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ABSTRACT

A galaxy’s morphology stems from the secular and environmental processes taking place over the course of its evolutionary history.
Thus, it has consistently served as an important tool for gaining insights into galaxy evolution. In this work, we visually classi-
fied morphologies on cloud-scales based on the molecular gas distribution of a large sample of 79 nearby main sequence galaxies,
using 1” resolution CO(2-1) ALMA observations taken as part of the PHANGS survey. For this purpose, we devised a morphology
classification scheme for different types of bars, spiral arms (grand-design, flocculent, multi-arm and smooth), and rings (central and
non-central rings) that are similar to the well established optical ones. Furthermore, we introduced bar lane classes. In general, our
cold gas-based morphologies is in good agreement with the ones based on stellar light. Both of our bars, as well as the grand-design
spiral arms, are preferentially found at the higher mass end of our sample. Our gas-based classification indicates a potential for a
misidentification of unbarred galaxies in the optical when massive star formation is present. Central or nuclear rings are present in
a third of the sample, with a strong preference seen for barred galaxies (59%). As stellar bars are present in 45 + 5% of our sample
galaxies, we explore the utility of molecular gas as tracer of bar lane properties. We find that more curved bar lanes have a shorter
radial extent in molecular gas and reside in galaxies with lower molecular to stellar mass ratios than those with straighter geometries.
Galaxies display a wide range of CO morphologies and this work is aimed at providing a catalogue of morphological features in a
representative sample of nearby galaxies.
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1. Introduction

The classification of galaxies based on their morphological
appearance has been a fundamental topic in astronomy since
the early 20th century (e.g., the Hubble tuning fork; Hubble
1926, 1936). It turns out that there is a strong (anti-) correla-
tion between the occurrence of features such as spiral arms and

stellar bars as well as the star formation rate (SFR) or the star
formation history (Buta 2013), making such features important
parameters for this area of study.

Historically, most observations of galaxy morphology have
been performed on optical or infrared images, identifying stellar
bars (e.g., Hubble 1936; de Vaucouleurs 1963; Buta et al. 2015),
spiral arms (e.g., Elmegreen & Elmegreen 1982), and rings
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(Schwarz 1981; de Vaucouleurs et al. 1991) in the stellar distri-
bution of different types of disk galaxies (including, e.g., dwarf
and anemic disk galaxies; de Vaucouleurs 1959; van den Bergh
1976). Over time, the morphological information has been
expanded to higher redshifts (e.g., Sheth et al. 2003; Moran et al.
2007; Tsukui & Iguchi 2021), to specific sub-samples (e.g.,
isolated galaxies; Butaetal. 2019), and to different identi-
fication methods, such as crowdsourcing (e.g., Lintott et al.
2008) or machine learning algorithms (e.g., distinguishing spi-
ral from elliptical or merging galaxies; Ciprijanovi¢ et al. 2022;
Dominguez Sanchez et al. 2022).

In addition to this wide variety of works based on the stel-
lar distribution, observations of other phases of the interstellar
medium (ISM) have proven fruitful (e.g., studying star for-
mation in bars in Ha: Fraser-McKelvie et al. 2020). Compar-
isons between galaxy morphologies in stellar light and other
ISM phases can provide insight into how morphological features
decouple and where new generations of stars may form.

In particular, cold molecular gas and its dissipational non-
linear response to the gravitational potential may provide a
sharpened picture of the underlying morphology and allow for
important insights into what drives the secular evolution of
galaxies. The variation in azimuthal contrasts in CO and 3.6 um
emission (tracing the stellar contribution) suggests that molec-
ular gas in nearby galaxies is organized by large-scale stel-
lar dynamical features (Meidt et al. 2021). However, molecular
clouds may not populate all orbits or orbit phases in equal mea-
sure. Instead, the dissipative gas can reveal higher order features
like orbit intersections due to non-axisymmetric potentials that
give rise to shocks and radial gas flows. This can highlight dust
lanes similar to dust observations (e.g., Comeron et al. 2009;
Thilker et al. 2023). Furthermore, galaxies that are out of equi-
librium can result in a delayed or enhanced gas response, which
would introduce departures from the underlying stellar morphol-
ogy in the gas organization. Establishing when and where the
two morphologies agree or disagree (as a function of galactic
environment, within and among galaxies) indirectly probes the
dominant factors responsible for establishing the morphology of
the gas.

‘While the most abundant molecule, H», is difficult to observe
due to its large rotational constant and lack of a permanent dipole
moment, the second most abundant molecule, CO, has been
shown as a good tracer of spiral structure (e.g., BIMA SONG;
HERACLES; Helfer et al. 2003; Leroy et al. 2009) and its emis-
sion can be linked to the overall H, mass (Bolatto et al. 2013).
Still, until now morphological surveys based on cold molecu-
lar gas in the local universe have suffered from either small
sample sizes and/or low ~kpc resolutions and sensitivity (e.g.,
Sheth et al. 2000; Helfer et al. 2003; Bolatto et al. 2017). With
1”7 (~100 pc) resolution CO(2—-1) observations with ALMA, the
Physics at High Angular resolution in Nearby GalaxieS survey
(PHANGS; Leroy et al. 2021a,b) allows us to perform classifi-
cations based on the molecular gas morphology for 90 nearby
main sequence (MS) galaxies. We aim to learn what the relative
roles of the background potential and gas properties are in driv-
ing global and local gas morphologies. This systematic study of
CO morphologies which we put in relation to stellar morpholo-
gies provides a much-needed test of CO as a tracer of global
morphology.

Although the Hubble tuning fork (Hubble 1926, 1936) still
remains one commonly used basis for current classifications,
several additional classifications have been made over time.
This includes subdivisions of bar-classes into strong (SB) and
weak bars (e.g., bars with intermediate apparent bar strengths,
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SAB; de Vaucouleurs 1963), or even mixed classes like SAB
(a bar showing less clear traces of a bar, e.g., bars at low con-
trast or a bar with broad oval shapes) or SAB (clear and well
defined bar but a visually weaker-looking bar than class SB;
Buta et al. 2015). Stellar bars are known to funnel gas to the
center of a galaxy, as revealed by correlations between the pres-
ence of a stellar bar and the central molecular gas concentration
(Sakamoto et al. 1999; Sheth et al. 2005). Still, the exact lifetime
of these bars, their formation mechanism or even the fraction of
galaxies that host stellar bars is still highly debated (e.g., Erwin
2018; Combes 2006), making this one of the most important fea-
tures to study.

Other works focused on classifying the number of spiral
arms present in a galaxy, introducing the terms “grand design”
for a symmetric two-armed structure, “flocculent” for unclear
patterns with fluffy segments (e.g., Elmegreen & Elmegreen
1982), or in later works, “multi-arm” for three-armed or four-
armed (or more) systems. The number of arms is also an impor-
tant parameter in recent studies, such as that of Buta et al. (2015)
or the citizen-science project of Galaxy Zoo (Lintott et al. 2008).
As the formation process of these different types of arm could
reflect different formation scenarios, it is an important aspect
to investigate. Symmetric two-armed structures could repre-
sent global oscillation modes driven by self-gravity (Lin & Shu
1964), while a flocculent structure might be rather the result of
stochastic processes (see review by Sellwood & Masters 2022)
or feedback (Dobbs et al. 2018).

Classifications of different types of rings are introduced
by de Vaucouleurs et al. (1991) into their scheme, which are
also considered throughout different wavelengths (e.g., Schwarz
1981; Treuthardt et al. 2007; Comerédn et al. 2010). Some rings
(e.g., central rings) can be formed in the centers of galaxies, for
instance, when gas occupies the central bar orbits, while so-
called inner rings appear outside of the bar, at the inner 4:1
resonance. Even further out in the disk, outer rings are usu-
ally found at about twice the bar radius at the outer Lindblad
resonance (OLR) or the outer 4:1 resonance (e.g., Buta 2013;
Comerdn et al. 2014). Although the exact formation mecha-
nisms of rings are still unclear, recent findings stating that rings
are more common in green valley galaxies compared to star-
forming galaxies (Kelvin et al. 2018; Smith et al. 2022) suggest
that they might be associated with quenching and are potential
predictors of a galaxy’s evolutionary state.

We organize this paper as follows. A detailed description of
the data used can be found in Sect. 2. We present the adopted
scheme for the morphological classification based solely on the
molecular gas distribution in Sect. 3, including the definition,
selection, and classification process of morphological features.
In Sect. 4, we analyse the results of the morphological classi-
fication for their usability and derive feature percentages, fol-
lowed by a comparison to literature findings in Sect. 5, as well
as a search for trends with galaxy properties. We summarize our
results in Sect. 6.

2. Data

To study the statistics of morphologies based on the gas dis-
tribution, we require not only a representative sample of main
sequence galaxies, but also high-resolution and high-sensitivity
maps of the cold gas distribution that allow for a detailed classi-
fication of features present in the gas disk. The Physics at High
Angular resolution in Nearby GalaxieS (PHANGS') survey with
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its PHANGS-ALMA dataset fulfills all these requirements with
a sample of CO(J = 2-1) observations at ~1” resolution for
90 nearby main sequence galaxies taken by the Atacama Large
Millimeter/Submillimeter Array (ALMA,; Leroy et al. 2021a).

2.1. PHANGS-ALMA sample

The PHANGS-ALMA sample contains close to all nearby
massive, ALMA-visible and actively star-forming galaxies
(Leroy et al. 2021b). The 90 galaxies of the sample are selected
to be moderately face-on (i < 75 deg) with distances, d, less than
~20 Mpc, to achieve giant molecular cloud (GMC) scale resolu-
tions of ~100pc (~1”) with ALMA. For M, > 10°3 My, the
sample completeness is almost excellent at 5 < d < 12 Mpc and
very good up to 17 Mpc (see Leroy et al. 2021b). The selection
function does not include any information about morphological
features such as spiral arms or bars, making it the ideal sample
for our study. The galaxies were originally selected to be close
to the main sequence of star-forming galaxies. For more details,
we refer to Leroy et al. (2021b).

2.2. PHANGS-ALMA observations and datasets

The PHANGS-ALMA dataset contains high-resolution CO(2-1)
observations made using ALMA 12m and 7 m arrays combined
with the total power antennas which ensures recovery of emis-
sion arising from all spatial scales. Each target is covered by
several pointings that add to a large, multifield mosaic with
standard calibrations from the observatory. Imaging follows a
standard procedure as described in more detail in Leroy et al.
(2021a). The science-ready data products of all 90 PHANGS-
ALMA galaxies are publicly available on the project website
(footnote 1).

We dropped galaxies with a flux recovery less than 30% from
the analysis to ensure that the images used are of good qual-
ity (compare Eq. (12) of Leroy et al. 2021b). This threshold led
to the removal of 11 galaxies from our sample. We list the 79
remaining galaxies and their properties used in Table B.1.

For this study, we use intensity-integrated maps (mom-0
maps) which are integrated along the spectral dimension, as
well as their corresponding noise maps. Specifically, we uti-
lized “strict” and “broad” maps, which are differently masked
mom-0 maps, and peak temperature maps as explained below
(see Leroy et al. 2021a). The so-called strict mask has a higher
confidence to include real emission, but also lower complete-
ness. The broad mask provides a high completeness map at the
expense of slightly lower signal-to-noise ratio. The Tpeac maps
show the peak brightness temperature along each line of sight.
Such maps show the gas morphology in a different way, as in
these maps the broad line widths commonly present in centers
do not over emphasize the central emission compared to fainter
features in the disk. For a detailed explanation on the masking
process, we refer to Sect. 7 of Leroy et al. (2021a). Figure 1 dis-
plays an example of these maps, as well as their images depro-
jected by inclination and de-rotated by position angle (bottom
row), in which the typical scale length of half the 25th magni-
tude isophotal B-band radius (R;s) is shown as an orange circle
as a scale reference.

2.3. Additional data products

For the analysis of the survey, we made use of published global
galaxy properties from Leroy et al. (2021b), including galaxy
orientations (right ascension, declination, inclination, position
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Fig. 1. Example CO maps for NGC 0628. From left to right: strict
mom-0 map, broad mom-0 map, and peak temperature map (top
panels), as well as their deprojected and derotated versions (bottom
panels). A circle with 0.5-R,s (orange) is added in the lower panels, as
well as the inclination (incl) and position angle (pa) used during depro-
jection and derotation (top left corner on upper left panel). This galaxy
is classified as G-A-nR.

angle, R,s), distances, stellar masses, SFRs, and several more gas
parameters, listed in Table B.1. To analyze deviations between
our CO morphologies and literature morphologies based on
other tracers, we utilize available maps from different tracers,
such as near infrared 3.6 um Spitzer IRAC images, dust contam-
ination maps, Ha images, and so-called environmental masks, as
described below.

Spitzer images. We used Spitzer IRAC 3.6 um images
from the Spitzer Survey of Stellar Structure in Galaxies (S*G;
Sheth et al. 2010), which are often used for morphological clas-
sifications (e.g., Butaetal. 2015). These images depict the
infrared emission of the stellar distribution and can be contami-
nated with emission from hot dust associated with star-forming
sites. Querejeta et al. (2015) applied an independent component
analysis method to separate the IRAC 3.6 um maps into stellar
and dust emission (using the neighboring 4.5 um band). Here,
we use those dust contamination maps (in short /CA maps) at a
resolution of ~1.7".

