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ABSTRACT

Ram pressure stripping is a crucial evolutionary driver for cluster galaxies. It is thought to be able

to accelerate the evolution of their star formation, trigger the activity of their central active galactic

nucleus (AGN) and the interplay between the galactic and environmental gas, and eventually dissipate

their gas reservoir. We explored the outcomes of ram pressure stripping by studying the non-thermal

radio emission of the jellyfish galaxy JW100 in the cluster Abell 2626 (z = 0.055) by combining LOFAR,

MeerKAT, and VLA observations from 0.144 to 5.5 GHz. We studied the integrated spectra of the

stellar disk, the stripped tail and the AGN, mapped the spectral index over the galaxy, and constrained

the magnetic field intensity to be between 11 and 18 µG in the disk and < 10 µG in the tail. The

stellar disk radio emission is dominated by a radiatively old plasma, likely related to an older phase of

high star formation rate. This suggests that the star formation was quickly quenched by a factor of 4

in a few 107 yr. The radio emission in the tail is consistent with the stripping scenario, where the radio

plasma originally accelerated in the disk is then displaced in the tail. The morphology of the radio

and X-ray emissions supports the scenario of accretion of the magnetized environmental plasma onto

the galaxy. The AGN non-thermal spectrum indicates that the relativistic electron acceleration may

have occurred simultaneously with a central ionized gas outflow, thus suggesting a physical connection

between the two processes.

Keywords: galaxies: evolution – galaxies: clusters: general – observational astronomy: radio astronomy

1. INTRODUCTION

Corresponding author: Alessandro ignesti

alessandro.ignesti@inaf.it

Spiral galaxies residing in clusters are commonly ob-

served to be redder and having less star formation

than field galaxies of similar mass (e.g, Kennicutt 1989;

Gavazzi et al. 2006), thus indicating that the cluster

environment could play the role of ‘accelerator’ of the
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galaxy evolution (e.g., Guglielmo et al. 2015). Environ-

mental processing could be due to either gravitational

interactions, in form of tidal interplay with both the

cluster and the other galaxies, or hydrodynamical in-

teractions with the environmental plasma (e.g., Boselli

& Gavazzi 2006; van Gorkom 2004). The latter, be-

ing able to completely remove the gas content of the

galaxies, can dramatically impact their morphology

and evolution (e.g., Boselli et al. 2021, for a review).

As galaxies orbit through the cluster, the intracluster

medium (ICM) exerts a pressure, known as ram pressure

stripping (RPS), on the galactic medium. Such pressure

scales as ρICMv
2 (e.g., Gunn & Gott 1972) where ρICM

is the mass density of the ICM (typically 10−27-10−28

g cm−3 e.g., Sarazin 1986) and v is the galaxy velocity

relative to the ICM (∼ 500 − 1000 km s−1 e.g, Cava

et al. 2009). This external pressure can directly strip

the interstellar medium (ISM) out of the disk leaving

behind a wake of material trailing the galaxy. The gas

loss induced by this process can lead to rapid decrease

of the star formation rate (SFR) in these galaxies. The

most extreme examples of galaxies undergoing strong

ram pressure are the so-called jellyfish galaxies (e.g.,

Smith et al. 2010; Fumagalli et al. 2014; Ebeling et al.

2014; Poggianti et al. 2017a). These objects show ex-

traplanar, one-sided debris visible in the optical/UV

light and striking tails of ionised gas. Jellyfish galaxies

represent a transitional phase between infalling star-

forming spirals and quenched cluster early-type galaxies

and provide a unique opportunity to understand the

impact of gas removal processes on galaxy evolution.

Interestingly, the RPS can also trigger a plethora of

(poorly understood) phenomena, such as the formation

of extraplanar, cold gas which leads to the formation

of new stars outside of the disk (e.g., Poggianti et al.

2019a; Gullieuszik et al. 2020), activity of the central

Active Galactic Nucleus (AGN) (e.g., Poggianti et al.

2017b, Peluso et al., in prep.), or complex mixing be-

tween ICM and ISM (e.g., Sun et al. 2010; Poggianti

et al. 2019b; Campitiello et al. 2021).

The radio continuum emission can be a powerful

probe to investigate these phenomena. From the radio

point of view, cluster late-type galaxies are generally

characterized by an excess of radio emission which has

been interpreted as a possible evidence of a star forma-

tion enhancement due to RPS (e.g., Gavazzi & Boselli

1999; Murphy et al. 2009; Vollmer et al. 2013; Chen

et al. 2020; Roberts et al. 2021b). In general, radio

continuum emission in spiral galaxies is composed of

the thermal emission of the ∼ 104 K plasma in the

HII regions and the non-thermal synchrotron emission

Figure 1. MUSE white light image of JW100 overlaid with

the contours of the Hα emission (filled) and the stellar
continuum, as defined in Gullieuszik et al. (2020) (gold

dashed).

of the relativistic cosmic rays electrons (CRe), which

are accelerated by supernovae (SN) shocks (e.g. Con-

don 1992, for a review) and reach energies of few GeV.

The non-thermal emission provides us with a wealth

of information. Being directly related to the SN and

due to the fact that galaxies are generally optically

thin at GHz frequencies, the non-thermal continuum

is a reliable proxy of the SFR (e.g., Bell et al. 2003;

Murphy et al. 2011; Tabatabaei et al. 2017; Gürkan

et al. 2018). Moreover, the ISM microphysics, as well as

the magnetic field, can be probed by studying the CRe

properties traced by their non-thermal emission (e.g.,

Vollmer et al. 2009, 2013; Basu et al. 2015; Heesen et al.

2016; Klein et al. 2018; Heesen et al. 2019). The study

of the jellyfish galaxies radio emission recently allowed

a series of important advances. The study presented

in Müller et al. (2021) explored the magnetic field in

the tail of the jellyfish galaxy JO206, finding for the

first time evidence of an ordered, large-scale field likely

induced by the accretion of an envelope of magnetized

ICM (this process is also known as magnetic draping,

see Dursi & Pfrommer 2008; Pfrommer & Dursi 2010;

Sparre et al. 2020, for further details). Moreover, new

surveys of radio jellyfish galaxies, made possible also by

the advent of the new-generation radio observatory such

as the LOw Frequency Array (LOFAR), discovered new

populations of galaxies with extended, asymmetrical ra-

dio emission both in clusters and groups (Roberts et al.

2021b,a).
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In this work we explore, for the first time, the non-

thermal, multi-frequency radio emission of the jellyfish

galaxy JW100 (z = 0.062, also known as IC5337) in the

galaxy cluster Abell 2626 (z = 0.055), that is a spectac-

ular playground to study the outcomes of RPS. Selected

by Poggianti et al. (2016) as a stripping candidate, it

is one of the jellyfish galaxies in the GAs Stripping

Phenomena (GASP,1 Poggianti et al. 2017a) sample.

