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Galaxies do not live alone in the Universe. Many reside in
galaxy clusters, the crowded cities of the cosmos, where
they swim through a vast ocean of hot gas known as the
intracluster medium. As they move through this

Through the
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environment and encounter other galaxies along their
paths, their evolution can be dramatically transformed.
Much like life in crowded cities can shape the lives of
people, life in these dense cosmic environments can
accelerate the aging of galaxies by stripping away the gas
needed to form new stars.

This thesis explores these processes in the nearby Antlia

13N30HH SYNITVS OIOVYHOH 3LN3IOIA

Cluster using observations from the MeerKAT radio
telescope in South Africa. By observing neutral atomic
hydrogen, the raw material from which future stars are

formed, it becomes possible to trace how galaxies are
affected by their environments and how gas is removed
from them over time.

Particular focus is placed on the spiral galaxy NGC 3281,
which is observed undergoing multiple simultaneous
evolutionary processes. The galaxy shows evidence of
gas being stripped far beyond its disk, while also hosting
an active supermassive black hole at its center. Together,
these observations provide a detailed view of how dense
environments can reshape galaxies and influence their
evolution over cosmic time.
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Abstract

Neutral atomic hydrogen (HI) provides the gas reservoir that fuels star formation
and is highly sensitive to environmental mechanisms in galaxy clusters, making it a
key tracer for understanding galaxy evolution. Environmental mechanisms in galaxy
clusters alter the fate of this gas, thereby influencing galaxy evolution. These mech-
anisms range from gravitational interactions to hydrodynamical effects, which can
ignite or enhance internal processes such as AGN activity, resulting in a complex
interplay that shapes the observed properties of galaxies. In this licentiate thesis,
we introduce the observational and theoretical framework required to study these
processes, together with a detailed case study of a nearby galaxy undergoing these
processes: We present an environmental study of the Seyfert 2 galaxy NGC 3281 in
the Antlia cluster using deep MeerKAT H1I and radio continuum observations, com-
plemented by optical imaging. NGC 3281 hosts a truncated HI disk and is missing
~ 81j£% of its expected HI mass. We report the discovery of an isolated, large,
starless HI cloud extending up to ~ 200 kpc from NGC 3281 while carrying the
kinematic signature of the galaxy’s rotation. Together with two smaller nearby HI
clouds, this material accounts for ~ 18f§5 % of the inferred missing HI. The HI
morphology and distribution indicate ram pressure stripping as the dominant mech-
anism shaping the gas, while the complete detachment of the cloud and faint stellar
features suggest that a past weak gravitational interaction contributed to loosening
the gas reservoir. We estimate that the main HI cloud was stripped from the galaxy
~ 300-350 Myr ago. We detect strong redshifted HI absorption consistent with
ongoing cold gas inflow, and the radio continuum emission reveals kpc-scale bipo-
lar outflows emerging from the nucleus. NGC 3281 therefore represents one of the
clearest nearby examples of a galaxy undergoing multiple simultaneous evolutionary
processes.

Keywords: Galaxy Evolution, Intracluster Medium, Galaxy Clusters, Ram Pressure
Stripping, Gravitational Interactions, Active Galactic Nuclei.
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CHAPTER 1

Introduction

1.1 Galaxies

Galaxies do not evolve in isolation. Their observable properties, including morphol-
ogy, stellar populations, gas content, and nuclear activity, are shaped by a continuous
interplay between internal processes and their environment (Boselli and Gavazzi,
2006; Blanton and Moustakas, 2009; Cortese et al., 2021). Understanding how
galaxies are transformed over cosmic time is one of the central questions of mod-
ern astrophysics (Somerville and Davé, 2015)).

A galaxy is characterized as a gravitationally bound system composed of stars,
gas, dust, and dark matter. In the context of the Lambda Cold Dark Matter (ACDM)
model, such systems are formed from gas inside dark matter haloes, where it cools
radiatively, and can become sufficiently dense for gravity to overcome internal pres-
sure, allowing the gas to collapse and form stars (White and Rees, |1978)). Subsequent
evolution is governed not only by internal star formation and feedback, but also by
external influences that can alter both their structure and gas reservoir. As a result,
we find galaxies with a wide diversity of shapes, colors, and sizes.

In order to organize this diversity, early studies sought morphological classifica-
tion schemes. These differences were systematically characterized by Hubble (1926)
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Figure 1.1: Hubble sequence (Hubble, [1936). From left to right, the diagram shows the pro-
gression from early-type to late-type galaxies.

and Hubble (1936), who introduced the Hubble sequence as a morphological frame-
work for classifying galaxies (see Fig.[I.T)). Here, spheroidal systems are classified as
elliptical galaxies, while disk-like galaxies correspond to spiral galaxies, with lentic-
ular galaxies (S0) occupying an intermediate position (Sandage, |1961). Outside of
this scheme, irregular galaxies are also observed, which lack a well-defined mor-
phology (de Vaucouleurs, [1959). Hubble grouped elliptical and lenticular galaxies
into what he termed early-type galaxies, while spirals and irregulars were classified
as late-type galaxies, reflecting the original interpretation that galaxies evolved from
ellipticals into spirals. Later work showed that galaxies instead evolve in the other
direction: from spiral to elliptical systems (A. Toomre and J. Toomre, |1972), but the
terminology remained the same.

Late-type galaxies tend to be blue in color, which is characteristic of young stel-
lar populations dominated by hot massive stars, while early-type galaxies have red
colors associated with old stars (e.g. Strateva et al.,[2001). The kinematic properties
of galaxies also differ: spiral galaxies are supported by rotation and high angular
momentum, which maintain a disk-like structure, while elliptical galaxies are domi-
nated by disordered motions and high velocity dispersion (e.g. Binney and Tremaine,
2008). Together with the fact that elliptical galaxies are, on average, more massive
than spirals, these properties hint at a formation history involving hierarchical growth
through galaxy mergers (e.g. A. Toomre and J. Toomre, 1972, White and Rees,
1978). However, mergers are only one aspect of galaxy transformation. Because
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galaxies reside within a larger cosmic structure, their evolution is also influenced by
their environments (Boselli and Gavazzi, |[20006).

Galaxies are the fundamental building blocks of large-scale structure, providing an
observable record of the formation and evolution of cosmic structure. Tracing how
galaxies are transformed is thus the main goal of galaxy evolution studies, as this
evolution is governed by the same physical laws that shape the Universe. They are
ideal laboratories to explore a wide range of physical processes that operate across
different scales and environments.

1.2 Environment and galaxy evolution

Galaxy clustering and large-scale structure

In the hierarchical growth of the Universe, galaxies assemble into a network known
as the cosmic web (see Fig. . This structure is composed of filaments, sheets,
and dense nodes, separated by large underdense regions known as voids (e.g. Bond
et al.,|1996). The cosmic web arises from primordial density fluctuations in the early
Universe and evolves under the action of gravity. As galaxies flow along overdense
regions, they progressively build larger structures, such as galaxy groups and, ulti-
mately, massive galaxy clusters (e.g. Peebles, |1980), which occupy the nodes of the
cosmic web. Galaxy clusters can contain hundreds to thousands of galaxies, and the
space between them is filled with a hot, diffuse plasma known as the intracluster
medium (ICM; Sarazin|[1986)). It is estimated that ~ 80 — 90% of the matter content
in clusters is dark matter, ~ 10 — 15% is in the ICM, and less than ~ 1% resides in
the stellar component of galaxies (Lin and Mohr, [2004; Gonzalez et al., 2007). At
the center of galaxy clusters you typically find the brightest cluster galaxy (BCG),
which is usually a massive elliptical galaxy (Kravtsov and Borgani, 2012).

If left alone, an isolated galaxy would form stars for as long as it has fuel to con-
tinue the process. Once this material is exhausted, the existing stars will become
old, thus changing its optical color. The process by which star formation declines or
ceases entirely is commonly referred to as quenching (Peng et al., 2010). However,
a galaxy is unlikely to be left alone forever, as it will usually interact with its envi-
ronment and encounter other galaxies as it moves through the cosmic web (Mo et al.,
2010). Galaxies residing in high-density regions evolve differently from their coun-
terparts in more isolated environments, commonly referred to as field galaxies. This
environmental dependence is clearly illustrated by the morphology—density relation
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Figure 1.2: Large-scale structure from the Millennium Simulation (Springel et al.,2005). The
image illustrates the filamentary distribution of dark matter as a result of the pri-
mordial density fluctuations from a ACDM model.

presented by Dressler (1980): as shown in Fig.[I.3] the fraction of elliptical galaxies
increases with local density, while the fraction of late-type galaxies decreases. This
result suggests that galaxies in dense environments are subject to external processes
that can accelerate their evolutionary transformation.

Environmental mechanisms

The processes driving galaxy evolution can be broadly divided into internal and ex-
ternal mechanisms (Somerville and Davé, [2015)). Internal mechanisms, as the name
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Figure 1.3: Morphology-density relation from (Dressler, [1980). Open circles are elliptical
galaxies (E), filled circles are lenticular galaxies (S0O), and crosses are spirals plus
irregular galaxies (S+Irr).

indicates, originate within the galaxy itself and include gravitational instabilities,
stellar feedback from supernova explosions, and outflows powered by active galactic
nuclei (AGN; Kormendy and Ho[2013). These processes regulate star formation and
can heat or expel gas from the galactic disk.

External mechanisms arise from interactions between a galaxy and its surrounding
environment. These can be further classified into gravitational and hydrodynamical
processes. Gravitational effects include galaxy—galaxy interactions, tidal interactions
with the cluster potential (Merritt, {1983 Byrd and Valtonen, |1990), and the cumula-
tive impact of multiple rapid encounters, commonly referred to as harassment (Moore
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et al.,[1998)). In extreme cases, gravitational interactions can lead to galaxy mergers,
resulting in the formation of a more massive system (A. Toomre and J. Toomre,
1972).

Hydrodynamical processes occur when a galaxy interacts with the ambient medium.
Examples include ram pressure stripping (Gunn and Gott, [1972]), viscous stripping
(Nulsen, [1982), thermal evaporation (Cowie and McKee, |1977; Cowie and Songaila,
1977), and starvation (Larson et al., |1980). Among these, ram pressure stripping
(RPS) is one of the most extensively studied and can have a profound impact on
galaxy evolution. This process occurs when the ICM exerts pressure on the interstel-
lar medium (ISM) of a galaxy, removing gas from the galaxy and thereby suppressing
future star formation.

1.3 Cold gas in galaxies

The component most directly affected by many of these mechanisms is the cold gas
reservoir of a galaxy, which serves as the primary fuel for star formation (e.g. Ken-
nicutt, [1998)). Understanding how physical processes alter the distribution and state
of the cold gas is therefore central to understanding galaxy evolution.

Cold gas can primarily be found in two phases: molecular and neutral atomic. The
molecular phase is dominated by H; and is most directly associated with ongoing star
formation, as stars form in dense molecular clouds. Since H, does not emit efficiently
at the low temperatures typical of molecular clouds, it is commonly traced through
emission from carbon monoxide (CO), which serves as a proxy for the molecular gas
content (e.g. Bolatto et al., 2013)).

The neutral atomic gas, commonly referred to as HI, is typically more extended
than the stellar disk (e.g. Broeils and M.-H. Rhee, [1997). Being the most weakly
bound baryonic component of a galaxy, it is especially vulnerable to environmental
processes such as tidal interactions and RPS.

H T emits radiation at a wavelength of 21 cm (rest frequency of 1420.4 MHz) due to
the hyperfine transition of the hydrogen atom (Field, |1958)). This is a highly forbid-
den transition with an extremely low probability, corresponding to a mean lifetime
of order 107 years for an individual hydrogen atom. Nevertheless, because galaxies
contain vast quantities of HI, the collective emission from many atoms makes the 21
cm line readily observable, enabling direct measurements of the atomic gas content
of galaxies (e.g. M. J. Meyer et al.,2004). The integrated 21 cm emission yields the
total HI mass of a galaxy, while the Doppler shift of the line traces the line-of-sight
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velocity, providing direct information on the gas kinematics.

1.4 Radio telescopes and interferometry

The 21 cm line lies in the radio part of the electromagnetic spectrum and is therefore
observed with radio telescopes. A single-dish radio telescope typically consists of
a large parabolic reflector that collects and focuses incoming radio waves onto a re-
ceiver. The angular resolution of a telescope is set by the ratio between the observed
wavelength (1) and the diameter of the dish (D), approximately given by
A
~12 ) 1.1
Because the 21 cm line corresponds to a relatively long wavelength, achieving
high angular resolution requires a large dish diameter. In practice, this makes it chal-
lenging for single-dish telescopes to resolve fine spatial structure in distant galaxies.
To overcome this limitation, multiple radio antennas can be combined to form what
is known as an interferometer (Ryle and Hewish, [1960). By correlating the signals
received by antennas separated by large distances, it is possible to achieve an angular
resolution equivalent to that of a single dish whose diameter equals the maximum
separation between antennas (i.e. the maximum baseline, where a baseline refers to
the separation between any pair of antennas). In this case, the angular resolution is
approximately given by
A

0= , 1.2
Bmax ( )

where By.x denotes the maximum projected baseline length of the array.

Interferometric arrays can therefore span many kilometers, providing the angu-
lar resolution required to spatially resolve the distribution of HI in galaxies. Such
spatially resolved observations are essential for distinguishing between different en-
vironmental mechanisms, as gravitational interactions and RPS leave distinct signa-
tures in the gas morphology and kinematics. This capability has been fundamental in
advancing our understanding of the role of cold gas in galaxy evolution. By resolving
the structure of HI disks, such observations have revealed extended gas envelopes,
tidal features, asymmetries, and truncated gas disks, particularly in dense environ-
ments.

A major development in radio interferometry was the construction of the West-
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Figure 1.4: The Karl G. Jansky Very Large Array (VLA) located on the Plains of San Agustin
in New Mexico, USA. The array consists of 27 antennas arranged in a Y-shaped
configuration, providing baselines up to 36 km and enabling high-resolution radio
imaging. Image credit: NRAO/AUI/NSFE.

erbork Synthesis Radio Telescope (WSRT) in the Netherlands and later the Karl G.
Jansky Very Large Array (VLA) in New Mexico, USA (see Fig. [T.4). These facilities
enabled spatially resolved HI imaging of nearby galaxies at angular resolutions far
superior to single-dish observations. Early WSRT studies of Virgo Cluster galaxies
(Warmels, first quantified the HI deficiency of cluster spirals relative to field
galaxies. Subsequent higher-resolution observations with the VLA (Cayatte et al.,
[1990; Chung et al., 2009) revealed that the atomic gas disks of cluster galaxies are
often significantly truncated and morphologically disturbed compared to their stellar
components. Together, these results provided the smoking gun for environmentally
driven gas removal processes and firmly established spatially resolved HI imaging
as a decisive tool for studying galaxy evolution.

10



1.5 Thesis outline

1.5 Thesis outline

This licentiate thesis investigates how dense environments influence the cold gas
reservoirs of galaxies and how such environmental processes may be connected to
nuclear activity. Using deep H I and radio continuum observations of the Antlia
cluster, with particular focus on the spiral galaxy NGC 3281, this work explores
the interplay between RPS, gravitational perturbations, and active galactic nucleus
fueling.

The structure of the thesis is as follows. Chapter 2 introduces the environmen-
tal framework of galaxy evolution, describing galaxy environments and clusters, and
detailing both gravitational and hydrodynamical mechanisms responsible for gas re-
moval and star formation quenching. Chapter 3 focuses on the cold gas component
of galaxies, beginning with its role in star formation and nuclear activity, and then
presenting HI, its emission and absorption properties, observational limitations, and
the presence of cold gas beyond galactic disks. Chapter 4 presents the principles
of radio interferometric imaging, including uv coverage, weighting schemes, reso-
lution—sensitivity trade-offs, and the motivation for multi-resolution imaging. Chap-
ter 5 describes the observational data and analysis strategy adopted in this work,
including imaging parameter choices, source finding and masking, and continuum
subtraction. Chapter 6 introduces the target system and its cluster environment, sum-
marizing ancillary data and the observational context prior to the presentation of the
research article that constitutes the main scientific contribution of this thesis.

11






CHAPTER 2

Galaxy Evolution in Dense Environments

2.1 Galaxy environments

Galaxies reside in a wide range of environments that differ significantly in density,
gravitational potential, and gas content. These range from relatively isolated field
regions to galaxy groups and massive clusters, forming a continuous hierarchy in
density and mass across the cosmic web (Bond et al.,|1996; Springel et al., [2005]).
In low-density environments such as the field, galaxies evolve largely through in-
ternal mechanisms, including star formation, stellar and supernova feedback, and
other secular processes within their disks. In contrast, galaxies residing in groups
and clusters are subject to additional external influences arising from interactions
with neighboring galaxies and with the surrounding medium (Boselli and Gavazzi,
2006; Blanton and Moustakas, 2009; Cortese et al.,[2021). These environmental ef-
fects can significantly modify the distribution of cold gas, star formation activity, and
ultimately the morphology of the galaxy (Dressler, [1980; Peng et al., 2010).
Between these extremes lie the filamentary structures of the cosmic web, which
connect galaxy groups and clusters over megaparsec scales (Aragén-Calvo et al.,
2010). Filaments act as pathways through which matter flows toward the densest
nodes of large-scale structure. Galaxies located within these structures can exhibit

13
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mild to intermediate properties between those of field and cluster galaxies (O’Kane
et al., 2024)), suggesting that environmental influences may already begin to affect
their evolution before they reach the densest regions. As they migrate along these
structures, galaxies are gradually incorporated into galaxy groups and clusters, where
environmental effects become progressively stronger.

Galaxy groups represent intermediate-density environments typically containing
a few to several tens of galaxies, where gravitational interactions and mergers are
relatively common. Compared to clusters, the lower velocity dispersions in groups
make galaxy—galaxy interactions more efficient (Ostriker, |1980; Makino and Hut,
1997), allowing tidal encounters and mergers to play a significant role in driving
galaxy evolution.

In many cases, galaxies that are observed in clusters today have previously resided
in smaller groups. As a result, some evolutionary transformations may occur be-
fore galaxies enter the cluster environment, a process commonly referred to as pre-
processing (Fujita, [2004). Consequently, galaxies may already undergo significant
evolutionary changes before being accreted into a cluster, and the observed proper-
ties of cluster galaxies may reflect a combination of processes acting both prior to
and after their accretion into the cluster environment.

2.2 Galaxy clusters

Galaxy clusters are the most massive gravitationally bound structures in the Universe,
typically containing hundreds to thousands of galaxies embedded within dark matter
halos with masses of order 10'#~10'> M, (Allen et al., 2011). In addition to their
galaxy populations, these systems host a large reservoir of hot, diffuse plasma known
as the intracluster medium (ICM), briefly introduced in Section[I.2]

The ICM reaches temperatures of 10’-10% K and emits strongly at X-ray wave-
lengths through thermal bremsstrahlung radiation (Sarazin, |1986). X-ray observa-
tions therefore provide a powerful probe of the thermodynamic state and spatial dis-
tribution of the intracluster gas.

Galaxy clusters are strongly dominated by dark matter. Observations of galaxy
dynamics, gravitational lensing, and X-ray measurements of the ICM indicate that
most of the cluster mass resides in an extended dark matter halo (Zwicky, 1933}
Clowe et al., 2006; Vikhlinin et al., 2006). Only a small fraction of the total mass
is contained within galaxies themselves, while the ICM constitutes the dominant
baryonic component of the system (Lin and Mohr, |2004; Gonzalez et al., 2007).

14



2.3 Evolutionary mechanisms

The deep gravitational potential wells of clusters give rise to large galaxy velocity
dispersions, typically of order 500-1000 km s~' (Binney and Tremaine, [2008). These
high relative velocities reduce the probability of galaxy mergers compared to lower-
density environments such as galaxy groups (Ostriker, [1980; Makino and Hut,|1997).
Instead, galaxies in clusters more frequently experience rapid encounters and tidal
perturbations produced by interactions with other galaxies and with the global cluster
potential (Moore et al., 1996; Moore et al.,|1998).

Galaxy clusters grow hierarchically through the accretion of galaxies and galaxy
groups along the filaments of the cosmic web. As galaxies fall into the cluster po-
tential, they encounter increasingly dense intracluster gas and stronger tidal fields.
Mergers between clusters and infalling groups can strongly disturb the ICM, gener-
ating shocks, cold fronts, and large-scale asymmetries in the gas distribution (Marke-
vitch and Vikhlinin, [2007).

A well-known example of such a system is the Bullet Cluster (see Fig.[2.1)), where
X-ray observations reveal a highly disturbed ICM produced by the collision of two
galaxy clusters (Clowe et al.,[2006). This system illustrates how cluster mergers can
dramatically reshape the distribution of the hot intracluster gas and produce complex
dynamical states.

The physical conditions present in galaxy clusters therefore create an environment
where several processes can influence the evolution of galaxies. Interactions with
other galaxies, the cluster gravitational potential, and the surrounding ICM can sig-
nificantly affect galaxy structure and gas content.

2.3 Evolutionary mechanisms

The physical conditions present in dense environments give rise to a variety of pro-
cesses that can influence the evolution of galaxies. In this section we describe the
main processes that operate in dense environments, focusing on gravitational interac-
tions, hydrodynamical effects, and feedback driven by active galactic nuclei (AGN).

Gravitational interactions

Gravitational interactions represent one of the primary channels through which galaxy
evolution is influenced by the surrounding environment. In dense environments such
as galaxy groups and clusters, galaxies are subject not only to encounters with neigh-
boring galaxies but also to the large-scale gravitational potential of the cluster itself.

15
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Figure 2.1: Composite image of the Bullet Cluster. The hot intracluster gas traced by X-ray
emission is shown in red, while the total mass distribution inferred from gravita-
tional lensing is shown in blue. The background optical image shows the galaxies
in the cluster. The spatial separation between the X-ray emitting gas and the dom-
inant mass component provides strong evidence that the system is the result of a
collision between two galaxy clusters (Clowe et al.,|2006)). Image credit: X-ray:
NASA/CXC/CfA/M. Markevitch; Optical and lensing map: NASA/STScl, Mag-
ellan/U. Arizona/D. Clowe; Lensing map: ESO WFIL.

