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Abstract

We characterize two candidate cool galactic outflows in two relatively low-mass, highly inclined Virgo cluster
galaxies: NGC 4424 and NGC 4694. Previous analyses of observations using the Atacama Large Millimeter/
submillimeter Array carbon monoxide (CO) line emission maps did not classify these sources as cool outflow
hosts. Using new high-sensitivity, high-spatial-resolution, JWST mid-infrared photometry in the polycyclic
aromatic hydrocarbon (PAH)—tracing F770W band, we identify extended structures present off of the stellar disk.
The identified structures are bright in the MIRI F770W and F2100W bands, suggesting they include PAHs as well
as other dust grains. As PAHs have been shown to be destroyed in hot, ionized gas, these structures are likely to
be outflows of cool (I'<10*K) gas. This work represents an exciting possibility for using mid-infrared
observations to identify and measure outflows in lower-mass, lower star formation galaxies.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Galaxies (573); Polycyclic aromatic

hydrocarbons (1280); Infrared photometry (792)

1. Introduction

Outflows—gas and dust ejected from the disk of a galaxy—
are an important factor in driving galaxy evolution and
quenching. High star formation activity or an active galactic
nucleus (AGN) can generate winds powerful enough to create
outflows (T. M. Heckman 2002; A. C. Fabian 2012), con-
tributing to the eventual suppression of star formation (see,
e.g., S. Veilleux et al. 2020; T. A. Thompson &

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

T. M. Heckman 2024). Outflows also enrich the gas in the
circumgalactic and intracluster media. The exact composition,
structure, and mass of outflowing material can provide
important information about how galaxies and the surrounding
medium evolve over time. Millimeter-wavelength observations
have shown that these outflows can contain cool molecular gas
(C. Cicone et al. 2014). As cool gas (T < 10*K (the
temperatures at which hydrogen will be neutral, and therefore
PAHs are most likely to be found; K. M. Sandstrom et al.
2012; B. S. Hensley et al. 2022; R. Chown et al. 2024) plays an
essential role in forming new stars, its removal and recycling
have major implications for galaxy evolution.

Cool outflows can carry small dust grains, including
polycyclic aromatic hydrocarbons (PAHs), out of the host
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Figure 1. Three-color images of the two outflow candidate galaxies, NGC 4424 (left) and NGC 4694 (right). In both, red is F770W (PAH emission), green is F335M
(stellar + PAH emission), and blue is F300M (stellar emission). Cyan contours represent the 10 MJy st ' and 2 MJy st~ ! in F300M, highlighting the location and
extent of the stellar disk. The grayscale bar in the lower left of each image shows 1 kpc. North is up, and east is to the right in both images.

galaxy (C. W. Engelbracht et al. 2006; J. A. Irwin &
S. C. Madden 2006; J. A. Irwin et al. 2007; A. McCormick
et al. 2013). PAHs produce many near- and mid-infrared
(MIR) emission features, which can be responsible for up to
20% of the IR emission from a galaxy (J. D. T. Smith et al.
2007), and have been shown to trace dense gas (R. Chown
et al. 2025). The near-IR and MIR observations required to
trace the small dust grains in these past studies were primarily
made by the Spitzer Space Telescope, with additional
observations from the Infrared Space Observatory and Akari.
JWST provides an unprecedented opportunity to trace the
PAHs and other dust grains in outflows and generally in
extraplanar material at unprecedented sensitivity and spatial
resolution (see, e.g., A. D. Bolatto et al. 2024; J. Chastenet
et al. 2024; D. B. Fisher et al. 2025), improving on both the
sensitivity and spatial resolution of Spitzer by a factor of ~10.
We identify and characterize two candidate galactic-scale
cool outflows detected in the MIR with JWST in galaxies
NGC 4424 and NGC 4694. While finding PAHs in outflowing
gas is not unusual (see, e.g., A. McCormick et al. 2013, who
find extended PAH emission in 15 out of 16 galaxies with
known outflows), it is rare that outflowing gas is primarily
identified or characterized using PAH emission. Both galaxies
are relatively low-mass (log;oM, /Mg ~ 9.9, A. K. Leroy et al.
2019) Virgo Cluster occupants. While both galaxies were
included in the work of S. K. Stuber et al. (2021), which used
velocity profiles from Atacama Large Millimeter/submilli-
meter Array (ALMA) CO 2-1 maps of the 90 Physics at High
Angular resolution in Nearby Galaxies (PHANGS)-ALMA
galaxies to identify molecular outflows, neither were con-
firmed as an outflow host (see Section 4.1). The presence of
outflowing gas is evident in the filamentary PAH emission
detected in the MIR, which extends well beyond the stellar
disk observed in the near-IR. As we only use photometry and
no velocity measurements for this characterization, we cannot
definitively confirm whether these structures are truly out-
flows. Because of this, we refer to the detected structures as
“candidate” outflows throughout the Letter. Three-color
images highlighting the differences in the stellar and dust
disks of both NGC4424 and NGC4694 are displayed in
Figure 1. Properties of both galaxies are listed in Table 1.