JW100 is characterized by one of the most striking ion-

ized gas tails in the sample (Figure 1), and it is also

the most massive galaxy in GASP, with a stellar mass

30× 1010 M� and a total star formation rate (SFR) of

4.0 ± 0.8M� yr−1, of which 2.6 ± 0.5M� yr−1 is in the

tail (Vulcani et al. 2018). Its stellar mass and SFR place

JW100 about 0.4 dex below the SFR-mass relation for

normal galaxies and ∼ 0.65 dex below the relation for

jellyfish galaxies (Vulcani et al. 2018), indicating that

star formation has already decreased due to gas strip-

ping. The effects of RPS in JW100 extends beyond the

SFR quenching: in addition to the possible connection

between RPS and AGN activity explored in Poggianti

et al. (2017b), Moretti et al. (2018, 2020a) reported

the discovery of molecular gas clouds in the tail whose

locations are inconsistent with a scenario of stripping

from the disk, thus suggesting that they were formed

in-situ as a possible consequence of a fast conversion of

HI into H2 (see Moretti et al. 2020b, for further details).

Finally, by exploring the spatial correlation between the

Hα and X-ray emission in the tail of JW100, and by

studying the spectral properties of the latter, Poggianti

et al. (2019b) suggested that the Hα emission in the

stripped tail (whose optical spectral properties can not

be explained by star formation only, see Poggianti et al.

2019a) could be the result of the complex interplay be-

tween ISM and ICM triggered by the RPS.

Previous preliminary studies of the radio continuum

of JW100, focused on the 0.144 and 1.4 GHz emission,

were presented in Ignesti et al. (2020) and Poggianti

et al. (2019a), respectively. Here we combine multiple

radio observations in an unprecedented, multi-frequency

study aimed to probe the origin and the properties of

the CRe and, by doing so, further explore the history

of this galaxy. This paper is structured as follows. In

Section 2 we present the datasets and the new images

produced for this analysis. In Section 3 the properties of

the non-thermal emission inferred from these images are

reported, whereas in Section 4 our findings are discussed

1 http://web.oapd.inaf.it/gasp/index.html

and interpreted in the context of the galaxy evolution.

In this paper we use a Chabrier (2003) initial mass

function (IMF) and the standard concordance cosmol-

ogy parameters H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and

ΩΛ = 0.7. At the redshift of Abell 2626 (z=0.055, Cava

et al. 2009), this yields 1′′=1.071 kpc.

2. DATA ANALYSIS

In this study we present a multi-frequency continuum

analysis which combines radio observations at 0.144, 1.4,

3.2 and 5.5 GHz obtained with the LOFAR, MeerKAT

and Karl G. Jansky Very Large Array (VLA) radio

telescopes, respectively. The data involved in this work

have been already published in the literature. We report

below a brief description of the data processing of each

dataset and the corresponding references, where further

details are provided.

In order to probe the low-frequency emission at 0.144

GHz, we made use of the LOFAR observation of Abell

2626 presented in Ignesti et al. (2020), which is part

of the pointing P353+21 of the LOFAR Two-metre

Sky Survey (LoTSS) (Shimwell et al. 2017, 2019). The

dataset was processed using the data-reduction pipeline

ddf-pipeline v. 2.2 developed by the LOFAR Surveys

Key Science Project2 and an additional self calibration

was applied in a smaller region (∼ 1 deg) centered on the

central galaxy IC5338 following the procedure presented

in van Weeren et al. (2020). The 1.4 GHz emission was

explored by means of a recent MeerKAT observation

of the cluster presented in Healy et al. (2021) (project

SCI-20190418-JH-01). The dataset was divided in two

bands (0.960 − 1.16 GHz and 1.300 − 1.520 GHz) and

processed by following the general strategy presented

in Serra et al. (2019) for the cross-calibration using

CARAcal (Józsa et al. 2020)3. Here we present the

analysis of the 1.300− 1.520 GHz band.

Finally, we probed the high-frequency emission by ex-

ploiting the VLA observations of the cluster at 3.0 and

5.5 GHz obtained in C-configuration (project code:14B-

022, PI Gitti) that are presented in Ignesti et al. (2017).

The data reduction was done using the National Radio

Astronomy Observatory (NRAO) Common Astronomy

Software Applications package (CASA, McMullin et al.

2007), version 4.6. Due to flagging of radio-frequency

interference, the bandwidth of the 3 GHz observation

decreased from 2.0 GHz (2.0 − 4.0 GHz) to 1.6 GHz

2 https://github.com/mhardcastle/ddf-pipeline
3 https://github.com/caracal-pipeline/caracal

http://web.oapd.inaf.it/gasp/index.html
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(2.4−4.0 GHz), thus moving the central frequency from

3.0 GHz to 3.2 GHz.

We produced new images of JW100 at different fre-

quencies using WSClean v2.10.1 (Offringa et al. 2014).

We tested different combinations of Briggs weightings

(Briggs & Cornwell 1994), with robust values rang-

ing from 0 to -2, and multi-scale cleaning (Offringa &

Smirnov 2017). For the LOFAR data we adopted a

lower UV-cut of 80λ, corresponding to an angular scale

of 43′, to drop the shortest spacings where calibration

is more challenging (see Shimwell et al. 2017, for fur-

ther details about the imaging of LoTSS observations).

The final images are presented in Figure 2, whereas

in Table 1 we report the corresponding resolution and

root mean square (RMS) noise. The latter was mea-

sured for each map by using the same set of rectangular

boxes manually placed on regions of the sky within 15

arcmin from JW100 and devoid of other radio sources.

Moreover, in order to reliably compare the flux density

at different frequencies, we produced a second set of

images with matched UV-range (670 − 19000 λ) and

resolution (12′′ × 12′′), which we report in Figure 3. In

order to reliably compare the signal collected by the

different UV-sampling configurations, we adopted an

UNIFORM weighting for MeerKAT and VLA data. For

the LOFAR data a different weighting was adopted

(ROBUST=-1), to detect the extended emission, which

was lost using the UNIFORM weight (see Ignesti et al.

2020, Figure 1, bottom-left panel). For consistency, the

RMS levels of these images (Table 1) were evaluated

by using the same set of regions adopted for the high-

resolution images.

We jointly analyzed the radio emission of JW100 with

a Multi Unit Spectroscopic Explorer (MUSE) optical ob-

servation to carry out a multi-wavelength analysis of the

galaxy. The MUSE observations, data reduction and

the methods of analysis are described in Poggianti et al.

(2017a). Specifically, we analyzed the nebular Balmer

emission line of Hα, which is measured from the MUSE

datacube with both the optically-thin corrections for

the Galactic foreground dust extinction, and the intrin-

sic dust extinction and stellar absorption. Finally, we

included also the high-resolution VLA observation at

1.4 GHz presented in Gitti (2013) (1.3 ′′) to study the

morphology of the AGN radio emission, and the X-ray

Chandra observation of Abell 2626 (Ignesti et al. 2018)

to evaluate the spatial correlation between the distribu-

tion of the relativistic and hot plasmas.

3. RESULTS

Frequency Resolution RMS1 RMS2

[GHz] [arcsec] [µJy beam−1 ] [µJy beam−1]

0.144 8.8× 6.4 93.8 142.2

1.4 12.4× 7.7 16.2 24.4

3.2 7.8× 5.4 15.0 20.4

5.5 6.3× 4.1 6.0 25.4

Table 1. Properties of the radio images reported in Figure
2 and 3. (1) and (2) indicate the RMS measured before and
after the smoothing to the 12′′×12′′ resolution.