These interactions can perturb galactic disks, redistribute stars and gas, and produce a
variety of morphological signatures including tidal tails, bridges, and stellar streams.
The cumulative effect of such interactions can significantly alter galaxy structure and
star formation activity. In the following sections, we discuss the main gravitational
processes.

Galaxy-galaxy tidal interactions

Gravitational encounters between galaxies generate tidal forces that can perturb both
their stellar and gaseous components. During close passages, the gravitational forces

16
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exerted by a companion galaxy can distort galactic disks and produce features such
as tidal bridges, tails, and stellar streams. These disturbances primarily affect the
outer regions of galactic disks, where gravitational binding is weaker and stars and
gas can be more easily displaced.

Early numerical simulations demonstrated that many of the peculiar structures ob-
served in galaxies can arise naturally from gravitational encounters alone. Using
restricted three-body calculations, A. Toomre and J. Toomre (1972) showed that the
tidal forces generated during a close passage between disk galaxies can strongly dis-
tort an initially circular stellar disk. As illustrated in Fig.[2.2] the interaction produces
a tidal bridge extending toward the perturbing companion and a counter tail forming
on the opposite side of the galaxy. Together, these structures generate the character-
istic S-shaped morphology commonly observed in tidally interacting systems.

Tidal encounters can therefore produce significant distortions in galactic structure
even when the interacting galaxies do not merge. Repeated interactions of this kind
can redistribute stars and gas within galaxies and contribute to the gradual morpho-
logical evolution of galaxies.

Galaxy mergers

Galaxy mergers represent the most extreme outcome of galaxy—galaxy interactions.
In these events, interacting galaxies lose orbital energy through dynamical friction
and eventually form a single remnant galaxy (Binney and Tremaine, [2008). During
the merger, tidal forces can remove stars and gas from the galactic disks, forming
extended streams and tidal tails. An example of three merging galaxies is shown in
Fig.2.3]

Galaxy mergers are commonly classified according to the mass ratio of the in-
teracting galaxies (Burkert and Naab, 2003). Major mergers occur when galax-
ies of comparable mass interact and typically produce strong tidal distortions and
large-scale structural transformation. Such interactions can completely disrupt stel-
lar disks and lead to the formation of spheroidal remnants, providing one pathway for
the transformation of spiral galaxies into elliptical systems. Minor mergers involve
a massive galaxy interacting with a significantly smaller companion and generally
produce weaker disturbances. In these cases the primary galaxy often retains its
disk structure, although the interaction can contribute to the growth of the bulge and
stellar halo.

Numerical simulations have shown that mergers can redistribute angular momen-
tum within galaxies and drive gas toward their central regions (Barnes and L. E.
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Figure 2.2: Three-body simulation of a tidal encounter between two disk galaxies from A.
Toomre and J. Toomre (1972). The panels illustrate successive stages of the in-
teraction as a companion galaxy passes a rotating stellar disk. Tidal forces distort
the initially circular stellar distribution, producing a bridge toward the perturbing
galaxy and a counter tail on the opposite side of the disk. As the interaction pro-
gresses, these features become more pronounced, giving rise to the characteristic
S-shaped morphology commonly observed in tidally interacting galaxies.

Hernquist, |[1991; Mihos and L. Hernquist,|1996). This inflow of gas can trigger very
intense episodes of star formation, commonly referred to as starbursts, in which the
star formation rate increases dramatically over a relatively short period of time. As
the merger progresses, the stellar disks become increasingly disrupted and the final
remnant may resemble a spheroidal system (Barnes and L. Hernquist, [1992)). In this
configuration the stellar motions become largely random and the system becomes
supported primarily by velocity dispersion rather than ordered rotation, consistent
with the properties of elliptical galaxies mentioned in Chapter 1 (R. L. Davies et al.,
1983). In addition, the rapid consumption of gas during the starburst can significantly
deplete the cold gas reservoir (Tacconi et al., 2008)), leaving the remnant with little
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Figure 2.3: Hubble Space Telescope image of the interacting galaxy system Arp 273. The sys-
tem shows three galaxies in the process of merging. We can observe pronounced
tidal distortions and disrupted spiral structure, streams of stars and gas are pulled
from the disks as tidal forces redistribute material throughout the system. Image
credit: NASA, ESA, and the Hubble Heritage Team (STScI/AURA).

fuel for further star formation.

Because mergers require relatively long interaction times, they occur most fre-
quently in galaxy groups where velocity dispersions are lower and galaxies can re-
main gravitationally bound for extended periods. In contrast, the much higher rela-
tive velocities found in galaxy clusters make such mergers less common.

Tidal interactions with the cluster potential

In addition to encounters with other galaxies, systems residing in clusters are also
affected by the global gravitational potential of the cluster itself. As galaxies orbit
within the cluster, the strong tidal field generated by the overall mass distribution
can perturb their components. These tidal forces can strip material from the outer
regions of galaxies, remove loosely bound stars and gas, and gradually heat stellar
disks, leading to thicker and more dynamically disturbed systems (Merritt, |1983];
Byrd and Valtonen, |1990). Tidal effects are expected to be strongest near the cluster
center, where the gravitational potential gradient is largest. Over time, repeated pas-
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sages through the cluster potential can therefore contribute to the gradual structural
transformation of galaxies.

Galaxy harassment

Galaxies moving through cluster environments may undergo numerous rapid en-
counters with other cluster members. These high-velocity interactions can occur
repeatedly as galaxies orbit within the cluster potential, producing a cumulative ef-
fect known as galaxy harassment (Moore et al.,|{1996).

Because galaxy velocities in clusters are typically very large, close encounters gen-
erally occur on short timescales and rarely lead to mergers. Nevertheless, repeated
gravitational perturbations can gradually heat stellar disks, remove loosely bound
material from the outer regions of galaxies, and induce structural distortions. Nu-
merical simulations have shown that these cumulative interactions can significantly
modify galaxy morphology, particularly for low-mass disk galaxies, which may be
transformed into spheroidal systems over time (Moore et al., |[1996; Moore et al.,
1998).

Hydrodynamical processes

Interactions between galaxies and the surrounding ICM can also play an important
role in shaping galaxy evolution in dense environments. As galaxies move through
the hot intracluster gas, hydrodynamical forces can remove gas from their disks or
alter its distribution within the galaxy. These processes primarily affect the gaseous
component of galaxies and can therefore strongly influence the availability of cold
gas and the subsequent star formation activity. While early theoretical work provided
analytic descriptions of these mechanisms, their complex gas dynamics have been ex-
plored in greater detail through numerical hydrodynamical simulations, which have
helped to clarify how gas is removed and redistributed within cluster galaxies. The
main mechanisms operating in this context include ram pressure stripping, viscous
stripping, thermal evaporation, and strangulation.

Ram pressure stripping

Ram pressure stripping (RPS) occurs when a galaxy moves through the ICM, thus
experiencing a wind produced by its motion relative to the surrounding hot gas. This
interaction exerts a pressure on the interstellar medium (ISM) of the galaxy which
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can remove gas from the disk. A simple formalism that quantifies this pressure was
introduced by Gunn and Gott (1972)), where ram pressure is given by

Pram = Pevz, 2.1

where p. is the density of the surrounding medium and v is the velocity of the
galaxy relative to it. This relation implies that galaxies moving rapidly through
a dense medium experience stronger ram pressure than galaxies moving slowly or
through a lower-density environment.

RPS becomes effective when the ram pressure exerted by the ICM exceeds the
gravitational restoring force that binds the gas to the galactic disk. This condition
can be expressed as

peV’ 221G, Zus, 2.2)

where X, and Z, are the stellar and gas surface densities of the disk, respectively.
When this condition is satisfied, the external ram pressure can overcome the gravita-
tional restoring force of the disk and displace gas from the galaxy. This expression
provides a simplified description of the stripping process, as the effectiveness of RPS
also depends on additional factors such as the inclination of the galaxy relative to
its direction of motion, the structure of the ISM, and the orbital path of the galaxy
within the cluster. Because the outer regions of galactic disks are typically more
weakly bound, stripping often begins in the outskirts and may progress inward as
the galaxy moves deeper into the cluster potential or encounters denser regions of
the ICM. The stellar component, however, is generally expected to remain largely
unaffected by RPS (albeit not entirely, see Smith et al., [2012) due to its stronger
gravitational binding within the galaxy.

Observationally, RPS can produce a variety of signatures, including truncated gas
disks, asymmetric gas distributions, and extended tails of stripped material trailing
behind galaxies as they move through the cluster environment. Early observational
hints of gas removal were already inferred from optical morphologies and dust distri-
butions by Gallagher (1978)). Subsequent interferometric studies by Warmels (1988)
and Cayatte et al. (1990) provided some of the first strong observational indications
of galaxies affected by RPS. Later works by Gavazzi et al. (1995) and Chung et al.
(2009) revealed direct evidence of ongoing stripping of the neutral gas, with galaxies
displaying prominent one-sided gaseous tails, leading to the discovery of the so-
called jellyfish galaxies (see Fig.[2.4).
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In the most extreme cases, the stripped gas can condense within the tails and form
stars in situ outside the main body of the galaxy (Gavazzi et al., 1995} Gullieuszik et
al.,2023)). These star-forming knots are commonly observed in optical and Ha emis-
sion and indicate that the stripped material can remain sufficiently dense to collapse
and form new stellar populations. Star formation can also be triggered within the
disk itself due to the compression of the ISM by the ram-pressure wind, producing
bright He regions at the leading edge of the galaxy, as illustrated in the left panel of
Fig. 2.4 for GCG 97-073. Galaxies exhibiting extended gaseous tails with embed-
ded star-forming regions are commonly referred to as jellyfish galaxies, an example
of which is shown in the right panel of Fig.[2.4]for the GASP galaxy JO206. Integral-
field spectroscopic surveys, such as the GASP survey (Poggianti et al.,2017), which
is based on the sample of stripping candidates presented in Poggianti et al. (2016),
have revealed numerous examples of these systems and have enabled detailed studies
of the gas kinematics and star formation occurring within the stripped tails.

Another morphological feature that has been associated with some jellyfish galax-
ies is the apparent unwinding of their spiral arms. This phenomenon was first re-
ported in the jellyfish galaxy JO201 by Bellhouse et al. (2017). The unwinding
appears as spiral arms that become stretched and displaced in the direction oppo-
site to the galaxy motion through the ICM, suggesting that the outer disk structure
may be affected by the stripping process. However, this feature has been observed
in only a subset of confirmed jellyfish galaxies and may also arise from other mech-
anisms, such as gravitational interactions or tidal perturbations. Whether spiral arm
unwinding can be produced exclusively by RPS therefore remains a subject of ongo-
ing debate. More recently, Vulcani et al. (2022) identified a complementary sample
of galaxies displaying similar optical features in the same clusters studied by Pog-
gianti et al. (2016). Based on this work, the fraction of optical jellyfish galaxies is
estimated to be approximately ~ 15% of the blue, non-interacting cluster population,
increasing to ~ 35% if all galaxies exhibiting unwinding features are included.

The location of galaxies within clusters also provides important clues about the
physical conditions under which RPS occurs. In particular, projected phase-space
diagrams, which combine cluster-centric distance and line-of-sight velocity, have
become a useful tool for identifying galaxies that are likely experiencing strong en-
vironmental effects. In these diagrams, galaxy velocities are typically normalized
by the cluster velocity dispersion and distances by the virial radius Ryg9. Galaxies
undergoing RPS are often found along regions of phase space associated with recent
infall into the cluster potential, where relative velocities and ICM densities are suf-
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Figure 2.4: Examples of jellyfish galaxies undergoing ram pressure stripping. The left panel
shows radio continuum contours superposed on grayscale Ha emission of the jel-
lyfish galaxy GCG 97-073 from Gavazzi et al. (1995). The right panel shows
broad-band optical emission from the jellyfish galaxy JO206 from the GASP sur-
vey (Poggianti et al. [2016; image credit: ESO/GASP collaboration). Galaxies
displaying such one-sided tails are commonly referred to as jellyfish galaxies.

ficiently high to produce efficient gas removal (e.g. Jaffé et al., 2015} J. Rhee et al.,
2017). As illustrated in Fig.[2.3] these regions correspond to galaxies moving at high
velocities relative to the cluster and located at intermediate cluster-centric distances.
In many cases the orientation of the stripped tails provides additional information
about the direction of motion of the galaxy through the ICM, with the tails often
pointing radially away from the cluster center (e.g. Chung et al., 2009; Smith et al.,
2022 Salinas et al., [2024).

Viscous stripping

Gas can also be removed from galaxies through viscous interactions between the
ISM of the galaxy and the surrounding intracluster gas. As a galaxy moves through
the cluster medium, velocity shear develops at the interface between the ISM and
the external gas. Viscous and turbulent transport processes across this boundary can
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Figure 2.5: Schematic phase—space diagram illustrating the orbital evolution of galaxies in a
cluster environment. The projected cluster-centric distance is normalized by the
virial radius Ryy, and the line-of-sight velocity is normalized by the cluster ve-
locity dispersion . The gray region indicates the extent of the cluster potential,
while the blue shaded region marks the virialized population. The arrows trace
the typical orbit of an infalling galaxy. Galaxies enter the cluster at large radii
and accelerate toward the cluster center, reaching the region where ram pressure
stripping is the most effective (region A). After passing pericenter, galaxies move
back toward larger radii while decreasing in velocity, eventually populating re-
gions of low velocity at large cluster-centric distances (region C), often referred
to as backsplash systems. As they lose energy through successive orbits, galaxies
settle into the virialized region (region B). Figure from Yoon et al. (2017).

transfer momentum from the surrounding medium to the galactic gas, gradually re-
moving material from the outer layers of the disk (Nulsen, [1982). Hydrodynamical
instabilities, such as Kelvin—Helmholtz instabilities, may also develop at this inter-
face and contribute to the stripping of gas.

Unlike RPS, which can remove gas rapidly once the condition in Eq. 2.2]is satis-
fied, viscous stripping operates as a more continuous process in which gas is steadily
removed through transport processes and turbulent mixing at the ISM-ICM interface.
The efficiency of this mechanism depends on several factors, including the relative
velocity of the galaxy, the density contrast between the ISM and the surrounding
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medium, and the effective viscosity of the hot gas.

Although viscous stripping is generally expected to be less efficient than RPS in
massive clusters, it may contribute to the gradual removal of gas from galaxies as
they move through the cluster environment.

Thermal evaporation

Thermal conduction between the hot ICM and the colder ISM of galaxies can also
lead to gas loss. If heat is efficiently conducted across the ISM-ICM interface, the
temperature difference between the two media can cause cold gas clouds to evaporate
into the surrounding hot plasma (Cowie and McKee, [1977; Cowie and Songaila,
1977).

The evaporation rate depends strongly on the temperature of the surrounding medium
and on the efficiency of thermal conduction. In practice, the effectiveness of this
mechanism may be reduced if magnetic fields suppress thermal conduction in the
intracluster gas. Nevertheless, thermal evaporation may contribute to the gradual
removal of cold gas from galaxies residing in dense environments.

Starvation

Another process that can influence galaxy evolution in dense environments is star-
vation. In this scenario, the extended gaseous halo surrounding a galaxy is removed
or disrupted as the galaxy enters a dense medium such as a galaxy group or cluster.
Because this halo gas normally acts as a reservoir that can cool and replenish the cold
gas within the disk, its removal prevents the galaxy from accreting new material.

Physically, this mechanism is also a hydrodynamical interaction with the surround-
ing medium. In practice, it can be understood as a mild form of RPS that primarily
affects the diffuse halo gas rather than the cold gas within the disk. Because the halo
gas is only weakly bound to the galaxy, even relatively modest interactions with the
surrounding ICM can remove it.

Once the supply of fresh gas is halted, the galaxy can no longer replenish the
cold gas consumed by star formation. The remaining gas in the disk is therefore
gradually depleted as star formation continues, leading to a progressive decline in star
formation activity. This idea was originally proposed by Larson et al. (1980), who
suggested that galaxies entering dense environments may cease accreting gas from
their surroundings, causing star formation to decline as the existing gas reservoir in
the disk is exhausted.
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Active galactic nuclei

Galaxy evolution is influenced not only by external environmental effects, but also
by internal processes operating within galaxies themselves. One of the most impor-
tant of these is feedback driven by active galactic nuclei (AGN). AGN are powered
by the accretion of matter onto supermassive black holes (SMBHs) located at the
centers of most galaxies, and can release large amounts of energy in the form of ra-
diation, winds, and relativistic jets. This energy can couple to the surrounding ISM
and, in some cases, heat or expel gas from the host galaxy. AGN activity is therefore
commonly invoked as a mechanism capable of regulating star formation and influ-
encing the evolution of massive galaxies (Kormendy and Ho, [2013; Heckman and
Best, [2014).

The following subsections briefly introduce the physical origin of AGN activity,
describe the unified model that explains the main observational classes of AGN, and
discuss the principal forms of AGN-driven feedback.

Supermassive black holes

SMBHs are observed at the centers of most massive galaxies in the local Universe,
with masses ranging from 10° to 10'° M. Dynamical measurements indicate that
most galaxies hosting classical bulges contain central SMBHs, and observations re-
veal strong correlations between SMBH mass and properties of the host galaxy bulge,
such as the stellar velocity dispersion. These correlations suggest a close connection
between the growth of SMBHs and the evolution of their host galaxies (Kormendy
and Ho, 2013)).

In the Milky Way, precise measurements of stellar orbits around the compact radio
source Sagittarius A* have revealed the presence of a central black hole with a mass
of approximately 4 x 10% M, (Ghez et al.,[2008). More recently, very-long-baseline
interferometry (VLBI) observations by the Event Horizon Telescope (EHT) have
provided the first direct images of the immediate surroundings of an SMBH.

When gas accretes onto these black holes, gravitational energy can be efficiently
converted into radiation, producing the phenomenon known as an AGN (Lynden-
Bell, [1969). These span a wide range of luminosities and observational manifes-
tations. They can outshine the entire stellar population of their host galaxies and
are observed across the electromagnetic spectrum, from radio to X-rays and y-rays
(Padovani et al., 2017). Historically, several classes of AGN have been identified,
including Seyfert galaxies, quasars (quasi-stellar objects, QSOs), radio galaxies, and
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blazars. Although these objects display diverse observational properties, they are
generally understood to arise from the same basic physical mechanism: accretion
of material onto an SMBH. Differences between the observed classes are largely
attributed to factors such as viewing angle, accretion rate, and the presence of rela-
tivistic jets (R. Antonucci, 1993} Urry and Padovani, [1995).

The unified model and classification of AGN

Although AGN exhibit a wide range of observational properties, many of these differ-
ences can be understood within the framework of the unified model. In this picture,
the various classes of AGN arise primarily from orientation effects relative to the
observer’s line of sight (Urry and Padovani, [1995). A schematic representation of
this model is shown in Fig.[2.6] The basic structure of an AGN consists of an SMBH
surrounded by an accretion disk that emits strong thermal emission across the elec-
tromagnetic spectrum. Close to the disk lies the broad-line region (BLR), composed
of rapidly moving gas clouds that produce Doppler-broadened emission lines. On
larger scales, the narrow-line region (NLR) contains lower-density gas that produces
narrower emission lines.

Surrounding the central region is a geometrically thick, dusty torus that can ob-
scure the inner structures depending on the viewing angle. When the central engine
is viewed directly, both the accretion disk and the BLR are visible, producing what
are typically classified as Type 1 AGN. If the torus obscures the line of sight to the
BLR, only the NLR is observed, resulting in Type 2 AGN (Khachikian and Weed-
man, |1974; R. R. J. Antonucci and Miller, [1985). These systems are typically radia-
tively efficient, with emission dominated by the accretion disk. They include Seyfert
galaxies and QSOs, with QSOs representing the high-luminosity end of this popula-
tion (Schmidt, 1963} Padovani et al., 2017). Seyfert galaxies are typically hosted in
spiral galaxies and represent the low-luminosity end of this class (Ho et al., [1997).
Both Seyferts and QSOs can be observed as either Type 1 or Type 2 depending on
orientation. NGC 3281, the focus of this licentiate thesis, is a Seyfert 2 galaxy (i.e.
an example of a Type 2 AGN in the low-luminosity regime).

In some systems, relativistic jets emerge perpendicular to the accretion disk and
can extend well beyond the host galaxy (Blandford and Znajek, |1977; Blandford and
Rees, [1978). When these jets are oriented close to the line of sight, strong relativistic
beaming can dominate the observed emission, producing objects such as blazars.
When viewed at larger angles, these same systems are observed as radio galaxies
(Urry and Padovani, [1995). AGN that produce powerful jets are often referred to
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Figure 2.6: Schematic illustration of the unified model of active galactic nuclei. A central
SMBH is surrounded by an accretion disk and a broad-line region, embedded
within an obscuring dusty torus. Narrow-line emission arises on larger scales,
while relativistic jets emerge perpendicular to the disk. The observed classifi-
cation of AGN depends primarily on the viewing angle relative to the torus and
jet axis, producing different observational classes such as Seyfert galaxies, radio
galaxies, QSOs, and blazars (Urry and Padovani, |1995)).

as radio-loud, in contrast to radio-quiet systems where such jets are weak or absent
(Kellermann et al., [1989)). In radio-loud AGN, these jets can form large-scale radio
structures and are classified as Fanaroff—Riley type I (FR I) and type II (FR II) sources
based on their morphology and luminosity (Fanaroff and Riley, [1974). FR I sources
have jets that fade with distance from the nucleus, while FR II sources show bright
hotspots at the lobe edges. These systems are typically hosted by massive ellipticals
and are rare in spirals. Despite this, radio-loud AGN are important in clusters, as
their jets transport energy into the ISM and ICM and can affect gas cooling and
galaxy evolution.

