THE ASTROPHYSICAL JOURNAL, 922:67 (7pp), 2021 November 20

© 2021. The American Astronomical Society. All rights reserved.

Can the Fe K-alpha Line Reliably Predict Supernova Remnant Progenitors?
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Abstract

The centroid energy of the Fe Ko line has been used to identify the progenitors of supernova remnants (SNRs).
These investigations generally considered the energy of the centroid derived from the spectrum of the entire
remnant. Here we use XMM-Newton data to investigate the Fe Ka centroid in 6 SNRs: 3C 397, N132D, W49B,
DEM L71, 1E 0102.2-7219, and Kes 73. In Kes 73 and 1E 0102.2-7219, we fail to detect any Fe Ka emission. We
report a tentative first detection of Fe Ka emission in SNR DEM L71 with a centroid energy consistent with its
Type Ia designation. In the remaining remnants, the spatial and spectral sensitivity is sufficient to investigate spatial
variations of the Fe Ka centroid. We find in N132D and W49B that the centroids in different regions are consistent
with those derived from the overall spectrum, although not necessarily with the remnant type identified via other
means. However, in SNR 3C 397, we find statistically significant variation in the centroid of up to 100 eV, aligning
with the variation in the density structure around the remnant. These variations span the intermediate space
between centroid energies signifying core-collapse (CC) and Type la remnants. Shifting the dividing line
downwards by 50 eV can place all the centroids in the CC region, but contradicts the remnant type obtained via
other means. Our results show that caution must be used when employing the Fe Ko centroid of the entire remnant
as the sole diagnostic for typing a remnant.

Unified Astronomy Thesaurus concepts: X-ray astronomy (1810); Supernova remnants (1667); Line intensities

(2084); Supernovae (1668); Shocks (2086); Plasma astrophysics (1261)

1. Introduction

Supernova (SN) explosions result from the core-collapse
(CC) and explosion of a massive star or the thermonuclear
deflagration and detonation of a white dwarf in a binary system
(Type Ia). The resulting explosion drives a collisionless shock
into the surrounding medium, which sweeps up the material
and expands over hundreds of years to form large structures of
gas and dust. The explosion can release products of stellar and
supernova nucleosynthesis into the ambient medium. The SN
shock itself heats up the surrounding medium, causing it to
emit across the entire wavelength range. Thus supernova
remnants (SNRs) can provide unique insights into both the SN
explosion itself, the ejected SN material, and the nature of the
surrounding medium. However, isolating the contributions of
the products of the SN explosion, the progenitor mass-loss, and
the surrounding medium presents a considerable challenge to
understanding the origin and evolution of SNRs. While
observations of SNRs can shed light on their abundance
distribution, morphology, dynamics, and kinematics, there is
generally no simple way to relate these features to the SN
progenitor. Sometimes, observation of a central compact object
can directly point to a CC origin. In other cases, the abundance
distribution is a giveaway of a Type la progenitor. However, in
many intermediate cases, the observations do not provide a
clear-cut view of a remnant’s origins.

Past studies have attempted to investigate SNR types through
their X-ray emission. For instance, in young SNRs the observed
abundance pattern can reveal signatures of the explosion
mechanism (Hughes et al. 1995; Vink 2012). Alternatively,
Lopez et al. (2011) argued that Type Ia SNRs are more
symmetric than CC SNRs, using the power-ratio method;
however, there are notable exceptions, such as SNR 1E 0102-
7219, a highly symmetric CC remnant (Hughes et al. 2000;

Eriksen et al. 2001); RCW 86, a Type Ia SNR that may have
evolved in a wind bubble (Williams et al. 2011); and N103B, a
Type Ia SN that may be expanding into an hourglass-shaped
cavity, forming bipolar bubbles of ejecta (Yamaguchi et al.
2021).

