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Abstract

We present multiwavelength characterization of 65 high-mass X-ray binary (HMXB) candidates in M33. We use
the Chandra ACIS survey of M33 (ChASeM33) catalog to select hard X-ray point sources that are spatially
coincident with UV-bright point-source optical counterparts in the Panchromatic Hubble Andromeda Treasury:
Triangulum Extended Region catalog, which covers the inner disk of M33 at near-IR, optical, and near-UV
wavelengths. We perform spectral energy distribution fitting on multiband photometry for each point-source
optical counterpart to measure its physical properties including mass, temperature, luminosity, and radius. We find
that the majority of the HMXB companion star candidates are likely B-type main-sequence stars, suggesting that
the HMXB population of M33 is dominated by Be X-ray binaries (Be-XRBs), as is seen in other Local Group
galaxies. We use spatially resolved recent star formation history maps of M33 to measure the age distribution of the
HMXB candidate sample and the HMXB production rate for M33. We find a bimodal distribution for the HMXB
production rate over the last 80Myr, with a peak at ∼10 and ∼40 Myr, which match theoretical formation
timescales for the most massive HMXBs and Be-XRBs, respectively. We measure an HMXB production rate of
107–136 HMXBs/(Me yr−1) over the last 50Myr and 150–199 HMXBs/(Me yr−1) over the last 80Myr. For
sources with compact object classifications from overlapping NuSTAR observations, we find a preference for
giant/supergiant companion stars in black hole HMXBs and main-sequence companion stars in neutron star
HMXBs.

Unified Astronomy Thesaurus concepts: High mass x-ray binary stars (733); X-ray binary stars (1811); Triangulum
Galaxy (1712); Binary stars (154); Massive stars (732)
Supporting material: machine-readable tables

1. Introduction

High-mass X-ray binaries (HMXBs) are systems where a
black hole or neutron star accretes material from its massive
stellar companion. HMXBs are an important tool for studying
accreting compact objects and massive binary stellar evolution.
Nearby galaxies, including M33, provide an opportunity to
study a population of HMXBs, allowing us to measure
population demographics that can constrain theoretical models
of massive binary stellar evolution.

The properties of HMXB populations scale with galaxy-wide
properties such as star formation rate (SFR; Ranalli et al. 2003;
Gilfanov et al. 2004; Antoniou et al. 2010; Mineo et al. 2012;

Antoniou & Zezas 2016; Antoniou et al. 2019; Lehmer et al.
2019), metallicity (Basu-Zych et al. 2013, 2016; Brorby et al.
2016), stellar mass (Lehmer et al. 2010; Antoniou et al. 2019),
and the number of O- and B-type stars (Antoniou et al. 2019).
In nearby galaxies, we can place HMXBs in context of both
their host galaxy and their more local parent stellar population.
Massive stars (8Me) play a critical role in many

astrophysical processes. During their lives they inject ionizing
radiation into the interstellcoar medium and at the end of their
lives impact the evolution of galaxies via supernova feedback
(e.g., Dalgarno & McCray 1972; Oey 1999; Telford et al.
2023). Most massive stars form in binary or higher-order
multiple systems, and a majority of these systems have
separations small enough for the stars to interact at some point
during their lives (e.g., Sana et al. 2012; Moe & Di
Stefano 2017). These interactions, including mass transfer
and common envelopes, impact the evolution of the stars in the

The Astrophysical Journal, 952:114 (29pp), 2023 August 1 https://doi.org/10.3847/1538-4357/acdbc8
© 2023. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0003-3252-352X
https://orcid.org/0000-0003-3252-352X
https://orcid.org/0000-0003-3252-352X
https://orcid.org/0000-0002-0206-1208
https://orcid.org/0000-0002-0206-1208
https://orcid.org/0000-0002-0206-1208
https://orcid.org/0000-0003-1247-9349
https://orcid.org/0000-0003-1247-9349
https://orcid.org/0000-0003-1247-9349
https://orcid.org/0000-0002-7502-0597
https://orcid.org/0000-0002-7502-0597
https://orcid.org/0000-0002-7502-0597
https://orcid.org/0000-0002-9202-8689
https://orcid.org/0000-0002-9202-8689
https://orcid.org/0000-0002-9202-8689
https://orcid.org/0000-0002-1264-2006
https://orcid.org/0000-0002-1264-2006
https://orcid.org/0000-0002-1264-2006
https://orcid.org/0000-0001-7531-9815
https://orcid.org/0000-0001-7531-9815
https://orcid.org/0000-0001-7531-9815
https://orcid.org/0000-0001-7539-1593
https://orcid.org/0000-0001-7539-1593
https://orcid.org/0000-0001-7539-1593
https://orcid.org/0000-0002-4955-0471
https://orcid.org/0000-0002-4955-0471
https://orcid.org/0000-0002-4955-0471
https://orcid.org/0000-0002-3719-940X
https://orcid.org/0000-0002-3719-940X
https://orcid.org/0000-0002-3719-940X
https://orcid.org/0000-0001-7855-8336
https://orcid.org/0000-0001-7855-8336
https://orcid.org/0000-0001-7855-8336
https://orcid.org/0000-0002-7584-4756
https://orcid.org/0000-0002-7584-4756
https://orcid.org/0000-0002-7584-4756
https://orcid.org/0000-0001-9110-2245
https://orcid.org/0000-0001-9110-2245
https://orcid.org/0000-0001-9110-2245
mailto:mlazz@caltech.edu
http://astrothesaurus.org/uat/733
http://astrothesaurus.org/uat/733
http://astrothesaurus.org/uat/733
http://astrothesaurus.org/uat/1811
http://astrothesaurus.org/uat/1712
http://astrothesaurus.org/uat/1712
http://astrothesaurus.org/uat/154
http://astrothesaurus.org/uat/732
https://doi.org/10.3847/1538-4357/acdbc8
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/acdbc8&domain=pdf&date_stamp=2023-07-21
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/acdbc8&domain=pdf&date_stamp=2023-07-21
http://creativecommons.org/licenses/by/4.0/


binary. Some massive stellar binaries go on to form binary
compact objects, which can merge, depending on their
separation, within a Hubble time generating detectable
gravitational waves (e.g., Tauris et al. 2017). HMXBs are also
thought to be a major contributor of ionizing radiation in the
early universe, likely playing a key role in cosmic reionization
(e.g., Justham & Schawinski 2012; Mesinger et al. 2014;
Madau & Fragos 2017; Greig & Mesinger 2018).

Given their importance in many fields of astrophysics,
HMXBs have been studied extensively in the Milky Way and
other galaxies. Populations of HMXBs can be studied in nearby
galaxies with relatively few telescope pointings, and the
proximity of these galaxies allows us to resolve their individual
stars, which is necessary for identifying the companion star to
the accreting compact object in the HMXB system. The
populations of HMXBs in the Large and Small Magellanic
Clouds (LMC and SMC, respectively) have been studied
extensively at both X-ray and optical wavelengths. These
studies have identified the companion star spectral type and
compact object type for over 200 HMXBs in both galaxies
combined, providing an insight to HMXB formation at low
metallicity and high SFR (e.g., Liu et al. 2006; Antoniou et al.
2009, 2010; Antoniou & Zezas 2016; Haberl & Sturm 2016;
Yang et al. 2017a; Antoniou et al. 2019; Haberl et al. 2022). In
M31, overlapping Hubble Space Telescope (HST) and Chandra
observations have been used to measure HMXB population
demographics in a large spiral galaxy of similar mass and
metallicity to the Milky Way (Lazzarini et al. 2018; Williams
et al. 2018; Lazzarini et al. 2021).

M33 is an obvious site to study HMXBs in the Local Group.
It is the third largest spiral galaxy in the Local Group and has a
measured metallicity gradient; the center of the galaxy is
slightly supersolar, and the metallicity drops to roughly that of
the LMC at the edges of the disk (Carrera et al. 2008;
Cioni 2009; Magrini et al. 2009, 2010; Beasley et al. 2015;
Toribio San Cipriano et al. 2016; Lin et al. 2017). Although it
is about 10 times less massive than M31 or the Milky Way
(e.g., Quirk et al. 2022), it has a higher SFR intensity (SFR per
area; Verley et al. 2009; Lewis et al. 2015), making it an
excellent site to study young stellar systems. Because of its
high SFR, M33 also hosts a large population of supernova
remnants (SNRs), which have been studied at X-ray and optical
wavelengths (e.g., Long et al. 2010; Garofali et al. 2017;
Koplitz et al. 2023).

M33 has been observed extensively at X-ray wavelengths
with the Einstein Observatory (Long et al. 1981; Markert &
Rallis 1983; Trinchieri et al. 1988), ROSAT (Schulman &
Bregman 1995; Long et al. 1996; Haberl & Pietsch 2001),
XMM-Newton (Pietsch et al. 2004; Misanovic et al. 2006;
Williams et al. 2015), Chandra (Grimm et al. 2005; Tüllmann
et al. 2011), and NuSTAR (Yang et al. 2022). The Chandra
ACIS Survey of M33 (ChASeM33) observed 70% of the area
within the D25 isophote of M33, providing a deep catalog of
X-ray point sources with high angular resolution, which is
critical for identifying the optical counterparts to accreting
compact objects in HMXBs. A uniform survey of M33 at
optical wavelengths was not available until recently with the
Panchromatic Hubble Andromeda Treasury: Triangulum
Extended Region (PHATTER), an HST survey of the inner
disk of M33 in six photometric bands spanning near-IR through
near-UV wavelengths (Williams et al. 2021). The survey’s
photometry catalog contains six-band photometry for over

20 million individual stars and has been used to study the
galaxy’s recent star formation history (SFH; Lazzarini et al.
2022), structure (A. Smercina et al. 2023, in preparation), and
population of star clusters (Johnson et al. 2022; Wainer
et al. 2022).
Previous studies of the HMXB population of M33 have led

to both detailed characterization of a few individual sources
and properties of the population. Garofali et al. (2018)
performed a population study using archival HST observations
and found a peak in the M33 HMXB age distribution at
<5Myr and another peak at ∼40 Myr, with a valley between
these two peaks with little to no HMXB production. Previous
studies of HMXBs in M33 focused on individual systems. The
nucleus of M33 hosts the nearest ultraluminous X-ray source
(ULX; Long et al. 2002), X-8. The X-ray emission is powered
by super-Eddington accretion, although whether the compact
object is a black hole or neutron star has not yet been firmly
determined (Krivonos et al. 2018; West et al. 2018). There are
also two eclipsing X-ray binaries in M33 (Pietsch et al.
2004, 2006, 2009). One of the two, M33 X-7, comprises a
massive stellar-mass black hole in orbit with an O-type stellar
companion (Orosz et al. 2007; Ramachandran et al. 2022). The
exact orbital separation and masses of the black hole and
companion star in M33 X-7 have been debated, but the system
has provided interesting constraints for massive binary stellar
evolution models. The other eclipsing binary in M33 (Pietsch
et al. 2004) has been less well studied and is not covered in the
footprint of our analysis in this paper.
In this paper, we leverage the deep, uniform coverage of the

inner disk of M33 at near-IR/optical/near-UV wavelengths to
systematically identify HMXB companion star candidates. We
perform spectral energy distribution (SED) fitting on the
HMXB companion star candidates to infer their physical
properties including temperature, radius, luminosity, and mass.
We use the spatially resolved recent SFH of M33, measured
using the optical PHATTER photometric catalog, to place
constraints on the age distribution of the HMXB population of
M33 and its HMXB production rate over time.
We describe the X-ray and near-IR/optical/near-UV observa-

tions used in this analysis in Section 2. In Section 3 we describe
how we identify and evaluate the quality of the HMXB candidate
sample and our methodology for SED fitting of the companion
star candidates and measurement of the HMXB candidate ages
using the SFH maps. We include a discussion of our results in
Section 4 and summarize our findings in Section 5. We assume a
distance to M33 of 859 kpc, or a distance modulus of 24.67,
throughout our analysis (de Grijs & Bono 2014).

2. Data

We use X-ray and optical/near-IR/near-UV imaging and
photometric catalogs of the inner disk of M33 to identify our
HMXB candidate sample. We use the final source catalog from
the ChASeM33 survey (Tüllmann et al. 2011) and the optical/
near-IR/near-UV catalog from the PHATTER survey (Wil-
liams et al. 2021). In Figure 1 we show the outline of each
survey. We provide more details on each survey below.

2.1. X-Ray Data

The ChASeM33 ACIS survey covered∼70% of the D25 area of
M33 in the 0.35–8.0 keV band (Tüllmann et al. 2011). The
resulting catalog includes 662 sources, 202 of which lie within
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the PHATTER survey footprint in the inner disk of M33. The
catalog has a limiting unabsorbed luminosity of ∼2.4×
1034 erg s−1 in the full 0.35–8.0 keV band and includes
positions, fluxes, and net counts for each source in multiple
energy bands.

We use the X-ray source positions from this catalog, along
with their associated errors, to identify the optical counterpart
candidates for each X-ray source, thus creating our sample of
HMXB candidates. We also use count rates and fluxes, and
spectral fits for sources where these are available, from the
ChASeM33 catalog when evaluating the quality of our HMXB
sample. We provide more details on how we identify optical
counterparts to X-ray sources in Section 3.1 and how we
evaluate the quality of our HMXB candidates in Section 3.4.

In Table 1 we include a list of HMXB candidates. We
include each source’s identification number, X-ray source
position, and 0.35–8.0 keV luminosity from Tüllmann et al.
(2011). We calculated the luminosity using the count rates

published by Tüllmann et al. (2011). For this calculation we
assume a power-law index of 1.7 and a foreground NH of
5× 1020 cm−2 (Lebouteiller et al. 2006). We used the Chandra
proposal planning toolkit PIMMS tool to derive a conversion
factor of 1.087× 10−11 from count rate (counts per second) to
flux , which we then convert to luminosity.
We also cross-matched each X-ray source with other X-ray

surveys of M33 including Grimm et al. (2005, Chandra),
Williams et al. (2015, XMM-Newton), and Yang et al. (2022,
NuSTAR). We include the counterpart of each source in the
aforementioned catalogs in Table 1 and include their
classifications (if provided) in each catalog. We describe our
cross-matching methodology in Section 3.5.

2.2. Optical Data

We use the photometric catalog and imaging from the
PHATTER survey in our data analysis (Williams et al. 2021).

Figure 1. Near-UV image of M33 with the positions of HMXB companion star candidates plotted. The shape and color of each point indicates its most likely spectral
type, O- or B-type main sequence (MS), giant (G), or supergiant (SG), described in more detail in Section 3.2. The outlines of three multiwavelength surveys of M33
used in our analysis are overplotted. The footprint of the Chandra survey used in this analysis (ChASeM33; Tüllmann et al. 2011) is outlined with a dotted black line.
The HST survey we use to identify HMXB companion star candidates is outlined by the solid black line (PHATTER; Williams et al. 2021). We also outline the
overlapping NuSTAR survey of M33 (Yang et al. 2022).
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Table 1
X-Ray Properties and SED Fit Parameters for HMXB Candidates

T11 T11 T11 T11 PHATTER CP
0.35–8
keV log(Teff) log(L) R AV M SED

SFH
Med.

L22
SFH

Best
Sp. T11 G18 Y22 Y22 W15 G05

ID R.A. Decl. ePos Name Sep. Lum. (K)
(erg
s−1) (Re) (mag) (Me) Age Age Reg. Type Class. Name ID Class. ID ID

