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Abstract

This thesis is an investigation into the nature and evolution of two distinct classes of as-
trophysical object, believed to be initially powered by gravitational accretion: extragalactic
radio sources, and stars in young stellar clusters. Using the VLA interferometer, the MIT
group has observed ~10,000 radio sources in the past 15 years. One goal of this thesis is to
extend the MIT gravitational lens search into the Southern Hemisphere via VLA imaging of
1750 Parkes-MIT-NRAO survey sources. I document the observations, reduction and results
from 17 years of MIT radio & optical surveys. I have organized the data into an archive.
I present new MIT-VLA lens candidates, a large sample of Compact Steep Spectrum close
doubles, and observations of both an unusual radio ring galaxy and a binary quasar. From
my extraction of the angular size distribution for 4741 MIT-VLA sources, I find that the
mean jet advance speed is non-relativistic, given reasonable assumptions about jet ages. I
conclude Part I by proposing a unified model for extragalactic radio sources, based in part on
my derivation of general mathematical solutions for the evolution of the mass distributions
of accreting astrophysical objects.

In Part II, I predict the evolution of the mass and luminosity functions of stars in young
clusters. A simple physical model is constructed based on available stellar and protostellar
evolutionary tracks; from this, numerical predictions of various statistical distribution func-
tions are made for protostars, pre-main sequence stars and main sequence stars, separately.
Application of the results to the Rho Ophiuchus cluster yields an age of 106 yr, uncertain by
a factor < 2. This agrees with previous crude estimates, and lends support to the underlying
model assumptions and stellar theory. If the best fit luminosity function for Rho Ophiuchus
is extrapolated to low mass, large numbers of resident brown dwarfs should appear. Though
_ this is not a prediction of my model, it suggests that an optimal brown dwarf search strategy
should target their presumed birthplaces.
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Chapter 1

Introduction

Gravitation is a universal force that dominates the nature and evolution of many astrophysi-
cal systems, not the least of which is the Universe in which we live. The birth of many of the
known systems contained within our observable cosmological horizon rely on gravitational
accretion to initiate energetic processes that generate the radiant photon energy seen by

us from our past light cone.

Two examples of accreting systems are studied in this thesis: in Part I, a large MIT
survey of extragalactic radio sources is compiled, and the nature of these powerful galaxies
is discussed. These objects are a subset of the rare class of Active Galactic Nuclei
(AGN), most of which are currently believed to contain a ‘central engine’ in the nucleus
of the host galaxy. This engine is probably powered by the most efficient known physical
process available to systems of astrophysical scales: the conversion of gravitational potential
energy to radiant energy via the iﬁfall of millions of solar masses of stars, dust and gas
onto a compact object in the dynamical center of the nucleus. The observed radio emitting
structures in the MIT survey are simply the physical consequent effects of the evolution of

magnetized plasma ejected from the central engine.

In Part II of this thesis, the nature and evolution of young stellar clusters is given serious
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26 CHAPTER 1. INTRODUCTION

theoretical consideration. All stars are believed to start their lives as accreting protostars
in dense, cold cores embedded within giant molecular clouds (GMCs). Protostars evolve
to become fusion powered pre-main-sequence (PMS) stars, with a significant portion of
their power output still generated by gravitational contraction, and possibly accretion too.
These in turn mature into main-sequence (MS) stars, which derive almost all of their
luminosity from stable thermonuclear fusion in their cores. The main sequence stars are the
ones that are most obvious to the casual observer of the sky; the preceding stellar phases
are best detected by infrared and radio telescopes aimed at known star forming nurseries.

Both extragalactic radio sources and young stars are brought to shine by the initiation
of gravitational collapse, and both continue to derive their energy from the unrelenting
attractive nature of the gravitational force throughout their subsequent evolution. They
shafe a similar behaviour with another type of (sometimes sporadically) accreting object,
this time an evolved and dying star: those seen in certain X-ray binary (XRB) systems.
All three are powered ultimately by gravity, without which none of them would have been
seen by us, even if somehow they came into existence in some other way.

It is the purpose of this dissertation to:

1. Make a systematic observational study of the radio-loud AGN compiled in the 17
year MIT survey effort, and gain a deeper insight into their detailed morphologicai
structures, as they might be explained by physical evolutionary effects. A milestone
that is aimed for is the formal specification of a descriptive model for extragalactic
radio sources, and original contributions will be presented towards just two parts of this
complex (and incomplete) model; the accretion history of the central massive object,
and the statistical demonstration that the mean population evolution of the radio
jet morphology on kiloparsec scales does not proceed relativistically, given reasonable
assumptions concerning the energetics and lifetime of the central engine. This would

be in contrast to the many cases of apparent superluminal jet speeds seen in much
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smaller parsec-scale AGN jets which are pointed by chance close to our line of sight.

2. Propose a detailed mathematical model by which the evolution of both the mass
function (MF) and the luminosity function (LF) may be explicitly calculated for
accreting systems, as well as for their non-accreting descendants, given an underlying
accretion law and observed final mass spectrum. A simplified version of this model
will be applied specifically to the case of evolving stars embedded within the quiescent
cores of star forming regions, with extra theoretical input from the latest available
predictions for the time evolution of young stars of a wide range of masses. The
ultimate goal of Part II of this thesis is to attempt direct comparison of young stellar
evolution theory with the observations of the bolometric luminosity function (LF)

of a well-studied embedded stellar cluster.

It is noted that the scientific approach in Parts I and II is based on an attempt to confront
theory with observation in a comprehensive manner. Given that one cannot sample all the
astrophysical objects that actually exist in any part of our Universe, the next best thing that
could be done is to attempt a systematic comparison of physically-based evolutionary models
(preferably containing some predictive power) with well-defined, statistical samples. It is only
in this way that one can learn to improve on the model assumptions and calculations, and
thus further our understanding of the vast panoply of individual astrophysical populations,

accreting or otherwise.

1.1 Qutline of Dissertation

I hereby describe the structure of my thesis research as presented in this document.
In the rest of this chapter, I will sketch a broad outline of evolutionary processes thought
to occur within our Universe, with special attention paid to the role played by gravitation,

and also to the specific types of galaxies and stars associated with the accreting systems to
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be studied. Each chapter will end with a Summary, this also being intended to draw the

reader to the most significant issues, results and conclusions discussed for that chapter.

In Chapter 2, I document in comprehensive detail the 17 years of MIT radio and optical
observations of extragalactic radio sources. References to the work of previous students of
the MIT radio astronomy group are given whenever appropriate. Included are details of
my own involvement in the MIT surveys, which has specifically been focussed on exploring
new territory in that part of the Southern Hemisphere sky that is accessible to the National

Radio Astronomy Observatory (NRAQ) Very Large Array (VLA) Interferometer.

