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ABSTRACT

Context. Galaxies fly inside galaxy clusters and ram pressure by the intracluster medium (ICM) can remove a large amount of the
interstellar medium (ISM) from the galaxy, and deposit the gas in the ICM. The ISM decoupled from the host galaxy leaves a long
trail following the moving galaxy. Such long trails track galaxy motions and they can be detected with sensitive data in Ha.

Aims. We study the He tail trailing NGC 4569 in the Virgo cluster.

Methods. The initial discovery was made with the deep Ha imaging data with CFHT from the VESTIGE project. The follow-up
spectroscopic observations were carried out with APO/DIS, MMT/Binospec, and CFHT/SITELLE.

Results. Aside from the known 80 kpc He tail downstream of NGC 4569, the deep Ha imaging data allow the He tail detected to
at least 230 kpc from the galaxy. More importantly, we confirmed the Ha clumps implied from the imaging data with spectroscopic
data. The Ha clumps show a smooth radial velocity gradient across ~1300 km/s, eventually reaching the velocity of the cluster.
Conclusions. For the first time, this discovery offers a view of the full deceleration process of the stripped ISM. This discovery also
showcases the potential with wide-field He survey on galaxy clusters to discover intracluster optical emission-line clouds originated
from cluster galaxies. These clouds provide kinematic tracers to the infall history of cluster galaxies and the turbulence in the ICM.
They also serve as excellent multi-phase objects for studying the classical cloud-crushing problem and other important physical

processes.

Key words. galaxies: clusters: general — galaxies: clusters: intracluster medium — galaxies: evolution — galaxies: ISM —
galaxies: clusters: individual: Virgo — galaxies: individual: NGC 4569

1. Introduction

Most baryons in galaxy clusters are in the hot (7 ~ 107-108 K)
ICM that permeates the space between galaxies. As cluster
galaxies soar through the ICM, the interaction with the ICM
plays a vital role in galaxy evolution, through ram pressure

* Corresponding author: ms®071@uah. edu

stripping (RPS) of the ISM (e.g., Boselli et al. 2022). The ISM,
removed from the galaxy by RPS, forms tails downstream of
the moving galaxy. Stripped tails have been detected and stud-
ied in CO, radio continuum, HI, He, and X-rays (see the recent
summary in Boselli et al. 2022). Tails vary in surface bright-
ness, typically with bright clumps and filaments embedded in
a more diffuse, uniform component. Star formation (SF) activ-
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ity also varies in tails with the SF conditions in tails not well
understood. So far, one of the best probes on stripped tails is He,
with a large covering fraction, good sensitivity, and high angular
resolution together (e.g., Gavazzi et al. 2001; Yagi et al. 2010;
Poggianti et al. 2017), while the data at some other bands either
lack sensitivity and angular resolution (e.g., H1, X-rays), or have
a small covering fraction (e.g., CO).

Stripped tails can trace the infall history of cluster galaxies,
especially if they can be detected far from the galaxy. On the other
hand, stripped ISM is subject to cluster “weather”, so their stud-
ies can provide constraints on the ICM turbulence. Thus, long
stripped tails serve as valuable laboratories. However, nearly all
stripped tails have projected lengths below ~100kpc (see sum-
mary in Boselli et al. 2022). In this paper, we present the discov-
ery of a 230 kpc long Ha tail following NGC 4569 in the Virgo
cluster, also with the kinematic confirmation to recover the decel-
eration history of the stripped ISM. NGC 4569 is one of the largest
and most massive spirals in the Virgo cluster. It has a remarkably
high velocity with respect to the Virgo cluster with a radial veloc-
ity of -235kms~! (de Vaucouleurs et al. 1991). Kashibadze et al.
(2020) gave a velocity of 1070kms ~! for the Virgo cluster,
while the velocity of M87 is 1284 km/s (Cappellari et al. 2011).
Thus, NGC 4569’s relative velocity along the line of sight is
~1300 km/s, while its long Ha and X-ray tails (Boselli et al. 2016;
Sun et al. 2021; and this work) also show a significant velocity
component in the plane of sky. NGC 4569 has lost over 90% of
its initial HT gas (e.g., Cayatte et al. 1990; Vollmer et al. 2004).
It has a truncated disk observed in CO, HI, Ha and dust and
shows the impact of RPS for several hundred megayears (Myr;
e.g., Boselli et al. 2006, 2016). An ionized gas tail was revealed
out to ~80 kpc (projected) from the galaxy (Boselli et al. 2016),
which motivated the Virgo Environmental Survey Tracing Ionised
Gas Emission (VESTIGE) (Boselli et al. 2018). With the deeper
VESTIGE data, this paper presents the discovery of an even longer
Ha tail trailing NGC 4569. More importantly, the follow-up opti-
cal spectroscopic data confirm the association of many clumps
and filaments in the tail with NGC 4569 and also show a coherent
velocity gradient as these stripped clumps are decelerated by ram
pressure. This paper presents the initial discovery and the veloc-
ity confirmation. More detailed studies on the ionized gas clumps
(e.g., line ratios, local kinematics, velocity dispersion, velocity
structure function) with the Binospec and MUSE data will be pre-
sented in a future paper. We adopted a distance of 16.5 Mpc to the
Virgo cluster (Mei et al. 2007). Therefore, 1’ =4.80kpc.

