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ABSTRACT

The inner regions of the Milky Way are known to contain an enigmatic population of prominent molecular clouds characterized
by extremely broad lines. The physical origin of these ‘extended velocity features’ (EVFs) is still debated, although a connection
with the ‘dust lanes’ of the Galactic bar has been hypothesized. In this paper, we search for analogous features in the dust lanes
of nearby barred galaxies using the PHANGS-ALMA CO(2-1) survey. We aim to confirm existence of EVFs in other galaxies
and to take advantage of the external perspective to gain insight into their origin. We study a sample of 29 barred galaxies and
find that 34 per cent contain one or more EVFs, while the remaining lack obvious signs of EVFs. Upon analysing the physical
properties of the EVFs, we find they possess large virial parameters, ranging from few hundreds to several thousand, indicating
that they are strongly out-of-equilibrium. The most likely explanation for their origin is extreme cloud—cloud collisions with
relative velocities in excess of 100 kms~! in highly non-circular flow driven by the bar. This interpretation is consistent with
previous high-resolution observations in Milky Way. Further corroboration of this interpretation comes from the inspection of
high-sensitivity infrared observations from the PHANGS—J/WST Treasury Survey that reveals streams of gas that appear to be
hitting the dust lanes at locations where EVFs are found. We argue that EVFs are the clearest examples of cloud—cloud collisions
available in literature and represent a unique opportunity to study cloud collisions and their impact on star formation.

Key words: shock waves —galaxies: general — galaxies: kinematics and dynamics — galaxies: star formation.

1 INTRODUCTION lil}es (spanning velocity ranges in. excess of IOQ—ZOO kms™!, e.g.

Bitran et al. 1997; Kumar & Riffert 1997; Liszt 2006). These
It has been known for several decades that the innermost few peculiar objects are found only in the vicinity of the Galactic
kpc of the Milky Way (MW) contain an enigmatic population centre (Galactic longitudes |I| < 6°), in the region where the
of prominent molecular clouds characterized by extremely broad gravitational potential is dominated by the Galactic bar, and can

be immediately identified in the longitude—velocity diagrams as
near-vertical features (see Fig. 1 below or fig. 2 in Henshaw
* E-mail: Tutku.Kolcu@nottingham.ac.uk et al. 2023). Following Sormani et al. (2019) and Henshaw et al.
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Figure 1. CO(1-0) emission maps of the central regions of the MW. The top and bottom panels display the longitude—latitude (/, ») and longitude—velocity
(I, vios) CO(1-0) emission maps, respectively, from the survey by Bitran et al. (1997). The two most prominent EVFs of the Galaxy, located at / = 5.4° and
I = 3.2°, are marked with magenta boxes and are coloured in indigo and green, respectively. The red and blue are the emission from the bar dust lanes on the
redshifted (DL1) and blueshifted (DL2) sides of the Galaxy. The orange box marks the CMZ. The Galactic centre is located at (I, b) = (0, 0).

(2023), we will refer to these objects as extended velocity features
(EVFs).

A number of diverse interpretations have been put forward for the
origin of EVFs. Stark & Bania (1986), Boyce, Cohen & Dent (1989),
Leeetal. (1999), and Baba, Saitoh & Wada (2010) suggested that they
are streams of clouds falling towards the Galactic centre, although
as Stark & Bania (1986) acknowledged, this explanation requires the
clouds to be near-perfectly aligned along the line of sight (the so-
called ‘fingers of God’ effect). Fukui et al. (2006) (see also Fujishita
et al. 2009; Torii et al. 2010; Suzuki et al. 2015; Enokiya, Torii &
Fukui 2021) argued that they are the footprints of giant magnetic
loops that are lifted above the Galactic plane by magnetic buoyancy
through the Parker (1966) instability.

Several authors have proposed that the EVFs are related to gas
flow in the non-axisymmetric gravitational potential generated by
the Galactic bar, with the interpretation being modified and refined
over the years. Kumar & Riffert (1997) suggested that the velocity
extent of the EVFs is simply turbulent velocity dispersions caused
by cloud—cloud collisions in the bar potential. Fux (1999) and Liszt
(2006) modified this interpretation and suggested that EVFs are
lumps of gas that are traversing the ‘dust lanes’ of the MW bar.
According to these authors, the velocity extent is not simply a
velocity dispersion but reflects a steep velocity gradient due to the
rapid differential acceleration of the cloud as it crosses the dust
lanes, which from a hydrodynamical point of view are large-scale
shocks in the gas flow and therefore locations where the velocity
changes abruptly (Athanassoula 1992; Piner, Stone & Teuben 1995;
Fragkoudi, Athanassoula & Bosma 2016). Sormani et al. (2019)
further refined this interpretation by showing that EVF-like features
are naturally produced in simulations of gas flow in barred potentials.
EVFs arise when a stream of gas travelling towards the Galactic
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centre along one of the dust lanes collides with (1) a stream of gas
coming from the other dust lane on the opposite side of the Galaxy
that has ‘overshot’ the central molecular zone (CMZ) gas ring; or
(2) a stream of gas orbiting in the CMZ ring, which has orbital
velocities substantially lower than the material infalling along the
dust lane. Recent high-resolution zoom-in observations of the MW’s
EVFs are consistent with this picture and show velocity bridges
that can be interpreted as a direct interaction between two colliding
clouds/streams with very different bulk velocities (Busch et al. 2022;
Gramze et al. 2023).