In Chapter 3, I document the data reduction techniques employed in the reduction of
the 15 year MIT-VLA Snapshot survey of sources, selected in unbiased fashion, from the
essentially complete MIT single-dish sky surveys at 4.8 GHz. I also give details of the
reduction of optical CCD imaging and spectroscopic data on various selected samples of
MIT-VLA sources observed in the 1990s; the main targets being close double radio sources
discovered in the 1990s VLA snapshots, and also new gravitational lens candidates found
within these same data sets. I mention a few of the details of the older VLA pipeline
reduction methods, but this information may best be found in the the published MIT group

papers and past dissertations.

It should be made clear that it was not the original purpose of the MIT-VLA Snapshot
survey to make the systematic study of EGRS that I have proposed at the outset of this
dissertation. However, after 15 years of reasonably systematic accumulation of images of
EGRS, the clear opportunity arises for someone to initiate an in-depth study of the detailed
structures found in the large statistical sample that has been established. The original
purpose was to discover new examples of multiply imaged gravitational lenses, with the
~long-term goal of constraining cosmological parameters via time-delay measurements, and
also through an analysis of the lensing frequencies. In this thesis, I simply present the most

up-to-date list of MIT-VLA gravitational lens candidates, and leave this compilation for
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future investigators to mine.

In Chapter 4, I summarize the scientific results that have emerged from the thesis research
efforts of past students in the MIT group. I present a current status report on the reduction
of the MIT-VLA Snapshot survey, which contains observations of ~ 10,000 sources, about
60% of which are reduced and available for analysis in this thesis. I present a compilation
of Close Double (CD) Radio Sources in Appendix A, and summarize the results that have
been obtained by two other students who have collaborated with me in the collection and
partial reduction of this sample. I then present a list of all the new MIT-VLA Gravitational
Lens Candidates (GCs), that I am aware of at the present time. I supply plots of these
gravitational lens candidates in Appendix B, I give a brief discussion of two rare types
of radio source that have been recently found in the MIT-VLA database, and for which
publications have been reproduced in Appendix C. These sources consist individually of a
radio galaxy with a highly polarized kiloparsec-scale ring of unknown origin, and a compact
optical binary quasar, one of whose components appears as a core-jet radio source in the
MIT-VLA survey. I present my own work on the largest angular size (LAS) distribution
for about 47% of the MIT-VLA sample, and I conclude Chapter 4 by describing the overall
picture that emerges from my consideration of all of the results from the MIT surveys. This
will provide a suitable starting point for a much wider discussion on EGRS that follows in

Chapter 5.

In Chapter 5, I start by supplying the reader with details of general results that have
been published and discussed concerning other systematic samples of AGN and EGRS. The
observational data and theoretical viewpoints on AGN in general, and radio-loud AGN in
particular, as they appear to the majority of the active research commmunity, are presented
in very broad outline. Based on the consideration of these external information sources,
as well as on my personal familiarity with the thousands of radio galaxies imaged in the

MIT-VLA Snapshot survey, I propose a unified model for EGRS. Since there still remains
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much to be done by the AGN community before a fully predictive model can be built for the
majority of powerful EGRS, I can only at best present a descriptive model that has limited
physical content. However, it is my belief that I have two original contributions to make,
each of which is a part of the proposed synthesis; the accretion history of the central engine,
for which I supply a detailed mathematical model in Section 5.6, and a statistical estimate of
the mean morphological advance speed for the jets in the MIT-VLA sample, which appears
in Section 5.8. Each of these two inputs is but a small part of the proposed unified model. It
is clear that much remains to be done in the modelling of the various observed properties of
the EGRS population, as they appear in detailed systematic surveys such as the MIT-VLA
Snapshot Survey.

The statement of the mathematical model, just mentioned, rests on a plausible differential
equation for the accretion evolution of astrophysical populations. The derivation is given in
some detail. The intention is for these general model solutions to be tailored for application
to actual accreting populations, such as the two studied in this thesis. As far as [ am aware,
this is an original contribution to this general problem, and I am the first to consider its

application to accreting populations.

In Chapter 6, I present a brief synopsis of the method of attack on the problem of
predicting the bolometric luminosity function of a population of young stars embedded in
the cloud core of a star forming region. The relevant papers and conference abstracts are

presented in Appendix C, and I summarize the results and conclusions contained therein.

In Chapter 7, I discuss the results and conclusions that I have obtained in each of the
two Parts of this thesis. I attempt to identify areas of weakness in my conclusions, and
: where improvements and further work would be fruitful in deciding any debatable issues.
Also, I give my own wish list of scientific programs that could be continued as extensions
and additions to the areas of research touched upon in this thesis. There are plenty of ideas

here; I estimate that at least 30 person-years worth of effort could go into continuing the
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large-scale investigation that I have initiated within this dissertation.

Appendix A contains a table listing all the known MIT-VLA Close Radio Doubles that
have been discovered in most of the 1990s VLA snapshots.

Appendix B contains a table listing the newest (1990s) crop of MIT-VLA lens candidates.
Radio snapshot image plots of each one of these are provided.

Appendix C contains a list of all publications relevant to this thesis, for each of which
I played a substantial or leading role in creating. Pre-publication copies of the articles

themselves follow.

1.2 The Evolving Universe

Evolution is the major hypothesis by which we try to understand the many different types
of astrophysical systems seen in our observable Universe. While it is comforting and some-
times very revealing to be able to understand and predict the details of the astrophysics
- of individual systems, this would be a rather empty exercise if no serious consideration is
also given to the study of the global properties of different classes of objects, and how one
such class would be able to reasonably evolve into another. Indeed, both lines of inquiry are
complementary and indispensable to the advancement of our physical knowledge. Given this
declaration, I now provide a highly condensed account of the current state of our knowledge
on the evolution of our Universe, and the gravitationally bound structures contained within.

The origin of our Universe will remain unknown as long as a correct and consistent theory
of quantum gravity is out of reach. This limits our theoretical probings of the Big Bang
to after the first 10~*3 of a second, the Planck time, which is sét by the light-travel time
across the maximal mass particle that can can be contained within its own quantum Compton
wavelength without being too compactified as to collapse into a black hole singularity. This
special Planck mass (mpy) is set purely by the fundamental constants of Nature that lie

at the basis of quantum mechanics (QM) and the General Theory of Relativity (GTR); in
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this case, the relevant quantity is mpr, = (hc/2rG)? = 22ug, or the equivalent of 1.3 x 10'°
proton masses. At the Planck time, our horizon was only 1.6 x 1073% m across, and the

corresponding Planck density was a colossal 1.2 x 10% kg m™3.

