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1
Introduction

1.1

The Zone of Avoidance

The Zone of Avoidance (ZoA) was first referred to by Proctor (1878) as the
"Zone of a few Nebulae" because this part of the sky appeared to be "avoided"
by nebulae in the General Catalogue of Nebulae (Herschel 1864). This was
long before it became known that many of the "nebulae" were extragalactic
objects. This region marks the band of the Milky Way where Galactic dust
and stars make observing emission from external objects challenging due to
confusion and extinction. Confusion results in the inefficiency to differentiate
between emission from, for example, blended stars and galaxies (Jarrett et al.
2000) and extinction is due to absorption and scattering by dust particles which
effectively reduce the amount of radiation received by the observer (Cardelli,
Clayton & Mathis 1989). The extinction contour of AB ' 1.0 mag was found
by Kraan-Korteweg & Lahav (2000a) to delineate the area in the sky in which
optical catalogues become highly incomplete. This area covers about 20%
of the sky (Kraan-Korteweg 2005). A distribution of galaxies from optical
observations in the Universe is shown in Fig. 1.1 where the effect of the ZoA
on detecting galaxies behind the Galaxy is readily apparent.
The level of extinction decreases inversely proportional to the wavelength of
observation and consequently, the Zone of Avoidance is significantly reduced
at infrared wavelengths compared to optical wavelengths, although confusion
remains a problem for photometric techniques. The Doppler-shifted 21 cm
emission line from atomic neutral hydrogen (H I) in extragalactic objects on
the other hand is not affected by extinction nor confusion when observed at
recession velocities outside the velocity window where Galactic H I emission
resides.
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Figure 1.1 – An equal-area Aitoff projection of galaxies detected at optical wavelengths with diameters D ≥ 1.30 . The extinction contour of AB = 1.0 mag is shown
to trace the ZoA (Figure from Kraan-Korteweg & Lahav 2000a).

1.1.1

Observations behind the Galaxy

At optical wavelengths the ZoA covers about 20% (Kraan-Korteweg & Lahav
2000a) of the sky. Even the most advanced and recent optical redshift surveys,
such as the 6dF Galaxy Survey (6dFGS; Jones et al. 2009), avoid observing
objects close to this region and limit their survey areas to Galactic latitudes
of |b| > 10◦ .
The effect of extinction is reduced by several orders of magnitude in the nearinfrared (1.2−2.2µm). For example, 10 magnitudes of extinction in the optical
B-band (445 nm) is equivalent to 1 magnitude of extinction in the near-infrared
K-band (2.2 µm). A distribution of galaxies observed in the near-infrared from
the 2 Micron All Sky Survey Extended Sources Catalogue (2MASS XSC; Skrutskie et al. 2006) is shown in Fig. 1.2 (Jarrett 2004). In this case, the ZoA is
mainly caused by confusion with stars from the Milky Way and is seen to be
much smaller, covering about 10% of the sky compared to the ZoA at optical
wavelengths. However, a follow-up survey of the 2MASS XSC, the 2MASS
Redshift Survey (2MRS; Jarrett 2004, Huchra et al. 2012) exhibits a slightly
larger ZoA because its galaxy redshifts were obtained with optical spectroscopy
and avoid regions of |b| < 5◦ .

1.1: The Zone of Avoidance
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Figure 1.2 – A distribution of galaxies with photometric redshifts from the 2MASS
XSCz. Galaxies have K-band magnitudes ≤ 11.75 mag. The 2MASS ZoA is shown
as the dark band that is devoid of galaxies (Figure from Jarrett 2004).

