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ABSTRACT
Precise and accurate measurements of distances to Galactic X-ray binaries (XRBs) reduce uncertainties in the determination of
XRB physical parameters. We have cross-matched the XRB catalogues of Liu, van Paradijs & van den Heuvel to the results
of Gaia Data Release 2. We identify 86 XRBs with a Gaia candidate counterpart, of which 32 are low-mass X-ray binaries
(LMXBs) and 54 are high-mass X-ray binaries (HMXBs). Distances to Gaia candidate counterparts are, on average, consistent
with those measured by Hipparcos and radio parallaxes. When compared to distances measured by Gaia candidate counterparts,
distances measured using Type I X-ray bursts are systematically larger, suggesting that these bursts reach only 50 per cent of
the Eddington limit. However, these results are strongly dependent on the prior assumptions used for estimating distance from
the Gaia parallax measurements. Comparing positions of Gaia candidate counterparts for XRBs in our sample to positions of
spiral arms in the Milky Way, we find that HMXBs exhibit mild preference for being closer to spiral arms; LMXBs exhibit mild
preference for being closer to interarm regions. LMXBs do not exhibit any preference for leading or trailing their closest spiral
arm. HMXBs exhibit a mild preference for trailing their closest spiral arm. The lack of a strong correlation between HMXBs
and spiral arms may be explained by star formation occurring closer to the mid-point of the arms, or a time delay between star
formation and HMXB formation manifesting as a spatial separation between HMXBs and the spiral arm where they formed.
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1 IN T RO D U C T I O N

1.1 X-ray binaries

X-ray binaries (XRBs) are rare systems comprised of a main-
sequence star in a close binary orbit with a neutron star (NS) or
black hole (BH). The accretion of material from the main-sequence
companion on to the compact object results in X-ray emission that
dominates much of the point source population of the X-ray sky.
Aside from the type of accretor, XRBs are principally categorized
based on the mass of the companion. Binaries where the compact
object accretes from the wind of a star >10 M� are classified as
high-mass X-ray binaries (HMXBs), while those that accrete from
the Roche lobe overflow of a <1 M� companion are known as low-
mass X-ray binaries (LMXBs; van Paradijs 1998; Casares, Jonker &
Israelian 2017). There are a handful of XRBs where the companion is
of intermediate mass 1–3 M�, but they are rare compared to the other
two types of system. It is expected that many primordial intermediate-
mass X-ray binaries have evolved to LMXBs in the present day
through mass transfer (Podsiadlowski & Rappaport 2000).

XRBs are interesting extraterrestrial laboratories that permit the
testing of our understanding of physical processes under extremes
of gravity, rotation rate, pressure, temperature, and magnetic field
strength. In addition, a number of interesting astrophysical phe-
nomena can be studied through XRBs, such as wind physics, NS
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equation of state, and high-energy radiative processes. Aside from
their value to these astrophysical questions, XRBs can also provide
independent constraints on their formation environment on larger
scales (Lehmer et al. 2010; Boroson, Kim & Fabbiano 2011; Zhang,
Gilfanov & Bogdán 2012; Tremmel et al. 2013). LMXBs can act as
independent tracers of stellar mass, since low-mass stars comprise the
bulk of the stellar mass in a population (Gilfanov 2004). Additionally,
LMXBs are preferentially found in areas of high stellar density,
such as the globular clusters of the Galaxy and in the direction
of the Galactic Centre, likely due to their formation by dynamical
mechanisms (Clark 1975; Pooley et al. 2003; Muno et al. 2005;
Verbunt & Lewin 2006; Degenaar et al. 2012). By contrast, the high-
mass companions of HMXBs are short lived, so they are useful
for tracing recent star formation in a long-term Galactic evolution
context. Observations of nearby galaxies have suggested that the
star formation rate (SFR) of a galaxy scales with both the number of
HMXBs and their collective X-ray luminosity, albeit with a moderate
dispersion (Grimm, Gilfanov & Sunyaev 2003; Mineo, Gilfanov &
Sunyaev 2012). Finally, XRBs are one of the few ways to observe the
high-mass end of the initial mass function in an evolved population,
since isolated NSs and BHs are challenging to observe and study
(Verbunt & Hut 1987; Verbunt 2003; Dabringhausen et al. 2012).

1.2 X-ray binaries and Galactic structure

Although field Milky Way XRBs can often be easier to study because
of their close proximity (compared to XRBs in globular clusters or
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other galaxies), investigating the relationship between XRBs and
galaxy parameters for the Milky Way is complicated. Our location
within the disc of the Milky Way means that lines of sight where
XRBs are expected to be more abundant tend to be heavily extincted.

XRBs tend to have a spatial distribution that is distinct from
ordinary stars belonging to the same parent stellar population because
the supernova that forms the compact object in an XRB system
can impart a velocity kick to the system, often known as a ‘natal’
kick. This velocity kick has two effects: it gives the XRB system a
peculiar velocity relative to Galactic rotation, and it can substantially
displace the system (depending on XRB type) from the star-forming
region where its progenitor formed (González Hernández et al.
2005; Dhawan et al. 2007). Repetto, Davies & Sigurdsson (2012)
investigated how natal kicks at the birth of BH LMXBs are necessary
to explain their observed distribution in the Milky Way, particularly
the presence of LMXBs at significant (1 kpc) distances above the
disc. They found that these kicks tend to be similar to those found
for NSs, a property which has been interpreted as a consequence of
the asymmetry of the supernova explosion (Janka 2013).

Naively, we expect that if HMXBs are correlated with star
formation on a global scale, they should have a spatial correlation
with the sites of star formation in the spiral arms. The shape and
extent of the Milky Way’s spiral arms is not easy to resolve compared
to external galaxies observed face-on. Positions of the spiral arms
themselves are typically inferred through the fitting of analytical
models to an ensemble of observational tracers, including CO maps,
H II regions, pulsars, masers, stellar kinematics, and dust emission
(Vallée 2014). To date, investigations of the correlation between
HMXBs and the spiral arms have been done using only two proxies
of the spiral arms. Bodaghee et al. (2012) measured spatial cross-
correlation between OB associations and HMXBs, finding that they
have a characteristic offset of 0.4 ± 0.2 kpc, which is attributed to
natal kicks received by HMXBs at their formation. However, by the
same models they find no correlation between either OB associations
or HMXBs and the spiral arms themselves, which is unexpected given
that OB associations are expected to trace out the spiral arms (Brown
et al. 1999). Coleiro & Chaty (2013) investigated the spatial relation
between HMXBs and star-forming complexes (SFCs) finding that
they are correlated on two characteristic scales: 0.3 ± 0.05 and
1.7 ± 0.3 kpc, which they interpret as the cluster size and cluster
separation, respectively. They also derive a mean migration distance
for HMXBs of roughly 0.1 pc and mean migration ages of around
50 Myr (depending on HMXB type) though they note that sample
sizes are small and uncertainties are large. A large source of that
uncertainty lies in the difficulty in determining distances to XRBs
within the Milky Way.

