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ABSTRACT

With MUSE, Chandra, VLA, ALMA and UVIT data from the GASP programme we study the
multiphase baryonic components in a jellyfish galaxy (JW100) with a stellar mass 3.2 x 10 Mg
hosting an AGN. We present its spectacular extraplanar tails of ionized and molecular gas, UV stellar
light, X-ray and radio continuum emission. This galaxy represents an excellent laboratory to study
the interplay between different gas phases and star formation, and the influence of gas stripping, gas
heating, and AGN. We analyze the physical origin of the emission at different wavelengths in the tail,
in particular in-situ star formation (related to Ha, CO and UV emission), synchrotron emission from
relativistic electrons (producing the radio continuum) and heating of the stripped interstellar medium
(ISM) (responsible for the X-ray emission). We show the similarities and differences of the spatial
distributions of ionized gas, molecular gas and UV light, and argue that the mismatch on small scales
(1kpc) is due to different stages of the star formation process. We present the relation Ha—X-ray
surface brightness, which is steeper for star-forming regions than for diffuse ionised gas regions with
high [OI]/Ha ratio. We propose that ISM heating due to interaction with the intracluster medium
(either for mixing, thermal conduction or shocks) is responsible for the X-ray tail, the observed [OI]-
excess and the lack of star formation in the northern part of the tail. We also report the tentative
discovery in the tail of the most distant (and among the brightest) currently known ULX, a point-like
ultraluminous X-ray source commonly originating in a binary stellar system powered either by an
intermediate-mass black hole or a magnetized neutron star.
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1. INTRODUCTION

Ram pressure stripping is considered the most effi-
cient mechanism to remove gas from galaxies in galaxy
clusters (Boselli & Gavazzi 2006). A multitude of ob-
servational studies have observed the smoking gun of
this physical process at various wavelengths with dif-
ferent techniques, mostly Hi, Ha narrow band imaging,
UV /blue light, and, more recently, integral field spec-
troscopy (Kenney et al. 2004; Chung et al. 2007; Hes-
ter et al. 2010; Smith et al. 2010; Merluzzi et al. 2013;
Yagi et al. 2010; Kenney et al. 2014; Fossati et al. 2016;
Jachym et al. 2017; Consolandi et al. 2017; Gullieuszik
et al. 2017; Moretti et al. 2018; Fossati et al. 2019; Bell-
house et al. 2019).

The most extreme examples of galaxies undergoing
strong ram pressure are the so called ”jellyfish galaxies”
(Smith et al. 2010; Fumagalli et al. 2014; Ebeling et al.
2014). They have extraplanar, unilateral debris visible
in the optical/UV light and striking tails of Ha ionized
gas. Most of the Ha emission in the tails is due to pho-
toionization by massive stars born in situ in the tail in
dynamically quite cold Ha-emitting clumps resembling
giant and supergiant HIT regions and complexes (Pog-
gianti et al. 2019, and references therein), with possibly
some exceptions (e.g. NGC4569, Boselli et al. 2016).

Optical line-ratio diagnostic diagrams maps obtained
with integral-field spectroscopy show that ionization
mechanisms other than in-situ star formation (SF) are
also at play in the tails, contributing especially to the
interclump diffuse emission (Fossati et al. 2016; Pog-
gianti et al. 2019). Different optical line ratios depict
a generally consistent picture, but provide significantly
different values for the fraction of tail emission due to
star formation or shocks/heating.

In Poggianti et al. (2019) we studied the optical ion-
ization mechanisms in the tails of a significant sample
of jellyfish galaxies (16 in total) from the GAs Strip-
ping Phenomena in galaxies survey (GASP,! Poggianti
et al. 2017b), finding that the tail emission character-
istics of the jellyfish galaxy JW100 are peculiar. At
odds with the majority of the other jellyfish galaxies,
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star formation is not the obviously dominant ionization
mechanism of the tail: according to the [OIII]5007/Hj3
vs [OI]6300/Ha diagnostic diagram, it has only a few
star-forming clumps in the tail and large amounts of
ionized gas with an [OI]6300 line excess.

A high [OI]6300/Ha ratio is usually interpreted as
a sign of the presence of shocks (Rich et al. 2011),
and shock-heated molecular hydrogen has been observed
with Spitzer in some cluster galaxies undergoing ram
pressure stripping (Sivanandam et al. 2010, 2014; Wong
et al. 2014). Thermal heating of the stripped gas where
this meets the hot Intracluster Medium (ICM) is another
possible source of ionization, and its relevance might de-
pend on the local ICM conditions, which can be studied
with X-ray observations. The exact source of the [O]]
excitation in jellyfish tails is currently unknown. Under-
standing why JW100 is so special in its tail ionization
mechanism might be the key to understand under what
conditions are stars forming in the tails, and when they
are not.

The interaction with the hot X-ray emitting ICM is
expected to be crucial to set the conditions of the gas
in the tails. Such interaction might give rise to an X-
ray tail (Sun et al. 2010), but so far there are only a
few X-ray emitting ram pressure stripped tails observed.
JW100 has deep Chandra archive data, as well as a set
of multiwavelength data obtained by the GASP project,
and therefore offers a great opportunity to study the
relation between the properties of the stripped gas tail
and those of the ICM. The only other jellyfish for which
a comparably rich multi-wavelength dataset is available
is ESO137-001, a low mass (5-8 x109M,) galaxy in the
Abell 3627 cluster with Ha and other optical emission
lines, molecular gas and X-ray tails (Sun et al. 2007,
2010; Sivanandam et al. 2010; Fumagalli et al. 2014;
Fossati et al. 2016; Jachym et al. 2019). Apart from
JW100 and ESO137-001, there are X-ray studies for
ESO0137-002 (also in Abell 3627, Sun et al. (2010)), and
UGC6697 in Abell 1367 (Sun & Vikhlinin 2005), and
weak /shorter tails reported in NGC4438, NGC4388 in
Virgo and NGC4848 in Coma (Sun et al. 2010), plus
an X-ray map of D100 in Coma shown in Jachym et al.
(2017). No strong X-ray tail has been detected in the
Virgo cluster, and Sun et al. (2010) and Tonnesen et al.
(2011) explained this evidence with the fact that the
X-ray tail luminosity should increase with the ambient
pressure, which is not very high in Virgo.

The aim of this work is to shed some light on the phys-
ical mechanisms that create tails observable at different
wavelengths in jellyfish galaxies, with the ultimate goal
of understanding when the process of ram pressure strip-
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ping in clusters can be observed in any given range of
the electromagnetic spectrum. To do this, we perform
a simultaneous analysis of the multi-wavelength dataset
collected for JW100 by GASP. In §2 we introduce the
galaxy JW100 and summarize its properties based on
previous studies, describing its host cluster and its lo-
cation within the cluster in §2.0.1. Section §3 presents
all the data used in this paper: MUSE, ALMA, VLA,
Chandra (§3.1) and UVIT (§3.2). The results of a de-
tailed analysis of the X-ray data are shown in §4. In
85 we discuss the spatial distribution and the physical
origin of the emission at different wavelengths: optical
emission lines, CO and UV in §5.1, radio continuum in
§5.2 and X-ray in §5.3. The X-ray point sources, namely
the AGN and the ULX candidate, are discussed in §6.
Our results are summarized in §7.

In this paper we use a Chabrier (2003) IMF and
the standard concordance cosmology parameters Hy =
70kms ' Mpc™!, Qi = 0.3 and Qy = 0.7. At
the JW100 cluster redshift (z=0.05509), this yields
1”=1.071 kpc. The galaxy itself has a redshift
z=0.06189.

2. THE GALAXY

JW100 (also known as IC5337) is an almost edge-
on spiral galaxy in the cluster Abell 2626 (Fig. 1,
Table 1).? Selected by Poggianti et al. (2016) as
a stripping candidate, it is one of the GASP jelly-
fish galaxies with the most striking ionized gas tails
and is the most massive galaxy of the GASP sample
with a stellar mass 3.2 x 10*' M (Poggianti et al.
2017a).> The stellar and ionized gas kinematics ob-
tained with MUSE were presented in Poggianti et al.
(2017a) and a visual 3D representation can be seen at
https://web.oapd.inaf.it/gasp/jw100.html.

JW100 hosts a central AGN (Seyfert2), that
is detectable both in X-ray (Wong et al. 2008)
and from MUSE emission-line ratios (Poggianti
et al. 2017a, see also ESO press release #1725
https://www.eso.org/public/news/esol725/). A de-

2 Some works in the literature refer to JW100 as an SO galaxy (e.g.
Wong et al. 2008). Our analysis of the MUSE I-band light pro-
file shows a Type II disk (Freeman 1970; Erwin et al. 2008) and
favors the hypothesis this is a (perhaps early) spiral (Franchetto
et al. in prep.). Moreover, our stellar population analysis with
the SINOPSIS code (Fritz et al. 2017) shows that star formation
was significant and widespread throughout the disk until the ram
pressure started to strip the gas, as it happens in spirals. How-
ever, given its inclination (about 75 degrees) it is hard to assign
a robust Hubble type.

w

We note that the stellar mass was estimated in a slightly differ-
ent manner in other papers, but values are consistent within the
errors, i.e. Vulcani et al. (2018); Poggianti et al. (2019).

tailed MUSE analysis confirms that AGN photoioniza-
tion models are required to explain its emission line
properties in the central region (Radovich et al. 2019).
This work has also found a biconical outflow extending
for ~ 2.5kpc in the North-West to South-East direction
with a velocity offset of ~ 250 kms~! and a bolometric
AGN luminosity estimated from the luminosity of the
[OI11)5007 line of 10%3-% ergs=t (Radovich et al. 2019).
The derived mass outflow rate is low, < 0.01 Mg yr—!,
in agreement with what is observed in AGN of similar
luminosity. In §6 we will provide the AGN X-ray lumi-
nosity.

Poggianti et al. (2019) computed JW100’s current
star formation rate (SFR) from the Ha luminosity cor-
rected both for stellar absorption and for dust ex-
tinction using the Balmer decrement adopting the
Kennicutt (1998)’s relation (SFR(Mg/yr) = 4.6 X
107*2 Ly, (erg/s)) and including only those spaxels that
according to the [OIII]5007/HS vs [SII]6717,6731/Ha
diagram are ionized either by star formation. We found
a total (disk+tail) current star formation rate SFR =
4.0Mgyr~1, of which 20% is in the tail. Its mass and
SFR place JW100 about 0.4dex below the SFR-mass
relation for normal galaxies and ~ 0.65 dex below the
relation for jellyfish galaxies (Vulcani et al. 2018), indi-
cating that star formation has already decreased due
to gas stripping. When using the [OIII]5007/HS vs
[01]6300/Ha diagnostic diagram, due to the excess of
[OI]6300 in the areas of diffuse emission in the tail
(Fig. 2, see §1), we find that the total SFR is only
SFR = 2.0Muyr~*, of which only 4% is in the tail.
The different conclusions reached using different optical
emission lines will be discussed throughout the paper.

