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Abstract

The classification of X-ray binaries into high- and low-mass types has historically lacked a unified, data-driven
quantitative criterion, and large-scale statistical studies of the donor star population have been limited. In this
work, we address this gap by compiling data for 3964 XRBs and deriving a plentiful set of physical parameters
(mass, radius, age, and evolutionary stage) for a sub-sample of 288 donor stars using Gaia DR3 spectral data and
stellar evolution models. We find a statistically bimodal distribution in the donor star parameters, which is
characterized by a valley at approximately 3 M, or 11,000 K. We uncover the physical mechanism behind this
bimodality: a previously unreported “parallel tracks” phenomenon observed in the relationship between the
donor’s evolutionary stage and its fundamental parameters, such as luminosity and radius. These two tracks
represent distinct main-sequence populations, and the valley between them corresponds to the sparsely populated
pre- and post-main-sequence evolutionary phases.

Unified Astronomy Thesaurus concepts: X-ray binary stars (1811); High mass x-ray binary stars (733); Low-mass
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1. Introduction

X-ray Binaries (hereafter XRBs) are binary star systems in
which one of the stars is a compact object, such as a white
dwarf, neutron star, or a black hole, and the other is usually a
main sequence star. These systems are named as such because
they release a significant amount of X-ray radiation, which is
generated by material from a donor star being pulled onto the
compact object and heated to extremely high temperatures
(Tauris & van den Heuvel 2006). XRBs are an important
accretor for studying the physics of extreme environments, as
well as for testing theories of gravity in the strong-field regime.

XRBs were often divided into two main types: high-mass
XRBs (HMXBs), in which the mass donor star is a high-mass
star such as O-B (Be) type stars, and low-mass XRBs
(LMXBs), in which the mass donor star is a low-mass star
like a red giant or a main sequence star (Tauris & van den
Heuvel 2006). There is also a type known as intermediate-
mass XRBs (IMXBs) as a transitional state between the two
previously mentioned types, as proposed by Pfahl et al. (2003).

In this classification, the mass refers to the mass of the
donor star, rather than the compact accretor star. Regretfully,
there are no unified quantitative criteria for drawing the line
between HMXBs and LMXBs. One solar mass was initially
designated as the dividing line, but later there were also 1-10 M,
(Tauris & van den Heuvel 2006), 1-5 M, (Longair 2011), or
8 M, (Fortin et al. 2023). A typical standard dividing line for

classification is that high-mass refers to donor stars with
masses >=8 M,,, while low-mass refers to donor stars with
masses below this limit.

The main issue with current XRBs is that there is a lack of
samples with reliable physical parameters. The majority of the
masses of compact components were not measured, nor the
reliable masses of the donor stars (Avakyan et al. 2023; Fortin
et al. 2023; Neumann et al. 2023). Excitingly, the emergence
of large-scale optical sky survey data (e.g., Gaia, LAMOST,
and TESS) has provided a new opportunity.

In this study, we collected a large sample of XRBs and used
Gaia (Babusiaux et al. 2023; Creevey et al. 2023; Fouesneau
et al. 2023; Gaia Collaboration et al. 2016, 2023) spectral data
to derive the physical parameters of donor stars for 288
systems. Further, based on these physical parameters, we
obtained the parameter distribution and correlations, and
offered a new criterion for the classification.

2. Selection and Parameter Obtaining of XRBs

2.1. The Selection of XRBs by Simbad and Three
Catalogs

We utilized the Astronomical Data Query Language
(ADQL) to retrieve data from the Simbad database (Wenger
et al. 2000) within the Topcat software (Taylor 2005). Through
this process, we acquired a total of 3884 XRBs or XRBs
candidates. Recognizing the potential lag in the Simbad
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database and its possible omission of the latest research
achievements, we augmented our approach by referring to
three recent X-ray binary star catalogs (Avakyan et al. 2023;
Fortin et al. 2023; Neumann et al. 2023). A total of 3642
confirmed XRBs, comprising 1461 HMXBs, 781 LMXBs and
1400 unclassified systems, along with 322 candidate XRBs.

2.2. Cross-matching XRBs with Gaia DR3 for
Atmospheric Parameters

We cross-matched XRBs with Gaia DR3 to obtain three
atmospheric parameters of the targets, including surface
temperature, surface gravity acceleration, and metallicity.

We used the SIMBAD database, where coordinate uncer-
tainties are provided as three parameters: the major axis, minor
axis, and position angle of the error ellipse. For this study, we
define high-precision coordinates as those with a major axis
smaller than 0.4. Among the 3964 collected XRBs, 817 satisfy
this criterion and are therefore used for further cross-matching.

The remaining 3147 binaries should not be cross-matched.
Although some targets with large coordinate errors can indeed
be matched with correct optical counterparts, we have chosen
to discard these targets to maximize the accuracy of the cross-
matching results.

The XRBs in this paper come from multiple observational
sources, so the cross-matching radius with Gaia should varies.
We cross-matched these 817 targets with Gaia DR3 with a
cross-matching radius of 05 to 2” (see Appendix A for details
on the radius selection). We thoroughly discuss the various
possible sources of matching errors and calculate the
corresponding false-match rate (see Appendix B). For the
288 XRBs with parameters in this paper, the false-match rate is
approximately 1.1%.

We obtained 514 matched targets with Gaia observation.
Among the 514 targets with Gaia observation, 288 have three
atmospheric parameters provided by the GSP-Phot (General
Stellar Parametrizer from Photometry) model: temperature
Teff, surface gravity log g, and metallicity [Fe/H].

GSP-Phot is just one of the many models provided by Gaia.
Other models that can provide atmospheric parameters include
GSP-Spec (General Stellar Parametrizer from Spectroscopy),
ESP-HS (Extended Stellar Parametrizer for Hot Stars), and
ESP-UCD (Extended Stellar Parametrizer for Ultra Cool
Dwarfs).

Only GSP-Phot and GSP-Spec can provide all three
atmospheric parameters, so we can only choose from these
two models. In terms of quantity, GSP-Phot provides far more
targets with parameters than GSP-Spec. GSP-Phot provides
the atmospheric parameters for 288 XRBs in this paper, while
GSP-Spec only provides 8 of them, so we finally chose the
GSP-Phot model.

Among the parameter targets we cross-matched, there are 31
and 98 targets from the large Magellanic Cloud (LMC) and
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small Magellanic Cloud (SMC), respectively. These targets
from the Magellanic Clouds (MCs) are an important sample
for the analysis in this paper. We examined Gaia’s observa-
tional capability for MC targets (Appendix C). Gaia can
observe stars within the MCs down to a lower limit of 1 M,
corresponding to a temperature range of approximately
3900-7600 K. This capability is sufficient to cover the XRBs
in this paper, which have an average temperature of 28,000 K
and a mass range of 1.6-24 M., with an average mass of
11 M.

2.3. Obtaining the Physical Parameters of Donor Stars
in XRBs

To gain a deeper understanding of XRBs, we need to derive
the fundamental parameters such as mass, radius, and age for
their donor stars. Although Gaia provides some parameters
(e.g., mass and age) in its database, the quantity is limited.
Taking the 288 targets with three atmospheric parameters as an
example, Gaia only provides mass for 54 targets and age for 37
targets. In order to maximize the available physical para-
meters, we derived them based on the atmospheric parameters.

This work provides parameters of donor stars in XRBs in
bulk, based on spectral observations from Gaia and using
stellar evolutionary models. The method is basically the
isochrone interpolation method, which is a classic method that
has been used for a long time. It is fundamentally based on
atmospheric parameters and estimates parameters such as mass
by comparing them to a library of stellar database. It has been
successfully applied and described by Zhang et al. (2019).
Here, we will introduce it briefly.

We already have a stellar parameter database that covers all
possible stars, containing complete parameters for all ages,
initial masses, and metallicities. Within this comprehensive
database, we look for stellar samples with atmospheric
parameters closest to our target, usually at least several dozens
can be found. Then, the masses and radii of these dozens of
stars becomes the estimated values for our target. We take the
mass and radius of the sample that has the closest atmospheric
parameters as the central value, and all the samples used to
estimate the errors.

In this work, we utilized database MIST (MESA Isochrones
& Stellar Tracks; Paxton et al. 2011, 2013, 2015, 2018; Choi
et al. 2016; Dotter 2016). We did not write our own
interpolation program but instead utilized a mature python
package called Isochrones (Morton 2015), version 2.1,
that can interpolate stellar properties by using the MIST
database. With the help of the database and Gaia’s atmospheric
parameters, we obtained the mass, radius, and other physical
parameters for 288 XRBs donor stars.
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Figure 1. Comparison of donor star masses between this paper and references. Panel (1): Donor mass derived in this work versus values from the references. Panel
(2): Histogram of the relative difference between our mass values and references values. The dashed line indicates the median value.

2.4. Obtaining the X-Ray Binary Catalogs

Based on the Simbad database (Wenger et al. 2000) and
three recent X-ray binary star catalogs (Avakyan et al. 2023;
Fortin et al. 2023; Neumann et al. 2023), we have compiled a
catalog containing 3964 Galactic and extragalactic XRBs (or
XRBs candidates), listed in Table 3 in Appendix D. By cross-
matching this table with Gaia DR3, we obtained a catalog of
288 targets with three atmospheric parameters. Leveraging
these atmospheric parameters and established stellar evolution
databases, we further derived the basic parameters of these
binaries’ donor stars, which are presented in Table 4 in
Appendix D.

While determining parameters such as mass and radius, we
also obtained another crucial parameter from MIST that finely
characterizes stellar evolutionary stages. This parameter is
EEP (Equivalent Evolutionary Points), which signifies the
various phases of stellar evolution. A value of 202 corresponds
to the Zero Age Main Sequence (ZAMS), while smaller values
indicate pre-main-sequence stages, and 454 represents the
Terminal Age Main Sequence (TAMS), with larger values
marking post-main-sequence phases. For a detailed explana-
tion of EEP, please refer to Appendix E.