To remove contamination by spiral arms when studying bar
lanes in our galaxies, we made use of the environmental masks
created by Querejeta et al. (2021). These masks are based on the
photometric Spitzer 3.6 um images and indicate different mor-
phological regions such as bars (aided by bar measurements
from Herrera-Endoqui et al. 2015), spiral arms, and centers. For
our purpose the “simple” environmental masks are well suited,
which capture the dominant environment per pixel and do not
account for overlaps of different environments.

Ha images. To compare our cold molecular gas based mor-
phologies to a star formation tracer, we obtained continuum sub-
tracted He images from the Spitzer Infrared Nearby Galaxies
Survey (SINGS; Kennicutt et al. 2003) as well as the Survey
for Ionization in Neutral Gas Galaxies (SINGG; Meurer et al.
2006) plus newly obtained Ha images by PHANGS (Razza
et al., in prep.). These maps are available for most PHANGS
galaxies. We make use of them especially for the seven cases
with complex and ambiguous morphologies from Sect. 5.1.3:
For NGC 1385 and NGC 5068, the images were obtained from
the Wide-Field Imager (WFI) narrowband and R-band imaging
from SINGS, with astrometry and photometry calibrated using
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the Gaia DRI catalogues. For IC 1954, NGC 1511, NGC 1559,
NGC 4781, and NGC 4941, the observations were made with the
directCCD instrument of the duPont telescope. All those images
are sky-subtracted following standard procedure, as described in
Schinnerer et al. (2019).

3. Methodology

We devised a visual classification scheme for CO similar to those
used at other wavelengths, with the goal of identifying whether
the appearance of features is sensitive to the tracers. As an exam-
ple, the “stronger bar effect” describes that bars observed in
infrared tend to be classified stronger than in optical images (e.g.,
a shift from class SAB to class SAB; Buta et al. 2010).

As our focus is on the identification of morphological fea-
tures, we relied on human classifiers. We note, however, that
there are more quantitative characterization methods for fea-
tures (e.g., isophote shapes, Fourier amplitudes e.g., Aguerri
2009, and transverse-to-radial force ratio maps Lee et al. 2020),
but those are probed on smooth features and not clumpy
molecular gas.

3.1. Feature selection

As a first step, we devised a classification scheme. We based
the following set of classes and features on the above mentioned
findings of optical/near-IR studies and the expected characteris-
tics of the cold molecular gas.

We classified the presence of bars, as these features are
assumed to be one of the major drivers of secular evolution (e.g.,
Kormendy & Kennicutt 2004).

As dense gas is funneled along the bar, we were able
to observe these features, namely, so-called dust lanes or bar
lanes, in our gas distribution well. Bar lanes have been stud-
ied in simulations in great detail (e.g., Athanassoula 1992b,a;
Englmaier & Gerhard 1997), but observational studies to con-
firm or disprove their results are still rare. We introduce classes
that both describe the intensity profile of gas on the bar, as well
as the shape and curvature of the bar lanes (see Fig. 2).

Spiral arms are another prominent feature in disk galax-
ies, linking the morphology to disk dynamics. The arms con-
sist of an overdensity of different disk components such as
young stars, old stars, dust, and gas (e.g., see summary
by Sellwood & Masters 2022; Pour-Imani et al. 2016), making
them ideal targets for multi-wavelength observations. We made
use of literature arm classes slightly adapted to our molecular
medium (see Sect. 3.2.3), which allows for a direct comparison
to literature results.

Another commonly classified feature that allows for com-
parison with studies throughout different wavelengths are rings
(e.g., Schwarz 1981; Treuthardtetal. 2007; Comerdn et al.
2010). We did not differentiate between rings and pseudor-
ings, which are broken or partial rings made up of spiral arms
(Buta & Combes 1996). Instead, we differentiated between rings
inside the bar (central rings) and rings further out in the disk
(non-central rings). With the high-resolution CO observations at
hand, we classify the presence of these features to gain insights
into their formation mechanisms and how the host galaxy might
influence their presence.

3.2. Classification scheme

Figure 2 shows a flow chart of our adopted classification. We
grouped the classes into three major classes that are disk visibil-
ity, inner bar-related features, and other features including spi-
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Fig. 2. Flow chart of the morphological classification developed for
PHANGS-ALMA CO(2-1) images. Colors represent the three major
groups of classes. Arrows indicate dependencies of sub-classes on par-
ent classes and the order of classification. Bar lane curvatures show a
selection of peak density maps (top row) and gas distributions (bot-
tom row) of simulated face-on bars (at 45° from the horizontal) from
Athanassoula (1992b,a). These image are used as orientation to clas-
sify the shape of molecular bar lanes found from class cl to c5.
They were selected to represent physically plausible cases that can be
found in our sample and have a visually increasing curvature from cl
to c5.
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ral arms and non-central rings to which we refer to as “outer”
features. Arrows indicate the order in which the classification
was applied for each galaxy, as well as potential dependencies
between classes. A more detailed definition of the individual
symbols can be found below. Examples of PHANGS galaxy and
their classes can be found in Appendix A.

3.2.1. Disk visibility

The molecular disk of the galaxy is visually identifiable and,
thus, its morphological classification is possible. The visibility
(class Y) is ensured via two criteria: a) the S/N ratio is high
enough to identify a disk that does not appear to originate from
random noise; and b) the galaxy must not be edge-on and must
enable the viewer to visually separate features that would other-
wise be projected onto one elongated straight feature?. If these
criteria were not fulfilled (class X), the galaxy was not used for
further analysis.

3.2.2. Inner features: Bars and central rings

We focused on bar-like features found in the inner regions of the
disk. If a bar-like feature was identified, we then attempted to
classify the bar lane properties.

Bar-like features. A bar is defined as either a perfectly
straight elongated feature that extends more or less symmetri-
cally outward to both sides of the center or two elongated curved
lanes that extend to first order symmetrically from the center
with increasing offset from a straight line towards the center (see
schematics in Fig. 2). We classified the object as follows:

— C: A clear bar-like feature is visible, the region surround-
ing the elongated object is cleared of most of its gas or there is
a strong contrast between emission on the bar-like feature and
emission around it.

— B: The elongated feature is less clear and the surrounding
region is not cleared of most of its gas

— A: No such features are visible in the disk.

Bar lanes. For class C and some cases of B, the bar is made
up of bar lanes, which are two parallel or curved lines with an
offset in the central region from a straight line connecting the bar
ends and the center. We classified these bar lanes as follows:

Length of bar lanes. If the emission on the bar lanes con-
nects with the outer bar ends, for instance, the radius where the
spiral arms begin, an outer ring exists, or if none of the previ-
ous are present, the cleared region around the bar lane ends, we
classified the bar lanes as I (long). Class s (short) was applied if
the emission on each bar lane ceases before reaching more than
half of the bar semi-length or when experiencing a sudden drop
in the intensity along the bar lanes.

Curvature and shape of bar lanes. We visually compared
the shape of the bar lanes to a set of five shapes (c1 to c5) based
on simulations from Athanassoula (1992b,a), as shown in Fig. 2
(see examples in Appendix A).

For all galaxies with visible disks, we further classified the
existence of a central ring or pseudoring. A closed or nearly
closed circular ring or ellipse at the very center of the disk is
classified as r if present and nr if not.

2 Although most PHANGS galaxies are selected to be close to face-on,
some highly inclined additions exist.

3.2.3. Outer features: Spiral arms and rings

We identified non-central rings located outside the bar radius, as
well as spiral arms.

Spiral arm features.

— Grand design (G): Two spiral arms with roughly equally
high intensity, thickness, and extent in the outer disk.

— Multi-arm (M). One or more than two spiral arms with
roughly equally high flux, thickness, and extent.

— Flocculent (F). No clear spiral arms are visible and the
disk consists of randomly distributed short unconnected arm seg-
ments.

— Smooth (S). No spiral arms are visible and the disk is rather
smooth than clumpy.

Non-central ring. Independently of the above-mentioned
features, we classified the presence of a ring or pseudoring in
the outer disk similarly to the central ring with R if present or
nR if not present for all galaxies.

3.3. Classification procedure

In total, ten co-authors (hereafter, “inspectors”) followed the
classification scheme to assign classifications to all galaxies. An
example of the images used for classification is shown in Fig. 1.
A feature is classified if it is visible in at least one map.

This galaxy in Fig. 1 (NGC 628) is classified by all ten
inspectors as having a clearly visible CO disk (Y) with grand
design G spiral arm. It was classified by nine out of ten as a disk
without any bar-like feature (A) and as having no non-central
ring (nR). We provide additional examples of the various mor-
phologies among our galaxies (e.g., F, M C, B, R and several
more) in Appendix A.

3.4. Classification agreement

We assigned a class to a galaxy only if at least a given fraction
(specified below) of inspectors agreed on the classification. We
refer to classifications that reached the required threshold as “ver-
ified classification”. Classifications that do not reach the required
threshold are referred to as N/A (non-agreement). The final
verified classifications for each galaxy can be found in Table 1.

Figure 3 shows the distribution of the maximum agree-
ment® achieved of all 79 galaxies for all features considered. We
excluded non-classifications which can occur for sub-classes that
depend on a parent class*. To derive uncertainties on the fraction
of features found in a given (sub-)sample of galaxies, we per-
turbed the threshold of inspectors that need to agree on a single
feature by +10%. This is equal to one volunteer changing their
classification and this can increase or decrease the amount of
galaxies based on such a feature.

For the visibility, a central and non-central ring class, it was
only possible to choose between two possible classes (either disk-
visible, Y, or not, X, and either r (R), if a (non-) central ring
present, or nr (nR), if not). In addition, we required an agreement
threshold of 70% among the inspectors. The probability to receive

3 Maximum agreement refers to the number of people that chose the
most selected option.

4 Asan example, while most inspectors agree that a galaxy is classified
as unbarred (A), most will collectively not classify bar lanes. This could
be misinterpreted as good agreement, however, this is simply what we
call a “non-classification” and it is directly dependent on the agreement
achieved for the parent class.
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Table 1. Morphological classifications for 79 galaxies.

