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Abstract

Studies reveal that galaxies assemble into clusters as gas-rich, active star-forming disks

and eventually settle in the virialized core as quenched early-type galaxies with depleted

gas. To examine environmental effects responsible for the quenched population in the

cluster core, we exploit the higher sensitivity of the MeerKAT telescope to probe Hi

properties of galaxies in the Norma cluster. The Norma cluster is an ideal laboratory

for this study since it is a rich and massive cluster of nearby galaxies.

The Hi data cube used covers a velocity range of 483 − 11, 113 km/s, with a noise rms

sensitivity of 0.09 mJy/beam and an angular resolution of ∼ 14.65′′ × 9.28′′. A total of 25

reliable Hi sources were detected over the entire velocity range. The Hi detections reveal

two major galaxy overdensities located at vrad ∼ 2096 − 7646 km/s and vrad ∼ 10, 000

km/s. The first is associated with the Norma cluster gravitational potential and indicates

a substructure in its velocity distribution; the other is a population of background

galaxies. In this work, the Norma cluster has 13 cluster members detected in Hi and

130 galaxies from optical surveys. The spatial distribution of cluster members covers

a field that is 2/3 × RA, where RA = 2.02 Mpc at cz = 4871 km/s. From the spatial

distribution, optical galaxies are densely populated in the central regions, while most

galaxies in Hi were detected on the outskirts. From the phase-space diagram, 6 galaxies

detected in Hi are found in the virialised region, while the rest of the detections are

infalling for the first time. Hi detections that are not yet virialised have asymmetrical

morphologies, while virialised detections have truncated gas disks. Most cluster members

that were found to have asymmetrical gas disks are also Hi deficient by 0.8 − 1.2 dex

but show excess SFR efficiency for the amount of Hi detected. The results demonstrate

that the initial phase of galaxy-ICM interactions might be responsible for morphological

transformation and enhancement of star formation activity.
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Chapter 1

Introduction

1.1 Galaxy clusters

Clusters of galaxies are the largest known gravitationally bound overdensities whose

studies have proven them to be unique laboratories for probing the main processes

that govern galaxy evolution (e.g., Solanes et al. 2001; Koopmann & Kenney 2004;

Braglia et al. 2009; Grossi et al. 2015; Boselli et al. 2016; Chung et al. 2017). The

interactions within these dense environments are agents of morphological transformation

that occur through the removal of interstellar medium (ISM) gas and quenching of star

formation (SF) activity (Bahé et al. 2013). They occur in galaxy clusters more frequently

since they contain hundreds to thousands of galaxies and have a typical mass range of

1014 − 1015 M⊙ and an average velocity dispersion of σcl ∼ 1000 km/s, translating into

the high likelihood of interactions responsible for the physical transformation of galaxies

(Abell 1958; Bahcall 1996; Carlberg et al. 1996; Panko 2015; Ranchod et al. 2021).

Galaxy clusters are small compared to cosmological scales but contain essential infor-

mation about the Universe because they form part of inter-filamentary clumps of dark

matter. These clumps are due to the gravitational attraction of dark matter halos as

well as the repeated structural merging of galaxies into larger gravitationally bound

structures (Bahcall 1996; Kravtsov & Borgani 2012).

Clusters contain galaxies, dark matter, intracluster stars (faint diffuse light), the highly

luminous hot gas, as well as the intracluster medium (ICM) (Sarazin 1988; Zwicky 1933;

Donahue 1998). The ICM is a superheated, X-ray-emitting dense plasma in the centres

of clusters. It is composed mostly of baryonic matter comprising of ionized hydrogen

1



Chapter 1: Introduction

Figure 1.1: The X-ray image of the Coma cluster in the 0.4 − 2 keV band observed with

the eROSITA space telescope, adopted from Churazov et al. (2021). The image

illustrates the peak X-ray luminosity of the cluster core where the ICM is most

dense and the smooth luminosity integration into the halo.

and helium, as well as heavier elements such as iron (Kotov & Vikhlinin 2006; Sparke

& Gallagher III 2007; Staniszewski et al. 2009). Observations of nearby clusters have

determined that cluster metallicity (i.e., the ratio of heavier elements to hydrogen) peaks

in the cores of most clusters (e.g., Press & Davis 1982; Mohr et al. 1995; Allen & Fabian

1998; De Lucia et al. 2004; Tornatore et al. 2007; Leccardi & Molendi 2008; Biffi et al.

2017). The ICM metal content is enriched through deposits from dying stars (Mazzei

et al. 2018). It is heated to temperatures on the order of 10 to 100 MK, emitting strong

X-ray radiation, mainly by the bremsstrahlung process, and comprises roughly 10% of

the mass of clusters (Zwicky 1937; Sarazin 1988; Böhringer & Werner 2010).

Figure 1.1 is an X-ray image of the well-known Coma cluster observed with the eROSITA

space telescope (Churazov et al. 2021). The X-ray image adequately illustrates the ICM,

highly luminous intergalactic gas, and a few visible galaxy members.

2



Chapter 1: Introduction

Figure 1.2: The ICM in the core of the Perseus cluster in the 0.5 − 7 keV band spanning 25.6′

from N to S, viewed with the Chandra Flagship-class X-ray space telescope (Fabian

et al. 2011). The hot plasma in the image demonstrates the havoc and dynamic

processes in the cluster core.

Figure 1.2 shows the dynamical processes in the core of the Perseus cluster due to the

ICM plasma. The gravitational well of the cluster comprises 50 MK X-ray emitting hot

plasma from the relativistic jets in the Active Galactic Nucleus (AGN) of the central

galaxy NGC 1275, inducing motions in the ICM (Hitomi Collaboration et al. 2016).

1.2 Galaxy classification scheme

Galaxies consist of stellar disks containing 106 − 1012 stars; interstellar dust grains that

absorb starlight and later re-emit as infrared (IR) light; loosely-bound gas disks; and

dark matter. The stellar disk, gas disk, and dark matter typically constitute 3 − 5%,

∼ 12%, and ∼ 84% of the galaxy mass, respectively. Hubble (1926) formulated a

preliminary classification of galaxies shown in Figure 1.3, which groups into four main

types: spirals (SB- for barred spirals and S- for unbarred spirals), lenticulars (S0-),

3



Chapter 1: Introduction

ellipticals (E-) and irregulars (Irr). Figure 1.4 presents examples of a barred spiral

galaxy (NGC 1300), a bright dwarf irregular galaxy (NGC 1427A), a massive elliptical

galaxy (ESO 325-G004), and a massive lenticular galaxy (NGC 6861).

Figure 1.3: Hubble’s "tuning fork" diagram illustrates a primitive model that classifies mor-

phological types along a sequence from E, transitioning into S0 and branching into

SB (with bars) and S (without bars).

Spiral galaxies are typically gas-rich, star-forming systems that possess a twisted phys-

ical feature dominated by two or more spiral arms curling around the disk, indicating the

system’s rotational direction (Hubble 1937; Bournaud et al. 2009; Randriamampandry

et al. 2021). Their physical structure includes a bulge surrounded by a flat, rotating

disk of older, dimmer stars at the galaxy’s centre.

NGC 1300 in Figure 1.4, panel (a)1, is a barred spiral galaxy, SB(rs)bc, located in

the Eridanus cluster (De Vaucouleurs et al. 1976; Lindblad & Kristen 1996, Lindblad &

Kristen 1996; Lindblad et al. 1997). It has two spiral arms that spring from the two ends

of the central bar, which consist of star-forming clouds, clusters of new stars, and dust

lanes (Sandage 1961; England 1989a; England 1989b). The VLA2 21 cm observations of

NGC 1300 reveal that the neutral gas is almost completely restricted to the spiral arms,

while the central optical bar has very little gas, which could suggest that the galaxy has
1HST image of NGC 1300, https://hubblesite.org/contents/media/images/2005/01/1636-Image.html
2Large Array Telescope in New Mexico, http://www.vla.nrao.edu/
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Chapter 1: Introduction

Figure 1.4: Examples of different galaxy morphologies according to the Hubble "tuning" fork

classification scheme. Panel (a) is NGC 1300, a barred spiral galaxy, SB(rs)bc, in

the Eridanus cluster. Panel (b) is NGC 1427A, a bright dwarf irregular galaxy,

dIrr, and the brightest dwarf irregular galaxy in the Fornax cluster. Panel (c) is

ESO 325-G004, which is a massive elliptical galaxy, E, that lies at the centre of

Abell S0740. Panel (d) is NGC 1277, a peculiar lenticular galaxy (S0, pec) in the

Perseus cluster.

had intense SF activity in the central regions (Sandage 1961; England 1989a, 1989b).

Irregular galaxies, unlike the spirals, do not possess any regular shape, nor have a

central bulge of stars or spiral arms, but instead appear distorted, possibly due to a

recent gravitational interaction with a neighbour object or due to intense bursts of star-

forming clouds, causing chaotic arrangement of young stars (Hubble 1937; Tayler 1993;

Binney & Tremaine 2011). Irregular galaxies are gas-rich (ISM gas contributes more

than 30% of the mass), with large ionized gas (Hii) regions (Tayler 1993; Binney &

Tremaine 2011).

One such example is NGC 1427A (Fig. 1.4, panel (b)3), which is a bright dwarf irregular

galaxy (dIrr) in the Fornax cluster. It has no nucleus, no central bulge, and no spiral

arms. Instead, it has a distorted ring that consists of gaseous clusters and star-forming

regions (Cellone & Forte 1997; Hilker et al. 1997; Chanamé et al. 2000; Mora et al. 2015;
3HST image of NGC 1427A https://hubblesite.org/contents/media/images/2005/09/1662-

Image.html

5



Chapter 1: Introduction

Lee-Waddell et al. 2018); and a higher than average gas content for irregular galaxies

(Hunter & Gallagher III 1985; Cellone & Forte 1997). Cellone & Forte (1997) suggested

that its peculiar morphology is either the result of distortion caused by gravitational

interactions between a faint northern object characteristic of dwarf E/Irr galaxies in the

Fornax cluster and elliptical isophotes which is a plume-like southern half of the galaxy.

Elliptical galaxies, on the other hand, have an ellipsoidal shape and are typically

early-type galaxies (Hubble 1937; Kuntschner 2000; Naab et al. 2006). Unlike the

spirals, their rotation is slower and in random directions (Pedraz et al. 2002; Toloba

et al. 2015). Ellipticals are known as "dead" galaxies since they comprise old stellar

populations due to gas depletion induced by environmental interactions, which leads to

the quenching of SF activity (Salim et al. 2012).

ESO 325-G004 (Fig. 1.4, panel (c)4) in the centre of the Abell cluster S0740 is a

giant elliptical galaxy (E) with a bulge consisting of thousands of gravitationally bound

globular clusters, a halo and with strong gravitational lensing (e.g., Smith et al. 2005;

KOLE 2018; Collett et al. 2018; Gurzadyan & Stepanian 2018; Yang et al. 2019).

Lenticular galaxies are also early-type galaxies that sit between elliptical and spiral

galaxies and constitute mainly the nucleus (Hubble 1937). They have a thin, rotating

disk of stars, a central bulge, and little dust and gas in the ISM, and they seem to form

more often in densely populated regions (Van den Bergh 2009) such as the cluster cores.

NGC 1277 (Fig. 1.4, panel (d)5) is a massive early-type (z > 2) peculiar lenticular

galaxy (S0, pec; Corwin et al. 1994) with a massive black-hole (van den Bosch et al.

2012). Trujillo et al. (2013) define NGC 1277 as a relic since (i) the galaxy consists only

of a population of older stars (∼ 8 Gyrs old). (ii) No recent SF activity is observed.

Quenching may have been caused by extreme bursts of SF activity over a period of

100 Myrs, about 12 Gyrs years ago (van den Bosch et al. 2012). (iii) It is massive and

compact and shows no signs of external interactions.

According to the morphology-density relation (Dressler 1980), spirals are often found

in the cluster outskirts, where they are sparsely distributed. However, ellipticals and

lenticulars are mainly located in cluster cores, with a high concentration of galaxies and

the hot, dense, X-ray-emitting ICM.
4HS image of ESO 325-G004, https://esahubble.org/images/opo0708b/
5HST image of NGC 1277, https://hubblesite.org/contents/media/images/2018/17/4137-Image.html
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Chapter 1: Introduction

1.3 The environment and gas removal processes

Most galaxies in the local universe (∼ 74%, at z ≲ 0.1) are clumped together in virialized

groups and clusters. The remaining populations are "field galaxies" found in pairs and

compact groups in underdense regions, and "lonely galaxies" (void galaxies) that appear

completely isolated in filamentary voids (Argudo-Fernández et al. 2015).

Therefore, galaxy evolution appears accelerated in overdense environments such as clus-

ters (Cerulo et al. 2016). This is because interactions between a galaxy and its local

environment can (i) first compress the ISM gas, enhance SFR during the initial phase,

and (ii) eventually remove the ISM gas and suppress SF activity. Figure 1.2 (briefly

discussed above) is an example of a chaotic, hot, dense environment in the centre of the

Perseus cluster, where galaxies are processed.

Within cluster environments, galaxy evolution takes place, and galaxies are transformed

from late-type S/Irr to early-type E/S0 (Thomas et al. 2005; Clemens et al. 2006; Haines

et al. 2007; Park & Hwang 2009). The agents of galaxy transformation in clusters may be

in the form of gravitational (e.g., galaxy-galaxy) or hydrodynamical (e.g., galaxy-ICM)

interactions.

1.3.1 Galaxy-galaxy interactions

Gravitationally interacting galaxies are galaxies whose gravitational fields disturb one

another (Bothun & Dressler 1986). An example of a minor interaction is a satellite

galaxy disturbing the primary galaxy’s spiral arms (e.g., Byrd 1988; Gordon et al. 2006;

Semczuk et al. 2017; Zasov et al. 2019). An example of a major interaction is a galactic

collision in which galaxies collide violently and merge, subsequently stripping their ISM

gas and disrupting their morphology. This interaction commonly results in more massive

elliptical galaxies, depending on the collision angle as well as the relative speeds and sizes

of the interacting galaxies (Toomre 1977; Negroponte & White 1983; Zepf & Ashman

1993; Barnes & Hernquist 1996; Iono et al. 2004; Bridge et al. 2007; Di Matteo et al.

2007; Conselice et al. 2009; Dekel et al. 2009; Hopkins et al. 2009; Lambas et al. 2012;

Kaviraj et al. 2014; Fiacconi et al. 2015; Zolotov et al. 2015; Deeley et al. 2017; Goulding

et al. 2017; Zeng et al. 2021).

Tidal gravitational interactions may result in cannibalism in which the larger galaxy

7



Chapter 1: Introduction

accretes gas from its companion, resulting in a larger, irregular galaxy (Hausman &

Ostriker 1978; Balick & Heckman 1981).