2. VESTIGE data and the long Ha tail trailing
NGC 4569

Boselli et al. (2016) presented results based on 1.28 hours
of narrow-band imaging data with CFHT/MegaCam, centered
around the near tail region of NGC 4569. VESTIGE adds 2
hours of narrow-band imaging data, allowing it to cover a much
wider field around NGC 4569 (Boselli et al. 2018). The deeper
Ha + [N 11] data and the wider coverage allow the detection of
the longer extension to over ~200 kpc from NGC 4569 (Fig. 1).
The Ha tail is composed of many filaments and clumps, but lack-
ing bright, compact regions, such as HII regions. The average
distance between clumps and filaments also increases beyond
the initial 80 kpc tail. There is no detected diffuse Ha com-
ponent with a high covering fraction to connect clumps and
filaments. However, such a diffuse, low-surface-brightness tail
would be difficult to detect robustly with all the image arti-
facts; for instance, scattered light around bright stars, increased
noise along the chip gaps, and the flat-field uncertainty at large
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scales. Because of all the artifacts (evident in Fig. 1), spectro-
scopic observations are required to confirm the existence of these
emission-line features and their association with NGC 4569, as
discussed in the following sections.

3. Binospec data and analysis

We conducted spectroscopic observations of emission-line
objects trailing NGC 4569 with the Binospec spectrograph on
the MMT telescope (Table 1). Binospec is a multislit imaging
spectrograph with wide wavelength coverage and high efficiency
(Fabricant et al. 2019). It has two sides, each with a field of view
of 8" x 15’ separated by a gap of 3.2’. Each side is covered by
a sheet metal slit mask that can hold over 150 slitlets, parallel
to the long side of the mask. We used the 600 lines/mm grating.
The wavelength coverage varies across the field but is typically
~4900 A to 7200 A, with a 0.62 A/pixel dispersion and ~2800
resolving power for 1” slits. The Binospec data were reduced
with the Binospec pipeline'. As our targets are diffuse clouds that
can fill individual slitlets, we did not use the automatic spectrum
extraction in the pipeline. Instead, the 2D spectrum of each slit
was examined to identify the regions of interest for extraction,
also with the help of the VESTIGE imaging data. The spatial
dimension of the spectral extraction regions ranges from 2.9” to
18.2”, with a median length of 6.7" (or 0.54 kpc).

