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In this thesis, the radio spectral properties of the faint sources in two deep ex-
tragalactic radio survey areas are investigated to aid in the discrimination between
AGN and starbursts.

The detailed 4—point radio spectra of two X-ray bright, optically quiescent sources
in the 137 XMM/ Newton/ Chandra survey area are measured, and found to be flat
in one case, and steep (o ~ —0.6) in another. .

Deep imaging of both the 134 and 1# XMM/ Newton/ Chandra survey fields at
610 MHz with the GMRT are presented. To detection limits of ~320 and 300uJy
beam™!, 206 and 223 sources are discovered in the 13¥ and 1¥ fields respectively.

A deep 1.4 GHz survey of the 1¥ field is performed with the VLA. To a detection
limit of 45 uJy, 432 sources are discovered.

The source counts at both 610 MHz and 1.4 GHz agree with those in other deep
fields, and can both be fit with similar models consisting of standard AGN source
count models combined with a population of steep spectrum (o = —0.7) starburst
galaxies undergoing power law evolution with an index of 2.5 and 2.6 at 1.4 GHz
and 610 MHz respectively. '

The catalogues of these three surveys are combined with the results of an earlier
deep 1.4 GHz survey of the 137 field to calculate useful radio spectral indices for
192 faint radio sources. Assuming that starburst galaxies exhibit spectra within
—1 < a < —0.4; 83 sources can be identified as AGN on radio spectral grounds.
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Chapter 1
Introduction

In this first chapter, I offer an introduction to extragalactic taxonomy, and the
motivation behind deep surveys. A brief history of radio astronomy is then given.
*The basics of radio interferometry are discussed, and the state of deep radio surveys
reviewed. The two extragalactic survey fields studied herein are introduced, and the

long term science goals of the extended project presented.

1.1 Introduction

This thesis is concerned with the understanding the faint radio population of the
universe, as seen in deep surveys. It is concerned with u'nde-rstanding the origin
of radio emission, particularly from AGN and starburst galaxies, and distinguishing
between those two classes of object using a variety of radio, IR and X-ray diagnostics.
In order to provide a suitable background to this subject, this chapter begins with an
introduction to extragalactic taxonomy, providing a grounding in the terminology

and phenomenology met throughout later chapters.

To place this study within its context, a fuller discussion of the motivation behind
deep surveys, and radio surveys in particular, then follows. The degree to which
the following chapters rely on the techniques and complexities of radio astronomy
also motivate a brief history of radio astronomy which is then given along with an

introduction to the concept of radio interferometry and aperture synthesis.
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1.2 Taxonomy of Extragalactic Sources

Most galaxies are detected in the optical region of the electromagnetic spectrum via
the thermal radiation emitted by their constituent stars. This spectral component
peaks in the near infrared (NIR) at around 1um for most stellar populations. Other
spectral components provide information about other properties of the host galaxy. -
Dust emits in the mid infrared (MIR), and stellar accretion processes can emit in

the ultraviolet, X-ray and sometimes radio.

1.2.1 AGN

Many galaxies have been found to emit in a manner that implies the existence of a
source of radiation other than the stars, dust, and binary systems that constitute
normal stellar populations. Now known as Active Galactic Nuclei (AGN), these
sources of non-stellar radiation can be seen to emit acrossthe electromagnetic spec-
trum from from the radio to gamma rays, and go by a number of names, which
are often more closely related to the method of their discovery than any physical

properties they portray. The following is a brief taxonomy of the types of AGN.

1.2.1.1 Seyferts

In the 1940’s Carl Seyfert had noticed (Seyfert 1943) that the central point-like
excess seen in some spiral galaxies (see Fig. 1.1) showed broad emission lines. It
was eventually noticed that the spectra of the cores of these Seyfert galaxies could
be broadly classified into one of two types (Khachikian & Weedman 1974). Both
contained narrow emission features (Widths of several hundreds of kilometres per
second) of both forbidden and permitted atomic transitions (e.g. OIII, NellI ) -
implying low densities, as required to avoid collisional de-excitation. Some also con-
tained broad emission lines of Ha, HB, H¥y, and H with widths implying velocities
of up to 10*km s~ 1. The spectra that contained both sets of lines are known as
Seyfert 1’s, whilst those only exhibiting narrow lines are known as Seyfert 2’s. The
spectrum of a typical example of a Seyfert 1, with both sets of lines, can be seen in
Fig 1.2.

1.2.1.2 Quasars

First noted as point-like optical counterparts to sources in the first radio surveys
(Matthews & Sandage 1963), Quasi-Stellar Objects (QSOs, or quasars) were found -
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Figure 1.1: a) The optical morphology of the Seyfert 1 galaxy NGC5548. b) The
optical morphology of the quiescent galaxy NGC3277.
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Figure 1.2: The optical spectrum of the Seyfert 1 galaxy NGC5548 (from Peterson
1997). -
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to have broad emission lines in the optical, which initially puzzled observers. It
was eventually realised (Schmidt 1963) that the emission spectra were. of standard
atomic transitions, though at very high redshifts. The implied luminosities made
quasars the brightest known non-transient objects. As methods for selecting them
in other wavebands became better understood, it became clear that the majority
of quasars did not emit in the radio, leading to the labels of Radio Loud QSO and
Radio Quiet QSO.

1.2.1.3 Radio Galaxies

Many radio sources are discovered to lie in giant elliptical galaxies, and show ex-
tension on the sky from the central optical source. The radio emission is considered -
to be synchrotron radiation from electrons spiralling in the magnetic fields of jets
that protrude from the centre of the optical galaxy into the surrounding medium.
'The optical spectra of the host galaxies often exhibit broad and/or narrow emission
lines and as such they can be referred to as Broad Line Radio Galaxies (BLRGs) or
Narrow Line Radio Galaxies (NLRGs).

Fanaroff and Riley (1974) studied the radio morphology and radio luminosity of
these sources in depth, and concluded that they fall broadly into 2 types, which are
labelled FRI and FRIL '

The less luminous of the the two types, Fanaroff-Riley Type I (FRI) sources are
dominated by emission closer to the centre of the optical galaxy, which tapers away
to the extremities.

The emission from FRII sources is dominated by the ends of the jets furthest
from central galaxy and is, in total, more luminous than that shown by FRI’s. The
cut-off in luminosity is taken to be Ly 4 gu. = 10* erg s™' Hz~* (Bridle and Perley
1984). These hot spots are shocks formed as the material in the jet collides with

- the surrounding medium (intra-cluster gas).

1.2.1.4 Blazars

The object'designated BL Lac - which was originally thought to be a variable star,
hence the designation - is a variable point source of radio, infrared and optical
radiation. When a detailed spectrum was acquired, it became apparent that BL Lac
was extragalactic. The timescale of its variability and simple energetic argumenté
imply that the power source is small, and very massive. Several objects have been

found with similar properties.
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Optically Violent Variables (OVV) are less powerful, and along with the BL Lac

objects make up the class of objects known as blazars.

1.2.1.5 XBONGs

“Discovered in numbers in the first deep Chandra éurveys, X-ray Bright, Optically
Normal Galaxies (XBONGs) are luminous X-ray sources with X-ray spectra that are
not dissimilar to quasars, but which exhibit the optical spectra of standard galaxies,
that of stars and stellar absorption only. (e.g. Hornschemeier et al. 2001; M“Hardy
et al. 2003).

1.2.1.6 Unification - AGN

The current standard paradigm (Antonucci et al. 1993; Urry and Padovani 1995) is
that all of the above are the result of a central supermassive black hole (SMBH) of
mass ~ 105 to 10° solar masses, and are generically known as Active Galactic Nuclei
(AGN). A central engine, comprising of a SMBH surrounded by an accretion disk,
is surrounded by a torus of obscuring dust, as shown in Fig. 1.3. Situated near
the disk, clouds of dense, fast moving gas are responsible for the broad emission
lines seen in quasar and Seyfert 1 galaxies, and are known as the Broad Line Region
(BLR). Further from the disk, sparse clouds of gas are responsible for the narrow
emission lines in Seyfert 2 spectra, and are called Narrow Line Regions (NLR).

The only intrinsic variables that change from object to object are the luminosity
of the central engine, and the presence or lack of jets. Orientation accounts for the _
remaining disparity in observed properties.

To illustrate the point, under this paradigm, a Seyfert 1 is a low luminosity
counterpart of a radio quiet quasar. Both are viewed from a similar position, as
indicated by the directions labelled Sey 1 and Radio Quiet QSO in Fig. 1.3, so
that both the broad and narrow line regions can be seen without obscuration by
the torus. In the radio loud (either FRI or FRII) case, an AGN viewed from this
direction would be appear to be a BLRG or radio loud QSO.

Similarly, a Seyfert 2 is a low luminosity, radio quiet version of an FRI or NLRG.

Both are viewed from a similar direction with respect to the obscuring material (as
shown by the Sey 2 and NLRG labels in Fig. 1.3) such that the emission from the
BLR is prevented from reaching the observer. A blazar is an AGN with a jét, viewed
down the axis of the jet, as illustrated by the BL Lac and OV'V labels in Fig. 1.3.
FRI's and FRII’s are therefore the parent population of blazars, but viewed from
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Figure 1.3: A cartoon representation of the standard unification model, adapted by
M. Polletta from fig. 1 of Urry and Padovani (1995). The directions from which we
are viewing this standard configuration when we observe the various types of AGN
are illustrated.

the same position as a Seyfert 2 or NLRG.

This simple picture leads to a basic classification of any AGN into Type 1, where
no obscuration is present, or Type 2 where some of the standard components are
obscured. While there exist many objects which cannot easily be reconciled with
this simple model it does provide a useful framework in which to consider the AGN

phenomenon.

1.2.1.7 AGN SEDs

Armed with the simple standard model for AGN, it is possible to construct a library
of possible Spectral Energy Distributions (SEDs).

The broadband spectrum of the emission from stars is merely a superposition
of the thermal spectra of each star, and peaks in the near infrared. The emission
from an accretion disk is also the superposition of many thermal spectra - those of
differing positions in the disk and therefore differing temperatures. For AGN this is
centred in the blue/UV part of the spectrum. X-ray emission from AGN generally
have power-law spectra and is hypothesised to be from a corona of hot electrons
surrounding the inner regions of the accretion disk. These hot electrons Compton

scatter the thermal photons from the accretion disk into the X-ray range.
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The energy absorbed from the AGN in both the X-ray and the UV/optical is
re-emitted by the obscuring material in the infrared. The AGN that show signs of
having jets emanating from them (FRI, FRII, radio galaxies, Blazars, radio loud
quasars) emit in the radio via synchrotron emission, from electrons spiralling the
the magnetic fields required to collimate the jets. This synchrotron emission can
extend all the way to the X-ray and beyond, but the power-law shape of its spectrum’
means that it is outshone by other components of the host galaxy at frequencies -
above that of the radio. The exception to this is the case of a blazar, where the
large velocities of the emitting material along the line of sight cause Doppler boosting -
of the radiation and the synchrotron component can dominate across the spectrum.
Indeed Compton scattering of the synchrotron photons off the emitting high energy
electrons can lead to jets emitting into the hard ~-ray band. For more details of the
physics and observed phenomena of synchrotron spectra, see Section 1.7.

The relative contribution of the stars and AGN components can vary- almost
arbitrarily from galaxy to galaxy as the luminosity of the AGN changes. This is
illustrated by the difference between the point like radio quiet quasars and Type 1
Seyfert galaxies, which are believed to both be similarly composed and viewed from
similar aﬁgles within the standard paradigm. As mentioned above, the synchrotron
component can also vary relative to the other 'cdmponents from system to system,

as the viewing angle changes.

1.2.2 Other Non-Thermal Sources

. Other non-transient objects emit radiation not from standard stellar processes. For
example, the gas trapped in the gravitational well of groups and clusters of galaxies
emits X-rays via bremsstrahlung radiation, but its comparison with optical images
can confirm its non-galactic origin. In another example, the hyperfine transition of
hydrogen at 21cm means that sparse neutral gas emits in the radio.

1.2.2.1 Star Formation

A source of non-thermal radiation that originates within a host galaxy is star for-
mation. The star formation process requires reservoirs of fuel (gas), and a triggering
mechanism. Once these are supplied (e.g. by galaxy mergers or AGN outflow), stars
can form. The most massive stars are the most luminous, and shortest lived, and
can form high-mass X-ray binaries (where X-ray emission is produced by accretion).

These massive stars evolve, and explode, leaving supernova remnants (SNRs), which
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emit in the radio. Hence, a burst of star formation will lead to a galaxy becoming
brighter than normal in the X-ray and the radio. The young, hot stars also heat any

dust in the region, increasing the mid IR emission relative to a quiescent galaxy.

1.3 Deep Surveys: Introduction to Cosmology and

Current Motivations

An in-depth introduction to cosmology is beyond the scope of this work. See Bothun
- (1998), Peacock (1998), and Rowan-Robinson (2000) for introductions to the field.

In brief, the universe is currently believed to have expanded out of a singularity .
approximately 13.5 billion years ago. The early expansion saw a number of phase
- transitions of the constituent energy, matter and the space in which it resided, and

was driven by a period of inflation. , '
| Quantum fluctuations in the early universe lead to over densities which collapsed
to form the structures that we see today. While the temperature was such that
baryonic matter was still supported by radiation pressure, only dark matter (which
doesn’t interact with radiation) could collapse. Once the average temperature of
the universe dropped below that required to ionise hydrogen, matter formed neutral.
atoms and decoupled from the radiation. This radiation went on to form the Cosmic
Microwave Background, while the baryonic matter was now free to collapse into the
dark matter halos. _ ‘

As matter collapsed into over densities, stars, galaxies, and groups and clusters
of galaxies were formed. In the bottom-up scenario (e.g. Searle and Zinn 1978), the
smallest components (the globular clusters) formed first, and hierarchically merged
to form larger and larger structures. ’

The universe continued to expand, while slowing under its own self gravity. At
some later point, the expansion began accelerating. It is theorised that a cosmi-
cally ubiquitous fluid with a negative pressure became the dominant energy in the
universe at that point as the mass energy became diluted by expansion. This 'dark
energy’ provides for an expansion of space-time, and hence drives the acceleration
of the universal expansion. The exact equation of state of dark energy and precise
parameters of the acceleration are the motivation behind many ongoing' deep survey
research efforts, as they have key effects upon structure formation.

The spectra of high redshift (z ~ 6.) quasars contain large absorption features

which are not seen in the spectra of lower redshift quasars. These features imply
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that large quantities of neutral hydrogen purveyed inter galactic space at early times,
and then became re-ionised (Gunn and Peterson 1965). The source of the ionising
radiation that was responsible for the re-ionising of the universe is currently a matter
of intense interest. Both star and AGN activity have the potential to perform the
required re-ionisation. Currently a large amount of effort is being invested in both
theoretical and observational exploration of this issue. To predict the amount of
potential ionising radiation provided by both AGN and stars at the time of re-
ionisation, both the accretion history and the star formation history of the universe
need to be studied and accurately quantified.

In conclusion, the cosmic history of both accretion and star formation can offer
insights into both re-ionisation and, through their tracing of structure formation,

cosmologiéal physics.

1.3.1 Accretion History

The accretion history of universe is one of the motivations béhind deep X-ray sur-
veys. X-rays are a good waveband in which to select AGN without bias, and large
samples over a wide spread in redshift allow the evolution of the AGN luminosity
function to be measured (e.g. Ueda et al. 2003). Modelling of the X-ray colours of
- the detected AGN with respect to the spectrum of the Cosmic X-ray Background
(CXB) also provides some information about the AGN luminosity evolution (see

e.g. Dwelly et al. 2005), as well as helping to discern the nature of the CXB.

1.3.2 Star Formation History

Massive stars emit in the ultraviolet and therefore are the stars most likely to be
responsible for re-ionisation. They are also the shortest lived, and so star formation
rate is a good indicator of the ionising ability of stellar populations.

The star formation history was studied in depth by Lilly et al. (1996) and Madau
et al. (1996). The star formation rate density rises sharply with redshift, as seen
in Fig. 1.4. The data used to construct Fig. 1.4 are based on observations at a
variety of wavelengths (Hopkins et al. 2004). UV observations probe the hottest
and therefore most massive and short lived stars, and so can provide measurements
of the star formation rate in a galaxy. The rest frame UV passes into the optical
band with increasing redshift. However, assumptions need to be made about dust

obscuration, and the corrections required to account for it. .

The luminosity of a galaxy in Ha can also be used to measure its star formation
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Figure 1.4: The evolution of the star formation rate density. A compilation of
measurements taken from Hopkins et al. (2004).

rate, but is again subject to biases in both sample selection and correction factors.
Fitting the broad band SEDs of galaxies can, along with stellar population mod-
elling, give measurements of star formation rate - young stars are hot, and so skew
the cumulative colour of the stellar population to the blue.

Current deep optical surveys (e.g. Bouwens et al. 2006) are beginning to study
the star formation rate out to redshift of ~5-6, and may soon be able to probe the
era of re-ionisation.

The star formation history is also important in terms of the study of structure
formation. When did the majority of stars form? Where did they form? In large or
small galaxies? What triggers star formation? Recent evidence (Juneau et al. 2005;
Zheng et al. 2007) seems to indicate that the peak of the star formation rate density
seems to shift from high mass galaxies at a redshift of ~2 to smaller galaxies at the
present epoch. Known as ’down—siziﬁg’, this seems to contradict the hierarchical

merging that is the standard model of structure formation.

1.3.3 Other Motivations

Another interesting facet of structure formation is the discovery of high redshift
radio galaxies. Radio galaxies are hosted by the most massive elliptical galaxies at

most epochs, so their discovery at very high redshifts (z > 3) provide tantalising
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Figure 1.5: The Euclidean normalised differential source counts at 1.4 GHz. This
figure is taken from Seymour et al. (2004). The origins of the data are shown in the
legend.

clues about the merging rate and early structure formation history (e.g. De Breuck
et al. 2004).

One motivation that drives all deep surveys is the discovery of new phenomena.
New classes of object, new extreme examples of known classes, objects detected in
new wavelength ranges, and entirely new populations are all of scientific interest.
One such unexpected population was discovered as radio surveys achieved detection
limit of below ~1 mJy (e.g. Condon 1984). Above ~1mJy the 1.4 GHz differen-
tial source counts can be well modelled by a single population of AGN undergoing

luminosity evolution.

Below ~1mJy, there is an upturn in the Euclidean normalised counts (e.g. Con-
don 1989). This upturn, shown in Fig. 1.5, has been attributed to the emergence of
a new population of radio emitting objects. One suggestion is that this population
consists of sources where the radio emission is dominated by star formation (e.g.
Condon 1989; Benn et al. 1993; Rowan-Robinson et al. 1993; Hopkins et al. 1998).

Electrons accelerated by supernova remnants (SNRs) and spiralling in galactic
magnetic fields emit synchrotron radiation in the radio waveband. Since only the

most massive - and therefore shortest lived - stars explode in supernova explosions,
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“detectable radio emission from distant galaxies without AGN indicates a burst of

recent star formation.

1.4 Radio A\stronom~y

1.4.1 History

The discipline of radio astronomy was in its infancy in the early years of the 20th
Century. Since Maxwell had formulated his equations describing the behaviour of
electromagnetic radiation, people had attempted to detect signals in radio band
from astronomical sources. Technological limitations and high backgrounds limited
any success until the work of Karl Jansky. Working at the Bell telephone labora-
tories, Janksy was investigating the sources of interference in communication. He
discovered three main sources: local thunderstorms, distant thunderstorms, and a
mysterious third source which he could not initially identify. Eventually the fact -
that the interference was variable, and began 4 minutes later every day lead him
to conclude that its source was outside solar system, allowing its identification with
the galactic centre (Jansky 1933). Karl Janksy’s achievements were later held in
such high regard that the unit of flux density (the janksy, abbreviated to Jy, and
equal to 10726 Wm=2Hz"!) was named after him. |

The next development came when Grote Reber built a steerable reflector and
mapped the sky at radio wavelengths.

The advent of the Second World War delayed further developments in radio as-
tronomy but pushed technological innovation in the area, with the demand for better
radar and communications capabilities. At the cessation of hostilities, several of the
scientists who had been working on these technologies moved into academia and
turned their attention to the sky. ' |
- In 1944, van de Hulst calculated that the hyper fine hydrogen spin-flip transition

line lay at at 2lcm. This knowledge, along with the fact that radiation at this
wavelength suffers little absorption, allowed the tracing of the motion of the gas
within the Milky Way, and a mapping of its spiral arms. Rotation maps of the gas
in other other galaxies also became possible, often extending to greater radii than
those available at other wavelengths, and allowed the discovery of further evidence
for the existence of dark matter.

Soon, the lack of resolution afforded by radio dishes, reiative to that offered by

shorter wavelengths, lead to the development of interferometers, the operation of
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which is addressed in the following section.
Another phenomenon discovered as radio detectors improved were pulsars. First
noticed in 1967 (Hewish et al. 1968), they emit regular radio pulses, and are believed

to be beamed radiation from neutron stars.

1.4.2 ' Interferometry

The diffraction limited resolution of a telescope is proportional to A/D where A
is the wavelength of the radiation, and D is the diameter of the aperture. Hence,
imaging' at longer wavelengths requires larger apertures. For example, for the Subaru
optical telescope operating in the B band,v A ~ 450nm, and D=8.2m, the diffraction
limited resolution is therefore 0.02 arcsec. In actuality, the resolution is limited by
atmospheric seeing to ~0.5 arcsec. To achieve a similar resolution at 1.4 GHz, an
aperture of ~ 100 km is required, which is not feasible from either an engineering or
a financial point of view. The practical resolution of this problem became apparent
in the late 1940s with pioneering work in Cambridge and Sydney (Ryle & Vonberg
1946, and observations by Pawsey). By combining the signals from two radio dishes,
~ it is possible to synthesise the resolving power of a single aperture with an effective
diameter equal to the separation between the two dishes: The signals from the two
antennas are fed to a correlator, where one is multiplied by the complex conjugate
of the other. Real signals correlate and are amplified by the multiplication, while
noise is averaged out. Essentially, the correlation is the measure the coherence of the
electromagnetic field over large areas, and represents a sinusoidal wave of sensitivity
to real sources on the sky (a fringe).

Baselines (pair of antennas) of differing lengths sample different spatial scales,
and as the Earth rotates and carries the antennas around a plane with respect to
the target source, that scale is sampled in different directions on the sky. Mod- .
ern interferometer arrays attempt to sample this plane, known as the uwv plane, as
densely as possible. Longer baselines provide higher resolution.- However, the small
spatial scales sampled by longer baselines can become insensitive to extended spatial
structure relative to shorter baselines. Since each baseline is sensitive to emission
within a sinusoidal pattern across the sky, only sources with sizes far smaller than
the spatial wavelength of this sensitivity fringe will invoke the response of the inter-
ferometer that accurately represents their true flux. Once source sizes are a sizable

fraction of a sensitivity fringe wavelength, the baseline which generates that fringe

records a lower than ideal response as it is not fully sensitive to all the emission from
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the source. For this reason, interferometer arrays include short baselines to retain
sensitivity to extended emission.

The spatial scale sampled is actually that of the baseline projection onto a plane
perpendicular to the direction to the source. Since the antennas that constitute
each baseline are fixed to the surface of the Earth, this projection varies with hour
angle, and delays need to be added to the signal of one antenna to effectively move
it into the perpendicular plane.

Further introduction into the use of interferometers will be given in Chapter 2.

1.4.3 Modern Interferometers

There are many functioning interferometric arrays. They vary in location, element
aperture size, array configuration, maximum baseline and sensitivity. Details on a
selection of the interferometers relevant to this study, and to work similar to it, are

given below.

1.4.3.1 VLA

Inaugurated in 1980, the Very Large Array (VLA) is operated by the National
Radio Astronomy -Observatory (NRAO). Situated in the Plains of San Augustin
near Socorro, New Mexico, it comprises of 27 antennas each of 25 m diameter,
operating from 74 MHz to 48 GHz. The antennas are placed in the shape of a
“Y” and can be moved along tracks to alter the array configuration, changing the
baseline lengths. The A-array is the widest spre.ad configuration with maximum
baselines of up to 36 km. As the array configuration names progress through the
alphabet from A through to D, the antennas are more closely spaced, offering lower

resolution, but higher sensitivity to extended emission.

1.4.3.2 ATCA

Originally a purely linear East-West array, the Australian Telescope Compact Array
(ATCA), situated in New South Wales, consists of six 22 metre dishes. It operates
from ~1 to 100 GHz, with a maximum baseline of 6km, and now includes some
North-South Baselines.

1.4.3.3 GMRT

The Giant Meterwave Radio Telescope (GMRT), of India’s National Centre for
Radio Astrophysics (NCRA), is situated near Pune, in India. Its array is formed of
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30 wire mesh antennas, each of 45 m diameter, and operates from 150 to.1450 MHz.
Half the antennas are arranged within a central square of approximately 1 square
kilometre. The remaining 15 are split between 3 arms which stretch out from the
central square in a “Y” configuration providing a maximum baseline of 25 km.
The GMRT has been moved into full operation since 2002, and its combination of

resolution and sensitivity have opened a new window onto the low frequency sky.

1.4.3.4 MERLIN

The 7 antennas of the Multi-Element Radio Linked Interferometer.Network (MER-
LIN) are spread across England giving a maximum baseline of 217km. The dishes

used vary in size, and the array can operate from 151 MHz to 24 GHz.

1.4.3.5 WSRT

Located in the Netherlands, the Westerbork Synthe.sis Radio Telescope (WSRT),
is a linear East-West array of 14 antennas with a maximum baseline of 2.7 km. It
operates between 120 MHz and 8.3 GHz.

1.4.3.6 VLBI

Very Long Baseline Interferometers (VLBI) take baseline length to the extreme.
They cover large areas of the Earth’s surface to attain the longest possible base-
lines. The Very Long Baseline Array (VLBA) covers the continental United States,
with outlying antennas in Hawaii and Pueto Rico giving a maximum baseline of
~8600 km. The European VLBI Network (EVN) covers Europe including antennas
in the UK, Spain, Finland, Italy, Germahy and Poland. Radio dishes located in
China, South Africa, and the VLBA array can also be included in the arréJy.

These arrays achieve the highest resolution possible on Earth, but suffer in terms
of sensitivity compared with the massed antennas of the smaller arrays such as the
VLA.

1.4.4 Deep Radio Sﬁfveys

As with all surveys, the specific strategy of radio surveys are defined by a trade off
between depth and area coverage within a finite amount of observing time. 'Deep
surveys detect faint (both intrinsically and distance dimmed) and therefore inter-

esting sources, but are usually limited in area. Small areas mean that numbers of

\
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sources are limited, especially at brighter fluxes, where surface densities are gener-
ally lower. Wider, shallower surveys detect many more sources, but miss the fainter

objects.

The first large scale surveys were performed using various interferometric arrays at
Cambridge, and many radio sources are known by their Cambridge Survey catalogue
number. As sensitivity improved, the 4C and 5C catalogues detected fainter and
fainter sources. The advent of the VLA in the late 1970s increased sensitivity further.
The NRAO VLA Sky Survey (NVSS), a northern hemisphere sky survey has been
conducted with the D-array of the VLA at 1.4 GHz (Condon et al. 1998) reaches to
a detection limit of 2.5 mJy over 82 percent of the celestial sphere with a resolution
of 45 arcsec. At higher resolution (5.4 arcsec), the Faint Images of the Radio Sky

at Twenty centimetres (FIRST, White et al. 1997) survey achieved a noise limit of

0.15 mJy over a smaller area of sky (10,000 square degrees).

Since the late ‘1’990s several Idee‘p, narrow surveys have been undertaken to com-
pliment deep surveys at higher freQuencies and to probe the faint radio sky. Of
these, the deepest have been the result of observations with the VLA, which has
been used to survey the Hubble Deep Field North (HDF-N, Richards 2000; Biggs
& Ivison 2006), the Lockman Hole and ELAIS N2 field (Biggs & Ivison 2006), the
SSA13 Field (Fomalont 2006), and the 137 field (Seymour et al. 2004) at 1.4 GHz,
all to below ~ 10uJy rms in single pointings.

Slightly larger areas have been covered to ~ 20uJy, including the Spitzer First
Look Field (SFLS, Condon et al. 2003), the VIRMOS VLA Deep Survey (VVDS,
Bondi et al. 2003), and the COSMOS field (Schinnerer et al. 2004). '

In the southern hemisphere, the Phoenix Field (Hopkins et al. 1998; Hopkins et
al. 2003), the HDF-S (Norris et al. 2005, Huynh et al. 2005) and the southern half
of the Great Observatories Origins Deep Survey (GOODS, Norris et al. 2006) are
‘covered by ATCA at 1.4 GHz to levels similar to the deepest VLA pointings, and
covering similar areas. The larger ATESP field (Prandoni 2000b) is also the subject
of wider ATCA observations. -

~ Deep imaging has also been achieved at 4.8 GHz with VLA imaging of the
Lockman Hole (Ciliegi 2003) and ATCA imaging of the ATESP field (Prandoni

et al. 2006).
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1.5 The Fields Observed in this Thesis

The 139 Field (13:34:42, 37:54:44) was the target of one of the deepest ROSAT
surveys (M°Hardy et al. 1998) aimed at resolving’the CXB. This is a diffuse glow
in the X-ray sky, first discovered by rocket bound X-ray astronomy missions, is
suggested to be due to a large population of sources that earlier imaging systems
could not resolve. These coordinates were chosen because they are the location the
lowest galactic obscuration in the IRAS 100um. cirus maps. ) .
The advent of XMM-Newton and Chandra in the late 1990 s heralded a leap
forward in both sensitivity and resolution in X-ray 1mag1ng. The 13#, and 17 (at
1:45:27, -4:34:42) fields are members of a new geheratiori of deep X-ray surveys using
these observatories. -Specifically, the XMM- Newton observations of these fields were
designed to study the nature of the sources that constitute the knee the the X-ray
source counts. Radio observations were performed throughout fhe 1990’s to provide
further information on the nature of the sources, particularly those with optical

counterparts too faint for spectroscopic follow-up.

1.5.1 X-ray Data

Both the 137, and 1¥ field are the target of a 200 ks XMM—N;zwton pointing, as
reported in Loaring et al. (2005) and analysed in Dwelly et al. (2005). Each contain
~220 X-ray sources within 15 arcmin of the pointing centre. The high throughout
of XMM-Newton allows the study of the X-ray spectra of many of these sources
(Page et al. 2006).
A mosaic of four 50 ks Chandra pointings overlaps the XMM-Newton coverage
for each field, providing excellent angular resolution, essential for the unambiguous
“identification of the optical counterpart to-the X-ray sources (M°Hardy et al. 2003).

1.5.2 Radio Data

" To gain more information about the nature of the sources discovered in the X-ray,
deep 1.4 GHz radio observations of the 13¥ field were conducted throughout the
1990s with the VLA in both A and B arrays. At the time, these were the deepest
1.4 GHz images made, and they are presented in Seymour (2002) and Seymour et
al. (2004). The observations included 24 hours of good time on source and reached
7.5uJy beam™! rms noise. To a 40 detection limit of 30uJy, in an area of 15 arcmin

radius, 449 sources were discovered.
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The field was also the target of 4.8 GHz VLA D array observations (Seymour
2002). The smaller primary beam of the VLA antennas at 4.8 GHz meant that a
" mosaic of 51 pointings was required to cover the X M M /VLA survey area and ~100
sources were detected above a 30 limit of 100uJy. Of these, 53 have counterparts
at 1.4 GHz, and so provide radio spectra. It should be noted that the observations
at these two frequencies are not matched either in resolution or image properties,
and so do not provide exact spectral information, as flux can be resolved out of the
higher resolution 1.4 GHz maps.

'The majority of the XM M /VLA survey area is covered by the four deep obser-
vations with MERLIN with each 4 day observation covering a field of ~ 10 x 10

arcmin, to a noise level, of ~ 27uJy beam™?.

1.5.3 Infrared Data

The 13¥ field is the target of one of the deepest Spitzer observations, performed in
GTO time (P.I. G. Rieke). The Mid Infrared Photometry System (MIPS, Rieke et
al. 2004) provides MIR coverage to 19th magnitude (AB) at 24pm, and the InfraRed
Advanced Camera (IRAC, Fazio et al. 2004) provide deep images to AB magnitudes
of 23, 22.6, 20.8 and 20.7 at 3.6, 4.8, 5.8, and 8um respectively.

1.5.4 Optical Data

The 13* field has deep optical imaging from the SuprimeCam 8k x 10k mosaic camera
(Miyazaki et al. 1998) on the Subaru telescope in the B, R, I and Z filters to AB
mags of 27, 26 (see M®Hardy et al. 2003 for details), 26 and 25 respectively. Deep
v/, ¢’ and ¢ images of the same field to 26th, 27th and 25th magnitudes (AB)
respectively are available from the MEGACAM instrument on the Canada France
Hawaii Telescope (CFHT). ~ _

~In the Near InfraRed (NIR), the 137 field is covered by imaging in the K band
to 23rd magnitude (AB) from the Wide Field Camera (WFCAM) on the United
Kingdom InfraRed Telescope (UKIRT).

The Wide field InfraRed Camera (WIRC) on the Palomar 200 inch telescope
provides imaging to J of 22.6, and the Wide-field InfraRed Camera (WIRCam) on
the CFHT gives H band imaging to 22.7. :

‘The 1¥ field is covered in the B, I, and Z filters to similar depths as the 137
field by SuprimeCam. R band coverage is provided by a mosaic of pointings of the

Primary Focus Camera (PFC) on the William Herschal Telescope. Images with the
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WIRC instrument at K reach 23, and J and H band observations proposed to reach
22.8 and 22.5 respectively are currently being undertaken with WFCAM. .

. Optical spectrosbopy has been acquired for essentially all the radio and X-ray

sources with optical counterparts brighter than 23rd R-band magnitude. The excel-

lent optical coverage allows photometric redshift estimates to be calculated for the

remainder, work which is currently ongoing.

1.6 The Wider Goals of this Study

This study is aimed at using radio data to discern the nature of the faint sources
discovered in the two fields.

As described in Section 1.3, recent decades have seen the discovery of a new
population of sources at faint 1.4 GHz fluxes, as witnessed by the upturn in the
Euclidean normalised differential source counts below ~1mJy (see Fig. 1.5).

If the new population consists mainly of starburst dominated sources, they may
provide an independent measure of the star formation rate density history of the
universe. In the case that the radio emission from a galaxy contains no contam-
ination from an AGN, radio luminosity is an unbiased measure of star formation

rate.

It is important to highlight that the criterion for the radio luminosity being a

measure of star formation rate is that there is no contribution from an AGN to the
radio emission, not that there is no AGN bresent. Since only a fraction (~10-20
percent, Jiang et al. 2007) of AGN are radio loud, it is quite possible for a galaxy
to host a radio quiet AGN while still having its radio emission dominated by star
formation. | )

If all the sources that make up the sub-mJy bump can be individually identified
as either AGN or starformers, it is possible to study the two populations separately.
This has three important benefits. Firstly, the evolution of the luminosify of radio
loud AGN can be studied out to greater redshifts, as contamination from the sources
that form the bump can be removed.

Secondly, modelling of the source counts for this removed contribution (the
sources where star formation dominates the radio emission) separately will measure
the evolution of the radio luminosity 'function of the star formation in a statistical
manner. _

Finally a large, clean sample of sources whose radio emission is due to star forma-

tion can be used to accurately measure the starforming radio luminosity function.
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The excellent NIR to optical coverage of the 13 and 1¥ fields mean that the red-
shifts (either spectroscopic or photometric) required to calculate the luminosity of
any individual source are available. Binning in redshift space allows the form of
the evolving _luminosity function to calculated. As radio luminosity is an unbiased
measure of star formation rate, a radio luminosity function can be converted into
a universal star formation rate at each binned epoch. Hence, a measure of the
star formation history of the universe (see Section 1.3 and Fig 1.4) can be made,
" independent of the biases and uncertainties -inherent in the current calculations.
To perform such measurements, a clean sample of sources whose radio emission
is due to star formation is required. The selection of this sample relies critically on
the ability to discriminate between sources whose radio emission is due to an AGN,
and sources whose radio emission is from the SNR associated with star formation.
Many methods exist to perform this discrimination, but it is their combination that
provides the most useful information. The plethora of methods describéd below also

provide sufficient redundancy to allow checks of the classification of each source.

1.6.1. AGN/ Starburst Discrimination

For each source of radio emission, two questions need to be answered: 1) Is there
an AGN in the galaxy? If not, then the radio emission is likely to be from star
formation. 2) If there is an AGN in the galaxy, is that AGN responsible for the

radio emission? If not, the radio emission is likely to be due to star formation.

1.6.1.1 Detailed Optical Spectroscopy

High resolution optical spectroscopy is an invaluable method for discriminating be-
tween AGN and starbursts. As discussed in Section 1.2, AGN exhibit both broad
and narrow emission lines, while star formation is indicated by narrow emission
lines, with limits on the values of various line ratios. The AGN spectral indicators
can signify the presence of an AGN, not that the detected AGN is responsible.for
the radio emission since the optical spectroscopic emission of a radio quiet AGN can
dominate over the optical spectral signatures of star formation.

The practical time limitations inflicted by the faint nature of the optical counter-
parts of sources detected in deep radio surveys mean that the acquisition of spectra

of sufficiently high signal to noise to perform line ratio diagnostics for many sources

is not feasible.
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1.6.1.2 X-ray lu/minosity

In the unification scheme, AGN emit X-rays from coronae of high energy electron
that surround the inner accretion disk. Indeed, X-ray surveys are excellent method
for AGN sample selection. A point source .X—ray‘ detection at the centre of the
optical galaxy which is emitting the radio flux is a good indication that an AGN is
present. Once again, X-ray detection is an indication that an AGN in present, not
that it responsible for the radio emission.

The most massive stars are relatively short lived, and rapidly evolve to form the
supernova remnants responsible for the radio emission from star formation. The
same massive stars are responsible for the accretion in High Mass X-ray Binaries
(HMXBs). A burst of star formation therefore produces increased radio and X-ray
emission, the expected ratio of which can be estimated (see Simpson et al. 2006 and
references therein). A source with a radio to X-ray flux ratio differing significantly
from this theoretical value must harbour an AGN, although as before, this AGN

may not be the dominant source of radio emission.

1.6.1.3 Optical Colours

The massive, short lived stars that are present in large numbers only during a burst
of star formation are also the hottest, and therefore their thermal spectrum peaks
higher frequencies. In general, the older and cooler the stellar population, the redder
the aitppearance of the galaxy which hosts them. A red opticai colour of a galaxy

which hosts radio emission is therefore an indication that an AGN is the source.

1.6.1.4 IRAC colours

Galaxies whose optical /NIR emission is dominated by star light fall off in flux as one
progresses[' to longer wavelengths through the IRAC bands. Over the same range in |
- wavelength, the spectrum of an AGN is a power law, and therefore falls in a different
region of IRAC colour-colour space. This diagnostic is well calibrated at low redshift
(Stern et al. 2005), but less well constrained at higher redshift, and once again can
imply the presence of an AGN, not determine weather it is responsible for the radio

emiss@on.

1.6.1.5 Radio/MIR relation

In star formation, both radio emission and Mid InfraRed (MIR) is due to the same

underlying phenomenon. Short lived massive hot stars heat dust (which gives rise
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to MIR emission) and rapidly evolve to supernovae (Which provide the means for
radio emission). This leads to a correlation between the radio and MIR flux (e.g.
Helou & Bicay 1993), the practical measurement of which is depéndent on redshift
as PAH features move through the 24um band which is used to estimate the MIR
flux. It is reasonable to assume that the radio emission from any source which does
not obey this correlation is from an AGN. A limitation of this method is the fact
that AGN can fall on this relation. The 'radio loudness’ - the radio to optical, or
indeed any other waveband, ratio - of an AGN is arbitrary, and so the radio to MIR
flux ratio for an AGN can have a wide variety of values, including that predicted by

the radio-MIR _correlation for starbursts.

1.6.1.6 Radio/Optical relation

Since the radio emission from star formation and the thermal light from galaxies are
(indirectly) from the same population, the ratio between flux in the two bands is
somewhat constrained. For an AGN, both the radio to stellar optical flux ratio, and
the radio to AGN optical flux ratio are less constrained. So, objects with extreme
radio to optical flux ratios can be identified with a radio bright AGN.

1.6.1.7 Radio Poiarisation

Since the synchrotron emission from AGN is from electrons spiralling in collimated,
aligned jets, AGN radio flux can show a measurable degree of polarisation. The
radio emission from a galé,xy undergoing starformation is not expected to show any
net polarisation. However, due to the inefficient use of observing time required to
detected enough polarised flux to measure polarisation, it is impractical to employ

this method in deep surveys.

1.6.1.8 Radio Luminosity

The radio luminosity of AGN varies 'hugely. Starbursts more limited in luminosity.
The local radio luminosity function of starburst galaxies falls steeply with luminosity
from 1022 W Hz~! and continues to steepen to.the highest measurement at 1023
W Hz™! (Mauch and Sadler 2007). Any radio sources more luminous that this are
likely to be AGN. Below this limit, the emission could be either AGN or starburst.
To calculate the radio luminosity, the radio flux of the source, the radio spectrum
of the source (for K-correction), and the distance to the source are all required.

This last factor requires a redshift for the source, and an assumption about the
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- geometry of the universe. ‘For the rest of this study, I assume a 737 (concordance)
cosmology with Hy = 73 km s~! Mpc~!, Q,, = 0.3, Q) = 0.7 (Spergel et al. 2003).
As mentioned in Section 1.5, specfroscopic redshifts are available for many radio
sources. Photometric redshifts provide estimates of the distance to the remainder.
The calculation of photometric redshifts involves template fitting to source Opticai
magnitudes derived from images taken through broad band filters. The coverage of
both fields from B through to K allows the calculation of photometric redshifts for
all of the 1.4 GHz sources, and hence radio luminosities are available for the entire

sample.

?

1.6.1.9 Radio Morphology

The morphology of a radio source can discriminate between AGN and starburst
- emission. Extension of the radio emission, in one dimension, outside the extent of
~ the optical emission of the emitting galaxy implies that the radio emission is from

the jets associated with an AGN (see Fig 1.6). Radio emission extended in both
dimensions across the emitting optical galaxy is.likely to be from star formation (see
Fig 1.7). The limit of this discriminant is that it sensitively depends on the resolution
of radio imaging. In reasonable resolution radio images l(~3' arcsec) typical of deep
radio surveys, both AGN and star formation can appear point like. AGN with very
small, young jets can remain unresolved, and therefore appear point like. Starbursts
often occur in the very centre of galaxies. Such nuclear or circum-nuclear starbursts
can also appear point like and therefore indistinguishable from AGN on morphology
alone. Higher resolution images from VLBI instruments can extend the’ usefulness
of this discriminant - as shown by ongoing work on the MERLIN maps of the 137
field (Zoghbi et al, in prep). |

1.6.1.10 Radio Spectrum

Radio emission from both .AGN and starbursts is primarily synchrotron in origin.
Optically thin synchrotron radiation is expectod to have a spectral index of a =
—0.7 £ 0.2, where § o v%, and S repfesents flux, and v frequency. Optically
thick synchrotron radiation suffers self absorption and can lead to flatter spectra
(higher values of «). For further detail on synchrotron radiafion, and radio spectra,
see Section 1.7. In brief, radio emission from star formation is optically thin and
therefore the radio spectra of galaxies whose radio emission is due to star formation

is expected to provide measurements of o of around —0.7 to —0.8. The range of
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Figure 1.6: 1.4 GHz radio emission (contours), overlaid on I band optical image of
a 3 x 2 arcmin region surounding a galaxy hosting a radio loud AGN. The jets can
be seen to be extended primarily in one dimension, and outside that of the optical

emission.

