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A B S T R A C T 

We report the identification of the likely X-ray and optical counterpart to the unassociated Fermi source 4FGL 

J2249.4 + 6229. To clarify its nature, we investigate the X-ray data from Swift /XRT and SRG/ eROSITA as well as photometric 
data from optical catalogues and archival spectroscopic data from the Gemini -North telescope. Using Zwicky Transient 
Facility data spanning over 6.6 yr, we confirmed a period of ≈5.6 h likely associated with the orbital motion in a binary 
system. The folded light curves have a smooth sinusoidal shape with two peaks per period and the amplitude of ≈0.2 mag. 
The X-ray spectra of the source are well fitted by an absorbed power law with the photon index of ≈2.0 and unabsorbed flux 
of ≈1 . 4 × 10−13 erg s−1 cm−2 . All these together with the X-ray to optical flux ratio of ∼0.2 implies that 4FGL J2249.4 + 6229 
is a promising redback candidate. Fitting the optical light curves with the direct heating model, we obtained the companion 

mass of ≈0.5 M� and temperature of ≈3600 K implying an M-type star. This places it among the coldest and most massive 
companions known in redback systems. Optical spectra confirm the M-type star and show the broad asymmetric H α

emission line. For the distance of 500–550 pc derived from the optical data, the source can be the redback with the lowest 
X-ray and γ -ray luminosities. 

Key words: binaries: close – stars: individual: 4FGL J2249.4 + 6229 – stars: neutron –X-rays: binaries. 
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 INTRODUCTION  

hanks to the Fermi Gamma-ray Space Telescope , a large num-
er of binary millisecond pulsars (MSPs) have been discovered 
n recent years. Among them, there are members of the ‘spi-
er’ family: redbacks (RBs) and black widows (BWs) (M. S. E.
oberts 2013 ). They are characterized by short orbital periods, 
b < 1 d, and low-mass companion stars. Companions of BWs are 
emidegenerate and have masses Mc < 0 . 05 M�, while RBs pos-
ess non-degenerate and more massive ( Mc ≈ 0.1–1 M�) secon- 
aries. Three RBs – the so-called transitional millisecond pulsars 
tMSPs) – show transitions between rotation-powered pulsar and 
ctive X-ray states (A. Papitto & D. de Martino 2022 ) confirming
he evolutionary link between low-mass X-ray binaries (LMXBs) 
nd MSPs. The pulsar mass in spider systems can exceed 2 M�
hich makes their studies particularly important for constraining 
he equation of state of the superdense matter in neutron stars’
NSs) interiors (e.g. R. Kumar et al. 2023 ). 
Spiders show orbital modulation in the optical due to the heat- 

ng of the companion by the pulsar and/or its ellipsoidal shape
e.g. P. J. Callanan, J. van Paradijs & R. Rengelink 1995 ; P. Draghis
t al. 2019 ; C. J. Clark et al. 2021 ; D. Kandel & R. W. Romani
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023 ; D. Mata Sánchez et al. 2023 ; O. G. Dodge et al. 2024 ),
nd in X-rays due to the intrabinary shock (IBS) produced by
he interacting winds from the pulsar and its companion (e.g. R.
. Romani & N. Sanchez 2016 ; A. G. Sullivan & R. W. Romani
024 ). The optical spectra are dominated by the cool secondary
tar (e.g. M. H. Kerkwijk, R. P. Breton & S. R. Kulkarni 2011 ;
. W. Romani & M. S. Shaw 2011 ; R. W. Romani, A. V. Filip-
enko & S. B. Cenko 2015 ; J. Strader et al. 2019 ; M. Turchetta
t al. 2025 ), while the X-ray spectra are usually non-thermal
nd attributed to the IBS emission (e.g. S. R. Kulkarni et al.
992 ; J. Arons & M. Tavani 1993 ; D. Kandel, R. W. Romani &
. An 2019 ; A. G. Sullivan & R. W. Romani 2025 ; A. G. Sulli-
an, J. T. Dinsmore & R. W. Romani 2026 ). However, a thermal
omponent originating from the pulsar polar caps can also be 
resent. 
To date, about 80 confirmed spider pulsars have been detected 