2.5. Uncertainties of Gaia-Based Donor Star Parameters
in X-Ray Binaries

The primary goal of this work is to investigate the
distribution and correlation of XRBs parameters. Therefore,
it is essential to first assess the uncertainties and potential
systematic error affecting our derived parameters.

To quantify the magnitude of these potential errors, we
compared our derived donor masses with previously published
values. Of the 288 targets with Gaia-based atmospheric
parameters in our sample, literature masses were available
for 64 systems.

Of the 64 systems with literature values, 31 masses were
derived from spectral classifications (e.g., O6 V for 1FGL
J1018.6-5856 and BO-B1 I for SAX J1802.7-2017). We argue
that mass derivation via isochrone interpolation using three
atmospheric parameters from modern Gaia XP spectra is
inherently more reliable than estimation from a single, coarse
spectral type based on observations made 20-30 yr ago.

After removing the 31 spectral-type-based masses, the
remaining 33 targets are presented in Figure 1. The relative
deviations for these 33 systems range from 2.6% to 5849%,
with a median value of 66%. One target, V1055 Ori, was
excluded from the figure as an extreme outlier; its literature
donor mass is 0.0142 M, whereas our estimate is 0.84 M., a
value approximately 60 times larger.

We need to analyze the sources of uncertainty. The final
errors are determined by four main factors: 1. The uncertain-
ties in the stellar atmospheric parameters used as input. 2. The
reliability of the adopted stellar evolution database. 3. The bias
introduced when applying single-star evolutionary models to
binary systems. 4. The contribution of accretion disk emission
in the optical band, which is particularly severe for LMXBs
with luminous accretion disk.

The atmospheric parameters used in this work are taken
from the Gaia GSP-Phot module. By comparing with the
results of APOGEE DR16 (Jonsson et al. 2020), GALAH DR3
(Buder et al. 2021), LAMOST DR4 (Wu et al. 2011, 2014) and
RAVE DR6 (Steinmetz et al. 2020), The mean absolute
differences are 150418 K, 0.1-0.4 dex, and 0.24-0.3 dex, and
the median absolute differences are 110-169 K, 0.06-0.25 dex,
0.20-0.21 dex for Tes, Log g, and [M/H], respectively. If we
want to know the typical error, the median is more worth
considering because the mean is easily influenced by
individual extreme values and may not represent the overall
situation.
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These median absolute differences transferred to the stellar
mass will cause a typical relative deviation of 3%—7%, 1%-—
7%, and 4%—5%, respectively. The combination of errors from
three targets will result in a typical relative deviation of 2%-—
8% on mass.

The second factor affecting the final uncertainties is the
reliability of the stellar evolution database. We adopted the
MIST database, and to assess its reliability, we also employed
an alternative evolutionary database PARSEC (PAdova and
TRieste Stellar Evolution Code; Bressan et al. 2012; Chen
et al. 2014, 2015; Tang et al. 2014; Marigo et al. 2017;
Pastorelli et al. 2019, 2020), version CMD 3.6. For the same
atmospheric parameters of the XRBs in this work, the relative
deviations between PARSEC and MIST are 0.0064%—-457% in
mass, with a median of 3.2%. The median relative deviations
for radius, luminosity, and age are 1.7%, 4.3%, and 24%,
respectively. Considering that the two databases differ in many
default parameters and computational methods, the intrinsic
uncertainty from the MIST database should be smaller than the
discrepancies observed between the two models.

The third factor is the applicability of single-star models to
binary systems. XRBs are binaries, and their evolutionary
paths differ significantly from single stars once mass transfer
occurs. In practice, the effect of mass transfer mainly impacts
the age, making ages derived from single-star models
unreliable. However, parameters such as the current mass
and radius remain robust. While it is not feasible to compute
large samples of XRBs with full binary models, we can refer to
previous studies for guidance. Chen et al. (2020, 2021) derived
the parameters of pulsating star of two binary system (KIC
10736223 and OO Dra) using single star and binary star
(considering matter accretion) models, respectively. These two
pulsating stars have accumulated 2 and 1.7 times their initial
mass during the evolution of binary stars, respectively, but the
results of the single star model and binary model are very
close. The mass deviation derived by the two models is only
2.5% and 1%. The deviation of the radius is also very small, at
0.7% and 0.3%, respectively. Although accretion significantly
increases the mass of a star, its surface atmospheric
composition has not changed too much. So the current internal
and external structures still conform to the single star model,
and their mass and radius can still be accurately determined
based on the single star model.

The final and, in our view, most important factor is
contamination from the accretion disk in the optical band.
The spectra observed by Gaia represent the entire binary
system. While the contribution of the compact object in the
optical can be neglected, the luminosity of the accretion disk
may be significant and can even exceed that of the donor star.
The flux contribution from the accretion disk can cause the
measured donor mass to be overestimated. This effect is
particularly pronounced in LMXBs with high accretion rates.
For instance, calculations for Scorpius X-1 (V818 Sco) show
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that its accretion disk luminosity is approximately 4 to 8 times
that of the donor star in the optical band (Cherepashchuk et al.
2021). This is consistent with the situation shown in Figure 1,
where the donor masses of five LMXBs measured in this work
are significantly higher than those reported in the literature.
We identify at least three LMXBs (V1341 Cyg, V818 Sco,
V691 CrA) where our results are significantly biased for this
reason. Assuming the literature values represent the true donor
masses, 29% of the LMXBs in our comparison sample have
mass errors exceeding 200%. For HMXBs, stable accretion
disk are generally not expected, making disk contamination an
unlikely explanation for the systems with large deviations.
Figure 1 shows that transient XRBs (plus markers) exhibit
better agreement. This may suggest that for persistent XRBs,
stable accretion has a greater influence in the optical band,
which is consistent with our expectations.

In summary, the combined impact of the first three factors
should not contribute more than about 15% median uncertainty
in mass. The last factor can account for the large deviations
observed in some LMXBs with bright accretion disks, but it is
less likely to explain the substantial discrepancies in HMXBs.
Further considering that parameters reported in the literature
also carry uncertainties, the typical relative error in the donor
masses derived in this work should be less than 66%.
Acknowledging these limitations and potential biases is
essential for conducting a robust statistical analysis and for
assessing the reliability of the conclusions.

3. The Observed Parameter Distribution and
Occurrence Rate

3.1. The Observed Distribution of the Donor Stars

Panels (1)-(3) of Figure 2 present the logarithmic distribu-
tion of temperature, mass, and age, respectively. A noticeable
dip can be observed in the middle region, particularly evident
in the temperature panel (1), demarcated by two vertical
dashed lines. The plots reveal that XRBs from the LMC and
SMC dominate the high-temperature, high-mass, and young
age end of the distribution, while those from the MW populate
the low-temperature, low-mass, and older end.

To statistically validate the bimodal distributions of donor
mass and temperature, we applied a two-component Gaussian
Mixture Model (GMM). This model assumes the observed
data are a superposition of two distinct Gaussian populations.
We used the Expectation-Maximization (EM) algorithm to fit
the model parameters. To assess the goodness-of-fit, we
employed a bootstrap-corrected Kolmogorov-Smirnov (K-S)
test. This robust approach mitigates the issue of inflated
p-values that arises when model parameters are derived
directly from the data. For both stellar mass and temperature,
the maximum vertical distances between the empirical and
theoretical cumulative distribution functions (CDFs) were
small. The bootstrap p-values, estimated from 1000 resamples,
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Figure 2. The observed distribution of the donor stars in XRBs. Different colors represent different locations. Green represents MW, and red and orange represents

LMC and SMC respectively. Black represent all XRBs.

were significantly greater than 0.05 (approximately 0.95 for
mass and 0.68 for temperature, respectively). These results
provide statistical support for the bimodal distributions of
stellar mass and temperature. See Appendix F for more
detailed fitting parameters and explanations.

To further support the existence of a dip in our observed
distributions, we conducted Hartigan’s dip test for unim-
odality. Using the Python package diptest, we obtained a Dip
statistic of 0.048 for mass and 0.066 for temperature. The
corresponding bootstrap p-values were 4.6 x 107> for
mass and O for temperature. Both of these values are
extremely small, leading us to reject the null hypothesis of a
unimodal distribution. This result strongly supports the
existence of a dip and confirms the bimodal nature of our
distributions.

In addition to the quantitative analysis of the bimodal
distribution above, we also need to investigate whether the
observed bimodal structure holds up against the large
parameter errors, or even incorrect values, discussed
previously. To do this, we applied the distribution of
deviations found in our 33-star comparison sample
(Figure 1) to the entire XRB sample. Specifically, the mass

of each XRB was randomly perturbed following that
deviation distribution, and this process was repeated 5000
times to generate 5000 new mass distributions. The results of
this Monte Carlo test, presented in Figure G1 in Appendix G,
demonstrate that the bimodal distribution remains robust.

It is well-established that the number and luminosity
distribution of HMXBs in external galaxies correlate with
the host galaxy’s star formation rate, whereas low-mass
systems correlate with the host galaxy’s mass (Grimm et al.
2003; Gilfanov 2004; Fabbiano 2006; Kouroumpatzakis et al.
2020). Therefore, the observed differences in XRBs popula-
tions between the MCs and the MW could be attributed to the
varying stellar formation rates and galaxy masses. Further-
more, the younger age of the MCs may contribute to the
paucity of old LMXBs within these galaxies.

Panels (4)-(6) of Figure 2 show the distributions of
metallicity, radius, and luminosity, which display similar
bimodal structures to those in panels (1)—(3). Panels (7)—(9)
depict the distributions of distance, log g, and orbital period.
The origins of the locations from the MW and MCs are clearly
visible in the distance distribution.
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Figure 3. The occurrence ratio distribution of the donor stars in XRBs. The black lines represent the observed distribution of XRBs, while the gray lines represent the
distribution of random background stars from the MW and the MCs. The blue lines are the ratio of the black lines to the gray lines, representing the occurrence ratio

of XRBs after removing the influence of background stars distribution.