1.3 X-ray binary distances

A principal reason for desiring accurate distances to XRBs in the
Milky Way is that many of these XRBs can be studied in detail. With
the exception of XRBs located in the direction of the Galactic Centre,
in the Milky Way the population of XRBs can be studied to fainter X-
ray luminosities, and identifications of a unique optical counterpart
are more straightforward. Since individual XRBs are most easily
studied in the Milky Way, our understanding of individual XRBs
in other galaxies and their parameters as an ensemble population
are affected by studies of nearby XRBs. Measuring the distance to
individual XRBs accurately is important because the uncertainty on
a number of desired properties in an XRB system can be limited by
the uncertainty on distance. For example, measurements of distance
can affect the inferred size of the accretor (i.e. NS radius), inferred

mass of either component of the system (either the companion mass
or the mass of the accreting NS/BH), inferred mass transfer rate,
and other relevant accretion physics due to the inferred luminosity
(Galloway et al. 2003; Jonker & Nelemans 2004; Nättilä et al. 2017;
Steiner et al. 2018).

The principal difficulty in measuring distances to XRBs is that they
lack a universal property or characteristic that would allow them to be
used as a standard candle. XRBs are also extremely rare compared to
ordinary stars, meaning that population-based methods of determin-
ing distances to objects, such as main-sequence fitting of a star cluster,
cannot be used on XRB populations. Although one can use the main
sequence of ordinary stars in a cluster to determine the distance to
XRBs in that cluster, the rarity of XRBs means that constructing an
‘XRB main sequence’ is untenable. X-ray emission from the accretor
that irradiates the companion may modify the expected emission at
longer wavelengths, causing an excess in the bluer filters of the
visible domain (Phillips, Shahbaz & Podsiadlowski 1999; Muñoz-
Darias, Casares & Martı́nez-Pais 2005; Bozzo et al. 2018; Linares,
Shahbaz & Casares 2018). Failing to account for these effects on the
expected optical emission of an XRB may lead to incorrect estimates
of distance from photometric methods. These effects are themselves
modified by the mass transfer rate, accretion geometry, orbital phase,
and accretion state of the system, meaning that they can change with
time and may require simultaneous multiwavelength observations
for distances to be usefully constrained.

A number of techniques have been used to constrain distance
measurements of Milky Way XRBs. The most common of these is
to measure a photometric distance by assuming that the emission
is dominated by the companion at longer wavelengths. In general,
this method is subject to substantial uncertainties, not only due to
the contribution of the accretor, but also due to uncertainties in
spectral classification and calibrating the absolute magnitude (Reig &
Fabregat 2015). A small number of XRBs have had their distances
determined via radio parallax or the proper motion of a launched
jet (Hjellming & Johnston 1981; Bradshaw, Fomalont & Geldzahler
1999; Miller-Jones et al. 2009). This form of measurement provides
relatively tight constraints on distance, but is possible only for objects
that are sufficiently radio bright and moderately nearby.

An X-ray specific method of measuring distances is to use
the observed flux from Type I X-ray bursts. These bursts occur
when a sufficient amount of accreted material, mostly hydrogen,
accumulates on the surface of an NS to trigger a thermonuclear
runaway that produces a characteristic burst (Lewin, van Paradijs &
Taam 1993). The burst is specifically the result of nuclear burning
on the NS. A subset of these bursts have steady hydrogen burning
followed by ignition of a helium layer beneath the hydrogen layer on
the surface. The ignition of this helium layer produces a burst that
is sufficient to lift the photosphere off the surface of the NS. These
bursts are known as photospheric radius expansion (PRE) bursts, and
the luminosity of the X-ray burst is expected to be at the Eddington
luminosity during the expansion and contraction of the photosphere
(Kuulkers et al. 2003). Since the Eddington limit is fixed for a
particular accretor mass (and gas composition/opacity), this means
that the mass, radius, and distance of an NS can be constrained by
comparing the observed flux to the modelled Eddington luminosity
for that object. (Strohmayer & Bildsten 2006; Bhattacharyya 2010).
The use of X-ray bursts to infer distance was suggested not long
after the detection of such bursts by early X-ray satellites. This
relation has been calibrated using X-ray bursts observed in Galactic
globular clusters (van Paradijs 1978, 1981; Verbunt, van Paradijs &
Elson 1984) and applied to several Galactic XRBs that exhibit either
PRE or PRE-like bursts (Basinska et al. 1984; Galloway et al. 2003;
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Jonker et al. 2004). Evaluations of this method have shown that
uncertainties around the modelling assumptions in this method can
result in uncertainties in distance, NS mass, and NS radius (Galloway,
Özel & Psaltis 2008b).

With the exception of Type I X-ray bursts, most of the distance-
determination techniques require the identification of an opti-
cal/infrared counterpart to the X-ray source. Identification of a coun-
terpart requires high spatial resolution and accurate determination
of X-ray position. Existing catalogues of XRBs include sources that
have not been redetected since their discovery prior to the era of high
angular resolution telescopes, and as such have poorly determined
positions that could have many candidate counterparts. The presence
of interstellar extinction along particular lines of sight can interfere
with the identification of optical counterparts for many XRB sources.
Aside from studies of individual objects using telescopes such as the
Hubble Space Telescope, the principal existing parallax survey of
objects in the Milky Way was conducted by the Hipparcos satellite
(Perryman et al. 1997). Hipparcos provides parallax for only ∼105

sources, and has a fairly shallow limiting magnitude of 12. A handful
of nearby XRBs have had their distances determined via Hipparcos
parallax (see e.g. Chevalier & Ilovaisky 1998). Hipparcos data
provide reliable measurements of distance within a few hundred
parsecs of the Sun, which excludes (based on estimates using the
other distance methods described above) the overwhelming majority
of XRBs known in the Milky Way.

1.4 Gaia DR2 as a probe of XRB distances

The successor to Hipparcos, the Gaia satellite, was launched in 2013
and aims to have full five-parameter measurements (position, proper
motion, parallaxes) for ∼1 billion stars and parallaxes accurate to
10 per cent for approximately 100 million sources by the end of
its 5-yr mission (Gaia Collaboration 2016a). To date, there have
been two full data releases of Gaia results and an early release of
a third version (Gaia Collaboration 2016b, 2018, 2020). Gaia data
release 2 (DR2), released in 2018 April and based on the first 22
months of data taken, contains over 1.3 billion sources that have
full five-parameter measurements, an improvement of five orders
of magnitude of Hipparcos for parallax measurements. Depending
on the required uncertainties, Gaia DR2 contains measurements for
objects to a limiting G magnitude of 17–21. So far, Gaia DR2 has
already provided a wealth of information for studying populations in
and nearby the Milky Way that deviate from the expected dynamics
of ordinary stars in the Milky Way. For example, measurements of
candidate hypervelocity stars using Gaia DR2 have shown that many
of them are in fact bound to the Milky Way, but at least one object
has an origin in the direction of the Magellanic Clouds, suggesting
the presence of a supermassive BH in the Large Magellanic Cloud
(Boubert et al. 2018; Erkal et al. 2019). Gandhi et al. (2019)
searched for Gaia DR2 candidate counterparts for Galactic BH
transients, finding that distances from Gaia counterparts generally
agreed with prior distance estimates. Notably, they found that the
BH BW Cir has a Gaia distance of ∼0.6 ± 0.2 kpc, making it the
closest dynamically confirmed transient BH, although this distance is
difficult to reconcile with interpretations of the properties of the donor
star.