n the Galactic field (K. I. I. Koljonen & M. Linares 2025 ). How-
ver, a significant challenge in detecting new spider pulsars via 
adio surveys is the periodic obscuration of the pulsar’s radio 
mission by ablated material from the companion star, which pre- 
ents the detection of pulsations. Nevertheless, these systems can 
e identified through multiwavelength investigations, especially 
n the optical and X-rays, of likely counterparts to unassociated 
ermi sources (e.g. D. Salvetti et al. 2017 ; C. Braglia et al. 2020 ).
urrently, such studies have revealed about 30 spider candidates 
This is an Open Access article distributed under the terms of the
/by/4.0/), which permits unrestricted reuse, distribution, and
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Figure 1. 30 × 30 arcmin2 eROSITA ( top panel ) and Swift ( middle panel ) 
images in the 0.3–8 keV range. The ellipse shows the 95 per cent position 
uncertainty of the J2249 γ -ray position. The likely X-ray counterpart of 
J2249 is marked by the arrow. Other X-ray sources detected within the 
ellipse with Swift and eROSITA are shown by blue and red circles, respec- 
tively, and numbered. Bottom : 2 × 2 arcmin2 Pan-STARRS image in the 
i band. The solid and dashed circles show the 90 per cent position uncer- 
tainties of the X-ray source obtained with eROSITA and Swift , respectively. 
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e.g. K.-L. Li et al. 2021 ; S. J. Swihart et al. 2021 , 2022 ; J. P.
alpern 2022 ; A. V. Karpova et al. 2023 , 2025 ; D. A. Zyuzin et al.
024 ). 
Here we report on the discovery of the likely X-ray and optical
ounterpart to the unassociated γ -ray source 4FGL J2249.4 + 6229
hereafter J2249). According to the Fermi Large Area elescope
4-Year Point Source Catalog (4FGL-DR4; J. Ballet et al. 2023 ),
ts flux in the 0.1–100 GeV band is Fγ ≈ (9 . 98 ± 1 . 84) × 10−12 

rg s−1 cm−2 . In addition, its steady emission and a spectrum,
hich can be described by the LogParabola model, suggest it
ould be a pulsar. Indeed, M. G. F. Mayer & W. Becker ( 2024 )
rovided the probability of 0.92 for the source to be a pulsar rather
han a blazar. We find that the properties of the J2249 presumed
ounterpart are typical for RB systems. 
The X-ray and optical identification of the source is described

n Section 2 . Sections 3 and 4 contain the analysis of the data. The
esults and conclusions are given in Sections 5 and 6 . 

 X-RAY/OPTICAL  COUNTERPART  

DENTIFICATION  

o search for X-ray counterparts to J2249, we investigated X-
ay data obtained in the course of five all-sky surveys in 2020–
022 with the extended ROentgen Survey with an Imaging Tele-
cope Array ( eROSITA ) telescope (P. Predehl et al. 2021 ) aboard
he Spectrum-RG (SRG) orbital observatory (R. Sunyaev et al.
021 ). The J2249 field as observed by eROSITA is shown in
ig. 1 , top. The brightest source within the γ -ray positional
ncertainty ellipse, SRGe J224828.4 + 622210, is marked with
he arrow. Its coordinates are αX (2000) = 22h 48m 28 .s 43 and
X (2000) = + 62◦22′ 10 .′′ 1 and 90 per cent position uncertainty is
.9 arcsec. 
We also checked the Living Swift -XRT Point Source (LSXPS)
atalogue (P. A. Evans et al. 2023 ). At the SRGe J224828.4 + 622210
osition there is the source LSXPS J224828.5 + 622211 (Fig. 1 ,
iddle) with coordinates αX (J2000 ) = 22h 48m 28 .s 57 and

X (J2000 ) = + 62◦22′ 11 .′′ 7 and 90 per cent position uncertainty
.5 arcsec. 
Then we examined the Gaia Data Release (DR) 3 catalogue

