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Abstract

The eROSITA instrument on board Spectrum-Roentgen-Gamma (SRG) has completed four scans of the X-ray sky, leading to the detection of almost one million X-ray sources in eRASS1 alone, including multiple new X-ray binary candidates. We report on analysis of the X-ray binary 1eRASS J085039.9−421151, using a ∼55 ks long NuSTAR observation, following its detection in each eROSITA scan. An analysis of the eROSITA and NuSTAR X-ray spectra in combination with X-shooter data of the optical counterpart provide evidence of an X-ray binary with a red supergiant (RSG) companion, confirming previous results. However, we did determine a cooler spectral type for M2–3, owing to the presence of TiO bands in the optical and near-infrared spectra. The X-ray spectrum is well-described by an absorbed power law with a high-energy cutoff typically applied for accreting high mass X-ray binaries. In addition, we detected a strong fluorescent neutral iron line with an equivalent width of ∼700 eV and an absorption edge, the latter indicating strong absorption by a partial covering component. It is unclear whether the partial absorber is ionised. There is no significant evidence of a cyclotron resonant scattering feature. We did not detect any pulsations in the NuSTAR light curves, possibly on account of a large spin period that has gone undetected due to insufficient statistics at low frequencies or potentially large absorption that causes pulsations to be smeared out. Even so, the low persistent luminosity, the spectral parameters observed (photon index, Γ < 1.0), and the minuscule likelihood of detection of RSG-black hole systems suggest that the compact object is a neutron star.
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1. Introduction
As part of its X-ray all-sky survey, the extended ROentgen Survey Imaging Telescope Array (eROSITA; Merloni et al. 2012; Predehl et al. 2021) on board the Spectrum-Roentgen-Gamma (SRG) observatory has completed four surveys (out of a planned eight), each with a duration of six months. The eROSITA survey has already detected several million X-ray sources and has increased the number of known X-ray sources by a significant factor, compared to the 1990 sky survey conducted by ROentgen SATellite (ROSAT; Voges et al. 1999; Boller et al. 2016). Among other source types, eROSITA is expected to significantly increase the number of known X-ray binaries (XRBs), particularly those with lower luminosities (Doroshenko et al. 2014). Indeed, eROSITA’s sensitivity in the 0.2–8.0 keV band, which is a factor of ∼20–40 higher than ROSAT (Boller et al. 2016), allows for the detection of sources that were too faint for ROSAT’s soft X-ray coverage or for hard X-ray observatories, such as the INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL; Winkler et al. 1993; Doroshenko et al. 2014) or the Neil Gehrels Swift Burst Alert Telescope (Swift/BAT; Barthelmy et al. 2005).
To identify new X-ray binary candidates in the catalogue of the first eROSITA all-sky survey (eRASS1), our team uses the typical X-ray and optical properties (e.g., eROSITA fluxes and Gaia magnitudes) of sources contained in the most recent catalogues of heretofore known high-mass X-ray binaries (HMXBs, Neumann et al. 2023) and low-mass X-ray binaries (LMXBs, Avakyan et al. 2023) before performing follow-up observations with other pointed instruments. Among the sources flagged as X-ray binary candidates, our team obtained deeper observations for four candidates by means of target of opportunity (ToO) observations with the Nuclear Spectroscopic Telescope Array (NuSTAR; Harrison et al. 2013) and the X-ray Multi-Mirror Mission (XMM-Newton; Jansen et al. 2001), with each of them observing two of the candidates. An analysis of one of the X-ray binary candidate follow-ups with NuSTAR has been presented by Doroshenko et al. (2022), while the two others have been reclassified and will be discussed by Avakyan et al. (in prep.).
This paper focuses on the analysis of eROSITA and NuSTAR observations of the fourth candidate, 1eRASS J085039.9−4211511 (hereafter, J085039), a source that first came to our notice as an X-ray source found at [image: equation], [image: equation], with a positional uncertainty of [image: equation] (Merloni et al. 2024), during the first eROSITA All-Sky Survey (eRASS1). The system had been previously detected in X-rays (as Swift J0850.8−4219) in the 105 month Swift/BAT All Sky Hard X-ray Survey carried out by the Swift/BAT instrument on board the Neil Gehrels Swift Observatory (Gehrels et al. 2004) at the position [image: equation], [image: equation], where it was flagged as an unidentified source (Oh et al. 2018). We flagged J085039 as an X-ray binary candidate due to its positional coincidence with the star UCAC2 13726137 (Fig. 1), which is only 3″ away, and it has since been identified as a K-type supergiant (De et al. 2024, hereafter, De+24). This star is contained in the Gaia catalogues and is reported to have a G-band magnitude of 13.354±0.002 mag and a parallax of 0.0827 ± 0.0139 mas (Gaia Collaboration 2016, 2023), corresponding to a geometric distance of [image: equation] kpc (Bailer-Jones et al. 2021).
	[image: thumbnail]	Fig. 1. Infrared view of the optical counterpart from the Two Micron All Sky Survey (2MASS; Cutri et al. 2003), with 2MASS (Cutri et al. 2003), NuSTAR (Harrison et al. 2013), and eRASS1 (Merloni et al. 2024) error circles indicated in green, red, and blue, respectively. The star is located [image: equation] away from the eROSITA position of the source.



Here, we report on the analysis of the eROSITA data, a pointed observation with NuSTAR, and archival observations from the ESO Very Large Telescope (VLT)’s spectrograph X-shooter (Vernet et al. 2011) of the optical counterpart, with the primary focus on determining the nature of its compact object. We compare our results with the findings of De+24, who studied Swift/XRT data and a near-infrared (NIR) spectrum obtained using the Southern Astrophysical Research Telescope (SOAR)’s TripleSpec spectrograph (Schlawin et al. 2014). The paper is structured as follows. In Sect. 2, we describe the observations obtained and analysed, as well as report on information gathered from several survey instruments. This is followed by inferences on the behaviour of the optical counterpart in Sect. 3. Section 4 discusses the timing and spectral analysis of the X-ray data, on the basis of which we discuss likely physical scenarios for the system in Sect. 5, before concluding on our findings in Sect. 6.
2. Observations and data reduction
2.1. eROSITA
J085039 has been observed by eROSITA four times, once during each complete All-Sky Survey conducted thus far (Table 1). The data were obtained within the framework of the eROSITA_DE consortium. We extracted the data products using evtool and srctool from the eROSITA data analysis software (eSASS; Brunner et al. 2022), version 211214, processing version c020, and the High Energy Astrophysics Software (HEASOFT), version 6.29. The source and background extraction regions for this source were computed by eSASS to be 20″ and an annulus with inner and outer radii of ∼48″ and ∼250″, respectively.
Table 1. 
Observing log of the four eROSITA snapshots of J085039 and the follow-up observation obtained by NuSTAR.

Since eROSITA performs a slew survey, the total exposure of sources during each All-Sky Survey is only a few 100 s, taken during several ∼40 s long passes of the source through eROSITA’s field of view, which are separated by 4 h due to the rotation of SRG.
2.2. NuSTAR
Due to the short exposure times of the eROSITA slew survey, with the exception of for the brightest X-ray sources, follow-up observations with other instruments are necessary to accumulate data that are suited for a detailed quantitative analysis that would allow us to deduce physical information characterising the source. Therefore, we triggered follow-up observations of J085039 with NuSTAR, launched on 2012 June 13 into an orbit with a period of about 97 minutes. It comprises two detector arrays, focal plane modules A and B (FPMA and FPMB), which operate in the 3–79 keV energy range (Harrison et al. 2013).
NuSTAR observed J085039 between MJD 59347.187 and 59348.388 (OBSID: 80660302002), close to the third eROSITA observation (Fig. 2) with an effective exposure time of 55.6 ks. We carried out the data reduction and processing using NuSTAR’s analysis software NuSTARDAS, version 2.1.1, v20211115, of the NuSTAR calibration database (CALDB), and HEASOFT v6.29. We reduced the raw data to produce cleaned event lists using nupipeline and applied nuproducts to extract spectra and barycentered light curves from circular regions of ∼45″ radius separately for FPMA and FPMB. The background regions were circles with ∼117″ radius, offset from the source, but on the same detector chip.
	[image: thumbnail]	Fig. 2. 3–10 keV X-ray flux from each observation of J085039 as a functin of time, corrected for absorption. The eROSITA fluxes are displayed at the start time of each scan. The third eROSITA observation was only four days prior to the pointed NuSTAR observation. The NuSTAR flux is brighter by a factor ∼2, which might indicate slight source-intrinsic variability, even when taking into account eROSITA’s known calibration uncertainties (Migkas et al. 2024). The observation times of the optical observations from X-shooter are marked by gray dashed lines as O1 and O2.



2.3. Other X-ray data
In addition to the NuSTAR follow-up, we searched for the source in other X-ray survey data. The results are listed in Table 2 and described in the following. We refer to the 157 month light curve provided by the 157 month Swift/BAT All Sky Hard X-ray Survey (Lien et al., in prep.), which spans the period from the detection of the source in 2004 December until 2017 January. We obtained Crab-weighted light curves of J085039’s Swift/BAT counterpart, Swift J0850.8−4219, from the Swift/BAT Hard X-ray Survey webpage hosted by the High Energy Astrophysics Software ARChive (HEASARC) server2. We determined the flux based on the value listed there. Archival Swift/XRT observations with serendipitous detections of the source were obtained from HEASARC. We also estimated the fluxes, and upper limits where fluxes were unattainable, as observed by other survey missions at the source position of J085039, namely, by ROSAT, INTEGRAL, and the Mikhail Pavlinsky Astronomical Roentgen Telescope-X-ray Concentrator (ART-XC; Pavlinsky et al. 2021, also on board SRG).
Table 2. 
J085039 as seen by different observatories over the years.

