Research in Astronomy and Astrophysics, 24:065019 (11pp), 2024 June

© 2024. National Astronomical Observatories, CAS and IOP Publishing Ltd. Printed in China and the U.K.

https:/ /doi.org/10.1088 /1674-4527 /ad4598

CrossMark

Feedback of Efficient Shock Acceleration on Magnetic-field Structure Inside
Young Type Ia Supernova Remnants

Jun-Yu Shenl, Bi-Wen Baol’z, and Li Zhang1
! Department of Astronomy, Key Laboratory of Astroparticle Physics of Yunnan Province, Yunnan University, Kunming 650091, China; baobiwen@ynu.edu.cn,
lizhang @ynu.edu.cn
2 Key Laboratory of Statistical Modeling and Data Analysis of Yunnan Province, Yunnan University, Kunming 650091, China
Received 2024 January 3; revised 2024 March 26; accepted 2024 April 19; published 2024 June 7

Abstract

Using an effective adiabatic index 7.¢ to mimic the feedback of efficient shock acceleration, we simulate the
temporal evolution of a young type Ia supernova remnant (SNR) with two different background magnetic field
(BMF) topologies: a uniform and a turbulent BMF. The density distribution and magnetic-field characteristics of
our benchmark SNR are studied with two-dimensional cylindrical magnetohydrodynamic simulations. When ¢ is
considered, we find that: (1) the two-shock structure shrinks and the downstream magnetic-field orientation is
dominated by the Rayleigh—Taylor instability structures; (2) there exists more quasi-radial magnetic fields inside
the shocked region; and (3) inside the intershock region, both the quasi-radial magnetic energy density and the total
magnetic energy density are enhanced: in the radial direction, with 7.4 = 1.1, they are amplified about 10-26 times
more than those with ~y.r=15/3. While in the angular direction, the total magnetic energy densities could be
amplified about 350 times more than those with ~.;r=15/3, and there are more grid cells within the intershock
region where the magnetic energy density is amplified by a factor greater than 100.
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1. Introduction

Supernova remnants (SNRs) arise from the interactions of
expanding ejecta with the interstellar medium (ISM), giving rise
to a two-shock structure susceptible to hydrodynamical
instabilities (McKee & Truelove 1995; Wang & Chevalier 2001).
This specific structure includes a forward shock (FS) compres-
sing and heating the ISM, a reverse shock (RS) generated by
supersonic collisions between the outermost ejecta and the shell
(McKee 1974), and contact discontinuity (CD). The CD is an
interface where Rayleigh-Taylor instability (RTI) occurs due to
a density discontinuity between the shocked ISM and shocked
ejecta (Reynolds 2017; Zhou 2017a, 2017b). Specifically, finger-
like structures will appear and grow in the hydrodynamical
unstable region, as the shocked ejecta permeates into the
shocked ISM. Besides, due to the tangential velocity disparity
between the shocked ISM and shocked ejecta, the secondary
Kelvin—Helmholtz instability (KHI) could emerge at the tips of
the finger-like structures (Jun et al. 1996).

As revealed by observations and numerical simulations, the
two-shock structure plays a crucial role in the evolution of an
SNR and the particle acceleration process: the strong forward
shock will compress the background magnetic field (BMF)
perpendicular to its normal direction (Vink 2020), thereby
increasing the tangential component of the magnetic field in the
downstream. Then the RTI can further amplify the swept-up

magnetic field greatly. Since the magnetic-field lines are frozen
in the plasma, they could be strongly stretched and distorted by
the RTI and the velocity-sheared vortices caused by the KHI
behind the mushroom caps (Jun et al. 1996). Therefore, the
finger-like structures exert an obvious amplification effect on the
downstream magnetic field (Jun & Norman 1996a), leading to a
radial predominance of the magnetic-field orientation in the main
shell of young SNRs (Jun & Norman 1996b). Based on
observational data, the postshock magnetic field in SNRs can
reach ~10* G, much higher than the results from simple shock
compression. Notable examples include the Tycho SNR (Volk
et al. 2005; Warren et al. 2005) and the Cassiopeia A (Vink &
Laming 2003), providing strong indications for the contributions
of RTI to the magnetic-field amplification (MFA).