3.2. The Distribution of Occurrence Rate

The observed number distribution of XRBs, as presented
earlier, is not corrected for selection effects and therefore does
not represent the true intrinsic distribution for the full XRB
populations in the MW and MCs. The sample in this study is
compiled from 117 literature sources (41 for XRB types, 7 for
coordinates, and 110 for various parameters), which introduces
complex and intractable selection biases. These biases arise
from numerous factors, including differing telescope sensitiv-
ities, sky coverage areas, coordinate accuracies, limiting
magnitudes, and the fraction of XRBs in active states, in
addition to potential human selection tendencies. The sheer
complexity of these combined effects makes a direct correction
to the number distribution unfeasible.

Please allow us to illustrate our intention with an analogy.
Suppose we want to study the age distribution of men within a
general population. After surveying, we find a peak in the
absolute number of men in the 30—40 yr old age range. If we
were to conclude that men have a tendency to be 30—40 yr old,
this conclusion would be totally misleading, because we have
not considered the age distribution of the entire population. If,
instead, we analyze the proportion of men relative to the total
population as a function of age, we would find that the
proportion remains near 0.5 at all ages, with no significant
peaks or valleys. This would indicate that men do not have an
intrinsic preference for any particular age group. The peak in

the number distribution of men exists just because the
underlying population is largest in that age range, not because
of any special character of men themselves.

To apply this analogy to the present study: XRBs are
equivalent to the men, parameters like temperature and mass
are equivalent to age, and the entire population of stars
represents the total population. While we cannot obtain the
true number distribution of XRBs, we can determine the
proportion/ratio of XRBs to the background stellar population.
This proportion/ratio is not only physically meaningful but
also can circumvent many selection effects. The age distribu-
tions of different human populations can vary drastically (e.g.,
a kindergarten versus a nursing home), but the proportion of
men within them will not differ significantly. Similarly,
Observations are more likely to miss faint XRBs compared
to bright ones. However, among a sample of equally faint stars,
the observed proportion of XRBs should be unaffected by this
bias and should approximate the true value.

To implement this, the number of XRBs in each parameter
bin should be divided by the number of background stars in the
corresponding bin, yielding the occurrence rate. We selected a
total of 186,126 random background stars with atmospheric
parameters from Gaia DR3. Subsequently, we determined
other parameters, such as mass, for 900 of these targets (300
each from the MW, LMC, and SMC). Before the number
dividing, the background random star samples for the MW,
LMC, and SMC were first normalized to match the total
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number of XRBs in our sample from each respective region:
159 for the MW, 31 for the LMC, and 98 for the SMC.

Figure 3 is the distribution of occurrence rate of XRBs by
donor parameters, considering the background stars (random
stars around the XRBs) distribution. The black lines represent
all XRBs, and the gray lines represent the random background
stars. The blue lines, which are the ratio of the black lines to
the gray lines, represent the occurrence rate of XRBs. The
error bars on the blue line are derived from the error
propagation of both the black and gray lines.

In the temperature plot, the blue line (representing the
occurrence rate) exhibits a pronounced valley in the middle
region. The height difference between the peaks on either side
of this valley is more than tenfold, necessitating the use of a
logarithmic scale for representation. While the peaks of the
black line (the observed number) are relatively similar in
height, the peaks in the blue line show a substantial disparity,
which is due to differences in the underlying distribution of
background stars.

In the distribution plots for mass, age, and luminosity, the
valley is less pronounced than in the temperature distribution,
but it remains distinct and cannot be ignored. The mass
distribution plot also shows a prominent peak for donor masses
in the range of 15-22 M.

Given that most of the HMXBs in our sample are located
in the MCs, while nearly all LMXBs originate from the MW,
this distribution closely reflects the known stellar population
differences between the two galaxies. One might therefore be
concerned that the observed bimodality—whether in the raw
number distribution or in the occurrence rate after correcting
for background stars—could merely arise from the distinct
stellar populations, rather than representing an intrinsic
feature of the XRBs themselves. To address this concern,
we examined the MW sample independently, as shown in
Figure F2 in Appendix F. The results demonstrate that the
MW XRBs alone also exhibit a bimodal distribution.

The occurrence rate is not uniform; XRBs are much more
frequent with donor stars of high temperatures, high masses,
younger ages, and high luminosities. If we take the mass range
of 1.23-1.85 M, as the dividing line, the occurrence rate of
HMXBs is over 50 times that of LMXBs. While we do not
know the mass distribution of the progenitor stars that form
XRBs, our results indicate that XRBs are intrinsically more
likely to feature high-mass donor stars. This conclusion does
not contradict the observation of numerous LMXBs, as these
systems are found almost exclusively in the Milky Way, a
galaxy composed of a vast population of low-mass stars.

Similar to our testing on the observed donor mass
distribution, we used a Monte Carlo method to check if the
occurrence rate distribution is robust against huge parameter
errors. The results, shown in Panel (2) of Figure Gl in
Appendix G, demonstrate that the simulated distributions
closely match the original data.
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The distribution of occurrence rate gives us stronger
confidence that the valley is an intrinsic feature of the XRBs
population itself, and not an artifact of observational selection
effects. In the following section, we will provide a physical
explanation for this valley.

4. The Relationship among Parameters and the
Parallel Tracks

4.1. The Relationship among Parameters of Donor Stars

The panels (1)-(3) in Figure 4 depict the relationships
between temperature, mass, and age. It can be observed that
there is a strong correlation between the parameters, which is
essentially the main sequence relation. Since most donor stars
are main sequence stars, the correlation between the
parameters is strong. Panel (6) is the Hertzsprung—Russell
diagram, from which the main sequence and scattered post-
main-sequence stars can be clearly seen.

The different colors of points in Figure 4 represent different
types of XRBs. These types come from the original literature.
It can be seen that blue points (LMXBs) are indeed more
inclined to appear on the side of low-temperature and low-
mass, and the red points (HMXBs) are more inclined to the
other side. Of course, this is because they are primarily main
sequence stars.

It can be observed that many red points also appear on the
low-temperature, low-mass side, and a few blue points are on
the high-temperature, high-mass side. Since the colors
representing HMXBs and LMXBs classifications are from
the original literature, rather than based on the classification in
this paper, some population mixing is inevitable. If we use the
mass of 3 M, as the boundary line to distinguish HMXBs from
LMXBs (see the valley position shown in Section 3), the
agreement rate between this classification and those from
previous studies is about 86%.

The panels (4)—(6) in Figure 4 show the relationship
between temperature and other three parameters (metallicity,
radius, and luminosity), and in panel (7)-(9), temperature is
substituted with stellar mass.

In Panel (4), the lower right region shows no data points.
This blank area occurs because the atmospheric parameter
measurement technique fails in that parameter range. Never-
theless, we argue that the blank region is expected to contain
very few stars, insufficient to alter the observed distributions.
See Appendix H for more detailed explanation.

In panel (9), we can observe a tight linear relationship
between mass and luminosity (in logarithm). This relation-
ship is the mass—luminosity relation for main-sequence stars,
and the scattered points above the linear relationship are
post-main-sequence stars. The two gray lines in panel (9)
enclose the region where main-sequence stars are located,
noting that post-main-sequence stars may also appear in this
region.
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Figure 4. Parameters relationship for the donor stars in XRBs. Different colors represent different types of XRBs from literature. Different colors represent different
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to the Large and Small Magellanic Clouds, respectively. Disk and Other denote the Galactic disk direction (—15 < b < 15) and other directions (halo), respectively.

Two gray lines in panel (9) enclose the region of main-sequence stars.

The gray points in Figure 4 represent random stars used only
for comparison with XRBs. It can be observed that the gray
points from the MW cover roughly the same region as the local
XRBs. However, the gray points from the MCs noticeably
deviate from their local XRBs, primarily filling the inter-
mediate blank regions.

In panel (4), the gray points are abundant due to their direct
source from Gaia. Noticeable straight lines features are
present, attributed to discontinuities in the spectral fitting
templates. Fundamentally, this arises from the challenge of
obtaining atmospheric parameters in regions of high temper-
ature and low metallicity. Hence, XRBs in high-temperature
regions exhibit larger parameter uncertainties compared to
those in low-temperature regions.

Figure 5 illustrates the relationship between binary period
and other parameters. The period parameters are sourced from
Fortin et al. (2023), Avakyan et al. (2023), and Neumann et al.
(2023). It can be observed that there is a clear positive
correlation between period and mass, radius, and luminosity.

Interestingly, the periods correspond well to the classifications
provided in previous literature, with 1.2 days serving as an
effective dividing line to separate the two types. We also
marked the valley positions derived from Figure 3.

4.2. Parallel Tracks in the Main Sequence Region

Figure 6 show the relation between EEPs and other donor
parameters. We overlaid the previously obtained valley
positions and marked several critical EEPs values on the plots.

In the panels (1), (2), (4), and (5), two parallel tracks in the
main sequence region can be seen. The most distinct parallel
tracks appear in the luminosity and radius plots (panel (4) and
(5)). These two tracks generally fall on either side of the valley
positions. As shown in above figures, the random stars (gray
points) as background were also shown in Figure 6. Random
stars from the MW generally overlap with local XRBs, but
those from the MCs show clear deviation from local XRBs and
exhibit irregular patterns.
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Figure 5. Same as Figure 4 but for period and other parameters.

The two parallel tracks phenomenon naturally explains the
earlier observed valley in distribution. Around the valley, the
evolutionary stages are either post-main sequence or pre-main
sequence. The number of non-main sequence stars is evidently
much lower, resulting in a reduced quantity near the dividing
lines. These parallel tracks align well with, and so strongly
supports, the above valley in distribution.

4.3. Locations of XRBs

The panel (1) of Figure 7 shows the Galactic Coordinates
distribution of all 3964 XRBs, including both high-precision
and low-precision coordinates. Different types are distin-
guished by different symbols and colors, and these types are
from the original literature. The panel (2) of Figure 7 is the
position distribution of 288 XRBs with donor mass. The red
and blue points represent the donor mass above and below
3 M. They are HMXBs and LMXBs based on the criteria of
3 M, derived from the distribution study above.

