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Abstract

Two-dimensional cylindrical magnetohydrodynamic (MHD) simulations are implemented to investigate the
dynamical properties of young type Ia supernova remnants (SNRs) undergoing shock acceleration in a turbulent
medium. In our simulations, an MHD code is coupled with a semianalytical kinetic treatment of shock acceleration
by means of a time-dependent effective adiabatic index. Large-scale density and magnetic field fluctuations are
calculated and mapped into the computational domain before simulations. The above configurations allow us to
study the time-dependent dynamical properties and magnetic field structure of a benchmark SNR undergoing shock
acceleration in a turbulent medium, along with the relative positions of the contact discontinuity. Our simulation
results reveal that there is a rippled forward shock, a thinner shocked ejecta layer and a denser, narrower intershock
region. The resulting net effect is a higher density difference between the shocked ejecta and the shocked
interstellar medium, leading to a growth of the Rayleigh–Taylor instability. The amplified magnetic field occurs
not only at the contact discontinuity but also near the immediate downstream of the shock. The spatial location of
the maximum magnetic field is in the vicinity of immediate downstream, which is different with Guo et al. Our
derived profiles of the relative contact discontinuity positions are compatible with the results of two typical young
type Ia SNRs: SN 1006 and Tycho, with the lowest value reaching ∼1.02 for both cases. Moreover, we find no
obvious ejecta protrusions beyond the main forward shock.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Supernova remnants (1667)

1. Introduction

Galactic cosmic rays (GCRs) with energy up to a few PeV
are generally believed to be accelerated inside supernova
remnants (SNRs) via diffusive shock acceleration (DSA; see,
e.g., Blasi 2013; Amato 2014, for recent reviews). This
hypothesis is under scrutiny for a few decades, but until last
few years some compelling evidence emerges owing to
studying the X-ray and γ-ray emission from SNRs or nearby
molecular clouds. Observed rapid X-ray variability on yearly
timescales in SNR RX J1713-3946 requires extremely fast
cosmic ray acceleration and quick energy losses in situ, leading
to the conclusion that only synchrotron radiation of the
accelerated electrons in a local amplified magnetic field can
explain it reasonably when all situations are considered
(Ballet 2006; Uchiyama et al. 2007). Besides, the X-ray thin
rims observed in some young SNRs are also presumed to be
associated with energetic electrons, and strongly amplified
magnetic fields are again invoked to decipher the thicknesses of
the rims (Morlino & Caprioli 2012). Recently, detections of the
pion bumps in several middle-aged SNRs (IC443, W44, and
W51C) provide direct evidence of efficient hadronic accelera-
tion (Ackermann et al. 2013; Jogler & Funk 2016). Despite
impressive strides made by observations, different approaches
have been exploited to describe the DSA with nonlinearity and
magnetic field amplification (MFA) in theory (see, e.g., Malkov
& Drury 2001 for a review): kinetic semianalytical solutions,
Monte Carlo numerical simulations of the full particle
population, and fully numerical simulations. The semianaly-
tical approach seems very promising for its computational
convenience and adequate accuracy in terms of both particle

spectra and hydrodynamics when compared with other
methods (Caprioli et al. 2010).
If the SNRs are indeed the major contributors of GCRs, then