Furthermore, it is theoretically predicted that MFA would occur
during the evolution of SNRs, manifesting itself in an amplified
magnetic field 6B much larger than the pre-existing ordered
magnetic field By, i.e., 6B/By > 1. Apart from RTIL, MFA could be
attributed to multiple physical mechanisms, including resonant
cosmic ray (CR) streaming instability (Bell 1978; Zweibel 1979;
Schure et al. 2012), Bell instability (Bell 2004, 2013; Blasi 2013),
and turbulent dynamo (Giacalone & Jokipii 2007; Xu &
Lazarian 2016; Hu et al. 2022). Since the magnetic field is
dynamically important in the SNR lifetime, especially the post-
adiabatic epochs (Petruk et al. 2016, 2018, 2021), magnetic energy
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density could be a relevant physical quantity worthy of research.
The temporal evolution of magnetic energy density in SNRs has
been studied by several papers via numerical simulations (Jun &
Norman 1996a, 1996b; Jun & Jones 1999; Shin et al. 2008). Note
that magnetic energy density is expressed as B*/8m, the ratio
6B%/BZ could be used to characterize the MFA in simulations and
assess the amplification efficiency (Lucek & Bell 2000; Riquelme
& Spitkovsky 2009).

SNRs are generally regarded as one of the main sources of
Galactic CRs below the “knee” energy (E~3 x 10" eV)
(Baade & Zwicky 1934; Reynolds 2008). The mechanism of
accelerating CRs to such high energy is considered to be the
nonlinear diffusive shock acceleration (DSA) (see, e.g.,
Blasi 2013; Amato 2014). Recent observations in both the
TeV and GeV bands have collected a great deal of data
concerning specific SNRs, such as SN 1006 (Acero et al.
2010), Tycho SNR (Acciari et al. 2011), W44 (Cardillo et al.
2014), and HESS J1731-347 (Yang et al. 2014), which further
confirmed that SNRs are indeed important particle acceleration
sites. In numerical simulations, an effective adiabatic index Yegs
is adopted to mimic the feedback of the efficient shock
acceleration process (Chevalier 1983; Decourchelle et al. 2000;
Fraschetti et al. 2010; Wang 2011; Orlando et al. 2012).

Regarding the particle acceleration process, a growing body of
evidence proves that it is linked with the two-shock structure
(Reynolds 2008; Telezhinsky et al. 2013). When the efficient
shock acceleration occurs, the impacts of relativistic particles on
pressure and the escape of superthermal particles result in an
effective adiabatic index ~eg less than 5/3 (Blondin &
Ellison 2001; Fraschetti et al. 2010; Wang 2011; Orlando et al.
2012). This could increase the compression ratio of the shock,
leading to further compression of the BMF in the downstream
(Schure et al. 2012). Besides, the CR acceleration process is also
constrained by the magnetic-field structure in situ. For example,
the angle between the shock normal and the magnetic field can
affect the particle acceleration efficiency (Reynoso et al. 2013;
West et al. 2016). Moreover, the SNR expanding in a non-
uniform magnetized background would enhance the turbulence in
the postshock region, in turn impacting on the acceleration
process (Balsara et al. 2001). The above two factors alter the
energy transfer process during the acceleration by influencing the
scattering efficiency (Xu & Lazarian 2022).