At far-infrared (FIR; 12 − 100µ m) wavelengths, the ZoA extinction effects
are negligible but confusion with foreground objects in the Galaxy remains.
A distribution of galaxies observed with the Infrared Astronomical Satellite
(IRAS; Saunders et al. 2000a, Saunders et al. 2000b) is shown in Fig. 1.3. In
this map the ZoA is shaded in grey and covers about 8% of the sky. The FIR
observations tend to be biased against non-star forming and low-metallicity
galaxies such as ellipticals and dwarf galaxies, but it is sensitive to normal
spiral galaxies.
The Galactic dust is transparent at radio wavelengths (21 cm) because the
typical dust grain is about 0.1µm in size and hence much too small to scatter
or absorb the long 21 cm line emission from H I, thus observations at this radio
wavelength have practically no Zone of Avoidance. To take advantage of this
opportunity, numerous surveys have been conducted at the 21 cm wavelength in
an effort to close the ZoA gap and achieve a truly full-sky redshift distribution
of galaxies in the Local Universe. Examples of 21 cm surveys are the earlier
studies which include a blind survey in the Northern ZoA using the 91-m Green
Bank radio telescope (Kerr & Henning 1987) covering velocities out to 7500 km
s−1 with a velocity resolution of 22 km s−1 and a beam size of 10.80 . The other,
systematic survey of the most obscured regions in the North is the Dwingeloo
Obscured Galaxy Survey (DOGS; Kraan-Korteweg et al. 1994), which surveyed
regions within 30◦ ≤ ` ≤ 220◦ , at |b| < 5◦ to an rms limit of 40 mJy, out to
4000 kms−1 at a resolution of 40 km s−1 (Henning et al. 1998).
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Figure 1.3 – An Aitoff projection centred on the Galactic Anticentre in Galactic
coordinates of galaxies in the IRAS PSCz catalogue (Saunders et al. 2000b). The
ZoA in the FIR is the grey patch of the sky without any objects.

Fairly recently, the southern ZoA has been mapped in H I by a systematic survey conducted with the Parkes multi-beam receiver; the Hi Zone of Avoidance
survey (HIZOA; rms ≈ 6 mJy beam−1 ) which covered 52◦ ≤ ` ≤ 196◦ (Henning et al. 2010) and extended to the northern ZoA at 36◦ ≤ l ≤ 52◦ and 196◦
≤ ` ≤ 212◦ (Donley et al. 2005). Both these surveys cover the redshift range
of cz = −1200 − 12700 km s−1 with a resolution of 27 km s−1 and a beam
of 15.50 . A much deeper survey with a rms sensitivity of 1 mJy/beam and a
beam size of 3.40 has been conducted in the Northern ZoA using the Arecibo
L-Band Feed Array (ALFA ZoA; Henning et al. 2010). Because of the declination limits of Arecibo, this survey covers an area of about 300 deg2 searching
both the inner ZoA 30◦ ≤ ` ≤ 75◦ , |b| < 2◦ and its outer regions 175◦ ≤ ` ≤
207◦ , −2◦ < b < 1◦ out to velocities of about 18000 km s−1 .
The most recent blind Hi survey for the northern sky (δ>−5◦ ) out to a redshift of cz ≈ 20000 km s−1 with a velocity resolution ∼1.3 km s−1 and a
beam size of 10.80 and the same sensitivity as the H I Parkes All Sky Survey
(HIPASS; Barnes et al. 2001), namely the Effelsberg-Bonn Hi survey (EBHIS;
Kerp et al. 2011), is currently ongoing with the first results already published
(Winkel et al. 2016). It is surveying more than 8000 square degrees using the
100-m Effelsberg telescope.

1.1: The Zone of Avoidance
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These large H I surveys, and several other smaller ones not mentioned here,
have demonstrated the effectiveness of searching for galaxies in the ZoA at the
21 cm wavelength. This resulted in a reduction of the ZoA as exemplified by
the sky distribution of the 1000 H I brightest galaxies from HIPASS (Koribalski
et al. 2004) shown in Fig. 1.4, where no ZoA is apparent.

Figure 1.4 – The sky distribution of the 1000 Hi brightest galaxies in zenithal equal
area projection of the south celestial hemisphere. Galactic coordinates are shown by
the grey lines. The lack of the ZoA in this map is clearly seen (Figure from Koribalski
et al. 2004).
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1.2

Why Study the ZoA?