Galaxy Visibility Bar BLjen BLshape Central ring Spiral arm Non-central ring
X.,Y) (A,B,O) (s,]) (c:1-5) (r,nr) (G,M,E,S) (R,nR)
(1) ) 3 ) (5) (6) @) (®)
Circinus Y 100% N/A 50% - - - - r 80% F 60% nR 90%
IC 1954 Y 100% A 70% - - - - nr 100% M 80% nR 100%
IC 5273 Y 100% N/A 50% - - - - nr 100% F 100% nR 100%
NGC 0253 Y 100% B 60% N/A 50% 2.5 40% nr 90% G 100% N/A 60%
NGC 0300 Y 70% A 70% - - - - nr 70% F 70% N/A 60%
NGC 0628 Y 100% A 90% - - - - nr 90% G 100% nR 90%
NGC 0685 Y 100% B 60% 1 80% 1 80% nr 100%  N/A 50% nR 100%
NGC 1068 Y 100% N/A 50% - - - - r 100% G 90% nR 70%
NGC 1087 Y 100% B 100% 1 60% 1.5 30% nr 90% N/A 50% nR 100%
NGC 1097 Y 100% C 90% 1 100% 2.5 50% r 100% G 80% nR 80%
NGC 1300 Y 100% C 100% 1 90% 1.5 50% r 100% G 100% nR 80%
NGC 1317 Y 100% B 70% - - - - N/A 60% M 70% N/A 60%
NGC 1365 Y 100% C 90% s 80% 2.5 40% r 90% G 70% nR 100%
NGC 1385 Y 100% A 100% - - - - nr 100% F 100% nR 100%
NGC 1433 Y 100% C 90% S 60% 40 60% r 90% N/A  40% R 80%
NGC 1511 Y 90% A 90% - - - - nr 90% F 80% nR 90%
NGC 1512 Y 100% C 90% S 80% 40 60% r 100% N/A  50% R 100%
NGC 1546 Y 100% A 100% - - - - nr 70% N/A 50% nR 90%
NGC 1559 Y 100% A 100% - - - - nr 100% F 100% nR 100%
NGC 1566 Y 100% C 70% s 60% 4.5 40% r 80% G 100% nR 100%
NGC 1637 Y 100% B 60% 1 60% 1.5 50% nr 90% G 70% nR 100%
NGC 1672 Y 100% C 100% 1 80% 1.5 30% r 100% G 60% nR 90%
NGC 1792 Y 100% A 70% - - - - N/A 60% M 70% nR 100%
NGC 1809 Y 70% A 70% - - - - nr 70% F 70% nR 70%
NGC 2090 Y 100% A 100% - - - - nr 90% N/A  40% N/A 60%
NGC 2283 Y 100%  N/A 50% - - - - nr 100% G 70% nR 100%
NGC 2566 Y 100% C 100%  N/A 50% 1.5 50% r 100% G 90% N/A 60%
NGC 2903 Y 100% C 100% 1 80% 1.5 50% r 80% G 70% nR 90%
NGC 2997 Y 100% A 80% - - - - r 100% G 90% nR 100%
NGC 3059 Y 100% B 80% N/A 50% 1.0 60% nr 100% F 80% nR 100%
NGC 3137 Y 100% A 100% - - - - nr 100% N/A  50% nR 100%
NGC 3351 Y 100% C 90% S 100% 4.5 50% r 90% F 60% R 100%
NGC 3489 Y 100% A 60% - - - - r 70% N/A  50% nR 100%
NGC 3507 Y 100% C 60% S 60% 1.5 30% nr 80% G 90% nR 100%
NGC 3511 Y 100% A 100% - - - - nr 80% F 100% nR 100%
NGC 3521 Y 100% A 100% - - - - nr 80% M 80% nR 90%
NGC 3596 Y 100% A 90% - - - - N/A  60% M 70% nR 100%
NGC 3599 N/A 50% - - - - - - - - - - - -
NGC 3621 Y 100% A 100% - - - nr 100% F 100% nR 100%
NGC 3626 Y 100% A 100% - - - nr 90% F 100% nR 100%
NGC 3627 Y 100% C 100% 1 100% 20  60% nr 90% G 80% nR 100%
NGC 4207 X 90% - - - - - - - - - - - -
NGC 4254 Y 100% A 80% - - - - nr 100% M 90% nR 100%
NGC 4293 X 90% - - - - - - - - - - - -
NGC 4298 Y 100% A 60% - - - - nr 100% F 80% nR 100%
NGC 4303 Y 100% C 100% 1 100% 3.0 80% r 100% M 70% nR 100%
NGC 4321 Y 100% C 100% 1 100% 3.5 40% r 100% G 100% nR 100%
NGC 4424 X 80% - - - - - - - - - - - -
NGC 4457 Y 100% A 80% - - - - nr 70% M 60% nR 80%
NGC 4459 Y 100% A 100% - - - - r 90% S 100%  N/A 50%
NGC 4476 Y 100% A 100% - - - - r 70% S 70% R 90%
NGC 4477 Y 80% A 60% - - - - r 80% S 60% nR 70%
NGC 4535 Y 100% C 100% 1 100% 2.0 80% N/A 50% G 90% nR 100%
NGC 4536 Y 100%  N/A 40% - - - - N/A 60% N/A 40% nR 100%
NGC 4540 Y 100% A 90% - - - - nr 100% F 80% nR 100%
NGC 4548 Y 100% C 100% 1 100% 1.0 70% nr 90% G 90% nR 100%
NGC 4569 Y 100% A 80% - - - - nr 80% F 80% nR 100%
NGC 4579 Y 100% C 60% S 60% N/A  40% N/A 60% M 80% N/A 60%
NGC 4596 Y 80% A 90% - - - - nr 80% S 90% nR 90%

Notes. For each galaxy (1) we list verified (sufficient agreement) CO-based classifications if available with their maximum agreement, otherwise
N/A. We list classifications for the visibility (2), bar-features (3), bar lane length (4) and shapes (5), central rings (6), non-central rings (8) and
spiral arms (7; see Fig. 2). Some classifications are dependent on parent classes and result in class ‘-~ if the required parent class is not selected.
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Table 1. continued.

Galaxy Visibility Bar BLjen BLshape Central ring Spiral arm Non-central ring
(X,Y) (A,B,0) (s)) (c:1-5) (r,nr) (GMF,S) (R,nR)
M (@) 3 [C) ®) (6) (M ®)
NGC4654 Y 100% B  90% N/A 40% N/A 50% nor 100% M  70% nR 100%
NGC 4689 Y 100% A 100% - - - nr 100% M 60% nR 100%
NGC4731 X  70% - - - - - - - - - - -
NGC 4781 Y 100% A 80% - - - nr 90% F 80% nR 100%
NGC 4826 Y 100% A 100% - - - nr 90% N/A  50% nR 80%
NGC 4941 Y 100% C 70% S 90% 4.5 50% N/A 60% F 70% R 80%
NGC4945 X  80% - - - - - - - - - - -
NGC4951 Y  100% N/A  50% - - - nr 100% F  100% nR 100%
NGC 5068 Y 70% A 70% - - - nr 70% F 70% nR 70%
NGC 5128 N/A 60% - - - - - - - - - - -
NGC 5134 Y 90% A 80% - - - nr 90% F 70% nR 90%
NGC 5236 Y 100% C 100% 1 100% 1.5 50% T 70% G 80% nR 100%
NGC 5248 Y 100% N/A  50% - - - r 90% G 80% nR 100%
NGC 5530 Y 100% A 100% - - - nr 100% F 90% nR 100%
NGC5643 Y 100% C 90% 1 100% 1.0 100% nr  90% F 70%  N/A 50%
NGC 6300 Y 100% C 90% 1 90% 1.0 90% nr 100% F 60% R 100%
NGC 7456 Y 80% A 80% - - - - nr 90% F 80% nR 80%
NGC 7496 Y 100% C 80% 1 70% 1.0 80% nr 90% F 70% nR 80%
NGC 7743 Y 80% A 80% - - - r 70% S 60% nR 70%
NGC 7793 Y 90% A 90% - - - nr 80% F 90% nR 90%
at least 70% agreement from a random binominal distribution of Visibility
two equal options is 34%, which is reasonable considering that i
those features (visibility and rings) are the most easiest to iden- § 501 : T -—- Threshold
tify in our gas distribution. We further confirm that increasing 3 [
(or decreasing) this threshold does not significantly change our 251 : i
results and capture this within our uncertainties. 0 bt ; —
For all other quantities, which have more than two possi- 12345678910
ble classes to chose from and, thus, a larger scatter is expected, Max. Ag.
we required an agreement of 60% on the same class to adopt it Bar-feature BLiength BLshape
for the galaxy. The probability to obtain at least 60% agreement ; ; 10F 7 7
from a random distribution of three (or more) equal options is @ 20 ! T : ;
23% (or less), which we consider reasonable. The bar lane shape & ! 5r ! 1 st ] -
classes (see Sect. 3.5) are an exception and must be treated differ- & 10r } il 1 1
. . 1 1 1
ently. These thresholds have allowed us to include only galaxies ot b e
with clearly recognizable features, which lowers any potential 12345678910 12345678910 12345678910
biases that arise when searching for trends with galaxy proper- Max. Ag. Max. Ag. Max. Ag.
ties (described in Sect. 4). Central Ring Spiral arm Non-central Ring
For the visibility of central and non-central rings, and bar- 0 X 40F ; 7
features, the maximum agreement is the highest among all @ 20} | T | |
classes with a peak at 10/10. For the visibility of a disk, we find & ! 1or ! |20t ! 1
- . . ®10f ' E ! '
an average maximum agreement of 95% with a standard devi- © ( : !
ation of 11%, that is to say that on average, less than one per- obr——rr=t v okt o
son disagreed with the classification of the other nine. For most 12345678910 12345678910 123456780910
Max. Ag. Max. Ag. Max. Ag.

galaxies, roughly between 8 and 10 people agreed on a single
class. For the main features, bars and spiral arms, the average
maximum agreement is 82% and 75%, respectively, in galaxies
with visible disks. Since there were more classes to choose from
to classify these features, the standard deviations are expectedly
higher, with 18% and 17%. We consider this to be a very good
agreement among the inspectors.

3.5. Note on bar lane shape classes

The maximum agreement for the shape of the bar lanes peaks at
only 5 out of 10 people, likely due to the high number of options
to choose from (five compared to two or three for other features:
cl, c2, c3, c4, c5). Often, inspectors agreed on neighbouring
classes (e.g., most people chose either c1 or c2), but the required

Fig. 3. Histogram of maximum agreement per galaxy per class from
ten inspectors. From left to right and top to bottom, we show the maxi-
mum agreement distribution in the upper panels for: the disk visibility,
bar-like features, bar lane lengths (BLjeyen), bar lane shapes (BLgpape),
central ring features, spiral arm features, and non-central rings. For each
feature, we require a minimum agreement threshold (red dashed line) to
consider a classification as reliable. For features with only two options
to chose from this is set to 70%, for other features it is 60%.

agreement of 6/10 was not reached for a single class. As the
bar lane shape classes have an internal order, and are selected to
represent an actual physical range with, for instance, increas-
ing the curvature from class cl to c5, we introduce intermediate
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classes. If no single shape class achieves the required minimum
agreement of 6/10, but two neighbouring classes achieve the
required agreement, the final class is the mean of their numer-
ical values. As an example, three people selecting class c1 (cor-
responding to a numerical value of 1.0) and another three people
choosing ¢2 (numerical 2.0) will result in a final class c1.5. For
each galaxy we confirm that there is only one absolute maximum
of agreement found when combining two neighboring classes. In
addition to the visual bar lane classifications, we go on to intro-
duce a method for measuring bar lane properties in Sect. 5.4.2.

4. Results

We provide verified morphologies of all 79 galaxies on which
the CO-based classification was performed in Table 1 as well
as show a gallery of the major features (spiral arms and stellar
bars) in Fig. 4. Classifications without the required agreement as
described in Sect. 3.4 are indicated by N/A. Some sub-classes are
dependent on their parent class and can result in empty entries
(“="), which we refer to as non-classifications. We further pro-
vide the statistical distribution of each class and sub-class among
our sample.

4.1. Visibility

Out of the 79 galaxies used for this classification, 72 have suffi-
cient visibility of their disk (i.e., detected CO emission) and we
refer to these as “valid disks”. Out of the remaining 7 galaxies,
5 lack sufficient CO emission and are at the higher end of the sam-
ples inclination (60 < i < 90) and are therefore not suitable for
this survey. For 2 galaxies (NGC 3599, NGC 5128) the required
agreement among inspectors could not be reached, thus no veri-
fied classificationis available. We did not find any significant trend
with galaxy distance, opposing a resolution dependency.

4.2. Statistics of morphological features

We analyzed the distribution of all features among our sample
according to our CO-based classifications. Figure 5 shows the
overall distribution of features in PHANGS galaxies. The uncer-
tainty of the individual sub-samples is derived by perturbing the
required agreement threshold for the respective class by +1 (see
Sect. 3.4). Overall, we find a relative uncertainty of ~10% for
the total amount of galaxies with bar or spiral arm classification
and an uncertainty of ~5% for the individual sub-classes.

Statistics of spiral arms. Among the 72 valid galaxy disks,
28 + 2% of galaxies (20 galaxies) host grand-design spiral arms,
15 + 3% (11) multi-arms, 36 + 6% (26) have flocculent disks,
and 7 + 2% (5) smooth disks. For 14 + 9% (10) of galaxies no
verified (sufficient agreement) class could be achieved. Out of
the 62 galaxies with both valid disks and verified classifications,
these numbers correspond to 32 + 2%, 18 + 3%, 42 + 6%, and
8 +2% for grand design, multi-arm, flocculent, and smooth disk,
respectively.

Statistics of bar-like features. Among the 72 valid galaxy
disks, 50 + 6% (36 galaxies) are characterized as class A
(unbarred), 10 + 2% (7) B (weakly barred), 31 + 3% (22) C
(strongly barred), and 10 = 9% (7) do not reach any sufficient
agreement. These numbers correspond to 55 + 7% class A,
11 + 2% class B and 34 + 3% class C for galaxies with both
valid disks and verified classifications.

We defined the total bar fraction fi, as the ratio of class B
and C galaxies divided by the total number of galaxies with both
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sufficient visibility and agreement. We find fy,, = 45 = 5%,
which we go on to compare to literature results in Sect. 5.3.

Statistics of non-central rings. Of our 72 valid galaxy disks,
8 + 1% (6 galaxies) have a non-central ring (R), 81 + 8% (58)
do not have a non-central ring (nR), and 11 + 8% (8) have no
verified classification. When considering only galaxies with ver-
ified classifications those numbers correspond to R: 9 + 2% and
nR: 91 +9%. Non-central rings are rings and pseudorings within
our FoV in the outer regions of the disk at radii larger than the
bar radii. In our sample of galaxies, such rings tend to be a rare
feature.

Statistics of bar lane lengths. Out of the 29 galaxies classi-
fied as barred (either B or C), 55 + 12% (14) received a bar lane
classification of 1 (long) and 28 + 7% (8) received s (short). The
majority (67 = 15%) of CO bar lanes with verified classification
are larger than half the full bar size (1) and only 33 + 8% have
CO bar lanes that are shorter than half the full bar length (s).

Statistics of bar lane shapes. Since we transformed the
range of bar lane shapes into numerical values in Sect. 3.5, we
have a large range of values between 1.0 and 5.0. Of all 29 barred
galaxies, only 1 was classified as not having resolved bar lanes
(galaxy of class B), for another 2 the sufficient agreement was
not achieved (one galaxy of class B, one of class C), and for
26 galaxies (21 C and 5 B galaxies) shapes between 1.0 and
5.0 were assigned. Out of these 26 galaxies, more than half
(16 galaxies) are classified with shapes that are less than 2.5
(straighter shape) and the other 10 galaxies have shapes of 2.5
or larger (more curved shapes). The average scatter is 0.7.