Results from earlier research indicate the existence of
magnetic fields with different topologies in space: ordered fields
in galaxies (Beck 2016; Han 2017), turbulent fields around type
Ia SNRs (Shimoda et al. 2018; Saha et al. 2019), radial and
toroidal fields generated by progenitor stellar winds (Par-
ker 1958). These diverse BMFs could serve as the pre-SN
environment. Regarding various pre-SN magnetic-field topolo-
gies in the ambient medium, the FS could compress the magnetic
field to varying degrees in all directions. Thus, the magnetic-field
structure inside the shocked region might be different.
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Given their specific ejecta mass and dynamical properties,
Type Ia SNRs, relics of thermonuclear explosions in binary
systems, are considered the ideal objects to study the evolution
of SNRs (Lopez et al. 2011). For this reason, numerous
investigations have been done in recent studies, concerning the
dynamical processes and the morphologies of type Ia SNRs:
the multiband-emission morphologies of SNRs under diverse
BMFs (Orlando et al. 2007, 2011; Bao et al. 2018; Zhang et al.
2023); the magnetic-field evolution of the SNR in a turbulent
BMF (Guo et al. 2012; Peng et al. 2020; Bao et al. 2021); the
feedback of the particle acceleration processes on the SNR
temporal evolution (Ferrand et al. 2010; Jun & Li 2012).
Besides, some radio-polarization measurements inform us
about the overall magnetic-field orientation in type Ia SNRs.
For mature SNRs, the polarization vectors are mostly consistent
with a tangentially oriented magnetic field due to shock
compression (Dickel & Milne 1976). In contrast, radially
oriented magnetic fields are observed in many young type Ia
SNRs, such as Tycho (Reynoso et al. 1997), Kepler (DeLaney
et al. 2002), and SN 1006 (Reynoso et al. 2013). With respect
to the origin of the radial component, it is generally assumed
that RTI will stretch the field lines preferentially along the
radial direction (Gull & Longair 1973; Jun & Norman 1996b;
Dubner & Giacani 2015). If there exists density inhomogene-
ities in the ejecta, the RT fingers will approach the FS (Orlando
et al. 2012, 2019). Meanwhile, turbulence driven by
Richtmyer—Meshkov instability at the tips of the fingers could
also result in amplification of the radial component of magnetic
fields (Inoue et al. 2013). These processes may explain the
radial orientation preference observed in young SNRs. Despite
that, efficient shock acceleration could modify the magnetic-
field structure in a type Ia SNR, its potential impacts on the
distribution of magnetic-field orientation and magnetic energy
density, as well as the amplification of magnetic energy density
within the main shell have not yet been assessed.

In this paper, by adopting 7.g to mimic the feedback of
efficient shock acceleration, we make an attempt to investigate
the downstream magnetic-field structure of a young type Ia
SNR. Considering two different BMF topologies, namely a
uniform and a turbulent BMF, we explore the magnetic-field
orientation and the magnetic-field energy density within our
benchmark SNR via 2D cylindrical magnetohydrodynamics
(MHD) simulations. The sketch of this paper is as follows. In
Section 2, a detailed description of the initial setups for our
numerical simulations is given. The density distribution and
magnetic field characteristics are presented in Section 3. We
give some conclusions and discussion in Section 4.

2. Simulation Description

2.1. Initial Density Profiles of a Type la SNR

It is proposed by Chevalier (1982) to use the power-law
profile to describe a type Ia SNR after the explosion. This
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model assumes that the mass density in the ejecta and
circumstellar medium of the SNR can be described by a power
law, providing a spherically symmetric and self-similar
solution for the ejecta-dominated SNR structure (Blondin &
Ellison 2001). Since the steep power-law density distribution of
the ejecta will lead to an infinite ejecta mass, the ejecta density
profile should be truncated at a small radius r., where r, = v.t.
When the radius is less than r, the ejecta density is assumed to
be a constant value, and 4/7 of the total mass is contained in
this inner plateau. When the radius is greater than r., the ejecta
density is distributed according to a given power law, and 3/7
of the total mass is contained in the outer part:

ey

pulri ) = oVl =3 for r > vet,
e o173 for r < vet,

where ¢ is the age since the supernova explosion and n =7 is
adopted for type Ia SNRs. The expression of constant p is’:
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where v, is the velocity of matter at r. and given by:
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Here, we adopt E; = 1.0 x 10°" erg for the total kinetic energy
of the ejecta and M, = 1.4 M, for the ejecta mass, respectively.
The initial radius of the ejecta R is 0.5 pc, corresponding to an
initial age of about 9 yr (Dwarkadas & Chevalier 1998).4 We
take the background temperature Tp to be 10*K and the
background density pgv to be 0.1cm >, respectively.
Throughout this paper, the mass density is in units of my
cm ° (my is the mass of a hydrogen atom), while the magnetic
field is in units of uG. All other physical quantities are
expressed in c.g.s. units.

