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ABSTRACT

Context. We report on the study of the Antlia supernova remnant (SNR), which is an old, nearby remnant of most likely a core-collapse
supernova and which has an extent of ~24° in the sky. Since being detected in the ROSAT all-sky survey, it has not been observed in its
entirety until the eROSITA all-sky survey (eRASS).

Aims. The new images of the extended ROentgen Survey with an Imaging Telescope Array (eROSITA) on board Spectrum-RG (SRG)
in X-rays covering the entire SNR and its surroundings, the newest radio polarimetry data of the Southern Twenty-Centimeter All-Sky
Polarization Survey (STAPS), and additional multi-wavelength data reveal the extent of the SNR and its interaction with the environment.
We can thus constrain the distance and understand the evolution of the SNR.

Methods. We created mosaic images of eRASS data and extracted X-ray spectra in the entire SNR divided into smaller regions. The
spectra were compared to thermal plasma models to derive the SNR’s physical properties. From the radio polarimetry data, Faraday
moment maps were created and compared to optical and X-ray emission.

Results. The X-ray emission fills the interior of the shell of the Antlia SNR, which is seen in Ha and also well traced in the Faraday
maps. In addition, structures are found in the extinction and Faraday maps, which are (anti-)correlated with the X-ray emission, and
suggest the existence of matter in the foreground. We thus constrain the distance to 250-450 pc, yielding a lower limit that is higher than
the one suggested before. The morphology in radio, optical, and X-rays suggests that the SNR is expanding in a medium with a general
density gradient, as it is located above the Galactic plane. In addition, there seems to be a denser cloud at higher latitudes, with which
the outer shock wave is interacting and which causes an indentation in the outer shell. The X-ray spectra suggest that the plasma in the
SNR is not in collisional ionisation equilibrium, but seems to be close to equilibrium at lower Galactic latitudes. A little enhancement
in Ne or S abundance is found in some regions, though the significance is low. The Faraday moment maps from the polarisation data
indicate enhanced magnetic fields along the shell, with small-scale structures that coincide with small filaments in Ha.

Conclusions. By combining large-survey data of eRASS and STAPS, we have obtained a better understanding of the morphology,
physical properties, and interior features of one of the closest SNRs.
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1. Introduction

Large nearby supernova remnants (SNRs) are essential for under-
standing the evolution and population of SNRs in the Galaxy.
Due to their large extent, they are very difficult to observe as
the typical field of view (FoV) of instruments can be orders of
magnitude smaller in comparison. With the launch of eROSITA
on board Spectrum-Roentgen-Gamma (SRG) in 2019 and the con-
sequent all-sky surveys (eRASS), we now have the opportunity
to discover these large objects and to study them in greater detail
than ever before.

One of these special SNRs is the Antlia SNR, located in
the same name-giving constellation at ([, b) ~ (276.5°,19°). First
discovered by McCullough et al. (2002) in He and in X-rays
with ROSAT (Triimper 1982), the remnant has an extent of ~24°.
McCullough et al. (2002) found a gamma-ray decay feature
of 2°Al at 1.8 MeV at the position of the SNR and the pulsar

* Corresponding author: manami . sasaki@fau.de

B0950+08 as a candidate for the compact object, which was
produced in the supernova, although with low confidence. They
derived a rather low distance, D < 240 pc, and very high age of
>1 Myr for the SNR. Tetzlaff et al. (2013) re-analysed possible
pulsars in the vicinity in the search for the compact object. They
found PSR J0630-2834 to be a more likely candidate, based on
the proper motion and its birthplace very close to the approximate
centre of the SNR. Based on this, they estimate a distance of
~111-145 pc only, and an age of ~1.2 Myr. In the far-ultraviolet
(FUV), Shinn et al. (2007) discovered features typical of radia-
tive cooling of dense clouds hit by a powerful shock wave. They
concluded that the progenitor might have exploded in a cloudy
environment, leading to a mixed morphology. A recent study
with GALEX FUV data by Fesen et al. (2021) revealed a striking
resemblance with the Ha filaments. They also obtained optical
spectra from which high [S II]J/He line ratios were obtained,
which are typical of SNRs, supporting previous classifications
of this object. Their results also suggest a shock velocity of
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50—150 km/s, which indicates an age of only ~10° yr, far younger
than what was previously believed. This result is in contrast with
the age determined by Tetzlaff et al. (2013) from the pulsar asso-
ciation argument. They also discuss possible interactions with the
nearby Gum Nebula (e.g., Gum 1952; Howarth & van Leeuwen
2019) that would put the remnant at distances of >200 pc; how-
ever, the exact geometry and extent of the nebula are still very
uncertain (Fesen et al. 2021).

In this work, we perform a detailed analysis of the X-ray mor-
phology and spectra and of radio polarimetry data of the entire
Antlia SNR for the first time. With this, we can independently
infer the extent of the SNR, its environment, the properties of
the hot plasma, and the evolutionary properties of the SNR. In
Sect. 2, we introduce the data used in this study and explain the
important data reduction and processing procedures. In Sect. 3,
we compare the images and discuss the extent of the SNR. In
Sect. 4, we show our background study and results, on which we
base our spectral analysis in Sect. 5.

2. Data
2.1. X-ray

The X-ray data were obtained with the extended ROentgen Sur-
vey with an Imaging Telescope Array (eROSITA, Predehl et al.
2021) on board SRG. We used the data of the first four all-sky
surveys (eRASS 1-4, also called eRASS:4, Merloni et al. 2024)
in the energy range of 0.2-10 keV. The average spatial resolu-
tion is ~26” for eRASS, and the spectral resolution is ~80 eV
at 1.49 keV. The data were analysed using the eSASS software!
(Brunner et al. 2022) version 211214 and the most recent calibra-
tion database (CalDB, Brunner et al. 2018) available at the time
of processing and analysis. We used the data processed with the
pipeline version 020.