The upper limits on ROSAT count rate were obtained using the upper limit server HIgh-energy LIght-curve GeneraTor3 (HILIGT; Saxton et al. 2022; König et al. 2022). We converted them to a flux upper limit with WebPIMMS4, assuming a powerlaw with an index of Γ = 0.5, and an NH = 1.5 × 1022 cm−2 (see Sect. 4.2).
We determined the INTEGRAL flux upper limits in the 30–50 keV band from merged IBIS/ISGRI (Ubertini et al. 2003; Lebrun et al. 2003) spectra of all IBIS Science Windows during which the source position had an off-axis angle of < 10°. We used version 11.2 of the Off-line Scientific Analysis (OSA)5 for the data extraction. The resulting spectrum includes a total of 2.8 Ms of exposure time. We described its shape with a simple powerlaw model to determine a flux upper limit.
The ART-XC flux for J085039’s counterpart in the 4–12 keV band was obtained from the recently published catalog of all sources detected by SRG/ART-XC in its first year (Pavlinsky et al. 2022), where it has been independently identified as a potential HMXB candidate.
Swift/XRT fluxes were obtained by fitting an absorbed powerlaw to the spectra extracted at the source position, with extraction regions spanning ∼25″ in radii. The fitting resulted in a relatively unconstrained photon index of [image: equation] with [image: equation]. We do not use these spectra for further spectral analysis, in favour of the eROSITA data which provide more overall counts.
2.4. X-shooter
We also used data from the two observations of the potential companion star of J085039 in the optical and NIR found in the ESO archive. These data were obtained using the VLT’s spectrograph X-shooter (Vernet et al. 2011). X-shooter is a medium resolution spectrograph that has three spectroscopic arms, operating in ultraviolet-blue (UVB; 300–559.5 nm), visible (VIS; 559.5–1024 nm), and near-infrared (NIR; 1024–2480 nm). The observations were carried out four months apart, on 2021 January 11 (MJD 59225) and 2021 May 14 (MJD 59348). Each observation had an exposure of ∼1000 s in each of the three bands covered by X-shooter.
Finally, the counterpart is also monitored by the All Sky Automated Survey for Supernovae (ASAS-SN; Shao 2017), where we used the light curve, as hosted on the ASAS-SN Lightcurve Server6.
2.5. Search for counterparts in other wavelengths
Apart from the optical and X-ray regimes, X-ray binaries can also sometimes show up in other wavelengths, as microquasars (Koljonen & Russell 2019) or accreting millisecond X-ray pulsars (AMXPs) in radio (e.g. Gusinskaia et al. 2020), or as γ-ray binaries emitting γ-rays (Chernyakova & Malyshev 2020). Emission (or lack thereof) in these wavelengths can serve as yet another distinguishing feature that allows us to place the system among the various subclasses of X-ray binaries, hinting at the nature of the compact object.
With this in mind, we performed a search for counterparts at the coordinates of J085039 with survey data from the Fermi Gamma-ray Space Telescope’s Large Area Telescope (Fermi/LAT; Atwood et al. 2009). The search returned no reliable counterparts within 25′ of the source position. To look for radio counterparts, we queried HEASARC’s regularly updated Master Radio Catalog7, which provides access to all available radio source catalogs. We did not find any reliable radio counterparts within the error circle of the eROSITA position of J085039 or within that of the optical counterpart.
3. The nature of the optical counterpart UCAC2 13726137
3.1. Narrowing down the spectral type and luminosity class
We start our discussion of the nature of J085039 with a look at the optical counterpart, since this can help us narrow down the possible configurations X-ray binaries may exist in, which are typically classified based on the mass and spectral type of the donor star (Shao 2017; Fornasini et al. 2023). HMXBs tend to be subdivided into Be X-ray binaries (BeXRBs) and supergiant X-ray binaries (SgXBs), with the companion stars being non-supergiant Be-type stars and massive supergiant stars, typically of spectral type OB, respectively (Reig 2011; Fornasini et al. 2023). In rare cases, the high-mass donor can also be a late-type red supergiant (RSG), as in 4U 1954+31 (Hinkle et al. 2020). LMXBs are instead characterised by late-type dwarf companions (see, e.g., Bahramian & Degenaar 2023, for a review) or, in a smaller subset of cases, M-giant donors. This subset of sources is called symbiotic X-ray binaries (SyXBs; Bozzo et al. 2022b; Yungelson et al. 2019). They are supposed to host highly magnetised neutron stars accreting from the slow stellar wind of their M giant optical counterparts.
Optical spectra enable us to discern between these possible donor types, based on the presence of various emission lines and overall spectral shape (see, e.g., Masetti et al. 2012). Be-type stars, typically defined as non-supergiant stars, show Balmer emission lines in their spectra at any time (Slettebak 1988), which are attributed to the presence of a decretion disk. OB-type supergiants can also exhibit some Balmer lines in emission, albeit shallower, but typically have several metal lines in emission (Aret et al. 2012; Liu et al. 2019). Late-type giant and supergiant stars typically do not show strong Balmer lines in emission. They are instead characterised by the presence of molecular absorption bands, mainly TiO in the optical and CO in the NIR regimes (Serote Roos et al. 1996). M giants in SyXBs do sometimes also show key lines in emission such as Hα (Davidsen et al. 1977). It should also be noted that M giants in accreting systems have been predominantly studied in the context of symbiotic stars (SySts) hosting white dwarfs as the compact object (Merc et al. 2019).
Although De+24 already characterised the optical counterpart of J085039 as a K4–5 supergiant, we nevertheless conduct an independent study, including a wider wavelength regime using the X-shooter data. The X-shooter spectra shown in Fig. 3 clearly indicate several lines in emission, most notably, the Balmer lines. These are strong indicators for the presence of a hot circumstellar decretion disk around a Be-type star (Slettebak 1988). However, the spectra also show prominent TiO bands at 6250 Å, 7150 Å, and 8500 Å, and very evident CO bands in the NIR spectra, strongly supporting the late-type characterisation invoked by De+24.
	[image: thumbnail]	Fig. 3. De-reddened X-shooter spectra of the optical counterpart. Observation 2 shows an increase in flux with stronger emission lines. Prominent features include the Balmer series, several He I and Fe II lines, and TiO and CO absorption bands. Telluric regions are greyed out.



To determine the spectral type, we employed methods to discern spectral type in SyXBs, as put forth by Kenyon & Fernandez-Castro (1987), who established that the depth of TiO bands acts as an indicator for spectral type and temperature of the star, independent of the effects of reddening, and have been similarly applied elsewhere (e.g. Munari & Banerjee 2018). We determined the [TiO]1 and [TiO]2, and the [Na] index, as defined by Kenyon & Fernandez-Castro (1987, their Eqs. 1, 2, and 4), and use them to compute the spectral type according to Eqs. (5) and (6) of the same paper,
[image: thumbnail](1)
and
[image: thumbnail](2)
where the spectral type, ST is −6 for K0 stars, 0 for M0 stars, and +6 for M6 stars.
The indices determined from the X-shooter spectra are listed in Table 3. Using Eqs. (1) and (2), we find ST1 ranging from ∼2.86–3.14 and ST2 ranging from ∼1.80–1.98 between the two observations, pointing to a spectral type closer to ∼M2–3, as opposed to the K4–5 characterisation invoked by De+24. We compared UVES (Bagnulo et al. 2003) spectra corresponding to an M type and K type supergiant with the X-shooter data and find the TiO bands observed in UCAC2 13726137 are only visible in the M type spectrum. The conclusion that UCAC2 13726137 is a M type star is further supported by the correlation between the equivalent width of the CO(2, 0) band and spectral type as put forth by Davies et al. (2007), where our estimated values populate the top right of their Fig. 2, already hinting at a luminosity class of I.
Table 3. 
Spectral indices used in this work.

Nevertheless, we also used other diagnostics to estimate the luminosity class. We use the equivalent width (EW) of the line blend constituting Ti I, Fe I, and CN around 8468 Å (see Table 4), which sits in the parameter space occupied by the handful of supergiants considered by Negueruela et al. (2011) in their Fig. 5, where they correlate EW(8468Å) with a specific spectral type. Messineo et al. (2017) analysed a sample of red supergiants, and find that they lie in the bottom right while correlating the equivalent widths of the Mg I line and the CO(2, 0) band. We compute the equivalent width of the CO(2, 0) band as defined by Messineo et al. (2021) for both observations. Some of the lines in this spectral region are shown in Fig. 4. We find our results for these lines consistent with the positions occupied by supergiants in this parameter space, compared to giants. We also estimated the equivalent widths and indices proposed by Dorda et al. (2016a), but found our overall values to be systematically larger. This is likely due, as the authors indicate, due to differences between red supergiant properties between the Magellanic Clouds – where their sample lies – and the Galaxy. We therefore do not use their characterisation, but tentatively suggest that the star is of luminosity class I, in agreement with De+24. Below, we retrace the steps taken by De+24 and compare our results.
Table 4. 
Equivalent widths of spectral lines obtained from the X-shooter spectra, as well as other diagnostics.

	[image: thumbnail]	Fig. 4. 8300–9000 Å region of the NIR spectrum. Several key absorption lines used for classification of the donor star are indicated here.



