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ABSTRACT

We present a new empirical framework modeling the metallicity and star-formation history (SFH)

dependence of X-ray luminous (L >∼ 1036 erg s−1) point-source population luminosity functions (XLFs)

in normal galaxies. We expect the X-ray point-source populations are dominated by X-ray binaries

(XRBs), with contributions from supernova remnants near the low luminosity end of our observations.

Our framework is calibrated using the collective statistical power of 3,731 X-ray detected point-sources

within 88 Chandra-observed galaxies at D <∼ 40 Mpc that span broad ranges of metallicity (Z ≈0.03–

2 Z⊙), SFH, and morphology (dwarf irregulars, late-types, and early-types). Our best-fitting models

indicate that the XLF normalization per unit stellar mass declines by ≈2–3 dex from 10 Myr to 10 Gyr,

with a slower age decline for low-metallicity populations. The shape of the XLF for luminous X-ray

sources (L >∼ 1038 erg s−1) significantly steepens with increasing age and metallicity, while the lower-

luminosity XLF appears to flatten with increasing age. Integration of our models provide predictions

for X-ray scaling relations that agree very well with past results presented in the literature, including,

e.g., the LX-SFR-Z relation for high-mass XRBs (HMXBs) in young stellar populations as well as the

LX/M⋆ ratio observed in early-type galaxies that harbor old populations of low-mass XRBs (LMXBs).

The model framework and data sets presented in this paper further provide unique benchmarks that

can be used for calibrating binary population synthesis models.

Keywords: X-ray binary stars (1811); Stellar evolutionary models (2046); Galaxy evolution (594); Star

formation (1569); Spectral energy distribution (2129); X-ray astronomy (1810)
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1. INTRODUCTION

Observations of X-ray emission from normal galax-

ies (i.e., those not dominated by luminous active galac-

tic nuclei) outside the Local Group have been possible
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since the launch of the Einstein Observatory, allowing

for studies that link high-energy phenomena and host-

galaxy properties (see, e.g., Fabbiano 1989, for a review).

Over the last ≈25 yr, the Chandra X-ray Observatory

(Chandra) has significantly opened up this field, provid-

ing resolved views of the X-ray emission in galaxies out

to >∼ 100 Mpc, as well as the X-ray detection of galaxy-

integrated populations spanning the majority of cosmic

history (see, e.g., Fabbiano 2006, 2019; Gilfanov et al.

2022, for reviews).

Within normal galaxies, X-ray binaries (XRBs) dom-

inate the >∼ 1–2 keV emission across all morphological

types. XRBs consist of either black holes or neutron

stars that are accreting from normal stellar compan-

ions. By their nature, XRB populations trace the demo-

graphics of populations of close binaries, massive stars,

compact-object remnants and accretion processes. XRB

population emission has long been observed to scale

with physical properties of their host galaxies, including,

e.g., star-formation rate (SFR) and stellar mass (M⋆)

(Grimm et al. 2003; Gilfanov et al. 2004; Boroson et al.

2011; Mineo et al. 2012; Zhang et al. 2012; Lehmer et al.

2019, 2020; Kouroumpatzakis et al. 2020). More recent

studies have highlighted that XRB emission may provide

an important source of ionizing photons (e.g., Schaerer

et al. 2019; Senchyna et al. 2019; Olivier et al. 2021;

Simmonds et al. 2021; Garofali et al. 2024) to the inter-

stellar mediums (ISMs) and the intergalactic medium of

the high-redshift universe (e.g., Mesinger et al. 2013;

Pacucci et al. 2014; Madau & Fragos 2017; Kovlakas

et al. 2022; Muñoz et al. 2022).

XRBs are markers of the phases of close-binary evo-

lution when mass-transfer is important and massive

compact objects present, following the evolution of the

most massive star. Evolutionary modeling of these sys-

tems involves many of the same physical prescriptions

required for understanding the formation pathways of

other astrophysically interesting objects, including, e.g.,

SNe, millisecond pulsars, gravitational-wave emitting

sources, and short GRBs, contextualizing the impor-

tance of XRB observations (e.g., Ghosh & White 2001;

Zapartas et al. 2021; Bavera et al. 2022b,a, 2023; Xing

et al. 2023; Fragos et al. 2023; Kotko & Belczynski

2024). Included among the various observational con-

straints of XRBs are population demographics connect-

ing XRB populations and host-galaxy properties. Early

Chandra studies of XRB populations in nearby galaxy

samples ( <∼ 100 Mpc) showed initial support for “uni-

versal” linear scaling relations in galaxy populations,

linking the X-ray power output of high-mass XRBs

(HMXBs) to galaxy-integrated SFR, LHMXB
X –SFR, and

low-mass XRBs (LMXBs) to stellar mass, LLXMB
X –M⋆

(e.g., Ranalli et al. 2003; Colbert et al. 2004; Persic &

Rephaeli 2007; Lehmer et al. 2008, 2010). Additional

studies quantified SFR and M⋆ scaled X-ray luminosity

functions (XLFs) for HMXB and LMXB populations, re-

spectively, using samples of late-type (e.g., Grimm et al.

2003; Mineo et al. 2012; Lehmer et al. 2019) and early-

type galaxies (e.g., Gilfanov 2004; Kim & Fabbiano 2004;

Zhang et al. 2012; Lehmer et al. 2019).

More recently, several observations and theoretical

considerations have seriously challenged the universal-

ity of XRB luminosity and XLF scaling relations with

SFR and M⋆ alone. For instance, mounting evidence

has emerged supporting an anti-correlation between the

LX/SFR ratio and metallicity (or a LX-SFR-Z plane)

from star-forming galaxies that are expected to be dom-

inated by HMXB populations: overall LX/SFR is ob-

served to decline with increasing metallicity (e.g., Basu-

Zych et al. 2013a; Brorby et al. 2014, 2016; Douna et al.

2015; Vulic et al. 2021; Kyritsis et al. 2024); excess pop-

ulations of HMXBs and ultraluminous X-ray sources

(ULXs; LX
>∼ 1039 erg s−1) per SFR have been observed

in low-metallicity galaxies (e.g., Clark et al. 1978; Dray

2006; Mapelli et al. 2010; Prestwich et al. 2013; Basu-

Zych et al. 2016; Wolter et al. 2018; Kovlakas et al.

2020; Lehmer et al. 2021, 2022; Walton et al. 2022; Geda

et al. 2024); and a rise in average LX/SFR with redshift

has been observed (Basu-Zych et al. 2013a; Fragos et al.

2013b; Lehmer et al. 2016; Aird et al. 2017; Wang et al.

2024), consistent with being driven by the cosmic decline

in metallicity with redshift (Fornasini et al. 2019, 2020).

Such considerations have an important impact on cos-

mological models describing galaxy evolution (see,. e.g.,

Vladutescu-Zopp et al. 2023).

In addition to metallicity, XRB population emission

has long been observed to vary with tracers of stellar

population age (e.g., optical color and associations with
galaxy spiral arms and bulges), pointing to enhance-

ments in the XRB emission in young environments (e.g.,

Fabbiano et al. 1982; Kim et al. 1992; Wolter et al.

1999; Tennant et al. 2001; Zezas et al. 2002; Soria & Wu

2003; Colbert et al. 2004; Kilgard et al. 2005). More

recent studies have made more explicit connections be-

tween XRB population demographics and galaxy star-

formation history (SFH). For instance, clear age trends

in the HMXB formation efficacy (e.g., N(HMXB)/M⋆)

as a function of age have been found in star-forming

regions of the Magellanic Clouds, M31, and M33 (e.g.,

Shtykovskiy & Gilfanov 2007; Antoniou & Zezas 2016;

Garofali et al. 2018; Antoniou et al. 2019; Lazzarini et al.

2021, 2023), showing evidence for peak HMXB activ-

ity at ≈30 Myr where HMXBs consisting of a NS with

Be-type donor are expected to be dominant. However,
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the majority of HMXBs within Local Group galaxies are

comparatively low luminosity sources (L <∼ 1038 erg s−1)

that are fed by stellar winds and decretion disks of Be

stars. Hence, Local Group galaxies lack the powerful

Roche-lobe overflow (RLO) HMXBs that are expected

to power the most luminous sources (L >∼ 1038 erg s−1;

see, e.g., Misra et al. 2024) observed in galaxies. Such

systems dominate the integrated X-ray power output for

many galaxies.

To assess the luminosity-dependent evolution of XRB

populations, Lehmer et al. (2017) utilized SFH maps

and deep Chandra observations of the relatively nearby

(D ≈ 9 Mpc) galaxy M51 to construct an age-dependent

XRB XLF model that was fit simultaneously to sev-

eral independent populations across subgalactic regions.

While highly uncertain, the best fitting model suggested

that the stellar-mass normalized XRB XLF declined by

a few orders of magnitude in normalization and steep-

ened in slope with increasing age. In support of these

findings, subgalactic measurements of the XLF within

NGC 300 indicate larger numbers of XRBs per unit

SFR within younger populations in the galaxy (Binder

et al. 2024). The age-dependent evolution of XRB pop-

ulation emission has been more rigorously constrained

by Gilbertson et al. (2022), who utilized SFH informa-

tion for 344 normal galaxies in the Great Observatories

Origins Deep Surveys (GOODS) fields, with Chandra

Deep Field X-ray constraints, and showed in detail how

LX/M⋆ declines over 10 Myr to 10 Gyr timescales.

Binary population synthesis models that reproduce

the above observed trends have provided some insight

into the physical processes that drive the metallicity and

SFH dependences of XRB population demographics and

emission (e.g., Fragos et al. 2013b; Zuo et al. 2014; Misra

et al. 2023). On theoretical grounds, metallicity is ex-

pected to impact stellar wind mass loss, which can af-

fect the orbital evolution of binaries and the resulting

compact-object remnant mass distribution. Specifically,

low-metallicity binaries are expected to have relatively

weak mass loss from stellar winds, resulting in less angu-

lar momentum loss from the systems, less binary widen-

ing on stellar evolutionary timescales, and more massive

compact object remnants; effects that can yield more

luminous XRB populations (e.g., Linden et al. 2010;

Wiktorowicz et al. 2017, 2019; Liu et al. 2024). Sim-

ilarly, stellar population age plays a primary role in de-

termining the evolutionary stage of donor stars (e.g.,

RLO potential, strengths of their winds, and presence

of an equatorial decretion disk) in XRBs that impacts

the overall X-ray power output of the populations. In

addition, LMXBs have lower formation efficiency since

their accretion mode, Roche-lobe overflow, requires that

they satisfy more strict evolutionary conditions (e.g.,

Kalogera &Webbink 1998). Young populations of XRBs

(e.g., <∼ 100 Myr) accrete from relatively massive donor

stars, and result in larger average mass-transfer rates

compared to older populations that harbor low-mass

donors, thus yielding more luminous XRBs per stellar

mass within young stellar populations (see also, e.g.,

Fragos et al. 2008; Misra et al. 2024).

As discussed above, collective empirical constraints

and theoretical models have identified metallicity and

SFH as key physical factors that impact XRB and ULX

populations. However, a clear synthesis of the observa-

tional data that illustrates the dependence of both of

these factors has yet to be realized. A highly desirable

collective constraint for galaxy populations would be a

quantitative assessment for how XRB XLFs vary simul-

taneously with metallicity and age; the primary goal of

this paper. Compared to simple galaxy-integrated LX

scaling relations, XRB XLF scaling relations describe

the shapes and normalizations of XLFs vary with galaxy

physical properties (e.g., SFR and M⋆), providing sev-

eral additional degrees of freedom to more precisely test

theoretical models and provide insight into the evolu-

tion of close-binary systems. Furthermore, constraints

on XLF variation with metallicity and SFH are of fun-

damental importance, as they can be integrated directly

to infer LX scaling relations on a more generalized basis.

In our previous works studying XLFs in nearby (D <

30 Mpc) galaxies (Lehmer et al. 2019, 2020, 2021), we

found that XLF scaling relations involving only stel-

lar mass, SFR, globular cluster content, and metallicity

were insufficient for universally modeling the XLFs of all

local galaxies. In particular, Lehmer et al. (2021) found

that the galaxies that were most poorly fit by scaled

models are low-mass starburst galaxies with SFHs that

are bursty or rising to the present day, implying that

they host HMXB populations that differ from relatively

large galaxies that have smoother SFHs over ≈100 Myr

timescales. Similarly, studies at subgalactic scales have

explicitly found enhancements and variability in the

XRB formation rate on relatively short timescales within

the first 100 Myr following star-formation events (see,

e.g., Antoniou & Zezas 2016; Lehmer et al. 2017; Garo-

fali et al. 2018; Antoniou et al. 2019; Lazzarini et al.

2023; Binder et al. 2023, 2024). These age variations

have been predicted in population synthesis models and

are also expected to vary with metallicity (see, e.g., Lin-

den et al. 2010; Wiktorowicz et al. 2017, 2019). Thus,

an important goal is to characterize the key variations

of the XLF as functions of both metallicity and SFH.



4

Figure 1. False-color optical/near-IR postage-stamp images for the 88 galaxies in our sample. The observatories used to create
these postage stamps varies, but are mainly based on g′ (blue), r′ (green), and i′ (red) band data from SDSS or PanSTARRS.
Other postage stamps are based on best-matched filters from CTIO, KPNO, Swift UVOT, or HST data. Image sizes are square
in dimensions and have manually-determined scales ranging from 0.3–1.3 ×(2a), where a is the semi-major axis provided in
Table 1. A 1 arcmin length vertical gray bar is provided in the lower-right corner of each image for scale.

In this paper, we make use of the literature and large

multiwavelength data archives to explicitly determine

metallicities and SFHs for a sample of 88 nearby galaxies

with Chandra constraints on X-ray point-source popula-

tions (see Figure 1). Our goal is to build an empirically-

calibrated model for how the XLF shapes and normal-

izations per stellar mass vary as a function of stellar-

population metallicity and age. We have organized our

paper around the steps required to achieve this goal. In

§2, we construct our galaxy sample and compile metal-

licity information from the literature. In §3, we cull

several FUV-to-FIR data sets and perform SED fitting

to derive their SFHs. In §4, we analyze the Chandra

X-ray point-source data and derive observed constraints

on their XLFs. In §5, we utilize the metallicity, SFHs,

and XLF measurements as a basis for constructing our

metallicity and age dependent XLF modeling frame-

work. In §6 we discuss our model framework in detail,

providing broader context of our XLF model predictions

for galaxy-integrated scaling relations and comparisons

with past results and population synthesis models. We

further discuss caveats to our model, methods for using

the data presented here to constrain binary population

synthesis models, and future observations and studies

that could improve constraints on these results. Finally,

the key results are summarized in §7.
Throughout this paper, we make reference to X-ray

and multiwavelength fluxes and luminosities (or lumi-

nosity densities) that have been corrected for Galactic

absorption from gas and dust, but not host-galaxy ab-

sorption. Unless stated otherwise, we quote X-ray fluxes

and luminosities in reference to the 0.5–8 keV bandpass.

We adopt a Kroupa (2001) initial mass function (IMF)

when performing multiwavelength UV–to–IR SED mod-

eling, and we utilize a ΛCDM cosmology, with values

of H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7

adopted (e.g., Spergel et al. 2003).

2. SAMPLE SELECTION AND PROPERTIES
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Table 1. Galaxy Sample and Basic Properties

Size Parameters

Galaxy Central Position rex D a b PA logM⋆ log SFR 12 + log(O/H)

Name αJ2000 δJ2000 (arcsec) (Mpc) (arcmin) (deg) (M⊙) (M⊙ yr−1) (dex)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

NGC0024 . . . . . . 00 09 56.5 −24 57 47.3 . . . 7.30 (1) 1.38 0.39 43.5 (1) 8.85+0.09
−0.09 −1.19+0.26

−0.30 8.59 (1)

NGC0337 . . . . . . 00 59 50.1 −07 34 40.7 . . . 22.4 (1) 0.87 0.49 157.5 (1) 9.65+0.11
−0.10 0.35+0.21

−0.23 8.44 (1)

NGC0584 . . . . . . 01 31 20.8 −06 52 05.0 . . . 20.1 (1) 1.47 0.91 62.5 (1) 10.68+0.03
−0.05 −1.90+0.31

−0.33 8.76 (22)

NGC0625 . . . . . . 01 35 04.2 −41 26 15.0 . . . 4.10 (9) 1.43 0.47 92.0 (3) 8.31+0.17
−0.10 −1.42+0.45

−0.31 8.10 (7)

NGC0628 (M74) 01 36 41.8 +15 47 00.5 3 7.30 (1) 2.10 1.80 87.5 (1) 9.69+0.08
−0.07 −0.26+0.22

−0.27 8.54 (1)

NGC0925 . . . . . . 02 27 16.9 +33 34 44.0 . . . 9.12 (1) 1.87 0.82 105.0 (1) 9.32+0.08
−0.09 −0.50+0.24

−0.28 8.38 (1)

NGC1023 . . . . . . 02 40 24.0 +39 03 47.7 3 11.4 (8) 3.02 1.15 82.0 (1) 10.61+0.03
−0.06 −1.35+0.51

−0.40 8.78 (22)

NGC1097 . . . . . . 02 46 19.1 −30 16 29.7 5 17.1 (1) 2.63 1.44 145.0 (1) 10.65+0.09
−0.08 0.92+0.21

−0.26 8.83 (1)

NGC1291 . . . . . . 03 17 18.6 −41 06 29.1 2 10.8 (1) 2.39 1.70 170.0 (1) 10.78+0.03
−0.04 −0.95+0.26

−0.33 8.78 (22)

NGC1313 . . . . . . 03 18 15.8 −66 29 53.0 . . . 4.20 (9) 2.15 1.63 40.0 (3) 8.93+0.09
−0.09 −0.57+0.26

−0.28 8.40 (8)

Note—The full version of this table contains information for all 88 galaxies from our sample. An abbreviated version of the table is
displayed here to illustrate its form and content. Col.(1): Adopted galaxy designation with Messier designation, if applicable. Col.(2)
and (3): Right ascension and declination of the galactic center. Col.(4): Radius of the central region, in units of arcseconds, excluded
from consideration due to the presence of an AGN or significant X-ray source crowding. Col.(5): Adopted distance in units of Mpc
and reference in parentheses. Col.(6)–(8): Isophotal ellipse parameters, including, respectively, semi-major axis, a, semi-minor axis, b,
and position angle east from north, PA. In parentheses, we include a flag denoting the origin of the adopted ellipse parameters: 1 =
K20 isophotal region, 2 = HyperLEDA D25, 3 = FUV-based ellipse, and 4 = manually defined region (see detailed description in § 3).
Col.(9): Logarithm of the galactic stellar mass, M⋆, within the regions defined. Col.(10): Star-formation rate within the defined regions.
The values in Col.(9) and (10) were derived from our SED fitting procedures, as described in §3.2. Col.(11): Adopted estimate of the
average oxygen abundances, 12+log(O/H), and references (in parentheses). For consistency with other studies of XRB scaling relations
that include metallicity, we have converted all strong-line abundance measurements to the Pettini & Pagel (2004) calibration following
the prescriptions in Kewley & Ellison (2008).

Distance References.– 1 = Moustakas et al. (2010); 2 = Engelbracht et al. (2008); 3 = Sacchi et al. (2016); 4 = McQuinn
et al. (2016); 5 = Tully et al. (2013); 6 = Freedman et al. (2001); 7 = Nataf (2015); 8 = Harris et al. (2013); 9 = Lee et al. (2009); 10 =
Lee et al. (2023); 11 = Kovlakas et al. (2021); 12 = HyperLEDA.