In this work, we seek to expand the use of Gaia to measure
distances to XRBs and assess the accuracy of pre-Gaia distance
measurements. We include not only binaries with BHs/BH candidates
but also NS/NS candidate binaries and those with no clear identifi-
cation of accretor type. Given that XRBs are expected to deviate
from the Milky Way’s stellar distribution in subtle to dramatic ways,

Gaia DR2 offers a unique chance to create a sample of XRBs whose
distances are determined by a uniform method, as compared with the
heterogeneous mix of methods used for XRB distance determination
whose accuracies, systematics, and model dependences may vary
greatly. It also offers an opportunity to calibrate alternative methods
of measuring distance for use in the general case where parallax
measurements are not available. Gaia DR2 measurements are subject
to several known systematic effects, including centroid wobble
caused by unresolved stellar companions (Belokurov et al. 2020)
and variation in the parallax zero-point with source colour and
spatial location (Arenou et al. 2018; Lindegren et al. 2018). However,
the widespread use of Gaia data means that these systematics have
been investigated and characterized by many different groups (e.g.
Chan & Bovy 2020, summarize many determinations of the zero-
point offset). Uncertainties and systematics are, in general, more
poorly understood for the one-off distance measurements available
in the literature for many XRBs.

2 SA M P L E A N D M E T H O D S

Cross-matching XRBs to Gaia requires input catalogue(s) of known
XRBs and XRB candidates. To date, the most comprehensive cata-
logues of XRBs in the Milky Way are the catalogues of high-mass and
low-mass XRBs by Liu et al. (2006, 2007). In general, properties of
these XRBs (including positional uncertainties) are compiled using
the best/most recent (at the time of catalogue creation) observations
of these objects. These catalogues are assembled from published
observations taken with a variety of X-ray telescopes, including
Uhuru, Einstein, ROSAT, RXTE, Chandra, and XMM–Newton. As
such, the specific X-ray energies sampled, sensitivities, and coverage
of these catalogues are non-uniform. Since the most recent updates
to these catalogues were in 2006 and 2007, they do not include a
number of Galactic XRB candidates discovered since then. However,
an advantage of these catalogues is that many of these objects have
been studied in detail, especially those with identified counterparts.
This implies that the expected number of non-XRB contaminants
should be low.

2.1 XRB sample

In order to assemble a sample of XRBs for Gaia counterpart
matching, we combine the Liu et al. (2006, 2007) catalogues of
Galactic HMXBs and LMXBs. Although the most recent revision
of these catalogues is now over a decade old, they still represent
the most complete sample in the literature. In total, these catalogues
contain 301 XRBs or XRB candidates. We have removed two objects
from the Liu catalogues: 1H 0556+286, and 1H 1255−567 (Mu-
2 Cru), on the basis that they appear to have been misclassified
as HMXBs and are in fact ordinary stars (Berghoefer, Schmitt &
Cassinelli 1996; Torrejón & Orr 2001). The majority of the objects
have positional accuracies (equivalent 90 per cent confidence) ∼1
arcsec or better, typically through identification of an optical coun-
terpart or high-resolution X-ray observation. However, a number of
the candidate objects in these catalogues have poorly determined
positions, especially those that have not been reobserved since the
beginning of the Chandra era. We assume that long-wavelength
counterparts identified in the catalogues are true counterparts to the
LMXB/HMXB or LMXB/HMXB candidates. In order to feasibly
attempt to identify Gaia counterparts, we select only objects whose
positional accuracy is quoted in the catalogues as better than <10
arcsec, which provides a sample of 220 XRBs, of which 136 are
LMXBs and 84 are HMXBs.
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2.2 Published distance estimates

Distances to XRBs are estimated using many different methods and a
goal of this work is to evaluate the quality of these methods (see also
Jonker & Nelemans 2004; Thévenin et al. 2017). The Liu et al. (2006,
2007) catalogues provide distance estimates in the notes to the main
catalogue files. We include the previous distances and original refer-
ences, as well as an indication of the distance measurement method
in Tables 1 and 2, for LMXBs and HMXBs matched to Gaia sources,
respectively. In some cases, only a distance range is quoted in the Liu
et al. catalogues and we give the centre of this range. In cases where an
upper or lower limit was given, we quote that number as the distance.
15 of the XRBs with Gaia candidate counterparts (Section 2.4) had no
previous distance measurement as of the Liu catalogues. The results
of our literature search for these objects are discussed in Appendix A;
we found published distances for 10 of these 15 objects. We also
updated distances for 15 additional objects that had more recently
published distances than those given in the Liu catalogues.

The majority of the objects in our sample have distances measured
through photometry of the companion, using measured apparent
magnitude and extinction with an assumed absolute magnitude based
on modelling. Many XRBs with an NS have had their distance
measured using Type I X-ray bursts. Aside from these categories,
there are also a handful of objects with Hipparcos or radio parallaxes,
and a variety of other methods for individual objects. We use the
following labels for different distance methods:

(i) Phot: photometric distance using apparent magnitude, extinc-
tion, and assumed absolute magnitude of companion.

(ii) SEDfit: broad-band SED is fit to an assumed model of the
companion star/accretion disc with distance as a fitted parameter.

(iii) AV: distance measured using extinction models/Galactic col-
umn density.

(iv) jetPM: distance measured using jet proper motion.
(v) Cluster: distance is assumed to be that of an associated

cluster/OB association.
(vi) Burst: X-ray burst is used as a standard candle to obtain

distance.
(vii) VLBAPLX/VLBIPLX: parallax measured using radio inter-

ferometery
(viii) Kin: distance inferred from the kinematics of associated

H II regions.
(ix) HipPLX: distance measured using parallax from the Hippar-

cos satellite.
(x) Unknown: no previous distance measurement.

In the literature, uncertainties on distances to XRBs are reported
in different ways, including making approximations with no quoted
uncertainties. As such, in this work we do not attempt to track the
uncertainties associated with previous measurements, except for a
handful of cases. In particular, we expect that distances from a radio
parallax (VLBI or VLBA) measurement should be more precise
than those from Gaia DR2, and Gaia DR2 distances should agree
with parallaxes measured with the Hipparcos satellite. In general,
we expect that the distance to Gaia candidate counterparts is more
reliable and that the Gaia DR2 methodology and systematics are,
when taken as a whole, better understood than for the heterogeneous
ensemble of other methods.

2.3 Cross-matching

We searched for counterparts to our XRB sample by cross-matching
with the Gaia DR2 public release. Initially, we collected all potential

counterparts with a tolerance of <10 arcsec and then refined the
matches to only include counterparts whose angular separation was
less than the quoted positional uncertainty for each individual object.
As per the catalogue description, any object that does not have a
quoted positional uncertainty is assumed to be accurate to ∼1 arcsec
or better (Liu et al. 2006, 2007). We have chosen the conservative
case of a ∼1 arcsec positional uncertainty for these objects. In the
case that an object had asymmetric positional uncertainties in right
ascension versus declination, we conservatively chose the maximum
of these two. With this refinement, 99 XRBs from the Liu catalogues
have at least one candidate Gaia counterpart. In total, we find 126
potential counterparts for the Liu XRBs. Most objects have only one
counterpart, while a handful (those with more poorly determined
positional accuracy) return two or more potential counterparts.