The event files of all 250 sky tiles, which cover the Antlia
SNR were merged, bad events and bad pixels were removed, and
good-time intervals were selected. The details of the analysis are
explained in Knies et al. (2024). We created images for the energy
bands of 0.2-0.4 keV, 0.4-0.8 keV, and 0.8-1.25 keV, exposure
maps for each of these energy bands, and exposure-corrected
images.

For the spectral analysis, we extracted spectra and created
response files for each analysis region (see Sect. 5). For faint
diffuse emission, it is not ideal to subtract a background spec-
trum. Instead, we extracted the spectrum of a nearby off-source
region to estimate the local X-ray background. Point and point-
like sources were excluded from the data before the extraction of
the spectra.

2.2. Multi-wavelength data for image comparison

We downloaded the Ho maps presented by Finkbeiner (2003)
for a multi-wavelength comparison. The Ha map is a combi-
nation of data taken in the Virginia Tech Spectral line Survey
(VTSS, Dennison et al. 1998), Southern H-Alpha Sky Survey
(SHASSA, Gaustad et al. 2001), and the Wisconsin H-Alpha
Mapper (WHAM, Reynolds et al. 2002), and has a spatial resolu-
tion of 6’. To estimate the extinction, we used the dust absorption
Ay data cubes of Lallement et al. (2022). We also used the data
cube (Clark & Hensley 2019) of the HI4PI 21 cm neutral hydrogen
(HI) survey (HI4PI Collaboration 2016) to study the distribution

! https://erosita.mpe.mpg.de/edr/DataAnalysis/
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of the cold phase of the interstellar medium (ISM) in this region
of the sky.

2.3. Radio-polarimetry data

We used radio-polarimetric data from the Southern Twenty-
Centimeter All-Sky Polarization Survey (STAPS, Sun et al. 2025),
at a frequency range of 1328-1768 MHz with a resolution of
1 MHz and an angular resolution of 18 arcmin. The survey was
carried out using the H-OH receiver at the Murriyang telescope
at Parkes, NSW, in Australia, and covers the entire sky south of
0° declination. STAPS is one of six surveys that together com-
prise the Global Magneto-lonic Medium Survey (GMIMS), a
comprehensive project to image both the southern and north-
ern hemispheres in the frequency range of 300-1800 MHz to
study the magnetised Galactic ISM by way of diffuse polarised
synchrotron emission (Wolleben et al. 2009, 2019, 2021).

2.3.1. Faraday rotation

The linear polarisation angle, y, of an electromagnetic wave under-
goes a wavelength-dependent rotation when propagating through
a magnetised, ionised medium (Burn 1966; Brentjens & de Bruyn
2005). The polarisation angle is calculated from the observable
Stokes parameters, Q and U, as y = 0.5 arctan(U/ Q).

In the ISM, linearly polarised synchrotron emission and Fara-
day rotation co-occur. In this case, the amount of Faraday rotation,
represented by the Faraday depth, ¢, is variable for various
emission components at various distances, d:

d
3 B d
() =052 [ () 56 ) () 2
rad m o \cm™ uG pc
where n, is the thermal electron density, B the magnetic field,
and ds an element of a path length out to a distance, d, of the
radiation source.

Radio spectropolarimetric observations measure the complex
polarisation, P(1?), as a function of wavelength, A, defined as

P(1%) = P00 = 042y + iU (). 2)

From these measurements, a Faraday spectrum of polarised inten-
sity as a function of Faraday depth, F(¢), can be created through
a technique called rotation measure (RM) synthesis (Burn 1966;
Brentjens & de Bruyn 2005):

F(¢) = f PR e g, 3)

00

In practice, limited wavelength coverage represented by a window
function, W(A?), results in an observed complex polarisation,
P(2%) = W(A?)P(A%), which results in a Faraday spectrum,

+00
F¢)=K f W(P%) e d2> = F(¢) x R(@).  (4)
Here, K = 1/ f W(A%)dA?, % denotes convolution, and

R($) = f Wy e g (5)

is the RM spread function.
The Faraday spectrum details the amount of polarised inten-
sity, P, at a range of Faraday depths, ¢, for a range of distances,
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d. Each peak in a Faraday spectrum then indicates a source of
(polarised) emission that is Faraday-rotated by a certain amount,
¢, from which we can derive the electron-density-weighted mag-
netic field component along the line of sight. Sources of polarised
emission in this case may be foreground and/or background
synchrotron emission, and/or emission from the remnant itself.

We created Faraday spectra for the field of the Antlia SNR
(Brentjens & de Bruyn 2005), resulting in a Faraday cube of
sky co-ordinates versus Faraday depth that covers a ¢ range
of +750 rad m~2 in steps of 5 rad m~2. We used RM-Tools?
from the Canadian Initiative for Radio Astronomy Data Analysis
(CIRADA; Purcell et al. 2020) for RM synthesis and RM-CLEAN
(Heald 2009). Default parameters were adopted: a loop gain of
0.1, iterations of 1000, and the 30 intensity cut-off per pixel (see
Raycheva et al. 2025 for details).

2.3.2. Faraday moments

To simplify the interpretation of Faraday cubes, we used Faraday
moment maps (Dickey et al. 2019), similar to moment maps
routinely used in neutral hydrogen studies. The zeroth, first, and
second Faraday moments are given by

My = f F(¢)d, (6)
1 00
M= f _F@ds, )
_ 1 . _ 2
M= f _F@)o=MVdo. ®)

In words, the zeroth moment map shows the total polarised inten-
sity integrated over all Faraday depths, the first moment is the
polarised-intensity-weighted mean Faraday depth, and the second
moment map represents the polarised-intensity-weighted width
of the Faraday spectrum. A spectrum with a single unresolved
peak means one polarised emission component with strength M,
at Faraday depth M, while M, is equal to the Faraday resolution
(i.e. unresolved in Faraday depth). If the Faraday spectrum shows
multiple peaks (M, > Faraday depth resolution), this indicates
either multiple emission components or a situation in which both
synchrotron emission and Faraday rotation are present in the same
medium.

