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Within our Galaxy, supernova remnants (SNRs) are believed to be the major sources of cosmic
rays, up to the knee of the cosmic ray spectrum. The detection of non-thermal radiation from
SNRs, in X-rays over the past two decades, and finally in γ-rays over the past decade, has proved
the presence of energetic particles in these objects. However important questions remain regard-
ing the share of the hadronic and leptonic components, and the fraction of the supernova energy
channelled into these. If protons are efficiently accelerated at the blast wave, this should impact
the dynamics of the SNR itself, and therefore its morphology and spectral properties. In this paper
we show how these effects can be investigated by the means of 3D numerical simulations. Our
code couples the hydrodynamic evolution of the SNR with a non-linear kinetic model of diffusive
shock acceleration, which allows us to produce synthetic projected maps to be compared with
observations. We show how the presence of energetic protons can be inferred from the broadband
emission of SNRs: 1) relativistic particles modify the properties of the shocked plasma, which
affects the thermal X-ray emission, and 2) streaming particles can amplify the ambient magnetic
field, which affects the non-thermal radio to γ-ray emission.
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1. Context

Based on energetic considerations, the most plausible sources of cosmic rays within the Galaxy
have been identified as being supernova remnants (SNRs). And a theory has been developed,
known as diffusive shock acceleration (DSA), which explains how charged particles swept up by a
magnetized shock wave can get accelerated to very high energies [5, 12]. However it is still unclear
which particles are accelerated inside SNRs, in which fractions, and to which energies.

Modern X-ray space observatories (such as Chandra, XMM-Newton, and Suzaku) allow to
probe the structure of young remnants in great detail [14], and observations of objects like Tycho’s
SNR (G120.1+1.4) and SN 1006 (G327.6+14.6) have provided evidence that part of the kinetic en-
ergy of the explosion is channeled into energetic particles [11]. Also the cut-off of the synchrotron
emission proves the acceleration of electrons to TeV energies. New γ-ray instruments in space
(Fermi, Agile) and on the ground (H.E.S.S., VERITAS, MAGIC) have provided a new view of
SNRs at the highest energies, but have not firmly identified Pevatrons yet. The difficulty here is to
disentangle hadronic and leptonic contributions.

2. Method

We simulate the evolution of young SNRs undergoing particle acceleration as follows. Starting
from self-similar profiles [4], the time-evolution of the shocked structure is computed using the 3D
hydrodynamical code RAMSES [13], in a comoving grid of variable resolution [10]. The accelera-
tion of particles at the forward shock is computed with a non-linear semi-analytical model [2], that
provides the level of back-reaction on the fluid. Shock modifications are implemented in the hydro
code through the use of a variable adiabatic index, which is lowered at the shock front according to
the contribution of the particle pressure to the total pressure [6, 7]. The acceleration model includes
recipes for the amplification of the magnetic field by the particles streaming in the precursor [3, 1].
At the end of the hydro simulation (of one octant of the SNR), each cell is processed to obtain
the properties plasma and compute its X-ray thermal emission [8] and its broad-band non-thermal
emission [9]. The emission is projected along the line of sight to generate synthetic maps and
spectra.

The thermal emission, in the X-ray band, depends on the plasma density (obtained form the
hydro code), the electron temperature (computed under the assumption of progressive equilibration
with protons) and the ionization states of all species in the plasma (that has to be solved out of
equilibrium). It is computed for 14 elements from Hydrogen to Nickel.

The non-thermal emission, in a broad band from radio to γ-rays, depends on the density (for
the production and decay of pions by protons), on the magnetic field (for the synchrotron emission
of electrons), and on the ambient photon fields (for the inverse Compton scattering by electrons).
It is obtained after computing the evolution of particle spectra downstream of the forward shock,
including adiabatic and radiative losses.

3. Results

We summarize here the most salient features from our simulated data, regarding the impact of
accelerated particles on the SNR morphology and spectrum.
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Figure 1: Thermal spectra (continuum + lines), spatially integrated over the the whole remnant (black), in
the shocked ejecta (red), and in the shocked ISM (blue). Cases without (OFF, dashed) and with (ON, solid)
the back-reaction of particles are compared. (Figure from [8])

Figure 2: Non-thermal spectra from electrons (synchrotron in red and inverse Compton in green) and pro-
tons (pion decay in blue), integrated over the whole remnant. Cases without (ζ = 1, thin) and with (ζ = 0,
solid) efficient magnetic field amplification are compared (here with back-reaction). (Figure from [9])
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Figure 3: Left: X-ray image of a Tycho-like SNR at t = 500 yr, obtained by projection of a 10243 simulation.
Right: Part of a composite X-ray image of Tycho’s SNR made from Chandra data [15]. Both images combine
thermal emission from the hot ejecta (the irregular structures in the centre) and non-thermal emission from
the energetic electrons (the outer rim). (Note that the comparison is work in progress, the colours of the
ejecta in the simulated image do not match those in the observed image at this point.)

Figure 1 shows integrated thermal spectra in X-rays, in the ejecta and the ISM, with or without
taking into account the back-reaction exerted by the particles accelerated at the shock. When
particles are efficiently accelerated, we observe that the emission from the plasma is lowered, all
the more so for higher photon energies. We have shown how observing the SNR in different energy
bands, corresponding to different lines of different elements, allows to probe different levels of the
impact of particle back-reaction [8].

Figure 2 shows integrated non-thermal spectra from the radio to γ-rays, in the case with ef-
ficient particle back-reaction, with or without efficient amplification of the magnetic field by the
particles upstream of the shock. We observe that high magnetic fields (> 100 µG), as observed in
young SNRs [14, and references therein], directly impact the synchrotron emission from electrons,
by restricting their emission to thin rims, and indirectly impact the inverse Compton emission from
electrons and also the pion decay emission from protons, mostly by shifting their cut-off energies
to respectively lower and higher energies [9].

Figure 3 shows an illustrative side-by-side comparison of our simulations with observations
of Tycho’s SNR, in the X-ray domain, with both thermal and non-thermal emissions. Although
this is not an actual fit of the data, it shows the kind of detailed morphological features that can be
produced with our model.

4. Perspectives

Simulations were made so far for an idealized case appropriate for a type Ia supernova, the next
step is to study the impact of the supernova explosion and of the environment where it occurs. We
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will use more realistic profiles for the ejecta of various supernova types, bridging the gap between
studies of SNRs and the SNe.

We will also study the role of the progenitor star, by considering the propagation of a blast
wave in the wind of a massive star. This will be relevant to core-collapse SNRs (types Ib/c and II).
We are also interested in the interaction of the shell and the particles with a molecular cloud,
a situation that enhances hadronic emissions (and will require the addition of radiative cooling).

We have considered here acceleration at the forward shock only, we may investigate the role
of the reverse shock as well. We could also improve on the treatment of the contact discontinuity
between the ejecta and the ISM, by using the MHD version of RAMSES, to investigate how the
magnetic field affects the development of the Rayleigh-Taylor instability.
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