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Jellyfish galaxies have long tails of gas
that is stripped from the disc by ram
pressure due to the motion of galaxies in
the intracluster medium in galaxy clus-
ters. We present the first measurement
of the magnetic field strength and orien-
tation within the disc and the (90 kpc-
long) Hα-emitting tail of the jellyfish
galaxy JO206. The tail has a large-
scale magnetic field (> 4.1µG), a steep
radio spectral index (α ∼ −2.0), indi-
cating an aging of the electrons prop-
agating away from the star-forming re-
gions, and extremely high fractional po-
larisation (> 50 %), indicating low tur-
bulent motions. The magnetic field vec-
tors are aligned with (parallel to) the di-
rection of the ionised-gas tail and strip-
ping direction. High-resolution simula-
tions of a large, cold gas cloud that is
exposed to a hot, magnetised turbulent
wind show that the high fractional po-
larisation and the ordered magnetic field
can be explained by accretion of draped
magnetised plasma from the hot wind
that condenses onto the external layers
of the tail, where it is adiabatically com-
pressed and sheared. The ordered mag-
netic field, preventing heat and momen-
tum exchange, may be a key factor in al-
lowing in-situ star formation in the tail.

The star-formation rate and gas content of
galaxies are strongly correlated [1, 2]. In order
to understand the full picture of galaxy evolu-
tion, it is necessary to grasp the role of gas in-
flows and outflows from galaxies. Among sev-
eral processes that can remove gas from galax-
ies, the pressure exerted by the hot intraclus-
ter medium (ICM) on the interstellar medium
of orbiting galaxies can efficiently remove gas
via ”ram-pressure stripping” in galaxy clusters
and, sometimes, groups [3, 4, 5, 6, 7, 8].

Recently, extreme ram-pressure stripped
galaxies with long gaseous tails, named jelly-

fish galaxies, are found moving at high speed
in clusters [5, 9, 10]. In most cases, significant
on-going star formation is detected within the
galactic disc and far out in the tails [11, 12],
demonstrating that gas stripping is not asso-
ciated with an immediate quenching of star
formation. Among the most compelling open
questions are the origin of the in-situ star
formation in ram-pressure stripped tails, and
whether magnetic fields enable star-formation
activity in jellyfish tails.

Magnetic fields can play an active role in
star-formation scenarios. On parsec scales
molecular clouds collapse by magnetic fields
transporting angular momentum [13]. Spiral
galaxies show large-scale magnetic fields along
and between their optical spiral arms and in
their halos [14] anchoring the magnetic field in
the molecular cloud complexes [15]. On kilo-
parsec scales the flow of diffuse interstellar gas
can be controlled by magnetic forces of barred
galaxies [16]. So far, a few magnetic fields
of moderately ram-pressure stripped galaxies
have been observed in the close vicinity of
galaxy discs [17, 18, 19, 20], but no study was
conducted on the long tails of jellyfish galaxies.

Several simulations have been performed of
ram-pressure stripped galaxies including mag-
netic fields. They find that 1) the reduced com-
pressibility of magnetised plasma makes nar-
rower tails, which are smoother, less clumpy
and filamentary-like in comparison to the non-
magnetised case [21, 22], 2) the stripping rate
of the disc gas is not significantly affected by
the magnetic field strength and morphology of
the galaxy [23], and 3) asymmetric polarised
ridges can be explained through adiabatic com-
pression of galaxy magnetic fields at the lead-
ing edge [24]. Alternatively, they can be ex-
plained by galaxies sweeping up the intraclus-
ter magnetic field as they orbit inside a galaxy
cluster developing a magnetic draping sheath
[25], which is lit up with cosmic rays from the
galaxies’ supernovae, generating coherent po-
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larised emission at the galaxies’ leading edges
[26]. Simulated galaxies that interact with
a magnetised ICM show highly ordered mag-
netic fields in the tails [27] suppressing strong
Kelvin-Helmholtz instabilities at the interface
between the stripped gas and the ICM [28].

Observational results

We combine a new 50.5 h JVLA C-array S-
band (2.7 GHz) observation with a previous
20 h JVLA C-array L-band (1.4 GHz) observa-
tion [29] (see Methods) which results in the
first detection of magnetic field orientation in
the 90 kpc-long Hα-emitting tail of stripped
gas of the galaxy JO206 selected from the GAs
Stripping Phenomena in galaxies (GASP) sur-
vey [30]. JO206 is a massive galaxy (stel-
lar mass M? ∼ 9 × 1010 M�), hosts an ac-
tive galactic nucleus (AGN), and undergoes ex-
treme ram-pressure stripping in the low mass
cluster IIZW108 [30, 31] (see also SI, Sect. 1).

The 2.7 GHz total intensity map is presented
in Figure 1 (top left). The integrated total flux
density of JO206 is (3.60±0.18) mJy. It reaches
(3.5±0.2) mJy in the disc (defined by the blue
contour in Fig. 1 corresponding to the stellar
disc [32] convolved to the 2.7 GHz resolution)
and (0.10 ± 0.01) mJy in the tail (defined by
the outermost radio contour, which is 3σ for
total intensity, 4.5σ for polarisation, excluding
the disc region).

The peak emission (green cross in Fig. 1,
top left) is co-located with the AGN (central
source, see SI, Sect. 8) contributing to the
disc total flux density. We find a projected
tail-length of ∼ 40 kpc in total intensity, which
morphology is in good agreement with the Hα
emission, though the Hα extends even further
(Fig. 1, black contours).

The observed spectral index map at 2.7 GHz
and 1.4 GHz (assuming Iν ∝ να where Iν is the
synchrotron surface brightness at frequency ν)

is presented in Figure 1 (top right). The inte-
grated spectral index α reaches −0.74 ± 0.09
(disc) and −2.04 ± 0.09 (tail). The disc spec-
tral index is slightly steeper than the injec-
tion spectral index for star-forming regions
(α ≈ −0.6 [33]), however consistent within the
uncertainties, given our limited resolution.

The steep spectral index in the jellyfish tail
most likely indicates an aging of the elec-
trons [34, 35] that were produced in super-
novae in star-forming regions and lost their
energy (aged) during their propagation away
from their origin being consistent with recent
findings [36].

We assume equipartition between the mag-
netic field and cosmic-ray energy density to
estimate the magnetic field strength (using
Equation 3 in [37] and a cosmic-ray proton-to-
electron number density ratio K0 of 100). Ad-
ditionally, we assume different pathlengths for
the disc (2.2 kpc and 2.8 kpc) and tail (20 kpc
and 28.5 kpc) corresponding to a thick disc
(frequency dependent scale height [38]) and the
tail being cylindrical (see SI, Sect. 3). We find
an integrated disc magnetic field of 6.7µG to
7.1µG and estimate a lower limit of 4.1µG in
the tail. The lower limit results of the disc
and tail are shown in Figure 1, bottom left and
right, respectively. The disc magnetic field is
comparable to that observed in star-forming
spiral galaxies [39].

Because the synchrotron cooling time de-
pends on the magnetic field strength, it can
also be estimated from the tail length and
galaxy velocity (see SI, Sect. 4). Reason-
able assumptions lead to a tail magnetic field
of B ≈ 2 µG, which is consistent with the
equipartition-derived value within the uncer-
tainties. Because JO206 is moving super-
Alfvénically with an Alfvén Mach number of ∼
9 we can estimate the magnetic field strength
at the stagnation point (where the galaxy hits
the ICM) to ∼ 18 µG (see SI, Sect. 5). Sim-
ulations show that the magnetic field strength
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decreases from the stagnation point along the
galaxy (B ≈ (5−8)µG) and predict a tail mag-
netic field of B ≈ (1 − 4)µG that survives at
least 100 kpc away from the disc (see also SI,
Sect. 9) [25, 27, 40].

While each of the three methods for estimat-
ing magnetic field strength suffers from differ-
ent systematic uncertainties, they all yield a
consistent magnetic field in the tail of B ≈ (2−
4)µG. While the equipartition method suffers
from the assumption of the path length, its re-
strictions on the spectral index (undefined for
α > −0.54, uncertain for α < −1.0), and K0

(only determined at the Solar radius), the elec-
tron cooling length argument assumes a con-
stant gas velocity and magnetic field, depends
on the uncertain inclination of the galaxy ve-
locity, and neglects Fermi-II re-acceleration.
The magnetic field estimate that relates at the
field in the tail to the stagnation point suffers
from theoretical uncertainties of this dynami-
cal map because the magnetic field in the tail
is set by a combination of velocity shear, com-
pression due to gas condensation, and poten-
tially a small-scale dynamo (for more details
see SI, Sect. 3–5).

We now examine the polarised intensity of
JO206 (Fig. 2, left panel). The integrated po-
larised intensity is (0.136±0.007) mJy, while it
reaches (0.083±0.004) mJy (disc) and (0.054±
0.003) mJy (tail), accounting for a bias correc-
tion (see Methods and SI, Sect. 6). For the
first time, we find polarised intensity far in the
jellyfish tail. The extension of polarised emis-
sion in the tail is comparable to the total inten-
sity (Fig. 1, top left) while we see no polarised
emission in the northern, eastern, and south-
ern parts of the disc. We also do not detect
polarised emission in a higher resolved map,
likely due to beam depolarisation effects (see
SI, Sect. 8).