2.2. MHD Simulation Settings

The ideal MHD equations including mass conservation
equation, momentum conservation equation, energy conserva-
tion equation, and time-dependent evolution equation of
magnetic field are used to describe the evolution of the
benchmark SNR with time:

9% v (=0 )
ot
%+V-(pvv—BB)+VP*:O, )
aa_f+v-[(E+P*)v—B(v~B)]=0, (6)

3 The units of pe and pj are g s> em ™ and g cm 3, respectively.
4 Thus, v, and vt are 7.7 x 108 cms™! and 2.2 x 10" cm, respectively.
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a—BJer(va):O, 7
ot
where p, v, B, and P =P +Bz/ 8m are the mass density, gas
velocity, magnetic field, and total pressure (thermal pressure P
adds the magnetic pressure Bz/ 87), respectively. The total
energy density E is expressed as:

+ —pv? + —, ®)

where 7. is the effective adiabatic index. We consider four
different ~.g here, namely ~eir=15/3, 4/3, 1.2, and 1.1.

The PLUTO code developed by Mignone et al. (2007, 2012),
with the cell-centered finite-volume scheme as the main method
to solve MHD equations, is adopted to perform our simulations:
(i) the simulations are carried out in the cylindrical coordinate
system with 1024 x 2048 uniform cells; (ii) the Eight-Wave
Formulation is used to keep V - B =0, while HLLC Riemann
solver is set to calculate the flux. We assign reflective boundary
conditions at R = 0 (the z-axis), and outflow conditions for other
boundaries, respectively. In this paper, the end time of
simulations is set as 1 kyr and we do not consider the radiative
cooling as the benchmark SNR is still in its adiabatic stage
(Blondin et al. 1998; Petruk 2005).

2.3. Initial Background Magnetic Field

In this paper, we introduce two different BMF topologies
(Schure et al. 2009):

(1) The B, case: a uniform BMF of By = 3 uG parallel to the
z-direction (Beck 2016; Han 2017).

(2) The By, case: a Kolmogorov-like turbulent magnetic
field, i.e., a uniform large-scale field By=3 uG with a
component 0B(r, z) described as:

Nm
6B(r,2) =Y \Gs2rk, Ak, Py(ky)
n=1

X (sin 6,7 — co0s6,2) x exp[i(cosb,k,r
+ sin6,k,z + &)1, C)]

where Cg is the normalization constant; 6, is the random
propagation angle and ¢,, is the random phase. Py is the power
function for wave mode with a wavenumber of k,,:

1

Pgk,) « ————;
B DT

(10)
where the coherence length L is 3 pc and the spectral index I is
8/3 (see Guo et al. 2012 and Wang et al. 2018 for more
details). Thereby, Cy here is 0.5823 x 10~ "2 pc? G* (G stands
for Gauss).

Figure 1 describes the two initial BMFs that we calculated in
advance, where the white arrows represent the local magnetic-
field lines. The data is expressed logarithmically in units of uG
to highlight the turbulent magnetic field.
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Figure 1. Schematic diagrams of background magnetic fields in two cases. The
left and right panels are for the B, and By, cases, respectively. The white arrows
represent the local magnetic-field lines. The color bars show the logarithm of
the magnetic fields in units of ;G.
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Figure 2. Density profiles of the benchmark SNR at 1 kyr with veee = 5/3, 4/3,

1.2, and 1.1 for the B, case. The color bars show the logarithm of density in

units of iy cm ™.
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Figure 3. Density profiles of the benchmark SNR at 1 kyr with .= 5/3, 4/3,

1.2, and 1.1 for the By, case. The color bars show the logarithm of density in units

of my cm™.

3. Results
3.1. Density Profiles

Figures 2 and 3 portray the density distribution of the
benchmark SNR under two different BMFs at t =1 kyr. In order
to show the structure of the SNR more clearly, the logarithm is
taken. In both cases, the two-shock structure is evident. As e
decreases from 5/3 to 1.2, the FS radius decreases while the RS
radius increases (see also Figure 4),” leading to the shrinking of
the two-shock structure gradually. For 7. = 1.2, some RT fingers
reach the FS and cause some slight protrusions, appearing as the
fluctuations in the azimuthal variations of the FS radius in
Figure 4. While with = 1.1, RT fingers push small regions out
ahead of the average shock radius, distorting the FS and
engendering a mixture between the shocked ISM and the ejecta.

