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Abstract

We present new CO(2–1) observations (resolution ∼1″ = 460 pc) of the Coma cluster jellyfish galaxy NGC 4858
obtained from the ALMA-JELLY large program. Analyzing this data alongside complimentary Subaru Hα and
Hubble Space Telescope (F600LP / F350LP) observations, we find numerous structural and kinematic features
indicative of the effects from strong, inclined ram pressure, including an asymmetric inner gas tail. We estimate a
highly inclined disk-wind angle of = +75DW 27

10. By subtracting a simple circular velocity model, we find (1): gas
clumps that are being accelerated by ram pressure, and (2): signatures of gas clumps that had been previously pushed
out of the disk but are now falling inward. We also discuss head-tail morphologies in star complexes within the
stellar disk that appear to be ram pressure stripping (RPS)-influenced. Lastly, we compare this galaxy to state-of-the-
art galaxy “wind tunnel” simulations. We find that this galaxy is one of the best nearby examples of strong and
inclined ram pressure gas stripping, and of gas that is perturbed by ram pressure but not fully stripped and falls back.
We emphasize the importance of torques due to ram pressure in highly inclined interactions, which help drive gas
inward on the side rotating against the wind, contributing to the formation of asymmetric inner RPS tails.

Unified Astronomy Thesaurus concepts: Galaxies (573); Galaxy environments (2029); Radio astronomy (1338)

1. Introduction

Ram pressure affects galaxies traveling through any fluid
medium, such as the intracluster medium (ICM) of a galaxy
cluster (J. E. Gunn & J. R. Gott 1972; A. Boselli et al. 2022),
the intragroup medium of a galaxy group (I. D. Roberts et al.
2021), or the circumgalactic medium of a larger central host
galaxy (M. Geha et al. 2012; J. Samuel et al. 2023). The result
of sufficiently strong ram pressure can be gas removal from
galaxies, called ram pressure stripping (RPS). This process can
be an effective environmental quenching mechanism for spiral
galaxies (M. G. Abadi et al. 1999; A. Boselli & G. Gavazzi
2006; S. Tonnesen et al. 2007; A. Chung et al. 2009;
A. R. Wetzel et al. 2012; L. Cortese et al. 2021; T. Brown et al.
2023; H.-Y. Jian et al. 2023). The effects of RPS are more
pronounced for less gravitationally bound and lower surface-
density gas, and are seen in H I surveys of cluster galaxies,
which have shown that spiral galaxies are deficient on average

in H I content, suggesting that the gas has been removed from
the disk of the galaxy (R. Giovanelli & M. P. Haynes 1985;
V. Cayatte et al. 1990; J. M. Solanes et al. 2001; A. Chung
et al. 2009; A. Boselli et al. 2016; R. Taylor et al. 2020). The
stripping can manifest as dramatic gas tails extending opposite
to the galaxy’s direction of motion through the cluster (e.g.,
M. G. Abadi et al. 1999; M. Yagi et al. 2010, 2017; G. Gavazzi
et al. 2018; W. J. Cramer et al. 2019; P. Jáchym et al. 2019).
Many of these tails contain young stars, indicating that star
formation can occur even after the gas has been stripped (e.g.,
J. D. P. Kenney & R. A. Koopmann 1999; M. Sun et al. 2010;
B. M. Poggianti et al. 2017; K. George et al. 2023; B. Vulcani
et al. 2024), although star formation in tails is not ubiquitous
(e.g., G. Gavazzi et al. 2001; A. Boselli et al. 2016). A subset
of RPS galaxies are known as “jellyfish galaxies” due to the
presence of stars in the tail (H. Ebeling et al. 2014;
C. McPartland et al. 2016).
The consequences of a ram pressure event may differ

greatly depending on the angle between the wind and the disk
(E. Roediger & M. Brüggen 2006; P. Jáchym et al. 2009). In
the case of a highly inclined wind (closer to edge-on), galaxy
rotation will influence the resultant ram pressure strength,
leading to uneven forces across the galactic disk. Simulations
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have shown that, for a similar ram pressure strength, an edge-on
wind is less efficient at stripping gas than a face-on wind
(P. Jáchym et al. 2009). Lower stripping efficiency may elevate
fallback, where gas is accelerated out of the gas disk but then
falls back inward. This can lead to a “fountain” effect, where
gas is both being stripped and reentering the disk in the inner tail
(M. Sparre et al. 2023). This interaction between rotation and
ram pressure can lead to an asymmetric tail morphology, which
is observed in galaxy-scale wind-tunnel simulations (B. Vollmer
et al. 2001; E. Roediger et al. 2014; N. Akerman et al. 2023).
Exploring these effects is important as ram pressure winds are
most likely to be highly inclined. The effect on gas within a
galaxy’s disk can also differ based on the disk-wind angle. For
highly inclined events, gas on the leading side (the side closest
to the ram pressure wind) will be pushed farther into the disk,
resulting in compression and potentially increased star forma-
tion (R. A. Koopmann & J. D. P. Kenney 2004; J. D. P. Kenney
et al. 2015; W. J. Cramer et al. 2020; P. Troncoso-Iribarren et al.
2020; A. Boselli et al. 2021; J. Zhu et al. 2023; B. Vulcani
et al. 2024).

The role and importance of fallback in galaxy evolution
under ram pressure is not fully understood, but it has been
observed in both real galaxies and simulations (B. Vollmer
et al. 2001; S. Tonnesen & G. L. Bryan 2012; J. Köppen et al.
2018; W. J. Cramer et al. 2021; M. Sparre et al. 2023; J. Zhu
et al. 2023). Simulations have shown that a considerable
fraction of the gas accelerated above the disk does not reach
the escape speed (S. Tonnesen & G. L. Bryan 2012). The
recycling nature of fallback can have implications for galaxy
evolution, including effects on mass-loss rates and the mixing
of cold interstellar medium (ISM) gas with hot ICM gas.
Molecular gas observations can reveal fallback most effec-
tively, as cold, dense gas is the hardest to strip and most likely
to fall back after being perturbed by ram pressure. The
relationship between highly inclined winds, asymmetric inner
tails, and fallback is an open question addressed by this work.

1.1. The ALMA-JELLY Project

In this paper we present the first results from the Atacama
Large Millimeter/submillimeter Array (ALMA)-JELLY pro-
gram. The goal of this program is to map CO(2–1) at 1″
resolution in a selection of very strong RPS in nearby high-
mass clusters. The ALMA-JELLY galaxies reside in the
Coma, Leo, and Norma clusters, with 18, 8, and 2 galaxies in
each cluster, respectively.

ALMA-JELLY comprises combined 12 m and 7 m data
obtained during ALMA Cycle16 8 for 27 of the galaxies, with 1
(ESO 137-001) obtained from archival data (See P. Jáchym
et al. 2019). The galaxies were selected based on having a
prominent one-sided Hα ionized gas tail in three nearby rich
clusters, Norma, Leo and Coma (M. Sun et al. 2010; M. Yagi
et al. 2010, 2017; M. Fossati et al. 2012; G. Gavazzi et al.
2018). The galaxy sample covers a broad range of stellar
masses (∼107.5–1010M⊙). It also includes a wide range of
evolutionary stage of stripping, from early stages with tails
connected to star-forming disks, to late stages with detached
tails, and passive or post-starburst disks. The complete sample
and full description of the project will be presented in P.
Jachym et al. 2025 (in preparation).

NGC 4858 is one of the best nearby examples of a galaxy
with strong CO emission and a multicomponent asymmetric
molecular gas tail. This makes it an ideal galaxy to
demonstrate the quality of the ALMA-JELLY data and the
science made possible through this program.

1.2. The Coma Cluster and NGC 4858

The Coma cluster’s proximity (∼100Mpc) and high mass
( )>M M1015 make it an ideal environment for studying
strong RPS events. The location of NGC 4858 in the cluster
and its tail direction (see Section 4.1 for more details) are
indicated in Figure 1.
NGC 4858 has one of the smallest projected distances to the

cluster center out of the ALMA-JELLY sample, at 355 kpc
(∼0.14 rvir; E. L. Lokas & G. A. Mamon 2003). The galaxy is
highly redshifted with respect to the cluster mean velocity,
with a relative velocity of vrad = +2421 km s−1. The combina-
tion of small projected distance and high line-of-sight velocity
puts NGC 4858 at the upper envelope of galaxies in the Coma
cluster phase-space diagram (see Figure 11 of A. Boselli et al.
2022), suggesting it has recently entered the cluster. Because
the galaxy is redshifted with respect to the Coma cluster mean,
the downstream direction of the tail is pointed toward the
observer. We estimate the galaxy’s disk-wind angle (the angle
between the vector normal to the galactic disk plane and the
wind vector) to be = +75DW 27

10 in Section 7.1. Key
properties for the galaxy are shown in Table 1.
NGC 4858 has an H I gas mass of 2.5× 108M⊙ (D. C. Molnár

et al. 2022). This corresponds to an H I deficiency factor of
DefHI = 0.94, suggesting that NGC 4858 is missing more than
90% of its expected H I gas (V. Parkash et al. 2018). NGC 4858
is overall blue in color, indicating significant recent star
formation. J. Gallego et al. (1996) identified NGC 4858 as a
bright Hα emitting galaxy. M. Yagi et al. (2010) discovered the
presence of a large Hα gas tail extending north from the galactic
disk, indicating some combination of shock-excited gas and/or

NGC 4858

100 kpc
3.6 arcmin E

N

5 kpc
10.7 arcsec

Figure 1. The central region of the Coma cluster, with the location of
NGC 4858 indicated, and shown as a zoomed-in cutout. The two BCGs in the
center of Coma (NGC 4874 and NGC 4889) can be seen in the center-left of
the image. The 144 MHz radio continuum tail (see I. D. Roberts et al. 2021) is
shown with red contours, and the estimated plane-of-sky tail angle is displayed
as the dashed line. Image from the Digitized Sky Survey (from NASA/ESA
https://esahubble.org/images/heic0901c/).

