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ABSTRACT

High resolution (17 x 27) ALMA CO(2-1) observations of the ram pressure stripped galaxy NGC
4402 in the Virgo cluster show some of the clearest evidence yet for the impacts of ram pressure on the
molecular ISM of a galaxy. The eastern side of the galaxy at r ~ 4.5 kpc, upon which ram pressure
is incident, has a large (width ~1 kpc, height ~1 kpc above the disk midplane) extraplanar plume of
molecular gas and dust. Molecular gas in the plume region shows distinct non-circular motions in the
direction of the ram pressure; the kinematic offset of up to 60 km s~! is consistent with acceleration by
ram pressure. We also detect a small amount of gas in clouds below the plume that are spatially and
kinematically distinct from the surrounding medium, and appear to be decoupled from the stripped
ISM. We propose that diffuse molecular gas is directly stripped but GMC density gas is not directly
stripped, and so decouples from lower density stripped gas. However, GMCs become effectively stripped
on short timescales. We also find morphological and kinematic signatures of ram pressure compression
of molecular gas in a region of intense star formation on the leading side at r ~ 3.5 kpc. We propose
that the compressed and stripped zones represent different evolutionary stages of the ram pressure
interaction, and that feedback from star formation in the compressed zone facilitates the effective

stripping of GMCs by making the gas cycle rapidly to a lower density diffuse state.

1. INTRODUCTION

Ram pressure stripping (RPS) is a major source of
star formation quenching in galaxies in clusters, as has
been identified by the truncated gas disks with one-sided
gas tails and the outside-in radial quenching signature
it leaves as a result of selective outside-in removal of
gas. (Pappalardo et al. 2010; Abramson et al. 2011;
Merluzzi et al. 2016; Fossati et al. 2018; Cramer et al.
2019). Ram pressure can also trigger short-lived star-
bursts before the gas is removed (Crowl and Kenney
2006; Vollmer et al. 2012b; Vulcani et al. 2018), and in
some cases these starbursts form more massive star clus-
ters (Lee and Jang 2016). In order to understand the
general importance of RPS in galaxy evolution, includ-
ing in environments such as groups (Smethurst et al.
2017; Vulcani et al. 2018), galaxy pairs (Moon et al.
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2019), and in the earlier universe (Mayer et al. 2006;
Boselli et al. 2019), we need to understand how easily
gas is stripped, and the physical conditions that pro-
duce either triggered star formation or stripping. The
impact of RPS on the evolution of galaxies depends on
the behavior of the densest gas, i.e. the molecular gas,
during stripping episodes, as it is the medium in which
stars form, and in some circumstances is the dominant
interstellar medium (ISM) component by mass.

According to the simple Gunn & Gott formula (Gunn
and Gott 1972), which compares the ram pressure force
to the gravitational restoring force, stripping suscepti-
bility is linearly proportional to the gas surface density
Ygas, meaning that molecular gas, which is the dens-
est gas, is least susceptible to stripping. The relevant
physics are undoubtedly more complex than is implied
by the Gunn & Gott relation, but additional factors
would not change the fact that denser gas is harder to
strip.



If stripping susceptibility is well approximated by the
Gunn & Gott relation, and the standard estimates of
the intercluster medium (ICM) gas density and relative
velocity are close to correct, giant molecular clouds like
those in the solar neighborhood of the Milky Way, with
gas surface densities of ~100 Mg, pc? (Blitz et al. 2007),
should resist stripping in intermediate mass clusters like
Virgo (see Crowl et al. (2005); Lee et al. (2017) for exam-
ples of these estimates). Simulations by Tonnesen and
Bryan (2009, 2010) of the ISM in galaxies under ram
pressure comparable to that in the Virgo cluster also find
no evidence for direct stripping of gas with the densities
typical of giant molecular clouds (GMCs). While signif-
icant amounts of molecular gas have been found in the
extraplanar gas tails of ram pressure stripped galaxies
(Vollmer et al. 2008; Sun et al. 2010; Jachym et al. 2014,
2017), the gas has been generally assumed to cool and
form in situ. It is possible however, that in more mas-
sive clusters such as Coma where the average strength of
ram pressure is estimated to be approximately 10 — 100
times higher than Virgo, some direct stripping of GMCs
may occur, although it has never been directly observed.

Early studies found no CO deficiency in HI deficient
Virgo cluster spirals (Kenney and Young 1989), which
was attributed to GMCs being too dense to strip in
Virgo, although the reality is more complex. In Boselli
et al. (2014), the authors found a correlation between
HI deficiency and modest CO deficiency in a survey of
Virgo cluster galaxies. The large HI and modest molec-
ular gas deficiencies of cluster galaxies can be under-
stood together if nearly all the gas beyond some radius
is stripped (Cortese et al. 2016). Gas from the inner
galaxy is harder to strip, and molecular gas is more cen-
trally concentrated than HI. This corresponds well with
the observation of well-defined gas truncation radii in
most stripped Virgo spirals, with almost no dust ex-
tinction, HI, HII regions, or star formation beyond a
fairly well-defined gas truncation radius (Cayatte et al.
1990; Chung et al. 2009; Koopmann and Kenney 2004;
Cramer et al. 2019). Apparently when the ISM gets
stripped, virtually all the gas, including the molecular
gas, seems to disappear fairly quickly, and molecular gas
is thus effectively stripped (Kenney et al. 2004; Vollmer
et al. 2012a; Boselli et al. 2014), despite the fact that
GMCs should be too dense to be directly stripped in
Virgo. Some gas may still remain in the stripped zone,
as found by Vollmer et al. (2005, 2012a) from CO ob-
servations of NGC 4438, and as evidenced by decoupled
clouds of dust observed just beyond the main gas trunca-
tion radius in Hubble Space Telescope (HST) images of
two actively stripped Virgo spirals (Abramson and Ken-
ney 2014), and these are proposed to be clouds which are

too dense to directly strip. However, only a small frac-
tion of the pre-stripped molecular gas mass is found in
these clouds, so most of the molecular gas is effectively
stripped.

The physical mechanism by which RPS results in the
removal of most of the molecular gas remains unclear.
Of critical importance is the typical lifetime of a GMC,
and the relative amounts of molecular gas in the dif-
fuse and GMC states. Roman-Duval et al. (2016) found
that ~25% of the molecular gas in the Milky Way is
diffuse, and this fraction increases with radial distance
from the galaxy center. In the spiral galaxy M51, Pety
et al. (2013) found that ~ 50% of the emission from CO
is recovered only on spatial scales larger than ~ 1.3 kpc,
which they claim is consistent with this emission being
associated with an extended, diffuse disk of molecular
gas. Given the large fraction of diffuse molecular gas
found by Roman-Duval et al. (2016), it is important to
understand whether, and to what degree, diffuse molec-
ular gas is stripped in galaxies, and how this affects the
overall evolution of the multiphase ISM under stripping.

To date, no convincing evidence has been found show-
ing the direct transport of diffuse or GMC density molec-
ular gas by ram pressure, particularly with a clear veloc-
ity signature of the gas transport. While (Moretti et al.
2020) found significant displacement between the molec-
ular gas and stellar disk in the ram pressure stripped
galaxy JW100, the orientation of the galaxy and res-
olution of the observations made a kinematic analysis
showing clear molecular gas transport via ram pressure
impossible. Only the resolution of the Atacama Large
Millimeter Array (ALMA) has made it possible to study
the detailed gas distribution with sufficient spatial and
velocity resolution to observe the non-circular motions
in the molecular gas caused by RPS, as the gas is accel-
erated away from the disk.