(deg) (deg) (″) (″) (erg s−1) (Myr) (Myr) ID

192 23.375792 30.715470 0.7 013330.2309
+304255.014

0.9 7.1e+34 4.5 0.1
0.1

-
+ 4.2 0.1

0.1
-
+ 4.4 0.1

0.8
-
+ 0.4 0.1

0.3
-
+ 11 1

2
-
+ 15 10

4
-
+ 34 22

3
-
+ 1244 B-MS stellar 013330.19

+304255.6
L L L L

013330.1734
+304254.931

0.8 4.2 0.1
0.1

-
+ 2.8 0.1

0.3
-
+ 3.4 0.1

0.4
-
+ 0.2 0.1

0.4
-
+ 5 1

1
-
+ 39 12

49
-
+ B-MS

200 23.380500 30.567280 0.5 013331.2921
+303402.538

0.5 7.9e+34 4.3 0.1
0.1

-
+ 3.4 0.2

0.1
-
+ 4.7 0.3

0.5
-
+ 0.4 0.2

0.2
-
+ 7 1

1
-
+ 39 11

19
-
+ 64 42

9
-
+ 399 B-MS L 013331.32

+303402.2
L L L L

204 23.382167 30.598940 0.5 013331.7587
+303555.916

0.6 6.0e+34 4.3 0.1
0.1

-
+ 3.5 0.1

0.1
-
+ 4.7 0.2

0.1
-
+ 0.4 0.1

0.1
-
+ 7 1

1
-
+ 31 13

8
-
+ 38 13

18
-
+ 583 B-MS L L L L L L

205 23.382750 30.669940 0.5 013331.8256
+304011.190

0.7 7.5e+34 4.2 0.1
0.1

-
+ 2.8 0.1

0.4
-
+ 4.2 0.4

0.2
-
+ 0.2 0.1

0.4
-
+ 5 1

2
-
+ 100 60

25
-
+ 0 0

0
-
+ 980 B-MS L 013331.86

+304011.7
L L L L

013331.8551
+304012.079

0.3 4.1 0.1
0.1

-
+ 3.0 0.1

0.1
-
+ 5.6 0.5

0.5
-
+ 0.8 0.1

0.3
-
+ 5 1

1
-
+ 100 20

0
-
+ B-MS

207 23.384125 30.615780 0.5 013332.1735
+303656.933

0.2 1.6e+35 4.4 0.1
0.1

-
+ 5.5 0.1

0.1
-
+ 23.5 0.6

0.5
-
+ 2.2 0.1

0.1
-
+ 32 1

1
-
+ 3 0

1
-
+ 63 38

10
-
+ 691 B-SG stellar 013332.19

+303656.8
L L 510 L

212 23.385735 30.604840 0.8 013332.5421
+303618.159

0.9 5.3e+34 4.1 0.1
0.1

-
+ 2.8 0.1

0.2
-
+ 4.6 0.1

1.0
-
+ 0.6 0.1

0.4
-
+ 5 1

1
-
+ 100 22

0
-
+ 44 11

14
-
+ 617 B-MS L L L L L L

213 23.386292 30.560940 0.5 013332.6992
+303338.903

0.5 6.8e+34 4.2 0.1
0.1

-
+ 2.7 0.1

0.4
-
+ 3.6 0.1

0.4
-
+ 0.0 0.1

0.4
-
+ 4 1

1
-
+ 79 35

20
-
+ 28 18

26
-
+ 366 B-MS L 013332.71

+303339.3
L L L L

221 23.390498 30.519340 0.5 013333.7188
+303109.771

0.1 2.2e+36 4.4 0.1
0.1

-
+ 4.7 0.1

0.1
-
+ 13.9 0.1

0.6
-
+ 2.4 0.1

0.1
-
+ 15 1

1
-
+ 12 2

3
-
+ 58 30

13
-
+ 151 B-G non-

stellar
L 9 S 516 J013333.6

+303108

225 23.392234 30.536480 0.5 013334.1333
+303211.355

0.0 8.3e+37 4.5 0.1
0.1

-
+ 5.6 0.1

0.1
-
+ 17.4 0.5

0.1
-
+ 0.6 0.1

0.1
-
+ 37 1

2
-
+ 5 2

1
-
+ 52 46

6
-
+ 256 O-G XRB, X-7 013334.13

+303211.3
4 S 521 J013334.1

+303210

228 23.393926 30.598940 0.5 013334.5519
+303555.630

0.6 2.1e+35 4.2 0.1
0.1

-
+ 3.1 0.1

0.3
-
+ 3.7 0.3

0.1
-
+ 0.4 0.4

0.1
-
+ 5 1

2
-
+ 100 82

73
-
+ 27 13

24
-
+ 584 B-MS XRB 013334.54

+303556.1
L L 526 L

233 23.397958 30.624810 0.5 013335.5034
+303729.430

0.1 3.9e+35 4.5 0.1
0.1

-
+ 4.6 0.5

0.1
-
+ 5.8 0.9

1.4
-
+ 2.8 0.7

0.2
-
+ 17 5

1
-
+ 7 3

8
-
+ 67 23

7
-
+ 729 B-MS L L L L L L

237 23.400189 30.559140 0.5 013336.0402
+303333.097

0.2 1.1e+36 4.8 0.2
0.1

-
+ 5.5 0.6

0.1
-
+ 4.2 0.1

1.8
-
+ 2.2 0.1

0.5
-
+ 12 1

13
-
+ 6 3

1
-
+ 69 5

6
-
+ 368 None L 013336.04

+303332.9
L L 542 J013336.0

+303333

250 23.407917 30.643690 0.5 013337.8783
+303837.497

0.4 2.6e+35 4.5 0.1
0.1

-
+ 5.1 0.1

0.2
-
+ 9.7 0.9

0.1
-
+ 2.2 0.1

0.1
-
+ 25 2

3
-
+ 3 0

2
-
+ 58 8

12
-
+ 835 O-MS stellar 013337.90

+303837.2
L L 554 L

252 23.408292 30.676560 0.5 013337.9678
+304035.531

0.3 1.8e+35 4.1 0.1
0.1

-
+ 3.0 0.1

0.2
-
+ 6.5 0.1

1.2
-
+ 0.8 0.1

0.3
-
+ 5 1

1
-
+ 100 23

0
-
+ 66 13

8
-
+ 1017 B-MS L L L L 558 L

261 23.413250 30.537920 0.5 013339.1501
+303216.771

0.5 4.0e+34 4.2 0.1
0.1

-
+ 3.0 0.1

0.2
-
+ 4.8 0.1

0.8
-
+ 0.4 0.1

0.3
-
+ 5 1

1
-
+ 79 16

20
-
+ 29 17

39
-
+ 259 B-MS 2MASS-

1305
L L L L L

4
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Table 1
(Continued)

T11 T11 T11 T11 PHATTER CP
0.35–8
keV log(Teff) log(L) R AV M SED

SFH
Med.

L22
SFH

Best
Sp. T11 G18 Y22 Y22 W15 G05

ID R.A. Decl. ePos Name Sep. Lum. (K)
(erg
s−1) (Re) (mag) (Me) Age Age Reg. Type Class. Name ID Class. ID ID

(deg) (deg) (″) (″) (erg s−1) (Myr) (Myr) ID

266 23.415833 30.730640 0.6 013339.8512
+304349.810

0.8 1.4e+35 4.3 0.1
0.1

-
+ 3.9 0.1

0.1
-
+ 7.3 0.1

0.8
-
+ 0.6 0.1

0.2
-
+ 8 1

1
-
+ 31 6

8
-
+ 34 20

3
-
+ 1333 B-MS L L L L 573 —

268 23.417056 30.723100 0.5 013340.1282
+304322.598

0.7 5.7e+35 4.2 0.1
0.1

-
+ 2.9 0.1

0.1
-
+ 4.5 0.1

0.8
-
+ 0.6 0.1

0.3
-
+ 5 1

1
-
+ 100 20

0
-
+ 18 2

37
-
+ 1291 B-MS L 013340.09

+304323.1
L L 574 L

272 23.420042 30.590060 0.5 013340.8370
+303524.269

0.4 2.8e+35 4.4 0.1
0.1

-
+ 3.9 0.2

0.1
-
+ 5.0 0.3

0.2
-
+ 0.6 0.2

0.2
-
+ 10 2

1
-
+ 12 2

18
-
+ 19 11

20
-
+ 553 B-MS L 013340.81

+303524.2
L L 579 L

013340.8230
+303523.898

0.4 4.2 0.1
0.1

-
+ 2.8 0.1

0.6
-
+ 4.1 0.1

1.0
-
+ 0.2 0.1

0.7
-
+ 5 1

2
-
+ 79 49

20
-
+ B-MS

013340.7570
+303523.918

0.7 4.2 0.1
0.1

-
+ 3.0 0.2

0.4
-
+ 3.4 0.1

0.7
-
+ 0.4 0.3

0.4
-
+ 4 1

3
-
+ 100 79

25
-
+ B-MS

013340.8203
+303524.111

0.2 4.3 0.1
0.1

-
+ 3.0 0.1

0.7
-
+ 2.8 0.8

2.2
-
+ 1.0 0.1

0.7
-
+ 4 1

4
-
+ 100 81

25
-
+ B-MS

274 23.421917 30.537060 0.5 013341.2625
+303213.735

0.3 6.4e+35 4.6 0.1
0.1

-
+ 5.3 0.2

0.1
-
+ 8.2 0.1

0.4
-
+ 1.6 0.1

0.2
-
+ 30 3

2
-
+ 3 2

1
-
+ 35 22

23
-
+ 260 O-MS XRB,

XRT-4
013341.26
+303213.4

L L L L

013341.2839
+303213.275

0.3 4.1 0.1
0.1

-
+ 3.0 0.1

0.1
-
+ 6.0 0.6

0.8
-
+ 0.8 0.2

0.2
-
+ 5 1

1
-
+ 100 20

0
-
+ B-MS

276 23.422792 30.637750 0.5 013341.4248
+303815.823

0.6 7.1e+33 4.4 0.1
0.1

-
+ 4.4 0.3

0.1
-
+ 7.6 0.2

0.6
-
+ 0.6 0.3

0.2
-
+ 13 3

1
-
+ 12 2

8
-
+ 53 40

6
-
+ 801 B-MS L 013341.47

+303815.9
L L L L

013341.4588
+303815.839

0.2 4.5 0.1
0.1

-
+ 4.9 0.3

0.1
-
+ 7.8 1.5

0.8
-
+ 1.8 0.6

0.1
-
+ 19 4

2
-
+ 7 3

2
-
+ O-MS

277 23.423205 30.693450 0.5 013341.5638
+304136.445

0.1 6.0e+35 4.2 0.1
0.5

-
+ 4.6 0.5

1.8
-
+ 29.2 8.9

0.4
-
+ 4.0 0.1

0.3
-
+ 11 5

132
-
+ 20 18

15
-
+ 34 22

34
-
+ 1093 B-SG L 013341.56

+304136.4
L L 587 L

280 23.425248 30.814620 0.5 013342.1069
+304852.999

0.7 2.0e+35 4.1 0.1
0.1

-
+ 3.0 0.1

0.1
-
+ 7.0 0.4

0.2
-
+ 0.4 0.1

0.2
-
+ 5 1

1
-
+ 100 20

0
-
+ 64 24

9
-
+ 1782 B-MS L L L L 588 L

281 23.427250 30.714830 0.5 013342.4948
+304253.566

0.6 1.3e+36 4.3 0.1
0.1

-
+ 3.9 0.1

0.3
-
+ 6.9 1.5

0.1
-
+ 1.2 0.2

0.2
-
+ 9 1

3
-
+ 25 14

9
-
+ 66 56

8
-
+ 1250 B-MS XRB 013342.54

+304253.3
18 P 594 L

294 23.438500 30.693060 0.6 013345.3022
+304134.902

0.8 6.3e+34 4.3 0.1
0.1

-
+ 3.8 0.2

0.1
-
+ 6.1 0.5

0.1
-
+ 0.6 0.2

0.2
-
+ 9 1

1
-
+ 25 6

10
-
+ 64 41

9
-
+ 1095 B-MS stellar L L L L L

013345.1904
+304134.824

0.7 4.3 0.1
0.1

-
+ 3.8 0.2

0.1
-
+ 5.5 0.4

0.2
-
+ 0.6 0.3

0.1
-
+ 7 1

2
-
+ 39 24

10
-
+ B-MS

299 23.444031 30.630210 0.5 013346.5634
+303748.811

0.1 2.8e+36 4.2 0.1
0.1

-
+ 4.7 0.1

0.1
-
+ 28.3 1.3

0.2
-
+ 2.2 0.1

0.1
-
+ 15 1

1
-
+ 12 2

5
-
+ 68 25

7
-
+ 770 None QSO/

AGN?
L 15 S(I) 615 L

304 23.448186 30.678600 0.5 013347.5081
+304042.825

0.7 1.1e+35 4.1 0.1
0.1

-
+ 3.0 0.1

0.4
-
+ 6.0 0.5

1.7
-
+ 0.6 0.1

0.5
-
+ 5 1

1
-
+ 100 35

0
-
+ 43 19

4
-
+ 1022 B-MS L L L L L L

315 23.460417 30.816310 0.5 013350.4962
+304858.789

0.1 5.1e+34 4.5 0.1
0.1

-
+ 5.0 0.2

0.1
-
+ 11.7 1.1

1.2
-
+ 3.6 0.3

0.1
-
+ 22 5

2
-
+ 5 1

4
-
+ 66 10

8
-
+ 1821 O-MS L L L L L L

316 23.460443 30.639300 0.5 0.7 1.1e+36 4.5 0.1
0.1

-
+ 4.7 0.1

0.1
-
+ 7.9 0.2

0.1
-
+ 0.4 0.2

0.1
-
+ 18 1

1
-
+ 5 1

4
-
+ 19 13

26
-
+ 806 B-MS stellar L L 651 L
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Table 1
(Continued)

T11 T11 T11 T11 PHATTER CP
0.35–8
keV log(Teff) log(L) R AV M SED

SFH
Med.

L22
SFH

Best
Sp. T11 G18 Y22 Y22 W15 G05

ID R.A. Decl. ePos Name Sep. Lum. (K)
(erg
s−1) (Re) (mag) (Me) Age Age Reg. Type Class. Name ID Class. ID ID

(deg) (deg) (″) (″) (erg s−1) (Myr) (Myr) ID

013350.5300
+303822.076

013350.50
+303821.4

013350.4516
+303821.461

0.7 4.4 0.1
0.1

-
+ 6.0 0.3

0.1
-
+ 51.0 1.3

5.4
-
+ 4.8 0.2

0.2
-
+ 45 17

16
-
+ 3 0

2
-
+ O-SG

013350.5026
+303821.603

0.1 4.4 0.1
0.1

-
+ 4.3 0.7

0.1
-
+ 7.8 2.9

0.1
-
+ 2.8 1.1

0.1
-
+ 13 6

1
-
+ 12 3

29
-
+ B-MS

318 23.4620831 30.6601700 0.50 L L 8.8e+38 L L L L L L 44 23
12

-
+ 918 L XRB, X-8 013350.89

+303936.6
1 ULX(I,

H, P)
654 L

319 23.463042 30.639940 0.5 013351.1466
+303823.370

0.5 4.2e+34 4.1 0.1
0.1

-
+ 3.0 0.1

0.4
-
+ 5.6 0.1

1.2
-
+ 0.2 0.1

0.5
-
+ 5 1

1
-
+ 100 45

0
-
+ 19 13

26
-
+ 806 B-MS L 013351.13

+303823.7
L L L L

013351.1192
+303823.231

0.6 4.2 0.1
0.1

-
+ 3.0 0.1

0.4
-
+ 5.1 0.7

0.5
-
+ 0.6 0.1

0.5
-
+ 5 1

2
-
+ 79 45

20
-
+ B-MS

321 23.467227 30.645720 0.5 013352.1445
+303844.851

0.3 2.2e+34 4.1 0.1
0.1

-
+ 2.9 0.1

0.4
-
+ 4.9 0.4

0.8
-
+ 0.4 0.1

0.5
-
+ 5 1

1
-
+ 100 50

0
-
+ 39 34

6
-
+ 843 B-MS L L 1 ULX(I,

H, P)
L L

329 23.476980 30.570700 0.5 013354.4304
+303414.753

0.6 7.7e+34 4.3 0.1
0.1

-
+ 3.8 0.1

0.2
-
+ 5.3 0.3

0.2
-
+ 0.4 0.1

0.2
-
+ 8 1

2
-
+ 25 11

6
-
+ 29 17

29
-
+ 448 B-MS stellar 013354.47

+303414.5
L L L L

340 23.482292 30.656920 0.5 013355.7346
+303924.919

0.2 5.5e+34 4.1 0.1
0.1

-
+ 2.6 0.1

0.6
-
+ 3.6 0.3

0.8
-
+ 0.2 0.1

0.7
-
+ 4 1

2
-
+ 100 60

25
-
+ 55 5

5
-
+ 920 B-MS L L L L L L

347 23.486542 30.624920 0.5 013356.7712
+303729.789

0.4 3.0e+36 4.2 0.1
0.1

-
+ 5.3 0.1

0.1
-
+ 49.9 1.3

0.3
-
+ 2.6 0.1

0.1
-
+ 22 1

1
-
+ 6 1

1
-
+ 54 25

5
-
+ 740 None QSO/

AGN?
013356.77
+303729.7

20 Z(H, I) 690 L

013356.7851
+303729.343

0.1 4.5 0.1
0.1

-
+ 4.8 0.1

0.1
-
+ 7.7 0.1

0.3
-
+ 0.6 0.1

0.1
-
+ 17 1

1
-
+ 10 5

2
-
+ O-MS

348 23.486750 30.618530 0.5 013356.8378
+303706.541

0.6 1.1e+36 4.8 0.1
0.1

-
+ 5.4 0.1

0.2
-
+ 4.7 0.1

0.1
-
+ 1.8 0.2

0.1
-
+ 12 1

5
-
+ 6 1

1
-
+ 43 38

5
-
+ 704 None XRB 013356.82

+303706.7
L L 689 L

013356.7901
+303706.260

0.3 4.2 0.1
0.1

-
+ 3.2 0.1

0.2
-
+ 6.2 0.5

0.1
-
+ 0.2 0.1

0.2
-
+ 5 1

1
-
+ 79 32

20
-
+ B-MS

358 23.492652 30.577300 0.5 013358.2439
+303437.894

0.4 8.5e+34 4.1 0.1
0.1

-
+ 2.8 0.1

0.3
-
+ 4.6 0.1

0.6
-
+ 0.2 0.1

0.4
-
+ 5 1

1
-
+ 100 30

0
-
+ 31 20

37
-
+ 487 B-MS stellar 013358.23

+303438.2
L L L L

013358.2340
+303438.742

0.5 4.1 0.1
0.1

-
+ 2.8 0.1

0.3
-
+ 4.6 0.1

0.9
-
+ 0.4 0.1

0.4
-
+ 5 1

1
-
+ 100 21

0
-
+ B-MS

363 23.494375 30.707920 0.5 013358.7032
+304228.773

0.7 3.7e+34 4.3 0.1
0.1

-
+ 3.5 0.3

0.2
-
+ 4.9 0.7

0.3
-
+ 0.8 0.5

0.2
-
+ 7 2

1
-
+ 31 8

31
-
+ 21 12

14
-
+ 1179 B-MS L L L L L L

370 23.501204 30.515900 0.5 013400.2685
+303057.540

0.4 2.0e+35 4.2 0.1
0.1

-
+ 3.1 0.2

0.1
-
+ 4.7 0.5

0.1
-
+ 0.4 0.3

0.1
-
+ 6 1

1
-
+ 63 16

26
-
+ 66 40

8
-
+ 165 B-MS L L L L L L

377 23.503137 30.662480 0.5 013400.7323
+303945.581

0.7 4.6e+34 4.3 0.1
0.1

-
+ 3.7 0.1

0.1
-
+ 5.5 0.3

0.8
-
+ 0.4 0.1

0.3
-
+ 8 1

1
-
+ 31 9

8
-
+ 45 23

25
-
+ 960 B-MS L 013400.75

+303944.9
L L L L

013400.7047
+303944.987

0.6 4.2 0.1
0.1

-
+ 2.8 0.1

0.4
-
+ 3.9 0.3

0.4
-
+ 0.2 0.1

0.4
-
+ 4 1

2
-
+ 100 65

25
-
+ B-MS
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Table 1
(Continued)

T11 T11 T11 T11 PHATTER CP
0.35–8
keV log(Teff) log(L) R AV M SED

SFH
Med.