16 PID 2021.1.01616.L.
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star formation in the tail. The distribution of Hα is highly
asymmetric, with more emission on the northwest side of the
galaxy, which is the trailing side of the galaxy rotating into
the wind.

NGC 4858’s disk and tail are bright in near-UV (NUV)/far-
UV emission (R. J. Smith et al. 2010). The alignment of UV
and Hα emission, combined with the presence of bright Hα
clumps in the tail, suggests that a significant fraction of the Hα
is coming from H II regions around newly formed stars. This is
further confirmed by the HST F350LP/F600LP image of the
galaxy (see Figure 2), which shows clumps of blue stars
throughout the tail. The presence of stars in the tail makes
NGC 4858 a “jellyfish galaxy.”

The galaxy has an X-ray tail observed in 0.5–2 keV with
Chandra, indicating the presence of hot gas in the tail (see
M. Sun et al. 2021 Figure 11). The galaxy also has a radio
continuum tail that extends approximately 30–40 kpc north of
the galactic disk, first revealed in H. Chen et al. (2020) and in
I. D. Roberts et al. (2021, 2024). The large physical extent of
this tail provides us with the most reliable estimate for the on-
sky tail angle for the galaxy, which we estimate as
θtail = −15° ± 20° measured counterclockwise from north
(See Section 7.1).

The elliptical galaxy NGC 4860 (GMP 3792) is observed
nearby. Although these galaxies appear close in projection
(∼40″), their high relative velocities (approximately
1500 km s−1) along the line of sight, combined with no
evidence for tidal features in either galaxy, suggests that they
are not interacting.

The Coma cluster has a redshift of z= 0.0235 and a velocity
dispersion of ∼950 km s−1 (J. Sohn et al. 2017). We will use
the standard cosmological parameters from G. Hinshaw et al.
(2013; H0 = 69.7 km s−1 Mpc−1). We adopt a luminosity
distance for Coma of 100Mpc, corresponding to a scale of
1″ = 0.463 kpc. NGC 4858 has an estimated stellar mass of
4.9× 109M⊙, making it an intermediate-mass spiral galaxy
(D. C. Molnár et al. 2022).

1.3. Outline

We describe in Section 2 the new ALMA CO data and
ancillary data sets. After analyzing the stellar body (Section 3),
we explore the CO distribution and compare to other tracers
(Section 4). We then explore the global CO kinematics
(Section 5) and describe individual regions with highly
noncircular motions (Section 6). In Section 7 we discuss the
theory behind the development of asymmetries in the inner
RPS tail and compare the observational data to simulations.
We summarize the results in Section 8. We include a detailed
discussion of deriving the disk-wind angle in Appendix A, and
describe in detail the possible origins for observed velocity
residuals in Appendix B.

2. Data and Data Reduction

Alongside the new ALMA CO(2–1) data that we present in
this work, we have supplementary Subaru Hα and deep
Hubble Space Telescope (HST) 350LP and 600LP photo-
metry, allowing us also to look at the distributions of excited
gas and young stars. We use the astropy subpackage
REPROJECT17 to align and rescale the images to the ALMA
CO coordinate frame. To show how our different wavelength
tracers compare with each other, we present overlay maps in
Figure 3.

2.1. ALMA CO(2–1)

NGC 4858 was observed by ALMA with five mosaic
pointings using the 7 m array, and 13 mosaic pointings with
the 12 m array. ALMA observed the 230.5 GHz CO(2–1)line,
and any subsequent mention of CO emission implies the
CO(2–1) transition unless stated otherwise.
The ALMA data were cleaned using the PHANGS-ALMA

data reduction pipeline (A. K. Leroy et al. 2021), which we
will briefly describe. Instead of calling TCLEAN once to clean a
data set, as is the standard procedure, the PHANGS-ALMA
pipeline differs by calling TCLEAN multiple times over
multiple scales, while supplying masks to guide deconvolu-
tion. The data is also corrected for the primary beam, and then
automatically trimmed to an appropriate image size. We
choose to use a natural weighting scheme (Briggs robust=2)
to give us the best surface brightness sensitivity.
The data cube has 480× 303 pixels (corresponding to

72′× 45′, or 34× 21 kpc, respectively), and channel widths
of 3.8 km s−1. The synthesized primary beam has major and
minor axes of 1.35 and 0.87, respectively, and a position angle
of 30°. The rms of the cube is measured at ∼2.3 mJy Beam−1.
Moment maps (CO emission, mean velocity, and velocity

dispersion) from the masked data cube are shown in Figure 4.
We generate masks for the cleaned data cube using the Python
MASKMOMENT package, developed by Tony Wong.18 This
maximizes the amount of genuine emission included in the
masked cube. The weakest features are required to be detected
at >3.0σ in at least two contiguous channels, and must cover a
minimum spatial area as large as the synthesized beam.
From the moment-0 map (Figure 4), we measure an

integrated CO flux (disk + tail) of SCOΔv = 46.2 ±
2.7 Jy km s−1. We can then follow the procedure in
P. M. Solomon et al. (1997) to obtain a CO line luminosity

Table 1
Properties for NGC 4858 and (When Applicable) Its Neighbor NGC 4860

Parameter NGC 4858 NGC 4860 References

(1) α (J2000) 12:59:02.072 12:59:03.906 (B)
(2) δ (J2000) +28:06:56.228 +28:07:25.326 (B)
(3) B, V, i [mag] 15.5 15.0 14.8 14.7 13.2 12.7 (B)
(4) Velocity [cz] 9416 7930 (B)
(5) Vrel [cz] 2421 934 (B)
(6) M* [109 M⊙] 4.90 ± 0.10 44.6–91.2 (A, C)
(7) SFR [M⊙/yr] 3.55 ± 0.2 ⋯ (C)
(8) MHI [109 M⊙] 0.25 ⋯ (C)
(9) DefHI 0.94 ⋯ (C)
(10) MH2 [109 M⊙] 2.0 ⋯ (A)
(11) FH [erg s−1] 1.0 × 10−13 ⋯ (D)

Note. Columns (1) and (2): R.A. and decl. Column (3): B-, V-, and i-band
magnitudes. Columns (4) and (5): line-of-sight velocity and line-of-sight
velocity relative to the Coma cluster. Column (6): distance from the center of
the Coma cluster. Columns (6), (7), and (8): stellar mass, star formation rate
measured using NUV and 22 μm luminosity, and H I gas mass estimates from
D. C. Molnár et al. (2022). Column (9): H I deficiency factor measured from
the MHI–M* relationships in V. Parkash et al. (2018). Column (10): H2 gas
mass inferred from integrated CO flux. Column (11): Hα flux.
References. (A): This work. (B): SIMBAD database. (C): D. C. Molnár et al.
(2022). (D): M. Yagi et al. (2010).

17 See: https://reproject.readthedocs.io/en/stable/#.
18 See https://github.com/tonywong94/maskmoment.
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(in units of brightness temperature) using

( ) ( ) ( )= × +L S v D z3.25 10 1 1LCO
7

CO obs
2 2 3

where νobs is the observed frequency of the CO(2–1) line in
GHz, and DL is the luminosity distance in Mpc (100Mpc at
z = 0.0231). We then convert the CO luminosity to a total H2

mass using

( )=M
R

L 2H
CO

21
CO2

where R21 ≈ 0.8 (A. K. Leroy et al. 2009) is the CO(2–1)/CO
(1–0) ratio, and αCO = 4.3M⊙ (K km s−1 pc2)−1 (A. D. Bolatto
et al. 2013). Using this conversion, we estimate a molecular
hydrogen mass of M = ± × M1.5 0.1 10H

9
2

. Dividing this
by the estimated stellar mass for NGC 4858 (4.90× 109M⊙;
D. C. Molnár et al. 2022) gives us our MH2/M* ratio:

( )=
×
×

=
*

M

M

M

M

1.5 10

4.9 10
0.31. 3H

9

9
2

This ratio is high, given that field galaxies at the stellar mass
of NGC 4858 have typical ratios of / *M M 0.08H 2

(G. Popping et al. 2014). The large H2 mass fraction is likely
due to a combination of an intrinsically high mass fraction,

plus the adopted Milky Way value for CO/MH2 possibly being
too high for RPS galaxies. Since the LCO/M* is high, the large
H I deficiency factor in NGC 4858 might be caused in part by
H I being converted to H2 (A. Moretti et al. 2020).

