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ABSTRACT
We present results from neutral atomic hydrogen (H i) observations of Hydra I, the first cluster observed by the Widefield
ASKAP L-band Legacy All-sky Blind Survey (WALLABY) on the Australian Square Kilometre Array Pathfinder. For the first
time we show that WALLABY can reach its final survey sensitivity. Leveraging the sensitivity, spatial resolution and wide field
of view of WALLABY, we identify a galaxy, ESO501−G075, that lies near the virial radius of Hydra I and displays an H i tail.
ESO 501−G075 shows a similar level of morphological asymmetry as another cluster member, which lies near the cluster centre
and shows signs of experiencing ram pressure. We investigate possible environmental processes that could be responsible for
producing the observed disturbance in the H imorphology of ESO501−G075. We rule out tidal interactions, as ESO501−G075
has no nearby neighbours within ∼ 0.34Mpc. We use a simple model to determine that ram pressure can remove gas from the
disc at radii 𝑟 & 25 kpc. We conclude that, as ESO501−G075 has a typical H i mass compared to similar galaxies in the field
and its morphology is compatible with a ram pressure scenario, ESO501−G075 is likely recently infalling into the cluster and
in the early stages of experiencing ram pressure.

Key words: galaxies: clusters: individual: Abell1060 – galaxies: individual: ESO501-G075 – radio lines: galaxies – galaxies:
kinematics and dynamics

1 INTRODUCTION

A galaxy’s morphology is strongly influenced by the environment in
which the galaxy resides. Late-type, spiral and irregular galaxies are
more commonly found in lower density environments (isolated, in the
field, low density groups and near the edges of clusters). The fraction
of early-type, ellipticals increases at higher densities (towards the
centre of clusters). This is well known as the morphology-density re-
lation (e.g. Hubble & Humason 1931; Oemler 1974; Dressler 1980).
The dramatic shift from large fractions of late-type galaxies at low
densities through to low fractions near cluster centres (∼ 60% to
∼ 5%, respectively, e.g. Dressler 1980; Houghton 2015) indicates
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that significant morphological evolution occurs within galaxy groups
and clusters.
There are a number of environmental processes that affect the ob-

served stellar and/or gas morphology of galaxies, including mergers
(e.g. Toomre & Toomre 1972; Mihos & Hernquist 1996; Zaritsky &
Rix 1997; Bournaud et al. 2005; Elagali et al. 2018), interactions be-
tween galaxieswith low relative velocities (tidal stripping, e.g.Moore
et al. 1999; Koribalski & López-Sánchez 2009; English et al. 2010)
and high relative velocities (‘harassment’, e.g. Moore et al. 1996,
1998), ram pressure stripping by the intergalactic medium (Gunn &
Gott 1972), viscous stripping by the hot intergalactic medium in clus-
ters (Nulsen 1982; Quilis et al. 2000; Rasmussen et al. 2006) and tidal
stripping by a cluster’s tidal field (e.g.Merritt 1984;Gnedin 2003a,b).
Galaxy clusters are characterised by high densities of galaxies (e.g.
Dressler 1980), large velocity dispersions (e.g. Girardi et al. 1993;
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Sohn et al. 2017) and a high density intergalactic medium (IGM) of
ionized gas (e.g. as measured from X-ray observations, McDonald
et al. 2017). Observations and simulations find galaxies in clusters to
be experiencing various combinations of these processes (e.g. Gunn
1977; Moore et al. 1996, 1998; Gnedin 2003a,b; Kenney et al. 2004;
Chung et al. 2007; Vollmer et al. 2009; Scott et al. 2010; Abram-
son et al. 2011; Bialas et al. 2015; Chen et al. 2020; Ramatsoku
et al. 2020). Of these processes, the proposed dominant driver for
evolving galaxies’ neutral atomic hydrogen (H i) morphology and
quenching star formation is ram pressure stripping (e.g. Boselli &
Gavazzi 2006). Ram pressure stripping is also proposed to be the
dominant mechanism responsible for observed H i deficiencies in
cluster galaxies (e.g. in the Virgo cluster, Kenney et al. 2004; Chung
et al. 2007; Yoon et al. 2017).
These environmental processes can affect both the stellar and

gaseous components of galaxies. Disentangling the relative impor-
tance that these processes play in the evolution of galaxymorphology
and composition requires spatially resolved observations of the dif-
ferent galaxy components (stellar and/or gaseous). As a result, these
environmental mechanisms are often first observed in the H i gas
(e.g. Giovanelli & Haynes 1985; Solanes et al. 2001; Westmeier
et al. 2011; Rasmussen et al. 2012). H i observed beyond the edge
of the optical disc resides further from the centre of the galaxy’s
potential well and can be more easily disturbed than the stellar disc.
This makes H i an effective probe for investigating the influence of
the environment.
There have been numerous studies of the H i content of galax-

ies in clusters in the local Universe using observations from both
single-dish radio telescopes (e.g. Giovanelli & Haynes 1985; Barnes
et al. 1997; Waugh et al. 2000; Solanes et al. 2001; Taylor et al.
2013; Scott et al. 2018) and radio interferometers (e.g. Cayatte et al.
1990, 1994; McMahon et al. 1993; Dickey 1997; Bravo-Alfaro et al.
2000, 2001; Verheĳen & Sancisi 2001; Chung et al. 2009). These
observations used parabolic dish antennas fitted with single pixel
feed-horn receivers. Unlike observations taken with single dish tele-
scopes, which are typically limited to measuring integrated galaxy
properties, interferometric observations can spatially resolve galax-
ies, but are limited by their small instantaneous field of view. Hence, a
spatially resolved survey of a targeted galaxy sample within a cluster
requires significant integration time (e.g. the VIVA1 survey which
observed 53 late-type galaxies in the Virgo cluster for ∼ 8 h each,
Chung et al. 2009). Surveys with instruments like the CSIRO Aus-
tralian Square Kilometre Array Pathfinder (ASKAP, Johnston et al.
2008; Hotan et al. 2021) will help to fill this niche.

1.1 The Australian Square Kilometre Array Pathfinder

ASKAP is a new interferometer composed of 36 dish antennas fitted
with phased array feed (PAF, DeBoer et al. 2009; Hampson et al.
2012; Hotan et al. 2014; Schinckel & Bock 2016) receivers. The
ASKAP PAFs consist of 188 dipole elements in a chequerboard
pattern which can simultaneously form 36 beams on the sky, each
with a primary beam size of 1◦. The 30-square-degree field of view
of ASKAP enables it to map the H i emission at an angular resolution
of∼ 30 arcsec over large areas of skymore quickly than possible with
other interferometric arrays (e.g. the Australia Telescope Compact
Array or the Karl G. Jansky Very Large Array with a field of view of
∼ 42 arcmin and ∼ 32 arcmin at 1.4GHz, respectively).
The Widefield ASKAP L-band Legacy All-sky Blind Survey

1 VLA Imaging of Virgo spirals in Atomic gas.

(WALLABY, Koribalski et al. 2020) is the H i all-sky survey be-
ing conducted on ASKAP, which will detect ∼ 500 000 galaxies over
75% of the sky for 𝛿 < +30◦. In the lead up to full telescope opera-
tions and the full survey commencing, a number of smaller scale early
science, pre-pilot and pilot survey data sets have been observed for
verification and validation of the telescope and processing pipeline.
WALLABY early science used a subset of 12–16 ASKAP antennas
and limited bandwidth to observe four 30-square-degree fields (for
details see Reynolds et al. 2019; Lee-Waddell et al. 2019; Elagali
et al. 2019; Kleiner et al. 2019; For et al. 2019). Pre-pilot observa-
tions of a single 30-square-degree field were the first WALLABY
observations to use the full 36 antenna array of ASKAP and with
its full bandwidth (for details see For et al. in prep.; Murugeshan
et al. 2021). Currently underway is the WALLABY pilot survey,
which is observing three 60-square-degree fields in the directions of
the Hydra I cluster, Norma cluster and NGC4636 group using the
full 36 antenna array and full 288MHz bandwidth. The purpose of
the pilot survey is to provide verification of the full ASKAP system
(observing and data processing) and WALLABY observing strategy,
thereby demonstrating that ASKAP and its purpose-made software
are capable and ready for the full WALLABY survey.
The first pilot survey observations processed were the 60-square-

degree field of view covering the Hydra I cluster, which makes Hydra
I the first cluster observed as part of the WALLABY survey. These
observations provide a rich sample of H i detected galaxies in and
around Hydra I to investigate the processes affecting galaxies in
clusters.

1.2 The Hydra I Cluster

The Hydra I cluster (otherwise known as ‘Abell 1060’ – see
Abell 1958) is centred on 𝛼, 𝛿 = 10:36:41.8, −27:31:28 (J2000),
c𝑧 = 3 777 km s−1 (heliocentric reference frame) and appears
isolated in redshift (i.e. relatively little contamination by fore-
ground/background galaxies, Richter et al. 1982). The CMB (cosmic
microwave backgroud) reference frame velocity of the Hydra I clus-
ter is c𝑧 = 4 121 km s−1, which corresponds to a luminosity distance
of 𝐷lum = 61Mpc for 𝐻0 = 67.7 km s−1Mpc−1. This agrees with
the redshift-independent distance measurement of 59Mpc using the
Fundamental Plane (Jorgensen et al. 1996). Throughout this work
we assume a distance to the Hydra I cluster of 61Mpc. It has a
catalogued membership of 581 optically detected galaxies (Richter
1989). We adopt the 𝑅200 size (i.e. internal to this radius the mean
density is 200 times greater than the critical density of the universe,
𝜌crit) from Reiprich & Böhringer (2002) as the cluster virial radius
of 𝑟vir ∼ 1.44Mpc (∼ 1.35◦ projected on the sky at 61Mpc).
In this work, we provide a first look at the H i detections within

the virial radius of Hydra I and carry out a case study investigat-
ing the possible origin of one cluster member with an asymmetric
and disturbed H imorphology. We take advantage of the high spatial
resolution of WALLABY H i data to model the interplay between
the gravitational restoring force and ram pressure over the H i disc
to determine whether ram pressure can explain its H i structure. We
present the data we use for this work in Section 2. In Section 3,
we present the first look at Hydra I H i detections. Section 4 de-
scribes the analysis of our case study galaxy, ESO501−G075. We
discuss environmental mechanisms that could be responsible for the
observed H i morphology in Section 5 and summarise our conclu-
sions in Section 6. Throughout, we adopt optical velocities (c𝑧) in
the heliocentric reference frame and assume a flatΛCDMcosmology
with 𝐻0 = 67.7 km s−1Mpc−1 (Planck Collaboration et al. 2016).

MNRAS 000, 1–14 (2021)
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2 DATA

TheWALLABYpilot survey observations of the Hydra I cluster were
taken over four nights between 25–26 October and 20–24 Novem-
ber 2019. The raw ASKAP visibility data were flagged, calibrated
and imaged using theASKAPdata processing software, ASKAPsoft
(Whiting 2020), using the standard method (see Reynolds et al. 2019;
Lee-Waddell et al. 2019; Elagali et al. 2019; Kleiner et al. 2019; For
et al. 2019, for further details). The output spectral line cubes have a
clean 30 arcsec synthesised beam (emission that was not cleaned be-
cause it is below the minor cycle deconvolution threshold of 3.5mJy
will have a slightly smaller beam size that varies with frequency,
see Reynolds et al. 2019 and Kleiner et al. 2019 for further details
on cleaning). Once processed, the 36 beam mosaicked spectral line
cubes (denoted footprints A and B with a pointing offset of 0.64
degrees between footprints) were made publicly available from the
CSIRO ASKAP Science Data Archive, CASDA2 (Chapman 2015;
Huynh et al. 2020). The footprint A and B cubes were thenmosaicked
to produce the final full sensitivity cube for H i source finding.
The final spectral line image cube reaches a root-mean-square

(RMS) noise of ∼ 1.6mJy per beam per 4 km s−1 channel. We note
that there is no spectral smoothing applied to the data3 and the raw
channel resolution of 18.5 kHz corresponds to the final spectral reso-
lution of 4 km s−1. This marks the first timeWALLABYobservations
have reached the target WALLABY sensitivity (compared to ∼ 2.0–
2.3mJy beam−1 in Early Science, e.g. Reynolds et al. 2019, Lee-
Waddell et al. 2019). We note that the sensitivity varies from ∼ 1.6–
2.2mJy across most of the field of view and increases to ∼ 3.7mJy
near the edges of the field. Source finding was carried out using the
Source Finding Application 2 (SoFiA 2, Serra et al. 2015;Westmeier
et al. 2021) on a sub-region spanning ∼ 3.0◦ × 5.5◦, centred on the
Hydra I cluster (𝛼, 𝛿 = 10:36:41.8, −27:31:28) and covering a ve-
locity range of 500–15 000 km s−1. See Westmeier et al. (2021) for
details of the source finding parameters used for running SoFiA 2 on
the spectral line cube. The resulting source catalogue, containing 148
H i detections, will be included in a future public WALLABY data
release containing all WALLABY pilot survey phase 1 observations.
For our analysis we use the SoFiA 2 output source data products (e.g.
source cubelets, moment maps, spectra) and source parameters (e.g.
position, systemic velocity, integrated flux, position angle).