Yamaguchi et al. (2014, hereafter Y14) proposed a method to
identify SNR type based on the Fe Ko emission line. Using the
complete sample of SNRs observed with Suzaku, Y14 extracted
the spectra from the entire emitting region of each remnant (with
the exception of IC 443, due to its large angular size) and fit the
emission within the 5-10keV band with an absorbed power-law
and Gaussian model, with additional Gaussian or radiative
recombination continuum (RCC) components added as needed.
They concluded that all SNRs confidently classified as Type Ia
had an Fe Ko centroid energy less than 6550 eV, while SNRs
confidently classified as CC had energies greater than 6550 eV
and clearly stated that no single object with a robust progenitor fell
on the wrong side of this dividing line. Y14 also observed that
within each progenitor type (Ia or CC), the remnants’ Fe Ko
centroid energy and luminosity are potentially correlated such that
those that had a higher level of Fe ionization tended to have a
more luminous Fe Ko line. They postulated that the centroid
energy of the Fe Ko line could be used to identify a remnant’s
type (Ia or CC) and treated 6550 eV as the dividing line. Such a
typing method for SNRs would not depend on uncertain or
difficult-to-measure quantities such as distance. Since the energy
of the centroid depends on the ionization state of Fe which is
determined by the history of shocked Fe, Y14 attributed the
distinction between the centroid energy in Type Ia and CC SNRs
to the lower-density ambient media typically found around Type
Ia SNe. However, Kepler’s SNR, where a Type Ia remnant shows
evidence of circumstellar interaction, may be a counterexample to
this (Chiotellis et al. 2012, 2020; Patnaude et al. 2012).
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Y14 found that results from the Suzaku sample were
consistent with theoretical Type Ia models evolving into uniform
ambient media. Further modeling extended this agreement to CC
remnants as well, with the exception of some high-luminosity
SNRs, including N132D and W49B (Patnaude et al. 2015). 1D
theoretical modeling, followed by a calculation of the X-ray line
emission, predicted a centroid energy—luminosity correlation
for each progenitor type, with an overlap of centroid energies
between CC and Type Ia remnants near 6000 eV (Patnaude et al.
2015; Martinez-Rodriguez et al. 2018; Jacovich et al. 2021).
Near this energy, the models predicted that luminosity would be
the primary discriminator.

While the centroid energy—luminosity correlation can be seen
in both theoretical modeling and Y14, many recent studies (Sezer
et al. 2018; Bhalerao et al. 2019; Quirola-Véasquez et al. 2019;
Sawada et al. 2019; Martinez-Rodriguez et al. 2020) have
continued to treat the Fe K« line centroid as the sole discriminant.

The Y14 calibration appears to hold for many SNRs.
However, the robustness of this method has not been critically
examined. Recently, Siegel et al. (2020b) suggested that
although the Fe Ko centroid energy for the SNR W49B falls in
the CC regime, the elemental abundances suggest that the
remnant may in fact have a Type la origin, as pointed out
earlier by Zhou & Vink (2018). Siegel et al. (2020b) postulated
that the higher centroid energy for W49B resulted from the
remnant’s expansion into high-density media. In addition to
W49B, a growing number of Type Ia candidate remnants have
been suggested to be expanding into high-density media,
including 3C 397 (Safi-Harb et al. 2005; Leahy & Rana-
singhe 2016) and N103B (van der Heyden et al. 2002; Rest
et al. 2005). Sgr A East presents another interesting case. A
recent abundance study favored a Type lax origin (Zhou et al.
2021), but the Fe Ko centroid energy reported by Y14 places it
in the CC SNR category.

Expansion of the SNR shock wave into a high-density medium
would result in a reflected shock expanding back into the SNR
(Chevalier & Liang 1989; Tenorio-Tagle et al. 1990, 1991;
Dwarkadas 2005, 2007), which could ionize the Fe and shift the
centroid to higher energies. Alternatively, Type Ia remnants
expanding into a high density from the time of explosion would
also show a higher centroid energy. For instance, Bochenek et al.
(2018) found that SN 2012ca was interacting with a region of
density >10° cm >, and perhaps as high as 10® cm >, suggesting
a high-density medium at a distance of about 5 x 10" cm from
the SN explosion. Aldering et al. (2006) suggested that the
circumstellar medium around SN 2005gj had a density as high as
10" cm . While the source of the high-density material is not
apparent, the entire subset of Type [a-CSM SNe appear to show
interaction of the SN shock wave with a high-density medium
close in to the SN (Silverman et al. 2013). These factors would
move the Fe Ko centroid to higher energies.

