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A B S T R A C T 

We perform a comprehensive search for high-velocity X-ray sources with large X-ray/optical flux ratios ( F X 

/F G 

), identifying 

candidat es for int eracting black hole or neutron star binaries pot entially accelerat ed by supernova natal kicks. We cross- 
match X-ray points sour ces fr om a variety of catalogues ( Chandr a , XMM–N ewton , Swift, and eROSITA ) with Gaia DR3. 
Using Gaia coor dinates, parallax es, and pr oper motions, w e comput e peculiar v elocities ( υpec ) relativ e t o Galactic disc 
rotation. Remaining agnostic about radial velocities (RVs), we vary RVs to find the minimum possible υpec values ( υpec , min ). 
Uncertainties on υpec , min are estimated via Monte Carlo resampling, and we select X-ray sources that hav e 1 σ low er limits 
on υpec , min ≥ 200 km s −1 and high F X 

/F G 

values. We show that this velocity threshold excludes most contaminants (e.g. 
cataclysmic variables and active binaries) while retaining a sensible fraction of compact object binaries, demonstrating 

that υpec could serve as an effective indicator for the presence of a neutron star or black hole companion. Our selection 

yields a sample of 2372 sour ces, fr om which we construct a gold sample of 7 sources that have relatively well-constrained 

astrometry and confident optical counterparts. Follow-up is necessary to confirm and characterise their high-energy 

emission, as well as a Galactic disc vs. halo origin. 

Key words: binary: close – stars: black hole – stars: neutron – supernov a: gener al – X-rays: binaries. 
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 INTRODUCTION  

ompact object binaries (COBs), systems in which a neutron star 
NS) or a black hole (BH) orbits a non-degenerate companion, 
ave yielded critical insights into compact objects and their as- 
ociated physics. NSs, for instance, serve as natural laboratories 
or studying matter under e xtr eme densities, offering a unique
pportunity to probe the physics of ultr a-dense mat ter (e.g. J. M.
at timer 2012 ). Observ ations of emission fr om r egions of e xtr eme
ravity near these compact objects enable tests of relativistic ef- 
ects (e.g . B . Kleihaus, J. Kunz & E. Radu 2011 ; G. Dvali & C.
omez 2013 ; S. B. Giddings 2014 ). X-rays in these systems are
roduced by interactions between the compact object and its non- 
egenerate companion. Their emission traces high-energy pro- 
esses such as accretion onto the compact object in X-ray binaries
XRBs; e.g. J. F r ank, A. King & D. Raine 1992 ) or interactions
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etween relativistic winds and the companion’s material in bi- 
ary pulsars (BPSRs; e.g. S. V. Bogovalov et al. 2019 ). Moreover,
Hs and NSs ha ve lik ely all experienced supernovae, making
OBs a valuable probe for studying supernova mechanisms and 

nergetics (see e.g. H.-T. Janka 2012 , for a review). 
The non-degenerate companion in a COB, also r eferr ed to as

he optically luminous component, plays an important role in 

bserving and characterising the ‘dark’ compact objects. By track- 
ng the orbital motion of the luminous component, studies have 
onstrained their binary orbits, and, in some cases, the mass of 
he compact object can be determined dynamically – providing a 
efinitive classification as either a BH or NS (e.g. T. A. Thompson
t al. 2019 ; K. El-Badry et al. 2023 ). The luminous component
lso serves as a tracer of the binary’s systemic velocity, offering
nsights into the potential energetics of its birth supernova. It is
roadly accepted that a supernova imparts an impetus to the BH
r NS, r eferr ed to as a natal kick (NK), via ejection of baryonic
atter (A. Blaauw 1961 ) and/or asymmetric emission of neu- 
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rinos (N . N . Chug ai 1984 ; O. F. Dor ofeev, V. N. Rodionov & I.
. Ternov 1985 ; P. Arras & D. Lai 1999 ). The binary’s kinematic

r operties ther efor e pr ovide an observational connection to the
nderlying physics of NKs. 
Despite an ever-growing sample, our understanding of com-

act object demographics remains significantly incomplete. This
s mainly due to the dearth of confirmed e xamples. Ther e ar e only

30 BHs that have been dynamically confirmed (J. M. Corral-
antana et al. 2016 ), but the consensus is that our galaxy contains

10 8 BHs (e.g. A. Olejak et al. 2020 ); similarly for NSs, while over
3 000 have been discovered as radio pulsars (R. N. Manchester

t al. 2005 ), this only r epr esents a small ( ∼ 10 −5 ) fraction of the
redicted population (e.g. M. Gullón et al. 2014 ; M. Cie ́slar, T.
ulik & S. Osłowski 2020 ; C.-A. Faucher-Giguère & V. M. Kaspi
006 ). Discovery of mor e C OBs pr ovides an important channel of 
nriching our sample of NSs and BHs and is particularly useful
n constraining the related binary evolution models. 

S ystematic sear ches for new C OBs have g ained significant mo-
entum since the R OSAT All-Sk y Survey (RASS; J. Truemper

982 ; W. Voges et al. 1996 , 1999 , 2000 ; T. Boller et al. 2016 ). RASS
urpassed previous surveys in both sensitivity and angular reso-
ution (W. Voges et al. 2000 ), and RASS sources have been cross-

atched against optical catalogues to search for new XRBs (e.g. C.
otch et al. 1997 ). Since the turn of the millennium, even fainter

our ces ar e det ect ed by instruments with larger collecting areas,
uch as the Chandr a X-r ay Observatory ( Chandr a ), the XMM–
ewton Telescope ( XMM ), and the Neil Gehrels Swift Observatory
 Swift ); how ev er, these searches hav e been focused on restrict ed
egions given the small fields of view of these instruments (e.g.
. G. Jonker et al. 2011 ; A. Bahramian et al. 2021 ). Some of 
hese sources have been identified by optical/near-IR follow-up or
r oss-r efer encing with existing catalogues (e.g. A. Nebot Gómez-
orán et al. 2013 ; A. W. Shaw et al. 2020 ). The Gaia mission

Gaia Collaboration 2016 ) has made it possible to identify optical
ount erparts t o X-ray sour ces on large scales. In fact, sear ches
ust based on Gaia astrometry (e.g. S. Shahaf et al. 2023 ) and/or
hotometric data (e.g. R. Gomel et al. 2023 ) have already iden-
ified many new candidates. This includes some non-interacting
 OBs (NIC OBs) that have been dynamically confirmed (e.g . K.
l-Badry et al. 2023 ; Gaia Collaboration 2024 ), and more NICOBs
ill be revealed in future Gaia releases (e.g. C. Chawla, S. Chat-

erjee & K. Breivik 2025 ). Efforts have also been made combin-
ng non-single star information inferred from Gaia astrometric
ts and archival X-ray catalogues for new XRB candidates (e.g.
. Gandhi et al. 2022 ). Eventually, the eROSITA all-sky survey
eRASS; P. Predehl et al. 2021 ; A. Merloni et al. 2024 ) will pro-
ide X-r ay cover age of the full sky at unprecedented depths. The
rst data release has already revealed 930 203 sources over the
 est ern Galactic hemisphere at an X-ray ( 0 . 2 − 2 . 3 keV ) depth
f � 10 −14 erg cm 

−2 s −1 (A. Merloni et al. 2024 ), and some new
OB candidat es hav e been discov er ed. For e xample, A. Zainab
t al. ( 2024 ) have followed-up one of the resulting XRB candi-
ates, finding optical spectral features typical of high-mass XRBs
HMXBs), thereby indicating the great potential of this survey for
evealing new XRBs. 

A major challenge of finding new XRB candidates from large
-ray surveys or catalogues is contamination by X-ray emis-

ion from other objects; major contaminating X-r ay emit ters in-
lude cataclysmic variables (CVs), activ e stars/activ e binaries,
nd young stellar objects (YSOs). These objects have overlap-
ing features with XRBs, and sometimes can only be identified
NRAS 546, 1–16 (2026) 
ia dedicated follow-up observations. A CV consists of a white
warf accr eting fr om a low-mass cool star, so they have accretion-

nduced X-rays as well as soft X-rays from the very hot white
w arf surface. X-r ay luminosities are around 10 29 −31 erg s −1 in
uiescence (e.g. R. C. Reis et al. 2013 ), but this can reach ∼
0 33 −34 erg s −1 in outburst (D. S. Baskill, P. J. Wheatley & J. P.
sborne 2005 ). N on-thermal pr ocesses in stellar cor onae can

mit X-rays (see e.g. M. Güdel 2004 , for a review) with lumi-
osities ranging between ≈ 10 27 −31 erg s −1 (e.g. S. Wang et al.
020 ). Coronal activity can be greatly enhanced in active binaries
here the stars are tidally locked and forced to rotate rapidly; for
 xample, RS CVn systems (e.g . F . W alt er, P. Charles & S. Bowy er
978a , b ) – close binaries composed of a subgiant or giant star
nd a main-sequence or subgiant companion – are strong X-ray
ources as are close binaries of later-type dwarfs (e.g. BY Dra; R.
. Dempsey et al. 1997 ). X-ray emission has also been observed

n subclasses of YSOs, typically in later-stage YSOs (e.g. T Tauri
tars), which is attributed to enhanced coronal activity and accre-
ion shocks (see e.g. E. D. Feigelson & T. Montmerle 1999 , for a
eview). 