This combined framework shows that the diversity of AGN properties arises not
only from orientation, but also from intrinsic differences in accretion rate and jet
production. Orientation determines whether the BLR is visible (Type 1 vs Type 2),
while accretion mode and jet power distinguish between radiative systems such as
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Seyferts and QSOs, and jet-dominated radio galaxies such as FR I and FR II sources.

AGN-driven feedback and outflows

Accretion onto SMBHs releases large amounts of energy that can interact with the
surrounding gas in the host galaxy (Lynden-Bell, |1969). Part of this energy is radi-
ated across the electromagnetic spectrum, while another fraction can be transferred
mechanically through winds, outflows, or relativistic jets (Fabian, 2012)). These pro-
cesses can alter the physical state and distribution of gas within galaxies and are
commonly referred to as AGN feedback.

In some AGN, part of the accretion energy is released in the form of highly col-
limated relativistic jets that emerge perpendicular to the accretion disk (Blandford
and Znajek, 1977} Blandford and Rees, |1978)). The emission from these structures is
typically dominated by synchrotron radiation produced by relativistic electrons spi-
raling in magnetic fields, making them particularly prominent at radio wavelengths
(Rybicki and Lightman, [1979). These jets can propagate far beyond the host galaxy,
transporting energy into the surrounding ISM and ICM (Fabian, [2012).

AGN can also drive less collimated gaseous outflows originating from the accre-
tion disk or the nuclear region of the galaxy (Veilleux et al.,[2005} King and Pounds,
2015). These outflows are commonly detected through broad emission or absorption
lines in optical, ultraviolet, and X-ray spectra, and may also contain molecular gas
observable at millimeter wavelengths (Crenshaw et al., 2003} Feruglio et al., 2010;
Tombesi et al.,[2010). Unlike relativistic jets, these winds interact more directly with
the ISM of the host galaxy and can redistribute or remove gas from the central regions
(e.g. Veilleux et al.,20035).

A well-known nearby example of an AGN launching bipolar outflows is the radio
galaxy Centaurus A (NGC 5128), shown in Fig. This galaxy hosts an active
nucleus powered by accretion onto a central SMBH, producing jets and outflows that
extend far beyond the galactic disk.

As these outflows propagate away from the nucleus, they interact with the sur-
rounding gas in the host galaxy and, in some cases, with the larger-scale environ-
ment. Jets can inject energy into the surrounding medium and inflate cavities in
the hot gas of galaxy groups and clusters, while wide-angle winds can drive multi-
phase outflows capable of removing or heating the ISM. Through these interactions,
AGN are able to transfer significant amounts of energy and momentum to their sur-
roundings, regulating gas cooling in galaxy groups and clusters (Croston et al., 2005;
Fabian, 2012), and potentially suppressing star formation in their host galaxies (Silk
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Figure 2.7: Multiwavelength composite image of the nearby radio galaxy Centaurus A
(NGC 5128), revealing jets and lobes produced by the active galactic nucleus pow-
ered by accretion onto a central SMBH. The optical emission (stars and dust lane)
is shown using data from the Wide Field Imager (WFI) on the MPG/ESO 2.2 m
telescope, while submillimetre emission at 870 um from LABOCA on APEX is
shown in orange and X-ray emission from the Chandra X-ray Observatory is
shown in blue. Image credit: ESO/WFI (Optical); MPIfR/ESO/APEX/A. Weiss
et al. (Submillimetre); NASA/CXC/CfA/R. Kraft et al. (X-ray).

and Rees, [1998)).

2.4 Gas removal and star formation quenching

A key feature shared by many of the environmental mechanisms described in the
previous sections is their ability to alter the gas reservoirs of galaxies. Processes
such as tidal interactions, RPS, and AGN-driven outflows can remove, redistribute,
or heat the gaseous component of a galaxy. Because cold gas provides the fuel for star
formation, modifications to this gas reservoir can lead to a decline in star formation
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activity and eventually to the quenching of the galaxy. Therefore, understanding how
all of these processes affect the gas content of galaxies is essential for interpreting
the full picture of galaxy transformation.

Once star formation is quenched, the stellar population evolves passively, with the
young, blue stars fading on relatively short timescales, causing the galaxy to become
progressively redder and fainter. This process is not spatially uniform, particularly
for environmental mechanisms such as RPS, where the outer regions are affected
first, leading to truncated star-forming disks. As stellar populations age and the disk
fades, spiral features become less prominent and the system appears smoother and
more centrally concentrated. In this context, Marasco et al., |2023| show that, fol-
lowing quenching, the fading of the stellar disk leads to the disappearance of spi-
ral structure and a redistribution of light toward the central regions, resulting in a
transformation from blue, star-forming spirals to redder, more passive systems on
timescales of ~1-3.5 Gyr.

Figure [2.8] shows the fraction of red (quenched) galaxies as a function of stellar
mass and local overdensity using data from the Sloan Digital Sky Survey (Peng et
al.,|2010). The diagram demonstrates that galaxy quenching depends on both stellar
mass and environment: massive galaxies exhibit a high quenched fraction largely in-
dependent of environment, while increasing environmental density further enhances
the quenched fraction. This indicates that galaxies can become quenched through in-
ternal, mass-dependent processes even in relatively low-density environments, while
environmental effects provide an additional channel for quenching in denser regions.

Internal mechanisms associated with massive galaxies, such as feedback from
AGN, are thought to play a key role in regulating star formation in the most massive
systems. At the same time, environmental processes become increasingly important
as galaxies move into denser regions, where interactions with the ICM and with other
galaxies can further modify their gas reservoirs.

The connection between environmental processes and AGN activity is not straight-
forward. Gravitational interactions, such as tidal encounters and mergers, can drive
gas inflows toward the central SMBH and are therefore considered an efficient mech-
anism for triggering AGN activity (e.g. Shlosman et al.,|1989; Hopkins and Quataert,
2010). As aresult, AGN may be preferentially associated with galaxies that have un-
dergone pre-processing in group environments prior to cluster infall. In contrast, the
effect of RPS on AGN activity remains less clear. While the removal of gas can
limit the fuel available for accretion, some studies suggest that RPS may temporarily
enhance accretion during the peak of the stripping process (Poggianti et al., 2017}
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Peluso et al., 2022). Observationally, AGN in clusters are often found in regions of
phase space associated with recently infalling galaxies, where both gas-rich condi-
tions and strong environmental interactions are present (Haines et al., 2012; Maier
et al.,[2022)). This highlights that AGN activity itself may be influenced by the same
environmental processes that regulate the gas content of galaxies.

Rather than being driven by a single dominant mechanism, galaxy evolution is
therefore more accurately described as the result of multiple processes acting to-
gether. Both observations and simulations indicate that these mechanisms rarely act
in isolation, but instead operate simultaneously and can influence each other. For ex-
ample, tidal interactions can weaken the gravitational potential of a galaxy, making
its gas more susceptible to removal by RPS (Mayer et al., [2006). Similarly, obser-
vational studies have found systems in which signatures of gravitational interactions
coexist with one-sided HI tails characteristic of RPS, suggesting that both processes
are acting together (e.g. Oosterloo and J. van Gorkom, [2005; Kleiner et al., 2021}
Serra et al.,[2023)). In some cases, tidal effects may even be a necessary step for RPS
to efficiently displace the gas (Serra et al.,|2023)). As a result, disentangling the rela-
tive importance of individual mechanisms is often challenging, since their combined
action can produce complex and overlapping observational signatures (Smith et al.,
2025).

Because many of these processes primarily affect the gaseous component of galax-
ies, observations of cold gas provide one of the most direct ways to trace environmen-
tal transformation. Among the different phases of the ISM, neutral atomic hydrogen
(HT) is particularly important in this context. The HI component of galaxies often
extends well beyond the stellar disk and is therefore especially sensitive to environ-
mental interactions such as tidal forces and RPS. As a result, H I observations provide
a powerful tool for identifying and characterizing the processes responsible for gas
removal and the subsequent quenching of star formation in cluster galaxies.

32



2.4 Gas removal and star formation quenching

log (1+delta) Overdensity

9.0 we T

log Mass
i S |
0.0 0.2 0.4 0.6 0.8 1.0

Red Fraction

Figure 2.8: Fraction of red (quenched) galaxies in the Sloan Digital Sky Survey (SDSS) as a
function of stellar mass and environmental overdensity. The color scale indicates
the fraction of galaxies that are quiescent. The diagram shows that the probabil-
ity of a galaxy being quenched increases with both stellar mass and environmental
density, illustrating the combined roles of mass-dependent and environmental pro-

cesses in galaxy evolution (Peng et al.,[2010).
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CHAPTER 3

Neutral Hydrogen in Galaxies

3.1 Gas in galaxies

As discussed in the previous chapter, the gas component of galaxies plays a central
role in their evolution. The ISM is composed of multiple phases spanning a wide
range of temperatures and densities, distributed across different regions of the galaxy
and tracing different physical conditions and processes.

The ISM can be broadly divided into different phases according to temperature.
The hot ionized medium (HIM), with temperatures of T ~ 10°-107 K, is typically
found in galactic halos and is often associated with feedback processes such as super-
nova explosions and AGN activity. At intermediate temperatures, the warm ionized
medium (WIM) and warm neutral medium (WNM), with T ~ 10* K, trace diffuse
gas distributed throughout the disk and halo (McKee and Ostriker, |1977).

At lower temperatures, the cold neutral medium (CNM) has T ~ 102,K and is
predominantly composed of neutral atomic hydrogen (HI). It also contains helium,
trace metals, and dust. Molecular gas forms a distinct, denser phase of the ISM
with temperatures below ~ 50,K. Molecular gas, primarily in the form of Hj, is
directly associated with star-forming regions. Since H, does not emit efficiently at
the low temperatures typical of molecular clouds, it is commonly traced through
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emission from carbon monoxide (CO; Bolatto et al.[2013)). CO traces the molecular
gas because both CO and H, are confined to UV-shielded regions of the ISM, with
CO surviving in the dense interiors of molecular clouds where H; is abundant.

The evolution of cold gas in galaxies is therefore governed by the conversion of
atomic hydrogen into molecular gas, which subsequently forms stars (Krumholz et
al.,[2008; Krumholz et al.,[2009). The cold neutral gas acts as a reservoir from which
molecular clouds can form. On global (galaxy-integrated) scales, this distinction is
reflected in the observed scaling relations shown in Fig. 3.1} where the molecular
gas fraction exhibits a tighter correlation with specific star formation rate (sSFR)
compared to the atomic gas component (Saintonge et al., 2017)). At the same time,
galaxies typically contain a larger reservoir of atomic hydrogen than molecular gas,
indicating that HI serves as the long-term fuel supply that can be converted into
molecular gas and sustain star formation over time (Walter et al., 2008} Saintonge
et al.,[2017).

On smaller (resolved) scales within galaxies, the transition from atomic to molec-
ular gas is associated with characteristic column density thresholds, above which the
gas becomes sufficiently self-shielded to allow the formation of molecular hydrogen
(Schaye, 2004; Krumbholz et al.,|2008). This behavior is illustrated by the Kennicutt—
Schmidt relation (Fig. [3.2)), which links the surface density of gas to the surface
density of star formation (Kennicutt, [1998)), and reflects the connection between gas
density and star formation activity.

The different phases of the ISM are also distributed differently within galaxies.
The HIM is typically found in extended halos. The WIM and WNM trace diffuse
gas distributed throughout both the disk and halo. Neutral atomic hydrogen (H I),
which comprises both the CNM and WNM phases, is not limited to the stellar disk
and often extends well beyond it, with H I diameters typically about 1.5-2 times
larger than the optical diameter (Broeils and M.-H. Rhee, [1997). Within this com-
ponent, the CNM is primarily associated with denser structures in the disk, where
it is organized in clouds and filaments, while the WNM forms a more diffuse, ex-
tended medium (see Fig.[3.3). Molecular gas is concentrated in the densest regions
of the disk, typically along spiral arms and in the inner parts of galaxies. This spatial
distribution is illustrated in Fig.
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Figure 3.1: Gas fraction as a function of specific star formation rate (sSFR) for atomic hydro-
gen (top) and molecular gas (bottom). The molecular gas fraction shows a tighter
correlation with sSFR, while atomic hydrogen exhibits a larger scatter and typi-
cally higher gas fractions. This reflects the role of H, as the immediate fuel for
star formation and HI as a more extended gas reservoir. Adapted from Saintonge

and Catinella @

3.2 Neutral atomic hydrogen

While the molecular phase traces the immediate sites of star formation, hydrogen
is the most abundant element in the Universe, and HI represents the phase through
which gas transitions before becoming molecular, acting as the main fuel reservoir
for star formation. The distribution and kinematics of HI are also highly sensitive to
the evolutionary state of galaxies, retaining signatures of past interactions with their
environment.

HI emission

H1is traced through the 21 cm hyperfine transition of neutral hydrogen, correspond-
ing to a rest frequency of vy = 1420.405MHz. This transition arises from the
spin-flip of the electron—proton system. The transition is highly forbidden, with a
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Figure 3.2: Kennicutt—Schmidt relation between gas surface density and star formation rate
surface density for a compilation of galaxies spanning a wide range of environ-
ments and redshifts. The relation shows that higher gas surface densities are asso-
ciated with higher star formation rate surface densities, reflecting the dependence
of star formation on the local gas reservoir. The different symbols correspond
to various samples, including nearby spirals, starburst galaxies, and high-redshift
systems. Figure from Freundlich et al. (2014).

spontaneous decay rate of Ay; = 2.85 x 107 s7!, corresponding to a characteristic
lifetime of ~ 107 years for an individual atom. As a result, the emission from a single
hydrogen atom is extremely weak. However, galaxies contain an enormous number
of hydrogen atoms. For a galaxy with an HI mass comparable to that of the Milky
Way (~ 10° M), this corresponds to a total number of atoms of order Ny ot ~ 109,
so that the cumulative emission from many atoms produces a detectable signal.
When this emission is integrated over the spatial extent of a galaxy, it produces a
spectrum as a function of radial velocity, S (v), which contains information on both
the gas content and the kinematics of the system. In disk galaxies, this spectrum is
primarily shaped by rotation and typically shows a characteristic double-horn profile
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Figure 3.3: Top: warm HI tracing diffuse, extended gas. Bottom: cold HI highlighting
denser, filamentary structures associated with the Galactic disk. The maps are
shown in brightness temperature units (K). Adapted from Kalberla and Haud
(2018).

(Fig.[33)), with two peaks corresponding to the maximum projected rotation velocity
on the approaching and receding sides of the disk. The width of the line reflects
the rotational velocity projected along the line of sight and therefore depends on the
inclination of the galaxy. The total flux is directly proportional to the total HI mass.

The distribution of HI within galaxies is described in terms of the column density,
Ny, defined as the number of hydrogen atoms per unit area along the line of sight.
This provides a direct measure of how much gas is present when projected onto the
plane of the sky. At column densities of Nyy; ~ 10*' cm~2, atomic gas becomes
sufficiently shielded to transition into molecular gas, marking the onset of star for-
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(a) Near-infrared (2MASS) (b) X-ray (eROSITA)
(c) Molecular gas (CO) (d) Atomic hydrogen (HI)

Figure 3.4: Multiwavelength view of the Milky Way illustrating the distribution of its main
baryonic components. Top left: Near-infrared emission from the 2MASS survey
traces the stellar distribution and reveals the structure of the Galactic disk through
dust extinction (Skrutskie et al., 2006). Top right: X-ray emission observed by
eROSITA traces hot ionized gas in the Galactic halo and large-scale structures
such as superbubbles (Predehl et al.,|2021). Bottom left: Molecular gas traced by
CO emission from Planck highlights dense molecular clouds concentrated along
the Galactic plane (Planck Collaboration et al., 2014). Bottom right: Neutral
atomic hydrogen (HI) from the HI4PI survey reveals an extended gas reservoir
distributed across the disk and halo (HI4PI Collaboration et al.,|[2016). Together,
these panels illustrate how different gas phases and the stellar component occupy
distinct regions of the Galaxy.

mation. Lower column densities of Ny ~ 10%° cm™ typically trace the outer regions
of galactic thin disks, while values of Ngp ~ 10'° cm™2 probe more diffuse gas in
thick disks and the surrounding environment.

On larger scales, the distribution of HI in galaxies follows a well-defined scaling
relation between the total HI mass and the size of the HI disk (see Fig.[3.6). The HI
diameter is typically measured at a fixed column density threshold, commonly taken
to be N1 = 1.25 x 1022 cm™2 (~ 1 M pc?), corresponding to the characteristic ex-
tent of the neutral gas disk. Observations show that this diameter is tightly correlated
with the total HI mass (Broeils and M.-H. Rhee, [1997; J. Wang et al., 2016). This
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Figure 3.5: HI spectrum of a disk galaxy. The central frequency shift traces the observed
recessional velocity (v = HyDy + Vyec), which is dominated by the Hubble flow
but may include a contribution from the galaxy’s peculiar motion. The integrated
flux S is proportional to the total HI mass. The width of the profile reflects the
rotational velocity of the galaxy. The characteristic double-horn shape arises from
a rotating disk with a flat rotation curve. Image credit: Kelley Hess.

relation is remarkably consistent across different galaxy types and environments, im-
plying that galaxies share a nearly constant average HI surface density. Physically,
this reflects the balance between processes that convert atomic gas into molecular
form in the inner regions and those that ionize low-density gas in the outer regions,
naturally setting the extent of the HI disk. This property remains true, even after a
galaxy has interacted with its environment.

The observed HI emission can be expressed in terms of brightness temperature,
T, which provides a direct measure of the intensity of the radiation field. The spin
temperature, 75, describes the excitation of the hyperfine levels of neutral hydrogen
and is defined through the ratio of atoms in the two spin states. Under conditions of
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Figure 3.6: The Dy;—My; relation for 562 galaxies compiled from 15 interferometric data
sets. Upper limits for unresolved galaxies from LVHIS are also shown. Selected
individual galaxies are highlighted with star symbols. The solid lines represent
the best-fitting linear relation and its 30 scatter, while the dashed line indicates
the relation from Broeils and M.-H. Rhee (1997). Figure from J. Wang et al.

2015).

thermal equilibrium, the relative populations of the upper and lower hyperfine levels
are described by the Boltzmann equation,

n_ g hvur
M 81 (2L 3.1
no 80 exp( kT ) G-D

where n; and ng are the populations of the upper and lower hyperfine states, re-
spectively, g1/go = 3 is the ratio of their statistical weights, and vy is the rest-frame
frequency of the H I hyperfine transition. For a medium with spin temperature 7 and
optical depth 7, the brightness temperature can be written as
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Tp=Ty(1-¢7"), 3.2)

and in the optically thin regime (7 < 1),

TB ~ Ts T. (33)

The optical depth per unit frequency can be related to the volume density of neutral
hydrogen atoms along the line of sight through

3¢2 h
dt, = ——— Ay i1 —— () dl, (3.4)
TTVH1 kTs

where ny is the volume density of neutral hydrogen, ¢(v) is the line profile func-
tion, d! is an infinitesimal path length along the line of sight, k is the Boltzmann
constant, % is Planck’s constant, c is the speed of light, and A, is the Einstein coef-
ficient for the spontaneous hyperfine transition of neutral hydrogen. Integrating this
expression over frequency and along the line of sight gives

3271']0/]—{] f
N, = dl = Ts v dv. 3.5
HI f”HI 3hci Ay, 7y, dv (3.5)
Changing variables from frequency to velocity using dv = (vgi/c) dv gives
Nt = 2R 3.6
HUS 5054, f s T(v) dv. (3.6)

The quantity 7,7 can be related to the observed brightness temperature of the ra-
diation field through the optically thin approximation, T ~ T,r. Substituting this
relation into the previous expression gives

Nur = 1.82><1018fTB(v)dv cm™2, (3.7)

where T'5(v) is the brightness temperature measured by the telescope as a function
of velocity v, expressed in kms~!. The integral is taken over the velocity width
of the HI line, so that the column density is proportional to the velocity-integrated
brightness temperature.

To connect this expression to observable quantities, the brightness temperature
can be related to the measured flux density, S, through the Rayleigh—Jeans approx-
imation, which relates the specific intensity of the radiation field to an equivalent
blackbody temperature,
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c2s,

Tp=(1+20—S"r
R T

(3.8)

where z is the redshift of the source, S, is the flux density, and Q,, is the beam
solid angle. For a synthesized beam with major and minor axes a and b, the beam
solid angle is given by

nab

Qpm = o 3.9

Combining these relations, the column density can be written directly in terms of
the observed flux density as

b -1
Nyp = 2.33 x 102°(1 + 2)* (;ﬁ)(ﬁ) cm™2, (3.10)

where S is the frequency-integrated flux density per beam, and a and b are the ma-
jor and minor axes of the synthesized beam. In this work, the frequency-integrated
flux density is expressed in units of Jy Hz rather than the more commonly used
Jykms~!. This choice reflects the native units of the data cubes and allows the HI
column density and mass to be calculated directly from the observed spectral data
without requiring an additional conversion from velocity to frequency units.

The total number of emitting hydrogen atoms is related to the luminosity of the
line through the Einstein coefficient of the transition. For optically thin emission this
gives

167D25
3hviiAa’

where Dy, is the luminosity distance and S is the frequency-integrated flux density.
Multiplying by the hydrogen atom mass my then yields

@3.11)

HItot =

My = mgNutor = 49.7D2 S Mo, (3.12)

where Dy is expressed in Mpc and S in Jy Hz.

These relations provide a direct connection between the observed flux density and
both the column density and total mass of neutral atomic hydrogen (M. Meyer et al.,
2017).
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Figure 3.7: HI absorption detected with the WSRT and the VLA against the core of two radio
galaxies: NGC 315 and B2 1322+436. The absorption appears as a decrement in
flux density against the radio continuum emission, illustrating how H I absorption
probes gas along the line of sight toward compact sources in the central regions of
galaxies. Adapted from Morganti et al. (2001).

