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Abstract. We investigate the role played by initial clumping of ejecta and by efficient acceler-
ation of cosmic rays (CRs) in determining the density structure of the post-shock region of a
Type Ia supernova remnant (SNR) through detailed 3D MHD modeling. Our model describes
the expansion of a SNR through a magnetized interstellar medium (ISM), including the ini-
tial clumping of ejecta and the effects on shock dynamics due to back-reaction of accelerated
CRs. The model predictions are compared to the observations of SN 1006. We found that the
back-reaction of accelerated CRs alone cannot reproduce the observed separation between the
forward shock (FS) and the contact discontinuity (CD) unless the energy losses through CR
acceleration and escape are very large and independent of the obliquity angle. On the contrary,
the clumping of ejecta can naturally reproduce the observed small separation and the occurrence
of protrusions observed in SN 1006, even without the need of accelerated CRs. We conclude that
FS-CD separation is a probe of the ejecta structure at the time of explosion rather than a probe
of the efficiency of CR acceleration in young SNRs.
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1. Introduction
Current multi-dimensional models of supernova remnants (SNRs) predict an average

distance D between the contact discontinuity (CD) and the forward shock (FS) that is
much larger than that observed in many young SNRs (e.g. SN1006) and cannot explain
the high number of knots observed to protrude ahead of the shock. A possible cause
invoked to explain these features has been the back-reaction of accelerated cosmic rays
(CRs) at the FS. However, this mechanism cannot explain the evidence that the distance
D is lower and the occurrence of protrusions is higher than predicted even in regions
where the local CRs acceleration efficiency is very low (e.g. Miceli et al. (2009)).

Nowadays, there is a growing consensus that density clumping of ejecta may be intrinsic
at early phases of the remnant evolution (e.g. Maeda et al. (2010)). An important question
is: can the ejecta clumping enhance the growth of hydrodynamic instabilities up to a
level that allows them to reach and possibly overtake the FS? We investigate this issue by
developing a 3D MHD model of SNR expanding through a magnetized medium, including
consistently both the initial ejecta clumping and the effects on shock dynamics due to
back-reaction of accelerated CRs (see Orlando et al. (2012) for a detailed description of
the model and an extended discussion of the results).

2. The MHD model and the results
Our model describes the expansion of a SNR through a non-uniform magnetized

medium and is described by the time-dependent MHD equations (Orlando et al. (2007),
Orlando et al. (2012)). The cosmic ray back-reaction is taken into account by means of
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Figure 1. (A) 3D rendering of mass density for a model with an initial clumpy structure of the
ejecta and no shock modification by CRs. The white contour encloses the original ejecta material.
(B) Median values of the ratio of the forward shock radius to the contact discontinuity radius
Rf s/Rcd versus the maximum density perturbation for models either with (red and blue symbols
for initial size of the clumps ≈ 1% and ≈ 2% of the remnant diameter, respectively) or without
(black symbols) ejecta clumping, and for models including the back-reaction of accelerated CRs
(symbols with a cyan or magenta halo). The grey region marks the range of values observed in
SN1006 (Miceli et al. (2009)).

a space- and time-dependent effective adiabatic index γef f by following the approach
of Ferrand et al. (2010). The calculations are performed with the FLASH code (Fryxell
et al. (2000)). As initial conditions we adopted parameters appropriate to describe the
SNR SN1006. We also assume that the initial ejecta has a clumpy structure. The clumps
have been modelled as per-cell random density perturbations (Orlando et al. (2012)).

We performed simulations either with or without the backreaction of accelerated CRs
and either with or without the clumping of ejecta. For each simulation, we derived the
median values of the ratio between the FS and the CD radii Rf s/Rcd versus the maximum
density perturbation as reported in Fig. 1. We found that the back-reaction of accelerated
CRs alone cannot reproduce the observations in SN1006 unless the CRs energy losses are
extreme (i.e. γef f ≈ 1.1) and independent on the obliquity angle. An initial clumping
of ejecta turns out to be a fundamental ingredient to reproduce the observed values of
Rf s/Rcd in SN1006 and its obliquity dependence. We conclude therefore that, in general,
the separation between the FS and the CD is not a reliable diagnostic tool for studying
the CR shock modification (see Orlando et al. (2012) for a full discussion of the results).
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