Table 1
Properties of Host Galaxies and the Outflow Candidates
Property NGC 4424 NGC 4694
Distance (Mpc) 16.20 15.76
Inclination (deg) 58.2 60.7
Stellar Mass (M) 8.1 x 10° 7.2 x 10°
Position Angle (deg) 88 143
R,5 (arcmin] 1.5 1.0
log oM, (M) 9.9 9.9
SFR, omgs" (M, yr™") 0.30 0.15
SFRyuse (Mo yr™) 0.18 0.06
Ons7" (deg) 3.11 4.58
Properties of Outflows

Extent (kpc) 0.73-1.1 1.2-2.3
Estimated Gas Mass (log;,M.) 711283 637000
F770Wss/F2100W 1.45 1.38
Estimated M (M, yr ") 0.4729 0.2703;

Notes. Distances are from G. S. Anand et al. (2021); orientation parameters
are from P. Lang et al. (2020), which used rotation curves to measure
inclinations, position angles, and central R.A. and decl.; and the stellar masses
and star formation rates are from A. K. Leroy et al. (2019). Outflow candidate
properties were determined using the method described in Section 3.1 and the
contours shown in Figures 2 and 3.
# Star formation rates from the z = 0 Multi-wavelength Galaxy Synthesis are
global measurements, covering a larger area than the MUSE maps, which is
why they are higher than the SFR values from MUSE.

Angular separation from M87, i.e., the center of the Virgo Cluster, from
S. Lee et al. (2022).

2. Outflow Candidates and Data
2.1. NGC 4424

NGC 4424, shown in Figure 2, is classified as a peculiar
starburst galaxy due to the heart-shaped isophotes measured
in the R band by J. R. Cortés et al. (2006). It is located near
the edge of the Virgo Cluster (projected distance of 3°11 or
880 kpc from M87; see fyg7 in Table 1) but has a projected
distance of ~1°5 (420 kpc) from M49, another giant elliptical
in Virgo. This suggests that NGC 4424 may be part of a
smaller cluster currently in the process of merging into the
larger Virgo Cluster (S. Mei et al. 2007). Optical studies of



THE ASTROPHYSICAL JOURNAL LETTERS, 992:L7 (9pp), 2025 October 10

log10F770Wss (MJy/sr)

log1oF300M (MlJy/sr) 1.00
0.75
0.50
0.25

0.00

-0.25

-1.0

Sutter et al.

F770Wss/F300M |

log10F335M (MlJy/sr)

1.00

0.75

0.50

0.25

0.00

-0.25

20

0

Figure 2. Multiwavelength images of NGC 4424. In each panel, the white arrow represents the direction toward M87, and the dashed black contour outlines areas
where the SFR surface density exceeds 0.1 M, yr~' kpc~2; i.e., the Heckman number (T. M. Heckman 2002). The H I tail extends in the opposite direction as M87,
opposite the white arrow, but is outside the field of view of these images so is not shown here. Solid black contours represent areas identified as outflows and used to
estimate the outflow rates in Section 4.2. In all panels, north is up and east is to the right. Top row, left to right: F770Wgg, highlighting MIR PAH emission; F300M,
showing the stellar disk; F770Wpay / F300M, emphasizing the differences between the stellar disk and the extended PAH emission; and F335M, showing the lack of
enhanced emission from small PAHs. Bottom row, left to right: F2100W, showing the emission from larger dust grains; SFR measured by extinction-corrected Ho
from MUSE; CO (2-1) integrated intensity from ALMA; and F187N map, showing the lack of Paschen « emission in outflows. The MUSE coverage is incomplete,

so only the area of the galaxy with coverage is shown.
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Figure 3. Same as Figure 2, but for NGC 4694. Similarly, emission in the MIR tracing dust is extended off the stellar plane. Similar to NGC 4424, the H1 tail
extends in the opposite direction as the arrow pointing toward M87 but is outside of the field of view of these images.

