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ABSTRACT

Ram pressure stripping is a frequently cited mechanism for quenching galaxy star formation in dense environments. Numerous
examples of ram pressure stripping in galaxy clusters are present in literature; however, substantially less work has been focused
on ram pressure stripping in lower mass groups, the most common galaxy environment in the local Universe. In this work we use
the LOFAR Two-metre Sky Survey (LoTSS) to search for jellyfish galaxies (i.e. galaxies with ram pressure stripped tails extending
beyond the optical disk) in ~500 SDSS groups (z < 0.05), making this the most comprehensive search for ram pressure stripping in
groups to date. We identify 60 jellyfish galaxies in groups with extended, asymmetric radio continuum tails, which are found across
the entire range of group mass from 10'>% < M, < 10" k™' M. We compare the group jellyfish galaxies identified in this work
with the LoTSS jellyfish galaxies in clusters presented in [Roberts et al.| (2021b), allowing us to compare the effects of ram pressure
stripping across three decades in group/cluster mass. We find that jellyfish galaxies are most commonly found in clusters, with the
frequency decreasing towards the lowest mass groups. Both the orientation of observed radio continuum tails, and the positions of
group jellyfish galaxies in phase space, suggest that galaxies are stripped more slowly in groups relative to clusters. Finally, we find
that the star formation rates of jellyfish galaxies in groups are consistent with ‘normal’ star-forming group galaxies, which is in
contrast to cluster jellyfish galaxies that have clearly enhanced star formation rates. On the whole, there is clear evidence for ongoing
ram pressure stripping in galaxy groups (down to very low group masses), though the frequency of jellyfish galaxies and the strength
of ram pressure stripping appears smaller in groups than clusters. Differences in the efficiency of ram pressure stripping in groups
versus clusters likely contributes to the positive trend between quenched fraction and host halo mass observed in the local Universe.

©ESO 2021

1. Introduction

Most galaxies in the local Universe are found in galaxy groups
(e.g. |Geller & Huchral|1983; |[Eke et al.[[2005; |Robotham et al.
2011)), where groups are typically defined as systems with three
or more member galaxies and total masses < 10'* Mg, (e.g. Ma-
. imon| 2007; [Connelly et al.|[2012)). Given the large number of
galaxies in these systems, understanding the impact of the group
environment on galaxy properties is critical for understanding
the evolution of galaxies in the local Universe.

06315v1 [astro-ph.GA] 11 Jun 2021

Compared to the low density field, galaxy groups host a

higher proportion of red, passive, gas-poor, early type galax-
_~ ies but groups still host more star-forming, gas-rich, late type
galaxies than massive galaxy clusters (e.g. Wilman et al.[|2005
Blanton & Moustakas|2009; McGee et al.|[2011; [Wetzel et al.
2012; Brown et al.|[2017). This makes groups an intermediate
environment between clusters and the field where environment
has started to affect the properties of member galaxies, but not
to the extent where groups are dominated by galaxies on the
red sequence. In fact, groups likely play a significant role in
the build up of the cluster red sequence through the process
of “pre-processing” (e.g. |[Fujital2004)). Specifically, since struc-
ture growth is hierarchical, massive galaxy clusters are assem-
bled through mergers with galaxy groups that deposit new galax-
ies into the cluster. Roughly half of present day cluster galax-
ies may have joined their cluster as part of a lower mass group
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(e.g.McGee et al.2009; [De Lucia et al.|2012} Bahé et al.|2013).
Furthermore, galaxy quenched fractions around clusters are en-
hanced relative to the field even at the virial radius and beyond,
consistent with an environmental effect on star formation prior
to cluster infall (e.g. [von der Linden et al.|2010; |Wetzel et al.
2012; Haines et al.[2015}; Roberts & Parker|2017; |Bianconi et al.
2018;/Olave-Rojas et al.[2018; [Roberts et al.[2019). Though it is
important to note that some galaxies beyond the virial radius will
not be infalling for the first time, but instead backsplashing after
already passing pericentre (e.g. Mahajan et al.[2011;|Oman et al.
2013)). Disentangling the contribution between infalling galaxies
and backsplash galaxies is critical for constraining the effects of
pre-processing in the cluster outskirts.

One key question is whether the dominant quenching mech-
anisms differ in groups compared to clusters. Recently, many
works have argued that ram pressure stripping (RPS) plays an
important role in quenching star formation in galaxy clusters
(e.g. Muzzin et al.[2014; Brown et al.|2017; |[van der Burg et al.
2018 Maier et al.[2019; |[Roberts et al.|[2019; |Ciocan et al.[2020).
Ram pressure can quench galaxies either by directly stripping
cold, star-forming gas from the disk (Vollmer et al.[2012;|Jachym
et al.[2014; Lee et al.[2017; Lee & Chung 2018} Jachym et al.
2019; Moretti et al.|2020), or by stripping the more diffuse
atomic gas (Kenney et al.|2004; |Chung et al.|[2007, [2009; |[Ken-
ney et al.[[2015} [Yun et al.||2019) which will leave the galaxy
quenched once it exhausts its remaining molecular gas reserves.
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In some examples of RPS, referred to as ‘jellyfish galaxies’,
tails (or ‘tentacles’) of stripped material are observed trailing
the galaxy opposite to the direction of motion (e.g. [Poggianti
et al[[2017; Boselli et al.|2018)). The strength of ram pressure
scales with picmv?, where picy is the density of the intraclus-
ter medium (ICM) and v is the relative velocity between galax-
ies and the ICM. On average, both the density of the ICM and
galaxy velocities are higher in clusters than groups, therefore the
strength of ram pressure will be stronger in massive clusters than
lower mass groups. This begs the question of whether or not ram
pressure is strong enough in groups to efficiently strip gas from
galaxies.

There are some examples of RPS in groups in the litera-
ture, one being the starburst galaxy NGC 2276 in the NGC 2300
galaxy group. NGC 2276 has a gas tail likely from RPS, though
it is also tidally interacting with NGC 2300. The stripped tail is
apparent in the radio continuum (~ 1.4 GHz, |Davis et al.|[1997)
and at X-ray wavelengths (Rasmussen et al.||2006; [Wolter et al.
2015). NGC 2276 also shows a bow shock front opposite to the
tail, with elevated radio continuum emission, Ha emission, and
a large number of bright X-ray sources along the leading edge
(Davis et al.||]1997; Wolter et al.|2015)). Rasmussen et al.| (2006)
and [Wolter et al.|(2015)) conclude that ram pressure (along with
viscous effects) is responsible for both the disturbed morphol-
ogy and high star formation rate in NGC 2276. Another exam-
ple of a group galaxy with a long X-ray tail is NGC 6872 in
the Pavo Group. Machacek et al.| (2005) suggest that this 90 kpc
tail could be a result of ram pressure and/or viscous stripping in
the group environment. A few more studies have found ‘comet-
like’ Hr morphologies for galaxies in groups (Bureau & Carignan
2002; McConnachie et al.|2007), which are likely being driven
by RPS. In particular, a recent MeerKAT study of the Fornax A
group (Kleiner et al.[2021)) present evidence for 9 galaxies in the
midst of being pre-processed prior to accretion onto the Fornax
cluster. Some of these galaxies display Hr deficiencies as well
as Hi morphologies consistent with RPS (Kleiner et al.|2021).
Finally, evidence for RPS stripping in groups has also been pre-
sented in the form of gas disks which are truncated relative to
the stellar component, consistent with RPS removing gas from
the outside-in (Sengupta et al.|2007; | Vulcani et al.[2018b).