the dynamical reaction of the accelerated particles impacting on
the temporal evolution of an SNR shall be contemplated. This
idea is supported by observing the positions of three waves (
i.e., forward shock (FS), contact discontinuity (CD), and
reverse shock (RS)) in several SNRs (e.g., Warren et al. 2005;
Cassam-Chenaï et al. 2007, 2008; Miceli et al. 2009; Patnaude
& Fesen 2009). The observational results of the three waves’
positions are in conflict with pure hydrodynamic models,
indicating that a sizeable fraction of the explosion energy might
be converted into GCRs. Coupling 1D self-similar simulations
with a simple model of DSA (Berezhko & Ellison 1999), the
modifications of hydrodynamics due to nonlinear particle
acceleration is investigated (Decourchelle et al. 2000), where a
thinner intershock region between the forward and RS is
obtained and the hydrodynamics instabilities grow faster when
efficient acceleration takes effect (see also Blondin &
Ellison 2001). An updated radially symmetric model was
proposed to calculate the hydrodynamic evolution of an SNR
by replacing the simple DSA model with a more accurate
semianalytical model (Ellison & Cassam-Chenaï 2005; Blasi
et al. 2005; Ellison et al. 2007). Recently, three-dimensional
hydrodynamical simulations coupled with a nonlinear diffusive
shock acceleration (NLDSA) model have been exploited and
the back reaction of the accelerated particles is also considered
by varying the adiabatic index (Ferrand et al. 2010, 2014;
Pavlović 2017), the results confirmed the previous findings
regarding dynamical reaction of the accelerated particles on the
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SNR morphology. Besides, the topics pertaining to SNR
simulations are expanded upon in various scenarios: radiation
morphologies and properties of specific SNRs (Warren &
Blondin 2013; Yang et al. 2015; Zhang et al. 2017), Rayleigh–
Taylor unstable interface (Jun & Norman 1996; Frashcetti et al.
2010; Wang 2011), turbulent background field and magnetic
fluctuations (Balsara et al. 2001; Guo et al. 2012), interactions
with preexisted stellar wind bubbles or dense clumps
(Chiotellis et al. 2013; Toledo-Roy et al. 2014; Slavin et al.
2017; Wang et al. 2018), role of initial ejecta clumping and
postexplosion anisotropy (Orlando et al. 2012, 2016), polarized
emission properties (Schneiter et al. 2015; Bandiera &
Petruk 2016; Petruk et al. 2017; Velázquez et al. 2017;
Villagran et al. 2020), and mass-loading effect from embedded
clouds (Pittard 2019).

Much of the previous debates revolve around the case of
uniform ambient background, while there is insufficient
research into this field to draw convincing conclusions
concerning dynamical properties of young type Ia SNRs
undergoing shock acceleration in a turbulent medium. To this
end, in this paper, two-dimensional (2D) cylindrical MHD
simulations of the temporal evolution of a benchmark SNR
undergoing shock acceleration in a turbulent medium are
performed. The DSA is described via a semianalytical model
and the turbulent medium contains preexisted large-scale
density and magnetic field fluctuations. We make an attempt
to address how the dynamical properties and the magnetic field
structure of the remnant depend on the two prior ingredients:
DSA (i.e., time-dependent effective adiabatic index ( )g n t,eff ),
and a turbulent background (TB). Besides, we trace the relative
positions of the contact discontinuity (referring to ratio of the
forward shock radius to the contact discontinuity) which can be
compared directly with X-ray observations. This paper
proceeds as follow. A detailed description of our paradigm
and initial setup of simulations are in Section 2. The simulation
results are presented in Section 3, while some discussion and
conclusions are given in Section 4.

2. Simulation Description And Initial Setup

In this section, 2D MHD cylindrical simulations of the
temporal evolution for an SNR undergoing shock acceleration
in a turbulent medium are delineated in details.

2.1. Modified MHD Equations

The dynamical evolution of the SNR shock wave propagat-
ing into a turbulent ambient field is simulated with the time-
dependent ideal MHD equations of mass, momentum, and
energy conservation:
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In this paper, the PLUTO code developed by Mignone et al.
(2007, 2012) is adopted to perform our simulations and the
MHD equations are solved with a cell-centered finite-volume
scheme with high-order Godunov methods. Numerical methods
do not naturally preserve the condition · =B 0, so here a
constrained transport technique is accepted to fulfill the
divergence-free condition. Throughout the paper, the density
is in units of -m cmH

3 and magnetic field is in units of mG. But
for the cases where the turbulent medium is considered, the
logarithm is taken.

2.2. Simulation Setup

The effective adiabatic index ( )g n t,eff is adopted here to
mimic the back reaction of accelerated particles. To calculate

( )g n t,eff , it is premised on the assumption that the steady
solution of the NLDSA model (e.g., Blasi 2002; Amato &
Blasi 2005; Caprioli et al. 2010) is applicable at each time step
of the SNR evolution. The NLDSA model adopted here is
semianalytical and thus is computationally very convenient.
Detailed descriptions of this paradigm can be found in Caprioli
et al. (2010). At each time step, the MHD code offers shock
radius and velocity as inputs for the NLDSA model. The
NLDSA model provides the total shock compression ratio Rtot,
so the effective adiabatic index of the fluid to emulate the
presence of accelerated particles is given by (Ellison et al.
2004)
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with Ms representing the sound Mach number. This is a
common practice for a uniform medium (Ferrand et al. 2010;
Frashcetti et al. 2010; Pavlović 2017). However, for the
turbulent case considered here, each cell usually owns a
different density n, a more practical manner to calculate