2.2. Suprime Cam

Ground-based R-band and narrowband (Hα at the Coma
cluster) images of NGC 4858 come from M. Yagi et al. (2010),
to which we refer the reader for a more in-depth explanation of
the data acquisition and processing (also M. Yagi et al. 2017).
These images were obtained using the Suprime-Cam, located
at the prime focus of the Subaru telescope (S. Miyazaki
et al. 2002).
In the northeast region near the elliptical galaxy, continuum

subtraction for the Hα image is imperfect and not all
continuum starlight is removed from the narrowband filter.
We indicate this region in Figure 3 (panels (a) and (c)). This is
unlikely to affect analysis of the Hα tail of NGC 4858, where
the continuum is low and the distribution is not smooth.

2.3. HST Imaging

For this project, we also use publicly available HST
Wide-Field Camera 3 (WFC3) F350LP and F600LP

Figure 2. Hubble Space Telescope (HST) F350LP (blue) and F600LP (red) image of NGC 4858. The green channel is an average of the red/blue channels. The
background elliptical galaxy NGC 4860 can be seen in the upper left. The stellar distributions coincident with the western Hα blobs, B1 and B2, are indicated.
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images from the HST Legacy Archive (PI Gregg, Proposal
ID: 13777), shown in Figure 2. The wavelength
bands correspond to 3400 Å and 5800 Å rest-frame emission
for NGC 4858, respectively. The 350LP image best

reveals both the distributions of young stars in the
galaxy, as well as dust extinction. The data described here
may be obtained from the MAST archive at doi:10.17909/
ts8f-7f96.
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Figure 3. Overlay maps for NGC 4858. From the top left: Panel (a): the Subaru Hα distribution, with contours showing the LOFAR 144 MHz radio continuum tail in
red. Panel (b): the HST 350LP image in grayscale with Hα contours in red. Panel (c): the Subaru Hα image with ALMA CO(2–1) contours in magenta. Panel (d): the
HST grayscale image with the same ALMA CO contours. The CO contours (in multiples of the noise level σmom0 = 0.031 Jy km s−1 beam−1) are [2, 3, 10, 20, 50].
For Hα, the contours are [5, 10, 20, 50, 100, 250, 1000] multiples of the Hα noise level of 3.7 counts. The beams for the LOFAR data and ALMA CO(2–1) are
indicated in the left column. The black dashed lines in panels (a) and (c) indicate the region near the elliptical galaxy likely to be affected by imperfect continuum
subtraction.
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2.4. LOFAR Imaging

The LOFAR 144MHz radio data used in this work come
from the Lofar Two-Meter Sky Survey (See T. W. Shimwell
et al. 2017). A cutout surrounding emission from NGC 4858
was created from the larger Coma cluster mosaic image (for a
more detailed analysis of this region, see I. D. Roberts et al.
2021). From this cutout, we estimate a total 144MHz flux
density of 5× 10−4 Jy for NGC 4858.

3. Stellar Distribution

In order to properly interpret the gas distribution and
kinematics of NGC 4858, it is important to characterize the
stellar body of the galaxy. The stellar disk of NGC 4858 (see
Figure 2) has a prominent bar and two spiral arms apparently
originating from its ends. Based on the spiral arm orientation,
we infer that the galaxy is rotating in a clockwise direction
(M. Iye et al. 2019).

To characterize the distribution of old stars in NGC4858, we use
the Suprime-Cam R-band image, which is deeper than the HST
image. We use the elliptical isophote analysis tool in GALPRIME,
which has a modified wrapper for the PHOTUTILS algorithm19

(H. Souchereau et al. 2025, in preparation). This method is an
iterative process that fits each isophote individually for (x, y)
center, position angle, ellipticity, and upper harmonic
coefficients, such as a3 and a4 (R. I. Jedrzejewski 1987).

Extended starlight from NGC 4860 contaminates the region
to the north. We mitigate this contamination by heavily
masking the northern region of the image, which, in isophotal
analysis plots, is denoted by a thick dotted line. Although the
light from the elliptical galaxy does extend beyond this

masked area and combines with the light distribution from
NGC 4858, the proportion of light from the elliptical galaxy in
the unmasked regions is so small that it does not significantly
affect the parameters derived from the unmasked light
distribution.
The results of the isophote fitting on the R-band image are

shown in Figure 5. At approximately 2 kpc, there is a
significant change in both the position angle and ellipticity
of fit isophotes. This abrupt change coincides with the radius
where the stellar light distribution changes from bar-dominated
to disk-dominated. Beyond the CO truncation radius
(∼2.7 kpc) to where the algorithm stops fitting individual
isophotes (∼5.7 kpc), the position angle and ellipticity
(ε = 1 − b/a) are stable. We estimate a position angle of
θmaj = 32° ± 6° and an ellipticity of ε = 0.21 ± 0.05, respec-
tively. This corresponds to an inclination of 38°.
We fit a 1D Sérsic profile model to the light distribution of

NGC 4858. From this profile fit, we infer an effective radius of
re = 4.4 = 2.1 kpc (corresponding to an exponential scale
length of 1.26 kpc) and a Sérsic index of n= 0.98. Because
NGC 4858 is well fit by an n= 1 Sérsic profile out to
R= 15.1 = 7.05 kpc, this is an indication of no significant
starlight contribution from a stellar bulge.
The right panel of Figure 5 shows isophotal contours

compared to elliptical isophotes from the profile extraction.
The isophote corresponding to the radial distance where the
extracted profile deviates from the Sérsic model fit is indicated
as the largest orange ellipse. This also corresponds with
isophotal contours that begin to more directly trace light from
the nearby elliptical galaxy, so we cannot reliably measure the
light profile of the stellar disk any further. This distance of
7 kpc is our lower limit on the size of the stellar disk.
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4. CO Distribution and Comparisons with Other
Wavelengths

The CO moment-0 map (See Figure 4) traces the molecular
gas distribution in NGC 4858. Within the disk, the galaxy has
some relatively normal features, such as a prominent CO bar
aligned with the stellar bar (θbar,CO ≈ θbar,* = 70°), as well as
CO peaks coincident with the stellar spiral arms. Other
features, such as along the southern leading side, suggest that
the galaxy is experiencing ongoing strong and highly inclined
ram pressure.

Gas beyond 3 kpc from the galactic center is highly
asymmetric, with a molecular tail to the north and truncation
along the southern side, which is the side of the galaxy most
exposed to the ram pressure wind. The majority of CO flux
(∼86% of the total flux) is located within the leading-side CO
truncation radius.

In the northern, downstream direction, CO emission is
detected out at least as far as 21″ = 10 kpc. Note that 14% of
the total CO emission is located beyond the southern side
truncation radius, most of it in two prominent arms that both
extend northward. We refer to this region as the inner tail region,
although some of the gas may be in or near the disk. Some of the
gas in this region may be disturbed but not be sufficiently
accelerated by ram pressure to escape the galaxy. This inner tail,
and the behavior of gas in this region, is a central focus of this
paper.

Using the same methods as for the R-band stellar distribution,
we extract a radial surface brightness profile from the moment-0
map. We find that the CO gas within the truncation radius is
well fit by an exponential disk profile with an exponential scale
length of hR = 2.49 = 1.16 kpc, about the same as the stellar
disk. The extent of the CO gas is only approximately 1.9 CO
scale lengths (2.7 kpc) along the southern side. The regularity of
the CO gas disk suggests that the remaining gas disk is not
strongly disturbed by ram pressure, except at the edges of disk,
where the wind is most strongly felt.

4.1. Tail Asymmetry

We wish to measure asymmetries relative to the projected
orbital path. We think that the outer tail is the best tracer of the
orbital path, and that the inner tail is asymmetric due to
rotational effects, which are largest in the inner tail. For the tail
angle, we adopt the centroid of the LOFAR radio continuum
tail, since that is the tail component measured farthest from the
galaxy. Figure 6 measures the flux in slices across the tail,
increasing in distance along our estimated wind direction. We
find a position angle of θwind = −15° equally divides the radio
continuum flux at distances 18–27 kpc, and adopt this as the
tail angle.
Furthermore, small dust filaments seen in the northwest

region of the HST color image likely trace the local flow
direction, which approximately aligns with the tail position
angle measured from the radio continuum tail. There are some
elongated dust and stellar features closer to the inner disk with
different angles. However, such features do not always trace
the large-scale wind angle, since the local flow direction close
to the disk can be different due to various effects including
rotation and shielding (A. Abramson & J. D. P. Kenney 2014).

