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Abstract

We investigate the relationship between star formation and X-ray emission from the hot interstellar medium
(ISM) on ~kiloparsec scales in NGC 4254 (M99) by combining spatially resolved star formation histories
(SFHs) and Bayesian X-ray spectral fitting. We measure subgalactic star formation rates (SFR) by modeling
spectrophotometric UV-IR data with flexible SFHs, and we produce point-source-subtracted maps of the
diffuse X-ray emission using Chandra data. We extract and fit the spectra of five regions selected by their
SFR density Ygggr, deriving hot gas luminosities and plasma temperatures. We examine the subgalactic
kT-Ygpg and L§*® — Ygrr scaling relations in NGC 4254 and compare to predictions from simple models
of the feedback into the ISM from core collapse supernovae (CCSNe). The hot gas emission from NGC 4254
is consistent with thermalization of ~40%-50% of the energy from CCSNe in the ISM, and mass-loading
of the CCSNe ejecta, which decreases as Zsl/ 3. Our optimized model implies a temperature and X-ray
production efficiency that scale as kT = (0.727538 keV) 234 E010 and 1 = (0.03739) X231 018, respectively,
for Xgpr = 0.01-0.13 M yr~ kpc . We also compare the propertles of the hot ISM to other ISM phases
using data from the PHANGS program. The diffuse X-ray emission of a given region is on average 200 times
fainter than the Ho emission, and we see evidence that the hot ISM is overpressurized compared to the large-
scale dynamical equilibrium pressure of the galaxy, consistent with expansion of the hot ISM into the
ambient medium.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); X-ray astronomy (1810); Disk galaxies (391)

1. Introduction

Since the Einstein mission, normal galaxies (i.e., with
negligible nuclear activity from accreting supermassive black
holes) have been recognized as extended X-ray sources, with
significant diffuse, soft (<2 keV) emission due to a hot
(~10°-10" K) phase of the interstellar medium (ISM), heated
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by shocks from supernova-driven winds (see, e.g., review by
G. Fabbiano 1989). The advent of high-resolution X-ray
astronomy with Chandra allowed extensive separation of
resolved X-ray point-source populations from the diffuse ISM
emission beyond galaxies in the Local Group (e.g., S. Mineo
et al. 2012; see also G. Fabbiano 2019 for a review of
Chandra’s impact on the field), such that the isolated emission
from the ISM could be correlated with galaxy properties,
conclusively demonstrating the link between star formation
and the X-ray-emitting ISM (see E. Nardini et al. 2022 for a
recent review). The galaxy-integrated star formation rate
(SFR) and the integrated X-ray luminosity from the hot ISM
are observed to follow a relatively tight linear correlation over
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3 orders of magnitude in luminosity and SFR: S. Mineo et al.
(2012) found Lyx/SFR = 5.2 x 103 erg s~! (M, yr~1y~! with
only 0.34 dex scatter.

In addition to kinetic energy, ejecta from core-collapse
supernovae (CCSNe) contain metals synthesized in the
progenitor star, enriching the hot ISM (e.g., A. Baldi et al.
2006; E. Nardini et al. 2013). If the velocity of the wind
exceeds the escape velocity of the galaxy, energy and baryons
can be removed from the galaxy in an outflow (e.g.,
T. M. Heckman et al. 1990), potentially enriching the
circumgalactic and intergalactic media with metals (S. Mathur
2022). Observations of the diffuse hot gas emission in X-rays
can thus directly probe the baryon cycle in galaxies and
constrain supernova-driven wind models (e.g D. Zhang et al.
2014; A. Meiksin 2016; T. A. Thompson et al. 2016). Models
of feedback from supernova winds are an important comp-
onent of cosmological simulations, which require feedback
from supernova and stellar winds to prevent runaway star
formation and produce realistic galaxies (e.g., P. F. Hopkins
et al. 2011, 2014). Since stellar and supernova feedback
operate on spatial scales below the resolution of most large-
scale simulations, they are implemented as ‘“‘subgrid” pro-
cesses and relying on empirical constraints (see review by
T. Naab & J. P. Ostriker 2017 and updates by E. E. Schneider
et al. 2020). A better understanding of the parameter space of
supernova-driven winds will thus also improve our ability to
simulate realistic galaxies and galaxy populations.

One of the simplest models for the structure of a high-
temperature plasma shock-heated by winds from supernovae
was developed by R. A. Chevalier & A. W. Clegg (1985;
CC85, hereafter). CC85 models an adiabatically expanding,
spherically symmetric wind, launched from a spherically
symmetric star-forming region with a size on the order of
R =~ 100 pc. Inside this region, mass and energy are deposited
as a steady-state process by CCSNe. The supernova ejecta
shock-heats the ISM and entrains additional mass into the ISM
(see Appendix A for details). In this model, the hot ISM
consists of a single phase (i.e., a single temperature),
neglecting the interaction between the hot and cold phases of
the ISM (see D. B. Fielding & G. L. Bryan 2022 for a recent
example of a multiphase model). The radiative cooling of the
wind is neglected, assuming that the wind cools primarily by
adiabatic expansion. The CC85 model has been applied to study
the radial structure of superwinds in several canonical out-
flowing, edge-on starburst galaxies: e.g., M82 (D. K. Strickland
& T. M. Heckman 2009; L. A. Lopez et al. 2020), NGC 253
(S. Lopez et al. 2023), and NGC 4945 (N. Porraz Barrera et al.
2024). These studies have observed that the central structure
of the outflow, nearest the wind-launching region, can be
approximated with this simple model. However, the temper-
ature and density profiles of the wind depart from the model
expectation at large altitudes above the disk. In this work we
instead use the CC85 model to interpret the diffuse X-ray
emission in the plane of a face-on galaxy. We treat subgalactic
regions as sites of star formation launching adiabatically
expanding winds into the galaxy and investigate variations in
the X-ray production efficiency and mass-loading of the X-ray
plasma as a function of star formation rate.

Constraining the relationship between the soft X-ray
emission and SFR on subgalactic scales (e.g M. Yukita
et al. 2010, 2012; K. Kouroumpatzakis et al. 2020; C. Zhang
et al. 2024, 2025) imposes two main requirements. We first
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require deep (=50 — 100 ks) X-ray observations, which can
permit the identification and masking of point sources, and
collect large numbers of photons associated with diffuse
emission per kiloparsec-scale region to constrain the temper-
ature and luminosity of the X-ray plasma. We also need
observations of a given galaxy in UV, optical, and IR bands to
robustly constrain the subgalactic SFR, either with calibrated
SFR scaling relations or by forward-modeling the photometry
with population synthesis models and a flexible star formation
history (SFH) model. These subgalactic studies occasionally
reveal departures from the global scaling, as in C. Zhang et al.
(2024) and C. Zhang et al. (2025), where the nuclear regions of
several star-forming galaxies are seen to exhibit steeper-than-
linear scaling relations, or K. Kouroumpatzakis et al. (2020),
where low-SFR regions are seen to exhibit an X-ray excess
attributed to unsubtracted low-mass X-ray binaries.

NGC 4254 (M99; R.A. = 184.707 deg, decl. = 14.417 deg, z
= 0.008; P. Lang et al. 2020) is a nearby (13.1 Mpc;
G. S. Anand et al. 2020; P. Nugent et al. 2006), low-inclination
(i = 34.4 deg; P. Lang et al. 2020) spiral galaxy with a three-arm
structure, log M, /M, = 10.42, and log SFR/(M_, yr~!) = 0.49
(A. K. Leroy et al. 2021a). At this distance the physical scale is
0.064 kpc arcsec”'. The galaxy is thought to have been tidally
disturbed by interactions within the Virgo Cluster, producing
enhanced star formation compared to other nearby spirals
(K. T. Chyzy et al. 2007). As part of the Physics at High
Angular Resolution in Nearby GalaxieS (PHANGS) sample,
NGC 4254 meets or exceeds our stated requirements for
subgalactic constraints on the relationship between the soft
X-ray emission and SFR. NGC 4254 has ~100 ks of data in the
Chandra archive, with ~50 ks obtained in 2007 and 2015, when
Chandra retained significant sensitivity to soft X-rays below
1keV. These data allow us to map the properties of the hot
phase of the ISM. The galaxy also has a wealth of archival
imaging spanning the UV to far-IR, allowing robust subgalactic
constraints on the SFR. In addition, new observations from the
PHANGS survey provide unique, high spatial resolution access
to the molecular and warm ionized phases of the ISM with
CO(2-1) mapping from the Atacama Large Millimeter Array
(ALMA) and integral field unit (IFU) spectroscopic coverage
from the Multi-Unit Spectroscopic Explorer (MUSE) on the
Very Large Telescope (VLT). In what follows, we use NGC
4254 to study subgalactic variations in the X-ray emitting ISM
and interpret them in the context of the CC85 model and the
multiphase ISM traced by PHANGS, as a proof-of-concept and
a pathfinder for how much constraint a single low-inclination
PHANGS galaxy with moderate X-ray observing depth can
place on the parameters of simple supernova wind models and
the relationship between the different phases of the ISM. Future
work will expand the analyses presented below to the remainder
of the PHANGS-Chandra survey, providing excellent con-
straints on supernova wind models and kiloparsec-scale
correlations of the multiphase ISM in a diverse sample of
galactic environments.

The paper is organized as follows. In Section 2 we describe
the datasets we utilize; in Section 3 we describe our methods
for deriving robust spatially resolved SFHs and SN rates from
SED fitting; in Section 4 we describe our methods for deriving
spatially resolved X-ray luminosities and plasma temperatures
using Bayesian X-ray spectral fitting; in Section 5 we examine
the subgalactic relationship between X-ray emission and star
formation, interpret our results in the context of the CC85
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Table 1
Log of Chandra Observations

ObsID RAM Decl.” Roll Start Date Exposure X Shift Y Shift Detector Mode® Observer Bkg. Area

(deg) (deg) (deg) (ks) (Sky pix.) (Sky pix.) (arcminz)
7863 184.708 14.415 57.5 2007-11-21 5.1 0.49 —0.94 ACIS-I F S. Mathur 25.2
17462 184.735 14.447 89.3 2015-02-16 445 0.00 0.00 ACIS-S \% G. Garmire 249
27362 184.663 14.429 194.2 2023-03-31 12.9 3.02 —0.96 ACIS-S v G. Garmire 18.1
27774 184.741 14.448 77.2 2024-01-08 233 0.31 —0.14 ACIS-S \% G. Garmire 19.8
27775 184.662 14.428 195.4 2023-03-31 12.7 2.68 —0.77 ACIS-S v G. Garmire 22.6

Notes. The collected Chandra ObsIDs used in this work are available at the Chandra Data Archive (CDA) with DOI 10.25574 /cdc.450.

4 Aimpoint position.
b Observing telemetry mode: F = “FAINT,” VF = “VFAINT.”

model solution described in Appendix A, and examine the
relationship between different phases of the ISM. Finally,
Section 6 provides a summary of our findings.

2. Data and Reduction
2.1. Chandra X-Ray Data

The Chandra observations listed in Table 1 were retrieved
from the Chandra science archive®? and reduced using
standard CIAO v4.16 tools and CALDB v4.11.2. We used the
chandra repro script to generate Level 2 products, then
constructed a background light curve and filtered out flares
with deflare. We projected the filtered event lists to the
common frame of the deepest observation (ObsID 17462)
using wes_match and wes_update. Typical shifts are on
the order of 1-3 sky pixels (~0.5-1"5); the X and Y image-
plane shifts are given for each observation in Table 1.>> We
generated exposure maps with fluximage and produced a
preliminary merged image with the merge obs script. We
used wavdetect with a threshold 107 and wavelet scales
\/5 , 2,4, and 8 on the merged images in three bands (0.5-2,
2-7, and 0.5-7 keV) to generate a preliminary point-source
catalog.

Point-source properties were extracted using ACIS
Extract v2023Augl4 with our preliminary wavdetect
source catalog as input. ACIS Extract uses MARX (v5.5.3)
to model the Chandra PSF at the position of each source,
allowing optimal point-source masking for the study of the
underlying diffuse emission. ACIS Extract automatically
generates event lists with events associated with point sources
masked.”* We use these diffuse emission event lists as our
primary science product for the analysis of the diffuse
emission spectra in what follows.

For visualization purposes, we used merge obs to create
merged images of the diffuse emission in the 0.5-2 keV band
and used dmimgadapt with minimum scale set to 5 sky
pixels (~2"5) and maximum scale set to 15 sky pixels (~7”5)

2 https:/ /cda.harvard.edu/chaser/

~ Careful reprojection of the Chandra data to the astrometric frame of the
PHANGS data described in Section 2.3 performed by matching Chandra- and
JWST-detected point sources will be presented in B. D. Lehmer et al. (2026, in
preparation). On a preliminary basis, we estimate that the offset between the
Chandra frame described here and the PHANGS frame is ~0724 £+ 0710
(~0.5 Chandra pixels), significantly smaller than the kiloparsec scales on
which we model the X-ray data and ISM correlations in what follows. We thus
do not apply further absolute astrometric corrections beyond correcting the
relative astrometry of the Chandra observations.
24 Hereafter we refer to these as “diffuse” event lists rather than adopting the
ACIS Extract “background” nomenclature, to avoid confusion with the
combined cosmic and instrumental background.

to smooth over the holes left by masking point sources. We
require at least 16 counts under each smoothing kernel.
Additionally, to estimate the contribution of the unresolved
cosmic X-ray background and instrumental background to the
diffuse emission image, we used the merged diffuse emission
image to create a “blank-sky” image of the galaxy region
by masking out the optical extent of the galaxy (defined
as the star formation rate surface density contour with
Yspr = 1072M, yr "kpe ™2 derived from the SFR map
described in Section 3) and replacing events inside the galaxy
region with events from a nearby background region with
similar effective exposure using the dmfilth task with the
“DIST” option. The masked region was chosen “by-eye’ to
minimally encompass all of the clear diffuse X-ray emission
while capturing the shape of the galaxy. The region is large
enough such that the resulting blank-sky map is not highly
sensitive to the shape or size of the masked region. We
smoothed the blank-sky image with the same global smoothing
scale used for the diffuse emission map. The resulting soft-
band diffuse emission map, with the blank-sky map subtracted,
is shown in the top left panel of Figure 1.

