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ABSTRACT

G352.7—0.1 is a mixed-morphology (MM) supernova remnant (SNR) with multiple radio arcs and has a disputed supernova
origin. We conducted a spatially resolved spectroscopic study of the remnant with XMM-Newton X-ray data to investigate its
explosion mechanism and explain its morphology. The global X-ray spectra of the SNR can be adequately reproduced using
a metal-rich thermal plasma model with a temperature of ~2keV and ionization time-scale of ~3 x 10'°cm™s. Through a
comparison with various supernova nucleosynthesis models, we found that observed metal properties from Mg to Fe can be
better described using core-collapse supernova models, while thermonuclear models fail to explain the observed high Mg/Si
ratio. The best-fit supernova model suggests a ~13 Mg, progenitor star, consistent with previous estimates using the wind bubble
size. We also discussed the possible mechanisms that may lead to SNR G352.7—0.1 being an MMSNR. By dividing the SNR
into several regions, we found that the temperature and abundance do not significantly vary with regions, except for a decreased
temperature and abundance in a region interacting with molecular clouds. The brightest X-ray emission of the SNR spatially
matches with the inner radio structure, suggesting that the centrally filled X-ray morphology results from a projection effect.

Key words: nuclear reactions, nucleosynthesis, abundances —ISM: individual objects (G352.7—0.1)—ISM: supernova rem-

nants — X-rays: ISM.

1 INTRODUCTION

A supernova remnant (SNR) is formed from the interaction between
a supernova (SN) and its surrounding environment. It contains
information about the environment, where the SN occurred and the
SN explosion mechanism itself. A few methods have been proposed
to infer the explosion mechanisms that created the SNRs based on
X-ray observations. Statistically, core-collapse (CC) SNRs exhibit a
higher degree of asymmetry than Type Ia SNRs (Lopez et al. 2009,
2011). In addition to the hint from the SNR morphology, the X-
ray spectral analysis of SNR metals can also provide clues to the
SN explosion mechanism, as different metal yields are predicted for
different SNe (Vink 2020, see references therein). Hughes et al.
(1995) showed that the metal abundances obtained from X-ray
spectra could be used to distinguish Type Ia and CC SNRs because
Type Ia SNR spectra tend to show stronger emission from Si to Fe.
Another method to discriminate between progenitor types is using
the Fe Ko emission line, which tends to appear below 6.55keV for
Type Ia SNRs (Yamaguchi et al. 2014).

The traditional classification of SNRs is mainly based on the SNR
morphology in the radio and X-ray band, rather than the SN type.

* E-mail: pingzhou@nju.edu.cn
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There are four types of SNRs: shell-type, filled-centre, composite,
and mixed-morphology (or thermal composite). Mixed-morphology
supernova remnants (MMSNRs) are a class with a filled-centre
morphology in X-rays and a shell-like shape in the radio band (Jones
& Bland-Hawthorn 1998; Rho & Petre 1998). Initially, it was thought
that the thermal emission in the interior of MMSNRs came from low-
abundance hot gas, but later observations have revealed enhanced
abundances in some MMSNRs (Lazendic & Slane 2006; Bocchino,
Miceli & Troja 2009). Although the origin of the different X-ray and
radio morphologies is still unclear, an interesting phenomenon is that
most MMSNRs are interacting with adjacent molecular or H1 clouds
(Rho & Petre 1998). Due to the association between massive stars and
molecular clouds, MMSNRs are sometimes thought to be remnants
of CCSNe (Rho & Petre 1998). The presence of associated pulsars
in some MMSNRs (e.g. W44, IC 443, Wolszczan, Cordes & Dewey
1991; Olbert et al. 2001) has supported this opinion. However, a few
MMSNRs (e.g. G344.7—0.1, W49B, Sgr A East, Yamaguchi et al.
2012; Zhou & Vink 2018; Zhou et al. 2021) are proposed to have a
Type la origin, disfavouring the opinion that the morphology can be
regarded as a good indicator of SN type.

G352.7—0.1 has been classified as an MMSNR based on its X-
ray and radio morphology (Giacani et al. 2009). This SNR was
first discovered in the radio band by Clark, Caswell & Green
(1973). Subsequent radio observations revealed a biannular radio
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morphology and gave a rough distance of 11 kpc (Dubner et al. 1993)
using the radio surface brightness—diameter (X-D) relationship
(Huang & Thaddeus 1985). Recently, Zhang et al. (2023) updated
the SNR distance to 10.5 kpc by studying the interaction between the
SNR and the molecular cloud. In the X-ray band, the SNR reveals
clumpy structures and diffuse emissions filling the interior. The X-
ray spectra can be fit with one or two non-equilibrium ionization
(NEI) plasma models with oversolar abundances, suggesting that the
X-ray emission is ejecta-dominated (Kinugasa et al. 1998; Giacani
et al. 2009; Pannuti et al. 2014; Sezer & Gok 2014).

There is still no consensus on the formation of the MM for
G352.7—0.1. Giacani et al. (2009) proposed that the barrel-shaped
structure observed in the radio band results from the SN shock
expanding within the axially symmetric stellar wind of a massive
progenitor star. The centrally-filled X-ray morphology could be
attributed to enhanced emission due to metal overabundance, coupled
with increased thermal conduction effects in the SNR interior
(Pannuti et al. 2014). Using three-dimensional (3D) hydrodynamical
simulations, Toledo-Roy et al. (2014) found that an SN exploding
near the border of a dense cloud can create the multiple-ring radio
structure and centrally filled X-ray morphology.