Many SNRs are large, parsec-scale objects, and the density
around them varies, often considerably. The large size means that
portions of the shock front may sometimes expand into clouds,
clumps, or other dense material. If the centroid of the Fe Ko line
depends on the density into which a remnant expands, then the
centroid energies across a remnant’s surface may not be
homogeneous, and in certain regions the energies may shift
above or below 6550 eV. Theoretical 1D models (Patnaude et al.
2015; Martinez-Rodriguez et al. 2018; Jacovich et al. 2021) have
generally confirmed the correlation between ambient density and
the centroid energy of the entire remnant. However, point-to-point
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variations of the Fe Ko centroid energy within a single SNR have
neither been predicted nor reported by these authors. The
spherically symmetric models, by their very nature, are unable
to model the Fe Ka centroid energy variations that can arise due
to density inhomgeneities around a single SNR. The latter is the
main consideration in this paper.

Motivated by these factors, in this paper we investigate the
robustness of the Fe Ko centroid energy as a diagnostic of SNR
type through spatially resolved spectral fits. In Section 2 we
discuss the observational data used in this paper and the fits to
the Fe Ko line as well as report the line centroids and photon
luminosities. We also discuss the Fe Ko line in the SNR DEM
L71 in significant detail. Section 3 discusses the results,
especially for the spatially resolved remnants. Conclusions are
summarized in Section 4.

2. Observations and Data Analysis

We analyze archival XMM-Newton data for 6 SNRs (listed
in Table 1). The remnants were selected to ensure significant
levels of measurable thermal emission, sizes larger than the
XMM-Newton angular resolution, and observations with ; 10°
photons. In addition to these criteria, we also sought remnants
that previous studies of SNR Fe Ka emission identified as
outliers, such as 3C 397 and W49B (Yamaguchi et al. 2014;
Patnaude et al. 2015; Siegel et al. 2020b).

2.1. Iron K-Shell Line Fitting

For each remnant, the data were reduced using XMM SAS
18.0.0. Calibrated event lists were created using the epproc task.
Flares due to high particle background were removed following
the standard filtering procedures as described in SAS documenta-
tion.* Locations with known background point sources from the
literature were removed from the calibrated and filtered event
files, as were additional background point sources detected
with wavdetect.” We extracted spectra for the entire
emitting region. We limit our measurements to the pn detector
since the effective area of the pn detector is much higher than
that of the two MOS cameras.® Since the angular sizes of the
remnants are considerably smaller than the field of view,
background spectra are extracted from regions surrounding the
SNRs and subtracted to account for local and instrumental
background.

We isolate the spectra from approximately 5 to 10keV and
model the emission with an absorbed power-law continuum and a
Gaussian component for the Fe Ka line; for 3C 397 and W49B,
additional Gaussian components are added for Cr, Mn, and Ni
emission. To facilitate comparison, our spectral fitting procedure
is intended to closely parallel Y14. We find that the resulting
centroid measurements are quite robust and not dependent on the
details of the model; adding or removing additional Gaussian
components (wWhere relevant), changing the selected energy range,
using a Tuebingen—Boulder ISM absorption model instead of
phabs, or using a thermal bremsstrahlung continuum instead of a
power-law has negligible impact on the centroid results.

We detect Fe Ko emission in four of the six remnants; non-
detections are reported for Kes 73 and 1E 0102.2-7219. We

* htps: //www.cosmos.esa.int/web/xmm-newton /sas-thread-epic-
filterbackground

3 https://cxc.harvard.edu/ciao/ahelp/wavdetect.html

https: //xmm-tools.cosmos.esa.int/external /xmm_user_support/
documentation/uhb/effareaonaxis.html
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Figure 1. From left to right: EPIC pn images of 3C 397, N132D, and W49B. The numbered regions correspond to the regions for our spatially resolved Fe Ko

centroid fits.

Table 1
XMM-Newton Observations
Name EPIC ID pn MOS1 MOS2 Ny Distance Age References
(ks) (ks) (ks) (10*2 cm™?) (kpe) (o)
3C 397 0085200401 12.6 15.7 15.8 3 8 1350-5300 1,2
N132D 0210681301 18.4 15.0 15.0 0.06 50 3150 3
W49B 0724270101 1155 117.2 117.1 5 8 1000-6000 4,5,6
DEM L71 0201840101 60.3 62.0 62.0 0.07 50 4400 7
1E 0102.2-7219 0135721701 25.3 0.05 60 1000-2100 8,9
Kes 73 0013340201 6.4 6.4 3 8.5 750-2100 10, 11

References. (1): Safi-Harb et al. (2005); (2): Leahy & Ranasinghe (2016); (3): Morse et al. (1995); (4): Pye et al. (1984); (5): Zhu et al. (2014); (6): Zhou & Vink
(2018); (7): Ghavamian et al. (2003) ; (8): Hughes et al. (2000); (9): Eriksen et al. (2001); (10): Tian & Leahy (2008); (11): Kumar et al. (2014).