The peak intensity of the polarised emission
is located at the western side of the disc (white
cross in Fig. 2, left, see also SI, Sect. 8), and

does not coincide with the total intensity dis-
tribution (green cross). The polarised emission
peak is co-located with the peak intensity in
HI and secondary peaks of the Hα and CO(2-
1) emission maps within the uncertainties of
the different resolutions ([29], Moretti et al. in
prep.). While the total intensity peak seems
to be co-located with the central source, the
polarised intensity indicates a strong spatial
correlation with the most active star-forming
regions in the disc.

The fractional polarisation, polarised inten-
sity divided by the total intensity, is shown in
Figure 2 (right). We find the integrated frac-
tional polarisation to be much higher in the
tail (54 ± 10) % than in the disc (2 ± 6) %.
The fractional polarisation increases rapidly in
the tail near the disc, from ∼ 10 % to ∼ 30 %
(Fig. 2, right). While the polarised emission is
uniformly decreasing far into the tail, the to-
tal intensity drops very fast in that particular
region.

The disc values are comparable to those
found in ram-pressure stripped Virgo cluster
galaxies [19, 20]. Only sub-regions in star-
forming spiral galaxies, in particular the inter-
arm regions, show a fractional polarisation up
to 50 % [41], while their integrated fractional
polarisation (disc) reaches between 0.5 % and
17.4 % [42]. Our high tail values are com-
parable to those in so-called head-tail galax-
ies, hosting an AGN, producing extended jets,
moving inwards into a galaxy cluster, experi-
encing ram pressure, and showing fractional
polarisation values of 60 % [43].

Thus, this is the first observation of such
high fractional polarisation values in a star-
forming galaxy undergoing ram-pressure strip-
ping. Because the fractional polarisation is
a measure for the uniformity of the magnetic
field (a higher fractional polarisation corre-
sponds to a lower turbulent motion), this sug-
gests an increased alignment of the tail mag-
netic field, consistent with the direct observa-
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tion of the strong alignment.
From the polarisation angle we calculate the

intrinsic magnetic field configuration (Fig. 3).
The length of each magnetic field vector cor-
responds to the polarised intensity weighted
by 105 µJy. We find this magnetic field com-
ponent aligned from the south-western part
of the disc along the length of the jellyfish
tail in stripping direction. From the magnetic
field configuration, together with the fractional
polarisation results, we find a highly ordered
magnetic field in the jellyfish tail, in spite of
the presence of star-forming regions (see Hα
emission in Fig. 3). The presence of such a
large-scale ordered magnetic field might sup-
port the star formation in the tail (see Discus-
sion).

Because star formation triggers turbulent
motion, it is appropriate to ask whether the
star formation in the tail has a significant
influence on the spectral index (freshly in-
duced electrons) and the fractional polarisa-
tion (higher turbulence). We analyse two spe-
cific regions marked in green, one closer to the
disc (inner) and the other farther out in the
tail (outer, see. Figs. 1 and 2. These re-
gions enclose the strongest star-forming clumps
in the tail, as visible from the Hα contours
showing a significantly higher star-formation-
rate surface density (SFRD) than in their sur-
roundings: ∼ 10−2 M�/yr/kpc2 (inner) and
∼ 10−2.2 M�/yr/kpc2 (outer) versus SFRD ≈
10−4 M�/yr/kpc2 in the surroundings (see Fig.
9 in [29]).

These regions of SFRD maxima correspond
to maxima of the radio spectral index α (Fig.
1, top right) of−1.80±0.02 (inner) and−1.94±
0.02 (outer) in comparison to the mean of
−2.24± 0.01 in between the green areas of the
tail. This can clearly be seen in the outer re-
gion (electrons farther outside should be aged
even more), while the inner one is embedded
in an elongated morphology both indicating a
significant local contribution of non-aged elec-

trons originating from in-situ star-forming re-
gions also resulting in reduced equipartition
field (Fig. 1, bottom right). The outer region
also shows a reduced mean fractional polarisa-
tion ((43± 6) % in comparison to (56± 6) % in
between the green areas) indicating a higher
turbulent component than in other regions of
the tail (Fig. 2, right), as expected if some
turbulent motion is induced by local star for-
mation. We cannot examine a similar behavior
for the inner region. Still, the contribution of
the local in-situ star formation in the tail is
not affecting the large-scale ordered magnetic
field along the tail (Fig. 3). Because the Hα
star-forming regions are small in comparison
to our resolution we do not expect that the
supernovae-generated turbulence in the star-
forming regions tangles the field on scales of
our resolution.

We conclude that the tail is composed of
both turbulent but small star-forming regions
where the spectral index is flatter (recently
accelerated electrons), and regions of steeper
spectral indices (aged electrons) and a highly
large-scale ordered magnetic field that may
prevent heat and momentum exchange, provid-
ing a suitable environment for star formation
to take place.

Simulations

To understand our observational findings we
model the following scenario: after cosmic-ray
electrons are accelerated at supernova remnant
shocks in the galactic disc and the star-forming
tail, they propagate into the ambient interstel-
lar medium. As this medium experiences ram-
pressure stripping, the cosmic rays are carried
alongside and cool via synchrotron emission
and inverse Compton interactions with cosmic
microwave background photons. We model
and compare the radio emission to the obser-
vation presented above.
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We intentionally adopt a transparent sim-
ulation model of a galaxy-sized, cold-dense
spherical cloud that is interacting with a hot-
diffuse, supersonic wind. This enables us to
understand the essential physics by varying
the model (hydrodynamics versus magneto-
hydrodynamics with different field topologies
in wind and cloud) and parameters (different
cloud sizes, wind velocities, and cloud-wind
density contrasts). While those results are
published elsewhere [40], here we model the
synchrotron emission of a subset of simula-
tions and provide arguments in support of this
model to capture the essential physics of a ram-
pressure stripped galaxy (see SI).

We perform three-dimensional magneto-
hydrodynamic simulations of this setup with
the moving mesh code AREPO [44, 45, 46].
The cloud is a factor of 103 denser than the
wind and is initially in pressure equilibrium
with the surroundings. We follow the radia-
tive cooling of the gas with a standard cool-
ing function of Solar metallicity and adopt a
weak magnetic field: we assume a thermal-to-
magnetic pressure ratio of ten (see Methods).

We compare two simulations, one with mag-
netised turbulent wind and one with a homo-
geneous magnetic field that is oriented perpen-
dicular to the cloud velocity (the field com-
ponent that experiences magnetic draping, see
Figure 9 in the SI of [26], which shows drap-
ing of an inclined homogeneous magnetic field).
The turbulent and the ordered ICM magnetic
field (upstream of the cloud) experience a
change of their magnetic topology downstream
the cloud as a result of the cloud-wind inter-
action. Figure 4 shows the initial cloud evo-
lution in a turbulent wind. An object moving
through the magnetised ICM sweeps up turbu-
lent magnetic field to build up a dynamically
important sheath around the head (visible in
Bx and Bz) – an effect called magnetic draping
[25, 26]. Simultaneously, a magnetised dense
tail forms via condensation of the ICM [40],

thereby stretching and aligning the magnetic
field with the tail and increasing By. Velocity
shear of the ambient hot ICM induces vorticity
and causes the cold-dense tail to continuously
slow down.

Which of the two magnetic wind configura-
tions (if any at all) is able to reproduce the
observations of an ordered tail magnetic field?
To this end, we emulate the synchrotron ob-
servables at 2.7 GHz, convolve the images with
a Gaussian beam of size of the cloud radius
(which is close to the synthesised beam of our
observations), and impose a flux limit.

To model cosmic-ray electron transport, we
identify gas cells that have been part of the
cold galactic gas (where cosmic rays are accel-
erated) and account for the cooling as they are
advected with the wind. To this end, we as-
sume a cosmic-ray electron energy distribution
f(E) ∝ E−αe exp[−r/rcool], where αe = 3, r
is the distance from the rear of the cloud and
rcool is the cooling length that is set by syn-
chrotron and inverse Compton cooling (see SI).
We follow Lagrangian trajectories in our sim-
ulation and include the contribution of a gas
cell to the synchrotron signal only if its tra-
jectory emerged from the gas cloud at the ini-
tial time. For large clouds, the cold phase in
the ram-pressure stripped tail is not destroyed
by hydrodynamic instabilities but instead can
accrete gas from the hot wind by mixing it
into a layer with intermediate temperatures
(T ∼ 3 × 105 K), from where it quickly cools
and grows the cold tail [47, 48, 40].

Figure 5 shows the cloud interacting with
a turbulent wind (top panels) and a homoge-
neous magnetic field in the wind (bottom pan-
els) that is initially oriented in the x direction.
We show the simulation at time t = 4 tcc, where

tcc ≡
rcloud
vwind

√
ncloud
nwind

(1)

is the cloud crushing time-scale in the absence
of radiative cooling, and ncloud and nwind are
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the cloud and wind density, respectively. For
our cloud radius rcloud = 25 kpc, wind velocity
vwind = 958 km s−1, and ncloud/nwind = 103,
we obtain tcc = 8 × 108 yr. At this time, the
tail of the cloud is starting to grow mass from
the ICM and the synchrotron emission extends
over ∼ 100 kpc after 3.2 Gyr. In both simula-
tions, we observe an ordered tail magnetic field
that is aligned with the tail. The reason for this
ordered magnetic field is twofold. 1. Magnetic
draping of the magnetic ICM field (see the bot-
tom panels of Figure 4, also refs. [25, 26]). 2.
Accretion of gas from the magnetic draping
layer in the hot wind that condenses onto the
tail causes the magnetic field to be adiabati-
cally compressed and sheared by the differen-
tial velocity of the cold tail and wind. This
explains the ordered magnetic field and hence,
the high degree of fractional polarisation (see
right-hand panels of Figure 5).

