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ABSTRACT

We report the results of follow-up investigations of a possible new thermally emitting isolated neutron star (INS),
4XMM J022141.5−735632, using observations from XMM-Newton and Spectrum Roentgen Gamma (SRG) eROSITA. The anal-
ysis is complemented by Legacy Survey imaging in the optical and near-infrared wavelengths. The X-ray source, the first to be
targeted by XMM-Newton in an effort to identify new INS candidates from the fourth generation of the XMM-Newton serendipitous
source catalogue Data Release 9 (4XMM-DR9), shows a remarkably soft energy distribution and a lack of catalogued counterparts;
the very high X-ray-to-optical flux ratio virtually excludes any other identification than an INS. Within current observational limits,
no significant flux variation or change of spectral state is registered over nearly ten years. Future dedicated observations, particularly
to search for pulsations, are crucial to shed further light on the nature of the X-ray source and relations to other Galactic neutron stars.
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1. Introduction

The vast majority of the neutron stars in our Galaxy are observed
at radio wavelengths. Yet, it is arguably in X-rays that isolated
neutron stars (INSs) reveal their diversity in all their complexity
(see e.g. Kaspi 2010, for an overview). In particular, the group
of radio-quiet thermally emitting INSs dubbed the “magnificent
seven” (M7, for simplicity), originally identified in the ROSAT
All-Sky Survey data as soft, bright X-ray sources (observed
fluxes typically within ∼10−12−10−11 erg s−1 cm−2) with no obvi-
ous optical counterparts, share a rather well-defined set of prop-
erties that have never been encountered together in previously
known families of INSs (see Haberl 2007; Turolla et al. 2009,
for reviews). The M7 are locally as numerous as young radio and
γ-ray pulsars and may belong to a formerly neglected component
of the overall Galactic INS population. The discovery of similar
sources beyond our local volume is therefore key to understand-
ing their properties as a group and relations to other families of
Galactic INSs (e.g. Popov et al. 2010; Viganò et al. 2013).

At fainter X-ray fluxes ( fX . 1.5 × 10−13 erg s−1 cm−2),
source confusion and contamination from other classes of
X-ray emitters hamper the identification of new members due
to the large positional and spectral uncertainties. In prepara-
tion for the full sensitivity of the eROSITA All-Sky Survey
(eRASS; Predehl et al. 2021), the use of serendipitous data from
the XMM-Newton Observatory (Webb et al. 2020) provides an

? Based on observations obtained with XMM-Newton, an ESA
science mission with instruments and contributions directly funded
by ESA Member States and NASA (observations 0884190401,
0674110401).

excellent opportunity to test search algorithms and discover new
INSs beyond the solar vicinity.

Building on our experience cross-correlating previous
releases of the XMM-Newton catalogue of X-ray sources
(Pires et al. 2009; Motch et al. 2017), we searched the source
content of 4XMM-DR9 for new INS candidates. We used
as main criteria the absence of any catalogued optical/UV/IR
counterpart and a soft spectrum down to a limiting flux
of 10−14 erg s−1 cm−2 in the 0.5−1 keV energy band (see
Appendix A, for details). Among the selected sources, we
retrieved known thermally emitting INSs: the M7, quiescent neu-
tron stars in globular clusters, and our “own” cooling INS iden-
tified in the Carina Nebula, 2XMM J104608.7−594306 (see
Pires et al. 2015, and references therein). The brightest among
the unknown sources were then selected for dedicated observa-
tions with XMM-Newton (fulfil programs 088419, 090126; Pires
et al., in prep.).

We report the first results of this follow-up effort on
4XMM J022141.5−735632, an X-ray source located in the
direction of the Magellanic Bridge and independently iden-
tified by similar searches in 4XMM-DR10 and eRASS data
(Rigoselli et al. 2022b; Kurpas et al., priv. comm.). The overall
properties of 4XMM J022141.5−735632, as obtained from the
4XMM-DR9 catalogue, are listed in Table 1.

In the following, we present the XMM-Newton and eROSITA
data set that forms the backbone of the analysis; we show that
the X-ray emission of the target is predominantly thermal and
constant over many years; the absence of optical counterparts
in Legacy Survey1 (Dey et al. 2019) Data Release 10 imaging

1 https://legacysurvey.org
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Table 1. Properties of the target from 4XMM-DR9.

Target RA Dec Error NGal
H

(?) b Flux (†) HR1
(‡) HR2

(‡) HR3
(‡)

4XMM (◦) (◦) (′′) (cm−2) (◦)

J022141.5−735632 35.42309 −73.94223 0.9 1.41 × 1021 −41.7 9.8(6) −0.663(21) −0.91(4) −0.95(24)

Notes. (?)Total hydrogen column density in the line-of-sight (HI4PI Collaboration 2016). (†)The catalogued EPIC flux is in units of
10−14 erg s−1 cm−2 in the 0.2−12 keV energy band. (‡)Hardness ratios (HR) are ratios of the difference to total counts in the five XMM-Newton
energy bands, 0.2−0.5 keV, 0.5−1 keV, 1−2 keV, 2−4.5 keV, and 4.5−12 keV. The source signal is undefined in HR4.

Table 2. X-ray observations used in the analysis.

Obsid, Sky field Date MJD Exposure GTI
(days) (s) (%)

XMM-Newton
0674110401(?) 2012-02-09 55 967.076 27 543 93
0884190401(†) 2021-07-09 59 405.013 28 010 73
eROSITA(‡)

03716501 2020-04-25 58 970.200 1008 81
03716502 2020-10-28 59 155.966 936 82
03716503 2021-04-28 59 338.242 1037 78
03716504 2021-10-30 59 523.091 950 74

Notes. The EPIC cameras operated in full-frame imaging mode with
(?)medium and (†)thin filters. (‡)All seven eROSITA telescope modules
(“TM0”) were operated in SURVEY mode with FILTER setup.

safely excludes a more ordinary X-ray emitter than an INS. We
finalise with a discussion of our state of knowledge and inter-
pretation on the nature of the source, with prospects for future
investigations.