These previous works show that RPS occurs in at least some
galaxy groups, though the small number of galaxies identified
thus far make it difficult to contrast the prevalence and effec-
tiveness of RPS in groups versus clusters. Recently, Roberts
et al.| (2021a)) have performed a search for ram pressure candi-
dates in SDSS groups and clusters with optical imaging from
the Canada-France Imaging Survey (Ibata et al.|[2017). Roberts
et al.| (2021a) identify ~ 30 ram pressure candidates galaxies in
groups (Mpa, < 10 My), but there still remain uncertainties
related to the accuracy of ram pressure identifications from op-
tical imaging alone, given that the stellar disk may not always
be strongly perturbed by ram pressure. In [Roberts et al.| (2021b)
(hereafter R21b) we presented a sample of ~100 jellyfish galax-
ies in nearby (z < 0.05) galaxy clusters, identified from 144
MHz radio continuum tails in the LOFAR Two-metre Sky Sur-
vey (LoTSS, [Shimwell et al.|2017,/2019). At 144 MHz, LOFAR
(van Haarlem et al.|[2013) is sensitive to synchrotron emission
from cosmic rays accelerated by supernovae. For galaxies expe-
riencing strong ram pressure, these cosmic rays can be stripped
out of the galaxy and detected as RPS tails in the radio con-
tinuum (e.g. (Gavazzi & Jaffe||1987; Murphy et al.[[2009; [Chen
et al.|[2020), giving reliable identifications of jellyfish galaxies.
The largest assets of LoTSS are its high resolution (~ 6”) and
high sensitivity (~ 100 uJy/beam) observations over extremely
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144MHz rms = 0.073 mJy/beam

34°04'20"”

00//

03'40"
20//
10kpc = 17.6arcsec
9h33m56° 54% 52° 50° 48°

Fig. 1. Optical grz (DESI Legacy Survey, Dey et al.[2019) image with
LOFAR 144 MHz contours overlaid for KUG 0930+342, a jellyfish
galaxy in a 1 x 10"* M, galaxy group. Contours correspond to 2x, 4x,
8%, 16X, and 32X the 144 MHz rms.

wide fields, which upon survey completion will include the en-
tire northern extragalactic sky. Such a uniform, wide field sur-
vey is ideal for completing a comprehensive search for jellyfish
galaxies in low redshift groups. Especially given the fact that jel-
lyfish galaxies may be rarer in groups than clusters, meaning a
search likely needs to cover a large number of groups in order to
build a significant sample.

The purpose of this work is twofold: (a) to perform a com-
prehensive search for RPS in galaxy groups and determine how
common RPS is in groups compared to clusters, and (b) to test
whether the properties of jellyfish galaxies in groups differ sys-
tematically from the properties of jellyfish galaxies in clusters.
With the 144 MHz radio continuum from LoTSS, we identify 60
jellyfish galaxies across a sample of 498 SDSS galaxy groups.
This is far and away the most comprehensive search for jel-
lyfish galaxies in groups to date. In Section [2| we describe the
datasets that we use as well as the methods for identifying jel-
lyfish galaxies. In Section [3] we consider how the frequency of
jellyfish galaxies depends on halo mass, ranging from low-mass
groups to massive clusters. In Section ] we constrain the orbital
histories of group and cluster jellyfish galaxies, both using tail
orientations and positions in projected phase space. In Section 3]
we test whether the star formation enhancement observed for
LoTSS jellyfish galaxies in clusters (R21b)) is also present for
jellyfish galaxies in groups. Finally, in Sections[6] & [7] we give a
brief discussion and summarize the main conclusions from this
work. Throughout, we assume a A cold dark matter cosmology
with Qu = 0.3, Qx = 0.7, and Hy = 70km ™! Mpc’l.

2. Data & methods
2.1. Group and cluster samples

In this work we follow a similar methodology to [R21b| but fo-
cus on lower mass galaxy groups instead of galaxy clusters. Our
parent sample of galaxy groups comes from the Lim et al.|(2017)
(hereafter |L17) SDSS group catalogue. The [L.17| catalogue uses
a group finder similar to that from the [Yang et al.| (2005} [2007)
group catalogs but with improved halo mass estimates, espe-
cially for low mass systems. Group masses in |L17| are deter-
mined using abundance matching with a ‘halo mass proxy’ that
depends on both the stellar mass of the central galaxy and the
stellar mass gap between the central galaxy and the n-th bright-
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Fig. 2. Top: Redshift distribution for the sample of groups (purple, solid)
and clusters (red, dashed). Bottom: Halo mass distribution for the sam-
ple of groups (purple, solid) and clusters (red, dashed).

est satellite. Comparisons to mocks show that this procedure typ-
ically reproduces the true halo masses without bias and with a
typical uncertainty of 0.2dex (L17). From these halo masses,
Mhalo, virial radii, R;gg, and velocity dispersions, o, for each
group are estimated as (L17)

1/3
_ Mhalo —1
Riso = 1.33h ‘Mpc( ) (1 + Zorp) (1)
1014 -1 M® &rp
and,
0.3367
M,
_ -1 halo

For our group sample we include all groups from the [L17|catalog
that overlap with the ~ 5700 deg? LoTSS DR2 (Shimwell et al.
in prep.) footprint, and have: masses between 1029 < Mygo <
10" A~ Mg, group redshifts of zy,, < 0.05, and galaxy member-
ships in the |L17| catalogue of Ng,jaxy = 5 or more. The redshift
limit of z < 0.05 is chosen to match that of the cluster sample in
R21b, which allows us to make comparisons between the prop-
erties of jellyfish galaxies in groups versus clusters.

The|R21b/sample consists of 29 X-ray detected clusters from
Wang et al.| (2014) with My, > 10 A "M,, z < 0.05, and
have been observed by LOFAR at 144 MHz. A detailed descrip-
tion of the cluster sample is given in [R21b] In Fig. 2] we show
the distribution of redshifts and halo masses for both the groups
(Mpato < 10" ™' M) and the clusters (Mpao = 10" 27! My) in
the sample.

2.2. Galaxy samples
2.2.1. Group member galaxies

For galaxies, we adopt a ‘loose’ membership criteria (similar to
Roberts & Parker|2020} R21b) where we include all galaxies that

are within 1 X R;gq of the stellar mass weighted group centre and
3 X o of the group redshift as group members. This ensures that
we do not miss satellite galaxies at large velocity offsets, as is
the case for many jellyfish galaxies (e.g.|Yoon et al.|2017; Jafté
et al.|2018)). Any galaxies that pass the membership criteria for
multiple groups (this is only the case for <3% of the galaxy sam-
ple) are assigned as members to the group that they are closest
to in units of R;gy. To ensure a pure sample of galaxies in groups
(i.e. Mpao < 10" 7! M), we also exclude any galaxies that are
within 3 X Rgo in angular separation and 3000 km s~! in redshift
of any cluster in the [L17|catalog (where we consider clusters to
have My, > 10'* A~T Mp). For the galaxy sample we use stellar
masses and star formation rates (SFRs) from the GSWLC-2 cata-
log (Salim et al.[2016|2018)) that are determined by fitting galaxy
SEDs with the ciGaLE code (Boquien et al.[2019)) that include UV,
optical, and mid-IR fluxes. This paper focuses on actively star-
forming galaxies which we define as those galaxies with specific
star formation rates > 107!! yr~! (where, SSFR = SFR/M,,).
In total, the above selections amount to a sample of 3493 star-
forming ‘SDSS group galaxies’ across 498 groups.