In other cases, such as flybys, galaxies do not permanently unite but only come close

enough due to a massive mutual gravitational potential and pull away each one on

its own orbital path (Miller 1986; Moore et al. 1999; Sinha & Holley-Bockelmann 2012;

Martin et al. 2021). The interaction can disrupt and strip the ISM gas in the interacting

galaxies.

1.3.2 Harassment

Harassment occurs when a galaxy encounters frequent, high-speed flybys from neighbour

galaxies while transitioning into the dense cluster core along its orbital path (Moore

et al. 1996). Such interactions are known to severely disrupt the gas and stellar disk

morphology of the "harassed" galaxy, and often induce instantaneous starbursts in a

gas-rich galaxy and tidal tails in rich Coma-like clusters, consuming all the star-forming

reservoir gas (e.g., Moore et al. 1996, Moore et al. 1998; Ghigna et al. 1998; Mayer et al.

2001; Davies et al. 2005; Knebe et al. 2006; Popesso et al. 2006; Smith et al. 2010; Vivek

et al. 2022). However, if less severe, galaxy harassment will only disrupt the extended

gaseous halo, thereby preventing the gas from cooling and forming stars (Dressler et al.

2013; Cattaneo 2015; Peng et al. 2015).

1.3.3 Starvation

Starvation (or strangulation) is a non-environmental quenching process that is only

slightly connected to external interactions (Peng et al. 2010; Wetzel et al. 2013). The

quenching process occurs when a galaxy ISM gas is consumed as it forms stars or when

the gas cannot condense due to inefficient cooling processes. Such inherent mechanisms

may be caused by ejective feedback driven in massive galaxies that host massive black

holes, which remove the ISM gas from galaxies, thus halting SF activity (Gabor et al.

2011; Nelson et al. 2019; Terrazas et al. 2020; Piotrowska et al. 2021). It can also occur

when the surrounding circumgalactic medium is heated via energy injection through

radio jets and winds, halting cold gas accretion and suppressing SF activity (e.g., Gabor

et al. 2011; Gaspari et al. 2012; Zinger et al. 2020). Starvation is the main quenching

mechanism for low mass galaxies, i.e., log(M⋆/M⊙) < 11, where the metallicities of

8



Chapter 1: Introduction

galaxies increase rapidly, due to the lack of inflow of external gas (e.g., Fabian 2012;

Cicone et al. 2014; King & Pounds 2015; Fluetsch et al. 2019).

1.3.4 Ram-pressure stripping

Ram-pressure stripping (RPS) is a gas-only stripping mechanism that occurs when an

infalling galaxy encounters the ICM wind while crossing through the cluster centre. As

the galaxy "rams" through the hot, dense environment, the ICM winds push back against

the galaxy ISM. If the ICM wind is strong enough to overcome the galaxy’s capacity to

hold on to its gas, the ISM gas is then effectively pushed into the parallel tentacle tails

(Gunn & Gott 1972; Abadi et al. 1999; Vollmer et al. 2001a; Hester 2006; Kapferer et al.

2008; Kapferer et al. 2010; Bekki 2014; Roediger et al. 2015; Steinhauser et al. 2016;

Jaffé et al. 2018; Wang et al. 2020). Initial interactions with the ICM can compress

the galaxy’s ISM gas and enhance SF activity. Several encounters with the ICM can

eventually strip the gas and cause SF to cease and spiral arms to disappear.

There are still questions remaining that have the focus of many past and current studies

on these topics. Studies seek to answer questions such as how much impact environmen-

tal effects have in the transformation of galaxies from their point of assembly into the

population of early-type, gas-poor, and quenched galaxies in cluster centres and how this

impact works in a given galaxy with a given mass and size. The second question is which

gas depletion process has the most dominant effect and whether the harsh environment

in the cluster core is where galaxies lose their gas and become quenched.

The cluster central region where the ICM is most dense is the resting place for gas-

poor and quenched galaxies (or red sequence galaxies) and often the environment where

galaxies are transformed. RPS is considered the eventual processing mechanism for

galaxies crossing cluster centres while interacting with the ICM. However, even during

the transition into the core, infalling galaxies cross paths and are transformed due to

mergers, harassment, and flybys (Lewis et al. 2002; Treu et al. 2003). Simpson et al.

(2018) showed that many quenched systems cease SF within 1 Gyr of first infall. There-

fore infalling galaxies may be pre-processed to some extent or even completely losing

their gas content before encountering the ICM (Zabludoff & Mulchaey 1998; Ellingson

et al. 2001; Verdes-Montenegro et al. 2001; McGee et al. 2009; De Lucia et al. 2012;

Vijayaraghavan & Ricker 2013).
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1.4 Radio astronomy and HI

The 21 cm line emission of neutral hydrogen gas (Hi) is an important indicator of

various environmental mechanisms mentioned in section 1.3. This line emission is the

electromagnetic (EM) radiation spectral line that comes from the transition between

the two levels of the hydrogen 1s ground state. The interaction slightly splits the two

levels between the electron spin and proton spin configurations. This results in the

emission of a photon with a wavelength that falls within the microwave region of the

L-band in the EM spectrum. In its 1s ground state, the hydrogen atom consists of

an electron and a proton. The electron is not spatially displaced from the proton but

encompasses it, causing both particles to interact continually. Both particles possess

magnetic dipole moments due to intrinsic properties such as spin and charge. Only

parallel and anti-parallel states are allowed. The electron and nuclear spins are 1/2

for the proton, so there are two possible discrete states. The total angular momentum

of the system becomes discretized quantum mechanically. The interaction results in a

slight increase in energy when the spins are parallel (relatively less tightly bound) and a

decrease when anti-parallel (relatively more tightly bound). A photon is emitted when

the spins flip from parallel to anti-parallel. This splitting of the hydrogen ground state

is extremely small compared to the ground state energy (of 13.6 eV). The difference

between the two energy levels is ∆E ≈ 5.9 eV. The emitted photon is thus detectable in

the wavelength of;

λ = 1
v × c = h

E × c ≈ 4.14 × 10−15 eV/s
5.9 × 10−6 eV × 3.0 × 108 m/s = 21.1 cm, (1.4.1)

where h is Planck’s constant and c is the speed of light. The 21 cm line has a frequency

of ∼ 14 × 108 Hz and a very low transition probability. This means large amounts of

hydrogen are required for it to be seen.

The thickness of an Hi gas cloud can be defined from the equation;

τHi =
∫ l

0
α(s) ds, (1.4.2)

where s is the path length of the beam, and l is the thickness of the gas cloud. The

attenuation coefficient is defined as α(s) = − 1
ϕe

dϕe
ds , where ϕe is the radiant flux of the

gas cloud. For an optically thin gas cloud, τHi ≪ 1, the column density (NHi, Eqn 2.6.2)

and Hi mass (MHi, Eqn. 2.3) can be derived from their relations with the flux density
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of the source. Flux density (Sv) is related to the brightness temperature (TB) over the

solid angle (Ω) of the source as;

Sv = 2kB

λ2

∫∫
TBdΩ. (1.4.3)

TB is derived from relations with the spectral radiance Bv based on the Rayleigh-Jeans

approximation to Planck’s law;

TB = c2Bv

2kBv2 , (1.4.4)

where v is the frequency of emission (vλ = c).

The Hi content of a galaxy and its distribution can be used to estimate the relative

efficiency of the gas removal mechanisms (Haynes et al. 1984). Hi is thus a good tracer

of the physical processes at work within a galaxy as it manifests the relation between

the ISM gas content and environmental processes during its evolutionary history. This

is because galaxy gas disks are far more extended than stellar disks and are the first to

collapse during tidal interactions, gas stripping and mergers (e.g., Rosenberg & Schneider

2002; Oosterloo et al. 2007; Sancisi et al. 2008; Chung et al. 2009; Mihos et al. 2012).

Furthermore, Hi dominates a galaxy’s gas content (by mass), making it a useful tracer

of the overall gas content.

1.5 Norma galaxy cluster

In this thesis, we study the Hi properties of galaxies in the Norma cluster (A3627 or

ACO3627). The Norma cluster is a rich, nearby cluster at 67 ± 0.7 Mpc (assuming

H0 = 73 km/s/Mpc; Woudt et al. 2007), located near a large localized mass concentra-

tion known as the Great Attractor (GA; Kraan-Korteweg & Lahav 2000). The GA is the

gravitational focal point of large-scale filamentary structures of the Laniakea superclus-

ter, with a mass concentration that is a thousand times more massive than the Milky

Way (MW) galaxy (Burstein et al. 1990; Woudt et al. 2007). The Norma cluster is the

most massive cluster in the GA with a dynamical mass of Mdyn ∼ 1 − 1.1 × 1015h−1
73 M⊙

(Woudt et al. 2007) and has not yet reached the state of virialization, since it exhibits

galaxy substructures (Woudt et al. 2007). It is hidden behind the MW within the Zone

of Avoidance (ZoA). Hence, it is not easily seen with instruments observing at optical

wavelengths (Lu et al. 1990). It is comparable in size and richness to the Coma cluster,

but it is nearer, thus making the Norma cluster an ideal laboratory to study galaxy
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transformation, gas depletion, environmental effects, and how these affect the SF ac-

tivity of galaxies residing in the cluster (Woudt et al. 2007). The following is a brief

summary of the properties of the Norma cluster.

• It is X-ray bright, which reveals how far the ICM is distributed from its core

(Bohringer et al. 1996; Woudt et al. 2007).

• It shows signs of an ongoing merger as revealed by its elongated X-ray morphology

(Bohringer et al. 1996).

• It harbors an in-falling spiral-rich subgroup (Woudt et al. 2007).

• It contains two central cD galaxies (Woudt et al. 2007) and has two strong radio

continuum sources, namely PKS 1610-608 and PKS 1610-605 (Jones & McAdam

1992; Woudt & Kraan-Korteweg 2001).

Within the past three decades, observational studies at multi-wavelengths have revealed

interesting galaxies that are transformed in the dense environments of the Norma cluster

(e.g., dating from Bohringer et al. 1996). Using the Hubble Space Telescope (HST) and

the Atacama Pathfinder Experiment (APEX) telescope, an interesting galaxy called

the ESO 137-002 shown in Figure 1.5 (Laudari et al. 2022) was revealed to feature

disk perturbations and asymmetric distribution of dust clouds induced by RPS. The

observed young star clusters immediately upstream of the residual dust clouds in the

galaxy suggest enhanced SF activity triggered by RPS. Such galaxies are important for

studies of the evolution of the removed gas.

Figure 1.6 from Jáchym et al. (2019) shows the jellyfish galaxy, ESO 137-001, another

interesting galaxy in the Norma cluster. The tail reveals regions of SF activity induced

by RPS, varying degrees of correlation between the CO and Hα emissions, and regions

of young stars in the narrow central regions of the multi-phase gaseous tail. The map

also reveals the head-tail morphology and compact clumps of gas closer to the galaxy.

Banfield et al. (2013) mapped the ICM in the Norma cluster to search for Hi absorption

and study the polarised emission from cluster members. Skelton et al. (2010) surveyed

the Norma cluster in the near-infrared (NIR) with the SIRIUS survey. Nishino et al.

(2012) observed the Norma cluster core with the Suzaku X-ray satellite observatory and

found a cool region in the ICM. Mutabazi (2021a) studied the peculiar velocities in the
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Figure 1.5: An example of a galaxy undergoing a morphological transformation in the Norma

cluster. The illustration shows a composite image of ESO 137-002 with the HST

F475W/F814W data overlaid with 0.6 − 2 keV X-ray emission from Chandra in

blue to show the X-ray tail (Zhang et al. 2013; Laudari et al. 2022). The galaxy

region inside the dotted white box (left panel) is mapped in the four HST bands

(right panel). The panel on the right is a close-up view of ESO 137-002 in the four

HST bands. The panels illustrate stripping, asymmetric dust clouds, and dust

filaments.

Norma cluster based on J- and Ks-band photometry analysis using the 1.4 m IR Survey

Facility (IRSF) at the South African Astronomical Observatory6. The authors showed

that the Norma cluster peculiar velocity is 44 km/s, although the GA itself has a mean

positive peculiar velocity of ∼ 600 km/s (e.g., Raychaudhury 1989; Mathewson et al.

1992; Tonry 1996).

These are some of the most prominent observations conducted to study kinematic prop-

erties, morphological transformation, and SF activity in the Norma cluster’s massive

and highly dynamic environment.

Studies of the Hi emission in the Norma cluster have only been limited to pointed radio

observations with the Australian Telescope Compact Array (ATCA7: Wilson et al. 2011).

These data have an Hi flux density sensitivity of 20 mJy/beam, i.e., which results in a
6https://irsf2016.saao.ac.za/
7https://www.narrabri.atnf.csiro.au/
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Figure 1.6: The multi-wavelength map of the jellyfish galaxy ESO 137-001 from Jáchym et al.

(2019). The cold, dense CO emission was traced with ALMA and the superimposed

Hα emission from MUSE and the HST images, while the X-ray contours were added

from Sun et al. (2010). The image displays the inner half of the X-ray tail.

total upper limit of Hi mass of about 2 × 109 M⊙ at the 5σ noise level for a 50 km/s

linewidth per 30′′ beam. With this beam the ATCA Hi data only reached column density

sensitivity levels of NHi = 3.7 × 1021 cm2. Hardly any diffuse extraplanar Hi gas exists

in nature at such high NHi. This made these ATCA observations impractical to detect

and resolve the Hi gas.

To complete the multi-wavelength (optical and X-ray) observation of the Norma cluster,

we use deeper Hi data from MeerKAT. The primary motivation for observing the Norma

cluster galaxies in Hi is that it can be used as a probe of the large-scale structures (e.g.,

Battye et al. 2004; Pritchard & Loeb 2012) since Hi is the gas reservoir fed into molecular

clouds where SF activity is observed to occur. Therefore, the amount of Hi supply may

ultimately set the rate of SF. The second motivation for using Hi line emission to map gas

disks in the Norma galaxy cluster is that the cluster is located behind the galactic plane

(GP) of the MW galaxy where there is obscuration due to large clouds of interstellar
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cosmic dust. The Hi emission line has properties that make it useful to detect gas-rich

galaxies behind the MW since dust is transparent at this long radio wavelength.

Throughout this work, we adopt the Hubble constant H0 = 70.5 km/s/Mpc.
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Data Sample & Analysis

2.1 Observations and data reduction

To detect and map Hi sources in the Norma cluster, we used high-resolution and deep

L-band observations from MeerKAT, which is a precursor to the Square Kilometre Array

(SKA) telescope. It is located in the Karoo region of the Northern Cape Province in

South Africa. The South African government has put legislation in place that strictly

reserves the location for radio astronomy observations in the frequency band from 100

MHz to 2170 MHz and maintains low human population density, thus significantly

reducing radio frequency interference1 (Booth et al. 2009; Booth & Jonas 2012; Jarvis

2012).