Whether SNR G352.7—0.1 resulted from a Type-la or CC SN
explosion is not clear. Giacani et al. (2009) suggested that the
progenitor could be a massive star, considering that the barrel-shape
morphology may be shaped by the axially symmetric wind of a
red supergiant. The CC origin of the SNR is also supported by
Pannuti et al. (2014), who claimed that the massive progenitor star
can explain the large swept-up mass of 45 Mg coupled with the X-
ray-emitting ejecta mass of 2.6 M. In contrast, a Type Ia origin
for SNR G352.7—0.1 is proposed due to the low centroid energy of
the Fe Ko (Sezer & Gok 2014; Yamaguchi et al. 2014; Fujishige
et al. 2023). Assuming a Type Ia origin and considering the SNR
morphology and massive swept-up gas, Soker (2024) suggests that
G352.7—0.1 involves a peculiar Type Ia SN inside a planetary nebula.

Considering that the X-ray emission of this SNR is dominated
by ejecta, it is worthwhile to study the metal pattern of the SNR to
infer the SN explosion mechanism and progenitor star. In this paper,
we revisited the X-ray data of G352.7—0.1, aiming to disentangle
the disputes of its SN type and morphology. Section 2 describes
the XMM-Newton data and data reduction. Section 3 presents the
multiband images and spatially resolved spectral analysis of XMM-
Newton data. In Section 4, we discussed the plasma properties and
the evolution parameters of the SNR. We further investigate the
explosion mechanism and progenitor star, and provide interpretations
for the morphology of G352.7—0.1. Finally, the conclusions are
summarized in Section 5.

2 DATA

SNR G352.7—0.1 was observed using the European Photon Imaging
Camera (EPIC) on board the XMM-Newton X-ray telescope (Obs.
ID: 0150220101; PI: J. Hughes) on 2002, October 3. The EPIC
cameras operate within an energy range of 0.15 to 15keV and
provide a field of view (FOV) of 30 arcmin and an angular resolution
of ~6arcsec at 1keV. During this observation, the XMM—-Newton
telescope was operated in MEDIUM filter mode, and the pn camera
was in Full Frame mode. The exposure time was 30.5, 30.5, and
19.9 ks for the MOS1, MOS2, and pn, respectively. After removing
the time intervals with proton flare contamination, the net exposure
time used in our analysis is around 29.3, 29.8, and 17.0ks for the
MOS1, MOS2, and pn, respectively.

MNRAS 529, 4117-4127 (2024)

We used the HEASoft software (version 6.30.1) and the Science
Analysis System (SAS) package (Version 20.0.0) for data reduction
and Xspec (Version 12.12.1) for spectral analysis.

For comparison purposes, we also used '>?CO J = 2-1 molecu-
lar line image observed with the Atacama Pathfinder Experiment
(APEX) telescope (Zhang et al. 2023) and the 4.8 GHz continuum
image (Giacani et al. 2009) observed with the Very Large Array
(VLA).

3 RESULTS

3.1 Multiband images

The left-hand panel of Fig. 1 compares the radio and X-ray morphol-
ogy of SNR G352.7—0.1. The radio emission of this SNR shows
a double shell structure (labelled as the NE and SW shells in Fig.
1) with an inner ring. Unlike radio morphology, X-ray emission is
clumpy and mainly distributed within the inner ring, with a dim X-
ray halo distributed between the inner radio ring and outer shells.
The right-hand panel of Fig. 1 adds the distribution of the molecular
gas for comparison. We also defined a few regions in this figure for
further detailed spectral analysis.

3.2 Global spectra

The global spectra of the whole SNR were extracted from the elliptic
region ‘snr’ (red ellipse) denoted in the right-hand panel of Fig. 1.
This region includes the X-ray-bright inner region (‘inner’; yellow
ellipse) inside the inner radio shell and two faint lobes in the north-
east and south-west. The background spectra were selected inside
a box region covering the central CCD of the MOS cameras and
outside the elliptical region covering the SNR.

We used an NEI model vnei to fit the spectra of G352.7—0.1,
as suggested by previous X-ray studies (Kinugasa et al. 1998;
Giacani et al. 2009; Pannuti et al. 2014). This plasma model
assumes a constant temperature and single ionization time-scale.
The absorption model thabs accounts for interstellar absorption due
to the atomic, grain, and molecular phases in the ISM (Wilms, Allen
& McCray 2000). We adopted solar abundances of Asplund et al.
(2009), allowed the abundances of Mg, Si, S, Ar, Ca, and Fe to
vary, and tied the abundance of Ni to Fe. Other abundances cannot
be constrained by the fit and thus are fixed to the solar values. We
binned the data with the optimal binning method (Kaastra & Bleeker
2016) and fit the data using the C-statistics (Kaastra 2017).

As shown in Fig. 2, the single-temperature vrei model can describe
the spectra from the whole SNR, with the fit results summarized in
Table 1. We found that the collisional ionization equilibrium models,
such as vapec, cannot reproduce the spectra. Since G352.7—0.1 is
classified as a mixed-morphology SNR and a few SNRs in this class
show recombining plasma (e.g. W49B and 1C443 Kawasaki et al.
2005), we also tested the recombining plasma model vrnei and set
an electron temperature k7" smaller than the initial temperature k7;p;.
This recombining model cannot reproduce the spectra, and the C-
statistic is worse than that from the vnei model. We further checked if
the double-temperature plasma models could improve the spectra fit.
However, adding a second thermal component does not significantly
improve the spectral fit. We also analysed the spectrum of the bright
inner region and obtained similar spectral parameters to that of ‘snr’.
This is because the X-ray emission of the SNR is dominated by the
inner region.