‘We then used our own python code to extract one-dimensional
(1D) spectra from the two-dimensional (2D) spectra and fit spec-
tra to obtain barycentric velocities and line ratios. The fit was done
with five Gaussian functions with the same velocity to model the
He, [N11], and [S 11] lines, plus a continuum model. [N 1] 1 6584
and [N1I] A 6548 is fixed at 3. While the HB and [O 1] wave-
lengths are covered by about half of the data, there are only a
few robust detections. LMFIT? was used for the nonlinear least-
squares minimization and the fitting methods are dual annealing
and Levenberg-Marquardt. Examples of four spectra are shown in
Fig. 2. We also verified our velocity results by running RVSAO on
a small subsample and found consistent velocity measurements.
Intotal, we obtained robust velocities for 94 emission-line objects,
all with velocities consistent with the objects in the Virgo cluster
(Fig. 1). The median velocity statistical error is 5kms~!, while
the velocity systematic uncertainty is 6-10 kms~!. There are 137
slits in total for candidate Ha clouds. The success rate, defined
as the fraction of slits with derived velocities consistent with that
of the Virgo cluster, is ~2/3. Seventeen slits have weak line sig-
nals that are below our detection threshold (>3¢ for at least two
lines). When excluding the shallow field1 data, the success rate is
~80%, demonstrating the robustness of the VESTIGE Ha imag-
ing data, even near the detection threshold. We have also obtained
VLT/MUSE data in three fields at 60, 171, and 210 kpc from the
nucleus (program: 111.259P; PI: Sun). There are five velocities
measured from Binospec in these three MUSE fields and those
velocity values are confirmed by the MUSE data, as well as the line
ratios. Results from the MUSE data will be presented in a future
paper. The MW extinction has been corrected with the Fitzpatrick
(1999) extinction law, with Ay = 0.13 mag and Ry =3.1.

4. APO data and analysis

While most the spectroscopic results in this work come from
Binospec, the spectroscopic follow-up started with the Dual
Imaging Spectrograph (DIS) on the Apache Point Observa-
tory (APO) in 2021 (PI: Sarazin/Sun). On Jan. 16 and Feb.

' https://bitbucket.org/chil_sai/binospec/src/master/
2 https://lmfit.github.io/lmfit-py/
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Fig. 1. Top: Net He image showing the extended optical emission-line clumps/filaments trailing NGC 4569. Bright stars and their scattered halos
are masked. The black box in the dashed line is the SITELLE field shown in Fig. 3. Three zoom-ins are also shown. The direction toward M87 is
also shown at the lower right corner. Note: the clumps and filaments around NGC 4531 have very different velocities from NGC 4531. Because
of the various instrumental artifacts, spectroscopic follow-ups are required. Bottom-left: Same net Ha image as the one shown in the upper panel,
with velocities of 94 clumps from Binospec overlaid. See Fig. 3 for velocities at the front part of the tail from SITELLE. Bottom-right: Velocities
(with a 1o uncertainty) of 94 clumps from Binospec in black, along with the kernel density estimation (KDE) of the SITELLE velocities (as
shown in Fig. 3) versus distance from the nucleus of NGC 4569. The KDE shows the probability density function of the SITELLE velocities, with
yellow as the highest density. For reference, NGC 4569 is at —235km s~ and NGC 4531 is at 90kms~'. The velocity of the Virgo cluster A is
955kms™! from Boselli et al. (2014), while Kashibadze et al. (2020) gave a velocity of 1070kms™! for the Virgo cluster. The observed clumps
show a smooth velocity gradient from NGC 4569 and there is no evidence for their connection with NGC 4531. The end of the detected He tail is
nearly at rest (along the line of sight) with respect to the Virgo cluster mean velocity. There are a few clumps at distance ~100 kpc with velocities
of 50-100kms~!. They are in three groups and marked in small blue circles in the top panel. Despite their similar velocities to those seen for
NGC 4531, there is no spatial evidence to suggest a connection.

4, 2021, we observed a cloud at (RA, Dec)=(12:34:31.7, include the DIS results in the velocity analysis. The DIS spec-
+13:13:46) for 6 X 10 min with a 2" slit and 12 x 10 min with tra were used to independently verify the Binospec velocities in
a 5” slit, respectively. [N11], [S11], and Ha lines at a veloc- the same region, as well as the line ratios. More importantly,
ity of ~650kms™! were clearly detected. As this region was this initial confirmation helped to justify the later Binospec
later well covered by Binospec with ~3x depth, we do not observations.
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Table 1. Binospec/MMT observations.