MeerKAT is the most sensitive decimetre-wavelength radio interferometer array in the

southern hemisphere (Jonas & MeerKAT Team 2016). It has 64 inter-linked antennas,

which are positioned on a steerable pedestal, each one equipped with a main paraboloidal

reflector with a projected diameter of 13.5 m plus a sub-reflector with a diameter of 3.8

m and a V/H dual-polarisation single-pixel receiver. Three radio receivers and associ-

ated digitizers are mounted on a rotating support structure that allows the appropriate

receiver to be automatically moved into the antenna focus position (Theron et al. 2012).

The receiver can either be in one of the three bands of the radio spectrum, namely UHF

(0.58 − 1.015 GHz), L (0.9 − 1.67 GHz), and S (1.75 − 3.5 GHz). The main function

of the receiver is to capture EM radiation and convert it to a voltage signal that is

then amplified by cryogenic receivers that add very little noise to the signal. The three
1https://www.gov.za/sites/default/files/gcis_document/201409/37397gen141-1.pdf
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digitizers mounted on the indexer will then convert the radio frequency voltage signal

(RFVS) from the receiver into digital signals using the analogue to digital converter

(ADC) (Theron et al. 2012).

The mean measured system equivalent flux density (SEFD) for a single MeerKAT dish

at the L-band (881−1670 MHz) with a system temperature of Tsys ≈ 20 K, is about 388

Jy (Geyer et al. 2021)23. The antennas are set below the focal point so that each dish has

an offset Gregorian configuration resulting in a sensitivity between 300 and 400 m2/K,

in the frequency range 0.9−1.67 GHz (Booth et al. 2009; Booth et al. 2009; Jarvis 2012;

Theron et al. 2012; Mauch et al. 2020). The key advantage of the Gregorian optical

configuration for the MeerKAT antennas is lower Tsys, unblocked aperture, and higher

sensitivity, while the low far side-lobes improve immunity to radio frequency interference

(RFI) (Jonas & MeerKAT Team 2016). With this configuration, the EM waves from

cosmic radio sources bounce off the main reflector, project onto the sub-reflector, and

thereafter focus onto the feed horn on the receiver (Theron et al. 2012).

MeerKAT has a dense inner core containing 48 antennas (75%) spanning 1 km diameter

and distributed in a two-dimensional fashion with a Gaussian uv-distribution, and a

mean dispersion of 300 m, a shortest baseline of 29 m, and a longest baseline of 1 km.

The other 16 are set out to a radius of 4 km, also distributed in a two-dimensional

Gaussian distribution with a mean dispersion of 2500 m, and the longest baseline of 8

km, giving a maximum baseline of 8 km (Theron et al. 2012).

The data is then sent to the correlator through buried fibre optic cables for processing,

such as correlation to combine all the antennas’ signals to form an image of the observed

sky field (Theron et al. 2012). MeerKAT data engineers and scientists then conduct fur-

ther data reduction and imaging. Table 2.1 summarises some of MeerKAT’s specialized

structural components. Figure 2.1 shows the distribution of the 64 MeerKAT antennas

at the Karoo in panels (a) and (b) and key structural components of a single antenna

of the MeerKAT array telescope in panel (c).

The Norma cluster was observed with the MeerKAT telescope in the L-band, and the Hi

datacube was obtained after data reduction was conducted using the CARAcal pipeline4

(Józsa et al. 2020). The resulting datacube for this project is in the frequency range of
2https://science.ska.ac.za/meerkat
3https://skaafrica.atlassian.net/servicedesk/customer/portal/1/article/277315585
4https://caracal.readthedocs.io/en/latest/index.html
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1372 − 1417 MHz and is sampled with 243 spectral channels, each one 187 kHz in width

(44.1 km/s) in full polarization, thus covering a velocity range of 483 − 11, 113 km/s.

The field of view is about 2◦ × 2◦ with a pixel scale of 2′′. The rms noise level in the

datacube is σ = 0.09 mJy/beam with a beam size of ∼ 14.65′′ × 9.28′′ and position angle

of PA ∼ 146◦. The properties of this Hi datacube allows the Hi mass detection limit of

MHi,lim = 7.25 × 107 M⊙ at the 5σ noise level, assuming a linewidth of 200 km/s. The

Hi channel maps of the datacube are included in the atlas (Figure A.1). Further details

regarding the data reduction process can be found in Ramatsoku et al. (2020).

2.2 Source finding

To detect Hi line emission in the datacube, the Source Finding Application (SoFiA5)

was used. SoFiA is a flexible software application for the detection and parameteriza-

tion of sources in Hi datacubes (Serra et al. 2015; Westmeier et al. 2021). It uniquely

combines source-finding and parameterization algorithms to search for line emission and

produces moment maps, cut-out datacubes, and a catalogue of source parameters for

the detections (Serra et al. 2015). The network of SoFiA parameters includes noise

measurements along the frequency axis, source finding using smooth and clip (S+C) al-

gorithms, merging of detected voxels into sources, calculation of reliability (and removal

of unreliable sources), source parametrization with the Fit Busy Function, creation of

output products, and catalogues (Serra et al. 2015; Westmeier et al. 2021).

The datacube was smoothed spatially and spectrally using smoothing kernels. We used

the "Smooth+Clip Finder" method for source finding at the noise threshold of 4σ. This

combination proved to be the best for source finding (Serra et al. 2015). Sources are

created when pixels are merged. For the pixel value assumed by the smoothing algorithm

in "Edge mode" (outside the boundaries of the datacube), we opted for "constant", which

assumes the value of 0. For the statistics used to determine the noise in the datacube

("RMS mode"), we selected "median absolute deviation". Reliability calculations in the

"Parametrisation" module were also carried out, for which sources were discarded if they

were below the threshold value of 0.9. Any more would produce fewer reliable sources
5https://github.com/SoFiA-Admin/SoFiA-2
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Telescope Name MeerKAT Array Telescope

Location Northern Cape, South Africa

Project Funders and Organisers South African National Research

Foundation (NRF)

and/or South African Radio Astronomy

Observatory (SARAO)

Number of Dishes 64

Configuration Offset Gregorian

Emission line frequency Radio

Main Reflector Diameter 13.5 m

Sub-Reflector Diameter 3.8 m

Collecting Area 9, 000 m2

Surface Accuracy Diameter 0.6 mm RMS

Receivers 4 positions for cryogenic receivers

with associated digitizers

Reflector Noise Contribution < 1 K

Height 19.5 m

Weight 42 tons

Aperture Phase Efficiency 0.91 at 14.5 GHz

Frequency Bands 0.58 − 1.015 GHz

1 − 1.75 GHz

8 − 14.5 GHz

Sensitivity L-band (0.9 − 1.67 GHz) 220 m2/K required

(> 300 m2/K achievable)

Continuum Imaging Dynamic Range at 1.4 GHz 60 dB

Minimum Baseline 29 m

Maximum Baseline 8 km

Table 2.1: Summary of the MeerKAT array interferometer

and miss other sources well above the noise distribution, and vice versa. The full SoFiA

parameters used for source detection in this work are presented in Appendix A.2.

SoFiA pipeline detected 31 Hi sources spanning a velocity range of vrad ∼ 604 − 10, 353
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(a) Layout of 64 antennas in coloured rings of 1,

2, 4, 6, 8 km from the core.

(b) Layout of core antennas in coloured rings of

50, 100, 300, 600 m from the centre.

(c) The MeerKAT antenna configuration (image ob-

tained from sarao.ac.za).

Figure 2.1: The MeerKAT array telescope in the Karoo location. Figures in panels (a) and

(b) are schematic presentations of the distribution of 64 antennas on location,

annotated by antenna number from the centre to the outskirts, in a Gaussian

distribution (Jonas 2009; Booth & Jonas 2012). In panel (a), 30% of the antennas

are distributed outside the core, and in panel (b) 70% are positioned within the

dense inner core. Panel (c) is a MeerKAT antenna, annotated to illustrate some of

its key structural components, including the main reflector, sub-reflector, receivers,

and connecting structures.

km/s. A careful inspection of all the detections was conducted by eye, and a total of 6

sources were found to be unreliable based on their spectra. This resulted in a total of

25 Hi sources detected within the volume of the Norma cluster datacube.

2.2.1 Completeness and reliability of detected sources

To assess the completeness and reliability of source-finding tasks completed with the

SoFiA pipeline, we first assess completeness using the cumulative galaxy counts, as

illustrated in Figure 2.2. We define the completeness Hi mass of the Norma clus-
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ter Hi galaxy sample as the point where the cumulative galaxy distribution plateaus

(Kochanek et al. 2001). Employing this technique, we determine that the distribu-

tion flattens at log(MHi/M⊙) ≈ 9.4. The source detection process is 80% complete for

log(MHi/M⊙) ≲ 9.0, and 100% complete for log(MHi/M⊙) ≲ 9.4.

Second, one of the essential parameters derived from source-finding efforts is the in-

tegrated flux. SoFiA-2 computes this flux by summing the flux density values within

the source mask, then multiplying by the spectral channel width and dividing by the

beam solid angle. Moreover, SoFiA-2 calculates the statistical uncertainty of the inte-

grated flux using Gaussian error propagation and accounting for pixel correlations due

to the finite beam size. The local noise level surrounding each detection is assessed

to facilitate this calculation. The investigation by Westmeier et al. (2021) delves into

SoFiA-2’s flux recovery process. They identify a specific aspect of the S+C finder that

introduces a systematic effect. This arises at the outset of each iteration, where pixels

previously detected are assigned ±n times the noise level within the data cube. This

pre-smoothing treatment preserves the original flux value sign, curbing emission exten-

sion beyond source limits. However, an unintended outcome emerges: the source mask

grows in directions where noise-driven contributions are predominantly positive, creat-

ing a net positive flux bias. The magnitude of this bias is linked to the "n" replacement

value. Defaulting to n = 2 introduces a 2 − 3% positive flux bias. Modifying n to 1.5

eradicates the bias, although at the expense of a slightly stronger negative bias for faint

sources. A statistical correction is advised for flux measurements with higher accuracy

(< 3%) to counteract the bias.

In Fig. 8 of the paper, the authors illustrate a histogram portraying the ratio of flux

measurement error to uncertainty from SoFiA-2. This histogram is compared to an ideal

Gaussian distribution with expected properties. The fitted histogram aligns closely with

theoretical expectations: centroid at 0.27 ± 0.02 and standard deviation of 1.22 ± 0.02.

This correspondence underscores the accuracy of flux uncertainties reported by SoFiA-2.

Minor deviations and distribution broadening are attributed to the flux bias, influenced

by signal-to-noise ratio (SNR) variations. Thus, Westmeier et al. (2021) confirm that

reported flux uncertainties in SoFiA-2 remain accurate despite slight variations due to

the flux bias and signal-to-noise ratio.
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Figure 2.2: The cumulative distribution of galaxy counts as a function of Hi mass. The black

vertical line denotes the estimated completeness mass limit for the observed masses

of all the detected Hi galaxies.

2.3 HI data products

SoFiA products include moment maps and catalogues containing information about the

detected sources’ radial velocity, flux density, and spatial properties. We can compute

from these other parameters, such as Hi masses, find counterparts in other wavelengths,

and quantify the degree of asymmetry in the Hi gas disks.

We use the radio radial velocity definition where SoFiA computes velocities of the de-

tected Hi galaxies, and velocities of their optical counterpart from the Woudt et al.

(2007) catalogue are converted to radio radial velocities using the equations;

vopt
c

= f0
f − 1 = z, (2.3.1)

and
vrad

c
= 1 − f

f0
= z

1 + z , (2.3.2)

so that

vrad = c × vopt
c + vopt

. (2.3.3)

The Hi mass was computed using;

MHi
[M⊙] = 2.36 × 105 ×

( D
[Mpc]

)2 ∫ Sv
[Jy]

dv
[km/s] , (2.3.4)
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where dv is the channel width, and D is the distance to the source calculated using

Hubble’s law;

v = H0D, (2.3.5)

where H0 = 70 km/s/Mpc.

Figure 2.3: Global Hi properties of the detected galaxies. The top and bottom panels in the

figure show the radial velocity and Hi mass distributions of the detected galaxies,

respectively.

This study determines the distances to the Hi detections without accounting for their

random motions. This choice is based on the findings of Mutabazi (2021b), which re-

ported a peculiar motion of the Norma cluster as 44 ± 151 km/s, suggesting consistency

23



Chapter 2: Data Sample & Analysis

with zero so that random motions of galaxies are not significant and therefore would

not affect the results obtained. This suggests that the higher-velocity group comprises

background galaxies within a distinct gravitational potential. To investigate global Hi

properties of the detected galaxies, we present the radial velocity and Hi mass distri-

butions in Figure 2.3. The velocity distribution on the top panel reveals a compact

population of 11 sources at vrad ∼ 10, 000 km/s and another source at vrad ∼ 604 km/s.

The majority of the detected sources lie within the velocity range of vrad ∼ 2000 − 8000

km/s peaking at a velocity of vrad ∼ 4870 km/s which is where the Norma cluster is

located.

The MHi distribution in the bottom panel shows all detections have a wide range of

masses covering the range of log(MHi/M⊙) ∼ 7.5 − 9.9, with an average Hi mass of

log(MHi/M⊙) ∼ 8.3.

In the bottom panel of Figure 2.5 we show MHi as a function of vrad. About 77%

of the detections within the Norma cluster velocity range (∼ 2000 − 8000 km/s) have

low MHi (within the range log(MHi/M⊙) ∼ 7.5 − 8.5), with only 3 detections exhibiting

higher MHi. Those galaxies belonging to the compact substructure in the background

are massive with log(MHi/M⊙) ∼ 8.4 − 9.9. This is possibly due to the detection limit of

our data. We examine this effect in Figure 2.4, which shows the detection limit assuming

a 5σ detection of a typical dwarf galaxy with a linewidth of 45 km/s (red curve) and a

massive galaxy with a linewidth of 300 km/s (blue curve). The curves retain a steeper

slope at < 2000 km/s and are slightly less pronounced after that, indicating that most

massive galaxies were detected at velocities of ∼ 8000 − 11, 000 km/s.

2.3.1 Galaxy linewidths

The rotational motion of a galaxy around its axis is observed while half of the galaxy

plane is approaching and the other half is moving away from the observer. This creates

a spectral distribution with two "horns" for a typical spiral galaxy, depending on the

inclination of the rotating galaxy gas disk. The rotation is nearly constant across the

"horns", causing Doppler shift within the galaxy to broaden the line.