2.2. UV-to-IR Photometric Data

We use the UV-to-IR photometric data cube produced by
B. D. Lehmer et al. (2024) following the procedures described in
R. T. Eufrasio et al. (2017), including the bands listed in Table 2.
We direct interested readers to B. D. Lehmer et al. (2024) for a
more complete description of the UV-to-IR data reduction and
preparation. Briefly, the data were homogenized to common
units, and bright foreground stars were identified and masked
following the method of R. T. Eufrasio et al. (2017) using
adaptively sized circular masking regions as in B. D. Lehmer
et al. (2024). The star-masked images were convolved to a
common 25 PSF, a conservative choice that allows us to
incorporate bands up to Herschel SPIRE 250 y:m, and projected to
a common 10 gixel scale, which corresponds to a physical area
scale 0.403 kpc” pix " at the distance of NGC 4254.

The background was measured in an annulus centered on
the galaxy with inner and outer ellipses constructed by scaling
the K-band extent of the galaxy (an ellipse defined by major
and minor radii of @ = 1.7 and b = 1.62, and a position angle
of 23.5) by factors of 2 and 2.3, respectively. The background
annulus scales were manually chosen by inspection of the
image; the resulting photometry is not highly sensitive to the
size of the annulus. The background regions for each band
typically contain ~400 pixels, depending on the field of view
of the observation. We show a multiwavelength composite
extracted from the data cube in the lower left panel of Figure 2.
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Figure 1. Three phases of the ISM, imaged by Chandra, MUSE, and ALMA. Top row: from left to right, the adaptively smoothed soft-band Chandra image created
in Section 2.1, the extinction-corrected MUSE Ha map, and the ALMA CO(2-1) moment O (integrated line flux) map using the “broad” masking (see A. K. Leroy
et al. 2021b). Each image is displayed with an asinh stretch on a 99% scale. The white circle in the lower left corner of the Chandra image represents the FWHM of
the smoothing kernel near the center of the image; in the MUSE and ALMA images, the (nearly invisible) white circles represent the FWHM of the homogenized
PSF and synthesized beam, respectively. Bottom: three-color composite of the images in the top row. Several qualitative, kiloparsec-scale trends are visible in this
composite, though we caution that we have not performed an absolute astrometric reprojection of the Chandra image to the PHANGS frame and an ~0724 offset is
expected (see Section 2.1). In the spiral arms, the hot gas appears to fill large gaps near bright CO knots in the ALMA map in at least one region around R.
A. = 12:18:52.2, decl.= +14:25:10.0, while associating with Ho emission on scales ~1 kpc. In both upper and lower panels, Chandra contours are plotted at
arbitrary levels to guide the eye.

Each bandpass in the data cube was corrected for Galactic
extinction using the E. L. Fitzpatrick (1999) extinction curve,
assuming Ay = 0.1034 mag, as retrieved from the IRSA DUST
web application® using the E. F. Schlafly & D. P. Finkbeiner
(2011) recalibration.

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

Uncertainties in the pixel fluxes were calculated based on
the background and the flux calibration uncertainties given in
Table 2, such that the total variance of the flux density for a
pixel, a% , 18

oy =1+ 1/M)©@F? + (05" )% (1)

where (0’1} £)2 is the variance of the flux density in the large
background region, M is the number of pixels in the
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Table 2
Bands Used for UV-IR SED Fitting
Observatory/Instr. Bands Ujf"“
GALEX FUV, NUV 0.15
AstroSat/UVIT F154W 0.05
Swift/UVOT UVW2, UVM2, B, V 0.05
SDSS u, g, r i,z 0.05
2MASS J, H, K; 0.10
WISE W1, W2, W3, W4 0.07
Spitzer/IRAC Chl, Ch2, Ch3, Ch4 0.05
Spitzer/MIPS Chl 0.05
Herschel /PACS P1, P2, P3 0.05
Herschel /SPIRE S1, S2 0.15

Note.

# Uncertainty in the flux calibration, given here as a fraction of the flux. For
instrument/filter combinations where flux calibration uncertainties are not
readily available, we conservatively assume 5%.

background region, and o is the fractional calibration

uncertainty. At the chosen pixel scales, the uncertainties on
the flux are dominated by the -calibration uncertainty,
exceeding the background uncertainty by a factor of ~10 for
the brightest pixels. The background uncertainty becomes
more significant in fainter regions, with the ratio between
calibration and background uncertainties approaching unity in
the fainter interarm regions. At the outskirts of the galaxy, the
background uncertainty becomes the dominant contribution by
a factor of ~10-100.

2.3. Ancillary PHANGS Data and Products

As part of the PHANGS project, NGC 4254 has ALMA
CO(2-1) line imaging, targeting the entire star-forming region
of the galaxy (dataset ID 2015.1.00956.S; PI: Leroy). The
PHANGS-ALMA survey design is discussed in A. K. Leroy
et al. (2021a), and the ALMA data reduction is described by
A. K. Leroy et al. (2021b). The ALMA observations have been
processed to combine interferometric and single-dish observa-
tions. The PHANGS-MUSE survey provides IFU spectral
imaging from the Multi-Unit Spectrographic Explorer on the
Very Large Telescope, again targeting the star-forming central
region of the galaxy (dataset ID 1100.B-0651; PI: Schinnerer).
The PHANGS-MUSE survey and data reduction process are
described in E. Emsellem et al. (2022). We also use archival
21 cm imaging from the Very Large Array (B. Phookun et al.
1993; A. Chung et al. 2009), which has been reprocessed and
aggregated into high-level measurement tables by J. Sun et al.
(2023). These ancillary observations allow us to place the hot
phase of the ISM traced by our Chandra maps in context with
the cold phase and with the gas ionized by massive stars.

We use the 2° beam ALMA maps from PHANGS-ALMA
v4.0%® described by A. K. Leroy et al. (2021b) and the
“convolved and optimized” (“copt”) line maps from the
PHANGS-MUSE DR1.0*” described by E. Emsellem et al.
(2022). The copt maps are PSF-homogenized to the single
largest PSF of any of the observations making up the map, in

26 hittps:/ /www.canfar.net/storage /vault/list/phangs /RELEASES /
PHANGS-ALMA

%7 https:/ /www.canfar.net /storage /vault/list/phangs/RELEASES/
PHANGS-MUSE/DR1.0
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this case an FWHM of 0789. We have extinction-corrected the
MUSE line maps using the observed Ha/Hf ratio maps and
the J. E. O’Donnell (1994) curve with R = 3.1, assuming a
theoretical Ho/H3 = 2.86 (following, e.g., B. Groves et al.
2023). The ALMA moment 0 (line intensity) and MUSE Ha
maps are shown in the top right and top middle panels of
Figure 1, respectively.

J. Sun et al. (2022) divided the PHANGS galaxies, including
NGC 4254, into regular hexagonal tilings and calculated a
variety of physical quantities, including multiscale molecular
densities, averaged across each tile. The tiling is centered on
the optical center of the galaxy, and the hexagons have an
inscribed physical diameter of 1.5 kpc (~23”6 for NGC 4254).
We use v4.2 of these high-level measurement tables (also
called “megatables”), which are described in Appendix C of
J. Sun et al. (2022) and Appendix A of J. Sun et al. (2023). The
molecular gas surface density is calculated from ALMA CO
data as

Ymol = acoq-oR5 Icoa-—1ycosi, 2)

where Icon—1) is the CO (2-1) line integrated intensity (i.e.,
moment 0), Ry; = 0.65 is the CO(2-1)/CO(1-0) line ratio,
acoci—0y 18 a metallicity-dependent CO-to-H, conversion
factor following the prescription used by J. Sun et al. (2020),
and cosi is an inclination correction factor. The catalogs
provide the area-weighted surface brightness calculated over
each hexagon, which we denote Eiﬁilkpc, as well as the mass-
weighted average (over each hexagon) of the surface mass
density of individual 150 pc-scale molecular cloud complexes,
which we denote (X120F°). These measurement tables also
include estimates of the cloud-scale turbulent molecular
pressure, which supports the molecular clouds against external
pressures and self-gravitation, and the dynamical equilibrium
pressure Ppg, which represents the required pressure for the
bulk ISM to stay in equilibrium in the gravitational potential of
the galaxy. We summarize the quantities above in Table 3 and
refer interested readers to J. Sun et al. (2020), J. Sun et al.
(2022), and J. Sun et al. (2023) for further details.

B. Groves et al. (2023) presented the PHANGS-MUSE
nebular catalog, which contains candidate H II regions
identified and classified in the PHANGS galaxies using MUSE
data. We adopt the metallicities derived by B. Groves et al.
(2023) using the S calibration method (see their Section 4.3 for
details). Specifically, since our analyses mostly proceed at
scales larger than a typical H 1II region, we use the radial
metallicity gradient fit by B. Groves et al. (2023):

12 + logO/H = 8.59 — 0.028——, 3)
Teff
where rer = 0.6 and the scatter around this relation is

estimated at ¢ = 0.03 dex. To convert between oxygen
abundance and heavy-element mass fraction, we assume the
solar gas-phase oxygen abundance to be 12 + logO/H = 8.69
(M. Asplund et al. 2009), which we take to correspond to a
heavy-element mass fraction Z,, = 0.02.

For visualization purposes, we also adopt the definition of
the spiral arms from the “environment masks” generated from
Spitzer 3.6 pm data by M. Querejeta et al. (2021). The arm
masks were defined by fitting logarithmic spiral functions to


https://www.canfar.net/storage/vault/list/phangs/RELEASES/PHANGS-ALMA
https://www.canfar.net/storage/vault/list/phangs/RELEASES/PHANGS-ALMA
https://www.canfar.net/storage/vault/list/phangs/RELEASES/PHANGS-MUSE/DR1.0
https://www.canfar.net/storage/vault/list/phangs/RELEASES/PHANGS-MUSE/DR1.0
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Figure 2. Schematic of the pixel-by-pixel UV-to-IR SED-fitting procedure. Top left: SDSS gri composite of NGC 4254 with 0”5 pixels. NGC 4254 is a grand design
spiral with prominent northern and southern arms and a faint third arm in the northeast (all images are displayed with north up and east to the left). Bottom left: A
three-color composite extracted from the PSF-matched multiwavelength data cube, with red = Spitzer MIPS 24 um, green = SDSS g-band, and blue = AstroSat
F154W with two example pixels marked by color-coded diamonds. The SED fits and SFHs for these same example pixels are shown in the upper-right panel. The
pixel size in this panel is 10”, 20 times larger than the SDSS image. Upper right: we show the full UV-optical-IR SED fits and the corresponding piecewise SFH for
the two pixels marked in the bottom left panel; the border colors of the plots correspond to the color of the two diamond markers in that panel. Note the different axis
scales for both SED and SFH plots. The pixel in the inner northern arm (magenta border; magenta diamond in the lower left panel) has significant ongoing star
formation and is both significantly brighter and more attenuated; the pixel in an interarm region in the outer disk (orange border; orange marker in lower left panel) is
fainter and the last to have experienced significant star formation 230 Myr ago. Bottom right: the 0-30 Myr average SFR (SFR3() map derived from the full set of
pixel-by-pixel SED fits. In the bottom left and bottom right panels, the green circle shows the 25” FWHM of the homogenized PSF.

Table 3
Summary of the Quantities We Adopt from the PHANGS Measurement Tables
Symbol  Definition Phys. Scale Column Name® References
E:,‘,f,]k"c Area-weighted molecular gas surface density 1.5 kpe Sigma mol J. Sun et al. (2022)
(2130 Mass-weighted average molecular gas surface density of molecular clouds 150 pc <Sigma mol obj 150pc> I Sun et al. (2022)
Pl Flux-weighted average internal turbulent pressure of molecular clouds 150 pc <P_turb pix 150pc> J. Sun et al. (2020)
P]]jg kpe Kiloparsec-scale dynamical equilibrium pressure 1.5 kpe P_DE J. Sun et al. (2020)
PII)%O pe Flux-weighted average dynamical equilibrium pressure of molecular and 150 pc <P_turb pix 150pc> J. Sun et al. (2020)

atomic clouds

Note.
# Column name in v4.2 of the PHANGS measurement tables.
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3.6 pm images of the PHANGS galaxies, and consequently
trace stellar structures.