1.2.1

The large-scale structures in the Local Universe

Galaxies in the Universe are distributed along filaments, sheets and in clusters,
with large underdense volumes devoid of galaxies (Proust et al. 2006, Jones
et al. 2009, Tempel et al. 2014). The scale of these features puts constraints on
theories that explain the structure formation and dynamics of the large-scale
structures in the Universe (Ouchi et al. 2005, Springel et al. 2005). Interestingly, the two dominant nearby superclusters that affect the dynamics of the
Local Universe, namely the Great Attractor (Lynden-Bell et al. 1988) and the
Perseus-Pisces Supercluster (Giovanelli et al. 1986, Haynes et al. 1988, Wegner,
Haynes & Giovanelli 1993), are located at similar distances and on opposite
sides on the sky and both are obscured by the Galaxy to a certain degree (Pomarède et al. 2015). Numerous concerted efforts have gone into mapping the
large-scale structure (LSS) formed by galaxy clusters, sheets and filaments.
This has been achieved through multi-wavelength redshift surveys including
the Center for Astrophysics Redshift Survey (CfA; Huchra et al. 1983), the
Two-degree-Field Galaxy Redshift Survey (2dFGRS; Colless et al. 2001), and
the more recent 2MRS (Huchra et al. 2012) and Sloan Digital Sky Survey
(SDSS; Alam et al. 2015). However, the ZoA obscuration persists over large
areas of the sky. This has limited our knowledge of the true distribution and
extent of cosmic structures behind the Milky Way. Many studies of the LSS
often resort to predicting the LSS distribution by extrapolating the structures
above and below the Galactic Plane (Kolatt, Dekel & Lahav 1995, Erdoǧdu
et al. 2006, Sorce, Hoffman & Gottlöber 2017). These density reconstruction
methods might be based on incorrect assumptions regarding the distribution
of objects in the ZoA and may result in misplaced or non-existing predicted
structures. Mapping the real distribution of galaxies through redshift surveys is
important to reduce the uncertainty in the LSS distribution. Redshift surveys
in the ZoA in particular offer an opportunity to fully map the LSS distribution,
to check the validity of the reconstructed density maps, and to understand the
geometry of the voids behind the Galaxy which are useful for constraining the
cosmological parameters (Lavaux et al. 2010).

1.2: Why Study the ZoA?
1.2.2
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The mass distribution in the Local Universe

The dipole anisotropy in the Cosmic Microwave Background (CMB) is explained by the peculiar motion of the Local Group (LG) towards the Galactic
coordinates `, b = 268◦ , 27◦ as a deviation from the uniform Hubble expansion
in the frame of the CMB (Kogut et al. 1993). The peculiar motion of the LG
is induced by the gravitational force of the distribution of mass in the Local
Universe (Fixsen et al. 1996). The dipole pattern of the CMB from the Wilkinson Microwave Anisotropy Probe (WMAP; Bennett et al. 2003) is shown in
Fig. 1.5. A fraction of about 35% of the motion of the LG is due to its acceleration towards the Local Supercluster (Shaya & Tully 2013). The other
component is thought to originate from other unknown mass overdensities or
voids at distances of about 100 − 200 Mpc (Feldman, Watkins & Hudson 2010,
Bilicki et al. 2011, Macaulay et al. 2011, Carrick et al. 2015). It is here that
the lack of data in the ZoA presents a barrier for our understanding of the
origin of the CMB dipole.

Figure 1.5 – The dipole anisotropy of the Cosmic Microwave Background in Galactic
coordinates. One side is a plus or minus 0.00335 K variation with one pole hot and
the other cold creating a dipole patten. Emission from the Milky Way is illustrated
in red (Bennett et al. 2003).