1.1. NGC 4402

NGC 4402 is one of the nearest and clearest examples
of a spiral galaxy experiencing ram pressure stripping.
It is close enough that one can study with high spa-
tial and kinematic resolution the effects of RPS on gas
in the disk. NGC 4402 is located in the Virgo cluster
at a distance of ~17 Mpc (Mei et al. 2007), and ~0.4
Mpc in projected distance from the cluster center, as
indicated in Figure 1. It may be a member of the merg-
ing subcluster located around the giant elliptical M86
(Bohringer et al. 1994). Images of the galaxy at different
wavelengths shown in Figure 2 reveal a highly inclined
(i = 80 deg), 0.3L* Sc galaxy. Infrared images at 3.6,
8, and 24pm (Figure 2d, e, f) show a spiral arm on the
western side of the galaxy, but more irregular structure



on the east. Tracers of young stars, e.g. 24um, He,
FUV, (Figure 2b, c, f) show emission truncated at a ra-
dius of 75 (6 kpc), indicating that star formation has
been quenched beyond here.

Crowl et al. (2005) established NGC 4402 as being
actively ram pressure stripped, via the detection of a
prominent radio continuum tail. They also identified
several large filaments of dust in the galaxy that pro-
trude into the otherwise stripped zone, and use the
morphology of these features to estimate the projected
wind direction. Furthermore, Crowl et al. (2005) also
found the stellar disk of NGC 4402 to be undisturbed,
ruling out any strong influence from tidal interactions
on the structure of the galaxy. Some of the effects of
the RPS on the ISM of the galaxy were characterized
through analysis of the dust extinction features with
HST (Abramson and Kenney 2014; Abramson et al.
2016). The authors found dense clouds of dust, compris-
ing ~ 1% of the pre-stripped ISM mass, that appeared
to be the only surviving ISM in the mostly stripped, HI
deficient southern zone of the galaxy.

The galaxy was also observed in HI with the VLA
by Crowl et al. (2005), as part of the survey of Virgo
galaxies in Atomic gas (VIVA) presented in Chung et al.
(2009). The galaxy is moderately HI deficient, with
a deficiency parameter of 0.61, which corresponds to
about 25% of the typical HI content for a galaxy in a
low-density environment Giovanelli and Haynes (1983).
We reproduce the VIVA HI map in Figure 2a to show
that the HI appears to be compressed and truncated on
the leading side of the galaxy at about the same radius
as the star formation is truncated (Crowl et al. 2005;
Chung et al. 2009). NGC 4402 also has a modest HI
tail that can be seen on the trailing side. HST images of
the galaxy shown in Figure 2a shows a dust plume ris-
ing above the disk on the leading (eastern) side. While
the HI appears approximately coextensive with the dust,
due to the low resolution (15” ~ 1.2 kpc) of the VLA HI
observations, it is not possible to tell how much is in the
disk and how much is extraplanar, or to begin to resolve
any of the disk ISM features affected by ram pressure.

Star formation tracers (Ha, 24pum, and particularly
FUV) show a local peak at the leading edge of the disk
in the east, as seen in Figure 2. It is possible this is star
formation which has been triggered by ram pressure (see
further discussion in section 6.4).

NGC 4402 was previously observed in CO (1-0) by
Kenney and Young (1989), in which the authors found
a roughly normal CO content, but an asymmetric gas
distribution, with stronger emission on the eastern side.
The galaxy was recently observed in CO (2-1) by Lee
et al. (2017) with the Submillimeter Array (SMA) at a
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Figure 1. A 4.2 degrees x 4.2 degrees image of the region
around NGC 4402 constructed from images in the Digitized
Sky Survey (from NASA/ESA (https://spacetelescope.org/
images/heic0911f/). NGC 4402 and the nearby MS86 sub-
cluster are indicated, as well as M87, located at the cluster
center.

resolution of 77 x 4”. The authors compared their ob-
servations with HI maps and found that, like the HI, CO
and Ha appeared to be compressed on the southern side
of the disk and more extended to the north, consistent
with ram pressure from the southeast.

Our ALMA observations reveal a greater spatial ex-
tent of CO emission, and much more detail related to
the ram pressure interaction than could be seen with
the SMA data of Lee et al. (2017) as we have greater
resolution and sensitivity.

1.2. Outline

In this paper we present a detailed study of the molec-
ular gas distribution and kinematics of NGC 4402 at 1”
x 27 (80 x 160 pc) resolution, focusing on the eastern
(leading) side since that is the region most affected by
ram pressure. In section 2 we present technical details
of our observations. In section 3, we present the data
and provide a general description of the overall CO dis-
tribution and kinematics. In section 4 we present our
velocity model of the galaxy, and with this we identify
non-circular motions in the data that are presumably
due to ram pressure. In section 5, we analyze the kine-
matics, masses, densities, spatial extents, and other key
properties of interesting ISM features sculpted by ram
pressure at the leading side. In section 6, we discuss the
implications of our findings, and the predicted evolution
of the ISM as a result of ram pressure, via compression,
star formation, and stripping. Finally, in section 7 we
present a summary of our results.
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(a) HI on HST color .
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Figure 2. (a): HI (with contours varying from 0.4 to 3.2 mJy by factors of two) on an HST B, V, I color image, from Abramson
et al. (2016), with the leading side experiencing the strongest RP, and the trailing side, which is more shielded, both labeled.
The beam size (207 x 17”) is indicated by the green oval in the lower right. (b): A continuum subtracted Ho image of NGC
4402 (Kenney et al. 2008). (c¢): A GALEX FUV image of NGC 4402 (Gil de Paz et al. 2007). The estimated direction of RPS
based on the projected motion of the galaxy is also shown. (d), (e), (f): From top to bottom, Spitzer 3.6, 8, and 24 pm images
of NGC 4402 (Kenney et al. 2009). The 3.6 um traces the stellar component, and we also indicate what looks like a strong
spiral arm feature on the west side of the galaxy. 8 pm flux is more sensitive to emission from PAH emission, and 24 pm flux

is an indicator of star formation.

We plan to present ALMA CO(3-2) observations and
discuss line ratios as well as the western side of the
galaxy in Paper II.

2. OBSERVATIONS

We observed NGC 4402 with ALMA in 2015-16
during Cycle 3 & 4, (project codes 2015.1.01056.S,
2016.1.00912.S, PI: Kenney). We observed in Band 6,
centered around the CO(2-1) line at 230.36 GHz. We
also observed the CS(5-4) line, but found no emission.

The galaxy was mapped in mosaicking mode with 67
pointings using the 12m array, and 25 pointings using
the 7Tm ALMA Compact Array (ACA) to recover emis-
sion on larger angular scales. Their respective primary
beams are 25” for the 12m antenna and 43” for the 7m
antenna. The resulting mosaic has a total angular size
of 1807 x 45” (1”a 80 pc in Virgo). The velocity res-
olution of the data is 1.27 km s~! and the total time
on source is 87.5 minutes with the 12m array and 343
minutes with the ACA. We observed in Band 6 with
four spectral windows, each with a width of 1.875GHz.
We placed one spectral window on the CO(2-1) line cen-
tered at ~230 GHz, another on the CS(5-4) line centered

at ~245 GHz, and two final spectral windows used for
continuum only centered at 228.5 and 246.5 GHz.

Flux calibration is based on observations of Cal-
listo and Ganymede (ACA) and J122940203 (12m),
bandpass calibration uses J1229+0203 (12m & ACA),
and the phase calibrators are J12154+1654 (12m) and
J1229+0203 (ACA).