3. Morphology
3.1. X-rays

We created a three-colour eROSITA X-ray view of the Antlia
SNR and vicinity in Fig. 1. Considering the energy range, most of
the emission is observed in the 0.2-0.8 keV range (red and green)
and appears red or yellow. The remnant deviates from the ideal
shell-like circular morphology and instead has a bowl-like shape,
with the bottom of the bowl lying close to the Galactic plane.
At higher Galactic latitudes we find a depression in the X-ray
emission, which is consistent with the shape of the SNR seen in
He and radio-polarimetry (see below). There are darker regions
in both the eastern and western parts of the SNR. While the
eastern darker region appears green in the three-colour image and
suggests that the emission is absorbed by matter in the foreground,
the western darker region appears red.

2 https://github.com/CIRADA-Tools/RM-Tools

Fig. 1. eROSITA X-ray three-colour image of the Antlia SNR for the
energy bands: 0.2-0.4 keV (red), 0.4-0.8 keV (green), and 0.8—-1.25
keV (blue) in Galactic co-ordinates. The image was created from the
combined eRASS:4 data. The position of the SNR is marked by the
yellow region.

o
295 594

285  1280' 275

Fig. 2. Ha image of Antlia SNR (Finkbeiner 2003). The position of the
SNR is marked by the yellow region.

3.2. Ha

The He emission is shown in Fig. 2. The structure seen in Ha is
consistent with the diffuse X-ray emission and traces the edges
of the remnant well. It suggests that the SNR is located at the
outer edge of the Galactic disk with a significant density gradient.
However, there also seems to be an obstacle above the Galactic
plane, which has prevented the SNR from expanding freely to
higher latitudes.

3.3. Radio-polarimetry

The Faraday moment maps are shown in Fig. 3, where the sec-
ond moment mapped is root-normalised m, = M. In all three
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L.2e+02 -96 =72 -48 -24 0.12 24 48 72 96

Fig. 3. Faraday moments M, (in K rad m~2, top), M, (in rad m~2, middle),
and m, = /M, (in rad m~2, bottom) in Galactic co-ordinates. In the M,
image, the contours of the soft X-ray emission are shown in green. The
position of the SNR is marked by a yellow region.

Faraday moment maps, one can identify the outer boundaries

of the SNR, consistent with the bowl shape in X-rays and Ha.

The low-latitude boundary shows depolarisation in the My map
where Antlia overlaps with the Gum Nebula, coincident with the
bright Ha filament in Fig. 2. At the eastern edge, a region of
enhanced positive Faraday depth is visible in the M| map, which
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is identified as a high-RM region in Purcell et al. (2015), who
named it the ‘stalk’ and suggested that this could be a blow-out of
ionised material from a hole in the Gum Nebula shell. All three
moment maps show that the Faraday depth structure inside of
the Antlia SNR is markedly more mottled and small-scaled than
around the remnant, indicating fluctuations in electron density
and/or magnetic field on smaller scales inside than around the
SNR. The lack of X-ray emission at the north-eastern edge seems
to coincide with a patch of high positive Faraday depth, while
the boundary between high and low X-rays in the SNR’s south-
west denotes the boundary between positive and negative Faraday
depths. However, due to the abundance of small-scale structure,
it is hard to determine if a correlation between the dark patches
in X-rays and structure in radio is actually present.

3.4. Dust distribution

In order to trace the dust distribution, we created images of the
dust extinction, Ay, from Lallement et al. (2022) and overlaid
them on the X-ray mosaic. In addition, we compared the X-ray
and radio emission to the dust map created by Edenhofer et al.
(2024) as shown in Fig. 4.

The dust at distances up to ~200 pc appears to be correlated
with the X-ray brightness depression and hardening in the east
and in the centre (left). In the north, there is a diffuse cloud at
~250pc, which correlates with the indentation seen in the SNR
(middle). The dust at >430 pc seems to cause absorption of X-
rays in the west and at lower latitudes, while there is no obvious
correlation with the SNR.

4. X-ray background study
4.1. Motivation

As one can see in the X-ray images, there is also significant
diffuse emission outside the SNR. Therefore, the analysis of the
SNR emission requires an accurate consideration of the X-ray
background. In particular, careful modelling of the background
components is crucial for the spectral analysis. Moreover, due to
the large extent of the SNR, the X-ray background might vary
strongly across different parts of the object. As shown in our study
for the similarly large Monogem Ring SNR (Knies et al. 2024),
the background varies significantly, especially along the Galactic
latitude. We adopted our successful approach from Knies et al.
(2024) and defined background regions all around the source to
be able to obtain an accurate background model for each position
inside the source by averaging the closest background regions.
Our regions were chosen so that as little as possible contamination
by other sources was included, while having enough statistics.

4.2. Model

We largely adopted the model in Knies et al. (2024) but improved
the description of the Galactic absorption. The most important
components are briefly discussed again below. For the entire
spectral analysis, we used the solar abundances reported by Wilms
et al. (2000).