3.2. Retracing the steps undertaken by De et al. 2024
De+24 show a comparison of their SOAR T-Spec spectrum of UCAC2 13726137 to NIR spectra of an M giant and a K supergiant, eventually concluding that a K supergiant is the better fit. In this section, we take a deeper look at their diagnostics and apply them to the X-shooter spectra.
We find our measured values for the equivalent width of the CO(2, 0) band to be comparable to the value determined by De+24. Furthermore, we measured the equivalent widths of the absorption features at Na I and Ca I, although we found them to be more complex in the X-shooter spectra than in the T-Spec data. We also confirm that log(EW(CO)/(EW(Na)+EW(Ca))) lies in the parameter space for evolved late-type stars in the diagnostic put forth by Ramirez et al. (1997). The respective values are given in Table 4.
In accordance with De+24, we found CN absorption features in the Y + J band; in addition, we also found a TiO band at 11 000 Å. Upon closer inspection, the SOAR Tspec spectrum studied by De+24 also revealed the presence of the TiO absorption band, although it is masked by the strong He I emission line at 10 830 Å. As mentioned earlier in this paper, the presence of TiO bands throughout the optical and infrared regimes points to a later spectral type than K 4–5. Dorda et al. (2016b) suggested that deriving the spectral type from TiO bands results in underestimations of the temperature. These authors proposed using atomic line features such as those from Ti I and Fe I instead. However, as previously stated by Dicenzo & Levesque (2019), their results are based on a sample of stars ranging between G–M3 in spectral type, with the M stars making up a very small fraction. Dicenzo & Levesque (2019) emphasised the reliability of using the TiO band for late spectral types to determine the effective temperature. The M-type description of UCAC2 13726137 is further supported by correlations between effective temperature and equivalent widths of Na I, Ca I, and CO(2, 0) lines, respectively, (see Fig. 9 in Ramirez et al. 1997), where our values all correspond to a cool star with temperatures between 3200–3600 K. However, we are in complete agreement with De+24 on the luminosity class of the star, based on the diagnostics used by them employing the equivalent widths of lines from Mg I and CO(2, 0), and the J8, J9, and J10 indices from Messineo et al. (2021). Therefore, we have tentatively reclassified UCAC2 13726137 as an M2–3 supergiant.
3.3. Disentangling the emission lines
As alluded to in Sect. 3.1, emission lines are not typically observed in late-type supergiants. The emission lines must arise from matter surrounding the star, whether they are intrinsic to the star or attributed to the binary configuration of the system. However, if the emission lines are due to photo-ionisation by the compact companion, as suggested by De+24, the transient nature of some of them observed in the optical spectrum are expected to be correlated with variability in the X-rays. An example of variability in the emission lines between the two observations can be seen in the case of Hα (shown in Fig. 5). This is difficult to reconcile with the fairly persistent X-ray flux of J085039, as detected by eROSITA in each scan. Other lines such as those from He I and He II (also depicted in Fig. 5) are variable but markedly less so in comparison.
	[image: thumbnail]	Fig. 5. (a) Hα line as seen in both X-shooter spectra, normalised for comparison. The second observation shows a stronger and single-peaked line profile, compared to an asymmetric line profile in the first data set. The asymmetry is likely due to the contribution of He IIλ6560, also being in emission. (b) He IIλ4686 and He Iλ4713 are in emission, in both X-shooter spectra, but without as much variability. We normalised the two spectral continua relative to each other to compare the behaviour of the emission lines.



An obvious analogue to these spectra are the optical spectra of SySts, which are characterised as having the cool spectral continuum of a K–M giant, with several hydrogen, helium, and iron lines in emission; they also typically reveal high-ionisation states such as [Fe VII] (Kenyon & Webbink 1984). Although we found several hydrogen and helium lines in the X-shooter spectra, we did not find such lines as [Fe VIIλ, 6087] or [He IIλ, 10123]. Thus, in conjunction with the apparent lack of pronounced X-ray variability, we attempted to find other optical spectra showing similar lines in emission. We start with a comparison of our spectra to X-shooter spectra of late-type giants and supergiants. In particular, we identified KM-type giants and supergiants in the X-shooter spectral library (XSL) published as part of the third X-shooter data release (Verro et al. 2022). The giants in the sample are typically variable stars, namely, Mira variables or long-period variables (LPV), which are both known to show emission lines in their spectra. Some of these are shown in Fig. 6.
	[image: thumbnail]	Fig. 6. Comparison of the de-reddened X-shooter spectra of the optical counterpart to J085039 with spectra of a variety of late type stars, obtained from the X-shooter spectral library. Although the K-type supergiant has some absorption lines in common with that of UCAC2 13726137, the latter’s overall shape seems to agree better with the M-type supergiant, in addition to the presence of TiO bands. Of special intrigue is the remarkable similarity in spectral shape and presence of the same emission lines in the Mira variable.



We find that the red supergiants in the sample show similar lines in absorption with the strength of the TiO bands increasing with later spectral types, but there was no instance of emission lines as observed in UCAC2 13726137. On the other hand, we noticed a remarkable consistency with the spectra of Mira variables which display several of the same lines in emission as seen in one observation of UCAC2 13726137.
The similarity between the X-shooter spectra and Mira variables warrants a deeper look. Mira variables are cool giants of M-type, which show regular variability and periodicities of more than a few 100 days, along with amplitudes of ≥2.5 mag (Percy 2007). To address the possibility of J085039’s optical companion indeed being a Mira variable, we looked for evidence of variability in the optical regime. Based on the ASAS-SN light curve (Johnson V-band, ∼520 nm), UCAC2 13726137 has been reported to show semi-periodic photometric variability with a periodicity of ∼39.24 d (Jayasinghe et al. 2021). The light curve is displayed in Fig. 7, confirming a semi-regular variability with an amplitude of about ±0.1 mag. According to Jayasinghe et al. (2021), it was therefore classified as a semi-regular variable star (SRV). These objects are late spectral type giants or supergiants showing variability (Samus et al. 1997; Percy 2007). They differ from Mira variables in their lower variability amplitude and less regular periodic behaviour. It is unclear, however, what this periodicity pertains to in the specific case of UCAC2 13726137. With Mira variables, the periodic change in brightness is attributed to the expansion and contraction of these M giants, which is also responsible for the presence of the emission lines. A similar scenario can be invoked for SRVs (Moon 2008; Kiss et al. 1999).
	[image: thumbnail]	Fig. 7. ASAS-SN light curve of J085039. The light curve displays a semi-periodic variable behaviour.



Although epoch folding (Leahy et al. 1983) on the publicly available ASAS-SN data does not yield a significant periodicity (and so we did not use it to attempt to obtain any orbital constraints), the ASAS-SN light curve serves to confirm the variable nature of the star. Semi-regular variables are generally classified into four subclasses based on the kind of variability observed: SRa, SRb, SRc, and SRd, with their typical features listed in Table 5, based on the General Catalogue of Variable Stars (GCVS; Samus et al. 1997; Samus’ et al. 2017). This confirms that there are indeed supergiants that are classed as ‘semi-regular’. Although we do not find many precedents for M supergiant emission line spectra, they are not unheard of, as can be seen in the case of the unusually late-type red supergiant WOH G64 discussed by Levesque et al. (2009). The emission lines in this object are attributed to the circumstellar environment, with the suggested dominant source of ionisation being shock heating due to pulsations. These are both common characteristics of M supergiants (Skinner & Whitmore 1988), not unlike the variable stars discussed above. Moreover, as Skinner & Whitmore (1988) reiterate, the lack of significant variability in the optical regime is insufficient evidence for the absence of pulsations, since red supergiants peak in the infrared, where we have sparse monitoring data.
Table 5. 
Four subclasses of semi-regular variables and how they are classified.

The alternative scenario for WOH G64 explored by Levesque et al. (2009) is a binary nature of the system, which still needs probing into in our case. As briefly mentioned above, SySts and SyXBs are observed to have cool spectra with emission lines due to the hot companion. We therefore explored the emission lines that are typically observed in this case. Early studies of symbiotic binaries (Proga et al. 1994) have reported several He I lines in emission, although (at the time) the ionising region was simply considered to be a hot nebula and not an accreting compact object. Balmer lines are also seen in emission in Miras (Fox et al. 1984) and several SySts (Miszalski et al. 2013), while accreting X-ray binaries show at least Hα in emission (e.g. Torres et al. 2015; Bassa et al. 2009). In the latter case, they are often taken as an indicator for the presence of an accretion disk (Fender et al. 2009, and references therein). A prototypical SyXB hosting a neutron star is GX 1+4, which has a rich emission line spectrum (Davidsen et al. 1977) attributed to a persistent accretion disk, but the Fe II line forest around its Hα line seen there is not found in the X-shooter spectra of UCAC2 13726137; neither are the instances of [Fe] emission. Some metallic lines from Mg I and Fe I are observed in emission in Miras (Yao et al. 2017), while the many Fe II emission lines that are visible in the X-shooter optical spectra, are, in fact, consistent with semi-regular variable spectra (Jaschek & Jaschek 1995). However, the emission line spectrum does show lines that require a hot ionising plasma, such as He II at 4686 Å, which cannot simply be explained by intrinsic variability of the supergiant. The corresponding lack of X-ray variability cannot be explained at the moment.
Overall, we conclude that emission lines generated by intrinsic variability similar to what is seen in Miras and semi-regular variables could explain at least some of the lines observed in the spectra of UCAC2 13726137, considering that some of the higher ionisation lines typically observed in SySts and SyXBs are not seen here. However, the He II line indicates that there is further contribution due to the presence of the compact object and we speculate that this should be correlated to the X-ray behaviour of the source. Further study and detailed modelling needs to be conducted in order to fully disentangle the origin of these emission lines. We state here that we find it likely to entail a contribution from intrinsic variability of the donor star, in addition to photo-ionisation from the X-ray source.
4. Characterising the X-ray source
Having discussed the donor star in the previous section, we turn to a discussion of the properties of the X-ray source. We start in Sect. 4.1 with a study of the variability behavior, followed by a discussion of the X-ray spectral properties in Sect. 4.2.
4.1. Timing analysis
The underlying physics of an X-ray binary is driven by the nature of its compact object, which in most HMXBs, is typically a neutron star and not a black hole (Fortin et al. 2023). The most reliable way to confirm the presence of a neutron star is through the detection of pulsations (e.g. Torrejón et al. 2004; Reig et al. 2009).
The NuSTAR FPMA and FPMB light curves show the system to be in a state of relatively constant flux across the ∼55 ks long observation, as Fig. 8 shows. We searched for any period in the 0.1–6000 s band using epoch folding (Leahy et al. 1983) and a Z2 search (Buccheri et al. 1983; García et al. 2011), as well as a standard Fourier analysis and Lomb Scargle periodogram (Scargle 1982; Horne & Baliunas 1986). Searches were performed for the whole energy range of the detector, 3–79 keV, as well as for the 3–15 keV and 15–60 keV bands. We note that NuSTAR’s orbit results in gaps in the light curves every ∼90 minutes, leading to aliasing effects in the light curve analysis.
	[image: thumbnail]	Fig. 8. 100s binned light curve of J085039. The light curve shows barely any variability within uncertainties.