Before this time, it is thought that the structure of the so-called ‘spacetime foam’ would
have been of highly chaotic local topology, with Planck mass black holes forming and decaying
according to the dynamics of an unknown physical law of ultimate symmetry. This law is
known by various names: the ‘Theory of Everything’, ‘supergravity’, or ‘superstring’ theory.
Needless to say, these theories will almost certainly continue to remain highly speculative,
being unconstrained by experimental observation. Indeed, it is probable that time as we know
it ceases to exist ‘before’ the Planck time, as the concept of a continuous and differentiable

manifold for the fabric of spacetime may be manifestly invalid.

After the Planck time, the need for a quantum gravity theory is removed for most of
the Universe, as gravity separates out from the three other fundamental forces, which are
collectively known as the strong-electroweak force. Grand Unified Theory (GUT) can then

serve as an adequate description of Nature below the 10!® GeV energy scale.

From this moment on, it is expected that the entire evolution of the Universe and its
contents may in principle be described by the application of the GUT, and its lower-energy
approximations, on the background 3+1 space-time metric specified by Einstein’s field equa-

tions of the classical GTR.

However, it has also become clear, from numerous observations of physical processes in
:Nature, that there is another very important and general descriptive model of evolutionary
“events which must be heeded; the time symmetric GUT theories do not bring in the extra fact
that as the phase space point of any isolated system (such as the Universe) evolves, it must
~ inexorably move towards larger, more probable, regions of the available phase space. This is
-simply a probabilistic expectation firmly based on the application of the mathematical ‘Law

of Large Numbers’. Since the available phase space volumes for any macroscopic system
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are so enormous, there is clearly more than ample opportunity for finding more probable
states as time goes by. Even if one starts in the most probable macrostate, there is still
a chance for energy fluctuations to cause interesting evolution away from this maximum
likelihood state (though admittedly with exponentially decreasing probability the further
the phase space point ventures away). Of course, this does assume that there is a fixed
and reachable maximal state; if there is not, then there will always be a ceaseless evolution
towards more likely macrostates. These mathematically rigorous results are encoded in the
laws of statistical thermodynamics; the main guiding principle behind evolution in general
will turn out to be the well-known ‘Second Law of Thermodynamics’, which states that, as
time passes, an isolated system will almost certainly never increase its ‘state of order’. By this
is meant that the system will, with overwhelming odds, never remain for long in relatively
tiny regions of phase space. In fact, just the reverse happens; in finding larger regions of
phase space, the number of parameters required to describe the resulting macrostate are so
large that the ‘information’ content is virtually nil (from the viewpoint of intelligent low-
entropy systems such as ourselves). With a decrease of the available information, an increase
in disorder is implied, and thus the observable system macrostates must gradually increase
their entropy with time. Such entropy increases are usually accompanied by a democratic
diffusion of available energy into the immediate surrounding future light cone, by which act
the system will try to find lower energy macrostates, as a corollary to the secular trend to

maximize its entropy.

The principle of entropy maximization and energy minimization will turn out to be very
fruitful when applied towards the general understanding of evolutionary processes in the
Universe. It is noted that these expectations are independent of the underlying physical

laws, i.e. independent of the details of the dynamic flow through the universal phase space.

Returning to the account of evolution in the Universe: as a consequence of the apparent

creation of our Universe in a highly symmetric state of relatively low entropy, the immediate
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behaviour must then be driven by a rapid succession of decays towards less and less symmetric
states. This first happens in the spontaneous symmetry breaking of the supergravity force:
gravity diverges from the other three fundamental forces towards weaker interaction strength,
starting from the Planck time; then, the strong nuclear force diverges from the electroweak
force towards greater strength at ¢ ~ 1073 s; E ~ 10'° GeV. Finally, the weak nuclear
force splits off at t = 1071% s; E = 10? GeV. In the process of these breakings, various
physical events are thought to have transpired; with the breaking of the strong-electroweak
symmetry, there was probably a phase transition in which the ‘false vacuum state’ decayed
into the present day ‘true vacuum’. This liberated an enormous amount of negative energy
arising from the special properties of the negative pressure associated with the false vacuum.
Of course, in reaching a more probable state, entropy and disorder were both generated, and
the repulsive gravitational effect of the negative false vacuum energy was able to inflate the
Universe by ~1003.doublings, or more. This process of inflation, first proposed by A. Guth
[63], has been successful in explaining the abundant store of multi-wavelength observations of
the homogeneity and isotropy seen among radiators in distant parts of our Universe (e.g.
in the isotropic distributions of the cosmic microwave background radiation (CMBR)
and also in the majority of EGRS). Inflation is the only theory so far that can explain why
the sky distribution of radio sources is isotropic, despite the fact that distant radio sources on
opposite sides of the Universe are out of causal contact with each other (this is the ‘horizon

problem’).

Most of the history of the rest of the 1st second of the Hot Big Bang model is governed by
-a series of decays of various elementary particles; as the temperature drops below twice the
‘rest mass of any given particle P, i.e. kT < 2mpc?, the equilibrium previously maintained
by the matched annihilation and pair creation rates for P is destroyed. Particle antiparticle
- pairs of P then make a final annihilation, and there may be a very tiny residuum left for

“the creation of all the matter that we see today. There do exist unverified GUT theories
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that can explain the level of matter-antimatter symmetry required to account for the photon-
baryon ratio; the imbalance of 1 part in 10° can be explained as being due to a corresponding
asymmetry between particles and antiparticles within the actual GUT physics. A hint of this
may be recalled from the known CP violations experimentally detected in certain elementary

particles a few decades ago.

In order, the most significant transitions were the following; the strong force had sepa-
rated off from the electroweak by the end of the inflation epoch at ¢t ~ 10~33s; E ~ 10
GeV. After inflation, quarks and leptons could no longer interconvert via the exchange of
X vector bosons of the GUT superforce. In turn, the electromagnetic and weak forces went
their separate ways at ¢t ~ 1071%; E ~ 100 GeV, thus starting the Quark Era. At ¢t ~ 107%s;
E ~ 1 GeV, quarks and antiquarks became cool enough to be confined by the strong nuclear
force into stable hadrons, and this introduces our familiar neutrons and protons into the
fireball. By this point the previous quark-antiquark asymmetry had become fossilized into
the residual matter-antimatter asymmetry that we see today, with the entropy held invariant
at the level of 10° photons per baryon. At ¢ ~ 10™%s; E ~ 100 MeV, the Lepton Era began
with the freezing out of the muons and pions. We now have a mixture of leptons, hadrons,
and field bosons at about T = 10'2K. At t ~ 10~2s; E ~ 10 MeV, electrons and positrons
are captured into neutrons and protons, thus setting the n:p ratio to about 15 neutrons for
every 100 protons; the precise number would later be very important in determining the

yield of light elements generated in Big Bang nucleosynthesis.