3. Star Formation History Maps

Linking the X-ray emission to SNe (and hence star
formation) across the galaxy requires estimates of the CCSNe
rates. The CCSNe rates peak at times later (at stellar ages
~10-20 Myr) than those probed by the often-used Ha-derived
SFR. We thus elect instead to derive star formation rates by
SED fitting with BPASS stellar population synthesis models,
which has the additional advantage that star formation rates for
subgalactic regions can be directly translated to supernova
rates using the CCSNe rates from BPASS. We use the BPASS
v2.2.1 stellar population models, with a G. Chabrier (2003)
initial mass function (IMF).

To estimate the spatially resolved star formation rate of the
galaxy, we performed pixel-by-pixel SED fitting to the UV-to-
IR data cube described in Section 2.2, using the newly released
Python version of the Lightning SED-fitting code.”® This
method has previously been used to derive robust star
formation rates across M51 (R. T. Eufrasio et al. 2017,
B. D. Lehmer et al. 2017) and has the advantage of not
assuming a fixed SFH shape, unlike commonly adopted SFR
scaling relations (see also Figure 13). Additionally, our use of
IR data allows us to self-consistently account for obscured star
formation by assuming energy balance between the attenuated
UV-optical luminosity and reprocessed mid- and far-IR
luminosity.

We have updated Lightning to include new nebular
models based on Cloudy simulations, which allow more
flexibility in the nebular emission associated with the youngest
stellar populations. The Cloudy simulations are produced
assuming an open geometry, with constant pressure. For this
work, we use the simulation grids that exclude the impact of
dust grains on the nebular component, and we assume
ng = 100 cm 3. Since we do not directly fit nebular lines,
our SED fits are insensitive both to the choice of density for
the nebular component and to our exclusion of dust grain
effects on the nebular component. The primary contribution of
the nebular models is thus a weak continuum component,
which we include for completeness.

In contrast to earlier versions of Lightning, the new
version allows the metallicity of the stellar population to vary
(and the metallicity of the nebula, which is fixed to the stellar
metallicity in the current version of the model), allowing us to
account for variations in metallicity across the galaxy. We
assign each pixel in the data cube a metallicity based on
the B. Groves et al. (2023) metallicity gradient, using the
distance from the pixel center to the galactic center (we adopt
R.A. = 184.707 deg, decl. = 14.417 deg). The metallicity
predicted by the gradient is used as the mean of a normal prior
distribution on the stellar metallicity, with o = 0.03 dex, the
estimated scatter around the relation. We note that the stellar
and ISM metallicities in the current version of Lightning
are tied together. The ISM metallicity, however, is comparable
only to the enrichment of the youngest generations of stars:
when considering contributions from older stars, the stellar
metallicity gradients in galaxies tend to be steeper than gas-

8 The source code is available at https://www.github.com/ebmonson/
lightningpy and the documentation can be found at https://lightningpy.
readthedocs.io. A frozen copy of the version v2025.1.0 used for this work is
available with doi:10.5281/zenodo.18011894.
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phase metallicity gradients, with the light-averaged stellar
metallicity less enriched by 0.3-0.5 dex compared to the ISM
for galaxies in similar mass ranges to NGC 4254 (J. Lian et al.
2018). Our broadband photometric SED fitting and the results
we present should not be strongly affected by the offset
between old stellar metallicity and ISM metallicity, given our
focus on the young stars whose SNe drive the diffuse X-ray
emission.

For each pixel in our multiwavelength data cube, we fit the
SED assuming a piecewise-constant SFH with 7 stellar age
bins, where the first bin spans 0—10 Myr, and the remainder are
log-spaced from 10 Myr—13.4 Gyr. We adopt the “modified-
Calzetti” attenuation curve as implemented in Lightning,
which uses the variable UV slope and 2175 A Drude-profile
bump introduced by S. Noll et al. (2009). Dust emission is
modeled with the “restricted” B. T. Draine & A. Li (2007,
DLO07) model, with o = 2 and Uy = 3 x 107 (respectively,
the power-law index and maximum intensity describing
the distribution of stellar radiation field intensities). We
assumed energy balance between the attenuated luminosity
from the stellar population and the total IR luminosity of the
dust model, such that the normalization of the DL0O7 model is
not a free parameter of the model. Interested readers are
referred to K. Doore et al. (2023) for a more complete outline
of the dust emission model implementation in Lightning
and 1ightning.py.

We summarize the model specification and the priors we
adopt on each parameter in Table 4. We default to loose,
uninformative priors on most parameters. We allow the star
formation coefficients and V-band optical depth to vary well
above the expected values for single pixels in order to capture
the large uncertainties on per-pixel star formation rate. The §
parameter of the attenuation curve and the Uy, 7, and gpan
parameters of the dust emission model were allowed to vary
uniformly over their full defined range.

We only adopt normal-distribution priors on two para-
meters: Z, as described above, and log U,,,, the dimensionless
ionization parameter. Since we fit no nebular lines, the results
are insensitive to the choice of the prior for the ionization
parameter. We chose a broad normal prior for log Uiy,
centered at —2.5, effectively allowing log Ui, to vary over
its full range while slightly penalizing extreme values. The
ionization parameter for typical H II regions in this galaxy is
—1.7 (B. Groves et al. 2023), larger than our prior mean;
however, our 10" pixels are significantly larger than individual
H 1I regions and we would thus expect any nebular signatures
in our data to be diluted.

We sampled the posteriors using the emcee affine-invariant
MCMC sampler, using an ensemble of 64 walkers and running
them for 20,000 steps. We adopted an additional 10% model
uncertainty term for fitting, and added in quadrature to the data
uncertainties. To construct the final chain, we discard the first
5000 steps for each walker and retain every 500 samples. We
check for independence of the samples in the resulting chains
by computing the autocorrelation time; we find autocorrelation
times ~1-2 steps, indicating the samples in our chains are
independent. Fit quality, as measured by the stacked residuals,
is good across the map: our SED models show no systematic
residuals across the 1203 pixels fit (see Appendix B).
Representative SED fits and the corresponding SFH models
are shown in the upper right panel of Figure 2.


https://www.github.com/ebmonson/lightningpy
https://www.github.com/ebmonson/lightningpy
https://lightningpy.readthedocs.io
https://lightningpy.readthedocs.io
https://doi.org/10.5281/zenodo.18011894
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Table 4
UV-IR SED Model Specification in Lightning
Lightning
Model Component Name Parameter Prior
(1 () 3) C))
SFH Piecewise- {1} UuQo, 1)
Constant
Attenuation Curve Modified- TV diff UQ, 3)
Calzetti
1) Uu-2.3, 0.4)
Tv.BC 0
Stellar Population BPASS-A24 z NMZ(r)?, 0.03 dex)
and Nebula
logU N(-2.5, 0.75)
Dust Emission DLO7 o 2
Unin U(.1, 25)
Unax 3 x 10°
gl uo, 1

qpraH U(0.0047, 0.0458)

Notes. (1) Component of the SED model. (2) Model choice in Lightning.
(3) Model parameter. (4) Corresponding prior, where U(a, b) is the uniform
distribution on the interval [a, b), and M(u, o) is the normal distribution with
mean g and standard deviation . Parameters with a single value are fixed.
? Where Z(r) is the metallicity appropriate for the pixel’s distance from the
galaxy center, assuming the metallicity gradient estimated by B. Groves et al.
(2023).

The supernova rate per stellar mass peaks between 10 and
30 Myr in our stellar population models, declining thereafter.
To probe the youngest component of the stellar population,
which produces the massive stars whose supernovae drive
shocks into the ISM, we calculated the SFR by averaging over
the first two bins in our SFH, yielding the average SFR from 0
to ~30 Myr (in what follows we refer to this as SFRj3( for
brevity). We show the SFR3, map in the lower right panel of
Figure 2.

As a consistency check, we compare our SED fitting results
and SFR to existing measurements from the PHANGS project
in Appendix B. The 0-10 Myr SFR and the short-timescale
SFR indicators collated in the J. Sun et al. (2023) measurement
tables (see left panel of Figure 13) agree within 0.2 dex, with
the exception of the “recalibrated” SFR indicators at the
highest Ygggr, which are around 0.3 dex smaller than our
estimate of the 0-10 Myr Xggr. We see that our 0-30 Myr
Y.spr Measurement is systematically higher than the one- and
two-point SFR indicators by up to 0.4 dex (see the right panel
of Figure 13), due to our assumption of a flexible SFH model:
the SFH in most regions peaks at ages older than 10 Myr, such
that SFR3 is larger than the 0—10 Myr SFR. We also check for
consistency between our dust SED parameters and those
measured by J. Chastenet et al. (2025; see Figure 14). While
our implementations of the B. T. Draine & A. Li (2007) dust
emission model are slightly different, we find that our
measurements are very similar, typically varying by only
0.1 dex in the Uy, parameter.

4. Bayesian X-Ray Spectral Fitting

We use the 1.5 kpc hexagonal tiling from J. Sun et al. (2022)
as a convenient way to define spectral extraction regions for
the diffuse X-ray emission in which the properties of the
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molecular and atomic ISM are already well-known. We
evaluated the SFR3, surface density

Ysrr = (SFR3p/A)cos i, 4)

within each hexagonal tile, where A is the projected area
of the tile (1.95 kpc?) and i is the inclination of the galaxy
(34.4 deg). We grouped tiles into five Xggg bins to accumulate
enough counts to measure hot gas temperatures and luminos-
ities:  0.01-0.03, 0.03-0.05, 0.05-0.07, 0.07-0.09, and
0.09-0.13 M., yr 'kpc™. The soft-band (0.5-2 keV) and
full-band (0.5-7 keV) net (i.e., background-subtracted) counts
are given for each ¥ggr bin in Table 5. Our choice to bin on
Ysrr rather than other subgalactic properties is motivated by
prior studies connecting the galaxy-integrated X-ray properties
to SFR and the observed tight X-ray luminosity—SFR
correlation (e.g., S. Mineo et al. 2012). Implicitly, this choice
assumes that Ygpg is the dominant parameter controlling
subgalactic variations in the X-ray surface brightness and hot
gas temperature across the galaxy. While the metallicity of the
gas may also play a role in subgalactic variations, as higher-
metallicity gas can cool more efficiently at fixed temperature
(producing larger luminosities at fixed temperature and
density), we note that the radial metallicity gradient of this
galaxy is shallow (B. Groves et al. 2023) and the metallicity
varies little across the disk. Our choice of bins also roughly
corresponds to a radial binning: given the radial decline in
Ysrr, the lowest-2gpr bins are the outer disk, and the
higher-Ysrr bins encompass the inner disk.

We used the specextract CIAO script to extract source
spectra, background spectra, auxiliary response files (ARFs),
and response matrix files (RMFs) for each group of tiles from
the diffuse event lists for each ObsID. For each ObsID, we
adopted a large background region on the same chip as the
galaxy; the sizes of the background regions are given in
Table 1. We treat the grouped cells as stacks in what follows to
estimate the average parameters of the diffuse emission on
1.5 kpc scales. Since the low-Yggr bins naturally contain more
tiles, this treatment ensures that we can fit spectra with > 100
net counts per Xggr bin, even in the low-Xgggr outskirts of the
galaxy.

Given the relatively small number of counts even after
stacking, we adopted a Bayesian X-ray spectral fitting
framework using BXA (J. Buchner et al. 2014), which uses
the UltraNest nested sampler (J. Buchner 2021) to perform
Bayesian inference with X-ray spectral models. We used
v4.16.0 of the Sherpa X-ray spectral modeling code
(P. Freeman et al. 2001; S. Doe et al. 2007) to define spectral
models. We chose a source spectral model incorporating
power-law emission from unsubtracted, unresolved X-ray
binaries, an apec component representing a single-temper-
ature plasma in collisional ionization equilibrium (CIE), and
both intrinsic and Galactic absorption modeled with two
independent tbabs components. The intrinsic absorption
model was applied to both the X-ray binary and plasma models
with the same column density.”” We retrieved the Galactic
neutral hydrogen column density N = 2.7 x 1020 ¢cm~2
along the line of sight to the galaxy using the CIAOColden
and the J. M. Dickey & F. J. Lockman (1990) dataset. We

2 In XSpec terms, the model is thabs * tbabs * (apec + pow).
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Table 5
Sampled Quantities for Each of the ¥sgr Bins and the X-Ray Extent of the Galaxy, Assuming A Single-temperature Plasma Model
Zsrr apec Luminosity*
. e . 38 1
(M, yr~ kpe™°) Net Cts. kT logNg (107 ergs™) ng\/f anJf P\/f
Low High 05-2keV 05-7keV (keV) (ecm™%)  0.5—2keV, abs.” 05—2keV, intr  0.3—10keV, intr.  (0.01 cm™) (1072 kpc’ cm™®) (10° kz K cm™3)
0.01 0.03 346.7 5649  0.17°9% 21.54+013 0.37904 1.941148 579545 71343 2.407339 2.70519%
0.03 0.05 3489 4169 0325097 20.59+043 1097949 1.41+937 2.5340%2 3.8097%3 0.68%032 276793
0.05 0.07 268.8 3195 0277599 2106153 1667518 277727 5.684793 5931374 1.6643:%8 3.590%9
0.07 0.09 128.3 156.9  0.55701 20.5979% 1748053 2205978 3.3344:38 3704038 0.651032 4667072
0.09 0.13 174.3 199.0 027438 20.73%03) 3.58+03 4.9543:83 97713y 7797472 2.87138) 4.827518
Galaxy-integrated Properliesd
0.045 + 0.001 972.8 1186 0.19799% 21.50*939 36.30% 1524334 4111553 11.0*1° 4061139 4.6017%
Notes.