( )g n t,eff is to utilize a derived lookup table method (see
Orlando et al. 2016).
The interstellar medium (ISM) is known to be turbulent both

in density and magnetic field (Lee & Jokipii 1976; Minter &
Spangler 1996). Following Wang et al. (2018), we calculate the
large-scale density and magnetic field fluctuations in advance
and map them into the computational domain before simula-
tions. For the fluctuating components, both the magnetic field
and density are derived under the assumption of a Kolmo-
gorov-like power spectrum, which is in accordance with the
results of interstellar turbulence observations (Armstrong et al.
1995; Chepurnov & Lazarian 2010), as the form of

( )
( )

( )µ
+ G

P k
kL

1

1
, 7

where the spectral index G = 8 3 in a 2D system and k is the
magnitude of the wave vector. L stands for the coherence
length of the ambient turbulence and is set to 3 pc in our
simulations (Guo et al. 2012; Wang et al. 2018). The
turbulence is generated by summing over a great number of
discrete wave modes with random phases (Giacalone &
Jokipii 1999). The random component of the magnetic field
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in the cylindrical symmetry is derived by
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where ( )P knB is the power function of the wave mode with
wave number kn; qn is the randomly distributed propagation
angle with qcos in the interval ( )-1, 1 and the random phase
fn satisfies f p< <0 2n . CB is a constant that normalizes the
wave amplitude and determined by dá ñ =B B2

0
2.

The random density fluctuations follow the probability
distribution below (Burlaga & Lazarus 2000; Giacalone &
Jokipii 2007),

( ) ( ) ( )d= +n r z n f f, exp , 90 0

where f0 is a constant that determines the average density, and
df has a similar form as the magnetic field turbulent part:
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where Cf as the normalization constant is determined
by ( )dá ñ =n n0.42

0
2.

For simulating the SNR undergoing efficient particle
acceleration in a turbulent ambient field, a series of 2D
cylindrical magnetohydrodynamics simulations have been
implemented here. Our simulations are set in a 2D cylindrical
coordinate (r, z) with symmetry in f direction as well as
2048×2048 uniform grids (Guo et al. 2012; Wang et al.
2018). A supernova shock wave is driven by injecting thermal
energy and mass in a small circular region at the center of the
simulation domain. The total kinetic energy and mass in the
ejecta are set to =E 10sn

51 erg and =M M1.4ej respectively,
which are appropriate parameters for Type Ia supernova. The
ambient gas number density = -n 0.1 cm0

3, the background
temperature =T 10 K0

4 . The magnetic field here includes a
uniform large-scale component where m=B 3 G0 (along z
direction), and a turbulent component dB. Detailed descriptions
regarding the initial setup for the SNR blast wave can be found
in Wang et al. (2018) and references therein.

3. Results

3.1. Density Distribution and Magnetic Field Structure

Figure 1 displays the density distribution at different time in
a single run. For highlighting the turbulent background, the
logarithm is taken. As shown in the figure, at =t 300 yr, the
prespecified large-scale density fluctuations are evident, and the
Rayleigh–Taylor instability is triggered at the contact dis-
continuity where the dense ejecta are decelerated by the
ambient medium with a lower density (Zhou 2017a, 2017b).
The finger-like structures are clearly seen in the shocked region
as the shocked ejecta permeate into the shocked ISM. At later
time, when the SNR expands outwards into the turbulent ISM,
the ejecta become tenuous and the shocked region edged by
shocked ISM and shocked ejecta becomes more prominent (
i.e., intershock region). Mushroom caps occur at tips of the
finger-like structures owing to the tangential velocity disparity
at the interface (also known as the Kelvin–Helmholtz
instability) (Jun & Norman 1996). Notably, the forward shock
interacts with the turbulent background and its surface becomes

distorted, leading to shock ripples. At =t 1000 yr, the finger-
like structures extend close to the forward shock, and the
surfaces of both two shocks are severely distorted. Compared
with the case without ( )g n t,eff (i.e., see middle panel of Figure
2 in Wang et al. 2018), it is apparent that the intershock region
shrinks as the forward shock gets close to the contact
discontinuity, owing to the lower effective adiabatic index