To begin with, it should be noted that in panel (1), it may
seem that the majority of the points are concentrated in the
MW disk and the MCs, but this is not the true case. Many
points that appear as a single point actually represent tens to
hundreds of targets that have very similar coordinates because
they belong to the same galaxy. Therefore, the points appear
close together on the all-sky map and look like a single point.
This is why it is necessary to mark the number of targets in
each grid.

In fact, the number of XRBs in directions outside the MW
disk is much greater than in the direction of the MW disk. The
number of targets in the direction of the Galactic disk (where |
is within +/—15°) is 693, while the number in the direction of

the LMC and SMC is 83 and 183 (without filter by distance),
and the number in other directions is 3005. In this paper, there
are at least 3002 XRBs from outside the MW, accounting for
3002/3964 = 76% of the total.

For the extragalactic XRBs collected in the paper, we list the
works who observed and obtained the most targets. Humphrey
& Buote (2008) presented 1,132 low-mass XRBs (LMXBs)
from 24 early-type galaxies. The closest galaxy is NGC 3115,
located 9 Mpc away, while the farthest is IC 4296, located
50.8 Mpc away. The criterion used to identify LMXBs is an
X-ray luminosity of L, > 10°7 ergs~'. Zhang et al. (2011)
presented 185 LMXBs, 12 of which are from the MW and the
rest from seven other galaxies. Tetarenko et al. (2016)
presented 187 XRBs from NGC 3115 with the assuming
distance of 9.7 Mpc. Hofmann et al. (2013) presented 86
binaries, all from the central region of M31. Mineo et al.
(2012) provided 1026 high-mass XRBs (HMXBs) from 29
nearby galaxies, with the closest galaxy, NGC 5474, located
6.8 Mpc away, and the farthest, CARTWHEEL, located
122.8 Mpc away. Binder et al. (2015) provided 132 binaries
from three galaxies, NGC 55, NGC 2403 and NGC 4214.

From Figure 7, it can be seen that in the two MCs, almost all
(252/253 99.6%) the XRBs are HMXBs, which is
significantly different from that of the MW. This aligns with
previous research that the X-ray luminosity of LMXBs is
positively correlated with the stellar mass, while the X-ray
luminosity of HMXBs is positively correlated with the Star
Formation Rate (Lehmer et al. 2019, 2021). Because the MCs
are low stellar mass galaxies, we do not expect many LMXBs.
On the other hand, the age of the MCs is lower than that of the
MW, making it more challenging to form the old LMXBs.
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respectively.

Except for the MCs, the reliable spectral observations of
XRBs in more distant galaxies is quite difficult to obtain, and
therefore, their atmospheric parameters and further funda-
mental parameters cannot be determined. The 288 XRBs with
parameters provided in this paper all come from the MW and
the two MCs, with 159 from the MW, and 31 and 98 from the
MC:s (filtered by distance larger than 10,000 pc), respectively.
Given the significant differences in types between the MW and

10

the MCs, these patterns are challenging to generalize to other
distant galaxies.

Although Gaia provides distances, the values are not
reliable for targets outside the MW. We know that the
distance to the LMC and SMC is 50,000 and 60,000 pc,
while the distances given by Gaia DR3 are 10,000—40,000 pc
(see the panel (7) in Figure 2), significantly smaller than the
true values.
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and longitude lines were marked.

5. Conclusions and Discussions
5.1. The Valley on the Distribution and the Explanation

Neither the directly observed number distribution of XRBs,
nor the ratio of XRBs to background stars (which we term the
“occurrence rate”), exhibits a flat distribution. XRBs from the
MW and MCs display a bimodal structure with a valley around
3 M, or 11,000 K. This valley persists even when considering
only XRBs in the MW. As shown in Figure 2, the MW XRBs
(gray dashed lines) exhibit an increase on the high-temper-
ature, high-mass side, despite the scarcity of random stars from
the MW in those regions.

The most surprising observation stems from the strong
correlation between the stellar evolutionary stage (EEP) and
other parameters. Figure 6 displays two parallel and distinctly
separated strip-like tracks in the main sequence region, which
we term the “parallel tracks” phenomenon.

The “parallel tracks” phenomenon naturally explains the
valley in the distribution of mass and temperature, or in other
words, the low number in the intermediate region. This is
because the intermediate region corresponds to either post-
main-sequence for low-mass, low-temperature donor stars or
pre-main-sequence for high-mass, high-temperature donor
stars, resulting in lower abundance compared to the main
sequence.

Combined with the differences in mass ratios and accretion
modes between the two types of XRBs, we suggest that
categorizing XRBs into two main types is appropriate, making
the transitional classification of intermediate-mass X-ray
Binaries (IMXBs) less essential. The valley position at 3
M., or the range from 1 to 4 M, can serve as a criterion for
distinguishing HMXBs from LMXBs.

Our proposed classification aligns well with the previously
established categories of HMXBs and LMXBs in the literature.
Among the 288 binaries with atmospheric parameters, 237 had
prior classifications (HMXBs or LMXBs), with 203 of these
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classifications consistent with our results based on the 3 M,
threshold, yielding a consistency rate of 85.6%.

5.2. The Post-main-sequence XRBs

With the help of EEP, we can easily screen out post-main-
sequence XRBs. Among the 288 XRBs, 43 are identified as
post-main-sequence XRBs, accounting for 43/288 = 14.9%,
higher than the proportion of post-main-sequence stars from
random stars derived in this work (MW 9%, LMC 6%, and
SMC 4%). Among them there are 27 sub-giants, 0 red giants,
12 central helium-burning stars, 2 thermally pulsating
asymptotic giant branch (TPAGB) stars, and 2 post asymptotic
giant branch (post-AGB) stars.

5.3. The Differences on Mass Ratio and Accretion Modes
between HMXBs and LMXBs

Figure 8 depicts the mass comparison between the donor
star and the compact star for 100 XRBs.



Publications of the Astronomical Society of the Pacific, 137:104202 (25pp), 2025 October

It’s important to note that the data here is entirely sourced
from Fortin et al. (2023), Avakyan et al. (2023), and Neumann
et al. (2023), and not from the this paper. Here, we only focus
on the mass ratio of XRBs. As in previous literature, the
determination of the masses is often done by first determining
the mass ratio and then the mass of one component given the
mass of the other one. Therefore, to more accurately represent
the mass ratio, we utilize the masses of the two stars as
provided in the literature.

It can be observed that for HMXBs (red dots), the mass of
their donor stars is mostly higher than that of the compact
stars, indicating that the mass ratios of the donor stars to the
compact stars are mostly greater than 1. Conversely, for
LMXBs (blue dots), the mass ratio are mostly less than 1.

Figure 8 shows that the donor stars of HMXBs generally
have larger masses than the compact stars, indicating that it is
unlikely for them to accrete through Roche-lobe overflow
(RLOF), as such accretion mode would not be sustainable in
this configuration. When a higher mass donor star fill its Roche
lobe and transfers material to the lower mass companion star,
the radius of its Roche lobe decreases, causing the donor star
to overflow its Roche lobe much more, thus accelerating the
mass transfer. This timescale is dynamic and likely on the
order of centuries. Our calculations indicate that stable mass
transfer is only possible when the mass ratio between the
donor star and the compact star is less than 0.788 (see
Appendix I for the calculation and explanation).

Based on this, we conclude that the majority of accretion
modes in HMXBs are unlikely to be RLOF (Roche Lobe
Overflow) and are more likely to be through stellar wind
accretion.

For LMXBs, if their stellar winds are sufficiently strong,
wind accretion can also be an effective accretion mode.
However, stellar winds of stars with low temperature (<11,000
K) or low masses (<3 M) are unlikely to form effective wind
accretion, so we tend to believe that LMXBs should primarily
undergo RLOF. This is also consistent with long-standing
views (White & Mason 1985; Callanan 1993).

5.4. A Suggestion on Searching HMXBs Candidates by
Optical Observations

The analysis of the relationship between the EEP and other
stellar parameters has revealed a promising feature. As shown
in Figure 6, high-luminosity and large-radius XRBs occupy a
distinct, concentrated strip-like region in parameter space. The
most striking characteristic of this region is that it is almost
entirely devoid of normal, random field stars from either the
MW or the MCs. This unique feature presents a potential
opportunity for a new, highly efficient search strategy for
HMXBs candidates.

This strategy could leverage large-scale optical surveys as
the primary filter, and aid in the discovery of new XRBs
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candidates which typically begins with X-ray detection. By
specifically searching for stars within that parameter space, the
optically selected stars can be then cross-matched with the
wide-field X-ray surveys, such as Einstein Probe (EP) or the
eROSITA. A confirmed match between an optical candidate
and a known X-ray target would serve as evidence of its XRBs
nature. This approach would be exceptionally efficient due to
the large amount of survey data release.

Regardless of whether this region is exclusively populated
by HMXBs or simply enriched with them, the search strategy
still valid, and the stars located there warrant detailed
investigation. By leveraging the predictive power of stellar
evolutionary parameters from huge optical data, we expect a
promising discovery channel for peculiar systems.
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Appendix A
The Radius of the Cross-matching

The key challenge in cross-matching is selecting an
appropriate cross-matching radius. According to the method
proposed by Fortin et al. (2023), to find unambiguous
counterparts, the cross-matching radius should be dynamically
selected based on the precision of both the catalog as a whole
and the individual input coordinates. The cross-matching
radius should be chosen based on the larger of the uncertainties
in the two. According to Fortin et al. (2023), for X-ray space
telescopes, the telescope with the best accuracy is Chandra,
with a corresponding cross-matching radius of 3”, which is
about twice the worst astrometric performance of the
telescope. Additionally, for telescopes with coordinate preci-
sion less than 17, an artificial increase of 0.5 in coordinate
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uncertainty is required. This is because different telescopes
provide excessively precise coordinates for the same target,
making them unable to match each other.

