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Synopsis

Introduction

This thesis presents studies of cosmic populations of extragalactic radio sources.
The problems selected for this thesis are 1) the derivation of constraints on the
emergence of new sub-mJy populations at flux density below about 1 mJy (at 1.4
GHz) paying careful attention to including sources with low surface brightness
and counting sources rather than components 2) development of a new method
to estimate the asymmetry in the large scale galaxy environment with respect to
the axes of extended radio sources and use this to examine for evidence of impact
of the environment on the morphology of radio sources. The studies presented
herein have been carried out using the Australia Telescope Low Brightness Survey
(ATLBS), which is a sensitive radio survey at 1.4 GHz, imaging 8.42 square de-

grees of the sky along with accompanying optical observations of the same region.
There are multiple populations of extragalactic radio sources in the cosmos.

These consist of populations of powerful radio-loud quasars and radio galaxies to

populations of weaker radio sources such as star-forming galaxies. These popu-
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lations of radio sources show evidence of evolution with cosmic epoch. Because
the radio galaxy phenomenon and the AGNs at the centers of their host galaxies
may influence the evolution of the galaxy via feedbacks, examinations of these
source populations over cosmic time are a necessary complementary study to un-
derstanding the process of galaxy formation and in general, cosmology. Below we

give brief introduction to the problems studied in this thesis.

Sub-mJy Radio Source Counts

Radio source counts, which have historically been a key probe of cosmology, now
represent a measure of cosmological evolution in radio source populations. Cur-
rently, the estimation of source counts at sub-mJy flux density as well as the na-
ture and evolution of these sources is undetermined. At flux densities < 1.0 mJy
a ‘flattening’ of normalized differential source counts has been widely reported
in literature (Windhorst et al. (1985), Hopkins et al. (2003), Huynh et al. (2005)
and references therein). The flattening is observed as an apparent change of slope
for the normalized differential source counts from ~ 0.7 at 5.0 — 100.0 mJy to
about 0.4 in the 0.25 — 5.0 mJy range. Attempts to understand the nature
of the sub-mJy population have arrived at discordant results and identify the
sub-mJy sources with different populations: starburst galaxies (Condon (1989),
Benn et al. (1993), Huynh et al. (2005)), early type galaxies (Gruppioni et al.,
1999), low (radio) luminosity active galactic nuclei (AGNs) (Huynh et al., 2008)
or a mixture of these. Due to unavailability of spectroscopically complete sam-
ples of hosts of sub-mJy sources, the exact nature of the sub-mJy radio source

population is currently uncertain. However, the presence of a population which
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emerges at sub-mJy flux density and is different from the AGN-dominated radio
source population is not in doubt. The studies in the literature are inconsistent
in identifying the precise location of the emergence of flattening in counts at
sub-mJy flux density. Several studies show that the source counts are consistent
with a continuation in the slope of the differential counts below mJy flux density
(Prandoni et al. (2001) and Subrahmanyan et al. (2010)). The scatter in the sub-
mJy counts from different studies may be because of the relatively small areas
covered by deep surveys (in many cases, a single pointing of an interferometric
array) which may have relatively large errors arising from large scale clustering
in the spatial distribution of cosmic radio sources (however the study by Condon
(2007) concludes that the scatter in the source counts stems from variations in
corrections and sensitivity in different studies) In contrast, wide-field surveys may
not reach the depth to probe sub-mJy counts. Another reason is the correction
applicable to the observed source counts necessary to estimate the true source
counts; these are especially pertinent at low flux densities. To resolve these is-
sues, a survey which combines the attributes of wide spatial coverage as well as
excellent sensitivity and a procedure which accounts for the biases in estimation
of the sub-mJy source counts is needed. In conclusion, accurate measurements of
the source counts at sub-mJy flux densities are needed to correctly estimate the

cosmic evolution of radio sources.

Environments of Extended Radio Sources

Another issue of importance in the study of extragalactic radio sources is their in-

teraction with their environments. The gas environments in which radio sources



reside and evolve ought to have an influence on the morphology of the radio
sources. This has been shown in many case studies where the radio structures
have been compared with the X-ray gas environments (Blanton et al. (2011);
Boehringer et al. (1993)). Studies of the optical environments of radio galaxies
have also been carried out previously (Longair & Seldner, 1979; Yee & Green,
1984; Hill & Lilly, 1991; Zirbel, 1997). The motivation behind these studies has
been to examine differences between different classes of radio sources, the evo-
lution of environments with cosmic epoch as well as the possibility of identify-
ing clusters/groups of galaxies using radio sources as a tracer (Wing & Blanton,
2011). Many previous studies have found that the environments of FRI/FRII
sources are different and are dependent on the cosmic epoch. FRI sources, typi-
cally, are found in rich environments. FRII sources in the local universe are gen-
erally hosted by field galaxies, but at higher redshifts are found in richer environ-
ments (Hatch et al., 2011; Best et al., 2003; Overzier et al., 2008). However, there
have been fewer studies that relate the richness of the environments and morpho-
logical asymmetries of radio galaxies. Earlier investigations by Subrahmanyan et al.
(2008) and Safouris et al. (2009) are noteworthy in this regard where the radio
structures of two giant radio galaxies were examined in the context of the large-
scale galaxy distributions in their vicinity (also see Chen et al. (2012) and refer-
ences therein). The study was also used to infer properties of the ambient thermal
gas medium in which the structures evolved. Clear correlations between structural
asymmetries and associated extended emission-line gas were also found for radio
galaxies that have relatively smaller sizes of a few hundred kpc (McCarthy et al.,

1991).

vi



Thesis Work

To progress the field in the problems highlighted above, the following work has

been done in this thesis.

Radio Imaging of ATLBS Survey

To characterize the cosmic evolution of radio sources and their properties, obser-
vations and imaging of faint radio sources is essential. The Australia Telescope
Low Brightness Survey (ATLBS), which has been used in the studies presented
in this thesis, has been designed specifically to image diffuse radio emission to
relatively high redshifts (z ~ 1 — 1.5). Therefore obtaining good surface bright-
ness sensitivity was a prime objective in planning the radio observations and
in imaging the data obtained from these observations. This requires a nearly
complete synthesized aperture and observations of a representative patch of the
extragalactic sky. These requirements have been fulfilled in ATLBS survey, which
has excellent uv coverage, especially at short spacings, and images a region off
the galactic plane that is devoid of strong radio sources. The observations were
carried out for two adjacent fields, designated as A and B with their centers at
RA:00" 35™ 00°, DEC:—67° 00" 00" and RA:00" 59™ 17¢, DEC:—67° 00 00", in
the 20 cm band, with a center frequency of 1388 MHz, in full polarization mode.
The radio data was imaged by using techniques such as multi-frequency decon-
volution and self-calibration to make two mosaics of region A and B which are

free of artefacts.

These high-resolution radio images (with beam FWHM of 6”) of the ATLBS
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survey regions cover 8.42 square degrees sky area with rms noise 72 pJy beam™!

and are of exceptional quality in that there are no imaging errors or artifacts
above the thermal noise over the entire field of view. The images have excellent
surface brightness sensitivity and hence provide good representation of extended

emission components associated with radio sources.

Optical Imaging of ATLBS Survey

The ATLBS survey region has been also observed in SDSS 1’ band, specifically
for providing information about the galaxies hosting radio sources observed in
ATLBS survey as well as galaxies in the neighbourhood of the radio sources. The
optical observations were carried out using the CTIO 4 meter Blanco Telescope
in Chile and using the MOSAIC IT imager, which is a mosaic of 8 CCDs. In total,
28 optical images were created from the optical data. Each image was formed
from a set of 5 dithers, using which spurious sources in the images were rejected.

The final images are complete down to a magnitude of 22.75.

Radio Source Counts

Using the sensitive radio and optical images, a study of radio source counts was
carried out. This study made use of some novel strategies and algorithms to
generate a source list and correct it for various biases to obtain the radio source
counts. More specifically, care was taken to identify sources with low surface
brightness by making use of low resolution images for initial identification, and
using multiple indicators (including optical images) to identify components of

sources. The blending issues inherent in using low resolution images has been
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avoided using higher resolution images to identify blended sources. Thus, use of
low resolution images (beam FWHM = 50”) almost completely removes effects
of resolution bias and the use of high resolution images avoids blending issues.
These strategies, together with use of optical images to locate candidate galaxy
hosts and a careful visual examination of resolved and complex sources instead
of automated classification ensures that the ATLBS catalog is a ‘source catalog’
as opposed to a ‘component catalog’. The distinction between ‘sources’ (which
are single sources) as opposed to components (parts of a single source appearing

separate) is crucial in estimating the true source counts.

The source list was used to estimate the radio source counts down to 0.4 mJy.
Comparing the counts with previous work shows that the ATLBS counts are sys-
tematically lower and the upturn in sub-mJy source counts has not been found
down to the noise limited flux densities probed. The systematically low counts
for ATLBS relative to most previous studies are attributed to the ATLBS counts
representing sources as opposed to components, as well as corrections for noise
bias as well as clustering effects that may affect source counts derived from the
small sky coverage typical of deep surveys. This study also demonstrates the sub-
stantial difference in counts that result from using component catalogs as opposed
to source catalogs: at 1 mJy flux density component counts may be as much as
50% above true source counts. This implies that automated image analysis for
counts may be dependent on the ability of the imaging to reproduce connecting
emission with low surface brightness as well as the ability of the algorithm to
recognize sources, which require that source finding algorithms effectively work

with multi-resolution and multi-wavelength data.
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Galaxy Environments of Extended Radio Sources in ATLBS
Survey

A study of the galaxy environments of the extended sources in the ATLBS survey
was carried out using the optical images. This study of the environments of radio
sources from the ATLBS survey is restricted to those that are extended and hence
to a subset of the ATLBS-ESS (Extended Source Sample) sources. Briefly, the
ATLBS-ESS subsample consists of 119 radio sources that have angular size ex-
ceeding 0/.5. Applying a redshift cut (to exclude sources with high redshifts whose
optical environment may be beyond the depth of the optical images) as well as
other constraints (such as availability of optical magnitudes of the host galaxy),
a sub-sample of 43 sources was formed, including sources of diverse radio mor-
phologies (FRI/FRII, WATs and HTs) as well as 7 radio sources which are highly
asymmetric in their radio morphology. For these sources, where no spectroscopic
data was available, a redshift estimate was obtained from a magnitude-redshift re-
lation derived from other sources in the ATLBS survey. Using the optical images
convolved with a matched filter (following the prescription from Postman et al.
(1996)) consisting of a radial and magnitude filter, smoothed maps were formed
for each source in the sample. These give the likelihood of a cluster being present
in a given position in the map (in this case the location of interest being the
position of the radio source in the map). Further, five parameters were defined
in this study, which give estimates of the angular anisotropy of galaxy density
around the axis of the radio source. This method used to quantify environmental

asymmetry for the study presented in the thesis is new.



The parameters defined thus were used to examine the environments of radio
sources in the sample over a wide range in redshift. Specifically a comparison of
FRI/FRII environments was made in two different redshift regimes (above and
below z = 0.5) and it was found that the FRI and FRII sources inhabit environ-
ments of similar richness at low and high redshifts, with no evidence for redshift
evolution. The WAT and HT sources were (as expected from earlier studies in
literature) found in the most dense environments. Examination of the anisotropy
parameters for the asymmetric radio sources clearly showed the influence envi-
ronment has on radio source morphology, specifically in that the higher density

of galaxies was found on the shorter side of the radio sources in almost all cases.

Images and Other Resources

The radio and optical images are an excellent resource for examining with auto-
mated algorithms for source finding, parameter fitting, and morphological clas-
sification, and as a resource for testing such algorithms that would be used on
upcoming all-sky continuum surveys with the LOFAR and ASKAP/SKA. The
techniques and methods developed and presented in the thesis may be used in

future studies of radio source populations.
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CHAPTER

ONE

Introduction

This thesis presents studies of extragalactic radio source populations using the
Australia Telescope Low Brightness Survey (ATLBS) and accompanying optical
observations. The work concerns the characterization of the radio sources and
their optical environments. In this chapter of the thesis, I present the background
for the work carried out for the thesis, focusing on extragalactic radio sources and
radio surveys off the Galactic plane. More detailed introductions to the specific
studies presented in later chapters form the opening sections of the individual

chapters.

1.1 A Short History of Radio Surveys

The first radio observations were carried out by Karl Jansky in the 1930s. He

had discovered radiation at radio frequencies (20.5 MHz) which could not be ac-



1. INTRODUCTION

counted for by any terrestrial sources. Initially attributed to the Sun, he soon
believed it to be from outside the Solar System and more specifically directly from
the center of the Galaxy. His work was taken up by Grote Reber in the following
decade who reached the same conclusion, that the so called ‘cosmic static’ had
origins outside of the Solar System (Reber, 1940). The observations carried out
by Reber and others showed that the radio signals were coming from the Galactic

plane.

By 1949, several such radio sources had been identified with astronomical ob-
jects observed in other wavebands. These objects included Taurus A (Crab Neb-
ula), Virgo A (NGC 4486 or M87) and Centaurus A (NGC 5128) (Bolton et al.,
1949). Two of these objects were thus identified with galaxies, marking the be-
ginning of extragalactic radio astronomy. Soon more radio sources, including
Cassiopeia A and Puppis A (both supernova remnants) and Cygnus A (a radio

galaxy), were identified with optical counterparts (Baade & Minkowski, 1954).

These early findings provided the impetus for the first radio surveys to serve
as a basis for examining the population of radio sources, their identifications
and phenomenology and cosmic evolution. A notable series of surveys is the
Cambridge radio surveys. This series of surveys includes the 2C survey, which
highlighted the issue of source confusion in radio surveys. This was amended in
the next survey in the series, the 3C survey, in which the operating frequency of
the telescope was increased from 81.5 MHz to 159 MHz, which resulted in a better
resolution by a factor of two (Archer et al. (1959), Edge et al. (1959)). The 3C

survey produced more reliable flux densities and positions for radio sources than



1.1 A Short History of Radio Surveys

its predecessor. The 3C survey is also notable for detecting the first quasar ever,
3C 273 (Schmidt (1963), Oke & Schmidt (1963)). The 273" object in the 3C
survey catalog, it was identified with an optical counterpart which could not be
resolved in optical observations. The angular size of the optical counterpart was
‘point like’; as in the case of a star (i.e. given by the ‘seeing’), but spectroscopy
revealed presence of several broad (width ~ 501&) optical emission lines super-
imposed on a flat continuum which was unlike any star. This unusual spectrum
could be explained if the object had a redshift of 0.158. Thus the object was
named as a ‘Quasi-Stellar Object’ or ‘Quasar’. Successive Cambridge surveys
have continued, with the most recent being the 10* Cambridge survey (10C)
(Franzen et al., 2010) carried out with the Arcminute Microkelvin Imager Large

Array at 15.7 GHz.

Radio surveys may be divided into two types: wide-field radio surveys and
deep radio surveys. This is because of the fact that the observing time for any
survey is a limited resource and the depth of a survey comes at the expense
of sky coverage it may undertake. Both types of surveys are useful for different
objectives. In the next part of this chapter different radio surveys are discussed. A

comprehensive review of continuum radio surveys can be found in de Zotti et al.

(2010).

1.1.1 Wide-field Surveys

Some of the prominent wide-field surveys are the Parkes-MIT-NRAO (PMN), the
Westerbork Northern Sky Survey (WENSS), the Sydney University Molonglo Sky
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Survey (SUMSS), the Faint Images of Radio Sky at Twenty-centimeter (FIRST)
and the NRAO VLA Sky Survey (NVSS).

The PMN survey (Griffith & Wright, 1993; Wright et al., 1994; Griffith et al.,
1994; Condon et al., 1993; Tasker et al., 1994; Griffith et al., 1995; Wright et al.,
1996) is an all sky survey carried out at 4.85 GHz. The primary aim of the PMN
survey was to provide radio observations complementary to those carried out with
the Green Bank Survey (Griffith & Wright, 1993; Gregory et al., 1996) (also at
4.85 GHz). The PMN survey, covering the sky from —87.5° < § < 10°, catalogs
a total of 50814 sources at flux limits varying from 20 mJy to 72 mJy depending
on the declination, imaged with beam FWHM ~ 5'. Together with the Green
Bank survey (from 0° < ¢ < 75°), it provides radio coverage for nearly the whole

sky at relatively high frequencies.

The WENSS survey (Rengelink et al., 1997), carried out at much lower fre-
quencies (325 MHz and also at 610 MHz) as compared to the PMN and Green
Bank surveys, covers the northern sky beyond the declination of 30° with beam
FWHM ~ 54" to a flux limit of 18 mJy. Apart from sky coverage, WENSS is
useful in obtaining the spectral information of northern sky radio sources, either
by comparing fluxes with other northern sky radio surveys or on its own. WENSS
survey is also useful in detection of diffuse radio sources (see van Weeren et al.
(2010) and van Weeren et al. (2011), for example) due to the relatively superior

surface brightness sensitivity.

The SUMSS survey (Bock et al. (1999); Mauch et al. (2003)) is a low fre-
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quency (843 MHz) survey in the southern sky, covering a region below declina-
tion of —30° with beam FWHM of ~ 43" and complete to flux density of 8 mJy
or 18 mJy (for below and above declination of —50° respectively). The SUMSS

survey contains 211063 objects that have been recently cataloged.

Perhaps the most widely used radio surveys in recent times are the NVSS and
FIRST surveys. These two surveys, carried out with the Very Large Array radio
interferometer, complement each other. The NVSS survey (Condon et al., 1998)
provides coverage for the entire sky north of declination —40° at a frequency of 1.4
GHz to a limit of 2.5 mJy, cataloging about 1.8 million sources. The NVSS survey
images are of relatively low resolution (FWHM = 45”), which make the images
useful in detection of extended, diffuse radio emission (Solovyov & Verkhodanov,
2011). The very wide coverage it provides lends itself to be used in cosmological
studies, especially in the detection of Integrated Sachs-Wolfe (ISW) effect (see
Dupé et al. (2011) and references therein). The FIRST survey (Becker et al.,
1994, 1995), which was also carried out at 1.4 GHz, has a higher resolution
(FWHM = 5"). The FIRST survey covers (by design) similar area to the SDSS
optical survey (York et al., 2000). Due to this fact, various multi-wavelength
studies of radio sources have been possible in which lists of sources from FIRST
and SDSS surveys are cross-matched (see Urrutia et al. (2009), McGreer et al.
(2009), Hodge et al. (2009), as examples).
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1.1.2 Deep Radio Surveys

Compared to the surveys listed above, which have very large coverage of the sky
but relatively shallow depth in terms of the limiting flux density, some surveys
have been especially designed to probe deeper limiting flux densities. Where
large-area surveys are able to provide large databases of relatively bright radio
sources, deep radio surveys provide information about the faint radio source pop-
ulation, making them essential in studies of evolution as well as composition of

radio source populations.

Some examples of deep surveys include the Phoenix Deep Survey (PDS)
(Hopkins et al., 1998), the Australia Telescope ESO Slice Project (ATESP) sur-
vey (Prandoni et al., 2000), the Australia Telescope Hubble Deep Field-South
radio survey (ATHDFS) (Norris et al., 2005). Deep surveys typically cover sky
regions of a few square degrees and probe sub-milliJansky flux density. These
flux density regions contain very faint radio source populations, the composition
of which is the matter of much debate. A more extensive discussion and investi-

gation of this issue has been presented in Chapter 4.

A host of deep radio surveys were carried out with the VLA radio interferom-
eter, which include the VLA ELAIS survey, VLA VIRMOS survey, VLA HDFN
survey, VLA COSMOS survey and VLA Swire survey. The VLA ELAIS (Euro-
pean Large-Area ISO Survey) (Ciliegi et al., 1999), was carried out at 1.4 GHz
to image the regions surveyed in infrared bands in the European Large-Area ISO

Survey. Covering 4.22 square degrees, it was able to achieve a flux density limit
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down to 0.135 mJy in selected deep regions. The survey importantly provides
information complementary to that obtained from the infrared observations of
the same region which helps better estimate the radio-infrared correlation. The
VLA ELAIS survey also probes the sub-milliJansky radio source population. The
VLA VIRMOS survey (Bondi et al., 2003) at 1.4 GHz provides radio coverage for
1 square degree subfield of the region surveyed in the optical band in the VLT
VIRMOS survey. It reaches a flux density limit of 0.08 mJy; giving 1013 radio
sources in the catalog. The HDFN (Hubble Deep Field-North, covered in optical
by deep Hubble Space Telescope observations) survey (Richards, 2000) covered
only 40’, but probed the sub-milliJansky regime down to 40 uJy, with a catalog
of 371 radio sources. The VLA Swire survey (Owen & Morrison, 2008), covering
40" x 40" at 1.4 GHz, probes the Lockman Hole area (covered as a part of Spitzer
Wide-area InfraRed Extragalactic survey) down to 20 pJy. The VLA COSMOS
(Schinnerer et al., 2007) survey is another survey where radio observations have
been carried out along with observations in other wavebands, providing multi-
frequency coverage for a given sky area. In the case of VLA COSMOS survey
(which covers 2 square degrees of sky covered in the Cosmic Evolution Survey)
the coverage ranges from X-ray band to radio, including optical spectroscopic ob-
servations. The VLA COSMOS survey provides a catalog of 3643 radio sources at
1.4 GHz. Amongst the most recent deep radio surveys is the survey of the Lock-
man Hole (same area as that covered by the VLA Swire survey) by Condon et al.
(2012), which is one of the deepest radio surveys yet, reaching down to the limit

of 1 uJy.

Though deep surveys are very important in probing the faint radio source
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population, deep surveys may suffer due to the small coverage. This may result
in errors in the estimates of properties of the radio source populations, especially
number counts. The source counts of radio sources may be affected due to clus-
tering effects. Recent studies have tried to estimate the effect of clustering on
radio source counts. For example, Condon (2007) has estimated the rms fluc-
tuations in radio source counts in 17 non-overlapping fields using the FLS-VLA
survey (Condon et al., 2003) and found that the clustering in small fields may
not be cosmic in origin, but may depend on issues such as varying sensitivity
over survey regions. A similar study by Prandoni et al. (2001) also found that
clustering effects on estimation of source counts may not be significant. More
recently, however, the study by Heywood et al. (2013) has demonstrated that the
contribution of clustering effects or ‘sample variance’ may be quite important in
correct estimation of the radio source counts. The latter study carried out simu-
lations in which areas of sky of different sizes (‘broad’ patches of size 4.5 square
degrees and ‘deep’ patches of 0.196 square degrees) containing radio sources were
simulated and the scatter in the source counts were studied. It was demonstrated
in this study that significant scatter may be introduced in source counts through
clustering of sources, depending on the limiting flux density threshold of the sur-

vey; this issue is most severe in deep radio surveys covering small area.

In the future, radio surveys will be carried out using telescopes designed to
instantaneously survey large sky areas with excellent flux density sensitivity. One
of the primary aims of telescopes such as LOFAR, MEERCAT, ASKAP etc. is
carrying out deep continuum radio surveys, which provide information about the

radio sky with an order of magnitude improvement over most of the existing deep
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surveys in both limiting magnitude and the sky coverage (see Fig. 1.1). For a com-
prehensive review of the upcoming radio continuum surveys and their objectives
see Norris et al. (2013). Recently, an all sky survey (—55° to +90°) is being done

at 150 MHz using the Giant Metrewave Radio Telescope (TGSS@ncra.tifr.res.in).