L22
SFH

Best
Sp. T11 G18 Y22 Y22 W15 G05

ID R.A. Decl. ePos Name Sep. Lum. (K)
(erg
s−1) (Re) (mag) (Me) Age Age Reg. Type Class. Name ID Class. ID ID

(deg) (deg) (″) (″) (erg s−1) (Myr) (Myr) ID

382 23.504667 30.619640 0.8 013401.0581
+303709.917

1.1 2.4e+34 4.3 0.1
0.1

-
+ 3.4 0.1

0.5
-
+ 5.0 0.2

0.9
-
+ 0.6 0.1

0.6
-
+ 7 1

2
-
+ 31 15

14
-
+ 38 19

34
-
+ 706 B-MS L L L L L L

013401.1408
+303711.803

1.1 4.2 0.1
0.1

-
+ 2.8 0.1

0.4
-
+ 3.7 0.2

0.2
-
+ 0.0 0.0

0.4
-
+ 4 1

2
-
+ 100 70

25
-
+ B-MS

384 23.504841 30.545110 0.5 013401.1653
+303242.555

0.3 4.1e+35 4.2 0.1
0.2

-
+ 4.8 0.1

0.9
-
+ 31.9 0.5

1.1
-
+ 4.4 0.1

0.1
-
+ 13 1

22
-
+ 15 11

4
-
+ 27 2

2
-
+ 308 B-SG stellar 013401.16

+303242.3
L L 725 L

013401.1405
+303242.573

0.2 4.3 0.1
0.1

-
+ 3.5 0.1

0.2
-
+ 4.9 0.2

1.3
-
+ 1.2 0.1

0.4
-
+ 7 1

1
-
+ 31 9

27
-
+ B-MS

390 23.508761 30.784100 0.5 013402.0897
+304702.750

0.2 1.5e+35 4.4 0.1
0.1

-
+ 4.3 0.1

0.1
-
+ 6.7 0.1

0.2
-
+ 0.2 0.1

0.2
-
+ 11 1

3
-
+ 20 8

5
-
+ 12 1

33
-
+ 1646 B-MS stellar L L L 731 L

013402.1260
+304702.936

0.3 4.1 0.1
0.1

-
+ 2.8 0.1

0.3
-
+ 4.6 0.1

1.4
-
+ 0.6 0.1

0.5
-
+ 5 1

1
-
+ 100 20

0
-
+ B-MS

391 23.509904 30.526740 0.5 013402.3852
+303136.836

0.6 6.8e+35 4.3 0.1
0.1

-
+ 3.1 0.2

0.1
-
+ 3.5 0.2

0.3
-
+ 0.4 0.1

0.2
-
+ 6 1

1
-
+ 39 21

32
-
+ 41 32

5
-
+ 200 B-MS L 013402.37

+303136.2
L L 736 L

397 23.511903 30.577520 0.5 013402.8397
+303439.553

0.5 1.6e+35 4.1 0.1
0.1

-
+ 3.0 0.6

0.1
-
+ 7.1 0.8

0.2
-
+ 0.8 0.6

0.1
-
+ 5 1

1
-
+ 100 98

0
-
+ 38 4

7
-
+ 489 B-MS L L L L 739 L

398 23.511917 30.697560 0.5 013402.8833
+304151.341

0.3 6.4e+35 4.6 0.1
0.1

-
+ 6.0 0.1

0.2
-
+ 17.9 1.7

0.5
-
+ 0.4 0.1

0.1
-
+ 75 9

1
-
+ 1 0

0
-
+ 44 4

10
-
+ 1143 O-G stellar 013402.86

+304151.2
24 I 742 J013402.8

+304151
013402.8632
+304151.772

0.6 4.0 0.1
0.1

-
+ 3.2 0.1

0.1
-
+ 14.1 0.5

0.3
-
+ 0.6 0.1

0.2
-
+ 5 1

1
-
+ 100 20

0
-
+ B-G

013402.8386
+304151.547

0.4 4.2 0.1
0.1

-
+ 2.8 0.1

0.3
-
+ 4.1 0.3

0.4
-
+ 0.4 0.1

0.3
-
+ 5 1

1
-
+ 79 31

20
-
+ B-MS

406 23.518667 30.755780 0.6 013404.4372
+304521.215

0.7 2.7e+34 4.3 0.1
0.1

-
+ 3.9 0.1

0.1
-
+ 7.5 0.1

0.2
-
+ 0.2 0.1

0.1
-
+ 9 1

1
-
+ 25 5

10
-
+ 41 23

5
-
+ 1502 B-MS L L L L L L

414 23.531792 30.650670 0.5 013407.6334
+303901.935

0.5 1.6e+35 4.1 0.2
0.1

-
+ 3.0 0.7

0.1
-
+ 6.0 0.2

0.5
-
+ 0.8 0.8

0.2
-
+ 5 1

1
-
+ 100 99

0
-
+ 50 33

19
-
+ 888 B-MS stellar 013407.63

+303902.4
L L 773 L

013407.5945
+303902.037

0.6 4.1 0.1
0.1

-
+ 2.8 0.1

0.3
-
+ 4.6 0.2

0.6
-
+ 0.4 0.1

0.3
-
+ 5 1

1
-
+ 100 34

0
-
+ B-MS

013407.6468
+303902.541

0.3 4.2 0.1
0.1

-
+ 2.8 0.1

0.3
-
+ 4.3 0.2

0.6
-
+ 0.4 0.1

0.4
-
+ 5 1

1
-
+ 100 35

0
-
+ B-MS

415 23.532542 30.598310 0.5 013407.8274
+303554.131

0.3 5.8e+35 4.7 0.1
0.1

-
+ 6.1 0.5

0.1
-
+ 18.0 0.4

1.9
-
+ 3.8 0.2

0.1
-
+ 78 40

2
-
+ 2 1

2
-
+ 66 32

8
-
+ 602 O-G L L L L 776 L

424 23.543792 30.662890 0.5 013410.5196
+303946.307

0.7 2.0e+36 4.4 0.1
0.2

-
+ 4.9 0.1

0.3
-
+ 16.7 6.1

0.1
-
+ 2.8 0.3

0.1
-
+ 17 1

8
-
+ 10 5

2
-
+ 54 31

5
-
+ 965 B-G stellar 013410.51

+303946.4
L L 797 L

013410.5483
+303946.919

0.2 4.2 0.1
0.1

-
+ 3.0 0.1

0.3
-
+ 5.1 0.6

0.1
-
+ 0.4 0.2

0.2
-
+ 5 1

1
-
+ 79 33

20
-
+ B-MS

439 23.560087 30.551070 0.5 013414.4690
+303303.881

0.6 1.5e+35 4.1 0.1
0.1

-
+ 3.1 0.1

0.1
-
+ 6.6 0.1

0.8
-
+ 0.2 0.1

0.3
-
+ 5 1

1
-
+ 100 21

0
-
+ 59 23

12
-
+ 353 B-MS stellar L L L 816 L

442 23.562833 30.796890 0.5 0.4 1.1e+35 4.2 0.1
0.1

-
+ 2.9 0.1

0.4
-
+ 4.4 0.3

0.4
-
+ 0.2 0.1

0.4
-
+ 5 1

2
-
+ 100 62

25
-
+ 42 20

4
-
+ 1728 B-MS L L L L L L
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Table 1
(Continued)

T11 T11 T11 T11 PHATTER CP
0.35–8
keV log(Teff) log(L) R AV M SED

SFH
Med.

L22
SFH

Best
Sp. T11 G18 Y22 Y22 W15 G05

ID R.A. Decl. ePos Name Sep. Lum. (K)
(erg
s−1) (Re) (mag) (Me) Age Age Reg. Type Class. Name ID Class. ID ID

(deg) (deg) (″) (″) (erg s−1) (Myr) (Myr) ID

013415.0522
+304748.936

452 23.571167 30.574080 0.5 013417.1086
+303426.560

0.3 4.2e+35 4.2 0.1
0.1

-
+ 5.3 0.1

0.1
-
+ 72.5 1.1

1.9
-
+ 2.8 0.1

0.1
-
+ 23 1

1
-
+ 7 1

2
-
+ 41 21

7
-
+ 460 None stellar 013417.08

+303426.6
L L 836 L

013417.0590
+303426.483

0.7 4.5 0.1
0.1

-
+ 4.8 0.2

0.1
-
+ 7.7 0.4

1.2
-
+ 0.4 0.1

0.2
-
+ 17 3

2
-
+ 10 4

2
-
+ B-MS

013417.1327
+303426.957

0.4 4.5 0.1
0.1

-
+ 4.5 0.3

0.1
-
+ 4.8 0.1

1.0
-
+ 0.4 0.2

0.1
-
+ 15 5

1
-
+ 6 3

5
-
+ B-MS

454 23.571542 30.812170 0.5 013417.1671
+304843.974

0.2 7.2e+34 4.6 0.1
0.1

-
+ 4.9 0.1

0.1
-
+ 7.2 0.5

0.1
-
+ 1.2 0.1

0.1
-
+ 22 1

3
-
+ 5 2

1
-
+ 7 0

0
-
+ 1801 None L 013417.17

+304843.8
L L L L

460 23.575077 30.702490 0.5 013418.0482
+304208.638

0.5 4.5e+34 4.2 0.1
0.1

-
+ 3.6 0.1

0.2
-
+ 9.1 0.9

0.1
-
+ 0.4 0.1

0.2
-
+ 7 1

1
-
+ 50 15

12
-
+ 68 37

7
-
+ 1189 B-MS L L L L L L

463 23.577417 30.786140 0.5 013418.5457
+304709.500

0.7 2.7e+34 4.3 0.1
0.1

-
+ 3.1 0.2

0.1
-
+ 3.2 0.1

0.2
-
+ 0.2 0.2

0.2
-
+ 6 1

1
-
+ 31 17

19
-
+ 35 2

3
-
+ 1655 B-MS L L L L L L

471 23.588125 30.658530 0.5 013421.1706
+303931.110

0.5 2.9e+35 4.6 0.1
0.1

-
+ 5.3 0.1

0.1
-
+ 7.6 0.2

0.2
-
+ 1.6 0.1

0.1
-
+ 30 1

3
-
+ 3 1

1
-
+ 56 4

4
-
+ 934 None L 013421.15

+303930.7
L L 863 L

472 23.588542 30.726500 0.5 013421.2721
+304335.749

0.4 4.0e+34 4.4 0.1
0.1

-
+ 3.9 0.2

0.1
-
+ 5.1 0.6

0.1
-
+ 0.8 0.3

0.1
-
+ 10 2

1
-
+ 15 5

14
-
+ 63 38

10
-
+ 1313 B-MS stellar L L L L L

477 23.594500 30.773310 0.7 013422.6599
+304623.249

0.7 1.6e+34 4.1 0.1
0.1

-
+ 3.6 0.1

0.1
-
+ 15.3 0.3

6.1
-
+ 1.8 0.1

0.5
-
+ 5 1

1
-
+ 100 27

0
-
+ 47 29

25
-
+ 1587 None L L L L L L

013422.6275
+304624.150

0.7 4.0 0.1
0.1

-
+ 2.4 0.1

0.1
-
+ 5.1 0.4

0.1
-
+ 0.2 0.2

0.1
-
+ 4 1

1
-
+ 1 0

0
-
+ None

497 23.610542 30.746190 0.5 013426.4962
+304446.801

0.7 7.0e+35 4.4 0.1
0.1

-
+ 4.0 0.1

0.1
-
+ 6.1 0.3

0.1
-
+ 0.2 0.1

0.2
-
+ 11 1

1
-
+ 12 2

5
-
+ 39 24

9
-
+ 1437 B-MS L L L L 883 L

013426.5357
+304446.729

0.5 4.7 0.1
0.1

-
+ 5.6 0.1

0.1
-
+ 8.2 0.2

0.2
-
+ 2.8 0.1

0.1
-
+ 50 34

1
-
+ 1 0

3
-
+ None

502 23.612417 30.720390 0.5 013427.0123
+304313.236

0.4 1.5e+36 4.1 0.1
0.1

-
+ 2.9 0.1

0.1
-
+ 5.5 0.1

0.2
-
+ 0.4 0.2

0.1
-
+ 5 1

1
-
+ 100 20

0
-
+ 43 19

4
-
+ 1274 B-MS L L L L 889 L

508 23.617667 30.722080 0.5 013428.2930
+304319.763

0.7 4.9e+34 4.1 0.2
0.1

-
+ 2.8 0.6

0.1
-
+ 4.6 0.1

0.6
-
+ 0.6 0.6

0.1
-
+ 5 1

1
-
+ 100 99

25
-
+ 55 4

5
-
+ 1317 B-MS L L L L L L

523 23.628792 30.752830 0.5 013430.8829
+304510.032

0.4 1.4e+35 4.2 0.1
0.1

-
+ 3.2 0.2

0.1
-
+ 5.3 0.1

0.6
-
+ 0.4 0.2

0.1
-
+ 6 1

1
-
+ 63 12

36
-
+ 57 33

12
-
+ 1477 B-MS L L L L 909 L

541 23.641167 30.781310 0.5 013433.9145
+304652.378

0.6 8.2e+34 4.3 0.1
0.1

-
+ 3.8 0.1

0.4
-
+ 5.4 0.3

0.1
-
+ 1.4 0.1

0.2
-
+ 7 1

6
-
+ 39 32

10
-
+ 46 37

19
-
+ 1627 B-MS L L L L L L

542 23.642917 30.783830 1.0 013434.3598
+304701.946

0.8 7.3e+34 4.3 0.1
0.1

-
+ 3.5 0.2

0.1
-
+ 4.3 0.1

0.5
-
+ 0.4 0.1

0.2
-
+ 8 2

1
-
+ 20 4

38
-
+ 4 0

48
-
+ 1663 B-MS L L L L L L
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Table 1
(Continued)

T11 T11 T11 T11 PHATTER CP
0.35–8
keV log(Teff) log(L) R AV M SED

SFH
Med.

L22
SFH

Best
Sp. T11 G18 Y22 Y22 W15 G05

ID R.A. Decl. ePos Name Sep. Lum. (K)
(erg
s−1) (Re) (mag) (Me) Age Age Reg. Type Class. Name ID Class. ID ID

(deg) (deg) (″) (″) (erg s−1) (Myr) (Myr) ID

545 23.646220 30.786680 0.5 013435.1355
+304711.653

0.7 9.9e+34 4.2 0.1
0.1

-
+ 3.0 0.2

0.1
-
+ 5.1 0.4

0.3
-
+ 0.6 0.2

0.1
-
+ 5 1

1
-
+ 100 20

0
-
+ 27 23

24
-
+ 1664 B-MS L 013435.09

+304712.0
L L 945 L

013435.0362
+304712.012

0.7 4.3 0.1
0.1

-
+ 3.2 0.3

0.1
-
+ 3.4 0.1

0.5
-
+ 0.4 0.2

0.2
-
+ 6 1

1
-
+ 39 18

37
-
+ B-MS

Notes. We present X-ray and optical information for each of the 65 HMXB candidates in this study. Twenty-three of the X-ray sources from Tüllmann et al. (2011) have multiple companion star candidates. For X-ray
sources with multiple candidate companion stars, the X-ray source properties are listed once, and the stellar properties are each listed in a separate row. Column descriptions are as follows: T11 ID, T11 R.A., T11 decl.,
and T11 ePos are the ID number, R.A., decl., and error on the X-ray source position presented in Tüllmann et al. (2011). The PHATTER Name is the position of the HMXB companion star candidate in the PHATTER
catalog (Williams et al. 2021). The CP Sep. column denotes the separation between the PHATTER star’s position and the ChASeM33 X-ray sources position, in arcseconds. We list each source’s 0.35–8.0 keV
luminosity, derived from its count rate in the ChASeM33 catalog (Tüllmann et al. 2011). The log(Teff), log(L), R, AV, M, and SED Age columns come from the SED fits performed for each HMXB companion star
candidate, described in Section 3.2 and list the star’s best-fit effective temperature, luminosity, radius, dust extinction, mass, and age. We include the median age of stars formed in the last 80 Myr in the region from the
Lazzarini et al. (2022) SFH maps of M33 within which each HMXB resides. We also include the number of the region in the Lazzarini et al. (2022) SFH maps that contains each HMXB candidate for ease in retrieving
the full SFHs. We include the most likely spectral type for each companion star candidate, based on the methodology described in Section 3.2. Lastly, we present the source’s ID and classifications from previous X-ray
surveys of M33. We present the classification for each source listed in Tüllmann et al. (2011, hereafter T11). For sources that also appear in the Garofali et al. (2018, hereafter G18) HMXB catalog, we list the source
name in their catalog. We list the source ID and classification from the (Yang et al. 2022, Y22) NuSTAR survey of M33. Yang et al. (2022) classified NuSTAR-detected sources based on their hard X-ray colors and
luminosities. The abbreviations are as follows: ULX = ultraluminous X-ray source, S = soft accretion state black hole, I = intermediate accretion state black hole, H = hard accretion state black hole, P = pulsar, and
Z = Z-type neutron star. For sources in Yang et al. (2022, hereafter Y22) that were consistent with multiple compact object types, the most likely type is listed first, with other possible types listed in parentheses. We
present the source ID for sources in the XMM-Newton survey of M33 by Williams et al. (2015, hereafter W15) and in the Grimm et al. (2005, hereafter G05) study of HMXBs in M33.

(This table is available in machine-readable form.)
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The PHATTER survey covered an area of 14 kpc2 in the inner
disk of M33, providing six-band photometry for over
22 million stars. In this study, we use the mosaic imaging
from the PHATTER survey and the photometric catalog
(Williams et al. 2021) to identify the optical counterpart for
Tüllmann et al. (2011) X-ray sources within the PHATTER
survey footprint. We also use the spatially resolved recent SFH
maps derived from the PHATTER optical photometry by
Lazzarini et al. (2022) to measure the age distribution and
HMXB production rate for M33.

2.3. Astrometric Alignment

We use the X-ray source properties and positions from the
ChASeM33 survey (Tüllmann et al. 2011) and optical imaging
and photometric catalogs from PHATTER (Williams et al.
2021) in our analysis. The ChASeM33 catalog is aligned to the
Two Micron All Sky Survey (2MASS; Cutri et al. 2003;
Tüllmann et al. 2011; Garofali et al. 2018), and the PHATTER
catalog is aligned to GAIA. To ensure that our X-ray and
optical data were aligned, we selected sources in the
PHATTER catalog with an F160W magnitude <15.5, to
match the 99.9% completeness limit of the 2MASS survey in
the H band, which closely overlaps with the F160W filter on
HST. We then matched the 2MASS catalog to the PHATTER
sources. We performed this task in an iterative fashion so that
false matches could be culled from our list of matches.

To confirm our matches, we plotted the PHATTER
photometry and the 2MASS photometry for each source to
create an SED. We visually inspected the SED for each match
to confirm that the SED shape looked smooth at the transition
from the HST to 2MASS filters. We also plotted the positions
of all stars within 5″ that fit our PHATTER criteria
(F160W< 15.5) and all 2MASS stars that lie within the same
area to confirm that the sources look like a good match. Due to
our magnitude cuts, the source density of PHATTER sources is
greatly reduced, reducing the chances of an erroneous match.

We find an offset between the two catalogs of ΔR.A. 0 04
and Δdecl. 0 004, with an rms of 0.1 in both R.A. and decl.
The offset in both R.A. and decl. is of the same order of
magnitude as the mean 2MASS positional errors for the sources
we use as matches in our alignment. Because the offset
between the two catalogs is less than the mean 2MASS
positional error for all sources, we did not update the positions
of the sources in the ChASeM33 catalog (aligned the 2MASS)
or the PHATTER catalog.