From this sample of SDSS group galaxies, we use the forth-
coming LoTSS DR2 source catalog (see|Williams et al.|[2019|for
a description of the public LoTSS DRI source catalogs) to find
those galaxies that are also detected in LoTSS at 144 MHz. We
cross match the positions of SDSS group galaxies with the posi-
tions of LoTSS sources and keep any matches with separations
< 3", which corresponds to the HWHM of the LoTSS beam. This
gives a sample of 1048 star-forming group galaxies with LoTSS
detections, and we will refer to these galaxies as ‘LoTSS group
galaxies’.

2.2.2. Cluster member galaxies

The same membership criteria of R < 1 X Rygp and Av < 3 X o
is applied to the cluster sample from [R21b, which gives 1968
star-forming ‘SDSS cluster galaxies’ in 29 clusters (Mpao >
10'* Mp). Star formation rates and stellar masses for cluster
galaxies are also taken from the [Salim et al.| (2016, [2018) cat-
alogue. Star-forming SDSS cluster galaxies are cross matched
with the LoTSS source catalog in the same way as for group
galaxies. This gives a sample of 405 ‘LoTSS cluster galaxies’.
In Table [T] we summarize the size of the SDSS galaxy sample,
the LoTSS galaxy sample, and the Jellyfish galaxy sample as a
function of host halo mass.

2.2.3. Field galaxies

We also construct a sample of isolated ‘field’ galaxies. The field
sample consists of all galaxies in single-member groups from
the [L17| catalogue with My, < 10'2° My, (i.e. consistent with
an individual galaxy halo) and z < 0.05. We then apply an
isolation criteria (similar to [Roberts & Parker|2017) and only
include galaxies which are separated by at least 1000 kpc and
1000km s~ from the nearest galaxy with Mg, > 10°7 M.
My = 10°7 M, corresponds to the SDSS stellar mass com-
pleteness at z = 0.05 (Weigel et al.|[2016; R21b), therefore by
only considering galaxy neighbours with M, > 10°" My we
ensure that the strictness of this isolation criteria is independent
of redshift (over the redshift range of our sample). That said, it
does mean that the galaxies in our field sample may not be iso-
lated with respect to galaxies with stellar masses below this limit
—though we reiterate that none of the galaxies in the field sample
were assigned to a group by the|L17|algorithm.
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Table 1. Number of galaxies in various samples.

Galaxy sample Low-mass Intermediate-mass High-mass Clusters?
groups? groups® groups®

SDSS galaxies 1122 1371 1000 1968

LoTSS galaxies 378 382 286 405

Jellyfish galaxies 14 15 31 77

210" > Mo < 101 My
10" > My, < 105 Mo
c1013° < Mhao < 10" Mg
d Mhalo 2 1014 MO

These criteria give a sample of 8044 star-forming SDSS field
galaxies. Again, matching these galaxies to sources in the LoTSS
DR2 source catalog within 3" gives 2274 ‘LoTSS field galaxies’.

2.3. Jellyfish galaxy selection

We take a two step approach to identifying jellyfish galaxies.
First, an automated pre-selection of ‘jellyfish candidates’, and
then second, by-eye classifications on all of the jellyfish candi-
dates. We pre-select jellyfish candidates with the shape asymme-
try parameter (Ag, Pawlik et al.|2016) applied to the LoTSS 144
MHz maps for all LoTSS group galaxies. The shape asymmetry
measures the rotational asymmetry of the binary detection maps
(segmentation maps) for sources, and is calculated as

_ 2 1Xo — Xisol
o = =20 2sol
2% 2 1Xol

where X is the source segmentation map and X is the seg-
mentation map rotated by 180°. The shape asymmetry is a non-
flux-weighted version of the commonly used CAS asymmetry
(Abraham et al.||{1996} |Conselice|[2003)), making it particularly
sensitive to low surface brightness features such as ram pressure
stripped tails.

For each LoTSS group galaxy we create 144 MHz segmen-
tation maps with the photutils.detect_sources function in
PyTtHON with a 30 threshold. We then pre-select jellyfish candi-
dates as all LoTSS group galaxies with Ag > 0.3. [R21b| show
that this threshold of Ag > 0.3 includes ~ 85% of visually identi-
fied LoTSS jellyfish galaxies in clusters, while excluding ~70%
of LoTSS sources in clusters which are not identified as jelly-
fish. This pre-selection gives 271 jellyfish candidates which we
then visually inspect to build our final sample of LoTSS jelly-
fish galaxies in groups. We also include all LoTSS field galaxies
which have Ag > 0.3. ‘“True’ field galaxies should not be affected
by RPS, so including field galaxies acts as a test of the methodol-
ogy. For the visual classifications we include field galaxies with
Ag > 0.3 randomly alongside group galaxies with Ag > 0.3,
such that the classifier does not know whether they are inspect-
ing a group galaxy or a field galaxy. Therefore if we are effec-
tive at selecting jellyfish galaxies associated with RPS in dense
environments, very few field galaxies should pass this visual in-
spection.

For visual inspections we follow R21b| and make 100 kpc x
100 kpc g-band cutout images from PanSTARRS and overlay
144 MHz flux contours from LoTSS. LoTSS contours are only
shown above 2 X rms, where the rms noise is estimated lo-
cally from the LoTSS cutouts with sigma-clipped statistics. As
in R21b| we identify jellyfish galaxies as star-forming group
galaxies which show ‘144 MHz emission which is resolved and
clearly asymmetric with respect to the stellar disk of the galaxy

3
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(as traced by the g-band flux)’. We reiterate that we only visually
inspect galaxies with Ag > 0.3, and we only inspect star-forming
galaxies and therefore do not expect strong contamination from
AGN emission (R21b). We also note that our selection is not
sensitive to galaxies with stripped tails along the line-of-sight, as
such galaxies may not show clearly asymmetric radio continuum
emission when projected in the plane of the sky. This is a source
of incompleteness for our sample that is not easily remedied with
imaging data alone. Finally, any galaxies that show clear signa-
tures of galaxy-galaxy interactions in their optical images are not
included in the jellyfish sample, the same is true for for galaxies
with close companions on the sky that are at the same redshift
as the primary galaxy. This is done to limit the galaxies selected
with tails due to tidal interactions as opposed to RPS. While we
cannot say that our sample is completely free of such cases, the
results of this work, and of [IR21b| are consistent with RPS be-
ing the primary driver of tail production in these galaxies. Of the
271 jellyfish candidates in groups, 60 are identified as jellyfish
galaxies through visual inspection. This is the largest sample of
RPS galaxies in groups identified to date. In Fig. [T we show an
example optical+radio image of a jellyfish galaxy in a 10'3! Mg
group, where we have overlaid the LoTSS 144 MHz flux con-
tours. We show the PanSTARRs+LoTSS overlay images for all
of the group jellyfish galaxies in Appendix [A]

Of the LoTSS field galaxies, 2% were classified as ‘jelly-
fish galaxies’ by visual inspection. While this is a non-zero frac-
tion, the proportion of ‘jellyfish galaxies’ in the field sample is
clearly below that for the group and cluster samples (see Fig.[3).
Some of these field galaxies may be true jellyfish galaxies in
small groups which have been mis-classified by the [L17| group
finder. Alternatively, RPS may be possible, to some extent, in
cosmic filaments (e.g. [Edwards et al.|2010; Benitez-Llambay
et al.|2013)) which could encompass some of our field sample.
Incorrect source association or emission from AGN could also
give rise to asymmetric 144 MHz emission in field galaxies. The
purpose of this exercise is not to explain the origin of these ‘jel-
lyfish galaxies’ in the field sample (though there are plausible
explanations, see above), but instead to get a sense of the false-
positive rate of these visual inspections and understand the limits
of this technique.

