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Abstract

The PHANGS survey uses Atacama Large Millimeter/submillimeter Array, Hubble Space Telescope, Very Large
Telescope, and JWST to obtain an unprecedented high-resolution view of nearby galaxies, covering millions of
spatially independent regions. The high dimensionality of such a diverse multiwavelength data set makes it
challenging to identify new trends, particularly when they connect observables from different wavelengths.
Here, we use unsupervised machine-learning algorithms to mine this information-rich data set to identify novel
patterns. We focus on three of the PHANGS-JWST galaxies, for which we extract properties pertaining to their
stellar populations; warm ionized and cold molecular gas; and polycyclic aromatic hydrocarbons (PAHs), as
measured over 150 pc scale regions. We show that we can divide the regions into groups with distinct multiphase
gas and PAH properties. In the process, we identify previously unknown galaxy-wide correlations between PAH
band and optical line ratios and use our identified groups to interpret them. The correlations we measure can be
naturally explained in a scenario where the PAHs and the ionized gas are exposed to different parts of the same
radiation field that varies spatially across the galaxies. This scenario has several implications for nearby galaxies:
(1) The uniform PAH ionized fraction on 150 pc scales suggests significant self-regulation in the interstellar
medium, (ii) the PAH 11.3/7.7 pum band ratio may be used to constrain the shape of the non-ionizing far-ultraviolet
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to optical part of the radiation field, and (iii) the varying radiation field affects line ratios that are commonly used as
PAH size diagnostics. Neglecting this effect leads to incorrect or biased PAH sizes.

Unified Astronomy Thesaurus concepts: Astrostatistics techniques (1886); Astronomy data visualization (1968);
Warm ionized medium (1788); Interstellar dust (836); Polycyclic aromatic hydrocarbons (1280)

1. Introduction

Over the past several decades, astronomy has been going
through a data revolution. It was pioneered by the Sloan Digital
Sky Survey, which imaged roughly one-third of the sky in five
photometric bands, providing measured photometry for billions
of objects and spectroscopy for millions (York et al. 2000;
Eisenstein et al. 2011; Dawson et al. 2013). Since then, past
and ongoing surveys have been producing massive data sets
that include millions to billions of objects with astrometric,
photometric, spectroscopic, or time-series observations (e.g.,
Pan-STARRS; Zwicky Transient Facility; Gaia; APOGEE;
MANGA; DESI; Kaiser et al. 2010; Bellm 2014; Bundy et al.
2015; DESI Collaboration et al. 2016; Gaia Collaboration et al.
2016; Majewski et al. 2017; Abdurro’uf et al. 2022; DESI
Collaboration et al. 2023; Gaia Collaboration et al. 2023).
These observations, along with numerous derived products
from them, were made publicly accessible through efficient and
convenient interfaces and changed the way astronomers
interact with observations, marking the beginning of the big
data era in astronomy. In the near future, surveys by the Vera
Rubin Observatory, Roman Space Telescope, Euclid, SDSS-V,
and the Square Kilometre Array (e.g., Dewdney et al. 2009;
Kollmeier et al. 2017; Ivezié et al. 2019; Euclid Collaboration
et al. 2022), to name a few, are expected to make another order-
of-magnitude increase in data volume.

The big data era in astronomy is not only characterized by an
increase in data volume, related to the total number of observed
sources, but is also characterized by an increase in data
complexity, which is related to the increased information
content of a single astronomical source. With numerous
surveys conducted using different telescopes and instruments,
astronomical sources today often have multiwavelength
observations, from radio to X-ray, and in some wave bands,
also as a function of time. In the nearby Universe, over the past
several decades, surveys have mapped tens to hundreds of
nearby galaxies from ultraviolet (UV) to radio using imaging
and spectroscopy (e.g., SINGS; KINGFISH; THINGS; xCOLD
GASS; Kennicutt et al. 2003; Dale et al. 2007; Walter et al.
2008; Moustakas et al. 2010; Kennicutt et al. 2011; Saintonge
et al. 2011; Dale et al. 2017; Saintonge et al. 2017). Examples
of galaxy clusters include the multiwavelength mapping of the
Virgo cluster galaxies (e.g., Coté et al. 2004; Boselli et al.
2011, 2018; Brown et al. 2021). Outside the local Universe,
there are several multiwavelength surveys that mapped galaxies
at different redshifts in deep fields (e.g., GOODS; COSMOS;
Ferguson et al. 2000; Giavalisco et al. 2004; Scoville et al.
2007).

The increase in data complexity raises some challenges, but
also presents some new opportunities. On the one hand, it
raises the question of how to incorporate the different types of
observations, each with different sensitivities, spatial and
spectral resolutions, and noise properties, within the same
framework, in a sufficiently general manner to be applied to a
variety of astronomical objects. In addition, the high dimen-
sionality of the data makes it challenging to identify trends,
especially when they tie observables from different

wavelengths or instruments. On the other hand, the increase
in information content offers the unique opportunity to use the
data itself to form novel hypotheses, a core approach in the
field of data science.

In the more traditional, model-driven or physics-driven
approach, a scientific study starts with a hypothesis. Observa-
tions are planned and conducted to test the hypothesis, and
their analysis leads to new insights, often resulting in new
hypotheses. In data science, various statistical tools are used to
visualize and dissect the high-dimensional space spanned by
the data set. When the information content of the data is large,
such tools may uncover previously unknown trends or groups
of objects, allowing one to form hypotheses directly from the
data. Since this process relies less on a physical model or on
prior knowledge, it may lead to unexpected discoveries.

With the advent of multiwave band opportunities, surveys
have been producing larger and more complex data sets. The
Physics at High Angular resolution in Nearby GalaxieS
(PHANGS; Leroy et al. 2021a; Emsellem et al. 2022; Lee
et al. 2022, 2023) survey is an example of a modern
astronomical survey that pushes the limits of data complexity.
With the goal of constraining the physics near or at the
molecular cloud scale, the survey has been making high-
resolution observations of nearby galaxies across the electro-
magnetic spectrum, utilizing various telescopes and instru-
ments. Nineteen of the PHANGS galaxies have high-resolution
maps obtained with the following telescopes: Atacama Large
Millimeter/submillimeter Array (ALMA; mm interferometry;
Leroy et al. 2021a), Hubble Space Telescope (HST; UV and
optical imaging; Lee et al. 2022), JWST (near-infrared and
mid-infrared imaging; Lee et al. 2023), and Very Large
Telescope (VLT; optical integral field spectroscopy with
MUSE; Emsellem et al. 2022). Each of the galaxies has
10°-10" independent spatial resolution elements,”> with each
pixel/spaxel probing the conditions of multiphase gas, dust,
and stars on scales of 5-100 pc (see Figure 1). The unique
combination of spectral coverage and high spatial resolution
makes the information content of a single PHANGS galaxy
comparable to that of the Legacy SDSS spectroscopic survey
when considering the number of spectra and spectral resolution
elements.

The high information content of the PHANGS galaxies
makes it an ideal data set for applications of data-science tools.
In this pilot study, our goal is to test whether unsupervised
machine-learning algorithms can be used to identify previously
unknown trends or groups in the data. Such tools have been
applied to astronomical data sets in various contexts (see
reviews and references in Baron 2019, hereafter B19; and
Fluke & Jacobs 2020), with the most relevant and recent
examples being (i) identification of underlying correlations in
the high-dimensional data of molecular cloud populations
constructed from multiwavelength observations from
PHANGS (Sun et al. 2022), and (ii) the application of a

35 The number of independent resolution elements depends on the spatial
resolution, with ~10° spaxels for MUSE and ALMA, ~10° pixels for JWST
MIRI, and ~107 pixels for HST and JWST NIRCam.
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Figure 1. The information content in a single PHANGS galaxy. The diagram uses data obtained for NGC 7496 to illustrate the multiscale multiwavelength information
available as part of the PHANGS survey. The top row shows images of the galaxy obtained using: HST-WFC3 (F336W filter), VLT-MUSE (stellar continuum
emission and Ha surface brightness), JWST-NIRCam (F200W filter), JWST-MIRI (F770W filter), and ALMA. The different images have different spatial resolutions,
ranging from ~0” 08 to ~1”, as indicated at the bottom of each image. Each PHANGS galaxy has 10°-107 pixels /spaxels. The multiwavelength information available
in each pixel/spaxel is shown in the bottom row, and it includes several UV-optical photometric bands by HST, a full optical spectrum between 4800 A and 9300 A
by MUSE, eight JWST near and mid-infrared photometric bands, and a spectrum of the CO line reconstructed from millimeter interferometric observations by ALMA.
The black solid lines represent observed spectra, blue rectangles represent photometry, and gray dashed lines represent the expected underlying spectrum. For
presentation purposes, the flux densities in each wavelength region have been stretched vertically to cover the entire panel. In this work, we use a set of physically

motivated properties measured from these observations.

clustering algorithm to JWST observations of polycyclic
aromatic hydrocarbon (PAH) emission in the Orion Bar
(Pasquini et al. 2023).

In this work, we estimate properties related to the stellar
populations, multiphase gas conditions, and dust properties, on
scales of 150 pc. We then use dimensionality reduction and
clustering algorithms to divide these 150 pc sized regions into
groups. In the process, we identify new relations between
PAHs and the warm ionized gas, and use our defined clusters to
interpret these relations. This work is therefore complementary
to recent studies that explicitly study the connection between
PAHs, the ionized gas, and the radiation field, in the PHANGS-
JWST galaxies, using a more physics-driven approach. In
particular, Egorov et al. (2023) study the PAH-to-total dust
fraction and its relation to the strength of the radiation field,
parameterized using the gas ionization parameter, in HII
regions. Dale et al. (2023) constrain different PAH properties,
such as their size and charge distribution, in stellar clusters,
while exploring the impact of changing radiation fields.
Chastenet et al. (2023a) and J. Sutter et al. (2024, in
preparation) study how the PAH fraction depends on local
and global conditions, including the phase of the ISM, specific
star formation rate, metallicity, and stellar mass.

In Section 2, we describe the data we use in our analysis. In
Section 3, we describe our approach, which consists of three
main steps: feature construction (Section 3.1), dimensionality
reduction (Section 3.2), and clustering (Section 3.3). The
resulting clusters, their interpretation, and the new relations

found between PAHs and the warm ionized gas are presented
in Section 4. The results section stands on its own and does not
require a deep understanding of the methods. Therefore,
readers who are interested in the results may skip Section 3
and go directly to Section 4. In Section 5, we discuss possible
extensions and generalizations of our methodology. We
summarize and conclude in Section 6.

2. Data

To study the interplay between interstellar medium (ISM)
gas and dust, star formation, and the observed stellar
populations, we use multiwavelength observations by ALMA,
VLT-MUSE, JWST-NIRCam, and JWST-MIRI, obtained as
part of the PHANGS survey (Leroy et al. 2021a; Emsellem
et al. 2022; Lee et al. 2023). The first PHANGS-JWST data
release includes fully reduced and calibrated NIRCam and
MIRI broadband images of the three galaxies: NGC 0628,
NGC 1365, and NGC 7496 (e.g., Lee et al. 2023 and references
therein). The broadband images have been extensively tested
and analyzed in a series of recent works (e.g., Sandstrom et al.
2023a; Chastenet et al. 2023b; Sandstrom et al. 2023b; Belfiore
et al. 2023; Dale et al. 2023; Egorov et al. 2023; Leroy et al.
2023), making them an ideal benchmark for applications of
machine-learning algorithms. We therefore focus on these three
galaxies here.

Since our goal is to combine information from different
instruments (ALMA, MUSE, and JWST NIRCam and MIRI),



THE ASTROPHYSICAL JOURNAL, 968:24 (37pp), 2024 June 10 Baron et al.
Table 1
PHANGS-Two-dimensional Galaxy Properties
@ (@) 3 (C)) ® © Q) ® ® 10)
Galaxy D i SFR log My AGN? FWHM Npix,in Npix samp Npix final
(Mpc) (deg) M yr™) (log M) (arcsec)
NGC 0628 9.84 9 1.75 10.2 no 3714 2,560,000 40,000 6,387
NGC 1365 19.57 55 16.90 10.8 yes 1758 346,710 38,523 12,565
NGC 7496 18.72 36 2.26 9.8 yes 1765 99,000 24,750 5,055

Note. (1)—(5) Galaxy properties from Lee et al. (2023): name, distance, inclination, star formation rate (SFR), and stellar mass. (6) Indicator of AGN presence. (7)
Effective spatial resolution of the convolved multiwavelength maps. (8) Number of pixels in the initial ALMA WCS grid of the galaxy. (9) Number of pixels in the
grid after downsampling the ALMA grid to have at least two pixels per 150 pc. (10) Number of pixels that are not masked out in the pixel mask. The machine-learning

algorithms are applied to these sets of pixels.

each with a different spatial resolution, and to consider pixels
from different galaxies within the same analysis, we have to
ensure that the pixels trace information originating from the
same physical scale. We therefore use PHANGS data products
that are based on maps convolved to a resolution of 150 pc, as
described in each of the subsections below. We list the
effective angular resolution (”) of the convolved maps for each
of the galaxies in Table 1.

We project all the convolved maps into the world coordinate
system (WCS) defined by the ALMA observations using
REPROJECT.EXACT by ASTROPY (Robitaille et al. 2020;
Astropy Collaboration et al. 2022). We then downsample the
R.A.—decl. coordinate grid to have two pixels per resolution
element of 150 pc in each of the galaxies.’® We list the initial
number of pixels in the ALMA observation grid and the
number of pixels after the downsampling in Table 1.

As an illustration, we show different properties of NGC 1365
derived from the ALMA, MUSE, and JWST maps in Figure 2.
These include properties pertaining to the cold molecular gas,
warm ionized gas, stellar populations, PAHs, and large dust
grains. In the rest of the section, we describe the data products
we use and their analysis.

2.1. ALMA

To trace the cold molecular gas properties, we use the
PHANGS-ALMA survey (Leroy et al. 2021a, 2021b). The
survey mapped the '>CO(2 — 1) (CO hereafter) line emission at
a spatial resolution of ~1” ~ 100 pc in 90 nearby galaxies.
After imaging, the cubes are convolved to a succession of
physical resolutions. We use the PHANGS-ALMA data
products obtained after convolving the cubes to a spatial
resolution of 150 pc.

The catalog includes two main types of products. The
“strict” mask products include two-dimensional maps gener-
ated from the data cubes after applying stringent signal
identification criteria. Since these require a detection of the
signal with high confidence, these maps have low noise, but
they include less of the total CO flux and are thus somewhat
incomplete. The “broad” mask products include two-dimen-
sional maps generated using all the sight lines where signal is
identified at any resolution, making them more complete than
the “strict” mask products. However, since these include
regions with faint emission, they appear noisier and can contain
false positives. In Figure 2, we show the CO moment 0 (total

36 The pixels in the downsampled grid therefore trace distances of 76.3, 85.4,
and 89.6 pc, for NGC 0628, NGC 1365, NGC 7496, respectively. We ensured
that using only one pixel per resolution element of 150 pc results in a low-
dimensional embedding comparable to that which we obtain with two pixels.

intensity) derived using the “strict” and “broad” masks, as well
as the CO effective width (W.y, a line width measure)
calculated using the “strict” masks. Since our analysis requires
high completeness and can tolerate some additional noise, we
use the CO flux derived using the “broad” mask in our feature
extraction (see details in Section 3.1).

2.2. MUSE

To trace the warm ionized gas conditions and the
stellar population properties, we use the PHANGS-MUSE
survey (Emsellem et al. 2022). This survey mapped 19
of the PHANGS-ALMA galaxies with the integral field
spectrograph MUSE at a spatial resolution of ~1”. The data
analysis pipeline of the survey includes (i) mosaicking and
homogenization of individual MUSE pointings for a given
galaxy, (ii) performing spatial binning of the spectra to reach
sufficient signal-to-noise ratio (S/N) for stellar population
synthesis modeling, (iii) fitting the stellar continuum to extract
the stellar kinematics, reddening, and stellar populations, and
(iv) fitting the optical emission lines to extract gas kinematics
and line fluxes. In this work, we use various properties (see
below) derived from the MUSE cubes after they have been
convolved to a resolution of 150 pc (PHANGS DR2.2 release).

For the warm ionized gas properties, we use the surface
brightness maps of the Balmer lines H3and Ha, and the
following emission lines: [O IIJA 5007A, [O I]A 6300A, [N 11]
A6584A, and [SH]AN6717A +6731A (O], [OI], [N,
and [S 1] hereafter). These are estimated by fitting the spectra
in the convolved cubes with a set of Gaussians (see details in
Emsellem et al. 2022). To estimate the dust-corrected
Ha surface brightness, we assume case-B recombination
(T= 10* K), a dusty-screen, and the Cardelli et al. (1989)
extinction law, with the color excess given by the following:

(Ha/Hﬁ)obs ]mag

1
2.86 W

EB—-V)=1233 x log[

where (Ha/H[B)ops 18 the observed Ha/HS surface brightness
ratio. We then correct the observed Ha surface brightness using
the derived E(B — V) values.

In our analysis, we consider the dust-corrected Ho surface
brightness, the Ha gas velocity dispersion, and the line ratios
log([O m]/HB), log([N1]/Hea), log([S1]/Hea), and
log([O 1]/Ha), which are typically used to constrain the main
source of ionizing radiation. These line ratios are based on lines
close in wavelength, so they are nearly reddening independent.
We thus do not correct the lines for reddening prior to the line
ratio estimation. We do correct the Ha surface brightness for
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Figure 2. Different properties derived from the ALMA, MUSE, and JWST observations of NGC 1365. The first row shows cold molecular gas properties from
ALMA: 2CO@2 — 1) moment 0 (intensity) derived using the “strict” (lower noise but less complete) and “broad” (noisier and more complete) masks, and the CO
effective width derived using the “strict” masks. The second and third rows show gas and stellar population properties from MUSE: dust-corrected Ha surface
brightness, the line ratios log([N 11]/Ha), log([S 11]/He), and log([O m1]/HS), Ha velocity dispersion, stellar velocity dispersion, stellar mass surface density, and the
age of the stellar population. The fourth row shows dust grain properties from JWST: PAH 3.3 and 7.7 pm emission features, and broad-band mid-infrared emission
from hot dust at 10 and 21 pm. The 21 pm image is saturated in the center of the galaxy and shows noticeable diffraction spikes. All the maps are convolved to a
common resolution of 150 pc.

in which these properties are measured with S/N <3
masked out (see discussion about feature missingness in
Section 5.2).

reddening since our derived features in Section 3.1 include
ratios of Ha to CO or PAH emission. We propagate the surface
brightness uncertainties to the feature uncertainties, and pixels
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For the stellar population properties, we use maps of the
stellar velocity dispersion, stellar mass density, mass-weighted
stellar age, mass-weighted stellar metallicity, and reddening
toward the stars. These properties were derived using stellar
population synthesis fits of binned stellar spectra, using
Voronoi bins of the convolved MUSE cubes (Emsellem et al.
2022; Pessa et al. 2023).

2.3. JWST

To trace PAH properties and dust-reprocessed stellar or
active galactic nucleus (AGN) light, we use the Cycle 1
PHANGS-JWST survey data (Lee et al. 2023; Williams et al.
2024). It is a JWST treasury survey aimed at collecting imaging
data in eight bands from 2 to 21 pm of the 19 galaxies observed
as part of PHANGS-ALMA, PHANGS-MUSE, and PHANGS-
HST. The broadband images include the four NIRCam bands
F200W, F300M, F335M, and F360M, probing near-infrared
emission at 2, 3, 3.35, and 3.6 um respectively, and the four
MIRI bands F770W, F1000W, F1130W, and F2100W, probing
mid-infrared emission at 7.7, 10, 11.3, and 21 um. These filters
are designed to cover different PAH emission bands, which are
expected to be sensitive to different grain size and charge
distribution, to capture dust continuum emission, and the
silicate 9.7 pum absorption feature.

We use the same version of the surface brightness maps
presented and described in the PHANGS-JWST Cycle 1 Focus
Issue’’ (version 0.8; see, e.g., Sandstrom et al. 2023a;
Chastenet et al. 2023b; Sandstrom et al. 2023b; Belfiore
et al. 2023; Dale et al. 2023; Lee et al. 2023). These maps are
convolved to a spatial resolution of 150 pc using the approach
described in Aniano et al. (2011). Williams et al. (2024)
describes the full data reduction pipeline.

To study the PAH properties, we use the MIRI F770W and
F1130W broadband images, which are expected to be
dominated by the 7.7 and 11.3 pm PAH features. We also
use the NIRCam bands F300M, F335M, and F360M, and
follow the procedure outlined by Sandstrom et al. (2023a) to
estimate the 3.3 um PAH flux (F335Mpay hereafter). This
procedure uses the F300M and F360M bands to subtract the
starlight contribution from the F335M band, thus isolating the
flux from the 3.3 um PAH feature.