In our homogeneous-field simulation, mag-
netic tension of the draping layer back-reacts
onto the flow and withstands alignment with
the tail at large distances from it (see Figure 6).
Interestingly, the field in the nearby tail re-
gion is highly ordered and almost uniformly as-
sumes the theoretical maximum degree of po-
larisation of 0.75 for our assumed tail spectral
index – in contradiction to the observations.
In the turbulent-field simulations the magnetic
tension is lower due to reversals of magnetic
fields of different polarities, which are dynami-
cally assembled in the magnetic draping layer.
Thus, accretion of mixed warm gas to the cold
phase in the wake aligns and stretches the field
in the tail so that it also attains a high degree of
polarisation, approaching values of 0.6 in some
tail regions with an overall patchier appear-
ance which compares favourably to the obser-
vations. Note that we do not model small-scale
turbulence in the cold galactic cloud that is ex-
cited in star-forming regions and thus, our sim-
ulations overestimate the polarised intensity
and fractional polarisation inside the clouds.

Figure 6 shows the temperature distribution
of our simulations with the turbulent and the
initially uniform magnetic field, and a purely
hydrodynamical model without magnetic field.
In the latter case, Kelvin-Helmholtz instabil-
ities grow small perturbations at the wind-
cloud interface and eventually disrupt the
cloud. The magnetic draping layer protects
the cloud from disruption and forms magne-
tised filamentary structures [25, 28]. The in-
stabilities can act in the plane perpendicular
to the initial orientation of the uniform mag-
netic field [49] via eddies that move field lines
around while the turbulent field provides the
best protection. The long radio tails should
extend further into the downstream, which can
be probed by low-frequency, high-sensitivity
radio observations that map out older cosmic-
ray electrons, which cool at a lower rate. Our
simulations predict a much more extended cold
tail (Fig. 6), which could be probed by fu-
ture low-frequency radio and high-sensitivity
HI measurements.

Discussion and Conclusions

For the first time we analysed synchrotron in-
tensity and polarisation of an extreme ram-
pressure stripped galaxy based on deep ob-
servations and compared it to simulations.
We discovered that the tail of the jellyfish
galaxy emits radio emission with a steep spec-
trum (α ≈ −2.0), a high polarisation de-
gree (> 50 %), and a strong equipartition field
(> 4.1µG). In the disc, we estimate equipar-
tition values between 6.7µG and 7.1µG. The
high fractional polarisation and the magnetic
field configuration imply a highly ordered mag-
netic field that is aligned with the extended
tail. What is causing these long and ordered
magnetic fields and what is the significance of
the magnetic field on the formation of the tail
and its on-going star formation?
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To this end, we analysed magneto-
hydrodynamic simulations of a galaxy-sized,
cold gas cloud exposed to a hot, magnetised
wind that the cloud feels as it moves through
the ICM. We find the observed highly-ordered
strong magnetic field far out in the tail to be
in excellent agreement with our simulations, in
particular with a turbulent ICM magnetic field
(explaining our measured Faraday rotation,
see SI, Fig. 8 and Sect. 7). Accretion of
draped magnetised plasma from the hot wind
that condenses onto the external layer of the
tail, which is then adiabatically compressed
and sheared by the velocity difference of the
cold tail and the wind can explain the high
degree of fractional polarisation and ordered
magnetic field. There may be alternative
mechanisms to produce the observed large-
scale magnetic field in the tail and future
studies of cosmological ram-pressure stripped
galaxies are required to verify the suggested
picture.

These magnetised cold filaments in the jel-
lyfish tail are then “lit up” by the synchrotron
emission from cosmic ray electrons that are
accelerated in supernova remnants in the in-
terstellar medium and the star-forming tail.
We find evidence in form of abundantly star-
forming knots in the tail that show a spectral
index flattening and reduced fractional polar-
isation. We conclude that these small, tur-
bulent star-forming regions in the tail can-
not disrupt the highly ordered magnetic field
(most probably due to our resolution element
of ∼ 15 kpc), which is aligned with the tail
and illuminated by aged electrons with a steep
spectral index. Such an ordered magnetic field
may prevent heat and momentum exchange,
and favor in-situ star formation in the tail. In
this scenario, star formation in the tail should
be a self-regulating process, achieving a bal-
ance with the magnetic field in a sort of feed-
back: a strong and widespread star-formation
activity would disrupt the ordered magnetic

field, which in turn is fundamental to allow the
star-formation process to continue.

We demonstrate that turbulent wind mag-
netic fields are important for providing sta-
bility and shaping the ram-pressure stripped
tails. Our simulations show that the polarised
radio tail of the jellyfish galaxy should only
be a small portion of a very extended magne-
tised and cold filamentary tail in the galaxy’s
wake, which might be detected with deeper ob-
servations. Higher-resolution observations are
needed to characterise the role and connection
of the magnetic field to the on-going star for-
mation in the jellyfish tails.

Methods

Observations. The total intensity and polar-
isation study in this paper is based on our new
observation of JO206 with the Karl G. Jansky
Very Large Array (JVLA) at 2.7 GHz (project
18B-018, PI Poggianti), complemented for the
study of the spectral index by the observation
at 1.4 GHz (project 17A-293, PI Poggianti)
presented in [29].

The 2.7 GHz observations were carried out
during 11 nights between November 18th 2018
and December 15th 2018 with a total observing
time of 50.5 h and an on source time of 40 h.
All four polarisation parameters (RR, RL, LR,
LL) were correlated. Details for each obser-
vation are summarised in Extended Table 1.
The observation parameters of the programme
VLA/18B-018 can be found in Extended Ta-
ble 2. We observed 3C48 for flux calibra-
tion, J2136+0041 as an intermittent phase cal-
ibrator, 3C138 as polarisation calibrator, and
J2355+4950 for polarisation leakage calibra-
tion during each observing run. We performed
the data reduction using a combination of the
Common Astronomy Image Software Applica-
tion (CASA) and the Multichannel Image Re-
construction, Image Analysis and Display soft-
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ware package (MIRIAD). Data were inspected
using RFIgui [50], the graphical front-end to
aoflagger, to access the overall contamination
with radio frequency interference (RFI). We
found significant RFI contamination within the
spectral windows 2, 3, 14, 15, and 16 for each
observation. These were then flagged entirely.
To remove spurious RFI signals in the rest
of the observations we used aoflagger with a
specifically tailored flagging strategy to our ob-
servations. In order to mitigate over-flagging
due to roll-off effects at the edges of the sub-
bands, we determined a preliminary bandpass
using the unflagged flux calibrator. This band-
pass was only used for flagging and not used in
any of the later calibration steps.

We then followed the standard VLA cross-
calibration scheme for each observing run sep-
arately. First, the data were corrected for an-
tenna offsets where known. Flux, bandpass,
and gain calibration as well as the removal of
residual delays was performed using the flux
calibrator source 3C48 with the model given
in [51]. To correct for phase errors during the
observation and for determining the polarisa-
tion leakage, which is introduced due to the ro-
tation of the feeds with respect to the sky, we
applied the previous solutions to our calibrator
sources J2136+0041 and J2355+4950, respec-
tively. The polarisation angle and cross-hand
delays were then calibrated using the known
polarised calibrator 3C138 [52].

The standard synchrotron observables
Stokes I (polynomial fit), Q, and U were then
computed, while Stokes V was set to zero. The
coefficients for the polynomial fit as well as
the fractional polarisation p and polarisation
angle χ for 3C138 are given in Extended Table
3.

Thereafter, the polarisation calibrator is
used to solve for cross-hand delays (RL
and LR). The total polarisation scale was
solved by deriving the leakage solution from
J2355+4950, denoted as leakage calibrator be-

fore. We obtained an accurate polarisation po-
sition angle by calibrating the R-L phase using
the polarisation calibrator, whose position an-
gle is known from the model. We transferred
the flux scale from the primary calibrator to all
secondary calibrators. We applied all solutions
to our target data sets, which were combined
and imported into MIRIAD for self-calibration
and imaging.

Self-calibration was performed for each spec-
tral window individually to mitigate imaging
artefacts due to frequency dependent effects.
We performed a pure imaging of the whole data
set in total intensity to derive a mask for the
sources. This mask was then used within the
self-calibration and imaging in both cases to
avoid including spurious sources. Within the
self-calibration process we used phase-only so-
lutions, consecutively decreasing the solution
interval and (u,v)-range included in the cali-
bration process until a 30 s interval was reached
and all baselines were included. Each final in-
dividual image was convolved to the largest
common beam and primary beam corrected.
The final resulting image in total intensity was
combined from the individual spectral window
ones using an inverse square weighting based
on their noise. The final image was then in-
spected for not CLEANed-sources and a new
mask derived to limit the CLEAN algorithm to
regions of emission. The whole self-calibration
procedure was iterated until no more sources in
the final image showed sidelobe patterns. This
ensures that the model for self-calibration is as
complete as possible and fluxes of the target
field are calibrated as accurately as possible.

For polarisation imaging we individually im-
aged the Stokes Q and U parameters. Each
channel of 2 MHz was imaged and cleaned (us-
ing the final mask from the total power imag-
ing) separately in order to mitigate bandwidth
depolarisation effects. We then corrected each
image for primary beam attenuation. To in-
clude also the lowest frequencies to exceed the
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highest bandwidth and signal-to-noise ratio we
convolved all our images to a circular beam of
15 ′′. The final 624 images in Stokes Q and U
were used as an input to the Rotation Measure
Synthesis algorithm.

