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Cosmic-Ray Acceleration by Forward and Reverse Shocks in Young Supernova Remnants
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Abstract: Observations of soft gamma-ray spectra from shell-type Supernova Remnants (SNRs) are not in line with
standard Non-linear Diffusive Shock Acceleration (NDSA). We explore alternative ways to explain the observations by
means of test-particle DSA. The main novelty is the investigation of the impact of the reverse shock in young SNRs using
1-D simulations of the hydrodynamical evolution and different magnetic field profiles in the shocked material of the SNR.
We study the temporal evolution of non-thermal particle distributions and their radiation in a broad domain of energies.
We synthesize the surface brightness maps and explore the evolution of their brightness profiles. It is demonstrated that
the reverse shock significantly contributes to the cosmic ray particle population of the SNRs, strongly modifying the
spatial distribution of particles and noticeably affecting the volume-integrated particle spectra. Therefore, the spectrum
and morphology of emission, and their time evolution, are drastically different from a pure forward-shock solutions. In
some of our models we observed rather soft high-energy gamma-ray spectra, which are well in agreement with current
observations of Cherenkov telescopes.
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1 Introduction

Diffusive shock acceleration (DSA) at SNR shocks [1, 2,
3, 4] is thought to be the most likely mechanism that can
accelerate CRs up to 1015 eV, [5]. CRs can modify the
shock structure by decelerating the incoming plasma in
the precursor region (see [6] for a review and references
therein). Observationally, it is unclear whether or not the
CR-acceleration efficiency is sufficiently high for a signifi-
cant feedback [7, 8], but if so, SNR shocks may become
modified, and the particle spectra in nonlinear DSA (or
NDSA) become soft (s > 2, N(E) ∝ E−s) at low energy
and hard (s < 2) at high energy. Recent γ-ray observa-
tions of shell-type SNRs tend to show soft spectra (Γ > 2,
Nγ(E) ∝ E−Γ): RX J1713.7-3946 [9, 10], RX J0852.0-
4622 [11], RCW 86 [12], SN 1006 [13], Cas A [14, 15],
IC 443 [16, 17] and other [18, 19, 20]. Assuming the radi-
ation was produced by hadrons, the particle spectra would
be softer than predicted by NDSA.
We investigate the diversity of particle spectra that can be
produced by shocks of young SNRs in a test-particle mode,
concentrating for simplicity on type-I SN in this paper. We
consider acceleration by both forward and reverse shocks.
As was noted earlier [21], not only the forward shock (FS)
but also the reverse shock (RS) may produce high-energy
particles or re-accelerate the particles produced by the FS
[22]. We investigate the influence of several assumptions

on radial dependencies of MF inside SNRs and explore
how Alfvénic drift may affect the total particle spectra in
SNR. Besides calculating the total particle spectra, we pro-
vide intensity profiles in the radio band, X rays and γ rays.

2 Cosmic-Ray Acceleration

A test-particle description is applicable if the CR pressure
at the shock is less than 10% of the shock ram pressure [23].
Therefore, if one limits the amount of energy contained in
CRs and the CR pressure at the shock, the acceleration can
be treated by independently solving the cosmic-ray trans-
port equation and the hydrodynamic equations of SNR evo-
lution. The cosmic-ray transport equation is a diffusion-
advection equation in both space and momentum [24]:
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where N is the differential number density of cosmic rays,
Dr is the spatial diffusion coefficient, �v the advective ve-
locity given by a 1-D hydrodynamical simulation, ṗ are the
energy losses,Dp is the momentum-space diffusion coeffi-
cient ignored in this paper, and Q is the source term repre-
senting the injection of the thermal particles into the accel-
eration process given as
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Figure 1: The FS (thick lines) vs. the RS (thin lines) contributions to the spectra of protons (left) and electrons (right) for
different SNR ages.