The peculiar motion vector can be determined independent of the CMB observations through direct measurements of the local mass density distribution,
thereby putting constraints on cosmological parameters such as the density and
biasing parameters (Strauss & Willick 1995). While good agreement has been
found in the amplitude of the mass density dipole with that of the CMB (Scrim-
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geour et al. 2016), the direction of the vector is inconsistent, with a deviation of
about . 30◦ (Loeb & Narayan 2008). This remains the case even for the recent
uniform "all-sky" surveys. The disagreement is about 15◦ for the IRAS Point
Source Catalog Redshift survey (IRAS PSCz; Schmoldt et al. 1999) and 13◦
for the 2MASS Redshift survey (Erdoǧdu et al. 2006). Similar disagreements
in the peculiar motion vector have also been shown by Springob et al. (2016)
with the latest data from the 2MASS Tully-Fisher survey (2MTF; Masters,
Springob & Huchra 2008). The persistent discrepancies are caused to some
degree by an incomplete mapping of the ZoA since it remains a contributor
to the uncertainty in the mass density dipole measurements (Rowan-Robinson
et al. 2000, Loeb & Narayan 2008, Springob et al. 2016).
It was suggested by Loeb & Narayan (2008) that an unknown mass of a few
1012 M at 1 Mpc or 1015 M at 20 Mpc behind the Galaxy could explain the
discrepancy between the dipole as inferred from the gravitational acceleration
exerted on the LG by the mass in the Local Universe and the CMB dipole.
The former has been mostly ruled out since no galaxies with a mass of ∼1012
M has been found at a distance of about 1 Mpc through various shallow H I
redshift surveys in the ZoA (e.g., Kraan-Korteweg et al. 1994, Henning et al.
1998, Henning et al. 2000, McIntyre et al. 2015. However, an undiscovered
galaxy cluster/overdensity of about 1015 M at a distance of 20 Mpc or more
might still be hiding in the ZoA. H I surveys that cover large areas of the ZoA
and that reach deep enough in redshift to detect galaxies at these distances
are still ongoing, or their data analysis is still in progress (e.g., EBHIS; Kerp
et al. 2011, HIZOA; Staveley-Smith et al. 2016).

1.3

Galaxy clusters

Observations of galaxy clusters usually located at intersections of large-scale
structures, have been instrumental in studies of the dynamics of the Local
Universe since galaxy clusters contain most of the mass that provides gravitational attraction. For example, revealing the nature of the clusters in the
ZoA that are associated with the Great Attractor (e.g., Norma cluster; KraanKorteweg et al. 1996) has been useful in improving our knowledge of the local
cosmography (Willick 1990, Hudson et al. 2004, Mieske, Hilker & Infante 2005,
Jones et al. 2009). On smaller scales galaxy clusters have been instrumental
in enriching our knowledge on galaxy evolution.
Galaxy clusters are continually growing through accretion of galaxies and
galaxy groups from the surrounding field and filaments (Ebeling, Barrett &
Donovan 2004, Braglia, Pierini & Böhringer 2007, Fadda et al. 2008, Coppin
et al. 2012). Studies have shown that galaxies start out as late-type and gasrich in the field and by the time they reach the cluster core they are transformed

1.3: Galaxy clusters
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into gas-poor early-type galaxies (Dressler 1980). By determining where this
transformation occurs, important information on the processes responsible for
galaxy evolution can be attained. The environment is one of the main factors
that influences this evolution. Examples of some of the environment-specific
mechanisms that are responsible for the transformation of galaxies include
ram-pressure stripping, harassment and galaxy mergers.

Ram-pressure stripping: This process occurs in rich galaxy clusters that
contain hot, X-ray emitting gas, which makes up the intra-cluster medium
(ICM). A galaxy falling into the cluster core encounters this ICM which exerts
hydrodynamical pressure on the galaxy. If this pressure is high enough it can
overcome the gravitational attractive force of the galaxy that is holding on to
its gas, thus effectively stripping the galaxy of its star-forming fuel (Gunn &
Gott 1972, Moran et al. 2007, Porter et al. 2008, Dressler et al. 2013, Jaffé
et al. 2015).
Harassment: In some cases, galaxies often fly by each other as they move
along their orbits during the transition into the cluster core, thus causing them
to interact gravitationally. These interactions between neighbouring galaxies
perturb the gas and stellar distribution. This harassment is often severe enough
to affect the majority of the gas clouds and when this occurs a galaxy will
undergo a sudden burst of star-formation, which consumes all the fuel for new
star-formation (Moore et al. 1996, Duc & Bournaud 2008, Smith et al. 2015).
In cases where harassment is less severe it only disrupts the diffuse gaseous
haloes of galaxies which stops the gas from cooling and condensing, thereby
"quenching" star formation in a galaxy (Dressler et al. 2013, Cattaneo 2015,
Peng, Maiolino & Cochrane 2015, Jaffé et al. 2016). Both types of harassments
effectively transform the morphology of the galaxy.
Mergers: In other cases, merger events take place when galaxies collide with
each other. This particularly occurs when galaxies encounter each other at
relatively low velocities (Toomre & Toomre 1972, Walker, Mihos & Hernquist
1996). Galaxy mergers often lead to the removal of gas from of a galaxy as
it becomes gravitationally detached during the collision of funnelled to the
nuclear regions where it gets consumed by star-formation or fuels an AGN
(Baldry et al. 2004, Balogh et al. 2009).
It has been shown that ram-pressure stripping is an effective means to remove
gas from an infalling galaxy, but only in the inner regions of a cluster where
the ICM is dense enough, while infalling groups of galaxies are subjected more
to mergers and harassment due to their close encounters with neighbouring
galaxies, and the lack of a dense, intracluster medium in those environments.