We further refined our sample of potential XRB counterparts by
considering the probability that each Gaia source is aligned with
the position of the XRB by chance alone. To estimate probability
of our X-ray sources matching a random Gaia source, we picked
5000 random coordinates within 0.1 deg of each X-ray source and
cross-matched these random realizations against the Gaia catalogue
to identify the closest real Gaia source to each random pair of
coordinates and measured the angular distance between each random
pair of coordinates and the closest real Gaia source to that pair. The
distribution of these distances in the vicinity of each X-ray source
(for which these random samples were generated and cross-matched
against Gaia) is directly proportional to the probability of chance
overlap between a source in the Gaia catalogue and any random pair
of coordinates (informed partially by the density of Gaia catalogue in
the vicinity of each X-ray source). We approximated the probability
of a random match by the fraction of random points which are
located within a distance of a Gaia source equal to the separation
between the X-ray source and the candidate Gaia counterpart. After
removing the counterparts with a probability of chance overlap
greater than 10 per cent, we obtain 88 Gaia candidate counterparts
to the Liu XRB sample, most of which have reported parallaxes.1

A complete list of Liu et al. (2006, 2007) catalogue sources that
were excluded from the final sample and the step at which they were
excluded is found in the online supporting information. At this level,
only two objects have more than one potential Gaia counterpart:
AX J1639.0−4642 and SAX J1711.6−3808. Each of these objects
has one potential counterpart with a parallax, and one without. In
the case of AX J1639.0−4642, the counterpart with parallax is
the more probable and we retain that parallax for our analysis.
The opposite is true for SAX J1711.6−3808; as for other objects
where the Gaia counterpart does not have a parallax, it does not
feature in our further analysis. We searched the literature for more
recent distance determinations and any changes to the XRB-type
classification for all of the 88 matches. We found no strong evidence
to reclassify individual source types but did find a few additional
published distances (see Appendix A).

Before proceeding, we consider the potential biases of our sample
compared to the unmatched sample. HMXBs have more luminous
main-sequence components and unsurprisingly are more likely to
have a counterpart than LMXBs: there are 187 LMXBs and 114
HMXBs in the Liu catalogues, but we find only 33 and 55 Gaia can-
didate counterparts to LMXBs and HMXBs, respectively (these
numbers each decrease by one after removing the extra candidate

1Except for 2S 0053+604 (see Appendix A), the counterparts without
parallaxes are faint (18.8 < G < 21.0) and the lack of parallax measurement
is consistent with the distributions given by Gaia Collaboration (2018).
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counterparts as described above). Our counterpart matching is also
more sensitive to objects that are away from the Galactic Centre and
away from the Galactic plane – the fraction of objects in the Liu
catalogue that have a Gaia candidate counterpart is higher in those
directions.

2.4 Distances and final sample

To obtain the distance for each counterpart, we match the Gaia source
ID to the catalogue of Bailer-Jones et al. (2018), which uses a
Bayesian method to infer distances. In this work, we quote distance
uncertainties as the 1σ bounds on the posterior probability density
function for distance. In general, this function is asymmetric about
the peak value, so we have asymmetric error bars. The prior of
this Bayesian method models the Galactic stellar density as an
exponential disc, so the particular distance prior assumed for each
object depends on that object’s position in Galactic coordinates. For
ordinary stars, information such as line-of-sight extinction, measured
Teff, and magnitude/colours in the Gaia filters can provide additional
distance constraints. However, for XRBs we prefer the position-
plus-parallax-only method used by Bailer-Jones et al. (2018), since
modelling the expected value of the additional other parameters in an
XRB system is more complex than for an individual star or ordinary
binary.

Since LMXBs do not follow the same spatial distribution as the
stellar distribution assumed by Bailer-Jones et al. (2018), we must
cautiously interpret the distances to LMXBs (Grimm, Gilfanov &
Sunyaev 2002; see Section 3.1). For example, an exponential disc
model would prefer smaller distances for objects along lines of sight
that are out of the plane of the Milky Way. However, this may not be
optimal for LMXBs, given that they can be displaced from the stellar
distribution by supernova kicks. Of the matched XRBs, 76 of the Liu
catalogue counterparts have a parallax: 24 of these counterparts are
associated with LMXBs, while 52 are associated with HMXBs. As
the GOF values in Tables 1 and 2 show, the astrometric goodness-of-
fit is poor for many of these sources. The Gaia DR2 documentation
suggests that |GOF| > 3 indicates possible problems with the fit: 12
LMXBs and 44 HMXBs have values in this range. A large subset
of sources in our sample (30) appear to show a large excess noise in
their astrometric fit (larger than 5σ ). A reason for the high GOF and
large excess noise in these systems could be the orbital motion.

Several of the matched objects have a negative measured parallax.
In this case, the distance we obtain is dominated by the assumptions
of the prior (see discussion in Luri et al. 2018 and Hogg 2018). We
plot the positions of the Gaia candidate counterparts to the XRBs for
a face-on projection of the Milky Way in Figs 1 and 2.

3 R ESULTS

Several expected results are evident in the Galactic distributions of
the XRB sample. First, as shown in Fig. 1, HMXBs appear to trace
out the nearby (i.e. within 5–8 kpc) arms of the Galaxy. Since HMXB
luminosity is correlated with SFR in star-forming galaxies (Grimm
et al. 2003; Mineo et al. 2012), and spiral arms are the primary sites
of star formation, it is reasonable to infer that they should be spatially
close to spiral arms. Fig. 2 shows that the LMXBs are preferentially
found in the direction towards the Galactic Centre. A Rayleigh test
rejects the null hypothesis that the Galactic longitudes of the LMXBs
are uniformly distributed at p = 1.5 × 10−5 (and a Kuiper two-sample
test rejects the hypothesis that the Galactic longitude distributions of
the LMXBs and HMXBs are drawn from the same distribution at
p = 0.02.) The concentration of LMXBs towards the Galactic Centre

Figure 1. Face-on distribution of Gaia counterparts for Liu HMXBs. The
spiral arms are modelled using the symmetric spiral arm model of Vallée
(2008). Interarm regions are modelled as the symmetric arm model phase
shifted by 45◦. Error bars for distance/parallax represent the 1σ uncertainties.
The sun is located at the red star in the middle upper portion of the Figure.

Figure 2. Face-on distribution of Gaia counterparts for Liu LMXBs. The
spiral arms are modelled using the symmetric spiral arm model of Vallée
(2008). Interarm regions are modelled as the symmetric arm model phase
shifted by 45◦. Error bars for distance/parallax represent the 1σ uncertainties.
The sun is located at the red star in the middle upper portion of the Figure.

is also expected since LMXBs have been shown to trace stellar mass
in galaxies (Gilfanov 2004) and are preferentially formed in dense
areas with high stellar encounter rate, such as the Galactic Bulge
(Muno et al. 2005; Degenaar et al. 2012).

3.1 Distance measurement comparison

We find Gaia parallax measurements for less than one-third
of the combined LMXB/HMXB catalogue; in general, parallax
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Figure 3. Difference between literature distance measurements for Liu catalogue LMXBs and the distances obtained in this work, versus the average of these
distances. Error bars are lower limits because the uncertainties in the previous distance measurements were omitted. The horizontal yellow lines show the mean
and 95 per cent confidence interval of the sources with previously measured distances using Type I X-ray burst. Left-hand panel: Gaia DR2 distances calculated
using the prior of Bailer-Jones et al. (2018). Right-hand panel: Gaia DR2 distances calculated using the prior of Atri et al. (2019). Type I X-ray burst distances
show a systematic overestimate with respect to the Gaia distances using the Bailer-Jones prior, and a systematic underestimate with respect to the Gaia distances
that use the Atri et al. priors. The comparison using the prior of Bailer-Jones et al. (2018) implies that X-ray bursts (assuming they are PRE bursts) only reach
0.5 LEddington.