The data have been calibrated using the CASA
pipeline, and imaged using the CASA software package
(version 5.4.0). No significant continuum emission was
found in the spectral windows around the CO(2-1) line.
We chose to weight the data with a Briggs robustness of
2.0 (closest to natural weighting), with a resulting beam
size of 2.3” x 1.17. The CO(2-1) data has an elongated
beam due to non-uniform East-West coverage during the
observations.

The data were cleaned using the CASA iclean task.
Due to the large, and diffuse structure throughout the
data cube, we utilized the multi-scale clean option with
structure scales of [0, 6, 10, 30] pixels, with 1 pixel being
equivalent to 0.18”. Multiscale cleaning has been found
to be the best method for cleaning diffuse, extended



emission at high angular resolution'. These scales were
chosen through trial and error as those that revealed
the most emission in regions of interest. CO (2-1) line
emission was found in 85 binned 5 km s~! channels,
ranging from 25 — 450 km s~!. The data were cleaned
down to a pre-cleaning RMS level of ~7.5 mJy beam~!
per channel, the resulting RMS in 5 km s~! channels
averaged ~ 7 mJy beam~!. We used the IDL mommaps
routine created by Tony Wong? to make moment 0, 1,
and 2 maps with a local background threshold of 1.5
sigma (shown in Figure 3). From the moment 0 map,
we measured a total CO(2-1) flux (of all flux above 1.5
sigma significance) of 1406 4= 52 Jy km s~!, remarkably
consistent with the flux measured with the SMA by Lee
et al. (2017), 1401 + 12 Jy km s~1. We also detect gas
to further radial extent, as well as some fainter features
that they do not detect, including: the large, stripped
eastern plume, decoupled clouds below the plume, and
filaments protruding into the southern stripped region
(shown and described in Section 5).

3. OBSERVATIONAL RESULTS
3.1. Owerall CO distribution

Our ALMA observations reveal the molecular gas dis-
tribution in the central few kpc of the galaxy NGC 4402.
The CO(2-1) moment 0 map in Figure 3b, ¢ shows that
the central kpc has three CO peaks of similar bright-
ness. One of these is close to the nucleus, the other two
symmetrically straddle the nucleus, resembling the twin
peaks CO distribution commonly observed in the center
of barred galaxies (Kenney et al. 1992). In addition, the
kinematic minor axis (Figure 3d) is tilted with respect
to the photometric minor axis within » = 0.4 kpc, as
is typically found in barred galaxies. The CO intensity
map (Figure 3b, ¢) appears to show a strong spiral arm
in the west which aligns with the stellar pattern seen at
3.6 pm in Figure 2, and a significantly weaker one in the
east. The CO intensity drops off sharply at a radius of
r = 60”= 4.8 kpc in the east, and r = 65”= 5.2 kpc in
the west, although some weak CO features are detected
beyond this in the west out to 95”.

The CO distribution shows evidence for ram pressure
acting from the southeast, consistent with the estimated
projected ram pressure wind direction of ~-45° for NGC
4402, based on dust filament orientation and the radio
continuum morphology (Crowl et al. 2005; Murphy et al.
2009; Abramson and Kenney 2014). The CO distribu-
tion is more compressed to the south than the north, as
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was also noted by Lee et al. (2017). We also detect a
(stripped) extraplanar CO plume at the eastern (leading
side) edge of the gas disk in the new ALMA data, a fea-
ture first noted in the dust by Abramson and Kenney
(2014), but not detected in molecular gas in the shal-
lower SMA data presented by Lee et al. (2017). Beyond
r = 55” in the east, all of the CO emission is part of the
plume and on the north side of the major axis.

3.2. Owverall CO kinematics

Comparison of the two sides of the galaxy reveals
clear evidence of disturbed kinematics. In an undis-
turbed galaxy, both the moment 1 velocity map, and
the PVD along the major axis, should appear symmet-
ric about the minor axis, apart from any bar or spiral
arm streaming motions. In NGC 4402 this is not the
case, as is highlighted in the position-velocity diagram
(PVD) shown in Figure 4. The PVD we present encom-
passes the entire north-south extent of the CO (2-1) in
the galaxy (width of ~33”), mirrored about the central
velocity of the galaxy, 230 km s~!. In contours, we show
the west side of the galaxy mirrored onto the east side,
to highlight the asymmetric kinematics. The upper en-
velope of the velocity on the two sides of the galaxy looks
relatively symmetric inside r = 25”, including both the
steeply rising circumnuclear component inside r = 57,
and the region beyond, from r =5 — 25”. Thus, we are
confident that the central velocity we chose for folding
is correct.

There are notable differences in the two sides of the
galaxy beyond r = 25”, consistent with the direct push-
ing of molecular gas by ram pressure. On the east side
of the galaxy, upon which the ram pressure would be
strongest, the isovelocity contours in the moment 1 map
of the galaxy (Figure 3d) appear to straighten (constant
RA) from r = 25 — 55”7 as opposed to the more typ-
ical “V-shaped” isovelocity contours on the west side
(this was also noted with the SMA by Lee et al. (2017)).
These V-shaped isovelocity contours are what one would
expect to observe in an undisturbed galaxy dominated
by rotational motion. In addition, the spiral arm den-
sity waves appear to be stronger in the west, as observed
in the total CO intensity map and the isovelocity con-
tour map, Figure 3c & d. The east side appears to have
overall lower velocity dispersion than the west side (Fig-
ure 3e). The PVD in Figure 4 shows more prominent
low velocity components near peaks in the spiral arm,
suggesting that the lower velocity components may be
associated with spiral arm streaming motions, although
it may also be ram pressure accelerated gas. Some of
the outermost gas (r > 60”) in the west is clearly mor-
phologically and kinematically disturbed, probably from
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Figure 3. (a): An HST color image of NGC 4402 made with three filters, F435W in blue, F505W in green, and F814W in
red (From a HST press release (https://www.spacetelescope.org/images/heic0911c/), with data from Abramson and Kenney
(2014)). (b): CO intensity in green on F606W with the contour levels ranging from 0.12 — 7.6 Jy beam™* km s™! or ~4 — 265
Mg pc2, and HI in blue contours with contour levels varying from 12 to 400 mJy beam ™' km s~! by factors of two. The
ALMA beam is shown as a black filled ellipse on the lower right, and the VLA beam is in blue. (¢): A moment 0 map of our
ALMA CO (2-1) data. We note that there is a region at a distance of 15-30” to the south of the galaxy with extra noise that
was not fully removed by cleaning, but we do not believe it corresponds to real emission. We mark the two widths of PVDs
referenced later in this work with black marks on the y axis. (d): A moment 1 velocity map of the CO (2-1). (e): A moment
2 (velocity dispersion) map of the CO (2-1).
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Figure 4. A position velocity diagram (PVD) of CO(2-1) emission along the major axis of NGC 4402, encompassing the full
body of the galaxy (the PVD width is indicated in Figure 3c). In contours a mirror of the right (west) side of the galaxy is
overlayed on the left (east) side. The PVD clearly shows the asymmetry between the two sides of the galaxy, particularly past
~40”.
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ram pressure, and there are other interesting features in
the west, but these will be discussed in detail in Paper
I1.

