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Abstract: Ram-pressure stripping is a crucial evolutionary driver for cluster galaxies and jellyfish
galaxies characterized by very extended tails of stripped gas, and they are the most striking examples
of it in action. Recently, those extended tails are found to show ongoing star formation, raising the
question of how the stripped, cold gas can survive long enough to form new stars outside the stellar
disk. In this study, we summarize the most recent results achieved within the GASP collaboration to
provide a holistic explanation for this phenomenon. We focus on two textbook examples of jellyfish
galaxies, JO206 and JW100, for which, via multi-wavelength observations from radio to X-ray and
numerical simulations, we have explored the different gas phases (neutral, molecular, diffuse-ionized,
and hot). Based on additional multi-phase gas studies, we now propose a scenario of stripped tail
evolution including all phases that are driven by a magnetic draping sheath, where the intracluster
turbulent magnetized plasma condenses onto the galaxy disk and tail and produces a magnetized
interface that protects the stripped galaxy tail gas from evaporation. In such a scenario, the accreted
environmental plasma can cool down and eventually join the tail gas, hence providing additional
gas to form stars. The implications of our findings can shed light on the more general scenario of
draping, condensation, and cooling of hot gas surrounding cold clouds that is fundamental in many
astrophysical phenomena.
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1. Introduction

On cosmic scales, star formation activity in galaxies has strongly declined since z~2
such that a large number of galaxies have evolved into passive galaxies while the star
formation rate at fixed stellar mass has decreased [1]. In order to understand the drop
in star formation rate density of the Universe [2], it is necessary to study the processes
of gas acquisition and loss, which can be divided into internal and external mechanisms.
Gas consumption as well as stellar or Active Galactic Nuclei (AGN) feedback processes
feeding the galaxy halo can result in a decrease in star formation rate. There are several
external mechanisms depleting the gas content of a galaxy [3], and their efficiency depends
on whether the galaxy is isolated, is part of a group, or part of a cluster. One of the most
efficient environmental mechanisms is ram pressure stripping, which has been observed
via neutral hydrogen studies in galaxy clusters [4-8]. A varied situation is found in galaxy
groups [9-11].

More recently, extreme ram pressure stripped galaxies with long gaseous tails, named
jellyfish galaxies, were found moving at high speed in a variety of galaxy clusters, e.g., [12,13].
Significant ongoing star formation has been detected within galactic disks and far out

Galaxies 2021, 9, 116. https:/ /doi.org/10.3390/ galaxies9040116

https://www.mdpi.com/journal /galaxies


https://www.mdpi.com/journal/galaxies
https://www.mdpi.com
https://orcid.org/0000-0001-9184-7845
https://orcid.org/0000-0003-1581-0092
https://orcid.org/0000-0001-8751-8360
https://orcid.org/0000-0002-1688-482X
https://orcid.org/0000-0003-0231-3249
https://orcid.org/0000-0001-8206-5956
https://doi.org/10.3390/galaxies9040116
https://doi.org/10.3390/galaxies9040116
https://doi.org/10.3390/galaxies9040116
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/galaxies9040116
https://www.mdpi.com/journal/galaxies
https://www.mdpi.com/article/10.3390/galaxies9040116?type=check_update&version=3

Galaxies 2021, 9, 116

20f13

into the tails [14,15]. This demonstrates that the process of gas removal is not always
associated with the immediate quenching of star formation. On the contrary, the exact
interplay between gas stripping and star formation activity might vary from galaxy to
galaxy depending on their size, location and orbit within a cluster, as well as on clus-
ter properties. Understanding this interplay is crucial for fully understanding how star
formation is eventually quenched in dense environments.

