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Abstract

We present Hitomi observations of N 132 D, a young, X-ray bright, O-rich core-collapse
supernova remnant in the Large Magellanic Cloud (LMC). Despite a very short observa-
tion of only 3.7 ks, the Soft X-ray Spectrometer (SXS) easily detects the line complexes
of highly ionized S K and Fe K with 16–17 counts in each. The Fe feature is measured
for the first time at high spectral resolution. Based on the plausible assumption that the
Fe K emission is dominated by He-like ions, we find that the material responsible for this
Fe emission is highly redshifted at ∼ 800 km s−1 compared to the local LMC interstellar
medium (ISM), with a 90% credible interval of 50–1500 km s−1 if a weakly informative
prior is placed on possible line broadening. This indicates (1) that the Fe emission arises
from the supernova ejecta, and (2) that these ejecta are highly asymmetric, since no
blueshifted component is found. The S K velocity is consistent with the local LMC ISM,
and is likely from swept-up ISM material. These results are consistent with spatial map-
ping that shows the He-like Fe concentrated in the interior of the remnant and the S tracing
the outer shell. The results also show that even with a very small number of counts,
direct velocity measurements from Doppler-shifted lines detected in extended objects
like supernova remnants are now possible. Thanks to the very low SXS background of
∼ 1 event per spectral resolution element per 100 ks, such results are obtainable during
short pointed or slew observations with similar instruments. This highlights the power of
high-spectral-resolution imaging observations, and demonstrates the new window that
has been opened with Hitomi and will be greatly widened with future missions such as
the X-ray Astronomy Recovery Mission (XARM) and Athena.

Key words: ISM: individual objects (N 132 D) — ISM: supernova remnants — instrumentation: spectrographs —
methods: observational — X-rays: individual (N 132 D)

1 Introduction

As the main drivers for matter and energy in the Uni-
verse, supernova remnants (SNRs) are excellent laborato-
ries for studying nucleosynthesis yields and for probing
the supernova (SN) engine and dynamics. Core-collapse
SNRs, in particular, address fundamental questions related
to the debated explosion mechanism and the aftermath of
exploding a massive star.

The mechanism of core-collapse supernova explosions
has been one of the central mysteries in stellar astrophysics.
While one-dimensional simulations have failed to explode
a star, only very recently successful explosions of massive
stars have been achieved in three-dimensional simulations
invoking convection or standing accretion shock instabil-
ities (SASI; see Janka et al. 2016 for a recent review). The
ejecta composition and dynamics as a function of the pro-
genitor star’s mass and environment have formed another
puzzle, with predictions largely relying on the assumption
of spherically symmetric models and with yields that vary
depending on metallicity, mass loss, explosion energy, and
other assumptions (e.g., Nomoto et al. 2006; Woosley &
Heger 2007).

Significant progress has been made to answer these
central questions, thanks to high-resolution imaging and

spectroscopic mapping of ejecta (in space and velocity) in
core-collapse SNRs, including the oxygen-rich, very young
and bright Cassiopeia A SNR in our Galaxy (Hwang &
Laming 2012; Grefenstette et al. 2014) and more evolved
SNRs with ejecta signatures such as the O-rich Galactic
SNRs G292.2+1.8 (Park et al. 2007; Kamitsukasa et al.
2014) and Puppis A (Hwang et al. 2008; Katsuda et al.
2013), and the ejecta-dominated SNR W 49 B (Lopez et al.
2013a, 2013b). While such observations have opened a
new window to understanding the physics and aftermath
of core-collapse explosions, several complications remain
in interpreting the observations. First, resolving ejecta from
the shocked interstellar medium (ISM) requires fine spec-
tral resolution of extended objects in the X-ray. Secondly,
there is a strong dependence of the elemental distribu-
tion and plasma state on both the evolutionary stage of
the SNR and on the surrounding environment shaped by
the exploded progenitor star. Mixed-morphology SNRs,
expanding into an inhomogeneous medium and often inter-
acting with molecular clouds, need the additional treat-
ment of over-ionized (recombining) plasma, as opposed to
under-ionized (ionizing) plasma in the younger remnants
or SNRs expanding into a low-density and homogeneous
medium (e.g., Ozawa et al. 2009; Uchida et al. 2015).
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The advent of high-spectral-resolution imaging detectors
such as the Soft X-ray Spectrometer (SXS) aboard Hitomi
has promised to revolutionize our three-dimensional map-
ping of ejecta dynamics and composition, while spectro-
scopically differentiating between shocked ejecta and the
shocked circumstellar/interstellar environment shaped by
the progenitor star (Takahashi et al. 2016; Hughes et al.
2014).

A natural early target for Hitomi was N 132 D, the
X-ray brightest SNR in the LMC, with an age estimated to
be ∼ 2500 yr (Vogt & Dopita 2011). High-velocity ejecta
were first detected and studied in optical wavelengths in
N 132 D (Danziger & Dennefeld 1976; Sutherland &
Dopita 1995; Morse et al. 1995, 1996). Optical/UV spectra
from the Hubble Space Telescope show strong emission of
C/Ne-burning elements (i.e., C, O, Ne, Mg), but little emis-
sion from O-burning elements (i.e., Si, S), leading to an
interpretation of a Type Ib core-collapse supernova origin
for this SNR (Blair et al. 2000).

In the X-ray band, the Einstein Observatory made the
first observation of N 132 D, revealing its clear shell-like
morphology (Mathewson et al. 1983) which has been
interpreted as arising from the SN blast wave expanding
within a cavity produced by the progenitor star’s H II

region (Hughes 1987). Einstein also performed the first
high-resolution spectral observations with the Focal Plane
Crystal Spectrometer (FPCS), clearly seeing strong oxygen
and other emission lines and obtaining the first measure-
ments of line flux ratios and constraints on the temper-
ature and ionization state (Hwang et al. 1993). The fol-
lowing ASCA observations revealed that elemental abun-
dances of the entire SNR are consistent with the mean LMC
values. This suggests that the X-ray-emitting plasma is dom-
inated by the swept-up ISM (Hughes et al. 1998). Beppo-
SAX detected Fe K line emission arising from a hot plasma
(Favata et al. 1997). High-resolution X-ray images from
XMM-Newton and Chandra have shown that the Fe K-
emitting material is concentrated in the interior of the SNR,
contrasting with the material emitting at softer energies of
O, Ne, Mg, Si, S, and Fe L (Behar et al. 2001; Canizares
et al. 2001; Borkowski et al. 2007; Xiao & Chen 2008;
Plucinsky et al. 2016). X-ray emission from O-rich ejecta
knots has also been discovered with Chandra, showing a
spatial correlation with the optical O emission (Borkowski
et al. 2007). The centroid and intensity of the Fe K line emis-
sion measured with Suzaku support the core-collapse origin
(Yamaguchi et al. 2014). Very recently, a combined
NuSTAR and Suzaku analysis revealed that the hot, Fe K-
emitting plasma is in a recombining state with a large relax-
ation timescale of ∼ 1012 cm−3 s, implying that the plasma
underwent rapid cooling in the very beginning of its life
(Bamba et al. 2018).