In this study, the binaries that require cross-matching mostly
come from telescopes with coordinate precision worse than 17,
namely Swift, XMM-Newton, and Chandra, with cross-
matching radii ranging from 3” to 8”. The astrometric accuracy
of the sources in Gaia catalog is 20 mas. The coordinate errors
of the XRBs requiring cross-matching in this study are all less
than 0.4.

Based on the above situation, the cross-matching radius
should be chosen between 3” and 8”. However, this paper used
a more stringent 0.5-2". If there is no overall offset between
the catalogs, a smaller radius will inevitably reduce the number
of matched targets, but it will also increase the reliability of the
matched targets. A larger radius will increase the number of
matched targets, but it will also increase the probability of
false matches. We found that 05 to 2” is a relatively balanced
choice. There are two reasons why we can use a very small
cross-matching radius: first, the coordinate accuracy of our
targets are very high (less than 0.4), and second, the coordinate
accuracy of the Gaia targets is very high (0702).

In this paper, we analyzed a total of 288 targets with
atmospheric parameters, and their coordinates were obtained
from seven sources. 279 targets’ coordinates were provided by
five sources (Gaia DR1, Gaia DR2, Gaia EDR3, 2MASS, and
Hubble), all of which have astrometric accuracy of less than
0.1. Accordingly, we chose to use a cross-match radius of 0.5.

Eight targets’ coordinates were provided by Chandra
(Antoniou et al. 2019), and we used a cross-match radius of
2" due to its astrometric accuracy of 1.1-1.6.*

One target’s coordinates were provided by Spitzer (Bonanos
et al. 2009), and we used a cross-match radius of 1” due to its
astrometric accuracy of 0.5.°

The coordinates provided by different telescopes may have
an overall offset between each other. Ideally, we should first
align the different coordinate frames before performing the
cross-matching. For the targets in this paper, we did not
perform this alignment. The reason is that the offsets of each
telescope to Gaia DR3 (coordinate reference) are smaller than
their respective astrometric accuracies. The two sources with
the poorest astrometric accuracy have offsets from Gaia
of 0/57-0.94 (Chandra, van den Berg et al. 2024) and
0.02 + 002 (Spitzer, Finner et al. 2023), both of which are
much smaller than their respective astrometric accuracies.
Therefore, we can use an enlarged cross-match radius to cover
the impact of these offsets.

4 hups: //exc.harvard.edu/cal/ ASPECT /celmon/# @ifvmode:text=Chandra%

20absolute%20astrometric%20accuracy,Performance %20varies%20slightly %
20between%?20detectors.

5 https://irsa.ipac.caltech.edu/data/SPITZER /docs /irac/
iracinstrumenthandbook /22 /
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Appendix B
The False-match Rate of the Cross-matching

B.1. The Causes of the Mismatches

First, we will describe the method of false-match rate
(fraction of false matching resulting from the cross-matching)
of the cross-matching in this paper. We will consider three
scenarios that could lead to erroneous matching:

1. Incorrect input coordinates: In this paper, we refer to
“incorrect input coordinates” as instances where the given
coordinates for a target are significantly inaccurate,
deviating from the true position by more than 0.5-2”. One
common example of this is when the coordinates of a
nearby object are erroneously assigned to the target,
resulting in errors as large as 20”. In such cases, any
matched Gaia targets are incorrect. If a Gaia target is
matched, it is not the true match. If no Gaia target is
matched, it will not enter the parameter table, thus not
affecting subsequent analysis.

The number of erroneously matched targets equals the
number of incorrect input coordinate multiplied by the
probability of matching a Gaia target. The probability of
erroneous cross-matching results equals the number of
erroneously matched targets divided by the total number of
cross-matching results.

It’s difficult to estimate how many of the 817 targets
with high-precision coordinates have incorrect coordinates.
However, fortunately, the probability of matching a Gaia
target from an erroneous coordinate is very low (shown in
the first item of next Section B.2), making the error rate
negligible. We will determine the false-match rate specifi-
cally later on.

2. Correct input coordinates with multiple cross-matching
results: Even with correct input coordinates, erroneous
matching results may occur if multiple Gaia targets are
matched within the cross-matching radius. If multiple
Gaia targets are found, we can only choose one as the
corresponding counterpart, which may lead to a false
selection. Given Gaia’s high coordinate precision (0702),
we consider the errors caused by Gaia coordinates
themselves to be negligible.

The false-match rate in this scenario equals the
probability of multiple matching results occurring multi-
plied by the probability of making a false selection.

It’s relatively easy to calculate the proportion of
multiple matching results, which are listed in Table 1.
Although the probability of false selection is difficult
to estimate, it should be much less than 0.5. This is
because in cases of multiple matching results, we always
choose the matched target with the smallest coordinate
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Table 1

Zhang et al.

Statistic on Cross-match between X-Ray Binary Catalog and Gaia DR3 with Comparison of Random Stars

X-ray Binary Catalog

Random stars

All targets

3964

High-precision coordinate targets

817

817100 = 81700

0’5 radius of cross-matching

Probability of Single Matches

Probability of Multiple Matches

Proportion of Multiple Matches in all Matches
Probability of Single Matches with parameters

513/817 = 0.63
1/817 = 0.001
1/(513 + 1) = 0.002
288/817 = 0.35

1290/81700 = 0.016
8/81700 = 0.0001
8/(1290 + 8) = 0.006
233/81700 = 0.003

Probability of Multiple Matches with parameters 0/817 =0 0/81700 = 0
Probability of Single Matches in LMC 34/41 = 0.83 85/4100 = 0.02
Probability of Multiple Matches in LMC 1/41 = 0.02 0/4100 = 0
Proportion of Multiple Matches in all Matches in LMC 1/34 + 1) =0.03 0/85+0)=0
Probability of Single Matches with parameters in LMC 34/41 = 0.83 20/4100 = 0.005
Probability of Multiple Matches with parameters in LMC 0/41 =0 0/4100 =0
Probability of Single Matches in SMC 104/108 = 0.96 337/10800 = 0.03
Probability of Multiple Matches in SMC 0/108 =0 4/10800 = 0.0004
Proportion of Multiple Matches in all Matches in SMC 0/(104 +0)=0 4/(337 + 4) = 0.012
Probability of Single Matches with parameters in SMC 99/108 = 0.92 76/10800 = 0.007
Probability of Multiple Matches with parameters in SMC 0/108 =0 0/10800 = 0

2" radius of cross-matching

Probability of Single Matches

Probability of Multiple Matches

Proportion of Multiple Matches in all Matches
Probability of Single Matches with parameters

565/817 = 0.69
43/817 = 0.05
43/(565 + 43) = 0.07
288/817 = 0.35

14475/81700 = 0.18
2883/81700 = 0.035
2883/(14475 + 2883) = 0.17
3154/81700 = 0.04

Probability of Multiple Matches with parameters 9/817 = 0.01 690/81700 = 0.008
Probability of Single Matches in LMC 37/41 = 0.90 1121/4100 = 0.27
Probability of Multiple Matches in LMC 1/41 = 0.02 165/4100 = 0.04
Proportion of Multiple Matches in all Matches in LMC 1/37 + 1) =0.03 165/(1121 + 165) = 0.13
Probability of Single Matches with parameters in LMC 35/41 = 0.85 229/4100 = 0.06
Probability of Multiple Matches with parameters in LMC 0/41 =0 52/4100 = 0.013
Probability of Single Matches in SMC 100/108 = 0.93 3659/10800 = 0.34
Probability of Multiple Matches in SMC 6/108 = 0.06 676/10800 = 0.06
Proportion of Multiple Matches in all Matches in SMC 6/(100 + 6) = 0.06 676/(3659 + 676) = 0.16
Probability of Single Matches with parameters in SMC 96/108 = 0.89 834/10800 = 0.08
Probability of Multiple Matches with parameters in SMC 4/108 = 0.04 196/10800 = 0.018

deviation. Probability-wise, two stars closer in coordi-
nates are more likely to be the same star.

. Correct input coordinates with a single cross-matching
result: Even with correct input coordinates and a single
matching result, it’s not guaranteed to be the correct
counterpart. A seemingly single matching result may
actually be a manifestation of multiple matching results
due to insufficient observational limits. Due to Gaia’s
observational limitations, it may not have observed the
true counterpart, but another target may coincidentally
appear at the same position, leading to the erroneous
selection of this target as the counterpart.

The false-match rate in this scenario equals the
probability of two stars coincidentally appearing at the
same position. We believe this probability is equivalent
to the probability of matching one star from a random
position within the same density region and the same
cross-matching radius.

To obtain the probabilities mentioned above, we compiled
the statistics of cross-matched XRBs in Table 1.

Additionally, to determine the probability of randomly
generated coordinates matching Gaia targets, we presented the
statistics of matches for random targets. Random coordinates
were generated by randomly selecting coordinates within a
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range of 1’-3’ around each high-precision X-ray binary. This
ensured that the stellar density around each random coordinate
equal to that of X-ray binary. This allowed us to demonstrate
the true probability of matching a Gaia target when input
coordinates are incorrect.

To ensure reliable probability statistics by avoiding sparse
numbers, we generated 100 random stars around each X-ray
binary, totaling 81700 random stars.

To demonstrate the false-match rate for different cross-
match radii (0.5-2"), we calculated the results for 0.5 and 2”
separately.

To examine the situations in the dense stellar fields of the
LMC and SMC, we separately listed the statistics for the
two MCs.

To review the cross-matching results of targets with
parameters (as the main conclusions are based on the analysis
results of parameter targets), we also included the cross-
matching results of parameter targets.

B.2. The Calculation of the False-match Rates of Cross-
matching

Now we calculate the false-match rates separately for the
three scenarios, and then combine the three probabilities
together to obtain the total false-match rate. Since the cross-
match radii in this paper are not uniform and the majority (279
out of 288, or 97%) of the targets have a cross-match radius of
0'5, the following section focuses on the false-match rate
results for 0’5 radius. The results for other radii and the
combined results for different radii are presented later.