Within this approach the data is trans-
formed from frequency space into Faraday
space via a Fast Fourier Transformation
(FFT). This technique is mathematically sim-
ilar to aperture synthesis imaging and known
as Rotation Measure Synthesis [53]. The in-
strumental parameters are therefore given by
the frequency setup of the instrument and the
instrumental function by the Rotation Mea-
sure Transfer Function (RMTF). With our
setup we acquire a resolution in Faraday space
of 223 rad m−2, a maximum observable scale
of 458 rad m−2, and a maximum observable
Faraday depth of 119816 rad m−2. We sam-
pled the Faraday Q- and U-cubes between
−4096 rad m−2 and +4096 rad m−2 with a step
size of 16 rad m−2. We then calculated a po-
larised intensity cube, which is the absolute
value of the complex polarised intensity p =
Q + iU , where Q and U are the fluxes in the
Faraday Q- and U-cubes.

Since a physical intensity can only be posi-
tive the polarised intensity is described by the
complex conjugated

P = pp∗ =
√
Q2 + U2 (2)

introducing a polarisation bias following a non-
Gaussian statistic [54]. This bias is dependent
on the distance from the pointing centre due
to the primary beam correction. The bias in
a polarised intensity map derived from RM-
Synthesis cubes is higher than the theoretical
one, the reason being the calculation of the
polarised intensity from the maximum along
the Faraday axis. This gives in case of only
noise along this axis a higher chance of find-
ing a higher value [55]. The exact difference
is therefore depending on the length of the

sampled Faraday axis and the Faraday reso-
lution of the observation. Hence, we decided
on an approximated approach to subtract the
polarisation bias [56]. We fitted a higher or-
der polynomial with a parabola shape to the
distance of a pixel from the pointing centre
against the average value along the polarised
intensity axis in the Faraday polarised inten-
sity cube. Within this approach we only con-
sidered emission free areas, in the following de-
noted by the background. This parabola was
then extended along the Faraday-axis to cre-
ate a bias cube. Afterwards, we subtracted
this cube from the polarised intensity one.

We derived the polarised intensity map and
the Rotation Measure (RM) map (see SI,
Fig. 8, right) by fitting a parabola along the
Faraday-axis of the polarised intensity cube to
any values exceeding 5σ. The peak value of
the parabola gives the polarised flux density
while the position of the peak in the Faraday
spectrum gives the RM value. We derived the
orientation of the electric field vectors with the
polarisation angle ψ, which is given by

ψ =
1

2
tan−1

U

Q
, (3)

with Q and U as Faraday rotation corrected
Stokes parameter. Assuming that the RM
and polarised intensity are originating from the
same region, we de-rotated the electric field
vector back to the intrinsic magnetic field one
using

ψ0 = ψ − RM · λ2 + 90◦. (4)

While inspecting the background of the po-
larised intensity map we still found it to be
higher than the standard deviation of σ =
2.0µJy/beam the background influencing the
flux estimation. We corrected for this remain-
ing bias (see SI, Sect. 5) and its result is shown
in the left panel of Figure 2.

In order to estimate the radio continuum
spectral index of JO206 we combined the
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2.7 GHz image with a 1.4 GHz made from a
previous JVLA observation. The 1.4 GHz data
were taken with the goal of studying the neu-
tral hydrogen gas properties of JO206 [29], and
we refer the reader to that paper for further de-
tails on the 1.4 GHz observation. Here we sim-
ply add that, for consistency with the analysis
of the 2.7 GHz data, for the present paper we
calibrated and imaged the 1.4 GHz continuum
data using MIRIAD. Data reduction was car-
ried out in a standard way. In particular, fol-
lowing cross-calibration and having discarded
channels with HI emission, we iteratively im-
aged and self-calibrated the data (phase only,
frequency-independent, and with a solution in-
terval of 2 minutes) until the quality of the
image converged. For this purpose, CLEAN-
ing was done using CLEAN masks made by
carefully smoothing the image and applying
detection thresholds that included real emis-
sion only. The continuum image used here was
made using Briggs weighting with robust = 0
resulting in a resolution of (13.1×14.5)′′. This
data is then convolved to the same angular res-
olution as for the 2.7 GHz data resulting in a
noise level of 40µJy/beam.

An evaluation of the different angular scales
and weightings of both frequency bands onto
the properties of JO206 are discussed in Sec-
tion 8 (see SI). We find that this has no sig-
nificant effect onto our scientific conclusions.
We therefore present the most complete im-
ages we were able to create to not miss any
real diffuse emission. The presented values are
derived from these images.

Simulations. We intentionally choose very
idealised simulations to focus on the dynami-
cal interaction of a cold cloud with a a magne-
tized hot wind in the presence of radiative cool-
ing rather than simulating a realistic galaxy
with complex subgrid-scale models for feed-
back. Recent work shows that the warm phase
(modelled here) is likely dominated by kinetic
pressure over thermal pressure (see e.g., Fig.

9 of [57] for an analysis of the FIRE2 sim-
ulations), implying that stripping may occur
somewhat differently than in our simulations.
In particular, while this internal structure and
dynamics may have the potential to change
the way the stripped gas mixes with the ICM,
we believe that our scenario captures the main
processes relevant to understand these new in-
teresting observations. We fully acknowledge
that a future high-resolution cosmological sim-
ulation of a galaxy orbiting in a galaxy clus-
ter that follows the transport of the cosmic-ray
electron spectrum will be able to scrutinize the
scenario presented here.

Here, we provide additional details of the
simulations. Initially, the cloud radius is
rcloud = 25 kpc, it has a temperature Tcloud =
104 K, a number density of ncloud = 0.1 cm−3,
and the hot ICM wind (Twind = 107 K) is in
pressure equilibrium with the cloud so that
the density contrast is 103. The wind moves
supersonically with a Mach number of M =
2, yielding a wind velocity of 958 km s−1

which agrees with our observational estimates
of 850 km s−1 < v . 1200 km s−1 within the
systematic uncertainties (lower bound implies
pure line-of-sight component and upper bound
assumes 45◦ inclination of the galaxy velocity).

The simulation code AREPO
[44, 45] solves the equations of ideal
(magneto-)hydrodynamics on an unstructured
Voronoi mesh [46] and employs the Powell
scheme to ensure the divergence constraint of
the magnetic field [58]. If the mesh moves with
the local fluid velocity, the scheme inherits the
advantages of Lagrangian fluid methods that
keep the mass per cell fixed. The code allows
for inserting additional mesh-generating points
that enable super-Lagrangian resolution capa-
bilities and ensure the topological regularity
of the individual Voronoi cells. To ensure a
smooth transition in resolution between the
larger cell size in the hot-diffuse wind and
the cold-dense well-resolved cloud, we adopt
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a volume refinement criterion ensuring that
the volume of a cell does not exceed a factor
of eight compared to the neighbouring cells.
Adaptive time-steps are used to speed up
the simulations. We use periodic boundaries
in the x and z directions. The wind moves
in the y-direction, and the wind properties
are fixed in the injection region near the
lower y-boundary, as it is standard the pro-
cedure in simulations of a cloud interacting
with a wind [59, 60]. We use a box size of
{Lx, Ly, Lz} = {16Rcloud, 384Rcloud, 16Rcloud}
and a target mass resolution of 8.6 × 105 M�
corresponding to 30 cells per cloud radius in
the cloud.

The hydrodynamic simulations do not in-
clude any magnetic field. For the simulations
with a magnetic field included, we assume a
plasma beta of β = 10 everywhere in the sim-
ulations and adopt a tangled magnetic field
inside the cloud [61]. We isolate the cloud’s
magnetic field from the wind, such that only
tangential field lines are allowed at the cloud’s
surface [62]. We iteratively remove the radial
component and remove the divergence of the
magnetic field, when creating the initial con-
ditions. We find that the magnetic topology
inside the cloud is only of secondary impor-
tance for the formation of a magnetized tail;
much more relevant is the magnetic topology
of the hot wind: after being stripped from the
galactic disk, the magnetic field is sheared and
amplified in a narrow core region in the tail.
By contrast, the wind magnetic field is draped
around the galaxy and also amplified via ve-
locity shear and condensation in the tail region
where it dominates over the amplified galactic
magnetic field [40]. For the simulations with
a uniform magnetic wind, we enforce the wind
magnetic field of 0.6 µG in the injection region
throughout the run time of the simulation.

For the simulations with a turbulent mag-
netic wind, we created a Gaussian field follow-
ing a power spectrum of the form, Pi(k) ∝

k2
∣∣∣B̃i(k)

∣∣∣2, with the absolute square of the

Fourier transformation of the magnetic field
component, Bi, being

∣∣∣B̃i(k)
∣∣∣2 =

A, if k < kinj,

A
(

k
kinj

)−11/3
, if k ≥ kinj.

(5)

Here k = 2π/
√
x2 + y2 + z2 is the wave num-

ber, and the injection scale is kinj = 1/(
√

3Lx).
We hence have white noise on scales larger than
the box-size, and on smaller scales, k ≥ kinj, we
have Kolmogorov turbulence. The normalisa-
tion, A, of the power spectrum is chosen such
that the magnetic field strength,

√
〈B〉2, cor-

responds to β = 10. The field is periodically
initialised in the initial conditions and subse-
quently periodically read in the injection re-
gion.