> We note that, in the density profiles of the benchmark SNR, some jet-like

structures near the z-direction give rise to mushroom-shaped clouds in the north
of the SNR. These structures which are within an angular interval of ~10° with
regard to the z-direction are numerical artifacts and not real (Dwarkadas 2000).
Hence, in this paper, we only extract and analyze the physical information of
our benchmark SNR in the angular interval between £80° from the r-direction.
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Figure 4. The location of the forward shock and reverse shock at different angles with regard to the r-direction (in a counterclockwise direction). The top and bottom

panels are for the B, case and the By, case, respectively.

As a result, the two-shock structure is deformed and the overall
outline displays significant deviations from sphericity. These
results are consistent with the findings in Blondin & Ellison
(2001), Orlando et al. (2012), and Warren & Blondin (2013).
Regarding the density profiles and two-shock structures, the
morphologies of benchmark SNR in different BMF cases are
qualitatively similar.

3.2. Magnetic-field Structure

Figures 5 and 6 display the spatial magnetic-field structure of
our benchmark SNR with different BMFs at ¢ = 1 kyr. For both
cases, the magnetic fields in the two-shock structure are notably
higher than those in other areas, due to the shock compression
and the amplification effects of RTI. The intershock region gets
brighter when .4 decreases, because of the increased shock
compression ratio. Besides, owing to the fast outward
expansion, the magnetic fields are weak inside the unshocked
ejecta.

For the B, case (panels in Figure 5), since the BMF is
homogeneous along the z-direction, the projected value of the
BMF in the tangential direction of FS drops from the equator to
the poles, resulting in a brighter region at the equator. This is
also distinctly shown by the lengths of the white arrows, which
characterize the local magnetic-field lines in the shocked

region. We notice that most arrows in the immediate FS
downstream exhibit tangential orientations when ~eg is 5/3.
However, the arrow orientations are disordered within the RT
structures, and some of them are virtually radial. The number of
tangential arrows in the downstream decreases as the volume of
the shocked ISM reduces at ~y.;=4/3. Meanwhile, there
appears to be a greater diversity in the orientations of the
arrows in the RT structures, with more nearly radial arrows
showing up. For .= 1.2 and 1.1, a further shrunk intershock
region leads to fewer tangential arrows. Accordingly, the
magnetic-field orientation in the intershock region depends on
the relative contributions from the RTI and shocked ISM.
When ~.¢; decreases, the magnetic-field orientation is princi-
pally dominated by the RTL

Concerning the By, case, as depicted in the panels in
Figure 6, the prespecified large-scale magnetic-field fluctua-
tions are apparent. On account of the turbulent components in
the BMF, some irregular dark regions exist in the intershock
region, while some RTI regions are brighter compared with
those in the B, case. However, for each ~.g the overall
distribution of the magnetic-field orientation in the intershock
region is similar with its counterpart in the B, case.

To acquire more information about the magnetic-field
structure in the intershock region, we intend to analyze the
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Figure 5. Magnetic-field structure of our benchmark SNR at 1 kyr for v = 5/
3, 4/3, 1.2, and 1.1 in the B, case. The color bars show the logarithm of
magnetic fields in units of ;G. The white arrows represent the local magnetic-
field lines.

magnetic-field orientation as a function of time. We denote the
total number of grid cells located in the intershock region as
ol Among these cells, those whose magnetic-field orienta-
tion makes an angle less than 45° with the local radial direction
are defined as the “cells with quasi-radial magnetic fields,” with
their quantity marked as n4s. We use the ratio of 7145 to nog tO
describe the proportion of the cells with quasi-radial magnetic
fields to the total cells during the SNR evolution. This ratio
versus time is displayed in Figure 7 for four values of ~.¢ for
the B, and By, cases, respectively.