Despite these efforts, it has remained difficult to conclusively
confirm or disprove the above bar-related interpretation due to our
embedded perspective within the MW disc. In this paper, we therefore
turn our attention to external galaxies and search for EVF analogues
in nearby barred galaxies. We aim to confirm the existence of EVFs in
external galaxies and use the vantage provided by our external point
of view to gain insight into their physical origin. Since the extent of
the largest EVFs in the MW is approximately 0.7° ~ 100 pc at the
distance of the Galactic centre, this program requires observations
of molecular clouds in nearby galaxies at resolutions of the order of
~ 100 pc or better. These have only recently become available due to
data obtained by the Physics at High Angular resolution in Nearby
GalaxieS (PHANGS)" collaboration, in particular the PHANGS-
ALMA survey (Leroy etal. 2021a) that has mapped ?CO J =2 — 1
line emission in 90 nearby (distance < 20 Mpc) massive star-forming
galaxies at a spatial resolution of 50-150 pc, and the PHANGS—-/WST

IPHANGS data is publicly avaliable and ca be accessed via the link: https:
/lsites.google.com/view/phangs/.
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Treasury Survey (Lee et al. 2023) that has obtained infrared imaging
of many of the same galaxies at a resolution of 5-50 pc.

The paper is structured as follows. In Section 2, we describe
the PHANGS-ALMA and PHANGS-JWST data. In Section 3, we
describe the construction of the diagnostic maps used in our study
to identify EVFs. In Section 4 we present our results. We provide
conclusions in Section 5.

2 OBSERVATIONAL DATA

2.1 PHANGS-ALMA CO(2-1) survey

We use the '2CO(2-1) data cubes from the PHANGS-ALMA survey
(Leroy et al. 2021a). The survey mapped the CO(2-1) emission of 90
nearby (distance < 20 Mpc) star-forming galaxies in the southern sky.
Observations of 58 galaxies within the PHANGS-ALMA sample
were taken as a part of Cycle 5 ALMA Large Program. Observations
of the remaining galaxies were taken as a part of several smaller
programmes. The position—position—velocity (PPV) data cube has a
velocity resolution of 2.5kms~! and an angular resolution of ~1
arcsec, which corresponds to a typical spatial resolution of ~ 50—
150 pc depending on the distance to the galaxy. For more details on
the PHANGS-ALMA Survey data, and for an in-depth discussion
of the data reduction, pipeline, and imaging see Leroy et al. (2021b).

The PHANGS-ALMA Survey is a ‘cloud-scale’ spectroscopic
survey in the sense that the observations have the resolution, point-
source sensitivity, and beam diameter sufficient to resolve and study
individual giant molecular clouds (GMCs). These GMCs typically
have radii around 30 to 60 pc and characteristic molecular masses
of the order of 10°My, (Bolatto et al. 2008; Freeman et al. 2017;
Rosolowsky et al. 2021; Schinnerer & Leroy 2024). The provided
data offer sufficient spatial and velocity resolution for our study
aimed at identifying features that have typical sizes comparable to
the most prominent EVFs of the MW (~ 100 pc, see introduction).

As discussed in Stuber et al. (2023) (see their section 5.1 and ap-
pendix C), the molecular gas response to the underlying gravitational
potential can lead to morphological features that differ from those
observed in stellar light. This can result in significant discrepancies
between classifications based on photometric surveys, such as the
Spitzer Survey of Stellar Structure in Galaxies (S*G; Buta et al.
2015), and those based on molecular gas morphology. For example,
some galaxies classified as strongly barred in the literature appear
unbarred in CO(2-1), potentially indicating gas-depleted bars where
further inflow has ceased, or cases where star-forming clumps mimic
elongated features in stellar light but lack coherent gas structures in
CO. Conversely, certain galaxies (e.g. NGC 4941) show clear bar-like
features in CO that are absent or ambiguous in optical and infrared
images, suggesting that molecular gas can reveal structures that are
not easily detectable in stellar light.

Therefore, to ensure that our selected galaxies exhibit a bar-like
feature in molecular gas, in this work we use a sample of 29 galaxies
from the PHANGS-ALMA data set, listed in Table 1, all classified
as barred, based on their CO(2-1) morphology, by Stuber et al.
(2023) (class B and C there). This selection lessens the potential
biases introduced by stellar light-based classifications and ensures
a consistent approach in studying bar-driven processes in molecular
gas. For each galaxy, we use the ALMA CO(2-1) data cubes to
identify EVFs.

2.2 PHANGS-JWST Treasury Survey

We complement the PHANGS-ALMA CO(2-1) observations with
data from the PHANGS—J/WST Treasury Survey (Lee et al. 2023),
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which provides observations from the Mid-Infrared Instrument
(MIRI) of JWST for 19 galaxies in Cycle 1 and 55 galaxies in Cycle 2.
Among these, observations of 18 out of the 29 galaxies in our sample
are included within their public data release. Further information on
the Cycle 1 observations of the Treasury Survey can be found in Lee
et al. (2023), and more details on the PHANGS—/WST data release,
data reduction, and processing can be found in Williams et al. (2024).

The mid-IR emission captured by MIRI bands provides key
insights into the interstellar medium by acting as a tracer of both
gas column densities and star-forming regions (Leroy et al. 2023).
In this work, we use the 770W filter, which is sensitive to 7.7 um
emission from polycyclic aromatic hydrocarbons (PAHs) (Smith
et al. 2007; Li 2020). PAHs produce distinctive emission features
when they are heated by ultraviolet (UV) photons. Near star-forming
regions, the UV radiation field is usually dominated by radiation from
young stars, but away outside star-forming regions it also includes
a contribution from the interstellar radiation field. As a result, the
7.7 um emission has been shown to correlate well with both Ho
emission (which traces star-forming regions) and CO gas (which
traces molecular gas), so that this emission is a superposition of a
CO-tracing component and H a-tracing component in roughly equal
proportions (Leroy et al. 2023). Crucially for this work, the 7.7 pm
emission has a strong correlation to the CO (2-1) emission away
from star-forming regions, allowing us to detect CO streams that
go undetected in the CO-ALMA data because they fall below the
sensitivity limit of the latter.