2.0.1. JWI100 in its cluster environment

Abell 2626 is a rather poor cluster with an estimated
X-ray luminosity of 1.9 x 10* erg s~ (Wong et al. 2008),
a velocity dispersion o = 650fig kms~! and a mass
Mgy = 3.9755 x 1014 M, (Biviano et al. 2017). This
cluster hosts a peculiar radio continuum emission with
arc-like features that appear quite symmetric around the
cluster central cD galaxy. The origin of this emission,
also known as the “Kite-radio source”, is still unknown
(Gitti et al. 2004; Gitti 2013; Ignesti et al. 2017; Kale &
Gitti 2017; Ignesti et al. 2018). JW100 is placed within
A2626 in the most favourable conditions for ram pres-
sure stripping (Jaffé et al. 2018), with a very high line-of-
sight velocity relative to the cluster mean (1807 km s~*
in the cluster rest-frame) and a projected distance from
the cluster center (taken to coincide with the Brightest
Cluster Galaxy, the c¢D galaxy IC5338) of only 83 kpc
(Fig. 3). We note that ~ 150kpc to the North of JW100
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08'45"

23"36M26° 25° 24°

Figure 1. RGB image of Abell 2626 (NUV-B-V, UVIT4+WINGS) and a zoomed-in image of JW100 (gri MUSE). In the inset,
the white contour represents the most external (~ 1.50 above background) isophote of the continuum MUSE light under Ha
and delineates the stellar disk. The major axis of this contour is 50 kpc. The green arrow points to the BCG, the pink arrows
point to the other two galaxies belonging to the JW100 substructure (§2.0.1), and the blue rectangle identifies the other jellyfish,

JW103.

there is another jellyfish candidate, JW103 (Poggianti
et al. 2016, and Fig. 1), and that the ¢D is also a very
peculiar object, with a double nucleus and an AGN in
the southern nucleus.

Using the OmegaWINGS spectroscopic catalogue of
galaxies in the A2626 field (Moretti et al. 2017), we
identify 92 members with a new membership algorithm
(CLUMPS, Munari et al. in prep), based on the location
of gaps in velocity space. We then run the DS+ method
of Biviano et al. (2017) on the selected cluster members
to detect cluster substructures. We detect 6 substruc-
tures that contain 21 cluster members in total. JW100
belongs to one of these substructures, a group of three
galaxies located at a median distance of 100 + 62 kpc
from the cluster center, with a median cluster rest-frame
velocity of 16284100 km s~!, and a velocity dispersion®
of 145772 km s (see Fig. 1). In Fig. 3 we display the
projected phase-space distribution of the cluster mem-

4 Being based on only three values these statistical estimates must

be considered very tentative.

bers within and outside substructures. The projected
position and velocity of JW100 suggest that this galaxy
is falling at very high speed into A2626 for the first time
on a radial orbit in the direction opposite to the ob-
server, and its likely close to pericentric passage (Jaffé
et al. 2018). In addition, the extended tails visible in
the plane of the sky indicate that the true velocity of
the galaxy in the cluster must be higher than the (al-
ready high) measured line-of-sight velocity.

Given the small projected distance between JW100
and the BCG, it is worth pondering the importance
of gravitational interactions between the two galaxies.
First of all, it is worth noting that neither the deep
optical MUSE image (see Fig. 1) nor the JW100 stel-
lar velocity dispersion map (Fig. 1 in Poggianti et al.
(2017a)) indicate a significant disturbance. The optical
image shows a warped, regular disk and the stellar ve-
locity map display a regular, undisturbed rotating disk.
Second, the line-of-sight velocity of JW100 relative to
that of the BCG is 1772kms™! (from MUSE data of
both), therefore this could only be a very high speed en-
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Figure 2. Ionization mechanism map according to (left) the [OIII]5007/Hg vs [SI1]6717,6731/Ha and (right) the [OIII]5007/HS
vs [OI]6300/Ha diagnostic diagrams. Red=star formation. Green=AGN. Blue= LINER-like emission. The yellow poligons
define the regions that are studied in §5.3. The black contour shows the stellar disk as in Fig. 1.

counter. Moreover, our SINOPSIS spectrophotometric
code does not detect a significant population of extra-
planar old stars, that should be present if the extrapla-
nar material were due to tidal effects. Furthermore, a
crude approach to estimate the relative importance of
the tidal acceleration ay;q from a close neighbour versus
the acceleration of the attraction from the galaxy itself
agq1 can be obtained, following Vollmer et al. (2005),
as arid/tgal = Mpcoa/Mywioo(d/R — 1)~2, where R is
the distance from the center of the galaxy and the BCG
stellar mass Mpog = 7.8 x 1011 Mg, was estimated us-
ing literature absolute magnitude values and the Bell
& de Jong (2001) formulation. Assuming as distance
between the galaxies the projected distance d > 83kpc
(which is a lower limit), the tidal acceleration is smaller
than the gravitational acceleration from the galaxy it-
self out to R = 32 kpc, larger than the stripping radius.
Finally, the one-sided ionized gas tail and its direction
with respect to the BCG disfavour the tidal hypothesis.
Although a mild tidal interaction cannot be excluded,
we conclude that ram pressure stripping plays the ma-
jor role for the points addressed in this paper.

3. DATA

In this paper we use MUSE, ALMA, VLA, Chandra
and UVIT data of JW100.

This galaxy was observed as part of the GASP pro-
gramme with the MUSE spectrograph in wide-field
mode on July 15 2016 with 1” seeing, covering a 1’x1’
field-of-view with 0.2”x0.2” pixels and the spectral
range between 4800 and 9300 A sampled at 1.25 A/ pixel

A2626
T T T T T T
4 — —
= -
2 I n e} I
e r %% s .
5
D NEY B R :
£ [0 ® oa®% € 4 ,® 0 o °
£ 0 Eb S o §° o °© om ]
H [o 8g © (-’ o _® o
oF [ o ooi :ﬁ Z |
-2+ go -
74 — -
| S S [ S S SRS SN S SRS SR (S SRS SR NN S S S S R
0.0 0.5 1.0 1.5 2.0 2.5
R/Tag0
Figure 3. Distribution of cluster members in projected

phase-space. Projected clustercentric distances R and rest-
frame line-of-sight velocities v,y are in units of the cluster
virial radius and velocity dispersion, respectively (both taken
from Biviano et al. 2017). Galaxies belonging to different
substructures are represented by colored squares, each color
defining a different substructure. The star symbol identifies
JW100, which belongs to the substructure that includes also
the two galaxies identified by the red squares. The grey-
shaded regions represent the escape velocity curves with 1o
uncertainties, assuming a Navarro et al. (1996) profile and
Tiret et al. (2007) velocity anisotropy profile. The width of
these regions take into account lo uncertainties in the mass
profile parameters r200 and r—_2 from Biviano et al. (2017),
and allowing the Tiret et al. (2007) profile parameter betaoo
(see eq.8 in Biviano et al. (2013)) to vary from 0 (isotropic
orbits) to 0.75 (radial orbits).
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Table 1. Columns are: 1) GASP ID number from Poggianti et al. (2016); 2) host cluster; 3) galaxy redshift; 4) cluster redshift
from Moretti et al. (2014); 5) cluster velocity dispersion from Biviano et al. (2017); 6) and 7) galaxy RA and DEC; 8) galaxy

stellar mass.

IDpig cluster Zgal Zelu

o (km/s)  RA(J2000)

DEC(J2000) M. (M)

JW100 A2626 0.06189 0.05509

65013  23:36:25.054 +21:09:02.64 3.2} x 10"

with a spectral resolution FWHM=2.6 A. (Bacon et al.
2010). The MUSE observations, data reduction and the
methods of analysis are described in Poggianti et al.
(2017b). In the following, we will use the Ha emis-
sion (top left panel of Fig. 7) measured from the MUSE
datacube corrected both for Galactic foreground dust
extinction and intrinsic dust extinction using the mea-
sured Balmer decrement and for underlying stellar ab-
sorption using our SINOPSIS stellar population code
(Fritz et al. 2017). Moreover, we will use the ionization
mechanism classification based on the [OIII}5007/H/
vs [SII]6717,6731/Ha and vs [OI]6300/Ha diagrams
(Fig. 2) taken from Poggianti et al. (2019).5

JW100 has been observed within the GASP project
also with the Atacama Large mm/submm Array
(ALMA) during Cycle 5. Observations in Band 3 (~100
GHz) and band 6 (~220 GHz), were taken to sample
the CO(1-0) and CO(2-1) lines, respectively, achieving
in both bands a resolution of ~1 arcsec and an rms in
20 km/s wide channels of ~0.8 mJy/beam. The details
of the ALMA observations, data reduction and analysis
can be found in Moretti et al. (submitted). In this pa-
per we use the Band 6 data combined with additional
Atacama Compact Array (ACA) observations, sampling
the angular scale from 1 to 26 arcsec.

We use the 1.4 GHz A- and B-configuration VLA data
from a project focused on the peculiar kite radio source
located at the center of Abell 2626 (project code AG795,
PI Gitti). These observations and the data reduction
are described in Gitti (2013). The VLA map at 1.4
GHz with a resolution of 3.8x3.4 arcsec and an rms
of 15.6 pJy beam™! is presented in the bottom right
panel of Figure 7, where only regions at least 30 above
the rms are displayed. By starting from the calibrated
visibilities of Gitti (2013), we produced this image with
CASA (Common Astronomy Software application) v 4.7
by setting the visibility weighting to NATURAL and by
adopting a tapering of the baselines within 90 kA to
enhance the sensitivity to the diffuse emission.

3.1. Chandra

JW100 has been observed by the Chandra X-ray Ob-
servatory in two projects focused on Abell 2626 in Jan-

5 The diagnostic diagram based on the [NII]6583/Ha ratio is not

examined due to the contamination by a sky line.

uary 2003 (Obsld: 3192, PI: C. Sarazin, 25 ks expo-
sure time) and in October 2013 (ObsID: 16136, PI: C.
Sarazin, 110 ks exposure time). The observations were
made with the ACIS-S instrument in VFAINT mode.
We retrieved the datasets from the Chandra archive® and
reprocessed them with CIAO 4.10 and CALDB 4.8.1 to
correct for known time-dependent gain and for charge
transfer inefficiency. In order to filter out strong back-
ground flares, we also applied screening of the event
files.”

For the background subtraction we used the CALDB
”Blank-Sky” files normalized to the count rate of the
source image in the 10-12 keV band. Finally, we identi-
fied the point sources using the CTAO task WAVDETECT,
with the detection threshold set to the default value of
1075 as probability to find a spurious source. To im-
prove absolute astrometry, we cross-matched the point
sources identified in both datasets with the optical cata-
log USNO-A2.0, and then produced a mosaic of the two
observations with the merge_obs script.