2. Observations and data reduction

2.1. XMM-Newton

The XMM-Newton Observatory (Jansen et al. 2001) targeted the
X-ray source 4XMM J022141.5−735632 (J0221, for short) for
circa 50 ks on July 9–10 2021. We included in the analysis
the only other XMM-Newton observation that serendipitously
detected the target in 2012 (0674110401). We performed stan-
dard data reduction with SAS 20 (xmmsas_20211130_0941)
using the most up-to-date calibration files and following the
analysis guidelines of each EPIC instrument. We filtered the
event lists to exclude “bad” CCD pixels and columns and retain
the photon patterns with the highest quality energy calibration.
The source centroid and optimal extraction region in each EPIC
camera, with typical sizes of 30′′−40′′, were defined with the
SAS task eregionanalyse in the 0.2−2 keV energy band; the
X-ray emission of the source is compatible with the background
level at energies above 2 keV. Background circular regions of
size 100′′ were defined away from the source, on the same CCD
of the target whenever possible. We show in Table 2 the instru-
mental setup, net exposure, and percentage of good-time inter-
vals (GTIs) of the XMM-Newton observations included in the
analysis.

The parameters of the target (the detection likelihood,
counts, rates, and hardness ratios, as extracted from a maxi-
mum likelihood PSF fitting on the EPIC images of each XMM-
Newton epoch) are listed in the two first columns of Table 3. The
parameters were determined with the SAS task edetect_chain
on images created for each camera, observation, and standard

Table 3. Target parameters from PSF fitting (XMM-Newton).

0674110401 0884190401 stack

Off-axis (′) 10 0 0
L (?) 3500 5350 11 675
Counts 1310(40) 2110(50) 4184(70)
Rate (s−1) 0.0909(29) 0.0896(23) 0.1081(18)
HR1 −0.628(24) −0.576(21) −0.657(13)
HR2 −0.90(5) −0.92(3) −0.93(2)
HR3 −0.90(50) −0.90(50) −0.81(26)
RA (J2000) (†) 022 141.52 022 141.55 022 141.57
Dec (J2000) (†) −735 633.70 −735 633.80 −735 634.10
Error (′′) 0.27 0.20 0.10
RA offset (‡) (′′) −0.46(29) −1.03(27) −0.20(30)
Dec offset (‡) (′′) −0.51(28) −1.26(27) −0.10(30)
Ref. sources 76 139 150

Notes. The parameters of the source in each column are determined
with the meta-tasks edetect_chain and edetect_stack (EPIC,
0.2−12 keV). Errors are 1σ statistical uncertainties. (?)Likelihood of
detection. (†)Coordinates of the target, corrected for the astrometry with
the SAS task eposcorr. (‡)Positional offsets in each coordinate deter-
mined for the astrometry (see text; for details).

catalogue energy bands (see caption of Table 1, for a definition).
Only the combined EPIC results are shown.

We used the SAS task eposcorr to refine the astrome-
try by cross-correlating the list of EPIC X-ray source positions
with those of optical Guide Star Catalogue (Lasker et al. 2021)
objects lying within 15′ around the nominal pointing coordi-
nates. The small positional offsets in right ascension and dec-
lination listed in Table 3 were consistently detected with the
Gaia EDR3 and AllWISE catalogues (Gaia Collaboration 2020;
Cutri et al. 2021). The agreement between epochs is good over-
all (<3σ).

Stacked source detection on both XMM-Newton obser-
vations was performed using the XMM-Newton SAS task
edetect_stack (Traulsen et al. 2019) and the 4XMM-DR12s
catalogue pipeline. First, the results of the eposcorr astromet-
ric correction of the individual observations were applied to the
attitude information in order to shift the events to rectified posi-
tions, as described by Traulsen et al. (2020). We then extracted
images, background maps, exposure maps, and detection masks
for both observations with reference coordinates centred at the
position of J0221. Deviating from the default parameters, we
used an image binning of 2′′ × 2′′ pixels and a PSF fit radius
of 2′ about the sources, in order to optimise the sensitivity to
faint sources in these fields, which are dominated by point-like
sources and do not suffer from source confusion, and in order to
achieve optimum positional accuracy of the target. Maximum-
likelihood PSF source detection was run simultaneously in the
five XMM-Newton energy bands. In the whole field, 199 sources
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Fig. 1. Smoothed false-colour (top) and source detection (bottom)
images of the two XMM-Newton observations covering the position of
J0221. The red band covers the energies from 0.2−1.0 keV, green from
1.0−2.0 keV, and blue from 2.0−12.0 keV. The position of the target and
of other sources detected in the field-of-view are marked by white and
light blue circles, respectively.

are detected with a minimum detection likelihood of six in the
stack or in at least one contributing observation. Figure 1 shows
a false-colour mosaic image of the field, colour coding ener-
gies between 0.2 and 1 keV (red), 1 keV and 2 keV (green), and
2 keV and 12 keV (blue). For displaying purposes, it has been
smoothed by a top-hat function with a two-pixel radius. The
X-ray soft J0221 is prominently visible in the red band.