As an example of the analysis, Fig. 9 shows the epoch-folded events from detector FPMA in the range 1–6000 s, using the entire energy range of NuSTAR. Except for a peak at ∼5800 s, or 96 minutes, a signature of NuSTAR’s orbital period, no significant period is found. At lower frequencies, low statistics of the data and the dominance of NuSTAR’s orbit hinder robust detection of a signal. We also used the Z2-periodogram on event data to eliminate possible aliasing effects due to binning, to search for periods in the range from 0.01 to 600 s. Again, no significant periodicity was found.
	[image: thumbnail]	Fig. 9. Epoch-folded periodogram of barycentred event file from NuSTAR’s FPMA detector. The signal around ∼5800 s is most likely an effect of NuSTAR’s orbital period.



To determine an upper limit on the amplitude of any undetected signal that may be present, we used the analytical approach of Brazier (1994). Beyond 200 s, the data are dominated by noise and the method is unable to compute reliable pulsed fractions at this point. For the range of 1–200 s, the pulsed fraction 3σ upper limit on a sinusoidal signal is 3.56%, in the 3–79 keV energy range. Pulse periods in this range simulated with NuSTAR’s time resolution and the estimated pulsed fraction appeared above the detection level.
4.2. Spectral analysis
4.2.1. Individual eROSITA spectra
While a detailed spectral analysis is not possible for the eROSITA spectra due to the low signal to noise ratio (S/N), we used the eROSITA data to estimate the source flux by fitting them with an absorbed power-law, applying Cash statistics (Cash 1979), and the absorption model of Wilms et al. (2000) with abundances therein, and with cross-sections from Verner et al. (1996). The resulting goodness of fit varies from case to case, with reduced C-statistics in the range 0.5–0.8, due to low counts. Moreover, the photon index is negative in two of the four cases and around ∼0.5 otherwise. The column density is in the range NH ∼ 1–2 × 1022 cm−2. We froze the photon index at 0.5 to determine fluxes. Over the two years of observations, the system showed no decrease in flux within uncertainties in the 0.2–10.0 keV range. This suggests that there is no (or, at most, marginal) variability, the average unabsorbed flux being ∼7.75 × 10−12 erg cm−2 s−1. Adopting the ∼7.45 kpc distance, J085039 displays a stable luminosity of ∼5.14 × 1034 erg s−1 in the eROSITA band during the scans.
4.2.2. Describing the broadband continuum
To get a better handle on the overall spectral shape than from eROSITA alone, we turn our attention to the analysis of the joint NuSTAR and eROSITA data cumulated over the four eRASS scans. The spectra were re-binned to at least 25 counts in each bin.
We began the spectral analysis by modelling the 0.2–10.0 keV eROSITA spectrum and the 3–60 keV NuSTAR FPMA and FPMB spectra together with models typically used to describe the continuum of accreting binaries, including an absorption component TBabs (Wilms et al. 2000) to account for Galactic absorption in all models; again, here we adopted the cross-sections from Verner et al. (1996) and abundances from Wilms et al. (2000). The NuSTAR energy range is chosen as such, since the background dominates from 60 keV. The process is detailed in the following.
First, we use a simple power law model with a folding energy, cutoffpl in XSPEC-like notation,
[image: thumbnail](3)
where F(E) is the photon flux, Γ is the photon index, Efold is the folding energy, and K is a normalisation constant. This model is typically used to phenomenologically describe Comptonised photons from either the polar caps of the neutron star or originating from the black hole’s corona. We used a constant multiplier to account for differences in the flux calibration between the two detectors of NuSTAR and eROSITA, referring all fluxes to NuSTAR-FPMA. We included a Gaussian emission line to the fit to model an evident feature in the Fe Kα band around 6.4 keV. This spectral model (hereafter Model 1a or M1a) results in reasonable fit statistics with χ2/d.o.f. = 853.43/706 and χred2 = 1.20, resulting in a photon index Γ ∼ 0.13; this is on the lower end of what is observed for accreting binaries (Fornasini et al. 2023). The folding energy, Efold ≃ 9 keV, is within the range of what has been observed for neutron star binaries (e.g. Müller et al. 2013; König et al. 2020), while it is lower than usual for black holes (McClintock & Remillard 2006).
We also used other continuum models that are typically applied to neutron star spectra (e.g. Müller et al. 2013; Diez et al. 2022), such as a Fermi-Dirac cutoff FDcut (Tanaka 1986) which results in reasonable fit statistics (χ2/d.o.f. = 795.51/51, χred2 = 1.12) or the negative-positive exponential model NPEX (Mihara et al. 1995), which results in better fit statistics χ2/d.o.f. = 777.43/704, χred2 = 1.10), but produces unconstrained parameters, with positive and negative photon indices of [image: equation] and [image: equation].
Our spectral modelling reveals the possible presence of additional spectral components near 8 keV and above 30 keV in the residuals. Considering similar residuals, we adopted the simpler and better-known cutoffpl for further modelling to investigate them. Our initial fit with a cut-off power-law continuum and a neutral, homogeneous absorber shows strong residuals around the Fe K edge. We find that the prominent Fe K edge and continuum absorption are well modelled by a neutral partial covering absorber, modelled using pcfabs. The inclusion of the partial covering absorber (M1b) results in a better fit (χ2/d.o.f. = 731.65/704, χred2 = 1.04). We note that this is the only fit so far where the residuals do not show a dip around 8 keV, likely corresponding to an absorption edge. The corresponding photon index Γ ≃ 0.5 is higher than the previous value, perhaps hinting that the previous fit partly accounted for the absorption edge with a low photon index. However, we find that the model does not offer a good fit to the lowest eROSITA data point. Although the energy resolution and S/N of the eROSITA and NuSTAR spectra do not facilitate probing the ionization state of the absorbing medium, we replaced the neutral partial covering absorber with an ionised partial covering component zxipcf (M1c). This indeed results in improved fit statistics (χ2/d.o.f. = 698.23/703, χred2 = 0.99) and improves the modelling of the eROSITA data at the lowest energy bin. The corresponding photon index, Γ ≃ 0.8, is even higher, and the model predicts lower column density for the absorber, NH ≲ 1023 cm−2, but with a higher covering fraction. The usage of tbpcf to model the partial covering absorber resulted in very similar fit parameters, as with pcfabs.
We estimated the equivalent width of the Fe Kα line for the neutral partial covering model to be EW(FeKα)≃691 ± 45 eV, indicating strong fluorescence. Given the necessity for a strong absorber in the line of sight to account for the absorption edge evident in the spectrum, this is to be expected based on the assumption that the absorbing material is also responsible for fluorescence (Inoue 1985; Fürst et al. 2011). The ionised absorber zxipcf models the line with a more complex profile than we can resolve with NuSTAR; in particular, it includes an Fe absorption line at 6.7 keV, such that the Fe Kα emission line is narrower (EW(FeKα)≃345 ± 35 eV). The two scenarios also result in different NH values for the partial absorber (see Table 6). A stringent constraint on the column density would require disentangling the ionisation state of the absorber; thus, it cannot be carried out with the data at hand. Considering that the NuSTAR spectra cannot resolve the complex line profile modelled by zxipcf and that the errant eROSITA bin for Model 1b spans a wide energy range, we adopted the neutral partial covering absorber for further spectral fitting, with caveats as stated above.
Table 6. 
Spectral parameters for different models used to fit the eROSITA and NuSTAR spectra, with 2σ confidence intervals.