3. Analysis

We use near-UV/optical and X-ray observations to identify
65 HMXB candidates in M33. We perform SED fitting to
determine the likely physical properties of candidate HMXB
companion stars. Using maps of the spatially resolved recent
SFH of M33, we measure the age distribution and production
rate for the HMXB candidate sample. We use multiwavelength
information including Chandra hardness ratios, UV/optical
SED shapes, local SFRs, and measurements of extinction to
evaluate our HMXB candidate sample and identify the highest-
quality HMXB candidates. Lastly, we cross-match our HMXB
candidate sample with previous catalogs of X-ray sources and
HMXB candidates in M33.

3.1. Identification of HMXB Candidate Sample

We identify HMXB candidates using HST optical/near-UV
imaging and photometry from the PHATTER survey (Williams
et al. 2021) and Chandra-detected X-ray source positions and
fluxes/count rates from the ChASeM33 survey (Tüllmann
et al. 2011). As described in more detail in this section, we
identify 64 HMXB candidates using the methodology
described here. We include M33 X-8, the nuclear ULX, in
our sample when analyzing the HMXB ages and production
rates, which brings our total HMXB candidate sample of
65 sources.
To identify our sample of HMXB candidates, we started with

all X-ray point sources from Tüllmann et al. (2011) that were
within the PHATTER survey footprint that were not classified
as active galactic nuclei (AGNs) based on optical spectroscopy
(Tüllmann et al. 2011), SNRs based on their X-ray, radio, and
optical properties (Long et al. 2010), or colliding-wind binaries
(Garofali et al. 2019). We also removed X-ray sources from our
sample if the optical counterpart identified in the PHATTER
imaging was a resolved galaxy. We include the nuclear HMXB
(X-8; ChASeM33 318) in our HMXB candidate sample for age
and production rate measurements, although we cannot resolve
its optical counterpart within the nuclear star cluster of M33.
We selected optical counterpart candidates from within 1.5σ

of the X-ray source position, using the errors and X-ray source
positions presented in the ChASeM33 survey catalog. This
radius was chosen to maximize the recovery of the HMXB
population in M33, while minimizing chance superpositions
between X-ray sources and optical counterpart candidates. To
settle on this distance, we started with a 1σ error circle and
expanded the radius iteratively by 0.1σ. We expanded out to
1.5σ, which allowed us to recover the HMXB candidates
identified by Garofali et al. (2018) that fall within the
PHATTER footprint but that were not otherwise disqualified
(i.e., likely SNR, resolved galaxy in PHATTER imaging,
colliding-wind binary).
When only selecting companion star candidates from within

1σ, we identified 40 unique HMXB candidates, and when we
select from within 1.5σ we identify 64 unique HMXB
candidates. As described in more detail in Section 3.1.1, with
a match radius of 1.5σ, we expect three to four false HMXBs
due to a chance superposition of a star in the PHATTER
catalog that meets our selection criteria and an X-ray source in
the ChASeM33 source catalog. With a match radius of 1σ we
expect one to two false HMXBs due to a chance superposition.
When we expand our match radius from 1σ to 1.5σ we gain 24
HMXB candidates, suggesting that the majority of the gained
HMXB candidates are not false matches. We expect the X-ray
source to be located within the 1σ error on its positions 68% of
the time, and when we expand to 1.5σ we expect the X-ray
source to be located within this 1.5σ positional error 87% of the
time. We find that the trade-off of a slight increase in the
number of chance superpositions is outweighed by the increase
in our sample of HXMB candidates.
We selected optical counterpart candidates that had colors

and magnitudes in the PHATTER photometric catalog
consistent with being massive (M 8Me) main-sequence,
giant, or supergiant stars. We chose this mass cutoff because it
is the known lower limit for the masses of Be stars in Be X-ray
binaries (Be-XRBs; Shao & Li 2014; Coe & Kirk 2015). We
used Padova stellar models (Marigo et al. 2008) to define the
ranges of colors and magnitudes of massive main-sequence and
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giant/supergiant stars. To define the ranges in color and
magnitude, we started with Padova stellar tracks and plotted
them onto optical and UV color–magnitude diagrams (CMDs).
We then applied extinction to each photometric band for our
model stars using the coefficients for reddening in the HST
bandpasses used in the PHATTER survey (Schlafly &
Finkbeiner 2011) and applied 1 and 2 magnitudes of dust
extinction (AV). To ensure that we selected a complete sample,
we included stars within 0.5 mag of the lowest expected
magnitude for an 8 Me star. This margin makes us potentially
sensitive to unreddened counterpart candidates down to
∼6 Me.

We used four sets of criteria to select likely massive stars
associated with X-ray point sources. We list the exact color and
magnitude cuts we used to select HMXB companion star
candidates in Table 2. Counterparts were selected if they were
within 1.5σ of an X-ray point-source position and had colors
consistent with being a massive (M 8Me) main-sequence or
giant/supergiant star with up to two magnitudes of dust
extinction, AV.

Using these criteria, we identify 64 HMXB candidates. The
65th HMXB we include in our sample is the ULX in the
nuclear cluster of M33, X-8 (ChASeM33 318), which does not
have an identified companion star candidate due to high stellar
density in the central region of the galaxy. In our identified
HMXB candidate sample, 23 X-ray sources have more than
one star that meets one of the aforementioned criteria. We list
the HST photometry for all potential HMXB companion star
candidates in Table 3 and list the PHATTER position and
which ChASeM33 source the star is associated with in Table 1.

In Figure 2 we present CMDs showing the location of the
optical counterparts we identified using the criteria described
above. While the location of the HMXB companion star
candidates spans about 2 mag in F475W−F814W color (left
CMD), we see that all of these stars lie on or close to the main
sequence in the optical-UV (upper right) and UV-only (lower
right) CMDs, suggesting these stars are likely to be massive
stars.

3.1.1. Chance Superposition

We calculated the number of spurious HMXB companion
star candidates we expect based on a chance superposition of
an OB star within the 1.5σ error circle of our X-ray sources.
We applied the selection criteria outlined above to the full
PHATTER photometric catalog to find the total of stars in the
PHATTER catalog that met our criteria, and turned this into a
density of stars (arcseconds−2) when divided by the total area
of the PHATTER survey. We then summed the area of the 1.5σ

error circles for all ChASeM33 X-ray sources (regardless of
optical counterpart type) that fall within the PHATTER survey
footprint. We multiplied this area by the density of OB stars
that meet our selection criteria in the PHATTER catalog to find
the total number of chance superpositions we expect. We find
that there should be three to four chance superpositions, so we
expect that <10% of our HMXB candidates could be spurious.

3.1.2. AGN Contamination

In the process of identifying HMXB companion star
candidates, we visually inspected the PHATTER imaging at
the location of each ChASeM33 X-ray source within the
PHATTER survey footprint. We identified 29 resolved back-
ground galaxies that were spatially associated with ChASeM33
X-ray sources.
There are 202 ChASeM33 X-ray sources that lie within the

footprint of the PHATTER survey. Using the logN−logS
relation presented in Tüllmann et al. (2011) for AGNs, we
expect ∼100 AGNs within the area of M33 that is covered by
both the ChASeM33 and PHATTER surveys. There are 28
X-ray sources identified as SNRs by Long et al. (2010) using
narrowband imaging. We identify 65 HMXB candidates using
the methods described in Section 3.1.
We note that while we expect there to be ∼100 background

AGNs in the area of the PHATTER survey in M33, we only
identify 29 through visual inspection of the PHATTER HST
images. This difference is likely due to the limited depth of the
PHATTER imaging and difficulty detecting and resolving the
disk of a galaxy seen through the disk of M33, particularly in
regions with high stellar density and/or dust extinction. We
also expect our quality cuts to remove background AGNs with
point-source optical counterparts from our sample, as the
optical/UV SEDs for these sources should differ in shape from
massive stars in the disk of M33. We describe this series of
quality cuts that we perform on our sample in more detail in
Section 3.4.

3.2. SED Fitting

We used the Bayesian Extinction and Stellar Tool (BEAST;
Gordon et al. 2016) software to fit SEDs for the identified
point-source optical counterparts. The BEAST fits observed
SEDs with theoretical SEDs from the Padova/PARSEC single-
star stellar evolution models (Marigo et al. 2008; Bressan et al.
2012; Marigo et al. 2017) using Bayesian methods (Gordon
et al. 2016). We use the four optical to near-UV bands from the
PHATTER survey in our fitting: F275W, F336W, F475W,
F814W bands, with central wavelengths 2750, 3375, 4750, and
8353Å, respectively. When performing our SED fits, we

Table 2
Color and Magnitude Criteria Used to Select HMXB Companion Star Candidates

Type of Star Criteria

M  8 Me MS star with 0–1 mag. AV [(F814W < 24 and F475W−F814W < 0.75) or (F814W < 19)] and [(F336W < 24 and F275W−F336W < 1) or
(F336W < 22)]

M  8 Me MS star with �2 mag. AV [(F814W < 24 and F475W−F814W < 1.25)] and [(F336W < 24 and F275W−F336W < 1) or (F336W < 22)]
M  8 Me G/SG star with 0−1 mag. AV [(F814W < 23 and F475W−F814W < 0.75) or (F814W < 21)] and [F336W < 24]
M  8 Me G/SG star with �2 mag. AV [(F814W < 24 and F475W−F814W < 1.5) or (F814W < 22)] and [F336W < 24]

Notes. Color and magnitude cuts used to select massive main-sequence (MS) and giant/supergiant (G/SG) stars within the 1.5σ positional errors of ChASeM33 X-ray
source positions. We plot the stars selected using these criteria on a CMD in Figure 2.
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Table 3
PHATTER Photometry for HMXB Companion Star Candidates

PHATTER ChASeM33 F110W F160W F814W F475W F336W F275W
Name ID (mag) (mag) [mag] (mag) (mag) (mag)

013330.2309+304255.014 192 L L 22.50 22.44 21.12 20.83
013330.1734+304254.931 192 L L 23.97 23.96 23.09 23.12
013331.2921+303402.538 200 22.88 22.30 23.18 23.14 22.10 21.71
013331.7587+303555.916 204 23.22 23.02 23.11 23.05 22.04 21.98
013331.8256+304011.190 205 23.73 23.70 23.72 23.72 22.89 22.83
013331.8551+304012.079 205 23.03 22.70 23.73 23.94 23.88 24.81
013332.1735+303656.933 207 19.60 18.85 20.12 21.17 20.75 21.06
013332.5421+303618.159 212 23.41 23.48 23.97 24.02 23.93 25.17
013332.6992+303338.903 213 23.87 24.22 23.81 23.69 22.83 22.57
013333.7188+303109.771 221 20.43 19.36 21.51 23.23 23.70 25.32
013334.1333+303211.355 225 19.62 19.60 19.41 19.38 17.98 17.62
013334.5519+303555.630 228 23.95 23.67 23.74 23.54 22.43 22.20
013335.5034+303729.430 233 22.96 21.98 23.32 24.67 23.70 24.81
013336.0402+303333.097 237 21.64 20.52 22.94 24.25 22.61 23.05
013337.8783+303837.497 250 20.84 20.19 21.76 22.63 21.62 21.66
013337.9678+304035.531 252 23.09 22.80 23.26 23.62 23.54 23.88
013339.1501+303216.771 261 23.49 23.84 23.46 23.55 23.01 23.28
013339.8512+304349.810 266 22.14 21.96 22.29 22.37 21.43 21.21
013340.1282+304322.598 268 23.70 23.60 23.88 24.04 23.84 24.10
013340.8370+303524.269 272 23.05 22.93 22.85 22.84 21.70 21.44
013340.8230+303523.898 272 23.40 23.19 23.51 23.70 22.91 22.92
013340.7570+303523.918 272 23.68 23.92 23.71 23.76 22.79 22.68
013340.8203+303524.111 272 23.62 22.96 23.87 24.52 23.83 24.09
013341.2625+303213.735 274 21.62 21.34 21.55 21.96 20.54 20.25
013341.2839+303213.275 274 23.49 23.61 23.54 23.65 23.43 23.38
013341.4248+303815.823 276 21.93 21.92 21.69 21.69 20.45 20.14
013341.4588+303815.839 276 21.19 21.43 21.89 22.71 21.85 22.25
013341.5638+304136.445 277 20.30 19.55 21.15 23.07 22.73 23.79
013342.1069+304852.999 280 L L 23.02 23.06 22.56 22.70
013342.4948+304253.566 281 22.41 22.11 22.76 23.18 22.28 22.20
013345.3022+304134.902 294 22.96 22.86 22.63 22.68 21.64 21.47
013345.1904+304134.824 294 22.85 23.27 22.76 22.72 21.61 21.35
013346.5634+303748.811 299 19.94 19.02 20.90 21.65 21.01 20.81
013347.5081+304042.825 304 23.22 23.27 23.15 23.44 23.49 23.89
013350.4962+304858.789 315 22.66 21.09 22.70 24.01 23.39 23.52
013350.5300+303822.076 316 21.35 21.29 21.17 20.97 19.47 19.05
013350.4516+303821.461 316 19.67 18.71 20.82 22.68 22.19 22.08
013350.5026+303821.603 316 22.44 21.16 23.23 24.69 24.00 24.65
013351.1466+303823.370 319 22.76 22.37 23.02 23.09 22.42 22.20
013351.1192+303823.231 319 23.15 23.02 23.69 23.80 23.29 23.93
013352.1445+303844.851 321 23.78 23.75 23.64 23.61 23.05 23.29
013354.4304+303414.753 329 22.57 22.30 22.71 22.60 21.40 21.12
013355.7346+303924.919 340 24.02 23.41 23.99 24.04 23.39 23.42
013356.7712+303729.789 347 21.36 21.07 21.26 21.36 20.11 20.05
013356.7851+303729.343 347 19.22 18.64 19.87 20.77 20.09 19.96
013356.8378+303706.541 348 22.89 22.90 22.84 22.71 21.80 21.54
013356.7901+303706.260 348 21.47 20.44 22.35 23.31 21.54 21.49
013358.2439+303437.894 358 23.31 22.93 23.61 23.56 22.93 23.05
013358.2340+303438.742 358 23.62 23.21 23.80 23.80 23.45 23.78
013358.7032+304228.773 363 23.25 23.21 23.30 23.50 22.57 22.34
013400.2685+303057.540 370 23.49 23.42 23.51 23.44 22.56 22.30
013400.7323+303945.581 377 22.62 22.35 22.61 22.68 21.68 21.52
013400.7047+303944.987 377 23.15 22.72 23.72 23.75 22.86 22.69
013401.0581+303709.917 382 23.07 23.02 23.08 23.44 22.67 22.79
013401.1408+303711.803 382 23.70 23.63 23.82 23.61 22.62 22.35
013401.1653+303242.555 384 22.77 22.08 23.57 24.12 23.53 23.65
013401.1405+303242.573 384 20.43 19.30 21.37 23.16 22.76 23.23
013402.0897+304702.750 390 21.95 21.89 21.74 21.52 20.11 19.71
013402.1260+304702.936 390 23.97 24.52 23.86 23.96 23.92 24.22
013402.3852+303136.836 391 23.92 23.77 23.90 23.89 23.00 23.32
013402.8397+303439.553 397 23.12 22.96 23.27 23.53 23.68 24.33
013402.8833+304151.341 398 19.08 19.12 18.90 18.73 17.11 16.67
013402.8632+304151.772 398 21.94 21.91 22.10 22.38 22.72 23.12
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assume that all sources are in the disk of M33, at a fixed
distance modulus of 24.67 or 859 kpc (de Grijs & Bono 2014),
and are moving with a constant radial velocity of
−179.2 km s−1 (McConnachie 2012).

The BEAST fits for parameters including age, mass,
metallicity, distance, dust column density (AV), average grain
size (RV), and fA—a parameter describing the distribution of
different types of dust observed in the Local Group. From these
parameters, the BEAST derives the luminosity, effective
temperature, radius, and surface gravity for each HMXB
companion candidate.

The BEAST imposes a Kroupa initial mass function
(Kroupa 2001) as a prior on stellar mass, a uniform prior for
AV, RV, fA, stellar age, and stellar metallicity (Gordon et al.
2016). The BEAST then maps the initial mass and log(t) onto
log(Teff) versus log(L) and log(Teff) versus log(g) diagrams to
produce priors on the other stellar physical parameters
including luminosity, effective temperature, radius, and surface
gravity, which reflect the expected distribution of known stars
(Gordon et al. 2016). The BEAST returns the parameters for
the best-fit stellar and dust model and probability distributions
for each parameter. We use these probability distributions to
report the 16th and 84th percentile errors for each parameter.