Radiative cooling is modelled using the stan-
dard cooling function from the Illustris galaxy
formation model [63]. All gas cells are ini-
tialised with a solar metallicity.
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Date Time Total time Total down time
(min × 27 ants.) (min × 27 ants.)

18Nov18 - 19Nov18 23:06:56 - 03:41:33 7414.7 0.0
20Nov18 00:41:48 - 05:17:14 7436.7 0.0

20Nov18 - 21Nov18 23:44:47 - 04:19:22 7413.7 0.0
26Nov18 00:58:53 - 05:33:28 7413.8 271.8

27Nov18 - 28Nov18 23:10:27 - 03:45:02 7413.7
30Nov18 - 01Dec18 22:20:25 - 02:55:06 7416.4 0.0
01Dec18 - 02Dec18 22:04:25 - 02:39:08 7417.4 549.4
07Dec18 - 08Dec18 22:11:13 - 02:45:49 7414.2 480.5
09Dec18 - 10Dec18 22:43:32 - 03:18:05 7412.9 274.6
11Dec18 - 12Dec18 22:41:10 - 03:15:44 7413.3 549.1
14Dec18 - 15Dec18 22:29:23 - 03:03:57 7413.3 0.0

Extended Table 1: Observations within programme VLA/18B-018.

band S (13 cm)
configuration C
polarisation products Full
central frequency 2.97 GHz
total bandwidth 2 GHz
no. of antennas 27
no. of spectral windows (spw) 16
spw bandwidth 128 MHz
no. of channels per spw 64
total no. of channels 1024
channel bandwidth 2 MHz

Extended Table 2: Observational parameter
within the programme VLA/18B-018.

Coefficients polynomial fit

a0 1.0088
a1 -0.4981
a2 -0.1552
a3 -0.0102
a4 0.0223

Fractional polarisation
p / [%] 10.4

Polarisation angle
χ / [deg] -10

Extended Table 3: Polarisation parameter for
3C138. The values and a detailed descriptions
of the coefficients of the polynomial fit can be
found in [51] and the fractional polarisation as
well as the polarisation angle in [52].
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Figure 1: Total intensity results of the 2.7 GHz data. The blue contour defines the optical
stellar disk convolved with the 2.7 GHz resolution. The white area contains no information.
Top left: Thermal-corrected 2.7 GHz total intensity map with superimposed contour levels of
ε× (1, 2, 4, 8, 16, 32, 64, 128, 256) with ε = 21.5µJy/beam corresponding to 3σ and a green
and white cross at the peak emission of the total and polarized intensity, respectively. The total
intensity is corrected for the thermal contribution as described in Section 1 (see SI). Top right:
Derived thermal corrected spectral index map based on the 2.7 GHz and 1.4 GHz map. Bottom
left: Derived lower limits of the disc equipartition field strength computed with a pathlength of
2.8 kpc. In the small white regions the field strength cannot be estimated due to the flat spectral
index (> −0.54). Such flat spectra can be caused by synchrotron self-absorption by an AGN,
or thermal absorption in star-forming regions [64, 65]. Bottom right: Derived lower limits
of the tail equipartition field strength computed with a pathlength of 28.5 kpc. The contour
levels of ε× (1, 3, 9, 27, 81, 283) with ε = 1 · 10−19 erg/s/cm2 in Hα are superimposed to the
spectral index and magnetic field maps, and two star forming complexes are marked by a green
and dark green ellipsoid.
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Figure 2: Polarization results of the 2.7 GHz data. The blue contour defines the optical stellar
disk convolved with the 2.7 GHz resolution. The white area contains no information. Left:
Polarized intensity map with superimposed contour levels of ε × (1, 1.5, 2.25, 3.375, 5.0625)
with ε = 9µJy/beam corresponding to 4.5σ and a green and white cross at the peak emission of
the total and polarized intensity, respectively. Right: Derived fractional polarization map. The
contour levels of ε× (1, 3, 9, 27, 81, 283) with ε = 1 ·10−19 erg/s/cm2 in Hα are superimposed
and two star forming complexes are marked by a green and dark green ellipsoid.
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Figure 3: Large-scale alignment of the magnetic field vectors along the galaxy tail derived from
the polarization angle. The magnetic field vectors are weighted by 10−5× (polarized intensity)
and shown in green. They are superimposed over the Hα emission, which is shown in colour.
The 2.7 GHz total intensity contours are shown in black for comparison. The blue contour
defines the optical stellar disc convolved with the 2.7 GHz resolution. The white area contains
no information.
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magnetic draping layer that enables condensation and accretion of hot ICM onto the tail and
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Figure 5: Simulated mock synchrotron observables (total intensity, polarized intensity, both
normalised to the maximum total intensity, and fractional polarisation at 2.7 GHz) of a cold
(T = 104 K) gas cloud that interacts with a supersonic ICM at four cloud crushing time scales.
The green arrows show the magnetic field orientations and all images have been convolved with
a Gaussian beam of FWHM = rcloud = 19 kpc. The top panels show a cloud that encounters
a turbulent wind magnetic field, which gets aligned with the tail as a result of th cloud-wind
interaction. In the the bottom panels, we show a cloud that encounters a homogeneous wind
magnetic field that withstands alignment and produces a fractional polarisation that is larger
than our observations, ruling out the combination of field topology and viewing angle for our
observed jellyfish galaxy.
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Supplementary information

1 Overview of JO206

The jellyfish galaxy JO206 is undergoing ex-
treme ram-pressure stripping in the low mass
cluster IIZW108 with a projected distance
of ∼ 300 kpc from the cluster centre [1, 2].
It reaches a projected velocity of 850 km/s.
The 90 kpc-long Hα-emitting tail of stripped
gas of the galaxy JO206 shows significant (∼
0.5 M�yr−1) on-going, in-situ star formation
[3], while its disc star formation rate (4.8
M� yr

−1) is normal for its stellar mass [4]. The
gas metallicity in the disc is found to be super-
solar, while it ranges from slightly subsolar to
supersolar [5]. For JO206 GASP has assembled
a multiwavelength data set including optical
integral-field spectroscopy with MUSE [1], HI
and radio continuum information with JVLA
[6], and molecular gas (CO) data with APEX
[7] and ALMA (Moretti et al. in prep.). To
give an overview of the surrounding of JO206
the JVLA field of view is shown in Figure 7.

2 Thermal contribution

The observed emission is not purely syn-
chrotron but also affected by a thermal con-
tribution mainly located in the star-forming
regions. A common strategy to correct for
the thermal contribution to the radio total in-
tensity is using dust corrected Hα measure-
ments [8]. The spatially resolved Hα emission
is corrected for intrinsic dust extinction us-
ing the observed MUSE Balmer decrement (see
Fig. 10 in [1]), assuming an intrinsic Hα/Hβ
ratio equal to 2.86 and adopting the [9] extinc-
tion law.

In Figure 1 (top left) and Figure 8 (left) we

present our results corrected for thermal con-
tribution at 2.7 GHz- and 1.4 GHz. While the
total intensity at 1.4 GHz is only marginally af-
fected by thermal electrons (∼ 2 %) we found
the integrated total intensity at 2.7 GHz (Fig.
1, top left) in the disc to be reduced by 12 %
to (3.5 ± 0.2) mJy while the tail emission is
affected by about 30 % resulting in (0.10 ±
0.01) mJy. Here, we take a typical calibration
error of 5 % into account.

We further identify the spectral index by the
observed frequencies and integrated flux densi-
ties (Iν ∝ να) of the 2.7 GHz and 1.4 GHz ob-
servation. After thermal correction, the values
in the spectral index map (Fig. 1, top right)
become even steeper resulting in an integrated
spectral index α of −0.74±0.09 for the disc re-
gion and −2.04±0.09 for the tail (−0.58±0.09
and −1.53 ± 0.09 without thermal correction,
respectively). A typical flux error of 5 % and
the individual noise levels of the 2.7 GHz- and
1.4 GHz map are taken into account.

In the future a more reliable method should
be investigated addressing the different opac-
ity from radio and Hα data. A correction for
the line-of-sight integration is needed. Beside,
an Hα spectrum (which is used here) is less
sensitive to diffuse emission than a photomet-
ric image (which is generally used). We have
no information about the background noise (no
detection corresponds to cut-off noise level in
spectrum) in the Hα map so that the statistics
of the convolved Hα map to the 2.7 GHz reso-
lution can be affected, therefore the resulting
total flux image.
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Figure 7: Total intensity map at 2.7 GHz of the field of view of the JVLA superimposed with
contour levels of ε × (1, 2, 4, 8, 16, 32, 64, 128, 256) with ε = 21.5µJy/beam corresponding
to 3σ.

3 Equipartition field strength

The determined magnetic field strength based
on the equipartition assumption [21] mainly
suffers from the assumed pathlength and the
spectral index limitations. We cannot solve for
spectral indices reaching values > −0.54, ad-
ditionally, the magnetic field strength derived
from spectral indices stepper than -1 become
very uncertain, the assumption of K0 = 100 is
probably not valid for such steep electron spec-
tra. Based on ref. [10] we expect the tail val-
ues to be slightly overestimated. Second, get-

ting a hold on the pathlength is very difficult
since the geometry of our target is not known.
JO206 is also not comparable to well-studied
local spiral galaxies. However, to restrict the
magnetic field strength within the disc and tail
we evaluated different pathlength for each re-
gion separately using the integrated thermal
corrected total intensities, the spectral index
(Sect. 2), and assuming a filling factor of one.