4.2. CO Brightness Azimuthal Distribution

The combined effects of ram pressure and rotation are
expected to produce gas distributions that are more complex
than simple head-tail morphologies, which are predicted for
face-on ram pressure interactions. In particular, large asym-
metries may occur in the inner tail.
To better understand the combined effects of ram pressure

and rotation on NGC 4858, we analyze the CO spatial
distribution in the galaxy outskirts as a function of azimuthal
angle. We achieve this by placing elliptical annuli of
increasing radii, and with the same position angle and
ellipticity as the stellar disk, as measured in Section 3. To
explore the possible effects of compression, the outer radius of
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Figure 5. Isophotal analysis of the Subaru R-band image of NGC 4858. Left panel (from top to bottom): surface brightness (and Sérsic profile fit in gray), position
angle measured from north in degrees, and ellipticity (1 − b/a), against semimajor axis in kiloparsecs. The radial profile of the CO distribution out to the truncation
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Isophotes are plotted in white. The orange ellipses correspond to the same dashed lines in the left panels.
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the innermost annulus is set to the radius of the truncated CO
disk. We then take the median flux in regions of θ ± 5°. We
estimate the uncertainty using the 2D uncertainty map
generated by MASKMOMENT, which combines the data cube’s
uncertainty level and the number of unmasked channels per
pixel. We then multiply this by the square root of the area of
each azimuthal slice.

We bisect the flux distribution twice, first along the leading/
trailing sides, and then along the approximate wind direction.
This leaves us with four quadrants, which are shown in
Figure 7. The quadrants are ordered to follow the galaxy’s
rotational direction, which is clockwise in the case of
NGC 4858. Finally, the first two quadrants are the leading-
side quadrants. The strength of local ram pressure varies
between different quadrants, being strongest on the unshielded
(leading) side rotating into the wind, and being weakest on the
shielded (trailing) side rotating with the wind.

Figure 8 shows the results of this analysis, which offers a
few key insights. The innermost annulus at R= 1.8 kpc shows
more flux in quadrants 1 and 2 (the leading side) than
quadrants 3 and 4 (the trailing side). The ratio of fluxes in the
innermost annulus for these two sides is Flead/Ftrail = 1.25.
Correspondingly, the three brightest CO peaks are near the
truncated southern edge, and the brightest peak is near the
southern leading point. This agrees with the expected gas
compression from a highly inclined ram pressure event, where
a large portion of gas found on the leading side will be pushed
farther into the disk, whereas gas on the trailing side has less
impeding gas along the wind direction and can therefore be
accelerated more efficiently.

Flux in the galactic disk outskirts (R= 4.6 kpc and beyond)
is almost entirely concentrated in quadrant 4, or the trailing-
side quadrant rotating into the wind. Indeed, almost 90% of the
CO flux in the outskirts is found in this quadrant. Quadrant 3
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also has some flux in the innermost annulus, which is evidence
of the expected elongation of gas along the trailing side
overall, and also in the outermost annuli as some distant tail
clouds are found there.

Also seen is a trend in the azimuthal location of the tail
peaks, which shift counterclockwise as a function of increasing
radius. The gas tail also becomes more laterally symmetric at
larger distances, changing from residing completely in Q4 near
the base of the tail, to ∼45% of the CO flux residing in Q3 at
the outermost annulus. Given that this galaxy has spiral arms,
this is likely caused by a combination of inherent spiral
structure and rotation, which is expected to be less important in
the outer RPS tail. These peaks would not change location for
a more uniform, straight gas tail. The peaks also appear to
become more separated as the annulus radius increases.

4.3. Discussion of Notable Features

In the following section, we describe and discuss notable
morphological features in the CO distribution. We also discuss
how these features appear at different wavelengths, including
Subaru Hα and HST broadband optical.

4.3.1. Southern Stripped and Compressed Leading Side

The CO flux contours along the southern side of the CO gas
disk are considerably more bunched-up in this area than on the
trailing side, suggesting that much of this gas is being pushed
into the gas disk, compressing the gas. This is further
evidenced by the stronger CO emission along the leading side
of the galaxy (quadrants 1 and 2) in the R = 3.2 kpc annulus in
Figure 8. There also appears to be strong Hα in this region,

which might be caused by increased star formation caused by
gas compression. Shock ionization of gas at the ISM–ICM
interface is also a possible contributing factor, as this region of
the galaxy is directly exposed to (and therefore strongly
mixing with) the ICM wind. This region, however, also
corresponds to a spiral arm in the galaxy, so it is hard to
determine exactly how much of the amplified Hα emission is
due to ram pressure directly.
The southern half of the inner stellar disk (r< 3 kpc) shows

a part of a spiral arm lacking both Hα and CO in the region.
This can be seen in Figures 3(b) and (d). This part of the arm
has diffuse stellar emission, and is quite blue in color with
m350 −m600 = −0.75. There are a few blue stellar point
sources in the southern arm, but they are much less luminous
than those in the northern part of the arm with strong CO
emission and dust extinction. This indicates that star formation
has largely stopped because of recent gas stripping, and not
enough time has passed for the spiral structure to be dissipated
via dynamical heating. It can also appear more blue due to dust
having been stripped out of this region.

4.3.2. Western Blobs

To the west of the galactic center are two Hα clouds, both
with head-tail morphologies, labeled B1 and B2 (See
Figure 3(c)). The blobs are at r = 4.40 and r= 6.13 kpc, both
beyond the CO gas truncation radius. These clouds are both
located in Q4, the trailing-side quadrant rotating into the wind.
The location of these clouds suggests that they are not being
shielded by the galactic disk, and are therefore experiencing
strong ram pressure. Interestingly, only the western feature
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Figure 8. Azimuthal analysis of the CO flux distribution of NGC 4858. Left panel: the flux and uncertainty contours (1σ and 3σ) as a function of f is shown for each
annulus. Note that the vertical scale changes between annuli. The quadrant boundaries are denoted by the different line styles. The indicated radii correspond to the
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are oriented to correspond to the ellipticity and PA of the stellar disk, as determined by isophote fitting in Section 3.

9

The Astrophysical Journal, 988:72 (21pp), 2025 July 20 Souchereau et al.



shows a clear CO detection. B1, the eastern feature with no
detected CO emission, is brighter (by 1.2 mag in 350LP) and
bluer than B2 (m600 −m350 = 0.49 and 1.34 for B1 and B2,
respectively). The different CO/Hα ratios (∼6× higher for
B2) between these two blobs is suggestive of them being at
different evolutionary stages. The cloud with both high
amounts of CO and Hα is likely at an earlier evolutionary
stage, whereas the cloud with a lower CO/Hα ratio is more
advanced, having exhausted more of its available CO reservoir
(e.g., B. M. Poggianti et al. 2019).

4.3.3. Tail Arms and Clouds

The inner molecular gas tail of NGC 4858 has two distinct
arm-like features, both approximately 6 kpc in projected
length. Both tail components appear to originate from
approximately the same location of the stellar disk, but this
might be due to projection effects. Both tail components
appear relatively straight in projection. The western tail is
roughly parallel to the ram pressure wind vector, and the
eastern tail is offset by approximately 20°.

The tail is also prominent in Hα, which is highly
asymmetric in the inner ∼4 kpc. There are prominent Hα
counterparts to the 2 main CO features in the inner tail, but the
relative Hα and CO distributions in the two arms are strikingly
different. The westernmost component shows good correspon-
dence between CO and Hα. The central component is quite
broad in Hα, with a width of approximately 3 kpc. There
appear to be two chains of bright features at either side of this
feature, with fainter emission in between. There is CO detected
only on the west side of the arm, or upstream assuming the tail
features are rotating from east to west, from the Hα peaks. It
might be the case that these are two separate stripped
components that have since been pushed together while
rotating toward Q4.

North of these two prominent “bunny ear” tail components
(R∼ 10 kpc) are two to three gas clouds, each approximately
1 kpc in diameter. They are mostly irregular in morphology,
and fainter than the inner tail arms. The western cloud is
brighter than its eastern counterpart, which might be two
separate clouds that are overlapping with each other. Based on
their location, it is possible that these more distant clouds are
related to the eastern tail arm, as they reside in the same line as
that tail arm.

There is also a weaker eastern Hα arm with no detected CO
counterpart that becomes moderately strong 7–10 kpc from the
galactic center. The arm is formed from a chain of compact Hα
blobs that are likely H II regions, as they coincide with bright
blue stellar complexes as seen in Figure 3(b). There must be
some molecular gas associated with these star-forming
regions, but this is apparently below the ALMA detection
threshold.