The exposure-corrected,  background-subtracted
Chandra mosaic in the 0.5-2.0 keV energy band with
a resolution of ~0.5 arcsec is shown in the bottom left
panel of Fig. 7.

3.2. UVIT

The UV imaging of the GASP project is from the
ultra-violet imaging telescope (UVIT) onboard the In-
dian multi wavelength astronomy satellite ASTROSAT
(Agrawal 2006). In this paper we use NUV imaging ob-
servations taken with the N242W broad band filter, with
an angular resolution of ~ 172. (Tandon et al. 2017a).
The NUV image is corrected for distortion (Girish et al.
2017), flat field and satellite drift using the software
CCDLAB (Postma & Leahy 2017). The final image cre-
ated is for a net integration of 10106.64s and is presented
in the top right panel of Fig. 7. The astrometric cali-
bration is performed using the astrometry.net package
where solutions are performed using USNO-B catalog
(Lang et al. 2010). The photometric calibration is done
using the zero point values generated for photometric
calibration stars as described in Tandon et al. (2017b).

6 http://cxc.harvard.edu/cda/
7 http://cxc.harvard.edu/ciao/guides/acis_data.html
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Figure 4. Cluster-scale images showing the three X-ray bands (soft 0.5-1.2 keV (left), medium 1.2-2.0 keV (middle) and hard
2.0-7.0 keV (right)) of the field of JW100, smoothed with csmooth in CIAO. The inset in the rightmost panel is an RGB
(red=0.5-1.2 keV, green=1.2-2.0 keV, blue=2.0-7.0 keV) smoothed zoom on the galaxy where the two point sources (AGN and

ULX candidate) are clearly visible.
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Figure 5.  Background-subtracted, exposure-corrected
Chandra image of A2626 in the 0.5-2.0 keV band smoothed
with a 1.5” gaussian beam, with the galaxy (cyan) and con-
trol (green) regions highlighted. The two small circles within
the JW100 region are the two point sources discussed exten-
sively in §6.

The UV data for JW100 and other GASP jellyfish galax-
ies will be used for a detailed analysis in a later paper.

4. RESULTS OF THE X-RAY ANALYSIS

While the analysis of the MUSE and ALMA data are
presented elsewhere (Poggianti et al. 2017a, Poggianti
et al. 2019, Moretti et al. submitted), in this section we
describe the first detailed analysis of the X-ray data of
JW100.

4.1. Detection of point sources

We ran WAVDETECT on the two Chandra observations
separately. There are only two point sources detected
in the galaxy area, whose position and source counts
are listed in Table 2. They are readily seen in excess
to the galaxy diffuse emission in Figure 4, in which the
soft, medium and hard Chandra bands are shown. The
contrast with the diffuse emission increases going from
the soft to the hard band.

The first source is positionally coincident with the cen-
ter of the galaxy, and consistent with the AGN reported
in Radovich et al. (2019). The second source is just out-
side the optical extent of the stellar disc, but within the
X-ray tail. We remove these sources for the analysis of
the X-ray diffuse emission described below.

4.2. Spectral analysis of the galaxy

We performed a spectroscopic analysis of the Chandra
data with XSPEC v 12.10 (Arnaud 1996). We defined
the region of interest of the spectral analysis, i.e. the
galaxy, based on the MUSE observation to include the
disk and stripped tail. Then, we defined a control re-
gion to study the properties of the ICM surrounding the
galaxy. The ICM of Abell 2626 has an almost spherical
symmetry (Wong et al. 2008; Ignesti et al. 2018; Kadam
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Table 2. Properties of the point sources. Positions, net counts, unabsorbed fluxes and luminosity. See § 6 for details on the

spectral shapes used.

Source obsid RA(J2000) DEC(J2000) net counts net (0.3-2 keV) net (2-10 keV) f()?‘5_2kev) fg?_wkev) ngs—loke\/)
‘ x107% erg cm™2 57! | x10%° erg s7!

AGN 3192 23:36:25.031 4-21:09:02.53 43.8+£7.3 22.9£5.3 21.7£4.8

AGN 16136 185.5+£14.93 99.9£10.8 81.7£9.4 2.2 32.7 23.8

ULX? 3192 23:36:24.592 +21:08:47.65 35.8+6.7 28.9+5.8 9.7+3.3

ULX? 16136 130.5£13.0 85.9£10.1 42.7£7.0 3.6 6.6 7.2

et al. 2019), thus, we expect all the thermal plasma at
the same clustercentric distance of the galaxy to have
similar properties®. To maximize the photons statistics,
we used as control region a ring-shaped sector at the
same distance of JW100. The galaxy region and the
control region are shown in Fig. 5.

We extracted a spectrum in each of the two regions
using the CTAO task specextract and then binned to
give at least 25 counts in each energy bin. Similarly,
we extracted the background spectrum from the Blank-
Sky files in the same regions. The point sources were
removed or masked (radius 1.8”) during the spectrum
extraction.

Spectra have been extracted separately from the two
observations generating independent response matrices,
and then, after background subtraction, fitted jointly in
the energy range 0.5-7 keV.

The control region spectrum was fitted with an ab-
sorbed thermal model (phabs*apec) and the results are
reported in Tab. 3. We measure a kT=3.5 + 0.1 keV |
a metallicity Z=0.3640.04 solar and an electron density
ne = 3.2-1073 cm ™3, that corresponds to a ICM density
picum of 5.8:10727 ¢ em™3. The properties of the ICM
we derive here are in agreement with previous results by
Ignesti et al. (2018) and Kadam et al. (2019).

As a first result, we ruled out that the ICM emission
alone can reproduce the observed emission from JW100
because a single-temperature model (apec model) is not
a good fit, as shown by the final statistics presented in
Table 4 (x? =173.43, DOF=96).

Therefore, we modeled the spectrum extracted in the
galaxy region as the combination of two components.
To model the cluster emission along the line of sight we
used the absorbed, thermal, single-temperature compo-
nent (apec) described above whose properties were fixed
to that of the ICM measured in the control region (Ta-
ble 3). Then, to model the galactic emission itself, we
adopted either another single-temperature apec model
or a multi-phase, multi-temperature model, where the

8 We neglect the increase in temperature due to the galactic Mach

cone, because in projection it will be only a minor effect.

plasma emission measure EM = fneanV, i.e. the
normalization of the bolometric power emitted as ther-
mal radiation, scales with the temperature as EM o T'*
and the temperature has an upper limit 7},,, (hereafter
cemekl model, Singh 1996).

The former is a simplified model where the galactic
medium is a plasma emitting at a single temperature
which is different from that of the local ICM. The latter
model is appropriate for a scenario in which the galactic
X-ray emission comes from a multi-temperature plasma,
that could be produced by the mixing of the hot ICM
and the cold ISM triggered by the ISM stripping, the
thermal conduction heating or the shock heating. In
this case, we may expect the temperature of the emitting
plasma to range from the temperature of the ICM to the
temperature of the ISM. The photon statistics was not
sufficient to obtain a solid estimate of the metallicity of
the plasma, so we fixed it at the solar value, which is
the metallicity of the stripped gas measured from the
MUSE data.

We report the results of the fits in Table 4. With
the double apec model (x? =93.58, DOF=95) we re-
cover a temperature of O.82t8:ég keV for the galac-
tic component, which is lower than the ICM. In the
apec+cemekl model we fitted the data at first by set-
ting the T,,.; parameter to match the temperature of
the ICM (x? =93.84, DOF=95), then by letting it free
(x? =87.18, DOF=94). In the second case we recov-
ered an upper limit of the temperature mezl.2f8:gg
keV, which is lower than the ICM temperature. The two
models (double apec vs apec+cemekl) are statistically
indistinguishable and they fit equally well the observa-
tions.

For each model we measured the unabsorbed X-ray
luminosity in the 0.5-2.0, 0.5-10.0 and 0.3-10 keV bands
associated to the galactic spectral component, listed in
Table 4.

These findings will be discussed in §5.3.

4.3. Search for the bow shock

JW100 has a line-of-sight velocity of 1807 km s—!
with respect to the cluster and, based on the orienta-
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tion of the Ha tail we expect the total velocity to have
also a significant trasversal component. From the val-
ues of the thermal properties of the ICM measured in
the control region we estimate a local sound velocity
cs~1.5- 104T110/§/[ ~ 960 km s ~!. Therefore, the galaxy
is moving supersonically (with a tentative lower limit
for the galaxy Mach number M ~2) and, thus, we may
expect to observe two discontinuities in front of it, the
leading edge of the shock, i.e. the bow shock, and the
contact discontinuity that drives this shock. Measuring
the jump temperature across the shock front could give
us an independent measure of the galaxy Mach number,
thus of its velocity with respect to the ICM. We note
that bow shocks in front of jellyfish cluster galaxies have
never been observed (but see Rasmussen et al. (2006) for
the temperature jump in NGC 2276 in a galaxy group).

We performed a morphological analysis to search for
a brightness discontinuity in front of the infalling galaxy
by adopting several geometries, finding indications of a
surface brightness jump at ~ 6” ~ 6 kpc from the galaxy
with a significance of 20 (Fig. 6). To have a spectro-
scopic confirmation, we further measured the temper-
ature profile across the surface brightness jump. We
extracted the spectra in the 0.5-7.0 keV band in the
supposedly post-shock (orange) and pre-shock (blue) re-
gions across the brightness edge (Fig. 6) and we col-
lected 1700 and 650 photons in the outer and inner sec-
tors, respectively. Our spectral results may suggest a
temperature jump at the shock front (kT},e = 4.3375:2°
keV, kThost = 4.887535 keV), although given the un-
certainties the pre-shock and post-shock regions are still
consistent with being isothermal. From this analysis
we therefore conclude that the Chandra data can nei-
ther confirm nor deny the existence of the shock front.
This may be caused by the combination of the low data
statistics and the complex morphology of the shock,
as suggested by the Ha surface brightness distribution.
We note that with the expected mach number M 22
we would have a physical temperature jump around 2.
However, projection effects would significantly decrease
the jump and smear out the discontinuity.

5. RESULTS: THE SPATIAL DISTRIBUTION AND
THE PHYSICAL ORIGIN OF THE EMISSION
AT DIFFERENT WAVELENGTHS

In this section we analyze the spatial distribution of
the emission at different wavelengths. Figure 7 presents
the Ha, NUV, CO(2-1), X-ray (0.5-2.0 keV) and radio
continuum 1.4 GHz images. At all wavelengths, JW100
displays an extraplanar tail to the west of the disk. An-
alyzing the morphology and the characteristics of the

emission at different wavelengths, in the following we
investigate the physical origin of the multi-phase tail.

5.1. Ha, CO and UV

The most extended tail observed is the Ha one, reach-
ing out to at least 50kpc outside of the galaxy stel-
lar disk, where the MUSE field-of-view ends. Figure 7
clearly shows that the Ha emission is composed of bright
clumps embedded in diffuse emission (see also Poggianti
et al. 2019). Within the disk, the Ha-emitting gas is
only present in the western half (i.e. downstream) of
the disk and out to about 14kpc from the galaxy center
along the disk major axis. At the eastern edge of the
Ha emission the gas is compressed by the ram pressure
(see also contours in the other panels of Fig. 7).” The
outer regions of the disk (r > 14kpc North and South
of the galaxy center) and all the eastern projected side
have been already stripped of gas by ram pressure.