The aim of all radio surveys is to provide information about the radio sources
in the sky. In the next section, the various types of extragalactic radio sources

and their properties are discussed.
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Figure 1.1: A depiction of current and planned deep surveys, in limiting flux
density- survey area plane. The figure is taken from Norris et al. (2013) (Fig. 1)

and suitably modified to depict ATLBS survey.

1.2 Extragalactic Radio Sources

Extragalactic radio sources are the focus of this thesis. These may be divided into
two main categories separated by the mechanisms which power them. The radio

sources above a few mJy are dominated by radio galaxies (and quasars), which are
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powered by the process of accretion on to supermassive black holes residing in the
center of their ‘host’ galaxies. Such sources are said to be powered by an ‘active
galactic nucleus’ (AGN), also referred to as ‘central engine’. Radio galaxies are
almost always seen to be associated with elliptical galaxies at low redshift. On the
other hand, in most of the fainter radio sources the radio emission is a result of
non-nuclear activity, such as star formation. These radio sources are most often
hosted by spiral/irregular starburst galaxies. Each category has been discussed
in some detail below; however, it is not a complete review of the subject in any

sense.

1.2.1 Radio Galaxies

Cygnus A (Fig. 1.2) is one of the very first radio galaxies to be observed (Hey et al.,
1946) and in many aspects the prototype of radio galaxy, having been studied
in more detail due to its proximity (approx. 170 Mpc distant from the Milky
Way). Interferometer observations showed strong oscillations in the intensity of
radio radiation received from the source, leading observers to conclude that the
radiation originated from a small number of discrete components. The argument
that the period of variation might be used to determine the physical size of the
radiating object was used by Ryle (1949), who estimated it as R = ¢At (where
At = 20 sec is the period of the oscillations in the intensity for Cygnus A) with
R = 10'2 cm. Based on the estimates for size, Cygnus A and other radio sources
were thought to be ‘radio stars’ emitting most of their radiation in radio waves
and being difficult to observe in optical wavebands. Accurate positions of radio

sources were not available for some time due to the poor resolution of radio tele-
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scopes. Following the accurate position estimation by F.G. Smith, the optical
counterpart of Cygnus A was observed by Baade & Minkowski (1954) (also ear-
lier by Mills & Thomas (1951)), though the radio source position was not known
well enough to make an unambiguous identification of the optical counterpart)
as a galaxy (or an ‘extragalactic nebula’, as it was then called) in a cluster of
galaxies, with the redshift of the emission lines in the spectrum establishing that
it was outside the Galaxy. Subsequent measurements of the spectra of optical
counterparts of radio sources established that most of these showed similar emis-
sion lines (Schmidt, 1965)) and that these were associated with galaxies. With

these findings, the term ‘radio galaxy’ gradually replaced the term ‘radio star’.

Figure 1.2: Radio Image of Cygnus A (5 GHz). Image courtesy of NRAO/AUIL

With improved radio telescopes, the studies of radio structures as well as
the physics, especially the mechanisms powering these sources, progressed. The
structure of Cygnus A was examined by Jennison & Das Gupta (1953) who found

it to be composed of two components with the position of the optical counterpart
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in between the pair of components. Subsequently it was found that many radio
sources were composed of two components (Maltby & Moffet, 1962). The ini-
tial hypothesis of the radio sources being generated through a collision of galax-
ies (Baade & Minkowski, 1954) (supported by a double-nucleus morphology of
Cygnus A) was soon questioned (Shklovskii, 1961). The hypothesis that the ra-
dio galaxies have their origins in events happening at the nuclei of the host galaxy
was suggested by the morphology of the radio sources, which had two components
on the two sides of the associated optical galaxy (as well as ‘triple sources’, with
a third component coincident with the position of the optical galaxy itself). Op-
tical observations that showed evidence of violent activity in nuclei of galaxies
including presence of broad emission lines and variability in the flux were also

suggestive of origins for the radio source in the nucleus of the host radio galaxy.

The radiative process by which the radio emission was being generated is sug-
gested quite early (Alfvén & Herlofson, 1950) as synchrotron emission, produced
by relativistic particles in magnetic fields. The magnetic fields associated with
the radio sources were detected through the polarization of the radiation. The
mechanism through which a population of relativistic particles was generated and
the energy deposited at enormous distances from the galaxy was then the matter
of debate. Though competing mechanisms have been proposed (the ‘slingshot
model” (Valtonen, 1977)) in which the energy transport is through a pair of su-
permassive black holes), currently the accepted paradigm for the mechanism of
creation of double radio sources is the one first presented by Blandford & Rees
(1974), which is also known as the ‘twin exhaust’ model. In this model, the energy

generated at the nucleus is conveyed via two ‘exhausts’ or channels in opposite
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directions through which plasma is collimated into two supersonic beams of rela-
tivistic matter. Thus, the mechanism through which the double radio sources are
formed is as follows. The energy is initially generated in the nucleus of the (op-
tical) galaxy through accretion onto the supermassive black hole at the nucleus.
The energy is then transported outwards through collimated beams of relativis-
tic plasma which carry the energy as bulk motion. At the location where these
beams or jets encounter the ambient medium, a shock front is formed. Particles
at the jet are accelerated and thus the energy is transferred through the bulk
motion of the jet to random energy of the accelerated particles. These highly
relativistic particles, which are traveling in the pervading magnetic field, thus are
responsible for generating the synchrotron radiation. For a detailed description

of the physics of radio galaxies see Begelman et al. (1984).

Since radio galaxies span a large range in luminosity and also exhibit a vari-
ety in their morphologies as well as other properties, sample studies of sources
grouped in physical characteristics also yield important and complementary in-
formation towards understanding the radio galaxy phenomenon besides studies

of individual sources.

An important study in the classification of radio sources was by Fanaroff & Riley
(1974). Fanaroff and Riley studied radio galaxies from the 3CR (revised third
Cambridge survey), a subsample of which consisted of radio galaxies that clearly
were resolved into two or more components. These sources were classified into
two types by the ratio of the distance between the brightest points on the oppo-

site sides of the host galaxy to the total extent of the source as measured from

14



1.2 Extragalactic Radio Sources

the lowest contour; Class I consisting of radio galaxies for which the ratio was less
than 0.5 and Class II for which the ratio was larger than 0.5. Though this was a
classification scheme based solely on morphological basis, it was found that there
existed a ‘sharp division in luminosity between the two classes’. The sources in
Class I were found to have a power below 2 x 102> W Hz! sr™! at 178 MHz, and the
sources in Class II were above this power. This classification therefore appears
to be fundamentally related not only to the morphology of the radio sources but
also the underlying mechanisms of energy generation and/or the dynamics of the
radio sources. The radio galaxies in the second class (henceforth referred to as
FRII sources), are more powerful than the radio sources in the first class (FRI
sources henceforth) and also show presence of hotspots, which are bright regions
at the extremities of the radio source. The ‘core’ region (corresponding to the
host galaxy) might not be very bright in comparison to the radio emission from
the hotspots. The FRI radio sources, in comparison, do not show the presence
of hotspots. The jets, which are more prominent in the FRI sources, tend to
instead end in ‘lobes’ of emission lacking hotspots (lobed-FRIs) or in ‘plumes’
(naked-jet FRIs). The brightness distribution of the FRI sources therefore drops
off away from the core. In fact the FRI sources also include the so-called Wide
Angle Tailed (WAT) and Head-Tailed (HT) sources. The WAT and HT sources
favor galaxy cluster environments and may in fact be used to detect clusters of

galaxies at high redshifts.
With subsequent studies of the distribution of radio galaxies in the radio-

optical plane (defined by the radio power and absolute optical magnitude) this

simple picture started to change. The initial goal of these investigations was
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to construct a ‘radio H-R diagram’ (Owen and Ledlow, 1994). Various studies
(Owen & Laing (1989), Owen & Ledlow (1994), Owen et al. (1996)) found that
the radio dividing power was a function of the optical luminosity of the host
galaxy, with the radio dividing power increasing as P Léﬁ (Owen et al., 1996).
This was interpreted in terms of a larger power being needed for radio sources to
form an FRII structure in the environments of brighter (and thus denser) host
galaxies. The two FR classes were found to be well separated by this modified
dividing radio power at any given optical host luminosity, with only negligible
overlap between the two populations (Owen et al., 1996). The modeling of radio
source dynamics by Bicknell (1995) and Gopal-Krishna & Wiita (2001) among

others reproduces these observations with varying degrees of success.

More recent studies (Lin et al. (2010), Best (2009), Wing & Blanton (2012))
have found that there is considerable overlap between the two radio populations in
the radio-optical plane. The comparison of FRI/II populations in the overlap re-
gion by Best (2009) showed that 20% of the FRII sources below the Owen-Ledlow
threshold have radio sizes smaller than 40 kpc. This agrees with the findings by
Owen et al. (1996) that the FRII radio galaxies below the threshold appear to
be confined inside the host galaxy. Such galaxies, though having FRII type ra-
dio structure, are likely to evolve into FRI sources due to interactions with the
environment and/or the jet being weak (Kaiser & Best (2007), Kawakatu et al.

(2009)). For a recent review, see Saripalli (2012).

Thus radio galaxies, which dominate the radio source population above few

mJy, show a remarkable variety in morphologies and a large range in output in

16



1.2 Extragalactic Radio Sources

the form of radio emission. These sources, while being the more powerful variety,
are not the only population of sources and in the next part of this chapter the

population of faint radio sources is discussed.

1.2.2 Star Forming Galaxies and Faint Radio Sources

Apart from the radio galaxies discussed above there exists another major popu-
lation of extragalactic radio sources that has radio emission fueled not by AGNs
but through the process of star formation. The existence of such a population
was known through observations of faint radio sources (Mitchell & Condon, 1985)
rather late as compared to the more powerful radio galaxies. The star-forming
galaxies were invoked to account for the number density of faint radio sources,

especially in the sub-milliJansky flux density regime.

The range of radio luminosity occupied by star forming galaxies is approxi-
mately from 10'® to 10?* W Hz!. The radio emission from starburst galaxies is
due to 1) free-free emission in HII regions which are ionized by massive, young
stars and 2) synchrotron emission from cosmic-ray electrons in the body of the
galaxy, which have been shock-accelerated in the supernova remnants of massive
stars. The lifetime of massive stars, which is less than 3 x 107 years, and the
lifetime of the synchrotron-emitting particles in supernova remnants, which is less
than 108 years, means that the radio emission from these galaxies is a very good
extinction-free indicator of recent star formation (for a review of radio emission

from these galaxies, see Condon (1992)). Thus, the radio emission from these
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galaxies may be an important probe of the cosmological evolution of star-forming

processes.

As discussed in Section 1.1, deep radio surveys are useful in detecting these
faint radio sources. With increasing sensitivity and thus lower limiting flux densi-
ties the population of star-forming galaxies and, in general, the faint radio source
population has been studied with great detail in recent years. In contrast to the
earlier view that the faint radio source excess is formed by the population of star-
forming galaxies, recent work by Seymour et al. (2008) and Smol¢i¢ et al. (2008)
suggest that radio-quiet AGNs may form a large proportion of faint sources. How-
ever, the exact composition of the faint radio source population has not yet been

conclusively determined.

Apart from the different categories of extragalactic radio sources mentioned
above, the radio sky also consists of a background that has not been resolved
into component sources. This background, called the Cosmic Radio Background
(CRB), has been the subject of recent studies. Different studies have tried to
estimate the contribution of different source populations to the CRB. For ex-
ample, Ponente et al. (2011) estimate the contribution of star-forming galaxies
to the CRB. Recent work by Fixsen et al. (2011) has estimated the tempera-
ture of the CRB over a range of frequencies (3, 8, 10, 30 and 90 GHz) and
have found that the CRB brightness spectrum (after subtraction of Cosmic Mi-
crowave Background and the Galaxy Foreground) is well fit by a power law with
an index of —2.599 4+ 0.036 from 22 MHz to 10 GHz (given by the equation :

T =241+ 21(K) (v/v)?59%0036) " This is 5-6 times more than the expected
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contribution from the currently known radio source populations, which implies
that another radio source population, currently unknown, may exist. The work by
Condon et al. (2012) has tried to resolve the radio background and arrived at the
conclusion that the background must be very smooth and that any hidden popula-
tion of sources, which may give rise to the radio background, is too numerous to be
associated with galaxies. For a possible explanation of the CRB excess based on
the estimation of the Galactic emission components see Subrahmanyan & Cowsik

(2013).

1.3 Motivation for the thesis work

From the above discussion, it is clear that the extragalactic radio source popu-
lation forms one of the key pieces in our understanding of the physics of cosmic
evolution of galaxies and active galactic nuclei on scales as diverse as hundreds
of kiloparsecs to a parsec. Since the evolution of extragalactic radio sources may
occur over large timescales, it is necessary to observe as large number of radio
sources as possible, to study them in a statistical sense. Further, to study the
evolution of the radio source population with cosmic epoch it is necessary to have
sensitive observations of the radio sky, which allow probing of the faint radio
sources to high redshifts. Both these constraints require surveys of the radio sky

which have good sensitivity and also sample a large region of the sky.

However, only radio observations of the extragalactic radio sources may not

provide the information regarding the interactions taking place between the ra-

19



1. INTRODUCTION

dio sources and their environments, which are essential to correctly assess the
co-evolution of the galaxies and extragalactic radio sources; in particular, the
effects of the galactic and extragalactic environs on radio sources and also the
influence of the radio sources on their environs. Observations in optical, x-ray
and infrared bands typically provide information regarding the host galaxies of
extragalactic radio sources as well as their large scale environments characterized
by neighbouring galaxies and intragalactic/intracluster gas. Therefore, the cos-
mic extragalactic radio population needs to be examined via radio surveys with
good sensitivity and adequate surface brightness sensitivity to image the large
angular /spatial extents, complemented with observations in other wavebands. In
fact, a common property of the radio surveys described in Section. 1.1 is the cov-
erage of the survey area in other wavebands, through large scale optical surveys

such as SDSS to deep observations of small regions by the Hubble Space Telescope.

Australia Telescope Low Brightness Survey (ATLBS), is such a survey. A
sensitive interferometric radio survey at 1.4 GHz, it is a moderately wide-field as
well as fairly deep (~ 0.4 mJy) survey, combining the best of both worlds. Thus,
using the ATLBS survey, it is possible to study populations of both powerful
and faint radio sources. The primary motivation behind the ATLBS survey was
to image diffuse radio sources to high redshifts and to estimate the evolution in
extended radio sources with cosmic epoch. The faint radio sources targeted by
the ATLBS survey may be sources with low luminosity radio sources at moderate
redshifts, such as star-forming galaxies or radio-quiet AGNs, or high luminosity
radio galaxies or quasars at high redshifts. The ATLBS survey is complemented

by broadband optical observations covering the same region of the sky and pro-
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viding information on the host galaxies of the radio sources in ATLBS and their

optical environments.

In this thesis, different studies of extragalactic radio sources have been done
using the ATLBS radio and optical observations. The sensitivity of ATLBS
survey allows an investigation of sub-mJy radio source populations. The high
resolution provides structural information on extended emission associated with
radio sources which, along with the optical observations, enables studies of the
connection of radio sources types and morphological asymmetries with their en-
vironments characterized by galaxies, which may in turn be associated with the
ambient gaseous density. Together, the studies described herein provide impor-
tant information regarding extragalactic radio source populations and the cosmic

evolution of radio sources and their environments.

1.4 Summary

In summary, the following points may be noted:

e Radio surveys are essential in examining the populations of radio sources
in the sky; different types of radio surveys give complementary information

on the radio sky.

e Wide-field radio surveys provide large sky coverage and make statistical

and cosmological studies of radio sources possible.

e Deep radio surveys probe the faint radio source population and give infor-

mation about the cosmological evolution of radio sources.

21



1. INTRODUCTION

e Extended extragalactic radio sources, made up of radio galaxies, possess a
large range in both morphology and radio power. In both these character-

istics their environment may play a significant causative role.

e Faint radio sources, which are associated with starburst and star-forming

galaxies, are a useful probe of the cosmic star-formation history.

The layout of the thesis is as follows. The next chapter describes the details
of the radio observations and imaging. Chapter 3 similarly describes the optical
observations and imaging for the optical data taken for the sky region covered by
the radio observations. Chapter 4 presents the source catalog from the ATLBS
survey and source counts estimated therefrom. Chapter 5 focuses on the opti-
cal environment of extended radio sources and their quantification. Finally, in

Chapter 6 the conclusions of this thesis are presented.
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CHAPTER

TWO

Radio Observations and Imaging

To characterize the cosmic evolution of radio sources and their properties, obser-
vations and imaging of faint radio sources is essential, as explained in Chapter 1.
The Australia Telescope Low Brightness Survey (ATLBS), which has been used
in the studies presented in this thesis, has been designed specifically to image
diffuse radio emission to relatively high redshifts (z ~ 1 — 1.5). Therefore, ob-
taining good surface brightness sensitivity has been a prime objective in planning
the radio observations and in imaging the data obtained from these observations.
In this chapter, the details of the radio observations and imaging process are

presented.

The primary motivation behind the radio observations forming the ATLBS
survey was to image diffuse emission which may be missed in interferometric sur-
veys in absence of adequate uv plane coverage. However, diffuse radio sources,

especially FRI sources, form the bulk of the extragalactic radio sources. There-
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fore, these sources are of critical importance in estimating interactions between
radio sources and their surroundings; especially in processes such as radio-mode
feedback. It is known that FRI sources, while not evolving as strongly as FRII
sources, show signs of evolution with cosmic epoch. To estimate this evolution it
is necessary to image the (already) faint, diffuse FRI sources to high redshift. On
the other hand, the population of faint sources in the local universe needs to be
accurately characterized since current observations show a large degree of uncer-
tainty in the nature (star-forming galaxies, radio-quiet AGNs and/or low power
radio galaxies) and numbers of this population. Other types of highly diffuse
radio sources like haloes or relics, which are generally associated with clusters of
galaxies, also require good surface brightness sensitivity to be observed. To sum-
marize, good surface brightness sensitivity is highly desirable in radio surveys
seeking to examine cosmic populations of radio surveys. Many of the sources
mentioned above are best observed at low frequencies due to their high spectral
index. However, substantially worse radio frequency interference at low frequen-
cies suggests that moderately higher frequencies may in some cases be preferred

for a survey.

The above constraints therefore require the survey to be carried out with a
nearly full synthesized aperture, at moderately high frequencies and targeting a
sky region devoid of bright sources. These requirements have been fulfilled in
ATLBS survey, which has excellent uv coverage especially at short spacings, is
observed at 1.4 GHz and images a region which is empty of strong radio sources.
These requirements have also prompted the use of Australia Telescope Compact

Array for the survey. Below is a short description of the Australia Telescope
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Compact Array.

2.1 Australia Telescope Compact Array

The radio observations were made with the Australia Telescope Compact Array
(ATCA). ATCA is a part of Australia Telescope National Facility (ATNF), oper-
ated by the Commonwealth Scientific and Industrial Research Organization. The
array is located in Narrabri, NSW, Australia. ATCA was chosen based on several
considerations based on the requirements of the survey. Since a primary aim of
the survey was to have observations which allowed for making radio images of
excellent surface brightness, which requires complete uv coverage (without any
gaps), a linear array such as ATCA was thought to be better than two-dimensional
arrays such as the VLA or GMRT. These other arrays that have 3D configura-

tions may give excellent uv coverage that are, however, not necessarily complete.

Figure 2.1: Antennas of the ATCA interferometer (Image courtesy CSIRO, Aus-
tralia).
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ATCA consists of 6 antennas each of 22 meters. Five of these are movable
on a railway track (see Fig. 2.1). The railway track has two segments, one ori-
ented east-west and the other north-south, though in the observations carried
out for the ATLBS survey, only the east-west track has been used. The east-west
segment is 3 km in length, whereas the north-south segment spans 214 meters.
The sixth antenna is fixed and is located 3 km west of the western end of the
east-west track. This gives a maximum baseline for the array at 6.0 kilometers.

The minimum antenna spacing for the array is 30.64 meters.

The antennas of the ATCA are of Cassegrain design, on alt-azimuth mounts.
The Cassegrain design means that the receivers for an antenna are located in a
feed cabin at the center of the main reflector. The secondary reflector is located
at the prime focus of the antenna. The main reflector and secondary reflector
of the antenna are shaped; designed to maximize the gain to antenna noise ratio
for the operating frequencies. The surface of the movable antennas are made of
solid panels, which allows observations to be made to high frequencies (up to 116
GHz). The sixth antenna has the inner 15.3 meters made of solid panels and the
rest made of perforated panels, which allow observations at frequencies up to 50
GHz. ATCA is capable of observations in a wide range in frequencies, upwards of
L band (1.2 - 1.78 GHz). The feedhorns and receivers are located on a rotating
turret, which translates the feed corresponding to the observing frequency into
the optic axis. ATCA has feeds of dual linear polarization and hence is able to

measure two orthogonal polarizations simultaneously.

ATCA offers a variety of configurations for different principal arrays (four
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configurations per principal array). For the observations described in this chap-
ter, the configurations of the 750 m and 6 km arrays have been used. The radio

observations are described in detail in the next section.

2.2 Observations

The radio observations which form the ATLBS survey were made with different
array configurations of the ATCA. The observations were made in the 20 cm
band, with a center frequency of 1388 MHz. The observations were made in two
sub-bands at central frequencies of 1344 MHz and 1432 MHz, with a bandwidth
of 128 MHz in each sub-band. Each sub-band was covered by 16 independent
frequency channels, but only the multi-channel continuum visibilities in the 13
central channels were used. This division of the total bandwidth into individ-
ual channels is useful in reducing the effects of bandwidth smearing (chromatic
aberration) as well as possible imaging errors due to spectral index variations
between different sources. These observations recorded visibilities in full polar-

ization mode.

The ATLBS survey covers two regions in the southern sky. These regions are
designated as ‘A’ and ‘B’ having their centers at RA:00" 35™ 00°, DEC:—67° 00 00"
and RA:00" 59™ 175, DEC:—67° 00" 00" respectively (J2000.0 epoch coordinates).
The two regions were specifically selected to be devoid of strong radio sources,

low Galactic foreground emission, and at an optimum latitude that allowed for

good visibility coverage for radio observations with the ATCA (at the minimum
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30 m baseline, to avoid shadowing, the observations have to be made south of

—50°). Together, these regions cover an area of ~ 8.4 square degrees.

Since a primary aim is to image diffuse radio emission, complete coverage at
short baselines was necessary for ATLBS radio observations. The radio obser-
vations were initially made with the array configurations of 750A, 750B, 750C
and 750D. These configurations provided complete u-v coverage up to 750 me-
ters. In addition, baselines to the 6th antenna provided u-v data between 3015
meters to 5020 meters. Using these observations, radio images at relatively low
resolution with beam FWHM= 50" were made. The observations and imaging

of this data were presented in an earlier publication (Subrahmanyan et al., 2010).