The two sides of the galaxy begin to clearly diverge
in their average velocity around r = 30”. The veloci-
ties of the upper envelope of the PVD on the western
side continue to gradually increase with the same slope
as r = 10 — 25", and the isovelocity contours of the
moment 1 map are consistent with a pattern of mostly
circular motions. The velocities on the eastern side rise
much more sharply, and the isovelocity pattern shows
clear non-circular motions, as shown in Figure 3d. At
r = 55”7, the CO surface brightness peaks at its high-
est value outside of the circumnuclear region, 0.1 Jy km
s~ (~75 Mg pc™2). The combination of disturbed kine-
matics in the direction of the ram pressure and high gas
surface density strongly suggests compression of this re-
gion of the disk due to the ram pressure. We discuss the
evidence for this and implications for the ISM evolution
in this region in section 6.3.

Beyond r = 60” on the east side we observe the most
extreme velocity divergence relative to the less disturbed
western side of the galaxy. This is in the region of the
dust plume, shown in Figure 8. The plume gas has a sig-
nificant increase in velocity with radial distance from the
galaxy center. At the north-eastern end of the plume,
the gas reaches its most extreme velocity, ~60 km s~
higher than any other molecular gas in the galaxy. Ram
pressure is the only plausible explanation which could
account for both the morphology and kinematics of this
feature. The stellar body of the galaxy is symmetric
and regular, with no suggestion of any gravitational dis-
turbance (Crowl et al. 2005) such as would be expected
from a tidal interaction. Furthermore, the effects of ram
pressure are expected to be stronger on the eastern side,
since this is the leading side of the ram pressure inter-
action. The plume gas is redshifted with respect to the
galaxy, which is the velocity offset expected for stripped
gas, as the galaxy is moving towards us (blueshifted)
with respect to the cluster.

4. VELOCITY MODELING

We generate a model of a galaxy like NGC 4402 but
undisturbed by ram pressure. For this purpose, we used
the TiRiFic software package (Jézsa et al. 2007) which
produces a kinematic model based on circular velocities.
TiRiFiC uses a tilted ring parameterization of a rotating
disk to create a model data cube that can be smoothed
to the same resolution and beam size as our ALMA data.
To make this model cube, TiRiFiC requires three main
inputs at the radius of each ring: the circular velocity,
the velocity dispersion, and the surface brightness.

To measure the circular velocity, we assume that the
west side of the galaxy, being more shielded from ram
pressure and having a more regular moment 1 map ve-
locity profile, is composed purely of circular and bar mo-
tions. We then mirror the west side about the nucleus,
to make a map of an entire undisturbed galaxy. To de-
termine the point about which to mirror the west side of
the galaxy, we measured Vs of NCG 4402 using the in-
ner r ~ 10”7 as an input for DiskFit, a program that uses
a tilted ring model to fit the photometry and kinematics
of disk galaxies and is able to account for the beam size
of the observations (see Sellwood and Spekkens (2015)
for documentation). We do not attempt to fit the kine-
matics of the spiral arms in the galaxy, however, in
the central » ~ 10”7, we do use DiskFit to fit an ad-
ditional non-circular component of the velocity to ac-
count for bar streaming motions. We measure, after
1,000 bootstrapped iterations of DiskFit to reach the
minimized chi-squared value of the fit, the center of the
galaxy to be RA= 12h26m07.67s DEC= +13°0645.30”
in ICRS J2000. For comparison, the center of the stellar
component of the galaxy as measured from the Spitzer
3.6 um image is very close, RA= 12h26m07.54s DEC=
+13°06’45.20”, an offset of 1.8” (140 pc). The central
LSRK velocity is measured by DiskFit to be Vsys = 232
+ 3 km s~!. This velocity is consistent with the cen-
tral velocity of 230 km s~! chosen by eye to produce a
symmetric upper envelope of the velocities on the two
sides of the galaxy for r < 25”, about which we folded
the kinematic data for the mirrored PVD in Figure 4.

Having folded the galaxy about the kinematic and spa-
tial center, we now have an approximation of the velocity
field and velocity dispersion field of NGC 4402 if it were
undisturbed. We then executed DiskFit on this full,
mirrored map, once more fitting for a bar and ignoring
non-circular motions from the spiral arms, to measure
the circular velocity at the radii of a series of concentric
rings.

The resulting rotation curve is shown plotted on a
PVD of the full galaxy in Figure 5. We note that the
velocity of the clouds on the far eastern side of the galaxy
with lower velocities than the surrounding plume gas (la-
beled ’decoupled clouds’) is accurately predicted by our
model rotation curve, suggesting the velocity of these
decoupled clouds is purely due to circular motion, and
thus that they have not been accelerated by ram pres-
sure. The properties of these clouds are discussed in
more detail in Section 5.

To measure the surface brightness profile, we also used
DiskFit on the moment 0 map to measure the surface
brightness at each ring. For the final input, the veloc-
ity dispersion, we approximated the velocity dispersion



profile of the west side of the galaxy, based on the CO
(2-1) moment 2 map (Figure 3e) with a spline fit, to
smooth over any discontinuities.

The radial profiles of the circular velocity, surface
brightness, and velocity dispersion, are then used as in-
puts for the cube modeling software TiRiFiC. To deter-
mine the differences between the two sides of the galaxy,
western and eastern, the model we generated is axisym-
metric about the nucleus for all three parameters, except
for the central r < 10” bar region. A PVD comparison
of the data and the resulting model cube is shown in Fig-
ure 6, with the data in colors and the model in contours.
It can be seen that around 7 = 50” in the east the data
has consistently higher velocities than what the model
would predict from an undisturbed rotation curve. This
result is very similar to that from the folded PVD shown
in Figure 4. If we were to assume that the gas in the
plume originated at its current offset from the disk, i.e.
was not accelerated from closer to the disk midplane,
we find a velocity divergence from the model projected
velocity (indicated by the dotted line in panel 1 of Fig-
ure 7) of as much as ~100 km s~!. This supports the
claim that the velocities in the plume are the result of an
outside pressure. The increase in non-circular velocities
rises with distance along the plume, which is a signature
of ram pressure, which acts from the outside-in, and thus
has accelerated outer gas for a longer time.

This can also be seen in Figure 7, where we show PVD
slices of select regions of the data and model, equidistant
from the galaxy center. In this figure, we choose regions
on both the leading and trailing side at varying radii
to show the differences in the two sides of the galaxy
in PV space. In panels 3 & 6, and 4 & 5, it can be
seen that the galaxy and model match up well in PV
space on both the leading and trailing side. In panel 2
the ~20 km s~! offset of the compressed region can be
clearly seen, and the kinematics of this region looks very
different from the region at equivalent distance on the
trailing side in panel 7. Finally, the clearly divergent
kinematics of the plume gas on the leading side can be
seen in panel 1 compared to the trailing side shown on
panel 8. There also appears to be some kinematically
offset gas in the direction of ram pressure above the
disk shown in both panel 7 & 8, which could be due
to either ram pressure weaker than that incident on the
leading side of the galaxy, or strong spiral arm streaming
motions in these regions.

5. THE EXTRAPLANAR PLUME, DECOUPLED
CLOUDS, & FILAMENTS

The morphology and kinematics of CO features in the
outer eastern region of the galaxy are unlike those previ-
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ously seen in other ram pressure stripped galaxies. This
region of NGC 4402 was previously studied using dust
extinction measurements with HST in Abramson and
Kenney (2014), in which the authors pointed out that
this region at the edge of the detectable HI gas disk has
spatially decoupled dust clouds where the surrounding
gas has already been stripped.

