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ABSTRACT

Aims. Supernova remnants (SNRs) are responsible for the injection of energy and chemical elements into the interstellar medium
(ISM). The emission from SNRs can be studied to infer information about the supernova (SN) explosion itself as well as about the
properties of the surrounding ISM. Studying a sample of SNRs in a galaxy provides an opportunity to better understand stellar feedback,
and the best laboratory for such an investigation is the Large Magellanic Cloud (LMC). The LMC is the nearest star-forming galaxy, it
lies outside the Galactic plane line of sight, and therefore its foreground absorption is low.

Methods. The eROSITA telescopes are the best instruments currently available to perform a survey of the SNRs in the entire LMC
due to their large field of view and their high sensitivity towards soft X-rays. We used the sample of SNRs reported in the previous
paper and performed a spectral analysis on a part of the sample. We estimated the flux and the luminosity of the fainter sources using
the energy conversion factor obtained assuming a non-equilibrium ionisation plasma model.

Results. The X-ray luminosity function (XLF) of SNRs in the LMC shows a relatively large number of SNRs at high luminosities.
We fitted the distribution with two Gaussian components, which yielded best-fit maxima for the Lx[0.3—-8.0 keV] distribution at m; =
103+7#02 erg s~! and m, = 10°%7*%4 erg s~!. We compared the XLF of the LMC with the XLFs of the Small Magellanic Cloud (SMC),
M31, and M33 using a power-law fit and an Anderson-Darling (DA) test. The power indices of the XLFs of the LMC and SMC appear
consistent with each other, while those of M33 and M31 are larger. Thus, the latter have steeper power laws, indicating a lower number
of X-ray luminous SNRs with respect to the Magellanic Clouds. The DA test showed that the luminosity distributions of SNRs in
the SMC and LMC are compatible with being extracted from the same underlying distribution. They are also compatible for different
galaxies if we consider the same lower limit for Lx[0.3-8.0 keV] for the entire distribution. Finally, we compared the luminosity and the
X-ray sizes (diameter) of the SNRs in our sample. We observed a general trend of anti-correlation between size and X-ray luminosity

that can be interpreted as a result of fading with time.

Key words. ISM: general — ISM: supernova remnants

1. Introduction

Supernova remnants (SNRs) are created by the interaction
between a supernova explosion (SN) and the interstellar medium
(ISM). Therefore, they are an imprint of the stellar feedback
on a galaxy. The shock propagates into the ISM, increasing
its temperature (>10°K) and allowing it to emit in the X-ray
wavelength. During the expansion, the shock decelerates and
produces the so-called reverse shock that propagates inward and
heats up the stellar ejecta, which becomes visible in X-rays. The

* Corresponding author: federico.zangrandi@fau.de

emitting plasma in SNRs is ionised, and usually it is out of
ionisation equilibrium.

Absorption by gas and clouds in the Galactic disc compli-
cates the study of SNRs in our own Galaxy, the Milky Way
(MW). Therefore, it is difficult to obtain a complete sample
of SNRs in the MW. The Large Magellanic Cloud (LMC)
is a perfect target for the study of the entire population of
SNRs in a galaxy. The Galactic absorption along the line of
sight to the LMC is low (~10* cm™2, Dickey & Lockman
1990). The LMC, at a distance of 50kpc (Pietrzyniski et al.
2019), is the nearest star-forming galaxy viewed nearly face-on
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(van der Marel & Cioni 2001) where we expect to find a large
population of SNRs.

To understand the connection between the host galaxy and
the SNRs in a galaxy, it is important to compare different popu-
lations of SNRs in different galaxies. Several X-ray studies have
been made on the SNR population in the nearby galaxies. Maggi
et al. (2019) performed a spectral analysis on the SNRs in the
Small Magellanic Cloud (SMC), where the number of known
SNRs is 21. Long et al. (2010) used the ChASeM33 survey,
which provides deep Chandra data of M33. Despite the depth of
the observations and the high angular resolution of Chandra, it
was not possible to perform a detailed and angular resolved spec-
tral analysis. The flux and luminosity properties were derived
from the observed count rate, assuming a non-equilibrium ion-
isation model (Long et al. 2010). These authors provided the
X-ray flux and upper limit of 131 SNRs. Recently, Garofali et al.
(2017) combined XMM-Newton and Chandra data to re-analyse
the SNR population of M33, providing another X-ray SNR lumi-
nosity function. The M31 SNR population was analysed in the
X-ray by Sasaki et al. (2012) using the XMM-Newton large pro-
gramme survey of M31. The authors computed the X-ray flux
by converting the count rates of 26 SNRs. More recently, other
studies on the SNRs of M31 were performed by Jennings et al.
(2014) and Lee & Lee (2014). Both works analysed the SNR
population, particularly in the optical band, but they did not pro-
vide new measurements on the X-ray flux of new sources. In the
LMC, the spectral analysis of 51 SNRs was made by Maggi et al.
(2016) using XMM-Newton, and it gives a deep view on the spec-
tral properties of the known remnants. Maggi et al. (2016) report
that the SNR population in the LMC has the largest number of
bright sources (Lx > 10°° ergs™!) compared to nearby galaxies.
Maggi et al. (2016) argue this is most likely due to the lower
metallicity of the stars in the LMC, which causes less mass loss
by stellar winds. Another possibility is that the difference in the
number of bright objects arises from pure statistical noise. Maggi
et al. (2016) already compared the X-ray luminosity functions
(XLFs) of SNRs in nearby galaxies, finding no particular dif-
ference between the different distributions. Recently, Zangrandi
et al. (2024) used the extended Roentgen Survey with an Imag-
ing Telescope Array (eROSITA) all-sky survey (eRASS) data to
study the SNR population of the LMC, updating the total num-
ber of confirmed SNRs to 77. The advantage of the eROSITA
All-sky survey is the capability to provide data from the entire
LMC with relatively uniform exposure. This allows an X-ray flux
measurement on a larger SNR sample to be performed.

In this study, we explore the flux and luminosity of SNRs in
the LMC down to Fj;,[0.3-8.0keV] ~ 3.2 x 10"*ergs™! cm™2,
which corresponds to a lower luminosity of Lj,[0.3-8.0keV] ~
9.6 x 103 ergs~!. In comparison, the previous study by Maggi
et al. (2016) reached a farther lower limit of Lj;,[0.3-8.0keV] ~
7 x 1033 ergs~!. However, comparing the luminosities at the
faint end of the distribution is difficult because all luminosities
are derived from the spectral analysis by Maggi et al. (2016),
while in our case the luminosity of faint sources could only be
derived from the count rates. Here, we present a larger sample
of sources based on eROSITA, including new SNRs confirmed
by Kavanagh et al. (2022) and in paper I. We explore the rela-
tionship between the X-ray size and luminosity. With the largest
sample of SNRs available to this day, we provide a much more
complete overall picture of the SNR XLF in the LMC and extend
the results presented in Maggi et al. (2016). We applied the same
technique as in Chomiuk & Wilcots (2009) to compare the XLF
of SNRs in the nearby galaxies. Chomiuk & Wilcots (2009) sys-
tematically compared the radio luminosity function of the SNRs
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in the Local Group using a maximum likelihood estimator to fit
and compare the power index. For the radio luminosity function,
Chomiuk & Wilcots (2009) found compatibility between differ-
ent SNR luminosity functions for different galaxies. In addition,
we used a Kolmogorov-Smirnov test to compare the different
distributions. In our work, we used both data from Long et al.
(2010) and Garofali et al. (2017), considering them both as rep-
resentative of the SNR distribution in M33. This is the second of
a series of papers on the SNRs in the LMC with eROSITA. In
the first paper (Zangrandi et al. 2024) we used X-ray data as well
as optical and radio data to find new SNRs in the LMC. A third
paper on an X-ray morphological study of the SNRs in the LMC
is in preparation.

This paper is organised as follows: in Sect.2, we describe
the eROSITA data. The X-ray analysis is described in Sect. 3.
In Sect. 4, we report the cross-section matching between SNRs
and pulsars in the LMC, and we discuss the implications for the
spectral analysis. The discussion on the flux and the luminosity
measurements is reported in Sect. 5. The relation between the X-
ray size and the X-ray luminosity is reported in Sect. 6. Finally,
our conclusions are discussed in Sect. 7. From now on we refer
to the first paper as Paper 1.

2. X-ray data

As in Paper 1, the present study was conducted using data from
eROSITA in the all-sky survey mode. eROSITA is part of the
Spectrum-Roentgen-Gamma (SRG) observatory (Sunyaev et al.
2021). The four all-sky surveys (eRASS:4) provided X-ray data
that cover of the entire LMC and its surroundings. eROSITA is
composed of seven telescope modules (TMs). Each telescope is
composed of 54 nested mirrors with a Wolter-1 configuration,
which converge the X-ray photons in a charge-coupled device
(CCD) camera. To process the data, we use the eROSITA Sci-
ence Analysis Software System (eSASS) software (Brunner et al.
2022), version 211214. We create a mosaic event file of the LMC
using evtool; the mosaic is used to produce the images and
extract the spectra. As for Zangrandi et al. (2024) we used the
calibrated data version 020.