To obtain better u-v coverage up to 6 km, new observations were made with
the array configurations: 6A, 6B, 6C and 6D. The plan of the observations was
as follows. The two regions A and B were observed in each array for 12 hours
each, which made the total duration of the observation to be 192 hours. Each
of the regions was covered as a mosaic of 19 pointings, since the primary beam
covers only half a degree. The mosaicing was not with sufficient overlap between
adjacent pointing so as to synthesize spacings smaller than the dish diameter;
therefore, structures in scales exceeding the primary beam FWHM would not be
reproduced in the imaging. Each pointing was observed for 20 seconds before
switching to the next pointing and the pointings were thus cycled with a period
of 19 x 20 seconds in an observing session of 12 hours. This strategy ensured
that the uv-coverage changed minimally between data points. Additionally, up

to 750 m baselines the spacings between data points did not change more than
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the antenna size in one such cycle. In the next section, the imaging procedure

followed for the data is described.

2.3 Imaging

The reduction and imaging of the data was done with the radio interferometer

data reduction software MIRIAD (Sault et al., 1995).

The data was calibrated for amplitude and phase using the calibrator source
PKS B2353 — 686. The absolute flux calibration was done using the calibrator
sources PKS B1934 — 638. The visibility data was also examined for radio fre-

quency interference and was removed where necessary.

The uv-data with visibilities from the configurations 6 A-D and the uv-data
for the rest of the configurations were initially reduced separately and then com-
bined in a single data set. The following were the steps taken to reduce the data.
First, images were produced with the 6 km data. These images were deconvolved
using the Clark CLEAN algorithm (Clark, 1980), which is faster for large im-
ages. The deconvolution was carried out till the first negative components were
encountered. This ensures that the deconvolution does not pick up spurious flux
as clean components. The ‘loop gain’ of the minor cycle of the deconvolution
was kept at 0.0005 and the number of iterations in the minor cycle was kept to
500000. The deconvolved components obtained were used as a model for phase

self calibration of the data.
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Prior to mosaic imaging of all the pointings, the sources in the primary beam
sidelobes needed to be removed from the visibility domain in the individual point-
ings. This issue arises because of the alt-azimuth mounts of the telescope along
with the blockage due to the sub-reflector support legs: the quadrupod. During
the course of the observations, the beam of the antenna rotates with respect to
the pointing center. While the sources inside the primary beam main lobe more
azimuthally through a more or less circularly symmetric main lobe, those in the
sidelobes have a time-dependent beam structure modulating them, due to az-
imuthal beam structure outside the main lobe. Thus the primary beam sidelobe
source visibilities are modulated in a time-variable manner and visibilities of even
unresolved sources in sidelobes may not be constant. Therefore the image plane
PSF of sources outside the main lobe with differ from the PSF of sources within
the main lobe. Moreover, the PSF of sources outside the main lobe will be posi-
tion dependent (see Fig. 2.2 for the sidelobe sources in image domain). To isolate
the sources imaged with primary beam main lobe as opposed to those in the
sidelobes (which may not be deconvolved properly), the following procedure was
followed. After a phase self-calibration iteration, the deconvolved components of
sources exclusively within the primary beam main lobe were selected by masking
the regions outside the primary beam main lobe in the images. Visibilities cor-
responding to the sources from primary beam main lobe were subtracted from
the data and the residual visibilities were imaged to model the sources outside
the primary beam sidelobes. The model was allowed to include both positive
and negative intensity components. Visibility domain subtraction of this model
provided a dataset free of sidelobe sources and to this were added back the visi-

bilities of sources inside the primary beam main lobe. Next, the visibilities from
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the array configurations of 750 m length were reduced in a similar way to get
visibilities referring only to the sources within the primary beam main lobe (see
Fig. 2.3 for the deconvolved image containing only the primary beam main lobe
sources). It may be noted that a somewhat different approach has been adopted
for eliminating the effects of sources at large offsets compared to ‘Peeling’. The
reason is that there are numerous sources in the first sidelobe, due to the rather
uniform illumination in the design of the ATCA antenna optics and, therefore,
these sources need to be removed jointly. The Peeling self-calibration solution

will be different for different sources in the sidelobes.

Figure 2.2: Sample of a single radio pointing (with 750 m data) without the
removal of sources in the primary beam sidelobes and prior to deconvolution.
The unusual point spread function for the sources in the sidelobes may be seen

in the figure.
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Figure 2.3: The same single radio pointing (with 750 m data) after the removal

of the sources in the primary beam sidelobes and deconvolution.

The visibility data, thus free from sources in the primary beam sidelobes,
was then further imaged to obtain the final radio images. The imaging at
this stage consisted of use of multiple techniques such as self calibration (see
Pearson & Readhead (1984), for a review) and multi-frequency deconvolution to
ensure high fidelity final images. In the final imaging cycle, multiple iterations
of self calibration (initially phase only, later amplitude) and multi-frequency de-
convolution were used. The self-calibration corrects for the calibration errors left
over after the normal calibration by solving jointly for complex antenna gains
along with image components using the available visibilities, thus giving superior
calibration. The multi-frequency deconvolution solves simultaneously for image
intensities and spectral indices at every image pixel, and takes into account the

fact that the primary beam gain is a function of the observing frequency and may
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vary. It also accounts for the spectral index which varies among the sources in

the images.

The imaging was done with large sidelobe suppression area to obtain a good
synthesized beam. Initial self calibration iterations were of phase-only type. The
multi-frequency deconvolution described in Sault & Wieringa (1994) was used to
get the clean components from self-calibrated data. Because the u,v-coverage was
not complete in the 750-6000 m range, deconvolution was assisted by selecting
regions where higher probability of radio emission was present and masking the
rest of the image. This was done by first smoothing the image to detect most of
the diffuse emission and masking regions below 4.5 ¢ in the smoothed image. This
process was repeated, iteratively, along with phase and amplitude self calibration.
The amplitude self-calibration cycles were performed which continually renormal-
izing the mean antenna gains so that the overall flux density scale was preserved.
The flux density thresholds for masking were varied in successive cycles to better
capture diffuse emission in successively improving images. Similarly, the solution

intervals for the successive iterations varied from 15 to 5 minutes.

One step in the processing was amplitude self-calibration separately for the
two frequency bands without gain renormalization—this is equivalent to amplitude
calibration based on the mean spectral index for the radio sources in the image.
This step was done with a full observing session as the solution interval, to allow
for a constant relative gain adjustment in the two bands over the entire duration

of the observation.
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In the final step, the images of individual pointings were regridded and stitched
together in a linear mosaic to obtain the combined mosaic image of region A and
B separately. The images were added linearly with weights computed to maintain
the rms image noise in the final mosaic image constant over the sky — the linear
mosaic operation also yielded a gain image that defined the source attenuation

over the mosaic image.

2.3.1 Clean Bias

A possible effect, arising from the deconvolution process used in imaging the ra-
dio data is that of ‘clean bias’ (Condon et al., 1998). The clean bias comes about
if the uv coverage of the data used for imaging is sparse (i.e. as with snapshot
observations) and the deconvolution process is carried out to low flux densities.
In such cases the sidelobes of the synthesized beam, which may be prominent,
can be mistaken for clean components and picked up during the deconvolution
process. This effectively redistributes the flux density of the ‘real’ radio source

to spurious components.

In the case of ATLBS survey, the data used has excellent uv coverage which
ensures that this effect is not prominent. However, to estimate the magnitude of
this effect, simulations have been carried out using ATLBS data. In these simu-
lations, additional point sources were added to the uv data and imaged. These
sources were added with flux densities corresponding to 3, 3.5, 4, 4.5, 5, and 5.5

times the rms noise in the images. The flux densities of these sources was then
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contrasted with the input flux densities to estimate the flux density being lost to
the clean bias. It was found that the flux densities measured do not show any
systematic loss even at the lowest flux densities. It can therefore be assumed that

the clean bias does not affect the ATLBS data significantly.

2.4 Final Mosaic Images

The sky area covered by these regions is depicted in Fig. 2.4. Sample sub-images
of these high resolution images are presented in Fig. 2.5 and Fig. 2.6. To better
appreciate the difference between the high and the earlier low resolution images
(Subrahmanyan et al., 2010), a sky region has been presented in low and high res-
olutions in Fig. 2.7 and Fig. 2.8, respectively. The linear combination of pointings
was done with a weighting that maintained rms noise in the images nearly uni-
form; this value is 72 uJy beam™'. Over the 8.42 square degrees sky area where
the attenuation in the mosaic images is less than 0.5 (and hence the rms noise in
primary beam corrected images does not exceed the above central by more than a
factor of two) there are no image errors apparent above the image thermal noise.
This exceptional quality in the wide-field images makes it a useful database for
automated source finding and classifying algorithms as well as reliable studies of
radio source properties.

In addition, the range of source morphologies makes possible the validation
and development of automated source finding algorithms, which may become
crucial in the analysis of data from large surveys such as LOFAR and SKA.

Representative sources from the high resolution images are presented in Fig. 2.9.
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Figure 2.4: The boundaries of regions A and B are shown. Within these regions
the attenuation of the sky sources is less than 0.5 in the mosaic images.

2.5 Summary

High-resolution radio images of the ATLBS survey regions are presented in this
chapter with beam FWHM of 6”. The wide field mosaic images covering 8.42

L are of exceptional qual-

square degrees sky area with rms noise 72 pJy beam™
ity in that there are no imaging errors or artifacts above the thermal noise over
the entire field of view. The images have excellent surface brightness sensitivity
- the visibility coverage is complete out to 750 m — and hence provides good
representation of extended emission components associated with radio sources.
The images are, therefore, an excellent resource for examining with automated
algorithms for source finding, parameter fitting, and morphological classification,
and as a resource for testing such algorithms that would be used on upcoming

all-sky continuum surveys with the LOFAR and ASKAP. The high-resolution

ATLBS images are available at the website www.rri.res.in/ ATLBS as well as in
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Figure 2.5: A representative region from Field A shown in greyscale. The image
has beam FWHM 6" and rms noise of 72 uJy beam™1.
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Figure 2.6: A representative region from Field B shown in greyscale. The image
has beam FWHM 6" and rms noise of 72 uJy beam™?.
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Figure 2.7: A sky region from low resolution image. The contours are selected
to increase in factors of 2, starting from 0.38 mJy. The greyscale depicts the
optical r’ band image derived from the optical observations using the MOSAIC
IT imager on the CTIO 4-meter telescope (see Chapter 3 for the details of optical
observations). The image reaches a depth of r'= 22.75.
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Figure 2.8: The same region as in Fig. 2.7, shown in high resolution. Note that
what may be perceived as a single source at low resolution is a composite of
multiple sources. For a discussion of blending-confusion issues see 4.2.2. The
octave contours start from 0.28 mJy.
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Figure 2.9: Representative radio sources from the radio images.
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the Appendix.

The images used in Chapter 4 to study the source counts in the transition
regions for mJy to sub-mJy regions, where an upturn indicating emergence of
a new population has been reported previously. An extended source sample
based on these images is used in Chapter 5 to study the influence of galaxy
environment on structural asymmetry in radio sources. The latter study makes
use of optical images which cover region A and B described above. In the next
chapter, the observing, imaging and photometry of the optical data associated

with the ATLBS survey is described.
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CHAPTER

THREE

Optical Observations and Imaging

3.1 Introduction

The radio observations described in Chapter 2 form the primary observations of
the ATLBS survey, giving sensitive radio images of the survey regions. These
radio images have been used in studies of radio sources, in source counts (Chap-
ter 4) and environments of extended radio sources (Chapter 5). In both these
studies, the accompanying optical observations have been utilized. The optical
images have been used provide identification of the hosts and provide information
of the galaxy environments of radio sources. In this chapter, the details of the

observations, imaging and photometry of the optical data is presented.
The organization of the chapter is as follows. In the next section the CTIO 4

meter Blanco telescope, which was used for carrying out the optical observations,

is described in some detail. In Section 3.3 the details of the optical observations
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are presented. In Section 3.4 the imaging of the observed data is presented. The
photometry of the optical images is described separately in Section 3.5. Finally,

in Section 3.6 the concluding remarks and a summary of the chapter is presented.

3.2 CTIO 4-meter Telescope

The optical observations of the ATLBS survey regions were carried out with
the Cerro-Tololo Inter-American Observatory’s 4-meter Victor Blanco Telescope
(Fig 3.1), located in Chile. The telescope has a primary mirror with a collecting

2. At the prime focus of the telescope imaging instruments are

area of ~ 10 m
deployed. The imager which has been used for the optical observations of the
ATLBS fields is the MOSAIC II imager, a mosaic of 8 SiTe CCDs (each of 2k x4k
pixels), together giving 8192x8192 pixels. With a field of view or image size of
37 x 37, it gives a pixel scale of 0.27”. The CCDs in the mosaic are arranged
in two rows of four CCDs each and each CCD is further divided into two parts
(due to using two different amplifiers for readout process). The sky coverage
provided by the CCDs is not complete however; there are gaps present between

two amplifiers of each CCD, between each pair of CCDs as well as a gap between

the two rows of the CCDs.

3.3 Observations

The optical observations were done to cover the two widefield ATLBS survey re-
gions (A and B). The observations were done in three bands : g’, 1" and z’. The g’

filter is centered at 4813 A with a width of 1537 A. The 1’ band filter is centered
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Figure 3.1: The CTIO 4-meter Blanco Telescope

at 6287 A with a width of 1467 A and has a very sharp cutoff at both ends. The
7 filter is centered at 9400 A with a width of 2000 A (each of these was covered

by 14 pointings).

To sample the gaps between the CCDs of the mosaic as well as avoid imaging
errors due to spurious sources such as cosmic rays and satellite trails, observa-
tions at each pointing was made in a set of dithers (optical images slightly offset
from the pointing centers). Standard dithering strategy was used, which was
constrained by the number of nights available for observation. In total 4 nights
were available for observation. It was assumed that approximately 9 hours would
be available for observations per night. Of this time, 2 hours were set aside for
focusing and taking standard images (without any dithers). The readout time
per dither was 100 seconds. Due to this 1’ and z’ bands were observed in 5-dither
mode and g’ band was observed in 3-dither mode. Since only the 1’ band has
been used in the work carried out for this thesis, only the imaging of the r’ band

is described herein.

45



3. OPTICAL OBSERVATIONS AND IMAGING

Each of the r’ band images were observed with five dithers per pointing. Apart
from the central dither, where the image center coincided with pointing center,
the remaining four dithers were offset from the central dither by 1" in East, West,
North and South directions. Each of the dithers was observed for 100 seconds.
Each of the dithers was processed separately before stacking them into single
images. The processing of the data as well as the imaging is described in the next

section.

3.4 Data Reduction and Imaging

The reduction of the optical data was carried out with the Image Reduction and
Analysis Facility (IRAF) software. Because the optical data was obtained using
a mosaic of CCDs, uncommon issues not found in usual single-CCD observations
were present in the reduction of the data. Due to this, extensive use was made of
the MSCRED package of IRAF, which has been designed specifically to calibrate

and image mosaic data.

The data was reduced in multiple steps. Broadly, the data was put through:
1. Calibration

2. World Coordinate System Setting

3. Stacking

Each of the steps is explained in some detail below.
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3.4.1 Calibration

The calibration of the optical dithers is described in this section. During the
observations, counts in pixels may be present even when the CCDs are not ex-
posed to any source in the sky.This ‘bias’ needs to be removed (subtracted) from
the images. In addition, there may be pixel-to-pixel response variations or image
gradients present which must be removed by ‘flattening’ the images (a divisive
operation). For carrying out the calibration of the images specific images or
frames (bias and dome flats) were taken during the course of the observation. In

the first step, each of the calibration frames was processed.

Each of the calibration images was first corrected for bias using overscan region
and bias frames as well as processed for the removal of cross-talk and masking of
bad pixels. The ‘overscan’ is an extended part of the image not actually exposed
to the sky, but used to measure the additional counts generated in pixels. Since
the pixel counts in the overscan are taken for each image/frame separately, the
bias value it provides is specific to the time the image was observed. The images
used in this work have an overscan region of 50 pixels. After using the overscan
for subtracting bias from all the images, the images were trimmed of the over-
scan regions. For image-wide bias removal, specific bias frames were used. 20
such frames were available, which were combined in a ‘master’ bias frame. This
‘master bias’ frame was used for bias correction from all the frames. The cross-
talk, which is the generation of spurious sources generated in one of the CCDs
due to the sources in another CCD. For the MOSAIC II imager, this is a very

small effect (0.1-0.2%). The cross talk correction was done with the cross talk
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correction files provided for the MOSAIC II imager by NOAO. Additionally,the

known bad pixels were masked using the mask files provided by the observatory.

For the purpose of flat fielding, dome flats as well as twilight flats were ob-
tained. The dome flats are frames in which the frames are exposed to an artificial
uniformly illuminated screen. Twilight flats are frames generated by using the
twilight sky as a source of uniform illumination. Among these only dome flats
were used since the twilight flats were found to be unsatisfactory. The twilight
frames were examined and it was found that the three twilight flats showed counts
higher than 30000 on average. Since this is beyond the region of linear response
of the CCDs, these were rejected. The remaining flats, while showing counts in
the range 10000 - 20000 on average, were contaminated by stars, and hence also
rejected. The dome flats (already processed for bias correction) were combined
into a single image to use for flat fielding. This ‘master dome flat” was used for

the initial flattening of the images.

The bias correction, cross-talk correction and bad pixel masking of the dithers
exposed to the sky (‘object’ frames) were carried out while also carrying out bias
correction and flat-fielding using the combined bias and flat frames generated
in the earlier steps. At this point, the object frames were also corrected for
bleed trails, which are trails generated in pixels during the readout process due
to neighboring saturated pixels that correspond to very bright objects (mostly
stars). The saturated pixels were identified with the help of the saturation values
recorded in the header. The bleed trails were identified using a minimum trail

length of 20 pixels and a pixel value one-third of saturation value. The bleed
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trails were removed by interpolating over them. The saturated pixels were also

added in the bad pixel mask of each image.

After using the master dome flat, the variation in the mean image intensity
level of individual CCDs was only about 8 — 10%. To further improve the flat-
tening correction, a sky flat was also made which is an image combining all the
object frames after the removal of all the objects (stars as well as galaxies). To
do this object masks were first created for all the object frames. Using these the
objects were removed from the frames. These frames were then combined in a
Sky flat. In most of the images, the background uniformity is limited to 2 — 4%.
In some cases though, it was seen that the flattening (as quantified by the spread
in the mean counts of the amplifiers in a single image) did not go below 7%. This
may be attributed to the presence of bright stars in the sub-fields, rather than
any intrinsic response variations of the CCD pixels; the hypothesis was confirmed
by visual identification of the fields of amplifiers with high counts, which reveal

that these host bright star(s) in selected cases).

The flat-fielding process concludes the calibration stage of the imaging. It
may be noted that fringe correction, dark current correction and pupil-ghost cor-
rections were not applied, since these issues are either absent or negligible in the

1’ band images.

After calibrating the images, the next step described below is to set the world

coordinate system for the images.
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3.4.2 WCS Setting

In each of the images, a world coordinate system (WCS) generated at the obser-
vatory is already present and corrections to it are generally not very significant.
Having the correct WCS is extremely important for stacking the separate dithers,
which have to be combined with accounting for the offsets of each dither. If the
WCS is incorrect then stacking may not produce the desired images and may
generate artefacts in the images. This was the case with the images used in this
study. Therefore, a new WCS was generated for the images, which is described

below.

After initial stacking, it was found that the stacked images did not have cor-
rect coordinate systems. While testing the positional matching of the objects
in the stacked 1’ band images with USNO A2.0 astrometric catalog, groups of
objects were found, which showed positional matching worse than tens of arc-
seconds. Initially the cause of the problem was not clear and faint objects that
may have poor positional matching or objects at the edge of the stacked image
(where the image noise is higher) were suspected. However, these origins were
ruled out by selecting only bright stars for positional matching and taking only
central regions of the stacked images for the positional matching. In both cases,
objects were present which showed large offsets. It was later established that
these objects may correspond to multiple images of the same object. This was
attributed to object coordinate mismatch in the dithers of a pointing, leading to

multiple sources corresponding to a single real source.
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The problem was solved by creating WCS from scratch prior to the stack-
ing. For this purpose, the USNO A2.0 astrometric catalog was used. Using the
coordinates of the objects from the USNO A2.0 catalog and matching them to
objects in the 1’ band dither images, a new WCS was created with the IRAF
task MSCTPEAK. The WCS created was then applied to other exposures with
the task MSCSETWCS. For fine-tuning of the WCS for each of the pointings,
the task MSCCMATCH was used. This is also required due to the large size
of the images, which necessitates setting the correct coordinate system for all
regions of a given image. The fine correction involves two steps, the first being
a coarse search for object matching (between image and the astrometric catalog
used) and a second step of finer matching and centering of objects. The new
WCS, thus generated, does not show the problems of the original WCS described
above. The final positional matching between the r’ band images and USNO A2.0

catalog shows a typical rms of 0”.3.

This leaves only the final step of the imaging, which is the stacking of the

dithers to produce the final images.

3.4.3 Stacking

The stacking was carried out by combining the WCS corrected dithers. Initially
the WCS-set dithers were tangent plane projected (with the task MSCIMAGE).
Interpolation using a %@) form function was used when tangent plane projecting
the dithers, except for bad pixels where bilinear interpolation was used for com-

putational speed. This has resulted in artefacts in vicinity of bright, saturated
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stars, but it was found that overall bilinear interpolation works better for bad

pixels.

An issue to be taken care of before the stacking was to remove intensity gra-
dients and match intensities across the dithers of each pointing. Matching of
intensities in the dithers of the same pointing is important for combining the
dithers and some intensity mismatches were found despite the calibration pro-

cessing. These were corrected with the tasks MSCSKYSUB and MSCIMATCH.

In a final step, separate dithers of images were combined by using averaging
with sigma clipping, which rejects outliers while combining the separate dithers.
This has been used to remove spurious features such as satellite trails and cosmic
rays, which may affect a single dither, but not the whole dither set at the same
position. Another effect of combining the dithers is the coverage for the gaps
between the dithers. The final images, which are 37 x 37" in size are free of

artefacts. In the next section the photometry of the optical images is described.

3.5 Photometry

The photometry of the r’ band images has been carried out using IRAF as well
as the Source Extractor software. IRAF has been used to carry out the initial
photometry, the aim of which is to fix the photometric parameters for later use in
photometric calibration. The object of the photometry is to obtain a relation be-
tween the measured counts (or instrumental magnitude) and the true magnitude

of an object. The process is described below in some detail.
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3.5.1 Standard Star Photometry

Standard star exposures have been used to derive the photometric parameters.
Standard stars from the field NGC' 458 AB ' (Alvarado et al., 1995) have been
used in this study. All together there are 3 standard star exposures for the
first and 1 standard star exposure for the second night over which the r’ band
observations were taken. The standard star exposures cover a range in airmass.
This permits fitting instrumental magnitudes to the catalog magnitudes with
airmass variation taken into account,though a color term has not been used as
only a single band is under consideration here. The fit is for two free parameters:
an additive shift and the airmass term. 33 standard stars in total have been used
to fit the relation. These stars were chosen to cover a wide range in intensity for
a better estimation of the photometric parameters. The PHOT task was used to
derive the instrumental magnitudes and the PHOTCAL package has been used
for the fitting process. The instrumental magnitudes are obtained with aperture
photometry, with an aperture of radius 8 pixels. The equation used to derive the

photometric parameters is :

Instrumental Magnitude = Catalog Magnitude + C1 + C2 x Airmass. (3.1)

Here C'1 and C'2 were the free parameters of the fit. The average mismatch
between the instrumental and catalog magnitudes was found to be only 0.05

magnitudes.

