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ABSTRACT

Previous studies have revealed a population of galaxies in galaxy clusters with ram pressure stripped (RPS) tails of gas and
embedded young stars. We observed 1.4 GHz continuum and H 1 emission with the Very Large Array in its B-configuration in two
fields of the Coma cluster to study the radio properties of RPS galaxies. The best continuum sensitivities in the two fields are 6
and 8 y per 4 arcsec beam, respectively, which are 4 and 3 times deeper than those previously published. Radio continuum tails
are found in 10 (8 are new) out of 20 RPS galaxies, unambiguously revealing the presence of relativistic electrons and magnetic
fields in the stripped tails. Our results also hint that the tail has a steeper spectrum than the galaxy. The 1.4 GHz continuum in the
tails is enhanced relative to their H a emission by a factor of 7 compared to the main bodies of the RPS galaxies. The 1.4 GHz
continuum of the RPS galaxies is also enhanced relative to their infrared emission by a factor of 2 compared to star-forming
galaxies. The enhancement is likely related to ram pressure and turbulence in the tail. We furthermore present H 1 detections in
three RPS galaxies and upper limits for the other RPS galaxies. The cold gas in D100’s stripped tail is dominated by molecular
gas, which is likely a consequence of the high ambient pressure. No evidence of radio emission associated with ultra-diffuse

galaxies is found in our data.
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1 INTRODUCTION

Ram pressure stripped (RPS) galaxies are characterized by gas
being stripped from the affected galaxy by the intracluster medium
(ICM; e.g. Gunn & Gott 1972; Nulsen 1982). Star formation (SF)
can be triggered by ram pressure at the early interaction stage by
compression of interstellar medium (ISM), as shown in observations
and simulations (e.g. Koopmann & Kenney 2004; Crowl et al. 2006).
Then, as the cold ISM is depleted, the galactic SF will be quenched
(e.g. Quilis, Moore & Bower 2000; Boselli et al. 2016h). Thus, ram
pressure stripping is an important process affecting galaxy evolution
in rich environments like galaxy groups and clusters. The evolution
of the stripped ISM is a significant area of research. The mixing of the
stripped cold ISM with the hot ICM will produce a multiphase gas
(e.g. Sun, Donahue & Voit 2007; Ferland et al. 2009; Jachym et al.
2019). Some of the stripped ISM can turn into stars in the galactic halo
and the intracluster space (e.g. Cortese et al. 2007; Sun et al. 2007;
Owers et al. 2012; Ebeling, Stephenson & Edge 2014; Cramer et al.
2019), especially in the high ICM pressure environment (e.g. Sun
et al. 2010). Thus, stripped tails emerge as ideal targets to study this
multiphase medium and SF conditions in an extreme environment.
RPS tails are observed in X-rays (e.g. Sun et al. 2006, 2010;
Zhang et al. 2013), far-ultraviolet (FUV; e.g. Boissier et al. 2012),
Ha (e.g. Gavazzi et al. 2001, 2017, 2018; Sun et al. 2007; Yagi
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et al. 2007, 2017; Yoshida et al. 2008, 2012; Smith et al. 2010;
Yagi et al. 2010, 2013; Fossati et al. 2012, 2016, 2018; Fumagalli
et al. 2014; Boselli et al. 2016a, 2018; Bellhouse et al. 2017),
warm H; (e.g. Sivanandam, Rieke & Rieke 2010, 2014), CO (e.g.
Jachym et al. 2013, 2014, 2017; Scott et al. 2013, 2015; Verdugo
et al. 2015; Moretti et al. 2018), and H1 (e.g. Kenney, van Gorkom
& \ollmer 2004; Oosterloo & van Gorkom 2005; Chung et al.
2007, 2009; Scott et al. 2010, 2012; Abramson & Kenney 2014;
Kenney et al. 2014; Ramatsoku et al. 2019; Serra et al. 2019;
Deb et al. 2020). Extensive simulations (e.g. Quilis et al. 2000;
Roediger & Briiggen 2008; Ruszkowski 2012) show that stripping
has a significant impact on galaxy evolution (e.g. disc truncation, the
formation of flocculent arms, the transformation of dwarf galaxies).
SF in the stripped tail has also been seen in simulations (e.g.
Kapferer et al. 2009; Tonnesen & Bryan 2010, 2012; Roediger et al.
2014).