Figure 1.7: 1.4 GHz radio emission (contours), overlaid B band image of source R32,
the 32nd brightest X-ray source in the ROSAT survey of the 137 field (M°Hardy
et al. 1998, Gunn et al. 2001). The radio emission is extended in two dimensions
and traces the optical galaxy. An AGN cannot emit radio from the disk of the host
galaxy - so the radio emission in this case must be due to star formation
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‘expected radio spectra for AGN is much greater, varying from flat spectra (. ~ 0 or
more) to very steep (a ~ —1.2 or steeper). Conservatively, any source with a radio
spectra outside of the range —0.5 > a > —1 is likely to be an AGN. Hence, with
radio flux measurements at two or more frequencies, radio emitting AGN can be
positively identified. As the range —0.5 > o > —1 can include values of « that are
valid for the spectra of AGN, this discrimination cannot rule out AGN contribution

to the radio emission, but can positively state that an AGN does contribute.

It is worthwhile at this point to reiterate that radio polarisation, radio luminosity,
the radio/MIR relation and radio spectra are the only discriminants listed above
that can provide information about the radio luminosity-of any AGN present. The
remainder of the diagnostics can merely indicate the presence of an AGN in the host
galaxy, not confirm that it is the dominant source of radio emission, which is the
key factor for the extended study of which this work forms a part. Hence, it is the
combination of as many of these diScriminants as possible that will give the most

accurate picture of the nature of each individual radio source.

This work focuses on the acquisition, analysis, and use of radio spectra to study
the faint radio population, both statistically, and on a source by source basis. De-
tailed radio spectra are used to study two interesting sources (XBONGs) from the
X-ray catalogue of the 13H field in Chapter 2. The remainder of this work deals
with the wide field imaging of both the 137 and 17 fields at two frequencies to
provide spectra for many of the faint radio sources, for the purpose of selecting a
pure starburst sample to measure the cosmic star formation history. Observations
of the 137 field at 1.4 GHz have previously been published (Seymour et al. 2004).
Here, 1.4 GHz imaging of the 1# field with the VLA is presented, along with deep
observations of both fields at 610 MHz with the GMRT.

The radio maps are resolution matched to gain accurate radio spectra for a sample
of radio sources, which can be used as discriminants to construct a clean star forming

radio sample.

An interesting aside to note at this poiht is that such large samples of radio
spectra are useful for discovering Ultra Steep Spectrum (USS) (o < —1.3) radio
sources. Populations of USS source have been found (De Breuck et al. 2004) to be
a good sample to select from in the search for high redshift radio galaxies, often

hosted in the most massive galaxies at each epoch, and so interesting from the point

of view structure formation.
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1.7 Synchrotron Spectra

Since the majority of this work deals with the detection of synchrotron emission,
and measuring its spectrum in the radio waveband, it is worthwhile at this point to
provide a brief review of the physics and phenomerfdlogy involved.

-When any charged pé,rticle undergoes acceleration, it emits electromagnetic ra-
diation. For charged leptons spiralling in magnetic fields, this acceleration is their
centripetal -acceleration and the radiation is know as cyclotron. - If the spiralling
electrons are highly relativistic, the radiation is channelled into a tight cone of emis-
sion, the opening angle of which is proportional to their energy, and is known as .
synchrotron emission, after the type of particle accelerators in which it was first’
noticed. ‘

The synchrotroﬁ emission from AGN is caused by high energy electrons spiralling
in the magnetic fields of the jets which are launched from the central engine. In
star forming galaxies, high energy electrons formed in supernova spiral in galactic
magnetic fields. ‘ .

The spectrum of the synchrotron radiation depends primarily on energy distri-
bution of the emitting electrons. In both jets and SNR, the electrons are theorised
to be accelerated by shocks, which lead to power-law electron energy distributions
(Blandford & Eichler 1987) and power law spectral indices for optically thin syn-
chrotron radiation. The majority of extragalactic sources do, indeed, have power
law spectra, with a canonical spectral index of o ~ —0.7.

Since the power emitted by the electrons spiralling in the magnetic field is propor-
tional to the energy of those electrons, higher energy electrons radiate their energy
faster. Hence, the population of emitting electrons at the highest energies can be-
come depleted, and the spectrum fall off steeper than a = —0.7 at high frequencies.
High redshift radio galaxies have this steeper section of their radio spectrum red-
shifed into the frequency ranges typically used to make deep radio surveys. Indeed,
a<—13isa good criteria upon which to select high redshift galaxies (De Breuck
et al. 2004). |

- At lower frequencies, the emitting material becomes optically thick and leads to
a turn over in the a ~ —0.7 synchrotron spectrum below a characteristic fr’equency.
Below this frequency, the spectrum falls off as S o v*2. The frequency at which
‘this turnover occurs varies with the density and energy distribution of the electron
population which is responsible for it. If many populationé each with their own

typical turn over frequency are contained within one observation resolution element,
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they can superimpose to form a flat spectrum. This is often the case in observations
. of distant AGN, where the radio emission from different regions in the jets appear
point-like at typical interferometry resolutions. | _ '

The radio spectra of AGN can therefore take a wide range of values, from very
steep (a < —1.3) — where the energy loss steepened region of the spectrum is
redshifted into the centimetre bands — to the very flat, where many optically thick
components of differing properties are superimposed.

Radio emission from star forming galaxies is optically thin and generally has a
spectral index of 0.7 as determined both empirically (see Condon 1992 for a review)
and by theory (Thompson et al. 2006). - |

It should be noted that star forming galaxies can emit in the radio with flat
spectra. Thermal free-free emission from electrons in photo-ionised gas surrounding

hot stars has a flat spectrum. However, this compenent is generally weaker than

the synchrbtron component, and only detectable at frequencies higher than those -

 considered here (Condon 1992).

1.7.1 Measurement of Radio Spectra

The simple power law spectra of extragalactic source make estimates of their spec-
tral indices relatively simple. Flux measurements at two frequencies are sufficient
to estimate the spectral shape. However, when using maps of radio emission con-
structed from interferometers (as is essential when considering sources of the fluxes
and sizes of those found in deep surveys), the fluxes need to be measured from im-
ages made at similar resolutions. High resolution maps can resolve out flux from
extended structure as the spatial sensitivity scale of their longer baselines fails to
recover the total flux of the object. Since higher frequencies allow higher resolution
images to be made with greaﬁer ease (resolution o A), this can have the effect of
artificially steepening the calculated spectrum. .

Another limitation upon the estimation of spectra from simple two point flux
measurements come from the temporal domain. The radio emission of AGN can
vary, especially if the jet is aligned close to the line of sight. If the two flux mea-
surements are not made simultaneously, the calculated spectral index may not be a
good estimate of the true spectrum. o

Both this variation, and the aforementioned possibility that a starburst can have
a flat radio spectrum illustrate that radio spectra alone and not ideal discriminants.

It is when radio spectral information is combined with other diagnostics that AGN
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and starburst can be efficiently disentangled. This study aims at acquiring the radio

spectra to contribute thus.

1.8 Thesis Outline

The remainder of this thesis is arranged as follows. In Chapter 2, the detailed,
pseudo-simliltaneous radio spectra of two interesting sources detected in the X-ray
surveys of the 13 field are presented as a further introduction to the technlques of
radlo interferometry. Later chapters then move to deep, wide field, multi-frequency
imaging to acquire simple radio spectra of the many sources discovered therein.
Chapter 3 presents a 610 MHz survey of the 17 field, and modelling of the 610 MHz
source counts. The 17 field is again the subject of Chapter 4, with deep 1.4 GHz
imaging and a compilation of the 1.4 GHz source counts being presented. Chapter
5 completes the two field, two frequency sa'mplé by surmising the 1.4 GHz survey of
the 13# field of Seymour et al. (2004) and discussing 610 MHz observations of this
field. The multi-field 610 MHz source counts are modelled. The various catalogues
are then cross-correlated and radio spectra, and limits thereon, are calculated. A
preliminary analysis of the optical properties of the radio populations are presented
in Chapter 6. The conclusions of the thesis are summarised in Chapter 7, and future

Work discussed."




Chapter 2

Radio Spectra of X-ray Bright

Absori)tion Line Galaxies

This chapter examines the detailed radio spectra of two specific sources as a means
of further introducing the techniques and uses of radio interferometry. The sources
are the two brightest absorption line galaxies discovered as X-ray sources in the
13% field. Data at 1.4, 4.8, 8.4 and 14 GHz, acquired from the VLA, are used to
generate pseudo-simultaneous radio spectra. These are combined with data from

other wavebands to construct spectral energy distributions.

2.1 Introduction

The first deep Chandra surveys (e.g. Mushotzky et al. 2000; Hornschemeier et
al. 2000, 2001) showed that a new population of absorption line elliptical galaxies
was & major contributor to the medium energy X-ray background (XRB). However
the origin of the central, point-like X-ray emission in these X-ray Bright, Optically
Normal Galaxies (XBONGs) was a mystery.

The source of X-rays from AGN is considered to be a corona of hot electrons
surrounding thé inner regions of an accretion disk. The detection of X-rays from
a galaxy is therefore usually accompanied by the detection of optical signatures of
AGN activity (a point-like central excess and emission lines). Indeed, the majority
of galaxies discovered to emit X-rays in deep surveys are identified as AGN in this
manner, although stars, galaxy clusters and the X-ray emission from star formation
have also been detected (e.g. M®Hardy et al. 2003, Gunn et al. 2001).

It is strange, therefore, to discover X-ray emission from a galaxy which shows no

signs of AGN activity in its spectra. Several other potential sources of X-rays are
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easily -excluded as being the source of emission in this case. »

Halos of hot gas have been seen in the gravitational potential wells of elliptical
galaxies. They emit in the X-ray, but are generally resolved by Chandra, and
therefore distinguishable from sources within a host galaxy.

High Mass X-ray Binary star systems (HMXBs) and Low Mass X-ray Bmarles
(LMXBS) within the stellar population of host galaxies can emit X-rays. Once again
these would have propertles not seen the currently considered population. The
discrete, multiple nature of emission would either be resolvable with the excellent

“spatial resolution of Chandra, or offset from the galaxies nucleus. Also, HMXBs and
the high mass stars that they contain, are short lived and therefore only expected
to be found in large numbers in galaxies ﬁndergoing star formation - not absorption
line ellipticals. o

Other possibilities that are harder to rule out include advective flows in the central

- engines, hidden AGN, and low luminosity AGN and blazars. '

In the standard AGN unification paradigm (See Section 1.2.1.6), the central en-
gine consists of an SMBH surrounded by an accretion disk. This disk can have two
conﬁguratioris. The first to be considered in depth (e.g. Salpeter 1964) was an opti-
cally thick, geometrically thin disk where viscous heating heats the material in the
disk which emits thermally. A corona of hot electrons is thought to be responsible
for the X-ray emission in this configuration. , '

In recent years, observational evidence has motivated the consideration of a sec-
ond configuration of the accretion material. Called an Advection Dominated Accre-
tion Flow (ADAF), or a Radiatively Inefficient Accretion Flow (RIAF) the accreting
material is optically thin, so any radiation escapes without interaction or causing
the associated thermalisation (e.g. Shakura & Sunyaev 1973). Such accretion flows
are characterised by little optical emission, and hard X-ray spectra.

As described in Section 1.2.1.6, much of the multitude of AGN phenomenology
can be explained by various orientations, with respect to the line of sight, of a torus
of obscuring material. X-rays are attenuated less by dust than radiation of longer
wavelengths, so the optical signatures of an AGN can be lost to absorption while
X-ray light escapes. A large absorbing column between an AGN and an observer
can therefore explain the detection of X-rays from the core of a galaxy without

“any optical signs of activity. The increase with photon energy of transparency
to radiation of the obscuring material also means that the X-rays observed from

obscured AGN generally show a hard spectrum.

In a blazar, a jet from an AGN is orientated towards the line of sight. The emis- .
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sion from any such jet would be subject to Doppler boosting by the bulk motion.
With such boosting, it is possible that the X-ray flux from the source is actually
synchrotron emission from the base of said jet, rather than the regions surrounding
the accretion disk. This provides an explanation for the X-ray detection of absorp-
- tion line galaxies, as the X-ray emission is Doppler boosted, whereas any optical
emission lines associated with the central engine are not, and can be outshone by

the stellar population. If this is the case, the X-ray spectra can take many forms,

depending on the energy distribution of the emitting electrons, the speed of motion -

in the jet, and the exact orientation of the jet to the angle of sight. However, several
objects, including Mrk421 (e.g. Warwick et al. 1986) have steep, soft spectra over
the sensitivity ranges of Chandra and XM M. '

Although the deep Chandra surveys in which XBONGs were first detected did not.

produce detailed X-ray spectra, the sources were generally hard, thereby favouring
advective flows or obscured AGN. ‘

Comastri et al. (2002a) reported on detailed multi-wavelength study of CXOU
J031238.9-765134, an optically inactive early-type galaxy identified with a ~ 3 x
107 erg s7* cm™" (2-10 keV) Chandra source, and concluded that heavy obscu-
ration explained the lack of optical activity. It has also been claimed (Yuan and
Narayan 2004) that this source, along with another (XMM J021822.3-050615.7) can
be fitted with a Radiatively Inefficient Accretion Flow (RIAF).

The study of maﬁy‘objeéts is required to infer the nature of a population which

may itself consist of several differing types of sources, especially given the ambiguity -

~ in the nature of the few that have been studied in depth. Indeed, in a study of
12 XBONGSs by Georgantopoulos and Georgakakis (2005) concluded that. XBONGs
comprise of a mix of objects including type-1 AGN outshone by the host galaxies
star light, and low luminosity AGN. Preliminary results of studies into 10 XBONGs
(Comastri et al. 2002b) find that of the 7 of these that are covered by observations
at radio wavelengths, only one is bright enough to be considered ’radio loud’.
Conclusions about the nature of even the best studied XBONGs are therefore
not unique. Several similar XBONGs were discovered in the Chandra survey of
the 137 field (M°Hardy et al. 2003). In this Chapter, a review of the previous
observations covering the two optically brightest of these sources (known as Chandra

4 and Chandra 33, hereafter C4 and 033\respectively) in the radio, optical and X- -

rays is presented. Detailed radio spectral observations of the C4 and C33, utilising
data from the VLA, and the GMRT, are then presented. The broad band Spectral

Energy Distribution (SED) of each source is constructed and compared to simple
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SED models of various AGN types combined with elliptical galaxy templates.

2.2 Previous Observations

2.2.1 X-ray Observations
2.2.1.1 ROSAT and Chandra Observations

The two Chandra X-ray sources, C4 and C33, were first noted in the ROSAT survey
of M°Hardy et al. (1998) where they are listed as sources 51 and 36 respectively.
As both ROSAT and Chandra surveys list sources in flux order it can be seen
that ROSAT source 51 is relatively much brighter in the higher energy Chandra
survey (source C4). This brightening could be a spectral effect resulting from a
‘hard X-ray spectrum, or could simply be due to variability. Although ROSAT
" spectra are not particularly informative for relatively faint sources like these ones,
C4 was determined to be softer than C33 which indicates that variability may be
the more likely cause of the relative flux change. The Chandra observations showed,
unambiguously, that the '_cwb X-ray sources were both coincident with the nuclei of
bright elliptical galaxieé, ruling out the possibility that the X-rays are from thermal

gas in the potential of the associated galaxy.

2.2.1.2 XMM Spectra

XMM-Newton observations of the ROSAT field, totalling 200 ks, were performed
in June of 2001. See Page et al. (2006) for details. Although small variations are
visible in the light curves, the sources are consistent with being constant.
The.extracted source spectra were fitted with a powerlaw continuum plus intrinsic
absorption at the redshift of each galaxy. Fig. 2.1 shows the XMM- Newton spectrum

of C4, for which the best fitting model is a powerlaw with photon index I' = 2.401503

(1o errors). The best fitting column density is Ng = 2.41}9 x 10% cm~2 which,
at its lower bound, is consistent with the Galactic column density in this field of
Ny =7x 10" cm™? (Dickey & Lockman 1990). See Fig. 2.2 for the XMM- Newton
spectrum of C33. The corresponding powerlaw index and absorbing column density
are I' = 2.24752% and Ny = 9.0132 x 10% cm~2, which is definitely above the
Galactic column density. ‘

“There is no evidence of an iron line in C4 but there is a slight excess above the

powerlaw in C33 between 5 and 6 keV. However, if we fix a Gaussian line at 5.2
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Figure 2.2: XMM spectrum of Chandra 33, showing the powerlaw plus intrinsic
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keV (the position expected of 6.4 keV line at the redshift of the galaxy) the F-test
indicates that the line is only significant at the 78% confidence limit (i%: about
1.50).

2.2.2 Optical Identification

2.2.2.1 Imaging _ \

Optical counterparts for C4 and C33 were -taken from the catalogue of sources ex-
tracted from the Subaru SuprimeCam R-band image using SEXTRACTOR (Bertin &
Arnouts 1998). The magnitudes of both galaxies, as determined by SEXTRACTOR
using its ‘best’ magnitude parameter, are identical at R = 17.7mag. Similar analysis
of the SuprimeCam B band image yields magnitudes of C4 and C33 as 19.9 and
19.8 respectively. Both objects therefore have similar B-R colours of 2.15.

2.2.2.2 Optical Morphology

Using the IRAF task ellipse, the 1-D profiles for C4 and C33 have been determined.
Both are extremely good fits to standard de Vaucouleurs elliptical galaxy profiles.

Disc models are a very bad fit.

'2.2.2.3 Optical Spectra

In Figs 2.3 and 2.4, the optical spectra of Chandra 4 and 33 respectively are shown.
These spectra were obtained in 1994 and 1995 using the MOS spectrograph (Le
Fevre et al. 1994) at the Canada France Hawaii telescope in the process of identifying
ROSAT sources. (see M°Hardy et al. 1998) for details. Their redshifts are 0.257
and 0.229 respectivély. '

The spectra of C4 and C33 show prominent absorption features, including the
4000Abreak but, with the exception of a possible weak [OII] 3727 line (leading to
the GAL/NELG classification in M¢Hardy et al. 1998) there are no strong emission
lines. There is no sign of H, in C4 but the CFHT spectrum of C33 (Fig. 2.4) does
“not extend far enough to detect H,. However, a WHT spectrum of C33, although

of lower S/ N, does cover Ha and shows no strong H,, line.

2.2.3 Radio Detection

Radio emission is not affected by absorption, and so is an excellent diagnostic for

investigating possible obscured AGN.
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Figure 2.3: Optical spectrum of Chandra 4, taken using the CFHT MOS spectro-
graph.

T — T

r Chandra 33 N/S 1

1.5 +— m -4
o MWW
=} F K ]
bt ! .
¢ - NaD
Loif I
T
w .
¥ tem Mglb
g]

g
o
w
an
5 G
~ 05 -
ﬁ_‘

I

H
o) P I TR T S S R L L 1 L
5000 | 8000 7000

Wavelength (&)

Figure 2.4: Optical spectrum of Chandra 33, taken using the CFHT MOS spectro-
graph. ,




2. Radio Spectra of X-ray Bright Absorption Line Galaxies —36—

20.0 40.0

37:49:00.0

Figure 2.5: VLA 20cm radio contours (logarithmic) overlaid on a 70” x 70” Subaru
SuprimeCam R-band image of Chandra 4, showing the complex environment of this
source. C4 lies at the centre of the image. Approximately 20" east of C4 is the 16
mag Narrow Emission Line Galaxy (NELG) which was originally suggested as the
identification of the ROSAT source R51. Note that this NELG is also a strong radio

source.

Both sources were observed extensively as part of the deep VLA and MERLIN
survey of the X MM/Chandra/ROSAT survey area. The analysis of the VLA
observations is described in Seymour (2002) and Seymour et al. (2004), and is sum-
marised in Section 5.5. Both sources were detected at high levels of significance.

The 20cm VLA survey maps of C4 and C33, made with natural weighting, are

shown in Figs. 2.5 and 2.6, overlaid on R-band images.

2.2.3.1 Radio Morphology

There are a number of other weaker radio sources in the field of C4, together with
some diffuse extended (~35 arcsec) emission north of its position, as can be seen in
Fig. 2.5. The bright region of emission does itself show a slight extension to the
BEast.

In the catalogue of Seymour et al. (2004), C33 is listed as having a width (decon-
volved from the ~3 arcsec beam) of 1.8 arcsec, though close inspection of the image

suggests that this extension may be purely due to the effect of bandwidth smearing.
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Figure 2.6: VLA 20cm radio contours overlaid on a 10” x 10” Subaru SuprimeCam
R-band image of Chandra 33.

The 13 field is also covered by a deep MERLIN survey (Zoghbi et al. in prep).
Preliminary analysis of this observation shows that while the VLA emission from
C4 has a maximum extent of ~ 7”, MERLIN shows a partially resolved compact
core coincident with the nucleus of the elliptical galaxy. This core-halo morphology
is typical of BL Lac objects (see e.g. Antonucci & Ulvestad 1985). C33 is seen as

an unresloved core coincident with the core of the associated optical galaxy.

2.3 Radio Spectra

Radio spectra can be used to distinguish between AGN and starbursts (see Sec-
tion 1.7), as starbursts are expected to have a limited range of spectral indices
(—0.5 < a < —1, where S o v*). The elliptical morphology, red colour and passive
optical spectrum of both C4 and C33 mean that star formation is highly unlikely to
be the source of radio and X-ray emission. Radio spectra are, however, illustrative
for non-star formation diagnostics. For example, a flat radio spectrum (o > —0.5)
is indicative of the superposition of the optically thick synchrotron spectra of popu-
lations of electrons with many differing energy distributions (See Section 1.7). Such

a configuration is explainable by, for example, a jet orientated towards the observer
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and therefore suggests that any X-ray emission may be Doppler boosted synchrotron.

2.3.1 Observations and data reduction

To gain pseudo-simultaneous radio spectral information, both C4 and C33 were
observed by the A-array of the VLA at 20, 6, 3.5 and 2 cm (equivalently 1.4, 4.8, |
8.4 and 14 GHz respectively) in July of 2003. The observations were in standard
continuum mode, with 2 Intermediate Frequencies (IFs) and 50 MHz of bandwidth.
Calibration observations of 3C286 and 1327+434 at each frequency were interspersed
between pointings on-target which themselves were spread throughout the observing
window to increase uv coverage.

Reduction was performed in the National Radio Astronomy Observatory’s (NRAO)

" Astronomical Image Processing System (AIPS) software.

2.3.1.1 Calibration

Accurate interferometric observations require the measurement of the amplitude
and phase of the varying electromagnetic field to be measured at each antenria in a
consistent manner. Due to the sensitive nature of the equipment therefore involved —
the antenna feeds and the electronics behind them — its response to both amplitude
and phase of incoming radiation varies in time. 'Atmospheric turbulence can also
effect the accurate recording of phase information. '
Primary flux calibration was performed using 3C286. This source is one of 3
which has been extensively monitored with the VLA, and who’s flux at any of the
VLA’s operating frequencies can therefore be calculated using the extended scale of
Barrs et al. (1977). Regular observations of this source can therefore calibrate the
amplitude response of the system to a source of known flux. By cohstraining the
observations of it to be of such resolution that 3C286 appears as a point source to
the interferometer, the phase difference between any two antennas can be assumed
to be zero — the plane radio wave from a source at infinity, which is located at the
phase tracking centre, reaches all antennas simultaneously at the same phase, once
phase lags have been inserted into the signal paths to project all the antennas into
a plane orthogonal to the direction to the source. All baselines should then report a
flux equal to that calculated. Least squares fitting of the complex gain (amplitude
and phase) of each antenna to this model then produces an amplitude calibration

scale which can then be extrapolated to the other pointings. This is an oversampled

| fit, as there are N(N-1) baselines measuring the flux response from N antennas.
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The amplitude response of the interferometer is mainly a function of the hardware
involved, and controls the flux scale of the resulting map. The phase response, on
the other hand, is effected by both the electronics and the atmosphere. Since the
recorded phase at any antenna is used to calculate a phase lag relative to another,
and therefore the direction from which a plane wave is incident on the (projected)
array plane, the accuracy of the recorded phases control the location of flux in any
image, and therefore is the main factor in the image quality. An useful analogy
from the optiéal band is that the observations of 3C286 provide the photometric
calibration (similar to that from a standard star), while the phase calibration is
similar to the focusing of the instrument. Extrapolation of the gain calibration from

the primary flux calibrator can remove any smoothly varying phase instability in

the electronics, but it cannot account for. phase variation caused by the atmosphere. -

Plasma can cause distortions in the path of an electromagnetic wave. The ionosphere
contains plasma which can effect the path of radio waves at the frequency used in
radio astronomy. -Since interferometry is based in the assumption of a plane wave
from infinity incident on a projected perpendicular array plane, the effect of the
atmosphere needs to be removed from observations. Any atmospheric disturbance
will vary with position on the sky, and so the usual strategy adopted is to observe
a known point source a small angular distance from the source of interest, who’s
radiation detected at the interferometer ihteracts with the same region of atmosphere
as that from the target source. The VLA calibrator source 1327+434, located only
5.8 degrees from C4 and 5.3 degrees from C33, was used for this purpose. It was
“observed at each frequency, and used to calibrate the phase response of each antenna.
Its flux was then bootstrapped to that of 3C286 at each frequency, and the gain

solutions extrapolated across the times of the target observations.

The uv data were carefully edited to remove corrupted data. Bursts of Radio Fre-
quency Interference (RFI) and cross-talk between the antennas can increase recorded
amplitudes above that expected from astronomical sources. Pointing errors, elec-
tronics glitches, and correlator problems can reduce the amplitude of a Visibility (a
single recorded baseline correlation). The observations of the calibration sources —
with known structure and therefore known visibility flux and phase response — were
inspected to reveal any such problems, and the data from any possibly corrupt an-
tenna or baseline removed (’flagged’ in radio interferometry parlance) from both the
calibration and target datasets. Calibration was repeated with this newly flagged

data, and images made.
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2.3.1.2 Imaging and Deconvolution

Since the visibility recorded from each baseline is the response to a sinusoidal wave
of sensitivity (who’s direction and spatial scale are determined by the direction
between the two contributing antennas in the plane projected perpendicular to the
vector pointed at the source, and their separation in that plane, respectively), the
‘uv dataset can be considered a Fourier transform of the flux distribution on the sky.
The process of imaging is the inversion of this Fourier transform. This transform

can be evaluated at any arbitrary set of positions, and as such the pixel scale of the

resulting image is user defined. The restrictions upon it are computational expense

. and the fact that the synthesised beam needs to be Nyquist sampled. Pixel scales
of 0.3, 0.1, 0.06 and 0.03 were used for the images made at 1.4, 4.8, 8.4 and 14 GHz
respectively, as required for the main lobe of the synthesised beam to be covered by
at least 4 pixels in each direction. " ]

Since the spatial scale sampled by any one baseline is dependant upon the wave-
length, as discussed in Chapter 1, higher frequency, shorter wavelength observations

achieve higher resolution with the same array configuration. The resolutions of the

clean maps were 1.3, 0.4, 0.2, and 0.1 arcsec in the 1. 4 4.8, 8.4, and 14 GHz bands |

respectlvely
These initial (’dirty’) images made from the transform of the uv data consist of

maps of the brightness distribution of the sky: convolved with the ’dirty beam’ — -

the transform of the uv coverage achieved during the observation. A hypothetical
full wv coverage, where an infinite number of infinitesimal antennas covered the wv
plane and sampled the coherence function at all spatial scales in all directions, would
recover the true sky brightness distribution. Such coverage is impractical, so the
dirty beam always has some effect which needs to be corrected for. Since the dirty
beam is merely the Fourier transform of the known uwv coverage, its shape can be
~calculated. This known shape, along with the assumption that the true brightness
‘distribution consists of patches of positive brightness imposed on a backgroﬁnd of
zero flux allows the ’dirty image’ to be cleaned.

The CLEAN algorithm (Hégbom 1974; Clark 1980; Schwab 1984) employed in
AIPS to perform the deconvolution of the dirty beam further assumes that the true
emission can be represented by a series of point sources. The dirty image is searched

for the highest valued pixels, where the respoﬁse of the interferometer implies the

location of & real source. At this location, a CLEAN component (CC) is placed. The -

effect of the dirty beam can then be subtracted from this location in either the wv or

the image plane. In the uv plane subtraction method, a model of a point source at
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this position, with flux of a user defined fraction of the measured pixel value (typ-
ically 10%) is removed from the uv database, and the imaging repeated. The new
image is searched for the next highest pixel (potentially at the same location), and
the process repeated. Deconvolution in the image plane involves broadly the same
procedure, except that an image of the dirty beam (constructed by making an image
from the observed uv coverage, but with visibility amplitudes and phases of 1 and
0 respectively at all samples points) at the location of the point is subtracted from
the dirty image. Since re-imaging is not required, this image plane deconvolution
is quicker. Once the CLEANing processes is stopped (usually after a set number of
iterations or once the flux propertiés of the CCs reach a certain level), images of the
‘clean beam’ are placed into the residual map at the locations and with the fluxes
of the CCs. This clean beam (algo known as the restoring beam) is an estimation
of the response of the interferometer to a point source with full coverage inside that
of the longest baseline, and is usually a Gaussian, and is similar to the main lobe of
the dirty beam. '

In practise, a combination of these two forms of deconvolution is performed.

‘Several iterations of image plane CLEANing (minor cycles) remove the effects of
the dirty beam in the image plane and then search for further peaks. After a certain
number of minor cycles, a major cycle is performed, where point source models of all
the identified CCs are removed from the uv database, the dataset is re-imaged and
further sets of minor cycles performed if required. This system has the advantage
of the speed of image plane deconvolution, as simple arithmetic functions are used
to locate the CCs, but retains the accuracy of full uv subtraction.

‘The CLEAN algorithm, as described above, is good at deconvolving images that
consist mainly of point sources, but performs less well for extended emission like
that seen in FRIIs. Other methods exist for the deconvolution of such images, but
will not be discussed here as they are not required either here or in later chapters,

where the majority of the sources are, to a good approximation, point-like. -

2.3.1.3 Self Calibration

» The calibration strategy discussed previously performs well for removing amplitude
and long timescale phase variations within the electronics, and the phase errors
from large sky position variation. However, further calibration can improve the
final maps. Variations of the.complex gain on timescales shorter than the time

between calibrator scans remain in the recorded data. Any variation in atmospheric

conditions across the angular distance between the phase calibrator and science
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targets also remains. Self calibration is a method that can improve such errors.

If one is confident that the external calibration provides an accurate image of
the science. target source, this image can be used to construct a model to which the
‘complex gains of the antennas can be fit. This is analogous to the point source model
fitting done in the initial calibration stage, and allows the higher time resolution
| gain solutions to be calculated, as well as calibrating for phase variations within the
correct patch of atmosphere. Caution is required in the construction of the model
used. The CCs defined in the CLEANing can be used to construct a simple set of
point sources, the uv modelling of which is not overly complicated. Careful selection
of CCs to not include any noise spikes caused by the imperfect initial calibration is
required, and the total flux of the model needs to be bright enough to give confident
fits. '

In none of the observations of C4 was it bright enough to allow self calibration.
(33, on the other hand, allowed self calibration at all four frequencies. At 1.4, 4.8,
and 8.4 GHz; two iterations of self calibration were performed. Only the antenna
phases were allowed to vary in the fit to the first model. This was then re-imaged,
“and both the phases and amplitudes allowed to ‘vary vfor_ ‘the second fitting, though
the total amplitude of all visibilities was constrained to not vary. At 14 GHz, only
1 iteration of phase only self calibration was performed. In all cases, good solutions
were found when a model of a single point source at the position of C33 was used.
It should be noted that if the point source model assumed ‘was incorrect, fitting of
the recorded amplitude gains to an observations of a non-point source would lead

to poor and or failed solutions.

"2.3.1.4 Other considerations

All interferometric observations are modulated in sensitivity by the response of the
individual array elements — the so—calle(i primary beam. Since the targets of all
observations discussed in this chapter were located at the pointing centre, and are
not extended on a scale comparable to that of the primary beam, no correction has
been made for this effect. «

Other instrumental effects can further remove the response of an array from that
of a perfect interferometer. Bandwidth smearing (analogous to chromatic aberration
at shorter wavelengths), time delay smearing and 3D smearing can all reduce the
measured flux of sources. Since the targets of these observations are all small in

extent with respect to the primary beam, and are located at the phase and tracking

centre, none of these degrading effects are relevant and so are not considered further
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‘here, but will be discussed in length in later chapters.

Each antenna has two receivers for each frequency — one that is sensitive to right
hand circularly polarised radiation, and another for left hand polarisation. The
feeds from these receivers can be combined in a Varlety of ways to acquire different
information about, the observed targets. However, this thesis is concerned purely
with the total flux of each source detected, and so in all cases the two polarisations

were combined into images of total intensity, known as a ’Stokes I'.

2.3.1.5 Analysis

The images of C4 at 1.4, 4.8, 8.4 and 14 GHz can be seen in Fig. 2.7, in panels a,
b, ¢ and d respectively. Similarly, Fig. 2.8 shows the maps of C33.

As can be seen in Fig. 2.7, there is no emission from C4 visible at 14 GHz.
The remaining images were analysed using the AIPS task JMFIT, which fits a two
dimensional Gaussian to the pixel values centred on a user defined location. The
initial guess for the size and shape of the Gaussian is that of the restoring beam.
Least squares fitting of the pixels values predicted by this model Gaussian to the
map pixel values is performed. Once a best fit has been reached, the peak pixel
value (in Jy beam™) of the fit is taken to be the peak flux density of the source
(this includes information from many pixels, and so is less susceptible to the effects
of noise than the single peak pixel in the map). The pixel values of all pixels
within the fitted Gaussian are summed and the result divided by the beam area (in
pixels) to calculate a total flux density. The size and shape of the fitted Gaussian is
compared to the restoring beam to identify any resolution. For high signal to noise
observations, this beam shape can be reliably deconvolved from the fitted source

shape.

As expected from the self calibration procedure, C33 is unresolved at all four
frequencies, confirming that the slight resolution of this source seen at the lower
noise levels of the 1.4 GHz deep survey image is merely the result of bandwidth

smearing.

At frequencies higher than 1.4 GHz, C4 is too dim to\conﬁdently believe the size of
the source as deconvolved from the restoring beam by JMFIT. At 1.4 GHz, JMFIT

determines a deconvolved size of 1.3 arcsec, and a total flux 44 percent greater that -

the peak flux, both implying some extension — as seen in the deep survey image.
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Figure 2.7: Contour maps of the intensity of C4 at 1.4, 4.8, 8.4 and 14 GHz in panels
a, b, ¢ and d respectively. The images are 10, 3, 1.8 and 0.9 arcsec on a side. As
indicated below each map, contours are shown at 2, 4, 8, 16, 32 and 64 times the
peak flux at 1.4 GHz, 16, 32 and 64 at 4.8 GHz and 16, 32, 64, and 90 at 8.4 GHz.
In the 14 GHz image of panel (d), contours are shown at -2, 2, 2v/2, 4, 4v/2, and
8 times the rms noise of the i image. The size of the restoring beam is shown in the

lower left of each panel.
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Figure 2.8: Contour maps of the intensity of C33 at 1.4, 4.8, 8.4 and 14 GHz in
panels a, b, ¢ and d respectively. The images are 10, 3, 1.8 and 0.9 arcsec on a side.
As indicated below each map, contours are shown at 2, 4, 8, 16, 32 and 64 times

the peak flux.
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2.3.2 610 MHz measurement

Additionally, the XMM survey area is the target of a deep observation at 610 MHz
with the Giant Metrewave Radio Telescope (GMRT) of India’s National Centre for
Radio Astrophysics (NCRA). See Chapters 3 and 5 for details of the observations
and data reduction. A preliminary reduction of a portion of the uv data taken in

2004 achieved an rms noise level of o ~ 90uJy/beam with a ~ 6” beamwidth. Both

sources are clearly detected above this noise level, and JMFIT was again used to

estimate their properties. Both appear point-liké (owihg to the low comparative
resolution of these observations. It should be noted that these flux measurements
were taken ~1 year after those at 1.4, 4.8, 8.4 and 14 GHz discussed above, so

variability may have some effect.

2.3.3 Radio Spectra

As discussed in Section 1.7, synchrotron specfra are expected to be of a power-law
shape with flux density, S oc v*. Functions of this form were fit (using the minimum
x? method) to the flux densities reported by JMFIT, and are discussed below.

The computation of a source’s radio spectrum requires the measurement of the
flux of the source in each frequency to sample that flux equally. As discussed in
Section 1.7, this creates and added complication when determining the spectra of
sources as measured with interferometer arrays. Since the resolution of an array
varies With frequenéy, the maps shown in Figs. 2.7 and 2.8 are not resolution
" matched. The fact that interferometer images are constructed from the combination
‘of many individual baselines, each with sensitivity to differing spatial scales means

that high resolution imaging can ’resolve out’ some flux from extended sources.

2.3.3.1 The Radio spectrum of C33

C33 appears as an unresolved point source at all frequencies, and so the fluxes mea-
sured at each frequency (from the images presented in Figs. 2.8) can be directly

compared, as each image is sensitive to all flux from the source. These are given in

Table 2.1 and shown in Fig. 2.9. Simplistic fitting of the expected spectral function

described above to these fluxes gives a spectral index, @ = —0.10 £ 0.02 implying a
flat spectrum typical of BL Lacs where the jet orientated towards the line of sight

contains many electron energy distributions who’s superimposed self absorption flat-

tens the optically thin synchrotron spectrum of & = —0.7. However, examination
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Table 2.1: Radio properties of C4 and C33. Data are the integrated fluxes in mJy.

An upper limit of C4 at 2cm is given at the 3 sigma level.
~ Source RA Dec G20em  Gbem - G3em - G2em

(J2000) (mJy) (my) (mly) (mJy)

Chandra 4 13 33 59.95 3749 11.64 2.7 0.8 0.5 <06
Chandra 33 13 34 38.50 38 06 27.01 - 15.3 16.3 14.0. 104

of Fig. 2.9 illustrates that such a simplistic spectral model does not adequately de-
scribe the data. Above 4.8 GHz, the spectrum falls with frequency, whereas below

this frequency the spectrum is flat. Inclusion of the 610MHz data (where C33 is a

point source with a flux of 12.6 mJy) further accentuates the departure from a sim-
ple power-law. This 610 MHz flux does not conform to the pseudo-simultaneity that
the remaining measurements share, and so should be taken with a note of caution.
In the catalogue of Seymour et al. (2004), C33 has a 1.4 GHz flux of 10.90+£0.02 mJy
while here it is measured at 1.4 GHz as 15.3 £ 0.4 mJy, implying that the source
does vary on a timescale of 5 years. However, should the source have not varied
significantly over the 12 months between the observations at 610 MHz and those
- of 2003, this measurement confirms the spectral shape below 4.8 GHz is different
to that above that frequency. Indeed, the 8.4 to 14 GHz spectral index of C33 is
-0.6, close to that expected from optically thin synchrotron emission, and steeper
than the index measured between the simultaneous 1.4 and 4.8 GHz observations.
It is likely therefore that the frequency range covered here is sampling the turn over
in the radio spectrum of C33 from steep to self absorbed. In this property, it is
~ similar to the class of objects known as Giga-Hertz Peaked Sources (GPS). GPS’s
are radio sources with peaks in their radio spectrum around 1 GHz, steep spectra
higher frequencies, and are theorised to be the young jets of FRI and FRII’s (Tingay
et al. 2003). This spectrum does not sample a sufficiently wide frequency space to
categorically state that C33 is a classical GPS, though a GPS would not be expected
to show s1gns of variability (Snellen et al. 2002).

2.3.3.2 The Radio spectrum of C4

C4 shows extended structure at 20cm, both here and in the more sensitive image
- of Seymour et al. (2004). As such, the possibility of higher resolution images losing
sensitivity to the full flux density of the source as the long baseline resolve out’
flux needs to be consuiered The uv data used to make the 4.8, 8.4 and 14 GHz

images shown in Figs. 2.7 where re—lmaged with the contribution of the longer
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Figure 2.9: The radio spectrum of C33. The line plotted is the spectrum best fit by
the data, if a simple power-law is assumed -

baselines down weighted. This is known as tapering the uv data, and resulted in
images of lower sensitivity, but with resolutions matching that at 1.4 GHz. The
flux of _C4, where it was detected, was measured from these images, and the results
are shown in Table 2.1. A 30 upper limit of the 14 GHz flux was taken and the
fluxes fitted with a powerlaw of the same form used for C33. The best fit was gained .
with a = —0.70£0.16, typical of optically thin synchrotron emission. Including the
610 MHz flux to the integrated flux spectrum gives a fit of a = —0.57 £ 0.09 which
can be seen in Fig. 2.10, along with the measured fluxes. This value, derived from
non-simultaneous data, is still steep and likely to be due to optically thin emission.

So, while C33 shows the flat spectrum expected from several superimposed, self-
absorped synchrotron spectra (with o > —0.1), C4 shows a spectrum more akin the
canonical optically thin value of o = —0.7, with o = —0.7 for the fully simultaneous
spectrum, and @ = —0.6 when including the 610 MHz detection made 1 year later.

2.4 Dilution of the Optical Spectra

As presented in Section 2.2.2.3, the optical spectra of both C4 and C33 show none
of the emission lines traditionally taken to be signs of AGN activity.

AGN can, however, have other effects on the optical spectrum of their host galax-
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Figure 2.10: The radio spectrum of C4. The line plotted is that of the simple
power-law spectrum best fit by the data. :

es. Stellar absorption lines and s’pectral breaks from interstellar material are the
optical spectral components of a quiescent stellar population. Any contribution from
an AGN can weaken the appearance of these spectral breaks. ' .