Table 2

Spectral Fitting Results

Remnant Region Fe Ka Centroid Energy Photon Flux Photon Luminosity
(keV) 107 em?s7h 10% s7h
3C 397 Overall 6.57870%%7 14.6119 11247 x d¢
1 6.53+3:92 15793 1113 x d¢
2 6.637093 0.5%92 4t < dd
3 6.55°503 1.3493 1072 x d¢
4 6.5870%3 0.6193 551 x d
5 6.6175%3 0.9193 773 x d?
6 6.6073%2 1.4+02 1172 x d@
7 6.6210:54 0.7+33 572 x dg
8 6.560:5% 0.8+92 672 x d@
N132D Overall 6.6913:92 13153 400180 x d2,
1 6.62+9:54 0.3+92 80735 x d2,
2 6.6710% 0.3791 100743 x d2,
W49B Overall 6.6647+3:90% 102.598 785%¢ x d@
1 6.669700%° 20191 15.050%8 x d¢
2 6.6607909%3 6.9102 5371 x dg
3 6.66079%} 214404 16413 x d¢
4 6.66003} 71482 5512 x d¢
5 6.6450083 23791 1775 x d
6 6.660709% 5.8703 45t x dg
DEM Overall 6.4510:92 0.159% 30110 x d2,
L71

Note. For photon luminosity, we adopt the distances of Table 1 and introduce the scaled distance dy = d/(X kpc).
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Figure 2. SNR DEM L71 spectrum from 5 to 8 keV (black points), along with
the best-fit absorbed power-law model (blue curve), and the best-fit absorbed
power-law Gaussian model (red curve). The five bins associated with the
emission line for the Kraft et al. (1991) significance test are plotted as crosses
(see Section 2.2 for discussion).

note that the Fe K« line was not detected in DEM L71 by Y14,
or reported by other authors, but is tentatively detected in our
study (see Section 2.2 for discussion).

Y14 categorized the non-detection cases into two groups:
low kT evolved SNRs and young SNRs dominated by non-
thermal emission. Both Kes 73 (Tian & Leahy 2008; Kumar
et al. 2014) and 1E 0102.2-7219 (Hughes et al. 2000; Eriksen
et al. 2001; Alan et al. 2019) fall into the first category.

The presence of overionized plasma merits additional con-
sideration in the case of W49B. Ozawa et al. (2009) first reported
the presence of overionized plasma in W49B; Y14 later identified
a radiative recombination continuum (RRC) of Fe XXV in the
X-ray spectrum. Both added an exponential component with a
threshold energy of Z8 keV to fit the RRC. We find that due to
the low flux at energies §8 keV, the inclusion of such an
exponential component does not impact our results.

For the remnants N132D, W49B, and 3C 397, we find the Fe
Ka emission is strong enough and the remnants are large enough
in the plane of the sky that we can conduct spatially resolved Fe
Ka centroid studies. Due to the low count rates for energies
Z6keV, a similar analysis is not possible for the SNR DEM L71.
Consequently we investigate the Fe Ko line in various regions of
N132D, W49B, and 3C 397. The selected regions are shown in
Figure 1. For each region, we extract the pn spectra and follow the
same fitting procedure as that used for the entire remnant.

From our Fe Ka line fits, we report the centroid energy
(keV), photon flux, and photon luminosity of the Fe K« line in
each region. These results are presented in Table 2. The Fe Ko
centroids for each remnant are compared in Figure 3, along
with the data from Y14. The quoted uncertainties are the 90%
confidence levels.

The overall luminosities of the Fe K« line in 3C 397, N132D,
and W49B are comparable to those found by Y14, with N132D
being about 30% lower. Some of this difference may arise from
the difference between XMM-Newton and Suzaku response at the
energy of the Fe K« line, and perhaps due to differences in the
line fitting. The overall photon flux from the Fe Ka line in DEM
L71 is much lower than that from the other remnants, consistent
with the fact that the line was not seen in earlier observations.