# Luminosities are normalized by the number of tiles in the bin for ease of comparison.

® Without absorption correction.
¢ With absorption correction.

d Properties derived from the spectrum extracted within the X-ray extent of the galaxy; see Section 5.2. In lieu of the upper and lower Xggg bounds reported for the

Ysrr bins, we report the Xgpg within the X-ray extent.

calculated an average metallicity for each of the Ygpg
bins using the B. Groves et al. (2023) metallicity gradient.
These metallicities are given in Table 6. The ejecta from
supernovae will be enriched compared to the average ISM
metallicity; as such, the average metallicity may be an
underestimate in regions with significant spectral contribu-
tions from reverse-shocked ejecta in unresolved SNe
remnants, which may result in an overestimate of the
luminosity of our single fixed-abundance apec model.
However, we expect the majority of the emission to be due
to ISM material swept up and shocked by outflowing SNe
winds (see Section 5.3) and thus adopt the ISM metallicity in
the absence of enough signal-to-noise to fit variable-
abundance plasma models. We fixed the photon index of
the power-law component to I' = 1.8, a typical assumption
for XRBs (e.g., D. A. Swartz et al. 2004).

The background spectral model is a power law super-
imposed with 8 Gaussians: 2 Gaussians model the soft
rise in the background, while the remaining 6 model
instrumental lines. This is similar to the empirical Chandra
background model included in BXA (see J. Buchner et al. 2014,
Appendix A), where we use a power law for the underlying
continuum rather than a constant. The shape and level of the
background varies per observation, and thus we fit the
background model for each ObsID independently.

We set uninformative priors on the log-scaled normal-
izations of the power-law and apec models and a uniform
prior from 0.1-1 keV on k7. To anchor our estimates of the
intrinsic column density, we adopt a prior on log Ny based on
the H I surface densities reported in v4.2 of the PHANGS
megatables (J. Sun et al. 2023). We calculate the average
column density for the hexagonal tiles in each Xgpr bin,
assuming that half the atomic gas lies along the line of sight
(i.e., above the X-ray emitting gas), and adopt the standard
deviation of the tiles as the standard deviation of a normal
prior. We list the prior mean and standard deviation in
Table 6. The large physical areas covered by most of our
Yspr bins are such that the priors are wide, with o up to a
factor of 10. We note that this prior and the definition of our
spectral model together imply the assumption of a disk-like
geometry for the X-ray emitting plasma, in which the plasma

Table 6
Normal Prior on log Ny and Assumed Metallicities, Based on the H I Surface
Density from 21 cm Observations and the Metallicity Gradient from
PHANGS-MUSE, Respectively

ZsrR log N 12 + log O/H
(M yr " kpe?) (em %)

Low High Mean Std

0.01 0.03 20.8 0.72 8.52
0.03 0.05 20.8 0.86 8.55
0.05 0.07 20.8 1.00 8.56
0.07 0.09 20.7 0.93 8.57
0.09 0.13 20.7 1.19 8.58

is coincident with the neutral atomic hydrogen disk. Gas
sitting well above the galactic plane in a spherical geometry
in the halo would have a correspondingly lower column
density, decoupled from the density of the H I disk, due to the
smaller amount of cold gas along the line of sight.
Additionally, our model applies the same Ny to the power-
law model, which represents nondetected XRBs, though we
would normally expect XRBs to be more obscured than the
diffuse, less-embedded plasma. Since we mask the majority
of emission from bright XRBs, we do not expect this
assumption to strongly affect the results.

We configured UltraNest to explore the parameter space
with 150 live points until 90% of the evidence is integrated. To
properly account for variations in the spectral response of
Chandra over the 15 yr covered by our data, we fit the ObsIDs
jointly, forward-modeling the same spectral model through
their different responses and combining the likelihoods, rather
than combining them to derive and fit a single spectrum. The
best-fitting background model for each ObsID was held
constant while we fit the source model. To compactly display
our fitting results, we have combined the spectra and responses
using the CIAOcombine spectra tool. We show the
combined spectra and the spectral model in Figure 3 for
the 0.09-0.13 and 0.01-0.03 M, yr' kpc 2 stacks, with fits to
the remaining stacks shown in Appendix C.
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Figure 3. Bayesian X-ray spectral fits for two Xggg bins: the top panel shows the fit to the two hexagonal tiles in the 0.09 < Ysgr/(M, yr ') < 0.13 bin, while the
lower panels show the fit to the 31 hexagonal tiles in the 0.01 < Xsgr/(Mo, yr~ ') < 0.03 bin. The colored bands show the 16th-84th percentile range in each model
component, with the total model shown as a blank band. The central lines in each band show the median. The best-fitting background model is shown as a dashed
gray line. To compactly display the fits, which were performed jointly to all five ObsIDs, we have combined the spectra and responses of all five observations and
folded the fitted spectral models through the combined responses. The source spectra are displayed grouped with 10 counts per spectral bin; the background spectra
are grouped with 300 counts per spectral bin. Spectra and models have been normalized by the total area over which the spectra were extracted to emphasize
differences in intensity between different Lsgg bins. We show the normalized data—model /o residuals for the best-fitting model in each case, though we caution that
this is a contrived method of showing the fit quality when the data are grouped for plotting, as we performed the fits to the ungrouped data with cstat. The
remaining spectral fits are shown in Appendix C.

The thermal diffuse X-ray emission in galaxies can be
modeled with two or more temperature components (modeling
some more complex, unknown distribution of temperatures)

on both galaxy-integrated and subgalactic scales (e.g., lead

10

to

the

inference

of larger

K. D. Kuntz & S. L. Snowden 2010; M. Yukita et al. 2010,
2012; L. K. Townsley et al. 2024). In comparison to
multitemperature models, single-temperature models can also
normalizations (and
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consequently plasma densities) and obscuring column densi-
ties (M. Yukita et al. 2010). We tested for the presence of a
hotter component in our spectra by fitting two-temperature
plasma models. We added another apec component to
the model, and set uniform priors from 0.1-0.4 keV and
0.4-1.0 keV on the temperature components. We chose these
priors so that the lower-temperature component encompassed
the solutions from our single-temperature fits, and the two
components were prevented from degenerating to a single
temperature. We adopted the same prior on logNy as the
single-temperature fits. We found Bayes factors marginally in
favor (=~2) of two-temperature models for all bins; Bayes
factors this low (i.e., “barely worth mentioning” on the
Jeffreys scale), however, can be dominated by noise and do
not necessarily indicate conclusive evidence in favor of the
two-temperature model. We found that the lower-temperature
component recovers the same temperature as the single-
temperature fit, and the normalization on the hotter comp-
onent is essentially unconstrained, such that the addition of a
second component does not add to our physical under-
standing of the plasma. We note that this finding is likely
driven by the limited signal-to-noise in our spectra; spectra
with more counts could reveal spectral features that
conclusively require the addition of a second temperature
component to fit well. For the above reasons, and also for
ease of compatibility with the single-temperature CC85
model (see Section 5.3), we use single-temperature measure-
ments in what follows.

We show the median temperature, column density, absorbed
0.5—2keV luminosity, and intrinsic 0.5—2keV luminosity
from the chains of posterior samples produced by the BXA
procedure in Table 5 and graphically in Figure 4, in addition to
the electron density, volume emission measure, and pressure of
the X-ray emitting plasma. The luminosity is related to the
electron density by

Lxcosi
i = (B

where V is the volume, f is the filling factor of the X-ray
emitting plasma, Ly is the intrinsic 0.3—10 keV luminosity of
the plasma model, and A is the corresponding CIE cooling
function, calculated using pyAtomDB v0.11.8°° using the
same metallicity we adopted for the spectral fits. The electron
density and pressure are sensitive to the assumption of a
volume, and thus an underlying geometry, for the hot, X-ray
emitting gas. We assumed a disk geometry, with a thickness of
200 pc (e.g., M. Yukita et al. 2010) to calculate the volume
corresponding to a hexagonal tile. Such a geometry supposes
that the hot gas is confined to the plane of the galaxy, an
assumption consistent with the prior we place on Ny. We thus
have V = 0.4 kpc® for each 1.5 kpc wide hexagon, where the
X-ray emitting gas is assumed to fill a fraction f of said
volume. We estimated the pressure of the X-ray plasma with
the ideal gas law:

PJf = nJfkT = 1.9n, \[fkT = 1.9 /ijf‘jsi KT,  (6)

&)

30 https: / /github.com/AtomDB /pyatomdb /tree /master
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where n = (n. + ng + nye), and the factor of 1.9 follows from
assuming all helium in the X-ray emitting plasma is doubly
ionized, with a helium mass fraction of 30% (e.g., L. A. Lopez
et al. 2011).

5. Discussion
5.1. Subgalactic Variation of X-Ray Emission

We first investigate the spatial variation of the X-ray
emission in the galaxy.

In Figure 5 we show the radial variation of model-independent
quantities calculated in the unbinned hexagonal tiles within 2.5
(9.5 kpc) of the center of the galaxy (i.e., within the optical
extent). We exclude here the hexagon containing a piled-up
ultraluminous X-ray source (ULX) candidate at (R.A., decl.) =
(12:18:56.10, +14:24:19.5) (D. J. Walton et al. 2022). Even after
point-source masking with ACIS Extract, the X-ray spectrum
of the hexagon containing the candidate ULX is extremely hard
and consistent with a power law alone.

As a model-independent proxy for the hot gas X-ray
production efficiency, we calculated the 0.5—2 keV band net
counts normalized by SFR3(. As our proxy for the temperature,
we calculated the soft-band hardness ratio. Hardness ratio
probability distribution functions (PDFs) were computed for
each ObsID separately using the FastHR code (F. Zou et al.
2023) and combined to derive the joint PDF on the hardness
ratio HR = (52 — S1)/(S2 + S1), where S1 and S2 are the
number of counts in the 0.5-1.2 and 1.2-2.0 keV bands,
respectively. This hardness ratio should be sensitive to the
temperature of the plasma (as well as the obscuration), with
larger (closer to zero) values corresponding to a harder
spectrum and indicating either a hotter plasma temperature or a
larger obscuring column density. We see an obvious power-
law trend between galactocentric distance and the surface
density of counts, tracing the X-ray surface brightness profile
of the disk, with the surface brightness dropping by roughly a
factor of 5 (0.72 dex) over an arcminute. The counts per unit
star formation, on the other hand, exhibit no strong trend with
galactocentric distance. This proxy for the X-ray production
efficiency instead varies around the galaxy-average value (see
Section 5.2) with a scatter of 0.30 dex. We see a trend,
significant at the 95% confidence level, between the soft-band
(52 — S1)/(S2 + S1) hardness ratio and galactocentric
distance, indicating harder spectra (and thus potentially higher
temperatures) in the inner regions of the galaxy. This trend,
however, appears to be driven primarily by the central tile
(capturing the central 1.5 kpc of the galaxy) and thus could be
sensitive to individually nondetected XRBs or supernova
remnants. One of the two hexagonal tiles making up the
0.07-0.09 M. yr 'kpc 2 bin has a hardness ratio —0.81,
harder than both the galaxy-averaged value and the value in
the central hexagon, indicating possible XRB contamination or
an extra source of heating (or equivalently, inefficient cooling)
for the diffuse X-ray emitting gas. We discuss this particular
Yspr bin further below, in the context of the spectral fitting
results.

The trends in the model-independent quantities are reflected in
the quantities we derive from spectral fitting. We show the X-ray
spectral fitting results projected onto the hexagonal tiling of the
galaxy in Figure 6. This representation reveals radial variations
in the plasma temperature, with hotter temperatures in the central
regions. The case of the 0.07-0.09 M, yr ' kpc *Lgpr bin is
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Figure 4. X-ray properties from spectral fits to tiles in each of the six Xggr
bins, displayed as a function of the central YXgrr of the bin. In the second
panel, the orange line shows the Galactic column density along the line of
sight. The X-ray luminosities have been normalized as surface densities
Y = Lx/A for fair comparison of the luminosities of the different stacks and
the full galaxy. The properties measured within the X-ray extent of the galaxy
are shown with a pink star marker at the average Xggr of the galaxy. In the
third panel we show the S. Mineo et al. (2012) relation for the 0.5-2 keV hot
gas luminosity (without absorption correction; their Equation (2)) as a blue
line with the shaded band representing their measured 0.34 dex scatter. We
have adjusted the S. Mineo et al. (2012) relation upward (i.e., decreasing the
SFR) by a factor of 1.45, accounting for the difference in IMF (see Section 6.5
in J. J. Eldridge et al. 2017).