We modified the continuum model (M1b) with the inclusion of cyclabs, a model that describes cyclotron absorption with a pseudo-Lorentzian profile, to probe the presence of cyclotron resonant scattering features (CRSFs) in the spectra (see, e.g. Truemper et al. 1978; Staubert et al. 2019). The fit statistics and residuals were not significantly improved by the inclusion of an absorption component at around 34 keV, indicating that a cyclotron component likely cannot be adequately resolved here (χ2/d.o.f. = 717.22/701). The fit was also conducted using gabs, a cyclotron absorption component with a Gaussian optical depth parameter, with similar results.
We find a discrepancy in the cross-calibration between eROSITA and NuSTAR of up to 40%. While part of this can be attributed to known calibration issues of the eROSITA hard band with instruments like XMM-Newton, which has then been used to get an indirect relation for NuSTAR by Migkas et al. (2024), this only amounts to about 3–5%. Since the eROSITA and NuSTAR observations are not contemporaneous, the difference in flux could also be source-intrinsic. Nevertheless, a discrepancy by a factor of ≲2 within the uncertainties is well within typical variability observed for wind accretors (Kretschmar et al. 2019).
4.2.3. ‘Best’ spectral fits
Our spectral fits M1a–c assume the same underlying continuum but differ in the modelling of the source-intrinsic absorption with regard to the geometrical and temporal variability as well as the possible degree of ionization. The question of the absorption model is primarily raised by strong residuals around the Fe K edge left in our simplest, fully covering, neutral absorption model M1a. Diagnostics about the absorbing medium are, however, hampered because of NuSTAR’s energy resolution and the limited soft coverage. As shown in Fig. 10, the models diverge mostly below 3 keV. Best-fit parameters are given in Table 6, with 90% confidence limits.
	[image: thumbnail]	Fig. 10. NuSTAR and eROSITA spectra of J085039 from FPMA (teal) and FPMB (peach) fitted with three different models. The folded and unfolded models with individual model components are shown in panels (a) and (b), respectively. The χ2-residuals are shown for (c) Model 1a (M1a), the high-energy cutoff, (d) M1b, the high-energy cut-off including a partial absorber, and (e) M1c, the high-energy cutoff including an ionised absorber.



We note that the baseline NH(tbabs) in all our evaluated models agrees within uncertainties, along with estimated intrinsic fluxes determined using the convolution model cflux, after fixing the parameters to their best-fit values for each model. The unabsorbed fluxes were obtained by setting the absorption contribution to zero. The partial covering models M1b and M1c contain a higher column density component that gives rise to a deeper Fe K edge, thereby resolving the modelling issues between 6–8 keV. Statistically, our analysis favors model M1c, but we note that the choice of the absorption model has only a marginal effect on the derived source luminosity.
5. Discussion
The results of the previous sections can be summarized as follows:

	
J085039 was detected in each eROSITA scan, displaying a persistently bright flux.



	
The spectroscopic and photometric data of the optical counterpart reveal an M2–3 supergiant donor, with several transient emission lines. This indicates that the X-ray binary in question is an HMXB, albeit an unusual one.



	
The persistent nature of J085039 and its late-type supergiant companion place it in a sparsely populated class of only two in the Galaxy.



	
The hard photon index, cut-off energy, and luminosity all favor a neutron star as the accreting object.



	
We did not detect pulsations in the NuSTAR light curves, but suggest that pulsations longer than 200 s would not be detected due to the low sensitivity of the observation to pulsations in that period range. Such larger spin periods are commonly seen in X-ray binaries with late-type companions or obscured HMXBs.



	
The detection of a strong Fe Kα line with EW(FeKα)∼700 eV is indicative of obscuration of the X-ray source by the wind of the supergiant companion or other circumstellar material.



	
The presence of circumstellar material in the system is also consistent with a red supergiant companion that shows intrinsic variability.