Gaia Collaboration 2016 , 2023 ) and found a counterpart candi-
ate to the X-ray source – Gaia DR3 2207925451446739072 with
he magnitude G ≈ 18 and effective temperature of about 3500 K.
ts coordinates are αopt (J2016 ) = 22h 48m 28 .s 614 and δopt (J2016)
 + 62◦22′ 11 .′′ 40 and its proper motion is 12.3(1) mas yr−1 . The
eometric and photogeometric distances to the source are similar,
g = 525–572 pc and Dpg = 537–596 pc (C. A. L. Bailer-Jones et
l. 2021 ). Thus, it definitely locates in the Galaxy. The interstellar
bsorption in this direction for the object distance is E(B −V ) =
.30–0.41 mag (G. M. Green et al. 2019 ). 
The source is also presented in the Panoramic Survey Telescope
nd Rapid Response System survey (Pan-STARRS) DR 2 cata-
ogue (H. A. Flewelling et al. 2020 ) where its designation is PSO
342.1192 + 62.3698. It remains the only counterpart candidate to
RGe J224828.4 + 622210 (see Fig. 1 , bottom) even though the
an-STARRS survey is deeper than the Gaia data. In addition,
he source was found in the Zwicky Transient Facility (ZTF) cat-
logue of periodic variable stars (X. Chen et al. 2020 ) which is
ased on the DR 2 data covering approximately 1.3 yr. The source
s listed as ZTF J224828.61 + 622211.4 and its period derived from
he r-band light curve is 0.2334096 d. The g-band light curve
ives a shorter period of 0.2090120 d, though the low significance
akes this estimate unreliable. 
NRAS 549, 1–8 (2026)

The likely optical counterpart is seen inside the circles. 
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Figure 2. Lomb–Scargle periodogram of the J2249 optical counterpart 
candidate obtained using the r-band ZTF data and two harmonics. The 
best period P = 5 . 6 h corresponding to the highest peak is marked and 
the peak is enlarged in the inset. 
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Figure 3. Top : ZTF light curves of the J2249 optical counterpart can- 
didate in g, r, and i bands folded with the presumed orbital period of 
5.60187 h. Two periods are shown for clarity. The best-fitting model is 
shown by the solid lines. The r-band light curve was excluded from the 
fitting (see text). The phase 0.0 is defined as the time when the secondary 
is placed between the pulsar and an observer. Bottom : Residuals derived 
for each data point as the difference between the observed (O) and the 
calculated (C) magnitudes divided by the error σ . 
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 OPTICAL  DATA  

.1 Optical light curves and the orbital period 

o check the period, we used the data from the ZTF DR 23 cata-
ogue (F. J. Masci et al. 2019 ) which covers ≈6.6 yr and contains
bout 1000 measurements in the r band. We applied the nifty-
s Lomb–Scargle periodogram python package (L. H. Garrison 
t al. 2024 ) to them using one and two harmonics. The resulting
ower spectrum is shown in Fig. 2 . The highest peak corresponds
o the period, 1 P = 0 . 2334112(57) d = 5 . 60187(14) h . 
We also checked the ZTF data in the g band, which contain
bout 650 measurements. We obtained the same best period 
5.60186(14) h] although the corresponding power is significantly 
ower, mainly due to the high noise level of the data. Thus, the
erived period is consistent with the value for the r-band data 
rom the catalogue mentioned in Section 2 . 
The ZTF light curves in g, r, and i bands folded with the period

 are shown in Fig. 3 . They show two humps per period and one
inimum is slightly deeper than the other. 

.2 Light curves modelling 

o estimate the parameters of the presumed spider system, we 
tted the folded light curves with the symmetric direct heating 
odel. The details of the model can be found in S. Zharikov et al.

 2013 , 2019 ). 
The model parameters are the distance to the binary system 

 , the reddening E(B −V ) , the pulsar mass MNS , the mass ratio
f the binary components q , the system orbit inclination i , the
ffective irradiation factor Kirr defining the companion heating, 
he companion Roche lobe filling factor f , and the companion 
night-side’ temperature Tn . 
We fixed the orbital period at Porb = 5 . 60187 h . The effec-

ive ‘night-side’ temperature of the secondary, its irradiation, the 
oche-lobe filling factor, the inclination, and the system mass ra- 
io were initialized using a random sampling method. The initial 
 The period uncertainty was calculated as the half width at half maxi- 
um of the peak. 