Q = ηinu|Vsh − vu|δ(r −Rsh)δ(p− pinj), (2)

where ηi is the injection efficiency parameter, nu is the
number density of plasma in the shock upstream region,
Vsh is the shock speed, vu is the plasma velocity in the
shock upstream region, r is the distance from the SNR cen-
ter, Rsh is the radius of the shock, p is the particle momen-
tum, and pinj is the momentum of the injected particles.
In the current paper we assume spherical symmetry and
do not consider the momentum-diffusion term representing
stochastic (second order Fermi) acceleration.
We normalize the spatial coordinate in Eq. 1 to the shock
radius, introducing coordinate x = r/Rsh, and then substi-
tute the coordinate x with a new coordinate, x∗, for which
we use a uniform grid when solving Eq. 1:

(x− 1) = (x∗ − 1)3 (3)

These simple transformations allow us i) to place the shock
at the center of a known cell at any given time and ii) to re-
solve the shock vicinity for low-energy particles with only
a few hundred bins in the spatial coordinate, x∗. Then,
Eq. 1 is solved in spherically-symmetric geometry using
implicit finite-difference methods implemented in the FiPy
[25] library modules. We make separate runs for the FS and
the RS, using the appropriate coordinate transformations to
obtain the highest resolution where injection occurs.
To study the evolution of the SNR shock waves over time,
we have performed spherically-symmetric hydrodynamic
simulations using the VH-1 code [26]. The simulations are
based on an expanding grid [27, 28], which tracks the mo-
tion of the outer shock and expands along with it. Thus,
a high resolution is maintained right from the start of the
simulations, which is essential considering that the rem-
nant size increases by about 6 orders of magnitude during
the simulation. The expanding grid also has another advan-
tage - the position of the forward shock is almost station-
ary on the grid over most of the evolution, which is useful
in computing the particle spectrum. The simulation com-
mences with a grid of size 6 ×10−5 pc. By the end of the
simulation, which is carried on for about 1000 years, it has
grown to more than 10 pc. The shocked ejecta reach a max-
imum density on the inner side of the contact discontinuity,

while the shocked ambient medium reaches a minimum on
the outer side. The temperature therefore reaches a max-
imum at the CD for the shocked ambient medium. This
distinguishes it from the structure obtained for a power-law
profile expanding into the ambient medium, as would be
more appropriate for a Type II or core-collapse SN [29].
Finally, the numerical solution of the hydrodynamic equa-
tions is mapped onto the spatial coordinate x∗ (cf. Eq 3)
in which we have written the particle transport equation
(Eq. 1). The shocks, which are invariably smeared out in
the hydrodynamic simulation, are re-sharpened by interpo-
lation toward a point-like jump in density, flow velocity,
and pressure. This is necessary to maintain a realistically
fast acceleration at GeV-to-TeV energies.
The strength of the magnetic field in the SNR is one of the
crucial parameters for CR acceleration, particularly so in
the shock regions. Since we assume Bohm diffusion here,
the MF determines the mean free path of the particle before
it is scattered. The actual mechanisms of MF amplification
are subject of ongoing research. Here we are interested in
the impact of various MF profiles on the spectra of accel-
erated particles. Therefore, we introduce a set of simple
models which describe the temporal and spatial evolution
of the magnetic field in a SNR. In D models the MF scales
with gas density, whereas in P models it follows the gas
pressure. We assume two possible values of the MF at the
SNR forward shock at tm = 500 years, BFS = 75 μG and
BFS = 300 μG. These values are taken in accordance with
average limits given by the observational data on the MF
for young SNRs such as Tycho [30].

3 Results and Discussion

In all models without Alfvénic drift, the particles acceler-
ated at the FS obey the classical power-law spectrum with
index s � 2 up to the energy, at which the escape of the
from the system or energy losses inhibit further accelera-
tion. As predicted by DSA, for protons Emax,p ∼ V 2

shB0t.
The ability of the RS to accelerate particles depends on
the MF configuration at the location of the RS. With the
MF profiles assumed here, the RS is capable of accelerat-
ing particles to sufficiently high energies and intensities to
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Figure 2: The time evolution of the spatial distribution of protons (top row) and electrons (bottom row) at energy of
20 TeV

contribute to the total volume-integrated particle spectra of
the SNR. In the absence of Alfvénic drift, the RS spectra
show slopes similar to those at the FS, with the exception of
some hardening at higher energies and a bump near Emax