By t ~ 10s; E ~ 0.1 MeV, neutrinos had just decoupled, and electrons and positrons
underwent their last annihilations. The photon dominated Radiation Era began, and Big
Bang nucleosynthesis (BBN) commenced at ~ 10° K, lasting about a few hours. Fusion of
the hydrogen plasma produced some of the primordial light elements that we can measure
in our surroundings today: D?, He®, He*, Li", Be!l. By the end of BBN, helium-4 was left

at the level of ~ 25% by mass. From carefully measuring the deuterium abundance, it has
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been shown that the amount of baryonic matter in our Universe should be close to the level
Qo.h2 ~ 0.05. This would imply that there is certainly appreciable non-luminous baryonic
matter, a type of dark matter, in our Universe; there would need to be roughly about 10
times more non-luminous baryons that luminous ones (these might be, for example, black
holes; faint, dying or dead stars; rogue planets and asteroids). Observationally, there are
numerous dynamical estimates, from spectroscopic and gravitational lensing measurements
(of galaxies, clusters, and larger scale structures and cosmic flows) that indicate that this
non-luminous baryonic dark matter could exist in galaxy haloes and clusters. However,
the dynamical estimates exceed the BBN expectations by not 1, but almost 2 orders of
magnitude! This may be a strong sign that our Universe has a good chance of being precisely
flat (2 = 1 exactly), and even if this is not true, there should be yet 2 to 10 times more
non-baryonic dark matter than baryonic dark matter. These may be light neutrinos, or
massive GUT particles left over from the GUT era; however, the form of this dark matter

remains as yet unknown.

Since nothing much more is known about dark matter, this leaves open the distinct pos-
sibility that it may play a significant role in the evolution of the familiar luminous structures

that we see. This is a difficult problem, but it should always be borne in mind.

At t ~ 10* yr, T ~ 10* K, the expansion of the Universe ceased to be dominated by
radiation, and thé Matter Epoch started. In a (flat) Einstein-de Sitter (EdS) Big Bang
model, this meant that the scale factor R(t) went from a time variation of R(t) ~ t!/2
to R(t) ~ t*3. Att ~ 3 x10° yr, T ~ 3 x 10* K, the Universe became transparent as
protons and electrons were finally cool enough to combine. This event is usually known
a8 recombination; however, this is a misnomer, as the resulting hydrogen had never existed

- before. The emitted photons form the CMBR that we see today.

After recombination, we enter a Dark Era, before the first stars and galaxies could form.

An important concept for the study of the evolution of stars and galaxies is afforded by the
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consideration of the Jeans Mass. This is the minimum mass M an object must have before
it can gravitationally collapse in spite of the sum total of forces capable of supporting it.
Depending on the particular system, thermal, turbulent or magnetic pressures are all capable
of holding up an incipient collapse. Stability will be maintained only if the gravitational
potential energy per unit mass is less than the sum total of corresponding energies from
the supporting pressure forces. If there is some mechanism by which the mass loses enough
of its support, then the Jeans criterion will be met and gravitational collapse will ensue.
Usually, an increase in entropy, via some form of heat production or radiation, is generated
in this process, and the total energy of the system decreases. For example, in the case
of a collapsing protostellar cloud, the resident atoms and molecules will get heated, and
radiate copiously in the infrared. By the Virial Theorem, this loss of total energy must be
accompanied by a decrease in gravitational potential energy, and a shrinking of the volume.
An interesting point to bear in mind is that systems collapsing under the influence of the
attractive gravitational force possess a negative heat capacity; when they lose gravitational
- potential energy, they must also increase their kinetic energy by half that amount; the
difference is radiated away. This means that they will heat up during the radiative cooling,
a counterintuitive result. Familiar examples of this are the well known phenomena of re-

entering satellites, and contracting stars, which both heat up when they lose energy.

The Jeans mass after recombination is calculated to be about the right scale for globular
clusters: 10®Mg (solar masses). By the Jeans criterion, any mass greater than this can
collapse during the Dark Era; however, there must be an upper limit set by the efficiency
with which huge masses of hydrogen can radiate away their potential energy. A simple
calculation shows that masses greater than about 10'2 M, will not be able to cool by radiation
fast enough to assist a collapse. Through estimates like these, we can understand the wide
range of masses displayed by the globular clusters, dwarf galaxies and normal ellipticals,

spirals, and irregulars in our Universe today.
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The Stelliferous Era probably began with the first generation of stars forming by about
4 =10° yr. It is almost certain that the globular clusters we see today contain the products

of stars as old as these.

The much harder problem is understanding when and how galazies were formed. From the
observed data on the absorption line spectra of high redshift quasars, it is known that there
exist a very large number of Lyman alpha (Lya) alpha hydrogen clouds in the distant
Universe, stretching all the way to the highest redshift quasars currently known (z ~ 5).
Some of these are most naturally interpreted as being galactic disks with detectable heavy
elements (Z > 2) amounting to an appreciable fraction of the solar chemical abundance. The
non-detection of heavy absorption by photons capable of ionizing hydrogen atoms, up to the
Lyman continuum energy levels, demonstrates that the high-redshift intergalactic medium
(IGM) was very li‘i\;ely to have been in an ionized state for redshifts up to 5. The source of
the ionizing radiation cannot be the CMBR, which is too cold at these low redshifts, and
thus the possibility arises that even by redshift 5, substantial galactic (and stellar) evolution

1 and

must have occurred. For a flat EdS universe with Qy = 1, Hy = 70 km s™! Mpc~
zero cosmological constant (Ag = 0), this leaves just 6.8% of the age of the Universe (9.3
billion years), available for the necessary evolution. This is about 600 million years. While
it is easy to see that massive stars could have evolved through several generations in this
time, it is very much harder to explain how whole galaxies, like our own, could have been
assembled. Our Milky Way rotates once every 200 million years, so the assembly of a galaxy
like ours would have to be done within just a few dynamical timescales, if it is to appear as
-a chemically enriched massive structure in the absorption line spectrum of an astronomer
- sitting in her own galaxy at redshift 5 today. This problem has been known for several
decades, but only recently with the new data on the highest redshift objects can we see

that the problem is getting worse and worse, as more and more galactic-scale structures are

found at receding distances. The detection of low levels of fluctuations in the CMBR by
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the COBE satellite, at a level of only AT/T <~ 10~°, sets strong constraints on theoretical
models of galaxy formation. It has become clear that the dark matter must be taken into
account, but it does not help in the cooling process, as it does not interact with baryons
except through the gravitational force. Rather, the dark matter assists gravitational collapse
through forming its own relatively large and deep potential wells; the galaxies fall into the
densest of these. So far, there is no consensus reached as to the correct model for the origin

and evolution of dark matter fluctuations.