For the disc magnetic field we assume the
scale height to be between 1.1 kpc and 1.4 kpc
based on local spiral galaxies [11] and consider
an inclination of 60 ◦ [12]. We, therefore, addi-
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Figure 8: Additional observational results. The blue contour defines the optical stel-
lar disc convolved with the 2.7 GHz resolution. The white area contains no information.
Left: Thermal corrected 1.4 GHz total intensity map superimposed with contour levels of
ε × (1, 2, 4, 8, 16, 32, 64, 128, 256) with ε = 120µJy/beam corresponding to 3σ. Right:
RM map derived from the 2.7 GHz data corrected for the galactic foreground superimposed
with the contour levels of ε× (1, 3, 9, 27, 81, 283) with ε = 1 · 10−19 erg/s/cm2 in Hα and two
star forming complexes are marked by a green and dark green ellipsoid.

tionally assume that our target has a thick disc
component and the synchrotron radiation be-
ing optically thin at the observed frequencies.
Based on the two different scale heights, we
evaluate a pathlength of 2.2 kpc and 2.8 kpc,
respectively resulting in a disc magnetic field
strength of 7.1µG and 6.7µG, respectively.
The tail geometry is assumed to be cylindrical.
Based on the 2.7 GHz radio continuum image,
we measure a diameter of 28.5 kpc as an upper
limit for the pathlength. This provides us with
a magnetic field strength of 4.1µG. Addition-
ally, we assume a smaller diameter based on
the higher resolved Hα map of 20 kpc resulting
in a magnetic field strength of 4.4µG. However,
we assume the tail material to be clumpy and
therefore do not fulfill the constrain of a fill-
ing factor of one, which assumes the material
to be continuous along the pathlength. Based
on this parameter both values provide us with
lower limits for the magnetic field strength in
the tail.

We therefore find the disc magnetic field lie
between 6.5µG and 7.8µG and the tail mag-
netic field at a minimum of 4.1µG. In both
cases the limitations for the spectral index are
not evaluated. An appropriate method to cal-
culate magnetic fields with steep spectral in-
dices and complex geometries are beyond the
scope of this work.

4 Electron cooling timescales

The radio synchrotron emitting electrons of
Lorentz factor γ radiate at a frequency

νsyn =
3eBγ2

2πmec
, (6)

where me is the electron mass, c is the light
speed, e is the elementary change, B is the
root-mean-square value of the magnetic field.
This formula is derived by replacing the syn-
chrotron kernel with a Dirac delta function
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that is centered on this frequency. It repro-
duces the standard synchrotron result exactly
for an electron spectral index of 3. Note that it
differs from the critical synchrotron frequency
by a factor of two. Synchrotron and inverse
Compton aging of relativistic electrons occurs
on a timescale

tcool =
6πmec

σT(B2
cmb +B2)γ

, (7)

where Bcmb ' 3.2µG is the equivalent field
of the cosmic microwave background (cmb)
energy density today and σT is the Thom-
son cross section. Combining both equations
by eliminating the Lorentz factor γ yields the
cooling time of electrons that emit at frequency
νsyn,

tcool =

√
54πmec eBν

−1
syn

σT (B2
cmb +B2)

. 1.3× 108 yr, (8)

assuming an emission frequency of 2.7 GHz.
The cooling time tcool is then bound from
above and attains its maximum cooling time
at B = Bcmb,0/

√
3 ' 1.8µG, independent of

the magnetic field.
The cosmic ray electron cooling time tcool

is shorter for fields weaker or stronger than
B = 1.8µG due to the non-linear depen-
dence of synchrotron cooling on the magnetic
field, which yields two solutions that physically
correspond to the dominant inverse Comp-
ton and synchrotron cooling regimes, respec-
tively. Hence, the resulting cooling length
of electrons depends on the magnetic field
strength and is Ltail(B) ' vtailtcool(B) .
27 kpc (vtail/200 km s−1), where vtail is the ve-
locity of the gas in the tail relative in the
galaxy’s rest frame in our simulation where we
adopted a wind velocity of 958 km s−1. Scaling
this result to a wind velocity of 1200 km s−1

yields Ltail(B) . 34 kpc (vtail/250 km s−1). In
all cases, we assume a constant gas velocity
along the tail.

Assuming 1. that there is a negligible
amount of electron re-acceleration along the
tail, 2. a galaxy velocity of 850 km s−1 per-
pendicular to the line-of-sight (as inferred from
the X-ray map, Fig. 12) which implies a three-
dimensional wind velocity of 1200 km s−1 with
an inclination of 45◦ and 3. a constant mag-
netic field along the tail, we estimate the mag-
netic field to either be B ∼ 2.2µG or B ∼
1.6µG for the observed (projected) tail length
of Ltail ' 24 kpc of the radio synchrotron
length.

5 Magnetic field strength in
the front of the draping
layer

The prerequisite for a magnetic draping sce-
nario is a galaxy moving super-Alfvénically.
Using a typical value for the cluster magnetic
field of B = 1µG, an electron density of
ne = 4.9 × 10−4 cm−3, and a gas density of
ρ = 9.5× 10−28 g cm−3, both derived from the
Chandra X-ray data (see Sect. 12), we deter-
mine an Alfvén velocity of vA = B/

√
4πρ =

90 km s−1. The morphology of the galaxy sug-
gests a considerable in-sky velocity component
transverse to the line-of-sight, v⊥. We there-
fore assume v⊥ to be of order of the line-of-
side velocity component, v‖ ≈ 850 km s−1 [2] so
that we obtain the total velocity of the galaxy
as 1200 km s−1. We furthermore assume that
the galaxy moves supersonically through the
ICM with a sonic Mach number of at least
1.3 (see Sect. 12) so that we obtain a post-
shock velocity of vpost ≈ 830 km s−1 after ap-
plying the Rankine-Hugoniot jump conditions.
This yields an Alfvénic Mach number for the
galaxies motion in the intracluster medium of
MA = vpost/vA ≈ 9. This further allows us
to calculate the magnetic field strength at the
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stagnation point of the draping layer,

Bmax =
√

8παρv2post = 18µG, (9)

where α = 2 is a geometric factor inferred from
magneto-hydrodynamic simulations of mag-
netic draping [13].

6 Bias evaluation

While computing the polarised intensity data
cube a bias is induced, which generally in-
creases the mean of the background (for more
details see Methods). Such bias can affect sig-
nificantly the low surface brightness of targets,
here, in particular, the jellyfish tail emission.
We already subtracted for such induced bias
based on a least-square-fit to the mean of the
background (see Methods). However, we rec-
ognize that the mean of the background in
the surroundings of JO206 (pointing centre) is
still higher than the signal-to-noise ratio and
therefore expected to be affected by a remain-
ing bias. We cannot rule out that we do not
observe additional emission originating from
the jellyfish galaxy or the ICM but here we
simply assume that the remaining background
level is only due to the induced bias. Assum-
ing that the background level is only due to a
bias provides us with lower limits for the po-
larised emission and fractional polarisation and
a maximum deviation to the values that can be
derived from the non-corrected data.

We assume that the mean of the background
in the surroundings of the jellyfish galaxy is
a measure for the bias since no significant
gradient is found in there. We then sub-
tracted the data by this bias ensuring that
no negative values occur in the data. We
therefore find the remaining bias to be ∼
5µJy/beam. The polarised intensity and frac-
tional polarisation map corrected for the re-
maining bias are shown in Figure 2 left and
right, respectively. The integrated polarised

intensity is found to be (0.136 ± 0.007) mJy
from which (0.083±0.004) mJy originates from
the disc and (0.054 ± 0.003) mJy from the
tail. Without this additional bias correc-
tion we measure a total polarised intensity of
(0.168 ± 0.008) mJy, (0.098 ± 0.005) mJy orig-
inating from the disc and (0.070 ± 0.004) mJy
from the tail. The background therefore af-
fects the polarised emission by about 18 % at
maximum. The errors are again based on
the 5 % calibration uncertainty. We estimate
the fractional polarisation based on the inte-
grated thermal corrected total intensity and
polarisation reaching (2± 6) % in the disc and
(54 ± 10) % in the tail (Fig. 2, right). We
find maxima > 60 % where the total intensity
drops very fast, along the western edge of the
disc. Without this additional bias correction
we find a fractional polarisation of (3 ± 6) %
in the disc region and (70 ± 10) % in the tail.
By reducing the background assuming it to be
caused by an induced bias the fractional polar-
isation is reduced by ∼ 20 %, but qualitatively
our conclusions remain the same.