For the dust continuum emission, we considered both the
MIRI F1000W and F2100W filters, although both suffer from
different limitations. The F1000W filter shows strong correla-
tions with the PAH-tracing filters F770W and F1130W, and a
weaker correlation with the hot dust-tracing filter F2100W,
suggesting that the filter is in fact dominated by PAH emission
in a large fraction of the pixels (e.g., Belfiore et al. 2023; Leroy
et al. 2023). The F2100W filter traces only dust continuum
emission, but it is saturated in the central pixels of NGC 1365
and NGC 7496, presenting significant diffraction spikes (see
Figure 2 and Chastenet et al. 2023b). Since using the F2100W
filter would require us to mask out the saturated galaxy centers
and the diffraction spikes, we do not include it in our feature
construction. We do include the F1000W filter, but note that it
traces PAH emission much more than the hot dust continuum.
We use both F1I000W and F2100W in our interpretation of the
resulting clusters and trends.

37 https: / /iopscience.iop.org /collections /204 1-8205_PHANGS-JWST-First-
Results

Baron et al.

Following the papers in the Focus Issue, we use the
convolved maps of NGC 7496 to estimate the noise level in
all the relevant bands (F335Mpay, F770W, F1130W, F1000W,
F2100W).*® NGC 7496 is the only target with sufficiently
empty space that is not contaminated by emission from the
source. The estimated noise rms levels, in units of MJy srfl,
are 0.0071, 0.021, 0.023, 0.013, and 0.082, for the F335Mpug,
F770W, F1130W,F1000W, F2100W bands, respectively. We
use these values to mask out pixels in which the measured flux
is lower than 3 times the noise rms in all three galaxies.

3. Methods

In this section, we apply unsupervised machine-learning
algorithms to the maps constructed from the ALMA, MUSE,
and JWST observations. These algorithms are used to divide
the pixels from the different galaxies into groups according to
their multiwavelength properties, where pixels in a given group
show distinct values or correlations between their stellar, gas,
and dust properties, from pixels in other groups. This allows us
to explore the complex multiwavelength PHANGS data set
without an initial model-driven hypothesis. Instead, we form
data-driven hypotheses by inspecting the resulting groups and
identifying previously unknown trends and correlations
within them.

In our analysis, each pixel from each of the galaxies is
considered as a separate object with a set of measured features.
The measured features are constructed from the multiwave-
length maps, and they trace the stellar, gas, and dust properties
within each of the pixels. The features do not include
information related to the galaxy a pixel belongs to, or its
location within the galaxy, although both are used when
interpreting the results. Once a final list of objects with
measured features is constructed, we apply a dimensionality
reduction algorithm to this data. The output of the dimension-
ality reduction is an embedding of the high-dimensional data
into a two-dimensional space, where every object (pixel) is
represented by two numbers. We then apply a clustering
algorithm to the distribution of the objects in the two-
dimensional space, which allows us to assign a class to each
of the objects. Therefore, this three-step procedure divides the
PHANGS pixels into groups according to their multiwave-
length observations.

We start by describing our feature construction scheme in
Section 3.1, which includes our definition of features, and their
scaling and normalization. Since the data contains a non-
negligible fraction of nondetections, the section also describes
our adopted pixel masking strategy aimed at minimizing
missing feature values, and our strategy to handle the
remaining missing values. In Section 5.2, we discuss the issue
of missing values more generally, and propose methods to
handle nondetections and upper limits in future works. In
Section 3.2, we apply the dimensionality reduction
algorithm uniform manifold approximation and projection
(UMAP) and obtain a two-dimensional embedding of the input
data set. We also discuss the impact of different hyperpara-
meter choices on the resulting two-dimensional embedding. In
Section 3.3, we apply several different clustering algorithms to

38 . . .
Our estimated noise levels of the convolved, lower-resolution maps are

consistent with those estimated by Lee et al. (2023) and Chastenet et al.

(2023b) for the high-resolution maps given the convolution kernel size.
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Table 2
Selected Features
Feature Unit Missing Fraction after Pixel Mask
logf(Ha) /I(CO) log(erg s~ cm~2 pixel ! /K km s™!)
logf(Ha)/f(10 pm) log(erg s~ cm~2 pixel~!/MJy sr~})
logl(CO) /fpan(7.7 pm) log(K km s~!/MIJy sr™h)
logf([N II])/f(Her) 0.033%
logf([S MI)/f(He)
logf([O 11)/f(Ha) 0.36%
logf([O TI])/f(HpB) 1.53%
logAge log(yr)
gas E(B—-V) mag
logfpan(3.3 pm)/fpap(7.7 pum)
logfpan(3.3 pm)/fpan(11.3 pm)
logfpan(11.3 pm)/fpan(7.7 pm)
log (fpan(7.7 pm) + fpan(11.3 prm))/£(10 pm)
logo (Ha) * log(km s~ 0.066%
logp ™ log(Mg, pc=?) 0.12%
log o (Ha)/o (stars) ™ 12.4%

Note. Summary of the selected features, their units, and their missing fraction after applying the pixel mask. The data was first scaled, then clipped, and then
normalized. All features except the gas E(B — V) are scaled logarithmically. Then, all features are clipped to be between the 0.5th and 99.5th percentiles of the
distribution. All the features are then normalized by subtracting the mean and dividing by the standard deviation of the clipped distribution. The last three features
were excluded from the data after some initial tests: *, these features dominated the two-dimensional embedding and resulted in a trivial embedding with three clusters
corresponding to the three different galaxies; *, high fraction of missing values and little impact on the resulting embedding.

the two-dimensional embedding and define the final clusters
that will be used to group the pixels.

3.1. Feature Extraction

We use the convolved, reprojected, and downsampled maps
obtained from the ALMA, MUSE, and JWST observations
described in Section 2. Since our goal is to study the interplay
between stellar, gas, and dust properties, we require >30
detection of the Ha and CO emission lines, the PAH bands,
and the dust continuum emission.>® For that requirement, we
construct a pixel mask map for each of the galaxies. In each
pixel mask map, a pixel value is set to 1 if this pixel is not
masked out in every one of the following maps: dust-corrected
Ha surface brightness, CO intensity using the “broad” mask,
F335Mpan, F770W, and F1000W. Otherwise, the pixel value
is set to 0. Since the Ha surface brightness is dust corrected,
requiring a 30 detection ensures the detection of the weaker
Hg line. While this requirement does not ensure the detection
of the [OmI], [NII], [S1], and [OI]lines, their detection
fraction is quite high (see missing fractions in Table 2).

We list the number of pixels in the pixel mask map in
Table 1. The included pixels are also marked with colors in
Figure 3 in the results. They constitute only 15%, 32%, and
20%, of all the pixels in the downsampled maps of NGC 0628,
NGC 1365, and NGC 7496, respectively. There are two main
factors contributing to the large number of masked-out pixels.
The first is the incomplete overlap between the fields of view of
the different instruments (see, e.g., Figure 1 in Lee et al. 2023).
The second factor is our requirement of CO and PAH detection,
which masks out around 30% of the pixels (see, e.g., Figure 3).

% The stellar population properties are measured using high-S/N binned
spectra, and their measured uncertainties are generally smaller than 3 times the
measured value. Therefore, the stellar properties are quite complete throughout
the field of view.

These pixels are masked out because the CO and PAH
3.3 pum emission are below the sensitivity limit.

Among the maps we consider in our masking, the dust-
corrected Ha and the 7.7 and 10 pm surface brightness maps
are quite complete, with a small fraction of masked-out pixels.
The CO and 3.3 pm maps have a larger fraction of masked-out
pixels, and they typically have the same pixels masked out in
both. Since we are interested in studying multiphase gas and
dust, which cannot be done without a CO and 3.3 ym PAH
emission detection,40 we choose to exclude such pixels from
the analysis. Our choice to use the CO emission identified
using the “broad” mask is motivated by the CO detection
requirement, since the CO line is detected in a larger fraction of
the pixels compared to that of the “strict” mask. If instead we
had used the CO intensity identified using the “strict” mask, we
would have had to mask out approximately 80%-90% of the
pixels in each galaxy, excluding most of the diffuse ISM. In
Section 5.2, we discuss the implications of excluding such
pixels from the analysis and propose possible methods to
include upper limits and nondetections in future analyses of
this kind.

Table 2 summarizes the features we considered, most of
which are surface brightness ratios. Although the machine-
learning algorithms we use can in principle be applied to
measured surface brightness values directly, we choose to work
with ratios as we find them more easy to interpret. The first
three features, Ha to CO, Ha to 10 um, and CO to
7.7 pm PAH, trace the interplay between star formation
(traced by Ha), different gas phases (traced by Ha and CO),
and dust grains. We also consider the warm ionized gas
line ratios log([N 11]/Hc), log([S 11]/Ha), log([O 1]/He), and
log([O 1] /HB) as features, as these are known to be sensitive
to the source of ionizing radiation through standard Baldwin,

40 we require a detection of the 3.3 pum PAH feature as this band is
particularly useful when constraining the PAH size distribution. See
Section 4.2 for additional details.
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Figure 3. UMAP dimensionality reduction of the PHANGS multiwavelength pixels. The left panels show the three galaxies NGC 628, NGC 1365, and NGC 7496,
where pixels that are included in the analysis are marked with colors. In these panels, the gray-scale background represents the Ha surface brightness, and the black
contours represent the CO intensity. The right panel shows our adopted UMAP embedding. Every point corresponds to an object (pixel) from our input data set, which
includes 24,007 objects with 13 features each (features trace 150 pc size regions). The two-dimensional embedding was obtained using the following hyperparameters:
metric=correlation,n_neighbors=10, and min_dist=0, although we show in Appendix A that the global structure in the two-dimensional space remains
stable when changing the metric and the n_neighbors parameter. Each pixel is colored according to the galaxy it belongs to, information that is not included in the
input data set. The embedding shows several overdense regions that may be interpreted as clusters, connected through filamentary structures of points, suggesting that

the features form continuous relations in the complex high-dimensional space.

Phillips, and Terlevich (1981; BPT) diagrams (Baldwin et al.
1981; Veilleux & Osterbrock 1987; Kewley et al. 2001;
Kauffmann et al. 2003), as well as to metallicity, ionization
parameter, and more (e.g., Kewley et al. 2019).

We consider properties pertaining to the dynamics and stellar
population traced by the MUSE observations: the ionized gas
velocity dispersion measured with the He, the gas-to-stellar
velocity dispersion ratio, the stellar mass surface density, the
age of the stellar population, and the reddening toward the line-
emitting gas (see Equation (1)). Three of these features were
later excluded from the analysis—(i) the Ha velocity disper-
sion, (ii) and the stellar mass surface density, since they
dominated the dimensionality reduction and resulted in a trivial
embedding where the pixels were divided into three clusters
according to the galaxy they belong to,*' even after correcting
for galaxy inclination, and (iii) the gas to stellar velocity
dispersion ratio, which had a large fraction of missing values
and had little impact on the low-dimensional embedding.

We include several flux ratios that trace different PAH
properties. The 3.3 um PAH feature primarily traces small and

4! The clipping and normalization we perform (see below) to the features
should have, in principle, ensured that the feature values do not differ
significantly between the different galaxies. In practice, however, these two
features showed non-Gaussian distributions with significant tails, which
affected the normalization and resulted in nonstandard distributions that are
different for the different galaxies. Since these tails correspond to robust
measurements that represent extreme dynamical environments, we do not clip
them. To include such features in future studies, it might be necessary to
perform histogram equalization prior to the clipping and normalization.

neutral PAHs, while the 7.7 pm feature traces larger and
positively charged ions, and the 11.3 pum feature represents
grains that are larger and neutral (e.g., Boersma et al.
2016, 2018; Maragkoudakis et al. 2020; Draine et al. 2021;
Rigopoulou et al. 2021; Maragkoudakis et al. 2022). Therefore,
the 3.3/11.3 pm and 3.3/7.7 um PAH ratios are sensitive to
the PAH size distribution, although they are also sensitive to
the shape of the far-ultraviolet (FUV)-optical radiation
field (see, e.g., Draine et al. 2021; and Appendix C.1). The
11.3/7.77 pm PAH ratio is primarily sensitive to the PAH
charge distribution, although also to the shape of the radiation.
To trace the PAH abundance, several recent studies defined
Rpag = (F770W + F1130W)/F2100W, which is a ratio of
PAH to dust-continuum flux (e.g., Chastenet et al. 2023a,
2023b; Egorov et al. 2023; J. Sutter et al. 2024, in preparation).
Since the F2100W is saturated in the centers of NGC 1356 and
NGC 7496, we use an alternative feature, (F770W -+
F1130W)/F1000W, where F1000W is used to trace the hot
dust continuum. However, we found that the (F770W +
F1130W)/F1000W feature does not correlate with Rpap, most
likely since the F1I000W band is dominated by PAH emission,
rather than by hot dust continuum emission. In addition, the
band may also be affected by 9.7 um silicate absorption (e.g.,
Smith et al. 2007).

Most of the features we consider are distributed over several
orders of magnitude. In such a case, any dimensionality
reduction algorithm that starts by measuring pairwise distances
between the features will be dominated by features with larger



THE ASTROPHYSICAL JOURNAL, 968:24 (37pp), 2024 June 10

values (see, e.g., B19). To give even weights to small and large
feature values, we use a logarithmic scaling of the features.
That is, the Hato CO flux ratio feature is represented by
log[f (Ho)/I(CO)] rather than f(Hc)/I(CO). The only excep-
tion is the feature E(B — V'), which is not distributed over
several orders of magnitude.

We then apply clipping and normalization to the scaled
features. For each feature, we clip its values to be between the
0.5th and 99.5th percentiles of the distribution. The clipping
ensures that catastrophic outliers do not have a significant
impact on the normalization of the feature, which is the next
and final stage of the feature construction. These outliers are
mostly the result of problems in observations, their reduction,
or the estimation of a feature value from them. By definition,
the fraction of objects with clipped feature values is very low,
and thus, the clipping of their values does not have an impact
on the two-dimensional embedding of the rest of the objects.
Indeed, we found the two-dimensional embedding by UMAP to
be stable to different clipping schemes, ranging from (0.1%,
99.9%) to (1%, 99%). However, even a low fraction of
catastrophic outliers can have a significant impact on the
estimated standard deviation of a feature, which can affect the
normalization of the whole feature, and thus the UMAP
embedding. It is therefore essential to perform some clipping
before the normalization.

Finally, each scaled and clipped feature x is normalized as
(x — po) /0oy, where i, is the average feature value, and o, is the
standard deviation. The normalization is done to ensure that the
dimensionality reduction will not be dominated by features
with a large dynamical range (e.g., see discussion in B19).

Since we exclude pixels where the CO and/or 3.3 ym PAH
are not detected, our analysis is complete in H1I regions and
much of the dense ISM as these show brighter CO and mid-
infrared emission, but is incomplete in the most diffuse part of
the ISM, where CO and mid-infrared emission are much
fainter. Therefore, our results may not be applicable to the most
diffuse parts of local galaxies. In Table 2, we list the fraction of
missing values in the features we consider after applying the
pixel mask. Due to our pixel mask, the fraction of missing
values is very low. We compared two different imputation
methods to replace these missing values (see additional details
in Section 5.2 in the discussion): K nearest neighbor
(KNN) search (Hruschka et al. 2003; Jonsson & Wohlin 2004)
and random forest regression (Stekhoven & Biihlmann 2011;
Shah et al. 2014) by SKLEARN (Pedregosa et al. 2011). The two
methods gave comparable results, and neither had a significant
impact on the resulting two-dimensional embedding. The
results shown in Section 4 are based on a data set where the
missing values have been replaced using the KNNImputer.*

3.2. Dimensionality Reduction with UMAP

In this section, we use the dimensionality reduction
algorithm UMAP (Mclnnes et al. 2018) to embed our input
data set into a two-dimensional space.

UMAP is a nonlinear dimensionality reduction algorithm that
aims to represent high-dimensional data in a lower-dimensional
space while preserving the underlying structure and relation-
ship among data points. It operates on the assumption that the
data lie on a manifold, which is a low-dimensional curved

42 https: / /scikit-learn.org /stable /modules / generated /sklearn.impute.
KNNImputer.html
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surface embedded within the high-dimensional space. It
attempts to learn an approximation of this manifold and then
project the data onto the lower-dimensional space. UMAP has
been shown to preserve local as well as global structures in the
data, and has been widely used in a variety of fields (see, e.g.,
Becht et al. 2018; Ali et al. 2019; Cao et al. 2019; Carter et al.
2019; Packer et al. 2019).

The two main use cases of UMAP are (i) visualization of
complex high-dimensional data sets, and (ii) dimensionality
reduction prior to the application of clustering algorithms. The
latter, which is also the use case in this work, is done because
many clustering algorithms do not scale well with a large
number of features (e.g., Xu & Tian 2015), and thus, UMAP is
used as an intermediate stage to reduce the initial dimensions of
the data set. This intermediate step also improves the
interpretability of the final clustering output, as the clusters
and their properties can be easily visualized in the two-
dimensional space given by UMAP.

UMAP has several hyperparameters, and setting different
values of the hyperparameters can change the resulting
embedding significantly. The first, and probably most impor-
tant, hyperparameter is metric, which defines the distance
metric to be used when estimating distances between the
objects in the high-dimensional space. Different metrics are
sensitive to different aspects and scales in the feature space. As
a result, while one metric may suggest proximity between two
objects, another may suggest a considerable separation (see
discussion in B19). Given that UMAP relies on pairwise
distances between objects for the embedding process, the
selection of an appropriate metric becomes crucial.

The second most important hyperparameter of UMAP is
n_neighbors, which controls how the algorithm balances
local versus global structure when learning the manifold of the
data (see examples in McInnes et al. 2018). Setting a low value
of n_neighbors will result in an embedding that is more
sensitive to local structure of the data, sometimes at the expense
of accurately representing the global structure. On the other
hand, increasing the value of n_neighbors expands the
neighborhoods considered when estimating the manifold,
which may result in the loss of fine-grained details.

The third hyperparameter, min_dist, controls how tightly
points can be packed in the low-dimensional space. Larger
values of min_dist will force even close neighbors to be
separated in the low-dimensional embedding, while lower
values will result in clumpier embeddings.

Following the feature construction scheme in Section 3.1, the
input data set has 24,007 objects with 13 features each. Each
object represents a pixel in one of the three galaxies we
consider, and the 13 features (listed in Table 2) trace different
properties related to the stellar population, gas, dust, and star
formation, over a 150 pc scale.

We applied UMAP to our input data set while exploring a
wide range of hyperparameter choices. In particular, we
examined the two-dimensional embedding using 11 different
distance metrics, and using a wide range of n_neighbors
values (see Appendix A).*> We find that the global structure of
the data in the two-dimensional space remains stable when

* One could, in principle, apply UMAP to reduce the dimensions to three or
four, and then apply clustering to the lower-dimensional embedding. We find it
challenging to visualize and interpret the low-dimensional embedding for
three or four dimensions, and to identify a suitable set of hyperparameters for
the clustering algorithms. We therefore only explore two-dimensional
embeddings.
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changing the metric and/or n_neighbors. We reach a
similar conclusion for the min_dist parameter, which
primarily changes the density of points. This suggests that
the clusters that would have been identified in the two-
dimensional embeddings by UMAP with different hyperpara-
meters should be roughly the same. Therefore, the results
presented in Section 4 should not depend significantly on the
assumed hyperparameters.

For the rest of the paper, we adopt the two-dimensional
UMAP embedding obtained using metric=correlation,
n_neighbors=10, and min_dist=0. This set of hyper-
parameters was adopted after a visual inspection of the
resulting embeddings, where we selected an embedding where
we expect cluster identification to be less challenging
technically, as we describe below. However, since different
sets of hyperparameters result in embeddings that satisfy the
criteria described below, the selection of this particular set of
hyperparameters is somewhat arbitrary.

To select an embedding where identifying clusters is
expected to be less challenging, we favor embeddings where
clusters that we identify by eye are more separated from each
other, and are separated by roughly the same distances, one
from the other. In addition, we prefer embeddings where the
density of points in different clusters does not vary signifi-
cantly, and try to avoid embeddings with a large number of
filamentary structures, as these tend to result in clusters that do
not match our visual perception (many clustering algorithms
are designed to work effectively in a flat geometry, and
filamentary structures are a strong departure from this
assumption).

In Figure 3, we show our adopted two-dimensional UMAP
embedding, where every pixel is colored according to the
galaxy it belongs to. In Figure 4, we show our adopted
embedding color-coded by the features in the input data set,
where strong gradients can be seen in many of the features
throughout the embedding.

3.3. Clustering

This section includes the final phase of our three-step
process, where we apply a clustering algorithm to the two-
dimensional embedding by UMAP to divide the PHANGS
pixels into groups. To partition the two-dimensional distribu-
tion, we examine several different clustering algorithms:
K-means, Birch, OPTICS, DBSCAN, and hierarchical cluster-
ing (see Xu & Tian 2015; and B19 for reviews about clustering
algorithms). The different algorithms have different optim-
ization objectives and different stopping criteria, making them
sensitive to different aspects of the data. For example, by
construction, K-means identifies evenly sized clusters and can
only operate in a flat geometry, while OPTICS and DBSCAN
may identify unevenly sized clusters and can operate in a
nonflat geometry. The output of hierarchical clustering depends
on the assumed linkage method, which defines how clusters are
linked to different clusters. We considered the four linkage
methods: Ward, complete, average, and single, each being
sensitive to different types of structures (see Figure 11 in B19
and related text).

