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Abstract

To date, our understanding of the formation and evolution of galaxies attributes a very
important role to the neutral hydrogen (HI) gas since it constitutes the reservoir of fuel out
of which galaxies form stars. In their evolution, galaxies interact with each other and with
their environment, and very often these interactions leave fingerprints in the H1 distribution.
The extended HI envelopes of galaxies are sensitive tracers of those tidal interactions. In
the present study, we map the HI distribution of galaxies in a ~ 1.5° x 2.5° region of
the Virgo cluster using the Karoo Array Telescope (KAT-7) and the Westerbork Synthesis
Radio Telescope (WSRT'). With a total observing time of ~ 78 hours with the KAT-7 and 48
hours with the WSRT, we search for low HI column density features in the region. Despite
the different observing time and beam size of the two telescopes, we reach similar column
density sensitivities of Ny, ~ 1 x 10'® atoms cm ™2 over 16.5kms~!. With a new approach,
we combine the two observations to map both the large and small scale structures. We
detect, out to an unprecedented extent, an HI tail of ~ 60 kpc being stripped off NGC
4424, a peculiar spiral galaxy. The properties of the galaxy, together with the shape of the
tail, suggests that NGC 4424 is a post-merger galaxy undergoing a ram pressure stripping
as it falls into the centre of the Virgo Cluster along a filamentary structure. We also give

the H1 parameters of the galaxies detected.
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Introduction

In the history of radio astronomy, several telescopes were built to carry specific science,
in both single dish and interferometers. Different HI surveys such as the The HI Nearby
Galaxy Survey (THINGS, |Walter et al.||2008]), the Arecibo Legacy Fast ALFA (ALFALFA,
Haynes et al.|[2011), the Hr Parkes All Sky Survey (HIPASS, Meyer et al.[2004) and the
COSMOS Hi1 Large Extragalactic Survey (CHILES, ongoing survey, see Fernandez et al.
2013|for pilot survey) revealed different properties of galaxies in the local universe. Although
these surveys are limited to low redshift (CHILES aims to detect out to z = 0.45), they give
us tremendous informations about galaxy evolution, in combination with numerical models.

However, the challenge in H1 observations is not only the detection of neutral gas inside
galaxies, but also in their outer regions. The HI usually happens to be faint in the outskirts
of galaxies, which makes their detection more complicated. This therefore requires adapted
instruments. The Karoo Array Telescope (KAT-7) is a newly built telescope in South Africa,
designed to be an early precursor and testbed for the Square Kilometre Array (SKA). Its
short baselines allow the telescope to be sensitive to low surface brightness structures.

The project of this thesis is to perform deep observation on a field of galaxies in the
Virgo Cluster containing galaxies undergoing environmental effects. To reach low column
density levels, we use the short-baselined KAT-7 telescope. Although KAT-7 allows us
to detect the structure of galaxies on large scale, it fails to reveal their fine details. We
therefore decide to combine the KAT-7 observations to data obtained with the Westerbork
Synthesis Radio Telescope (WSRT), an interferometer with higher spatial resolution. This is
the first time that such work is attempted with KAT-7. Combination of data from different
telescopes is generally performed between interferometers and single-dish telescopes (e.g.
Stanimirovic [1999)), and these processes are implemented in most data reduction packages
(e.g. MIRIAD, CASA). On the other hand, combination of different interferometric data is
not widely attempted. Because of the large difference in the respective beam areas of the
two different interferometers, the process presents some challenges on how to weight the

respective datasets to account for the different features from both telescopes.



Chapter 1

Astrophysical context

1.1 The Cosmic Web

Observational evidence strongly suggests that the matter distribution of the Universe on

large scales is not uniform, but forms a complex web-like pattern, known as the Cosmic Web

(Bond et al.|[1996| [van de Weygaert & Bond|[2008)), containing dense clusters, sparsely pop-

ulated voids, planar walls and thread-like filamentary structures linking overdense regions.

Over time, numerical simulations such as the Millenium simulations (Springel et al.|[2005|
Boylan-Kolchin et al[2009) and large surveys in the Local Universe such as 2dFGRS
et al|[2001), SDSS and 2MASS redshift survey (Huchra et al.2005) have
helped reveal the geometry and dynamics of the cosmic web. More recently,
found that clusters and filaments are the most prominent components of the cosmic

web, while underdense voids and walls — devoid of group-sized and more massive haloes —

occupy most of the volume. Most of the baryonic matter is then expected to be found in
filaments and clusters.

However, only a small fraction of all baryons at the current epoch (as predicted by

models) can be recovered by adding up the masses of visible baryons (Persic & Salucci||1992]
[Fukugita et al.|[1998| Fukugita & Peebles|2004), suggesting that a fraction of the baryons
making up the Universe is unseen. An ultraviolet spectroscopic survey of H1 Lyman lines
and metal ions in the low-redshift at z < 0.4 (Danforth & Shull|2008)) revealed only about
40% of the baryons, with 30% residing in Ly« forest and 10% in the warm-hot intergalactic
medium (WHIM). The WHIM, with temperatures ranging from 10° to 107 K, is thought
to contain approximately 30% to 40% of all baryons in the present-day universe (Davé
et al|[2001). Although observational detections of the WHIM have been reported in QSO
absorption using different lines (e.g., [Tripp et al.|[2000, Fang et al|2002, Nicastro et al|
, its direct detection in emission remains very difficult. The presence of the WHIM is
more inferred from hydrodynamical simulations (e.g., Cen et al.[|1995, (Cen & Ostriker| 1999,
Davé et al.|[1999; 2001, [Fang et al./2005) to account for the missing fraction of the baryons.

Simulations go further to predict that most of the warm-hot gas is not expected to be found
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in dense IGM regions but in diffuse, less dense large-scale structures such as filaments (Davé
et al.|[2001)).

1.2 The 21-cm line of neutral hydrogen

In the low-density regions of the interstellar medium (ISM) and below about 10* K, the
hydrogen exists in its atomic form, the Hi, which is detectable in the A21 cm hyperfine line.
First predicted by [van de Hulst| (1945) and later detected by [Ewen & Purcell| (1951)), the line
is a product of the magnetic interactions between the proton and electron of the atom. It
results from a forbidden spin-flip transition in the ground state of the hydrogen atom. The
transition occurs very rarely, its spontaneous emission rate is only ~ 1/11 Myr; however, the
enormous column densities of atomic hydrogen in the ISM — and often in the intergalactic
medium (IGM) — makes its detection possible.

Since its discovery, the HI line has widely been used to study the neutral gas in galaxies,
including our own. Unlike the traditional optical observations (excluding the Fabry-Pérot),
the H1 line provides, on top of the 2-dimensional images of emitting gas, information about
their velocity thanks to the Doppler shift. On one hand, this provides important information
on the physical properties of the interstellar gas such as its size and density; and on the
other hand, it allows us to study the associated kinematics of the ISM. Moreover, the 21-cm
emission is optically thin, implying that one can directly convert the total amount of HI
seen along a particular line of sight into an HI mass density. Hence, integrating over an
entire galaxy, one can determine its total HI mass (see Eq. .

There exist many advantages in using the HI line for galactic and extragalactic studies.
One of them is certainly the fact that the H1 emission does not suffer from extinction by
stellar dust (unlike optical or ultraviolet radiation), making the HI line a powerful tool in
mapping the extragalactic gas. Its observations can also in principle be done, in contrast to
most of other frequency bands, in the day as well as at night. However, day observations

are often affected by solar interference, especially when the source is located near the sun.

1.3 Hi1 gas in galaxies

Despite the complexity of its study, neutral atomic hydrogen remains the easiest observable
component of the ISM in galaxies. The hydrogen remains abundant in the ISM and in
the IGM, though it very often happens to be mostly ionised. While the stellar and other
baryonic components of galaxies are confined to their disks, the HI generally extends far
beyond. This makes the HI gas a sensitive tracer of past and current interactions of galaxies
with their environment, since most interactions happen at large scale.

Moreover, star formation in disks of galaxies from cold molecular clouds is made possible
thanks to the surrounding atomic gas, distributed in extended envelopes. These envelopes

of atomic gas constitute the reservoir of gas out of which stars are formed, making the HI
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content a proxy for a star formation potential of galaxies. Thus, the atomic gas quantity
inside galaxies becomes important in the study of the galaxy formation and evolution.

The hierarchical models describing galaxy evolution (e.g. White & Rees|[1978, [White &
Frenk! 1991, [Springel et al.|2005) suggest that large galaxies result from mergers between
smaller galaxies which, supposedly, are formed from gas clouds that — under gravity — collapse
to form star forming discs (Eggen et al.||1962). When the merger occurs between a pair of
late-type, blue spiral galaxies, the resulting galaxy is generally (depending of the relative
size of the merging galaxies) an early-type, red elliptical galaxy (Toomre & Toomre||1972,
Mihos & Hernquist||1996). The HI in these elliptical galaxies is barely existent, as this
was depleted during the high star formation activity and tidal interactions that took place
during the merger. In contrast, spiral galaxies that have not undergone these processes are
expected to have a relatively large amount of neutral gas. This dependence of neutral gas
content on morphological type is confirmed by observations.

Furthermore, as first noted by Hubble & Humason|(1931)) and later quantified by |Dressler
(1980), and known as the "morphology-density" relation, galaxies exhibit a clear trend
between their morphological type and the density of the region they evolve in. In this
picture, early-type elliptical and lenticular galaxies tend to reside in the dense regions of
clusters while the late-type spirals and irregulars are more likely to be found on the outskirts.
Nonetheless, although late-type galaxies are outnumbered by early-type galaxies in clusters,
they do generally exist in the outskirts. When this is the case, they undergo different
environmental effects traceable through the observation of their HI component as mentioned

above.

1.4 Effects of environment on the HI gas

What is the physical origin of the morphology-density relation? The answer to this question
is still a subject of debate in extragalactic astronomy. The first hypothesis, the so-called
nature hypothesis, supports that the observed relation surfaces during galaxy assembly, the
process being different in overdense regions. On the other hand, the nurture hypothesis
argues that the trend is the end product of the different physical processes caused by the
environment. Although recent studies show evidence that both nature and nurture are
important in galaxy evolution and are intertwined (see Kauffmann et al.[|2004, De Lucial
et al|[2012), there is a tremendous amount of evidence in favour of an environment-driven
evolution of galaxies.

Indeed, numerous studies based on both observations and simulations have come to the
conclusion that the environment plays a critical role in the evolution of galaxies (e.g.|Dressler
1980}, |Catinella et al.|2013).

Whether a galaxy resides in a dense region such as a cluster or a group, it undergoes
different effects that determine its morphology and gas properties. For example, galaxies
evolving in dense environments tend to be Hi deficient with respect to their morphological

counterparts evolving in less dense regions (Haynes et al.|1984al).
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1.4.1 Effects of clusters

More specifically in clusters of galaxies, the small scale structure ISM of spiral galaxies inter-
acts with the large scale structure intra-cluster medium (ICM) through physical processes
that drive the evolution of the galaxies inside clusters. The most widely known process is
the ram pressure stripping (e.g. Gunn & Gott, J. Richard 1972, Vollmer et al.|[2001)). It
occurs when a galaxy moves through the ICM of a galaxy cluster, and is known to be partly
responsible for the HI deficiency (Bothun et al|[1982] |Giovanelli & Haynes||1985| [Vollmer|
and star formation quenching (e.g. Balogh et al|[2000) inside spiral galaxies in

clusters. More specifically, ram pressure occurs when the intra-cluster ‘wind’ experienced by

the moving galaxy is strong enough to overcome the gravitational potential of the galaxy.
As a consequence, the galaxy is deprived of its cold gas, especially at its regions in contact
with the hot wind. Typical examples of galaxies undergoing ram pressure stripping include
NGC 4522 (Kenney et al.|2004} [Vollmer et al.|2004) and NGC 4402 (Crowl & Kenney|2005).

Although this effect is strongest in the central regions of clusters, cosmological simulations

reveal that it remains an important mechanism of gas stripping of galaxies out to the virial
radius of clusters (Tonnesen et al.[2007). This was seen in observations when |Chung et al.
(2007) mapped the neutral gas in a few Virgo galaxies with long one sided Hi1 tails. The

authors found that some galaxies, located at projected distances of 0.6 — 1 Mpc from the

cluster centre (M8T), exhibit an HI tail extending beyond the optical disc and on one side of
the galaxy, and pointing roughly away from MS87 (see figure . After investigation of the
different mechanisms that might cause these tails, they concluded that these galaxies are
most likely falling into the cluster for the first time, and are being ram-pressure-stripped of
their gas at a virial radius from the cluster centre. More generally, ram pressure stripping
starts once galaxies on highly radial orbits are within a virial radius of the cluster they are
falling into.

Another major process driving the morphological evolution of galaxies in clusters is

the repeated galaxy-galaxy interactions, or the galaxy "harassment" (Moore et al|/1996}

1998)). Unlike the ram pressure stripping, these interactions have the ability to transform
disk galaxies into spheroidal galaxies by affecting not only the gas, but also the stellar disk
through dynamical heating.

1.4.2 Effects of groups

Groups of galaxies constitute intermediate systems between the extreme voids and galaxy
clusters, and are moderately populated of a few to hundred gravitationally bound galaxies.
But unlike clusters, groups are difficult to identify mainly because of their lower concen-
tration (and therefore lower amount of detectable, hot X-ray emitting gas in comparison to

clusters). Over the three last decades or so, group-finding techniques have been applied to

optical and infrared all-sky redshift surveys to construct group catalogues (Geller & Huchra
11983, |Giuricin et al.|2000| |Crook et al.|2007, Dawson et al.|2013) and it is argued that over

half of all galaxies live in the group environment (Eke et al|[2004). There is also observa-
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Figure 1.1: HI tail galaxies in the Virgo Cluster (crosses) and the direction of their tails
(arrows) on the X-ray background of the cluster. As one can clearly see, the tails are pointing
roughly away from the central elliptical M87, suggesting that the galaxies are falling into
the centre of the cluster. Figure from |Chung et al.| (2007)
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tional evidence that galaxies residing in group-like densities, like those in clusters, present
a lower SFR (e.g. [Lewis et al|[2002] |Gomez et al|[2003, [Rasmussen et al|2012) than field

galaxies, suggesting a star formation suppression happening inside groups.