A complementary tool for studying stripped tails is the radio
continuum emission. At 1.4 GHz, radio continuum emission is
dominated by synchrotron radiation that is emitted by the relativistic
electrons moving within a magnetic field. Like the colder, denser
(traced by H1) and hotter, more diffuse (traced by Ha and X-ray)
gas, the plasma containing relativistic electrons and magnetic fields
is stripped by ram pressure (e.g. Gavazzi & Jaffe 1987). Murphy
et al. (2009) identified radio-deficit regions along the outer edge of
six Virgo Cluster galaxies, revealing that relativistic electrons and
magnetic fields on their leading edges had been removed by ram
pressure. Furthermore, the stripped relativistic electrons can be re-
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accelerated (rejuvenated) in the tail (Pinzke, Oh & Pfrommer 2013),
either by turbulence and ICM shocks (Kang & Ryu 2011), or by new
SNe. At the same time, local core-collapse supernovae can contribute
to the relativistic electrons since H 11 regions (tracing massive stars)
have been found in RPS tails (e.g. Sun et al. 2007; Yagi et al. 2010).
However, fewer tails have been detected in radio continuum than in
Ha and X-ray. For example, there are 17 stripped tails detected in
H a inthe Coma cluster (Gavazzi et al. 2018), but only 2 of them have
thus far been detected in radio continuum (Miller, Hornschemeier &
Mobasher 2009). Currently most of the stripped tails seen in late-
type galaxies in radio continuum are short and are detected in nearby
clusters, for example NGC 4522 (Vollmer et al. 2004), NGC 4402
(Crowl et al. 2005), and others in the Virgo cluster. A few long RPS
tails, such as CGCG 097—073, CGCG 097—079, and UGC 6697
have been reported in Abell 1367 (Gavazzi 1978; Gavazzi & Jaffe
1985, 1987; Gavazzi et al. 1995).

Why do RPS tails tend not to be detected in the radio continuum?
How common are radio continuum tails behind RPS galaxies? How
does the radio continuum emission in tails correlate with emission in
other bands? Are the observed radio continuum tails mainly related
to SF in the tails or due to relativistic electrons that were stripped
from the galaxy by ram pressure? To address these questions deep
radio continuum data are needed, something that has become feasible
with the new generation wide-band correlators deployed on existing
radio telescopes.

As ram pressure stripping and SF activity in the tails are believed
to be more prominent in high-pressure environments than in low-
pressure environments (e.g. Sun et al. 2010; Tonnesen, Bryan &
Chen 2011; Poggianti et al. 2016, 2017), the Coma cluster, as the
most massive cluster at z < 0.025, is an ideal target for these studies.
Coma has the richest optical data among nearby massive clusters,
already with a sample of over 20 late-type galaxies with one-sided
SF or ionized gas tails (Smith et al. 2010; Yagi et al. 2010; Kenney
et al. 2015; Gavazzi et al. 2018). There has been an increasing effort
to obtain multiwavelength observations of these galaxies. RPS tails
in bands other than H o have been detected. A spectacular example is
D100, with a narrow tail observed in X-rays with Chandra (Sanders
et al. 2014) as well as CO detected at sub-mm wavelengths (Jachym
et al. 2017), co-existing with the narrow H a tail (YYagi et al. 2007).

The deepest H1 data on the Coma cluster to date are those of
Bravo-Alfaro et al. (2000, 2001), obtained with the VLA in its C-
configuration. The angular resolution of 30 arcsec is not sufficient,
though, for detailed study of the H1 features in the galaxies and
some of the narrow H a tails (e.g. D100’s with a width of 4 arcsec).
The deepest radio 1.4 GHz continuum data on the Coma cluster were
presented in Miller et al. (2009), before the implementation of the far
more powerful WIDAR correlator. In this paper, we present new H 1
(with higher spatial resolution) and 1.4 GHz continuum (with deeper
sensitivity) data on 20 RPS galaxies in the Coma cluster.

We assume Hy = 70 kms™* Mpc™*, ,, =0.3, and =0.7. At
the redshift of the Coma cluster (z = 0.0231), D, =100.7 Mpc, and
1 arcsec = 0.466 kpc.