Name RA Dec PA  # of slits (width) Date Exposure  Condition (seeing, airmass)
(hh mm ss) 0 (sec)

fieldl 12355795 +131153.70 19 37+14 (1”7),22  03/07/2022 600 x4 clear (1.1”7-1.4",1.11)

field2 123452.00 +130920.80 -90 33+39(17),36  03/25/2022 900x7 clear (0.8”, 1.06)

field3 123546.78 +130308.73 -83 23+14(1.5”),26 03/25/2023 900x 8 clear (0.9”-1.7", 1.06)

fieldd 123351.81 +125857.73 89 10+24(1.5”),10 01/28/2023 900x7  thin clouds (1.5”-1.9”, 1.10)

Notes. Observations are taken under the program: SAO-12-22A, SAO-23-22B and SAO-25-23A (PI: Forman/Sun). The listed slit number is for
side A + side B, with the last number as the number of robust detections used in this paper.
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Fig. 2. Binospec spectra on four slit positions, from one of the brightest
regions in the top, a region with median brightness in the row 2, to two
spectra with about the least significant detections in our sample. Our
best-fit model is shown in the red line. Only the portion around [N I1],
Ha, and [S11] is shown. The shown spectra are unbinned on the spectral
axis with a 0.62 A sampling. The central coordinate of each position (in
brackets) and the best-fit velocity are shown in the top-right corner.

5. SITELLE data and analysis

SITELLE is an imaging Fourier Transform Spectrometer (iFTS)
that produces spectra for any 0.32” x 0.32” pixels within its
11" x 11’ field of view (Drissen et al. 2019). It was used on
February 9-11, 2024 to observe NGC 4569 and its tail with
a 12.3nm wide (at 90% transmission) filter SN4 specifically
designed to allow the detection of diffuse Ha emission down
to 5x 1078 ergs™! cm™2 arcsec™? after a 16 x 16 pixels (5" X 5”)
binning in about 5 hours of on-source exposures (commissioning
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data). The field is shown in Fig. 1. The spectral resolution was
set to R =4000, using 375 scanning steps of 50 sec on-source
exposure each. The sky conditions were clear with 0.8 — —1.5"
seeing.

The data were reduced using the standard ORB/ORBS soft-
ware used at CFHT (Martin et al. 2015). A dedicated analysis
was performed to remove sky lines prior to further analysis.
Median sky spectra computed over extended areas were removed
for each pixels. The velocity variations across the tails ensures
that the associated emission lines are not present in the median
sky spectra. The data were also calibrated in wavelength using
the OH night sky lines to provide accurate barycentric velocity
measurements, reaching ~10-40kms~! in accuracy, depending
on the line intensities.

To enhance the signal on faint extended regions, the data
cube was smoothed using a 32-pixel FWHM Gaussian kernel
and binned by a factor of 16. It was also spectrally smoothed
with a 2-pixel FWHM Gaussian kernel before analysis. The
emission line analysis was performed using a version of the
Camel software? (Epinat et al. 2012) modified to work with iFTS
data cubes in wavenumber rather than in wavelength. Both Ha
and [N11]16584 lines were simultaneously fitted ([N11]16548
not covered). The velocity map is shown in Fig. 3. We also
compared the Binospec velocities with the SITELLE velocities
for 12 overlapping regions, all close to the galaxy. Velocities
are always consistent within the combined uncertainties of both
measurements.

6. Results
6.1. The velocity field

NGC 4569’s western side is the near side and its southern
side has lower radial velocity than the northern side (e.g.,
Vollmer et al. 2004; Chemin et al. 2006), as expected since its
spiral arms are trailing arms. This galactic rotation pattern, as
shown in Fig. 3, is also observed in stripped clumps (Fig. 1), at
least within ~50 kpc from the galaxy. Along the tail, there is a
clear radial velocity gradient, starting from the system velocity
of the galaxy to roughly the system velocity of the Virgo cluster.
This shows clear evidence of stripped clouds being decelerated
by the local RPS, eventually becoming kinematically mixed with
the surrounding ICM and losing the memory of infall. The aver-
age radial velocity gradient over the projected length of the tail
is ~5.6km s~ kpc™!, which is about half of that observed for the
orphan cloud in A1367 but at smaller scales (Ge et al. 2021).
Stripped clouds are subject to both local drag force and the
gravity from NGC 4569, so it is difficult to solve its deceleration
history analytically. If we ignore NGC 4569’s gravity, the decel-

3 https://gitlab.lam.fr/bepinat/CAMEL
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Fig. 3. SITELLE velocity map in the region shown in Fig. 1, overlaid on
the net Ha image in the grey scale. The big green ellipse in the dashed
line shows the D25 aperture of NGC 4569, while the small green ellipse
in the dotted line is 1/3 of the size of the big green ellipse. NGC 4569’s
nucleus is marked by a green cross. One can observe the disk rota-
tion close to the nucleus and the truncated Her disk (e.g., Boselli et al.
2016). The red ellipse in the dashed line shows the D25 aperture of
IC 3583 with a velocity of 1121 kms™. Tts interaction with NGC 4569
was excluded by Boselli et al. (2016).