3 CLUSTER MEMBERSHIP

Not all of the H i detections aremembers of Hydra I, as source finding
was carried out over a ∼ 15 000 km s−1 velocity window. We define
cluster membership within the virial radius based on the projected
cluster phase-space diagram (Figure 1), which shows the line of sight
velocity difference between galaxies and the cluster normalised by
the cluster velocity dispersion, Δ𝑣/𝜎, (𝜎 = 676 km s−1, Richter et al.
1982) versus the galaxies’ projected distance from the cluster centre
normalised by 𝑅200, 𝑟/𝑅200. A galaxy is identified as a member of
Hydra I if it lies below the cluster escape velocity curve (i.e. it is likely
gravitationally bound to the cluster). We derive the escape velocity
curve following equations 1–4 from Rhee et al. (2017), assuming
𝑅200 = 1.44Mpc, where the corresponding mass enclosed within
𝑅200 is 𝑀200 = 3.13 × 1014M� (Reiprich & Böhringer 2002). The

2 http://data.csiro.au
3 Hanning smoothing is not required because ASKAP’s fine filterbank is
implemented as a polyphase filterbank, so adjacent channels have very little
overlap and can be treated as independent (Hotan et al. 2021).
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Figure 1. Phase-space diagram for the Hydra I cluster with black points
indicating the location of WALLABY H i detections. We note that some
H i detections lie outside the plotted region. The solid black curve indicates
the escape velocity for the Hydra I cluster. Galaxies bound to the cluster
statistically lie below this curve in the light grey shaded region. Virialised
galaxies statistically lie in the dark grey shaded region below the black dashed
line. ESO501−G075 (filled blue diamond) lies slightly below the escape
velocity curve, indicating that it is likely on its initial infall into the cluster. The
unfilled symbols indicate the location of four other cluster galaxies spatially
resolved in H i with WALLABY by > 5 beams (Figure 3).

projected phase-space diagram can be used to identify galaxies likely
to be cluster members as these galaxies will statistically lie within
the light and dark grey shaded regions (e.g. Jaffé et al. 2015; Yoon
et al. 2017; Rhee et al. 2017). We note that defining galaxies as
cluster members using the phase-space diagram assumes that Hydra
I is gravitationally bound and virialised.
We find that 51 galaxies are detected in H i emission within the

virial radius and are members of Hydra I. In Figure 2, we show the
projected sky distribution of these 51 H i detected galaxies. We note
that there is not a one-to-one correspondence between galaxies and
H i contours. In a few instances interacting galaxies are contained
within a single H i envelope or multiple H i detections are part of a
single galaxy (commonly referred to as shredding in optical source
finding).

3.1 Resolved Subsample

Of the 51 H i detections classified as cluster members, we identify
five galaxies (Figure 3 and Table 1) that are spatially resolved by > 5
beams along the major axis (i.e. sufficient for kinematic and mass
model analysis, e.g. Di Teodoro & Fraternali 2015; Lewis 2019). We
only consider H i detections with a single galaxy contained within the
H i envelope and that have not been shredded by the source finder.We
note that the extended H i source located near 10:35:00, −28:30:00
is an interacting galaxy group and we exclude it from our sample.
We indicate these galaxies in Figure 2 with red contours.
Visually, these galaxies display a diversity of H i morphologies.

We quantify the level of disturbance in the H i morphologies by the
asymmetry in the moment 0 map. The map asymmetry, 𝐴map, (first
defined formeasuring optical asymmetries byAbraham et al. 1996) is
defined as the sum of residuals between the moment 0 map and itself
rotated by 180◦ about the centre of mass of the galaxy. We minimise
𝐴map (e.g. Conselice et al. 2000) by varying the rotation centre by
±5 pixels (i.e. ±1 beam) in RA and Dec of the centre of mass of
the moment 0 map. We have ordered the galaxies in Figure 3 from
most to least asymmetric. We find a clear split in this sample, with
the first two galaxies both having large asymmetries (𝐴map ∼ 0.5),

MNRAS 000, 1–14 (2021)
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Figure 2. Digitized Sky Survey (DSS) grey-scale image of the Hydra I cluster with ASKAP detections shown by the blue/red contours, indicating an H i column
density of 5 × 1019 cm−2. ESO 501−G075 is highlighted with the red H i column density contour, with the orange dot-dashed circle indicating a projected
distance of 0.35◦ (∼ 0.37Mpc at a distance of 61Mpc) around it. The black star and dashed circle indicate the centre and virial radius (∼ 1.35◦, ∼ 1.44Mpc)
of the Hydra I cluster. We note that the diagonal grey line in the lower left corner is an artefact in the DSS image. We also note the large H i contour to the lower
right is an interacting galaxy group.

J103702-273359 (0.5)J104059-270456 (0.5) J103335-272717 (0.2)J103523-281855 (0.2)J104016-274630 (0.2)

Figure 3. PanSTARRS 𝑔-band images with overlaid integrated H i intensity contours (blue) for Hydra I cluster members resolved by > 5 beams (> 150′′) along
the major axis. The contour levels show H i column densities of 5, 20 and 50× 1019 cm−2. The WALLABY synthesised beam is indicated in the lower left corner
by the filled orange circle. The symbols in the lower right corner correspond to the symbols in Figure 1. Galaxies are ordered by decreasing RA position on the
sky. The number in the top righ corner of each panel is the calculated H i morphological asymmetry.
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Table 1. Resolved galaxy subsample properties. Columns are the ESO catalogue name, morphological type, RA (𝛼), Dec (𝛿), heliocentric velocity (c𝑧), the
line of sight velocity difference relative to the cluster (Δc𝑧cl), the luminosity distance set to that of the cluster (𝐷L), the morphological asymmetry (𝐴map)
and the number of neighbouring galaxies within a projected distance of < 0.35◦ and velocity difference of < 500 (1 000) km s−1 (𝑁neighbour). We highlight
J104059−270456 in bold as it is the subject of this work.

WALLABY ESO Type 𝛼 𝛿 c𝑧 Δc𝑧cl 𝐷L 𝐴map 𝑁neighbour
[J2000] [km s−1] [km s−1] [Mpc]

J104059−270456 501−G075 SA(s)c 10:40:59 −27:04:56 4740 ∼ 960 61 0.5 0 (0)
J103702−273359 501−G043 SA(s)b 10:37:02 −27:33:59 2854 ∼ 930 61 0.5 11 (20)
J103335−272717 501−G015 SB(s)a 10:33:35 −27:27:17 3388 ∼ 390 61 0.2 10 (12)
J103523−281855 437−G004 SAB(r)bc 10:35:23 −28:18:55 3298 ∼ 480 61 0.2 13 (15)
J104016−274630 437−G036 SAB(rs)c 10:40:16 −27:46:30 3972 ∼ 190 61 0.2 6 (8)

whereas the last three galaxies are fairly symmetric (𝐴map ∼ 0.2).
We note that, as these galaxies have similar angular and physical
resolutions and local noise levels in the spectral cube, many of the
systematic effects discussed by Giese et al. (2016) do not affect the
relative comparison of 𝐴map values. However, these asymmetries are
not directly comparable with other surveys.
The high asymmetry of J103702−273359 (first panel of Figure 3)

is likely to be caused by ram pressure stripping, based on the trunca-
tion of the H i disc within the optical radius on the Northern side and
compression (puffing out) of the H i on the Eastern (Western) side.
This is further supported by J103702−273359 being located near the
cluster centre (red contour near the star, which indicates the centre
of the Hydra I cluster in Figure 2; 𝑟/𝑅200 < 0.1, red square in Fig-
ure 1). J104059−270456 (second panel of Figure 3) displays an H i
tail on its North-East side (upper left). Although J103335−272717
and J104016−274630 (third and fifth panels of Figure 3, respectively)
have relatively low asymmetries of 𝐴map ∼ 0.2, we note low level
signs of disturbed H i at their outer edges that can be explained by
close neighbours (see Table 1). We quantify the local density around
each galaxy by calculating the number of nearby neighbours with
projected angular separations of < 0.35◦ and velocity differences of
< 500 and < 1 000 km s−1 (Table 1) from the 6dFGalaxy Survey cat-
alogue (Jones et al. 2009). ESO501−G075 is the only one of the five
galaxies with no close neighbours. This suggests that its morphology
in unlikely to be caused by tidal interactions with close companions.

3.1.1 Phase-Space

We show the location of these five galaxies on the cluster phase-space
diagram in Figure 1. Two of these galaxies, J103335−272717 and
J104016−274630 (green triangle and purple cross, respectively), lie
within the dark grey shaded region within which galaxies are statisti-
cally virialised. However, neither galaxy has a truncated H i disc, so it
is more likely that these galaxies are falling into the cluster with low
line of sight velocities relative to that of the cluster. J103523−281855
and J103702−273359 (pink triangle and red square, respectively) lie
near the border between the regions that statistically contain galaxies
that are virialised or recent infalls (below and above dashed black
line, respectively). J103523−281855 (pink triangle) has similar prop-
erties (fairly symmetric with a more extended H i disc relative to its
optical disc) to J103335−272717 and J104016−274630.
J104059−270456 (filled blue diamond) stands out as residing in a

distinctly different part of phase-space with the largest projected
distance from the cluster centre (𝑟/𝑅200 ∼ 0.8) and has a nor-
malised velocity difference near the cluster escape velocity (solid
black curve). Of these five galaxies, J104059−270456 appears to be
the at the earliest stage of infalling into the cluster and yet has an

asymmetry similar to J103702−273359, which is at a cluster cen-
tric distance of 𝑟/𝑅200 < 0.1 and has likely spent more time in the
cluster. J104059−270456 is an excellent candidate for probing envi-
ronmental processing acting on a galaxy on its initial infall into the
cluster environment and we use this galaxy as a case study of what
WALLABYwill be able to achieve for statistical samples of galaxies.
In the rest of this paper we investigate whether ram pressure could
be responsible for the observed H i morphology.

4 ANALYSIS

4.1 ESO501-G075

We find the WALLABY source J104059−270456 to be associated
with the optical counterpart ESO501−G075 (angular separation
∼ 6.5 arcsec). ESO501−G075 is a spiral galaxy with morphological
type SA(s)c (de Vaucouleurs et al. 1991) located at 𝛼, 𝛿 = 10:40:59,
−27:04:59 (J2000). ESO501−G075 lies to the North-East, NE, of
the cluster centre at a projected distance of ∼ 1.05◦ (∼ 1.12Mpc),
which is ∼ 0.3◦ (∼ 0.32Mpc) inside the virial radius and has no
nearby neighbours with optical or H i detections within a projected
distance of∼ 0.35◦ (∼ 0.37Mpc, Figure 2) and velocity difference of
1 000 km s−1. We quantify the asymmetry in the stellar distribution
of ESO501−G075 by calculating the CASmorphometric parameters
(concentration, asymmetry, smoothness, Bershady et al. 2000; Con-
selice et al. 2000; Conselice 2003, respectively) using the python
package statmorph (Rodriguez-Gomez et al. 2019). ESO501−G075
appears undisturbed in the optical 𝑔-band image (𝐶 = 2.41, 𝐴 = 0.03,
𝑆 = 0.02).
The systemic barycentric velocity of ESO501−G075 is c𝑧 =

4 740 km s−1, which gives it a velocity difference relative to the centre
of theHydra I cluster ofΔc𝑧cl ∼ 960 km s−1. ESO 501−G075 has one
of the highest stellar and H imasses of galaxies in the Hydra I cluster
detected in H i with a stellar mass of log(𝑀∗/[M�]) = 10.36± 0.13
(derived from VHS4 𝐽- and 𝐾-band photometry, see Reynolds et al.
2019 for details) and an H i mass of log(𝑀HI/[M�]) = 9.75± 0.02.
Table 2 summarises optical and H i derived galaxy properties of
ESO501−G075.