The spectral fit suggests that the X-ray emission from G352.7—0.1
is best characterized by an under-ionized plasma with a temperature
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Figure 1. Composite image of SNR G352.7—0.1. Left image: Red: VLA 4.8 GHz radio continuum image (Giacani et al. 2009); Cyan: XMM-Newton 0.8—
7keV X-ray image. Right image: Red: VLA 4.8 GHz radio continuum image (Giacani et al. 2009); Green: APEX '2CO emission image (Zhang et al. 2023);
Blue: XMM—-Newton 0.8-7keV X-ray image. The red, yellow, and white regions denote the spectral extraction regions for the global SNR plasma (‘snr’), the
X-ray-bright interior gas (‘inner’), and the background, respectively. The region where the SNR interacts with molecular clouds (Zhang et al. 2023) is marked

with a green box.
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Figure 2. XMM-Newton MOS1, MOS2, and pn spectra of regions ‘snr’ in
the 0.8-7 keV band (black, red, and blue, respectively), fitted with absorbed
thabs x vnei models. The region selection is shown in Fig. 1, and the best-fit
results are listed in Table 1.

of kT ~ 2 keV and an ionization time-scale T ~ 3 x 10! cm~3s. The
X-ray-emitting plasma of the SNR is metal-rich, with abundances
Mg =2.8%7,8i=56"33,S=72"%1 Ar=7.4739, Ca=11.07}3,
and Fe = 10.371%? (Confidence levels here are 90 per cent. Unless
otherwise specified in this paper, the confidence level for the error
range is set at 90 per cent).

Hereafter, we compared our models and results with earlier X-
ray studies of SNR G352.7—0.1. Unlike previous studies that used
the absorption model phabs, we chose tbabs as the absorption
model, which additionally considers the effects of the grain phase
and the molecules in the interstellar medium. The solar element
abundance model we used is the result obtained by Asplund et al.
(2009), which differs from the earlier solar element abundance
model (Anders & Grevesse 1989) used in previous studies (Giacani
et al. 2009; Sezer & Gok 2014). Our best-fit plasma temperature
(2.1707 keV) is consistent with that obtained by Giacani et al.

(2009), but Pannuti et al. (2014) found a lower temperature of
1.207028 keV using the same XMM-Newton data. Our ionization
time-scale T = 3.0Jj8:g x 1000 ecm=3 s agrees with that from Pannuti
et al. (2014) (4.077373 x 10" cm~?s), but is slightly lower than
that obtained by Giacani et al. (2009) (4.5 & 0.5 x10'° cm™3 s).
In the studies by Pannuti et al. (2014) and Giacani et al. (2009),
the abundances of Mg, Ca, and Fe are fixed to the solar values. By
using the optimal binning method as described by Kaastra & Bleeker
(2016), we can discern the Fe and Ca lines and obtain supersolar
abundances for Mg, Ca, and Fe (Ni fixed to Fe). Consequently, we
obtained larger metal abundances than those reported by these two
studies. However, the abundances of S—Fe elements obtained in this
paper are consistent with those from Sezer & Gok (2014), who used
a double component model to fit the Suzaku data, but the temperature
and ionization time-scale values are different.

3.3 Spatially resolved spectral analysis

To search for spatial variations in plasma properties, we conducted a
spatially resolved X-ray spectroscopic study of G352.7—0.1. Based
on the radio morphology and the X-ray structures, we divided this
SNR into six regions, as shown in Fig. 3. In addition to the bright
central areas, there are two haloes on the north-eastern and south-
western sides. We hypothesized an explosion scenario in which the
SN occurred in a site with enhanced density. As a result, the shocks
blew out in the north-east and south-west, while the expansion was
slowed in other directions due to interaction with the denser medium
(see also Zhang et al. 2023). Therefore, we assume that the haloes
in the north-east and south-west have a similar nature. We combined
the two halo regions in the spectral analysis to increase the statistics.

We used the same background region and model (tbabs x vnei)
as in the global spectrum. Since the abundances and foreground
column density (Ny) in regions ‘spot’ and ‘halo’ cannot be well
constrained, we fixed the Ny in these two regions to that of the
whole SNR (4.66 x 10% cm~2). Moreover, for the ‘spot’, ‘halo’,
and ‘cloud’ regions, we fixed the Mg abundance to 1 since it cannot
be constrained, but freezing or thawing the Mg abundance does not

MNRAS 529, 4117-4127 (2024)
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Table 1. Best-fit results and 90 per cent uncertainties for small regions in G352.7—0.1.