Figure 4. Difference between previous distance measurements for Liu
catalogue HMXBs and the distances obtained in this work, versus the
average of these distances. Previous distances are obtained from the literature
reference given in Table 2, while the distance in this work is the distance to
the Gaia candidate counterpart for each HMXB.

measurements will not be available for Galactic XRBs. Hence it
is useful to use objects with parallax measurement as a diagnostic
for other distance methods. We show a comparison of previous
distance measurements with those derived from the Gaia candidate
counterparts using Bland-Altman plots in Figs 3 and 4. These two

figures show the ratio of the difference between previous measured
distances and Gaia DR2 distances (this work) to the average of the
measurements versus the average of the measurements. To estimate
the error bars in these plots, we only used the uncertainties for
our Gaia counterparts, but omit the uncertainties on previous mea-
surements given the difficulties in comparing methods, instruments,
and the fact that many distances are assumed rather than measured
directly. A useful component of this work is to tabulate distance
methods for XRBs with Gaia candidate counterparts, since in the Liu
catalogue, distances are reported without specifying the methodology
or whether distances are measured or assumed.

Most previous distance-measurement methods produce distances
consistent with Gaia, within their uncertainties where available.
Gaia DR2 measurements agree well with objects whose parallax has
been previously measured either by Hipparcos or radio interferom-
etery (VLBI/VLBA). Radio interferometery parallaxes are expected
to be significantly more accurate than Gaia; therefore comparing
with radio parallaxes verifies the assumptions of the Gaia prior,
at least for the distance ranges and directions where objects with
radio parallax are available. In addition, the mean and median
differences between distances previously measured photometrically
and Gaia DR2 distances are consistent with zero.

LMXB distances measured using Type I X-ray bursts do show
evidence of a trend with a plausible physical interpretation. As
shown in the left-hand panel of Fig. 3, distances measured using
Type I X-ray bursts are systematically larger than those measured
via Gaia candidate counterparts. This figure shows the ratio of
difference between previously measured distance and Gaia distance
to the average of previously measured distance and Gaia distance.
The mean of this quantity over all the methods excluding the Type
I X-ray bursts is −0.07 ± 0.32, consistent with the null hypothesis
of no difference (zero mean) with a p-value of 0.17. However, the
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Table 3. Statistical significance of previous distance measurements of
LMXBs comparing to Gaia DR2 distances using Bailer-Jones priors.

Method Mean 95 per cent CI p-value

Burst − 0.36 [−0.66, −0.06] 0.01
Photometry 0.13 [−0.76, 1.02] 0.35
Radio parallax − 0.19 [−1.22, 0.84] 0.20
Other − 0.19 [−0.69, 0.31] 0.20

mean for the Type I X-ray bursts is −0.36 ± 0.29 with a p-value of
0.01, which means we can reject the null hypothesis of no systematic
difference between measured distances from Gaia and distances from
Type I X-ray bursts. The statistical significances of comparing other
methods used in measuring LMXB distances with respect to Gaia
distances are reported in Table 3. In this table, means and 95 per cent
confidence intervals of differences are reported, and the p-values
are calculated for the null hypothesis of zero means. According to
this table, distances measured using Type I X-ray bursts are the
only method that show a systematic difference with new measured
distances in this work.

These results would seem to suggest that Type I X-ray bursts are
intrinsically less luminous than predicted by modelling. This agrees
with previous results on systematic biases in distance determination
via Type I X-ray bursts. Galloway et al. (2008b) demonstrated that the
choice to assume that the touchdown flux (the flux measured when
the expanded photosphere of the NS touches down back on to its
surface) is either at the Eddington luminosity or sub-Eddington may
introduce large systematic uncertainties to distance measurements
of X-ray bursting XRBs. Studies of bursting sources using the Rossi
X-ray Timing Explorer have indicated that a number of these sources
are significantly sub-Eddington in their peak fluxes (e.g. Galloway
et al. 2008a).

As mentioned in Section 2.4, LMXBs do not follow the same
spatial distribution as the stellar distribution assumed by Bailer-
Jones et al. (2018). To investigate the effect of the priors on LMXB
distances, we also measured the Gaia DR2 distances using the prior
developed by Atri et al. (2019), which considers the distribution of
LMXBs in the Milky Way based on the work of Grimm et al. (2002).
The right-hand panel of Fig. 3 shows the result of our distance
comparisons using this prior. The most noticeable effect of using the
Atri et al. (2019) prior is an increase in distances for most of the
LMXBs. As a result, distances measured using Type I X-ray bursts
are systematically smaller than those measured via Gaia candidate
counterparts. This is in contradiction with the suggestive results of
our analysis using the Bailer-Jones et al. (2018) prior, which indicated
that distances based on type I X-ray bursts are overestimated, and
thus that bursts only reach 0.5 LEddington. As a model-independent
check, we have also done the same analysis without using any prior.
In this scenario, the Type I X-ray burst distances are consistent with
the null hypothesis of no difference with the Gaia distances, with a
p-value of 0.19. This discrepancy highlights the importance of priors
when using Gaia data for sources with large uncertainties.

Individual objects with particularly large discrepancies between
previously published and Gaia candidate counterpart distances are
discussed in Appendix B.

3.2 Spatial distribution and spiral arms

To investigate the relationship between XRBs and Galactic structure,
we compare the XRB distributions to a model of the spiral arms of the
Milky Way. Pettitt, Ragan & Smith (2020) show evidence for spiral

structure traced by young stars, though it is not clear what the precise
physical properties of the spiral structure are. Gorski & Barmby
(2020) suggest a four arm spiral structure traced by maser-bearing
evolved stars. We use the symmetric arm model of Vallée (2008).
This model is analytically defined: the precise shape, symmetries,
structure, and extent of the spiral arms of the Galaxy are non-trivial to
determine due to our location within the Milky Way. This symmetric
model is fitted to agree with a variety of observations, including dust,
H I gas, CO gas, and maps of stellar velocities. This model defines
the mid-point of four identical arms phase shifted by 90◦. We further
define the mid-point of interarm regions by shifting the existing arms
by 45◦.

For each XRB, we compute three properties:

(i) The two-dimensional distance to the nearest spiral arm for a
face-on projection.

(ii) Whether the XRB is leading or trailing its closest spiral arm.
(iii) Whether the XRB is closer to the mid-point of a spiral arm or

the mid-point of an interarm region.

Given that many of the uncertainties for the distances quite
large, counts of these quantities depend strongly on the posterior
distribution function of the distances. In order to assess how much
these quantities change, we create 10 000 realizations of the distance
for each object using the posterior distribution function defined in
Bailer-Jones et al. (2018), and compute the three quantities above for
each object in each iteration.