2.2. DEM L71

As discussed in Section 2.1, we fit the DEM L71 spectrum
above 5keV to an absorbed power-law 4 Gaussian component;
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the best-fit model yields a reduced x> of 23.18 /18. For
comparison, we also fit the spectrum to an absorbed power-law
without a Gaussian component, which yields a reduced x* of
41.66/21. The best-fit models for both variants are presented
alongside the DEM L71 spectrum in Figure 2. Prior studies have
not reported Fe K line emission from SNR DEM L71, although
the remnant itself has been well studied. Given the low number of
counts within the line, we conduct a series of tests to weigh the
significance of our detection.

Following Bevington (1969), we first use the F-statistic to
test for the presence of an additional model component. For
two given models, the first of which is nested within the second
but does not lie on the boundary of the parameter space of the
second model, the F-test quantifies the improvement of the
spectral fit due to an additional additive component. Using our
absorbed power-law model and absorbed power-law +
Gaussian model, we find an F-statistic of 4.78, which
corresponds to a null-hypothesis probability of 0.013. This
tentatively supports the addition of a Gaussian component at a
95% confidence level. However, it is not clear that the F-test is
reasonable for identifying the presence of a line (although it has
often been used to do so). The absorbed power-law model
without a Gaussian could be considered to be implicitly using a
Gaussian with zero intensity, thus lying on the boundary of the
model with the additive component, and therefore violating the
assumptions necessary for the F-test to be applicable (Protassov
et al. 2002).

Given the caveats with the F-test, we next consider the
method of Kraft et al. (1991). For a given N observed counts and
expected background continuum of N, counts, the number of
counts from the source is simply Ny =N — N,,. If N; is non-zero
to high confidence, the candidate signal may be considered a
source detection. Although N; and N, are not directly
observable, N is easily accessible. Following Kraft et al.
(1991) we thus assume the source and background are both
Poisson-distributed and calculate the confidence interval of N,
for a given N and assumed N,. Between 6.2 and 6.6 keV, we
calculate a total of N=48counts; the included bins are
highlighted as crosses in Figure 2. To determine the background
continuum, we first integrate the absorbed power-law model
over the same energy range; this yields 9 counts from the
continuum. To reflect the uncertainty in the continuum counts,
we calculate the confidence interval for the background counts,
again assuming a Poisson distribution; at a 95% confidence
level, this yields 2—12 counts. Adopting the upper limit for N,,
we find a 95% confidence interval for N; of 24-51 counts. We
thus conclude that the feature near 6.5 keV in SNR DEM L71
constitutes a line detection with high confidence.

While the identification of the feature as a line appears solid,
the association with Fe Ka may be tenuous. In addition to Fe
Ka, there are other emission lines that could produce the
observed signal near 6.5 keV, including Mn XXV, Fe XX, and
Fe XXI. A clue to the line identification comes from Frank et al.
(2019), who found that DEM L71 hosts a reverse-shocked pure-
ejecta component, characterized by Fe abundance above solar
and kT > 1 keV. The Fe Ka line is a fluorescent line that arises
from neutral Fe interacting with high-energy photons >6.4 keV.
In practice, photons with energy above ~8keV are generally
needed to fluoresce the line from a continuum source. Given the
high temperature in the shocked interior of DEM L71, and the
large amount of Fe, it is plausible to assume that there are
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Figure 3. A comparison of the Fe K« centroid energies for each remnant, with
the results of Y14 shown as magenta lines. For each remnant, the centroid for
the entire emitting region is shown as a diamond, with the spatially resolved
regions placed to the right. The dashed black lines represent the remnant with
the lowest overall centroid energy of those confidently classified as core-
collapse (SNR G292.0+1.8) and the remnant with the highest centroid energy
of those confidently classified as Type Ia (SNR 0519—69.0) from Y14. The
Type Ia dividing line from Y14 is presented as a solid red line at 6550 eV.

sufficient high-energy photons to produce the faint emission.
Therefore we tentatively identify the feature as Fe Ka.

3. Discussion

The Fe Ko centroid energies derived from the overall
spectrum of SNRs 3C 397, N132D, and W49B are in general
agreement with those found in Y14 (Figure 3). Our tentative Fe
Ka detection in DEM L71 falls comfortably within the Type Ia
parameter space reported by Y14. This classification is
consistent with several previous studies of DEM L71, which
identified Fe enhancements and pure-ejecta emission (Ghava-
mian et al. 2003; Hughes et al. 2003; Frank et al. 2019; Siegel
et al. 2020a).

The spatially resolved fits show minimal spread in N132D
and W49B, in line with the energy of the overall centroid. In
N132D, we do not detect Fe Ka emission along the
southwestern rim, and thus are limited to interior regions for
this remnant; this was also noted by Sharda et al. (2020).