The Ha velocity map (Fig. 1 in Poggianti et al. 2017a,
not shown here) indicates that, as is typical of jellyfish
galaxies, the stripped gas maintains the disk rotation
quite coherently downstream and suggests that in the
plane of the sky the galaxy is moving with respect to
the ICM ~ 45 degrees North-East.

The ionization source of the bright Ha clumps is pho-
toionization by young massive stars, thus star forma-
tion taking place during the last < 107yr, as consistently
found by both the [SII] and the [OI] diagnostic diagrams
(Fig. 2). The star-forming clumps are mostly located in
the southern part of the tail.

The origin of the ionization of the diffuse component
is instead more uncertain, as star formation dominates
according to the [SII] diagram, while LINER-like emis-
sion dominates for the [OI] diagram (Fig. 2). These ap-
parently contrasting conclusions probably indicate that
both star formation and another source of ionization
contribute to the diffuse line emission, but assessing the
relative contribution of the two processes is very hard
based on diagnostic diagrams. In the hypothesis that the
stellar photons ionizing the diffuse gas are those escaped
from the HII regions within the clumps, Poggianti et al.
(2019) derived for JW100 an escape fraction of 52%, by
far the highest in the GASP sample whose average is
18%. Moreover, JW100 is the galaxy that most devi-
ates from the anticorrelation between SFR in the tail
and fraction of tail Ha emission that is diffuse (Fig. 12

9 While shear can also remove gas from a galaxy, compression is
more likely than shear to cause an enhancement in Halpha emis-
sion. Also, as this galaxy has a significant velocity component
moving towards the east, the ICM stagnation point is likely on
the eastern side, reducing the strength of shear instabilities.
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Figure 6. Chandra image of JW100 in the 0.5-2.0 keV band (left), with the sectors in which we extracted the surface brightness
profile (white) and the spectra (blue and orange). The surface brightness profile (right) is taken from the galaxy to the cluster
center. Note that the x-axis is inverted to match the pattern of the white sectors in the left panel. The vertical dashed line
points out the location of the promising discontinuity, which is located between the orange and the blue sectors.

in Poggianti et al. 2019), demonstrating an excess of tail
diffuse emission compared to clump emission. This is all
consistent with the fact that the JW100 tail might have
an unusually high contribution from sources of ioniza-
tion other than in-situ star formation. This also agrees
with the fact that, as visually assessed from Fig. 7, sig-
nificant UV emission is lacking in the regions of diffuse
Ha emission with high [OI]/Ha ratio, supporting the no-
tion that in situ star formation may be lacking in such
areas, though we cannot exclude that fainter UV emis-
sion below our detection limit is present. A strong UV
emission obscured by a large amount of dust can be ex-
cluded in the Ha diffuse emission regions, based on the
moderate to low levels of dust extinction (Ay values typ-
ically between 1 and 0.2 mag) derived from the Balmer
decrement map observed with MUSE (not shown).

Molecular gas, as traced by CO(2-1) emission, is
present only in the area of the disk where also Ha emis-
sion is present (middle panels in Fig. 7). Extraplanar
CO complexes are also found close to the disk (within
a few kpc) in the north part of the tail, and out to
~30kpc from the disk in the southern part of the tail. A
more detailed analysis of the ALMA data, both CO(2-1)
and CO(1-0), and of the spatially resolved star forma-
tion efficiency in JW100 is presented in a separate paper
(Moretti et al. submitted) (see also Lee et al. (2017) for
a comparison of CO, Ha and UV data of four ram pres-
sure stripped galaxies in Virgo, though only within or
just outside of the disks).

For the purposes of this paper, it is interesting to com-
pare the CO emission with both the Ha emission (mid-
dle left panel) and with the regions that are powered by
star formation according to both the [OI] and the [SII]
diagram (middle right panel). Some of the CO com-
plexes spatially coincide with some of the Ha clumps,
but there are also Ha clumps with little or no CO (e.g.
clump #1 in Fig. 7) and CO complexes with only dif-
fuse, low surface brightness Ha emission (e.g. clump
#2). Moreover, not all the Ha clumps with correspond-
ing CO emission are classified as star-forming according
to the [OI] diagram (e.g. clump #3).

These findings can be reasonably explained by a com-
bination of two factors. The fact that not all Ho clumps
with CO emission are classified as star-forming accord-
ing to the [OI] diagram, might be due to the coexistence
of different ionization mechanisms contributing at the
same location, or at least powering ionized regions su-
perimposed along the same line of sight.

The fact that CO and Ha clumps do not always spa-
tially coincide might be due instead to the evolutionary
stage of the star-forming regions. Each star-forming re-
gion will go through four phases: a) a molecular-gas-only
phase (no massive stars formed yet); b) a molecular-
gas+ionized gas+UV light phase (massive stars have
had the time to ionize the surrounding gas and they
shine in the UV, but they have not dispersed the re-
maining molecular cloud yet); ¢) a phase with ion-
ized gas+UV light (the molecular clouds have been de-
stroyed, there are still massive stars that ionize the gas
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and shine), and d) a UV-light-only phase. In the latter
phase the stars more massive than about 20 Mg have
died and the ionizing radiation of the stars left is not
capable to ionize a significant amount of gas, but the
UV radiation from the most massive stars on the main
sequence is still sufficient to let the region shine in the
UV. This is the case if the SF occurred more than 107
yr, and less than a few times 10% yr ago.

Comparing the first four panels of Fig. 7, we see
this evolutionary sequence of star-forming regions, go-
ing from regions like #2, #3 and #8 (CO clouds but no
bright Ha clump nor UV yet), to regions like #4 and
#9 (CO+Ha+UV), to regions like #1 and #5 (Ha+UV,
very little or no CO left) and, finally, to UV-only regions
such as region #10 in the tail and regions #6 and #7 in
the outer parts of the disk, where only the UV light has
remained to testify the recently quenched star forma-
tion where all gas has been stripped. This decoupling of
the various phases of the star formation process is sim-
ilar to the decoupling observed by e.g. Kruijssen et al.
(2019), who have found a decoupling of CO-dominated
clumps and Ha-dominated clumps on ~ 100pc scales in
NGC300, a close face-on star-forming disk galaxy.

Interestingly, in the tail of JW100, we see that the
different phases are located according to a spatial pro-
gression, going from left to right (oldest to youngest)
in the southern part of the tail. This spatial progres-
sion is summarized in Fig. 8, where the different stages
are shown in different colors: red where only CO is ob-
served, orange for CO+UV+Ha, green for UV+Ha, and
cyan for UV-only. Here only the Ha emission due to SF
according to the [OI] diagram has been considered. The
first stage of the star formation sequence (only CO) is
preferentially located to the right of the other colors,
and the following stages are found progressively to the
left. In some cases, this sequence is at least partially
observed even within an individual star-forming clump
(e.g. #4, from right to left: orange, green and cyan).
This latter effect is similar to the ”fireballs” observed in
the tail of ESO137-001 by Jachym et al. (2019).

The progression observed in Fig. 8 thus traces the
timing of star formation in the tail, and strongly sug-
gests that the molecular clouds further away from the
disk have not formed stars (yet). This agrees with
the (counter-intuitive) stellar age gradient in the tail
found in some jellyfish galaxies, by which younger stel-
lar clumps are found further away from the disk (e.g.
IC3418 Fumagalli et al. (2011); Kenney et al. (2004),
RB199 Yoshida et al. (2008), JO201 Bellhouse et al.
(2019)). Hydrodynamical simulations do predict very
recent star formation preferentially further out in the
tail than closer in the disk for some infalling angles (e.g.
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Figure 8. The star formation sequence created by ram pres-
sure: only CO (red), CO+SF-powered Ha+UV (orange),
SF-powered Ha + UV (green), and only UV (cyan). The
regions with SF-powered Ha are star-forming also according
to the [O]] line (right panel in Fig. 2). Numbers as in the
middle left panel of Fig. 6.

Fig. 1 in Roediger et al. 2014 for a face-on infall). A de-
tailed comparison with simulations is beyond the scope
of this paper, and will be the subject of a future work.

The recently quenched star formation occurring where
the gas has been totally stripped is testified not only
by the UV emission, but also from the strong Balmer
lines in absorption (accompanied by the lack of emis-
sion lines) in the MUSE spectra. As an example, the
spectra of regions #6 and #7 shown in Fig. 9 display
the strong Balmer lines typical of post-starforming and
post-starburst regions (Poggianti et al. 1999). The Hf
rest frame equivalent width of these spectra is 6.7 and
6.6 A, respectively, which can only arise from stellar
populations less than 1 Gyr old whose spectrum is dom-
inated by A-type stars.

To summarize, the observables that are more closely
linked with ongoing/recent star formation (the gas ion-
ized by star formation, the molecular gas and the UV
emission) all point to the southern half of the tail as the
location of in-situ star formation extending much further
away from the disk than in the northern part. Although
overall these three observables depict a similar picture,
the exact location of Ha, CO and UV emission does
not always coincide on small scales. This mismatch can
be ascribed to the different star formation stages and
timescales traced by Ha, CO and UV (thus an evolu-
tionary sequence within star forming regions), in some
cases combined with the contribution of an additional
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source of gas ionization that gives rise to peculiar optical
line ratios observed with MUSE, such as shock heating,
thermal conduction from the ICM or mixing of the ISM
and the ICM (see §5.3).

5.2. Radio-continuum

Although care should be taken when comparing im-
ages at different resolutions (given the amount of taper-
ing required to better map the extended/diffuse radio
structure, the resolution of the 1.4 GHz map is a factor
~ 3 worse than that of the other images, which is about
1 arcsec), we note that the 1.4 GHz emission appears
to have a different spatial distribution from all other
wavelengths (bottom right panel in Fig. 7).

In the disk, it globally coincides with the location of
the Ha and CO (and X-ray) emission, though with a
slight extension to the east of the ram pressure edge,
in correspondance to the galaxy center, most likely due
to the radio continuum emission from the AGN, whose
point-like morphology is clearly detected in the high-
resolution images at 5 GHz presented in Gitti (2013,
Fig. 4) and Ignesti et al. (2017, Fig. 1).

Outside of the disk, extended 1.4 GHz emission is de-
tected. We note that such emission is indeed diffuse
as it is not evident in the 1.4 GHz maps which have a
synthesized beam about or slightly higher than 1 arcsec
(the untapered reconstructed images, see Figs. 1 and 2
of Gitti 2013). In particular, a northern radio contin-
uum tail extends approximately as much as the NUV
and X-ray emission. There is also a radio south tail
which covers patchy areas with no CO, no bright Ha
knots (except for one knot in the south-east), and al-
most no X-ray detected. The radio continuum emission
therefore is generally present in regions that are lacking
ongoing clumpy star formation/high molecular gas con-
tent. There is instead at least some UV emission in the
majority of radio-emitting tail regions, except for the
south-west radio clump.