Without dedicated spectroscopic or time-domain observations,
ne effective way to distinguish between stellar coronal X-ray
mission and accretion onto compact objects is from the X-ra y -
o-bolometric ratio ( L X /L bol ). This ratio in active stars/binaries,
specially those with late-type dwarfs, does not e x ceed the satu-
ation limit of ∼ 10 −3 (O. Vilhu & S. M. Rucinski 1983 ; O. Vilhu
984 ; O. Vilhu & F. M. Walter 1987 ; T. A. Fleming, I. M. Gioia & T.
accacaro 1989 ), which also holds for most RS CVn systems (e.g.

. M. Walter & S. Bowyer 1981 ). Moreover, YSOs have L X /L bol 
lose to the saturation limit, between 10 −4 and 10 −3 (O. Vilhu
984 ; O. Vilhu & F. M. Walter 1987 ; N. J. Wright et al. 2011 ). In
ccreting compact objects, X-ray emission accounts for a much
igher proportion of the system’s energetics, and L X /L bol is gen-
rally above the saturation limit (e.g. F. Bernardini et al. 2016 ).
his applies to both Galactic XRBs and to active galactic nuclei

AGNs). In actual applications, bolometric flux/luminosities is
ft en substitut ed by more observable values in optical bands.
or example, H. Tranin et al. ( 2022 ) present X-ray/ r-band flux
atios for the common X-ray emitters, clearly separating stars
rom XRBs and CVs. A more recent and comprehensive study is
resented by A. C. Rodriguez ( 2024 , R24 hereafter), who uses the
aia G -band flux ( F G ) for the X-ray/optical ratios and developed
n empirical relation between F X /F G and the Gaia Bp − Rp colour
 o separat e activ e stars/binaries and YSOs fr om accr eting com-
act objects (more details in Section 2.9 ). Y. Wang et al. ( 2025 )
pply a transformed version of this empirical relation (see their
quation 6) to the Data Preview 1 release of the Legacy Survey
f Space and Time (LSST) fr om the Ver a C. R ubin Observatory to
earch for potential COBs. Future LSST releases will offer much
roader and deeper coverage for such searches. 

X-r ay/optical r atios hav e prov ed effectiv e in selecting accreting
ompact objects, but less so in BH or NS XRB searches due to the
ifficulty in distinguishing them from CVs. It is, how ev er, possi-
le to make use of the evolutionary difference between CVs and
H or NS binaries t o further refine candidat e samples. The key
ifference is that BHs and NSs have experienced energetic super-
ovae, while white dwarfs in CVs have not. NKs associated with

he supernovae can greatly modify the kinematics of the compact
bject and/or the COB as a whole. In certain instances, the parent
inary can survive the supernova and be greatly accelerated (N.
randt & P. Podsiadlowski 1995 ; G. Nelemans, T. M. Tauris & E. P.
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. van den Heuvel 1999 ), and this imprint of NKs can be observed
s high or even runaway space velocities. In fact, a number of 
tudies have found high peculiar velocities ( υpec ) in both isolated
ulsars (e.g. A. G. Lyne & D. R. Lorimer 1994 ; G. Hobbs et al.
005 ), and COBs, including XRBs (e.g. I. F. Mirabel et al. 2001 ; P.
tri et al. 2019 ; P. Gandhi et al. 2019 ; F. Fortin et al. 2022 ; T. N.
’Doherty et al. 2023 ; Y. Zhao et al. 2023 ; C. Dashwood Brown, P.
andhi & Y. Zhao 2024 ) and BPSRs (e.g. R. J. Jennings et al. 2018 ;
. N. O’Doherty et al. 2023 ; Y. Zhao et al. 2023 ). υpec is the space
 elocity relativ e t o the bulk motion of the parent population,
hich has been broadly used as an observational pr o xy for NK

trength. 
In this w ork, w e conduct a comprehensive search for high-

elocity X-ra y sour ces (HVXSs) using ar chiv al X-r ay source cat-
logues and astrometric information from the Gaia survey. By 
ross-matching X-ray catalogues with Gaia , a sample of HVXSs 
hat have high X-ray/optical ratios are selected. In Section 2 , we
ntroduce the X-ray source catalogues employed, cross-matching 
echniques, and the selection processes used to identify the HVXS 
ample; we also further curate a sample of gold sources that have
ell-constrained astrometry and robust X-ray/ Gaia association. 

n Section 3 , we overview properties of the selected HVXS sample.
n Section 4 , we compare the HVXSs to a control sample and dis-
uss individual gold sources. Finally, in Section 5 , we summarize
ur findings and draw our main conclusions. 

 METHODOL  OG  Y  

.1 X-ray catalogues 

he following sections summarize the construction of the fi- 
al sample, which int egrat es data from various up -to - date X-ray
ource catalogues, including the Chandra Source catalogue (CSC, 
er. 2.1; I. N . E vans et al. 2024 ), the XMM Ser endipitous Sour ce
atalogue (4XMM, ver. DR14; N. A. Webb et al. 2020 ), the Swift -
R T P oint Source catalogue (2SXPS; P. A. Evans et al. 2020 ), and

he eRASS source catalogue (ver. DE DR1; A. Merloni et al. 2024 ).
his results in a raw total exceeding 2.1 million X-ray sources. 

.2 Selection of point sources 

e select point sources that are confidently det ect ed in each cat-
logue. For CSC, this corresponds to significance ≥ 5 . 0 , ex-
ent_flag = FALSE , and conf_flag = FALSE . For 4XMM
R14, we set a 5 σ detection limit ( SC_DET_ML ≥ 14; N. A.
ebb et al. 2020 ), only keeping those with SC_SUM_FLAG = 0

nd CONFUSED = ‘f’ t o av oid spurious and confused sources;
 xtended sour ces ar e e x cluded by constraining SC_EXTENT ≤
 

′′ . To clean the 2SXPS catalogue, we specify DetFlag = 0
nd FieldFlag = 0 ; this keeps confident point sources whose
elds were not affected by stray light, diffuse emission, or arte-

acts. Finally, for the eRASS catalogue, we keep sources with 

ET_LIKE above 10, which reduces the spurious detection rate 
o ≈ 1 per cent (R. Seppi et al. 2022 ); Extended sour ces ar e e x-
luded by specifying EXT_LIKE = 0 . Without removing dupli- 
ation, this results in a total of 980 , 560 confident sources. 

.3 Calibr ate X-r ay positional uncertainties and remov al 
f duplicated X-ray sources 

ll X-ray positional uncertainties from different catalogues are 
onv ert ed t o a common scale corresponding to one Mahalanobis
adius—the circular radius enclosing 39.3 per cent of the prob- 
bility in a 2D Gaussian positional error distribution. This cali- 
rated error radius is denoted by r err , x . 

For the CSC, the semi-major ( err_ellipse_r0 ) and semi- 
inor ( err_ellipse_r1 ) axes of the positional error el- 

ipse r epr esent 95 per cent confidence intervals. 1 We estimate
 circular radius as the geometric mean of the two axes,
 

err _ ellipse _ r0 × err _ ellipse _ r1 . Assume an isotropic 2D Gaus- 
ian, the cumulative probability distribution function is given by 

 (< r) = 1 − e −r 2 / 2 , (1) 

here r is in units of Mahalanobis radii. Therefore, the con ver -
ion factor from radius enclosing 95 per cent probability is given
y 1 / 

√ −2 ln (1 − 0 . 95) = 0 . 4085 . 
For the 4XMM, the positional error radius ( sc_poserr ) en-

loses the true position with 63 per cent pr obability. 2 , corr espond-
ng to 

√ 

2 Mahalanobis radii. We ther efor e apply a conversion
actor of 1 / 

√ 

2 = 0 . 7071 . 
For the 2SXPS, the quoted error radius ( Err90 ) r epr esents 90

er cent confidence under a Rayleigh distribution 

3 , equivalent to 
.146 Mahalanobis radius, giving a conversion factor of 0.4660. 