Indeed, we detect three of these clouds (labelled DC
1, 2, 3) in CO, as shown in Figure 8a, and confirm that
they are kinematically decoupled from the surrounding
plume gas, as shown in Figures 8b & 8c (Panels 2 and
3). These clouds have velocities consistent with normal
galactic rotation: the PVDs in (Figure 4, and Figure
7 panel 1), show that the velocities of these decoupled
clouds match those of gas on the west side of the galaxy
at the same radius. The small clouds have apparently
decoupled from the gas in the plume, which is further off-
set from the major axis, and offset in velocity by 20 — 75
km s~! with respect to the predicted rotation velocities.
These properties are all consistent with the plume gas
being accelerated from the disk midplane by ram pres-
sure, while the DCs have resisted this acceleration.

Why has gas in the decoupled clouds resisted strip-
ping, while the surrounding plume gas is lifted away
from the disk? One possible explanation that we inves-
tigate here and in Section 6.1 is whether the decoupled
clouds are more dense than the surrounding ISM, and
thus more resistant to stripping.

In order to estimate the surface density of these fea-
tures, first, we derive the flux of each feature from the
moment 0 map (Figure 3). Following the conversions
laid out in Solomon et al. (1997); Lee et al. (2017) we
then convert the total integrated flux to a line luminos-
ity Lo (2 —1):

to(2—1)=3.25x 10"Scov 2 D3 (1 +2)7°
where Sco is the total integrated CO (2-1) flux in Jy
km s71, vops is the frequency of the CO (2-1) transition
in GHz, Dy, is the luminosity distance of NGC 4402 (17
Mpc), and z is the redshift of the galaxy (0.0008).
To then convert from CO (2-1) luminosity to total
mass of Hy, we use the following equation:
My, = 1345591002 - 1)
R
where we adopt the CO-Hs; relation based on
that measured for the Milky Way disk, « = 4.3
Mg pe=? (Kkms™1)~! (Bolatto et al. 2013), and the
CO (2-1)/(1-0) ratio of nearby galaxies, Ry = 0.8 from
Leroy et al. (2009); to account for the mass of helium,
we multiply Yy, by 1.34 (Klessen and Glover 2016). We
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(Figure 3c). Overplotted in points is the rotation curve derived from our model of the kinematics of the western (less disturbed)
side of the galaxy, mirrored about the midpoint so that it is also shown plotted along the eastern side.
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Figure 6. PVD of the full galaxy (with a width of 32.5”) showing the CO(2-1) ALMA data cube, with the circular velocity
plus bar motion model cube from Tirific shown in contours, with the lowest contour level of the model corresponding to the
weakest emission in the data cube (1.50). See the width of the PVD indicated on the moment 0 map (Figure 3c).

note that while we assume a uniform Xco throughout,
it is certainly possible that it could vary across the re-
gion. To estimate the surface area of each feature, we
measure the size of the feature from dust extinction in
HST images, and assume that the CO and dust are co-
extensive. Since the resolution of our HST (~0.1”) data
is much better than that of our ALMA data (~1 x 27),
this is probably a more precise method of measuring the
physical extent of these features. Due to the narrow line
widths (~15 km s™1) and simple line profiles of the de-
coupled clouds, they are likely single clouds. Our results
for the cloud properties are shown in Table 1.

We find relatively good agreement between our esti-
mates of the gas mass My, 41 from CO flux of the small

features, decoupled clouds, and filaments, and estimates
of the mass from dust extinction of clouds measured by
Abramson and Kenney (2014). In Abramson and Ken-
ney (2014), the authors stated that their estimates are
likely lower limits on the total mass, since dust column
density can exceed the estimate from optical extinction
depending on the three dimensional distribution of the
dust and stars. They thus suggested the total mass of
the ISM features could be about a factor of ten higher,
bringing the decoupled clouds in line with the surface
densities of GMC-like clouds measured in other studies.
We find, however, that the mass estimated from dust
extinction is roughly reliable, and that these decoupled
clouds have average surface densities (over 80 — 160 pc)
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Figure 7. PVD slices, each with a width of 8” along the minor axis. The x-axis shows the velocity, and y-axis the offset from
the center of the galaxy which is marked with an 'x’. Surfaces show the data, while contours show the corresponding PVD slices
of the model cube from TiRiFiC, with contour levels of 1o, 20, 40, 80, 160, where ¢ = 4.5 x 10~2 Jy beam™'. Note that on
the right side of the galaxy, there is relatively good agreement between the model and data, while on the left side of the galaxy
there is a significant offset in both position and velocity. In panel 1, we mark with a white line the projected circular velocity
based on the model circular velocity in the disk plane.

Feature Integrated Mass Measured Area Surface Line Spectral
Flux (Jy M, +He mass (pc?) Density Width Surface
km s ) (Mg) MHu, +He (Mo pc™?)  (kms™') Density

from dust (Mg pc™2
(Mo) km~ s)

Cloud 1 0.53 6.8 x 10° 2.1 x 10° 2.7 x 10* 26 22 1.2

Cloud 2 0.53 6.8 x 10° - 4.1 x 10* 16 13 1.2

Cloud 3 0.64 8.1 x 10° 5.4 x 10° 5.7 x 10* 14 12 1.12

Cloud 4 0.99 1.3 x 10° - 4.6 x 10* 28 14 2.0

Filament 0.41 5.2 x 10° 8.9 x 10° 7.5 x 10* 7.0 22 0.32

Plume 21.4 2.7 x 107 - 1.1 x 10° 25 42 0.60

Table 1. Properties of selected CO features in NGC 4402. From left to right, in column (1) the feature name. (2): The
integrated CO(2-1) flux based on the moment 0 map. (3): Total mass of Hy & He assuming a = 4.3 Mg pc™? (Kkms™!)™! and
R21 = 0.8, and the mass fraction of He/Hz to be 1.34. (4) Minimum mass of Mu,+1e estimated from the dust extinction Ay
from Abramson and Kenney (2014) for clouds also found in that paper. We note this included both HI and Ha, whereas our
mass estimate in column (3) does not include HI. (5) Size of features based on spatial extent of the dust clouds, from Abramson
and Kenney (2014). (6): Estimated average surface density of these features by dividing column (3) by column (6). (7) The
line width o of the features, estimated from the FWHM of a Gaussian fit to the line profile of each feature. (8) The “spectral”
surface density of each feature, measured by dividing column (6) by column (7).
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Figure 8. Top left (a): HST three color image, with CO moment 0 contours, with levels ranging from 0.12 to 7.6 Jy beam™*
km s~!, with contour increments increasing by a factor of two between each level. Top right (b): A moment 1 velocity map
of the CO with contours ranging from 330 — 450 km s~! by increments of 20 km s™'. The beam is shown in the upper right
corner. Bottom (c): PVD slices along the minor axis, with the extent of each slice indicated by a box drawn on panel 2. On
the x axis is velocity, and on the y the vertical offset from the galaxy center. In red contours is a model of the circular velocity if
the galaxy were symmetric about the center (the model is described in section 3.3). The dotted white line in each panel shows
the projected circular velocity extended to larger galactocentric radii.



of ~ 15 — 30 My pc~2, approaching the lower end of
measured GMC surface densities in the outer regions
of the Milky Way ~30 Mg pc~2 for GMCs (Heyer and
Dame 2015). We further discuss the properties of the
decoupled clouds in Section 6.1.

Another likely example of cloud decoupling is the fila-
ment, marked in Figure 8a, first identified in Crowl et al.
(2005) from dust extinction, and shown in high resolu-
tion with HST in Abramson and Kenney (2014). It is
approximately 600 pc long, and has a clump of young,
blue stars at the head, as seen in the HST color image
(see Figure 3a). The filament sticks out into the oth-
erwise stripped southern zone of the galaxy. It may be
supported by magnetic tension (Abramson et al. 2016),
as suggested for similar features seen in the RPS galaxy
NGC 4921 in the Coma cluster (Kenney et al. 2015).