First, we accounted for the local hot bubble (LHB) with
an unabsorbed APEC?® model for thermal emission from
collisionally ionised plasma with a temperature of 0.09-0.13 keV,
based on the studies by Liu et al. (2017); Yeung et al. (2023). Next,
we introduced absorbed components to account for Galactic and
extragalactic components. For the absorption component, we used

3 http://atomdb.org/
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Fig. 4. Dust map derived by Edenhofer et al. (2024), integrated in the distances of (a) 150—190 pc, (b) 230-270 pc, and (c) 430—490 pc with the

outlines of the SNR.

the DISNHT model of Locatelli et al. (2022), which implements
a log-normal distribution of Ny values to construct a table model.
We used the cross-sections and abundances reported in Wilms
et al. (2000) and the Ny values from the HI4PI survey (HI4PI
Collaboration 2016). We sampled the HI4PI map with a pixel size
of 8’ x 8’ and then separately calculated a DISNHT table model
for each background region. We multiplied the DISNHT model
with the additive background components discussed in the next
paragraph.

We accounted for the emission from the circumgalactic
medium (CGM) with an APEC that has a temperature close to
the virial temperature of the Milky Way of kT = 0.15-0.25 keV
(Gupta et al. 2021; Ponti et al. 2023). The abundance of this com-
ponent was fixed to sub-solar abundances, Z ~ 0.11 Z; (Fukugita
& Peebles 2006; Bregman et al. 2018; Ponti et al. 2023), consis-
tent with previous studies. We used a second Galactic component
for the X-ray emission attributed to the ‘elusive Galactic corona’
based on the results of Ponti et al. (2023). This component is
described by an APEC model with a higher temperature fixed to
kT = 0.7keV (Yoshino et al. 2009; Gupta et al. 2021; Ponti et al.
2023; Locatelli et al. 2024). Lastly, we accounted for the (unre-
solved) extragalactic background with a double-broken power-law
model, BKN2POW, using I'y = 1.96 for E < 0.6keV, I, = 1.75
for 0.6 < E < 1.2keV,andI's = 1.45 for E > 1.2keV, based on
the ‘CXBs’ model of Ponti et al. (2023).

To account for contamination at the Lagrange 2 point, at
which eROSITA is located, due to solar wind charge exchange
(SWCX) we also introduced the ‘AtomDB Charge Exchange
Model v2.0° (ACX2, Smith et al. 2012; Foster et al. 2020)*
(v1.1.0) model component. We fixed the wind velocity to a typ-
ical 450 km/s based on previous studies (Cumbee et al. 2018;
Zhang et al. 2022) and considered a single recombination for the
emission process.

In summary, we have the following model expression in
xspec for the background emission:

CONSTca] X CONSTA X (ACXZSWCX + APECLHB
+ DISNHT x (APECcgm + APECcorona + BKN2POWcxg)). (9)

The constant factor, CONST,,, takes into account that there
might be slight differences in the normalisation of the different

4 https://github.com/AtomDB/ACX2

telescope modules (TMs). This value was fixed to 1 for TM1.
CONST4 is used to scale for the analysed area, A, and is neces-
sary for the analysis of the source emission in the next step. In
addition to the X-ray background, we also modelled the detector
background based on the filter-wheel closed data. We adopted the
model derived by Yeung et al. (2023). The details of the model are
described in Appendix A by Yeung et al. (2023). We multiplied
this model by a scaling constant to account for different detector
areas of our spectral extraction regions. The details of the spectral
fitting routine is given in Knies et al. (2024). Two example spectra
with models are shown in Fig. A.1 in a region close to the plane
(Fig. A.1a) and at higher latitudes (Fig. A.1b).

4.3. Results

We show the results of the spectral analysis of the background
regions with this model in Fig. A.2 in Appendix A. We obtained
very good fits with this model, with cstat/d.o.f. = 0.96-1.12
(Fig. A.2a). Since the Galactic components vary strongly with
the distance from the Galactic plane, we discuss the results in
relation to the Galactic latitude.

The LHB appears to be roughly uniform for » > 10°
(Fig. A.2b). Towards lower latitudes we obtain a higher normalisa-
tion, albeit with relatively high uncertainties. The median is given
as g = 1.06*%07 . 107 cm™ arcmin 2. The normalisation can

-0.10
be converted to the emission measure (EM) with

Mo T
2.081-104

(Knies et al. 2024). This is slightly lower than what is reported in
Liu et al. (2017); however, their results might include some con-
tamination by the Antlia SNR since they obtained an enhancement
in the EM of the LHB in the direction of the Antlia SNR. If we
consider the surrounding EM, the results appear to be consistent.

The path length through the LHB is 166 pc in the direction of
Antlia’s centre according to the model by O’Neill et al. (2025).
Assuming a volume filling factor of f = 1 for the hot gas, the EM
above implies a thermal electron density of 7, = 0.0055 cm™, in
agreement with earlier estimates from X-ray emission (Snowden
et al. 2014).

The CGM temperature is consistent across the different
regions and centred around k7 ~ 0.18 keV. Similar results were

=5.09-107% [cm~®pc] (10)
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obtained in the study by Ponti et al. (2023). This agrees well
with the theoretical virial temperature (Gupta et al. 2021). For

the normalisation, we obtained a median of ncgm = 8.76f?'(9)f51 .

1079 cm™3 arcmin~2. Towards the Galactic plane for b < 10°,
we obtain a significantly higher normalisation, which confirms
that we indeed describe a Galactic component with our model.
For the hot corona component, we also measured a similar
increase towards the Galactic plane; however, with a slightly
different shape. When compared to theoretical mass profiles at
the position of the Antlia SNR along Galactic latitude, our nor-
malisation takes a strikingly similar trend. This indicates that
indeed the hot corona component is of a Galactic origin. In
general, this component is weaker by at least an order of mag-
nitude compared to the CGM component, with the median of
ncor = 1177038 - 1077 cm™ arcmin ™.