Statistics of central ring features. We find that 31 +4% (22)
of valid galaxies exhibit a central ring r, 60 + 6%(43) do not (nr),
and for 10 + 5% (7) the required agreement was not achieved.

5. Discussion

We classified PHANGS-ALMA galaxies based on their visual
appearance as observed in the CO(2-1) emission line and
guided by a simple scheme similar to literature classifications of
optical/near-IR imaging, but tailored to the molecular medium.
In addition, we introduced a set of classes for bar lanes.

There is very good agreement between classifications carried
out by the ten inspectors for most galaxies, proving that CO is a
suitable morphology tracer. We compared our classifications to
those from the literature based on infrared or optical images to
test consistency. We further searched for trends with host galaxy
properties that could point to the formation or evolution of mor-
phological features.

5.1. Comparison of main features to optical/IR classifications

The most prominent features are spiral arms and bars. We
compare our results to the classifications from IRAC 3.6 um
for S*G (Sheth et al. 2010) by Buta et al. (2015) when avail-
able and by de Vaucouleurs et al. (1991) otherwise (=RC3).
These optical/infrared classifications probe the underlying
older stellar population, but they are affected by young star-
forming sites (e.g., contamination by host dust; Querejeta et al.
2015). All relevant properties for our sample are listed in
Table B.1.

As our classification system is not identical, we equate our
class A (no bar-like object present) directly to the traditional
class SA, our class C (strong evidence for bar-like object) to SB.
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Fig. 4. Bar (left) and spiral arm (right) classifications of PHANGS galaxies. This contains the full sample of 90 galaxies, including the galaxies

deemed insufficient for classification.

For spiral arms, our G is compared to the literature G (grand-
design), M (multi-arm) to the literature M, and F (flocculent) to
the literature F.

We note that the distance distribution of our sample is small
and includes only galaxies up to ~24 Mpc (with a physical res-

olution of up to ~180 pc and angular resolution of ~1”). This is
aptly matched to the ~1.7” resolution from Buta et al. (2015).
This allows us to identify resolution-independent influences on
our classifications that stem from the molecular gas medium
itself or from host galaxy properties.
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Fig. 5. Percentages of morphological classes of all PHANGS galaxies
classified as having a valid disk (i.e., sufficient CO emission) as well
as galaxies with verified classification. Galaxy numbers are listed in the
chart in the respective class and the percentages have an uncertainty
of ~5%. Galaxies without verified classification are referred to as N/A.
For barred galaxies (B and C) we show (blue) bar lane length classes.
Bar lane shapes are divided into two regimes, c1.0—-c2.4 (light blue) and
¢2.5-5.0 (dark blue).
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Fig. 6. Confusion matrix of morphological spiral arm classes (G:
Grand-design, M: Multi-arm, F: Flocculent) from this work com-
pared to literature classes for 43 galaxies. Literature classes are
from Buta et al. (2015) or de Vaucouleurs et al. (1991), based on opti-
cal/infrared images. The values of each column sum up to 100%. We
note that class S (smooth) is not available in the literature.

5.1.1. Spiral arms in CO versus the optical/IR

We compared the distribution of our arm classifications to opti-
cal/infrared literature classes for 43 galaxies that have both
PHANGS and literature classes available (Fig. 6). Grand-design
(12/18 = 67%) spirals as well as flocculent galaxies (8/8 =
100%) are aptly identified in both stellar and gas distribution
with an excellent agreement (77 + 6% of G-G and F-F). Relative
uncertainties are between 3 and 6% on the number of galaxies for
each combination of our and literature classes.

Multi-armed spirals (M) show the least consistency between
CO and near-IR morphologies, implying that they are the most
wavelength dependent. Not only is the agreement with the litera-
ture lower (47%), but also the agreement among the inspectors is
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Fig. 7. Confusion matrix of morphological bar classes from this
work compared to literature classes from Buta et al. (2015) for S*G
using IRAC 3.6 um images and de Vaucouleurs et al. (1991) otherwise
(=RC3), based on optical and infrared images. The values of each col-
umn sum up to 100%. We note that none of our galaxies has a literature
bar class of SAB, thus no column is added.

lower as well (on average, 74 = 8% for M, compared to 85+ 12%
and 85 + 13% for G and F). This could be due to both the gener-
ally reduced arm-interarm contrast (e.g., Elmegreen et al. 2011)
and tighter pitch angles (e.g., S*G study by Diaz-Garcia et al.
2019) of multi-arm galaxies compared to grand-design spirals.
Savchenko et al. (2020) found no pitch angle difference between
those arm types, but did find increased arm widths for grand-
design arms that could lead to higher gas densities that ease
the CO-based arm classification. The dissipative gas is closely
connected to the underlying gravitational potential and might
respond only to the strongest underlying features. As an exam-
ple, a stellar multi-arm pattern that consists of two stronger stel-
lar features might be visible as grand-design in the gas distribu-
tion. A transient stellar arm feature, on the other hand, might be
visible as flocculent disk in the gas distribution.

We found four galaxies that are classified as flocculent (F) in
our data, but as grand-design (G) according to the literature data.
These might correspond to quiescent gas-stripped spiral (e.g.,
Sellwood & Masters 2022). These galaxies have average stellar
masses and SFRs similar to those of the full sample (compare
Sect. 5.2). We investigated the G+F cases in more detail and we
show their CO and 3.6 um distribution in Appendix C.1. Most of
these galaxies have the bulk of the stellar disk’s morphological
features either outside the CO disk, as the extent of the CO disk is
small compared to the optical one, or outside of the FoV, which is
selected based on the smaller CO disk. This makes the restricted
FoV one of the major limitations of the CO data. One galaxy
(NGC 4569), however, which is known to be a passive spiral,
shows how these deviating CO classifications can help unravel
the underlying physical evolutionary state of the galaxy.

5.1.2. Bars in CO vs. optical/IR

We list the distribution of our bar-like classes compared to the
literature classes in Fig. 7 for those 55 galaxies that have both
literature and our verified classes. Our relative uncertainties are
between 2 and 17% for the bar-like classes.

We find good agreement with the literature classifications for
unbarred galaxies (14/15 = 93 + 10%) when comparing class
SA to PHANGS class A, as well as a moderate agreement for
strongly barred galaxies (SB to PHANGS class C: 13/24 = 54 +
2%). Largest discrepancies are found for intermediate classes,
such as SAB or SAB. Given that the classification schemes of
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Table 2. Average properties of all SB +A galaxies.

N <10g10M* /MO> <10glOSFR/M® Yr_1> <AGBaI> <AGArm> <THubble> <10g10Mm01 /M*>
SB +A 6 9.83 -0.011 85% 85% 52+04 -0.84
PHANGS 65 10.32 -0.013 86% 76% 3.5+0.1 -1.22
A 36 10.14 -0.292 86% T7% 34+0.1 -1.33
B,C 29 10.54 0.333 86% 75% 3.6 £0.1 -1.10

Notes. We list the average properties of all SB +A galaxies, all PHANGS galaxies with verified bar classes and barred (B,C) and unbarred (A)
galaxies. Stellar masses and SFRs have a statistical uncertainty of ~0.1 dex, and for the bar and arm agreement of ~5-10%.

SAB and SAB are not the same as PHANGS class B, we consider
this an overall good agreement.

For the 55 PHANGS galaxies with both literature and our
verified CO bar classes, we infer bar fractions of fi; ~ 73%
(40/55 class SAB, SAB or SB) and fco ~ 49% (27/55, class B
and C), respectively.

5.1.3. Considering whether we might be missing bars

We investigated the possible reasons for the low bar fraction
from the CO morphology by analyzing galaxies with the largest
discrepancies between their bar classes, based on the gas and
stellar distribution below.

SB +A. Six galaxies are classified as strongly barred (SB) in
the literature, but as unbarred based on CO morphology (com-
pare Tables 1 and B.1). We list average properties of those galax-
ies, galaxies with available PHANGS verified bar classifications,
and averages of barred (B,C) and unbarred (A) PHANGS galax-
ies in Table 2. A more detailed list of properties for each SB +A
galaxy, literature studies, and multi-wavelength images are pro-
vided in Appendix C.2. SB +A galaxies have significantly lower
stellar masses than the average PHANGS galaxy, as well as the
average barred and unbarred PHANGS galaxy. Furthermore, SB
+A galaxies have SFRs lower than barred galaxies, but higher
than unbarred galaxies. We find no difference in bar classifica-
tion agreement of those galaxies compared to average (barred or
unbarred) PHANGS galaxies. The average molecular to stellar
mass ratio for the SB +A galaxies is slightly lower compared to
the full sample. A lower molecular mass could imply a lower sur-
face density. We rule out that CO sensitivity is not high enough in
our data. We confirm this by taking images of barred galaxies at
higher stellar masses (thus, with higher luminosity) and subtract
increasing levels of noise from the data. However, even at high
noise clipping, as long as the disk is still visible, the structure of
the bar can also be clearly identified.

We conclude that these galaxies could reveal gasless bars, in
which further gas inflow has ceased. In some cases, an assembly of
star-forming clumps might also mimic short elongated structures,
that are easily misinterpreted as bars. However, in all of these cases
the disks are chaotic and structures do not follow clear orbits, mak-
ing these cases challenging for visual classification.

SA +C. NGC 4941 shows strong evidence for a bar-like
structure in CO (class C), which is not apparent in the stellar
light distribution (SA). Its SFR is below the PHANGS aver-
age and it has low Hubble type (NGC 4941: log;g M./ My =
10.17, log;o SFR/Mgyr~! = —0.35, T = 2.1 + 0.6, PHANGS
average: logiocM./My ~ 10.5, logyy SFR/M,, yr‘1 ~ +0.42,
T ~ 3.6). Figure 8 shows images of the galaxy in differ-
ent wavelengths. Two thin bar lanes are visible in CO, which
are telling signs of a bar, which are less clear at other wave-
lengths. Literature stellar light classifications have been incon-

NGC4941

c0(?.q~'17)‘ :

Fig. 8. Image of NGC 4941 at different wavelengths. From left to right
and top to bottom: broad CO mom-0 map, Spitzer 3.6 um image, ICA s2
image, He image. Some images are saturated in the center to emphasize
faint emission that could indicate the presence of a bar or bar lanes.

clusive as other studies classify this galaxy as SAB (RC3 cata-
logue; de Vaucouleurs et al. 1991; Corwin et al. 1994), and find
visual (Erwin 2004; Menendez-Delmestre et al. 2007) and kine-
matic (Lang et al. 2020) evidence for a stellar bar. Since this is
the only case for which we found an additional bar, this does not
account for significant (>30) differences in any of our percent-
ages. This galaxy emphasizes potential benefits of using CO data
in such studies.

5.2. Bars and spiral arms along the main sequence

The morphologies of galaxies are tied to their global properties,
such as stellar mass, color, or gas reservoir (e.g., Biviano et al.
1991; Sparke & Gallagher 2007; Lokas 2021). Since we find a
generally good correspondence of CO to optical morphologies,
we search here for further trends, that might reveal aspects of the
formation and evolution of morphological features in the under-
lying host galaxy disk. Since the only restriction for our sample
galaxies is that they must be main sequence galaxies, we analyze
the sample for trends with stellar mass and/or SFR first.

Figure 9 shows the distribution of our verified bar and arm
classes along the star-forming main sequence highlighted by
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Fig. 9. Distribution of PHANGS bar-like features (upper panels) and outer (arm-) features (lower panels) along the star-forming main sequence
according to Leroy et al. (2019; gray solid line, extrapolated to larger and smaller stellar masses with a dotted gray line). Left panels: galaxies are
colored by their classes (upper: A,B,C; lower: FM,G,S) and opacity indicates the confidence of each classification. An example of the confidence
range is indicated as grey scale bar in the left panels. Histograms indicate the distribution of galaxy stellar masses and SFRs for each class. Right
panels: galaxies with deviations of one or more than one classes from the literature classification, as described in the text, are highlighted by their
PHANGS class (colored filled symbol) and their corresponding literature class (colored open symbol). Colors and shapes are the same for the
left panels. For comparison, galaxies with similar classification (grey points) as well as galaxies without a literature class (black plus) are shown.
We note that among our galaxies none have literature classes SAB and all literature flocculent classifications agree with PHANGS classifications.

PHANGS armclass S does not have a corresponding literature class.

their classification confidence (left panels, opacity). We high-
light deviations to literature classes (right panels) that are not
part of the following classes, but that we consider as having a
good agreement: G-G, M-M and F-F, as well as A-SA/-SAB,
B-SAB/-SAB/-SAB, C-SAB/-SB. Histograms further indicate the
distribution of individual features based on their host galaxy’s
stellar mass and SFRs.