Each of the clustering algorithms has different hyperpara-
meters, and changing the values of these parameters can have a
significant impact on the resulting clusters (see, e.g., B19). For
example, in K-means, Birch, and hierarchical clustering, the
number of clusters is a hyperparameter of the algorithm and is
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set by the user. When applying clustering algorithms directly to
high-dimensional data sets, it may be challenging to select the
ideal number of clusters,** since it is not straightforward to
visualize the detected clusters in the high-dimensional space. In
our case, since the clustering algorithms are applied to the two-
dimensional embedding by UMAP, we were able to visualize
the resulting clusters, color-coded by different features
(Figure 4), and select a suitable number of clusters. The
chosen numbers, which were selected to not be larger than
~10, so we can inspect the clusters manually and compare
between their properties, and not smaller than ~4, so that
objects with different properties will not be grouped together,
are six for K-means and hierarchical clustering, and seven for
Birch.

While K-means, Birch, and hierarchical clustering divide all
the points into clusters, OPTICS and DBSCAN may divide
only some points into clusters, leaving others unclustered. The
hyperparameters of OPTICS and DBSCAN primarily control
the minimum cluster membership and neighborhood size (see,
e.g., Xu & Tian 2015), and we set these parameters to result in
roughly six—eight clusters. For OPTICS, we used the
hyperparameters (min_samples, xi, min_cluster_-
size) to be (300, 0.001, 0.04). For DBSCAN, we set the
hyperparameters (min_samples, min_cluster_size) to
be (10, 300). We used the python SKLEARN library to apply
these different clustering algorithms (Pedregosa et al. 2011).

Figure 5 shows the different clustering algorithms applied to
our adopted two-dimensional embedding by UMAP. One of the
methods, hierarchical clustering with the single linkage, can be
excluded immediately as it clusters the majority of the points
into a single cluster, and marks five very small outlier groups as
the remaining clusters. We also exclude OPTICS and
DBSCAN as they leave a significant fraction of points
unclustered, and we wish to include as many objects as
possible in the analysis. Next, we exclude K-means, Birch, and
hierarchical clustering with the complete linkage as they cluster
together groups that appear separate upon visual inspection
(yellow group in K-means, yellow group in Birch, and pink and
orange groups in hierarchical clustering). This leaves hierarch-
ical clustering with Ward linkage versus the average linkage,
both of which roughly agree on three of the clusters (topmost,
rightmost, and bottommost), but disagree about the division of
points in the leftmost overdensity of points. Our choice to adopt
the average linkage was motivated by the distributions of
features seen in Figure 4, where it is apparent that the average
linkage divides the points in the leftmost region into points
with lower PAH 3.3/11.3 um ratios and points with higher
ratios. The results reported in Section 4 are therefore based on
the clusters identified with hierarchical clustering with the
average linkage method.

4. Results

We apply dimensionality reduction and clustering algorithms
to the PHANGS multiwavelength data set of NGC 0628,
NGC 1365, and NGC 7496, and divide the pixels into six
groups. This data set is constructed from maps extracted from
ALMA, MUSE, and JWST observations, and it traces the

4 There are various suggested techniques to select a suitable number of
clusters automatically, but these techniques are usually tailored to a specific
clustering algorithm, and cannot be applied broadly and generally with all
considered clustering algorithms (e.g., Xu & Tian 2015).
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Figure 4. Our adopted two-dimensional UMAP embedding color-coded by the features in the input data set.

properties of the stellar population, multiphase gas, dust, and separate clusters, connected to each other through filamentary

star formation, on a scale of 150 pc in these galaxies. structures. This highly connected filamentary structure,* seen for
The top left panel of Figure 6 shows our adopted two- different UMAP hyperparameter choices (see Appendix A),

dimensional embedding by UMAP (Section 3.2), where every

point represents a pixel from one of the three galaxies. The 4? We observe the same highly connected filamentary structure in the two-

disibuton of poins in the two-dimensional space shows several  dension embedding when g o el pr sl oo elemen

regions with an overdensity of points, which may be interpreted as driven by our pixels subsampling the 150 pc resolution.
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Figure S. Different clustering algorithms applied to the two-dimensional embedding of the PHANGS pixels. Each panel shows the application of a different clustering
algorithm to our adopted two-dimensional embedding by UMAP. In each panel, the points are color-coded according to their assigned cluster (all points for K-means,
Birch, and hierarchical clustering), or are marked with light gray if they are not clustered (in the case of OPTICS and DBSCAN). The figure shows that, while some
regions in the two-dimensional map are always considered as separate and well-defined clusters (e.g., the clusters at the bottommost and at the topmost), others are
more ambiguous, with different clustering algorithms dividing the objects into different groups. We adopt the clusters identified using hierarchical clustering with the

average linkage.

indicates that the multiwavelength features of the PHANGS
pixels form continuous relations in the high-dimensional space
they span. It suggests that the PHANGS pixels do not represent
different entities with distinct physical properties (e.g., the
difference between a star and a quasar), but rather the same
entity with varying physical conditions (e.g., optical spectra of
stars with different temperatures). This is not surprising given
that the features we constructed trace different physical
properties of gas and dust, averaged over a 150 pc scale.

The points in the two-dimensional space are color-coded
according to their assigned group using our adopted clustering
algorithm (Section 3.3). Since the points do not form well-
separated clusters in the two-dimensional space, the resulting
groups are somewhat arbitrary, with different clustering algo-
rithms and different hyperparameter choices changing the
resulting groups. Figure 5 and the top left panel of Figure 6
demonstrate the arbitrary nature of partitioning objects that form a
continuous sequence into distinct groups—there is more than one
way to divide the objects into groups, each resulting in groups that
are distinct in different aspects. Despite this ambiguity, dividing
objects into groups is a common practice in science and in
astronomy in particular, with examples ranging from classifying
the stellar sequence into distinct stellar types, (O, B, A, F, G, K,
M), the classification of core collapse supernovae according to
their light curves or spectra, classification of AGN into type I and
II, and more. The practice of dividing objects, even when they
form a sequence, into groups is useful as it allows one to compare
the properties of objects in different groups, and by that, gain
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insight into the physics that drive the continuous variation in their
properties. The difference of this work is the use of statistical tools
to dissect the high-dimensional space, rather than using predefined
physics-motivated properties, such as line ratios, metallicity, mass,
luminosity, temperature, etc.

In this section, we describe the properties of the adopted
groups, showing that they each have distinct gas ionization and
PAH properties (Section 4.1). We then present newly identified
galaxy-wide correlations between PAH band and optical line
ratios and use the adopted groups to interpret them (Section 4.2).

4.1. Distinct Gas Ionization and PAH Properties in the
Different Clusters

In this section, we interpret the six groups using different
observables. We use the spatial distributions of pixels in
different groups, as well as the feature values and their relation
to other features. In particular, we use optical line diagnostic
diagrams, PAH band ratios, and the relations between the Hay,
CO, and 10 um emission.

Figure 6 shows the spatial distribution of the adopted groups.
Although the input data set did not include information
regarding the galaxy a region belongs to, nor information
regarding the relative location of a region within the galaxy, the
groups map onto large-scale coherent structures within the
galaxies.

In Figure 7, we show the distribution of the groups in standard
optical line diagnostic diagrams (BPT diagrams; Baldwin et al.
1981; Veilleux & Osterbrock 1987; Kewley et al. 2001). These
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Figure 6. PHANGS multiwavelength pixels partitioned into six groups using dimensionality reduction and clustering algorithms. The top left panel shows the two-
dimensional embedding by UMAP of the input data set, which includes 24,007 PHANGS pixels with 13 measured features that trace the stellar population, gas, dust,
and star formation properties. Each point in the two-dimensional space represents a pixel from one of the galaxies we consider. The objects are divided into groups
using the hierarchical clustering algorithm with the average linkage, and each point is color-coded according to its assigned group. The other three panels show the
spatial distribution of the six groups, which map to large-scale coherent structures within the galaxies. In these panels, the gray-scale background represents the

Ha surface brightness, and the black contours represent the CO emission.

diagrams are used to constrain the main source of ionizing
radiation, by classifying a set of emission lines into one of the
three classes: (i) HII regions, where the ratios are consistent with
ionization by O and early B-type stars, (ii) Seyfert, where the
ratios are consistent with ionization by AGN, and (iii) LINER/
LIER, where the ratios may be consistent with either AGN
ionization, photoionization by hot and evolved stars, or shock-
excited gas (e.g., Kewley et al. 2001; Kauffmann et al. 2003;
Kewley et al. 2006; Allen et al. 2008; Cid Fernandes et al. 2010;
Rich et al. 2011, 2015; Belfiore et al. 2022).

In Figure 8, we show the distribution of the groups in the
PAH 11.3/7.7 pm versus 3.3/11.3 um plane (hereafter PAH
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11.3/7.7 and 3.3/11.3 ratios). These band ratios are
sensitive to the ionized fraction of PAHs, the PAH size
distribution, and the shape of the incident FUV-optical
radiation (e.g., Draine et al. 2021; Rigopoulou et al. 2021;
and Section C.1).

Figures 7 and 8 show that the different groups have distinct
ionized gas and PAH properties, as probed by the different
optical line and PAH band ratios. Below, we describe these
general properties*’:

6 The order in which we describe these clusters also corresponds to the order
in which they are presented in all the figures from this point forward.
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Figure 7. Location of the identified groups in optical line diagnostic diagrams. Each row shows the optical line ratios on standard diagnostic diagrams (e.g., Baldwin
et al. 1981; Veilleux & Osterbrock 1987; Kewley et al. 2001): log([O m]/HPA) vs. log([N 1]/Hea), log([S 11]/He), log([O 1]/Hca). These diagrams are used to
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to separate ionization by young massive stars from AGN. In the middle and right panels, we show the LINER-Seyfert separating criteria by Kewley et al. (2006). The
black contours represent the distribution of line ratios in all the pixels we considered in our analysis. The colormaps represent two-dimensional histograms of the line
ratios for a given group, in logarithmic scale. The crosses represent the 16th, 50th, and 84th percentiles of the distributions in each of the band ratios. The different
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(1) AGN-photoionized gas (turquoise group). These pixels
can primarily be found in NGC 1365 and NGC 7496,*” both of
which host AGN in their center (e.g., Morganti et al. 1999).
The optical line ratios place most of the pixels in the Seyfert/
LINER region in the BPT diagram, with log([O 11]/H() ratios
too high to be powered solely by hot and evolved stars (e.g.,
Cid Fernandes et al. 2010; Byler et al. 2019; Belfiore et al.
2022). The pixels are located primarily along the AGN
ionization cones, suggesting that the gas is photoionized by
the AGN. Some of the pixels in this group are in the bars of
NGC 1365, and these pixels show properties intermediate
between the AGN-photoionized group and the central mole-
cular zone (CMZ) group below. Interestingly, other clustering
algorithms (e.g., BIRCH and OPTICS in Figure 5) divide this
group into two—one that corresponds to pixels in the bars and
the other that corresponds to pixels within the AGN ionization
cones. From here forward, when referring to this group, we will
focus on the pixels that are within the AGN ionization cones,
located on kiloparsec scales, in the bulge that is dominated by
an older stellar population. The pixels in this group show the
highest PAH 11.3/7.7 band ratio, and the lowest PAH 3.3/11.3

47 Some of the pixels of this group belong to NGC 628. These pixels represent
the very few pixels that are located in H 11 regions in the BPT diagram that were
assigned to this cluster. In the two-dimensional embedding, they are located at
the intersection with the CMZ cluster described below. Their properties are
more in line with those of pixels in the CMZ cluster, and we believe that they
should not belong to the AGN group.

15

band ratio. Importantly, while the AGN seems to be
dominating the ionizing radiation, resulting in the Seyfert-like
line ratios, the old stellar population in the bulge probably
dominates the FUV-optical radiation, and is thus responsible
for the PAH heating.

(2+3) Diffuse ionized gas (yellow and green groups). These
pixels are seen in all three galaxies, and they primarily probe
regions with faint Ha and CO emission (e.g., Figures B2 and
B3 in Appendix B). The optical line ratios are consistent with
LINER/LIER-like emission. In addition, these pixels spatially
coincide with regions identified by Belfiore et al. (2022) as
regions dominated by diffuse ionized gas, where the gas is
ionized by a combination of radiation leaking from H II regions
along with emission from hot and evolved stars, called the
HOLMES mixing sequence. Both of the groups show a quite
high 11.3/7.7 PAH band ratio. The two groups differ in their
3.3/11.3 PAH band ratio, with the yellow group showing
significantly larger values than those of the green group.

(4) Central molecular zone (CMZ; slate blue group). Most
of the pixels in this group belong to the central part of
NGC 1365, a region known for hosting extreme star formation
that is powered by a massive molecular gas reservoir (see
Schinnerer et al. 2023; and an overview by Henshaw et al.
2023). Interestingly, some of the central pixels of NGC 0628
and NGC 7496 are also assigned to this group. The optical line
ratios place the pixels in the H1I region of the BPT diagram,
suggesting ionization by young massive stars. This group
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differs from the two star formation (SF)+ISM groups below
primarily due to its very bright CO emission (Figure B3 in
Appendix B), in particular with respect to the observed He, and
significant dust extinction. It shows quite a low 11.3/7.7 PAH
band ratio, consistent with those observed in the SF+ISM
groups below, and an intermediate 3.3/11.3 ratio, in between
those of the SF+ISM groups. Some of the pixels of this group
deviate from the strong correlation between 3.3/7.7 and 3.3/
11.3 (see Figure B4 in Appendix B), which may suggest the
presence of silicate 9.7 pm absorption that reduces the
observed flux in F1130W.

(5+6) Star-forming regions and ISM (orange and pink
groups). These pixels are primarily seen in the spiral arms of
the three galaxies. Their Ha, CO, and 10 ym emission show
strong correlations, suggesting standard star formation that is
powering the observed Ha and 10 pm emission. The optical
line ratios are consistent with ionization by young massive
stars. Similarly to the CMZ group, they show comparable and
low 11.3/7.7 PAH band ratios. The first difference between the
two groups is in their 3.3/11.3 PAH band ratio, which is
significantly larger in the orange group than in the pink group.
In addition, the orange group has a higher Ha/CO ratio than
the pink group, which may suggest that it corresponds to more
dispersed and evolved clouds compared to those of the pink
group.

The three galaxies we consider dominate different regions of
the two-dimensional embedding by UMAP (see Figure 3). This
can be explained in the context of the groups we identify—(i)
NGC 1365 is unique in having a large number of pixels that
trace the CMZ, the bar, and AGN-photoionized gas on
kiloparsec scales. It therefore dominates two out of the six
groups. (ii) The diffuse ionized gas in NGC 7496 differs from
that of NGC 0628 and NGC 1365 in PAH band ratios, thus
dominating one of the groups. (iii) The star-forming and ISM
regions of NGC 0628 differ from from those of NGC 1365 and
NGC 7496 in PAH band ratios. It therefore dominates another
group. At this point, it is unclear whether adding the rest of the
19 PHANGS galaxies would fill-in the space, making pixels
that originate from a given galaxy indistinguishable from pixels
of other galaxies. For that, it may be necessary to correct some
of the features for inclination. We plan to address this question
in a future publication where we plan to include all 19
PHANGS galaxies.
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4.2. Close Connection between the Heating of PAHs and the
lonization of the Warm Ionized Gas

We identify significant and tight correlations between
different PAH band and optical line ratios (see the full
correlation matrix in Figure Bl in Appendix B). These
correlations are seen across the entire data set, extending from
the star-forming regions and the ISM, through the diffuse
ionized gas, to the AGN-photoionized gas. The correlations are
also detected in individual groups in which the dynamical
range is large enough. Ionizing radiation is expected to destroy
PAHs, and observations suggest much weaker PAH emission
in regions dominated by ionized gas, such as H1I regions (e.g.,
Chastenet et al. 2019, 2023a; Chown et al. 2023; Egorov et al.
2023; Lee et al. 2023; Peeters et al. 2023; and reviews
Tielens 2008; Li 2020), although, at our spatial resolution, the
PHANGS pixels include contributions from both. These
correlations suggest a strong connection between the heating
of PAHs and the ionization of the warm ionized gas on 150 pc
scales.

In Figure 9, we show the PAH band ratio 11.3/7.7 versus the
optical line ratios [O 1] /HQG, [N 11]/Hey, [S11]/He, and [O1]/
Ha, for the PHANGS pixels considered in our analysis. The
11.3/7.7 band ratio shows strong correlations with all of them.
In Figure 10, we show the PAH band ratio 3.3/11.3 versus the
optical line ratios. The correlations show a larger scatter than
those of the 11.3/7.7 band ratio, but they extend over twice as
large a dynamical range. In addition, there is a clear difference
in the relation seen for the lower-ionization transitions traced
by [S1]/Ha and [OI]/Ha compared to the higher-ionization
transitions [N 11]/Ha and [O 111] /HS3, with the former showing
stronger correlations with the 3.3/11.3 band ratio.

Since the PAH band ratios are based on the broadband filter
ratios F1130W/F770W and F335Mpay/F1130W, we first
ensure that these correlations are not due to varying contribu-
tions of dust continuum emission to the F1130W filter flux.
Since the F1000W filter likely has a large contribution from
PAHs under most conditions in the PHANGS galaxies (e.g.,
Leroy et al. 2023), we use the F2100W filter flux to trace the
dust continuum emission. If the observed correlations are due
to a varying contribution of hot dust emission, we expect to
find significant correlations between F2100W/F770W and
F335Mpap/F2100W and the optical line ratios (F2100W
replaces F1130W). We find no such correlations. Therefore, in
what follows, we assume that the change in F1130W /F770W
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and F335Mpap/F1130W band ratios traces changes in PAH
emission.

Various PAH band ratios, including those we consider here,
have been used to place constraints on the PAH size and charge
distribution in different environments (see reviews by Tie-
lens 2008; Li 2020). Theoretical calculations and laboratory
measurements suggest that neutral PAHs have significantly
different infrared spectra than ionized PAHs, with the former
showing strong 3.3 and 11.3 pm bands compared to the 7.7
pm band, and the latter showing stronger 7.7 pm band
compared to the 3.3 and 11.3 um bands (e.g., Allamandola
et al. 1999; Tielens 2008). Therefore, the 11.3/7.7 PAH band
ratio has been used extensively as a PAH ionization diagnostic,
and to a lesser extent, as a PAH size diagnostic (see below; e.g.,
Kaneda et al. 2005; Smith et al. 2007; Galliano et al. 2008;
Diamond-Stanic & Rieke 2010; Vega et al. 2010; Lai et al.
2022; Chastenet et al. 2023b; Dale et al. 2023). Since smaller
PAHs have smaller heat capacities than larger PAHs, stochastic
heating by single photon absorption raises their peak temper-
ature to higher values (e.g., Draine & Li 2001; Draine 2011),
leading to higher luminosity in shorter wavelength bands such
as 3.3 um compared to longer wavelength bands such as
11.3 pm. Therefore, PAH band ratios such as 3.3/11.3, and, to
a lesser extent, the 11.3/7.7, have been used as PAH size
diagnostics (e.g., Smith et al. 2007; Galliano et al. 2008;
Chastenet et al. 2023b; Dale et al. 2023; Lai et al. 2023; Ujjwal
et al. 2024).

Draine et al. (2021) and Rigopoulou et al. (2021) showed
that various PAH band ratios are also sensitive to the shape of
the incident radiation field. The same population of PAHs may
show significantly different 11.3/7.7 and 3.3/11.3 band ratios
when heated by radiation that is dominated by young versus
older stars. A harder FUV-optical radiation field, typical of
young and massive stars, is expected to lead to hotter PAHs,
resulting in higher luminosity in the 3.3 um feature, and, to a
lesser extent, the 7.7 um feature, compared to the 11.3 um.
Since the PHANGS 150 pc sized pixels trace a variety of
radiation fields, this effect must be taken into account when
interpreting PAH band ratios. Dale et al. (2023) demonstrated
that, in the PAH band ratio plane available for the PHANGS
galaxies (3.3/11.3 um versus 3.3/7.7 um; see their Figure 3),
the impact of varying PAH size distribution and a varying
radiation field are degenerate with each other. In this work, we
use the observed optical line ratios to break this degeneracy.
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The mid-infrared emission band ratios therefore depend on
intrinsic PAH properties such as their size and charge
distribution, as well as on extrinsic properties such as the
shape of incident radiation field, which affects their temper-
ature. A further complication is that intrinsic PAH properties
are expected to be affected by the properties of the radiation
field, with numerous studies exploring the impact of photo-
ionization and shocks on the PAH size and charge distribution
across different environments (e.g., Hony et al. 2001;
O’Halloran et al. 2006; Gordon et al. 2008; Croiset et al.
2016; Peeters et al. 2017; Knight et al. 2021). Lacking a
general radiative transfer framework that accounts self-
consistently for the change in PAH properties and their heating
due to the radiation field, here, we take the simplified approach
of examining the impact of intrinsic versus extrinsic processes
separately, and neglect the possible impact of the radiation field
on the intrinsic PAH properties. This is similar to the approach
recently taken by Donnelly et al. (2024) to interpret the PAH
band ratio variations in the low-luminosity AGN host
NGC 4138. However, it is important to note that this approach
may oversimplify the complex picture of PAH heating and
emission in the ISM, and indeed, in several cases throughout
this section, we find that a more complex picture is required to
explain all the observed PAH band variations.