Spectral intensity profiles (21 cm linewidths) are a proxy for galaxy rotational speed,

internal kinematics, and parameters from which gas disk size and morphology can be

mapped (Verheijen 2001; Yegorova & Salucci 2007; Stewart et al. 2014). The Hi full
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Figure 2.4: The Hi mass limit as a function of velocity at 5σ. The red curve represents the

mass limit for a galaxy with a linewidth of 45 km/s, while the blue line represents

the mass limit for a galaxy detection with a linewidth of 300 km/s. The steelblue

diamond markers are the Hi detections.

width at half maximum (FWHM) of a galaxy’s spectral profile is typically measured at

50% (w50) and 20% (w20) of the maximum. For this work, we only use the w50 which

we corrected for inclination (w50,corr) using;

w50,corr ≈ w50/sin(i). (2.3.6)

The inclination angle, i, is approximated by cos(i) ≈ b
a , where b and a are the minor

and major axis, respectively. Typically, linewidths of "normal" rotating spiral galaxies

are in the range of ∼ 200 − 300 km/s, and deviations from this may be due to a set

of parameters including mass, size, and/or external interactions (e.g., McGaugh 2012;

Ogle et al. 2019).

We present the distribution of w50,corr for the detected galaxies in Figure 2.6. First, the

figure shows a skew distribution in the range ∼ 66 − 392 km/s with a linewidth mean

of ∼ 203.4 km/s. We note that although some ellipticals are known to have Hi disks

embedded within the dark matter halo of the galaxy and settled into an equilibrium

configuration, the gas disk is often kinematically decoupled from the stellar disk and
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Figure 2.5: The distribution of galaxies with and without optical counterparts in Woudt et al.

(2007) catalogue. The top panel shows linewidth as a function of Hi mass, and

the bottom panel is the Hi mass as a velocity function. Hi detections with optical

counterparts from Woudt et al. (2007) catalogues are indicated with black circle

markers.

massive ellipticals may have rapidly rotating Hi components even though many ellipticals

are slow rotators in the stellar component (e.g., Raimond et al. 1981; Van Gorkom et al.

1986; Lake et al. 1987; Kim et al. 1988; Schweizer et al. 1989; Van Gorkom et al. 1990;

Lees et al. 1991; Bertola et al. 1993; Schiminovich et al. 1995, 1997). However, there is an

observed correlation between morphology and linewidth. About 78% of ellipticals (E5,
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Figure 2.6: The linewidth distribution of all the galaxies detected in Hi.

E) have narrow linewidths (w50,corr ∼ 66 − 161 km/s; McGaugh 2012; Ogle et al. 2019),

while all the spirals exhibit the widest linewidths (w50,corr ∼ 240 − 392 km/s; McGaugh

2012; Ogle et al. 2019) and higher masses in the range log(MHi/M⊙) ∼ 7.8 − 9.5. The

lenticulars (S0 and SA0) have linewidths in the range w50,corr ∼ 153 − 199 km/s, and

the irregulars and peculiars (Irr, Pec) have linewidths in the range w50,corr ∼ 147 − 237

km/s.

For galaxies with confirmed optical counterparts, most of them have normal linewidths

(e.g., McGaugh 2012; Ogle et al. 2019) with linewidth mean of 213.62 km/s, in the range

w50,corr = 138.47 − 391.51 km/s, and w50,corr,δ = 89 km/s.

The outlier with w50,corr ∼ 1151 km/s has high mass and the most perturbed gas disk

morphology in the sample (section 2.6). This wide linewidth was observed for the active,

hyperluminous galaxy, SMM02399-0136 (Ivison et al. 1998), although in this case, it is

more likely that the wide w50,corr is due to the noise seen in the galaxy’s spectral profile.

At the same time, the signal appears with a very low peak.

In total, about 84% of detections have w50,corr expected for "normal" galaxies. It is

worth mentioning that by examining the sizes of the Hi disks in relation to the op-

tical in panel A in Figure 2.19 and Hi linewidth, we find that most galaxies within

the Norma cluster have slightly equal disk sizes with the optical (i.e., truncated disk),
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e.g., (1) J160906.49-610923.7, (10) J161157.16-610749.8, (15) J161326.06-604539.2, (17)

J161459.10-604603.5, (21) J161627.69-611421.3. This indicates that the observed linewidths

may reveal the degrees of disk truncation in our Hi sample.

2.4 Optical counterparts

The spectroscopic optical studies of galaxies in the Norma cluster were conducted by

Woudt et al. (2007) with the Anglo-Australian Observatory 2dF Facility6 (Lewis 2002).

They catalogued 182 optical galaxies in the Norma cluster field within the Abell radius

RA = 2.02 Mpc, in the velocity range of vrad ∼ 3022 − 63, 770 km/s. To obtain more

information on the Hi detected galaxies, we searched for optical counterparts from the

catalogue for each galaxy detected in Hi. To find maps of the optical counterparts we

used imaging conducted with MeerLICHT telescope7 (de Wet et al. 2021). MeerLICHT

images were searched in all the observed bands, g, i, q, r, u and z bands.

The Norma cluster is more visible at X-ray, Hi and IR wavelengths than the optical.

It is a complicated task to search for optical galaxies in the field due to the location

of the cluster, which is crowded by stellar objects in the MW and suffers from dust

extinction. As a result, most optical galaxies appear faint, except for cD galaxies with

higher surface brightness and some giant ellipticals around the central regions.

The optical sky area covered has foreground extinction that goes up to A = 0.242 mag in

the B-band (Woudt et al. 2007). We searched for optical counterparts from Woudt et al.

(2007) catalogue by considering their 2D on-sky position and vrad. Candidates that are

concentric with the Hi position, with a velocity difference of < 200 km/s, are considered

likely counterparts. We use a velocity window consistent with that of Woudt et al.

(2007), which showed a difference of up to 200 km/s between their redshift detections

and previous studies (Woudt et al. 2007). We then verified the candidates through

visual inspection by overlaying their positions on the optical images from MeerLICHT.

Of the 25 Hi detections, 12 (∼ 48%) were found to have optical counterparts from both

Woudt et al. (2007) catalogue and MeerLICHT images, with an average velocity offset

of vrad ∼ 78 km/s, and a concentric position with the Hi detection. A further 9 (∼ 36%)

candidates were found to have optical counterparts in MeerLICHT, but not in Woudt
6https://aat.anu.edu.au/front
7http://www.meerlicht.uct.ac.za/mt/project
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et al. (2007) catalogue.

Figure 2.7: The spatial distribution of Hi detections. The detected Hi gas disks are super-

imposed on a DIRBE/IRAS map of Ag galactic extinction values in the optical

g-band, ranging from 0.5 to 1.2 mag as shown on the scale bar. Dust extinction

contour levels are set between 0 and 1 mag in ∼ 0.042 mag intervals. Hi detec-

tions with optical counterparts from both Woudt et al. (2007) catalogue and Meer-

LICHT images are indicated with blue star markers, and Hi detections with optical

counterparts inspected from MeerLICHT are indicated with red star markers. Hi

detections without optical counterparts are indicated with black-edge square-box

markers. The blue circle represents the core of the Norma cluster within a radius

of 0.34 Mpc from the centre, and the grey circles indicate 1/3 × RA and 2/3 × RA

radii, respectively.

In Figure 2.7, 25 verified Hi detections are overlaid on the g-band galactic extinction
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map (Ag) made from E(B − V) colour reddening measurement (DIRBE/IRAS8; Schlegel

et al. 1998). Within the MeerLICHT g-band field of view, the galactic extinction value

is Rλ = 3.269 mag (Yuan et al. 2013). The extinction law states that;

Aλ = Rλ × E(B − V), (2.4.1)

where Rλ is the extinction in a given band. E(B − V) is the colour reddening from

Schlegel et al. (1998). Thus the derived extinction is;

Ag = 3.269 × E(B − V). (2.4.2)

Foreground extinction increases towards the East side of Figure 2.7 (0.6 − 1.2 mag)

and is less severe towards the South (∼ 0.5 − 0.6 mag). Furthermore, comparing the

results in this work (Ag) with results from Woudt et al. (2007) (AB), and based on the

population density of optical galaxies, which is the highest in the central regions, it is

more likely to match Hi candidates with optical counterparts within the central regions,

because, as shown in Figure 2.7 and Figures 2 & 3 in Woudt et al. (2007), the sky area

of focus is located where AB = 0.242 × E(B − V), which is three times lower than the

extinction towards the galactic belt. However, the severity is even less within a field

radius of 1.35 Mpc (this work).

We found that all 2 detections without optical counterparts in both Woudt et al. (2007)

and MeerLICHT catalogues are located in regions of high foreground extinction (> 0.6

mag). Furthermore, most of the 12 galaxies with optical images in MeerLICHT but no

counterpart in Woudt et al. (2007) may have been missed in earlier works since their

faint, blurry MeerLICHT images are almost imperceptible.

To investigate Hi properties that may have affected the optical counterpart recovery

rate, we look at MHi and w50,corr of galaxies with optical counterparts (Woudt et al.

2007 catalogue and/or MeerLICHT) in comparison with galaxies without. In Figure

2.5, on the top panel, galaxies w50,corr are plotted as a function of MHi. We find that for

the gas disk with the highest w50,corr and 2 with the lowest w50,corr, no counterpart was

found. On the bottom panel, we show the plot of MHi as a function of vrad, in which

11 of the detections within vrad ∼ 604 − 8000 km/s have optical counterparts while all

but 1 detections at vrad ∼ 10, 000 km/s does not have an optical counterpart. However,
8https://irsa.ipac.caltech.edu/cgi-bin/bgTools/nph-bgExec, and https://irsa.ipac.caltech.edu/cgi-

bin/bgTools/nph-bgExec
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there are slightly more foreground sources with optical counterparts in Woudt et al.

(2007) catalogue than in the background, possibly due to the ZoA obscurities. As such,

the inclusion of MeerLICHT images roughly completes the optical data.

Optical counterparts for Hi detections in regions of high extinction (mostly towards the

East regions in Figure 2.7) are missed, which makes galaxies with low surface brightness

undetectable in optical wavelengths. Some of these detections at greater distances are

high-mass gas disks (Figure 2.4, in Section 2.3), and it is possible they could be young

galaxies with low surface brightness in the optical or were too far to be seen at optical

wavelengths.

2.5 HI Morphologies

The physical parameters of a galaxy are associated closely with its morphology, and

disturbed or asymmetrical gas disks can provide clues for historical events of interactions

and/or intrinsic dynamical activities of galaxies. In this work, the Hi morphologies of the

detected gas disks are quantified using the asymmetry parameter, Ap, which is defined

as the degree of rotational asymmetry around the centre of the galaxy (Abraham et al.

1994; Conselice et al. 2000; Holwerda et al. 2011; Lelli et al. 2014). The parameter

was introduced for optical studies of nearby galaxies (e.g., Abraham et al. 1994) and

modified for Hi gas disks (e.g., Conselice 1997; Conselice et al. 2000; Conselice 2003a;

Holwerda et al. 2011). In this work, an adaptation of the asymmetry parameter from

Conselice (2003b) is used and is defined as;

Ap = Σi,j|I(i, j) − I180(i, j)|
Σi,j|I(i, j)| , (2.5.1)

where I(i, j) and I180(i, j) are the integrated fluxes at the index point (i, j) in the original

and rotated column density maps, respectively. The formulation normalizes the residuals

between the original image and the rotated image to the total flux in the index point

(i, j). If equal Hi emission is detected on both sides of the gas disk, Ap assumes a

minimum value of 0, and if asymmetry is detected on one side of the gas disk, then Ap

becomes a maximum value of 1.

Figure 2.8 presents the Ap distribution measured from Equation 2.5.1. Ap results were

compared with visual inspections based on moment-0 maps as well as spectral profiles.

Gas disks with Ap ∼ 0.6 − 1.0 were determined to have major asymmetries, and gas
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Figure 2.8: The Ap distribution for spatially resolved Hi detections. Galaxies whose gas disk

morphologies exhibit minor asymmetries have Ap ∼ 0.3 − 05, while galaxies with

major asymmetries in their gas disk morphologies exhibit the asymmetry quantity

in the range Ap ∼ 0.5 − 1.

disks with Ap ∼ 0.3 − 0.4 have minor asymmetries.

For unresolved galaxies, the Ap parameter could not be used to qualify asymmetries

reliably. Therefore, we used the skewness and kurtosis of the spectral profiles to qualify

asymmetry in galaxies that are not spatially resolved. While calculating the ratio of

total flux on each side of the systemic velocity (Vsys) can be somewhat more physics-

oriented, we opted for the skewness-kurtosis parameter. This choice is driven by its

higher statistical robustness, as it remains unaffected by variations on either side of the

profile. Skewness can reveal the presence of a tail ("lopsidedness"), while kurtosis can

quantify the intensity of the tail distribution.

Figure 2.9 shows distributions of the skewness (top panel) and kurtosis (bottom panel) in

the spectral profiles of the detected galaxies. The distribution of skewness in the spectral

profiles of all Hi detections on the top panel is presented, with the skewness threshold

indicated by the dotted vertical line. Normal symmetrical distributions have a degree

of skewness in the range −1 to 1 (Brown 2011). Therefore, a total of 13 detections

can be considered to have "normal" distributions. The outlier at skewness > 3 is the

noisy detection which was found to feature the highest linewidth and very high Hi mass
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(section 2.3) at a radial velocity of ∼ 7800 km/s. From its Hi intensity map, it seems

to have a distorted gas disk with a long Hi tail. The 2 detections with skewness of

1.06 and 1.07 are only slightly asymmetrical. Other detections were considered slightly

asymmetrical for reasons such as skewness quantity based on an absorption even though

the spectral profile appears symmetrical; beam size much larger than the intensity map

of the gas disk; and spectral profile of the galaxy observed face-on is a double horn

symmetrical distribution but has a small lump in one extension of the spiral arm.

On the bottom panel, the kurtosis distribution is presented. A normal univariate distri-

bution is one in which the kurtosis ranges between −2 and 2 (George & Mallery 2010).

A total of 9 spectral profiles of the Hi detected galaxies have heavy-tailed distributions,

and these are the same sources with skewness greater than 1.

In summary, out of all the 25 Hi detections in the Norma volume, a total of 9 detections

were determined to have lopsided Hi morphologies based on the asymmetry parameter.

Using the skewness and kurtosis properties of the spectral profiles, a further 4 detections

were found to be lopsided. Thus, within the Norma volume, 13 detections are considered

asymmetric.