In recent years, studies of groups from the HI emission perspective were intensified to

understand their contribution to the evolution of galaxies (e.g. Pisano et al|2007; 2011}
[Freeland et al.[2009, Rasmussen et al|2012, Hess & Wilcots||2013) and these allowed us to

take a step forward in understanding the impact of environment on galaxy evolution. There is

for example strong evidence that many galaxies experience, before falling into clusters, some
high-density environment effects as group members. This process, known as "pre-processing"
(Zabludoff & Mulchaey|[1998, Mahajan|2013, [Hess & Wilcots|2013, [Vijayaraghavan & Ricker
, places group environments at the origin of the properties of an important fraction of

galaxies observed at present time in clusters. This comes as a major piece of the puzzle of
galaxy evolution and attributes an important role to groups of galaxies in this process.
Groups — especially poor groups — are, on the other hand, the most favorable environment
for mergers between galaxies because of their low velocity dispersion and their short crossing
time (Zabludoff & Mulchaey (1998, Mamon| 2007, Vijayaraghavan & Ricker|2013). These
mergers, along with the tidal interactions acting on galaxies, seem to be efficient in removing
the hot gaseous halo of galaxies in groups (Larson et al.[1980), McCarthy et al.|2008| Kawatal
|& Mulchaey|[2008). The resulting effect of these on the HI content of group galaxies is, as

in cluster environments, the Hi deficiency. Kilborn et al.| (2009) found that an important

fraction of HI1 deficient spirals lie within about 1 Mpc of group centres, suggesting that

group environment increases the gas loss. In addition, how much Hr1 rich galaxies can be

found in a group depends on its size: Hess & Wilcots (2013) found that HI rich galaxies in

the centre of groups become rarer as their number of optical members increases.

1.5 Galaxies in large scale filaments

While the characteristics of galaxies in dense environments seem well understood, a complete
picture of galaxy evolution remains far from being found. For example, the mechanisms lead-
ing to the growth and depletion of the cold gas and star formation quenching in galaxies are
not fully understood, though numerical simulations are helping improve our understanding.

The structure of the universe, as per our current understanding, suggests that galaxy

clusters and superclusters are connected by filamentary structures (e.g., |Zeldovich et al.

11982, |Jenkins et al.||[1998). Hierarchical models and observations also suggest that clusters

feed from accretion of small galaxies through these filaments (e.g.,|[Zabludoff & Franx|[1993|

Benson| 2005, |Cortese et al.|[2006). Furthermore, numerical simulations predict that most
of the low redshift baryonic matter is hidden in the filaments (Cen & Ostriker||1999, Davé|
let al][1999; 2001)). Filaments, through their constituent galaxies and also their IGM, are

therefore key structures in understanding evolution of galaxies in dense environments.

Several wide-field surveys in different wavelengths such as optical (Pimbblet et al.|[2004}
Molinari et al.[2010, |Alpaslan et al.|2013| |Cantalupo et al.|2014)), infrared (Fadda et al.[2008)
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and H1 (e.g., Haynes et al.|2011)), have reported the detection of large-scale filaments in the
local universe by mapping the distribution of galaxies. It is found that galaxies located in
filaments show an enhanced star formation activity (e.g.[Raychaudhury & Porter|2005| [Fadda
et al.[[2008| |Porter et al.2008) compared to those in other regions, which is in agreement
with our current understanding of galaxy evolution, which correlates with the picture that
galaxies falling into clusters through filament undergo an accelerated evolution at some stage
of their infall during which they experience a short period of starburst. However, despite
the membership of a galaxy to a filament, its star formation activity is still influenced by

its local density and morphological type (e.g., Mahajan|2011)).

1.6 Low-density gas in filaments

The low column density neutral gas, spanning a column density range of about 10'* to
10" em~2, has an important fraction in the Lyman Limit regime at column densities of
> 101" cm™2 (see e.g. [Péroux et al.|2003). This implies that, in hope to detect the filamentary
neutral gas, one must go to a very low column density, which is a limitation to most of radio
telescopes. Using the WSRT, Braun & Thilker| (2004)) carried a wide-field survey of HI
emission feature and reported the detection of a diffuse filament between M31 and M33 at
Ny, = 5 x 10" em™2 (Fig. which might be associated with the WHIM predicted by
numerical models (Davé et al.|[1999; 2001)).

1.7 Extended Hi Envelopes around galaxies

The H1 gas in late-type spiral galaxies is generally known to extend beyond their stellar
disks, however, how far beyond it extends is function of the environment. In the less dense
gas-rich regions, some galaxies exhibit large HI envelopes that can extend out to 5 times
the optical radius (Chin & O’Neil|2000) and in some cases, connect the galaxies to their
interacting neighbours (e.g. NGC 4490/85 system, |Clemens et al.||1998). Extended Hi
envelopes are believed to be a source of gas replenishment in most spiral galaxies, when
their star formation activities deplete the gas (Larson et al.[{1980, [Heald et al.[2011, Wang
et al.|[2013)).

The observation of extended HI envelopes undoubtedly offers a unique opportunity to
practically investigate the interactions that galaxies undergo with their environment. It also
provides one of the most direct methods to determine the mass distribution of a galaxy,
by allowing the measurement of its circular velocity in the very outer parts. However,
extended HI1 envelopes are not common around galaxies (Briggs et al.[[1980), even in HI-
rich environments. Moreover, most galaxies present a sharp cutoff in their H1 distribution
at their outer disks, resulting in a dramatic drop of their column density at values below
10" em~2. These sharp edges, which could be the result of extragalactic photoionisation as
first proposed by |Silk & Sunyaev| (1976, are better illustrated in Figure from |Dove &
Shull| (1994)). The figure compares the predicted H1 column density in galaxies as a function
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Figure 1.2: Filamentary low HI column density feature detected between M31 (top right)
and M33 (bottom left) by Braun & Thilker| (2004). The contours levels are log Ny, =
17, 17.5, 18, ...20.5. Figure from |Braun & Thilker| (2004).

of their radius from a photoionisation model using different ionising photon fluxes (lines),
with H1 observations of NGC 3198 (filled dots). The top solid line is the total hydrogen
of the galaxy. In the inner region of the galaxy, the column density of the atomic gas is
more or less similar to the total column density because the gas in these dense environments
is dominated by self-shielding (i.e, very few photons can reach these regions to ionise the
gas). However, as we move to the outer parts, the HI column density decreases more
rapidly than the total column density, owing to the decrease of the effect of self-shielding.
More photons can penetrate the external regions of the galaxy, hence increase the fraction
of ionised hydrogen in these regions. Moreover, an increase in the ionising photons flux
causes the effect of self-shielding to decrease, creating a rapid decline of the neutral gas
column density. This emphasises the importance of photoionisation as cause of sharp edges
in galaxies.

van Gorkom)| (1991)) also observed NGC 3198 and found that the HI column density drops
from a few times 10" cm™2 to less than 4 x 10'® atomscm™2 in only less than 3 kpc. As
mentioned above, this can be attributed to the photoionisation effects observed in hydrogen.
It constitutes a limitation in observing the HI on large scales around galaxies, especially

with long baseline telescopes which are less sensitive to low surface brightness structures.
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Figure 1.3: Column density vs. radius of total hydrogen (top solid line), modelled H1 with
different ionising photon fluxes (other lines), and observed HI in NGC 3198 (filled dots).

For the model, the ionising photon fluxes increase from top to bottom. Figure adapted from
Dove & Shull (1994)

1.8 This thesis

It is clear that the mechanisms driving the evolution of galaxies in dense environments are
diverse and complex. These mechanisms contribute to both the growth and the depletion
of the gas reservoir of galaxies, hence affect their evolutionary paths. Observations of the
gas in these environments offer a window to test numerical simulations and models, and
therefore set better constrains on the theories of galaxy evolution. In particular the neutral
gas provides an opportunity to map the outer regions of galaxies and their surrounding
environment, allowing us to directly probe their interactions with the IGM and with their
neighbours.

In this thesis we use the KAT-7 and WSRT telescopes to observe a region of the M49
subcluster located south of the Virgo Cluster. It is a rich and dynamically young cluster,
hosting a number of interacting galaxies. The distribution of the hot X-ray emitting gas
in the observed region resembles a filamentary structure, connecting the subcluster to the
main cluster. Also, the region contains an Hi-tailed spiral galaxy, NGC 4424, that shows
signs of interaction with the ICM. In attempt to map the low surface brightness structures,
we observe the region down to sensibly a same column density with the two telescopes.

This thesis is organised as follows. In chapter [2] we describe the observations and present
the characteristics of the observed region. Chapter [3| gives an overview of the reduction of

the data from the two different telescopes, and describes the technique we used to combine
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them. The results of the work are presented in chapter[d In chapter[5we discuss and analyse
the results. Infrared data are combined to the Hi observations to study the star formation
rates of the galaxies detected, and the environmental effects are investigated. Finally, we

conclude in chapter [f] and give an outline of the future work.



Chapter 2

Observational technique

The data presented in this thesis have been obtained using two different interferometers:
the Karoo Array Telescope (KAT— in South Africa and the Westerbork Synthesis Radio
Telescope (WSRT) in The Netherlands.

2.1 The Karoo Array Telescope (KAT-7)

2.1.1 Specifications

The KAT-7, completed in December 2010, is made of seven 12m dishes and is a prototype
and testbed of the MeerKAT, which is itself a precursor of the Square Kilometre Array
(SKAED. The MechAIﬂ on its completion by 2017, will have a total of 64 dishes. The
KAT-7 is located in the desert of the Karoo in South Africa. An advantage of KAT-7 is
its short baselines, together with its low system temperature (Tiys ~ 30 K), that make the
interferometer sensitive to low surface brightness structures, and its large primary beam
(FWHM = 1.08°) that gives a wide instantaneous field of view. One drawback though is
the beam dilution that may occur when observing small scale structures, because of the low
spatial resolution. Table summarises the KAT-7 parameters. The telescope is for now
equipped with one receiver whose waveband ranges from 1.2 to 1.95 GHz. Its 3 outermost

antennas form an almost equilateral triangle, while its 4 innermost form a trapezoid (figure

7).

2.1.2 Radio Frequency Interference

Radio frequency interference (RFI) constitutes one of the major issues that one has to ac-
count for when building a radiotelescope. Especially human-made RFIs, which are generated

by different sources ranging from cellphones to airports, including orbiting satellites. Fol-

*http://www.ska.ac.za/meerkat /kat7.php
Thttp://www.skatelescope.org
Thttp://www.ska.ac.za/meerkat /

12
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Table 2.1: Specifications of the KAT-7 (Carignan et al.[2013) and the WSRT interferometers
(see WSRT documentation).

Parameter \ KAT-7 \ WSRT
Number of antennas 7 14
Dish diameter 12 m 25 m
Minimum baseline 26 m 36 m
Maximum baseline 185 m 2.7 km
Frequency range 1.2~1.95 GHz | 115 MHz — 8.6 GHz
System temperature 26 K ~ 27K
Aperture efficiency 65% 54%
Primary beam (at 1.4 GHz) 1.08° 30/
System sensitivity 37.54 JyK—! 10.41 Jy Kt
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Figure 2.1: KAT-7 antennas positions.

lowing this issue, the KAT-7 was built in the far desert of the Karoo, where noise sources
are rare. The site of the telescope is, like most of the radiotelescope sites, radio-quiet (radio-
transmitting devices are not allowed on site); allowing to minimise as much as possible the
interferences. However, a major source of RFI that remains hard to eliminate are the global
positioning satellites, that are seen by all radio telescopes regardless of where they are built.

Nonetheless, since the KAT-7 is still in the commissioning phase, the response of the
telescope is not fully understood and not all the RFI sources are known. This implies that
a careful and interactive RFI flagging has to be performed whenever one intends to reduce
radio data from the KAT-7.

2.1.3 Sensitivity

The KAT-7, like any other interferometer, works on the two-element basis. Indeed, the 7

antennae of the telescope are connected to one another, forming a set of 21 baselines (each
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Figure 2.2: Point source sensitivity of the KAT-7 vs. total integration time per pointing.

baseline being a pair of two antennae). An interferometric data is a combination of the data
collected by each of the single baselines.
The expected point-source rms noise of an output image of the KAT-7 can be approxi-

mated to
o 1.065 x 10° (2.1)
mly  /Av Aty .

where Av is the channel bandwidth in Hz, and At;,; the total integration time per point-

ing, in seconds. Figure (2.2)) gives the theoretical variation of the noise as a function of
the integration time, for the 25MHz band. The above equation does not account for at-
mosphere influence and various factors that would contribute in increasing the noise, and

would therefore represent ideal noise level.

2.2 The Westerbork Synthesis Radio Telescope

2.2.1 Specifications

The construction of the Westerbork Synthesis Radio Telescope (WSRT) was completed in
1970 but it has been upgraded since then. Its primary beam FWHM at 1.4 GHz is ~ 30/,
roughly half that of KAT-7. It covers the frequency band ranging from as little as 115 MHz
to 8.6 GHz.