Among the most compelling open questions includes the origin of the in situ star for-
mation in ram pressure stripped tails and whether magnetic fields promote star-formation
activity in the tails. Magnetic fields can play a key role in star formation processes: On
parsec scales, molecular clouds collapse through magnetic field transport of angular mo-
mentum [16]. Spiral galaxies show large-scale magnetic fields along and between optical
spiral arms and in their halos [17,18], anchoring the magnetic field to molecular clouds [19].
Until recently, the magnetic field of ram pressure stripped galaxies was only observed in
the close vicinity of galaxy discs in nearby galaxy clusters, e.g., [20-22]. By measuring
radio continuum brightness and spectral index trend in direction of the galaxy tail, these
works found an excess in radio emission that cannot be explained by the current star
formation in the Ha emitting knots. This can be the result of the ram-pressure stripping
process in agreement with the steepening of the spectral index with distance to the galaxy
disks, which is expected in a scenario where electrons travel from the disk to the tail and
release their energy, indicating standard electron cooling. Based on such standard cooling
assumptions, Ref. [20] predicted a magnetic field strength of about 5 uG in the galaxy tails
by assuming several parameters. This value is found to agree with more recent extreme
ram pressure stripped tails [23,24]. Miiller et al. [23] studied for the first time the magnetic
field strength and configuration of both the disk and the tail of an extreme ram pressure
stripped galaxy, JO206.

Long co-spatial radio continuum and Hu tails in several more ram pressure stripped
galaxies have been found [20,22,24,25] (Miiller et al., in prep), suggesting that such tails are
common. The number of known spiral galaxies with radio continuum tails, i.e., evidence
of a magnetic field extended beyond the stellar disk for tens of kpc, has greatly increased
recently thanks to the progress of the LOFAR Two-metre Sky Survey [26] (LoTSS). Based on
the LoTSS observations, [27,28] reported the discovery of hundreds of radio jellyfish in low-
z clusters and groups. These results indicate that the formation of radio tails is ubiquitous
in clusters and showed that LOFAR can be a powerful instrument for identifying ram
pressure stripped galaxies across extremely wide fields.

2. The GASP Survey

The GAs Stripping Phenomena in galaxies (GASP') survey [29] has assembled a multi-
wavelength dataset of jellyfish galaxies in low-z clusters. Within a Multi Unit Spectroscopic
Explorer (MUSE) European Southern Observatory (ESO) large program, GASP has obtained
integral-field optical spectroscopy of 114 galaxies (ram-pressure stripped galaxy candidates
and control sample) at z = 0.04-0.07 with masses from 10° Mg, to 102 M, in clusters,
groups, filaments, and isolated. These sources were selected based on unilateral debris or
tails in B-band images (and no signs of it for the control sample) detected in the WINGS
and OmegaWINGS surveys [30].

In order to study cold neutral gas in the galaxy disk and tails GASP also assembled
HI observations from the Karl G. Jansky Very Large Array (VLA), MeerKAT, and Australia
Telescope Compact Array (ATCA) of a sub-sample of GASP galaxies [31-33] (Tirna et al.,
submitted). We further observed the radio continuum using the same instruments and also
the LOw Frequency ARray (LOFAR) [23,25] (Ignesti et al. submitted, Miiller et al., in prep).
In order to study the magnetic field structure, we performed deep polarization observations
with the VLA and ATCA for five ram-pressure stripped galaxies; however, only one
observation is already completed [23] (JO206 see below). GASP also collected Atacama
Pathfinder EXperiment (APEX) CO(2-1) [34], Atacama Large Millimeter/submillimeter
Array (ALMA) CO(2-1) and CO(1-0) [35] data to study molecular gas components in
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disks and tails, Ultra Violet (UV) data with Ultra-Violet Imaging Telescope (UVIT) on the
AstroSat, and UV to I-band data with the Hubble Space Telescope (HST). Finally, GASP has
been awarded a deep Chandra X-ray Observatory (CXO) observation of JO206 and utilised
archival CXO data to study the cluster environment [23] and X-ray emission of extreme
ram-pressure stripped galaxies [25,36].%

By assembling the different gas phases and magnetic field properties of a sub-sample
of GASP galaxies, we aim to study galaxy evolution by addressing the following questions:
What is the baryonic cycle between the different gas phases and the star formation in the
disk and tails of ram pressure stripped galaxies? Where, how, and why is gas removed
from galaxies and what is the effect on galaxy star formation? Is there a possible connection
between ram pressure and the appearance of AGNs in the galaxy centers? Does ram pres-
sure cause the quenching of star-formation on long term scales and the transformation to
passive early type galaxies? What is the impact of ram pressure in groups and filaments? In
this study, we focus on the recent results from the GASP collaboration about the properties
of the different gas phases and how they can survive long enough in tails to evolve into
stars focused on recent multi-phase gas, radio continuum, and linear polarization results
collected within GASP.