In order to probe the thermal or non-thermal origin
of the radio emission, we estimated the spectral index of
the tail between 1.4 and 5.5 GHz using the VLA maps
presented in Ignesti et al. (2017, Fig. 1). At 5.5 GHz
we do not observe diffuse radio emission in the tail, so
by considering the 3o level, we could estimate only a
lower limit for the spectral index o > 0.5 (in this work
the spectral index « is defined such as S o« v~%, where
S is the radio flux and v is the frequency). Tabatabaei
et al. (2016) fitted the 1-10 GHz spectral energy dis-
tribution of nearby galaxies using a Bayesian Markov
Chain Monte Carlo technique in order to disentangle
the thermal and non-thermal contributions to the radio
emission. These authors measured a total spectral index

(combination of thermal and non-thermal components)
ranging from 0.5 to 1.0. Then, by assuming o = 0.1 for
the thermal radio emission, they estimated a mean ther-
mal fraction at 1.4 GHz of 10-13%. Therefore, from our
estimated lower limit we may conclude that the fraction
of non-thermal contribution to the total radio emission
from the tail of JW100 is more than 90%, thus indicat-
ing that we are mainly observing synchrotron emission
of relativistic electrons diffused in the tail of JW100.
The spectral index of the disk is ~0.6-0.7, and it may
be contaminated by the AGN.

The origin of relativistic electrons and magnetic field
in the stripped tail is uncertain. The expected L1 4gm-
associated with the SFR derived from MUSE and con-
verted from a Salpeter to a Chabrier IMF using the Bell
(2003) calibration SFR=3.25 x 10722L; 4om.(W Hz™1)
is 2.5-102! W Hz~! and 9.8-10%' W Hz~! for the tail and
the disk, respectively. These values are consistent with
the observed Lisgm. (Tab. 5), thus suggesting that
core-collapse supernovae may be the dominant source
of relativistic electrons. However, we can not exclude a
contribution of other sources, such as stripping of rel-
ativistic electrons from the galaxy due to ICM winds
(Murphy et al. 2009). Regarding the magnetic field in
the tail, it may be the combination of the ISM magnetic
field following the stripped plasma and the ICM mag-
netic field, but with the present data we could not per-
form a study of polarized emission to disentangle them.
The magnetic field measurement in a GASP jellyfish tail
will be presented in Mueller et al. (2019 in prep.). Inter-
estingly, the radio emission in the tail of JW100 on small
scales often does not spatially coincide with the regions
of ongoing star formation (the brightest Ha clumps and
the CO clumps). Assuming that most of relativistic elec-
trons derive from SFR, this might be due to timescale
issues. During their lifetime the accelerated electrons
can travel large distances, and/or at the location of the
youngest star-forming regions possibly there aren’t yet
powerful accelerating sources of electrons, i.e. there have
not been supernova explosions.

5.3. X-ray

In contrast with the star formation tracers described
in §5.1, the X-ray extraplanar emission is much more
conspicuous in the northern half of the tail than in the
southern half, with a ratio in the 0.5-2.0 keV band be-
tween north and south of ~ 4 in luminosity and ~ 6.5 in
surface brightness (see regions # 1-2 vs. # 3-4 in Fig.
10). The southern tail contains a bright point source,
a candidate Ultra Luminous X-ray source (ULX), that
is located just outside of the stellar disk, which will be
discussed in detail in §6.
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Figure 9. Spectra of regions (6) (left) and (7) (right), see red squares in Fig. 7.

Interestingly, the sharp eastern edges of X-ray, Ha and
CO emission in the disk coincide, along a vertical line
where all three gas phases are compressed by the ram
pressure. The extension and location of all three gas
phases in the disk also coincide, as they are only found
in the western side of the central 14 kpc, while all the
outer disk regions and all the eastern side of the disk are
devoid of all gas phases.

JW100 shows its own extended X-ray emission, on a
scale > a dozen kpc, standing above the emission of the
cluster (see spectral analysis in §4.2) . This emission
might have different origins: a) SF within the tail; b)
stripped hot galaxy halo; ¢) heating of the cold ISM,
either by shocks, thermal conduction or mixing with the
ICM. We do not see instead any anisotropic features in
the X-ray emission that may suggest the presence of
jets powered by AGN; also unlikely is a contribution to
the extended X-ray emission from the nuclear outflow
revealed by optical emission lines, considering the low
mass rate (see §2 and §6).

a) Let’s start considering the first hypothesis: in the
presence of SF, the dominant contribution to the X-ray
emission is expected from high-mass X-ray binaries, that
have a lifetime of a few 107 yr and dominate over the
emission of low-mass X-ray binaries when there is vigor-
ous ongoing SF. A smaller contribution arises from the
hot ISM ionized by supernovae and massive stars. Each
of these contributions, and the sum of the two, corre-
late well with other SFR indicators (Ranalli et al. 2003;
Mineo et al. 2012a,b, 2014).

To test whether the observed X-ray luminosity of
JW100 is compatible with the SFR measured from the
optical lines, we use the Lx —SF' R calibration from Mi-
neo et al. (2014) converted from a Salpeter to a Chabrier
IMF and from 0.5-8keV to 0.5-10keV assuming a fac-
tor 1.11: SFR =1.32 x 107% Ly (g5_10) ergs~'. With
this calibration, the total X-ray luminosity of JW100
listed in Table 4 corresponds to SFR=28+5 M yr—!

(model apec+apec), SFR=60+11 (model apec+cemekl
with Ty, fixed), or SFR=3346 Mgyr—! (model
apectcemekl without 7)., fixed). We remind the
reader that X-ray point sources (AGN and candidate
ULX) have already been excluded from the calculation
of the X-ray luminosities. Even excluding the region
of the disk where the X-ray and Ha contours are com-
pressed by ram pressure (identified from Fig. 7), where
the X-ray luminosity could be boosted, the derived SFR
would still be very high, ranging between 21+4 and
464+9 Mg yr—!. In the range 0.5-10keV, ~ 50% of the
counts come from the tail and assuming the shape of the
spectrum in the tail is similar to the total one this should
correspond to a tail SFR between ~14+3 and ~30+7
M, yr~' depending on the X-ray model adopted.

The X-ray-based SFR values are much higher than
those measured from the dust-corrected, absorption cor-
rected Ha luminosity (4Mg yr—! total,~ 1Mgyr—! in
the tail, see §2) even under the most generous assump-
tions (using all the regions powered by star formation
according to the [SII] diagram). The scatter in the
Lx — SFR relation in Mineo et al. (2014) is not able
to account for the low Ha-based SFRs, which a factor
between 6 and 30 lower than the X-ray-based values.
Using the 0.5-2 keV Lx — SFR relation from Ranalli
et al. (2003) transformed from a Salpeter to a Chabrier
IMF yields slightly lower X-ray-based SFR (between 14
and 24 ~ 1Mgyr—!) than with the Mineo calibration,
but these values are still higher than the Ha-based SFR,
by a factor between 4 and 6.

It is interesting to note that comparing the total X-
ray emission (having excluded the AGN, Table 4) and
the 1.4GHz emission (Table 5), the X-ray emission of
JW100 is more than an order of magnitude too high for
its radio continuum emission, according to the relation
shown in Fig. 1 of Mineo et al. (2014). Thus, while the
radio continuum and the Ha emission are consistent and
can be explained with star formation (see §5.2), the X-
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ray emission has a significant excess both with respect
to Ha and the radio continuum.

We conclude that it is necessary to invoke an addi-
tional source of X-ray emission other than the sources
linked with ongoing star formation.

b) The second hypothesis concerns the galaxy hot,
X-ray emitting halo (see Bregman et al. (2018) for a re-
view of hot circumgalactic gas). Before being stripped,
we may expect JW100 to have possessed a hot, X-
ray-emitting halo, that could have been stretched dur-
ing the stripping, producing the observed extra-planar
diffuse emission (Bekki 2009). The galaxy NGC1961,
whose stellar mass is identical to that of JW100, has
a hot halo with an X-ray luminosity within 50 pro-
jected kpe Lx (0.5 —2) = 8.9+ 1.2 x 10 ergs™! (An-
derson et al. 2016), which is not too dissimilar from
the Lx(0.5 — 2) of JW100, that is between 2 and
3.5 x10* ergs~! (Table 4). Similar X-ray luminosites
(Lx(0.5—2) = 5—10x10%* ergs—!) have been measured
for the inner ~ 40kpc hot halo of other few galaxies as
massive as JW100 (Fig. 4 in Li et al. 2016). Given the
expected enhancement of X-ray luminosity in the region
compressed by ram pressure, in principle the JW100 X-
ray luminosity is compatible with being the stripped hot
galaxy halo.

An easy way to evaluate the importance of the hot
halo stripping is to compare the ram pressure, pram ~
3 x 1071% dyne cm~? (see Appendix) to the halo ther-
mal pressure, phalo = NhalokThalo, Where the halo tem-
perature is assumed to be Thao ~ 6 x 10° K (Ap-
pendix). Stripping is efficient where pyam > Phalo, OF
where npa10 < 0.3 em™3. The latter condition is likely to
be verified everywhere but, perhaps, the central kpc or
so (e.g. Bregman et al. (2018)). We also tested the hot
halo stripping hypothesis with a simple model adopting
a mass model for the galaxy including a stellar bulge,
a stellar disk and a dark matter halo (see Appendix
for details). This model finds that the hot halo will be
stripped down to the galactic central kpc or less on very
short timescales (~ 15 Myr), which makes the stripped
halo hypothesis for the observed X-ray halo highly un-
likely. !0

¢) Finally, the X-ray emission of JW100 can arise from
heating of the ISM either due to shock heating, thermal
conduction from the ICM, mixing of the ISM and the
ICM, or cooling of the ICM onto the colder stripped

10 An example of hot halo/intragroup medium stripping from an
early-type galaxy could be CGCG254-021 which is the very mas-
sive, brightest galaxy in the Z8338 cluster, in which the X-ray
gas is completely detached from the galaxy (Schellenberger &

Reiprich 2015).

ISM. The latter scenario can be explored by consider-
ing the Field length for a static cold cloud immersed
in a hot medium, A\p = [x(T)T/n?A(T)]*/?, where & is
the thermal conductivity, T" and n are the temperature
and number density of the hot gas and A is the cool-
ing function. This is a measure of the balance between
the cloud energy gain by conduction and the energy loss
by radiation (see McKee & Begelman (1990)). For a
cloud size larger that Ap, radiative cooling dominates
and the hot ICM condenses on the cloud. Numerically,
Ap ~ 136¢i/2T;/74n;1A:§42 pc ~ 450 kpc for the ICM
surrounding JW100 (McKee & Begelman 1990). For
this estimate we have adopted n ~ 3 x 1073 ¢m ™2 and
T ~ 3.5 keV from the X-ray analysis above. The factor
¢ < 1, which describes the suppression of the conduc-
tivity in a magnetized plasma, has been set ~ 1. The
value for Ap, much larger than the size of the JW100
cold ISM, makes the cooling scenario unpalatable, un-
less ¢, < 1.