NGC 4424 have suggested the possibility of a past inter-
mediate-mass merger based on asymmetries in the stellar disk
(J. R. Cortés et al. 2006), along with an ionized gas outflow
noted in the asymmetries of the [O IIT] velocity as well as an
extended Ha tail noted in A. Boselli et al. (2018). Additional
radio continuum measurements show two polarized cones,
indicative of a nuclear outflow (B. Vollmer et al. 2013). Both
these works suggest the origin of these outflows was a central
starburst approximately 500 Myr ago, triggered by the past
collisions. They support this claim through measurements of
the velocity dispersion in the ionized gas outflows ratios of
emission lines suggestive of a starburst (A. Boselli et al.
2018). This past starburst activity is likely the source of the
filamentary PAH emission structures presented here. HI data

show the presence of a tidally stripped tail (S. Lee
et al. 2022).

2.2. NGC 4694

NGC 4694, shown in Figure 3, is a lenticular galaxy
similarly located at the edge of the Virgo Cluster, far from
MB87 (projected distance of 4258 or 1.3 Mpc). While there is no
clear evidence of past mergers, H 1 observations have detected
the presence of a gas bridge connecting it to VCC2062, a
nearby dwarf galaxy (U. Lisenfeld et al. 2016), while S. Lee
et al. (2022) classify it as currently undergoing tidal stripping
based on the shape and distribution of the HTI tail. The
M. P. Véron-Cetty & P. Véron (2010) catalog identifies
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NGC 4694 as the host of an AGN, which could be the source
of the presented outflow candidate.

2.3. James Webb Space Telescope Imaging

The two outflow candidates were identified based on
unusual structures discerned from MIR observations obtained
by JWST. Both of these galaxies are part of the PHANGS-
JWST Cycle 2 Treasury (GO 3707, PI: A. Leroy; see the
appendix in R. Chown et al. 2025), which mapped them in two
MIRI and four NIRCam bands. The two MIRI bands are
F770W (central wavelength 7.7 ym, width 1.95 pim, resolution
0727), which includes the 7.7 yum PAH feature and is therefore
used to trace PAH emission, and F2100W (central wavelength
21.0 pm, width 4.58 pum, resolution 0767), which is dominated
by stochastically heated small dust grains. The four NIRCam
bands are FI50W (central wavelength 1.5 um, width
0.318 um, resolution 07049), primarily tracing the stellar
continuum; F187N (1.87 yum, 0.024 pm width resolution
0761), covering the Paschen « emission line; F300M
(3.0 pm, 0.318 pm width, resolution 0”097), primarily tracing
warm, small dust grains and stellar continuum emission; and
F335M (central wavelength 3.35 pm, 0.348 ym width angular
resolution 0”7109), which includes the 3.3 um PAH feature. For
this work, we focus primarily on the MIRI bands, where the
observed outflow is most prominent. We use the F300M band
for comparison as it shows the location of the stellar disk. All
JWST data were processed using pjpipe”’ (T. G. Williams
et al. 2024), which supplements the official JWST pipeline.
pJjpipe modifies the official pipeline to suit observations of
large extended sources through additional adjustments to the
astrometric alignment and the background matching. As these
images often have few point sources identified in the MIR, an
additional alignment step is added to correct for small offsets
that remain when using the standard pipeline. Additionally, as
these images typically have large-scale diffuse emission from
the source that fills the field, pjpipe replaces the skymatch
algorithm used for background matching between MIRI tiles in
the standard pipeline with a pixel-by-pixel method that takes
into account the widespread signal that exists in the overlap
regions. Finally, pjpipe adds an additional absolute flux
calibration step called “anchoring” in which the images are
matched to wider field-of-view archival images taken at
similar wavelength from either IRAC or the Wide-field
Infrared Survey Explorer to determine the true background
values (see T. G. Williams et al. 2024 for more details). All
MIRI observations have dedicated background images
observed in parallel to the NIRCam observations, which are
used to remove background signals during level two of the
pipeline. To match the resolution between the different filters,
we smooth all data to a common resolution of 0”85, which
corresponds to a physical resolution of ~65pc in both
candidates. This has been shown to improve the signal-to-
noise ratio in low-flux regions without a major loss to the high
spatial sensitivity provided by JWST (T. G. Williams et al.
2024). The data were smoothed using the stpsf models and
the method described in G. Aniano et al. (2011). With this
smoothing method, the assumed 1o sensitivities in each band
are 0.13MJysr—' for FI70W, 0.27 MJysr—' for F2100W,
0.1MJysr ' for FI150W, 1Mlysr ' for FI87N,
0.052 MJy st~ ' for F300M, and 0.050 MJy st ' for F335M.