H1 absorption

Unlike emission, HI absorption is only observed when neutral atomic hydrogen lies
along the line of sight to a sufficiently bright background radio continuum source.
Such continuum emission is commonly produced by synchrotron radiation associated
with AGN. It can also arise from star-forming regions, where the continuum emission
is produced by synchrotron emission from supernova remnants and thermal free—free
emission. In this configuration, the intervening gas absorbs part of the continuum
radiation, producing a decrement in the observed spectrum (see Fig. [3.7).

The observed decrement in flux density can be expressed in terms of the optical
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depth, allowing the HI column density to be estimated by integrating the optical
depth over velocity according to

T _
Nyp = 1.82><10187f‘r(v)dv cm™2, (3.13)

following Wolfe and Burbidge (1975), where T is the spin temperature, f is the
covering factor of the background continuum source, and 7(v) is the optical depth as
a function of radial velocity.

HT absorption can be broadly divided into two classes: associated absorbers,
which arise in the host galaxy of the background radio source, and intervening ab-
sorbers, which trace gas in unrelated galaxies along the line of sight. Large surveys
such as the First Large Absorption Survey in HI (FLASH; Yoon et al.2025) and the
MeerKAT Absorption Line Survey (MALS; Deka et al.[2024) are designed to detect
both types of systems, which are important for studying the gas content of galaxies
across cosmic time. In this work, we focus on associated absorption.

In contrast to HI emission, which traces the global gas reservoir, HI absorption
provides a localized view of the gas distribution, typically probing the inner regions
of galaxies in the case of associated systems. In addition, HI emission is limited
to a certain column density that depends on the present-day capabilities of radio
interferometers. The depth of an HI absorption line, however, depends primarily on
the strength of the background radio continuum source. Therefore, as long as the
background source exists, we can in principle detect HI at larger redshift and lower
column density than what is possible with HI emission.

HT absorption is therefore useful for studying the kinematics of gas in galaxies,
and is particularly powerful in systems hosting AGN, where strong radio continuum
emission allows the velocity structure of the absorbing gas to be studied in detail. In
such systems, absorption profiles can reveal inflowing or outflowing gas, providing
insight into the processes that regulate the fueling of the central engine and the impact
of feedback on the surrounding interstellar medium (see Section [3.4).

H1 rotation curves

It has already been mentioned that H I observations provide direct access to the kine-
matics of galaxies, for example through the overall rotational velocity traced by the
width of the emission line. In spatially resolved observations, however, the velocity
of the HI emission can be measured as a function of position, allowing the modeling
of HI rotation curves. These rotation curves extend further than the stellar compo-
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Figure 3.8: Example of a galaxy rotation curve. The inner regions are traced by stellar light,
while HI observations extend the rotation curve to larger radii. The observed flat
rotation at large distances indicates the presence of mass beyond the visible stellar
disk. Figure from (Zasov et al.,|[2017).

nent, as HI typically reaches well beyond the optical disk. This allows the kinematics
of galaxies to be probed at large radii, where the rotation curves are often observed
to remain flat (see Fig.[3.8). The persistence of high rotational velocities at large dis-
tances cannot be explained by the gravitational potential of the visible matter alone,
and provides strong evidence for the presence of an extended dark matter component
surrounding galaxies (Rubin et al., [1980).

HI rotation curves also provide a sensitive probe of disturbances in the gas kine-
matics. Deviations from regular rotation can trace non-circular motions, such as ra-
dial inflows and outflows, as well as perturbations induced by bars and spiral density
waves. By modeling the rotation curve and subtracting it from the observed veloc-
ity field, residual maps can be constructed to isolate gas that deviates from circular
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rotation, providing insight into extra-planar or dynamically disturbed components.

Observational limitations

The interpretation of HI observations is fundamentally limited by the sensitivity and
resolution of the data. These factors determine which gas structures can be detected
and how accurately their properties can be measured, and therefore influence our
view of the distribution and kinematics of HI in galaxies.

A primary limitation arises from the sensitivity of the observations, which sets
a minimum detectable column density. As a result, low column density gas can
remain undetected, biasing observations toward denser structures. This is particularly
important for extended, diffuse H I components, such as the outer regions of galactic
disks or gas removed through environmental processes. This has posed a challenge
for interferometric HI observations, historically requiring long integration times to
reach the necessary sensitivity. However, recent advances in radio facilities, such
as MeerKAT and upcoming instruments like the Square Kilometre Array (SKA),
are significantly improving sensitivity through increased collecting area and lower
system temperatures, enabling the detection of low column density HI and the study
of diffuse gas structures that were previously inaccessible.

The spatial resolution of HI observations also affects the interpretation of the data.
In interferometric observations, the angular resolution is approximately given by
0 ~ A/Bpax, Where By, is the maximum baseline between antennas, which sets the
smallest angular scale that can be resolved. As a result, the emission is effectively
blurred, so structures smaller than this scale cannot be distinguished. This causes
small-scale features to blend together, reduces the apparent peak column densities,
and smooths velocity gradients in kinematic maps.

In addition, interferometric observations can miss extended, faint emission, as
they are insensitive to angular scales larger than those corresponding to their shortest
baselines. This results in a filtering of large-scale, low surface brightness structures,
meaning that diffuse HI emission may not be fully recovered. This can lead to an
underestimation of the total gas content. Arrays with a dense distribution of antennas
on short baselines, such as MeerKAT, are therefore better suited to detect extended
emission compared to arrays with fewer short spacings.

Finally, the common assumption that the gas is optically thin can lead to an under-
estimation of the true column density in regions of high gas density. Observational
studies combining H I emission and absorption measurements in the Milky Way have
shown that optical depth corrections can increase the inferred HI column density by
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~ 38% and the total HI mass by ~ 31%, although these values likely represent lower
limits and may vary depending on the local gas properties (Y. Wang et al.,|[2020).

As a result, the observed H1I distribution represents only a partial and resolution-
dependent view of the gas.

In practice, sensitivity and spatial resolution are closely linked, and improving one
often comes at the expense of the other. Observations optimized for high resolution
are better suited to resolving small-scale structures, but are typically less sensitive to
diffuse gas. Conversely, observations optimized for sensitivity can recover extended
emission, but at the cost of reduced spatial detail. A complete picture of the HI dis-
tribution therefore requires combining information across multiple spatial scales. In
sparse arrays such as the VLA or ALMA, this is typically achieved by combining ob-
servations from multiple array configurations. In contrast, the dense distribution of
antennas in the core of MeerKAT allows a broad range of spatial scales to be recov-
ered within a single configuration by applying different weighting schemes during
imaging, allowing both compact and diffuse gas components to be identified and
properly characterized, as will be discussed in the following chapters.

3.3 Environmental impact on cold gas

As discussed in the previous chapters, galaxies in groups and clusters are subject to
a variety of processes that can alter their evolution. Their impact is often seen most
directly in the cold gas reservoir. In this context, HI is a particularly sensitive tracer
of environmental transformation, since it is usually more extended and less tightly
bound than the stellar disk.

Galaxies do not all contain the same amount of HI. Their neutral gas content is
linked to global properties such as optical size and stellar mass, which define the ex-
pected H 1 reservoir of a galaxy in the absence of strong environmental perturbations.
In particular, the HI mass is correlated with stellar mass, with low-mass galaxies of-
ten being more gas-rich relative to their stellar content, while more massive galaxies
tend to have lower H 1 fractions.

Early studies of galaxies in dense environments revealed systematic deficits of
neutral atomic hydrogen. In a study of galaxies in the Virgo cluster, R. D. Davies
and Lewis (1973) found that galaxies exhibit reduced HI content across a range of
morphological types. Recent studies have confirmed that this effect is widespread
in dense environments, with galaxies in clusters consistently exhibiting reduced H 1
content compared to their field counterparts (Solanes et al., 2001} Boselli and Gavazzi,
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2006; Jaffé et al., 2016).

A quantitative definition of H I deficiency was introduced by Giovanelli and Haynes
(1985)), who formalized this effect by comparing the H I content of galaxies in clus-
ters to that of galaxies of similar morphological type in the field. The HI deficiency
parameter is commonly defined as the logarithmic difference between the expected
HI mass of a galaxy and its observed HI mass,

Defr = logo(Murexp) — 10g0(MHi,obs)s (3.14)

where My ey, represents the HI mass expected for an isolated galaxy of similar
properties, and My ops 1S the observed HI mass. Positive values of Defy; therefore
indicate that a galaxy is deficient in HI relative to the field population.

The expected HI mass is typically estimated using scaling relations based on op-
tical diameter and morphological type. For example, it can be expressed as (Solanes
et al.,|[1996; Boselli and Gavazzi, [2009))

10810 (W MitLexp) = ¢ + dlog (@)2 (3.15)
10 HLexp 10 kpc >

where D;s is the optical diameter measured at the up = 25 mag arcsec™2 isophote,
h = Hy/(100km s~ Mpc™), and ¢ and d are coefficients that depend on morpholog-
ical type.

Systems with high HI deficiency often exhibit truncated gas disks, asymmetric
distributions, and extended, disturbed gas structures. An example of these signatures
in a cluster environment is shown in Fig.[3.9] which presents galaxies from the VIVA
survey in the Virgo cluster. The sample includes systems with clear signs of inter-
action, truncated H I disks, and disturbed morphologies consistent with RPS. These
structures trace the response of the outer, loosely bound gas to gravitational interac-
tions. Therefore, HI observations often provide information about the evolutionary
history of the galaxy that would otherwise remain hidden.

Among the environmental processes discussed in Chapter [2] RPS is widely con-
sidered one of the primary mechanisms responsible for the removal of HI in cluster
galaxies. The truncated gas disks and one-sided tails described before are commonly
interpreted as signatures of this process (see left panel in Fig. [2.4). The efficiency of
this process depends on the location of galaxies within the cluster; as introduced in
Chapter [2] phase-space diagrams show that RPS is most effective for galaxies with
high velocities and smaller clustercentric distances (e.g Jaffé et al., 2018). Building
on this, the distribution of galaxies in phase space (see Fig.[3.10) highlights how the

50



3.3 Environmental impact on cold gas

Virgo, A Laboratory for Studying Galaxy Evolution
L]

e
-
A

Figure 3.9: Galaxies from the VIVA (VLA Imaging of Virgo in Atomic Gas) survey overlaid
on the ROSAT X-ray map of the Virgo cluster, tracing the hot ICM. The sample
includes late-type galaxies spanning a wide range of environments, from the dense
cluster core to the outskirts, and exhibits a diversity of HI morphologies, includ-
ing undisturbed disks and strongly perturbed systems undergoing environmental
processing. The H I images have been enlarged by a factor of 10 for clarity. Image
credit: Chung et al. (2009); ROSAT X-ray image from Bohringer et al. (1994).

HI content varies across the cluster, with HI-poor systems located in the virialized
region, which corresponds to galaxies that have spent a significant amount of time
within the cluster potential and have therefore experienced prolonged environmental
processing, while HI detections are more common in regions associated with recent
infall.

The removal or redistribution of H I will then drive the evolution of galaxies toward
more passive systems. Without a sustained gas reservoir, star formation declines
over time, and galaxies transition from actively star-forming to quiescent states. This
is also reflected in the phase-space distribution shown in Fig. [3.10] where passive
(red) galaxies are found throughout the cluster, but dominate the virialized region.
In contrast, star-forming systems are more commonly located in the infall region,
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Figure 3.10: Phase-space distribution of galaxies in the Abell 963 cluster, colour-coded by
their NUV-R colour, with red, cyan, and blue points indicating progressively
bluer systems. HI detections are highlighted with grey squares. The shaded
regions indicate areas associated with stripping, recent infall, and virialized pop-

ulations (Jafté et al.,|[2016)).

where galaxies have not yet experienced the full impact of environmental processing.
Together, these trends illustrate how the distribution of H1I, star formation activity,
and environment are closely linked in shaping the evolution of galaxies in dense
environments (e.g. de la Casa et al.,[2025).

3.4 Cold gas and nuclear activity

In Section [3.2] HI absorption was introduced as a decrease in flux against a back-
ground radio continuum source. In the absence of such a continuum source, HI
absorption cannot be detected. In galaxies hosting an AGN, the radio continuum
emission provides a bright background against which the intervening gas can be
probed, making HI absorption observations particularly relevant for AGN studies.
Fig.[3.7]shows a couple of examples of AGN related cases of H absorption.

The first detections of HI absorption were made in the Centaurus A galaxy by
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Roberts (1970), and since then HI absorption studies have been motivated by the
possibility of probing the central regions of AGN hosts. Absorption profiles centred
on the systemic velocity of the galaxy trace regularly rotating gas, while redshifted
or blueshifted components relative to systemic velocity are commonly interpreted as
signatures of inflowing or outflowing gas, respectively.

Early work by J. H. van Gorkom et al. (1989) suggested that most HI absorption
was redshifted, which for some time led to the view that inflowing gas was common.
This interpretation supported the idea that HI absorption could directly trace gas
feeding the central SMBH. However, more recent studies have found that blueshifted
HT absorption is more commonly observed (e.g. Vermeulen et al., 2003). This is
consistent with AGN-driven outflows, where cold gas is accelerated away from the
central regions. Thus, AGN outflows can have a direct impact on the gas available
for star formation.

Not only is redshifted H I absorption less common, but its velocity offsets are typ-
ically smaller than those observed in blueshifted components. It remains unclear
whether this reflects an intrinsic difference in the role of HI in AGN feeding, or
whether inflowing gas is more difficult to detect observationally. In addition, the
interpretation of redshifted absorption is not straightforward, since similar veloc-
ity offsets can arise from circumnuclear rotation. This is illustrated by the case of
Centaurus A, where redshifted absorption was initially interpreted as inflow, but was
later shown to be more consistent with a rotating circumnuclear disk (Morganti et al.,
2008). Nevertheless, even if rare, clearer examples of HI inflow have been reported
(e.g. Struve and Conway (2012), Maccagni et al. (2017), and Dutta and Srianand
(2022))). In these cases, the absorption is typically characterised by narrow compo-
nents that are redshifted relative to the systemic velocity, which are more difficult to
reconcile with regular rotation and are therefore more naturally interpreted as indi-
vidual gas clouds moving toward the central regions.

Taken together, these results indicate that H I absorption traces a complex circum-
nuclear environment in which multiple kinematic components can coexist. Regular
rotation, inflow, and outflow may all be present within the same system, and their
relative importance likely varies between galaxies. As a result, HI absorption is not
a straightforward tracer of AGN fuelling alone, but rather provides a broader view of
the interplay between cold gas and nuclear activity.
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cHAPTER 4

Radio Interferometry

4.1 Fundamentals of radio interferometry

Radio interferometry is based on the principle that spatial information about the
sky brightness distribution can be recovered by correlating the signals received by
pairs of antennas separated by a finite distance. By measuring the complex voltages
received at widely separated antennas and correlating them, an interferometer can
achieve a much higher angular resolution than that of a single dish, with the resolu-
tion being primarily determined by the longest baselines in the array. Each pair of
antennas forms a baseline that samples a specific spatial frequency component of the
sky brightness distribution. The fundamental quantity measured by an interferometer
is the complex visibility.

This can be illustrated with a simple two-element interferometer, shown in Fig. 4.1}
Radiation from a source arrives at the two antennas with a geometric delay that de-
pends on the baseline vector b and the direction of the source on the sky. This
geometric delay can be written as

Ty=—), (4.1)
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u = bcost

antenna 2

Figure 4.1: Schematic of a two-element radio interferometer. A baseline b separates two an-
tennas observing a source in direction s. The difference in path length introduces
a geometric delay 7, between the received signals, resulting in a phase difference
that is measured through their correlation. The projection of the baseline onto the
source direction determines the spatial frequency sampled by the interferometer.
Image credit: ALMA Science Portal.

where s is a unit vector pointing toward the source and c is the speed of light. This
delay introduces a phase difference between the signals received at the two antennas,
given by

2
¢ =2mvr, = 7” b-s, 4.2)

where v is the observing frequency and A is the corresponding wavelength.

The measured signal is therefore sensitive to the projection of the baseline onto
the source direction. Each baseline samples a specific spatial frequency of the sky
brightness distribution, corresponding to structures on a particular angular scale, with
longer baselines probing finer detail and shorter baselines probing more extended
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4.1 Fundamentals of radio interferometry

emission. The correlation of the signals from the two antennas yields the complex
visibility, which encodes both the amplitude and phase of this measurement.

For an extended sky brightness distribution /(s), the visibility measured by a base-
line can be written as

V(b) = f I(s) e 7SI 4@y, 4.3)

To express this relation in a more practical form, it is convenient to introduce a
coordinate system on the sky. Defining (/,m) as the direction cosines with respect
to the pointing center, and expressing the baseline in units of wavelength as (u, v, w),
the visibility can be written as

V(M, v, W) — ff I(l’ m) e—27ri(ul+vm+w(n—1)) dl dm, (44)
Vi-Z-m

where n = V1 — 2 — m?. This is the general measurement equation for an inter-
ferometer.

The coordinates (u, v, w) define a spatial frequency coordinate system associated
with the interferometer, where the baseline vector is expressed in units of wavelength.
In this framework, the (u,v) components correspond to spatial frequencies on the
plane of the sky, while the w-component accounts for the projection along the line
of sight. The set of visibilities V(u, v, w) therefore represents a sampling of the sky
brightness distribution in Fourier space, commonly referred to as the UV plane.

For small fields of view, where [,m < 1, the term involving w can be neglected
and n = 1. In this approximation, the expression simplifies to

V(u,v) = ff I(I,m) g~ 2iul+vm) dldm, “.5)

which shows that the measured visibilities correspond to the two-dimensional
Fourier transform of the sky brightness distribution.

While this approximation is valid for small fields of view, it breaks down for wide-
field observations where the non-coplanar nature of the array becomes significant. In
such cases, the w-term, which accounts for the deviation of the baselines from a com-
mon plane, introduces phase errors that cannot be neglected and lead to distortions in
the reconstructed image. This effect becomes increasingly important for instruments
with large fields of view, such as MeerKAT. To address this, modern imaging algo-
rithms explicitly account for the w-term during the inversion process. For example,
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the imager WSClean implements the w-stacking algorithm, which corrects for the w-
term by separating the data into layers of constant w and applying the corresponding
phase corrections during imaging (Offringa et al., 2014).

4.2 Sampling of the UV plane

In practice, an interferometer does not measure the visibility function continuously
across the UV plane, but instead samples it at a finite number of discrete locations
determined by the distribution of baselines in the array. The UV plane represents the
Fourier domain of the sky brightness distribution, where each point corresponds to
a specific spatial frequency and direction (or angle) on the sky. These spatial fre-
quencies correspond to structures on particular angular scales. Each antenna pair
measurement provides two points in this plane: the visibility and its complex conju-
gate, set by the projected baseline in units of wavelength.

This sampling can be visualized in Fig.[4.2] The left panel shows the physical con-
figuration of the array, where each pair of antennas defines a baseline. The middle
panel shows the corresponding instantaneous sampling of the UV plane. Each point
in the UV plane is produced by a pair of antennas, since a baseline is defined by the
difference between their positions, and the full set of sampled points is therefore de-
termined by all possible antenna pairs, directly reflecting the array configuration. In
fact, for a snapshot observation, this sampling can be understood as the autocorrela-
tion of the antenna distribution projected onto the plane perpendicular to the source
direction, excluding the zero-spacing term, which is not measured by interferome-
ters. As the Earth rotates, the baselines change with time as projected onto the sky,
causing each antenna pair to trace out a track in the UV plane, as shown in the right
panel. The resulting sampling pattern, known as the UV coverage, determines how
completely the Fourier transform of the sky brightness distribution is measured.

Because only a finite number of spatial frequencies are sampled, the Fourier plane
is inherently incomplete. As a result, the inverse Fourier transform of the visibilities
does not yield the true sky brightness distribution and instead has no unique solution,
requiring additional assumptions about the sky brightness distribution. In particular,
the absence of very short baselines leads to missing information on extended emis-
sion, while the longest baselines set the maximum achievable angular resolution.
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Figure 4.2: Example of UV coverage for the Very Large Array (VLA). Left: antenna config-
uration (see Fig.[[:4). Middle: instantaneous sampling of the UV plane. Right:
full UV coverage from Earth rotation synthesis. Image credit: National Radio
Astronomy Observatory.

4.3 Image reconstruction and deconvolution

The incomplete sampling of the UV plane means that the inverse Fourier transform of
the measured visibilities does not directly recover the true sky brightness distribution.
This process is illustrated in Fig. [4.3]

In the Fourier domain (top row of Fig.[d.3), the left panel represents the UV plane,
which corresponds to the full Fourier transform of the sky brightness distribution.
However, an interferometer does not measure this quantity directly. Instead, it sam-
ples the UV plane at a finite number of discrete points, determined by the available
baselines, as shown in the middle panel. The measured UV data therefore correspond
to the true UV plane multiplied by the sampling pattern, resulting in the sampled UV
plane shown in the right panel.

Applying the inverse Fourier transform to the measured UV data (top right panel
of Fig. 3) yields an image in the sky domain. However, because the UV plane
is only sampled at discrete points, this operation does not recover the true image
(bottom left panel), but instead produces the dirty image, shown in the bottom right
panel. The difference between the dirty image and the true image is set by the dirty
beam, shown in the middle panel. The dirty beam is the Fourier transform of the UV
sampling and acts as the point spread function (PSF) of the interferometer. Due to the
incomplete and irregular sampling of the UV plane, it typically contains significant
sidelobes, which introduce artefacts that can obscure faint emission and complicate
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Lt SAMPLING

TRLE IMAGE

Figure 4.3: Illustration of interferometric image formation. Top row: the UV plane (left) is
sampled at discrete points by the interferometer (middle), producing the measured
UV data (right). Bottom row: applying the inverse Fourier transform yields the
corresponding image domain representation. Due to incomplete UV sampling, the
reconstructed image (dirty image, right) is the convolution of the true image (left)
with the dirty beam (middle). Image credit: Ivan Marti-Vidal.

the interpretation of the observed structure.