Finally, the extragalactic background is best fit with ncxg =
8.147029 - 1077 photons/keV/cm?. This is consistent with the typ-
ical results for the CXB (e.g., Kuntz & Snowden 2000; Snowden
et al. 2008). However, the normalisation appears to be system-
atically enhanced beyond the individual uncertainties of the
normalisation for background regions with / < 280° by up to
~20%. Whether this increase is real or an artefact of our fixed
power-law indices is difficult to judge. When excluding point-
source candidates while keeping the indices fixed might result in
a different normalisation, we would expect no systematic offset
due to this, since we apply the same criteria for every background
region. Therefore, this could indicate a localised enhancement in
the CXB.

4.4. Application to the spectral analysis

We adopted our approach from Knies et al. (2024) and constructed
a background model for each of the source regions based on our
results presented above. We summarise the most important steps
as follows.

For each source region, we calculated the angular separation
in Galactic latitude and selected the four background regions with
the least separation. We then weighed the relevant background
model fit parameters, including the 90% confidence interval (CI),
based on

n
W; X
1

n
2 Wi
i=1

; )

X =

where the weights were defined as 1/w; = 2dg,1p,; + davs; With
a distance in Galactic latitude of dgap,; and an absolute angu-
lar distance of d,ps; between the source and background region
(Knies et al. 2024). From this, we calculated ranges for each
background model parameter for each source region separately.
For the source model, we then constrained the background
model to the aforementioned parameter ranges and add our
source components. Since the SWCX contamination can vary
on short timescales between different scans of eROSITA and
consequently between different regions, we treated the ACX?2
model parameters differently. For the SWCX contamination,
we took the mean normalisation and temperatures obtained
for all background regions, including the 90% CI, given as
NACx2 = 5.82:%:23 210 em™ and kTacxa = 0'154t8:82411‘ While
still constrained to a relatively narrow range, this allowed
for more freedom during the fit to account for solar activity
variations.
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Fig. 5. Contour-bin map where each distinct colour represents a contour-
bin region, used for extracting individual spectra. The green X symbol
marks the location of the associated bin in the example spectrum shown
in Fig. 8.

5. X-ray spectral analysis
5.1. Spectral analysis regions

With a good description of the background, we focused on the
source regions of the Antlia SNR next. We used two different
methods to define spectral extraction regions. In the first approach,
we defined the regions purely on the count-based statistic of the
X-ray data, using the contour-bin method of Sanders (2006). Here,
all regions had to meet the minimum signal-to-noise ratio (S/N)
of ~200 and in total, we obtained 92 bins with a mean S/N of 234.
At the same time, this method takes the morphology into account,
which we view as a benefit over the similar Voronoi-binning
method (Cappellari 2009), which sometimes lead to extraction
regions with very inconsistent plasma conditions. The statistics
were calculated based on the point-source subtracted eROSITA
counts image in the 0.2—1.25 keV energy range, where the Antlia
SNR is the brightest. The resulting contour-bin map is shown in
Fig. 5.

The second method was to define the regions by hand, based
on the X-ray, Faraday rotation, and He morphology as shown
in Fig. 6. We defined parts of the source with seemingly sim-
ilar colour or emission characteristics as regions, while at the
same time keeping the limited statistics of the data in mind. This
allowed for larger regions with similar properties for a more
in-depth study.

5.2. Spectral model

In addition to the background model with individually pre-
calculated parameter ranges for each region, we first added the
following components to the model to account for the emis-
sion from the SNR: TBABS x VNEI. The VNEI model
describes a thermal plasma in different collisional ionisa-
tion states, also allowing for variable abundances (Hamilton
et al. 1983; Borkowski et al. 1994; Liedahl et al. 1995;
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Fig. 6. Manually defined spectra extraction regions overlayed on the
X-ray mosaic shown in Fig. 1. The labels are abbreviations for the region
names given in Table 1. In addition, an ellipse region is shown that covers
the entire SNR and is used for calculations of physical parameters of the
SNR in Sect. 7.2.

Borkowski et al. 2001), while the TBABS model allows for pos-
sible interstellar absorption in the foreground (Wilms et al. 2000).
We limited the analysis of the contour-bin regions to this relatively
simple model with solar abundances due to the smaller regions.
For the manually defined regions, we have better statistics that
allowed us to vary elements characteristic for SNRs and obtain a
deeper insight into the plasma conditions.

5.3. Results
5.3.1. Contour binning

For the contour bins, we obtained the results shown in Fig. 7
with the simple TBABS x NEI model. We obtained a very good
description of the emission using this model, with cstat/d.o.f. =
cstat/1749 = 0.97-1.19 (Fig. 7a). We show an example spectrum
in Fig. 8.

The emission seems to be well described with a rather low
mean temperature of k7" = 0. 19f8'(2)2 for the bins inside the SNR
shown with a yellow region in Fig. 7b. The higher-temperature
bins coincide with the darker region marked as the ‘large_E (IE)’
region shown in Fig. 6. Its X-ray colour appears to be bluer, and
thus the emission to be harder compared to the surroundings.
The bins in the centre are fitted with low temperatures of 0.10—
0.15keV, which is consistent with the remnant being relatively
old.

For the ionisation timescale, 7, shown in Fig. 7c, we observe
a strong gradient, with lower timescales rather in the centre and
at higher latitudes. The bins at lower latitudes have higher
(appearing red to white in the parameter map), and thus are close
to or consistent with collisional ionisation equilibrium (CIE). This
trend also extends towards the west (right-hand side).

Finally, the normalisation is shown in Fig. 7d and shows a
similar trend as the ionisation timescale, 7. This is consistent with
the density distribution, which increases towards lower latitudes,
and can also be seen in the He data (Fig. 2).

5.3.2. Manually defined regions

Next, we performed a more detailed spectral analysis with the
manually defined regions to follow up on our interesting findings.
Due to the higher statistics of the manually defined regions shown
in Fig. 6, we were able to also investigate the elemental abun-
dances in more detail. We used the fitting method described in
Appendix C in Knies et al. (2024). In short, we tested whether the
SNR characteristic elements (O, Ne, Mg, Si, S, and Fe) were
consistent with solar, and if not we tested if letting the spe-
cific elements free yielded a significant (30) improvement of
the fit.