2.6 HI Catalogue & Atlas

2.6.1 HI Catalogue

The Hi catalogue of the detected galaxies is presented in Table 2.2. The column entries

of the detected galaxies are listed as follows:

• column (1) galaxy ID defined as Jhh:mm:ss-dd:mm:ss, and we use ⋆ to indicate

galaxies that are spatially resolved;

• columns (2) and (3) are the 2D on-sky celestial coordinates: right ascension (RA

[deg]) and declination (Dec [deg]), respectively;

• columns (4) and (5) are the integrated flux density (Sint [Jy km/s]) and linewidth

corrected for inclination angle (w50,corr [km/s]), respectively;

• columns (6) and (12) are the radial velocities (vrad [km/s]) and Hubble distances

to the detected galaxies (DH [Mpc]), respectively;
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Figure 2.9: The distribution of Skewness (top panel) and Kurtosis (bottom panel) for all

Hi detections. The vertical lines at Skewness = 1 and Kurtosis = 2 delineate

between "normal" distributions (symmetrical mass distribution) on the left and

skew/kurtosis distributions (asymmetrical mass distribution) on the right.

• columns (7) and (8) are the minor and major axis ([arcsec]) of the ellipsoid geom-

etry of the sources, respectively;

• column (9) is the galaxy inclination angle ([deg]);

• columns (10) and (11) are the kurtosis and skewness of the Hi spectra, respectively;

• column (12) is the Hi mass in log-scale (log(MHi/[M⊙]) computed using Equation

34



Chapter 2: Data Sample & Analysis

2.3;

• column (14) is the asymmetry parameter (Ap) computed using Equation 2.5.1;

• columns (15), (16), (17), (18) and (19) are the WISE approximate morphology,

stellar masses (log(M⋆/[M⊙])), SF rates (SFR) from the mid-IR fluxes at 22 µm

(SFR22: [M⊙/yr]), and WISE colours W1 − W2 and W2 − W3 ([mag]), respec-

tively;

• column (20) entries are the optical counterparts. The optical velocity of the coun-

terpart is indicated where available.
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Chapter 2: Data Sample & Analysis

2.6.2 HI Atlas

Figure 2.10: An example image of the Hi products presented in the Atlas.

The Hi Atlas of the detected galaxies is presented in this section. A sample of the Atlas

of 25 Hi detections is presented as combined images in Figure 2.19. The images were

generated using the SoFiA-Image-Pipeline9 (SIP: © 2022 Kelly M. Hess), and include

Hi column density contours overlaid on MeerLICHT optical images, total Hi maps,

pixel-by-pixel SNR maps, position velocity diagrams (pv-diagram) with SoFiA mask,

and spectra. SIP generates images by plotting moment maps and cubelets for each

detected source from the catalogue file produced by SoFiA-210. The SIP pipeline can

be run on the terminal by calling the Sofia-image-pipeline, the catalogue file, and other

parameters11. Figure 2.10 is an example of the Hi output products presented in the

Atlas.

Panel A presents Hi column density contours overlaid on MeerLICHT optical sky

background in the g-band. SIP generates column density contours from the spectral

maps produced by SoFiA, using the relation between NHi and Sv for a source of constant
9https://github.com/kmhess/SoFiA-image-pipeline

10https://github.com/SoFiA-Admin/SoFiA-2
11https://github.com/kmhess/SoFiA-image-pipeline
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TB;
NHi

[atoms/cm2] ≈ 1.823 ×
∫ TB

[K]
dv

[km/s] . (2.6.1)

Panel B is the flux intensity map with Hi column density contour overlays annotated

on the bottom. The colour bar shows Hi intensity in Jy/beam*m/s.

Panel C is the pixel-by-pixel SNR map with qualitative colour-bar scaling the signal

above the noise (σ = 0.09 mJy/beam).

Panel D is the velocity field map with the arrow showing the kinematic major axis and

the radial velocity annotated.

Panel E is the spectral profile without the noise.

Panel F is the full spectral profile of the gas disk with the noise, and the vertical line

shows the borders of the SoFiA detection mask.

Panel G is the pv-diagram made by slicing through the cube along the kinematic major

axis of the gas disk indicated in panel D.
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(a) vopt = 5213 km/s
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Figure 2.19: The Atlas of all Hi detections. Each panel figure is illustrated and described in

Figure 2.10. For each detection, the figure presents combined images of column

density contours overlaid on MeerLICHT optical sky in the g-band, column den-

sity contours overlaid on a moment-0 map, pixel-by-pixel SNR output-imagemap,

pv-diagram with SoFiA mask indicating topocent radio velocity change along the

colour-scale, galaxy spectral profile with and without the noise and pv-diagram.

The contour levels are NHi = 2n × 2.0 × 1020 cm−2, n = 0, 1, ....
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Chapter 3

HI Properties and Environmental

Effects

In the previous chapter, we studied the global Hi properties of galaxies detected in

the Norma cluster field. The radial velocity range of galaxies in the Norma cluster is

∼ 2096 − 7646 km/s and the mean radial velocity is vA3627 ∼ 4871 km/s, with a velocity

dispersion of σA3627 = 925 km/s (Woudt et al. 2007; Mutabazi et al. 2014).

MeerKAT 21 cm observations covered a velocity range of 483 − 11, 113 km/s. Cluster

members are selected from all Hi and optical (Woudt et al. 2007) observations with the

criterion that their radial velocities are within the range ∼ 2096 − 7646 km/s. Based on

this condition, a total of 13 Hi detections and 130 optical galaxies were determined to

be cluster members.

3.1 The distribution of galaxies in the Norma cluster

The radial velocity distribution of Hi and optical cluster members is presented in Figure

3.1. The distribution hints at substructuring in optical and Hi, peaking at ∼ 5281 km/s.

This distribution has 2 distinct main Hi overdensities. The most prominent is within the

velocity range of ∼ 4565 − 5512 km/s in which 62% of the cluster members are located

and peaking at ∼ 4870 km/s. The peak in the Hi substructure is consistent with that

seen in optically detected galaxies. The second population has 31% of cluster members

and peaks at a slightly lower velocity of 3230 km/s. This overdensity is likely a group

of galaxies infalling into the Norma cluster.
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Figure 3.1: The radial velocity distribution of galaxies in the Norma cluster. The blue his-

tograms are galaxies detected in Hi, and the black-edge bins are galaxies detected

at optical wavelengths.

The spatial distribution of Hi cluster members is shown in Figure 3.2. In this figure,

the Hi detected galaxies and X-ray contours are overlaid on MeerLICHT optical in the

g-band. We selected the MeerLICHT optical sky for this study due to the large Point

Spread Function (PSF) in IR images. This characteristic leads to lower resolution,

potentially causing confusion, especially in the case of probing structures in the location

of the GA. From this plot, we find that 69% of the Hi galaxies are detected at the

outskirts. This leaves the cluster core with only ∼ 21% of the Hi detections found just

outside the X-ray emission. MeerLICHT galaxies in the optical are very faint due to

extinction (see Sect. 2.4). However, there are optically prominent E/S0 in the core,

such as the 2 cD galaxies indicated with open purple circles that are visible to inspect

from Figure 3.2. The distribution of optical galaxies is elongated along the dominant

angle.

As a result of the unresolved overlay observed in Figure 3.2 due to the presence of dust

extinction in the optical range, we superimpose moment-0 images of the identified galax-

ies onto the X-ray emission emanating from the ICM region in Figure A.1, in Appendix

A.3. The X-ray image was generated with data from XMM-Newtown1 (Jansen et al.
1https://www.cosmos.esa.int/web/xmm-newton
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Figure 3.2: The global spatial distribution of Hi gas disks, and optical galaxies overlaid on

MeerLICHT optical in the g-band. The grey open circles are the optical cluster

members. Hi cluster members are indicated with blue diamond-shaped markers

framing blue column density contours and are labelled according to row numbers

in Table 2.2. The Hi non-cluster members are indicated with black column density

contours and black diamond-shaped markers. Hi column density contours are

overlaid at levels of 1.5×1019 and 3.0×1019 atoms/cm2, while the red X-ray contour

levels are 40.00, 69.47 and 98.95 c/s/deg2. The cluster core is 1/6 × RA = 0.34

Mpc, indicated by the blue circle. The outer grey dashed circles indicate 1/3 × RA

and 2/3 × RA (Woudt et al. 2007). The cD galaxies, WKK6312 and WKK6269

(PKSB 1610-608), are indicated with purple circles.

2001). In the Figure, the galaxy overlays are the groups in the central region and the

background group at vrad ∼ 10, 000 km/s, located in the South-Eastern region. A strong

peak with a flux density of ∼ 98.95 c/s/deg2 can be seen in the central region of the map,

where no cluster member was detected in Hi. The ICM is elongated along the dominant

angle, extending to a radius of ∼ 1 deg. This may be the region associated with gas

stripping and galaxy transformation due to galaxy-ICM interactions (Bohringer et al.

1996; Woudt et al. 2007). The Norma cluster is the 6th brightest in X-ray according to

the ROSAT All Sky Survey (Bohringer et al. 1996), and the X-ray emission shows the

distribution of the ICM in the cluster. The core comprises many prominent galaxies
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observed in optical wavelengths that are deficient in Hi. This pronouncement may indi-

cate ongoing processes transforming galaxies into gas-poor, early-types in the cluster’s

core.

While no Hi galaxies are currently detected within the dense ICM, it is important to

note that the galaxies nearest to the dense ICM region are predominantly truncated.

3.2 Substructures in HI

In section 3.1, the X-ray of the cluster ICM shown in the red contours in Figure 3.2 and

inferno colourmap in Figure A.1 show that the cluster has not yet reached a dynamically

relaxed state. Moreover, in Figure 3.1, it is shown that both Hi and optical observa-

tions mimic the same trend in the velocity distribution, with hints of subclustering in

both cases (section 2.3). In this section, our main objective is to examine the spatial

distribution of Hi substructures. This is conducted by overlaying the Hi galaxies on the

substructures already defined using optical Norma galaxies.

Woudt et al. (2007) classify optical galaxies by morphology into either the E/S0 or S/Irr

populations and conduct incremental radii analysis with R < 0.67 Mpc, R < 1.35 Mpc

and R < 2.02 Mpc. After this, the Dressler-Schectman test was employed to charac-

terize substructures in the Norma cluster. They revealed two main substructures; one

comprises the E/S0 population, which is more relaxed and largely populated in the core

of the cluster with a radius of R < 1/3×RA. On the other hand, the S/Irr population is

distributed mostly in the cluster outskirts, but it is elongated along the dominant angle

of the X-ray emission. This could imply that the S/Irr population is infalling along the

angle of the X-ray emission.

Figure 3.4 illustrates the spatial distribution of substructures, wherein galaxies are cate-

gorized based on their radial velocity, enabling a comparative analysis with indications of

substructuring observed in the velocity distribution. The red galaxies are those belong-

ing to the main galaxy peak in the Hi distribution in Figure 3.1 i.e., vrad ∼ 4565 − 5512

km/s. Detections in blue are those found in the secondary overdensity in the velocity

range ∼ 3053 − 3811 km/s.

As aforementioned, the dominant substructure comprises mainly early-type galaxies

from the optical catalogue. Within this region (1/6 × RA), only 4 Hi detections are
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Figure 3.3: The spatial distribution of Hi substructures in the Norma cluster produced as

in Figure 3.2. The red square-box markers indicate Hi detections in the velocity

range of vrad ∼ 4565 − 5512 km/s which corresponds to the main overdensity in the

velocity distribution shown in Figure 3.1, while the blue markers indicate galaxies

in the low-velocity range of 3053 − 3811 km/s.

found. Three of these have velocities consistent with the main Hi density in the velocity

distribution. The 5 detections in the radial velocity range ∼ 3053 − 3811 km/s are

dispersed at the outskirts and elongated similar to the S/Irr optical population (Woudt

et al. 2007), while the substructure with most of the Hi detections, i.e., the 8 detections

in the radial velocity range ∼ 4565 − 5512 km/s, exhibit a more elongated substructure.

In Figure 3.4, substructures are delineated by Hi gas disk morphology, and spatially

resolved detections are colour-scaled to Ap. The Hi detections in the central regions

(black open circles) are symmetric. However, an examination of the Hi intensity map

also reveals that while symmetric, the Hi gas disks are highly truncated. Only one

Hi gas disk was detected in the centre, indicating a gas deficiency in the core of the
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Figure 3.4: The spatial distribution of Hi substructures and the X-ray ICM structure in the

Norma cluster. Galaxies are illustrated according to the Hi morphology. Sym-

metrical gas disks are indicated with black circle markers located in the central

regions. Diamond-shaped markers indicate asymmetrical gas disks colour-scaled

to Ap. The blue dashed and dashed grey circles were produced as in Figure 3.2.

Asymmetrical gas disks were found to be located on the outskirts.

Norma cluster. On the other hand, Hi detections found within the S/Irr substructure

at velocities of 3053 − 3811 km/s, have asymmetries, with Ap ranging from 0.3 to 1.0.
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3.3 Environmental effects

3.3.1 The Norma cluster in Phase-Space

In section 3.2 we discussed the Hi substructures by morphology as a function of the

projected distance from the cluster core. There appears to be an association between

the gas asymmetries in galaxies and the projected distance from the cluster centre. A

pronounced incident of the asymmetrical galaxies at the outskirts was revealed. Gas

disks detected near the cluster centre appear to have the most truncated gas disks.

Studies have shown that long-lasting, pronounced, violent transformations are caused

by galaxy-ICM interactions in massive, X-ray-selected galaxy clusters, from shock com-

pression that triggers starbursts to gas removal, for galaxies in-falling into the cluster

core (e.g., Ebeling et al. 2014). For example, galaxies in the Virgo cluster were revealed

to have Hi deficiencies dependent on their radial orbits, and RPS was found to increase

the central gas surface density of the affected gas disks (Vollmer et al. 2001b). These

studies show that the initial phase of RPS may be responsible for disturbed gas disk

morphologies, and it is reasonable to assume such interactions to occur at pericentric

distances within the ICM structure. Therefore, tracing and characterizing the orbital

trajectories of the detected gas disks is sensible to qualify environmental effects causing

the observed asymmetrical morphologies and truncated gas disks.

The position-velocity space diagram (phase-space diagram, PSD) has been applied as

a useful tool to qualify environmental effects by examining the projected radius and

the line-of-sight (l-o-s) velocity of galaxies in the cluster frame (e.g., Mahajan et al.

2011; Oman et al. 2013; Hernández-Fernández et al. 2014; Jaffé et al. 2015; Ramatsoku

2017; Rhee et al. 2017; Yoon et al. 2017). It has been shown that galaxies can be

characterized as either "infalling", "virialized", or part of the "backsplash" population.

From these orbital histories, it is possible to assess the active gas-stripping mechanisms

within different regions of the diagram.

To achieve this, we first characterize the different stages in the orbital trajectories indi-

cated by the black solid line in the PSD in Figure 3.5 according to the regions highlighted.