N 132 D is the brightest among all known SNRs
in GeV and TeV bands (Ackermann et al. 2016;
H.E.S.S. Collaboration 2015). The spectral energy distri-
bution from radio to gamma-rays including synchrotron
X-rays detected with NuSTAR suggests that the gamma-
ray emission originates from hadronic processes (Bamba
et al. 2018). The total proton energy required to explain the
spectral energy distribution was derived to be ∼ 1050 erg,
showing that N 132 D is an efficient particle accelerator.

We here present Hitomi observations of N 132 D.
These commissioning phase observations were expected
to explore the emission line structure of the remnant
with exquisite spectral resolution, unprecedented for an
extended object at the energy of Fe K (∼ 6.7 keV). Unfor-
tunately, due to poor satellite attitude control during the
majority of the observation (see section 2 for details),
only a short exposure was obtained with the Hitomi/SXS
microcalorimeter. Nevertheless, owing to the excellent spec-
tral resolution and gain accuracy of the SXS, we detect spec-
tral features of strong emission from S, Ar, and Fe, allowing
us to investigate the bulk velocity of the shocked material in
this SNR using the Doppler shift of these emission lines. We
demonstrate the superior capability of high-resolution spec-
trometers particularly for low-statistics data, which provide
positive prospects for future observations of distant or faint
objects with future X-ray microcalorimeter missions, like
the X-ray Astronomy Recovery Mission (XARM), Athena
(Nandra et al. 2013), and Lynx.1 We also present the
analysis of Soft X-ray Imager (SXI) data, simultaneously
obtained from this observation but with longer exposure
(and hence higher statistics) owing to its wide field of view
(FoV).

This paper is organized as follows. In section 2, we
describe the details of the Hitomi observations. We present
spectral analysis of the SXS and SXI in sections 3 and 4,
respectively. We discuss the results in section 5 and sum-
marize in section 6. Throughout the paper, we assume
50 kpc for the distance to the LMC (Westerlund 1990),
and vhelio, LMC = 275 ± 4 km s−1 as the heliocentric velocity
of the LMC ISM immediately surrounding N 132 D (Vogt
& Dopita 2011). Heliocentric velocities noted by vhelio have
been corrected to the solar system barycentric standard of
rest. The errors quoted in the text and table represent the
90% confidence level, and the error bars given in the spectra
represent 68% confidence.

2 Observations and data reduction

The Hitomi X-ray Observatory was launched in 2016
February and tragically lost at the end of March of that year

1 〈https://wwwastro.msfc.nasa.gov/lynx〉.
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Fig. 1. Left: SXI images in detector coordinates showing the two OBSIDs used in the SXI analysis. The blue square shows the SXS FoV. The arrow
in the left-hand panel shows the direction N 132 D drifted in the focal plane during that OBSID, with black crosses marking the source center in
intervals of one hour. N 132 D was in the SXS FoV for only 3.7 ks of OBSID 100041010, and for none of OBSID 100041020. The remnant was still
visible in SXI due to that detector’s larger FoV. Right: Attitude of Hitomi during the first 7 ks of OBSID 100041010. The solid line shows ANG_DIST, the
angular distance in arcminutes between the intended pointing and the actual pointing. Bins show the good time intervals of the default data filtering,
which requires ANG_DIST < 1.′5, and the additional ∼ 43% of time added by relaxing this criterion to 2.′2. Blank times are excluded because of Earth’s
occultation or the South Atlantic Anomaly passage. (Color online)

(Takahashi et al. 2016). During the month of operation,
the SXS successfully demonstrated its in-orbit performance
by achieving an unprecedented spectral resolution (�E ≈
5 eV) across a broad energy (2–12 keV) for extended sources
(Kelley et al. 2016; Porter et al. 2016a). This led to accurate
determination of the turbulent velocity of hot plasma in the
Perseus Cluster by measuring the line width of the Fe XXV

Heα fine structure (Hitomi Collaboration 2016).
After the Perseus observations, Hitomi aimed at the SNR

N 132 D for performance verification of the SXS and SXI
using another line-rich source. The other detectors, the
Hard X-ray Imager (HXI) and Soft Gamma-ray Detector
(SGD), were not yet turned on. Unfortunately, the satellite
attitude control system lost control about 30 minutes after
the observation started due to problems in the star tracker
system, as illustrated in figure 1. Because of this, the SNR
drifted out of the 3′ × 3′ SXS FoV and remained out of
view for the remainder of the observation. Thanks to its
larger FoV, the SXI was able to observe the source during
the entire observation.

As this observation took place during the commissioning
phase, several instrument settings were non-standard com-
pared to expected science operation. First, the SXS gate
valve was in the closed configuration to reduce the chance of
molecular contamination from spacecraft out-gassing. The
gate valve had a ∼ 260 μm thick Be window to allow obser-
vations while closed, but this absorbed almost all X-rays
below ∼ 2 keV and reduced the effective area by ∼ 50% at
higher energies (Eckart et al. 2016). Thus we limit our SXS
analysis to the 2–10 keV regime. Secondly, while the SXS
was close to thermal equilibrium at this point in the com-
missioning phase (Fujimoto et al. 2016; Noda et al. 2016),
no on-orbit, full-array energy scale (or gain) calibration had
been performed with the filter-wheel calibration sources.
The Modulated X-ray Source (MXS: de Vries et al. 2018)

was also not available for contemporaneous gain measure-
ment. A dedicated calibration pixel that was outside of the
aperture and continuously illuminated by a collimated 55Fe
source served as the only contemporaneous energy-scale ref-
erence, and the time-dependent scaling required to correct
its gain was applied to each pixel in the array (Porter et al.
2016b). It was well known prior to launch that the time-
dependent gain-correction function for this calibration pixel
generally would not adequately correct the energy scale
of the array pixels. In particular, the relationship between
changes on the calibration pixel and on the array was not
fixed, but rather depended on the temperatures of various
shields and interfaces in the SXS dewar. Therefore, although
the relative drift rates across the array were characterized
during a later calibration with the filter-wheel 55Fe source
(M. E. Eckart et al. in preparation), changes in SXS cry-
ocooler settings between the N 132 D observation and that
calibration limit the usefulness of that characterization.

In fact, the measured relative gain drift predicts a much
larger energy-scale offset between the final two pointings
of the Perseus Cluster than was actually observed. Using
source-free SXS observations taken during the period with
the same cryocooler settings as the N 132 D observation
(2016 March 7–15) in order to circumvent this limitation,
we measured the center of the Mn Kα instrumental line
(Kilbourne et al. 2018), and conclude that the SXS energy
scale is shifted by at most +1 ± 0.5 eV at 5.9 keV (M. E.
Eckart et al. in preparation). There are no sufficiently strong
low-energy lines in the same data set, but extrapolating
from Perseus Cluster observations, we estimate a gain shift
of −2 ± 1 eV at 2 keV (Hitomi Collaboration 2018). In the
filter-wheel 55Fe data set, errors in the position of the Mn
Kβ line ranged from −0.6 to +0.2 eV across the array.
Since this line is at 6.5 keV, less than 1 keV from the Mn
Kα reference line, gain errors at other energies further from
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Fig. 2. Images of the SXS showing individual counts as a pixels on the sky. Blue boxes are counts included after relaxing the angular distance
criterion. The red contours trace the Chandra emission, and the green circles show radii of 1.′5 and 2.′0 from the Chandra peak. The counts in Fe K
(right) correspond well to the remnant extent, while some of the counts in the other bands are outside the bounds of the remnant.

the reference may be substantial. This is especially true in
science data, for which any drift of the energy scale can only
be corrected via the data from the calibration pixel. To be
conservative, we use a systematic gain error of ± 2 eV at all
energies in the analysis below.