4.2 Hi Content

We show the integrated H i spectrum from ASKAP (blue) for
ESO501−G075 in Figure 4. Although ESO501−G075 is not listed
in the HIPASS source catalogue (HICAT, Meyer et al. 2004), we
also extract a spectrum from the HIPASS spectral cube covering the

4 VISTA Hemisphere Survey (McMahon et al. 2013).
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Table 2. ESO501−G075 properties.

Parameter Value

𝑆int [Jy km s−1] 6.54 ± 0.26
𝑤20 [km s−1] 406
log(𝑀∗/[M� ]) 10.36 ± 0.13
log(𝑀HI/[M� ]) 9.75 ± 0.02
log(𝑀Dyn/[M� ]) 11.3 ± 0.1
log(𝑀HI/𝑀∗) −0.6
DEFHI 0.14
𝐴flux 1.03
𝑑25 [kpc] 35.1
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Figure 4. The integrated H i spectra for ESO501−G075 from ASKAP (blue)
and extracted from HIPASS (grey). The light shaded regions indicate the
integrated noise in each channel.

same area of sky, which we show in grey. The light blue and grey
shaded regions indicate the integrated noise in each ASKAP channel
and the per channel noise for HIPASS (𝜎HIPASS = 13mJy beam−1),
respectively, which illustrates why ESO501−G075 was not de-
tected in HIPASS. The integrated flux from the HIPASS spectrum is
4.0 Jy km s−1 with an integrated signal to noise ratio (SNR) of ∼ 4.8
(i.e. below the HICAT SNR limit of 5).
In the upper panel of Figure 5, we show a grey-scale Pan-STARRS

(Chambers et al. 2016; Flewelling et al. 2016) 𝑔-band image of
ESO501−G075 with overlaid contours (blue) showing H i column
densities from ASKAP. We overlay velocity field contours in the
lower panel of Figure 5. Unlike the optical disc, the H i gas disc
(H i integrated intensity, moment 0, map) shows signs of a disturbed
H imorphology through the compression (stretching) of the H i con-
tours on the South-West, SW, (North-East, NE) side of the galaxy.
This suggests that ESO501−G075 may be experiencing one or more
environmental processes that are disturbing the H i, but are not affect-
ing the stellar component. We next look for additional evidence that
ESO501−G075 is disturbed by the environment using integrated H i
properties: H i deficiency (Section 4.2.1) and H i spectral asymmetry
(Section 4.2.2).

4.2.1 Hi Deficiency

Galaxies in dense, cluster environments are more frequently found
to be H i deficient compared to counterparts in the field (e.g. Solanes
et al. 2001; Chung et al. 2009; Boselli & Gavazzi 2009; Brown et al.
2017) with similar optical/stellar properties. Such H i deficiencies
are likely caused by the external mechanisms observed to be acting
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Figure 5. Grey-scale Pan-STARRS 𝑔-band image of ESO501−G075 with
overlaid ASKAP H i column density contours (upper panel): 5, 10, 20, 50,
70 × 1019 cm−2 and velocity field contours (lower panel): steps of 40 km s−1
from the systemic velocity (c𝑧 = 4740 km s−1, thick contour). The filled
orange circle in the lower left corner shows theASKAP synthesised beam size.
The red dashed rectangle indicates the box used to extract the position-velocity
diagram and column density profile shown in Figures 7 and 9, respectively.
The line in the lower right corner indicates a physical scale of 10 kpc for a
distance to ESO501−G075 of 61Mpc.

in these denser environments (e.g. ram pressure stripping and tidal
interactions, Bravo-Alfaro et al. 2000; Kenney et al. 2004; Chung
et al. 2007; Yoon et al. 2017). Semi-analytic and hydrodynamical
simulations also show that ram pressure stripping leads to galaxies
that are more H i poor (e.g. Stevens & Brown 2017; Stevens et al.
2019). Stripping a substantial amount of H i from a galaxy generally
requires the galaxy to have traversed the cluster or been within the
cluster for a significant length of time (e.g. ∼ 107–108 yr for ram
pressure, Abadi et al. 1999; Vollmer et al. 2001, and ∼ 109 yr for
viscous stripping, Nulsen 1982; Quilis et al. 2000). Hence, estimating
the H i deficiency of ESO501−G075 can provide an indication of
whether ESO501−G075 has interacted with the environment in the
past.
We derive the expected H i mass of ESO501−G075 from the

optical size and galaxy morphology using the relation (e.g. Haynes
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& Giovanelli 1984; Cortese et al. 2011) given by,

log(𝑀HI,exp/[M�]) = 𝑎 + 2𝑏 × log
(
ℎ𝑑25
[kpc]

)
− 2 log(ℎ), (1)

where 𝑎 = 7.16 and 𝑏 = 0.87 are constants corresponding to the
morphological type Sc from table 3 of Boselli & Gavazzi (2009),
𝑑25 = 35.1 kpc is the 𝐵-band optical 25thmag arcsec−2 diameter
(calculated from NED5) and ℎ = 𝐻0/(100 km s−1). Using the stan-
dard definition, the H i deficiency, DEFHI, is,

DEFHI = log(𝑀HI,exp/[M�]) − log(𝑀HI,obs/[M�]). (2)

Galaxies are generally considered to be H i deficient if DEFHI > 0.3
and H i rich if DEFHI < −0.3 (i.e. contain less than half/more than
double the expected H i content, respectively, e.g. Kilborn et al. 2009;
Boselli & Gavazzi 2009). We find ESO501−G075 to have a typical
amount ofH i, whereDEFHI = 0.14. There are two possible scenarios
that can explain this DEFHI. One is that ESO501−G075 has not
previously experienced a significant external interaction that would
have resulted in significant gas stripping. Alternatively, if the galaxy
were previously H i rich, then ESO501−G075 could have had gas
stripped to become H i normal.

4.2.2 Hi Asymmetry

Disturbances in a galaxy’s H i content can be observed in both the
spatially resolved H i morphology and its integrated H i spectrum
(e.g. Richter & Sancisi 1994). Studies of the asymmetry in the in-
tegrated H i spectra of galaxies find that the fraction of asymmetric
galaxies increases with increasing environment density (e.g. Richter
& Sancisi 1994; Haynes et al. 1998; Matthews et al. 1998; Espada
et al. 2011; Scott et al. 2018; Bok et al. 2019; Reynolds et al. 2020;
Watts et al. 2020). This suggests that external environmental pro-
cesses (e.g. ram pressure stripping and tidal interactions) could be
responsible for observed asymmetries.
The asymmetry in the integrated spectrum is commonly quantified

by the flux asymmetry ratio, 𝐴flux (e.g. Richter & Sancisi 1994;
Haynes et al. 1998). The flux asymmetry ratio is defined as the ratio
of the integrated flux in the lower (𝐼1) and upper (𝐼2) halves of the H i
spectrum split at the galaxy’s systemic velocity (e.g. for a perfectly
symmetric spectrum 𝐴flux = 1). ESO 501−G075 has a symmetric
integrated spectrum with 𝐴flux = 1.03. The elongated tail on the NE
side of ESO501−G075 contains an H imass of ∼ 4.5× 108M� (i.e.
∼ 6% of the total H i mass). The small H i mass located in the tail
explains why we do not find an asymmetry in the integrated spectrum
corresponding to the morphological asymmetry (𝐴map = 0.5), as the
tail contributes very little to the galaxy’s spectrum.
Based on ESO501−G075’s integrated quantities of H i deficiency

and spectral asymmetry, the galaxy appears to be unaffected by its
projected location with respect to the cluster. This could suggest
that ESO501−G075 lies well beyond the cluster virial radius and
is simply seen in projection to be within the virial radius. However,
the spatially resolved map indicates that the cluster environment may
have begun to affect the gas in ESO501−G075.

4.3 Gas Kinematics

We derive the rotation curve of ESO501−G075 from which we can
estimate the dynamical mass. The rotation curve is also a required
input for mass modelling to estimate the dark matter distribution (e.g.

5 NASA/IPAC Extragalactic Database.

Table 3. Tilted ring model parameters derived from the first fit and fixed in
the second fit. Parameters: (𝑥, 𝑦) - (RA, Dec), 𝑣sys - systemic velocity, 𝑖 -
inclination, \ - position angle. The systemic velocity is fixed to the value
from the SoFiA source finding.

𝑥 𝑦 𝑣sys 𝑖 \

h:m:s d:m:s [km s−1] [deg] [deg]

10:40:59.2 −27:05:02.4 4740 57 ± 2 214 ± 2

Chemin et al. 2006; Westmeier et al. 2011; Reynolds et al. 2019;
Elagali et al. 2019). We do this by fitting a tilted ring model to the
galaxy (Rogstad et al. 1974). Tilted ring modelling assumes that gas
particles follow circular orbits and move with constant speed. Under
these assumptions, the velocity field can be modelled by a series of
circular isovelocity rings with position angles and inclinations that
match the galaxy. For this reason, we exclude the extended H i tail
from our tilted ring model by only fitting out to 82.5 arcsec as the gas
in the tail is likely to be dominated by non-circular motions. Tilted
ring modelling requires sufficient spatial resolution (e.g. & 5 beams
across themajor axis). ESO501−G075 satisfies this requirementwith
a spatial resolution of ∼ 6 beams across the major axis (Figure 5).
We use the tilted ring modelling code 3dbarolo (Di Teodoro &

Fraternali 2015) to derive the rotation curve for ESO501−G075.
Unlike some tilted ring modelling codes, which operate on 2-
dimensional velocity fields (e.g. the gipsy task rotcur, van der Hulst
et al. 1992;Vogelaar&Terlouw2001), 3dbarolo derives the rotation
curve using the full 3-dimensional H i spectral line cube.We perform
the tilted ring modelling using a cube smoothed to a spectral resolu-
tion of 12 km s−1 to increase the SNR. We use the 3dbarolo mask
option smooth with default parameters (i.e. spatially smoothing by
a factor of 2 and masking pixels after smoothing with SNR < 3). We
run 3dbarolo in two iterations using a set of 6 rings with a width of
15 arcsec (i.e. half the ASKAP synthesised beam, 30 arcsec). In the
first run we leave free the 𝑥, 𝑦 position centre, inclination angle (𝑖),
position angle (\), velocity dispersion (𝜎gas) and rotational velocity
(𝑣rot). We use the SoFiA source parameters for our initial inputs,
except for the inclination, which we set to 𝑖 = 53◦ using the optical
𝐵-band 25thmag arcsec−2 diameter from NED. We also tested leav-
ing the systemic velocity (𝑣vsys) free, however this produced a poor
fit and we chose to fix 𝑣vsys = 4740 km s−1 (the value from SoFiA).
For the second run we only leave the velocity dispersion (𝜎gas) and
rotational velocity (𝑣rot) as free parameters and fix the 𝑥, 𝑦 position
centre, inclination angle and position angle to the mean values from
the first run (Table 3). We note that we round 𝑖 and \ to the nearest
degree in agreement with our uncertainty (e.g. ±2◦). Table 4 lists the
final parameters from the second iteration of the tilted ring fit. We
do not include 𝜎gas in Table 4 as the values are not reliable, but do
not significantly affect the final rotation curve. We also note that the
uncertainties in the rotation curve are driven by the modelling and
are under-estimates of the true model uncertainties.
In Figure 6, we show the output rotational velocity, inclination

angle and position angle (panels from top to bottom, respectively)
from the first run of 3dbarolo in orange (all parameters free) and the
second run in blue (only 𝑣rot and 𝜎gas free). We find that the derived
rotation curve is robust with respect to small changes (±2◦) in 𝑖 and
\ as the derived 𝑣rot shows only minor variation between allowing 𝑖
and \ to vary with radius and keeping them fixed for all radii. The
derived rotation curve appears to be typical of Sc galaxies, which
tend to have rotational velocities in the range 𝑣rot ∼ 100–200 km s−1
(e.g. Sofue et al. 1999). To assess the goodness of the tilted ring
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Table 4. Tilted ring model fit parameters and errors, and gaseous and stellar
mass surface densities and standard deviations for ESO501−G075. Parame-
ters: 𝑟 - radius, 𝑣rot - rotational velocity, Σstar - average stellar mass surface
density from VHS 𝐽 - and 𝐾 -bands, Σgas - gas mass surface density.