A cluster accretes matter from r/R200 > 1, infalling with a speed close to the cluster

escape velocity. The galaxy radially orbits around the cluster while experiencing a pull

into the central regions. At first infall, the galaxy approaches the cluster core with
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an increasing velocity until it reaches its maximum velocity in the cluster centre and

decreases in velocity after crossing. The galaxy oscillates back and forth through the

cluster centre and back at the outskirts until it settles in the central, virialized region.

Figure 3.5: Schematic phase-space diagram showing the orbital trajectory of an in-falling

galaxy, illustrated by the continuous solid lines. The cluster potential delineated

by the escape velocity is shaded in grey, the virialized region is in brown, the strip-

ping region is in red, and the cluster field within the Abell radius is the rectangular

region indicated in light blue.

In this section, we explore the location of Hi/optical galaxies in the cluster projected

phase-space in an attempt to gain further insights into how the inferred orbital histories

of galaxies impacted their asymmetrical Hi morphologies. For all galaxies detected in

Hi, we normalized their projected clustercentric distance by the cluster virial radius,

R200, in the x-axis (rgal/R200; Quintero et al. 2005). R200 is conventionally defined as

the virialization radius containing matter at 200 times the background density in an

environment at hydrostatic equilibrium. On the y-axis, the l-o-s velocity normalised by

the velocity dispersion (Tempel & Tenjes 2006; Oman et al. 2013) was determined using

the formulation;
|∆v|

σ
= c(z − zcl)

σcl(1 + zcl)
, (3.3.1)

where c is the speed of light, zcl is the cluster redshift, z is the galaxy’s redshift and

σcl is the cluster velocity dispersion. The Norma cluster is observed at a redshift of
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zcl ≈ 0.0162 and velocity dispersion of σcl = 925 km/s (Woudt et al. 2007).

Figure 3.6: Phase-space diagram for optical (black circles) and Hi (blue diamonds) galaxies

in the Norma cluster. Hi gas disks with asymmetrical morphologies are indicated

with dark blue diamond-shaped markers. The area shaded in sky-blue is the viri-

alized region. The area above the grey dotted line indicates the region of complete

stripping where a MW-type galaxy is stripped out to rt = 0 kpc, and the black

line indicates the region where a MW-type galaxy is stripped only to rt ∼ 0.909

kpc. The red line indicates the cluster escape velocity. We use the Abell radius

from optical studies (RA = 2.02 Mpc) although the spatial distribution of selected

Hi and optical galaxies only extend out to 2/3 × RA, i.e., r/RA < 1 for all selected

galaxies.

Figure 3.6 is the PSD of galaxies in the Norma cluster. Galaxies are accreted from larger

radii and become members of the virialized population in the cluster center as processed

early-types. This virialized region is shown by the area shaded in sky-blue, based on

Equation 2 in Mahajan et al. (2011); i.e.,

vcrit
Vv

= −1.8 + 1.06(r/Rc), (3.3.2)

where vcrit is the critical radial velocity separating the infalling (v < vcrit) from the back-

splash and virialized populations; and Rc = 0.184 Mpc from the β-model (Sivanandam

et al. 2010). The term vcrit is normalized by the local velocity dispersion of the virial-

ized particles, and vcrit
Vv

is computed as a function of the clustercentric radius normalized
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by the radius of the virialized region. For r < R200 the virialized region is predicted

by a triangle where the cluster has a dispersion of σ = 0.65 × ∆v as predicted from

hydrodynamical simulations (Mamon et al. 2010; Mahajan et al. 2011).

The red line represents the escape velocity which was projected to the l-o-s velocity by

applying the scaling factor of ∼ σA3627/
√

3.

The escape velocity is defined as;

vesc =


√

2GM200
3R200

K, r < R200√
2GM200
3R200s , otherwise

, (3.3.3)

where

K = gc

( ln (1 + cs)
s − ln (1 + c)

)
+ 1, (3.3.4)

s = r3D
R200

∼ π

2
r

R200
, (3.3.5)

and

gc =
[
ln (1 + c) − c

1 + c

]−1
, (3.3.6)

and the Norma cluster concentration parameter is c = 6.2 (Sivanandam et al. 2010).

Nearly all of the selected cluster members are bound within the escape velocity (vgal < vesc).

Most Hi detections lie within the "infall" region, which suggests that they are entering

the cluster for the first time. All of these galaxies have asymmetric morphologies com-

prising tails in Hi. These morphologies could be due to galaxy-galaxy interactions as

galaxies fall into the cluster core.

There are 6 Hi detections in the virialized region where most optically detected galaxies

seem to lie. The virialized population corresponds to the main overdensity in optical and

Hi velocity distributions in Fig 3.1. Hi detected galaxies in the virialized region of the

PSD have undisturbed morphologies. However, their Hi discs are truncated compared

to stellar discs, which indicates that they have spent a long time in the cluster and since

lost most of their extraplanar Hi and being transformed into galaxies with early-type

morphologies. The most likely dominant mechanism that could be responsible for this

is RPS.

Therefore, galaxy transformations in the cluster are due to preprocessing by galaxy-

galaxy interactions during their transition into the cluster core, as seen by the E/S0

population dominating the core region and eventually by the effects of RPS by the
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cluster’s ICM, made evident by the gas deficiency and truncated Hi gas disks of galaxies

in the core region. At the first encounter, galaxies’ gas disks become disrupted by

the ICM winds. After several encounters, the gas disks are truncated outside-in into

symmetrical mass disks of radius rt.

3.3.2 Galaxy gas stripping

RPS is a gas-only stripping mechanism during galaxy-ICM interactions in the cluster’s

core. The interaction may occur every time the galaxy encounters the ICM. Each time

the galaxy crosses through the cluster centre, it presses against the hot, dense ICM

plasma so that the ICM winds push back against the galaxy ISM and truncate the

frontal gas disk. The loosely bound gas disk in the galaxy is pushed back, compressed,

disrupted, and then stripped (Gunn & Gott III 1972; Jaffé et al. 2018). Steyrleithner

et al. (2020) describes two major phases of RPS, such that before the gas is completely

stripped, it is first shock-compressed, increasing the SFR. The outer gas disk is then

truncated from outside-in to rt; however if a galaxy survives the instantaneous stripping

phase, it loses its gas subsequently due to Kelvin-Helmholtz instabilities occurring at

the interface between the gas of the galaxy and that of the ICM (Roediger & Hensler

2005).

The effectiveness of RPS, η, is the ratio of the ICM pressure, Pram, and the restoring

gravitational force, Πgal, of the galaxy encountering the ICM (Hernández-Fernández

et al. 2014; Jaffé et al. 2015; Ramatsoku 2017; Steyrleithner et al. 2020);

η = Pram/Πgal. (3.3.7)

Gunn & Gott III (1972) showed that a spiral galaxy loses its gas when;

Pram > Πgal, (3.3.8)

where

Πgal = 2πGΣgΣs, (3.3.9)

and

Pram = ρICM × v2
gal. (3.3.10)

Σg = Σ0e−rt(1/Rg) and Σs = Σ0e−rt(1/Rs) are the gas and stellar disk surface density

profiles respectively, defined by the truncation radius, rt; and Rg,s are scale lengths of
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the gas and stellar disks, respectively. The gas and stellar central surface density of the

galaxy are Σ0,g = Mg
2πR2

g
and Σ0,s = Ms

2πR2
s
, respectively (Jaffé et al. 2015).

The ICM gas density is measured based on the standard β-model profile (Cavaliere &

Fusco-Femiano 1976);

ρICM = ρ0

[
1 +

(r3D
Rc

)2
]−3β/2

, (3.3.11)

where ρ0 is the central ICM density, Rc is the radius of the cluster core from the β-

profile and r3D is the radius scaled with the projected r of the particle, i.e., r3D ∼ π
2 r

(Jaffé et al. 2015).

We use an MW-type galaxy (Jaffé et al. 2015) to estimate the region in PSD where

we would expect the gas disk of this type to be completely stripped, i.e., r0 = 0, in

the Norma cluster. The stellar (Ms) and gas (Mg) disk mass of a MW-type galaxy are

4.6 × 1010 M⊙ (Bovy & Rix 2013) and 0.06 × Ms (Sancisi et al. 2008), respectively. The

stellar (Rs) and gas (Rg) scale lengths are 2.15 kpc (Bovy & Rix 2013) and 1.7 × Rs kpc

(Cayatte et al. 1994), respectively. From the β-model, the Norma cluster has

ρICM = 4.82 × 10−24 kg/m3, β = 0.555 and rc ∼ 184 kpc. The red-shaded area in Fig-

ure 3.5 represents the region where a MW-type galaxy gas disk is truncated to rt = 0

kpc. The Hi detection limit at the distance to the cluster is MHi,lim ∼ 7.25 × 107 M⊙,

which was calculated for a galaxy of linewidth 200 km/s at the 5σ rms noise level. By

computing mass fractions (f = MHi/Mg) into the equation (from Jaffé et al. 2015);

f = 1 + e− rr
Rd

(
− rr

Rd − 1

)
, (3.3.12)

we get rt = 0.909 kpc.

Galaxies encounter the ICM during the first infall already preprocessed at the outskirts,

given their asymmetrical morphologies and the fact that the Norma cluster is an actively

merging cluster of galaxies. However, infalling galaxies exhibit asymmetrical morpholo-

gies, and virialized galaxies exhibit truncated gas disks, and this means that RPS plays

a more significant role in removing ISM gas.

3.4 Gas removal and implications on star formation

Stellar masses are a crucial component for probing internal formation history, morphol-

ogy and chemical enrichment of galaxies as well as, indirectly, environmental effects

59



Chapter 3: HI Properties and Environmental Effects

(Hughes et al. 2013; Ibarra-Medel et al. 2016; Belokurov & Evans 2022). This is be-

cause stars are formed from dense, cold, shock-compressed molecular gas. This shock

compression may be induced by external environmental interactions or major events

such as mergers, mass accretion, and even during the gas compression phase of RPS

(Courteau et al. 2014; Catinella et al. 2018; Glover & Clark 2012; Blitz & Rosolowsky

2006; Bigiel et al. 2008; Leroy et al. 2008; Krumholz et al. 2009a Krumholz et al. 2009b).

Therefore, SF activity and quenching are directly regulated by external interactions, in-

ternal dynamics, and how much Hi gas is available (Guo et al. 2021). Analysis of stellar

and Hi masses and their respective mass fractions provides valuable insights into the

current SF history (SFH) and the interactions within the surrounding environment.

This section investigates how much of the Hi content remains in the detected Norma

galaxies given the environmental effects evaluated in section 3.3. This is done by com-

paring Hi mass fractions with those of galaxies in the field. This way, we can examine

gas deficiency (DEFHi) and its implications on SFR. This requires ancillary data for

physical parameters such as stellar masses (M⋆) and SFR.

The necessary ancillary data were obtained from the Wide-field Infrared Survey Explorer

(WISE) through private communication with Professor Thomas Jarrett2. They are listed

in Table 2.2. WISE is a NASA-funded space-based infrared telescope which completed

its primary mission to survey the entire sky in the mid-infrared bands at W1 ∼ 3.4

µm; W2 ∼ 4.6 µm; W3 ∼ 12 µm; and W4 ∼ 22 µm; wavelengths with minimum 5σ

sensitivities of 0.08 mJy, 0.11 mJy, 0.8 mJy, and 6 mJy, respectively (Mainzer et al.

2005; Wright et al. 2010). The imaging bands are sensitive to stellar population and

ISM processes, which can be used to study the past-to-present SFH (Jarrett et al. 2012).

Objects classification ranges from cool asteroids (Masiero et al. 2014), brown dwarfs

(Mainzer et al. 2011), planetary nebulae (Ressler et al. 2010), to the most luminous

galaxies in the universe (Eisenhardt et al. 2012). WISE is thus a suitable survey for

obtaining information on the stellar properties of galaxies in the Norma cluster.

Hi mass fractions were examined by comparing the Norma Hi detected galaxies with a

sample of galaxies in the field obtained from the extended GALEX Arecibo SDSS Survey

(xGASS3; Catinella et al. 2018). This field sample comprises deep Hi observations,

targeting a stellar mass regime dominated by star-forming disks. The sample contains
2http://www.ast.uct.ac.za/ast/staff/thomas-jarrett
3https://xgass.icrar.org/data.html
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1179 galaxies with stellar mass range 109 ≤ M⋆/M⊙ ≤ 1011.5 at 0.01 ≤ z ≤ 0.05, and

homogeneously measured optical and SF properties. It has a gas fraction limit of 0.02−

0.1, from galaxies with higher stellar masses (log(M⋆/M⊙) > 9.7) to galaxies with smaller

stellar masses in which they set a constant gas limit of log(MHi/M⊙) = 8. xGASS is a

distinctively convenient gas fraction-limited survey, essential to interpret variations of

gas content as a function of galaxy properties.

3.4.1 HI Deficiency

An examination of Hi deficiency in the galaxies detected in the Norma cluster is con-

ducted by determining the amount of Hi content that was removed due to interactions

with the Norma cluster. This is done by comparing the measured Hi mass fractions of

Norma galaxies with the published mass fractions of a field sample from xGASS.

Hi gas mass fraction is defined as in McGaugh & De Blok (1997); i.e.,

fHi = MHi
M⋆

. (3.4.1)

The Hi mass fraction as a function of the stellar mass is presented in Figure 3.7, where

xGASS and Norma cluster Hi detections are plotted. A linear regression was fitted

through the xGASS data, and the resulting relation was found to be

log(fHi) ≈ −0.606 × log(M⋆) + 5.44, (3.4.2)

which is consistent with the Hi gas mass fraction correlation by Catinella et al. (2018),

defined using ordered pairs of weighted averages (< log(fHi) >) for each stellar mass

average (< x >), where x = log(M⋆) for number N of galaxies in bin (Table 1 in Catinella

et al. 2018). The ordered pairs of weighted averages are indicated by the black circle

markers in the figure.

Norma cluster members are classified as having either asymmetrical (diamond-shaped

markers) or symmetrical gas disk morphology. A total of 10 cluster members are 0.8 −

1.2 dex below the general field population and, therefore, are Hi-deficient. Only 2

Hi detections are on the line of best fit along the scaling relation of xGASS galaxies,

within the limits of their physical parameters, and can be classified as the only "normal"

galaxies in the Hi sample. As seen in this plot, there is a strong correlation between Hi
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z

Figure 3.7: Hi mass fractions of the detected gas disks in the Norma cluster are plotted along-

side field galaxies from xGASS. Hi cluster members are plotted in blue markers,

and those with asymmetrical morphologies are indicated with blue diamond-shaped

markers. The density distribution was generated from xGASS galaxies, and the

line of best fit is drawn.

deficiency and galaxy Hi morphology, such that the Hi-deficient galaxies all appear to

have asymmetrical morphologies.

3.5 Star formation rates

As discussed in section 3.3, RPS appears predominantly to have been the process re-

sponsible for asymmetrical morphologies and now the observed gas deficiency.

