work (S. Gupta et al. 2024, in
preparation).

Our finding is consistent, for instance, with the radio/X-ray/
~-ray observations of SN1006 (F. Acero et al. 2010; R. Giuft-
rida et al. 2022), whose shock speed is vg, &~ 3000 km s ! and
Ma ~ 50, assuming an interstellar magnetic field of ~3 uG
field and the ambient plasma density of ~0.01 cm™>. Notably,
synchrotron X-rays detected in quasi-parallel regions of
SN1006 independently confirm our results (see e.g., G. Winner
et al. 2020).

Finally, we compare our results with PIC simulations of
trans-relativistic and relativistic quasi-parallel shocks (e.g.,
L. Sironi & A. Spitkovsky 2011; P. Crumley et al. 2019). In
this regime, particle injection is hindered by superluminal
regions, which means that the initial g, and the generation of
nonlinear magnetic fluctuations are crucial for electron
acceleration. Relativistic subluminal shocks show 7.~ 2%
and €y ~ 10%, which are almost a factor of ~4 larger than
nonrelativistic shocks as reported in our work, which suggests
that electron acceleration scales with the shock speed, provided
that the shock never becomes superluminal. The regime of
weakly magnetized shocks, where the initial direction of the
upstream magnetic field becomes less important (L. Sironi &
A. Spitkovsky 2011; A. Grassi et al. 2023; L. Orusa & D. Cap-
rioli 2023), deserves a dedicated treatment in the nonrelativistic
regime, which will be the subject of a future study.

Moreover, an open issue that remains is how the injection
and acceleration of NT particles get modified in realistic
environments where NT particles span several orders of
magnitude in energy. The particle distribution following
f(@)oxp~ can lead to NT energy budget (i.e., acceleration
efficiency) increasing with the maximum energy of NT
particles unless the injection fraction is self-regulated and/or
efficient acceleration induces steeper spectra (as found in
hybrid simulations, see, e.g., D. Caprioli et al. 2020). The long-
term regulation of injection and acceleration efficiency remains
an open question and will be explored in future work.

8. Conclusions

We have used fully kinetic 1D PIC simulations to study
electron acceleration at quasi-parallel nonrelativistic shocks for
different shock speeds, and Alfvén and sonic Mach numbers.
The key takeaways are:

1. Acceleration efficiency. For all shock parameters, we notice
the development of a power-law tail for both electrons and
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protons, suggesting that quasi-parallel shocks can produce
nonthermal (NT) particles. In the downstream, the NT tail is

found at p;, 2 3 mivp\/mic/m; (Where my, me, and vy
denote proton mass, electron mass, and piston speed). The
NT electron and proton fractions in the downstream are
~0.5% and ~1%, respectively. The acceleration efficiency
is approximately 2% for electrons and 10% for protons
(Figure 8).

. Self-generated magnetic fields and shock inclination. The
streaming instability driven by energetic protons in the
upstream is effective in reorienting and amplifying the
initial magnetic field (Figure 1(b)). The magnetic field
amplification strongly depends on the Alfvén Mach
number (Equation (5) and Figure 2).

. Shock speed. While acceleration is moderately faster in
high-speed shocks (Figure 4), for vy, /c 2 0.2, the power-
law tail stops growing beyond ~10 m;vy,. This is because
the self-generated magnetic field creates patches of
superluminal configurations, which may, however, be
exaggerated by the 1D setup (Figure 2(a)). For
ven/c < 0.1, the spectra are very similar and the upstream
shows an extended precursor for electrons, as well as for
protons (Figures 3).

4. Alfvén Mach number. Large M, is preferred for accelera-
tion because it generates large amplitude upstream magnetic
turbulence (6B/B > 1), which increases the confinement of
particles and allows them to reapproach the shock multiple
times. For M, < 10, acceleration stalls due to the lack of
self-generated turbulence, at least over the timescales that
we were able to probe (Figures 5(al)—(a3)).