In this thesis, it will be assumed that sufficient galactic formation has taken place by
redshift 5 to allow galactic interactions and mergers to initiate catastrophic collapses within
the large numbers of galactic nuclei. This would be necessary for the building of any model
for high redshift AGN (such as the quasars). The latest observational results (Shaver et al.
1996) [125] supply strong statistical evidence that the comoving space density of quasars
peaked at redshifts in the range 2 < z < 3, with relatively very few remaining by the time
one gets to redshift 5. Thus, quasars must have just started to grow in large numbers not
much before redshift 5. The peak space density of quasars then defines the Quasar Epoch,
and it is known from the available data that much of the luminous activity of quasars is over

by redshift 1 (much smaller numbers of quasars become active at lower redshift).

Continuing onwards into the Stelliferous Era: it is expected that galaxy spheroids are in
place by about 3 billion years, and disks by 5 billion years (ballpark estimates). There has
been much debate about how one could use the statistics of the properties of distant galaxies
for constraining evolutionary models. Again, there is no final conclusive understanding of
the details of galaxy evolution, but it may be surmised that the following account would not
be far from the truth: galaxy formation is mainly governed by at least three determining
factors — the initial angular momentum in the collapsing cloud, the efficiency and speed of
gas consumption by star formation, and the position of the cloud relative to other galaxies

nearby. Those galaxies that have high angular momentum are more likely to grow into
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spirals, provided that they do not suffer tidal interactions or intrusive encounters with nearby
galaxies. It seems that this ‘placidity’ criterion would also be responsible for the slow rate
of star formation in spirals as compared to ellipticals, and thus the correspondingly lower
rate of gas consumption. Spirals today still have much gas and dust available to form
new stars in the future; irregular galaxies even more so. In this picture, ellipticals must have
suffered relatively strong or violent encounters with their companions; this creates a common
scenario in which the shocking of the resident interstellar medium (ISM), during the merging
or interaction of two galaxies, would cause the early collapse of gas clouds into stars. The
resulting furious starburst activity would consume almost all of the available gas within a
much shorter time period than that for spirals and irregulars. This rapid gas consumption
would be consistent with their negligible rate of star formation seen in local ellipticals today.
As supporting evidence for this scenario, it is noted that ellipticals are almost always found
in galaxy groups or clusters, i.e. in high density environments that are conducive to early
galactic interactions when the Universe was significantly smaller than it is today. The most
obvious cases showing the importance of the environment in the evolution of ellipticals are
the cannibalistic events occuring in the centers of dense galaxy clusters; giant ‘cD’ galaxies
dominate the cluster by sitting at the bottom of its potential well, feasting on hapless smaller
galaxies that-are unfortunate to pass too close to the ‘devourer’. An example of this type
is the M87 galaxy in the Virgo cluster; M87 is also known as Virgo A, one of the brightest
EGRS in our neighborhood of the Universe. It may be speculated that a ‘likely’ requirement
for the generation of a powerful active nucleus, such as the one in Virgo A, would be some
form of violent galactic activity some time in the immediate past. As a corollary to the
-interaction hypothesis, any initial spin angular momenta in the intéracting galaxies will tend
~.to lose their individual directions, through the large increase in entropy; the formation of
- ellipticals seems to erase the detailed properties of the participating galaxies. In simulations,

-tidal tails and bridges are generated in the interactions between 2 spirals; these ejecta would
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be efficient angular momentum removers, and the end result is an elliptical with relatively
little angular momentum. The removal of spiral angular momentum is important, as it has
been shown that most ellipticals are not primarily supported by rotation. Instead, they
generally have stellar orbits that are distributed anisotropically, creating a triaxial shape for

the galaxy.

Much of the above is speculative, and there are no doubt many other plausible scenarios
not excluded by the vast store of available data on galaxies and AGN. However, it is the

purpose of the present discussion simply to lay down the important questions, ideas and

issues for the building of a model for an AGN of EGRS type (in Chapter 5).

By 10! yr, the solar system had been in place for about 5 billion years, and life had
evolved on this planet. The Sun has by now reached its middle age, and it is destined to end
its life in another 5 billion years, via an expansion into the red giant stage (the Earth will be
engulfed by its atmosphere), the generation of a planetary nebula from the outer envelope of
this giant, and finally a collapse into a white dwarf star (supported by quantum degeneracy

pressure from its electrons).

By the Russell-Vogt theorem, the evolution of isolated stars is governed solely by the
evolution of the mass and chemical composition. The mass is the major determining effect,
the chemical composition being a secondary perturbation. Just as for gas clouds, the general
driving force in stellar evolution is the minimization of total and gravitational energy, and
the maximization of entropy via the release of radiation or heat. For stars residing on
the stable main sequence, the negative heat capacity of these condensed bound systems
allows them to increase their core temperatures sufficiently enough to enjoy the release of
thermonuclear fusion power. However, stars with mass less than about 0.085M will fail to
burn hydrogen. Also, stars with masses greater than about 100M cannot remain stable, as
the electrons in their outer layers would be blown away through the intense radiation pressure

emanating from their cores. For any mass M, there is a maximum FEddington luminosity



42 CHAPTER 1. INTRODUCTION

‘Lgq4a that should not be exceeded if that mass is to remain dynamically stable against
radiation pressure. (This maximum mass and luminosity scaling turns out to be important
in the interpretation of the energy source powering the central engines of AGN). Indeed,
observationally we see stars within just these expected limits, and also a few examples have

been uncovered of faint ‘failed’ stars that are below the brown dwarf maximum mass.

Stellar evolution off the main sequence is much more interesting than on the main se-
quence. Here, a broad understanding can be gained simply by the application of simple
physical arguments. Firstly, pre-main-sequence (PMS) evolution proceeds in two stages:
protostars are formed at the centers of supercritical Jeans mass molecular clouds; they
then metamorphose into PMS stars that evolve towards the main sequence along so-called
‘Hayashi’ tracks. The trigger for star formation for a cloud would be anything that tends to
lower its Jeans mass. Equation 1.1 gives the numerical value of this mass, as a function of

the temperature and the number density of hydrogen atoms.