While Hα emission is more widespread in the tail than the
detected CO emission, the Hα emission in the inner tail
(within 7 kpc) is also highly asymmetric, and strongest in Q4
(see Figure 6). The strong concentration of dense gas in Q4 in
the inner tail is a topic we explore further in the following
sections.

5. CO Kinematics

Having assessed the overall structure of NGC 4858 and its
RPS tail, we now examine the kinematic features of the CO

gas. Figure 4 shows the moment-1 velocity and moment-2
velocity dispersion maps for the galaxy. The moment-1 map
shows characteristics of rotation throughout the galaxy’s gas
disk, with overall blueshifts in the northeast to redshifts in the
southwest. The moment-2 map reveals a velocity dispersion of
15–30 km s−1 throughout the CO distribution except for the
region where the tail arms “connect” to the CO disk in Q4, the
edge of the CO disk in Q3, and along the leading side of the
gas disk in Q1. Higher velocity dispersion in these areas may
either be due to higher turbulent motion perhaps caused by
mixing with hot ICM gas at the edges of the CO gas disk, or
the presence of multiple, individually coherent velocity
components.
Figure 9 shows position–velocity diagrams (PVDs) with

slices across the major and minor axes, with slice widths
equivalent to the beam major axis (1.35 = 630 pc). The PVDs
are centered on the stellar light peak, as measured using the
Subaru R-band image. The extent of 3σ emission in the major
axis PVD covers a velocity range of −70 km s−1–90 km s−1

with respect to the systemic velocity of ∼9150 km s−1. The
major axis PVD goes through the two brightest CO peaks,
which are offset from the stellar light center. This is a feature
commonly seen in barred galaxies (J. D. P. Kenney
et al. 1992).
The major and minor axes PVDs both show evidence for

noncircular motions. Asymmetries can be seen across the
major axis, where the blueshifted side of the PVD appears
slightly more extended, and appears to flatten more than the
redshifted side. In the minor axis PVD, the inner 2” shows a
symmetric pattern of noncircular velocities with a velocity
gradient across the nucleus with an amplitude of 8 km s−1.
These are consistent with bar streaming motions, and are
spatially coincident with the bar. The moment-1 map does not
show the Z-shaped distortions in the velocity field character-
istic of a bar (J. A. Sellwood & A. Wilkinson 1993). This
could be due to tail gas in front of the disk complicating the
velocity field, as suggested by the complex dust morphology
near the galactic center, or possibly disturbances to the gas
kinematics near the galactic center.
Beyond the central 2”, the minor axis PVD shows

noncircular motions likely associated with ram pressure. On
the eastern, leading side, gas is blueshifted by ∼20 km s−1, in
the expected direction for ram pressure acceleration. On the
western, trailing side, the lines are broad with multiple velocity
components. There is a blueshifted component: possibly gas
accelerated by ram pressure. However, there is a strong
redshifted component, corresponding to gas moving inward
(described later in this section). These components are likely at
different distances along the line of sight. Possibly, the
blueshifted component is in the tail projected in front of the
disk, and the redshifted component is associated with the disk
and the western “bunny ear” arm. In the moment-1 map, these
components are averaged together, but since the redshifted
component is stronger, there is a net redshift in the mean
velocity.

5.1. Residual Velocities

To best reveal noncircular motions that may be caused by
RPS, we first subtract circular motions using a simple circular-
velocity model and explore features revealed in the residual
map. The location of the features relative to the major/minor
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axes of the galaxy provides information on the overall
kinematics of these gas clumps.

Residual velocities may correspond to vertical, azimuthal, or
radial motions depending on their location relative to the
kinematic major or minor axis. Assuming that the motions lie
within the disk plane (which is a reasonable approximation
given a highly inclined disk-wind angle, which will keep gas
near the disk plane), these residuals will correspond to motions
outlined in Table 2. More details are discussed in Appendix B.

To obtain a residual velocity map for NGC 4858, we choose
to fit a simple circular-velocity model to the moment-1 CO
velocity map directly. We are concerned with how the CO gas
velocities compare to the simplest model of the pre-stripped
galaxy (i.e., only circular motions with a typical rotation curve).
To obtain the rotation curve, we use the 3DBAROLO fitting
package (E. M. Di Teodoro & F. Fraternali 2015). We use the
ellipticity and position angle of the stellar disk obtained by
isophotal analysis as our inputs (Section 3). We fix these
parameters, as well as x0, y0, and Vsys and assume no radial
velocities. This provides us with estimates for the rotation curve
within the CO truncation radius, but we seek to estimate the
rotation curve out to the outskirts of the stellar disk. To do this,
we fit a simple universal rotation curve fitting function given by

( ) ( )=V r V
r

r
tanh 4

t
max

where Vmax = 165 km s−1 is the inclination-corrected asymp-
totic maximum velocity, which we estimate using the i-band
galaxy luminosity (S. Alam et al. 2015) and the Tully–Fisher
relation (R. B. Tully & J. R. Fisher 1977). The transition radius
rt adjusts the scaling of the rotation curve, which we leave as a
free parameter when fitting the model. Our best fit to the
available data points from 3DBAROLO returns a transition
radius of rt = 2.4 kpc, similar to the CO truncation radius.
From this, we are able to obtain a smooth rotation curve

beyond the limitations of the 3DBAROLO extracted data
points. This is shown in Figure 9.
Since the rotation curve beyond the inner disk is somewhat

uncertain, we have assessed the robustness of our derived
velocity residuals by testing a range of outer galaxy rotation
curves. In addition to our preferred rotation curve based on the
Tully–Fisher relation, we also tried a rotation curve that is flat
beyond the inner CO disk, and one with a maximum rotation
velocity twice as high as expected from the Tully–Fisher
relation. The corresponding velocity residual maps are shown in
Appendix C. None of the features we discuss with significant
velocity residuals can be explained away by any plausible
rotation curve, although the amplitude of the residuals does vary
for some of the features. Additionally, features residing along
the kinematic minor axis (such as the inner-tail redshifted
feature) are insensitive to any changes in the rotation curve.
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Table 2
Possible Sources for Redshifted/Blueshifted Velocity Residuals

Residual Location Source

Above Disk Outward ẑ
Below Disk Inward ẑ

Blueshift Major Axis (Approaching) Faster ˆ
Major Axis (Receding) Slower ˆ
Minor Axis (Near Side) Outward r̂
Minor Axis (Far Side) Inward r̂

Above Disk Inward ẑ
Below Disk Outward ẑ

Redshift Major Axis (Approaching) Slower ˆ
Major Axis (Receding) Faster ˆ
Minor Axis (Near Side) Inward r̂
Minor Axis (Far Side) Outward r̂

Note. For azimuthal velocities, “faster” and “slower” correspond to velocities
faster/slower than the expected circular velocity given by the galaxy’s rotation
curve. See Appendix B for a more detailed discussion.
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We generate our velocity map using this rotation curve with
a simple disk rotation model that expresses line-of-sight
velocities in polar coordinates (r, θ) as

( ) ( ) ( ) ( ) ( )= +V r V V r i, sin cos 5r sys circ

where Vcirc(r) is the circular velocity, i is the stellar disk
inclination (38°), and Vsys is the systematic velocity in kilometers
per second. The velocity model, as well as the residual map are
shown in Figure 10. Residuals within the disk do not correspond
with any patterns expected of errors in any of the model
parameters (see P. C. van der Kruit & R. J. Allen 1978). Most of
the features with high residual velocities are blueshifted, as
expected from ram pressure acceleration, but there is one large
feature (located entirely in quadrant 4) with a highly redshifted
residual velocity. Figure 11 shows the magnitudes of these
residual features by repeating the azimuthal analysis described in
Section 4.2 on the velocity residual map.

6. Selected Features with High Velocity Residuals

Having assessed overall trends in velocity, we now turn to
individual features with high velocity residuals. For each of
these features, we determine what its residual velocities might
correspond to in the galaxy’s frame of reference. A more
detailed explanation on what residual velocities might
correspond to can be found in Appendix B. We explore
features with residual velocities higher than ±20 km s−1 for
analysis, and discuss the blueshifted features first.

We assume for all of these features that the tail is in front of
the disk. Figure 12 shows dust reddening throughout the disk,
which coincides with the dust extinction seen in the HST color
image. Furthermore, the tail lying behind the disk would

require a total velocity through the cluster of >5000 km s−1,
more than 5× the cluster velocity dispersion (J. Sohn
et al. 2017).

6.1. Southern Leading Side

The southern side of the CO gas disk close to the truncation
radius of ∼3 kpc and between 210° and 280° is blueshifted to
between −25 and −50 km s−1(ID 1 in Figure 10). This region
extends approximately 1 kpc radially into the gas disk. Based
on its location and the ram pressure wind vector, it is easy to
conclude that this is gas being accelerated directly by ram
pressure, in a region of the galaxy not well-shielded from the
wind. The highest level of blueshifting in this region, at
40–50 km s−1, is toward the southernmost edge of the disk.