In the case of W49B, all the centroid energies lie in the CC
parameter space, in agreement with the overall centroid energy.
This would consequently result in a CC designation for the
remnant. However, recent papers have suggested that the
remnant could have a Type la origin (Zhou & Vink 2018;
Siegel et al. 2020b) based on the abundance distribution and
the large Fe content.

The remnant 3C 397 presents an interesting case. We find
statistically significant variation in the Fe Ka centroid across
various regions; the energy of the centroid varies by about 100 eV
over the remnant surface. While this variation is large, we note
that Fukushima et al. (2020) report a variation of ~130eV for
various Fe Ko centroid energies in G344.7—0.1. The difference is
that in G344.7—0.1, the range of variations was fully confined to
the Type Ia region elucidated by Y14. For Kes 79, Sezer et al.
(2018) report a variation of 50 eV between different concentric
regions, also confined to the Type Ia region. In 3C 397, however,
the centroid energies of the different regions fall on either side
of the Y14 dividing line, while also overlapping the centroid
energy of SNR G292.0+1.8, a CC remnant with a known pulsar
(see Figure 3). The regions with the highest centroid energies
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(labeled 2, 5, 6, and 7) lie along the northern and western shell of
3C 397 (see Table 2 and Figure 2). CO surveys have shown that
these regions are located along the site of interaction between
3C 397 and a molecular cloud (Safi-Harb et al. 2005; Kilpatrick
et al. 2016). It is possible that the high centroid energies along the
northern and western fronts are indicative of shock interaction
with the molecular cloud followed by a reflected shock expanding
back into the SNR, ionizing the Fe. Meanwhile, regions along the
eastern and southern shells (labeled 1, 3, 4, and 8) show lower
centroid energies, more consistent with the Type Ia designation.
They appear to be coincident with a lower-density ambient
medium (Safi-Harb et al. 2005).

The spatial variation of the centroid energy in 3C 397 is of
particular interest. 3C 397 was initially theorized to have a
Type Ia progenitor (Chen et al. 1999). Subsequently a CC
progenitor was proposed due to the abundance pattern observed
with ASCA and its proximity to a molecular cloud (Safi-Harb
et al. 2000). Y14 concluded that the remnant’s centroid energy
could be consistent with both interpretations, based on the Fe
Ka line energy, but favored the Type Ia hypothesis based on
their simulations. Most recently, Yamaguchi et al. (2015) and
Martinez-Rodriguez et al. (2020) advocated for a Type Ia origin
using the observed enrichment of Mn and Ni from Suzaku and
a comparison of the line energies and fluxes with hydro-
dynamic models, respectively.

Y14, Yamaguchi et al. (2015), and Martinez-Rodriguez et al.
(2020) all fit the Fe Ko centroid energy using the emission
from the entire remnant. This inherently assumes that the
overall Fe Ko centroid energy would be similar to the energies
extracted by fitting different regions in the remnant, which is
true if the plasma is relatively homogeneous. However, in the
case of 3C 397, the Fe Ko centroid energies from some regions
are more consistent with a CC origin. In order for the dividing
line proposed by Y14 to be consistent with a CC designation
for 3C 397, it could be revised to 6500 eV, which would place
all the centroid energies in the CC region, consistent with Safi-
Harb et al. (2000, 2005). This would, however, contradict other
indicators, such as the enhanced abundance of Mn and Ni,
which suggest a Type Ia progenitor (Yamaguchi et al. 2015). If
the remnant were instead definitively classified as Type Ia, then
the dividing line would need to be moved up considerably,
to 56600 eV; however, this would contradict the classification
of G292.0+1.8 and G350.1-0.3 as CC remnants.

These results show that using only the Fe Ko centroid
energy as a discriminant between Type Ia and CC progenitors
is not always a robust technique. We therefore advocate caution
when using the centroid alone to type remnants, particularly in
cases where the remnant is not spatially resolved.

4. Conclusions

In this paper, we investigate Fe Ko centroids in 6 SNRs. We
detect the Fe Ko line in 4 of the remnants and are able to
conduct spatially resolved fits for N132D, W49B, and 3C 397.
The centroid energies derived for the entire emitting regions of
N132D, W49B, and 3C 397 are consistent with Y 14. For DEM
L71, where the Fe Ko line was not detected by Y14, our
observed value falls within the Type la parameter space reported
by Y 14; this agrees with prior studies on the origin of DEM L71.