3. X-ray analysis
3.1. Spectral analysis

We extracted the spectra and created redistribution matrix file
(RMF) and ancillary response file (ARF) using the srctool task
of the eSASS software (Brunner et al. 2022). The spectra extrac-
tion was performed separately for the source regions and for the
background regions.

The SNR regions were defined by visually inspecting the
images and created to contain most of the emission. The back-
ground regions were chosen as regions near the sources with a
size large enough to ensure a good statistics. We extracted the
spectra for TM 1, 2, 3, 4, 6.

We excluded the point sources from the regions. For the
point source identification, we used the point source catalogue
obtained by the eSASS team using eRASS:4. The pipeline to
obtain such a catalogue is described in Merloni et al. (2024). The
source catalogue in Merloni et al. (2024) contains point sources
dominated by active galactic nuclei (AGNs) and sources detected
as extended, dominated by clusters of galaxies. We excluded
point sources with at least a detection likelihood DETLIKE > 10
if the extension likelihood EXTLIKE = 0, and DETLIKE > 20 if
the EXTLIKE > 0.
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We used Xspec to perform a combined fit using the data
from each TM for the source and the background regions. We
performed a combined fit to properly distinguish the different
contributions from the background and to better constrain the
source parameters.

3.2. Background spectrum

The contribution of the background was scaled using a scaling
factor defined as the ratio between the geometric extraction areas
used for the source region and for the background region, ficye =
Agource / Abackground- The vignetting effects are taken into account
by extracting the ARFs for all background and source regions
separately.

In general, we used a standard fitting procedure. We started
fitting only the background. Once the best fit is found, we froze
the background parameters and fitted the source model.

To model the background, we used different contributions
(Snowden et al. 2008). At first, the Local hot bubble (LHB)
was modelled with a non-absorbed thermal plasma with a typ-
ical temperature of kT = 0.1keV, we used one unabsorbed
apec (Smith et al. 2001). Another background component is the
Galactic halo which is usually modelled by two absorbed ther-
mal components the first one ‘hot’ with a typical temperature
between 0.3-0.8 keV which we can call Galactic corona (GC)
and one ‘cold’ component with a typical temperature between
0.1-0.3 keV which we can call circumgalactic medium (CGM).
For this reason, we used two absorbed apec components where
the temperatures and the normalisations were allowed to vary
during the fitting process. For the Galactic absorption, we used
the line of sight column density measured by Dickey & Lockman
(1990). We used the Python package gdpyc Gas and Dust Python
Calculator! to obtain the Galactic column density for the dif-
ferent lines of sight. To take into account the cosmic X-ray
background (CXB), we used an absorbed power law with a fixed
photon index of I' = 1.46 (Lumb et al. 2002; De Luca & Molendi
2004; Moretti et al. 2009). The CXB is caused by the unresolved
AGN:Ss in the background.

Another component of the background consists of the solar
wind charge exchange (SWCX), which can make an important
contribution to low energies. To model this component, we
used Gaussian lines. The line width was frozen to 0.0keV.
The modelled SWCX are C VI (0.46keV), Ovil (0.57keV),
ovin (0.65keV), Ovin (0.81keV), Neix (0.92keV),
Ne1x (1.02keV), and Mg vI (1.35keV) (Snowden et al. 2004).
The final model of the background is

LHB + SWCX + Ny, ga(CGM + GC + CXB). (1)

To take into account the contribution from the particle back-
ground and instrumental lines, we used the filter wheel closed
(FWC) model developed by Yeung et al. (2023) using the FWC
data. Since the particle background is not affected by the effec-
tive area of the telescope, we folded the FWC model just with
the RMF and not with the ARF. In the FWC model, we used
a multiplicative constant which was the only free parameter for
the particle background, all the other components were frozen
to the values derived by Yeung et al. (2023) from FWC data,
which were extracted from a detector area of Agpwc = 0.82 degz.
In particular, the particle background becomes dominant at high
energy 5.0-10keV.

I https://gdpyc.readthedocs.io/en/latest/

3.3. Source spectrum

On top of the background model, we modelled the SNR contri-
bution with at least one thermal component in non-equilibrium
ionisation (NEI) model. We used vnei (Hamilton et al. 1983;
Borkowski et al. 2001) in Xspec, where the abundance of several
elements can be varied separately.

The plasma in SNRs is often in NEI. Few electron collisions
occurred after the shock because of the low densities involved,
the electron collisions affect the ionisation of the plasma. The
rarity of the ion collisions is the reason that the ion temperature
is often not the same as that of the electrons. The main param-
eters for an NEI model are: temperature (k7'), ionisation time
scale (t = n,t), and the emission measure (EM o n?V). We let
all three parameters free to vary during the fit.

Each NEI is absorbed by the Galactic column density and
by the LMC column density. The latter is due to the absorbing
material inside the LMC, and it is another free parameter of the
fit. The Galactic absorption was frozen to the value of the column
density measured in Dickey & Lockman (1990) as described in
Sect. 3.2.

For each source, we took into account the bulk motion of
the LMC, fixing the redshift to 9.27 x 10~* (Richter et al. 1987).
Depending on the evolutionary stage of the SNR different abun-
dances can dominate the spectrum. If the ejecta are bright the
metal abundances can be more than solar, while if the swept-
up ISM dominates, the element abundances will reflect the ISM
abundances. For the bright sources, reported in Tables A, we
applied the models used in Maggi et al. (2016), while for the
fainter sources we assume the spectra are dominated by the
swept-up ISM, see Sect. 3.4. The ISM abundances of the LMC
are lower than in the MW, for this reason, at first we froze the
abundances to 0.5 Z, (Westerlund 1997; Schenck et al. 2016;
Hocdé et al. 2023; De Cia et al. 2024, and references within)
The solar abundances have been set to wilm (Wilms et al. 2000)
using abund in Xspec. Since most of the sources have relatively
few counts, we separated the SNRs sample into three categories
described in the following Section 3.4. In total, we perform a
spectral fit on 39 sources. The spectral results are listed in tables
in Appendices A and B.

3.4. Categorising our sample

Bright sources.. This group is composed of the brightest rem-
nants in the sample. We consider sources with at least an average
of 1000 net counts per TM. For the 12 sources in this sample,
we could perform a relatively detailed spectral analysis, with
more than one thermal component. Since for these sources the
eROSITA exposure time is not large (2—7 ks), we used the same
model as applied by Maggi et al. (2016) using the same num-
ber of components with the same abundances which were frozen
during the fit, unless residuals were visible. In such cases we
allowed the abundance of single element to vary. This was the
case for Ne in J0526-6605 and J0535-6602, and for Si and
S in J0509-6731. We performed an un-grouped spectral anal-
ysis using c-stat statistic (Cash 1979) in Xspec. From these
sources, we could measure the flux and luminosities directly
from the spectrum as described in Sect. 5.1. The fitted values
are reported in Appendix A.

Medium bright sources.. This group of sources is composed
of sources where we had at least 400 net counts combining
TMI, 2, 3, 4, and 6. In this case, we could perform a spec-
tral analysis, but not with the same complex models as for the
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bright sources. For this reason, we decided to just fit an absorbed
thermal NEI (Mg - NEI ) on top of the background. The abun-
dances were frozen to 0.5 Zs which correspond to the average
ISM abundance in the LMC (Westerlund 1997; Schenck et al.
2016; Hocdé et al. 2023; De Cia et al. 2024, and references
within). Therefore, we could measure the LMC absorption, the
temperature of the plasma, the ionisation time scale, and the
normalisation. We did not bin the data, and we used c-stat
statistic. From these sources, we could measure the flux and
luminosity directly from the spectrum as described in Sect. 5.1.
We evaluated the errors on each parameter, and we excluded
the sources with an error for the normalisation of the thermal
component larger than 100%. A total of 27 sources was fitted
with a single thermal component. The fit results are reported in
Appendix B.

Faint sources.. This group is composed of sources, for which
we decided not to perform a spectral analysis. Therefore, we
could not derive parameters such as the temperature of the
plasma, ionisation time scale, and LMC absorption. Despite this,
we estimated the flux, and therefore the luminosity, using an
energy conversion factor (ECF) as described in Sect. 5.2.

With the approach described, we were able to estimate the
flux and luminosity of all the sources in the sample. However,
for the following results we consider only the confirmed SNRs.
We consider as significant detection only sources with integrated
counts in the energy range 0.3-8.0keV larger than 30~ above the
local background. With these constraints we reach a lower flux of
F1,[0.3-8.0keV] ~ 3.2 x 10~'*erg s~! cm™2, which corresponds
to a lower luminosity of L;,[0.3-8.0keV] ~ 9.6 x 103 ergs™!.