After computing whether each object is closer to an arm or interarm
region, whether it is leading or trailing the nearest spiral arm, and the
distance to the nearest spiral arm, we calculate the fraction of objects
leading/trailing and fraction of objects close to an arm/interarm for
each of the 10 000 runs. Under this construction, since we have
effectively partitioned the Galaxy into two equally sized regions
(closer to arm/closer to interarm, leading/trailing the nearest spiral
arm), we expect the following for the distribution of these fractions: If
the distribution of LMXBs/HMXBs fractions peaks at a value greater
than 0.5 for a particular structure (arm/interarm/leading edge/trailing
edge), then we interpret that LMXBs/HMXBs as being correlated
with that structure. Conversely, if the distribution peaks at a value
less than 0.5, we interpret LMXBs/HMXBs as being anticorrelated
with that structure. If the distribution peaks at 0.5, we interpret
LMXBs/HMXBs as being uncorrelated with that structure. We treat
the uncorrelated case as the null hypothesis for LMXBs and HMXBs
individually.

In each run, we exclude from the fraction any object that lies at
a distance of less than 3.1 kpc from the Galactic Centre, classifying
them separately as bulge sources. We choose 3.1 kpc because it is
given as the half-length of the bar superimposed on the cartographic
plots of Vallée (2008), and it is noted therein that it becomes
difficult to separate the beginnings of the spiral arms from the bar
itself at approximately this distance. In each run, on average two
HMXBs and five LMXBs were classified as bulge sources. The
resulting fractions and their uncertainty distributions are plotted
in Fig. 5.

Across the simulation, LMXBs and HMXBs both appear to exhibit
a roughly normal distribution in both fractions, though in both
the leading/trailing or arm/interarm case, the LMXB distribution
possesses a larger spread. To compare these measurements to each
other and to the null hypothesis (that they are uncorrelated with
arms/interarms and leading/trailing spiral arms), we tested these
uncertainty distributions for normality. Since the interarm/trailing
fraction is complementary to the arm/leading fraction, we consider
only the arm/leading fractions. None of the four distributions is
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Figure 5. Distributions of population fraction correlated with spiral arms and leading edges for 10 000 realizations of the XRBs with Gaia candidate counterparts.
The vertical line marks a fraction of 0.5, where the populations would be interpreted as being uncorrelated with the structure.

considered normal by the D’Agostini K2 test or the Anderson–
Darling test at p = 0.05. Only the LMXB leading fraction is
considered normal by the Jarque-Bera test for p = 0.05. Since the dis-
tributions are not truly normal, we report the fraction measurements
and their uncertainty in two ways: first using the standard deviation
as the 1σ uncertainty, and then reporting the 95th/5th quantiles as
the uncertainty.

Our measurements of the fraction of HMXBs/LMXBs that are
correlated with spiral arms/interarm regions yields the following
results:

(i) Fraction of HMXBs that are closer to a spiral arm: 0.54 ± 0.05
(at 1σ ), 0.54+0.08

−0.08 at the 95th and 5th quantiles.
(ii) Fraction of LMXBs that are closer to a spiral arm: 0.39 ± 0.09

(at 1σ ), 0.39+0.16
−0.15 at the 95th and 5th quantiles.

(iii) Fraction of HMXBs that are leading the nearest spiral arm:
0.46 ± 0.05 (at 1σ ), 0.46+0.09

−0.09 at the 95th and 5th quantiles.
(iv) Fraction of LMXBs that are leading the nearest spiral arm:

0.50 ± 0.10 (at 1σ ), 0.49+0.16
−0.17 at the 95th and 5th quantiles.

We cannot reject the null hypothesis that HMXBs or LMXBs
are spatially uncorrelated with spiral arms, at even 1σ , since the
uncertainties overlap with Ffraction = 0.5. We cannot reject the null
hypothesis for either HMXBs or LMXBs exhibiting no preference
leading or trailing their nearest spiral arm. The LMXB and HMXB
fractions also overlap with each other at the 1σ level. LMXBs exhibit
a mild preference for being found in interarm regions, while HMXBs
show only a mild preference for being found in the spiral arms.
LMXBs appear to be uncorrelated with leading or trailing their spiral
arm, while at low significance the HMXBs appear to prefer trailing
their nearest spiral arm.

In the context of Galactic structure, previous work has shown that
HMXBs trace SFR on Galactic scales (Grimm et al. 2003), so it is
reasonable to expect they should trace it on resolved scales in some
fashion and should exhibit a distinct spatial correlation. Naively it
can be assumed that star formation should happen at the leading
edge of a spiral arm where the gas accumulates (see Koda et al.
2012 for M51 as an illustrative example of star formation and its

relation to spiral arm structure). Taking these assumptions together,
HMXBs should be found at the leading edge of spiral arms, and
should exhibit a strong preference for spiral arms versus interarm
regions. However, we find only a mild preference for spiral arms:
the distribution of fractions for the simulation peaks at 54 per cent of
the HMXBs being closer to an arm than an interarm region, but the
wings of the distribution include the uncorrelated and anticorrelated
cases.

The lack of strong preference for HMXBs being closely associated
with spiral arms could have a number of possible implications:

(i) Star formation does not occur at the leading edge of spiral arms.
(ii) The time delay between star formation and HMXB accretion

starting manifests itself as a spatial separation between the spiral arm
and HMXBs due to the pattern speed of spiral arms.

(iii) HMXB natal kicks may be larger than expected.
(iv) Our sample is not large enough and does not have sufficiently

small distance uncertainties as an ensemble to measure the correla-
tion we expect from first principles.

Our HMXB sample comprises only ∼50 objects, and the uncer-
tainties are still substantial. As such, though we can rule out a very
strong spatial correlation or anticorrelation between HMXBs and
spiral arms (using the Gaia DR2 data specifically), we cannot use
our result to distinguish between the scenarios listed above. Since we
are unable to reject the null hypothesis that HMXBs are uncorrelated
with spiral arms, our result is consistent with Bodaghee et al. (2012)’s
analysis, which found that HMXBs are not spatially correlated with
spiral arms. The scale at which the HMXB/SFR correlation breaks
down (if at all) is not well constrained. In nearby galaxies, the X-ray
sources are typically studied by considering the integrated properties
of the entire population (for example, X-ray luminosity function) and
comparing to global parameters of the Galaxy. Correlating XRBs
with Galactic structure is challenging since galaxies that are close
enough to resolve on the desired scales require many fields in order
to encompass the entire Galaxy. In addition, contamination from
X-ray sources in front of or behind the Galaxy creates additional
difficulties. Swartz et al. (2003) investigated the relationship between
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Figure 6. Cumulative distribution of XRB distances to the nearest spiral
arm. We mark the characteristic clustering scales of HMXBs against OB
associations and star-forming complexes measured by Bodaghee et al. (2012)
and Coleiro & Chaty (2013) for reference using the vertical grey regions. We
also plot the 0.1, 0.5, 0.9, and 0.99 quantiles of the HMXB distribution for
comparison.

the spiral arms of M81 and its X-ray source population, finding strong
correlation between spiral arm position and X-ray source density.
They note that brighter sources tend to be closer to spiral arms,
attributable to the brightest and shortest-lived HMXBs being close
downstream from their spiral arms. More recently, Kuntz, Long &
Kilgard (2016) performed a deep Chandra survey of M51. This
study also finds that X-ray sources are concentrated in spiral arms,
though the distances to spiral arm mid-points are not presented. Both
studies also found a non-trivial population of supernova remnants
contributing to the total X-ray source population.