Finally, we also include the sample of LoTSS cluster jelly-
fish galaxies from R21b, These jellyfish galaxies are also iden-
tified from visual inspections in an analogous fashion to the
group sample. We only include jellyfish galaxies from|R21b|with
Ag > 0.3 (where Ag is measured using the exact method de-
scribed above) to ensure homogeneity with the group jellyfish
galaxies in this work.
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Fig. 3. The jellyfish galaxy fraction (relative to all star-forming LoTSS
sources) as a function of group/cluster halo mass. Purple triangles show
the jellyfish galaxies in groups identified in this work and the red star
shows the cluster jellyfish galaxies from R21bl Vertical error bars are
68% binomial confidence intervals from|Cameron|(2011) and horizontal
error bars show the width of each halo mass bin. The horizontal line
shows the fraction of LoTSS sources in the field sample that passed our
jellyfish galaxy criteria (see Sect.[2.3), along with the 90% confidence
region (shaded band).

3. How common are jellyfish galaxies in groups
versus clusters?

In galaxy clusters, on average, both the ICM density and the rel-
ative velocities are larger than for groups (for simplicity, we use
'ICM’ to refer to both the intra-cluster medium and the intra-
group medium), therefore ram pressure stripping should be most
prevalent in the cluster environment. With the large sample of
jellyfish galaxies that we have identified in groups, we can di-
rectly test this prediction.

In Fig. 3] we plot the fraction of jellyfish galaxies as
a function of halo mass, for low-mass groups (10'2° <
Mg < 10817 'My), intermediate-mass groups (101 <
Mo < 10139 171 M), high-mass groups (10539 < Mygo <
10'* h~! M), and galaxy clusters (Myao > 10 27! Mg, R21b).
The jellyfish galaxy fraction, Fjenyfish, is defined for each halo
mass bin as

]Vjellyﬁsh

“

Fielyfish = Niorss
where Njejysh 18 the number of LoTSS jellyfish galaxies and
Niorss is the number of star-forming galaxies detected in
LoTSS. We define the jellyfish fractions relative to the number
of LoTSS sources in each halo mass bin instead of the number of
SDSS member galaxies in each halo mass bin, due to the differ-
ent stellar mass completeness between SDSS and LoTSS. The
majority of star-forming low-mass galaxies (Mg < 10%3 Mg)
in SDSS fall below the sensitivity limit of LoTSS (see R21b
for a more complete discussion), therefore by defining the jelly-
fish fraction relative to LoTSS sources we are ensuring that both
the numerator and denominator in Equation [ have similar stel-
lar mass completeness. That said, we have confirmed that when
defining Fienyfish in terms of SDSS group/cluster galaxies instead

of LoTSS group/cluster galaxies, the qualitative trend shown in
Fig. [3]still holds. Therefore our choice of denominator in Equa-
tion 4is not driving the results from this section.

In Fig. [3] we see that the jellyfish fraction steadily increases
with halo mass, with a factor of ~ 4 difference between low-
mass groups and galaxy clusters. This indeed suggests that ram
pressure stripping is more prevalent in more massive halos. The
stellar mass distribution for LoTSS sources is very similar across
the halo mass bins in Fig. [3| therefore it is unlikely that the ob-
served trend with halo mass is being influenced by any stellar
mass biases. The trend levels off for low-mass groups, as the jel-
lyfish fraction is similar in each of the two lowest halo mass bins.
We note that halo mass uncertainties will be highest for the low-
est mass groups, this could lead to systems artificially scattering
between the two lowest mass bins, which may contribute to the
lack of observed trend for those masses. For all halo mass bins
the jellyfish fraction is larger than the “false-positive” rate of 2%
that we find from the field sample, though the jellyfish fractions
for the lowest-mass halos do come close this value. This suggests
that while RPS does occur even in these very low mass groups,
the vast majority of star-forming galaxies in such systems are
not strongly affected. The results in Fig. [3] are consistent with
previous works finding a higher fraction of galaxies undergoing
RPS in more massive halos. For ram pressure candidates identi-
fied from rest-frame optical imaging, Roberts et al.|(2021a)) find
a factor of two increase in the frequency of ram pressure can-
didates from groups to clusters, and in the Illustris simulation,
Yun et al.| (2019) find a similar halo mass trend for simulated
jellyfish galaxies. While the methodologies for identifying RPS
galaxies in these studies differ from this work, the qualitative
trends between lower mass groups and massive galaxy clusters
are consistent throughout.

4. Orbital histories

Given the differences in velocity dispersions and ICM densities
between low-mass groups and high-mass clusters, it is natural to
expect that ram pressure stripped galaxies in groups may have
different orbital histories than ram pressure stripped galaxies in
clusters. Previous work on jellyfish galaxies in clusters suggest
that these objects begin to be stripped shortly after infall, be-
fore reaching the pericentre of their orbit (e.g. Yoon et al.| 2017
Jafté et al.| 2018 |R21b). Given weaker ram pressure in the group
regime, there may be a substantial delay between galaxy infall
and the onset of stripping, which is not seen in clusters. In this
section we constrain the orbital histories of jellyfish galaxies in
both groups and clusters using two observational tools, the ori-
entation of stripped tails with respect to the cluster centre and
the position of galaxies in projected phase space.

4.1. Tail orientations

In Fig. ] we show the distributions of jellyfish tail orientations in
groups (top) compared to clusters (bottom). For both panels tail
directions are measured with the same technique (see Roberts
& Parker [2020; R21b), namely, for each 100kpc x 100kpc
PanSTARRs+LOFAR overlay image, the direction of the 144
MHz tail with respect to the optical galaxy centre is given an
angle between 0° and 360°. The vector along this tail direction
is then compared to the vector between the optical galaxy centre
and the stellar mass weighted group centre, which gives a tail
orientation relative to the group centre. A tail pointing directly
toward the group centre corresponds to an orientation of 0° and
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Fig. 4. Orientation of jellyfish tails with respect to the cluster centre for
groups (top) and clusters (bottom). Orientations of 0° correspond to tails
aligned toward the cluster centre and orientations of 180° correspond to
tails aligned away from the cluster centre.

a tail pointing directly away from the group centre corresponds
to an orientation of 180°.

In Fig. [ differences are apparent between the distributions of
tail orientations for jellyfish galaxies in groups (top) versus clus-
ters (bottom). For clusters, as shown in the distribution
is clearly peaked at orientations between 120° and 180°, consis-
tent with galaxies being mostly stripped on first infall toward the
cluster centre. For groups, the distribution instead peaks most
strongly at tail orientations <60°. This shows that many jellyfish
galaxies in groups have tails oriented toward the cluster centre,
consistent with galaxies on orbiting away from the centre after a
pericentric passage. There is also a significant number of group
jellyfish with tail orientations between 120° and 180°, suggestive
of a mix of jellyfish galaxies on first infall and jellyfish galaxies
backsplashing in the group environment. This interpretation im-
plies that jellyfish galaxies in groups have, on average, longer
times-since-infall than jellyfish galaxies in clusters. A natural
explanation for this is the stronger ram pressure in clusters, capa-
ble of stripping galaxies relatively quickly after infall. Whereas
the onset of stripping in groups may be delayed due to lower
ICM densities and galaxy velocities, for example,
(2021) estimate that groups strip satellites on timescales that are
~ 3 Gyr longer than for clusters based on observed star formation
and Hr properties. The orientations in Fig. @] hint at this picture,
but there are also complications related to the interpretation of
such distributions, including projection effects and uncertainties
around galaxy orbital parameters. We also note that the tail ori-
entations for the cluster sample are measured with respect to the
X-ray centre, whereas tail orientations for the group sample are
measured with respect to the stellar mass weighted group centre
which is likely a less reliable tracer of the true minimum of the
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potential well. X-ray centres are only available for a small frac-
tion of our group sample therefore using a centre estimate based
on galaxy positions is the only way, despite the added uncertain-
ties. Below we consider the distributions of group and cluster jel-
lyfish galaxies in projected phase space (PPS), which is another
tool to gain insight into group/cluster infall histories. Specifi-
cally, we test whether the phase space distributions are consis-
tent with the picture suggested by the tail orientations; namely,
longer times-since-infall for jellyfish galaxies in groups versus
clusters.