4. Matching with pulsars

The X-ray emission from SNRs is typically thermal emission.
However, for some SNRs, non-thermal emission components
have also been detected in their spectrum. This is in particu-
lar the case for very young SNRs, in which there are relativistic
electrons, which have TeV energies that emit X-ray synchrotron
radiation. The synchrotron time-scale is inversely proportional
to the electron energy, and therefore these electrons lose their
energy in much less time than the less energetic (GeV) electrons,
which emit radio synchrotron radiation for a much longer time.
In addition, if a neutron star was formed in a CC SN and it is
either accreting from a companion or particles are accelerated in
its magnetosphere, non-thermal X-rays can be observed as well.
Many of these neutron stars show pulsed emission due to their
rotation and are called pulsars.

We investigated the spatial distribution of SNRs and that of
SNR candidates with the spatial distribution of known pulsars
in the LMC. The detection of a pulsar associated with an SNR
can provide constrains on the origin of the SNR. Furthermore,
if the pulsar is not resolved, it can contribute as a non-thermal
component to the spectrum of the SNR. We used the online cat-
alogue of known pulsars provided by the Australia Telescope
National Facility (ATNF)?, catalogue version 2.5.1. We looked
for sources located inside a radius of 7 deg around the centre
of the LMC. For the centre of the LMC we used the coordi-
nates @ = 80.8 deg Dec = —69.8 deg reported in the NASA/IPAC
Extragalactic Database?, which was measured by de Vaucouleurs
et al. (1976). The large radius of 7 deg for the area, which was
studied, is based on the recent discoveries of SNR candidates on

2 https://www.atnf.csiro.au/research/pulsar/psrcat/
3 https://ned.ipac.caltech.edu/
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the outskirts of the LMC (Filipovi¢ et al. 2022; Zangrandi et al.
2024; Sasaki et al. 2025). In this region, we found 30 pulsars with
positions to be compared with the positions of SNRs and SNR
candidates. This search does not take into account that some of
these sources might be just on the line of sight of the LMC, and
they might not belong to the Magellanic system. According to
Manchester et al. (2006), four of them are Galactic sources. The
discrimination between Galactic and extragalactic sources can be
achieved by measuring the dispersion measure (DM). Sources
with DM >25 cm™ pc are considered extragalactic (Cordes &
Lazio 2003). Most of the pulsars in the Magellanic Clouds have
a DM between 65-150 cm™ pc (Manchester et al. 2006). We
excluded the Galactic pulsars from the rest of the analysis. The
remaining 26 pulsars are considered the most updated list of pul-
sars in the LMC (for a discussion on the pulsars in the LMC
see: Mazets et al. 1979; Manchester et al. 2006; Kulkarni et al.
2003; Ridley et al. 2013; Johnston et al. 2022; Wang et al. 2022;
Hisano et al. 2022). The soft Gamma-Ray Repeater J0526-66 is
an X-ray pulsar and has been classified as a magnetar (Mazets
et al. 1979; Kulkarni et al. 2003). All the radio pulsar in this
list were detected using the Parkes telescope (McCulloch et al.
1983; McConnell et al. 1991; Manchester et al. 1993; Kaspi
et al. 1994; Manchester et al. 2006; Ridley et al. 2013). We also
included 4XMM J045626.3-694723 which is a second magnetar
candidate in the LMC recently found by Imbrogno et al. (2023).

For the pulsars, we use the positional errors reported in the
ATNF Pulsar Catalogue for the positional uncertainty for the
cross-correlation of the positions. For the SNRs and the SNR
candidates in our sample, we use the extent as described in
Paper 1 as positional uncertainty. In the case that an SNR has
the shape of an ellipse, we used the mean between the semi-
major and semi-minor axes as the effective radius. First, we are
interested in seeing how many radio pulsars fall inside an SNR.
Therefore, we cross-matched the positions of the radio pulsars
and the SNRs and selected those pulsars that are located inside
the extent of a remnant. However, it has been observed that some
neutron stars are fast-moving objects (Gott et al. 1970). One of
the reasons for their proper motion is often believed to be the
kick received during the supernova explosion, which results in
an initial velocity of ~ 400kms~' (Hobbs et al. 2005). This
means that a fast-moving neutron star is located inside an SNR
for only a few 10* years (Kargaltsev et al. 2017). To evaluate
which pulsar is associated with an SNR, we thus have to take
into consideration the proper motion of the neutron star. Unfor-
tunately, the proper motion of the pulsars in the LMC has not
been measured. Therefore, we used the median value for the
transverse velocity reported in Hobbs et al. (2005), where a sam-
ple of 233 Galactic pulsars has been analysed. In particular, we
are interested in the 2D velocity, which means the magnitude of
the velocity projected onto the sky in kms™', often called the
transverse velocity and calculated as V = p,, D, where py, is
the observed proper motion (~ milli-arcsec yr™!) and D is the
distance to the source. Hobbs et al. (2005) calculated a median
velocity of 139kms™! for the entire sample of Galactic pulsars
and a median velocity of 142 km s~ for the pulsars which can be
associated with Galactic SNRs. These velocities have been cor-
rected for stellar motions and for the Galactic rotation (Hobbs
et al. 2005). Since their sample size for pulsars in SNRs is rel-
atively small, with only seven pulsars, we decided to use the
median velocity of 139 km s~ instead of 142 kms~!. Combining
the age and the speed of the pulsar, we evaluated the travelled
distance d by the neutron star. To calculate the travelled dis-
tance, we use the pulsar age as reported in the ATNF catalogue.
The age has been calculated using the characteristic age of the
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pulsar, 7. = P/2P, where P is the measured rotational period
and P is its time derivative. It assumes that the neutron star rota-
tion slows down due to magnetic dipole radiation, and therefore
the initial rotational period must have been larger than the cur-
rent period (Hobbs et al. 2005). However, this is a simplification
as this estimate will result in an incorrect age for a non-dipole
magnetic field. Furthermore, neutron stars can be rejuvenated by
accretion from a companion star, forming a milli-second pulsar
(Bhattacharya & van den Heuvel 1991). We note that none of the
pulsars in this sample has a rotational period of milliseconds.
We converted the expected travelled distance into angular dis-
tance, assuming the LMC at 50kpc distance from us. An SNR
located inside a circle with a radius d around a pulsar has likely
been produced in the same supernova as the neutron star. We
searched for an overlap of the circle within the travel distance
of a pulsar with the extent of an SNR. If the overlap area is
more than 0.0%, we consider it a match. One should note that
the older pulsars in the catalogue have ages of millions of years,
while the time for which an SNR is visible is about an order of
magnitude smaller (Blondin et al. 1998). For this reason, we cal-
culated the travelled distance only for pulsars with an age of less
than 10° years. However, not all the pulsars have an estimated
age. In such a case we could not estimate how far the pulsar
had travelled since its birth. We thus found seven pulsars, which
match the position of SNRs: J0451-6717, J0456-6950, J0526—
6605, J0529-6653, J0537-6910, J0538-6921, and J0540-6920.
We note that J0451-6717, J0456—-6950 and JO538-6921 result in
a match due to the large uncertainty on the positions of the radio
pulsar, about 7 arcmin (Ridley et al. 2013). It means that 26% of
the sample of known pulsars in the LMC are located in an SNR
in the LMC, which implies that only 5.6% of the SNRs and can-
didates contain a radio pulsar. Among the new SNRs and SNR
candidates proposed in Paper 1 only J0451-6717 is associated
with a pulsar. On the one hand this supports the idea that most
of the new SNRs and SNR candidates can be type Ia. On the
other hand, there are several reasons why no pulsars are detected
in other candidates. One reason could be that the beamed
radiation of the pulsar is not pointing towards the observer, or the
radiation of the central compact object is too dim to be detected.
Using the pulsar age to define the search radius gives a conserva-
tive upper limit in the fraction of pulsars matching. Therefore, we
assumed an age of 100 kyr for all pulsars. In this case, the match-
ing number decreases to 5, which corresponds to 18.5% of the
known pulsars in the LMC. The SNRs with geometrical match-
ing are: J0451-6717, J0526-6605, J0529-6653, J0537-6910, and
J0540-6920.

In Fig. 1, we show all the pulsar/SNR matches with red
crosses. Even considering the travelled distance, only seven pul-
sars can be associated with SNRs. The yellow markers instead
show what type of SNR is associated with these pulsars. Three
out of five are confirmed CC SNR, and most likely, these pulsars
have been produced by these explosions. The other two sources,
which are associated with type Ia SNRs, can be chance coinci-
dences. The underlying image in Fig. 1 shows the distribution of
the H I surface brightness (Kim et al. 1998).