To remove these effects, deconvolution techniques are applied to the dirty image.
This is what is known as “cleaning” the image. The most commonly used method in
radio interferometry is the CLEAN algorithm (Hogbom,|1974). In practice, CLEAN
assumes that the sky brightness distribution can be represented as a collection of dis-
crete point-like components. The algorithm proceeds iteratively by identifying the
brightest peak in the dirty image and subtracting a scaled version of the dirty beam
centered at that position. This subtraction removes not only the peak itself, but also
the pattern of sidelobes produced by that source. The position and flux associated
with this peak are recorded as part of a model of the sky brightness distribution. The
process is then repeated on the residual image, where a new brightest peak is identi-
fied and treated in the same way. In this manner, CLEAN progressively reduces the

60



4.4 Spectral data cubes and derived products

influence of sidelobes while building up a model of the underlying emission. Once
this process is finished, the model made by the collection of point-like components
is convolved with an idealized beam, known as the clean beam, which is typically
taken to be a Gaussian approximation of the central component of the dirty beam.
The convolved model is then combined with the residual image to produce the re-
stored image.

4.4 Spectral data cubes and derived products

In radio interferometric observations, imaging is typically performed across a range
of frequencies. This results in a three-dimensional dataset known as a data cube,
where two axes correspond to spatial coordinates on the sky and the third axis rep-
resents frequency, or alternatively velocity. This structure is illustrated in Fig. f.4]
Each slice of the cube along the spectral axis corresponds to a channel map, that is, an
image of the sky at a specific frequency. By assembling these channel maps together,
the data cube captures how the emission varies across the sky and as a function of
frequency.

The data cube can be explored in different ways to extract physical information.
Integrating the emission along the spectral axis produces moment maps, as shown on
the left-hand side of Fig. @ The zeroth moment (moment 0) corresponds to the total
emission, tracing the overall distribution of HI. An example of this is shown by the
contours in the left panel of Fig.[2.4] Higher-order moments provide information on
the velocity (moment 1) and velocity dispersion of the gas (moment 2). In Fig. 4.4
the lower left panel illustrates how different velocity components can be separated
and compared, highlighting variations in the kinematic structure of the emission.
Additionally, the cube can be explored along the spatial axes by extracting spectra,
as illustrated on the right-hand side of Fig.[d.4] By extracting spectra from individual
positions or regions, it is possible to trace the velocity structure of the gas along
the line of sight. Together, these representations provide complementary views of
the same dataset, linking the spatial distribution of the emission with its kinematic
properties.

4.5 Weighting, tapering, and spatial filtering

Although deconvolution techniques such as CLEAN improve the fidelity of the re-
constructed image, the final result still depends on how the visibilities are weighted
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Figure 4.4: Schematic representation of a spectral data cube. Each slice along the spectral
axis corresponds to a channel map, representing the sky brightness distribution
at a given frequency. Integrating along the spectral axis produces moment maps,
while extracting along the spatial axes yields spectra from individual pixels or
regions. From Loomis et al. (2018).

during the imaging process. Prior to the Fourier transform step that produces the
dirty image, the visibilities must be gridded onto a discrete UV plane, where mul-
tiple measurements can fall within the same pixel. In this step, each visibility is
assigned a weight that determines how strongly it contributes to the final image. Dif-
ferent weighting schemes can be used to combine the visibilities within each pixel,
and these choices directly influence the properties of the resulting image, including
its angular resolution and noise level, and the structure of the synthesized beam.

At the two extremes, visibilities can be weighted using either natural or uniform
weighting. Natural weighting assigns weights according to the inverse variance of
each visibility, giving more importance to measurements with higher signal-to-noise
ratio. Since densely sampled regions of the UV plane contain more visibilities, this
scheme naturally favours them. In contrast, uniform weighting assigns weights based
on the number of visibilities within each (u,v) cell, reducing the contribution of
densely sampled regions so that all parts of the UV plane are more equally rep-
resented. The key difference between these approaches is that natural weighting
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4.5 Weighting, tapering, and spatial filtering

prioritizes the quality of the measurements, while uniform weighting compensates
for the non-uniform sampling of the UV plane. Between these two extremes, ro-
bust weighting introduces a tunable compromise, allowing a continuous transition
between natural and uniform weighting.

Robust weighting was introduced by (Briggs, |1995) as a way to bridge these two
approaches. Instead of applying a single weighting scheme across the entire UV
plane, it adjusts the weights based on the local density of visibilities, with sparse
regions weighted more like natural weighting and dense regions more like uniform
weighting. The extent to which the weighting follows this behaviour is controlled by
the robustness parameter: large values produce weighting schemes closer to natural
weighting overall, while small (and negative) values approach uniform weighting.

In practice, different values of the robustness parameter lead to different trade-off's
between noise and resolution. Natural weighting minimises the noise in the image
but produces a broader synthesized beam, while uniform weighting improves reso-
lution and reduces sidelobes at the cost of higher noise. This behaviour is illustrated
in Fig. 4.5] where decreasing the robustness parameter leads to a narrower synthe-
sized beam and higher noise, while increasing it produces a broader beam with lower
noise. By varying the robustness parameter, it is possible to move between these
regimes and select a balance appropriate for the scientific goals of the observation.

In addition to the weighting schemes described above, visibilities can be further
modified through a taper parameter. This parameter adjusts the weights as a func-
tion of distance from the center of the UV plane, typically reducing the contribution
of visibilities at larger (u, v) radii. Since these correspond to longer baselines, this
reduces the contribution of high-resolution information and results in a broader syn-
thesized beam. This is particularly useful when studying extended emission, as it
increases the sensitivity to large-scale structures that are otherwise difficult to re-
cover at higher resolution. By reducing the contribution of long baselines, which
probe small spatial scales, the image becomes more sensitive to diffuse emission, at
the expense of fine spatial detail.
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Figure 4.5: Trade-off between synthesized beam size and image noise as a function of the
robustness parameter. The three solid curves show the synthesized beam FWHM,
corresponding to the major axis (Bp,), minor axis (Bpi,), and their geometric
mean. The dotted curve shows the normalized RMS noise (right axis). From

Briggs,
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CHAPTER B

Data Processing

5.1 Observational data overview

The data used in this work are part of a deep MeerKAT H I and radio continuum mo-
saic of the Antlia cluster (more details on the Antlia cluster are given in Chapter [6}
SCI-20210212-KH-01, PI: K. Hess). The observations consist of 10 overlapping
pointings covering a total area of approximately 8.5 deg?, designed to map the clus-
ter core, its outskirts, and the surrounding environment within a single dataset. This
mosaic provides wide-area coverage combined with high sensitivity to neutral hy-
drogen, enabling the study of gas properties across a range of environments within
the cluster.

These observations were carried out with the MeerKAT radio interferometer, lo-
cated in the Karoo region of South Africa (Fig.[5.1). MeerKAT consists of 64 dishes
with baselines ranging from tens of meters to approximately 8 km, providing high
sensitivity and angular resolution for HI observations. MeerKAT is the successor to
KAT-7 and serves as a precursor to the SKA. Previous HI observations of the Antlia
cluster were carried out with the KAT-7 array (Hess et al., [2015)), which consisted
of seven dishes and provided the first unresolved view of the HI distribution in the
cluster. This project therefore represents a direct follow-up to that work, enabling
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P

Figure 5.1: The MeerKAT radio interferometer located in the Karoo region of South Africa.
The array consists of 64 dishes distributed over baselines of up to ~8 km.

a significantly more detailed view of the HI distribution in the Antlia cluster and
allowing us to trace it to larger radii.

The observations were carried out in L-band, covering a frequency range of ap-
proximately 900—1670 MHz. The data were recorded using the 32K correlator mode,
providing 32 768 spectral channels with a channel width of 26.1 kHz. The mosaic
was observed over eight observing sessions, with an average on-source integration
time of approximately 4.5 hours per pointing.

The raw visibility data were processed on the ilifu computing cluster hosted at the
Inter-University Institute for Data Intensive Astronomy (IDIA) using the CARACal
pipelineﬂ which is designed for automated calibration and imaging of MeerKAT
observations. The calibration included standard cross-calibration steps, consisting of
bandpass and gain calibration using calibrator sources, followed by a self-calibration
step to refine the gain solutions using continuum emission within the target field.

The subsequent imaging strategy, including the choice of imaging parameters, the
multi-resolution processing, and the source-finding procedure, is described in the
following sections.

lhttps ://caracal .readthedocs.io
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5.2 Imaging parameter choices

Table 5.1: HI data cube properties for the four imaging setups. The name given to each cube
corresponds to the average of the major and minor axes of the synthesized beam.
Listed are the Briggs robustness parameter, the applied uv-taper, the resulting syn-
thesized beam, the rms noise per channel, and the corresponding column density
sensitivity evaluated at a level of 30ngc3s1Av. Here, ongeszst is the rms noise
measured around the mask of NGC 3281 at the respective resolution (computed
using SoF1A-2), and we adopt Av = 20 kms™'.

name robust taper resolution noise Nuise
(k1) (arcsec) (Jybeam™)  (cm™?)
70" 0.5 60 71.1”7 x69.3”  35x107% 53x10%®
48" 0.5 30 497" x46.1” 2.8x10™* 82x10'8
307 0.0 15 344" x262” 27x107%  2.1x10"
16” 0.0 6 20.5” x 12.1”7  22x10™%  6.6x 10"

5.2 Imaging parameter choices

The imaging of interferometric data requires a balance between angular resolution
and surface brightness sensitivity. This balance is primarily controlled through the
choice of visibility weighting and the application of uv-tapering, as discussed in
Chapter [d] In this work, a set of imaging parameters was selected to probe different
spatial scales of the HI emission in the Antlia cluster.

We adopted Briggs weighting with two values of the robust parameter, combined
with a set of uv-tapers to produce images at multiple angular resolutions. Specifi-
cally, robust values of 0.5 and 0 were used together with uv-tapers of 60, 30, 15, and
6 kA. The adopted combinations are summarized in Table[5.1]

The different imaging configurations are referred to by the characteristic angular
resolution of the resulting data cubes, given by the average of the major and minor
axes of the synthesized beam. Throughout this work, we therefore refer to the cubes
asthe 70”,48"”,30”, and 16" datasets, corresponding to progressively higher angular
resolution.

The chosen combinations reflect a progression from high surface brightness sen-
sitivity to high angular resolution. At the lowest resolution (70”), the use of a rel-
atively high robust parameter together with a strong uv-taper maximizes sensitivity
to extended, diffuse HI emission. As the resolution increases (48", 30", and 16”),
the taper is reduced and a lower robust value is adopted, placing greater weight on
longer baselines and allowing smaller-scale structures to be resolved.
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5.3 Multi-resolution imaging strategy

Concept of the multi-resolution approach

The imaging strategy adopted in this work follows the approach developed in the
Fornax cluster survey (Serra et al., [2023) and the MHONGOOSE survey (de Blok
et al.,, [2024). The key idea is to process the data sequentially from low to high
angular resolution, using the higher sensitivity of the low-resolution cubes to guide
the recovery of emission at higher resolutions.

At low resolution (e.g. the 70” cube), the sensitivity to diffuse emission is max-
imized, enabling robust detection of extended HI structures. At higher resolutions
(48”7, 30”7, and 16"), the sensitivity to extended emission decreases, but smaller-
scale structure can be resolved. The multi-resolution approach therefore combines
the strengths of both regimes to recover the HI distribution across a wide range of
spatial scales.

Iterative mask-driven approach

A key component of this method is the use of source-finding masks to guide the
cleaning process across resolutions. In this context, a mask is a three-dimensional
selection of pixels in the data cube that are identified as containing signal.

At the lowest resolution (70"), source finding is first performed (see Section[5.4) to
generate an initial mask. This mask is then used to constrain the cleaning of the data,
restricting the deconvolution to regions where emission is detected. After cleaning,
source finding is repeated on the improved cube to produce an updated mask. This
updated mask is then used as input for the cleaning of the next-highest-resolution
dataset.

This process is repeated across the different resolutions, such that the cleaning
at each stage is guided by progressively refined masks. In this way, faint emission
detected at low resolution can be consistently recovered at higher resolution, even
where the signal would otherwise fall below the detection threshold.

Data processing workflow

At each of the imaging configurations listed in Table [5.1} the data were first pro-
cessed in the visibility domain, including continuum subtraction and mitigation of
contaminating emission such as solar interference. The data were then imaged and
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deconvolved for each pointing and observing session, producing spectral data cubes.
This resulted in a set of cubes for the eight observing sessions across the 10 pointings.
These cubes were then combined by stacking the observations corresponding to each
pointing, increasing the overall sensitivity and producing a single cube per pointing.
In parallel, the corresponding PSF cubes were combined in the same manner, which
is required for the subsequent processing steps.

The resulting set of stacked cubes were first combined into a single mosaic at the
lowest resolution (70"") using MosaicQueerE], producing the full 2.8° X 3.6° mosaic.
This initial low-resolution mosaic was inspected, revealing the presence of residual
continuum emission arising from an inadequate subtraction due to strong HI emis-
sion. The brightest HI sources also exhibited strong HI sidelobes, which are not
residual artifacts but arise from the intrinsic response of the MeerKAT beam and be-
come significant only for very bright sources. These effects affected the overall data
quality and compromised the reliability of the initial source finding.

To address these issues, an improved imaged based continuum subtraction and
cleaning strategy was required. The residual continuum emission was first mitigated
by fitting and subtracting a natural cubic spline baseline along the spectral axis at
each spatial pixel. However, the cleaning could not be performed directly on the
mosaic, as the PSF varies across the field and cannot be represented by a single PSF.
Instead, the cleaning was carried out in the image plane on the stacked cubes of
the individual pointings using the Apercal implementation of Miriad, parallelized by
channel. A shallow clean was first applied to each pointing, using a threshold of
30 and restricted to a source mask derived from the initial low-resolution mosaic,
as described above, effectively removing the strongest sidelobe structures associated
with the bright continuum sources.

The shallow cleaned pointings were then recombined into a mosaic, producing an
improved cube for the full field. This updated mosaic was used to perform a deeper
source finding step, yielding an initial mask for the full dataset. This mask was then
regridded back to the individual pointings and used to guide a subsequent deeper
clean, performed down to a threshold of 0.50" and restricted to the mask.

For the higher-resolution imaging configurations, the cubic spline continuum sub-
traction was repeated, but an additional shallow cleaning step was not required, as
the cleaning was guided by the mask obtained at the previous resolution. This iter-
ative process allowed the recovery of emission to be progressively refined from low
to high resolution.

2https ://github.com/caracal-pipeline/MosaicQueen
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5.4 Source finding

The identification of HI emission within the data cubes was carried out using the
SoF1A-2 source finding software (Serra et al., 2015; Westmeier et al., 2021). In this
context, source finding refers to the automated detection of emission within three-
dimensional data cubes. The output of this process consists of a catalog of detected
sources together with a corresponding mask, which defines the spatial and spectral
extent of the detected emission. This mask is a key component of the analysis, as it is
used to guide the cleaning of the data and forms the basis of the final source catalog.

The source finding was performed iteratively as part of the multi-resolution imag-
ing strategy described in the previous section. The detection was performed using the
smooth-and-clip (S+C) algorithm implemented in SoF1A-2, in which the data cube is
smoothed over a set of spatial and spectral scales and thresholded relative to the local
noise. Detected pixels are grouped into three-dimensional structures, and a reliability
filter is applied to distinguish genuine HI emission from noise fluctuations based on
their statistical properties. This filtering is illustrated in Fig.[5.2} where detections are
shown in different projections of parameter space. Negative detections (red points)
trace the noise distribution, while positive detections (blue points) include both real
sources and noise fluctuations. The reliability filter identifies sources that separate
from the noise-dominated population, which are shown as black points.

At each stage of the workflow, the source finding was intentionally performed us-
ing relatively permissive detection parameters in order to maximize completeness
and ensure that faint emission was not missed. The resulting catalogs and masks
were then visually inspected using CASA together with diagnostic products gen-
erated using the SoFiA Image Pipeline (SIP; Hess 2022), which produces moment
maps, position—velocity diagrams, spectral profiles, and multiwavelength overlays
based on the SoFiA source catalog and masks. This inspection was performed at
all spatial resolutions. Detections lacking spatial or spectral coherence, or associ-
ated with residual sidelobes, noise fluctuations, or continuum subtraction artifacts,
were identified as spurious and removed manually before the masks were used in
subsequent cleaning steps.

An example of a detected Hr source and its corresponding diagnostic products is
shown in Fig.[5.3] The source exhibits a clear optical counterpart in the DECam r-
band image, spatially coincident with the H1emission. The moment-0 map shows an
extended and symmetric H 1 distribution, while the moment-1 map displays a smooth
velocity gradient consistent with ordered rotation. The position—velocity diagrams
further confirm this kinematic structure, and the integrated spectrum shows a high
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Figure 5.2: Reliability analysis from SoF1A-2 for the 70” deep-clean cube. The panels
show different projections of the parameter space used to classify detections:
top-left: log(mean/rms) versus log(peak/rms), top-right: log(mean/rms) versus
log(sum/rms), and bottom-left: log(sum/rms) versus log(peak/rms). Each point
corresponds to a detection identified by the source finder. Red points represent
negative detections tracing the noise distribution, while blue points correspond
to positive detections prior to reliability filtering. Black points indicate sources
classified as reliable by the algorithm. The dashed line in the top-right panel rep-
resents the statistical boundary used by the reliability filter to separate genuine H1
emission from noise.

signal-to-noise detection with a well-defined profile. Together, these diagnostics in-
dicate a robust and physically coherent H1 detection.

These diagnostics helped assess the reliability of each detection. While the pres-
ence of an optical counterpart or a clear velocity gradient provided supporting evi-
dence, neither was strictly required. In practice, genuine H1 detections were identi-
fied by emission that is spatially well-defined and persists across multiple consecu-
tive channels, whereas spurious detections were typically irregular and confined to
isolated pixels or channels.

The final masks obtained for the 70”7, 48", 30”, and 16” cubes are shown in
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Figure 5.3: Example of a detected H1 source and its corresponding SIP diagnostic products.
Top row (left to right): DECam optical image (r-band) with H1 contours, inte-
grated H1intensity (moment-0) map, pixel signal-to-noise ratio map, velocity field
(moment-1), and velocity dispersion map (moment-2). Bottom row (left to right):
integrated spectrum, masked/aperture spectrum, and position—velocity diagrams
along the major and minor axes. The source is consistent with a disk galaxy host-
ing an extended H1 reservoir.

Fig.[5.4] These masks represent the final outcome of the source-finding procedure
and define the HI detections used throughout the analysis. The figure illustrates the
spatial extent of the HI emission identified across the Antlia field and how the de-
tected structures are represented across different angular resolutions. Not all sources
are detected at all resolutions, reflecting the different sensitivity of each dataset to
diffuse and compact H1 emission.
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Figure 5.4: DECam r-band image of the Antlia cluster overlaid with the final H1 masks de-
rived from the source-finding procedure at each resolution; white, orange, lime,
and sky blue correspond to the 70", 48", 30", and 16” datasets, respectively. The
magenta cross marks the adopted center of the Antlia cluster. The comparison
highlights how extended, diffuse structures are more prominent at lower resolu-
tion, while higher-resolution datasets resolve the more compact components of
the H1 distribution.
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CHAPTER O

NGC 3281 in the Antlia Cluster

6.1 The Antlia cluster

The Antlia cluster is the third closest galaxy cluster to the Milky Way Galaxy, at a
distance of ~ 38 Mpc (Hess et al.,[2015). It has a virial radius of ~ 887 kpc (Wong
et al.,2016) and a total mass of ~ 8 x 10'3 Mg, placing it among the nearby cluster
population alongside Virgo and Fornax. Unlike these more relaxed systems, Antlia
is a dynamically young cluster that is still in the process of assembly.

The cluster is composed of two main substructures centered on the two brightest
cluster galaxies (BCGs), NGC 3268 and NGC 3258 (see Fig. [6.1)), which are in the
process of merging. These two groups are aligned along the same direction as the
large-scale filament connecting Antlia to the Hydra Cluster, suggesting a connection
between the merger geometry and the surrounding large-scale structure.

Previous HI observations of the Antlia cluster with KAT-7 showed that HI de-
tections are predominantly located in the outskirts, with the central regions largely
devoid of neutral atomic hydrogen (Hess et al.,[2015). This is illustrated in Fig.[6.2]
where the detections are distributed around the cluster and avoid the regions of
strongest X-ray emission. However, in dynamically young and merging clusters,
galaxies may still retain significant amounts of cold gas and show signs of ongoing
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Figure 6.1: Optical image of the Antlia cluster showing its main structural components. The
two brightest cluster galaxies (BCGs), NGC 3268 and NGC 3258, define the pri-
mary substructures of the cluster, which are believed to be in the process of merg-
ing. NGC 3281 is located in the outskirts of the cluster, within the region where
environmental effects begin to influence galaxy evolution. The field of view cov-
ers approximately the inner half of the cluster virial radius.

evolution compared to more relaxed systems (Cava et al., 2017; Noble et al., 2017}
Stroe et al.,[2017). As shown in Fig. @ the deeper MeerKAT observations reveal
a larger population of HI sources across the cluster, including low H I mass systems
located closer to the cluster center than previously detected.

The dynamical state of a cluster is reflected in the properties of the ICM. In relaxed
cool-core clusters such as Virgo, the X-ray surface brightness rises steeply toward the
center, tracing a dense and centrally concentrated gas distribution. In contrast, Antlia
exhibits a relatively uniform X-ray surface brightness and temperature distribution in
its central regions, lacking the strong central peak characteristic of cool-core systems
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Figure 6.2: ROSAT 0.5-2 keV X-ray image of the Antlia cluster, tracing the hot ICM, over-
laid with HT contours from KAT-7 observations (Hess et al., 2015). The X-ray
emission is concentrated toward the cluster center, while H I-rich galaxies are pre-
dominantly located in the outskirts, illustrating the impact of the cluster environ-
ment on the neutral gas content of galaxies.

(Nakazawa et al.,[2000; Wong et al.,[2016). This indicates that the ICM has not yet
settled into a relaxed configuration.