The results of our spectral analysis are given in Table 1. We
only obtained significant non-solar abundances for the elements
O, Ne, S, and Fe. For about half of the regions, freeing and fitting
the abundances did not improve the fit significantly. The model
describes the diffuse X-ray emission well, with cstat/d.o.f. =
1.06-1.24. Two example spectra are shown in Fig. 9, where we
show spectra from the ‘central_SE’ and ‘large_E’ regions.

The interesting region large_E, where the contour-bin results
showed different plasma properties, also appears different in
this analysis. It has the highest temperature together with the

neighbouring ‘central_NE’ region — with kT = 0.28*00° keV and

kT = 0.31*307 keV. This agrees with the temperature enhance-
ment observed in Fig. 7b. In those two regions, we also obtain
a similarly enhanced S abundance, while O and Ne are not. In
Appendix B, we show the confidence contours for the fit param-
eters for temperature k7, Ne, and S abundances for these two
regions. In central_NE, the Fe also appears to be enhanced. In
general, there appears to be a trend of higher abundances towards
heavier elements, and Ne and S especially appear to be enhanced.
We show the ratio with Fe in Fig. 10, which indicates a ratio of
X/Fe < 1; however, the uncertainties are too large for a definitive
claim.

6. Radio-polarimetric analysis

Radio emission from the Antlia SNR is only detected at
the south-eastern edge in the Haslam et al. (1982) survey at
408 MHz, as noted in McCullough et al. (2002). The prepro-
cessed (source-subtracted and de-striped) map of the same basic
data (Remazeilles et al. 2015), given in Fig. 11 shows a shell-like
structure coinciding with the extent of the SNR seen in X-rays
and the polarimetry data, while there is a dearth of emission near
the centre of the remnant, suggesting a limb-brightening effect.

The SNR stands out clearly in polarimetric data. The Faraday
moment maps show the following details:

M,.. The zeroth Faraday moment (total polarised intensity at
every Faraday depth) shows a mottled structure inside Antlia,
for a part coinciding with He filaments (Fig. 2). Fluctuations
in the thermal electron density cause variations in Faraday rota-
tion; if this happens on sub-beam scales, the beam is partially
or completely depolarised, visible as the black(-ish) filaments
in the My map. Some of the narrower Ha filaments are visible
as depolarised filaments in My; others are not. The Ha causing
depolarised filaments must lie at the near edge of the remnant,
while the polarised emission is from either the remnant itself or
the background. The Ha filaments that do not cause depolarisa-
tion must be located at the far edge of the remnant, proving that
the polarised emission is generated (at least in a large part) inside
the SNR itself. A large filament of remarkable constant polarised
intensity is visible at the southern edge, exactly coinciding with a
large and uniform He feature. The uniformness of My indicates
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Fig. 7. Spectral analysis results with the contour-binning method, using the TBABS X NEI model for the source emission, in Galactic co-ordinates.
In (a) we show the reduced y? for the fit, in (b) the plasma temperature, kT, in keV, in (c) the ionisation timescale, 7 in cm™ s, and in (d) the

normalisation of the plasma component, normalised to the respective area of the bins for comparability, in cm

of the Antlia SNR is indicated by a yellow region.

that the magnetic field in that filament needs to be uniform as
well.

M, .. The first Faraday moment (mean Faraday depth weighted
by polarised intensity) shows positive and negative values, indi-
cating an averaged line-of-sight magnetic field component (B,
pointing towards and away from us, respectively (see Eq. (1)).
Higher Faraday depths, M), tend to agree with higher He, as
the Faraday depth is proportional to the thermal electron density.
However, sign changes in M, always indicate a sign change in
parallel magnetic field component. The background appears to
contain a large-scale reversal in the sign of By, possibly due to
a magnetic field mostly in the plane of the sky with a small cur-
vature. This background Faraday depth seems to be altered by
adding small-scale structure inside the remnant. In particular, Bj
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=3 arcmin2. The approximate outline

changes direction along the western edge of the remnant, pos-
sibly indicating a compressed magnetic field along the shell as
predicted by analytical theory and numerical simulations (Wityk
et al. 2009; West et al. 2016).

M,.. The second moment, equivalent to the width of the Fara-
day spectrum weighted by polarised intensity, shows the smallest
values in the surroundings of the SNR in the west at high lati-
tudes, consistent with a single unresolved Faraday component.
Inside the remnant, enhanced M, values indicate a broader Fara-
day spectrum, especially in the southern half of the remnant,
where most of the X-ray emission is. This could be due to one
Faraday-thick component (a broader structure of both synchrotron
emitting and Faraday rotating gas), or multiple components. As
the structure in M, (and M) seems to morphologically correlate
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Knies, F., et al.: A&A, 708, A198 (2026)