6. DISCUSSION

6.1. What surface density of gas can be stripped by
RP?

As our data shows strong evidence for the direct strip-
ping of molecular gas from the disk of NGC 4402 via
ram pressure, we wish to estimate the strength of ram
pressure and the opposing restoring force from the disk
around the stripped region. By estimating the ICM gas
density proa, the relative velocity of the galaxy with
respect to the cluster v, and the restoring force per unit
mass d®,/dz, we can use the Gunn and Gott (1972)
stripping criteria proarv? > ZISM‘C% to estimate the
surface density of gas Y ;gs that would be stripped, and
compare it to our estimates for the surface densities of
features in Table 1. The projected distance of NGC 4402
from the cluster center is 0.4 Mpc, and its 3D distance
would be larger than this. From measurements of the
X-ray surface brightness profile of Virgo from Schindler
et al. (1999), at the 3D cluster radius of 0.4 Mpc, the
density is estimated to be pjcy = 3x 10728 g em ™3, and
further out it would be less. However NGC 4402 is lo-
cated only about 50 kpc in projected distance from the
elliptical M86, and may be a member of the M86 sub-
cluster, which has its own local peak in X-ray surface
brightness and ICM density. Schindler et al. (1999) did
not model the M86 region, but from comparison of the
X-Ray surface brightness near NGC 4402 and at other
locations at the same projected radius, we estimate the
ICM density near NGC 4402 could be up to two times
higher than the above estimate. Thus we adopt an ICM
density in the range of 3x 10728 g cm ™3, up to a possible
maximum of 6 x 10728 g cm—3.

The line of sight velocity of NGC 4402 with respect
to the cluster is vgal — Vvirgo = 847 km s~ and the 3D
velocity would be larger than this. The orbital velocity

13

of a typical Virgo galaxy at a 3D radius of 0.4 Mpc is
predicted to be ~1300 km s~! (Binggeli et al. 1993),
although the maximum could be as high as ~1800 km
s~! (Vollmer et al. 2001). Thus we adopt a relative
velocity range of 1300 — 1800 km s~!. If NGC 4402
were not a member of the M86 subcluster, but happened
to be falling through it, NGC 4402 could be moving
at the higher end of the velocity estimate of 1800 km
s~1 and experiencing the higher estimated ICM density
(6 x 1072% g cm™3) associated with the M86 subcluster.
Therefore, in summary, the ram pressure at NGC 4402
is predicted to be in the range of Py = pv? ~ 5x 10712
to 2 x 107! dyne cm 2.

We estimate the gravitational restoring force per unit
mass 92 as approximately equal to V,2,R™', as done in
Lee et al. (2017). At the radial distance of the plume,
r ~ 60” = 4.8 kpc, the circular velocity predicted from
our DiskFit model is 119 km s71, so V2,R™! = 9.6 x
10~ km s~2. Using the Gunn & Gott formula, we es-
timate the surface density of gas that would be stripped
under these conditions as Y;spy = pICMUQVT;fR ~ 2.5
Mg pc2 for the lowest estimated density and velocity,
and Y7sar ~ 10 Mg pe~2 for the upper limit.

The small clouds we have labelled as ‘decoupled
clouds’ (1 — 3) are located right below the plume, and
are spatially and kinematically distinct from the plume,
with velocities consistent with normal rotation, and
thus, they appear to not be accelerated by ram pressure.
In these respects, these clouds are consistent with denser
clouds that decouple from surrounding lower density gas
that is stripped. With surface densities of 14 — 28 Mg,
pc2, these clouds have higher surface densities than
the surface densities of 2.5 —10 Mg pc~2 expected to be
stripped from r ~ 5 kpc in NGC 4402. Thus these clouds
are consistent with the expectations of clouds that have
resisted stripping because of high surface densities.

The observed surface density of the plume gas is simi-
lar to that of the decoupled clouds, which at first might
seem inconsistent with the observation that the plume
gas is being directly stripped. However the relevant sur-
face density to compare with these theoretical expecta-
tions for stripping is the gas surface density in the wind
direction. This is different from the observed (plane of
sky) surface density, since the ram pressure has a com-
ponent in the plane of the sky (and perpendicular to the
disk plane) as well as along the line of sight.

If we assume that the gas features have a similar depth
along the line-of-sight as they do on the sky, then the
plume gas would have a depth of ~1 kpc (~5 beams) and
the smaller clouds would have a depth of ~200 pc (~1
beam), a difference of a factor of ~5. Thus the angular
correction factor would be ~5 times larger for the plume
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than the decoupled clouds, and the surface density of the
plume in the wind direction could be ~2 — 5 times less
than the observed surface on the sky, depending on the
precise wind angle.

Further evidence that the plume gas may be sig-
nificantly extended along the line-of-sight comes from
its large line width compared to the decoupled clouds.
While the plume and the decoupled clouds have similar
total surface densities, the line widths in the plume are
much larger than those of the decoupled clouds, so the
surface density per velocity interval, i.e. the ‘spectral’
surface density (Table 1), is 2 — 4 times lower in the
plume than in the decoupled clouds.

This difference in spectral surface density suggests
that the plume gas is more diffuse, with a lower intrin-
sic volume density, than the decoupled clouds. In the
Milky Way galaxy, Roman-Duval et al. (2016) find that
diffuse molecular gas has a lower spectral surface density,
on average than dense, GMC associated gas. Given its
large line width, the plume may contain multiple clouds
superimposed, such that the surface density in the wind
direction for the plume is plausibly ~ 2 — 4 times lower
than the observed surface density, or 6-12 Mg pc=2.
This would mean the plume has a lower surface density
in the wind direction than the decoupled clouds, and
is likely consistent with having a surface density in the
range of 2.5 — 10 My pc~2 that could be stripped from
r ~ 5 kpc in NGC 4402.

We note that our estimates of molecular gas surface
densities are based on a standard CO-Hy relationship
(X-factor, or Xco), and we have no observational con-
straints on the CO-Hy relationship in the plume or de-
coupled clouds of NGC 4402. It will be of interest to
measure other molecular lines in the future to constrain
Xco.

Our calculation of the maximum density of ISM gas
that could be stripped is less than the lower end of the
measured density of GMCs in the outer regions of the
Milky Way (Heyer and Dame 2015), suggesting that ram
pressure is not likely to directly strip GMCs. On the
other hand, it is probably strong enough to strip more
diffuse molecular gas, which can comprise a significant
fraction of the total molecular gas in a galaxy. In the
Milky Way Roman-Duval et al. (2016) estimate that ‘dif-
fuse’ molecular gas, as identified from a non-detection
in 13CO, comprises 25% of the total molecular gas, al-
though the fraction increases with galactocentric radius
up to 50% at a radius of 15 kpc. Conversely, this means
that ~ 50-75% of the molecular gas is ‘dense’, and likely
associated with GMCs. However, we observe that on
the leading side of NGC 4402 only 12% of the CO is in
denser decoupled clouds below the plume, that are dense

enough they appear to be kinematically unaffected by
ram pressure. 88% of the CO appears to be undergo-
ing stripping in the plume, and we have measured that
it has a lower spectral surface density than that of the
DCs, and thus is likely ‘diffuse’. A near 90:10 ratio of
diffuse to GMC gas seems incompatible with the frac-
tion of dense gas we would expect in this region based
on the findings of Roman-Duval et al. (2016). And fur-
thermore, the presence of significant ongoing star for-
mation in this part of NGC 4402 indicates that much
of the molecular gas in this region must have relatively
recently been part of a GMC.