In a system such as Antlia, which is relatively low mass and dynamically disturbed,
gravitational interactions may play a particularly important role alongside hydrody-
namical processes, enhancing tidal effects in addition to RPS. Together, these con-
ditions create an environment in which multiple mechanisms can act simultaneously
on the cold gas component of galaxies.

At the same time, the processes shaping the cold gas component may also transport
gas toward the central regions of galaxies. X-ray studies have shown that a fraction
of galaxies in Antlia host active galactic nuclei, indicating that gas can still reach the
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nucleus even within this dynamically evolving environment (Hu et al., [2023)). This
highlights that, alongside gas removal, mechanisms capable of funneling gas inward
may also be operating, linking the environmental transformation of galaxies to the
triggering of nuclear activity.

Together, these properties make Antlia a particularly suitable system for studying
the cold gas content of galaxies across a range of environments within a single clus-
ter. Its proximity and dynamical state allow the H I distribution to be probed from the
outskirts to the inner regions, capturing galaxies at different stages of interaction with
the cluster environment. The sensitivity and spatial resolution of the MeerKAT ob-
servations enable the detection of both compact and diffuse HI structures, providing
a detailed view of the gas distribution across the system.

6.2 NGC 3281

A remarkable example of a galaxy in which multiple evolutionary processes may be
acting simultaneously is NGC 3281, located on the north-eastern side of the Antlia
cluster, along the axis defined by the Hydra—Antlia filament and the ongoing merger
between its two main substructures (see Fig. [6.I). NGC 3281 is an early-type spi-
ral galaxy of morphological type Sab and hosts an AGN classified as a Seyfert 2
system (Phillips et al., [1983; Storchi-Bergmann et al., [1992). It has a stellar mass
of log,o(M./Ms) ~ 9.6 (Hess et al.,|2015) and an inclination of i ~ 64° (Storchi-
Bergmann et al., [1992)). The galaxy is located at a projected distance of ~ 430 kpc
from the center of the Antlia cluster, corresponding to approximately half of its virial
radius.

Although NGC 3281 has been studied primarily in the context of its AGN, its
evolution has largely been interpreted from a nuclear perspective. Only recently, with
the availability of deep HI observations and the environmental context provided by
the Antlia cluster, has it become possible to examine the galaxy as part of a larger
system.

NGC 3281 hosts a heavily obscured Seyfert 2 nucleus, with X-ray observations re-
vealing Compton-thick column densities (Ny ~ 10** cm™?) consistent with a deeply
embedded central engine (Vignali and Comastri, |2002). Optical observations re-
vealed a prominent biconical ionisation structure extending on kiloparsec scales (Storchi-
Bergmann et al., |1992). Radio continuum observations show kpc-scale bipolar out-
flows roughly perpendicular to the disk, while ALMA CO(2-1) observations reveal
molecular gas in the central regions, tracing a multiphase circumnuclear environ-
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ment, as illustrated in Fig. @] (Dall’ Agnol de Oliveira et al., [2023)). Previous HI
observations by Hess et al. (2015) detected NGC 3281 in absorption against its radio
continuum source, tracing neutral gas along the line of sight to the nucleus, while the
presence of spatially resolved HI emission remained unclear.

Within the Antlia cluster, HI observations show that neutral gas is largely absent
within the central ~ 200 kpc, with detections preferentially located at larger radii
(Hess et al., [2015). NGC 3281, located at ~ 430 kpc, lies within this intermediate
region where galaxies are expected to be undergoing environmental processing. This
makes it an ideal system for studying the impact of the cluster environment on the
gas content of cluster galaxies.

The combination of its location within the cluster, its AGN activity, and its ob-
served gas properties makes NGC 3281 a relevant system for examining how inter-
nal and external processes may act together in dense environments. In the following
which comprise this licentiate thesis, we present the HI properties of NGC 3281 and
explore their connection to both its nuclear activity and its surrounding environment.
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Optical image of NGC 3281. The zoomed central region, shown in the up-
per panel, includes multiwavelength data overlaid: [O III] emission (red), X-ray
emission (blue), radio continuum (yellow), and molecular gas traced by CO(2-1)
(green) (Dall’ Agnol de Oliveira et al.,[2023). The cross marks the position of the
nucleus.



CHAPTER /

Summary of included papers

This chapter provides a summary of the included papers.

7.1 Paper A

Vicente Salinas, Kelley M. Hess, Junhyun Baek, Clara C. de la Casa, Ralf Ko-
tulla, S. S. Sridhar, Hao Chen, Aeree Chung, Kana Morokuma-Matsui, Valeria
Olivares, Yuanyuan Su, Ming Sun

An environmental view of the galaxy NGC 3281

To be submitted to Monthly Notices of the Royal Astronomical Society (MN-
RAS) .
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ABSTRACT

Neutral atomic hydrogen (H 1) provides the gas reservoir that fuels star formation. Environmental mechanisms in galaxy clusters
alter the fate of this gas, thereby influencing galaxy evolution. These mechanisms range from gravitational interactions to
hydrodynamical effects, which can ignite or enhance internal processes such as AGN activity. The current picture of cluster
galaxy evolution is thus shaped by a complex interplay of these factors. We present an environmental study of the Seyfert 2
galaxy NGC 3281 in the Antlia cluster using deep MeerKAT H1 and radio continuum observations, complemented by deep
optical imaging. NGC 3281 hosts a truncated H 1 disk and is missing ~ 81t1229% of its expected H 1 mass. We report the discovery
of an isolated, large, starless H1 cloud extending up to ~ 200 kpc from NGC 3281 while carrying the kinematic signature of
the galaxy’s rotation. Together with two smaller nearby H1 clouds, this material accounts for ~ 18’:295 % of the inferred missing
Hr1 The H1 morphology and distribution indicate ram pressure stripping as the dominant mechanism shaping the gas, while
the complete detachment of the cloud and faint stellar features suggest that a past weak gravitational interaction contributed to
loosening the gas reservoir. We estimate that the main H1 cloud was stripped from the galaxy ~ 300-350 Myr ago. We detect
strong redshifted H1 absorption consistent with ongoing cold gas inflow, and the radio continuum emission reveals kpc-scale
bipolar outflows emerging from the nucleus. NGC 3281, therefore, represents one of the clearest nearby examples of a galaxy
undergoing multiple simultaneous evolutionary processes.

Key words: galaxies: clusters: general — galaxies: clusters: intracluster medium — galaxies: evolution

1 INTRODUCTION 1995; de la Casa et al. 2025), the end result that we observe is that
galaxies in clusters experience a halt of their star formation compared
to isolated galaxies of similar mass in the field (Boselli & Gavazzi

2014; Jaffé et al. 2016).

1.1 Environmental processes, H1, and AGN activity in clusters

It has been well established that the evolution of galaxies is greatly

impacted by their environment (e.g. Davies & Lewis 1973; Dressler
1980; Kennicutt 1983; Giovanelli & Haynes 1985; Whitmore et al.
1993; Solanes et al. 2001; Baldry et al. 2006; Gavazzi et al. 2010;
Peng et al. 2010). As the densest large-scale structures in the uni-
verse, galaxy clusters host the most extreme conditions for galaxy
evolution. They serve as nodes in the cosmic web, where hundreds to
thousands of galaxies converge, leading to gravitational interactions
with other galaxies and the cluster potential, as well as effects driven
by the interaction between the hot intracluster medium (ICM) and
the interstellar medium (ISM). While these processes can temporar-
ily enhance star formation (e.g. Kennicutt et al. 1987; Gavazzi et al.

© 2024 The Authors

Physical mechanisms driving galaxy evolution are often divided
into two broad categories: internal and external factors. On the one
hand, internal processes occur naturally as a result of a galaxy’s own
processes, such as gravitational instabilities, active galactic nuclei
(AGN) feedback, or supernova feedback. On the other hand, exter-
nal factors are caused by the interaction between a galaxy and its
environment, and become increasingly more prominent in denser
environments. These are further classified into gravitational effects,
such as mergers, tidal interactions, and harassment (Spitzer & Baade
1951; Merritt 1983; Moore et al. 1998), and hydrodynamical effects,
including ram pressure stripping (RPS), thermal evaporation and vis-
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cous stripping (Gunn & Gott 1972; Cowie & Songaila 1977; Nulsen
1982).

Among the internal processes, AGN have been found to play an
important role in a galaxy’s evolution (Fabian 2012). These are pow-
ered by the accretion of material onto a supermassive black hole
(SMBH), located at the center of galaxies (Rees 1984; Kormendy &
Ho 2013). As a consequence of the accretion process, large amounts
of energy are released outward into the ISM and the ICM (Silk &
Rees 1998), often observable in the form of radio continuum out-
flows and jets (e.g. Blandford & Rees 1974). These can disturb the
cold gas reservoir in a galaxy by heating or pushing the gas, thereby
lowering the efficiency of star formation (Harrison 2017; Fiore et al.
2017; Nesvadba et al. 2021).

In this context, neutral atomic hydrogen (H1) provides a key tracer
for studying how the cold gas reservoir in a galaxy is affected. In AGN
host galaxies, H1 outflows can be detected as blueshifted absorption
against an underlying continuum (Morganti et al. 1998), while red-
shifted H1 absorption can be a sign of inflow (e.g. Maccagni et al.
2017). More generally, H1 emission provides a large scale view of
the remaining cold gas distribution in a galaxy. As the least bound
component of the ISM, H1 can be easily stripped by gravitational
interactions or RPS, making it highly sensitive to environmental ef-
fects.

Gravitational interactions between galaxies or with the cluster po-
tential can alter multiple components in a galaxy, including both
the stellar and gaseous components. This can completely change
the morphology of a galaxy, often producing asymmetric features
such as tidal tails, bridges, or disturbed gas kinematics (Toomre &
Toomre 1972; Hibbard & van Gorkom 1996; Reynolds et al. 2020;
Hank et al. 2025). In contrast, RPS primarily affects the gaseous
component, typically producing one-sided features and an outside-in
truncation of the neutral gas (Warmels 1988; Cayatte et al. 1990;
Chung et al. 2009; Hess et al. 2022).

In the current picture of galaxy evolution in clusters (see Boselli &
Gavazzi 2006; Cortese et al. 2021 for a review), all these mechanisms
rarely act independently. Rather, what we observe is a combination
of multiple effects happening simultaneously and potentially altering
the effectiveness of each individual process. For instance, simulations
by Mayer et al. (2006) show how tidal forces can weaken the gravita-
tional potential, causing the gas in a galaxy to be more easily stripped
by RPS. Tidal interactions and RPS are frequently expected to oc-
cur together in dense environments, which can make their combined
signatures difficult to disentangle. This challenge is addressed with
simulated samples in Smith et al. (2025), who demonstrate that their
diagnostic becomes even more sensitive to detecting RPS when it
occurs simultaneously with tidal interactions.

Many observational examples of gravitational and hydrodynamical
processes acting together have also been found, such as in the Virgo
cluster (Oosterloo & van Gorkom 2005) and in the Fornax cluster
(Kleiner et al. 2021; Serra et al. 2023, 2024). These examples often
show a clear one sided H1 tail or extended H1 cloud, together with
signatures of a gravitational interaction, such as disturbed old stellar
features or unusual velocity gradients. In Serra et al. (2023) they
argue that tidal forces were a necessary step for RPS to be able to
further displace the H1, given the relatively weak ram pressure in the
Fornax cluster.

With the new generation of radio interferometers, sensitive H1 ob-
servations are revealing increasingly low column density gas in clus-
ters without an obvious optical counterpart (e.g. Koopmann 2008;
Serra et al. 2013; Hess et al. 2015; Kleiner et al. 2021; Jézsa et al.
2022). Such “clouds” of H1 are often interpreted as the result of
gas stripped from nearby galaxies. Recent simulations by Chaturvedi
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et al. (2024) tailored to MeerKAT (Jonas & MeerKAT Team 2016)
sensitivities in Fornax-like clusters show a significant population of
low column density H1 clouds extending hundreds of kiloparsecs
(~ 350 kpc on average) from the cluster galaxies into the ICM. Their
study suggests these clouds are associated with stripped gas from
satellite galaxies. However, the survival timescales of these clouds
within the ICM remain uncertain, and could provide useful con-
straints on the physical processes governing gas stripping in cluster
environments.

Another not fully understood connection is the extent to which
environmental effects can influence nuclear activity. Conflicting re-
sults have been reported in the literature, with some claiming that
the fraction of AGN in cluster galaxies is lower than that of the field
(e.g. Dressler et al. 1985; Haines et al. 2012; Lopes et al. 2017),
while others claim the fractions are comparable (e.g. Martini et al.
2007; von der Linden et al. 2010). Tidal interactions are known to
efficiently drive inflows of gas toward the SMBH, and are there-
fore a well-established mechanism for triggering AGN activity (e.g.
Shlosman et al. 1989; Byrd & Valtonen 1990; Di Matteo et al. 2005;
Hopkins & Quataert 2010; Avirett-Mackenzie et al. 2024; Véasquez-
Bustos et al. 2025). In this regard, galaxy-galaxy interactions would
be more common in smaller groups rather than big galaxy clusters
since merger rates are suppressed in high velocity dispersion envi-
ronments (Ostriker 1980; Makino & Hut 1997). As a consequence,
AGN activity may be preferentially associated with pre-processed
galaxies in group environments prior to accretion into the cluster.

In contrast, the impact of RPS on nuclear activity remains more
uncertain. While RPS can remove the gas that could feed the AGN,
some studies suggest it may briefly enhance accretion during the peak
of the stripping process (Poggianti et al. 2017; Peluso et al. 2022).
According to Gunn & Gott (1972) formalism, RPS is more efficient
when a galaxy moves fast and through a dense medium. Phase-
space diagrams have shown these conditions occur preferentially
for recently infalling galaxies (Rhee et al. 2017; Jaffé et al. 2018).
Consistent with this picture, it has been shown that AGN in clusters
are most likely to be found in the infalling region, rather than the
virialized core (Haines et al. 2012; Maier et al. 2022).

1.2 The Antlia cluster

To shed light on some of these questions and explore these processes
in detail, we focus on the nearby Antlia galaxy cluster. Antlia provides
an environment to study galaxies in a dynamically young, low-mass,
and unrelaxed cluster with a virial radius of ~ 887 kpc (Wong et al.
2016). It is located south-west of the Hydra cluster and is connected
to it by a large scale structure filament. The cluster is composed of two
groups centered on NGC 3258 and NGC 3268 that are in the process
of merging along the same direction as the filament linking Antlia
and Hydra, making Antlia a compelling system for studying infalling
galaxies in the early stages of cluster assembly (Smith Castelli et al.
2008). Its proximity further enables detailed, well-resolved studies
of the H1 distribution in galaxies and their surroundings.

The dynamical state of the cluster is reflected in the properties of
its ICM. Unlike relaxed cool-core clusters, Antlia exhibits a relatively
uniform X-ray surface brightness distribution in its central regions,
lacking the strong central peak characteristic of cool-core systems
(Nakazawa et al. 2000; Wong et al. 2016). In such an environment,
both hydrodynamical and gravitational processes are favoured and
can strongly influence the cold gas component of galaxies. These
processes may not only remove or redistribute gas, but also influence
its transport toward the central regions of galaxies. Furthermore, Hu
et al. (2023) find enhanced AGN activity in Antlia compared to more



relaxed nearby clusters such as Virgo and Fornax, consistent with its
dynamically young and merging state.

The H1 study by Hess et al. (2015) (hereafter H15) shows that gas-
rich galaxies in Antlia preferentially avoid the central region, with
H1 detections predominantly found at larger cluster-centric radii,
based on the sensitivity limits of the available KAT-7 observations
at the time. The MeerKAT observations used in this work, with
substantially improved sensitivity and angular resolution, are part of
a broader effort aimed at characterising the H1 properties of galaxies
and H1 gas throughout the Antlia cluster, which will be presented in
future studies.

1.3 NGC 3281

In this paper, we focus specifically on the environmentally affected
spiral galaxy NGC 3281 and its immediate surroundings, using this
system as a detailed case study to investigate the interplay between
environmental effects and nuclear activity. NGC 3281 is a well-
known Seyfert 2 galaxy (Phillips et al. 1983; Storchi-Bergmann et al.
1992) and hosts extended radio continuum emission (Liu et al. 2025).
This makes it a particularly suitable target for studies of neutral gas
in absorption and emission. The previous H1 observations by H15
revealed both absorption against the central radio continuum and
a nearby extended H1 structure, motivating the detailed MeerKAT
investigation of NGC 3281 and its surroundings presented in this
work.

NGC 3281 is an early-type spiral galaxy of morphological type
Sab (Winter et al. 2009). An inclination of i ~ 64° is commonly
adopted in the literature for NGC 3281 (e.g. Storchi-Bergmann et al.
1992). With a stellar mass of order M, ~ 1095 Mg (H15), it is a
moderately massive disk galaxy. Itis located at a projected distance of
~ 430 kpc north-east of the centre of the Antlia cluster, roughly at half
its virial radius, along the same direction as the filament connecting
Antlia to the Hydra cluster and the merging axis of the two Antlia
subgroups. Its projected location within the Antlia cluster therefore
makes NGC 3281 a plausible candidate for a recently infalling galaxy.

NGC 3281 has been extensively studied in the context of its AGN,
most notably by Storchi-Bergmann et al. (1992), who identified a
heavily obscured Seyfert 2 nucleus and a prominent biconical ioni-
sation structure extending on kiloparsec scales. Subsequent infrared
and X-ray studies have shown that the nucleus of NGC 3281 is
extremely obscured, with column densities in the Compton-thick
regime and one of the deepest silicate absorption features observed
among Seyfert galaxies, consistent with the presence of a compact
dusty torus (Sales et al. 2011). Recent ALMA CO(2-1) observations
by Dall’Agnol de Oliveira et al. (2023) (hereafter D23) have revealed
the presence of cold molecular gas outflows encasing the ionised bi-
conical structure, highlighting the multi-phase nature of AGN-driven
outflows in NGC 3281.

Despite this extensive work on the nuclear properties of NGC 3281,
the galactic disk and its environmental evolution within the Antlia
cluster has received little attention. In particular, the connection be-
tween its AGN outflows and the large-scale distribution of neutral
gas in its surroundings remains unexplored. While H15 reported
extended H1 in the vicinity of NGC 3281, and D23 noted optical
features suggestive of a past gravitational perturbation, the origin of
the surrounding neutral gas could not be assessed with previous data.
With this study, we combine deep MeerKAT H 1 and radio continuum
observations with DECam optical imaging to investigate the neutral
gas environment of NGC 3281 and assess the role of environmental
processes in shaping its present-day state and their connection to its
AGN activity.

NGC 3281 3
200 kpc

-34°00'
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Figure 1. Optical DECam image of the Antlia cluster in the r-band, overlaid
with the MeerKAT coverage. Red dashed circles indicate the edges of the 10
pointings down to the 10% sensitivity level. The green dotted circle represents
the virial radius, and the cross marks the cluster center.

Throughout this paper we assume a ACDM cosmology, with a
Hubble constant Hy = 73 km 571 Mpc", present matter density of
Q;;, = 0.27, and dark energy density 5 = 0.73. We adopt a cluster
redshift of z = 0.00933, corresponding to a heliocentric velocity of
Vhel = 2797 km s~ ! (Smith Castelli et al. 2008), and a flow-corrected
distance of D = 38.1+2.7 Mpc, accounting for the influence of Virgo
infall, the Great Attractor, and the Shapley supercluster. This distance
is assumed for NGC 3281 and all nearby sources associated with the
Antlia cluster. At a distance of 38.1 Mpc, 1 arcsec corresponds to
0.185 kpc.

2 DATA AND SAMPLE
2.1 MeerKAT Observations

We observed NGC 3281 and the surrounding environment as part of
alo deg2 mosaic of the Antlia Cluster with the MeerKAT Telescope
(SCI-20210212-KH-01, PI: K. Hess). These observations represent
the deepest H 1 and radio continuum observations of the Antlia cluster
to date, covering the full cluster virial radius (887 kpc; Wong et al.
2016) and extending beyond it by approximately 1.2—1.4 times the
virial radius along the direction of the Hydra—Antlia filament. The
observations consisted of a 10-pointing mosaic taken in 32K mode,
observed over eight sessions. The 10 overlapping pointings are shown
in Fig. 1. The MeerKAT L-band receivers cover a frequency range of
856 MHz with an RF bandwidth between approximately 900-1670
MHz. In wideband fine (32K) mode, the data are divided into 32,768
channels with a channel width of 26.123 kHz (van der Byl et al.
2022).

In order to maintain the same UV coverage and subsequent PSF
across the mosaic, we cycled between the 10 mosaic pointings, in-
terspersed with regular visits to the gain calibrator. Each mosaic
pointing was observed for ~ 240 seconds, the gain calibrators were
observed ~ 40 minutes apart, and the mosaic pointings were visited
8 times per session. We observed a flux/bandpass and a polarization
calibrator at the beginning, middle, and end of each session for a
total of 6h20m per observing session. In total, each mosaic pointing

MNRAS 000, 1-15 (2024)
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Table 1. H1 data cube properties for the four imaging setups. The name given
to each cube corresponds to the average of the major and minor axes of the
synthesized beam. Listed are the Briggs robustness parameter and applied
uv-taper. The resulting resolution is given as the synthesized beam size. The
rms noise per channel was computed from a background region. The column
density was evaluated at a level of 30 nGc3281AV, Where o'NGc 3281 is the
level of RMS noise around the mask of NGC 3281 at the respective resolution,
calculated by SOFIA 2, and we adopt Av =20 kms~!.

name  robust  taper resolution noise NH 130
(k) (arcsec) (Jybeam~1) (cm~2)
70" 0.5 60  71.17 x69.3”  35x107*  53x10'8
48" 0.5 30 49.77 x46.1” 2.8x10™*  82x10'®
30" 0.0 15 3447 %2627 27x107*  2.1x10"
16” 0.0 6 20.5” x 12.1”7  22x107* 6.6 x 10"

had just under 4.5 hours of on-source time before calibration and
flagging.

The spectral line and the radio continuum data products were
produced following different calibration schemes as described in
sections 2.2 and 2.3, respectively.