Finally, the eRASS positional error radii already correspond to 
ne Mahalanobis radius 4 , so no conversion is r equir ed. 

We then auto - correlate the 980 , 560 source positions to identify
nd remov e pot ential duplicat es. Using the KDTree implemen-
ation in scipy , we efficiently search for pairs of sources whose
ositional error circles overlap, considering them as matches. 
pecifically, a pair of sources are considered identical, if their 
eparation is smaller than the summed r err , x values. All matching 
airs are then grouped int o connect ed components using a graph
onstructed with the NetworkX package (A. A. Hagberg, D. A. 
chult & P. J. Swart 2008 ). Within each group, we retain the X-
ay ID with the smallest r err , x . This step removes a total of 28,772
ources, leaving a total of 951 , 788 sources. 

.4 Cross-match with Gaia 

he deduplicated catalogue is then cross-matched against the 
aia DR3 catalogue (Gaia Collaboration 2023 ). A preliminary 

ross-match was performed using the nway package (M. Salvato 
t al. 2018 ), which is built on a Bayesian framework that pro-
ides match probabilities. We set the maximum matching radius 
o 15 arcsec , which is greater than 99 per cent of the positional
ncertainties in all four catalogues. We do not limit our cross-
atching with additional prior information, so our subsequent 

election processes can be based on a comprehensive sample. We 
hen only kept the matches that have p_any ≥ 0 . 9 , p_single

0 . 9 , and match_flag = 1 . p_any is the probability that an
-ray source has any Gaia counterpart, p_single is the prob- 
bility that compares this Gaia association vs. no association (T. 
udavári & A. S. Szalay 2008 ). We also match_flag = 1 , which
eeps only the most confident Gaia counterpart for each X-ray 
ource. Aft er this st ep, w e obtained a t otal of 591 , 223 confident
atches. 
After the above steps, we found a total of 18 , 516 unique Gaia

our ces that ar e mat ched t o multiple distinct X-ray sources (Sec-
MNRAS 546, 1–16 (2026) 
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M

Figure 1. Distributions of Gaia /X-ray source separation (in units of po- 
sitional uncertainty, i.e. δx, g /r err , x ) for unique one-to - one nway matches 
(by X-ray source catalogues) following the cleaning process in Section 2.4 . 
The probability density is estimated by a Gaussian kernel. 
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ion 2.3 ). In fact, some high-probability nway Gaia counter-
arts lie beyond r err , x from the X-ray positions, making one-to-
an y Gaia /X-ra y mat ches possible ev en aft er the deduplication

n Section 2.3 and the above probability cuts. We retain only the
losest pairs in terms of δx, g /r err , x , removing a total of 19 , 305
atches. The cleaned Gaia /X-ray cross-matched catalogue con-

ains 571 918 one-to - one matches. Fig. 1 shows the distribution
f their Gaia /X-ray angular separations ( δx, g ) in units of r err , x . 

Tw o additional st eps are applied t o r etain only the most r obust
atches: (1) X-ray sources with r err , x ≥ 10 arcsec are removed,

nd (2) only X-ray sources whose Gaia counterpart is the sole
atch within 2 r err , x are kept. This keeps 364,507 sources. 

.5 Producing a kinematics-worthy sample 

ith Gaia IDs, we further clean the sample by keeping sources
hat have at least these astrometric parameters: coordinates ( α, δ),
arallax ( � ), and two proper motion (PM) components ( μα cos δ,
δ). These are needed for deriving their kinematic properties.
ote that radial velocity (RV) is not necessary in our selection,

s we will compute their space velocities in a RV-agnostic way
Section 2.7 ). We use the Gaia astrometric _ params _ solved
ag—a 7-bit indicator of which astrometric parameters were
stimat ed—t o select sources with valid astrometric solutions, re-
aining only those with astrometric _ params _ solved = 31 ,
3, or 95. 

We also removed quasi-stellar objects (QSOs) and galaxy can-
idates identified by the Gaia Discr ete Sour ce Classifier (DSC; L.
elchambre et al. 2023 ). The DSC provides combined class prob-

bilities based on Gaia astrometry , photometry , and BP/RP spec-
ra; for example, classprob_dsc_combmod_quasar gives
he combined probability that a source is a QSO. We keep
ources with an overall combined (‘Combmod’) probability of 
eing a star ( classprob_dsc_combmod_star ) greater than
.9, as well as those not classified by the DSC (i.e. with no
NRAS 546, 1–16 (2026) 
lassprob_dsc_combmod_star available). This step pro-
uces a sample of 131,960 Gaia sources. 

.6 Distances 

e use the inferr ed distances fr om the (C. A. L. Bailer-Jones et al.
021 , hereafter B21 ) catalogue, prioritising the values inferred by
ncorporating Gaia parallaxes and photometry, which are called
photogeometric’ distances ( d b21 ). This estimate gives generally

ore constrained distributions compared to those of the purely
eometrically-inferred values ( B21 ). 

The Gaia archive only provides point estimates (medians) and
redible interval bounds, and in many cases, the upper and lower
rr ors ar e asymmetric, indicating a skew ed post erior. For our
onte Carlo simulation, we employ the gamma distribution to

ppr o ximat e the post erior, whose density distribution function is
iven by 

f ( d) = 

1 
�( α) θα

d 

α−1 exp 

(
−d 

θ

)
. (2) 

ere, α and θ determine the shape of the distribution, and we
djust their values to fit the lower and upper bounds, while freez-
ng the mode of the distribution to the reported median. The best
t is found by minimizing summed quadratic difference between
ominal and analytical values of the bounds. 

.7 Minimum peculiar velocity 

e then compute υpec for the kinematics-worthy sample. In the
ontext of this work, we assume that these sour ces wer e born
n the Galactic disc, so by definition, υpec is the 3D space ve-
ocity relativ e t o disc r otation at the sour ce’s pr ojected radial
ffset from the Galactic centre. Computation is set up using the
otation curve defined under the MWPotential2014 from the
alpy package (J. Bovy 2015 ), adopting R 0 = 8 . 34 ± 0 . 16 kpc , the

otation speed of the local standard of rest (LSR) 
0 = 240 ±
 km s −1 , and the Cartesian components of solar motion rela-
iv e t o the LSR, (U �, V �, W �) = (10 . 7 ± 1 . 8 , 15 . 6 ± 6 . 8 , 8 . 9 ±
 . 9) km s −1 (M. J. Reid et al. 2014 ). 

We then followed the formulation in M. J. Reid et al. ( 2009 )
 o conv ert the astrometric paramet ers t o υpec . For most of our
our ces, ther e is no RV information; even though Gaia provides
Vs for some (generally bright) sources, they do not necessarily

rack systemic motion of the source (in cases where the sources
re not single). For non-single sources, it is the systemic RV ( γ )
hat is needed for calculating υpec . How ev er, measuring γ usually
 equir es multi-epoch RV values, which is challenging to obtain
n a large scale. We instead stayed agnostic to the exact γ but
ssumed a broad range of values and searched for the minimum
ossible υpec value, denoted as the minimum peculiar velocity
 υpec , min ), and the corresponding γ value is denoted as γmin . Un-
ertainties on υpec , min were propagated from all input astrometric
arameters and Galactic constants following a Monte Carlo re-
ampling method. Specifically, we drew 1000 samples assuming a
ormal distribution centred on the nominal values and spread as

heir 1 σ uncertainties for the proper motion components, while
ampling from the approximated posterior (Section 2.6 ). Then,
r om the r esulting υpec , min values, we found the 16th and 84th per-
entiles as the ( ≈ 1 σ ) lower and upper limits. In Fig. 2 , we show
n example of υpec as a convex function of γ , and the location of 
pec , min and its 1 σ lower limit ( υpec , min , lo ). 