Metallicity References.– 1 = Moustakas et al. (2010); 2 = Engelbracht et al. (2008); 3 = Izotov & Thuan (2007); 4 =
Bresolin et al. (2009); 5 = Monreal-Ibero et al. (2012); 6 = Hu et al. (2018); 7 = Skillman et al. (2003); 8 = Walsh & Roy (1997); 9 =
Croxall et al. (2009); 10 = McQuinn et al. (2019); 11 = Pilyugin et al. (2014); 12 = Berg et al. (2012); 13 = Pilyugin & Thuan (2007);
14 = Moustakas & Kennicutt (2006); 15 = Gómez-González et al. (2021); 16 = Groves et al. (2023); 17 = Ganss et al. (2022); 18 =
Madden et al. (2013); 19 = Esteban et al. (2014); 20 = Shi et al. (2005); 21 = Taddia et al. (2015); 22 = Mass-metallicity relation from
Kewley & Ellison (2008).

We began by culling well-studied samples of relatively

nearby galaxies (D <∼ 40 Mpc) with a wealth of Chan-

dra and multiwavelength data. We made use of previous

samples that have been used for studying XLF relations

in nearby galaxies, including Lehmer et al. (2019, 2020,

2021) and Geda et al. (2024), as well as a sample of four

low-metallicity (12 + log(O/H) ≈ 7.8–8.0) star-forming

galaxies with new Chandra Cycle 23 exposures that we

present here (PI: B. Lehmer). The samples within these

studies were constructed from a variety of resources,

including the Spitzer Infrared Nearby Galaxies Survey

(SINGS; Kennicutt et al. 2003), the Legacy ExtraGalac-

tic UV Survey (LEGUS; Sabbi et al. 2018), the STAR-

Burst IRregular Dwarf Survey (STARBIRDS; McQuinn

et al. 2018), a subsample of galaxies from the Physics at

High Angular resolution in Nearby GalaxieS (PHANGS)

survey with JWST coverage (Lee et al. 2023), the star-

forming galaxy sample from Mineo et al. (2012), the

Harris et al. (2013) sample of early-type galaxies with

well-measured GC populations, and other miscellaneous

studies (e.g., Engelbracht et al. 2008).

In our sample selection, we excluded galaxies that

have high galactic inclinations (i >∼ 70 deg) that may

harbor highly-absorbed X-ray point-source populations

that deviate from typical XLFs due to unmodeled ori-

entation effects. We further excluded galaxies from the

Lehmer et al. (2020) ellipticals sample that had GC spe-
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cific frequencies SN > 2,1 to avoid significant contribu-

tions from LMXB populations that form dynamically

in GC environments and exhibit different XLF shapes

(see, e.g., Irwin 2005; Humphrey & Buote 2008; Boro-

son et al. 2011; Lehmer et al. 2020). To ensure good

constraints on galaxy SFHs, we also excluded galaxies

that lacked high-quality multiwavelength data spanning

FUV-to-FIR; we discuss the requirements on these data

in more detail in §3.1 below. Rejection from this cate-

gory was based on a variety of reasons, including, e.g.,

the presence of very bright/optically-saturated Galactic

foreground stars that make photometry difficult, or the

multiwavelength data covering a small fraction of the

galaxy footprint.

Consideration of the above selection criteria resulted

in a sample of 88 galaxies. In Figure 1, we show

false-color optical/near-IR image postage stamps for the

galaxy sample, and in Table 1, we list the galaxies in our

sample, along with their basic properties. By construc-

tion, our sample spans a broad range of morphological

types with good representation across the Hubble se-

quence: dwarf irregulars, peculiars, spirals, and ellipti-

cals. However, our sample includes only small numbers

of major mergers, due to the volume limit, and excludes

highly-inclined disk galaxies, by construction.

Figure 2a displays the SFR versus M⋆ values for the

sources in our sample. Values of SFR and M⋆ were de-

rived from SED fitting results, which we describe in §3
(see Eqns. (4) and (5)). For comparison, we overlay the

location of the galaxy main sequence (grey band), as

defined in Eqn. 8 of Aird et al. (2019), and lines of con-

stant specific-SFR (sSFR ≡ SFR/M⋆). To first order,

sSFR provides a proxy for galaxy SFH, with high sSFR

representing galaxies with current active star-formation

and galaxies with low sSFR representative of early-type

galaxies dominated by old stellar populations. Our sam-

ple contains galaxies above the main-sequence, main-

sequence galaxies, and many sub-main sequence and qui-

escent objects.

Following the procedure in Lehmer et al. (2021), we

culled gas-phase metallicity measurements2 from nebu-

lar emission lines using either strong-line calibrations or

1 Here, SN ≡ NGC10
0.4(MT

V +15), where NGC is the number of
GCs in a galaxy with galaxy-wide absolute V -band magnitude
MT

V .
2 Throughout this paper, we quote metallicities in terms of either
total mass-weighted abundances, Z, relative to the solar value,
Z⊙ = 0.02, or gas-phase oxygen abundances, 12 + log(O/H),
and take the solar value to be 12 + log(O/H)⊙ = 8.69 (Allende
Prieto et al. 2001; Asplund et al. 2009). However, all abundances
are derived from the gas-phase oxygen abundances, and when
relevant, we therefore assume Z = 10log(O/H)+3.31Z⊙.

“direct method” electron-temperature-based theoretical

calibrations. The strong-line measurements are based

primarily on the Pettini & Pagel (2004) relation using

either the emission line ratios R23 = ([O II]λ3727 +

[O III] λλ4959, 5007)/Hβ and [O III]λ5007/[O II]λ3727

or ([O III]λ5007/Hβ)/([N II]λ6584/Hα) (see references

in Table 1). This relation is empirically calibrated

against the direct method, which uses the weak-line

ratio [O III]λλ4959, 5003/[O III]λ4363, a more sensi-

tive measure of the electron temperature and oxygen

abundance (e.g., Davies et al. 2017; Curti et al. 2017;

Maiolino & Mannucci 2019). For the subset of four

galaxies that were drawn from the PHANGS sample,

we adopted the S-cal strong-line-based metallicity mea-

surements from Groves et al. (2023), as presented in

Lee et al. (2023). The S-cal method utilizes relations

between [N II]λλ6548, 6584/Hβ, [S II]λλ6717, 6731/Hβ,

and [O III]λλ4959, 5007/Hβ with metallicity that are

calibrated to using direct-method estimates (see Pilyu-

gin & Grebel 2016, for details).

For the case of most early-type galaxies that do not

have oxygen abundance measurements due to a lack of

star-formation activity, we chose to adopt the Pettini

& Pagel (2004) “O3N2” mass-metallicity relation (here-

after, M⋆-Z relation) specified by Table 2 of Kewley

& Ellison (2008). We note that our choice to adopt

nebular-based abundances is one of consistency, and re-

sults in metallicity estimates that are expected to be

applicable to the youngest populations ( <∼ 100s Myr).

We expect that relatively old stellar populations within

all galaxies in our sample will have systematically lower

abundances than those traced by the nebulae. For ex-

ample, in the extreme case of elliptical galaxies, the

dominant ∼10 Gyr old stellar population metallicities

have been measured to be systematically lower than the

M⋆-Z relation by ≈0.3–1 dex (e.g., Gallazzi et al. 2005;

Panter et al. 2008; Looser et al. 2024). Since this issue

will be present in all galaxies, regardless of morphologi-

cal type, we caution that our quoted metallicities should

be interpreted as relevant for the most recently formed

stars at the time of observation. Future studies should

address the impact of metallicity evolution within the

galaxy populations; however, this detail is beyond the

scope of the present paper.

In Figure 2b, we display the M⋆ and Z estimates for

the galaxies in our sample. Our galaxies mainly follow

theM⋆-Z relation from Kewley & Ellison (2008) over the

range of applicability (gray shaded region), and cover a

broad metallicity range of Z ≈ 0.03–2 Z⊙, albeit with

the vast majority of sources having Z >∼ 0.1.

In summary, our sample of 88 galaxies have 44, 22,

and 22 metallicities estimated from strong-line, direct,
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Figure 2. (a) SFR versus M⋆ for the galaxy sample used in our study with 1σ uncertainties shown. Different symbol
types correspond to sources with metallicity measurements based on strong-line calibrations (black filled circles), direct-method
calibration (filled green stars), and the M⋆-Z relation (open orange squares). The gray shaded region represents the galaxy
main sequence, as defined by Aird et al. (2019), and lines of constant sSFR have been overlaid for reference (red dashed lines).
Our galaxy sample spans a relatively broad range of SFHs, ranging from massive elliptical galaxies (sSFR <∼ 0.01 Gyr−1) to
starburst galaxies (sSFR >∼ 1 Gyr−1). (b) Gas-phase metallicity, Z, versus M⋆ for our sample galaxies. The M⋆-Z relation
from Table 2 of Kewley & Ellison (2008) and its 1σ scatter are displayed as a dotted curve and gray shaded region, respectively.

andM⋆-Z relations, respectively. The symbol colors and

styles in Figure 2 vary dependent on the methods used.

3. STAR-FORMATION HISTORY DERIVATIONS

To achieve our goal of modeling metallicity and

SFH dependent point-source XLFs in galaxies, we first

needed to obtain detailed characterizations of the SFHs

of our galaxies. We accomplished this by (1) gathering

and analyzing multiwavelength FUV-to-FIR data from

a variety of facility archives; (2) constructing galaxy-

integrated SEDs across this vast range of wavelengths;

and (3) performing SED fitting using the Lightning

SED fitting code (Eufrasio et al. 2017; Doore et al. 2023;

Monson et al. 2024) to derive SFH solutions and poste-

rior distributions. Lightning v. 2024.0.13 is a python

code, building on the older IDL version of Lightning,

that makes use of stellar population synthesis models

over a range of metallicities, in combination with nebu-

lar effects and dust attenuation and emission, to fit spec-

trophotometric data spanning X-ray–to–far-IR wave-

lengths. When relevant, Lightning also has capabilities

for including contributions from AGN and XRB popula-

tions (see, e.g., Doore et al. 2023; Monson et al. 2023, for

further details). However, since our goal is to quantify

3 Available at https://github.com/ebmonson/lightningpy. This
work uses an early version, v. 2024.0.1, available at https://
github.com/ebmonson/lightningpy/releases/tag/v2024.0.1

and calibrate the relationship between XRB population

XLFs with SFH and metallicity in normal galaxies, we

do not use the AGN and XRB models here. Future ver-

sions of Lightning will incorporate the new constraints

afforded by the present study. Our approach is to gather

as much well-calibrated broad-to-narrow band FUV-to-

FIR photometry as possible for each galaxy in our sam-

ple, and fit the SEDs of these galaxies with metallicities

fixed at the values obtained in the literature, which are

primarily based on spectroscopy.

3.1. Multiwavelength Data Cube Construction

Following the procedures in Eufrasio et al. (2017),

we gathered FUV-to-FIR photometry using a vari-

ety of resources. We made extensive use of public

archives for downloading calibrated data sets. These

archives include the NASA/IPAC Infrared Science

Archive (IRSA)4 for 2MASS, Spitzer , WISE , and Her-

schel data sets; the PHANGS team site5 for AstroSAT

data (Hassani et al. 2024); the Barbara A. Mikulski

Archive for Space Telescopes (MAST)6 for GALEX ,

Swift , HST , and JWST data sets; the PanSTARRS-1

Image Access portal7 for PanSTARRS images; the Sloan

4 https://irsa.ipac.caltech.edu/
5 https://sites.google.com/view/phangs/home/data/astrosat
6 https://mast.stsci.edu
7 https://ps1images.stsci.edu/cgi-bin/ps1cutouts

https://github.com/ebmonson/lightningpy
https://github.com/ebmonson/lightningpy/releases/tag/v2024.0.1
https://github.com/ebmonson/lightningpy/releases/tag/v2024.0.1
https://irsa.ipac.caltech.edu/
https://sites.google.com/view/phangs/home/data/astrosat
https://mast.stsci.edu
https://ps1images.stsci.edu/cgi-bin/ps1cutouts
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Figure 3. Example PSF-matched image sets for NGC 0628. These image sets span the FUV-to-IR (see annotations) and
have been convolved to Gaussian PSFs with FWHM values of 6 arcsec (top row) and 40 arcsec (bottom row). The red ellipse
estimates the Ks-band 20 mag arcsec−2 isophotal contours. We used such apertures, along with the 40 arcsec FWHM PSF
image sets to extract galaxy-integrated photometry for FUV-to-FIR data sets. For 27 galaxies, we made use of the 6 arcsec
FWHM PSF image sets to extract much smaller photometry associated with the galaxy centers, where we exclude X-ray data
and local SFH contributions from our analyses. For NGC 0628, we excluded a very small 6 arcsec diameter circular region from
our analysis (not shown here due to its relatively small size).

Digital Sky Survey (SDSS) DR12 Science Archive Server

(SAS)8 for SDSS images; and the Astro Data Lab server

from the NSF NOIRLab9; and the NASA/IPAC Extra-

galactic Database (NED)10 for additional data sets from

the Cerro Tololo Inter-American Observatory (CTIO).

Since our galaxy samples were drawn from a variety of

sources, with galaxies located across the entire sky, we

do not have uniform sensitivity limits for our entire sam-

ple.

For a given galaxy, we calibrated all available UV-to-

IR photometry to common units of flux density per sky

area (MJy sr−1). Data sets with wavelengths <∼ 5 µm

were screened for bright foreground stars using the

methods highlighted in Eufrasio et al. (2017), and stars

with significant emission within or near the galactic foot-

prints were masked and filled in with pixel values based

on the local background. We applied this procedure in

each bandpass independently and were conservative in

selection, removing only bright stars that may have a

significant impact on the global photometry of a given

galaxy in a given bandpass. We followed a progressive

scheme for determining the sizes of the foreground star

regions that we masked, based on the signal-to-noise ra-

tio (S/N) of the star in the given band. Specifically, for

most data sets, we used circular masking regions with

radii of 2, 5, 7, and 10 times the half-width at half max

(HWHM) of the PSF for S/N = 10–500, 500–1000, 1000–

2500, and >2500, respectively. For HST data, however,

we made use of a larger circular masking region of uni-

8 https://dr12.sdss.org/mosaics
9 https://datalab.noirlab.edu/sia.php
10 https://ned.ipac.caltech.edu/

form radius ≈3 arcsec, as this was most effective in re-

moving the signatures of bright stars without significant

impact on the galaxy photometry.

Next, for each galaxy, we convolved all images, us-

ing foreground-star-subtracted images when relevant,

to common PSF and pixel scales to form data cubes.

We constructed two such data cubes with 6 arcsec and

40 arcsec FWHM Gaussian PSFs (both at 3 arcsec

pixel scale). A given data cube contains only data sets

with native resolution that is sharper than the FWHM

of the convolved images. As such, the 6 arcsec PSF

data cubes contain many bands spanning 0.1–10 µm

(e.g., GALEX , Swift , HST , SDSS, PanSTARRS, CTIO,

2MASS, Spitzer IRAC, JWST , WISE band 1) and Her-

schel PACS 70µm, when available, while the 40 arcsec

PSF data cubes provides expanded coverage in the IR,

adding all WISE bands, Spitzer MIPS (but not 160µm),

as well as Herschel PACS and SPIRE. In Figure 3,

we show example images from data cubes extracted for

NGC 0628, a galaxy in our sample in which the central

circular region of 6 arcsec diameter was flagged for ex-

clusion due to the presence of a bright X-ray source that

may be an AGN. This shows the form and quality of the

data cubes used in this paper (see also Fig. 1 for images

of all galaxies built from our data cubes).

3.2. Spectral Energy Distribution (SED) Extractions

For all galaxies, we made use of the 40 arcsec PSF

data cubes for extracting galaxy-integrated SEDs. To

do this, we used elliptical apertures that were chosen

to be both large enough to encompass large fractions of

the stellar content of the galaxies, but also small enough

to limit contributions from X-ray point-source popula-

https://dr12.sdss.org/mosaics
https://datalab.noirlab.edu/sia.php
https://ned.ipac.caltech.edu/
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Table 2. Multiwavelength Coverage Used in SED Fitting

Galaxy log λ logFν log νLν

Name Band (µm) (Jy) (L⊙)

(1) (2) (3) (4) (5)

NGC0024 AGal
V = 0.0521

GALEX_FUV −0.82 −2.45±0.06 8.07±0.061

UVOT_UVW2 −0.70 −2.31±0.02 8.09±0.021

UVOT_UVM2 −0.65 −2.30±0.02 8.05±0.021

GALEX_NUV −0.64 −2.30±0.06 8.04±0.061

UVOT_UVW1 −0.60 −2.20±0.02 8.11±0.021

0.9m_B −0.36 −1.54±0.02 8.52±0.021

Pan-STARRS_gp1 −0.32 −1.42±0.02 8.60±0.021

0.9m_V −0.26 −1.30±0.02 8.66±0.021

Pan-STARRS_rp1 −0.21 −1.23±0.02 8.68±0.021

0.9m_R −0.19 −1.27±0.02 8.62±0.021

Pan-STARRS_ip1 −0.12 −1.13±0.02 8.69±0.021

0.9m_I −0.10 −0.99±0.02 8.82±0.021

Pan-STARRS_zp1 −0.06 −1.06±0.02 8.70±0.021

Pan-STARRS_yp1 −0.02 −0.99±0.02 8.72±0.021

2MASS_J 0.09 −0.94±0.04 8.67±0.041

2MASS_H 0.22 −0.88±0.04 8.60±0.041

2MASS_Ks 0.33 −1.00±0.04 8.37±0.041

WISE_W1 0.53 −1.27±0.01 7.91±0.010

IRAC_CH1 0.55 −1.25±0.02 7.90±0.021

IRAC_CH2 0.65 −1.44±0.02 7.61±0.021

WISE_W2 0.66 −1.51±0.01 7.52±0.012

IRAC_CH3 0.76 −1.28±0.02 7.66±0.021

IRAC_CH4 0.90 −1.03±0.02 7.78±0.021

WISE_W3 1.06 −1.16±0.05 7.48±0.051

WISE_W4 1.34 −1.20±0.02 7.15±0.024

MIPS_CH1 1.37 −1.15±0.02 7.17±0.021

MIPS_CH2 1.85 0.11±0.07 7.95±0.072

Note—Col.(1) provides the galaxy name in the first row correspond-
ing to the start of that galaxy’s data. The adopted Galactic ex-
tinction, AGal

V , is also listed next to the galaxy’s name. All flux
measurements have been corrected for Galactic extinction. Col.(2)
lists the filter using the notation provided in Lightning (see § 3.3
for details). Col.(3)–(5) provide the base-10 logarithm of the central
wavelength of the filter, the flux density and 1σ error in units of Jy,
and the monochromatic luminosity and 1σ error, respectively. The
fluxes and luminosities are appropriate for the regions described in
§3.2. Only a portion of the table is shown here to illustrate photo-
metric content. The information in this table for all 88 galaxies and
photometric bandpasses is provided in the electronic edition of this
paper.

tions that are unrelated to the galaxies themselves (i.e.,

background AGN and galaxies and foreground Galac-

tic stars). For 65 galaxies, we found that the Ks-band

20 mag arcsec−2 isophotal ellipses, based on 2MASSKs-

band data (Jarrett et al. 2003), achieved such a compro-

mise. However, for actively star-forming galaxies with

high-sSFRs, in particular dwarf starbursts, the Ks-band

20 mag arcsec−2 semi-major axes were small relative to

the extents of the galaxies in bluer bands. For such

cases, we chose to adopt positions and sizes from the Hy-

perLeda database11 (based on B-band 25 mag arcsec−2

isophotes; 9 galaxies), the GALEX FUV-based size pa-

rameters presented in Geda et al. (2024) (9 galaxies),

or through manual construction, by eye (5 galaxies).

The latter sizes were constructed using GALEX FUV

or SDSS u-band images when other galactic footprints

from the literature did not clearly encompass all obvi-

ous galactic structures or when the morphologies were

complex (e.g., the Antennae). As an example, the aper-

tures used to extract photometry from NGC 0628 are

displayed in Figure 3 as red ellipses.

Background levels were measured using image median

values from elliptical annuli that were chosen to have

inner and outer radii that were scaled factors of the el-

liptical photometry extraction regions. The scales of

these factors were manually determined based on image

inspection and ranged from ≈1.5–5 times the extraction

radius. In most cases, the resulting photometry was not

highly sensitive to our choice of these apertures, pro-

vided they were well outside regions of the most intense

emission and the S/N of the galaxy was high.