Bars are preferentially identified at higher stellar masses
and higher global SFRs in the sample. We find significant dif-
ferences between the distribution of stellar masses of galax-
ies classified as A compared to those classified as C (KS-test
pac(M,) < 0.01%), whereas we do not find significant dif-
ferences between A and B (KS-test pag(M.) = + 5%)
or B and C (KS-test pgc(M.) = 9 £+ 5%), likely due to the
small sample size of 7 B galaxies. This is consistent with pre-
vious studies (e.g., Masters et al. 2012; Tawfeek et al. 2022),
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where the bar fraction increases strongly with stellar mass up
to logioM./My ~ 11.4. Galaxies at higher stellar masses tend
to become kinematically cool earlier than lower mass galaxies
do (e.g., Sheth et al. 2012). Therefore, they become bar-unstable
earlier.

Furthermore, significant trends are also found between A and
C for their distribution of AMS, SFR, and numerical Hubble
type, which have not been seen for other class combinations.
Simulations find that higher molecular gas fractions can sup-
press the formation of bars (Lokas 2020), result in weaker
bars (Athanassoula et al. 2013), or lead to a decreased bar frac-
tion with both a higher gas fraction and lower stellar masses
(Rosas-Guevara et al. 2019; Zhou et al. 2020). We do find sig-
nificant trends between A and C and their distribution of the total
molecular gas mass, but not the fraction of molecular to stellar
mass. In short, our barred galaxies tend to live above the main
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sequence, at higher SFRs and have more molecular gas in the
disk.

Similarly, grand design spirals (G) are hosted by galaxies
with higher stellar mass and higher SFRs than flocculent (F)
galaxies which tend to exist in lower stellar mass and lower
SFR galaxies, in agreement with findings at 3.6 um in S*G by
Bittner et al. (2017). We find significantly low p-values (<5%)
for KS-tests for galaxies of class G and F for AMS, stellar mass,
SFR, atomic gas mass as well as molecular gas mass. Similarly
to bars, no trends with gas fractions (e.g., molecular to stellar
mass) are found.

Grand-design spirals tend to lie slightly above the main
sequence, have higher SFRs, and reside in disks with high
amounts of absolute molecular gas masses. Similarly, Sarkar
et al (2022) found a slightly increased total HI mass and higher
surface brightness in grand-design galaxies compared to floc-
culent ones in a set of ~1220 galaxies recently classified by
neural networks. We find no significant trends when comparing
class G and M, in agreement with Bittner et al. (2017), as well
as no significant trends when comparing M and F, except for
stellar mass.

The link to stellar mass could reflect the importance of
bulges for the propagation of density waves (e.g., review by
Sellwood & Masters 2022) or the dependence of arm number
on stellar surface density (e.g., as predicted in the theory of
global modes; Bertin et al. 1989). The fact that this structure is
echoed in the CO morphology may be a testament to the high
molecular gas masses that are also characteristic of more massive
galaxies.

We find that both galaxies hosting bars, as well as galaxies
hosting grand-design spirals populate the high stellar mass end
of our sample. Consequently, ~52% (15/29) of barred galaxies
in our sample host a grand-design spiral and ~75% (15/20) of
galaxies with grand-design spiral arms are barred. The p-value
of the KS test comparing stellar masses of a sub-sample of galax-
ies classified as bar-class A and spiral arm class F (17 galaxies)
to a sub-sample of bar-class C and spiral arm class G galaxies (13
galaxies) is well below 5% (par-cc =< 0.01+ < 0.01%). This
is in agreement with the findings of Elmegreen & Elmegreen
(1982), who showed that most grand design spirals were in
barred galaxies. This finding would suggest that the presence
of a bar, for instance, via its bar quadrupole moment, could
trigger the formation of grand-design structures, as suggested
by several works (e.g., see summary by Sellwood & Masters
2022). On the other hand Diaz-Garcia et al. (2019) suggested
that both features might coincidentally coexist, as these authors
did ilOt find any trends between bar strengths and pitch angles
in S*G.

5.3. Bar fraction

Among our sample of main sequence galaxies, we obtained a total
bar fraction of f,oy = 45 * 5%. Historically, the bar fraction
has been found to have a value of ~60—70% (Sheth et al. 2003,
2008; Buta 2013) in optical and IR surveys, although more recent
studies using multi-wavelength data have reported lower bar frac-
tions (e.g., Erwin 2018). Our fraction is similar to the results
of optical surveys (~45% from low-inclined nearby (0.01 <
z < 0.04) spiral and SO galaxies from SDSS r-band observa-
tions; Aguerri 2009, 44% in the B-band; Marinova & Jogee 2007,
or 47% in the I-band; Reese et al. 2007). Near-infrared obser-
vations tend to find significantly higher fractions (e.g., 60-70%
from S*G 3.6 um; Buta et al. 2015). The overall fraction of our
strongly barred galaxies (class C) is ~34%, similar to the ~36%

reported by the Galaxy Zoo project (Lintott et al. 2008), but twice
as high compared to ~16% in isolated galaxies observed in mid-
IR (Buta et al. 2019). In fact, discussions on the bar fraction as
well as its dependency on galaxy properties such as stellar mass
or SFR have not yet come to an agreement. Bar fraction determina-
tions are sensitive to the selected bar-identification technique, for
instance, ellipse-fitting versus Fourier decompositions, especially
in late-type galaxies (e.g., Aguerri 2009). Our results suggest that
the choice of tracer is another important parameter to consider.

As the PHANGS sample is considered representative for
nearby galaxies within its selection range (e.g., galaxies at
12 < d < 17Mpc; Leroy et al. 2021b), we searched for trends
with host galaxy properties that might impact our bar frac-
tion, namely, stellar mass, SFR, Hubble type, and distance.
Figure 10 displays a clear increase in bar fraction (C and B or just
C) with stellar mass, in agreement with Masters et al. (2012);
Tawfeek et al. (2022; e.g., Galaxy Zoo; OmegaWINGS), but in
disagreement with Erwin (2018), who found a decrease in the
bar fraction at stellar masses higher than log;oM.. /My ~ 9.7 in
S*G. Low-mass galaxies tend to have smaller bar sizes (~1.5kpc
at logM./My, ~ 9.5, which is the lower stellar mass end of
our sample; Erwin 2018). We rejected resolution biases given
our ~100 pc resolution and the absence of a trend between bar
fraction and distance in our sample. We found an increased bar
fraction at higher total (molecular) gas mass, which we con-
sider a secondary correlation due to the relation between stellar
mass and gas mass, as we did not find any trend with relative
(molecular) gas fractions. Although our sample does not probe
far beyond the main sequence, we found a weak increase in bar
fraction with a positive offset from the main sequence AMS,
potentially linking SFR to increased bar presence — or vice versa,
namely, probing a future direction for studies based on a sample
with a larger range of AMS.

There is no trend with numerical Hubble type, as the bar frac-
tion is roughly constant between type O to 6, similarly to what
was found by Erwin (2018), but in disagreement with the strong
correlation between bar fraction and Hubble type reported by
Tawfeek et al. (2022). Since our sample does not contain galax-
ies with Hubble types >7 (Sd), we might underestimate the bar
fraction, as Buta et al. (2015) found an increased bar fraction for
Scd-Sm galaxies of ~81%, compared to a fraction of only ~55%
in SO-Sc galaxies.

5.4. Bar lane classification

The shape and length of bar lanes provide insight into the under-
lying bar structure (e.g., Athanassoula 1992a,b) and bar lane
geometry is valuable information for estimating bar inflows (e.g.,
Sormani & Barnes 2019, Sormani & Barnes, in prep.). Litera-
ture studies have further suggested a link between the curvature
and shape of bar lanes and bar strengths (e.g., Comerén et al.
2009). Here, we examine the morphology of bar lanes, namely
the shapes (between straight c1 and most curved c5) and rela-
tive length of the CO bar lane with respect to the full bar size
(short s, long 1) as traced by CO emission and test how well
bar lane properties agree with the predictions. The classes for
the shape are selected to represent a visual increase in curva-
ture, therefore, we refer to these classes as shapes or curvatures
equally.

5.4.1. Visual shape and length of bar lanes

We find that short bar lanes (class s) are in generally more curved
than longer bar lanes (class 1; compare to right histogram of
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Fig. 10. Fraction of all barred galaxies fc.p (red, dashed) and strong
bars (C) f¢ (purple, dotted) as a function of stellar mass (top left), SFR
(top center), and numerical Hubble type (top right), as well as galaxy
distance (bottom left) and offset from the main sequence A MS (bottom
center). Numbers indicate the total number of galaxies per bin. Bins
with fewer than three galaxies are shaded in grey.

Fig. 11). KS tests reveal that s and 1 bar lanes have distinct cur-
vatures and shapes; KS-test p-value of 0.6 + 4%°.

The curvature of bar lanes is often found to be inversely
proportional to the bar strength (e.g., Athanassoula 1992a;
Comeron et al. 2009), that is, bar lanes in strong bars are nearly
straight and weaker bars have lanes with higher curvature.
Figure 11 shows our bar lane shapes as function of literature bar

3 Uncertainties of KS-test p-values (and Spearman test p-values) are
derived by perturbing the values with their intrinsic uncertainties (e.g.,
Ac=0.16) and applying bootstrapping. Then we calculate the coeffi-
cients on the perturbed and bootstrapped values and repeat the process
1000 times. The standard deviation of the resulting p-values reveals the
uncertainty.
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Fig. 11. Bar lane curvature (shape) of barred PHANGS galaxies
(from c1=1.0 to ¢5=5.0) as function of bar strength A, from
Diaz-Garcia et al. (2016a), colored by bar lane length (short: s),
long: 1). Out of 28 with bar-lane classifications no bar strengths were
available for 3 galaxies, and for 2 galaxies, no high-quality curvature
classes are available. The bar lane shapes of s and 1 galaxies are signifi-
cantly different (KS-test p-value <5%). No significant trends are found
between literature bar strengths of s and 1 galaxies, nor between bar
strengths and bar lane shapes.

strength A, from Diaz-Garcia et al. (2016a; available for 19 of
the 26 barred galaxies with verified bar lane classifications) with
conservative uncertainties of 15% on the values, color-coded by
bar-lane length classification. Trends between A, values of 1 and s
galaxies, as well as between bar lane shapes and A, are not statisti-
cally robust, but consistent with literature trends (e.g., lack of high
curvature-high bar strength values Comerén et al. 2009). We do
not find significant trends with other bar strength indicators such
as O, or the bar ellipticity from Diaz-Garcia et al. (2016a).

Several studies have shown that bars generally grow stronger
over time (Athanassoula 2003; Sellwood 2014; Fragkoudi et al.
2021). Our data potentially indicates that there are no strong
and highly curved bars with short gas bar lanes and, therefore,
there are potentially no older bars with short and highly curved
bar lanes.

We find no significant trends with neither visual shape nor
visual length of bar lanes and Hubble type, molecular gas mass,
molecular-gas-mass-to-stellar-mass ratio or atomic gas mass, or
atomic-to-stellar-mass ratios on the bar lane geometries. Since all
our bars are well resolved with at least ~13 resolution elements at
our 1” resolution, we do not find any trend with distance.

5.4.2. Measuring bar lane lengths

We developed a quantitative approach (see Appendix D) to
assess the reliability of the visual classification. We focused on
class C (22 galaxies), as the bars are better defined, namely, the
area surrounding the bar is more cleared and the bar lanes are
less thick than for B galaxies. Out of those, we have 21 with bar
lane length classifications and bar lane shape classifications.

Generation of bar lane masks. In deprojected mom-0 maps,
we masked out the emission of spiral arms, central regions, and
outside deprojected bar radii from Diaz-Garcia et al. (2016a). In
polar projection, we then isolated both bar lanes by selecting an
angular range by eye (see Fig. 12) and we refer to each bar lane
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Fig. 12. CO polar image of NGC 4321 with the bar lane masks on top.
The center is masked out with an environmental mask, as well as the
spiral arms. Emission at radii larger than the full bar length (yellow hor-
izontal line) is also masked out (see Table D.1). The selected azimuthal
range for each bar lane (first bar lane ID 1: A6y, blue dashed line, sec-
ond bar lane ID 2: A8, red dashed line) used for the fitting is indicated.
The bar lane mask area is defined by two shifted exponential profiles
is shown in colorscale, the area outside in greyscale. The starting angle
corresponds to a position angle of 90 degrees (measured clockwise from
north) in the deprojected map, further environmental region masks are
applied.

according to its order in azimuthal direction with ID 1 (blue) or
ID 2 (red), respectively. Next, we fit the bar lanes with a simple
functional (exponential profile). Our mask is described by two
functions of this shape, which are shifted along the normal to
the best-fit exponential function, as seen in Fig. 12.

Radial intensity profiles along the masks. We measured
the length of the bar lanes by finding the radii where the mean
bar lane intensity drops below noise level. All radial intensity
profiles of both bar lanes of our strongly barred galaxies are
provided in Appendix E. The clumpiness of the molecular gas
affects how continuously a bar lane can be identified. Therefore,
we took the first (last) radius, where the bar lane intensity inter-
sects with the 30~ noise level as the minimum (maximum) length
estimate and normalize these radii by deprojected bar radii rp,,
from Diaz-Garcia et al. (2016a). For each bar lane (ID 1 or ID 2),
we considered the average of minimum and maximum normal-
ized radii as bar lane length estimate Reoy 1p = %(rmax — Fmin)/ Tbar-
If no intersections were found, the maximum possible bar lane
length was set by the bar radius (Reovp = 1). The distribution of
Rcov,p for all galaxies can be found in Appendix D.