We analyzed the cleaned event data of the final pipeline
processing (Hitomi software version 6, CALDB version 7)
with the standard screening for both SXS and SXI (Angelini
et al. 2016), with one exception. To maximize the good
SXS observing time, we relaxed the requirement that elim-
inates data when the aimpoint is further than 1.′5 from the
target position. Using a maximum angular offset of 2.′2
ensures that at least 50% of the SNR is still in the FoV,
and it increases the good SXS exposure time from 2610 s to
3737 s (by 43%) and the total SXS counts in the 2–10 keV
band from 198 to 233 (by 18%). Relaxing this criterion
increased the counts in the Fe XXV Heα band (defined in
subsection 3.1) from 16 to 17, and in the S XV Heα band
(defined in subsection 3.2) from 13 to 16. As we show in
section 3, with the very low SXS background and very high
spectral resolution, this small number of counts is sufficient
to derive interesting constraints for the line centers. Some
of the additional broad-band counts are from the region
outside the N 132 D emission peak, as shown in figure 2,
so they are likely background counts. The extra counts in
the lines are consistent with locations in the remnant, also
shown in figure 2; in particular, to the extent that we can
infer locations from the ∼ 1′ Hitomi PSF, the S counts are
found largely in the rim of the remnant, while all the Fe K
counts are concentrated in the remnant center, consistent
with what is seen with XMM-Newton (Behar et al. 2001).

We constructed an SXS source spectrum by extracting
only GRADE Hp (high-resolution primary) events from the
entire SXS field of view of OBSID 100041010, and created
the redistribution matrix file (RMF) with sxsrmf, using the
medium size option. The ancillary response file (ARF) was
generated with aharfgen, using a high-resolution Chandra
image as input to the ray-tracing. A non-X-ray background
(NXB) spectrum with the same sampling of magnetic

cut-off rigidity as the observation and with identical fil-
tering as the source data (except for Earth elevation cri-
teria) was extracted from the SXS archive NXB event
file using sxsnxbgen. In the 2–10 keV band, we expect
23.2 ± 0.6 NXB counts, about 10% of the observed count
rate, and corresponding to ∼ 0.4 counts per spectral reso-
lution element per 100 ks. In the narrow bands used for the
analysis that follows, the NXB count rate is less than 5% of
the observed rate as the SXS NXB is almost featureless and
nearly constant over the energy range (M. E. Eckart et al.
in preparation).

For the SXI, both OBSIDs 100041010 and 100041020
were used, although for the former we enforced the require-
ment that the aimpoint be within 1.′5 of the target to
eliminate complications in constructing a response for a
source moving across the FoV. For OBSID 100041020, we
used only times when the attitude was stable, although the
source was not at the expected aimpoint and was partially
obstructed by the chip gaps (see figure 1). The final good
exposure time for the SXI was 35.4 ks.

An SXI spectrum was extracted from a 2.′5 radius circle
with center (RA, Dec) = (5h25m02.s2, −69◦38′39′′). The
NXB spectrum was produced with sxinxbgen, using the
entire SXI FoV excluding the source in order to increase
the statistics. To properly scale the NXB normalization
between the full FoV and source region, the instrumental
lines of Au Lα and Lβ were used, producing a scaling factor
of 0.0070. RMF and ARF files were generated with and
sxirmf and aharfgen, respectively.

3 SXS spectral analysis

With only 233 counts, the SXS spectrum is dominated
by Poisson low-count statistics. In addition, with the SXS
gate valve closed, the bright emission lines of C, O, Ne,
and Mg below 2 keV are not observable. However, three
emission features are easily seen in the full-band spec-
trum shown in figure 3: the Heα transition features of
He-like S (∼ 2.45 keV), Ar (∼ 3.1 keV), and Fe (∼ 6.7 keV).
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Fig. 3. Full-band SXS spectrum of N 132 D, showing counts with Poisson
errorbars from Gehrels (1986). The points labeled “BG” show the total
estimated background, which has not been subtracted. Both spectra are
binned to 16 eV for display purposes. (Color online)

These lines are clearly detected in previous observations
dating back to BeppoSAX (Favata et al. 1997), although
the combination of an extended source and lower sen-
sitivity at these energies complicates their measurement
by X-ray grating instruments like Chandra/HETGS and
XMM-Newton/RGS. From narrow bands centered on each
expected line centroid, the total number of counts and esti-
mated NXB counts are 16 total (0.30 ± 0.07 NXB) counts
for S XV Heα, 14 total (0.28 ± 0.06 NXB) counts for Ar XVII

Heα, and 17 total (0.8 ± 0.1 NXB) counts for Fe XXV Heα.
The signal-to-noise ratio of these features and the under-
lying continuum is insufficient to obtain useful constraints
on the metal abundance, temperature, or velocity broad-
ening of the emitting plasma. However, as we show below,
given a reasonable spectral model from other sources, the
exquisite spectral resolution of SXS allows us to measure
the line centers and thus the average line-of-sight Doppler
velocity of two of these components, S and Fe.

All spectral fitting described below was performed
with XSPEC v12.9.1d (Arnaud 1996), using atomic and
non-equilibrium ionization (NEI) emissivity data from
AtomDB v3.0.8 (Foster et al. 2012), and abundance ratios
from Anders and Grevesse (1989). In each restricted fit-
ting region, we allowed only the line-of-sight velocity
and normalization of the appropriate thermal component
(described below) to vary in the initial fit. While we include
the cosmic X-ray background (CXB), it is negligible; a
reasonable model for the 2–10 keV contribution of the
CXB power-law component with � = 1.4, S(2–10 keV) =
5.4 × 10−15 erg cm−2 s−1 arcmin−2 (e.g., Ueda et al. 1999;
Bautz et al. 2009) predicts a mean of 1.5 CXB counts across
the entire band and fewer than 0.1 CXB counts in any of the
narrow spectral analysis bands. This is less than 1% of the

detected counts. Galactic foreground emission is negligible
above 2 keV toward this direction (l = 280◦, b = −32.◦8).