In contrast to HMXBs, we expect that LMXBs should exhibit no
strong preference for spiral arms; they represent (collectively) an
older population that is also more strongly perturbed by the strength
of its SN kicks (Grimm et al. 2002). Since LMXBs can be much older,
it is not expected or required that they are still near the spiral arm
that formed their progenitor – there may have been multiple Galactic
rotations since the LMXB itself formed. Additionally, LMXBs’ high
velocity kicks mean they can be substantially displaced from the
star-forming region where they initially formed. This process is
already required to explain the presence of LMXBs at high Galactic
latitudes where they would not be expected to form a priori due to
the low stellar density (see e.g. Repetto et al. 2012). Consequently,
LMXBs as a population should be uncorrelated with spiral arms since
their distribution would be unperturbed by either the presence or
absence of spiral arms. This makes our result, which shows LMXBs
anticorrelated with spiral arms (though at low significance), difficult
to explain.

We also computed the distribution of distances to the nearest spiral
arm across all the simulations, shown in Fig. 6, in order to compare
with previous works that measured the distances to OB associations
and SFCs for HMXBs (Bodaghee et al. 2012; Coleiro & Chaty 2013).
In these works, clustering distances between HMXBs and SFCs/OB
associations were inferred from the critical points of the cumulative

distribution of the distances to the nearest SFC/OB association. As
discussed in Section 1.1, distances to OB associations and SFCs are
distinct from distances to the spiral arms themselves, and as such
we might not expect HMXBs to have the same clustering distance
to the spiral arm. The distribution of HMXB distances to the nearest
spiral arm that we measure does not show a strong preference for the
clustering sizes measured for OB associations or SFCs in previous
works, though we note that the Vallée (2008) model does not fit
spiral arms to either of these structures. The 0.1, 0.5, 0.9, and 0.99
quantiles of the HMXB distribution to be at 127, 570, 1296, and
2340 pc, respectively. For the LMXB distribution, the 0.1, 0.5, 0.9,
and 0.99 quantiles of the LMXB distribution are at 130, 610, 1090,
and 1780 pc, respectively.

Given the substantial width of these distributions, it is difficult
to determine a characteristic separation from the spiral arms. The
interarm separation of a few kpc as set by the symmetric arms model
means that, by construction, it is difficult to have an XRB more than
a few kpc away from a spiral arm in face-on projection. Further, we
have chosen to model the Galaxy using a symmetric model fitted to
observables in the Milky Way, which is a simple albeit potentially
unrealistic choice. The primary advantage of this model is that it
permits us to easily define interarm and arm regions for analysis
of the locations of XRBs. In reality, the number of arms and the
symmetry (e.g. are the four arms symmetric with each other or are
there major/minor axes?) of these arms in the Milky Way is difficult to
characterize (see Vallée 2017 and references therein), and discussion
exists about which tracers to use and how far to project the model
based on nearby observables. Future attempts to characterize the
relationship between the Galaxy’s spiral arms and its XRB population
would be improved by the use of a model that relaxes the symmetry
constraint.

4 C O N C L U S I O N S

(i) We have assembled the largest sample of Galactic X-ray
binaries whose distances have all been measured using the same
method, and hence have the same systematics and uniform presumed
biases.

(ii) Comparing XRB distances measured by Gaia (using the
Bailer-Jones prior) to previous methods shows that measuring
distances using Type I X-ray bursts appears to systematically
overestimate distance. This suggests that assumptions about X-ray
bursts, namely that bursting NSs consistently reach the Eddington
luminosity, may need to be modified to use X-ray bursts as a distance
estimator. This effect is prior dependent, as choosing a different prior,
such as the one in Atri et al. (2019), can cause burst distances to be
systematically lower than those from Gaia DR2.

(iii) We have compared the positions of XRBs to the locations of
the mid-points of spiral arms in the Milky Way. Galactic HMXBs
in our sample show only a modest preference for being spatially
colocated with spiral arms versus interarm regions, and show only
a modest preference for being on the leading edge of spiral arms.
This suggests that the delay time between star formation and HMXB
formation/accretion beginning manifests itself observationally as a
spatial separation between HMXBs and spiral arms due to the pattern
speed of spiral arm rotation. Other possible explanations for this
effect are scattering due to natal HMXB kicks or the possibility of
star formation occurring closer to the mid-point of the arm than the
leading edge.

(iv) We further find that HMXB distances to the nearest spiral arm
do not show a strong preference for the clustering sizes previously
observed for OB associations or SFCs.
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(v) We find that LMXBs are very weakly anticorrelated with spiral
arms. This disagrees with the expectation that LMXBs should be
uncorrelated with spiral arms, though we note that the significance
of this result is low.

A main source of uncertainty in our analysis is the low number
of XRBs with Gaia counterparts. Further releases of Gaia will
hopefully yield additional Gaia candidate counterparts for Galactic
XRBs, particularly for the intrinsically optically fainter LMXBs. For
objects with identified Gaia candidate counterparts, smaller distance
uncertainties are expected from the improved baseline in DR3 and
subsequent releases. The small sample size from the Liu catalogues
is another limitation of our analysis. The Chandra Source Catalog
(Evans et al. 2010) provides an excellent foundation for studying
the Galactic X-ray sky in the Chandra era, but at present it has
not been data mined to make a Milky Way-specific catalogue as
a potential successor to the Liu catalogues. Our knowledge of the
Galactic XRB source population can be improved through future
all-sky surveys, such as with the newly launched eROSITA mission
(Merloni et al. 2012). This mission, designed as a successor to the
ROSAT mission, will survey the sky at approximately 20 times the
sensitivity of ROSAT in soft X-rays (0.5–2.0 keV), while providing
the first imaging survey of the sky in hard X-rays (2–10 keV). The on-
axis angular resolution of this telescope is expected to be comparable
to that of XMM–Newton. An improved all-sky survey will allow us to
find Gaia counterparts to an X-ray catalogue that is more up-to-date
and is has more uniform systematics, enhancing our understanding
of how XRB positions correlate with Galactic structure.
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Galloway D. K., Özel F., Psaltis D., 2008b, MNRAS, 387, 268
Gandhi P., Rao A., Johnson M. A. C., Paice J. A., Maccarone T. J., 2019,

MNRAS, 485, 2642
Gelino D. M., 2001, PhD thesis, University of California
Gelino D. M., Harrison T. E., 2003, ApJ, 599, 1254
Gilfanov M., 2004, MNRAS, 349, 146
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APP ENDIX A : U PDATED DISTANCES AND
CL A SSIFIC ATIONS OF XRBS W ITH
Gaia C O U N T E R PA RTS

For the 88 Gaia candidate counterparts to the Liu XRB sample (see
Section 2.3), we searched the literature for more recently published
distances and compilations (Wenger et al. 2000; Corral-Santana et al.
2016; Tetarenko et al. 2016) for updates to classifications.

Two Liu catalogue objects have controversial classifications but
do not figure in our analysis because their Gaia DR2 counterparts
have no parallax. SIMBAD notes that the nature of 2S 0053+604 (γ
Cas) as an X-ray binary is controversial (for a summary, see Prišegen
2019). Although the star itself is in Gaia DR2, its bright magnitude
(G = 1.82) means that its observations require special processing
expected in a later data release (Gaia Collaboration 2018). The object
designated by Liu et al. (2006) as Swift J061223.0+701243.9 is
claimed by SIMBAD to have incorrect nomenclature. As far as we
can tell, this object is real and correctly designated by Liu but it is
not particularly well studied, with no published distance estimate.
The most recent analysis is by Butters et al. (2011) who conclude
that Swift J061223.0+701243.9 is probably an intermediate polar,
but an X-ray binary nature cannot be ruled out.