To quantify the degree of dilution by any non-thermal continuum, the 4000
angstrom break contrast of the spectra of C4 and C33 were examined using the
contrast parameter in a method similar to that of Anton et al. (2004) and references
therein. First order polynomials were fitted to 200 angstrom sections either side of

the break and used to calculate C, the contrast parameter, defined as
C=(Ff-F)/EF (2.1)

where F)} and F, are the flux densities red-ward and blue-ward of the break re-
spectively. For normal early type ellipticals with no non-thermal dilution, C > 0.4.
and < C' >= 0.49 & 0.10 (Dressler and Shectman 1987). The values for C4 and
C33 are 0.36 £ 0.17 and 0.48 £ 0.13 respectively. C33 therefore shows no sign of
dilution, and C4 shows some marginal signs, but errors on the determination include
the possibility of zero dilution. \
Hence, any AGN emission is much dimmer than that of the stellar populatlon of
C33. This test cannot rule out a marginally detectable AGN contribution to the
~optical light of C4.
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2.5 Discussion

The small angular scale concentration of the radio flux and Chandra X-ray flux in
the core of each host elliptical galaxy is indicative that the source of the observed.
activity in both cases is in the nuclear regions. The 1.4 GHz isotropic rest frame
luminosities of C4 and C33 at are 5.9 x 10% and 2.2 x 10**W Hz"! respectively,
putting them at the lower end of AGN radio luminosity function. The flat radio
spectrum exhibited by C33 is indicative of unresolved, optically thick synchrotron
radiation, and therefore possibly of a jet aligned close to the line of sight. The
core-halo radio morphology of C4 is also indicative of a jet aligned close to the line
of sight, however its spectrum implies opti_ca‘lly'thin synchrotron emission.

At optical wavelengths, no central excess above a de Vaucouleurs profile is seen,
and the spectra of the two galaxies show none of the emission line signatures of
activity. Neither do the spectra shdw any significant dilution by a non-thermal
continuum. Any such contAinuqm must be of low amplifude relative to the galaxy
contimium, either because it is of intrinsically low luminosity or because it is ab-
sorbed. | _ ,

Several possibilities exist to explain the observed properties of C4 and C33. A
central engine comprising of an either an intrinsically low luminosity AGN/jet, or
a radiatively inefficient advective accretion flow could reside within the nuclei, or a
high degree of obscuration could be masking the optical signature of the AGN.

The X-ray spectra of C4 and C33 are much steeper than is expected from an ad-
vective dominated flow (di Matteo et al. 1999), ruling out ény explanation involving
radiatively inefficient accretion. '

The lack of absofption seen in the X-ray spectrum of C4, and the small amount
seen in C33 are not indicative of an obscured AGN. In the case of any such obscu-
ration, the energy absorbed is re-processed in the infrared, and we would ekpect
brighter measured IR fluxes, especially at 24um (see Section 2.6 below).

The origin of the X-rays from AGN can either be synchrotron emission from a jet
(i.e. a BL Lac type object), or UV disk emission Compton up-scattered by a corona
surrounding the central engine. The steep X-fay spectra of both sourcés suggest
that the X-rays originate within a jet.

The likely misidentification of low luminosity BL Lacs inside bright elliptical host
galaxies, whose light would far outweigh that of the BL Lac, has been pointed out
by Marcha and Browne (1995). Although such objects may have been detected in
radio surveys (Céccianiga et al. 200.2), they have not yet been detected in X-ray -
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surveys.

'2.5.1 Radio Variability

As mentioned in Section 2.3.3, the sources have been seen to vary. With the combi-
nation of all data taken on the 13¥ field, 1.4 GHz fluxes can be measured for both
sources from 1998 and 2003. Althouéh not resolution matched, 4.8 GHz measure-
ments are available from 1991 and 2003. As already discussed, the 1.4 GHz flux
of C33 is measured to have varied from 10.90 & 0.02 to 15.3 & 0.4 mJy between
1998 and 2003, which is an increase of ~ 30 percent. The change in its measured
4.8 GHz flux between 1991 and 2003 is +10 percent, and its point-like appearance
- should mean that differing resolutions (~ 14 and ~ 1.4 arcsec respectively) are not
important. The 1.4 GHz flux of C4 was 3.9 £ 0.5 and 2.70 £ 0.14 mJy in 1998 and
2003 respectively, though the relative resolutions may mean that the more recent

measurement may underestimate the flux. Its 4.8 GHz flux changes from 2.5 mJy

in 1991 to 0.8 mJy in 2003, though once again, the higher sensitivity of the 1991

VLA D-array image to extended structure may explain the difference.
Tapering the 2003 1.4 GHz observations of C4 confirms that the full resolution

image at this frequency is not missing flux relative to; that from 1998, as the flux

remains 2.7 mJy. The large difference between the 2003 VLA A-array 4.8 GHz

observations and the 14 arcsec resolution of those conducted in 1991 with the D-array
precludes the acquisition from the 2003 data of a comparable flux. The complex
environment of C4 is also likely to have caused source confusion to have some effect
of its flux in the 14 arcsec resolution image from 1991. \
(C33 is therefore seen to vafy, in a manner not expected to be due to measurement,

errors, by ~ 20 percent on the timescale of a few years, a behaviour consistent with

that exhibited by blazars (e.g. O’Dell et al. 1988). Once again, the observations are

such that such a statement cannot be made for C4.

2.6 Spectral Energy Distributions

The wide_frequency range over which both C4 and C33 are covered (610 MHz to
10 keV ~ 1 x 10'® Hz) allows the broad spectral energy distribution (SED) of both
sources to be studied. Coverage of this range allows the identification of the majority

of the potential components of the sources’ emission, from synchrotron to accretion

disk coronal emission, and the relative contribution of each.
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To accurately constrain the effect of any possible AGN components in the optical,

further flux measurements in the NIR to UV are required.

2.6.1 Infrafed Observétions

Fluxes for C4 and C33 at 3.6, 4.5, 5.6 and 8 um were taken from the catalogue of
sources from the IRAC observations of the 13 field, made using SExtractor in dual
image mode with the 3.6um image used for source detection (see Seymour et .al. in
prep. for details). |
: Simple aperture photometry was used to measure the properties of the sources in
the 24um MIPS image. Neither source is detected in the MIPS 70 or 160xm images,
either due to confusion by nearby sources (C4), or due to the higher noise level of
these images (C33). |
Further flux measurements were acquired from the 2MASS archive. Total J, H,
and K magnitudes for C33 were taken from the Extended Source Catalogue. C4
does not appear in the Extended Source. Catalogue, but does have an entry in the

point source catalogue.

2.6.2 Optical photometry

The survey field was also observed in u, g, and 4 bands with the MegaCam instrument
on the CFHT in November of 2004. Previously constructed SExtractor catalogues
were searched for the counterparts of C4 and C33, giving magnitudes measurements
of 21.5, 19.7, and 17.9 for C4 in the u, g, and 7 bands respectively. The corresponding
magnitudes for C33 are 21.1, 19.6, and 17.8. _ '

SExtractor catalogues constructed from the further observations of the 137 field
with SuprimeCam on the Subaru telescope made in the I and Z bands were exam-

ined for further-optical flux measurements.

2.6.3 SED Construction

The flux measurements mentioned above were combined to form the radio to X-ray
SEDs of C4 and C33, which can be seen in Figures 2.11 and 2.12.

2.6.4 SED Modelling

Various simple model SEDs were compared to the data to test weather the various

AGN types mentioned previously, at the the levels constrained by the radio and




2.6. Spectral Energy Distributions 7 ' ) -93—.

log Flux (Jy)

Eltiptical + RLQ

* Measured Flux

L 1 L L N { L 1 . M
8 10 12 14 16 18
log Frequency (Hz)

—10

Figure 2.11: The SED of C4 compared to a simple model produced by combining
the SED of an elliptical galaxy with the MED of the RLQs of Elvis et al. (1994).
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Figure 2.12: The SED of C33 compared to a simple model combining.an elliptical
galaxy with a low frequency peaked blazar (3C279).
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X-ray measurements, could be consistent with there being no signs of AGN activity

in the optical.

Models were constructed by summing the contributions of the SED of an elliptical
galaxy (taken from Polletta et al. 2000) with examples of various AGN SED. These

models were then redshifted to the redshift of the source, and simply examined by

-eye to determine which broad class best matched the observed SEDs.

Models tested included the Mean Quasar Energy Distributions (MED) of both

‘Radio Loud Quasars (RLQ) and Radio Quiet Quasars (RQQ), taken from Elvis et

al. (1994). NGC4945 was used as an example of a highly obscured AGN, with data
provided by the NASA Extragalactic Database. Both a high frequency peaked blazar
and a low frequency peaked blazar were also tested, Mkn421 (Brodie et al. 1987,
George et al. 1988) and 3C279 (Bottcher et al. 2001) respectively. The model SEDs
of C4 and C33 can be found in Figures 2.11 and 2.12 respectively. In each case,
the most representative model is shown. C33 shows remarkable similarity to a
low frequency peaked blazar combined with an elliptical galaxy, further suggesting

that its X-ray and radio properties can be explained by synchrotron emission from a

beamed jet, originating from a low luminosity AGN which is outshone by its galactic

starlight.

The case of C4 is not as clear. Of the simple models tested, that which best
resembles the SED of C4 is that of an elliptical galaxy combined with a RLQ. The

steep, optically thin radio spectrum is the main reason for this.

2.7 - Implications

The steep X-ray spectrum, lack of X-ray absorption, and relatively bright radio
emission of C4 suggest the existence of a low luminosity AGN, which is outshone
in the optical by. the integrated starlight of the host galaxy. The radio core-halo
morphology suggests that this jet may be orientated towards the line of sight, though
the steep radio spectrum contradicts this. Likewise, the steep X-ray spectrum and

relative radio brightness of C33 are each indicative of an unresolved, low luminosity

synchrotron jet. The flat radio spectrum, radio variability, and the similarity of the
SED of C33 to that of a BL Lac object within an elliptical galaxy imply that the

jet is orientated towards the line of sight.
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2.8 Conclusions

The calibration, editing, imaging, and deconvolution of data from radio interferom-
eters has been introduced using the example of simple continuum VLA observations
undertaken to gain radio spectral information for two interesting X-ray sources.
The two sources, identified as quiescent elliptical galaxies in the optical, each have 5
" point radio spectra measured. The radio-brighter object (C33) has a flat spectrum,
which combined with its radio morphology, optical spectrum, broad-band SED, and
indications of radio variability suggest that its X-ray emission may be akin to a low
lumino{sity blazar. The second source (C4) has a steep radio spectrum consistent

with 6ptically thin emission, and is more likely to be a low luminosity AGN with

small radio jets viewed side-omn.




Chapter 3

The 610 MHz Survey of the 1
Hour Field

In this chapter, the results of a deep 610 MHz survey of the 1¥ XMM-Newton
/ Chandra survey area with the GMRT are presented. The resulting maps have a
resolution of ~7”and an rms noise limit of 60 uJy. To a 50 detection limit of 300 pJy,
223 sources are detected within a survey area of diameter 64 arcmin. The 610 MHz
source counts are computed and comparved to those at other radio wavelengths. The
well know flattening of the Euclidean-normalised 1.4 GHz source counts below ~2
mJy, usually explained by a population of starburst galaxies undergoing lurr'linosity‘
evolution, is seen at 610 MHz. The 610 MHz source counts are modelléd by the
same populations that explain the 1.4 GHz source counts, assuming a spectral index
of -0.7 for the starburst galaxies and the steep spectrum AGN population that are
combined with a flat spectrum AGN population. A similar dependence of luminosity
evolution on redshift for the starburst galaxies is found at 610MHz as is found at _
1.4 GHz (i.e. the powerlaw index in (1+z), ‘Q’ = 2.3703).

3.1 Introduction

As introduced in Chapter 1, the nature of the sources that constitute the sub-mJy
bump in the 1.4 GHz normalized differential source counts remains unclear after
two decades of study. The possibility that galaxies undergoing star formation are
responsible provides the potential to use radio observations to measure the star for-
mation rate density in an independent, unbiased manner. A clean sample of galaxies
whose radio emission is due to star formation is reqﬁired for this measurerhent, and

among the many possible discriminants, radio morphology, radio to infrared ratio
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and radio spectra are key to determining the nature of the radio emission.

The 137 field is the target of one of the deepest 1.4 GHz surveys (Seymour et
~al. 2004), and as such has an excellent sample of sources with which to measure
the star formation rate density, as the sub-mJy population is well sampled. The 17
field is also the subject of a deep 1.4 GHz survey (see Chapter 4), and both have
a plethora of multi-wavelength followup data to assist with source characterisation.
‘Discrimination between AGN and starbursts is key to studying the population which
constitutes the sub-mJy bump, and radio spectra are an important indication of the.
nature of the radio emission. Simple radio spectra can be estimated with flux density '
measurements at two differing radio frequencies, so 610 MHz observations of both
fields have been conducted with the Giant Metre-wave Radio Telescope (GMRT),
of India’s National Centre for Radio Astrophysics, to compliment those at 1.4 GHz.

At low frequencies (i.e. below 1.4 GHz), where steep spectrum sources such
as starburst galaxies are expected to make a larger contribution relative to flatter
spectrum AGN, radio surveys have, until recently, been limited to relatively bright
flux limits (~ 2.5 mJy, Valentijn 1980). This limit has been primarily due to the lack
of a radio telescope with the sensitivity and angular resolution required to reach to
faint flux densities without being limited by source confusion. However, the GMRT

now provides the neéessary capabilities at low frequency.

The previous deepest radio surveys at 610 MHz were made with the Westerbork
Synthesis Radio Telescope (WSRT) in the 1970s. Katgert (1979) combined several
such‘surveys to compute source counts down to 22 mlJy. Later WSRT surveys
of galaxy clusters achieved lower detection limits (e.g.' 2.5 mJy, Valéntijn 1980).
However, none of these surveys was sufficiently deep to reveal the upturn in the

source counts.

This study is part of a new generation of GMRT 610 MHz surveys conducted to
compliment higher frequency imaging (Bondi et al.'2007; Garn et al. 2007). In this
chapter, the initial 610 MHz survey of the 1¥ field is presented. Later chapters will
deal with 13¥ field and the use of radio spectra of individual sources to discriminate

between AGN and star formation. Here, it will be shown that, in combination with
similar calculations at 1.4 GHz, modelling of the source counts at 610 MHz can

provide information about the average spectral index of the sources which make ﬁp

the sub-mJy bump.
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3.2 Observations and Data Reduction

3.2.1 Observations

In August of 2004, the 17 field was observed for approximately 4.5 hours at 610 MHz
with the GMRT. Unlike the configuration of the VLA used to acquire the observa-
tions presented in Chapter 2, the GMRT correlator operates in spectral line mode,
splitting the observed bandwidth into many spectral channels and recording visi-
bilies as a function of frequency. Observations were carried out in dual band, spectral
line mode, the former to maximize bandwidth and the latter to minimize chromatic
aberration.

The principle of interferometry assumes that the radiation being observed and
interfered is monochromatic. The spatial scale sampled by each baseline depends
upon the baseline lengths (the distances between antenna pairs in the plane project
perpendicular to the direction to the source) and the wavelength of the radiation
(c.f. resolution & A/D). The spatial scale used in the inversion back to the sky plane
is then calculated using this frequency. However, finite bandwidths are required to
actually record any data. Once frequencies other than the central frequency of the
band are accepted, the inversion of the fourier transform performed in imagingv is
no longer entirely accurate. Radiation recorded at v + dv/2 (whére v is the ob-
serving frequency and év is the bandwidth) contributes to the amplitude of the
recorded visibility which is then included in the image as a sinusoidal wave whose
spatial wavelength is calculated at v. The actual spatial scale at v + /2 should
be smaller (higher resolution). Similarly, the spatial scale at v — év/2 should be
larger that that used for the visibility. The net result is a smearing of the response
of the interferometer to a point source, with the magnitude of the smearing be-
ing dependent upon the bandwidth of the accepted radiation. Hence, to minimize
bandwidth smearing, small bandwidths are ideally used. However, larger bandwidth
allows more information about the sky brightness distribution to be recorded. The
balancing of these two considerations motivates the recording of visibilities in many
narrow channels. In this case, 128 spectral channels of 125 kHz were centred on
" both 602 and 618 MHz to give a total of 32 MHz bandwidth, with two independent
circular polarizations recorded. The GMRT uses separate correlators for the two
frequency bands at which data is recorded and transmitted. Known as the Lower
and Upper SideBands (LSB and USB), these are the frequency blocks centred on
602 and 618 MHz respectively. Calibration, initial imaging and self calibration were

performed on each sideband separately.
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Figure 3.1: The uv coverage achieved by the GMRT with the 4.5 hr observation of
the 17 field. '

Visibilities were recorded every 17 seconds. Observatioﬁs_ were made of the phase
calibration source 00544035 every 40 minutes. The bandpass and absolute flux
calibration were provided by several observations of 3C48.

The uv coverage achieved during the observations of the 1# field is shown in Fig.
3.1. While not a compléte synthesis (a full rotation cycle), the observing strategy
provides reasonable sampling of the uv plane, and therefore reasonable sensitivity

to extended structure on all position angles.

3.2.2 Calibration

The uv data were carefully inspected and bad data flagged. Like at the VLA, the first
few visibilities recorded in each scan with the GMRT are poor due to pointing errors.
Power outages meant that two antennas were lost throughout. Initial calibration of
3C48 was performed on a dataset created by averaging over 5 RFI free channels in
each sideband (centred on 607 and 617 MHz), and calculating a flux density of 29.51
and 29.19 mJy in the LSB and USB respectively from the extended scale of Baars
et al. (1977). The baselines used in the antenna gain fitting were restricted to those
‘with uv separation less than 30k\. Several iterations of flagging and calibration
were performed to identify and flag bad baselines effected by correllator glitches,

.power outages, and other problems. Any baseline or antenna which showed suspect
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data was removed for all times between those where it was known to be operating
‘adequately. L

Similar flagging and calibration iterations were performed on the phase calibration
source 0054-035. Located 12 degrees from the centre of the 1¥ field and observed
frequently between science pointings, these observations provide good calibration for
the phase response of the atmosphere and shorter timescale electronic variations.

The amplitude of 0054-035 was bootstrapped to that of 3C48, and calculated to
be 4.84 and 4.77 Jy in the LSB and USB respectively. |

3.2.2.1 Bandpass Calibration

While the calibration discussed above can correct for variations in the complex gain
response of the interferometer elements with time, further calibration is required for
the response as a function of frequency across the 256 spectral channels that con-
stitute the observed bandwidth. The previously derived gain responses are defined
for the frequency at the centre of those channels averaged to make the calibration
dataset. Any variation of gain with frequency can be removed by dividing by the
normalized frequency response to a source with a known spéctrum: The observations
of 3C48 were used for this purpose. The AIPS task BPASS was used to generate an
initial bandpass calibration. With this applied, all channels of each baseline were
inspected for signs of RFI. Any anomalously high channels were flagged for all times
in between those where it was clear that there was no RFI. Also, the unreliable
4 channels with the highest and lowest frequencies in each sideband were flagged.
Once all RFI had been removed, BPASS was rerun, and the resultant bandpass cal-
ibration interpolated over the observations of the phase calibrator and the science
field. . '

. Each baseline of the observations of both of these targets were searched for re-
maining RFI, and any high channels flagged, leaving a clean and calibrated set of
uv data from the 17 field.

3.2.3 Imaging Strategy

All 128 channels of each sideband were combined into one ww plane during the
imaging process. An image pixel scale of 1 arcsec was chosen to well sample the
synthesized beam achieved with the uv coverage shown in Fig. 3.1.

The interferometric inversion assumes that radiation from the sky consists of

plane waves incident on the projected plane of the interferometer. For this assump-
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tion to hold, a requirement is that a plane exist onto which all baselines can be
projected though the adding of phase lags to the signals from the various antennas.
For an linear array of antennas aligned East-West, this plz;ne is one perpendicular to
the Earth’s axis of rotation. For snap shots observations with 2 dimensional arrays |
such as the VLA and the GMRT, this plane is that tangential to the Earth’s surface

at the location of the interferometer.

For an observation with a 2 dimensional array which lasts for an appreciable
fraction of an _Earth rotation, the array of baselines occupies the surface of a sphere
rather than a plane. Phase delays are inserted into the signal path to translate the
instantaneous locations of the antennas into a plane perpendicular to the direction
to the source, and altered to keep it pointing thus. This phase ’targéting’ cén only
be pointed in one direction at one time — the phase tracking centre of the field.
With observational setups with wide primary beams, like the 45m GMRT antennas
operating at 610 MHz (43 arcmin FWHM), sources at the edge of the primary
beam are sufficiently far from the phase tracking centre that the plane into which
the antennas are projected is not perpendicular to direction to these distant sources.
As such, the wavefronts réaching\the interferometer plane are not simultaneously
co-incident on both elements of a baseline, and the assumption that they are leads
to an incorrect location of the recieved flux in an inverted map. The net result is
a smearing of flux, the magnitudé of which increases with radius from the phase
centre and is known as 3D smearing. This effect can be mitigated by altering the
phases of the visibilities to reproject the interferometer plane at different angles. In

practice, the celestial sphere is approximated by a series of flat image facets with

~ the uv data re-phased to the centre of each one. Imaging was therefore performed

over a five by five grid of 1024x1024 arcsec facets to ensure that no point on any

image would be more that 10 arcmin from a tangential pointing.

Deconvolution of the dirty beam was performed with the Clean algorithm as
implemented in the AIPS task IMAGR and discussed in Chapter 2. Special care
was taken to remove the effects of bright sources located within the side lobes of the
primary beam. Small images were made of all surrounding sources found at 1.4 GHz
in the NRAO VLA Sky Survey (NVSS, Condon et al. 1998), including them in the
cleaning process to ensure that their side lobes were fully removed from the science

images.




3. The 610 MHz Survey of the 1 Hour Field : ' —62-

043335

043335 T

. ¢ - oy
401~ i BN ) Ty —
.- \ !

\ k
o
a5l < A . 4~
. i PN s
- g v 1 M ‘
D - ‘ ;
N , \ ¥
\\‘ I} ~ i
N /

50 50~

55—

-

DECLINATION (J2000)
z
o
°
T

DECLINATION (J2000)
g
8
R T I
e -
' J !
‘
I s ;
[
i /
1\ K
TN

25 [

Y
'r’—\
4 +

| 1 | A | 1

T
36.5 360 014539.0 38.5

1
0145380 385 38.0 37.5 37.0 38.0 37.5 37.0
RIGHT ASCENSION (J2000) RIGHT ASCENSION (J2000)

(a) - | (b)

Figure 3.2: The effect of self calibration. Contours of radio brightness in the region
surrounding the brightest source both before (panel a), and after (panel b) self
calibration. Contours are shown at -2 and at 21+7/2 (where n=1,2,3..) times 100uJy.

3.2.4 Self Calibration

As discussed in Chapter 2, self calibration of uv data can improve the quality of
the images made from it. Once external calibration has enabled the construction of
an adequately accurate model of the the sky flux distribution (i.e., an image), this
can be used to calibrate out variations in the atmospheric conditions between the
phase calibrator and science target, and temporal variations in the electronics on
-timescales shorter that the time between phase calibrator observations. In practice,
- the Clean Components (CCs) created during the Cleaning process were used to
define a simple model of the sky flux distribution. CCs from each of the 25 primary
facets and the images of the 5 brightest external sources were used. All CCs up
to the first of negative flux were included. As spectral variation can cause differing
fluxes, and therefore model uv data, a model was constructed thus for each sideband
separately, and used in a least squares fitting of the antenna phases in that sideband.
Solutions were computed every 15 minutes. Further iterations of self calibration,
with more detailed models and shorter solution intervals, did not further improve
the quality of the images.

Contours of the region surrounding the brightest source both before and after

self calibration are shown in panels (a) and (b) respectively of Fig. 3.2, and clearly

illustrate the improvement in image quality given by improved phase calibration.
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3.2.5 Final Imaging

The self calibrated uv data for both '.sivdebands were combined using AIPS tasks
DBCON, BLOAT, and the customised AIPS task UVFLP, provided by Dave Green
(http:www.mrao.cam.ac.uk/"dag/UVFLP), giving a final uv dataset of 256 chan-

nels. These were gridded onto one wv plane, as discussed in section 3.2:3. _

Calibrated uv data can be weighting in several different ways, each giving the final
image different cflaracteristics. In the ’'natural’ weighting scheme, each visibility is
given its intrinsic weight, based on system temperature, which achieves the highest
possible sensitivity. The design of interferometer arrays usually means that there
are many more short baselines than long ones — meaning that these short baselinés
dominate the response of the array. This is the case with the GMRT, where half
of the antennas are located in a central square. Weighting each visibility by the
inverse of the local density of uv measurements alleviates this short uv bias - giving
the longer baselines greater weight and recovering the full resolution of the array.
This scheme is known as uniform weighting. Natural weighting therefore produces
a map of lower noise, at the cost of resolution. Since it is expected the majority
of the sources within our field to be point like (see Seymour 2002) at the highest
resolution achievable with the GMRT at 610 MHz of ~ 5 arcsec, resolution is not
important. Lower noise,‘ however, improves the detection limit of the survey, and so

full natural weighting was used, resulting in a restoring beam of 7.33 by 6.05 arcsec.

The final imaging consisted of 30,000 iterations of Cleaning. Images and CC lo-
cations were inspected at 5000 iteration intervals, and the Cleaning process stopped
at a stage where a significant number of CCs had been placed in regions not showing

30 sources.

The maps of the individual facets were combined into a final image using the
AIPS task FLATN, with no correction made for the degradation of the primary

beam sensitivity. This final map can be seen in Figs. 3.3 and 3.4.

Areas of high noise can be seen around the brightest sources. As discussed in
Section 3.3, several of these are extended. The side lobes of extended sources are
difficult for the Clean algorithm to remove, as it operates under the assumption
that all sources of radio emission are point like. As such, residual effects of the dirty
beam are -present around the brighter‘ extended sources. The remaining high noise

can be explained by small remaining phase errors in the uv data.
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Figure 3.3: The image of the whole primary beam 1# field at 610 MHz. This image
was made with natural weighting, has a resolution of 7.33 by 6.05 arcsec, and has
not been corrected for the degradation in sensitivity of the primary beam.
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Figure 3.4: A 25 by 20 arcmin region near the centre of the 17 field at 610 MHz.
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Figure 3.5: Histogram of the pixel values of the science image shown in Fig. 3.3.

3.3 Catalogue Construction

The image shown in Fig. 3.3 is a combination of the radio emission from real
sources and noise caused by thermal motion in the electronics, the dynamics of the
atmosphere and a few small remaining calibration errors. A rigorous method of
differentiating between real sources and noise spikes is required. In the presence of
noise with a Gaussian distribution of pixel values, the probability that pixels with
values more than 3 times the root mean square (rms, often referred to as o) value
of that distribution are due to noise is 2.3 x 1073, Similarly, the probability that a
50 pixel value is due to noise is 5 x 10~7. If a pixel with such a value is detected, it

is therefore unlikely to be part of the noise distribution, and therefore a real source.

It should be noted that within the 32 arcmin radius of the primary beam, there
are ~ 1x 107 pixels, so a very small number of noise pixels may exist above 50. Since
the source extraction routine used (see below) fits Gaussians to the areas around
peak pixels, the effect of noise is averaged over several pixels, reducing the number
of spurious sources due to noise.

A histogram of the distribution of pixel values of Fig. 3.3 is shown in Fig. 3.5,
and does indeed have a Gaussian shape. The rms of the image, as determined by
fitting a Gaussian to this distribution, is 60uJy. A 50 limit of 300uJy was used as
a cutoff between believable sources and noise spikes.

It should be noted that this noise level is greater than that expected. The limiting
sensitivity of such an observation is expected to be the thermal noise — random

signals generated by the finite internal energy of the electronic components of the
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instrument. The theoretical thermal noise level in these images, given the system
temperatures_claimed at the time, is 23 puJy. The actual noise level achieved is a
factor of 2.6 greater than this. ‘At the time of the observations, little was known
about the sensitivity of the GMRT when used in long integrafidns. The effect of RFI
on deep observations had not been quantified, and the thermal noise limit had not
been tested in deep imaging. During the course of the observations, 2 to 4 antennas
were generally not operational at any one time, and RFI caused a not insignificant
amount of uv data to be ﬂagged; However, neither of these seem likely to have

caused such a large increase over the expected thermal noise.

Bondi et al. (2007) have since presented similar observations. In 5.5 hours on

source, they reach ~ 50uJy, a noise level not dissimilar to that achieved with 4.5
| hours here, and a factor ‘of 2.4 greater than the expected thermal noise. However,
Garn et al. (2007) reach the thermal noise limits, achieving ~ 27uJy with 3.3 hours
on source. The major difference between their observations and those presented here
is the time between phase calibration scans. Garn et al. (2007) took short scans of
a phase calibration source every twenty minutes, whereas these observations of the
1 field used 40 minute scans, after consultation with local experts, and in an
attempt. to efficiently exploit observing time. Self calibration assists the removal of
any phase instability in the atmosphere and/or electronics between phase calibrator
scans, and should therefore alleviate any differences between the two schemes. Once
‘again, Garn et al. (2007) perform self calibration on shorter time intervals that those
applied here, though the quality of their image near bright objects (a measure of the
quality of the phase calibration) is not dissimilar to that in the image shown in Fig.
3.3, implying that better phase calibration is not the only cause of the difference in

sensitivities.

Both the observations of the 17 field, and those reported in Bondi et al. (2007)
were conducted in August of 2004 and reach noise levels of similar factors above
the expected thermal noise. The observations reported in Garn et al. (2007) were
conducted in March of that year. The stability and sensitivity of the electronics
and power supply at the GMRT are not as good as those of the long established
VLA (which reaches the thermal limit as a matter of course), due to its location.
Given the coincidence of the two August observations both being approximately the
same factor worse that those of Garn et al. (2007), it is possible that variation in the
performance of the instrument — possibly relating to locate climate variation — is the
source of the disparate sensitivities. However, since the source of the thermal noise

is a large array of many electronic components, it seems unlikely that such a large
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decrease in performance is solely due to the common fluctuation of so many indi-
vidual elements. The Spitzer First Look Survey field, the target of the observations
reported in Garn et al. \(20_07) is, unlike the 1¥ field, in a region devoid of bright
sources. Since the thermal noise in the electronics of a radio interferometer effects
the quality of the calibration of the antenna gains, and these gains are then used
to determine the response of the array to real objects, the dynamic range (the ratio
of the brightest part of the image and the noise level) of an image derived from an
interferometer is limited by the accuracy of the calibration, and the achievable noise
level is therefore limited by the flux of the brightest few sources within the field of
view. Within 30 arcmin of the pointing centre of the 1¥ field lay 5 sources with

peak fluxes greater than 50 mJy beam™' and several other bright sources lie just

outside this region, where the array antennas are still sensitive. Since the effect of -

any residual calibration errors on the noise level of a map is related to the brightness
of the sources they aré convolved with, these may well make a contribution to the
high noise level seen. ) |

The high noise level in the final image is therefore likely to be due to a combination
of small remaining residual calibration errors caused by the long times (relative to

Garn et al. 2007) between both calibration scans and self calibration solutions, some

small variation in the condition of the instrument, and dynamic.range issues caused

by the prevalence of relatively bright sources in the field.

‘3.3.1 Source Extraction

Sources were extracted with the AIPS task SAD. SAD searches throughout an image
for pixels greater than a user defined value. The Gaussian fitting routine used in
the task JMFIT, and discussed in Chapter 2, is then applied to the pixel values in
a 10 by 10 pixel box around the position of that péak pixel. The peak pixel value
(Jy beam™!), total flux (total pixel value of all the pixels within the best-fitting
Gaussian, corrected by the beam area, in Jy), Right Ascension, Declination, major
axis FWHM, minor axis FWHM and position angle of this best fitting Gaussian
model are recorded. _

The map in Fig 3.3 was searched for all pixels with values (in Jy beam~!) above
270pJy. These were then fitted with Gaussians, and only sources with fitted peak
pixel values greater than a conservative 5o limit (of 300uJy) were accepted. Using
this fitted value means that information from many pixels is exploited in the deter-

mination the critical peak value, decreasing the likelihood that noise spikes could
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be erroneously identified as real sources. In the areas surrounding the five brightest
sources, detection was performed separately with higher detection thresholds to ac-
count for the higher rms noise. Within the 20 percent power radius of the GMRT
primary beam at 610 MHz (32 arcmin), 213 sources were discovered above 50. In
order to determine the success of the SAD source extraction, both the science im-
ages and the residual noise maps were carefully inspected. There were 8 extended
sources where the Gaussian model fitted by SAD inadequately described the data.

The characteristics of these sources were determined usihg the AIPS task TVS-
~ TAT, which sums all flux within a user defined area. This area was, by hand, defined
as that delimited by the 20 contours of emission from a source. Contour plots of
these sources are éhoWn in Fig 3.6. Five of these appear to contain two peaks joined
by extended emission, i.e. double lobe sources. ‘ .

Five further pairs of sources are separated by less than 20 arcsec, and could
potentially be components of a double source. Given the.densityvof sources across
the entire primary beam, the number of sources detected within 20 arcsec of any
one source is expected to be ~0.02 — implying that, from the information contained
within the radio image alone, it is likely that these pairs of sources with small
' separd@ions are related. However, inspection of i band imaging from SuprimeCam
on the Subaru telescope, and the Digitised Sky Survey (DSS) images shows that |
for four of these cases, potential optical counterpart candidates are present within a
few arcsec of one or both sources of radio emission, with no optical object detected
between them as a candidate for an AGN giving rise to double lobes — suggesting
‘that they are unrelated. | . |

It should be noted that the high sky density of objects in the i’ band image means
that chance coincidences are possible. However, where potential optical counterparts
are discovered near a radio source contained within one of these 4 potential pairs,
they are between 1 and 2 arcsec from the peak of the radio emission. Even at the
source densities detected in the deep Subaru ¢ band imaging, only ~0.1 chance
coincidences are expected within this radius. , '

The exact nature of the objects responsible for the emission in these cases is
therefore not clear. Although chance coincidence within the radio image is unlikely,
the information from the optical indicates that they may be separate, and so they
have been retained as separate sources in the catalogue.

The emission from the two sources constituting the remaining potential double
is separated by 17 arcsec and shows no sign of extension in the direction linking

the two. No optical counterpart is visible for either emission region, and neither is
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Figure 3.6: Plots of the contours of radio emission from sources 1, 5, 8, 16, 23 and
24 are shown in panels (a), (b), (c), (d), (e), and (f) respectively. Panel (g) shows
sources 10 (consisting of the two elongated patches of emission in the middle and
top left) and 20 (to the bottom right). Contours are shown at -2, and at 2!+7/2
(where n=1,2,3..) times the local noise.
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any object detected between the two, though the region containing these sources is
“beyond that covered by the deep ¢ band image, and so all optical information is
provided by the much shallower DSS image. For consistency, they have also been

included in the catalogue separately, as sources 106 and 149.

3.3.2 Tapered Map

The incomplete spatial sampling of interferometers means that not all flux is always
detected. Baselines with fringes that have spatial wavelengths comparable to, or
smaller than, that of a source 'resolve out’ some of the flux from that source, as
areas of true flux are covered by areas of low sensitivity in the visibility fringe.
Large sources therefore invoke a lower amplitude response from the longer baselines
in an.array, whose inclusion in inversion therefore weakens the response of the entire
array to extended emission. This effect is most important, in terms of completeness,
at the lowest flux densities where real, low surface brightness, extended sources can
be missed.

To search for such low surface brightness extended sources, a low resolution map
was made using a similar strategy to that presented in Section 3.2.5, but with the
uw visibility data tapered to down-weight the contribution of the longer baselines.
Tapering the statistical Weights of the visibilities by a elliptical Gaussian with 30
percent radius of 17 and 13 k) in the v and v directions respectively produced a
map with a restoring beam of 12x 12 arcsec, and an rms noise of 72 uJy. Ten further

sources were discovered above 50, and added to the catalogue.

3.3.3 Resolution

In the analysis of low signal to noise detections, neise spikes near a source can cause
Gaussian fitting routines such as SAD to poorly fit the width of a source. Since
the total flux density is calculated from the sum of the pixel values in the fitted
Gaussian (then corrected for the beam size), inaccurate fitted widths necessarily
imply inaccurate measured flux densities. The ratio of the total to peak flux density
(Stot/Sp) is often used to probe this effect. In Fig. 3.7, Sy /Sp is plotted against
Sp. Under the assumption that the measurement of any source as having S;,; < Sp -
is due to the effect of noise, the distribution of S;;/Sp is used to define a criterion
for a source to be cbnside’red resolved. An envelope that contains 98 percent of the
sources with Syt /Sp < 1 is defined as Sy/Sp = 0.8825/ Sp, where Sp is measured

in mJy. This envelope is then mirrored about S;,;/Sp = 1. Any source within this
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Figure 3.7: The ratio of S;; to Sp as a function of Sp. The lower solid line is the
envelope defined to contain 98 percent of the sources with S, > S:. The upper solid .
line is that envelope mirrored about Si:/S, = 1, and used to define an unresolved
source. Open circles are those sources considered resolved, while dots indicate those
considered unresolved.

envélope is considered unresolved, and its fitted peak flux density taken as the best

measure of its true flux density.

To confirm that this method offers the most accurate measturement of the flux of a
source, a series of simulations were perf_orméd. Sources of known flux were inserted
into the residual noise of the final image, and their fluxes measured by a variety
of methods. One hundred point sources were inserted into the residual map and
extracted. This was repeated 5 times each for sources of at 400, 500 and 800uJy.
For each source in the resultant map, the integrated flux from SAD, the fitted peak
flux from SAD, and the p‘eak pixel value (as would be recorded by SExtractor) were
recorded. Fig. 3.8 shows the resulting distributions of flux measurements. The 3
histograms in the left most column are the results of the simulations with sources
inserted at 400uJy. The top panel Shqws the results from the SAD integrated fluxes.
"The middle panel shows the SAD peak fluxes, and the lower panel the peak pixel
values. The central column of histograms are the same plots for sources inserted
at 500uJy.> The right most three plots are for sources inserted at 800uJy. The
results are summarised in Table 3.1. As can be seen in all cases, the integrated
fluxes from SAD are indeed less reliable than the various measurements of the peak

flux, with offsets between the mean measured flux the known inserted flux, and
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400 500 800
. mean ¢ |mean o |mean o
SAD S, 424 131 | 511 129 | 804 143
SAD S, 404 52 500 56 799 57
peak pixel | 402 60 | 499 63 | 797 64

Table 3.1: The means and standard deviations of the measured fluxes of sources
inserted into the residual noise to test the best treatment of sources not considered
to be reliably resolved. '

have much wider distributions about the mean measured flux. The means of both
measurements of the peak flux provide excellent estimations of the true fluxes at
5001Jy (80) and above. At smaller signal to noise ratios, both suffer from smail but
similar offsets. At each flux, the distribution is narrower about the mean for the
SAD peak fluxes. The single pixei value is more susceptible to the noise influencing
the measured value. As SAD fits Gaussians to the pixel values across regions of flux,
the noise is effectively averaged over the number of pixels used in the fit, reducing .

its effect.

3.3.4 Flux Density Corrections

There are a number of potential systematic effects which can cause erroneous mea-
surements of flux density in deep radio observations. The impact of each is evaluated

as follows.

3.3.4.1 Bandwidth Smearing

As explained in Section 3.2, bandwidth smearing is the result of channels of finite
bandwidth being used in an interferometric inversion that assumes monochromatic
radiation, and is analogous to chromatic aberration at shorter wavelengths. Band-
width smearing manifests itself as a radial blurring where the total flux density of a
source is conserved, but the peak flux density is reduced. The effect increases with
distance from the phase tracking centre.

The strategy of keeping the 128 channels of each sideband separate until the
uv gridding process ensured minimal bandwidth smearing, as the bandwidth over
which this effect is relevant is the channel width of 125kHz rather than the total
sideband bandwidth of 16MHz. Following Chapter 18 of Taylor et al. (1999), and

approximating the uv coverage to a Gaussian tapered circle, and the bandpass as
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Figure 3.8: The distribution .of fluxes of model ipoint source as measured by a variety
and 800uJy. Top to bottom SAD total fluxes, SAD peak fluxes, peak pixel values.

of methods
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Figure 3.9: The variation of S,/ S across the primary beam. Any time or band-
- width smearing effecting the data would manifest itself as a decline of the S, to So
ratio with radius, which is not seen.

“square, the maximal theoretical effect of bandwidth smearing (at the edge of the
survey area) for this data is |(S, — S&)/Sir*¢| < 0.0003 where S, is the measured
peak intensity and Sf,’“e is the true, unsmeared peak flux density. Thus, bandwidth

smearing is not considered further.

3.3.4.2 Time delay Smearing

Sources rotate in the sky during the 17 second integration of each of the recorded
visibilities. In the simplified case of a target at a celestial pole, the effect is essentially
a smearing of each source in a direction tangential to that towards the phase tracking
centre. In this simplified case, and approXimating to a circular uv coverage with
Gaussian tapering (again following Taylor et al. 1999), the maximum theoretical
effect at the edge of the survey area is a decrease of peak flux density of 4%, which for
the majority of sources is smaller than the flux density measurement uncertainties.

‘Fig. 3.9 shows the ratio of measured peak to measured total flux density of the
observed sources. ‘There is no apparent dependence of this ratio on radial distance
from the phase tracking centre, as would be apparent should either of these smearing.
effects be important. A Pearson’s correlation test gives a value of -0.07, implying no
significant correlation. This result confirms that neither bandwidth nor time delay

smearing has a significant effect on the quality of the images, and hence neither
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Figure 3.10: The ratio of S, to Sy for simulated sources, plotted against radial
distance from the local facet tangent pointing centre at radii where any effect, if
present, would be most noticeable. If 3D smearing were important, Sp,/S;: would

show a decrease with radius from the local pointing centre.
/

effect was considered further.

/

3.34.3 3D Smearring :

Sources far from the taﬁgential pointing have théir flux smeared out due to the
inaccuracy of the assumption of a coplanar array in the interferometric Fourier
transform relation. The imaging strategy adopted was expected to minimize this
effect (see Section 3.2.3), but simulations were carried out to discover the magnitude
of any remaining 3D smearing. A series of fake point sources were inserted into the
uv coverage at a constant radius from the phase tracking centre of the field. This
strategy isolates 3D smearing across a facet from the radially dependent bandwidth
and time delay smearing across the primary beam. This modified uv data was then
‘imaged with the same strategy as used for the science images. The ratio of S, to
Sior: of these fake sources showed no dependence on distance from the local facet
tangential pointing centre, as seen in Fig. 3.10. A Pearson’s correlation test gives

0.03, indicative of no significant correlation. This result confirms that 3D smearing

is not important, and so it is not considered further.




3.3. Catalogue Construction | , 77—

50

as,

-100

0 2000 4000 ' 6000
Flux (uJy)

Figure 3.11: The average measured decrease in total flux density, for model sources
inserted into the uv data, imaged, and detected by SAD, as a function of peak flux
density. Error bars give the uncertainty on the determination of the mean.