2.2. eROSITA

The All-Sky Survey of eROSITA, the first to be performed
at X-ray energies since the ROSAT era (Voges et al. 1999), is
expected to surpass its predecessor’s sensitivity by a factor of
25 (0.2−2.3 keV; Predehl et al. 2021). Since the beginning of the
survey in December 2019, eROSITA has successfully completed
four of the planned eight all-sky scans. The eRASS catalogues

are created by and made available to the members of the German
eROSITA Consortium. We searched the individual (eRASS1–4)
and stacked (eRASS:4) X-ray source catalogues for unidentified
INSs above a limiting flux of 10−13 erg s−1 cm−2 in the 0.2−2 keV
energy band (Kurpas et al., in prep.). Having survived our proba-
bilistic catalogue cross-matching and screening procedure (only
about 0.05% of over 105 X-ray sources satisfy all the selection
criteria for identification with an INS candidate), J0221 is one
of a handful of intrinsically soft point sources with no obvious
counterparts that have been lined up for follow-up investigations
in the optical and in X-rays.

The eROSITA instrument consists of seven telescope mod-
ules (TM 1–7) operating in the 0.2−10 keV energy band. The
detectors of TM 5 and 7 (“TM9”) are more sensitive to soft
X-rays, as they lack the aluminium on-chip optical light filter the
other five cameras (“TM8”) carry. The TM9 detectors are known
to suffer from time-variable light leaks that affect their perfor-
mance and calibration at the softest energies (see Predehl et al.
2021, for details).

For the analysis, we retrieved the event lists corresponding
to the target’s sky tile in each eRASS1–4. We list in Table 2
an overview of these observations. The position of the X-ray
source was repeatedly covered in April and October 2020–2021,
with exposures of ∼0.9−1 ks. The data sets were processed with
pipeline version c020 and analysed in the 0.2−10 keV energy
band with the eSASS software system, applying up-to-date cali-
bration files (eSASSusers_211214; Brunner et al. 2022). For all
observations, the event files of each individual TM were fil-
tered for periods of high background activity with the eSASS
task flaregti in the 2.2−10 keV energy band. Unless other-
wise noted, all valid photon patterns and active telescope mod-
ules (“TM0”) were considered for optimal sensitivity. The total
sum of GTIs accumulated over the four epochs is 2.3 ks (∼1 ks,
corrected for the vignetting). Altogether, 101 ± 12 photons are
collected from the X-ray source in the 0.2−1 keV energy band,
considering all seven active TMs.

Similarly to the XMM-Newton observations, we analysed the
X-ray source content of the observations and the parameters of
the target using maximum likelihood PSF fitting (Brunner et al.
2022). Based on the results of source detection and PSF fitting,
we used the “auto” option of the eSASS task srctool to cre-
ate optimised source and background extraction regions over
the cumulative eRASS:4 events (Fig. 2). The positions of the
67 X-ray sources detected in the field-of-view in the 0.2−1 keV
energy band were excluded from the background region. Finally,
we verified the statistics of the eRASS light curves of the target
for general trend variability. The light curves were corrected for
bad pixels, vignetting, exposure, and background counts with the
eSASS task srctool. The 0.2−1 keV count rate of the target is
consistent with a constant value.

3. Results

3.1. Timing analysis

We searched for periodic signals that could be associated with
the rotation period of the X-ray source (hundreds of milliseconds
to tens of seconds); alternatively, to identify flux modulations of
the order of tens of seconds to hours as observed in novae and
supersoft X-ray sources (Orio et al. 2022). We considered only
the two ∼30 ks XMM-Newton observations of J0221 (Table 2),
the individual eRASS exposures being too shallow for a mean-
ingful timing analysis. For maximum sensitivity, we included all
valid patterns and events of the three EPIC cameras unfiltered for
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0 0.2 0.4 0.6 0.8 1 1.2 1.4

Fig. 2. eROSITA extraction regions (eRASS:4, TM0, 0.2−1 keV). Top
panel: background annulus (magenta) with inner and outer radii of sizes
2.5′ and 15′, respectively, excluding “contaminants” (cyan circles with
a red bar across). Bottom panel: source circular region (yellow) of size
82′′.

GTIs in the 0.2−2 keV energy band. The times-of-arrival of the
photons, barycentred to the rest frame of the solar system using
the SAS task barycen and the source coordinates (Table 3),
were Fourier-analysed in the frequency domain to search for the
presence of periodic signals (Buccheri et al. 1983). We analysed
the EPIC cameras together in the ∆ν = (0.002−1.9) × 10−1 Hz
frequency range; the higher time resolution of the pn camera
with respect to MOS allows one to search the pn time series
in a broader frequency range, up to ∼6.8 Hz, albeit with some-
what lower sensitivity. We adopted in both (EPIC/pn) searches
frequency steps of 8−10 µHz, which correspond to an oversam-
pling factor of ∼3. The number of statistically independent tri-
als are ∼(2−3) × 105 and ∼(6−8) × 103, respectively, for pn and
EPIC searches in the 2012 and 2021 observations. We found
no statistically significant (>4σ) periodicity in neither epoch.

The most constraining 3σ upper limits on the source pulsed
fraction, ppn

f < 13% (P ∼ 0.15−5000 s) and pEPIC
f < 10%

(P ∼ 5.2 − 5000 s), are derived from the 2021 observation.