Mjeans/ Mo = 1.1(T/10K)*2.(n/10%ecm™3)~1/2, (1.1)

Thus, for typical molecular cloud hydrogen atom densities of 10¢cm 2, and temperatures
of ~ 10 Kelvin, a solar mass cloud would be cool and dense enough to collapse. The time
scale of collapse governed by the ratio of the final mass to the accretion rate: M/(dM/dt).
This is the accretion timescale, and it is also governed by the same parameters that determine
the Jeans mass. The PMS stage begins when either deuterium or hydrogen fusion is initiated
in the central core of the protostar. This happens at about 10° K for deuterium, and 107
‘K for hydrogen. The PMS stage evolves on a Kelvin-Helmholtz timescale, which is just
the contraction time required for the loss of sufficient potential energy to allow the star to
- settle on the main sequence, and engage in steady-state hydrogen fusion. The PMS phase is
-often also supplemented by residual accretion through an equatorial accretion disk (there

is much observational evidence from infrared data for the existence of such structures). An
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accretion disk is the natural result of angular momentum conservation during the contraction
of the protostellar cloud, and it is also believed to be a necessary precursor for the formation

of planetary systems around stars.

Once near and on the main sequence, the rate of mass inflow and outflow is observed to

decrease to essentially negligible levels.

Stars above about 2 Mg have a radiative, rather then convective, energy transport in
their interiors. Stars more massive than about 8 Mg radiate, contract and evolve so rapidly

that they join the main sequence while still in the accreting protostellar stage.

The main sequence lifetime is simply determined by the amount of available fuel, which
is proportional to the mass of the star, and the rate of loss of this energy set by its lumi-
nosity. The theoretical Schonberg-Chandrasekhar limit derives an estimate for the amount
of hydrogen that can be burnt in the stellar core of a main sequence star; this is ~ 12% of
the mass of the star. With this fraction to be fused, a star like our Sun would take 10 billion
years to consume its core hydrogen. More massive stars evolve faster, as a general rule, due
to their elevated luminosity, and the most massive O and B stars can go through their life
cycle on a timescale of just a few million years. Conversely, low mass stars take much longer
to evolve to the post-main sequence stage, and, just as for our own Sun, none of them have

done so in the ~ 10 billion years that our Universe has been in existence.

It should be noted that the effects of mass transfer in binaries, which form perhaps half of
all stellar systems, can dramatically alter the stellar evolution described here for isolated main
sequence stars. However, the current account would be greatly complicated by a discussion

of the possible modifications, and thus these scenarios are only mentioned in passing.

Post-main sequence evolution is also governed by the stellar mass, but in a much more
dramatic way. The evolution is relatively fast and violent, when compared to the many
millions of years of sedate fusion on the main sequence. When stars exhaust their central

fuel source and move on to the transient burning of smaller and smaller quantities of higher
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elements (e.g. He, C, N, O, Si, Fe), they increase their entropy and lose energy via the con-
traction of their inert cores; fusion generally takes place in thin shells surrounding the ‘dead’
core material. The central contraction can often be accompanied by temporary outward
expansion or pulsation of the heated envelope. Once iron is produced, the nuclear binding
energy per nucleon can no longer increase, and no further support can be gained through

fusion. The fully inert center of the star will henceforth collapse catastrophically.

At this stage, stars below the Chandrasekhar limit can collapse into a white dwarf,
supported by their electron degeneracy pressure. Equation 1.2 shows that this limit is about

1.4My, and the mass scale is demonstrably set by the fundamental constants of nature.

Mcy = (3.1/u})ag*mpr = 5.8Mg /u?. (1.2)

Here, the parameter pu. ~ 2 is the effective number of nucleons per electron. The fun-
damental quantity mpp is the Planck mass. The fundamental dimensionless ratio ag =
2nGm?/hc is the gravitational fine structure constant, which measures the strength of the
gravitational force relative to the effective ‘spreading’ force arising from the Heisenberg un-
certainty principle. It turns out that this combination of fundamental constants sets the
scale for all stellar masses, since the allowed mass range, of about 3 orders of magnitude for

a stable star, is relatively small when other effects are taken into consideration.

For stars in the mass range 1.4 < M/Mg < 3, collapse cannot be stabilized by electron
degeneracy, and neutron degeneracy pressure will take over, but in a configuration that
is much higher in its compactness M/R. Compact, as opposed to dense, objects suffer
general relativistic effects, as their potential wells are so deep that the Newtonian weak-field
approximation to the GTR breaks down. The resulting star appears observationally as a
neutron star, but only if it is signalled to us by pulsed radiation from its highly magnetized
poles, or else by an accompanying accretion flow from a binary companion in an XRB.

Without telltale clues such as these, the neutron star is too small and faint to be detected
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in isolation.

For stars in the remaining mass range 3 < M /Mg <~ 100, collapse cannot be supported
even by neutron degeneracy. The precise limit is not known for sure, as it depends on the
equation of state (pressure-density relation) for nuclear matter at the phenomenally high
densities within neutron stars. However, it is clear that there will be some maximum mass
above which not even an infinite pressure will save a star from collapse into a space of volume
measure zero. Such an object has the mazimum possible compactness and entropy for its
mass. It is known as a black hole singularity, and to date it remains a theoretical prediction
emerging from the GTR. In the case of a non-rotating black hole, the externally apparent
(horizon) radius, towards which it seems to collapse, s called the Schwarzschild radius. This

is a length scale set purely by the constants of GTR:

Rs = 2GM/c* = 2.95km(M/My). (1.3)

The black hole has special and unusual physical properties that are worth mentoining
in passing. It has been proven, from general considerations, that the only static (vacuum-
embedded) solution of a neutral mass M in an asymptotically flat spacetime, assuming
GTR, is the Schwarzschild solution, which is perfectly spherically symmetric. Any perfectly
spherically symmetric mass distribution (or gravitational monopole) cannot radiate energy
via gravitational waves. The charged counterpart is called a Reissner-Nordstrom singularity,
though such a structure is not expected to remain charged in any real astrophysical context
where highly conducting plasma is present. The only stationary solution for a (charged or
uncharged) mass M is a rotating Kerr-Newman singularity. This perfectly axisymetric
solution is not static, as the spacetime around the hole is forced into corotation within a
toroidal region called the ergosphere, via the Lense-Thirring effect in GTR. However,
at least the vacuum-embedded spacetime solution can remain time-invariant despite the

rotation of the central singularity. The internal structure of the Kerr-Newman solution
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is very interesting and unusual, consisting of two event horizons, and a circular ring as
singularity. It is theoretically possible, in this solution, to travel to connected universes if

one can possibly avoid the ring singularity.