6.2. Northern Disk Blobs

On the northern side of the disk is a cohesive strongly
blueshifted feature (ID 2 in Figure 10). This appears in the
azimuthal analysis at the 3.2 kpc annulus, reaching a residual
velocity of approximately −40 km s−1. Assuming that any
stripped material is on the near side of the disk, this might
correspond to vertical motions moving away from the disk
midplane. It does not reside on either axis, so both azimuthal
(faster than rotation velocity) and radial (outward) motions can
contribute. Regardless of what type is contributing, this would
correspond to gas clouds being stripped away from the gas disk.

6.3. Western Blobs

The one western blob with CO (B2, discussed in
Section 4.3.2), has a very strong velocity residual of approxi-
mately −100 km s−1. Based on its location, the residual

1

3

2
4 5

6

Q1Q2

Q3 Q4

9050 9075 9100 9125 9150 9175 9200 9225 9250
Velocity [km s−1]

9050 9075 9100 9125 9150 9175 9200 9225 9250
Velocity [km s−1]

−40 −30 −20 −10 0 10 20 30 40
Velocity Residual [km s−1]

Figure 10. Velocity maps for NGC 4858. Left panel: the moment-1 velocity map with isovelocity contours at 10 km s−1 spacing. The PVD slices through the tail
(see Figure 13) are shown as black boxes. Center panel: the circular-velocity model with the same isovelocity contours, and a 0.1 Jy km s−1 beam−1 isophotal
contour to show the CO footprint. Right panel: the velocity residual map with isovelocity contours at ±10 km s−1 to highlight deviations from circular motion. The
quadrant divisions are shown as dashed lines, and the kinematic minor axis (where residuals are not affected by changes in the model rotation curve) is shown as a
solid line. Annotations are included to highlight features with high-velocity residuals that are explored in later sections. (1): compressed leading side (Section 6.1).
(2): northern disk blueshifted complex (Section 6.2). (3): western blueshifted blob (Section 6.3). (4) and (5): main tail components (Section 6.4). (6): redshifted inner
tail material (Section 6.5).
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velocity can be a combination of all three possible motions.
Assuming this cloud is in front of the disk, this may
correspond to outward radial motions, azimuthal motions
slower than the expected circular velocity, or vertical motions
moving away from the disk midplane. These motions would be
those expected from a dense cloud experiencing strong ram
pressure acceleration.

6.4. Tail Components

Both tail components (IDs 4 and 5 in Figure 10) have an
approximately linear velocity gradient. Figure 13 compares the
PVDs to the velocity gradient expected from rotation. The
velocity gradient in both tail components is approximately
−20 km s−1 kpc−1 with greater blueshifts away from the disk.
These gradients are about 2 times larger than that predicted
from rotation alone. The region around the bases of both arms
has a larger velocity dispersion compared to the gas disk,
which suggests either high turbulence or multiple velocity
components.
The eastern arm has velocities at its base consistent with

rotation, whereas the outer arm has a gradually more
blueshifted residual moving away from the disk. This is
consistent with a relatively undisturbed base, but ram pressure
acceleration of the outer arm, suggesting that the arm is being
stretched apart by ram pressure. Toward the end of the tail
component, there appear to be two distinct clouds, contributing
to higher velocity dispersion in this area.
The western arm has a similar velocity gradient, but has an

overall redshift, relative to both the eastern arm and the
expected rotation velocities. The outer arm has a modest
blueshifted residual velocity, but the base of the tail, which is
near the minor axis, has redshifted residual velocities, which
we discuss in greater detail in the following section. The
western arm leads the eastern arm, and was previously at the
location of the eastern arm. This might suggest a similar
history to the gas in the eastern arm, in which ram pressure
acceleration of the outer arm created a larger velocity gradient,
with higher blueshifts for the outer arm. But now as this arm
has rotated into the quadrant rotating into the wind, the entire
arm is falling back toward the galaxy, giving it an overall
redshift.

6.5. Inner Tail Redshifted Gas

Contrary to the other features with high velocity residuals in
NGC 4858, there is one major component that instead has
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Figure 11. Azimuthal distribution of the residual velocity map shown in
Figure 10. The vertical scaling is different for each panel. The annuli and
quadrants are the same as in Figure 8. Regions of higher velocity residuals (|
vres| > 20 km s−1) are colored blue or red to correspond to high residual
blueshifts or redshifts, respectively.
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Figure 12. The ratio of the F350LP and F600LP HST images. The color
scaling is adjusted to highlight dust reddening throughout the disk, as well as
regions with bluer stars.
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Figure 13. PVDs through the “bunny ear” tail components (see Figure 10 for
the positions of the slices). The PVD widths for both slices are twice the
beamwidth. Both PVDs start closer to the disk and extend northward. The
contour levels are the same as in Figure 9. The solid black lines on the PVD
indicate the fit to the velocity gradient along each tail component. The dark
dashed red line indicates the expected circular velocity along each PVD,
whereas the dotted and dotted–dashed lines are for a curve that immediately
flattens beyond the truncation radius, and a curve with twice the Vmax expected
from the Tully–Fisher relation, respectively.
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redshifted residuals (ID 6 in Figure 10). This feature is located
around the base of the “bunny-ears” where the tail bifurcates,
and extends down the western side of the disk. The residual
velocities of this region range from ∼20 km s−1, to upward of
50–60 km s−1 closer to the bifurcation.

Most of the redshifted material lies close to the minor axis.
Since dust extinction implies that the tail is in front of the
stellar disk, the redshifted gas would correspond to vertical
motions moving toward the disk plane, or inward radial
motions. In the intermediate regions where redshifted gas is
seen between the major and minor axes, this might also
correspond to gas moving faster than the circular speed. Given
that off-axis regions are connected to the regions on the minor
axis, it is reasonable to assume that the minor axis motions
(vertically and radially inward) are the primary motions
throughout. Though we cannot determine whether vertical or
radial motions are more important, these motions all
correspond to material falling into the disk potential.

7. Asymmetries due to Highly Inclined Ram Pressure

The most striking characteristic of NGC 4858’s inner RPS
tail is its asymmetrical structure, extending from the western
side of the disk. The formation of large asymmetries in the
inner tail can be understood by analyzing the interplay of
rotation and ram pressure on gas parcels orbiting around the
galactic disk. In this section we first estimate the 3D tail
geometry of NGC 4858, and then describe the mechanism of
RP-induced torques and their role in creating asymmetries in
the CO gas distribution.

7.1. Estimating the 3D Tail Geometry

The disk-wind angle is the angle between the wind vector
and the normal vector to the disk plane. The details of this
calculation can be found in Appendix A.

The galaxy’s gas tail has a plane-of-sky component
extending northward from the disk, as well as dust extinction
and reddening that suggests the tail extends in front of the
stellar disk (see Figure 12). This sets constraints on allowable
tail angles and therefore total velocity of the galaxy. Under
these simple constraints, the maximum range of disk-wind
angles is 38° (largest allowed face-on component) to 90°
(completely edge-on).

To get an estimate for the total velocity of NGC 4858, we
can use the galaxy dynamics package GALA to model the mass
distribution of the Coma cluster (A. Price-Whelan et al. 2024).
We model the Coma cluster mass distribution as an Navarro–
Frenk–White profile with a total mass of 1.2× 1015M⊙, with a
concentration (c = Rvir/Rs = 9) (E. L. Lokas & G. A. Mamon
2003). Assuming that the projected distance from the cluster
center is the true distance to the cluster center, the expected
total velocity at NGC 4858’s current location is 3410 km s−1.
We can also take the uncertainty on this estimate to be
equivalent to the velocity dispersion of Coma. This corre-
sponds to a velocity along the plane of the sky at

= +v 2402POS 1842
1196 km s−1, and a disk-wind angle of

= +75DW 27
10 degrees, or highly inclined. The uncertainty on

this estimate is large, due to the many assumptions required of
the galaxy’s total velocity. However, the generous uncertainty
estimate based on galaxy velocity dispersion should cover all
such uncertainties.