High-velocity X-ray sour c es 5 

Figure 2. Peculiar velocity ( υpec ) values at a range of systemic radial 
velocities ( γ ) for the X-ray source 1eRASS J025910.8 −390331. The shaded 
ar ea r epr esents the 1 σ confidence r egion. The minimum υpec ( υpec , min ) 
and the 1 σ lower limit of υpec , min ( υpec , min , lo ) are marked by a open 
square and a filled red circle, respectively. 
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Figure 3. Empirical cumulative distribution functions of peculiar ve- 
locity ( υpec ) plotted for types of compact object binaries, including low- 
mass X-ray binaries (LMXBs), high-mass X-ray binaries (HMXBs), binary 
pulsars (BPSRs), and non-interacting compact object binaries (NICOBs). 
Major contaminating sources to XRB searches are represented by dashed 
lines, including cataclysmic variables (CVs), active stars/binaries, and 
y oung st ellar objects (YSOs). The v ertical dashed line marks the lower 
limit of 200 km s −1 we used for selecting high-velocity sources. LMXBs 
and BPSRs have apparently higher υpec values compared to the major 
contaminants. 
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.8 Where to draw the line? 

 OBs ar e generally e xpect ed t o be accelerat ed by NKs and move
t faster υpec compared to objects that have never experienced 

upernovae, but how distinct are they compared to the major 
ontaminants? To make a comparison, we use the Gaia astrom- 
try of known COBs compiled in Y. Zhao et al. ( 2023 ), including
RBs, BPSRs, and NICOBs; we also expanded this compilation 

y adding new NICOBs discovered by K. El-Badry et al. ( 2024 ).
e then collate major contaminating sources from different ref- 

rences, including active stars (N. J. Wright et al. 2011 ), active bi-
aries (Z. Eker et al. 2008 ), confident YSO candidates (G. Marton
t al. 2019 ), and CVs (H. Ritter & U. Kolb 2003 ). Similar to our
election process above (Section 2.5 ), these catalogues are also 
hecked against Gaia DR3, keeping those that have at least 5- 
arameter astrometry. To then compute their υpec values, we use 
aia radial velocities for active stars and YSOs, systemic radial 
elocities compiled by T. Ak et al. ( 2015 ) for CVs (see also R.
anbay et al. 2025 ), and the centre-of-mass radial velocities from

he Z. Eker et al. ( 2008 ) catalogue for active binaries. 
Fig. 3 compares the empirical cumulative distribution func- 

ions of υpec for COBs (XRBs, BPSRs, and NICOBs) with those 
or different classes of contaminating sources. While HMXBs 
nd some NICOBs are somewhat similar to the contaminating 
ources, most low-mass XRBs (LMXBs) and BPSRs move at ap- 
arently higher velocities (i.e. above ≈ 100 km s −1 ). We chose 
00 km s −1 as the limit for selecting HVXSs in this study. This
imit effectively e x cludes over 97 per cent contaminating sources
f all kinds, while maintaining sensible fractions of LMXBs ( ≈
5 per cent ), BPSRs ( ≈ 5 per cent ), and NICOBs ( ≈ 10 per cent )
Fig. 3 ). 
.9 The HVXS sample 

or a more conservative selection of HVXSs, we use the 1 σ lower
imit on υpec , min ( υpec , min , lo ), selecting sources with υpec , min , lo ≥
00 km s −1 and keep sources that have a 1 σ lower limit of X-
ay/ Gaia G -band flux ratios ( F X /F G ) above the empirical sepa-
atrix in R24. This gave a sample of 2867 sources. Additional
leaning was performed on this sample in order to obtain higher-
onfidence COB candidates. 

(i) The first step is to remove known COBs (either identified as
RBs or PBSPs) and non-COBs (e.g. AGNs, CVs, YSOs, CVs, etc.).
o do this, we cross-matched the sample against the SIMBAD 

ata base with a search radius of 10 arcsec . This yielded a total
f 396 matches. Extragalactic contaminants and their candidates 
e.g. Galaxy , QSO , AGN , etc.) account for ≈ 37 per cent of this
ample, while Galactic ones (e.g. YSO , CataclyV ∗, BYDraV ,
SCVnV ∗, etc.) account for ≈ 10 per cent . The crossmatch re- 
eals a minor fraction ( ≈ 7 per cent ) of known COBs and their
andidat es, consist ent with their gener al r arity. Stars ( Star ),
he most common classifications ( ≈ 12 per cent ), were kept. In 

ddition, some classification – such as generic X-ray sources ( X 
8 per cent ), and high-proper-motion stars ( HighPM ∗; makes 
2 per cent ) – are also retained, as they directly align with our

election of HVXSs. The rest of the matches fall into ambiguous
ypes that could plausibly host NSs or BHs. These are kept in our
ample and summarized in Table A1 . After this st ep, w e are left
ith 2625 sources. 
(ii) Our method of computing υpec assumes a Galactic disc 

rigin, which does not apply to sources associated with the halo.
hile it is challenging t o syst ematically remov e halo sources,

ome of the sources have been astrometrically identified as clus- 
er members. To eliminate cluster members, we perform a pre- 
MNRAS 546, 1–16 (2026) 
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M

Table 1. Combinations of criteria and their quality flags (Section 2.10 ). 

δx, g ≤ r err , x � /σ� 

≥ 5 | d inv −d b21 | 
d b21 

≤ 0 . 2 N 

000 2 = 0 1450 
001 2 = 1 � 73 
010 2 = 2 � 6 
011 2 = 3 � � 20 
100 2 = 4 � 778 
101 2 = 5 � � 30 
110 2 = 6 � � 5 
111 2 = 7 � � � 10 

l  

t  

s  

t  

r  

w
 

L  

m  

m  

b  

n  

p  

n  

a  

L  

n  

s
 

l  

e  

t  

b  

r  

c  

c  

T

 

m

2

W  

i
t  

m  

υ  

l  

 

c

 

t  

r  

T  

n  

t
c

2

W  

F  

t  

t  

t  

s

2

W  

(  

o  

p  

G
t  

u  

e  

t  

S  

G  

s  

c  

i
 

f  

s  

n  

s  

a  

s  

s

2

G  

t  

t  

s  

w  

t  

n  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag058/8419701 by U
niversity of Southam

pton user on 08 June 2026
iminary filtering by r emoving sour ces with indicative SIMBAD
ypes and names (e.g. Cl, ClG , etc.). We further compared the
ample Gaia source_id with those of likely open/globular clus-
er members in the E. L. Hunt & S. Reffert ( 2023 ) catalogue. This
emoves 2 likely cluster members from our sample, leaving us
ith 2623 sources. 
(iii) We also removed likely members of the Small and the

arg e Mag ellanic Cloud (SMC and LMC). To do so, we cross -
atched HVXS Gaia source_id s with the SMC and LMC
embership catalogues from Ó. Jiménez-Arranz et al. ( 2023a ,
 ). These studies provide membership probabilities for sources
ear the galaxies, and the distributions shows a clear bimodal
attern: one peak near 1 (high-confidence members) and another
ear zero (non-members). To ensure a conservative selection, we
dopted a low probability threshold (0.01 for SMC and 0.002 for
MC) t o remov e likely members, effectiv ely including most of the
on-member peak near zero. This st ep giv es a catalogue of 2584
ources. 

(iv) In a final st ep, w e remov e astrometric solutions that are
ikely spurious using the fidelity paramet er deriv ed by J. Rybizki
t al. ( 2022 ). This is derived from a neural network classifier
rained on a broad set of Gaia parameters, and it takes a value
etween 0 and 1 to quantify the probability that a Gaia astromet-
ic solution is good. Following their recommendation for optimal
omplet eness, w e use the updat ed paramet er ( fidelity_v2 ) and
hose 0.5 as the threshold (see fig. a17 of J. Rybizki et al. 2022 ).
his step reduces the sample size to 2372. 

These selection steps toward the final HVXS sample are sum-
arized in a flowchart in Fig. 4 . 

.10 HVXS quality flags 

e develop a 3-digit bitmask to encode the combinations of qual-
ty criteria ( quality ) satisfied by each HVXS. The design of 
hese criteria is motivated by minimising confusion in positional

atches, while ensuring a confident distance estimate which
pec , min is strongly dependent on. From the most (leftmost) to the

east significant (rightmost) bit, the corresponding conditions are

(i) δx, g ≤ r err , x : Gaia counterpart within the 1 σ X-ray error
ircle 

(ii) � /σ� 

≥ 5 : � uncertainty less than 20 per cent 
(iii) | d inv − d b21 | /d b21 ≤ 0 . 2 : d b21 within 20 per cent of d inv 

where d inv = 1 /� is the distance estimate by simply inverting
he zer opoint-corr ected � . N ote that meeting the second crite-
ion will automatically e x clude sour ces with neg ative � values.
he third criterion alone is not a strong quality flag but is a
NRAS 546, 1–16 (2026) 
ecessary check when � is relatively well-constrained (i.e. when
he second and third conditions are both met). Combinations of 
riteria and their quality flags are listed in Table 1 . 