To date, the interferometer is made up of 14 dish-shaped antennas of 25m each. The
array of these antennas has a linear structure in the East-West direction. The advantage
of such configuration is that it offers long baselines, i.e, the high resolution data. However,

observations at low elevations in the East-West direction result in an elongated synthesised

beam (see[3.3.3)).
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Figure 2.3: Antenna layout of the WSRT array in the Maxi-Short configuration. The varia-
tions of the y coordinates were neglected to show the linear configuration of the array. The
labels show the RT identifiers of the anntennas.

Unlike the KAT-7, the WSRT’s antennas are not all fixed: only 10 of the 14 dishes are
fixed, at 144 m apart and spanning a total of 1.3 km; the 4 others are movable along the
direction of the baselines, in such a way that the baselines are adjustable from 36 m to 2.7
km. The spacing between the last fixed antenna, RT9, and the first movable antenna, RTA,
and the relative spacing between the 4 movable antennas determine the configuration of the
array. Thus, there exist a total of 5 major types of configurations. Among these types of
configurations, are the one in which RT9 and RTA have a particular separation, while the
2 pairs of movable antennas, RTA-RTB and RTC-RTD, are each kept at a fixed separation
of 72m; moreover, the RTC-RTD pair is such that the separation RT9-RTC is ~ 1.3 km
(9% 144 m). These configurations, called "traditional" configurations and designed to provide
the best u,v sampling for 12h runs, are the most suitable configurations for observations
exceeding 12h per pointing (see e.g. Dahlem et al.|2005). The second configuration, used
in the present work, is the Mazi-Short configuration. It uses the shortest baselines possible,
providing an optimum imaging performance for very extended sources within a single track
observation. The positions of the movable antennas in this configuration are such that
the distances RT9-RTA, RT9-RTB, RT9-RTC and RT9-RTD are 36, 90, 1332 and 1404m,
respectively. The drawback of this configuration is the relatively high overall sidelobe levels

in the reconstructed image.
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2.2.2 Sensitivity

Although the WSRT is less brightness sensitive compared to the KAT-7, its larger collecting
area and higher angular resolution result in a much greater point-source sensitivity. For
example, for a 12h observation with a L-band 20 kHz bandwidth (i.e, a ~ 4.1kms~! channel
width), the expected 7ms noise is only 0.9 mJy beam ™! per channel while that of the KAT-7
approximates 4 mJy beam ™! per channel.

2.3 The observations

2.3.1 The field selection

In the present work, we study a region located in the outskirts of the Virgo Cluster, con-
taining a modest number of late-type galaxies. Nucleus of the Local Supercluster, the Virgo
Cluster is the nearest and best-studied cluster of galaxies. The observations of the cluster’s
members goes back as early as 1784 with Charles Messier, and since Hubble’s discovery of
the Andromeda Galaxy (Messier 31, member of the Local Group) as an extragalactic object,
the interest for the Virgo Cluster continued increasing. To date, about 1300 galaxies have
been identified, based on their morphology and radial velocities, as true members of the
Virgo Cluster (e.g. |[Sandage et al.[|1985, [Binggeli et al.[/1987). The six biggest ellipticals
of the cluster are members of the Messier Catalogue, namely M85, M86, M84, M87, M60,
and M49. MS87 is the central dominant galaxy of the cluster, and is located ~ 1° southeast
of the cluster’s centre. The recession velocity of the cluster is about 1050 kms™!, and its
velocity dispersion is about 700 kms~! (Binggeli et al.|1993). Detailed X-ray observations
of the hot cluster gas by Bohringer et al. (1994)) revealed several substructures, suggesting
that the cluster is not virialised, but is instead still growing. They found that subclusters
around M86 and M49 are merging with the main cluster around M87 (see Fig[2.4). Several
Hi1 imaging surveys of the cluster revealed that the H1 disks of its central late-type galaxies
are truncated to well within the optical disks, suggesting that ICM - ISM interactions might
play an important role in driving the evolution of galaxies in the inner region of the cluster
(Warmels|[1988, |Cayatte et al.[[1990], (Chung et al.|2009).

The field of interest for the present work is a region in the M49 subcluster. It is located
south of the Virgo Cluster, ~ 3° away from the elliptical M87, and contains the elliptical
M49 (see Fig. The field also contains the one-sided HI tail galaxy, NGC 4424, previously
observed using the VLA (Chung et al.|2007;2009)). We attempt to map late-type galaxies in
the region, and study their properties with respect to what seems to be a filament connecting

the subcluster to the main cluster.

2.3.2 The KAT-7 observations

The KAT-7 observations were conducted between July 2013 and May 2014 during a total of

18 sessions. Among these 18 sessions, 14 were done at night and 4 during the day. These
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Figure 2.4: An overview of the Virgo Cluster (top) and the observed region (bottom). The
contours show the X-ray emitting gas at 0.5 — 2.0 keV from ROSAT (Bohringer et al.|[1994]).

The blue rectangle marks out the observed region, zoomed in on the lower panel.
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latter 4 sessions, because of the solar interferences, are unusable so only 14 sessions are
accounted for. All observations were centred at a frequency of 1418 MHz and the correlator
mode used, c16n25M4k, provided a total bandwidth of 25 MHz, covering the velocity range
—2115 to 3179kms~!. The correlator contains 4096 channels, each channel being 6.1 kHz
wide or 1.28kms~!.

The observation technique used at the KAT-7 consists in alternating the exposures be-
tween the target and a phase calibrator, and a flux calibrator was observed two or three
times per session. The phase calibrator was observed every 20 min or so, to constantly keep
an eye on the phase variations during the session. The choice of the different calibrators,
given in Table lies on their angular distance from the target and their quality status as
given by the ATCA Calibrator Databas and the VLA Calibrator Manuaﬂ The calibrator
must be as close as possible to the target, and have a good quality rating in the 21cm L-band.
And since the two telescopes are in different hemispheres (e.g., the WSRT calibrator 3C 147
is not visible to KAT-7), a same flux calibrator could not be used for the both observations.

We performed a total of three pointings to cover the desired field, uniformly separated
and following the direction of the objects NGC4424 — M49 (see Fig. . The upper pointing
was observed for ~ 30 hrs split in 6 sessions, while the two others were given 24 hrs each
during a total of 8 sessions. This is because initially, the observations were focused on NGC
4424 and its HI tail. However, to have a complete view of the tail and to probe the whole
region between the galaxy and the elliptical M49, the upper pointing was later expanded to
a mosaic. But given that the observations were limited by the availability of sources on the
sky and the availability of the telescope, the extra two mosaic pointings could not receive

as much time as the first.

2.3.3 The WSRT observations

A total of 4 sessions of 12h observation each were conducted in April 2006 with the WSRT.
An individual pointing was observed during each session; two calibrators were also observed,
3C 147 and CTD 93. Because the phase of the WSRT system is quite stable, the calibrators
were observed only at the beginning and at the end of the individual observations. To be
more sensitive to extended features, the Maxi-Short configuration (see section was
adopted for the observations, and the centre of the individual pointings were chosen such
that the sensitivity is uniform across the field (see Fig. [2.5). The L-band correlator used
provides a 20 MHz band split over 1024 channels, i.e, 4.1kms™! per channel.

2.3.4 Sensitivity

Despite the difference in the observing times with the two telescopes as listed in Table

and given the difference in the respective beams, the observations allowed us to approach

*http://www.narrabri.atnf.csiro.au/calibrators/
Thttps://science.nrao.edu/facilities/vla/docs/manuals/cal
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Table 2.2: Summary of the different observations. The pointings of the KAT-7 observations
received different observing time due to source and time availability (see text).

Parameter \ KAT-7 \ WSRT
Central frequency 1418.0 MHz 1415.6 MHz
Number of mosaic pointings 3 4

upper: ~ 30h
Integration time per pointing central: 24h 12h

lower: 24h

Total integration time ~ 78h 48h
Velocity range ~ -2115 - 3179kms~! | ~ -1030 — 2800 kms~*
Total bandwidth 25 MHz 20 MHz
Number of channels 4096 1024
Channel bandwidth 6.1 kHz - 1.28 kms™" | 19.5 kHz - 4.13 kms™!
Flux calibrators PKS 1934-638 & 3C 286 3C 147
Phase calibrator 12544116 CTD 93
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similar column density sensitivities after smoothing the data. This will be discussed in much
depth in section



Chapter 3

Data reduction

We discuss in this chapter the reduction of the observations described in the previous chapter.
The very first step of these reductions is the data flagging. This consists in removing the
data affected by radio frequency interference (RFI) discussed in section We dedicate
section [3.1] discussing the flagging process, before describing in section [3.2] the techniques

used to calibrate the data.

3.1 RFI flagging

3.1.1 KAT-7 data flagging

As mentioned before, the KAT-7 is still in the commissioning phase and the RFI monitoring
is still ongoing. Therefore special care needs to be given to the inspection of the data
beforehand. We started by applying an automatic flagging routine to remove data affected
by antenna shadowing. These are effects caused by the fact that an antenna being in front of
another one in the direction of the source may screen the latter if the altitude of the source is
low and the baseline short enough for this to happen. Because the system temperature of the
receiver increases for observations at low elevations, we discarded the data of the calibrators
below 20° in elevation, and removed two bad channels located outside the desired frequency
range. We then proceeded to further visual examination of the data along the frequency and
baseline axes, during which we performed manual flagging. Several tests were performed
during the manual flagging to ensure the minimisation of the artifacts and baseline-based
interferences. The most recurrent RFI was certainly a system-generated narrow RFI, that
affected all baselines with a constant amplitude. It occurred at 1408 MHz and spanned
two channels, i.e, 12.2 kHz or 2.56kms~'. Luckily, besides being very narrow, this was
outside the spectral region of interest and was easily removed. Another noticeable RFI was,
this time, broader and baseline-based (probably system-generated). It occurred on short
baselines such as ANT3-ANT4 and ANT4-ANT5. It mostly affected the beginning and end
of the observations, although the elevations were high enough (> 20°). Also, the Galactic

21
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Hi1 was — as one would expect — constantly present in the data and although we did not flag

it, special care was taken to suppress its effects on the sources of interest (see section [3.2.1)).

3.1.2 WSRT data flagging

The WSRT data was quite stable over time, and not much flagging were done. Only an

automatic flagging was performed to remove data affected by antenna shadowing.

3.2 Calibration

In this section we briefly describe the main steps adopted to reduce the datasets from both
telescopes. Different packages (namely cASA and MIRIAD ) were used in this work to reduce
the data from the two arrays. This is because data reduction pipelines were previously
developed for the two telescopes based on these packages. We will not go into much detail
regarding the procedures, since extensive materials exist online regarding data reduction
with casall and MiriaDf]

3.2.1 KAT-7 data

The entire reduction process of the KAT-7 data was done using the CASA software (Common
Astronomy Software Applications) version 4.1.0. The different steps described in this section
are, unless stated otherwise, applied to single observations.

As mentioned in section three VLA calibrators were observed during the sessions.
These are PKS 1934-638 and 3C286 (a single source was observed at a time, depending on
the availability) for the bandpass calibration, and 1254+116 for the phase calibration. The
former two are generally used as flux calibrators and for this reason, a model is available
for each of them in CASA along with their standard fluxes. The standard flux values used
in the present work are those of |Perley & Butler| (2013]). cAsSA task SETJY allows to specify
this.

After the flagging process, we first set up the values of the keywords MEAS_FREQ_REF and
REF_FREQUENCY in the SPECTRAL_WINDOWS of the data sets tables to ensure a proper velocity
coordinates along the frequency axis. This is because KAT-7 does not use Doppler tracking
and CASA does not fully recognise frequency keywords. Next the datasets were individually
averaged over 4 channels (~ 5.1 kms~!) and 20s in time to increase the signal-to-noise ratio.
We furthermore removed the channels at the edges of the spectral axes of the data, where
the amplitude falls off due to low sensitivity (~ 150 channels each side). This helps minimise
the bad data flagging rate when applying the calibrations.

The preliminary steps executed were the initial phase calibrations. Because the obser-
vations were done on a broad range of time, the sources were observed at quite different

elevations. This could induce variations on the gain of the bandpass calibrator from a scan

*http://casa.nrao.edu/
Thttp:/ /www.atnf.csiro.au/computing /software /miriad /
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to another. Since one wants to prevent as much as possible the biases when computing the
bandpass solutions (described below), it becomes necessary to initially calibrate the phase.
In other words, we reduce as much as possible the phase variations with time. This was
done with the task GAINCAL with the phase only calibration mode (calmode = ’p?).

Next, a bandpass solution was determined by either solving for a complex gain in each
channel, or by fitting the bandpass with a fifth order polynomial as a function of frequency
channels. These solution types are known as B and BPOLY modes and are handled with the
parameter bandtype. They are only function of frequency — not time — with the approxi-
mation that they are constant or slowly varying. In determining the solutions, we excluded
the region of the spectrum dominated by the Galactic HI emission. The BPOLY type were
applied only in those cases where the B mode had failed, mostly due to a large fraction of
the data being previously flagged.

Having determined the bandpass solutions, we then calibrated the antenna-based gains
as a function of time. This consists of using the previously determined solutions to derive
corrections for the complex antenna gains as a function of time, for both targets and calibra-
tors. GAINCAL was once again used to perform this, this time using the amplitude and phase
calibration mode (calmode = ’ap’). These solutions, along with the "bandpass" solutions,
are written in separated tables which will later be applied to the targets visibilities.

The last step before applying the calibrations to the targets of interest is to determine
the "true" flux density of the phase calibrator. In other words, we scale the flux of the phase
calibrator using the flux calibrator as reference, since the latter’s flux is catalogued and has
been previously set using SETJY. To this end we used the task FLUXSCALE, which writes a
new table containing the actual flux values. This table, along with the ones containing the
solutions previously determined, are then applied to the targets using the task APPLYCAL.