t

2

s

rimary mass 2 was set to the canonical NS mass of 1.4 M�, while
nitial values of the distance and interstellar extinction were ran- 
omly drawn from the ranges allowed by the Gaia and dust map
G. M. Green et al. 2019 ) estimates. 
The minimum of the χ2 function was determined using a 
radient-descent algorithm, which was chosen because it sub- 
tantially reduces the computational effort required for the mini- 
ization. The parameter uncertainties were calculated following 
he method proposed by M. Lampton, B. Margon & S. Bowyer
 1976 ). 
We found that the observed light curves can be reproduced 
ithout including irradiation of the secondary, i.e. Kirr = 0 and 
n ≡ Tc , where Tc is the effective temperature of the compan- 
on. Furthermore, a pure blackbody approximation for the emis- 
ion from the spider pulsar companions does not allow a si-
ultaneous fit to all photometric bands. This is largely be- 
ause the spectral energy distribution of cool companions de- 
iates significantly from a blackbody, requiring more sophisti- 
ated atmosphere models to account for molecular absorption 
nd other non-trivial atmospheric effects (see e.g. A. G. Sulli- 
an & R. W. Romani 2024 ). Nevertheless, the best-fitting model
eproduces the g and i bands well, but overestimates the flux
n the r band. Therefore, only the g and i bands together were
sed to determine the best-fitting parameters, and the r-band 
odel was subsequently adjusted by a constant magnitude offset 

 �r = +0 . 26 mag), representing the flux difference between a
lackbody and an M-dwarf atmosphere at the derived effective 
emperature. 
MNRAS 549, 1–8 (2026)

 The value serves as a starting guess for the optimization rather than a 
tatistical prior. 
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M

Table 1. The light-curve fitting results for J2249. 

Fitted parameters 

NS mass MNS , M� 1.53+0 . 05 
−0 . 17 

Mass ratio q = Mc /MNS 0.35(3) 
Distance D , pc 525(25) 
Effective temperature Tc , K 3560(50) 
Inclination i , deg 50(30) 
Roche lobe filling factor fx 1.00+0 . 00 

−0 . 20 
Reddening E(B −V ) 0.35(5) 
χ2 /d.o.f. 740/672 

Derived parameters 
Companion mass Mc , M� 0.54 
Companion radius Rx c , R� 0.80 
Companion radius Ry c , R� 0.60 

Note. Numbers in parentheses denote 1 σ uncertainties related to the last 
significant digits. Rx c and R

y 
c are the radii of the ellipsoidal companion. The 

former is along the line passing through the centres of the binary sources. 
d.o.f. ≡ degrees of freedom. 
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The results of the fit are presented in Table 1 , and the best-
tting models of the g-, r-, and i -band light curves are shown as
olid lines in Fig. 3 . The reported χ2 is based on the g and i bands
sed for the minimization. Inclusion of the r-band data after the
orrection mentioned above results in χ2 /d.o.f. = 1435/1674. The
pper limits on the primary mass and the mass ratio arise from
he requirement that the Roche lobe radius of the secondary must
ot be smaller than the radius of a zero-age main-sequence star
ith a mass of Mc = q MNS . For parameter values within these
imits, the results are insensitive to the adopted initial conditions
ncluding starting mass of the pulsar. 

.3 Archival optical spectroscopy with Gemini 
he optical spectral observations 3 of the J2249 counterpart can-
idate were performed with the Gemini -North telescope on 2022
une 10 and 22. Two long-slit spectra with 12-min exposures
ere obtained using the Gemini Multi-Object Spectrograph with
he R400 + _G5305 grating in conjunction with the GG455_G0305
ongpass filter covering 4500–9300 Å. The slit width was 1′′ 

nd the resulting resolution was 8 Å at a blaze wavelength of 
640 Å. 
Data reduction was performed using gemini reduction soft-
are based on the Image Reduction Analysis Facility ( iraf ) pack-
ge. To calibrate the flux, the spectra of the spectrophotometric
tandard EG13 were used. 
Note, that both spectra of the J2249 likely counterpart were
btained approximately at the same orbital phase, φ ∼ 0 . 3 . The
esulting spectrum from June 10 is presented in Fig. 4 . It was
ereddened using the extinction law by E. L. Fitzpatrick ( 1999 )
nd E(B −V ) = 0 . 35 mag derived from the light-curve fitting.
he continuum of spectrum corresponds to an usual M-type
warf star but there are Balmer emission (H α and H β) lines too.
he M2V-template 4 from A. Y. Kesseli et al. ( 2017 ) is also shown
or comparison. The source spectrum is generally consistent with
he template, although we note that there is a slight flux excess
n the ∼5000–5600Å range. The contribution of the excess in
NRAS 549, 1–8 (2026)

 PI S. Swihart, programme ID GN-2022A- Q -236 
 The template can be found at https://svo2.cab.inta-csic.es/theory/ 
ewov/templates.php?model = tpl_kesseli 

5

b
6

-band light curve appears to be relatively weak and therefore not
rominent in the rather noisy ZTF data. 
The profiles of the H α emission line are shown in the insets
f Fig. 4 . The line is asymmetric, probably double-peaked, or
as at least two distinct components. The red part of the profile
s more intense than the blue one. The line has an equivalent
idth of EWH α ≈ −30 Å and a full width at half-maximum of 
WHM H α ≈ 20Å (or ∼900 km s−1 ). We also fitted the line profile
ith the double-gaussian model. For both spectra, we obtained
imilar separation between the peak positions of the components
f about 9 Å (or ∼400 km s−1 ). 