1. For the first scenario of incorrect input coordinates, we
need to determine the number of targets with erroneous
coordinates, the probability of matching a Gaia target
from erroneous coordinates, and the final number of
matched targets.

Although it’s challenging to estimate the number of
targets with erroneous coordinates, let’s make an
exaggerated guess, assuming half of the targets have
incorrect coordinates, so the number is 408.5 (half of
817). The probability of matching a Gaia target from
erroneous coordinates (i.e., random stars), as seen from
the Table 1, is 0.016 + 0.0001 = 0.016 (0.5, the
probability of single matches and multiple matches for
random stars). The final number of matched targets is
513 + 1 = 514. Therefore, the false-match rate for
this scenario is 408.5 * 0.016 / 514 = 0.013 (0.5). For
targets with atmospheric parameters, this probability is
408.5 * 0.003 / 288 = 0.004 (0.5).

Similarly, the false-match rates for LMC and SMC
are 0.012 and 0.016 (0.5), respectively.

Note that these probabilities are based on the
assumption that half of the input coordinates are
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incorrect, so the actual error rates are much lower than
these values.

2. For the second scenario of correct input coordinates but
multiple cross-match results, we need to determine the
probability of multiple match results occurring and the
probability of incorrect selection. From the Table 1, the
probability of multiple match results occurring is 0.002
(05), and let’s assume the probability of incorrect
selection is 0.5. Therefore, the false-match rate for this
scenario is 0.002 * 0.5 = 0.001. For targets with
parameters, this probability is 0 because there are no
multiple match results.

Similarly, the false-match rates for LMC and SMC
are 0.015 and 0 (0.5), respectively.

3. For the third scenario of correct input coordinates with a
single cross-match result, we only need to know the
probability of matching a Gaia target with erroneous
coordinates (random stars), which is 0.016 +
0.0001 = 0.016 (05). This is the false-match rate for
this scenario. The false-match rate for targets with
parameters is 0.003.

Similarly, the false-match rates for LMC and SMC
are 0.02 and 0.03 (0.5), respectively.

Combining the three false-match rates mentioned above, the
total false-match rate (0.5) is 0.013 + 0.001 + 0.016 = 0.03,
or 3%.

For targets with atmospheric parameters, the total false-
match rate (05) of cross-matching results is 0.004 + 0 +
0.003 = 0.007, or 0.7%.

All the false-match rates are listed in Table 2, for each block
there are 8 rates corresponding to different locations,
temperatures, and all or parameters only.

For the two blocks above (false-match rates for 0.5 and 2”
separately), each false-match rate is the sum of three numbers,
which correspond to the false-match rates in the three
scenarios described above. Their sum is the total false-
match rate.

The bottom block (combined false-match rate from different
radii) shows the final false-match rate after combining
different cross-matching radii. These results are calculated
based on the two blocks above, with the integers in the
equations representing the number of targets with different
cross-matching radii. For example, 491 represents the number
of targets with a 05 radius, and 23 represents the number of
2”. Tt should be noted that, because there are very few targets
with a 1” cross-matching radius (only one target with
parameter), we included the 1” targets in the 2” count. This
slightly increases the final false-match rate, but still not enough
to affect the subsequent statistical analysis.

The final false-match rate of all the XRBs is
(491 x 0.0295 + 23 x 0.3906)/514 = 0.0457, or 4.6%. This
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Table 2
False-match Rate of Cross-matching

XRBs false-match rate
false-match rate of cross-matching by 0.5 radius
ALL XRBs 0.0126 + 0.0010 + 0.0159 = 0.0295

0.0040 + 0.0000 + 0.0029 = 0.0069
0.0006 + 0.0000 + 0.0003 = 0.0009

ALL XRBs with parameters

ALL XRBs with temper-
ature > 12,000 K

ALL XRBs with temper-
ature < 12,000 K

0.0098 + 0.0000 + 0.0026 = 0.0124

LMC XRBs 0.0121 + 0.0143 + 0.0207 = 0.0472
LMC XRBs with parameters 0.0029 + 0.0000 + 0.0049 = 0.0078
SMC XRBs 0.0164 + 0.0000 + 0.0316 = 0.0480

SMC XRBs with parameters 0.0038 + 0.0000 + 0.0070 = 0.0109

false-match rate of cross-matching by 2.0 radius

ALL XRBs

ALL XRBs with parameters

ALL XRBs with temper-
ature > 12000 K

ALL XRBs with temper-
ature < 12000 K

0.1427 + 0.0354 + 0.2125 = 0.3906
0.0647 + 0.0152 + 0.0471 = 0.1269
0.0095 + 0.0112 + 0.0041 = 0.0248

0.1609 + 0.0229 + 0.0429 = 0.2268

LMC XRBs 0.1692 + 0.0132 + 0.3137 = 0.4960
LMC XRBs with parameters 0.0401 + 0.0000 + 0.0685 = 0.1087
SMC XRBs 0.2045 + 0.0283 + 0.4014 = 0.6342

SMC XRBs with parameters 0.0515 + 0.0200 + 0.0954 = 0.1669

Combined false-match rate from different radii
(Most 0.5 and a small portion of 17-2".)

ALL XRBs

ALL XRBs with parameters

ALL XRBs with temper-
ature > 12,000 K

ALL XRBs with temper-
ature < 12,000 K

(491 x 0.0295 + 23 x 0.3906)/514 = 0.0457
(279 x 0.0069 + 09 x 0.1269)/288 = 0.0107
(173 x 0.0009 + 08 x 0.0248)/181 = 0.0020

(106 x 0.0124 + 01 x 0.2268)/107 = 0.0144

LMC XRBs (034 x 0.0472 + 01 x 0.4960)/035 = 0.0600
LMC XRBs with parameters (033 x 0.0078 + 01 x 0.1087)/034 = 0.0108
SMC XRBs (096 x 0.0480 + 08 x 0.6342)/104 = 0.0931

SMC XRBs with parameters (091 x 0.0109 + 08 x 0.1669)/099 = 0.0235

number represents the
Table 3.

The final false-match rate of the XRBs with parameters is
(279 x 0.0069 + 09 x 0.1269)/288 = 0.0107, or 1.1%. This
number represents the false-match probability of targets in
Table 4, which forms the basis of the statistical analysis in this
paper.

From Table 2, it can be seen that for 0'5 radius, the cross-
matching false-match rates are all below 5%. In contrast, the
false-match rates for 2” are all above 10%, with the highest
reaching 63%. Therefore, a smaller cross radius can reduce the
false-match rate.

Parameterized targets are usually brighter compared to non-
parameterized ones. As shown in Table 2, the false-match rates
for XRBs with parameters are significantly lower compared to

probability of erroneous targets in
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those for all XRBs, indicating a significant reduction of false-
match rates for bright sources. This is consistent with the
statistical conclusions by Antoniou et al. (2009) for the SMC.

The false-match rates in dense regions (LMC and SMC) are
significantly higher than the overall false-match rate, which is
consistent with our expectations, and is also the reason why we
need to calculate the false-match rates in dense regions
separately.

Further dividing parameterized targets into high-temper-
ature and low-temperature reveals that the false-match rate for
high-temperature stars is relatively lower, which is because
high-temperature stars are usually brighter. This result is also
consistent with the statistical findings by Antoniou et al.
(2009). The temperature threshold of 11,000 K is chosen
because it is the boundary used in this study to classify XRBs
into high and low-temperature categories.

From the calculations above for the three scenarios, it’s
clear that multiple cross-match results are not the dominant
factor causing errors; rather, it’s the probability of a random
position matching a Gaia target. Ideally, the probability of a
random coordinate matching a target should be very low,
preferably less than 5%. This requires a sufficiently small
cross-matching radius. Additionally, the error in input
coordinates should align with the cross-matching radius. In
this paper, the coordinate errors for the 817 targets are all less
than 0'4, which fit the 0.5-2" cross-matching radius.

Appendix C
The Observational Capabilities of Gaia for MCs

To fully understand the observational capabilities of Gaia
for MCs, we selected more than 100,000 MCs targets in the
Gaia database. The selection criteria are that the coordinates
are located in the MCs regions and the distance is greater than
20,000 pc. It should be noted that the distances of MCs given
by Gaia are not correct. Most of the distances given by Gaia
are less than 30,000 pc, but the actual distances of the two
MCs are 50,000 to 60,000 pc. Nevertheless, selecting targets
over 20,000 pc can well exclude targets in the Milky Way
(hereafter MW) and obtain high-purity MCs targets.

After checking the selected MCs targets, we found that
GSP-Phot can observe the temperature range of 3318—41,000
K and the magnitude of 10-19. The temperature range between
18.5 and 19 mag, which is close to the limiting magnitude, is
3923-15,000 K. This shows that close to the limiting
magnitude of 19, the observational capability of GSP-Phot
can basically cover the low temperature part. We performed a
small-scale determination of the masses of the MCs targets
(the method is the same as XRBs in this paper as described in
Section 2.3). The lower limit of the mass is 1 solar mass,
corresponding to a temperature of 3900-7600 K. Therefore,
for the MCs, GSP-Phot can observe stars with a mass greater
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than 1 solar mass. Stars with smaller masses or lower
temperatures cannot obtain atmospheric parameters.

For the MCs XRBs in this paper, the temperature range is
8000-37,920 K, with an average value is 28,000 K, and the
mass range is 1.6-24, with an average value of 11. Therefore,
the observational capability of GSP-Phot is enough to cover
the XRBs in MCs.

Appendix D
The X-Ray Binary Catalogs

Table 3 is the full X-ray binary catalogs with the basic
information which are star name, coordinates and their errors
from the Simbad database, the X-ray binary type, and the
reference bibcode of the coordinate and the type.