3.1 Iron region spectral analysis

Fe K emission in N 132 D has been explored previously
(Favata et al. 1997; Behar et al. 2001; Xiao & Chen
2008; Yamaguchi et al. 2014), with the conclusion that
this feature is dominated by Fe XXV Heα emission. The
XMM-Newton/EPIC observations are successfully fitted
above 2.5 keV with a two-temperature-component model
with kT = 0.89 and 6.2 keV (Behar et al. 2001). The
cooler component produces the strong soft emission lines
seen with XMM-Newton/RGS, and the hotter compo-
nent explains the Fe K emission. In particular, Behar et al.
(2001) emphasize the lack of a temperature component at
∼ 1.5 keV to explain the lack of observed L-shell emission
from Li-, Be-, and B-like Fe in the XMM-Newton spec-
trum. A recent study using 240 ks of Suzaku data com-
bined with a 60 ks NuSTAR observation (Bamba et al.
2018) has produced a two-component broad-band spec-
tral model of N 132 D with a similar cool temperature
(kT ≈ 0.8 keV) but that interprets the Fe K emission arising
primarily from an over-ionized, recombining plasma com-
ponent with kTe = 1.5 keV, kTinit > 20 keV, and relax-
ation timescale net ≈ 1012 s cm−3. Crucially, the Suzaku
data show a clear detection of H-like Fe Lyα emission, indi-
cating that an under-ionized (ionizing) plasma is unlikely
to contribute significantly to the emission at these ener-
gies, and thus much of the otherwise unresolved Fe K emis-
sion is likely due to He-like Fe rather than lower ionization
states.

These previous observations provide confidence that we
know where the line centroid should be for the Fe K com-
plex, and can cleanly measure the line-of-sight velocity.
However, we emphasize that this is one possible inter-
pretation of a plasma with strong Fe XXV Heα and mea-
surable Fe XXVI Lyα emission. A more complicated tem-
perature structure, such as from multiple unassociated,
spatially unresolved components, could produce a very dif-
ferent complex of lines in this spectral region. We address
this possibility further in section 5. To ease comparison to
current work, we adopt the model from Bamba et al. (2017)
as a baseline model, shown in figure 4 and table 1.

The Fe XXV Heα complex, shown in figure 5, was fitted
within the energy range 6.45–6.80 keV. This range includes
sufficient width to constrain the continuum and measure
velocity shifts up to ∼ 7000 km s−1, but avoids contami-
nation from a possible 6.4 keV Fe K line and any H-like Fe
features. It is clear from figure 4 that in this very clean fitting
region the model is dominated by emission from the recom-
bining plasma component by at least a factor of 100 over
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Fig. 4. N 132 D model spectrum, with contributions from individual com-
ponents shown along with the total spectrum (black). All components
are plotted with zero velocity and no line broadening. In the Fe XXV

Heα band (left), the NEI component (blue) dominates by a factor of
∼ 100 over the component (orange). In the S XV Heα band (right), the CIE
component is ∼ 10 times brighter than all other components. The gray
shading indicates the bands used for spectral analysis; the S region
is chosen to exclude contributions from Si XIV, while the Fe region is
chosen to exclude the bright neutral line (yellow) and the Fe XXVI fea-
ture, but include possible contributions from lower ionization states of
Fe near 6.5 keV. (Color online)

the cooler collisional ionization equilibrium (CIE) compo-
nent. Therefore, while we included the entire model with all
components for the Fe region fit, we only allowed param-
eters related to the NEI component to vary. To allow for
differences in the observed flux due to the smaller SXS FoV
and attitude drift, we fixed the ratio of the CIE to NEI
component normalizations to that derived by Bamba et al.
(2017), and allowed the NEI flux to vary along with the
line-of-sight velocity. The CIE component was modeled by a
variable-abundance vapec model in XSPEC, while the NEI
component was modeled by a variable-abundance recom-
bining plasma model, vrnei. We included a single Gaussian
broadening parameter to allow for thermal and turbulent
broadening as well as unresolved bulk motion.

Parameter estimation was performed in two ways. First,
maximum likelihood estimation was done by minimizing
the fit statistic, using cstat in XSPEC, a modified Cash
(1979) statistic. With the broadening width fixed at zero,
this fitting revealed a highly non-monotonic parameter
space for the velocity (see figure 6), likely due to the
combination of low-count Poisson statistics in the data
and discrete spectral features in the model. The best-
fitting velocity of vhelio = 1440 km s−1 is significantly
larger than the value of the local LMC ISM surrounding
N 132 D, vhelio, LMC = 275 ± 4 km s−1 (Vogt & Dopita
2011). Allowing a free broadening width eliminated this
non-monotonicity (see figure 7), resulting in a best-fitting
vhelio = 1140 km s−1 and broadening of σ = 510 km s−1.

Secondly, to fully explore parameter space, we per-
formed Markov chain Monte Carlo (MCMC) simulations
within XSPEC using Bayesian inference. These simulations
were run with and without velocity broadening, using both
a flat (uniform) prior distribution and a Gaussian prior dis-
tribution for the broadening width. The width of the Gaus-
sian prior distribution was chosen to reflect current upper
limits on the velocity broadening. In particular, observa-
tions with CCD-based X-ray observatories such as Suzaku
(e.g., Bamba et al. 2017) have not found measurable broad-
ening. The typical spectral resolution of such instruments
near 6 keV is ∼ 150–180 eV FWHM, depending on the
epoch of observation, with a typical1 σ calibration uncer-
tainty of 5%.2 This calibration uncertainty can be thought
of as an upper limit on the detectable line broadening
velocity. Since the broadening is a convolution, this extra
velocity component adds in quadrature with the instru-
mental width. We find that a 5% increase on the 150–
180 eV FWHM instrumental width is equivalent to an
extra broadening component with FWHM of 48–58 eV, or
σ = 900–1100 km s−1 in the center of our fitting band. We
therefore adopted 1000 km s−1 as a natural 1 σ width to use
for the Gaussian prior distribution. We performed MCMC
simulations using both the flat, uninformative prior and the
weakly informative Gaussian prior.

The MCMC results are consistent with the local cstat
minima in velocity parameter space for fits with and without
broadening, as shown by the MCMC posterior probability
distributions in figures 6 and 7. In particular, the compli-
cated velocity posterior distribution shows up clearly in
the MCMC runs without broadening, but with the most
likely value (highest mode) near vhelio = 800 km s−1 instead
of 1400 km s−1 as found in the cstat minimization. The
MCMC chain steps shown in figure 6 (right) indicate that
the simulation is well-behaved and samples the posterior
distribution adequately despite the multimodal structure.
The runs with broadening result in Gaussian posterior dis-
tributions with peak near 1000 km s−1. Using either a Gaus-
sian or Cauchy form for the chain proposal distribution
produced the same results.