We allow the log(t) to range from 6–8 (106–108 yr) in steps
of 0.1. The metallicity grid was constrained to Zinitial = [0.03,
0.019, 0.012, 0.008, 0.004, 0.001,0.0004], which covers the
slightly supersolar to solar range as seen in M33 (Cioni 2009).
We allow AV values ranging from 0.0–5.0 mag in steps of 0.25
mag. We chose this range to be consistent with the values of AV

measured by Lazzarini et al. (2022) when recovering the
spatially resolved recent SFH of M33, but allowing for higher
AV to account for the fact that HMXBs may be in areas of their
local stellar environment with higher extinction than average.
We determine the most likely spectral type for each source

based on its best-fit effective temperature, luminosity, and stellar
radius. In Figure 3, we plot the Hertzsprung–Russell diagram for
all HMXB companion star candidates using the best-fit luminosity
and effective temperature. For HMXBs with only one companion
star candidate, we plot the star with a diamond-shaped point. For
HMXBs with multiple companion star candidates, we plot each
star with a square-shaped point. The error bars represent the 16th
and 84th percentile values corresponding to the ±1σ. If an error
bar only extends in one direction, for example, if a point does not
have a lower error in log(Teff), the best-fit value for the given
parameter lies outside the 16th–84th percentile range. The size of
each point scales with its best-fit stellar radius. We also include
background patches to show the expected ranges in effective

Table 3
(Continued)

PHATTER ChASeM33 F110W F160W F814W F475W F336W F275W
Name ID (mag) (mag) [mag] (mag) (mag) (mag)

013402.8386+304151.547 398 24.39 23.83 23.97 23.99 23.38 23.93
013404.4372+304521.215 406 22.16 22.21 21.97 21.76 20.59 20.30
013407.6334+303901.935 414 23.09 23.20 23.59 23.79 23.99 24.69
013407.5945+303902.037 414 23.41 23.56 23.75 23.80 23.29 23.79
013407.6468+303902.541 414 23.67 23.54 23.83 23.90 23.40 23.57
013407.8274+303554.131 415 20.65 19.97 21.44 22.88 22.13 22.17
013410.5196+303946.307 424 23.38 22.85 23.40 23.41 22.59 22.55
013410.5483+303946.919 424 21.23 20.37 21.92 22.92 22.21 22.19
013414.4690+303303.881 439 22.82 22.82 22.84 22.88 22.31 22.39
013415.0522+304748.936 442 23.69 23.83 23.49 23.51 22.65 22.49
013417.1086+303426.560 452 21.30 21.24 21.19 21.07 19.70 19.35
013417.0590+303426.483 452 22.18 22.02 22.10 21.91 20.50 20.20
013417.1327+303426.957 452 19.23 18.43 19.55 20.60 20.04 20.04
013417.1671+304843.974 454 21.78 21.52 21.73 21.93 20.59 20.26
013418.0482+304208.638 460 22.23 22.18 22.10 22.07 21.14 20.86
013418.5457+304709.500 463 24.21 24.94 23.92 23.72 22.57 22.28
013421.1706+303931.110 471 21.55 21.32 21.68 22.12 20.90 20.70
013421.2721+304335.749 472 22.91 22.88 22.94 22.91 21.66 21.26
013422.6599+304623.249 477 23.79 23.81 23.87 23.89 23.79 24.05
013422.6275+304624.150 477 21.83 21.19 22.33 23.45 23.84 24.68
013426.4962+304446.801 497 22.28 22.16 22.06 21.83 20.43 19.96
013426.5357+304446.729 497 21.77 20.73 22.23 23.27 21.96 22.16
013427.0123+304313.236 502 23.43 23.09 23.42 23.44 23.16 23.54
013428.2930+304319.763 508 23.90 24.13 23.93 24.02 23.97 24.30
013430.8829+304510.032 523 23.28 23.39 23.23 23.24 22.55 22.83
013433.9145+304652.378 541 22.77 22.64 22.94 23.51 22.59 22.76
013434.3598+304701.946 542 23.29 23.28 23.20 23.22 22.24 22.12
013435.1355+304711.653 545 23.47 23.36 23.66 23.77 23.45 24.09
013435.0362+304712.012 545 24.12 23.94 23.89 23.89 22.99 23.06

Notes. Multiband photometry for each identified HMXB companion star candidate. We list the name of each star (derived from its position) in the PHATTER catalog
and the ChASeM33 ID number of the X-ray source each HMXB companion star candidate is associated with for ease in cross-referencing Table 1. Photometry comes
from the full PHATTER photometric catalog presented in Williams et al. (2021).

(This table is available in machine-readable form.)
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temperature and luminosity for O- and B-type main-sequence,
giant, and supergiant stars (Lamers & Levesque 2017). We
include isochrones from the Padova stellar models at different
ages (Marigo et al. 2008). We list the ranges of effective
temperature, radius, and luminosity for each type of star in
Table 4.

3.3. Age Determination with Spatially Resolved SFHs

We use the spatially resolved recent SFH of M33 derived from
the PHATTER optical-only photometry catalog (Lazzarini et al.

2022) to determine the age distribution and production rate for
HMXBs in M33 within the PHATTER survey footprint.
Lazzarini et al. (2022) measured the spatially resolved recent

(back to ∼630 Myr) SFH of M33 with CMD fitting. They
performed CMD fitting with the software package MATCH
(Dolphin 2002) using the optical-only (F475W and F814W
bands with central wavelengths of 4750 and 8353Å,
respectively) PHATTER catalog as input. The optical-only
PHATTER catalog covers an area of ∼38 kpc2. To derive the
spatially resolved SFH, the area of the optical-only PHATTER
catalog was divided into 2005 roughly 100 pc by 100 pc (24″
on a side) regions for which the SFH was measured
independently.
The SFH was measured from log(t yr−1) of 6.6–10.15 with a

step size of 0.1. Their CMD fits focused on main-sequence
stars, optimizing for recovery of the recent SFH. They excluded
older, redder stars from their fits, including the vast majority of
red giant branch and red clump stars. The recent SFH is reliable
back to ∼630 Myr, which more than includes the expected
main-sequence lifetimes of stars with masses greater than or
equal to 8Me, which are the focus of our analysis in this paper.
The SFR measurements from the Lazzarini et al. (2022)

include errors that were measured using hybrid Monte Carlo
fitting and represent the range of all SFHs that could recreate
the observed CMD in that spatial region of M33. As described
in Lazzarini et al. (2021), this fitting can result in measurements

Figure 2. Optical and UV CMDs showing HMXB companion star candidates color-coded for the criteria used to select it as such, outlined in the legend and described
in detail in Section 3.1. Left: optical CMD; the background grayscale histogram represent all stars in the PHATTER photometric catalog within 5″ of an X-ray source
in the ChASeM33 catalog, used here to outline the main features of the CMD. The shaded, colored regions show the areas of the CMD occupied by stars of different
masses and evolutionary stages. Upper right: optical-UV CMD. The HMXB companion star candidates all lie on or just redward of the main sequence on this CMD.
Lower right: UV-only CMD.

Table 4
Physical Properties Used to Classify Companion Stars

Stellar Type Teff (K) log(L) (Le) Radius (Re)

O-MS 30,000–44,500 4.72–5.90 8.4–15
B-MS 9250–30,000 1.73–4.72 2.7–8.4
O-G 29,000–42,500 5.04–6.00 13–18
B-G 10,100–29,000 2.02–5.04 3.4–13
O-SG 26,000–40,300 5.52–6.04 22–25
B-SG 9730–26,000 4.54–5.52 25–66

Notes. List of the ranges of effective temperatures, luminosities, and radii used
to classify companion stars. We plot these ranges as colored patches on the
Hertzsprung–Russell diagram in Figure 3. Values come from Appendix B of
Lamers & Levesque (2017).
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of zero SFRs in certain time bins with upper errors, creating
asymmetrical errors on SFR measurements, resulting in
asymmetrical errors on our age distribution.

We determine the age distribution for our HMXB candidate
sample using the spatially resolved recent SFH within the last
80Myr in the region of the SFH maps containing each of our
HMXB candidates. For the region containing each HMXB
candidate, we calculate the stellar mass formed in each age bin
back to 80Myr by multiplying that bin’s measured SFR by its
width in years. We then divide this stellar mass formed in each
time bin by the total stellar mass formed within the last 80Myr its
local region of the SFH maps to get a probability distribution for
its age. We sum these probability distributions for all HMXB
candidates to get an age distribution for the population, which we

show for various subsamples of our HMXB candidate sample in
the plots in the left column of Figure 4.
We perform the same analysis for an equal number of

regions from the Lazzarini et al. (2022) SFH maps. We
randomly select regions from the maps with measured star
formation within the last 80Myr. This allows us to compare the
age distribution for regions containing HMXB candidates
against the overall age distribution for regions across the
galaxy. We perform this random selection of regions 10,000
times and plot the median age distribution as a green line in
Figure 4. We list the identification number of the region in the
Lazzarini et al. (2022) SFH maps that contain each HMXB
candidate in Table 1 so that the SFH can be retrieved for any
individual HMXB. We also include the median age of the stars

Figure 3. Hertzsprung–Russell diagram with the SED-fit-derived effective temperatures and luminosities for our HMXB companion star candidates. Each HMXB
companion star candidate is plotted as an individual point with errors. The shape of the point denotes the number of companion star candidates, diamond-shaped points
represent HMXBs with only one companion star candidate, and square-shaped points represent HMXBs with multiple companion star candidates. The size of the point
scales with the best-fit radius of the source. The opacity of the point scales with its “quality” according to the evaluation criteria described in Section 3.4. The
background shaded regions indicate the expected ranges in log(Teff) and log(Luminosity) for O- and B-type main-sequence (MS), giant (G), and supergiant (SG) stars
from Lamers & Levesque (2017), also listed in Table 4. Isochrones from the Padova stellar models (Marigo et al. 2008) are overplotted.
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in the region of the SFH maps containing each HMXB
candidate that formed in the last 80Myr in Table 1. The median
age is the age at which 50% of the cumulative stellar mass in
that region was formed, with errors showing the ages at which
16% and 84% of the cumulative stellar mass was formed.

3.4. Determining Best HMXB Candidate Sample

One major goal in our analysis is to identify a clean sample
of HMXB candidates in M33 for which both HST and Chandra
data are available. We want to remove any non-HMXB
sources including background galaxies, SNRs, and

Figure 4. Age distributions and time-resolved production rates for our HMXB sample. Each row represents a different subsample based on the evaluation criteria
described in Section 3.4, the top row is our full sample, the middle row represents HMXB candidates that raise one or fewer of our quality flags, and the bottom row
shows our highest-quality HMXB candidate sample. The black histograms in the left column represent the age distribution for each subsample, and the green line
represents a random sample. For more detail, see Section 4.2. In the right column, the histograms represent the time-resolved HMXB production rate for each sample,
and the green line represents a random sample for comparison. See Section 4.3 for more details.
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Table 5
Values Used to Determine Best HMXB Candidate Sample

T11 ID PHATTER Pos. Chandra Chandra F110W-F160W SFR < 80 Myr NH SED-derived AV SFH-derived AV

HR1 HR2 (mag) (×10−4 Me yr−1) (×1021 cm−2) (mag) (mag)

192 013330.2309+304255.014 0.3 −0.3 L 0.2 L 0.4 0.05
0.29

-
+ 0.21

192 013330.1734+304254.931 0.3 −0.3 L 0.2 L 0.2 0.04
0.37

-
+ 0.21

200 013331.2921+303402.538 0.6 0.3 0.6 1.4 L 0.4 0.24
0.18

-
+ 0.11

204 013331.7587+303555.916 −0.0 0.2 0.2 2.8 L 0.4 0.14
0.15

-
+ 0.21

205 013331.8256+304011.190 −0.2 0.2 0.0 0.0 L 0.2 0.08
0.39

-
+ 0.11

205 013331.8551+304012.079 −0.2 0.2 0.3 0.0 L 0.8 0.1
0.3

-
+ 0.11

207 013332.1735+303656.933 0.1 0.7 0.7 3.8 99.1 9.91
9.91

-
+ 2.2 0.14

0.14
-
+ 0.21

212 013332.5421+303618.159 −0.1 −0.1 −0.1 2.6 L 0.6 0.01
0.39

-
+ 0.21

213 013332.6992+303338.903 −0.1 0.5 −0.3 5.1 L 0.0 0.0
0.4

-
+ 0.31

221 013333.7188+303109.771 0.1 0.1 1.1 2.2 4.1 1.6
1.9

-
+ 2.4 0.13

0.15
-
+ 0.16

225 013334.1333+303211.355 0.0 −0.2 0.0 4.4 6.3 0.63
0.63

-
+ 0.6 0.14

0.14
-
+ 0.21

225 013334.1489+303211.229 0.0 −0.2 0.1 4.4 6.3 0.63
0.63

-
+ 1.0 0.13

0.15
-
+ 0.21

225 013334.1388+303211.457 0.0 −0.2 −0.1 4.4 6.3 0.63
0.63

-
+ 1.0 0.35

0.02
-
+ 0.21

225 013334.1134+303211.388 0.0 −0.2 0.4 4.4 6.3 0.63
0.63

-
+ 1.4 0.18

0.13
-
+ 0.21

225 013334.0783+303211.376 0.0 −0.2 0.3 4.4 6.3 0.63
0.63

-
+ 0.8 0.2

0.22
-
+ 0.21

228 013334.5519+303555.630 −0.1 −0.1 0.3 2.4 0.1 0.01
0.01

-
+ 0.4 0.36

0.05
-
+ 0.21

233 013335.5034+303729.430 0.0 −0.2 1.0 2.0 4.3 2.9
3.7

-
+ 2.8 0.67

0.2
-
+ 0.31

237 013336.0402+303333.097 0.1 −0.1 1.1 1.7 4.4 2.0
2.5

-
+ 2.2 0.09

0.5
-
+ 0.11

250 013337.8783+303837.497 0.2 0.2 0.7 3.5 20.9 2.09
2.09

-
+ 2.2 0.14

0.14
-
+ 0.06

252 013337.9678+304035.531 0.3 0.4 0.3 1.2 39.4 25.3
35.6

-
+ 0.8 0.04

0.34
-
+ 0.26

261 013339.1501+303216.771 −0.3 −0.3 −0.3 4.1 L 0.4 0.02
0.32

-
+ 0.26

266 013339.8512+304349.810 0.2 −0.1 0.2 2.4 13.5 9.6
15.9

-
+ 0.6 0.12

0.18
-
+ 0.36

268 013340.1282+304322.598 0.0 −0.0 0.1 1.2 2.1 2.1
3.3

-
+ 0.6 0.07

0.3
-
+ 0.36

272 013340.8370+303524.269 −0.0 −0.4 0.1 7.4 10.8 1.08
1.08

-
+ 0.6 0.21

0.15
-
+ 0.11

272 013340.8230+303523.898 −0.0 −0.4 0.2 7.4 10.8 1.08
1.08

-
+ 0.2 0.14

0.74
-
+ 0.11

272 013340.7570+303523.918 −0.0 −0.4 −0.2 7.4 10.8 1.08
1.08

-
+ 0.4 0.26

0.38
-
+ 0.11

272 013340.8203+303524.111 −0.0 −0.4 0.7 7.4 10.8 1.08
1.08

-
+ 1.0 0.14

0.67
-
+ 0.11

274 013341.2625+303213.735 0.1 0.3 0.3 4.3 0.1 0.1
4.0

-
+ 1.6 0.13

0.16
-
+ 0.26

274 013341.2839+303213.275 0.1 0.3 −0.1 4.3 0.1 0.1
4.0

-
+ 0.8 0.22

0.19
-
+ 0.26

276 013341.4248+303815.823 3.7 2.9 0.0 8.7 L 0.6 0.25
0.15

-
+ 0.31

276 013341.4588+303815.839 3.7 2.9 −0.2 8.7 L 1.8 0.58
0.11

-
+ 0.31

277 013341.5638+304136.445 0.2 −0.1 0.7 5.3 11.1 4.2
5.5

-
+ 4.0 0.08

0.26
-
+ 0.26

280 013342.1069+304852.999 0.3 0.5 L 0.5 26.1 26.1
41.7

-
+ 0.4 0.13

0.17
-
+ 0.21

281 013342.4948+304253.566 0.3 0.2 0.3 1.0 17.4 4.0
4.8

-
+ 1.2 0.21

0.2
-
+ 0.26

294 013345.3022+304134.902 −0.1 0.5 0.1 3.1 L 0.6 0.19
0.16

-
+ 0.31

294 013345.1904+304134.824 −0.1 0.5 −0.4 3.1 L 0.6 0.33
0.1

-
+ 0.31

299 013346.5634+303748.811 −0.0 −0.0 0.9 3.3 1.0 0.8
1.0

-
+ 2.2 0.14

0.14
-
+ 0.16

304 013347.5081+304042.825 0.1 0.1 −0.0 1.7 L 0.6 0.08
0.54

-
+ 0.31

315 013350.4962+304858.789 −0.3 0.4 1.6 0.3 L 3.6 0.32
0.13

-
+ 0.11

316 013350.5300+303822.076 0.0 −0.1 0.1 4.1 2.5 1.7
2.1

-
+ 0.4 0.17

0.13
-
+ 0.06

316 013350.4516+303821.461 0.0 −0.1 1.0 4.1 2.5 1.7
2.1

-
+ 4.8 0.16

0.2
-
+ 0.06

316 013350.5026+303821.603 0.0 −0.1 1.3 4.1 2.5 1.7
2.1

-
+ 2.8 1.13

0.05
-
+ 0.06

319 013351.1466+303823.370 −0.0 −0.4 0.4 4.1 L 0.2 0.0
0.52

-
+ 0.06

319 013351.1192+303823.231 −0.0 −0.4 0.1 4.1 L 0.6 0.08
0.46

-
+ 0.06

321 013352.1445+303844.851 0.9 1.0 0.0 6.0 L 0.4 0.02
0.46

-
+ 0.21

329 013354.4304+303414.753 0.3 −0.3 0.3 3.1 L 0.4 0.12
0.21

-
+ 0.31

340 013355.7346+303924.919 0.4 0.0 0.6 9.1 L 0.2 0.02
0.67

-
+ 0.11

347 013356.7712+303729.789 0.0 −0.1 0.3 6.1 3.2 1.0
1.1

-
+ 2.6 0.14

0.14
-
+ 0.11

347 013356.7851+303729.343 0.0 −0.1 0.6 6.1 3.2 1.0
1.1

-
+ 0.6 0.14

0.14
-
+ 0.11

348 013356.8378+303706.541 0.0 0.1 −0.0 0.7 0.1 0.01
0.01

-
+ 1.8 0.15

0.13
-
+ 0.31

348 013356.7901+303706.260 0.0 0.1 1.0 0.7 0.1 0.01
0.01

-
+ 0.2 0.14

0.19
-
+ 0.31

358 013358.2439+303437.894 −0.1 0.6 0.4 5.3 L 0.2 0.04
0.37

-
+ 0.21

358 013358.2340+303438.742 −0.1 0.6 0.4 5.3 L 0.4 0.04
0.41

-
+ 0.21

363 013358.7032+304228.773 −0.5 −0.2 0.0 0.8 L 0.8 0.45
0.18

-
+ 0.06

370 013400.2685+303057.540 −0.0 −0.1 0.1 0.4 2.7 2.7
5.5

-
+ 0.4 0.31

0.07
-
+ 0.26

377 013400.7323+303945.581 −0.4 −0.1 0.3 8.1 L 0.4 0.02
0.35

-
+ 0.16

377 013400.7047+303944.987 −0.4 −0.1 0.4 8.1 L 0.2 0.13
0.44

-
+ 0.16
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foreground Milky Way stars. We assess the quality of our
HMXB candidates using each source’s X-ray and UV/
optical/IR properties, which we discuss in more detail in the
following subsections.