%7 https:/ /pipipe.readthedocs.io/en/latest/
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While the F770W filter is dominated by PAH and dust
emission, in many sight lines, the Rayleigh—Jeans tail of stellar
continuum emission contributes a significant fraction of the
observed F770W intensity. To obtain the F770W intensity
solely from dust and PAH emission, we subtract stellar
continuum using the calibration from J. Sutter et al. (2024):

F770Wss = F770W — 0.22 x F300M.

We do not remove any other underlying continuum, which
would likely be from larger dust grains, as both PAHs and
larger dust grains imply cooler gas in the outflows, so emission
from these grains is of interest in our analysis. We use the
F300M images to remove continuum instead of F150W due to
persistent striping in F150W, which we have yet to model and
remove and which can dominate the emission in this filter in
low-signal-to-noise regions.

2.4. Multiwavelength Data

We use data from several archival data sets of these two
sources. Specifically, we have optical integral field unit (IFU)
data from the Multi-Unit Spectral Explorer (MUSE) on
the Very Large Telescope obtained as part of programs
097.D-0408, PI: J. Anderson (NGC 4424), and 110.244E, PI:
L. Cortese (NGC 4694); ALMA maps of the CO (J =2-1) line
obtained as part of PHANGS program (A. K. Leroy et al.
2021a,2021b); and 21 cm H I maps from the Very Large Array
Imaging of Virgo spirals in Atomic Gas (VIVA) survey
(A. Chung et al. 2009). Together, these data provide a view of
the stars and ionized gas (MUSE), the molecular gas (ALMA),
and the neutral gas (VIVA). The MUSE data are used to
measure the star formation rate (SFR) surface density, using
the extinction-corrected Ha data and the method described in
F. Belfiore et al. (2023), and are reduced using the method
described in E. Emsellem et al. (2022).

3. Outflow Candidate Identification

The outflow candidates were both identified as part of
routine quality assurance (QA) checks of all the PHANGS-
JWST Cycle 2 Treasury sources. As part of the QA process,
NIRCam and MIRI images are compared and overlaid to
check for astrometry shifts across the images. During the
completion of these checks for all 74 galaxies in the survey,
NGC 4424 and NGC 4694 alone were identified as having
clearly distinct structures in the near-IR bands, tracing
primarily starlight and the MIR bands and tracing primarily
dust emission. This check includes a step where ratio maps of
the NIRCam and MIRI data are produced and examined,
primarily for checking for astrometry shifts. The ratio maps
showed elevated levels of dust emission perpendicular to the
stellar disk, indicating the presence of an outflow. Only these
two in the sample of 74 galaxies show these structures.

Based on these notes, further inspection of these two sources
was performed, identifying the filamentary structures extend-
ing off of both sides of the disk. To isolate the pixels that are
part of the filamentary structures, we use the ratio of the
F770Wgs and F300M filters. This ratio is chosen as F770Wgg
is our only tracer of PAH emission and F300M traces the
stellar disk. We use F300M instead of the F150W NIRCam
images due to prominent striping patterns in the F150W data
that become the dominant signal at high radius and cause
anomalously low values of the F770Wgs/F150W value.
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Figure 4. Top row: profiles of the median flux normalized to the central value, shown in the direction along the minor axis across the full image. The left panel shows
the F770Wsg data, the middle panel shows F300M tracing the stars, and the right panel shows the ratio of the two. The two outflow candidates are shown in red
(NGC 4424) and yellow (NGC 4694), while two comparison galaxies of similar mass and inclination, IC 1954 and NGC 4298, are shown in green and blue,
respectively. All 18 galaxies in the PHANGS sample with inclinations greater than 55° are also shown as gray lines, with the median of this comparison sample
shown as a black line. Middle row: MIRI F770Wgs, NIRCam F300M, and the ratio of the two maps of the primary comparison galaxy IC 1954 on the same scales as
Figures 2 and 3. Bottom row: same as previous, for comparison galaxy NGC 4298. For both comparison galaxies, the PAH emission (measured in F770Wgs) and

starlight (measured by F300M) basically trace the same structures.