3. Multi-Phase Gas

Jellyfish galaxies are found to be HI deficient [31-33] (Deb et al., in prep) but contain
star-forming clumps with reservoirs of Hy ~4-times higher than expected for normal star-
forming galaxies of similar mass [34,35]. In addition, the amount of neutral + molecular gas
is found to be comparable to normal star-forming galaxies of similar galaxy mass indicating
(1) an effective conversion from HI to Hj [35] and (2) either no significant evaporation of
the cold gas into the ICM or an effective accretion and mixing of hot ICM that can cool
providing an additional reservoir of gas or (probably) a combination of both supported by
the magnetic field configuration in the galaxy tails (see below).

The diffuse ionized gas has been studied for 71 GASP galaxies: both ram-pressure
stripping candidates and a control sample [37]. We find that in the stripped tails (and even
more significantly in the most extended tails such as JO206 and JW100), the OI/Ha ratio
reaches values that cannot be explained by the current star-formation alone. It is likely that
at least a part of the ionization is caused either by shocks (no direct evidence found in the
X-ray observations yet) or accretion of hot ICM gas and cooling and /or mixing.

Studies of GASP galaxies [25,36], as well as other objects, e.g., [38], revealed that
jellyfish galaxies can host a hot phase (T =~ 10°-107 K) with a metallicity tentatively
consistent with ICM values (Z ~ 0.3-0.4 Z) that emits X-rays via thermal bremsstrahlung
and closely follows the morphology of the stripped Ha-emitting tail. These results are in
agreement with those reported for other jellyfish galaxies (see [38] and references therein).
The high temperature of this phase and the generally low metallicity might suggest that
this X-ray emitting phase is mostly composed by cooled ICM, thus supporting the idea
that jellyfish galaxies are actually able to accrete hot, magnetized ICM during their orbits
of the cluster. However, the nature of the interplay between ISM and ICM that ultimately
results in the formation of the X-ray extended emission is still unclear.

On a more general view, the most remarkable jellyfish galaxies that experience in
situ star formation in extended gas tails are found to be the most massive disk galaxies in
the clusters and move at very high velocities with respect to the intracluster medium [39].
The high total mass, therefore, allows the galaxy to hold onto its gas until it has reached
the densest part of the ICM, which is also an important factor to understand the lifetime
and gas phases in the extended ram-pressure stripped tails. The high ICM pressure can
effectively build a magnetic sheath protecting the gas from evaporation into the ICM at the
tail edges (observed in case of JO206, see below). In the following, we summarize the most
relevant results achieved for two of the most studied galaxies of the gasp survey, JO206
and JW100.
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JO206 is a textbook case galaxy for studying ram-pressure stripping due to its 90 kpc-
long Ha-emitting ionized gas tail [29]. JO206 is part of the low-mass cluster IIZW108
(o =575km/s) at a redshift of z = 0.05133, and it has a total stellar mass of M, =
7.8 x 1010 M, and a star-formation rate of 4.8 M, / year and 0.5M /year in its disk and tail,
respectively. It is falling into the cluster with a velocity of at least 1200 km/s at a projected
distance of 300 kpc from the cluster center. The multiple star-forming clumps in the galaxy
disk and tail were identified based on their Hx emission. These clumps are generally found
to coincide also with a reservoir of molecular gas [34,35] (left panel in Figure 1) and neutral
hydrogen [31] (right panel in Figure 1). The molecular gas follows the clumpy structure of
the star-forming knots. The lower spatial resolution HI observations show the presence
of HI along the entire Ha-emitting tail. However, the total amount of neutral + molecular
gas was found to be normal [35]. In Tomicic et al. [37], we found an additional ionized gas
component that cannot be associated with the current star formation in the galaxy disk
and tail.
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Figure 1. Multi-phase gas components of JO206. Left: Molecular gas CO(1-0) image in units Jy/beam.km/s and Ha ionised

gas contours taken from Moretti et al. [35]. The stellar disk is shown as a red contour. Reproduced with permission from A.