4.2. Projected phase space

We now consider the positions of group and cluster jellyfish
galaxies in PPS (velocity offset versus projected radius). PPS
distributions contain valuable information with regard to satel-
lite galaxy infall histories, as recent infallers are typically found
at large velocity offsets and/or large projected radius whereas
galaxies with long times-since-infall tend to inhabit the core of
PPS at small radius and small velocity offset.

In Fig. [f] (left) we plot the PPS distributions for jelly-
fish galaxies in groups (purple triangles) and jellyfish galax-
ies in clusters (red stars). We also show the distribution of
SDSS group/cluster star-forming galaxies as the background his-
togram. As in|R21b| we split PPS into four quadrants divided at
Av/o = 1.5 and R/R g0 = 0.5. Just by-eye there are clear differ-
ences apparent between the group and cluster PPS distributions.
In clusters there is a substantial population of jellyfish galaxies
in quadrant 2, which should contain a high fraction of galaxies
on their first infall. This population is notably missing for group
jellyfish galaxies, and instead most jellyfish galaxies in groups
are found at small velocity offsets and small radii.

We quantify these trends in the right-hand panel of Fig. 3]
where we plot the ‘excess’ of jellyfish galaxies (relative to SDSS
star-forming galaxies) for each of the phase space quadrants. The
jellyfish excess is defined as the fraction of the group/cluster jel-
lyfish galaxy sample in each quadrant divided by the fraction of
the group/cluster SDSS star-forming sample in each quadrant.
Functionally, this is given by

N.Qi NQi
Jellyfish excess = Jellyfish / SDSS s
g [ Nieltyfish Nspss

where ]\Ggflyﬁsh is the number of LoTSS jellyfish galaxies in
each quadrant, Q;, and Njeyyfisn is the total number of LoTSS

jellyfish galaxies, and similarly NSQJSSS is the number of SDSS
group/cluster galaxies in each quadrant, Q;, and Ngpgs is the to-

tal number of SDSS group/cluster galaxies.

As presented in[R21D) there is a clear excess of cluster jelly-
fish galaxies in quadrant 2, consistent with cluster galaxies expe-
riencing strong ram pressure shortly after infall. The same is not
seen in Fig. [5|for jellyfish galaxies in groups. Instead, group jel-
lyfish have a phase space distribution much more similar to the
SDSS star-forming group galaxy population, with only a small
fraction of galaxies at the velocity extremes in PPS. The differ-
ent PPS distributions for group and cluster jellyfish galaxies are
fully consistent with the picture suggested by the tail orienta-
tions in Fig. ] namely that cluster jellyfish galaxies are largely
being stripped on their first infall whereas group jellyfish galax-
ies have longer times-since-infall and many have already passed
their orbital pericentre.

&)
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Fig. 5. Left: Projected phase space diagrams for groups and clusters. Data markers correspond to jellyfish galaxies in groups (purple triangles) and
clusters (red stars), and the background 2D histograms show the phase space distribution for SDSS group galaxies and SDSS cluster galaxies in
their respective panels. For reference, we also show the escape velocity caustic for an NFW density profile with the dotted line (e.g.

[1997; [Jaffé et al.|2015).

Right: The excess of jellyfish galaxies, relative to SDSS group/cluster galaxies, in each of the four phase space quadrants. Red
stars correspond to jellyfish galaxies in clusters and purple triangles show jellyfish galaxies in groups. Error bars are 1o statistical
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Fig. 6. Offset from the star-forming main sequence (SFMS) for jellyfish
galaxies in groups (top, triangles) and clusters (bottom, stars). In each
panel we also show the offset from the SFMS for group/cluster LoTSS
galaxies. The SFMS relation is taken from R21b|and the median offset
from the SFMS is shown for jellyfish galaxies (solid line) and LoTSS
galaxies (dashed line). Shaded regions show 1o errors on the median
estimated from 5000 random bootstrap re-samplings.

5. Galaxy star formation

Ram pressure stripping is closely tied to galaxy star formation,
not only in the sense of quenching, but also through star forma-
tion enhancements (prior to substantial gas stripping) which have
been predicted by simulations and observed in cluster galaxies
(e.g. [Steinhauser et al.|2012; [Ebeling et al. Vulcani et al.
2018a; Ramos-Martinez et al.|[2018; [Roberts & Parker 2020}
[Troncoso-Iribarren et al.[2020; Durret et al2021). The origin of
these star formation enhancements are often explained in terms

of shocks from the ram pressure interaction which induce com-
pression and high gas densities in the galaxy interstellar medium
(ISM), in turn catalyzing strong star formation. In groups, ram
pressure is relatively weak compared to clusters, therefore it is
interesting to explore whether such star formation enhancements
are also present in group jellyfish galaxies. For example, it could
be that the relatively weak ram pressure in groups does not per-
turb the galaxy ISM as significantly as in clusters, and there-
fore comparable enhancements in star formation may not be ex-
pected.