. Sonic Mach number. As the self-generated turbulence
becomes weaker with increasing upstream plasma
temperature, the acceleration efficiency decreases for
smaller M (Figure 8(c)). However, unlike at low Ma,
the NT tail grows at a smaller rate without stalling
(Figures 5(b1)-(b4)).

. Proton-to-electron mass ratio. The NT fraction of
electrons and protons does not depend much on the
assumed mass ratio (Figure 7(d)). However, since the
thermal peaks are further away, the electron-to-proton
ratio K, measured at NT momenta decreases as my
increases (Figure 6). This is reasonable since electrons
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have to go through more Fermi cycles and in each cycle
some electrons are advected downstream.

. Thermal and magnetic energy budgets. We analyze how
the downstream energy is distributed among thermal
and NT particles, as well as magnetic fields (Figure 8).
The thermal energy density of electrons is smaller than
that of protons by a factor ~2. For M, 2 20 shocks,
the downstream magnetic field is approximately 3% of
the total postshock energy density.

8. Downstream temperature ratio. The electron-to-proton
temperature ratio in the downstream thermal plasma
depends mostly on shock speed and M, . For M, 2 20,

T./T;~0.5, which becomes smaller by a factor of <2

with increasing mass ratio (Figure 9).

In summary, our first-principles kinetic simulations offer
detailed insights into electron acceleration and various
observational parameters in quasi-parallel nonrelativistic
shocks. In a forthcoming work, we will use these results to
build a comprehensive theoretical model of electron
acceleration.
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Appendix A
Evolution of the Magnetic Field in Different Mass
Ratio Runs

Here, we present a diagnostic of the NT proton beam that
drives streaming instability and produces large amplitude
magnetic fields upstream of our benchmark shock simulation

10%¢
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Figure 10. Panel (a): diagnostics showing the beam plasma parameters in our benchmark shock run B1 in Table 1. Panel (b): the time evolution of B /By for the three

controlled simulations using the parameters found in the shock run of the panel (a). Thick lines in panel (a) show the time-averaged (between 100150 wg;') profile of
thermal and NT proton number densities (normalized to far-upstream thermal proton density n,), and the drift velocity of NT protons (v,;) in the background plasma
rest frame. Note in panel (b) how the growth is delayed for larger mg, though eventually the same saturation is achieved.
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(the run Bl in Table 1). We use these parameters in our
controlled simulations to investigate the dependence of the self-
generated magnetic field on mg, as found in Figure 2(f).
Figure 10(a) shows the NT proton beam in our benchmark
shock run drifting at a speed of v, ; = 2vy, = 0.2¢ relative to the
upstream thermal plasma, with the beam number density of
N = 0.01ny. Using these parameters in the nonresonant
streaming instability setup (S. Gupta et al. 2021), we perform
three periodic-box controlled simulations, where each simula-
tion differs only by mg, while keeping thermal background
plasma parameters identical to those in our benchmark shock
simulation, i.e., vg;=3.34 x 10 3¢ and v, =6.67 x 10 .
The time evolution of the total B, for these controlled
simulations is shown in Figure 10(b).

We find that our controlled simulations produce B, /By > 1,
as expected from the nonresonant streaming instability
(A. R. Bell 2004; E. Amato & P. Blasi 2009). Although the
magnetic field at saturation is similar for different mg, the onset
of linear growth is delayed for larger mass ratios. These results
suggest that unless we perform time averages in the plateau
region, which occurs at ¢ > 150 w;l for our benchmark run,
B, /By is likely to decrease with increasing mg, as observed in
our shock simulations (Figure 2(f)). Additionally, in shock
simulations, the continuous evolution of NT particles’
anisotropic momenta, which determine the amplification of
the magnetic field, makes a one-to-one comparison of different
mass ratio simulations extremely challenging.