Moretti, published by AAS (Ap]), 2020. Right: Star formation rate surface density image and HI neutral gas contours taken
from Ramatsoku et al. [31]. The HI beam is shown in the left corner.

The jellyfish galaxy JW100, at a redshift of 0.06189, is part of the A2626 cluster
(o = 650km/s) [15]. It is located at a projected distance of 100 kpc from the cluster center
and is falling into the cluster with a line-of-sight velocity of 1800 km/s. The galaxy has a
stellar mass of M, = 2.9 x 10!! M, which makes it the most massive galaxy in the GASP
sample, and forms effectively stars in its disk and tail, mostly in the southern tail region,
with a star-formation rate of 3.2 Mg /year and 0.8 M, /year, respectively. Multiple gas
phases of JW100 are already coherently discussed in Poggianti et al. [25] for the galaxy
disk and the 50 kpc-long Ha-emitting gas tail. The star-forming regions coincide with Ha,
UV, and CO clumps (left panel in Figure 2). However, not all observables are detected
in all clumps at the same time, and this can be interpreted as a star-formation sequence.
The amount of molecular gas is also found to be quite high [35] and the diffuse ionized
gas cannot be explained by star formation alone [37]. Finally, Chandra X-ray observations
revealed that JW100 has an extended X-ray emission elongated along the tail (right panel
in Figure 2). The temperature of this component is ~1 keV, which is not consistent with
either the temperature of the surrounding ICM [40] (kT = 3.5 keV) or the typical hot ISM
phase (kT ~ 0.1-0.2 keV, e.g., [41]). Interestingly, X-ray luminosity is higher than expected
based on the current SFR, thus suggesting that the hot gas enveloping JW100 was not only
heated up by star formation.
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Figure 2. Multi-phase gas component of JW100: Left: Molecular gas CO(2-1) image in units Jy/beam.km/s and Ha ionized
gas contours taken from Moretti et al. [42]. The stellar disk is shown in green contours. Reproduced with permission from
A. Moretti, published by AAS (Ap]), 2019. Right: Hot gas (X-ray) in orange and stellar disk is shown in black contours.
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4. Radio Continuum and Polarization Observations

Ram pressure stripped galaxies have been observed in radio continuum over the past
decades. Within GASP, we conducted two case studies to grasp the role of radio continuum
and the corresponding magnetic field strength not only in the host galaxy disks but also in
the extended jellyfish tails of JO206 [23] and JW100 [24,25]. In the first mentioned study,
we were additionally able to study for the first time the magnetic field configuration far
into the extended galaxy tail. Here, we provide a summary of both case studies showing
only the most important observational findings. The theoretical implications we drew from
them are given in the next section.

In Miiller et al. [23], deep VLA C-arrays 2.7 GHz in full polarization mode were
combined with VLA C-array 1.4 GHz observation [31] to study the spectral index and
magnetic field properties in the 90-kpc Ha emitting, ionized gas tail of JO206 selected from
GASP. In Figure 3, we show that the extent of the tail in radio continuum and polarization
exceeds 40 kpc at 2.7 GHz, which is one of the most extreme ram-pressure stripped galaxy
tail forming in situ stars in the radio range reported so far.
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Figure 3. Radio emission of JO206 at 2.7 GHz adapted from Miiller et al. [23]. Left: Radio continuum emission and radio
continuum contours with its peak shown in red. The radio beam is shown in the left corner, and the stellar disk convolved
to the radio resolution is shown in blue contours. Right: Linear polarized emission and linear polarized emission contours