We used the matches to investigate whether we found a non-
thermal emission component in the spectral analysis. We used
an additional absorbed power-law component to the NEI compo-
nent. For the SNR candidate J0451-6717, spectral analysis was
not possible, as the source only has a net count of 375, which
is less than our threshold. In 2024 (Obs: 0921550101, PI: F.
Haberl) this source was observed with XMM-Newton and the
analysis is on-going (Haberl et al., in prep.). Also, for the SNR
J0456-6950, the net count of 17 is not enough to perform a
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Fig. 1. Spatial distribution of the SNRs with matched pulsars over-
layed onto the H1 surface brightness map of Kim et al. (1998). The
yellow markers show the positions of the SNRs with a match, distin-
guishing between core-collapse (stars), type la (squares), and unknown
SNR explosion types (triangles). The red crosses show the position of
the matched pulsars.

spectral fit. Even though SNR J0537-6910 is known to contain
a pulsar wind nebula, the spectral fit does not improve with an
additional power-law component. Therefore, we conclude that
the photon statistics of our data are not good enough to resolve
all the components. Also in the spectrum of J0538—6921, the
additional power-law component does not improve the fit.

The SNR J0526-6605, also known as N49, is known to con-
tain a point source, known as PSR B0525-66. In our spectrum,
we included a power-law component as in Maggi et al. (2016)
and Park et al. (2012). We froze the photon index to 2.5 as in Park
et al. (2012). For J0529-6653 and J0540-6920, the fit improves
with the addition of a power law. In these cases, the photon index
I' was left free to vary. The fitted values are I' = 2.43f8'3; and

2
I =1.99709%, respectively.

5. Flux and luminosity

In this section, we describe how we derived the luminosity of
the entire sample. To summarise, for bright and medium bright
sources (see Sect.3.4) the flux and luminosity are directly mea-
sured from the spectrum (see Sect.3.1). For the faint sources,
we estimated the flux and the luminosity from the count rate
using an ECF (see Sect.5.2). In both cases, the luminosity is
obtained from the flux by assuming the same distance for all the
SNRs, Dimc ~ 50 kpe (Pietrzynski et al. 2019), and using the
relation L = 4ﬂDfMC F. Unless otherwise stated, all fluxes and
luminosities reported are absorbed.

5.1. Bright and medium bright sources

For 39 sources of the sample, we obtained the flux from the spec-
tral analysis. The model used in the spectral analysis is described
in Sect. 3.1. The fitted values are reported in Appendices A and
B. The flux is calculated for the NEI component in the spectral
model using the flux command in Xspec in the energy interval
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0.3-8.0keV. During the flux calculation, the background com-
ponents were set to zero. The errors on the flux were calculated
using the Markov chain Monte Carlo implemented in Xspec.
Since we simultaneously fit TM 12346, we take the average flux
from the five TMs and propagate the errors of the individual
fluxes on the mean value. As shown in Paper 1 the eROSITA
luminosities are compatible with previous XMM-Newton results
(Maggi et al. 2016).

5.2. Faint sources

The estimated flux for the fainter sources is obtained by multi-
plying the mean measured count rate per TM in the energy band
0.3-8.0keV by an ECF. The error of the flux is derived from the
error on the count rate.

To calculate the ECF we used Xspec, assuming a sin-
gle temperature vnei with k7 = 0.60keV, NEMC = 0.0cm™2,
and 7 = 3 x 10'°scm™. We simulated a spectrum using the
eROSITA on-axis RMF and ARF. We calculated the model
flux and the corresponding predicted count rate in the energy
band of 0.3-8.0keV. We then divided the model flux (F) by
the predicted count rate (R) to get the ECF: ECF = F/R =
5.77 x 1072 erg cm™2 count ™.

The choice of the spectral parameters is based on the values
obtained from the spectral fit of the 21 medium bright sources
(L < 10% ergs™"). For these sources, the fits result in a median
plasma temperature of k7 = 0.60keV and a median ionisation
time scale of 7 = 3x 10'% scm ™. It is noted that the temperatures
measured with our model are larger than those reported in Maggi
et al. (2016). For sources with L < 10% erg s~! we measure a
median plasma temperature of kT = 0.60 keV, while Maggi et al.
(2016) derived a median temperature of k7T = 0.31keV. It is
worth noting that the difference arise from the different models
used. Maggi et al. (2016) used a collisional ionisation equilib-
rium (CIE) model (apec), while in this work we used an NEI
for all sources. The NEI model naturally skewed the temperature
high, since lower ionisation time scale means lower ionisation
for a given temperature. Comparing the ECFs calculated with
the mean temperature in Maggi et al. (2016) and the same ionisa-
tion time scale as stated above, we measure a difference of <1%
between the two ECFs, while the average error on the fluxes is
~11%. This shows that the statistical errors are larger than the
systematic errors.

5.3. Flux and luminosity distributions

Figure 2 shows the distribution of luminosities of the SNR sam-
ple. Since we assumed all SNRs in the LMC are at the same dis-
tance, the fluxes and luminosities follow the same distribution.
We measure a median flux of 10g(Fiedian) = —12.7 and a median
luminosity of 10g(Lyedian) = 34.9. We calculate the modes of
the distributions at log(Fiode) = —12.8, and 1og(Lpoge) = 34.8.
Fig. 2 shows a main peak towards the faint tail of the distribution.
In addition, a second peak between 10% ergs~! and 10*7 ergs™!
seems to be present. For this reason, we fit the distribution
with a combination of two Gaussians. The fit was performed by
minimising a negative log-likelihood as

Z (ymodel ~ Yobs * IOg(.l/model)) s (2)
where Ymodel 1S

(x—m)?
Ymodel = A1 €XP [_—/121
207

+ A exp

3)

_(x—llz)z}
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Fig. 2. Histogram of the luminosity and flux in the energy band of 0.3—
8.0 keV for the SNRs and SNR candidates in the LMC. The solid red
line shows the best fit of the distribution with the dashed lines indicating
the two Gaussian components of the best fit.

The normalisations of the Gaussian components depend on the
data binning, while the best fit u; = 34.7 £+ 0.2 and up, = 36.5 =
0.4 are independent from the data binning. The maxima in the
luminosity distribution are at m; = 10°*"*%2ergs™! and m, =

1036.6i0.4 erg S—l .

5.4. Luminosity function

An efficient way to compare the different SNR populations is
to compare the cumulative XLF, which is a measure on how
many SNRs are observed above a certain luminosity. To be
consistent with Maggi et al. (2016) we used the absorbed flux.
Furthermore, they have shown that the cumulative XLF is not
significantly affected by absorption since the foreground absorp-
tion is relatively small. We compare the XLF of the LMC with
the XLFs of the SNRs in the Local Group, such as the SMC
(Maggi et al. 2019), M31 (Sasaki et al. 2012), and M33 (Long
et al. 2010; Garofali et al. 2017). For M33, we used the cata-
logue provided in Long et al. (2010) and the updated catalogue
reported in Garofali et al. (2017). In the following, we refer to
them as L10 and G17. For G17, we used the fluxes reported in
their table and we converted them to luminosities assuming a
distance of 817 kpc (Freedman et al. 2001), which is the same
distance assumed both in L10 and G17. Since the luminosities in
M31 and M33 were measured in the energy range of 0.3-2.3 keV
we converted them to 0.3-8.0keV. For M31 Sasaki et al. (2012)
assumed a CIE model with a temperature of k7" = 0.2 keV, and
the fluxes were calculated unabsorbed. The same CIE model but
with kT = 0.6keV was assumed to calculate the luminosities
in L10. In G17, the reported flux is the sum of the measured
fluxes obtained using the emldetect for pn, MOS1, and MOS2.
We divided the flux by 3 to obtain a mean flux. They assumed the
same model as L10 to obtain the ECF used in emldetect task.
The fluxes of the SMC were obtained by spectral fitting (Maggi
et al. 2019). To compare the XLFs in different galaxies, we need
to convert all luminosities to a common model. We re-fitted the
LMC sources using an absorbed apec and we determined the
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Fig. 3. Comparison between the cumulative XLF of the LMC. The
XLF obtained in Maggi et al. (2016) is shown in black, while the
eROSITA XLF for which the luminosities were determined as described
in Sect.5.1 is shown in red, and the eROSITA luminosities obtained
using the ECF assuming an apec model with k7" = 0.5keV and Ny =
0.25 x 10?2 cm™2 are in blue.

median fitted temperature and median fitted absorption: k7 =
0.5keV and NII_“IMC =0.25 x 10*2cm™2. Using these values, we
calculated the difference in flux between the models assumed in
Sasaki et al. (2012), L10, G17, and in Maggi et al. (2019). We
followed the same procedure described in Sect. 5.2 to calculate a
new ECF ~5.46 x 1072 ergcm™2 count™!, for the model apec
kT = 0.5keV and NJMC = 0.25 x 10 cm™. In this way, we
obtained comparable fluxes for all galaxies in the energy band
0.3-8.0keV. In Fig.3 we compare the XLF of the LMC for
Maggi et al. (2016), in which the luminosities were obtained by
fitting XMM-Newton spectra (black curve), and for the eROSITA
luminosities. The red XLF is obtained by fitting the spectra of
the sources with net counts > 400, and using an ECF for the
remaining sources (see Sect. 5.2). Finally, the XLF assuming an
apec model and converting the count rate into luminosity using
an ECF for all the sources is shown in blue. The red and black
curves in Fig. 3 are comparable over a large range of luminosi-
ties, except for the faintest tail where our catalogue has more
sources. The blue curve in Fig. 3 seems to be shifted to higher
luminosities above ~5 x 103* erg s~!. This suggests that the sim-
ple assumed apec model tends to overestimate the luminosity
with respect to the freely fitted spectra. The increased sample
size of 71 SNR in the LMC XLF in respect to Maggi et al.
(2016) allows us to provide a more complete view on the LMC
SNR XLF. It is worth mention that since it is difficult to cor-
rect the XLF for sensitivity (see below), the comparison between
eROSITA and XMM-Newton at the faintest end should be taken
cautiously.