3.3.4.4 Clean Bias

The Clean algorithm used to deconvolve the dirty beam can, in presence of noise,
reduce the meaéurpd flux of sources. The superposition of a noise spike with a
sidelobe from a real source can lead to the placing of clean components at positions
not occupied by real sources. The removal of the dirty beam from this poéition can
then remove flux from real sources, and lead to systematic underestimation of their
~ flux densities (Condon et al. 1998; Prandoni et al. 2000a; Huynh et al. 2005). To
quantify the effect of this Clean bias on the source measurements, a series of fake
sources with known flux densities were inserted randomly into the full uv data at
positions not coincident with any real sources. Ifnaging was then conducted in a
manner similar to that used for the science images, and source extraction repeated.
The measured flux densities of these model sources were then compared to the
input model source parameters and the average offset as a function of flux is shown
‘in Fig. 3.11. The average measured offsets are consistent within the errors on the
determination of the mean at each flux. The fitting of a simple constant to the
offsets at these fluxes gives 44 uJy as the amount by which the imaging, cleaning
and source extraction processes have reduced the true model source flux densities.
The flux densities of the real sources have been corrected thus, before any correction

for the degradation in sensitivity of the primary beam.
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3.3.4.5 Primary Beam Attenuation

Any interferometric observation is modulated by the primary beam pattern of the

array elements. The flux densities of all objects were corrected for the GMRT

610 MHz primary beam response using an eighth order polynomial provided by N.
Kantharia and A. Pramesh Rao (Addendum to GMRT Technical Report R00185).

3.3.5 Catalogue

The full catalogue is given in Table 3.2, in order of descending flux density, giving:
(1) source number; (2) right ascension (J2000); (3) declination (J2000); (4) detection
signal to noise ratio; (5) angular size in arcsec (as determined from the deconvolution
of the clean beam by SAD, with the exception of the 8 extended sources whose flux
densities were extracted using TVSTAT, in which case the distance in arcse;z between
the 20 contours along the line of greatest extent is given) for those sources considered
reliably resolved; (6) peak flux density, Sy in uJy beam™! for those sources considered
reliably resolved; (7) flux density, S in uJy, the best determination of the flux of the
source; (8) error on Sy, for those resolved. Sources whose properties were extracted
by hand using TVSTAT are marked with a 1.

3.4 Source counts

This 610 MHz survey was designed to compliment the deep imaging at 1.4 GHz and
provide spectral information to be combined with high resolution radio morphology
and observations at other wavelengths to determine the nature of the faint radio
population. Such comparison will be presented in later chapters, while this chapter
shall concentrate upon the ability of this survey to probe the faint source counts at
610 MHz. |

‘Integrated source counts, the surface density of sources apparently brighter than
a certain flux, are used in many wavebands to characterize the population of sources
found in survey images. Differential source counts approximate the number of
sources at each flux by counting the number of sources within flux bins. The differ-
ential source counts from deep surveys are a probe of source evolution and cosmic
dynamics.

Early radio surveys detected evolution in the 1uminosity.of the AGN (e.g. Longair
1966) which formed the majority of the detections. An upturn in the number of

sources at what, at the time, were considered low flux densities was interpreted as
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Table 3.2: The complete catalogue of sources. Source Number, RA, Dec, detection
signal to noise ratio (SNR),angular size in arcsec. (see Section 3.3.5) and peak flux
density S, in pJy beam™!, both for sources considered reliably resolved, best flux
density S in pJy, and the error on the best determination of the flux density, in uJy.

Source Right Ascension Declination SNR 0 Sp S . AS
(arcsec) (uJyd')  (udy)  (wdy)
17 01:44:34.04 -04:11:50.2 338.9 32.0 55383.1 160804.3 450.6
2 01:47:15.93 -04:50:09.8 537.8 3.73 138106.8 153572.6  285.5
3 01:44:44.31 -04:55:34.9 562.6 3.67 72536.4 78817.5  140.0
4 01:45:40.56 -04:12:35.0  570.5 2.29 68278.8 71533.8 1253
51 01:46:13.17 -04:59:53.4 1142  19.51 20786.1 56590.3  453.9
6 01:43:49.26 <04:18:17.9 237.2 3.29 - 50278.1 56077.4  236.3
7 01:47:21.13 -04:45:41.6 204.4 3.07 48648:2  52916.9 = 258.8
8 T 01:45:52.63 -04:43:19.1 515.1 5.16 35946.5 51873.4 99.0
9 01:45:57.8 -05:00:26.4 2524 2.23 42551.8 ©  45389.3  179.7
10t 01:46:21.34 --04:58:39.7  70.5 21.23 12659.7 38896.4  505.1
11 01:45:20.33 -05:02:00.9  126.9 22403.5 176.4
12 01:45:32.86 -04:30:54.0 318.3 3.07 19557.7 21884.5 68.7
13 01:45:37.7 -04:34:00.8 246.2 4.27 14965.6 18768.6 74.9
14 01:46:09.6 -04:55:3.0 143.1 17914.9  125.1
15 01:44:44.84 -04:40:26.8 232.8 2.5 16903.4 17331.7 74.4
16 f 01:47:16.3 -04:22:40.7 253 12.71 5728.9 16109.8  593.5
17 01:44:43.09 -04:07:45.6  65.3 3.13 13582.1 15794.5  241.6
18- 01:45:43.78 -04:43:36.3 146.0 7.01 9982.9 15183.6  100.5
19 01:44:14.79 -04:45:06.5 132.4 14394.5 108.7 -
20 1 01:46:29.25 -04:57:55.4  12.8 10.24 2516.3 13578.0  1000.8
21 01:46:15.42 -04:40:29.6  129.3 1.74 9875.9 10289.8 79.5
22 01:45:01.1 -04:59:47.7  61.3 9650.2 157.2
23 1 . 01:46:08.1 -04:31:17.9  49.2 10.51  3490.1 9157.1 173.5
24 1 01:46:28.34 -04:28:57.1  65.8 7.38 5696.1 8420.8 . 123.6
25 01:46:06.1 -04:35:442 122.2 - 8362.8 68.4
26 - 01:47:06.7 -04:53:31.5  16.0 10.6 142924 8233.8 487.9
27 01:47:28.46 -04:41:37.2  20.5 7.04 5334.7 8058.5 379.6
28 - 01:44:05.8 -04:24:36.6 9.7 27.92 1273.8 8019.3 743.1
.29 01:45:14.49 -04:12:00.1  62.9 7892.5 125.4 ;
30 01:45:20.36 -04:22:58.3  50.2  8.67 3671.0 7823.5 147.9 |
31 01:46:36.93 -04:43:39.7  75.7 7707.5 101.8 \
32 01:47:11.08 -04:50:18.3  30.9 7343.6 237.1 1
33 01:47:25.36 -04:43:23.2° 28.0 . 6987.8 249.2
34 ©01:47:04.7 -04:49:29.2  32.0 6386.3 199.2 ‘
35 01:45:02.3 -04:12:38.6  48.6 6115.7 125.8
36 01:46:11.81 -04:16:21.7  33.1 8.33 3825.1 6099.6 177.6 :
37 01:43:54.29 -04:18:25.2  24.9 3.78 4888.8 6034.9 238.0
38 01:43:54.45 -04:47:444 356 5929.3 166.3
39 01:45:10.0 -04:24:22.8 ' 56.0 4.52 4010.5 5236.4 91.8
40 -01:45:52.66 -05:05:24.3 10.4 '7.85 2914.3 5122.7 468.1
41 01:46:41.06 -04:25:12.2  46.3 -5079.1 109.6
42 01:45:04.4 -04:03:18.8 17.0 4885.3 287.0
43 01:46:12.35 -04:37:48.5  54.8 3.8 3990.4 4732.0 86.2
44 01:45:45.17 -04:58:54.7  32.5 : 4681.4 143.6
- 45 01:46:18.47 -04:19:28.8. 7.5 19.57 854.7 4588.2 548.6
46 01:44:49.19 -04:31:43.9  66.5 4584.5 68.8
47 01:46:22.29 -04:10:09.1 235 4581.7 194.5
48 01:44:31.42 -04:36:49.5  39.7 6.58 3148.9 4405.4 108.8
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Source

49
50
51

. 52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

83
84

.85
86
87
88
89

90
91
92
93
94
95
96
97
98
99
100
101

Right Ascension

01:45:46.33
01:45:19.85
01:47:04.1
01:44:10.86
01:44:31.97
01:44:32.53
01:47:19.81

01:45:09.3 .

01:44:46.36
01:46:15.28
01:46:36.53

" 01:47:33.08 -

01:45:00.0
01:46:19.59

01:46:40.35 -
01:45:39.55 -

01:44:43.33
01:45:27.68
01:46:02.8
01:46:53.83
01:44:29.93
01:44:50.17
01:46:35.59
01:44:33.15
01:46:21.85
01:45:59.78

01:46:20.86 -

01:46:15.59
01:45:22.17
01:46:29.58
01:47:10.9
01:43:31.56
01:47:20.45
01:46:31.82
01:46:34.24
01:44:40.94
01:45:34.23
01:45:04.0
01:47:00.8
01:47:22.37
01:46:0.0
01:45:52.86

- 01:47:21.78

01:43:29.38
01:43:31.15
01:45:39.32
01:47:12.91
01:44:48.09
01:46:40.06
01:44:28.84

. 01:46:00.1

01:46:37.38

© 01:46:05.7

. Table 3.2 continued

Declination

-04:13:41.0

-04:26:20.3
-04:50:55.8
-04:48:12.2
-04:43:27.4
-04:37:44.6
-04:42:1.0
-04:17:33.5
-05:02:24.7

. _05:00:27.2

-04:24:58.0
-04:32:01.3
-04:11:20.3
-04:08:40.9
-04:30:40.0
-05:00:43.3
-04:07:55.7
-04:37:41.3
-04:37:18.6
-04:36:42.2
-04:20:38.9
-04:46:22.7
-04:32:13.6
-04:05:45.3

-04:34:42.5

-04:28:57.2
-04:24:26.5
-04:40:15.4
-04:22:47.6
-04:46:50.2
-04:42:28.5
-04:35:51.3
-04:48:32.2
-04:33:35.0
-04:33:44.5
-04:51:01.1
-04:19:00.1
-05:01:42.8
-04:34:13.7
-04:39:01.3
-04:26:13.3
-04:31:50.6
-04:48:40.2
-04:34:40.3
-04:34:44.0
-04:17:21.7
-04:18:27.8
-04:23:13.9
-04:30:04.7
-05:00:52.6
-04:44:57.9

-04:59:47.8 -

-04:15:14.1

SNR 6
(arcsec)
37.7
65.0
18.9
31.1
24.0 7.94
38.1 3.61
5.0 12.71
216  7.17
5.6 11.98
5.0 14.81
31.4 :
6.1 23.87
20.2
13.0
5.2 20.76
6.8 . 19.37
12.5
7.9 14.76
6.4 18.44
6.6 17.27
6.3 . 13.99
28.6
25.4
7.7
29.3
32.6
24.8
11.8
29.5
19.6
11.2
8.8
6.4
21.2
74 14.5
5.8 19.35
13.4 5.86
8.9 '
12.4
74
10.5
10.1
5.2
6.8
7.2
7.7 10.49
5.5
7.9 8.8
5.5 12.05
5.9 ,
9.2 8.3
5.2 :
11.5

10.81

8.55
9.59

SP
(uJy b™1)

2112.3 .
3010.3
1180.7
2042.5
1376.2
1128.4

1127.7
575.8
1230.9-
1418.4
1176.6

1195.6
728.7

950.8

716.5
673.8
1185.0

814.9
695.0

772.3

703.1
610.1

753.8

S

(uIy)
4366.7

4339.5°

4062.0
4057.3
3731.1

3705.8

3694.7
3679.3
3677.6
3312.9
3300.8
2991.8
2878.9
2841.9
2804.8
2728.2

- 2674.2

2663.0
2614.1
2589.6
2490.6
2357.4
2339.7
2334.2

- 2310.7

2277.9
2245.6
2210.5
2190.5
2078.0
2037.8
1913.4
1886.5
1869.6
1859.3
1770.8
1759.3
1747.4
1695.7
1681.9
1675.6
1662.2
1627.1
1603.8
1598.4
1596.5
1580.5
1557.4
1503.8
1503.4
1467.1
1429.2

1404.0

AS
(1dy )
115.6
66.6
214.9
130.3
150.1
95.5
677.8
161.3
601.7
602.0
104.9
540.3
141.9
217.3
485.0
453.5
214.1
384.4
456.9
444.6
362.6
82.3
91.9
302.1

78.6
69.8

90.3
175.8

74.1
105.6
177.6
216.3
279.2
87.9
232.2
283.8
127.2
193.9
136.1
221.6
150.0
153.9
299.1
233.6
222.4
194.6
283.6
184.2
251.4
236.8
150.5
256.1
118.9




3.4. Source counts

—81—

Source

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149

150 .

151
152
153
154

Right Ascension

01:46:16.36
01:45:01.9
01:47:17.19
01:46:04.7
01:44:28.99
01:45:49.67
01:45:31.02
01:43:58.77
01:47:15.38
01:45:53.26
01:45:58.83
01:45:24.72
01:45:52.63
01:45:38.31
01:45:58.66

- 01:44:26.48

01:46:46.48
01:45:10.1
01:45:02.9
01:47:16.85
01:46:17.36
01:45:35.85
01:45:23.79
01:45:49.09
01:44:39.5
01:46:52.34
01:46:19.02
01:46:59.14
01:45:21.28
01:46:08.3
01:46:58.83
01:45:25.16
01:46:45.23

01:45:12.74

01:45:16.98
01:44:51.87
01:44:09.8
01:45:15.3
01:45:09.2
01:44:46.38
01:45:09.4
01:46:04.2
01:45:44.11
01:47:08.3
01:46:04.8
01:45:16.32
01:46:04.3
01:44:29.96
01:46:06.7
01:44:54.23

01:45:17.55

01:46:13.57

01:44:45.21

Table 3.2 continued

Declination SNR 6
(arcsec)
-04:39:58.9 9.1 8.12
-04:44:55.3 5.2 11.73
-04:35:01.8 6.8
-05:02:57.0 5.2
-04:52:11.8 9.9
-04:40:50.9 19.1
-04:48:40.4 15.7 -
-04:22:23.5 8.0

- -04:24:21.8 5.5

-04:31:24.8 19.0
-05:01:00.5 6.3

-04:47:28.8 16.0°

-04:49:07.1 6.8
-04:20:28.7 5.1 9.96
-04:14:52.6  10.1
-04:39:23.8 6.7
-04:13:43.7° 5.3
-04:15:22.3 11.0
-05:03:35.2 6.6
-04:44:22.5 5.0
-04:33:52.9- 7.0 8.76
-04:37:49.2 6.4
-04:07:44.6 6.3
-04:58:39.9 7.5
-04:37:58.1 14.9
-04:29:29.7 8.8
-04:40:36.1 134
-04:36:44.6 7.9
-05:01:21.9 5.7
-04:49:18.0 10.8
-04:36:58.8 7.7
-04:52:02.7 10.9
-04:32:20.1 9.6
-04:57:56.6 7.1
-04:54:28.9 9.1
-05:00:29.9 5.1
-04:40:45.7 8.9
-04:50:54.1 10.6
-04:47:46.8 11.9
-04:42:05.6 124
-04:43:31.0 13.5
-04:40:41.1 129
-04:58:46.1 6.0
-04:42:17.2 ~ 5.0
-04:21:27.7 10.0
-04:30:27.2  14.1
-04:39:05.6 12.2
-04:52:21.5 6.5
-04:24:49.9 10.6
-04:10:25.0 5.0
-04:34:15.9 13.5
-04:20:31.6 8.4
-04:33:39.6  10.8

Sp
(nJy b~1)
753.0
433.0

462.7

577.5

S
(1dy)
1363.5
1355.6
1344.8
1327.7
1305.4
1301.9
1282.7
1281.2
1281.1

1271.1

1258.2

1244.8

1241.8
1232.1
1221.5
1220.1
1219.1
1203.9
1201.0
1193.2
1172.1
1165.7
1160.3
1155.7
1142.9
1114.2
1113.5
1084.0
1069.4
1064.2
1052.1
1049.1
1045.8
1022.4
1017.6
1015.0
1011.2
983.8
9774
971.1
970.9
963.6
937.6
927.1
922.6
921.2
894.3

888.6

882.3
875.0
866.8
865.7
799.2

AS
(uJy )
141.9
238.4
196.4
251.9
131.5
68.1
81.5
160.6
226.2
66.7
192.0
76.9
207.4
224.3
120.3
210.8
229.7
108.9
211.2
223.8
156.5
214.9
209.0
1514
76.9
125.7
81.6
136.6
187.5
98.5
134.7
95.9
105.7
142.6
109.0
199.4
109.1

91.6

80.8

78.2

71.9

74.5
155.8
185.4
91.6
65.3

73.2
135.9
81.7

©166.5 -

63.9
99.9
74.1
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Source Right Ascension

155
156
157
158
159
160
161
162
163
164
165
166
167
168
169

170.

171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207

01:45:49.13
01:45:03.0
01:47:01.2
01:44:55.78
01:44:51.16
01:44:45.56
01:45:26.94
01:46:03.0
01:45:45.22
01:44:38.59

01:43:58.49 .

01:45:40.38
01:45:40.56
01:44:52.15

01:45:04.4- -

01:46:52.66
01:46:43.79
01:44:34.23
01:45:03.8
01:45:26.93
01:45:35.16
01:44:30.64

01:45:44.22 -

01:46:35.9
01:44:48.52
01:45:42.99
01:46:45.42
01:44:22.33
01:46:03.1

01:44:31.25
01:45:56.0

01:44:40.96

01:45:31.59

01:46:12.01

01:44:38.81 -

01:44:46.83
01:44:46.47
01:45:31.35
01:46:02.6
01:45:39.56
01:45:00.9
01:45:53.73
01:44:58.9
01:44:53.16
01:45:37.97

- 01:46:06.8

01:45:00.7
01:46:20.58
01:46:03.1

01:45:22.98
01:45:12.26
01:44:45.25

"01:45:52.05

Table 3.2 continued

Declination

-04:49:07.1
-04:34:15.2

- -04:29:01.1

-04:12:17.3
-04:56:24.7
-04:27:49.5
-04:47:25.1
-04:24:09.4
-04:12:19.5
-04:45:10.6
-04:33:39.0
-04:49:5.0
-04:16:52.3
-04:55:20.6
-04:32:59.9
-04:41:48.6
-04:28:58.8
-04:26:47.4
-04:48:14.9
-04:36:05.2
-04:40:22.8
-04:34:53.1
-04:16;37.2
-04:24:21.5
-04:32:57.4
-04:36:29.8
-04:34:58.0
-04:32:55.7
-04:35:48.6
-04:37:02.2
-04:51:32.7
-04:40:03.2
-04:23:36.8
-04:22:27.5
-04:27:44.3
-04:47:22.0
-04:48:09.8
-04:29:29.9
-04:21:52.6
-04:34:36.8
-04:38:20.4
-04:27:07.9
-04:22:38.1
-04:46:41.4

-04:32:29.5

-04:39:41.9

-04:23:31.9 .

-04:28:20.7
-04:44:25.9

-04:45:24.8

-04:45:08.6
-04:42:18.4
-04:44:55.0

SNR 6
(arcsec)

8.9
11.7
5.0
5.1
5.2
9.5
9.4
8.7
5.2
7.9
5.4
8.2
6.9
5.2
10.6
5.1
5.9
74
7.6
10.2
9.4
7.3
5.7
5.1
8.1
8.9
5.1
6.1
7.9
6.4
5.1
6.6
6.8
5.3
5.9
5.3
5.0
7.2
5.2
7.4
6.8
6.3
5.4
5.3
7.1
6.0
5.5
5.1
5.4
5.9 .
5.8
53
5.3

S,
(1Jy b=h)

S
(1dy)
795.2
783.5
777.9
775.7
765.7
754.6
752.5
736.1

734.5

729.9
723.2
721.0
713.9

T11.7

711.4
704.2
689.7
672.7
671.2
658.5
641.7
631.5
618.5
609.2
600.3
595.7
593.5
588.1
578.1
563.5
553.0
545.2
533.7
527.2
516.5
512.4
509.7
499.9

- 496.9

496.4
489.7
483.2
482.7
481.7
481.1
477.5
470.2
468.7
466.6
464.3
463.3
451.0
441.4

AS
(ndy)
89.3
66.9
145.3
149.7
147.6
79.0
79.6
83.9
141.2
92.1°
129.2
84.4
100.5
130.1
67.2
138.4
115.3
90.2
87.6
63.7
67.9
85.8
102.3
1185
72.6
65.7
107.7

954 -

73.1
86.4
107.6
82.3
74.4
96.1
83.4
96.8
100.3
68.5
91.5
64.4°
69.8
76.2
85.8
90.9
65.2
79.2
84.8
91.8
84.5
78.6
78.3
84.7
82.5




3.4.

Source counts

—83—

Table 3.2 continued

S

AS

Source Right Ascension Declination SNR 4 Sp

‘ ‘ ' (arcsec) (wJy d™Y)  (wly) (udy)
208 01:45:19.82 -04:44:15.2 5.7 438.9 755
209 01:44:59.38 -04:29:05.9 5.8 434.5 73.0
210 01:44:52.98 -04:31:50.3 5.7 431.1 74.4
211 01:46:07.8 -04:30:41.9 54 4306  79.8
212 01:45:19.23 -04:41:31.3 5.9 . 4303 720
213 01:45:46.94 -04:33:17.1 6.0 418.7  69.8
214 01:45:45.11 -04:26:05.9 5.3 409.6 773
215 01:45:58.49 -04:37:13.3 54 407.0 744 .
216 01:44:52.84 -04:34:19.1 5.3 .403.4 751
217 01:45:46.73 -04:31:16.1 5.6 400.2 68.1
218 01:45:56.88 -04:29:02.2 5.0 3895 717
219 01:45:15.98 -04:41:55.6 5.2 385.1 74.2
220 01:45:40.73 -04:43:16.6 5.0 385.0 735
221 01:45:48.18 -04:38:09.8 5.3 383.8 710
222 01:45:41.37 -04:39:41.1 5.2 3749 709

-04:36:03.1 5.0 73.8

223 01:44:58.01 373.8
an indication that AGN were, on average, radio brighter in the past. The source
~counts from further, deeper radio surveys detected a downturn in the number of
sources per flux bin at lower fluxes, interpreted as due to the expansion of the
universe. | _ |

The source counts at 1.4 GHz have been studied extensively (e.g. Windhorst
et al. 1985; Hopkins et al. 1998; Richards 2000; Seymour et al. 2004) and show
a flattening of the Euclidean normalised counts below ~1 mJy (a second upturn
in the mon-normalized counts — see Section 3.4.2 for more details on Euclidean
normalization). This survey is among the first of a new genei‘ation of 610 MHz
extragalactic surveys that are able to reach the depth required to confirm or deny

the existence of this ‘sub-mJy’ bump at lower frequency.

3.4.1 Completeness

To be compared meaningfully to other results and with models, several completeness
corrections need to be made to convert the raw source numbers into a sky density

as a function of flux density.

3.4.1.1 Primary Beam Attenuation

The dominant effect is the loss of sensitivity relative to that at the pointing centre
due to the attenuation of the primary beam. This loss is corrected for in the binning

process by assigning weights to each source proportional to the area over which they
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could have been detected, see Section 3.4.2.

3.4.1.2 Source Detection Completeness

Sources are detected based on peak flux density in a map of finite noise. The detected
peak flux density of a source is the superposition of its intrinsic peak flux density
and any noise flux at its position. This effect can be sufﬁcieﬂt to move sources in
and out of the flux bins that correspond to their i\htrinsic fluxes. The important
number in terms of completeness is the net gain or loss on the number of sources in
" each bin and is know as Eddington bias. Since the source counts are rising steeply
with decreasing flux, the number of low flux sources scattered up is likely to be
‘greater that the number scattered down. To correct for this effect, some knowledge
of the number of sources below the detection threshold is needed (Eddington 1913).
‘Hence, the discussion of this Eddington bias, which is small, is left until section
3.4.4, after the modelling of the source counts is addressed and an extrapolatidn_ has

been performed.

3.4.1.3 " Instrumental Effects

Bandwidth and time delay smearing reduce the peak flux density of a source while
conserving the total flux density. Such a reduction of peak flux density can cause a
source with a total flux density that is relevant to the calCuiation of source counts
to be missed by a peak signal source extraction. As was shown in Section 3.3.4,
neither bandwidth nor time delay smearing is important in the current study, and

80 no corrections have been made.

3.4.1.4 - Resolution Bias

Source counts are calculated based on total flux density, from a catalogue selected
on peak flux density, and so some sources of intrinsic low surface brightness may be
missed. As in previous deep surveys (Richards 2000, Seymour et al. 2004), tapered,
‘low-resolution, maps were searched for such sources and a small number have already
been included in the catalogue. _

For any value of S;, an upper angular size limit exists whereby the peak flux
density of a source of that total flux still exceeds the detection limit of the survey.

Using the relation

Stot _ emajemin ; '
SP bmajbmin ) (31)
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where 0,4; and 0, are the major and minor axes of the detected source respectively
and bya; and bpin are the major and minor axes of the restoring beam (Prandoni
et al. 2000b), the size limits relevant to the full resolution and tapered maps can be

calculated.

At detected fluxes above 360uJy, the tapered map provides excellent sensitivity
to extended sources, where all sources smaller than 12 arcsec should be det\ected.
Further, very large sources will still be missed. Due to the differing detection limits
between the two maps, in the flux density range of 300 to 3604y, the smaller beam
of the full resolution means that sources larger than ~7 arcsec are missed. Fig. 3.12
shows the angular size distribution of the sources in the catalogue, plotted against
Siot, With the detectable size limits of both the full resolution and tapered maps
" plotted as dashed,&ynd dotted lines respectively. Sources with properties that place
them above these limits will not be detected in the survey observations, and the
number thereof constitutes the resolution bias. As can be seen from the angular size
distribution of the detected sources, few sources would be expected to reside in the

zone where resolution bias would exclude them from the catalogue.

Little is known about the angular size distribution of sub-mJy sources at 610 MHz,
but the angular size distribution of sources found in higher resolution deep surveys
at 1.4 GHz over a similar flux range of 0.15 to 1mJy (the region in 610 MHz flux
space for which resolution bias may have an effect, adjusted for a spectral index
of -0.7, and at sufficiently high flux that these 1.4 GHz surveys are not themselves
effected unduly by resolution bias) can provide some information about the expected
population. Bondi et al. (2003) fit the 1.4 GHz angular size distribution of the
sources in the VLA-VIRMOS Deep Field over a flux range not expected to be
affected by resolution bias (0.4 to 1mJy). Using their formulation, this survey is
expected to miss ~3 percent of the sources above the tapered resolution bias limit
in this flux range. Assuming this angular size distribution holds to lower 1.4 GHz
flux densities, it is expected that only ~7 percent of sources which lie between the
detection limits of our full resolution and tapered 610 MHz maps will be missed.
Inspecting the size distribution of sources in the 3.4 arcsec resolution VLA A+B
arréy 1.4 GHz map of the 13¥ deep field (Seymour 2002, see Chapter 5) provides
similar estimates of the fraction of sources that may be missed. Hence, the effect
of resolution bias is conservatively estimated as 7 percent below a detected flux
of 360uJy, and 3 percent between 360uJy and 1mJy. It should be noted that the

likely steep spectrum of extended emission implies that the radius out to which an

extended source could be detected is greater at 610 MHz than at 1.4 GHz, implying
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Figure 3.12: The angular size distribution of the sources detected at 610 MHz in
the 17 field. For sources confidently considered resolved, the sizes shown are the
deconvolved sizes reported by SAD. All sources taken as unresolved are arbitrarily
plotted at 1 arcsec. The solid line shows the minimum observed size for which
a source can be confidently considered resolved as a function of flux density (see
Section 3.3.3). The dashed and dotted lines show the maximum detectable size
resolution bias limits in the full resolution and tapered maps, respectively.

larger angular sizes at the lower frequency. Another limitation of examining the
1.4 GHz angular size distribution is that higher resolution images can resolve out
flux from low surface brightness sources. Nevertheless, the study of the 1.4 GHz
size distribution as a guide to that at 610 MHz, while not without pfoblems, is

informative.

3.4.2 Construction of the Source Counts

The sources were binned in total flux density with the lowest bin having a lower flux
limit of 344 uJy. Bins of width 0.3 dex, were chosen to provide good flux resolution
while retaining a reasonable number of sources per bin. The highest two flux bins
were widened to 0.6 dex to compensate for the lower number of sources per decade
at high flux densities.

Each source was weighted by the inverse of the area over which it could have
been detected — any departure from the full survey area being caused by primary

beam attenuation and the areas of high rms noise surrounding the bright sources —
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and for the fraction of sources missed at that flux by resolution bias. These weights

were then summed for all the sources in each bin, and divided by the bin width.

Traditionally, differential radio source counts have been plotted after normaliza-
tion to those expected in a homogeneously populated, static, Euclidean universe.
With sources of a uniform luminosity and density, the total number of sources de-
tected by a stationary observer above a certain flux varies purely as a function of
the distance to the source. The observed flux of any detected source varies with the
distance to it (to the power of minus 2). The number of sources detected above a
certain flux therefore goes as flux to the power of 3/2, the 3 in the numerator com-
ing from the increased volume of a sphere in which soilrce can be detected above
the detection limit, and the 2 in the denominator from the decrease in flux due to
the intervening distance. This is the expected form of the integrated source counts
— the total number séen with flux above a certain limit. The number seen within
certain flux bins is the differential of this, i.e. dN/dS o< S™23. In a plot of differ-
ential source counts normalised thus, the source counts derived from a population
of sources of uniform density and luminosity in a static, flat universe will appear
as a constant with flux density. Any departures from such a constant indicate the
invalidity of the assumption of either uniform density, uniform luminosity or static
flat cosmology. The source counts at 1.4 GHz shown in Fig. 1.5 indeed show such a
departure. Above 10 Jy, a flux density range where only the local universe is sam-
pled, the differential source counts are indeed flat, but below this (within the flux
range shown in the figure), significant departures are apparent. The increase in the
counts as the flux decreases from 10 Jy to 300 mJy is caused by luminosity evolution
in the AGN population — radio loud AGN were brighter in the past. The drop off
below 100 mJy is due to the expansion of the universe. As discussed in Chapter
1, the upturn below ~1 mJy is attributed to the emergence of a second population
of sources, rather than a second, more violent, bout of luminosity evolution of the

AGN population.

To normalise the 610 MHz counts to those expected from a Euclidean static
universe, the summed weight of each bin was divided by S;L?f, where S,,;4 is the
flux density at the log centre of the bin. The bin flux limits, log bin centres, numbers
of sources, and normalised differential source counts are tabulated in Table 3.3, and
plotted in Fig 3.13. The given uncertainty estimates are calculated from the square
root of the number-of sources within the bin. Also plotted are the 610 MHz source

counts determined from a number of Westerbork survey fields of Katgert (1979),

which can be seen to agree well with the current observations. A prominent bump
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Bin - Smia N, S25dN/dS
(mJy) (mJy) (JytPsr)
0.283-0.564 039 38 11.9+3.0
0.564-1.12 0.80 64 15.9+2.3
1.12-224 159 39 159426
2.24-447 318 17 18.3+45
447-891 634 22 57.9+12
891-17.8 126 12 88.9426
17.8-355 252 10 209+ 66
35.5-282 100 10 4744150

Table 3.3: Tabulated 610 MHz source counts. The columns show bin flux limits .

(mJy), log bin centre, number of sources, and Euclidean normalised dN/dS with
Eddington correction applied — see Section 3.4.4

at sub-mJy levels can indeed be. seen at 610 MHz, where the normalised counts
flatten below ~ 3 mJy. Fig 3.13 also includes a compilation of the source counts at
1.4 GHz (see Seymour et al. 2004 and references therein). The counts at 610 MHz
follow a similar shape to those at 1.4 GHz, with a higher normalisation as expected
when an average steep spectral index of synchrotron emission shifts each source
to higher flux bins, and alters the normalising flux. See Section 3.4.3 for a more

detailed discussion of the relationship between the source counts in the two bands.

3.4.3 Modelling the 610 MHz Source Counts

-The modelling of source counts has long been a method of constraining cosmological
evolution of radio populations, particularly those too optically faint to be spectro-
scopically identified (e.g. Longair 1966; Rowan-Robinson 1970; Hopkins et al. 1998;
Seymour et al. 2004). .
The 610 MHz source counts presented here are modelled in a manner similar to
that of Seymour et al. (2004). Following previous authors (Condon 1984, Saunders
et al. 1990, Rowen-Robinson et al. 1993, Hopkins et al. 1998), it is assumed that
the evolution of luminosity function of radio sources ¢,(L) can be deconvolved into

luminosity and density evolution:

ow=som(s5) 62

f(z)

where g(z) and f(z) represent the density and luminosity évolution of the radio

luminosity function with redshift, 2.
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Figure 3.13: The differential Euclidean-normalised 610 MHz source counts as deter-
mined in the present study (filled circles), plotted at the log bin centre, Sy,;4, and
‘those of Katgert 1979 (empty squares) overlaid on those at 1.4 GHz (dots) from the
compilation of Seymour et al 2004.

Above ~ 3mly, the extragalactic 1.4 GHz radio population is dominated by
AGN, an observation confirmed spectroscopically, and through simple modelling of .
the source counts (Dunlop and Peakock 1990). It has been postulated (e.g. Hopkins
et.al. 1998; Seymour et al. 2004) that the upturn in the normalised differential
source counts is due to the detection of a second population of sources — galaxies
undergoing star formation. These two populations form the basis for the models
" fitted to the 610 MHz source counts here. The flux density distribution of sources
can be determined by integrating their luminosity functions over volume. Here,
the local luminosity function of both AGN and starburst galaxies are modified by

evolutions as parameterised in Eq. 1 and integrated over volume.

The density evolution, 9(2), and the luminosity evolution f(z) remain to be de-
fined. The luminosity evolution is parameterised separately for the two populations
and will be addressed later.. It is assumed that any density evolution can be pa-
rameterized similarly for the two populations, as a power law function of redshift,
g(2) & (1 + z)P. The integration by volume is'converted to a integration over red-

shift, with luminosity transformed into flux and redshift (see Seymour 2004), and

the counts normalised to Eucidean giving, as the counts due to each population:
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52~5‘% o 1 / (S, ()1 + 2 (3.3)

where ) 2 _
h(z) = Dy U+ Dy : (3.4)
. (QM(1+2)3+Q;C(1+Z)2+QA)§

and Dy is the Hubble distance (¢/H,), Qs the matter density parameter, {25 the

cosmological constant parameter and €, the curvature term (Hogg 1999).

Once suitable parameterisations for the local luminosity function and evolution of
the the two populations have been determined, this function can then be integrated .

across redshift to give the expected differential source count at each flux.

The AGN luminosity function and evolution function are taken from Rowan-
Robinson et al. (1993) whose 1.4 GHz functions are based on survey work at 2.7GHz
by Dunlop and Peacock (1990). They split the local AGN population into two types,
~ characterised by flat and steep radio spectra. Here, the steep-spectrum: luminosity
function was shifted to 610 MHz assuming an average spectral index of o = —0.7.
The flat spectrum population (with o = 0) was taken to be the same as that at
1.4 GHz.

The local starburst radio luminosvity function was taken from Sadler et al. (2002),
who take a sample of 242 radio sources detected in the NVSS which are identified
as starburst galaxies in the 2dF Galaxy Redshift Survey. The Sadler et al. (2002)
radio luminosity function was shifted to 610 MHz assuming an average spectral
index of @ = —0.7, suitable for the optically thin synchrotron radiation expected
from supernova remnants associated with rapid star formation. Following previous

- authors, the luminosity evolution was parametrized as (1 + 2)<.

In order to fit this model to the 610 MHz counts, and obtain useful errors on
@, previous authors are followed, and the contribution to the counts of the AGN
populations is fixed. The 610 MHz source counts above ~4 mJy are well described
by thé model of the combined AGN population luminosity and evolution functions as
taken from Rowan-Robinson et al. (1993). Also, zero density evolution is assumed,
and hence the only parametér left free to vary is the power law index of the starburst
population luminosity evolution (Q). A x? fit was performed, and the best-fitting

value is @ = 2.710 32, where the errors are given at the 1o level.
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Figure 3.14: The 610 MHz source counts shown with the model fitted at 610 MHz.
The solid line and accompanying dotted lines show the best-fitting model with the
AGN contribution fixed, that with the power law index of starburst luminosity
evolution Q = 2.4793. The dashed lines show the relative contribution of the AGN
‘and starburst populations. k

3.4.4 Eddington Bias and Detection Completeness

When source counts are rising steeply with decreasing flux density it is likely that
a larger number of sources will have their true fluxes boosted by the effect of noise
towards brighter fluxes than reduced to dimmer fluxes. This effect is expected to
be greatest at the flux limit of the survey. At 1.4 GHz, where source counts are
available for many fields and from surveys of many detection thresholds, the effect
of Eddington bias not critical for model fitting. However, when models are fitted to
the few bins of source counts from one single survey, such as here, the bias can have
a significant effect upon the results. To quantify the effect that such Eddington
~ bias has on the measured source. counts, an estimation of the number of sources
below the survey detection threshold is required. The best-fitting source count
model of Section 3.4.3 was extrapolated to 57uJy and used as such a prediction
of the number of sources below the detection limit. A population of fake sources
with a flux density distribution determined from this model were inserted randomly
into a residual noise map of the entire survey area which had not been corrected

for primary beam attenuation, i.e. a map with flat noise characteristics. The input

flux density of each source was reduced, dependent upon position, to account for the
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attenuation of the primary beam sensitivity. Sources were then extracted from these
maps and counts constructed from these detections, following the same method as
used for the real sources in Section 3.4.2, and the process repeated 20 times. The
difference between the average detected differential source count and that of the
input model gives an estimate of the net up-scatter, i.e. the Eddington bias, and
any incompleteness in the source detection routine. '

Only the lowest flux bin shows a significant offset, with the average measured
differential source count overestimating the inserted model value by 21 percent.

“As a first-order approximation to the true source counts the observed counts in
the lowest flux bin were therefore reduced by 21 percent and the model refitted,
obtaining a value of Q= 2/.45.

It should be noted that the 21 percent correction factor is actually slightly larger
than should be applied to return to the true source counts as it is based on an
overestimate of the real value of Q, corresponding to a steeper unnormalised source
count and hence to a larger number of up-scattered sources than is the case in reality.
This overestimate comes from the fact that the model of the source counts used (Q
= 2.7) is that best fit to data which includes the effect of the bias. However the 21
percent factor is not a great deal too high as can be seen by repeating the simulations .
described above, assuming @ = 2.45. In thisvcase the simulated source counts
exceeded the model, in the lowest flux bin, by 19 percent thereby almost, but not
quite, returning us to our starting position. Since the original 21 percent correction
was an overestimate of the effect, this value is an-underestimate, as too few model .
sources below the detection limit have been inserted into the simulations. Thus an
intermediate correction factor of 20 percent is adopted and appliéd to the counts in
the observed lowest flux bin which, when refitted, still provides Q = 2. 457025 The
corrected source counts and best ﬁttmg model are shown in Fig. 3.14.

In order to test the requirement of an additional starburét population to providé
an adequate fit to the observed source counts, a model with no second population
(i.e. AGN only) was also tested. An f-test shows that the starburst populatlon is

required at the 99 3 percent confidence level.

3.4.5 Comparison with other determinations

At 1.4 GHz and following similar methodology, Rowan-Robinson et al. (1993) find
Q@ = 2.5+0.5, Hopkins et al. (1998) find @ = 3.1+0.8, Condon et al. (2002) find Q@ =
3.0%1, Seymour et al. (2004) find @ = 2.53-0.5, and Huynh et al. (2005) find Q = 2.7.
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A study of IRAS sources believed to be tracing starforming galaxies by Saunders et
al. (1990) found evidence for luminosity evolution of @ = 3.2 4 0.1. Hopkins (2004)
finds @ = 2.740.6 and P = 0.15 & 0.60 (where P is the powerlaw index of density
evolution) as the best-fitting evolutionary scenario when both 1.4 GHz source counts
and other star formation rate indicators are considered simultaneously.

The best-fitting value of @ at 610 MHz (2.4513%) is therefore consistent, within
errors, with the results from the plethora of measurements at 1.4 GHz. This agree-
ment suggests that observations at both frequencies are probing similar source popu-
lations, and that the sources which constitute the 'sub-mJy bump’ can be explained
by the an evolving population of starburst galaxies with steep (o ~ —0.7) radio
spectra. '

- The basic two population model used here may over simplify the true situation
in faint radio sources. AGN and starburst activity can occur simultaneously in the
same galaxy, and their common requirement of gas reservoirs would indicate that
they are not entirely independent. However, it has been shown (Seymour et al. 2004,
and this work) that such a model does provide a reasonably good representation of
the observod source counts at both 1.4 GHz and 610 MHz.

3.5 Conclusions

In a ~4.5 hour 610 MHz observation of the 17 XMM- Newton / Chandra survey area,
923 sources are detected down to a 5 o detection limit of 300 uJy within a 32 arcmin
radius. .

It is shown that the 610 MHz source counts show the upturn in Euclidean nor-
malised differential counts at faint fluxes (here, below 2mJy) familiar from extensive
studies at 1.4 GHz. The 610 MHz counts are reasonably well fitted by a model sim-
ilar to those fitted at 1.4 GHz, assuming a spectral index of &« = —0.7 for both
steep spectrum AGN and a population of starburst galaxies nndergoing luminosity
evolution which dominate below ~ 1 mJy. The best-fitting value for Q, the power
law index of the starburst luminosity evolution, is 2.4573:2°. This is consistent with

the determinations at 1.4 GHz.




Chapter 4

"The 1.4 GHz Survey of the 1 Hour
Field

In this chapter, the 1.4 GHz'imaging of the 17 field is presented. With a noise level
bf 11.2 pJy beam™?, 432 sources are discovered to 4o0. Source counts are computed,
compared with other deep 1.4 GHz surveys, and modelled in a manner similar to
Chapter 3.

4.1 Introduction

As introduced in Chapter 1, radio spectra can be used as diagnostics of the nature of
the radio emission from the faint sources discovered in deep radio surveys. Chapter 3
illustrated that modelling of the source counts at 610 MHz can provide information
about the average spectral index of the faint population. However, the observations
presented in Chapter 3 were performed with the intention of acquiring radio spectra
for individual sources discovered in deep 1.4 GHz imaging of the 17 field. This
1.4 GHz VLA A-array observation forms the basis of this chapter.

The greater sensitivity possible with the VLA at 1.4 GHz compared to the GMRT
at 610 MHz allows a much better sample of the sub-mJy pobulation. Also, the high
resolution imaging possible at 1.4 GHz with the VLA in A-array can help discrimi-
nate on a morphological basis, and brovide accurate positions for the identification
of optical counterparts. The trade off for these benefits is the reduction of field of
view with respect to the GMRT at 610 MHz.