3.1. Radio continuum images

The images reported in Figures 2 and 3 show that

the morphology of the emission changes with frequency.

The radio emission extends from the stellar disk toward

the south-west, roughly following the morphology of

the Hα emission (Figure 1). At the current resolution

and sensitivity, the extra-planar radio emission, i.e. the

radio tail, projected length (here defined as the exten-

sion of the radio emission from the edge of the stellar

disk up to the farthest 3×RMS level contour outside

the disk, along the direction of the Hα tail, measured in

the high-resolution images and not deconvolved for the

beam smearing) decreases from ∼37 kpc at 144 MHz

to almost zero at 5.5 GHz. Whilst the disk emission

is clearly distorted at 3.2 and 5.5 GHz, the tail is too

faint to be confirmed at these frequencies. Indeed by

assuming a spectral index α = −0.7 and given the cur-

rent RMS levels at 1.4, 3.2, and 5.5 GHz (Table 1), the

3×RMS level contours of the 0.144 GHz image would

correspond to detection levels of 3.5×RMS, 2.4×RMS,

and 1.3×RMS, respectively. Absence of a clear detec-

tion of the tail at the 3.2 and 5.5 GHz is therefore not

a surprise.

Within the stellar disk, the continuum emission is

more extended in the north-south direction at 1.4, 3.2

GHz than at 0.144 and 5.5 GHz. In contrast, two fea-

tures, i.e. the presence of the AGN radio emission at the

center and the symmetrically truncated emission with

respect to the stellar disk, can be observed at every

frequency. Examples of radio disk truncation have al-

ready been reported in the literature (e.g., Vollmer et al.

2009, 2013; Chen et al. 2020; Roberts et al. 2021b) and

they have been claimed to be a result of ram pressure

stripping. The implications of the morphology of the

radio emission are discussed in Section 4.2.

Finally, we note that the radio emission in the top-

left corners of the LOFAR and MeerKAT images is part

of the Kite radio source located at the center of Abell

2626 (Ignesti et al. 2020, and references therein). Albeit
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Figure 2. Images of JW100 at different frequencies with overlaid the contours corresponding to the -3, 3, 6, 12, 24×RMS levels
(continuous) and stellar continuum emission (dashed). The respective RMS and resolution (shown by the black filled ellipses at
the bottom-left corner of each image) at each frequency are reported in Table 1

.
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Figure 3. Images of JW100 at different frequencies smoothed with a 12′′×12′′ Gaussian beam which is shown in the bottom-left
corner of the images. We report also, on top, the contours corresponding to the -3, 3, 6, 12, 24×RMS levels (continuous) and
stellar continuum emission (dashed). The respective RMS at each frequency are reported in Table 1.



The LOFAR-MeerKAT-VLA view on the non-thermal side of a jellyfish galaxy 7

we do not observe significant negative artifacts around

the galaxy in the 0.144 GHz image (which indicates that

the cleaning of the brighter Kite source did non affect

dramatically the morphology of JW100), the resolution

of our image merges the two sources, both to the east

of the galaxy and the northern part of the tail. As we

discuss in the following Section, we carefully accounted

for this during the study of the radio tail.

3.2. Resolved radio properties

The resolution reached in these observations allows

us to explore the properties of the radio emission in 3

different regions, that are the AGN, the stellar disk, and

the stripped tail. These regions, which are reported in

Figure 4, were defined as follows:

• AGN: we defined a 12′′ (∼ 12 × 12 kpc) diame-

ter circular region centered on the surface bright-

ness peak observed at 0.144 MHz that coincides

with the point source studied in Poggianti et al.

(2017b); Radovich et al. (2019); Poggianti et al.

(2019b). Its properties are discussed in Section

4.3;

• Stellar disk: Gullieuszik et al. (2020) defined the

stellar disk of JW100 on the basis of the Hα emis-

sion observed with MUSE. Nonetheless, due to the

difference in resolution between optical and radio

images, we have to define the size of the stellar disk

accordingly. We produced a smoothed Hα image

to match the resolution of the smoothed radio im-

ages, then we estimated the size of the smoothed

stellar disk by defining an ellipse that contains the

same Hα flux measured within the stellar disk in

the original image. This allows us, for each radio

map, to define the disk emission as the radio flux

density above the 3×RMS level measured within

the elliptical region shown in Figure 4. For the

0.144 GHz image we did not include the emission

of the Kite present in the northern part of the el-

liptical region;

• Tail: we defined a region along the Hα tail that is

far enough to minimize the possible contribution

from the disk and, at 0.144 GHz, from the north-

ern plume of the Kite radio source. At 0.144 and

1.4 GHz we clearly resolve extended radio emis-

sion within this region, whereas at 3.2 GHz we

have only a tentative detection, thus we estimated

a reference value for the flux density by multiply-

ing the 3×RMS level for the area of tail region.

This provided us a generous upper-limit to pru-

dently constrain the non-thermal spectrum up to

3.2 GHz. At 5.5 GHz, in the low-resolution im-

age only, we observe a component of emission in

this region, with an angular size below the resolu-

tion of the map. Due to the fact that it does not

spatially coincide with the emission observed at

3.2 GHz, we can not exclude that it is an artifact,

and hence we conservatively decided to restrict the

analysis of the stripped tail to the 0.144-3.2 GHz

band.

These regions were used to measure the radio flux den-

sities in the smoothed radio images (Figure 3). We

assumed calibration errors of 20, 10, 5 and 5% for the

emission at 0.144, 1.4, 3.2 and 5.5 GHz, respectively.

We computed the net flux density in the disk by sub-

tracting, at each frequency, the AGN contribution from

the total emission. Therefore, in the following we refer

to ‘disk emission’ as the net radio emission within the

stellar disk devoid of the AGN contribute.

As mentioned in Section 1, the total radio emission

is the result of the combination of the non-thermal

CRe synchrotron emission and the thermal radio emis-

sion provided by the warm ISM. Therefore, to estimate

the non-thermal emission, Snt, we have to subtract the

optically-thin thermal component, Sth, to the total mea-

sured flux densities, Stot: Snt = Stot−Sth. The thermal

flux, Sth, can be expressed as:

Sth = 1.14× 10−14

(
Te

104 K

)0.34 ( ν

GHz

)−0.1

SHα (1)

where SHα is the Hα flux measured in the smoothed

Hα image (Figure 4) in units of erg s−1 cm−2, and Te
is the thermal electron temperature, which we assumed

to be 104 K (e.g., Deeg et al. 1997; Tabatabaei et al.

2017). We note that, due to the complex interplay be-

tween ISM and ICM which is taking place in this galaxy,

the ionized ISM could potentially reach temperatures up

106 K (e.g., Kanjilal et al. 2020), hence the thermal ra-

dio emission might be more relevant. The current data

does not allow us to reliably determine the temperature

of the ionized ISM, hence we can not exclude that we

may be underestimating the contribution of the thermal

radio emission, especially in the tail where the ISM-ICM

interplay is potentially more significant (see Poggianti

et al. 2019b).