After applying the different calibration tables, the targets were SPLIT from the calibration
sources. To those individual targets, a continuum subtraction was performed to get rid of
the continuum sources in the field. Two strong continuum sources were present in the region:
M49 which lies in the bottom pointing and M87 located ~ 3° north the centre of the field.
The continuum subtraction was done using the task UVCONTSUB, and a linear continuum
model was fitted on the line-free frequency channels.

To avoid any ambiguity in the spectral coordinates in the output images, we set the
output frame to optical, barycentric frame using the task CVEL.

At this step, the individual datasets were completely calibrated and were just waiting
to be put together. We combined them into a single measurement set using CONCAT. And
once again, a spectral smoothing was performed from a channel width of ~ 5.1kms™! to
~ 15.2kms~!. Tt is the latter measurement set that will later be imaged (section [3.3.2).

3.2.2 WSRT data

A preliminary step was taken, after importing the WSRT data to MIRIAD, to perform an
initial system temperature (Tiys) correction manually to the data, and set the reference

frequency (restfreq keyword) with the PUTHD task.
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The overall calibration scheme adopted for the WSRT data was somewhat different from
the one used for the KAT-7 data with the major difference lying in the way the phase was
calibrated. In the following we will only focus on this phase calibration.

Unlike the KAT-7 data reduction, the WSRT data reduction made use of a single cali-
bration source. This is because the target fields were used to calibrate themselves, through
a self-calibration process. After applying the bandpass and gain calibrations (like previously
done for the KAT-7 data) to the data, a polynomial was fitted and extracted from it. This
continuum visibility set was then imaged using the INVERT task and iteratively deconvolved
(CLEANed, see below) until the output continuum map was satisfactory. Then the con-
tinuum data was self-calibrated — with the SELFCAL task — using the CLEAN continuum
map as model. Then the gain solutions were copied and applied to the bandpass- and gain-
calibrated line data. A second order polynomial was finally fitted to the continuum and
subtracted from the line data.

As a last step, the bandpass edges were cut off the line data (~ 10% on each side) and
a spectral Hanning smoothing was applied over every 4 channels , i.e, from a 4.12kms™! to

a 16.49kms~! resolution.

3.3 From UV data to image cube

Once the calibration appeared successful, the calibrated measurement sets were converted
into images. Though the principle is the same for the two datasets, the methods used to
achieve this are somewhat different since one is using two different packages. Before we
discuss separately the methods adopted to image the two calibrated datasets, it is necessary

to describe the theory of the image reconstruction principle.

3.3.1 The theory
This is generally a three-step process (see |Cornwell|[1995):

e A dirty image construction. This consists of applying a Fourier transform (FT, here-
after) to the measurement sets, to convert the data from the visibility (u,v) plane to
the image (z,y) plane. If V and I are respectively the visibility and the sky brightness,
then the functions V(u,v) and I(z,y) form a Fourier pair; that is, one can convert
from one to the other. Practically, the visibility observed is not the true visibility
but instead a noisy and sampled visibility S(u,v)V (u,v), where S(u,v) is the sam-
pling function. The FT of this sampled visibility therefore provides a dirty image I”
written

ID(x,y) =F! (S(u,v)V(u,v)) (3.1)

This dirty image may also be seen as the convolution of the true image I with the

synthesised dirty beam B:

IP(z,y) = B(x,y) * I(x,y) (3.2)
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The dirty beam B, also called point spread function (PSF), is the FT of the sampling
function, i.e, B(z,y) = F~1(S(u,v)). It is the response of the interferometer to a

point-like source.

The shape of the dirty image depends on the dirty beam which in turn, is function of

the sampling function S; moreover, the sampling function is related to the weight w
S(u,v) = > wy 6(u — ug) §(v — vy (3.3)
k

where 0 is the Dirac delta function. Therefore, the characteristics of the dirty image
depend on the weighting mode given to the sampling, i.e., the weights by which each
visibility is multiplied before gridding. Several weighting modes exist to date, with
the most popular being the natural, the uniform and the robust modes (Sramek &
Schwab| (1989, Briggs||1995). The natural weighting scheme minimises the noise in the
dirty image by affecting a higher weight to the shorter baselines to the detriment
of the longer ones. While this offers an optimum signal-to-noise, a drawback of this
weighting mode is the resulting strong sidelobes around the bright sources and a lower
spatial resolution. On the other hand, the uniform weighting mode — which gives the
same weight to every baseline — reduces the sidelobe level and gives a better resolution
to the image, but also gives a higher noise level. As for the robust weighting scheme,
this is an intermediate mode that offers an adjustable parameter — the robustness
R — that varies between —2.0 (close to uniform weighting) and 2.0 (close to natural
weighting). This latter mode is known in CASA as the Briggs mode, and R is the

robust parameter.

e The deconvolution. This second step serves to correct for the sampling effects in the
image plane. The most widely used deconvolution algorithm in radio interferometry,
which is also used in the present work, is the CLEAN algorithm (Hogbom||1974).
To minimise the computation time, the algorithm approximates the sky brightness
distribution to a finite number of point sources and that the surrounding region of the
sky is "empty"; it then finds the position and the intensity of the peak in the dirty
image I”(x,y) and shifts the dirty beam on it. Next it subtracts from it a fraction of
the dirty beam B(z,y), and iteratively repeats the process by selecting fainter peaks
until either the desired noise level or the maximum number of iteration is reached.
However in practice, since one wants to limit the computation time and seeks for a
convergent solution (i.e., we want the iterations to stop only when the desired noise
is reached), it is more suitable to manually select the bright sources to be CLEANed.
This is detailed below. Another case in which this is useful is when the source has a

complex morphology and the sidelobes are strong in the dirty image.

At the end, the CLEANed sources are convolved with a Gaussian approximation of
the central peak in the dirty beam (not the dirty beam) and added to the residual
noise image to form the CLEAN map.
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e The last step of the process is the self-calibration. Because the visibility measurements
obtained are subject to atmospheric and instrumental errors which may cause phase
fluctuations, this last step may be needed to correct for these, especially for long
baseline arrays where fluctuations in phase are more significant. It consists in finding,
from the data, a model of the source being observed. This model is then used to

calibrate the actual data on the source.

3.3.2 KAT-7 data synthesis imaging

The imaging and deconvolution of the measurement set in CASA was achieved with a single
task: CLEAN. The phase centre was set to the centre of the field, i.e at J2000 coordinates
(121 28™ 30.5%, +08°43/00”) in a mosaic mode. Once again, the reference frequency (cor-
responding to the HI line rest frequency) was set to ensure proper spectral coordinates.
The robust weighting scheme was used to construct the dirty image, with a robustness
R = 0. This allows us to achieve a good compromise between resolution and sensitivity,
and produces moderate sidelobes. In search for low surface brightness extended structures,
the appropriate weighting scheme to adopt would be the natural weighting. However, this
produced a low resolution image dominated by sidelobes. Furthermore, to obtain a good
representation of the u,v plane, the cell size (or pixel size) was chosen to be 55", i.e, approx-
imately the third of the beam width along the minor axis of the beam. This resulted in a
dirty image made of 256 pixels per spatial axis and 250 channels.

After visual inspection of the dirty cube, the CLEAN algorithm was then used to inter-
actively deconvolve the dirty image. This was done using a mask to select (by hand) regions
of HI emission throughout the frequency axis. After each major cycle, since the sidelobes
become fainter after each iteration, fainter emissions appear in the image and the mask was
further expanded to cover those emission regions. After this process a final mask was created
and saved, which was later used to reproduce the CLEAN image cube in a non-interactive

mode.

KAT-7 image cube

The CLEAN image is a mosaic of three different pointings covering a sky region of ~ 1.8°
wide in Right ascension and ~ 2.6° in Declination. In velocity, it covers a range of —1465
to 2350kms~! at a resolution of 15kms™'. Since the individual pointings had different
observing time (see hence different sensitivity, the final sensitivity of the cube is a
combination of the different weighted signal-to-noise ratios. This is ~ 2.5mJybeam™",
which, as expected, is slightly higher than the theoretical noise of ~ 2.1 mJybeam™! (see
Fig. [2.2). Table summarises the parameters of the KAT-7 image cube.

3.3.3 WSRT data synthesis imaging

The image formation from the WSRT visibility data was done with the INVERT task in
MIRIAD. This performs a FT of the data from the visibility plane to the image plane, as
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described in section A cell size of 5" was chosen, and a dirty image cube was produced
in a mosaic mode. Here again, the weighting mode adopted was the robust mode, with a
robustness R = 0.5. The WSRT synthesised beam is elongated in the North-South direction
because of the Fast-West orientation of the array. This affects the output image, especially
the compact sources which tend also to be elongated in the same direction. We reduced this
effect by applying a symmetric Gaussian taper of FWHM = 30" (or ~ 3k in the u,v plane)
to the visibility data. This improves the SNR of the data, at the expense of the resolution.

In the Fourier Transform process, INVERT produces, along with the dirty image cube,
a (synthesised) beam map. But unlike the CLEAN task in CASA which produces a beam
dataset for each plane of a cube, INVERT produces a single beam map for all the planes.
In doing so, the task requires all the planes in a given visibility to be unflagged which,
for the present data, is too restrictive. A large fraction of the data were therefore rejected
when imaging. To correct for this, we set a tolerance of 10% using the slop parameter.
That is, for a visibility to be rejected, the fraction of bad channels in it must be > 10%.
In cases where the fraction is non-zero and less than one, then a linear interpolation was
performed to replace the flagged channels. To achieve this, the parameter was set to slop =
0.1,interpolate. This method brought the fraction of rejected visibilities to a negligible
value.

Next, the MIRIAD task CLEAN was used to deconvolve the dirty cube. But since the task
does not offer an interactive CLEANing mode, CGCURS was beforehand used to write a mask
file by manually selecting regions of HI emission along the planes. This mask file, along
with the dirty map and dirty beam produced earlier, were the input to the CLEAN task.
The iterations were constrained by the noise level (i.e the maximum number of iterations
were set very high), and we ensured that there was a converging solution on each CLEANed
plane. As output, we had a map containing the CLEAN components that was later added
to the residual using the task RESTOR.

WSRT image cube

The resulting data cube covers the region (12" 32™ 00°, +-07° 32" 00”) to (12" 24™ 45%, 4-09° 55’ 00),
that is, 1.8° in R.A and 2.3° in Dec. The total area covered is a little smaller than that

covered in the KAT-7 data, and its rms noise is ~ 0.35 mJy beam™!.

The cube contains
1232 x 1642 pixels per channel, with each pixel being 5’ x 5” and the channel width is

16.5kms™!. The restoring beam of the cube is 0.6’ x 2.9" (see Table 3.1] for a summary).

3.4 Combining KAT-7 and WSRT data

While the rms noise in the KAT-7 data is ~ 2.5mJy beam ™!, that in the WSRT is much
smaller, ~ 0.35mJy beam~!. Since the weight applied to the datasets during combination
goes as 1/02 ., the WSRT data ends up having a much larger weight relative to the KAT-7

data. In fact, if I, wi are respectively the intensity and weight of a given pixel in the
KAT-7 data and Iy, wy those of the corresponding pixel in the WSRT data, the intensity
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Table 3.1: Summary of the KAT-7 and WSRT image cubes.

Parameter \ KAT-7 \ WSRT
Weighting function Robust = 0 Robust = 0.5
Channel width 15.2kms™! 16.5kms!
FWHM of synthesized beam 4.4" x 3.1 2.9 x 0.6'
Position Angle of synthesized beam ~ —8° ~ 1°

Map gridding 55" x 55" 5" x 5"
Map size 256 x 256 1232 x 1642
RMS noise 2.5mJybeam~! | 0.35mJy beam ™!

the corresponding pixel in the resulting combined data is

_ Ixwg + Iw ww

I.
Wg + Wy

(3.4)

2

So, for w o< 1/02 ., wi < ww and I. ~ Iy .

Therefore, the traditional combination in the u, v plane using the MIRIAD task INVERT
results in a largely WSRT feature-dominated data, with the KAT-7 features being essentially
nonexistent. To avoid this, we performed the combination in the image plane. In this section
we describe the procedure we adopted to combine the KAT-7 and WSRT data, to obtain
greater detail of the tail seen in NGC 4424.

Although the two datasets have different noise sensitivities, their u, v coverages are also
different (see Fig. [3.2). The ratio between the rms noises is more or less equal to the ratio
between the respective synthesised beam areas.

Also, the column density of a source is given by

NHI 21 bmin bmaj ! Ill-i]
— | =11x10 —_— ! 3.5
(atoms cm2> arcsec? mJy beam~! kms—1! (8:5)

where bmin and bma.;j are respectively the minor and major FWHM of the synthesised (or

dirty) beam, and Iﬁf the HI intensity of a pixel of coordinates (,j). It is clear that the
column density is proportional to the flux and inversely proportional to the beam area.
Therefore, the two datasets end up having the same order of column density sensitivity (see
section . The most convenient way of combining them is by first converting the cubes
into the units of column density per unit velocity. The whole process was done in MIRIAD.

The continuum-subtracted and non-regridded KAT-7 data of section (data before
applying the CVEL task) was first exported from CASA to MIRIAD in UVFITS format. The
regridding from topocentric to barycentric frame of the velocity axis using the CASA task
CVEL causes a variation in the channel width, producing a problem when exporting the data
with EXPORTUVFITS.