In the following, we discuss each of the above points in more detail.
5.1. Persistent X-ray luminosity
We use the estimated geometric distance of [image: equation] kpc, as obtained from Bailer-Jones et al. (2021) for our luminosity estimates8. For completeness, the photogeometric distance is [image: equation] kpc (Bailer-Jones et al. 2021).
The unabsorbed 0.2–55 keV luminosity of J085039, estimated using the adopted distance of 7.45 kpc and the model assumptions discussed in Sect. 4.2, is ∼2.1–3.1 × 1035 erg s−1. As shown in Fig. 2, the flux state is consistent between the eROSITA scans. A similar luminosity is reported by De+24, using the Swift/XRT data, consistent within the uncertainties despite the difference in the adopted distances. Although a drop in flux between these observations would not have been noticed, the fact that each detection of J085039 finds it at the same flux lends credence to its higher duty cycle at this flux state.
Furthermore, the Swift/BAT light curve of J085039 displays consistently low flux ≲2 mCrab for its entire duration of 13 years, corresponding to an average 14–195 keV flux of ∼1.2 × 10−11 erg cm−2s−1. The lack of Swift/BAT detections of any outbursts from J085039 over 13 years supports its persistent nature at ∼1035 erg s−1. Moreover, J085039 displays consistent flux levels between Swift/BAT and the eROSITA snapshots and NuSTAR observation nearly four years later. The non-detections with ROSAT and INTEGRAL are also consistent with this low flux (see Table 2), placing this source closer to the realm of persistent HMXBs than transients.
5.2. The optical picture: Spectral type and emission lines
As detailed in Sect. 3, we determined the spectral type and luminosity class of J085039 to be an M2–3 type supergiant. We used TiO indices defined by Kenyon & Fernandez-Castro (1987) to compute the spectral type, finding that a K type scenario is inconsistent with the strength of TiO bands at 6180 Å and 7100 Å (among others) in the optical and NIR X-shooter spectra. We then used the absorption features of Ti I, Fe I, and CN, the first CO overtone CO(2, 0), as well as other diagnostics also used by De+24 to confirm that the optical counterpart to J085039 is indeed a late-type supergiant, as suggested by De+24. This makes J085039 only the second known Galactic X-ray binary with a red supergiant companion, in addition to 4U 1954+31 (Hinkle et al. 2020).
We then investigated the likely cause of the many emission lines present in the X-shooter spectra of UCAC2 13726137, finding them similar to those present in variable stars like Miras (Wood 1990; Castelaz et al. 2000) or the less well-defined class of SRVs (Jaschek & Jaschek 1995). Alternate scenarios where the emission lines are solely due to accretion were found insufficient to explain the whole picture since the X-shooter spectra do not show the many high ionisation state emission lines typically observed in the spectra of SyXBs such as GX 1+4 (Davidsen et al. 1977) or IGR J17329−2731 (Bozzo et al. 2018). Instead, most of the lines we observed in emission have been observed in variable stars (see Sect. 3 for details).
Nevertheless, the presence of the He IIλ4686 line in emission, indicates a hard ionizing source in the system. For instance, He II has been associated with an accretion disk around the compact companion, in a handful of cases (Fornasini et al. 2023). However, Roche Lobe overflow (RLOF) is thought to be the predominant accretion mode in these systems (Kretschmar et al. 2019, and references therein), which we do not consider likely for J085039. Transient accretion disks that have been observed in some HMXBs (Sidoli & Paizis 2018) could still explain the presence and intrinsic variability of the He II emission lines, although this also comes with periods of enhanced luminosity. He II emission has also been associated with nebular emission in a handful of symbiotic stars (Merc et al. 2019). In comparison to He II, there is much more variability in the Hα emission line (see Fig. 5). Since this is difficult to reconcile with the low variability of the X-ray source, we suggest that it could arise from the late-type companion, as has been observed in variable M giants. The caveat is that there is much less precedence for supergiant systems with similar optical spectra, although there are certainly some examples (Levesque et al. 2009). A scenario where the compact object is in a low-eccentricity orbit around the massive star, allowing for persistent accretion where the shape and intensity of the emission lines in the optical spectra are primarily due to geometric effects (e.g. inclination and viewing angle) is not out of the question. However, a monitoring campaign in both optical and X-ray regimes would be required to confirm this.
5.3. Evolutionary track and likely accretion mode
Although there is precedence for a binary system with a compact object accreting from a red supergiant (Hinkle et al. 2020), we attempt to trace such a system’s journey by considering typical binary evolution scenarios. There are three scenarios that can result in a system hosting an RSG and a compact object (e.g. Han et al. 2020, their Fig. 1). In each case, the binary system starts off consisting of two massive stars and the preceding stage to the RSG phase is a wind-accreting HMXB phase. One of the scenarios involves a common envelope phase which then results in a binary system with a Helium star and a main sequence star. But in each case, there is a stage of mass transfer where a He star accretes from a main sequence companion, eventually undergoing a supernova explosion and resulting in a HMXB with wind accretion. Depending on its initial mass, after leaving the main sequence, the massive companion star becomes a red supergiant resulting in this particular stage of binary evolution. This phase is comparably short since the RSG phase is marked by a significant amount of mass loss, resulting in a second supernova, eventually giving rise to a double compact binary. Although this is not explained in further detail by Han et al. (2020), RSG+CO phase is assumed to have mass transfer via RLOF; however, as mentioned above, we do not observe any indication of this. We therefore assume that the primary mode of mass transfer is wind accretion.
De+24 suggested that the observed X-ray luminosity of J085039 implies unrealistically large binary separations of a ∼ 25 000 R⊙. We used the same accretion efficiency coefficient, η = 0.2, and using LX = ηṁc2 (Longair 2011) and obtained a mass accretion rate onto the compact object of ṀNS = 1.72 × 1015 g s−1, adopting an X-ray luminosity of 3 × 1035 erg s−1. With the assumption of Bondi-Hoyle-Lyttleton accretion (Bondi & Hoyle 1944; Edgar 2004) and a circular orbit around the donor star,
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where G is the gravitational constant. Here, MNS is the mass of the neutron star, which we assume to be 1.4 M⊙, it is possible to obtain a reasonable binary orbital separation of a ≲ 2000 R⊙, for a mass loss rate of Ṁwind = 10−8 M⊙ yr−1 (Beasor et al. 2020), adopting a slightly higher mass of the red supergiant (see Levesque 2017, for a wide range of possible radius and mass values). The relative velocity, vrel, requires us to take into account both the orbital velocity of the neutron star and the stellar wind velocity, vwind, for which we assume a typical value of about ∼20 km s−1 (Goldman et al. 2017), as in the work by De+24.
5.4. The compact object
X-ray emission arising from Comptonisation occurring near the compact object’s surface or corona, phenomenologically modelled using cutoffpl, was found to describe the data well. It would be in line with both neutron star and black hole binary spectra (van der Klis 1994; Di Salvo et al. 2006). However, the photon index, Γ ≃ 0.5, is significantly harder than typical values for black hole binaries (McClintock & Remillard 2006; Xu et al. 2019; Fabian et al. 2020), for which Γ ∼ 1.5–2.0 range. The low folding energy, Efold ≃ 8 keV, is also rather unusual for black hole binaries where the exponential cutoff is expected between 30–100 keV (McClintock & Remillard 2006), while neutron star binaries do show similar values (see Fig. 1.9 of Falkner 2018).
The observed X-ray luminosity of the order of a few 1035 erg s−1 is atypical for black hole binaries (Barillier et al. 2023), which appear at much lower luminosities ≲1032 erg s−1 when in quiescence (e.g. Carpano et al. 2022), if even detected. Furthermore, evolutionary predictions for binary systems hosting red supergiants with black hole companions imply that this stage of binary evolution is extremely short-lived and is very unlikely to be observed (Klencki et al. 2021).
A white dwarf accretor should also be considered, since the optical spectra show striking resemblance to those of SySts (white dwarfs accreting from late-type giants). The vast majority of SySts have soft X-ray spectra (Luna et al. 2013), such as StHα 32 (Orio et al. 2007), but there have also been detections of sources with harder X-ray emission, even exceeding 20 keV like RT Cru (Chernyakova & Malyshev 2020; Tueller et al. 2005). The corresponding X-ray spectra are also highly absorbed and it is speculated that the hard X-ray emission arises at the truncation radius of the accretion disk (Luna et al. 2013). However, the relatively higher luminosity of J085039, also rules out a white dwarf as the compact object. The maximum X-ray luminosities observed for white dwarf symbiotic systems are only up to a few times ∼1033 erg s−1 (Luna et al. 2013), while J085039 is brighter by a factor of ∼100.
The handful of other X-ray binaries where the donor is a red supergiant – 4U 1954+31 (Hinkle et al. 2020) and the extragalactic NGC 300 ULX-1 (Heida et al. 2019) – both contain neutron stars for which pulsations have been detected. This is too limited a sample to serve as a convincing argument, but we conclude on J085039 most likely containing an accreting neutron star compact object by exclusion, following the preceding discussion of alternative scenarios. Furthermore, based on the evolutionary tracks and characteristic ages of red supergiants, the accreting neutron star should be highly magnetised with magnetic fields of the order of a few 1012 G (Tauris & van den Heuvel 2023; Han et al. 2020).
5.5. Comparison to 4U 1954+31 and other HMXBs
As an X-ray binary with a red supergiant donor suspected to host a neutron star, J085039 merits a comparison with the only other Galactic system known to fit this configuration, 4U 1954+31. This system has long been studied as a SyXB (Enoto et al. 2014; Marcu et al. 2011) since it was thought to contain an M giant donor, until revised optical identification by Hinkle et al. (2020) revealed an M supergiant donor instead. It has been observed at similar X-ray luminosities to J085039, but also shows flaring behaviour (Enoto et al. 2014; Bozzo et al. 2022a), reaching upto luminosities of 1036 erg s−1. Its broadband X-ray spectrum has been modelled with a variety of spectral models over the years (Marcu et al. 2011; Enoto et al. 2014; Bozzo et al. 2022a), but is typically found to have a hard spectrum with an Fe Kα emission line and often requires a partial covering absorber.
Another candidate is CXO 174528.79−290942.8, which was discovered as a result of infrared identification of X-ray binaries in the Galactic Centre and was proposed to contain a red supergiant donor by Gottlieb et al. (2020). Although the NuSTAR observation of the source only yielded ∼400 counts, spectral parameters reported indicate a very hard spectrum with a photon index, Γ ∼ 0.7 (Hong et al. 2016), similar to the X-ray spectrum of J085039.
Since X-ray binaries with red supergiant companions constitute a very small fraction of HMXBs, they have so far either been considered part of SyXBs (De et al. 2022, 2024) or SgXBs (Hinkle et al. 2020; Bozzo et al. 2022a). However, based on binary evolution scenarios (as summarised by Han et al. 2020), it is evident that X-ray binaries hosting a compact object accreting from an RSG and those accreting from M giants or asymptotic giant branch (AGB) stars follow two completely separate evolutionary tracks. The M supergiant donors of J085039 and 4U 1954+31 imply vastly different mass loss rates and orbital parameters from those with M giant donors (and similarly for O/B-type supergiant donors), so that classifying them under either subclass might be misleading. There are, however, common features between these systems in the context of X-ray observations, especially since persistent wind accretion and high obscuration due to clumpy wind are well-studied phenomena in SgXBs. Additionally, the expected magnetic field estimates for the accreting neutron star are similar for each subclass. One caveat is that there is only one robust detection of a magnetic field estimate among known SyXBs, that of IGR J17329−2731, which was reported by Bozzo et al. (2018) to be ∼2.4 × 1012 G; however, they are generally suspected to host highly magnetised neutron stars owing to their long pulse periods (Lü et al. 2012). Nevertheless, since the sample of sources with a similar configuration to J085039 is rather limited and since the underlying origin of the X-ray emission is supposed to be from the vicinity of an accreting neutron star, we attempted to contrast the observations against a wider variety of source types where this assumption holds.
The NuSTAR spectrum of J085039 deviates from the typical spectra of Sy/SgXBs, which exhibit sharp cut-offs (e.g. Barthelmy et al. 2005; Hemphill et al. 2019), as opposed to the high energy flattening and rising of the spectra seen in low-luminosity BeXRBs (Sokolova-Lapa et al. 2021). Both examples are shown in Fig. 11, where we compare the NuSTAR spectrum of J085039 with those of a handful of different HMXBs, X Persei (Doroshenko et al. 2012), the aforementioned 4U 1954+31, two SgXBs 4U 1700−37 (Bala et al. 2020) and 4U 1538+22 (Hemphill et al. 2019), the SyXB IGR J17329−2731 (Bozzo et al. 2018), the persistently wind accreting system GX 301−2 with a hypergiant companion (Islam & Paul 2014; Zalot et al. 2024), and the SFXT IGR J16418−4532 (Islam et al. 2023, where the same NuSTAR observation is studied for timing results). The spectral shape of J085039 notably does not match that of 4U 1954+31, with the absorption severely modifying the soft spectrum and the latter’s cutoff at high energies. On the other hand, 4U 1954+31 has a similar spectrum to IGR J16418−4532. The high obscuration is present in both SgXBs and SyXBs. Overall, the spectra in Fig. 11 serve to convey the inhomogeneous nature of the X-ray spectra of HMXB subclasses, while commonality can be found between different types, perhaps hinting at the need for something in addition to subclass as a discerning factor, while affirming the relative uniqueness of J085039 as an HMXB.
	[image: thumbnail]	Fig. 11. X-ray spectrum eRASSU J085039 (teal) shown along with NuSTAR spectra of a few other HMXBs for comparison: X Persei, a persistent BeXRB displaying low luminosity accretion in yellow (Doroshenko et al. 2012), two SgXBs 4U 1700−37 in grey (Bala et al. 2020), and 4U 1538+22 in blue (Hemphill et al. 2019), a SyXB IGR J17329−2731 in red (Bozzo et al. 2018), the persistent, albeit brighter wind-accretor GX 301−2 in light green (Islam & Paul 2014; Zalot et al. 2024), and the SFXT IGR J16418−4532 in purple (Islam et al. 2023). FPMA and FPMB spectra have been illustrated using different shades of the same colour. The strong iron line in J085039 is comparable to that of the obscured systems and one of the SyXBs. These spectra each correspond to luminosities of 1035 erg s, with the exception of GX 301−2, which is brighter by a factor of ∼10.