.11 The control sample 

e build a control sample to e xplor e the effect of υpec , min and
 X /F G selection. We start from the kinematic-worthy sample (Sec-
ion 2.5 ) and follow the same cleaning steps as for the construc-
ion of the HVXS sample (Section 2.9 ). After cleaning, we remove
he HVXSs to obtain the control sample with a total of 94 , 170
ources. 

.12 A gold sample 

e build a gold sample from the HVXSs with quality flag of 7
i.e. all three criteria in Section 2.10 are met), which gives a total
f 10 sources. The gold sources all have robust nway matching
robability p_single and p_any above 99 per cent, given the
aia source density. We then performed a further curation of 

his sample, scrutinising the field around each individual source
sing available images from Pan-STARRS DR1 (K. C. Chambers
t al. 2016 ), the DESI Legacy Imaging Survey (A. Dey et al. 2019 ),
he DECam Plane Survey (DECaPS; E. F. Schlafly et al. 2018 ), the
kyMapper Southern Survey (C. A. Onken et al. 2024 ), and the
alaxy Evolution Explorer ( G ALEX ; D. C. Martin et al. 2005 ). This

t ep is t o further remov e ambiguous mat ches, especially in v ery
r owded r egions wher e faint interlopers ar e within r err , x but not
n Gaia . 

After the above checks, we focus on a final total of 7 sources
or further discussion in this w ork. How ev er, since the e x clu-
ion process is mostly based on the matching confidence, it does
ot negate the potential physical significance of the remaining
our ces. N otably, the gold sample contains only eRASS sources
fter the curation, with a median r err , x of a 4 arcsec . X-ray ob-
ervations with precision localisation (e.g. Chandra /ACIS) would
ignificantly reduce confusion. 

.13 Likely non-single sources 

aia provides the astrometric_excess_noise ( ε), an as-
rometric indicator of source non-singularity. This measures ‘as-
rometric wobble’, which is quantified by the deviation from a
tandar d astr ometric (5-paramet er) fit. A ‘w ell-behav ed’ source
 ould hav e ε around zero, while a large positiv e ε indicat es

hat the fit residuals deviate from the expected observational
oise. Typically, ε is considered significant when its astromet-
ic_excess_noise_sig ( σε) is greater than 2 (Gaia Collabo-
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Figure 4. A flowchart demonstrating steps (r epr esented by squar es) towar d the establishment of the final HVXS sample. Numbers of sour ces befor e 
and after each step are shown within the shapes. I: keep only confident point sources (Section 2.2 ); II: deduplication of X-ray catalogues (Section 2.3 ); III: 
cross-match with Gaia using nway , keeping only the high-probability and confident matches (Section 2.4 ); IV: keep only the closest Gaia /X-ray matches 
(Sect 2.4 ); further cleaning of the cross-matched catalogue, keeping X-ray sources whose (1) r err , x ≤ 10 arcsec , (2) Gaia counterpart is within 2 r err , x , and 
(3) Gaia counterpart is the only Gaia source within 2 r err , x ; V: keep sources that have at least 5 astrometric parameters, removing likely QSOs and galaxies 
(Section 2.5 ); VI: select based on υpec , min , lo ≥ 200 km s −1 and F X /F G above the R24 empirical separatrix (Section 2.9 ); VII: further cleaning (Section 2.9 ). 

Table 2. A summary of samples. 

Sample # of sources Description Section 

HVXS 2372 υpec , min , lo ≥ 200 km s −1 and F X /F G above the R24 
empirical limit. 

2.9 

Control 94 170 Control sample chosen as a complement to the HVXS 
sample 

2.11 

Gold 7 Curated sources from HVXS with quality = 7 2.12 

Table 3. Summary of the 7 curated gold sources (Section 2.12 ). 

X-ray ID Gaia DR3 δx, g Gaia G F X Sig d b21 υpec , min γmin 

( r err , x ) ( 10 −14 erg cm 

−2 s −1 ) ( kpc ) ( km s −1 ) ( km s −1 ) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

1eRASS J003051.3 −370912 5 003 862 819 415 658 112 0.8 16.96 6 . 9 ± 2 . 9 11.1 3 . 0 +0 . 5 
−0 . 4 394 . 8 +64 . 6 

−65 . 1 7 . 1 +0 . 3 
−0 . 3 

1eRASS J015648.6 −224326 5 134 745 277 676 212 608 0.7 18.31 6 . 8 ± 2 . 2 24.8 0 . 9 +0 . 2 
−0 . 2 517 . 7 +156 . 0 

−138 . 1 13 . 4 +0 . 2 
−0 . 2 

1eRASS J025910.8 −390331 5 044 582 098 679 935 360 0.5 15.79 3 . 0 ± 1 . 3 10.7 1 . 7 +0 . 1 
−0 . 1 487 . 4 +51 . 7 

−51 . 0 22 . 0 +0 . 6 
−0 . 6 

1eRASS J043509.3 −481751 4 788 212 717 642 740 480 0.2 17.30 4 . 0 ± 1 . 0 29.1 3 . 3 +0 . 5 
−0 . 5 292 . 3 +42 . 7 

−32 . 9 38 . 8 +3 . 5 
−2 . 7 

1eRASS J082815.9 + 383457 911 214 901 400 669 824 0.5 16.63 8 . 5 ± 3 . 6 11.0 0 . 60 +0 . 02 
−0 . 02 238 . 9 +45 . 9 

−38 . 7 5 . 1 +0 . 1 
−0 . 1 

1eRASS J142449.5 −153938 6 298 627 607 542 697 088 0.9 15.81 3 . 6 ± 1 . 5 10.8 1 . 2 +0 . 1 
−0 . 1 330 . 7 +48 . 9 

−45 . 7 −16 . 9 +1 . 3 
−1 . 4 

1eRASS J152027.0 −030609 4 414 038 018 672 780 416 0.5 15.41 7 . 4 ± 2 . 8 12.8 3 . 8 +0 . 4 
−0 . 4 225 . 4 +30 . 9 

−23 . 9 −16 . 0 +0 . 4 
−0 . 4 

Note. (1) X-ray IAU name. (2) Gaia DR3 ID. (3) X-ra y - Gaia angular separation in units of X-ray error radii. (4) Gaia G -band magnitude. (5) X-ray 
fluxes between 0 . 2 − 2 . 3 keV . (6) The 0 . 2 − 2 . 3 keV detection likelihood ( det_like_0 ) of eRASS. (7) Photogeometric distance estimates from B21 . 
(8) Minimum peculiar velocity. (9) The systemic radial velocity that minimises υpec . 
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ation 2023 ). This deviation could be the result of binary orbital
otion, so could be used as one measure of source binarity. 
In our HVXS sample, about 54 per cent have positive ε, and
20 per cent of these positive ε values are significant ( σε ≥ 2 ). ε

an be treated as a measure of astrometric wobble and therefore
n estimate of the semi-major axis of binaries. P. Gandhi et al.
 2022 ) used 

√ 

2 εd as an estimate of semi-major axes assuming
hat the wobble is due to orbital motion. This estimate could be
 S  
ery differ ent fr om actual values for some binaries and should
nly be int erpret ed with caution. 

 R E S U LT S  

able 2 collates information of different samples, and key prop- 
rties of the gold sources (Section 2.12 ) are listed in Table 3 .
ky positions of the HVXS and gold samples ar e pr esented in a
MNRAS 546, 1–16 (2026) 
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alactic map in Fig. 5 , where the number density of the control
ample is binned and displayed in the back gr ound. The western
alactic hemisphere is clearly more abundant in HVXSs because
f eRASS-DE DR1’s comprehensive coverage. 