Gas-rich spirals grow by intrinsically building their disks through SF processes, which

involve consuming Hi gas, converting it into Hii, combined with interstellar dust in

dense cool molecular clouds. These SF processes (star-bursts to low SFR over periods

of time) eventually result in IR-luminous galaxies with prominent bulges (Cluver et al.

2014; Rafieferantsoa & Davé 2018; Jarrett et al. 2019). It is not clear whether it is gas

consumption during SF coupled with starvation as well as external stripping mechanisms

(Bekki et al. 2002; Fumagalli & Gavazzi 2008; Boselli et al. 2009; Trussler et al. 2020),
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or the shutdown of the supply of cold gas during outflows driven by AGN feedback

(strangulation: e.g., de Gouveia Dal Pino et al. 2018; Cicone et al. 2018 de Gouveia Dal

Pino et al. 2018; Shin et al. 2019), or a combination of these parameters that trigger the

decline of SF activity (Gabor et al. 2010; Combes 2018; Hopkins et al. 2008; Kormendy

et al. 2009). It has been shown that the shut-down of SF activity due to environmental

interactions is efficient at z < 1 for all galaxy masses (Lee & Cosmos Team 2015).

In subsection 3.4.1, we demonstrated that most of the Hi detected galaxies in the Norma

cluster are Hi-deficient compared to the field galaxies. We previously discussed in section

3.3 that RPS appears to be the dominant process driving this deficiency. In this section,

we will study the SF activity under the environmental effects of the Norma cluster.

3.5.1 Colour properties of HI detections

WISE imaging bands were used to determine the detected galaxies’ SF properties qual-

itatively. This is because these bands are sensitive to the byproducts of SF activity in

molecular clouds, which can be used to indirectly study both SFH and current SFRs

(Jarrett et al. 2013; Jarrett et al. 2017).

The W1 band is the most sensitive to stellar light and is used to characterize stellar

generations (reaching depths of z ∼ 0.5), while the W2 band is sensitive to hot dust and

can be used to characterize cool to warm dusty ISM. Both bands are not affected by

extinction and predominantly trace the continuum emission from evolved stars (Pahre

et al. 2004; Jarrett et al. 2011; Meidt et al. 2012). Galaxies with warm AGN emission

can be detected at W1 − W2 ≥ 0.8 mag (Stern et al. 2012a; Stern et al. 2012b), while

some Seyferts lie below this line (Jarrett et al. 2011; Stern et al. 2012b). Stars lie at

even lower W1 − W2.

W2 − W3 describes sources according to their physical properties and can draw the dis-

tinction between warm and cool clouds. Star-forming galaxies have higher W2 − W3

(Cluver et al. 2014). The W2 − W3 < 1.5 mag colour regime describes early-type

spheroids, characterized by notable bulges with older stellar generations dominating

the mid-IR emission, which makes these galaxies massive and bright in mid-IR, with

very little efficiency in current SF activity (Jarrett et al. 2013; Jarrett et al. 2017; Jar-

rett et al. 2019). Objects with W2 − W3 ∼ 1.5 − 3 mag are intermediate disks. These

sources have the largest spread in surface brightness and are intermediate between the
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Figure 3.8: WISE colour–colour diagram on the top panel mapping regimes of different classes

of objects (Banfield et al. 2015; Wright et al. 2010) and the WISE colour-colour

plot for the detected Hi gas disks on the bottom panel, delineating galaxies into

passive-SF spheroids, intermediate and active SF disks (Jarrett et al. 2011).

passive and star-forming galaxies. Active star-forming disks have W2 − W3 ≥ 3 mag.

In Figure 3.8 the WISE colour-colour diagram in the top panel shows the different
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regimes of different classes of objects, and in the bottom panel Norma cluster Hi de-

tections are plotted in the WISE colour-colour diagram, with the vertical lines dividing

between the quiescent spheroids, intermediate disks, and the active star-forming disks.

In the sample, only one galaxy is a quenched spheroid, and only one is an intermediate

disk. A total of 10 (∼ 83%) cluster members detected in Hi fall in the active star-forming

regime, and these are the brightest, late-type star-forming disks, with dust and some Hi

content still remaining, and continue building their stellar disks.

As shown in Figure 3.8 most of the Hi detections are in the range W2 − W3 ∼ 2.89−5.25

mag (mean W2 − W3 = 3.66 mag). These detections have dusty molecular surfaces. The

observed stellar light from such dusty surfaces gets absorbed and re-emitted by dust to

obscure the optical light. This class of dusty star-forming galaxies (DSFGs) is normally

expected to undergo periods of intense SF (Martis 2020).

3.5.2 The gas content and star formation of main sequence galaxies

Figure 3.9: The star formation rate as a function of stellar mass. The red lin-

ear regression line was generated for xGASS galaxies and is defined by

log(SFR) = 0.84 × log(M⋆) − 8.51. The black dotted lines indicate the spread from

the red linear regression line, which is log(SFR/M⊙yr−1) ∼ 0.6.

Since most of the cluster members are active star-forming disks, regardless that they
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appear to be Hi-deficient, it is fitting to quantify their SF efficiency by comparing their

SFR with those of the field galaxies in the control sample (xGASS). This is presented

in Figure 3.9. In this plot, SFR is presented as a function of stellar mass. The xGASS

galaxy number density distribution presents a strong positive correlation between SFR

and stellar masses in that the higher the stellar mass, the higher the SFR of galaxies at

a given stellar mass. Norma cluster Hi detections follow this positive trend, with most

(∼ 83%) of the detections showing a slight offset towards higher SFR than the average

xGASS population. There are 4 galaxies at low stellar masses (log(M⋆/M⊙) < 9). These

lie outside the stellar mass range of the control and cannot be used in the comparison.

However, they do not change the general trend seen. Moreover, there appears to be a

correlation for the Hi detections that are slightly offset from this average xGASS pop-

ulation since they also show signs of asymmetries. A total of 10 (∼ 83%) Hi detections

have higher SFR in the distribution, and asymmetrical gas disks make up this population

along the inclination.

Figure 3.10: Star formation efficiency of Norma cluster galaxies in comparison to main se-

quence galaxies (SFR/SFRms), is plotted against Hi gas fraction deviation from

the xGASS scaling relation for galaxies in the field (fHi/fHi,ms). The orange den-

sity maps are xGASS field galaxies. As before, asymmetrical gas disks are indi-

cated with diamond markers.
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In Figure 3.9, we found that stellar mass is the primary parameter that determines SF

and, to some extent, the gas properties of galaxies. Therefore, it is essential to take it

into consideration when examining galaxies with a wide range of stellar masses, such as

those in the Norma cluster. In Figure 3.10 we examine SFR/SFRms as a function of

fHi/fHi,ms.

The deviation of the observed SFR from the SFR of main sequence galaxies (SFRms) is

computed from the equation;

log(SFR/SFRms) = log(SFR) − log(SFRms), (3.5.1)

where SFRms is defined by Saintonge et al. (2016) as;

SFRms = −2.332 × x + 0.4156 × x2 − 0.01828 × x3, (3.5.2)

where x = log(M⋆). Similarly, the deviation of the observed mass fractions from mass

fractions of main sequence galaxies is derived from the following;

∆log(MHi/M⋆) = log(MHi/M⋆) − log(MHi/M⋆|ms), (3.5.3)

where log(MHi/M⋆|ms) is computed from the line of best fit in Figure 3.7 as;

log(fHi|ms) ≈ −0.6060 × log(M⋆) + 5.4438. (3.5.4)

In Figure 3.10, the xGASS population is positioned around the point of origin, however,

slightly exhibiting a positive correlation. This means field galaxies with excess SFR at

their stellar mass appear to have an excess amount of Hi and vice verse. The Norma

cluster Hi detections appear to be mostly concentrated in the second quadrant, showing

deficiency in gas fractions and excess SFR from predictions at their stellar masses. They

are Hi-deficient but show enhanced SFR for their stellar mass. This is uncommon in

the field where only a small percentage (∼ 15%) are in this quadrant.

There appears to be a correlation between Hi morphology and enhanced SFR for galaxies

that are experiencing RPS for the first time. It seems that when galaxies enter the cluster

for the first time, they show enhanced SFR for their Hi content. This could be due to

gas compression during the initial phase of RPS. This has been observed in massive

galaxy clusters similar to the Norma cluster, such as the massive and rich Coma cluster

with similar characteristics as the Norma cluster (e.g., Kenney et al. 2015; Gavazzi et al.

2018; Chen et al. 2020; Roberts & Parker 2020a; Lee et al. 2022a; Molnár et al. 2022).
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For example, in Molnár et al. (2022), they find that ∼ 75% of Hi-selected Coma galaxies

have simultaneously enhanced SFR and are Hi-deficient compared to field galaxies of the

same stellar mass. RPS may trigger this before quenching. Roberts & Parker (2020b)

compared a sample of 41 ram-pressure stripped candidates in the Coma cluster to an

isolated field sample from the SDSS catalogue (Roberts & Parker 2017). They found

that ram-pressure stripped candidates in the Coma cluster on the first infall towards

the cluster centre show evidence for morphological asymmetry and enhanced SFR. In

Upadhyay et al. (2021), they use a sample of 11 high-SNR early-type galaxies around

the Coma cluster and find that galaxies in the sample are likely to have formed nearly

all of their stellar mass by the time of their first pericentric passage and that it is likely

that these galaxies quenched within 1 Gyr after, losing substantial amounts of gas in the

process. These results are consistent with studies by Chen et al. (2020), who use high

spatial resolution VLA Hi and 1.4 GHz continuum data on 20 ram-pressure stripped

galaxies in the Coma cluster. In Lee et al. (2022b), they find that "starburstiness"

(SFR/SFRms) of ram-pressure stripped jellyfish galaxies show positive correlations with

cluster velocity dispersion, ICM density, and strength of RPS. This may mean that such

occurrences are more likely to occur in massive, X-ray bright clusters.

The results in this work are consistent with the preceding studies. It would seem that

ram-pressure-stripped galaxies are characterized by the gas being pushed on one side

during the initial phase and eventually stripped by the ICM. SF is likely enhanced at

the initial phase.
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Summary

In this chapter, we summarise the main results of the study conducted in the thesis.

This project aimed to use the properties of the Hi gas to study galaxy evolution in

the dense environments of the Norma cluster. The Norma cluster has remained mainly

unexplored due to its location at low galactic latitudes. This project was conducted to (i)

examine pre-processing from an Hi perspective as a function of galaxies’ location within

the cluster, in which we use deep MeerKAT Hi data in combination with ancillary data

from WISE; (ii) search for Hi tails in spatially resolved Hi detections to quantitatively

characterise and study the detailed morphologies of Hi in galaxies as a function of their

distance from the cluster centre; (iii) probe SF efficiency in the harsh Norma cluster

environment, thereby investigating SFR and its connection to Hi consumption.

4.1 MeerKAT observations of the Norma galaxy cluster

An Hi study of the Norma cluster was conducted using data from MeerKAT. The

Norma galaxy cluster is located in the core of the GA, near the galactic plane at

(RA, Dec) ∼ (243.59◦, −60.88◦), with an Abell radius of RA = 2.02 Mpc. It is a rich,

massive and nearby cluster at 67 Mpc (using H0 = 73 km/s/Mpc) with a dynamical mass

of Mdyn ∼ 1 − 1.1 × 1015 h−1
73 M⊙, at a redshift of czA3627 ∼ 4871 km/s in the radial ve-

locity range of 2096 km/s < vA3627 < 7646 km/s, and exhibits a velocity dispersion of

σA3627 ∼ 925 km/s.

To complete multi-wavelength (optical, X-ray, NIR) studies of this massive structure,

the Norma cluster was observed in Hi for three reasons. First, the gas disk of a galaxy is
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far more extended and loosely bound than the stellar disk, making it more sensitive to

environmental effects. Secondly, Hi is the gas reservoir which cools into molecular clouds

where SF activity occurs (at a high column density of 1022 cm−2). So, the amount of Hi

supply may ultimately set the rate of SF activity. Lastly, the Norma cluster is located

behind the MW galaxy, where there is obscuration due to large clouds of interstellar

cosmic dust, which makes it hard to observe galaxies in optical wavelengths. The Hi

emission line has properties that make it useful to detect gas-rich galaxies behind the

MW since dust is transparent at this long radio wavelength.

The Norma cluster was observed in Hi in the L-band with the MeerKAT telescope. The

MeerKAT Hi datacube used has 243 spectral channels that are ∼ 44.1 km/s wide, with

a velocity range of 483 − 11, 113 km/s. The field of view is ∼ 2◦ × 2◦, with a pixel scale

of 2′′. The noise in the cube is σ = 0.09 mJy/beam. The beam size is ∼ 14.64′′ × 9.28′′

and the position angle is PA = 146 deg. This enabled the detection of Hi gas disks in

the cluster to an Hi mass limit of MHi,lim = 7.25 × 107 M⊙, assuming galaxy linewidth

of 200 km/s at 5σ. The source finding application (SoFiA) was used to search for Hi

line emission in the cube. A total of 31 sources were detected in Hi. Of these, 25 were

verified as real detections based on visual inspection.

The properties extracted from these detections include Hi masses in the range

log(MHi/M⊙) ∼ 7 − 10, and linewidth range w50 ∼ 66 − 1080 km/s. Galaxies were de-

tected within a velocity range of ∼ 604 − 10, 353 km/s. Their velocity distribution

showed 3 main overdensities, two associated with the Norma cluster at ∼ 2000 − 8000

km/s, and the other in the background at ∼ 10, 000 km/s. Of the galaxies detected, 9

(36%) were found to have at least one optical counterpart from previous surveys.

We computed Ap for galaxies that are spatially resolved across the major axis in the

column density map and exhibit an Hi sensitivity of NHi ∼ 1.5 − 3.1 × 1020 cm−2, cor-

responding to SNR in the range 2 − 3σ in the outer regions of the Hi disk. The Ap

parameter could not be measured reliably for galaxies with low spatial resolution. We

used the spectral profiles’ skewness and kurtosis to estimate these galaxies’ asymmetry.

A total of 13 galaxies have asymmetrical morphologies with 9 measured from Ap and 4

from their spectral profiles.
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4.2 HI properties of the Norma cluster

A total of 130 optical and 13 Hi galaxies were selected as cluster members within the

field 2/3 × RA and the velocity range of ∼ 2000 − 8000 km/s. The distribution revealed

two overdensities in the velocity range encompassed by the Norma cluster, suggesting

the presence of substructures within the cluster’s volume.