 X-RAY  SPECTRA  

o study the X-ray spectrum of the J2249 counterpart candidate,
e used SRG/ eROSITA and archival Swift /XRT data. From the
ROSITA data the source spectra were extracted using a circular
egion with a radius of 60 arcsec centred at the source position.
or the background extraction, we used an annulus region with
he inner and outer radii of 150 and 300 arcsec around the source.
he background sources were excluded with 40 arcsec radius
pertures, 5 45.4 net counts were collected in the 0.3–9 keV band
n the total exposure time of ≈2.7 ks (the vignetting corrected
xposure is ≈1.4 ks). 
The source was observed with Swift in 2019–2020 (ObsIDs
3110575001–03110575011) with the total exposure of ≈6.5 ks.
he Swift spectrum was extracted utilizing the Swift -XRT data
roducts generator 6 (P. A. Evans et al. 2009 ). This resulted in 15.7
et counts in the 0.3–10 keV band. 
Both eROSITA and Swift spectra were grouped to ensure at

east one count per energy bin and fitted with the X-Ray Spectral
itting Package ( xspec ) v.12.15.0 (K. A. Arnaud 1996 ). The inter-
tellar absorption was taken into account using the tbabs model
ith the wilm abundances (J. Wilms, A. Allen & R. McCray
000 ). 
The reddening E(B −V ) = 0 . 35 obtained from the light-curve
tting was transformed to the absorbing column density NH = 3 ×
021 cm−2 utilizing the empirical relation from D. R. Foight et
l. ( 2016 ). This value was fixed during the fitting procedure. The
umber of counts is low so we used the C-statistics (W. Cash
979 ). 
We applied the absorbed power-law (PL) model and found that

he best-fitting parameters obtained for the eROSITA and Swift
pectra are in agreement within their 1 σ uncertainties. Thus, we
tted both spectra simultaneously which results in the photon
ndex � = 2 . 0+0 . 4 

−0 . 3 , the unabsorbed flux in the 0.5–10 keV band
X = (1 . 4 ± 0 . 3) × 10−13 erg s−1 cm−2 and C/d.o.f. = 70 / 86 . The
pectra and the best-fitting model are presented in Fig. 5 . 

 DISCUSSION  

e have found a likely X-ray and optical counterpart to the unas-
ociated Fermi source J2249. Its Gaia magnitude G = 18 . 01 and
olour BP − RP = 2 . 33 combined with the observed X-ray flux
n the 0.2–12 keV band of ≈ 1 . 2 × 10−13 erg s−1 cm−2 provides
he X-ray to optical flux ratio of ∼0.2. According to fig. 1 in A. C.
 Two sources were excluded from the background region and one (num- 
er 11 in Fig. 1 ) – from the source region. 
 https://www.swift.ac.uk/user_objects/ 

https://svo2.cab.inta-csic.es/theory/newov/templates.php?model=tpl_kesseli
https://www.swift.ac.uk/user_objects/
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Figure 4. Dereddened optical spectrum of the likely J2249 counterpart (dark blue) obtained with the Gemini -North telescope on 2022 June 10 (the 
empty regions represent instrumental chip gaps). The orange line represents the M2-star template. Insets show the zoomed-in region around the H α

line from the spectra obtained on June 10 and 22. The rest wavelength (6562.8 Å) is marked by the dashed grey line. 