In Fig. [lwe plot the offset from the SEMS for jellyfish galax-
ies in both groups (top, purple triangles) and clusters (bottom,
red stars). We use the best fit SEMS relation from [R21b] which
was derived by fitting a powerlaw relationship between SFR and
stellar mass for isolated field galaxies over the same redshift
range as our group/cluster samples. As a reminder, SFRs for each
galaxy are taken from the GSWLC-2 SED fitting catalogue (see
Sect. Salim et al.|2016], 2018). The offset from the SFMS
for each jellyfish galaxy is shown with the data markers in Fig.
(Groups: purple triangles, Clusters: red stars). We also plot oft-
sets from the SFMS for each group/cluster LoTSS galaxy in the
corresponding panel with the grey data points. Finally, the me-
dian SFMS offset for jellyfish galaxies and for LoTSS galaxies
are shown in each panel with the solid line. Jellyfish galaxies in
clusters are systematically above the SFMS but the same is not
apparent for group jellyfish (at most jellyfish galaxies in groups
are marginally above the SEFMS). With these trends in mind, it is
important to consider the selection effects given our prerequisite
that galaxies be detected at 144 MHz. 144 MHz emission is a
good tracer of galaxy star formation (Giirkan et al.|2018}; |Smith|
let al|2021)), therefore galaxies selected according to 144 MHz
emission will tend to have high SFRs, which will contribute to
the positive offsets from the SFMS in Fig.[6] This is particularly
true for low-mass galaxies as can be seen in Fig. [6] where the
majority of low-mass galaxies (M, < 10'°My) have positive
SEMS offsets. This reflects the fact that in order to be detected at
144 MHz, low-mass galaxies need to have SFRs near or above
the SFMS. Conversely, given the correlation between stellar
mass and SFR, high-mass galaxies can have SFRs that are below
the SFMS but still high enough to be detected at 144 MHz. This
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emphasizes the importance of constructing a comparison sample
of ‘normal’ LoTSS galaxies that are subject to the same selection
effects as the LoTSS jellyfish galaxies. To properly gauge the en-
hancement (or lackthereof) of SFR in jellyfish galaxies, we show
the median SFMS offset for non-jellyfish LoTSS group/cluster
galaxies with the dashed lines in Fig.[6] For jellyfish galaxies in
groups, the offset from the SFMS is consistent with what is seen
from the non-jellyfish LoTSS galaxy sample. We do not find ev-
idence for a true enhancement in SFR for group jellyfish galax-
ies, and the positive offsets from the SFMS are consistent with
the selection function of the LoTSS galaxy sample. Conversely,
as shown in [R21b| (and reproduced in Fig. [3), cluster jellyfish
galaxies have SFRs which are enhanced relative to the SFMS
but also are enhanced relative to LoTSS cluster galaxies. There-
fore there is evidence for SFR enhancements in cluster jellyfish
galaxies that are not present for jellyfish galaxies in groups.
Previous results finding observational evidence for enhanced
SFRs in RPS galaxies have focused on the galaxy cluster envi-
ronment (Ebeling et al.|2014; Poggianti et al.|2016;|Vulcani et al.
2018a; Roberts & Parker|2020; |[Durret et al.|[2021)), and these en-
hancements are also seen in the cluster sample fromR21b|and re-
produced here (Fig.[6] bottom). That said, there has been very lit-
tle work probing the SFRs of galaxies undergoing RPS in lower
mass groups. The results of this work are qualitatively consis-
tent with |[Roberts et al.| (2021a), who show that ram pressure
candidate galaxies in groups (identified from rest-frame optical
imaging) have SFRs which are only marginally enhanced com-
pared to much clearer SFR enhancements for the ram pressure
candidates in their sample hosted by clusters. The origin of this
difference between groups and clusters is not immediately clear,
although as previously mentioned, it is possible that the more
intense ram pressure in clusters can more strongly perturb the
ISM in galaxies, leading to enhanced gas densities and increased
star formation. This is largely speculative at this point, though
this could be tested with observations of cold gas in both group
and cluster jellyfish galaxies, and also through comparisons to
hydrodynamic simulations of group and cluster galaxies.

6. Discussion

Here we have presented a contrast between the properties of
LoTSS 144 MHz jellyfish galaxies in groups compared to clus-
ters. We find clear differences between the two environments, all
of which are consistent with a picture where galaxies in groups
are less strongly affected by RPS than galaxies in clusters. Given
the higher ICM densities and velocity dispersions in clusters,
less efficient RPS stripping in groups is a natural expectation,
however this is one of the first studies to show such clear evi-
dence for this picture. Below, we discuss our conclusions in the
context of a simple toy model for RPS, as well as the implica-
tions of these results for the pre-processing of galaxies prior to
cluster infall.

6.1. Ram pressure toy model

A primary interpretation of the results from this work is that RPS
is a more rapid process in clusters than groups. This can be seen
from the tail orientations in Fig. d or the phase space diagrams in
Fig.[3] both of which are consistent with cluster jellyfish galaxies
being primarily on first infall (before pericentre) whereas many
group jellyfish galaxies are consistent with backsplashing orbits
after a pericentric passage. The crux of this interpretation relies
on the strength of RPS being relatively modest in groups, such
that galaxies are not completely stripped on their first infall. In
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Table 2. Ram Pressure Model Parameters

Model Cluster Model Group  Ref.
Modelled After: Coma NGC 4636
po (g cm™3): 5.0x107%7 2.8x 1072 a
R, (kpc): 343 6 a
B: 0.654 0.491 a
Rig0 (kpe): 2982 803 b,c
o, (kms™): 1082 284 c,d
Model Galaxy
Mstar (MO): I x 1010
R« (kpo): 2.0 e.g.ef
Mgos (Mo): 3.3x 10° g
Ry ¢as (kpo): 3.4 h

2Chen et al.| (2007)  ®Kubo et al.|(2007)

¢|Osmond & Ponman|(2004)  ¢/Colless & Dunn/(1996)
¢[Fathi et al. (2010)  f[Demers et al.|(2019)

¢ Brown et al.[(2015)  "|Cayatte et al.| (1994)

this section we present a very simple toy model of RPS in or-
der to show that qualitative expectations from such a model are
consistent with this picture. We note that this simple approach is
not a complete description of RPS, instead, it is meant to show
the qualitative variations in RPS timescales between low-mass
groups and massive clusters.

We follow many previous works and model ram pressure
stripping through the balance between the strength of ram pres-
sure and the gravitational potential of a galaxy (e.g./Gunn & Gott
1972; Rasmussen et al.|[2008; Jaffé et al.||2018; [Roberts et al.
2019). We take an extremely simple galaxy model consisting of
a thin exponential stellar disk and a thin exponential gas disk,
each with different scale lengths. We note that an exponential
disk distribution should also be, roughly, true of galaxy Hu re-
gions that are likely the source of stripped plasma observed in
the jellyfish galaxies in this work. The ram pressure, Py, and
the galaxy anchoring force, I1, are then given by

(6)
N

Pram(R) = prem(R)V?
II(r) = 2nGZy (1) Zgas (1)

For a given value of picm and v, one can define a ‘stripping ra-
dius’, ryip, within a model galaxy corresponding to the largest
galactocentric radius where the inequality,

PIeM(R) V> 271G E 4 (1) Zgas ()

is satisfied. For our model we assume that for a given pjcm and v,
the Hi gas disk is truncated at 7 = rgyjp due to ram pressure, such
that any gas located beyond 7y, is completely removed from the
galaxy.

For this toy model we consider a model galaxy orbiting
through a model galaxy cluster and a model galaxy group, and
the relevant parameter values are listed in Table [2] We model
our toy cluster after the Coma Cluster and we model our toy
group after the NGC 4636 group. We select these two exam-
ples to use because they are among the most massive (Coma,
Miso ~ 2% 10" M) and least massive (NGC 4636 Grp, Mo ~
2 x 103 M) systems in the |Chen et al.| (2007) sample, and
roughly span the entire halo mass range from this work. There-
fore the differences in Fig.[/|can be thought of as the broad dif-
ferences expected between the least massive and most massive
systems in our sample.
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Fig. 7. Results from the ram pressure stripping toy model for our model
cluster (top) and model group (bottom). The grid points are coloured by
the fraction of gas mass stripped by the ram pressure toy model (fyip),
and the dashed contour corresponds to a value of fy;, = 0.5. All val-
ues of fyip are calculated for the model galaxy with the parameters de-
scribed in Table

In Fig. [/| we show the fraction of stripped Hi mass, fip
(colourbar), as a function of position in projected phase space,
for the model cluster (top) and model group (bottom). The
dashed contour in each panel corresponds to fyip = 0.5. The
RPS predictions clearly differ between the model group and clus-
ter, which is driven both by the different ICM density profiles
and the different velocity dispersions between the two systems.
According to this simple model, substantial fractions (>50%)
of galaxy gas reserves are stripped shortly after passing R;g in
clusters. For groups this is not the case, and the only region of
phase space for groups where fip > 0.5 is at very small radii
and very large velocity offsets. This shows how RPS can be less
efficient in groups relative to clusters. The differences between
groups and clusters from this toy model are consistent with our
interpretation of the observed trends in this work; namely, that
galaxies in clusters are primarily stripped on their first infall
whereas galaxies in groups can maintain significant gas reserves
beyond first pericentre.