eration of the cloud can be written as dv/dt = —buv?, where v
is the velocity of the cloud relative to the surrounding medium
and b is the deceleration parameter. Here, b can be written as
picm/ (Pciouah), where £ is the length of the cloud along the ram
pressure direction and pcouq and picm are the density of the
cloud and the ICM, respectively. Here, pcough is also the col-
umn density of the cloud. Such an equation can be solved to
obtain the relation between the traveled distance and velocity,
! = In(vp/v)/b, where vy is the initial velocity. The distance of
the cloud to the galaxy is then the distance traveled by the galaxy
after time ¢ minus the above distance traveled by the stripped
cloud.

The above solution is a 1D solution. We need to connect
the radial velocity and projected distance on the plane of sky,
which can be done by assuming a constant angle with the line
of sight for NGC 4569’s motion (6 = 0 corresponds to motion
fully along the line of sight). Thus, the projected distance and
the radial velocity of stripped clouds can be written as: [y, =
(¢ —1-1Iné)sin0/b, where ¢ = vgrad/Urad and the subscripts
sky and rad mean the sky and radial component respectively.
Such a simple model can well describe the observed cloud veloc-
ities in the latter half of the tail (e.g., beyond 120kpc), with
sin@/b = 100-140 kpc and assuming vg r,g = 1300 km s~'. How-
ever the cloud deceleration is too fast close to the galaxy, which
is not surprising for the lack of gravity to slow down deceleration
in the simple model.

We can also estimate the timescale when the velocity
is reduced to ~200kms~' from the cluster velocity when
the typical ICM bulk motion and turbulence begin to take
over (e.g., Xrism Collaboration 2025). The timescale is 7 =
5.5sin60/(bvgraa), where 5.5=1300/200-1. For sin6/b =
120 kpc, the timescale is 0.50 Gyr. This timescale is 2.9 times
larger than the time required for a clump to travel 230kpc
with a 1300km/s velocity (if NGC 4569’s projected velocity

is similar to its radial velocity), as stripped clouds would fol-
low NGC 4569 and take time to slow down. We note that this
timescale is longer than the derived timescales of 100-300 Myr
for the peak of ram pressure stripping from Vollmer et al. (2004)
and Boselli et al. (2006). However, the Ha clumps that are far
away from NGC 4569 might actually be tracing the ISM or cir-
cumgalactic medium (CGM) stripped long before the peak of
ram pressure stripping. In another VESTIGE paper, Sarpa et al.
(2025) will present a detailed kinematic code to study the infall
of cluster galaxies such as NGC 4569 more accurately.

We emphasize that the current slit sampling is not unbiased,
limited by the slit positioning and the available Ha imaging data.
Some regions beyond 80 kpc are poorly covered. The true extent
of Ha clumps may also be longer than what is known now, which
requires more observations near the end of the He tail. There is
spread or scatter of velocities at fixed distance from the galaxy,
which should come from the combination of remaining galactic
rotation and developing of turbulence in the tail.

Because of the incomplete coverage and intrinsic scatter of
velocities from galactic rotation and the ICM turbulence, a rig-
orous modeling is difficult. There is also another likely source
of contamination coming from Galactic clouds, which could
explain some of the low-velocity clouds (e.g., those six discussed
earlier). The simple model also ignores the gravity between the
stripped clouds and the parent galaxy, which slows down decel-
eration to make the actual age longer. The stripped clouds may
also get ablated with time, which effectively reduces the cloud
column density and decreases sin 6/b with distance. The stripped
ISM and CGM can also be mixed with the surrounding ICM
(e.g., Tonnesen & Bryan 2021).