𝑟 𝑟 𝑣rot Σstar Σgas
[arcsec] [kpc] [km s−1] [M� pc−2] [M� pc−2]
7.5 2.2 103 ± 16 124.4 ± 57.9 5.0 ± 0.3
22.5 6.7 152 ± 10 64.6 ± 23.7 5.4 ± 0.4
37.5 11.1 174 ± 5 20.3 ± 16.2 5.0 ± 0.4
52.5 15.5 191 ± 5 6.8 ± 10.1 4.0 ± 0.5
67.5 20.0 197 ± 5 0.2 ± 1.3 2.6 ± 0.5
82.5 24.4 196 ± 8 — 1.3 ± 0.5
97.5 28.8 — — 0.7 ± 0.3
112.5 33.3 — — 0.3 ± 0.2
127.5 37.7 — — 0.2 ± 0.1
142.5 42.1 — — 0.2 ± 0.1
157.5 46.6 — — 0.1 ± 0.1
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Figure 6. The output rotational velocity (𝑣rot), inclination angle (𝑖), and
position angle (\) from the tilted ring modelling (from top to bottom panels).
The fitted parameters from the first run of 3dbarolo leaving all parameters
free are in orange. The final 𝑣rot from the second run is in blue with the fixed
values used for 𝑖 and \ shown by the horizontal blue lines in the lower two
panels with the shaded band indicating the uncertainty. The derived 𝑣rot does
not change within the uncertainties between the fits using variable vs fixed 𝑖
and \ .

model, we compare the derived rotation curve and 3dbarolo model
galaxy position-velocity (PV) diagramwith the PVdiagram extracted
along the major axis (red rectangle in Figure 5) of ESO501−G075
(Figure 7). We find that the model PV diagram and derived rotation
curve arewell matched to the PV diagram from the data.We note that,
should ESO501−G075 be undergoing strong ram pressure stripping,
then the tilted ring model fit would have large uncertainties due to
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Figure 7. Position-velocity diagram along the major axis of ESO501−G075
(red rectangle in Figure 5). The blue and orange contours correspond to the
data and the tilted ring model, respectively, which show good agreement. The
contours correspond to 2, 4 and 8mJy per beam per 4 km s−1 channel. The
filled red circles indicate the derived rotation curve (top panel of Figure 6).
Both the model PV diagram contours and derived rotation curve show good
agreement with the data.

non-circularmotions introduced into the gas disc by the ram pressure.
However, we do not believe this to be the case (see Sections 4.1, 4.2,
5).

4.4 Mass Modelling

In order to investigate whether ram pressure can effectively strip
gas from ESO501−G075, we require an estimate of the galaxy’s
gravitational restoring force acting upon the gas. This restoring force
is produced by the stars, gas and dark matter comprising the galaxy.
Unlike the observable baryonic components (stars and gas), which
we can directly measure, we can only estimate the dark matter mass
based on the rotation curve of the galaxy. The observed rotation
curve, 𝑣total, of a galaxy is the result of the mass distribution within
the galaxy’s halo, which is made up of contributions from the stellar,
gaseous and dark matter components. These can be modelled as

𝑣2total (𝑟) = 𝑣2gas (𝑟) + 𝑣2star (𝑟) + 𝑣2dm (𝑟), (3)

where 𝑣𝑥 (𝑟) are the radial velocity contributions from the gas, stars
and dark matter (𝑥 = gas, star, dm; respectively). The gas and stellar
surface densities, Σgas and Σstar, are used to estimate the velocity
contributions 𝑣gas and 𝑣star, respectively.

4.4.1 Gas Surface Density

Under the assumption that H i gas is optically thin, the gas surface
density of a galaxy is related to its H i column density profile using,

Σgas (𝑟) = 𝑓 𝑚H𝑁HI (𝑟) cos(𝑖), (4)

where 𝑓 is a scale factor used to account for the contributions from
helium and molecular gas (we set 𝑓 = 1.4, as often assumed in the
literature, e.g. Westmeier et al. 2011; Reynolds et al. 2019; Elagali
et al. 2019), 𝑚H is the mass of the hydrogen atom, 𝑁HI (𝑟) is the
H i column density and 𝑖 is the inclination of the galaxy. We extract
the H i surface density using the gipsy (van der Hulst et al. 1992;
Vogelaar & Terlouw 2001) task ellint for rings with a width of
15 arcsec defined by the inclination and position angle that we used to
extract the rotation curve from the tilted ring modelling (see Table 4).
Additionally, we assume that the gas is located within an infinitely
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thin disc. If there are regions containing dense gas that is not optically
thin then Σgas will only provide a lower limit at these locations. The
gas surface density is shown by the blue squares in the upper panel
of Figure 8. In Table 4, gas surface densities, Σgas, measured at radii
> 82.5 arcsec correspond to the H i tail, which is not fit by the tilted
ring modelling.

4.4.2 Stellar Surface Density

Stellar surface densities, Σstar, are derived from optical or near-
infrared flux densities using wavelength-dependent stellar mass-to-
light ratios. Here we derive Σstar using VISTA Hemisphere Survey
(VHS, McMahon et al. 2013) 𝐽- and 𝐾-band images. Near-infrared
data have the advantage over optical data of being less sensitive to
absorption by dust (e.g. Taylor et al. 2011; Westmeier et al. 2011).
We use equations 6 and 7 from Reynolds et al. (2019) to convert
the 𝐽- and 𝐾-band image pixel units, 𝐴𝐽 and 𝐴𝐾 , to maps of stellar
mass. Similar to the H i surface density described above, we again
use ellint to extract the stellar surface density in 5 arcsec rings with
the parameters used in the tilted ring model (see Table 4). We use
5 arcsec rings instead of 15 arcsec rings due to the high angular res-
olution of the VHS images (∼ 0.51 arcsec). We then take the average
of the surface densities derived from the 𝐽- and 𝐾-band images and
interpolate between rings to determine the Σstar at the same radii as
Σgas and the derived rotation curve (Table 4). The average stellar
surface density derived using 5 arcsec and interpolated to 15 arcsec
rings are shown by the hollow grey and filled orange circles, respec-
tively, in the upper panel of Figure 8. We note that if we instead
extract Σstar using 15 arcsec rings our results do not change within
the stellar surface density uncertainties.
Unlike the gas, which we assume to be in an infinitely thin disc,

we assume that the stars are in a disc with non-negligible height. We
model vertical density of the stellar disc assuming it has a sech2 (𝑧/𝑧0)
dependence given by,

𝜌(𝑟, 𝑧) = 𝜌(𝑟)sech2 (𝑧/𝑧0), (5)

where 𝜌(𝑟) is the radial density distribution, 𝑧 is the height above the
disc and 𝑧0 is the disc scale height. This vertical density dependence
is based on observations of edge-on spiral galaxies (van der Kruit
& Searle 1981b,a) and is frequently used in the literature (e.g. de
Blok et al. 2008; Westmeier et al. 2011; Reynolds et al. 2019; Elagali
et al. 2019). We assume a ratio between the stellar disc exponential
scale length, 𝑙, and scale height of 𝑙/𝑧0 = 5 (e.g. van der Kruit
& Searle 1981b; Westmeier et al. 2011). Using the average stellar
surface density profile, we calculate the stellar disc scale length to be
𝑙 = 7.9±0.9 kpc, which gives a disc scale height of 𝑧0 = 1.6±0.9 kpc.

4.4.3 Dark Matter Profile

There are a number of profiles that can be used tomodel the darkmat-
ter density distribution, such as pseudo-isothermal (Begeman et al.
1991), Burkert (1995) and Navarro, Frenk andWhite (NFW, Navarro
et al. 1997). Here we have chosen to use the NFW profile, which is
based on the results of N-body simulations. We limit our analysis
to using only the NFW profile due to the low spatial resolution (i.e.
∼ 5 kpc) of the H i data. We would require higher spatial resolution
of the inner ∼ 5–10 kpc to assess the goodness of fit of different dark
matter profiles. For details of the NFW profile see section 4.3.3 of
Westmeier et al. (2011) and their equations 18 and 19 for the NFW
density profile and circular velocity profile that we use in this work.

Table 5. Dark matter parameters output from the mass modelling: 𝑟s is the
dark matter profile scale radius, 𝑟200 is the radius at which the mean halo
density is 200 times 𝜌crit, 𝜒2red is the reduced 𝜒

2 for the mass model fit,
log(𝑀DM/[M� ]) is the dark matter mass within 𝑟 < 24.4 kpc and 𝑓DM is
the dark matter fraction.

Parameter Value

𝑟s [kpc] 32 ± 7
𝑟200 [kpc] 141 ± 14
𝜒2red 0.7
log(𝑀DM/[M� ]) 11.3 ± 0.1
𝑓DM 0.86

4.4.4 Dark Matter Mass

To determine the dark matter mass required for the observed rotation
curve we use the gipsy task rotmas. The inputs for rotmas are the
observed rotation curve (derived from the tilted ring modelling of the
gas), the stellar and gaseous surface densities (derived from the VHS
𝐽- and 𝐾-band images and H i column density map, respectively) and
the velocity profile for our chosen dark matter density profile (NFW).
We show our derived mass model in the lower panel of Figure 8,
which shows good agreement between the observed rotation curve
(black circles) and derived total rotation curve (solid red curve).
The individual velocity contributions from stars, gas and dark matter
to the overall rotation curve are shown by the dot-dashed (orange),
dashed (blue) and dotted (green) curves, respectively. We tabulate
the derived fit parameters, total dark matter mass and dark matter
fraction in Table 5.
We estimate the dark matter mass within a radius of 𝑟 < 24.4 kpc

(the largest radius at which we have derived the rotational velocity)
to be log(𝑀DM/[M�]) = 11.3 ± 0.1, which results in a dark matter
fraction of 𝑓DM = 0.86 indicating that ESO501−G075 is dark matter
dominated. Our total mass (gas + stars + dark matter) derived from
the mass modelling of log(𝑀total/[M�]) = 11.3 ± 0.1 is also in
agreement with the dynamical mass estimate of log(𝑀Dyn/[M�]) =
11.3 ± 0.1 within 𝑟 < 24.4 kpc.
Placing our dark matter mass estimate in context, we compare the

dark matter fraction for ESO501−G075 within < 2.2𝑙 = 15.9 kpc
(𝑙 is the disc scale length) to the results for disc galaxies from
Courteau&Dutton (2015).We estimate 𝑓DM = 0.78 for 𝑟 < 15.5 kpc
(𝑣rot ∼ 191 km s−1). This is in agreement with the DiskMass Sur-
vey (Bershady et al. 2010; Martinsson et al. 2013) disc galaxies in
figure 1 from Courteau & Dutton (2015) and show ESO501−G075
has a dark matter fraction and rotational velocity consistent with
possessing stable stellar and gaseous discs.