Region kT T o Ne S Fe norm  cstat/

(keV) (cm™3 s) (times solar values) (cm™ arcmin™?) d.o.f.
NE 0.231008 (0.23+021y. 1011 1.22+012 - 314708 — (01979971076 115
bridge N (bN) 0.14%001 (0.49+042) . 11 - - - — (0707929106 111
central_E (cE) 0.12:000  (0.72+017) . o1 - - - — (15470981076 1,09
central N (cN) 0.17+000 >16- 1011 0.86*007 261103 126021 2581050 (207014 106 106
central_NE (cNE) 0.317007 (0,080 . 011 0811010 (41028 3714091 474193 (0 234004) . 106 | g
central_S (cS) 0.15+000 S T1-1010 0.82+007 2041030 | pg+022 — (1.88%013). 106 1,08
central_SE (cSE) 0.10%090 (171025 101! - - - — (249701910 114
central SE2 (cSE2)  0.14*001 (0.53+0%). 10!! - - - ~ (12009910 116
central W (cW) 0.17+0%0 >4.1010 0791007 1967033 0631018 0477040 (15810111076 113
dim_N (dN) 0.2170:08 (0.15%538) - 10! - - - - (0.11%55) - 107 1.09
faraday_W (fW) 0174001 (2288073 10!l 1254024 285+105 1 68:077  363+197  (039+010). 106 108
large_E (IE) 0.28%003  (0.18*008). 101 1.33%012 (707020 3 57+069 — (015709107 121
outer_S1_halpha (0S1) ~ 0.20*0% >10-10"1  1.20%032 227067 1 97+0%0 —(0.59%011).10° 1,07
outer_S2 (0S2) 0.09001  (0.75+085) . 10! - - - — (1597081, 1070 113
outer_S3 0.137093  (0.53+007) . 11! - - - — (07799100 123
outer_S4 (0S4) 0174002 (0.707044). 1011 1325009 ] 73064 3144000 — (05170101076 1,09
soft_large N (sIN) ~ 0.09%001 (2.43+152). [o!! - - - — (107921070 124
soft_small N (ssN) ~ 0.187001 (0.22+097). 1011 - - - — (03809107 1.06
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Fig. 8. Example spectrum for the bin #26, located at the indicated posi-
tion in Fig. 5. The thick dotted line shows the source component. The
lower panel shows the residuals. For visual purposes only, the spectra
were binned with a minimum of 50 or 50 counts per bin and for better
visibility only the spectrum and model for TM1 is shown.

with the X-rays, at least one of these components is due to the
remnant.

In each of the Faraday moments My, M|, and M,, the structure
inside the SNR is much patchier than the surroundings. The
patchiness of Faraday depths is at least partially due to the small-
scale filamentary structure in electron density as traced by the He,
but may carry imprints of small-scale magnetic field structure as
well.

71. Extinction and distance estimates

From the spectral analysis, we obtained information about the
conditions of the X-ray emitting plasma, which we can use to
infer properties of the entire SNR. In Sect. 3 we described the
depression in brightness and hardening of the X-ray emission
to the Galactic east, covered with the ‘large_E’ spectral anal-
ysis region. We extracted the dust extinction profile using the
EXPLORE: G-Tomo app’ based on the Lallement et al. (2022)
data cubes at (1, b) = (283°,20°) and in the X-ray bright central
part of the SNR at (1, b) = (277°,20°) (Fig. 12). We converted the
extinction, Ay, at the position in large_E with obvious foreground
absorption to the equivalent column density, Ny, using

Nux = Ay -7.2(0.5) - 10*! cm™, (12)

with the conversion factor A; = Ay - 0.34*302 (Vuong et al. 2003;
Knies et al. 2024).

The dust maps (Fig. 4) and the profile (Fig. 12) suggest that
there is denser material in front of the SNR up to a distance of
~200 pc, which roughly corresponds to the extent of the Local
Bubble. At D = 300 pc we obtain a column density equal to
~0.03 - 10?2 cm~2, which is consistent with the upper limit of
Ny < 0.05 - 10?2 cm™ for the large_E region. This is consistent
with the onset of the Local Bubble wall at a range of distances
of ~160 pc to ~190 pc across the SN in the model by O’Neill
et al. (2024) and a similar distance in the Lallement et al. (2022)
analysis in Fig. 12. Moreover, we find a cloud in the north at
a distance of D = 230 — 270 pc, which is anti-correlated with

5 https://explore-platform.eu/sda/g-tomo
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Fig. 9. Example spectra of the (a) central_SE and (b) large_E regions. The lower panel shows the residuals. For visual purposes only, the spectra
were binned with a minimum of 50 or 50 counts per bin and for better visibility only the spectrum and model for TM1 is shown.
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Fig. 10. Ratio of X/Fe as derived from Table 1.

the SNR (Fig. 4b), suggesting that the indentation of the SNR is
caused by this cloud.

7.2. Properties of the SNR

Based on the spectral analysis, we can estimate the evolutionary

parameters of the SNR. We adopted the method in Knies et al.

(2024), whereby we calculated SNR models and compared them
to our spectral analysis results.

First, we defined a geometry for the SNR. We simplified the
geometry by using an ellipsoid as shown in Fig. 6, which included

most of the area what we considered to be part of Antlia SNR.

The ellipse had a semi-major axis of @ = 13.5° and a semi-minor
axis of b = 11.7°. We assumed that the projected semi-axis of the
ellipsoid was equal to the semi-major axis, a, as the SNR seems
to be distorted mainly to higher latitudes.

The density was estimated from the normalisation of our
spectral fits as in Knies et al. (2024). The EM was estimated
using

_14\~1
EM=n-(10 ) =fneandV, (13)
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Fig. 11. Radio emission at 408 MHz (Remazeilles et al. 2015), with the
outline of the Antlia SNR in white.

with the volume, V, the filling factor, f, and n,, nyg being the elec-
tron and hydrogen densities of the plasma, respectively (Hamilton
et al. 1983; Kavanagh et al. 2022; Knies et al. 2024). Finally,
we approximated the pre-shock density using n./ng = 1.21 and
ng = 1.1ngo (Kavanagh et al. 2022). Additionally, we constrained
the SNR evolutionary parameter space by comparing our derived
X-ray temperature with the predicted model temperature.