(see Figure 1).
The MF profiles in the SNR interior affect the radial dis-
tribution of CRs and their subsequent emission, especially
so for leptons. In Fig.2 we plot the evolution of the ra-
dial distribution of protons and electrons at the energy of
20 TeV, which could be a characteristic energy of the parti-
cles producing high-energy emission. One can clearly see
that electrons suffer significant losses in the shocked re-
gion where the MF is high. The number density of pro-
tons falls nearly exponentially from the FS towards the CD.
There is a noticable peak in the CR distributions near the
RS. Whereas electrons peak exactly at the RS, protons are
accumulated between the RS and the CD. At 100 years,
the CR number density close to the RS is even higher than
at the FS. At 400 years the peak is still clearly visible,
however already at 1000 years only a minor bump is ob-
served. In the ejecta region, where the MF is low, both par-
ticle species show nearly uniform distributions. To permit
morphological studies of SNR at different ages, we com-
puted radial intensity profiles at characteristic wavebands
(radio @1.4 GHz, X-rays @3 keV, gamma-rays @1 TeV).
In Fig. 3 we plot normalized intensity profiles separately
for leptonic and hadronic emission.
It is astonishing to see how the brightness profiles change
with time. At 100 years both shocks are bright and visi-
ble in all bands except for the FS in radio waves, which
are emitted by low-energy electrons. The contribution of
the RS to the total emission is high at this time. The low-
energy electrons cannot propagate far from their point of
origin, and therefore the relatively high injection rate at
the RS in the early phase renders it much brighter than the
FS in radio band. Pion-decay gamma rays are copioulsy
produced in the ejecta region on account of the high tar-

get density there. At 400 years the contribution of the RS
region becomes less prominent, but is still visible. Only
in synchrotron X-rays (and IC in D075I/A models) the RS
becomes insignificant. The 3 keV synchrotron X-rays are
created by electrons of rather high energy (∼ 13.5 TeV for
B = 300 μG and ∼ 27 TeV for B = 75 μG). At this
age the RS is no longer able to boost electrons up to these
energies. The electrons accelerated at the FS suffer from
losses on their way to the SNR interior, and therefore the
synchrotron emission becomes noticably filamentary, espe-
cially in high-MF models. In the models with high MF, a
plateau of high-intensity IC emission appears in the ejecta
region. Between the two shocks, high-energy electrons are
few on account of severe energy losses, so the IC emission
is suppressed. At the same time, the electrons that prop-
agated into the ejecta region, where the MF is low, accu-
mulate there and account for the bright IC emission. This
trend continues with age, and after 1000 years we observe
a bright plateau of IC emission from the SNR center, while
the FS appears very filamentary. There is almost no trace of
emission from the RS after 1000 years in the other wave-
bands. X-ray synchrotron emission is seen as a thin fila-
ment near the FS, especially in the models with high MF.

4 Conclusions

We have studied particle acceleration by both forward and
reverse shocks in young Type-Ia SNR, using gas-flow pro-
files derived from 1-D hydrodynamical simulations to solve
the cosmic-ray transport equation in test-particle approach.
It is important to account for the contribution of the RS to
cosmic-ray particle population in the initial 400 - 600 years
of SNR evolution, depending on the density of the ambient
medium and the magnetic-field profile. At that time the RS
is able to accelerate particles up to very high energies, and
the number of accelerated particles is comparable to that
at the FS. This is well visible in volume-integrated parti-
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Figure 3: The radial intensity profiles of the SNR in different models at different wavelength and ages. Radio @1.4 GHz
(short-dashed blue), X-rays @3 keV (solid red), IC @1 TeV (long-dashed green), pion-decay @1 TeV (dotted pink).

cle spectra, the distribution of high-energy particles in the
SNR, as well as in the morphology of particle radiation.
The significance of the RS contribution falls with time, and
although it is still visible in particle spectra up to 1000
years or so, it is barely noticable in the emission spectra
and morphology.
We found that the total volume-integrated particle spectra
of the SNR differ from single-shock test-particle solutions,
especially for very young SNRs. The choice of MF pro-
files affected the relative contribution to the total spectrum
of the RS and the FS. Additionally, Alfvénic drift of scat-
tering centers in the shock precursors gives rise to addi-
tional spectral feature, whose appearance and time evolu-
tion depends on the choice of MF profile. Interesting is
that some of the spectra (both electron and protons) exhibit
features typical of NDSA, such as spectral concavity and
high-energy bumps. One difference is that our test-particle
spectra are softer than those of NDSA, which may provide
a better agreement with γ-ray spectra observed from SNRs.
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