4.2.1. A Varying Radiation Field as the Main Driver of the
Correlations

To interpret the observed correlations, we use our adopted
groups, as well as the PAH emission models by Draine et al.
(2021) and a range of spectral energy distributions (SEDs) of
the incident radiation field (see details in Appendix C). Draine
et al. (2021) calculated the infrared emission spectra of PAHs
for different illuminating radiation SEDs, radiation intensities,
and PAH size and charge distributions. To remove the
underlying continuum emission from starlight or other hot,
small grains, they employed a clipping scheme that focuses on
strong PAH emission features. Using this clipping scheme, they
studied the sensitivity of PAH band ratios to the SED of the
illuminating radiation and the PAH size and charge
distribution.

We use the infrared spectra predicted by Draine et al. (2021). In
particular, we consider models calculated using the small,
standard, and large PAH size distributions, and with low-,
standard-, and high-ionization distributions. For the illuminating
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Figure 11. PAHs and ionized gas are sensitive to different parts of the illuminating radiation field. The lines represent two example SEDs calculated using the flexible
stellar population synthesis code by Conroy et al. (2009). They correspond to single stellar populations of age 2 Myr and 10 Gyr (see Appendix C.2 for additional
details), where the flux density of the 10 Gyr star has been scaled to higher values for representational purposes. The black vertical lines represent the wavelengths that

correspond to photon energies that can ionize hydrogen (H'; dashed) and oxygen twice (O™

dotted). The gray bands correspond to the wavelength ranges

1350-1780 A and 3000-4000 A, which are our adopted definitions for FUV and optical luminosities. The conditions in the warm ionized gas primarily depend on the
flux densities at A < 912 A. The PAHs are exposed to nonionizing radiation, and their heating depends on the shape of the FUV-optical radiation field, which we

parameterize using vL,(FUV)/vL,(optical) (see Appendix C.1 for details).

radiation SED, we consider 12 different templates, covering a
range of stellar population ages and FUV luminosities. The PAHs
are believed to be located in regions that are shielded from
ionizing radiation (e.g., Chastenet et al. 2019, 2023a; Egorov et al.
2023; Lee et al. 2023; and reviews Tielens 2008; Li 2020), and
their heating is dominated by non-ionizing FUV-optical radiation
(see Figure 11). To parameterize the dependence of PAH band
ratios on the incident radiation field, we geﬁne the FU V—to—optical
luminosity ratio to be vL,(1350-1780 A)/vL,(3000-4000 A), as
illustrated in Figure 11.

We use the clipping scheme by Draine et al. (2021) to
estimate the PAH band ratios 11.3/7.7 and 3.3/11.3, and
parameterize in Appendix C.1 how they vary for different
FUV-to-optical ratios, PAH size distributions, and PAH charge
distributions. Since the JWST photometry includes contribu-
tions from non-PAH emission sources, and since the photo-
metric bands do not coincide with the clipping points defined
by Draine et al. (2021), we do not expect the absolute PAH
band ratios to match those predicted by the models. Instead, we
use the clipping scheme only to compare the observed trends in
ratios with those predicted by the models. Dale et al. (2023)
integrated the Draine et al. (2021) models under the JWST filter
bandpasses, allowing them to compare the absolute values of
the PAH band ratios to those predicted by the model. The
observed PAH band ratios in the regions they consider (for the
same three PHANGS galaxies) are within the ranges spanned
by the models. In particular, they find that the PAH band ratios
are more aligned with models of larger and ionized PAHs in
compact stellar clusters and stellar associations.

In Figure 12, we show the PAH band ratios 11.3/7.7 and
3.3/11.3 versus [O 111] /HQ ratio, using our adopted groups. We
explore the impact of both intrinsic (PAH size and ionization)
and extrinsic (incident radiation field) property variation on the
PAH band ratios as described below. For the intrinsic PAH
properties, the expected changes in PAH band ratios due to
varying PAH size or charge distribution are marked with blue
and red arrows. Under our simplified assumption that the PAH
size and charge distribution do not depend on the radiation
field, these changes affect only the PAH bands and have no
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effect on the optical line ratios, and thus, they form arrows in
the vertical direction only. The relative sizes of the arrows
represent the expected change in PAH band ratios when
changing the size/ionization from low to standard, or from
standard to large/high. As for extrinsic processes, we mark
with a gray arrow the expected mutual variation in the PAH
band and optical line ratios under the assumption that the PAHs
and ionized gas are exposed to different parts of the same
spatially varying radiation, as described below. For the gray
arrow, we assume that the PAH intrinsic properties are fixed.

Variation in intrinsic PAH properties (size and charge) as
the main driver of the relation. For a fixed incident radiation
field, Figure 12 suggests that PAHs are more ionized in regions
with low optical line ratios. In particular, using our groups,
PAHs are more ionized in star-forming regions and ISM, and
are more neutral in the diffuse ionized gas and in the AGN-
photoionized gas. The right panel of the figure shows a
negative correlation between 3.3/11.3 and the optical line ratio,
suggesting PAHs are smaller in regions with low optical line
ratios. This would suggest smaller PAHs in the star-forming
and ISM regions, and larger PAHs in the diffuse ionized gas.
These are in line with the conclusions of Ujjwal et al. (2024)
for the three PHANGS galaxies we consider. However, the
3.3/11.3 shows a strong positive correlation with the Ha/CO
ratio (see section 4.2.2 for details). According to this
interpretation, it would suggest that PAHs are smaller in
regions with a larger fraction of ionized-to-molecular gas. This
is the opposite of what would be expected if smaller PAHs are
destroyed by ionizing radiation more efficiently than lar-
ger PAHs.

Variation in extrinsic properties (incident radiation) as the
main driver of the relation (“common varying radiation field”
interpretation hereafter). The left panel of Figure 12 shows that
the tight correlation between the PAH band ratio 11.3/7.7 and
the optical line ratios is in fact a sequence in ionized gas
conditions, with the different groups occupying distinct ranges
within the correlation. It may suggest that the PAHs and the
ionized gas are exposed to different parts of the same radiation
field. That is, while the ionized gas is exposed to the entire
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50th, and 84th percentiles. The blue and red arrows represent the expected change in PAH band ratios when changing the PAH size and charge distribution while
keeping the radiation field fixed (see Appendix C.1). The gray arrows represent the expected change in PAH band and log([O m1]/H{3) ratios assuming that the PAHs
and the ionized gas are exposed to different parts of the same varying radiation field, while keeping the PAH size and charge distribution fixed. The varying radiation
field is characterized by harder ionizing radiation and softer FUV-optical slope, a scenario that is expected under a wide range of assumptions regarding what powers
it. The relation on the left panel is consistent with the “common varying radiation field” interpretation, without the need to invoke PAHs with different charge
distributions. The dashed and dotted black lines in the left panel represent two polynomial fits to the 11.3/7.7 vs. [O I[]/HS relation. These best fits are then
propagated to the expected relations between 3.3/11.3 and [O 111]/H/3 (right panel), assuming the “common varying radiation field” interpretation and the PAH models
by Draine et al. (2021; see Appendix C.1 for details). Clusters that deviate from these lines in the right panel may represent PAHs with different size distributions. The
dotted and dashed lines are given by the following equations: Left panel (y =1log PAH 11.3/7.7, x=1log [O1m]/HPB): y=0.15x+ 0.19,
y = — 0.087x* + 0.084x + 0.18. Right panel (y = log PAH 3.3/11.3, x = log [0 1[]/HB): y = — x — 2.14, y = 0.57x* — 0.55x — 2.12.

quite similar to the ranges spanned by 11.3/7.7 and 3.3/11.3 in
the PHANGS pixels.

We explore the connection between the FUV-optical and
ionizing parts of the radiation field in Appendix C.2. We use
several different stellar libraries, covering single stellar
populations with ages of 2 Myr to 10 Gyr, while varying the
metallicity, stellar isochrones, and stellar templates. Since
Figure 12 suggests a sequence that covers HII regions, the
diffuse ionized gas, and AGN-photoionized gas, we also
consider models that are constructed to reproduce the optical
line ratios in the diffuse ionized gas and AGN-photoionized
gas. In particular, we consider the HOLMES mixing sequence
introduced by Belfiore et al. (2022) to explain the observed
optical line ratios in the diffuse ionized gas in PHANGS
galaxies. In this model, the SED is a combination of radiation
from a young stellar population leaking from HII regions and
from hot and evolved stars, where the latter is used as it
contributes the hard ionizing radiation required to power
LINER-like emission line ratios. We also construct AGN+-SF
mixing sequences. We use a standard Shakura & Sunyaev
(1973) accretion disk SED with several improvements (general
relativistic corrections and radiative transfer in the disk
atmosphere; e.g., Slone & Netzer 2012), which results in
Seyfert-like line ratios in standard line diagnostic diagrams (see
Appendix A in Baron & Netzer 2019). Similarly to the
HOLMES mixing sequence, the AGN SED is mixed with a
young (2 Myr) stellar template by varying the relative
contribution of each.

Using these different SEDs, in Appendix C.2, we confirm
that in all of these cases, i.e., stellar age sequence from young
to old; HOLMES mixing sequence with varying contribution of
old versus young stars; and AGN+SF mixing sequence with
varying contributions from the stars versus the AGN, the

radiation field, and its properties are set by the ionizing part of
the radiation, the PAHs are located in regions shielded from the
ionizing radiation, and are exposed only to the non-ionizing
FUV-optical part of the radiation (see Figure 11). Under this
interpretation, the radiation field varies over kiloparsec scales,
and its variation drives the changes in both PAH band and
optical line ratios. Our simplifying assumption is that the
radiation field affects the PAH temperature distribution, but
their size and charge distributions are fixed. The PHANGS
pixels show significant variations in their stellar and/or AGN
properties, with some regions dominated by young stellar
populations, while others are dominated by old stars or AGN
radiation. Therefore, we argue that this scenario is unavoidable.
The only question is its impact on the PAH band ratios
compared to those of varying PAH size and charge
distributions.

The gray arrows in Figure 12 represent the expected relations
between the PAH band and optical line ratios under the
“common varying radiation field” interpretation. The expected
relation depends on several factors: (i) the dependence of PAH
bands on the FUV-to-optical luminosity ratio, (ii) the SED
shape, in particular, the connection between the FUV-optical
and ionizing parts of the radiation field, and (iii) the
dependence of optical line ratios on the shape of the ionizing
radiation.

We explore the dependence of PAH bands on the FUV-to-
optical luminosity ratio using the Draine et al. (2021) models in
Appendix C.1. In particular, we find that varying the radiation
field from old (1-10 Gyr) to young (2 Myr) stellar populations
increases the FUV-to-optical luminosity ratio by 2.5 dex, and at
the same time, changes the PAH band ratios 11.3/7.7 and 3.3/
11.3 by —0.1 and 0.55 dex respectively. Interestingly, these are
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general observed trend is a harder ionizing slope for a softer
FUV-optical slope, matching the direction required to explain
the relation in the left panel of Figure 12. Moreover, we find
that a decrease of 2.5 dex in vL,(FUV)/vL,(optical) results in
an increase of ~1 dex in vL (0" ") /vL,(H"), depending on the
mixing sequence used. Therefore, the expected slope as
indicated by the gray arrow is roughly consistent with the
observed slope in the left panel of Figure 12.

The exact slope expected under the “common varying
radiation field” interpretation also depends on the relation
between the ionizing radiation and optical line emissivities. In
particular, the optical line ratios we consider are measured with
collisionally excited transitions whose line emissivity depends
on the gas temperature (e.g., Osterbrock & Ferland 20006).
Harder ionizing radiation leads to higher electron temperature
(e.g., Garnett 1992; Byler et al. 2017). Both of these are
expected to increase the expected optical line ratios, where the
line emissivity depends linearly on ionic abundances (O ", S*,
etc.) and exponentially on the electron temperature (e.g.,
Osterbrock & Ferland 2006). Indeed, we find equally strong
correlations between 11.3/7.7 and the low-ionization transi-
tions [N II]/He, [S]/He, and [OI]/Ha (Figures 9 and 13),
which can naturally be explained in a case where a change in
temperature drives the change in the [O 1I], [N II], [S 1], and
[O]] line emissivities. These optical line ratios depend on the
vL(O"")/uL(H") ratio through the relation between the
hardness of the ionizing radiation and the electron temperature.
We intend to use detailed photoionization models to further
investigate this scenario in a future work.

To summarize. The observed correlations between the PAH
band 11.3/7.7 ratio and the optical line ratios [O11]/Hf,
[N1]/He, [S1I]/He, and [O I]/Ha can be naturally explained
in a scenario where the PAHs and ionized gas are exposed to
different parts of the same spatially varying radiation field,
without the need to invoke PAHs with different charge
distributions. Since the PHANGS pixels trace regions with
widely varying radiation SEDs that are a combination of young
stars, old stars, and/or AGN, a variation of PAH band ratios
due to the changing radiation field SED is unavoidable. We use
the PAH models by Draine et al. (2021) and a wide range of
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assumptions about the variation of the incident radiation field to
show that the expected slope of the relation is roughly
consistent with that observed.

The main implications of this scenario. (I) The very small
scatter (~0.03 dex) in the relation between 11.3/7.7 and
[OmI]/HG (or any other optical line ratio) implies that the
ionized PAH fraction is quite uniform on scales of 150 pc
across different environments in local galaxies. Since the
fraction of ionized PAHs is set by the balance between
ionization (by photons or collisions) and recombination, this
uniformity suggests a strong self-regulation of the ISM that
limits variations in gas temperature and electron density. In
particular, the property U~/T /n,, where U is dimensionless
intensity parameter, could, in principle, vary by a factor of a
few (see Tielens 2005; Galliano et al. 2008; Draine et al. 2021).
According to our interpretation, this property can vary by no
more than ~100% across different environments (SF+ISM and
the diffuse ionized gas). In a future study, we plan to use all 19
PHANGS galaxies to place constrains on U~/T /n, in different
environments. (II) The 11.3/7.7 PAH band ratio may
potentially be used to trace the shape of the FUV-optical parts
of the radiation field across nearby galaxies. The combination
of the 11.3/7.7 and optical line ratios may therefore be used to
constrain simultaneously the ionizing and nonionizing parts of
the radiation field. (III) The varying radiation field is expected
to impact PAH band ratios that are typically used as PAH size
indicators (like the 3.3/11.3 band ratio). To constrain the PAH
size distribution, the variation of the radiation SED must be
accounted for.

Finally, it is worth noting that previous Spitzer-based studies
found surprisingly high 11.3/7.7 PAH band ratios in AGN-
dominated systems and in elliptical galaxies (e.g., Kaneda et al.
2005; Smith et al. 2007; Galliano et al. 2008; Kaneda et al.
2008; Diamond-Stanic & Rieke 2010; Vega et al. 2010),
which, in some cases, were found outside the range of ratios
predicted by models. There are two main differences between
the variation of the 11.3/7.7 PAH band ratio found here and
those reported by the studies mentioned above. First, while the
Spitzer-based studies found a 11.3/7.7 PAH band ratio that
may be larger by ~1 order of magnitude compared to the ratio
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observed in normal environments, the variation we observe is
much smaller, of the order of 0.1 dex. While a change of 1 dex
cannot be explained solely by a change of the hardness of
radiation field, a change of 0.1 dex can. Second, our work
focuses on 150 pc sized regions, where the wealth of
multiwavelength observations allows us to constrain separately
the dominant source of ionizing radiation and the dominant
source of FUV-optical photons. In our case, although we
classify the first group as “AGN-photoionized gas,” these
pixels are very different from the AGN-dominated systems
presented and discussed by, e.g., Smith et al. (2007), Diamond-
Stanic & Rieke (2010), and Lai et al. (2022), since, in our case,
old stars probably dominate the PAH heating.

4.2.2. Constraining the PAH Size Distribution

The right panels of Figures 12 and 13 show the PAH band
ratio 3.3/11.3 versus the optical line ratios [OTI]/HS and
[S 11]/Ha. Although the 3.3/11.3 had been used as a PAH size
indicator (e.g., Lai et al. 2023; Ujjwal et al. 2024), it is also
sensitive to the shape of the incident radiation. In particular,
varying the stellar age from 2 Myr to 1 Gyr can change the ratio
by 0.55 dex, similar to the entire range spanned by 3.3/11.3 in
Figures 12 and 13. This has been pointed out by Chastenet
et al. (2023b) when interpreting the PAH band ratios observed
in the first three PHANGS-JWST galaxies, where, similarly to
Dale et al. (2023), they argued that the hardness of the radiation
field and PAH size may both affect the observed 3.3/11.3 ratio.
In this section, we use the observed correlations between the
PAH band and optical line ratios to break this degeneracy and
disentangle the impact of the radiation field from that of the
PAH size distribution on the observed 3.3/11.3 PAH band
ratio.

Under the “common varying radiation field” interpretation,
both 11.3/7.7 and 3.3/11.3 are expected to change with the
optical line ratios, with the two slopes (11.3/7.7 versus optical
line ratio), and (3.3/11.3 versus optical line ratio) connected to
each other through the shape of the radiation field. In
Section 4.2.1 above, we suggest that the relation between the
11.3/7.7 and the optical line ratios can be explained entirely
using a varying radiation field, while keeping the PAH charge
distribution fixed. We can use the Draine et al. (2021) models
to propagate this relation to the expected relation between 3.3/
11.3 and the optical line ratios.

In the left panels of Figures 12 and 13, we show two
polynomial fits to the observed relation between 11.3/7.7 and
the optical lines. Since the 11.3/7.7 is a function of the FUV-
to-optical luminosity ratio of the radiation field, these best-
fitting polynomials connect the FUV-to-optical luminosity ratio
with the observed [O ] /H/ or [S 1I]/Ha line ratios. Using the
relation between 3.3/11.3 and the FUV-to-optical luminosity
ratio, we can therefore calculate the expected relation between
3.3/11.3 and [OTI]/HB or [ST]/Hca, under the “common
varying radiation field” interpretation. We describe this process
in Appendix C.1 and show these lines in the right panel of
Figures 12 and 13.

The right panels of Figures 12 and 13 suggest that a
significant part of the observed 3.3/11.3 variation is in fact due
to a varying radiation field, rather than a varying PAH size
distribution. Significant deviations from the expected slopes
may be attributed to changes in the PAH size distribution. For
example, among the two SF+ISM groups, the orange group is
consistent with hosting smaller PAHs. Among the two diffuse
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ionized gas groups, the yellow group corresponds to regions
with smaller PAHs. Finally, the figures suggest smaller PAHs
in the AGN-photoionized gas group, since it is located above
the propagated relation. Contrary to the left panels of
Figures 12 and 13, the large deviations of individual groups
from the propagated fitted lines suggest that a varying radiation
field that affects the PAH temperature distribution, but not the
PAH size distribution, cannot fully account for the observed
band ratio variation. It may be possible that a more general
model that includes the impact of the varying radiation field on
the PAH size distribution can fully explain the observed trends.
Constructing such a model is beyond the scope of this paper.

To further illustrate the impact of the different PAH heating
interpretations on the derived PAH sizes, in Figure 14, we
show the 3.3/11.3 PAH band ratio versus the Ho/CO ratio.
The left panel shows the measured 3.3/11.3 ratio, and
assuming that the radiation field does not vary, the ratio can
be used directly to constrain PAH sizes. According to this
interpretation, the 3.3/11.3 increases with the Ho/CO ratio,
suggesting that regions with a larger fraction of ionized gas
tend to host smaller PAHs. The positive trend in the left panel
is surprising, given that smaller PAHs are believed to be more
easily destroyed by ionizing radiation compared to larger PAHs
(reviews by Tielens 2008; Li 2020). The right panel of
Figure 14 shows A3.3/11.3, which is the expected 3.3/11.3
after accounting for the variation due to the varying illuminat-
ing SED. We calculate A3.3/11.3 by subtracting the black
dotted line (linear fit) in the right panel of Figure 13 from the
measured 3.3/11.3 band ratio.*® According to this “common
varying radiation field” interpretation, PAHs are generally
larger with increasing Ha/CO, consistent with the idea that
larger PAHs survive in regions with more ionizing radiation.