6.2. The typical properties of the Ha clumps/filaments

The He tail is delineated by many clumps and filaments, while
a diffuse component with a high covering fraction is absent,
at least from the current data. The clumps and filaments are
often in structure complexes, such as the three examples high-
lighted in Fig. 1. The complex in zoom-in a consists of clumps
with typical size of ~0.5kpc, with fainter emission connect-
ing clumps. Its full extent, pointing back to NGC 4569, is
~31kpc. The typical Ha + [N11] surface brightness is ~5.5 X
10" ergs™! ecm~2 arcsec™2 at ~0.6kpc linear scales. The com-
plex in zoom-in b has some long filaments with length up to
8 kpc. While NGC 4531 is projected nearby, their velocities are
very different. The complex in the right side of zoom-in ¢ has
a linear extent of ~22kpc, with a similar surface brightness
to other complexes. We note that the VESTIGE Ha data are
not sensitive to faint, diffuse emission because of the scattered
light and flat field. On the other hand, this component is absent
even close to NGC 4569, where Ha emission mainly comes
from bright filaments, in contrast to many other RPS galax-
ies, such as ESO 137-001 (Luo et al. 2023), along with many
in Coma and A1367 (e.g., Yagi et al. 2010; Pedrini et al. 2022),
as well as some GASP galaxies (e.g., Tomici¢ et al. 2021). No
matter whether a very faint, diffuse Ha component exists in
NGC 4569’s tail, the warm, ionized gas is unlikely to be the dom-
inant contributor to the mass budget given its small filling factor
(e.g., Sun et al. 2010; Jachym et al. 2017; Sun et al. 2021). Thus,
we did not estimate its total mass, which would also depend on
the assumed geometry.

Similarly to the ionized gas within 80 kpc from NGC 4569,
discussed in Boselli et al. (2016), there are no compact young
star clusters detected from the Next Generation Virgo Clus-
ter Survey (NGVS) optical data and the deep Galex data, as
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Fig. 4. [N11]16584 A/Ha ratios for 88 clumps and the [S11]116716,
6731 / Ha ratios for 49 clumps trailing NGC 4569 versus the distance

from the nucleus of NGC 4569. Dashed lines show the median ratios.
The uncertainty is 1o

discussed in Boselli et al. (2016). We also attempted such a
search with the VESTIGE Ha imaging data. We used SEX-
TRACTOR with the same criteria to select compact emission-
line regions as in Waldron et al. (2023). An He luminosity lower
limit of 5x 103 erg s™! within a circular aperture with a radius of
1.5 was also set, as existing VESTIGE studies of HII regions
have the Ha luminosity completeness cut-off set at 10%7 ergs™!
(e.g., Boselli et al. 2025). Furthermore, [N1I] 16584/Ha =0.5
was also assumed. No such emission-line regions were detected
beyond 50kpc from NGC 4569’s nucleus in the tail, with the
highest Ha luminosity at ~3 x 10% ergs™! in several long fil-
aments. Thus, SF is unlikely to be the main ionization mech-
anism for the tail Ha clouds. We examined the [N1IJ/Ha and
[S]/Ha ratios when possible, as shown in Fig. 4. While the
Galactic extinction has been corrected, the intrinsic extinc-
tion is not corrected, as the ionization mechanism is unclear.
The effect on these diffuse regions should be very small for
these two ratios. The [N 1I]/Ha ratios of these clouds are 0.25—
3.0 with a median of 0.75. The [S1I]/He ratios are 0.2-3.0
with a median of 0.64. These elevated ratios suggested ion-
ization mechanisms other than young stars, such as shocks
or mixing with the hot ICM (e.g., Pedrini et al. 2022). Low
[N 1]/Ha and [S 11]/He ratios also do not necessarily correspond
to star-forming regions (e.g., Ge et al. 2021; Pedrini et al. 2022).
Detailed studies of line diagnostics will be included in a future

paper.

7. Discussion and conclusions

The dominant role of RPS on the evolution of NGC 4569 is
previously known (e.g., Vollmer et al. 2004; Boselli et al. 20006,
2016). This work extends the 80kpc He tail discovered by
Boselli et al. (2016) to at least 230 kpc projected distance from
the galaxy, while also establishing a coherent radial velocity gra-
dient along the Ha clumps/filaments. While NGC 4531 is pro-
jected near the end of the long He tail, it is clearly separated
from the nearby He clumps in velocity space. We also exam-
ined the VESTIGE and NGVS deep optical continuum imag-
ing data. No tidal features are detected close to NGC 4531.
Thus, there is no evidence for any impact from NGC 4531 on
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NGC 4569’s long He tail. We also examined other nearby Virgo
cluster galaxies. The Ha clump at the end of the tail is 0.79 deg
from NGC 4569 and 0.88 deg from M87. Within 1 deg of that
clump, there are no other Virgo late-type or irregular galaxies
that are at least brighter than NGC 4531’s magnitude + 1 mag at
the r band. There is also no evidence of Ha connection to any
galaxies other than NGC 4569.