( )g n t,eff . Notably, the shocked ejecta layer between the reverse
shock and the contact discontinuity becomes thinner. The net
effect is thus a higher density difference between the shocked
ejecta and shocked ISM, which results in growth of the
Rayleigh–Taylor instability (i.e., the finger-like structures
become twisted and extend close to the forward shock).
Figure 2 shows the evolution of magnetic field structure in

the same run as Figure 1. As the uniform large-scale
component of background magnetic field is assumed to be
along the z−axis, the MFA around the equator (tangential with
respect to the shock normal) is much stronger. Different from
Guo et al. (2012), the two discrete regions of MFA cannot be
clearly identified in Figure 2 as the intershock region shrinks.
The immediate downstream of the forward shock, where once
only the background magnetic field compressed by forward
shock presumed to be there, is now blended with the amplified
magnetic field resulting from Rayleigh–Taylor instability. As
time proceeds, the peak value of the amplified magnetic field
gradually increases, indicating that the amplification has not
reached a saturation. This is probably because the benchmark
SNR is still in its early stage of evolution, and the maximum
amplified magnetic field at t=1000 yr is about 200 mG (see
also Figure 3). The magnetic field inside the ejecta is low due to
the outward expansion. It is worthwhile mentioning that other
effects such as numerical resolution can also exert an influence
on the MFA (Balsara et al. 2001; Guo et al. 2012).
More specifically, the output data of our simulations at

t=1000 yr are analyzed and the results are depicted in
Figure 3. At the top left panel, owing to turbulent ambient
medium, the shock position varies with the angle between the
shock radius and the r−axis (from minimum∼6.53 pc to
maximum∼6.93 pc). Regarding the averaged shock position
(∼6.72 pc), those variations across the forward shock
correspond to a relative small percentage from ~-2.8% to
~+3.1%. It is noteworthy that the actual variations of the
shock position heavily depend on the specific structure of the
turbulent medium. When part of the forward shock encounters
the turbulent ambient medium with a relatively high density, it
will suffer more suppression. The net effect of the forward
shock interacting with the turbulent background is the
appearance of a corrugated surface. In the top right panel, it
is clear to see that the MFA occurs in the intershock region (not
only near the Rayleigh–Taylor unstable region, but also in the
vicinity of immediate shock downstream). Moreover, the
radially averaged magnetic field strength reaches a maximum
value of about 23 mG. It should be pointed out that when our
data are postprocessed for the radially averaged magnetic field,
a larger (close to the remnant outer rim) radius may count some
grid cells with ambient magnetic field as the whole shock
surface is distorted.
The bottom left panel of Figure 3 illustrates the time

evolution of the maximum magnetic field strength and its
relative location as an indicator of MFA in downstream. Here,
the relative location refers to the ratio between the radius of the
cell where the maximum magnetic field strength stores and the
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radius of the forward shock just ahead of it (especially
important for the cases where the forward shock becomes
distorted) and we begin our tracing when the shock structure
and Rayleigh–Taylor fingers have clearly formed. It can be
seen from the plot that the maximum magnetic field increases
to about 200 mG within 1000 yr (the corresponding
g ~ 1.29eff ), which is much larger than what is expected from
the simple shock compression. Guo et al. (2012) pointed out
that the spatial location of the maximum magnetic field is
typically not near the immediate downstream region by detailed
analysis. However, as shown in the bottom left panel of
Figure 3, it is evident to see that the spatial location of the
maximum magnetic field is quite near the shock front for most
time. It is not surprising to see the discrepancy between our
results and the results given by Guo et al. (2012), as the
discrepancy could be mainly attributed to the time-dependent
effective adiabatic index ( )g n t,eff adopted here. For a lower

( )g n t,eff , the shocked region shrinks meanwhile the Rayleigh–
Taylor unstable structures extend close to the forward shock.

As a consequence, the two distinct regions of MFA seen in Guo
et al. (2012) now merge almost as one region (difficult to
disentangle one from the other) and the spatial location of
maximum magnetic field could be in the vicinity of immediate
shock downstream region. The bottom right panel of Figure 3
illustrates the statistical histograms of the amplified magnetic
field distribution at t=1000 yr, which can also be an indicator
of the effect of MFA. As shown in the plot, the magnetic field
can be amplified substantially in quite a few cells with values
larger than those from simple shock compression. When
interpreting the observed X-ray thin rims and their properties in
some SNRs, a local amplified magnetic field at or in the
proximity of the downstream shock is often suggested. With
our simulation, it is completely possible to reproduce such a
feature and in fact the spatial location of radially averaged
amplified magnetic field could even get closer to the forward
shock as the data-processing routines in our code may count
some cells with ambient magnetic field at the outmost part of
the remnant.