We used these posterior distributions to obtain
central credible intervals on vhelio. For the fit with no broad-
ening, a single interval is uninformative due to the compli-
cated structure. We obtain a 68% credible interval of 730–
1460 km s−1, 90% interval of 440–1540 km s−1, and 95%
interval of 160–1620 km s−1. A line-of-sight velocity con-
sistent with vhelio, LMC is ruled out at 93% confidence under
this model. With broadening, a single credible interval is
sufficient to characterize the Gaussian-shaped distribution,

2 See table 3.2 and figure 7.11 of the Suzaku Technical Description
〈ftp://legacy.gsfc.nasa.gov/suzaku/nra_info/suzaku_td_xisfinal.pdf〉.
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Table 1. Results of SXS spectral fitting.∗

Model parameter Fe XXV fit S XV fit

No broadening With broadening† No broadening With broadening†

N 132 D CIE plasma (vapec)
kT (keV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
ZSi (solar) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
ZS (solar) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
ZFe (solar) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vhelio (km s−1) . . . . . . . . . . . . . 0 . . . . . . . . . . . . . 210+370
−380 520+770

−620

σ (km s−1) . . . . . . . . . . . . . 0 . . . . . . . . . . . . . 0 520+780
−340

Flux, 2–10 keV‡ . . . . . . . . . . . . . 8.8 . . . . . . . . . . . . . 5.6+2.9
−1.9 5.5+3.1

−1.8

Flux, fitting band‡ . . . . . . . . . . . . 0.006 . . . . . . . . . . . . 1.3+0.4
−0.2 1.3+0.4

−0.2

N 132 D NEI plasma (vrnei)
kT (keV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
kTinit (keV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .80. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
net (1012 s cm−3) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
ZSi (solar) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
ZS (solar) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
ZFe (solar) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
vhelio (km s−1) 1440+100

−1000 1140+640
−810 1440 1140

σ (km s−1) 0 510+1060
−330 0 510

Flux, 2–10 keV‡ 9.5+4.5
−3.0 9.7+4.2

−3.2 6.1 6.2

Flux, fitting band‡ 0.48+0.25
−0.16 0.49+0.24

−0.16 0.34 0.34

CXB power law
� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.54 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Flux, 2–10 keV‡ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .0.040. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Flux, fitting band‡ . . . . . . . . . . . 0.0016 . . . . . . . . . . . . . . . . . . . . . . 0.0006 . . . . . . . . . . .

Spectral fitting band . . . . . . . . . 6.45–6.80 keV . . . . . . . . . . . . . . . . . . 2.40–2.48 keV . . . . . . . . .
C-stat/d.o.f. 107.9/696 106.5/695 61.0/157 59.1/156
Goodness-of-fit (KS)§ 24% 20% 62% 31%
Goodness-of-fit (CvM)§ 35% 21% 62% 46%

∗Unless noted otherwise, values without quoted uncertainties are fixed. Uncertainties are 90% confidence limits.
†Results with broadening assume a Gaussian prior with σ = 1000 km s−1.
‡Flux is given in units of 10−12 erg cm−2 s−1. The ratio of the vapec and vrnei component normalizations was fixed to that in Bamba et al. (2017).
§“Goodness-of-fit” is the percentage of simulated observations with lower fit statistics than the real data, as described in subsection 3.1.

Fig. 5. SXS spectra of the (left) Fe XXV Heα and (right) S XV Heα fitting regions. The data points are detected SXS counts with Poisson error bars
from Gehrels (1986). In both panels, the blue shaded region shows the best-fitting model, and the darker shaded region labeled “BG” barely visible,
shows the estimated total background. In the left-hand panel, the dotted line shows the model with velocity fixed at vhelio, LMC = 275 km s−1. The Fe
spectrum is binned to 16 eV and S binned to 4 eV for display purposes. (Color online)
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Fig. 6. Left: Posterior probability distributions of the vrnei model normalization (orange) and velocity (blue) from the Fe K region fitting without
broadening, calculated from the MCMC analysis as described in the text. Points show sample MCMC chain steps, indicating that there is no
correlation between the two parameters. The black line shows the cstat value from fit statistic minimization, as a function of best-fitting velocity. One
peak of the MCMC velocity distribution coincides with the best-fitting velocity distribution, and other local peaks coincide with local cstat minima,
indicating both maximum likelihood methods produce the same result. The dotted lines delineate the central 90% credible interval and note the
local LMC velocity. Right: MCMC chain values for the Fe K velocity plotted against chain step, showing that the long-term variations of each chain
are well-behaved and the posterior distribution is well-sampled. Vertical lines differentiate the eight individual 20000-step simulation chains. Steps
within chains are in time order with one out of every ten steps shown for clarity. (Color online)

Fig. 7. Posterior probability distributions of the vrnei model broadening width and velocity from the Fe K region fitting including line broadening.
Notations are the same as in figure 6. The left-hand panel shows results with flat prior on the line width, while the right-hand panel shows results
imposing a Gaussian prior with 1 σ width of 1000 km s−1. Both velocity distributions trace the cstat minimization well. The flat prior produces a
broader posterior distribution. (Color online)

and we find 90% credible intervals of 330–1780 km s−1

for broadening with a Gaussian prior distribution, and
0–2090 km s−1 for a flat prior. The conservative gain uncer-
tainty of ± 2 eV (see section 2) produces a systematic uncer-
tainty of ± 90 km s−1, well within the statistical uncertainty.
It is apparent that imposing an flat, uninformative prior on
the broadening width distribution allows unrealistic values
exceeding σ = 3000 km s−1 with a broad tail to very high
values. This greatly exceeds the thermal width of an Fe
emission feature at 2 keV (σ ∼ 50 km s−1), and requires
either extreme turbulence or very large bulk motions.
If we adopt the results with the Gaussian prior, which
has sufficient width to allow a blueshifted and redshifted

component separated by up to ∼ 2000 km s−1, a mean line-
of-sight velocity consistent with vhelio, LMC is ruled out at
91% confidence under this model. The model parameters
are listed in table 1.

The measured photon flux in the fitting band,
4.6+2.3

−1.4 × 10−5 photons cm−2 s−1, is more than a factor of
two higher than previous estimates of the Fe Kα line flux,
e.g., 1.83 ± 0.17 × 10−5 photons cm−2 s−1 (Yamaguchi et al.
2014; errors are 90%). This is likely due to a combination
of the Hitomi attitude uncertainty and the use of a broad-
band X-ray image to produce the response files. While
much of this broad-band X-ray emission is found in a shell
with diameter ∼ 2′, the Fe Kα emission appears centrally
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Fig. 8. Posterior probability distributions for the S region fit. In the left-hand panel, vapec model broadening is fixed at zero, and the posterior model
normalization is shown on the Y axis. In the right-hand panel, a Gaussian prior with width σ = 1000 km s−1 is imposed on the broadening, and the
posterior broadening distribution is shown on the Y axis. The velocity posterior distribution is shown on the X axis in both panels. Other notations
are the same as in figure 6. Both velocity posterior distributions are Gaussian in shape and trace the cstat minimization well. The model with
broadening produces a broader distribution shifted to higher velocity, but still consistent with the local LMC velocity. (Color online)

concentrated (e.g., Behar et al. 2001). Using the more
spatially extended broad-band image produces a lower
response as some of the PSF-broadened flux falls outside
of the 3′ × 3′ SXS FOV, thereby increasing the inferred
model flux for a given count rate. Our inclusion of data
with large pointing offset of up to 2.′2 and the large attitude
drift undoubtedly exacerbate this effect. For this reason,
the flux calibration is so uncertain that a flat, uninforma-
tive prior is a good representation of our knowledge of the
SXS effective area for this observation.