6.2. Timescales for stripped gas

If ram pressure is too weak to strip GMCs di-
rectly, they must be disrupted by some other effect
on a timescale shorter than the ram pressure stripping
timescale. We estimate this to be the time that the ISM
spends on the leading quadrant of the galaxy, where it
is not shielded by any intervening ISM, and thus experi-
ences close to the maximum ram pressure. We estimate
the time to accelerate gas at the end of the plume as
t = 2% cot() * Lexy /vL0s, where Lg, and viog are the
observed projected components of length and velocity,
and 6 is the angle of the RP wind with respect to the
line of sight (see Kenney et al. (2014) for a derivation of
this formula). This assumes constant acceleration start-
ing from zero velocity. The angle of the RP wind with
respect to the line of sight is not known, but is probably
in the range 30 — 60 degrees based on the likely total
velocity of galaxies in Virgo (Vollmer et al. 2001), cor-
responding to a range of 0.58 — 1.73 for the cotangent
factor. For Ly, = 1 kpc, vLog = 60 km s~1 and a -45
degree wind-LOS angle, t = 3.2 x 107 yr, or 32 Myr.
Based on our rotation curve, we estimate the orbital pe-
riod of NGC 4402 to be ~250 Myr at the radial distance
of the plume. Therefore, gas in the plume has likely been
experiencing strongly effects of RPS for ~15% of the or-
bital time, consistent with gas on the leading side having
been exclusively accelerated from the leading side.

For estimating this timescale, we also consider the
lower and upper limit, the upper limit being for § = 30
degrees, t = 5.7 x 107 yr, and the lower limit, for § = 60
degrees is t = 1.9 x 107 yr. Because we detect no clouds
with densities like those of GMCs in this region, GMCs
must be disrupted, and prevented from reforming, on a
timescale below ~ 20 — 60 Myr. One possible explana-
tion for the lack of GMCs detected in the stripped zone
is disruption by stellar feedback, then stripping of the
resulting disrupted gas by ram pressure preventing the
normal reforming via cooling and gravitational collapse
of GMC gas. This hypothesis is supported by results



from Kruijssen et al. (2019), in which they find evi-
dence for the dispersal of GMCs in NGC 300 on short
timescales of ~1.5 Myr after the formation of massive
stars due to photo-ionization and stellar winds, limiting
the average lifetime of GMCs to ~10 Myr.

The compression from ram pressure could increase the
fraction of the ISM that becomes GMCs, which then
form stars. This may synchronizes and concentrate the
formation of GMCs in a similar manner to how spiral
arms act on the gas (Vogel et al. 1988). The resulting
concentrated star formation and its feedback results in
the synchronized destruction of the GMCs, the remnants
of which would be less dense than the original GMC, and
thus easier to strip.

6.3. Direct vs indirect stripping

Throughout this paper we have referred to ‘direct
stripping’, by which we mean that gas that was molecu-
lar in the disk is stripped as molecular gas and remains
molecular on the way out. The alternative to this would
be ‘indirect stripping’, by which molecular clouds in the
disk, instead of being directly pushed by ram pressure,
have their gas revert to a lower density atomic or ionized
state as a result of star formation feedback or natural
evolution, and then have the gas stripped. In this sce-
nario, molecular gas we detect in the plume would have
been formed in situ from this stripped atomic or ionized
gas after some period of time.

Our evidence supports that GMCs are not directly
stripped, but that their gas is somehow effectively re-
moved within a short time after the surrounding gas is
stripped. But we also find our evidence is consistent
with direct stripping of diffuse molecular gas. Most of
the molecular gas is gone in the outer radial zone (4 —5
kpc) on the leading side of the disk, and there is stripped
molecular gas a short distance downstream in the plume.
The likely surface density of this gas is comparable to
that of diffuse molecular gas in spiral galaxies, and is
probably low enough to be directly stripped, based on
our estimates of the likely ram pressure at NGC 4402
in section 6.1. We cannot prove that this gas began
as molecular gas in the disk, but that is the simplest
explanation.

If this gas was stripped when it was not molecular,
then the molecules form in situ very quickly after strip-
ping. The molecular plume starts within ~2”= 200 pc
of the decoupled clouds. In sec 6.2 we calculate an ac-
celeration time of 32 Myr for gas to reach the end of
the plume at ~1 kpc, and this corresponds to an accel-
eration time of ~6 Myr for the start of the plume (the
portion closest to the disk midplane) at ~200 pc. Thus,
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in situ formation of molecular gas would have to happen
on a timescale of a few Myr.

For most purposes related to galaxy evolution,
whether or not the gas remains molecular the whole time
doesn’t matter since most of the molecular gas is gone in
this radial zone of the disk, and there is stripped molec-
ular gas a short distance downstream from this zone.

6.4. FEwvolutionary stages of ram pressure

Our high resolution ALMA observations show the
molecular gas undergoing both compression and strip-
ping as a result of ram pressure. We suggest that these
represent two different evolutionary stages of the ISM
under ram pressure. The compressed region (see Figure
8) shows the first stage of major RPS effects. While gas
in this region does not reach non-circular velocities near
that of the plume, Figure 7 shows that it is kinemati-
cally offset by ~20 km s~! in the direction of the ram
pressure from the predicted rotation velocity at its loca-
tion. The ISM is compressed which likely results in both
direct concentration of molecular gas and/or enhanced
formation of molecular gas via compression of the atomic
gas, as an increase in relative gas and dust density could
lead to more Hy formation on dust grains. This increase
is enough to make the center of the compressed region
the brightest peak in CO surface brightness outside the
circumnuclear region of the galaxy, corresponding to a
peak surface density of ~75 Mg pc~2. It is possible this
triggers intense star formation in the compressed region,
as is seen on the leading side of a number of other galax-
ies under ram pressure (Koopmann and Kenney 2004;
Vollmer et al. 2012b; Lee and Jang 2016; Vulcani et al.
2018; Roberts and Parker 2020). Both FUV and Ha ob-
servations (Figure 1b & ¢ and Figure 9) of the leading
side of NGC 4402 show spatially correlated strong peaks
in emission. The FUV image shows by far the strongest
emission at the leading, eastern edge. The ram pressure
wind has probably blown away some of the surround-
ing gas and dust in this star forming region, so that
fewer of the UV photons are absorbed by gas and dust.
Furthermore, the removal of gas and dust in this region
means that tracers of star formation like Ha and FIR
may underestimate the star formation rate in this re-
gion, as the material that normally emits in this range
(gas in HII regions and dust) is removed. Moreover, it is
possible that the typical relation of Ha-SFR may under-
predict the true SFR in this region. Strong ram pressure
stripping of the gas and dust around HII regions may re-
move this material which would otherwise absorb some
fraction of the Lyman continuum ionizing photons from
young massive stars. In the ram pressure stripped jel-
lyfish galaxy JW100, Poggianti et al. (2019) found that



16

Compressed
Region

Decoupled
Clouds (DC)

Figure 9. HST three color image, with CO moment 0 shown
as a reddish overlay, and Ha (from Kenney et al. (2008))
shown with the blue contours. Ha contour levels vary from
4 x10% to 1 x 1038 ergs s~ ! arcsec™2 by factors of 2. There
is some overlap of the Ha and the part of the plume closest
to the ram pressure front, which may be the result of star for-
mation triggered by compression here. The decoupled clouds
are not detected in Ha, and thus likely have no ongoing or
recent (within the last ~ 10 Myr) star formation.

the escape fraction of Lyman continuum photons around
HII regions in the tail was as high as ~52%, while the
average escape fraction estimated for HII regions in the
GASP sample was ~18%. We believe it is likely, given
the FUV peak and the local peaks in Ha and 24 pm,
that the leading side of the galaxy has recently under-
gone strong star formation.