We use a system of flags to assess the quality of each HMXB
candidate. In this system, no single flag completely removes a
source from our HMXB candidate sample, but we note that it
may be more likely to be a non-HMXB source. We present the

Table 5
(Continued)

T11 ID PHATTER Pos. Chandra Chandra F110W-F160W SFR < 80 Myr NH SED-derived AV SFH-derived AV

HR1 HR2 (mag) (×10−4 Me yr−1) (×1021 cm−2) (mag) (mag)

382 013401.0581+303709.917 0.3 −0.3 0.0 2.3 L 0.6 0.06
0.62

-
+ 0.21

382 013401.1408+303711.803 0.3 −0.3 0.1 2.3 L 0.0 0.0
0.39

-
+ 0.21

384 013401.1653+303242.555 0.1 0.1 0.7 0.9 2.0 2.0
4.5

-
+ 4.4 0.14

0.14
-
+ 0.26

384 013401.1405+303242.573 0.1 0.1 1.1 0.9 2.0 2.0
4.5

-
+ 1.2 0.1

0.38
-
+ 0.26

390 013402.0897+304702.750 0.2 −0.2 0.1 0.4 6.6 5.4
13.6

-
+ 0.2 0.12

0.17
-
+ 0.21

390 013402.1260+304702.936 0.2 −0.2 −0.5 0.4 6.6 5.4
13.6

-
+ 0.6 0.02

0.5
-
+ 0.21

391 013402.3852+303136.836 0.2 −0.0 0.1 0.4 10.5 4.4
5.5

-
+ 0.4 0.15

0.18
-
+ 0.26

396 013402.8161+304941.003 0.2 0.5 0.9 0.7 25.5 8.3
10.5

-
+ 5.0 0.25

0.0
-
+ 0.16

397 013402.8397+303439.553 0.2 −0.0 0.2 1.0 5.1 5.1
12.3

-
+ 0.8 0.62

0.14
-
+ 0.31

398 013402.8833+304151.341 0.2 0.4 −0.0 2.0 13.0 6.7
8.9

-
+ 0.4 0.14

0.14
-
+ 0.11

398 013402.8632+304151.772 0.2 0.4 0.0 2.0 13.0 6.7
8.9

-
+ 0.6 0.13

0.15
-
+ 0.11

398 013402.8386+304151.547 0.2 0.4 0.6 2.0 13.0 6.7
8.9

-
+ 0.4 0.07

0.34
-
+ 0.11

406 013404.4372+304521.215 −0.1 0.8 −0.1 1.0 L 0.2 0.14
0.14

-
+ 0.21

414 013407.6334+303901.935 0.2 0.4 −0.1 5.4 35.0 21.4
32.1

-
+ 0.8 0.76

0.19
-
+ 0.11

414 013407.5945+303902.037 0.2 0.4 −0.2 5.4 35.0 21.4
32.1

-
+ 0.4 0.05

0.33
-
+ 0.11

414 013407.6468+303902.541 0.2 0.4 0.1 5.4 35.0 21.4
32.1

-
+ 0.4 0.01

0.39
-
+ 0.11

415 013407.8274+303554.131 −0.1 −0.1 0.7 2.3 0.6 0.6
2.0

-
+ 3.8 0.19

0.12
-
+ 0.16

416 013408.3441+303852.435 0.2 0.5 0.2 1.3 46.6 24.7
46.6

-
+ 0.4 0.31

0.13
-
+ 0.16

424 013410.5196+303946.307 −0.1 −0.0 0.5 1.3 0.1 0.01
0.01

-
+ 2.8 0.26

0.14
-
+ 0.16

424 013410.5483+303946.919 −0.1 −0.0 0.9 1.3 0.1 0.01
0.01

-
+ 0.4 0.23

0.16
-
+ 0.16

439 013414.4690+303303.881 0.1 0.0 0.0 1.6 0.1 0.01
0.01

-
+ 0.2 0.03

0.32
-
+ 0.21

442 013415.0522+304748.936 0.3 0.4 −0.1 0.5 L 0.2 0.07
0.4

-
+ 0.21

452 013417.1086+303426.560 0.3 0.1 0.1 3.6 17.6 6.3
7.6

-
+ 2.8 0.14

0.13
-
+ 0.21

452 013417.0590+303426.483 0.3 0.1 0.2 3.6 17.6 6.3
7.6

-
+ 0.4 0.13

0.16
-
+ 0.21

452 013417.1327+303426.957 0.3 0.1 0.8 3.6 17.6 6.3
7.6

-
+ 0.4 0.16

0.13
-
+ 0.21

454 013417.1671+304843.974 0.1 0.4 0.3 0.7 L 1.2 0.13
0.14

-
+ 0.21

460 013418.0482+304208.638 0.5 −0.2 0.1 1.0 L 0.4 0.13
0.15

-
+ 0.26

463 013418.5457+304709.500 0.5 0.9 −0.7 0.7 L 0.2 0.19
0.16

-
+ 0.31

471 013421.1706+303931.110 −0.0 −0.1 0.2 0.5 2.0 2.0
5.2

-
+ 1.6 0.14

0.14
-
+ 0.11

472 013421.2721+304335.749 0.4 0.7 0.0 0.7 L 0.8 0.33
0.0

-
+ 0.21

477 013422.6599+304623.249 −0.0 0.7 −0.0 1.1 L 1.8 0.11
0.52

-
+ 0.21

477 013422.6275+304624.150 −0.0 0.7 0.6 1.1 L 0.2 0.2
0.12

-
+ 0.21

497 013426.4962+304446.801 −0.1 −0.1 0.1 1.3 0.2 0.2
2.0

-
+ 0.2 0.13

0.15
-
+ 0.31

497 013426.5357+304446.729 −0.1 −0.1 1.0 1.3 0.2 0.2
2.0

-
+ 2.8 0.14

0.14
-
+ 0.31

502 013427.0123+304313.236 −0.1 −0.1 0.3 0.4 0.4 0.4
1.3

-
+ 0.4 0.19

0.14
-
+ 0.06

508 013428.2930+304319.763 0.0 0.5 −0.2 0.5 L 0.6 0.58
0.05

-
+ 0.11

523 013430.8829+304510.032 0.1 −0.2 −0.1 1.3 L 0.4 0.16
0.13

-
+ 0.21

541 013433.9145+304652.378 −0.2 −0.3 0.1 5.0 L 1.4 0.12
0.18

-
+ 0.01

542 013434.3598+304701.946 −0.9 −0.2 0.0 8.7 L 0.4 0.1
0.23

-
+ 0.01

545 013435.1355+304711.653 −0.4 0.3 0.1 0.6 L 0.6 0.19
0.14

-
+ 0.26

545 013435.0362+304712.012 −0.4 0.3 0.2 0.6 L 0.4 0.16
0.18

-
+ 0.26

Notes. We present the multiwavelength properties used to evaluate the quality of each HMXB candidate. For a full discussion of how we determined the highest-
quality HMXB candidate sample, see Section 3.4. The Chandra hardness ratios listed here were calculated using count rates from Tüllmann et al. (2011). The F110W-
F160W color is calculated using the HST photometry for each HMXB companion star candidate, listed in Table 3. We include the mean SFR over the last 80 Myr,
calculated from the recent SFH maps of M33 generated with the PHATTER optical photometry, presented in Lazzarini et al. (2022). Spectral fits were performed on
X-ray sources in the ChASeM33 catalog with sufficient counts, and we present the resulting best-fit NH for these sources from Tüllmann et al. (2011). The SED-
derived AV value for each HMXB companion star candidate comes from our SED fits, and is also listed in Table 1. The SFH-derived AV value comes from Lazzarini
et al. (2022).

(This table is available in machine-readable form.)
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Table 6
Flags Used to Determine Best HMXB Candidate Sample

T11 ID PHATTER Pos. FLAG: Chandra FLAG: FG FLAG: Flat FLAG: No FLAG: NH FLAG: Spectral FLAG
HRs IR Color SED Shape SF < 80 Myr AV Mismatch Type SUM

192 013330.2309+304255.014 0 0 0 0 0 0 0
192 013330.1734+304254.931 0 0 0 0 0 0 0
200 013331.2921+303402.538 0 1 0 0 0 0 1
204 013331.7587+303555.916 0 0 0 0 0 0 0
205 013331.8256+304011.190 0 0 0 1 0 0 1
205 013331.8551+304012.079 0 0 0 1 0 0 1
207 013332.1735+303656.933 0 1 1 0 1 0 3
212 013332.5421+303618.159 0 0 0 0 0 0 0
213 013332.6992+303338.903 0 0 0 0 0 0 0
221 013333.7188+303109.771 0 0 0 0 0 0 0
225 013334.1333+303211.355 0 0 0 0 0 0 0
225 013334.1489+303211.229 0 0 0 0 0 1 1
225 013334.1388+303211.457 0 0 0 0 0 0 0
225 013334.1134+303211.388 0 1 0 0 0 0 1
225 013334.0783+303211.376 0 0 0 0 0 0 0
228 013334.5519+303555.630 0 0 0 0 0 0 0
233 013335.5034+303729.430 0 0 0 0 0 0 0
237 013336.0402+303333.097 0 0 0 0 0 1 1
250 013337.8783+303837.497 0 1 0 0 0 0 1
252 013337.9678+304035.531 0 0 0 0 0 0 0
261 013339.1501+303216.771 0 0 0 0 0 0 0
266 013339.8512+304349.810 0 0 0 0 0 0 0
268 013340.1282+304322.598 0 0 0 0 0 0 0
272 013340.8370+303524.269 0 0 0 0 0 0 0
272 013340.8230+303523.898 0 0 0 0 0 0 0
272 013340.7570+303523.918 0 0 0 0 0 0 0
272 013340.8203+303524.111 0 1 0 0 0 0 1
274 013341.2625+303213.735 0 0 0 0 0 0 0
274 013341.2839+303213.275 0 0 0 0 0 0 0
276 013341.4248+303815.823 0 0 0 0 0 0 0
276 013341.4588+303815.839 0 0 0 0 0 0 0
277 013341.5638+304136.445 0 1 0 0 0 0 1
280 013342.1069+304852.999 0 0 0 0 0 0 0
281 013342.4948+304253.566 0 0 0 0 0 0 0
294 013345.3022+304134.902 0 0 0 0 0 0 0
294 013345.1904+304134.824 0 0 0 0 0 0 0
299 013346.5634+303748.811 0 0 0 0 0 0 0
304 013347.5081+304042.825 0 0 0 0 0 0 0
315 013350.4962+304858.789 0 0 1 0 0 0 1
316 013350.5300+303822.076 0 0 0 0 0 0 0
316 013350.4516+303821.461 0 0 1 0 0 0 1
316 013350.5026+303821.603 0 0 1 0 0 0 1
319 013351.1466+303823.370 0 0 0 0 0 0 0
319 013351.1192+303823.231 0 0 0 0 0 0 0
321 013352.1445+303844.851 0 0 0 0 0 0 0
329 013354.4304+303414.753 0 0 0 0 0 0 0
340 013355.7346+303924.919 0 1 0 0 0 0 1
347 013356.7712+303729.789 0 0 0 0 0 1 1
347 013356.7851+303729.343 0 1 0 0 0 0 1
348 013356.8378+303706.541 0 0 0 0 0 1 1
348 013356.7901+303706.260 0 0 0 0 0 0 0
358 013358.2439+303437.894 0 0 0 0 0 0 0
358 013358.2340+303438.742 0 1 0 0 0 0 1
363 013358.7032+304228.773 1 0 0 0 0 0 1
370 013400.2685+303057.540 0 0 0 0 0 0 0
377 013400.7323+303945.581 0 0 0 0 0 0 0
377 013400.7047+303944.987 0 1 0 0 0 0 1
382 013401.0581+303709.917 0 0 0 0 0 0 0
382 013401.1408+303711.803 0 0 0 0 0 0 0
384 013401.1653+303242.555 0 1 1 0 0 0 2
384 013401.1405+303242.573 0 0 0 0 0 0 0
390 013402.0897+304702.750 0 0 0 0 0 0 0
390 013402.1260+304702.936 0 0 0 0 0 0 0
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values used to evaluate each source in Table 5 and list each
source and the flags that it raised in Table 6.

3.4.1. Flag: Soft Chandra Hardness Ratios

HMXBs are known to have hard X-ray spectra, so we can use a
source’s hardness ratio from the Tüllmann et al. (2011) Chandra
catalog to flag sources with soft hardness ratios, suggesting that
they may not be HMXBs. We use the two hardness
ratios defined in Plucinsky et al. (2008): HR1 =

M S
S M H

-
+ +

and HR H M
S M H2 = -
+ +

, where S= 0.35–1.1 keV,
M= 1.1–2.6 keV, H= 2.6− 8.0 keV. To meet the criteria for a
soft Chandra hardness ratios flag, a source must have HR1<−0.4
and HR2< 0.1. These cutoff values were determined using the
hardness ratio diagrams in Plucinsky et al. (2008) and are intended
to flag potential foreground stars and SNRs.

We find that two of the HMXB candidates in our sample raise
the soft hardness ratio flag (ChASeM33 IDs 363, 542) suggesting
that they are more likely to be foreground stars or SNRs.

3.4.2. Flag: Foreground IR Colors

Infrared colors can be used to flag potential foreground stars
in our sample of HMXB companion star candidates. Fore-
ground stars create a nearly vertical sequence on the F160W
versus F110W-F160W CMD with F110W-F160W colors
between 0.4 and 0.8 (see Figure 19 in Williams et al. 2014).
We flag HMXB companion star candidates in our sample

that have IR colors in this range, which could suggest that the
optical counterparts may be foreground stars, rather than
HMXB companion stars in the disk of M33. We emphasize that
while a source may have an IR color in this range, that does not
definitively indicate that it is a Milky Way foreground star,
which is why we use this series of checks to evaluate the
quality of our HMXB companion star candidates. We find that
15 stars in our HMXB companion star candidate sample raise
the IR color flag. We list the F110W-F160W color for each
HMXB companion star candidate in Table 5 and denote
whether or not each HMXB companion star candidate raised
the “IR color flag” in Table 6.

Table 6
(Continued)

T11 ID PHATTER Pos. FLAG: Chandra FLAG: FG FLAG: Flat FLAG: No FLAG: NH FLAG: Spectral FLAG
HRs IR Color SED Shape SF < 80 Myr AV Mismatch Type SUM

391 013402.3852+303136.836 0 0 0 0 0 0 0
396 013402.8161+304941.003 0 0 1 0 0 0 1
397 013402.8397+303439.553 0 0 0 0 0 0 0
398 013402.8833+304151.341 0 0 0 0 0 0 0
398 013402.8632+304151.772 0 0 0 0 0 0 0
398 013402.8386+304151.547 0 1 0 0 0 0 1
406 013404.4372+304521.215 0 0 0 0 0 0 0
414 013407.6334+303901.935 0 0 0 0 0 0 0
414 013407.5945+303902.037 0 0 0 0 0 0 0
414 013407.6468+303902.541 0 0 0 0 0 0 0
415 013407.8274+303554.131 0 1 1 0 0 0 2
416 013408.3441+303852.435 0 0 0 0 0 0 0
424 013410.5196+303946.307 0 1 1 0 0 0 2
424 013410.5483+303946.919 0 0 0 0 0 0 0
439 013414.4690+303303.881 0 0 0 0 0 0 0
442 013415.0522+304748.936 0 0 0 0 0 0 0
452 013417.1086+303426.560 0 0 1 0 0 0 1
452 013417.0590+303426.483 0 0 0 0 0 0 0
452 013417.1327+303426.957 0 0 0 0 0 0 0
454 013417.1671+304843.974 0 0 0 0 0 0 0
460 013418.0482+304208.638 0 0 0 0 0 0 0
463 013418.5457+304709.500 0 0 0 0 0 0 0
471 013421.1706+303931.110 0 0 0 0 0 0 0
472 013421.2721+304335.749 0 0 0 0 0 0 0
477 013422.6599+304623.249 0 0 0 0 0 0 0
477 013422.6275+304624.150 0 1 0 0 0 1 2
497 013426.4962+304446.801 0 0 0 0 0 0 0
497 013426.5357+304446.729 0 0 0 0 0 0 0
502 013427.0123+304313.236 0 0 0 0 0 0 0
508 013428.2930+304319.763 0 0 0 0 0 0 0
523 013430.8829+304510.032 0 0 0 0 0 0 0
541 013433.9145+304652.378 0 0 0 0 0 0 0
542 013434.3598+304701.946 1 0 0 0 0 0 1
545 013435.1355+304711.653 0 0 0 0 0 0 0
545 013435.0362+304712.012 0 0 0 0 0 0 0

Notes. For each identified HMXB companion star candidate, we list whether it raised each of our flags used to evaluate the quality of HMXB candidates. The values
used to determine the flags are listed in Table 5, and a discussion of criterion is in Section 3.4.

(This table is available in machine-readable form.)
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3.4.3. Flag: Flat SED Shape

Background AGNs are known to have fairly flat spectra in
the range of optical wavelengths that are covered by our
photometric measurements from PHATTER (Brown et al.
2019) while we expect a star to have a more curved, blackbody
type spectrum. When we run the BEAST, it creates SED plots
for each source showing the flux at the central wavelength of
each filter included in the input photometry. Two coauthors
visually inspected these SEDs and flagged sources for which
the SED shape appears flat. We note that this flattening of the
spectrum could be due to large amounts of dust extinction on a
bright blue star and thus reemphasize the fact that we do not
rule out an HMXB companion star candidate if it raises just one
flag. We find that the sources for which the SED shape appears
flat tend to have higher best-fit AV values, between AV = 3.6
and 4.6.

We find nine HMXB companion star candidates that have
flat SED shapes, which have a value of 1 listed in the “FLAG:
Flat SED Shape” column in Table 6.

3.4.4. Flag: No Recent SF

Due to their young ages, we expect HMXBs to be in regions
of the galaxy that have had active star formation within the
timescale of the lifetimes of massive stars, within the last
∼80Myr. For each source, we identify the region of the M33
spatially resolved recent SFH maps (Lazzarini et al. 2022) that
include the X-ray source position and flag sources where the
surrounding 100 pc by 100 pc region has a best-fit SFH
consistent with zero star formation in the last 80Myr. This
could indicate that our source is not actually an HMXB, which
we would expect to be spatially correlated with recent SF, but
could instead be a background galaxy or foreground star,
neither of which should have positions correlated with SF
regions in M33.

One of the HMXB candidates in our sample is located in a
region of M33 with zero measured star formation within the
last 80Myr (ChASeM33 ID 205). We list the mean SFR over
the last 80Myr for the region containing each source in
Table 5.