With this discovery, we can confirm that NGC 4569 is char-
acterized by the longest Ha RPS tail known. Before this dis-
covery, the longest RPS tail is UGC 6697 in A1367, with its
mostly straight He tail, traced nearly 150 kpc from the nucleus
(Yagi et al. 2017). CGCG 97-079 in A1367 has a Ha tail that has
been detected out to nearly 140 kpc from its nucleus (Yagi et al.
2017). A few RPS tails have been traced up to ~90-100 kpc from
the nucleus, including ESO 137-001 in Ha and X-rays (Sun et al.
2021; Luo et al. 2023), NGC 4848 and IC 4040 in He (Yagi et al.
2010), JO 206 in Ha (Ramatsoku et al. 2019), and IC 2276 in
radio (Roberts et al. 2024). Two very long and mostly linear stel-
lar tails have also been revealed, Kite (~380 kpc, Zaritsky et al.
2023) and GMP 2640 (~250kpc, Grishin et al. 2021), but there
is little diffuse gas known and it is unclear whether RPS is
the only mechanism there. The 250kpc HT tail at the back of
FGC 1287 in A1367 might have a more complicated origin,
as the available RP does not seem to be not strong enough to
remove the observed amount of HI gas from the galaxy at its
current location (Scott et al. 2022).

Our model (Section 6.1) gives the deceleration timescale of a
stripped cloud, which is essentially the same as the drag time for
a cold cloud accelerating by a wind, typically found in studies
of ISM and CGM (e.g., Klein et al. 1994; Gronke & Oh 2018).
On the other hand, the destruction timescale of the cloud would
be ~(Petoud/prem) /> smaller than the drag time or the deceler-
ation timescale (e.g., Klein et al. 1994). While (,Ocloud/pICM)l/ 2
is uncertain, it should be larger than 10, based on, for instance,
the thermal pressure equilibrium argument. Thus, the stripped
clouds are not expected to survive for such a long time or to be
found so far away from the galaxy. This is the classical cloud
crushing problem. The typical solution involves mixing with
the ICM and the enhanced cooling in the mixing layer (e.g.,
Gronke & Oh 2018; Jietal. 2019; Tonnesen & Bryan 2021).
Thermal conduction may also help to extend the cloud’s lifetime
(e.g., Sander & Hensler 2021). Alternatively, the ISM could be
stripped as a whole entity, with only a small fraction of dense
clouds left behind, as suggested by Vollmer et al. (2012).

While wide-field broad-band optical imaging surveys have
become routine, the discovery space for sensitive narrow-
band imaging surveys remains vast (e.g., Lokhorst et al. 2022;
Drechsler et al. 2023). The ISM removed from cluster galax-
ies pollute the hot ICM and the growing number of examples
(see the discussion in Boselli et al. 2022 and their example) sug-
gest that those cold and warm ISM can survive for at least Gyr.
NGC 4569 showcases the potential to use wide-field Ha sur-
veys + follow-up optical spectroscopy to study the ICM kinemat-
ics and the stripping history of cluster galaxies. Stripped clouds
can survive for at least ~0.5 Gyr and continue to shine in Ha.
If detected individually far from the parent galaxy (e.g., clouds
near the end of NGC 4569’s tail), they could resemble the orphan
cloud in A1367 (Yagi et al. 2017; Ge et al. 2021). More exam-
ples will hopefully be revealed in the future. Evolution of the
stripped clouds in galaxy clusters also allows detailed studies of
the related micro transport processes in mixing between the cold,
stripped gas and the hot ICM. Intracluster space might light up
in Ha once we reach below 107'% ergs™! cm™2 arcsec™2 at kpc?
scales with data from, for instance, MOTHRA (Lokhorst et al.
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2022), while the data presented in this work only give a glimpse
of what is to come in the future.

Data availability

The data shown in Fig. 1 and the SITELLE data products used
for the analysis are available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/705/A139
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