Once imported into MIRIAD, the velocity axis of the KAT-7 u,v data was modified to
match that of the WSRT data in velocity range and width. An image was then produced
in mosaic mode with a cell size of 5”7, same size as in the WSRT cube. The spatial centre

of the mosaic was set to be that of the WSRT cube, and a gaussian taper of 30" was also
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Figure 3.1: KAT-7 (left) and WSRT (right) uv coverage. Notice the narrowness of the range
of values along the v axis on the KAT-7 panel.

applied. The resulting cube was then CLEANed using the MOSSDI task and the dirty beam
produced during the image formation, as described in section Nonetheless, the new
KAT-7 cube is spatially larger than that of the WSRT; we then used REGRID to regrid the
spatial axes of the WSRT cube to the KAT-7 new cube.

At this stage, both image cubes have the same dimensions, coordinate grids, reference
pixel and pixel size. This way, any pixel in one cube has the same world coordinates as its
corresponding pixel in the other cube. Equation [3.5 was then used, with the MATHS task, to
convert them into column density cubes. Since the cubes had initially units of flux and Eq.
[3:5] uses integrated flux, the output cubes have in reality units of column density per unit
velocity that is, units of atomscem ™2 (kms~!)~!. The rms noise levels are 5.6 x 10*® and
6.3 x 10*¢ atoms cm =2 (kms~1)~! respectively in the output KAT-7 and WSRT data cubes,
that is, a weight ratio of the variances of 1.26.

Finally, the MATHS task was once again used to linearly combine the two data cubes, with

the expression
1261k + Iw

2

The rms noise in this final cube is 4.8 x 106 atomscm ™2 (kms™1)

I, (3.6)

-1
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Figure 3.2: An overplot of the wv coverage of the two datasets. The black lines are the
WSRT coverage and the red are the KAT-7’s.



Chapter 4

Results

The reduction of the H1 data allowed the detection of galaxies in the field. In Table
we present a list of these detections, together with their signal-to-noise ratio (SNR) defined
as SNR = fpeak/0rms. fpeak is the peak signal of the source and oyms the rms noise in the
image cube containing the source. In this chapter we present the reduced data as well as

the methods used to obtain the HI properties of the detections.

Table 4.1: List of detected objects.
(1) Object name.
(2) J2000 coordinates.
(3) Morphological type from LEDA.
(4) Signal-to-noise ratio.
Object R.A Dec. Type SNR
(1) (2) 3) 4)
NGC 4424 1227 11.6 09 25 14 SBa 4.2

NGC 4451 1228 40.5 09 15 31 Sab 3.1
NGC 4470 12 29 37.8 07 49 27 Sa 6.2
UGC 7590 12 28 18.8 08 43 46 Sbe 5.7
Cloud 7c 12 3025.8 0928 01 HI cloud 3.1
NGC 4411A 1226 30.0 08 52 18 Sc 11.7
NGC 4411B 1226 47.2 08 53 04 Sc 19.9
UGC 7557 12 27 11.1 07 15 47 Sm 5.9
NGC 4416 12 26 46.7 07 55 08 Sc 14

The locations of these detections with respect to the Virgo cluster are given in Figure
41l

4.1 Moment maps

From the CLEANed cubes previously obtained, we generated the zeroth and first moment
maps using the MIRIAD task MOMENT. These correspond to the total integrated H1 maps and

velocity fields, respectively.

31
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Figure 4.1: Left: X-ray map of the Virgo Cluster (0.5 — 2.0 keV, ROSAT, |Bohringer et al.
1994)). The circle shows the virial radius of the cluster (~ 3.7°) around M87, and the box is
the region observed in the present work. Right: A zoomed-in in the observed region to show
the locations of the detections. The circled dots delimit the virial radius of the cluster.

4.1.1 Total integrated map

The total integrated map was obtained by integrating the intensity in the column-density-

converted data cubes over spatial and spectral regions containing HI emission:

n
Il = Sk(i,j) x Avg (4.1)
k
with & being the k-th channel and n the total number of channels over which the integration
is done; Si(%,j) and Awvy are respectively the intensity of the pixel (¢,7) on channel k in
atomscm ™2 (kms~!)~1, and the velocity gap between channels k and k + 1 in atoms cm™2.
The integrated intensity map has units of atomscm™2.

More practically, we started by manually drawing plane-by-plane regions to enclose the
emission features in a smoothed version of the datacube. The regions were drawn using a 3¢
confidence level. Pixels outside these defined regions were blanked, to isolate the emission
from noise. Channels of the original cube in which regions were defined (i.e, those containing
emission) were then added together to build up the integrated maps.

These integrated maps were then corrected for the primary beam effect. In fact, during
observations, the sensitivity is highest at the centres of the pointings. Since the primary
beam of the telescopes are gaussian-shaped, the sensitivity falls off when moving to the
peripheries of the beam. Thus, at the edge of the beam, only 50% of the true signal is

observed. Since we need a uniformity in the sensitivity distribution across the map, we need
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to correct for this effect. This is done using the MIRIAD task LINMOS. We end up with a
non-uniform noise level across the maps, with highest values in the outer parts, but it allows
us to measure the correct HI flux of the objects across the entire mosaic.

Over 16.5kms™!, the reached column density sensitivities in the maps are 9.2 x 107,
1.0 x 10'® and 7.9 x 10'7 atoms cm ™2, respectively for the KAT-7, WSRT and combined

data. The column density maps of the different detections are presented in the appendix.

4.1.2 Velocity fields

The velocity field (or intensity-weighted velocity) map contains the velocity distribution in
the image cube. It is obtained (still in MIRIAD) by

w Sk(i, J) X vk

ZZ Sk(lvj)

(vi) = (1.2)
where vy, is the velocity in channel k.

Using the same CLEANed image cubes and the regions of section we computed the
first moment maps for the different datasets.

Because of the limited resolution in the maps, the velocity dispersion fields (moment 2
maps) were not computed. An example of integrated map and velocity fields of NGC 4424
for the higher resolution (WSRT) image cubes are given in Fig. The data cubes used
to produce the maps were obtained with a cell size of 10 x 10” (instead of 5 x 5" as listed in
Table to reduce the scatter in the first moment map. This was done by producing new
cubes from the same data, but setting now the cell size to 10”.

4.1.3 The combined KAT-7 + WSRT data

As mentioned in section [3:4] the main goal of combining the two observations is to achieve a
better sensitivity that will allow us to detect the fainter structures. In the case of the galaxy
NGC 4424, we seek to map the full extent of the H1 tail.

To show the improvement of the data after combination, we show in Fig. a comparison
of the H1 map of NGC 4424 as obtained in the three different datasets. While the tail is
seen in the KAT-7 data, its lower end is not detected in the WSRT data. When combined,
the data reveal the structure of the tail with a better sensitivity. Compared to the map from
the WSRT data in Fig. [£:2] the last panel of Fig. [£.3]shows a tail that is much better seen
in the combined data. Assuming a distance of 15.2 Mpc to the galaxy (Cortés et al.[2008]),
the tail extends out to ~ 60 kpc from the main envelope. In previous VLA observations of
the galaxy by |Chung et al.|(2007) down to ~ 2 x 10 atoms cm ™2, only ~ 20 kpc of tail was
seen. The present observations then reveal an Hi tail three times longer than previously

observed.
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Figure 4.2: Intensity map (left) and velocity field (right) of NGC 4424 from the WSRT data.
The contours of the intensity map are taken at 0.75 (30), 1.5, 3.0, 6.0, 12.0x 10*® atoms cm 2.
The white contours of the velocity fields are 413, 423, 433, 443, 453kms~".

4.2 HI metrics

In this section we use the obtained HI cubes and maps to derive the HI parameters of the
detections listed in Table L1}

4.2.1 Hi1 diameter

The size of a galaxy is usually estimated at a surface density of 1 M pc~2, that is, a column

density level of 1.25 x 10%° atoms cm ™2,

However, our sample of galaxies contains small
objects which peak at column densities lower than 1.25 x 10%° atoms cm™2; for instance, the
column density of NGC 4424 peaks at ~ 1.2 x 10?Y atoms cm 2. Therefore, we measured the
Hi diameter of all objects in the sample at a column density isophote of 2 x 10" atoms cm 2.

To estimate the size of the galaxies, we fit a two-dimensional Gaussian to the integrated
maps of the objects by considering the aforementioned HI column density isophote. This
was done using the IMFIT task in MIRIAD. These diameters will later be used to determine

the mean HI surface density (section |4.2.3]).

420

km/s
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4.2.2 Hi1 mass

The H1 masses of the individual objects detected in the HI maps were computed using the

MHI 5 D 2 IHI
= 2. 1 4.
(M@) 5610 (Mp0> (Jykmsl> (43)

where D is the redshift-independent distance to the object in Mpc (see , and [y its
total integrated flux. In Table we list the HI mass of the detections as derived from the
observations. The KAT-7 image cube was used to obtain these HI masses, except for the
unresolved galaxies NGC 4411 A&B, for which the WSRT cube was used. The uncertainties

on the mass, oz, was obtained from an error propagation:

1/2
o\ op\? /
1

where the error oy, on the integrated flux is obtained from the measurement and the error

equation

op on the distance is estimated to be ~ 10% of the distance.

We also list in the last column of Table[f.2] for comparison, the HI mass of the detections
as found in the literature (ALFALF for most, except for the galaxies UGC 7590 and UGC
7557 where the GOLDMine databastﬂ was used to retrieve the data). For five (5) out of the
nine (9) objects, the derived HI mass is consistent with the literature value. The HI mass of
UGC 7590 is larger by a factor of 2, compared to the value listed on the GOLDMine database.
For the galaxies NGC 4411A, UGC 7557 and NGC 4470, the H1 masses derived in this work
are lower, probably suggesting that we are missing some flux in the measurement. However,
for the latter galaxy, the GOLDMine database lists an HI mass of My, ., = 4.26 x 108 Mg

which is consistent with our derived mass.

4.2.3 Mean Hi1i Surface Density

Another critical parameter in estimating the H1 content of a galaxy is the HI surface density

3, or the HI mass per unit area. We calculated the mean H1 surface density by

Y _ (Mu:/Mg)
(3ropes) - = (Dru/po)? 45)

with My, being the HI mass enclosed in a diameter Dy, as measured in section
Applying an error propagation on equation [L.5] we obtain the uncertainty on the HI

surface density to be
1/2

(i) () | 49

An uncertainty of op,, ~ 10% was considered for the measured H1 diameter of the galaxies.

Osu = Y

YHaynes et al.|[2011
Gavazzi et al.|2003
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The Hi1 surface densities of the detections as well as their uncertainty is listed in Table

Table 4.2: HI mass and surface density of the detections.

Object R.A Dec. MHI O M, EHI O, MHIlit
J2000 108M® M@ pCi2 ].OSM@

NGC 4424 1227116 092514 1.88 0.45 0.49 0.15 2.19*
NGC 4451 1228 40.5 091531 398 127 0.14 0.05 3.55%
NGC 4470 1229378 074927 3.16 1.07 0.41 0.15 10.00*
UGC 7590 1228 18.8 084346 28.05 851 1.93 0.70 16.59"
Cloud 7c 1230258 092801 199 049 0.71 0.21 1.78%
NGC 4411A 1226 30.0 085218 1.58 0.34 4.05 1.18 10.23*
NGC 4411B 1226 472 085304 1585 1.12 7.95 229 13.18
UGC 7557 1227 11.1 071547 412 091 0.80 0.24 26.91°
NGC 4416 1226 46.7 075508 399 034 532 166 2.69°

References are:
a) ALFALFA, Haynes et al.|[2011
b) GOLDMine, (Gavazzi et al.[2003

4.3 HI line widths and maximum rotation velocities

The HI line width (or velocity width) is defined as the distance (in velocity unit) between
two points on opposite edges of the HI profile taken at some intensity level, commonly at
20% or 50% of the peak flux. In the same context, the systemic velocity is nothing but the
halfway between the aforementioned points.

We derive, from the CLEANed image cube previously obtained, the velocity width for the
individual detected objects. This is done by first extracting the spectrum of the individual
objects along the velocity axis, and according to the shape of the profile (either single or

double horn), applying one of the two algorithms described below:

4.3.1 Method 1: Gaussian fit for single-horn profiles
Velocity width

This method is the most straightforward and consists in applying a gaussian fit to the profile.
We use this method only on single-horn profiles. First the peak flux is identified and the 50%
flux level is estimated from it. From the fitted profile we determine the velocities v; and v,
respectively on the left and right edges of the profile at the 50% level, where the broadening
effects are less pronounced. The width Wx5q at 50% flux level is then W5y = v, — v; and
the systemic velocity is given by vsys = (v; +vy,)/2. We afterwards apply a correction 6Wsq
to the linewidth for the broadening effects. For this purpose, we followed the descriptions

given by |Verheijen & Sancisi (2001)) and used the equation

Wsp = 0.vV/31n 2 [1 A J1- (24202)2] (4.7)
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where R is the velocity resolution of the image cube and o, is the dispersion of the observed
(broadened) Gaussian. Because a spectral Hanning smoothing has been applied to the
spectra, the observed profile is the convolution of the "real" profile with the smoothing
function. Therefore o, = \/0§ + 0% is the combination of the dispersion of the "real" profile
(00) and that induced by the Hanning smoothing (o0 = R/v8In2). The instrumental

effect-corrected width, W; is then written
Ws0,i = Wso — 6Wso. (4.8)

This resulted in a typical broadening of less than 10% in both the KAT-7 and WSRT data
cubes.
The gaussian fit is illustrated in Figure [£.4] for the profile of the galaxy NGC 4424.