5.6. Low luminosity persistent XRB?
De+24 proposed that J085039 is in the propeller regime, based on the donor’s estimated mass loss rate, which they deemed incompatible with the observed X-ray luminosity. Following the results of De+24, the study by Afonina & Popov (2024) explored the possibility of J085039 being in the propeller state by applying spin-down models. The latter authors concluded that such a propeller stage would be too short an evolutionary phase to provide a high enough probability to observe such a system.
Spectral signatures of the propeller regime have not yet been established in literature. The sources where centrifugal inhibition of accretion has been suggested were reported to show a spectral transition at the low luminosity state, with the spectrum tapering off around 5–6 keV (Tsygankov et al. 2017b, although this is difficult to disentangle from simply low counting statistics). This is inconsistent with the NuSTAR spectrum of J085039, where we observe hard X-ray emission up to 55 keV. On the other hand, a scenario where accretion is allowed to a certain extent, as is in the case of magnetic inhibition (first described as a subsonic propeller by Davies et al. 1979; Davies & Pringle 1980), has been observed in many HMXBs, including the SFXTs (Shakura et al. 2015). The case where some matter can still penetrate onto the surface of the magnetic field is certainly compatible with the observed hard X-ray emission and luminosity of J085039. This is the only model proposed by Afonina & Popov (2024) as being realistic with respect to J085039.
The estimated luminosity of ∼2–3 × 1035 erg s−1 (see Sect. 5.1) is consistent with that of several HMXBs, namely: wind-accreting SgXBs such as GX 301−2, 4U 1538−52, 4U 1909+07, and IGR J19140+0951 (see Sidoli & Paizis 2018, and references therein). This also includes some BeXRBs such as GX 304−1, GRO J1008−57, and A0535+262 (Rouco Escorial et al. 2018; Lutovinov et al. 2021; Tsygankov et al. 2019), detected at comparable luminosities outside of outbursts. Then, SFXTs, characterised by very low quiescent luminosities of 1032–1033 erg s−1 and high dynamic ranges of 102–105 (Sidoli 2013), have also been detected at intermediate luminosities of 1035 erg s−1 (Romano et al. 2009; Drave 2013). Finally, the red-SgXB, 4U 1954+31 has been observed at luminosities of 1033–1035 erg s−1 (Enoto et al. 2014; Bozzo et al. 2022a).
The above examples serve to emphasise that stable accretion onto a highly magnetised neutron star as found in HMXBs, at low and intermediate luminosities, has been observed across all subclasses. However, there are only a few cases where the luminosity remains stable without flaring or outbursting activity. While this might be an observational effect, it is still surprising in comparison to sources which show dynamic ranges of at least a factor of ∼10, even with similarly low cadence of observations (Sidoli & Paizis 2018). This picture of so-called ‘low luminosity’ accretion is a matter of current study within each subclass. Tsygankov et al. (2017a) proposed accretion from a cold non-ionised disk to explain ongoing quiescent (i.e. outside of outburst) accretion in BeXRBs. For SFXTs, the physical scenario proposed is the settling accretion regime, whereby the slowly rotating neutron star accretes quasi-spherically (Shakura et al. 2012, 2018) and is inhibited by a quasistatic shell above the magnetosphere at low mass accretion rates; this is due to inefficient cooling of the infalling matter, leading to a reduction in overall X-ray luminosity (Bozzo et al. 2015; Sidoli et al. 2023). A similar consideration is applied to SyXBs, with accommodations for the lower wind velocities of the M giant donors (Yungelson et al. 2019).
5.7. The Fe Kα line and obscuration
The spectra necessitate a partial covering absorber for an acceptable spectral fit, with an NH between ∼75–240 × 1022 cm−2. Physical scenarios producing such an effective partial covering absorption are plausible and include, for example, a short-term variability of the absorption column that is averaged in a longer observation or radiation scattered into the line of sight via different paths through the absorbing medium. However, quantitative interpretations of these parameters, including the ionization parameter, requires several assumptions about the composition, geometrical dimensions, and density of the absorber. These properties cannot be validated reliably given our limited knowledge about the source and quality of the observational X-ray data.
The obscuration may be interpreted as being due to the compact object being embedded in a stream of stellar wind from the companion star. This is a scenario often invoked for classical SgXBs, some examples of which are IGR J16320−4751 (Walter et al. 2003), IGR J16393−4643 (Rodriguez et al. 2003), and IGR J17252−3616 (Zurita Heras et al. 2006). All of these have been classified as highly obscured HMXBs following their detections in the INTEGRAL survey. Consequently, at comparable luminosities, several SgXBs have strong Fe Kα emission lines in their X-ray spectra, with EW(Fe Kα) reaching well beyond 1 keV, provided the corresponding column density is sufficiently high (Pradhan et al. 2018, and references therein). The observed absorption for J085039 is still about an order of magnitude higher and is comparable to the highly obscured IGR J16318−4848 (Filliatre & Chaty 2004; Ballhausen et al. 2020), which has an sgB[e] companion. Although the stellar wind properties differ vastly between early and late-type supergiants, there is an evolutionary link between sgB[e] stars and red supergiants, as the former are considered to either be in a pre-RSG phase or a post-RSG phase (Wit et al. 2014), with circumstellar dust being a common property between the two stages of massive star evolution (Stencel et al. 1987). The presence of dusty clumpy winds might explain the high obscuration in the system, but more information on the absorber can only be obtained from a longer, high-resolution soft X-ray observation, which is outside the scope of this study.
5.8. Non-detection of pulsations
Although the high likelihood of J085039 to be a neutron star has been established, the non-detection of pulsations must be addressed. The absence of detectable pulsations is not markedly unusual, since not all known neutron star HMXBs show pulsations (see the catalogues of Neumann et al. 2023; Fortin et al. 2023). This is, in particular, the case for sources where heavy obscuration by surrounding material is detected, such as 4U 2206+54 (Reig et al. 2009), whose long pulse period was detected several decades after its initial discovery. Wind-fed obscured SgXBs, IGR J16320−4751 and OAO 1657−415, are other examples of sources where pulsations are smeared out by high levels of absorption (Varun 2023; Pradhan et al. 2014).
The other Galactic red-SgXB, 4U 1954+31 has a notoriously long spin period of 5.4 h (Corbet et al. 2008; Enoto et al. 2014). However, the ULX with a red supergiant donor, NGC 300 was detected to have a rather short spin period of ∼32 s (Heida et al. 2019). Nevertheless, other HMXBs that spend most of their duty cycle at a comparable luminosity state, such as those discussed in Sect. 5.6, have spin periods between 100–10 000 s. In fact, those presented in Fig. 11 have spin periods ranging from 526 s to 5.4 h (in ascending order of spin period; Davison et al. 1977; White et al. 1976a,b; Bozzo et al. 2018; Corbet et al. 2008). We did not detect a significant signal in this range (see Fig. 9). Therefore, the non-detection of a long rotation period that may be present as a weak signal in the data cannot be ruled out.
De+24 suggested that J085039 is in the propeller regime and should correspondingly spin with a very short pulsation period. However, as shown in Sect. 4.1, we did not detect any significant pulsations in this range.
6. Conclusions
In conclusion, 1eRASS J085039.9−421151 is among the new X-ray binaries to be studied in detail as a result of X-ray surveys of the entire sky. It was first examined by De+24 based on the Swift/BAT survey, followed by the present work, where the effort was motivated by follow-up of bright sources detected by eROSITA. Along with the discovery of SRGA J124404.1, the discovery of J085039 possibly hints at the advent of a class of low-luminosity persistent X-ray binaries whose detections are facilitated by eROSITA. We suggest that J085039 is a neutron star binary, given its spectral parameters and the spectral type of the companion star. We confirm it as a late-type supergiant, in accordance with De+24, although with a later spectral type of M2–3. The X-ray spectrum is well described by an absorbed power law with a high energy cutoff as well as by Comptonisation of soft photons from the magnetic poles of a neutron star, with heavy obscuration occurring in the surrounding medium. We did not detect any periodic variability with NuSTAR, but suggest that a signal beyond 200 s (which is where we would expect a signal from both neutron stars accreting from late-type giants and supergiants and heavily obscured systems) is likely present and goes undetected due to insufficient counting statistics provided by the data at low frequencies. The detection of the pulse period would require deeper X-ray observations. In general, we find the NuSTAR light curves fairly stable, as they display no significant variability. An improved understanding of the physics at work here requires a comparison to the light curves of other HMXBs at similarly stable low-luminosity states, which is beyond the scope of the current study. Unveiling the geometry of the absorber would require more sensitive X-ray observations in the soft energy band that are most affected by absorption and the strong iron line, with an instrument such as XMM-Newton, or the Resolve instrument on board the recently launched XRISM observatory (XRISM Science Team 2020). Longer optical observations are required to study the orbital parameters of the system.


1 The source name at the time of proposed follow-up was eRASS U J084850−420035 and has since been updated based on improved astrometry.


2 https://swift.gsfc.nasa.gov/results/bs157mon/


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


4 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl


5 https://www.isdc.unige.ch/integral/download/osa/doc/11.2/osa_um_ibis/man_html.html