In Figure 5 and Table 2 we report the resulting non-

thermal flux densities, the fractions of the thermal radio

flux with respect of the total (fth = Sth/Stot), and the

non-thermal spectral index in the 3 bands (0.144− 1.4,
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Figure 4. MUSE Hα emission (Figure 1) smoothed to 12′′

(color image and orange contours) with the contours of stel-
lar continuum (black dashed), the spaxels classified as star
forming (silver contours, see Poggianti et al. 2019a), and the
3 regions (solid black geometrical shapes). For reference, we
report also the positive contours of the 0.144 GHz image
shown in Figure 3 (blue) and the beam shape (black-filled
circle in the bottom-left corner)

.

Non-thermal flux density Snt [mJy]

Region 0.144 GHz 1.4 GHz 3.2 GHz 5.5 GHz

AGN 3.48±0.71 1.00 ±0.11 0.52± 0.03 0.17± 0.02

Disk 3.88± 0.81 1.73± 0.18 0.81± 0.06 0.22± 0.04

Tail 1.37± 0.37 0.29± 0.05 <0.15 #

Thermal fraction fth

Region 0.144 GHz 1.4 GHz 3.2 GHz 5.5 GHz

AGN 0.01 0.03 0.05 0.12

Disk 0.03 0.06 0.10 0.28

Tail 0.02 0.05 >0.10 #

Non-thermal spectral index αν2ν1
Region 0.144 − 1.4 1.4 − 3.2 3.2 − 5.5

AGN -0.52± 0.10 -0.88± 0.14 -2.10± 0.28

Disk -0.35± 0.10 -0.92± 0.15 -2.43± 0.37

Tail -0.68± 0.14 < −0.85 #

Table 2. Results of the resolved analysis. For each region
we report the non-thermal radio flux densities (mJy, top),
the thermal fraction (middle), and the non-thermal spectral
indexes (bottom). Those values are not reported for the
tail at 5.5 GHz due to the concerns on the reliability of the
detection.

1.4− 3.2, and 3.2− 5.5 GHz) computed as:

αν2ν1 =
log
(
S1

S2

)
log
(
ν1
ν2

) ± 1

log
(
ν1
ν2

)√(σ1

S1

)2

+

(
σ2

S2

)2

(2)

where ν, S and σ are the frequency, the non-thermal

flux density and the corresponding error, respectively.

The non-thermal integrated spectra of the three com-

ponents denote a series of interesting features:

• The AGN spectrum steepens from α = −0.52 ±
0.10 at low frequencies to α = −2.10± 0.28 at 5.5

GHz. As a caveat, we note that the combination

of low angular resolution and edge-on view of the

disk does not allow us to completely rule out a

contamination from the disk emission. We discuss

the AGN non-thermal spectrum in the context of

the previous studies in Section 4.3;

• The synchotron emission in the disk shows both

an evident flattening at low frequencies (α =

−0.35 ± 0.10) and a strong steepening at higher

frequencies. The low frequency flattening is ex-

pected as consequence of the ionization losses of

low-energy CRe in the high-density, star-forming

regions (e.g. Murphy 2009; Basu et al. 2015; Chyży

et al. 2018). The steepening at high frequencies in-

dicates that the relativistic plasma is old enough

to have been affected by significant energy losses

(e.g., Pacholczyk 1970; Klein et al. 2018). Interest-

ingly, Vulcani et al. (2018); Poggianti et al. (2019a)

report on the ongoing star formation within the

disk, that would entail the injection of fresh rel-

ativistic plasma emitting with a spectral index

−0.7 < α < −0.5 up to 5.5 GHz. Therefore,

the steep integrated spectrum suggests an inho-

mogeneity in the CRe distribution, so that the

steep-spectrum emission results due to the mixing

of old and fresh CRe within the disk (e.g., Chyży

et al. 2018; Heesen et al. 2019). The connection

between non-thermal radio emission and SFR is

further discussed in Section 4.1;

• The spectrum of the tail is steeper than the disk in

the 0.144-1.4 GHz band (−0.68± 0.14 vs −0.35±
0.10), and potentially also in the 1.4-3.2 GHz one

(< −0.85 and −0.92± 0.15). This is in agreement

to what is reported in Müller et al. (2021) for the

jellyfish galaxy JO206.

Finally, the thermal fractions increase with frequency, in

agreement with the results reported in literature (e.g.,

Tabatabaei et al. 2017).
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Figure 5. Non-thermal spectra (top) and thermal fractions
(bottom) for AGN, disk and stripped tail. At 3.2 GHz we
report the upper limits of the stripped tail non-thermal flux
density and thermal fraction.

3.3. Spectral index maps

We combined the smoothed images at 0.144, 1.4 and

3.2 GHz (Figure 3) to map the spectral index total

radio emission from the disk to the tail in the 0.144-1.4

and 1.4-3.2 GHz bands. We excluded the 5.5 GHz map

from this analysis because it does not provide significant

information on the extended emission. For each map,

we selected the emission above the respective 3×RMS

levels and we computed the spectral index pixel-by-pixel

following Equation 2. The thermal fractions reported

in Figure 5 show that the thermal contribution below

3.2 GHz is negligible, thus the resulting values are well

representative of the non-thermal component. The re-

sulting images and the corresponding error maps are

reported in Figure 6.

As seen from the flux density measurements, the spec-

tral index maps show a generally flat spectrum in the

disk (α > −0.7), and a steepening towards the tail

(α < −0.8). In the 0.144-1.4 GHz maps we observe

that the flat-spectrum regions roughly coincide with the

star forming regions selected according to the [O I] BPT

diagrams reported in Poggianti et al. (2019a) (see Figure

4) 4, both within and outside of the stellar disk, hence

suggesting that there the CRe are younger, i.e. freshly

injected. The flattest spectrum regions (α ' −0.3∓0.1)

are located at the disk edges, in agreement withe the

integrated spectrum (Table 2). The spectral steepen-

ing trend outside the disk resembles the previous results

presented in literature (e.g., Vollmer et al. 2004; Müller

et al. 2021) and it can be evidence that the plasma in

the tail is generally older than in the disk, i.e. that

the CRe are accelerated in the disk and then stripped

away along the tail. We note that the steepest spectrum

(α '-1.4) is observed in the direction of the northern, ul-

tra steep-spectrum plume of the Kite radio source (see

Ignesti et al. 2020). On the basis of the striking dif-

ference in the spectral indexes between the galaxy and

the plume (-1.4 vs. <-3) we argue that the steepen-

ing is likely due to the combination of low-resolution

and projection effects which added up the relatively-flat

spectrum tail with the ultra-steep emission of the Kite.

The 1.4-3.2 GHz spectral map is generally more uniform,

with values between -1.0 and -0.8. The southern edge of

the disk exhibits a flat-spectrum edge (α ' −0.4± 0.4)

which is barely in agreement with the integrated spec-

trum (α = −0.92 ± 0.15), thus we suggest that it may

be an artifact produced by the similar RMS level of the

two images.

3.4. Magnetic field

Observing non-thermal radio emission implies that

the galaxy is permeated by a magnetic field. Further-

more, the asymmetrical morphology points out that

the CRe within the tail are moving within a magnetic

field that may either be extending from the disk, or

the ICM magnetic field. The geometry and intensity of

the magnetic field can determine the evolution of the

stripped ISM (e.g. Gronke & Oh 2020; Sparre et al.