Once the minimum fit statistic and parameter distri-
bution function were determined, we explored the effects
of adjusting other vrnei parameters within a reason-
able range of uncertainty. In addition, we ran fits testing
plasma models with higher over-ionization (setting net to a
small value), under-ionization (an ionizing plasma, setting
kTinit < kT), and collisional ionization equilibrium (CIE,
setting kTinit = kT). The fit statistic was consistent in all
cases, indicating that we cannot distinguish between var-
ious ionization states with the Hitomi/SXS data alone. In all
cases, neither the best-fitting velocity nor its posterior dis-
tribution from the MCMC analysis changed appreciably,
indicating that our results are insensitive to the exact emis-
sion model used so long as it is not highly complex.

Neither the XSPEC cstat statistic nor the MCMC anal-
ysis provides an estimate of the goodness-of-fit. We used
two tests available in XSPEC, Kolmogorov–Smirnov (KS)
and Cramer–von Mises (CvM), both of which treat the
observed and model spectra as empirical distribution func-
tions and compute a statistical difference between the two.
Drawing parameter values for velocity, normalization, and
broadening width from the full posterior distributions,
we performed 1000 simulations of the observed 3.7 ks

spectrum for the fits with and without broadening. These
simulated spectra were then fitted with the model, and the
resulting KS and CvM test statistics were compared with the
values from the original fits. For the fit without broadening,
24% of the realizations produced a smaller KS statistic than
the best fit, and 35% produced a smaller CvM statistic. For
the fits with broadening, the fractions were 20% for KS and
21% for CvM. We can only say that our best-fitting models
are not statistically inconsistent with the data.

Since this asymmetric velocity structure is unexpected,
we constrained a potential blueshifted emission feature by
adding a second vrnei component with identical model
parameters. The velocity of the first component was fixed
to the best-fitting value of 1140 km s−1, while that of the
new component was fixed to −590 km s−1, to force sym-
metry about vhelio, LMC. The vrnei normalizations, initially
equal, were allowed to vary independently. We find that
a blueshifted feature is allowed at up to 30% of the flux
of the redshifted component, with a similar fit statistic
and goodness-of-fit measure. Varying the blueshift within
a reasonable range did not improve the fit or change the
upper limit to its flux. The best-fitting broadening width
(σ ∼ 500 km s−1 or FWHM ∼ 1200 km s−1) allows some
blueshifted component, but the emission-weighted mean
velocity is not centered on the LMC velocity. We con-
clude that the bulk of the He-like-iron-bearing material is
receding asymmetrically, at a velocity ∼ 800 km s−1 with
respect to the swept-up ISM surrounding N 132 D.

3.2 Sulfur region spectral analysis

Spectral fitting of the S XV Heα line proceeded in a similar
manner to the Fe K region. We restricted the energy range
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to 2.40–2.48 keV, leaving 16 total counts of which0.30 ±
0.07 (∼ 2%) are estimated to be from the NXB. Consis-
tent with other recent work, we interpret the S XV Heα
emission to arise predominantly from a CIE plasma with
kT ∼ 1 keV (Behar et al. 2001; Borkowski et al. 2007;
Xiao & Chen 2008). In our baseline model, the CIE com-
ponent dominates the NEI emission by a factor of ∼ 5–10
in this region. Thus we allowed some small contamination
from the high-redshift NEI emission by freezing the velocity
and broadening of the vrnei component to the best-fitting
values, and fixed the ratio of the vapec to vrnei normal-
izations to that found by Bamba et al. (2017). Only the
velocity and normalization of the CIE vapec component
were allowed to vary in the initial fit, but as with the Fe fit,
we included broadening with similar priors to explore the
effect on the derived velocity. The S region spectrum and
model are shown in figure 5, posterior probability distribu-
tions are shown in figure 8, and best-fitting parameters are
given in table 1.

Using the cstat maximum likelihood estimator,
we obtain a best-fitting line-of-sight velocity of
vhelio = 210 km s−1 with broadening fixed at zero. Allowing
a single broadening component results in vhelio = 520 km s−1

with σ = 520 km s−1. As with the Fe fitting, the poste-
rior distributions in figure 8 are considerably wider when
broadening is included, with 90% credible intervals on
vhelio of −170 to +580 km s−1 with no broadening and
−100 to +1290 km s−1 with a Gaussian prior on broad-
ening with σ = 1000 km s−1. Unlike for Fe, the velocity of
the S component is completely unconstrained with a flat
broadening prior. Our adopted SXS gain uncertainty of
± 2 eV (245 km s−1; see section 2) is again well within this
statistical uncertainty, which itself is consistent with the
local LMC velocity of 275 km s−1.

We performed additional spectral fitting, allowing kT of
the CIE component and kT, kTinit, net, and σ of the recom-
bining plasma component to vary over a broad range as in
the Fe region fitting described in the previous section. The
best-fitting velocity and credible intervals did not change.
We performed the same goodness-of-fit tests to the S region
fits as the Fe region fits, finding that 30%–60% of the sim-
ulated datasets produced a smaller test statistic. The model
is thus consistent with the data, and we conclude that the
He-like-sulfur-bearing gas is consistent with being at rest
relative to the local LMC ISM, if we assume that line broad-
ening is small.

3.3 Argon region spectral analysis

Spectral fitting of the Ar XVII Heα line is complicated by
both the low number of total counts (14) and the esti-
mated contributions from both CIE and NEI components.

Fig. 9. SXI spectrum of N 132 D. Shown are the full spectrum, the scaled
NXB spectrum, and the NXB-subtracted spectrum. Emission over the
background is clearly seen above 10 keV. (Color online)

In fact, the Ar abundance is not constrained in either com-
ponent, leading to a degeneracy between the normalization
and abundance in each component and further difficulty
fitting different velocities. As a simple test, we fixed the
vapec and vrnei normalizations to the Bamba et al. (2017)
values, fixed the Ar abundance to solar for both compo-
nents, and fit a single line-of-sight velocity and normaliza-
tion. The best-fitting velocity is vhelio = 2400 km s−1, with
a 90% credible interval of 570–5900 km s−1. This is con-
sistent with both velocity ranges of Fe XXV and S XV. If the
velocities are tied at the offset to the best-fitting values so
that vvrnei = vvapec + 1200 km s−1, the fit statistic is only
slightly worse (cstat= 81.2 vs. 80.8), and the best-fitting
values are vhelio = 1800 km s−1 for the vrnei component
and 600 km s−1 for the vapec, with similar uncertainties.
Given the uncertainties in the model, we can only con-
clude that the Ar XVII fit is consistent with the Fe and S line
results.

4 SXI spectral analysis

For the following analysis, the same version of XSPEC,
AtomDB, NEI emissivity data, and abundance tables were
used as in the analysis of the SXS spectrum (see section 3).
The NXB-subtracted spectrum is shown in figure 9. In
the N 132 D observation, the event and split thresholds
are 600 eV and 30 eV, respectively. Since charge from a
detected X-rays may be split among multiple CCD pixels,
the quantum efficiency (QE) can be affected by split events
well above the event threshold. Given the limited amount
of calibration information available in these early obser-
vations, we conservatively exclude the energy band below
2 keV in this study.