Parameter snr centre innerleft innertop cloud spot halo
Ny (102 cm™2) 4.66755 4.487082 461709 3.8510% 4.3279.76 4.66(fixed) 4.66(fixed)
T(keV) 20608 23300 136N amd osedE w250y
Mg 2.797334 2437387 2.64775 2.25%243 1.00(fixed) 1.00(fixed) 1.807%32
Si 5.647294 5234 4.46%731 6.581283 2.0410%0 6.20%5 3% 5.87153
S 717530 7.01H473 6.22+822 8.6713:18 2.96% 140 7.67%53% 7.67158
Ar Tt asoty AP saety seeS® et 647y
Ca 1099778} 10.2614136 7.28F1549 3.221797 17.60125:98 13.9372027 15.9972231
Fe 02750 1070 B8 soeEF eaot 1% ol 7078
7(101cm=3 5) 3.017063 3.175% 3.25107%6 2.141532 6.1173227 4.47718 2.541) 8
Normalization (10~ cm™3) 17.0+59 3.2t14 54729 1910 71797 1407 22126
C-Statistic (d.o.f.) 27733 (172) 17867 (151) 20076 (154)  178.03(153)  134.62(138)  127.53(130)  160.86 (160)
nu (em™) 016£0.02  025+005 032£009  0201£005  050£035  069£022  0.07=£0.04
fion (kyr) 49+13 34£15 27£09 2.7£09 32+68 17408 98£9.2
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Figure 3. XMM-Newton X-ray image of G352.7—0.1 (Red: 0.8-1.5 keV;
Green: 1.5-3.3keV; Blue: 3.3-7 keV). The image is exposure-corrected and
adaptively smoothed. The ‘innerleft’ region does not include the ‘spot’ region.

much change the Si—Fe abundances. Table 1 summarizes the fitting
results and Fig. Al show the spectra.

In the ‘cloud’ region, the SNR shock is impacting the molecular
cloud (Zhang etal. 2023, see also Fig. 1). We found a low temperature
and metal abundance in this region, providing strong evidence for
the ejecta-ISM mixing, while the physical and chemical properties
in other regions do not vary significantly across the SNR.

3.4 Abundance ratios

The abundance ratios in SNRs can be used to infer the explosion
mechanisms and progenitor systems. We calculated the element
abundance ratios relative to Si, as the reference element Si has a
smaller error than heavier elements.

Considering that the fitted abundances of different elements may
not be independent of each other, we did not use the error propagation

MNRAS 529, 4117-4127 (2024)

method to calculate the abundance ratios and their uncertainties.
Instead, we applied the Markov Chain Monte Carlo (MCMC) method
built in Xspec to provide the uncertainties of the abundance ratios.
To obtain converged results, we set the upper limit of k7" to 10keV
and fix Ny within the 90 per cent error range as obtained from the
previous fit. We applied the Goodman—Weare algorithm with 20
walkers, chain steps of 10°, and burn-in steps of 5 x 10* to ensure
the chain convergence. To generate the initial walkers, a Gaussian
distribution and the covariance matrix of the fit are used. Using the
MCMC method, we obtained the 90 per cent confidence range of the
abundance ratios as: Mg/Si = 0.43-0.66, S/Si = 1.11-1.35, Ar/Si =
0.97-1.65, Ca/S = 1.33-2.84, Fe/Si = 1.54-2.94.

4 DISCUSSION

4.1 Plasma and evolution parameters

The plasma density and evolution parameters of G352.7—0.1 can
be derived using the X-ray spectral fit results (see Table 1). We
estimated the mean hydrogen density ny of the post-shock gas using
the normalization parameter in Xspec, which is defined as:
10~
e / nengdV (@))]
where d = 10.5kpc is the distance to G352.7—0.1 (Zhang et al.
2023), n. and ny are the electron and hydrogen densities, respectively,
and V is the volume of this SNR. For fully ionized plasma with
solar or slightly enhanced metal abundances, we have n, = 1.2ny.
The volume of the entire SNR is calculated by assuming a prolate
ellipsoid for the red elliptical region defined in Fig. 1. The averaged
ny value in the SNR is estimated as 0.16 £+ 0.02cm™>. For the
smaller regions in Fig. 3, we also calculated ny using the same
method. The three-dimensional (3D) geometry of the X-ray emission
in small-scale regions requires more investigation, but here we took a
simplifying assumption. We assumed that regions ‘innertop’, ‘cloud’,
and ‘innerleft’ form a torus (doughnut shape) in 3D. The torus has an
inner radius of 1718, an outer radius of 2/53, and an inclination angle
of 40°. The angle is calculated by 6 = arccos(1.92/2.53), where the
192 is the semiminor axis of the yellow ellipse shown in the Fig. 1.
The central region ‘centre’ is assumed to be a sphere with a radius of

1/18. The volume of the halo is obtained by subtracting the volume of
the torus and central sphere from the ellipsoidal volume of the entire

Normalization =
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Figure 4. Logarithmic abundance ratios (relative to Si) and mass comparison between the observation and core-collapse (CC) nucleosynthesis models. (a) CC
SN models for stars with zero-age main-sequence masses from 9 to 120 M, (Sukhbold et al. 2016). (b) Consistent with the model in the figure (a), but compared
to mass. We consider all available models in the blue-shaded region, and some of these models are represented with lines.

SNR. The bright X-ray spot ‘spot’ on the eastern side of the SNR
is assumed to be spherical. For all the regions, the gas is assumed
to be uniformly distributed, although some clumpy structures are
present in the X-ray image (see Fig. 1). The estimated ny values of
different regions are shown in Table 1, but these values should be
taken with caution as they are provided with an assumed geometry.
We also got the X-ray emitting mass of 13.6 M, for global SNR (Mx

Using the ionization time-scale 7 and the calculated electron
density n. of the global X-ray emitting plasma, we estimate the
ionization age by tion = 7/ne = v/1.2ny = 4.9 £ 1.3kyr. The t
values of small-scale regions are also calculated and listed in Table 1.
The ionization ages across the SNR range from 1 to 6 kyr, except for
the ‘halo’ and ‘cloud’ regions with large uncertainties. Considering
that ionization age reflects the time after shock heating, the values
provided through this method represent only the lower limit of the
SNR'’s age. Finally, we take the ionization age of the global spectrum
to infer the lower limit of the SNR age (4.9 £ 1.3 kyr).