3.2. Spectral analysis and long-term variability

The analysed data set comprises six epochs, ten spectra2, and
over 4000 counts (0.2−2 keV); background noise amounts to up
to 15% and 30%, respectively, of the total EPIC and eROSITA
events. The spectral analysis was restricted to GTI-filtered pho-
tons, single- and double-pattern events for pn, and all valid CCD
patterns for the MOS and TM cameras. We regrouped the energy
channels to avoid low (<5) counts per spectral bin and kept over-
sampling of the instrumental resolution capped to a maximum
factor of 3. To fit the spectra we used XSPEC 12.10.1f and the
Cash C statistic (Arnaud 1996; Cash 1979); unless otherwise
noted the fit parameters were allowed to vary freely within rea-
sonable ranges. The spectra were fitted simultaneously, allow-
ing for a renormalisation factor to account for cross-calibration
uncertainties between epochs and instruments. We verified that
the inclusion of photons from eROSITA detectors 5 and 7 (those
affected by optical leaks; see Sect. 2.2) do not bias the parameter
estimation of the results reported here. Finally, we adopted the
photoionization cross-sections of Verner et al. (1996), the pho-
toelectric absorption model tbabs, and elemental abundances
of Wilms et al. (2000) to account for the interstellar material in
the line-of-sight; while testing for variable elemental abundances,
we adopted the absorption model tbvarabs and checked the
improvement in the fit statistic element-wise by means of a F-test.
Complimentary information can be found in Appendices B–C.

The main results of the spectral analysis are summarised in
Table 4. In model (1) we assumed a single-temperature absorbed
blackbody and constancy between all observations. The best
solution consists of a soft blackbody with kT = 60.2 ± 1.7 eV,
absorbed by a column density of NH = 7.2+0.9

−0.8 × 1020 cm−2; the
observed flux is fX = 1.18(3) × 10−13 erg s−1 cm−2 (0.2−2 keV)
and the size of the emission region, at a distance of 1 kpc, is
8.7+1.4
−1.2 km. The inclusion of an additional component – either a

second blackbody with kT = 140−260 eV, or a power-law tail
with photon index Γ = 4.2+1.6

−1.3 – is statistically significant (F-test
probability of 1.8× 10−5; see models 2 and 3 in Table 4). In both
cases, there are no significant changes (>2σ) to the dominant
blackbody component, nor to NH. In Fig. 3 we show the spectral
data folded with model (2) and residuals.

In model (4), we allowed the parameters of model (1), except
for NH, to assume independent values in each epoch. We list in
Table 4 the median and median absolute deviation of the param-
eters; see Table 5 and Fig. 4, for the individual values. We found
no evidence of long-term variability: the deviations from a con-
stant value are well within the expected cross-calibration uncer-
tainties between the EPIC instruments (2% in kT and up to 3%
in flux; Read et al. 2014); the source parameters agree within
the 90% confidence level and the fit has a non-acceptable F-test
probability with respect to model (1). The much wider spread
and trends observed in eROSITA data (left panel of Fig. 4), dis-
cussed in Appendix B, may be asserted to low count statistics
and remaining calibration issues at the softest end of the obser-
vatory passband.

Interestingly, the analysis of the long-term evolution of
the 0.2−2 keV X-ray flux of J0221, including upper limits
and previous detection by other X-ray missions, suggests that
the properties of the X-ray source are stable over 30 years
(Fig. 4; right). In addition to the EPIC and eRASS observations

2 Specifically, 2 EPIC + 4 eRASS epochs and 2 × (pn, MOS1, MOS2)
+ 4 × TM0 spectra.
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Table 4. Results of spectral fitting.

NHPa C (d.o.f.) NH
b Model parameters FX

c

bbodyrad kT Rem
d

(eV) (km)

1 57 162 (159) 7.2+0.9
−0.8 60.2(1.7) 8.7+1.4

−1.2 5.7+1.0
−0.8

2? 72 141 (157) 8.8+1.2
−1.0 55.7+2.3

−2.7 12.7+3.7
−2.4 8.1+2.0

−1.4
3† 73 141 (157) 9.3+1.6

−1.2 54+3
−4 14+5

−3 9.2+2.9
−1.9

4 49 157 (151) 7.2+0.9
−0.8 62(4) 11(4) 5.7+1.0

−0.8

nsae Teff d
(105 K) (pc)

5 27 175 (156) 8.6+0.7
−0.3 1.91+0.05

−0.04 28+4
−3 15.9+3.8

−2.6
6 63 155 (156) 10.5+1.1

−0.8 2.65+0.13
−0.16 43+10

−11 14.5+3.5
−2.2

7 63 155 (156) 10.4(9) 3.00(15) 68+17
−15 9.5+1.3

−0.7

Notes. Errors are 1σ confidence levels. Models fitted to the data:
(1) single- and (2) double-temperature blackbody; (3) blackbody plus
power-law tail, (4) “variable” single-temperature blackbody; (5) non-
magnetised neutron star atmosphere, and neutron star atmosphere with
magnetic field intensities (6) 1012 G and (7) 1013 G. (a)Null-hypothesis
probability in percentage that the data are drawn from the model. (b)The
column density is in units of 1020 cm−2. (c)The unabsorbed flux is in
units of 10−13 erg s−1 cm−2 (0.2 − 12 keV). (d)The blackbody emission
radius at infinity is computed assuming a distance of 1 kpc. (e)The
nsa models assume canonical neutron star mass and radius, 1.4 M�
and 10 km. (?)Parameters of the best-fit second blackbody component:
kThot = 190+70

−50 eV and Rhot
em = 0.7+1.0

−0.4 km. (†)Parameters of the power-
law tail: photon index Γ = 4.2+1.6

−1.3 and observed flux f PL
X =

(
6.1+1.5
−1.4

)
×

10−14 erg s−1 cm−2 (0.2−2 keV).
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Fig. 3. Best-fit double-blackbody model and residuals (fit 2 in Table 4).
The two EPIC pn and four MOS data sets are colour-coded in dark grey
and blue, respectively. The eROSITA spectrum (merged here for display
purposes) is shown in pink.

analysed here, we employed the web-based tool High-Energy
Lightcurve Generator (HILIGT3; Saxton et al. 2022) to retrieve
upper limits and flux values for the source. These were deter-
mined through aperture photometry at J0221’s sky position
and the Bayesian approach of Kraft et al. (1991) on archival
observations from Swift XRT, ROSAT, and the XMM-Newton
Slew Survey (see Ruiz et al. 2022, and references therein). We
assumed an absorbed blackbody spectral model consistent with
the source’s spectral shape and selected a 3σ confidence interval

3 http://xmmuls.esac.esa.int/upperlimitserver

Table 5. Investigation of inter-epoch variability.