Contours encapsulating the filaments were produced by
identifying all pixels with an F770Wgs/F300M value greater
than twice the average F770Wgs/F300M value all pixels
within the central 0.15R,5 and a projected radius of greater
than 0.15R,s to exclude the region used to find the central
value. The value of 2x the central 0.15R,sF770Wss/F300M
was determined using comparisons to the 18 additional
galaxies included in the PHANGS-JWST Treasuries with
i > 55°, shown in the top panels of Figure 4. The identified
structures are outlined with black contours in Figures 2 and 3.
Further details about the comparison sample are provided in
the Appendix. Only the two outflow candidate host galaxies
show F770Wgs/F300M reaching above twice the central ratio,
indicating that this value is a good indicator of the unique
conditions in cool outflows.

3.1. Distinguishing between Outflows and Tidal Stripping

Both NGC 4424 and NGC 4694 have been identified as
galaxies experiencing ram pressure stripping based on 21 cm
observations of 52 Virgo Cluster galaxies (S. Lee et al. 2022).
Interestingly, NGC 4424 and NGC 4694 were the only two
galaxies in this sample with HT tails classified as “atypical,”
where the predicted ram pressure would not be enough to
produce the large extent of the observed tidal tail (S. Lee et al.

2022). With this finding in mind, we carefully consider
whether our observations are indeed indicative of an outflow
or are instead the PAH component of these stripped tails. The
primary factor that indicates that we are observing outflowing
gas, as opposed to stripped gas, is the presence of the
structures above and below the stellar disk in both candidate
galaxies, which would likely not be the case if gas were being
stripped. These structures are approximately an order of
magnitude smaller in extent than the detected stripped gas tails
and do not appear to be associated with them (see Section 4.1
for further discussion).

To test whether these structures are signs of outflows or
stripped gas, we compare our outflow candidates to other high-
inclination galaxies in the PHANGS-JWST sample. We select
the 18 galaxies in the PHANGS-JWST sample with inclina-
tions greater than 55° and a wide enough field of view to see
above and below the stellar disk.”® The Appendix contains
further details about all of the galaxies in the comparison
sample, but to briefly summarize, this sample contains four
additional Virgo Cluster galaxies, two galaxies with docu-
mented ram pressure stripping, and several galaxies currently
undergoing tidal interactions with a nearby companion,

28 NGC 3239 was also excluded from this analysis due to its irregular
structure, producing the final list of 18 galaxies.
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making it a representative sample of other potential methods
for removing or perturbing gas in a galaxy besides outflows.
Additionally, images of IC 1954 and NGC 4298 are shown in
the lower panels of Figure 4 as representative examples of the
full comparison sample due to their similar inclinations
(i ~ 57° 59° and field of view of the MIRI coverage
reaching a similar height of the disk (0.8 x R,s), so we can be
certain that any similar outflow structures would be included in
the observations. In Figure 4, we show images of IC 1954 and
NGC 4298 in F770Wgg and F300M, and the ratio of these two
filters in the central (IC 1945) and lower (NGC 4298) panels.
As with all the galaxies in our comparison sample, there are no
clear PAH-bright components extending off the disk, and the
F770Wgs and F300M show similar structures.

We plot the normalized profiles of F770Wgs, F300M, and
their ratio as a function of projected distance from the plane of
the galaxy, b, for the two outflow hosts and all the galaxies in
the comparison sample in the top panels of Figure 4. Each
profile is normalized using the central value of the given
intensity or ratio. While the comparison sample and the
outflow candidates show similar exponentially decreasing
trends in F300M, the profiles of the F770Wgg data are
significantly flatter in the two outflow candidates, indicating
the presence of extended PAH emission off the plane of the
galaxy. This difference in behavior is made clear in the top
right panel of Figure 4, which shows F770Wgs/F300M as a
function of distance from the plane. While the comparison
galaxies either remain fairly flat or show decreasing trends in
this ratio (see gray lines for individual galaxies, or black line
for the median of the full comparison sample), the two outflow
candidates display an increasing ratio with distance from the
plane. This highlights the presence of PAH emission observed
off the planes of these galaxies, tracing the outflowing gas.