In the classical GTR, the unique Kerr-Newman black hole solution can be described
by three macroscopic parameters: the mass M, the angular momentum J, and the charge
@. This would imply, contrary to the Second Law, an enormous loss of entropy during the
catastrophic collapse, essentially a gross violation of the mathematical rules of probability.
That this is indeed the incorrect interpretation was first shown in the theoretical prediction
by Hawking (1975) [65] of a quantum mechanical effect whereby all black holes radiate
blackbody photons generated by the tunnelling through of vacuum polarization charged
particles from within the event horizon. Associated with the calculated temperature of the
Hawking radiation is an entropy S, which is proportional to the area of the black hole horizon.
Thus, in the eventual correct quantum gravity theory, objects destined to become black holes
actually increase their entropy to the maximum allowed extent. As soon as the hole forms,
it starts to radiate; it is the less massive holes that radiate faster, as their horizon curvature
and gravity is much higher. The temperature can in fact be directly related to the surface
gravity at the event horizon. The black body radiation law then says that the luminosity is

the fourth power of this temperature.

For all black holes above about 10'2 kg, the Hawking radiative lifetime exceeds the Hubble
time, and so one need not worry about these quantum effects for any black holes of stellar
or AGN origin (the central engines of AGN are believed to be massive black holes (MBH)
‘exceeding 10°Mg). Thus, a black hole has ‘no hair’ (negligible classical entropy), but the
smaller its head, the brighter it shines !

Should black holes exist in Nature ? The theoretical solutions mentioned above are
unique, but there is a suspicion that their mathematical existence and uniqueness may sim-

ply be due to an artificial symmetry imposed by the mathematical boundary conditions of
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vacuum embedding in perfectly flat spacetime. However, Hawking & Penrose have proven
black hole singularity theorems (1970) [67] that, starting again from very general as-
sumptions, once sufficient mass has collected in a given region of GTR spacetime, a collapse
to a singularity is inevitable. The general conditions are that (1) gravitation is universally
attractive (i.e. the cosmological constant is non-positive); (2) any geodesic must encounter
a non-zero curvature somehere along its path ; (3) causality violating closed timelike curves
do not exist; and (4) there is sufficient matter in some region of the Universe, such that a
convergence (coming together) of geodesics occurs in that region. This last condition could
arise if there is a closed trapped surface for photons, or else if there exists a demonstrable
minimum angular size for distant objects of fixed size. Given all these reasonable conditions,
it is clear that the Big Bang singularity passes these tests (there is sufficient matter con-
centrated in the early universe, as evidenced from the optical depth to the recombination
surface). The theorems are correct in that they predict that GTR spacetime cannot be topo-
logically equivalent to a smooth surface that is everywhere mathematically regular. In other
words, spacetime must be geodesically incomplete provided there is enough compactification

of mass-energy in at least one location.

It is not known whether there are other singularities on smaller scales than the Big Bang,

but there are many candidates residing in accretion systems of the AGN and XRB type.

To close our overview of evolution in the Universe, we now turn to the question of which
are the most likely macrostates to occur within our future light cone (for a detailed scientific
look into the ‘crystal ball’, see the remarkable review by Adams & Laughlin (1997) [1}).
The future evolution is of course governed by entropy maximization, part of which is the
evolution of a wide variety of forms of mass-energy through maximum entropy black hole

states, that decay via Hawking radiation.

The Stelliferous Era will end at 10** yr, when conventional stellar evolution will cease due

to exhaustion of gas and dust, and through the dimming and dying out of brown dwarfs and
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end-state compact objects (white dwarfs and neutron stars). Stellar or Massive Black Holes
will not appreciably Hawking radiate this early on. Compact objects will tend to aggregate
together within galaxies, via dynamical friction; by the Second Law, the sum of black hole

areas (i.e. entropies) can only increase with time.

The Degenerate Eralasts until 103 yr, and the major events will be the proton decay of all
types of remaining stars or other baryonic matter, and the annihilation of any non-baryonic

dark matter.

The Black Hole Era lasts until about a googol number of years (10!°°), by which time
all black holes up to galactic mass scales will have Hawking evaporated. Generally, these
produce extremely long wavelength, ultra-cold radiation (the more massive the hole, the

lower is its horizon gravity and surface temperature).

Finally, the furthest one can predict today is the time of the Dark Era, where horizon
size black holes will evaporate, and all matter will suffer higher-order proton decay effects
that are theoretically expected from considerations of current GUT theories. This leaves us

at about ~ 102 yr,

The above account does not mention that our Universe not only began in a low entropy
state with a high symmetry in the fundamental laws, but that it also must have been ‘finely
tuned’ to produce the structures that we see. The solutions of gravitational evolution of
an isolated massive system such as our Universe are highly unstable. For example, at the
Planck epoch, the Q¢ parameter must have been tuned to an accuracy of 1 in 10%° in order
to ensure that our Universe did not immediately collapse suddenly, or dramatically inflate
forever ! There are too many other fine tunings in the physical constants to be regarded as
simply the result of accident; the failure of some of these numerical coincidences would have
prevented the formation of stars and galaxies, and also of carbon-based life, intelligent or not.
An example of a physical scale set by the fundamental constants is the Chandrasekhar mass,

though luckily for us it seems that this particular mass only determines the approximate
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number of baryons of our Sun. The fusion of hydrogen and helium to carbon in stars is
much more directly related to our existence, and it turns out that carbon would not have
been produced if certain energy resonances in 2 specific atomic levels of beryllium and carbon
did not exist ! Much thought has been devoted to the metaphysical reasons for why these
tunings should exist; they collectively are known as the discussion of the Weak and Strong
Anthropic Principles, see Davies (1982) [41] for a lucid account. However, one cannot use
probability arguments for isolated cases like our Universe, so any debate over the fixing of a
low level of initial entropy level, or on the ‘odds’ of creating our Universe, etc., ultimately
cannot prove scientifically useful. All we can say is that we may have been astronomically
lucky that the Universe turned out the way that it did.

Much of the synthesis above is drawn from the abundantly available popular and academic
literature. I hereby supply the interested reader with a partial list of reference sources that

have proved useful.