Appendix B
Characterizing Streaming Instabilities in the Upstream of a
Shock

To sustain DSA, NT particles need to be confined close to
the shock, which requires EM fluctuations present in the
upstream. While both resonant and nonresonant streaming
instabilities can contribute to the injection and acceleration of
particles, nonresonant instability is advantageous due to its
ability to produce 6B/Bo>>1. For nonresonant streaming
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instability to occur, two conditions must be satisfied: (1)
Vrast < Wei and (2) Py > 2Pp,9, Where g is the growth rate
of the fastest-growing mode, w,; is the gyrofrequency of the
background thermal ions, Fy; is the anisotropic momentum
flux of NT particles that drive the instability, and Py is the
initial magnetic pressure in the upstream plasma
(A. R. Bell 2004; E. Amato & P. Blasi 2009; S. Gupta et al.
2021; G. Zacharegkas et al. 2024). The first condition ensures
that the instability evolves more slowly than the plasma
response. The second condition requires that the motion of the
instability-driving particles remains largely unaffected in the
linear regime of the instability, i.e., deflection of the driving
protons occurs only when the magnetic fields evolve into the
nonlinear regime (6B/By 2> 1). From previous numerical
simulations, we find that B, ;/2Pg o 2 10 = ¢, is needed to
clearly identify the nonresonant streaming instability (see
Figure 9 in S. Gupta et al. 2021). Using the above conditions,
below we estimate a possible range of Mach numbers for the
nonresonant instability.

Since the growth rate of nonresonant instability is given by
Yeast = 0.5(nei/10)(Va/Vao)wei = 0.5J5i/ (noev ao) (e.g.,
A. R. Bell 2004), the condition (1) yields Jy;/(ngevao) < 2.
In the shock simulations, we usually find that in the upstream
Nuei /Mo S 0.01 and vy ~ 2 vy, (e.g., see Figure 10(a)). This sets
the upper limit of the Alfvén Mach number for the nonresonant
instability, which is Ma < 2/(ngi/no) = 200. For shocks
with M, > 200, a Weibel-type instability may be seen—a
regime that is not addressed in this work. Similarly, the
condition (2) gives Ma 2 /&in/(4 Bnei/no) ~ 15, where we
take Phii & Magi (Do x) Vas With the average x-momentum of NT
protons assumed to be (py.x) = 2m;vg,. Note that the lower
limit may be influenced by the maximum energy of NT
particles because By ; can increase with the growth of the NT
tail in higher energies.

To summarize, in our shock simulations the nonresonant
instability is found for M, = 20, 30, and 40, while the
resonant instability is observed for M, = 5 and 10. Resonant
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Figure 11. Investigating the nature of streaming instability in our shock simulations. The left and right panels correspond to two different shock simulations,
Ma = 20 (the run Bl) and Ma = 10 (the run B3), respectively at r ~ 95 w;l, where all other parameters v/c = 0.1, My = 40, and m;/m, = 100 are identical.
Panel (a) shows the current density (black) and anisotropic momentum flux (magenta) of NT protons in the upstream, panel (b) shows the profiles of the magnetic
fields, and panel (c) represents the Fourier mode analyses of the magnetic fields for the thick blue/red region of the panel (b). In panel (c), the vertical dashed black
line marks the resonant wavenumber, k = 2m/Ry. = m/ M, d;”!, for particles propagating at twice the shock speed. The panels on the left suggest that B,.i/Pg.o = 20
for the M, = 20 shock, resulting in predominantly right-handed (nonresonant) magnetic fluctuations, Bg. In contrast, for the M, = 10 shock in the right panels, the
upstream fluctuations are mostly left-handed Bg, indicating that they are resonant with the current-driving protons. Note that this analysis applies to the linear growth
stage of the instability. At later times, both resonant and nonresonant waves may exhibit equal power in the shock precursor (where NT particles diffuse), and the

linear growth shifts to regions further upstream where NT particles stream.
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and nonresonant modes have different helicities and can be
directly identified from the profiles of the magnetic fields, as
illustrated in Figure 11.
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