4.3.2 Method 2: Polynomial fit
Velocity width

The Gaussian fit to HI lines works best for single-peaked profiles, which are the exception, not
the rule for most galaxies. In fact, the majority of galaxies (except face-on and often dwarf
galaxies) have a double-peaked profile caused by double side — approaching and receding —
rotation, combined with little H1 at the systemic velocity due to the large velocity gradient.
Because these profiles are poorly described by Gaussian curves, applying the above method
may lead to an inaccurate estimation of the velocity width. Instead, we apply to those
objects the method described in [Haynes et al.| (1999)) and more discussed in [Springob et al.
(2005). This widely used method (see e.g. |Schueider et al.|1986, |(Chengalur et al.|1993| Dale
et al.[|1998) considers the two peaks of the profile individually and therefore, provides a
better representation of the velocity width. It consists in fitting a first order polynomial at
both rising sides of the profile over a flux value ranging from 15% to 85% of the peak flux f,
minus the rms noise in the cube, f, —rms. The subtraction of the rms noise from the peak
flux is to minimise the dependence of the velocity width on the signal-to-noise ratio (SNR)
of the spectrum (Springob et al.[[2005). The velocities V,, and V; are then interpolated on
the fitted line at the 50% level of f, —rms. As in the previous case, one must also correct the
observed width Wj for instrumental effects (6W;), cosmological broadening (6W,) and the
effects of turbulent motions (6W;). For the instrumental corrections, we followed [Springob
et al.| (2005)) and used

oW = 2)\Av (4.9)

where Av is the resolution of the instrument. The broadening of the width measurement A
is function of both the SNR of the spectrum and Av, and is given in Springob et al.[ (2005]).
Like the authors, we adopted 6W, = 6.5kms™'. An example of the fit for the galaxy UGC
7590 is shown in Figure [{.7]



4.3 HI line widths and maximum rotation velocities 38

4.3.3 Maximum rotation velocity

The linewidth is tightly related to the rotation of the galaxy, and in this section we attempt
to use it to derive the maximum rotation velocity. The width previously determined has only
been corrected for instrumental broadening. In reality, the observed width is also stretched
with redshift z, and one has to account for that fact. This effect is often referred to as the

cosmological broadening and is corrected for as

Wio,i
1+2°

Wso,» = (4.10)
Since the galaxies in the Virgo Cluster are local galaxies (very low redshift), this correction
is negligible.

The final step before deriving the maximum velocity of the objects from their respective
linewidths is to apply a correction accounting for the broadening caused by turbulent and
random motions. To this end, we adopt the quadratic equation given by Tully & Fouqué
(11985)

ngz,So = W§07z+Wt%50_2 Wis0,2 Wt 50 [1 — o= (Ws0.:/We50)* | _o Wt%50 e~ (Wso./We 50)* (4.11)

where W 50 is the turbulent-corrected profile width, W; 509 the broadening caused by (ran-
dom) turbulent motion and the quantity W, 5o provides the transition from linear to quadratic

summation. The turbulent motion is estimated by:
Wis0 = 2kso0, (4.12)

with o, being the dispersion velocity caused by random motions out of the plane of the disk
galaxies and k5o an adjustable parameter. Though many discussions have been going on
about the parameters values ever since (see e.g|Verheijen & Sancisi[2001), we will adopt in the
present work those provided by [Fouqué et al.| (1990) who assumed an isotropic distribution
of the non-circular motions (¢, = o, = 0.) and adopted o, = (124 4) kms™! from Lewis
(1987). They also adopted k5o = 1.13, which corresponds to Wy 59 ~ 27km s~! and finally
a W, 50 typical value of 100kms~!. This reduces Eq. to

W20 =W2, —2TWso, |1 - e*<0-°1W5M>2} — 1458 ¢~ (001 Ws0.)* 4 799 (4.13)

which is solely function of the value of the instrumental-corrected linewidth W ;. Finally,

the maximum rotation velocity is given by

Wr.50
2 sin¢

Umax -

(4.14)

where i is the inclination of the galaxy along the line of sight obtained from HYPERLEDA[]

*http://leda.univ-lyonl.fr
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4.4 Dynamical mass

We next proceeded to derive the dynamical mass of the galaxies. If we approximate the
mass distribution of the galaxies to be spherically symmetric, then the total mass of a

galaxy enclosed in a radius r is given by the equation

Mayn 5 Ve 2 T
=2 1 — 4.1
( Mg ) 5> 10 (kmSﬂ) kpc (4.15)

where v, is the maximum rotation velocity corrected for inclination.

Table 4.3: H1 diameter (along the major axis) and dynamical mass of the detected objects,
in both the KAT-7 and WSRT data.

Object dHI (/) Mdyn/MQ
KAT-7 WSRT | KAT-7 WSRT
NGC 4424 5.1 4.4 9.35 8.98
NGC 4451 7.6 3.2 11.04 10.85
NGC 4470 4.6 — 10.25 -
UGC 7590 4.8 6.5 10.59 10.71
UGC 7557 5.2 - 10.65 -
Cloud 7c 4.1 - 9.50 -
NGC 4411A — 4.0 - 9.75
NGC 4411B — 6.0 - 10.53

4.5 Independent Tully-Fisher distances

The Tully-Fisher relation [Tully & Fisher| (TFr,[1977)) empirically relates the rotation velocity
of a spiral galaxy to its luminosity. The relation provides one of the most reliable secondary
distance indicators, since it is independent of the redshift. The TFr has since been widely
used to determine distances to clusters and single galaxies, and different calibrations in
different bands have been attempted (e.g|Dale et al.[|1998, Haynes et al.[|{1999, |Solanes et al.
2002, Masters et al. [2014a)). In the present work, we use the near infrared J, H and K
bands of the Two Micron All Sky Survey (2MASS, [Jarrett et al.|2000) and the calibrations
of the TFr of Masters et al.|(2014b]) to determine the independent Tully-Fisher distances of
the detected galaxies.

4.5.1 Mid-Infrared photometric data

We obtained the J (1.11 — 1.36 um), H (1.50 — 1.80 um) and K (2.00 — 2.32 yum) "total"
extrapolated photometry and axial ratio of the individual objects from the extended source
catalogue (XSC) of 2MASS (Jarrett et al.[2000). The absolute magnitudes were then derived
by correcting the observed magnitudes as follows (Masters et al.|2014b)):

Mcorrx —5logh:mobs—Ax—Ix+kx—TX (416)
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where X represents the different J, H, K, bands. The corrections for extinction due to the
Milky Way Ax and intrinsic to the galaxy itself Iy, and the redshift k—correction kx were
applied following Masters et al.| (2003]). For the Galactic extinction and redshift corrections
in the different bands, we took (Schlegel et al.||1998):

A;=0902E(B—V) Ay =0576E(B-V) Agx=036TE(B-V) (417
ky=—0.682 kg = —0.40 2 kg =—152z  (4.18)

where the reddening coefficients E(B — V') are from |Schlafly & Finkbeiner| (2011). The

internal extinction is parameterised therein as
Ix =vx log(a/b)x (4.19)

with (a/b)x being the axial ratio of the galaxy in the X band, and yx the extinction law.
Different works such as|Giovanelli et al.| (1994)) and Tully et al.| (2008]) led to different values
of vx, but in the present work we use the values in Masters et al.| (2003) who found a
dependency of vx on (a/b)x.

We further corrected for the different morphological types to an "Sc" type (term Tx)
using the corrections given in [Masters et al.| (2014b). The morphologies of the galaxies in
the present work are taken from HYPERLEDA. These correction terms are function of
the HI line width and have the form Tx = ax, + bx,(logW — 2.5) where constants ax,.
and bx, (not to confuse with the axial ratio of the galaxy) depend on the band X and the

morphological type T of the galaxy, and are given therein.

4.5.2 Distance moduli

The distance modulus of a galaxy is characterised by the difference between its apparent
and absolute magnitudes. In the Mid IR 2MASS bands, the magnitude of a galaxy based
on its rotation is given by (Masters et al.|[2014b):

My, —5logh =—21.370 £ 0.018 — 10.61 £+ 0.12 (log W — 2.5)
My, —5logh = —21.951 4+ 0.017 — 10.65 + 0.11 (log W — 2.5) (4.20)
My, —5logh = —22.188 +0.015 — 10.74 + 0.10 (log W — 2.5)

For every object, the distance modulus in band X is then obtained by
Ux = Mcorrx — MWX (421)

where Moy, 1s from Eq. and My, from Eq. f:20] The distance to the object is finally

Dx

— 100-2px+1 (4.22)
pc
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The values of px and Dx for the detected objects with IR data are given in Table [£.4] For
comparison, we compile in Table the distance to the objects as found in the literature.

For many of the galaxies, the derived distance is lower than what is found in the literature;
for instance, |Cortés et al.| (2008)) reported a distance of 15.2 Mpc for NGC 4424, using the

measurements from the stellar kinematics of the galaxy. This underestimation of the TF

distance is an indication of a disturbed gas kinematics due to the environment (see also
Kenney et al.|2004]).

Table 4.4: Maximum rotation and systemic velocities, and distances of the detected objects
having optical counterpart.

Object Vrot Vgys I D
Helio 3K J H K J H K
kms™! kms™! mag Mpc
NGC 4424 29.3 433 769 | 21.82 22.63 21.81 | 0.23 0.33 0.23
NGC 4451 126.9 864 1200 | 30.90 31.04 31.07 | 15.13 16.14 16.37
NGC 4470 68.4 2321 2660 | 26.61 27.19 26.80 | 2.10 2.74 2.29
UGC 7590 88.6 1113 1450 | 31.23 31.75 31.44 | 17.62 22.39 19.41
UGC 7557 122.6 924 1264 — —
NGC 4411A 52.6 1271 1609 — —
NGC 4411B 76.9 1261 1598 | 29.99 30.03 29.50 | 9.95 10.14 7.94
Cloud 7c 37.0 497 832 — —

Table 4.5: Literature distances of the detections.

Object name Distance (Mpc) References
NGC 4424 15.2 a
NGC 4451 29.3 b
NGC 4470 24.1 C
UGC 7590 30.5 b
UGC 7557 16.8 d
NGC 4411A 15.1 e
NGC 4411B 27.9 e
Cloud 7c 16.8 d

References are:

a) [Cortés et al.|2008

b)
c)
d)

Springob et al.[2009
Theureau et al.|2007

Taken to be the distance to M87
e) Solanes et al.[2002



42

p_moswole 07X 0T 7 ¢ ‘g ‘T ‘G’ ore dewr pouIquIod o) JO 9SO} puR ‘,_ WD SWOR 0T X 0°GT
‘02T ‘09 ‘0°€ ‘G'T ‘GL0 PUR ,_UDSWOLR 0T X 0°C ‘0F ‘0°€ ‘0% ‘0T (0€) L0 A[AT0adsaT ore sdewt TS PU L-LV 3 93 JO S[9AJ] IMOJU0D
UL, '9[eosAei8 pueq-1 §SUS UO Pre[oAo ‘eyep (pybui) pauiquioo pue (apppuru) TUSM ‘(#2]) L-LVI OUp W Udds se pgFh DON ‘€' oML

(0002r) uosULISY YT (0002r) uoISULDSY IS (0002r) uoISUSISY UTRY

4.5 Independent Tully-Fisher distances

500wl s0€wl s00w82
T T T T T T T

500wl
T

s00w82

DD
5 p'

P

—10€.6

(0002r) wonEUIRRQ

Lo~

10T

102

—1:0€.6

(0002r) wonEUIRRQ

0€w82421
Bl LN

0T

102

.0€-6

(0o002r) uworyeuUIdEQ



4.5 Independent Tully-Fisher distances 43

0.012

NGC 4424

0.010f

0.008}

0.006}

0.004}

flux(Jy/beam)

0.002t

0.000

—-0.00 ‘ :
50 400 450 500 550
velocity (km/s)

Figure 4.4: The global profile of the spiral NGC 4424 with a Gaussian fit (magenta line).

The left and right small circles give the positions of v; and v,, respectively. The velocity
width W5y as well as the systemic velocity vsys are shown.
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Figure 4.5: Polynomial fit of the velocity width W5 and systemic velocity vgys applied to
the galaxy UGC 7590. The diamond symbols show the data points used in the fit, and the
red lines are the straight lines fitted to the slopes of the profile. The small circles are the

same as in Fig. [£.4]



Chapter 5

Analysis

5.1 HiI deficiency

A question we seek to investigate in the present work is the influence of the environment on
galaxy evolution, through the study of their gas content. It is then necessary, to obtain a
broad picture of the processes, to compare the gas content of galaxies of different environ-

ments. One reliable parameter used to this end is the HI deficiency. The HI deficiency was

first noticed by Davies & Lewis| (1973)) from the survey of about 25 galaxies in the Virgo

Cluster, when the authors compared the gas content of those galaxies to that of a similar
sample of nearby field galaxies. By using both the HI mass to luminosity ratio My, /L and
the H1 surface density Xy, they concluded that the Virgo Cluster spirals were H1 poor with
respect to their field sample. Even though their result was later questioned (e.g. Bottinelli &

|Gouguenheiml|[1974] [Tully & Shayal[1984]), their conclusion remains in agreement with more

recent observations (e.g. Haynes & Giovanelli [1986] [Solanes et al.|2002).