3 EVF IDENTIFICATION AND PROPERTY
ESTIMATION

3.1 Diagnostic maps and EVF identification

To search for EVFs in each of the 29 galaxies of our sample, we
construct one position—position (PP) and two position—velocity (PV)
maps from its PHANGS-ALMA CO(2-1) data cube by integrating
the cube over velocities and over two spatial dimensions, respectively.
Before the integration, the cube is rotated so that the positive half of
the line of nodes is along the negative x-axis. In this work, PAs of
the LONs for majority of our sample galaxies are taken from Lang
et al. (2020) when available, otherwise taken from Salo et al. (2015)
(see Table 1). Then we convert angular (arcseconds) into physical
(kpc) scales assuming the distances from Anand et al. (2021), so
that x and y cos(i) are the spatial coordinates in kpc in the sky plane
(corresponding to x and y coordinates in the disc plane).

To identify EVFs, in analogy with the MW’s EVFs we look for
features on the dust lanes that have an unusually large velocity spread
but are relatively compact in size. Thus, we first visually identify the
dust lanes in the CO(2-1) PP maps. These typically appear unam-
biguously as two nearly straight or curved features, located on either
side of the bar, extending from the nucleus to the bar ends (see section
3.2.2 of Stuber et al. 2023 for further details). To better visualize
each dust lane we draw a contour enclosing it in the PP map, and we
colour in red or blue all data in the data cube with spatial coordinates
falling within this contour. For this purpose we use the visualization
software cLue” (Beaumont, Goodman & Greenfield 2015; Robitaille
et al. 2017). While this procedure is somewhat subjective, the results
are reasonable, as the dust lanes are typically coherent and continuous
structures in PP space. The top and middle panels of Fig. 2 show the

2The cLUE webpage can be accessed via https:/glueviz.org.
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Table 1. Sample of barred galaxies considered in this work. Columns are as follows: (1) Galaxy ID; (2) distances obtained from Anand et al. (2021); (3)

physical resolution in native resolution cube provided in Leroy et al. (2021a); (4) inclination — °. ..

5

indicates that the uncertainties are not provided and

(5) kinematic position angle of LON from Lang et al. (2020) when available, otherwise, from Salo et al. (2015) (entries from the latter are marked with an
asterisk, s); (6) position angle of the bar provided in the S*G Survey Buta et al. (2015); Herrera-Endoqui et al. (2015) or Salo et al. (2015); (7) Bar class
assigned by Stuber et al. (2023) based on CO morphology; (8) Photometric bar classification in literature obtained from Buta et al. (2015) (NIR) if available
or from de Vaucouleurs et al. (1991) (optical); (9) presence of EVFs identified in this work, based on PP and PV diagrams, as discussed in Section 4.°Y’
indicates that EVF signatures are found in the galaxy, while ‘N’ indicates no clear signatures of EVFs are detected.

Galaxy ID Distance Resolution i PA of LON PA of bar Bar type Bar type EVF
(Mpc) (pc) (deg) (deg) (deg) (CO morph) (Photometric) (Y,N)
Y] 2 3) C)] (5) (6) (7N 3) ©
NGC 0253 3.70 150.2 75.0+. .. 52* 66 B SAB N
NGC 0685 19.94 163.0 23.0+43.4 101 55 B SB N
NGC 1087 15.85 123.1 4294+ 3.9 179 128 B SB N
NGC 1097 13.58 111.7 48.64+6.0 122 141 C SB Y
NGC 1300 18.99 113.1 31.8+£6.0 98 99 C SB Y
NGC 1317 19.11 147.1 23.2+7.7 42 150 B SB N
NGC 1365 19.57 130.8 55.4£6.0 21 86 C SB N
NGC 1433 18.63 99.1 28.61+6.0 20 95 C SB N
NGC 1512 18.83 94.5 42.54+6.0 82 42 C SB Y
NGC 1566 17.69 107.6 29.6+10.7 35 177 C SAB N
NGC 1637 11.7 78.9 31.0+... 21* 85 B SAB N
NGC 1672 19.4 181.7 42.6+£6.0 134 96 C SAB N
NGC 2566 23.44 145.3 48.54+6.0 132 66 C SB Y
NGC 2903 10.0 70.5 66.8+3.1 24 28 C SB Y
NGC 3059 20.23 119.9 29.4+11.0 165 40 B SB N
NGC 3351 9.96 70.7 45.1£6.0 13 112 C SB N
NGC 3507 23.55 155.2 21.7£11.3 56 112 C SAB N
NGC 3627 11.32 89.2 57.3£1.0 173 160 C SB Y
NGC 4303 16.99 149.3 23.54£9.2 132 178 C SAB Y
NGC4321 15.21 122.9 38.5+£2.4 156 115 C SAB N
NGC4535 15.77 119.1 44.74+10.8 180 42 C SAB Y
NGC 4548 16.22 132.7 38.3£6.0 138 61 C SB Y
NGC 4579 21.00 182.7 40.24+5.6 91 53 C SB N
NGC4654 21.98 182.8 55.6+5.9 123 121 B SB N
NGC4941 15.00 115.3 53.4+£1.1 22 16 C SA N
NGC 5236 4.89 50.7 24.0+. .. 45* 50 C SAB N
NGC 5643 12.68 79.9 29.9+6.0 139 84 C SAB Y
NGC 6300 11.58 60.4 49.6+5.9 105 71 C SB N
NGC 7496 18.72 152.0 35.9+0.9 14 147 C SB N

results of this procedure for NGC 1300. In the following text, we will
refer to these diagrams as ‘diagnostic maps’.