The observations are summarised in Section 4.2, data reduction discussed in Sec-
tion 4.3, and image analysis in Section 4.4. Section 4.5 discusses source extraction,

the catalogue resulting from which is presented in Section 4.6. The 1.4 GHz source
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counts and morphological discrimination prdvided by these images are discussed in

Sections 4.7 and 4.8 respectively.

4.2 Observations '

Observations of the 1¥ field at 1.4 GHz totalling 9.6 hours were conducted with
the A-array of the VLA in August of 1999. A further 17 hours of data were taken
~ in February and March of 2006. The pseudo-continuum 4IF mode of the VLA
correlator was used, similar to the deep observations of the 13¥ field (Seymour et
al. 2004) and the Hubble Deep Field (Richards 2000).

4.3 Data Reduction

Reduction was performed in a manner similar to that of the 137 field presented
in Seymour (2002), and Seymour et al. (2004), and differs only slightly from that
discussed in the previous chapter due to differences in the observational set up of
the VLA compared to the GMRT. '

4.3.1 Calibration

Flux calibration was performed using observations of 3C48, and.phase calibration
with regular observations of 0141-094. 3C48 is heavily resolved by the A-array
configuration of the VLA at 1.4 GHz. As such, not all baselines can be used in
the fitting of the antenna gains to a point source model during the calibration
process. To retain all the antennas in the fitting process and thereby acquire a
robust calibration solution, antenna gains were fitted to a model of 3C48 provided
by the NRAO, rather than to a single point source.

The phase calibrator, 0141-094, is essentially a point source when observed with
this configuration of the VLA. As per the VLA calibration manual, the uv range of
baselines used in the fitting to a point source during calibration was restricted to
those above 45k to avoid contamination by a small amount of confusing emission.

The pseudo continuum mode of the VLA correlator used during the observations
provides 8 channels of 3.125 MHz bandwidth (of which only 7 are generally usable) in
each of 2 IFs. This leads to a total bandwidth of 43MHz. The wide channels (cf. the
125 kHz channels of the GMRT) means that bandwidth smearing is more important,

in terms of both imaging defects and completeness, than in the survey presented in
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Chapter 3. From a calculation similar to that in Chapter 3, and once again following
Taylor et al. (1999) by approximating the uv coverage to a tapered Gaussian and
the channel bandwidth to a unit top hat function of width 3.125 MHz, the maximal
effect ‘of bandwidth smearing on this data (at the edge of the field) should be a
reduction in peak flux density of 0.57. The total flux density is unaffected. The
effect this smearing has on the resultant maps, and efforts to mitigate such effect,
will be discussed in more detail in Section 4.5. Calibration of the bandpass was
performed using the observations of 3C48. ‘

The response of each baseline as a function of time and frequency was examined
to locate and remove the effect of any RFI. Very little flagging was required, with

only isolated examples of possible interference.

4.3.2 Initial Imaging

The smaller restoring beam and differing configuration of these A-array VLA obser-
vations compared to those made with the GMRT in Chapter 3 mean that a different

imaging strategy is required to minimise 3D smearing. To be ensure consistency

between the two fields; a strategy similar to that used by Seymour (2002) and Sey- .

“mour et 4l. (2004) was employed. A 3 x 3 grid of 676 x 676 arcsec? facets covered
the primary beam of the VLA antennas. Care was taken to ensure that the points
of maximal emission from the brightest sources were located where possible on pixel
centres, to ensure accurate and efficient deconvolution of the dirty beam. Further,
smaller, fields were centred on sources outside the primary beam whose sidelobes
could potentially pollute the main survey area. These were selected from the NVSS
(Condon et al. 1998), and from the wider image of the field at 610 MHz presented
in Chapter 3. |

A pixel size of 0.33 x 0.33 arcsec was selected to accurately sample the 1.5 x

1.2 arcsec restoring beam of the A-arrayrof the VLA.

4.3.3 Self Calibration

As described in Chapters 2 and 3, initial images made using calibration performed

with known point sources can be used as models for self calibration. This process

can correct for both spatial atmospheric variations between the phase calibrator and

the science pointing, and for fluctuations in the atmosphere and electronics on time

scales shorter than that between calibrator scans.

* After several rounds of self calibration in each of several strategies (with differing
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numbers of CCs being taken to construct the uwv calibration model, and differing
solution intefvals), no noticeable improvement in image quality or reduction in noise
level was seen. The failure to improve» the image characteristics may be due the
limited amount of flux that could be included in the. CC models due to the sinc-
like sidelobes detected around the brightest sources (see below). The noise level
achieved in the highest sensitivity maps (see below) is only 15 percent over the
expected thermal noise for these observations. This implies that the calibration

achieved with the external source is very good, and reduces the importance of self

calibration.

4.3.4 Final Imaging
4.3.4.1 Weighting

As introduced in Chapter 3, the distribution of spacing of antennas pairs in inter-
ferometers often leads to a large number of Fourier samples of long spatial extent
compared to those short spatial extent (i.e. many more short baselines than long
ones). As such, if an image is made by inverting all the visibilities of an interfero-
metric observation, it has high sensitivity but less than optimal resolution. Several
weighting schemes (e.g. natural, uniform) have been developed to compromise be-
tween these two considerations.

These 1.4 GHz observations of the 17 field have three purposes. Firstly, they
~ aim to detect as many of the faint radio population as possible — to increase the
sample size of sources in the ’sub-mJy bump’, potential contributors to the cosmic
star formation history. Secondly, they aim to provide morphological information
about those sources — to assist in the accurate separation of AGN from starburst
galaxies. Finally, they aim to provide flux measurements at 1.4 GHz that can be
accurately compared to those at 610 MHz to calculate spectral indices — a further
AGN/starburst discriminator.

To address these three issues, several maps were made of the 1# field at 1.4 GHz,
with the weighting and tapering schemes altered to tailor the resulting map to the

relevant science goal. The first objective, maximum sensitivity, is achieved with

natural weighting of the uv data. In actuality little difference in rms noise was seen .

between maps made with natural weighting, and those with the ROBUST parameter
in the AIPS task IMAGR set to 0, while the ROBUST 0 map produced a simplér,

and therefore more easily deconvolved, dirty beam. This robust weighting scheme

is a trade-off between natural and uniform weighting, and is explained in full in
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Briggs (1995).

The second, maximum resolution, is achieved with uniform weighting. Once
again, the Robust 0 map provided a gbod enough compromise between resolution
and sensitivity to use for this purpose. -

As described in Chapter 1, the accurate calculation of radio spectral indices from
fluxes derived from images at two differing frequencies requires those two images
to be of similar resolution. High resolution images can “resolve out” flux from ex-
tended sources leading to underestimates of their flux, and artificially steepening
their spectra. The third objective therefore requires a map made with similar syn-
thesised beam properties as the 610 MHz map — achieved by tapering the uv data
such that a restoring beam of ~ 6 x 6 is generated. The required tapering was
performed by applying a Gaussian. weighting function to the data, with 30% levels
at 17 and 13 kA. The loss of large amounts of long baseline data increases the noise
considerably, reducing the chance of detecting many of the faint sources. As such,
an intermediate resolution map was made with resolution of 3 x 3 arcsec by similar

weighting with corresponding 30% of 45 and 35 k.

4.3.4.2 Cleaning

The Robust 0 map was imaged first. Cleaning was performed in blocks of 5000
iterations, and continued until a significant number of CCs were placed away from
real sources. This resulted in 20,000 iterations of cleaning. Similar cleaning was
performed on both of the tapered maps.

The 9 image facets containing the science images were combined with the AIPS
task FLATN, and the highest sensitivity image is shown in Fig.- 4.1, with no cor-
rection applied for the degradation in sens1t1v1ty of the primary beam. The centre

of the image is shown in more detail in Fig. 4.2.

4.4 Image Analysis

The Robust 0 scheme used to make the high sensitivity map led to a restoring beam
of 1.5 x 1.2 arcsec. The central rms noise is 11.2uJy beam™!. A histogram of the
pixel values can be seen in Fig. 4.3, and is well described by a Gaussian. .

The low resolution, highly tapered map achieved the desired restoring beam of
6 % 6 arcsec, with the noise increased to 31pJy. The intermediate resolution tapered

map has a restoring beam of 3 x 3 arcsec, with the noise increased to 17uly.
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Figure 4.1: The entire 1.4 GHz image of the 1 Field. This image has had no
correction for for primary beam degradation applied.
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Figure 4.2: A central region (~ 8 x 8 arcmin) of the 1.4 GHz image of the 17 Field.

Box number
60

Figure 4.3: A histogram of the pixel values in the 1.4 GHz map of the 1 field made
with the Robust 0 weighting scheme.
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I3

As can be seen from close inspection of the image shown in Fig 4.1, sources
further from the centre of the image are blurred out radially from that centre. This
is the residual effect of the bandwidth smearing induced by the 3.125 MHz channel
width. Details on how this effect was corrected for in terms of its effect on both the
measured properties of the individual sources and the completeness of the survey,

can be found in Section 4.5.

4.4.1 Sinc-like Sidelobes

One interesting artefact thaf should be noted is the approximate sinc function which
is convolved with the bright sources in Fig. 4.1. The lobes of this artifact always
point towards the phase centre, and have a maximal amplitude of ~ 10 percent of
the peak of the source they surround. Fig. 4.4 illustrates their effect on the source
at 1:46:06.2, -4:35:45.4. The magnitude of the effect varies with radial distance from
the pointing centre, and the magnitude is slightly greater in the direction to the
centre than away from it. o

While not present-in the 1.4 GHz VLA survey (|)f the 139 field, similar ripples
have been seen in other deep VLA surveys. Richards (2000) and Biggs & Ivison
(2006) discovered the same pattern around bright sources in the 1.4 GHz survey
of the HDF-N. Richards (2000) concludes that it is due to a problem with the 3.3
second sampling of the VLA correllator. Biggs and Ivison confirm that the effect is
entirely local, having no effect on the rms noise in the remainder of the image, and
hence take no further action to remove it, though they have noticed similar ripples
with data sampled at 5 seconds (private communication).

In the 17 field data, these ripples are present in images made with either IF,
any one or more channels, and any weighting and cleaning strategy. The radial
nature of the effect implies this may be a bandpass effect. The sinc function is the
Fourier transform of a single wavelength square wave. Both the total bandpass and
each individual channel is square, which is indicative that some problem with the
frequency response of the data both here and in the HDF-N may be responsible. To
test this hypothesis, further images were made with Hanning smoothing applied to
the bandpass - effectively smoothing the edges of both the total bandpass, and each
channel. Fig. 4.5 shows the contours of emission from the same source in this map.
The smoothing has removed the sinc-like ripples, confirming that this is a bandpass
effect. Such smoothing does have other, less welcome, effects on the maps. Hanning

smoothing convolves the bandpass with a triangular function of the type 1/4, 1/2,

i
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Figure 4.4: Contours of emission of source 3, illustrating the sinc — like sidelobes
present around the brightest sources. The phase tracking centre is located to the
right of this figure.
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Figure 4.5: Contours of emission of source 3 in a map with Hanning smoothing
applied to the bandpass. The sinc — like sidelobes are no longer present, but the
effect of the increased bandwidth smearing can be seen in the elongation of the
source.
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1/4. Such averaging means that the channels lose their independence. This has two
effects. Firstly, the effective bandwidth is increased, thereby increasing bandwidth
smearing. In Fig. 4.5, the source has been smeared radially from the pointing centre
(which is located to the right of the image) compared to the image constructed with
full spectral resolution. Secondly, the noise in the Hanning smoothed images is
unbelievably low (~ 70% of the theoretically expected thermal noise level). The
AIPS task IMAGR treats each channel as independent. Applying the smoothing
invalidates this assumption, and hence the images constructed by averaging over all
channels suffer from unrealistic noise characteristics.

The ripples associated with the bright sources are small in extent (~ 10x2 arcsec),
and have no perceivable effect beyond this distance. Hence, the final maps were made
at full spectral resolution, with no attempt to remove them.

Their only remaining effect is a possible bias on the measurement of the source
fluxes. Flux from the real sources may be spread into the sidelobes, meaning that
Gaussian fitting to the central bright source underestimates the true flux. Also, the
proximity of reasonably bright artifacts around sources can increase the clean bias
as CCs are placed at the positions of non-real flux. These two effects may not qnly
effect the bright sources (around which the ripples are visible above the noise) as
the sidelobes will be lost in the noise for any source below 100.

Measurements of the flux density of various bright sources as estimated by various
methods were compared to analyse the magnitude of this effect. Firstly, Gaussians
were fitted to the central lobes of the brightest sources in the maps made with full
spectral resolution. Secondly, TVSTAT was used to sum all the flux (both positive
and negative) within the sinc pattern that was perceivable above the noise in these
maps. Thirdly, TVSTAT was used to measure only the positive flux. Finally, both
Gaussian fitting and TVSTAT were used to measure the flux of the bright sources
in the Hanning smoothed map, and the maps tapered to lower resolutions.

For the bright, isolated sources, the flux densities measured from the tapered
maps are, to within 1 percent, the same as the total flux measured across the entire
perceivable sinc pattern in the map made with full spectral resolution. They are
~T7 percent lower than flux in the central lobe of the pattern. This implies that the
effect of the sinc pattern on the measured flux is present in the tapered maps, but
is not noticed due to the low resolution.

The average flux of these same sources as measured from the Hanning smoothed

map is 3 percent greater than the total flux measured across the entire perceivable

sinc pattern in the full spectral resolution map. It is 5 percent lower than that of
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the central lobe of the pattern.

Since it is unlikely that any defect will increase the flux of a source, and the
smoothed fluxes lie between the central and full pattern fluxes, the flux recorded in
Table 4.1 for the sources with percievable sinc-like sidelobes is that of the central
lobe of the function. These sources are marked with a S in the flag column. The
average difference between these fluxes, and those measured across the entire sinc
pattern (and, hence those in the tapered maps) is 7 percent. An error of 7 percent
has therefore been added to the estimation of the errors on the measured fluxes
from the effect of noise on the Gaussian fitting. This error has been applied to all
sources because although the sinc-like sidelobe pattern may not be noticeable above

the noise for any but the brightest sources, it may be present for all of them.

4.5 Sourpe Extraction

Source extraction was again performed with the AIPS task SAD. The highest sen-
sitivity (11.2 pJy beam™') map was used to construct an initial source list. The
tapered maps were then analysed to measure a closer approximation to the zero-
spacing flux of all the sources detected in the highest sensitivity map, and to locate
" any new sources whose emission is of suﬂicie;ntly low surface brightness to be resolved
out of the full resolution map. »

In the full resolution map, Gaussians were fitted to the emission surrounding all
pixels of a 3.50 limit of 38 uJy. Sources were accepted as real if their fitted peak
flux density was greater that a 40 limit of 45uJy. Within a 15 arcmin radius of the
pointing centre (the radius at which the sensitivity of the pfimary beam pattern
drops to 50 percent), 389 sources were extracted.

Inspection of residual maps showed that the Gaussian fitting used by SAD failed
to represent a further 20 sources sufficiently accurately. These include the 6 sources
which suffer from the noticeable sinc function sidelobes discussed in Section 4.4.1 and
14 further sources with emission that is extended. The properties of the extended
sources were extracted, by hand, from the .high sensitivity map with TVSTAT,
including the flux in all pixels that appeared to constitute the source, and measuring
the size as the furthest extent between 20 contours. The flux of the sources with the
sinc-like sidelobes, discussed previously, was taken to be that of their central lobe,
with the errors on all measured fluxes being increased to account for their effect. In
the_sé cases, the sidelobes inhibit an accurate determination of the size of the object,

and a 7?7 has been included in the catalogue.
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4.5.1 Doubles

There are several cases of ‘regioﬁs of emission occurring in close proximity, potentially
composing the double lobes of a AGN viewed side on. Most of these cases also
showed low level emission connecting the two sources, and as such were among
the number extracted by hand using TVSTAT. The contours of such emission were
overlaid on the optical ¢ band imaging of the 17 field (see Appendix A). Sources
seen as having connecting emission in the highest resolution map were taken as
components of the same object, and assigned one entry in Table 4.1. In the cases
“of source pairs 35 and 229, 41 and 346, 55 and 267, 111 and 132, and 211 and 279,
the two patches of radio emission are coincident with separate optical galaxies, with
no emission seen between them. As such, they were retained as separate sources in
Table 4.1.

The remaining case is that of sources 4 and 23, shown in Fig 4.6. Source 23
consists of two regions of emission separated by ~ 4 arcsec. 7 arcsec to the south
west, source 4 appears to consist of a pair of lobes centred on a dim optical object.
The two components of source 23 seem to be associated with the bright, point-like
optical object to the upper fight of 4.6. A patch of faint ¢/ band emission is located
near the centre of the emission taken to be source 4. Since separate potential optical
counterparts exist for the different regions of radio emission, they are recorded in
Table 4.1 as two separate sources. It should be noted that in the 610 MHz image,
the emission identified as source 23 in this map appears to be merely dn extension of
that from source 4. This confusion, caused by the lower resolution of the 610 MHz
map, means that the measured fluxes, and hence radio spectra, for these source are

uncertain.

4.5.2 Resolution

As discussed in Chapter 3, the sizes and integrated flux densities measured by
Gaussian fitting routines at low signal to noise ratios are unreliable. Once again,
the population with peak flux density exceeding total flux density were used as a
guide to the magnitude of this effect. Unlike the 610 MHz observations presented
in Chapter 3, these observations suffer from significant band width smearing. For
the Sy to Sp ratio to be meaningfully compared for sources across the entire ﬁeld,
the peak fluxes were corrected for bandwidth smearing (see Section 4.5.3 below for
details) before the computation of this ratio. An envelope was defined to contain

these in S,/Sye; vs S, space and mirrored about the S, = S;,; line to encompass
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Figure 4.6: Contours of 1.4 GHz emission of sources 4 and 23 overlaid on an ¢’ image.
Source 4 is taken to be the emission to the lower left of the figure. A faint optical
object is visible near the centre of the emission. While the remaining regions of
emission are assumed to be separate, and associated with the bright optical source
to the upper right.

98 percent of the sources whose resolution is questionable. Within this envelope,
sources were taken to be unresolved points, while outside, measured widths and
total flux densities were accepted. These functions, and the initial measured flux

density ratios can be seen in Fig. 4.7.

4.5.3 Corrections to Source Properties
4.5.3.1 Primary Beam

The flux measurements of each source were corrected for the degradation in sen-
sitivity of the primary beam at their location. The function used was that of the
eighth order polynomial supplied by the AIPS task PBCOR.

4.5.3.2 Bandwidth smearing

As can be seen in Fig. 4.1, sources far from the centre are extended in the direction
radial from the image centre. This is the effect of bandwidth smearing — where total
flux of any real source is conserved but blurred out, reducing the peak flux. This
effect has been studied in detail by Richards (2000), who use an observational set-up
identical to that used for these observations. Following the method of Richards, and

Seymour et al. (2004), the effect is approximated by the function:
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Figure 4.7: The ratio of the measured S, to measured S;, for sources detected in
the 17 field at 1.4 GHz. The envelopes used to define confident resolutions as a
function of flux are shown as the solid lines.
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This has been used to correct the peak flux density of each source. The mea-
sured values of total flux do not require correction, as this property is conserved by

bandwidth smearing.

4.5.3.3 Time delay Smearing

As mentioned in Chapter 3, the rotation of sources within the visibility integration
time can lead to smearing which, in the simplified case, is perpendicular to the
direction to the pointing centre. Each visibility in this dataset is the average of a
3.3 second correlation of the baseline feeds. With such a short averaging time, this
effect is minimal. The maximal expected effect is a reduction in the measured peak

flux by 0.4 percent.

4.5.3.4 Clean Bias

" Maps with Robust=0 weighting were made with 5000, 10000, 20000, 30000 and

100000 clean iterations. The flux of several sources were measured in each of these
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Figure 4.8: The average flux ratio of several bright, isolated sources measured in
maps with various numbers of clean iterations. The ratio is defined as relative to
the source’s flux as measured in the 5000 iteration map.

maps, and average gains are plotted in Fig. 4.8. The measuféd flux density was not
seen to reduce with increasing number of Clean iterations.

As a further check, simulations similar to those presented in Chapter 3 were
performed. Sources of known flux density were inserted into the full uv data at
regions constrained to lie more than 10 arcsec from a real source. This data was
then imaged and analysed in a way similar to the science data, and the measured
flux of sources compared to their known inserted flux. For 100 sources at 250uJy,
the average measured flux was 249.6 £ 0.2, where the error is on the determination
of the mean. The effect of Clean bias is therefore only important at the 0.2 percent
level, insignificant compared to the errors from source fitting, noise, and the sinc-like

sidelobes, and has therefore not been considered further.

4.5.4 Tapered Maps

The high resolution provided by the A-array of the VLA provides the opportunity
to study the arcsec scale morphology of the sources detected. However, it also looses
sensitivity to low surface brightness objects, from which some of the flux is resolved
out by the longer baselines. R .
The 3 x 3 arcsec tapered map, made as an compromise between high sensitivity
and 610 MHz matching resolution, provides greater sensitivity to such extended
sources, as the influence of these long baselines is down weighted. This map has

Gaussian noise, and was searched for sources in the same manner as discussed above,
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Figure 4.9: The distribution of pixel values (in pJy beam™) in the map tapered
to 6x6 arcsec resolution. The wings of the distribution are higher than the values
predicted by the Gaussian fitted to the distribution as a whole.

with the flux densities at this lower resolution recorded. SAD extracted 151 sources
well fitted by Gaussians, and the properties of the further 20 extended sources were
determined by hand. Of these, 148 were the tapered counterparts of sources already
discovered in the full spatial resolution map. There were no significant detections
in the full resolution map at the location of the remaining 23 sources detected at
the 3 x 3 arcsec resolution. These non-detections imply that the contribution to the
image of the many long baselines of the VLA A-array has resolved out the flux of
these extended, low surface brightness objects. The 23 new sources were added to

the catalogue.

As can be seen in Fig 4.9, the distribution of pixel vales in the map tapered to a
resolution of 6 x 6 arcsec is not well described by a Gaussian. In the wings of the
distribution, the number of pixels with a certain flux per beam exceeds the Gaussian
profile that has been fitted to the whole distribution, and is over plotted. As such,
the calculation of a simple detection limit as 4 times the o of the distribution provides
an unrealistically low detection threshold, as many pixels which contain purely noise
would be counted as real sources. This is confirmed by the unrealistic number of
new sources (~ 50) discovered above 40 in this 6 x 6 arcsec map but not in the

higher sensitivity 1.5 x 1.2 and 3 x 3 arcsec maps. As such, a different approach is
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Figure 4.10: The ratio of the fluxes measured from the 3 x 3 arcsec and full resolution
maps, plotted against detected peak flux in the full resolution, high sensitivity map.

required for defining a detection limit in this map. The map was examined to find
the most negative pixel. Since any negative flux is necessarily the result of noise, this
was taken to be the maximal extend of the negative part of the noise distribution.
Since the noise distribution shown in Fig. 4.9 is reasonably symmetric, this value of
180 uJy was mirrored about mean of the distribution and hence a detection limit
of 180 uJy was adopted. Above this level, 66 sources were detected, all of which
had already been seen in the higher spatial resolution, higher sensitivity maps. In
two cases, the low resolution of this map caused sources to be confused, and hence
made individual flux densities impossible to measure accurately. This 6 x 6 arcsec
source list was cross correlated with the list of 432 sources discovered in the maps
of higher resolution. . _

The average increase in measured flux between the full resolution and 3 x 3 arcsec
map is 1.21. As can be seen in Fig. 4.10, sources whose detection is of high signif-
icance in both maps usually appear to have the same flux in both. Only at faint
fluxes, and therefore with less accurate flux measurements, does the distribution
of gains widen. Sources with fluxes between the detection limits in the two maps
are missed, depopulating the low flux, gain < 1 region in Fig. 4.10, increasing the
average of the distribution above one. ,

In cases where the ratio of S3;3/Sfu is greater than unity by more than the error

on Ssz3/Sfun (froin the combination of the errors on the flux measurements in each
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map), the increase in flux is taken as significant, and the 3 x 3 arcsec flux is recorded
in the catalogue. In 76 of the 409 cases of sources detected in the full resolution
map, Si,3 was taken as significantly brighter. Similarly, if the flux measured in
the 6 x 6 arcsec map is significantly brighter than that measured in either the full
‘resolution or the 3 x 3 arcsec map, this is also recorded. 14 sources were taken as

significantly brighter thus.

4.6 Catalogue

Table 4.1 is the catalogue of all sources discovered at 1.4 GHz in all maps of the
1% field. The columns contain: Number; a source extraction flag (H meaning
that the source properties were extracted by hand using TVSTAT, T meaning that
the source was first seen in the 3 X 3 arcsec map, and S meaning that the source
‘noticeably suffers from the sinc-like sidelobes); RA; Dec; the signal to noise ratio of

the detection; peak flux in uJy beam™1 for sources reliable resolved; the size of the

source in arcsec, if it is reliably resolved (the deconvolved size reported by SAD for

source adequately described by a Gaussian, and the greatest distance between 20
contours for those sources extracted by hand. A 7?7 means that any measure of the
source’s extent is hampered by the sinc-like sidelobes); total flux in pJy, in the full
spatial resolution map; flux in pJy, in the 3 x 3 arcsec- resolution map for sources
which are significantly brighter in it than in the full resolution map; flux in pJy,
in the 6 x 6 map for sources which are significantly brighter in it than in maps at
higher resolution; The best measurement of the flux in pJy; the error on the best
flux, in pJy. Sources are ordered based on the best estimation of their total flux

density. \

4.7 Source counts

The 1.4 GHz source counts from. the 1" field were corrected and computed in a
manner similar to that in Chapter 3. Sources with detection of 50 and above were

binned on total flux, and weighted by the area over which they could be seen.
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Table 4.1: The full catalogue of sources detected at 1.4 GHz in the 1¥ field. Columns
are: Number; Flag; RA; Dec; SNR; size; S, in uJy beam™; Sy in pJy in the full
resolution map; flux from the 3 arcsec resolution map for sources significantly
brighter therein; flux from the 6 arcsec resolution map for sources significantly
brighter therein; Sp.s:, the best measurement of the flux, in pJy; error in this best
flux, in pJy. Flags are: H=source parameters extracted by hand; T=source first
detected in the tapered map; S=source noticably effected by a sinc-like sidelobe

pattern.

Source Flag

© 00~ U WN -

H
HS
HS

H

H
HS
HS

oo O EEET

=

Right Ascension

01:45:52.69
01:44:44.85
01:46:06.2
01:45:32.88
01:45:37.7
01:44:49.2
01:46:15.43
01:45:43.79
01:46:08.0
01:45:20.36
01:45:10.02
01:44:50.17
01:46:12.37
01:44:32.51
01:45:19.85
01:45:59.79
01:44:31.54
01:45:22.19
01:46:21.84
01:46:04.3 .
01:45:24.73
01:44:52.85
01:45:32.57
01:46:19.01
01:45:31.0
01:45:49.69
01:46:00.0
01:44:45.59
01:44:39.47
01:44:45.26
01:44:48.52
01:45:09.5
01:46:03.0
01:45:53.29
01:46:06.8
01:46:04.2
01:46:06.8
01:45:04.5
01:45:09.2
01:44:46.34
01:45:26.97
01:45:35.16
01:45:40.38
01:46:17.44
01:45:59.44
01:45:03.1
01:45:15.96
01:45:16.33
01:44:30.6
01:46:05.9
01:44:40.97
01:44:58.91
01:45:17.59
01:45:42.98

Declination  SNR Sp 9
- pJyb~!  arcsec
-04:43:20.5 478.4 8995.5 15.0
-04:40:28.0  368.3 7779.0 7?7
~-04:35:45.2 529.1 9179.8 77
-04:30:54.9  303.7 3729.3 6.0
-04:34:01.4 197.6 2331.4 10.0
-04:31:44.7 88.5 1541.5 77
-04:40:30.3  200.4 4910.4 77 .
-04:43:37.5 50.3 875.8 12.0
-04:31:19.9 76.4 1437.1 23.0
-04:22:59.3 17.1 357.5° 14.0
-04:24:23.8 37.3 727.5 ¢ 10.0
-04:46:23.8 52.6 1532.3 1.135
-04:37:48.2 36.1 744.2 9.0
-04:37:45.1 28.4 738.6 7.0
-04:26:21.2 129.8 2036.7 0.54
-04:28:58.0 83.7 . 1472.8 0.715
-04:36:51.2 22.8 597.4 10.0°
-04:22:48.5 67.5 1422.0 77
-04:34:43.3 . 324 819.3 1.275
-04:39:06.3 ~ 46.8 845.7 0.86
-04:47:29.7 33.9 781.5 0.96
-04:34:20.5 56.4 883.9 0.655
-04:30:46.5 . 32.9 406.4 12.0
-04:40:36.3 14.5 393.9 1.63
~-04:48:41.0 23.2 612.6 1.04
-04:40:51.5 48.8
© -04:26:13.5 9.6
-04:27:50.3 26.3 579.4 0.985
-04:37:58.8 20.6 449.3 1.105
-04:33:40.7 33.3 -610.9 0.715
-04:32:58.1 37.4 '645.4 77
-04:43:32.6 10.7 186.1 4.5
-04:24:09.7 15.0 387.1 1.015
-04:31:25.5 24.7 358.0 1.13
-04:39:43.5 26.7 520.5 0.83
-04:40:42.2 8.4 162.9 1.995
-04:24:50.8 7.8 204.5 1.515
-04:33:00.9 20.6 273.8 0.92
-04:47:48.3 5.5 142.1 7.0
-04:42:06.7 10.2 229.7 1.4
-04:36:6.0 43.9
-04:40:24.8 37.3
-04:49:05.8 10.1 292.7 1.535
-04:33:53.9 5.1
-04:26:27.7 14.9 301.8 0.785
-04:34:15.6 284
-04:41:56.2 16.9
-04:30:28.2 33.3
-04:34:53.9 11.1 2939 1.01
-04:43:56.5 7.5 184.9 1.32
-04:40:04.6 10.0 227.3 1.355
-04:22:39.3 7.5 )
-04:34:17.0 31.3
-04:36:30.6 28.3
—

Stot
uly
22387.4
11280.1
11757.2
9066.0
9030.6
8791.6
6772.1
7866.9
4020.9
2641.3
2735.3
2183.5
2576.3
1794.4
2106.1
1825.8
1942.2
1683.5
1321.6
1107.0
968.0
1056.1
1012.3
739.7
769.5

© 756.9

817.8
660.0
771.0
765.4
426.2
511.2
569.3
649.7
417.3
362.3
381.3
399.8
380.3
505.6
502.1
468.1

375.0
379.8
251.9
425.6 .
412.6
285.2
381.3
196.2
366.8

352.6

S3
wly

7689.0

4602.1
4086.5
3153.2
2502.6

1937.3

823.9

727.3
614.5

580.1

451.8
449.4
440.8

279.7

Ss
uly

12816.3

8015.6

4530.7
4087.9
3207.2
2706.1

2193.0
1973.8
1924.4
1215.9
1111.7

1002.9
879.7
876.9

807.1

743.2
705.4
657.2

613.7
566.5
549.9
543.9
509.9

443.8
429.6

389.7

378.0

SBest
ply
22387.4
12816.3
11757.2
9066.0
9030.6
8791.6
8015.6
7866.9
4530.7
4087.9
3207.2
2706.1
2576.3
2193.0
2106.1
1973.8
1942.2
1924.4
1321.6
1215.9
1111.7
1056.1
1012.3
1002.9
879.7
876.9
823.9
817.8
807.1
771.0
765.4
743.2
705.4
657.2
649.7
613.7
566.5
549.9
543.9
509.9
505.6
502.1
468.1
451.8
449.4
443.8
429.6
425.6
4126
389.7
381.3
378.0
366.8
352.6

AS
uly
1567.5
897.1
823.7
635.2

632.7
616.3
561.0
551.7
317.1
286.1
224.5
0.0
184.3
153.5
147.4
0.0
143.2
134.7
106.3
485
61.8
79.1
75.9
72.7
70.7
41.7
111.1
71.1
58.6
63.4
63.2
52.0
69.3
38.8
57.4
52.0
70.4
69.6
38.0
60.3
37.1
37.5
67.3
102.5
43.6
35.8
77.0
32.2
57.5
65.8
55.6
69.9
28.1
27.5
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Table 4.1 continued
Source - Flag Right Ascension Declination SNR Sp 6 Stot S3 Se SBest AS
ply b=l arcsec wply ply  ply  ply  uly
55 01:44:59.38 04:29:06.9 13.8 2226 0.63  267.0 346.7 346.7 43.2
56 01:45:22.99 -04:45:258 141  266.6 0.99  340.8 , 340.8 41.9
57 01:45:19.86 -04:44:16.6  15.0 258.4 331.7 3317  34.6
58 01:46:24.25 04:39:05.8 5.2 i54.3  2.315  327.9 327.9  76.9
59 01:44:45.63 -04:41:30.5 12.2  267.6 1.02  324.0 3240 44.4
60 01:45:31.55 04:23:383 9.7 188.7 254.6 313.7 313.7 520 |
61 T 01:44:53.12 -04:46:42.4 6.9 v 310.0 3100 46.2 |
62 01:45:03.9 -04:48:16.6 6.2 180.3  307.7 307.7  47.9 |
63 01:44:38.73 04:27:459 69 ©  179.1 1.505 30614 306.4 59.8 |
64 01:45:49.2 04:23:32.7  10.6 , 236.6 204.2 2042 389 |
65 01:44:52.54 -04:36:01.2 5.8 92.6 118 161.7 283.0 283.0 60.0
66 01:44:43.53 - -04:43:25.7 7.8 202.9  0.965 278.2 2782  52.0 ‘
67" 01:45:20.82 °  -04:48:21.5 8.0 203.8 277.0 277.0  42.4 |
68 01:46:02.1 04:24:120 6.1 154.1 263.6 263.6 41.5 |
69 01:45:18.12 . -04:49:31.2 4.4 1325  263.4 263.4 47.8 |
70 01:45:11.63 -04:48:59.9 5.1 147.9  261.9 261.9 46.8 ‘
71 01:45:38.62 -04:28:56.0 5.2 72.2 1.185 126.6 2659 257.6 257.6 36.9
72 01:44:30.92 -04:32:475 5.6 149.6  250.2 250.2  43.1
73 01:45:20.13 -04:49:09.6 6.1 1716 1.205 247.5 2475  56.2
74 01:44:46.47 04:42:53.1 7.4 174.6  245.3 245.3 . 39.0
75 01:44:44.81 04:42:15.1 4.6 107.4 2445 2444 244.4  64.7
76 01:46:07.9 04:30:42.9 58 - 112.2 1.645 244.2 2442  53.1
77 01:45:39.54 -04:34:37.4  17.0 2035  0.595 243.0 243.0 28.1
78 01:46:03.1 -04:44:25.5 6.3 153.8 1.23  237.3 237.3 515 |
79 T 01:44:48.19 -04:23:155 5.0 237.2 237.2  46.1 |
80 01:45:18.62 -04:46:24.8  11.1 - © 233.6 233.6 26.0 |
81 01:45:25.15 -04:45:05.7 9.3 169.9 2238 - 223.8 314 |
82 ° 01:45:25.8 -04:23:01.5 7.9 161.9 2225 2225 33.9 - |
83 01:45:00.8 -04:23:32.0 6.6 155.0 2224 _ 2224  38.1
84 01:46:03.1 -04:35:49.5  10.6 174.6  217.9 217.9  98.7
85 01:45:26.92 04:47:25.7 9.4 214.3 214.3 263
86 01:45:44.62 -04:31:09.2  16.1 2126 212.6  19.6
87 01:45:00.9 04:38:21.9  14.4 ‘ 210.1 2101 203
88 01:46:13.18 04:38:454 5.2 113.2 1.505  209.5 ‘ 209.5 52.1
89 01:45:16.49 04:21:23.0 5.7 142.6 1.33  207.9 207.9  50.6
90 01:45:07.9 04:36:13.8  16.1 205.9 2059 19.0
91 . 01:46:13.60 04:38:46.2 6.5 144.2  205.9 . 2059 35.7
92 01:45:53.67 -04:27:08.9 8.4 149.8 204.4 ‘ 2044  30.0
93 01:44:47.86 -04:30:53.8 6.1 112.0  1.455 203.8 203.8  44.9
94 T 01:45:29.11 -04:49:07.7 4.6 203.7 203.7 424
95 01:45:19.27 104:41:32.0  14.0 200.8 200.8 19.7
96 01:45:40.83 -04:22:34.0 4.6 104.8 1.725  199.8 . 199.8  54.9
o7 01:45:38.06 -04:32:30.5 11.8  143.1 0.75  199.1 199.1 284
98 . 01:44:31.3 04:37:02.9 4.1 . 110.8  195.4 1954 405
99 01:46:19.61 -04:39:13.3 5.0 "120.3  192.9 192.9- 40.8
100 T 01:46:00.0 -04:44:59.0 4.9 187.7 187.7 359
101 T 01:45:57.75 04:23:11.0 45 - 183.7 183.7  39.9
102 01:45:46.55 -04:24:49.6 7.3 140.6  182.7 182.7 314
103 T 01:46:18.84 -04:39:6.0 45 179.9 179.9 384
104 T 01:45:15.42 04:22:226 5.0 179.8 179.8  35.4
105 01:45:27.4 -04:22:23.5 5.2 114.9 1.25  179.4 179.4  46.6
106 T 01:45:20.95 -04:47:01.2 5.0 177.3 177.3  33.5
107 01:45:17.08 -04:41:145 4.5 64.0 1.875  175.0 175.0  46.9
108 - T 01:44:54.52 -04:42:26.6 5.5 ‘ 170.6 170.6  31.6
109 01:45:33.29 -04:44:50.9 9.3 167.9 167.9  21.1
110 01:45:46.91 -04:33:18.5  12.7 163.9 163.9 169
111 01:45:31.71 04:29:31.6 126 163.4 163.4 17.0
112 01:44:53.01 04:31:51.4 6.9 ' 1120 161.0 161.0 266 |
113 01:44:50.8 -04:28:185 5.8 1139  157.6 157.6  30.6 |
114 01:45:47.24 -04:22:485 6.6 155.7 155.7  25.1 ‘
115 01:45:41.53 04:26:36.7 7.4 119.3 1540 - 154.0 25.7
16 | 01:44:59.69 04:32:13.1 106 153.7 153.7 17.6
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Source

117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
. 145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
17
172
173
174
175
176
177
178

-

Flag

=4

=

Right Ascension

01:46:01.2
01:44:48.58
01:46:15.08
01:45:39.76
01:44:55.26
01:45:49.51
01:44:48.83
01:44:39.95
01:45:12.29
01:45:57.27
01:44:58.39
01:44:36.04
01:46:03.3
01:44:57.97
01:44:42.26
01:45:31.35
01:44:44.63
01:46:20.58
01:45:16.9
01:45:26.84
01:45:09.6
01:44:55.93
01:45:55.93
01:46:14.9
01:45:56.93
01:46:00.9
01:46:16.35
.01:46:10.6
01:44:53.31
01:45:13.13
01:45:52.76
01:45:26.64
01:44:44.3
01:45:38.75
01:45:58.51
01:45:29.89
01:45:22.77

- 01:45:00.8

01:45:37.14
01:45:55.78
01:45:00.9
01:44:49.01
01:44:54.06
01:44:37.11
01:46:12.04
01:45:38.9
01:46:15.12
01:44:48.77
01:44:48.71
01:44:35.71
01:45:55.92
01:45:10.83
01:45:26.94
01:44:40.9
01:44:57.04
01:45:20.28
01:44:58.26
01:44:44.89
01:44:55.77
01:44:43.36
01:44:53.6
01:45:59.89

Declination

-04:42:30.3
-04:35:51.5
-04:26:07.4
-04:46:11.7
-04:40:10.3
-04:44:41.1
-04:40:15.9
-04:34:14.2
-04:45:11.1
-04:36:20.5
-04:27:39.5
-04:27:34.0
-04:23:20.0
-04:47:9.0
-04:33:49.9
-04:29:31.0
-04:43:30.6
-04:28:20.5
-04:43:51.6
-04:24:33.0
-04:20:46.7
-04:24:04.6
-04:46:35.6
-04:28:45.4
-04:29:03.8
-04:40:12.6
-04:38:16.8
-04:24:32.8
-04:45:00.9
-04:37:20.3
-04:31:56.7
-04:43:53.1
-04:44:09.8
-04:39:49.9
-04:37:13.9
-04:49:28.5
-04:46:23.9
-04:35:43.8
-04:30:32.3
-04:46:59.0
-04:46:50.1
-04:41:18.1
-04:46:18.3
-04:41:53.9

-04:34:39.8

-04:20:27.6
-04:41:57.4
-04:25:18.8
-04:45:10.7
-04:37:37.7
-04:22:43.8
-04:29:08.7
-04:21:00.5
-04:27:49.3
-04:29:54.8
-04:45:17.5
-04:39:54.3
-04:38:44.7
-04:35:11.4
-04:27:58.5
-04:31:27.0
-04:30:01.8

Table 4.1 continued

SNR

Sp
ply b1

80.8

77.9

88.8

60.7
70.8

4
arcsec

1.395

1.455

1.255

1.605
1.145

Stot
pdy
105.0
110.1
148.1

146.9
146.8

144.4
103.8
142.8
141.9
141.7
141.0

140.0
138.6
137.3
71.1

80.8

135.1
133.6
133.0
132.9

'132.0

131.9
131.8
103.1
87.9
89.4
130.8
96.3
127.4
125.7
125.7
125.6
124.8
123.9
123.7
123.4
122.9
121.2
121.1
120.6
119.3
119.1
118.0
118.0
117.7
117.4
117.2
117.1

116.8

114.9
77.9
113.5
113.5
112.6

S3
wly

152.2
149.7
147.8
146.3
145.9

144.1

140.8

135.2

132.7
132.7

131.8
131.7
131.7

129.5

116.8
116.1

114.6

Se
uly

136.3

SBeét
uly
1522
149.7
148.1
147.8
146.9
146.8
146.3
145.9
144.4
144.1
142.8
141.9
141.7
141.0
140.8
140.0
138.6
137.3
136.3
135.2
135.1
133.6
133.0
132.9
132.7
132.7
132.0
131.9
131.8
131.8
131.7
131.7
130.8
129.5
127.4
125.7
125.7
125.6
124.8
123.9
123.7
123.4
122.9
121.2
121.1
120.6
119.3
119.1
118.0
118.0
117.7
117.4
117.2

21171

116.8
116.8
116.1
114.9
114.6
113.5
113.5
112.6

AS
wly
321
27.4
29.8
32.4
19.5
47.3
30.0
31.3
"46.5
24.3
39.1
28.1
29.0
28.6
29.4
15.9
26.6
28.7
9.5
27.2
29.0
24.6
26.3
25.5
25.8
27.2
24.2
29.8
25.1
20.7
22.0
26.2
27.8
21.8
17.3
29.5
21.9
37.2
31.3
27.6
26.4
21.0
27.6
28.0
20.9
28.5
26.9
25.2
27.4
- 24.6
26.8
15.9
26.0
25.2
24.8
19.8
25.2
20.8
23.1
23.7
17.4
17.9
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Table 4.1 continued