For a given bandpass, the background-subtracted

galaxy-integrated flux density was calculated by sum-

ming all N pixels within the elliptical regions following:

Fν = ξcalν ξcolν

N∑
i=1

(ϕiν − ⟨ϕbkgν ⟩), (1)

where ξcalν represents the calibration constant that con-

verts instrument units, ϕ, to flux-density units, ξcolν rep-

resents any color-corrections applied (see below), and

⟨ϕbkgν ⟩ is the median value of the background intensity,

as determined fromM pixels in the background elliptical

annuli. The uncertainty on the background-subtracted

flux density was calculated as

σ2
ν

F 2
ν

=

(
N +

N2

M

)(
ξcalν σbkg
Fν

)2

+

(
σcal
ξcalν

)2

+

(
σcol
ξcolν

)2

,

(2)

which contains the variance on ϕbkgν from the M back-

ground pixels, σ2
bkg, the calibration uncertainty, σcal,

as a fraction of the source flux density, and a color-

correction uncertainty term, σcol, when relevant.

For the majority of the bandpasses, we set ξcolν = 1

and σcol = 0. However, for WISE W3 (11 µm) and

Spitzer M2 (70µm), the wavelength width (full widths

of ≈10 µm and ≈16 µm, respectively) of the bandpasses

and relatively wide variations of spectral shapes across

11 http://leda.univ-lyon1.fr/

http://leda.univ-lyon1.fr/
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these bandpasses (as well as differences with adopted

calibrators) called for color-dependent corrections to be

applied.12 These color corrections were determined by

performing a first-pass SED fitting for all galaxies in the

sample, as described below in §3, and assessing how the

residuals to the fits (as a ratio of Fmodel
ν /F obs

ν ) varied

as functions of spectral shape around the bands, using

color proxies. Specifically, we investigated the relation-

ship of the residuals for WISE 11µm versus observed

WISE fν [22µm]/fν [11µm] and Spitzer 70µm residu-

als versus observed Spitzer fν [70µm]/fν [24µm] for our

galaxy sample. We found clear relationships between

residual and color, and quantified these relationships us-

ing least-squares fitting to arrive at the following color

correction formulae:

f corrW3 = forigW3

1.067 + 0.249

(
forigW4

forigW3

)
− 0.023

(
forigW4

forigW3

)2


f corrM2 = forigM2

[
1.474− 0.026

(
forigM2

forigM1

)]
(3)

where f corrν represents the color-corrected flux density,

and forigν represents the observed flux density prior to

correction. The fractional color corrections, as used in

Eqns. 1 and 2, are specified as ξcolν = f corrν /forigν , and

their uncertainties are calculated as the residual scatter

to the relations in Eqn. 3, which are σcol = 0.16 and

0.15 for WISE W3 and Spitzer M2, respectively.

For 27 of the galaxies in our sample, the presence of a

low-luminosity AGN or extreme X-ray source crowding

make XLF analyses in the central regions intractable,

and we chose to exclude X-ray data in these small re-

gions (typically ≈6–20 arcsec diameter circles; Col.(4)

in Table 1) from our analyses. Thus, for these cases,

we restricted our analyses to “annuli,” which were con-

structed using “total” elliptical regions with circular

aperture “centers” excluded. To estimate the contri-

butions of the centers to the total SEDs across the full

FUV-to-FIR spectral range using the common 40 arc-

sec PSF photometry is not tenable, due to the PSF be-

ing larger than the centers themselves. We therefore

chose to take a forward-modeling approach, in which we

used the higher-resolution 6 arcsec PSF data cubes to

estimate the SEDs from the centers for a subset of the

bands and forward-modeled the center SED across all

bands (including those at poorer resolution) to extract

its contribution to the total SED across the full FUV-to-

FIR spectral range. We describe this procedure in full

12 See, e.g., discussions at the WISE Data Processing cite related
to WISE Band 3 (Wright et al. 2010).

detail in the next section. The detailed parameters of

our elliptical extraction regions and the radii of excluded

central regions are provided in Table 1.

We corrected the photometry of each filter for Galac-

tic (Milky Way) extinction, using a Fitzpatrick (1999)

reddening law with total-to-selective extinction ratio

RV = 3.1. Values of AV for each galaxy were taken

from the IRSA Galactic Dust Reddening and Extinc-

tion tool,13 which uses the Schlafly & Finkbeiner (2011)

recalibration of the Schlegel et al. (1998) Cosmic Back-

ground Explorer (COBE) Diffuse Infrared Back- ground

Experiment (DIRBE) and Infrared Astronomical Satel-

lite (IRAS) Sky Survey Atlas (ISSA) dust maps.

In Table 2, we provide the resulting photometry, as ex-

tracted following the procedure discussed above. All val-

ues provided are corrected for extinction and are used in

our Lightning SED fitting procedure to extract SFHs.

3.3. SED Fitting Procedure and Resulting SFHs

When fitting the SEDs, we adopted a piecewise-

continuous SFH model in Lightning, which consists

of the summation of spectral contributions from stel-

lar populations formed in nSFH independent constant-

SFR time steps. When linked together, the time steps

span all cosmic lookback times, which we take here as 0–

13.4 Gyr. In this procedure we tested separately results

based on stellar SEDs from the spectral population syn-

thesis libraries from PÉGASE (Fioc & Rocca-Volmerange

1997) and BPASS (v2.1; Eldridge et al. 2017). For

the latter, we made use of the Chabrier (2003) IMF

models (imf_chab300) that include binary stars. In

Lightning both nSFH and the specific time intervals can

be chosen by the user. We experimented with choices

of these intervals, and found that nSFH = 10 nearly

logarithmically-spaced time intervals (see Table 3 for de-

tails) provided good characterizations of the SEDs with

well-converged posterior distributions on fitting param-

eters. Stellar population metallicities were fixed to the

values provided in Table 1.

Nebular emission associated with HII regions was

modeled in Lightning using Cloudy (Ferland 1993; Fer-

land et al. 2013). In this work, we utilize the photoion-

ization modeling code Cloudy (Ferland et al. 2017) to

generate synthetic spectra of HII regions. Cloudy calcu-

lates the full radiative transfer through the gas cloud, so

each individual HII region model has internal structure,

with radial variations in ionization state and tempera-

ture, which in turn affects the location within the nebula

where various emission lines are produced.

13 https://irsa.ipac.caltech.edu/applications/DUST/

https://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html
https://irsa.ipac.caltech.edu/applications/DUST/
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Figure 4. (left panels) Example SEDs (νLν versus wavelength) and fit residuals for NGC 0024 (top) and NGC 0628 (bottom),
the first galaxies in our sample when sorted by ascending right ascension that use the single Lightning and MultiLightning

procedures, respectively. Photometric constraints on “total” regions are shown as black filled diamonds, “annuli” as open
black diamonds, and centers with light-grey filled squares with 1σ uncertainties displayed for all. Our best-fitting models from
Lightning are overlaid as solid-black and red-dashed curves for fits that use PÉGASE and BPASS, respectively, for the underlying
stellar models. The bottom panels show residuals to the best fit models in units of χ = (data−model)/σ. (right panels)
Resulting 10-step SFHs for both galaxies, in terms of average SFR (ψ) per age step (t), as derived by Lightning (NGC 0024)
and MultiLightning (annulus region for NGC 0628), assuming PÉGASE (black with gray shading) and BPASS models (red with
transparent red shading). Each shaded region represents the 16–84% confidence interval with the dark lines providing the median
estimate on the SFHs. Clear differences between PÉGASE and BPASS solutions are observed near ≈100 Myr to ≈2 Gyr, which is
systematic across all galaxies (see Appendix A for further details). Results presented throughout this paper are based on the
SED fits from PÉGASE.
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The key parameters of the photoionized gas in Cloudy

and their range of variation are as follows. The ion-

ization parameter (U) is defined as the ratio of ioniz-

ing photon density to hydrogen density. We compute

models for values of logU in the range between −4.0 to

−1.0, in steps of 0.5 dex. We compute models for hy-

drogen densities of the ionized gas (nH) for the values

log nH/cm
3 = 2 and 3.5, corresponding roughly to the

observed values of electron densities in extragalactic HII

regions and star-forming galaxies. The shape of ionizing

radiation field produced by a star depends on the age of

the stellar population and on its metallicity. We use

stellar population models from both the BPASS spectral

synthesis code (Eldridge et al. 2017) and PÉGASE (Fioc

& Rocca-Volmerange 1997), in a wide range of values of

both stellar ages (1 to 40 Myr in steps of 0.1 dex) and

stellar metallicities (Z = 6 × 10−4 to 0.025 in steps of

0.1 dex). In each generated model, we set the metallicity

of the stellar population model equal to the gas phase

metallicity of the nebula. Throughout this work, we as-

sumed the gas nebula without dust grains and consider

models at constant pressure.

We renormalized the transmitted continuum output

by Cloudy to the stellar mass of the input stellar pop-

ulation, and we used these new templates in our SED

fitting procedure. Where the stellar age is older than 40

Myr, we fall back on the source spectral templates from

BPASS and PÉGASE, implicitly assuming that populations

older than 40 Myr make no contribution to the nebular

emission. Future updates to Lightning will introduce

the functionality to fit observed line ratios, providing an

additional handle on the SFH, but we do not directly

use line fluxes from Cloudy in this work.

In our fitting procedure, we assumed a fixed nebular

density at log(nH/cm
3) = 3.5, ionization parameter at

logU = −2, and stellar metallicities tied to the nebular

metallicity listed in Col.(11) of Table 1. Given that the

majority of our data is broadband photometry without

strong constraints on nebular features, and that metal-

licity values are constrained elsewhere (often times by

spectroscopy), our choices of nebular density and ion-

ization parameter do not have a material impact on the

resulting SFHs.

We adopt the Lightning implementations of the Noll

et al. (2009) dust attenuation and Draine & Li (2007)

dust emission models, as described in Doore et al.

(2023). We chose to vary the two parameters of the

Noll et al. (2009) (τV,diff and δ) and three parameters of

the Draine & Li (2007) model (qPAH, Umin, and γ). En-

ergy balance is enforced, such that the attenuated power

from the stellar model exactly balances the integrated

dust emission model power.

Table 3 provides a summary of the parameters used in

our SED fitting procedure, including assumed priors on

the parameters. In total, our fits are typically based on

15 free parameters (ten SFH parameters plus five dust

attenuation and emission parameters); however, as we

describe below, when the nuclear region is excluded from

our analyses additional parameters are used to model

the nuclear region SED. We fit all parameters using flat

priors with parameter ranges constrained to the domains

of their applicability. The posterior distribution func-

tions (PDFs) of the fit parameters were sampled using

the emcee procedure in python (Foreman-Mackey et al.

2013), which is a Markov Chain Monte Carlo (MCMC)

sampler based on the Goodman & Weare (2010) Affine-

invariant algorithm. For the majority of the SED fits, we

utilized 60 walkers, run over 50,000 MCMC steps. Final

MCMC parameter chains were built by discarding all

but the last 20,000 steps, and thinning the final walker-

combined chains by a factor of 600. For this setup, we

found good convergence in MCMC parameter chains for

the majority of our galaxies. However, a small number

of galaxies required longer MCMC runs (up to 1.5×105

steps) to achieve full convergence.

For the subsample of 27 galaxies that had central re-

gions excluded from our analyses, we performed SED

fitting using a joint spectral fitting procedure, which we

hereafter refer to as MultiLightning14. The goal of

this procedure is to decompose the total SED solution

into central region and elliptical annular region contri-

butions, given data sets with widely different angular

resolution. Thus, MultiLightning will construct nu-

clear and annular region SED models with independent

SFH parameters that for a given galaxy simultaneously

fit (1) the nuclear region spectrum using the 6 arcsec

data cube, (2) the annular region using the 6 arcsec

data cube, and (3) the total region using the 40 arc-

sec data cube bands with PSFs too large to be con-

tained within the 6 arcsec data cube. For the majority

of these 27 galaxies, we found that the nuclear region

provides nearly negligible contributions to the overall

SEDs (typically <∼ 10%). As such, for the nuclear re-

gions, we applied simpler SED models, which contained

half the number of SFH steps and often times fewer dust

emission parameters, as we have varying constraints on

the >6µm SEDs within the 6 arcsec data cubes. Specif-

ically, when the longest wavelength constraint for the

nuclear region was λnucmax < 6 µm, all nuclear-region dust

14 https://github.com/ebmonson/multilightning

https://github.com/ebmonson/multilightning
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Table 3. Summary of SED Fitting Parameters.

Model Component Parameter Parameter Description Value/Rangea

Stellar Population {ψ}nSFH
i=1 Star formation history coefficients in M⊙ yr−1, with nSFH = 10 age bins: [0, 1000]

{log ti[yr]} = { [< 6.47], [6.47–6.88], [6.88–7.29], [7.29–8.10], [8.10–8.50],

[8.91–9.32], [8.50–8.91], [9.32–9.72], [9.72–10.12] }
Z Metallicity of stellar population Col.(11) Table 1

Nebular Effects logU Ionization parameter −2

Zneb Metallicity of ISM tied(Z)

log(nH/cm
3) Density of the ionized ISM 3.5

Dust Attenuation τV,Diff Optical depth of diffuse dust in the V band [0, 3]

δ Attenuation curve power-law slope deviation from Calzetti et al. (2000) law [−2.3, 0.4]

τV,BC Optical depth of birth-cloud dust in the V band 0

Dust Emission α Power-law slope of intensity distribution 2

Umin Intensity distribution minimum [0.1, 25]

Umax Intensity distribution maximum 3× 105

γ Mass fraction of dust exposed to intensity distribution [0, 1]

qPAH Mass fraction of PAHs in dust mixture [0.0047, 0.0458]

aFree parameters are indicated as such by the parameter ranges in square brackets. Priors on all free parameters follow uniform distributions.
Fixed parameters and their values are indicated as single numbers.

emission parameters (Umin, γ, and qPAH) were linked

to the total model values; when λnucmax = 6–10 µm, we

allowed qPAH for the nuclear region model to vary inde-

pendently and linked all other parameters to the total

model values; and when λnucmax > 10 µm, we allowed all

nuclear-region dust emission parameters (i.e., Umin, γ,

and qPAH) to vary independently in the fits.

In the bottom panels of Figure 4, we provide a

MultiLightning example for the galaxy NGC 0628, the

first galaxy in our sample in R.A. order that we excluded

a nuclear region. This example is representative of the

typical level of contributions that the nuclear regions

make to the SEDs. For most galaxies, the central contri-

bution is very-low to negligible compared to the galaxy-

integrated SED, with the exception of NGC 7552, which

contains an excluded central circumnuclear starburst

that dominates the galaxy-integrated infrared emission

(see extended materials, and West et al. 2023, for fur-

ther details). In this example, black open diamonds and

filled diamonds represent the elliptical annular and to-

tal galaxy regions, respectively, while the gray squares

show the contribution from the nuclear region. Each

bandpass with photometric constraints on the nuclear

region also has equivalent estimates of the photometry

on the elliptical annular region.

In Table 4, we provide the resulting parameter best-fit

values, medians, and 16–84% confidence intervals. From

the SFH derivations, we derived the more commonly

quoted properties of SFR and M⋆ following:

SFR =
1

125 Myr

4∑
i=1

ψi∆ti, (4)

where ∆ti represents the time interval for the ith SFH

step, and

M⋆ =

10∑
i=1

Riψi∆ti, (5)

where Ri converts the total stellar mass formed in stars

within the ∆ti interval to surviving, present-day stellar

mass. The values of Ri depend both on the age bin of

the stellar population and the metallicity of the model.

All values of SFR and M⋆ used throughout this paper

are based on these calculations.

To illustrate the quality of the data and SED fits with

Lightning, we created Figure 4, which shows the data,

models, residuals, and inferred SFHs for example cases

of NGC 0024 and NGC 0628. These cases are the first

examples in our sample (in R.A. order) where (1) the

SED photometry across the full galactic extent was mod-

eled using a single Lightning model (NGC 0024) and

(2) SED photometry for the nuclear region and ellipti-

cal annular region were modeled as separate components

using MultiLightning (NGC 0628). For both exam-

ples fits are presented based on PÉGASE (black curves)

and BPASS (red curves) models for comparison. The full

catalog of these diagrams is provided in the electronic

version of this article.

As we discuss in detail in Appendix A, we find that

comparisons between PÉGASE and BPASS stellar popula-



14

Table 4. SED Fitting Parameter Results

Galaxy SFH parameters, logψi (M⊙ yr−1)
Name logψ1 logψ2 logψ3 logψ4 logψ5 logψ6 logψ7 logψ8 logψ9

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NGC0024 −1.67+0.39
−0.65 −1.54+0.40

−0.59 −1.27+0.40
−0.62 −1.14+0.37

−0.62 −1.22+0.44
−0.58 −1.16+0.43

−0.58 −1.01+0.38
−0.55 −0.88+0.33

−0.53 −0.92+0.30
−0.51

NGC0337 −0.06+0.33
−0.56 0.21+0.30

−0.53 0.29+0.35
−0.55 0.35+0.34

−0.55 0.14+0.39
−0.59 0.02+0.38

−0.64 −0.07+0.36
−0.57 −0.13+0.34

−0.53 −0.22+0.35
−0.56

NGC0584 −2.41+0.41
−0.61 −2.21+0.34

−0.63 −2.05+0.43
−0.58 −1.88+0.41

−0.57 −1.73+0.39
−0.57 −1.48+0.39

−0.60 −0.66+0.44
−0.59 0.12+0.34

−0.48 0.74+0.26
−0.46

NGC0625 −1.52+0.53
−0.63 −1.63+0.57

−0.61 −1.48+0.57
−0.60 −1.38+0.56

−0.65 −1.37+0.46
−0.58 −1.16+0.47

−0.56 −1.20+0.39
−0.59 −1.41+0.36

−0.57 −1.52+0.39
−0.54

NGC0628 −0.61+0.36
−0.52 −0.49+0.36

−0.56 −0.32+0.41
−0.52 −0.30+0.38

−0.54 −0.25+0.34
−0.54 −0.06+0.34

−0.65 0.23+0.24
−0.44 0.13+0.30

−0.51 −0.13+0.33
−0.52

NGC0925 −0.87+0.36
−0.63 −0.78+0.36

−0.53 −0.65+0.37
−0.55 −0.48+0.35

−0.58 −0.38+0.34
−0.61 −0.28+0.32

−0.53 −0.44+0.38
−0.53 −0.50+0.37

−0.64 −0.55+0.32
−0.57

NGC1023 −1.81+0.57
−0.58 −1.62+0.43

−0.61 −1.42+0.60
−0.58 −1.36+0.68

−0.61 −1.13+0.48
−0.66 −0.85+0.57

−0.54 −0.55+0.46
−0.78 0.07+0.30

−0.54 0.51+0.27
−0.66

NGC1097 0.56+0.29
−0.56 0.57+0.34

−0.58 0.81+0.39
−0.61 0.93+0.35

−0.58 0.76+0.38
−0.58 0.90+0.41

−0.54 1.07+0.28
−0.50 1.04+0.29

−0.50 0.83+0.31
−0.59

NGC1291 −1.44+0.37
−0.57 −1.41+0.41

−0.55 −1.08+0.40
−0.54 −0.90+0.35

−0.53 −0.84+0.33
−0.59 −0.59+0.43

−0.54 −0.22+0.36
−0.55 0.10+0.37

−0.60 0.52+0.34
−0.55

NGC1313 −0.86+0.40
−0.58 −0.78+0.38

−0.56 −0.69+0.38
−0.55 −0.59+0.43

−0.59 −0.49+0.36
−0.57 −0.45+0.35

−0.53 −0.53+0.32
−0.54 −0.85+0.38

−0.57 −0.99+0.32
−0.52

Note—The full version of this table contains parameter estimations for all 15 SED fitting parameters across all 88 galaxies. Only a portion
of the table is shown here for illustration of form and content. Quoted parameter values include median and 16–84% confidence intervals
on the parameter values. Col. (1): galaxy name. Col.(2)–(11): SFH values at each time step. Col.(12): optical depth, τV,diff . Col.(13):
Attenuation curve deviation from Calzetti et al. (2000) law, δ. Col.(14): Dust-irradiation intensity distribution minimum Umin. Col.(15):
Mass fraction of dust exposed to intensity distribution, γ. Col.(16): Mass fraction in dust mixture as PAH, qPAH.

tion models provide highly-consistent SFH values for all

galaxies, with the exception of the three SFH bins ψ6–

ψ8 (spanning 0.13–2.1 Gyr), for which BPASS fits pro-

duce systematically lower values compared to PÉGASE.