2.2 Spectral line data reduction

Before spectral line calibration, we split off the frequency range
1390.00-1417.95 MHz. This data from each observing session were
subsequently calibrated using the CARACal pipeline (J6zsa et al.
2020) on the ilifu computer cluster hosted at the Inter-University
Institute for Data Intensive Astronomy (IDIA)!, using standard pro-
cedures.

For the spectral line imaging and H1 source finding, we followed
a similar strategy to what has been developed by the Fornax Cluster
Survey (Serra et al. 2023) and MHONGOOSE surveys (de Blok et al.
2024): we imaged the cluster at the lowest spatial resolution first,
performed source finding to create a clean mask, cleaned the data,
and performed source finding again to create a "final mask". This
final mask was then used as the starting point for cleaning the next-
highest-resolution image. The source finding was performed using
the SOFI1A-2 software (Serra et al. 2015; Westmeier et al. 2021), and
the cleaning steps were carried out using the Apercal (Adebahr et al.
2022) implementation of Miriad (Sault et al. 2011), parallelized by
channel, to clean in the image plane.

At each resolution, the H1 cubes for each pointing, per session,
were imaged separately from the original UV data, and images from
each session of a given pointing were then co-added (as were the
PSFs). The co-added pointings were then mosaicked using mosaic-
queen to create the full 2.8 deg x 3.6 deg mosaic. Upon inspecting
the data we identified two main issues affecting the initial source
finding on the lowest resolution mosaic. First, a number of bright
H1 sources in the field exhibited strong sidelobes. Second, the con-
tinuum subtraction performed during the UVLIN step in CARACal
was imperfect in the vicinity of bright sources, resulting in negative
bowls that biased the initial source finding. Residual continuum was
removed prior to cleaning by iteratively fitting and subtracting a nat-
ural cubic spline baseline along the spectral axis at each spatial pixel.
To mitigate the sidelobe contamination, we first performed a shal-
low clean on the individual co-added pointings using a 3¢~ threshold
and restricted to the source mask, effectively removing the worst

! https://www.idia.ac.za/
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sidelobes, before re-mosaicking them to perform a more complete
source finding. Using the resulting initial mask for the full mosaic,
the mask was regridded back to the individual pointings and used to
guide a subsequent deeper, mask-constrained clean down to a 0.50°
threshold. For the higher-resolution images, the cubic spline contin-
uum subtraction was repeated, but an additional shallow clean was
not required, as the cleaning was guided by the mask obtained at the
previous resolution.

For the lowest resolution we ran the CARACal imaging step with
a robust and taper parameter of r = 0.5 and kA = 60, respectively.
This provided an average resolution of 70”. Then, for the following
resolutions we utilized (r = 0.5, kA = 30), (r = 0,kA = 15), and
(r =0, kA = 6), yielding average resolutions of 48’", 30", and 16",
respectively. Throughout this paper, we will refer to the different res-
olutions images by these average values. Table 1 provides a summary
of our imaging parameters and statistics.

2.3 Radio continuum data reduction

Unlike the spectral line data analysis discussed in the previous sec-
tion, the radio continuum data reduction included visibility data from
the entire observing bandwidth from 900 — 1670 MHz. The raw 32K
fine-channelised visibility data were first averaged to the equivalent
of visibility data produced by the 4K correlator mode before pro-
ceeding with calibration and imaging.

We calibrated and imaged our visibility data following standard
prescription using the Common Astronomy Software Application
(CASA version 6.4; CASA Team et al. 2022) and WSClean (ver-
sion 3.1; Offringa et al. 2014; Offringa & Smirnov 2017) software
packages. The calibration and imaging strategy implemented in our
pipeline is functionally similar to other publicly available MeerKAT
pipelines like the IDIA pipeline? and the CARACal pipeline®. The
calibration applied to each target, based on gain solutions derived
from the calibrator scans, was further refined through several itera-
tions of phase-only self-calibration and a final phase-and-amplitude
self-calibration iteration.

We imaged each target pointing separately using WSClean. The
calibrated visibilities were Fourier-transformed using the fast W-
gridder algorithm (Arras et al. 2021; Ye et al. 2022) with a Briggs
visibility weighting scheme (Briggs 1995). The images from the in-
dividual pointings were combined using a linear mosaicing strategy,
taking the MeerKAT primary beam into account. The radio contin-
uum emission from NGC 3281 is discussed in section 3.2 below. The
full radio continuum mosaic will be presented in a future publication.

2.4 Optical imaging

In addition to the MeerKAT observations, we make use of deep
optical imaging of the Antlia cluster obtained with the Dark Energy
Camera (DECam; Flaugher et al. 2015) in the u, g, and r bands.
These images provide the highest quality optical view of NGC 3281
to date and are used throughout this work as a reference for the stellar
morphology and surrounding environment. RGB composite images
were constructed using the r, g, and u bands, respectively. The r-
and g-band emission primarily traces the evolved stellar population
and large-scale stellar structure, while the u band is more sensitive
to younger stellar populations and regions of recent star formation.
The DECam imaging was reduced following standard procedures

2 https://github.com/idia-astro/pipelines
3 https://github.com/caracal-pipeline/caracal



including bias subtraction, flat-fielding, astrometric calibration, back-
ground subtraction, and construction of the final mosaics (same pro-
cedure as described in Hess et al. 2022; de la Casa et al. 2025).

3 RESULTS

3.1 Optical morphology

Our DECam imaging of the Antlia cluster provides the highest quality
optical images of NGC 3281 to date. In Fig. 2 we present a set of
panels, where the RGB composite (r, g, and u bands) of NGC 3281
serves as background. This new optical view has clarified some key
aspects of its morphology, as we can appreciate more clearly its
disturbed morphology than what previous images in the literature
might suggest (e.g. Storchi-Bergmann et al. 1992; Dall’Agnol de
Oliveira et al. 2023). In addition to the previously seen bright and
compact spiral tail on the south-east part of the galaxy, labeled as
the “Compact Tail” in Fig. 2, we now see two large diffuse tail-
like structures on opposite sides of the disk. Together, they have a
characteristic "S" morphology (Toomre & Toomre 1972), labeled as
the upper and lower “S” features in Fig. 2, which is a strong indicator
of past gravitational interactions. Notably, the tip of the “Compact
Tail” is facing towards the end of the diffuse spiral tail on the south-
west side, i.e. the “Compact Tail” is facing against the overall rotation
direction of the galaxy, further reinforcing the disturbed nature. D23
reported an optical blob, also seen here; located above the “Compact
Tail” and east of the galaxy, which they hypothesize could be tied to
a minor merger event. This feature is labeled as the “Optical Blob”
in Fig. 2.

3.2 Radio continuum

In the top left panel of Fig. 2 we present the MeerKAT radio con-
tinuum emission at 1.276 GHz and 7" resolution overlaid on the
optical RGB image, revealing the AGN kpc-scale outflows coming
from the center of the galaxy, which extend perpendicularly to the
galaxy’s major axis in both directions. The one to the north has a
projected length (down to the 3 o level) of 9.5 kpc and the one to
the south extends to 8.9 kpc. The core region seen at the highest
emission contour (24 o) is mostly aligned with the minor axis and
symmetric, albeit slightly narrower at the north-east side than the
south-west end. Further south-west in this direction, there is a dense
blob seen at the same contour level.

The lowest emission contours (3, 6, 12 o) show a much more
asymmetric structure. Relative to the minor axis, the northern part
is skewed towards the east. In the southern part, we see a large
extension towards the east and a smaller portion also to the west.
The overall shape of the outflows is reminiscent of that expected
from frustrated outflows (Mukherjee et al. 2018a,b), in which the
interaction between the AGN-driven material and a dense, clumpy
ISM can produce strong shocks and distort the outflow morphology,
preventing the gas from expanding efficiently outwards. However, as
we will see in the discussion, we suspect some of the asymmetric
features are caused by background sources.

East of the outflow, we detect two isolated radio continuum blobs
that are smaller than the beam size. One of which coincides with an
optical blob that appears to stop at the end of the dust trail. However,
this may correspond to a background galaxy. Further to the left is the
“Optical Blob” mentioned in D23.
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3.3 H1 emission and absorption in NGC 3281

In the top right panel of Fig. 2 we show the H1 emission and ab-
sorption in NGC 3281 at 16’ resolution (~ 3 kpc). At this highest
resolution, it is clear that the H1 emission does not extend farther
than the optical disk, which is characteristic of a truncated H1 disk
(e.g. Boselli & Gavazzi 2014).

In the bottom left panel of Fig. 2, we show the integrated spectrum
and the spectrum at the peak of the H1 absorption, which coincides
with the center of the galaxy. The deep absorption dominates over
the emission, especially close to the center of the galaxy, where there
is little to no H1 emission. The absorption shows three major dips in
the spectrum, where the left-most one has additional subfeatures.

In the bottom right panel of Fig. 2, we show the line of sight
velocity map (i.e. the moment 1 map) of the H 1emission. The velocity
map is consistent with what is expected from a rotating disk. It should
be noted that because we are excluding the absorption part on this
plot, the velocity gradient does not show a smooth transition between
each side of the rotation. On the approaching part (south), the peak
of emission is around twice that of the emission on the receding
part (north). The H1 absorption is a likely culprit for this difference,
by blocking more of the emission on one side than on the other.
This suspicion is based on the (apparently) redshifted absorption
relative to the systemic velocity of the galaxy (taken from D23,
see the following subsection). It is also interesting to note that the
emission is less extended spatially in the receding part, reaching up
to ~ 7.9 kpc along the major axis up until the farthest contour at
a column density of 6.6 x 10 cm~2, while the approaching side
reaches ~ 10.5 kpc. Therefore, it is unclear if the lack of emission
on the receding side could also be an intrinsic consequence of the
remaining Hr distribution in the galaxy.

3.4 Kinematics in NGC 3281

To better understand the origin of the apparent redshifted absorption,
we used the ALMA CO(2-1) data from D23, and extracted the in-
tegrated spectrum, from which they derived a systemic velocity of
Vsys,LSRK = 3332 km/s in the LSRK system. We utilize this value as
our systemic velocity for NGC 3281 since the molecular gas is more
centrally concentrated and tightly bound to the galaxy than the H1.
We converted this velocity to the barycentric frame (3343 km/s), in
which our data are measured, and compare it with our H1 spectrum
in Fig. 3. The CO spectrum exhibits a double peaked profile, with the
systemic velocity located at its midpoint as expected of rotating disk
emission. In contrast, the systemic velocity does not pass through
the midpoint of the H1 spectrum. Rather, the overall emission and
absorption appear to be asymmetric with respect to the systemic ve-
locity, with the asymmetry features more redshifted in absorption:
the receding side (right of the systemic velocity in Fig. 3) shows two
out of the three big dips in the spectrum.

The combination of emission and absorption makes it difficult to
determine a proper quantitative value for the overall redshift of the
Hi1 relative to the systemic velocity of the galaxy. As it is unclear
whether the effect is acting uniformly throughout the entire spectral
range or not, or if it is mostly occurring for the Hr1 absorption.
An option to estimate this is to take the midpoint of the receding
and approaching velocities at the flat part of the Hr1 rotation curve,
Vrec, flat a0d Vapp, flat, respectively. To (roughly) estimate these values,
we constructed a position-velocity (PV) diagram of NGC 3281 in Fig.
4.

We took slices along the major axis of NGC 3281 at the 16"
resolution image. For the slice dimensions we picked a length larger

MNRAS 000, 1-15 (2024)



6  Salinas et al.

Optical image with radio continuum

BERIRER Contours: .
[3, 6, 12, 24] % o ", .

" Feature

~ 50'
o
o
o
o
c
2
=1
©
£
9 52
=]
. Lower“S” Feature
54' 1Q kpc -
e
10"32m06° 00° 31M54s 48°
Right Ascension (J2000)
Integrated H | spectrum
0.05
HI emission HI emission
/-'\/"V\/
0.00 froreer
€
©
@ -0.05
Q
2
=
X —0.10
=
- — Spectrum integrated HI absorption
over 3D HI mas|
—0.159 10 x Spectrum at
peak HI position
=== Vsys = 3343.2 km/s

3100 3200 3300 3400 3500 3600
Radio velocity (BARY) [km/s]

Optical image with H | absorption and emission
—34°48'

Contours:
+6.64:x 101° x 2" cm~2

s 50'
o
o
Y
c
o
®
£
E 52
a
54!
10"32m06° 00°  31M54°5  48°
Right Ascension (J2000)
H | velocity field
_34°48" o 200
150
g
£
100 X
s 50' Z
=] S
S 2
< g
= g
g o
S 52' -50 9
o —
[ee]
-1005)
O
o
=4

—-150
54'

-200

31M545 485
Right Ascension (J2000)

10M"32m06° 00°

Figure 2. Top left: Radio continuum contours (cyan) overlaid on the optical RGB image of NGC 3281. We utilize the 7" resolution. The cyan ellipse at the
top left corner represents the beam. The dashed yellow circles and labels identify optical features discussed in the text, including the optical blob, compact tail,
and the upper and lower “S” features. Top right: H1 absorption (dashed blue) and emission (solid red) moment O contours overlaid on the optical RGB image.
We utilize the 16” resolution. The sky blue ellipse at the top left corner represents the beam. We note that due to spatial overlap of emission and absorption,
each pixel of the moment 0 map is composed of the net sum across the spectral axis of positive (emission) and negative (absorption) values, thus this plot is
showing the component that dominates at each pixel. Bottom left: Integrated H1 spectrum within the 3D mask (thick solid line). Highlighted in blue and red
is the emission part of the spectrum. The plot also shows the spectrum across the brightest pixel (thin dashed line). The dashed red vertical line represents the
systemic velocity of NGC 3281 computed in D23 from CO data. Bottom right: Moment 1 of the H1 emission, also in the 16" resolution. The white dash-dotted

line shown in the overlay panels represents the optical major axis of the galaxy.

than the H1 extent, and we tested various widths using multiples of
the beam size: 0.5, 1, 1.5, 2, 2.5. Ultimately we picked 1.5 times the
beam size as the best width (23.6”") because the neighboring width
options (1 and 2 times the beam size, respectively) yield similar
results. This is the one shown in Fig. 4, where the main panel is the
PV diagram made from the 23.6”” slice shown in the bottom panel.

Our method of estimating Ve, flat and Vapp, flar Was performed by
selecting the median value between the velocities measured at the
outermost point of the three lowest contours. For this we picked the
velocity at the first channel where the flux is larger than 2 times the
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background noise, which is computed as the standard deviation of
the corresponding spectrum (at a given spatial extent) after removing
all the spectral positions inside the mask. The right panel in Fig. 4
shows the integrated spectrum inside the PV slice, and the integrated
background noise. The green horizontal lines in Fig. 4 indicate the
selected median velocity. From here we get vyee, fiac = 246 km/s and
Vapp, flat = —206 km/s. The different values are a consequence of the
redshifted distribution. The midpoint between these values stands at
Vmid = 3363 km/s (see dotted blue vertical line in Fig. 3), which
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Figure 3. Integrated CO vs H1 spectrum. The solid orange line is the (nor-
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malized) integrated spectrum of the 3D mask of our H1 data. The red dashed
vertical line is the systemic velocity of NGC 3281, as calculated from D23.
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the receding and approaching velocities at the flat part of the rotation curve.
Of which values were estimated from the PV diagram in Fig. 4.
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Figure 4. Position-Velocity (PV) diagram of NGC 3281. This PV diagram is
made from a slice along the major axis of NGC 3281 at the 16" resolution
image. The width of the slice is 23.6”, which corresponds to ~ 1.5 times the
size of the beam. This region is represented in the bottom panel, showing the
optical strip and the overlaid H 1 moment 0 emission from Fig. 2. The magenta
vertical lines represent the extent of the H1 emission as given by the lowest
contour. On the right side we show the integrated spectrum (black solid line)
over the selected PV slice. The dotted lines represents the standard deviation
of the background (i.e. excluding pixels within the source mask) inside the
PV region. The green horizontal lines represent our selected position of the
flat part of the galaxy’s rotation. These are measured relative to the systemic
velocity of NGC 3281 (dashed green line centered at zero).

provides an estimate of the redshift with respect to the systemic
velocity, such that vpig — vsys ~ 20 km/s.

After correcting by the inclination of the galaxy i = 64, we get
Vree, flat = 273.5 km/s and vypp, flar = —229.5 km/s. The mean of the
absolute values yields a final overall velocity of v, = 251.5 km/s.
We note that this inclination was derived from the large-scale optical
isophotes (Storchi-Bergmann et al. 1992). Although D23 obtained a
somewhat different inclination (i ~ 73°) from modeling the central
CO kinematics, we adopt the optical value here because the H,1 traces
a more extended component of the galaxy. In addition, the molecular
gas distribution in the central regions is known to be kinematically
disturbed, showing signatures of outflows and inflows (D23).

We stress that these results should be treated as rough estimations,
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given the asymmetry and truncated nature of the Hr distribution.
Nevertheless, we utilize them to provide context and further estimate
other quantities (see section 4.1).

3.5 NGC 3281 mass estimation

Although measuring the remaining H1 mass in NGC 3281 directly
is not possible because of the absorption at the center, we can alter-
natively apply the Hr size-mass relation (Broeils & Rhee 1997) to
provide an estimate using the H1 emission extent. For this we com-
pute the Hi diameter as Dy, = 16.2+ 1.1 kpc (87.5”"), by measuring
the extent of the H1 at a column density of 1.25 x 1020 cm~2 along
the major axis. Then we make use of the linear fit given in equa-
tion 2 from Wang et al. (2016), from which we obtain a H1 mass of
My, = (7.9 +£2.6) x 108 Mg

We can estimate the expected H 1 mass for a galaxy like NGC 3281
using a couple of different methods: one is the optical size of the
galaxy, typically used to compute the H1 deficiency (Solanes et al.
1996), such that

1 (h2M ) +d 1 hDas)? )
o] =c o —= |,
210 Hiexp 210 kpe

where My exp is the expected Hr1 mass, Dys is the opti-
cal diameter measured at the up = 25 mag arcsec™2 isophote,

h = Hp/(100 kms~!Mpc™!) = 0.73, and ¢ = 7.75 + 0.08,
d = 0.595 + 0.030 are the coefficients given for a Sab galaxy,
tabulated in table 3 from Boselli & Gavazzi (2009). We utilize
a value of Dys = 1854 + 8.7 = 343 +2.9 kpc from Hy-
perLEDA (Makarov et al. 2014). This method yields a value of
Myyexp = 4.861‘;53‘; x 10° Mo (Logarithmic intrinsic scatter of
Tint = 0.26 dex; Solanes et al. 1996).

Another method we consider is the M,—My, relation. For this
we picked the WISE stellar mass of log;o(M«/Mg) = 9.60 + 0.05
from H15, and use it on the M.—My, fit from equation 9 in Parkash
et al. (2018). We obtain a value of My exp = 2.14%32% x 10° Mo
(Logarithmic intrinsic scatter of o, = 0.4 dex; Parkash et al. 2018).

To get a single estimate we combined both methods using a
generalized least squares average in logarithmic space (see Ap-
pendix A). Because Djs5 and M, trace related properties, we used
a correlation coefficient of 0.5. Ultimately, we obtain My exp =
4148722 % 10° Mo.

Using our value of the remaining H 1 mass in the galaxy My, and
the “healthy” H1 mass expectation My exp, We find that NGC 3281
has lost ~ 81% of its H1 content, due to environmental processes. If
we consider the extreme ends of the uncertainties in both quantities,
the missing fraction lies somewhere between ~ 52% and ~ 93%.
Therefore, NGC 3281 has lost more than half of its original Hi1
content.

3.6 Outskirts of NGC 3281

In Fig. 5 we present the H1 moment 0 distribution overlaid on top of
the optical vicinity of NGC 3281, for each of our different resolutions.
The H1 moment-0 contours are shown in different colors computed
at the level of 3onGc 3281Av, Where onGe 3281 is the level of RMS
noise around the mask of NGC 3281 at the respective resolution,
calculated by SOFIA 2, and the channel width Av is set at a standard
value of Av = 20 km/s. In addition, in Fig. 6 (top panel) we show the
velocity map (moment 1) of the 48" resolution in the same region as
in Fig. 5, where the line of sight velocity is centered at the systemic
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velocity of NGC 3281. We do this to give a sense of the relative
proximity of the sources around NGC 3281.

The majority of the Hr1 sources in this region of the sky have
an optical counterpart, i.e., they belong to a galaxy. Among these,
NGC3258E is the closest galaxy in redshift to NGC 3281 (south-
east of NGC 3281), with a mean velocity difference of 300 km/s.
Unlike NGC 3281, however, NGC3258E has a larger H1 extent
than its optical disk. Meaning it still holds a “healthy” amount of
H1. South-east of NGC3258E there is another galaxy, GALEX-
ASCJ103248.40-350425.0, centered at ayaggp = 10732™48.41°% and
832000 = —35°04725.0”. This source is the second closest galaxy in
redshift to NGC 3281, with a velocity difference of 350 km/s. Its H1
distribution appears comparable in extent to its optical counterpart.

3.7 Outskirts of NGC 3281: The H1 clouds

From the combined multi-resolution H1 maps shown in Fig. 5, we
identify 5 sources without optical counterparts within 200 km/s of
NGC 3281. We refer to these as “clouds” of H1. Three of these clouds
are located within ~ 100 kpc of NGC 3281, while the other two are
found farther away toward the cluster center.

The most notable source is the very extended source starting about
85 kpc south-west away from NGC 3281, already discovered in H15.
We have called this source the “Big Cloud”, and is one of the largest
Hisources found in the entirety of Antlia, in terms of its linear size. It
is also one of the most massive systems in Antlia. See Fig. 6 (bottom
panel) for a closer look on this source Hr distribution, where we
show the moment 1 map of this cloud in all four resolutions. The most
striking feature is its elongated morphology, reaching up to 115 kpc in
length at the lowest resolution (70’") and 72 kpc at the highest (16”").
Another remarkable feature is the velocity distribution, showing a
pattern reminiscent of a rotating disk that surprisingly is oriented
along the minor axis of NGC 3281 (see left-bottom panel in Fig. 2),
such that the north-west side is receding and the south-east side is
approaching. The mass of the cloud is My 1 BigCloud = 5.79%108 M.