Fig. 6 displays the distribution of d b21 and υpec , min , lo . The
ontr ol sample e xhibits a large peak ar ound 0 . 4 kpc and a
r oad hump fr om 2 - 6 kpc . Overall, ther e is an upwar d tr end
f υpec , min , lo as a function of d b21 , so our selection on υpec , min , lo 
r eatly r educes nearby ( ≤ 1 kpc ) sour ces. The right panel shows
istribution against ε, and HVXSs spread across different re-
ions of ε values, i.e. ev en relativ ely wide binary candidat es
an have large space velocities. Wide binaries are especially
ntriguing if they are moving at high space velocities, as
heir progenitors could be more prone to disruption by strong
Ks. 
Fig. 7 gives a photometric overview of the samples, showing a

aia Bp − Rp colour–magnitude diagram (CMD) of the control,
he HVXS, and the gold samples. Bp − Rp colours and absolute
 -band magnitude ( G ) are only partly corrected for extinction

or sources with available reddening and extinction estimates
rom Gaia ’s General Stellar Parametrizer from Photometry mod-
le (GSP-Phot; R. Andrae et al. 2023 ). Overall, most HVXSs are
onsistent with the control sample, but the latter has a broader
istribution of colours. The HVXS has Bp − Rp colours between
.6 and 2.2 (95 per cent equal-tail interval), corresponding to spec-
ral types between F6V and M2V (M. J. Pecaut & E. E. Mamajek
013 ), while the control sample hosts apparently more redder M
warfs and giants. We also note that there is a slight blue excess
f the HVXSs relative to the control sample around G between 4
nd 5, which is in line with our F X /F G selection of sources with
rominent X-ray emission. 
An overview of our samples’ υpec , min and F X /F G values are

r esented in Fig . 8 . The solid line in each panel depicts the
mpirical r elation fr om R24. N ote that the X-ray bands are het-
r ogeneous among differ ent catalogues; the bands ar e r elatively
roader and similar for CSC ( 0 . 5 - 7 . 0 keV ), XMM ( 0 . 2 - 12 . 0 keV ),
nd 2SXPS ( 0 . 3 - 10 . 0 keV ), while we use the more sensitive soft
 0 . 2 - 2 . 3 keV ) band for eRASS, so the F X /F G of eRASS sources
hould be treated as lower limits when compared to the other
ources. 

Fig. 9 presents optical finding charts for the 7 gold sample
our ces. These figur es ar e r eferr ed to in the discussion of indi-
idual gold sources. 

 DISCUSSION  

.1 Individual gold sources 

er e, we pr esent a discussion of individual sour ces in the gold
ample (Section 2.12 ). For each source, we focus on the robust-
ess of the mat ch t o its Gaia counterpart, the value of υpec , min ,
hotometry, and possible binarity (Section 2.13 ). Throughout the
iscussion, all reported � values have been corrected for zero-
oint offsets. Sources are referred to using the ‘RA’ part of their
-ray identifier (e.g. 1eRASS J003051.3 −370912 is referred to as

003051.3). 
1eRASS J003051.3 −370912 ’s Gaia counterpart is a bright, blue

our ce. Ther e is a hint of a very faint source extended from
he northeast of the counterpart, but it is not det ect ed in Gaia .
he photogeometric d b21 agrees well with d inv , at appr o ximately
NRAS 546, 1–16 (2026) 
 . 0 kpc , placing the source slightly bluer than the main sequence 5 
n the CMD. The ε is non-zero ( 0 . 1 mas ), but not significant
nough to suggest non-singularity. The well-constrained d b21 and
M yield a relatively robust, high υpec , min , lo exceeding 300 km s −1 .
ombined with the high F X /F G ratio, this suggests a very peculiar
-r ay emit ting system. It is currently ≈ 1 . 3 kpc from the Galactic
lane so could be a halo source. 
1eRASS J015648.6 −224326 ’s X-ray error circle marginally

verlaps with its Gaia counterpart. The only other nearby optical
ource is a faint, blue object located about 2 r err , x north–east of the
-ray position, and a faint G ALEX sour ce is also positionally co-

ncident with this source, the UV emission can partly contribute
o its blue colour . However , associating it with the X-ray source
ould r equir e mor e pr ecise localisation (with an instrument such

s Chandra /ACIS). For now, we consider the nearest source to
e the true counterpart. The B21 estimate places the counterpart
t d b21 ≈ 0 . 9 kpc , in good agreement with d inv . The source still
as a high υpec , min , lo of ≈ 380 km s −1 even at this relatively close
istance. Another feature that makes this counterpart particu-

arly interesting is its significant ε value ( 1 . 3 mas ), which could
e translated to a semi-major axis of appr o ximately 1 AU (Fig . 6 ).
his estimate is wider than typical XRBs ( � 1 au ), but should
e taken cautiously as it is sensitiv e t o the assumption that the
strometric wobble is entirely due to orbital motion. If further
bservations confirm the orbital parameter, it would then be par-
icularly interesting to e xplor e how such wide binaries could have
een accelerated and still survived being disrupted either by a
trong natal kick or by dynamical processes. 

1eRASS J025910.8 −390331 ’s Gaia counterpart is bright ( G =
5 . 8 ) and w ell-separat ed fr om other sour ces in the field. Both
21 ’s photogeometric and d inv give a d b21 of ≈ 1 . 7 kpc , and this,

ogether with the Bp − Rp colour, places it bluer than the upper
ain sequence (Fig. 7 ). Its apparent PM makes it the fastest-
oving source (in terms of υpec , min , lo ) among the gold sample

ources, with υpec , min , lo ≈ 436 km s −1 , making it a strong candi-
ate for a runaway object escaping the Galactic potential. The
aia counterpart also shows a non-zero ε ( 0 . 14 mas ) that is mod-
rately significant. 

1eRASS J043509.3 −481751 ’s position matches with a bright
nd blue Gaia sour ce. Ther e is a hint of a very faint source to the
outh of this counterpart, but it should have minimal effect on
he astrometric and photometric measurements. The counterpart
s also a significant G ALEX UV sour ce, which further favours
he match. d b21 and d inv are consistent, giving a distance around
 . 3 kpc , and the Gaia photometry of J043509.3 is similar to that
f J015648.6 and J025910.8, exhibiting a mild blue e x cess r elative
o the main sequence. Kinematically, J043509.3 is not particu-
arly fast compared to other gold sources; indeed, the υpec , min , lo ≈
59 km s −1 is only slightly above the selection limit. It has a non-
ero ε of 0 . 16 mas , but it is not significant at its distance. 

1eRASS J082815.9 + 383457 is the closest among the 7 gold
ources, with a B21 inferred distance of only ≈ 600 pc , consistent
ith its d inv ( ≈ 1 . 7 mas ). The field around the X-ray position

s also clear of other optical sources, making the Gaia coun-
erpart a very confident match. Its Bp − Rp colour exhibits a
lear blue e x cess r elativ e t o the main sequence, which is unlikely
o be a chance coincidence. Our current sample of XRBs lacks
uch ‘nearby’ systems (see e.g. A. Av aky an et al. 2023 ; M. Neu-
ann et al. 2023 ), and the discovery and confirmation of addi-
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Figure 5. Galactic map showing the density distribution of the control sample (binned back gr ound in gr ey scale) and positions of the selected HVXSs 
(crosses). The w est ern Galactic hemisphere ( −180 ◦ ≤ l ≤ 0 ◦) is more abundant of HVXSs due to the comprehensiv e cov erage of the eRASS-DE DR1. 
Sour ces fr om the gold sample ar e indicated by markers of distinct shapes and colours. 

Figure 6. Left : Distribution of estimated distances (median values) and 1 σ lower limits on υpec , min shown for the control sample (points) and the HVXS 
sample (crosses). The dotted horizontal line marks the 200 km s −1 limit on υpec , min , lo that we used to select the high-velocity sources; the top panel 
exhibits the d b21 distributions for the HVXS and control sample. Right : The same υpec , min lower limit plotted against estimates on binary semi-major axis 
for sources with non-zero astrometric excess noise ( ε). 
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Figure 7. Gaia colour-magnitude diagr am plot ting Bp − Rp colour ver- 
sus G -band absolute magnitude ( M G ) for the HVXS (crosses) and the 
control sample (points; Section 2.11 ). Sources from the gold sample are 
indicated by markers of distinct shapes and colours. Colours and magni- 
tudes are corrected using available reddening and extinction values from 

GSP-Phot. 

t  

d
 

m  

a  

i  

w  

J  

1
2  

t  

b
 

g  

T  

c
3  

l  

s

4

T  

t  

a  

a

4

T  

n  

D  

c  

i  

c  

h  

υ  

e  

s  

w  

a  

r  

F  

g  

t  

a  

t  

t

4

A  

t  

f  

s  

i  

t  

w  

h  

t  

t  

c  

o  

l  

G  

a  

t
6
f  

t
 

o  

b  

R  

2
a  

i  

a  

c  

(  

|  

i  

c
t  

t  

6 All [M / H] gspphot values have been calibrated using the gdr3apcal 
package: https://github .com/mpi-astronom y/gdr3apcal . 
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ional candidates would improve constraints on their local space
ensity. 
1eRASS J142449.5 −153938 ’s Gaia counterpart lies appr o xi-
at ely 0 . 9 r err , x north-w est of the X-ray position, and there is also
 very faint source slightly to the east of the Gaia source, but
t lies beyond r err , x . The Gaia counterpart positionally coincides
ith a G ALEX UV sour ce, so we consider it a genuine match to

142449.5. Both d b21 and d inv give an estimated distance around
 . 2 kpc , so its significant PM translates to a robust υpec , min , lo ≈
85 km s −1 . At this distance, the Bp − Rp colour is in line with
he UV emission, showing an apparent blue excess relative to the
ulk of the HVXS sample. 