N

N
0.12

interesting: we recover a significantly hotter temperature than the
other bins, finding k7 = 0.55%)13 keV ~1.50 higher than the
mean temperature of the other bins. If, for the sake of argument,
we treat the posterior k7 samples for all the other Xgpr bins as
being drawn from the same underlying temperature distribution,
we find a less than 0.1% probability that posterior k7" samples
from the 0.07-0.09 M., yr~ ' kpc ™~ bin is drawn from the same
distribution (using the two-sample Anderson—Darling test), and a
less than 0.1% probability that the underlying temperature
distributions have the same mean (using Welch’s two-sample
T-test). Given that the offset is statistically significant, we
checked for contamination of the diffuse emission spectrum by
X-ray nondetected supernova remnants (SNR), which typically
present hot, steep X-ray spectra. We searched for SNRs in the
PHANGS galaxy SNR catalog (J. Li et al. 2024) that fall within
this ¥gpr bin, and masked out 1" radius apertures around each
SNR before re-extracting the spectrum. We fit this spectrum
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Figure 5 Radial variation of X-ray model-independent quantities extracted
in the unbinned hexagonal tiling for tiles within the measured extent
of the X-ray emitting plasma (see Section 5.2): net counts per area, net
counts per SFR3, (as a proxy for X-ray production efficiency), and soft-band
(§2 — S1)/(S2 + S1) hardness ratio (as a proxy for temperature and
obscuration; see the text for a definition). The radial coordinate r is the
distance from the center of the galaxy to the centroid of the hexagonal tile. The
annotation for each panel gives the median and 16th—84th percentile of the
fitted linear parameters (y = ao + a;x) with the corresponding Pearson (P) and
Spearman (S) statistics and p-values for the correlation between the shown
parameters and r within the measured extent of the X-ray emitting plasma. The
green line and shaded region show the pointwise median and 16th—84th
percentile range of the fitted line. We also calculated the same quantities in an
aperture defined by the X-ray extent of the galaxy, and we show their lo
equivalent confidence intervals as a horizontal pink-shaded band.

again with a single-temperature plasma model, following the
same procedures given in Section 4, finding that the high
temperature, kT = 0.61731 keV, remains even after masking
out counts that may be associated with SNRs. We also see that
the power-law XRB component is not particularly well
constrained in this Xggr bin, indicating that contamination from
nondetected XRBs could also be to blame. The metallicity-
dependent Lyx/SFR relation from B. D. Lehmer et al.
(2024) suggests that We should expect XRBs to contribute
log Ly = 39.2703 erg s~ ! in this bin. The point sources that we
subtracted with ACTS Extract account for 2 x 10% erg sfl,
and the power-law component of the spectral fit adds a further
45%33 x 107 ergs™!, for a total of log LyRB = 38.5%)).
Unresolved XRBs thus appear the most likely explanation,
given the shortfall between the total XRB luminosity we can
account for and the model prediction. We note, however, that
this is a subgalactic region, which necessarily has an
incompletely sampled XLF, such that the observed XRB
luminosity might be significantly lower than the luminosity
inferred from the scaling relation (e.g., B. D. Lehmer et al. 2024).
Though we consider them the most likely culprits, it is difficult
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Figure 6. Quantities derived from our stacked X-ray spectral fits, shown as hexagonal tile maps of the galaxy. Each tile is colored according to the value for its
corresponding stack. Luminosities (second row) have been normalized as surface densities ¥ = Lx/A; we show the 0.5-2 keV luminosity of the apec component
with and without absorption corrections. The density and pressure are calculated following Equations (5) and (6). As a visual reference for the galaxy structure, green
contours trace the locations of the spiral arms in the M. Querejeta et al. (2021) environment masks, showing the outline of the “arm” environment category. Recall

that the edge-to-edge width of each hexagon is 1.5 kpc.

to conclusively attribute the higher temperature to XRBs. We
may therefore be observing the true emission from the hot gas,
shock-heated to higher temperatures than neighboring regions of
the galaxy (potentially due to recent interactions with other
cluster member galaxies) or inefficiently cooling due to lower
metal abundances. In the absence of more photons we are unable
to conclusively determine a cause for this anomalously high
temperature. Regardless of the cause, the large uncertainty on the
temperature means that this bin carries relatively little statistical
weight in what follows.

We see that the column density peaks 4 — 6 kpc from the
center, reflecting the peaks in the 21 cm emission map (see
Appendix D, Figure 18), which have been averaged over our
large spectral extraction regions. This is consistent with our
prior on Ny, though we note again that the 21 cm-based prior is
quite broad. The density, directly derived from the absorption-
corrected luminosity (ocLl/ 2), naturally follows the same
profile, while the pressure (xL'?T) shows similar spatial
variations as the plasma temperature. We note that we assumed
a constant disk thickness and filling factor to calculate the
density and pressure of the hot gas, such that a factor of 2
increase (decrease) in the disk thickness decreases (increases)
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the density and pressure throughout the disk by a factor of v/2.
If instead we assumed an exponentially declining profile for
the hot gas, we would observe larger densities in the outskirts
of the galaxy due to the declining volume, and consequently a
flattening of the pressure profile seen in Figure 4. A flared disk
with a larger height in the outskirts of the galaxy would
produce the opposite effect: a larger volume in the outskirts
would reduce the pressure. However, flaring is typically
observed in the outermost disk, outside of where we are able to
produce X-ray constraints. Due to our lack of information on
the true geometry of the X-ray emitting plasma, we continue to
treat it as a constant thickness disk.

Given that the Ygpgr decreases rapidly with galactocentric
distance, the subgalactic relationships between the hot gas
properties and Ysgr shown in Figure 4 can also be understood
as 1D projections of the radial trends described above. In the
third panel of Figure 4, we compare our measurements to the
commonly used S. Mineo et al. (2012) hot gas Lyx—SFR
relation, finding that our subgalactic measurements are
remarkably consistent with the relation and follow roughly
the same trend. This, along with the nearly constant
counts/SFR3, ratio seen in Figure 5, suggests that the
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processes that create the tight Lx—SFR relation and maintain a
nearly constant X-ray production efficiency may operate on
subgalactic scales; we explore this further in Section 5.3.

5.2. Galaxy-integrated Properties

To provide a galaxy-integrated comparison for the sub-
galactic X-ray properties, we measured the extent of the X-ray
emitting gas, following the procedures from B. J. Smith et al.
(2019). We retrieved the parameters of the B-band 25 mag
arcsec 2 isophote (the “D25 ellipse;” a = 150”3, b = 140”1)
from the HyperLeda database,®' and measured the X-ray radial
profile of the galaxy from the merged, point-source-subtracted,
exposure-corrected 0.5—2keV image created with mer-
ge_obs in Section 2.1. We use 15 linearly spaced elliptical
annuli sized between 10 and the D25 ellipse to construct the
radial profile, subtracting an estimate of the background flux
we obtained from an elliptical annulus with inner radii equal to
the D25 isophote and outer radii scaled up by 20%. Following
B. J. Smith et al. (2019), we take the extent of the X-ray
emission as the point where the surface brightness reaches
3x107° photons s 'em™? arcsecfz, which B. J. Smith et al.
(2019) found produced apertures enclosing roughly 90% of the
total flux from the galaxy in a heterogeneous sample. Based on
this criterion,> the extent along the major axis is 65 6" ;f/’?,
corresponding to 4.2 £ 0.1 kpc. Within this X-ray extent, the
total star formation rate is SFRyy = 3.0 + 0.2M, yr ',
and logM, /M., = 10.04 + 0.02. The X-ray extent contains
973 net counts, corresponding to 18.3 counts kpc 2. We
calculated the hardness ratio following the same procedure as
we used for the hexagonal tiles, finding a galaxy-averaged
HR = —-0.86 + 0.02, and we show them alongside the
subgalactic measurements in Figure 5.

We extracted spectra from the point-source subtracted event
lists inside the region defined above. We fit a single-temperature
model to the X-ray spectrum, finding k7 = 0.1975-9 keV and an
absorbed 0.5—2 keV luminosity 3.63754% x 103 erg s™'; the fit
is shown in Figure 17. The luminositP/ corresponds to a
Lx/SFR3q ratio 1.2 x 10*° erg 57](M® yr ), consistent with the
adjusted S. Mineo et al. (2012) relation plotted in the third panel
of Figure 4. The single-temperature emission measure is
n2V = 40.6336 x 1073 cmSkpc?, similar to the range of
emission measures that S. Mineo et al. (2012) reported
for galaxies with similar SFR (see their Table 8). The
temperature we recover is also consistent with the 0.24 keV
average temperature of the S. Mineo et al. (2012) sample of
galaxies. Given the larger number of counts available, we
adopted an uninformative prior on log Ny (rather than the 21
cm-based priors we assumed for subgalactic fitting), finding
log Nig/em~2 = 21.5%07, corresponding to an absorption-cor-
rected 0.5—2keV luminosity 1.5273:37 x 10% erg s '. This
column density is in line with our fits to the two lowest-Xgrr
bins (which cover the largest physical area and contain the
21 cm emission peaks), and we find that our measured column
density is consistent with the galaxy-integrated column densities
of the S. Mineo et al. (2012) sample, which were found to
typically be on the order of a few times 10*! cm ™ (see their
Table 3). We again tested the inclusion of an additional, hotter

3! http: / /atlas.obs-hp.fr/hyperleda /search.html

32 Notably B. J. Smith et al. (2019) used a 0.3—1 keV map to estimate the
extent, while we use a 0.5—2 keV map; we find that their surface brightness
criterion still gives a reasonable estimate in our case.
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0.4-1 keV component, finding that its normalization is a factor
of ~1000 lower than the lower-temperature component, such
that we recover an emission-measure-weighted temperature
(kT) = 0.15709% keV. Given that such a hotter component
appears to be weak, we used the single-temperature fit to derive
a density and temperature for the entire galaxy, following
Equations (5) and (6). We find n,f = 11.073}? x 10-2cm 3
and P\[f = 4.6013% x 105 kg K cm~?, noting that assuming a
filling factor equal to 1 corresponds to the volume-averaged
pressure. This density is on the hié;h end comgared to S. Mineo
et al. (2012), who estimated 10 °~10">cm  for their sample
under the assumption of a larger volume occupied by the X-ray
emitting plasma, based on Chandra observations of edge-on
galaxies (including outflowing galaxies) by J.-T. Li &
Q. D. Wang (2013)—see our brief discussion of the plasma
volume and filling factor in Section 5.1.

5.3. Subgalactic Wind Model

To provide a physical interpretation to our constraints on the
subgalactic X-ray properties, we interpret the results of our
subgalactic UV-IR SED fitting and X-ray spectral fitting in the
context of the CC85 model. We derive expressions for the
temperature and X-ray luminosity of an adiabatically expanding
hot plasma using the CC85 model in Section Appendix A. The
model predictions for k7" and Ly depend on three unknown
parameters: ¢, the thermalization efficiency (see Equation (Al)),
0, the mass-loading factor (see Equation (A2)), and R, the
size of the idealized spherical starburst into which energy and
mass are deposited by CCSNe. An increase in € corresponds to
an increase in the fraction of the energy from CCSNe, which is
thermalized in shocks, and an increase in 3 corresponds to an
increase in the amount of ISM mass entrained by the ejecta into
the wind fluid.

To quantitatively examine the variation of k7 and Ly /SFR3
and to constrain the wind parameters in the galaxy on
subgalactic scales, we assume simple forms for [, ¢, and
R ;o0 as functions of Yggg:

B=1+ (Bo— 1D(spr/X0)™ " @)
€= € ®)
Rigo = Ro(Esrr/X0) %, &)

where the functional form for 3 is such that 5 > 1. We focus on
cases where € is constant with Ygpg, since Lx/SFR is more
sensitive to changes in 8. We investigated four possible scenarios
for the variation of parameters with >Xggr, described in Table 7. In
all cases, we allow the level of € to vary and modify the scaling of
0 and R with Yggr. We first assume that 3 is constant, then that
B ZgF‘,{3 (the scaling imposed by the upper limit on [J; see
Equation (A8)), and then allow ( to scale with an arbitrary
exponent. As a final test, we allow both § and R to scale with
arbitrary exponents. In all cases with nonconstant £, it is defined
as a decreasing function of Xgpr (i.€., 3 > 0), which is supported
both by the upper limit on [ derived from the assumption
of adiabatic expansion and by observations (e.g., D. Zhang
et al. 2014).

To calculate model Lx/SFR and (. according to
Equations (A7) and (A8), we calculated cooling functions using
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Table 7
Priors Assumed for Each of the Cases of the Galactic Wind Model
Case Descr. ﬁO V3 RO TR E0 Nparam
1 3 = const U1, 100) 0 1 0 1 2
2 B o ESF‘I{* U1, 40) 0.33 1 0 1 2
3 B ES U(l1, 40) U(0.0, 1.0) 1 0 1 3
4 B x E;;]{ R o< Ske U(l1, 40) Uu(0.0, 1.0) U@o.5,7) N(0.5, 0.15) 1 5

Note. U(a, b) is the uniform distribution on the interval [a, b); N(u, o) is the normal distribution with mean p and standard deviation ¢. Parameters with a single

value are fixed.