7 Rotation measure

We also computed the rotation measure (RM)
map (Fig. 8, right panel), which is an observ-
able for the frequency of rotation of the elec-
tric field vector along the line-of-sight due to
Faraday rotation. Positive values represent a
magnetic field that is pointing towards us while
negative ones describe the opposite. The RM
map is corrected for the galactic foreground
which, based on [14], reaches 5.8 rad m−2 at
the galaxy position in the sky. The observed
RM values oscillate between -50 rad m−2 and
+50 rad m−2 towards the disc while we find
significantly higher values towards the tail of
RM ≈ 100 rad m−2. The extreme values of
200 rad m−2 in the most distant part of the
tail are very uncertain due to the low polarised
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signal-to-noise ratio.
We postpone a detailed RM modelling of the

tail to future work but we still give an estimate
of the RM contribution of the turbulent and
magnetised ICM (in the cgs system of units)
via:

RM =
e3

2πm2
ec

4

r2∫
r1

ncorr(r)B(r)
r dr√
r2 − r21

,

(10)
where r is the cluster-centred radius, r1 ≈
280 kpc is the projected galaxy position (as-
suming that the galaxy is located in a plane
perpendicular to the line-of-sight that cuts
through the cluster centre), and r2 ≈ 2400 kpc
is our assumed outer cluster boundary (which
corresponds to 3R500). We verified that the re-
sulting RM values are insensitive to the exact
choice of this parameter. The ICM magnetic
field B is modeled by

B(r) = B0

[
ncorr(r)

n0

]α
, (11)

where B0 = 1µG is the central value of the
root-mean-square magnetic field, n0 is the cen-
tral electron density, and α = 0.7. The electron
density profile derived from X-ray observations
(Sect. 12) is only measured out to a radial
distance of 585 kpc. Extrapolating the den-
sity measured at these small radii towards the
outer cluster regions (using the shallow den-
sity slope) would over-estimate the density and
hence the RM signal. We therefore correct the
electron density profile at larger radii and ob-
tain

ncorr(r) = ne(r)

[
1 +

(
r

1.5 rout

)δ]−3(1−β)/δ
,

(12)
where ne(r) is the measured electron density
profile of the cluster (Sect. 12), δ = 3, β = 0.44
(Sect. 12), and rout = 585 kpc as the outer ra-
dius where we still were able to measure the

electron density. This results in a steeper slope
for large radii, which is expected based on the-
oretical and observational findings of deeper X-
ray observations (e.g., [15, 16]). We estimate
an RM contribution of the ICM of 65 rad m−2,
which matches our observed RM values and is
also consistent with our simulation choice of
a turbulent ICM wind magnetic field. Only a
small portion of the observed RM is originating
from the galaxy.

8 High resolution imaging

To evaluate the origin of the disc flux and of
the spatial offset between the peak emission in
total and polarised intensity we generated im-
ages at the highest resolution that still results
in a significant detection (at least 3σ in total
intensity and 4.5σ in polarised intensity; Fig.
9). We settled on a resolution of 4.59′′ × 4.15′′

in total intensity and 7.0′′ × 7.0′′ in polarised
intensity, resulting in a noise level of 4.1µJy
and 2.1µJy, respectively. Here, we focus on
the disc of JO206 since no emission is detected
in the tail at this higher resolution.

Two main components contribute to the
overall total-intensity emission in the disc: the
central source, which is most likely AGN dom-
inated, and the strongest star-forming regions
west of the AGN. At high resolution, the in-
tegrated total-intensity flux density of the disc
is (3.4 ± 0.2) mJy, which is the same as in the
low resolution image within the uncertainties.
The high-resolution bright, central source is co-
located with the total-intensity peak at low res-
olution. Therefore, we conclude that the disc
total-intensity emission detected at low reso-
lution (15′′) includes a significant contribution
from both the central source and the bright
star-forming regions.

At high resolution, the integrated polarised-
intensity flux density is (0.062 ± 0.003 mJy),
which is about 0.02 mJy less than in the low
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resolution image. The polarised intensity peak
(white cross in Fig. 9) of the low resolution
image is slightly shifted west (about 2′′) from
the center of the bright star-forming region in
the high-resolution total intensity map (Fig. 9,
panel a). This is most probably due to the fact
that, at low resolution, emission from the tail
is superimposed with that from the disc. The
peak in polarised emission at high resolution
(Fig. 9, panel b), where the tail emission con-
tributes less, is more clearly co-located with
the star-forming region (see cyan cross in Fig.
9).

The higher resolution image of the polarised
intensity still does not show any emission in
the northern, eastern, and southern part of
the disc. Both the high and low resolution
image most probably suffer from beam depo-
larisation, indicating a high turbulent compo-
nent in the northern, eastern, and southern
disc region. Our resolution element encom-
passes many turbulent cells all along the ”im-
pacting edges”. There, the ram-pressure strip-
ping directly impacts the ISM and therefore
the turbulence is likely high. Another possibil-
ity would be a toroidal disc field in the galaxy,
where the magnetic field vectors change direc-
tion quite rapidly at the edges of the disc. This
would cause an overlap of vectors of different
direction both at high- and low resolution, and
therefore depolarisation (see [17] for examples
in the Virgo cluster). Deep high resolution ob-
servations are needed to examine this issue in
more detail.

9 Common spatial resolution

Generally, an interferometer is a spatial filter,
where the recovered scales in an image are de-
pendent on the baseline length and observed
frequencies. We verify for the difference in re-
covered spatial scales by imaging the 2.7 GHz
and 1.4 GHz observations by using the same

Briggs weighting with robust = -2 . In ad-
dition, we determine the minimum and maxi-
mum common (u, v)-distances and imaged the
overlapping (u, v)-coverage for both frequen-
cies individually. For the 2.7 GHz observation
we found no significant difference for the in-
tegrated total intensity while the 1.4 GHz flux
shows a decrease by 0.1 mJy in the tail region
due to the (now) missing shortest baselines.
Short baselines are necessary to reconstruct
the diffuse emission of a source and we there-
fore conclude that the 2.7 GHz data is suffering
from missing short spacings.

In the following, we expect the 1.4 GHz
data to recover the complete integrated flux
of JO206 while we measure lower limits for the
fluxes at 2.7 GHz. Based on the reduced inte-
grated total flux at 1.4 GHz the spectral index
and magnetic field strength in the tail is af-
fected while the integrated disc values stay the
same. We find a spectral index of −1.76±0.09
in the tail resulting in a magnetic field strength
of 3.4µG and 3.1µG based on a pathlength of
20 kpc and 28.5 kpc, respectively. We there-
fore find a slightly flatter spectral index still
indicating a significantly aging of the electrons
propagating from the jellyfish disc into the tail.
The tail magnetic field provides us with a lower
limit of 3.1µG, which is still, within the sys-
tematic uncertainties, in agreement with the
high-field solutions.

10 Establishing our simula-
tion model

Here, we provide energy and timescale argu-
ments in support of our model to correctly
capture the physics essentials of ram-pressure
stripping of galaxies. While the inclusion
of a disky galaxy morphology [18, 19], self-
gravity [20] and gravity due to the stars likely
changes quantitative aspects of the instability
criterion [21, 22], the inclusion of magneto-
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Figure 9: High resolution total and polarised intensity maps. The stellar disc is defined by a
blue contour convolved to the resolution of the corresponding image. Superimposed we show
the black contour levels of ε× (1, 3, 9, 27, 81, 283) with ε = 1 · 10−19 erg/s/cm2 in Hα and a
magenta contour level of 4.5 × the noise level of the polarised intensity. The peak emission of
the total and polarised intensities found in the low resolution images for orientation are shown
in green and white, respectively. With a gray cross the peak of the high resolution polarised
intensity map is marked. Left: Total intensity map at a resolution of 4.59′′ × 4.15′′. Right:
Polarised intensity map at a resolution of 7.0′′ × 7.0′′.

hydrodynamics [23] and specifically radiative
cooling [24, 25, 26, 27, 28, 29] are believed to
be the most important physics ingredients re-
sponsible for the formation and morphology of
the ram-pressure stripped tails. The physics
of magnetic draping of the ICM magnetic field
at the galaxy-wind interface also is not quali-
tatively altered by considering a disky galaxy
morphology [13, 18].

To decide whether the shear at the inter-
face of the ram-pressure stripped ISM and the
hot ICM wind or the rotational motion of a
disk galaxy dominates, we have to compare the
timescales at a given length scale, i.e., we need
to compare the velocities. We find a velocity

shear along the tail of about 750− 800 km s−1

(in the cluster reference frame, see Fig. 4 in the
main paper and Fig. 10) which dominates over
rotation velocities of around 220 km/s so that
the kinetic shear energy dominates over the ro-
tation energy by a factor of 12− 13, justifying
our neglect of the effect of rotation to first or-
der. Using Occam’s razor, energy arguments
and very recent literature on the cloud-wind in-
teraction, we believe that we included the most
relevant physics and the success of explaining
the main aspects of the simulations (magnetic
alignment and polarisation fraction) supports
our transparent, minimum physics approach.

Cloud-crushing simulations are often used to
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simulate how a hot wind destroys a cold cloud
[30]. It has, however, recently been estab-
lished that for sufficiently large clouds, there
is a net accretion of hot gas to the cold–dense
phase, such that the mass in the cold–dense
phase grows in time [24, 29, 28]. In our simu-
lations we see such a growth occurring in the
tail of the clouds – see Fig. 6 of the main pa-
per – such that the clouds develop a structure
comparable to a jellyfish galaxy. To quantita-
tively establish that growth occurs in the sim-
ulations, we show the mass of the dense phase
with n ≥ ncloud/3 as a function of the cloud
crushing time-scale (Eqn. 1 in the main paper)
in Fig. 11. We plot the evolution either un-
til 18tcc or until gas in the dense phase starts
leaving the simulation box. For the simulations
with a uniform magnetic field in the wind (Uni-
form MF ) the gas starts growing earlier than
the other simulations. In this simulation dense
gas is accelerated far downstream at around
& 15tcc so that dense gas is leaving the simu-
lation box. Consequently, we do not show this
simulation beyond 15tcc. All simulations show
a net growth at late times, independent of the
magnetic field used, and are thus in the growth
regime.