The right panel of Figure 14 shows a significant scatter that
is dominated by the 3.3/11.3 ratios of the yellow and orange
groups, both show significantly larger 3.3/11.3 ratios than
those of their equivalent groups (the green and pink; diffuse
ionized gas and SF+4ISM respectively). Even if the “common
varying radiation field” interpretation describes more accu-
rately the observed PAH band ratios, the scatter in the diagram
suggests that a simple picture of “larger PAHs in regions more
dominated by ionizing radiation” is too simple to describe the
observed variations in the 3.3/11.3 band in the PHANGS
galaxies, and that additional factors may be at play. We plan to
revisit this question in a future work, where we plan to apply
this analysis to the full PHANGS+JWST sample of 19
galaxies.

4.2.3. PAH Bands versus Optical Line Ratios in Individual Groups

We find significant correlations between the PAH band and
optical line ratios in a few groups where the dynamical range is
large enough. In Figure 15, we show these relations with the
[ST]/Ha ratio for the three groups: AGN-photoionized gas,
and the two SF+ISM groups. The top row shows the 11.3/7.7
PAH band ratio. The observed slopes of the 11.3/7.7 versus
[Su]/Ha relations observed for the different groups are
comparable to each other (0.16, 0.13, and 0.15 for AGN, SF
+ISM 1, and SF+ISM 2, respectively) and to the best-fitting
slope found for all PHANGS pixels in Figure 13 (0.22).

48 We reach the same conclusion if we use the relation with the [O 1] /HpB
(Figure 12) instead.
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Figure 14. Different PAH heating scenarios lead to opposite interpretations regarding PAH sizes. The two panels show the variation of the 3.3/11.3 PAH band ratio
vs. the Ha/CO ratio. The left panel shows the measured 3.3/11.3 PAH band ratio. Assuming the “nonvarying radiation field” interpretation, the 3.3/11.3 can be used
directly to constrain the PAH size distribution. The left panel therefore suggests that regions with higher fractions of ionized gas (traced by larger Ha/CO ratios) are
associated with smaller PAHs. This seems to be in tension with the common picture that smaller PAHs are more efficiently destroyed by ionizing radiation than larger
PAHs. The right panel shows A3.3/11.3, which is the measured 3.3/11.3 PAH band ratio after correcting for the expected variation due to changing SED (subtracting
the black dotted line in Figure 13 from the measured 3.3/11.3 values). Contrary to the left panel, the right panel suggests that regions with higher fractions of ionized
gas host larger PAHs, in line with the common picture that larger PAHs survive in harsher environments. The yellow and orange clusters, which predominantly come
from NGC 7496, are above this relation and show significantly smaller PAH size distributions (see Section 4.2.2 for additional details).
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Figure 15. PAH band ratios vs. log([S 11]/Ha) for individual groups. The figure shows three groups that show significant correlations between their PAH band and
optical line ratios: AGN-photoionized gas (left), SF+ISM with smaller PAHs (middle), and SF+ISM with larger PAHs (right). The colors represent two-
dimensional histogram of the pixels, and the points and error bars represent the median and median absolute deviation values in bins of log([S 11]/Hc). The top panels
show the PAH band ratio 11.3/7.7, and the bottom 3.3/11.3. The black lines at the top row represent the best linear fits to the observed relations. The light gray lines
represent the best linear fit for all the groups together (Figure 13). The dashed lines at the bottom row represent the expected relation between 3.3/11.3 and [S 11]/Ha,
propagated from the best-fit relation between 11.3/7.7 and [S 11]/Hc, using the PAH models by Draine et al. (2021), and assuming that the PAHs and gas are exposed
to different parts of the same varying radiation. The expected relations are steeper than the observed relations, which may suggest variations in PAH size distributions
within each group.
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We find that the observed trends between the 11.3/7.7 and
[SU]/Ha ratio are all in line with the “common varying
radiation field” interpretation, with different types of radiation
dominating in each of the groups. For the AGN-ionized
gas group, the radiation may be a sequence of varying
contribution of AGN and stellar light. Importantly, while the
AGN may dominate the ionizing radiation in this group,
resulting in the Seyfert-like line ratios we observe in Figure 7,
it probably does not dominate the FUV-optical part of the
radiation field. This is because these regions are at distances of
a few kiloparsecs from the center, where the old stellar
population probably dominates the PAH heating.

For the SF+ISM groups, the variation can be driven by a
sequence in stellar ages (or equivalently, a mixing of younger
and slightly older stellar populations). Since these clusters are
consistent with HII ionization in the BPT diagrams, the
relevant stellar ages are 1-10 Myr. For gas metallicity of
log(Z/Z:) ~ —0.3, which is roughly the metallicity in the
three PHANGS galaxies we consider (e.g., Williams et al.
2022), a variation of the stellar age from 1 to 10 Myr results in
a variation of gas electron temperature from 12,000 to 7000 K
(Byler et al. 2017), which can explain the varying
[S 11] emission. In particular, the radiation of a 1 Myr old star
has a harder ionizing radiation and softer FUV-optical slope.
The harder ionizing radiation results in higher electron
temperature and thus brighter [SII] emission (Byler et al.
2017). At the same time, the softer FUV-optical slope results in
a larger 11.3/7.7 PAH band ratio (Draine et al. 2021), which
explains the positive relation between 11.3/7.7 and [S 1] /Hcv.

In the above discussion, we assume that the optical line
ratios in the two SF+ISM groups vary due to a varying
sequence in stellar ages. We disfavor the interpretation that the
optical line ratios are driven by a varying ionization parameter,
a property that is typically invoked to explain the optical line
ratios in H1I regions (see review by Kewley et al. 2019). For a
varying ionization parameter, we expect a negative correlation
between [O 1] /HQ and [S 1] /Ha, while for a varying stellar
age we expect a positive one (e.g., Blanc et al. 2015; Byler
et al. 2017; Kewley et al. 2019). Since we observe that [O 111]/
H{ increases with increasing [S II]/Ha, we favor the varying
stellar age sequence.

The bottom panel of Figure 15 shows the 3.3/11.3 PAH
band ratio versus [S II]/Ha. Since the 3.3/11.3 band ratio is
also sensitive to variations in the incident radiation, we use the
best-fitting relation between 11.3/7.7 and [S1]/Ha and
propagate it to the expected relation between 3.3/11.3 and
[Su]/Ha. In all the three groups, Figure 15 shows that the
observed relation between log(3.3/11.3) and log([S 11]/Ha) is
shallower than that expected. This may suggest small variations
in the PAH size distribution within each of the clusters, which
may be related to the unaccounted impact of the radiation field
on the PAH size distribution. We intend to further investigate it
in future works.

If instead we interpret these relations in the context of intrinsic
variations in PAH properties while keeping the radiation field
fixed, then the figure suggests that PAHs are smaller and more
ionized in regions dominated by older (10 Myr) stars and are
larger and more neutral in regions dominated by younger
(1 Myr) stars. Testing this interpretation requires a more general
model that accounts for radiative transfer effects on PAH
properties for a radiation field that varies in shape and intensity.
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5. Extensions and Generalizations of the Methodology

5.1. Omitted Observations: Rationale, Implications, and
Future Considerations

For this pilot study, we choose to concentrate on a limited set
of properties derived from the PHANGS observations, leaving
out many potential properties of interest that could be included
in future works. The choice to limit the number of considered
properties simplifies the problem significantly but also limits
the discovery space to that spanned by the properties we focus
on. In this section, we briefly discuss some of the omitted
properties and the reasons for excluding them, and describe
additional properties that may be included in future analyses of
this type.

The current analysis is based on MUSE, JWST, and ALMA
observations, and it does not use HST photometry. In
particular, the PHANGS-HST galaxies have been observed
with the filters F275W, F336W, and F438W, covering UV and
blue optical wavelengths not observed by MUSE (Lee et al.
2022). Including these wavelengths may add information
related to the young stellar populations, burstiness of star
formation, star formation histories, and reddening toward the
stars.

For the ALMA data, we use the integrated CO intensity
obtained through the “broad” mask and leave out other
properties, such as the width of the line. The decision to use
only the integrated CO intensity, and not the line width, was
motivated by our attempt to include as many pixels as possible
in the analysis. Since the CO line width is available only in the
“strict” mask products, it would have required us to exclude
~90% of the pixels. Even with the “broad” mask, the CO
detection requirement (along with the 3.3 um PAH detection)
excludes ~30% of the pixels, restricting our analysis to regions
hosting molecular gas masses equivalent to those of giant
molecular clouds within 1”. In a future work, we plan to
explore the use of the “flat” CO intensity maps presented by
Leroy et al. (2023) and used by Belfiore et al. (2023), where
CO flux measurement is available in every pixel.

For the MUSE data, we use derived properties that are based
on high-S/N observables such as the integrated stellar
continuum and strong emission lines. Additional properties
that can be derived from the MUSE observations include the
gas metallicity, ionization parameter, electron density, and
temperature in the warm ionized phase; and the neutral atomic
column density, traced by NalD absorption. Some of these
properties require the detection of weaker lines, making maps
derived with them incomplete.*’ In addition, the derivation of
some of these properties is often based on physical models that
may not be general enough to describe the variety of gas
conditions in the PHANGS galaxies. For example, the
metallicity is estimated using calibrations that are valid in
H1I regions, but not in the diffuse or AGN-photoionized gas
(e.g., Pilyugin & Grebel 2016; Kreckel et al. 2020; Williams
et al. 2022).

For the JWST data, our selected features trace primarily
PAH emission, and we do not include features that trace the
continuum emission from hot and larger dust grains (21 pum).
Several PHANGS-JWST studies show that the F2100W filter
behaves differently from the JWST filters we consider, in that it

49 Alternatively, the spaxels can be binned until the weaker lines are measured
with sufficient S/Ns. In that case, the maps will be complete but may have a
much coarser resolution.
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traces both gas column density and heating, showing connec-
tion to the Ho and CO emission (e.g., Belfiore et al. 2023;
Hassani et al. 2023; Leroy et al. 2023; Pathak et al. 2024). In
addition, by excluding the F2100W filter, we also exclude
Rpap, a feature that traces the PAH-to-total dust mass, and
shows galaxy-wide variations that are related to the ionization
parameter and metallicity (e.g., Chastenet et al. 2023a; Egorov
et al. 2023; J. Sutter et al. 2024, in preparation). In the first
three PHANGS-JWST galaxies studied here, the F2100W filter
is saturated in the centers of two (NGC 1365 and NGC 7496),
showing significant diffraction spikes on kiloparsec scales.
Including this feature in the analysis would have required us to
mask-out these pixels, leaving out the two galaxy centers that
host AGN. We plan to revisit this choice in the future as more
galaxies are included in the analysis.

Finally, it is worth noting that unsupervised machine-
learning algorithms can, in principle, be applied directly to
the raw data (illustrated in Figure 1). In the PHANGS survey
case, these include the MUSE spectra, the photometric bands
by HST and JWST, and the clean CO spectra reconstructed
from the ALMA interferometric observations. Working with
the raw data allows a more general analysis that is not limited
by our prior physical knowledge, and may have a bigger
potential for unexpected discoveries. It also provides a clear
way to account for nondetections. However, working with the
raw data also presents some challenges, including (i) treatment
of highly correlated features, (ii) different features carrying
different amounts of information, requiring some physically
motivated weighting scheme, (iii) presence of catastrophic
outliers due to problems in observations and reduction, and,
most importantly, (iv) the challenge of interpreting the output
of the unsupervised learning algorithms when applied to highly
complex data sets (see discussion in B19). These challenges are
also present when applying machine-learning algorithms to
derived features, but the usage of raw data can make them
considerably more difficult to address.

5.2. Treatment of Missing Measurements

In astronomy, as well as in other fields, it is typical to find
missing values in data sets. The values could be missing due to
different reasons. Values may be missing if observations were
not conducted. This can occur, for example, when certain
astronomical objects are included in one survey but not in
another. Values may be derived from fitting observations with
theoretical models, where missing values might occur if the
fitting failed, or the observations are outside of the parameter
space allowed by the theoretical models. Perhaps the most
common type of missing values in astronomical data sets is
nondetections, where observations were performed, but the
astronomical object was too faint to be detected. These are also
referred to as upper limits, and their statistical properties are
significantly different from those of features missing because
observations were not conducted. It has been known for several
decades that excluding objects with upper limits from a data set
may lead to significant biases in estimating summary statistics
such as the mean, median, or standard deviation of a
distribution, as well as biases in the output of regression
and/or correlation analyses (e.g., Feigelson & Nelson 1985;
Isobe et al. 1986).

In the machine-learning and data-science literature, exclud-
ing objects with missing values has also been shown to lead to
significant biases in estimated parameters and to an increasing
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prediction error. Interestingly, studies suggest that using a
noisier but more complete data set leads to smaller prediction
errors compared to using cleaner but less complete data sets
(e.g., Niederhut 2018). This has been shown specifically in the
context of supervised machine learning, where a model is
trained to predict a certain variable, and the prediction can be
compared to some ground truth value (regression or classifica-
tion task). In unsupervised machine-learning tasks, such as
dimensionality reduction or clustering, the effect of excluding
objects with missing values is more ambiguous, as there is
typically no definitive reference point for comparison. Never-
theless, we choose to construct a noisier and more complete
data set by using the CO intensity derived using the
“broad” mask.

Several approaches have been suggested to handle missing
values in a data set (e.g., Little & Rubin 2002; Schafer &
Graham 2002; Newman 2014; Niederhut 2018). The simplest
one is to replace the missing values by the mean value within a
given feature. However, this simple approach of imputing the
mean has been shown to lead to biased results and to
underestimate the prediction variance (Niederhut 2018). Addi-
tional approaches include more sophisticated imputations based
on KNN search, random forest regressor, and multiple
imputation (e.g., Hruschka et al. 2003; Jonsson & Wohlin 2004;
Stekhoven & Biihlmann 2011; van Buuren & Groothuis-
Oudshoorn 2011; Shah et al. 2014; Niederhut 2018), or
approaches that are not based on imputation but rather on
estimating distances between features with missing values, and
then applying the algorithm to the distance matrix directly (e.g.,
Eirola et al. 2013 and references therein). All of these
approaches assume that the missing features are “missing at
random,” which means that the likelihood of a particular
measurement being missing is independent of the value it could
have had. This in turn assumes that any object with a missing
value is well represented in the data set, and by fitting a model
to the features of other objects, the missing feature value can be
predicted. Once the missing values are replaced by predicted
values, standard machine-learning algorithms can be applied to
the data without the need to exclude objects with missing
features.

In Section 3.1, we examine two different methods for
missing value imputation: KNN search and random forest
regression, both assume that the features are “missing at
random.” The missing features are optical line ratios that are
based on strong emission lines: [N1I], [O ], and [O1II]. Our
manual inspection of the pixels shows that when one of the
ratios is missing the others are measured and can be used to
predict the value of the missing ratio. In this particular case, the
assumption of “missing at random” approximately holds, since
we are working with line ratios that have been well measured
throughout most of field of view.

In many cases, astronomical upper limits cannot be
considered as “missing at random,” since their missingness
directly depends on their (low) value. Furthermore, objects
with missing values are not necessarily well represented by
objects that were detected, as the two may represent different
populations of objects (e.g., star-forming versus passive
galaxies that show significantly different correlations between
their properties). In a future work where we plan to include all
19 Cycle 1 PHANGS-JWST galaxies, we intend to examine
whether the assumption of “missing at random” may hold
approximately. The Cycle 1 PHANGS-JWST galaxies were
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observed to the same depth, but they span a distance range of
5-20Mpc (see Table 1 in Lee et al. 2023). Therefore,
convolving all the maps to the same physical scale of 150 pc,
and working in units of luminosity per physical scale of 150 pc,
would result in lower noise levels for the closer galaxies. Then,
the CO and 3.3 pum PAH luminosities in brighter regions
corresponding to the closer galaxies, along with other measured
features, may be used as an approximate model for the
undetected CO and 3.3 pum PAH luminosities in farther away
galaxies. It may therefore be possible to build a regression
model that predicts the undetected CO and 3.3 ym luminosities
from the detected Hey, 7.7, 11.3, and 10 um luminosities using
pixels where all the features are measured. This, of course,
assumes that the CO luminosity distributions are similar, and
that the physical properties of pixels with undetected CO and
3.3 um can be well represented by pixels with detections.

An alternative solution for including upper limits in the data
set is to represent all features as probability distribution
functions (PDFs). Features that are not missing may be
represented by a normal distribution whose mean is the
measured value, and its standard deviation is the measurement
uncertainty. Upper limits may be represented by a step or a box
function whose limits are defined by the survey depth and other
physical considerations (e.g., flux is nonnegative). Then,
instead of estimating pairwise distances between numbers,
distances can be estimated using metrics that estimate distances
between PDFs, such as the Wasserstein distance (e.g., Rubner
et al. 2000; Ramdas et al. 2015) or the Kullback & Leibler
(1951) divergence. With the pairwise distances estimated,
traditional unsupervised learning algorithms can be used
without excluding objects with missing values. We have
developed and tested such an approach for the random
forest algorithm (Reis et al. 2019), although additional tests
must be performed in the case of unsupervised learning. We
intend to compare different solutions for including upper limits
for the 19 PHANGS-JWST galaxies in a future work.

6. Summary

The PHANGS survey has been making high-resolution
observations of nearby galaxies across the electromagnetic
spectrum (Figure 1). This complex multiwavelength data set
offers the opportunity to explore the interplay between different
processes operating on scales as small as the molecular cloud
scale. This interplay is what controls the baryon life cycle in
galaxies as well as their star formation, and thus is key to their
overall evolution. In this work, we use unsupervised machine-
learning algorithms to dissect the complex high-dimensional
space spanned by the PHANGS multiwavelength observations.
With these tools, we identify groups and previously unknown
trends in the data, allowing us to form data-driven hypotheses
from this rich data set.

We extract properties of interest from the ALMA, MUSE,
JWST NIRCam, and JWST MIRI observations of the three
PHANGS galaxies: NGC 0628, NGC 1365, and NGC 7496
(Section 2), from ~24,000 pixels that are half of the 150 pc
resolution. These properties pertain to the stellar populations;
warm ionized and cold molecular gas properties; and PAH and
dust conditions (Section 3.1 and Table 2); on scales of 150 pc.
We apply the dimensionality reduction algorithm UMAP to
embed the high-dimensional data set into a two-dimensional
plane (Section 3.2). We then use the hierarchical clustering
algorithm to divide the pixels into groups (Section 3.3), each

25

Baron et al.

group showing distinct properties. In the process, we identify
novel galaxy-wide correlations across the different regions, and
crucially, use our defined groups to interpret them. Our results
and their broader implications are summarized below.

(I) The identified groups have distinct multiphase gas and
PAH properties (Section 4.1 and Figure 6). The 150 pc sized
regions are divided into six groups, where each maps to large-
scale (~kpc) and coherent structures within the galaxies. Using
optical line ratios such as [O 111]/H/, [N 11]/He, [S 11]/Hey, and
[O1]/Ha, the Ha-to-CO flux ratio, the PAH band ratios 11.3/
7.7 and 3.3/11.3, and additional properties, we interpret the
groups, finding that they mostly differ in their multiphase gas
and PAH properties. The different groups trace gas photo-
ionized by the AGN; by standard star formation in spiral arms;
extreme star formation fueled by galactic bars; and diffuse gas
ionized by a combination of radiation leaking from H II regions
with harder radiation from hot and evolved stars. The different
groups also show different PAH properties, with some showing
significantly smaller PAH size distributions than others.

(II) There is a close connection between the heating of PAHs
and the ionization of the warm ionized gas (Section 4.2). We
identify significant and tight correlations between different
PAH band and optical line ratios (Figures 9 and 10). These
correlations are seen across the entire data set, covering the
star-forming regions and the ISM, the diffuse ionized gas, and
the AGN-photoionized gas. They suggest a strong connection
between the heating of PAHs and the ionization of the warm
ionized gas on 150 pc scales.

1. The observed correlations between the PAH band 11.3/
7.7 ratio and the optical line ratios [O III]/HS, [N 11] /Hc,
[S1]/He, and [OI]/Ha can be naturally explained in a
scenario where the PAHs and ionized gas are exposed to
different parts of the same spatially varying radiation
field, without the need to invoke PAHs with different
charge distributions (Section 4.2.1 and Figure 12). Since
the PHANGS pixels trace regions with widely varying
radiation fields that are a combination of young stars, old
stars, and/or AGN, a variation of PAH band ratios due to
the changing radiation SED is unavoidable. We combine
PAH models with a wide range of assumed radiation
fields to show that the observed slope of the relation is
roughly consistent with that observed.

2. The scatter in the PAH 11.3/7.7—optical lines relations
is small, ~0.03 dex, and suggests that the fraction of
ionized PAHs is quite uniform on 150 pc scales in nearby
galaxies. It suggests a significant self-regulation in the
ISM across different regions.

3. The 11.3/7.7 PAH band ratio may potentially be used to
trace the shape of the non-ionizing FUV to optical parts
of the radiation field. Combining it with optical line ratios
such as [O 1] /HQG and [S 11]/Ha may therefore serve as a
powerful diagnostic of the local radiation field, including
its ionizing and nonionizing parts simultaneously.