with its peak shown in black.
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We find the radio disk properties to be in general agreement with star-forming
galaxies—a spectral index of « ~ —0.7, a magnetic field strength of B ~ 7uG, and a
polarized fraction of 2 %—which is in agreement with previous studies, while the tail ap-
pears significantly different. The tail spectral index is found to be steepening with distance
from the galaxy disk, reaching a mean value of about —2 (top right panel in Figure 4), indi-
cating a significant aging of electrons through the tail. We investigated different methods
(equipartition, electron cooling length, and magnetic draping) to restrict the tail magnetic
field to B ~ (2—4) uG. The combination of high degree of fractional polarization of about
54 % (bottom right panel in Figure 4) and the derived polarization angle (corrected for
Faraday rotation) revealed an aligned large scale magnetic field along the length of the tail
in the stripping direction (left panel in Figure 4).
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Figure 4. Radio observables of JO206 at 2.7 GHz adapted from Miiller et al. [23]. Left: Ha ionised gas image and magnetic
field vectors in green. The radio beam is shown in the left corner and the stellar disk convolved to the radio resolution
is shown in blue contours. Top right: Spectral index image between 2.7 GHz and 1.4 GHz and Ha ionized gas contours.
Bottom right: Fractional polarization and Ha ionized gas contours.

We identified star-forming knots in the tail (green regions in Figure 4) with spectral
index flattening and reduced fractional polarizations that, however, were not able to disrupt
the highly ordered magnetic field. The latter are aligned with the tail and illuminated by
aged electrons with a steep spectral index. Such ordered magnetic fields may prevent heat
and momentum exchange and favor in situ star formation in the tail. In this scenario, star
formation in the tail should be a self-regulating process: A strong and widespread star-
formation activity would disrupt the ordered magnetic field, which in turn is fundamental
for allowing the star-formation process to continue. The study of JO206 is unique and of
general interest to understand the impact of magnetic fields during ram pressure stripping
and star formation. So far, such a configuration of spectral index steepening, high fractional
polarization, and aligned magnetic field was only found in head-tail galaxies (AGN driven
jets experiencing ram pressure stripping) (see [43] and references therein). This recent study
of JO206 puts forward the idea that such a combination can also be relevant to understand
the star-forming, ram-pressure stripped tails in galaxy clusters. Miiller et al. [23] also
provide a comparison to magneto-hydrodynamical simulations to evaluate the origin of
the radio emission. We provide this picture in the next section.

JW100 also shows an extended, non-thermal radio emission. Although a detailed
polarimetric analysis has not been carried out yet, its emission has been detected in a wider
range of frequencies than JO206, extending from 144 MHz to 5.5 GHz [44-46]. A combined
analysis has recently been investigated within the GASP collaboration involving, for the
first time, LOFAR, MeerKAT and VLA observations [24]. Overall, radio emission follows
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the morphology of both the Hx and X-ray emission (Figure 5). It is truncated with respect
to the stellar disk and extends linearly along the stripped tail, thus supporting the idea
that non-thermal radio emission (due to the presence of the magnetic field) is affected
by ram-pressure stripping [24]. The synchrotron spectrum revealed that the relativistic
electrons are accelerated within the disk and then displaced by ram pressure stripping, in
accordance with the ram pressure stripping scenario. Thus, similarly to the case of JO206, a
spectral steepening trend has also been observed for JW100. Moreover, the comparison
between the continuum spectrum and the Ha emission allowed us to constrain the time
scale of the star formation quenching [24].

124
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48"

+21°08'36"
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Figure 5. Composite image of MUSE Ha (red, 0.2” resolution), Chandra X-ray (blue contour,
1.5” resolution), and LOFAR radio continuum at 144 MHz (grey contours at 3,6,12,24 X rms,
rms = 94 pJy/beam, 8.8"” x 6.4 resolution) of JW100 from Ignesti et al. [24]. Reproduced with
permission from A. Ignesti, published by AAS (Ap]), 2021.

In agreement with the findings for JW100 and JO206, the radio continuum in ram-
pressure stripped galaxies is found to be co-located with Ha not only within the disk
but also with the extended, Ha-emitting tails, namely JO204, JO194, JO175, and JO147
(Mtiller et al., in prep).