Table 8

Model Comparison Statistics and Sampled Quantities for Each Wind Model Scenario
Case Descr. AIC (AAIC)* BIC (ABIC)* X,Q, Bo o € Ro Yr
1 (3 = const 25.78 (8.96) 26.38 (8.96) 2.72 67.6778 0.00 0.4215:97 1.0 0.00
2 B o< Ygit® 16.82 (0.00) 17.42 (0.00) 1.60 267434 0.33 0.45+3%7 1.0 0.00
3 B x Semm 18.79 (1.97) 19.69 (2.27) 1.83 26.1789 0.34+94 0457497 1.0 0.00
4 B Sopps R ¢ Sk 19.56 (2.74) 21.07 (3.65) 1.91 27.8783 0315919 0.447 513 45418 0.511910
Note.
? In the AIC and BIC columns, the difference in the statistic from the minimum is shown in parentheses.
pyAtomDB. To account for radiative cooling outside of the resulting impact on the variation of X-ray production

Chandra bandpass, we use a “bolometric” cooling function
calculated over the 0.01—100keV energy range to com-
pUte lgma)v

We simultaneously fit Lx/SFR and kT for the five
subgalactic Ygggr bins wusing our model defined in
Equations (7)-(9) and the predictions from Equations (A3)
and (A7), adopting half of the 16th—84th percentile range from
the BXA chains as the uncertainties on Ly and k7. We
incorporate the width of the Yggg bins into the uncertainty on
Lx/SFR. We calculate v, the number of CCSNe per solar
mass formed, from the tables provided with the BPASS
release, summing the number of CCSNe over the same time
interval as we calculate the SFR. For our BPASS v2.2.1 stellar
population models, assuming a G. Chabrier (2003) IMF,
v=2_82x1073M; ! over the 0-30 Myr stellar age interval.

We adopted priors on the free parameters for each case as
shown in Table 7. We sampled the posterior distributions with
emcee, using an ensemble of 64 walkers and running them
until we obtained 1000 independent samples from the poster-
ior. The fitted parameters are given in Table 8, and Figure 7
shows the posteriors on the models for three cases. We
compare the reduced XZ, Akaike information criterion (AIC),
and Bayesian information criterion (BIC) in Table 8, where the
latter two are measures of the goodness of fit penalized by the
number of estimated parameters (i.e., model complexity).
Heuristically, the model with lower AIC or BIC should be
preferred. In our case, this indicates Case 2, where 0 o< X~ 1/ 3
best explains the observations with the least complicated
model. We also compared models pairwise with the Bayesian
posterior odds ratio; with this method we find a very weak
preference for Case 3 (InP,/P; = —0.02), where 3 oc X7%
with v5 a free parameter. The information criteria slightly
favor Case 2, with AAIC = —1.97 and ABIC = —-2.27
compared to Case 3. However, the two cases yield consistent
results: in Case 3, we find y; = 0.3475-44. In what follows, we
adopt Case 3 as the preferred model over the 3 = 0.33 special
case favored by AIC and BIC, so that we can examine the
range of power-law slopes consistent with the data and the

15

efficiency with Xgggr. In all cases, we recover thermalization
efficiencies in the neighborhood of 50%: slightly less than half
of the kinetic energy from CCSNe is converted to internal
thermal motions of the shocked gas. Since mass loading acts to
slow down the galactic winds, the drop in mass loading with
increasing Y gpr implies a corresponding increase in the speed
of the wind as star formation intensifies, where the supernovae
ejecta encounter and entrain less interstellar gas. This is
somewhat counterintuitive, as larger star formation rate
densities are associated with increased density of molecular
gas (e.g., R. C. Kennicutt 1998). The drop in mass loading may
thus correspond, physically, to the expansion of supernova
ejecta into volumes already cleared by other supernovae, given
the larger supernova rates (xSFR) in highly star-forming
regions. The TIGRESS simulations (C.-G. Kim & E. C. Ostriker
2017) of spiral galaxies include a similar effect; in Figure 3 of
W.-T. Kim et al. (2020), for example, we see large volumes of
hot, low density gas created by -clustered, overlapping
supernovae. We note also that even when 8 o« X5g 173, the
bulk mass flow into the ISM increases with SFR (and »ggRr),
since M = 3SFR.

The Ly/SFR ratio is commonly recast in the literature to a
dimensionless X-ray production efficiency 1 = Lx/E,, which
weighs the X-ray radiative cooling rate against E,, the
bolometric energy injection rate into the ISM (see
Equation (A1)). Equation (A7) suggests that 3 o Esl/ 3 will
produce 1 ~ constant. However, as a result of our parameter-
izations, kT is a function of Xggrg, and the temperature-
dependence of A produces a residual, shallow correlation
between 1 and Xggr. We find, for our adopted Case 3,

= (0.7275:7) g

[keV] (10)

(1)

C. Zhang et al. (2025) recently measured 17 ox X9ps for the
center of M51, much steeper than our results. In the context of
our modeling, their result is consistent with a constant mass-
loading factor in the center of the galaxy: when we fix (3, we find

1= OO,



THE ASTROPHYSICAL JOURNAL, 1001:42 (29pp), 2026 April 10

0.7

0.6

0.5

0.4

kT [keV]

0.3

0.2

t
Fﬁﬁ

0.1

40.75

40.50

40.25

40.00

39.75

39.50

39.25

39.00

log Lx/SFR [erg s™! (Mo yr™1)]

Intrinsic, 0.5-2 keV

38.75

0.02 0.04 0.06 0.08 0.10 0.12
Zsrr [Mo yr~! kpc=2]

Monson et al.

0.6
> 0.5 N
[ [
w
&) [
w 04
0.3F
S R R I B B
Q\ ——- Radiative cooling limit
+ NN,
200 AN
L NN\
i NI~
— I ~JIN
& i \\: ~.
WL ==
Q [
100 O
50._.|...|...|...|...|...|.
0.02 0.04 0.06 0.08 0.10 0.12

Zser [Mo yr~! kpc=2]

= [ =const
BoZ Vs
& Subgalactic region stacks
-*— Full galaxy (single temperature)

Figure 7. We show the results of fitting the simple subgalactic wind models described in Section 5.3 to the X-ray properties of the Yggg bins. The left column shows
kT and log Y = log Lx/SFR for each Yggg bin. Each point shows the median and 16th—84th percentile range, where the bin width has been added appropriately to the
uncertainty on log Lx/SFR. The effective temperature and log Lx /SFR for the whole galaxy from a single-temperature fit to the spectrum extracted from the region
defined in Section 5.1 is shown as a magenta star. In each panel, we show posteriors on the galactic wind model fit to the subgalactic regions as lines and shaded
regions representing the posterior median and the 16th—84th percentile ranges, respectively, where the panels in the right column show the resulting € and 3 as a
function of ¥ggr. The second panel in the right column also shows the upper limit on 3 given by Equation (A8) as a dashed line for each fit. We show Case 2 with
(3 = const in green and Case 3 with § Z;’,{ in blue. Case 1 is omitted due to its similarity to Case 2, and Case 4 is omitted due to poor constraints.

1n = (0.18 £ 0.04)Xggr. Conversely, for the outer disk of M51,
C. Zhang et al. (2025) found 7 oc Ygox'2. Our models can only

reproduce such a scaling when we allow R to increase with

. , . . +0.18
Sgrr: our fit with R oc X yields 7 = 0.0175:993 S i 0017,

The different 7 trajectories predicted by all of our model fits are
presented in Figure 8. Our model fitting is inconclusive about
the large-scale relationship between the X-ray production
efficiency and star formation: while our preferred model
suggests the two are weakly coupled, with the production of
X-rays from hot gas becoming slightly stronger per unit star
formation in the most active regions of the galaxy, the large
uncertainties on the data also allow stronger and weaker
correlations, and the possibility that star formation is antic-
orrelated with the X-ray production efficiency over at least part
of the galaxy.

C. Zhang et al. (2025) interpreted the two different power-
law slopes they found in the central region and disk of M51 by
suggesting that CCSNe are not the dominant contributors
to the thermalization of the ISM throughout the entirety of
M51: in the youngest, most massive star clusters, winds from
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massive stars will be the dominant source of energy (and mass)
injection into the ISM (e.g., the central star cluster of
the Tarantula nebula; L. K. Townsley et al. 2024) due to the
~3 Myr time delay between the onset of star formation and the
first CCSNe. In contrast, we find that the temperatures and
luminosities we measure (averaged across kiloparsec-scale
regions of the galaxy) are consistent with a model including
only energy and mass injection from CCSNe. However, the
range of Xggr We can cover in our kiloparsec-scale analysis of
this galaxy is limited. C. Zhang et al. (2025) also derived their
steep “center” relation on a scale comparable to a single one of
our hexagonal tiles: their central region covers the inner 50" of
M51, approximately 2 kpc, and only significantly departs from
our observations for Y > 0.1 M., yr ' kpc 2. The fact that
we do not observe such a steep correlation between 7 and Yggr
could thus be an effect of the increased distance to NGC 4254
and limited signal-to-noise on subkiloparsec scales—com-
bined with the lack of a clear central starburst with
Ysrr 2 0.1—limiting our ability to probe the high-Ygpg,
low galactocentric distance regime.



THE ASTROPHYSICAL JOURNAL, 1001:42 (29pp), 2026 April 10

0.08

B =const
Boz W

mmsm Zhang+(2025) M51 Disk

0.07

4

=]
o
=
e oo o o o

P I
0.08

L L PR L L
0.00 0.04 0.06

Ysrr [Mo yr=! kpc=2]

Figure 8. The Ly/SFR ratio measured for the Xggg bins (as in the second
panel of Figure 7, recast as the X-ray radiative efficiency n = Ly/E;). We
show the same model fits as in Figure 7 with colored lines, alongside the n
calculated for each of the Xggr bins as black diamonds. We also plot the
power-law relationship derived by C. Zhang et al. (2025) for the disk (thick
gray line) of M51. Our data agree reasonably well with the C. Zhang et al.
(2025) fit, which was derived by over a similar range of Ysgr. However, our
wind model fits can only recover the negative power-law slope they predict for
the disk if we allow R to increase as a function of >gggr; such a model could
be supported or ruled out by a larger sample, enabling a finer set of Xgrr bins
with smaller uncertainties.

5.4. The Hot ISM in Context

In Figure 1 we show a three-color composite of the three
different phases of the ISM probed by these data: the cold,
dense, molecular ISM with ALMA in red; the warm, dense
ionized ISM with MUSE in green; and the hot, diffuse ISM
with Chandra in blue. On galaxy-integrated scales, we should
expect that the soft X-ray emission from hot gas correlates
with molecular gas mass and Ha due to the combination of the
tight relationship between X-ray luminosity and SFR with the
correlations between SFR and molecular mass and SFR and
Ha luminosity. However, qualitative inspection of the lower
panel of Figure 1 reveals a more complex picture: most bright
X-ray features are associated on ~1 kpc scales with star-
forming complexes traced in Ha, but the inverse is not true.
Likewise, outside the central kiloparsec of the galaxy the
X-ray bright features are not consistently located near
molecular cloud complexes traced by CO, and the hot gas
emission appears to be associated with voids in the CO
emission in at least one region at R.A. = 12:18:52.2, decl.
= +14:25:10.0. A more quantitative assessment of subkilo-
parsec spatial associations between diffuse X-ray and multi-
wavelength features is not possible here due to the limited
number of X-ray photons and the limits of our astrometry (see
Section 2.1).

However, even though we are only able to measure the
intrinsic properties of the X-ray emitting plasma on scales
> 1.5 kpc, we might expect these properties to be connected to
the other phases of the ISM at both 1.5 kpc scales and small
scales (=100 s of pc), where supernova winds are driven into
and shock-heat the ISM. As a simple investigation of the
multiscale, multiphase correlations of the ISM, we perform
correlation analyses between the multiscale molecular proper-
ties compiled in the J. Sun et al. (2023) tables, multiscale Ho
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luminosity measurements, and the properties of the hot gas
traced in X-rays.

To complement the multiscale molecular properties, we
derive analogous Ha measurements. We first computed the
attenuation-corrected Hor luminosity over each 1.5 kpc hexagon,
which we denote LPII'S k¢ For each hexagon, we also searched
the B. Groves et al. (2023) nebular catalog for H II regions
contained within the hexagon, and computed the weighted
average of their attenuation-corrected Hae luminosities, such that
the contributions of poorly detected nebulae are diluted. We
denote this quantity (LAM): the average Ho luminosity of
individual H 1T regions. We also calculate the total Ha
luminosity of all detected H 1I regions in each hexagon, denoted
LI We note that the luminosity-weighted average sizes of
these H 1II regions and H 1I region complexes suggest we are
probing linear scales 100-200 pc, comparable to the cloud-scale
measurements of the molecular gas mass. However, many of the
H 11 regions are unresolved, giving us only upper limits on their
sizes. As such we do not compute Ho surface brightnesses.