5 DISCUSSION

Wenowaddresswhether ESO501−G075’s observedH imorphology
is compatible with it infalling into the Hydra I cluster and with the
H i disc being disturbed by environmental processes.
Asmentioned in the introduction, ram pressure stripping is thought

to be the dominant mechanism that removes H i from cluster galaxies.
Although we note that the absence of significant H i stripping (i.e.
average H i content DEFHI = 0.14) indicates that ESO501−G075
is likely infalling for the first time and any mechanism acting on it
has yet to remove significant quantities of H i gas from the galaxy.
This is also supported by ESO501−G075’s position in projected
phase-space (Figure 1), which provides a minimum distance from
the cluster centre (∼ 1.05◦).
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Figure 8. The upper panel shows the gas and average stellar surface densities
as a function of radius. The stellar surface density is the average from the 𝐽 -
and 𝐾 -bands measured using 5 arcsec rings (grey open circles) and interpo-
lated to the H i resolution of 15 arcsec rings (filled orange circles). The gas
surface density is measured from the moment 0 map (filled blue squares).
The lower panel shows the results from the mass modelling for an NFW dark
matter halo. The blue dashed curve, orange dot-dashed curve and green dotted
curve show the contributions from the gas, stars and dark matter to the total
rotation curve (red solid curve) which is plotted over the observed rotation
curve (black circles).

In Figure 9, we show the column density profile taken as a cut
through the centre of ESO501−G075 along the major axis. This
illustrates the difference in the H i distribution between the two sides
of the disc (i.e. compression of H i column density contours to the
SW and elongation of contours to the NE of the galaxy centre, seen
in Figure 5). Figure 9 shows the sharp, rapid drop in column density
on the SW (blue) side compared with the more gradual and extended
decline in column density on the NE (orange) side at distances &
75 arcsec. The absence of close neighbouring galaxies (Figure 2,
Table 1) and the orientation of the H i extended tail pointing away
from the cluster centre suggest that the observed morphology may be
a result of ESO501−G075 interacting with the cluster environment.
We investigate whether the observed H imorphology is consistent

with a ram pressure stripping scenario using a simple model that
equates the strength of the ram pressure exerted on the gaseous disc
to the gravitational restoring force produced by the dark matter halo
of ESO501−G075 as a function of disc radius. Gunn & Gott (1972)
proposed this method for estimating the radius beyond which gas can
be removed due to ram pressure stripping (e.g. the stripping radius)
from a galaxy travelling face-on through the IGM. The gravitational
restoring force cannot be estimated at a height above the disc if the
galaxy is instead moving edge-on through the IGM. However, for
galaxy inclinations with respect to the infall direction . 60◦ (not to
be confused with the observed inclination, 𝑖), Roediger & Brüggen
(2006) show that this method for equating the gravitational restoring
force to ram pressure produces meaningful results in simulations.
Assuming that a galaxy is moving face-on through the cluster

IGM, the only gravitational restoring force acting on the galaxy is
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Figure 9. Column density cut along the major axis of ESO501−G075, ex-
tracted from the 6 arcsec wide red dashed box indicated in Figure 5 illustrating
that the H i disc is more extended on the NE (orange) compared to the SW
(blue) side.

perpendicular to the disc (i.e. in the 𝑧-direction). In this scenario,
the gravitational restoring force at a given radius, 𝑟, within the disc
of a galaxy can be estimated from (e.g. Roediger & Brüggen 2006;
Köppen et al. 2018),

𝑃grav (𝑟) = Σgas (𝑟)
���� 𝜕Φ(𝑟)
𝜕𝑧

����
max

, (6)

where Σgas (𝑟) is the gas surface density and
��� 𝜕Φ(𝑟 )
𝜕𝑧

���
max
is the gravi-

tational acceleration due to a given gravitational potential Φ(𝑟). The
gravitational acceleration is determined from the height above the
disc, 𝑧, that maximises the acceleration. For an NFW profile the
gravitational potential is given by

ΦNFW (𝑟) =
−𝐺𝑀200 ln

(
1 + 𝑟NFW

𝑟s

)
𝑟NFW

[
ln(1 + 𝑐) − 𝑐

1+𝑐
] , (7)

where 𝑟NFW is the radius of the spherical dark matter halo (not to
be confused with the radius of the stellar/gaseous disc), 𝐺 is the
gravitational constant, 𝑐 = 𝑅200/𝑟s is the concentration parameter,
𝑟s is the halo scale radius, 𝑅200 is the radius at which the mean
halo density is 200 times the critical density of the Universe and is
approximately the halo virial radius and 𝑀200 is the mass enclosed
within 𝑅200. 𝑀200 can be calculated from 𝑅200 using

𝑀200 =
100𝐻20𝑅

3
200

𝐺
. (8)

The strength of the ram pressure experienced by the disc is deter-
mined by

𝑃ram = 𝑛IGM𝑣
2
rel, (9)

where 𝑛IGM is the density of the IGM and 𝑣rel is the velocity of
the galaxy relative to the IGM. Ram pressure will dominate and be
effective at stripping gas when 𝑃grav (𝑟) < 𝑃ram (e.g. below the hor-
izontal dashed lines in Figure 11). The velocity difference between
ESO501−G075 and the Hydra I cluster of Δc𝑧cl ∼ 960 km s−1 pro-
vides an estimate for the relative velocity, 𝑣rel. We estimate the ram
pressure strength, 𝑃ram, for 𝑣rel = 800, 1 000 and 1 200 km s−1.
The optimal method for estimating the IGM density is using X-ray

observations. However, the Hydra I cluster only has Chandra and
XMM-Newton X-ray observations out to ∼ 50 kpc (Hayakawa et al.
2004, 2006; Cavagnolo et al. 2009). Instead, we assume a 𝛽-model
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Figure 10. Hydra I cluster IGM 𝛽-model density profile. The dashed blue
curve shows the profile for 𝑛0 = 0.011 cm−3 with the shaded region indicating
the variation for central densities of±0.003 cm−3 (i.e. the difference in central
density fromChandra andXMM-Newton observations,Hayakawa et al. 2004,
2006). The orange lines indicate the three IGM densities, 𝑛IGM, we use
for estimating the strength of the ram pressure exerted on ESO501−G075
(see Figure 11) with the vertical line located at the projected distance of
ESO501−G075 from the cluster centre and the arrow indicating that this is a
lower limit on the 3-dimensional cluster centric distance.

(e.g. Cavaliere & Fusco-Femiano 1976; Gorenstein et al. 1978) to
model the radial cluster density profile, which is given by,

𝑛IGM (𝑟) = 𝑛0
(
1 +

(
𝑟

𝑟c

)2)−3𝛽/2
, (10)

where 𝑛0 is the central density of the cluster, 𝑟c is the core radius and 𝛽
characterises the radial density profile. We set 𝑛0 = 0.011 cm−3, 𝑟c =
94 kpc and 𝛽 = 0.69 based on XMM-Newton X-ray observations of
the Hydra I cluster from (Hayakawa et al. 2006). Using these values
we derive the density profile shown in Figure 10. We note the 𝛽-
model assumes that the IGM density follows an isotropic, perfectly
smooth distribution. This is unlikely to be a true representation of the
local IGM density at ESO501−G075 as clusters are frequently found
to contain significant density structure (e.g. Jones & Forman 1999;
Schuecker 2005; Parekh et al. 2015). We assume IGM densities of
𝑛IGM = 1, 2 and 5 × 10−5 cm−3 for estimating 𝑃ram as the 𝛽-model
IGM density is . 5 × 10−5 cm−3 at distances ≥ 1.12Mpc (i.e. the
projected cluster centric distance). The projected distance provides a
lower limit on the true, 3-dimensional distance with the galaxy likely
> 1.12Mpc based on its velocity relative to the cluster and position
in phase-space (Figure 1).
In Figure 11, we show the radial variation in the ratio of the

gravitational restoring force to the ram pressure strength for three
values of the IGM density, 𝑛IGM, and three galaxy velocities relative
to the IGM, 𝑣rel. In the upper panel we fix 𝑣rel = 1 000 km s−1 and
vary 𝑛IGM while in the lower panel we fix 𝑛IGM = 2×10−5 cm−3 and
vary 𝑣rel. For the inner 10–20 kpc, the gravitational restoring force
dominates by up to an order of magnitude indicating ESO501−G075
is stable against the effects of ram pressure stripping over the stellar
disc. In reality, the gravitational restoring force will be even stronger
in the inner regions of the galaxy as we have not taken into account
the gravitational contributions from the stellar and gaseous discs.
We illustrate the effect including the stellar disc gravitational po-

tential has on the restoring force, 𝑃grav, by modelling the gravita-
tional potential of the stellar disc by the Miyamoto-Nagai potential
(Miyamoto & Nagai 1975), which models a disc with a non-zero
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Figure 11.The ratio of the gravitational restoring pressure to the ram pressure
felt by gas at a given radius from the galaxy centre. The upper panel shows
the variation in the pressure ratio for three assumed IGM densities, 𝑛IGM,
and a fixed relative velocity of the galaxy with respect to the IGM of 𝑣rel =
1 000 km s−1. The lower panel show the same but for three assumed relative
velocities, 𝑣rel, and a fixed IGM density of 𝑛IGM = 2 × 10−5 cm−3. Ram
pressure dominates at radii where the curves drop below the horizontal dashed
line. The vertical dotted line indicates the approximate radius of the presumed
leading edge of the H i disc (SW side of galaxy in the left panel of Figure 5).
The grey curves indicate the effect of including the gravitational potential for
the stellar disc in 𝑃grav.

thickness and is given by,

ΦMN (𝑟, 𝑧) =
−𝐺𝑀star√︃

𝑟2 + (
√︁
𝑧2 + 𝑏2 + 𝑎)2

, (11)

where 𝑀star is the stellar mass, 𝑟 is the radius in the plane of the
disc, 𝑧 is the height above the disc and 𝑎 and 𝑏 are the disc scale
length and height, respectively. The total gravitational potential is
then the sum of ΦNFW (𝑟) and ΦMN (𝑟, 𝑧) at radii within the stellar
disc (𝑟 < 25 kpc) and simplifies to ΦNFW (𝑟) beyond the stellar disc.
The resulting curves for the ratio log(𝑃grav/𝑃ram) are shown in grey
in Figure 11 and are increased by ∼ 0.5 dex within the stellar disc.
There are some inherent limitations in our assumed simple analytic

model for ram pressure stripping. Our assessment of the effectiveness
of ram pressure stripping of the H i disc assumes that ESO501−G075
is travelling face-on through the IGM. However, ESO501−G075 is
not likely to be oriented face-on, but instead inclined with respect to
the direction of motion through the IGM, which will introduce some
uncertainty. In particular, if the galaxy is moving edge-on through
the IGM then our simple model of the gravitational restoring force
breaks down and does not represent the force that ram pressure must
overcome to dominate (i.e. our analysis estimates the most extreme
amount of stripping that ESO501−G075 could experience). This
explains how our modelling can produce the expectation that gas
should be stripped at smaller radii than observed, and indicates that
ESO501−G075 is most likely not moving directly face-on through
the IGM (e.g. Jáchym et al. 2009 show in simulations that the strip-
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ping efficiency decreases as a galaxy’s orientation becomes more
edge-on, which results in less mass loss and gas being retained at
larger radii). However, the model we use can provide a meaningful
assessment of the effectiveness of ram pressure for galaxies with ori-
entations < 60◦ (e.g. Roediger & Brüggen 2006) with respect to the
IGM (where face-on is 0◦ and edge-on is 90◦).
In our model, ram pressure dominates at radii 𝑟 > 25 kpc (the

edge of the H i disc on the SW side of ESO501−G075, indicated by
the vertical dotted line in Figure 11) for all 𝑛IGM and 𝑣rel. Although
this is compatible with a ram pressure stripping scenario, which is
consistent with our understanding of the cluster environment, there
are other environmental mechanisms that could produce the observed
morphology of ESO501−G075. As previously mentioned, tidal in-
teractions, harassment and mergers are unlikely to be responsible, as
ESO501−G075 does not have any close neighbours with or without
H i detections and the stellar disk appears undisturbed (Section 4.1).
We cannot disentangle the contributions of other hydrodynamical
processes (e.g. viscous or tidal stripping) from ram pressure. How-
ever, viscous stripping is found to act over longer timescales (e.g.
∼ 109 yr, Quilis et al. 2000; Roediger & Hensler 2005) than ram
pressure (e.g. ∼ 107–108 yr, Abadi et al. 1999; Vollmer et al. 2001)
and tidal stripping should be most effective near the cluster core ra-
dius and decrease in strength towards the edge of the cluster (Merritt
1984).