Assume that the X-ray emission comes from the plasma heated by
the forward shock, the forward shock velocity can be inferred by the
plasma temperature (for ‘snr’ region) as: V, = [16 kT/(?)/lmH)]l/2 =
1.340.2 x 10°kms™!, with my the atomic mass of hydrogen and
the mean atomic weight i is 0.61 for fully ionized plasma. We
found that, apart from the ‘cloud’ region, the temperature variation
in other regions is not significant. Given that shock velocity can be
calculated solely based on temperature, this implies that the shock
is slowed down by the dense gas in the ‘cloud’ region, while in
other regions, the shock maintains a relatively uniform expansion
velocity. We adopt the Sedov-Taylor phase for this SNR (Taylor
1950; Sedov 1959), since the plasma temperature is moderately high
and the gas mass of 13.6 M, is larger than typical supernova ejecta
mass (S10Mg). Taking an SNR radius Ry = 9.75 pc (the semimajor
axis), we calculated the Sedov age teqov = 0.4R,/Vs =2.9 £ 0.5 kyr,
smaller than the age obtained from the ionization time-scale.

We obtained a small explosion energy of the SNR in the Sedov
phase (Ostriker & McKee 1988) Ey = 25(1.4 nomH)Rg VSZ/(4$) =
(1.37 £ 0.50) x 10(ny/0.04 cm™3) erg. Here, the ambient density
ny = ny/4 is estimated using the average density of the entire
SNR and a compression ratio of 4 for the strong shock. The £ is
a numerical constant, with & = 2.026 for y = 5/3. It should be noted

that the obtained E, depends on the SNR radius and the density
of the X-ray-emitting gas ny. Although we find a range of density
0.07-0.7cm™3 in the remnant, the average density in the SNR is
small (ny A~ 0.16 cm™?), while the halo region has the most rarefied
medium (ny ~ 0.07 cm™3). The explosion energy of G352.7—0.1 is
likely an order of magnitude smaller than the canonical value of SN
(10" erg), hinting at a weak SN explosion. This is consistent with
that obtained by Kinugasa et al. (1998) and Giacani et al. (2009).
Pannuti et al. (2014) got a much larger Ey ~ 2.5 x 10°! erg by using
two-temperature model (0.24 and 3.2 keV).

Since the spectra of G352.7—0.1 can be well fit using a single-
temperature model, we cannot distinguish whether X-ray-emitting
plasma comes from forward shock, reverse shock, or a combination
of both. Previous calculations of the SN explosion energy and Sedov
age are based on the assumption of forward-shock-heated plasma.
If the observed X-ray emission comes from the reverse shock, the
ionization age is still useful to infer the SNR age, and the element
abundance ratios and elemental masses are unaffected.

4.2 Comparison with SN Nucleosynthesis models

To investigate the SN type and the progenitor of G352.7—0.1, we
compared its logarithmic abundance ratios with predictions from
various SN nucleosynthesis models. The logarithmic abundance of
element A relative to Si is defined as [A/Si] = log;o(Za/Zsi), where
Zx is the abundance ratio of element A relative to its solar value. Since
the abundances in the remnant are large (3—11x solar), the observed
metals should be dominated by SN ejecta rather than the ISM. Two
groups of uncertainties are provided for the abundance ratios. Besides
the statistical uncertainties obtained from the MCMC method (see
Section 3.4), we adopted a systematic error of 40 per cent for all
abundance ratios. The systematic uncertainties are introduced by the
atomic data (Hitomi Collaboration et al. 2018), model selections, as
well as 15-40 per cent biases in the chemical composition determined
by the CCD spectra from XMM-Newton or Suzaku (Simionescu et al.
2018). In the logarithmic abundance ratio figures (Figs 4 and 5),
we show both the 90 per cent statistic error from MCMC and the
systematic error.

Besides the abundance ratios, we also derived the ejecta metal
masses and ISM masses as shown in Table 2, where the metal masses
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Figure 5. Logarithmic abundance (relative to Si) ratios and mass comparison between the observation and thermonuclear nucleosynthesis models. (a) DDT
SN models for white dwarfs with different central densities (Leung & Nomoto 2018). (b) Consistent with the model in figure (a), but compared to mass. (¢) DD
Type Ia models for sub-Chandrasekhar-mass WDs with different detonation configuration (Leung & Nomoto 2020a). (d) Consistent with the model in figure (c),
but compare to mass. (¢) PTD Type Ia SN models for CO WDs (Leung & Nomoto 2020b). (f) Consistent with the model in figure (e) but compared to mass. We
consider all available models in the blue-shaded region, and some of these models are represented with lines.
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Table 2. The mass of different elements in ejecta and ISM with 90 per cent
uncertainties.

Element ejecta ISM

Mop) Mop)
Mg <0.039 0.0094 & 0.0014
Si 0.041 + 0.027 0.0088 & 0.0013
S 0.025 + 0.013 0.0041 £6 x 107*
Ar 57x103+3 x 1073 8x 1074 +1x10*
Ca 85x103+7x1073 9x1074+1x10™*
Fe <0.39 0.017+3 x 1073

and ISM masses are calculated as M}\“e‘al = (Zp — I)MHZS/ZS and
MM = My Z9 /7T, respectively. It should be noted that the mass
errors are statistical errors, although there should be systematic errors
from the assumed morphology of the X-ray-emitting gas.