Over the years, discussions have been going on in the definition and quantification of the

H1 deficiency parameter (see e.g. [Haynes et al.|[1984a, |Giovanelli & Haynes 1988, |Solanes|

let al.|2002} [Safonova)[2011)). For spiral galaxies, the best normalisation seems to be provided

by the disk: the HI, as a disk constituent, is characterised by a nearly constant surface
density ¥y;. Using the morphologies and HI contents of spiral galaxies, some authors (e.g.
|Chamaraux et al.|1980} Haynes et al.|1984b| [Solanes et al.[1996) quantified the HI deficiency

as

(DEF;) = (log M, (D, T)) — log My, (5.1)

where My, is the HI mass of the galaxy in solar mass. The term (log My,;(D,T)) is the
expected value of the HI mass inferred from a sample of field galaxies of the same optical

linear diameter D and morphological type T. Equation [5.1] was later approximated by

\Solanes et al.| (1996; [2002)) to a distance-independent relationship. The authors considered

the fact that for the My, — D relationship do not substantially deviate from a constant Hi

surface density, and therefore an approximation based on HI surface density rather than Hi

44
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mass is reasonable. This distance-independent calibrator is given by (Solanes et al.|[2002):
DEFy, = (log X, (T)) — log Xp; (5.2)

where the hybrid HI surface density

S = /de/a2 (5.3)

is defined as the ratio of the line flux and the apparent optical diameter a of the galaxy
(Solanes et al.[1996). The term (log X (T)) is the expected hybrid Hi column density
value for a field galaxy of the same morphological type T

In the present work, we estimate the neutral gas deficiency parameters in our sample
galaxies using Eqs and We also adopt, for the expected hybrid Hi column density,
the values given in Solanes et al.|(2002)). The uncertainty on the deficiency was obtained by
propagating Eq. accounting for only the error on L.

The derived deficiency parameters of the different objects are listed in Table [5.2] for both
the KAT-7 and WSRT data, respectively. As one can notice, most galaxies in the sample are
H1 deficient, with deficiency parameter ranging up to as high as ~ 0.7. Only two galaxies,
namely late-type spirals UGC 7590 and NGC 4411B, do not present HI deficiency.

5.2 Star formation in the detected galaxies

Star formation in galaxies generally occurs in their disks, where cold molecular clouds form.
How frequent a galaxy forms stars define its evolutionary path. In fact, in the course of its
evolution, a galaxy undergoes different stages of star formation; and since stars form out
of gas, their atomic (and molecular) gas content varies. SFRs of nearby galaxies can be
studied either locally or globally. While the former focuses on individual sub-kpc regions
within galaxies (e.g. [Scoville et al.|[2001)), the latter bears interest to the overall SFR of an
entire galaxy, using its average luminosity across local variations in star formation history
and physical conditions.

For about three decades, different techniques and indicators have been used to estimate
the star formation rate in galaxies (see [Donas & Deharveng]|1984, Kennicutt||1998, Rieke
et al.[[2009} [Kennicutt & Evans/[2012, |Calzetti|[2013]). These imply observations across the
full electromagnetic spectrum, from the X-ray all the way to the radio. Different empirical
relations have been established and calibrated using different indicators, with the most
widely used that of Schmidt-Kennicutt (Kennicutt, Jr.[[1998])

SFR  Lpm
Mgpyr—! 5.8 x 10° Lg

(5.4)

making use of the total FIR luminosity Lgg.
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In the infrared, SFRs of galaxies are estimated using dust properties. The interstellar
dust attenuates the short-wavelength (UV-optical) radiation from stars and ionised gas and
re-emits in infrared (see [Draine|2003, [Sauvage et al|[2005)). With the launch of the Spitzer
Space Telescope (Werner et al.[2004), studies have been intensified to calibrate infrared SFR
indicators at different redshifts (e.g. [Wu et al|[2005] [Calzetti et al|[2007} 2010} |Galametz]

let al.||2013, [Lee et al.|[2013). These calibrations seek to minimise the uncertainties in the

estimate of galaxies SFRs, and offer better empirical relationships.

5.2.1 Star formation rates

We investigate the star formation (SF) in the galaxies in the observed region using empirical
relations. To this end, we retrieved Wide-field Infrared Survey Explorer ( WISE,
W3 band data at 12 um of the detected galaxies. This band is mostly dominated by the
11.3 pm polycyclic aromatic hydrocarbon (PAHs; [Leger & Puget|[1984, [Allamandola et al]
and, at a lower magnitude, the [NeIl] emission lines. While the [NeII] mostly

comes from emission from HII regions, the 11.3 pum PAHs, are excited primarily by ultraviolet

radiation from both young and evolved stars (Peeters et al.[2004b)). They constitute a major

component of dust models (Zubko et al.2004) and, because of their high cumulative surface

area, they are believed to be responsible for most of the photoelectric heating of the gas in
photodissociation regions and the neutral ISM (e.g [Hollenbach & Tielens||1997)).

Different studies with the Infrared Space Observatory (ISO) and Spitzer have found trends
between PAH band ratios and various properties of galaxies such as star formation rate and
galaxy morphology (see Peeters et al.|2004a} [Farrah et al.[2007, |Galliano et al[2008), making

the PAH molecules a good tracer of star formation in galaxies. The W3 band is therefore

a suitable band to study star formation rates in galaxies, especially nearby galaxies such as
those in the outskirt of the Virgo Cluster observed in the present work.
From the W3 magnitudes m12 um, we estimated the W3 fluxes

F

V12 pm

=F

Viso12 jum

10704z pm (5.5)

and luminosities

L12 pm — Viso12 pm LV12 pm (56)

where Viso,, ,, = 2.6753 X 10*GHz is the band’s isophotal central frequency and F), =

18012 um

F.y,m(Vega) = 31.674 Jy is the "idealised" Vega in-band flux (Jarrett et al.[[2011]).
The luminosities are furthermore converted into optical SFR — as one would measure

from Ha line — by using the empirical relationship by [Cluver et al.| (2014])

SFRu. L12 ym
log <H_) =1.13 log ( 22‘ ) —10.24. (5.7)
©
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An error propagation on the above equation yields the uncertainty on log (SFRy, ):
o(log SFRiqa) = 1.13 0(log L12 ym) (5.8)

where o(log Li2 ;m) is obtained from propagating Equation
Figure shows the plot of the SFR against the Hi mass. For comparison, we also

plotted on the same figure the relation

F My,
log <SR> =1.1log ( MH ) —10.7 (5.9)

Mg yr—1! o}

derived in (Cluver et al.| (2010) by applying a linear least-squares fit to the Spitzer Infrared
Nearby Galaxy Survey (SINGS, [Dale et al.[2009) galaxies. The authors determined the
sample galaxies SFRs from their Ho emission. The SINGS galaxies are normal, moderately
bright (Lpr < 10! L) galaxies with distances ranging out to ~ 25 Mpc, and located
in a wide range of environments (isolated galaxies, interacting galaxies, group and cluster
members) (Dale et al.|[2009). Although the SINGS galaxies do not cover a representative
range of galaxy environments, they span a large range of galaxy physical properties such
as nuclear activity, inclination, surface brightness, bar structure, etc. (Kennicutt, Jr. et al.
2003)).

As Fig. shows, the galaxies of our sample present a normal star formation activity
compared to the SINGS sample; except for the late spiral UGC 7590 which appears to
be relatively quiescent. The upward arrow on the error bar of UGC 7557 indicates an
underestimation of the SFR of the galaxy. This is because the galaxy appears faint in the
W3 12pm band, with a signal-to-noise ratio of 1.6. In fact, because we are dealing with
resolved sources, the magnitudes of the individual objects are extracted by fitting an ellipse
to their infrared imageq{”] This approach is somewhat different from that used for point
sources — or unresolved galaxies — to which a point spread function (PSF) is fitted. To UGC
7557, however, the latter approach was applied and the magnitude used was obtained from
the profile fit (see Fig. . This resulted in a brightness lower than the true brightness,
inducing a bias in the estimation of the galaxy’s SFR. The derived SFR of the object therefore

represents the lower limit.

5.2.2 Specific star formation rates

We further proceeded to investigate the specific star formation rates (sSFRs) of the galaxies,
that is, their SFR per stellar mass (sSFR = SFR/M, ). While SFRs estimate the mass of
stellar material being formed in the galaxies per year, the sSFRs go further to normalise the

star formation as a function of the host galaxy. To achieve this, we first evaluate the stellar

*The photometry was provided by Thomas Jarrett
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Figure 5.1: SFR vs. HI mass for galaxies detected in the KAT-7 and/or WSRT data and
having optical counterpart. The blue dotted line represents the fit obtained by [Cluver et al.
(2010) with the SINGS galaxies. See text for details.

mass of the galaxies from their WISE luminosities and colours (Cluver et al.|2014)

M,
log (L ) = —1.96(m3.4 ym — Ma.6 ym) — 0.03 (5.10)
3.4 pm

with the W1(3.4pm) band luminosities L3 4 ,m given by
L34 pm = 107040 sapm=Moy,) (5.11)

where M3 4,m and Mg, = 3.24 are respectively the source’s absolute magnitude and the
Sun’s magnitude in the W1 band.

The uncertainty on M, was evaluated by propagating Equation[5.10, and combining with
Equation the uncertainty on sSFR was determined (see Table .

The left panel of Fig. [5.3] which plots the relative neutral gas content of the detected
galaxies (i.e, their neutral gas to stellar mass ratio) versus their stellar mass, approximately
shows the trend expected from star formation theories in galaxies: the gas fraction decreases
with an increasing stellar mass (see e.g.|Catinella et al.[2013|). This suggests that higher mass

galaxies, which have lower gas fraction, may have exhausted most of their gas by turning
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Figure 5.2: Optical and WISE images of UGC 7557. From left to right: Optical, W1, W2,
W3 and W4 images of the galaxy. The bottom panels show the ellipses used to fit the
magnitude of the object in the different bands.

them into stars. On the other hands, lower stellar mass galaxies still have a relatively
higher gas fraction available to fuel future star formation activity. This implies that the
star formation activity plays an important role in driving the gas removal in galaxies. The
plot also shows that none of the detected galaxies is exceptionally big (M, < 1005 M),
and NGC 4424 happens to have the lowest gas fraction. Furthermore, for comparison, we
plotted on the same panel a fit derived in |Perez-Gonzalez et al| (2003) using a sample of
191 galaxies at an average redshift of z = 0.026 from the UCM Survey (Zamorano et al.
1994:; |1996)). Not only all the galaxies in our sample follow the trend and lie within the one
standard deviation of their fit, but the majority of them — all but one — lie in below the
fit. This suggests that our sample galaxies, which are nearby galaxies like the UCM sample
galaxies, present lower neutral gas fraction than UCM galaxies. This is in agreement with
the idea that cluster environments contribute in removing gas inside galaxies.

We then derived the sSFRs of the sample galaxies by dividing their SFR by their re-
spective stellar masses. The right panel of Fig. [5.3] gives the plot of the sSFR against M,
for the sample. Also plotted on the same figure are the lines of constant SFR at 0.01, 0.1
and 1 Mg yr—!. Unlike the SFR, the behaviour of the sSFR is in contrast with the expected
trend: in fact, previous studies with large galaxy samples found a decrease of the sSFR with

increasing stellar mass, independently of the redshift (e.g. Perez-Gonzalez et al.[|2003, Bauer
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et al.[2005, |Catinella et al.[2013, |Cluver et al.[2014]); suggesting, in the current understanding
of galaxy evolution, that star formation contributes more to the growth of low-mass galaxies
than to the growth of high-mass galaxies. This trend is not seen in the figure most likely
because of the reduced size of the sample. Relative to the overall sample, NGC 4424, which
has the lowest gas content, presents a normal sSFR despite its neutral gas being stripped
off.

5.2.3 Star formation rate density

In this last section on investigating the star formation activity in the galaxies, we attempt to
evaluate the relationship between the star formation rate density, or the disk-averaged SFR
per unit area, and the HI surface density. This is given in Fig. Unlike with the total
and molecular gas with which the SFR density increases (see e.g. [Kennicutt, Jr.[[1998), the
correlation seen in Fig. presents a decrease of SFR density with increasing Hi surface
density. Also, this is in contrast with the correlation obtained by Duc et al. (2013) using a
sample of star forming regions in mergers. This anticorrelation is not well understood and

further investigation needs to be carried.

Table 5.1: Star formation properties of the detections.

Object R.A Dec. log (SFR) log (sSFR) M, log (Xsrr)
J2000 Mg yr~! yr! 109Mg Mg yr~!kpe—2
NGC 4424 1227116 092514 -0.728 + 0.228 -10.751 £ 0.246 10.539 + 2.242  -3.017 £ 0.236
NGC 4451 1228 40.5 091531 -0.299 + 0.228 -10.429 £ 0.246  13.475 + 2.889 -2.850 £ 0.236
NGC 4470 1229 37.8 074927 -0.405 + 0.228 -10.340 £ 0.246 8.620 + 1.848  -3.181 £ 0.236
UGC 7590 12 28 18.8 084346  -1.224 £+ 0.232 -10.729 + 0.251  3.195 £ 0.708  -3.769 £ 0.240
Cloud 7c 12 30 25.8 09 28 01 — 0.057 £ 0.027 —
NGC 4411A 1226 30.0 08 5218 -1.601 + 0.229 -10.858 £ 0.249 1.807 £ 0.400  -3.941 + 0.238
NGC 4411B 1226 47.2 08 53 04  -1.297 4+ 0.229 -11.168 £ 0.247 7.416 £ 1.615  -3.767 £ 0.237
UGC 7557 1227 11.1 071547 >-3.184 £ 0.394 >-12.314 £ 0.408 1.352 + 0.334  -2.946 + 0.398
NGC 4416 12 26 46.7 07 55 08 0.052 + 0.228 -10.415 £ 0.246  29.315 £ 6.284 -2.944 £ 0.236

5.3 Environmental effects on the galaxies

In this section we try to understand the different environmental effects responsible of the
properties of the detected galaxies, especially the HI tail of NGC 4424.