4. Results
4.1. Comparison to Multiwavelength Data
4.1.1. JWST Photometry

The outflows are primarily detected in the F770W band,
tracing PAHs, but are also visible in the F2100W images of
both galaxies. This suggests that there are additional larger
dust grains also being removed by these outflows. Notably, in
both galaxies, the areas classified as outflows have a slightly
higher average F770Wgss/F2100W than the stellar disks. This
could indicate that the PAH/dust ratio is slightly lower in the
star-forming main disk than in the outflowing gas but could
also be due to differences in the radiation field heating the
PAHs and dust in the disk compared to the outflowing gas, as a
softer radiation field could still excite the PAHs without
heating the dust as significantly, lowering the F2100W value
(see, e.g., the models of B. T. Draine et al. 2014).

None of the NIRCam filters shows any sign of outflowing
material in either galaxy. Notably, this includes the F335M
filter, which includes the 3.3 ym PAH emission feature
typically associated with smaller PAH molecules (B. T. Draine
et al. 2021), and the F187N filter, which contains the Paschen
« line, shown in the rightmost bottom panel of Figures 2
(NGC4424) and 3 (NGC4694). Previous studies of the
3.3 pm/7.7 pm ratio in a set of star-forming galaxies showed
very low (~0.05) ratios across the full disks (J. Chastenet
et al. 2023; H. Koziol 2025, in preparation), indicating that the
3.3 um feature may simply be below the detection threshold of
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these observations. As the average surface brightness at
F770W in the outflows was ~1MJysr ', the expected
F335M fluxes would be 0.05 MJy st !, the 1o limit for our
observations (see T. G. Williams et al. 2024, Table 1). While
we cannot rule out the presence of 3.35 ym emission, we can
state that it is not enhanced in the outflow, suggesting at
minimum a PAH population that is not dominated by the
smallest PAHs. This matches the simulations described in
H. M. Richie & E. E. Schneider (2025), which showed the
smallest dust grains are less likely to survive in outflows.
Similarly, the lack of detection in the FI187N filter could be
due to sensitivity limits of this filter.

4.1.2. MUSE IFU Observations

Both galaxies have partial coverage by the MUSE IFU. We
examine the emission from several optical emission lines
including He, [O1II] 5007 A, and [N1I] 6584 A. In both
galaxies, these optical emission lines do show some extended
emission off of the plane, which can be seen in the SFR maps
in the lower middle panel of Figures 2 and 3. A. Boselli et al.
(2018) also identified an ionized gas outflow from NGC 4424
but do not include NGC4694 as an outflow host. These
ionized gas outflows seem to be adjacent to, but not
overlapping with, the cool outflows detected in the
F770W band.

4.1.3. ALMA CO Observations

No outflows were detected in either galaxy in the work of
S. K. Stuber et al. (2021), which classified outflows based on
velocity profiles of two circular regions including the central
300 pc and 2000 pc from ALMA CO(2-1) mapping as well as
pv maps along the major and minor axes. We compare the
CO(2-1) intensity map to the MIRI F770Wgg data and find
similar structures across the stellar disk for both galaxies but
do not detect CO throughout the full F770W-identified
filaments. CO(2-1) is detected by ALMA in the region defined
as the outflow in both sources, but for consistency, we use only
the F770Wgs derived gas masses in this work as Icop—1) falls
below the sensitivity limits of these ALMA observations for
the edges of the outflow structures.

4.1.4. VIVA HI 21 cm Maps

Multiple papers have described the extended 21 cm emis-
sion detected around NGC 4424 and NGC 4694 (A. Chung
et al. 2007; A. Sorgho et al. 2017; S. Lee et al. 2022). These
observations show an ~18 kpc long tail extending from only
the southeast side of NGC 4424 and a ~30 kpc tail from only
the southwest side of NGC 4694. These tails are an order of
magnitude larger than the outflows described here
(0.73-2.3 kpc, Table 1), and the VIVA HI maps have angular
resolutions of 20” and are therefore not of high enough angular
resolution for us to determine if the filaments outlined in the
black contours in Figures 2 and 3 are detected at 21 cm.