Mixing (and heating) of the stripped cold ISM with
the hot ICM was invoked to explain the X-ray tail of
the jellyfish ESO-137-001 in the Abell 3627 cluster: the
X-ray would arise from a warm contact surface between
the ISM and the ICM which is emitting in X-rays (Sun
et al. 2010).

In an oversimplified picture, the two types of X-ray
spectral fitting models discussed in §4.2 might represent
the scenarios b) and c¢): the apec+apec model would
correspond to the stripped corona hypothesis, while the
apec+cemekl model to the ISM heating hypothesis. Un-
fortunately, these two models are statistically indistin-
guishable (see x? and DOF values in Table 4). There-
fore, what we can conclude from our X-ray spectral
modeling of JW100 (§4.2 and Table 4) is that the data
are consistent with a multi-temperature gas, thus with
the ISM heating scenario, but can neither rule out the
hot halo hypothesis nor discriminate among the possible
heating mechanisms.

The X-ray plasma metallicity would be a key probe to
discern the models, because in the stripped hot corona
scenario we would expect the metallicity to be lower
(Z ~0.1-0.3 Zg, Werner et al. 2019) than that of the
heated stripped gas, whose MUSE metallicity is solar
and supersolar (Franchetto et al. in prep.). However,
the existing X-ray data do not allow us to estimate the
metallicity of the X-ray emitting gas, and longer Chan-
dra exposures are needed.

5.3.1. The heating ISM scenario and the Ha-X-ray
correlation

The fact that the morphology of the X-ray gas in the
disk follows exactly the morphology of the Ha gas is
consistent with the ISM heating scenario. We also note
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that in simulations with an angled wind we find that
once initial stripping has occurred, dense clouds tend to
be found on the side of the tail that is more downwind
(Tonnesen et al. in prep.). While much of the X-ray
emission is near stripped dense clouds in these simula-
tions, there are times when the brightest X-ray emission
is found near the disk and closer to the upwind side of
the disk than the dense clouds, as in our JW100 obser-
vations. Moreover, in the simulations by Tonnesen et al.
(2011) the authors can reproduce the bright Ho and X-
ray emission of the galaxy ESO 137-001, and argue that
bright X-ray emission occurs when the stripped ISM
is heated and mixed into a high-pressure ICM (greater
than ~ 9x 1072 ergem™3). The JW100 ICM pressure of
~ 3 x 107" ergem ™3 is above this threshold, and about
twice the pressure around ESO137-001 (see §5.3.2 for a
comparison of the two galaxies).

To further investigate the heated ISM hypothesis, we
plot in Fig. 10 the Ha surface brightness (corrected both
for stellar absorption and dust extinction computed from
the Balmer decrement) versus the X-ray surface bright-
ness for the regions identified in Fig. 2. Some of these
regions coincide with star-forming regions according to
both the [OI] and the [SII] MUSE diagnostic diagrams
(red points), while others correspond to regions of [OI]-
LINER-like emission (blue points), which are mostly
classified as star-forming by [SII].!! The former gener-
ally have a higher average Ha surface brightness than
the latter, due to the star-forming clumps.

To estimate the X-ray surface brightness of each re-
gion, we extracted the corresponding spectra by exclud-
ing the cluster contribution and, then, we fitted the
spectra with an absorbed apec model. Due to the low
statistics, we could not estimate the local properties of
each region, so, under the assumption that the proper-
ties of the X-ray emitting plasma are the same all over
the galaxy, we fixed the temperature and the metallic-
ity to the values that we estimated for the whole galaxy
(kT=0.82 keV, Z=1 Zs) and we derived the luminosity
in the 0.5-8.0 keV band from the fit normalizations, that
we ultimately converted in surface brightness.

Figure 10 presents some striking results. First of
all, the Ha and X-ray surface brightnesses correlate as
Iy, o I, where Iy, and Ix are the surface brightnesses
of the two bands. This result suggests a physical rela-
tion between the two emission processes. Interestingly,
the correlation is different for star-forming regions and
for regions with an [OI] excess, with s = 0.87+£0.17 and

11 We have tried sampling smaller regions within the largest regions,
results do not change and the relation for the diffuse component
persists.

s = 0.44+£0.17 respectively. In both cases the Spearman
correlation coefficients are > 0.9. At similar Ha sur-
face brightness, [OI]-excess regions have a higher X-ray
brightness. This could be consistent with ISM heating
in the [OI]-excess regions, which could account for the
main observational results, explaining: a) the existence
of the correlation Ha-X and of the X-ray excess com-
pared to star-forming regions; b) the additional source
of ionization/excitation of the stripped gas, causing the
different optical line ratios, in particular the [OI], and
c) the lack of significant molecular gas and ongoing star
formation in these regions.

On the other hand, the Ha-X surface brightness re-
lation of even strongly star forming regions cannot be
fully explained by the expected emission at these wave-
lengths from a given SFR under standard conditions. In
§5.3.0 we have discussed how on a global scale there is a
significant X-ray excess for the Ha emission (SFR) ob-
served. In Fig. 10 we see the same effect but on the scale
of individual regions: all the starforming regions present
an excess of X-ray emission compared to the SFR cal-
ibration commonly used in the literature, represented
by the solid black line. The global values (green points
in Fig. 10) are dominated by the star-forming regions,
especially in the disk (green square), while the overall
value (green diamond) lies in between the star-forming
and the diffuse emission regions.

At this point we can only speculate on the possible ori-
gin for the discrepancy between the star-forming points
and the standard SFR relation line in Fig. 10:

a) The standard SFR calibrations may not apply un-
der the extraordinary physical conditions in which stars
form in the tail (IMF, different timescales probed by the
two indicators etc). To our knowledge, the Ha vs X-ray-
based SFR estimates have not been tested in the liter-
ature even for normal spirals, although given the good
correlations between X-ray and radio/UV+FIR and be-
tween Ha and UV+FIR a discrepancy similar to the one
we observe here would be surprising in normal spirals.

b) There could be an additional source of X-ray emis-
sion due to ISM heating even along the line of sight
of star-forming regions (though its relative importance
should be lower than in the [OI]-excess regions). This
is clearly possible, but the effect should be conspicuous,
because the observed X-ray surface brightness of star-
forming regions is a factor 5-8 higher than expected from
the Ha and in order to reconcile the two SFR estimates
the majority of the X-ray flux should arise from heat-
ing. This effect might be seen from another point of
view. The main, underlying relation in Figure 10 might
be the one traced by the blue points, in which the emis-
sion in Ha and X arise from exactly the same process,
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e.g. ISM heating. The star-forming points would lie
above this relation due to an excess of Ha flux due to
star formation.

To conclude, our data are consistent with the X-ray
emission of JW100 coming from warm regions that en-
velope the cold ISM observed in He, due to ISM-ICM
mixing or thermal heating of the ISM due to the ICM,
or shock heating. It is also consistent with the [OI}-
excess observed in the JW100 tail being a consequence
of efficient mixing/thermal heating/shock heating.

However, this tentative hypothesis is far from being
demonstrated. Confirming it or disproving it require
deeper X-ray observations, and will benefit from a com-
parison with the Ha-X-ray surface brightness relation
in other environmental conditions. For example, the
diffuse LINER tail of JW100 shows interesting similari-
ties, in term of both optical and X-ray properties, with
the multi-phase filaments observed at the center of clus-
ters (e.g., Werner et al. (2013)). A fascinating explana-
tion for that similarity might be that these filamentary
structures, although on different scales, are generated
by the motion of a substructure in the ICM (the galaxy,
in our case, or an uplifting AGN cavity) that triggers
the phase mixing and the ICM cooling. In addition, in
principle, a powerful tracer of mixing or conductive lay-
ers are UV lines, especially [OVI], which probe gas at
intermediate temperatures fewx10®> K. This gas phase
is expected to be more abundant in the heating scenario,
therefore [OVI] observations might help discriminating
between the hypotheses. Moreover, cloud-scale high res-
olution simulations of cold clumps embedded in a hot
medium with realistic conditions for the stripped tails
will be fundamental to assess the hypothesis proposed in
this paper and analyze the various possibilities for ISM
heating (e.g. Briiggen & Scannapieco (2016); Armillotta
et al. (2016); Gronke & Oh (2018)).

5.3.2. Comparison with ESO137-001

We compare the X-ray properties derived in this pa-
per with those obtained for ESO137-001 by Sun et al.
(2010), A comparison of the star formation and the CO
properties for JW100 and ESO137-001 are given in Pog-
gianti et al. (2019) and Moretti et al. (2019 submitted),
respectively.

We note that the stellar mass of JW100 is almost two
order of magnitudes higher than that of ESO137-001.
Given the low mass of ESO137-001, this galaxy is not
expected to have had a hot corona, thus its X-ray emis-
sion must come from the interaction between cold ISM
and ICM. This would suggest that the same mechanism
generate the X-ray emission for JW100, giving strength
to our discussion above.

The X-ray luminosity Lo s5_oker is 1.1x10%! ergs™! for
ESO137-001 and about twice this value for JW100 (2-
3.4x10* ergs—!, Table 4). The morphologies of the X-
ray tails of the two galaxies are very different: that of
JW100, at the current depth of the Chandra data, is
within the galaxy tidal truncation radius (truncated by
the cluster potential, about 38 kpc), while the observed
80kpc X-ray tail of ESO137-001 is well outside of its
truncation radius. However, we calculate that with the
exposure time and the Chandra effective area of the Sun
et al. observations (given the degrading of Chandra per-
formance with time) we would have had 2.5 times the
counts we observed. Given the Ha-X ray correlation we
observe, it is reasonable to expect the X-ray tail to be
as extended as the Ha tail. Deeper X-ray observations
would be needed to observe the full extent of the X-ray
tail in JW100.

Interestingly, the X-ray temperature derived for the
two galaxies with apec+apec models is similar (0.7 vs
0.8 keV) (to be compared with the typical temperature
of hot gas in normal spirals of ~ 0.3 keV, Strickland
et al. (2004); Mineo et al. (2012b)). Since the tem-
peratures of the two galaxies are almost the same, it
is tempting to conclude that the physical mechanism
which generate the X-ray emission is the same: heating
of cold ISM. The ICM ambient temperature is higher
in ESO137-001 (6keV) than in JW100 (3.5keV), while
both the gas density and the thermal pressure are higher
for JW100: 3.2 x 10 2cm™3 vs 1 — 1.4 x 103 cm ™3,
and 3 x 107 ergem ™ vs 1.8 x 10~ ergem 3. The
ram pressure at the galaxy location for ESO137-001
is 4.4 x 107 x (v44/1500)? dynem ™2 and for JW100
is 1.3 x 10719 x (v44;/1500)* dyncm™2, thus > 1.9 x
1071%dynem =2 (see Appendix) given that the galaxy
peculiar velocity observed with MUSE (1807 kms™1)
significantly underestimates its total speed.