We find that this result is driven primarily by differ-

ences in the spectral models near 1.5–2.5 µm, for which

BPASS produces much higher predictions of the stellar

population fluxes than PÉGASE due to the BPASS treat-

ment of AGB stellar population emission (Stark et al.

2017). As such, BPASS fits require lower values of ψ1,

and ψ6–ψ8 to reproduce the data. Notably, these dif-

ferences are mainly unrelated to the binary-star aspect

to BPASS compared to PÉGASE, and we find that for the

data considered here, the inclusion of binary-star pre-

scriptions through BPASS do not impact the SFHs (see

Appendix A for further details).

When considering comparisons of fit quality, in terms

of posterior probability, we find that PÉGASE model fits

provide better statistical characterizations of the data

for the whole sample, compared to BPASS model fits

(see Appendix A and Figure A.1 for details). This is

primarily due to excess residuals in the near-IR (see,

e.g., examples in Fig. 4). Given that the BPASS and

PÉGASE model fit results are in excellent agreement for

the majority of the SFH bins, and that disagreements

between fits are unrelated to binary-related phenomena,

we hereafter choose to proceed using results from our

PÉGASE fits when assessing the age and metallicity de-

pendence of the XRB XLF (e.g., results in Tables 1 and

4 are based on PÉGASE models).

4. X-RAY LUMINOSITY FUNCTION

CONSTRUCTION

By selection, all galaxies in our sample were observed

by Chandra ACIS (either ACIS-I or ACIS-S). Our data

analysis and point-source cataloging procedure was per-

formed following the procedures outlined in Lehmer

et al. (2019, 2020, 2021), which we summarize in detail

in Appendix B.

One of the first goals of this paper is to calculate in-

trinsic X-ray point-source characteristics for the galax-

ies in our sample, including XLFs and galaxy-integrated

point-source luminosities, LX. To achieve this, we be-

gan by constructing observed XLFs for each galaxy, us-

ing the point sources coincident with the areal extents of

the galaxies, as defined in Table 1 (i.e., within the galac-

tic ellipses, excluding any removed central regions). The

observed XLF of a given galaxy is comprised of a his-

togram of the number of point sources binned in logL

space, where L represents the point-source luminosity,

assuming the distance to the galaxy. We adopted bins

of width ∆ logL = 0.078 dex, which corresponds to the

typical uncertainty on logL for our point-sources, based

on uncertainties related to galactic distance and point-

source counts.

In Figure 5, we show an example observed XLF for

NGC 0024 (upper-left plot). This representation of the

data does not include corrections for incompleteness or

unrelated background X-ray point sources from the cos-

mic X-ray background (CXB) and occasional foreground

stars that are inevitably present across the extents of

the galaxies (e.g., Kim et al. 2007; Lehmer et al. 2012).
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Figure 5. Example broken power-law XLF fitting procedure for NGC 0024. Top panels: (upper left) Number of X-ray
detected point sources as a function of luminosity, L, as observed in the galaxy (histogram) and best-fit model (black curve).
The best-fit model has been corrected for completeness, and the intrinsic uncorrected model is shown as a dashed gray curve.
(upper right) Cumulative XLF (step-like histogram) and best-fitting observed (black curve) and intrinsic models (dashed gray
curve). Contributions from CXB sources (dotted curve) and sources intrinsic to the galaxy (blue long-dashed curve) are also
shown. Bottom panels: (left to right) PDFs for broken power-law model normalization (K), low-luminosity slope (α1), high-
luminosity slope (α2), and intrinsic population integrated X-ray luminosity (LX). Adopted priors on α1 and α2 are shown as
green dashed curves.

Given these factors, it is not always straightforward to

measure accurately the intrinsic XLF of a given galaxy

and its corresponding point-source-integrated flux and

luminosity.

To mitigate the above limitations, we fit the observed

XLF of each galaxy following a forward-fitting approach,

in which we include contributions from the intrinsic

X-ray sources (the vast majority of which we expect to

be XRBs) and CXB sources, with incompleteness folded

into our models. For a given galaxy, the X-ray point-

source luminosity distribution (i.e., the histogram from

in Fig. 5, upper-left) was modeled as:

M(L) = ξ(L)∆ logL

[
dNint

d logL
+CXB(L)

]
, (6)

where the ξ(L) is the luminosity-dependent complete-

ness function for the galaxy, dNint/d logL is a model of

the intrinsic XLF, and CXB(L) is the differential num-

ber counts from CXB sources.

For the intrinsic point-source XLF, we fit the data

using a broken power law form:

dNint

d logL
= K log e


L−α1+1 (L < Lb)

Lα2−α1

b L−α2+1, (Lb ≤ L < Lc)

0, (L ≥ Lc)
(7)

where K, α1, Lb, and α2 are the broken power-law

normalization, low-luminosity slope, break luminosity,

and high-luminosity slope, respectively; both XLF mod-

els are truncated above, Lc, the cut-off luminosity.
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Throughout the remainder of this paper, we take L,

Lb, and Lc to be in units of 1038 erg s−1, when quot-

ing and describing normalization values. For a given

galaxy, we fit the data to determine all constants, ex-

cept for the break and cut-off luminosities, which we fix

at Lb = 1038 erg s−1 and Lc = max{L}gali (the maxi-

mum luminosity of the point-sources in the galaxy). The

choice of fixing Lc to the most luminous detected source

ensures that integration of the XLF produces values of

the galaxy-integrated luminosity, LX, that do not exceed

the data constraints.

Also, for many of the galaxies, only a small number

of sources are detected on either side of the Lb, mak-

ing it difficult to constrain α1 and/or α2. To mitigate

poor constraints on these parameters in such cases, we

adopted Gaussian priors with means and standard de-

viations of {µα1 , σα1} = {0.9, 0.5} and {µα2 , σα2} =

{2.2, 0.3}, which are based on the XLF fitting results

of Lehmer et al. (2019). As we show below, these priors

impact the resulting fit when either the observational

limits are shallow (e.g., limiting fluxes are larger than

Lb) or the number of sources detected in the galaxies

are small.

For the CXB contribution, we implemented a fixed

form for the number counts, provided by Kim et al.

(2007). The Kim et al. (2007) extragalactic number

counts provide estimates of the number of sources per

unit area versus 0.5–8 keV flux. The best-fit function

follows a broken power-law distribution with parame-

ters derived from the combined Chandra Multiwave-

length Project (ChaMP) and Chandra Deep Field-South

(CDF-S) extragalactic survey data sets (see Table 4 of

Kim et al. 2007). For each galaxy, the number counts

were converted to an observed 0.5–8 keV XLF contri-

bution by multiplying the number counts by the areal

extent of the galaxy, as defined in Table 1, and convert-

ing CXB model fluxes to X-ray luminosities, given the

distance to the galaxy.

To complete our model of the observed XLF, we fold

both the intrinsic XLF and CXB model contributions

through the completeness curve, ξ(L), for the given

galaxy. These completeness curves were modeled fol-

lowing the approach detailed in §3.3 of L19, which uses

Monte Carlo simulations to calculate the fraction of

point sources recovered as a function of source counts

(L) and location in the X-ray image. These recovery

fractions are weighted across the extent of the galaxy

and averaged to obtain the global completeness curve,

ξ(L). For points of reference, we utilize these com-

pleteness curves to obtain the 50% completeness limit,

L50, which correspond to the point-source luminosity in

which 50% of input sources are recovered in our simula-

tions. These values are tabulated in Table 5.

For each galaxy, we constructed the observed XLF us-

ing 100 luminosity bins of constant ∆ logL that spanned

the range of Lmin = 1035 erg s−1 to Lmax = 5 ×
1042 erg s−1, and we used only L ≥ L50 bins for our

statistical analyses. For most galaxies, the majority of

the bins contained zero sources, with other bins contain-

ing small numbers of sources. As such, we evaluated the

goodness of fit using a modified version of the C-statistic

(Cash 1979; Kaastra 2017):

C = 2

nL∑
i=1

Mi −Ni +Ni ln(Ni/Mi), (8)

where the summation takes place over the nL = 100 bins

of X-ray luminosity, andNi andMi are the observed and

model numbers of sources in the ith luminosity bin. We

note that when Ni = 0, Ni ln(Ni/Mi) = 0, and when

Mi = 0 (e.g., beyond the cut-off luminosity), the entire

ith term in the summation is zero.

To identify best-fit values and sample posterior dis-

tributions of the model parameters, we made use of

the MCMC procedure described in §4.1 and 4.3 of L19.

This MCMC sampler uses a Metropolis-Hastings algo-

rithm (Hastings 1970), run with a single MCMC chain of

200,000 steps and a burn-in phase of 40,000 iterations.

Due to the simplicity of this problem, MCMC chains

quickly converge.

For illustrative purposes, we show in Figure 5 the

fitting results for NGC 0024. The black curve in the

upper-left panel shows the best-fit broken power-law

plus CXB model (Eqn. 6), and its intrinsic represen-

tation (i.e., without inclusion of completeness correc-

tions) as a gray dashed curve. The upper-right panel

shows the cumulative XLF and model components, in-

cluding the completeness-corrected CXB (dotted curve)

and XLF (blue long-dashed curve) components, with the

full model without completeness corrections shown as a

gray dashed curve. The bottom panels include poste-

rior distributions on modeled parameters (K, α1, and

α2) and the integrated intrinsic point-source luminosity

LX, which we calculated at each MCMC step following:

LX =

∫ Lc

Llo

L
dNint

dL
dL =

∫ Lc

Llo

1

log e

dNint

d logL
dL, (9)

where we set Llo = 1035 erg s−1. For NGC 0024, and

a subset of other galaxies in our sample, all X-ray de-

tected sources reside at L < Lb and thus Lc < Lb.

Equation (7) therefore implies that α2 is irrelevant to

the model in this particular case, and the model follows

a single power-law distribution with slope α1. As such,
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Figure 6. Galaxy-integrated intrinsic 0.5–8 keV luminos-
ity, LX, versus SFR for main-sequence and starburst galaxies
in our sample (filled circles with 1σ error bars). SFR values
were calculated from our SED fitting posterior distributions
(see §3) and LX was calculated from our broken power-law
XLF modeling procedure (see §4) and Equation 9. Our best-
fit linear regression model to these data is shown as a solid
black line (see Eqn. 10) and comparisons from the literature
are shown (see annotations).

the posterior distribution of α2 follows directly the prior.

A full set of XLF fits for all galaxies can be found in the

supplemental materials of this article.

5. ANALYSIS AND RESULTS

5.1. Basic X-ray Scaling Relations Revisited

As discussed in §1, there are numerous publications

in the literature showing that galaxy-integrated X-ray

luminosity, LX, scales linearly (or nearly linearly) with

SFR (e.g., Grimm et al. 2003; Persic & Rephaeli 2007;

Lehmer et al. 2010; Mineo et al. 2012; Lehmer et al.

2016, 2019; Vulic et al. 2021; Kyritsis et al. 2024), fol-

lowing logLX = log SFR + ω. In Figure 6, we show our

version of the LX-SFR relation. To avoid the impact of

LMXB dominated systems (e.g., elliptical galaxies), we

include only the 63 galaxies in our sample that have SFR

values greater than the lower-bound of the galaxy main

sequence shown in Figure 2a (above the lower-bound

of the shaded region). Symbols in Figure 6 have been

color-code by gas-phase metallicity to show its impact

on the LX-SFR relation.

For comparison, we overlay the LX-SFR relations from

Mineo et al. (2012); Lehmer et al. (2010, 2019) (see an-

notations). For these comparisons, we adopted the L19

“cleaned sample” value of ωL10 = 39.73+0.15
−0.10, which is

based on global XLF fitting to subgalactic regions across

a sample of 38 nearby galaxies. We corrected the quoted

Mineo et al. (2012) relation from their assumed Salpeter

IMF to our Kroupa IMF (multiplying their scaling rela-

tion by 1.6) to obtain ωMineo = 39.62, and corrected the

L10 2–10 keV band to 0.5–8 keV band (multiplying their

scaling relation by 1.5) to obtain ωL10 = 39.38± 0.06.

We performed least-squares fitting to derive a relation

based on the data shown in Figure 6, obtaining:

logLX = log SFR + (39.39± 0.017). (10)

This value is nearly identical to that of L10, but with an

uncertainty that is ≈3.5 times smaller due to the larger

number of galaxies across the full range of SFR. The

residual scatter in the relation is 0.49 dex, which is a

factor of ≈3.2 times larger than the median measure-

ment error on logLX (≈0.15 dex). This indicates, as

past studies have found, that there are additional phys-

ical dependencies on LX, as well as additional sources

of scatter (e.g., XLF sampling uncertainties). Indeed

the most significant outliers to the relation appear to

be low-metallicity galaxies with SFR ≈ 0.1–1 M⊙ yr−1

that have elevated LX values, consistent with past stud-

ies (see discussion in §1).
While the LX-SFR relation is commonly thought to

be driven by HMXB populations that dominate in

star-forming galaxies, there is strong evidence for non-

negligible contributions from LMXBs, which will more

explicitly dominate low-sSFR galaxies. We can directly

model the impact of older populations of LMXBs using

the combined relation:

LX = αLMXBM⋆ + βHMXBSFR, (11)

where αLMXB and βHMXB are fitting constants account-

ing for scaling relations of LMXB and HMXB luminosi-

ties with M⋆ and SFR, respectively. In Figure 7, we

show LX/SFR versus sSFR for our full sample of 88

galaxies. As has been noted in several past studies, a

clear trend of LX/SFR ∝ sSFR−1 is apparent across

much of the sSFR range, as expected from Equation 11.

When fitting the data using Equation 11, we obtain

the following best-fit values

log(αLMXB [ergs s−1 M−1
⊙ ]) = 29.957± 0.004,

log(βHMXB [ergs s−1 (M⊙ yr)−1]) = 39.303± 0.004,

(12)

in which the uncertainties correspond to 1σ uncertain-

ties on the fitting parameters. We overlay the best-fit

model in Figure 7 as a black curve, and provide the

equivalent best-fit from L19 as a gray curve. We find

that the relation presented here provides systematically
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Figure 7. Galaxy-integrated intrinsic 0.5–8 keV luminosity per SFR, LX/SFR, versus specific SFR, sSFR, for the full sample
of 88 galaxies. Each symbol is color-coded by gas-phase metallicity (see color bar) and our best-fit model for the dependence
of LX on SFR and M⋆ (see Eqn. (11)) is shown as a solid black curve. For comparison, we have overlaid the best-fit from L19
gray curve and two relations from Kouroumpatzakis et al. (2020) appropriate for regions of size 4×4 kpc2 (gold dashed curve)
and 1×1 kpc2 (gold dotted curve).

Figure 8. Empirical XLFs for galaxy subsamples with (a) metallicity in the range of ≈0.6–1.6 Z⊙ and groupings based on
sSFR, and (b) log sSFR ≥ −10 in groupings based on metallicity (see annotations). These empirical XLFs have been corrected for
completeness and estimates of CXB contributions have been subtracted. They provide proxies for how the XRB XLFs vary with
stellar population age (a) and metallicity (b). We find that with increasing stellar age, the XLF normalization per M⋆ declines,
and the shape of the XLF transitions to becoming flatter at L <∼ 1037.5 erg s−1 and steeper at L > 1037.5 erg s−1 (a). With
increasing metallicity, we find that the high-sSFR XRB population XLFs become steeper and contain fewer L > 1038 erg s−1

sources (b). These observed trends motivate the construction of our age and metallicity dependent XLF modeling (see §5.2 for
details).
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lower values than those of L19. We can attribute the

majority of the differences between these two studies

to methodology. For L19, LX was computed assuming

a universal value of Lc that was higher than the most

luminous detected source in a given galaxy. As such,

the larger Lc upper limit of integration in Equation 9

yielded systematically higher measured values of the in-

trinsic point-source LX than those here. The methods

applied here should yield more realistic accounting of

the point-source populations actually present within the

galaxies, and we regard our updated measurements as

superseding those of L19.

As is evident from Figure 7, the incorporation of scal-

ing relations involving both SFR and M⋆ allows for rea-

sonable predictions of LX for the full sample that is not

achievable by an LX-SFR scaling alone. sSFR provides

an important proxy for SFH, spanning galaxies domi-

nated by old stellar populations of >∼ 10 Gyr at the low-

est sSFR to galaxies with very active ongoing star forma-

tion at the highest sSFR. However, significant residual

scatter of 0.43 dex remains, relative to the median LX

uncertainty of 0.15 dex, and this scatter is most evident

for high-sSFR galaxies (sSFR >∼ 10−10 yr−1) that are

expected to be HMXB dominant. While some of the

scatter is expected to be due to stochastic scatter re-

lated to XLF sampling variations (see, e.g., Gilfanov

et al. 2004; Lehmer et al. 2019, 2021, for further de-

tails), visual inspection of the metallicity-based color-

coding in Figure 7 reveals a suggestive stratification of

LX/SFR by metallicity in this sSFR regime, with the

lowest metallicity galaxies having the highest LX/SFR

values. Taken together, these observations support an

age and metallicity dependence to the XRB population

emission within galaxies, which we explore in detail in

the next section.

5.2. Construction of the Metallicity and Age

Dependent XLF Model

To begin to construct an age and metallicity depen-

dent model of the XRB XLF within galaxies, we uti-

lized a combination of observational constraints and

population synthesis model expectations. To infer age-

dependent variations in the XLF, we first constructed

empirical XLFs in bins of sSFR (i.e., a proxy for av-

erage stellar age) for an isolated range of metallicity

where the majority of our galaxies are observed (0.6–

1.6 Z⊙). These XLFs were constructed by combining

the completeness corrected, CXB-subtracted XLFs of

all galaxies within a given sSFR (and metallicity) range.

We show the resulting stellar-mass normalized empirical

XLFs in Figure 8a for four sSFR bins. In this represen-

tation, the lowest-sSFR bin (red curve) can be thought

to be dominated by old populations of LMXBs, with

negligible contributions from young populations, and

the highest-sSFR bin is expected to contain both old

LMXBs (perhaps at the same baseline as the lowest-

sSFR XLF) plus young populations of HMXBs that

overwhelm the old population contributions. The pro-

gression across the sSFR can be taken as a proxy for an

age progression that reveals how the XRB XLF shape

and normalization evolve with age. We note, however,

that each empirical XLF will contain contributions from

populations across all cosmic look-back times, and so

any one XLF cannot be taken as a pure representation

of the XLF at any particular age. Nonetheless, general-

ized trends can be inferred to allow us to build a model

for the XLF evolution with age.

Inspection of Figure 8a indicates that the XRB XLF

evolves in both shape and normalization with age.

Motivated by these observations and past studies of

XLFs in galaxy samples, we infer the following changes

in the XLF as stellar age increases from young-to-

old populations: (1) the normalization (i.e., number

of XRBs per stellar mass) decreases; (2) the high-

luminosity slope (L >∼ 1037.5 erg s−1) becomes steeper

(power-law index increases); (3) the low-luminosity

slope (L <∼ 1037.5 erg s−1) becomes shallower; (4) the

most luminous sources (i.e., the cut-off luminosity) are

observed at ≈1041 erg s−1 for many of the sSFR bins;

and (5) the shape transitions from an approximately

two-slope broken power-law to a three-slope power-law.