6 CONCLUSIONS

We have presented results from the first cluster observed with WAL-
LABY: the Hydra I cluster. These are the first observations reaching
the final sensitivity of WALLABY.We provide a first look at Hydra I
cluster members within the cluster virial radius detected in H i emis-
sion and findWALLABY detects 51 galaxies. Of these sources, there
are five galaxies spatially resolved in H i by > 5 synthesised beams.
We identify two of these galaxies with large asymmetries in their H i
morphologies.One lies in projection near the cluster centre and shows
signs of experiencing ram pressure. The other, ESO501−G075, lies
near the virial radius and has a line of sight velocity relative to the
cluster that is near the cluster escape velocity.
We carry out a case study on ESO501−G075 to assess whether the

observed H imorphology is compatible with a ram pressure stripping
scenario. We derive the rotation curve by fitting a tilted ring model to
the H i spectral line cube. We then combine the rotation curve with
stellar and gaseous radial surface density profiles from averagedVHS
𝐽- and 𝐾-band images and the H i column density map, respectively,
to estimate the dark matter mass of ESO501−G075 for an assumed
NFWdarkmatter profile.We estimate ESO501−G075 to have a dark
matter mass of log(𝑀DM/[M�]) = 11.3 ± 0.1 contained within a
radius of 𝑟 < 24.4 kpc and find ESO501−G075 to be dark matter
dominated with a dark matter fraction of 𝑓DM = 0.86. We also find
that the dark matter fraction within 2.2 scale lengths (𝑟 < 15.9 kpc)
and rotational velocity (∼ 0.78 and ∼ 191 km s−1, respectively) are
consistent with ESO501−G075 having stable stellar and gaseous
discs, consistent with the results of Courteau & Dutton (2015).
We then calculate the strength of rampressure that ESO501−G075

could experience for IGM densities in the range 𝑛IGM = 1–
5 × 10−5 cm−3 and relative velocities between ESO501−G075 and
the cluster IGM of 𝑣rel = 800–1 200 km s−1 (i.e. velocities in the
range of the velocity difference between the galaxy and the clus-
ter, Δc𝑧cl ∼ 960 km s−1). We use a simple analytic model to equate
the estimated ram pressure to the gravitational restoring force of
the galaxy due to an NFW dark matter potential to determine if the

observed morphology is consistent with a ram pressure stripping
scenario. In our model, ram pressure dominates at radii 𝑟 & 25 kpc,
which corresponds to the radius of the presumed leading edge of the
H i disc, for all combinations of IGM density and relative velocity.
We conclude that the H i morphology of ESO501−G075 is compat-
ible with the galaxy experiencing ram pressure and consistent with
ESO501−G075 falling into Hydra I for the first time. Our results are
also in agreement with the ram pressure study of Hydra I by Wang
et al. (2021), in which ESO501−G075 is classified as a candidate for
experiencing ram pressure.
Looking ahead,WALLABYwill spatially resolve∼ 5 000 galaxies

in H i by > 5 synthesised beams (Koribalski et al. 2020). These
galaxies will span a range of environments including groups and
clusters. Using this analysis for the effectiveness of ram pressure
acting on these galaxies will enable a systematic study of the role
that ram pressure plays in removing gas from galaxies in groups and
clusters.

ACKNOWLEDGEMENTS

This research was conducted by the Australian Research Council
Centre of Excellence for All Sky Astrophysics in 3 Dimensions (AS-
TRO 3D), through project number CE170100013. We thank the ref-
eree for their comments.
The Australian SKA Pathfinder is part of the Australia Telescope

National Facility which is managed by the Commonwealth Scien-
tific and Industrial Research Organisation (CSIRO). Operation of
ASKAP is funded by the Australian Government with support from
the National Collaborative Research Infrastructure Strategy. ASKAP
uses the resources of the Pawsey Supercomputing Centre. Estab-
lishment of ASKAP, the Murchison Radio-astronomy Observatory
(MRO) and the Pawsey Supercomputing Centre are initiatives of
the Australian Government, with support from the Government of
Western Australia and the Science and Industry Endowment Fund.
We acknowledge the Wajarri Yamatji as the traditional owners of
the Observatory site. We also thank the MRO site staff. This paper
includes archived data obtained through the CSIRO ASKAP Science
Data Archive, CASDA (http://data.csiro.au).
The Parkes radio telescope is part of the Australia Telescope Na-

tional Facility which is funded by the Commonwealth of Australia
for operation as a National Facility managed by CSIRO.
This project has received funding from the European Research

Council (ERC) under the European Union’s Horizon 2020 research
and innovation programme (grant agreement no. 679627; project
name FORNAX).
This project has received support from the BMBF project

05A17PC2 for D-MeerKAT.
SHO acknowledges support from the National Research Founda-

tion of Korea (NRF) grant funded by theKorea government (Ministry
of Science and ICT: MSIT) (No. NRF-2020R1A2C1008706).
ARHS acknowledges receipt of the Jim Buckee Fellowship at

ICRAR-UWA.
LC is the recipient of an Australian Research Council Future Fel-

lowship (FT180100066) funded by the Australian Government.
This research has made use of the NASA/IPAC Extragalactic

Database (NED) which is operated by the Jet Propulsion Laboratory,
California Institute of Technology, under contract with the National
Aeronautics and Space Administration.
This work is based in part on observations made with the Galaxy

Evolution Explorer (GALEX). GALEX is a NASA Small Explorer,
whose mission was developed in cooperation with the Centre Na-

MNRAS 000, 1–14 (2021)

http://data.csiro.au


WALLABY Pilot Survey: RPS of ESO 501−G075 13

tional d’Etudes Spatiales (CNES) of France and the Korean Ministry
of Science and Technology.GALEX is operated for NASA by the Cal-
ifornia Institute of Technology under NASA contract NAS5-98034.

DATA AVAILABILITY

The full 36 beam, 30-square-degree H i spectral line cubes are avail-
able from the CSIROASKAP Science Data Archive (CASDA, Chap-
man 2015; Huynh et al. 2020) using the DOI https://doi.org/
10.25919/5f7bde37c20b5.

REFERENCES

Abadi M. G., Moore B., Bower R. G., 1999, MNRAS, 308, 947
Abell G. O., 1958, ApJS, 3, 211
Abraham R. G., Tanvir N. R., Santiago B. X., Ellis R. S., Glazebrook K., van
den Bergh S., 1996, MNRAS, 279, L47

Abramson A., Kenney J. D. P., Crowl H. H., Chung A., van Gorkom J. H.,
Vollmer B., Schiminovich D., 2011, AJ, 141, 164

Barnes D. G., Staveley-Smith L., Webster R. L., Walsh W., 1997, MNRAS,
288, 307

Begeman K. G., Broeils A. H., Sanders R. H., 1991, MNRAS, 249, 523
Bershady M. A., Jangren A., Conselice C. J., 2000, AJ, 119, 2645
BershadyM. A., VerheĳenM. A.W., Swaters R. A., Andersen D. R., Westfall
K. B., Martinsson T., 2010, ApJ, 716, 198

Bialas D., Lisker T., Olczak C., Spurzem R., Kotulla R., 2015, A&A, 576,
A103

Bok J., Blyth S. L., Gilbank D. G., Elson E. C., 2019, MNRAS, 484, 582
Boselli A., Gavazzi G., 2006, PASP, 118, 517
Boselli A., Gavazzi G., 2009, A&A, 508, 201
Bournaud F., Jog C. J., Combes F., 2005, A&A, 437, 69
Bravo-Alfaro H., Cayatte V., van Gorkom J. H., Balkowski C., 2000, AJ, 119,
580

Bravo-Alfaro H., Cayatte V., van Gorkom J. H., Balkowski C., 2001, A&A,
379, 347

Brown T., et al., 2017, MNRAS, 466, 1275
Burkert A., 1995, ApJ, 447, L25
Cavagnolo K. W., Donahue M., Voit G. M., Sun M., 2009, ApJS, 182, 12
Cavaliere A., Fusco-Femiano R., 1976, A&A, 500, 95
Cayatte V., van Gorkom J. H., Balkowski C., Kotanyi C., 1990, AJ, 100, 604
Cayatte V., Kotanyi C., Balkowski C., van Gorkom J. H., 1994, AJ, 107, 1003
Chambers K. C., et al., 2016, arXiv e-prints, p. arXiv:1612.05560
Chapman J. M., 2015, in IAU General Assembly. p. 2232458
Chemin L., Carignan C., Drouin N., Freeman K. C., 2006, AJ, 132, 2527
Chen H., et al., 2020, MNRAS, 496, 4654
Chung A., van Gorkom J. H., Kenney J. D. P., Vollmer B., 2007, ApJ, 659,
L115

Chung A., van Gorkom J. H., Kenney J. D. P., Crowl H., Vollmer B., 2009,
AJ, 138, 1741

Conselice C. J., 2003, ApJS, 147, 1
Conselice C. J., Bershady M. A., Jangren A., 2000, ApJ, 529, 886
Cortese L., Catinella B., Boissier S., Boselli A., Heinis S., 2011, MNRAS,
415, 1797

Courteau S., Dutton A. A., 2015, ApJ, 801, L20
DeBoer D. R., et al., 2009, IEEE Proceedings, 97, 1507
Di Teodoro E. M., Fraternali F., 2015, MNRAS, 451, 3021
Dickey J. M., 1997, AJ, 113, 1939
Dressler A., 1980, ApJ, 236, 351
Elagali A., Lagos C. D. P., Wong O. I., Staveley-Smith L., Trayford J. W.,
Schaller M., Yuan T., Abadi M. G., 2018, MNRAS, 481, 2951

Elagali A., et al., 2019, MNRAS, 487, 2797
English J., Koribalski B., Bland-Hawthorn J., Freeman K. C., McCain C. F.,
2010, AJ, 139, 102

Espada D., Verdes-Montenegro L., Huchtmeier W. K., Sulentic J., Verley S.,
Leon S., Sabater J., 2011, A&A, 532, A117

Flewelling H. A., et al., 2016, arXiv e-prints, p. arXiv:1612.05243
For B. Q., et al., 2019, MNRAS, 489, 5723
Giese N., van der Hulst T., Serra P., Oosterloo T., 2016, MNRAS, 461, 1656
Giovanelli R., Haynes M. P., 1985, AJ, 90, 2445
Girardi M., Biviano A., Giuricin G., Mardirossian F., Mezzetti M., 1993,
ApJ, 404, 38

Gnedin O. Y., 2003a, ApJ, 582, 141
Gnedin O. Y., 2003b, ApJ, 589, 752
Gorenstein P., Fabricant D., Topka K., Harnden F. R. J., Tucker W. H., 1978,
ApJ, 224, 718

Gunn J. E., 1977, ApJ, 218, 592
Gunn J. E., Gott III J. R., 1972, ApJ, 176, 1
Hampson G., et al., 2012, in Electromagnetics in Advanced Appli-
cations (ICEAA), 2012 International Conference on. pp 807–809,
doi:10.1109/ICEAA.2012.6328742

Hayakawa A., Furusho T., Yamasaki N. Y., Ishida M., Ohashi T., 2004, PASJ,
56, 743

Hayakawa A., Hoshino A., Ishida M., Furusho T., Yamasaki N. Y., Ohashi T.,
2006, PASJ, 58, 695

Haynes M. P., Giovanelli R., 1984, AJ, 89, 758
Haynes M. P., Hogg D. E., Maddalena R. J., Roberts M. S., van Zee L., 1998,
AJ, 115, 62

