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Abstract. We use deep Chandra and HST data to uniquely classify the X-ray binary (XRB)
populations in M81 on the basis of their donor stars and local stellar populations (into early-
type main sequence, yellow giant, supergiant, low-mass, and globular cluster). First, we find that
more massive, redder, and denser globular clusters are more likely to be associated with XRBs.
Second, we find that the high-mass XRBs (HMXBs) overall have a steeper X-ray luminosity
function (XLF) than the canonical star-forming galaxy XLF, though there is some evidence of
variations in the slopes of the sub-populations. On the other hand, the XLF of the prototypical
starburst M82 is described by the canonical powerlaw (αcum ∼ 0.6) down to LX ∼ 1036 erg s−1.
We attribute variations in XLF slopes to different mass transfer modes (Roche-lobe overflow
versus wind-fed systems).
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1. Introduction

X-ray observations of star-forming galaxies reveal abundant point sources that domi-
nate the galaxies’ hard X-ray emission. Most of these sources are XRBs with a neutron
star or black hole accreting matter from a high- or low-mass stellar companion through
Roche lobe overflow or stellar winds. XRBs are an important evolutionary stage in binary
stellar systems, occurring after one star has undergone a supernova, formed a compact
object, and then brought it into contact with the other star (e.g., Tauris & van den
Heuvel 2010).
XRBs have important links to various topics in astrophysics: they are responsible for

feedback (winds, jets, and ionization) on multiple scales (e.g., Soria et al. 2010; Justham
& Schawinski 2012) including preheating the intergalactic medium prior to and during
reionization (Fragos et al. 2013; Das et al. 2017; Douna et al. 2018) and they are prime
candidates for progenitors of gravitational wave events (Abbott et al. 2016).
Observations of elliptical galaxies and bulges of spirals in nearby galaxies enable us to

isolate the low-mass XRB (LMXB) populations of galaxies (e.g., Kong et al. 2003; Kim &
Fabbiano 2010) and study trends with stellar mass across many LMXB populations (M�;
Boroson et al. 2011; Zhang et al. 2011). Similar work has been done with nearby star-
forming galaxies to locate HMXBs (e.g., Zezas et al. 2002; Pannuti et al. 2011) and study
their links to the recent star formation rate (SFR; Mineo et al. 2012; Mineo et al. 2014).
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Regions containing HMXBs are usually mixed with other populations of sources:
notably LMXBs but also supernova remnants (SNRs; Leonidaki et al. 2010) and hyper-
accreting white dwarfs frequently seen as super-soft sources (SSSs; e.g., Di Stefano
& Kong 2004). Only in rare cases with very high specific SFR (sSFR=SFR/M�) or
where individual counterparts are identified can we examine these populations with very
low contamination: the Milky Way (Grimm et al. 2002) though heavily biased (Arur
& Maccarone 2018), SMC/LMC (Antoniou et al. 2009; Antoniou & Zezas 2016), M33
(Tüllmann et al. 2011; Garofali et al. 2018), and M31 (Lazzarini et al. 2018). We extend
this work to two more nearby interacting galaxies: M81 and M82.

2. Source Classification in M81

The primary goal of our work on M81 is to carefully identify and study the LMXB
and HMXB source populations. We briefly outline our approach using the best optical
and X-ray observations of the galaxy.
For all Chandra sources, we construct 3-color stamps of the local HST stellar fields

and their corresponding color-magnitude diagrams (CMDs; where necessary). We first
identify interlopers (class “A” in Fig. 1): foreground stars (identified on the basis of their
brightness on the HST images and their soft X-ray colors), and background galaxies
(clearly seen on the HST images). Another of these categories are X-ray sources associated
with clusters (identified in the basis of their spatial extent on the HST images and their
location on the CMD). X-ray sources associated with globular clusters are, by definition,
LMXBs (class “B” in Fig. 1). Finally, using a combination of X-ray colors and optical
spectroscopic line diagnostics, we have discovered a population of SNRs (Leonidaki et al.
in prep.).
For all the other sources, we follow a systematic approach for X-ray source classification

based on the location of their optical associations on the CMD and their correspond-
ing chance coincidence probability (CCP). This is determined by randomly shifting the
Chandra and HST catalogs and calculating the likelihood that an X-ray source will match
an HST source of the corresponding location on the CMD. The CCP is simply a ratio of
the number of matched HST sources of a certain type (location on the CMD) to the total
number of tries and is a function of the search radius and local stellar density. Therefore,
it is normalized probability, where very small CCPs (∼ 0) refer to very rare sources and
large CCPs (∼ 1) refer to chance associations. Extremely rare sources are more likely to
be matched to their true counterparts. This procedure of matching by exclusion has been
very commonly used to match source catalogs (see e.g., Antoniou et al. 2009 for a more
detailed description of the CCP).
The search radius for each X-ray source depends on its off axis angle and number of