These inferences are consistent with the results from

Lehmer et al. (2019), which show the normalization de-

clines and the high-L slope clearly steepens with de-

creasing sSFR, Gilfanov et al. (2004) and Zhang et al.

(2012), which show that the early-type galaxy XLF can

be well described by a three-slope power-law with a low-

luminosity slope that is flatter than that of late-type

galaxies (see also Lehmer et al. 2020). Going forward,

we will therefore contextualize XLFs in terms of a three-

slope power-law shape that varies with age and metal-

licity.

Figure 8b provides a complementary set of empiri-

cal XLFs, normalized by SFR, for high-sSFR galaxies

(log sSFR >∼ − 10), selected in bins of metallicity. The

construction of these empirical XLFs is motivated by

the observation that the majority of the variation in

LX/SFR occurs at high-sSFR where we expect the XLFs

are dominated by young HMXBs and appears to be

metallicity dependent. It is clear from Figure 8b that

the XLF is metallicity dependent, and in the context of

a three-slope power-law, we make the following observa-
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Table 5. X-ray Luminosity Function Fits By Galaxy

Broken Power Law† Global Model‡

Galaxy logL50 logLX

Name Nsrc (erg s−1) K α1 α2 (erg s−1) C Cexp Cvar pnull Cglob
i Cglob

exp,i Cglob
var,i pglob

null,i

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)

NGC0024 8 36.8 3.76+3.32
−2.05 0.89+0.42

−0.39 2.22+0.47
−0.48 38.2+0.1

−0.2 13 15 20 0.650 27 12 42 0.021

NGC0337 6 38.4 5.19+5.84
−2.57 0.95+0.61

−0.58 1.42+0.25
−0.20 40.2±0.2 20 19 20 0.881 22 16 26 0.234

NGC0584 8 38.4 30.4+23.9
−17.2 0.91+0.65

−0.56 2.22+0.37
−0.45 39.9±0.3 10 11 14 0.854 13 12 18 0.877

NGC0625 4 36.1 1.45+1.02
−0.70 0.32+0.33

−0.22 2.04+0.47
−0.44 38.2+0.2

−0.3 13 16 26 0.501 18 18 112 0.997

NGC0628 51 36.3 4.90+2.05
−1.51 1.20+0.16

−0.17 2.33+0.43
−0.46 38.9±0.1 25 34 61 0.241 39 43 70 0.658

NGC0925 7 37.5 1.37+0.87
−0.55 1.44+0.89

−0.68 1.24+0.25
−0.15 39.5±0.2 22 21 22 0.821 25 19 43 0.297

NGC1023 71 36.8 11.6+3.2
−2.6 1.20±0.16 2.12+0.33

−0.30 39.5±0.1 23 34 63 0.164 29 38 77 0.290

NGC1097 29 38.0 14.0+4.6
−3.6 0.94+0.65

−0.54 1.53+0.12
−0.10 40.7±0.1 30 34 43 0.523 39 27 47 0.063

NGC1291 65 37.1 24.4+5.2
−4.6 0.83±0.17 2.17+0.24

−0.21 39.9±0.1 26 35 61 0.252 30 35 75 0.542

NGC1313 12 36.5 1.91+1.09
−0.77 0.46+0.39

−0.32 1.52+0.27
−0.23 39.3+0.2

−0.3 32 31 35 0.876 35 30 57 0.496

NGC1316 84 37.9 64.0+13.5
−10.9 0.82+0.52

−0.47 1.85+0.17
−0.14 40.4+0.1

−0.0 23 27 55 0.643 39 31 77 0.374

NGC1380 37 37.6 21.2+5.9
−4.7 1.28+0.47

−0.45 2.19+0.24
−0.21 39.9±0.1 20 26 43 0.375 24 26 52 0.784

NGC1387 16 37.8 11.9+4.7
−3.5 1.01+0.60

−0.54 2.06+0.38
−0.34 39.5+0.2

−0.1 13 20 30 0.229 18 23 41 0.461

NGC1404 74 37.4 23.1+5.4
−4.4 1.19±0.27 1.74+0.17

−0.14 40.1±0.1 26 34 61 0.313 38 33 70 0.531

NGC1433 16 37.8 7.57+3.63
−2.45 0.96+0.65

−0.56 1.63+0.40
−0.31 39.4+0.2

−0.1 19 20 30 0.794 25 27 47 0.742

NGC1427 50 37.6 20.1+5.6
−4.5 1.69+0.47

−0.44 2.24+0.26
−0.23 39.9+0.2

−0.1 15 26 46 0.112 56 26 39 <0.001

NGC1482 9 37.9 1.30+1.42
−0.72 1.02+0.85

−0.64 1.30+0.32
−0.26 39.7+0.2

−0.3 17 18 24 0.983 34 30 36 0.541

NGC1566 31 37.9 10.3+5.1
−3.6 0.96+0.65

−0.58 1.67+0.21
−0.16 40.4±0.2 27 31 47 0.567 36 32 58 0.612

NGC1569 18 35.4 2.68+2.32
−1.31 0.94+0.19

−0.20 2.23+0.51
−0.50 37.9+0.1

−0.2 30 30 25 0.982 49 27 41 <0.001

Note—All fits include the effects of incompleteness and model contributions from the CXB, following description in §??. Col.(1): Galaxy name,
as reported in Table 1. Col.(2): Total number of X-ray sources detected within the galactic boundaries defined in Table 1. Col.(3): Logarithm of
the luminosities corresponding to the respective 50% completeness limits. Col.(4)–(7): Median and 1σ uncertainty values of the broken power-law
normalization, slopes, and integrated X-ray luminosity, respectively. Col.(8): C-statistic, C, associated with the best broken power-law model.
Col.(9): Expected value of C from model. Col.(10): Expected variance on C from model. Col.(11): Null-hypothesis probability of the best
broken power-law model. The null-hypothesis probability is calculated following the prescription in Eqn. 18 and is appropriate for the use of
the C statistic. Col.(12)–(15): Respectively, C-statistic, Cexp, Cvar, and null-hypothesis probability for the age and metallicity dependent XLF
model described in §5.3.
†Broken power-law models are derived following Eqn. (7) with priors on α1, α2, Lb, and Lc, as described in §??.
‡The age and metallicity dependent “global model” provides a prediction for the galaxy XLF, given a SFH and metallicity estimate. Details for
how the global model is constructed are provided in §5.3.

tions in the XLF shape as it progresses from low-to-high

metallicity: (1) the normalization appears to decline; (2)

the low-luminosity slope appears to be constant; (3) the

mid-to-high-luminosity slope appears to increase, lead-

ing to a decline in high-L sources at high metallicity; and

(4) the maximum source luminosity (i.e., the cut-off lu-

minosity) appears to be consistent across all metallicity

bins.

Motivated by the above trends, we chose to build a

“global” age and metallicity dependent XLF model as a

three-slope power-law with variable parameters follow-

ing:

dN(t, Z)

d logL dM⋆
=A exp [−L/Lc]×

L−α1 , (L < Lb,1)

Lα2−α1

b,1 L−α2 , (L = Lb,1 − Lb,2)

Lα3−α2

b,2 Lα2−α1

b,1 L−α3 , (L > Lb,2)

(13)

where the power-law parameter sets {A, Lc, α1, Lb,1, α2,

Lb,2, α3} are themselves continuous functions of age, t,

and/or metallicity, Z, that are specified using a total of

21 parameters. We hereafter refer to the ith parameter

of this set as pi. In the context of Equation 13, these

parameterizations are defined as:
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Figure 9. Best-fit age and metallicity dependent power-law
fit parameters, based on the model defined in Equations (13)
and (14). These results constrain breaks and cut-off lumi-
nosities for the XRB XLFs (bottom panel) and indicate that
(1) the XLF normalization, A, declines with age at a pace
that is slower for lower-metallicity galaxies; (2) that the low-
luminosity slope, α1, becomes shallower with increasing age;
and (3) the medium and high luminosity XLF slopes, α2

and α3, increase with increasing age with lower metallicity
galaxies having shallower high-L XLF slopes.

A(t, Z) ={
0, (t9 < 0.03)

p1Z
p2e−(t9−tref )/p3 + p4Z

p5e−(t−tref )/p6 + p7 (t9 ≥ 0.03)

α1(t) = p8 + p9[c1 + c2 log t9]
p10

logLb,1 = p11

α2(t, Z) = p12 + [p13 + Zp14 ][c1 + c2 log t9]
p15

logLb,2 = p16

α3(t, Z) = p17 + [p18 + Zp19 ][c1 + c2 log t9]
p20

logLc = p21

tref = 0.003 Gyr

c1 = 0.308

c2 = −0.274. (14)

For the above system of equations, t9 is defined as the

look-back time in units of Gyr, Z is the metallicity in

solar units, and all luminosities are taken to be in units

of 1038 erg s−1. We note that in our equations there are

a few terms that are functionally identical. For exam-

ple, A(t, Z) contains two age-dependent decays of the

XLF normalization with age on timescales of p3 and p6.

Also, the age and metallicity dependent functional forms

of α2 and α3 are the same (i.e., p12–p15 and p17–p20). To

differentiate their impact on the evolution of the XLF,

we adopt uniform priors over unique parameter ranges

to distinguish their functional dependencies. These pa-

rameter ranges were motivated by the observed trends

identified in Figure 8 (see discussion earlier in this sec-

tion), however, they are broad enough to permit very

wide ranges of possible best-fit outcomes. In Table 6,

we summarize the parameters of the model and provide

their range of uniform priors.

5.3. Model Optimization and Calculation of

Uncertainties

Using the modeling framework above, we fit all 88

galaxies XLF data simultaneously using the Poisson sta-

tistical framework described in §5.2. For a given kth

galaxy with metallicity Zk, we can specify the SFH in

terms of surviving stellar mass contributions as a func-

tion of jth age bin:

M⋆(tj)k = (Rjψj∆tj)k, (15)

where each term has the same meaning as it did in Equa-

tion 5. We can use this form of the SFH, along with

Equation 13, to provide a prediction for the intrinsic

XLF of that galaxy following:

dNint

d logL

∣∣∣∣
k

=

nSFH∑
j=1

M⋆(tj)k
dN(tj , Zk)

d logL dM⋆
. (16)

Given values of the SFHs (i.e., M⋆(tj)k), the model can

be implanted into Equation 6 and evaluated using the C

statistic applied across all galaxies and luminosity bins

via

Cglobal = 2

nL∑
i=1

ngal∑
k=1

Mi,k −Ni,k +Ni,k ln(Ni,k/Mi,k).

(17)
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Figure 10. Best-fit stellar-mass normalized integrated XLF models from Equations (13) and (14) separated into the 10 SFH
age bins, as defined by our SED fitting (see Table 3), and evaluated at 5 metallicity bins per age bin (see annotations). Note
that the first age bin shows no XLF curves due to our definition of A(t9 < 0.03, Z) = 0 in Equation (14).

Using the best-fit SFHs for all galaxies, we minimized

Equation 17 using the Levenberg-Marquardt optimizer

MPFIT in IDL (Markwardt 2009) and identified corre-

sponding best-fit values for the 21 parameters of our

model. As we will discuss below in quantitative detail,

the optimized model provides XLF predictions that are

statistically consistent with the observational data for

every one of the 88 galaxies. In Table 6, we tabulate the

optimized parameter values, and in Figure 9, we plot the

age and metallicity dependence of the optimized power-

law parameters, as defined in Equations (13) and (14).

In Figure 10, we display the corresponding base-function
XLFs for each of the 10 age bins, in terms of the stellar-

mass normalized cumulative XLF, N(> L)/M⋆, evalu-

ated at 5 metallicities spanning 0.05–1.5 Z⊙.

Our solutions will be impacted by both Poisson un-

certainties on the measured XLFs as well as the SFH

uncertainties, which are often large and correlated be-

tween SFH bins. To propagate these uncertainties to

the derived parameters, and also assess the goodness of

fit for our solution, we performed a posterior predictive

check using a Monte Carlo resampling procedure. In

this procedure, we first drew 1,000 realizations of the

SFHs from the MCMC posterior chains of each galaxy.

Next, we used Equation 16, and the optimized values

in Table 6, to specify XLF models for each realization.

We then drew simulated XLF data sets from these new

model XLF realizations, incorporating the model XLF

realization, the CXB contribution, and the completeness

Figure 11. Distribution of simulated values of Csim, as
obtained from the Monte Carlo procedure described in §5.3.
Our best-fit value of Cglobal is represented as a vertical red
dashed line, which indicates that such a value is consistent
with the expected distribution from our simulations.

function following Equation 6. Finally, each of the re-

sulting simulated XLF data sets (i.e., the drawn SFHs

and the simulated XLFs of all galaxies) was refit fol-

lowing the procedures described above to determine the

best-fit statistic Cglobal (see Eqn. 17) and values of the

parameters for that draw.
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Figure 12. Example base function models for age-dependent XLFs (left column) and PÉGASE-based stellar population and
nebula SEDs (right column) at solar metallicity (top row) and 0.05 Z⊙ (bottom row). For each plot, the color progression from
purple-to-red designates a young-to-old age progression (see annotation for specific age ranges). Note that the XLF models for
stellar populations of ages 0–3 Myr is set to zero by construction to account for the timescale of the first SNe and compact-object
formation.
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Table 6. Age and Metallicity Dependent Model Parame-
ter Estimates

Param Units Prior Best Median+84%
−16%

(1) (2) (3) (4) (5)

p1 (1011M⊙)−1 [0,∞] 4369 5696+9652
−3633

p2 [−2,2] 2.00 1.90+0.10
−0.82

p3 Gyr [0,0.015] 0.0029 0.0117+0.0033
−0.0062

p4 (1011M⊙)−1 [0,∞] 331 357+411
−201

p5 [−2,2] −0.62 −2.00±0.00

p6 Gyr [0.02,3] 0.24 0.51+0.90
−0.34

p7 (1011M⊙)−1 [0,∞] 28 33+7
−4

p8 [−3,3] 1.15 1.16+0.10
−0.17

p9 [−2,2] 0.54 0.85+0.31
−0.16

p10 [−2,2] 0.76 1.17+0.83
−0.63

p11 log erg s−1 [37,38] 37.80 37.70+0.08
−0.11

p12 [−3,3] 2.11 2.11+0.45
−0.24

p13 [−5,5] −2.23 −4.39±0.05

p14 [−2,2] 0.14 0.31+0.15
−0.11

p15 [−2,2] 0.48 1.12+0.77
−0.52

p16 log erg s−1 [38.1,39] 38.58 38.50±0.08

p17 [−5,5] 3.03 3.40+1.60
−0.55

p18 [−5,5] −2.543 −4.901±0.003

p19 [−2,2] 0.61 0.64+0.23
−0.17

p20 [−2,2] 0.38 0.62+0.92
−0.35

p21 log erg s−1 [39,42] 40.76 40.67±0.24

Statistical Fit Results

Cglobal 2788.9

Cexp 2646.6√
Cvar 71.5

pnull 0.047

Note—Table of best-fit values for the model parameters defined
in Equations (13) and (14) (i.e., p1–p21), and statistical eval-
uation of the model goodness of fit (bottom quantities). See
§5.3 for details.

In Figure 11, we show the distribution of Csim for the

1,000 simulations, with the value of Cglobal for our best-

fit indicated. To quantify the goodness of fit for our best-

fit model, we calculated the null-hypothesis probability

as follows:

pnull = 1− erf

√ (Cglobal − Cexp)2

2 Cvar

 , (18)

where Cexp and Cvar are the mean and variance of the

Csim distribution. We find pnull = 0.047, suggesting that

the model is statistically consistent with the data, albeit

with some tension. We suspect that the use of a different

model that has more flexibility to reproduce evolution-

ary features of the XLF may potentially improve our

fits; however, we do not have clear ideas at present for

the form of such a model. As we discuss in §6.4, perhaps

future physically-motivated binary population synthesis

models could provide improved characterization of our

data.

Given that our model provides a statistically accept-

able value of Cglobal, we can use the parameter distri-

bution values obtained in our Monte Carlo runs as esti-

mates on their posterior distributions, with propagation

of Poisson uncertainties and SFHs inherently carried

along. In Column (5) of Table 6, we list the median and

16–84% confidence intervals of the parameters. We cau-

tion that co-variances among parameters are certainly

present and therefore advise against using the combined

set of median values to extract a model from Equations 6

and 14. Throughout the rest of this paper, we show

uncertainties in quantities based on these Monte Carlo

runs that properly account for parameter co-variances

through calculations of such parameters at every Monte

Carlo step.

6. DISCUSSION

6.1. Galaxy-by-Galaxy Model Predictions and Data

Comparison

The success of the age-and-metallicity dependent

framework presented here provides a notable improve-

ment over past studies in its near “universality” across a

broad range of galaxy types. For example, the L19 SFR-

and-M⋆ dependent XLF model failed to provide such

universality, in part due to a number of low-metallicity

galaxies with excess XRBs. The expanded SFR-M⋆-

metallicity XLF modeling for high-sSFR galaxies pre-

sented in L21 also failed to provide good XLF models

for a number of galaxies that had bursty SFHs, many of

which are included in the present study.

The implication here is that our empirically-motivated

XLF model provides a complete framework for charac-

terizing the XLF of a galaxy, given a SFH and metallic-

ity, akin to stellar population synthesis and dust emis-

sion modeling frameworks that are used to characterize

UV-to-IR emission from galaxies. While our XLF frame-

work is empirically based, its data calibration methods

can be applied to more physically-motivated binary pop-

ulation synthesis models in the future.

In Figure 12, we illustrate this viewpoint by showing

the implied XLF base functions alongside the equivalent

PÉGASE-based stellar population synthesis models that

were assumed in the SED fitting and calibration proce-

dures used in this paper. In principle, the combination

of our XLF models, and stellar population, nebular, and

dust models could be used in tandem to holistically de-

scribe X-ray to IR normal-galaxy data.

In Figure 13, we demonstrate this by showing the ob-

served XLFs, and corresponding SFH and Z XLF model
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Figure 13. (top row) SDSS u′g′i′ (blue, green, red) images of NGC 5194 (M51), NGC 3379, and NGC 3310, galaxies with
relatively deep Chandra observations that represent examples of a normal galaxy with a mix of young and old stellar populations,
an early-type galaxy with primarily old stellar populations, and a low-metallicity starburst galaxy, respectively. (bottom row)
Binned XLFs and age-and-metallicity dependent model predictions for the three example galaxies. Data are shown as filled
circles with 16–84% Poisson confidence intervals. The full models are shown as black curves, which include contributions from
CXB sources (dotted curves) and X-ray point sources (gray dashed curves) that have been corrected for incompleteness – the
completeness-corrected total models are displayed as solid gray curves. Note that the XLF models for stellar populations of
ages 0–3 Myr are set to zero by construction to account for the timescale of the first SNe and compact-object formation. The
breakdown of contributions to the X-ray point-source model from each of the 10-bin SFH intervals are shown as colored curves,
with colors that follow the same scheme as that shown in the legends of Figure 12, right panels. We note that the model
predictions are not explicit fits to a given galaxy’s data, but are instead predicted directly from metallicity and SFH information
combined with our models described in §5.2.

predictions, for three galaxies with deep Chandra obser-

vations that span a broad range of environments. These

galaxies include the nearly solar metallicity star-forming

galaxy NGC 5194, the elliptical galaxy NGC 3379, and

the low-metallicity starburst galaxy NGC 3310. In each

of the XLF plots in the bottom row of Figure 13, the

model XLFs shown are based solely on the best values of

Z and the SFH (from SED fitting UV-to-IR data) and

are not adjusted to fit the individual galaxy’s observed

XLF. The full set of equivalent XLF diagrams are shown

for all 88 galaxies in our sample in the extended materi-

als. When propagating SFH uncertainties via our pos-

terior predictive check procedure, as described in §5.3,
we calculated pnull for each galaxy on an individual ba-

sis and found that all galaxy data were described well

by our global model (see Col. 12–15 of Table 5) with

pgalnull
>∼ 0.01 for all but three galaxies in our sample:

NGC 1427, NGC 1569, and NGC 5408. NGC 1569 and

NGC 5408 are both very low-mass ( <∼ 108 M⊙) dwarf

galaxies with an excess of X-ray point-sources, partic-

ularly at low luminosities (logL ≈ 36–37.5). As such,

they are likely to have very bursty SFHs that are not

captured by our models. NGC 1427, by contrast is an

early-type galaxy, which contains an excess of sources

very close to the completeness limit. It is possible that

false detections (e.g., statistical fluctuations) or large

luminosity uncertainties could impact these results near

the sensitivity limits.