2020; Ge et al. 2021). However, inferring its intensity

is not trivial. In the followings we present different

estimates aimed to map the magnetic field strength in

the galaxy.

4 We choose the [O I] over the [S II] diagram to be more conser-
vative because it disentangles the star forming regions in the tail
from the rest of the Hα emission, whose origin is unclear (see
Poggianti et al. 2019b, for a detailed discussion).



10 A. Ignesti et al.

0.144−1.4 GHz

1.4−3.2 GHz

Figure 6. Spectral index (left) and error (right) maps for 0.144-1.4 GHz (top) and 1.4-3.2 GHz (bottom) with a resolution
of 12′′×12′′ (bottom-left corner). In each map we report also the contours of the 144 MHz emission (black continuous), stellar
continuum (black dashed), and the contours of the star forming regions reported in Figure 4 (blue).

We evaluated the magnetic field at the stagnation

point (i.e., the point in front of the galaxy where the

local wind velocity is zero) with respect to the ICM

to begin with. The draping framework (Pfrommer &

Dursi 2010; Sparre et al. 2020) predicts, in case of a

super-alfvenic motion (condition which is always satis-

fied by a super-sonic motion in a high-β plasma such as

the ICM), the formation of a strong magnetic field in

front of the galaxy due to the accretion of a magnetic

envelope composed of magnetised ICM. The magnetic

field at the stagnation point would eventually reach a

maximum value, Bmax, of:

Bmax =
√

8πα̃ρV 2
p (3)

where α̃ = 2 is a geometrical factor (see Dursi &

Pfrommer 2008, for further details), ρ is the wind

(i.e. ICM) density and Vp is the post-shock veloc-

ity. In the JW100 condition in Abell 2626, where the

ICM density at the clustercentric projected radius is

ρ = 5.8 × 10−27 g cm−3 (Ignesti et al. 2018), Equation

3 yields Bmax ' 5 × (Vp/100km/s) µG. Therefore for

Vp of the order of 2000 km s−1 (Poggianti et al. 2019b)

the stagnantation magnetic field could potentially reach

extreme values (∼ 100 µG). However, we note that

such estimate is based on the ICM density estimated

at the projected clustercentric distance of JW100, thus

it represents an upper limit for the actual ICM density

surrounding JW100. The draping magnetic field should

decline in intensity with the distance from the contact
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surface (Sparre et al. 2020), thus we could expect lower

values in the disk and, even further, in the tail.

We exploited two different methods to estimate the

magnetic field within the disk.

• We calculated the equipartition magnetic field fol-

lowing the revised formulation proposed in Beck

& Krause (2005, Equation 3). We used the non-

thermal flux density measured at 1.4 GHz and cor-

rected for redshift (see Govoni & Feretti 2004) to

evaluate the synchrotron intensity. The spectral

flattening at low frequencies does not permit us to

reliably constrain the injection index, which is a

direct proxy of the CRe energy distribution, thus

we assumed a typical spectral index α = −0.7.

The CRe pathlength is also unknown, thus we

tested two extreme values of 1 and 2 kpc (Krause

et al. 2018). Under these assumptions, the result-

ing equipartition field lies between 11 and 13 µG.

As a caveat, we note that the equipartition esti-

mate is based on the assumption of the equilibrium

of the radio source. This hypothesis may not be

true in the current state of JW100 because the

external pressure provided by the RPS could po-

tentially affect the intensity of the magnetic field;

• The theory of small-scale dynamo amplification

predicts that the turbulence released by SN (e.g.,

Bacchini et al. 2020, for a recent study) can locally

amplify the magnetic field, thus inducing a connec-

tion between the latter and the SFR in the form of

B ∝ SFR0.3 (e.g., Gressel et al. 2008; Schleicher

& Beck 2013). Tabatabaei et al. (2017) tested this

hypothesis on the KINGFISHER sample (Kenni-

cutt et al. 2011) and provided an empirical rela-

tion:

log(B) = (0.34±0.04) log(SFR)+(1.11±0.02) (4)

For JW100, Vulcani et al. (2018) reports a SFR

within the disk of 2.6±0.5 that yields B = 17.8±
1.6 µG. It is worth noticing that in the current

condition of JW100 other source of turbulence re-

lated to the RPS should be available, such as the

propagation of the bow-shock, which could further

contribute to the magnetic field amplification (e.g.,

Iapichino & Brüggen 2012);

To summarize, these procedures constrain the average

magnetic field between 11 and 18 µG within the disk,

which is in agreement with previous results for spiral

galaxies (e.g., Beck 2000; Tabatabaei et al. 2017) but

slightly higher than what is reported in Müller et al.

(2021) for the jellyfish galaxy JO206 (6.5 − 7.8 µG).

This could either be due to an intrinsic difference be-

tween the two galaxies (the stellar mass of JO206 is

9.1 × 1010 M� which is lower than JW100) or due to

the uncertainties of the methods exploited to estimate

the magnetic field.

The morphology of the tail and the local ISM prop-

erties are complex and mostly unknown, which is con-

trary to the situation with the disk, hence the methods

described above can not be reliably applied. Therefore,

we estimated the magnetic field intensity by evaluat-

ing the cooling length. If the radio plasma is stripped

from the disk, then cooling length (i.e., the radio tail

truncation scale) roughly corresponds to D ' tr × vpl,

where vpl is the velocity of the relativistic plasma and

tR is the radiative time of the CRe. Outside the stel-

lar disk the CRe cooling should be mostly dominated

by synchrotron and Inverse Compton losses due to the

cosmic microwave background (CMB). We assume that

adiabatic losses are negligible because the stripped tails

usually appear to be in quasi-equilibrium with the ICM

(e.g., Sun et al. 2010; Zhang et al. 2013; Campitiello

et al. 2021). Therefore the radiative time-scale, tr, can

be expressed as:

tr ' 3.2× 1010 B1/2

B2 +B2
CMB

1√
ν(1 + z)

yr (5)

where BCMB = 3.25(1 + z)2 µG is the equivalent CMB

magnetic field and ν in units of MHz is the cut-off fre-

quency (e.g., Miley 1980). Therefore, within this simple

framework, the cooling length at a given frequency can

be predicted based on the combination of the average

magnetic field and the velocity of the CRe. Accordingly,

the observed truncation scale could be used to jointly

constrain these parameters. Due to the current reso-

lution of our images we can not reliably measure the

cooling length of the tail at 0.144 and 1.4 GHz (e.g., by

fitting the surface brightness profile with an exponential

model I(r) ∝ exp(r/rc)), as well as reliably detect it

at 3.2 and 5.5 GHz. Therefore, we ultimately resolved

to constrain the magnetic field by using the projected

lengths observed at 0.144 and 1.4 GHz.

The vpl is unknown, therefore we propose two possible

regimes:

• Cloud velocity: the truncated radio disk, which

has the same extension as the Hα emission, sug-

gests that the relativistic plasma follows the same

dynamics of the stripped ISM clouds, which have

a characteristic velocity vpl = 100 − 500 km s−1

(e.g., Tonnesen & Bryan 2021);
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• Post-shock velocity: Müller et al. (2021) suggested

that the CRe move along the ordered magnetic

field (re-)accelerated by the bow-shock. The ac-

tual velocity of JW100 is unknown as well, but

the estimate provided in Poggianti et al. (2019b,

&2200 km s−1) entails a post shock velocity of

∼2000 km s−1.