Figure 4a shows the XLFs for different galaxies. There are
differences in the lower limit of each sample: LMC ~9.6 X
103 ergs™!, SMC ~4.9 x 10¥ ergs™!, M33 ~1.0 x 10** ergs™!
and M31 ~1.7 x 10* erg s~!. The lower luminosity limit for the
Magellanic Clouds is expected due to the smaller distance of
the SMC (~60 kpc Hilditch et al. 2005) and LMC (~50 kpc
Pietrzyniski et al. 2019) compared to M33 and M31. However,
despite M31 being closer than M33, the minimum observed
luminosity in M31 is larger. The distance of M3l is ~744 kpc

(Vilardell et al. 2010), while that of M33 is 805-817 kpc (Freed-
man et al. 2001; Scowcroft et al. 2009). We attribute this
discrepancy to an observational bias of SNR detections, most
likely due to the different inclinations of the two galaxies, and
possible difference in exposure times and different instruments.
The inclination of M31 is i ~ 71° while that of M33 is i ~ 54°
(De Vaucouleurs et al. 2013). A greater inclination angle leads
to a higher probability for confusion and also to a higher column
density along the line of sight, which, in turn, leads to higher
absorption of the fainter sources. We expect old SNRs to become
fainter and more X-ray soft, for which the absorption is more
significant. From Fig. 4a, the XLF of the LMC appears to have
a peculiar shape. As in Maggi et al. (2016), we find an excess of
remnants at higher luminosities. The excess at higher luminosity
in the LMC XLF is probably related to the high luminosity peak
visible in Fig. 2 (see Sect. 5.1 for the discussion).

Regarding the completeness of the eROSITA detections, a
comprehensive study on the completeness of the eRASS1 survey
has been presented by Seppi et al. (2022). This study evalu-
ates the efficiency of the eROSITA source detection algorithm,
explained in Merloni et al. (2024), as a function of exposure
time and source flux for both AGNs (which are point sources)
and clusters of galaxies (extended). For exposure times larger
than 400 seconds, the completeness of 80% is calculated for
galaxy clusters at a flux limit of 4.75 x 10~"® erg s~ cm~2, while
that for AGNs has a flux limit at 1.92 x 107%ergs™' cm™2.
Unfortunately, a quantitative evaluation of the relation between
completeness and flux for SNRs is not straightforward. Most of
the remnants in our catalogue were detected from visual inspec-
tions of LMC surveys in different wavelengths (see Zangrandi
et al. 2024). Furthermore, the evaluation of the completeness
would require a comparison with a simulated mock catalogue of
SNRs, which is not trivial to compile. However, from the shape
of the LMC XLF, we argue that our sample is not complete at
the low-luminosity end of the distribution.

Since each galaxy has different properties, such as differ-
ent stellar masses and different star formation rates (SFRs), we
normalise the XLF by the SFR of the host galaxy. There are sev-
eral tracers to estimate the SFR of a galaxy. For a comparison
of their consistency in the local volume, see Lee et al. (2009)
and Catalan-Torrecilla et al. (2015). We decided to use the SFR
reported in Karachentsev et al. (2013) derived from the H « flux.
To derive the SFR they used the linear relation from Kennicutt
(1998):

SFR[M, yr™'] = 0.945 x 10° F(Ha) D?, 4)

where F(H @) is the line flux in [ergs™' cm™2] and D is the dis-
tance of the galaxy in Mpc. The SFRs for the galaxies discussed
in our comparison are listed in Table 1. Figure4b shows that
when the XLF of M33 and M3l is normalised to the galaxy’s
SFR, they tend to occupy the same region of the plot. Instead,
the normalised XLFs of the LMC and SMC show a larger frac-
tion of luminous SNRs for L 2 103 ergs™' compared to M33
and M31.

In general, cumulative distributions are often modelled
assuming an underlying power law distribution (Chomiuk &
Wilcots 2009; Long et al. 2010; Sasaki et al. 2012). A com-
mon way to evaluate if a cumulative distribution function can
be described by a power law distribution is to plot it in a log-log
diagram and see if it follows a linear relation. In that case, the
slope should be the index of the power law.

As pointed out in Clauset et al. (2009), a linear regression
of a log-log cumulative function is not a good estimator for the
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Fig. 4. (a) Comparison between the cumulative XLF in the Local Group. (b) Comparison between the cumulative XLF in the Local Group

normalised by the SFR of the hosting galaxy.

Table 1. Best-fit power-law slope @ and Lp,. The SFR is from
Karachentsev et al. (2013).

Galaxy SFR (Mp/yr) « Luin (ergs™")
LMC 0.30 1.51 £ 0.07 5.94x10%
SMC 0.05 1.65 + 0.17 2.80x10%
M3l 0.54 2.04+025  3.92x10%
M33L10 0.36 1.85 + 0.11 5.04x10%
M33 G17 0.36 1.63 + 0.06 1.33x10%

power-law index. In this case, the fit will be dominated by the tail
of the distribution with a higher probability, here, the low lumi-
nosity tail. Clauset et al. (2009) discuss a more robust estimator
for the power-law index and its error based on the maximum
likelihood estimator expressed in Eq. (5),

a-1

n Li
S L
=1 Lmin \/ﬁ

where Ly, is the minimum value for which the power-law
behaviour is valid and the sum of Eq. (5) is performed for the
luminosities larger than L,;,. The existence of a lower bound,
Lin, 18 due to observational limits. The value of L, can be esti-
mated using a Kolmogorov-Smirnov statistic. The basic idea is
to find Ly, which minimises the distance between the distribu-
tion of the data and the best fit. This technique is implemented in
the Python package powerlaw described in Alstott et al. (2014).
We utilised this package to evaluate and compare @ and Ly,
of the XLF distributions of the different galaxies. The fit was
performed following the maximum likelihood estimator on the
entire sample of each galaxy. The results are reported in Table 1.
Fig. 5 shows the XLFs with the relative best-fit power-law.

We notice that the power-law indices of the SMC, M33 L10,
and M31 are compatible within one sigma error. Further, the
power-law indices of the LMC, SMC, and M33 G17 agree within

-1
a=1+n
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Fig. 5. Comparison between the cumulative XLF in the Local Group.
The dotted lines show the best-fit power law.

one sigma error. Nevertheless, the power-law index of the LMC
is the lowest and this is probably due to the fact that the LMC
XLF distribution is not well described by a simple power-law
distribution. Using the Python package powerlaw, we tested if
each of these distributions could be better described by other
model distributions such as lognormal, exponential, or truncated
power laws. None of these showed a significant improvement
in the fit. To evaluate whether each observed XLF is likely
drawn from the same underlying distribution, we perform a null-
hypothesis test, under the null hypothesis that the two compared
distributions are sampled from the same underlying distribu-
tion. For such tests, the Kolmogorov-Smirnov test is often
used. The Kolmogorov—Smirnov test encounters challenges
in detecting differences in the compared distributions when
these occur near the end or the beginning of the distributions
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Table 2. Results of luminosity distribution comparisons using the
DA test.

Galaxy pairs DA Comp DA Comp
p-value p-valuegy
LMC vs SMC 0.14 Y >0.25 Y
LMC vs M31 <0.01 N 0.22 Y
LMC vs M33 L10 0.04 N 0.14 Y
LMC vs M33 G17 <0.01 N 0.05 Y
SMC vs M31 <0.01 N >0.25 Y
SMC vs M33 L10 0.02 N >0.25 Y
SMC vs M33 G17 >0.25 Y 0.19 Y
M31 vs M33 L10 <0.01 N 0.14 Y
M31 vs M33 G17 <0.01 N 0.10 Y

Notes. The first column shows the galaxy pair considered for the test.
The second column shows the results, in p-values, considering the entire
catalogue of SNRs in both galaxies. The third column summarises if the
two distribution are likely draw from the same underling (Y) or not (N).
The last two columns show the test results, including only luminosities

larger than 1.7 x 10¥ ergs™'.