MJD Data set Counts Ba kT Rem
b fXc

(days) (%) (eV) (km)

55 967 EPIC 1596 12 58.4+2.0
−1.9 9.7+1.8

−1.4 1.23+0.05
−0.04

58 970 eRASS 43 12 64+8
−7 7.1+4.0

−2.4 1.74+0.30
−0.29

59 156 eRASS 25 17 73+15
−11 13.2+2.8

−2.6 0.99+0.25
−0.22

59 338 eRASS 20 28 66+16
−14 16(4) 0.68+0.23

−0.19
59 405 EPIC 2679 13 61.2+1.9

−1.8 8.1+1.4
−1.1 1.15+0.03

−0.03
59 523 eRASS 20 30 56+15

−12 21+6
−5 0.92+0.40

−0.27

Notes. Errors are 1σ confidence levels. The model fitted to the data is
(4) of Table 4 (“variable” single-temperature blackbody). (a)Percentage
of background in each data set (0.2−2 keV). (b)The blackbody emis-
sion radius at infinity is computed assuming a distance of 1 kpc. (c)The
observed flux is in units of 10−13 erg s−1 cm−2 (0.2−2 keV).

to estimate upper limits (single-sided 99.7% probability). The
measurements are overall consistent with a constant flux.

Neutron star atmosphere models, with B = 1012−1013 G,
NH = 1.1 × 1021 cm−2 and Teff ∼ (2.7−3) × 105 K, describe
the spectrum of the source as well as the multi-component mod-
els, and can be considered an improved fit with respect to the
non-magnetic case (models 5–7 in Table 4). Assuming emis-
sion from the entire stellar surface, canonical neutron star mass
and radius, and a fully ionized hydrogen atmosphere (nsa in
XSPEC; Pavlov et al. 1995), the model normalisation requires
in all cases a nearby neutron star within 90 pc (3σ). These may
be rather unrealistic assumptions for the atmosphere of non-
accreting neutron stars, given the large increase in ionization
potential expected under such conditions of temperature and
magnetic field (see Potekhin 2014, for a comprehensive review).
Other spectral models did not provide compelling results. In par-
ticular, the temperature of the best-fit partially ionized neutron
star atmosphere (nsmaxg in XSPEC; Ho et al. 2008) is outside
the computed model grid, log(Teff) < 5.5, while the photon index
of the best-fit power-law model is unreasonably steep (Γ ∼ 8).
We note that our results are in perfect agreement with the find-
ings of Rigoselli et al. (2022b).

3.3. Optical and near-infrared limits

We see no evidence in the optical and near-infrared for the source
in the Legacy Survey Data Release 10 (DR10). The survey fol-
lows the same data reduction of Data Release 9 (Dey et al. 2019),
but covers almost entirely the German part of the eROSITA sky4

at the depth of the Dark Energy Survey in g, r, i, z (Abbott et al.
2018). The depth and the addition of the i band increases the
number of detected sources by 30% (Legacy Survey Collabora-
tion 2022, private communication). In the infrared the surveys
makes use of 8 years of NEOWISE observations (Mainzer et al.
2014). To search for the maximum limit of the available DECam
archival imaging at this sky location, additional exposures in
u and i were added and a depth weighted, multi-filter stack of
the 32 exposures with exposure times greater than 60 s was pro-
duced by the DECam Community Pipeline (Valdes et al. 2014).
Figure 5 is the resultant deep stack with the position of the
INS candidate indicated. Clearly, there is no sign of a source
in this blank region. The depth limit was obtained from the
local measurement of the background noise (standard deviation

4 The eROSITA data rights are equally split between a German and a
Russian Consortium; see Predehl et al. (2021, for details).
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Fig. 4. Long-term spectral and flux variation of the X-ray source. Left panel: blackbody temperature and emission radius as a function of MJD
(“variable” model 4; see Tables 4–5). Right panel: long-term evolution of the 0.2−2 keV X-ray flux of the target, including upper limits and
previous detection by other X-ray missions. The time interval extends back to the ROSAT All-Sky Survey (RASS) and pointed (PSPC) era and
include data points from Swift XRT and XMM-Newton slew observations (see the text, for details). In all plots the purple horizontal shaded areas
show the 1σ median absolute deviation of the parameters.

Fig. 5. Photometric-weighted multi-filter stack of Legacy Survey DR10
g, r, z and DECam u, i images centred on the sky position of J0221. The
blank (mG > 26.45) 3σ confidence level error circle of the X-ray source
is displayed in the inset in an inverted black and white colour map.

of 0.52 data numbers), point-spread full-width at half-maximum
(4.23 pixels corresponding to 1.06′′), and zero-point calibration
to Gaia-EDR G-band (28.68). Using the formula for the depth
in an optimal Gaussian aperture with the measured values yields
a G-band depth limit of 26.45 (25.89) at 3σ (5σ). These allow
us to derive a 3σ lower limit on the target’s X-ray-to-optical flux
ratio, log(FX/FV) & 3.7. We assumed a flat spectrum to trans-
late the G-band flux to that in the V-band and adopted the best-fit
FX and NH from model (2) in Table 4; optical de-reddening and
the total extinction specific to the Gaia-EDR G-band were com-
puted with the usual relations of Predehl & Schmitt (1995) and
Cardelli et al. (1989).