1eRASS J152027.0 −030609 is in a relatively uncrowded re-
ion, and its Gaia counterpart is the only source within its r err , x .
he counterpart is also matched to a G ALEX UV sour ce, so we
onsider it a confident match to J152027.0. B21 estimates a d b21 ≈
 . 8 kpc , which is consistent with the d inv ( ≈ 4 . 2 kpc ). J152027.0 is
ocated on the red side of the upper main sequence, apparently
eparated from other gold sample sources. 

.2 Uncertainties and limitations 

her e ar e uncertainties that we need to be aware of when in-
erpreting the HVXSs regarding their possible nature as COBs,
nd even their conservatively selected high space velocities. We
ddress these issues in this section. 
NRAS 546, 1–16 (2026) 
.2.1 Residual extragalactic contamination 

he first aspect to consider is residual extragalactic contami-
ants. AGNs and galaxies were primarily removed using the Gaia
CS classification (Section 2.9 ), which achieves a relatively high

ompleteness ( � 90 per cent ; L. Delchambre et al. 2023 ), rely-
ng solely on Gaia ’s (optical) astrometry, photometry and (less
ommonly) spectroscopy. AGNs are X-ray emitters that meet the
igh- F X /F G criterion, and the high-PM sources selected by the
pec , min , lo limit can also be mimicked by jet motion (e.g. Y. Shen
t al. 2021 ; I. M. Khamitov et al. 2023 ). To give a quantitative
ense of the contamination lev el, w e refer t o R. Seppi et al. ( 2022 ),
ho estimated ≈ 64 per cent of the eRASS sources are AGNs

t its depth, while the DCS probability threshold (Section 2.5 )
emoved ≈ 33 per cent of the sources in the eRASS catalogue.
rom another perspective, our crossmatch against SIMBAD sug-
ests ≈ 37 per cent (out of 396 matches) of e xtrag alactic con-
aminants, and this fraction translates to ≈ 878 contaminants
mongst the HVXS sample. Ther efor e, some AGNs likely slip
hrough our selection. Future follow-up observations will refine
he classifications. 

.2.2 Uncertainty in source origin and kinematic interpretation 

nother k ey ca veat is the formulation of υpec , min . While sub-
racting rotation velocity effectively removes the contribution
rom bulk disc motion, it implicitly assumes a disc origin for all
our ces. Our cleaning pr ocedur e only e x cludes sour ces curr ently
n clusters, while a mor e compr ehensive kinematic determina-
ion of source origin would require constrained γ measurements,
hich are beyond the scope of this work. Ther e ar e indications,
ow ev er, that some HVXSs may not originate from the disc. First,

hey appear kinematically heated, exhibiting a broader distribu-
ion in vertical distance from the Galactic plane ( | z| ) than the
ontrol sample, with only ≈ 6 per cent of HVXSs within 1 kpc
f the Galactic plane. Second, they have generally lower metal-
icities than the control sample. We examine this by using the
aia GSP-Phot metallicity estimates ( [M / H] gspphot 

6 ). This is only
vailable for a small (10 per cent) subset of HVXSs, but the dis-
ribution does peak around a sub - solar value of −1 . 1 , with just ≈
 per cent above −0 . 5 – the appr o ximate median of [M / H] gspphot 
or known COBs (Section 2.8 ). We show the [M / H] gspphot distribu-
ions of the HVXS, control, and known COB samples in Fig. 10 . 

NKs are impulsive and energetic events, and when favourably
riented, they can propel disc-born COBs into the halo. This has
een observed for some XRBs (e.g. J. I. González Hernández,
. Rebolo & G. Israelian 2008 ; D. A. Leahy & M. H. Abdallah
014 ) and BPSRs (e.g. T. Shahbaz et al. 2022 ). For example, if 
 system orbiting at 238 km s −1 in the solar neighbourhood (i.e.
n the disc and 8 . 34 kpc away from the Galactic centre) received
n instantaneous acceleration that increases its vertical velocity
omponent to 200 km s −1 , it can reach | z| max ≈ 8 kpc in ≈ 80 Myr
as computed by galpy ). The object can reach an even higher
 z| at a greater distance, where it experienced less deceleration
n the z direction. How ev er, NKs are not the only mechanism
apable of producing such high velocities and large | z| . Some of 
hese sources may instead be genuine halo objects that originated
hrough other pathways. For example, halo stars and binaries can

https://github.com/mpi-astronomy/gdr3apcal
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Figure 8. X-ray to Gaia G -band flux ratio ( F X /F G ) versus Gaia Bp − Rp colours plotted for COB candidates. Black points are sources in the control sample. 
Sour ces fr om the gold sample are indicated by markers of distinct shapes and colours. The solid line marks the R24 empirical separatrix: log 10 (F X /F G ) = 

( Bp − Rp ) − 3 . 5 . 
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e formed in nearby sat ellit e galaxies and then merged with the
ilk y Wa y, exhibiting distinct kinematic and chemical features. 
lt ernativ ely, high – and even runaway – velocities can be pro-
uced by dynamical processes in dense environments, such as 
lobular clusters (e.g. J. Paradijs & N. White 1995 ; J. A. Irwin
005 ; T. Cabrera & C. L. Rodriguez 2023 ) and the Galactic bulge,
r close encounter with single (J. G. Hills 1988 ) or binary (Q. Yu &
. Tremaine 2003 ) massive black holes. Our search is intended to
e inclusive and comprehensive, but it would greatly benefit from 

arge-scale metallicity surveys, particularly for faint sources that 
re understudied in this regard. 

.3 Selection completeness and trade-offs 

e began with a sizeable sample of X-ray sources, which was 
educed dramatically through successive selection steps – from 

ver 2 million sources to 2372 HVXSs. The most stringent qual-
ty cut retained only 7 sources in our ‘gold’ sample. Within the
cope of e xisting sour ce catalogues, tw o main st eps contribut ed
ost to this reduction: (1) the application of a υpec , min , lo threshold 
ombined with the F X /F G cut (Fig. 4 ), and (2) the deduplication
f matches and e x clusion of matches beyond 2 r err , x (Section 2.9 ).
ue to the large uncertainties in distance estimates, many sources
ave correspondingly large errors on υpec , min . As a result, applying 
 1 σ lower limit ( υpec , min , lo ) e x cludes marginally fast sources with
pec , min ≈ 200 km s −1 . In addition, criterion (2) removes sources 

ocated in crowded fields (e.g. the Galactic bulge), where multiple 
ptical matches are common. 

On the other hand, disc-born high-velocity systems may be 
nher ently rar e – not only because a consider able fr action are
jected, but also because those that remain bound can migrate 
o large distances from the disc and spend longer times there,

aking them harder to detect in flux-limited surveys. Beyond the 
urrent catalogues, man y sk y r egions ar e y et t o be cov ered bey ond
hallow depths. Future releases of eRASS with full-sky coverage, 
ogether with deeper astrometric surveys (upcoming Gaia DR4 
nd future surveys with the Roman telescope and others), will 
nable us to push deeper and circumvent our selection biases. 
ltimately, these should help to better understand the selection 

unction and extract underlying population densities of the fast- 
oving X-ray source population. 
MNRAS 546, 1–16 (2026) 
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Figure 9. Optical finding charts for 7 gold sources showing 60 arcsec × 60 arcsec fields centred on the X-ray positions; north is up and east is to the left. 
The X-ray error radius ( r err , x ) is shown by the red circle, and the Gaia counterpart is indicated by a cyan circle. 
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 CONCLUSIONS  

e have compared the distributions of υpec of known compact
bject binaries (COBs) with that of major contaminants and
ound that 200 km s −1 can e x clude over 97 per cent of contam-
nants. Adopting this limit on the 1 σ lower limit of υpec , min ,
e performed a comprehensive search for HVXSs that exhibit
 X /F G ratios clearly over the empirical limit found by R24. We
ound a total of 2372 sources with confident counterparts, and
 e curat ed a gold sample of 7 sour ces. These X-ray sour ces
ay originate from COBs and can be followed-up for features