We then visually select the EVFs within the extracted dust lanes by
looking in the PV maps for features that are abnormally broad-lined
compared to the rest of the material on the dust lane, and that have
physical sizes in the PP maps smaller or comparable to the width of
the dust lane. Each selected EVF is outlined by rectangular boxes in
PP and PV maps in Fig. 2 and Figs Ala—A9a, and if more than one
EVF is present in a galaxy, the EVFs are named F1, F2, etc., with
the names plotted in the figures and listed in Table 2.

The EVFs identified in this way typically look like ‘blobs’ with an
approximately circular shape in PP space, likely due to the resolution
limitations. In several galaxies, as discussed in Section 4, these blobs
are resolved into smaller clumps in 7.7 um emission (see Fig. 3
for NGC 1300). These clumps might host incipient star formation
activity, potentially triggered by molecular cloud collisions.

Only the PHANGS-ALMA CO(2-1) data are used to identify
EVFs. The mid-infrared PHANGS—J/WST observations are not uti-
lized for EVF identification, but they are used to further inspect
the vicinity of a CO-identified EVF and trace gas that falls below
the sensitivity threshold of the CO data. As we shall see, this often
reveals streams of gas connecting to the EVF that are invisible in the
CO data. We focus only on the 7.7 pm wavelength from MIRI/JWST

MNRAS 541, 3799-3821 (2025)

as these are available for all galaxies in our sample that exhibit EVFs
and have been shown to trace well the gas column density (Leroy
et al. 2023). The bottom panel of Fig. 2 shows an example JWST
mid-infrared map for NGC 1300.

The diagnostic maps and 7.7 pm images of the remaining galaxies
in our sample are presented in Appendix A (see Figs. Al to A9,
panels a).

3.2 EVF properties estimation

To estimate the physical size of the EVFs, we first visually define
a circular region on the dust lane, in PP space, that encompasses
the entire EVF. We make the radius of the circle big enough to
contain the whole EVF and small enough that it excludes (as much
as possible) other nearby unrelated features. We also ensure that the
circular region remains entirely within the dust lane. This region is
then extracted and isolated for further analysis.

We estimate the EVF radius as follows. We centre the extracted
region on the brightest point as an initial guess for the EVF centre.
We then fit a 2D Gaussian function to the PP map. We thus obtain
values for the centre coordinates and standard deviations o, and o.
We then calculate the EVF radius using the following formula (see
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Figure 2. The diagnostic maps and 7.7 pm emission image of NGC 1300. ZTop: PP and PV diagrams. The galaxy is rotated in the plane of the sky such that the
PA of the LON aligns with the x-axis. The red and blue colours highlight the dust lanes. Botfom: 7.7 pm emission in grey-scale, with CO(2-1) intensity as in
PP diagram in yellow contours. The magenta lines mark the streams that appear to extend over large radii and reach to the regions where EVFs are seen. In all
panels, the rectangular boxes mark the regions of EVFs.
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Table 2. Properties of the EVFs identified in this paper. Columns are as follows: Galaxy ID, label of each EVF identified in each galaxy,
galactrocentric distance from the EVF centre, radius of the EVF, velocity dispersion of the Gaussian fit to the EVF, velocity spread of the
EVF (FWHM of the Gaussian fit), total CO(2-1) mass within each EVF region, the virial alpha parameter for each EVF, and index for each

feature that is used in figures to distinguish between EVFs.

Galaxy ID Feature Reen RevE oy Av Mco@-1) Qyir Index
(kpe) (kpe) (kms™h) (kms™h) (x10°Mp)
NGC1097 F1 3.53+£042 0.12 30.86 + 0.39 72.68 £ 0.91 2.13£0.61 1207 1
NGC1300 F1 3.56 £0.23 0.10 13.33 + 1.08 31.40 £2.55 0.39 £0.13 1043 2
F2 4.77£031 0.12 18.56 £ 0.29 43.70 £ 0.68 271 £0.64 368 3
NGC1512 F1 3.00 £ 0.29 0.11 30.63 £ 1.05 72.13 £ 2.47 171 £ 0.44 1464 4
NGC2566 F1 3.09 £ 0.37 0.15 25.89 = 0.60 60.97 £ 1.41 421 +127 550 5
F2 3.56 £ 0.42 0.14 28.82 +0.70 67.87 £ 1.66 472+1.33 565 6
NGC2903 F1 2.92+0.37 0.09 30.24 £ 0.46 71.20 £ 1.08 1.88 £ 0.96 969 7
F2 3.45+044 0.07 18.81 £ 0.21 44.31 £ 0.50 1.21 £ 0.68 509 8
NGC3627 F1 1.08 £ 0.03 0.09 25.21 £0.27 59.37 £ 0.64 1.68 £ 0.51 778 9
F2 2.79 £ 0.08 0.08 18.98 £ 0.19 44.71 £ 0.46 1.31 £045 524 10
F3 3.60 £ 0.10 0.09 18.88£0.36  44.47+£0.84 1.55 £0.55 492 11
F4 1.37 £ 0.04 0.11 29.18 + 0.42 68.72 £ 0.99 9.67 + 2.61 223 12
NGC4303 F1 2.50 £0.17 0.14 11.50 £ 0.05 27.08 £ 0.13 5.55 £ 1.52 76 13
F2 0.84 + 0.06 0.13 17.91 £0.21 42.18 £ 0.50 7.11 £ 1.59 140 14
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Figure 3. Close-up views of the EVF regions, marked with rectangular boxes in the bottom panel of Fig. 2. Both panels show the 7.7 pm emission in grey-scale

overlaid with CO(2-1) emission in yellow contours.

equation 9 of Rosolowsky et al. 2021):

REVF = 1N,/0x0y , (1)

where the factor n = +/21In2 = 1.18 comes by modelling the surface
brightness as a two-dimensional Gaussian and using the half width
at half-maximum as the radius (Rosolowsky et al. 2021). We note
that this procedure will overestimate the radius of unresolved EVFs,
so the radii should be considered upper limits.