5. Theoretical View

Theoretical assumptions, simulations, and their comparison to observations of ram-
pressure stripped galaxies have provided several approaches to explain the enhanced
radio continuum in galaxy disks and tails, the appearance of the different gaseous phases,
and the magnetic field strength and configuration. In the literature, there have been a
few simulations of ram-pressure stripped galaxies including magnetic fields over the last
decade. Tonnesen and Stone [47] found that the stripping rate of the disk gas was not
significantly affected by galaxy magnetic field strength and morphology while Ramos-
Martinez et al. [48] proposed a reduced compressibility of the magnetized plasma that
makes the tail gas less clumpy and filamentary-like in comparison to non-magnetized
studies. Vollmer et al. [49] found asymmetric polarized ridges that can be explained
by adiabatic compression of galaxy magnetic fields at the leading edge. In addition,
galaxies are expected to sweep up the intracluster magnetic field as they orbit inside a
galaxy cluster and develop a magnetic draping sheath [50]. Such a sheath is lit up with
cosmic rays originating from supernovae and generates coherent polarized emission at
the leading edges of the galaxy [51]. Importantly, Ruszkowski et al. [52] proposed that
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simulated galaxies interacting with a magnetized ICM show highly ordered magnetic fields
in the tails that suppress strong Kelvin—-Helmholz instabilities at the interface between the
stripped gas and the ICM [53].

In Miiller et al. [23] we have performed state-of-the-art simulations with the moving
mesh code AREPO [54-56] of a galaxy-sized, cold-dense spherical cloud that interacts with
a hot-diffuse ICM (see also [57]) to model synchrotron characteristics. We adopt a scenario
in which the electrons are accelerated by supernovae into the galaxies” disk and propagate
into the surrounding interstellar medium. While the medium experiences ram-pressure
stripping, the electrons are carried into the galaxies’ tail and cool by synchrotron emission
and inverse Compton interactions with the cosmic microwave background photons. In
order to grasp the essential physics, cloud size, wind field topologies, wind velocity, and
cloud-wind density were adjusted to match the observations. The supersonic wind the
cloud is facing has, therefore, been divided into three scenarios: (1) a purely hydrody-
namical wind, (2) a wind composed of a homogeneous magnetic field, and (3) a turbulent
magnetized wind. The density of the cloud is chosen to be a factor of 10° higher than
the wind and is in pressure equilibrium with the surroundings, and we adopted a weak
magnetic field by assuming a thermal-to-magnetic pressure ratio of ten. In order to emulate
synchrotron characteristics, we modeled the electron transport by identifying stripped gas
cells as part of the galactic gas via Lagrangian trajectories. We follow the cooling of the
electrons during the stripping process with a standard cooling function (see Methods and
Supplementary Information in for any more details [23]).

In the hydrodynamical case, we found Kelvin-Helmholtz instabilities growing small
perturbations at the wind-cloud interface and eventually disrupted the cloud. Therefore,
in the case of both magnetized winds, we found the formation of a magnetic draping
sheath protecting the cloud from disruption forming magnetized filaments in the wake
of the cloud (gaseous tail) [50,53]. Here, case (3) was found to provide the best protection
for the ram-pressure stripped gaseous tail. While we found the gas cloud to sweep up
magnetised ICM, building a draping layer around the head, a magnetised dense gaseous
tail was formed via condensation of the ICM [57]. Thereby, the magnetic field is stretched
and aligns with the tail (stripping direction). In addition, for large clouds (comparable to
galaxy sizes), the cold phase in the ram-pressure stripped tail is found to survive and even
increased due to gas accretion from the hot wind by mixing it into a layer with intermediate
temperatures (T ~ 3 x 10° K), from where it quickly cools and grows the cold tail [57-59].

We further simulated synchrotron observables at 2.7 GHz, comparable to the observa-
tion frequency of JO206, and found a gas cloud facing a turbulent magnetized wind to be
the best fit (see Figure 5 in [23]). Both case (2) and (3) generally agreed with the magnetic
field findings for JO206 and built an highly ordered magnetic field in the tail that can be
explained by the magnetic draping of the magnetised ICM field and the accretion of gas
from that sheath. However, the homogeneous wind field naturally aligns with the tail and
reaches; therefore, a non-physical high degree of polarization above 75 % exists while field
reversals in the turbulent wind field reduce magnetic tension. In the latter case, the tail
magnetic field becomes aligned and stretched with the accretion of mixed warm gas to the
cold phase resembling the observation parameters of JO206 most accurately.