(Feigelson & Babu 2012, see). To avoid this problem, we used the
Anderson-Darling test (DA) (Anderson & Darling 1952; Scholz
& Stephens 1987), implemented in python through the SciPy*
package. We used p < 0.05 to reject the null-hypothesis, that
means the two distributions are not sampled from the same
underlying distribution. The p-values are reported in Table 2.
First we ran the DA test on the entire sample in each galaxy,
and therefore the distributions have different lower limits. Our
DA test results show that the SNR luminosity distributions of the
LMC, SMC are compatible to each other, that means we cannot
reject the null-hypothesis. Instead, comparing the other distribu-
tions the DA test allows us to reject the null-hypothesis. These
differences can arise from the incompleteness of the samples.
Therefore, we repeated the DA test only considering luminosi-
ties above the minimum luminosity of M31 1.7 x 10 ergs™!, in
this case, all the distributions do not show statistically significant
differences between each other, with the only exception of SMC
versus M33 G17. The results of the test are reported in Table 2.
It is worth to compare these results with Fig. 4b, where we nor-
malised the XLFs by the SFR. The excess of SNRs in the LMC
and SMC with respect to the other galaxies can be an indication
of an intrinsically larger population of luminous SNRs.

5.5. Group of luminous SNRs

It is interesting to look closely to the bright ‘bump’ of the lumi-
nosity function. The number of SNRs with L > 103¢ergs™' is
13. The existence of such a luminous population was already
known (Maggi et al. 2016), and due to their brightness they
have been typed. 31% of the group is composed by confirmed
type Ia SNRs (J0505-6753, J0509-6731, J0509-6844, J0519—
6902), while the remaining 69% are confirmed CC (J0453-6829,
J0505-6802, J0525-6559, J0525-6938, J0526-6605, J0535-
6602, J0535-6916, J0537-6910, J0540-6920). The classification
as type la or CC is complicated and mainly based on the ejecta

4 https://docs.scipy.org/doc/scipy/reference/
generated/scipy.stats.anderson_ksamp.html

abundances. This is usually possible for young and bright rem-
nants. In addition, in CC there might be a contribution to the
luminosity due to the presence of a neutron star. It is interest-
ing to note that all the bright type Ia SNRs in this sample are
Balmer-dominated remnants (Tuohy et al. 1982), which have
very strong Ha lines but weak [O111] and [S1I] lines. Since
most of the extragalactic SNRs outside the Milky Way sys-
tem are detected using the [S1I]/Ha ratio, it is possible that
the brightest type Ia SNRs in more distant galaxies are missed.
Furthermore, the SNRs in M33 and M31 are usually not spa-
tially resolved, and the brightest remnants could be difficult to
detect due to confusion with other diffuse emission. For these
two reasons the lack of bright remnant of galaxies such as M31
and M33 may be due to observational biases. However Lin
et al. (2020) did not find any Balmer dominated SNR in M33
with Lx > 10% ergs™!, despite taking into account observational
biases such as ionisation conditions, gas fraction and metallicity.

6. Luminosity-size relation

Assuming that all the sources are located at the same distance,
which is the LMC distance, allows us to convert the angular size
(diameter) to the physical size of the remnant. It is interesting to
compare the size of the remnant and its luminosity. In general,
the X-ray luminosity is proportional to the square of the pre-
shock density and to plasma emissivity, the so-called cooling
function A. The cooling function depends on plasma tempera-
ture and plasma abundances. In SNRs, the luminosity depends
on the evolutionary state of the remnant and varies over time.

A similar study was made by Ou et al. (2018), where they
compared the radio size and the X-ray luminosity of 59 SNRs.
We instead compared the X-ray size with the X-ray luminosity of
the source using the most recent catalogue of Paper 1. Assuming
that the remnants are in Sedov—Taylor phase (Sedov 1959), which
corresponds to adiabatic expansion, it is possible to write the
relation between the size and the age of the remnant as

E 2\ 1/5
‘”) : ©)

Rg = 1.15(
Po

where Ej is the explosion energy and pg is the pre-explosion
mass density. The mass density can be written as py = i, ho,
with ng the particle number density and i, the mean nucleon
mass. To calculate the luminosity, we used Eg = 10°! erg. The
ambient density of the ISM can vary of orders of magnitude from
cold and dense gas (19 ~ 10cm™) to warm or hot rarefied gas
(ng ~ 0.01 cm™3) (Draine 2011). Since the CC SNRs originate
from massive stars, we expect the pre-explosion density to have a
quite complex structure due to stellar winds and photoionisation
from the massive progenitor.

In Fig. 6, we show the comparison between the physical size
and the luminosity of the SNRs and the candidates. Since the
angular resolution of eROSITA is relatively low, with an average
FoV resolution of 26 arcsec (Predehl et al. 2021), when possible
we used the sizes derived from XMM-Newton and reported in
Maggi et al. (2016), Kavanagh et al. (2016), and Kavanagh et al.
(2022). For the rest of the sample, we used the size derived from
the eROSITA images. In Fig. 6 we separate the SNRs accord-
ing to their origin, CC or type Ia, as reported in Maggi et al.
(2016). The dashed black lines in Fig. 6 show the luminosity pre-
dicted by assuming a Sedov—Taylor phase with constant density.
In general, the X-ray luminosity can be calculated as

L = An,nyV, @)
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Fig. 6. Luminosity and size comparison. The luminosity is measured in
the energy band 0.3-8.0 keVas described in Sect.5.1. The size is from
XMM-Newton observations (Maggi et al. 2016; Kavanagh et al. 2016,
2022). The dashed lines follow the theoretical luminosity-size relation
assuming the Sedov—Taylor phase and different initial ambient densities.

where A is the cooling function, V is the volume of emission,
and n, and ny are the number densities of electrons and pro-
tons of the emitting gas, respectively. The number densities of
electrons and of protons are related to each other in the fol-
lowing way: ¢ = n,/ng = 1.20, assuming that all the H and
He atoms are ionised. To estimate the theoretical curves we
used a similar approach used in Long (2017). Thus, we used
XSPEC, in particular the sedov model (Borkowski et al. 2001). In
the Sedov—Taylor phase, the shock temperature depends on the
velocity of the shock, and when calculating the time derivative
of Eq. (6), we obtained Eq. (8)

_ 2Rs
5t
from which we calculated the temperature of the shock as a
function of time (= radius) according to Eq. (9),

®)

Us

3

= THmpvs Iks, ©)
where ¢ = 1.4 is the mean molecular weight, while kg is the
Boltzmann constant. The temperature decreases due to the adi-
abatic expansion. We assumed strong shock approximation and
in this case, the post-shock density is nps = 4ng where, ng is the
pre-shock number density. The ionisation time 7 = n.tf, where
n. is the electron density which is estimated using n, = &nps.

The emission measure (EM) is defined as EM = f nengdV ~
énys VS, where f < 1 is the filling factor, and V is the volume
given by the Sedov—Taylor shock radius. Thus the volume is
a function of time. Assuming redshift z = 0, the EM is con-
nected to the normalisation of the XSPEC models as norm =
1071 B where D is the distance in cm. We simulated the
spectrum as function of time (= radius) using the temperature,
ionisation time, and normalisation as described above fixing the
abundances to 0.5Z;. Since in our model we are simulating
the emission is dominated by the shock we used a filling fac-
tor f = 0.25 to account that not the entire volume is emitting

Ts
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and that mass is conserved. In this case we assumed a distance
of Dime = S0kpe, and we estimated the flux and therefore the
luminosity in the energy range (0.3-8.0keV) for different ini-
tial densities. As the evolution depends on the initial conditions
and the X-ray luminosity as well as on the size (= time), the
luminosity is calculated for each size and pre-shock density. In
Fig. 6, the curves show that higher ny predict higher luminosity,
as expected from the squared dependency in Eq. (7). We noticed
that the sedov implemented in Xspec is calculated for temper-
atures 80keV > kT > 0.09keV. Therefore, the curves do not
cover the entire plot.

The emitting volume V is related to the size of the remnant,
and in the Sedov—Taylor phase, the luminosity increases with the
size because the volume of the emitting plasma increases with
time. During the adiabatic expansion the temperature decreases.
For temperatures below about 10" keV most of the emission
is line emission in UV (Cox & Daltabuit 1971), shifting the
spectrum to lower energies, which makes it more susceptible to
absorption. Therefore we expect a drop in the observed X-ray
flux. When the radiative losses become important the adia-
batic expansion ends. The shocked gas decreases its temperature
and therefore the luminosity decreases. According to Blondin
et al. (1998), the timescale to enter the radiative phase can be
estimated as

traa ~ 2.9 x 10 EZ" gV yr, (10)
where Es; is the explosion energy in units of 10°! erg and ng
is the pre-shock density in units of cm™>. The remnant after the
radiative phase will slowly merge with the ISM. This implies that
the relation between the size of the remnant and its X-ray lumi-
nosity, predicted in the adiabatic phase, will come to an end. The
SNRs are broadly distributed in Fig. 6, but there is a decreas-
ing trend between the luminosity and the size. In our modelling
we do not consider the contribution of the ejecta, which may
underestimate the emission of smaller size SNRs.