4. The varying radiation field is expected to also impact
PAH band ratios that are typically used as PAH size
diagnostics (Section 4.2.2 and Figure 12). We show that
the 3.3/11.3 PAH band ratio is strongly impacted by the
varying radiation, and we combine empirical fits of the
11.3/7.7 versus optical line ratios' relations with PAH
models to correct the 3.3/11.3 band ratio for the varying
radiation field. Once the varying radiation field is
accounted for, we find that PAHs tend to be smaller in
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regions with low Ha/CO ratios, and larger in regions
with high Ha/CO ratios. This is in line with the picture
that smaller PAHs are more easily destroyed by ionizing
radiation than larger PAHs. We also show that using the
3.3/11.3 band ratio directly to infer the PAH size
distribution, which implicitly assumes that the incident
radiation field is constant throughout, leads to completely
different conclusions regarding the PAH size distribution
in different regions in the galaxies (Figure 14).

5. We identify the same correlations between PAH band and
optical line ratios in individual groups where the
dynamical range is large enough (Section 4.2.3). The
observed slopes of the correlations are comparable
between the groups and comparable to the slope we find
in the galaxy-wide correlations. Our analysis suggests
that the variation in the 11.3/7.7 PAH band can be
completely attributed to a variation in the radiation field.
On the other hand, the 3.3/11.3 PAH band ratio requires
an additional component, for example, a small variation
of the PAH size distribution within each group.

6. The above conclusions are based on our simplified
assumption that intrinsic PAH properties such as size and
charge distribution do not vary with the spatially varying
radiation field. In practice, however, these properties may
depend on the radiation field, adding a secondary
dependence of the PAH band ratios on the varying
radiation field. This secondary dependence may explain
the observed deviations of certain groups from the 3.3/
11.3 PAH versus optical line ratio relations expected
under the varying radiation field interpretation. To test
this, it is necessary to construct a general radiation
transfer model that accounts self-consistently for varia-
tions of PAH intrinsic properties (size and charge) as well
as PAH heating due to a varying radiation field.

This analysis is based on the first three galaxies in the
PHANGS-JWST survey, covering ~24,000 75 pc sized pixels.
We plan to apply a similar analysis to all the 19 PHANGS
galaxies observed by JWST in Cycle 1, and to combine it with
an extensive set of photoionization models to better explore the
PAH-ionized gas correlations.

In this era of big data in astronomy, the abundance of
multiwavelength opportunities leads to complex and high-
dimensional data sets, where millions of objects are observed
across the electromagnetic spectrum, sometimes also as a function
of time. In many cases, we have only scratched the surface of
what is possible to learn from these information-rich data sets.
When the information content of the data is so large, the data itself
can be used to form new hypotheses, an approach that is at at the
heart of data science. This work illustrates that unsupervised
machine-learning algorithms can be used to mine for novel
information in complex multiwavelength data sets such as that of
the PHANGS survey. To expedite the discovery process, we used
simple, yet powerful, machine-learning algorithms and applied
them to a set of physically motivated features. This allowed us to
quickly interpret the results and focus on the scientific
implications of the newly discovered correlations. On the other
hand, this decision limited the discovery space to that spanned by
the features we chose to consider. In future works, we plan to
examine more sophisticated algorithms that can be applied
directly to the raw data. While these may be more challenging
to interpret, they can also potentially lead to new unexpected
discoveries.
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Appendix A
UMAP Hyperparameter Exploration

We examine the two-dimensional embeddings by UMAP for
a range of distance metrics and n_neighbors parameters.
For the distance metric, we examine 10 metrics from the list of
proposed metrics in the UMAP python library’®: Euclidean,
Manhattan, Chebyshev, Minkowski, Canberra, Braycurtis,
Mahalanobis, WMinkowski, Cosine, and Correlation distance.
In addition to these, we estimate the unsupervised random
forest (URF) distance matrix, used in Baron & Poznanski
(2017) to perform anomaly detection on galaxy spectra. The
motivation to examine the URF-based distance is that the
random forest algorithm can be generalized to handle missing
values, upper limits, and measurement uncertainties (Reis et al.
2019), and can thus be used to include objects with missing
features in our future work of the full PHANGS-JWST sample.

Figure Al shows the two-dimensional embeddings obtained
with UMAP for different distance metrics, and using
n_neighbors=25 and min_dist=0. These are compared
to the embedding adopted in this paper (hyperparameters:
metric=correlation, n_neighbors=10, and min_d-
ist=0). The points are color-coded according to their location
in our adopted embedding, using rectangles we defined
manually (top left panel). The figure shows that objects that
are within a given neighborhood in one of the two-dimensional
embeddings are also in the same neighborhood in another. This
suggests that the global structure of the data does not depend

50 https: / /umap-learn.readthedocs.io /en/latest /parameters.html#metric

27

Baron et al.

significantly on the distance metric, and that the clusters that
would have been identified using different metrics should be
roughly similar to those we identify using our adopted
embedding.

Figure A2 compares the two-dimensional embeddings by
UMAP for different n_neighbors parameters ranging from
10 to 500. The points are color-coded according to their
designated clusters we defined manually in Figure Al (top left
panel). As expected, the general structure in the two-
dimensional embedding becomes more connected and less
clustered with increasing n_neighbors. However, similarly
to the previous figure, the figure shows that objects remain in
the same rough neighborhood for different choices of
n_neighbors, suggesting that roughly the same clusters
would have been identified using different values of
n_neighbors.

Dimensionality reduction algorithms such as UMAP attempt
to populate points in a low-dimensional space such that their
distance distribution with respect to their neighbors will be as
close as possible to the distance distribution in the high-
dimensional space the observations originally span. As a result,
the two-dimensional embedding can be treated as invariant
under affine transformations of the data, including flipping,
rotation, and translation (see, e.g., McInnes et al. 2018). For
example, the top left and bottom right panels in Figure Al are
flipped one with respect to the other, but showing very similar
neighborhoods and structures. These representations are
considered very close to one another.
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Figure Al. Comparison of UMAP two-dimensional embeddings for different distance metrics. The top left panel shows the UMAP two-dimensional embedding

adopted in this study, which was obtained using the following hyperparameters: metric=correlation, n_neighbors=10, and min_dist=0. The
six rectangles identify neighborhoods in the two-dimensional space that might be considered as different clusters. The other panels show the two-dimensional
embedding obtained when varying the distance metric, assuming n_neighbors=25 and min_dist=0. The points are color-coded according to the designated
clusters of the pixels in our adopted two-dimensional embedding on the top left. These panels show that objects that were identified to be in the same cluster using one
metric will also be identified within the same cluster using another metric. This shows that the global structure of the data in the two-dimensional embedding does not

depend significantly on the assumed metric.
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Figure A2. Comparison of UMAP two-dimensional embeddings for different n_neighbors parameters. The panels show the resulting two-dimensional embedding
assuming different metrics and different values of n_neighbors. In each panel, the points are colored according to the designated clusters of the pixels in our
adopted two-dimensional embedding (top left in Figure A1). For a given distance metric (given column), increasing the n_neighbors parameter from 10 to 500 (top
to bottom) does not change the general structure of the data in the two-dimensional space significantly, suggesting that comparable clusters would have been identified

for different choices of hyperparameters.
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Appendix B
UMAP and Clustering Interpretation

Figure B1 shows the Pearson correlation coefficient between
different pairs of features. It includes the correlations calculated
considering all the 24,007 PHANGS pixels, as well as those
obtained when considering pixels from individual clusters. The

Baron et al.

correlation coefficients are listed in the figure only if their
associated p-value is smaller than 0.01. The figure shows
significant correlations between different PAH band and optical
line ratios. In Figures B2, B3, B4, B5, and B6, we show the
distribution of the clusters in some of the features we
considered in our analysis. We used these figures to interpret
the clusters we identified.
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Figure B1. Correlations between various features considered in our analysis. The matrix shows the Pearson correlation coefficient between pairs of features as
indicated on the left, where empty cells correspond to correlations with p-values equal or larger than 0.01. Each row corresponds to a pair of features we consider.
Each column marks the set of pixels considered for the correlation estimation, where the first column shows the correlations using all the 24,007 pixels we considered,
and the rest correspond to pixels in the different clusters we identified. High correlation coefficients are marked with brighter colors, and low coefficients with fainter
colors. We identify significant and tight correlations between PAH band and optical line ratios, suggesting a strong connection between them.
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Appendix C
Models Used to Interpret the PAH-ionized Gas Connection

C.1. PAH Models

We make use of the models presented in Draine et al. (2021).
These models predict the infrared emission from dust under a
wide range of assumptions, including incident radiation with
varying SEDs, PAH size distributions, and PAH charge
distributions. We use models with solar metallicity. For the
SED, we use two sets of single-age stellar population models:
BCO03 (Bruzual & Charlot 2003) and BPASS (Eldridge et al.
2017), with stellar ages of 3, 10, 100, 300 Myr, and 1 Gyr. We
also consider the models calculated with the mMMP and
m31bulge SEDs (see Draine et al. 2021 for additional
details). Therefore, we consider 12 different SEDs in our
analysis. We consider the three different options for the PAH
size distribution, small, standard, and large; and the three
options for the PAH charge distribution, low, standard,
and high.

To estimate the 11.3/7.7 and 3.3/11.3 PAH band ratios, we
follow the procedure outlined in Draine et al. (2021). We
parameterize the radiation field SEDs using their FUV-to-
optical luminosity ratio, where the FUV luminosity was defined
between A=1350A and A=1780A, and the optical was
defined between A = 3000 A and A = 4000 A. Figure C1 shows
how the PAH band ratios 11.3/7.7 and 3.3/11.3 change with
the FUV-to-optical luminosity ratio, the PAH size distribution,
and the PAH charge distribution.
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We estimate the expected change in the PAH band ratios,
Alog(11.3/7.7) and Alog(3.3/11.3), for varying PAH size
and charge distributions. These are represented as red and blue
arrows in Figures 12 and 13 in the main text.

For the variation with the PAH charge distribution, we use
models with the standard PAH size distribution, and for each
FUV-to-optical ratio, we calculate Alog(11.3/7.7) and
Alog(3.3/11.3) when changing the PAH ionization from low
to standard and from standard to high. The resulting
Alog(11.3/7.7) and Alog(3.3/11.3) do not vary significantly
for different FUV-optical slopes and when considering low—
standard versus standard-high changes. Therefore, we take the
median over these values, with the final adopted values
Alog(11.3/7.7) = —0.11 dex and Alog(3.3/11.3) = —0.04 dex.
These represent the expected changes in the PAH band ratios
when changing the PAH charge distribution from low to
standard or from standard to high, and they are marked with
blue arrows in Figures 12 and 13. A change of the PAH charge
distribution from low to high would result in twice the change.

For the dependence on the PAH size distribution, we use
models calculated with the standard PAH ionization distribution,
and estimate Alog(11.3/7.7) and Alog(3.3/11.3) when
changing the PAH size distribution from large to standard and
from standard to small. These values also do not vary
significantly with the FUV-to-optical luminosity ratio and when
considering large to standard versus standard to small changes.
The final adopted values, which are marked with red arrows in
Figures 12 and 13, are Alog(11.3/7.7) = —0.022 dex and
A(3.3/11.3)log = 0.24 dex. They represent the change in the
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Figure C1. Relation between PAH band ratios and the FUV-optical slope for the Draine et al. (2021) models. The panels show the PAH band ratios 11.3/7.7 um and
3.3/11.3 um vs. the FUV-to-optical luminosity ratio of the SEDs the PAHs were exposed to. The figures show different PAH size and charge distributions. The 11.3/7.7
pm band ratio is primarily sensitive to the PAH charge distribution, and increases for more neutral PAHs. It is also sensitive to the FUV-optical slope, and decreases for
softer FUV-optical slopes. The ratio is only weakly related to the PAH size distribution, and can change by ~0.03 dex when the PAH sizes change from standard to small,
or from large to standard. The 3.3/11.3 pm ratio is primarily sensitive to the PAH size distribution, and increases for smaller PAHs. It is also sensitive to the FUV-optical
slope, and increases for softer SEDs. It only weakly depends on the PAH size distribution, and can change by ~0.05 dex when changing the PAH charge distribution from
low to standard, or from standard to high. The gray dashed lines represent the best-fitting linear relations between the 11.3/7.7 pum and 3.3/11.3 um band ratios and the

FUV-to-optical luminosity ratio, as described in Appendix C.1.

PAH band ratios when changing the PAH size distribution from
large to standard and from standard to small. A change of the
PAH size distribution from large to small would result in twice
the change.

The dashed gray lines in Figure C1 are the best-fitting linear
relations between the PAH band ratios log(11.3/7.7) and
log(3.3/11.3) and the FUV-to-optical luminosity ratio. These
lines are used to translate the observed relation between
log(11.3/7.7) and log([O m]/HQB) to the expected relation
between log(3.3/11.3) and log([O 1] /H(3), assuming that the
ratios vary only due to varying SED shape. While it is clear
from Figure C1 that the relations have some curvature, we
choose to fit linear relations for simplicity. The relations are as
follows:

logPAHLLS = 0,039 x log LA FUY) 6057 (1)
7.7 vL,(optical)
and
logPAH- — 025 x log 2 FUV)_ 639 (2
11.3 vL, (optical)

To calculate the dashed and dotted lines in the right panels of
Figures 12 and 13, we first fit the relations between
log(11.3/7.7) and log([O m]/HB) using 2° and 3° polyno-
mials. The relations are given by the following:

y = 0.15x + 0.19, (C3)

and

y = —0.087x% + 0.084x + 0.18, (C4)

where y = 1ogPAH%, and x = log([O 11]/H). Similarly, we
fit relations between log(11.3/7.7) and log([S 1]/Hc) using 2°
and 3° polynomials:

y = 0.22x + 021, (C5)
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and

y = 0.53x% + 0.61x + 0.26,

where y = logPAH%, and x =log([S 1]/Ha).

To obtain the dotted (dashed) line in right panel of Figure 12,
we combine Equations (C3)-(C4) with Equation (C1) to obtain
a relation between log([O 11]/HB) and the FUV-to-optical
ratio. We then populate this relation into Equation (C2) to
obtain the expected relation between log(3.3/11.3) and
log([O 11]/HB). The resulting relations are as follows:

y=—x —2.14,

(C6)

(C7)
and

y = 0.57x* — 0.55x — 2.12, (C8)

where y = logPAH%, and x = log([O 11]/HA).

To obtain the dotied (dashed) line in the right panel of
Figure 13, we combine Equation (C5)—(C6) with Equation (C1)
to obtain a relation between log([S 11]/Ha) and the FUV-to-
optical ratio. We then populate this relation into Equation (C2)
to obtain the expected relation between log(3.3/11.3) and
log([S 11]/Hc). The resulting relations are as follows:

y = —1.6x — 2.34, (C9)
and
y= —3.5x% — 4.02x — 2.54,

where y = logPAH%, and x =log([S 11]/Ha).

(C10)

C.2. Spectral Energy Distributions

To examine the relation between the FUV-optical slope and
the hardness of the ionizing radiation, we considered several
stellar population models, all of which are shown in Figure C2
below. They include the stellar populations used by Draine
et al. (2021) for the PAH models described above. We used the
flexible stellar population synthesis (FSPS) code by Conroy
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Figure C2. vL (O ") /uL(H") vs. the FUV-to-optical luminosity ratio for a range of different assumed SEDs. Each panel shows the ratios for different sets of SEDs,
where we examined single stellar populations estimated with different codes, isochrones, and stellar libraries, as well as assuming different metallicities and stellar
ages. For the half/twice solar metallicity, we examined the same ages as those presented in the other solar metallicity panels. We also considered SEDs that are a
combination of young and old stellar populations (HOLMES mixing sequence), which are used to interpret the optical line ratios seen in the diffuse ionized gas, and
SEDs that are a combination of stellar and AGN radiation. For comparison, we show the UV-to-optical luminosity ratios of the Draine et al. (2021) mMMP and
m31bulge SEDs as dashed and dotted purple lines. The figure shows that harder ionizing radiation (increasing y-axis) is typically associated with softer FUV-optical
slope (decreasing x-axis), for a wide range of assumptions of the SED.

et al. (2009) to simulate single stellar populations. We used the
MIST isochrones (Choi et al. 2016; Dotter 2016) and the
MILES stellar library (Vazdekis et al. 2010). We considered

stellar population ages of 2, 100, 300 Myr, 1, and 10 Gyr, and
considered solar metallicity, as well as half and twice solar. We
also considered the Bruzual & Charlot (2003) models,
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calculated with the Padova 1994 tracks, using two different
stellar libraries: MILES and BaSeL (see Bruzual & Char-
lot 2003 for details). We considered stellar population ages of
2, 100, 300 Myr, 1, and 10 Gyr, assuming solar metallicity. We
also considered the BPASS models that include a treatment of
binary stars (e.g., Eldridge et al. 2017), considering the same
stellar ages and a solar metallicity.

We constructed the HOLMES mixing sequence described by
Belfiore et al. (2022), which was used to interpret the optical
line ratios seen in the diffuse ionized gas in PHANGS galaxies.
The spectra are a combination of a young stellar spectrum
(2Myr), which represents the radiation leaking from HII
regions, with an old stellar spectrum (10 Gyr), which represents
the radiation of hot and evolved stars. The mixing between
these spectra is determined through f,,,, which represents the
ratio of the ionizing fluxes from the young and old stars. For
example, logf, , = 1 represents a case where the ionizing flux
of the young stars is 10 times larger than the ionizing flux from
the old stars. logf,, = O represents the case that the ionizing
flux from the young stars equals to the ionizing radiation from
the old stars. To construct this sequence, we used the FSPS
models with ages 2 Myr and 10 Gyr, assuming solar metalli-
city, and considering mixing fractions in the range logf,,,
between —2 and 2.

Finally, we constructed two AGN+-SF mixing sequences. For
the AGN accretion disk, the SED consists of a combination of an
optical-UV continuum emitted by an optically thick geome-
trically thin accretion disk, and an additional X-ray power-law
source that extends to 50keV with a photon index of I'=1.9.
The normalization of the UV (2500 A) to X-ray (2keV) flux is
defined by apx, which we take to be 1.37. We consider two
models that differ in the mean energy of an ionizing photon
(2.65 and 4.17 Ryd), which correspond to different different
black hole masses, accretion rates, and spins (see Table Al in
Baron & Netzer 2019). We then construct a mixing sequence
with a young stellar spectrum (2 Myr), considering mixing
fractions in the range logf, , between —2 and 2.

For each of these SEDs, we estimate the FUV-to-optical
luminosity ratio by integrating over the spectra in the ranges
1350-1780 A (FUV) and 3000—4000 A (optical). To probe the
hardlgess of the ionizing SED, we estimate vL, at 353 and
912 A, which correspond to photon energies that are required to
ionize oxygen twice (probed by the [O III] line) and hydrogen
(probed by the Ha line). Figure C2 shows the luminosity ratio
vLO* ") /uL(H"), which traces the slope of the ionizing
radiation, versus the FUV-to-optical luminosity ratio, which
traces the hardness of the FUV-optical part of the SED. The
figure includes all the models described in this section. The
figure shows that a harder ionizing radiation is typically
associated with a softer FUV-optical slope for a wide range of
SEDs, including single stellar populations, mixing of young
and old stars, and mixing of stellar and AGN SEDs. The slopes
of the gray arrow in Figures 12 and 13 were estimated by
combining the observed slopes in Figures C1 and C2.

ORCID iDs

Dalya Baron @ https: //orcid.org/0000-0003-4974-3481
Karin M. Sandstrom @ https: //orcid.org,/0000-0002-
4378-8534

Erik Rosolowsky ® https: //orcid.org/0000-0002-5204-2259
Oleg V. Egorov ® https: //orcid.org/0000-0002-4755-118X
Ralf S. Klessen @ https: //orcid.org/0000-0002-0560-3172

Baron et al.