Figure 5. Top : the X-ray spectrum of the J2249 counterpart candidate 
with the best-fitting PL model. The data obtained by different instruments 
are marked by different colours as indicated in the panel. For illustrative 
purposes, the eROSITA and Swift spectra were grouped to ensure at least 
3 and 2 counts per energy bin, respectively. Bottom : residuals derived 
for each data point as the difference between the observed (O) and the 
calculated (C) flux density divided by the error σ . 
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odriguez ( 2024 ), this implies that the source can belong to the
pider pulsar family. 
The optical light curves of the source are typical for RB systems
here ellipsoidal modulations strongly dominate over the effect 
f the companion heating by the pulsar. Moreover, the irradiation 
ffect here is small or even absent as observed for some RBs,
.g. PSR J1622 −0315 or PSR J1816 + 4510 (K. I. I. Koljonen & M.
inares 2023 ; M. Turchetta et al. 2023 ). 
The effective temperature of the J2249 counterpart candidate 
erived from the light-curve fitting is 3560(50) K which is close to
he M2V-type star. This is confirmed by the optical spectroscopy. 
he flux excess in the ∼5000–5600Å range, mentioned in Section 
.3 , may be attributed to a hot spot on the companion’s surface,
s observed in some systems (e.g. S. J. Swihart et al. 2019 ; D. Kan-
el et al. 2020 ). However, additional time-resolved spectroscopic 
nd photometric observations are needed to confirm its presence. 
ased on these results, J2249 can have one of the coldest com-
anions among known RB systems. Indeed, typical temperatures 
re higher, about 4000–6000 K (e.g. M. Turchetta et al. 2023 ).
he even lower base (‘night-side’) temperature of ≈3300 K was 
btained only for PSR J2339 −0533 (D. Kandel et al. 2020 ). In
ddition, PSR J1628 −3205 can have a rather cold companion 
hough its temperature is quite uncertain, 3560–4670 K (M. Li, 
. P. Halpern & J. R. Thorstensen 2014 ). 
With a mass of ≈0.5 M� the J2249 likely counterpart resides 

n the high-mass tail of the RB companion population (J. Strader
t al. 2019 ), possibly making it one of the most massive known
n this class. Other examples of massive sources are, e.g. com-
anions of PSR J1306 −4035 ( Mc = 0 . 51+0 . 02 

−0 . 01 M�; S. J. Swihart
t al. 2019 ), PSR J1803 −6707 ( Mc = 0 . 44+0 . 05 

−0 . 04 M�; A. Phosrisom
t al. 2026 ), tMSP candidate 3FGL J0427.9 −6704 [ Mc = 0 . 65(8) ;
. Strader et al. 2016 ], and RB candidate 1FGL J0523.5 −2529
 Mc � 0 . 8 M�; J. Strader et al. 2014 ). 
The most interesting feature in the optical spectrum of the 
2249 likely counterpart is the Balmer emission lines. Such 
mission lines (sometimes clearly double peaked) were ob- 
erved for some spider pulsars. For example, PSR J2339 −0533 
entioned above shows strong H α and weaker H β emission 
ines in some spectra (D. Kandel et al. 2020 ). Other exam-
les are RBs PSR J1048 + 2339 (A. Miraval Zanon et al. 2021 ),
SR J1306 −4035 (S. J. Swihart et al. 2019 ), PSR J1628 −3205
J. Strader et al. 2019 ), and PSR J0838 −2827 (J. P. Halpern,
. Strader & M. Li 2017 ), RB candidate 1FGL J0523.5 −2529
J. P. Halpern, K. I. Perez & S. Bogdanov 2022 ), BW PSR
1311 −3430 (R. W. Romani et al. 2015 ), BW candidates 4FGL
1408.6 −2917 (S. J. Swihart et al. 2022 ), ZTF J1406 + 1222 (K.
. Burdge et al. 2022 ), and 4FGL J0935.3 + 0901 (Z. Wang et al.
020 ; J. P. Halpern 2022 ). These sources also demonstrate flar-
ng activity and variable heating. The emission lines are as- 
umed to be associated with the IBS or with the companion
ind/chromosphere. For the J2249 counterpart candidate, the 
roadness of the H α line excludes its chromospheric origin (see 
. Fuhrmeister et al. 2018 ) and allows one to associate it with
MNRAS 549, 1–8 (2026)
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nras/article/549/3/stag971/8692868 by Ioffe Physico-Technical Institute R
AS user on 11 June 2026
The distance to the source obtained from the light curves mod-
lling, 525(25) pc, agrees with the geometric and photogeometric
alues. For this distance, the proper motion μ = 12 . 3(1) mas yr−1 
orresponds to the transverse velocity vt = 29–32 km s−1 which
s in compatible with velocities measured for binary pulsars (G.
obbs et al. 2005 ). In addition, the best-fitting reddening agrees
ith the range, provided by the dust map of G. M. Green et al.