We can propose two possible interpretations of Figure 6. The
first is that most SNRs are expanding into very low density gas
since the bulk of the SNRs lie below the 0.01 cm™ curve. The
other possibility is that most of these SNRs are already in the
radiative phase, and so their X-ray luminosities are well below
the Sedov phase prediction. The best way to distinguish which
of the two possibility is more likely would be to measure the
expansion velocities of the shock.

7. Conclusions

In this work, we have investigated the X-ray luminosity distri-
bution of the SNR population in the LMC. With the largest
available sample of SNRs in the LMC, the results of our study
draw a more complete picture of the XLF of the SNRs in the
LMC. We performed a spectral analysis on the brightest SNRs,
with at least 400 net counts. We measured the X-ray luminosity
for these sources. For the faintest sources, the X-ray luminos-
ity was obtained by multiplying the net count rate by an ECF.
The ECF was obtained assuming a single NEI model, with
kT = 0.60keV, NjMC = 0.0cm™, and 7 = 3 x 10" sem™. Our
main conclusions are the following:

1. The X-ray luminosity distribution of SNRs in the LMC can
be described by two Gaussian components with the two
peaks at m; = 103792 ergs~! and my = 10°%9*04 erg 571,

2. We computed the cumulative XLF and compared it with the
XLF of SNRs in the nearby galaxies SMC, M31, and M33.
We normalised the XLFs with the SFR of the host galaxy
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and found that the XLFs of M31 and M33 are consistent
with each other, while the XLFs of the Magellanic clouds
tend to be higher at higher luminosities. This suggests a pos-
sible larger population of luminous SNRs in the Magellanic
Clouds;

3. We fitted the XLFs with a power law using a maximum
likelihood estimator, and we compared the best-fit indexes.
For the LMC we fitted an index @ = 1.51 + 0.07. We find
that the LMC index is incompatible within a 1o~ error with
the indices of M31 and M33 using the catalogue in Long
et al. (2010) (M33 L10). The index of the SMC and M33,
using the Garofali et al. (2017) (M33 G17) catalogue, have a
compatible index with the LMC, within the errors;

4. Using a DA test on the entire sample for each galaxy, we
find that the X-ray luminosity distributions of the LMC
and SMC do not show a statistically significant difference
between each other, while for other galaxies the DA test
gives a p-value of <0.05, suggesting that it is unlikely that
the observed SNR luminosity distribution is sampled by
the same underlying probability distribution as in the other
galaxies. We repeated the test using only luminosities larger
than 3.92 x 10% ergs™! and find that the DA test shows that
there is no statistical difference between the SNR luminosity
distribution in different galaxies. Our interpretation is that
for distant galaxies with a large inclination, such as M31, the
XLF is distorted by the selection effects, which prevent us
from observing the less luminous and fainter SNRs. On the
other hand, in the more distant galaxies (M31 and M33), we
may not detect the bright SNRs either due to confusion in
the nuclear region of the galaxies, which prevent us from
resolving them from the bright diffuse emission. The DA
test is affected by the different ranges in luminosities of the
different distributions;

5. Assuming a Sedov-Taylor solution, we compared the the-
oretical X-ray luminosity-size relation with the observed
X-ray luminosity-size relation, separating between CC and
type Ia SNRs. We generally observed a trend for an inverse
correlation between the physical size of the SNR and its
X-ray luminosity.

Data availability

The spectra corresponding to Appendix C are available at
the CDS via https://cdsarc.cds.unistra.fr/viz-bin/
cat/J/A+A/709/A207.
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Appendix A: Spectral fit results — bright

Table A.1. Spectral fit parameters

MCSNR Nu kT o Ne Mg Si S Ar Ca Fe T Fx
[10%? [keV] [10" sem?]  [107Perg
cm™2] s em™2]
J0505-6753
Compl 046:0% 026 040 049 00 00 05 05 00  048L1  730+07
Comp2 007105 0727992 00 00 00 282+130 64.6+0.6
abe U TN ' ' 103 127 00 00 121 177 0=
Comp3 0.08°991 0.0 00 00 0.01+001 8.340.7
105056802
Compl 000 0807005 050 050 050 050 050 050 050 050 0789 44109
Comp2 O 021%001 011 016 048 037 050 050 050 020 11012 42.7+0.8
10509-6731
Compl 1 pr00: 0724095 00 0.0 00  7477h8123%2°00 00 0680100151092 31.4+0.6
Comp2 0% 0231000 050 050 050 050 050 050 050 050 <356 14.4+0.6
J0509-6844
Compl 0.87+002 3.95108 1185412
0334005 o002 025 171 033 284 348 526 951 L0 T -0a DE
Comp2 33Z00 1331019 364778 29.5+1.5
Comp3 030199 05 05 05 05 05 05 05 05 47174 38.4+0.8
J0519-6902
Compl L13792% 00 00 00 00 00 00 00 Pue 0759014  545:1.1
Comp2 0541009 050 050 050 050 050 050 050 050 489 25.8+1.0
Comp3  O.6'00F 111709 00 00 00 00 00 00 00  Pure 10601 22.5+0.9
Comp4 04579% 00 00 00 00 00 00 00  Pure 2983 11.420.7
Comp5 0407005 Pyre 0.0 00 00 00 00 00 00 0630  61:04
Comp6 00899 00 00 00 00 00 133 133 00 148719 23403
J0525-6559
Compl ) 7v001 0517092 007 027 043 034 050 050 050 010 149793 742107
Comp2 0 021%001 050 050 050 050 050 050 050 050 344712 52.5+0.5
105256938
Compl 0851001 005 046 019 039 05 05 05 028 2730 763.4%3.0
Comp2 00350 0257001 903 025 259 137 103 05 05 015 481+, 219.0+1.7
Comp3 043700 00 00 00 00 00 529 220 10 50072 92.8+2.0
105266605
+0.02 +0.38
Compl 350020 085500 39 042 55 190 050 050 o050 o041 s 106009
Comp2 o 0.231001 0.22+002 258012 93.8+0.8
105356602
Compl  0.22:001 0701001 0.70*0191.98*0920.85 076 048 0.4 050 0407001373+ 534.9+1.6
Comp2  0.08091 025%001 037¥007057 012 013 050 050 050 028  13.7:162 161.3+1.1
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Table A.1. Continued.

Zangrandi, F., et al.: A&A, 709, A207 (2026)

MCSNR Nu kT O Ne Mg Si S Ar Ca Fe T Fx
[10%2 [keV] [10" scm®]  [107Berg
cm™2] sl em™2]

J0535-6916

Compl 209703 3081145 34.6+1.0

0.18+001 " 0.23 0.76 0.68 0.90 0.65 0.50 0.50 0.31

Comp2 001 115 440+, 16.7+0.7

Comp3 0717004 143192 20,9406
J0540-69204

Compl  0.670% 0554097 050 050 050 050 050 050 050 050 316713 3.0£0.5
10540-6944%

0.09 0.02 471
Compl  126*0% 021*99 050 050 050 050 050 050 050 050 12747 13201

Notes. The flux from the single component are not absorbed.” To account for the pulsar PSR 0540-69 a power-law model was also used

with a PhotonIndex=1.99+09

PhotonIndex=2.43fg:}g,

0.03°

nearby high mass X-ray binary LMC X-1.

Appendix B: Spectral fit results assuming a single temperature model

Table B.1. Spectral fit results assuming a single temperature model.

yielding an unabsorbed flux of Fx = (269.5 + 1.6) X 103 ergs™! cm™2.% The model include a powerlaw with
Fx = (183 +0.7) x 1073 ergs' cm™2. In this case the power-law accounts for the straight light contribution from the

MCSNR Ny kT T Fx stat dof
[1022cm™2]  [keV] [10secm™3] [10~%ergs~!cm™2]

J0450-7050 0.05*0:7 0.29+0:2 40.6*12 275+ 14 2324.0 4426
J0453-6655 <0.04 0.75*9% 0.17+0 405+ 1.1 2062.0 4426
J0453-6829 0.02+501 0.96*908 0.12+501 480.5 + 3.5 1970.0 4426
10454-6713 <0.01 0.42+002 306*170 552+ 1.1 2154.0 4426
J0456-6533 <0.04 0.43+0-22 0.30%039 13.9+0.8 2998.0 4426
10506-6541 0.02%5:04 0.19%501 396178, 22.1+09 3895.0 4426
J0506-7026 <0.03 0.58*204 2.13708 44.1+1.3 2553.0 4426
J0508-6902 <0.03 0.68%0:05 2984178 142 £0.6 1704.0 4426
J0513-6912 <0.07 0.70*207 1.85%47% 16.1+0.7 2217.0 4426
J0518-6939 <0.03 1.04%029 0.14+0:07 33.8+ 1.0 1940.0 4426
J0519-6926 <0.01 1.73%036 0.08+0:02 100.5 £2.2 2513.0 4426
105236753 0.04*008 1.237047 0.66%017 29.5+ 1.1 2612.0 4426
J0527-6550 <0.01 0.54*0:18 0.33+207 36.6 + 0.6 3465.0 4426
J0529-6653 0.0150% 0.2170%2 <282 1.2+0.5 2578.0 4426
J0530-7008 <0.1 0.30*202 37895 26.1+1.2 3009.0 4426
J0531-7100 0.03+903 1.08%02 0.17+2%¢ 88.1+ 1.6 2252.0 4426
J0532-6732 0.03+5:02 1.17+028 0.10%0:93 91.7+13 3343.0 4426
J0534-6955 0.20702 0.69*0.%%8 0.217002 2384+ 1.7 2436.0 4426
J0534-7033 <0.01 0.86202 27629 536+ 15 2463.0 4426
J0536-7039 <0.01 0.67+0:9¢ 1.29%0-28 50.7 + 1.1 2719.0 4426
J0537-6910 1574503 2.187917 0.04+501 446 + 8.0 3591.0 4426
J0538-6921 <0.03 1.01+)28 0.59%03 3.03+0.15 3147.6 4426
J0539-7001 0.11+207 0.49+003 38097 23.7+0.5 2488.0 4426
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Table B.1. Spectral fit results assuming a single temperature model.