7.2. Role of Ram Pressure Torques

While RPS is typically described using the Gunn and Gott
criterion (J. E. Gunn & J. R. Gott 1972), this treatment is
insufficient to fully describe how material is accelerated, and
the subsequent observed gas distribution. Ram pressure affects
the linear momentum of a gas cloud principally via mixing
with ICM gas, where the velocity of a gas cloud can be
described as the fraction of ICM gas present in the cloud
(S. Tonnesen & G. L. Bryan 2021). However, despite ram
pressure being weaker on the side rotating with the wind, it is
evident from simulations that this is the region where ram
pressure is more efficient at stripping material (E. Roediger &
M. Brüggen 2006; P. Jáchym et al. 2009). The effects on
angular momentum due to torques imposed on gas by the ram
pressure wind need to also be considered.
Figure 14 visualizes the different effects on two gas clouds

located on opposite sides of the galaxy: one rotating into the
wind, and one rotating against the wind. The strength of these
torques will not be equal, as the local ram pressure acceleration
on the side rotating into the wind is stronger than for the side
rotating with the wind. For the cloud rotating with the wind, the
torque vector aligns with the angular momentum vector,
increasing angular momentum. This process helps to accelerate
the gas into divergent, more extended orbits. This is an important
mechanism for helping to push out gas in highly inclined
stripping events where rotation cannot be neglected. This will be
more efficient in regions where this torque is highest, where there
is less gas downstream from the clouds, and where the gas is
already moving in a similar direction to the wind (as that gas will
require smaller changes in momentum in order to be stripped).
For gas rotating into the wind, the torque vector is opposite

to the angular momentum vector, reducing the angular
momentum and decreasing the kinetic energy of the gas
particles. This promotes a torque that drives gas deeper into the
gravitational potential (N. Akerman et al. 2023). This may be
an important process for fueling active galactic nuclei (AGNs),
which might help explain enhanced AGN activity observed in
RPS galaxies (M. Radovich et al. 2019).

Wind 
Direction

⃗v ⃗v

⃗F ram

⃗F ram

⃗r

⃗r

Side Rotating with Wind 



Drives gas outwards
τram,with = r × Fram

Side Rotating into Wind 



Drives gas inwards
τram,into = r × Fram

L̂ = − ̂z

̂τ = + ̂z

̂τ = − ̂z

Ram Pressure Torques

Figure 14. A diagram outlining wind-driven torques in the case of an edge-on
wind for particles on opposite sides of the galaxy, looking from above along
the z-axis. The dashed gray arrows show unperturbed orbits (dashed) orbits.
The solid arrows are schematics indicating possible perturbed trajectories.

14

The Astrophysical Journal, 988:72 (21pp), 2025 July 20 Souchereau et al.



The importance of ram pressure torque-induced changes in
angular momentum can be evaluated by considering the
differences in local ram pressure on either side of the galactic
disk. Analytically, ram pressure is stronger on the side of the
galaxy rotating into the wind. The strength of asymmetries in
ram pressure strengths is given by

( )
( )

( )=
+

R
V v

V v
1 , 6ICM

2

ICM
2

where VICM is the ICM velocity, and v is the local gas velocity.
In the case of no complicating factors, such as a bow shock,
the ICM velocity will be equal to the galaxy’s velocity (i.e.,
VICM, = −Vgal). In the case for NGC 4858 with a maximum
rotation speed of 160 km s−1 and a minimum velocity through
the cluster of 2420 km s−1, this corresponds to a differential
RP strength of =R 0.23. If the strength of the ram pressure
wind is reduced by a bow shock, self-shielding, or some other
mechanism, the local ICM velocity VICM,i is reduced, which
then increases R. The asymmetries in an inner tail are likely
elevated to the effects of differential torques.

7.3. Rotation-induced Stellar Complexes

Figure 15 identifies in the HST F600LP image a collection
of stellar complexes, coincident but close to the edge of the
CO emission in the disk, with considerably different
morphologies. Three of the complexes on the side rotating
against the wind (W1-W3) have distinct head-tail morpholo-
gies. We do not identify any distinct features in the CO disk
that relate to the stellar complexes, but this may be due to
resolution and/or sensitivity limits in the ALMA data. All of
the tails point northward (θtail = −45°, −25°, and 10°,
respectively). These structures appear to be extended along

the same direction as the ram pressure wind. The tails have
lengths of approximately 0.5 kpc. While W1 and W3 have
mostly diffuse tails, W2 exhibits signs of clumpy structure
within the tail, with multiple bright knots present. One other
identified complex on this side of the galaxy, W4, does not
show strong signs of a tail, but may be slightly extended
toward the west. On the side rotating with the wind, complexes
are also identified (E1-E3) but lack any clear tail structure.
It may be initially surprising that these differences in

morphology appear in stellar distributions. The complexes can
be seen as “mini jellyfish galaxies,” where the same processes
that create stellar tails in RPS galaxies are also occurring on a
smaller scale in gas clouds near the stripping radius. On the
side of the galaxy rotating into the wind, the local ram pressure
is strong enough to ablate gas from the clouds. On the side
rotating with the wind, the local ram pressure is sufficiently
reduced by rotation to not create such an asymmetrical
structure in accelerated gas clouds. The difference in local ram
pressure, described in Equation (6), appears sufficient in the
case of NGC 4858 to induce such morphological differences.

7.4. Evolution in the Inner Tail

While ram pressure can accelerate and ultimately strip gas,
it does not always accelerate gas to the velocity required to
escape from the galaxy’s gravitational potential well. In a
scenario where gas is stripped from the disk but not
accelerated to the escape velocity, this material has instead
been accelerated to a highly elongated orbit, and may fall back
into the disk.
Sticky N-body and hydrodynamical simulations show the

development of an asymmetrical tail in the snapshots of a
galaxy’s evolution (B. Vollmer et al. 2001; J. Lee et al. 2020;
N. Akerman et al. 2023). This confirms that an asymmetrical
inner tail does not require hydrodynamical effects to develop.
Fallback has been predicted by many simulations (B. Vollmer
et al. 2001; S. Tonnesen & G. L. Bryan 2009; N. Akerman
et al. 2023; M. Sparre et al. 2023; J. Zhu et al. 2023), and has
been observed in molecular gas observations of other RPS
galaxies (e.g., W. J. Cramer et al. 2021).
Figure 16 presents a schematic for the overall phases of inner-

tail gas evolution and compares these phases to snapshots of two
galaxy-scale simulations (one hydrodynamical, one sticky N-
body) under highly inclined ram pressure. Both of these
simulations show the development of an asymmetric tail on a
timescale of approximately 400–500Myr, which is likely a
similar timescale for NGC 4858’s ongoing ram pressure event.
The phases can be described broadly as:

1. Early Phase. Ram pressure initially blows out gas
preferentially on the side of the galaxy rotating with
the wind.

2. Intermediate Phase. Angular momentum moves the
material from the side rotating with the wind, to the
side rotating into the wind.

3. Late Phase. The tail persists and concentrates on the side
rotating against the wind. It is in this region where
fallback is most likely to occur.

In the case of NGC 4858 and the two “bunny ear” tail
components, it is likely that observations are showing pre-
existing spiral arms that were stripped at different times and
are now at different phases of inner-tail evolution. Comparing
their locations with the phases in Figure 16, it appears that the
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Figure 15. HST F600LP image of NGC 4858, divided into quadrants. The
intersection of the quadrants is the stellar light center from the Suprime-Cam
R-band image, as found by isophote fitting and labeled by the cross. The
approximate wind direction (NNE) is denoted by the arrow. Regions of
interest from each quadrant are shown with enlarged cutouts.
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central tail component (ID 4) is in the intermediate phase, and
the other component (ID 5) is in the late phase. This implies
that as evolution in this galaxy proceeds, the easternmost
component might evolve to have similar morphological and
kinematic characteristics to its counterpart.

While simulations tend to develop an arm in Q4, it should
be noted that these simulations create such features with no
pre-existing spiral structure in the initial, un-stripped galactic
disk. NGC 4858 on the other hand clearly has prominent spiral
structure, so its evolution deviates somewhat from the
simulation predictions. The same forces that act in Q4 to
develop an inner tail arm will also act to strengthen any pre-
existing spiral arm structure accelerated into the inner tail
region.

7.4.1. Later Evolutionary Signatures in NGC 4921

W. J. Cramer et al. (2021) revealed the presence of fallback
gas using ALMA CO(2–1) observations of the Coma galaxy

NGC 4921. The fallback gas appears as three clouds on the
leading side of the galaxy arranged in a spiral pattern, with an
associated spiral arm segment of bright stars. These clouds are
behind the stellar disk since there is no associated dust
extinction. The blueshifted velocity residuals of the clouds,
which are opposite in direction to residuals expected from ram
pressure acceleration, are hypothesized to originate from
vertical motions as the clouds fall back toward the galactic
disk midplane. Adopting our quadrant analysis, these clouds
reside in Q1, but close to the Q1–Q2 boundary. Our proposed
track suggests that these clouds might have fallen all the way
back to Q1, having orbited across the inner tail. Because
NGC 4921 is more massive (MB = −22.5 compared to
MB = −19.5 for NGC 4858), there is a greater likelihood for
dense clouds to persist all the way to Q1, as clouds will not be
fully stripped as efficiently. It is likely that we are observing
the same evolutionary process in both galaxies, but in the case
of NGC 4921, we are witnessing even later evolution than
what is captured in NGC 4858.
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Figure 16. The development of an asymmetric tail due to a highly inclined ram pressure interaction. The top row shows a general schematic of the process, and the
bottom two rows show this evolution in gas density in two different simulation types (middle row: Figure 1 of N. Akerman et al. 2023, showing a hydrodynamical
simulation; bottom row: Figure 11 of B. Vollmer et al. 2001, showing a “sticky n-body” simulation). The simulation snapshots have been rotated and flipped so that
all galaxies are rotating clockwise, and the wind direction is pointed directly north.
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8. Summary and Conclusion

We have presented new high-resolution (∼1″, ∼500 pc)
ALMA CO(2–1) observations of NGC 4858, a spiral galaxy in
the Coma cluster. The galaxy is experiencing strong (and
likely increasing) ram pressure at a large disk-wind angle, so
the interaction between rotation and the ram pressure wind is
strong. It is observed at an evolutionary stage where a large
fraction of the galaxy’s ISM has been recently pushed out of
the disk, and where there is a large quantity of gas in the inner
tail. Moreover, the galaxy is viewed relatively face-on, so we
are able to study the interaction between rotation and ram
pressure wind by analyzing the azimuthal gas distribution and
kinematics. Using the CO observations alongside complimen-
tary data, we analyze the evidence for a highly inclined,
extreme RP interaction:

1. Asymmetrical Inner Tail. Splitting the galaxy into four
quadrants, aligned with the wind direction and trailing/
leading sides, reveals that almost all of the CO tail gas is
located on the trailing half of the galaxy, on the side
rotating into the wind. Asymmetries in the inner tail are
high for all measured gas tracers.