6. X-RAY POINT SOURCES: AGN AND ULX
CANDIDATE

6.1. AGN

We extract the X-ray AGN spectrum using a back-
ground that includes the cluster contribution at the po-
sition of the galaxy.!? We compute the hardness ra-
tio (HR) defined as the ratio g—;g, where H and S are
the net counts of the source in the hard (2 - 7 keV)
and in the soft (0.5 - 2 keV) band. We find HR =
-0.3/-0.10 in the two observations respectively, to be

12 From the inset in Figure 4 we see that, even using a small re-
gion for the extraction of the counts, we expect a residual con-
tamination from the galaxy emission itself, which however is not
significant in counts.
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Table 3. Results of the X-ray spectral analysis in the control region.

Obs ID. Exposure time (s)

Bkg exp. time (s) Total counts (cnts)

Net rate (cnts/s)

16136 1.047e+-05 6.725e+05 29992 0.266 (92.7 % total)

3192 2.368e+04 4.615e+05 8445 0.337 (94.4 % total)
Model Parameters x%, DOF, x%

phabs*apec kT=3.5040.10 keV, Z=0.36+0.04 499.02, 456, 1.0943

Table 4. Results of the X-ray spectral analysis in the galactic region.

Obs ID. Exposure time (s)

Bkg exp. time (s) Total counts (cnts)

Net rate (cnts/s)

16136 1.047e+405 6.725e+4-05 2502 0.0228(95.6 % total)
3192 2.368e+-04 4.615e+05 632 0.0260 (97.4 % total)
Model Parameters x%, DOF, x%
phabs*apec kT=1.9940.14 keV, Z=0.11£0.05 173.43, 96, 1.8066
phabs* (apec+apec) kT=0.827512 keV, (Z=1.00 fixed), 93.58, 95, 0.9851
Lo.5—2.0=1.99e41 erg/s, Lo.5—10.0=2.08e41 erg/s
L0,3710,0:2.21e41 erg/s
phabs* (apec+cemekl) (kTmaz= 3.49keV fixed), (Z=1.00 fixed), a=0.88753} 93.84, 95, 0.9878

Lo.5—2.0=3.40e41 erg/s, Lo.s—10.0=4.54e41 erg/s
L0,3710,0:5.00641 erg/s
” kT maz=1.20T03% keV, (Z=1.00 fixed), a=2.07"532 87.36, 94, 0.9293
L0,5,2,0:2.31641 erg/s, L0,5,10,0:2.47e41 erg/s
L0,3,10,0:2.68641 erg/s

Table 5. Radio properties at 1.4 GHz. Luminosities are k-corrected. The last column lists the SFR values derived if all the
radio continuum luminosity were due to ongoing star formation.

Region Flux [1072° W/Hz/m?] Luminosity [10** W/Hz] SFR(Mg yr™*)
Total (w/out AGN) 3.261+0.13 (2.36+0.13) 2.3440.09 (1.69£0.09) 7.6(5.5)
AGN 0.90£0.03 0.65+0.02 -

Disk (w/out AGN) 2.4640.09 (1.56+0.09) 1.77£0.07 (1.12+0.08) 5.7(3.6)
Tail 0.8+0.16 0.57+0.12 1.8

Not compressed (w/out AGN) | 1.8940.08 (1.59+£0.13)  1.36+0.07 (1.14-0.09) 4.4(3.7)

Note: The regions listed here are the whole radio-emitting regions with a surface brightness above 3 o reported in Fig. 7 (Total),
the AGN region identified in the high resolution images (Gitti 2013; Ignesti et al. 2017) (AGN), the radio-emitting region within
the stellar disk as defined by the black contours in Fig. 7 (Disk) and outside the stellar disk (Tail), and the total having excluded
the compressed region identified using the Ha contours (Not compressed).

compared with the mean ratio for Type 2 AGN HR= (phabs* (pow+phabs+pow) in xspec). This shape is a

-0.03 + 0.46 from Marchesi et al. (2016). This source
is therefore fully consistent with being a low luminos-
ity, absorbed AGN, as confirmed also by the shape
of the spectrum which shows two peaks. We fit the
spectrum with a simple combination of a power-law
model, plus an absorbed power-law model, fixing the
two slopes to be the same, with absorption fixed to the
Galactic value of 3.8 x 102° cm~2 (Kalberla et al. 2005)

simple representation of a direct plus a reflected com-
ponent as in an obscured AGN. The resulting slope is
I' = 2.5 with a very large uncertainty.'®> The spectral
shape, with a slope steeper than the average slope for
Sy2s, is nevertheless very similar to that of the brighter

13 The results do not change significantly by fixing the slope to
r=1.7.
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Figure 10. Ha vs 0.5-8keV X-ray surface brightness in the different regions identified with yellow poligons in Fig. 2. The blue
triangles are the four regions of diffuse emission with LINER-like [OI]/Ha ratios in the right panel of Fig. 2. In red, those
regions where the [OI]/Ha ratio (as well as [SII]/Ha) indicates star formation: the star-forming regions within the disk (red
circles) and the knots in the tail (red stars). In green, the total and the disk values. The blue dashed line is the fit to the blue
diffuse emission points. The solid black line is the expected relation combining the Lx = SF R relation from Mineo et al. (2014)

and the Ly, = SFR relation from Kennicutt et al. (1998).

(Lx ~ 10%3 erg/s) Sy2 AXJ2254+1146 (Della Ceca et al.
2000), although the statistics here is not enough to de-
tect a possibile iron line as expected in Seyfert2. The
absorbing column is of the order of 3 x 10?3 cm~2 and
the direct component is about 1% of the reflected one.
The total X-ray luminosity of the AGN is Lx (0.5—10) =
2.4 x 104 erg/s.

The intensity variability in the 10 years between the
two observations is smaller than 10%, comparable with
the statistical uncertainty on the count rate.

6.2. ULX candidate

The second, southern X-ray point source (see Table 2)
is detected in the X-ray tail, just outside the stellar
body of the galaxy. Fitting the spectrum with a power-
law (phabs*pow in xspec), using again the Galactic ab-
sorption value of 3.8 x 102°cm=2 (Kalberla et al. 2005),
we get a slope I' = 1.69[1.44 — 1.96] with a x2/dof =
1.4/8. The corresponding unabsorbed flux (0.5-2 keV)
is 3.6 x 107 % ergs~'ecm™2. The flux in the two obser-
vations is consistent with no variability.

The inset in Fig. 4 shows the three X-ray colors image
of the galaxy. The two point sources are much harder
than the diffuse emission. The AGN is embedded in the
galactic emission, while the southern source appears at
the edge of the diffuse emission.

We first investigate the possibility that the source is
not related to the galaxy. The total number of ex-
pected contaminants, from the resolved X-ray back-
ground LogN-LogS (Moretti et al. 2003) at the flux of
the source is only 0.027 in an area of 40” x 30", corre-
sponding to the region occupied by the Ha emission of
the galaxy. It is therefore unlikely that this is a back-
ground source. Morever, there is no optical counterpart
visible in the MUSE white-light image, i.e. collapsing all
the MUSE wavelength range, down to a magnitude of V
< 24. Therefore we can exclude the bulk of AGN coun-
terparts that should have visual magnitudes between 22
and 24 (Maccacaro et al. 1998). Furthermore, at the
spatial location of this X-ray source there is no emis-
sion line detected in the MUSE data (above the noise)
that would reveal the presence of an X-ray bright back-
ground /foreground source.

We also exclude foreground Galactic stars as inter-
lopers: normal, X-ray emitting stars should be brighter
than 20 mag in the optical and would be seen by MUSE;,
while accreting Neutron Stars (that would have an X-ray
over V-band flux ratio fx/fy ratio > 1000, correspond-
ing to my = 30) are very rare, especially at high galactic
latitude (b = —38°).

We are left, then, with the interesting possibility that
the source is associated to JW100 itself. At the luminos-
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ity distance of the cluster, the detected flux corresponds
to Lx (0.3 —10) = 7.8 x 10* ergs~!. Such a high X-ray
luminosity in a point-like source located close to star
forming regions make the source an Ultra-Luminous X-
ray source (ULX), that is expected to be produced by
recent strong star formation episodes (see e.g. Kaaret
et al. (2017) for a review on ULXs). The ULX would
have formed during the star formation enhancement in-
duced by ram pressure. Interestingly, the ULX candi-
date is at the location of a bright UV knot (see Fig. 7)
and close to an Ha clump. Thus, our data shows a spa-
tial association between the ULX candidate and a bright
stellar clump recently formed. At a distance D=255 Mpc
this is the farthest ULX candidate found and a very lu-
minous one, although not enough to enter the class of
Hyper Luminous X-ray sources, i.e. the ULXs with lu-
minosity in excess of 10*! ergs™! see e.g. (Gao et al.
2003; Wolter & Trinchieri 2004) for Cartwheel N10 (Far-
rell et al. 2009) for HLX-1 in ESO243-49). The X-ray
spectrum is consistent with what seen in other ULXs
with this level of statistics (eg. Swartz et al. (2011);
Wolter & Trinchieri (2004)).

The bulk of ULXs are consistent with being High
Mass X-ray Binaries HMXB. We can use the relations
from Mineo et al. (2012a) concerning the number of
HMXB sources and the total X-ray luminosity expected
as a function of SFR. Using SFR = 4.0Mgyr—! (see
§2), the total number of expected bright sources is
Ngux (> 10%?) = 0.49 x SFR ~ 2, which is consis-
tent with our observation of a bright ULX. However, the
expected total luminosity in HMXB, of which the ma-
jority is non resolved in this observation, is LIMXE =
2.6 x 10%? x SFR erg/s = 1.0 x 10%%rg/s. The detected
ULX is already almost an order of magnitude more lu-
minous than the total Lx luminosity expected, outside
the scatter in the relation (o = 0.43dex).

In the galaxy ESO137-001 Sun et al. (2010) identified
six ULXs with Lg.3_10kev Up to 2.5 x 10*% ergs™!, thus
much fainter than our candidate ULX in JW100. The
SFR of ESO137-001 is also at least an order of magni-
tude smaller than in JW100, and interestingly the total
X-ray luminosity in point sources is larger than expected
in both galaxies.