4. Discussion and outlook

We report the first results of a campaign to follow-
up INS candidates from 4XMM-DR9. The X-ray source
4XMM J022141.5−735632 was put forward by Rigoselli et al.
(2022b) on the same premise of a soft spectrum and lack of
obvious counterparts; it is also a “target of interest” on dedi-
cated searches in eROSITA All-Sky Survey data. The joint anal-
ysis of the XMM-Newton and eROSITA observations performed
between 2012 and 2021 confirms the source’s essentially ther-
mal energy distribution, with kT ∼ 60 eV, NH ∼ 7 × 1020 cm−2,
and fX ∼ 1.2 × 10−13 erg s−1 cm−2 (0.2−2 keV). The optical
limit derived from the deep stacked Legacy Survey DR10 and
additional DECam images, mG > 26.45 (3σ) in the Gaia-EDR
G-band, excludes a cataclysmic variable or hot white dwarf in
the foreground of the Magellanic Bridge.

We find no evidence for variability in either flux or spectral
state within the nearly ten-year interval covered by the analysis.
Previous detection at a similar flux level by ROSAT PSPC and
the Swift X-ray Telescope suggest that the emission is fairly
stable over decade-long time scales. Additional monitoring
with higher quality data will be necessary to exclude the
few-percent level of spectral variation as reported for the
M7 INSs RX J0720.4−3125 and RX J1605.3+3249
(de Vries et al. 2004; Pires et al. 2022).

In addition to the main thermal component, excess emis-
sion above 0.7 keV may be accommodated with either a sec-
ond (hot) blackbody with kThot = 190+70

−50 eV or a power-law
tail; for the latter, the photon index Γ = 4.2+1.6

−1.3 is consider-
ably steeper than what is typically observed in the spectra of
middle-aged spin-powered pulsars dominated by thermal emis-
sion (e.g. Schwope et al. 2022; Rigoselli et al. 2022a). Magne-
tised and fully ionized neutron star atmosphere models, with
B = 1012−1013 G and Teff = (2.6−3) × 105 K, are also in reason-
able agreement with the data. All best-fit nsa models in Table 4
predict a rather close-by neutron star within 90 pc (3σ). We cau-
tion, however, against the applicability of such simple model
atmospheres for sources as soft as J0221 when not in the weak-
field regime (Potekhin 2014).
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Fig. 6. Thermal luminosity vs. emission radius for cooling neutron stars.
The arrow shows the distance-luminosity range of the target assuming
the same emission radii observed for the M7 INSs (see the text, for
details).

In Fig. 6 we show the range of luminosity and emission
radius of J0221 in the context of the sample of 55 cooling INSs
from Potekhin et al. (2020, we refer to their review paper for
the terminology, references, and a description of the included
data sets and spectral models). The distance interval of 200 pc
to 2.9 kpc, indicated by the arrow in the diagram, assumes that
the X-ray source has a similar emission radius as the M7. Con-
sidering a fiducial timescale of 1.2 Myr to cool down the sur-
face to its present-day temperature of ∼(3−7) × 105 K (see e.g.
Yakovlev & Pethick 2004, their Fig. 1), the location of J0221 ∼
100 pc to 1.9 kpc below the Galactic disk (b = −41.7◦; Table 1)
implies a projected speed within 90 km s−1 and 1600 km s−1,
roughly in agreement with the range observed for radio pulsars
(Hobbs et al. 2005).

From all our tested spectral models we infer a hydrogen col-
umn density a factor of ∼1.5−3 higher than the Galactic value
from Dickey & Lockman (1990, NH = 3.8 × 1020 cm−2), but
within that derived from the HI4PI map in this line-of-sight
(NH = 1.4 × 1021 cm−2; HI4PI Collaboration 2016). The lat-
ter integrates the HI emission over both the Galactic and the
Magellanic Cloud systems (see also Sasaki et al. 2022). If the
absorption is purely interstellar, this would place J0221 outside
the Milky Way into the Magellanic Bridge, at a distance of the
order of that of the Small Magellanic Cloud, 60 kpc. The inferred
size of the emission area for such a large distance is incompati-
ble with the neutron star surface. On the other hand, part of the
absorption could be caused by matter local to the X-ray source
(e.g. the case of RX J0806.4−4123; Posselt et al. 2018). Inter-
estingly, residuals around 540−580 eV may indicate an enhance-
ment of oxygen local to or in the direction of the INS candidate
(Appendix C). An updated value of the HI emission in this line-
of-sight excluding the contribution of the Magellanic system is
necessary for a reliable estimate of the amount of absorption
intrinsic to the X-ray source.

X-ray emitting INSs at faint fluxes will consist of the prod-
ucts of more distant massive star associations and will be

younger and hotter than the M7 on average (see Pires et al.
2017, for details based on a population synthesis model and a
discussion of multiwavelength follow-up strategies of new INS
candidates). The most compelling candidates will be located
in the Galactic plane or close to open stellar clusters and
supernova remnants. Other interesting Galactic and extragalactic
X-ray sources (high-redshift quasars, ultraluminous and super-
soft X-ray sources, millisecond and rotation-powered pulsars)
may also be selected by our searches (Pires et al., in prep.; see
also Khokhriakova et al. 2022; Vahdat et al. 2022). In particular,
the sky location and softness of J0221 could indicate a super-
soft nature (Kahabka & van den Heuvel 1997, for a review).
However, at the distance of the SMC, the luminosity of ∼2 ×
1035 erg s−1 is well below the range for stable hydrogen burn-
ing typical of white dwarves in close binary systems (Wolf et al.
2013). The size of the inferred emission region, ∼290−410 km,
is likewise inconsistent with the white dwarf radius. Given the
absence of significant variability and optical counterparts, we
regard the surpersoft source interpretation as unlikely.