We reiterate that this is a very simplistic treatment of ram
pressure stripping, and is not meant to realistically capture the
details of stripping in groups and clusters. While we take a sin-
gle group model for illustrative purposes, in reality there is likely
significant scatter in the ICM densities for different groups. This
scatter in ICM density, and in particular whether a group lies on
the high or low density end, likely also plays an important role
in determining the efficiency of ram pressure stripping in such
low-mass environments. Additionally, this model likely overes-
timates the amount of gas stripping somewhat, given that we do
not include any contributions from a stellar bulge or dark matter
halo to the galaxy restoring potential and that we do not include
any contribution from the more densely bound molecular com-
ponent to the total gas mass. All said, the purpose of this exercise
is to illustrate the broad differences in the efficiency of RPS be-
tween the group and cluster environment. Furthermore, to show

that galaxies in clusters being stripped shortly after infall is a
reasonable expectation, as is stripping timescales in groups ex-
tending beyond the first passage of pericentre.

6.2. Implications for pre-processing

The presence of jellyfish galaxies in groups also has important
implications for pre-processing, as RPS is likely relevant for the
quenching of satellite star formation in the group regime (al-
beit less efficiently than for clusters). There have been a num-
ber of estimates in literature for the fraction of cluster galax-
ies that have been pre-processed, in other words, the fraction
of galaxies on the cluster red sequence that were quenched in a
lower mass group and subsequently accreted onto the cluster as
a passive galaxy. As many as half of present day cluster galaxies
may have been accreted as a group member (e.g. McGee et al.
2009; De Lucia et al.|[2012; Bahé et al.|2013; Hou et al.|2014),
though not all of those galaxies will have been pre-processed
in the sense that not all galaxies infalling as group members
will be quenched. More direct constraints on the fraction of pre-
processed galaxies have been made, and typically fall between
~10% and ~30% (Haines et al.|[2015 Roberts & Parker 2017
Olave-Rojas et al.|2018} |van der Burg et al.|2018}; |Roberts et al.
2019). Depending on the group mass, we find that between 5%
and 15% of LoTSS-detected star-forming galaxies show signs
of RPS in the radio continuum (Fig. [3). Due to the LoTSS sen-
sitivity limits we are not sensitive to the low SFRs typical of
low-mass galaxies around ~ 10° My, (assuming a typical SEMS).
These low-mass galaxies are expected to be strongly impacted
by RPS (e.g. [Fillingham et al.| 2015 Roberts et al.|2019; |Yun
et al.|2019; Baxter et al.|2021; Roberts et al.|[2021al), therefore
the fractions in Fig. [3| would likely be larger if we could probe
down to lower stellar masses. The fractions in Fig.3]also only ac-
count for galaxies which currently show morphological features
consistent with RPS, and do not include ‘post-stripping’ galax-
ies with symmetric gas disks that have already been truncated by
ram pressure (e.g. |Sengupta et al.|2007; [Vollmer & Huchtmeier
2007; Jafté et al.|2018}; |Vulcani et al.|2018b).

If RPS stripping is contributing to pre-processing in groups,
this implies that galaxies infalling onto clusters as part of a group
should already be Hi deficient, to some extent, relative to field
galaxies. This is consistent with Hi observations from the BUD-
HIES survey which find H1 deficient galaxies in group-mass sub-
structures surrounding the Abell 963 cluster (Jaffé et al.|2016),
as well as MeerKAT observations finding Hi deficient galaxies
in the Fornax A group (Kleiner et al.[2021)). Other works have
also reported evidence for Hr deficient galaxies in groups (e.g.
Huchtmeier| 1997; |Verdes-Montenegro et al.|2001; |[Dénes et al.
20165 Brown et al.|2017), which based on the results of this work
could be driven by RPS.

Beyond gravitationally bound groups, galaxies may also be
pre-processed in cosmic filaments prior to cluster infall. This can
been seen by the fact that the fraction of red, quenched galax-
ies increases toward the central spine of filaments (e.g. Kuutma
et al.|2017;Malavasi et al.|2017; |[Kraljic et al.|2018];Salerno et al.
2019). Recently, Bonjean et al|(2018) have shown that galaxies
in the filament bridge between the Abell 399 and Abell 401 clus-
ters have indistinguishable properties (i.e. early-type, passively
evolving) from galaxies within the clusters. This suggests that
galaxy properties are impacted by these dense filamentary envi-
ronments. It has been suggested that ram pressure could affect
galaxies even within cosmic filaments (Benitez-Llambay et al.
2013; |Vulcani et al.[2018b), though given the relatively low gas
densities in filaments compared to groups and clusters (e.g. [Ed-
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wards et al.|2010; [Eckert et al.|2015; [Tanimura et al.|[2020), the
efficiency of RPS in such environments is likely low. It is also
likely that the gas and galaxies in filaments are moving more
coherently than in groups or clusters, meaning that the relative
velocities could be lower and less conducive to RPS. While this
it is not the focus of this work, it may be possible to constrain
the presence, or lack thereof, of RPS in cosmic filaments with
LoTSS. LoTSS DR2 covers ~ 5700 deg” in the northern sky at
both high and low galactic latitude. With such a wide area of the
extragalactic sky it is possible to probe the properties of filament
galaxies in a statistical fashion. Given a sample of galaxies in fil-
aments, for example identified from SDSS spectroscopy or from
filament bridges between nearby clusters, a search for potential
jellyfish galaxies could then be done with similar methods as this
work.

7. Summary

In this work we present a search for radio continuum jellyfish
galaxies with LOFAR across a sample of ~500 low redshift
galaxy groups (10'%° < Mo, < 10" Mg). We also incorporate
the sample of radio continuum jellyfish galaxies in clusters from
R21b, allowing us to contrast the properties of jellyfish galaxies
in groups and clusters across three decades in halo mass. The
main conclusions from this work are summarized below.

1. The frequency of jellyfish galaxies is highest in clusters and
lowest in low-mass groups (Fig. 3).

2. We find evidence for weaker ram pressure stripping in groups
relative to clusters. Many jellyfish galaxies in groups are con-
sistent with having already passed pericentre, which does not
seem to be the case for jellyfish galaxies in clusters (Figs [4]

&[).
3. Unlike jellyfish galaxies in clusters, jellyfish galaxies in

groups do not have systematically enhanced star formation
rates (Fig. [6).