Figure 1. Density distributions in one run at different times. The color bar shows the logarithm of density in units of -m cmH
3.
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3.2. Relative Positions of Contact Discontinuity

The relative positions of contact discontinuity, which we
define as the ratio of the forward shock radius to the contact
discontinuity, can be a practicable tracer probing efficient
shock acceleration at SNRs according to previous works
(Decourchelle et al. 2000; Blondin & Ellison 2001).

In Figure 4, we compare our derived profiles with the X-ray
observational results for two typical young Type Ia SNRs: SN
1006 (Miceli et al. 2009) and Tycho (Warren et al. 2005). The
solid lines in the plots represent our derived profiles while the
shaded area marks the results derived from X-ray observations.
For SN 1006 and Tycho, we make use of the profiles at
t=1000 yr and t=430 yr, respectively. As illustrated in
Figure 4, our derived profiles are well compatible with the
observational results for both two SNRs. Regarding SN 1006,
the relative positions of contact discontinuity are limited to
within the range of ∼1.0–1.15 from the combined analysis of

aH image as well as X-ray ejecta emission (Miceli et al. 2009)

while our derived profile is between ∼1.02 and 1.16. Such an
agreement also applies for the case of Tycho, where the our
result spans from ∼1.02 up to ∼1.13.
It should be noted that the lowest value of our derived profile

in both cases is about 1.02. However, most X-ray observations
have suggested ∼1.0 as the lowest value for both cases, which
may indicate that the Rayleigh–Taylor fingers are extremely
close to or even overtaking the forward shock (Warren et al.
2005; Cassam-Chenaï et al. 2007, 2008). Moreover, we found
no evident ejecta protruding beyond the main forward shock.
Such protrusions have been identified by several authors both
in Tycho and SN 1006 (Velázquez et al. 1998; Rakowski et al.
2011) despite the fact that their actual origin is still in debate:
ejecta clumping imposed as initial conditions, hydrodynamic
instabilities developing at the surface of contact discontinuity,
or preexisting inhomogeneous ambient structures (Wang &
Chevalier 2001; Orlando et al. 2012; Warren & Blondin 2013;
Williams et al. 2017; Sato et al. 2019). The mentioned
inconsistency may imply that there is some room for other

Figure 2. Structures of the magnetic field in one run at different times. The color bar shows the logarithm of magnetic field in units of μG.
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scenarios which can further enhance the growth of Rayleigh–
Taylor instability or even modify the initial ejecta structures,
thus reducing the relative positions of contact discontinuity.

3.3. A Compared Inspection

What we have concluded in previous sections from our
simulation results should deserve a compared inspection with
the case of no acceleration. To accomplish it, our data are
analyzed and the results are displayed in Figures 5 and 6,
respectively.

In Figure 5, we present the same contents as in Figure 3,
except we add the results of the case with no efficient
acceleration. A few comments regarding the results are given as
follows.

Considering the turbulent background solely, the forward
shock front extends for about 0.6 pc and retains ripples. The
shock position varies from minimum ∼7.15 pc to maximum
∼7.48 pc. Regarding the averaged shock position (∼7.34 pc),
those variations across the forward shock correspond to a even
smaller percentage (~-2.6% to ~+1.9%) than the case with
efficient acceleration. This discrepancy may reveal that the
inclusion of ( )g n t,eff leads to an aggravation of the shock
ripples which is essentially due to ambient turbulence. As for
the radially averaged magnetic field, its maximum value
reaches about 12 mG at the intershock region which is much

smaller than the case with efficient acceleration by a factor of
about 1.9. The shrink of the intershock region can also be
clearly seen by viewing the distance between the averaged
forward shock radius and the averaged contact discontinuity,
where the averaged forward shock shrinks while the latter
roughly stays the same.
Similar to the radially averaged magnetic field profile, time

evolution of the maximum magnetic field strength could also
be an indicator of MFA. The bottom left panel in Figure 5
depicts the time evolutions of the maximum magnetic field
strength and its relative locations in two different situations. In
both two cases, it seems that the maximum magnetic field
strength increases with time and has not reached a saturation as
it is still in the early stage of the evolution. When ( )g n t,eff is
considered, the maximum magnetic field strength substantially
enhances as time proceeds and is much larger than the case
with no efficient acceleration. The bottom right panel illustrates
the statistical histograms of the amplified magnetic field
distribution. As shown in the plot, the magnetic field can be
amplified substantially in quite a few cells with values larger
expected from simple jump condition in both cases while the
inclusion of ( )g n t,eff brings about a stronger amplification.
As for the relative location of the maximum magnetic field

strength, it merits a detailed interpretation. Considering the
ambient turbulent background solely, the relative location