Overall, the identification of 4XMM J022141.5−735632
with an INS appears robust. A systematic search for pulsations
from dedicated searches in X-rays and in the radio regime is cru-
cial to establish the true nature of the X-ray source and shed light
on its relations to other Galactic neutron stars.
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Appendix A: Selection of INS candidates

To search for INS candidates, we started with a preliminary
screening to remove all spurious sources arising from soft strips
that appear in some parts of CCD4 in MOS1. We then selected
sources with positions in the HR2-HR3 hardness ratio diagram
consistent with those of the M7 group of X-ray thermally emit-
ting INSs (see, e.g. Fig. 1 of Pires et al. 2009 and similar hard-
ness ratio diagrams in Rigoselli et al. 2022b; we refer to the
caption of Table 1, for a definition of hardness ratios and
standard XMM-Newton energy bands). Practically, this implies
selecting sources with a very soft spectral slope in the 0.5−2 keV
range and consistent with no detected flux above 2 keV, namely:
HR2−σHR2 < −0.3 and HR3−σHR3 < −0.99. Since HR1 mostly
depends on interstellar absorption, we did not put any constraint
on its value. In order to exclude optically bright classes of soft
X-ray emitters such as active coronae or cataclysmic variables,
we removed XMM-Newton sources having a positional match
with a probability higher than 50% with a selection of archival
catalogues (Pineau et al. 2017). For this purpose we used the
results of the statistical cross-matching process between 4XMM-
DR9 and GALEX GR6+7, XMM-OM-SUSS4.1, Gaia DR2,
APASS, SDSSDR12, Pan-STARRS DR1, SkyMapper, 2MASS
and AllWISE (see Webb et al. 2020, for a description). Visual
screening allowed us to discard high proper motion active coro-
nae which cannot match the X-ray source position due to epoch
difference. Finally, we looked for possible identifications in the
SIMBAD5 astronomical database.

Appendix B: Inter-epoch variability in eRASS

The best-fit parameters resulting from the analysis of the
eROSITA epochs, when fitted independently of EPIC, have
shown a strong dependence on the choice of TM detectors, pat-
terns, and binning. For example, adopting a simple blackbody
model, the best-fit temperature of the target derived from TM8
is 30% softer than when TM 5 and 7 are included in the analysis.
More consistent results between the eROSITA detectors were
obtained when NH is fixed to the best-fit EPIC value. In particu-
lar, the fit of a constant blackbody model on the eROSITA data
sets has a high null-hypothesis probability, 80% for 19 degrees of
freedom, and parameters in overall agreement with EPIC: kT =
67+7
−6 eV, Rem = 7+3

−2 km and fX = (1.15+0.15
−0.19)×10−13 erg s−1 cm−2.

For model (4) in Table 4 we only kept the column density
towards the target and the parameters of the blackbody within a
given epoch (that is, between the EPIC cameras) coupled dur-
ing fitting. When the requirement of constancy is lifted from
the individual epochs, the parameters of the target as derived
from eRASS in model (4) show a much wider spread around the
median in comparison to the EPIC data, with variations in tem-
perature and flux of up to 13% and 60%, respectively (Table 5
and Fig. 4). The chi-square values assuming constancy are 3.6,
13.2, and 8.2 (5 d.o.f.), respectively for kT , Rem and fX.

We investigated whether similar variations are observed
in the survey data of other thermally emitting INSs. We
retrieved the c020 pipeline processed sky tiles centred on
the positions of RX J0420.0−5022, RX J0720.4−3125,
RX J0806.4−4123, RX J1308.6+2127, RX J1856.5−3754, and
2XMM J104608.7−594306 (Table B.1), and analysed them con-
sistently with the procedure described here for J0221. The

5 http://simbad.u-strasbg.fr/simbad

Table B.1. eROSITA All-Sky Survey observations of thermal INSs.

Sky field Date? MJD Exp. GTI† Rate‡

(days) (s) (%) (s−1)

RX J0420.0−5022
06714101 2020-01-24 58 877.77 941 78 0.108(19)
06714102 2020-07-24 59 060.03 950 80 0.146(21)
06714103 2021-01-18 59 236.45 634 80 0.121(23)
06714104 2021-07-25 59 424.41 648 78 0.126(23)

RX J0720.4−3125
11112001 2020-04-21 58 962.14 245 71 6.67(29)
11112002 2020-10-24 59 147.77 216 80 7.17(31)
11112003 2021-04-23 59 329.52 302 79 7.42(25)
11112004 2021-10-25 59 514.40 317 87 7.76(33)

RX J0806.4−4123
12113201 2020-05-07 58 978.14 331 71 1.58(13)
12113202 2020-11-07 59 162.53 288 74 1.55(12)
12113203 2021-05-10 59 345.93 259 76 1.74(13)
12113204 2021-11-09 59 529.57 288 77 1.79(14)

2XMM J104608.7−594306
16315001 2020-01-01 58 852.22 533 84 0.086(25)
16315002 2020-07-01 59 034.39 576 84 0.085(25)
16315003 2021-01-01 59 217.67 418 81 0.111(33)
16315004 2021-07-04 59 404.56 799 91 0.096(32)