2 OBSERVATIONS AND DATA REDUCTION

To further study Coma galaxies at radio frequencies, we obtained
1.4 GHz continuum and H1 data with the NRAO?! Karl G. Jansky

1The National Radio Astronomy Observatory is a facility of the National
Science Foundation operated under cooperative agreement by Associated
Universities, Inc.
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Very Large Array (VLA) in its B-configuration in two fields centred
at NGC 4848 and D100, respectively (Fig. 1), from 2016 June 1st
to 11th (Table 1, program code: SH0174, Pl: Sun). The 1.4 GHz
continuum data were taken with two base bands (A0/C0 and B0/D0)
covering a frequency range from 0.9 to 2.1 GHz; each base band
is constructed with seven spectral windows of 128 MHz, and each
spectral window is divided into 64 channels of 2 MHz. The H1
spectral data were taken with two spectral windows (one for A0/CO
and the other for BO/D0) of 64 MHz covering a velocity range of
1000-11200 kms™t. Each spectral window is divided into 3584
channels of 17.8 kHz (or 3.88 kms™! velocity resolution).

The VLA was in the B-configuration for all the observations. 3C
286 was observed to calibrate the flux density scale and the bandpass.
J1310+3220 was observed for the calibration of antenna gains and
phase. The data were calibrated and reduced with the CASA software;
each field was calibrated separately. Beyond the standard CASA
pipeline, we removed radio frequency interference (RFI) carefully
with the tfcrop and rflag mode of the flagdata task in CASA. About
40 per cent of the data in the continuum band and 20 per cent of the
data in the H1 band are identified as affected by RFI. Then, phase
self-calibration was applied to the continuum data as there are strong
sources (15-40mJybeam™2) in the fields that left residuals after
the standard calibration. Complex gain calibration solutions were
obtained with a 60 s integration time sampling over 1-3 cycles of
phase self-calibration until no further significant improvement was
obtained. Amplitude self-calibration was tested but was not applied
as this brought no further improvements.

To create the H1 cube, continuum was carefully fitted with
line free channels in the range of #1000 km s™* centred on the
systemic velocity of each RPS galaxy; the continuum was subtracted
with the uvcontsub algorithm. Multiscale, multifrequency, multiterm
synthesis with w-projection (that is a wide-field imaging technique)
were used in the tclean algorithm to clean the continuum and H 1 data.
The continuum map used a robust weighting of 0.5 to get a good
compromise between optimized spatial resolution and sensitivity.
The H 1 cube used natural weighting to get the best sensitivity.

3 RESULTS AND ANALYSIS

3.1 1.4 GHz continuum sources

The overall radio continuum map of the two observed fields is shown
in Appendix A. The PYBDSF? source-detection package (Mohan &
Rafferty 2015) was used to locate and measure the flux densities
of the radio sources from our data. PYBDSF calculated the local rms
for each pixel, evaluated over a 5 arcmin box. Then, source peaks
greater than 4o are identified and all contiguous pixels higher than
20 are identified as belonging to one source. Finally, Gaussian fitting
is used to resolve the source position and flux density. In total, 1975
and 1173 radio sources (64 of them are duplicates) are detected
within the 10 per cent response of field 1 and 2, respectively. Our
source number density is 13.8 (for field 1) and 3.9 (for field 2) times
of that from Miller et al. (2009) in the central 6.4 arcmin (90 per cent
response radius of the VLA field at 1.4 GHz). To assess the reliability
of our flux density measurement, we compared our results with
those from Miller et al. (2009) and the FIRST survey (White et al.
1997) (see Appendix B for details). Our flux density is consistent
with both.

Zhttp://www.astron.nl/citt/pybdsm/
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Figure 1. XMM-Newton 0.4-1.3 keV image of the Coma cluster (Snowden et al. 2008), with positions of the RPS galaxies marked (Smith et al. 2010; Yagi
et al. 2010; Kenney, Abramson & Bravo-Alfaro 2015). The RPS galaxies with radio continuum detection in both the galaxy and tail (red), only in the galaxy
(blue), and without detection (black) are marked with boxes. The solid and dashed circles show the 10 per cent and 50 per cent response (26.77 arcmin and
15.88 arcmin in radius) of the two VLA fields.

Table 1. VLA 1.4 GHz observations in B-configuration.

Total time
Field RA (J2000) Dec. (J2000) Obs. date (on-source) Continuum beam H 1 beam Central source
1 12M58M02365 +28°1550.0 2016 Jun 1-11 5 x 3h(12.1h) 4.1 arcsec x 3.5 6.2 arcsec < 5.2 NGC 4848
arcsec arcsec
2 130012546 +27°52 23.4 2016 Jun 5-10 2 x 4h(6.3h) 4.7 arcsec % 3.7 7.5 arcsec < 5.2 D100
arcsec arcsec
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With pYBDSF, we also derive the rms distribution for each field.
The rms in the centre of fields 1 and 2 are 6 and 8 pJy that are
4 and 3 times deeper than the Miller et al. (2009) data. Because

of the primary beam correction, the rms increases from the centre
of the field to the outer regions. As NGC 4848 and D100 are
at the centre of their fields, they have the deepest data in their

MNRAS 496, 4654-4673 (2020)
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Table 2. Coma RPS galaxies studied in this paper.