Figure 3. Top left: the solid line represents shock position at different angles (with regard to r-axis), while the dotted line shows the angularly averaged shock position.
Top right: radially averaged magnitude of the magnetic field from the 2D simulations in units of μG. The red dotted line represents the angularly averaged shock
position, while black dotted line stands for the angularly averaged position of the contact discontinuity. Bottom left: time evolution of the maximum magnetic field
strength and its location relative to the shock front: the blue solid line depicts the maximum magnetic field strength, while the orange solid line represents the relative
location of the maximum magnetic field strength. Bottom right: the statistical histograms of the amplified magnetic field distribution.
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varies with time which implies there may exist some small
regions with amplified magnetic field comparable with each
other. These small regions are distributed randomly in the
shocked region and most of them are near contact disconti-
nuity. In fact, such changes can be viewed as competition
between the two regions of MFA (Guo et al. 2012). The
amplification in the immediate downstream region is princi-
pally due to vortical flow produced at rippled shock front,
which can distort and stretch the magnetic field lines, thus
resulting in a strong amplification. The other region is closely
associated with the Rayleigh–Taylor instability at the contact
discontinuity. Once ( )g n t,eff is considered, the two regions
seem to merge while the relative location shifts to the vicinity
of immediate downstream. It is obvious that the spatial location
of maximum magnetic field strength is quite near immediate
downstream region for most time which reveals that amplified
magnetic field could occur in the immediate vicinity of an SNR
shock.

Figure 6 illustrates the comparison of our derived profiles
with the X-ray observational results for two typical young Type
Ia SNRs: SN 1006 (Miceli et al. 2009) and Tycho (Warren
et al. 2005). As is clearly depicted, the derived profiles are well
compatible with the observational results for both two SNRs
only in context of efficient acceleration where ( )g n t,eff is at
work. Instead, the derived profiles of the case with no efficient
acceleration exhibit some deviations from the observational
results.

4. Discussion and Conclusions

Based on a series of 2D cylindrical MHD simulations, the
evolution of a benchmark SNR undergoing efficient shock
acceleration in a turbulent medium has been investigated in this
paper. A common trait of many previous works is the use of
idealized uniform ambient background while the interstellar
medium is known to be turbulent both in density and magnetic
field (Lee & Jokipii 1976; Minter & Spangler 1996). Here, we
choose a turbulent description of the ambient medium where its
fluctuating component is derived under the assumption of a
Kolmogorov-like power spectrum. Coupling our simulations
with a realistic semianalytical acceleration model is reasonable,
given that it is widely believed that galactic cosmic rays are
produced in SNRs via DSA. The presence of accelerated
particles and their back reaction on the SNR morphology could

be mimicked by a time-dependent effective adiabatic
index ( )g n t,eff .
Initially, when both conditions ( ( )g n t,eff and turbulent

background) are satisfied, a narrower, denser intershock region
and a thinner shocked ejecta layer are obtained. The resulting
net effect is a higher density difference between the shocked
ejecta and the shocked ISM, leading to a rapid growth of the
Rayleigh–Taylor instability. Rippled forward shock and
distorted reverse shock are clearly seen in the density profiles.
The two MFA regions identified in Guo et al. (2012) now
almost merge because of the shrunken intershock region as well
as the growth of the Rayleigh–Taylor instability, resulting in
the occurrence of strongly amplified magnetic field near the
immediate downstream. More explicitly, the fundamental cause
of such amplification is two-fold: partly due to a contribution
from vortical flow and partly associated with the enhanced
Rayleigh–Taylor instability. The spatial location of the
maximum magnetic field is quite near the immediate down-
stream, indicating that amplified magnetic field could occur in
the immediate vicinity of an SNR shock. It is not surprising to
see the discrepancy between our results and the results given by
Guo et al. (2012), which could be attributed to the time-
dependent effective adiabatic index ( )g n t,eff adopted here.
Reproducing such a feature is pivotal, as X-ray thin rims seen
in some SNRs, and their coincidence with the inferred shock
locations have suggested an amplified magnetic field occurring
at or within a short distance to forward shock. The maximum
values of density and magnetic field are also obtained under
this circumstance.
Besides, we also trace the relative positions of contact