The soft-band net counts are significantly correlated with
both the Ha and the molecular gas mass surface density on
1.5 kpc scales, implying a correlation with the brightness of the
diffuse X-ray emission (though the net counts are not corrected
for absorption, and we have not attempted to remove
contributions from nondetected X-ray binaries). We might
expect this to be the case given that Ha and molecular gas
mass density both correlate with the star formation rate, which
correlates with the X-ray surface brightness. The contribution
of nondetected X-ray binaries may artificially strengthen the
correlation, but we have seen in spectral fits that the soft
counts are dominated by the plasma component in our point-
source-masked data. Interestingly, the strength and signifi-
cance of the correlation between the net counts and the Ha
luminosity are dependent on the method we use to calculate
the Ho luminosity: the strongest and most significant (Spear-
man r = 0.84, p = 8 x 10" °) correlation is between the net

counts and L k¢ whereas the net counts are not well-
HII

correlated with (Ly, ) (Spearman r = 0.28, p = 0.25). We see
that the total H II region luminosity L is also correlated with
the net counts, albeit less strongly and significantly than the
total luminosity: Spearman r = 0.77, p = 1 x 10~*. These
three correlations would seem to indicate that the brightest
star-forming complexes alone are not responsible for produ-
cing the CCSNe, which shock-heat the X-ray emitting ISM,
and that the nondetected star-forming regions included in
L{;>%¢ but not L play some role in heating the ISM. We see
similar multiscale correlations with the molecular gas mass
density: Z;f)lkpc is more strongly and significantly correlated
(Spearman r = 0.50, p = 0.03) with the net X-ray counts than
(2130 (Spearman r = 0.45, p = 0.05). These weak
correlations reflect the complex interrelation between mole-
cular gas and X-ray plasma visible in Figure 1 and motivate
further study of the subgalactic relationship between these
phases of the ISM.

To compare the ionized and molecular ISM to the properties
of the X-ray emitting gas that we measured from spectral
fitting, we aggregated the multiscale Ho luminosity and
molecular gas surface density into the >ggr bins described in
Section 4. We show the comparison between the 1.5 kpc-scale
and 150 pc-scale measurements and the X-ray surface
brightness for Ha surface brightness and molecular gas
surface density in Figures 9 and 10, respectively. We see that
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Figure 9. MUSE-derived scaling relations for Ly with the Hoa luminosity,
averaged over the Xgpgr bins in which we extracted X-ray spectra. We show
the 1.5 kpc-scale Ho luminosity as diamond markers, where the face color of
the markers corresponds to the Yggr of the bin. We show the pointwise
median and 16th—-84th percentile range of a fit with LINMIX in green. We also
show the 16th—84th percentile range of a linear fit with constant unit slope in
blue. Note that the Ly, measurements formally have uncertainties, but they are
not visible behind the points at this scale. The annotations, matched to the
colors of the errorbars, give the median and 16th—84th percentiles of the fitted
model parameters (y = ag + a;x), the intrinsic scatter o, and the corresponding
Pearson (P) and Spearman (S) statistics and p-values. We omit the H II region
scale measurements for clarity: the L' measurements are offset by 0.10 dex
lower than the 1.5 kpc-scale Ly, (i.e., to the left in this plot) with similar
correlation, while the (LHM) measurements are essentially uncorrelated
with Lx.

on 1.5 kpc scales, the absorption-corrected luminosity of the
X-ray emission is not strongly correlated with the Ha surface
brightness, significant only at the 90% confidence level by the
Spearman metric. This large-scale measurement of Ly, must
contain contributions from the diffuse ionized gas (DIG)
component of the galaxy, which may be less directly
connected with the star-forming regions that produce the
diffuse X-ray emission. The total H II region luminosities,
averaged over each Xgpg bin, are systematically slightly lower
than the corresponding L ;> **°, with median (maximum) offset
0.10 (0.13) dex, indicating that 80% (75%) of the Ha
luminosity is contributed by the bright H II region candidates
in the B. Groves et al. (2023) catalog, with the remaining
fraction coming from the DIG and nondetected H II regions.
While we saw evidence above for the importance of
nondetected star-forming regions in producing the hot ISM,
we see here that averaging over the Xggr bins and considering
the spectral fitting-derived properties of the X-ray emitting gas
washes out this signal. The strength and significance of the

HIand Ly are not much different from

correlation between Ly,

the correlation between L} k¢ and Ly: we compute Spearman
statistic » = 0.80 and p — value p = 0.10. We see again,
however, suggestions that the brightest star-forming com-
plexes alone are less connected to the hot gas X-ray
luminosity: for (L) and Lyx we see Spearman statistic
r = —0.30 and p-value p = 0.62. We used a Python port>* of
the LINMIX algorithm (B. C. Kelly 2007) to fit a linear

correlation between log Ly and measurements of log Ly, to

33 hitps://github.com/jmeyers314 /linmix
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Figure 10. Scaling relations for ¥x with the molecular gas surface density
Ymor derived from the ALMA CO(2-1) observations, measured on 1.5 kpc and
150 pc scales and averaged over the Yggr bins in which we extracted X-ray
spectra. We show the 1.5 kpc-scale Ha surface brightness as diamond markers
with red errorbars and the cloud-scale average surface brightness as circles
with red errorbars. The face color of the markers corresponds to the Yggr of
the bin. We show the pointwise median and 16th-84th percentile range of a
LINMIX fit in green for the 1.5 kpc measurements and gray for the 150 pc
measurements (note that the uncertainties on X, are not visible behind the
points). We also show the 16th-84th percentile range of a linear fit with
constant unit slope in blue and purple for the 1.5kpc and 150 pc
measurements, respectively; the dashed lines mark the medians. The
annotation shows the median and 16th-84th percentiles of the fitted model
parameters (y = ao + a;x), the scatter o, and the corresponding Pearson (P)
and Spearman (S) statistics and p-values.

estimate the intrinsic scatter in the data. The scatter in the
log LA — log Ly and log L};>™° — log Ly relations is iden-
tical at 0.50 dex, driven by the uncertainty in the absorption-
corrected X-ray luminosity due to the large range of Ny
compatible with our X-ray spectra. The slopes of these
LINMIX-fitted lines are compatible with unity, and so we also
fit simple multiplicative scaling relations to Ly as a function of

Ly, finding

log Lx/L{i2 ¥ = —2.28 +0.03, 0 = 0.18 (12)

log Lx/L{i" = —2.19 + 0.03, o = 0.20. (13)
The second relation in particular suggests that we should
expect any soft, diffuse emission associated with H 1I
regions to be a factor of ~200 less luminous than their
Ha  luminosities, consistent with studies of evolved
(age >5 Myr) star-forming regions in NGC 2403 by M. Yukita
et al. (2010, see their Table 10).

In Figure 10, we see again that aggregating the ISM
properties into the »ggg bins in order to compare to the
measured properties of the plasma weakens the correlations
that we observe when considering the model-independent net

counts. The large-scale molecular gas density Z:T'f,]kpc plateaus
with Ygpg, creating a pileup in the ¥y — ¥ ¢ plane, though

the Spearman statistic still suggests a correlation with 96%
confidence. The smaller-scale measurements are not strongly
correlated with the X-ray surface brightness. The intrinsic
scatter around a line fitted with LINMIX is again essentially
the same regardless of the measurement scale, indicating that it
is driven by the uncertainty in the X-ray surface brightness.
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Figure 11. Number density and pressure comparisons for the hot X-ray emitting and cold molecular phases of the ISM in NGC 4254. The H, number density was
estimated from the molecular mass surface density calculated by J. Sun et al. (2022), assuming a disk thickness of 200 pc to convert the surface density to volume
density. In the lower left panel, we show the turbulent molecular cloud pressure in comparison to the ambient X-ray pressure; in the lower right panel, we show the
dynamical equilibrium pressure measured on two different scales in comparison to the X-ray pressure. We show the pointwise median and 16th—84th percentile
range of a LINMIX fit in green for the 1.5 kpc measurements and gray for the 150 pc (“cloud-scale”) measurements. Points are colored by their star formation rate
density, with brighter, hotter colors corresponding to more intense star formation. In the bottom row, a thick blue line shows the 1:1 correlation between pressures.

C. Zhang et al. (2025) found a 0.67 £ 0.23 slope when fitting
the X-ray surface brightness to molecular gas scaling relation
in the disk of M51 using ~1.3 kpc regions, somewhat
shallower than the median slope of our LINMIX fit to the
1.5 kpc-scale measurements. However, they benefit from
improved constraints on the surface brightness due to the large
projected size of M51 and the greater depth of the X-ray data.
We again see no evidence in our data of the steep relations
they derived for the inner 2kpc of M51. If we naively fit
multiplicative scaling relations between the molecular mass
densities, we find

log Xx /S5 k¢ = 3035 +0.03, o = 0.15 (14)
log Xx /(X10P¢) = 29.81 + 0.03, 0 = 0.17. (15)

In the upper panel of Figure 11 we compare the number
density of the averaged molecular cloud complex measured on
150 pc scales to the electron density of the X-ray plasma. We
see that the two are uncorrelated: the average density of
molecular clouds on small scales is not a predictor of the
density of the hot phase of the ISM measured on large scales.
In the lower panels of Figure 11, we compare the pressures in
the ISM. We see that the ambient pressure from the hot ISM is
typically smaller than the turbulent molecular pressure, with an
average offset of 0.23 dex (a factor of 1.7). The offset becomes
larger in the highest->Xggr bin, reaching 0.4 dex (a factor of
2.5). The overpressurization of the turbulent molecular clouds
suggests that they are able to expand into the ambient hot
medium. However, the offsets are not significantly larger than
the uncertainties in the X-ray pressures, and we note again the
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uncertainty in the volume occupied by the X-ray emitting
plasma.

In comparison to the dynamical equilibrium pressure
estimated on 1.5 kpc scales (diamond markers in Figure 11)
the hot gas is overpressurized. J. Sun et al. (2020) found a
similar result for the molecular gas, noting that large-scale
estimates of Ppg may fail to account for the clumpiness of the
molecular ISM. They calculated a cloud-scale equilibrium
pressure (circle markers in Figure 11), finding that it agrees
better with the turbulent cloud pressure. We see that the X-ray
emitting plasma is significantly underpressured when com-
pared to the cloud-scale equilibrium pressure. Under the
assumption that the X-ray plasma is volume-filling (f = 1), the
X-ray plasma thus does not appear to contribute strongly to the
support of the gas disk on small scales, though it may exceed
the dynamical equilibrium pressure on large scales in low
Yspr regions of the galaxy. The median offset between the
cloud-scale equilibrium pressure and hot ISM pressure is
0.40 dex (a factor of 2.5); if we suppose that the X-ray emitting
plasma is instead in dynamical equilibrium with the stellar and
gas disk, this implies a hot gas filling factor f ~ 1/6.

Our broad takeaways from this multiscale correlation
analysis between ISM phases are as follows. The correlations
of Ha and molecular gas density with the net X-ray counts are
strongest on the largest 1.5 kpc scale we probe, despite the
robust constraints that the high-resolution PHANGS datasets
give us on the luminosities of H II region complexes and
masses of molecular clouds at 150 pc scales. This may indicate
that while the most massive, individually detected star-forming
regions are important in driving the shocks that produce the
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hot phase of the ISM, smaller nondetected star-forming
complexes also provide a significant contribution. We are
limited in our ability to connect the intrinsic X-ray luminosity
of the hot phase of the ISM to the other phases of the ISM on
multiple scales due to large X-ray uncertainties, but we see
weak evidence for multiplicative scaling relations between the
intrinsic X-ray luminosity, Ha luminosity, and molecular gas
mass. Our limited understanding of the hot gas geometry and
filling factor in this face-on galaxy likewise hinder rigorous
comparisons of the density and pressure of the phases, but
under the assumption of a flat disk-like hot gas geometry we
see that the hot gas pressure can exceed the dynamical
equilibrium pressure on large scales, indicating that the hot
phase of the ISM can expand into the ambient medium.

While our conclusions from this analysis are limited, it is
nonetheless apparent that the X-ray emitting hot phase of the
ISM is connected to the properties of the other ISM phases as
measured on multiple physical scales. Future studies of the hot
ISM in the PHANGS sample, combining X-ray constraints
from multiple galaxies, will provide a more definitive picture
of these connections between the phases of the ISM on both
1.5 kpc and 150 pc scales.

6. Summary

We have performed resolved SED fitting to the spiral galaxy
NGC 4254 (M99) to derive stellar mass and star formation rate
on kiloparsec scales. At the same time, we have produced
high-quality point-source subtracted maps of the diffuse X-ray
emission, with systematic derivations of the hot gas luminosity
and temperature in stacks of 1.5 kpc-scale hexagonal tiles
across the galaxy. We find:

1. There is evidence for a slight increase in the plasma
temperature from ~0.20 keV in the outer, low-Xggg
regions of the disk, to ~0.27 keV in more central,
higher-Xggg regions, though this trend may be sensitive
to our assumption of a prior for the X-ray obscuration
based on the H T surface density, estimated from the
21 cm intensity. The temperature measured from a
galaxy-integrated spectral fit, kT = 0.19703, is consis-
tent with the lower temperatures measured in the
low-Ysgr (but physically much larger) outer regions of
the galaxy.

2. The hot gas surface brightness increases nearly an order
of magnitude from low (0.01—0.03) to high (0.09—0.13)
YsFr, appearing to plateau in the central region of the
galaxy with the most intense star formation. However,
the absorption-corrected hot gas surface brightness (and
consequently, the hot gas density) shows somewhat less
variation, increasing only by a factor of 2.5 over the
same range of Yggg. The thermodynamic pressure
associated with the hot gas, due to its explicit linear
dependence on the temperature, increases with the star
formation rate surface density Xggg.

We combined our X-ray spectral fitting results and resolved
SED fitting to interpret the X-ray emission at subgalactic
scales in the context of the simple CC85 model for supernova
winds, deriving constraints on the key parameters.