As shown in the left panel of Figure 7 (the B, case), it is
evident that, as ~.g reduces, the regions with quasi-radial

In preparation for a more comprehensive explanation of our results, the
definitions and expressions of physical quantities utilized in this article are
presented in the Appendix. We detect the positions of FS and RS based on the
pressure jump caused by the shocks, and the region between the FS and RS is
the intershock region.
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Figure 6. Magnetic-field structure of our benchmark SNR at 1 kyr for yegr = 5/
3,4/3, 1.2, and 1.1 in the By, case. The color bars show the logarithm of
magnetic fields in units of ©G. The white arrows represent the local magnetic-
field lines.

magnetic fields take up a larger proportion of the intershock
region after 7= 200 yr.” This is mainly due to the growth of RTI
and the magnetic-field structure in situ. More explicitly, on one
hand, the RTI could be enhanced if a lower ~.¢ is considered
(Decourchelle et al. 2000; Fraschetti et al. 2010; Peng et al.
2020). As a consequence, the developed finger-like structures
will further stretch local magnetic field lines preferentially along
the radial direction (Gull & Longair 1973; Jun &
Norman 1996b; Dubner & Giacani 2015). On the other hand,
with a decreasing ~y.g, the volume of the shocked ISM is
reduced, where the tangential magnetic field prevails. In the right
panel of Figure 7, the overall tendency of the lines with various

7 We start our analysis at = 200 yr when the RT finger-like structures for the

two cases are well developed, as we tend to study the influences on the
magnetic field orientation exerted by those subtle structures.
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Figure 7. The ratio ngs/nm vs. time for the B, (left panel) and By, (right panel) cases.
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Figure 8. Top panels: the quasi-radial magnetic energy density E, in each radial interval vs. the radius in the B, (top left panel) and By, (top right panel) cases. Bottom
panels: the total magnetic energy density E,. in each radial interval vs. the radius in the B, (bottom left panel) and By, (bottom right panel) cases. The shaded areas,
with identical colors as the curves, correspond to the standard deviation of Ey, and Eioy. The dashed lines, sharing the same colors with the curves, are the averaged

positions of FS and RS with different 7., respectively.

Yeir for the By, case is similar to that of the B, case. Thereby,
under the efficient shock acceleration, there appear to be more
quasi-radial magnetic fields within the SNR in the two cases.
Figures 8 and 9 are plotted to assess the feedback of efficient
shock acceleration on the magnetic energy density within the
two-shock structure. Specifically, Figure 8 shows the quasi-
radial magnetic energy density Ey (top two panels) and the
total magnetic energy density E. (bottom two panels) in each

radial interval (between R and R-+0.05pc). The shaded
areas, with identical colors as the curves, correspond to the
standard deviation of Eg and Ei,, respectively. In a given
radial interval, a large standard deviation suggests a high
dispersion of the magnetic energy densities, while a small
standard deviation means a low dispersion. More explicitly, in
the unstable region, there exists a substantial disparity in
magnetic field strengths among different grid cells, leading to a
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Figure 9. Top panels: the azimuthal distributions of ratio £, .

/Es 3 for the B_ (top left panel) and By, (top right panel) cases, where E

o 18 the total magnetic energy

density in each angular interval (0°6) with ~.¢. Bottom panels: the histograms of the ratio Crr /e in the B, (bottom left panel) and By, (bottom right panel) cases, where

Cef

large standard deviation in magnetic field densities. Whereas,
the magnetic field strengths of the cells in the unshocked
regions demonstrate a slight disparity in magnetic field
strengths, so the standard deviation of the magnetic field
densities there is small. As v.¢ decreases, peak values of both
E, and E rise, implying stronger quasi-radial magnetic
energy density and total magnetic energy density. With regard
to the uniform case, the peak value of Eg with ~yee=1.1
(4.9 x 107" ergem ™) is ~10 times that with ~e=5/3
0.5 x 107! erg cm ). While for the turbulent case, the
peak value of Eg with v=1.1 (10.5 x 10711 erg cm*3) is
~26.3 times that with ye=15/3 (0.4 x 10 ergem ™). As
for Eiy, the apex value of Ey is 15.4 x 107" erg cm 2 in
the uniform case with .= 1.1, ~17.1 times that in the same
case with yer=5/3 (0.9 x 10~ "' ergcm ™). Concerning the
turbulent case, the apex value of E\, is 27.3 X 10~ erg cm?
with =11, ~24.8 times that with ~.g=5/3
(1.1 x 107" ergem ™).