1
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A number of questions still remain open on the subject of environmental effects
on galaxies. The first question concerns the origin of the red, non-star forming
galaxies in the centres of galaxy clusters. Could gas removal mechanisms such
as galaxy mergers and harassment be effective enough to remove gas completely
from the infalling group galaxies or is ram-pressure stripping from the ICM
within the cluster core acting alone in creating this population? Previous
studies have shown evidence that galaxy "pre-preprocessing" does occur to a
certain degree in low-mass groups prior to their infall into the cluster core
(Zabludoff & Mulchaey 1998, Verdes-Montenegro et al. 2001, Ellingson et al.
2001, De Lucia et al. 2012). However, the relevance of pre-processing in the
formation of gas-poor non star-forming galaxies is still debated (McGee et al.
2009, Vijayaraghavan & Ricker 2013).
The second question concerns the effects of the environment within large-scale
structure filaments on the evolution of galaxies. Does pre-processing occur in
these filaments? If this is the case, where in the filaments are galaxies losing
their gas and which gas-removal process is at play? Studies on these questions
have found evidence that filaments do have an effect on the gas content of the
galaxies (Braglia, Pierini & Böhringer 2007). This effect is seen to be more
dominant in low-mass dwarf galaxies as they travel along the filament but it
is not yet clear which gas removal mechanisms are taking place (Fadda et al.
2008, Porter et al. 2008, Coppin et al. 2012).
Observing the emission from the H I-gas provides an opportunity to start addressing some of these questions. The environment leaves clear imprints on
the delicate and diffuse H I-disks of galaxies thereby making H I an ideal tool
for studying and understanding the mechanisms that affect galaxy evolution
(Poggianti & van Gorkom 2001, Bravo-Alfaro et al. 2000a, Bravo-Alfaro et al.
2009, Chung et al. 2009, Gavazzi et al. 2013, Jaffé et al. 2015, Yoon et al.
2017). This task requires a comprehensive view of the different environments.
This is achievable with H I surveys that cover large enough volumes to capture
not just the densest environments (i.e., galaxy clusters) but also the filaments
in which they are embedded.