 2019 ), 0.30–0.41 mag. 
The source’s X-ray luminosity in the 0.5–10 keV band is LX =

3.3–6.2) × 1030 erg s−1 for 500–550 pc. This value is in agreement
ith the luminosity distribution for RBs, although it lies at the
ower bound of the latter: only one RB PSR J1816 + 4510 has a
imilar low X-ray luminosity (K. I. I. Koljonen & M. Linares 2023 ).
he γ -ray luminosity is Lγ = (2.4–4.3) × 1032 erg s−1 . This is also
ather low for spider pulsars which typically have luminosities
 1033 erg s−1 (K. I. I. Koljonen & M. Linares 2025 ). 
The J2249 measured photon index � = 2 . 0+0 . 3 

−0 . 4 is consistent
ith the values observed for low-luminosity spider pulsars ( LX �
031 erg s−1 ) while brighter RBs typically show harder non-
hermal spectra (e.g. D. Kandel et al. 2019 ; A. G. Sullivan & R.
. Romani 2025 ). The softer emission in low-luminosity systems
s likely attributed to a larger contribution from the heated polar
aps relative to the IBS emission (K. I. I. Koljonen & M. Linares
023 ). 
By its X-ray to optical flux ratio, the J2249 presumed coun-

erpart also agrees with accreting systems such as LMXBs or
ataclysmic variables (CVs). However, the source has an overall
arder X-ray spectrum than LMXBs in the low-luminosity regime
 LX � 1032 –1033 erg s−1 ) when a thermal component from the
ulk of the NS surface dominates (Y. Tanaka 1997 ). As for CVs
ith appropriate periods and donors, the interpretation cannot
e fully ruled out. However, no strong flares or transition between
ow and high accretion states typical for many CV subclasses (K.
night et al. 2023 ) are seen in the Pan-STARRS (MJD ≈55000–
7000) and ZTF (MJD ≈58200–60600) data. The source is also sta-
le in the Gaia data covering the time gap between Pan-STARRS
nd ZTF. The optical spectra show no evidence of the white
warf emission (though it could be very cold) or bright accretion
isc/flow suggesting a very low accretion rate. We could assume
 low-accretion rate polar (e.g. A. D. Schwope 2025 ) but if so, the
ptical spectrum should exhibit pronounced cyclotron humps.
hus, if the source is indeed a CV, it represents a highly unique
bject with a low accretion rate that has remained stable for at
east ∼15 yr. Moreover, it cannot be associated with the Fermi
ource. 
We also investigated other X-ray sources marked in the top and
iddle panels of Fig. 1 as well as their possible optical counter-
arts. The details are presented in Appendix A . None of them
eems to be responsible for the γ -ray emission. 

 CONCLUSIONS  

o sum up, J2249 is likely a rare member of the RB family – one
ith a cool companion and unusually low X-ray and γ -ray lumi-
osities. Such systems are challenging to detect due to the limited
epth of current optical and X-ray surveys. At a distance just three
imes greater ( � 1.5 kpc), J2249 would have remained undetected
y eROSITA and Swift , and its optical periodicity would have been
issed in ZTF data. 
Searching for pulsations in the radio from an NS is needed to
onfirm the RB nature of the J2249 likely optical/X-ray counter-
art. The present analysis is limited by the relatively noisy ZTF
NRAS 549, 1–8 (2026)
ata and sparse spectroscopic coverage. Deeper, phase-resolved
ptical photometry and spectroscopy are therefore necessary to
onfirm and robustly constrain the system parameters, includ-
ng the mass ratio and pulsar mass derived from radial velocity
urves, and to investigate the IBS geometry. 
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PPENDIX  A:  OTHER  X-RAY  SOURCES  IN  THE  

FGL  J2249 .4  + 6229  POSITION  UNCERTAINTY  

LLIPSE  AND  THEIR  POSSIBLE  OPTICAL  

OUNTERPARTS  

able A1 presents X-ray sources found inside the 4FGL 
2249.4 + 6229 95 per cent position uncertainty ellipse, with the
xception of the RB candidate. They are numbered as in the
op and middle panels of Fig. 1 . We note, that sources 2 and
 were not detected with eROSITA that indicates their rather 
trong variability in X-rays, possibly flaring activity. Other sources 
re too weak to make any definitive conclusions about their 
ariability. 
To clarify the nature of the sources, we also searched for their

ikely optical counterparts in the Gaia catalogue and estimated 
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Table A1. X-ray sources in the 4FGL J2249.4 + 6229 position uncertainty ellipse and their likely optical counterparts. 