Source Flag Right Ascension Declination SNR Sp g Stot S3 Se SBest AS

uJy b=l  arcsec uly uly pnly uly uly
179 01:46:10.51 -04:27:34.7 4.8 ' 112.5 1125 23.8
180 01:46:03.2 -04:25:01.8 4.6 112.4 1124 . 24.8
181 01:46:15.71 -04:31:14.5 4.9 112.1 112.1 233
182 . 01:45:41.42 -04:39:42.0 4.8 : -65.5  111.7 111.7  21.0
183 01:45:59.09 -04:46:15.9 4.2 111.60 - 111.6 269
184 01:45:36.06 -04:35:05.9 6.2 72.7  111.0 111.0 19.0
185 01:44:55.46 -04:35:36.8 7.3 ' 110.6 110.6 164
186 01:44:41.26 -04:33:59.9 5.5 110.3 110.3 20.9
187 01:44:45.45 -04:42:05.1 4.8 110.1 110.1 234
188 01:44:44.58 -04:26:17.4 4.4 109.7 109.7 254
189 01:44:30.39 -04:35:26.6 4.1 109.5 109.5 271
190 01:45:19.96 -04:21:25.7 4.4 109.0 109.0 25.0 -
191 01:46:08.1 -04:43:08.2 4.4 108.6 108.6 24.8
192° 01:44:45.52 -04:43:31.1 4.3 108.6 108.6  25.5
193 01:46:05.0 -04:42:33.2 4.9 108.1 108.1 226
194 T  01:45:53.26 -04:34:10.7 4.9 107.6 107.6 21.9
195 01:45:23.25 -04:23:41.8 5.5 107.2 107.2  20.2
196 01:45:26.19 -04:47:33.1 4.6 107.0 107.0 23.3
197 T 01:44:59.93 -04:31:44.2 4.6 ) 106.8 106.8 22.8
198 T 01:45:51.4 -04:39:28.1 4.5 106.8 106.8 22.5
199 01:44:35.39 -04:28:35.7 4.0 106.5 : 106.5 27.3
200 01:44:40.22 -04:41:28.4 4.2 105.6 105.6  24.3
201 01:46:01.6 -04:25:16.8 4.6 105.5 105.5 23.5
202 01:44:55.79 -04:28:38.9 6.0 104.7 104.7 184
203 01:45:44.06 -04:30:50.1 5.5 : 73.6 103.9 103.9 21.0
204 01:45:20.12 -04:42:03.8 4.2 61.6 103.6 103.6 228
205 01:46:09.0 -04:27:12.4 4.4 103.4 103.4 237
206 01:44:41.52 -04:37:23.4 5.0 102.6 1026 21.2
207 . 01:46:13.75 -04:39:31.2 4.5 - 101.6 101.6 22.8
208 01:44:57.99 -04:24:27.3 4.4 100.0 100.0 229
209 ) 01:46:11.57 -04:28:23.1 4.3 7 99.7 99.7 23.4 |
210 T 01:45:08.8 -04:38:23.4 4.7 99.7 99.7 20.1 |
211 01:45:46.7 -04:31:19.3 7.4 99.5 99.5 14.7 |
212 01:45:43.45 -04:46:15.6 4.5 99.2 99.2 22.3 |
213 01:44:38.66 -04:31:25.3 4.4 : 99.0 99.0 22.7 |
214 01:45:32.25 -04:46:37.2 4.6 98.9 98.9 21.7 ,‘
215 01:46:09.9 -04:31:00.1 4.9 . ’ 98.8 98.8  20.5
216 . 01:45:52.89 -04:31:46.2 4.4 62.9 98.7 98.7 21.3
217 01:45:03.3 -04:36:52.9 4.8 66.0 98.6 98.6 21.4
218 01:46:09.3 -04:42:04.5 4.2 98.5 98.5 23.5
219 01:44:38.17 -04:30:53.7 4.2 97.2 97.2 22.9
220 01:45:15.52 -04:35:37.8 4.6 549  96.5 96.5 18.0
221 01:45:58.43 -04:26:35.8 4.8 96.3 96.3 20.3
222 01:44:44.11 -04:37:59.4 4.8 95.5 95.5 20.2
223 01:44:46.4 -04:28:11.8 - 4.4 ' 94.9 94.9 21.7
224 : 01:45:18.6 -04:29:34.6 7.2 94.5 94.5 14.3
225 01:45:57.89 -04:26:21.6 4.7 93.9 93.9 20.4
226 01:44:45.72 . -04:29:44.5 4.6 . 93.7 93.7 20.5
227 01:44:59.41 -04:27:19.5 5.2 93.7 93.7 185
228 01:44:48.61 -04:42:20.6 4.3 93.4 934 221
229 01:46:07.1 -04:39:48.9 4.7 93.3 93.3 20.2
230 01:45:14.67 -04:45:58.5 4.5 92.8 92.8 21.0
231 01:45:26.94 -04:41:41.8 6.5 92.6 92.6 15.2
232 01:45:17.16 -04:46:10.7 4.4 92.4 924 21.1
233 01:45:44.27 -04:46:17.9 4.2 . 92.3 . 92.3 21.5
234 01:45:44.82 -04:24:08.5 4.5 92.2 92.2 20.6
235 01:45:55.81 -04:44:14.9 4.3 92.0 92.0 21.5
236 01:44:49.99 -04:28:45.7 4.7
237 . 01:45:55.61 -04:43:54.3 44
238 01:45:57.48 -04:31:07.1 5.8
239 01:44:44.91 -04:33:33.5 4.9
240 01:45:42.57 -04:23:32.4 4.3
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Table 4.1 continued

Source Flag Right Ascension Declination SNR Sy [/ Stot S3 Se SBest AS
- - puJy b=t arcsec ply ply ply uly uly
241 01:44:45.13 -04:41:58.4 4.0 91.0 91.0 23.0
242 01:45:13.75 -04:23:47.5 4.5 i 91.0 91.0 20.4
243 01:45:44.92 -04:29:35.5 6.4 90.7 90.7 15.0
244 01:45:21.02 -04:41:55.9 6.2 ' ' 90.7 90.7 15.5
245 01:46:08.8 -04:34:34.6 4.9 . 90.1 90.1 18.9
246 01:45:56.17 -04:25:09.9 4.2 89.6 89.6 21.5
247 01:45:39.58 -04:41:30.5 6.1 . 89.4 89.4 15.5
248 01:46:00.2 -04:37:10.2 5.6 . 88.6 88.6 16.5
249 01:44:47.02 -04:27:59.3 4.1 88.6 88.6 21.5
250 . 01:44:50.3 -04:27:34.0 4.3 88.5 88.5 20.5
251 01:44:54.46 -04:35:05.1 5.8 88.3 88.3 16.1
252 01:45:05.8 -04:33:43.3 4.0 51.6 88.0 88.0 19.7
253 ’ 01:45:28.18 -04:39:09.5 7.0 ) 87.9 87.9 13.6
254 01:45:49.27 -04:24:28.6 4.3 87.8 87.8 20.8
255 01:46:05.1 -04:41:28.2 4.2 87.8 87.8 20.9
256 01:45:45.16 -04:26:06.3 5.1 o ‘ 87.7 87.7 17.7
257 01:46:03.7 -04:38:35.1 4.9 87.5 87.5 18.1
258 01:44:51.42 | -04:41:42.2 4.4 87.4 87.4 20.2
259 01:46:12.1 -04:30:02.1 4.0 87.1 87.1 21.8
260 01:46:11.25 -04:32:38.0 44 87.0 87.0 20.1
261 01:45:28.66 -04:23:58.5 4.6 86.8 86.8 19.3
262 01:44:50.33 -04:29:17.6 4.6 86.8 86.8 19.1
263 01:45:33.35 -04:44:32.8 4.8 85.2 85.2 18.1
264 01:45:32.87 . -04:24:52.1 4.8 85.1 85.1 17.6
265 01:45:04.5 -04:44:36.5 4.2 85.1 85.1 20.3
266 01:46:06.9 -04:31:56.7 4.6 © 85.0 85.0 18.6
267 01:44:59.46 -04:29:4.0 5.2 ’ 84.9 ’ 84.9 16.8
268 : 01:45:06.3 -04:43:54.6 45 84.9 84.9 18.9
269 : 01:46:04.2 -04:38:44.5 4.7 ) 84.7 84.7 18.3
270 01:46:00.7 -04:37:16.0 5.2 84.5 84.5 16.6
271 01:44:46.35 -04:37:54.3 4.4 - 83.5 83.5 19.0
272 01:45:32.5 -04:27:53.3 5.8 82.9 82.9 14.8
273 01:44:56.75 -04:40:52.6 4.7 : 82.6 82.6 17.7
274 01:45:16.92 -04:41:00.4 5.9 82.6 82.6 14.8
275 01:46:11.09 -04:30:43.0 4.0 81.3 81.3 20.8
276 01:44:49.16 -04:34:37.5 4.8 81.2 81.2 17.3
277 01:44:50.75 -04:29:21.5 4.4 ' 80.9 80.9 18.5
278 01:45:58.98 -04:42:16.3 4.2 80.8 80.8 19.5
279 - 01:45:46.95 -04:31:15.6 6.0 80.6 80.6 13.9
280 01:45:12.62 -04:25:08.7 4.5 80.6 80.6 18.3
281 01:46:02.1 -04:27:59.7 4.1 . 80.3 80.3 19.4
282 01:45:54.34 -04:42:35.2 4.3 80.2 80.2 18.6
283 01:45:22.71 -04:39:32.8 6.2 80.1 80.1 13.6
284 01:44:50.14 -04:39:02.9 4.4 _ 79.7 . 79.7 18.3
285 . 01:46:01.5 -04:37:17.0 4.9 79.6 79.6 16.8
286 01:45:55.01 -04:38:48.8 . 5.2 ! 79.5 79.5 15.8
287 01:45:41.0 -04:34:58.5 4.3 52.3 79.5 79.5 18.0
288 01:44:51.39 -04:29:54.2 4.4 78.9 78.9 17.6
289 01:45:24.46 -04:45:52.6 4.0 78.9 78.9 19.8
290 01:45:58.29 -04:32:15.1 5.1 78.0 78.0 15.9
291 01:45:04.4 -04:42:29.4 4.5 78.0 78.0 17.5
292 01:45:37.8 -04:35:33.3 6.5 77.5 77.5 12.7
293 01:46:04.1 -04:34:08.7 4.6 77.5 * 77.5 17.0
294 . . 01:46:05.3 -04:33:2.0 4.5 774 77.4 16.8
295 01:45:54.67 -04:42:32.1 4.2 77.4 774 18.5
296 01:45:44.06 -04:32:54.5 6.1 76.8 76.8 13.3
297 01:46:00.6 -04:34:10.0 4.9 76.5 :
298 01:45:04.1 -04:27.04.2 4.5 76.3
299 01:45:04.7 -04:27:27.5 4.6 76.0
300 01:45:27.15 -04:43:44.4 46 - 75.9
301 01:45:03.2 -04:33:45.9 5.6 75.0
302 01:44:48.66 -04:34:08.7 44 75.0
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Table 4.1 continued
Source Flag Right Ascension Declination SNR Sp 6 Stot Ss3 Se SBest AS
uly b™l  arcsec wply. wly wly ply  wply
303 01:44:59.76 -04:28:02.8 4.4 74.9 74.9 17.3
304 01:45:37.66 -04:44:06.7 4.3 74.8 74.8 17.6
305 01:44:52.46 -04:30:13.5 4.3 74.8 74.8 17.5
306 01:45:44.5 -04:32:35.4 . 5.8 74.6 74.6 13.4
307 01:44:48.27 -04:34:49.7 4.3 74.5 74.5 17.3
308 01:45:18.59 -04:32:44.5 6.2 74.3 74.3 12.6
309 01:45:14.26 -04:42:15.1 4.8 74.1 74.1 15.8
310 01:45:38.9 -04:41:25.9 5.0 73.6 73.6 15.0
311 01:45:54.46 -04:37:54.9 5.0 734 73.4 15.2
312 01:46:03.5 -04:31:47.7 4.3 73.2 73.2 173
313 01:45:56.55 -04:39:09.8 4.6 73.1 73.1 16.2
314 01:45:38.06 -04:25:36.8 4.3 72.6 72.6 17.2
315 01:45:33.47 -04:31:08.2 5.9 72.1 72.1 12.9
316 01:45:33.27 -04:43:12.3 4.5 72.1 72.1 16.2
317 01:44:48.66 -04:34:58.9 4.2 71.6 71.6 17.3
318" 01:45:45.5 -04:39:45.2 5.1 71.6 71.6 14.5
319 01:45:43.96 -04:43:22.2 4.1 714 71.4 17.4
320 01:45:50.84 -04:40:45.8 4.5 71.2 71.2 16.0
321 01:44:53.65 -04:36:25.6 4.5 . T1.2 71.2 16.0
322 01:45:26.67 -04:29:05.5 5.4 71.1 71.1 13.7
323 01:45:31.73 -04:31:29.9 5.9 70.9 70.9 12.7
324 01:45:57.74 -04:29:51.8 4.3 70.8 70.8 16.6
325 01:45:19.07 -04:34:17.6 6.0 70.8 70.8 12.3
326 01:45:45.3 -04:43:30.0 4.0 70.7 70.7 17.7
327 01:45:21.04 -04:26:23.1 4.5 70.7 70.7 16.0
328 01:45:36.24 -04:42:57.8 4.4 705 70.5 16.1
329 01:45:43.43 -04:38:59.3 5.2 70.3 70.3 13.9
330 0]1:46:03.9 -04:33:58.8 4.2 70.3 70.3 16.6
331 01:45:45.79 -04:31:16.0 5.2 70.1 70.1 13.8
332 01:45:43.18 -04:43:55.5 4.0 70.1 70.1 17.9
333 01:44:48.94 -04:36:57.5 4.0 70.1 70.1 17.2-
" 334 01:45:23.82 -04:35:44.0 6.0 69.6 69.6 12.2
335 01:45:33.12 -04:43:40.8 4.2 69.5 69.5 16.7
336 01:45:12.73 -04:38:26.6 5.4 69.5 . 69.5 134
337 01:45:15.65 -04:42:58.2 4.3 69.5 69.5 16.2
338 01:45:37.93 -04:41:19.7 4.8 69.3 69.3 14.7
339 01:44:54.38 -04:30:50.8 4.2 69.3 69.3 16.5
340 01:45:25.47 -04:26:57.8 4.6 69.3 69.3 15.2
341 01:45:03.7 -04:40:13.1 4.5 69.2 69.2 15.5
342 01:45:51.32 -04:37:22.0 4.9 69.0 - 69.0 14.3
343 01:45:07.8 -04:32:59.2 5.3 69.0 69.0 13.3
344 01:45:21.19 -04:27:15.5 4.6 68.7 68.7 15.1
345 01:45:02.6 -04:41:50.0 4.0 68.2 68.2 16.9
346 01:45:26.82 -04:36:02.7 5.9 68.1 68.1 12.1
347 01:45:54.53 -04:36:34.2 4.7 - 68.1 68.1 14.7
348 01:45:48.04 -04:41:49.8 4.2 68.1 68.1 16.3
349 01:45:34.87 -04:28:51.1 5.0 68.1 -68.1 14.0
350 01:45:30.34 -04:26:57.0 4.5 67.8 67.8 15.2
351 01:45:54.43 -04:29:28.4 4.2 67.5 67.5 16.0
352 01:45:55.99 -04:30:48.4 4.3 674 67.4 15.6
353 01:45:02.0 -04:41:27.5 4.0 67.3 67.3 16.4
354 01:45:06.1 -04:34:28.7 5.2 67.2 67.2 13.4
355 01:45:02.7 -04:30:02.1 4.5 66.9 66.9 15.1
356 01:45:47.61 -04:40:59.5 4.3 66.9 66.9 15.6
357 01:45:07.7 -04:27:23.5 4.1 66.8 66.8 16.2
358 01:45:27.64 -04:39:15.1 5.3 66.8 66.8 13.0
359 01:44:56.23 -04:36:01.6 4.4 66.7 66.7 15.1
360 01:45:45.3 -04:30:08.3 4.8 66.5 66.5 14.1
361 01:44:53.9 -04:31:57.6 4.1 66.1 66.1 16.1
362 01:45:16.07 -04:42:55.3 4.1 65.7 65.7 16.1
363 01:45:53.28 -04:39:54.7 4.2 65.6 65.6 15.4
364 01:45:11.24 -04:28:55.5 4.6 65.3 65.3 14.5
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Table 4.1 continued

Source Flag Right Ascension Declination SNR Sp 6 Stot Sz - Ss SBest AS
: ply b=t arcsec ply wly wply wly  wly

365 01:45:03.7 -04:33:33.8 4.9 65.3 65.3  13.7
366 , - 01:45:32.22 -04:30:39.0 5.2 65.1 65.1  12.7
367 01:45:04.4 -04:33:24.4 4.8 64.7 64.7  13.6
368 01:45:54.31 -04:37:34.4 4.4 64.2 - 64.2 14.8
369 01:45:20.35 -04:36:59.4 5.4 63.9' 63.9 120
370 01:44:56.31 -04:37:23.8 4.2 63.9 63.9 15.1
371 01:45:44.81 -  -04:31:41.0 4.9 63.8 63.8  13.0
372 01:45:54.05 -04:36:43.1 4.4 63.8 63.8 14.5
373 01:45:05.4 -04:35:16.6 4.8 / ' 63.4 . '63.4  12.9
374 01:45:33.06 -04:27:05.2 4.2 63.2 63.2 15.1
375 01:45:43.68 -04:32:47.0 5.0 63.0 63.0 13.0
376 01:45:35.88 -04:34:05.9 5.3 62.7 62.7  12.2
377 : 01:45:35.13 -04:34:8.0 5.3 _ 62.3 _ 62.3 12.1
378 01:45:23.32 -04:35:39.6 5.4 62.2 62.2 120
379 01:45:47.72 -04:37:53.1 4.5 61.4 61.4 13.8
380 01:45:36.08 -04:35:22.0 5.2 61.3 61.3 121
381 01:45:22.11 -04:27:08.5 4.1 - 60.9 60.9 15.0
382 01:45:31.0 -04:37:08.5 5.1 60.2 60.2 122
383 01:45:06.4 - -04:39:21.7 4.2 : 59.9 59.9  14.3
384 01:45:09.6 -04:37:6,0 4.6 59.6 50.6  13.1
385 01:45:19.02 -04:40:39.4 4.3 59.5 59.5  13.9
386 01:45:37.15 -04:39:59.9 4.4 59.0 59.0 13.6
387 01:45:28.98 -04:31:31.9 4.9 ~ 58.9 58.9  12.3
388 01:45:45.15 - -04:31:48.1 4.5 58.4 ' 58.4  13.2
389 01:45:04.9 -04:38:33.0 4.1 58.3 , 58.3  14.1
390 01:45:33.01 -04:38:22.5 4.7 | 58.3 58.3  12.6
391 01:45:12.28 -04:35:59.6 4.7 58.2 58.2 125
392 01:45:49.6 -04:35:45.7 4.4 58.1 58.1 13.5
393 " 01:45:10.64 -04:31:46.0 4.5 58.0 58.0 13.0
394 01:45:36.71 -04:33:23.6 4.9 57.9 : 57.9  12.2
395 01:45:00.1 -04:34:13.5 4.1 : 57.8 57.8  14.0
396 01:45:53.73 -04:33:35.8 4.1 57.6 57.6  14.2
397 01:45:36.74 -04:35:41.0 4.9 57.6 57.6  12.1
308 01:45:44.44 -04:36:01.6 4.5 57.3 57.3  12.8
399 01:45:04.7 -04:34:189 4.3 ) 56.9 56.9 13.3
400 01:45:24.99 -04:39:19.4 4.5 56.7 56.7 12.8
401 01:45:31.67 -04:29:56.2 4.4 ‘ 56.6 56.6  13.0
402 01:45:07.2 -04:38:12.0 4.2 56.3 56.3 13.3
403 01:45:32.75 -04:33:09.1 4.8 56.1 56.1  12.0
404 01:45:39.67 -04:34:24.1 4.6 55.7 . 55.7  12.2
405 01:45:29.12 -04:32:07.1 4.7 : 55.7 55.7  12.1
406 01:45:17.81 -04:38:25.7 4.4 55.4 55.4  12.7
407 01:45:29.16 -04:27:53.4 4.0 55.4 55.4  14.2
408 - 01:45:35.38 -04:37:13.8 4.6 55.3 55.3  12.3
409 01:45:32.24 -04:29:48.8 4.3 55.1 55.1  12.6
410 01:45:33.84 -04:28:25.0 4.0 54.9 54.9 135
411 01:45:26.61 -04:33:13.7 4.7 54.5 54.5 11.8
412 01:45:34.97 -04:39:14.9 4.2 54.3 54.3  13.0
413 01:45:03.0 -04:37:15.4 4.0 54.3 54.3 - 13.6
414 01:45:50.73 -04:35:24.1 4.0 54.2 ' 54.2 135
415 01:45:10.87 -04:35:03.9 4.4 54.2 54.2 125
416 01:45:42.8 -04:36:08.8 4.3 54.1 54.1  12.6
417 01:45:21.33 -04:35:11.9 4.6 53.3 53.3  11.8
. . 418 01:45:07.9 -04:38:22.7 4.0 53.1 © 531 135
419 01:45:30.53 -04:38:37.2 4.2 52.5 : 25 125
420 01:45:23.48 -04:39:19.3 4.1 52.5 52.5  12.5
421 01:45:29.63 -04:34:41.1 4.5 . 52.2 52.2 117
422 01:45:05.0 -04:33:41.7 4.0 52.0 52.0 13.2
423 01:45:33.59 -04:33:56.0 4.3 50.8 50.8 11.8
424 - 01:45:36.75 -04:33:14.8 4.2 50.8 : © 50.8 12.0
425 01:45:46.09 -04:33:49.0 4.0 50.7 50.7 125
426 01:45:33.07 -04:31:26.5 4.1 50.6 50.6 12.3
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Table 4.1 continued

Source Flag Right Ascension Declination SNR Sp [/ Stot S3 Se SBest AS

, plyb~!  arcsec ply ply wy  ply  pdy
427 01:45:21.33 -04:37:50.3 4.2 50.5 ) 50.5 12.2
428 01:45:39.22 -04:37:.04.4 4.1 . 50.4 50.4 124
429 01:45:17.45 -04:36:1.0 4.1 48.9 ) 48.9 12.0
430 01:45:29.43 -04:35:25.0 4.2 48.0 ) 48.0 11.4
431 01:45:33.79 -04:37:33.0 4.0 47.9 479 11.9
432

01:45:18.49 -04:33:09.3 4.0 46.7 46.7 11.9

4.7.1 Completeness
4.7.1.1 Resolution Bias

As discussed in Chapter 3, when total flux source counts are calculated from a peak
flux based survey, extended sources can drop beneath the peak flux detection limit.
The higher resolution of these VLA A-array 1.4 GHz maps compared to those dis-
cussed in Chapter 3 means that resolution bias is more of a concern. Also unlike the
case in Chapter 3, no imaging of a higher resolution is available to provide estimates
of the likely resolution bias. As in Chapter 3, the maps of varying resolution provide
sensitivity to different sizes of sources. In the flux range between 45 and 72uJy, (the
detection limits in the full resolution and the 3 x 3 arcsec maps respectively) sources
more extended that ~1.5 arcsec fall below the peak detection threshold. Between
72 and 180uJy, sources more extended than ~3.6 arcsec are missed. Between 180
and 300uJy, the 6 x 6 map provides sensitivity to all sources smaller than 6 arcsecs.

Oncé again, the parameterisation of the distribution of source sizes of Bondi et
al. (2003) was used to estimate the number of sources which exist, but have been
missed by this survey. It should be noted that this was determined using a sample
of brighter sources, but still provides a useful estimate. Their formulation gives
49 percent of sources being larger than 1.5 arcsec, 16 percent being larger than
3.6 ’arcsec, 7 percent larger than 6 arsec, and less than 1 percent being larger than
the 10 arsec size which the 6 x 6 map is sensitive to at ~300 /,L;]y.

It is therefore assumed that the survey is 51 percent complete between 45 and
72 pJy, 84 percent complete 72 and 180 uJy, 93 percent complete above 180 pJy, and
complete above 300 uJy. This incompleteness was accounted for in the weighting.

4.7.1.2 Bandwidth Smearing

As discussed in Section 4.5.3.2, bandwidth smearing reduces the peak flux of sources
far from the phase tracking centre, while conserving total flux. In a peak flux

selected survey this affects the completeness, and requires an additional correction
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in computation of the source counts. Taking the function given in Section 4.5.3.2,
“and the detection limit flux (50 for the source counts) the area over which a source
could still be detected, given the affect of bandwidth smearing, can be calculated.
This affect was included the areas used in the weighting of each source during

binning.

4.7.1.3 Primary Beam degradation

The loss of sensitivity away from the phase centre due to the primary beam shape
is the most significant source of incompleteness. The known shape of the primaryv
beam allows the calculation of the area over which each source could have been
detected. |

4.7.2 Construction of the Source Counts

The gain of the instrumental setup as a function of radius from the phase centre
‘was taken to be the product of the bandwidth smearing function and the primary
beam shape. This was used to define an area over which a source of any particular
flux could be detected. Sources of 50 and above were separated into bins of width
0:18l0g(Spest). Each source was weighted by the inverse of the area over which it
could be detected, and by the resolution bias at its flux. The weights were summed,
divided by the bin width, and divided by S;7; to normalise to a static, Euclidean
cosmological scenario, where Swriq is the log centre of the bin. The errors on the
bins are taken as the Poissonian counting errors, v N.

Since these counts do not occupy any new parameter space, lérge amounts of time
were not invested in extensive simulations to estimate and correct for Eddington Bias
and further incompleteness. N

The corrected source counts are given in Table 4.2 and plotted in Fig. 4.11,
together with a compilation of results from other surveys. The compilation in-
cludes the 1.4 GHz source counts from Huynh et al. (2005), Formalont et al. (2006),
Biggs and Ivison (2006), Simpson et al. (2006), and the compilation of Seymour et
al. (2004), which includes results from Windhorst et al. (1990), White et al. (1997),
Gruppioni et al: (1997), Prandoni et al. (2001), Bondi et al. (2003), and Hopkins
et al. (2003). The results of Richards et al. (2000) and Grupponi et al. (1999) have
been removed to account for the more recent analyses of these fields. The results
from the 17 field clearly follow the well known up turn in Euclidean normalised

differential source counts. The large field to field scatter in the points justifies, at
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Bin Smia  Ns S*3dN/dS
(pJy) (nJy) (Jy*Ssr1)
56— 85 70 42 38+06

85~ 128 1056 44 31+05
128-194- 158 43 4607
194-295 240 31 48%08
295-446 363 18 5.0x£1.2
446676 550 12 6.2%1.8
- 676-1020 832 11 86+26 .
1020-3550 1905 12 14.7+4.2
3505-28180 10000 10 67.9+£21.5

Table 4.2: The 1.4 GHz Euclidean normalised differential source counts in the 17
field. Columns are bin boundaries (1Jy), Saa (Jy), bin population, and Euclidean
normalise differential source counts

least from the point of modelling all the counts, not making extensive Eddington
bias corrections to the counts from the 1 field when any such corrections are likely

to be insignificant compared to the scatter.

4.7.3 Modelling of the Source counts

As discussed in Chapter 3, the modelling of source counts has long been a method
of constraining the cosmological evolution of radio source populations. Seymour
et al. (2004) fit a model, by eye, to a compilation of the known 1.4 GHz source
‘counts. More sophisticated fitting was not used as the choice of which field from
which data were used was the dominant effect. In the intervening years, the sub-
mJy population has been explored by several further works (Hunyth et al. 2005;
Fomalont et al. 2006; Biggs and Ivison 2006; Simpson et al. 2006), including several
re-analysis of archival data. With these extra data, fitting is more viable. The field
to field variations are still the dominant contribution to the scatter of points, but a
fit to the average sub-mJy bump is possible.

A model similar to that fitted in Chapter 3 was used. The shifting of the Rowan-
Robinson et al. (1993) and Sadler et al. (2002) luminosity functions to 610 MHz was
ignored, and P once again held at zero. The source counts from the FIRST survey
(White et al. 1997) were not used, as the FIRST survey is not complete at faint
fluxes (see fig. 11 of White et al. 1997). Fitting @ to the remaining data points
shown in Fig 4.11 yields a best fitting value of 2.5. This best fitting model is shown in
Fig. 4.12. It should be noted that, as indicated in Seymour et al. (2004) this model

AN
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Figure 4.11: The 1.4 GHz Euclidean normalised differential source counts of this
study (filled triangles), along with those from Huynh et al. (2006, stars), Formalont
et al. (2006, crosses), Simpson et al. (2006, filled circles), Biggs and Ivison (2006,
targets), and those of the compilation of Seymour et al. (2004, small dots). Note
that the newer HDF and ELAIS source counts from Biggs and Ivison (2006) have

replaced those of these fields from Seymour et al. (2004).
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Figure 4.12: The 1.4 GHz Euclidean normalised differential source counts below
~ 1 mJy. Symbols are the same as those in Fig 4.11. The solid line shown is the
best fitting source counts model.

does slightly over predict the counts between 1 and 10mJy, which is a limitation in
the accuracy of the AGN component. Other populations may also have some effect.
For example, Jarvis & Rawlings (2004) suggest that some of the sub-mJy bump
may be due to the detection of the radio signatures of the central engines of radio
quiet AGN. This supposition originates from measuring radio fluxes in the FIRST
survey of X-ray detected AGN and evolving their luminosity function in a manner
similar to that shown in Ueda et al. (2003). However, their total AGN counts still
underestimate the total counts below 1 mJy, and a further, starburst population is
required. Any such extra AGN population would decrease the luminosity evolution
of the starburst population required to account for the sub-mJy bump — decreasing
(. Such models can be tested once the sources which constitute the sub-mJy bump
have been separated into AGN and starburst — the eventual culmination of this work
once it is combined with others based on radio morphology, radio to MIR ratios,

radio luminosity and other discriminants.

This value of 2.5 agrees with that determined in Chapter 3, and is consistent
with other determinations at 1.4 GHz such as @ = 2.5 £+ 0.5 (Rowan-Robinson et
al. 1993), @ = 3.1 + 0.8 (Hopkins et al. 1998), @ = 3.0 = 1 (Condon et al. 2002),
Q = 2.5+ 0.5 (Seymour et al. 2004) and Q = 2.7 (Huynh et al. (2005).
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4.8 Radio Mofphology

The majority of the 13¥ field is covered by high resolution MERLIN imaging (Zbghbi
et al. in prep)-to provide good mérphological discrimination between AGN and
galaxies whose radio emission is due to star formation. For the areas of the 134
field not covered by MERLIN, the areas of the 13¥ field where the MERLIN ob-
servations suffer from bandwidth smearing, and the whole of the 17 field, the best
morphological information is provided by the VLA 1.4 GHz images. Unresolved
point sources can be either AGN or starburst. Slightly extended sources may also
be either. But at the ~1 arcsec resolution of the 17 field 1.4 GHz survey map,
several sources can be reliably identified, by eye, as the double lobes of an AGN.
Sources 1, 4, 8, 13, 14, and 17 in the 17 field 1.4 GHz catalogué display such ‘double
lobes, and can therefore be categorised as AGN. Fig. 4.13 shows contour plots of
the emission from these sources. Also, although the majority of the flux from source
9 is point like, it does show extended structure to the East and North West. These
~structures extend beyond the extent of the optical object co-incident with source 9,
- and so it has also been classified as an AGN based on its morphology and is included
in Fig. 4.13. The sinc-like sidelobés discussed in Section 4.4.1 can be seen affecting

sources 1, 9 and 13.

4.9 Conclusions

In a VLA A-array 1.4 GHz observation of the 19 XMM-Newton /Chandra survey
area, 432 sources are detected down to a 40 detection limit of 45 pJy within a 15
arcmin radius. The source counts derived from the resulting catalogue agree with
those determined in other deep 1.4'GHz surveys. A compilation of these multi-field
source counts can be modelled with AGN and the local 1.4 GHz starburst, population

-undergoing a power law evolution with index of 2.5.
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Figure 4.13: Contours of the 1.4 GHz emission of the 7 sources identified as the
AGN. Panels a, b, ¢, d, e, and f, show the emission from sources 1, 4, 8, 13, 14 and
17 respectively. Source 9 is also shown in panel g. Note the effect of the sinc-like
sidelobes are visible around sources 1, 9 and 13,




Chapter 5
Radio Spectra of Faint Sources

In this chapter, the individual radio spectral indices are presented. The two field,
two bfrequency survey is completed with the 610 MHz survey of the 13 field, in which
206 sources are discovéred, and the multi-field 610 MHz source counts modelled.
Tapered maps of the 1.4 GHz observation of the 13¥ field are examined, and radio
spectral indices calculated for 76 sources detected at two frequencies in the 137 field. |
The 1# field yields a further 76 spectra. An additional 14 and 8 sources have useful
limits on their spectra in the 13 and 17 fields respectively. These spectral properties
are briefly compared to the radio morphological information available from the VLA

imaging.

5.1 Introduction

As introduced in Chapter 1, radio spectra are key diagnostics of the nature of the
radio emission from sources discovered in deep radio s{irveys, and a clean sample of
radio flux density measurements of star forming galaxies can provide an independent
and unbiased view of the cosmic star formation history.-

The expected synchrotron nature of the radio emission detected from distant
objects in deep radio surveys predicts simple power-law spectra .over centimetre
wavelengtﬁs. As shown in Chapters 3 and 4, modelling of the source counts at
different frequencies can provide information about the average spectral index of
a population. However, flux density measurements at two frequencies can provide
good estimates of the radio spectra of individual objects, and so a sensible strategy .
is to perforfh deep surveys of the same region of sky at differing frequencies. The
survey of the 137 field at 1.4 GHz is presented in Seymour (2002) and Seymour
et al. (2004), and briefly discussed in Section 5.5. Observations of the 17 field at
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~_both 1.4 GHz and 610 MHz have been presented in previous chapters. For radio
spectra to be calculated for both ﬁelds, measurements of the 610 MHz flux densities
of sources in the 13 field are requiréd. Section 5.2 deals with such an observation.
Since the 610 MHz survey images include the entire 1.4 GHz survey areas, flux
densities or upper limits are available at both frequencies for all sources detected at

" 14 GHz. These fluxes, along with the assumption of a simple power-law spectrum
of the form § « v* allow the calculation of two point radio spectral indices for each

source - aiding AGN /starburst discrimination on a source by source basis.

5.2 610 MHz Observations of the 137 Field

5.2.1 Observations and Data Reduction

The 137 was observed for ~ 4.5 hours in August of 2004, during the same observing
run that provided the data presented and analysed in Chapter 3. The observational
details were identical to those presented therein. A total bandwidth of 32 MHz was
split into 128 channels in each of two sidebands, with 17 second averaging. Regular
- observations of 3C286 prdvided flux, phase, and bandpass calibration. Initial cali-
bration and careful flagging were performed on a single channel at 601 and 620 MHz
in the LSB and USB respectively. After bandpass calibration, each sideband care-
fully‘inspected for RFI, and was compressed into 11 channels. A further round of
phase and bandpass calibration was performed on channels at 603 and 618 in the
LSB and USB respectively. Each sideband of this data was self calibrated separately,
with solutions found for phase only in intervals of 20, 6 and 2 minutes. A further
round of phase and amplitude self calibration was also performed.
The two side bands were then combined into one uv database of 23 channels using
UVFLP (provided by Dave Green — http://www.mrao.cam.ac.uk/ dag/UVFLP)
and DBCON. ‘

5.2.1.1 Attempts to Remove the Brightest Source

Initial imaging showed that the dominant source of noise in the images was the side
lobes surrounding the brightest source in the field, caused by small residual phase
errors and/or imperfect deconvolution of its extended structure. |
The removal of a model of the source from the uv database can help with such
deconvolution problems. The Clean algorithm performs a similar task, removing a

model based on the results of initial imaging — the dirty map. This method has
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therefore already been shown to-perform less than ideally, since this Cleaned map
is dominated by sidelobes. A more accurate model, free of imaging artifacts, can be
used to remove the source in the uv plane — helping to remove the noise that results
from deconvolution errors. Since the 13 field has already been covered at higher
resolution with the VLA, such information does exist. A model was constructed
from the Clean Components (CC) of a map of the source at 1.4 GHz made with the
A-array only data of Seymour et al. (2004). The frequency difference between the
two observations, combined with the steep spectrum of the extended radio emission,
mean that the flux of the model required modification before subtraction from the
610 MHz uv database. Each CC was widened to a Gaussian, and various schemes
of flux adaption were tried. Simple multiplication of the flux of each 1.4 GHz CC
by factors ranging from 1.5, to 3 were attempted, as well as more sophisticated
strategies, such as multiplication factors varying over the source. Various numbers
of CCs were also used. | ' '
The best result was achieved with multiplication factors ranging from 3 to 7
being applied to thg measuréd flux (i.e. no primary beam correction applied at
either 1.4 GHz or 610 MHz, so these are not indicative of actual spectra indices).
This was removed from the uv database, reducing the flux density of the bright
source in.the map from 289 mJy to 57 mJy. However, the noise surrounding the
source was not significantly reduced. This implies that the primary reason for the
high noise are small remaining phase calibration errors rather than deconvolution
"problems. These calibration errors are discernible above the background noise of the -
image due to the extremely bright flux of this source, which is detected at 289 mJy.
Unlike the HDF, the location of which was selected to avoid bright radio sources,
this field was selected based purely on the IRAS 100um cirus maps to provide low
absorption in the X-ray, and so the effects of this source were not considered. Future
observations of the 13¥ field will utilise much shorter intervals between calibrator
scans to.help improve phase calibration and mitigate the effects of the source on the

extended map.

5.2.1.2 Imaging

Imaging was performed on a 5 x 5 grid of facets (similar to that used in Chapter"
3), to account for 3D smearing. Also included were 26 external fields to Clean the

sidelobes of sources outside the main lobe of the primary beam. One such source,
located 1.25 deg from the phase centre, which has a flux of 3 Jy in the NVSS,

appears as the region of emission of 123 mJy.
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Figure 5.1: The entire 610 MHz map of the 137 field before any correction for
primary beam degradation.

A pixel scale of 1 x 1 arcsec was used to fully sample the dirty beam. The highest
sensitivity image was achieved with Robust=0 weighting, and gave a restoring beam
of 6 x 5 arcsec.

The 25 facets covering the primary beam were combined into a single mosaic,
shown in Fig. 5.1 using the AIPS task FLATN, with no correction being made for
the reduction in sensitivity of the primary beam with distance from the pointing

centre. A zoom in to the centre of the image is shown in Fig. 5.2.

5.2.2 Analysis

As can be seen in Fig. 5.1, the noise is not uniform across the field. The bright
sources are surrounded by areas of noise higher than that seen in the rest of the map.

These are due to small remaining calibration errors, and imperfect deconvolution
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Figure 5.2: A central region (~ 17 x 17 arcmin) of the 610 MHz map of the 13
field before any correction for primary beam degradation.

of the dirty beam from the extended structure of the associated source. SExtractor

(Bertin & Arnouts 1996) was used to create a rms noise map of mesh size 24 by

1'in the most sensitive regions to

130 11Jy beam ™" in the noisiest, with the peak of the distribution at 60 uJy beam™!.

24 pixels. Noise values varied from 55uJy beam™

The centre of the map, which benefits from the highest sensitivity region of the
primary beam, is slightly effected by the higher noise caused by the bright extended
sources, so even though on a non-primary beam corrected map the modal noise is
60pJy beam™!, the most sensitive region, in terms of absolute sensitivity, suffers

slightly higher noise ~ 68uJy beam™!.

The noise level achieved here, with a slightly differing reduction to that discussed
in Chapter 3, is a similar factor above the thermal noise as the 610 MHz image of
the 17 field. Both observations were conducted in August of 2004, suggesting that,
as discussed in Chapter 3, the system temperatures in the summer of 2004 may have
been higher than thought, though such large scale and uniform variation of many
electronic components seems unlikely to be responsible for such a large increase in
the noise above the theoretical level. The presence of a very bright source near the
centre of the field suggests that, once again, dynamic range limitations may well

also play a part in increasing the noise above the theoretically possible level.
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The noise map was used to generate a signal to noise ratio map, upon which
source detection was performed. To ensure consistency with previous chapters, the
AIPS task SAD was used to find all sources with a signal to (local) noise of over
5, corresponding to a most sensitive detection limit of 275 uJy. Each source was
examined by eye to eliminate obvious sidelobes. The residual maps produced by
SAD were also examined to discover any cases of SAD failing to sufficiently well
model a source with a Gaussian. Inside the 32 arcmin radius, 20 percent sensitivity
level of the GMRT 610 MHz primary beam, 201 sources were significantly detected.
SAD was then used to measure the properties of the detected sources from the map
of total flux density. Of the 201 sources, 183 were suitably fitted by Gaussians. The
remaining 18 sources, poorly fitted by SAD, were extracted by hand using TVSTAT,
and are flagged with a T" in Table 5.1. ’

To check for the effect of Clean Bias on the measured source properties, simu-
lations similar to those of Chapter 3 were performed. Sources of known flux were
inserted into the full uv data and the imaging and source extraction repeated. Com-
parison of the average inserted measured flux density to the known model flux gave
offsets of 17.5, 16.2, 18.4 and 19.3 at 1, 2, 3, and 5 mJy respectively. A simple
constant was fitted to these values, giving an estimate of the Clean bias of 17.5uJy.
This is less that the estimate made in Chapter 3, for the effect of the same number of
Clean iterations on an image of similar dimensions. The difference may be explained
by the differing noise characteristics of the two maps. The detected fluxes of the
real sources were corrected accordingly, before being corrected for the degradation

in sensitivity of the primary beam.

5.2.3 Catalogue

In cases where two nearby sources appeared to constitute the double lobes of an
AGN, the higher sensitivity and resolution 1.4 GHz catalogue of Seymour et al. (2004)
was consulted. Outside the area covered at 1.4 GHz, overlays of the radio emission
on i band imaging from MegaCai were examined, and a decision based on the
relative radio/optical morphology and/or displacement.

A resolution criterion, based upon detected S;.:/S, similar to those employed
in Chapters 3 and 4, was used to define the best measurement of the flux of each
source.