NO. galaxy RA (J2000) Dec. (J2000) Velocity Rms 1.4 GHz flux density Field

(hms) ¢ ) (kms™h)  (Wybeam™) (m3y)
1 NGC 4848 (GMP 4471) 12 58 05.59 2814 33.6 7184 5.94 23.85 = 0.11 1
2 KUG 1255+283 (GMP 4555) 1257 57.74 280342.1 8136 8.04 6.76 £+ 0.08 1
3 NGC 4858 (GMP 3816) 1259 02.11 28 06 56.4 9416 9.85 8.73 £ 0.13 1
4 GMP 4570 12 57 56.81 2759 30.6 4565 9.92 0.55 + 0.06 1
5 GMP 4629 12 57 50.27 2810 13.7 6918 5.73 0.03 = 0.01 1
6 D100 (MRK 0060, GMP 2910) 1300 09.15 275159.4 5316 8.05 1.12 + 0.03 2
7 KUG 1258+279A 1300 33.70 27 38 15.6 7485 13.8 3.70 = 0.09 2
(GMP 2599)

8 MRK 0058 (GMP 3779) 12 59 05.30 27 38 39.6 5419 19.5 3.29 = 0.15 2
9 IC 4040 (GMP 2559) 1300 37.91 28 03 28.0 7675 10.7 16.31 + 0.10 2
10 KUG 1257+278 (GMP 3271) 12 59 39.82 27 34 35.9 5011 17.7 0.51 = 0.07 2
11 IC 3949 (GMP 3896) 12 58 55.89 274959.9 7526 145 2.37 = 0.09 2
12 GMP 3071 12 59 56.15 2744 47.3 8920 9.04 0.05 = 0.02 2
13 NGC 4853 (GMP 4156) 12 58 35.20 273547.1 7688 40.8 1.35 + 0.15 2
14 NGC 4911 (GMP 2374) 13 00 56.08 27 47 26.9 7985 10.4 15.08 £+ 0.23 2
15 NGC 4921 (GMP 2059) 1301 26.15 27 5309.5 5470 14.6 0.44 £ 0.05 2
16 GMP 4060 12 58 42.60 27 45 38.0 8686 20.8 <0.083 2
17 NGC 4854 (GMP 4017) 1258 47.44 27 4029.3 8383 24.6 < 0.098 2
18 GMP3016 13 00 01.08 28 04 56.2 7765 10.8 < 0.043 2
19 GMP 2923 13 00 08.07 27 46 24.0 8672 8.54 <0.034 2
20 KUG 1258+277 (GMP 2640) 1300 29.23 27 30 53.7 7395 23.6 < 0.094 2

Note. The properties of 20 RPS galaxies from Smith et al. (2010), Yagi et al. (2010), and Kenney et al. (2015) are listed. RA, Dec., and optical velocity are from
LEDA (Makarov et al. 2014), except for GMP3016 whose velocity is from NED as there is no LEDA value. The local rms and continuum flux density (or 40
upper limit) measured by PYBDSF are also shown for each galaxy. The rms varies within the same field because of the primary beam correction. The synthesized
beam sizes are shown in Table 1. galaxies with an asterisk have no RPS tails detected in radio continuum.

respective fields. The full continuum source catalogue is shown in
Table B1.

3.2 Radio continuum emission of RPS galaxies

20 RPS galaxies (Smith et al. 2010; Yagi et al. 2010; Kenney
et al. 2015) are covered by our observations. Their radio properties,
measured from our data, are listed in Table 2. 15 of them are detected
in the radio continuum, while the other five (GMP 4060, NGC 4854,
GMP 3016, GMP 2923, and KUG 1258+277) were not detected
(Table 2).