Hotan A. W., et al., 2014, Publ. Astron. Soc. Australia, 31, e041
Hotan A. W., et al., 2021, Publ. Astron. Soc. Australia, 38, e009
Houghton R. C. W., 2015, MNRAS, 451, 3427
Hubble E., Humason M. L., 1931, ApJ, 74, 43
Huynh M., Dempsey J., Whiting M. T., Ophel M., 2020, in Ballester P., Ibsen
J., Solar M., Shortridge K., eds, Astronomical Society of the Pacific
Conference Series Vol. 522, Astronomical Data Analysis Software and
Systems XXVII. p. 263

Jáchym P., Köppen J., Palouš J., Combes F., 2009, A&A, 500, 693
Jaffé Y. L., Smith R., Candlish G. N., Poggianti B. M., Sheen Y.-K., Verheĳen
M. A. W., 2015, MNRAS, 448, 1715

Johnston S., et al., 2008, Experimental Astronomy, 22, 151
Jones C., Forman W., 1999, ApJ, 511, 65
Jones D. H., et al., 2009, MNRAS, 399, 683
Jorgensen I., Franx M., Kjaergaard P., 1996, MNRAS, 280, 167
Kenney J. D. P., van Gorkom J. H., Vollmer B., 2004, AJ, 127, 3361
Kilborn V. A., Forbes D. A., Barnes D. G., Koribalski B. S., Brough S., Kern
K., 2009, MNRAS, 400, 1962

Kleiner D., et al., 2019, MNRAS, 488, 5352
Köppen J., Jáchym P., Taylor R., Palouš J., 2018, MNRAS, 479, 4367
Koribalski B. S., López-Sánchez Á. R., 2009, MNRAS, 400, 1749
Koribalski B. S., et al., 2020, Ap&SS, 365, 118
Lee-Waddell K., et al., 2019, MNRAS, 487, 5248
Lewis C., 2019, PhD thesis, Queen’s University at Kingston
Martinsson T. P. K., Verheĳen M. A. W., Westfall K. B., Bershady M. A.,
Andersen D. R., Swaters R. A., 2013, A&A, 557, A131

Matthews L. D., van Driel W., Gallagher J. S. I., 1998, AJ, 116, 1169
McDonald M., et al., 2017, ApJ, 843, 28
McMahon P., van Gorkom J., Richter O., Ferguson H., 1993, in Shull J. M.,
Thronson H. A., eds, Evolution of Galaxies and their Environment. p. 284

McMahon R. G., Banerji M., Gonzalez E., Koposov S. E., Bejar V. J., Lodieu
N., Rebolo R., VHS Collaboration 2013, The Messenger, 154, 35

Merritt D., 1984, ApJ, 276, 26
Meyer M. J., et al., 2004, MNRAS, 350, 1195
Mihos J. C., Hernquist L., 1996, ApJ, 464, 641
Miyamoto M., Nagai R., 1975, PASJ, 27, 533
Moore B., Katz N., Lake G., Dressler A., Oemler A., 1996, Nature, 379, 613
Moore B., Lake G., Katz N., 1998, ApJ, 495, 139
Moore B., Lake G., Quinn T., Stadel J., 1999, MNRAS, 304, 465
Murugeshan C., et al., 2021, MNRAS, submitted
Navarro J. F., Frenk C. S., White S. D. M., 1997, ApJ, 490, 493
Nulsen P. E. J., 1982, MNRAS, 198, 1007
Oemler A. J., 1974, ApJ, 194, 1
Parekh V., van der Heyden K., Ferrari C., Angus G., Holwerda B., 2015,
A&A, 575, A127

Planck Collaboration et al., 2016, A&A, 594, A13

MNRAS 000, 1–14 (2021)

https://doi.org/10.25919/5f7bde37c20b5
https://doi.org/10.25919/5f7bde37c20b5
http://dx.doi.org/10.1046/j.1365-8711.1999.02715.x
https://ui.adsabs.harvard.edu/abs/1999MNRAS.308..947A
http://dx.doi.org/10.1086/190036
https://ui.adsabs.harvard.edu/abs/1958ApJS....3..211A
http://dx.doi.org/10.1093/mnras/279.3.L47
http://adsabs.harvard.edu/abs/1996MNRAS.279L..47A
http://dx.doi.org/10.1088/0004-6256/141/5/164
https://ui.adsabs.harvard.edu/abs/2011AJ....141..164A
http://dx.doi.org/10.1093/mnras/288.2.307
https://ui.adsabs.harvard.edu/abs/1997MNRAS.288..307B
http://dx.doi.org/10.1093/mnras/249.3.523
http://adsabs.harvard.edu/abs/1991MNRAS.249..523B
http://dx.doi.org/10.1086/301386
https://ui.adsabs.harvard.edu/abs/2000AJ....119.2645B
http://dx.doi.org/10.1088/0004-637X/716/1/198
https://ui.adsabs.harvard.edu/abs/2010ApJ...716..198B
http://dx.doi.org/10.1051/0004-6361/201425235
https://ui.adsabs.harvard.edu/abs/2015A&A...576A.103B
https://ui.adsabs.harvard.edu/abs/2015A&A...576A.103B
http://dx.doi.org/10.1093/mnras/sty3448
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484..582B
http://dx.doi.org/10.1086/500691
https://ui.adsabs.harvard.edu/abs/2006PASP..118..517B
http://dx.doi.org/10.1051/0004-6361/200912658
https://ui.adsabs.harvard.edu/abs/2009A&A...508..201B
http://dx.doi.org/10.1051/0004-6361:20042036
https://ui.adsabs.harvard.edu/abs/2005A&A...437...69B
http://dx.doi.org/10.1086/301194
https://ui.adsabs.harvard.edu/abs/2000AJ....119..580B
https://ui.adsabs.harvard.edu/abs/2000AJ....119..580B
http://dx.doi.org/10.1051/0004-6361:20011242
https://ui.adsabs.harvard.edu/abs/2001A&A...379..347B
http://dx.doi.org/10.1093/mnras/stw2991
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.1275B
http://dx.doi.org/10.1086/309560
https://ui.adsabs.harvard.edu/abs/1995ApJ...447L..25B
http://dx.doi.org/10.1088/0067-0049/182/1/12
https://ui.adsabs.harvard.edu/abs/2009ApJS..182...12C
https://ui.adsabs.harvard.edu/abs/1976A&A....49..137C
http://dx.doi.org/10.1086/115545
https://ui.adsabs.harvard.edu/abs/1990AJ....100..604C
http://dx.doi.org/10.1086/116913
https://ui.adsabs.harvard.edu/abs/1994AJ....107.1003C
https://ui.adsabs.harvard.edu/abs/2016arXiv161205560C
http://dx.doi.org/10.1086/508859
https://ui.adsabs.harvard.edu/abs/2006AJ....132.2527C
http://dx.doi.org/10.1093/mnras/staa1868
https://ui.adsabs.harvard.edu/abs/2020MNRAS.496.4654C
http://dx.doi.org/10.1086/518034
https://ui.adsabs.harvard.edu/abs/2007ApJ...659L.115C
https://ui.adsabs.harvard.edu/abs/2007ApJ...659L.115C
http://dx.doi.org/10.1088/0004-6256/138/6/1741
http://adsabs.harvard.edu/abs/2009AJ....138.1741C
http://dx.doi.org/10.1086/375001
https://ui.adsabs.harvard.edu/abs/2003ApJS..147....1C
http://dx.doi.org/10.1086/308300
https://ui.adsabs.harvard.edu/abs/2000ApJ...529..886C
http://dx.doi.org/10.1111/j.1365-2966.2011.18822.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415.1797C
http://dx.doi.org/10.1088/2041-8205/801/2/L20
https://ui.adsabs.harvard.edu/abs/2015ApJ...801L..20C
http://dx.doi.org/10.1109/JPROC.2009.2016516
http://adsabs.harvard.edu/abs/2009IEEEP..97.1507D
http://dx.doi.org/10.1093/mnras/stv1213
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.3021D
http://dx.doi.org/10.1086/118408
https://ui.adsabs.harvard.edu/abs/1997AJ....113.1939D
http://dx.doi.org/10.1086/157753
http://adsabs.harvard.edu/abs/1980ApJ...236..351D
http://dx.doi.org/10.1093/mnras/sty2462
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.2951E
http://dx.doi.org/10.1093/mnras/stz1448
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.2797E
http://dx.doi.org/10.1088/0004-6256/139/1/102
http://adsabs.harvard.edu/abs/2010AJ....139..102E
http://dx.doi.org/10.1051/0004-6361/201016117
https://ui.adsabs.harvard.edu/abs/2011A&A...532A.117E
https://ui.adsabs.harvard.edu/abs/2016arXiv161205243F
http://dx.doi.org/10.1093/mnras/stz2501
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489.5723F
http://dx.doi.org/10.1093/mnras/stw1426
http://adsabs.harvard.edu/abs/2016MNRAS.461.1656G
http://dx.doi.org/10.1086/113949
https://ui.adsabs.harvard.edu/abs/1985AJ.....90.2445G
http://dx.doi.org/10.1086/172256
https://ui.adsabs.harvard.edu/abs/1993ApJ...404...38G
http://dx.doi.org/10.1086/344636
https://ui.adsabs.harvard.edu/abs/2003ApJ...582..141G
http://dx.doi.org/10.1086/374774
https://ui.adsabs.harvard.edu/abs/2003ApJ...589..752G
http://dx.doi.org/10.1086/156421
https://ui.adsabs.harvard.edu/abs/1978ApJ...224..718G
http://dx.doi.org/10.1086/155715
https://ui.adsabs.harvard.edu/abs/1977ApJ...218..592G
http://dx.doi.org/10.1086/151605
http://adsabs.harvard.edu/abs/1972ApJ...176....1G
http://dx.doi.org/10.1109/ICEAA.2012.6328742
http://dx.doi.org/10.1093/pasj/56.5.743
https://ui.adsabs.harvard.edu/abs/2004PASJ...56..743H
http://dx.doi.org/10.1093/pasj/58.4.695
https://ui.adsabs.harvard.edu/abs/2006PASJ...58..695H
http://dx.doi.org/10.1086/113573
https://ui.adsabs.harvard.edu/abs/1984AJ.....89..758H
http://dx.doi.org/10.1086/300166
https://ui.adsabs.harvard.edu/abs/1998AJ....115...62H
http://dx.doi.org/10.1017/pasa.2014.36
http://adsabs.harvard.edu/abs/2014PASA...31...41H
http://dx.doi.org/10.1017/pasa.2021.1
https://ui.adsabs.harvard.edu/abs/2021PASA...38....9H
http://dx.doi.org/10.1093/mnras/stv1113
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.3427H
http://dx.doi.org/10.1086/143323
https://ui.adsabs.harvard.edu/abs/1931ApJ....74...43H
http://dx.doi.org/10.1051/0004-6361/200811469
https://ui.adsabs.harvard.edu/abs/2009A&A...500..693J
http://dx.doi.org/10.1093/mnras/stv100
https://ui.adsabs.harvard.edu/abs/2015MNRAS.448.1715J
http://dx.doi.org/10.1007/s10686-008-9124-7
https://ui.adsabs.harvard.edu/abs/2008ExA....22..151J
http://dx.doi.org/10.1086/306646
https://ui.adsabs.harvard.edu/abs/1999ApJ...511...65J
http://dx.doi.org/10.1111/j.1365-2966.2009.15338.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.399..683J
http://dx.doi.org/10.1093/mnras/280.1.167
https://ui.adsabs.harvard.edu/abs/1996MNRAS.280..167J
http://dx.doi.org/10.1086/420805
https://ui.adsabs.harvard.edu/abs/2004AJ....127.3361K
http://dx.doi.org/10.1111/j.1365-2966.2009.15587.x
http://adsabs.harvard.edu/abs/2009MNRAS.400.1962K
http://dx.doi.org/10.1093/mnras/stz2063
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.5352K
http://dx.doi.org/10.1093/mnras/sty1610
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.4367K
http://dx.doi.org/10.1111/j.1365-2966.2009.15610.x
http://adsabs.harvard.edu/abs/2009MNRAS.400.1749K
http://dx.doi.org/10.1007/s10509-020-03831-4
https://ui.adsabs.harvard.edu/abs/2020Ap&SS.365..118K
http://dx.doi.org/10.1093/mnras/stz017
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.5248L
http://dx.doi.org/10.1051/0004-6361/201321390
https://ui.adsabs.harvard.edu/abs/2013A&A...557A.131M
http://dx.doi.org/10.1086/300492
https://ui.adsabs.harvard.edu/abs/1998AJ....116.1169M
http://dx.doi.org/10.3847/1538-4357/aa7740
https://ui.adsabs.harvard.edu/abs/2017ApJ...843...28M
http://adsabs.harvard.edu/abs/2013Msngr.154...35M
http://dx.doi.org/10.1086/161590
https://ui.adsabs.harvard.edu/abs/1984ApJ...276...26M
http://dx.doi.org/10.1111/j.1365-2966.2004.07710.x
http://adsabs.harvard.edu/abs/2004MNRAS.350.1195M
http://dx.doi.org/10.1086/177353
https://ui.adsabs.harvard.edu/abs/1996ApJ...464..641M
https://ui.adsabs.harvard.edu/abs/1975PASJ...27..533M
http://dx.doi.org/10.1038/379613a0
http://adsabs.harvard.edu/abs/1996Natur.379..613M
http://dx.doi.org/10.1086/305264
http://adsabs.harvard.edu/abs/1998ApJ...495..139M
http://dx.doi.org/10.1046/j.1365-8711.1999.02345.x
http://adsabs.harvard.edu/abs/1999MNRAS.304..465M
http://dx.doi.org/10.1086/304888
http://adsabs.harvard.edu/abs/1997ApJ...490..493N
http://dx.doi.org/10.1093/mnras/198.4.1007
https://ui.adsabs.harvard.edu/abs/1982MNRAS.198.1007N
http://dx.doi.org/10.1086/153216
https://ui.adsabs.harvard.edu/abs/1974ApJ...194....1O
http://dx.doi.org/10.1051/0004-6361/201424123
https://ui.adsabs.harvard.edu/abs/2015A&A...575A.127P
http://dx.doi.org/10.1051/0004-6361/201525830
http://adsabs.harvard.edu/abs/2016A%26A...594A..13P


