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Shock velocities and their spatial variation provide insight into the evolution of supernova remnants (SNRs). Shock velocity can be estimated from
the electron temperature and ionization degree of the shock-heated plasma by solving the thermal relaxation process via Coulomb collisions. We
focus on the supernova remnant N132D. Our comprehensive spectral analysis of the rim regions using Chandra revealed that shock velocities
range from 800 to 1500 km s~ We compare these estimates with proper motion velocity. The velocities from our spectroscopy and from the
proper motion measurement are consistent with each other in the southern part. However, they differ by up to a factor of 4 in the northern regions.
This surprising discrepancy cannot be explained by the adiabatic cooling of the plasma or effects of the magneto-hydrodynamic or obligue shocks,
and can be explained by a highly efficient particle acceleration (reaching =~ 90 % ).

Introduction

¢ Shock velocities and their spatial variation provide insight into the
evolution of supernova remnants (SNRs).

¢ Shock velocity has been measured based on proper motion, which is
mainly applicable for galactic and young SNRs.

¢ Shock velocity can be estimated from thermal X-ray by tracing back
postshock processes (i.e., thermal equilibration and ionization).

+\We develop a spectral model (IONTENP), which estimates shock
velocity by simultaneously solving the two postshock processes [1].
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Fig. 1: Thermal equilibration process. non-equilibrium temperature state immediately after
the shock gradually approaches equilibrium via Coulomb collisions.

Observation and Data Reduction
¢ \We used archival Chandra data of N132D from 2019 March 27 to 2020

July 16 (868 ks in total).

+We reprocessed data following the standard procedure using
chandra_repro.

Results
Shock velocity estimated from thermal X-rays

& We fit the spectra extracted from the source regions (Fig. 2b) with
IONTENP model.

& Shock velocities are found to have a significant variation in the range of
800-1500 km s-1(Fig. 3).

-ig. 2a: The X-ray spectrum and
pest-fit model for the region r1.

~ig.2b:Chandra ACIS-S three

colour image (red: 0.5-1.2 keV,
green: 1.2-2.0 keV, blue: 2.0-7.0 keV)

with analysis regions (green box).
The red cross indicates the
inferred centre of explosion.
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Fig. 3: Spatial distribution of shock velocity estimated from thermal X-ray along the rim in
N132D. The fitting results of shock velocity for f = m_/m_ (red) and / = 1.0 (black) are

summarised. These practically indicates upper and lower limit value of the shock velocity.

Discussion
Comparison with Doppler velocities

®Doppler broadening of the silicon and sulphur Hea lines for the entire
N132D region is 6, &~ 450 km s~1, which corresponds to a shock

velocity of ~ 1200 km s~ ! [2].

& T'he velocity can be treated as a representative forward-shock velocity
in the southern half (5—-r10), where Si and Si emission is the brightest.

& This is consistent with our velocity estimation in r5-r10.

Discussion
Comparison with proper motions

&Proper motions were measured by comparing Chandra images
obtained in 2006 and in 2019—-2020 [3].
~ 3700 km s !in

®The propagation velocities of the shell are Vorop

the north (r1) and v, & 1700 km s~ in the south (r5-r13).

®Our estimated velocities vy;, are generally lower than the proper

motion velocities v, ..

¢ The discrepancy between v, ., and vy, indicates that the energy

transferred from the shock wave to the heating of the ISM is less than
that expected from the proper motion measurements.

&®Possible effects which can explain the measured discrepancies

between v, ., and Vy,:

> (.93

rop =

- Adiabatic cooling : v/ v,
© MHD shock : v/ vy, = 0.9
- Oblique shock v/ v o > 0.77 — 0.95 [4]

rop —
&The discrepancy in r5-r10 (0.7-0.8) can be explained by these
effects.

Highly efficient cosmic-ray acceleration

& The regions other than r5—-r10 show larger discrepancies of

V! Vorop > 0.23 (r1). Such discrepancies cannot be explained by the
effects considered above.

&Here we examine the effect of particle acceleration at the shock front.

&®Energy flux conservation

€1V] = (6’2 + €4, + GCR) Vs Thermal
®Cosmic-ray acceleration efficiency » €in
n = CcR AT €27 b (Predicted) -
B - th
€h T €CR X€1 — € Observed
& The parameter set
= 3700 km s~! and
Vprop ms - an upstream downstream

Vg, = 860 km s~! (r1) can be explained
with the efficiency is 1 = 90 % (y = 5/3). =2
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& I'he total energy of accelerated protons is
estimated to be W, = 4 X 10°Y erg.

#This can be translated to an acceleration =
efficiency of # ~ 40 % (assuming a typical
kinetic energy of the explosion, 10°! erg). X

& This supports our suggestion that N132D is an 14
efficient cosmic-ray accelerator.
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Fig. 6b: Hadronic model considering
a proton distribution following a power

law with an exponential cutoff [4].

Multi-messenger aspect

Neutrino emission from SNR
®Assuming D = 50 kpc, £, = 2700 yrs, v, = 3700 km s~! and

> “‘cool ™
n = 90 %, the energy flux of neutrino emission is

Ly x

&Detection with lceCube will be challenging.

coo1fp_pl 47zR2mpnISMvshn D>~ 3x%x 107" erg/ s/ cm*.
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