In the shocked region, we denote the total magnetic energy
density in each angular interval (0°6) with . as E,,. The ratio of
E, 1o Es53 is adopted in each angular interval to quantify the
MFA owing to the efficient shock acceleration. The top two

is the magnetic energy density of each grid cell in the shocked region with 7. and e is the background magnetic energy density (Bo =3 uG).

images in Figure 9. depict the azimuthal distributions of ratios
E,3/Es/3, Ei2/Es)3, and E; 1 /Es 3 for both cases. We find that
values of ratio E; ;/Es;; within angular intervals are generally
higher than those of ratios E4/3/Es /3 and E, »/Es 3 for both cases,
revealing more efficient field amplification. The maximum value
of ratio E; ;/Es 3 achieved in the simulations is about 350. In the
bottom panels of Figure 9, the histograms of the ratio e, /e are
illustrated, serving as an indicator for MFA in the intershock
region. Here, e, symbolizes the magnetic energy density of each
grid cell in the shocked region with ., while e is the background
magnetic energy density (Bp =3 uG). As shown in the plots, the
magnetic energy densities of quite a few cells are amplified over
1000 times in both cases. With a declining g, there exist
reductions in the counts of lower ratios (<100), along with
increases in the counts of ratios exceeding 100 times. Our
quantitative results suggest that, for both uniform and turbulent
BMFs, when the shock acceleration is efficient, the magnetic
energy density inside the intershock region is enhanced.

Summarizing our results, a lower ~.¢ contributes to the
changes in the downstream magnetic-field structure for both B,
and By, cases, inducing the enhancements of magnetic energy
density within the intershock region.
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4. Conclusions and Discussion

The shock acceleration process could affect the two-shock
structure as well as the magnetic fields inside type Ia SNRs,
demonstrated by recent numerical simulations (Orlando et al.
2012; Warren & Blondin 2013; Peng et al. 2020). Besides,
foregoing research implies that the magnetic-field structure in
cosmic space is complex (Parker 1958; Beck 2016; Han 2017;
Shimoda et al. 2018; Saha et al. 2019), indicating different BMF
topologies. Based on a series of 2D MHD simulations in a
cylindrical coordinate system, investigations on the downstream
magnetic-field structure of young type Ia SNRs with two
different BMFs have been made. In this work, a uniform and a
turbulent BMF are considered, and an effective adiabatic index
Yer 1S adopted to mimic the feedback of the shock acceleration.

Initially, we present the density profiles and the magnetic-
field structure of the benchmark SNR at r = 1 kyr for both cases
with different ~.¢. In Figures 2 and 3, the two-shock structure
is obtained, which shrinks with a decreasing 7g (from 5/3 to
1.2). While with ~.¢= 1.1, the two-shock structure is severely
deformed and the overall outline displays significant deviations
from sphericity (see also Figure 4). Regarding the two different
BMFs considered here, their resulting density profiles in the
intershock region are qualitatively similar. Figures 5 and 6
illustrate the magnetic-field structure for our benchmark SNR.
If a lower ~. is taken, the magnetic fields in the immediate
shock downstream are further compressed, and the overall
magnetic-field orientation appears to be further disordered.

Furthermore, Figures 7-9 analyze the orientation distribution
and the energy density of the downstream magnetic fields in
our benchmark SNR. We employ the ratio ngs/nim to
characterize the magnetic-field orientation distribution in the
shocked region. Within the intershock region, the total number
of grid cells is denoted as n,, While nys is defined as the
“quasi-radial magnetic field” cell number. Our results reveal
that the feedback of efficient shock acceleration (v < 5/3) is
capable to modify the downstream magnetic-field structure of
our benchmark SNR (Figure 7), resulting in more quasi-radial
magnetic fields inside the intershock region. To describe the
magnetic energy density inside the intershock region, we plot
Eq and Eyo versus radius (Figure 8) as well as the azimuthal
distributions of ratio E, /Es;3 and the histograms of ratio
e%“/ e (Figure 9). For both uniform and turbulent BMFs, peak
values of Ey with = 1.1 are 10-26 times those with
Vet = 5/3, while the apex values of Eyq with Y= 1.1 are
17-25 times those with . =5/3. Concerning E,, and e,_, it
is noteworthy that with a lower ey, £, could be amplified by
more than 350 times, while €y of more cells could be
magnified over 1000 times. Our results suggest that the
efficient shock-acceleration feedback would increase the
magnetic energy density within the shocked region. Addition-
ally, it is worth noting that the resolution employed in
simulation runs could influence the MFA. With higher grid

Shen, Bao, & Zhang

resolution, the magnetic-field strength in the intershock region
would increase, attributed to the enhancement of turbulent
amplification of magnetic field and the reduction of numerical
dissipation (Jun & Norman 1996b; Guo et al. 2012).