Further, to obtain the galactocentric distance (R.,) of the EVFs,
we use the coordinates of the EVF centre (x and y), determined from
the 2D Gaussian fit described above, in the formula

Reen = \/(x - x())z + (y - yo)z ) (2)
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where (x,, y,) are the coordinates of the galaxy centre. The measure-
ment uncertainty of the EVF centre and the uncertainty in inclination
is propagated to the uncertainty in Reey.

To estimate the velocity extent of the EVFs, we construct the
total spectrum — intensity versus velocity — in the region enclosed
by Rgyr. We then fit a single Gaussian to the total spectrum. The
standard deviation o, of the fit is taken as a measure of the velocity
dispersion, and the full width at half-maximum (FWHM) of the fit
as a measure of the velocity extent, Av = (24/21n2)0,.

Example spectra for the two EVFs identified in NGC 1300 and
Gaussian fits are shown in Fig. 4. The uncertainties in all fitted
parameters, including the centre coordinates, o,, oy, and Av, were
estimated from the square roots of the diagonal elements of the
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Figure 4. The CO(2-1) spectra within the regions enclosed within rectangular boxes in Fig. 2 where EVFs are seen, for F1 on left and for F2 on right. The grey
solid lines show the total intensity, the purple dashed lines are the Gaussian fit to the spectrum, and the blue dashed lines mark the FWHM of the fits.

covariance matrix obtained during the respective fitting processes.
These uncertainties reflect the confidence intervals in the fitting only
and they do not take into account that the shape of the intensity
distribution within EVF region might be non-Gaussian, that there
might be contaminating emission from other features overlapping
with the EVF in PP space, or that the radius can be overestimated
when the EVF is unresolved.

To estimate the EVF masses, we calculate the total integrated CO
intensity, Ico, within the determined Rgyr. We then convert this total
intensity into mass using the relation

Mco = acolco 3)

where aco = 6.69 Mg pc=2 (Kkms™')~! is the CO(2-1)-to-H,
conversion factor, and is derived from the Galactic value of 4.35
Mgopc2(Kkms~!)~! estimated by Bolatto, Wolfire & Leroy (2013),
with the factor 0.70 accounting for the conversion between 'CO
J =2—1and J =1 — 0 transitions (Leroy et al. 2022). We adopt
this procedure for simplicity, but note that it ignores galaxy-scale
variations (e.g. den Brok et al. 2025) and might overestimate the
mass for high-velocity dispersion features such as the EVF since
high velocity dispersion often causes lower «co values near galactic
centres (Teng et al. 2023).

Following Bertoldi & McKee (1992) and Rosolowsky et al. (2021),
we calculate the virial masses and virial parameters as

SozREVF
vir = — s 4
G “
2MVil‘ (5)
Qyir = .
Mco

The virial mass represents an estimate of the mass of the EVF under
the assumption of dynamical equilibrium. The virial parameter oy;,
compares the virial mass to the CO-measured mass, and is a measure
of the ratio between the kinetic and gravitational binding energy of
the cloud. In dynamical equilibrium, the virial parameter is expected
to be of order unity, while a large virial parameter indicates an out-
of-equilibrium unbound situation (kinetic energy > gravitational
energy).

All estimated properties of the EVF regions are provided in
Table 2.

3.3 MW spectra

As we view the MW almost edge-on, we cannot separate the bar
lanes in the PP maps as we did in Section 3.1 for external galaxies.

Therefore in the MW, we identify both the EVF regions and the bar
lanes in the PV diagram using the data from Bitran et al. (1997).
As in Section 3.1, for visualizing the dust lanes and EVF regions
we use the cLUE software. The dust lanes and EVF regions are then
overplotted in different colours on top of the main emission in grey-
scale in the PP and PV maps in Fig. 1, where we highlight the EVF
regions within magenta rectangular boxes. Fig. 5 presents the CO(1-
0) spectra of the two EVF regions. The left panel presents the total
spectrum within the extracted EVF region at/ = 3.2°, corresponding
to emission at a longitude range 2.7-3.4°, latitude not restricted.
The right panel presents the total spectrum within the extracted EVF
region at/ = 5.4°, corresponding to the emission at a longitude range
of 5.0-5.6°, latitude unrestricted. Due to our embedded perspective
within the MW disc, the EVFs are ‘contaminated’ by overlapping
features along the line of sight, resulting in spectra that appear more
complex than those of external galaxies.

The spectrum on the left panel (EVF at [ = 3.2°) shows con-
tamination from a feature that is known to be a secondary dust
lane (Liszt 2008), which appears as a narrow peak superimposed on
the broader EVF peak. Since the single Gaussian fitting technique
used for external galaxies is inadequate for cases with overlapping
features, we simply adopt a double Gaussian fitting approach to
accurately model multiple components and account for foreground
contamination. This yields an FWHM 70.64 £ 2.07 kms™! for the
EVF component and a 13.92 4 2.14 km s~! for the component of the
overlapping dust lane. We take the first as our estimate of the EVF
velocity extension Av.