4.2. Estimating Mass Outflow Rates in the MIR

Using the high sensitivity of the JWST-MIRI observations,
we provide an order-of-magnitude estimate of the mass
outflow rates in these two galaxies. To do so, we first convert
the F770Wsg map to a gas surface density map using the
method described by R. Chown et al. (2025). We use the
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individual galaxy best-fit relationships to predict Icop—1) in
the CO bright part of the disks:
]OglO [Co(z,n = m X IOgIO(F770\V55 — )C()) + b,

with m, b, xo = 0.816, 0.406, 0.480 for NGC 4424 and
0.821, 0.294, 0.360 for NGC4694. We use the predicted
Icoi—1) instead of the ALMA maps to leverage the higher
sensitivity of the MIRI observations, detecting even the low
surface brightness edges of the outflow filaments that fall
below the sensitivity of the ALMA observations, as discussed
in Section 4.1.

With these F770Wggs-scaled gas maps, the total mass of the
outflows is estimated using the contours defined in Section 3.
We convert from predicted F770Wgss-predicted Icon—1) to a
gas mass using a single e of 0.8 M, pc2(K km/s)*l, which
is often used for starburst galaxies and outflows, and an R;; of
0.65 (A. D. Bolatto et al. 2013; S. K. Stuber et al. 2021). It
should be noted that while the method of converting from
MIRI photometry to a total gas mass has inherit scatter, the
largest uncertainty in this calculation will come from the
choice of aco, which could change the calculated gas mass by
up to a factor of 4. Assuming a maximum and minimum «co
of the Milky Way aco = 4.35 M, pc (Kkm/s) " and the
optically thin limit of aco = 0.35 M. pc *(Kkm/s) ',
respectively (both from A. D. Bolatto et al. 2013), we get
values for the gas mass of NGC 4424: log M [M] = 7.1 1.3
and NGC 4694: log,, M [M.] = 6.37.4).

The mass outflow rate is given by

M= M l>< v’

where v is the velocity of the outflow, M is the gas mass of
the outflow (as calculated above), and [ is the vertical extent
of the outflow assuming a relatively constant density.
Examining the moment 1 maps of the ALMA data described
in Section 2, we find velocities of 13 kms™! for NGC 4424
and 39kms~' for NGC4694. Assuming the maximal case
that these velocities are exactly perpendicular to the plane of
each galaxy yields a total velocity of 25kms ' for
NGC 4424 and 80km s~ ' for NGC 4694. It should be noted
that less than half the pixels within the outflows have strong
enough CO detections for a robust measurement of the
velocity making these measurements highly uncertain. If we
instead assume a typical outflow velocity for galaxies of a
similar SFR from S. K. Stuber et al. (2021), we would expect
outflow velocities of ~100-130km s, although none of the
galaxies within the sample of confirmed outflows have an
SFR as low as NGC 4694. Additional measurements of the
ionized gas outflow in NGC 4424 found it to have a velocity
of 500 km s~ ', much higher than either the velocity measured
from the CO emission or the outflows measured in
S. K. Stuber et al. (2021). This could be due to the ~3x
larger radius of the ionized gas outflow than the radii of the
outflows we present here. Based on these measurements, we
assume a velocity of v = 80 + 20kms ' to span the
measured and deprojected velocity of NGC 4694 and the
velocities of the lowest SFR outflows presented in
S. K. Stuber et al. (2021).
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[ is measured using the largest radial extent of the
red contours shown in Figures 2 and 3 and is found to be
between 1 and 2kpc in both sources. Properties of
the outflows are listed in Table 1. As we do not know the
exact geometry of the outflows, we do not correct for
inclination, so [ is the length of the outflows as projected
on the sky. Using this method, we find the mass outflow rate
of NGC 4424 is ~0.4729 M. yr~" and NGC 4694 is ~0.2795,
M. yr—'. These mass outflow rates are close to what
would be expected for a mass loading factor (M /SFR)
of ~unity, matching the average value found in S. K. Stuber
et al. (2021), though these galaxies have both SFR and M
about 1 order of magnitude lower than the typical value of 3
M., yr~! for the identified outflow hosts in that paper.

5. Conclusions

In this Letter, we have shown how MIRI observations can
be used to characterize cool outflowing gas in two galaxies:
NGC 4424 and NGC 4694. These outflow candidates were
measured by comparing the relatively smooth stellar disk to
the clearly extended PAH and dust disk. Both of these
galaxies are small (log,M./M, = 9.9) and highly inclined
(i > 55°), making our observing angle ideal for seeing the
outflowing dust and gas, and have some signs of additional
ionized gas outflows detected in optical emission lines
(A. Boselli et al. 2018). The outflowing gas in both sources
has slightly elevated F770Wgs/F2100W compared to their
disks, either signaling increased PAH fraction or changes to
the radiation field heating the dust. While cool gas outflows
have been detected in low-mass galaxies before (e.g., SMC,
NGC 1569, NGC 55, NGC 5253; A. McCormick et al. 2013),
the low surface brightness of the outflowing gas has made it
difficult to observe the lower-mass, cool outflows in smaller
galaxies at larger distances. The new IR observations from
JWST provide the link between the dust and gas in these
outflows and the ability to resolve the structures present in the
outflowing gas.