Currently the lack of information on the polarization

of the radio emission, hence on the geometry of the

magnetic field, does not allow us test the latter regime.

Moreover, the spectral steepening observed both in the

disk and the tail (Figure 5) might suggest that the role

of shock re-acceleration (i.e., spectral flattening at high

frequencies) is negligible, hence that the contribute of

the CRe moving at the post-shock velocity might not be

relevant. Therefore, on the basis of the morphological

similarities between the Hα and the radio emission in

the disk (which we further discuss in Section 4.2), we

favor the first scenario.

This estimate has a series of caveats. To begin with,

we are using the projected length of the tail, i.e. the

lower limit of its actual extension, that is ultimately

an observation-dependent quantity. Therefore, we can

estimate only an upper limit for the magnetic field.

Furthermore, we neglected any possible contribution to

the CRe energy from the turbulent re-acceleration (e.g.,

Brunetti & Lazarian 2016) within the tail, which could

extend their life-time, or any injection of fresh CRe from

the SN in the tail (i.e. we are assuming that the CRe are

accelerated only within the disk). The former assump-

tion could be supported by the fact that re-acceleration

has been claimed to be negligible for high-mass galax-

ies (Roberts et al. 2021b), whereas the latter could

be viable if the radio emission of the stripped, rela-

tivistic plasma accelerated in the disk overcomes the

non-thermal emission associated with the SFR in the

tail. Keeping in mind these limitations, by assuming

vpl = 100−500 km s−1, we can match the projected tail

lengths observed at 0.144 and 1.4 GHz which are 37 and

21 kpc respectively, for B ≤10 µG, as shown in Figure 7.

Interestingly, we note that, within this framework, by

assuming (a) an uniform magnetic field and (b) that

the CRe with different energy travel along the tail at

the same velocity, the cooling length should change with

frequency as:

D1

D2
=
tr,1
tr,2
'
√
ν2

ν1
(6)

The current observations do not resolve enough of the

tail of JW100 to test this, thus we refer to deeper,

0.144 GHz

1.4 GHz

Figure 7. Cooling length parameter space for the radio
tail observed at 0.144 (top) and 1.4 GHz (bottom) The red
regions correspond to the observed projected lengths, here
reported with a 6 kpc uncertainty which is due to the current
resolution of 12′′.

high-resolution observations of asymmetrical radio tails.

Confirming (or not) the predictions of Equation 6 would

probe the CRe dynamics within the tail of jellyfish

galaxies.

4. DISCUSSION

The multi-frequency study presented in this work al-

lows us to infer the characteristics of the non-thermal

radio emission of JW100, hence providing us important

insights into the properties of the CRe and the mag-

netic field. In the following, we use these new pieces

of information, jointly with the results of the previous

studies of this galaxy, to investigate a series of crucial

questions, i.e. what is the origin of the CRe, what role

the RPS can play in their evolution, and what can we
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learn about the evolution of this peculiar galaxy thanks

to the properties of its non-thermal components.

4.1. Origin and evolution of the radio emitting

electrons

In this Section we investigate the CRe origin by ex-

ploring their connection with the star formation history

of the galaxy. Both radio and Hα fluxes are SFR di-

agnostics (e.g., Kennicutt & Evans 2012, for a review),

thus they can be used to compare the expected SFR in

disk and tail. We estimated the radio-based SFR, SFRR,

at each frequency by adopting the conversion presented

in Garn et al. (2009):

SFRR =
0.066

1 + z

(
DL(z)

Mpc

)2 [
(1 + z)ν

1.4 GHz

]−α1.4
ν
(
Snt

Jy

)
M� yr−1

(7)

where DL(z) is the luminosity distance at the redshift z,

ν is the frequency, and α1.4
ν is the spectral index between

ν and 1.4 GHz. This relation is an extension of the re-

lation presented in Bell et al. (2003) and it is based on

the Chabrier (2003) IMF. For the Hα-based estimate,

SFRHα, we adopted the conversion presented in Kenni-

cutt (1998) accordingly converted to the Chabrier (2003)

IMF:

SFRHα = 4.6× 10−42

(
LHα

erg s−1

)
M� yr−1 (8)

where LHα is the Hα luminosity. We evaluated the SFR

by using the respective fluxes measured from images

with a matching resolution of 12′′ and, in the case of the

Hα, composed by selecting only those regions classified

as star forming according to the [O I] BPT diagrams.

For reference, the SFR ratios were evaluated also by

using the total Hα emission (see Figure 1) accordingly

smoothed to 12′′ × 12′′. The results are presented in

Figure 8.

We found that, in the disc, the SFR estimated from

the radio is 5 times larger than the SFR estimated from

the Hα emission. In the tail, this discrepancy is even

larger, a factor of 18. A similar discrepancy in the

radio and Hα signal between disks and tails has been

observed also in the galaxies in the Coma cluster (Chen

et al. 2020, Figure 6). When the total Hα emission is

included, the excesses decrease to a factor ×2.5 for both

the disk and the tail. Nevertheless, the excess of the

radio emission with respect to the observed Hα emission

persists.

The excess in the tail could be explained as a fur-

ther evidence that the relativistic plasma we observe

in that region had been stripped from the disk, thus

Figure 8. Ratio between SFRR and SFRHα for disk (red)
and tail (blue) at the different frequencies. For reference
we report also the ratios computed by using the total Hα
emission (empty markers). The horizontal red line points
out the median SFR ratio within the stellar disk derived
from the SINOPSIS analysis (which is actually a lower limit,
see Section 4.1), whereas the black dashed line indicates the
level SFRR/SFRHα = 1.

is not related to the local star formation traced by the

Hα emission. The discrepancy in the disk could instead

be interpreted as evidence of a higher SFR in the past

or, in other words, of recent quenching in the galaxy.

Indeed, the total radio emission can trace the average

SFR within the typical radiative time of the CRe (i.e.

few 107 yrs), whereas the Hα emission traces the most

recent phase (< 107 yrs) of star formation.

In order to test this scenario we estimated the SFR

in two different epochs by using the SINOPSIS analysis

(Fritz et al. 2017). SINOPSIS is a spectrophotomet-

ric code that searches the combination of Single Stellar
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Population (SSP) model spectra that best fits the equiv-

alent widths of the main lines in absorption and emission

and the continuum at various wavelengths, minimizing

the χ = 1 using an adaptive simulated annealing al-

gorithm (Fritz et al. 2007, 2011). The star formation

history is let free with no analytic priors. SINOPSIS

uses a Chabrier (2003) IMF with stellar masses in the

0.1-100 M� limits, and they cover metallicity values

from Z = 0.0001 to 0.04. The metallicity of the best

fit models is constant and homogeneous (i.e. all the

SSPs have the same metallicity independently of age).

The best fit model is searched using SSP models at

three different metallicity values (sub-solar, solar and

super-solar). Dust extinction is accounted for by adopt-

ing the Galaxy extinction curve (Cardelli et al. 1989).