3.4.5. Flag: Mismatched NH and AV

For HMXBs in the disk of M33, we expect the absorption
measured in the X-ray spectrum, NH, to correlate with the
absorption we measure for the companion star at optical
wavelengths, AV, because the X-ray source and optical source
are located within the same binary stellar system. We can use
this assumption to flag sources that may not be HMXBs in the
disk of M33, i.e., sources where the NH measured for the X-ray
source does not correlate with the measured AV for the optical
counterpart. Not all X-ray sources we identify as HMXB
candidates have measured NH values; thus, we only apply this
flag to sources for which this measurement is available.

We adopt NH values for sources from Tüllmann et al. (2011).
They performed spectral fits for sources with a signal-to-noise
ratio of at least 2.0 in each bin and a minimum of eight spectral
bins. The best-fit model for each source is listed in Table 9 of
Tüllmann et al. (2011). The NH value listed for each source in
Tüllmann et al. (2011) is the intrinsic NH in M33, with a fixed
Galactic NH of 0.06× 1022 cm−2. We list the NH value for each
of our HMXB candidates for which a fit was performed in
Table 5.

We compare these NH values with measurements of AV from
BEAST SED fits of the companion star candidates and local
measurements of AV that were derived by Lazzarini et al.
(2022) while measuring the spatially resolved recent SFH. See
Section 3.2 for a detailed description of the SED fitting.
Lazzarini et al. (2022) measured the foreground extinction, AV,
and differential extinction, dAV, by fitting optical CMDs over a
grid of AV and dAV values, using maximum likelihood
estimation.
To compare the X-ray and optical extinction, we use

published relationships between NH and AV (Predehl &
Schmitt 1995; Güver & Özel 2009) to calculate the AV that
would be expected for a source given the NH measured in its
X-ray spectrum. We then compare this expected AV against the
AV we measure with SED fitting and from the SFH maps.
We flag sources for which the AV expected for the source

based on its measured NH differs significantly from the
measured AV from SED fitting and from the SFH maps by
more than three times the 90% confidence errors reported on
the NH measurements. For sources without reported errors on
the measured NH, we assumed 10% errors. We perform this
calculation with both the Predehl & Schmitt (1995) and Güver
& Özel (2009) correlations and find that the outliers are the
same for both sets of calculations.
We only find one source that is a clear outlier for which the

AV expected based on the X-ray source’s NH exceeds the AV
measured with SED fitting of the companion star candidate and
the AV measured for the area surrounding the source from the
SFH maps. This is ChASeM33 ID 207, and its associated
optical counterpart candidate. One possible explanation for this
mismatch may be that the X-ray source we are observing is not
an accreting black hole or neutron star in the disk of M33, but
is instead a background AGN viewed through M33ʼs disk.
When we fit for the AV with SED fitting, we assume sources are
stars in M33, which could account for the mismatch. We expect
that the NH measured for a background galaxy would not match
the AV from the SFH maps near the position of the background
galaxy on the sky.
We do not find any sources for which the AV expected based

on the X-ray source’s measured NH is significantly less than the
AV we measure for the source with SED fitting and the AV in the
local area of M33 from the SFH maps. A mismatch of this type
could suggest that the X-ray source we are looking at is a
foreground Milky Way star rather than an HMXB in the disk of
M33. As we described for the previous set of mismatches, the
fact that our SED fits report a higher AV could be due to the fact
that we fix the distance of the companion star candidate to M33
when we perform the fitting. Foreground stars should be very
bright and red, which the BEAST could interpret as being a
massive star in M33 with significant dust extinction.

3.4.6. Flag: Spectral Type Not Consistent with Massive Star

In Section 3.2 we described how we inferred the most likely
spectral type for our HMXB companion star candidates based
on their best-fit effective temperature, luminosity, and radius.
In Figure 3 we plot the values we fit for each star along with the
expected ranges in effective temperature and luminosity for
massive main-sequence, giant, and supergiant stars, which we
also list in Table 4. We flag HMXB companion star candidates
for which the best-fit effective temperature, luminosity, and
radius do not fit into the expected range for O- or B-type main-
sequence, giant, or supergiant stars. We find five HMXB
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companion star candidates that raise this flag. This could
indicate that the point source for which we are performing the
SED fitting is not a star in M33, which could mean that it is a
foreground Milky Way star or a background galaxy viewed
through the disk of M33.

3.5. Cross-match with Previous Catalogs

We cross-match our sample with previously published X-ray
catalogs of M33 (Grimm et al. 2005; Williams et al. 2015;
Yang et al. 2022) and previous catalogs of HMXB candidates
in M33 (Garofali et al. 2018).

We identify counterparts to our HMXB candidates in the
Yang et al. (2022) NuSTAR survey of M33. NuSTAR-detected
sources in that paper are listed with their counterpart IDs in the
ChASeM33 survey (Tüllmann et al. 2011), which we use to
identify counterparts between the two catalogs. To identify
counterparts in the Williams et al. (2015) XMM-Newton
catalog and the Grimm et al. (2005) Chandra catalog, we
positionally cross-match sources within 5″. We list the ID
number of the counterparts in the Yang et al. (2022), Williams
et al. (2015), and Grimm et al. (2005) catalogs in Table 1.

3.5.1. Comparison with Garofali et al. (2018) HMXB Sample

We performed a detailed cross-check against the HMXB
candidate sample presented in Garofali et al. (2018), which also
used the ChASeM33 catalog to identify HMXB candidates
using overlapping optical data from archival HST fields.
Because of the nonuniform coverage of the HST fields used in
their analysis, not all HMXB candidates identified by Garofali
et al. (2018) fall within the PHATTER survey footprint, and
thus are not included in this analysis.

Garofali et al. (2018) presented 55 HMXB candidates, 40 of
which lie in the footprint of the PHATTER survey footprint
and 15 of which lie outside the footprint of the PHATTER
survey. We identify 15 HMXB candidates in this study that fall
within the footprint of the HST observations analyzed by
Garofali et al. (2018) but that are not included in their catalog.
Many of the HST observations used by Garofali et al. (2018)
were shallower than the PHATTER data used here, which may
account for some of this discrepancy. Additionally, many of the
HST fields used in their analysis did not cover the full
photometric range of the data we use here, and many did not
have coverage at UV wavelengths, which we used to identify
HMXB companion star candidates.

There are eight HMXB candidates identified by Garofali
et al. (2018) that fall within the PHATTER footprint but that
are not included in our HMXB candidate sample. Two of these
X-ray sources (ChASeM33 sources 210, 337) do not fit our
selection criteria and did not have the same photometric
coverage in the data analyzed by Garofali et al. (2018). There
are four HMXB candidates (328, 357, 362, and 427) that were
included by Garofali et al. (2018) for completeness, but that we
do not include in our sample because they were classified as
SNRs by Long et al. (2010). Source 416 is identified as an
HMXB candidate by Garofali et al. (2018) but we do not
include it in our sample because there is a resolved background
galaxy at the location of the X-ray source in the PHATTER
imaging. We do not include source 535 in our sample, although
Garofali et al. (2018) included it, as it was later classified as a
colliding-wind binary by Garofali et al. (2019).

The remaining 32 HMXB candidates identified by Garofali
et al. (2018) that fall within the footprint of the PHATTER
survey were independently identified as HMXB candidates in
this analysis. In Table 1 we include a column that indicates
which sources are a match between the two catalogs and list the
ChASeM33 name used to identify each source in the Garofali
et al. (2018) catalog for matches.

4. Results and Discussion

In this section we discuss the SED-inferred physical
properties of the HMXB companion star candidates in our
sample, the age distribution and HMXB production rate we
measure, compare the characteristics of the M33 HMXB
population with those measured for the population of HMXBs
in M31, which was studied with an analogous approach in
Lazzarini et al. (2021), and discuss the hard X-ray properties of
HMXB candidates in our sample that were also detected in a
recent NuSTAR survey of M33 (Yang et al. 2022).

4.1. SED-inferred Properties of HMXB Companion Star
Candidates in M33

As described in Section 3.2, we classify HMXB companion
star candidates as O- or B-type main-sequence, giant, or
supergiant stars based on their best-fit effective temperature,
luminosity, and radius. There are several known classes of
HMXBs, based on the nature of the companion star and the
accretion mechanism. Supergiant HMXBs (sgHMXBs) are
systems where the black hole or neutron star accretes material
from a supergiant companion star, either via stellar winds or
Roche lobe overflow. In Be-XRBs, the companion star is an
Oe/Be star, which is rapidly rotating and forms an equatorial
decretion disk that exhibits characteristic hydrogen emission
lines in the star’s spectrum. Accretion onto the compact object
occurs when the compact object, typically a neutron star, passes
through or very close to this decretion disk. The Oe/Be
companion stars in Be-XRBs have been observed to have
spectral types ranging from late O-type stars (O9) to early
B-type stars (see Reig 2011, for a review).
Classifying the companion star type in HMXB systems is

only possible for nearby galaxies and the Milky Way, where
optical spectroscopy is readily available. In the Milky Way,
sgHMXBs make up roughly 30% of the observed HMXB
population, Be-XRBs make up about 50%, and the remaining
20% is a combination of giant, main-sequence, and unknown
companion star types. In contrast, in the Magellanic clouds, out
of over 120 HMXB systems, all but two are known to contain
Be companion stars (Liu et al. 2006; Maravelias et al. 2014;
Walter et al. 2015; Haberl & Sturm 2016; Yang et al. 2017b).
We can attempt to compare the breakdown of likely spectral

types of the HMXB companion stars in our observed sample
with the populations in the Milky Way and Magellanic Clouds.
However, we note that this is challenging because 23 of our
HMXB candidates have more than one candidate compa-
nion star.
In systems with only one potential HMXB companion star

candidate, we find that 31 (76%) are likely B-type main-
sequence stars and two (5%) are likely O-type main-sequence
stars. Of the remaining systems, one is a likely B-type giant,
two are likely O-type giants, and two are likely B-type
supergiants.
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In systems with more than one candidate companion star, we
find that 14 (61%) only have B-type main-sequence stars as
potential companions (i.e., all candidate companion stars are
likely B-type main-sequence stars). The remaining systems
with multiple candidate companion stars have a mix of O- and
B-type main-sequence, giant, and supergiant stars.

Because there are multiple candidate companion stars for
many of our HMXB candidates, we cannot state a firm fraction
of the sample that host different spectral type companion stars.
However, because most of the systems contain a likely O- or,
more frequently, B-type main-sequence companion star, our
findings suggest that most of the HMXBs in M33 are Be-
XRBs. Future optical spectroscopy is required to confirm the
true spectral type of the companion stars in these systems, but
these initial findings suggest that the fraction of Be-XRBs for
M33 lies somewhere between the fraction in the Milky Way
and the fraction in the Magellanic Clouds. Metallicity has been
suggested to affect the fraction of giant/supergiant HMXBs to
Be-XRBs in a population of HMXBs, due to lower rates of
mass loss via line-driven winds at lower metallicities (Linden
et al. 2010).

We note that our SED fits use single stellar models, and
these models do not include a component to model the potential
decretion disk around Be stars. Be stars exhibit IR excesses
compared to normal O/B-type stars. This effect is orientation
dependent, and is most significant when the system is viewed
pole-on. This excess has a small (<0.5 mag) effect at optical
wavelengths but can dominate at IR wavelengths (e.g., Rivinius
et al. 2013). We include the two optical and two UV bands
from the PHATTER photometric catalog in our SED fits, so we
do not expect IR contamination from the decretion disk to
affect our measurements. There is a chance that we get
contamination in the UV bands from the compact object’s
accretion disk, which may bias our SED fits toward higher
masses. This is a challenging system to disentangle with purely
photometric data, and we plan to tackle this with forthcoming
spectroscopic measurements (M. Lazzarini et al. 2023, in
preparation).

4.2. Age Distribution of HMXBs in M33

As described in Section 3.3, for each HMXB candidate, we
used the SFH within the last 80Myr in the 100 pc by 100 pc
region surrounding the source to calculate a probability
distribution for its age. We performed this calculation for all
HMXB candidates in our sample and then summed their
probability distributions to create an age distribution for the
population. The subsamples represented in each row of
Figure 4 reflect the HMXB candidates that raise any number
of flags, at most one flag, and zero flags in the top, middle, and
bottom rows, respectively. We include the known nuclear
HMXB (X-8) in our best HMXB candidate sample, although
we cannot identify its optical counterpart due to the high
density in the nuclear cluster of M33, which brings the total
number of HMXBs in our full sample to 65.

We present this age distribution, for different subsamples,
with the black histogram in the plots in the left column of
Figure 4. The left plot in the top row of Figure 4 shows the age
distribution for our full sample of HMXB candidates (65
sources), the middle row shows the subsample that raised one
or fewer flags (63 sources), and the bottom row shows our
highest-quality subsample that raised zero flags (53 sources),
using the evaluation criteria described in Section 3.4. We

include error bars on the age distribution for each subsample.
We calculate the error bars by generating a probability density
function for each source from a random sampling within the
errors on its SFR measurements. We performed this random
selection for all sources in the subsample 10,000 times and
present the 16th and 84th percentile of the age distribution
derived from this sampling as the lower and upper errors on the
age distribution, respectively.
On each age distribution plot, we also include a green line,

which shows the results when we perform the same analysis on
an equal number of randomly selected regions from the SFH
maps that have a measured SFR > 0 Me yr−1 over the last
80Myr. We run this random selection 10,000 times, and the
green line represents the median age distribution, which is a
proxy for the overall SFH in M33.
As shown in the bottom row, left panel of Figure 4, we find

more HMXB candidates associated with star formation
between 0 and 10Myr ago and between 40 and 50Myr ago
than would be expected based on the green random line, which
represents sampling from the SFH maps agnostic of the
positions of HMXB candidates. This was also seen in a
previous study of the HMXB population of M33 by Garofali
et al. (2018) where the age distribution of HMXBs in M33 was
measured using SFHs derived with CMD fitting of archival
HST observations. Garofali et al. (2018) suggested that these
peaks represent two different HMXB formation channels: a
prompt channel (0–10 Myr) and a more delayed formation
channel (40–60 Myr).
Different types of HXMBs have been shown to form via

different channels, with associated timescales (e.g., Linden
et al. 2009, 2010). The 40–50Myr peak in the HMXB
production rate that we observe is the expected formation
timescale for Be-XRBs. The 0–10Myr peak in the HMXB
production rate we observe is characteristic of more massive
binaries, where the primary star forms a compact object and
starts accreting within a few megayears. Previous studies in
other galaxies including the SMC (Antoniou et al. 2009), NGC
300, and NGC 2403 (Williams et al. 2013), found that the
preferred age of HMXBs in those galaxies is ∼40–55Myr. In
M31, the preferred age for HMXBs is ∼10–50Myr (Lazzarini
et al. 2018; Williams et al. 2018; Lazzarini et al. 2021), a
broader range that overlaps with the findings in the SMC, NGC
300, and NGC 2403. In the LMC, by contrast HMXBs are
associated with younger star formation episodes. The SFH is
peaked at ∼6.3 Myr in the regions surrounding sgHMXBs and
black hole HMXBs, ∼12.6 Myr in the regions surrounding Be-
XRBs and X-ray pulsars, and ∼25 Myr in the region
surrounding a candidate white dwarf-Be-XRB (Antoniou &
Zezas 2016). Our findings suggest that we are observing an
HMXB population in M33 that is dominated by two different
formation channels with timescales characteristic of Be-XRBs
(40–50 Myr) and more massive HMXBs (0–10 Myr).

4.2.1. Masses and Ages

To better understand formation channels for our observed
HMXB population, we explored the relationship between the
mass of the HMXB companion star candidates that we infer
from SED fitting as described in Section 3.2 and the ages of the
systems measured using the SFH maps from Lazzarini
et al. (2022).
In Figure 5 we plot the HMXB companion star candidate

mass against two measures of likely age for the system. In both
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panels, points are color-coded according to the likely spectral
type of the companion star. Diamonds indicate HMXBs for
which there is only one companion star candidate, while
squares represent HMXBs with multiple companion star
candidates. The opacity of each point scales with its quality
as defined in Section 3.4. The gray line in the background
shows the maximum stellar mass expected at each age in single
stellar evolution, using Padova isochrones (Marigo et al. 2008).
We also include outlines around points for HMXB candidates
associated with a compact object with a classification based on
its NuSTAR colors and luminosity, as described in Yang et al.
(2022) and listed in Table 1. Circles indicate sources that are
likely black holes (in any accretion state), and stars indicate
sources that are likely neutron stars (either pulsars or lower
magnetic field neutron stars).

In the right panel we plot the median age of stars that formed
in the last 80Myr in the 100 pc by 100 pc region of the SFH
maps that contains each HMXB candidate. The median age is
defined as the age at which 50% of the total stellar mass in the
region has formed, and we include error bars that extend to the
ages at which 16% and 84% of the stellar mass was formed,
respectively. The median age is not generally a good
representation of the likely age of the HMXB candidate
because of contamination from older stars that are not
necessarily associated with the star formation event that formed
the HMXB candidate. As Figure 4 shows, some regions may
have both an early and a later peak in their SFH, which would
cause the median age to be somewhere in between these two
peaks, when the SFR was actually lowest and the systems are
less likely to have formed.

We looked at the age of the most recent significant star
formation to try and remove contamination from older star

formation episodes in the surrounding region that are not
associated with the star formation episode that produced the
HMXB. We defined significant star formation as an SFR that
would produce 1000 Me during the 10Myr time bin, which,
assuming a Kroupa (2001) initial mass function, should
produce ∼10 stars with M> 8 Me. This threshold SFR is
greater than the noise in the SFR measurements in the SFH
maps, which is ∼1.0× 10−5 Me yr−1 after rebinning the
spatially resolved recent SFH maps from Lazzarini et al. (2022)
into 10Myr time bins.
As is shown in Figure 5, the age of the most recent

significant star formation correlates with the mass of the
companion star derived via SED fitting, although these two
measurements are completely independent. We see that
systems containing our most massive HMXB companion star
candidates are found in regions of M33 with very recent
(between 0 and 20Myr ago) significant SF. We find that for
HMXB companion star candidates residing in regions with
less-recent episodes of significant star formation, the masses of
the companion stars are lower.
There are two outliers from this relationship with ages of the

most recent significant star formation older than expected given
the SED-derived mass of the HMXB companion star candidate.
These systems could indicate an extension of the stellar lifetime
due to binary interactions (e.g., Zapartas et al. 2017) or a
system with an abnormally high velocity, but additional
characterization of these HMXB systems is needed. We have
an ongoing program to obtain optical spectroscopic observa-
tions of the M33 HMXB companion star candidates presented
in this paper, which is needed to confirm the spectral types, and
thus masses, of the HMXB companion star candidates (M.
Lazzarini et al. 2023, in preparation).