Trends with measured bar lane lengths. We compared the
measured bar lane lengths R o p to the corresponding visual
length class in Fig. 13 (upper histogram). Most measured Rcqy.1p
values are in agreement with the visual ones, considering (per
the definition) a value of R.ov1p ~ 0.5 as the separation between
class s and 1. A KS-test revealed a significant difference between
R.ov.1p of galaxies classified as s and those classified as 1. Thus,
the average bar lane length ratios R.ov1p show a standard devia-
tion of 0.11, derived from the distribution of 7y, and ryin.

The KS-tests revealed a significant difference between bar
lane shapes of galaxies with R.vp < 0.5 and those with
Reovip > 0.5 (KS-test values of kgcoyipe = 0.68, p-value of
p = 0.001 £ 0.05). This is in agreement with our previous find-
ings from Sect. 5.4, namely, that bars with curved bar lanes
(c4-c5) tend to be classified as short, and more straight lanes
tend to be classified as long (1). However, we do not find a sig-
nificant Spearman correlation coefficients between the visual bar
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Fig. 13. CO bar lane length ratios R,y p and their dependency on visual
bar lane shape classes c1-c5 from the morphological classification, col-
ored by visual bar lane length classes s (blue) and 1 (orange). We indi-
cate Rovip = 0.5 (grey dashed line) and the agreement for the visual
bar lane length classes is indicated by opacity.

lane shape classification and R0y 1p- Instead of a linear trend, our
bar lane lengths seem to follow a bimodal distribution into either
small (short bar lane) or large (long) values.

In Sect. 5.4.1 we report that the shape class of bar lanes cor-
relates strongly with the bar lane length class and weakly with
bar strength Q). We re-evaluated these findings with the bar lane
length measurements R,y p. Figure 14 shows the bar strengths
0y, from Diaz-Garcia et al. (2016a), the numerical Hubble types
T and the ratio of molecular to stellar mass )« as a function
of Reov1p- We used the 15%-error for the bar strengths and the
error of the molecular to stellar mass ratio values is 0.13 dex.
Spearman correlation coefficients pPspearman are provided in the
bottom of each panel of Fig. 14. We derived the coefficient
uncertainties by perturbing the bar lane lengths with a uniform
distribution between plus or minus their error, then performing
1000 times bootstrapping on these values. For each of these
1000 iterations, we calculated the Spearman correlation coef-
ficients on the bootstrapped values. The standard deviation of
these coefficients yields the uncertainty.

While there is no significant trend between bar strength
Ay and R..p, there might be a tentative lack of data points
at smaller values of R, p and higher bar strengths. The bar
lane lengths R oy p significantly correlate with the molecular
gas fraction and numerical Hubble type. The latter is expected
as Hubble type correlates with molecular gas content. A higher
content of molecular gas in the full galaxy disk might also reflect
a higher amounts of gas in the area of influence of the bar, that
can be funnelled along the bar lanes and create potentially longer
CO bar lanes. We note that higher resolution data might increase
the measured length of bar lanes, as smaller molecular clouds
(if indeed present in the bar lane) could be detected at a higher
signal-to-noise level, leading to a potentially longer consecutive
lane of molecular gas. However, since our sample populates a
comparably small distance parameter space, all our measure-
ments would be affected equally.

Emerging picture of bar evolution. The results reported in
Sects. 5.4.1 and 5.4.2 indicate that bars with short bar lanes are
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Fig. 14. CO bar lane length ratios R p and their dependency on bar
strengths A, from Diaz-Garcia et al. (2016a; top), Hubble type T (cen-
ter), and molecular to stellar mass ratio 7y, . (bottom). Spearman cor-
relation coefficients as well as the errorbars are provided at the bottom.

weaker, with a tendency to have more curved bar lanes, and
are preferentially located in gas-poor galaxies when compared
to bars with long and straighter bar lanes that also tend to be
stronger. As a bar evolves, it grows in strength (Athanassoula
2003; Diaz-Garcia et al. 2016a) and it accumulates mass in the
centre due to funneling of gas along the bar lanes. Stronger bars
tend to have less extended inner bar orbits perpendicular to the
bar major axis (so-called x,-orbits), compared to the bar orbits
parallel to the bar major axis (so-called x;-orbits); however,
more centrally concentrated bars tend to have more extended
xp orbits (Athanassoula 1992a). Observations of nuclear discs
indicate that the second case is more prevalent, so that the size
of nuclear rings (which correlates with the extent of the x;
orbits) grows over time (Gadotti et al. 2020; Bittner et al. 2020).
Stronger bars also have more elongated x; orbits and, therefore,
they are expected to have straighter bar lanes.

A113, page 16 of 26

Stronger bars might also be able to induce gas inflows for
a longer period (Gadotti et al. 2020), resulting in bar lanes fully
covered in CO, thus being classified as longer. The correlation
found that bar lanes are longer in galaxies with higher molecu-
lar gas mass fractions might indicate that the general availability
of gas in the disk plays an important role. We note, however,
that simulations find higher gas fractions to result in weaker bars
(Athanassoula et al. 2013), which stands in contrast to our find-
ings. We conclude that the molecular morphology of bars and
their bar lanes might be able to add important insights on bar
evolution, but larger sample sizes will be required.

5.5. Trends with rings
5.5.1. Central rings

Our central rings (often in the literature referred to as “nuclear
rings”) are preferentially identified in barred galaxies (59 + 9%
13, compared to 27 + 14% in unbarred galaxies) in agreement
with literature findings based on stellar light (Knapen 2005;
Comeron et al. 2010). In barred galaxies, the inner bar x,-orbits,
if occupied by gas, are able to create such ring-features in the
gas distribution. As stars form from the funnelled gas the ring is
visible in stellar light as well (Gadotti et al. 2020; Bittner et al.
2020). This increased presence of central rings in barred galaxies
leads to secondary correlations: central rings are more frequent
at higher stellar masses and in systems with a grand-design spi-
ral. Among our 29 barred galaxies, we find no significant dif-
ferences in stellar mass, SFR or other properties between those
with (13, 45 = 7%) and without (12, 41 + 10%) central rings.

In contrast, unbarred galaxies with a central ring (6, 17 +8%)
are at significantly lower Hubble types (at 7, ~ -0.5) and
smaller offset from the main sequence (at AMS, ~ —1.0) than
those without central ring (28, 78 + 13%, T, ~ 4., AMS,, ~
—0.1). These central rings in unbarred galaxies might be pro-
duced by tightly wound spiral arms that are more common at
lower Hubble types. We do not find any correlation with molec-
ular/atomic gas mass, SFR, or distance.

Out of 19 of our galaxies that are in the largest catalogue
of nuclear rings, AINUR, (surveying nuclear rings with HST at
angular resolutions as high as ~0.1”; Comeron et al. 2010), three
are not detected in our survey. Two are classified as N/A, and one
misclassified as nr, classified as having no central ring). This is
likely due to our limiting resolution of 1”, that is not able to
resolve rings with radii as small as 80 pc in galaxies at these dis-
tances (Comerdn et al. 2010). Resolution is therefore a limiting
factor for the completeness of our identification of central rings.

5.5.2. Non-central rings

Our survey design is not optimized for the identification of non-
central rings: the CO emission is weaker at larger radii, with
an increasing phase transition from molecular to atomic gas at
larger radii. This is combined with the limited FoV of the images
that might exclude outer rings and the generally small fraction
of rings in star-forming galaxies (compared to e.g., green valley
galaxies, see Kelvin et al. 2018).

We find that nearly all galaxies with non-central rings (5/6)
are clearly barred (C) and rings roughly coincide with the stellar
bar radius (4/5, bar radii from Diaz-Garcia et al. 2016b). One
ring is located well inside the bar radii, potentially indicating
the misclassification of a central ring in our classification. Thus,
we translate our rings into four of the literature-cited inner rings
that are located roughly at the bar radius, one ambiguous ring,
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and one without a bar to help distinguish between the inner or
the outer ring which should be at about twice the bar radius.
This high bar fraction among non-central rings is in agreement
with Comer6n et al. (2014), but not with Herrera-Endoqui et al.
(2015), who found inner rings preferentially in weakly and non-
barred galaxies from S*G. We conclude that there are several
reasons why our sample might not be well suited to perform a
proper analysis of outer rings.

6. Summary

Morphology provides crucial insights into the formation, evolu-
tion, and properties of a galaxy. Surveys classifying the presence
or absence of stellar bars, spiral arms, and rings have been con-
ducted for decades, but were limited to observations in the opti-
cal or near-infrared. For the first time, we visually classified the
morphologies of 79 nearby main sequence galaxies based solely
on their molecular gas distribution, as traced by CO(2-1) line
emission and observed with a resolution of about 1” (~100 pc)
by PHANGS-ALMA (Leroy et al. 2021a).

We investigated the correspondence between our CO mor-
phologies based on the gas distribution and near-IR/optical mor-
phologies based on stellar light as a way to identify the main
factors responsible for the formation and decoupling of different
features in the disk. Our main findings include:

1. The overall good agreement of our results with near-IR liter-
ature classifications demonstrates the suitability of CO emis-
sion as morphological tracer.

2. The multi-arm appearance of galaxies appears to be very sen-
sitive to the type of tracer used, whereas grand-design spiral
and flocculent morphologies are consistent with respect to
both gas and stellar tracers.

3. Bar classification at low stellar masses is less robust, as
shown by the broad discrepancy between CO and opti-
cal/NIR classifications.

4. In our sample, barred galaxies tend to populate the higher
stellar mass regime of our sample, as do grand-design spirals.

5. About one third of the galaxies analyzed in our study (31 +
4% or 22/72) host central rings and are preferentially barred
(59%), as the inner bar orbits — when occupied by gas — can
create such features. Central rings in unbarred galaxies are
likely pseudorings created by the high pitch angles of the
inner spiral arms.

6. In addition to the visual classifications we develop a method
to measure bar lane properties. Short CO bar lanes tend to
have highly curved shapes, are weaker and preferentially
reside in gas-poorer galaxies, compared to longer CO bar
lanes that tend to be straighter. The radial coverage of CO
emission along bar lanes likely depends on the overall cold
gas reservoir as we see a trend with gas mass fraction and
potentially also by the bar strength.

We conclude that CO is a good tracer for morphological fea-
tures and also provides a number of advantages over traditionally
used optical/infrared tracers. This is especially relevant at higher
redshift where massive galaxies typically contain large amounts
of obscuring dust. In such environments, morphological features
could be better recovered by molecular gas tracers that are not
affected by dust. As interferometers such as ALMA achieve
unprecedented resolution for CO observations, this might help
identify morphologies even in distant galaxies.
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Appendix A: Additional morphological
classification examples

1C1954 strict broad mask peak temperature
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Fig. A.1. Same as Figure 1, but for selected PHANGS galaxies with
various morphologies (see text).

Here, we provide additional examples that capture all different
morphological features present among our sample in Figure A.1:
IC 1954, an unbarred (A), multi-arm (M) galaxy without central
(nr) and without non-central ring (nR).

broad mask peak temperature

NGC3059 strict
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Fig. A.2. continued.

NGC 1512, a barred (C) galaxy without verified arm class,
with short and curved bar lanes (s, c4.0) and both a central ring
(r) and non-central ring (R).

NGC 3059, a weakly barred (B), flocculent (F) galaxy with
straight bar lanes (c1.0) and without central (nr) and without
non-central ring (nR). No high quality bar shape class is avail-
able.

NGC 5128, an example of a galaxy unsuited for classification.
For this galaxy visibility is impaired and it was not used for fur-
ther classification.
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Appendix B: PHANGS galaxy properties

We provide an overview of the properties of all 79 PHANGS-
ALMA galaxies in Table B.1. A detailed description of galaxy
orientation can be found in Leroy et al. (2019, 2021a).