SINOPSIS uses the latest SSP models from S. Charlot

& G. Bruzual (in prep.) based on stellar evolutionary

tracks from Bressan et al. (2012) and stellar atmosphere

spectra from a compilation of different authors, depend-

ing on the wavelength range, stellar luminosity, and

effective temperature. SINOPSIS also includes the neb-

ular emission lines for the young (i.e., age <2×107 yr)

SSPs computed with the Cloudy code (Ferland et al.

2013). Among other quantities, the code provides, for

each MUSE spaxel, the average SFR in twelve age bins.

These bins can be combined into larger bins in such a

way that the differences between the spectral charac-

teristics of the stellar populations are maximal (Fritz

et al. 2017). For the aim of our analysis we estimated

the time-averaged SFR within two intervals, < 5.7×107

(SFRold) and < 2 × 106 yrs (SFRyoung), which roughly

correspond to the time-scales traced by the radio and

Hα emissions, and we computed the pixel-by-pixel ratio

between them in the star-forming spaxels (Figure 4),

which we report in Figure 9.

Our analysis revealed that the SFR in the disk was

generally higher in the past (SFRold/SFRyoung >1).

Specifically, in the star forming regions within the stel-

lar disk we measure a median value of 4 that is close to

the observed radio excess observed in the same regions

of the disk (Figure 8). We note that this value represents

a lower limit for the actual ratio. Due to our selection of

the star forming regions, we are neglecting the past SFR

of a large portion of the disk that has stopped forming

stars only recently, hence it is not traced by the Hα

emission. Moreover, by using the [O I] classification,

we are more conservative in the selection of the star

forming regions than by using the other BPT diagrams.

We also note the time intervals we are considering are

relatively young, and therefore prone to degeneracies in

Figure 9. Ratio between the SFR within 5.7 × 107 and
2 × 106 yrs derived with SINOPSIS. We report the values
lower than 1 in blue, and above 1 in red. For reference,
we report also the contours of the 0.144 GHz radio emission
shown in Figure 2 (continuous) and the stellar continuum
(dashed).

age and dust attenuation in the SINOPSIS analysis.

On the basis of our findings, we suggest that the radio

emission in the disk is actually dominated by a radia-

tively “old” plasma with a radiative age of few 107 yrs.

Therefore, the spectral steepening observed in the disk

is the result of the combination of the radio emissions

produced by the old, steep-spectrum plasma accelerated

during the past star-forming phase, and the young, flat

spectrum plasma related to the ongoing star formation.

Accordingly, the steeper spectrum we observe in the

tail could be the consequence of a combination of two

effects. On the one hand, the radio plasma naturally

loses its energy while it travels to the tail, thus resulting

in a steeper-spectrum radio emission (e.g., for a strip-

ping velocity of 100− 500 km s−1, the time required to

cover 10 kpc would be of the order of few 107 yrs, which

corresponds to the radiative time of the CRe emitting

at GHz frequencies). On the other hand, by moving in a

region with a lower magnetic field (< 10 µG, see Section

3.4), the CRe emit at lower frequencies and thus the

non-thermal spectrum gets shifted to lower frequencies

(i.e., these observations sampled the steeper part of the

spectrum). We also note that the SINOPSIS analysis

revealed that the blobs outside the disk are dominated

by the more recent star formation (i.e. a ratio between

the SFR within 5.7×107 and 2×106 yrs lower than 1 in

Figure 9). This indicates that these star forming blobs

are recent (< 2× 106 yrs), hence that the stripped ISM

can survive, cool down and form new stars also outside

the disk (see Vulcani et al. 2018; Poggianti et al. 2019b;



The LOFAR-MeerKAT-VLA view on the non-thermal side of a jellyfish galaxy 15

Moretti et al. 2020a). As we discuss in Section 4.2, the

local magnetic field can play a role in this by protecting

the cold ISM from the hot, hostile ICM.

On the basis of the SINOPSIS analysis we propose

that radio excess in the disk could be explained by a

fast quenching of the galaxy, where the SFR decreased

by a factor 4 within the last few 107 yrs. A similar

scenario of star formation quenching, or lower star for-

mation efficiency, within the disk of JW100 has been

proposed also in Moretti et al. (2020a). They observed

that the regions characterized by a lower star formation

efficiency are located at the center in the proximity of

the galactic bulge. The presence of a stellar bulge, as

well as the RPS, has been observed to be systematically

able to suppress the SFR (e.g., Gensior et al. 2020),

hence we suggest that the SFRR-SFRHα discrepancy

could be the natural outcome of this.

However, we can not exclude that the radio excess

could depend also on other factors. The compression of

the ISM, i.e. of the magnetic field, by the ram pressure

would result in an enhancement of the radio emission

(e.g., Markevitch et al. 2005), thus in a higher estimate

of SFRR. This scenario was proposed to explain the

general excess of radio emission observed in cluster late-

type galaxies (e.g., Gavazzi & Boselli 1999). Another

possible source of additional radio emission could be the

acceleration of galactic CRe as result of the interactions

with the ICM winds (Murphy et al. 2009) or an addi-

tional component of radio emission associated with the

magnetized drape. Alternatively, due to the low res-

olution we can not completely exclude that there is a

contribution of the AGN radio emission in the disk re-

gion.

4.2. Insights into the ISM-ICM interplay

By combining radio, Hα, and X-ray images of JW100

(Figure 10) we can explore the connection between dif-

ferent ISM components, namely the relativistic plasma,

the warm ISM, and the hot galactic plasma likely pro-

duced by the interplay between ISM and ICM (e.g.,

Sun et al. 2010; Poggianti et al. 2019b; Campitiello

et al. 2021; Sun et al. 2021). We observe that the disk

truncation is a common characteristic among radio,

Hα, and X-ray emissions, thus hinting that (1) ram

pressure stripping is equally relevant for the three cor-

responding components or (2) both the radio and the

X-ray extraplanar emissions are somehow consequence

of the warm ISM being stripped. The first hypothesis

could be consistent with a scenario where the relativis-

tic plasma is stripped along the ISM clouds (e.g. in

form of magnetic field and CRe traveling within the

stripped ISM clouds). The second one, instead, may be

related to the ICM draping (Dursi & Pfrommer 2008;

Pfrommer & Dursi 2010). According to the draping

scenario, the magnetized layer is composed of hot ICM.

As a consequence of the density fluctuations induced

by the passage of the bow-shock, the magnetized layer

can cool down and results in extended X-ray emission

(Sparre et al. 2020). Therefore, the spatial correlation

between radio and X-ray emission would be expected

because these emissions are produced within the same

hot, magnetized layer. Interestingly, the lack of flat

spectrum emission outside the star-forming regions may

suggest that the CRe (re-)accelerated by the bow-shock

marginally contribute to the radio emission, thus ques-

tioning to what degree the bow shock may have actually

affected the CRe. We refer to future polarimetric stud-

ies, which are beyond the scope of the present work, to

further test this scenario by probing the presence of the

signature ordered field (i.e., a high degree of extended

polarized emission aligned along the tail) produced by

the ICM draping.