According to the theory of DSA, the particles are thought to be
accelerated through efficient scattering by magnetic turbulence
near the shock front (Reynolds 2008; Morlino 2017). Due to
multiple scattering, particles repeatedly diffuse across the shock
front and collide with scattering centers in both the upstream and
downstream flows (Amato 2014; Xu & Lazarian 2022). In the
shock downstream, the magnetic turbulence is mainly triggered by
hydrodynamical instabilities, owing to distortions of magnetic-field
lines by vortices in the RT unstable region (Gull & Longair 1973;
Jun et al. 1996; Giacalone & Jokipii 2007; Inoue et al. 2009). Since
the efficient shock acceleration leads to RT fingers approaching the
shock front, more magnetic turbulence is expected to appear in the
immediate shock downstream. This may promote the scattering
efficiency in the downstream and increase the probability of
particles to recross the shock front. Therefore, for young type Ia
SNRs, the quasi-radial magnetic field (both orientation and energy)
and relative positions of the CD (ratio of the forward shock radius
to the contact discontinuity) (Bao et al. 2021), could serve as
observational diagnostics of efficient shock acceleration.

As previous MHD simulations proclaim, during the temporal
evolution of an SNR, the RTI could vary the magnetic-field
structure in the shocked region, and there are copious factors that
may induce the development of RTIL Pressure gradients,
circumstellar cloudlets, and the high-density ejecta clumps
approaching the CD will contribute to faster growth rates and
larger amplitudes for RT fingers (Jun et al. 1996; Decourchelle
et al. 2000; Orlando et al. 2012), leading to modifications in the
magnetic-field structure inside an SNR. Besides, lowering e,
which signifies that the impacts from particle escape and relativistic
particle pressure take place everywhere, is only an approximation
for mimicking the feedback of effective shock acceleration
(Blondin & Ellison 2001; Wang 2011). It engenders an elevation
in the shock compression ratio, thereby changing the morphology
and magnetic-field structure of our benchmark SNR. The MFA
occurring in the shocked region is owing to the heightened
compression ratio and enhanced RTI. Given that the shock-
acceleration process depends on specific physical parameters (such
as shock velocity and the injection rate of particles), more realistic
processes that may impact the magnetic-field structure of SNRs
deserve a further detailed study, which could provide a deeper
understanding toward the evolution of young type Ia SNRs.
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Appendix
Definitions and Expressions of the Utilized Physical
Quantities

Table Al includes the physical quantities that we utilized in

this article, as well as their definitions and expressions.

Shen, Bao, & Zhang

Table A1
Physical Quantities and their Definitions
Physical Quantities Definitions Expressions
r the abscissa in a cylindrical coordinate system.
z the ordinate in a cylindrical coordinate system.
R radius from the coordinate origin (0,0). R=+r2+ 2722
0 angle from the r-direction (in a counterclockwise direction).
B; magnetic field strength of each grid cell.
B, quasi-radial magnetic field strength. If the magnetic-field orientation of a given
grid cell makes an angle less than 45° with the local radial direction,
the magnetic field in that situation is defined as the “quasi-radial magnetic field.”
Niotal number of cells whose center is located within the shocked region.
nys number of cells with quasi-radial magnetic fields among 7.
AV; volume of a given grid cell in the cylindrical coordinate system. AV; = 27ridrdz;
AV, volume of a given grid cell with a quasi-radial magnetic field. AV, = 27r,dr,dz,
Eoal total magnetic energy density in each radial interval (AR = 0.05 pc). ¥, s%z AV
Etora = W
Eq quasi-radial magnetic energy density in each radial interval (AR = 0.05 pc). z”‘:%zAvn
Eqr = Z,‘AV:’
Eegr total magnetic energy density in each angular interval (A = 076) inside the 5 :i AV;
Eefr = Z,‘WAVi
shocked region with 7egr.
Coff magnetic energy density of each grid cell inside the shocked region with 7egr. eoff = ;Li:
e the background magnetic energy density (By = 3 uG). Bg

B
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