Table B.1. 79 PHANGS galaxies and their properties

Galaxy RA DEC PA incl d logmM* 10g| [)SFR AMS log 10MH1 IOg] [)MH2 T R25 Cbur lit Cﬂrm lit
[°] [°] [°] [T Mpc]  [logioMo]  [logioMoyr™'] [logioMo]  [logioMo] ("1
Q) (@) 3 “ (5) 6 Q) (® © (10) an a2 a3 a4 as)
Circinus 213.29124  -65.3391 36.7 643 420 10.53 0.61 0.42 9.81 33 2625
IC 1954 52.87971 -51.9049 634  57.1 12.80 9.67 -044  -0.04 8.85 8.73 33 89.8 SB M
IC 5273 34486118  -37.7028  234.1 52.0 14.18 9.72 -0.27 0.09 8.95 8.65 5.6 91.9 SB M
NGC 0253 11.88797  -25.2884 525 750 3.70 10.64 0.70 0.44 9.33 9.69 5.1 803.8 G
NGC 0300 1372302  -37.6845 1143 3938 2.09 9.26 -0.82  -0.15 9.32 7.77 69 5823 M
NGC 0628 24.17385 15.7836 20.7 8.9 9.84 10.34 0.24 0.18 9.70 9.43 52 296.6 SA M
NGC 0685 26.92845  -52.7620 100.9  23.0 19.94 10.06 -0.38  -0.25 9.57 8.77 5.4 90.4 SB F
NGC 1068 40.66973 -0.0133 7277 347 13.97 10.91 1.64 1.19 9.06 3.0 183.3 G
NGC 1087 41.60492 -0.4987  359.1 429 15.85 9.93 0.12 0.33 9.10 9.20 52 89.1 SB F
NGC 1097 41.57896  -30.2747 1224 48.6 13.58 10.76 0.68 0.33 9.61 9.74 33 3170 SB G
NGC 1300 49.92081 -19.4111 278.0  31.8 18.99 10.62 0.07  -0.18 9.38 9.40 4.0 178.3 SB G
NGC 1317 50.68454  -37.1038 2215 232 19.11 10.62 -0.32 -0.57 8.91 0.8 92.1 SB
NGC 1365 53.40152  -36.1404  201.1 55.4 19.57 10.99 1.23 0.72 9.94 10.26 32 360.7 SB G
NGC 1385 54.36901 -24.5012 181.3 440 17.22 9.98 0.32 0.50 9.19 9.23 59 102.1 SB F
NGC 1433 55.50620  -47.2219  199.7  28.6 18.63 10.87 0.05 -0.36 9.40 9.29 1.5 1858 SB G
NGC 1511 59.90246  -67.6339  297.0 727 15.28 9.91 0.36 0.59 9.57 9.17 2.0 110.9 SB
NGC 1512 60.97557  -43.3487 2619 425 18.83 10.71 0.11 -0.21 9.88 9.12 1.2 253.0 SB G
NGC 1546 63.65122  -56.0609 147.8 703 17.69 10.35 -0.08  -0.15 8.68 9.29 -0.4 111.2 SA G
NGC 1559 64.40238  -62.7834 2445 654 19.44 10.36 0.58 0.50 9.52 9.59 59 125.6 SB F
NGC 1566 65.00159  -54.9380 214.7  29.5 17.69 10.78 0.66 0.29 9.80 9.70 40 2168 SAB G
NGC 1637 70.36741 -2.8580 206 31.1 11.70 9.95 -0.19 0.01 9.20 8.83 5.0 95.3 SAB M
NGC 1672 71.42704  -59.2473 1343 426 19.40 10.73 0.88 0.56 10.21 9.86 33 184.6 SAB G
NGC 1792 7630969  -37.9806 3189  65.1 16.20 10.61 0.57 0.32 9.25 9.82 4.0 166.8 SA M
NGC 1809 75.52066  -69.5679 1382 57.6 19.95 9.77 0.76 1.08 9.60 8.97 5.0 112.2 SA
NGC 2090 86.75787  -34.2506 1925 645 11.75 10.04 -039  -0.25 9.37 8.66 45 134.6 SA
NGC 2283 101.46997  -18.2108 -4.1 43.7 13.68 9.89 -028  -0.04 9.70 8.61 5.9 82.8 SB
NGC 2566 124.69003  -25.4995  312.0 485 23.44 10.71 0.94 0.63 9.37 9.86 2.7 127.7 SB
NGC 2903 143.04211 21.5008  203.7  66.8 10.00 10.63 0.49 0.23 9.54 9.57 40 3582 SB M
NGC 2997 146.41164  -31.1911 108.1 33.0 14.06 10.73 0.64 0.31 9.86 9.83 5.1 307.7 SAB
NGC 3059 147.53400  -73.9222 -148 294 20.23 10.38 0.38 0.29 9.75 9.39 4.0 113.8 SB
NGC 3137 15228116  -29.0643 -0.3  70.3 16.37 9.88 -0.31 -0.06 9.68 8.56 59 166.4 SA
NGC 3351 160.99065 11.7037 1932 45.1 9.96 10.36 0.12 0.05 8.93 9.09 3.1 216.8 SB G
NGC 3489 165.07736 13.9012 700  63.7 11.86 10.28 -1.63  -1.65 7.40 7.68 -1.2 103.3
NGC 3507 165.85573 18.1355 558 217 23.55 10.40 -0.00  -0.10 9.32 9.25 3.1 87.5 SAB G
NGC 3511 165.84921 -23.0867  256.8  75.1 13.94 10.03 -0.09 0.06 9.37 9.04 5.1 181.2 SAB M
NGC 3521 166.45239 -0.0359  343.0 68.8 13.24 11.02 0.57 0.05 9.83 9.77 40 2495 SA M
NGC 3596 168.77580 14.7871 784 251 11.30 9.66 -0.52 -0.12 8.85 8.70 52 109.2 SA M
NGC 3599 168.86229 18.1104 419 230 19.86 10.04 -1.33 -1.18 7.20 -2.0 72.0
NGC 3621 169.56792  -32.8126  343.8  65.8 7.06 10.06 -0.00 0.13 9.66 9.06 6.9 2865 SA
NGC 3626  170.01588 18.3568 1652  46.6 20.05 10.46 -0.67  -0.82 8.89 855 -08 88.3 SAB G
NGC 3627 170.06252 12.9915 173.1 57.3 11.32 10.83 0.58 0.19 9.09 9.78 3.1 308.4 SB G
NGC 4207 183.87682 9.5849 121.9 645 15.78 9.71 -0.72 -035 8.58 8.71 7.7 45.1 SB
NGC 4254 184.70680 14.4164 68.1 344 13.10 10.42 0.49 0.37 9.48 9.85 52 151.1 SA M
NGC 4293 185.30347 18.3826 483  65.0 15.76 10.51 -029  -0.46 7.67 8.99 0.3 187.1 SB
NGC 4298 185.38651 14.6061 3139 592 14.92 10.02 -0.34  -0.18 8.87 9.19 5.1 76.1 SA F
NGC 4303 185.47888 44737 3124 235 16.99 10.52 0.73 0.54 9.67 9.91 40  206.6 SAB M
NGC 4321 185.72887 15.8223 156.2 385 15.21 10.75 0.55 0.21 9.43 9.89 4.0 182.9 SAB G
NGC 4424 186.79820 9.4206 883 582 16.20 9.91 -0.52 -0.29 8.30 8.43 1.3 91.2 SB
NGC 4457 187.24593 3.5706 78.7 17.4 15.10 10.42 -0.51 -0.63 8.36 8.99 0.3 83.8 SAB
NGC 4459 187.25018 13.9785 108.8  47.0 15.85 10.68 -0.65  -0.94 8.42 -1.6 125.1
NGC 4476 187.49622 12.3486 274  60.1 17.54 9.81 -1.39  -1.10 7.85 -2.9 50.9
NGC 4477 187.50917 13.6364 257 335 15.76 10.59 -1.10 -1.33 7.58 -1.7 110.9

Notes. List of 79 PHANGS-ALMA galaxies (1) used in this work. We provide galaxy right ascension (2), declination (3) and position angle (4) as
described in Lang et al. (2020). Distances (4) have 0.02 dex uncertainties for values derived by TRGB method, 0.06 dex for other quality distances
and 0.125 dex, other distances are described in Anand et al. (2021). We list stellar masses (7), global SFRs (8) and offset from the main sequence
according to Leroy et al. (2019)(9). The stellar masses have ~ 0.1 dex uncertainties and SFRs ~ 0.15 dex. Further, we provide atomic gas mass My
(10) and molecular gas mass My, (11) (Leroy et al. 2019). Numerical Hubble type T (12), R,s for galaxy size (13) are given (Leroy et al. 2021b),
as well as literature classifications for stellar bar features (Cpy 1, 14), and spiral arm type (Cymi, 15). Literature classes are from Buta et al. (2015)
(infrared) if available, from de Vaucouleurs et al. (1991) (RC3, optical). For some galaxies no secure literature classes are available (...).
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Table B.1. continued.

Galaxy RA DEC PA incl d logjoM. logioSFR AMS logioMur log; 0MH2 T Rys Charlit Carmlit
[°] [°] [°] [°]  [Mpc] [logioMo]  [logioMo yr~'] [logioMo]  [logioMo] [”]

€3 (2) (3) 4 (5) (6) @) (®) ©) (10) an (12 13 a4 (15)
NGC 4535 188.58459 8.1980 179.7 44.7 15.77 10.53 0.33 0.14 9.56 9.60 5.0 244 4 SAB M
NGC 4536 188.61278 2.1882 305.6 66.0 16.25 10.40 0.54 0.44 9.54 9.42 4.3 2124 SAB M
NGC 4540 188.71193 15.5517 12.8 28.7 15.76 9.79 -0.78 -0.46 8.44 8.62 6.2 65.8 SAB F
NGC 4548 188.86024 14.4963 138.0 383 16.22 10.69 -0.28 -0.58 8.84 9.25 3.1 166.4 SB G
NGC 4569 189.20760 13.1629 18.0 70.0 15.76 10.81 0.12 -0.26 8.84 9.66 24 273.6 SAB G
NGC 4579 189.43138 11.8182 91.3 40.2 21.00 11.15 0.34 -0.27 9.02 9.65 2.8 150.4 SB G
NGC 4596 189.98308 10.1762 120.0 36.6 15.76 10.59 -0.96 -1.19 7.60 -0.8 117.8
NGC 4654 190.98575 13.1267 123.2 55.6 21.98 10.57 0.58 0.36 9.75 9.68 59 141.6 SB M
NGC 4689 191.93990 13.7627 164.1 38.7 15.00 10.22 -0.39 -0.37 8.54 9.05 4.7 114.6 SA M
NGC 4731 192.75504 -6.3928 255.4 64.0 13.28 9.48 -0.22 0.30 9.44 8.63 5.9 189.7 SB G
NGC 4781 193.59917 -10.5371 290.0 59.0 11.31 9.64 -0.32 0.09 8.94 8.81 7.0 111.2 SB F
NGC 4826 194.18184 21.6831 293.6 59.1 4.41 10.24 -0.69 -0.68 8.26 8.61 2.2 315.6 SA M
NGC 4941 196.05461 -5.5515 202.2 53.4 15.00 10.17 -0.35 -0.30 8.49 8.71 2.1 100.7 SA
NGC 4945 196.36377 -49.4679 43.8 90.0 347 10.36 0.19 0.11 8.92 6.1 700.0
NGC 4951 196.28214 -6.4938 91.2 70.2 15.00 9.79 -0.45 -0.14 9.21 8.57 6.0 94.2 SA M
NGC 5068 199.72807 -21.0387 3424 35.7 5.20 9.40 -0.56 0.02 8.82 8.42 6.0 224.5 SB F
NGC 5128 201.36507 -43.0191 322 453 3.69 10.97 0.09 -0.40 8.43 2.1 767.6
NGC 5134 201.32726 -21.1342 311.6 22.7 19.92 10.41 -0.34 -0.45 8.92 8.83 2.9 81.3 SAB
NGC 5236 204.25391 -29.8656 225.0 24.0 4.89 10.53 0.63 0.44 9.98 5.0 408.4 M
NGC 5248 204.38336 8.8852 109.2 474 14.87 10.41 0.36 0.25 9.50 9.66 4.0 122.2 SAB G
NGC 5530 214.61380 -43.3883 305.4 61.9 12.27 10.08 -0.48 -0.37 9.11 8.87 4.2 144.9 SA
NGC 5643 218.16991 -44.1746 318.7 29.9 12.68 10.34 0.41 0.36 9.12 9.42 5.0 157.4 SAB
NGC 6300 259.24780 -62.8205 105.4 49.6 11.58 10.47 0.28 0.13 9.13 9.28 3.1 160.0 SB
NGC 7456 345.54306 -39.5694 16.0 67.3 15.70 9.64 -0.43 -0.02 9.28 6.0 123.3 SAB F
NGC 7496 347.44702 -43.4278 193.7 359 18.72 10.00 0.35 0.53 9.07 9.26 3.2 100.5 SB G
NGC 7743 356.08804 9.9340 86.2 37.1 20.32 10.36 -0.67 -0.74 8.50 8.56 -0.9 78.4 G
NGC 7793 359.45758 -32.5911 290.0 50.0 3.62 9.36 -0.58 0.03 8.70 7.4 310.5 F

Appendix C: Notes on individual galaxy classes

Although it is generally co-aligned, the gas response to the underlying gravitational potential might be able to create features
different from what is seen in stellar light. Galaxies with the largest deviations between literature and our gas-based classifications
might help improve our understanding of what physical properties favor such differences in the features observed.

NGC3351 NGC3626 NGC4569 NGC7496

Fig. C.1. G-F galaxies classified as flocculent based on the molecular gas mom-0 maps (F, top panels), but marked as having grand-design in the
Spitzer3.6um images (G, bottom panels). The galaxy centers are saturated to emphasize fainter structures in the outer disk.
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IC1954 NGC1385 NGC1511 NGC1559 NGC4781 NGC5068

Fig. C.2. Image of SB +A galaxies at different wavelengths. From top to bottom: Broad CO mom-0 map, Spitzer 3.6 um image, ICA s2 image,
and He image.