Thttp:/ /www-star.fnal.gov/Southern_ugriz/Old /www/NGC_458-AB.html
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3. OPTICAL OBSERVATIONS AND IMAGING

3.5.2 Photometry of Survey Fields

The next step in the photometry is deriving the magnitudes of the objects in the
1’ band images. This is best done with the Source Extractor software SExtractor;
(Bertin & Arnouts, 1996) software which allows for quick estimation of magni-
tudes of a large number of objects as compared to IRAF. This was carried out
in the following way. The parameters derived from the standard star photometry
were used to get the magnitude zero-points for each of the images. Then Source
Extractor was used to extract objects from the images and perform photometry

on them.

Source Extractor software goes through several steps for the photometry.
These are, briefly, background estimation and subtraction, object detection and
photometry on the detected objects. The zero-point for magnitudes is different
for each exposure and may be calculated by knowing the photometric parameters
determined, the exposure time of the image and the airmass for the image. The

zero-point is:

Zero-point of Magnitude = —C1 — C2 x Airmass + 2.5 log(Exposure Time)
(3.2)
The magnitudes determined for any exposure are measured with the zero-
point as the pedestal. The magnitude determined by Source Extractor is:

Magnitude = 2.5log(Background Subtracted Counts for the Object) (3.3)

The background determination in Source Extractor may be done separately
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for object detection and for photometry. For object detection, the background
was determined over a mesh size of 64 pixels. This background was subtracted
from the image and objects were detected above it. The object detection was
done at a 2.50 level, where o denotes the RMS for the image. The objects de-
tected are checked aggressively for detection due to nearby bright objects, and if

so, discarded.

The flux detected for magnitude determination is background subtracted. The
background determination for the photometry is done separately in an annulus
around the object. An annulus of width 20 pixels has been used for this pur-
pose. It was found that for getting magnitudes, the Kron-like apertures of Source
Extractor work best. This measures the flux of objects in an aperture of size
2.5 X 15 where ress is the effective radius for the object given by the first mo-

ment of intensity distribution.

A catalog of objects was produced using the above procedure. This lists the
position of each object, the magnitude of each object and the stellarity index of

each object, which allows a distinction between stars and galaxies in the images.

3.5.2.1 Star - Galaxy Separation

Since galaxies and not stars are of primary interest in any extragalactic survey and
not stars, there is a need to differentiate between the detected objects as galaxies
or stars. Source Extractor does a preliminary identification of detected objects
by generating a stellarity index for the objects. This is the CLASS_STAR output

parameter of Source Extractor. The parameter has a range of 0.0 — 1.0, where

25



3. OPTICAL OBSERVATIONS AND IMAGING

an index of 1.0 denotes a perfect point source and an index of 0.0 denotes a galaxy.

The results of using the method on the above photometric catalog of one of
the r’ band images a13 is shown here. The stellarity index distribution is sensitive
to the seeing for the image, and in Fig. 3.2 the results of using three different

seeing FWHMs for the same image are presented.

Stelarity Index Distribution Stellaity Index Distribution

CLASS_STAR
CLASS_STAR

Magnitude (r band)

CLASS_STAR

Magnitude (r band)

Figure 3.2: Stellarity Index Distribution with PSFs 0.8”,0.91” and 1.5” respec-
tively

An estimate of the seeing FWHM for each image has been obtained using the
IRAF task PSFMEASURE. This measures the point spread function of a number
of specified objects, giving an average FWHM for the psf for an image. For the
image al3, this is 0”.91. This value has been used to derive the stellarity index

for the objects detected in the image.
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From the stellarity index distribution for the field with seeing FWHM 0.791,
and indeed from other plots of stellarity index distribution as well it is concluded
that at low magnitudes (roughly below 20.0 magnitude) stars and galaxies are
clearly divided whereas for higher magnitudes (dimmer objects) the separation
between stars and galaxies is not clear. At dimmer magnitudes, the stellarity
index samples the whole range available to it. With a cutoff of CLASS_STAR
less than 0.2 an identification of galaxies is possible with little mismatch. But
since this may result in missing fainter galaxies, the objects in the central ‘bulge’
of the stellarity index distribution have also been included. This implies shifting

the stellarity index cutoff to 0.4.

The method adopted differentiates clearly between stars and galaxies sown in
faintness to 22.0 magnitude. Other methods to differentiate between stars and
galaxies like using the half-light radius as a function of total magnitude do not
operate well at faint magnitudes. Below, a plot of half light radius as a func-
tion of total magnitude for a sample image is shown in Fig. 3.3. The horizontal
branch locates the stars and the vertical one the galaxies. It is seen that above a

magnitude of 20.7, this method does not work well.

In conclusion, the stellarity index has been used to differentiate between stars
and galaxies in the work in this thesis. A value of 0.4 has been chosen as a more
relaxed upper limit for the stellarity index to be more inclusive and to avoid losing

galaxies with higher stellarity indices.
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Figure 3.3: Half-light radius (in pixels) plotted versus total 1’ band magnitude

3.5.2.2 Comparison of Galaxy Counts

In Fig. 3.4, the derived ATLBS optical galaxy counts are compared with those
from the literature. The comparison is between galaxy counts with Zhao et al.
(2009) as well as Yasuda et al. (2001). While Zhao et al. (2009) present observa-
tions of the Extended Groth Strip (EGS) field in u, g and R bands (with their
R-band differential counts going deeper than ours), Yasuda et al. (2001) present
galaxy counts in SDSS u’, ¢/, v/, I/, and 7’ filters. ATLBS galaxy counts (complete

to 22.75 mag) agree well with the counts presented in both these works.

3.6 Summary

The observations and imaging of the optical data for the ATLBS survey, which
has been carried out using the IRAF and Source Extractor software have been

described in this chapter. The ATLBS survey regions have been covered as a
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Figure 3.4: The 1’ band galaxy counts for the ATLBS survey region (displayed
using unfilled circles). For comparison with literature, the counts from Zhao et al.
(2009) are shown using filled stars and that of Yasuda et al. (2001) are shown
using unfilled stars.
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mosaic of 28 optical 1’ images. Each image is made using 5-point dither pattern
with a 4 x 2 array of CCDs. These images are calibrated and presented to be
free of artefacts and spurious sources such as cosmic rays and satellite trails. The
derived galaxy catalogs are complete down to 22.75 magnitudes. The catalogs
created from the optical images provides optical identifications for the hosts of the
radio sources in the ATLBS survey and also provides their galaxy environments.
These images are used in Chapter 5 to study the environments of the ATLBS
extended sources and their relation to asymmetries in radio structure, as well as

in the source counts study presented in the next chapter.
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CHAPTER

FOUR

The radio source counts

4.1 Introduction

Historically, radio source counts has been a key observational probe of cosmol-
ogy, more specifically of the geometry of the universe. In a Euclidean universe
the volume scales with distance as V' oc r® whereas the flux density scales as
S o r~2, which means that the integral number of sources (for a population
of non-evolving sources with constant comoving number density) above any flux
density scales as n oc S3/2. Departures from this expectation were key evidence
for non-Euclidean geometry. More recently, the geometry of the cosmos has been
established with precision and source counts represent a measure of cosmological
evolution in radio source populations. The behavior of counts at sub-mJy flux
density, the nature and evolution of these sources and the question of exactly

what flux density a new population emerges are unclear.
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To show the effect of the geometry and population evolution on the estimated
source counts, in Fig 4.1 are plotted source counts simulated for a LCDM uni-
verse for a single source population, non-evolving in number density as well as
source luminosity, and normalized by the expected Euclidean source count profile.
Also shown in Fig. 4.1 is the observed PDS source counts for comparison. The
simulated source counts have been generated assuming a single population and
a single luminosity for the sources (which has been taken to be approximately
matching the luminosity of a radio galaxy). In this paradigm, flux density bins
act as proxies for the source redshift, with the highest flux density bins corre-
sponding to the local universe. The simulated source counts in Fig 4.1 have been
also normalized to match the observed source counts for the local universe (at
the highest flux density bins around ~ 1 mlJy). Comparing the observed and
the simulated counts, it can be seen that the general profile is similar for both;
however there are differences. The simulated source counts cannot be matched to
the observed source counts at all flux density bins; they have different ‘shapes’.
This suggests that the source population is evolving in luminosity and /or number
density.

The explanation of the observed source counts is significantly different if there
are multiple populations of radio sources contributing. Below in Fig. 4.2 the case
when two non-evolving populations contribute to the total source counts has
been shown. In these counts, a second nonevolving population of sources has
been added. This population of sources has luminosity approximately four orders
of magnitude smaller, while having a comoving number density four orders of
magnitude higher. The combined source counts are shown using a dashed line. It

may be seen that the combined counts show a flattening at sub-millijansky levels,

62



4.1 Introduction

1000

10

dN/dS(/S\u—2.5\d) (Jy\u1.5\dsr\u—1\d)

T R Y E Y1 R ST B
0.1 1 10 100

Ll Lol L
1000 10*

0.1

S(mJy)

Figure 4.1: Simulated source counts for LCDM universe. The continuous curve
shows the fit to the observed Phoenix Deep Survey source counts.

similar to that exhibited by the observed source counts. This simulation shows
that a flattening of source counts may be produced by two (or more) populations
of sources with different luminosities as well as different number densities. Such
modeling may be made more accurate by considering evolving (in luminosity as

well as number density) source populations.

Indeed, at flux densities < 1.0 mJy a ‘flattening’” of normalized differential
source counts has been widely reported in literature (Windhorst et al. (1985)
(WMO85 henceforth), Hopkins et al. (2003), Huynh et al. (2005) and references
therein). The rms noise level in the latter studies are: 45 pJy for WMOBS5, varying
between 12 to about 100 pJy for Hopkins et al. (2003) (see Fig. 9 from Hopkins
et al. (2003)) and approximately 10 pJy for Huynh et al. (2005). The flattening

is observed as an apparent change of slope for the normalized differential source
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Figure 4.2: Simulated source counts for two non-evolving populations for LCDM
universe. Squares denote the source counts from the first population and stars
depict the second population. The dashed curve shows the combined popula-
tion. The continuous curve shows the fit to the observed PDS source counts for
comparison.

counts from ~ 0.7 at 5.0 — 100.0 mJy to about 0.4 in the 0.25 — 5.0 mJy range.
The flattening of sources has also been seen at frequencies as low as 325 MHz.
At 610 MHz, recent observations of the radio sky (Garn et al. (2008b),Ibar et al.
(2009) and Moss et al. (2007)) have provided radio source counts which show the
flattening. For example, Garn et al. (2008a) present radio source counts at 610
MHz from the ELAIS N1 field which show a flattening of sub-mJy sources at
~ 1 —2 mJy. The same field was observed at 325 MHz by Sirothia et al. (2009),
who report a flattening of radio source counts at ~ 1 mJy (corresponding to

~ 0.3mJy at 1.4 GHz), which has been corroborated by Mauch et al. (2013).

On the other hand, identification of the population leading to the flattening
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mentioned above has been uncertain. WMOS85 examined the optical identifica-
tions of faint radio sources and found that the sub-mJy radio source population
is dominated by blue spiral galaxies. Later studies, however, have arrived at
discordant results and identify the sub-mJy sources with different populations:
starburst galaxies (Condon (1989), Benn et al. (1993), Huynh et al. (2005)), early
type galaxies (Gruppioni et al., 1999), low (radio) luminosity active galactic nu-
clei (AGNs) (Huynh et al., 2008) or a mixture of these. Since spectroscopically
complete samples of sub-mJy sources are difficult to obtain, the exact nature of
the population observed as sub-mJy radio sources remains uncertain. Some sam-
ples of sub-mJy radio sources, which may have relatively high fraction of sources
identified in other bands may be used to determine the nature of the flatten-
ing population. For example, Simpson et al. (2006) present a catalog of radio
sources which have 90% identifications available through deep Subaru observa-
tions. Studies of radio sources at different frequencies may allow for spectral-index
based methods to distinguish the population responsible for the flattening (see
Ibar et al. (2009) and references therein). However, it is widely agreed that flat-
tening below about 1.0 mJy requires an evolving population that is different from

those that dominate counts at higher flux densities.

Accurate modeling of radio source counts involves accounting for multiple,
evolving source populations which may be differentiated by the mode of energy
generation, i.e. star-forming galaxies and AGNs. Further distinction may be
necessary, e.g. radio-quiet AGNs and radio-loud AGNSs, the latter of which may
be further differentiated into low-luminosity FRIs and high-luminosity FRIIs and

quasars. The different populations may exhibit different rates of cosmic evolu-
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tion. This evolution may be pure luminosity evolution or pure density evolution
or a combination of the two. There are many models proposed in the literature
which strive towards an explanation of the cosmic evolution of the radio sources

(see de Zotti et al. (2010) for a detailed description).

It may be noted here that the literature is not consistent in observing a flat-
tening in counts at mJy flux density; for example, the counts in Prandoni et al.
(2001) and Subrahmanyan et al. (2010) are consistent with a continuation in the
slope of the differential counts below mJy flux density. Potential causes for the
discrepancy are that deep radio surveys often suffer from inadequate sky cov-
erage that is necessary to average over real-space clustering, wide-field surveys
often do not go sufficiently deep and so biases arising from the proximity of the
detection threshold to the image noise may distort measured counts. Additional
uncertainty arises from lack of understanding of the radio structures in sub-mJy
radio sources, which may lead to biases related to the ability of the survey to
catalog sources from detections of source components. In conclusion, accurate
measurements of the source counts at sub-mJy flux densities are needed to cor-

rectly estimate the cosmic evolution of radio sources.

The sensitive radio images produced for ATLBS survey regions as well as the
availability of optical observations makes ATLBS well-suited for such a study.
Therefore the improved imaging of the ATLBS survey regions has been used to
revisit the 1.4 GHz source counts: the survey has sufficient sensitivity to probe the
sub-mJy regime, and the relatively large sky coverage avoids clustering related

uncertainties. A specific improvement in this work is the care taken to identify
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sources with low surface brightness by making use of low resolution images, and
using multiple indicators to identify components of sources. The low resolution
images were used to make initial identifications so that the sources that might
be resolved into multiple components at higher resolution are identified correctly.
The blending issues inherent in using low resolution images have been avoided
using higher resolution images to identify blends. In addition, the use of low
resolution images (beam FWHM = 50”) almost completely removes effects of
resolution bias (for a detailed discussion, see Section. 4.3.1.4). These strategies,
together with use of optical images (described in Chapter 3) to locate candidate
galaxy hosts and a careful visual examination of resolved and complex sources
instead of automated classification ensures that the ATLBS catalog is a ‘source
catalog’ as opposed to a ‘component catalog’. The distinction between ‘sources’
(which are single sources) as opposed to components (which may be parts of a
single source or unrelated sources which are close to each other due to projection

effects) is crucial in estimating the true source counts.

The organization of this chapter is as follows. In Section (4.2) details of the
procedure adopted for source detection and estimation of source flux densities
are given. In Section (4.3) the source counts along with the corrections necessary
to derive the true counts from the observations are presented. Subsequently,
in Section (4.4), the ATLBS source counts are compared with previous work.

Finally, in Section (4.5), the conclusions are presented.
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4.2 On the identification of sources in the ATLBS
survey

The low and high resolution ATLBS images have been jointly used in the strategy
adopted for source detection and classification as well as for estimations of flux
density. The former, with 50” FWHM beam, was made using the 750-m arrays
and the latter, with 6” FWHM beam, was made using all of the visibilities up
to 6 km baselines. The low resolution images are used to identify sky regions
in which to search for source components using the high resolution images. The
low resolution images have relatively lower chance of missing a source due to
its being resolved: known in the literature as ‘resolution bias’, resolved sources
with same integrated flux density would have relatively lower peak flux density
and hence may not have image pixels above the detection threshold, this would
result in high resolution images missing such sources that may be detected in
lower resolution images. The high resolution images have been used to detect
source components, identify blends and classify the sources. Various aspects that
potentially introduce bias and errors in source detections such as the thermal
noise in the images and the effects of blending-confusion have been examined, as

described below.

4.2.1 Thermal Noise Considerations

As mentioned above, regions which contain sources have been identified in the low
resolution image. The size of these regions, or ‘footprints’, are of importance in

determining the threshold for source detection, along with considerations related
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to the image thermal noise (where ‘thermal’ noise is the composite of the receiver
noise, the sky as well as ground noise) and source blending-confusion effects in the
high resolution image. Here the procedure to determine the detection thresholds
separately for source identification in low resolution images and for component

identification in high resolution images is described.

A source detection threshold can be derived for an image if the number of
spurious sources expected above any threshold may be estimated. The latter can
be calculated easily if the noise follows a Gaussian distribution with a known
variance. But for an image convolved with a point spread function, this would
only give the total area in the image above the threshold. The actual number
of spurious ‘sources’ or ‘islands’ (connected pixels) above the threshold would
depend on the shape and size of the point spread function. Above the threshold
only the summits of the spurious ‘sources’” might be observed, with a smaller
area than that corresponding to the FWHM of the main lobe of the point spread
function. Therefore, the detection threshold needs to be determined taking this

into account.

4.2.1.1 Detection Threshold in the Low Resolution Image

For the low resolution image, an empirical approach towards threshold determina-
tion has been employed. Since the initial noise distribution before being convolved
with the point spread function is expected to be Gaussian (with a zero mean), the
number of positive noise peaks above a flux density value (say Scuofr) is expected

to be the same as the number of negative noise peaks below —Sc¢. Since the
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positive noise peaks cannot be distinguished from real sources, the number of
negative peaks has been used to estimate the detection threshold. The number
of negative peaks is affected by the area which is covered by ‘sources’ at every
detection threshold. This is because a negative peak occurring at the location of
a source will not be detected as a negative peak in the counting. This has been
corrected by the ratio of total area covered by the sources above any threshold
and the total image area. For example, 68 noise peaks below —0.38 mJy in the
survey region were found and, after correction for the above, it was estimated that
there are 71 spurious noise peaks below this threshold in the entire survey region
including those areas covered by genuine sources. It is expected that very similar
numbers of positive noise peaks above +0.38 mJy are present in the survey re-
gion. If Gaussian statistics is assumed, only about 2 spurious sources in the entire
survey region above a 4o threshold are expected; the significantly larger number
of spurious sources suggests that the image noise is non-Gaussian at this level.
Since 1244 sources above 0.38 mJy in the ATLBS survey region are found, it may
be concluded that the fraction of spurious sources at a threshold of 0.38 mJy is
5.7%. The percentage of spurious sources changes with the detection threshold.
The percentage of spurious sources goes from 41% at 0.29 mJy to merely 0.3%
at a threshold of 0.48 mJy. However, the number of sources which will not be
detected will also rise with the threshold. Therefore 0.38 mJy has been chosen
as the threshold for the low resolution image (a 40 threshold), with an expected
5.7% of false detections. Therefore the reliability of the catalog is 94.3% at the
detection threshold. The number of negative peaks might be affected by the fact
that negative peaks have not been deconvolved, and they would retain the dirty

beam pattern. This may give rise to negative peaks arising from the sidelobes of
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the beam. However, since the sidelobe level is below 10%, the contribution from
the sidelobes to negative peaks is not expected to affect the above analysis. It
may be noted here that the above discussion does not consider the sources which
have true flux density below the detection threshold but are detected above the
threshold due to noise peaks biasing their intensity above the threshold. Simu-
lations of noise bias which estimates this effect were carried out and the source
counts were corrected for this effect; these corrections are discussed below in Sec-

tion (4.3).

4.2.1.2 Detection Threshold in the High Resolution Image

For the high resolution image, a different strategy for determining the thermal
noise limited detection threshold has been followed. Because the search for the
high resolution peaks is carried out in the footprints of the sources detected in the
low resolution images, the threshold for the detection of the high resolution peaks
is determined using the footprint area in which the source components might be
located and not the complete area of the image. In this way, a unique detection
threshold for each source component may be used which would depend on the
footprint area in which the source component is located. The aim here is to keep
the number of spurious components detected in high resolution images to be one
per 10 footprints. Since in most cases one footprint corresponds to one source
detected in the high resolution image, the above criterion corresponds to a false
detection rate of approximately 10%. The mean number of pixels per negative
peak by measuring the number of negative peaks and pixels at a given flux density

cutoff has been determined empirically. It was found that the number of pixels
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per peak is 1.37 for specifically the synthesized beam and image sampling in the
high resolution ATLBS image. Assuming that the number of spurious positive
pixels is similar to that of negative pixels, the number of spurious positive peaks
can be estimated. For each footprint (in which source component peaks in the
high resolution image were detected) the flux density threshold was chosen so
as to keep the probability of including noise peaks as spurious source compo-
nents below 10%. If a low threshold is chosen for identifying peaks in the high
resolution image as source components, then a large number of spurious compo-
nents would be considered as source components and, therefore, a large number
of sources would be misclassified as multicomponent and hence complex. If a
high threshold is chosen, then genuine source components might be missed and
sources would be misclassified as extended and resolved in the high resolution im-
ages or misclassified as unresolved when they are actually complex. However the
latter misclassification is avoided by recognizing that the integrated flux density
in the high resolution image falls short of that in the low resolution image and
by classifying such sources as complex in these cases. Misclassification of unre-
solved sources would happen predominantly in cases where the peak flux density
is close to the rms image thermal noise. For a flux density threshold of Sy, if
the probability of occurrence of spurious pixels above the threshold is P(Sy,) (the
probability is determined by integrating the assumed Gaussian distribution for
the pixels), then the number of spurious source components in the footprint area
is Ay P(Su,)/1.37, where Ay is the number of pixels in the footprint. To keep
the number of spurious source components in each footprint less than 0.1, the
flux density threshold is given by P(Sy,) < 1.37 x 0.1/(Ay). This recipe has been

used to compute the flux threshold uniquely for each footprint. As the number of
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spurious sources is not directly estimated from the number of negative peaks in
the image, the effect due to the sidelobes of the dirty beam, as described above,

does not influence the detection threshold directly.

The thermal noise limits discussed above along with considerations related to
source blending-confusion, which are discussed next, lead to the adopted detection
threshold for the ATLBS survey and hence determine the error in source counts

and confidence in classification.