4.2.1 Core-collapse models

Sukhbold et al. (2016) provided SN nucleosynthesis products for
massive stars with solar metallicity and zero-age main-sequence
masses in the 9.0-120 Mg range. We used the yields from the N20
central engine! (Nomoto & aki Hashimoto 1988; Sukhbold et al.
2016) and took the metals of the progenitor winds into account.
Fig. 4 shows the comparison between the observation and the core-
collapse SN models. The observed masses of various elements can
be well fitted by the nucleosynthesis model of a core-collapse SN
with a progenitor mass of 13 Mg. The logarithmic abundance ratios
[Mg/Si], [S/Si], and [Ar/Si] are consistent with the 13 Mg core-
collapse SN model, but the observed [Ca/Si] and [Fe/Si] are larger
than the model prediction (2 = 4.86 for abundance ratios and using
the systematic error).

4.2.2 Type la models

Type Ia SNe result from thermonuclear explosions of white dwarfs
(WDs). However, there is currently no consensus on their progenitor
or explosion mechanism (e.g. see the most recent review and refer-
ences therein, Liu 2023). The delayed detonation (DDT) model and
the double detonation (DD) model are currently popular explosion
mechanisms for Type Ia SNe (Maeda 2022). In recent years, more
explosion models, such as pure turbulent deflagration models and
He-shell detonation models, have also been proposed for explaining
peculiar thermonuclear SNe (Waldman et al. 2011; Fink et al. 2013;
Leung & Nomoto 2020b).

In the DDT model, the Chandrasekhar mass (M) WD explosion
starts from a subsonic deflagration and then transfers to a detonation.
DDT models are found to well explain light curves and spectral
evolution of normal Type Ia SNe (e.g. Maeda & Terada 2016)).
In this paper, we compare the observed results with the DDT
nucleosynthesis results from Leung & Nomoto (2018), in which they
used a 2D hydrodynamic model to calculate the SN nucleosynthesis
products. Figs 5a and 5b show the observed values and the DDT
models with different WD central densities. The comparison shows a
significant difference between the observed abundance ratio [Mg/Si]
and that predicted by the DDT models (minimum yx? = 6.96).
The observed masses of metal elements also largely deviate from

'We also tested the W18 central engine (Sukhbold et al. 2016) and obtained
similar results. The best fit for the progenitor star mass was 12.25Mg (x2 =
4.73).
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the models. This indicates that the DDT model cannot adequately
describe SNR G352.7—0.1.

In addition to the DDT mechanism, the DD mechanism, as a
sub-M¢, WD explosion model, can also explain some properties of
Type Ia SNe. We took the DD nucleosynthesis models from Leung
& Nomoto (2020a), which provided a few benchmark models for
describing normal Type Ia SNe and also, explored a large parameter
space for studying Type Ia SN diversity (peculiar Type Ia SNe).
Under this DD explosion mechanism, the surface of a sub-Mc, WD
first undergoes a He detonation. This detonation is not powerful
enough to explode the entire WD, but when the detonation wave
propagates, it can trigger a carbon detonation inside the WD, leading
to the production of a Type Ia SN. Figs 5¢ and 5d compare these DD
models with our observations of G352.7—0.1. The abundance ratio
plot shows that the models either underpredict the [Mg/Si] value or
the [S/Si]-[Fe/Si] values (minimum x 2 = 7.79 for DD models). In the
elemental mass comparison, none of the DD models can satisfactorily
fit the observed mass of Mg and other elements simultaneously.

Finally, we considered the pure turbulent deflagration (PTD) mod-
els of near-M¢, WDs, which are proposed to explain the subclasses
of Type Ia SNe, especially for those sublumionous ones (Fink
et al. 2013; Leung & Nomoto 2020b).? Unlike the DDT explosion
mechanism, the flame in PTD models propagates subsonically and
does not trigger a detonation at the later stages. The pure deflagration
cannot completely unbind the WD but is quenched as the WD
expands, leaving unburnt materials. This mechanism can cause a
weak SN explosion compared to that of a normal Type Ia SNe, so
that might describe the low explosion energy of G352.7—0.1. The
PTD models used in this paper are adopted from Leung & Nomoto
(2020b), which explained the metal pattern in Sgr A East (Zhou et al.
2021). As shown in Figs 5e and 5f, all the models predict too-low
[Mg/Si] and too-large [Fe/Si] ratios compared to those of the SNR
(minimum x2 = 16.43), although several models can fit the observed
metal masses.

The above comparisons show that none of the SN models perfectly
describe all the metal abundance ratios, however, CCSN models
with a progenitor mass of ~13 Mg, provide a relatively good fit with
x> = 4.86.In general, the CCSN models underpredict the [Ca/Si]
and [Fe/Si] ratios in G352.7—0.1, while Type Ia SN models fail to
reproduce the high [Mg/Si] ratio. Not all models are shown with
lines in Figs 4 and 5. As a supplement, we plot all the models with
their [Mg/Si], [S/Si], and [Fe/Si] ratios in Fig. 6, in comparison with
observed values and the 40 per cent uncertainties. The [Mg/Si] and
[S/Si] ratios prefer a CC origin of G352.7—0.1, while the [Mg/Si]
and [Fe/Si] ratios cannot be explained with the CC or Ia models. It
is noteworthy that Ca and Fe abundances have the largest statistical
uncertainties using our single thermal plasma model (see Table 1),
and the two-thermal component model using Suzaku data by Sezer
& Gok (2014) provided a different Fe abundance. Therefore, the
abundance ratios of Mg, Si, S, and Ar to Si are better constrained
than Ca/Si and Fe/Si.