A tapered map was made to search for sources of low surface vbrightness, the

flux of which may have been resolved out of the full resolution map. Four new
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Figure 5.3: The contours of 610 MHz radio emission (from the tapered map) of
source 20 overlaid on the ¢/ band image of the region. Source 20 was initially
identified in the full resolution map as the region of 610 MHz emission in the upper
left of this image. The region of emission in the lower right part of the figure is ~3
times brighter in the tapered map than in the map made at full resolution. Contours
are shown at levels of 300, 450, 600, 900, 1200, 1800 and 2400 uJy beam™1.

isolated sources were discovered and added to the catalogue. One further detection
was made, 18 arcsec to the South East of source 20. In the full resolution map, a
slight over density was apparent at this location, but considered a sidelobe. Also,
although source 20 aligned with an optical object, this dimmer emission did not. In
the tapered map, this region of emission is very significantly detected, with a peak
flux ~ 11 times the local noise, and appears to be an extension of source 20, though
the exact nature of the complex is not clear. An overlay of the emission from the
tapered map on the 7 band image of the region is shown in Fig. 5.3. The flux of
the region of emission in the lower right of Fig. 5.3, as measured from the tapered
map, was included with that of source 20.

The final catalogue is given in Table 5.1. Columns are: Number; flag (7" means
detected first in the tapered map, H means extracted by hand using TVSTAT);
RA; Dec; SNR; size (SAD deconvolved size for reliably resolved Gaussian sources,
longest distance between 20 contours for non-Gaussians); peak flux density, S, in

pJy beam™! (for reliably resolved sources); total flux density, Sy, in uJy; error in

udy.
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5.2. 610 MHz Observations of the 13 Field

Table 5.1: The complete catalogue of 610 MHz sources in the 137 field. Source
Number, flag,RA, Dec, detection signal to noise ratio (SNR), peak flux density S,
in puJy beam™!, angular size in arcsec (see Section 5.2.3), integrated flux density S;o
in uJy, both for sources considered reliably resolved, and Ag, the error on the best

determination of the flux density, in uJy.

Source Flag Right Ascension Declination
1 h 13:32:49.9 37:45:05.7
2 h 13:33:29.0 37:56:1.0
3 h 13:34:25.1 38:17:53.9
4 h 13:36:56.7 37:44:07.7
5 h 13:33:49.0 38:21:37.6
6 h 13:35:00.8 37:38:36.3
7 h 13:33:21.3 37:54:15.9
8 h 13:34:02.9 37:59:48.6
9 13:35:16.6 38:00:07.2
10 13:32:07.6 37:43:20.5
11 13:35:47.9 38:01:49.3
12 13:32:59.3 38:13:38.4
13 h 13:33:07.9 - 37:51:40.9
14 13:36:26.4 37:31:12.3
15 h 13:36:8.0 38:12:15.1
16 13:36:45.4 37:46:40.9
17 13:34:38.4 38:06:26.3
18 13:33:19.6 37:29:28.1
19 13:34:14.2 37:24:14.4
20 h 13:35:44.1 37:45:04.7 .
21 13:34:28.6 37:27:35.7
22 13:34:44.7 = 37:33:50.6
23 h 13:36:40.6 37:50:22.9
24 13:33:25.0 38:20:49.4
25 h 13:34:57.5 37:50:29.8
26 13:37:10.8 37:48:21.4
27 13:32:27.5 37:44:37.0
28 13:32:46.4 37:42:23.5
29 t 13:32:37.9 37:57:18.3
30 13:33:04.6 38:18:53.4
31 t 13:33:29.8 - 37:34:01.8
32 13:34:02.6 38:14:54.3
33 13:32:43.3 37:43:40.7
34 13:32:59.4 37:56:10.6
35 h 13:35:41.6 37:41:56.7
36 13:33:59.9 37:49:11.2
37 13:33:02.7 - 38:05:25.5
38 13:34:38.0 37:41:32.5
39 t 13:33:34.1 37:39:47.6
40 h 13:35:58.8 37:55:08.3
41 13:35:06.5 38:03:47.8
42 13:36:47.2 37:58:26.7
43 13:36:47.6 38:13:23.1
44 13:36:49.7 37:40:32.7
45 h 13:34:49.2 38:05:52.0

SNR

913.4
873.8
683.4
160.7
284.3
503.2
180.7
176.1
173.3
33.9
121.2
54.6
98.4
37.8
74.2
45.1

124.4

34.8
37.2
88.5
33.8
67.1
48.5
314
100.9
21.7
31.2
6.0
5.1
28.6
5.1
33.7
14.4
28.8
51.7
50.9
29.3
54.6
5.4
42.8
57.7
27.7
13.7
8.9
42.6

peak
(uJy b~
20664.4
62282.0
53338.6
09348.4
8924.6
19057.4
2447.1
233514
19570.4
10570.9

113744
4862.9
11114.5
5414.5

7696.2
9439.1
6172.7
6458.3
8514.5
4159.9
7090.2
1443.1
6355.1
6622.6
1312.6
1904.3

. 1434.6
5641.0
2755.4
42594
1375.1
4065.6
3991.2

1229.3
1939.5

2600.7
1597.8

0
(")
150.0
35.0
18.0
15.0
50.0
30.0
90.0
14.0
4.21
453

2.91
48.0
3.84
16.0

4.63
2.48
20.0
4.01
2.08
20.0
2.39
15.0
4.88
3.17
12.26
20.35

27.38
2.23
7.05
3.83

- 25.0

3.16
2.73

20.11
20.0

5.13
30.0

Stot
(pdy)
425715.1
365839.8
289952.3
115043.9
81287.2
71760.3
-27416.2
25110.0
24795.2
14822.0
13916.9
13866.1
13283.1
12999.8
12453.2
12368.1
11978.4
10942.8
10457.4
10258.2
9361.0
9095.8
8416.2
8109.7
7504.1
7437.0
7359.3
7058.1
7044.9
6884.1
6659.2
6235.4
5757.8
5498.9
5232.1
4790.2
4704.2
4653.0 .
4583.6
4568.5
4415.9
4220.7°
4024.0
3998.2

3910.8

AS
(udy )
274.1
164.9
275.7
464.8
422.0
189.1
174.3
142.4
153.9
646.8
83.0
379.1
198.9
603.0
314.7
163.9
71.7
524.9

.518.0

185.5
428.6
225.4
307.0
469.1
135.8
545.2
374.4
963.4
1252.0
230.8
1620.0
235.6
454.1
229.7
201.0
146.0
247.5

75.3
966.9
183.7

69.7
155.6
310.4
568.8
153.9
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Table 5.1 continued

Source Flag Right Ascension Declination SNR peak 0 Siot AS
\ (WIyb™h) (") (WIy) (wdy)
46 13:35:49.0 37:29:58.5  10.6 1887.9 8.09 37929 604.6
47 13:36:03.1 38:18:10.2  18.7 3744.0 202.6
48 13:33:02.1 37:56:36.2  29.6 3550.8  96.5
49 13:34:33.0 38:22:03.8 14.2 3349.4 174.9
50 h 13:34:38.1 37:57:6.0 43.4 1761.0 18.0 3302.2 130.9
51 13:32:18.3 37:44:18.1  14.1 3261.8 238.2
52 , 13:35:35.6 37:26:22.4 13.0 3231.1  270.9
53 13:35:25.3 38:05:35.5  20.0 1720.9 5.61 3169.1 228.9
54 13:32:48.9 37:47:11.1  13.6 2279.0 4.46 31282 291.2
55 » 13:33:48.6 37:42:02.1 6.8 595.5 20.55 3062.7 539.6
56 13:34:05.3 38:18:31.9 20.2 ' 3005.1 139.9
57 13:32:38.5 37:51:17.5 51 738.7 13.6 2853.3 666.5
58 Tt 13:34:9.0 1 38:01:30.6 5.6 1155.6 14.38 2788.9 458.9
59 13:32:33.1 37:52:41.5 5.2 888.0 8.79 27264 591.8
60 13:32:30.4 38:03:184 10.5 1778.7 4.92 2704.4 4144
61 ’ 13:33:03.5 37:57:11.9 5.2 656.2" 14.3 2591.8 4954
62 13:34:42.6 38:22:14.0 11.5 , 2564.7 202.5
63 13:34:05.4 38:07:37.6 21.9 2053.2 3.49 25379 176.7 ;
64 13:36:29.0 37:39:28.0 6.4 1290.0 5.64 2501.3 508.9 |
" 65 13:35:44.5 37:57:41.7 24.9 2140.8 3.57 24982 167.1 |
66 13:35:35.3 37:53:13.2 318 2451.7 715 :
67 13:33:51.5 37:42:17.7 294 2450.5  81.8 |
68 13:33:10.2 37:55:28.2 22.6 - 2389.8  88.6 |
69 13:35:41.6 38:15:59.8 8.6 1275.8 516 2365.2 416.4
70 13:32:53.7 37:48:47.5 5.0 702.9 11.07 2346.8 504.4
71 13:32:47.5 37:51:25.6 5.0 697.2 12.74 2322.3 524.5
72 13:36:46.1 37:51:46.2 134 2248.1 171.2
73 '13:32:36.2 37:49:35.6  12.2 2057.5 154.1
74 13:32:40.8 37:41:20.2 9.6 2033.9 183.6
75 13:34:13.5 37:45:38.7 17.5 1358.0 4.84 1987.1 171.6
76 13:36:10.3 37:35:00.6 11.8 1981.0 193.2
77 13:32:22.6 37:50:48.6  10.6 1962.8 190.0
78 13:34:01.1 '38:23:50.6 8.5 1957.6  246.8
79 13:36:25.1 38:02:46.0 14.2 1820.7 . 139.9
80 13:36:55.3 ~ 37:40:47.0 6.0 . 1811.4 273.6
81 13:33:25.6 - 38:21:05.7 7.4 . 1797.5 244.7
82 ©13:32:20.3 37:54:51.7 8.9 1790.2 189.5
83 13:33:35.1 38:09:34.4 5.0 511.7 13.39 1789.6 468.2
84 ‘ 13:34:58.3 38:04:29.1 21.6 17453 69.4
85 13:32:41.1 - 37:52:22.3 11.9 i 1745.1  141.7
86 . 13:33:07.4 37:36:12.3  10.3 1694.8 172.1
87 13:34:44.7 37:28:15.3 0.8 1627.3 185.7
88 . 13:35:53.5 37:41:27.5 15.9 1550.0 - 117.4
89 13:36:14.7 . 38:20:13.7 5.0 1503.4 301.9
90 13:35:49.0 37:51:34.1 18.3 1476.8 79.3
91 13:32:39.4 37:51:57.4 9.4 1461.3 145.6
92 : 13:32:48.8 38:11:54.8 8.1 : 1426.9 200.2
93 13:37:06.3 37:59:58.7 5.7 1424.1  254.0
94 13:32:37.4 38:10:06.1 7.1 ' 1361.7 214.2
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Table 5.1 continued
Source Flag Right Ascension Declination SNR peak g Stot "AS
v (Wyb™h) (") (WIy)  (wIy)

95 13:32:49.3 - 38:15:17.6 6.2. 1347.1  239.9

96 " 13:33:36.5 - 38:23:53.7 5.0 1343.1 300.1

97 13:34:13.5 37.57:31.4 10.2 757.4 6.45 1307.3 173.7

98 13:35:55.9 38:13:44.4 8.6 1297.5 159.0

99 13:36:28.5 37:39:04.3 6.5 1276.2 193.5

100 13:33:49.8 38:03:33.7 13.7 1273.8 743

101 13:35:16.1 37:56:20.0 6.3 451.4 12.03 1240.7 254.0

102 13:33:48.4 37:54:56.3 5.9 527.4  7.78 12052 229.9

103 13:36:57.0 ~ 37:49:51.0 5.7 1181.1 212.3

104 ' 13:36:09.6 ©38:02:22.8  11.2 ' 1157.5 116.2

105 13:33:46.5 38:00:21.7 . 9.6 1155.8  81.0 ,

106 13:35:50.9 37:29:36.2 5.7 1154.4  233.2 |
- 107 13:36:58.5 38:03:11.9 5.7 1153.7 235.9

108 13:33:13.5 37:31:31.9 6.1 1145.3  220.2

109 13:32:54.5 37:34:00.5 5.5 : o 1126.7 225.9

110 13:34:01.5 37:49:09.4 9.5 745.3 495 1123.2 169.9

111 13:35:51.0 37:44:01.6 5.0 474.6 11.24 1123.1 327.8

112 13:32:33.5 37:43:44.4 6.2 1122.3 188.7

113 13:33:58.3 38:08:10.5 7.0 702.2 423 1116.9 218.0 |

114 13:33:24.0 38:07:14.3 10.0 1110.1 1114 1
115 13:34:42.7 . 37:57:33.2 14.7 1100.2  60.7 '

116 13:36:44.1 37:55:22.0 7.1 1089.3 165.3 ‘

117 13:36:10.6 38:17:19.3 5.2 1072.2  236.0

118 o 13:32:31.1 37:54:48.1 7.0 1062.1  162.0

119 13:35:11.7 38:20:00.3 5.1 . 1045.1 176.0

120 13:32:56.8 38:06:27.1 7.1 ' 1037.5  141.7

121 ’ 13:34:274 38:08:31.4 10.9 1035.0 88.1

122 13:32:36.8 38:02:09.5 6.2 1030.4 158.9

123 - 13:36:21.0 38:02:07.1 7.7 1020.5 130.6

124 13:36:32.6 37:40:40.6 5.4 1002.0 190.0

125 13:33:48.1 37:53:52.9 7.7 577.6 5.43  985.6 187.9

126 : 13:36:03.2 38:10:30.4 7.4 - 977.5 143.9

127 13:34:53.7 37:48:15.3 14.9 951.0 73.1

128 T 13:34:28.6 37:46:46.2 6.7 619.3 5.29  949.0 168.8

129 13:32:57.5 37:59:35.9 7.8 948.2 118.9

130 13:36:00.1 37:53:46.1 11.1 936.9 97.8

131 13:32:33.2 37:48:36.6 6.0 932.0 166.3

132 13:36:38.7 37:57:51.1 6.5 : 919.1 154.9

133 13:35:36.5 38:11:39.2 - 8.1 916.7 121.5

134 13:33:38.0 37:43:24.9 11.2 914.9 96.9

135 13:35:03.7 38:08:41.3 5.1 415.6 717 9145  268.5

136 13:34:46.3 37:42:46.4 126 911.0 82.7

137 13:35:19.5 38:11:08.3 9.2 900.6 107.8 -

138 13:34:53.0 37:50:43.4 134 873.2 70.5

139 ' 13:36:0.0 37:40:38.4 7.0 ' 865.2 129.5

140 13:34:19.8 37:28:49.7 5.1 ) 852.3 179.7

141 13:32:40.8 37:54:04.2 5.6 845.0 141.2

142 13:33:48.6. 38:07:01.4 6.9 844.2 91.8

|
143 13:34:02.7 38:11:02.3 7.6 825.7 102.3 }
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Table 5.1 continued -

Source Flag Right Ascension Declination SNR peak 0 Stot AS
(WIyb™h) (") (wIy) (wdy)
144 13:32:37.8 37:54:37.8 5.9 809.4 141.7
145 13:35:00.6 37:44:07.7 11.6 806.6 81.3
146 . 13:33:44.6 38:13:47.6 6.5 801.3 125.5
147 : 13:33:08.2 37:48:18.9 6.1 770.4 108.2
148 13:36:07.1 38:11:10.7 5.3 : 768.9 154.9
149 13:34:25.6 37:36:53.6 1.7 768.7 104.1
150 13:33:04.4 37:39:11.0 5.3 759.4 152.3
151 13:32:49.7 37:57:11.0 6.1 741.8 126.0
152 13:35:13.2 37:48:56.5° 11.4 736.6 - 76.2
153 13:33:58.4 37:56:08.4 8.4 . 728.9 73.8
154 . h 13:34:39.9 37:57:02.9 5.4 372.9 14.0 7245 130.9
155 13:35:45.4 37:37:07.7 5.8 , 712.1 132.9
156 13:35:48.2 37:58:51.0 8.1 707.5 89.3
157 13:34:06.9 37:40:06.3 7.6 706.3 95.0
158 13:33:18.6 38:02:23.8 6.7 697.7 101.6
159 13:34:15.0 37:35:43.3 6.4 _ 690.8 114.2
160 13:34:57.2 37:47:57.9  10.2 674.5 74.0
161 13:34:02.4 37:36:6.0 5.5 666.9 114.8
162 - 13:35:48.0 37:38:20.2 5.6 656.1 128.2
163 13:33:58.7 37:43:21.1 8.5 ' 651.8 87.2
164 13:35:20.3  37:36:13.3 5.8 _ ' 645.6 115.7
165 ‘ 13:33:08.7. 38:05:48.9 5.2 630.0 116.9
166 13:33:32.1 37:36:58.9 5.7 627.0 130.7
167 13:35:56.3 38:02:37.5 5.9 621.8 103.0
168 13:36:02.6 38:04:46.4 5.9 620.3 114.6
169 13:34:20.8 37:59:29.9 9.1 612.1 70.0
170 13:35:01.5 37:47:25.0 8.9 610.5  75.3
171 13:33:53.7 37:35:49.0 5.5 610.0 1228
172 13:33:25.1 38:05:10.6 57 607.4 103.4
173 T 13:36:02.8 38:05:05.7 5.7 . 602.7 116.5
174 13:36:06.2 38:04:04.5 5.7 ‘ 599.6 116.9
175 13:33:56.4 38:04:05.5 6.7 " 508.8 83.3
176 13:35:50.7 38:09:26.2 5.6 595.4 122.2
177 . 13:35:30.0 37:37:26.9 5.8 589.8 118.4
178 13:34:02.2 38:10:36.6 55 . 576.3 101.8
179 13:33:44.4 38.02:07.6 5.4 ) 563.1 82.7
180 13:33:40.7 38:02:44.7 5.1 533.6 - 874
181 13:34:58.9 37:40:46.0 5.7 528.9 90.5
182 S 13:35:04.8 37:49:01.9 7.3 ) 528.3 74.0
183 13:35:14.8 38:01:08.8 5.6 527.2 774
184 ' 13:35:00.2 37:56:32.3 7.7 520.8 70.5
185 13:34:51.9 37:57:42.3 7.4 514.8 69.9
186 13:34:36.4 38:08:42.3 5.6 514.1 87.4
187 - 13:34:17.5 37:44:32.0 6.5 511.2 79.7
188 13:34:22.8 37:37:32.8 5.2 504.4 99.9
189 - 13:35:42.0 37:41:9.0 5.2 492.0 109.2
190 13:33:38.3 37:44:56.4 5.5 490.8 88.6
191 h 13:33:07.7 37:52:0.0 45 = 6594 6.0 488.1 198.8
192 - 13:34:13.9 37:57:12.0 6.6 : 486.6 70.7
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Table 5.1 continued

Source Flag Right Ascension Declination SNR peak 0 Stot AS
(wJy b™1) (") (wdy) (wdy)
193 13:33:56.9 37:51:24.8 6.4 476.1 75.1
194 13:34:58.2 38:06:35.6 5.5 464.5 84.0
195 13:36:05.1 © 37:58:44.5 5.2 462.9 104.6
196 . 13:34:32.5 37:58:01.7 6.4 461.2 69.3
197 13:34:52.3 37:42:45.3 6.0 454.7 834
198 13:34:24.8 37:40:06.8 5.3 449.6 91.2
199 13:33:39.4 37:45:53.8 5.1 449.2 85.3
200 - 13:34:09.7 - 37:54:30.1 5.8 433.6 70.9
201 : 13:34:194 37:40:15.4 5.1 426.2 91.5
202 13:35:02.3 37:51:25.2 5.9 424.5 70.0
203 13:35:40.0 37:46:24.4 5.0 o 393.5 89.9
204 13:35:12.3 37:51:31.7 5.3 ) 389.2 70.1
205 13:34:33.1 37:52:20.4 5.1 - 365.1 68.9

206 ' 13:33:50.9 37:47:53.8 5.3 361.9  79.6

5.2.4 Source Counts

Sources were binned on total flux, and weighted in a manner similar to that in
Chapter 3. Corrections for incompleteness caused by primary beam degradation,
high noise regions and resolution bias were applied as in Chapter 3. The area
over which a source could have been detected was calculated by examining the
distribution of pixels values in a SExtractor noise map derived from a primary
beam corrected version of Fig. 5.1. Eddington bias simulations were performed as
in Chapter 3, and used the best fitting population from the 17 field (i.e. Q@ = 2.45)
as an estimate of the true underlying population. They implied that the effect of
the noise on lowest flux bin was a 26 percent overestimation, along with a 21 percent
overestimation in the second lowest flux bin. This bias at higher fluxes compared to
those affected in the 17 field is likely to be due to the differing noise characteristics

of the two maps.

Fig. 5.4 shows the resulting counts, plotted along with the those from the 1¥
field. The two fields exhibit similar source (;ounts, with the bin values agreeing to
within the Poissonian counting errors. The 137 field shows slightly lower source
density than the 17 field below 1 mJy. This is also the case at 1.4 GHz, where
the Euclidean normalised differential source counts of the 1 field are ~15 percent
higher that those of the 13¥ field for comparable low flux bins.

e

See Section 5.4 for the modelling of the multi-field 610 MHz source counts.
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Figure 5.4: The Euclidean normalised differential 610 MHz source counts from the
13" field (empty triangles), plotted along with those from the 17 field (filled circles),
and empty squares denoting the results of Katgert (1979).

5.3 Deeper 610 MHz Observations of Both Fields

Both the 13 and 1% fields were observed with the GMRT at 610 MHz for a further
20 hours each in February of 2006, with the intention of more closely matching the
detection limits of the 610 MHz and 1.4 GHz images. Observations were performed
identically to those in 2004 with the exception that the averaging time of each
visibility was reduced to from 17 to 8 seconds. Reduction was performed in a
manner similar to that discussed in Chapter 3. Similar numbers of baselines were
lost to power outages and electronics glitches, and an initial calibration solution of a
‘channel 0’ for the 13* field appeared adequate. Bandpass calibration also appeared
successful. Upon examining the variation of the visibilities with frequency and time
using the AIPS task SPFLG (which effectively plots trailed spectra), ripples across
the bandpass became apparent in many (>70 percent) of the baselines, including
all those contained entirely within the central square of the GMRT. The purpose
of bandpass calibration is to remove any structure in the frequency response of the
antennas, so such a pattern is not expected. However, the ripples move across the
band with time, inhibiting their removal by calibration. Also, the speed of this
motion changes, and in some case the direction of motion reverses. Fig. 5.5 shows

the trailed spectra (time on the y axis, frequency on the x), for the baselines between
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Figure 5.5: The amplitude (greyscale) of the visibilities against frequency (x-axis)
and time (y-axis) for baselines between antennas 2 and 8, 2 and 12, 4 and 14, 4 and
25, and 8 and 12 in panels a, b, ¢, d, e, and f respectively.. Each pixel represents one
8 second averaged visibility in one channel.

antennas 2 and 8, 2 and 12, 4 and 14, 4 and 25, and 8 and 12 during observations of
3C286 in the USB. As can be seen in Fig. 5.5, the ripples do not share a common

wavelength (in frequency-time space).

The amplitude of the ripples in visibility amplitude is ~10 percent. They are
present in the uncalibrated data, and therefore not a result of poor bandpass cali-
bration. Staff at the GMRT could provide no .explanation for these effects, though
the instrument was experiencing intermittent correlator problems at the time of the

observations.

Data reduction was continued to investigate the effect of these bandpass ripples on
the sensitivity of the final maps. An image made using the uv data of the USB from
all 20 hrs of the observation of the 13 field achieved a rms noise of 160uJy beam™?,
much worse than achieved with the 4.5 hr observation in 2004. A reduction of the
LSB of 8hr worth of observations of the 1¥ field achieved a noise level of 140uJy,
when a noise level at least comparable to that in the maps made with the 2004 data

was expected.

After many attempts to inmiprove the calibration of the data, it was agreed that
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the observations should be repeated. Make-up observations were scheduled, but not

completed within the time frame of this work..

5.4 Modelling of 610 MHZ Source Counts

As was shown in Chapter 3, the modelling of source counts can provide information
about the average spectral index of a population. In that study, models were fitted
to the counts from one field. As has been seen in Chapter 4, radio source counts can
vary significantly from field to field. The availability of counts from several fields
greatly increases the robustness of any model fits

Models were fitted to the source counts from the 13# and 1¥ fields. Published
610 MHz source counts are also available for the VVDS survey (Bondi et al. 2007).
The resolution bias corrections suggested in table 2 of Bondi et al. (2007) have been
applied.

The starburst evolution power law index, @), was fitted as in Chapter 3. The best
fitting model, with Q = 2.630.1 is plotted in Fig. 5.6. Within the 1o errors on the
various fitted values, this is consistent with the determination in both Chapters 3
and 4, confirming that the population that constitute the sub-mJy bump have, on
average, a spectrum of a = —0.7.

As mentioned in Chapter 3, this two population model may over simplify the
situation. It is not impossible for the same galaxy to possess both a radio loud
AGN and a starburst, a contingency which the models do not account for. Also, the
overestimation of the source counts by the AGN component of the model between 1
and 10mJy is a limit upon the accuracy of the fitted starburst evolution, and does
not take account of the possible contribution from radio quiet quasars (Jarvis &
Rawlings 2004). -However, since the sameé model has been fitted at both 1.4 GHz
and 610 MHz, the determination of the average spectral index of —0.7 is a reasonable |

one.

5.5 1.4 GHz Observations of the 137 Field

Radio observations covering the 13# field were presented in Seymour (2002) and
Seymour et al. (2004). Their importance in the context of this study justifies a short
summary here. The 13 Field was observed with the VLA in B-array for 10 hours
in 1995. A)further 14 hours of useful data were obtained from the VLA in A-array

in 1998. All observations were conducted in 4-IF pseudo-continuum mode, with
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Figure 5.6: The best fitting model of the 610 MHz, that of @ = 2.6, together with
the source counts from the 17 field (filled circles), the 13¥ field (empty circles), the
VVDS (stars, Bondi et al. 2007), and Katgert (1979, empty squares).
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Figure 5.7: A central portion (~ 10 x 10 arcmin) of the 1.4 GHz image of the 13#
Field, as presented by Seymour et al. (2004). This image has had no correction for
for primary beam degradation applied.

both polarisations of each Intermediate Frequency (IF) being split into 8 channels
of 3.25 MHz each, as in the observation presented in Chapter 4. The observations
were bandpass, flux and phase calibrated in the standard manner using 3C286,
3C286 and 13104323 respectively. The data from the two array configurations
were combined in the uv plane. Three iterations of self-calibration were conducted,
and total intensity maps were made using a mosaic of 9 central, and four smaller
external facets to adequately cover confusing sources. After CLEANing, the image,

1 and a

made with natural weighting, had a central rms noise of 7.5uJy beam™
restoring beam of 3.4 arcsec. A central portion of this image can be seen in Fig.

5.7.

To a 40 detection limit of 30uJy, 449 sources were found. The source counts

computed from this catalogue can be seen as the filled triangles in Fig. 1.5.
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5.5.1 Resolufion degraded 1.4 GHz Maps of the 13# Field

As discussed in previous chapters, the calculation of accurate spectral indices re-
quires that the flux measurements in the two bands be made from images of similar
resolution. This ensures that no flux is resolved out of the higher resolution image,

artificially steepening the spectra.

The restoring beam used to generate the map shown in Fig. 5.7 was ~3 arcsec,
while the restoring beam of the deepest 610 MHz maps of the 13 field is ~ 6 arcsec.
Since nothing can be done to increase the resolution of the 610 MHz maps, the higher

resolution VLA maps require degrading to gain comparable resolution.

During the construction of the 1.4 GHz catalogue presented by Seymour et
al. (2004), a map was made from uv data tapered to provide greater sensitivity
to extended structure. A resolution of 6 x 6 arcsec was achieved by tapering the
uv data with a Gaussian of width (to 30% amplitude) of 35 and 35 kA. Except
this tapering, imaging was conducted in a manner identical to that used to generate
the image shown in Fig. 5.7, as reported in Section 5.5 and in Seymour (2002)
and Seymour et al. (2004). The resulting image has a central rms noise of 12.9uJy

beam™!.

In the course of this work, this map was used to measure 1.4 GHz fluxes directly
comparable to those at 610 MHz. Source extraction was performed using AIPS task
‘SAD. The measured fluxes were added to the catalogue of Seymour et al. (2004) for
any source which was seen as having a significantly brighter flux than that taken
~ from the full resolution map. See Section 5.6 for details on the use of this map to

calculate spectral indices of the sources therein.

5.5.2 137 Field Radio Morphology

Altht)ugh the resolution of the deep imaging of the 13% field is lower than that of the
1 field maps, enough morphological information is preserved to positively identify
several AGN. Sources 1, 2, 7, 8, and 10 in the catalogue presented in Seymour et
al. (2004) are obviously AGN. However, this resolution does not allow any sources to
be identified as starburst with any confidence, although source 21 in that catalogue

does show some extension in both dimensions across a large optical galaxy. See

Section 5.7 for further discussion of the use of the radio-only diagnostics.
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5.6 Radio Spectra of Faint Radio Sources

The potential of spectral indices to assist in the characterisation of faint radio sources
has lead to several studies attempting acquire large numbers radio spectra of radio
faint sources. Seymour (2002) presented, along with the 1.4 GHz catalogue of the
13# field, a VLA D-array mosaic observation of the same area of sky at 4.8 GHz. 105
sources were discovered to 100uJy, giving 51 radio spectra. The original study of the
radio properties of the HDF-N I(Richards 2000) also considered a previous 8.4 GHz
observation which provided 30 spectra. The HDF-S has been the subject of radio
observations with the Australian Telescope Compact Array (ATCA) which reached
10pJy at 1.4, 2.5, 5.2 and 8.7 GHz. The combined catalbgue contains 4 point radio
spectra, or limits thereon, for 473 sources (Huynh et al. 2007). The 1.4 GHz surveys
of both the Lockman Hole and the ATESP survey are complimented by 4.8 GHz
observations (Ciliegi et al. 2003, and Prandoni et al. 2006 respectively).

In all of the studies mentioned above, the surveys were originally conducted at
1.4 GHz, and spectral information acquired by observing at higher fréquencies. Since
the size of the primary beam (and hence the field of view) of radio dishes is ihversely
proportional with frequency, higher frequencies require mosaics of pointings to cover
1.4 GHz survey areas. The advent of the GMRT has provided the opportunity to
conduct sensitive, high resolution surveys with the large fields of view associated
with lower frequencies, and hence to efficiently cover the areas of surveys at higher
frequencies with few pointings. The shape of the typical spectra of extragalactic_
radio sources (flux decreasing with frequency) also means that lower sensitivity (i.e.
higher noise, and therefore shorter integration times) is required to detect most radio

sources at lower frequencies.

The 137 and 1% field are not the only deep survey fields to exploit this combi-
nation of VLA 1.4 GHz and GMRT 610 MHz surveys. The VLA VLT Deep Survey
(VVDS, Bondi et al. 2003)4was also among the first wave of fields to be covered
with the GMRT at 610 MHz. To a detection limit of 260uJy 514 sources were found
within 1 sq. deg. mosaic (Bondi et al. 2007). The Spitzer First Look Survey (SFLS,
Lacy et al. 2005; Fadda et al. 2006; Frayer et al. 2006), was the first deep point-
ing with the Spitzer space telescope. Covered at 1.4 GHz by the VLA in B-array
(Condon et al. 2003), a mosaic of 610 MHz pointings with the GMRT reached 27 to -
30uJy rms and provided 610 MHz fluxes for 3944 sources (Garn et al. 2007). The

Lockman Hole has also been covered at 610 MHz, in an attempt to, among others

goals, acquire radio spectra for a sample of sub-millimetre galaxies discovered within
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it.

5.6.1 Sample

For the purposes of the calculation of spectral indices, the full catalogue of Seymour v
et al. (2004) was used for the 1.4 GHz source list of the 13¥ field. The sources in
Table 4.1 were taken as the equivalent for the 1¥ field. The basic sample therefore
consists of 449 sources in the 13¥ field and 432 in the 17 field. o

Inside the 15 arcmin radius of the areas covered at both frequencies, the 610 MHz
catalogues in Tables 3.2 and 5.1 provide flux measurements for 66 and 84 sources
above ~ 300uJy and 300uJy in the 13 and 1% fields respectively. Sources outside
of these areas, though useful for. the calculation of source counts and therefore,
via modelling, the average spectral index, are not useful foi‘ the calculation of the

individual sourcé spectra, since reliable 1.4 GHz fluxes are not available.

5.6.2 Matching

An initial cross matching between the full catalogues at 1.4 GHz and 610 MHz was
performed based on spatial proximity. A large initiél search radius of 10 arcsec was
used to account for the large sizes, and therefore possible inaccuracies in position
measurement, of some of the sources. Each source was then inspected by eye, viewing
the contours of radio emission at both frequencies overlaid on an optical image. See
Appendix A for the thumbnail images used. In.9 cases, sources identified at 1.4 GHz
were confused in the lower resolution 610 MHz imaging. In the 13¥ field, 60 sources
where seen to clearly match. In the 1¥ field, the equivalent number was 76. The
slightly higher number of matches in the 17 field can be put down to the areas of
high noise in the 13¥ and the smaller number of sources therefore discovered therein.
Many sources detected at 1.4 GHz are not detected at 610 MHz, as expected from
‘the relative sensitivities of the maps at the two frequencies. The 6 sources detected
at 610 MHz within the 15 arcmin radius area of the 1.4 GHz coverage of the 13 field
without a match have no positionally coincident partner in the catalogue of Seymour
et al. (2004) to beyond 20 arcsec. In the 1 field, 12 sources detected at 610 MHz
are similarly without 1.4 GHz counterparts These non-detections at 1.4 GHz are-
surprising, given that the relative sensitivities of the images mean that the 1.4 GHz
maps should pick up all sources detected at 610 MHz with spectra flatter than

o~ —2.4. These sources will be discussed at more length in the following sections.
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5.6.3 Calculation of Spectral Index

A speEtral index was calculated,

a = 2.77log <&> (5.1)
S610

(where 2.77 is the reciprocal of the logarithm of 1.4 x 10°/6.1 x 108) for each source
detected at either frequency within the 15 arcmin radius areas covered at both
frequencies. Where available, the flux densities used in the calculation are those
determined from the maps made with closest matching resolutions. In the cases
of sources faint at 1.4 GHz and therefore not significantly detected in the lower
sensitivity tapered maps, the flux density from the full resolution 1.4 GHz map has
been used. In the 13¥ field, 45 of the 60 matches exploited tapered fluxes. In the 17 -
field, 27 of the 76 matches used fluxes from the 6 x 6 arcsec map, and a further 14
used fluxes from the 3 x 3 arcsec map. In cases where a source was detected at one
frequency, but not the other, an upper limit of 4 times the local rms noise was taken,
and an upper/lower limit on « calculated. For sources detected at 610 MHz more
that 15 arcmin from the pointing centre of either survey area, no reliable 1.4 GHz
flux is available, and no spectral index has been calculated.

The 13 field is also covered at 4.8 GHz with VLA D-array observations dating
from 1991 (Seymour 2002). Of the 449 sources detected at 1.4 GHz in the 13¥ field,
51 have 4.8 GHz flux measurements. Of these, 32 also have 610 MHz detections,
and a power law can be fitted to the three point spectra. In the remainder of the
cases, the 1.4 to 4.8 GHz spectral index can be calculated in a manner similar to

that expressed in Eq. 5.1.

5.6.4 Discussion

All the measured spectra are plotted against 1.4 GHz flux in Figs. 5.8 and 5.9 for the
13 and 1% fields respectively. Sources not detected at 610'MHz are represented by
lower limits on a. The relative detection limits of the survey images are illustrated
by the linear features which these limits follow. In Fig. 5.8, the sources detected
~at 4.8 GHz but not at 610 MHz fall beyond this line. Upper limits are given for
the sources not detected at 1.4 GHz which are, for clarity, plotted at the flux of the
610 MHz detection, not the limiting 1.4 GHz flux.

As discussed in Chapter 1, radio spectra are potential AGN/starburst discrimi-

nants. The optically thin synchrotron emission expected from starburst sources is
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Figure 5.8: The variation of radio spectral index with 1.4 GHz flux for sources
in the 137 field. Solid triangles represent sources detected at 610 MHz, 1.4 GHz
and 4.8 GHz, the spectra of which have therefore been calculated by fitting to flux
measurements in those 3 bands. Empty triangles represent those sources detected
at 1.4 and 4.8 GHz, but not at 610 MHz. Filled circles represent sources detected
at 610 MHz and 1.4 GHz only. The arrows denote limits on a from non-detections
at either frequency. For clarity, sources not detected at 1.4 GHz are plotted at their
610 MHz flux, and at o = —2.5. The solid line indicates the canonical spectral index
for optically thin synchrotron emission, @« = —0.7. The dotted lines illustrate the
upper and lower bounds of range of spectral indices expected for such optically thin
emission. The dashed horizontal line indicates o = —1.3, that taken as an upper
limit for a source to be considered a USS.
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Figure 5.9: The variation of radio spectral index with 1.4 GHz flux for sources in
the 17 field. Filled circles represent sources detected at 610 MHz and 1.4 GHz.
The arrows denote limits on « from non-detections at either frequency. For clarity,
sources not detected at 1.4 GHz, and with limits on « steeper than —2.5, are plotted
at their 610 MHz flux, and at @« = —2.5. The solid line indicates the canonical
spectral index for optically thin synchrotron emission, a = —0.7. The dotted lines
illustrate the upper and lower bounds of range of spectral indices expected for such
optically thin emission. The dashed horizontal line indicates a = —1.3, that taken
as an upper limit for a source to be considered a USS.
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~ expected to have an average radio spectral index of & = —0.7, and a fairly narrow
spread in values. AGN can have a wide spread from inverted spectra (o > 0) to very
steep (o < —1.3). Also therefore indicated in Figs. 5.8 and 5.9 are the canonical
a = —0.7 value (solid line), and the limits outside of which a source is unlikely to
be a starburst (=1 < o < —0.4, dotted lines). These lines help illustrate that some
of the lower limits on o from non-detections at 610 MHz are still useful. Sources
with 1.4 GHz fluxes of greater than ~ 200 mJy not detected at 610 MHz must either
have spectral indices flatter than oo = —0.4, or have varied in their flux between the
epoch of the 1.4 GHz observations (~1998) and that of the 610 MHz observations
(2004). Both possibilities suggest an AGN as the source of the radio emission.

Perhaps unsurprisingly, the majority of the measured spectra do indeed lie near
the a = —0.7 line. Figs. 5.8 and 5.9 show no clear trend of changing spectral index
with flux, and neither is there any clear segmentation into separate populations.
In the 137 field, just under 50 percent of the sources with fluxes measured at two
frequencies lie within the —1 < a < —0.4 envelope of expected optically thin spectra,
and could therefore be either starburst or AGN. In the 1¥ field, once again, just

under 50 percent of the spectra lie near o = —0.7. However, in both fields several

sources lay outside this region, and can therefore reasonably be considered to be
AGN.

Of these sources, those of flat spectrum will be considered first. In the 13¥ field,
the measurements undertaken in this and previous chapters show that 34 sources
have spectra flatter than —0.4. A further 5 sources have measured spectral indices
flatter than —0.4, but errors on the measurement do not preclude a < —0.4. Of the
34 flat spectrum sources, which are therefore likely to be AGN , 14 are those with
spectra measured using flux measurements at 1.4 GHz and 4.8 GHz alone, with no
detection at 610 MHz. As can be seen in Fig. 5.8 (where théy are marked as hollow
triangles), these 14 sources consititute the majority (81%) of the sample of sources
‘whose spectrum has been determined in this way. The high noise of the 610 MHz
map relative to those at higher frequencies means that this sample of sources all
having flat spectra is not surprising. A note of caution should be taken about these
14 spectra. Firstly, the 4.8 GHz map was made in the D-array of the VLA and
therefore has a resolution of 14 arcsec, which does not match the resolution of the
1.4 GHz A+B array observations (~ 3 arcsec). Although there does not appear
to be any extended emission or potentially confusing sources near these objects in
the 1.4 GHz image, it should be noted that any such emission may be picked up
at 4.8 GHz and artificially flatten the spectrum. Also, the eight years between the
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‘dates of the 4.8 GHz and 1.4 GHz observations may allow temporal variability of
the sources to alter the measured fluxes.

" In the 17 field, 26 sources can be said to fatter than a = —0.4 with a degree of
confidence. A further 7 have measured spectra flatter than o = —0.4, but errors on
the measurements allow oo < —0.4.

The steep sources in both fields will now be addressed. The vast majority of
. the sources detected at 1.4 GHz but not at 610 MHz fall below a = —1. Unlike
the limits in the flat spectrum region of Figs 5.8 and 5.9, these lower limits are not
useful as the they cannot be used to rule out star formation being the source of
the radio emission. However, several sources detected at both frequencies do have
spectra steeper than a < —1. In the 13% field, 21 sources are steepef than o = —1,
with another 6 steeper than a = —1, but with errors that include a > —1. Of the
21 sources with spectra definitely steeper than a = —1, 6 are the objects detected
at 610 MHz but not at 1.4 GHz mentioned in Section 5.6.2.. These are puzzling
objects. Of the 20 (with another 10 likely) steep (i.e. @ < —1) sources in 17 field,
12 are also non-detections at 1.4 GHz. The spectra calculated from the upper limits
at the positions of these sources vary from 2.2 — which is very steep, but believable
considering 4 sources detected at both frequencies are measured to be this steep - to
more negative than -5, which is rather harder to credit. The possible causes of these
extremely steep measured spectra — including source variability — will be discussed
. further in Sections 5.6.4.1 and 5.6.6.

5.6.4.1 Sources Not Detected At 1.4 GHz

Possibilities to explain the calculation of such-extreme spectra as those exhibited
by the sources not detected at 1.4 GHz include false detections at 610 MHz, source
variability and truly very steep spectra.

Of the six sources detected at 610 MHz but not at 1.4 GHz in the 13¥ field
(610 MHz sources 58, 135, 179, 186, 202 and 206 in Table 5.1), none have a low
significance detection (i.e. < 40) coincident with them in the 1.4 GHz map, and all
were detected at a signal to noise ratio of less than 6 at 610 MHz — making them
some of the least significant detections. It is interesting to note that source 135 is
detected at 5.13c, and would not have been accepted by Garn et al. (2007) who use
a detection limit of 5.25¢. Source 58 has a peak flux of over 1mJy in the tapered

map, and is therefore very unlikely to be a noise spike. It is possible that it is a
highly extended source, the flux of which is resolved out by the VLA at 1.4 GHz. |
There is a small possibility that source 179 may be a distant sidelode of source 2,
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but the distance between them (~7 arcmin) makes this seem unlikely.