1.4

This thesis

Recent targeted 21 cm observations of the 2MASX galaxies brighter than K =
11.25 mag were conducted in the ZoA over 80◦ ≤ ` ≤ 180◦ and |b| < 5◦
with the 94m-class Nancay Radio Telescope (NRT) to a sensitivity of rms ∼ 3
mJy and cz ≤ 12000 km s−1 . Results from the NRT survey revealed hints
of an overdense region crossing the Plane of the Galaxy at ` ≈ 160◦ and a
redshift of cz ∼ 6500 km s−1 (Ramatsoku et al. 2014). The location and redshift of this structure linked it to the expansive Perseus-Pisces Supercluster
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(PPS; Giovanelli et al. 1986, Haynes et al. 1988). The existence of this filamentary connection of the PPS above and below the ZoA had been speculated
in earlier studies (Focardi, Marano & Vettolani 1984, Chamaraux et al. 1990).
This connection is quite prominent in the 2MASX all-sky distribution which
includes photometric redshifts (Jarrett 2004) and was predicted by the 2MRS
reconstructed density maps (Erdoǧdu et al. 2006). However, it had never been
confirmed spectroscopically due to the heavy obscuration of the galaxies at optical wavelengths which ranges from AB ≈ 1.8−8.0 mag (Schlafly & Finkbeiner
2011). Within this PPS filament, an X-ray galaxy cluster hosting two bright
head-tail radio galaxies with bent morphologies, 3C 129 and 3C 129.1, is embedded (Spinrad 1975, Jaegers & de Grijp 1983, Lane et al. 2002, Lal & Rao
2004, Murgia et al. 2016). While this cluster has been studied extensively
from its X-ray emission (Leahy & Yin 2000, Harris, Krawczynski & Taylor
2002, Krawczynski et al. 2003) very little was known about its galaxy populations despite it being a potentially massive and evolving constituent of the
PPS.
Given the rich laboratory offered by galaxy clusters in enriching our understanding of the environmental effects on the nature of galaxies and the scarcity
of rich nearby galaxy clusters, it remains useful to analyse clusters and their
surroundings individually. This is useful particularly when these clusters appear to be nearby enough to be observed and analysed in great detail with
our current instruments. The earlier NRT H I detections of galaxies were only
sparsely distributed around the core of the cluster. This hinted at H I-deficiency
signatures thereby already suggesting gas depletion in galaxies at the cluster
core. Exploring this particular cluster in relation to its surroundings would
provide more statistics in the ongoing quest to establish which mechanisms
and which environments are most relevant for the transformation of galaxies.
Furthermore, the location of this cluster in the ZoA region of the PPS allows
for the determination of its mass contribution to the large-scale structure and
offers an opportunity to study its relevance to the observed flow-fields in the
PPS. This will add to the combined efforts to fully understand the dynamics
of the Local Universe. The unknown nature of this particular region of the
sky also presents a testbed for automated H I source calibration, finding, characterisation and visualisation efficiencies in a controlled but unbiased manner,
particularly for more distant galaxies. Conducting these tests will be invaluable in preparing for the upcoming blind H I-imaging surveys that will be conducted with SKA pathfinders such as Apertif (Verheijen et al. 2008), ASKAP
(Johnston, Feain & Gupta 2009) and MeerKAT (Booth & Jonas 2012).
In this thesis we have conducted a deep and blind H I-imaging survey with
the Westerbork Synthesis Radio Telescope (WSRT) centred on the PPS ZoA
overdense region covering an area of 9.6 deg2 and radial velocities of cz =
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2000 − 16000km s−1 . From this data set we have uncovered galaxies belonging
to various structures located in the ZoA over the entire observed radial velocity range including the galaxy cluster in the PPS region. We have used this
H I sample in combination with near-infrared imaging data from the UKIDSS
Galactic Plane Survey (UKIDSS-GPS; Lucas et al. 2008) to conduct a census and determine the extent of the galaxy population of the 3C 129 cluster.
We have also used these data to study the gas properties of the galaxies in
various regions of the observed volume, including the cluster with the aim of
investigating the variation of the galaxy properties with environment.
1.4.1

Thesis outline

This thesis is organised as follows: In chapter 2 the detailed description of the
blind H I-imaging survey that provides the basis for this thesis is presented. A
comprehensive description of the data reduction is provided and a compilation
of the catalogue with an atlas of the derived H I products of the newly detected galaxies. In this chapter the previously predicted or otherwise unknown
overdense regions over the observed redshift range in this hidden region of the
Universe are also defined and characterised.
In chapter 3, the main focus is to compile a full census of the galaxy population in the 3C 129 cluster and its surroundings. This is conducted using a
combination of galaxies detected in H I and galaxies that were identified from
UKIDSS-GPS images using the near-infrared colour-magnitude relation. The
data sets are complimentary in defining the cluster, particularly in the absence
of optical spectroscopic redshifts, because the former is sensitive to gas-rich
galaxies while the latter is able to outline the older population of gas-poor
galaxies that tend to trace the core of clusters. The resulting near-infrared
catalogue of the cluster galaxies is presented, including postage stamp images
that give a visual impression of the type of galaxy population that forms the
cluster. A further step is taken to identify substructure in the cluster as this
indicates to a first approximation the dynamical state of this cluster’s system.
Chapter 4 describes a definition and characterisation of substructures found
within two selected major overdense regions. This is done using the spatial
and velocity distribution of the H I-detections in combination with the nearinfrared imaging data. The characterised substructures form regions within
which the properties of galaxies are examined as a function of the environment
in an effort to gain clues into the gas depletion mechanism at play.
In the first part of chapter 5 a summary of the main results from this thesis
is presented. The second part of the chapter discusses future perspectives on
further work to be done with the current presented, and future supplementary
data.