In future work, we plan to include a first version

of our age-and-metallicity dependent XLF model into

Lightning to provide a mechanism for simultaneously

fitting XLF and SED data for individual galaxies. Such
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an XLF model framework can then be replaced with

theoretical binary population synthesis models that re-

produce X-ray and multiwavelength data in a manner

consistent with the methods used here.

6.2. The Age and Metallicity Dependent XRB XLF

Constraint

We find that the XRB XLF undergoes significant evo-

lution of both age and metallicity. The normalization

factor declines by 2–3 dex from ≈3 Myr to 10 Gyr,

with the decline occurring more slowly with decreasing

metallicity. Although the true rates of decline are cur-

rently uncertain and impacted by our parameterization

choices, these empirically determined trends have been

predicted by population synthesis models (see, e.g., Lin-

den et al. 2010). The reason for slower declines at lower

metallicity is the predicted excess of Roche-Lobe over-

flow HMXBs at low-metallicity, due to these relatively

tight binaries with small stellar radii having enhanced

survivability through the common-envelope phase that

occurs in the Hertzsprung gap (e.g., Belczynski et al.

2010).

As stellar population age advances, we find that

the slopes of the XLF evolve. Specifically, the low-

luminosity slope, α1 decreases with age, while the

medium and high luminosity XLF slopes, α2 and α3,

both increase with age (i.e., steepen). α2 and α3 also

exhibit declines as metallicity decreases, resulting in

larger numbers of luminous HMXBs and ULXs in low-

metallicity galaxies. As noted in §1, such a result has

been commented on previously in the literature (e.g.,

Mapelli et al. 2010; Basu-Zych et al. 2016; Kovlakas

et al. 2020; Lehmer et al. 2021) and is predicted in pop-

ulation synthesis models (e.g., Linden et al. 2010; Fragos

et al. 2013b; Wiktorowicz et al. 2019; Liu et al. 2024).

Our procedure also constrains the locations of XLF

breaks and a potential cut-off to the XLF at high lumi-

nosities. Population synthesis models indicate that the

existence and locations of these breaks likely correspond

to important physical and population demographic tran-

sitions. For example, the low-L break, Lb,1, and flatten-

ing from α1 to α2 in the young XRB population, may

arise at a complex junction where the HMXB popula-

tions of Be XRBs and/or wind-fed XRBs dominate at

low-L and decline below the level of Roche-lobe over-

flow HMXBs above Lb,1 (e.g., Misra et al. 2023). Also,

the high-L break, Lb,2, may correspond to a sudden de-

cline in persistent systems above the Eddington limit of

a typical neutron star, a feature most pronounced in old

LMXB populations (e.g., Fragos et al. 2008). The pres-

ence of a cut-off luminosity at Lc ≈ few ×1040 erg s−1

is certainly required by our data; however, whether Lc

is simply a feature (e.g., another break in the XLF) or

a true cut-off remains unclear. The recent comprehen-

sive statistical study of the ULX XLF from Tranin et al.

(2022), which is based on ≈1500 ULXs detected in the

XMM-Newton, Swift , and Chandra archive, identified a

significant steepening in the HMXB XLF slope above

≈1040 erg s−1, in a manner consistent with our data.

6.3. Model-Integrated Scaling Relations

Given that our model is composed of fundamental

base functions for the evolution of the XRB XLF as

a function of age and metallicity, we can integrate our

models to derive expected scaling relations, provided as-

sumptions about population SFH and metallicity.

6.3.1. The LX-SFR-Z Relation

To derive the LX-SFR-Z relation for young stellar

populations (0–100 Myr) implied by our model, we ap-

ply the below equation:

LX(Z)/SFR =

∫ 100 Myr

t=0

∫
L

1

log e

dN(t, Z)

d logLdM⋆
dLdt.

(19)

In Figure 14, we show our derived constraint on

LX(Z)/SFR as a function of metallicity based on Equa-

tion (19), and in Col. (1)–(4) of Table 7 we tabulate

the median, 16%, and 84% confidence intervals. We fur-

ther overlay the LX/SFR values derived for each of our

galaxies on an individual basis following the methods

discussed in §4 (see Col.(7) of Table 5 and Col.(10) of

Table 1). We note that the distribution of LX/SFR val-

ues is found to skew below our best-fit relation. Such a

distribution is expected due to stochastic sampling of the

underlying XLF, which results in the galaxy-integrated

LX values more likely to be below the XLF-integrated

expectation (see, e.g., Gilfanov 2004; Lehmer et al.

2019, 2021; Geda et al. 2024, for more detailed discus-

sions).

In Figure 14, we also compare our scaling relation

result with the population synthesis model predictions

from Fragos et al. (2013b) (dot-dashed magenta curve)

and four independent observational constraints from the

literature. The first of these observational comparisons

is from Lehmer et al. (2022) (red star), which is the

average XRB component LX[HMXB]/SFR constraint

from simultaneous X-ray spectral fitting of a sample

of 30 galaxies, with D ≈ 200–400 Mpc, selected from

SDSS spectra to be in a narrow range of metallicity

(12 + log(O/H) ≈ 8.1–8.2). The second observational

comparison is the relation from Brorby et al. (2016) (blue

short-dashed curve), which is based on culling samples

of 10 blue compact dwarf galaxies from their work, 19

local star-forming galaxies from Mineo et al. (2012), and
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Figure 14. XLF model-integrated LX/SFR versus metallicity for young stellar populations (<100 Myr), as calculated using
Equation (19) (solid black curve with gray envelope representing the 16–84% confidence region). The observed quantities for the
63 main-sequence and starburst galaxies in our sample are shown as filled dark-gray circles with 16–84% confidence intervals
error bars. For comparison, we overlay the observation-based relations derived from Brorby et al. (2016) (short-dashed blue)
and Kyritsis et al. (2024) (long-dashed gold), as well as the mean constraint for a sample of 30 high-z analogs from Lehmer et al.
(2022) (red filled star), the X-ray stacking constraints and best-fit relation from Fornasini et al. (2019, 2020) (green squares and
green dotted curve), and the binary population synthesis constraint from Fragos et al. (2013b) (long-dashed magenta).

10 X-ray detected extreme metal poor galaxies included

in the Douna et al. (2015) low-metallicity sample. The

third observational comparison is from the relation de-

rived by Kyritsis et al. (2024) (gold dot-dashed curve) us-

ing eROSITA all sky survey (eRASS1) stacking analyses

of ≈19,000 galaxies in 239 distinct regions of SFR-M⋆-

distance space (for galaxies withD < 200 Mpc). Finally,

for the fourth comparison, we display the 12 metallicity-

binned stacked samples of high-sSFR galaxies from For-

nasini et al. (2019) and Fornasini et al. (2020) that span

the redshift range z ≈ 0.1–2.6 from the Chandra Deep

Field (Fornasini et al. 2019) and Chandra COSMOS

(Fornasini et al. 2020) surveys (green squares), and the

resulting best-fit LX-SFR-Z relation to these stacked

samples (green dotted curve).

We find that our optimized model is in outstand-

ing agreement with the stacked data points from For-

nasini et al. (2019, 2020) and low-metallicity analog

sample constraint from Lehmer et al. (2022). These

constraints are based on deep observations of samples

that have been carefully selected to have high-sSFRs

and vetted for AGN contaminants, and are completely

independent of the samples used here. When com-

paring between relations, however, we find somewhat

poorer agreement, albeit with large uncertainty in the

low-metallicity regime (12 + log(O/H) <∼ 8.0; see also

Geda et al. 2024, for detailed discussions on constraints

in this regime). At relatively high metallicity (e.g.,

12 + log(O/H) >∼ 8.8), the Fragos et al. (2013a) popu-

lation synthesis and Brorby et al. (2016) blue-compact

dwarf curves are deficient and elevated, respectively,

over our constraint. As noted in Lehmer et al. (2021),

the elevation of the Brorby et al. (2016) curve may be

enhanced in this regime due to a small number of el-

evated sources that contain either contamination from

LMXBs and/or AGN (e.g., KUG 0842+527 in this sam-

ple is a reported radio galaxy with relatively large stellar

mass; see Svoboda et al. 2019).



28

In the intermediate-metallicity regime (12 +

log(O/H) ≈ 8.0–8.8), where our model is most tightly

constrained, we find agreement between all relations ex-

cept for that of Kyritsis et al. (2024), which reaches up

to a factor of ≈3 times higher than the other relations.

Kyritsis et al. (2024) note this elevation and suggest

that this is caused by the much broader selection of

galaxies in the eRASS1 survey that includes galaxies

dominated by populations of relatively young stars and

bursty recent SFHs. This hypothesis is indeed consis-

tent with the age-dependence implied our models, which

show that the XRB XLF declines quickly with age from

≈3 Myr to 100 Myr (see Fig. 10 and §6.3.2 below), the

span of time by which calculations of LX/SFR average

over. However, given the relatively shallow depth of

eRASS1, it is difficult to assess precisely the contribu-

tions from undetected X-ray AGN and hot gas in the

Kyritsis et al. (2024) sample.

6.3.2. The LX-M⋆-t-Z Relation

Our base function models can also uniquely be in-

tegrated over point-source luminosity to provide XRB

population LX/M⋆ as a function of age and metallicity:

LX(t, Z)/M⋆ =

∫
L

1

log e

dN(t, Z)

d logLdM⋆
dL. (20)

Given the assumptions used to generate our models, the

evaluation of Equation 20 provides a prediction of the

X-ray luminosity per stellar mass appropriate for a stel-

lar population with age, t, and gas-phase metallicity Z.

Thus, both the LX andM⋆ term are associated with the

population of age t, but the Z term is interpreted as the

gas-phase metallicity as observed at present.

In Figure 15, we show LX(t, Z)/M⋆ for a continuous

age grid, evaluated at five metallicities spanning 0.05–

1.5 Z⊙; and we tabulate these results in Col. (5)–(20)

of Table 7. Uncertainty bands in Figure 15 indicate

16–84% confidence intervals, generated using our MC

procedure described in §5.3 and propagated to Equa-

tion (20). Our model suggests that the LX/M⋆ ratio

declines by ≈3–5 dex as stellar populations age from

3 Myr to 13.4 Gyr. At low-metallicity, the magnitude of

this evolution is larger and the timescale for X-ray emis-

sion to decline following a star-formation event is more

delayed compared to high-metallicity populations. How-

ever, we note that the uncertainties on this result are

large for Z <∼ 0.1Z⊙, due to the lack of extreme metal-

poor galaxies in the nearby Universe with high-quality

XLF constraints.

While there are few constraints on LX(t, Z)/M⋆ in the

literature, in Figure 15, we include three observational

benchmarks to compare with our results. The first is the

Lehmer et al. (2017) toy-model framework constraints

on the age-dependent XLF within M51 (NGC 5194;

green squares in the 1.5 Z⊙ panel), a ≈1.5 Z⊙ galaxy

that is also included in the sample of the present pa-

per. Lehmer et al. (2017) used SFH maps from Eufrasio

et al. (2017) and ultradeep (850 ks) Chandra imaging

to extract subgalactic SFH and XLF information for

several regions across M51. Similar to the techniques

adopted in this paper, they developed a parameterized

toy model for the age-dependence of the XLF (with re-

sulting LX/M⋆) that optimally describes the full suite of

subgalactic region XLFs. The model framework in that

paper is somewhat different from that used here, how-

ever, the resulting constraints on LX/M⋆ as a function

of age are consistent with our model predictions.

The second observational benchmark is a direct con-

straint on the average value of LX/M⋆ for field LMXBs

present within a sample of 24 early-type galaxies (see

Lehmer et al. 2020, ; red triangle in 1.5 Z⊙). We place

this constraint at a light-weighted age of 8.0 × 109 yr,

based on the SED fit results in Lehmer et al. (2020), and

a metallicity of 1.5 Z⊙, based on the mass-metallicity

relation average value. The location of this point is in

excellent agreement with our model predictions.

The final observational benchmark that we compare

to is from the work of Gilbertson et al. (2022) (blue

circles in the 0.5 Z⊙ panel), which utilized a statisti-

cal approach to estimate the average galaxy-integrated

LX/M⋆ as a function of age for 344 z ≈ 0–2 galaxies

located in the Chandra Deep Fields. The statistical ap-

proach is similar in nature to that presented in the cur-

rent paper, using SFH measurements from SED fitting

and Chandra data to decompose LX/M⋆ as a function

of age. The variation of metallicity was not explored

explicitly, but the sample average metallicity was deter-

mined to be ≈0.6 Z⊙. The comparison of the Gilbert-
son et al. (2022) results with our model constraints show

good agreement across the full range of stellar ages.

In addition to the observational constraints, we fur-

ther compare with the theoretical population synthesis

models of Fragos et al. (2013a), which were calibrated to

match local LX[HMXB]/SFR and LX[LMXB]/M⋆ con-

straints that were available at the time. The models

show promising agreement with our observed trends (see

dotted magenta curves in Fig. 15), including both the

magnitudes of declines in LX/M⋆ as a function of age,

as well as the metallicity dependence of the trends. One

notable exception is that the Fragos et al. (2013a) mod-

els predict a relatively X-ray bright population at ages

≈0.3–3 Gyr that is inconsistent with our models. This

disagreement between population synthesis and obser-

vational constraints has been previously discussed in
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Figure 15. XLF model integrated LX/M⋆ as a function of age for five metallicity bins (see annotations in upper right of each
panel). The black curves (linestyles varying by metallicity) and gray bands indicate median and 16–84% ranges, respectively.
The lower-right panel shows models for all five metallicity bins together for comparison. We overlay comparisons of the binary
population synthesis models from Fragos et al. (2013b) (dotted magenta curves), the Chandra Deep Field statistical constraints
for z ≈ 0–2 normal galaxies from Gilbertson et al. (2022) (blue filled circles in the 0.5 Z⊙ panel), subgalactic constraints in
M51 from Lehmer et al. (2017) (green filled squares in the 1.5 Z⊙ panel), and average LX/M⋆ values for elliptical galaxies from
Lehmer et al. (2020) (red filled triangle in the 1.5 Z⊙ panel).

Gilbertson et al. (2022), who attribute the excess to

the population synthesis prescriptions applied to bina-

ries with ≈1.5–4 M⊙ donor stars. These intermediate-

mass stars are expected to go through a short-lived

high-accretion state before becoming more traditional

LMXBs, a stage of binary evolution that is difficult to

model accurately without observational constraints.

6.4. Caveats and Future Improvements of Our XLF

Model Framework

While our model base functions provide a new empir-

ical framework that allows for characterization of XLFs

across a broad range of galaxy types, there are still a

number of caveats to our model that are present and

can be improved upon in future studies.

Metallicity: Our study makes use of single-value

metallicity measurements for each galaxy that are based

on emission-line diagnostics, and they are appropri-

ate for ionized gaseous nebulae that surround young

( <∼ 10 Myr) stellar populations (see §2 for details). As

such, these values represent either light-weighted aver-

ages over several HII regions or large apertures (or strips

from slits), and they do not account for metallicity gra-
dients across the galaxies.

The use of single-valued metallicities also ignores in-

herent metallicity histories in galaxies. In particular,

older stellar populations (e.g., >∼ 1 Gyr) will have lower

metallicities than those adopted in this study. As dis-

cussed in §2, in the case of early-type galaxies, adopted

metallicities are based on the M⋆-Z relation and can be

higher than the stellar metallicities by up to an order of

magnitude. Future models would benefit from some self-

consistent tracking of metallicity histories along with

star-formation histories.

Supernova remnants: Throughout this paper, we

have discussed X-ray point-source populations detected

across the galactic footprints as either XRBs associ-

ated with the galaxies or foreground/background objects

(e.g., AGN). Our statistical methods allow for the sepa-
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Table 7. Integrated X-ray Scaling Relations

logLX(Z)/SFR versus Z logLX(t, Z)/M⋆ versus t (for selected Z)

Z logLX/SFR log t logLX/M⋆ (erg s−1 M−1
⊙ )

(Z⊙) 12 + log (O/H) (erg s−1 [M⊙ yr−1]−1) (yr) (0.05 Z⊙) (0.1 Z⊙) (0.5 Z⊙) (1.0 Z⊙) (1.5 Z⊙)

(1) (2) (3)–(5) (6) (7)–(9) (10)–(12) (13)–(15) (16)–(18) (19)–(21)