Err90 αopt , δopt fX / fopt BP − RP Comments 

(1) LSXPS J224829.5 + 622718/ (12) SRGe J224829.6 + 622723 
7.8 22h 48m 28 .s 69, + 62◦27′ 25 .′′ 2 0.03 1.95 F-type star 

(2) LSXPS J225028.2 + 622559 – variable in X-rays 
6.4 (A) 22h 50m 27 .s 99, + 62◦26′ 00 .′′ 7 0.2 3.30 Late-type star, likely counterpart to the X-ray source 

(B) 22h 50m 28 .s 19, + 62◦26′ 02 .′′ 5 0.8 2.15 Late-type star 
(3) LSXPS J224816.5 + 6218 – variable in X-rays 

5.8 22h 48m 16 .s 20, + 62◦18′ 09 .′′ 2 0.08 2.57 RS CVn, Pb ≈ 2 . 3 d (X. Chen et al. 2020 ) 
(4) SRGe J225016.1 + 621641 

7.8 22h 50m 15 .s 72, + 62◦16′ 47 .′′ 0 0.1 3.34 Late-type star 
(5) SRGe J224852.8 + 621533 

9.7 22h 48m 53 .s 24, + 62◦15′ 28 .′′ 2 0.02 3.35 YSO (Gaia Collaboration 2023 ) 
(6) SRGe J224949.1 + 621751 

7.3 22h 49m 48 .s 55, + 62◦17′ 49 .′′ 6 0.006 2.34 Active F-type star 
(7) SRGe J224846.8 + 621653 

6.9 22h 48m 46 .s 01, + 62◦16′ 54 .′′ 8 0.08 3.23 Late-type star, likely YSO 

(8) SRGe J225004.8 + 622448 
7.1 22h 50m 04 .s 76, + 62◦24′ 54 .′′ 5 0.002 1.71 Active G-type star, likely binary 

(9) SRGe J224908.5 + 622244 
7.4 22h 49m 08 .s 56, + 62◦22′ 45 .′′ 8 0.01 2.42 RS CVn, Pb ≈ 1 . 8 d (X. Chen et al. 2020 ) 

(10) SRGe J225022.7 + 622718 
9.7 22h 50m 22 .s 54, + 62◦27′ 20 .′′ 9 0.006 2.38 YSO (Gaia Collaboration 2023 ) 

(11) SRGe J224822.3 + 622253 
5.2 22h 48m 21 .s 82, + 62◦22′ 54 .′′ 3 0.006 1.90 Active late-type star 

(13) SRGe J224946.3 + 622945 
8.9 22h 49m 46 .s 82, + 62◦29′ 48 .′′ 9 0.03 3.54 YSO (Gaia Collaboration 2023 ) 

(14) SRGe J224932.8 + 623033 
8.7 22h 49m 32 .s 11, + 62◦30′ 30 .′′ 5 0.03 3.22 YSO (Gaia Collaboration 2023 ) 

Note. Err90 is the 90 per cent position uncertainty of the X-ray source measured in arcsec; if the source is presented in both Swift and eROSITA data, 
the more precise position was used. αopt and δopt are coordinates of the possible Gaia counterparts. fX is the observed X-ray flux in the 0.2–12 keV 

band. fopt is the observed optical flux calculated using the G -band magnitude. RS CVn: RS Canum Venaticorum-type binary system, YSO: young stellar 
object. 
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-ray to optical flux ratios fX / fopt . Observed X-ray fluxes were
alculated from the mean count rates using the WebPIMMS tool 7 
nd assuming the absorbed PL model with the column density
H = 3 × 1020 cm−2 and photon index � = 2 . Observed optical
uxes were obtained from the Gaia magnitude G . If several op-
ical sources coincide with the X-ray source, fX / fopt should be
onsidered as an upper limit. 

 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl 
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We also used information from the Pan-STARRS and ZTF cat-
logues as well as optical-infrared spectral energy distributions
SEDs) of the sources 8 and distance estimates from C. A. L. Bailer-
ones et al. ( 2021 ) to establish the most probable nature of the
ources, which is mentioned in Table A1 . Note, that we present
nly the most plausible optical counterpart for each X-ray source.
f no compelling candidate is found, all optical sources within the
-ray positional error circle are reported. 
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 SEDs were obtained through the VizieR Photometry viewer https://vizi
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