Adam K. Leroy @ https: //orcid.org,/0000-0002-2545-1700
Médéric Boquien @ https: //orcid.org/0000-0003-0946-6176
Eva Schinnerer @ https: //orcid.org/0000-0002-3933-7677
Francesco Belfiore @ https: //orcid.org/0000-0002-2545-5752
Brent Groves @ https: //orcid.org,/0000-0002-9768-0246
Jérémy Chastenet © https: //orcid.org/0000-0002-5235-5589
Daniel A. Dale ® https: //orcid.org/0000-0002-5782-9093
Guillermo A. Blanc ® https: //orcid.org/0000-0003-4218-3944
José E. Méndez-Delgado ® https: //orcid.org,/0000-0002-
6972-6411

Eric W. Koch @ https: //orcid.org/0000-0001-9605-780X
Kathryn Grasha @ https: //orcid.org/0000-0002-3247-5321
Mélanie Chevance ® https: //orcid.org/0000-0002-5635-5180
David A. Thilker © https: //orcid.org/0000-0002-8528-7340
Dario Colombo ® https: //orcid.org/0000-0001-6498-2945
Thomas G. Williams ® https: //orcid.org,/0000-0002-
0012-2142

Debosmita Pathak @ https: //orcid.org /0000-0003-2721-487X
Jessica Sutter @ https: /orcid.org/0000-0002-9183-8102
Toby Brown @ https: //orcid.org/0000-0003-1845-0934

John F. Wu @ https: //orcid.org /0000-0002-5077-881X

Josh E. G. Peek @ https: //orcid.org/0000-0003-4797-7030
Eric Emsellem ® https: //orcid.org/0000-0002-6155-7166
Kirsten L. Larson @ https: //orcid.org /0000-0003-3917-6460
Justus Neumann © https: //orcid.org/0000-0002-3289-8914

References

Abdurro’uf, Accetta, K., Aerts, C., et al. 2022, ApJS, 259, 35

Ali, M., Jones, M. W., Xie, X., & Williams, M. 2019, Vis. Comput., 35, 1013

Allamandola, L. J., Hudgins, D. M., & Sandford, S. A. 1999, ApJL, 511, L115

Allen, M. G., Groves, B. A., Dopita, M. A., Sutherland, R. S., & Kewley, L. J.
2008, AplJS, 178, 20

Aniano, G., Draine, B. T., Gordon, K. D., & Sandstrom, K. 2011, PASP,
123, 1218

Astropy Collaboration, Price-Whelan, A. M., Lim, P. L., et al. 2022, ApJ,
935, 167

Astropy Collaboration, Price-Whelan, A. M., Sip6cz, B. M., et al. 2018, AJ,
156, 123

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, A&A,
558, A33

Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5

Baron, D. 2019, arXiv:1904.07248

Baron, D., & Netzer, H. 2019, MNRAS, 486, 4290

Baron, D., & Poznanski, D. 2017, MNRAS, 465, 4530

Becht, E., Mclnnes, L., Healy, J., et al. 2018, NatBi, 37, 38

Belfiore, F., Leroy, A. K., Williams, T. G., et al. 2023, A&A, 678, A129

Belfiore, F., Santoro, F., Groves, B., et al. 2022, A&A, 659, A26

Bellm, E. 2014, Proc. Third Hot-wiring the Transient Universe Workshop, ed.
P. R. Wozniak et al., 27, http://www.slac.stanford.edu /econf/C131113.1/

Blanc, G. A., Kewley, L., Vogt, F. P. A., & Dopita, M. A. 2015, ApJ, 798, 99

Boersma, C., Bregman, J., & Allamandola, L. J. 2016, ApJ, 832, 51

Boersma, C., Bregman, J., & Allamandola, L. J. 2018, ApJ, 858, 67

Boselli, A., Boissier, S., Heinis, S., et al. 2011, A&A, 528, A107

Boselli, A., Fossati, M., Ferrarese, L., et al. 2018, A&A, 614, A56

Brown, T., Wilson, C. D., Zabel, N, et al. 2021, ApJS, 257, 21

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Bundy, K., Bershady, M. A., Law, D. R,, et al. 2015, ApJ, 798, 7

Byler, N., Dalcanton, J. J., Conroy, C., et al. 2019, AJ, 158, 2

Byler, N., Dalcanton, J. J., Conroy, C., & Johnson, B. D. 2017, ApJ, 840, 44

Cao, J., Spielmann, M., Qiu, X., et al. 2019, Natur, 566, 496

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, AplJ, 345, 245

Carter, S., Armstrong, Z., Schubert, L., Johnson, 1., & Olah, C. 2019, Distill,

Chastenet, J., Sandstrom, K., Chiang, I.-D., et al. 2019, ApJ, 876, 62

Chastenet, J., Sutter, J., Sandstrom, K., et al. 2023a, ApJL, 944, L11

Chastenet, J., Sutter, J., Sandstrom, K., et al. 2023b, ApJL, 944, L12

Choi, J., Dotter, A., Conroy, C., et al. 2016, ApJ, 823, 102

Chown, R., Sidhu, A., Peeters, E., et al. 2023, arXiv:2308.16733

Cid Fernandes, R., Stasifiska, G., Schlickmann, M. S., et al. 2010, MNRAS,
403, 1036


https://orcid.org/0000-0003-4974-3481
https://orcid.org/0000-0003-4974-3481
https://orcid.org/0000-0003-4974-3481
https://orcid.org/0000-0003-4974-3481
https://orcid.org/0000-0003-4974-3481
https://orcid.org/0000-0003-4974-3481
https://orcid.org/0000-0003-4974-3481
https://orcid.org/0000-0003-4974-3481
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-4378-8534
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-5204-2259
https://orcid.org/0000-0002-4755-118X
https://orcid.org/0000-0002-4755-118X
https://orcid.org/0000-0002-4755-118X
https://orcid.org/0000-0002-4755-118X
https://orcid.org/0000-0002-4755-118X
https://orcid.org/0000-0002-4755-118X
https://orcid.org/0000-0002-4755-118X
https://orcid.org/0000-0002-4755-118X
https://orcid.org/0000-0002-0560-3172
https://orcid.org/0000-0002-0560-3172
https://orcid.org/0000-0002-0560-3172
https://orcid.org/0000-0002-0560-3172
https://orcid.org/0000-0002-0560-3172
https://orcid.org/0000-0002-0560-3172
https://orcid.org/0000-0002-0560-3172
https://orcid.org/0000-0002-0560-3172
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0002-2545-1700
https://orcid.org/0000-0003-0946-6176
https://orcid.org/0000-0003-0946-6176
https://orcid.org/0000-0003-0946-6176
https://orcid.org/0000-0003-0946-6176
https://orcid.org/0000-0003-0946-6176
https://orcid.org/0000-0003-0946-6176
https://orcid.org/0000-0003-0946-6176
https://orcid.org/0000-0003-0946-6176
https://orcid.org/0000-0002-3933-7677
https://orcid.org/0000-0002-3933-7677
https://orcid.org/0000-0002-3933-7677
https://orcid.org/0000-0002-3933-7677
https://orcid.org/0000-0002-3933-7677
https://orcid.org/0000-0002-3933-7677
https://orcid.org/0000-0002-3933-7677
https://orcid.org/0000-0002-3933-7677
https://orcid.org/0000-0002-2545-5752
https://orcid.org/0000-0002-2545-5752
https://orcid.org/0000-0002-2545-5752
https://orcid.org/0000-0002-2545-5752
https://orcid.org/0000-0002-2545-5752
https://orcid.org/0000-0002-2545-5752
https://orcid.org/0000-0002-2545-5752
https://orcid.org/0000-0002-2545-5752
https://orcid.org/0000-0002-9768-0246
https://orcid.org/0000-0002-9768-0246
https://orcid.org/0000-0002-9768-0246
https://orcid.org/0000-0002-9768-0246
https://orcid.org/0000-0002-9768-0246
https://orcid.org/0000-0002-9768-0246
https://orcid.org/0000-0002-9768-0246
https://orcid.org/0000-0002-9768-0246
https://orcid.org/0000-0002-5235-5589
https://orcid.org/0000-0002-5235-5589
https://orcid.org/0000-0002-5235-5589
https://orcid.org/0000-0002-5235-5589
https://orcid.org/0000-0002-5235-5589
https://orcid.org/0000-0002-5235-5589
https://orcid.org/0000-0002-5235-5589
https://orcid.org/0000-0002-5235-5589
https://orcid.org/0000-0002-5782-9093
https://orcid.org/0000-0002-5782-9093
https://orcid.org/0000-0002-5782-9093
https://orcid.org/0000-0002-5782-9093
https://orcid.org/0000-0002-5782-9093
https://orcid.org/0000-0002-5782-9093
https://orcid.org/0000-0002-5782-9093
https://orcid.org/0000-0002-5782-9093
https://orcid.org/0000-0003-4218-3944
https://orcid.org/0000-0003-4218-3944
https://orcid.org/0000-0003-4218-3944
https://orcid.org/0000-0003-4218-3944
https://orcid.org/0000-0003-4218-3944
https://orcid.org/0000-0003-4218-3944
https://orcid.org/0000-0003-4218-3944
https://orcid.org/0000-0003-4218-3944
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0002-6972-6411
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0001-9605-780X
https://orcid.org/0000-0002-3247-5321
https://orcid.org/0000-0002-3247-5321
https://orcid.org/0000-0002-3247-5321
https://orcid.org/0000-0002-3247-5321
https://orcid.org/0000-0002-3247-5321
https://orcid.org/0000-0002-3247-5321
https://orcid.org/0000-0002-3247-5321
https://orcid.org/0000-0002-3247-5321
https://orcid.org/0000-0002-5635-5180
https://orcid.org/0000-0002-5635-5180
https://orcid.org/0000-0002-5635-5180
https://orcid.org/0000-0002-5635-5180
https://orcid.org/0000-0002-5635-5180
https://orcid.org/0000-0002-5635-5180
https://orcid.org/0000-0002-5635-5180
https://orcid.org/0000-0002-5635-5180
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0002-8528-7340
https://orcid.org/0000-0001-6498-2945
https://orcid.org/0000-0001-6498-2945
https://orcid.org/0000-0001-6498-2945
https://orcid.org/0000-0001-6498-2945
https://orcid.org/0000-0001-6498-2945
https://orcid.org/0000-0001-6498-2945
https://orcid.org/0000-0001-6498-2945
https://orcid.org/0000-0001-6498-2945
https://orcid.org/0000-0002-0012-2142
https://orcid.org/0000-0002-0012-2142
https://orcid.org/0000-0002-0012-2142
https://orcid.org/0000-0002-0012-2142
https://orcid.org/0000-0002-0012-2142
https://orcid.org/0000-0002-0012-2142
https://orcid.org/0000-0002-0012-2142
https://orcid.org/0000-0002-0012-2142
https://orcid.org/0000-0002-0012-2142
https://orcid.org/0000-0003-2721-487X
https://orcid.org/0000-0003-2721-487X
https://orcid.org/0000-0003-2721-487X
https://orcid.org/0000-0003-2721-487X
https://orcid.org/0000-0003-2721-487X
https://orcid.org/0000-0003-2721-487X
https://orcid.org/0000-0003-2721-487X
https://orcid.org/0000-0003-2721-487X
https://orcid.org/0000-0002-9183-8102
https://orcid.org/0000-0002-9183-8102
https://orcid.org/0000-0002-9183-8102
https://orcid.org/0000-0002-9183-8102
https://orcid.org/0000-0002-9183-8102
https://orcid.org/0000-0002-9183-8102
https://orcid.org/0000-0002-9183-8102
https://orcid.org/0000-0002-9183-8102
https://orcid.org/0000-0003-1845-0934
https://orcid.org/0000-0003-1845-0934
https://orcid.org/0000-0003-1845-0934
https://orcid.org/0000-0003-1845-0934
https://orcid.org/0000-0003-1845-0934
https://orcid.org/0000-0003-1845-0934
https://orcid.org/0000-0003-1845-0934
https://orcid.org/0000-0003-1845-0934
https://orcid.org/0000-0002-5077-881X
https://orcid.org/0000-0002-5077-881X
https://orcid.org/0000-0002-5077-881X
https://orcid.org/0000-0002-5077-881X
https://orcid.org/0000-0002-5077-881X
https://orcid.org/0000-0002-5077-881X
https://orcid.org/0000-0002-5077-881X
https://orcid.org/0000-0002-5077-881X
https://orcid.org/0000-0003-4797-7030
https://orcid.org/0000-0003-4797-7030
https://orcid.org/0000-0003-4797-7030
https://orcid.org/0000-0003-4797-7030
https://orcid.org/0000-0003-4797-7030
https://orcid.org/0000-0003-4797-7030
https://orcid.org/0000-0003-4797-7030
https://orcid.org/0000-0003-4797-7030
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0002-6155-7166
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0002-3289-8914
https://orcid.org/0000-0002-3289-8914
https://orcid.org/0000-0002-3289-8914
https://orcid.org/0000-0002-3289-8914
https://orcid.org/0000-0002-3289-8914
https://orcid.org/0000-0002-3289-8914
https://orcid.org/0000-0002-3289-8914
https://orcid.org/0000-0002-3289-8914
https://doi.org/10.3847/1538-4365/ac4414
https://ui.adsabs.harvard.edu/abs/2022ApJS..259...35A/abstract
https://doi.org/10.1007/s00371-019-01673-y
https://doi.org/10.1086/311843
https://ui.adsabs.harvard.edu/abs/1999ApJ...511L.115A/abstract
https://doi.org/10.1086/589652
https://ui.adsabs.harvard.edu/abs/2008ApJS..178...20A/abstract
https://doi.org/10.1086/662219
https://ui.adsabs.harvard.edu/abs/2011PASP..123.1218A/abstract
https://ui.adsabs.harvard.edu/abs/2011PASP..123.1218A/abstract
https://doi.org/10.3847/1538-4357/ac7c74
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..167A/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...935..167A/abstract
https://doi.org/10.3847/1538-3881/aabc4f
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://doi.org/10.1051/0004-6361/201322068
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A/abstract
https://doi.org/10.1086/130766
https://ui.adsabs.harvard.edu/abs/1981PASP...93....5B/abstract
http://arxiv.org/abs/1904.07248
https://doi.org/10.1093/mnras/stz1070
https://ui.adsabs.harvard.edu/abs/2019MNRAS.486.4290B/abstract
https://doi.org/10.1093/mnras/stw3021
https://ui.adsabs.harvard.edu/abs/2017MNRAS.465.4530B/abstract
https://doi.org/10.1038/nbt.4314
https://doi.org/10.1051/0004-6361/202347175
https://ui.adsabs.harvard.edu/abs/2023A&A...678A.129B/abstract
https://doi.org/10.1051/0004-6361/202141859
https://ui.adsabs.harvard.edu/abs/2022A&A...659A..26B/abstract
http://www.slac.stanford.edu/econf/C131113.1/
https://doi.org/10.1088/0004-637X/798/2/99
https://ui.adsabs.harvard.edu/abs/2015ApJ...798...99B/abstract
https://doi.org/10.3847/0004-637X/832/1/51
https://ui.adsabs.harvard.edu/abs/2016ApJ...832...51B/abstract
https://doi.org/10.3847/1538-4357/aabcbe
https://ui.adsabs.harvard.edu/abs/2018ApJ...858...67B/abstract
https://doi.org/10.1051/0004-6361/201016389
https://ui.adsabs.harvard.edu/abs/2011A&A...528A.107B/abstract
https://doi.org/10.1051/0004-6361/201732407
https://ui.adsabs.harvard.edu/abs/2018A&A...614A..56B/abstract
https://doi.org/10.3847/1538-4365/ac28f5
https://ui.adsabs.harvard.edu/abs/2021ApJS..257...21B/abstract
https://doi.org/10.1046/j.1365-8711.2003.06897.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344.1000B/abstract
https://doi.org/10.1088/0004-637X/798/1/7
https://ui.adsabs.harvard.edu/abs/2015ApJ...798....7B/abstract
https://doi.org/10.3847/1538-3881/ab1b70
https://ui.adsabs.harvard.edu/abs/2019AJ....158....2B/abstract
https://doi.org/10.3847/1538-4357/aa6c66
https://ui.adsabs.harvard.edu/abs/2017ApJ...840...44B/abstract
https://doi.org/10.1038/s41586-019-0969-x
https://ui.adsabs.harvard.edu/abs/2019Natur.566..496C/abstract
https://doi.org/10.1086/167900
https://ui.adsabs.harvard.edu/abs/1989ApJ...345..245C/abstract
https://doi.org/10.23915/distill.00015
https://doi.org/10.3847/1538-4357/ab16cf
https://ui.adsabs.harvard.edu/abs/2019ApJ...876...62C/abstract
https://doi.org/10.3847/2041-8213/acadd7
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L..11C/abstract
https://doi.org/10.3847/2041-8213/acac94
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L..12C/abstract
https://doi.org/10.3847/0004-637X/823/2/102
https://ui.adsabs.harvard.edu/abs/2016ApJ...823..102C/abstract
http://arxiv.org/abs/2308.16733
https://doi.org/10.1111/j.1365-2966.2009.16185.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.403.1036C/abstract
https://ui.adsabs.harvard.edu/abs/2010MNRAS.403.1036C/abstract

THE ASTROPHYSICAL JOURNAL, 968:24 (37pp), 2024 June 10

Conroy, C., Gunn, J. E., & White, M. 2009, ApJ, 699, 486

Coté, P., Blakeslee, J. P., Ferrarese, L., et al. 2004, ApJS, 153, 223

Croiset, B. A., Candian, A., Berné, O., & Tielens, A. G. G. M. 2016, A&A,
590, A26

Dale, D. A., Boquien, M., Barnes, A. T., et al. 2023, ApJL, 944, L.23

Dale, D. A., Cook, D. O., Roussel, H., et al. 2017, ApJ, 837, 90

Dale, D. A., Gil de Paz, A., Gordon, K. D., et al. 2007, ApJ, 655, 863

Dawson, K. S., Schlegel, D. J., Ahn, C. P., et al. 2013, AJ, 145, 10

DESI Collaboration, Adame, A. G., Aguilar, J., et al. 2023, arXiv:2306.06308

DESI Collaboration, Aghamousa, A., Aguilar, J., et al. 2016, arXiv:1611.
00036

Dewdney, P. E., Hall, P. J., Schilizzi, R. T., & Lazio, T. J. L. W. 2009, IEEEP,
97, 1482

Diamond-Stanic, A. M., & Rieke, G. H. 2010, ApJ, 724, 140

Donnelly, G. P., Smith, J. D. T., Draine, B. T., et al. 2024, ApJ, 965, 75

Dotter, A. 2016, ApJS, 222, 8

Draine, B. T. 2011, Physics of the Interstellar and Intergalactic Medium
(Princeton, NJ: Princeton Univ. Press)

Draine, B. T., & Li, A. 2001, ApJ, 551, 807

Draine, B. T., Li, A., Hensley, B. S., et al. 2021, ApJ, 917, 3

Egorov, O. V., Kreckel, K., Sandstrom, K. M., et al. 2023, ApJL, 944, L16

Eirola, E., Doquire, G., Verleysen, M., & Lendasse, A. 2013, Inf. Sci., 240, 115

Eisenstein, D. J., Weinberg, D. H., Agol, E., et al. 2011, AJ, 142, 72

Eldridge, J. J., Stanway, E. R., Xiao, L., et al. 2017, PASA, 34, e058

Emsellem, E., Schinnerer, E., Santoro, F., et al. 2022, A&A, 659, A191

Euclid Collaboration, Scaramella, R., Amiaux, J., et al. 2022, A&A, 662, A112

Feigelson, E. D., & Nelson, P. I. 1985, ApJ, 293, 192

Ferguson, H. C., Dickinson, M., & Williams, R. 2000, ARA&A, 38, 667

Fluke, C. J., & Jacobs, C. 2020, WDMKD, 10, e1349

Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al. 2016, A&A, 595, Al

Gaia Collaboration, Vallenari, A., Brown, A. G. A, et al. 2023, A&A, 674, Al

Galliano, F., Madden, S. C., Tielens, A. G. G. M., Peeters, E., & Jones, A. P.
2008, ApJ, 679, 310

Garnett, D. R. 1992, AJ, 103, 1330

Giavalisco, M., Ferguson, H. C., Koekemoer, A. M., et al. 2004, ApJL,
600, .93

Gordon, K. D., Engelbracht, C. W., Rieke, G. H., et al. 2008, ApJ, 682, 336

Hassani, H., Rosolowsky, E., Leroy, A. K., et al. 2023, ApJL, 944, L.21

Henshaw, J. D., Barnes, A. T., Battersby, C., et al. 2023, in ASP Conf. Ser.
534, Protostars and Planets VII, ed. S. Inutsuka et al. (San Francisco, CA:
ASP), 83

Hony, S., Van Kerckhoven, C., Peeters, E., et al. 2001, A&A, 370, 1030

Hruschka, E., Hruschka, E., & Ebecken, N. 2003, in AI 2003: Advances in
Artificial Intelligence (New York: Springer), 723

Hunter, J. D. 2007, CSE, 9, 90

Isobe, T., Feigelson, E. D., & Nelson, P. I. 1986, ApJ, 306, 490

Jones, E., Oliphant, T., Peterson, P., et al. 2001, SciPy: Open source scientific
tools for Python, http://www.scipy.org/

Jonsson, P., & Wohlin, C. 2004, in Proc. 10th Int. Software Metrics Symp.
(Piscataway, NJ: IEEE), 108

Ivezié, Z, Kahn, S. M., Tyson, J. A., et al. 2019, ApJ, 873, 111

Kaiser, N., Burgett, W., Chambers, K., et al. 2010, Proc. SPIE, 7733, 77330E

Kaneda, H., Onaka, T., & Sakon, 1. 2005, ApJL, 632, L83

Kaneda, H., Onaka, T., Sakon, I, et al. 2008, ApJ, 684, 270

Kauffmann, G., Heckman, T. M., Tremonti, C., et al. 2003, MNRAS,
346, 1055

Kennicutt, R. C., Calzetti, D., Aniano, G., et al. 2011, PASP, 123, 1347

Kennicutt, R. C. J., Armus, L., Bendo, G., et al. 2003, PASP, 115, 928

Kewley, L. J., Dopita, M. A., Sutherland, R. S., Heisler, C. A., & Trevena, J.
2001, AplJ, 556, 121

Kewley, L. J., Groves, B., Kauffmann, G., & Heckman, T. 2006, MNRAS,
372, 961

Kewley, L. J., Nicholls, D. C., & Sutherland, R. S. 2019, ARA&A, 57, 511

Knight, C., Peeters, E., Stock, D. J., Vacca, W. D., & Tielens, A. G. G. M.
2021, ApJ, 918, 8

Kollmeier, J. A., Zasowski, G., Rix, H.-W., et al. 2017, arXiv:1711.03234

Kreckel, K., Ho, I. T., Blanc, G. A., et al. 2020, MNRAS, 499, 193

Kullback, S., & Leibler, R. A. 1951, Ann. Math. Statist., 22, 79

Lai, T. S. Y., Armus, L., Bianchin, M., et al. 2023, ApJL, 957, L26

Lai, T. S. Y., Armus, L., U, V., et al. 2022, ApJL, 941, L36

37

Baron et al.