2. Velocity Residuals. By subtracting a simple circular-
velocity model from the CO moment-1 velocity map, we
find a wealth of features with noncircular motions around
the outskirts of and external to the CO disk. Based on
their locations relative to the galaxy major/minor axes,
as well as assumptions about the location of the RPS tail
along the line of sight, we can infer what these residual
velocities correspond to. These include:
(a) Blueshifted gas on the leading side of the galaxy,

which is evidence for strong ongoing ram pressure in
the region of the galaxy most exposed to the wind.

(b) Blueshifted clumps north of the inner tail compo-
nents, which are likely regions being accelerated
faster than the more bound and shielded inner tail.

(c) Two prominent tail features in the inner tail region,
whose velocity residuals suggest that features are
stripped spiral arm components at different stages of
inner-tail evolution.

(d) Redshifted gas around the western disk outskirts and
the base of the RP tail. This might be CO emission
from molecular gas clouds that have been stripped out
of the disk, but only into the inner tail region and are
thus now falling back into the disk.

3. Agreement with simulations. The observations of
NGC 4858 agree with predictions from simulations of
ram pressure stripped galaxies experiencing highly
inclined ram pressure winds. When experiencing a
highly edge-on wind, the evolution of gas density in
the RPS tail should result in an asymmetric tail.
Ultimately, inner-tail gas will coalesce on the side of
the galaxy rotating into the RP wind where fallback is
most likely to occur. This is precisely what is seen in the
CO distribution of NGC 4858, with over 90% of the CO
gas emission beyond the gas disk truncation radius
belonging to the Q4 quadrant. This quadrant is also the
only region where significant fallback is detected,
consistent with simulations such as J. Zhu et al. (2023).

4. Asymmetries in Disk Stellar Distributions. We have
found stellar complexes with head-tail morphologies in

the stellar disk of NGC 4858, located only on the side of
the galaxy rotating into the wind. These stellar
complexes are associated with the CO emission in the
disk. These stellar complexes are likely created from gas
clouds that only form head-tail distributions in regions
on the west side of the galaxy where local ram pressure is
stronger. These distributions are located near the edge of
the stripped gas disk, so the local ram pressure would be
approaching a maximum in this area.

5. Role of Ram Pressure Torques. We emphasize the impor-
tance of torques due to ram pressure in highly inclined
interactions. These torques help drive gas outward on the
side rotating with the wind, and help drive gas inward on the
side rotating against the wind. This contributes to the forma-
tion of asymmetric inner tails in ram pressure stripped
galaxies, with excess dense gas on the side rotating against
the wind. RP-induced torques driving gas toward the galactic
center may be important in explaining enhanced AGN
activity in RPS galaxies (e.g., M. Radovich et al. 2019).
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Appendix A
Disk-wind Angle Estimate

We can relate the physical disk-wind angle fDW to
estimated projected angles (θmaj and θtail) and the estimated
total galaxy velocity. The disk-wind angle is the angle between
the wind vector and the normal vector to the disk plane, which
is obtained by taking their dot product:

( )
| || |

( )=
W n

W n
cos . A1DW

Three-dimensional vectors for both the wind and the disk
normal vector are required to fully describe the disk-wind
angle. The normal vector for a disk inclined at an angle i with a
major axis position angle θ is given by

( ) ( )
( ) ( )
( )

( )=
^
^
^

n
i x

i y

i z

sin cos
sin sin

cos

. A2
maj

maj

The wind’s 3D vector is related to the radial and plane-of-
sky velocities. It is given by

( )
( ) ( )=

^
^
^

W
V x

V y

V z

sin
cos A3

pos tail

pos tail

rad

where θtail is the wind angle in the plane of the sky. By
introducing θ* = θtail − θmaj, we can define an expression for
the disk-wind angle as

( ) ( ) ( ) ( ) ( )= *
V

V
i

V

V
icos cos sin sin A4DW

rad

tot

pos

tot

where the total velocity is related to the radial and plane-of-sky
velocities:

( )= +V V V . A5tot rad
2

pos
2

Therefore, an estimate of the disk-wind angle can be made
so long as (1): the inclination and position angle of the stellar
disk can be measured, (2): the near side of the disk can be
determined, (3): the on-sky tail angle can be measured, and
(4): a total orbital velocity can be estimated. Figure 17 shows
the results of this computation for NGC 4858.
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Figure 17. An overview of the NGC 4858 ram pressure interaction. Left panel: projections of NGC 4858’s stellar disk normal vector (black) and estimated RPS
wind (red). Gray ellipses indicate the stellar disk position in each projection. Right panel: allowable disk-wind angles (and plane-of-sky velocities), given the
observed tail geometry.
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Appendix B
Features with High Velocity Residuals

Under a cylindrical coordinate system, the possible velocity
components are vertical velocities (z), radial velocities (r), and
azimuthal velocities (r ). We will now describe when each of
these velocities may correspond to observed velocity residuals
in the galaxy.

Vertical velocities have no azimuthal dependence, and can
contribute anywhere along the plane of the disk. However, the
vertical location of the gas is important in terms of whether
blueshifted/redshifted motions correspond to motion vertically
inward (vertical fallback) or outward (vertical stripping). For gas
on the far side of the disk relative to the observer, blueshifted
motions correspond to inward vertical motions, and vice versa for
redshifted motion. The opposite is true for gas located on the near
side of the galaxy relative to the observer. Since we conclude that
the stripped galaxy tail extends toward the observer, most gas
extending vertically above/below the gas disk should be nearer to
the observer. Thus, any component of gas stripping in the vertical
direction should correspond to blueshifted velocity residuals, and
any gas falling back should create redshifted residuals.

Both radial motions and azimuthal motions have an
azimuthal dependence, and their contribution to velocity
residuals varies depending on their location in the disk plane
relative to the galaxy major/minor axis. Along the galaxy
major axis, azimuthal motions (gas traveling faster/slower
than the rotational velocity predicted by the velocity model’s
rotation curve) can contribute to velocity residuals. Gas
traveling faster than the expected circular velocity from the

galaxy at that given radius will be blueshifted on the
approaching side of the galaxy, and redshifted on the
receding side of the galaxy. The opposite is true for
redshifted gas.
Likewise, radial motions can contribute along the galaxy’s

minor axis. If a gas cloud along the minor axis is located on the
near side of the galaxy relative to the observer, blueshifted
motions will correspond to radial outward motion, and inward
motion on the far side of the galaxy. The opposite is true for
redshifted motions.
Overall, velocity residuals will mostly be a combination of

these possible sources. Along the major axis, it can be a
combination of azimuthal/vertical velocities, and radial/
vertical velocities along the minor axis. In an intermediate
region, it can be a combination of all three.

Appendix C
Effects of Changing the Rotation Curve on Velocity

Residuals

In Figures 18 and 19 we show velocity residual maps after
changing the input rotation curve. The two curves we test are a
curve that immediately flattens after the CO truncation radius,
and a curve that reaches twice the Vmax predicted from the
Tully–Fisher relation. These figures show that the redshifted
region at the base of the two inner tail arms is robust to large
changes in the rotation curve. Furthermore, a changing rotation
curve cannot explain most blueshifted velocity residuals we
believe are due to ram pressure.
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Figure 18. The effects of applying a rotation curve that immediately flattens beyond the CO truncation radius on the velocity residuals. (a) A comparison of the two
rotation curves. (b) The derived velocity model. (c) The velocity residuals of the galaxy. (d) The velocity residuals, zoomed to show the main galaxy body, with
overlaid isovelocity contours.
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Figure 19. The same as Figure 18, but for a curve that has a Vmax of twice the value predicted from the Tully–Fisher relation.
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