4.2.2 Source Blending-Confusion

Source blending-confusion (also called source confusion in the literature) is be-
cause any telescope of finite size has only a finite angular resolution. Since the
synthesized beam has a finite size, this makes the detection of two distinct sources
that are located close to each other difficult because the sources may appear
blended with each other in the image. Blending-confusion limits the flux density
limit to which sources may be reliably identified distinctly in a survey, this is a
limitation apart from that arising due to the image thermal noise. See Jauncey
(1968) and Mitchell & Condon (1985) for some of the earliest descriptions of this
effect. In this section the effects of the source blending-confusion on source de-
tection in the ATLBS survey are described. Since thermal noise considerations
suggest a source detection threshold of 0.38 mJy for the low resolution image, the
source blending-confusion for this threshold has been examined to confirm that

the latter are less important than the limitation arising from thermal noise.
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The effects of source blending-confusion for the ATLBS high resolution images
(beam FWHM = 6”) were estimated using simulations, which are described next.
It was assumed that the flux density distribution of sources follows the source
counts derived from the PDS survey (Hopkins et al., 2003). The simulation Pois-
son distributed sources over a sky area corresponding to the total area imaged in
the ATLBS survey (8.42 square degrees). Blending-confusion causes sources to be
shifted from the bin corresponding to their true flux density to a bin with higher
flux density. The source counts in any given flux density bin change due to the
migration of sources in and out of the bin: into the bin from lower flux density
bins and out of the bin to higher flux density bins. The flux density range for the
simulation was chosen to accurately model the effects of blending- confusion for
ATLBS survey. The simulations allow for multiple blendings with other sources.
The lower limit of the range was chosen so that the effects of the sources changing
bins due to blending-confusion are reliably modeled for the bins above 0.38 mJy,
which is the detection threshold flux density in this work. The upper limit of the
range is chosen so that the brightest sources in the survey are accounted for (in
the simulation, detection of only a single source in the highest flux density bin
is expected). Additionally, the shapes of the sources in the synthesized images
(which have been restored following deconvolution) were set to be Gaussian with
a FWHM of 6”. The ‘radius’ of each source was taken to be the distance from
the source peak at which the intensity drops to half the threshold flux density.
Sources were counted as blends if the distance between their peaks was smaller
than the sum of the radii of the two sources, since in this situation the two sources
would appear to be connected by emission above the threshold flux density in the

image. Those sources that have peak flux density less than half the threshold flux
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density would appear ‘blended’ if they are located within the radius of a source
that has peak exceeding half the threshold flux density, i.e., if the radius of the
stronger source is smaller than the distance between the peaks. An arbitrarily
small radius < 6" is assigned to such sources, which allows for the possibility

that two such sources blend together and then blend with other sources.

The simulations were made with octave bin ranges from 0.1 mJy upwards, and
showed that the recovered flux density distribution was not significantly altered.
Most blending-confusion of sources occurs at the lowest flux density bins, and
the source counts remain unchanged for higher flux density bins. The number
of sources migrating into a bin from lower flux density bins and the number of
sources migrating out of the bin due to blending-confusion were also estimated.
In the bin 0.4 — 0.8 mJy the source distribution was unchanged within errors.
For these and higher flux density bins, the number of sources migrating to and
out of the bin matches. For sources in bins above a flux density of 3.2 mlJy,
the blending-confusion effects were found to be negligible, possibly due to the
relatively sparse distribution of sources above this flux density. For source counts
derived herein from the ATLBS, based on a detection threshold of 0.38 mJy, the
correction factors required to account for source blending-confusion is less than
0.1%.

It may be inferred from the above analysis that the threshold for source detection
in the high resolution images might be placed at or even below 0.38 mJy, in so
far as blending-confusion is concerned, while keeping the errors introduced in
the source counts due to blending-confusion below 1%. Therefore, the detection

threshold for components in the high resolution image (within the footprint area
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as outlined in the previous section) may be chosen based solely on thermal noise
effects in the high resolution image. It may be noted here that it is possible that
the low resolution image may have blends, which will be identified as separate

sources using the high resolution image.

4.2.3 Bandwidth Smearing Correction

Bandwidth smearing, which is the radio analog of chromatic aberration, arises
due to averaging of visibilities over a bandwidth. The effect of bandwidth smear-
ing on the source image is to reduce the peak flux density and to ‘smear’ it around
the source; the integrated flux density is unaltered. Since the peak flux density of
detected sources is used in the classification of the sources (described in Section
4.2.4), in particular to differentiate between unresolved and resolved sources, the
bandwidth correction needs to be applied prior to source classification. Below

the estimation of the magnitude of this effect is described.

For the ATLBS survey, the total bandwidth is divided into 2 bands each with
a useful width of 104 MHz. Each of these bands is further divided into 13 indepen-
dent channels of equal width and the data is acquired as multi-channel continuum
visibilities, which thus significantly reduces the bandwidth smearing effect. Sim-
ulations were carried out to estimate the bandwidth smearing for the ATLBS
sources. Visibilities corresponding to unresolved sources with a flux density of 1
mJy were added to data in a single pointing at different distances from the image
center. Any given source in the mosaic is at a maximum distance of 16’.4 from

the nearest pointing center. The fact that bandwidth smearing depends on the
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product of the bandwidth and the source distance from the center was utilized
to derived estimates of bandwidth smearing within the 8 MHz bands by scaling
the offset distances at which sources are added by a factor of 13 and computing
visibilities averaged over a band of 13 x 8 MHz. The advantage of performing the
above procedure is that it does not make any assumptions regarding the shape
of the channel bandpass by using data from real observations used for producing
the image. A polynomial fit was obtained for the attenuation as a function of
distance, which is made use of to correct the measured peak flux densities. The
maximum bandwidth smearing correction thus obtained is 8% at a distance of

16’.4 from the nearest pointing center.

The bandwidth smearing estimated above is that for a source in a single point-
ing. In a linear mosaic image, however, the total flux density at any point is an
addition of contributions from different pointings. Since bandwidth smearing at
any given point in a pointing depends on the distance of that point from the
pointing center, different pointings contributing flux density at any point would
each have different bandwidth smearing associated with the contributed flux den-
sity. This is especially important at those points in the mosaic where multiple
pointings contribute. The following procedure was carried out to estimate the ad-

ditional bandwidth smearing correction required for the ATLBS mosaic images.

At any point in a mosaic, the contribution of the flux densities is a linear sum:

F=>F (4.1)
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where F' is the total flux density and FZ-" are the weighted flux contributions from
the ‘i’ contributing pointings. In absence of bandwidth smearing, the above is a
weighted sum which will produce the least noise at the point. To ensure that the
noise is least, the sum is weighted with the inverse of the variance of the noise in

the individual images. This can be written as:

F— 227“.” (4.2)
> w(i)
where w(i) = 0—12 are the weights and Fj is the primary beam corrected flux from

the ‘i’th pointing. Assuming that the noise in each image is the same, the above

equation can be written as :
2. P

using o; = 0o/ P;, with P; being the primary beam pattern and oy being the rms

(4.3)

noise in the images (for a single pointing, this reduces to the identity F' = F).
The actual flux density contribution from the pointing is: F/ = F; x P;, which

means that the above equation can be written as :

> FIP

However, the flux density contribution from the individual pointings is affected by
the bandwidth smearing, i.e. F} =b; P, F', where b; are the bandwidth smearing
factor for the contributions from individual pointings. Therefore, the flux density
actually obtained after the weighted sum is:

_ Zibi PiQ F
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, which implies:
Ei bi Pz'Q
by = ﬁu (4.6)

where b; is the total bandwidth smearing factor.

Knowing the primary beam pattern of the ATCA antennas as well as the band-
width smearing corrections for a single pointing, the total bandwidth smearing
correction at any point in the mosaic may be estimated. The pointing grid for the
ATLBS mosaic is a hexagonal grid, in which the pointing centers are separated by
28.67, which is large compared to the HWHM of the ATCA primary beam, which
means that the pointings are well separated from each other. Combined with
the fact that the contribution of sources outside the primary beam main lobe is
explicitly rejected before forming the mosaic, b, differs very little (~ 1%)from the
bandwidth smearing factor calculated without taking the effects of the mosaic

geometry into account.

The correction factor derived above is correct for unresolved sources. The peak
flux densities for resolved sources are less affected by bandwidth smearing; the
correction factors depend on the source structure. Nevertheless, below the derived
correction factors have been simply applied to the measured peak flux densities
of all sources. In the case of unresolved sources, the correction is expected to
aid correct classification; in the case of resolved sources, the overcorrection that

results from the above prescription is not expected to alter the classification.
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4.2.4 On the classification of radio sources in the ATLBS

survey
4.2.4.1 Initial Source Classification Using the Low Resolution Image

The source detection and initial classification was made using the low resolution
image. The ‘islands’ of pixels above a threshold of 0.38 mJy are identified in
the low resolution image and these sky regions are used to estimate the source
parameters in the low resolution image. The sources are classified into (i) un-
resolved sources, (ii) resolved single-Gaussian sources and (iii) complex sources.
A fit with Gaussian models is attempted for all sources. In the case of resolved
sources, if the Gaussian model fit is good, then the source is noted as a Gaussian
source. If the fit fails and multiple Gaussian are needed to obtain a good fit to

the source, then the source is flagged as a multicomponent or complex source.

4.2.4.2 Final Source Classification Based on the High Resolution Im-

age

The final classification of the sources is made using the high resolution image
that has beam FWHM of 6”, which provides a better representation of the source
structure. The high resolution image also helps in distinguishing sources which
might be blended together in the low resolution image. For this classification step

a method similar to that described in the previous section has been used.

Unresolved sources are identified by comparing the peak flux densities in the

low and high resolution images. For unresolved sources, it is expected that the
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peak flux at high and low resolution are equal, within errors. If the peak flux
in the high resolution image is higher than the peak flux in the low resolution
image, the source is classified as unresolved, since this can only happen if noise
increases the peak flux in high resolution image and/or lowers it in the low reso-
lution image. If the peak flux in the high resolution image is lower, the source is
classified as a point source if it is within a 2¢ interval of the low resolution peak.
The probability of a noise peak exceeding 20 is 2.2%; therefore, approximately
2% of unresolved sources may be misclassified by this scheme. Extended sources
(in the high resolution image) might get misclassified as unresolved sources due
to noise increasing the high resolution peak flux density or decreasing the peak
flux density in the low resolution image so as to satisfy the above condition. How-
ever, if the source is extended in the high resolution image, then for sources in
which the peak flux density is much greater than the image thermal noise the
additive noise required for misclassification is large and has a very small proba-
bility associated with it. However, if the source peak flux density is close to the
detection threshold and nearer the noise floor, then there is a higher chance that
an extended source may get classified as an unresolved source. Therefore, close to
the detection threshold, discriminating between unresolved and extended sources

might be incorrect.

The ‘footprint’ of any source is defined to be the area of its ‘island’ in the low
resolution image (If the peak flux of the source in the low resolution image is not
more than twice the threshold, then the footprint is redefined to be the contour
at half the peak flux. This is done so that the high resolution image is examined

for components in at least a FWHM beam area of the low resolution image). The
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footprint is used for estimating the flux density and for component identification
in the high resolution image. The integrated flux of the source is estimated by
iteratively fitting Gaussian models to the source and subtracting these model
components till the peak residual in the footprint falls below a threshold. The
threshold for any source in a given footprint is determined as outlined in the
previous section. This may result in underestimation of the integrated flux in the
high resolution image when source components in the high resolution image have
their peak flux densities below the threshold, but the recipe avoids accumulating
spurious flux density from noise peaks to the integrated flux. The number of
iterations for each source is noted and the source is assigned a type based on the

number of iterations, as discussed below.

If a single iteration is enough to satisfy the above condition then the source, as
seen in the high resolution image, is deemed to be a single component. For these
sources it is examined if the integrated flux in the low resolution image is the same
as the integrated flux in the high resolution image (within errors). Only if both
the above conditions are satisfied the source is classified as a single component
Gaussian. Only those sources that have been classified as unresolved or resolved
single component Gaussian sources in the low resolution image are examined in
the above manner, since any source which is classified as complex in the low
resolution image is unlikely to be a single component Gaussian in the high reso-
lution image. The Gaussian sources and the unresolved sources together form the

sources whose flux densities have been estimated in the above automated process.

If multiple iterations are needed for the modeling of the high-resolution inten-
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sity distribution within the footprint, or if the sum of the flux densities associated
with the components in the high resolution image is less than the integrated flux
density measured in the low resolution image, then the source is classified as
a complex source. Multi-component Gaussian modeling of complex sources us-
ing the high resolution image may underestimate the integrated flux density of
complex sources because such a method might miss flux density associated with
extended emission, which may be present in such sources. To avoid such prob-
lems, the estimation of integrated flux density for the complex sources is best
done not by modeling, but simply summing the pixel intensities enclosed within
the ‘footprint’. Additionally if it is ascertained that the complex source is a single
source (even if it has multiple components) and not multiple confused sources,
then the integrated flux measured as in the low resolution image may be adopted

as the integrated flux density of the source.

Sources for which the noise gives a fitted diameter less than the beam are
considered point sources and the peak flux density is then the optimum estimate

for both the flux densities.

For sources classified as unresolved or single-component Gaussians on the basis
of the high resolution image, the low resolution integrated flux density has been
adopted as the estimator of the true integrated flux density, rather than using its
counterpart from the high resolution image. It may be noted that the integrated
and peak flux densities of the single component Gaussians and unresolved sources

are the same, within errors, in the high resolution and low resolution images.
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For those sources classified as complex in the high resolution images, it was
examined whether the source was composed of only a single component in the
high resolution image. If the source consists of a single component and the in-
tegrated flux contained in the low resolution image is deemed to be the entire
integrated flux for the source then again the low resolution (fitted) integrated flux
was taken as the estimate of the integrated flux density for the source. Those
sources that are classified as complex in both the high and low resolution images
as well as additional sources declared complex in the high resolution image and
displaying multiple components are examined individually by eye rather than by

the automated algorithm.

4.2.5 The identification of Sources with Complex Struc-

tures

In rare cases, it was found that different components of a single source (e.g. lobes
of a radio galaxy) lie on separate islands and are hence misidentified as separate
sources in the low resolution images. More frequently, it was found that unrelated
sources are located within a single island in the low resolution image. Each such
source was examined by eye (342 such sources in all) and it was ascertained if
the components composing them are parts of a single source or unrelated sources
which are only close in projection: the following steps were adopted to arrive
at a classification. It may be noted here that it is essential to determine the
classifications of such sources to better estimate the true source counts and all

information available (radio as well as optical) for a given source ought to be used.
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1) Optical images (1" band) of the ATLBS survey regions were examined for
the presence of hosts for the radio sources. The host was identified using overlays
of the high resolution radio images to identify galaxies in the optical image at
the location of the radio core. Where radio cores were undetected, the location
of the centroid of the two radio components, which are suspected to be parts of
a double source, was examined for the presence of an optical galaxy. If candidate
optical hosts were indeed present at these locations, the pair of radio sources was
deemed to be a double radio source and the galaxy was taken to be the host. The
optical matching was attempted for 299 sources, out of which 187 were found
to have optical identifications. Redshift information is available for 24 of these

sources. None of these identifications appeared to be a QSO.

2) The radio sources for which no optical host was found were examined in
radio images of intermediate resolution (beam FWHM = 10”) for any connected
emission between the radio components. Separately, the integrated flux for these
sources was compared to the integrated flux measured in the low resolution image
(The estimation of flux density in these cases was done not through model fitting
but by summing the pixel intensities within the sky area corresponding to the
source). If the integrated flux of the components together is less than the inte-
grated flux as estimated from the low resolution image, then this was interpreted
as due to missing extended emission in the high resolution image. Assuming that
the missing extended emission would connect the components, it was assumed

that the component pair are parts of the same source.
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Source Classification Number of | Percentage
Type Criteria Sources
Unresolved Sources (P) Peaks flux densities match 562 41.0
between low and high resolution images.
Single Component Single iteration of 268 20.0
Gaussian Sources (G) Gaussian model fitting recovers
all the integrated flux.
Complex Sources (C) Multiple iterations 382 28.0
of Gaussian model
fitting needed to
account for all the integrated flux.

Table 4.1: The source types and the classification criteria along with the number
of sources of each type and the corresponding percentages. The remaining 154
sources out of a total of 1366 are unclassified. These sources have their peak
densities below the detection threshold but have integrated flux densities above
the flux density threshold.

Components deemed to be parts of a single source by the above methods were
cataloged as a single source and classified as complex. In those cases where the
sources were deemed to be unrelated, the flux for each source was measured sep-
arately. Using the high resolution image, the source classification was made as
unresolved, single Gaussian or complex and the flux density estimated accord-

ingly for each type (as described in the previous subsection).

In total, 128 sources in the low resolution image were found to be blends of
separate sources. This is 10% of the sources found initially in the low resolution

image.

Table 4.1 presents the classification criteria in condensed form. A sample of

the ATLBS source catalog is presented in Table 4.2. The complete catalog is in

Appendix 1.
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4.2.6 Completeness in radio source detection

To estimate the true source counts, it is essential that the source list from which
the counts are derived is complete - i.e. there are no sources missed in the detec-
tion down to the detection flux density threshold. There are a few effects which
can affect the completeness of the source list. One of these is the resolution bias
- the ‘resolving out’ of sources due to the high resolution of the image. This
can lead to incompleteness in the source list. However, our strategy of using the
low resolution image for the initial detection takes care of this issue. We have
estimated the correction required to the detected source numbers. This ensures
that the effects of resolution bias, while small, are accounted for. The details of

addressing the resolution bias are presented in Section 4.3.1.4.

Another effect which can affect the completeness of the source list is the noise
bias or Eddington bias. Very briefly, this is the effect introduced by the noise in
the image which changes the measured flux density of the sources; which leads
to changing the measured distribution of the sources with flux from the true
distribution. More specifically, it may lead to incompleteness of the source list by
lowering the flux of the sources near the detection threshold below the threshold.
In fact, sources may also migrate from lower flux density bins to those above.
This issue has been addressed in detail by carrying out simulations to estimate
the fraction of the sources which may be lost or gained due to noise bias and
correcting the number of detected sources by that fraction correspondingly. The

detailed discussion on the noise bias is given in Section 4.3.1.1.
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Source Name | RA (J2000) | Dec (J2000) | Sin:(mJy) | Source Type | Number of Components
J0025.5-6640 | 00:25:30.82 -66:40:31.5 1.87 G

J0025.6-6700 | 00:25:38.90 -67:00:19.5 1.60 G

J0025.7-6634 | 00:25:46.04 | -66:34:35.1 0.56 M

J0025.9-6621 | 00:25:58.71 | -66:21:20.4 215.26 C 1
J0025.9-6629 | 00:25:54.62 | -66:29:46.0 0.71 C 1
J0025.9-6632 | 00:25:56.75 -66:32:59.7 1.89 C 1
J0025.9-6725 | 00:25:59.89 -67:25:38.8 1.06 P

J0026.0-6628 | 00:26:02.54 -66:28:06.0 0.61 M

J0026.0-6638 | 00:26:05.38 | -66:38:15.5 0.49 C 3
J0026.2-6643 | 00:26:12.76 | -66:43:45.0 0.80 P

J0026.2-6646 | 00:26:12.14 -66:46:01.7 0.72 C 1
J0026.3-6708 | 00:26:19.80 -67:08:43.0 2.36 P

J0026.3-6713 | 00:26:21.13 -67:13:45.7 0.69 P

J0026.4-6721 | 00:26:28.95 | -67:21:49.7 1.68 C 3
J0026.5-6639 | 00:26:34.15 | -66:39:53.9 1.00 G

J0026.5-6708 | 00:26:34.95 | -67:08:14.0 5.21 G

J0026.5-6725 | 00:26:31.40 -67:25:04.7 3.41 P

J0026.6-6646 | 00:26:37.80 -66:46:03.5 2.70 G

J0026.6-6659 | 00:26:38.46 | -66:59:35.5 0.47 P

J0026.6-6731 | 00:26:37.16 | -67:31:06.0 1.89 G

J0026.7-6632 | 00:26:46.00 | -66:32:00.2 5.38 G

J0026.7-6640 | 00:26:45.80 -66:40:06.7 0.56 P

J0026.7-6647 | 00:26:46.38 -66:47:38.0 0.96 C 1
J0026.8-6631 | 00:26:48.72 -66:31:06.8 0.54 P

J0026.8-6643 | 00:26:49.59 | -66:43:59.8 8.79 C 3
J0026.8-6649 | 00:26:53.14 | -66:49:36.4 0.99 P

J0026.8-6659 | 00:26:48.56 -66:59:51.3 0.45 C 1
J0026.8-6714 | 00:26:50.49 -67:14:03.8 0.41 M

J0026.9-6626 | 00:26:57.67 -66:26:18.8 1.95 G

J0026.9-6652 | 00:26:59.90 | -66:52:14.8 0.74 C 1
J0026.9-6706 | 00:26:55.16 | -67:06:22.8 0.58 M

J0026.9-6732 | 00:26:56.81 | -67:32:15.8 0.52 P

Table 4.2: The ATLBS survey 1.4 GHz Source Catalog

88




4.3 Source Counts

4.3 Source Counts

In this section, the ATLBS source counts are computed and the corrections nec-
essary to estimate the true source counts from the distribution of ATLBS sources
in flux density are discussed. First, the sources were binned in octave bins based
on their integrated flux density. The effective bin centers need to be defined
carefully because in a given bin the source counts are not expected to be uni-
formly distributed (in which case, the mean would suffice). The corrections that
translate observed counts to true counts depend on this distribution within the
bins and, hence, the effective bin center. The bin centers in this study have been

calculated using the expression given by Windhorst et al. (1984):

St — Sy

1—
W)] 7, (4.7)

She = [(1 =) (

where v = 2.52 + 0.321 x log(S,.) + 0.042 X log*(Sy) and S, is the geometric
center of the bin. The factor v has been obtained by a fit to the source counts
using a collection of data from Windhorst et al. (1984), therefore taking care of
the source distribution within any bin. Additionally, the value of v was estimated
from the source counts which have been derived; the value of the slope thus esti-
mated is consistent with the above value of the slope over most of the flux density

range.

The blending correction to the counts is negligible due to the high angular
resolution in ATLBS images, and it has been discussed in detail in a previous
section. To assure completeness of the source counts, resolution bias correction,

effective area correction and noise bias correction were applied; these are discussed

89



4. THE RADIO SOURCE COUNTS

below.

4.3.1 Corrections to the source counts
4.3.1.1 Noise Bias Correction

Noise bias arises because the ‘true’ source counts are modified by the the noise
in the image. This is true for estimations of any distribution affected by additive
noise (Eddington, 1913); noise bias corrections have been applied previously to
radio source counts (Murdoch et al., 1973; Richards, 2000; Bondi et al., 2008).
Noise in the image effectively redistributes sources across neighboring bins, the
magnitude of the effect depends both on the image noise and the intrinsic source
distribution. If a particular bin has nearby bins with nearly the same numbers
of sources, then the number of sources migrating into the bin and out of the bin
are the same, assuming symmetric noise distribution. Additionally, at high flux
densities, the contribution of image noise to the source flux density is small and
is usually a small fraction of the bin size, which most often increases in geometric
progression. Therefore, the effects of noise bias are important for the lowest few

bins.