C.1. G-F galaxies

We investigated galaxies classified as flocculent (F) in our data, but as grand-design (G) according to the literature data (see
Section 5.1.1) in more detail to understand the origin of these class deviations. These G-F galaxies have classification agreements
of 60%, 70%, 80%, and 100% for NGC 3351, NGC 7496, NGC 3626, and NGC 4569, respectively. We show their CO and 3.6um
distribution in Figure C.1 and list our findings for each galaxy below:

— NGC 3351 hosts one of the few outer rings (R) that we were able to identify in our data, and upon visual confirmation with
optical images, the spiral arms seem to be located at larger radii further out in the disk. Our CO data, however, does not probe
this very outer regions of the disk and does in fact covers the bar and ends at the outer ring structure.

— NGC 3626 is classified as SO/a galaxy in Buta et al. (2015), which corresponds to a class between a classical SO galaxy without
spiral arms and a Sa galaxy with arms. Upon visual confirmation, the spiral arms appear subtle even in optical images and
relatively tightly wound.

— NGC 4569 has been classified as a prototype for an anemic spiral (van den Bergh 1976) or as passive spiral (Moran et al. 2007);
thus, the arm-interarm contrast is very low, the spiral arms are smooth and mostly without any star-formation, and the overall
gas content is low as well and confined to the center of the disk. The deviation between our classification and the one from the
literature likely captures an important physical difference in the overall structure.

— NGC 7496 has (similarly to NGC 3351) spiral arms in the outer regions of the disk, a feature that is not probed by our CO data,
however, the results are ambiguous.

C.2. SB+A

We find six galaxies that are classified as strongly barred in the literature (SB) but show no signs of a bar in CO (A). We provide
their properties in Table C.1, as well as show multi-wavelength images in Figure C.2 and list literature studies on the individual
galaxies below.

— NGC 4781: Interestingly, for this galaxy our high-resolution CO data reveals a spiral arm that connects to the very center of the
galaxy. In the other wavelength images this central spiral appears as an elongated feature in the center. We cannot rule out the
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Table C.1. Properties of individual SB +A galaxies

Galaxy loglo M* 10g10 SFR AGBar Arm AGArm THubble
[Mo] Mo yr']  [%] [%]

IC 1954 9.67 -0.438 70 M 80 33+09
NGC 1385 9.98 0.320 100 F 100 5.9+0.5
NGC 1511 991 0.356 90 F 80 20+£20
NGC 1559 10.36 0.576 100 F 100 5.9+0.3
NGC 4781 9.64 -0.322 80 F 80 7.0+0.3
NGC 5068 9.40 -0.560 70 F 70 6.0+04
SB+A 9.94 0.188 85 - 85 52+04
PHANGS 10.49 0.318 86 - 76 35+0.1

Notes. We list properties of individual SB +A galaxies compared to averages of all SB +A galaxies and all PHANGS galaxies with verified bar
classes. Stellar masses and SFRs have a statistical uncertainty of ~0.1 dex, and for the bar and arm agreement of ~5 — 10%.

possibility that the distribution of CO clumps by chance appears to resemble a spiral, for instance, some overshooting from gas
entering the bar. We consider this an interesting candidate for further research.

— IC 1954: No clear bar is evident in the 3.6 um image (compare to Figure C.2). It is likely that young star-forming regions evident
in He affect the appearance and imitate a bar-like feature. This galaxy further shows a multi-arm pattern as both classified in the
literature and our study. Several recent studies on this galaxy (e.g., Herrera-Endoqui et al. 2015) make use of literature classes
by Buta et al. (2015) , thus, we used the SB classification for this galaxy. Older results such as Phillips et al. (1996) reported a
short bar consisting of several knots in HST images. The work by Querejeta et al. (2021) is in agreement with the Buta et al.
(2015) literature classification, but find that the bar is clearly offset from the galaxy center.

— NGC 1385: We do not find any bar-focused study on this galaxy. Our images do not reveal any evidence for a bar in the disk.
The CO map as well as the He image do show a random distribution of clumps that connect in a non-structured way. Also,
Querejeta et al. (2021) marked this galaxy as unbarred.

— NGC 1511: Its inclination of 72 degree makes it difficult to assess the actual geometry of the disk. The CO map shows no
elongated bar-like object, while a bright elongated central feature can be identified in the Spitzer and Ha images. Querejeta et al.
(2021) did not consider this galaxy as barred.

— NGC 1559: Similarly to NGC 1511, the 3.6 um image shows an elongated feature that can not be seen in other tracers. The
findings from Querejeta et al. (2021) are in agreement with the literature classification. This could physically hint toward a
quiescent and weak bar that has lost most of its gas content and does not actively form stars. It is more likely that some bright
star-forming regions blend together in the 3.6 um image, as otherwise the bar would be significantly brighter on one side.

— NGC 5068: Its CO classification is likely to suffer from low sensitivity, given that most emission has low S/N. All other wave-
lengths show an elongated bar-like object and the presence of a bar is agreed on by Querejeta et al. (2021). We conclude that
there is a lack of visibility with respect to the gas disk that leads to an incorrect CO-based classification.

Appendix D: Details on the generation of bar lane masks

For our quantitative assessment of bar lane properties, we required masks containing bar lanes. This allowed us to measure the
distribution of CO emission along the masks as equivalent to the visual bar lane length classes.

First, we apply environmental masks (Querejeta et al. 2021) to our deprojected and de-rotated broad mom-0 maps to mask out
the emission of spiral arms, the central region, and (if no spiral arms are present) the outer disk region outside the bar radius. As bar
lanes can often be found towards the outer bar ends, we only masked features (e.g., spiral arms and centers) that are not related to
the bar. We blanked pixels at radii larger than 7,5, which is the bar radius, Ry proj, from Diaz-Garcia et al. (2016a), and deprojected
them according to Equation D.1 from Williams et al. (2021):

Fmax = Rbarproj - \/cos APA? + (sin APA/ cos i)*. (D.1)

Here, APA corresponds to the difference between galaxy position angle and bar position angle in the sky and i is the inclination.
The deprojected values are listed in Table D.1. For one galaxy, there is no literature bar size available, so we used a visual estimate
based on our CO data.

Next, the masked maps were converted to a polar projection, with a radial pixel size of 50 pc (roughly a third of the beam size
of the unprojected data mom-0 maps) in which bar lanes appear as two equidistant curved features (see Figure 12) that are best
described by an exponential function. We visually isolate the bar lanes azimuthaly (values see Table D.1) and mask out pixels with
S/N< 5c. The bar lane located at lower azimuth is named ID 1, while the bar lane at higher azimuth or at the polar image edge is
named ID 2.

Next, we fit the pixels with maximum intensity per row, per column and the overlap of both with an exponential profile shifted
in radial and azimuthal direction. This results in initial guesses of the location of the bar lane emission, which is then visually
confirmed and adapted if necessary. Our mask then consists of two exponentials of this shape that are shifted along the normal of
the best-fit exponential function, as shown in Figure 12.
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Table D.1. Strongly barred galaxies and their parameters used to study bar lanes

Galaxy Bar BLlength BLshape T'max O b2 note
B.C6) (D (cl-5)  [kpe] [deg] [deg]
1) 2 3) “ &) (6) ()
NGC 1097 C 1 2.5 6.6 45-135 225-324
NGC 1300 C 1 1.5 7.4 36-126  225-288
NGC 1365 C S 2.5 142 108-189 270-360
NGC 1433 C S 4.0 6.7 72-162 252-360
NGC 1512 C S 4.0 7.5 153-225 315-54
NGC 1566 C S 4.5 32 135-198  306-18
NGC 1672 C 1 1.5 8.1 0-126 180-315
NGC 2566 C N/A 1.5 9.8 144-198  306-54
NGC2903 C 1 1.5 34 36-144 234-342
NGC 3351 C S 4.5 3.5 9-99 180-261 b
NGC 3507 C S 1.5 3.1 90-162  270-342
NGC 3627 C 1 2.0 3.9 45-126 234-279
NGC4303 C 1 3.0 3.1 63-162 252-342
NGC4321 C 1 3.5 4.6 18-126 198-288
NGC4535 C 1 2.0 3.5 126-198  306-36
NGC 4548 C 1 1.0 5.9 126-216  333-18
NGC4579 C S N/A 4.7 0-108 198-324
NGC4941 C S 4.5 6.8 72-126 225-360
NGC 5236 C 1 1.5 2.8 36-126 198-288 ¢
NGC 5643 C 1 1.0 3.7 18-63 180-243
NGC 6300 C 1 1.0 2.4 0-72 162-234
NGC 7496 C 1 1.0 3.9 0-54 180-252

Notes. The 22 strongly barred galaxies (C) are shown with: (1) visual bar lane shape classification used for the detailed bar lane analysis presented
in Section 5.4.2. We list the visual bar class (2), bar lane length class (Iength of the CO bar lane compared to the full bar length) BLjengn (3),
and bar lane shape class BLgope (4). We suggest a comparison of these data with Table 1. We list the parameters used for generating the bar
lane masks: maximum radius ry,, (5) which corresponds to the deprojected bar radius from Herrera-Endoqui et al. (2015) when possible, and
Menendez-Delmestre et al. (2007); otherwise, we used a visual estimate based on the CO images (see text). Columns (6,7) contain the azimuthal
range we use to isolate both bar lanes (6,1, 0, respectively). The following symbols indicate — b: no environmental mask available and c: no

literature bar lane radius available.
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Appendix E: Additional radial intensity profiles

We provide the mean radial intensity profiles along the created bar lane masks for both bar lanes of 21 galaxies, as described in

Section 5.4.2.
10°F
1071}
5. 1072 .
S g I\ ]
£ 1071 & .
= T . #(. ]
8 10_2 1 1 1 1 1 1 1 é: 1% 1 i * 1 1 | e T T A I TS A TR TV PRI
= 0 1 2 3 4 5 6 7 8 0 1 2 3 45 6 7 8 91012345678910 12 14 16
Radius [kpc] Radius [kpc] Radius [kpc]
10”& ' 'NGC1433 %%NGClSlZ AT T NGC1566
101 \ E e iy J L "'.\"\.'l' .
- : ffont * R {bl ' ]
> 10 st i et B o s L .
."7"; 100 L "'I.:‘I L _.'.?_.ﬂl“‘l“‘l'“‘l“‘é
C F . 3
£ 23 : o P ® = E
C e .0 ] . » 1 . ]
8 10_2 t.,!2. 1 i ..9.: mf* _; PI.Z : 1 I;;LI 1 ﬂt 1 1 _; I3.I2 1 1 i 1 _IE7
= 0 1 2 3 4 5 6 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5
Radius [kpc] Radius [kpc] Radius [kpc]
1005 I N\ w2$3 E
2 .~£
a
g "~V A
c 3 ¥ | _§
= 3 3 3
8 rarers wat s RS N | AlAAAlAAAI:AAAIAAA'AAA'AAA'AAA_éIIA el R | P PN I Il E n 1 n n n 1 n n n 1 n n n _E
= 01234567 891011121 2 3 45 6 7 8 910111Q 1 2 3 4
Radius [kpc] Radius [kpc] Radius [kpc]
100 — :Ij' LA B | T T T z I.I“' T LN P 7 T TR UL B |:" L N '-g
Ry o NGC3351 if \,.* J  NGC3507 z :"\A _1..r;|Gc3627 E
af e . .M‘u ° oo ]
10 \ ° ® 3 E
.‘\’ i ° s i ) E
-2 |bl 1bl N ! N
.4?1(1)00-:-1.}':'-'-- A MU == P PN <o T I
P " Y
E107F Y S i 7 v
S 10-2 [blia - {bl, W ol e {bl, :
= o 1 2 3 4 5 o0 1 2 3 4 5 0 1 2 3 4 5 6
Radius [kpc] Radius [kpc] Radius [kpc]
10°F . NGCazo3 F :} NGC4321 Y  NGC4535
1071} y :|
-2 Ibl -1 ]
?1200_ I NP - b .
P : . I 30 noise
8 a1l ] . I - ofirst n
€107k tol\ —-last n
c _ 1 ‘e K I'max
8 10 2 ?I.Z. | - PR PR SR I " -él PRNTRRTE R | .-’; | IR T PR TR n
2 0 1 2 3 4 5 0 1 2 3 4 5 6 4 5 6

Radius [kpc]

Radius [kpc]

Radius [kpc]

Fig. E.1. Normalized radial mean intensity profile for the two bar lanes of strongly barred PHANGS galaxies. The corresponding average radial
noise at 30 is shown (grey dashed line). The first (red dotted vertical line) and last (blue dashed vertical line) intersection of the bar lane emission
with 30, referred to as 1y min and rp; max respectively, provides the minimum and maximum bar lane length. The yellow solid line indicates the bar
radius t,,,,. For most galaxies, the central region is masked out (grey shaded area).
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Fig. E.1. continued.
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