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/70/2/16/4969727 by guest on 09 April 2024



Publications of the Astronomical Society of Japan (2018), Vol. 70, No. 2 16-15

We detect emission lines at 2.456 ± 0.010 keV and
6.68 ± 0.04 keV, which correspond to the same Heα lines of
S and Fe detected in SXS, respectively. The SXI is affected by
light leak when the satellite is in daylight, which can result
in an observed line center shift (Nakajima et al. 2018). We
investigated the line center shift in the N 132 D data, and
confirmed that daylight illumination of the spacecraft has
no effect. The S XV Heα line center is fully consistent with
the centroid of the line complex measured with SXS (see
figure 5). The Fe XXV Heα line center is marginally con-
sistent with SXS within the uncertainty (see figure 5), and
likely includes some unresolved contribution from Fe XXVI

Lyα at ∼ 7 keV (see figure 4).
Following the SXS analysis, we adopted a spectral model

with two thin-thermal plasmas, a low-temperature vapec

and high-temperature vrnei. From the model of Bamba
et al. (2017), we also include a 6.4 keV neutral Fe K line,
a non-thermal component, and the CXB. In the SXI anal-
ysis, the normalizations of the two plasmas are set to be
free and all the other thermal parameters are fixed to
those of Bamba et al. (2017). The normalization of the
Fe I K line was tied to that of the vrnei component using
the ratio of normalizations from Bamba et al. (2017). A
power-law model was added for the possible non-thermal
component, with both photon-index � and normalization
allowed to vary. For the CXB, another power-law model
with fixed parameters of � = 1.4 and surface brightness
5.4 × 10−15 erg cm−2 s−1 arcmin−2 in the 2–10 keV band
was used (Ueda et al. 1999; Bautz et al. 2009). This CXB
intensity is expected from observations with previous X-ray
imaging instruments with similar PSF, and thus similar con-
fusion limits. Since we are in the high-counts regime with at
least 30 counts per spectral bin in the total (unsubtracted)
source spectrum and high statistics in the NXB spectrum,
we expect the background-subtracted spectral bins to be
Gaussian distributed and use χ2 minimization. We obtain
χ2/d.o.f. = 234/243 and an acceptable fit at the 90% con-
fidence level. The best-fitting model with individual compo-
nents is shown in figure 10. To check for potential bias in
the use of χ2 statistics, we perform the fit again excluding
the poorest statistical region above 9 keV, and obtain
similar results.

The lower and higher temperature plasmas produce
the majority of the Heα lines of S and Fe, respectively,
consistent with the result of the previous study (see
also figure 4). The best-fitting vapec normalization was
0.92 ± 0.03 of the value from Bamba et al. (2017), while
the vrnei was 0.86 ± 0.10 of their best-fitting value. The
model fitting results in a non-thermal component with flux
1.3 ± 1.1 × 10−13 erg cm−2 s−1 in the 2–10 keV band. If
we assume this non-thermal component exists, the fit con-
strains the photon index to be � < 3.0. With the SXI data

Fig. 10. SXI spectrum of N 132 D fitted with the model discussed in
the text, with individual components shown. Two thin-thermal plasma
components are shown with orange (vapec) and red (vrnei) lines. The
6.4 keV Fe K line is shown in blue, the CXB power law component in
green, and the marginally detected non-thermal component in magenta.

in hand, we are unable to say conclusively that the non-
thermal component is required, only that it is consistent
with the observed spectrum.

5 Discussion

We have revealed a significant redshift of the emission lines
of He-like Fe, constraining the line-of-sight velocity to be
∼ 1100 km s−1, or ∼ 800 km s−1 faster than the local LMC
ISM. The emission of S XV Heα, on the other hand, shows a
velocity consistent with the radial velocity of the LMC ISM,
albeit with large uncertainty, especially when broadening
is included in the model. These results suggest different
origins of the Fe and S emission: the former is dominated by
the fast-moving ejecta and the latter by the swept-up ISM.
This interpretation is consistent with the previous work by
XMM-Newton, which revealed that the Fe emission has
a centrally-filled morphology and the S emission is found
along the outer shell (Behar et al. 2001).

This interpretation hinges on our assumed underlying
emission model. Previous results from XMM-Newton
(Behar et al. 2001) and the detection of an Fe XXVI Lyα

line in the Suzaku spectrum (Bamba et al. 2017) suggest
minor contamination from lower-energy, lower-ionization
states of Fe. It is possible that the H-like Fe emission arises
from a much hotter plasma that does not produce He-like
emission, and the Fe K complex in question is produced by
lower-temperature plasma unresolved by both the Suzaku
and Hitomi PSF. Although L-shell lines of lower-ionization
Fe were not detected by Behar et al. 2001, it is further pos-
sible that the L-shell energy band is dominated by the low-
temperature swept-up ISM component, hindering detection
of faint ejecta lines. We are unable to demonstrate the
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validity of our assumptions conclusively with existing X-
ray data, and we stress that the discussion that follows
assumes the Fe K emission is dominated by He-like Fe.

The best-fitting broadening widths for both Fe K and
S K, σ ∼ 500 km s−1, greatly exceed thermal broadening at
these temperatures. It is unclear whether the constraints on
broadening are physical or somehow related to the com-
bination of low statistics and complicated line structure in
the thermal model. The addition of broadening simplifies
the posterior velocity distribution without greatly changing
the 90% credible interval, and we can speculate that if this
line broadening is physical, there could be Fe K-emitting
material at a range of velocities due to bulk motion,
including very high ones. Much better statistics at similar
spectral resolution are required to further understand the
velocity structure in both Fe K and S K.

These Fe-rich ejecta display very different line-of-sight
velocity structures compared to the O-rich ejecta explored
in detail in the optical. The O-rich ejecta traced by
[O III] λ5007 emission have an average blueshifted velocity
of ∼− 500 km s−1 with respect to the local LMC when an
elliptical shell model is fitted in projected space and velocity
(Morse et al. 1995). Vogt and Dopita (2011) confirm this
systematic offset, but point out that the complicated spatial
structure of the ejecta heavily biases the average velocity of
the emission as different clumps interact with the reverse
shock at different times. The ring structure of the O-rich
ejecta first suggested by Lasker (1980) and confirmed in sev-
eral successive studies is possibly accompanied by a polar
jet associated with a “run-away” knot and the enhanced X-
ray emission along the southwestern shell (Vogt & Dopita
2011). It is tempting to speculate that the Fe emission is
associated with such a jet, but a more significant detection
at higher spatial resolution is required.

The lack of blueshifted emission indicates a highly asym-
metric distribution of the Fe-rich ejecta. Such asymmetry
is seen morphologically in the ejecta of other core-collapse
SNRs, such as Cas A (Grefenstette et al. 2017), G292.2+1.8
(Bhalerao et al. 2015), and W 49 B (Lopez et al. 2013a), and
in the more evolved SNRs dominated by shocked ISM/CSM
but with Fe knots such as Puppis A (Hwang et al. 2008;
Katsuda et al. 2008, 2013). Notably, the Fe ejecta in these
remnants are not always centrally concentrated, as would
be expected in a typical core-collapse explosion. In Cas A,
the mismatch between the shocked Fe ejecta and more con-
centrated, redshifted 44Ti has been interpreted in light of
the SN explosion mechanism involving instabilities such as
SASI (Grefenstette et al. 2017). N 132 D is more evolved
than Cas A and is perhaps better compared to W 49 B, with
which it is comparable in age. The X-ray morphology of
N 132 D is more symmetric than W 49 B, and relatively sym-
metric among core-collapse SNRs in general (Lopez et al.