This work shows that MIR observations with JWST hold the
potential for discovery of galaxy-scale outflows in highly
inclined sources where gas kinematics are poorly suited for
outflow detection. This result demonstrates the power of using
PAH-dominated MIR imaging with JWST to trace gas in
galaxies (A. K. Leroy et al. 2023; R. Chown et al. 2025),
opening a new window for studying low-mass outflows that
would be undetected even with ALMA. This work signals the
potential discovery space for finding dusty outflows in lower-
mass galaxies.
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Appendix
Comparison Sample Properties

In this appendix, we provide a brief summary of the properties
of the galaxies in the comparison sample. The galaxies in this
sample are all part of the PHANGS-JWST Cycle 2 Treasury
Program and were selected primarily due to their high
inclinations (i < 55°). The galaxies in this sample are used to
exemplify how ram pressure stripping or recent gravitational
interactions alone cannot produce the elevated off-plane PAH/
starlight ratios observed in our two outflow candidate galaxies. It
is therefore essential we consider the environment and recent
history of each galaxy in the comparison sample. Importantly,
nearly all of the galaxies in this sample are members of larger
galaxy groups, as specified in the group membership column of
Table 2, with four Virgo Cluster galaxies. Two of the Virgo
Cluster members also have documented ram pressure stripping:
NGC 4569 (A. Boselli et al. 2016) and NGC 4654 (Y. Sofue
et al. 2003). Two in the comparison sample are currently
undergoing tidal interactions with a nearby companion
(NGC 4907 and NGC4298), and NGC 4826 recently merged
with an SMC-like companion (A. Smercina et al. 2023). One has
documented inflowing gas (NGC4536 P. da Silva &
F. Combes 2024), and another has an extended UV disk
(NGC 2090 D. A. Thilker et al. 2007). Despite this wide range of
environmental influences, none in our comparison sample shows
the same elevated PAH to stellar emission off the plane of the
disk as our two outflow host candidate galaxies.

Table 2
Properties of Comparison Sample Galaxies
Galaxy i D log oM, logoSFR Group Membership Tidal Tail?
(deg) (Mpc)
IC 1954 57.1 12.8 9.7 —0.44 LGG093
NGC 1546 70.3 17.7 10.4 —0.08 Dorado
NGC 1559 65.4 19.4 10.4 0.58 Dorado
NGC 1792 65.1 16.2 10.6 0.57 NGC 1808 Group
NGC 1809 57.6 20.0 9.8 0.76
NGC 2090 64.5 11.7 10.0 —0.39
NGC 2903 66.8 10.0 10.6 0.49 NGC 2903 Group
NGC 3137 70.3 16.4 9.9 —0.31 LGG189
NGC 3511 75.1 13.9 10.0 —0.09
NGC 3521 68.8 13.2 11.0 0.57
NGC 4298 59.2 14.9 10.0 —0.34 Virgo
NGC 4536 66.0 16.3 10.4 0.54 Virgo
NGC 4569 70.0 15.8 10.8 0.12 Virgo v
NGC 4654 55.6 22.0 10.6 0.58 Virgo v
NGC 4731 64.0 133 9.5 —-0.22 LGG314 -
NGC 4781 59.0 11.3 9.6 -0.32 LGG307
NGC 4826 59.1 44 10.2 —0.70
NGC 4951 70.2 15.0 9.8 —0.45 LGG314

Note. Properties of the 18 comparison galaxies, selected from the PHANGS-JWST data. Comparison galaxies are selected based on their inclinations (i > 55°) and
the extent of the JWST coverage above and below the stellar plane. Inclination (i) and distance (D) are from G. S. Anand et al. (2021), and M, and SFR are from
A. K. Leroy et al. (2019). Galaxy cluster membership is from the R. B. Tully (2015) catalog. Galaxies with an identified tidal tail from S. Lee et al. (2022) are marked

with a v. Primary comparison galaxies are listed in bold.
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