6. Holistic Picture

The combined analysis of the different gas phases for a sub-sample of GASP galaxies
and the unique polarization study of JO206, as well as the fact that radio tails are commonly
found in ram-pressure stripped galaxies, puts forwards the idea that a highly ordered
magnetic field may be common and play a crucial role in regulating star formation in the
stripped tails. The following picture can be drawn (shown schematically in Figure 6).
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Figure 6. Simplistic view of a section of the stripped tail depicting the holistic picture in ram-pressure stripped galaxies.

The ICM is shown as outer layers (purple), the magnetic field and accreted /condensed ICM below (green with grey dotted

lines indicating the highly aligned draped magnetic field) and the ISM consisting of different gas phases in the inner layer

(red). While ICM is accreted, joining the ISM via mixing (circle arrow), ICM cooling is taking place outside-in (yellow

arrow). Effective HI to Hy conversion provides new stars that will provide feedback inside-out during stellar evolution and

explosion processes (white arrow).

We found the observed highly ordered magnetic field far out into the tail of JO206 was
in excellent agreement with magneto-hydrodynamic simulations of a gas cloud exposed to
turbulent ICM magnetic field. The galaxy-sized cloud was found to accrete hot, draped
magnetised plasma that further condenses onto the outer layers of the tail (formation of a
warm envelope shown with green layer in Figure 6). Adiabatic compression and shearing
by the velocity difference of the cold tail and the wind thereafter can explain the observed
high degree of fractional polarization and ordered magnetic field in JO206. We propose a
formation of a magnetic draping layer at the galaxies’ leading edges and shearing along
the length of the tail, which is indicated by the green layer in Figure 6 and the dotted line
as aligned magnetic field. In such a scenario, the galaxy facing ram-pressure wind would
be prevented from evaporating its cold ISM into the hot ICM (which is why the circle
arrow stops inside the tail in Figure 6). Moreover, additional accretion of the cooled ICM
from the outside-in (indicated by the yellow arrow in Figure 6) can provide new gas to
form stars. The cooling timescales are still an open problem, however, given the physical
context, non-equilibrium cooling processes are likely taking place (e.g., mixing). In order
to investigate these non-linear processes, tailored numerical simulations are necessary. In
addition to the JO206 observables, which already agree with such a scenario, we find more
evidence in multi-phase gas complementing this view.

The magnetic field configuration and star formation rate should depend on the amount
of gas that is stripped from the disc and accreted from the hot ICM. The highly ordered
magnetic field is expected to enter a phase where it protects the stripped gas from the
disk into the tail from evaporation into the ICM by preventing heat and momentum
exchange between ISM and ICM. It is assumed that the accreted magnetised ICM cools
while joining the cold-warm gaseous component of the ram-pressure stripped galaxy
tails, possibly providing additional gas to form stars. Such a scenario cannot be probed
by analysing only the magnetic field structure but different gas phases must also be
investigated. More explicitly, hot ICM cooling along the tail during the accretion process
should be observable in the X-ray band, explaining the extended X-ray emission found
in different ram-pressure stripped tails (being part of the warm envelope shown in green
in Figure 6). The thermal bremsstrahlung emission of the accreted gas could, in turn, be
able to affect the ionized gas phases, as indicated by the excess in the ionization parameter
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([OI1/Hg, indicated by the inner red layer in Figure 6). Indeed, a tentative connection
between thermal emission and the optical spectral properties in the stripped tails has been
proposed in Campitiello et al. [36].3

Further cooling would provide additional HI joining the stripped gas from the disk.
The magnetic pressure and tail structure possibly have an impact on the increased trans-
formation from HI to H; and, therefore, the star-formation rates (shown by the white
cartoon in Figure 6, where the white arrows indicate the effective transformation). In such
a scenario, the magnetic field structure should be significantly ordered over larger time
scales (~108 year) to prevent the tail gas from evaporation while the accreted ICM gas
can effectively perform cooling. Within the star-forming regions, freshly ejected electrons
join the magnetic field component mainly caused by the ICM (and also provide feedback
inside-out, both indicated by the white arrow in Figure 6) but will not disrupt it; otherwise,
gas is expected to evaporate into the ICM, the in situ star formation will stop eventually,
and the galaxy evolves into a passive galaxy.

