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Abstract

We study the first-order Fermi acceleration process at parallel shock waves
by means of Monte Carlo simulations. A ’realistic’ model of the magnetic field
turbulence is applied involving sinusoidal waves imposed on the background mean
field parallel to the shock normal. The finite-amplitude magnetic field perturba-
tions lead to locally oblique field configurations at the shock and the respective
magnetic field compression. It results in modification of the particle acceleration
process introducing some features observed in oblique shocks, e.g. particle reflec-
tions from the shock. For the parallel mildly relativistic shocks we demonstrate
for the first time a (non-monotonic) variation of the accelerated particle spectral
index with the turbulence amplitude.

1. Introduction

As discussed by Ostrowski [9] for nonrelativistic shocks, the presence of
finite-amplitude magnetic field perturbations modify character of the diffusive
particle acceleration at the shock wave with the mean field parallel to the shock
normal. The effect arises due to locally oblique field configurations formed by
long-wave perturbations at the shock front and the respective magnetic field com-
pressions. As a result the mean particle energy gains may increase and the parti-
cles reflected from the shock front may occur. The same phenomena should occur
at relativistic shocks [cf. 10].

In the simplified numerical simulations of the first-order Fermi accelera-
tion at parallel mildly relativistic shocks the acceleration time scale reduces with
increasing turbulence level, but no spectral index variation occurs [1, see 2 for
ultrarelativistic shocks|. However, the considered acceleration models apply very
simple modeling of the perturbed magnetic field effects by introducing particle
pitch-angle scattering. The purpose of the present work is to simulate the first-
order Fermi acceleration process at mildly relativistic shock waves propagating
in more realistic perturbed magnetic fields, including a wide wave vector range
turbulence with the power-law spectrum. The magnetic field is continuous across
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the shock, according to the respective jump conditions. This feature leads to
substantial modifications of the acceleration process at parallel shocks.

Below the upstream (downstream) quantities are labeled with the index
L17 (427)'

2. Simulations

In the simulations trajectories of ultrarelativistic test particles are derived
by integrating their equations of motion in the perturbed magnetic field [for details
see: Niemiec, Ostrowski, in preparation]. A relativistic shock wave is modeled
as a plane discontinuity propagating in electron-proton plasma. The magnetic
field is defined upstream of the shock. It consists of the uniform component, §071,
parallel to the shock normal and finite-amplitude perturbations imposed upon it.
The perturbations are modeled as a superposition of 294 sinusoidal static waves of
finite amplitudes [cf. 10]. They have either a flat (F(k) ~ k') or a Kolmogorov
(F(k) ~ k™5/3) wave power spectrum in the (wide) wave vector range (kmin, Fmaz ),
where Koz /kmin = 10°. The shock moves with the velocity u; with respect to
the upstream plasma. The downstream flow velocity us and the magnetic field
structure are obtained from the hydrodynamic shock jump conditions. Derivation
of the shock compression ratio as measured in the shock rest frame, R = uy /us,
is based on the approximate formulae derived in Ref. [3]. In the analysis of the
acceleration process the particle radiative (or other) losses are neglected.

3. Results for parallel shocks

In Fig. 1 we present particle spectra for the parallel shock wave with
uy; = 0.5¢. The shock compression ratio is R = 5.11. The particle spectra are
measured at the shock for three different magnetic field perturbation amplitudes
and the flat (Fig. 1a) or the Kolmogorov (Fig. 1b) wave power spectrum. One can
note that the particle spectral indices deviate from the small amplitude results of
the pitch angle scattering model [3-6]. In addition, the increasing magnetic field
perturbations can produce non-monotonic changes of the particle spectral index
— the feature which has not been discussed for parallel shocks so far. Analogously
to oblique shock waves [cf. an accompanying paper in this volume|, our particle
spectra are non power-law in the full energy range and the shape of the spectrum
vary with the amplitude of turbulence and the wave power index.