Lee, J. C., Sandstrom, K. M., Leroy, A. K., et al. 2023, ApJL, 944, L17

Lee, J. C., Whitmore, B. C., Thilker, D. A., et al. 2022, ApJS, 258, 10

Leroy, A. K., Hughes, A., Liu, D., et al. 2021b, ApJS, 255, 19

Leroy, A. K., Sandstrom, K., Rosolowsky, E., et al. 2023, ApJL, 944, L9

Leroy, A. K., Schinnerer, E., Hughes, A., et al. 2021a, ApJS, 257, 43

Li, A. 2020, NatAs, 4, 339

Little, J. A., & Rubin, D. B. 2002, Statistical Analysis with Missing Data (2nd
ed.; New York: Interscience (Wiley-Interscience))

Majewski, S. R., Schiavon, R. P., Frinchaboy, P. M., et al. 2017, AJ,
154, 94

Maragkoudakis, A., Boersma, C., Temi,
Allamandola, L. J. 2022, ApJ, 931, 38

Maragkoudakis, A., Peeters, E., & Ricca, A. 2020, MNRAS, 494, 642

Mclnnes, L., Healy, J., & Melville, J. 2018, arXiv:1802.03426

Morganti, R., Tsvetanov, Z. 1., Gallimore, J., & Allen, M. G. 1999, A&AS,
137, 457

Moustakas, J., Kennicutt, R. C. J., Tremonti, C. A., et al. 2010, ApJS, 190, 233

Newman, D. 2014, Organ. Res. Methods, 17, 372

Niederhut, D. 2018, Proc. 17th Python in Science Conf. (SciPy 2018), ed.
F. Akici et al. (Austin, TX: SciPy), 56

O’Halloran, B., Satyapal, S., & Dudik, R. P. 2006, ApJ, 641, 795

Osterbrock, D. E., & Ferland, G. J. 2006, Astrophysics of Gaseous Nebulae
and Active Galactic Nuclei (Sausalito, CA: Univ. Science Books)

Packer, J. S., Zhu, Q., Huynh, C., et al. 2019, Sci, 365, eaax1971

Pasquini, S., Peeters, E., Schefter, B., et al. 2023, arXiv:2311.01163

Pathak, D., Leroy, A. K., Thompson, T. A., et al. 2024, AJ, 167, 39

Pedregosa, F., Varoquaux, G., Gramfort, A., et al. 2011, JMLR, 12, 2825

Peeters, E., Bauschlicher, C. W., Jr., & Allamandola, J. 2017, Apl,
836, 198

Peeters, E., Habart, E., Berne, O., et al. 2023, arXiv:2310.08720

Pérez, F., & Granger, B. E. 2007, CSE, 9, 21

Pessa, 1., Schinnerer, E., Sanchez-Blazquez, P., et al. 2023, A&A, 673, A147

Pilyugin, L. S., & Grebel, E. K. 2016, MNRAS, 457, 3678

Ramdas, A., Garcia, N., & Cuturi, M. 2015, arXiv:1509.02237

Reis, 1., Baron, D., & Shahaf, S. 2019, AJ, 157, 16

Rich, J. A., Kewley, L. J., & Dopita, M. A. 2011, ApJ, 734, 87

Rich, J. A., Kewley, L. J., & Dopita, M. A. 2015, ApJS, 221, 28

Rigopoulou, D., Barale, M., Clary, D. C., et al. 2021, MNRAS, 504, 5287

Robitaille, T., Deil, C., & Ginsburg, A., 2020 reproject: Python-based
astronomical image reprojection, Astrophysics Source Code Library,
ascl:2011.023

Rubner, Y., Tomasi, C., & Guibas, L. J. 2000, Int. J. Comput. Vis., 40, 99

Saintonge, A., Catinella, B., Tacconi, L. ., et al. 2017, ApJS, 233, 22

Saintonge, A., Kauffmann, G., Kramer, C., et al. 2011, MNRAS, 415, 32

Sandstrom, K. M., Chastenet, J., Sutter, J., et al. 2023a, ApJL, 944, L7

Sandstrom, K. M., Koch, E. W., Leroy, A. K., et al. 2023b, ApJL, 944, L8

Schafer, J. L., & Graham, J. W. 2002, Psychol. Methods, 7, 147

Schinnerer, E., Emsellem, E., Henshaw, J. D., et al. 2023, ApJL, 944, L15

Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172, 1

Shah, A. D., Bartlett, J. W., Carpenter, J., Nicholas, O., & Hemingway, H.
2014, Am. J. Epidemiol., 179, 764

Shakura, N. L., & Sunyaev, R. A. 1973, A&A, 24, 337

Slone, O., & Netzer, H. 2012, MNRAS, 426, 656

Smith, J. D. T., Draine, B. T., Dale, D. A., et al. 2007, ApJ, 656, 770

Stekhoven, D. J., & Biihlmann, P. 2011, Bioinformatics, 28, 112

Sun, J., Leroy, A. K., Rosolowsky, E., et al. 2022, AJ, 164, 43

Tielens, A. G. G. M. 2005, The Physics and Chemistry of the Interstellar
Medium (Cambridge: Cambridge Univ. Press)

Tielens, A. G. G. M. 2008, ARA&A, 46, 289

Ujjwal, K., Kartha, S. S., Krishna, R. A., et al. 2024, A&A, 684, 8

van Buuren, S., & Groothuis-Oudshoorn, K. 2011, J. Stat. Softw., 45, 1

Vazdekis, A., Sanchez-Blazquez, P., Falcén-Barroso, J., et al. 2010, MNRAS,
404, 1639

Vega, O., Bressan, A., Panuzzo, P., et al. 2010, ApJ, 721, 1090

Veilleux, S., & Osterbrock, D. E. 1987, AplS, 63, 295

Walter, F., Brinks, E., de Blok, W. J. G., et al. 2008, AJ, 136, 2563

Williams, T. G., Kreckel, K., Belfiore, F., et al. 2022, MNRAS, 509, 1303

Williams, T. G., Lee, J. C., Larson, K. L., et al. 2024, arXiv:2401.15142

Xu, D., & Tian, Y. 2015, AnDS, 2, 165

York, D. G., Adelman, J., Anderson, J. E., Jr, et al. 2000, AJ, 120, 1579

P., Bregman, J. D. &


https://doi.org/10.1088/0004-637X/699/1/486
https://ui.adsabs.harvard.edu/abs/2009ApJ...699..486C/abstract
https://doi.org/10.1086/421490
https://ui.adsabs.harvard.edu/abs/2004ApJS..153..223C/abstract
https://doi.org/10.1051/0004-6361/201527714
https://ui.adsabs.harvard.edu/abs/2016A&A...590A..26C/abstract
https://ui.adsabs.harvard.edu/abs/2016A&A...590A..26C/abstract
https://doi.org/10.3847/2041-8213/aca769
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L..23D/abstract
https://doi.org/10.3847/1538-4357/aa6032
https://ui.adsabs.harvard.edu/abs/2017ApJ...837...90D/abstract
https://doi.org/10.1086/510362
https://ui.adsabs.harvard.edu/abs/2007ApJ...655..863D/abstract
https://doi.org/10.1088/0004-6256/145/1/10
https://ui.adsabs.harvard.edu/abs/2013AJ....145...10D/abstract
http://arxiv.org/abs/2306.06308
http://arxiv.org/abs/1611.00036
http://arxiv.org/abs/1611.00036
https://doi.org/10.1109/JPROC.2009.2021005
https://ui.adsabs.harvard.edu/abs/2009IEEEP..97.1482D/abstract
https://ui.adsabs.harvard.edu/abs/2009IEEEP..97.1482D/abstract
https://doi.org/10.1088/0004-637X/724/1/140
https://ui.adsabs.harvard.edu/abs/2010ApJ...724..140D/abstract
https://doi.org/10.3847/1538-4357/ad2169
https://ui.adsabs.harvard.edu/abs/2024ApJ...965...75D/abstract
https://doi.org/10.3847/0067-0049/222/1/8
https://ui.adsabs.harvard.edu/abs/2016ApJS..222....8D/abstract
https://doi.org/10.1086/320227
https://ui.adsabs.harvard.edu/abs/2001ApJ...551..807D/abstract
https://doi.org/10.3847/1538-4357/abff51
https://ui.adsabs.harvard.edu/abs/2021ApJ...917....3D/abstract
https://doi.org/10.3847/2041-8213/acac92
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L..16E/abstract
https://doi.org/10.1016/j.ins.2013.03.043
https://doi.org/10.1088/0004-6256/142/3/72
https://ui.adsabs.harvard.edu/abs/2011AJ....142...72E/abstract
https://doi.org/10.1017/pasa.2017.51
https://ui.adsabs.harvard.edu/abs/2017PASA...34...58E/abstract
https://doi.org/10.1051/0004-6361/202141727
https://ui.adsabs.harvard.edu/abs/2022A&A...659A.191E/abstract
https://doi.org/10.1051/0004-6361/202141938
https://ui.adsabs.harvard.edu/abs/2022A&A...662A.112E/abstract
https://doi.org/10.1086/163225
https://ui.adsabs.harvard.edu/abs/1985ApJ...293..192F/abstract
https://doi.org/10.1146/annurev.astro.38.1.667
https://ui.adsabs.harvard.edu/abs/2000ARA&A..38..667F/abstract
https://doi.org/10.1002/widm.1349
https://ui.adsabs.harvard.edu/abs/2020WDMKD..10.1349F/abstract
https://doi.org/10.1051/0004-6361/201629272
https://ui.adsabs.harvard.edu/abs/2016A&A...595A...1G/abstract
https://doi.org/10.1051/0004-6361/202243940
https://ui.adsabs.harvard.edu/abs/2023A&A...674A...1G/abstract
https://doi.org/10.1086/587051
https://ui.adsabs.harvard.edu/abs/2008ApJ...679..310G/abstract
https://doi.org/10.1086/116146
https://ui.adsabs.harvard.edu/abs/1992AJ....103.1330G/abstract
https://doi.org/10.1086/379232
https://ui.adsabs.harvard.edu/abs/2004ApJ...600L..93G/abstract
https://ui.adsabs.harvard.edu/abs/2004ApJ...600L..93G/abstract
https://doi.org/10.1086/589567
https://ui.adsabs.harvard.edu/abs/2008ApJ...682..336G/abstract
https://doi.org/10.3847/2041-8213/aca8ab
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L..21H/abstract
https://ui.adsabs.harvard.edu/abs/2023ASPC..534...83H/abstract
https://doi.org/10.1051/0004-6361:20010242
https://ui.adsabs.harvard.edu/abs/2001A&A...370.1030H/abstract
https://doi.org/10.1109/MCSE.2007.55
https://ui.adsabs.harvard.edu/abs/2007CSE.....9...90H/abstract
https://doi.org/10.1086/164359
https://ui.adsabs.harvard.edu/abs/1986ApJ...306..490I/abstract
http://www.scipy.org/
https://doi.org/10.3847/1538-4357/ab042c
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I/abstract
https://doi.org/10.1117/12.859188
https://ui.adsabs.harvard.edu/abs/2010SPIE.7733E..0EK/abstract
https://doi.org/10.1086/497913
https://ui.adsabs.harvard.edu/abs/2005ApJ...632L..83K/abstract
https://doi.org/10.1086/590243
https://ui.adsabs.harvard.edu/abs/2008ApJ...684..270K/abstract
https://doi.org/10.1111/j.1365-2966.2003.07154.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.346.1055K/abstract
https://ui.adsabs.harvard.edu/abs/2003MNRAS.346.1055K/abstract
https://doi.org/10.1086/663818
https://ui.adsabs.harvard.edu/abs/2011PASP..123.1347K/abstract
https://doi.org/10.1086/376941
https://ui.adsabs.harvard.edu/abs/2003PASP..115..928K/abstract
https://doi.org/10.1086/321545
https://ui.adsabs.harvard.edu/abs/2001ApJ...556..121K/abstract
https://doi.org/10.1111/j.1365-2966.2006.10859.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372..961K/abstract
https://ui.adsabs.harvard.edu/abs/2006MNRAS.372..961K/abstract
https://doi.org/10.1146/annurev-astro-081817-051832
https://ui.adsabs.harvard.edu/abs/2019ARA&A..57..511K/abstract
https://doi.org/10.3847/1538-4357/ac02c6
https://ui.adsabs.harvard.edu/abs/2021ApJ...918....8K/abstract
http://arxiv.org/abs/1711.03234
https://doi.org/10.1093/mnras/staa2743
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499..193K/abstract
https://doi.org/10.1214/aoms/1177729694
https://doi.org/10.3847/2041-8213/ad0387
https://ui.adsabs.harvard.edu/abs/2023ApJ...957L..26L/abstract
https://doi.org/10.3847/2041-8213/ac9ebf
https://ui.adsabs.harvard.edu/abs/2022ApJ...941L..36L/abstract
https://doi.org/10.3847/2041-8213/acaaae
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L..17L/abstract
https://doi.org/10.3847/1538-4365/ac1fe5
https://ui.adsabs.harvard.edu/abs/2022ApJS..258...10L/abstract
https://doi.org/10.3847/1538-4365/abec80
https://ui.adsabs.harvard.edu/abs/2021ApJS..255...19L/abstract
https://doi.org/10.3847/2041-8213/acaf85
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L...9L/abstract
https://doi.org/10.3847/1538-4365/ac17f3
https://ui.adsabs.harvard.edu/abs/2021ApJS..257...43L/abstract
https://doi.org/10.1038/s41550-020-1051-1
https://ui.adsabs.harvard.edu/abs/2020NatAs...4..339L/abstract
https://doi.org/10.3847/1538-3881/aa784d
https://ui.adsabs.harvard.edu/abs/2017AJ....154...94M/abstract
https://ui.adsabs.harvard.edu/abs/2017AJ....154...94M/abstract
https://doi.org/10.3847/1538-4357/ac666f
https://ui.adsabs.harvard.edu/abs/2022ApJ...931...38M/abstract
https://doi.org/10.1093/mnras/staa681
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494..642M/abstract
http://arxiv.org/abs/1802.03426
https://doi.org/10.1051/aas:1999258
https://ui.adsabs.harvard.edu/abs/1999A&AS..137..457M/abstract
https://ui.adsabs.harvard.edu/abs/1999A&AS..137..457M/abstract
https://doi.org/10.1088/0067-0049/190/2/233
https://ui.adsabs.harvard.edu/abs/2010ApJS..190..233M/abstract
https://doi.org/10.1177/1094428114548590
https://doi.org/10.1086/500529
https://ui.adsabs.harvard.edu/abs/2006ApJ...641..795O/abstract
https://doi.org/10.1126/science.aax1971
http://arxiv.org/abs/2311.01163
https://doi.org/10.3847/1538-3881/ad110d
https://ui.adsabs.harvard.edu/abs/2024AJ....167...39P/abstract
https://ui.adsabs.harvard.edu/abs/2011JMLR...12.2825P/abstract
https://doi.org/10.3847/1538-4357/836/2/198
https://ui.adsabs.harvard.edu/abs/2017ApJ...836..198P/abstract
https://ui.adsabs.harvard.edu/abs/2017ApJ...836..198P/abstract
http://arxiv.org/abs/2310.08720
https://doi.org/10.1109/MCSE.2007.53
https://ui.adsabs.harvard.edu/abs/2007CSE.....9c..21P/abstract
https://doi.org/10.1051/0004-6361/202245673
https://ui.adsabs.harvard.edu/abs/2023A&A...673A.147P/abstract
https://doi.org/10.1093/mnras/stw238
https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.3678P/abstract
http://arxiv.org/abs/1509.02237
https://doi.org/10.3847/1538-3881/aaf101
https://ui.adsabs.harvard.edu/abs/2019AJ....157...16R/abstract
https://doi.org/10.1088/0004-637X/734/2/87
https://ui.adsabs.harvard.edu/abs/2011ApJ...734...87R/abstract
https://doi.org/10.1088/0067-0049/221/2/28
https://ui.adsabs.harvard.edu/abs/2015ApJS..221...28R/abstract
https://doi.org/10.1093/mnras/stab959
https://ui.adsabs.harvard.edu/abs/2021MNRAS.504.5287R/abstract
http://www.ascl.net/2011.023
https://doi.org/10.1023/A:1026543900054
https://doi.org/10.3847/1538-4365/aa97e0
https://ui.adsabs.harvard.edu/abs/2017ApJS..233...22S/abstract
https://doi.org/10.1111/j.1365-2966.2011.18677.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415...32S/abstract
https://doi.org/10.3847/2041-8213/acb0cf
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L...7S/abstract
https://doi.org/10.3847/2041-8213/aca972
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L...8S/abstract
https://doi.org/10.1037/1082-989X.7.2.147
https://doi.org/10.3847/2041-8213/acac9e
https://ui.adsabs.harvard.edu/abs/2023ApJ...944L..15S/abstract
https://doi.org/10.1086/516585
https://ui.adsabs.harvard.edu/abs/2007ApJS..172....1S/abstract
https://doi.org/10.1093/aje/kwt312
https://ui.adsabs.harvard.edu/abs/1973A&A....24..337S/abstract
https://doi.org/10.1111/j.1365-2966.2012.21699.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426..656S/abstract
https://doi.org/10.1086/510549
https://ui.adsabs.harvard.edu/abs/2007ApJ...656..770S/abstract
https://doi.org/10.1093/bioinformatics/btr597
https://doi.org/10.3847/1538-3881/ac74bd
https://ui.adsabs.harvard.edu/abs/2022AJ....164...43S/abstract
https://doi.org/10.1146/annurev.astro.46.060407.145211
https://ui.adsabs.harvard.edu/abs/2008ARA&A..46..289T/abstract
https://doi.org/10.1051/0004-6361/202347620
https://ui.adsabs.harvard.edu/abs/2024A&A...684A..71U/abstract
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.1111/j.1365-2966.2010.16407.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.404.1639V/abstract
https://ui.adsabs.harvard.edu/abs/2010MNRAS.404.1639V/abstract
https://doi.org/10.1088/0004-637X/721/2/1090
https://ui.adsabs.harvard.edu/abs/2010ApJ...721.1090V/abstract
https://doi.org/10.1086/191166
https://ui.adsabs.harvard.edu/abs/1987ApJS...63..295V/abstract
https://doi.org/10.1088/0004-6256/136/6/2563
https://ui.adsabs.harvard.edu/abs/2008AJ....136.2563W/abstract
https://doi.org/10.1093/mnras/stab3082
https://ui.adsabs.harvard.edu/abs/2022MNRAS.509.1303W/abstract
http://arxiv.org/abs/2401.15142
https://doi.org/10.1007/s40745-015-0040-1
https://ui.adsabs.harvard.edu/abs/2015AnDS....2..165X/abstract
https://doi.org/10.1086/301513
https://ui.adsabs.harvard.edu/abs/2000AJ....120.1579Y/abstract

	1. Introduction
	2. Data
	2.1. ALMA
	2.2. MUSE
	2.3. JWST

	3. Methods
	3.1. Feature Extraction
	3.2. Dimensionality Reduction with UMAP
	3.3. Clustering

	4. Results
	4.1. Distinct Gas Ionization and PAH Properties in the Different Clusters
	4.2. Close Connection between the Heating of PAHs and the Ionization of the Warm Ionized Gas
	4.2.1. A Varying Radiation Field as the Main Driver of the Correlations
	4.2.2. Constraining the PAH Size Distribution
	4.2.3. PAH Bands versus Optical Line Ratios in Individual Groups


	5. Extensions and Generalizations of the Methodology
	5.1. Omitted Observations: Rationale, Implications, and Future Considerations
	5.2. Treatment of Missing Measurements

	6. Summary
	Appendix AUMAP Hyperparameter Exploration
	Appendix BUMAP and Clustering Interpretation
	Appendix CModels Used to Interpret the PAH–ionized Gas Connection
	C.1. PAH Models
	C.2. Spectral Energy Distributions

	References