RX J1308.6+2127
19606901 2019-12-15 58 834.01 245 73 3.02(19)
19606902 2020-06-14 59 015.18 187 79 2.67(21)
19606903 2020-12-17 59 202.22 230 82 2.62(19)
19606904 2021-06-19 59 385.89 245 77 2.46(17)

RX J1856.5−3754
28212901 2020-04-09 58 949.34 115 69 5.86(31)
28212902 2020-10-13 59 136.08 115 69 5.48(30)
28212903 2021-04-08 59 313.30 158 73 5.60(30)
28212904 2021-10-10 59 498.62 173 80 5.53(27)

Notes.All eROSITA observations were processed with pipeline version
c020. The telescope modules (TMs) were operated in SURVEY mode
with FILTER setup. (?)Start date of a given eRASS epoch (of dura-
tion ∼2−11 days) at the sky location of the target. (†)The percentage
of good-time intervals are averaged over all active TMs. (‡)We show the
count rate of the targets from source detection and PSF fitting over the
TMs unaffected by optical light leaks, with 1σ errors (0.2−1 keV; see
Fig. B.1).

0.2−1 keV count rates of the sources from PSF fitting as a func-
tion of eRASS epoch can be seen in the diagram of Fig. B.1,
with 1σ errors. A chi-square test for constancy at p-value 0.1 is
formally rejected for all sources except RX J1856.5−3754 and
2XMM J104608.7−594306 (χ2 values within 1.9 and 6.8 above
the critical value of χ2

cr ∼ 0.58 for 3 d.o.f.). All rates are consis-
tent within 2σ.

To fit the individual eRASS1–4 spectra of the six INSs we
assumed simple absorbed blackbody models. The fit results are
in general agreement with those previously reported in the litera-
ture. We found up to 2σ variations in flux and deviations of up to
23% in kT , suggesting that the level of intra-eRASS variability
observed for the INS candidate J0221 is typical and probably a
result of low-count statistics.
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Fig. B.1. Count rates of thermally emitting INSs in eRASS1–4 (TM8, 0.2−1 keV). A chi-square test for constancy is formally rejected for
4XMM J022141.5−735632, RX J0420.0−5022, RX J0720.4−3125, RX J0806.4−4123, and RX J1308.6+2127. All rates are consistent within
2σ.

Appendix C: Variable elemental abundances
In Table C.1, we show the results of two additional spectral fits
with the variable absorption model tbvarabs in XSPEC, which
were not included in Table 4 for conciseness. Model (A) is a
single-temperature constant blackbody with enhanced oxygen
abundance with respect to solar, ZO = (5.4+2.4

−1.9) × Z�; it consists
of a significant improvement with respect to model (1) in Table 4
(F-test probability 0.003). Elemental abundances other than oxy-
gen were either insensitive or unconstrained by the fit. Similarly
to the improvement found for the multi-component models (2)
and (3), the best-fit parameters of the blackbody component do
not significantly (>2σ) differ from those of model (1).

In model (B), we tested the possibility that the source is
extragalactic, motivated by its projected location in the Mag-
ellanic Bridge and NH in excess of the Galactic value from
Dickey & Lockman (1990), NDL

H = 3.8×1020 cm−2. As discussed
in Sect. 4, the hydrogen column density integrated in the line-
of-sight includes the contribution of both the Milky Way and
the Magellanic Clouds; ideally, these should be uncoupled to
get a reliable estimate of the foreground NH in our Galaxy (e.g.
Sasaki et al. 2022). Assuming that the source is located at the
distance of the Small Magellanic Cloud (SMC), dSMC = 60 kpc,
we thus tested a model with two absorption components. We
set NGal

H ≡ NDL
H whereas NSMC

H was free to vary. For the lat-
ter, the elemental abundances of Anders & Grevesse (1989) were
initially fixed to a sub-solar value of 0.2, more typical of that
of the SMC (Russell & Dopita 1992), then allowed to vary to

Table C.1. Results of spectral fitting with variable absorption.

NHPa C (d.o.f.) NH
b Model parameters FX

c

tbvarabs*bbodyrad kT Rem
d

(eV) (km)

A? 70 153 (158) 5.3(9) 67(3) 5.6+1.2
−0.9 4.3+0.7

−0.6
B† 70 154 (158) 3.4+2.2

−2.0 67.2(2.9) 340+70
−50 4.4+0.7

−0.5

Notes. Errors are 1σ confidence levels. Models fitted to the data:
(A) single-temperature blackbody and (B) “extragalatic” model with
Anders & Grevesse (1989) abundances, fixed NGal

H ≡ 3.8 × 1020 cm−2

(Dickey & Lockman 1990), and best-fit NSMC
H listed above. (a)Null-

hypothesis probability in percentage that the observed data are drawn
from the model. (b)The column density is in units of 1020 cm−2. (c)The
unabsorbed flux is in units of 10−13 erg s−1 cm−2 (0.2−12 keV). (d)The
blackbody emission radius at infinity is computed assuming a dis-
tance of 1 kpc (A) and 60 kpc (B). (?)The best-fit abundance of oxy-
gen is ZO =

(
5.4+2.4
−1.9

)
× Z�. (†)The best-fit abundance of oxygen is

ZO = (4+8
−2) × Z�.

search for an improvement in the fit statistic. The best solution,
with NSMC

H = 3.4+2.2
−2.0 × 1020 cm−2 and kT = 67.2 ± 2.9 eV, is

obtained when oxygen is overabundant with respect to solar,
ZO = (4+8

−2)×Z�; we note that this is essentially the same fit result
as that of model (A). In Table C.1 we list the corresponding emis-
sion radius of the model normalised to dSMC, RSMC

em = 340+70
−50 km.
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