The effects of noise bias for the images were estimated using simulations. The
polynomial fit to the radio source counts given by Hopkins et al. (2003) was used
as a model for the true source distribution (It may be noted here that later in
this chapter in Section. 4.4 an improved estimate of noise bias has been derived

and resultant source counts using Eqn. 4.15, which is derived from the ATLBS
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counts for self consistency). The polynomial fit is :

log[(dN/dS)/S~*%] Z aillog(S/mJy)]’, (4.8)

=0
with a; = 0.859, ay = 0.376, azg = —0.049, ay = —0.121, a5 = 0.057, ag = —0.008.
Noise of random amplitude, consistent with a Gaussian distribution with rms
equal to that of the image noise, was added to the integrated flux density of the
sources derived from the distribution, and the sources were rebinned. This gives
an estimate of the noise bias correction required for each bin. The correction
is significant only for the lowest two bins. For the first bin, 0.38 — 0.768 mJy,
the correction to the source counts is 23.8% which drops to 3.6% for the second
bin and for the third bin the noise bias correction is only 0.69%. The derived
corrections have been applied to the source counts for the above bins since for

other bins the correction is negligible.

4.3.1.2 Effective Area Correction for Sources

Only sources that have peak flux densities (without gain correction) above the
detection threshold and located in the area of the mosaic where the primary beam
gain is above 0.5 are included in deriving the source counts. Approximately 17% of
soures above the detection threshold lie outside this area. Since the primary beam
gain varies over the mosaic image this leads to a bias in source detection because
sources with higher peak flux densities are potentially detectable over a larger sky
area. Sources with peak flux density above twice the detection threshold may be
detected anywhere in the area mentioned above (since the maximum attenuation

suffered would lower the peak flux densities above or at the detection threshold);
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whereas the sources with peak flux densities between the detection threshold and
twice that value would be detectable only within a restricted area. The correction
factor to account for the change in effective sky area with flux density may be
estimated as the ratio of the effective area for a given peak flux density and the

total detection area, assuming that sources are uniformly distributed on the sky.

4.3.1.3 Effective Area Correction for Blended Sources

For blended sources (or rather those sources which are blended in the low resolu-
tion image and have been found to be multiple distinct sources at high resolution),
the peak flux density as well as the integrated flux density have been determined
using the high resolution image. An effective area correction derived from the low
resolution peak flux density may be incorrect in these cases because in many such
cases sources with a large difference in peak flux density are blended together.
Blended sources with individual peak flux densities above the detection threshold
would have all been detected irrespective of blending. For these sources the high
resolution integrated flux density was used to derive the effective area correction.
Blended sources with peak flux densities below the detection threshold but with
integrated flux density above the detection threshold would also have been de-
tected since at low resolution the peak flux density (in most cases) would have
been equal to the integrated flux density in the high resolution image. There are
37 sources with peak flux densities below the detection threshold but with the in-
tegrated flux density above the detection threshold. For these sources, therefore,
the effective area correction was estimated using the high resolution integrated
flux density. Blended sources with integrated and peak flux densities below the

detection threshold are not included in the derivation of source counts.
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4.3.1.4 Resolution Bias Correction

Resolution bias is because extended sources that have integrated flux density
above the threshold may have their peak flux density below the detection thresh-
old; this would not happen in the case of an unresolved source of the same inte-
grated flux density. Owing to this effect a number of extended sources are lost
in the source detection process, biasing the source counts to preferentially repre-
sent unresolved sources. This effect has been mitigated by using low resolution
images for initial source detection. Below is given the estimate of the resolu-
tion bias correction applicable to the source counts. The expression given by
Windhorst et al. (1990) has been used to represent the angular size distribution
of sources and thereby derive the resolution bias. The fraction of radio sources

above an angular size ¢ is given by :

h(>¢) = exp [ —In 2 (¢/Gmea)**], (4.9)

where the expression for ¢,,.; (median angular size) is:

(bmed =2"0 S?.EGHz (4'1())

with S14¢m. in mJy.

The relationship between angular size and ratio of integrated to peak flux

density is

1 + (¢/bs)2 = (Sint/Speak)- (411)
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For a fixed integrated flux density, a source would be on the threshold of being
missed if its peak flux density is equal to the detection threshold; such a source

has an angular size:

(bma:v = bs X [(Sint/<sthreshold)) - 1]1/2- (412)

Here b, = 50” is the angular size of the synthesized beam for the low resolution
images, Sipreshorq = 0.38 mJy is the detection threshold and Sj,; is the mean flux

density for the source bin.

Therefore, the fraction of sources missing due to being resolved is:

h(> @) =exp | —In 2 (Pmaze/ Pmed) ). (4.13)

Thus the resolution bias correction for each bin is calculated as:

c=1/(1=h(> Gmaz))- (4.14)

Since the beam FWHM in this case is 50", the resolution bias is only a small
correction to the source counts. The maximum effect of the resolution bias is
seen in the lowest bin, where an estimated 1.25% sources are lost due to the
resolution bias. In higher flux density bins, the effect of resolution bias is negli-
gible. For source counts generated solely with high resolution images, however,

the resolution bias corrections can be significant.
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4.4 A discussion on the slope and magnitude of the counts at
sub-mJy flux densities

4.3.1.5 The ATLBS source counts

The total number of sources in the ATLBS survey above a threshold of 0.38 mJy
is 1366; this is the final number of sources after using the high resolution image
to identify blended sources in the low resolution image. The differential source
counts, with all of the corrections discussed above, are shown in Fig. 4.3. The
fit to the source counts from the Australia Telescope Hubble Deep Field-South
survey (ATHDFS) of Huynh et al. (2005) as well as the source counts for the
Australia Telescope ESO Slice Project (ATESP) survey of Prandoni et al. (2001)
are overlaid for comparison. Here the fit for ATHDFS is for a compilation of
source counts of radio surveys including FIRST (Faint Images of Radio Sky at
Twenty-Centimeters; Becker et al. (1994)), PDF, ATHDFS and ATESP. There
is good agreement between the ATLBS source counts and ATESP source counts.
ATLBS source counts are, however, lower than the ATHDFS counts over most
of the flux density range by about 10%. The ATLBS source counts derived
herein based on high resolution followup of the ATLBS survey is consistent with
earlier derivations of ATLBS source counts (Subrahmanyan et al., 2010), which

were based on the low resolution images.

4.4 A discussion on the slope and magnitude of
the counts at sub-mJy flux densities

The flattening in the normalized differential source counts widely reported in the

literature is not obvious in the ATLBS source counts. To take a closer look at the
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ATLBS Source Counts
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Figure 4.3: The normalized differential source counts for ATLBS are presented
(using square symbols with associated error bars). The source counts for ATESP
survey (Prandoni et al., 2001) (shown by circles) and the fit to the source counts
for ATHDF'S survey (Huynh et al., 2005) (continuous curve) are also depicted for
comparison.
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behavior of the ATLBS counts below about 1 mJy, the differential source counts
have been estimates using binning with smaller bin sizes; these are displayed in
Fig. 4.4. The ATLBS counts are consistent with the ATESP counts within the
errors and continue the same trend to lower flux densities. However, the ATLBS
counts appear not to follow the upturn of the ATHDFS counts and fall signifi-
cantly short of the ATHDFS counts below about 1 mJy. In Fig. 4.4 the source

counts from Simpson et al. (2006) have also been added for further comparison.

The ATHDFS survey catalog is reported to have been constructed as a source
catalog as opposed to a component catalog (Huynh et al., 2005). However, the
specific forms of the corrections applied to the source counts from the ATLBS
and ATHDF'S differ, which may explain the difference in the source counts in the
two cases. Specifically, it may be noted that the corrections for noise bias are not
applied to the source counts for ATHDFS as well as PDF survey (Hopkins et al.,
2003). Since the sub-mJy counts are close to the detection threshold, the effect of
noise bias is significant and needs to be applied to correctly estimate the source
counts. In Fig. 4.4 are displayed the source counts for ATLBS, generated without
applying the noise bias correction. It may be seen from the figure that in the
absence of noise bias corrections, the differential source counts do exhibit a more
pronounced flattening in the sub-mJy regime. Clearly, omitting noise bias cor-
rections tend to generate flatter estimates for the source counts at levels close to
the detection limit, and a factor responsible for the deficit in the ATLBS counts
compared to those of the ATHDFS and PDF counts may be their having omitted

the noise bias correction.
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On the other hand, the radio source counts from Simpson et al. (2006) match
rather well with the ATLBS source counts in the flux density range which has
been explored in this work. The radio source counts of Simpson et al. (2006) have
been derived from VLA 1.4 GHZ observations of the Subaru/XMMNewton Deep
Field (SXDF) over an area of 0.8 square degrees. The source counts presented
in Simpson et al. (2006) have been corrected for the noise bias (Eddington Bias)
which may be the reason for their radio source counts being at the lower end of
the source counts reported in literature (see their Fig. 6). However, it should
be noted that the source counts in Simpson et al. (2006) do show a change in
the slope of differential source counts; this change, however is more prominent at

lower flux densities than those which have been probed in this work.
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ATLBS Submdy Source Counts
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Figure 4.4: The ATLBS differential source counts with reduced bin widths. The
squares represent the source counts corrected for noise bias and the triangles
represent the source counts without noise bias correction. The filled diamonds
represent the source counts from Simpson et al. (2006). The other symbols are

same as that in Fig. 4.3.

Source counts derived from ‘component’ catalogs are expected to exhibit extra
‘sources’ at low flux densities, as extended sources are decomposed into compo-
nents with relatively lower flux densities. Additionally, in the case of surveys
done with high resolution, it is possible for extended sources to break up into
two or more compact components if the connecting diffuse emission is missed in
the imaging. As a demonstration, source counts have been from a component
catalog generated from the ATLBS high resolution images (with beam FWHM of
6"). The catalog was generated using the MIRIAD task IMSAD, with a detection

threshold of 40, where o = 72 puJy beam™! is the rms noise in the image, without
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4. THE RADIO SOURCE COUNTS

any attempt at constructing a ‘source’ catalog as has been done in this work. The
source detection was restricted to regions with primary beam gain of 0.9, so that
corrections for the attenuation due to the primary beam, and the effective area
correction, may be neglected. The noise bias correction as well as the resolution
bias correction (which is important in the case of images with high resolution)
were separately derived for these counts in the same manner as described in ear-
lier sections. In Fig. 4.6 the source counts generated from this component catalog
are shown. As may be expected, this results in a substantially flatter distribution
for the source counts; additionally, the source counts are now greater than before
as well as greater than the ATHDFS counts. In Fig. 4.5 the ratio of component
counts to source counts versus flux density are displayed. This ratio has an aver-
age value of 1.4 implying that on average the component counts are a factor 1.4

higher than the true source counts.
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Component—to—source Ratio
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Figure 4.5: The component-to-source ratio as a function of flux density. Within

errors the ratio is constant across the flux density bins.

The ATLBS counts are about 10% lower than the ATHDFS counts over the
0.4-10 mJy range. As seen in Fig. 4.6, a component catalog may overestimate the
counts in this flux density range by as much as 30 — 50%; Hopkins et al. (2003)
estimate that a component catalog may overestimate the counts by about 10%.
The quantum of error would depend on the structures of radio sources at these
flux densities and the quality of the imaging—the ability of the imaging to re-
produce any connecting emission between components—and hence the correction
factor necessary for deriving a source count from component counts may vary de-
pending on the visibility coverage and imaging algorithms. Nevertheless, it may
be concluded that the relatively lower source counts inferred in this work are
in part owing to the ATLBS counts having been carefully prepared to represent

a source catalog rather than a component catalog. Note that catalogs such as
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NVSS are component and not source catalogs so any source count analysis based
on these catalogs will have this problem. It is possibly for this reason that no

source count analysis is included in the NVSS publication (Condon et al., 1998).

Source Counts for Component Catalog
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Figure 4.6: The normalized differential source counts for ATLBS, estimated using
the high resolution images and a ‘component’ catalog. The continuous curve is
the fit from ATHDFS. The sub-mJy counts show a pronounced flattening as well
as counts higher than that from ATHDFS.

The noise bias correction depends on the assumption of what is the true source
counts: this prior assumption is used to determine the true number of sources in
each bin so that the effect of noise bias may be estimated. As discussed earlier,
PDF source counts have been adopted for the determination of the noise bias.
However, the PDF source counts show a more pronounced flattening compared
to the ATLBS; therefore, a second iteration of noise bias correction using the

derived ATLBS source counts has been carried out.
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4.5 Summary and conclusions

ASmly (S)mly dN/dS(/S—_2.5)(Jyt®Sr—T) (dN/dS)parnb dN/dSwonb
0.38 — 0.54 0.46 4.55(+0.76, —0.31) 4.06(+0.71, —0.30)  5.05(+0.81, —0.31)
0.54 —0.77 0.65 4.76 £ 0.33 4.55 +0.33 5.00 £ 0.33
0.77 — 1.09 0.91 6.20 £+ 0.45 6.14 £+ 0.45 6.40 + 0.44
1.09 — 1.54 1.28 7.90 £ 0.64 8.01 £0.64 8.02 £ 0.64
1.54 — 2.17 1.83 8.25 + 0.85 8.31 £ 0.85 8.32 £ 0.85
2.17 - 3.07 2.60 12.05 £1.35 12.05 £1.34 12.05 £1.35
3.07 — 4.34 3.63 15.00 £ 1.92 15.01 £1.92 15.01 £1.92
4.34 —6.14 5.38 29.48 4+ 3.69 29.48 4+ 3.69 29.49 4+ 3.69
6.14 — 8.69 7.30 26.49 +4.30 26.49 +4.30 26.49 +4.30

Table 4.3: ATLBS 1.4 GHz source counts with a self-calibrated noise bias

A second order polynomial in flux density was fit to the ATLBS source counts
derived above, which appears sufficient to express the features seen in source

counts presented in this study. The polynomial fit is given by :
log[(dN/dS)/S™*°] = 0.781+0.851 x log(S/mJy) —0.066 x log®(S/m.Jy). (4.15)

Since the ATLBS source counts are relatively steeper compared to the PDF
counts, the noise bias correction estimated from the ATLBS counts is smaller.
For the lowest two bins 0.38-0.54 and 0.54-0.77 mJy, the noise bias correction
is now derived to be 11.18% and 5.22% respectively, reduced from the previous
values of 24.5% and 10%. This improved estimate of the source counts is shown
in Fig. 4.7 and Table (4.3). The ATLBS source counts are still systematically
lower than the ATHDF'S source counts; however, the difference between the two

source counts is reduced.

4.5 Summary and conclusions

In this chapter, a study of sub-mJy radio source counts for ATLBS survey is

presented. The source catalog for ATLBS survey, the construction of which is
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ATLBS submillijansky source counts
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Figure 4.7: The differential source counts for ATLBS derived using noise bias
correction derived from the ATLBS counts themselves. The other symbols are
same as that in Fig. 4.4.

discussed above, is a carefully made source list as opposed to a component list.
The source list has been generated using unique algorithms, multi-frequency and
multi-resolution images, which simultaneously provides solutions for the issues of
confusion and missing diffuse emission. The source list was used to estimate the
radio source counts down to 0.4 mJy, which have been corrected for noise bias,
resolution bias, and effective area. Comparing the counts with previous work -
the ATHDF'S and PDS counts - shows that the ATLBS counts are systematically
lower and the upturn in sub-mJy source counts has not been found up to the
flux densities probed. The work presented herein underscores the importance of
noise bias correction, in particular for deriving counts close to the limit of the
survey sensitivity and for correctly estimating the faint end slope and upturn in
the source counts at sub-mJy flux density. Finally, the lack of an upturn in the

source counts at faint flux densities implies that down to the faintest flux densi-
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4.5 Summary and conclusions

ties that have been probed (approximately 0.4 mJy) there is no evidence for any

new population.

For generating the source list, the radio images were initially examined us-
ing automated algorithms, which used representations with different resolutions
to identify sources and distinguish unresolved and single component sources and
complex sources. All complex sources were carefully examined by eye to recog-
nize blends and classify appropriately. Optical surveys of the ATLBS fields were
also examined for candidate host galaxies to aid in the classification of complex
sources. The integrated flux densities of the sources were derived in a variety
of methods - the method appropriate for the source structural classification was
adopted in each case. An emphasis is placed on the use of multi-resolution im-
ages, which may complement each other, as well as the need to use data from
other wavebands such as optical, infrared etc. The source list is also presented

online along with the integrated flux densities and classification.

The source list was used to estimate the radio source counts down to 0.4 mJy.
The counts have been corrected for noise bias, resolution bias, and effective area.
It may be noted that considerable care has been taken to ensure that the counts
correspond to sources and not components. The counts presented in Fig. 4.7 and
Table (4.3) above have been self-calibrated for the noise bias in that the counts

derived in a first iteration have been used to derive the noise bias correction.

The systematically low counts for ATLBS are attributed to the ATLBS counts

representing sources as opposed to components, as well as corrections for noise
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4. THE RADIO SOURCE COUNTS

bias. It has been demonstrated that the substantial difference in counts that
results from using component catalogs as opposed to source catalogs: at 1 mJy
flux density component counts may be as much as 50% above true source counts.
This implies that automated image analysis for counts may be dependent on the
ability of the imaging to reproduce connecting emission with low surface bright-
ness and on the ability of the algorithm to recognize sources, which may require
that source finding algorithms effectively work with multi-resolution and multi-
wavelength data. The upturn in sub-mJy source counts reported in the literature
may be due to a combination of small survey areas and identification of radio
sources as opposed to components, as well as effects of noise bias close to the

detection limit.

The source counts presented here form investigations into the fainter end of

the radio source population. In the next chapter, the other end, i.e. powerful,

extended sources are studied.

106



CHAPTER

FIVE

Environments of Extended Radio Sources

5.1 Introduction

Examining the environments of radio galaxy hosts has been one of the aims of this
thesis. Towards this goal as well as to obtain properties of the host galaxies multi-
band optical observations were carried out, which were described in Chapter 3.
A subset of extended radio sources detected in the ATLBS survey constitutes
the extended source sample (ATLBS-ESS; Saripalli et al. (2012)); it contains ra-
dio galaxies observed to have the largest angular size and includes all sources
with angular size > 30”. The examination of ATLBS-ESS source structures has
yielded subsamples of restarted radio galaxy candidates, z > 0.5 low-power radio
galaxies, giant radio galaxies and other morphological types. The variety of radio
structures detected and their relative abundance has been used to make infer-
ences on the life cycles of radio sources. In this chapter the environments of the

ATLBS-ESS radio sources are characterized.
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5. ENVIRONMENTS OF EXTENDED RADIO SOURCES

Obviously, the gas environments in which radio sources reside and evolve ought
to have a substantial influence on the structures that form; this expectation has
been vindicated in many case studies where the radio structures have been com-
pared with the X-ray gas environments (Blanton et al. (2011); Boehringer et al.
(1993)). Numerous studies of the optical environments of radio galaxies have been
carried out previously (Longair & Seldner, 1979; Yee & Green, 1984; Hill & Lilly,
1991; Zirbel, 1997). The motivation behind these studies has been to examine
differences between different classes of radio sources, the evolution of environ-
ments with cosmic epoch as well as the possibility of identifying clusters/groups

of galaxies using radio sources as a tracer (Wing & Blanton, 2011).

Several studies have found that the environments of FRI/FRII sources are
different, and have a redshift dependence. Although FRI sources are found in
richer environments, FRII sources at low redshifts are mostly observed to be
hosted by field galaxies, where as at relatively higher redshifts (z > 0.5) the
FRII environments appear to be richer (Hatch et al., 2011; Best et al., 2003;
Overzier et al., 2008). There have been fewer studies that relate the richness
of the environments and morphological asymmetries of radio galaxies. Investi-
gations by Subrahmanyan et al. (2008) and Safouris et al. (2009) are noteworthy
in this regard where the radio structures of two giant radio galaxies were exam-
ined in the context of the large-scale galaxy distributions in their vicinity (also see
Chen et al. (2012) and references therein). The study was also used to infer prop-
erties of the ambient thermal gas medium in which the structures evolved. Clear

correlations between structural asymmetries and associated extended emission-
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line gas were also found for radio galaxies that have relatively smaller sizes of a

few hundred kpc (McCarthy et al., 1991).
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Figure 5.1: (a) The radio source J0024.4—6636, a FRI source. The source is
also an asymmetric source. The radio contours are at 1, 2, 2.5, 3, 4, 5, 6, 8
x107* Jy beam™ (b) The radio source J0110.7—6705, a FRII source. The radio
contours are at 1, 2, 4, 6, 8, 12, 16, 32, 48 x10~* Jy beam™. (c) The radio
source J0043.2—6751, a WAT source. The radio contours are at 1, 2, 4, 8, 16, 32,
48, 64 x10™* Jy beam™ (d) The radio source J0042.1—6728, a HT source. The
radio contours are at 1, 2, 4, 8, 16, 32, 48, 64 x10~* Jy beam™. The grayscale
in each of the above is optical taken from SDSS r’ band images, described in 3.
The examples of the sources given here show the same sources and follow the

same contours as Figs. 1.5 (right panel), 1.117, 1.48 and 1.47 from Saripalli et al.
(2012).
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5.2 Sample Definition and Selection

The outline of this Chapter is as follows. In the next section, the sample def-
inition and selection process is described. In Section 5.3, the redshift-magnitude
relation is derived that has been subsequently used to estimate redshifts for those
sources in the sample that lack spectroscopic redshift measurements. Section 5.4
presents a description of the method adopted to quantify the environmental rich-
ness and spatial distribution relative to the radio axis. The last section is a
presentation and discussion of the results of the study. A LCDM cosmology with
H,="71km s~ ! Mpc~! and Q2 = 0.73 has been adopted.

5.2 Sample Definition and Selection

This study of the environments of radio sources from the ATLBS survey is re-
stricted to those that are extended and hence to a subset of the ATLBS-ESS
sources. Briefly, the ATLBS-ESS subsample consists of 119 radio sources that
have angular size exceeding 0/.5. All sources where no magnitude or redshift in-
formation is available have been omitted. Additionally, since radio galaxies at
high redshifts may suffer from greater incompleteness in the detection of neigh-
boring galaxies, a redshift cut has been imposed, choosing only sources below
redshift of z = 1. Moreover, those sources near the edges of the optical images in
which consequently the environmental information is truncated in sky projection
are rejected: in practice sources within a linear distance of 0.5 Mpc of the image

edge have been rejected (for more discussion on this see Section 5.4.2).

The final sample of sources chosen for the environment study has 43 sources
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5. ENVIRONMENTS OF EXTENDED RADIO SOURCES

(Fig. 5.1 presents images of sources of different morphologies from the selected
sample). In Table 5.2 this source list is presented. For these most extended of
ATLBS radio sources, with good structural information and hence well classified
morphology, an attempt has been made to examine the environments in relation

to different source classifications and radio structure.

5.3 Redshift-magnitude relation

A study of the galaxy environments of ATLBS radio sources requires estimates
for their redshifts. Since only a fraction of the host galaxies of the ATLBS radio
sources have spectroscopic redshifts, a redshift-magnitude relation for the host
galaxies of ATLBS sources has been derived here, which has been used in subse-

quent sections that explore the galaxy environments.