The spectrum on the right panel (EVF at/ = 5.4°) shows two broad
peaks, and it is not obvious what constitutes foreground contamina-
tion and what is genuine EVF emission. To produce nevertheless
an estimate of Av, we again fit a double Gaussian and consider the
broadest peak to be the EVF, resulting in Av = 68.40 & 4.19kms™'.

We note that the method for estimating Av for the MW and external
galaxies is slightly different as we used a double Gaussian to get
rid of contaminating features in the first case. This difference in
methodology should be borne in mind when comparing Av, but it
does not affect any of our conclusions below as they are not very
sensitive to the exact values of Av.

4 RESULTS

After examining the PP and PV diagrams of the 29 galaxies in
our sample, we identified EVFs in 10 out of 29 galaxies, which
represents approximately 34 per cent of the total. The remaining
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Figure 5. The spectra (black full curves) and double Gaussian fits (dashed curves) for two MW EVFs highlighted in Fig. 1 and located at / = 3.2° (left) and
| = 5.4° (right). The two components of the double Gaussian fits are in blue and green, and their sum is in purple.

19 galaxies (about 66 per cent) did not show obvious features
that we could identify as EVFs, although it is not excluded (and
is actually likely) that higher resolution/sensitivity surveys might
reveal more features. The 10 galaxies exhibiting signatures of
EVFsare NGC 1097, NGC 1300, NGC 1512, NGC 2566, NGC 2903,
NGC 3627, NGC 4303, and NGC 4535, NGC 4548, and NGC 5643.
Amongst these 10, four galaxies exhibited one EVF each, while
the remaining six galaxies exhibited more than one EVF. In total, we
identified 18 EVFs within 10 galaxies. To interpret the nature of these
features, we study their spectra, locations, and physical properties as
discussed below.

Let us use NGC 1300, shown in Fig. 2, as an illustrative example.
In this galaxy, we identified two EVFs: one on the dust lane coloured
in red at a radius of approximately 3.6 kpc from the galactic centre,
and one on the dust lane coloured in blue at a radius of approximately
4.8 kpc. These are marked with rectangular boxes in Fig. 2. The EVFs
show enhanced CO(2-1) intensity in the PP diagrams, confined to
rather round blob-like regions. The most prominent of the two EVFs
is the feature on the dust lane coloured in blue. Similar to EVFs
observed in the MW, this feature has a large vertical and narrow
horizontal extent in the PV diagram.

In the vicinity of approximately 12 of the EVF regions, while
CO(2-1) emission appears as round blob-like features, the emission
in 7.7 pum is resolved into smaller clumps. An example of this can
be seen in Fig. 3 for NGC 1300, see also Figs Alb, A3b(F2), A4b,
AS5Sb, A6b(F1) and A7b for several other galaxies. These clumps
might contain enhanced star formation activity in smaller collapsed
regions, possibly triggered by molecular cloud collisions near the
EVFs. In fact, a recent study of NGC 3627 by Maeda et al. (2025)
shows that, despite being less efficient at high collisional velocities,
cloud collisions can still enhance the star formation in bar lanes.
For the remaining six EVF regions, we do not see strong intensity
enhancement or clumpiness in 7.7 pm emission; see Figs A2b and
AS8Db as examples.

To check whether unbarred galaxies can also contain EVFs, we
examined all galaxies that are classified as lacking bar-like features
in the molecular gas morphology (Class A) in Stuber et al. (2023),
which are also classified as unbarred (SA) in photometric studies
(Vaucouleurs et al. 1991; Buta et al. 2015). These 13 galaxies are
presented in Table 3. Of these, only one galaxy — NGC 628 —exhibited
a tentative EVF-like signature in the PV diagram, along one of
its spiral arms. The CO velocity and velocity dispersion maps of
NGC 628 appear relatively undisturbed, but several faint gas streams
are visible, seemingly connecting to the region where the EVF occurs.
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Table 3. Sample of galaxies classified consistently as ‘unbarred’ from both
CO morphology (Stuber et al. 2023) and photometry (Vaucouleurs et al. 1991;
Buta et al. 2015) used in this work to search for EVFs as test cases. Columns
are as follows: Galaxy ID; distances obtained from Anand et al. (2021);
physical resolution in native resolution cube Leroy et al. (2021a); kinematic
position angle of LON and inclination inferred from Lang et al. (2020);
presence of EVFs identified in this work, based on PP and PV diagrams,
as discussed in Section 4.°Y” indicates that EVF signatures are found in the
galaxy, while ‘N’ indicates no clear signatures of EVFs are detected.

Galaxy ID Distance ~ Resolution PA of LON i EVF
(Mpc) (pc) (deg) (deg)  (Y.N)
NGC 0628 9.84 53.5 21 9 Y
NGC 1546 17.69 109.6 148 70 N
NGC 1792 16.20 150.9 134 65 N
NGC 1809 19.95 136.0 139 58 N
NGC 2090 11.75 73.8 13 65 N
NGC3137 16.37 120.0 180 70 N
NGC 3521 13.24 85.5 163 69 N
NGC 3596 11.30 66.9 78 25 N
NGC 3621 7.06 62.4 164 66 N
NGC 4254 13.10 113.1 68 34 N
NGC 4298 14.92 114.7 134 59 N
NGC 4689 15.00 86.0 164 39 N
NGC 4826 4.41 26.9 114 59 N

These findings suggest that a cloud collision might be happening in
the spiral arm of this galaxy, leading to the emergence of EVF sig-
natures in their PV diagrams. However, the general absence of EVF
signatures in unbarred galaxies supports the argument that EVFs arise
primarily due to cloud—cloud or stream—stream collisions in bar lanes.