MCSNR Nu kT T Fx stat dof
[1022cm™]  [keV] [10scm™3] [107%ergs™! cm™2]

10543-6858 0357001 096704 0.08002 527+ 1.1 3327.0 4426
105476941 0.38:007  (97+00¢ 1764046 549+ 1.0 2055.0 4426
10547-6943 0.28:014 91015 0.9+020 48.5+1.0 2605.0 4426
105477025 0.50°005  0,68:007 0.221003 1252415 2422.0 4426
105506823 <0.04 0.77+010 0.33+008 377405 4027.0 4426
10614-7251 <002 0.6070% 0.15:011 20.6+0.7 1986.0 4426

Notes. The reported absorbed flux is calculated in the energy range 0.3 — 8.0keV. In MCSNR J0529-6653 we used an additional power law with
I = 2.43%037 with an unabsorbed flux Fx = (2.7 £0.5) x 107" ergs™ cm™.

.27

Appendix C: MCSNR spectra
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Fig. C.1. eROSITA spectra with best-fit spectra. The coloured cross show the spectra of TM 1,2,3,4 and 6. The solid black lines show the total
model (source + background), while the dot-dashed lines show the contribution of the SNR as one or multiple NEI components. The grey solid
lines show the compound background model, while the orange solid lines show the contribution of the instrumental and particle background.
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Fig. C.2. eROSITA spectra with best-fit spectra. The coloured cross show the spectra of TM 1,2,3,4 and 6. The solid black lines show the total
model (source + background), while the dot-dashed lines show the contribution of the SNR as one or multiple NEI components. The grey solid
lines show the compound background model, while the orange solid lines show the contribution of the instrumental and particle background.
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Fig. C.3. eROSITA spectra with best-fit spectra. The coloured cross show the spectra of TM 1,2,3,4 and 6. The solid black lines show the total
model (source + background), while the dot-dashed lines show the contribution of the SNR as one or multiple NEI components. The grey solid
lines show the compound background model, while the orange solid lines show the contribution of the instrumental and particle background.

A207, page 17 of 19



counts/s/keV

counts/s/keV

(data-model)/error

c-stat=1989.0
dof = 4426
‘ IM —— Total model TM12346
——- NEI
ki —— bkg
FwC

-+ Data TM12346

U NON U

o

2
Energy (keV)
(a) J0533-7202

c-stat= 2463.0
dof = 4426

—— Total model TM12346
——- NEI
—— bkg
FwC
)i -+ Data TM12346

s
Q 5
3 24y 14 I\M Iy jl it | i} 4 ‘:‘,A,JH; ‘,‘f: ﬂfu
) A Ww Wﬁ% AL AL
£-5 FEE
o 0.5 1 2 5
= Energy (keV)
(d) J0534-7033
100
c-stat= 1642.0
dof = 4426
101 b i 'll\'loEtIal model TM12346
E ’— bkg
a. FWC
Elo ’ + Data TM12346
§ il
1073 |
LI
5 i
§ 5
3 2 T “‘ | L |
R L e —
T T - —
£-5 Rk i
g 05 i 2 5
Energy (keV)
(g) J0535-6918
100
c-stat= 2915.0
dof = 4426
101 i "I\'loEtIaI model TM12346
E —— bkg
b FWC
*210 ’ + Data TM12346
g :
10 RNk B b
it i
: FTTE TR
E 5
3 20 ot s 0 by
R Lfﬁ R
S Ea e A
g™ 05* i 2 5
E .

Energy (keV)
(j) J0537-6628

Zangrandi, F., et al.: A&A, 709, A207 (2026)

c-stat= 2436.0
10° dof = 4426
—— Total model TM12346
3107t
<
L1027
=]
o
o
1073
s
E 5
3 l
% (2) 4 Jr fﬂ‘ H H‘H‘M 4 ‘H‘H\% \H H Jrﬂ* “‘H
I
g2 W ,N \ ‘: iy w‘w m #ﬁ +
£-5
S 0.5 1 2 5

Energy (keV)
(b) J0534-6955

c-stat= 4632.0
dof = 4418
T N —— Total model TM12346
> ¥, - NEI
] . )l — bkg
2 ) FWC
2 ‘.. -+ DataTM12346
3 A “H‘
¢ o DN
10-3 ‘\g}\} T 'H\‘* 1‘ “._,‘,
e, o N
3 2uﬂt ” W[']{MJM“MWY wa bl
8 0 Al Wi Wﬁ‘ H ‘%L"F]&’{'jfi"?#
£ -2/l Ww \ T il b Hﬁ RRELT 1 1 Mt
& T4
8 -3 o 5 i ’2# +5 :
= Energy (keV)
(e) J0535-6602
10° c-stat= 3932.0
dof = 4426
- —— Total model TM12346
3 S
i FwC
£107? IR# + DataTM12346
2 il I
[v] d ‘LLLH |l (J
1073 Ml A e
Gl
§ NI
g5 ‘
T 2 l‘ , \)“lmh U ‘L £ M m (i
o ‘“@““‘”“w W
g - ‘ — 5

Energy (keV)
(h) J0536-6735

c-stat= 3591.0
dof = 4426

—- NEI
~—— bkg
FWC
Data TM12346

counts/s/keV

—— Total model TM12346

0 i%lmﬂ

I U {»
ST ﬂ*

N]\ i i]

(data-model)/error

0.5
Energy (keV)

(k) J0537-6910

counts/s/keV

counts/s/keV

counts/s/keV

counts/s/keV

=
o =
| o
- =)

,_.
15)
&

(data-model)/error

(data-model)/error

-
o =
| o
= °©

,_.
15)
o

(data-model)/error

c-stat= 3312.0
dof = 4426

—— Total model TM12346

——= NEI
—— bkg
FwC

-+ Data TM12346

#{ Wli% Lwr Jﬂl
ERE

AP

‘H uw«

#

il Fﬁ?bt‘t JFH’H# J} ‘

L

4#
L

.fﬁi‘ %

0.

5

1

Energy (keV)

(c) J0534-6720

c-stat= 2814.0
dof = 4421

—— Total model TM12346

et
‘ +

‘ “ " ‘H i q ”H‘

(‘J\

\

|
!

i

M IH” ]k

e

st
A

"

A

1

5
Energy (keV)

(f) J0535-6916

c-stat= 2719.0
dof = 4426

—— Total model TM12346

‘ ——- NEl
—— bkg
FWC
+ Data TM12346

,‘*‘,‘— WL '\{51& |
il
h F %u:ﬂu l]m ’Mﬁ H‘fﬁﬁ%J{ "ﬁ L‘;ﬁuﬁ

Energy (keV)

(i) J0536-7039

1071

,_.
1)
M

,_.
15}
&

c-stat= 3148.0
dof = 4426

——=- NEI
—— bkg
FwC

—— Total model TM12346

(data-model)/error

b b g
MWW #w i mr‘* HM Mﬁt +‘+"%,‘cﬂ4j %W ﬁ
0.5 1 5

2
Energy (keV)

(1) J0538-6921

Fig. C.4. eROSITA spectra with best-fit spectra. The coloured cross show the spectra of TM 1,2,3,4 and 6. The solid black lines show the total
model (source + background), while the dot-dashed lines show the contribution of the SNR as one or multiple NEI components. The grey solid
lines show the compound background model, while the orange solid lines show the contribution of the instrumental and particle background.
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Fig. C.5. eROSITA spectra with best-fit spectra. The coloured cross show the spectra of TM 1,2,3,4 and 6. The solid black lines show the total
model (source + background), while the dot-dashed lines show the contribution of the SNR as one or multiple NEI components. The grey solid
lines show the compound background model, while the orange solid lines show the contribution of the instrumental and particle background.
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