counts. We use the prescription of Hong et al. (2005), which is based on extensive simu-
lations. The full position probability at an arbitrary radius is calculated as a quadrature
sum between the boresight uncertainty (δRA,Dec ∼ 0.1′′) between the catalogs and the
reported 95% confidence in Hong et al. modeled as a symmetric Gaussian. We consider
all HST sources within the 3σ position error circle, which ensures that we are not missing
the true counterpart.
We compare all HST sources in the X-ray error circle by assigning weights based on

their chance councidence probaility. A full description of the calculation of the CCP, the
weights, and their application to the source matching will be presented in a follow-up
publication (Sell et al. in prep.). Examples of the HMXB and field LMXB sources in
each of our remaining categories are shown in Fig. 1 (classes “C–F”). Some sources are
excluded, as their classifications are ambiguous (class “G”). In Fig. 2, we present on the
CMD each Chandra source with a unique/clear high-mass star counterpart.
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Figure 1. We show examples of various source classification categories using 3-color (B, V,
and I) stamps of HST fields local to each Chandra source with observational color-magnitude
diagrams when relevant: A) interlopers (background galaxies and foreground stars), B) LMXBs
in globular clusters, C) uniquely classified HMXBs, D) confused HMXBs, E) uniquely classified
LMXBs, F) confused LMXBs (e.g. extremely high stellar density in the bulge; only faint, low-
mass stars in the field) and G) indeterminate sources, (likely either a low- or high-mass star).
In the stamps, the 1σ, 2σ, and 3σ Chandra astrometric error circles are shown in cyan, the
HST catalog sources with their ID numbers are in green, and the globular clusters and galaxies
are in red and yellow, respectively. We construct each CMD using the observed B, V and I
magnitudes of the stars within 3σ, identified by their HST source ID numbers. Each left plot
includes sources with matches in all three bands and each right plot includes sources only present
in the I-band. The Chandra source number and its 1σ, 2σ, and 3σ astrometric uncertainties are
listed in the plot title and physically-motivated (blue, yellow and red supergiants, main-sequence
stars–green) regions where we have calculated the chance coincidence are numbered. The CMD
weight is below the CMD#.
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Figure 2. The CMD for all Chandra sources with unique HST counterparts (red). The black
dots indicate all HST sources within 5′′ of each of the sources in our X-ray catalog. Geneva
single star tracks are overplotted for reference (Ekstrom et al. 2012).

3. Results

3.1. Low-Mass X-ray Binaries in M81 Globular Clusters

We examine the optical properties of the M81 globular cluster population, including
those with XRBs (Fig. 3). We find that XRBs are preferentially associated with redder,
more massive, and denser clusters in agreement with other work on elliptical galaxies
(e.g., Sivakoff et al. 2007). The similarity between spiral and elliptical galaxies suggests
that the same dynamical mechanisms are involved in the formation of LMXBs in GCs in
both types of galaxies.

3.2. X-ray Luminosity Functions of M81 and M82

We examine the global properties of the X-ray point source populations of M81 and
M82 through their XLFs (Fig. 4). For M81, use the X-ray luminosities from Sell et al.
(2011). For M82, we use a very similar approach to Sell et al. (2011) for calculating source
luminosities based on spectral fits that will be discussed in detail in a future publication
(Sell et al. in prep.).
First for M81, our source-by-source classification enables us to uniquely examine XLFs

of different subpopulations (Fig. 4). When there is some uncertainty in our classifications
(i.e., an X-ray source has more than one optical association with comparable CCP), we
draw sources into the XLFs relative to their CCPs. This is indicated by the scatter in
each of the global LMXB (red) and HMXB (blue) populations in Fig. 4 (we only show
one realization in the other cases for clarity). The LMXB XLF shows the typical break
near LX ∼ 1038 erg s−1 (e.g., Fabbiano 2006). Interestingly, we find that the HMXB XLF
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Figure 3. Above we plot the observed CMD and the effective radius versus absolute V-band
magnitude for the entire M81 globular cluster population (green; Nantais et al. 2011) and those
with LMXBs (red).

Figure 4. Left: XLFs for individually classified XRBs in M81 (incompleteness is important for
LX <∼ 1037 erg s−1). Right: The XLF for M82, the deepest for a starburst galaxy. Unusually high
levels of copious diffuse emission account for some incompleteness seen for LX <∼ 1037 erg s−1. In
both plots, the canonical HMXB XLF (dN/dL∝Lα; Mineo et al. 2012) is overplotted in green
dashed lines.

appears steeper than the canonical HMXB XLF (the green dashed line; Mineo et al. 2012,
which may include some contamination from LMXBs). The differences in HMXB slopes
could be attributed to differences in the mass transfer mode (Roche-lobe overflow vs.
wind-fed systems) in the XRB populations comprising each XLF.
We compare these results with the XRB populations of the prototypical starburst

galaxy, M82, for which we present one of the deepest XLFs reported for a starburst
galaxy. We find that it is described by the canonical powerlaw with a cumulative slope
of ∼ 0.6 (Mineo et al. 2012) down to LX ∼ 1036 erg s−1.
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