f interaction (e.g . accr etion). Metallicity constraints fr om futur e
arge-scale spectroscopic surveys will further distinguish their
rigins. 
NRAS 546, 1–16 (2026) 
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Figure 10. Vertical separation from the Galactic plane ( | z| ) 
plotted against the Gaia GSP-Phot metallicities ( [M / H] gspphot ) 
for the contr ol (gr ey scale) and HVXS samples (crosses), as well 
as a subset of known COBs that have [M / H] gspphot values (filled 
squares). We use the median of | z| and the nominal estimates of 
[M / H] gspphot for the plots. HVXSs e xhibits a br oader distribution 
of | z| and are generally more metal poor than the control 
sample. 
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een provided by national institutions, in particular the insti- 
utions participating in the Gaia Multilateral Agreement; the 
ross-match service provided by CDS, Strasbourg; the SIMBAD 

ata base, operated at CDS, Strasbourg, France; the Aladin Sky 
 tlas, CDS, Str asbourg Astronomical Observ atory, F r ance. X-r ay

ource catalogues are from multiple resources, including data ob- 
ained from the Chandra Source Catalogue (doi:10.25574/csc2), 
rovided by the Chandra X-ray Center (CXC), the 4XMM XMM–
 ewton ser endipitous sour ce catalogue compiled by the XMM–
ewton Survey Science Centre, the Swift XR T P oint Source cat-
logue obtained from the UK Swift Science Data Centre at the
niv ersity of Leicest er, and the eR OSITA all-sk y survey cat-

logue. eROSITA is the soft X-ray instrument aboard SRG, a 
oint Russian–German science mission supported by the Rus- 
ian Space Agency (Roskosmos), in the interests of the Russian 

cademy of Sciences represented by its Space Research Insti- 
ute (IKI), and the Deutsches Zentrum für Luft- und Raumfahrt 
DLR). The SRG spacecraft was built by Lavochkin Association 

NPOL) and its subcontractors, and is operated by NPOL with 

upport from the Max Planck Institute for Extraterrestrial Physics 
MPE). The development and construction of the eROSITA X- 
 ay instrument w as led by MPE, with contributions from the
r Karl Remeis Observatory Bamberg & ECAP (FAU Erlangen–
uernberg), the University of Hamburg Observatory, the Leibniz 

nstitute for Astrophysics Potsdam (AIP), and the Institute for 
stronomy and Astrophysics of the University of Tübingen, with 

he support of DLR and the Max Planck Society. The Argelander 
nstitute for Astronomy of the University of Bonn and the Ludwig 

aximilians Universität Munich also participated in the science 
reparation for eROSITA. 
This work also made use of images from the SkyMapper South-
rn Sky Survey. The national facility capability for SkyMapper 
as been funded through ARC LIEF grant LE130100104 from the 
ustr alian R esearch Council, aw arded to the University of Syd-
ey, the Australian N ational University, S winburne University 
f Technology, the University of Queensland, the University of 
estern Australia, the University of Melbourne, Curtin Univer- 

ity of Technology, Monash University and the Australian Astro- 
omical Observatory. SkyMapper is owned and operated by The 
ustralian National University’s Research School of Astronomy 
nd Astrophysics. The survey data were processed and provided 

y the SkyMapper Team at ANU. The SkyMapper node of the
ll-Sky Virtual Observatory (ASVO) is hosted at the National 
omputational Infrastructure (NCI). Development and support 
f the SkyMapper node of the ASVO has been funded in part by
stronom y A ustralia Limited (AAL) and the Australian Govern- 
ent through the Commonwealth’s Education Investment Fund 

EIF) and National Collaborative Resear ch Infrastructur e Strat- 
gy (NCRIS), particularly the N ational eResear ch Collaboration 

ools and Resources (NeCTAR) and the Australian National Data 
ervice Projects (ANDS) 

In addition to the software mentioned in the texts, analysis 
nd visualisation in this work have also made use of the fol-
owing packages (in alphabetic or der): as tr opy : 7 a community-
eveloped core Python package and an ecosystem of tools and 

 esour ces for astr onomy (Astr opy Collaboration 2022 ), mat-
lotlib (J . D . Hunter 2007 ), NetworkX (A. A. Hagberg et al.
008 ), numpy (C. R. Harris et al. 2020 ), pandas (T. team
023 ), scipy (P. Virtanen et al. 2020 ), and topcat (M. B. Taylor
005 ). 

A  T  A  AVA I L A B I L I T Y  

he X-ray source catalogues used in this work are all publicly
vailable and has been updated r egularly. The Chandr a Sour ce
atalogue 2.1 can be accessed and queried using the CSCview 

pplication 

8 , the XMM–Newton Serendipitous Source Catalogue 
an be downloaded dir ectly fr om the XMM–N ewton Survey Sci-
nce Center 9 , the Swift Point Source Catalogue can be down-
oaded from the official w ebsit e 10 , and finally, the eRASS DE DR1
ource catalogue can be accessed and downloaded from the DR1 
 ebsit e 11 . All Gaia -relat ed catalogues can be accessed through

he Gaia archive. 12 The HVXS catalogue will be made available 
hrough CDS upon publication. The code used in this work is

aintained in a publicly available GitHub repository 13 . Any ad- 
itional data products generated in this work are available from 

he lead or corresponding author upon reasonable request. 
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P P E N D I X  A:  ADDITIONAL  TAB L E S  

1 K ept SIMB AD types 

able A1 lists SIMBAD types kept in our selection (Section 2.9 ). 

2 A cr onyms and symbols 

his section lists acronyms (Table A2 ) and symbols (Table A3 )
efined throughout the texts. 
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Table A1. Kept SIMBAD types. 

Type Counts Type Counts Type Counts 

Radio 41 cmRad 2 Transient 1 
Star 37 RotV∗ 1 

Whit eDwarf_Candidat e 
1 

X 19 Variable ∗ 1 
EclBin 9 Eruptive ∗ 1 
HighPM ∗ 6 ChemPec ∗ 1 

LongPeriodV∗
2 Low-Mass ∗ 1 

gammaBurst 
2 blue 1 

Table A2. A cr onyms (in alphabetic or der) used in this work. 

A cr onym Definition 

AGN A ctive g alactic nucleus 
BH Black hole 
BPSR Binary pulsar 
COB Compact object binary 
CSC Chandr a Sour ce Catalogue 
CV Cataclysmic variable 
eRASS eR OSITA All-Sk y Survey 
GSP-Phot General Stellar Parametrizer from 

Photometry module 
HMXB High-mass X-ray binary 
HVXS High- velocity X-ra y source 
LMC Larg e Mag ellanic Cloud 
LMXB Low -mass X-r ay binary 
LSR Local standard of rest 
NICOB Non-interacting compact object binary 
NK Natal kick 
NS N eutr on star 
PM Proper motion 
RV Radial velocity 
SMC Small Magellanic Cloud 
XRB X-ray binary 
YSO Young stellar object 

Table A3. Symbols defined in this work. 

Symbol Definition 

α Right ascension 
δ Declination 
μα cos δ PM component in the direction of α
μδ PM component in the direction of δ. 
� Parallax 
σ� 

Uncertainty in � 

d b21 Distance from C. A. L. Bailer-Jones et al. 
( 2021 ) 

d inv Distance from inverting � 

ε Astr ometric e x cess noise 
σε Significance of ε
υpec Peculiar velocity relative to Galactic rotation 
υpec , min Minimum peculiar velocity 
υpec , min , lo 1 σ lower limit of υpec , min 
γ Systemic radial velocity 
γmin γ value that minimises υpec 
δx, g Angular separation of Gaia counterpart to 

X-ray position 
r err , x Uncertainty in X-ray position 
M G Absolute Gaia G-band magnitude 
G Apparent Gaia G-band magnitude 
Bp − Rp Gaia Bp −Rp colour 
F X /F G X-ray/ Gaia G flux ratio 
[M / H] gspphot Gaia GSP-Phot metallicity 
| z| Vertical separation from the Galactic plane 

This paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 

© The Author(s) 2026. 
Published by Oxford University Press on behalf of R oy al Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons A t tribution License 

( https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/546/4/stag058/8419701 by U
niversity of Southam

pton user on 08 June 2026

https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 METHODOLOGY
	3 RESULTS
	4 DISCUSSION
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	A ADDITIONAL TABLES