4.3 Further discussion about the SN type

Based on the chemical composition, we suggest a CC origin for
G352.7—0.1. On the contrary, this SNR was proposed to be a Type

2There are also models for peculiar subluminous thermonuclear SNe called
Ca-rich transients and have been used for SNRs (see Weng et al. 2022,
and references therein), but we do not discuss these models because the Ca
abundance in G352.7—0.1 is not extremely high compared to other elements.
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Figure 6. [Mg/Si]-[S/Si] diagram and [Mg/Si]-[Fe/Si] diagram for a comparison between SNR G352.7—0.1 and four SN nucleosynthesis models (see also

Figs 4 and 5).

Ia SNR, since the Fe Ko line centroid (<6.55keV; determined by
the ionization state) falls in the range for a Type Ia SNR evolving
a uniform interstellar medium with a density between 0.6-3 cm™>
(Sezer & Gok 2014; Yamaguchi et al. 2014). The ionization state of
NEI plasma highly depends on the environmental density in which
it impacts, with a lower Ko line centroid energy corresponding to
a less dense gas. SNR G352.7—0.1 expands in an inhomogeneous
medium, and the X-ray plasma density is between 0.07 and 0.5 cm >
(see Table 1). The estimated average density of the ambient medium
is only 0.04 cm 3 (see Section 4.1), which is two orders of magnitude
less than that used for the Fe Ko line centroid method. Therefore,
the low energy of the Fe K« line centroid from G352.7—0.1 is
consistent with an SNR evolving in a low-density medium, but
should not be regarded as firm evidence of a Type la origin (see
also discussions in Siegel et al. 2021). Another implication of CC
origin comes from the previous molecular studies. Zhang et al. (2023)
found an expanding molecular bubble surrounding the SNR and the
wind bubble size implies a ~12 Mg, progenitor star. This is consistent
with our suggestion based on the chemical composition.

4.4 Explanation of the mixed morphology

Standard Sedov evolution of an SNR in a uniform medium predicts a
shell-like X-ray morphology, but the X-ray emission of G352.7—0.1
is centrally filled. Several possible mechanisms have been used to
explain the centrally filled X-ray morphology of MMSNRs, such as
thermal conduction (Cox et al. 1999; Shelton et al. 1999), the effect
of evaporating clouds (White & Long 1991), shock reflection (Chen
et al. 2008; Zhang et al. 2015), and projection effects (Petruk 2001;
Zhou et al. 2016; Zhang 2019). Below, we discuss the possibilities
of these models in G352.7—0.1.

Thermal conduction: Efficient thermal conduction may lead
to smooth and near-uniform distributions of the temperature
and density in the SNR interior (Cox et al. 1999; Shelton
et al. 1999). This allows an increase of the density in the
SNR centre and thus an enhancement of the X-ray emission.
If we ignore the suppression of the magnetic field, the ther-
mal conduction time-scale is estimated as f.onq & knel% [k ~
56(ne/1 cm=3)(Ir/10 pc)?(kT /0.6 keV)~>/2(In A /32) kyr, where Ir
is the length-scale of the temperature gradient, « is the colli-
sional conductivity, and the Coulomb logarithm is In A =29.7 +
In (n.'/?(Tx/10°K)) (Spitzer 1962). Taking It = 7.73 pc from the
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short semi-axis of the SNR, a temperature of kTx = 2.04keV and
an electron density of n, = 0.33 cm~? for the X-ray bright region in
the yellow ellipse as shown in Fig. 1, we obtained the thermal con-
duction time-scale of ~0.54 kyr. The presence of magnetic fields can
significantly suppress thermal conduction. However, if we consider
the presence of chaotic magnetic field fluctuations, compared to an
ordered field, thermal conduction still works at some level (Rechester
& Rosenbluth 1978). In this case, the collisional conductivity x could
be reduced to 21/5 of the classical value (Narayan & Medvedev
2001; Lazarian 2006). Consequently, the thermal conduction time-
scale for plasma with chaotic magnetic fields in the SNR would be
below around 2.7 kyr, which is still smaller than the SNR age. This
indicates that thermal conduction likely has some influence on the
SNR. However, the thermal conduction process alone is insufficient
to explain all the X-ray properties in G352.7—0.1. The overall X-ray
brightness of the SNR is not smooth, but much concentrates inside
the inner radio ring. The gas density abruptly drops from the inner
ring to the halo region, requiring an extra process to explain the large
density gradient.

Evaporating clouds: In the model proposed by White & Long
(1991), the SNR shock propagates through a cloudy medium in
the SNR centre, and some dense cloudlets survive. These cloudlets
slowly evaporate in the hot medium, increasing the density of the
interior hot gas and diluting the ejecta to some extent. Considering
that G352.7—0.1 is impacting molecular clouds in the southern part
of the inner shell (Zhang et al. 2023), some evaporated clouds
may contribute to the X-ray emission at the interaction region
(‘cloud’) at the SNR boundary. Nevertheless, the evaporating cloud
mechanism still has some difficulties, especially in explaining the
chemical properties of the SNR interior. If the central X-ray emission
was produced by evaporating clouds, the central region (‘inner’)
should show significantly low metal abundances, which is clearly
inconsistent with observations (see Table 1).