The results of this work highlight that ram pressure stripping of
galaxies is occurring in groups, and that there are interesting dif-
ferences between the properties of jellyfish galaxies in groups
and clusters. Moving forward it will be important to obtain de-
tailed, multiwavelength observations of group jellyfish galaxies
(e.g. optical IFU, Hi, molecular gas) as has already been done
for such galaxies in clusters (e.g. (Chung et al|2007; Poggianti
et al||2017; Jachym et al.|2019; Moretti et al.|2020). This will
aid in understanding the similarities and differences between the
impact of ram pressure on galaxy evolution in both the group
and cluster regimes.
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Appendix A: Jellyfish galaxies

Table A.1. Group jellyfish galaxies

Name RA Dec Z log Mg,r® logSFR?*  R/Rig0 Av/o f144b
[deg] [deg] Mol [Moyr'] [mJy]

LEDA2165426 120.7372  40.4134 0.0426 10.4 0.18 0.07 0.07 6.0+09
LEDA2158637 120.8532 39.9742 0.0419 9.7 0.16 0.27 059 26+03
LEDA2157975 120.9291 39.9314 0.0423 10.3 0.17 0.29 1.06 7.1+0.6
SDSSJ081435.82+582157.6  123.6493 58.3661 0.0293 9.0 -0.56 0.27 1.57  29+0.7
PGC23127 123.7712  58.3571 0.0260 9.1 -0.46 0.24 096 4.0+04
LEDA2309609 128.7962 48.0541 0.0413 104 0.31 0.30 2.21 23+0.2
MCG+08-16-014 128.8070 47.8957 0.0429 10.7 0.14 0.52 050 0.8+0.2
LEDA2111998 132.0368 37.8823 0.0397 10.0 -0.01 0.46 279  6.1+0.5
SDSSJ084949.52+570214.4  132.4564 57.0374 0.0417 9.6 -0.43 0.28 0.10 1.3+0.2
LEDA2167180 133.1490 40.5311 0.0286 10.1 -0.21 0.58 178  49+04
SDSSJ090526.79+504435.9 136.3617 50.7433 0.0378 9.4 -0.35 0.50 0.12 23+04
MCG+07-19-028 136.7483 41.4406 0.0261 9.8 -0.50 0.06 1.25 1.9+04
LEDA2418513 138.6206  52.5866  0.0398 9.9 -0.42 0.11 0.59 1.0+ 0.2
MCG+07-19-062 140.2570  39.1566  0.0298 10.5 0.22 0.62 248 9.7+0.8
LEDA1893575 142.1436  30.1838 0.0290 9.9 -0.22 0.29 1.35 1.9+03
KUG0930+342 143.4763 34.0619 0.0265 10.3 -0.27 0.17 1.94 50+03
SDSSJ093729.11+413511.2  144.3713 41.5865 0.0412 9.8 -0.04 0.38 0.87 1.1+£0.2
MCG+07-20-044 146.1681 39.3853 0.0406 10.8 0.32 0.51 0.91 0.9+0.2
LEDA2052518 147.7212 34.6549 0.0399 9.7 -0.21 0.53 0.25 1.6 £0.3
LEDA2363647 158.8797 50.1290 0.0463 9.8 0.06 0.50 098 2.0+03
LEDA2141766 161.4409 39.0194 0.0359 9.6 0.16 0.43 076 3.0+04
SDSSJ105719.15+373447.8 164.3298 37.5800 0.0359 9.7 0.13 0.13 0.05 3.1+03
LEDA091075 165.5138 38.9270 0.0303 10.2 -0.49 0.32 020 5306
SDSSJ110302.78+573544.0 165.7616 57.5956 0.0475 10.2 -0.48 0.84 0.03 0.9 +£0.1
LEDA1944884 166.4037 31.3906 0.0457 9.9 -0.32 0.31 2.57 1.5+0.2
LEDA2555516 167.9746 57.0468 0.0479 10.2 -0.35 0.13 056 2.0+0.2
SDSSJ111338.55+570955.9 168.4107 57.1655 0.0445 9.6 -0.26 0.51 2.68 1.0+0.2
MCG+05-27-039 169.1161 29.1871 0.0489 10.6 0.44 0.20 087 54+0.5
LEDA2183800 172.4184 41.6083 0.0442 10.3 -0.39 0.42 1.16 0.8+0.2
LEDA2034868 175.3559 33.5756 0.0331 10.2 -0.55 0.26 1.20  3.7+03
1C2952 176.0714 33.3514 0.0322 10.3 0.05 0.25 039 54+05
UGC6709 176.1870 33.3210 0.0311 10.6 0.17 0.12 1.19 10.7+0.2
SDSSJ114508.49+330926.0 176.2854 33.1573 0.0331 9.9 0.05 0.16 0.26 1.0+0.2
KUG1144+334 176.7161 33.1510 0.0350 9.6 -0.26 0.50 1.65 99+ 1.1
LEDA2016390 176.7639 32.8953 0.0313 9.9 -0.32 0.72 1.05 23.1x0.6
LEDA3088640 1769170 33.7890 0.0309 10.7 0.22 0.96 1.34 238 +0.3
UGC6808 177.5756  35.2541 0.0213 10.3 -0.55 0.50 1.65 5.1+0.6
MCG+10-17-094 178.0600 60.3447 0.0342 10.7 0.10 0.88 0.67 49+03
NGC3975 178.9737 60.5294 0.0329 10.5 0.23 0.08 0.63 13.6+1.0
LEDA2043989 198.8911 34.1093 0.0381 9.8 -0.38 0.98 1.07 5.0+0.5
LEDA2017338 199.6759 329187 0.0359 10.1 -0.10 0.80 140 10.5+0.3
LEDA1943456 200.0593 31.3589 0.0465 10.2 -0.02 0.33 0.47 1.7+04
LEDA1938498 200.2247 31.2495 0.0452 10.1 0.01 0.62 147 33+05
NGC5143 201.2553 36.4372 0.0195 9.2 -0.44 0.44 1.05 166=x1.2
LEDA2007459 201.3132  32.6711 0.0398 10.8 0.52 0.34 0.41 7.8 +£0.5
MCG+06-30-013 202.0191 34.3115 0.0360 10.7 0.34 0.08 086 9.0+1.2
MCG+06-30-021 202.6540 349174 0.0256 10.7 0.33 0.24 1.50 6.1 +0.3
LEDA1761721 204.6236 26.0776  0.0294 9.8 -0.45 0.97 002 21+04
LEDA214140 205.6353  29.8660 0.0471 10.3 0.28 0.14 1.85 32+04
LEDA1731550 208.8510 25.2914 0.0370 10.9 -0.13 0.37 0.75 7.0+ 1.1
PGC049507 208.8933  25.0498 0.0290 10.4 0.60 0.31 1.78 20.0+1.2
KUG1357+329 209.9239 32.6738 0.0498 10.2 0.32 0.70 0.63 7.6 +1.2
LEDA2065635 215.3225 35.5094 0.0298 10.2 -0.06 0.82 1.05 4707
LEDA2052639 218.1638 34.6623 0.0344 10.0 -0.06 0.36 072 24+03
SDSSJ143726.30+514142.2  219.3596 51.6951 0.0443 9.9 -0.08 0.43 0.61 1.0+ 0.2

Continued on next page
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Name RA Dec z log My logSFR®*  R/Rizg Av/o fraa®
[deg] [deg] Mol [Moyr'] [mJy]
1C4477 219.6468 28.4594 0.0468 10.8 0.62 0.10 060 105+08
SDSST155147.07+340300.1  237.9461 34.0501 0.0496 10.2 -0.10 0.11 093 21+03
LEDA2043633 238.0843 34.0868 0.0484 10.1 0.15 021 023 26+03
LEDA2458998 2382182 54.0737 0.0466 10.7 -0.12 0.14 052 45+07
LEDA2173607 2549165 40.9614 0.0403 10.7 0.16 025 047 8.1+06

2Salim et al.| (2016, 2018) b 144 MHz flux density from LoTSS DR2 source catalog
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Fig. A.2. 100 kpc x 100 kpc Pan-STARRs g-band, LOFAR 144 MHz overlay images for LoTSS jellyfish galaxies. 144 MHz contours are logarith-
mically spaced starting at 2x the rms, with the rms level labeled in each cutout panel, and the 6” LoTSS beam is shown in the lower left of each
panel. The black line in each panel denotes the tail direction estimated in Sect. d]
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