We find evidence in the plume region for an earlier
evolutionary stage of compressed gas and triggered star
formation. Figure 9 shows contours of Ho emission su-
perimposed on the HST and ALMA CO(2-1) images.
Within the bottom part of the plume, there is an Ho
ridge that angles upward from the disk and is offset from
the major axis in the direction of ram pressure. There
are a number of visible blue stars in the region of the disk
midplane cleared of dust just south of the Ha ridge, in-
dicating recent star formation. The gas that formed the
young stars powering the HII regions in the plume de-
tected in Ha was likely displaced from the disk midplane
by ram pressure. It is likely that the compressed region,
indicated in Figure 9, is at an earlier evolutionary stage
of this process. From the PVD shown in Figure 7 we can
see that the compressed region has been kinematically
disturbed by ram pressure, but there has not yet been
sufficient time and acceleration for it to have caused a
significant spatial offset. In several more Myr, the ac-
celeration this gas has received will likely cause it to be
spatially offset from the disk midplane, like the offset
observed for the HII regions in the plume region. Thus

the stripped zone appears to be consistent with being
the expected later evolutionary stage of the compressed
zone.

In regions of intense star formation, triggered by ram
pressure compression, stellar feedback could have a sig-
nificant effect on local stripping efficiency. Stellar feed-
back would blow gas out from the region, both accel-
erating it towards the escape velocity (~300 km s~*
at this radius for NGC 4402) and lowering the den-
sity of the ISM, and thus requiring less ram pressure
to eventually strip the gas. Stellar feedback may also
lead to the formation of holes in the ISM, allowing RPS
to ablate the densest regions (Quilis et al. 2000). In
the high resolution gas simulations by Tonnesen and
Bryan (2010, 2012), the authors found ram pressure of
Pram = 6.4 x 10712 dyne cm~2 (very similar to our es-
timate of the ram pressure experienced by NGC 4402)
was too weak to strip gas with the density of typical
GMCs directly, but did find gradual stripping via hy-
drodynamical ablation of the envelopes surrounding the
dense, GMC-like clumps. However, the authors notably
did not include stellar feedback in these simulations. As
we find that any GMCs which avoid the initial stripping
do not survive for long, the inclusion of proper prescrip-
tions for stellar feedback in simulations may be key to
accurate predictions for the fate of GMCs during strip-
ping events.

7. SUMMARY

We have presented new ALMA CO(2-1) observations
of one of the nearest and best examples of a galaxy expe-
riencing ram pressure stripping, NGC 4402 in the Virgo
cluster. We have found clear evidence from both the
morphology and kinematics for both the compression
and direct stripping of molecular gas via ram pressure.

e Direct stripping of molecular gas: We have de-
tected a large (width of ~1 kpc, height of ~2 kpc,
and mass of My, Hqe = 2 x 107 My) extraplanar
plume of molecular gas on the eastern, leading side
of the galaxy at r ~ 4 — 5 kpc, first seen in HST
observations of dust extinction. We show that the
plume gas has non-circular motions that are likely
the result of ram pressure acceleration. At the
north-eastern end of the plume, the gas reaches
its most extreme velocity, ~100 km s~' higher
than the predicted projected circular velocity at
this location, and ~60 km s~! higher than gas in
the nearby disk from where it probably originated.
The plume is both spatially and kinematically off-
set in the direction consistent with the expected
ram pressure wind direction.



e Decoupled clouds: Just below the extraplanar

plume of gas, we find isolated clouds that have
kinematics consistent with simple rotation, i.e. no
disturbance from ram pressure. This suggests that
some of the material on the leading side has re-
sisted acceleration by ram pressure. The detected
decoupled clouds represent only ~12% of the total
mass of molecular gas in this zone. At the reso-
lution of our ALMA data, ~ 1 — 2" = 80 — 160
pc, the observed surface brightness of CO in the
plume and decoupled clouds are similar, with es-
timated surface densities of molecular gas of ~
15 — 30 Mg pc™2. The plume gas has a signifi-
cantly lower spectral surface density than the de-
coupled clouds, suggesting that it is more diffuse
and spread over a much larger volume than the de-
coupled clouds. We claim that decoupled clouds
have resisted stripping since they have measured
gas surface densities which exceed the estimated
surface density of gas that can be stripped by our
estimates of the predicted strength of ram pres-
sure.

e Compression of molecular gas: Just inside of the

plume of stripped material, closer to the galactic
center at 7 = 3.5 kpc, we find the highest peak
in the CO surface brightness outside of the cir-
cumnuclear region. While this region has no visi-
ble plume, and no gas has velocity offsets as high
as the stripped material in the plume, this region
does appear to be kinematically offset by ~20 km
s~! from the expected rotation velocity in the di-
rection consistent with the ram pressure, indicat-
ing acceleration from ram pressure. This suggests
this is a zone of molecular gas compressed by ram
pressure. The large FUV and Ha peaks in this
region indicate this is a region undergoing intense
star formation.

e Evolutionary stages of the RP interaction: We

propose that the compressed region at r = 3.5 kpc
and the plume plus decoupled cloud region around
r ~ 4.5 kpc represent different evolutionary stages
of the ram pressure interaction. The initial stage is
gas compression caused by ram pressure accelera-
tion of the gas, leading to triggered star formation.
Feedback from star formation then facilitates the
stripping of most of the remaining molecular gas,
probably by disrupting the GMCs and driving the
molecular gas to a more diffuse state with lower
surface density that is easier to strip. We find ev-
idence for this evolutionary progression from the
distribution of young stars in the plume region.
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Within the bottom part of the plume, there is a
ridge seen in Ha that angles upward from the disk
and is offset from the major axis in the direction
of ram pressure. This suggests that the gas in the
plume was previously compressed and underwent
star formation, and that the kinematic distur-
bance that caused the compression also gave the
star-forming clouds an upward vertical velocity.
Consequently, this vertical acceleration imparted
to the star-forming clouds by ram pressure com-
pression should make a young thick disk stellar
component. Given more time, the gas in the com-
pressed zone should follow a similar path, moving
in the same direction from the disk plane as the
gas in the Ha ridge in the plume region likely did.

¢ How so much molecular gas is stripped:

Estimates for the ram pressure experienced by
NGC 4402 suggest it is too weak to directly strip
GMCs with surface densities as low as ¥gq5 = 30
Mg pe~2, yet we find very little dense gas remain-
ing in the stripped region south of the plume. In
light of this, we have considered different possi-
ble explanations for the large amount of stripped
molecular gas in the plume region. Our favored
explanation is that GMC lifetimes are shorter
than the ram pressure timescale (~60 Myr) in
NGC 4402, thus gas cycles rapidly cycles between
GMC and non-GMC phases, and is stripped when
it is in a lower density non-GMC state. GMCs
may be disrupted by massive star formation on a
time scale of around 10 Myr, after which the for-
mer GMC density gas ejected by stellar feedback
could be stripped away.

e The interrelationship of RPS and SF: Our

study illuminates the interrelationships between
ram pressure and star formation. Ram pressure
can compress the ISM, leading to a locally en-
hanced rate of star formation. Then feedback
from this star formation can make the gas easier
to strip, by reducing the gas surface density.
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