Of these 6 sources, 3 have no optical counterpart within 10 arcsec. There is a
very faint source in the B band image (B ~ 26.4) within 2 arcsec of the position of
source 135, which dims to a magnitude in the § band of 26.4 and is not detected in
any image of longer wavelengths. This would suggest that source 135 may be a high
redshift AGN whose steep measured spectrum ma}} be due to variability or energy
loss steepening. Of course, with such deep optical imaging, chance coincidence
cannot be ruled out. The remaining 2 sources are near (3 and 6 arcsec) optical
sources, but do not appear to lie within them. ‘

Source variability may explain several of these sources. Given that sources de-
tected at both frequencies have spectra measured to be as steep as a = —2.5 (though
these may themselves have undergone variation), flux variations of only a few percent
between 1998 and 2004 would be enough to drop source 206 out of the 1.4 GHz cat-
alogue. However,l for the spectrum of source 58 to have at one poinf been o > —2.5,
it needs to have increased in flux by a factor of 10 in the 6 years between the two
observations, which is unlikely. . l ‘

The possibility exists that these sources are genuine. They would have to be very
high redshift AGN to not be detectable in the deep optical data, and to have either
the spectral of temporal characteristics \required to explain their observed properties.

In the 1H field, 12 sources detected at 610 MHz are not detected at 1.4 GHz
(sources 66, 67, 76, 102, 103, 115, 123, 206, 207, 220, 221, and 223 in Table 3.2). Of
these, 5 are detections of very low significance (< 5.20). Another 3 have detections
of 5.30. Two of these faint detections fall within the boundaries of large optical
galaxies, though neither is coincident with centre of the optical galaxy. Another two
have very faint optical emission near their centres. '

Four of the 12 610 MHz-only detections are, however, much more significant.
Sources 66, 67, 76 and 102 in Table 3.2 are detected at signal to noise ratios of 6.8,
, .6.4, 11 and 9 respectively. Source 66 is detected in the tapered 610 MHz map only
— implying large extension of low surface brightness emission — and. is the location
of 30 1.4 GHz emission as well as a very faint optical source. Source 67 was also
first detected in the tapered 610 MHz map, though a wide patch of 20 emission is
present in the full resolution map at this frequency. It does not share its location
with any emission at 1.4 GHz or in the optical. The 1.4 GHz may have resolved out
much of the extended emission from these two sources. '

Sources 76 and 102 are located near a bright source (number 21 in Table 3.2, and

7 in Table 4.1), but do not appear to follow.the pattern of sidelobes (as expected

A




5. Radio Spectra of Faint Sources ) -152—

from examining other sources), and are the locations of very faint optical emission.

Should any of these sources have been at the location of low significance 1.4 GHz
emission and an optical source, it would seem reasonable to consider that they are
real. As it stands, either they are spurious detections, sources of high variability, or
objects with truly remarkable characteristiqs. Spurioﬁs detections seems the most
likely, but a combination of these factors may explain the population of 1.4 GHz
non-detections. The deeper observations which failed in 2006, and are in the process

of being repeated, will shed further light on this matter.

5.6.5 Flux Limited Sample

Fig. 5.10 shows the distribution of radio spectral indices for a 1.4 GHz flux limited
sample across both fields. The spectra included are those for all sources with a flux
~density of greater than 200uJy at 1.4 GHz and, for consistency, are calculated using
only the 1.4 GHz and 610 MHz data. Limits from non-detections at 610 MHz are
also shown as the dotted lines. The break down by field is shown in Figs. 5.11 and
5.12 for the 13 and 17 fields respectively.

The average spectral index, across both fields, of the sources detected at both
frequencies, and with S74 > 200uJy, is —0.57 with a standard deviation of 0.5. For
the individual fields, the averages are —0.64 & 0.50 and —0.51 £0.50 in the 137 and
1 fields respectively. These averages are flatter than the canonical value of —0.7,
though as can be seen by inspecting the distribution in Fig. 5.10, the modal value
for the measured spectral index is —0.7. The mean is affected by the asymmetry of
the distribution shown in Fig. 5.10, where there is a tail on the distribution on the
flatter side of its peak. This tail is due to the flat sources being detected, while their
counterparts steeper than —1 have been missed by the 610 MHz map — i.e. this
S1.4 > 200uJy sample was selected to show all sources with spectra .usefully limited

to being flat.

5.6.6 Ultra Steep Spectrum Sources

As presented in Chapter 1, sources with ultra steep spectra (o < —1.3), are a good
sample from which to discover high redshift radio galaxies, which are often among
the largest galaxies at their redshift, and therefore provide information about early
structure formation (e.g. De Breuck et al. 2004). As can be seen from Figs. 5.8 and
5.9,- 36 sources fit this criterion. Of these, 18 are the non detections at 1.4 GHz which
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Figure 5.10: The distribution of spectral indices of a flux limited sample (S;4 >
200uJy) across both fields. The dotted line illustrates the distribution of the limits
upon the spectra calculated when a 1.4 GHz source is not detected at 610 MHz.
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Figure 5.11: The distribution of spectral indices of a flux limited sample (S;4 >
200uJy) from the 13 field. The dotted line illustrates the distribution of the limits
upon the spectra calculated when a 1.4 GHz source is not detected at 610 MHz.
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Figure 5.12: The distribution of spectral indices of a flux limited sample (S;4 >
200uJy) from the 1# field. The dotted line illustrates the distribution of the limits
upon the spectra calculated when a 1.4 GHz source is not detected at 610 MHz.

may be spurious. This leaves 6 and 4 sources in the 13# and 1 fields respectively
with spectra definitely measured as being steeper than a = —1.3. The inclusion
of sources likely to be steeper than a = —1.3, but whose errors still allow a > 1.3
increases the respective numbers to 10 and 8.

The flux of the majority of these 18 sources are below 300uJy at 1.4 GHz. Since
the accuracy with which a source’s parameters can be measured decreases with
decreasing flux, due to the effect of noise, the measurement of these spectra are
less certain that those above 1 mJy. However, estimates of the errors on the flux
measurements have been used to provide errors on the determination of the spectral
index in each case, and 10 can be said to be ultra steep, within the limitations of
this data, with a fair degree of confidence. A further 8 are likely to have spectral
indices steeper than @ = —1.3.

While source variability may account for the excessive steepness of some of these
sources, they provide a tantalising possibility of a population of faint USS sources.
Should any of them prove to be high redshift AGN, the low fluxes imply that either
they are further down the luminosity function at those redshifts, or that they are
more distant than the currently well studied samples.

The optical properties of these sources will be dealt with in the next chapter.
The coordinates and fluxes of these sources are given in Table 5.2. Also included
are those sources not detected at 1.4 GHz, which have been flagged with a “ND”,
and whose number is augmented with a “G” to indicate that it is from the 610 MHz

catalogue of its respective field.
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Field 1.4 GHz Num RA DEC Si.a Ss10 e Aa Flag
(pdy)  (pdy)
137 31 13:34:13.64 37:57:32.89  342.88 1307.36 -1.61 0.16 D
51 13:33:48.39 37:54:57.52  295.12 1205.29 -1.69 023 D
101 13:34:52.41 37:42:45.41 143.6 454.73 -1.38 0.3 P
112 13:34:58.95 37:40:47.57 123.9 52896 -1.74 0.41 P
115 13:35:12.26  37:51:31.16 130 389.25 -1.32 0.29 P
125 13:34:28.69 37:46:47.35 219.77 949.07 -1.76 0.23 D
164 13:34:24.98  37:40:7.09 113.7 449.65 -1.65 0.46 P
259 13:33:39.64 37:45:53.96 72.7 449.24 -2.19 0.71 D
324 13:35:40.12 37:46:25.26 75.4 393.51 -1.98 0.6 D
438 13:33:40.76  38:2:46.05 54.2 533.65 -2.75 0.7 D
G58 13:34:09.08 ~ 38:01:30.62 <36.87 2788.99 -5.2 ND
G135 13:35:03.72 38:08:41.33 <56.65 914.56 -3.34 ND
G179 13:33:44.48 38:02:07.66 <47.16 563.15 -2.98 ND
G186 13:34:36.40 38:08:42.30 <52.1 514.16 -2.75 - ND
G202 13:35:02.32 '37:51:25.26 <33.01 -424.56 -3.07 ND
G206 13:33:50.97 37:47:53.84 <42.84 361.98 -2.56 ‘ND
17 79 01:44:48.19 -04:23:15.58 237.26 15574 -2.26 027 D
85 - 01:45:26.92 -04:47:25.78 214.39 752.5 -1.51 0.19 D
100 01:46:00.09 -04:44:59.09 187.76 1467.1 -2.47 0.26 D
125 01:45:12.29 -04:45:11.18 144.45 463.3 -1.4 043 P
134 01:46:20.58 -04:28:20.50 137.33 468.7 -1.47 0.34 P
151 01:45:58.51 -04:37:13.99 127.42 407  -1.39 0.27 P
182 01:45:41.42 -04:39:42.08 111.76 374.9 -1.45 0.32 P
256 01:45:45.16 -04:26:06.32 87.702 409.6 -1.85 0.33 D
G66 01:45:27.68 -04:37:41.3 <45.87 2663 -4.88 ND
G67 01:46:02.8 -04:37:18.6 <56.64 2614.1 -4.61 ND
G76 01:46:15.59  -04:40:15.4 <73.75 2210.5 -4.09 ND
G102 01:46:16.36  -04:39:58.9 <74.13 1363.5 -3.5 ND
G103 01:45:01.9 -04:44:55.3 - <66.72 13556.6 -3.62 ND
G115 01:45:38.31  -04:20:28.7 <81.44 1232.09 -3.26 ND
G123 - 01:45:35.85 -04:37:.49.2 <46.56 1165.7 -3.87 ND
G206 01:44:45.25 -04:42:18.4 <71.29 451 -2.22 ND
G207 01:45:52.05 -04:44:55.0  <66.66 441.4 -2.27 ND
G220 01:45:40.73 -04:43:16.6 <56.46 385 ".2.31 ND
G221 . 01:45:48.18  -04:38:09.8 . <49.83  383.8 -2.45 ND
G223 01:44:58.01 -04:36:03.1 <51.78 373.8 -2.37 ND

Table 5.2: The positions, fluxes and spectral indices of the sources, detected at both
1.4 GHz or 610 MHz, measured to have ultra-steep spectra (a steeper than —1.3).
A flag of D means that, even allowing for the errors on the measurement of «, the
source has a spectrum steeper that o = —1.3. A flag of P means that though the
spectrum is measured as steeper than a = —1.3, errors on the measurement allow
a > —1.3. A flag of ND means that the source is a non-detection at 1.4 GHz and
the source number is that in the 610 MHz catalogue of its respective field.
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5.7 Radio Diagnostics

The radio spectral index is not a truly reliable discriminant between AGN and
starbursts when considered alone. As discussed previously, temporal variability and
‘resolution effects can mean that that an accurate measurement of the true spectral
index of a source is not easy. However, it is the combination of discriminants that
provides the most useful tool. The use of radio/IR ratios, radio luminosities, SED
fitting, and radio/optical ratios are outside the scope of this work. The optical -
magnitude and size distribution of the radio sources will be discussed in Chapter 6.
However, it is illustrative to give a simple example of how the combination of solely

radio diagnostics can be useful for some sources.

The 13¥ field is the subject of a deep MERLIN survey to provide detailed mor-
phological information at a resolutioﬁ of 0.2 arcsec (Zoghbi et al, in prep.). Though
the use of these very high resolution data is also outside the scope of this work, the
1.4 GHz VLA A and A+B array observations can provide some useful morphological
information for the brighter sources, as disgussed in Sections 4.8 and 5.5.2, which

can be compared to radio spectra.

Conservatively defining the starburst excluded range as ¢ > —0.4 and a < —1,
the number of sources in the 1.4 GHz samples that can be considered AGN is 49
and 34 in the 13¥ and 1 fields respectively. This leaves 400 and 398 sources in the
two fields that, based on radio spectral arguments, can either be AGN or starburst.
The deeper, corrupted, 610 MHz observations undertaken in 2006 would have more
closely matched the sensitivity of the 610 MHz imaging to that at 1.4 GHz and
produced many more spectra. The observations have been retaken, and will provide.
a deeper insight into the low frequency radio spectral properties of the sub-mlJy
population. ' h

In the 13¥ field, 5 sources where designated AGN based on morphology. These
sources have spectral indices of —1, —0.9, —0.7, —0.4, and —0.5, as expected for
the optically thin emission from the lobes of an AGN viewed side on. The 6 mor-
phologically identified AGN in the 1¥ field haive spectra of —1, —0.8, —0.7, —0.6,
and —1 (with one being confused in the 610 MHz maps), again consistent with that
expected for side-on AGN. » '

The ~ 3 arcsec resolution of the 1.4 GHz image of the 137 field is not sufficient
to resolve radio emission from starbursts. The higher resolution offered by the VLA,
A-array only, 1.4 GHz image of the 17 field can begin to resolve brighter systems.

As shown in Fig. 5.13, this image does resolve several sources in both dimensions
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across the expanse of an optical counterpart. These 6 sources have spectral indices
of —0.88, —0.78, —0.59, —0.85, —0.7, and —1.14. The first 5 are all consistent with
a starburst galaxy, but the last shows that it is more likely to be an AGN.

The comparison of radio spectra and morphology with other diagnostics (radio
‘luminosity, optical morphology and various colour information) will be discussed in
Chapter 6.

5.8 Conclusions

The 610 MHz-1.4 GHz radio spectra of the radio sources in the 13¥ and 17 fields
have been presented. At 610 MHz, 206 sources were discovered to ~ 300uJy within
a 32 arcmin radius of the 13¥ field centre. Along with the catalogues presented
in Chapters 3 and 4, and in Seymour et al. (2004), this provides 2 point spectral
measurements for the radio sources in the 137 and 1¥ fields. Additional fluxes at
4.8 GHz provide 3 point spectra for 32 of the sources in the 1# field and 2 point
spectra for a further 14 not detected at 610 MHz. Across the two fields, 152 sources
have spectra computed from detections in at least 2 bands, with another 40 useful
limits being placed on spectral index. If starburst galaxies are assumed to be limited
to the range —1 < a — 0.4, (S x v?), 83 sources can be said to be AGN. A further
11 sources can be identified as AGN from radio morphology. The co_mbination of
radio morphology and spectral index suggests that 5 of the 1.4 GHz sources in the
1¥ field could be said to be starburst galaxies rather than AGN. The multi-field
610 MHz sources can be reasonably well fit with a model that includes AGN and a
.population of starburst galaxies undergoing luminosity evolution with a power law
index of 2.6. When taken into comparison with the value of 2:5 for the same index
at 1.4 GHz from Chapter 4, this confirms that the population responsible for the

sub-mJy bump has, on average, a spectral index of a = —0.7.
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Figure 5.13: The 1.4 GHz contours of several sources seen to be slightly resolved
across the expanse of an optical galaxy, and may therefore be due to star formation.
The optical images are from the Subaru ¢ band coverage.




Chapter 6

Optical Properties of the Faint

Radio Source Population

In this chapter, some basic optical properties of the 1.4 GHz radio samples undergo
a preliminary investigation. The optical magnitude distribution of the radio sources
is presented. The variation of optical magnitude and colour with radio flux and

radio spectral characteristics is discussed.

6.1 Introduction

Previous chapters have dealt with radio only diagnostics. Both the 13 and 1#
fields are covered in many other wavebands, ranging from the MIR to the X-ray.
Optical observations provide information on host galaxy morphology and colours,
and redshift (and hence, radio luminosity). X-rays detections are good indicators of
AGN activity. '

The “detailed analysis of optical spectra, optical morphology, photometric red-
shifts, IR photometry and SED fitting, and the combination thereof, are outside
of the scope of this work. Instead, this chapter will attempt to provide a brief
overview of the optical properties (magnitudes and colours) of the radio samples.
When combined with simple arguments about the nature of AGN and starbursts,
such basic optical analysis has the potential to be quite illuminating. If one assumes
that the sub-mJy bump is caused by a population of star burst galaxies, differing
bulk optical properties might be expected. Given the lower luminosities of starburst
compared to AGN, starburst galaxies detected in the radiQ in a flux limited survey
are likely to-be, on average, closer than AGN. This would hint at larger, brighter

optical objects being detected coincident with them.
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Thé optical properties of faint radio samples have been recently discussed in far
more depth by, for example, Muxlow et al. (2005), Afonso et al. (2006), and Simpson
et al. (2006). : -

6.2 Optical Observations

Deep optical observations of both fields in various bands have been conducted with
SuprimeCam on the Subaru telescope, the PFC on the WHT, and MEGACAM on
the CFHT. Near IR coverage of both fields has been provided by observations with
WFCAM on UKIRT, WIRC on the Palomar 200inch and WIRCam on the CFHT.
Additionally, the 13# field has been covered with both MIPS and IRAC on board
Spitzer. See Chapter 1 for details.

The central 15 arcmin radius areas of each field are covered in all the ground-
based imaging mentioned above. Beyond these fegions, where the only radio sources
are those detected solely at 610 MHz, limited optical coverage is available. Hence,
the investigation of the optical properties of the radio sources will concentrate on
the 1.4 GHz selected samples, the constituents of which all fall within these areas
of good multi-band coverage. P

The optical properties of the 1.4 GHz sources in the 13¥ field have been discussed
by Seymour et al. (2002). However, these can now be examined in combination with

some radio spectral information.

6.3 Radio to Optical Matching — the 17 Field

The 1# field has been the subject of observations at K, H, J, 2/, ¥/, R, and B bands.
. The degree to which the data are reduced is éigniﬁcantly less than the 137 field.
Source lists supplied with the pipeline-reduced Subaru B ¢’ and 2’ band data, and
created with SExtractor were searched for counterparts to the 1.4 GHz sources based
on spatially proximity. Thumbnail images of the radio contours of each source over-
laid on the Subaru 7’ band image were eyeballed to check the quality of any match.
See Appendix A for these thumbnail images. In cases of no #' band counterpart,
images at other bands were inspected at the location of the radio emission. Fig. 6.1
shows the distribution of spatial offsets between the radio and optical sources. Of
the 432 1.4 GHz sources, 279 have plausible optical counterparts within ~2 arcsec

within the pipeline SExtractor catalogue from the Subaru observations. It should be
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Figure 6.1: The spatial offsets between the radio sources discovered at 1.4 GHz in
the 17 field and their likely optical counterparts

noted that pipeline reduction is not ideal, and the catalogue is not complete beyond
i ~ 25.5.

The extended nature of some sources in either the radio band, the optical band,
or both means that the position recorded for a source in different bands may be
different by slightly more than 2 arcsec, hence the outliers seen in Fig. 6.1. Of
the 152 radio sources without an obvious optical counterpart, 14 are in regions
of the optical images confused by bright emission from other sources. A further
14 radio sources appear to lie on regions of faint optical emission which have not
been catalogued as sources by the automated SExtractor analysis. Approximately
another 50 radio sources have optical objects between 2 and 4 arcsec away from there
radio coordinates, which do not appear associated in images and catalogues made
with the current reduction of the optical data. Distortions in the coordinate systems
of the Subaru images have been found in detailed analysis of the 13 field images,
which, if present here, may account for some of the large number of optically blank
radio positions, although the small magnitude (< 1 arcsec) of this effect means this
is unlikely. Note also that the centroid of the points in Fig. 6.1 is offset slightly from
zero, implying non-perfect coordinate alignment. Future improved reduction of the
optical and IR imaging of the 17 field, and improved source detection analysis will
probably therefore produce a larger number of optical/IR counterparts to the 1

radio sources.
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Figure 6.2: The distribution of 4’ band magnitudes of the optical counterparts of
sources detected at 1.4 GHz in the 17 field. Radio sources with no optical counter-
part are arbitrarily given an ¢’ band magnitude of 28 or 29.

The distribution of ¢’ band magnitudes of the counterparts of the sources detected
at 1.4 GHz in the 1 field is shown in Fig. 6.2 ' ‘

)
¢

6.4 Variation of Optical Properties With Radfo
Flux |

The variation of bulk optical properties with radio flux has the potential to provide
a simplistic guide to the make-up of the sub-mJy radio population. If the optical
properties show some trend with radio flux below ~1 mJy, it is further indication

that a separate population is indeed responsible for the sub-mJy bump. Also, on

a case by case basis, optical properties can provide further simple diagnostics. For
example, the radio emission from a source which is red in the optical is unlikely to
due to star formation, as the massive stars which give rise to the SNR responsible

for the radio emission are young, hot, and therefore blue.

6.4.1 Optical Magnitude

Figs. 6.3 and 6.4 show the variation of optical magnitude with 1.4 GHz flux density
for sources in the 137 and 1¥ fields respectively. The first thing of note is that

\
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there are no clear trends of optical magnitude with radio flux. Neither are there
any clear-cut segregation between two populations. Naive expectation may have

lead one to expect that, if the sub-mJy radio population was dominated by star

. forming galaxies located closer to us than AGN with similar observed radio fluxes, -

some sign of brighter optical objects at low fluxes may have been seen. Actually,
the only obvious feature shared by Figs. 6.3 and 6.4 is the lack of bright optical
sources at low radio fluxes. A similar lack of high optical/radio ratio sources is also
suggested by fig. 9 of Simpson et al. (2006), though the radio sample used therein
is limited to brighter fluxes. A running average across both fields is shown as the
stars in Figs. 6.3 and 6.4, and the associated errors bars are the standard deviation
about the mean. The bins used are those exploited for the source counts in Chapter
4. This shows that the average magnitude of the optical sources identified as radio

emitting increases with decreasing radio flux.

6.4.2 Optical Colour

Figs. 6.5 and 6.6 show the variation of optical colour (B — ¢) for sources in the
13" and 1% fields respectively. Once again, the most noteworthy feature is the lack
of any clear trend or segregation. A naive expectation would be that, if sources
whose radio emission was primarily due to\étar formation do indeed dominate the
sub-mJy population, a progressively higher proportion of blue objects would be seen
‘as one descends to low radio fuxes. However, no such trend is apparent to a simple
visual inspection of Figs. 6.5 and 6.6. This is confirmed buy the running average,
as indicated by the empty stars.

Figs. 6.5 and 6.6 do show that in most cases, the optical galaxy associated with

radio emission has a b — i’ colour of around 1.7. This is roughly that expected for

normal galaxies, and so indicated that in the majority of cases, whatever mechanism

is responsible for the radio emission is largely outshone by the stellar population of

the galaxy at optical wavelengths.

6.4.3 Optical Size

The variation of the size of an optical source with its radio flux is another relation
that could potentially differentiate between AGN and starbursts in a quick and
simple manner. Star bursts are expected to be generally of lower luminosity than
AGN, and therefore those detected in a flux limited radio sample are likely to be,

on average closer. The optical cbunterparts identified with radio sources might




6. Optical Properties of the Faint Radio Source Population ~164—-
BRI ) ¢ T T L ]
b e e <+ o] m] a J
th
& ' ‘ o
o * J --.e [ o = |
o SR Y [
i 1 A ‘ = i
e Jecl B
.-‘ 3 %, o DD + ]
¥ ! i
2 Tt o
2 el e C# =
g ' dhe 1 ¥
= h o Bl e .
% 8 ol 4 |D I =
+ py o o
: o e
=}
- &
o
u]
l‘.f_) -
|.*.‘.'l L n TR 1R T (L T | L T PR I e | fik|
100 1000 104 10°

1.4 GHz flux (uJy)

Figure 6.3: The variation of 7 band magnitude with 1.4 GHz flux for all sources
detected at 1.4 GHz in the 13" field. Radio sources with no optical counterpart are
arbitrarily given an ¢’ band magnitude of 28. The differing symbols indicate differing
radio spectral properties. Crosses indicate sources with flat radio spectral indices
(a > —0.4), open squares indicate sources with spectra consistent with optically
thin synchrotron emission (—1 < a < —0.4), solid circles represent sources with
spectra considered too steep to be due to star formation (—1.3 < a < —1) and filled
triangles represent USS sources (o < —1.3). Sources with only limits to their radio
spectra available are indicated with small dots. The stars and error bars show the
binned average 7 magnitude and standard deviations upon them. The averages are
across both fields, and the bin ranges those used for the source counts.
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Figure 6.4: The variation of ¢ band magnitude with 1.4 GHz flux for all sources
detected at 1.4 GHz in the 17 field. Radio sources with no optical counterpart are
arbitrarily given an " band magnitude of 28.The differing symbols indicate differing
radio spectral properties. Crosses indicate sources with flat radio spectral indices
(a > —0.4), open squares indicate sources with spectra consistent with optically
thin synchrotron emission (—1 < a < —0.4), solid circles represent sources with
spectra considered too steep to be due to star formation (—1.3 < a < —1) and filled
triangles represent USS sources (o < —1.3). Sources with only limits to their radio
spectra available are indicated with small dots. The stars and error bars show the
binned average ¢ magnitude and standard deviations upon them. The averages are
across both fields, and the bin ranges those used for the source counts.
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Figure 6.5: The variation of B — ¢’ colour with 1.4 GHz flux for all sources detected
at 1.4 GHz in the 137 field and seen to have optical counterparts. If a source is
detected at only one of the B or i’ bands, a value of 28th magnitude is used for the
second, and limit upon the colour is shown. The symbols are as in Figs. 6.3 and

o

o

PR P R S T

o]

1000
1.4 GHz flux (uJy)

10¢

Figure 6.6: The variation of B — ' colour with 1.4 GHz flux for all sources detected
at 1.4 GHz in the 1% field and seen to have optical counterparts. If a source is
detected at only one of the B or i’ bands, a value of 28th magnitude is used for the
second, and limit upon the colour is shown. The symbols are as in Figs. 6.3 and
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therefore be expected to increase in size as one descends in radio flux to below 1 mJy
levels. The pipeline reduced optical catalogue of the 1 field does not include any
information upon size. The detailed multi wavelength optical /IR analysis of the 137
field is focused on obtaining photometric' redshifts for sources too dim for optical
spectroscopy. Since these are all dim and small, the analysis of the optical images,
and the set up of the SExtractor software used for object detection, is focused
on the smaller scale gfnission. The reliability of the size of sources measured by
SExtractor is a sensitive function of the deblending levels used during the analysis,
and since these parameters have been optimised for small objects, the sizes reported
for larger objects are unreliable. However, the analysis of the R-band image of the
13 field (M°Hardy et al. 2003) extracted source properties in a manner more suited

to investigating the size distribution of source.

The R-band catalogue from this study was searched for the sizes of the optical
objects identified as.the sources of radio emission. The SExtractor Stellarity pa-
rameter was used as an indication of the size of an optical object. Stellarity is a
measure of a source’s éimilarity to the morphology of a star, and the values range
from 0 (bares no resemblance to the point spread function — and therefore is ex-
tended) to 1 (entirely point-like). This parameter therefore measures extension or
non-extension, and therefore will not show how optical size varies with radio flux.
However, it can indicate any change in the number of extended sources with radio

flux.

The Stellarity of the sources detected as radio emitters at 1.4 GHz in the 13%
field are shown in Figs.6.7 and 6.8. The accuracy of the measurement of Stellarity
decreases with dimmer optical sources, being reasonably accurate to R ~ 25, but
being unreliable at fainter magnitudes, as can be seen in Fig. 6.7, where the spread
of values inéreases with R-band magnitude. With this information as a caveat, the
variation of Stellarity with radio flux seen in Fig. 6.8 can be viewed with caution.
Once again, no clear trend can be seen with radio flux, though an over density of
extended optical sources at faint radio fluxes is apparent. Twenty two sources have
Stellarities close to 1 - implying quasar-like optical morphology (although one is
actually a star - as determined by optical spectroscopy) and therefore increasing the
likelihood that the radio emission is due to an AGN.
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Figure 6.7: The variation of stellarity, as measured by SExtractor, with R-band
magnitude for all radio sources detected at 1.4 GHz in the 137 field and seen to
have optical counterparts. The symbols are as in Figs. 6.3 and 6.4.
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Figure 6.8: The variation of stellarity, as measured by SExtractor, with 1.4 GHz
flux for all radio sources detected at 1.4 GHz in the 137 field and seen to have
optical counterparts. The symbols are as in Figs. 6.3 and 6.4.
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6.5 Variation of Optical properties with Radio
Spectral Index |

Along with the variation of optical properties with radio flux, Figs. 6.3 to 6.6 also
show radio spectral information. The differing symbols used within these figures
indicate differing radio spectral properties;‘ Crosses indicate sources with flat radio
spectral indices (o > —0.4), open squares indicate sources with spectra consistent
with optically thin synchrotron emission (—1 <a< —0.4), solid circles represent
sources with spectra considered too steep to be due to star formation (—1.3 < o <
—1) and filled triangles represent USS sources (o < —1.3). Sources with only limits
to their radio spectra available are indicated with small dots. Once again, no clear
trend of optical properties with radio spectral index is immediately obvious.

The flat spectrum objects will be considered first. The #'-band magnitudes of
these sources are fairly evenly distributed at all radio fluxes. Neither is there any
apparent trend in optical colour. The small numbers involved in each radio spectral
class do however mean that any trend is unlikely to be readily apparent. Individual
cases, though, can be commented upon. Two of the flat spectrum objects in the 17
field have very red colours - possibly suggesting a high redshift AGN as the source.
Three others have no detection in the 7’ band — also suggesting a distant origin. The
sample in the 13" field shows fewer cases of interest in the flat spectral class. All
the flat sources are discovered to have counterparts in the 7’ band, and their colours
-are unremarkable, though 4 are associated with point-like objects, and therefore can
be said to be AGN with some confidence.

The objects with spectral indices in the range —1 < a < —0.4 are expected
to be a mixture of AGN and starbursts — indeed, most sources of optically thin
synchrotron emission should lie within these bounds. Perhaps unsurprisingly, the

- distributions of magnitude, colour and stellarity of these sources encompass the
spreads shown by the entire population, though 3 sources appear point like in Fig.
6.8, effectively ruling out starbursts. Sources with this radio spectral type lying in
the upper regions of Figs. 6.5 and 6.6 are unlikely to be starburst.

- Objects with spectra steeper than o =-—1 are expected to be AGN. The brightest
source in the 17 is such an object, and has no coincident optical counterpart. Orily
one other source of similar spectral index is not detected in the optical, while the
remaining sources are evenly distributed about the average colour. "

The USS sources (o < —1.3) show properties more worthy of remark. One (in

the 1 field) appears to be associated with a bright, 16th magnitude optical object.
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Ten objects follow more expected behaviour, being measured as being dimmer than
i'=24 (of which 3 are not detected). This is more akin to the properties expected
from the high redshift radio galaxies, which are expected to make up at around 30

percent of the USS population.




Chapter 7
Conclusions

In this final chapter, the results achieved are reviewed and conclusions drawn. The
short term strategy adopted for continuation of the radio spectral part of the wider

project is discussed, along with the longer term future of deep radio surveys.

7.1 Introduction

This thesis has presented 3 radio surveys. The 1¥ XMM-Newton / Chandra / Spitzer
has been covered at 1.4 GHz and 610 MHz, while its sister field (at 137) has been
covered at 610 MHz. These surveys aim to increase the known sample of the sub-
mJy population, and acquire radio spectra for as many of its constituents as possible,
with an aim to aiding the discrimination between AGN and starbursts.

7.2 610 MHz Observations of the 17 Field

The 17 field is one of the first extragalactic deep survey _ﬁelds to be the subject of a
deep pointing with the GMRT at 610 MHz. With 4.5 hours on source, a 50 detection
limit of 300 pJy was achieved. Within the 32 arcmin, 20 percent power radius of
the GMRT antennas at 610 MHz, 223 sources were discovered. The properties
of these sources were corrected for clean bias, and the degradation in sensitivity
of the primary beam. Bandwidth, time delay and 3D smearing were seen to be
unimportant. The sources in the resulting catalog.uev, when corrected for resolution
bias, Eddington bias and incompleteness, were used to compute the 610 MHz source
counts, where the sub-mJy bump is seen for the first time at this frequency. These

counts can be reasonably well fitted with a simple two population model involving
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AGN and an evolving starburst population. The best fitting power-law index of the
evolution, in (1 + 2), is 2.45, comparable to determinations of 2.5 to 3 from similar
fitting at 1.4 GHz.

7.3 1.4 MHz Observations of the 17 Field

The 17 field is also the target of one of the deepest 1.4 GHz observations with
the VLA. A-array observations reach a noise limit of 11.2 uJy beam™!, with 432
sources detected out to the 50 percent power level of the primary beam (15 arcmin
radius). Source properties were corrected for bandwidth and time delay smearing,
and primary beam degradation. After.completeness corrections have been applied,
the source counts computed from this sample are consistent with those from other
1.4 GHz deep fields, though a reasonably large field fo field scatter is seen. Fitting a
“compilation of these counts with the same simple model as used in Chapter 3 gives

a best fitting value of the power law index of luminosity evolution of 2.5.

7.4 610 MHz Observations of the 137 Field

The 13% field, which is covered to noise limit of 7.5 uJy beam ™! with VLA A+B ar-
ray observations at 1.4 GHz (Seymour et al. 2004), is also the subject of a 610 MHz
survey. Reaching a detection limit ~300 pJy, 206 sources were discovered within
32 arcmin of the centre of the 13# field. The source counts, once corrected for in-
completeness and Eddington bias, and combined with those from the 1¥ and VVDS
fields (Bondi et al. 2007), can be modelled with AGN and a starburst population
undergoing luminosity evolution with a power law index of 2.6. Comparing this with
a similar determination at 1.4 GHz confirms that the population that constitutes

the sub-mJy bump has an average spectral index of —0.7.

7.5 Radio Specﬁra

The catalogues compiled in Chapters 3, 4 and 5, when combined with the catalogue
of Seymour et al. (2004), provide measurements, or limits thereon, of fluxes at
610 MHz and 1.4 GHz in both the 137 and 1¥ fields. Within the 15 arcmin radius
of the 1.4 GHz surveys, 152 sources have spectra measurable with the combination
of these 4 images, and a further 40 useful limits can be determined. Of these

192 sources, 83 can be said. to AGN with reasonable confidence from radio spectral
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arguments (i.e. @ < —1or a > —0.4, S oc v*). A further 11 sources can be identified

as AGN based on their arcsec scale radio morphology.

7.6 Cdnclusions

The advent of the GMRT has allowed the 610 MHz sky to be probed to sensitivities
and resolutions far in excess of those available before, an opportunity which is being
exploited by many of the deep radio fields. The 13 and 1¥ fields are among the
first*to sample the 610 MHz sky at such sub-mJy sensitivity.

The shape of the 610 MHz source counts, in combination with those at higher
frequencies, confirm that the population responsible for the upturn in the Euclidean
normalised differential radio source counts below ~1 mJy have, on average, a spec-
trum of optically thin synchrotron radiation, and are likely to be the higher redshift
counterparts of local sources whose radio emission is dominated by star formation.
It is therefore unlikely that this population includes a large proportion of flat spec-
trum AGN. However, a very basic analysis of the optical properties of these sub-mJy
radio sources does not show any trend of a greater proportion of brighter or bluer

galaxies with decreasing radio flux, as might naively be expected.

Multi band radio observations have provided spectra for some of these sub-mJy
sources, and future observations will collect an unpreéedentedly large sample of low
frequency radio spectra for members of the sub-mJy population. This data, when
combined with other observations, will provide a much clearer picture of the nature

of the faint radio population in the near future.

7.7 Future Work

Any study performed during the preparation for a thesis such as this is merély a snap
shot of the state of both the project within which it is placed, and the wider state of
knowledge and techniques. Understanding of the scientific principles involved, and
the instrumentation used to study them, are in a constant state of flux, and so the
. future development of any work should be considered. In the case of this project,
short term progress with be facilitated by a large influx of new data. Longer term

goals, as well as this data, will now be discussed.
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7.7.1 Short Range

Over the next year, a larger 610 MHz dataset will become available, and the many

disparate sub-projects to provide AGN/starburst discrimination will coalesce.

7.7.1.1 New Data

As mentioned in Chapter 5, both the 137 and 1¥ fields were observed for a further
20 hours each in February- of 2006, but the observations failed to achieve noise
levels remotely near those expected due to some technical issues which are not well
understood. The observations of the 1¥ field have since been repeated, and the
expected thermal noise is ~ 10 pJy beam™!, though as discussed in Chapter 3, it
remains to be seen how consisténtly the GMRT achieves the thermal limit in deep
* observations at 610 MHz. Repeat observations of the 13 field ‘will be scheduled in
the Autumn of 2007, while the intervvenihg time has seen a new set of observations
targeting this field undertaken. Totalling 50 hours on source at 610 MHz, this
new set of observations, when combined with the retaken 2006 observations, has an
expected thermal noise of ~ 7 uJy beam™!, low énough to detect the majority of
the sources seen in the 1.4 GHz survey of the field, and place useful limits on the
remainder. | :

As noted in Chapter 5, a bright source (~360 mJy) lies within 14 arcmin of the
centre of the 137 field. This source is responsible for a considerable amount of
noise in the 610 MHz maps of Chapter 3, as any errors in the phase calibration
of the uv data are amplified above the thermal noise by it large detected flux. As
such, more attention has been paid to very careful phase calibration in the new
observations. Instead of intervals of 40 minutes, the phase calibrator was observed
every 15 to 20 minutes to keep a more accurate track of any phase instabilities in the
instrument and atmosphere. Special care will be taken during the self calibration
procedure to ensure the best possible model is used to fit the antenna gains to, and
with the highest possible time resolution.

Once these two later generations of 610 MHz imaging are completed, the 610 MHz
survey of the 137 field will rival that at 1.4 GHz. Useful spectral information
will be available for nearly all the radio sources in the XMM-Newton / Chandra /
Spitzer survey area, The large number of new sources that will be discovered in
the extended area of the 610 MHz images will provide a better constraint on the
610 MHz source counts, and the potential availability of more sophisticated AGN

source count models will allow the evolution of the starburst population to be more
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accurately constrained.

7.7.1.2 Combination of Data

The spectra gathered here, and in the newer 610 MHz imaging of the two fields
are part of a concerted effort to discriminate between AGN and starbursts in the
population discovered at sub-mJy 1.4 GHz fluxes. This effort involves deep MER-
LIN imaging, and its combination with the VLA 1.4 GHz data, deep multi-band
optical and IR imaging to provide photometric redshifts for the radio sources, op- '
tical spectroscopy, and MIR photometry. The majority of these facets are nearing
completion, and their culmination will provide a view of the sub-mJy population of
unprecedented detail. Preliminary results of such analysis show that the upturn in
the radio source counts below 1 mJy may be partially due to an upturn the counts of
AGN. However, the majority of the sub-mJy population as detected in deep, narrow

surveys does appear to be due to star formation.

7.7.1.3 Follow Up Observations of the USS Sources

As noted in Chapter 5, 18/sources‘ were detected in both radio bands and seen to
have radio spectra steeper than a = —1.3, a value used to classify USS sources —
a population which is a good sample to select from to identify high redshift radio
galaxies. As seen in Chapter 6, several of these are faint at optical wavelengths,
and may well be distant AGN. Very high redshift galaxies can place strong con-
straints upon early galaxy formation. Follow up observations are planned to further
investigate these sources, including proposed Keck optical spéctroscopy. The deeper
610 MHz observations will confirm or deny the validity of the detections of those
sources detected at 610 MHz but not at 1.4 GHz. '

7.7.2 Mid Range

The mid range future of the project within which this work is a part, and radio
astronomy in general, is dominated by the imminent instigation of vastly improved
observational facilities. Both the VLA and MERLIN are currently undergoing in-
tensive upgrade procedures, with the new instrument configurations to be known as
the eVLA and eMERLIN respectively. The electronics and receivers of the VLA are
being over-hauled to provide greater sensitivity. Plans to extend the array to cover a
wider portion of the state of New Mexico will also provide greater resolution - both

key attributes in the detection and classification of the sub-mJy radio population.




7. Conclusions . " ' -176-

The upgrades to eMERLIN also involve a large improvement in sensitivity. With

such an increase, mosaics of pointings will be able to cover reasonable areas with

sub-arcsec resolution, both detecting and morphologically classifying members of
the sub-mJy population.

The next 3 to 4 years will therefore see a huge leap in the sensitivity of radio
telescopes, and an associated leap in the depths of radio surveys. The larger project
discussed herein will provide a solid grounding for the techniques and strategies
required to extend the study of the faint radio population to the greater depths
soon to become available. This improvement in depth will allow radio studies of the
star formation history to more closely match those at optical wavelengths in terms

of redshift coverage.

7.7.3 Long Range

The longer term future of radio astronomy — and therefore of deep radio surveys
— is dominated by similar considerations as its medium term future. The planned
improvements in radio astronomy instrumentation do not stop with the upgrades
to the current telescopes. Two large projects are under way to construct entirely
new arrays — the LOw Frequency ARray (LOFAR) and the Square Kilometre Array
(SKA).

LOFAR is in the initial construction stage. It will consist of an array of small
omni-directional antennas spread around North West Europe, and operate at low
radio frequencies (between 10 and 240 MHz). The final interferometer is projected
to contain 15,000 array elements, with a maximum baseline of ~100 km.Once com-
plete, this instrument will provide another step forward in sensitivity, allowing deep
surveys to probe out to greater depths, and better sample the sub-mJy population.
"The numbers of sources likely to be detected will help provide star formation history
measurements out to far higher redshifts. |

The SKA is still in the preliminary planning stage. Its is hoped to be a continent-
spanning array of unprecedented sensitivity, and should reach sub-uJy noise levels
at sub-arcsec resolution in the centimetre bands. If such ambitions are realised,

radio observations may provide the state of the art star formation measures.

The future of deep radio surveys is therefore bright. The upgrades of the existing |

arrays, and the development of new instruments, ensures that radio surveys will
continue to form a vital role in our understanding of the extragalactic populations.

The next generation of optical instruments will also give new understanding about
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early star formation.
As is being experimented with by this project among others, the combination of
the new ultra-deep radio data with next generation observations at shorter wave-

lengths will provide a deep and rich data set with which to answer questions about

the nature of the cosmos — and find new ones to ask.




Appendix A

Radio — Optical 'Overlays

This Appendix shows the contours of radio emission at both frequencies overlaid on
deep optical imaging of the survey areas. In both cases, the contours of 1.4 GHz
emission in in red, and the contours of 610 MHz emission in blue. Sources are shown
_ in 1.4 GHz, then 610 MHz, flux order, with contours at 2, 2v/2, 4, 4\/§ times the
local rms noise. | '

The following pages show contours of radio emission at both radio frequencies
overlaid on the optical imaging of the 13¥ field. The Subaru I band image is used if
available, and the Megacam ¢’ band image elsewhere. The numbers below each image
are: 1.4 GHz catalogue number (left); spectral index (middle); 610 MHz catalogue
number (right). If no 610 MHz catalogue number is given, the spectrum given is
a limit. Sources detected at only 1.4 GHz, with no formal match at 610 MHz, are
- shown in images\ of 20x20 arcsec. Any source detéc_ted at 610 MHz are shown in

images with 40 arcsec on a side.
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The following pages show contours of radio emission at both radio frequencies
overlaid on the optical imaging of the 1¥ field. The Subaru i’ band image is used
where available, and the DSS R band image outside this. The numbers below each
image are: 1.4 GHz catalogue number (left); spectral index (middle); 610 MHz
catalogue number (right). If no 610 MHz catalogue number is given, the spectrum
given is a limit. Sources detected at only 1.4 GHz, with no formal match at 610 MHz,
are shown in images of 20x20 arcsec. Any source detected at 610 MHz are shown

in images with 40 arcsec on a side.
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