1. We find that our data are consistent with thermalization
efficiencies ¢ =~ 50% and mass-loading factors
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B ~ 50-90, decreasing as Z;F]Ql/ 3. Such mass-loading
factors (corresponding to 34 = M /SFR = 1.25 — 2.25)
are comparable to those seen in the literature on galaxy-
integrated scales: A. Meiksin (2016), for example, found
M /SFR ranging from 0.5-3 reproduces the Lx—SFR
correlation from the S. Mineo et al. (2012) sample. The
(approximate) scaling we recover is predicted by the
upper limit on the mass loading required to keep the
plasma from runaway cooling and is notably the scaling
required to make Lyx/SFR nearly constant with SFR,
indicating that the galaxy-integrated Lx—SFR correlation
may be regulated by mass-loading of the ISM on
subgalactic scales.

2. Our results are consistent with X-ray production
efficiencies of n = 0.5%—-2%. Compared to recent results
from M51, we see that our best-fitting model is broadly
consistent with the flatter relationship they measured in
the outer disk, but our preferred models are unable to
produce the negative slopes they observed. Our preferred
model produces 7 o< L9217, such that the modeled
X-ray production efficiency varies by roughly a factor of
2 across the range of Ygpg that we probe.

We leveraged the existing high-resolution MUSE and
ALMA data from the PHANGS project to investigate multi-
scale correlations between the different phases of the ISM.

1. The net 0.5—2keV counts in any given region of the
galaxy are strongly correlated with the Ho luminosity
and with the total Ha luminosity of the H II regions in
that region from the B. Groves et al. (2023) PHANGS-
MUSE nebular catalog, in line with expectations given
the strong correlation between Ha luminosity and SFR.

2. However, when we aggregate Ha luminosities and
molecular gas densities into Xggg bins in order to
compare to the plasma properties we derived from
spectral fitting, we see that the large-scale Ha luminosity
and CO-derived molecular gas surface density are not
strong predictors of the intrinsic X-ray luminosity and
surface brightness, respectively, on the same scale.

3. We derived simple multiplicative >y—>y,, correlations,

finding
log Lx/L{2 ¥ = —2.28 +0.03, 0 = 0.18 (16)
log Lx/LET = —2.19 + 0.03, o = 0.20, (17)

for the intrinsic 0.5-2 keV luminosity Ly. The X-ray
luminosity in the vicinity of the average star-forming
region is a factor of 200x less than its Ha luminosity,
consistent with results observed for individual star-
forming regions in, e.g., NGC 2403 (M. Yukita
et al. 2010).

4. In contrast to recent studies of many resolved regions in
M51 by C. Zhang et al. (2025), we see only a weak
relationship between the CO(2-1) emission on 1.5 kpc
scales. The power-law slope we derive for the CO(2—-1)—
X-ray scaling relation, 0.987]33, is not well constrained,
but shows a weak preference for a steeper relation than
their result, 0.67 £+ 0.23.

5. We see that the thermodynamic pressure of the ambient
X-ray plasma is typically smaller than the internal
turbulent pressure of molecular clouds. The X-ray
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pressure can exceed the dynamical equilibrium pressure
of the gas and stellar disk of the galaxy measured on
large scales, but is significantly smaller than the “cloud-
scale” equilibrium pressure. The X-ray emitting plasma
is thus able to expand into the ambient medium on large
scales.
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Appendix A
CC85 Model

Following CC85 we will take the energy and mass released
by a single CCSNe as Egny = 107! erg and Mgy = 3 M.,
Writing the number of CCSNe per solar mass formed as v, we
have the energy injection rate into the ISM

E = ¢Ey = ¢EsnvSFR = 3.17 x 103 evSFR [erg s71],
(Al)

where the SFR is expressed in M, yr ' and the dimensionless
factor € € [0, 1] accounts for the thermalization efficiency of
the SNe shocks. We can similarly parameterize the mass
injection rate into the ISM:

M = BMy = BMsyvSFR = 36uSFR [M. yr™'],  (A2)

where 3 > 1 is the mass-loading factor, accounting for the
entrainment of matter into the ISM by the wind. Note that in
some literature, the mass-loading factor is defined as the ratio
between the mass injection rate and the star formation rate,
such that By = M/SFR = BMs\v.

A. Meiksin (2016) derived analytical predictions for the
temperature and density of a plasma resulting from the steady-
state (i.e., ignoring heat conduction and gravitational cooling)
solution of the CC85 model. Most of the emission originates
on scales <R, the size of the idealized spherical star-forming
region, where the temperature and density are roughly constant
(see A. Meiksin 2016, Appendix A). The temperature is

T 2mE  2meE

B ©56My A9

: — 41.02< [keV],
SM Ié)

where 7 is the mean mass per particle (m = m, . for proton
mass m,, and reduced mass p). The model notably predicts no
explicit dependence of the temperature on the SFR, such that
any SFR-dependence of kT would indicate SFR-dependence of
€ and (3. To produce temperatures on the order of 0.1 — 1 keV
as commonly derived from X-ray spectral fits to nearby

galaxies, we must have —2.6 < loge/( < —1.6.
A. Meiksin (2016) derive the central density of the gas as

po = 0.2960M°/2E~"/?R2, (A4)
corresponding to
N = 0.2960-XM32E 12k 2, (A5)

mp

where X is the mass fraction of hydrogen. If we assume that
the temperature and density of the steady-state wind are
approximately constant inside the wind-launching radius R, we
can write the luminosity of the gas as
4

Lg-g, = nenuAnV = gﬂ'nenHR3A12a (A6)
where A, is the cooling function for the E; — E, bandpass,
evaluated at the temperature of the gas. We note the implicit

assumption here that the X-ray emitting plasma fills the
volume V. If we assume n, &~ ny and substitute Equation (A5)
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into the above, we find

Lg_g, = 9.061 x 103 X23% 'R;o (vSFR)? lergs~!] (A7)

A12
1072
for Rigo = R/100 pc, with Ay, in cgs units. If we suppose that
e is constant with SFR and likewise T is not a function of SFR
(or that Ay, is only weakly a function of T in the range of
temperature seen in the hot-phase ISM), then the required
scaling to produce Lyx/SFR ~ constant is 3 o« SFR™/3. We
note that a reduction in the filling factor of the X-ray plasma
would require a larger (3, smaller €, or (counterintuitively)
smaller R to produce the same luminosity at a given SFR.

If the density becomes sufficiently large that the total
radiative cooling rate n.nyAV exceeds the energy injection rate
E, the wind fluid will experience significant radiative cooling,
such that the adiabatic assumption is no longer valid. We thus
require E to exceed the radiative cooling rate, which produces
a corresponding upper limit on the mass-loading factor:

—1/3
6<32.7X2/352/3R110/03(1/SFR)1/3(10%) . (A®)

where the precise dependence of the upper limit on €, Ryoy, SFR
depends on the assumed A. Using analytic cooling functions,
A. Meiksin (2016) derived Bmax < €%73(SFR/Rjg0) %%’ and
D. Zhang et al. (2014) found a similar result using a
cooling function including only free—free emission:
Brmax < €“(SFR/Ryp0) 4.

Appendix B
Multiwavelength SED Map Fit Quality

In Figure 12 we show the normalized residuals of all the
pixels in our pixel-by-pixel SED fit, and the subset to which
we restrict our analysis of the relationship between the X-ray
ISM properties and the SFR. We find no strong systematic
offsets in the residuals of the dataset, and that the residuals of
the pixels inside the SFRD >10"2M_ yr ' kpc ™2 contour are
strongly clustered around 0, with reduced spread (especially in
the near- and mid-infrared) due to the larger signal-to-noise in
this more intensely star-forming region of the galaxy. We take
this to indicate the reliability of our SED fits, and thus our SFR
measurements, especially in this region.

We also compare our nonparametric SFH map-derived
measurements of Ygrr to measurements in the high-level
PHANGS measurement tables (J. Sun et al. 2023), which
compile a variety of SFR estimators based on combinations of
Ha, UV, and NIR indicators, in Figure 13. We see good
agreement between the short-timescale Y ggr estimators in the
J. Sun et al. (2023) catalog and our shortest-timescale Ysrr
measurement from 0 to 10 Myr. The Yggr measurement we
use throughout the paper, from 0 to 30 Myr, is systematically
larger than the Ha, UV, and NIR indicators in part due to our
assumption of a flexible SFH shape: the SFH peaks at stellar
ages older than 10 Myr, such that the average SFR from
0-30 Myr is systematically larger.

J. Chastenet et al. (2025) performed pixel-by-pixel far-IR
SED fits to PHANGS galaxies at comparable resolution to our
own UV-to-IR SED fits, using a slightly different implementa-
tion of the same B. T. Draine & A. Li (2007) dust SED
model. Across all 1203 pixels we fit in NGC 4254, we found
108 Upin = 0155038, log U = 0237054, logy = —1.7975:¢1,
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Figure 12. Violin plots of the normalized residual (data—model /o) for each bandpass used to fit the multiwavelength SED map. Black violins show all pixels, while

red violins show the pixels inside the SFRD >10"> M., yr~ ! kpc™? contour. Horizontal lines are plotted at 0, =1, and & 3 to guide the eye.
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Figure 13. Comparisons between our SED fitting-derived ¥gggr measurements and the estimators compiled in the high-level J. Sun et al. (2023) catalogs, where
W4 = WISE W4 (22 ym), FUV = GALEX FUV (154 nm), and NUV = GALEX NUV (231 nm). The UV+IR SFR estimators are described by J. Sun et al. (2022)
and A. K. Leroy et al. (2021a), and the Ha-based estimators are described by E. Emsellem et al. (2022). We show the running median and 16th—84th percentile range
of the estimators for each hexagonal tile, as a function of the Xggg derived from our maps on two different timescales, 10 and 30 Myr. The thick dashed line shows
the 1:1 relation. Agreement is good on the timescales probed by the UV indicators, though as expected our 10 Myr Ygg is systematically larger than the Ha-derived
measurements, which probe star formation on even shorter timescales. Our 30 Myr Yggr measurement, probing a longer timescale than any of the estimators in
J. Sun et al. (2023), is systematically larger by a factor of 2-3. The SFH of most of the regions in the galaxy peaks at stellar ages older than 10 Myr.

and gpay = 4.5 11392 %, compatible with the J. Chastenet et al.
(2025) estimates of the same parameters across the
galaxy:**log Upi, = 0271018, log 7 = 0.367017, logy = —1.90791,
and gp,y = 527719, We note that in their implementation
of the B. T. Draine & A. Li (2007) models the PAH

fraction is allowed to vary over a slightly larger range,

34 The J. Chastenet et al. (2025) parameter maps are available at IRSA
(J. Chastenet et al. 2024).
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whereas our model caps gpay at 4.58%, and that we do not
fit a dust mass or stellar density due to our assumption of
energy balance between the dust and the stellar popula-
tion attenuation. We compare the distributions of the
recovered dust parameters across all pixels in the galaxy
in Figure 14.
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Figure 14. We show a corner plot of the dust parameters from our SED fits (plus the mean radiation field U, derived from Uy, Unax» and ) in comparison to the
values found by J. Chastenet et al. (2025). We see good agreement between the two sets of dust SED fits, with the notes that J. Chastenet et al. (2025) recover
narrower distributions, due to their requirements of a Hershel SPIRE 250 um signal-to-noise ratio >1, and that their implementation of the B. T. Draine & A. Li

(2007) model allows greater values of gpay, Which our fits cap at 4.58%.
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Appendix C
X-Ray Spectral Fits

In Figures 15 and 16 we show the X-ray spectral fits to the
remaining stacks. In Figure 17, we show the X-ray spectral fit to
the galaxy integrated spectrum described in Section 5.2.

1073 ¢

007 = Zom <0, —— plaw (XRBs)
09.?-. —— apec (kT'=0.55*313)

Source mdl. (plaw+apec)
Source mdl. + scaled bkg.
Scaled bkg. mdl.

.ﬂ
<
L

Counts s~! keV~! kpc—2
=

Resid [o]
o
o

—25F
-5.0 E 1 1 1
0.5 1 3 5 8
Energy [keV]
1073 ¢
0.05 < Zspr < 0.07, —— plaw (XRBs)
'é' —— apec (kT=0.27%§83)

Source mdl. (plaw+apec)
Source mdl. + scaled bkg.
Scaled bkg. mdl.

Counts s~! keV~! kpc—2

Resid [o]

Energy [keV]
Figure 15. Same as Figure 3, for the 0.07 < Yspr/(Ms yr~ ' kpc™2) < 0.09 and 0.05 < Zgpr/(Me yr~ ' kpe™2) < 0.07 bins.
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Figure 16. Same as Figure 3, for the 0.03 < Yspr/(Me, yr~ ' kpc™2) < 0.05 bin.
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Figure 17. Same as Figure 3, for the integrated spectrum extracted inside the X-ray extent of the galaxy (see Section 5.2). Note that for this plot we have chosen not
to normalize the y-axis by the area over which the spectrum was extracted.
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Appendix D
H1 Image

In Figure 18 we show the 21 cm map of NGC 4254, which
J. Sun et al. (2023) used to produce the atomic gas density
measurements we use to derive a prior on the hydrogen
column density for our X-ray spectral fits.
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Figure 18. The 21 cm intensity map in K km s~ '. The beam of the observation is shown in the lower right panel, and the 7 x 7' image is centered on the same
position as the images displayed in Figures 1 and 2.
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