The coordinate errors provided by Simbad includes three
parameters: the major axis of the error ellipse, the minor axis
of the error ellipse, and the position angle. Here, only the
major and minor axes are listed. The complete parameters can
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be obtained from the website https://astrophysics.cc/xray-
binary-catalogs or https://zenodo.org/records/17150017,
including the mass, period, and other parameters provided
by Fortin et al. (2023), Avakyan et al. (2023), Neumann
et al. (2023).

The X-ray binary type is divided into confirmed but
unclassified X-ray binary XB*, confirmed high-mass X-ray
Binary HXB, confirmed low-mass X-ray Binary LXB, unclas-
sified X-ray binary candidate XB?, high-mass X-ray Binary
candidate HX?, and low-mass X-ray Binary candidate LX?.

The first four columns of Table 4 represent the cross-
matching results with Gaia DR3, while the subsequent five
columns display the absolute parameters we determined based
on atmospheric parameters and stellar model MIST. The last
parameter is the period from Fortin et al. (2023); Avakyan
et al. (2023) and Neumann et al. (2023). Same as Table 3, the
full table with all parameters can be downloaded from https://
astrophysics.cc/xray-binary-catalogs or https://zenodo.org/
records/17150017.


https://astrophysics.cc/xray-binary-catalogs
https://astrophysics.cc/xray-binary-catalogs
https://zenodo.org/records/17150017
https://astrophysics.cc/xray-binary-catalogs
https://astrophysics.cc/xray-binary-catalogs
https://zenodo.org/records/17150017
https://zenodo.org/records/17150017
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Table 3
Catalog of X-Ray Binary Systems
Major Axes Minor Axes
of the Error of the Error
Name R.A. Decl. Ellipses Ellipses Reference of Coordinate Reference of Type
from Simbad (deg) (deg) (s) (s) Type (Bibcode) (Bibcode)
CI Cam 64.92556458333333  55.999362777777776 le-05 8e-06 HXB 2020yCat.1350....0G 2023A&A...671A.149F
IGR J06074+4-2205 91.86088333333332  22.096599722222223 2e-05 le-05 HXB 2020yCat.1350....0G 2023A&A...671A.149F
HZ Her 254.4575458333333  35.342357222222226 le-05 le-05 LXB 2020yCat.1350....0G 2023A&A...675A.199A
HD 215227 340.7387629166666  44.721738611111114 le-05 le-05 HXB 2020yCat.1350....0G 2023A&A...671A.149F
SWIFT J174510.8- 266.2952041666666  —26.403499999999998 0.01 0.01 LXB 2013ApJS..209...14K  2023A&A...675A.199A
262411
MAXI J0556-332 89.193 —33.174499999999995 2 2 LXB 2011ATel.3103....1K  2023A&A...675A.199A
QU TrA 236.9775 —62.568333333333335 nan nan LXB 2003AstL...29..468S 2023A&A...675A.199A
CRTS 209.32014874999996 —9.54411 0.001 0.001 LXB 2020yCat.1350....0G 2023A&A...675A.199A
J135716.8-093238
XTE J1752-223 268.06287499999996  —22.342322222222222 0.001 0.001 LXB 2016A&A..587A..61C 2023A&A...675A.199A
OGLE BLG-ELL- 268.97191833333335 —28.276068055555555 4e-05 3e-05 LXB 2020yCat.1350....0G 2023A&A...675A.199A
12042
[JBN2011] 377 265.8188333333333  —27.76038888888889 nan nan LXB 2011ApJS..194...18] 2023A&A...675A.199A
MAXI J1807+132 272.03145416666666 13.2515 nan nan LXB 2017ApJ...850..155S 2023A&A...675A.199A
MAXT J0903-531 136.27841916666668  —53.50542305555555 le-05 le-05 HXB 2020yCat.1350....0G 2023A&A...677TA.134N
A total of 3964 targets
SWIFT J1756.9-2508  269.2389583333333  —25.107722222222225 4 4 LXB  2007ApJ..668L.147K  2023A&A...675A.199A
IGR J17591-2342 269.78662083333336  —23.71297222222222 nan nan LXB  2018ATell1941...1D  2023A&A...675A.199A
[KRL2007b] 297 269.9404166666667 —22.0275 nan nan LXB  2007A&A..469.807L  2023A&A...675A.199A
4U 1758-25 270.29054499999995  —25.07892222222222 2e-05 2e-05 LXB 2020yCat.1350....0G 2023A&A...675A.199A
X Sgr X-3 270.3845833333333  —20.528888888888886 nan nan LXB  2003A&A..411L.59E  2023A&A...675A.199A
SAX J1805.5-2031 271.3916666666666  —20.513333333333332 nan nan LXB  2007A&A...469.807L  2023A&A...675A.199A
XMMU J181227.8-  273.11583333333334 —18.209444444444443 nan nan LXB 2006MNRAS.369.1965C 2023A&A...675A.199A
181234
PSO J274.2181- 274.2208333333333  —19.511666666666667 nan nan LXB  2022ATell5418...IN  2023A&A...675A.199A
19.6322
SAX J1818.7+1424  274.6833333333333  14.403333333333332 nan nan LXB  2007A&A..469..807L  2023A&A...675A.199A
AX J1848.8-0129 282.19999999999993  —1.4866666666666666 nan nan LXB 2001ApJS..134...77S 2023A&A...675A.199A
SWIFT 282.51333333333326 —0.9408333333333333 nan nan LXB  2011GCN.12101...1G  2023A&A...675A.199A
J185003.2-005627
SWIFT 309.24999999999994  41.833333333333336 nan nan LXB 2010A&A..523A.61K 2023A&A...675A.199A
J2037.2+4151
SAX J2224.945421  336.2166666666666 54.365 nan nan LXB  2007A&A..469.807L  2023A&A...675A.199A
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Table 4
The Physical Parameters of the Donor Stars in XRBs
Name Tets log g [M/H] Mass Radius Luminosity Age Stage Period
(From Simbad) (K) (dex) (dex) (M.) (Rs) (L) (Gyr) (EEP) G))
IGR J06074+2205 28984770 41105087 +0.007X09%* 14.04*918 54431022 1.879¢ + 047139 0.00462170950% 32878
MAXI J0903-531 2297148 3.9961001, 70‘971t8.8§4 765043 45777911 524673379 0.034080:501 36973 57.0
MAXI J1820+070 5604132 46947092 —4.064709  0.6164750%  0.5639F355%3 0.2867991334 11.67%3 34943 0.68549
HD 249179 1692738 3.6143342 +0.40719% 6.0651083 4.789%12 165157847 0.04406 0000 354133
NGC 6649 9 3500579,  3.83510%%  +0.006100%% 25.84+07, 9.95703} 1.337¢ 4+ 05713509 0.00451799000 351+
V1341 Cyg 14210729 417479008 —1.023+09%8 2.949+0082 23024012 194312293 0.221620013 35873 9.841666666666667
PSR 1102340038 596611, 465470918 41197992 0.6751°99%°%  0.63171050%32 0.4551+3:008484 11.017]2 35612 0.198096
A total of 288 targets

2MASS J12440380-6322320  34793*88 3971409970 4+0.001+5:99% 23267933 8.2474042 8.962¢ + 047308 0.004022735.%%s 34479 138.0
BR Cir 4296119 202970011 _0.97070953  .8773700993 1626103 89.8473641 13.02:074 540*9 16.68
[MT91] 213 299967128 4.03790°"  4+0.2647903¢ 16.42103, 64277998 3.006e + 0471373 0.003703900027 32973 17000.0
XTE J1858+-034 33928 4.662700,s  —0418%04,  02558+00%  0.2675799% 0.0085610:901317 10.187% 5 265110
[BPH2004] CX 1 592152 3.6867903] —2.187+0%8 0.7953%393 2.18+043 5.4175338¢ 1192+ 468+ 0.262822
PSR 11723-2837 5828141 4.48970037 +0.079t8.824 103579933 0.966819:92¢ 0.967970054¢8 13197943 31653} 0.6166666666666667
4U 1758-25 581611} 4.170500%  —0.2041099%  0.903770%%1 129179932 1717509839 11631038 43743
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Appendix E
The Description of EEP

The detailed explanation of EEPs can be found in Dotter
(2016). Here, we’ll provide a brief introduction.

EEPs are parameters that reflect a star’s different evolu-
tionary stages. To obtain precise EEPs, it is necessary to first
establish primary EEPs based on physical definitions. For
instance, for a star of one solar mass, primary EEPs includes
ten significant evolutionary nodes, ranging from the Pre Main-
sequence (PMS), Zero Age Main-Sequence (ZAMS), inter-
mediate age main-sequence (IAMS), terminal age main-
sequence (TAMS), RGB tip, to post-AGB and the white
dwarf cooling sequence (WDCS).

The physical definition of the same primary EEPs can vary
for stars with different initial masses. For instance, in the
substellar case, the ZAMS is considered as the maximum of
the central temperature along the evolutionary track. Similarly,
high-mass stars may not go through a red giant phase, so their
RGB tip is defined as the point where the luminosity reaches
its maximum or the surface temperature reaches its minimum
before a substantial depletion of central helium occurs (when
the central helium abundance is greater than the original
abundance minus 0.01). For high-mass stars, the last primary
EEPs is carbon burning (C-burn) which is equivalent to
thermally pulsing AGB (TP-AGB) of low-mass stars. How-
ever, for low- and intermediate-mass stars, there are additional
stages like post-AGB and WDCS.

After defining the primary EEPs, the space between each
pair of adjacent primary EEPs is uniformly divided into a fixed
number of secondary EEPs. For example, the interval from
PMS to ZAMS is divided into 201 secondary EEPs, and from
ZAMS to TAMS into 252 secondary EEPs. The total number
of secondary EEPs from PMS to WDCS is 1710.