Shock reflection: Shock reflection has been used to explain some
morphology of MMSNRs, such as Kes 27 and G337.8—0.1 (Chen
et al. 2008; Zhang et al. 2015). This mechanism considers that the
interaction of the shock with a dense cavity wall generates a fast shock
reflected to the SNR centre and a slow transmitted shock propagating
into the cavity wall. It predicts a cold SNR periphery and a hot
interior. Although G352.7—0.1 is proposed to be evolving in a low-
density cavity created by its progenitor winds (see also Giacani et al.
2009; Zhang et al. 2023), our analysis does not reveal a significantly
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higher temperature in the inner region (‘centre’) compared to the
outer part. The molecular observation does not reveal a complete
cavity wall surrounding the remnant (see Fig. 1), but there exists
only a high-density cloud in the inner ring.

Projection effect: The brightest X-ray emission of SNR
G352.7—0.1 well correlates with its inner radio ring, as shown in
Fig. 1. The shell-like radio emission often traces the boundary of
the SNR, indicating that the inner radio ring is a peripheric structure
projected into the SNR interior. Besides the inner ring, the radio
structures of G352.7—0.1 contain an NE shell and an SW shell.
The radio morphology may match a ‘barrel-shaped’” model with
a peculiar viewing angle as proposed by Manchester (1987) and
Giacani et al. (2009). Another possible 3D geometry of the SNR is
an hourglass-shape. Viewing at a certain angle, the SNR’s 2D shape
could consist of the inner ring and bipolar shells (e.g. SN 1987A).
The formation of the hourglass-shaped morphology can be attributed
to the bipolar progenitor wind bubbles or an interaction of the SNR
with the dense interstellar medium in the inner radio ring region.
Compared to the barrel-shaped morphology, the hourglass-shaped
morphology better explains the correlation between the bright X-ray
emission and the inner ring, where the density is enhanced due to
either the circumstellar medium at the equatorial ring or the denser
interstellar medium. Therefore, we suggest that the central X-ray
emission results from a projection effect, although other processes,
such as thermal conduction, may play a role. This mechanism was
previously used to explain MMSNR Kes 79 (Zhou et al. 2016), which
also reveals a multishell morphology in the radio band.

In addition, the rarefaction scenario has also been used to explain
MMSNREs. It assumes that the SN explodes in a high-density medium,
and the plasma heated by the shock quickly reaches ionization equi-
librium. When the blast wave breaks out of the interior dense medium,
the shocked plasma cools rapidly due to adiabatic expansion, and
eventually enters the overionized state (Itoh & Masai 1989; Shimizu,
Masai & Koyama 2012). This scenario has been used to explain some
MMSNREs, such as IC 443 (Yamaguchi et al. 2009) and W28 (Okon
et al. 2018). In some cases, this rarefaction and thermal conduction
between the hot and cold dense medium work together to shape the
SNR morphology, explaining SNRs such as W49B (Miceli et al.
2006; Zhou et al. 2011). However, in SNR G352.7—0.1, we did not
find the presence of overionized plasma.

5 CONCLUSION

In this paper, we conducted a spatially resolved X-ray spectral
analysis of SNR G352.7—0.1 using the data from the XMM-Newton
X-ray telescope. We also compared the metal pattern of this SNR
with various SN nucleosynthesis models to investigate its SN origin.
We suggest that CCSN models better explain the abundance pattern
and the ejecta mass observed in this SNR. Our conclusions are
summarized below:

(i) The XMM—-Newton X-ray spectrum of G352.7—0.1 shows
emission lines of Mg, Si, S, Ar, Ca, and Fe. The 0.8-7keV
spectra can be satisfactorily fit with an absorbed NEI plasma model,
with a temperature kT ~ 2.1737 keV and ionization time-scale T ~
3.0f8;g x 10" cm™3 s, respectively. We obtained the abundances
relative to the solar values of Mg (2.87%3), Si (5.6739), S (7.273)),
Ar (7.4739), Ca (11.0%]%), and Fe (10.371%?). The error is provided
at the 90 per cent confidence level.

(i1) Our spatially resolved analysis shows that the abundances and
temperature do not vary significantly across the SNR, except for the
region labelled as ‘cloud’, where Zhang et al. (2023) found evidence
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of an interaction between the SNR and molecular cloud. We observed
low metal abundances and temperature and an enhanced density in
this region. This further supports the idea that the SNR interacts with
dense gas in the southern part of the inner radio ring.

(iii) We employed the MCMC method to calculate the abundance
ratios within the 90 per cent confidence level, and obtained Mg/Si =
0.43-0.66, S/Si = 1.11-1.35, Ar/Si = 0.97-1.65, Ca/S = 1.33-2.84,
Fe/Si = 1.54-2.94.

(iv) We obtained the average hydrogen density of the X-ray-
emitting plasma of ~0.16 cm™> and an ionization age of ~5kyr.

(v) By comparing the observed metal pattern and that predicted
by the SN nucleosynthesis models, we proposed that G352.7—0.1
likely originated from a CCSN with a progenitor mass of 13 Mg.

(vi) We discussed the possible mechanisms that could cause the
centrally filled X-ray emission in G352.7—0.1. Due to the good
correlation between the X-ray emission and the inner radio ring, the
favoured mechanism is a projection effect.
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APPENDIX A: X-RAY SPECTRA OF
SMALL-SCALE REGIONS IN SNR G352.7-0.1

We show the spectra and the best-fit models of small-scale regions
in Fig. 3. The best-fit parameters are shown in Table 1.
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Figure A1. XMM-Newton MOS1, MOS2, and pn spectra in 0.8—7 keV (black, red, and blue, respectively) for small-scale regions labelled in (see Fig. 3, fitted
with absorbed thabs x vnei models. The best-fit results are tabulated in Table 1.
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