The detected galaxies span the entire mass range log(MHi/M⊙) ∼ 7.6 − 10, with Hi mass

mean of ∼ 8.6 (in log scales). Most detections with higher Hi masses

(log(MHi/M⊙) ≥ 7.8) were detected at vrad ∼ 10, 000 km/s. All but one detection have

"normal" linewidths in the range w50,corr) ∼ 66 − 392 km/s. However, all the spirals have

the widest linewidths (w50,corr ∼ 240 − 392 km/s); 78% of the ellipticals (E, E5) have

narrow linewidths in the range w50,corr ∼ 66 − 161 km/s, followed by three lenticulars

(S0 and SA0) with linewidths in the range w50,corr ∼ 153 − 199 km/s. The irregulars

and peculiars (Irr and Pec) have linewidths in the range w50,corr ∼ 147 − 237 km/s.

The spatial distribution of 13 Hi and 130 optical, together with the elongated ICM

structure in X-ray, confirm the elongated substructure revealed from optical studies. The

spatial distribution reveals that ∼ 69% of Hi gas disks are positioned at the outskirts.

The density in the distribution of optical galaxies increases towards the central region,

where fewer galaxies were detected in Hi. Moreover, galaxies in the central regions are

predominantly ellipticals and lenticulars with intermediate to narrow linewidths.

This Hi deficiency in the cluster’s core strongly indicates that some gas removal pro-

cess has occurred. The possible gas removal mechanism could be preprocessing at the

outskirts and/or RPS, given that no Hi detections were found where a strong peak in

the X-ray can be seen. Furthermore, detections with asymmetrical morphologies are

distributed just outside the mapped ICM, while the detections with truncated gas disks

(narrow linewidths) are located in the central regions.

4.3 Environmental effects

There were hints of gas deficiency when investigating Hi products as a distance func-

tion to the cluster centre. We used the PSD to trace orbital histories along "infall",

"stripping", "backsplash", and "virialised" regions to gain hints into how the cluster en-
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vironment shaped the detected galaxies.

Most of the Hi detections are in the gravitational potential (vgal < vesc) of the Norma

cluster. They lie within the "infall" region, suggesting they are entering the cluster for

the first time. These galaxies have asymmetric morphologies comprising tails in Hi.

These morphologies could be due to galaxy-galaxy interactions as galaxies fall into the

cluster core. There are 6 (∼ 46%) gas disks detected in the virialized region where

most optically detected galaxies seem to lie. The virialised population identifies with

the substructure in the central region. The substructure appears to have undisturbed

morphologies. However, their gas disks are truncated compared to stellar discs, which

indicates they are at advanced stages of gas removal.

From this, we infer that, although infalling galaxies likely reach the cluster core after

being preprocessed by galaxy-galaxy interactions, RPS predominantly transforms Hi gas

disk morphology, eventually causing asymmetrical mass distribution ("lopsidedness") in

the gas disk at the first encounter. This is because, during galaxy-ICM interaction and

before the gas is completely stripped, it is first pushed to one side and becomes shock-

compressed. The outer gas disk is then truncated from outside-in to rt when the galaxy

is eventually virialised.

4.4 Gas deficiency and enhanced star formation efficiency

We investigated how the environment could have affected the SF activity of the detected

galaxies. We first start by examining how much Hi content remains in the galaxies

given the gas removal effects they have experienced. Later, we examine their SF ef-

ficiency (SFR/SFRms) as a function of "how much gas was lost" (fHi/fHi,ms). This is

conducted with WISE data for measurements of stellar masses, SFR and the WISE

colours (W1 − W2 and W2 − W3).

To investigate galaxies’ remaining gas content, we assess Hi mass fractions as a func-

tion of stellar mass and compare Norma detections with 1179 field galaxies from the

xGASS sample. We show that ∼ 69% of cluster members are Hi-deficient by 0.8 − 1.2

dex. Furthermore, there is a strong correlation between gas disk morphology and gas

deficiency since all Hi cluster members with asymmetrical morphologies have the same

gas deficiency of 0.8 − 1.2 dex.
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In studies of SF activity under the environmental conditions of the Norma cluster, dif-

ferent classes of objects can be easily divided when plotted with W1 − W2 as a function

of W2 − W3. Therefore use the WISE colour-colour diagram to delineate between star-

forming and non-star-forming disks, dusty and stellar disks, and between early-types

and late-types. In the WISE colour-colour diagram, we show that ∼ 83% of cluster

members detected in Hi fall in the active star-forming disks regime and that ∼ 86% of

them have asymmetrical morphologies. These are the brightest, late-type galaxies, with

star-forming gas and dust to continue building their disks and stellar bulges.

To investigate how the SFR proceeded given the remaining Hi content, we report that

both xGASS and Norma cluster detections show the same positive correlation and ∼ 86%

of the asymmetrical gas disks have higher SFR in the distribution.

Finally, we plot the SFR deviation of the observed Norma cluster galaxies from Hi scaling

relations (SFR/SFRms) as a function of Hi gas fraction deviation of the observed Norma

cluster galaxies from main sequence galaxies (fHi/fHi,ms). We realise that asymmetrical

galaxies are found to have low Hi fractions but excess SFR. This indicates that their SF

is enhanced given the Hi content. We argue that these results may be due to encounters

with the harsh ICM environment. Such results were recently observed in the Coma

cluster, which is of similar mass and size to the Norma cluster. However, an open

question still remains: Is the enhanced SFR due to RPS found in all clusters or just the

massive ones?

Serra et al. (2023) found that RPS is more effective when galaxies are preprocessed

through gravitational interactions at the outskirts. Using the MeerKAT Fornax Survey

with significantly high angular resolution compared to previous observations, they found

six late-type spiral galaxies exhibiting long, one-sided Hi tails radially oriented with

the ICM wind, suggesting the effects of RPS after preprocessing. The tidal-then-ram

pressure mechanism provides a plausible explanation for the observed properties of the

Hi asymmetries in the Norma cluster.

Two points are worth noting: (i) a few galaxies in the central region of the cluster seem

to have small Hi disks and are relatively not Hi-deficient. We assume the gas may

have been compressed due to several environmental interactions. (ii) Assuming that

the galaxies in the region ∼ 3000 km/s are at the Hubble distance, they are not in the

in-fall region but more than 15 Mpc from the cluster centre. This group may truly be a
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foreground group. Therefore, the asymmetries would more likely be due to gravitational

interactions than RPS.

In that case, the distance to the cluster should be used for Hi masses, making them less

Hi-deficient. This would depict a scenario in which galaxies approach the centre, initially

developing asymmetric tails and enhanced SFR and only later becoming Hi-deficient.

Thus indicating environmental pre-processing in action.
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Future prospects

5.1 The Norma cluster future research prospects

The Norma cluster presents an exciting opportunity for future research that goes beyond

the scope of this thesis. By conducting deep, high-resolution MeerKAT observations in

combination with multi-wavelength data, including resolved optical images, CO emission

and X-ray, more detailed studies can be done on intriguing individual cluster members

and the background group at vrad ∼ 10, 000 km/s. These potential investigations could

add to our understanding of galaxy evolution, cluster dynamics, and environmental

effects on galaxies within and around the Norma cluster.

5.1.1 Peculiar velocities

The key to conducting comprehensive Hi studies of galaxy dynamics in the Norma

cluster lies in obtaining redshift-independent distance measurements achieved through

distance indicator relations such as the IR Tully-Fisher relation (Tully & Fisher 1977).

The IR Tully-Fisher distance estimator is a technique used to estimate the distances to

galaxies based on the correlation between their IR luminosity and the observed velocity

width at 20% of the peak flux (w20) of Hi emission. In the IR Tully-Fisher relation, the

absolute magnitude in the NIR K-band (MK) is related to w20 of the Hi emission line

as follows:

MK = a + b × log(w20), (5.1.1)

where a and b are the constants that depend on the specific dataset and calibration

used. The IR Tully-Fisher relation is derived from the understanding that the intrinsic
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brightness of a spiral galaxy in the NIR is related to its rotational velocity, which can

be approximated using the velocity width of the Hi emission line. The method provides

a relatively straightforward way to estimate the distances to spiral galaxies without

relying on individual stars or other distance indicators. One of the advantages of the IR

Tully-Fisher distance estimator is that it is less affected by dust extinction compared

to optical distance indicators, which can be particularly advantageous when studying

galaxies that are heavily obscured by dust.

5.1.2 Preprocessing

Using the deep MeerKAT Hi data in combination with ancillary data (WISE) offers

the opportunity to study the effects of galaxy pre-processing on the Hi properties when

studied as a function of galaxies’ location within the cluster. Exploring their kinematics

and spatial distribution could provide valuable information about the cluster’s impact on

individual galaxies. Deep, spatially, and spectrally resolved observation would allow us

to study the gas kinematics of the galaxies. This could be combined with the kinematics

of the stellar components of the galaxies. Combining the two would offer insights into

the pre-processing of the galaxies before infalling into the cluster, particularly the tidal-

then-ram pressure scenario.

5.1.3 Ram-pressure stripping: a multi-wavelength approach

To conduct a more definitive examination of the dominance of RPS in galaxy clusters,

we need Hi observations and matching X-ray, optical, and infrared observations from

the least to the most massive X-ray bright nearby clusters. Multi-wavelength imaging

of sources in such cluster catalogues should also be conducted to characterize their

morphology in the optical, quantify asymmetries in the ISM gas disk, and quantify

scale lengths of the gas disk compared to the stellar disk. Multi-phase observations of

tails in such samples will also need to be observed to test for shock fronts, one-sided

SF, Hi asymmetry and deficiency, and all other signatures of ram-pressure stripped

galaxies, to examine SF efficiency (SFR/SFRms) and characterize gas compression phase

from stripping phase as a function of orbital histories. SF history of ram-pressure

stripped galaxies needs to be examined during preprocessing in the field, first infall into

pericentric orbit and backsplash. Surveys such as the MeerKAT Galaxy Cluster Legacy
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Survey (MGCLS; Knowles et al. 2022), which is a MeerKAT L-band (900 − 1670 MHz)

observations of 115 galaxy clusters, are ideal for such future studies in this field.
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Appendix

A.1 HI channels maps

We plot channel maps of the Norma Hi datacube in Figure A.1. The channel maps are

shown at every ninth channel. The blanked region seen in the centre of the cube is due

to an incomplete continuum of the strong radio galaxies ESO137-006 and the head-tail

ESO137-002 (see Ramatsoku et al. 2020).
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A.2 SoFiA parameters

The SoFiA parameter file that was used to detect 31 galaxies in the Norma cluster field

within a velocity range of ∼ 604 − 11, 113 km/s is added here.

CNHI.maxScale = -1

CNHI.medianTest = true

CNHI.minScale = 5

CNHI.pReq = 1e-5

CNHI.qReq = 3.8

CNHI.verbose = 1

SCfind.edgeMode = constant

SCfind.kernelUnit = pixel

SCfind.kernels = [[ 0, 0, 0,’b’],[ 0, 0, 3,’b’],[ 0, 0, 7,’b’],[ 0, 0, 15,’b’],

[ 3, 3, 0,’b’],[ 3, 3, 3,’b’],[ 3, 3, 7,’b’],[ 3, 3, 15,’b’],[ 6, 6, 0,’b’],

[ 6, 6,3,’b’],[ 6, 6, 7,’b’],[ 6, 6, 15,’b’]]

SCfind.maskScaleXY = 2.0

SCfind.maskScaleZ = 2.0

SCfind.rmsMode = mad

SCfind.sizeFilter = 0.0

SCfind.threshold = 4.0

SCfind.verbose = true

flag.regions = []

import.inFile = /path/to/file/directory

import.maskFile =

import.subcube = []

import.subcubeMode = pixel

import.weightsFile =

import.weightsFunction =

merge.minSizeX = 3

merge.minSizeY = 3

merge.minSizeZ = 2

merge.positivity = false

merge.radiusX = 3
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merge.radiusY = 3

merge.radiusZ = 3

optical.sourceCatalogue =

optical.spatSize = 0.01

optical.specSize = 1e+5

optical.storeMultiCat = false

parameters.dilateChan = 1

parameters.dilateMask = false

parameters.dilatePixMax = 10

parameters.dilateThreshold = 0.02

parameters.fitBusyFunction = false

parameters.getUncertainties = false

parameters.optimiseMask = false

reliability.autoKernel = true

reliability.fMin = 10.0

reliability.kernel = [0.15,0.05,0.1]

reliability.logPars = [1,1,1]

reliability.makePlot = true

reliability.negPerBin = 1.0

reliability.parSpace = [’n_pix’,’snr_sum’,’snr_max’]

reliability.scaleKernel = 0.50

reliability.skellamTol = -0.5

reliability.threshold = 0.90

reliability.usecov = true

scaleNoise.edgeX = 0

scaleNoise.edgeY = 0

scaleNoise.edgeZ = 0

scaleNoise.scaleX = false

scaleNoise.scaleY = false

scaleNoise.scaleZ = true

scaleNoise.statistic = mad

smooth.edgeMode = constant

smooth.kernel = gaussian
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smooth.kernelX = 3.0

smooth.kernelY = 3.0

smooth.kernelZ = 3.0

steps.doCNHI = false

steps.doCubelets = true

steps.doDebug = false

steps.doFlag = false

steps.doMerge = true

steps.doMom0 = true

steps.doMom1 = true

steps.doOptical = false

steps.doParameterise = false

steps.doReliability = true

steps.doSCfind = true

steps.doScaleNoise = false

steps.doSmooth = true

steps.doSubcube = false

steps.doThreshold = true

steps.doWavelet = false

steps.doWriteCat = true

steps.doWriteFilteredCube = true

steps.doWriteMask = true

threshold.clipMethod = relative

threshold.rmsMode = std

threshold.threshold = 4.0

threshold.verbose = false

wavelet.iterations = 3

wavelet.positivity = false

wavelet.scaleXY = -1

wavelet.scaleZ = -1

wavelet.threshold = 5.0

writeCat.basename = 10June2022

writeCat.compress = false
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writeCat.outputDir = /path/to/output/directory

writeCat.overwrite = true

writeCat.parameters = [’*’]

writeCat.writeASCII = true

writeCat.writeSQL = true

writeCat.writeXML = true

A.3 X-ray image of the intracluster medium

In Figure A.1, we present the overlays of moment-0 images of the identified galaxies on

the X-ray image depicting the ICM within the Norma cluster. We only plot 7 (54%) of

the cluster members within 1/3 × RA.
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Figure A.1: X-ray spectroscopic image of the ICM colourmap in the core of the Norma cluster

with up-scaled moment-0 overlays. The X-ray map is colour-coded using the

Inferno colour map. The red contours in the core of the Norma cluster within

1/6 × RA in Figure 3.2, were observed in X-ray with the XMM-Newton facility.

The inner regions are dense and hot, where no galaxy was detected in Hi. Cluster

members are coloured in blue while the background group (vrad ∼ 10, 000 km/s)

and the foreground source (vrad ∼ 604 km/s) are coloured in red.
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