2011), despite the obvious differences between the bright
southern shell and the blown-out northeastern region. This
symmetry could indicate a projection effect and an axis of
symmetry along the line-of-sight. If N 132 D were observed
perpendicular to the direction it is, it might appear more
highly asymmetric, like W 49 B.

The origin of the over-ionized plasma is not completely
clear. Interestingly, both N 132 D and W 49 B show evi-
dence for overionization of the Fe ejecta (Ozawa et al.
2009; Bamba et al. 2017), suggesting a possible connec-
tion between asymmetric ejecta distribution and overion-
ization. In addition, recombining plasma is observed in
several mixed-morphology SNRs that are interacting with
molecular clouds (e.g., Yamaguchi et al. 2009; Uchida et al.
2015); although the mechanism responsible for the peculiar
plasma conditions in these remnants is still unclear, a pos-
sible connection is the inhomogeneous medium into which
the SNR is expanding. In N 132 D, the entire southern half
of the remnant is surrounded in projection by molecular
gas, with Mopra 22 m telescope CO data showing that
the outer shell is sweeping through the cloud (Banas et al.
1997; Sano et al. 2015). This molecular gas distribution
combined with the X-ray emission morphology showing
a brighter shell impinging on the cloud in the south sug-
gests that the shock is slowing here due to the cloud, while
the fainter shell blowing out toward the north and north-
east suggests that the shock is expanding faster here. The
detection of both GeV emission (Ackermann et al. 2016)
and neutral Fe K (Bamba et al. 2017) from N 132 D fur-
ther suggest that accelerated protons are interacting with
the nearby molecular cloud (Bamba et al. 2017). It is likely
that N 132 D is expanding into a highly inhomogeneous
medium.

In W 49 B, the recombining plasma is detected on the
west side of the remnant whereas the molecular cloud is to
the east, suggesting that the dominant cooling mechanism
producing the over-ionized plasma is rapid expansion of the
inner ejecta (Miceli et al. 2010; Lopez et al. 2013a). A sim-
ilar density gradient is apparent in N 132 D, however due to
the insufficient spatial resolution of either Suzaku or Hitomi
we are unable to identify exactly where the recombining
plasma is located. Comparing the Fe K map from XMM-
Newton (figure 4a of Behar et al. 2001) with the molecular
gas map (figure 1b of Sano et al. 2015), we see that the
Fe K peak is not in the center of the remnant nor toward the
blown-out low-density northeast region, but offset closer to
the bright southeastern shell. Since the recombining Fe XXV

Heα is the brightest feature seen in this spectral region, this
hints that the over-ionized plasma is located near the molec-
ular cloud. With the data currently in hand, and with likely
projection effects along the line-of-sight, a firm conclusion
is not possible.
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It was unfortunate that the first microcalorimeter obser-
vation of a thermally dominated SNR was not fully per-
formed due to an attitude control problem. However, this
short-exposure observation of N 132 D demonstrates the
power of high-spectral-resolution detectors by detecting
clear emission features with extremely low photon counts—
a similarly short CCD observation would not have detected
these features, let alone placed interesting constraints on
the velocity. The very low SXS background of ∼ 1 event
per spectral resolution element per 100 ks is also vital for
this result, and it opens the possibility of using slew observa-
tions for similar science with similar future instruments. For
N 132 D, revealing the Fe ejecta line-of-sight velocity struc-
ture, along with its detailed spatial distribution and proper
motion, is a vital step to determine its three-dimensional
velocity. Future observations with the X-ray Astronomy
Recovery Mission (XARM) microcalorimeter, identical in
performance to that on Hitomi, will be sufficient to resolve
the remnant into two regions spatially and explore in detail
the line-of-sight velocity and ionization state for each ele-
ment. Observations with Athena (Nandra et al. 2013) will
also be crucial to constrain the kinematics and ionization
state of this SNR more accurately.

6 Conclusions

In this paper, we have presented observations of the LMC
SNR N 132 D taken with Hitomi. Using only a short,
3.7 ks observation with the SXS, we detect emission lines of
Fe XXV and S XV Heα with only 17 and 16 counts, respec-
tively. Assuming a plausible emission model and prior on
the velocity broadening, the Fe line shows a redshift of
800 km s−1 (50–1500 km s−1, 90% credible interval) com-
pared to the local LMC ISM, indicating that it likely
arises from highly asymmetric ejecta. The S line is con-
sistent with the local LMC standard of rest, shifted by
−65 km s−1 (−450 to +435 km s−1, 90% credible interval)
assuming no broadening, and likely arises from the swept-
up ISM. Longer SXI observations produce results consistent
with a recent combined Suzaku + NuSTAR spectral anal-
ysis, including a recombining thermal plasma component
responsible for the Fe XXV Heα emission and constraints
on a non-thermal component that dominates at high ener-
gies (Bamba et al. 2017). In addition to this first result
on SNRs with a microcalorimeter, the observations high-
light the power of high-spectral-resolution X-ray imaging
instruments in even short exposures.

Author contributions

E. Miller and H. Yamaguchi led this study and wrote the
final manuscript along with S. Katsuda, K. Nobukawa,

M. Nobukawa, S. Safi-Harb, and M. Sawada. E. Miller,
T. Sato, M. Sawada, and H. Yamaguchi performed the
SXS data reduction and analysis. K. Nobukawa and
M. Nobukawa performed the SXI data reduction and anal-
ysis. C. Kilbourne contributed estimates and discussion
of the SXS gain uncertainty. A. Bamba contributed the
detailed spectral model used for both the SXS and SXI
analysis. M. Sawada contributed to optimizing the SXS
data screening. K. Mori contributed analysis of the SXI
light leak. L. Gallo, J. Hughes, R. Mushotzky, C. Reynolds,
T. Sato, M. Tsujimoto, and B. Williams contributed valu-
able comments on the manuscript. The science goals of
Hitomi were discussed and developed over more than
10 years by the ASTRO-H Science Working Group (SWG),
all members of which are authors of this manuscript. All
the instruments were prepared by joint efforts of the team.
The manuscript was subject to an internal collaboration-
wide review process. All authors reviewed and approved
the final version of the manuscript.

Acknowledgments

We thank the support from the JSPS Core-to-Core Program. We
acknowledge all the JAXA members who have contributed to the
ASTRO-H (Hitomi) project. All U.S. members gratefully acknowl-
edge support through the NASA Science Mission Directorate.
Stanford and SLAC members acknowledge support via DoE contract
to SLAC National Accelerator Laboratory DE-AC3-76SF00515.
Part of this work was performed under the auspices of the U.S. DoE
by LLNL under Contract DE-AC52-07NA27344. Support from
the European Space Agency is gratefully acknowledged. French
members acknowledge support from CNES, the Centre National
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