The non-monotonic variation of the spectral index with the turbulence
amplitude results from modifications of the particle acceleration process at the
shock. The long-wave finite-amplitude perturbations produce locally oblique mag-



: 4 - T T T T T T T (a) [ T T T T T T T T (b)
\LI_J, 3 —o:‘. . e i
=] Toon | mmma. 3B /By, =10 e
S 2k G, oa 'lI.-l 0,1~ *~ o, ****** 5B /B =1.0 -
kS Bong g “waa =345 Steve,. TR s 017+
Z 1t Bag, oo Lrrs L Ttead, *iy, O = 3.47 -
E i By, ®%% (3595.. fAA S 3.0 *X*X*
o 0r Ba Co00  m e, oo, (3.62) xx 7
o L OSBE\DDD Ooo A’AAAA o-._.n_‘ Ky |
o 2 ®e,-.
(3.65) "o o Tea. e, %,
2 ['[u;=05c o fo_ u; = 0.5¢c (B61) ., tte L]
3= 451 o "o Y= 450513 cay ‘e .
4 LR~k _ F(k) ~ k o o
Sr 211'[/kmalx le'tllqgin . 211'[/kmaX 211'[/km-m 7
l Y
o (c) (d)
2
0.8 ] _
06 I Sl S N
- 0B /By =3.0c-» LREEN OB /By =3.0 e--¢
e T 10 wm | X . * T1.0 x-x
04 N 0.3 oo N 0.3 2--2
. r A R L ~e N -
- — o | . N
e lcald i\\ i A, ~ﬂ\\:\.\ .
<8 L N . EX
0.2 o . P xR, _
\:? N
“\‘EI.T\:S\ R \\\i‘}“\
O 1 1 1 1 AESg L d 1 1 1 1 1 1 Kby gl
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 9
log (E/Eg)
Fig. 1. Accelerated particle spectra at the parallel shock wave in the shock rest frame

for (a) the flat (F (k) oc k=1) and (b) the Kolmogorov (F(k) oc k~%/3) wave spectrum
of magnetic field perturbations. The upstream perturbation amplitude dB/By; is
given near the respective results. Linear fits to the power-law parts of the spectra
are presented and values of the phase space distribution function spectral indices
« are given in parentheses. Particles in the energy range indicated by arrows can
effectively interact with the magnetic field inhomogeneities (kmin < kres < Emaz)-
For upstream particles probabilities of reflection from the shock, P,., are presented
as a function of particle energy for the respective particle spectra above (the trans-
mission probability Pio =1 — P,).

netic field configurations and lead to occurrence of particles reflected from the
compressed field downstream of the shock. Probability of reflection depends on
the turbulence amplitude and the amount of field perturbations with wavelengths
larger than the resonance wavelength for a given particle, as presented in Figs.
lc and 1d. For 0B/By; = 1.0 the reflection probability is higher as compared
to the other perturbation amplitudes considered and the particle spectrum is
flatter. For the chosen by us smaller (0B/By; = 0.3) and larger (0B/By; = 3.0)
turbulence amplitudes the reflection and transmission probability do not differ
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considerably, which results in the similar values of the spectral indices. One
can note in this place, that the obtained spectra for the Kolmogorov case seem
to exhibit a continuous slow change of inclinations. Thus the fitted power-laws
depend to some extent on the energy range chosen for the fit. One can also note
a steep part of the spectrum at low energies for §B/By; = 0.3 in Fig. 1b.

The presented reflection (transmission) probabilities decrease (increase) at
high particle energies due to a limited dynamic range of the magnetic field tur-
bulence. The locally oblique field configurations are mainly formed by long-wave
perturbations (k < ky.s) [cf. 9]. For high energy particles with ks < ki, there
are no respectively long waves and the upstream particles can be only transmit-
ted downstream of the shock. In these conditions the acceleration process would
converge to the ‘classic’ parallel shock acceleration model, but in our simulations
particles move far to the introduced escape boundary forming a cut-off.

4. Summary

The simulations of the first-order Fermi acceleration process acting at par-
allel relativistic shock waves are presented. In the presence of finite-amplitude
perturbations the particle spectral indices vary in a non-monotonic way with the
turbulence amplitude due to non trivial character of the particle interaction with
the shock, including particle reflections. This feature is also expected to lead to
some decrease of the particle acceleration timescale in comparison to previous
estimates [7, cf. §].
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