Outside the disk, the spatial correlation between these

phases seems to decrease, in the sense that the radio

and X-ray emission seem to elongate mostly toward the

west5, whereas the Hα emission is more extended toward

the south-west. The discrepancy between the different

emissions could be due to sensitivity issue, or due to

the different time-scales of the emissions. Specifically,

the lack of radio emission in the southern part of the

tail could indicate that this region is older than a few

radiative-times of the 0.144 GHz emission (i.e. few 108

yrs), thus without injection of fresh CRe the radio emis-

sion is no longer visible in our images. Noticeably, the

lack of X-ray emission in the farthest part of the tail

might suggest that there the interaction between ISM

and ICM, and the cooling of the latter, is dominated by

mixing instead of shock-induced radiative cooling (e.g.,

Gronke & Oh 2018; Kanjilal et al. 2020). However, in-

vestigating the physics of mixing is extremely complex

and beyond the aim of this work. Interestingly, the mag-

netic field tentatively constrained by the cooling length

(≤ 10 µG, see Section 3.4) would potentially be strong

enough to preserve the stripped ISM from the interac-

tions with the ICM, in the form of conduction or hydro-

dynamical instabilities (e.g., Berlok & Pfrommer 2019;

5 Albeit the 0.144 GHz radio emission seems to be more extended
toward west than the Hα, we note that this is likely due to the
different resolutions and the fact that the western edge of the
radio tail falls outside the MUSE CCD.
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Figure 10. Multi-wavelength image of JW100: MUSE stellar continuum (dashed black line) and Hα (color map, resolution
0.2′′) with the contours of the 0.144 GHz emission from Figure 2 (white-filled grey contours) and the Chandra X-ray image in
the 0.5-2.0 keV smoothed with a 1.5′′ Gaussian (blue, filled).

Cottle et al. 2020), thus allowing the stripped clouds to

survive outside the disk and, potentially, form new stars

(e.g., Sparre et al. 2020; Ge et al. 2021).

4.3. On the AGN radio emission

JW100 hosts a central AGN (Seyfert2) with evidence

of optical (Poggianti et al. 2019b,a), radio (Gitti 2013;

Ignesti et al. 2017) and X-ray (Wong et al. 2008; Pog-

gianti et al. 2019b) emissions. The AGN is characterized

also by the presence of an ionized gas outflow (Radovich

et al. 2019). In agreement with the high-resolution

images presented in Gitti (2013); Ignesti et al. (2017),

we detect a peak in surface brightness coinciding with

its position. We notice that the morphology of the

radio emission derived from the high-resolution VLA

image of Abell 2626 presented in Gitti (2013) coin-

cides remarkably well with the optical emission due to

the AGN, traced by the [OI] BPT diagram (Poggianti

et al. 2019a). Kiloparsec-scale radio emission in Seyfert

galaxies is common (Gallimore et al. 2006), and it is

explained by the ‘frustrated jet model’. This scenario

predicts that the kinetic energy of the relativistic jets

can be transferred to the ISM, possibly triggering a gas

outflow from the inner region of the galaxy (we refer to

Bicknell et al. 1997, for a more detailed formulation).

Figure 11. A zoom into the AGN region selected according
to [O I] classification (Poggianti et al. 2019a) with the 3, 6,
12, 24σ contours from the VLA observations at 1.4 GHz pre-
sented in Gitti (2013) (resolution 1.3×1.3 arcsec as reported
in the left-bottom corner, and 1σ =12.9 µJy beam−1) .

Taking into accounts the caveats reported in Section 3.2,

the AGN non-thermal spectrum allows us to tentatively

explore the connection between the origin of the radio
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Figure 12. AGN non-thermal spectrum from Figure 5 and
the best-fitting exponential cut-off model.

emission and the ionized gas outflow observed in JW100.

Our new multi-frequency analysis revealed that the

AGN is characterized by a steep spectrum above 1.4

GHz (Figure 5) that could be an indication of a

radiatively-old relativistic plasma. We tested this hy-

pothesis by fitting the observed non-thermal spectrum

with an exponential cut-off model, which is suited to fit

the exponential decline produced by energy losses (e.g.,

Eilek & Arendt 1996):

S(ν) ∝ ναe−
ν
νb (9)

By fitting the observed spectrum we estimate a break

frequency νb=3.4±0.8 GHz (Figure 12). For B = 11−18

µG CRe emitting at this frequency have typical radiative

ages of 0.7-1.3×107 yrs (Equation 5), which is in agree-

ment with the age of the ionized gas outflow estimated in

Radovich et al. (2019, 0.8× 107 yrs). Therefore we sug-

gest that the ejection/acceleration of the radio plasma

within the AGN region, possibly due to the presence of

unresolved, frustrated radio jets, might be linked to the

arcsec-scale ionized gas outflow observed by MUSE.

5. SUMMARY AND CONCLUSIONS

We presented a detailed analysis of the radio emission

of the jellyfish galaxy JW100 based on an unprecedented

assembly of radio observations. By combining LOFAR,

MeerKAT, VLA, and VLA observations, as well as pre-

vious results obtained with MUSE and Chandra, we

investigated the properties and the origin of the radio-

emitting, relativistic plasma. We studied the spectrum

of the star-forming regions within the disk, finding that

below 1.4 GHz the non-thermal spectrum shows signa-

tures of the results of several energy loss mechanisms,

whereas at higher frequencies it shows the characteristic

steepening (α = −2.40± 0.36 between 3.2 and 5.5 GHz)

produced by an a advanced radiative stage. By com-

paring our findings with the results of the SINOPSIS

analysis we concluded that the non-thermal emission in

the disk is dominated by the old CRe injected when the

SFR was, at least, a factor ×4 higher than currently

inferred from the Hα emission. We also estimated the

magnetic field in the galaxy using different methods.

We observed a decrease of the magnetic field from the

disk (11-18 µG) to the tail (≤ 10 µG). Interestingly,

the magnetic field in the tail would be strong enough to

extend the life of stripped ISM in the ICM by protecting

the cold gas from thermal conduction and hydrodynam-

ical instabilites. Finally we investigated the synchrotron

spectrum of the AGN finding that its radiative age is in

agreement with the age of the ionized gas outflow, thus

suggesting a connection between the acceleration of the

relativistic plasma and the gas outflow.

The study presented here offers a series of new insights

into the physics of ram pressure stripping provided by

the non-thermal radio emission. The spatial correlation

observed between the radio and X-ray emission might

suggest a physical connection between these phases,

which would be in agreement with the ICM draping sce-

nario. Moreover, our multi-wavelength analysis proved

that the non-thermal radio emission can be a powerful

tool to probe the star formation history of a galaxy. On

the basis of the excess of radio emission with respect

to the current star formation, we could confirm the fast

quenching of JW100. We further argue that a similar

scenario could likely have taken place in the other high-

mass jellyfish galaxies, thus the radio excess observed

in ram pressure stripped galaxies could be interpreted

as well as the result of fast quenching of the SFR.

More insights will come from future high-resolution

observations, such as LOFAR observations with a 0.3′′

resolution performed with the international stations,

and studies carried out with the upcoming Square Kilo-

meter Array, that will allow a more detailed comparison

with the optical and X-ray observations. Furthermore,

deep observations designed for polarimetric studies at

higher frequencies are now crucial to address the open

questions about the geometry of the magnetic field posed

by the present work.
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