The ATLBS-ESS sample (Saripalli et al., 2012) was selected based on the an-
gular size of the sources. Of this sample, only 19 radio galaxies have good quality
redshift measurements as well as optical magnitudes. To have additional data for
deriving a better fit for the relation, 61 ATLBS sources have been included that
were relatively compact and hence not in the ATLBS-ESS list. These are ATLBS
radio galaxies that have good quality redshifts available from on-going AAOmega
observations (Johnston et al., in preparation). Quasars have been omitted while
assembling this sub-sample for deriving the magnitude-redshift relation since their
optical magnitudes may be dominated by the AGN at the center. Most of the

sub-sample of radio galaxies have redshifts in the range 0.2-0.5. The sources
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utilized to derive the redshift-magnitude relation are presented in Table. 5.1.

Examining the r — z plot for these sources, it was seen that 20 of the sources
were systematically offset from the principal clustering in the r — 2z plot. Some of
these outliers were spirals or showed spiral-like features; the remainder, though
ellipticals, showed clear signs of disturbed optical morphology. Excluding these,
there were 80 sources in all that were used to estimate the magnitude-redshift
relation.

A fit has been attempted for coefficients of the equation
m, = a X logioz + b. (5.1)

The fit yielded parameter values a = 5.752 and b = 21.82, with an rms error of
0.09. These may be compared with corresponding values of a = 5.3 and b = 21.05
derived by Eales et al. (1997) for R band, and a = 5.917 and b = 21.65 derived
by Gendre et al. (2010) from the 7’ band data of the CONFIG survey. In Fig. 5.2

the fitted relation is also plotted along with the data.

5.4 Quantifying the galaxy environments of ex-
tended radio sources

While there are many methods in the literature for measuring the environmen-
tal richness of extragalactic sources (see Gal (2008) for a review), most rely on

the availability of redshifts. When working with a photometric catalog however,
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Figure 5.2: The fitted magnitude-redshift relation is shown as lines along with the
data points used in deriving the fits; the data points correspond to the compilation
of ATLBS radio galaxies with redshift measurements. The average error in z from
this relation is 0.09. For comparison, the relation derived by Gendre et al. (2011)
(CONFIG Survey) is also shown.

114



5.4 Quantifying the galaxy environments of extended radio sources

RA (J2000) | Dec (J2000) | RA (Id) (J2000) | DBEC (Id) (J2000) | Redshift | m,
0:22:45.10 | —66:53:06.3 0:22:45.10 —66:53:06.3 0234 | 18.48
0:26:14.33 | —66:45:55.1 0:26:14.41 —66:45:54.9 0.426 | 20.25
0:26:21.47 | —67:13:41.6 0:26:21.54 —67:13:41.7 0.249 | 18.45
0:26:21.47 | —67:13:41.6 0:26:21.54 —67:13:41.7 0.249 | 18.45
0:26:28.92 | —67:21:49.6 0:26:28.52 —67:21:48.8 0.274 | 18.15
0:26:49.08 | —66:31:22.0 0:26:49.10 —66:31:23.0 0.323 19.3
0:26:49.18 | —66:44:00.8 0:26:49.09 —66:44:01.1 0.219 | 17.96
0:27:15.59 | —66:24:18.5 0:27:15.59 —66:24:18.1 0.073 | 15.06
0:27:15.60 | —66:24:18.7 0:27:15.50 —66:24:18.6 0.074 | 15.06
0:27:46.63 | —67:49:51.9 0:27:46.64 —67:49:52.5 0.174 | 16.52
0:27:56.29 | —67:37:53.8 0:27:56.28 —67:37:53.8 0.252 17.7
0:28:08.51 | —66:14:15.9 0:28:08.55 —66:14:16.5 0272 | 19.22
0:28:09.84 | —66:29:38.8 0:28:09.73 —66:29:39.0 0.339 | 18.37
0:28:22.42 | —66:53:44.1 0:28:22.41 —66:53:43.5 0.190 | 17.32
0:28:29.45 | —67:18:43.6 0:28:29.47 —67:18:44.3 0.243 | 17.61
0:28:33.98 | —67:21:50.2 0:28:33.98 —67:21:50.3 0.241 | 17.83
0:28:41.04 | —66:43:45.1 0:28:41.19 —66:43:44.5 0.234 | 18.62
0:28:51.94 | —67:58:39.3 0:28:52.02 —67:58:39.9 0.352 | 18.05
0:29:02.47 | —66:39:51.6 0:29:02.65 —66:39:51.9 0.219 | 18.57
0:29:04.64 | —66:03:20.4 0:29:04.58 —66:03:21.4 0.400 | 19.69
0:29:07.17 | —67:22:56.4 0:29:07.12 —67:22:55.6 0.220 | 17.76
0:29:25.65 | —67:21:30.7 0:29:25.55 —67:21:31.5 0.202 | 19.38
0:29:44.03 | —66:56:23.4 0:29:43.95 —66:56:23.3 0.402 | 19.09
0:29:52.63 | —66:06:53.2 0:29:52.98 —66:06:53.5 0.402 | 21.18
0:30:01.70 | —67:14:02.2 0:30:01.69 —67:14:03.3 0.413 | 18.63
0:30:09.02 | —67:26:44.9 0:30:09.18 —67:26:45.1 0.713 | 21.54
0:30:44.21 | —67:36:10.6 0:30:44.32 —67:36:11.1 0.321 195
0:31:14.79 | —67:18:02.0 0:31:14.68 —67:18:01.5 0.501 | 20.64
0:31:17.26 | —67:50:52.3 0:31:17.12 —67:50:53.2 0.375 | 19.86
0:31:20.22 | —66:55:16.9 0:31:29.37 —66:55:16.8 0.532 | 20.36
0:31:32.05 | —67:48:58.7 0:31:32.49 —67:49:01.1 0.355 19.1
0:31:32.48 | —67:49:00.4 0:31:32.50 —67:49:00.5 0.356 19.1
0:31:47.04 | —66:20:50.6 0:31:47.05 —66:20:50.4 0.278 | 19.09
0:31:55.80 | —66:44:05.8 0:31:55.81 —66:44:05.1 0.653 | 20.95
0:32:01.00 | —66:44:06.7 0:32:00.86 —66:44:06.4 0.611 | 20.76
0:32:45.72 | —66:20:12.1 0:32:45.69 —66:29:11.9 0.214 | 18.04
0:33:20.46 | —67:14:20.2 0:33:29.35 —67:14:19.2 0.407 | 18.38
0:33:46.81 | —67:38:03.3 0:33:46.69 —67:38:04.7 0.356 | 18.73
0:33:47.32 | —68:00:50.4 0:33:47.48 —68:00:49.8 0.225 | 18.68
0:33:56.56 | —66:52:05.7 0:33:56.48 —66:52:05.4 0.402 19.1
0:34:05.59 | —66:39:34.5 0:34:05.59 —66:39:34.5 0.110 | 16.79
0:34:08.85 | —66:26:21.7 0:34:08.98 —66:26:21.7 0.486 | 19.53
0:34:29.18 | —66:45:35.7 0:34:29.19 —66:45:35.6 0.403 | 19.61
0:34:33.18 | —67:36:26.8 0:34:33.12 —67:36:28.4 0.069 14.9
0:34:57.51 | —66:30:29.8 0:34:57.44 —66:30:29.6 0.487 | 20.27
0:35:02.08 | —66:12:52.2 0:35:01.97 —66:12:52.5 0.465 19.1
0:35:05.24 | —67:41:14.4 0:35:05.08 —67:41:14.5 0.072 | 15.32
0:35:34.52 | —66:07:24.4 0:35:34.55 —66:07:25.6 0.264 | 19.65
0:35:35.41 | —66:56:20.7 0:35:35.33 —66:56:20.0 0.296 | 19.65
0:35:35.85 | —66:18:44.3 0:35:35.80 —66:18:44.3 0.508 | 20.41
0:36:58.16 | —66:34:16.3 0:36:58.17 —66:34:16.4 0.241 | 18.46
0:36:58.16 | —66:34:16.3 0:36:58.17 —66:34:16.4 0.241 | 18.46

Table 5.1: Sources used to fit the magnitude-redshift relation.

Column 1 and

2 give the RA and Dec (J2000) of each source, Columns 3 and 4 give the same
for the optical ID for each radio source. Column 5 and 6 give the redshift and

magnitude for each source.
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RA (J2000) | Dec (J2000) | RA (Id) (J2000) | DEC (Id) (J2000) | Redshift | m,
0:37:29.07 | —67:02:50.8 0:37:29.06 —67:02:50.3 0.350 | 18.98
0:39:01.31 | —67:49:43.7 0:39:01.39 —67:49:43.5 0.073 | 15.08
0:39:03.72 | —66:54:36.6 0:39:03.69 —66:54:34.7 0.256 | 18.66
0:40:44.35 | —67:24:32.4 0:40:46.67 —67:24:35.8 0.206 | 19.07
0:40:55.50 | —66:50:16.1 0:40:55.46 —66:50:16.5 0.747 | 20.86
0:41:00.98 | —67:24:32.3 0:41:01.05 —67:24:33.0 0.299 | 18.42
0:41:12.20 | —67:51:22.2 0:41:12.33 —67:51:22.1 0.359 20.2
0:41:20.87 | —67:08:06.8 0:41:20.92 —67:08:05.2 0.492 | 20.05
0:41:46.39 | —67:26:27.5 0:41:47.29 —67:26:26.8 0.203 | 17.34
0:41:46.80 | —67:26:15.4 0:41:46.80 —67:26:15.4 0.293 | 19.24
0:41:58.21 | —66:54:11.6 0:41:58.46 —66:54:11.0 0520 | 19.83
0:42:01.69 | —67:29:00.8 0:42:01.83 —67:29:03.0 0.296 | 18.87
0:42:14.21 | —66:54:49.4 0:42:14.25 —66:54:48.6 0.161 | 18.63
0:42:23.49 | —66:25:27.9 0:42:23.51 —66:25:28.1 0.210 17.7
0:43:08.54 | —66:35:33.2 0:43:08.59 —66:35:33.9 0.318 | 19.23
0:52:06.50 | —66:22:51.9 0:52:07.18 —66:22:55.8 0.704 | 21.89
0:56:57.22 | —66:32:38.8 0:56:57.22 —66:32:38.8 0.249 18.6
0:57:04.57 | —67:34:11.8 0:57:04.41 —67:34:12.8 0.307 | 19.02
0:57:07.00 | —66:32:41.4 0:57:07.00 —66:32:41.4 0.248 | 18.81
0:57:12.34 | —66:51:17.5 0:57:06.98 —66:50:59.0 0.236 18.2
0:57:27.20 | —67:03:20.9 0:57:27.23 —67:03:18.9 0.260 | 18.64
0:57:43.62 | —67:01:36.2 0:57:43.62 —67:01:36.2 0.261 | 18.13
0:57:48.60 | —67:02:25.1 0:57:48.60 —67:02:25.1 0.064 | 14.72
1:02:41.48 | —67:34:03.1 1:02:41.48 —67:34:03.1 0.065 | 15.53
1:03:10.45 | —66:32:21.2 1:03:09.93 —66:32:21.1 0.398 | 18.87
1:03:14.16 | —66:14:40.0 1:03:14.97 —66:14:24.9 0.331 | 18.22
1:03:44.44 | —67:47:52.4 1:03:44.58 —67:47:52.0 0329 | 18.44
1:06:01.66 | —66:53:37.0 1:06:01.85 —66:53:37.1 0.262 17.6

Table 5.1: Table. 5.1 continued.
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5.4 Quantifying the galaxy environments of extended radio sources

where redshifts are not available for most galaxies, there are fewer methods avail-
able for estimating the environmental richness. One of the more common methods
used with photometric catalogs is the counts-in-a-cell method, which was used by
Abell (1958) to estimate richness of clusters. In this method the over-density of
galaxy counts relative to a mean background density of galaxies is estimated. In
determining the environments of radio galaxies, Hill & Lilly (1991), for example,
used a variant of this method. However, the latter method has the disadvantage
that the galaxies counted in a chosen volume (for example near a radio source)
would include contamination from galaxies along the line of sight. Addition-
ally, the selected volume may not sample the cluster fully, either in spatial or
luminosity (i.e., magnitude) range. The above method gives good estimates of
the environmental richness in cases where clusters are a priori known to exist;
however, for the purpose of the blind study presented herein, which involves esti-
mating environmental richness for regions with no a priori information available,
it may not be useful. Another method that has been used for estimation of envi-
ronmental richness is that using the galaxy-galaxy two-point correlation function
(Hardcastle, 2004), which has been used to detect galaxy clustering around any
specified point of interest. The two-point correlation method has the advantage

of not being dependent on a particular form for the structure (e.g. galaxy cluster).

In the work presented here, the method of spatial filtering as put forward by
Postman et al. (1996) (P96 henceforth) has been used. This method gives the
large-scale environment of the source under examination in the form of a map as
opposed to quantifying the environmental richness at specific points (e.g. host

galaxy location). This enables a characterization of environmental anisotropy on
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5. ENVIRONMENTS OF EXTENDED RADIO SOURCES

the sky relative to the projected geometry of the source.

5.4.1 Description of the Method

The spatial filter method, which has been devised for use when only photometric
information is available, is as follows. A smoothed galaxy map is created by using
a convolving function, which is a composite of two filters: a spatial filter and a
magnitude filter. The filters are chosen so as to match the density profile of a

galaxy cluster and the luminosity function.

The spatial filter is the projected cluster radial profile. The form of the radial

filter is given by Eqn. 19 from P96:

1

L+ (r/re)?

1
— for r <rg

1+ (1eo/7e)?
= 0 otherwise, (5.2)

P(r/r.) =

where r. is the cluster core radius and r., is the cutoff radius. In literature, a
choice of 1A~ Mpc for the cluster cutoff radius has been made, and the core
radius has been adopted to be a factor of 10 smaller at 100h~! kpc (P96 and
references therein; Kim et al. (2002)). The cutoff radius is more important in
determining the efficiency in the detection of clusters, compared to the actual
form of the radial filter (Kim et al., 2002). The smoothing is essentially a spatial

filter that rejects structures with scale size well below the cutoff radius; therefore,
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5.4 Quantifying the galaxy environments of extended radio sources

a somewhat smaller cutoff radius of 0.5 Mpc has been used so as to retain galaxy
distribution structures corresponding to relatively poorer clusters. Following P96,
a core radius that is a factor of 10 smaller than the cutoff radius has been used:

r. = 50 kpc.

The magnitude filter has been chosen to be a Schecter luminosity function

with the following form:
¢ o 0.4 x In(10)10~0A(m=me)(at1) g—1070A(mmme), (5.3)

The adopted values in this study are « = —1.03 and m,., the characteristic mag-
nitude of the luminosity function, is adopted to be —20.6 (in absolute magnitude

units); these are values typical for galaxy clusters (Popesso et al., 2005).

The matched filtering essentially creates a smoothed image optimized for the
detection of clusters whose properties match the filter characteristics. Galaxy
clustering structure with properties that deviate from the chosen model would
be represented in the smoothed image with reduced prominence. The smoothed
image represents the likelihood that a cluster is present at each pixel location and

at the redshift of the host galaxy.

A few drawbacks of the method may be pointed out here. The form of the
smoothing filter is assumed a priori. This means that any over-densities in the
environments that have a form that deviates substantially from the filter, such as

a filamentary structure, will be represented with smaller significance. An accu-
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5. ENVIRONMENTS OF EXTENDED RADIO SOURCES

rate estimate of the galaxy background (a detailed description of the background
is in Section 5.4.2 below) is required as a correction to the counts; the back-
ground may contain galaxies from both cluster as well as non-cluster galaxies
and non-uniformity in the distribution may result in errors in the estimate of the
background. This does not cause problems provided the optical images are large
and clusters occupy small sky area; however, in smaller images where clusters
may be dominant over non-cluster or field galaxies, the erroneous estimate of the
background may give incorrect results for the inferred structure at the redshift of
interest. The optical 7’ band images used herein have a fairly large size (37" x 37’),

which obviates the latter concern.

An issue that merits mention here is that the redshift dependence of the core
and cutoff radius has not been taken into account, as also the absolute character-
istic magnitude of the cluster or their radial profiles; the clusters at high redshifts
may have substantially different parameters compared to those that have been

used.

5.4.2 Implementation of the Method

In this section the nomenclature used by P96 has been used. The output smoothed
image is evaluated with a sampling that is sparse relative to the input image; the
output image is evaluated at its ‘pixels’ as a weighted summation over the input

image:
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5.4 Quantifying the galaxy environments of extended radio sources

where L(my) corresponds to:

m—m m — m,)1070-4m=me)
L(m) = ¢ i o) _ ol 2)(13) _ (5.5)

In the above equation, b(m) is the ‘background’ surface density of galaxies and
the factor 107%4m=m<) has been introduced to keep L(m) integrable (see P96).
The sum is evaluated at pixels of the output image denoted by the indices (i, j)
and the index k is over all the galaxies in the field (N, is the total number of
galaxies in the field). 7 is the distance from the position of the output pixel to
the position of the galaxy with index k; this galaxy has an apparent magnitude

¢ )

mpg .

The various terms in the sum S(i,j) are calculated as follows. For a given
radio source for which the environmental richness is to be quantified, a unique
smoothed map (see Fig. 5.3) is created that depends on the source redshift. The
characteristic apparent magnitude, the characteristic radius and the cutoff ra-
dius for the image corresponding to any radio source depend on its redshift.
The characteristic apparent magnitude is determined from the characteristic ab-
solute magnitude using the relation: M. = m. — DM — K, where DM is the
distance modulus and K is the k-correction appropriate to the redshift of the
source. The k-correction for sources below redshift of 0.7 was based on the an-
alytical expressions of Chilingarian et al. (2010) for SDSS ' band. The lumi-
nous red galaxy (LRG) template results have been used for the galaxies, which

gives k-correction as a function only of redshift, and yields results similar to
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that derived by Fukugita et al. (1995) for elliptical galaxies. Beyond redshift of
0.7 the k-correction given by Metcalfe et al. (1991) using galaxy colors given by
Fukugita et al. (1995) were used. The distribution function b(m), which is sup-
posed to be the ‘background’ galaxy counts, is taken to be simply the number
counts for galaxies in the field that are fainter than magnitude m. This is because
it is not known a priori which galaxies belong to the background as opposed to

clusters.

The normalization for the sum is determined using the following equations

(equations 20 and 21 of P96):

/OO P(r/re)2nrdr =1 (5.6)

and

Mlim
/ P(m — me)10704m=me) g — 1. (5.7)
0

Here the radial integration is truncated at the cutoff radius due to the form of
P(r). The integration over magnitudes is limited by the limiting magnitude my;,
of the survey. The normalizations of the radial and magnitude filter produce a
background level of unity in the smoothed map (see P96). Therefore, on normal-
izing, the pixels are expected to have a centrally concentrated distribution about
unity, with values exceeding unity representing over-densities. Pixel distributions
covering a large range were obtained, with a tail towards positive values. The
mode of the distribution is close to unity, and depends on the specific galaxy

distribution in the image.
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Smoothed Galaxy Field—J0024.4—-6836
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Figure 5.3: A smoothed map of the environment of the source J0024.4—6636,
where the position of the radio source is shown by a blue star. The grayscale
and contours show the overdensity of the environment, with the green contours
showing the highest overdensity. The RA and DEC are given in pixel coordinates
where 1 pixel = 5".

Initially a catalog of galaxies (objects that have stellarity index less than 0.4)
was made from the optical image excluding those sources within 200 image pixels
from the edge to avoid these regions of higher image noise. Smoothed images
with grid size between half the core radius to twice the core radius yields similar

results (see P96); therefore, it was chosen to compute the summation above on a

grid of pixels spaced by a distance corresponding to the core radius.

5.4.3 Parameters quantifying radio source environment

To examine the environments of the radio sources, parameters have been con-

structed which quantify the environmental over-density and its distribution in
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5. ENVIRONMENTS OF EXTENDED RADIO SOURCES

the vicinity of the radio source. For each source, a radio axis vector has been
defined whose direction is taken to be the direction of the longer radio lobe. The
angle made by the longer radio lobe with the east-west direction, measured from
north to east is designated as the PA (position angle) of the source. For Wide
Angle Tailed (WAT) and Head-Tail (HT') sources, the bisecting direction instead
of the direction of the larger lobe is used to define the radio axis in this study.

With the radio axis as reference, the smoothed map is resampled.

A circle of 0.5 Mpc radius is constructed centered at the host galaxy of the
radio source and this circular region is further divided into annular rings 100 kpc
wide. Along the circumference of each annular region 16 new equidistant grid-
pixels are generated at constant angular distance from each other and at constant
distance from the host galaxy. The smoothed image values at the new grid-
pixels are calculated by interpolating using neighboring pixels from the original
smoothed map. For the annular region defined by each ring 5 quantities are

calculated:

Qp = — s (58)

where the summation is over index ‘i’; i.e., over the new grid pixels in the annular
region. The functions fj that weight the values of the pixels are 1, sin(6;), cos(6;),
sin(2 6;) and cos(2 0;) for, respectively, k = 1, 2, 3, 4 and 5. The argument of the
functions is given by 6; = 0;, + 7/2, where the angle 6;, is the angle of the i*®
grid-pixel as measured from the radio axis defined above and S; is the value at
the grid pixel. The first quantity simply gives a measure of the over-density in

the environment of the radio source. The other four quantities provide informa-
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tion regarding the dipole and quadrupole anisotropy in the environment of the
source. All the quantities are normalized by the average of the a; estimated for

the different annuli for each source.
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Figure 5.4: The figure above give schematic depiction of the overdensity param-
eters as-as (Panels a-d).

The ‘a’ parameters represent Fourier components of the angular distribution of
galaxy overdensity or, more specifically, the amplitudes of a Fourier harmonic de-
composition of angular distributions in galaxies about the radio axis. A schematic

depiction of the parameters as — a5 is given in Fig. 5.4.

The a; parameter is the mean overdensity and is the amplitude of the ze-
roth Fourier component. The ay and az parameters are the fractional side-to-side
asymmetry in the galaxy distribution; if the angular distribution follows a dipolar
asymmetry then this quantity is unity and the two coefficients a, and a3 as well

as their signs give the direction of the dipole in the 2D sky plane. The a4 and
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as parameters are the quadrupolar anisotropy and are the Fourier components of

the next order terms.

The errors in these parameters for any source are calculated by sampling dif-
ferent regions of the smoothed map containing the source and constructing the
parameters a; in those randomly offset regions. This procedure is repeated at
100 random positions offset from each source. As shown above, the quantities ay
are weighted sums of the pixel values in the vicinity of each source. Therefore,
it has been chosen to normalize each quantity by the mean of the first param-
eter ay, which represents the average over-density in the smoothed map. The
standard deviations of the five parameters obtained by the above process are also
normalized by this d;. The parameters a; and their standard deviations for all

the sample sources are listed in Table 5.2.

5.5 Results and Discussion

The sources in the sample used in this study are divided morphologically into
multiple classes. The main classification scheme adopted is the Fanaroff-Riley
classification (Fanaroff & Riley, 1974). Wide-Angle Tailed (WAT) and Head-Tail
(HT) sources are in separate classes. For a discussion of the classification of the
sample sources, see Saripalli et al. (2012). The results of the environmental study

for each of the classes are described below.