4.1 Physical properties of EVFs

Table 2 lists the properties of all of the EVFs identified in our sample.
Typical masses are in the range 10°-10° My, while typical sizes
are of the order of 100 pc. These values are similar to the MW
EVFs shown in Fig. 1, which have radii of ~ 100 pc and estimated
masses ranging from a few 10* M, to a few 10° M, depending on
the method used (Liszt 2006; Gramze et al. 2023). Fig. 6 shows the
EVFs’ properties against their galactocentric radius (left panels) and
their physical radius (right panels), illustrating that they are found at
different distances from the galactic centre, spanning the full extent
of the bar lanes. All these characteristics are consistent with the EVFs
identified in our sample being analogues of the MW features.
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Figure 6. Physical properties of EVFs plotted against the radius from the galaxy centre (left) and the physical radius of the EVF (right). From top to bottom:
velocity extent Av, mass Mco, virial parameter ayi,. Each point is numbered according to the assigned EVF index listed in Table 2.

For all of the EVFs we identified, the virial parameter, oy, is
exceptionally large, ranging from a few hundred to several thousand
(see Table 2). Bound molecular clouds should have ay; < 2, while
unbound systems have o,;; > 2 (e.g. Bertoldi & McKee 1992). This
indicates that EVFs are all unbound systems that are very far from
virial equilibrium, consistent with the idea that they are the sites
of extreme cloud—cloud (or stream-stream) collisions. We caveat
that if the EVFs are unresolved in the PHANGS-ALMA CO data
(which is possible given their ‘blobby’ appearance), then we will
overestimate their virial parameter since Rgyg will be larger than the
true cloud size. If instead, we overestimate Mco due to the simple
aco prescription adopted (Section 3.2), then we will underestimate
the virial parameter. However, these effects are unlikely to affect our
conclusions, because even in the worst case we would not expect the

virial parameters to change by more than a factor of a few, so the
EVFs would still be strongly superviral.

The formulae for both the virial mass and the virial parameter,
given in Section 3.2, which result in the values given above, assume
an isotropic velocity distribution. On the other hand, if the EVFs
are sites of collisions of clouds moving with markedly different
velocities, their velocity extent may be dictated by the velocity
difference between the colliding clouds. In particular, it may not
be isotropic, as the colliding clouds move in the galaxy plane. If the
velocity dispersion is not isotropic, but mainly in the disc plane, one
should observe a trend of the EVF velocity difference being larger
in galaxies that are more highly inclined.

In the left panel of Fig. 7, we show the velocity extent, Av against
sin(i) for our EVFs. We include the MW results for comparison,
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although we remind the reader that the method for obtaining the
Av is slightly different (see Section 3.3) than how we inferred the
parameter in external galaxies. For external galaxies, Av ranges from
approximately 27 to 72kms~!. Both of the MW EVFs with ~70
kms~! are on the higher end of this range. The figure shows a rough
correlation between Av and sin(7), consistent with expectations for
the EVF velocity extent resulting from velocity difference of the
colliding clouds. Particularly, it suggests that the Av is likely not
driven by isotropic velocity dispersion. Although the scatter in this
figure is large, this is not surprising since in different galaxies, and in
different EVFs clouds can collide with different relative velocities.

If the velocity extent of EVFs is dictated entirely by the velocity
difference of colliding clouds, then one should expect the largest
velocity extent for bars roughly perpendicular to the line of nodes.
This is because, to the first approximation, the radial velocity in the
bar lane gets reverted (outflow upstream from the bar lane turns into
inflow downstream from it), while the azimuthal velocity continues
as prograde rotation, and the radial velocity dominates the observed
line-of-sight velocity in the direction perpendicular to the line of
nodes. In the right panel of Fig. 7, we show the Av/sin(i) as a
function of PA| oy — PAyp,. There is no clear minimum at PA; on =
PAp,;. This may indicate that turbulent random motions resulting
from the collision significantly contribute to the velocity extent of
EVFs, which therefore is not solely caused by the velocity difference
of the colliding clouds.

4.2 JWST gas streams

PHANGS-JWST observations have no velocity information, but are
much more sensitive to low surface density gas and have higher
spatial resolution than the PHANGS—-ALMA CO data. We use them
to trace the gas that falls below the sensitivity threshold of the CO
data. The 7.7 pm band observations of NGC 1300, presented in the
bottom panel of Fig. 2, reveal many streams of gas in the bar region
surrounding the dust lanes that indeed are invisible in the CO data.
Several streams connecting to the EVFs are marked by faint magenta
arrows. These streams appear to extend continuously from the
opposite side of the galaxy for several kpc, either in straight or slightly
curving forms, and reach the location of the EVF, where enhanced
CO(2-1) intensity is seen. In the cloud—cloud collision interpretation
(see Section 1), EVFs originate from collisions of gas streams along
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the bar lanes with gas streams coming from the opposite side of the
galaxy. We hypothesize that these are the streams that collide with
the dust lane streams, with almost opposite velocity vectors, giving
rise to the EVFs. The direction of the streams shown by the magenta
arrows is an educated guess based on the observed morphology and
theoretical knowledge of gas flow in barred potentials.