Six objects listed by Liu et al. (2006) as LMXBs are classified
by SIMBAD as HMXBs. For three of these (1A 0620-00, GS 1124-
684, GS 2023+338), the reference for the HMXB classification is
Tetarenko et al. (2016); however, that catalogue does not give explicit
LMXB/HMXB classifications. SIMBAD lists 3A 1516-569 (Cir X-

Table A1. XRBs with Gaia candidate counterparts and newer published
distances.

Name Liu dist. Type dprev (newer) Type
(kpc) (kpc)

LMXBs
GRO J0422+32 ··· ··· 2.49 SEDfit
1A 0620-00 1.16 phot 1.06 phot
GS 1124-684 5.5 phot 5.9 SEDfit
3A 1516-569 ··· ··· 9.2 burst
GRO J1655-40 1.7 phot 3.2 jetPM
3A 1702-363 ··· ··· 9.2 unclear
4U 1724-307 7 burst 9.5 cluster
SLX 1737-282 7.5 burst 6.5 burst
4U 1908+005 5 Roche 5.2 burst
HMXBs
IGR J01583+6713 ··· ··· 6.4 phot
EXO 051910+3737.7 ··· ··· 1.7 phot
IGR J06074+2205 ··· ··· 4.5 phot
XTE J0658-073 ··· ··· 3.9 phot
IGR J11215−5952 8 phot 6.2 phot
IGR J11435−6109 ··· ··· 8.6 phot
2S 1145-619 2.25 phot 3.1 phot
4U 1223-624 5 phot 4.1 phot
1H 1249-637 0.3 HipPLX 0.392 Av
IGR J16479−4514 ··· ··· 4.45 phot
4U 1700-37 1.9 phot 2.12 Av
IGR J17544−2619 10 unknown 3.2 phot
SAX J1819.3−2525 6 SEDfit 6.2 SEDfit
IGR J19140+0951 ··· ··· 3.6 phot
KS 1947+300 10 phot 9.5 pulsar
4U 1956+35 2.14 cluster 1.86 VLBAPLX

Note. ‘Newer’ here means non-Gaia DR2 distances published after the Liu
et al. catalogues.

1) and 3A 1954+319 as being classified as LMXBs by Baumgartner
et al. (2013) and as HMXBs by Samus’ et al. (2017) and Krivonos
et al. (2010), respectively. Neither of the latter two sources gives
a reference or justification for the HMXB classification. SIMBAD
lists GRO J1655-40 as being classified as HMXB by Lin, Webb &
Barret (2012) and LMXB by Krimm et al. (2013). However, Lin et al.
(2012) did not classify sources as high- or low-mass XRBs, and the
classifications in Krimm et al. (2013) are cited as originating from
the literature or SIMBAD itself. With no strong reasons to reclassify
these six objects, we retain them in our list of LMXBs.

We were able to find published distance estimates for 10 objects
that had no distance estimates listed by Liu et al. (2006, 2007). 15
additional objects in our sample had distance determinations more
recent than those listed by Liu et al. (2006, 2007). We tabulate these
in Table A1 and use them in our analysis in Section 3.1.

Two objects in our sample have controversial distances: Cyg X-1
and GRO J1655-40. The discrepancy between radio parallax distance
(from Reid et al. 2011) and optical parallax from Gaia of Cyg X-1
is peculiar, as this system is one of the closest and brightest X-ray
binaries (both in radio and optical). This apparent tension is likely
caused by impact of the radio jet on the radio parallax (Miller-Jones
et al. 2021). The Gaia distance is more consistent with that reported in
the Liu catalogue (2.14 kpc; Massey, Johnson & Degioia-Eastwood
1995). Foellmi et al. (2006) challenged the accepted distance to
GRO J1655-40 of 3.2 kpc, finding a distance of 1.7 kpc. Despite
their strong claim, these authors show in their table 1 that the
uncertainty in spectral class allows the upper limit on distance to
be as high as 3–4 kpc (e.g. if the companion is F7ii ). Interestingly,
the Gaia counterpart parallax is consistent with the larger distance.
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However, the location of the source makes distance calculation
based on parallax strongly dependent on the prior model: there is
a large discrepancy between the distance based on Bailer-Jones prior
(∼3 kpc) and one that considers distribution of BHs in the Milky
Way (∼6 − 7 kpc), as shown by Atri et al. (2019).

APPENDIX B: D ISTANCE DISCREPANCIES

In this section, we discuss five objects with large discrepancies
between distances gathered from the literature and measured from
Gaia DR2 with the Bailer-Jones et al. (2018) prior. Here we define
‘large’ as |dGaia − dprev|/(0.5 × (dGaia + dprev)) > 1. For all of
these objects, the previously published distance is well outside the
Gaia low-to-high range. We report the Gaia DR2 astromet-
ric gof al value as GOF. This quantity is expected to follow
a normal distribution with zero mean and unit standard deviation;
hence absolute values �3 indicate a poor fit.

4U 2129+47/V1727 Cyg: Gaia distance 1.75 kpc, GOF 1.92.
The Liu et al. (2007) distance for this object is from the work of
Cowley & Schmidtke (1990), who derive a distance of 6.3 kpc to
the optical companion. Those authors mention that it is unclear that
the companion and XRB are a true physical association, and that
previous distance estimates to the XRB system generally give smaller
distances (e.g. 2.2 kpc; McClintock, Remillard & Margon 1981).
We conclude that the Gaia distance is consistent with these earlier
estimates.

IGR J16318−4848: Gaia distance 5.22 kpc, GOF 32.4. The Liu
et al. (2006) distance for this object is from the work of Filliatre &
Chaty (2004) who give a range of distances between 0.9 and 6.2 kpc,
derived from SED fitting. A more recent work (Fortin, Chaty &
Sander 2020) determines a distance from Gaia matching and derives

the same distance as our work. We conclude that the Gaia distance,
although imprecise, is consistent with the broad range in the previous
estimate.

IGR J16465−4507: Gaia distance 2.70 kpc, GOF 9.0. The Liu
et al. (2006) distance for this object is from the work of Smith (2004)
who give an estimated distance of 12.5 kpc based on photometry
of the companion. The discussion of this object by La Parola et al.
(2010) explains that the optical companion is highly absorbed; optical
spectroscopic studies also provide additional evidence reaffirming
the optical counterpart. The tension between the Gaia and previous
distance estimates remains unresolved.

XTE J1906+09: Gaia distance 2.77 kpc, GOF 6.8. The Liu et al.
(2006) distance for this object is from the work of Marsden et al.
(1998) who give an estimate distance of 10 kpc based on neutral
hydrogen absorption. However, 3D dust maps in this directions
(Green et al. 2019) indicate that E(g − r) ≤ 2.2, which would
suggest that the Galactic hydrogen column density in this direction
is ≤2 × 1022 cm−2 (Bahramian et al. 2015; Foight et al. 2016). Thus
we conclude that the Gaia distance is likely more reliable for this
object.

KS 1947+300: Gaia distance 3.1 kpc, GOF 0.0. The Liu et al.
(2006) distance for this object is from the work of Tsygankov &
Lutovinov (2005) who give an estimate distance of 9.5 kpc based on
its X-ray pulsation properties. While the Gaia fit appears good, it is
important to note that the measured parallax is insignificant when
uncertainties are considered.
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