14 T.N. Reynolds, et al.

Quilis V., Moore B., Bower R., 2000, Science, 288, 1617
Ramatsoku M., et al., 2020, A&A, 640, A22
Rasmussen J., Ponman T. J., Mulchaey J. S., 2006, MNRAS, 370, 453
Rasmussen J., et al., 2012, ApJ, 747, 31
Reiprich T. H., Böhringer H., 2002, ApJ, 567, 716
Reynolds T. N., et al., 2019, MNRAS, 482, 3591
Reynolds T. N., Westmeier T., Staveley-Smith L., Chauhan G., Lagos C. D. P.,
2020, MNRAS, 493, 5089

Rhee J., Smith R., Choi H., Yi S. K., Jaffé Y., Candlish G., Sánchez-Jánssen
R., 2017, ApJ, 843, 128

Richter O. G., 1989, A&AS, 77, 237
Richter O. G., Sancisi R., 1994, A&A, 290, L9
Richter O. G., Materne J., Huchtmeier W. K., 1982, A&A, 111, 193
Rodriguez-Gomez V., et al., 2019, MNRAS, 483, 4140
Roediger E., Brüggen M., 2006, MNRAS, 369, 567
Roediger E., Hensler G., 2005, A&A, 433, 875
Rogstad D. H., Lockhart I. A., Wright M. C. H., 1974, ApJ, 193, 309
Schinckel A. E. T., Bock D. C.-J., 2016, in Ground-based and Airborne
Telescopes VI. p. 99062A, doi:10.1117/12.2233920

Schuecker P., 2005, Reviews in Modern Astronomy, 18, 76
Scott T. C., et al., 2010, MNRAS, 403, 1175
Scott T. C., Brinks E., Cortese L., Boselli A., Bravo-AlfaroH., 2018,MNRAS,
475, 4648

Serra P., et al., 2015, MNRAS, 448, 1922
Sofue Y., Tutui Y., Honma M., Tomita A., Takamiya T., Koda J., Takeda Y.,
1999, ApJ, 523, 136

Sohn J., Geller M. J., Zahid H. J., Fabricant D. G., Diaferio A., Rines K. J.,
2017, ApJS, 229, 20

Solanes J. M., Manrique A., García-Gómez C., González-Casado G., Gio-
vanelli R., Haynes M. P., 2001, ApJ, 548, 97

Stevens A. R. H., Brown T., 2017, MNRAS, 471, 447
Stevens A. R. H., et al., 2019, MNRAS, 483, 5334
Taylor E. N., et al., 2011, MNRAS, 418, 1587
Taylor R., Davies J. I., Auld R., Minchin R. F., Smith R., 2013, MNRAS,
428, 459

Toomre A., Toomre J., 1972, ApJ, 178, 623
Verheĳen M. A. W., Sancisi R., 2001, A&A, 370, 765
Vogelaar M. G. R., Terlouw J. P., 2001, in Harnden Jr. F. R., Primini F. A.,
Payne H. E., eds, Astronomical Society of the Pacific Conference Series
Vol. 238, Astronomical Data Analysis Software and Systems X. p. 358

Vollmer B., Cayatte V., Balkowski C., Duschl W. J., 2001, ApJ, 561, 708
Vollmer B., Soida M., Chung A., Chemin L., Braine J., Boselli A., Beck R.,
2009, A&A, 496, 669

Wang J., et al., 2021, arXiv e-prints, p. arXiv:2104.13052
Watts A. B., Catinella B., Cortese L., Power C., 2020, MNRAS, 492, 3672
Waugh M., Webster R. L., Drinkwater M. J., 2000, in Kraan-Korteweg
R. C., Henning P. A., Andernach H., eds, Astronomical Society of
the Pacific Conference Series Vol. 218, Mapping the Hidden Universe:
The Universe behind the Mily Way - The Universe in HI. p. 231
(arXiv:astro-ph/0004272)

Westmeier T., Braun R., Koribalski B. S., 2011, MNRAS, 410, 2217
Westmeier T., et al., 2021, MNRAS, submitted
Whiting M. T., 2020, in Ballester P., Ibsen J., Solar M., Shortridge K., eds,
Astronomical Society of the Pacific Conference Series Vol. 522, Astro-
nomical Data Analysis Software and Systems XXVII. p. 469

Yoon H., Chung A., Smith R., Jaffé Y. L., 2017, ApJ, 838, 81
Zaritsky D., Rix H.-W., 1997, ApJ, 477, 118
de Blok W. J. G., Walter F., Brinks E., Trachternach C., Oh S.-H., Kennicutt
Jr. R. C., 2008, AJ, 136, 2648

deVaucouleurs G., deVaucouleurs A., Corwin Jr. H. G., Buta R. J., Paturel G.,
Fouqué P., 1991, Third Reference Catalogue of Bright Galaxies. Volume
I: Explanations and references. Volume II: Data for galaxies between 0ℎ
and 12ℎ . Volume III: Data for galaxies between 12ℎ and 24ℎ .. Springer
Science & Business Media

van derHulst J.M., Terlouw J. P., BegemanK.G., ZwitserW., RoelfsemaP.R.,
1992, in Worrall D. M., Biemesderfer C., Barnes J., eds, Astronomical
Society of the Pacific Conference Series Vol. 25, Astronomical Data
Analysis Software and Systems I. p. 131

van der Kruit P. C., Searle L., 1981a, A&A, 95, 105
van der Kruit P. C., Searle L., 1981b, A&A, 95, 116

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–14 (2021)

http://dx.doi.org/10.1126/science.288.5471.1617
https://ui.adsabs.harvard.edu/abs/2000Sci...288.1617Q
http://dx.doi.org/10.1051/0004-6361/202037759
https://ui.adsabs.harvard.edu/abs/2020A&A...640A..22R
http://dx.doi.org/10.1111/j.1365-2966.2006.10492.x
http://adsabs.harvard.edu/abs/2006MNRAS.370..453R
http://dx.doi.org/10.1088/0004-637X/747/1/31
http://adsabs.harvard.edu/abs/2012ApJ...747...31R
http://dx.doi.org/10.1086/338753
https://ui.adsabs.harvard.edu/abs/2002ApJ...567..716R
http://dx.doi.org/10.1093/mnras/sty2930
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3591R
http://dx.doi.org/10.1093/mnras/staa597
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.5089R
http://dx.doi.org/10.3847/1538-4357/aa6d6c
https://ui.adsabs.harvard.edu/abs/2017ApJ...843..128R
https://ui.adsabs.harvard.edu/abs/1989A&AS...77..237R
https://ui.adsabs.harvard.edu/abs/1994A&A...290L...9R
https://ui.adsabs.harvard.edu/abs/1982A&A...111..193R
http://dx.doi.org/10.1093/mnras/sty3345
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483.4140R
http://dx.doi.org/10.1111/j.1365-2966.2006.10335.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.369..567R
http://dx.doi.org/10.1051/0004-6361:20042131
https://ui.adsabs.harvard.edu/abs/2005A&A...433..875R
http://dx.doi.org/10.1086/153164
http://adsabs.harvard.edu/abs/1974ApJ...193..309R
http://dx.doi.org/10.1117/12.2233920
http://dx.doi.org/10.1002/3527608966.ch4
https://ui.adsabs.harvard.edu/abs/2005RvMA...18...76S
http://dx.doi.org/10.1111/j.1365-2966.2009.16204.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.403.1175S
http://dx.doi.org/10.1093/mnras/sty063
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.4648S
http://dx.doi.org/10.1093/mnras/stv079
http://adsabs.harvard.edu/abs/2015MNRAS.448.1922S
http://dx.doi.org/10.1086/307731
https://ui.adsabs.harvard.edu/abs/1999ApJ...523..136S
http://dx.doi.org/10.3847/1538-4365/aa653e
https://ui.adsabs.harvard.edu/abs/2017ApJS..229...20S
http://dx.doi.org/10.1086/318672
https://ui.adsabs.harvard.edu/abs/2001ApJ...548...97S
http://dx.doi.org/10.1093/mnras/stx1596
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471..447S
http://dx.doi.org/10.1093/mnras/sty3451
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483.5334S
http://dx.doi.org/10.1111/j.1365-2966.2011.19536.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.418.1587T
http://dx.doi.org/10.1093/mnras/sts042
https://ui.adsabs.harvard.edu/abs/2013MNRAS.428..459T
http://dx.doi.org/10.1086/151823
https://ui.adsabs.harvard.edu/abs/1972ApJ...178..623T
http://dx.doi.org/10.1051/0004-6361:20010090
https://ui.adsabs.harvard.edu/abs/2001A&A...370..765V
http://dx.doi.org/10.1086/323368
http://adsabs.harvard.edu/abs/2001ApJ...561..708V
http://dx.doi.org/10.1051/0004-6361/200811140
https://ui.adsabs.harvard.edu/abs/2009A&A...496..669V
https://ui.adsabs.harvard.edu/abs/2021arXiv210413052W
http://dx.doi.org/10.1093/mnras/staa094
https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.3672W
http://arxiv.org/abs/astro-ph/0004272
http://dx.doi.org/10.1111/j.1365-2966.2010.17596.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.410.2217W
http://dx.doi.org/10.3847/1538-4357/aa6579
https://ui.adsabs.harvard.edu/abs/2017ApJ...838...81Y
http://dx.doi.org/10.1086/303692
https://ui.adsabs.harvard.edu/abs/1997ApJ...477..118Z
http://dx.doi.org/10.1088/0004-6256/136/6/2648
http://adsabs.harvard.edu/abs/2008AJ....136.2648D
http://adsabs.harvard.edu/abs/1981A%26A....95..105V
http://adsabs.harvard.edu/abs/1981A%26A....95..116V

	1 Introduction
	1.1 The Australian Square Kilometre Array Pathfinder
	1.2 The Hydra I Cluster

	2 Data
	3 Cluster Membership
	3.1 Resolved Subsample

	4 Analysis
	4.1 ESO501-G075
	4.2 Hi Content
	4.3 Gas Kinematics
	4.4 Mass Modelling

	5 Discussion
	6 Conclusions