Upon examining the 7.7 wm band observations of all galaxies with
EVFs, we find that out of 18 EVF regions, nine are associated with
faint streams extending from the opposite end of the bar towards
the EVF location. In some galaxies, such as NGC 1300, multiple
faint streams reach the EVF regions. The galaxies displaying these
streams of overshot gas are NGC 1300, NGC 1097, NGC 2566 (only
F1), NGC 3627 (except F1), NGC 4548 (F2), and NGC 5643. For
five EVFs (~28 per cent) we cannot determine whether streams are
associated due to star-forming activity within the bar regions. These
cases are found in NGC 2566 (F2), NGC 2903, NGC 3627 (F1), and
NGC 4303 (F1). For the remaining four (~22 per cent) EVFs — in
NGC 1512 (F1), NGC 4303 (F2), NGC 4535 (F1), and in NGC 4548
(F1) — we did not identify any associated streams of overshot gas.

Several factors may contribute to the absence of observable
streams in other galaxies exhibiting EVFs. One possibility is an
intrinsically low gas density, where the emission is too weak to be
detected in 7.7 pm observations. Additionally, environmental effects
such as global rotational flow and turbulence within the intergalactic
medium could introduce kinematic disturbances, leading to gas
dissipation through mixing, making the streams too faint to be
traced. Stacking observations across different MIRI filters could help
produce deeper images and reveal fainter structures. However, since
such data were not consistently available for all galaxies, we did not
pursue this approach in our analysis. It is also possible that that the
stream was a short segment that is lost to the collision.

In the collision interpretation, the geometry of the collision might
lead us to expect that the EVFs should occur on the trailing side of the
bar lanes. Although it is difficult to assess this conclusively as dust
lanes are thin and the spatial resolution is not sufficient to examine
this in detail, some galaxies appear consistent with this expectation
(e.g. NGC 1512, NGC 2903, NGC 3627), but for some other galaxies
the EVFs seem to occur on the leading side of the bar lanes (e.g.
NGC 1097 and NGC 4535). There might be various explanations for
this phenomenon within our cloud—cloud collision hypotheses. For
example, the gas could traverse the dust lane while the collision is
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still taking place, as the simulations show that it is a collision between
streams, which happens over an extended period in time (Sormani
et al. 2019). Another reason might be the gas clumpiness, so the
incoming streams might find holes in the gas distribution and only
collide with other gas parcels when it has traversed the relatively
short thickness of the dust lane (in other words, the mean free path
might be comparable to the lane thickness).

5 SUMMARY AND CONCLUSIONS

The inner regions of the MW are known to harbour an enigmatic
population of prominent molecular clouds characterized by ex-
tremely broad lines. The physical origin of these EVF has remained
controversial, but a connection with the dust lanes of the Galactic
bar has been suggested by several authors.

In this study, we searched for analogous features in the bar dust
lanes of 29 nearby barred galaxies using the PHANGS-ALMA
CO(2-1) survey, with the aim of confirming the existence of EVF-like
features in other galaxies and of using the external perspective to gain
insight into their origin. We found EVFs in 10 out of the 29 galaxies,
corresponding to 34 per cent of our sample. The EVF features stand
out as relatively compact structures that have an unusually large
velocity spread in the PPV diagrams compared to the rest of the ma-
terial on the dust lane. Upon examining a test sample of 13 unbarred
galaxies, we find a general absence of EVFs in their PPV diagrams.

We analysed the physical properties of the EVFs and found
that they all have virial parameters ranging from few 100s to
several 1000s, indicating highly unbound structures. The most likely
explanation for their origin is extreme cloud—cloud, or more appro-
priately stream—stream, collisions with relative velocities in excess
of 100 kms~!. Further support to this interpretation is provided by
PHANGS—JWST MIRI 7.7 pm observations, revealing low-intensity
CO-invisible streams of gas in 50 per cent of the EVF cases, that
appear, based on their morphology, to be hitting the dust lanes at the
location where EVFs are found.

Our findings support the idea that EVFs are the result of extreme
collisions between gas streams occurring in the dust lanes of barred
galaxies. They are probably the clearest examples of cloud—cloud
collisions available in the literature. Thus, they are unique astro-
physical laboratories to study the physics and chemistry of complex
cloud collisions and their impact on star formation in galaxies.
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is ongoing, and a publication detailing the data is currently in
preparation.
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APPENDIX A: DIAGNOSTIC MAPS, IMAGES,
AND PLOTS OF SAMPLE GALAXIES THAT ARE
EXHIBITING EVFS

The figures in this section are configured as follows.

For galaxies where EVFs are identified, figures with caption
numbering ending with an ‘a’ (e.g. Figs Ala—A9a) present the CO(2—
1) PP and PV, JWST/MIRI 7.7 um band image, and spectra with
Gaussian fits within the identified EVF regions. The allocation of the
panels are configured similarly to Figs 2 and 4. Following these, fig-
ures with caption numbering ending with a ‘b’ (e.g. Figs A1b—A9b)
provide the zoom-in view of the regions marked with rectangular
boxes in the 7.7 pm band observations of the corresponding galaxy
similar to what is shown in Fig. 3.
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Figure Ala. Diagnostic maps, 7.7 um band observations, and spectra within EVF regions for NGC 1097.
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Figure A3a. Diagnostic maps, 7.7 um band observations, and spectra within EVF regions for NGC 2566.
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Figure A7a. Diagnostic maps, 7.7 um band observations, and spectra within EVF regions for NGC 4535.
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Figure A7b. Zoomed-in 7.7 um band observations of NGC 4535.
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Figure A8b. Zoomed-in 7.7 um band observations of NGC 4548.
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Figure A9a. Diagnostic maps, 7.7 um band observations, and spectra within EVF regions for NGC 5643.
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