Figure 5. In this figure we compare the mass of the HMXB companion star candidates derived via SED fitting and the likely ages of the systems derived from the
spatially resolved recent SFH map of M33 (Lazzarini et al. 2022). Additional details about this figure can be found in Section 4.2.1. Left: each point represents one
HMXB companion star candidate, listed in Table 1. On the y-axis we plot the mass of the HMXB companion star candidate derived via SED fitting. On the x-axis we
plot the age bin (i.e., we plot a point at 5 Myr for an age bin of 0–10 Myr) of the most recent significant star formation in the SFH map region including the HMXB
candidate. We define significant star formation in more detail in Section 4.2.1. Points are color-coded according to the likely spectral type of the companion star.
Diamonds indicate HMXBs for which there is only one companion star candidate, while squares represent HMXBs with multiple companion star candidates. The
opacity of each point scales with its quality as defined in Section 3.4. The gray line in the background shows the maximum stellar mass expected at each age in single
stellar evolution. We outline HMXB candidates with compact object classifications from NuSTAR observations, described in Section 4.5. Right: we plot the HMXB
companion star candidate masses on the y-axis and the median age of stars formed in the last 80 Myr in the SFH map region including the HMXB companion star
candidate. Point colors and shapes follow the same conventions as in the left panel.
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4.3. HMXB Production Rate

The production rate of HMXBs in M33, or the number of
HMXBs produced per unit stellar mass or unit SFR, can be
compared with measurements from other galaxies to explore
the relationship between HMXB production and other galaxy-
wide properties such as metallicity, stellar mass, and SFR. We
present two measures of HMXB production rate in the
following subsections. First we present the HMXB production
rate measured in the number of HMXBs produced per unit SFR
(HMXBs/(Me yr−1)). We also measure a time-resolved
HMXB production rate, or the number of HMXBs produced
per stellar mass, over the last 80Myr. We provide more details
on each calculation in the following subsections and discuss the
HMXB production rate in M33 in comparison with other
galaxies for which this measurement has been done.

Our HMXB production rate measurements are a reflection of
the number of HMXBs that were active at the time of the
ChASeM33 survey Chandra observations. This number is
impacted by the duty cycle for HMXBs, or the fraction of time
that they spend in the active HMXB phase. Empirical studies of
mostly Galactic HMXBs have revealed duty cycles ranging
from around 10% (for transient Be-XRBs; Sidoli & Paizis 2018)
to greater than 10% (for sgHMXBs), which means that our
HMXB production rates are a lower limit on the true HMXB
production rate because a significant fraction of HMXBs in
M33 were likely not active at the time of observation.

We calculate the HMXB production rate per unit SFR over
50 and 80Myr timescales. Note that 50Myr is the expected
maximum age for massive stars from single stellar evolution;
however, this lifetime may be extended for stars in binary
systems due to rejuvenation from mass transfer via binary
interactions (e.g., Zapartas et al. 2017).

4.3.1. Calculation of HMXBs per Unit SFR

We can use calculations of the HMXB production rate per
unit SFR to compare with measurements in other galaxies
where time-resolved SFH measurements are not available. We
calculate the number of HMXBs formed per unit SFR
(HMXBs/Me yr−1) over the last 50 and 80Myr, to account
for the lifetimes of single massive stars and potential extension
of that lifetime due to binary stellar interactions.

To calculate the number of HMXBs formed per unit SFR,
we integrate the age distribution of HMXBs shown in the left
column in Figure 4 over 50 and 80Myr. We then divide this
number of HMXBs by the mean SFR over the full PHATTER
footprint over the same timescale. The whole PHATTER
footprint is covered by the ChASeM33 survey, which means

that we are sensitive to detecting HMXBs over its full area. We
obtain a lower and upper limit on this measurement from the
error bars on the SFR measurements. We present the HMXB
production rates per unit SFR for various subsamples in
Table 7.
We aim to compare this HMXB production rate with rates

measured in other galaxies. However, this direct comparison is
difficult due to differences in the measurement of SFR in these
galaxies and the way that HMXB samples were generated,
including the sensitivity of X-ray observations. Due to their
proximity, M33 and M31 both have spatially resolved SFH
maps. The LMC and SMC also have spatially resolved SFH
maps (Harris & Zaritsky 2004, 2009) that have been used to
associate their HMXBs with star formation episodes, and thus
ages and production rates (Antoniou et al. 2010; Antoniou &
Zezas 2016; Antoniou et al. 2019).
Politakis et al. (2020) performed a direct comparison of the

HMXB production rates of NGC 55, the LMC and SMC, and
the Milky Way using the HMXB candidate samples presented
in Antoniou & Zezas (2016; SMC and LMC), Bodaghee et al.
(2012; Milky Way), and Harris & Zaritsky (2009; NGC 55).
They used the number of known HMXB candidates in each
galaxy and the mean SFR of each galaxy to calculate their
global HMXB production rates. These HMXB production rates
show a general trend in increasing HMXB production rate with
decreasing metallicity. The lowest-metallicity galaxies in their
sample, NGC 55 and the SMC, have HMXB production rates
of 181–240 and 240–880 HMXBs/Me yr−1. They measure an
HMXB production rate of 96–256 and 52–86 HMXBs/Me
yr−1 in the LMC and Milky Way, respectively. For our full
HMXB candidate sample, we measure an HMXB production
rate of 181−240 HMXBs/Me yr−1 over the last 80Myr, which
places the HMXB production rate of M33 higher than that of
the Milky Way, similar to the HMXB production rate of the
LMC, and lower than the measured rate in the SMC and
NGC 55.

4.3.2. Calculation of Time-resolved HMXB Production Rate

We can also calculate a time-resolved measure of the HMXB
production rate in M33 using the measured HMXB age
distribution and the SFH of M33 in the PHATTER footprint.
The age distribution indicates the number of HMXB candidates
that likely formed in each 10Myr time bin. To derive the
number of HMXBs produced per stellar mass, we must first
calculate the total stellar mass formed in each 10Myr time bin
in the area covered by both the PHATTER and ChASeM33
surveys in M33. We find the total stellar mass formed in each
time bin by multiplying the SFR in each time bin by its width,
10Myr. We can then divide the HMXB age distribution by the
stellar mass formed in each time bin to produce a measurement
of the number of HMXBs formed per stellar mass. We present
this time-resolved HMXB production rate in the right column
of Figure 4, with the full sample of HMXBs on the top row, the
sample of HMXBs that raise one or fewer flags in the middle
row, and our highest-quality sample of HMXBs in the bottom
row. The green line in the right column of Figure 4 indicates
the same analysis performed with an equal number of randomly
selected regions from the Lazzarini et al. (2022) SFH maps
with measured SFR over the time range analyzed (mean SFR
over the last 80 Myr > 0).

Table 7
M33 HMXB Production Rates per Unit SFR

HMXB Prod. Rate HMXB Prod. Rate
Sample 0–50 Myr ago 0–80 Myr ago

(HMXBs/(Me yr−1)) (HMXBs/(Me yr−1))
Full sample 120−153 181−240
�1 Flag sample 117−150 175−233
0 Flag sample 107−136 150−199

Notes. HMXB production rates calculated per unit SFR for our HMXB
candidate sample. The rows correspond to subsamples based on our evaluation
system described in more detail in Section 3.4. The samples used for the
calculations in each row match the samples in Figure 4.
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4.4. Comparison with M31 HMXB Population

We can compare the HMXB populations of M33 with the
HMXB population of M31 to understand how differences
between their histories of star formation are reflected in the
HMXB populations we observe today. Previous studies of the
HMXB population of M31 used the PHAT data set and
overlapping Chandra-PHAT survey (Williams et al. 2018) to
identify HMXB candidates, characterize the companion stars
with SED fitting, and measure their age distribution and
HMXB production rates with spatially resolved recent SFH
maps (Lazzarini et al. 2018; Williams et al. 2018; Lazzarini
et al. 2021). The PHAT and PHATTER surveys were designed
to be very similar, making the population demographics of their
HMXB populations inferred from these surveys directly
comparable. Both the Lazzarini et al. (2021) study of M31
and the present study use Chandra observations with similar
depths.

We find that the HMXB populations in M31 and M33 are
remarkably similar. Despite known differences in the area of
the surveys and variation in the SFH of each galaxy, we find a
roughly equal number of HMXB candidates in each study. We
identify 65 HMXB candidates in our full sample in M33, and
Lazzarini et al. (2021) identified 57 HMXB candidates in M31
using very similar methodology. While at first glance, this may
seem surprising, upon closer inspection this similarity is
supported by known correlations between SFR, metallicity,
and the X-ray luminosity function.

While M33 is known to exhibit a decreasing metallicity
gradient with radius, at the radii probed by the PHATTER
survey in M33 and the PHAT survey in M31, the gas-phase
metallicities of these galaxies are comparable. The gas-phase
metallicity of M33 within the PHATTER footprint ranges from

( ) –log12 O H 8.4 8.7+ ~ while within the M31 PHAT
survey footprint, the gas-phase metallicity ranges between 8.6
and 9.0 (Williams et al. 2021, and references therein). While
the luminosity of HMXBs is known to scale with metallicity,
this effect is dominated by high-luminosity X-ray sources
(L0.5–8.0 keV> 1038 erg s−1), and below this limit, the X-ray
luminosity function has been shown to be a nearly universal
power-law distribution (Lehmer et al. 2021). There is only one
identified HMXB in M31 and M33 with a measured
L0.5–8.0 keV> 1038 erg s−1, M33 X-8, which suggests that the
difference we see in the HMXB populations cannot be
explained by metallicity alone.

The total SFR measured in the areas of M31 and M33
covered by PHAT/Chandra-PHAT and PHATTER/
ChASeM33, respectively, are remarkably similar, despite
covering significantly different de-projected areas. The area
covered by overlapping PHAT and Chandra-PHAT

observations in M31 is ∼328 kpc2, which is almost nine times
larger than the ∼38 kpc2 area covered by the overlapping
PHATTER and ChASeM33 surveys in M33. We summarize
the mean SFR in the areas of M31 and M33 covered by both
HST and Chandra, used in this analysis and Lazzarini et al.
(2021) in Table 8 over the last 50, 80, and 100Myr. M33 has a
slightly higher SFR on all timescales.
It is also interesting to contrast the time-resolved HMXB

production rate measurements. In Figure 6 we plot the time-
resolved HMXB production rates for the full sample of HMXB
candidates in M31 and M33 on the same axes. See Section 4.3
for a detailed description of how the time-resolved HMXB
production rates were calculated in both galaxies. Briefly, to
calculate the time-resolved HMXB production rate, the number
of HMXBs expected to have formed in each time bin, from the
population age distribution, is divided by the total SFR of the
galaxy within the analysis region during the same time span.
Because the total stellar mass formed in the region of each
galaxy covered by HST and Chandra surveys is used in the
calculation of the time-resolved HMXB production rate, and

Table 8
Mean SFR in M31 and M33 over Different Timescales

Galaxy
50 Myr mean SFR

(Me yr−1)
80 Myr mean SFR

(Me yr−1)
100 Myr mean SFR

(Me yr−1)

M31 0.23 ± 0.01 0.24 ± 0.01 0.24 ± 0.01
M33 0.29 ± 0.04 0.31 ± 0.04 0.32 ± 0.02

Notes. Mean SFR over various timescales in M31 and M33 in the areas of each
galaxy covered by overlapping HST and Chandra observations. The SFR
values come from spatially resolved recent SFHs of each galaxy (Lewis et al.
2015; Lazzarini et al. 2022).

Figure 6. Comparison of the SFH in the regions of M31 and M33 covered by
overlapping Chandra and HST observations used in this analysis (M33) and in
(Lazzarini et al. 2021; M31). Top: the SFR over the last 80 Myr in the areas of
M31 and M33 covered by the PHAT and PHATTER surveys, respectively, and
overlapping Chandra observations. The M31 SFH measurements come from
spatially resolved recent SFH maps measured with the optical PHAT
photometry (Lewis et al. 2015), and the M33 SFH measurements come from
similar maps in M33 produced with the PHATTER photometry (Lazzarini
et al. 2022). Bottom: the time-resolved HMXB production rate in M31
and M33.
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the total stellar mass is derived from the SFH, differences in the
SFH of M31 and M33 should not affect the time-resolved
HMXB production rates. The HMXB production rates in both
galaxies agree within errors in most time bins, but M33 has a
slightly higher HMXB production rate at ages beyond
∼50 Myr.

4.5. Hard X-Ray Properties of M33 HMXB Candidates

Comparing the optical and hard X-ray properties of HMXB
candidates can be useful for understanding the binary evolution
that led to the systems we observe today. Most of the
PHATTER survey footprint has also been covered by a hard
X-ray survey of M33 with NuSTAR (Yang et al. 2022). In their
catalog, Yang et al. (2022) identified the counterpart for each
NuSTAR source in the ChASeM33 survey catalog. Yang et al.
(2022) detected 28 hard X-ray sources in M33, seven of which
are HMXB candidates identified in this paper. Due to the large
point-spread function of NuSTAR compared to Chandra, there
are several NuSTAR-detected sources with multiple associated
ChASeM33 sources. Two of our HMXB candidates
(ChASeM33 sources 321 and 398) are associated with
NuSTAR sources for which there are multiple ChASeM33
counterparts; thus, the NuSTAR source may be a blend of
multiple ChASeM33 sources.

Hard X-ray observations with NuSTAR can be used to
constrain the type and/or accretion state of an accreting
compact object. Due to spectral differences between accreting
black holes and neutron stars at hard X-ray wavelengths
(E > 10 keV), the hardness ratios and luminosities of accreting
compact objects of unknown type can be used to classify them
by comparing to Galactic compact objects for which the
compact object type/accretion state is known (e.g., Wik et al.
2014; Yukita et al. 2016; Lazzarini et al. 2018; Vulic et al.
2018; Lazzarini et al. 2019; Yang et al. 2022). We list the
source ID and compact object classification for HMXB
candidates in our sample that were detected in the Yang
et al. (2022) NuSTAR survey of M33 in Table 1.

While the number of HMXB candidates for which NuSTAR
detections and classifications are available is small, we observe
some trends when we compare the likely compact object type
inferred with NuSTAR and the likely spectral type of the
companion star candidate based on its optical/UV photometry.
We find that of the seven matches, the three of the four that are
classified as black holes, soft or intermediate accretion state,
have a likely giant or supergiant companion star candidate. The
fourth has a best-fit SED-derived luminosity, effective,
temperature, and radius, which is consistent with being an B
supergiant within errors (source 299). One of the matched
sources is classified as a ULX and the companion star
candidate for this source is a likely B-type main-sequence
star. The remaining two matches are both classified as neutron
stars, one as a pulsar and one as Z-type, and both have likely
main-sequence-type companion stars.

It is interesting that we find supergiant/giant companion star
candidates associated with compact objects classified as black
holes based on their NuSTAR colors and luminosities but not
neutron stars. Supergiant/giant companion stars have been
observed in HMXB systems in other galaxies with both black
hole and neutron star accretors. Black hole HMXBs (BH-
HMXBs) such as Cyg X-1 (Orosz et al. 2011), LMC X-1
(Orosz et al. 2009), and M33 X-7 (Orosz et al. 2007;
Ramachandran et al. 2022, which is included in our sample

as Source ID 225) all comprise black holes accreting from
supergiant companion stars with masses 30Me, suggesting
they are very young systems because 30 Me stars have
maximum lifetimes �10 Myr. Neutron star HMXBs with
supergiant companion stars are also thought to be very young
systems. The companion stars in these systems have been
observed with masses 15Me and companion star ages of
<12Myr (Reig et al. 2016, and references therein). It is
important to emphasize that the classification of the compact
object type based on its NuSTAR colors and luminosity is not
conclusive because we do not have dynamical mass measure-
ments for the accreting compact objects in these HMXB
systems. More detailed spectroscopic observations are needed
to (i) confirm the true spectral types and masses of the
companion stars, and (ii) constrain the compact object masses
dynamically. We also do not wish to over interpret this result
due to the potential impact of small number statistics in our
sample with four likely black hole supergiant HMXBs.

5. Conclusions

We present a study of the HMXB population of M33 using a
combination of high-resolution X-ray observations from
Chandra (ChASeM33; Tüllmann et al. 2011) and near-IR/
optical/near-UV observations from HST (PHATTER; Wil-
liams et al. 2021). We performed SED fitting on the HMXB
companion star candidates to infer their likely spectral types.
We used the spatially resolved recent SFH of M33 (Lazzarini
et al. 2022) to measure the HMXB age distribution and
production rate for M33. We discuss our findings in context of
previous studies of HMXB populations in nearby galaxies and
previous work in M33. We list our main findings below:

1. We identify 65 HMXB candidates in M33, including X-8
in the nuclear star cluster, using multiband photometry
from the PHATTER survey of the inner disk of M33.

2. Using SED fitting, we infer that the majority of our
HMXB companion star candidates are likely B-type
main-sequence stars, suggesting that a majority of
HMXBs in M33 are Be-XRBs, although spectroscopic
observations are required to confirm these classifications.

3. We find that the production rate for HMXBs in M33 is
peaked between 0 and 10Myr ago and between 40 and
50Myr ago. The 0−10Myr formation timescale is
associated with BH-HMXBs with massive companion
stars, and the ∼40 Myr formation timescale is associated
with Be-XRBs; we detect signals of these two formation
channels in the time-resolved HMXB production rate
of M33.

4. We calculate the time-resolved HMXB production rate
(the number of HMXBs formed per stellar mass) in M33
and find that it ranges from M3 10 6 1

~ ´ - - to
M1 10 6 1
~ ´ - - over the last 80Myr.

5. We also calculate the number of HMXBs formed per unit
SFR over the last 50 and 80Myr. For our full HMXB
candidate sample, we measure an HMXB production rate
of 120−153 HMXBs/(Me yr−1) over the last 50Myr and
181−240 HMXBs/(Me yr−1) over the last 80Myr.

6. We find that the HMXB production rates (HMXBs M 1

- )

of M33 and M31 agree within errors over the last 50Myr
and only differ slightly between 50 and 80Myr ago.

7. We find that for the seven HMXB candidates in our
sample with compact objects classified as black holes or
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neutron stars based on NuSTAR observations (Yang
et al. 2022), systems with NuSTAR-classified black hole
accretors are likely to host giant/supergiant companion
stars, while systems with NuSTAR-classified neutron star
accretors are likely to host main-sequence companion
stars.
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