0.020 6.99 41.85+1.15
−1.71 6.48 34.44+2.24

−1.51 34.04+1.78
−1.10 33.14+1.37

−0.84 32.75+1.45
−0.75 32.53+1.51

−0.99

0.024 7.07 41.77+1.07
−1.62 6.60 34.28+1.31

−1.44 33.88+0.98
−1.04 32.93+0.72

−0.69 32.56+0.49
−0.77 32.36+0.56

−0.92

0.028 7.14 41.69+0.99
−1.53 6.73 34.14+0.84

−1.46 33.74+0.72
−1.07 32.74+0.57

−0.60 32.34+0.43
−0.79 32.15+0.54

−1.13

0.034 7.22 41.60+0.91
−1.45 6.85 34.01+0.76

−1.47 33.60+0.72
−1.11 32.57+0.52

−0.64 32.16+0.44
−0.83 31.97+0.54

−1.11

0.040 7.29 41.51+0.83
−1.35 6.98 33.87+0.74

−1.59 33.47+0.71
−1.30 32.40+0.45

−0.69 31.97+0.46
−0.99 31.76+0.54

−1.29

0.047 7.37 41.41+0.76
−1.26 7.11 33.72+0.73

−1.64 33.33+0.69
−1.35 32.24+0.37

−0.66 31.77+0.46
−0.88 31.56+0.54

−1.17

0.056 7.44 41.31+0.69
−1.18 7.23 33.59+0.76

−1.68 33.19+0.67
−1.38 32.08+0.34

−0.64 31.58+0.44
−0.76 31.34+0.54

−1.00

0.067 7.52 41.22+0.66
−1.09 7.36 33.45+0.80

−1.73 33.04+0.66
−1.42 31.93+0.36

−0.61 31.39+0.39
−0.70 31.13+0.50

−0.92

0.080 7.59 41.12+0.65
−1.01 7.48 33.30+0.84

−1.83 32.90+0.69
−1.55 31.77+0.38

−0.70 31.21+0.43
−0.78 30.93+0.47

−0.82

0.095 7.67 41.02+0.63
−0.92 7.61 33.15+0.86

−1.91 32.75+0.72
−1.63 31.63+0.37

−0.86 31.05+0.47
−0.80 30.73+0.52

−0.82

0.113 7.74 40.92+0.62
−0.84 7.74 32.98+0.88

−1.94 32.60+0.73
−1.68 31.48+0.38

−0.95 30.90+0.47
−0.73 30.57+0.54

−0.73

0.134 7.82 40.81+0.59
−0.76 7.86 32.80+0.90

−2.05 32.43+0.73
−1.69 31.33+0.40

−0.96 30.76+0.46
−0.67 30.43+0.51

−0.64

0.159 7.89 40.70+0.57
−0.68 7.99 32.61+0.89

−2.19 32.25+0.72
−1.84 31.18+0.39

−0.92 30.63+0.42
−0.62 30.32+0.48

−0.56

0.189 7.97 40.59+0.54
−0.59 8.11 32.39+0.94

−2.32 32.05+0.75
−1.98 31.02+0.38

−1.01 30.49+0.37
−0.56 30.19+0.46

−0.52

0.225 8.04 40.47+0.51
−0.51 8.24 32.17+1.02

−2.42 31.83+0.83
−2.09 30.84+0.44

−1.15 30.35+0.33
−0.71 30.07+0.41

−0.47

0.267 8.12 40.36+0.47
−0.46 8.37 31.91+1.14

−2.41 31.58+0.93
−2.09 30.66+0.49

−1.20 30.20+0.32
−0.78 29.94+0.40

−0.56

0.317 8.19 40.24+0.42
−0.43 8.49 31.61+1.29

−2.25 31.30+1.04
−1.95 30.46+0.56

−1.13 30.04+0.34
−0.75 29.81+0.38

−0.55

0.377 8.27 40.12+0.39
−0.40 8.62 31.29+1.45

−2.02 31.01+1.19
−1.74 30.25+0.63

−1.00 29.88+0.35
−0.66 29.69+0.34

−0.49

0.448 8.34 40.00+0.38
−0.40 8.74 30.98+1.61

−1.75 30.73+1.31
−1.52 30.07+0.65

−0.87 29.76+0.32
−0.58 29.59+0.30

−0.43

0.533 8.42 39.88+0.37
−0.39 8.87 30.68+1.73

−1.50 30.48+1.40
−1.30 29.92+0.63

−0.76 29.65+0.30
−0.50 29.50+0.26

−0.37

0.634 8.49 39.77+0.34
−0.38 8.99 30.42+1.79

−1.28 30.26+1.43
−1.12 29.78+0.62

−0.65 29.56+0.29
−0.44 29.42+0.22

−0.32

0.753 8.57 39.65+0.31
−0.35 9.12 30.19+1.80

−1.09 30.06+1.42
−0.96 29.66+0.60

−0.56 29.47+0.26
−0.38 29.36+0.19

−0.28

0.895 8.64 39.54+0.32
−0.34 9.25 29.98+1.75

−0.91 29.88+1.36
−0.80 29.55+0.59

−0.48 29.39+0.24
−0.32 29.29+0.20

−0.25

1.064 8.72 39.43+0.35
−0.39 9.37 29.80+1.64

−0.75 29.71+1.25
−0.66 29.45+0.63

−0.40 29.31+0.24
−0.29 29.23+0.19

−0.24

1.265 8.79 39.33+0.39
−0.41 9.50 29.63+1.47

−0.60 29.56+1.25
−0.53 29.35+0.67

−0.37 29.24+0.24
−0.29 29.16+0.18

−0.23

1.503 8.87 39.24+0.42
−0.43 9.62 29.46+1.38

−0.49 29.41+1.32
−0.47 29.25+0.70

−0.34 29.16+0.22
−0.26 29.10+0.17

−0.22

1.787 8.94 39.17+0.47
−0.47 9.75 29.30+1.46

−0.42 29.26+1.39
−0.39 29.14+0.72

−0.28 29.08+0.20
−0.22 29.04+0.16

−0.18

2.123 9.02 39.11+0.51
−0.49 9.88 29.14+1.53

−0.31 29.12+1.45
−0.29 29.04+0.74

−0.21 28.99+0.18
−0.17 28.96+0.15

−0.14

2.524 9.09 39.08+0.52
−0.51 10.00 28.98+1.64

−0.21 28.96+1.52
−0.21 28.92+0.76

−0.21 28.89+0.19
−0.20 28.87+0.17

−0.19

3.000 9.17 39.07+0.52
−0.58 10.13 28.69+2.84

−0.59 28.69+2.65
−0.59 28.69+1.43

−0.59 28.69+0.44
−0.59 28.69+0.30

−0.59

Note—Col.(1) and (2): Metallicity in solar units and oxygen abundance relative to hydrogen (12 + log(O/H)), respectively. Col.(3)–(5):
Median, 16%, and 84% confidence interval for logLX(Z)/SFR for the population of sources with <100 Myr, given the metallicity in
Column (1). Values of logLX(Z)/SFR were calculated following Eqn. (19). Col.(6): Stellar population age. Col.(7)–(21): Median, 16%,
and 84% confidence interval for logLX(t, Z)/M⋆ for the population with age t listed in Column (4) and metallicity provided in the column
header. Values of logLX(t, Z)/M⋆ were calculated following Eqn. (20).

ration of sources that are intrinsic to the galaxies from

background sources by modeling these components sep-

arately; however, our modeling does not distinguish the

nature of the sources that are detected. While XRBs

are expected to dominate the point-source populations

intrinsic to the galaxies, the fraction of sources that are

supernova remnants is known to climb with decreasing

luminosity, becoming non-negligible at L <∼ 1037 erg s−1

(e.g., Tüllmann et al. 2011; Long et al. 2014).

While our data are insufficient to differentiate super-

nova remnants from XRBs, we can infer that supernova

remnants would be primarily associated with the young

stellar populations ( <∼ 100 Myr) and that they will have

their largest impact below L <∼ 1037 erg s−1. As such,

the true faint-end XLF slopes for young populations of
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XRBs are expected to be less steep than the values de-

rived for our models. Future work that involves the

direct association and/or X-ray spectral classification of

supernova remnants would be required to clearly disen-

tangle their contributions from XRBs (see, e.g., Hunt

et al. 2021, for a such a study in M83).

Globular clusters and dynamical formation processes:

Several past studies have shown clearly that LMXBs can

form via dynamical interactions (e.g., tidal capture and

multibody exchange with constituent stars in primor-

dial binaries) in high stellar density environments like

GCs (e.g., Clark et al. 1975; Fabian et al. 1975; Hills

1976), and possibly some high-density galactic regions

(e.g., Voss & Gilfanov 2007; Zhang et al. 2013). For

galaxies with high SN (i.e., GC specific frequency; see

§1 for discussion), there is evidence that LMXBs form

dynamically in GCs can dominate the total LMXB pop-

ulation power output of their host galaxy (see, e.g., Ir-

win 2005; Juett 2005; Sivakoff et al. 2007; Humphrey &

Buote 2008; Zhang et al. 2012; Kim et al. 2013).

Such dynamical LMXB formation pathways are not

expected to have formation frequencies that scale di-

rectly with the properties of the host galaxy, in the man-

ner that we have explored in this paper. In the present

study, we have removed from our sample galaxies with

SN
>∼ 2, which are expected to be dominated by LMXB

populations that were formed within and/or kicked out

of GCs (see Lehmer et al. 2020, for motivation). We as-

sume that the LMXB populations in the galaxies in our

sample are dominated by field LMXBs that are form in-

situ within the galactic stellar population. Despite our

efforts, the level by which the GC LMXB populations

contribute to the galaxy sample in this paper is difficult

to quantify and may still be significant. Further detailed

studies are required to help interpret this possibility and

quantify the impact of GC, or more generally dynamical,

LMXB formation.

X-ray binary population variability: The Chandra

point-source catalogs that are used in this paper are

constructed using (when relevant) merged observational

data sets to obtain the deepest possible constraints on

the XLFs. Some of the data sets (e.g., for NGC 5194)

were generated using many ObsIDs, with exposures

taken weeks-to-years apart. It has been shown, by sev-

eral studies of XRBs in the Milky Way, that XRBs can

vary in luminosity by orders of magnitude over simi-

lar timescales (e.g., Belloni 2010). As such, the com-

bined observations that make up our source selection

and property measurements will be based on average

XRB characteristics, and the variation of source lumi-

nosities will lead to variations in the XLF across each

ObsID.

While a thorough analysis of this issue is of interest,

it is both beyond the scope of the current paper, and

not expected to have a significant impact on the results

presented in this paper. Investigations of the XLFs of

select nearby galaxies with multiple Chandra observa-

tions have shown that while X-ray point-sources indeed

vary with time, the population XLF shape remains per-

sistent, at a level well below the stochastic variance (see,

e.g., Zezas et al. 2007; Fridriksson et al. 2008; Sell et al.

2011; Binder et al. 2017), which is accounted for here in

the use of the C statistic.

XLF Modeling with Continuous Age and Metallic-

ity Variables: In order to make the empirical problem

tractable, our models, as defined in Equations (6) and

(14), are continuous functions of age t and metallicity

Z. However, population synthesis modeling has shown

evidence for more complex evolution and metallicity de-

pendencies that are not captured in the simple func-

tions used in our work (see, e.g., Fragos et al. 2008;

Linden et al. 2010; Fragos et al. 2013b; Wiktorowicz

et al. 2017). Similarly, discontinuities have been ob-

served in the formation timescales of HMXB populations

in nearby galaxies, for example, as supergiant donor-

star HMXBs decline and Be-HMXBs increase in num-

bers (see, e.g., Antoniou & Zezas 2016; Antoniou et al.

2019; Garofali et al. 2018; Lazzarini et al. 2023).

While certain features could be included, to some de-

gree, in our model framework, it is uncertain what types

of functions would be relevant (including their depen-

dence on both age and metallicity). As we discuss in

§5.2, our model statistic is acceptable overall, but only

marginally so. It is possible that adding correct fea-

tures (e.g., discontinuities that are attributed to specific

epochs) to our models and/or SFHs could meaningfully

improve the fit statistics.

Future versions of this modeling framework would

benefit most greatly from the inclusion of workable bi-

nary population synthesis models that simultaneously

predict the XLF formation and evolution as functions of

age and metallicity and provide underlying stellar SED

models. Such models could be calibrated using the full

suite of data sets presented in this paper. At the time

of the writing of this paper, there are several binary

population synthesis models that are in use, capable of

predicting XRB populations (e.g., Belczynski et al. 2008;

Breivik et al. 2020; Riley et al. 2022; Iorio et al. 2023;

Fragos et al. 2023); however, no publicly available code

can simultaneously predict XRB XLFs, and X-ray–to–

IR SEDs from such inherent populations (however, see

Lecroq et al. 2024, for a recent example of steps moving

in this direction).
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7. SUMMARY AND FUTURE CONSTRAINTS

We have presented a new empirical framework for

predicting XRB XLFs, given SFHs and metallicities.

Our framework was calibrated using Chandra and FUV-

to-FIR multiwavelength data sets for a sample of 88

nearby (D < 40 Mpc) galaxies that span broad ranges

of morphological type, SFR, M⋆, SFH, and metallicity.

SED fitting techniques were used to analyze the mul-

tiwavelength data and extract SFH information for the

galaxies. XLF data for all galaxies was simultaneously

forward-modeled using a SFH and metallicity depen-

dent “global” XLF model. This model self-consistently

describes the age evolution of XRB population demo-

graphics as a function of metallicity, analogous to the

population synthesis SED model base functions. Below,

we list our key findings.

1. We present new SED fit solutions for the 88 galaxies

in our sample using a recently updated version of the

Lightning SED fitting code (see Fig. 4 and Tables 3).

Lightning allows for the selection of either PÉGASE

single-star stellar models or BPASS models that in-

clude binary star evolution. We show that, while

both stellar models can provide reasonable character-

izations of the FUV-to-FIR SEDs, PÉGASE provides

somewhat better statistical modeling of the data in

the 1.5–2.5 µm range. The resulting PÉGASE and

BPASS SFHs are similar across the majority of cos-

mic look-back times, with the exception of the 0.13–

2.1 Gyr range, where the PÉGASE SFHs are mildly

elevated over BPASS. The remaining results from this

paper are based on PÉGASE SED fit results.

2. We fit the XLFs of all 88 galaxies and derived intrin-

sic galaxy-integrated X-ray point-source luminosities,

LX (0.5–8 keV). Using these derived values, along
with SFR and M⋆ values derived from our SED fits,

we computed revised X-ray scaling relations. For

star-forming active galaxies with sSFR > 10−10 yr−1,

we find

logLX = log SFR + (39.39± 0.017)

(Fig. 6), which is in agreement with several past stud-

ies, but more tightly constrained (see §4). Such a

relation is expected to be driven by HMXB popula-

tion scalings with SFR. For the full galaxy sample, we

computed relations involving both SFR (for HMXBs)

and M⋆ (for LMXBs), finding a best-fit relation

LX = αLMXBM⋆ + βHMXBSFR

log(αLMXB [ergs s−1 M−1
⊙ ]) = 29.957± 0.004

log(βHMXB [ergs s−1 (M⊙ yr)−1]) = 39.303± 0.004.

While this relation provides a good overall charac-

terization of the galaxy-integrated LX, given SFR

and M⋆, substantial scatter remains, in particular

for high-sSFR galaxies, that appears to be correlated

with metallicity (see Fig. 7).

3. To gain a sense of how the XLF varies with age and

metallicity, we inspected co-added XLFs of galaxy

subsamples, selected by physical-properties (Fig. 8).

Construction of co-added XLFs from galaxy subsam-

ples selected by sSFR, a proxy for average stellar age,

shows that the stellar-mass normalized XLF under-

goes both a decline in normalization and an overall

change in shape (flattening low-L slope and steepen-

ing high-L slope) with decreasing sSFR (increasing

stellar age). When selecting galaxy subsamples with

high-sSFR ( >∼ 10−10 yr−1) in bins of metallicity, we

find that the SFR-normalized XLF steepens with in-

creasing metallicity, yielding lower integrated XRB

population luminosities (see §5.2 for details).

4. Motivated by the trends observed for co-added XLFs

of galaxy subsamples, we constructed a “global”

model, detailing the evolution of XLF shape and nor-

malization parameters as functions of age and metal-

licity (see Eqns. (13) and (14)). Our model contains

21 total free parameters that we constrained by simul-

taneously modeling the XLF data for all 88 galaxies,

given their SFHs and metallicities (see Table 6, Fig. 9,

and §5.3 for details). Simultaneous application of our

model to all XLF X-ray luminosity bins for all galax-

ies reveals statistically acceptable characterization for

the full galaxy sample (pnull = 0.047), albeit with

room for improvement in the statistic. In particular,

galaxies with very low-mass (M⋆
<∼ 109 M⊙), which

are expected to have bursty SFHs, are the worst fit

by our model framework, given the SFH constraints.

5. Integration of our models allow for predictions of

galaxy-integrated scaling relations. Integration over

the first 100 Myr and over all XRB luminosities

(Eqn. (19)) yields a prediction for LX[HMXB]-SFR-

Z (see Fig. 14). We find good agreement with past

studies based on galaxy-integrated quantities, show-

ing that LX[HMXB]/SFR declines with metallicity

by ≈1.5–2 dex from 0.5–1.5 Z⊙. Integration over

XRB luminosity alone provides unique scalings of

LX[XRB]/M⋆ as functions of age and metallicity (see

Fig. 15). These relations reproduce LX[XRB]/M⋆

versus age benchmarks for average populations in the

Chandra Deep Fields, subgalactic regions in M51, and

old LMXBs in elliptical galaxies. Comparison of these

relations with past population synthesis results shows

similar trends, but tension for ages≈0.3–3 Gyr, where



33

population synthesis models overpredict the power-

output (per stellar mass) from these populations.

The framework presented in this paper provides a

blueprint for connecting XRB population and galaxy

stellar population data with inter-connected model com-

ponents. Several future avenues can be taken to improve

this framework using both expanded data sets and new

models. In §6.4, we discussed several additional model

considerations that can be added to this framework in

the future. In particular, a binary population synthe-

sis model framework that simultaneously produces XRB

predictions and carries out stellar atmosphere calcula-

tions that can produce self-consistent SED models is

highly desirable: e.g., a fully consistent set of binary

population synthesis base functions like those shown in

Figure 12.

For observational constraints, future studies that in-

clude both new XLF data and galaxy-integrated data

from galaxy samples where XLFs cannot be extracted

directly (e.g., due to large distances or shallow obser-

vations) would significantly improve the quality of our

constraints. There are much larger samples of galax-

ies for which only integrated population characteristics

can be obtained that fill in regions of parameter space.

These include (but are not limited to) luminous in-

frared galaxies (e.g., Iwasawa et al. 2011; Torres-Albà

et al. 2018), high-redshift analog galaxies (e.g., Basu-

Zych et al. 2013a, 2016; Prestwich et al. 2013; Brorby

et al. 2014; Brorby & Kaaret 2017; Lehmer et al. 2022),

Lyman-continuum emitters (e.g., Bluem et al. 2019)

deep-field galaxy samples (e.g., Lehmer et al. 2008, 2016;

Basu-Zych et al. 2013b; Aird et al. 2017; Fornasini et al.

2019, 2020; Gilbertson et al. 2022), and more distant

galaxy samples selected over wide-area surveys (e.g.,

Vulic et al. 2021; Soria et al. 2022; Kyritsis et al. 2024).

Such samples span broader ranges of physical param-

eter space than those constrained here (particularly in

the low-metallicity regime).

Expanded XLF constraints can be achieved by broad-

ening the sample and through the use of subgalactic re-

gion analyses. For example, excellent constraints on

both SFHs and XLFs are available for Local Group

galaxies (e.g., Antoniou & Zezas 2016; Antoniou et al.

2019; Garofali et al. 2018; Lazzarini et al. 2023). The

near proximity of these galaxies enable high age reso-

lution on SFHs via color-magnitude diagram fitting, as

well as XLF extension to very low luminosities (e.g., to
<∼ 1034 erg s−1).

For somewhat more distant galaxies (D ≈ 3–40 Mpc),

where XLF analyses is still possible, larger samples of

galaxies exist with growing archives of high angular res-

olution multiwavelength data sets. In the future, multi-

wavelength analyses that focus on subgalactic regions, in

these samples, can be carried out to more cleanly isolate

and constrain SFHs and the X-ray sources. For example,

at the time of this writing, the PHANGS survey is carry-

ing out very large treasury programs with HST , JWST ,

VLT MUSE, ALMA, and other facilities to obtain high-

resolution spectrophotometric data sets for a sample of

74 nearby galaxies (D ≈3–30 Mpc). A series of Chandra

programs, including both a Large (≈1 Ms; PI: Lehmer)

and Legacy (≈3 Ms; PI: Mathur) have now been ap-

proved by the CXC to provide deep X-ray coverage for

the entire PHANGS sample. With such high-resolution

and panchromatic multiwavelength coverage (including

both spectral and photometric constraints), many X-ray

sources and background AGN can be classified directly

(see, e.g., Rangelov et al. 2011, 2012; Chandar et al.

2020; Lehmer et al. 2020; Hunt et al. 2021, 2023) and

their local properties can be constrained more cleanly.