The errors in the derived ap parameters for the individual sources are in-

deed substantial (see Table 5.2). Therefore, while estimating the environment
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for samples of sources of a particular class, the confidence has been improved by
computing a weighted mean of each parameter over the sources in the class: this
is equivalent to a stacking of images with a weighting corresponding to the noise
in the individual images. Additionally, the errors in the weighted means have

also been computed.

5.5.1 The environments of Head-Tail and Wide-angle Tailed

ATLBS-ESS sources

Wide angle tailed and Head-tail sources are radio galaxies that show extensive
signs of ‘disturbed’ radio morphology. These sources have bent radio jets/lobes.
It has been a long held view that the WAT/HT morphology is a result of the
interaction of the radio source with cluster gas, either because of ram pres-
sure forces during the movement of the host galaxy through the cluster gas
(Owen & Rudnick, 1976) or owing to intra-cluster gas weather created in cluster
mergers (Burns et al., 2002). The association of these sources with cluster envi-
ronments has been taken advantage of to detect galaxy clusters at high redshifts
(Best et al., 2003). It is expected, therefore, that the WAT/HT sources show

evidence of inhabiting rich environments.

In the sample there are 11 WAT /HT sources. Of the eleven sources, six appear
to lie in relatively rich environments (showing values above 2.0 for the parameter
a1, which gives a measure of the ‘average’ overdensity in the environment of the

source). All the four HT sources in the sample are at relatively low redshifts
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Figure 5.5: Histograms of a; parameter for (a) WAT/HT and (b) FRI/FRII
sources.

129



5. ENVIRONMENTS OF EXTENDED RADIO SOURCES

(below redshift of 0.3) and all four are found in rich environments with weighted
mean of 2.465(£0.197) for the a; parameter. The 7 WAT sources also have a
high overdensity, with a weighted mean value of 1.969(40.145) for a; indicating
overdense environments as expected for this class of sources. There is a hint of
decreasing overdensity with redshift suggesting that the WATs do not appear
to be constrained to overdense regions at higher redshifts. However, given the
difficulties in detecting faint galaxies at higher redshifts, completeness in galaxy
counts will certainly be affected at faint galaxy magnitudes (m, > 22.75) and this
limits the confidence in the finding of any trend with redshift. Nevertheless, the
finding that WAT and HT sources do indeed inhabit relatively rich environments
is consistent with previous findings and lends confidence in the new method pro-
posed herein for studies of environments of radio sources. A histogram of the

values of a; parameter for WAT /HT subsample is presented in Fig. 5.5a.

5.5.2 The environments of FR I and FR II ATLBS-ESS

sources

FRI sources have been known to inhabit rich environments: this property has
been established with greater confidence for FRIs at relatively lower redshifts.
In contrast, FRII sources have been known to favor sparse environments at low
redshifts, and are known to reside in richer environments at higher (z > 0.5)
redshifts (Hill and Lilly 1991; Zirbel 1997). Thus FRII radio sources present a
remarkable change in their environments with cosmic epoch. Below are described

the findings from the above study for these two classes of sources in the sample.
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There are 17 FRI and 15 FRII sources in the source sample. The weighted
mean value of a; for the 17 FRIs is 1.326(£0.08) where as the corresponding
value for the 15 FRIIs is 1.294 £ 0.098. The sample includes 4 FRI sources that
have a; below 1. These sources are J0026.8—6643, J0026.4—6721, J0049.3—6703,
and J0059.6—6712. These sources are not at particularly high redshifts (all of
them have redshifts less than 0.5). However, in case of the latter two sources, it
is possible that imaging artifacts and the presence of bright stars in the vicinity

may have played a role in underestimating the environmental overdensity.

The subsamples of FRI and FRII sources have been separated into two red-
shift regimes, one below redshift 0.5 and another above and their environments
are compared in each of these regimes. Environments of FRI sources at high
redshifts have remained unexplored because of sensitivity issues: FRI sources are
lower in luminosity and have more diffuse structures making their detection more
difficult at high redshifts. ATLBS is a survey with high surface brightness sensi-
tivity and has imaged sky regions with good resolution; the ATLBS has detected
several FRI sources with z > 0.5 (Saripalli et al., 2012). In the source sample of
17 FRIs the redshifts range from 0.21 to 0.97 and there are 4 at redshifts above
0.5. Therefore, an examination of the environments of these FRI sources at rela-

tively high redshifts may be attempted.
However, before examining the results it should be reiterated that because of

the finite limit to the sensitivity, neighboring galaxy counts at higher redshifts

will be progressively underestimated. Interpreting the results accordingly, it may

131



5. ENVIRONMENTS OF EXTENDED RADIO SOURCES

be emphasized that the environments of high redshift sources may only be a lower

limit.

It was found that at redshifts above 0.5, FRI and FRII sources inhabit envi-
ronments that are not too dissimilar in richness. Moreover, both FRI and FRII
type sources are found to lie in relatively overdense environments in the z > 0.5
regime. There are 9 FRII sources and 5 FRI sources with z > 0.5. However,
the FRI source J0059.6—6712 has not been used in this comparison as it is on
the redshift boundary. Two FRII sources J0105.7—6609 and J0057.7—6655 for
which the results may have been affected by nearby bright stars, as well the FRII
source J0105.0—6608 for which the host galaxy identification is unclear and the
source J0056.6—6743 which displays hybrid morphology have been excluded from
this exercise. This gives 5 FRII sources and 4 FRI sources for the study. The
average richness (as quantified by the parameter a;) for z > 0.5 FRI sources
is 1.335 4+ 0.196 as compared to an average value of 1.305 4+ 0.177 for the FRII
sources at high redshift. Since the comparison is between groups in the same

redshift regime, underestimation of galaxy counts will affect both similarly.

FRI sources at low redshifts appear to inhabit a variety of environments: their
ay parameters cover the range 0.68 to 2.57. The overall average value of a; for
low redshift FRI sources is 1.39 +0.094 indicating that at z < 0.5 FRI sources, as
expected, generally prefer the relatively higher density environments. Of the 12
low-redshift FRIs, only 3 sources are in underdense environments and these have
an average value of 0.86 for a;. The source sample includes only a small number

of FRII sources at low redshifts (only 4 sources in all). Also omitted is the source
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J0046.2—6637 for which the identification of the host galaxy is uncertain and the
source J0044.3—6746 that has a bright star nearby, leaving 4 FRII sources at
low redshifts. 3 of the 4 of these low-z FRIIs are found to have relatively rich
environs, with average value of 1.33 £ 0.159 for a;. It should be noted that the
environmental richness parameter a; is similar for the low redshift FRIs com-
pared to the low redshift FRIIs in the sample. The above comparison between

FRI/FRII sources at high and low redshift is depicted graphically in Fig. 5.6.

An examination of the FRI subsample as a whole reveals that the FRI sources
inhabit environments that are more or less similar, over the redshift range exam-
ined here, barring the extreme outliers. And a similar result appears to emerge
for FRIIs as well: their subsamples formed above and below redshift of 0.5 display
similar a; coefficients on the average (see Fig. 5.5b and Fig. 5.6). The weighted
mean values of a; parameter for the selected 16 FRIs and 9 FRIIs (Fig. 5.5b)
are 1.38 + 0.08 and 1.32 + 0.12. It may be noted here that the HT and WAT
sources have been separated from this comparison: most HT and WAT sources
are FRIs and these clearly lie in more overdense regions compared to the FRI
source sample (which has HT and WAT sources excluded). This study suggests
that the FRIs and FRIIs may have similar environments and occur in moderately
overdense galaxy distribution space within galaxy groups and filaments of the
large scale structure; however, the WAT and HT sources inhabit the more ex-
treme overdensities of clusters of galaxies. As is expected in structure formation,
the highest density regimes that include clusters of galaxies evolve most rapidly
at low redshifts and, therefore, it is unsurprising that redshift evolution across a

z = 0.5 boundary appears to be significant only for the WAT sources.
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5.5 Results and Discussion

5.5.3 Dipole and quadrupole environmental anisotropy

Next, the environmental parameters a, — a5 were examined. These provide infor-
mation regarding the dipole and quadrupole angular distribution of the overden-
sity in the vicinity of the sample sources. If the distribution of the overdensity
about the radio source is uniform, then these parameters would be expected to
vanish. If the distribution is nonuniform, then the parameters may have non-zero
values and the sign of each parameter gives further information regarding the
angular distribution. In practice, the value of the parameter is compared with
the standard deviation for that parameter to estimate the significance. The argu-
ments of the weighting functions f; are the angles of the points in the grid with

respect to the radio axis.

as and as measure the dipole anisotropy in density distribution. The parame-
ter as, which is the overdensity weighted with a sine function, is a measure of the
side-to-side density difference on the two sides of the radio axis. The sign of a,
indicates which side of the source is overdense, and there is no reason to expect
any preference for the sign. The parameter a; would be expected to average to
zero for any population of sources because the sign of this parameter would be
equally likely to be positive and negative, although individual sources may have a
significant magnitude. The parameter az is the integral of the azimuthal variation
in overdensity weighted with a cosine function. This parameter is of importance

when examining asymmetric sources because it is a measure of the overdensity
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5. ENVIRONMENTS OF EXTENDED RADIO SOURCES

along the radio axis. A positive sign implies that the density in the direction of
the longer radio lobe is higher than that towards the shorter radio lobe, and a

negative sign implies the opposite.

ay and as measure the quadrupole anisotropy in galaxy density distribution
about the radio source. The parameter a4 is the integral overdensity weighted
with a sine function for which the argument is twice the position angle with re-
spect to the source axis. This parameter is a matched filter for a quadrupole
angular anisotropy in overdensity that has maxima or minima at angles of 7/4
and 57/4 to the radio axis. A positive sign for this parameter implies that the
quadrupole anisotropy has overdensities at angles of /4 and 57/4 from the di-
rection defined by the vector towards the more extended lobe, and a negative
sign implies that the overdensity is along 37w /4 and 7w /4. The last parameter as
is weighted by a cosine function that once again has argument twice the position
angle with respect to the source axis. This parameter is sensitive to quadrupole
anisotropy in density that has maxima along the radio axis or along a direction
perpendicular to the source axis. A positive sign for this parameter implies that
the overdensity along the radio axis is larger than off the axis, and a negative
sign implies that the overdensity in a direction perpendicular to the radio axis is
larger. Together, these parameters as—as provide a good description of the dipole

and quadrupole distribution of the density in the environments of radio sources.
The parameter as, which is a measure of the environmental dipolar overden-

sity along the radio axis, has a value consistent with zero (within errors) for most

of the source types except HT sources. The weighted mean ag is 0.123 £ 0.046
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(for HT sources), 0.018 + 0.02 (for FRI source sub-sample), —0.021 £ 0.027 (for
FRII sources) and —0.044 + 0.037 (for WAT sources). The weighted mean value
of asz is significant only for the HT population and it is notable that the value
of az for all of the HT sources is positive. These suggest that the tail of Head-
tail sources preferentially—and in all cases in the ATLBS-ESS subsample of HT
sources used in this work—points in the direction of higher local galaxy density.
This result may be interpreted in several ways. One explanation may be that
the host galaxies of these HT sources are orbiting around the cluster center and
currently in projection the hosts are moving away from the cluster centers with
the tails pointing back towards the cluster center. Alternatively, the sources may
be in clusters undergoing merger events and the tails of the HT sources are being

dragged by the intracluster weather toward the cluster center.

5.5.4 Asymmetric ATLBS-ESS sources

Next the sources which exhibit significantly asymmetric radio morphology have
been examined. A subsample of ‘asymmetric’ sources was compiled on the basis
of lobe asymmetry; for inclusion in this sub-sample, one of the lobes is required
to be more than 1.5 times the extent of the opposite lobe. With this selection cri-
terion, 7 asymmetric sources were found in ATLBS-ESS. The asymmetric source

sample has been separately presented in Table. 5.3.

The environmental parameters have been examined for the selected asymmet-

ric sources. Almost all the asymmetric sources in the sample appear to lie in rich
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5. ENVIRONMENTS OF EXTENDED RADIO SOURCES

environments, as indicated by high to moderate values of a1; the one exception is
J0101.1—-6600, which has an a; parameter corresponding to an underdense region.
It was noted that all the asymmetric sources, except J0045.5—6726, show negative
values for the parameter as, which is a clear indication that the ambient galaxy
density is almost always higher in the direction of the shorter lobe. The weighted
mean value for az is —0.0359 £ 0.0341. The latter value is significant when taken
in the context of the values of ag for the subsample of symmetric sources. The
values of a3 parameter are positive or negative for symmetric sources, without
any significant preference towards positive or negative sign. In comparison, all
except one of the sources in the asymmetric source sample have a negative sign
for the value of the a3 parameter. Examined in this light, the distribution of the

az parameter is significant.

All of the asymmetric sources have a positive as and the weighted mean a5 for
the asymmetric sources is, significantly, 0.051 4+ 0.013. This implies that asym-
metric radio sources are usually aligned along the line of excess galaxy density
with a quadrupole asymmetry apart from any dipole component. It may be that
when double radio sources are created by jets that happen to be aligned with
galaxy overdensity, and the galaxy clustering is on one side, the associated gas
inhibits jet advance via ram pressure interaction and it is radio galaxies in such
environmental circumstances that display grossly asymmetric morphology. It
may also be noted that none of the subsamples of sources, except the asymmetric
sources, show significant values of as. In most of the asymmetric cases, there is
more galaxy overdensity on the shorter side consistent with the expectations that

gas density follows galaxy density and the side with higher gas density would be
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expected to be shorter owing to slower advance speed for the jets. The positive
value of as, together with a negative value of az for most of the sample, implies
that the environmental overdensity is not a gradient but is a concentration in
the direction of the shorter lobe. The a4 parameter for these asymmetric sources
has less significance in magnitude and appears random in signs, as expected.
Curiously, the parameter as for this sample is positive for all of the asymmetric

sources; however, the weighted mean a, is 0.048 + 0.034 and is not significant.

All of the six asymmetric sources with negative values for a3 have linear size
in the range 400 — 600 kpc. J0045.5—6726, which alone has a positive value for
ag, has a significantly smaller linear size of 164 kpc and, therefore, the anomalous
behavior for this source may be understood as arising from its relatively small
size due to which the lobe extent may be more influenced by the local inter-stellar
medium of the host galaxy rather than the intergalactic gas associated with the
large scale galaxy distribution, which is what is probed by the approach used
in this work. The high value of a; for the FRI source J0045.5—6726 indicates a
rich environment for this source; however, the positive sign for as implies that
the longer side of the source is in denser regions. Additionally, the source has a
high value for as, showing that the density distribution is along the radio axis.
This source has an FRI morphology and an alternate explanation for the positive
value of ag for this source may be that the higher galaxy density on the longer

side preserves the diffuse emission on that side by limiting expansion losses.
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5.6 Summary

In Chapter 3, details of optical observations and data reduction for the ATLBS
survey regions have been presented. In this chapter, the optical observations
were used to determine the redshifts and magnitudes of the host galaxies of the
ATLBS-ESS sample of radio sources formed of the extended radio sources de-
tected in the ATLBS survey. In this study, galaxy catalogs constructed from the
optical data were utilized to estimate the environmental parameters of selected
sources from the ATLBS-ESS sample. A set of parameters a; — as has been
defined to quantify the local galaxy overdensity and its angular anisotropy with
respect to the axis of the radio sources using smoothed galaxy density maps.
Dipole and quadrupole anisotropy has been estimated for the individual sources
and these measures have been stacked (averaged) to estimate mean measures
and their errors for different classes of radio source morphologies. The method

used to quantify environmental asymmetry is new and used here for the first time.

Examining the anisotropy parameters for a sub-sample of extended double ra-
dio sources that includes all sources with pronounced asymmetry in lobe extents,
good evidence was found for environmental anisotropy being the dominant cause
for lobe asymmetry in that higher galaxy density occurs almost always on the
side of the shorter lobe, and this validates the usefulness of the method proposed
and adopted here. The environmental parameters have been used to examine
and compare the environments of FRI and FRII radio sources in two redshift
regimes (z < 0.5 and z > 0.5). Wide-angle tail sources and Head-tail sources lie

in the most overdense environments. The Head tail source environments display
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dipolar anisotropy in that higher galaxy density appears to lie in the direction
of the tails. Excluding the Head-tail and Wide-angle tail sources, subsamples of
FRI and FRII sources from the ATLBS survey appear to lie in similar moderately
overdense environments, with no evidence for redshift evolution in the regimes

studied herein.
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CHAPTER

SIX

Conclusions

This thesis discusses population studies of the radio sources as observed in the
ATLBS survey. The aim of the ATLBS survey was to make images of the radio
sky with exceptional surface brightness; which gives a complete picture of mJy
and sub-mJy radio sources allowing studies of diffuse components associated with
extragalactic radio sources in the sky. The sub-mJy population of sources is cru-
cial in understanding the cosmic evolution of radio sources. The images used
have the sensitivity and dynamic range to explore the transition regime from
mJy to sub-mJy radio source counts and usefully constrain the flux density of
the emergence of new populations. The latter part of the thesis has presented
an investigation into the optical environments of extended radio sources and the
impact of environment on the morphology of radio sources. Below, the salient

points of the thesis work are presented.
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6.1 Summary and Results

The study of the cosmic population of radio sources presented here has been car-
ried out using the the ATLBS survey radio observations and the accompanying
optical observations. ATLBS radio survey is a moderately wide-field survey cov-
ering 8.42 square degrees sky area. The radio observations have been carried out
using the Australia Telescope Compact Array. The visibility coverage of the data
is complete out to 750 m and hence provides good representation of extended
emission components associated with radio sources. High-resolution radio images
of the ATLBS survey regions have been made with a beam FWHM of 6", with
rms noise 72 pJy beam™!, free of any imaging errors and artefacts. The survey
area has been divided into two adjacent regions in the sky, each of which is cov-

ered by a 19-pointing mosaic image.

The ATLBS survey regions have been also imaged in optical SDSS 1’ band
using the CTIO 4 meter Blanco Telescope, with a total of 28 images. The imag-
ing has been carried out using the MOSAIC IT multi-CCD imager, which allows
large fields (37’ x 37') to be imaged at the same time. The optical images provide
information regarding the hosts of the radio sources in the ATLBS survey and
their galaxy environments. From these images, optical catalogs of the galaxies in
the ATLBS survey regions have been constructed which go to a depth of 22.75

magnitudes.

Using these radio and optical images, a source catalog of ATLBS radio sources

has been created. It is noteworthy that the catalog has been specifically made to
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be a source catalog as opposed to a component catalog, a feature that is unlikely in
the case of catalogs constructed in a completely automated manner. The catalog
construction used new strategies, such as the use of multi-resolution images to
simultaneously remove the issues of confusion-blending and missing sources as
well as use of multi-resolution data, including optical images to identify radio
sources. The radio source catalog lists the positions, flux densities, source type
(classified into unresolved, single component Gaussian and Complex sources) as

well as the number of components for sources with complex morphology.

The source catalog has been used to estimate radio source counts to a depth
of 0.4 mJy. The radio source counts have been corrected for possible sources
of error which affect the correct determination of source counts; especially noise
bias, which is important in determination of the source counts near the detection
thresholds. The radio source counts for ATLBS survey are systematically lower
than those from deep surveys reported in literature. The upturn or flattening
reported widely in previous studies has not been found in the source counts for
ATLBS survey down to 0.4 mJy flux density limit that has been probed. Pos-
sible reasons for the substantially higher flux density at which the upturn has
been observed previously are: non-inclusion of corrections for noise bias in some
previous studies, the small sky areas covered by the deep surveys and the lack
of adoption of imaging and analysis methods that identify sources as opposed to

components.

The optical images were used to determine the large scale environments of

extended sources in the ATLBS survey. The Extended Source Sample (ESS) is
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a sub-sample of ATLBS sources with projected linear sizes larger than half an
arcminute. A sub-sample of ESS has been selected for examination of optical
environments as characterized by galaxy density distribution. Smoothed galaxy
density maps were used to derive an estimate of the richness of environments of
the radio sources. Further, a set of parameters a; to as was devised, which give
the angular distribution of the richness of galaxy environments in the vicinity
of radio sources. This method is used to characterize the environments of radio
sources and gives the angular distribution of the galaxy density around the radio

source with respect to the jet axis of the extended radio source.

Using this method, the environments of WAT and HT sources were found to
be rich, which was expected from previous studies. This confirmation of a previ-
ous finding gives confidence in the new method described and adopted here. The
environments of FRI and FRII sources were, contrary to expectations, found to
be of similar richness at both high and low redshifts. A special study was made
of the angular distribution of galaxies in the neighbourhood of radio sources that
were highly asymmetric in radio morphology, which demonstrated clearly that
environments have an impact on radio source morphology, presumably via ram

pressure limiting of head advance speeds by associated intergalactic gas.

In conclusion, the thesis points out (a) the importance of low surface bright-
ness imaging and identification of sources in correctly estimating evolutionary
transitions in radio source populations, (b) the importance of large scale struc-
ture in the growth and formation of asymmetry in extended radio sources.Finally,

the radio and optical images as well as the techniques and methods described in
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this thesis form an important resource for future studies.

6.2 Pathways for Continued Work

As mentioned above, the radio and optical images may be used in future studies
of radio sources. Below are listed several possible studies which may be attempted

with the data.

In particular, since the radio images are available not only in total intensity
but Stokes in Q and U polarization as well; polarization studies of radio sources
in the ATLBS survey are possible. One of the studies not elaborated in this thesis
is the study of the coherence of magnetic fields in extended radio sources. ATLBS
survey data is well suited for this purpose due to the sensitive radio images and
high resolution. The coherence of the magnetic field in extended sources can
be measured by calculating the polarization in extended sources in two different
ways: one assuming that the resolution of the images is equal to the size of the
source and the other with the existing high resolution of the images. The ratio of
the polarization obtained via these two ways can provide information regarding

the coherence of magnetic fields across the radio source under consideration.

Another possible study that may be carried out is the study of the feedback
provided by radio galaxies in kinetic mode via PdV work done by the radio lobes
in the environments of the radio source. Since the radio lobe luminosity provides
a time-integrated estimate of the energy injected by the radio galaxy into its envi-

rons, the influence of the radio galaxy on its environs can be accurately measured,
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which is not possible in other wave bands such as optical and X-ray, where only
the instantaneous energy output of the AGN may be available. ATLBS survey
images are eminently suited for this study, since the diffuse emission associated
with radio galaxies has been detected in its entirety because of the high sensi-

tivity of the images and because sources are detected to moderately high redshifts.

In summary, the work presented in this thesis demonstrates (a) importance of
low surface brightness imaging and identification of sources in correctly estimating
evolutionary transitions in radio source populations, (b) the importance of large
scale structure in the growth and formation of asymmetry in extended radio
sources. The methods and techniques that have been used in the study of the
ATLBS survey data form important tools which are useful in the imaging, analysis
and interpretation of new wide-field, deep surveys which would be carried out with

new interferometers such as LOFAR and SKA.
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A

Appendix

Radio Images of the ATLBS Survey

In this appendix the high resolution radio images described in Chapter 2 are
attached. These images of the two regions A and B (centered at RA: 00" 35™ 00,
DEC: —67° 00 00" and RA: 00" 59™ 17°, DEC: —67° 00" 00" respectively) are

given separately.
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