To ensure secondary EEPs are “equally spaced” between
two adjacent primary EEPs, MIST defines a metric function
(Equation (1) in Dotter 2016). It derives the metric distance
between two points on the evolutionary track. Traditionally,
parameters used for this purpose are luminosity and surface
temperature (in logarithm), although central temperature and
density can also be used, or additional parameters such as age.
Any evolutionary parameter can be employed to calculate the
metric distance, and each parameter can have an assigned
weight. The singular goal is to provide a more detailed division
of evolutionary stages. This benefit allows for accurate
interpolation between various evolutionary tracks, especially
in rapidly evolving post main-sequence stages.

The generation of EEPs is similar to that of parameters such
as mass, radius, and age, all obtained by interpolating three
atmospheric parameters from a stellar database. Metallicity
can also influence the results of EEPs. Unlike other stellar
parameters, EEPs cannot be derived directly during stellar
evolution. Instead, they are identified after the entire
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evolutionary track has been computed, by recognizing primary
EEPs and then dividing them into a fixed number of secondary
EEPs. Therefore, the definition of EEPs is somewhat
subjective. Nevertheless, EEPs provide a detailed description
of the evolutionary stage, enhancing our understanding of a
star’s status when combined with other parameters.

As the parameter EEPs is not commonly found in the
literature, we cannot cross-validate the EEPs presented in this
paper with other studies. We have thoroughly discussed the
reliability and uncertainties of parameters like mass and radius,
and have demonstrated that the errors provided in Table 4
accurately represent the uncertainties in these parameters.
Since EEPs are computed simultaneously with these other
parameters using the same interpolation method and atmo-
spheric parameters, their uncertainties should be similarly
reliable.

Appendix F
Statistical Validation of the Bimodal Distribution of
Donor Mass and Temperature

To investigate whether the observed distributions of donor
mass and temperature can be characterized by two underlying
populations, we applied a two-component Gaussian Mixture
Model (GMM). The GMM assumes that the observed
distribution is a superposition of two normal distributions,
each representing a distinct physical population (e.g., low-
mass and high-mass systems). The model parameters—
including the means, variances, and mixing weights of the
two Gaussian components—were estimated using the Expec-
tation-Maximization (EM) algorithm, an iterative maximum
likelihood method. The algorithm alternates between estimat-
ing the posterior probabilities of component membership for
each data point (the E-step) and updating the distribution
parameters to maximize the data likelihood (the M-step),
continuing until convergence.

To assess the goodness-of-fit of the two-component model,
we performed a bootstrap-corrected Kolmogorov—Smirnov (K-
S) test, comparing the empirical cumulative distribution
function (CDF) of the data with the theoretical CDF derived
from the fitted GMM. The use of a standard K-S test is
inappropriate here, as the GMM parameters were derived from
the data itself, which would lead to an inflated p-value and a
higher probability of incorrectly accepting the null hypothesis.
The bootstrap procedure accounts for this by correcting the test
statistic, thus avoiding inflated p-values and ensuring a robust
assessment of the fit.

For donor mass (in log), the fitted parameters for the two
Gaussian components are as follows: means of 1.034 and
—0.065, variances of 0.244 and 0.265, and mixing weights of
0.657 and 0.343. The maximum vertical distance between the
empirical distribution and the fitted Gaussian model was
0.0368. A bootstrap-estimated p-value from 1000 resamples
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Figure F1. The fitting plot of the bimodal distribution of mass and temperature (upper two panels) and the comparison of the empirical cumulative distribution

function (lower two panels).

was approximately 0.95, which is significantly greater than
0.05. Therefore, we accept the hypothesis that the stellar mass
data originate from a bimodal, two-Gaussian distribution.

Similarly, for donor temperature (in log), the fitted
parameters for the two Gaussian components are: means of
4.426 and 3.729, variances of 0.126 and 0.110, and mixing
weights of 0.629 and 0.371. The maximum vertical distance
was 0.0861. The bootstrap-estimated p-value was approxi-
mately 0.68, which is also much greater than 0.05. We
therefore accept the hypothesis that the temperature distribu-
tion is also bimodal.

Below Figure F1 are the fitting plots for the two Gaussian
components and a comparison of the empirical and theoretical
cumulative distribution functions. It is important to note that
the GMM fitting process does not require data binning; the
fitting is not performed on a distribution curve but rather by
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calculating and updating the expected probability for each data
point. The histogram of the data shown in the left-hand plot
must be binned for visualization purposes, whereas the two
theoretical Gaussian curves are derived independently of any
binning choices.

The above Figure F1 shows the analysis for all XRBs from
the Milky Way (MW) and the Magellanic Clouds (MCs). The
Figure F2, in contrast, shows the bimodal distribution analysis

for only the MW XRBs.

For the MW only sample, the bootstrap-estimated p-values
from the two-component GMM are approximately 0.8 (for
temperature) and 0.9 (for mass), which strongly supports a
two-Gaussian distribution. The p-values from the diptest are
about 0.00044 (for temperature) and 0.010 (for mass), both of
which reject the null hypothesis of a unimodal distribution.
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Appendix G
The Distribution of XRBs and Occurrence Rate from
Monte Carlo Testing were generated by perturbing the parameters of each target
This Figure G1 displays the distribution of donor mass and with an offset drawn from the distribution of deviations found
occurrence rate from simulated data. The simulated data sets in the comparison of 64 stars with previous studies.
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Figure G1. The distribution of the donor mass (left) and the occurrence rate (right) from random mass data. Each thin colored line represents one of 5000 simulated
data sets generated using the Monte Carlo method. They are are based on the original data, which correspond to the black line in Panel (2) of Figure 2 and the blue
line in Panel (2) of Figure 3. The thick orange line indicates the median of the 5000 simulations. The thick black line (left panel) and thick blue line (right panel)

represent the distributions from the original data for comparison.

Appendix H
The Reason for the Absence of Targets for High-
Temperature Low-Metallicity Area

In panel (4) of Figure 4, the lower right region is blank. This
is not because there are no target in that region, but because the
current model cannot measure atmospheric parameters for that
region. This is a technical selection effect. The measurement
of stellar atmospheric parameters relies on comparing
observed spectra with template spectra. For stars with high
temperature and low metallicity, their spectra exhibit sig-
nificant degeneracy, with normalized spectra being highly
similar, making it difficult to obtain reliable parameters. Low
metallicity results in a reduction and weakening of metal lines,
making it impossible to use metal features to measure
atmospheric parameters. High temperature also leads to a
reduction in metal lines, and both gravity and temperature
cause hydrogen lines to broaden, making them difficult to
distinguish.

Gaia had made significant progress in measuring atmo-
spheric parameters for high-temperature and low-metallicity
stars compared to before, allowing us to study high-
temperature XRBs in the MCs. However, we still cannot
completely eliminate the selection effects caused by high
temperature and low metallicity.

If the lower right region of panel (4) is actually filled with
XRBs, whether these targets could significantly alter the
bimodal distribution shown above and affect the correlations
between parameters displayed in other panels? We need to
consider whether the blank area might contain a large number
of stars.
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Our viewpoint is that the blank area, compared to the high-
metallicity region above it, is likely to have very few stars, not
enough to alter the existing distributions and relationships
above. Studies of metallicity in the MW and the MCs
(Choudhury et al. 2018, 2021; Hocdé et al. 2023; Li et al.
2024) indicate that the metallicity distribution of these galaxies
is mostly above —1.5, with very few stars having metallicities
below —1.5. If the metallicity of XRBs also follows the overall
distribution of the galaxies, then XRBs in the lower right blank
area should be rare, and they would not disrupt the distribution
characteristics and parameter relationships of XRBs presented
in this paper. Massive stars, which are typically hotter, are also
younger. Given that young stars tend to have higher
metallicities, as shown by Lian et al. (2023), high-temperature,
low-metallicity stars should be uncommon.

Appendix I
The Relationship between the Radius of a Roche-
lobe-filling Donor Star and the Mass Ratio

When one star in a binary system fills its Roche lobe, the
donor star will begin transferring mass to its companion. This
mass transfer process alters the Roche lobe radius Rroche Lobe
of the donor star and is accompanied by changes in the mass
ratio . Here, we define the mass ratio as ¢ = Maonor/ Maceretor-
According to the expression for the Roche lobe radius
RRoche Lobe (€qual to the donor star radius Rgoner), SEmMimajor
axis a, and mass ratio g given by Eggleton (1983),

RRoche Lobe — 0.49q2/3
0.6¢*3 + In(1 + ¢'/3)’

a
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Figure I1. The relationship of Roche Lobe radius of donor star Rgy with the
mass ratio q.

and the expression relating the orbital angular momentum J,,
to the total mass Mo (=Maonor + Maccretor), Mass ratio ¢, and

semimajor axis a is
qv GM[?)ta
(1 +¢)7

From these, we can derive a relation between Rroche Lobe and
the mass ratio g as follows:

orb —

RRoche Lobe — 0'49‘]74/3(1 + 61)4
J2/(GME)  0.6¢%3 + In(1 + ¢'/?)

Assuming that during mass transfer, the total mass and orbital

angular momentum of the binary remain constant, the
denominator on the left-hand side, J2,/(GM.,), becomes
invariant. Therefore, changes in Rrche Lobe depend solely on
the mass ratio g.

The correlation between Rgroche Lobe (€qual to Ryonor) and ¢
is shown in Figure I1, indicating that Rroche 1obe r€aches a
minimum when g = 0.788. Given our definition of the mass
ratio ¢ = Mgyonor/Maccretor» the mass ratio decreases as mass
transfer occurs. Therefore, when the mass ratio exceeds 0.788,
mass transfer causes Rroche Lobe t0 decrease, leading the donor
star, which already fills its Roche lobe, to overflow further and
accelerate the mass transfer process. This transfer occurs on a
dynamical timescale, rapidly reducing the mass ratio to 0.788
within a short period (months to decades).

Observationally, it is challenging to detect semi-detached
binaries undergoing Roche lobe overflow with mass ratios
greater than 1. Our statistical analysis shows that for semi-
detached binaries with one star filling its Roche lobe, the mass
ratio is always less than 1 (excluding near-contact binaries
where both stars are nearly filling their Roche lobes).
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