In particular, such data will allow for higher age resolu-

tion constraints on XRB populations in the first ≈1 Gyr

following a star-formation event, an era where several

interesting XRB population transitions are expected to

take place.
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Gómez-González, V. M. A., Mayya, Y. D., Toalá, J. A.,
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Muñoz, J. B., Qin, Y., Mesinger, A., et al. 2022, MNRAS,

511, 3657, doi: 10.1093/mnras/stac185

Nataf, D. M. 2015, MNRAS, 449, 1171,

doi: 10.1093/mnras/stv156

Noll, S., Burgarella, D., Giovannoli, E., et al. 2009, A&A,

507, 1793, doi: 10.1051/0004-6361/200912497

http://doi.org/10.1086/511630
http://doi.org/10.1051/0004-6361/202346880
http://doi.org/10.1093/mnras/staa1063
http://doi.org/10.1051/0004-6361/202244252
http://doi.org/10.1093/mnras/staa2481
http://doi.org/10.1093/mnras/stab1799
http://doi.org/10.1046/j.1365-8711.2001.04022.x
http://doi.org/10.48550/arXiv.2402.12367
http://doi.org/10.3847/1538-4357/abccca
http://doi.org/10.3847/1538-4357/acdbc8
http://doi.org/10.1093/mnras/stad3838
http://doi.org/10.1088/0004-637X/706/1/599
http://doi.org/10.3847/2041-8213/acaaae
http://doi.org/10.1088/0004-637X/724/1/559
http://doi.org/10.3847/1538-4357/ac63a7
http://doi.org/10.1086/588459
http://doi.org/10.1088/0004-637X/752/1/46
http://doi.org/10.3847/0004-637X/825/1/7
http://doi.org/10.3847/1538-4357/aa9578
http://doi.org/10.3847/1538-4365/ab22a8
http://doi.org/10.3847/1538-4365/ab9175
http://doi.org/10.3847/1538-4357/abcec1
http://doi.org/10.1088/0004-637X/725/2/1984
http://doi.org/10.1093/mnras/stad3475
http://doi.org/10.1088/0067-0049/212/2/21
http://doi.org/10.48550/arXiv.2401.08769
http://doi.org/10.3847/1538-4357/aa6af9
http://doi.org/10.1086/671138
http://doi.org/10.1007/s00159-018-0112-2
http://doi.org/10.1111/j.1365-2966.2010.17048.x
http://doi.org/10.48550/arXiv.0902.2850
http://doi.org/10.3847/0004-6256/152/5/144
http://doi.org/10.1093/mnras/sty839
http://doi.org/10.3847/1538-4357/ab4c37
http://doi.org/10.1093/mnras/stt198
http://doi.org/10.1111/j.1365-2966.2011.19862.x
http://doi.org/10.1051/0004-6361/202244929
http://doi.org/10.1051/0004-6361/202347880
http://doi.org/10.1051/0004-6361/201219543
http://doi.org/10.3847/1538-4357/acd449
https://arxiv.org/abs/2400.0000
http://doi.org/10.1086/507570
http://doi.org/10.1088/0067-0049/190/2/233
http://doi.org/10.1093/mnras/stac185
http://doi.org/10.1093/mnras/stv156
http://doi.org/10.1051/0004-6361/200912497


39

Olivier, G. M., Berg, D. A., Chisholm, J., et al. 2021, arXiv

e-prints, arXiv:2109.06725.

https://arxiv.org/abs/2109.06725

Pacucci, F., Mesinger, A., Mineo, S., & Ferrara, A. 2014,

MNRAS, 443, 678, doi: 10.1093/mnras/stu1240

Panter, B., Jimenez, R., Heavens, A. F., & Charlot, S.

2008, MNRAS, 391, 1117,

doi: 10.1111/j.1365-2966.2008.13981.x

Persic, M., & Rephaeli, Y. 2007, A&A, 463, 481,

doi: 10.1051/0004-6361:20054146

Pettini, M., & Pagel, B. E. J. 2004, MNRAS, 348, L59,

doi: 10.1111/j.1365-2966.2004.07591.x

Pilyugin, L. S., & Grebel, E. K. 2016, MNRAS, 457, 3678,

doi: 10.1093/mnras/stw238

Pilyugin, L. S., Grebel, E. K., & Kniazev, A. Y. 2014, AJ,

147, 131, doi: 10.1088/0004-6256/147/6/131

Pilyugin, L. S., & Thuan, T. X. 2007, ApJ, 669, 299,

doi: 10.1086/521597

Prestwich, A. H., Tsantaki, M., Zezas, A., et al. 2013, ApJ,

769, 92, doi: 10.1088/0004-637X/769/2/92

Ranalli, P., Comastri, A., & Setti, G. 2003, A&A, 399, 39,

doi: 10.1051/0004-6361:20021600

Rangelov, B., Chandar, R., Prestwich, A., & Whitmore,

B. C. 2012, ApJ, 758, 99,

doi: 10.1088/0004-637X/758/2/99

Rangelov, B., Prestwich, A. H., & Chandar, R. 2011, ApJ,

741, 86, doi: 10.1088/0004-637X/741/2/86

Riley, J., Agrawal, P., Barrett, J. W., et al. 2022, ApJS,

258, 34, doi: 10.3847/1538-4365/ac416c

Sabbi, E., Calzetti, D., Ubeda, L., et al. 2018, ApJS, 235,

23, doi: 10.3847/1538-4365/aaa8e5

Sacchi, E., Annibali, F., Cignoni, M., et al. 2016, ApJ, 830,

3, doi: 10.3847/0004-637X/830/1/3

Schaerer, D., Fragos, T., & Izotov, Y. I. 2019, A&A, 622,

L10, doi: 10.1051/0004-6361/201935005

Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103,

doi: 10.1088/0004-637X/737/2/103

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ,

500, 525, doi: 10.1086/305772

Sell, P. H., Pooley, D., Zezas, A., et al. 2011, ApJ, 735, 26,

doi: 10.1088/0004-637X/735/1/26

Senchyna, P., Stark, D. P., Chevallard, J., et al. 2019,

MNRAS, 488, 3492, doi: 10.1093/mnras/stz1907

Shi, F., Kong, X., Li, C., & Cheng, F. Z. 2005, A&A, 437,

849, doi: 10.1051/0004-6361:20041945

Shtykovskiy, P. E., & Gilfanov, M. R. 2007, Astronomy

Letters, 33, 437, doi: 10.1134/S106377370707002X

Simmonds, C., Schaerer, D., & Verhamme, A. 2021, A&A,

656, A127, doi: 10.1051/0004-6361/202141856

Sivakoff, G. R., Jordán, A., Sarazin, C. L., et al. 2007, ApJ,

660, 1246, doi: 10.1086/513094
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880, 144, doi: 10.3847/1538-4357/ab2b39

Taddia, F., Sollerman, J., Fremling, C., et al. 2015, A&A,

580, A131, doi: 10.1051/0004-6361/201525989

Tennant, A. F., Wu, K., Ghosh, K. K., Kolodziejczak, J. J.,

& Swartz, D. A. 2001, ApJL, 549, L43,

doi: 10.1086/319145
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APPENDIX

A. SED FITTING RESULT COMPARISON BETWEEN PÉGASE AND BPASS

As outlined in §3.2, we fit the FUV-to-FIR photometry of all galaxies in our sample using both PÉGASE and BPASS

models. Here we provide basic systematic comparisons of the fitting results between these model assumptions for the

88 galaxies in this paper.

Figure A.1 shows graphical comparisons of the values for all 15 parameters used in our SED fitting procedure (see

Table 3 for definitions of parameters and priors) for PÉGASE and BPASS. Also, the lower-right panel of Figure A.1

provides a histogram of the fit quality comparison, quantified as the ratio of the maximum posterior values from

PÉGASE and BPASS, log(PPEGASE/PBPASS). Larger values of this ratio indicate better agreement between the best-fit

models and the data.

Overall, we find that the fit quality with the stellar population synthesis models of PÉGASE is statistically preferred

over that of BPASS. In each of the 15 parameter comparison plots in Figure A.1, we can see that the best-fit parameters

are very similar between PÉGASE and BPASS, with many parameter comparisons being statistically indistinguishable

from the overlaid one-to-one lines (blue dotted lines in each panel). To clarify the comparisons, we have annotated

in each panel the mean relation between PÉGASE and BPASS fit results, along with the errors on the means. We find

reasonable, near unity agreement for many parameters, with the exception of ψ1 and ψ6–ψ8, which show statistically

significant and systematic disagreements at the sample level.

From the SEDs presented in Figure 4 (see extended materials for plots of all galaxies), comparison of best-fit models

shows that the BPASSmodel emission lines are systematically stronger than those produced by the PÉGASEmodels. This

is primarily due to the elevated intrinsic extreme UV (λ < 912 Å) continuum from binary populations that enhance the

ionizing photon flux in BPASS. From the residuals in Figure 4, the most significant systematic differences in fit quality

between PÉGASE and BPASS are the relatively low residuals (i.e., data values below model predictions) 1–4µm. In this

wavelength range specifically, BPASS predicts large contributions from AGB stars for the stellar populations formed

at ≈0.13–2.1 Gyr (citations), which impact the shapes of the stellar SED models associated with ψ6–ψ8. Thus, the

disagreement between the PÉGASE and BPASS fits can be primarily attributed to the prescriptions for AGB stars. We

expect that these disagreements would persist for single-star PÉGASE/BPASS comparisons, and the binary-star aspect to

the BPASS models yields no significant differences for the constraints used in this paper. In the future, the combination

of broad-band SED constraints and spectral constraints from emission lines would be helpful to further distinguish

SFH comparisons between PÉGASE and BPASS, as the extreme UV (<912 Å) and emission-line strengths from the BPASS

models appear to be systematically stronger due to the binary aspect of these models (see, e.g., the best-fit models in

Figure 4).

We note that the many of the data sets for our galaxies were processed in these previous works and when we re-use

those products here. Galaxies unique to this paper were processed using the same procedures, but with more recent

calibrations, based on CIAO v.4.15 with CALDB v.4.10.7 and Acis Extract (hereafter, AE) v.2023aug14, which used

MARX v.5.5.1. In Table B1, we provide a full list of Chandra ObsIDs and exposure times used in this work, and we

detail the analyses of these data in the sections below.

B. CHANDRA DATA ANALYSIS AND CATALOG CONSTRUCTION

We made use of all ACIS observations with aim points that were offset by less than 5 arcmin from the adopted

coordinates of the galactic centers. In Table B1, we provide a detailed observational log of the Chandra observations

that were used in our analyses. Each observation was reprocessed using chandra_repro script, bad pixels and columns

were identified and removed, and time intervals with high background levels (>3σ above the average level) were

discarded. When more than one ObsID was available for a given galaxy, merged products (events lists, images, and

exposure maps) were created and utilized. Such ObsIDs were co-aligned to the deepest ObsID using wcs_match and

wcs_update scripts, and then merged using the merge_obs script.

Using the final events lists and astrometric solutions (merged when relevant, single otherwise), we constructed

images, exposure maps, and exposure-weighted PSF maps with 90% enclosed counts fractions (ECF). We searched the

0.5–7 keV images for point-sources using wavdetect at a false-positive probability threshold of 1 × 10−6 over seven

wavelet scales from 1–8 pixels in a
√
2 sequence (i.e., 1,

√
2, 2, 2

√
2, 4, 4

√
2, and 8 pixels). The wavdetect catalogs were
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Figure A.1. (first 15 panels) Comparison of 15 derived parameters from SED fitting assuming BPASS (abscissa axes) and
PÉGASE (ordinate axes). Parameter names are annotated in the upper left-hand corner of each plot; parameter definitions can
be found in Table 3 and §5.3. In each panel, we further annotate the mean parameter ratios (BPASS/PÉGASE) and their 1σ
uncertainties. We find near unity agreement for several parameters with the exception of ψ1, and ψ6–ψ8, which deviate by
several sigma. (final panel) Distribution of the logarithm of the posterior probability ratio (PÉGASE/BPASS) for the full sample.
The distribution skews to values greater than zero, indicating that PÉGASE-based fits provide better characterizations of the
SEDs in our sample.
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Table B1. Chandra Advanced CCD Imaging Spectrometer (ACIS) Observation Log

Aim Point Obs. Start Exposurea Flaringb ∆α ∆δ Obs.

Obs. ID αJ2000 δJ2000 (UT) (ks) Intervals (arcsec) (arcsec) Modec

NGC0024

9547d 00 09 57.79 −24 57 47.44 2008-10-13T05:43:53 43 . . . . . . . . . F

NGC0337

12979d 00 59 49.29 −07 34 28.15 2011-07-19T23:07:02 10 . . . . . . . . . F

NGC0584

12175d 01 31 20.38 −06 51 38.45 2010-09-07T01:40:53 10 . . . . . . . . . V

NGC0625

4746d 01 35 03.91 −41 26 12.60 2004-03-20T13:59:08 60 . . . . . . . . . V

NGC0628

14801 01 36 47.41 +15 45 32.58 2013-08-21T15:40:51 10 . . . +0.05 +0.01 V

16000 01 36 47.37 +15 45 31.61 2013-09-21T06:40:27 40 . . . +0.56 −0.24 V

16001 01 36 47.39 +15 45 29.57 2013-10-07T23:56:17 15 . . . +0.24 −0.07 V

16002 01 36 48.85 +15 45 26.66 2013-11-14T20:10:48 38 . . . +0.08 +0.16 V

16003 01 36 48.89 +15 45 28.36 2013-12-15T15:55:42 40 . . . +0.04 −0.11 V

16484 01 36 47.38 +15 45 29.36 2013-10-10T14:31:23 15 . . . +0.45 +0.14 V

16485 01 36 47.39 +15 45 29.44 2013-10-11T11:13:35 9 . . . +0.32 +0.06 V

2057 01 36 40.35 +15 48 17.73 2001-06-19T19:03:09 46 1, 0.5 −0.05 −0.05 F

2058d 01 36 36.11 +15 46 51.99 2001-10-19T04:08:30 46 . . . . . . . . . F

4753 01 36 51.21 +15 45 12.44 2003-11-20T04:14:02 5 . . . −0.10 −0.03 F

4754 01 36 51.51 +15 45 12.89 2003-12-29T13:07:58 5 . . . +0.09 +0.07 F

Mergede 01 36 44.82 +15 46 11.67 269 1, 0.5 . . . . . . . . .

Note.—The full version of this table contains entries for all 88 galaxies and 324 ObsIDs, and is available in the electronic edition.
An abbreviated version of the table is displayed here to illustrate its form and content.
a All observations were continuous. These times have been corrected for removed data that were affected by high background.
b Number of flaring intervals and their combined duration. These intervals were rejected from further analyses.
c The observing mode (F=Faint mode; V=Very Faint mode).
d Indicates Obs. ID by which all other observations are reprojected to for alignment purposes. This Obs. ID was chosen for
reprojection as it had the longest initial exposure time, before flaring intervals were removed.
e Aim point represents exposure-time weighted value.

then used as input for more detailed point-source analyses performed using AE. For each point source and ObsID, AE

performs detailed modeling of the local PSF, using MARX ray-tracing simulations, identifies cases where PSFs overlap,

and extracts photometry and events while mitigating the effects of source confusion. AE further appropriately combines

events lists for unique sources when more than one ObsID is available, performs basic spectral fitting using xspec,

and culls the properties of the sources into a source catalog. In these procedures, AE properly tracks and combines the

Redistribution Matrix Files (RMFs) and Auxiliary Response Files (ARFs) for all ObsIDs of a given data set.

We chose to perform xspec spectral fitting for point-sources with >20 net counts. We adopted an absorbed power-law

model that included both a fixed Galactic absorption component and a free variable intrinsic absorption component

(TBABS × TBABS × POW in xspec). The free parameters include the intrinsic column density, NH,int, and photon

index, Γ. The Galactic absorption column, NH,Gal, for each source was fixed to the value appropriate for the location

of each galaxy, as derived by Dickey & Lockman (1990).15 In cases where the fits were highly degenerate and not well

constrained, we chose to fix NH,int = 0 cm−2 and Γ = 1.7 while varying the power-law normalization. Fluxes and

luminosities were calculated for all sources based on their best-fit models.

15 Galactic column density values were extracted using the colden

tool at http://cxc.harvard.edu/toolkit/colden.jsp.

http://cxc.harvard.edu/toolkit/colden.jsp
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Table B2. X-ray point-source catalog and properties

θ NFB NH logFFB logLFB Location

Galaxy ID αJ2000 δJ2000 (arcmin) (counts) (1022 cm−2) Γ (erg cm−2 s−1) (erg s−1) Flag

(1) (2) (3) (4) (5) (6)–(7) (8)–(9) (10)–(11) (12) (13) (14)

NGC0024 1 00 09 44.06 −24 58 16.38 2.9 27.1±5.4 0.021 1.7 −14.2 37.6 3

2 00 09 44.73 −24 59 03.40 3.0 15.8±4.1 0.021 1.7 −14.5 37.3 3

3 00 09 45.89 −24 56 00.46 3.0 66.0±9.9 0.194±0.326 1.85±0.77 −13.9 37.9 3

4 00 09 48.20 −24 58 58.92 2.2 33.0±7.3 0.100±0.322 1.88±0.94 −14.2 37.6 3

5 00 09 49.87 −24 57 42.08 1.5 7.7±4.3 0.021 1.7 −14.8 37.0 3

6 00 09 50.25 −25 00 02.24 2.7 5.3±2.4 0.021 1.7 −14.9 36.9 3

7 00 09 51.27 −24 59 28.45 2.1 9.8±4.6 0.021 1.7 −14.6 37.2 3

8 00 09 53.62 −24 58 32.01 1.0 36.0±7.5 0.226±0.484 1.68±0.97 −14.1 37.7 1

9 00 09 54.63 −24 56 57.60 0.9 23.0±6.3 1.657±4.077 0.98±1.76 −14.0 37.8 3

10 00 09 54.85 −24 57 58.96 0.4 6.6±2.6 0.021 1.7 −14.9 36.9 1

11 00 09 55.22 −24 57 49.50 0.3 4.6±2.2 0.021 1.7 −15.0 36.8 1

12 00 09 55.82 −24 59 29.46 1.7 31.9±7.2 0.230±0.413 <2.41 −14.3 37.5 3

13 00 09 56.19 −24 58 02.13 0.3 13.4±3.7 0.021 1.7 −14.6 37.2 1

14 00 09 56.27 −24 57 33.72 0.2 24.0±6.4 1.396±0.887 <2.75 −14.3 37.5 1

15 00 09 56.27 −24 57 57.28 0.2 9.6±3.2 0.021 1.7 −14.7 37.1 1

16 00 09 57.31 −24 57 42.01 0.2 25.4±5.1 0.021 1.7 −14.3 37.5 1

17 00 09 58.90 −24 56 57.15 1.0 8.5±3.0 0.021 1.7 −14.8 37.0 1

18 00 10 00.94 −24 57 27.96 1.0 19.1±5.9 0.021 1.7 −14.5 37.4 3

19 00 10 03.29 −24 57 30.24 1.6 19.5±5.9 0.021 1.7 −14.4 37.4 3

20 00 10 03.50 −24 55 28.14 2.8 17.0±5.7 0.021 1.7 −14.5 37.3 3

Note—Col.(1): Name of host galaxy. Col.(2): point-source identification number within the galaxy. Col.(3) and (4): Right ascension and
declination of the point source. Col.(5): Offset of the point source with respect to the average aim point of the Chandra observations.
Col.(6) and (7): 0.5–7 keV net counts (i.e., background subtracted) and 1σ errors. Col.(8)–(9) and (10)–(11): Best-fit column density NH

and photon index Γ, respectively, along with their respective 90% confidence uncertainties, based on spectral fits to an absorbed power-
law model (TBABSGal× TBABS × POW in xspec). For sources with small numbers of counts (<20 net counts), we adopted only Galactic
absorption appropriate for each galaxy and a photon index of Γ = 1.7. Col.(12) and (13): the respective 0.5–8 keV flux and luminosity
of the source. Col.(14): Flag indicating the location of the source within the galaxy. Flag=1 indicates the source is within the galactic
footprint adopted in Table 1, and outside a central region of avoidance, if applicable. All XLF calculations are based on Flag=1 sources.
Flag=2 indicates that the source is located in the central region of avoidance due to either the presence of an AGN or very high levels of
source confusion. Flag=3 indicates that the source is outside the galactic footprint of the galaxy. The full version of this table is available in
the electronic edition and contains 6,432 point-sources (rows), including all 3,731 sources that were used in our XLF analyses (i.e., Flag=1).
An abbreviated version of the table is displayed here to illustrate its form and content.

For sources with <∼ 20 net counts, we adopted wavdetect net count rates (corrected for the ECF) converted to fluxes

assuming the average count-rate–to–flux ratio of the brighter X-ray sources that had X-ray spectral fits available. This

choice was motivated by the fact that AE performs photometry using 90% ECF apertures, that are often larger than

the wavdetect extraction areas, which are based on wavelets of varying scales. This can sometimes lead AE to provide

relatively low signal-to-noise ratio estimates and large uncertainties, when a small number of source counts are only

detected from the core of the PSF. In general, we find good agreement between AE and wavdetect source counts for

sources with >20 net counts, except for sources in crowded areas, where AE provides much more careful decomposition

of source counts.

In Table B2, we present the X-ray point-source catalogs for the objects detected in our samples. We provide X-ray

point-source information for 6,432 X-ray detected point-sources, including 3,731 sources (Flag = 1) that are within

the galactic footprints as defined in Table 1.
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