discontinuity and the derived profiles are consistent with the
observational results for two typical Ia SNRs: SN 1006 and
Tycho. It is noteworthy that the lowest value of our derived
profile in both cases is about 1.02 which seems at odds with
suggested value ∼1.0 from X-ray observations (Warren et al.
2005; Cassam-Chenaï et al. 2007, 2008; Miceli et al. 2009).
Meanwhile, we also find no obvious ejecta protrusions which
have been identified by several authors both in Tycho and SN
1006 irrespective of their elusive origin (Velázquez et al. 1998;
Rakowski et al. 2011). The foregoing inconsistency indicates
us that there may exist alternative scenarios which can further
enhance Rayleigh–Taylor instability or even modify the initial
ejecta profile, thus reducing the relative positions of contact
discontinuity to match observations. As a recent attempt,

Figure 4. Relative positions of contact discontinuity (ratio of the forward shock radius to the contact discontinuity). The shaded area marks the results derived from
X-ray observations of SN 1006 (Miceli et al. 2009) and Tycho (Warren et al. 2005), respectively.
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Ferrand et al. (2019) have investigated the imprint of an
asymmetrical SN Ia explosion on the resulting SNR morph-
ology with a state-of-the-art scheme. The clumpy patterns are
clearly seen in their synthetic thermal emission maps and the
entire SNR morphology seems very realistic-looking (resem-
bling the X-ray observational results of Tycho). Some
Rayleigh–Taylor fingers are even protruding beyond the main
forward shock, which is in accord with the findings in Orlando
et al. (2012) where the ejecta clumping serves as an underlying
assumption.

Moreover, by postprocessing our data, a compared inspec-
tion with the case of no acceleration is given. The shock
positions, radially averaged magnetic fields, time evolutions of
the maximum magnetic field strength, and its relative locations
in different circumstances have been depicted. The closer
analysis reveals that when consider the turbulent background
solely, the forward shock extends but the ripples seem to be
less obvious. The maximum radially averaged magnetic field is
smaller than the case with efficient acceleration by a factor of
about 1.9. Similar conclusion can be drawn for the evolution of
the maximum magnetic field strength. As for the relative
location of the maximum magnetic field strength, it varies with
time and is not in the vicinity of immediate downstream for
most time, which is consistent with Guo et al. (2012). One
limitation of our study is the adoption of a same initial setup for

both SN 1006 and Tycho, while the actual interstellar medium
structures surrounding them could be different due to their
separate Galactic latitudes. Moreover, the actual interstellar
medium structure might be much more complicated than the
simple scenario proposed here for both cases (Reynoso et al.
2013; Williams et al. 2013).
One of the major problems that the SNR–CR paradigm

encounters is whether the shock acceleration could accelerate
particles to PeV in its nonlinear version. One promising answer
lies in the MFA which could boost the maximum energy of the
particles. However, it is worth recalling that the maximum
energy can be achieved only if the amplification occurs both
upstream and downstream of the shock (mainly affected by the
value of the amplified magnetic field upstream). If the particles
cannot be scattered back to the shock effectively, the
acceleration processes would be inefficient and the particles
could escape the system either from one side or the other
(Morlino 2017). In our simulations, shocked plasma in
downstream is usually highly turbulent and Rayleigh–Taylor
instability could amplify the local magnetic field, converting a
fraction of the turbulent motion into magnetic energy
(Giacalone & Jokipii 2007). So it is prone to achieving a
magnetic amplification downstream in the simulations while
the triggering mechanism in the upstream has not yet been fully
understood (Caprioli et al. 2018). Recent X-ray observations of

Figure 5. Top left: the solid lines represent shock position at different angles (with regard to r−axis), while the dotted lines show the angularly averaged shock
position. Top right: radially averaged magnitude of the magnetic field in units of μG. The dotted lines represent the angularly averaged shock position, as well as the
angularly averaged position of the contact discontinuity. Bottom left: time evolution of the maximum magnetic field strength and its location relative to the shock
front: the solid lines depict the maximum magnetic field strength, while the dotted lines represent the relative location of the maximum magnetic field strength. Bottom
right: the statistical histograms of the amplified magnetic field distributions.
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SNR shocks also reveal substantial evidence that MFA occurs
upstream, which in turn calls for efforts to look for a reliable
solution to trigger amplification in upstream.
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