5.3.1 Disturbed gas kinematics

From Table listing some parameters of the galaxies, it becomes apparent that their
kinematics, at least from an HI point of view, is disturbed. The rotation velocities of the
galaxies are low, and resemble those of dwarf galaxies. This resulted in an underestimation
of their TF distances. In particular, NGC 4424 which is an early spiral, has an Hi-derived
maximum rotational velocity of only 29kms™!, in agreement with values in the literature

(e.g, HYPERLEDA lists a value of 30kms~! and |Cortés et al. (2006 found 31 +4kms~1).
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Figure 5.3: Top panel: HI gas fraction of the galaxies detected in the KAT-7 and/or WSRT
data and having optical counterpart, as a function of their stellar mass. The blue line shows,
for comparison, a fit obtained by [Perez-Gonzalez et al.| (2003) with the UCM sample. The
grey area shows the error of the fit. Bottom panel: sSFR vs. stellar mass for the same
galaxies. Lines of constant SFR of 0.01 (green), 0.1 (red) and 1 Mg yr—! (blue) are also

shown.
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Figure 5.4: SFR density vs. average HI surface density for galaxies detected in the KAT-7
data and having optical counterpart. A linear least-squares fit is also presented.

A similar result was obtained by [Rubin et al.|(1999)) when they observed 89 disk galaxies
in the Virgo Cluster. They found that many Virgo galaxies, ~ 50% of the total, have expe-
rienced several significant kinematic disturbances during their lifetimes, with some galaxies
having ionised gas in their central region and presenting anomalously low rotational veloc-
ities. This suggests that tidal encounters are relatively frequent in the cluster. In the next
two sections, we discuss the particular case of NGC 4424, the most interesting galaxy in this

respect. It presents a south-west HI tail pointing towards the elliptical M49.

5.3.2 Ram pressure stripping

The overall structure of NGC 4424, with the one-sided HI1 tail, is typical to ISM-ICM
interactions, particularly the ram pressure. As mentioned in section [[.4.I} ram pressure
stripping in galaxies occur in special conditions. A major factor influencing its intensity
is the orbit followed by the galaxy: galaxies on radial orbits are more likely to undergo
ram pressure stripping (Vollmer et al. [2001). This is because radial orbits allow galaxies
to travel closer to the centre of the cluster where both the galaxy and the ICM density is
substantially higher. In these regions, the gravitational potential of the galaxies increases,
and their velocities considerably increase. Mathematically, galaxies can be gas-stripped by

ram pressure only when the ram pressure is larger than the restoring force, i.e, when (Gunn
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|& Gott, J. Richard|[1972)

PICM Uéal > YsMm Urzot/R. (5.12)

Here pram = prcm vgal is the ram pressure and the right-hand side represents the restoring
force. prom is the ICM density and vga is the galaxy’s velocity in the ICM. Additionally,
Yism is the surface density of the ISM, v,o is the galaxy’s rotational velocity and R its

radius. [Chung et al.| (2007) compared the ram pressure to the restoring force in Hi-tail’ed
Virgo galaxies using the simulations of [Vollmer et al| (2001). They found that for NGC
4424, the ram pressure could exceed the restoring force, meaning that ram pressure is most
likely at the origin of the HI1 tail.

Several observations and simulations showed that ram pressure may be effective in re-

moving cluster galaxies’ gas out to 1—2 virial radii (e.g. Kenney et al.|2004} |Crowl] & Kenneyl|
2005}, [Tonnesen et al2007, Bahe et al.|[2013). Figure [5.5] (top panel) shows the position of
NGC 4424 relative to the virial radius of the galaxy. The galaxy is located 3.1° away from

M87, that is, ~ 0.8 virial radius away from the centre of the galaxy. The virial radius of
the Virgo Cluster adopted here is ri, = 1.08 Mpc (Arnaud et al. 2005, Urban et al.|[2011)),
which corresponds to a projected radius of ~ 3.7° at M87’s distance of 16.8 Mpc.
Furthermore, (Chung et al.| (2007) found that the Hr disk of the galaxy is truncated to
well within its stellar disk, direct evidence of ICM-ISM interaction. Fig. (3rd panel) does

not show a severe truncation, though we see an elongated Hi distribution along the minor

axis of the galaxy and in the direction of the tail. The attenuation of H1 disk truncation
might be due to an observational effect, the beam dilution, due to the lower resolution of
the data.

From the star formation activity point of view, NGC 4424 does not present strong evi-
dence of ram pressure. The derived SFR of the galaxy is relatively normal, with respect to
the other galaxies of the region. Whether or not ram pressure can enhance or reduce star

formation in a galaxy depends both on its position with respect to the cluster centre, and

the ICM density. Using analytic models of galaxy evolution in clusters, [Fujita & Nagashimal
(1999) predicted that SFRs of disk galaxies can increase to up to twice their initial value in a

cluster with high gas density and a deep potential well (due to molecular gas compression),

and change less significantly in a cluster with low gas density and a shallow potential well.
Recent simulations showed that the effect of ram pressure on star formation
is function of the halo mass and inclination of the galaxy. They found that for low-mass
halos (M, ~ 10'° M), ram pressure can quench star formation at the pericentre passages
in a cluster with My, ~ 1014 Mg, (M;, ~ 10'° M, for Virgo, Fouqué et al|2001). Although
the dynamical mass derived for NGC 4424 (see Table suggests that the galaxy has a

low-mass halo, what stage of ram pressure it is currently undergoing as well as the pericentre

of its orbit remain uncertain.
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5.3.3 Tidal stripping

The ram pressure stripping is very likely to be occurring in NGC 4424, but it does not
fully explain the complex morphology of the galaxy. In fact, it is classified as a chaotic early
spiral in the Uppsala General Catalogue (UGC, Nilson|1973), a peculiar Sa by |Binggeli et al.
(1985), and an uncertain barred Sa by /de Vaucouleurs et al.[(1991). Its Ha morphology has
been described as truncated/compact by [Koopmann & Kenney| (2004]). Optical observations
of the galaxy reveal that it has a heavily disturbed stellar disk, and shows a strong Ha
emission confined to its central kpc (Kenney et al.||1996, |Cortés et al.[2006). On the SDSS
R-band images of the galaxy in Fig. [5.6] the unusual morphology is noticeable. The grayscale
image (left panel) shows a broad S-shaped structure in the outer parts, while banana-shape

isophotes are revealed by the contour lines (right panel).
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Figure 5.6: NGC 4424 in SDSS R-band grayscale (left) and contours (right). The small
galaxy 1” south of the nucleus is a background galaxy.

Kenney et al.| (1996) found that the peculiar morphological properties of NGC 4424 are
consistent with an intermediate mass ratio merger, and suggested that the galaxy might
have undergone a significant recent merger. The authors also proposed that the galaxy is
on its way to becoming a small-bulge lenticular galaxy within ~ 1 Gyr. Figure [5.5 shows
an HI cloud near the elliptical M49 and without optical counterpart, which is located at
a projected distance of ~ 440 kpc away from NGC 4424. This cloud, previously observed
by |Sancisi et al.| (1987), is at the same systemic velocity as the NGC 4424’s tail. Although
Sancisi et al.| (1987) believed that the cloud was tidally stripped from a dwarf irregular,
UGC 7636 (located 56 southeast of M49), they found no strong evidence since no neutral
gas was observed at the position of the dwarf, and its radial velocity was furthermore found
to be lower (276 & 1kms™!; Binggeli et al.[1993) than that of H1 cloud.

Without excluding other possible scenarios, the direction and velocity of the NGC 4424’s
tail relative to the Hi cloud, together with the peculiar properties of NGC 4424 suggests
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that the galaxy is a merger remnant. This is furthermore supported by the Ha distributions
of the galaxy, which are more likely caused by tidal interactions, including minor mergers
(Koopmann & Kenney|2004). The Hi tail of the galaxy would then be a footprint of this

merger.

5.3.4 Have the galaxies already been pre-processed?

The Virgo Cluster is not yet virialized, as there are still infall of galaxies in the cluster (e.g.
Tully & Shaya)|1984). It is believed, for instance, that the M49 subcluster is falling into
the centre of the Virgo Cluster. One should therefore expect the galaxies in the subcluster
to undergo, at some stage of their infall, a preprocessing (Fujita [2004) Boselli & Gavazzi
2006)). The X-ray emission of the hot gas in the region (see Fig. |5.5) suggests that the
galaxies may be following a filamentary structure in their infall in the centre of the Virgo
cluster. However, in the observed sample of galaxies, only NGC 4424 shows signs if severe
environmental effects. The lack of (severe) ram pressure stripping in the other galaxies may
be explained, inter alia, by their different orbits.

Fig. shows the neutral gas fraction and deficiency parameter (DEFy;,), respectively,
as a function of the projected distance from the centre of the cluster. The vertical line in
the plots of Fig. shows the approximate location of the cluster’s virial radius, and the
horizontal line of the right panel separates the Hi-deficient galaxies from the non-deficient
ones. The plots show no strong correlation of either the H1 gas content or the deficiency
with the galaxies distance from the cluster centre, although most of the low gas fraction
galaxies lie within the virial radius. This lack of correlation is not surprising, given the
relatively small volume of the probed region and the limited number of detected objects.
Further analysis should extend the sample to include a broader range of radii.

The properties of the galaxies derived in the present work, including the SF activity, do
not provide enough information to confirm whether or not the galaxies have already been
pre-processed. However, given that ram pressure is already occurring in a galaxy in the field,
namely NGC 4424, and accounting for the distribution of the hot X-ray gas, it is likely that
the galaxies are falling into the centre of the cluster along a filament. Furthermore, previous
works showed that pre-processing of galaxies occur well before they fall into clusters (e.g.
Balogh et al[|1997, |Cortese et al.|[2006, Mahajan|[2013). Therefore, it is more likely that
pre-processing has already occurred in the observed galaxies. This might have contributed

to the observed lower HI gas contents of the galaxies.
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Chapter 6

Conclusion

6.1 Summary of Results

In this work we have used the KAT-7 and WSRT telescopes to observe a region of ~
2.5° x 1.5° located in the Virgo Cluster, ~ 3° away from the centre of the cluster and
containing the elliptical M49. The distribution of the hot X-ray gas in the field suggests a
filamentary structure joining the M49 subcluster to the Virgo cluster. With a total of ~ 78
and 48 hours of observations respectively with the KAT-7 and WSRT telescopes, we reached
column densities of the order of ~ 1 x 10*® atomscm=2 over 16.5kms~!. To detect both
the low and high resolution features and benefit from the advantages of both telescopes,
we combined the two observations. However, because of the large difference in the flux
sensitivities in the two datasets due to the two respective beam areas being different, the
combination could not be done in the Fourier plane, as is widely done. We then adopted a
new approach, which consists in combining the data in the image plane after converting the
fluxes into column densities. This provided us a dataset showing features of both telescopes,
that is, a dataset in which both large and small scale structures are detectable down to

2 over 16.5kms™ 1.

~ 8 x 107 atoms cm™ The column density sensitivity in the resulting
data is therefore slightly higher than in the individual data.

A few galaxies with HI mass My, = 108 M, were detected, including NGC 4424, a one-
sided Hi-tailed, early-type spiral galaxy. At a column density of Ny ~ 5 x 10'® atoms cm ™2,
we were able to detect the tail of the galaxy out to an extent of ~ 60 kpc. This is a tail
three times longer than previously observed with the VLA telescope.

Various parameters of the detected galaxies such as their HI mass, their mean H1 surface
density, their velocity widths and their H1 deficiency were derived from the observations.
An analysis of these parameters shows that from a neutral gas point of view, the detected
galaxies are modest in mass, with their HI mass varying from ~ 2 to ~ 28 x 10% M.
Compared to the values in the literature (mostly ALFALFA results), the extracted HI masses
are consistent for ~ 2/3 of the detected galaxies. We also found that most of the detected

galaxies are Hi-deficient, with their deficiency parameter ranging up to as high as 0.66,

59
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which was expected, given their dense environment.

Combining the H1 observations to infrared data, we investigated the neutral gas content
and star formation rates of the detected galaxies. The HI1 fraction of the galaxies is found
to decrease with their stellar mass, suggesting that star formation might be efficient, besides
environmental effects, in depleting the neutral gas in the galaxies.

A comparison of the SFRs of the detected galaxies with those of the SINGS sample shows
that half of detected galaxies, including the highly Hi-deficient NGC 4424, have relatively
high star formation rates. 25% of the detections are relatively quiescent, and the other 25%
present normal SFRs.

In an attempt to explain the formation of the H1 tail of NGC 4424, our analysis led us to
suggest that both ISM-ICM and tidal interactions contributed to form the tail. NGC 4424
is likely to be a post-merger galaxy undergoing a ram pressure stripping as it falls in the
Virgo cluster, along a filamentary structure mapped by the hot X-ray gas. From a statistical
point of view, the distribution of the gas content in the observed galaxies (as a function of
their distance to the cluster centre) do not allow us to derive a strong conclusion on the
environmental effects, possibly due to the reduced number of the detections. However, their
kinematical parameters derived from the Hi data reveal that the galaxies are undergoing

environmental effects, in agreement with previous studies.

6.2 Future Prospects

Performing observations to deeper sensitivities than previously obtained allowed us to reveal
a hidden portion of NGC 4424’s tail. We also detected an HI cloud near M49, that might
be leftover gas from a previous merger that occurred in NGC 4424. This probable merger
could have then left some gas in between NGC 4424 and M49. Deeper observations might
help to detect these eventual clouds if they exist.

A better understanding of the environmental effects can be obtained by comparing the
properties of the observed field to a different region of the cluster. A proposal has been
submitted to the KAT-7, to observe a region located ~ 8° away from the region observed in
the present work, and roughly in the opposite direction of M87. The region contains three
galaxies (including NGC 4808) tentatively exhibiting an extended Hi1 envelope, spanning
an angular distance of about ~ 1°. The galaxies will be observed down to column densi-
ties similar to the present observations, and will eventually provide informations about the

evolution of the gas content along filaments.



Appendix A

Column density maps and HI

profiles of detections

The H1 column density maps (top panel) and global HI profiles (lower panels) of the different
detections are presented in Figures to
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