Our main conclusions are:

1. The dividing line between Fe Ko centroid energies in CC
and Type Ia remnants, taken by Y14 to lie at 6550 eV, is
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not well defined and should not be used as the sole
discriminator of type. Numerical models (Patnaude et al.
2015; Martinez-Rodriguez et al. 2018; Jacovich et al.
2021) appear to validate this conclusion.

2. Prior studies, including Y14, extracted the spectrum from
the entire remnant, but the centroid energies extracted
from different regions may not agree with the centroid
from the entire remnant. Our spatially resolved fits in
3C 397 reveal statistically significant variations in the Fe
Ka centroid energy up to 100 eV, spanning both the Type
Ia and CC regions designated by Y14; for G344.7—0.1
the variations reached 130 eV (Fukushima et al. 2020).

3. The discrepancy between the Fe Ko centroid energies of
3C 397, its classification by various means, and the
dividing line suggested by Y14, cannot be resolved by
simply revising the position of the dividing line.
Although the agreement could be improved by shifting
the dividing line such that all the centroid energies for
3C 397 lie on the CC side, this would contradict the
remnant type obtained by other means. Shifting the
dividing line so that all 3C 397 energies lie on the Type la
side would contradict the types of other known CC
remnants.

4. Even if the centroids obtained from various regions are
consistent with those obtained from the entire remnant,
they may not agree with other diagnostics of the remnant
type. The Fe Ka centroids in various parts of W49B all
appear to have similar energies and agree with the
centroid energy measured from the entire remnant. These
high centroid energies, however, are not consistent with
recent abundance studies, and comparison to theoretical
models, which suggested a Type Ia progenitor (Zhou &
Vink 2018; Siegel et al. 2020b). These studies contra-
dicted prior ones that favored a CC origin by comparing
inferred abundances with a limited set of theoretical
models (Lopez et al. 2009, 2013). A study by Sun &
Chen (2020), which was inconclusive on the progenitor
type, even conceded that the large Mn/Fe ratio could not
be produced by any CC model, thus hinting at a Type Ia
origin.

5. The centroid energy in different regions of a remnant will
be affected by the density of the surrounding material into
which the remnant is expanding. In 3C 397, the regions
with the highest Fe Ko centroid energy are coincident
with the regions of remnant interaction with a high-
density molecular cloud, whereas regions with lower Fe
Ka centroid energy are expanding into lower densities.
While spherically symmetric models have generally
confirmed the correlation between centroid energy and
ambient density (Patnaude et al. 2015; Martinez-Rodri-
guez et al. 2018; Jacovich et al. 2021), they are unable to
model the variations of the centroid energy within a
remnant due to an inhomogeneous surrounding medium.

Our study does not necessarily indicate or revise the
classification of 3C 397. Our intention is to show that the energy
of the Fe Ko centroid in different parts of the remnant varies based
on the density into which the remnant is expanding, and may be
inconsistent with the centroid energy of the entire remnant. Large
density variations around the remnant could result in large
variations in the centroid energy. Thus far, such variations have
been observed in only a few remnants. There is a clear need for
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more studies of the energy of the Fe Ka centroid in different
regions of large, spatially resolved remnants.

Our results thus demonstrate the intricacies involved when using
the centroid energy of the Fe K line as the sole discriminant to
type SNRs. We therefore urge caution when using the overall Fe
Ka centroid energy as a diagnostic of remnant type, especially in
remnants where the density of the surrounding medium varies
considerably over the remnant’s surface, or the level of such spatial
variations is unknown. Furthermore, the dividing line between CC
and Type Ia remnants in terms of centroid energy is somewhat
arbitrary and subject to revision, so care should be taken when
using the centroid energy to type remnants close to the line.
Although the Fe Ko centroid energy remains a suitable technique
for simpler remnants and may be applicable in many cases,
complexities in the ambient medium can shift the centroid energies
and hinder classification attempts. Therefore the centroid energy by
itself is not a sufficient diagnostic when attempting to find an
SNR’s type. While considering the line luminosity alongside the
centroid energy may make the overall combination a better
discriminant, this needs to be clearly demonstrated by observa-
tional studies. Unfortunately, luminosity depends upon knowing
the accurate distance to the remnant, which is not always possible
for Galactic remnants, and adds one more variable to the puzzle.
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