We detected significant extended radio emission coincident with
the Ha or SF tails in 10 of the 20 RPS galaxies (Fig. 2 and
Table 3), or in 10 of 15 (66 per cent) RPS galaxies detected at
1.4 GHz, unambiguously revealing the widespread occurrence of
relativistic electrons and magnetic fields in the stripped tails. Radio
tails behind IC 4040 and KUG 1255+283 were reported in Miller
et al. (2009), while the other 8 are new. The galaxy regions and
tail regions are visually defined based on the radio continuum maps
(Fig. 2). Symmetrical discs are defined as galaxy regions from radio
continuum map by means of circles/ellipses/rectangles. The one-
sided asymmetric structures extending beyond the galaxy regions
are defined as tails (solid rectangles). Both galaxy regions and tail
regions were set to match approximately the 2o contour of the radio
emission. The 1.4 GHz continuum flux densities of galaxies and tails
are listed in Table 3.

The radio continuum tail is always spatially coincident with the
Ha or SF tail but usually shorter than either (except for KUG
1257+278), at least at the sensitivity level of the current radio data.
All tails, except for KUG 1257+278, extend beyond Dos (diameter
of a galaxy at an isophotal level of 25 magarcsec™2 in the B band,
taken from LEDA, Makarov et al. 2014).

The in-band spectral index was also derived, taking advantage of
the wide bandwidth covered by the correlator. Because of the weak
signal in general, we divided the 1.4 GHz continuum into two parts,
a low frequency (approximately 0.9-1.5 GHz) and a high frequency
one (approximately 1.5-2.1 GHz). Then flux density maps centred
at 1.25 and 1.75 GHz were created, and the power-law index for
the galaxy and tail was derived using the convention of S v®. We
only measure the spectral index of a region when it is detected above
50 in both bands. The results are shown in Table 3 and Fig. 3. Our
results hint that the tail has a steeper spectrum than the galaxy, which
is consistent with aging of electrons and a lack of fresh injection of
relativistic electrons in the tails. But the limited depth and frequency
coverage of our data do not allow us to reach a definite conclusion.

3.3 H1emission of RPS galaxies

The H1 data have a spatial resolution of 6 arcsec using natural
weighting to match the narrow width of the gaseous stripped tails of
RPS galaxies. The sensitivities of the H 1 spectra for 20 RPS galaxies
are listed in Table 4. Although our high spatial resolution H I data are
less sensitive than the low-resolution data from Bravo-Alfaro et al.
(2000) (observed in C-configuration with the VLA) for sources with
radii larger than 30 arcsec, the better spatial resolution can resolve
the peak H 1 structure of galaxies and give better H 1 upper limits for
small galaxies and narrow tails, such as D100’s tail that is discussed
in Section 4.2.2.

H 1 emission is detected in the integrated intensity (moment 0)
maps for NGC 4848, NGC 4911, and IC 4040 as shown in Fig. 4. The
H 1 integrated intensity maps are made from the H1 cubes with 2o
3D masks created by SOFIA (Serra et al. 2015). The D5 regions are
also indicated in Fig. 4. The gap in the D,s region for NGC 4848 is
the result of a mask which was applied to remove an image side-lobe
artefact. The positions of Hi1 emission peaks in the integrated

MNRAS 496, 4654-4673 (2020)
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Figure 2a. Left: VLA 1.4 GHz continuum images for RPS galaxies. Green contours show 20, 100, and 500 flux density levels in the radio continuum. Radio
emission in galactic discs is measured in symmetrical regions around galaxy centres outlined by solid circles, or ellipses, or rectangles. Radio emission in
one-sided asymmetric tails is also measured in regions shown by solid rectangles. Dashed black ellipses show Dys. Right: H a maps for the same galaxies from
the Subaru data, except for KUG 1258+279A and NGC 4921 (H a map from GOLDMine, Gavazzi et al. 2003). The nuclei are marked with a white X. The
dashed boxes are where H o emission and upper limits on the radio continuum emission are measured, the values of which are included in Fig. 6. The dashed
line in the KUG 1258+279A H a map points along the direction that Smith et al. (2010) identified as the ‘tail’.
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intensity maps are consistent with those from Bravo-Alfaro et al.
(2000). Corresponding H 1 spectra for the D,s regions are shown in
Fig. 5 and the H 1 results are listed in Table 5. The H 1 flux within
the sSoFIA 3D mask (H I FluxXseria) is lower than that within Dos (H 1

Right Ascension (J2000)

Figure 2b. Continued.

Fluxpys), revealing that there is some weak H 1 emission within Ds
that was not picked up by SoFIA, especially for NGC 4911. Increasing
the radii of the areas of integration to twice D,s does not lead to a
further increase in H1 flux, suggesting that we have measured the
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Figure 2c. Continued.
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