11 Modelling of cosmic ray
electrons

To generate a mock synchrotron emission map
we need an estimate of the cosmic ray electron
cooling length in the tail of the cloud. First, we
determine the Lagrangian volume that we use
to compute the cooling length. At four cloud
crushing timescales (tcc, see Eqn. 1 in the main
part), where we create our synchrotron maps,
we select gas cells originating from the cloud at
the start of the simulations. We identify the y-
coordinate of the head of the cloud as the 0.1
percentile of y for this gas reservoir. The tail
of the cloud starts then at a distance of 2Rcloud

downstream of the head. In Fig. 10 we show vy
as a function of y for both simulations with the
turbulent and uniform magnetic field, and we
have marked the location of the cloud’s head
and tail. From 0 to 100 kpc downstream of
the tail, we calculate the median vy in 10 bins
equally spaced in y. We fit a linear function
to these median values, and by using the fit-
ted function we determine that stripped gas at
100 kpc downstream of the cloud has a typical
velocity of 200 km s−1 and 360 km s−1 relative
to the head of the cloud (in the turbulent and
homogeneous field simulations, respectively).

To estimate the cooling time of the down-
stream gas we use Eqn. 7. Between 0 and 100
kpc downstream of the cloud’s tail, we measure
the median magnetic field of gas originally be-
longing to the cold cloud, and we obtain a value
of around 1 µG for the turbulent magnetic field
simulation. Substituting this value into Eqn. 6
of the SI and multiplying with the downstream
velocity of 200 km s−1, we obtain a cooling
length of 25 kpc. For the simulations with a
uniform magnetic field we measure (at 4tcc) a
magnetic field and the relative velocity to be
2.1 µG and 360 km s−1, respectively. We show
this in Fig. 10 (lower panel) and we get a cool-
ing length of 50 kpc. Our choice of simulation
parameters yields a magnetic field strength at
the stagnation point of the draping layer of
Bmax = 3 µG, which falls short of the observa-
tional inferences by a factor of six (see Eqn. 9).
If the magnetic field strength of the tail would
be solely determined by the ram pressure, we
would have to scale our field strengths by the
same factor to obtain a realistic magnetic field
of the tail of JO206. However, future work is
needed to establish the non-linear map from
Bmax to the tail magnetic field strength and
to establish the relative roles of velocity shear,
compression due to gas condensation, and po-
tentially a small-scale dynamo in setting the
saturated magnetic strength.

We postpone a detailed transport of the
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Figure 10: Phase space of the distance and velocity along the tail for the initially turbulent
(left) and uniform (right) wind magnetic field. We show the velocity of gas cells, which have
been part of the initial cloud and got ram-pressure stripped, as a function of the distance
downstream of the cloud tail at four cloud crushing timescales. We fit a linear relation and use
this to determine the relative velocity difference between the cloud and the downstream gas.

cosmic-ray electron spectrum [31] that takes
into account the full distribution of the veloc-
ity and magnetic fields along the Lagrangian
trajectories to future work. This will then be
able to model excursions of pockets of low and
high velocity values that may modify the radio-
emitting length (note that this shows a broad
distribution, see Fig. 10). In principle the cos-
mic ray electrons in the tail may also experi-
ence gentle Fermi-II re-acceleration [32], which
may partially counteract synchrotron and in-
verse Compton cooling and thus increase the
length of the radio-emitting tail. We refrain
from adding this complication because the data
does not convincingly require this degree of
freedom.

12 X-ray analysis

In order to estimate the properties of the
thermal ICM surrounding JO206, we per-
formed an X-ray analysis of the hosting
cluster IIZW108. We analysed the archival
Chandra observation 10747 (PI: Murray, total
exposure time 10.1 ks) of the cluster. The
data set was reprocessed with CIAO 4.11
and corrected for known time-dependent gain
and charge transfer inefficiency problems
following techniques similar to those described
in the Chandra analysis threads1. To filter
out strong background flares, we also applied
screening of the event files. The remaining,
clear exposure time is 10.0 ks. We used
CALDB 4.8.2 blank-sky background files
normalised to the count rate of the source
image in the (9–12) keV band to produce the
appropriate background for the observation.

1cxc.harvard.edu/ciao/threads/index.html
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Figure 11: The evolution of the mass in the
dense phase with a density larger than a third
of the initial cloud density. All simulations are
in the growth regime because the clouds expe-
rience at least one episode of continuous cloud
growth.

We then produced a background-subtracted,
exposure-corrected image in the (0.5–2.0) keV
(Fig. 12), which shows the cluster emission
and a point source located at the galaxy
position.

We extracted an azimuthally averaged sur-
face brightness radial profile of the cluster from
30 circular annuli centred on the cluster centre
(21:13:55.7738, +2:33:55.400, J2000 reference
system) that cover the distance from 15′′ to
400′′. The galaxy is located at ∼ 300′′ from
the cluster centre and it can be recognised in
the profile (Fig. 12, left).
Then we performed a spectral analysis to mea-

sure the local properties of the ICM around
JO206. We used the cosmological reference
of the cluster (z = 0.0482, angular distance
DA = 201 Mpc and 1′′ = 0.976 kpc) and we
report the error at 1σ. In order to obtain

a reliable estimate of the ICM temperature
and electron density, a de-projection analysis
is required. Unfortunately, the position of the
galaxy at the border of the ACIS-I CCD does
not allow to perform a de-projection analysis in
the direction of the galaxy. However, under the
hypothesis of spherical symmetry, we can as-
sume that the thermal plasma has the same ra-
dial properties in every direction and, thus, we
can estimate the local ICM properties around
JO206 by studying the X-ray emission at the
same cluster-central distance of the galaxy.
Therefore, we extracted the spectra in the 7
semi-circular regions reported in green in Fig-
ure 12, right panel. As a sanity check, we ex-
tracted also a spectrum in the cyan annulus by
excluding the galaxy (red ellipse) and we com-
pared its projected temperature with the value
estimated in the sixth sector, which is at the
same cluster-central distance. We fitted an ab-
sorbed thermal emission model (phabs*apec)
in the (0.5–7.0) keV band with XSPEC 12.10.0
[33]. We fixed the total galactic HI column
density2 to 5.32 × 10−20 cm−2 and the local
metallicity to 0.4. We measured consistent
temperature values of kT = 3.9+0.4

−0.4 keV and

kT = 4.0+0.6
−0.5 keV in the cyan and green re-

gions, respectively, confirming our hypothesis
of spherical symmetry of the cluster. Then, we
fitted the spectra extracted in the green sectors
with a projected, absorbed thermal emission
model (projct*phabs*apec) in the same en-
ergy band assuming the same HI column den-
sity. The final χ statistic is 327.06 with 387
degrees of freedom. The normalisation of the
thermal emission model is defined by

N =
10−14

4π [DA(1 + z)]2

∫
nenH dV, (13)

where ne and nH are the electron and proton
density and V is the emitting volume. Un-
der the hypothesis of spherical symmetry, i.e.

2heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 12: Left: Background-subtracted, exposure-corrected X-ray surface brightness radial
profile in the (0.5–2.0) keV energy band, the red band indicates the position of the galaxy
Right: Background-subtracted, exposure-corrected image of the cluster in the (0.5–2.0) keV
band smoothed with a 2.5′′ Gaussian. We show the galaxy region (red), the annulus used for
the projected analysis (cyan) and the sectors that we used for the de-projection analysis (green).

by assuming that the emission comes from a
spherical shell with the same width of the semi-
circular sector, Equation 13 can be inverted
to estimate the electron density in each bin
and, thus, we could estimate the electron den-
sity radial profile for the whole cluster up to
585 kpc (Fig. 13). At the galaxy distance,
we measured a de-projected temperature kT =
3.2+0.6
−0.5 keV and a normalisation N = (0.0032±

0.0002) cm−5., that corresponds to an ICM
electron density of ne = (4.9±0.2)×10−4 cm−3.
This entails a local ICM thermal pressure P =
1.83nekT = 4.6 × 10−12 erg cm−3 and a gas
density ρ = 1.9µnemH = 9.5 × 10−28 g cm−3,
where µ ' 0.61 and mH are the mean molec-
ular weight and the proton rest mass, respec-
tively.
From the spectral analysis we can constrain
the galactic dynamic in the cluster. The ICM
temperature results in a local speed of sound
cs =

√
γP/ρ ' 910 km s−1, where γ = 5/3

is the adiabatic index, P the thermal pressure
and ρ the gas density. From MUSE analysis, a
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Figure 13: De-projected electron density pro-
file. The red point indicates the sector at the
same cluster-centric distance of JO206. In blue
we report the best-fit β-model profile with the
1σ confidence interval.
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line-of-sight velocity of v‖ ∼ 850 km s−1 is mea-
sured [2], but the extended tail on the plane of
the sky suggests that the galaxy motion has
a significant velocity component perpendicular
to the line-of-sight. Thus, by assuming that
the transversal velocity is, at least, equal to
the line-of-sight velocity, we can derive a puta-
tive lower limit of the total galactic velocity of
vt ≥

√
2 · v‖ = 1200 km s−1. This implies that

the galaxy would be moving supersonically in
the ICM with a Mach number M ≥1.3.

Finally, we derived a mathematical function,
ne(r), to estimate the electron density in the
cluster. We fitted the observed density profile
with a β-model profile (Cavaliere-Fusco Femi-
ano 1976):

ne(r) = n0

[
1 +

(
r

rc

)2
]−3β/2

, (14)

where n0 is the central density, rc is the core ra-
dius and β describes the ratio between thermal
and gravitational energy of the plasma. The
best-fit parameters are n0 = (2.61 ± 0.14) ×
10−3 cm−3, rc = (112.14 ± 21.03)′′ and β =
0.44± 0.06, where the errors are reported with
1σ confidence and the final coefficient of de-
termination of the fit is R2 = 0.995.
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