6 https://asas-sn.osu.edu


7 https://heasarc.gsfc.nasa.gov/w3browse/master-catalog/radio.html


8 De+24 adopt a value of ∼12 kpc using the Gaia parallax, making our luminosity estimates not directly comparable.
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	[image: thumbnail]	Fig. 1. Infrared view of the optical counterpart from the Two Micron All Sky Survey (2MASS; Cutri et al. 2003), with 2MASS (Cutri et al. 2003), NuSTAR (Harrison et al. 2013), and eRASS1 (Merloni et al. 2024) error circles indicated in green, red, and blue, respectively. The star is located [image: equation] away from the eROSITA position of the source.
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	[image: thumbnail]	Fig. 2. 3–10 keV X-ray flux from each observation of J085039 as a functin of time, corrected for absorption. The eROSITA fluxes are displayed at the start time of each scan. The third eROSITA observation was only four days prior to the pointed NuSTAR observation. The NuSTAR flux is brighter by a factor ∼2, which might indicate slight source-intrinsic variability, even when taking into account eROSITA’s known calibration uncertainties (Migkas et al. 2024). The observation times of the optical observations from X-shooter are marked by gray dashed lines as O1 and O2.
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	[image: thumbnail]	Fig. 5. (a) Hα line as seen in both X-shooter spectra, normalised for comparison. The second observation shows a stronger and single-peaked line profile, compared to an asymmetric line profile in the first data set. The asymmetry is likely due to the contribution of He IIλ6560, also being in emission. (b) He IIλ4686 and He Iλ4713 are in emission, in both X-shooter spectra, but without as much variability. We normalised the two spectral continua relative to each other to compare the behaviour of the emission lines.
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	[image: thumbnail]	Fig. 6. Comparison of the de-reddened X-shooter spectra of the optical counterpart to J085039 with spectra of a variety of late type stars, obtained from the X-shooter spectral library. Although the K-type supergiant has some absorption lines in common with that of UCAC2 13726137, the latter’s overall shape seems to agree better with the M-type supergiant, in addition to the presence of TiO bands. Of special intrigue is the remarkable similarity in spectral shape and presence of the same emission lines in the Mira variable.
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	[image: thumbnail]	Fig. 7. ASAS-SN light curve of J085039. The light curve displays a semi-periodic variable behaviour.
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	[image: thumbnail]	Fig. 9. Epoch-folded periodogram of barycentred event file from NuSTAR’s FPMA detector. The signal around ∼5800 s is most likely an effect of NuSTAR’s orbital period.
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	[image: thumbnail]	Fig. 10. NuSTAR and eROSITA spectra of J085039 from FPMA (teal) and FPMB (peach) fitted with three different models. The folded and unfolded models with individual model components are shown in panels (a) and (b), respectively. The χ2-residuals are shown for (c) Model 1a (M1a), the high-energy cutoff, (d) M1b, the high-energy cut-off including a partial absorber, and (e) M1c, the high-energy cutoff including an ionised absorber.
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	[image: thumbnail]	Fig. 11. X-ray spectrum eRASSU J085039 (teal) shown along with NuSTAR spectra of a few other HMXBs for comparison: X Persei, a persistent BeXRB displaying low luminosity accretion in yellow (Doroshenko et al. 2012), two SgXBs 4U 1700−37 in grey (Bala et al. 2020), and 4U 1538+22 in blue (Hemphill et al. 2019), a SyXB IGR J17329−2731 in red (Bozzo et al. 2018), the persistent, albeit brighter wind-accretor GX 301−2 in light green (Islam & Paul 2014; Zalot et al. 2024), and the SFXT IGR J16418−4532 in purple (Islam et al. 2023). FPMA and FPMB spectra have been illustrated using different shades of the same colour. The strong iron line in J085039 is comparable to that of the obscured systems and one of the SyXBs. These spectra each correspond to luminosities of 1035 erg s, with the exception of GX 301−2, which is brighter by a factor of ∼10.
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      Table 2. 

      J085039 as seen by different observatories over the years.

      
        


	Observatory
	Time
	Energy range
	Flux



	
	[year]
	[keV]
	×10−12 erg s−1 cm−2





	ROSAT
	1990
	0.2–2.0
	< 1.48



	SRG/eROSITA ( * )
	2020–2021
	0.2–2.0
	[image: equation]



	Swift/XRT
	2011
	0.5–10.0
	5.01[image: equation]



	
	2011
	0.5–10.0
	6.53[image: equation]



	SRG/eROSITA ( * )
	2020–2021
	0.5–10.0
	[image: equation]



	SRG/ART-XC
	2020
	4.0–12.0
	8.8[image: equation]



	NuSTAR
	2020
	4.0–12.0
	10.6 ± 0.1



	INTEGRAL ( * )
	2003–2023
	30.0–50.0
	< 4.8



	NuSTAR
	2020
	30.0–50.0
	4.4 ± 0.5



	Swift/BAT*
	2004–2017
	14.0–195.0
	12.08[image: equation]



	NuSTAR
	2020
	14.0–55.0
	19.1 ± 0.2





      

      
Notes. ( * )The reported flux is the averaged flux over multiple snapshots during the specified time range.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        De-reddened X-shooter spectra of the optical counterpart. Observation 2 shows an increase in flux with stronger emission lines. Prominent features include the Balmer series, several He I and Fe II lines, and TiO and CO absorption bands. Telluric regions are greyed out.

      

    

  
    
      Table 4. 

      Equivalent widths of spectral lines obtained from the X-shooter spectra, as well as other diagnostics.

      
        


	Line
	Wavelength
	Obs. 1
	Obs. 2



	
	[Å]
	[Å]
	[Å]





	Hα
	6563
	16.97
	23.11



	Ca II
	8498
	9.35
	7.78



	Fe I
	8514.1
	3.34
	2.50



	Ti I
	8518.1
	2.6
	1.7



	Mg I
	17111
	1.53
	1.36



	Na I
	22050
	5.59
	5.13



	Ca I
	22063
	0.53
	0.72



	CO(2,0)
	23000
	38.11
	30.70



	




	
	Other diagnostics and indices
	



	




	log(EW(CO)/(EW(Na)+EW(Ca)))
	0.79
	0.719



	J8
	0.26
	0.25



	J9
	1.36
	1.27



	J10
	4.83
	3.71



	Ti I, Fe I and CN line blend
	3.52
	1.80





      

      
Notes. See text for a discussion.



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        (a) Hα line as seen in both X-shooter spectra, normalised for comparison. The second observation shows a stronger and single-peaked line profile, compared to an asymmetric line profile in the first data set. The asymmetry is likely due to the contribution of He IIλ6560, also being in emission. (b) He IIλ4686 and He Iλ4713 are in emission, in both X-shooter spectra, but without as much variability. We normalised the two spectral continua relative to each other to compare the behaviour of the emission lines.

      

    

  
    
      Fig. 7. 

      
        [image: thumbnail]
      

      
        ASAS-SN light curve of J085039. The light curve displays a semi-periodic variable behaviour.

      

    

  
    
      Table 5. 

      Four subclasses of semi-regular variables and how they are classified.

      
        


	SRV
	Spectral
	Luminosity
	Periodicity
	Amplitude



	subtype
	type
	class
	days
	mag





	SRa
	M(e), C(e), S(e)
	III
	35–1200
	< 2.5



	SRb
	M(e), C(e), S(e)
	III
	20–2300
	–



	SRc
	M(e), C(e), S(e)
	I or III
	30–1000s
	∼1



	SRd
	F, G, K
	I or III
	30–1100
	0.1–4





      

    

  
    
      Table 6. 

      Spectral parameters for different models used to fit the eROSITA and NuSTAR spectra, with 2σ confidence intervals.

      
        


	Model 1: TBabs*pcfabs/zxipcf*(cutoffpl+gaussian)



	




	Component
	M1a
	M1b
	M1c





	constant
	CFPMB
	1.064 ± 0.022
	[image: equation]
	[image: equation]



	
	CeROSITA
	[image: equation]
	[image: equation]
	[image: equation]



	tbabs
	NH [1022 cm−2]
	[image: equation]
	[image: equation]
	[image: equation]



	pcfabs/zxipcf
	NH [1022 cm−2]
	–
	[image: equation]
	75 ± 11



	
	fpc
	–
	0.54 ± 0.06
	[image: equation]



	
	log ξ
	–
	–
	[image: equation]



	gaussian
	Kgaussian [photons cm−2 s−1]
	[image: equation]
	[image: equation]
	[image: equation]



	
	EFeKα [keV]
	[image: equation]
	6.27 ± 0.05
	6.34 ± 0.04



	
	σFeKα [keV]
	[image: equation]
	[image: equation]
	0.16 ± 0.06



	cutoffpl
	Γ
	[image: equation]
	[image: equation]
	[image: equation]



	
	Kcutoffpl [photons cm−2 s−1]
	[image: equation]
	[image: equation]
	[image: equation]



	
	Efold [keV]
	[image: equation]
	[image: equation]
	[image: equation]



	eqwidth
	EW(FeKα) [eV]
	780 ± 60
	691 ± 45
	345 ± 35



	




	χ2/d.o.f.
	
	853.43/706
	819.14/784
	779.32/776



	




	cflux
	log f3 − 55, abs [erg s−1 cm−2]
	−10.493 ± 0.005
	−10.504 ± 0.005
	−10.497 ± 0.005



	
	log f3 − 55, unabs [erg s−1 cm−2]
	−10.483 ± 0.005
	−10.328 ± 0.005
	−10.338 ± 0.005



	
	L3 − 55, unabs [erg s−1]
	2.18 × 1035
	3.11 × 1035
	3.04 × 1035





      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        NuSTAR and eROSITA spectra of J085039 from FPMA (teal) and FPMB (peach) fitted with three different models. The folded and unfolded models with individual model components are shown in panels (a) and (b), respectively. The χ2-residuals are shown for (c) Model 1a (M1a), the high-energy cutoff, (d) M1b, the high-energy cut-off including a partial absorber, and (e) M1c, the high-energy cutoff including an ionised absorber.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        X-ray spectrum eRASSU J085039 (teal) shown along with NuSTAR spectra of a few other HMXBs for comparison: X Persei, a persistent BeXRB displaying low luminosity accretion in yellow (Doroshenko et al. 2012), two SgXBs 4U 1700−37 in grey (Bala et al. 2020), and 4U 1538+22 in blue (Hemphill et al. 2019), a SyXB IGR J17329−2731 in red (Bozzo et al. 2018), the persistent, albeit brighter wind-accretor GX 301−2 in light green (Islam & Paul 2014; Zalot et al. 2024), and the SFXT IGR J16418−4532 in purple (Islam et al. 2023). FPMA and FPMB spectra have been illustrated using different shades of the same colour. The strong iron line in J085039 is comparable to that of the obscured systems and one of the SyXBs. These spectra each correspond to luminosities of 1035 erg s, with the exception of GX 301−2, which is brighter by a factor of ∼10.
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