7. Current Limitation and Future Perspective

The recent results depict a close connection on a sub-kpc scale between the magnetic
tield and the ISM. Therefore, in order to investigate the physics of this link, high-resolution,
sub-arcsecond radio observations are necessary. This is a current limitation that could
potentially be solved in the near future by the sub-arcsecond imaging made possible by
the international LOFAR stations [62]. A second crucial current limitation is the lack
of candidates suitable for these studies, i.e., galaxies with both polarimetric and X-ray
observations. In this regard, within GASP, we are working to expand this sample. We
have already been awarded time to observe deep polarization for four more galaxies—
JO204 and JW100 at the VLA, partly observed (2—4 GHz C-array, ID: 21A-248, PI: Ancla
Miiller); JO147, partly observed (1-3 GHz multiple array configurations, ID: C3357, Pl
Ancla Miiller); JO175 to be completed in Jan, 2022 (1-3 GHz multiple array configurations,
ID: C3357, PI: Ancla Miiller)—enabling us to probe the general existence of such a magnetic
field configuration in star-forming, ram-pressure stripped tails. In combination with the
deep Chandra observation (ID: 23610079, PI: Ignesti) of JO206 and its surrounding ICM,
we will be able to unfold the possible impact of the magnetic field onto the entire multi-
phase gas.

Finally, the advent of deep radio surveys made possible by the new-generation fa-
cilities such as LOFAR and SKA in the future provide us the opportunity to investigate
the properties of jellyfish magnetic fields on larger samples of galaxies and to evaluate the
diversity of the cluster potential onto the connection of the magnetic field configuration
and strength to the star-forming regions. Moreover, as outlined in [27,28,46], low-frequency
LOFAR observations provide us an unique insight into the low-energy electrons travelling
along the stripped tails and the physical phenomena that drive their evolution. Future syn-
ergies between LOFAR, MeerkAT, VLA, and SKA will allow extending this kind of analysis
to larger samples of galaxies, thus deepening our knowledge of these fascinating systems.

8. Conclusions

We provide a summary of the recent results collected within the GASP collaboration
including the analysis of the cold neutral and molecular gas, diffuse ionized gas tracers,
hot gas, radio continuum, and linear polarization. By combining the different observations,
we propose a holistic view of the evolution of galaxies experiencing ram-pressure stripping.
Here, we focus on the most massive galaxies and most elongated ram-pressure stripped
tails forming stars in situ analysed within GASP. Both the diverse observations and recent
simulations of a gas cloud facing a turbulent, hot, and magnetized ICM wind agree with a
scenario in which the galaxy accretes hot plasma forming a magnetic draping layer at the
leading edges and further along the tail preventing the stripped tail gas from evaporation
while the ICM plasma becomes mixed with ISM and cools from the outside-in. On larger
timescales, the tail might be able to add mass from the ICM, providing additional gas to
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Notes

possibly form new stars. We additionally argue that the formations of the magnetic draping
sheath and the stars in the tail are self-regulating processes in which the outer layers will
not survive due to a very efficient inside-out stellar feedback. We propose that the gas
in the tails survives because of the combination of different effects: the galaxy mass, the
galaxy infall velocity towards the cluster center, the pressure of the ICM surrounding the
tails, and the formation of the magnetic layer protecting this gas from evaporation. The
further study of the phenomena presented in this study will add an important piece of
information to our knowledge of the outcomes of ram pressure stripping, as well as, more
generally, to the scenario of draping, condensation, and cooling of hot gas surrounding
cold clouds that is fundamental in many astrophysical phenomena.
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