Nearby, we find two other less massive clouds: “Small Cloud 1”
and “Small Cloud 2”. They are located at projected distances of ~ 73
kpc and ~ 65 kpc from NGC 3281, respectively. Their masses are
Mys1 = 1.20x 107 Mg and My, s = 1.18x 107 Mo, respectively.
For Small Cloud 1 (directly on the top east edge of the Big Cloud)
there is a similar velocity orientation as the Big Cloud, but less
defined. And for Small Cloud 2 the velocity distribution does not
show an ordered velocity gradient.

Farther away from NGC 3281 in the south-west direction (~ 360
kpc), there are two clouds near the cluster center, next to one of
Antlia’s BCGs: NGC 3268. We have called these the “core clouds”.
These clouds are located at projected distances of ~ 50-90 kpc
from the Antlia cluster center. The smallest one on top has a mass
of My, c1 = 7.34 x 10° My and the one below has a mass of
My, c2 =5.85% 107 M. Both have a rotating-like velocity gradient,
but not aligned with NGC 3281 orientation like in the case of the Big
Cloud.

All these H1 clouds except for the Big Cloud are a completely new
discovery, as they were not detected in H15.

Given how close these sources are in redshift to NGC 3281, and
the fact they are aligned along the direction toward the cluster center,
we constructed a PV diagram using a slice that goes from NGC 3281
all the way to the Core Clouds in Fig. 7. We utilized the 48”” image
and a slice width of 450”’. The slice is shown below the PV diagram
in Fig. 7, with the 48’ H1 moment O contours overlaid on top of
the optical. From this plot it is clear how the three nearby clouds
are within 200 km/s on the blue side relative to NGC 3281 systemic
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velocity, and the core clouds are also within 200 km/s, but on the red
side.

4 DISCUSSION

In this section, we explore the recent evolutionary history of
NGC 3281 and its connection with the Big Cloud and surround-
ing smaller Hr clouds. We discuss the potential physical processes
that lead to their current state. Finally, we relate these findings back
to the AGN activity in NGC 3281.

4.1 NGC 3281 past environmental effects and the origin of the
Big H1 cloud

Our results support a scenario in which NGC 3281 has been sig-
nificantly affected by its cluster environment, with RPS playing a
dominant role in shaping its present-day H1 distribution. This is
indicated by the truncated H1 disk of NGC 3281, the elongated mor-
phology of the Big Cloud, and the strongly one-sided distribution
of Hr debris, with all detected clouds located to the south-west of
the galaxy, toward the cluster center. Such a configuration is consis-
tent with RPS acting on an infalling galaxy that has recently passed
pericenter and is now moving away from the cluster core.

At the same time, RPS alone is insufficient to explain the observed
gas morphology. Most notably, the Big H1 Cloud is fully discon-
nected from NGC 3281, whereas in many RPS systems stripped gas
remains at least partially connected to the host galaxy (e.g. Gavazzi
et al. 1995; Chen et al. 2020; Hess et al. 2022). In addition, the Big
Cloud exhibits a velocity distribution aligned with the rotation of
NGC 3281, suggesting that it inherited its kinematic imprint from
the galaxy. The presence of tidal optical features, including the up-
per and lower “S” features and the “Compact Tail” shown in Fig. 2,
further indicates that NGC 3281 has experienced a gravitational per-
turbation. We therefore argue that a gravitational interaction likely
played an important role by loosening the gas reservoir and enabling
efficient detachment once ram pressure began acting, in a similar
manner to RPS examples observed in the Fornax cluster (Serra et al.
2023). In this framework, the nearby smaller clouds are also likely
to be connected to the same event.

Accounting for uncertainties in the expected H1 mass of
NGC 3281, the combined mass of the Big Cloud and the two Small
Clouds would represent between approximately ~ 9% and ~ 43%
(with a central estimate of ~ 18%) of the missing H1. This implies
that a non-negligible fraction of the stripped gas has survived in the
ICM rather than being rapidly mixed or ionized.

In this context, the Big Cloud may represent the most prominent
remnant of a RPS tail associated with NGC 3281. However, the lack
of a detectable optical counterpart is not trivial. The inferred in-
falling trajectory of NGC 3281 would provide favorable conditions
for efficient stripping, which in many systems leads to in-situ star for-
mation within the stripped tail (e.g. Gavazzi et al. 1995; Gullieuszik
et al. 2023). However, even at the highest angular resolution, the Big
Cloud reaches only modest H1 column densities, with a peak H1
column density of Ny peax = 2.7 X 1020 em=2, corresponding to a
beam-averaged gas surface density of Xy peak ~ 2.1 Mo pc‘z, well
below the canonical threshold typically associated with widespread
star formation (Kennicutt 1998; Bigiel et al. 2008). Although un-
resolved sub-kpc density enhancements cannot be excluded at our
spatial resolution, the observed gas surface densities suggest that star
formation within the cloud would be inefficient overall. At the same
time, the estimated timescales since stripping are comparable to the



—34°45'

' NGC 3258E

—35°00"

Declination (J2000)

GALEXASC j103248.40—35.0425_.0 >

15

10M33m

32m

NGC 3281 9

- NGC'3281 @

,~Core Clouds
30™m

31

Right Ascension (J2000)

Figure 5. Vicinity around NGC 3281 in the optical (r-band), overlaid with the moment-0 maps of the H1 detections for each resolution; white, orange, green,
and sky blue from lowest to highest resolution, respectively. The contours around NGC 3281 include both emission and absorption. Each contour was computed
at the level of 30NGc3281Av assuming Av = 20 km s~ corresponding to column densities of 5.3 x 108, 8.2 x 108, 2.1 x 10!, and 6.6 x 10" ¢cm~2 from

lowest to highest resolution, respectively.

expected fading times of optical tails produced by in-situ star for-
mation within the ram-pressure-stripped gas. In high-mass clusters,
optical RPS tails are estimated to persist for 6593%1] Myr after peri-
center (Salinas et al. 2024), which is within the expected timescale
since NGC 3281 left pericenter. For a relatively massive galaxy such
as NGC 3281, the combination of a weak gravitational perturbation
and subsequent RPS may have dispersed the stripped gas over large
spatial scales, preventing it from reaching the high densities required
for efficient star formation.

Despite evidence for a gravitational perturbation, the stellar disk of
NGC 3281 remains largely intact, indicating that any interaction must
have been relatively weak. We do not find any obviously perturbed
galaxy in the vicinity of NGC 3281 that could have been respon-

sible for the interaction. However, given the inferred trajectory of
NGC 3281 through the cluster center, tidal perturbations associated
with the cluster potential or interactions near NGC 3268 may also
have contributed to disturbing the gas reservoir. The “Compact Tail”
observed to the south of NGC 3281 may represent a remnant of such
an interaction. Alternatively, if the perturbing companion has already
merged with or been disrupted by NGC 3281, the interaction could
instead correspond to a past minor merger.

The presence of additional H1 clouds near the cluster center at a
similar redshift to NGC 3281 suggests that they may be physically
connected to its past environmental history. Given that NGC 3281 is
likely an infalling system, the spatial distribution of the surrounding
H 1 clouds is consistent with a trajectory in which the galaxy crossed
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the central cluster region where the Core Clouds are currently located.
If so, the interaction or stripping event responsible for the present state
of NGC 3281 may have occurred near the cluster core, potentially
involving interactions with the massive central galaxies.

The spatial and kinematic configuration of NGC 3281 and the
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surrounding Hr clouds is illustrated by the PV diagram in Fig. 7,
which shows NGC 3281 and the nearby H1 structures along the same
velocity range. In our supposed scenario, NGC 3281 would have
crossed the cluster center approximately ~ 430 kpc (in projection)
from its present location, where it would have experienced its max-
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imum ram pressure and likely developed a stripped gas tail. As the
galaxy moves away from the cluster core, it would have subsequently
passed through the region currently occupied by the Core Clouds.

For the Core Clouds to be physically connected to NGC 3281, the
stripped gas must both fully detach from the galaxy and survive in
the ICM until the present day. The former is consistent with the need
for a gravitational perturbation to weaken the gas reservoir prior to
or during stripping. Adopting the velocity dispersion of the Antlia
cluster, o = 656 km s~! (H15), as a characteristic orbital veloc-
ity, and a projected separation of dngc3281,cc ~ 380 kpc between
NGC 3281 and the Core Clouds, the implied survival timescale is
Icc ~ dnGesasi,cc/o ~ 570 Myr.

As NGC 3281 continues to move away from the cluster core,
similar considerations apply to the origin of the Big Cloud and the
nearby smaller H1 clouds, although the required survival times are
shorter due to their closer proximity. Using the projected separation
to the farthest extent of the Big Cloud, dngc3281,8c ~ 200 kpc,
yields a characteristic timescale of rgc ~ 300 Myr, roughly half of
that inferred for the Core Clouds.

An independent estimate of the timescale associated with the Big
Cloud can be obtained from its width, which reaches ~ 45.6 kpc at
its widest point. If the gas largely ceased rotating once detached from
the galaxy and subsequently expanded radially, then we can utilize
the vy = 251.5 km/s rotation velocity measurement of NGC 3281
(see Section 3.4) as the velocity of the expanding gas. This would
yield a timescale of fgc widih ~ 350 Myr, which is fairly consistent

with the estimated timescale of 7gc, suggesting the Big Cloud left
the galaxy ~ 300 — 350 Myr ago.

Using the Hi1 radius of Ry, ~ 8.1 kpc derived in Section 3.5,
we additionally estimate a characteristic dynamical timescale of
tayn = 27Ru;/va ~ 200 Myr for NGC 3281. This suggests that
the disturbed gaseous structures could plausibly survive over at least
one galactic dynamical time after the stripping event.

One of the earliest well-studied observational examples of a sim-
ilar phenomenon is the discovery of a large, detached H1 plume
associated with NGC 4388 in the Virgo cluster, where stripped neu-
tral gas was shown to survive for > 100 Myr in the ICM (Oosterloo
& van Gorkom 2005), consistent with our current findings. How-
ever, the projected gap between the host galaxy and the H1 cloud is
considerably larger in NGC 3281.

The long-term survival of the Big Cloud, despite the apparent
absence of a stellar counterpart, may thus reflect the manner in which
the gas was removed. A weak gravitational perturbation could have
preserved the rotational coherence of the stripped gas, while RPS
efficiently displaced it from the galaxy. This may have stabilized the
H1 against a quick dispersal in the ICM, allowing the Big Cloud to
remain detectable for longer.

While the association between NGC 3281 and the Big Cloud, as
well as the nearby smaller clouds, is strongly supported by their
spatial and kinematic properties, the connection to the Core Clouds
remains more speculative. Nevertheless, given the inferred trajectory
of NGC 3281 through the cluster core, such a connection remains
plausible. One possibility is that the gravitational perturbation af-
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fecting NGC 3281 was not a single impulsive event, but instead an
ongoing minor merger that disturbed the galaxy over an extended
period during its infall. Repeated weak perturbations could have
progressively lowered the binding of the cold gas, allowing RPS to
detach material in multiple episodes during the galaxy’s infall and
potentially giving rise to detached H1 clouds at different locations
along the galaxy’s trajectory.

4.2 Feeding of the AGN

One of the most remarkable features of NGC 3281 is the strong
H1 absorption at its center, the only H1 absorption detection in the
Antlia cluster. Even more striking is that the absorption is redshifted
(by ~ 20 km/s), which is less common than blueshifted H 1 absorption
(Morganti & Oosterloo 2018). Because the absorption is redshifted
with respect to the systemic velocity, it has the signature of inflowing
gas (e.g. Struve & Conway 2012; Maccagni et al. 2017; Dutta &
Srianand 2022). Although redshifted absorption can also arise from
circumnuclear rotation (Morganti et al. 2008), the absorption profile
does not show a significant blueshifted absorption component or
excess, favoring an inflow interpretation. This infall of gas provides
evidence for ongoing accretion and feeding of the SMBH, which is
ultimately responsible for the AGN outflows that we observe in the
radio continuum. Independent evidence for ongoing nuclear fueling
in NGC 3281 is provided by its X-ray variability, with NGC 3281
reported to be among the most variable sources in the best-observed
subset of Seyfert 2 galaxies (Boorman et al. 2024; P. Boorman,
priv. comm.).

To interpret the observed morphology of the radio continuum
outflows, we place them in the context of the multi-phase outflow ge-
ometry reported in previous works. Storchi-Bergmann et al. (1992)
proposed two possible biconical configurations for NGC 3281, with
outflow axis inclinations of approximately 64° and 109° with respect
to the line of sight. ALMA observations of the molecular gas in D23
favour the latter configuration, in which the outflow axis is tilted
with respect to the galaxy disk, corresponding to an offset of ~ 20°
from perpendicular. In such a configuration, the outflow propagates
through a dense and clumpy ISM and is therefore expected to expe-
rience strong interaction. This interaction can promote asymmetric,
bubble-like radio structures and provide favourable conditions for the
entrainment or survival of cold gas, as shown by numerical simula-
tions of low-power AGN jets interacting with a clumpy ISM (Tanner
& Weaver 2022).

Within this framework, the radio continuum morphology of
NGC 3281 can be interpreted as being consistent with a tilted outflow
whose large-scale appearance is influenced by interaction with the
surrounding ISM. This would explain the asymmetric and distorted
structures observed at low surface brightness. The higher surface-
brightness radio emission, however, appears more symmetric, and
the overall emission is roughly perpendicular to the galaxy disk,
highlighting that the radio continuum does not necessarily trace the
same outflow geometry as the molecular gas. This is not necessar-
ily contradictory, since a similar transition from an inclined launch
to an apparently perpendicular large-scale morphology is seen in
simulations of jet-disk interactions (Mukherjee et al. 2018b, see
Figs. 14-15).

Given the projected extent of the radio continuum outflows, we
can give a rough estimate of the characteristic dynamical timescale
associated with the current outflow by adopting a representative ex-
pansion velocity. For expansion speeds of vour ~ 200-500 km s7L,
consistent with bulk velocities measured for entrained gas in jet-ISM
interaction systems (Miiller-Sdnchez et al. 2011; Hardcastle et al.
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2012) and with expectations from simulations of frustrated, pressure-
driven outflows (Mukherjee et al. 2018a,b), the observed radio extent
of ~ 9 kpc implies a characteristic timescale of 7y, ~ 20-45 Myr.

We note that some of the low-level radio continuum features may
be affected by background sources. In particular, the extended feature
to the south-east shows a bump in surface brightness at a considerable
distance from the main outflow, while the southernmost disconnected
emission peak also appears to coincide with an optical blob.

Given the extraordinary circumstances of NGC 3281, showing
evidence of both a past gravitational interaction and ram pressure
stripping, it is natural to consider whether this evolutionary history
has led to the present nuclear activity in the galaxy. In simulations by
King & Nixon (2015), gravitational interactions can lower the angular
momentum of H1 clouds via tidal stress and cloud-cloud collision,
facilitating inflow. Multiple works have tried to link environmental
effects to the onset of the nuclear activity in galaxies, with mixed
conclusions (e.g. Haines et al. 2012; von der Linden et al. 2010;
Poggianti et al. 2017; Peluso et al. 2022; Ricarte et al. 2020; Tiwari
etal. 2025). NGC 3281 provides a unique detailed example that could
bring insight into this debate.

The characteristic timescale inferred for the current radio contin-
uum outflow is significantly shorter than the timescale associated
with the formation and survival of the Big H1 Cloud. As discussed in
Section 4.1, the Big Cloud likely became detached from NGC 3281
approximately ~ 300-350 Myr ago as a result of RPS aided by a
gravitational perturbation. Comparing these timescales, the environ-
mental history of NGC 3281 would in principle allow for multiple
episodes of nuclear activity since the main stripping event. Assuming
characteristic radio outflow timescales of ~ 20—45 Myr, this implies
that an upper limit of order ~ 10 such AGN episodes could have
occurred.

While proving a direct causal link between the environmental
effects and the onset of the AGN activity is challenging, the con-
sistency of the inferred timescales and physical properties provides
compelling circumstantial evidence for a connection. In particular,
the strong presence of redshifted H1 absorption on a truncated H1
disk together with the short timescale of the current radio outflow
is naturally accommodated within a framework in which large-scale
environmental processes have progressively redistributed and desta-
bilised the cold gas reservoir over the past few hundred Myr. In
this scenario, RPS and weak gravitational interactions likely helped
create favourable conditions for delayed or recurrent SMBH fueling.

5 SUMMARY AND CONCLUSIONS

In this work, we present an environmental view of the galaxy
NGC 3281 in the Antlia cluster. Using new deep MeerKAT H1 and
radio continuum observations, complemented by new deep optical
imaging, we examine the neutral gas distribution and radio outflows
of the galaxy, together with the H1 content of its surrounding envi-
ronment.

We find that NGC 3281 hosts a truncated Hr disk and is missing
approximately ~ 81f1229% of its expected H1 mass. Compelling evi-
dence indicates that part of this material has been displaced from the
galaxy and now resides in a prominent, fully detached H1 structure
(the Big Cloud), together with two smaller nearby H1 clouds, which
together account for approximately ~ 18J:295 % of the inferred missing
H1. All detected H1 debris is located on the south-west side of the
galaxy, toward the Antlia cluster center.

The truncated H1 disk, the strongly one-sided distribution of H1
debris, and the extended morphology of the Big Cloud all point



toward RPS as the dominant mechanism shaping the observed H1
distribution. However, the complete detachment of the Big Cloud,
together with its kinematical imprint of the galaxy rotation, suggests
that RPS alone is insufficient. This interpretation is further supported
by deep optical imaging from DECam, which reveals faint stellar
features indicative of a past weak gravitational interaction, likely
contributing to the loosening of the gas reservoir of NGC 3281.

Based on its projected separation, spatial extent, and kinematic
properties, the Big H1 Cloud likely became detached from the galaxy
~ 300-350 Myr ago, placing a lower limit on the survival time of
neutral gas in the ICM. In addition, the presence of H1 clouds near
the Antlia cluster core at a similar redshift to NGC 3281 suggests
that stripping-related material may persist even longer, potentially
extending this limit to ~ 600 Myr, although the physical association
of these Core Clouds with NGC 3281 remains speculative.

NGC 3281 exhibits strong redshifted H 1 absorption against the nu-
clear radio continuum, providing direct evidence for ongoing inflow
of cold gas toward the nucleus and naturally linking the environ-
mentally processed gas reservoir with the current phase of SMBH
fueling.

As a result of the ongoing nuclear fueling, the radio continuum
emission of NGC 3281 reveals kpc-scale bipolar outflows emerging
from the nuclear region. At high surface brightness, the emission
appears relatively symmetric and perpendicular to the galaxy disk,
while lower surface-brightness structures are more asymmetric. This
morphology is consistent with interaction between the outflowing
material and a dense, clumpy ISM.

Compared to the timescales associated with the environmental
processes affecting NGC 3281, the inferred timescale for the radio
continuum outflows is much shorter. Adopting representative expan-
sion velocities from the literature, we estimate a dynamical timescale
of only ~ 2045 Myr for the present outflow. On this basis, the en-
vironmental history of NGC 3281 would allow for multiple episodes
of nuclear activity since the main gas stripping event, potentially up
to of order ~ 10.

NGC 3281 represents a rare nearby example in which the interplay
between environmental processes and AGN activity can be studied
in exceptional detail. This work provides the first characterisation of
the environmental effects acting on NGC 3281, based on the deepest
and highest-resolution H1 and radio continuum data available for
this system to date. Together, these results highlight how large-scale
environmental processes can precondition the cold gas reservoir of
cluster galaxies over hundreds of Myr.

Future work will be crucial to further test and refine this picture.
Constraints on the thermodynamic state of the Antlia ICM around
NGC 3281, such as density and pressure profiles derived from X-
ray observations (e.g. Srivastava et al. 2025), would enable direct
estimates of the ram pressure experienced by the galaxy along its
inferred orbit. Tailored hydrodynamical modeling could allow for
a more quantitative assessment of the relative roles of RPS and
weak gravitational interactions, and help clarify whether the observed
AGN activity can arise naturally from environmentally driven gas
redistribution. In that respect, the quantities obtained in this work
provide useful constraints. Finally, the data obtained for this work
will be used to characterize the H1 content of the Antlia cluster as a
whole, allowing NGC 3281 to be placed in a broader environmental
context. In particular, its location in phase space and its properties
relative to other environmentally affected galaxies in Antlia will
provide further insight into its evolutionary history.
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APPENDIX A: GENERALIZED LEAST SQUARES
COMBINATION OF HI MASS ESTIMATES

In Section 3.5 we estimate the expected H 1 mass of an unperturbed
NGC 3281 using two scaling relations that trace different global
galaxy properties: (i) using the optical size Djs (Boselli & Gavazzi
2009), and (ii) the stellar mass M, (Parkash et al. 2018). Each relation
provides an estimate of log ;) My exp With an associated uncertainty
expressed in dex. Because D;s and M, trace related galaxy structure,
these two estimates are not strictly independent. We therefore com-
bine them using a generalized least squares average in logarithmic
space, allowing for covariance between the predictors.
We define the vector of logarithmic expected H 1 masses

(Dss)
_ () _ lOgIOMHl,Zesxp (A1)
“\2) " iog o MM |
0210 Hi,exp

with corresponding uncertainties

_ (91
o= (02) . (A2)
‘We construct the covariance matrix
2
fog o107
Y= ( 1 14 12 2) , (A3)
p oo o5

and adopt a correlation coefficient of p = 0.5.
The generalized least squares estimator for the combined expected
Hi1mass is

HGLS = % (A4)
where 1 = (1, 1), with variance

ods= (1) (A3)
The combined expected H1 mass is then given by

logig MH1,exp = HGLS * OGLS» (A6)

This paper has been typeset from a TeX/IATgX file prepared by the author.
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