We used a modified version of SNRpy by Leahy et al. (2017)
to facilitate calculating a grid of SNR models assuming dif-
ferent ages, ISM densities, and explosion energies. We used
the explosion energy range Ey = (0.1-2.0) - 103! erg based on
simulations (Miiller et al. 2016). For the ISM density we used
ng = 0.3-1073 = 0.06 cm™3, for which the upper limit was based
on the study by Elwood et al. (2017). As the lower limit, we
used the density derived for the X-ray emitting plasma from the
contour-bin spectral analysis results as shown in Fig. 7. We used
the normalisation values in the SNR region indicated in Fig. 7d.
For each distance we calculated the density with uncertainties. At
D = 300 pc we obtained a density of 7o = (3.0 +2.2)- 103 cm™3,
while for D = 500 pc the density is 7y = (2.3 + 1.7) - 103 cm ™3,
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Fig. 12. Dust profile obtained with G-Tomo at the position of (I, b) = (283°,20°) (left) and (1, b) = (277°,20°) (right), based on the Ay data of

Lallement et al. (2022).
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Fig. 13. SNR age as a function of allowed explosion energies and
ambient densities, according to SNRpy SNR models, for a distance of
260 pc. Vertical dashed and dotted lines are lower and upper density
limits for two different filling factors, f.

in both cases assuming f = 1. Finally, for the ages we assumed a
broad range of #y = 5000-140 000 yr. We strictly used the ‘Sedov’
solution described in Leahy et al. (2017); however, despite the
name all stages of the SNR evolution were modelled.

Using SNRpy, we find no models consistent with our esti-
mates and derived properties of the plasma for distances of
<260 pc (see Fig. 13). Only for D > 300 pc (corresponding to
a radius of 67 pc) do we find models for f = 1 that are valid.
Previous estimates put the remnant at much closer distances of
D < 200 pc. However, the possible interactions with the Gum
Nebula observed by Fesen et al. (2021) would be more con-
sistent with our increased lower limit for the distance. At this
assumed distance, we obtained an age of ~90000 yr, which
agrees well with the estimate of ~10° yr by Fesen et al. (2021).
The required explosion energy is typical, but rather low with
Eo = (0.1-0.2) - 10°" erg. At D = 500 pc we obtained low densi-
ties of nyg = (0.6-4.0) - 103 cm™ (f = 1), while also requiring
a large radius of 110 pc and a much higher age of ~135 000 yr.

Together with the findings from the Ay data, we therefore con-
sider this our upper limit, which would put the remnant at
D = 250-450 pc, well within the range of the Gum Nebula and
the depression feature in the dust extinction profile at similar
distances (Fig. 12).

8. Summary

We present the results of the analysis of eRASS X-ray data and
STAPS radio polarimetry data of the Antlia SNR. Based on a
comparison of the new X-ray images and Faraday maps with radio
continuum, optical Ha emission, and optical extinction maps, we
show the extent of the SNR. The multi-wavelength study also
reveals the properties of the medium in front of the SNR and
the SNR itself. We thus constrain the distance to Antlia SNR to
250-450 pc. The Faraday moment maps show the outer bound-
aries of the SNR, which are consistent with the shell seen in Ha
emission. In addition, in both sets of data, small-scale structures
are found, which are indicative of local enhancements of density
and magnetic fields. We also show that there are indications of
the outer SNR shock hitting a dense cloud at higher Galactic
latitudes, which is responsible for the non-spherical shape of the
SNR.

The X-ray spectrum was studied in the entire SNR by divid-
ing the emission into smaller regions and performing a spectral
analysis for each of them. The spectrum is consistent with emis-
sion from thermal hot plasma, which is mostly in collisional
non-equilibrium. Towards lower Galactic latitudes, the ionisation
timescale is higher, which is consistent with the shock interacting
with denser medium. Assuming Sedov evolution, the estimated
age is 90000 to 135000 yr.

Using the newest survey data in X-rays and in radio polarime-
try, we have determined the structure of Antlia SNR and have
shown that the multi-wavelength emission is consistent with an
old, nearby remnant expanding above the Galactic plane in a
medium with a density gradient and interacting with a dense
cloud above the plane. The X-ray data show the emission of the
shocked hot plasma in its interior, while the polarisation data
together with the Ha reveal the 3D-structure, the shocked shell,
and filamentary structures in the shell. We confirm that it is one
SNR, without any indication of a superposition of several SNRs
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(as shown for the Gemini-Monoceros X-ray enhancement, Knies
et al. 2024).
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Appendix A: X-ray background
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Fig. A.1: Background spectrum and fitted model near the Galactic plane at b ~ 1.8° (a) and out of the plane at b ~ 28.9° (b). The data and total
best-fit model are shown in black and the different model components are shown with the colours according to the legend in (a). For visual purposes
only, the spectra were binned with a minimum of 50 or 50 counts per bin and for better visibility only the spectrum and model for TM1 is shown.
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Fig. A.2: Variation of the best-fit parameters of the X-ray background model components is shown over Galactic latitude (gal b): (a) best-fit reduced
fit statistic (cstat/d.o.f.), (b) LHB normalisation, (c) CGM plasma temperature (APEC), (d) CGM normalisation, (¢) normalisation of the hot corona
component (k7' = 0.7 keV) with two Galactic mass profiles, based on Bienayme et al. (1987) and McMillan (2017), and (f) normalisation of the
extra-galactic component (double-broken-powerlaw). In each diagram the solid line is the average, while the dashed lines show the 1o standard
deviation. For (b)-(f) the triangles facing down indicate Galactic / < 280° while facing up triangles are used for / > 280°.
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Appendix B: Uncertainties of spectral parameters
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Fig. B.1: Contour plots showing the confidence ranges of the fit values of Ne abundance vs. kT and S abundance vs. kT for regions cNE and IE. While
the temperature k7" is not well constrained, there seems to be a difference between the abundances of Ne and S, with Ne having a low abundance and
S a high abundance. The contours are based on Markov Chain Monte Carlo method and correspond to 1, 2, and 30~ (dotted, dashed, solid lines).
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