N-body/smoothed-particle hydrodynamics simula-
tions run with GADGET-2 have shown that both ram pres-
sure and viscous transfer effects are necessary to produce
the large number of ULXs seen in the interacting galaxy
NGC 2276 which falls in the potential well and ICM of
the NGC 2300 group (Wolter et al. 2015). We could
be witnessing a similar effect here, with ram pressure
enhancing the efficiency of the star formation process
and the luminosity of the resulting binary system. A

similar effect was found also for another extreme envi-
ronment, that of collisional ring galaxies, in which both
the total number of ULX and the number of ULXs per
unit star formation rate are observed to be in the up-
per envelope of the normal galaxy distribution (Wolter
et al. 2018). All the evidence suggests a flattening of the
X-ray luminosity function when local star formation en-
hancements/bursts occur, either due to gravitational in-
teractions and/or stripping, although statistically strong
conclusions cannot be drawn due to the relatively small
numbers of ULXs observed.

Finally, if indeed we are witnessing a HMXB, we can
confirm that the onset of the interaction with the ICM
that triggered the SF episode happened not more than
a few hundred Myr ago, given the lifetime of the donor
star involved in a HMXB.

7. SUMMARY

In this paper we have studied the jellyfish galaxy
JW100 that presents a striking extraplanar tail of multi-
phase gas due to ram pressure stripping from the ICM of
the Abell 2626 cluster. This work is part of an ongoing
effort to understand the physical processes that create
tails observable at different wavelengths as well as the
baryonic cycle in the tails and disks of jellyfish galaxies.

We use the multi-wavelength dataset of the GASP sur-
vey that consists of optical integral-field spectroscopy
from MUSE, X-ray ACIS-S Chandra data, 1.4GHz ob-
servations from VLA, NUV imaging from UVIT on
board ASTROSAT, and CO(2-1) ALMA observations.
These data offer a detailed and comprehensive view of
the ionized gas, X-ray gas, molecular gas, stellar UV
light and radio continuum light emitted from the tail
and the disk. The spatial resolution of these observa-
tions samples a ~1kpc scale, except for the radio con-
tinuum observations that have a resolution ~ 4 x 3.5
kpc.

Our main results can be summarized as follows:

e The ICM at the clustercentric distance of JW100
has kT=3.5 keV, a metallicity 0.35 solar, and
a density proym = 5.8 x 1072"gem™3. The X-
ray emission of the JW100 region can be equally
well modeled adding to the ICM component either
an absorbed, thermal, single temperature com-
ponent (kT=0.82 keV) or a multi-phase, multi-
temperature model. The galaxy is moving super-
sonically (Mach number ~ 2) but the presence of
a bow shock as inferred by an X-ray temperature
break remains unconfirmed until more sensitive
observations are obtained.
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e The 50kpc long Ha tail presents bright clumps
embedded in diffuse emission. The former are gi-
ant and supergiant star-forming regions, mostly lo-
cated in the south part of the tail. All the MUSE
optical line ratios in these clumps indicate that
the gas is photoionized by young massive stars.
The ionization source of most of the diffuse emis-
sion, instead, is star formation according to the
[SII] diagnostic diagram, but presents an excess of
[OI]-LINER-like emission.

e Molecular gas is present in the disk (where Ha
is also observed) and in large complexes in the
tail, mostly in the southern part of the tail. A de-
tailed analysis of the ALMA CO emission is given
in Moretti et al. (submitted).

e The Ha clumps, the CO clumps and the NUV
emission are all linked to in situ star formation in
the tail, that currently mostly takes place in the
south part of the tail. On small scales (1 to a few
kpc), we observe regions with He, CO and UV,
but also regions with only bright CO emission, or
only Ha and UV, or only UV. We interpret this
as a star formation sequence, in which star for-
mation progresses from the molecular cloud phase
with no stars formed yet, to later stages where
the molecular gas has been already dispersed by
the stars formed, until only the UV light of young
stars is still visible. This evolutionary sequence
corresponds to a spatial sequence in the stripped
tail, going from further away to closer to the disk.

e The radio continuum emission of JW100 is mostly
non thermal and is synchrotron emission of rel-
ativistic electrons. This indicates the presence of
magnetic fields in the stripped tails (see Mueller et
al. in prep. for a direct measurement of magnetic
field in a jellyfish tail) and is consistent with super-
novae forming in the stripped tails. The observed
1.4 GHz flux is consistent with that expected from
the SFR measured from Ha for standard IMF
assumptions, though a contribution from other
sources such as stripping of relativistic electrons
cannot be excluded. The spatial distribution of
the radio emission, however, does not coincide
with the currently star forming regions: the former
is mostly in the northern part of the tail, and in the
south part the radio avoids the Ha/CO clumps.
This could be due to the lifetime of the electrons
(longer than the Ha timescale), during which they
can travel to large distances, and /or to supernova
explosions not having occurred yet in the youngest
star-forming regions.

e In contrast with the star formation tracers, the ex-
traplanar X-ray emission is mostly in the northern
part of the tail. We find that this X-ray emission
cannot be explained by star formation (high-mass
X-ray binaries and ISM ionized by supernovae and
massive stars), because the SFR derived in this
case would be between 4 and 30 times higher than
the SFR derived from Ha. The X-ray luminosity
observed is similar to the one expected for the hot
X-ray halo of a galaxy as massive as JW100, but
a simple model rules out the stripped hot halo as
the origin of the X-ray tail based on timescale ar-
guments. We conclude that a significant fraction
of the X-ray emission of JW100 must arise from
heating of its stripped ISM, either due to mixing
of the ISM and the ICM, to thermal conduction
from the ICM or shock heating.

e We find a striking, double correlation between
the Ha surface brightness and the X-ray surface
brightness. The correlation is shallower in regions
of diffuse, [OI-LINER-like emission (Iy, oc I%*),
and steeper in star-forming regions of the disk and
tail (Iga o< I%87). Even in star-forming regions,
the X-ray brightness exceeds significantly the one
expected from Ha assuming the standard calibra-
tions between SFR and Ha/UV.

This result corroborates the scenario in which the
stripped ISM is heated due to the interaction with
the ICM (either mixing, thermal conduction or
shocks). This heating could be responsible for:
a) much of the X-ray emission; b) the [OI]-excess
observed in the diffuse gas of the tail; ¢) the lack
of star formation where such heating is more effi-
cient (i.e. the northern part of the tail). Where
the heating is less efficient (in the southern part
of the tail, with little or no X-ray emission), star
formation occurs in giant clumps with molecular
gas.

e The southern point source is most likely a very
bright thus rare ULX, with a luminosity (L x (0.3—
10) = 7.8x10% erg s—1) that places it at the bright
end of the ULX luminosity function. Since ram
pressure in a dense fluid (as well as gravitational
interactions) can enhance the production of bright
X-ray sources we deem this a valid explanation for
the data in hand. As HMXB (in which the donor
star has a short lifetime), it would have formed
during the SF episode triggered at that location by
the ram pressure exerted by the ICM a few hun-
dred Myr before observations, consistently with



22 POGGIANTI ET AL.

all other evidence for ram pressure stripping in
JW100.

Multi-wavelength studies of jellyfish galaxies, such as
the one we have presented here for JW100 and those in
the literature for ESO137-001, are powerful probes for
a variety of physical processes, including star formation
under extreme environmental conditions and the inter-
play between ISM and intergalactic medium. Hence, jel-
lyfish galaxies can be a laboratory of physics for circum-
galactic medium (thus galaxy evolution) studies in gen-
eral. Fundamental open questions remain unanswered
by our results, including how gas can cool and form
new stars in the ICM-embedded tails, and the phys-
ical mechanism of heating of the stripped ISM (how
important is mixing vs thermal conduction vs shocks).
Multi-wavelength studies for a larger number of jelly-
fish galaxies, for different local ICM conditions, coupled
with hydrodynamical simulations, offer the prospect of
significant advancement in these fields.
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APPENDIX

A. A MODEL FOR THE STRIPPING OF THE HOT HALO

We can test whether the observed X-ray tail can be due to a hot stripped halo with a simple model. According
to McCarthy et al. (2008) the ICM ram pressure strips the halo gas (assumed spherically distributed) at a projected
radius R if

Pram = pICMUIQCM > gmax(R)Uhalo(R)

where proar = 5.8 x 10727 g ecm™?2 is the local ICM density, vicas is the relative velocity between JW100 and

the ICM, here assumed to lie in the range 1800 (the observed l.o.s velocity) and 2500 km s~! (assumed as fiducial
maximum velocity). The quantities on the right hand side of the equation are the maximum gravitational acceleration
component parallel to vicps at the projected radius R and ope0(R) is the surface density (g cm_2) of the hot halo
gas.

In order to estimate gpmq.(R) and the distribution of the halo gas we need to build a mass model for the galaxy.
Our fiducial model includes two stellar components (a stellar bulge and a stellar disk) and a dark matter halo. The
bulge, approximated with a Hernquist profile (Hernquist 1990), has mass M, = 3 x 10'° Mg, and half-mass radius
7172 = 1.2 kpc. The disk has a very flattened (Miyamoto & Nagai 1975) distribution with mass My = 2.5 x 10M Mg
and scale parameters a = 6 kpc and b = 0.5 kpc (see also Binney & Tremaine (1987)). The total stellar mass is thus
M, = 2.8 x 10** M.

Finally, the dark halo assumes a Navarro et al. (1996) shape, with total mass Mpy = 1.2 x 103 Mg and a
concentration ¢ = 9.8.

The hot gas is initially set in hydrostatic equilibrium in the total potential, assuming a constant temperature
Thalo = 5.8 x 108 K (kThalo = 0.5 keV), chosen to agree with the mean halo temperature of NGC 1961 (Anderson et al.
2016). The central halo gas density is also chosen for the gas density to agree with the NGC1961 profile (Anderson
et al. 2016). The 3D halo density profile is then integrated to get the surface density opqi0(R).

With this simple model we can use the equation above to calculate the projected radius R beyond which the stripping
is effective. Figure 11 shows that for R > 380 pc the ram pressure is larger than the restoring force per cm~2. The
time scale to significantly alter the distribution of the halo gas is Ttrip = R/vienm ~ 0.5(R/kpc)(v/2000 km/s) = Myr.
Therefore the halo gas is advected by ~ 30 kpc (the size of the tail) in ~ 15 Myr. From these numbers we expect that
the ram pressure disrupted and removed most or all the hot halo quickly, well before the galaxy reached the current
location, even taking into account the lower ram pressure experienced by JW100 in the past, while traveling through
lower density ICM regions.

In order to gauge the uncertainty in the mass model, we also considered a similar model as above, replacing the
Miyamoto-Nagai disk with a thin Kuzmin disk, of total mass MX" = 2 x 10 Mg, and scale parameter a = 2.5 kpc
(see Binney & Tremaine (1987)). In this case the ram pressure is able to quickly strip the halo gas beyond R ~ 950
pc.

In addition, on top of the classical ram pressure stripping investigated above, viscous or turbulent ablation (Nulsen
1986) would help the gas removal process. To conclude, we expect the hot galaxy halo to be removed on very short
timescales, making the hot halo origin of the observed X-ray tail unplausible.
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Figure 11. ICM ram pressure (red dashed line) vs. the component along the direction of motion of the restoring force per unit
area (solid black line), for the fiducial model with the Miyamoto-Nagai disk.