Hawking & Penrose (1970) [67], Hawking (1975) [65], Landolt-Bornstein (1982) [68], Clay-
ton (1983) [30], Davies (1982, 1989) [41], [40], Shapiro & Teukolsky (1983) [124], Bowers &
Deeming (1984a,b) [22], [23], Ostriker (1991) [112], Unsold & Baschek (1991) [143], Narlikar
(1993) [109], Padmanabhan (1993) [113], Hartmann & Impey (1994) [64], Silk (1994a,b)
[128], [127], Rees (1995) [117], Rowan-Robinson (1996) [118], Longair (1996) [102}, Adams
& Laughlin (1997) [1].
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1.3 Extragalactic Radio Sources

Extragalactic radio sources were first detected as discrete sources of fluctuating ‘radio noise’
by Hey, Parsons & Phillips (1946) [73], However, the first optical identifications were only
made 3 years later by Bolton, Stanley and Slee (1949) [21]. These are now known as Virgo A
(galaxy), Centaurus A (galaxy), and Taurus A (the Crab Nebula supernova remnant). As the
radio resolution achievable at that time was relatively poor with the available technology, it
was not possible to identify these sources with an optical object. At first it was believed that
these so called ‘radio stars’ were galactic sources, just as the non-thermal radio continuum
radiation was believed to be galactic by virtue of synchrotron emission from the ubiquitous
and spiralling cosmic ray electrons in our galactic halo. By 1951, many more such discrete
sources were found, and it was Gold (1951) [55], who first publicly proposed the eztragalactic
origin for these sources, by reason of their overall sky distribution, which was consistent with
isotropy.

Marked improvements in angular radio resolution were achieved by the advent of the radio
interferometer, working on the principle of aperture synthesis: the receiving (unfilled)
aperture is broken up into movable detecting surfaces, and the mutual coherence function,
i.e. the correlation, of the separate received signals is painstakingly estimated by measuring
the fringe visibility as a function of projected baseline towards the radio source. In effect,
this was the first use of a radio wavelength Michelson interfometer in what was soon to
become a new field of astronomy. The technique was pioneered first in England by M. Ryle,
and in Australia by B. Mills and J. Bolton, and the principle of aperture synthesis was very
fruitfully applied to make the first radio sky surveys, from England (Cambridge surveys: 1C
& 2C) and Australia (MSH survey).

For a basic understanding and a modern account of the practice of aperture synthesis, it
is useful to look at: Perley, Schwab & Bridle (1989) [115], and Thompson, Moran & Swenson
(1986) [141].
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From diffraction theory, the angular resolution is of order 0pwum ~ A/B, where B is the
projected baseline. With the much improved interferometric positions, due to the use of long
baselines B, the first confident optical identifications could be made (Baade & Minkowski
1954, [4]). It was found that Cygnus A had a very unusual optical appearance quite unlike
a normal galaxy; it seemed to be in a violent state of disruption, perhaps even reminiscent
of a merger or collision of two galaxies. The question arose: perhaps the rarity of the radio

emission is directly connected with the rarity of the apparently violent interaction ?

Prior to the identification of Cygnus A, it had just been determined that its radio mor-
phology was double, a hint of a common pattern to be repeated in future radio observations.
The two components of the double radio source were found to lie roughly equidistant on
either side of the violently disturbed optical galaxy. It was later realized that many of these
double radio structures were located many 10s to 100s of kiloparsecs away from the optical
emission of the galaxy. Thus, the picture emerged that perhaps a violent interaction between
two normal galaxies, sometime in the past, had somehow caused the central nucleus to eject

ionized gas or plasma far out into the surrounding IGM.

In 1963, the mysterious, blue, quasi-stellar objects (QSOs), were found to possess
highly redshifted lines of well known resonance and forbidden atomic transitions. These early
discoveries were coincident with some of the brightest radio sources in the 3C Cambridge
Survey; for example, quasar 3C 273 was discovered by M. Schmidt (1963) [122] to have a
redshift of z = 0.158 (this meant that the wavelengths had all been extended by a factor of
sim 16%). Thus, if the redshifts were due to cosmological expansion, they would have to be
extremely distant, and correspondingly enormously luminous; as bright as 1,000 to 10,000
times the output of a normal optical galaxy. The mystery about this huge energy output is
that, in some sources, it would fluctuate on timescales of hours to years; this sets a incredibly
compact upper limit on the size of an object that is apparently capable of greatly outshining

an entire galazy full of stars. This started a great debate about whether the redshift was
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really cosmological; could it be a Doppler effect, or perhaps just a gravitational redshift from

more local sources, such as the neutron stars ?

The gravitational redshift hypothesis from a compact stellar mass was shown later to
be inconsistent with measured redshifts reaching unity or above. Other scenarios, such as
ejection of compact sources from our own galaxy, were considered by many to be highly
contrived. The majority view today is that the redshifts are due to the expansion of our
Universe. This means that we cannot escape the serious problem of exactly how to generate

such large powers from such confined regions of space.

Another great debate over the cosmological nature of the radio sources in general (not
just the quasars), was their distribution in space. If one assumes a population of constant
luminosity sources spread uniformly throughout static Fuclidean space, then since the flux
falls off as the —2 power of the distance R, and the volume increases as the +3 power of R,
it is easy to show that the overall number N(> S) brighter than a given flux density S (in
units of 107Wm=2Hz"! = 1 Jansky (Jy), say) would fall off as the (-3/2) power of S. Even
if the population contains sources that span a range in brightness, the same argument holds
for subsets of equally bright sources, and hence for the whole population. The dimming of
radiation due to the stretching of expanding space would tend to be greater for the more
distant and apparently fainter sources, and hence any deviations from the static Euclidean

ideal would be to flatten the slope in the counts N(> S) for lower flux densities S.

However, the better executed of the early radio surveys (3C and Parkes - PKS: the earlier
2C survey gave the ‘wrong’ counts due to confusion of sources by a low resolution beam)
showed that the slope was instead steeper than static Euclidean, at least for the the higher
flux densities, with a power law of -1.8 instead of -1.5. Later, it was found that the more
sensitive 4C survey had encountered at 'hump’ in the counts at a level of ~ 1 Jy; this was
- comprised of the initial steepening to 1 Jy, followed by a flattening to fainter levels. The

excess in counts was highly significant; about 1 to 2 orders of magnitude over the expected
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static Euclidean trend.

This was the start of another big debate over the interpretation of the radio source data,
this time between the Big Bang and the Steady State models for our expanding Universe.
Whereas the Big Bang simply assumes that all the matter in the Universe came into being at
one moment, the Steady State view instead spreads this necessary ‘energy violation’ over an
infinite amount of time; instead of assuming the mere spatial uniformity of the Big Bang, the
Perfect Cosmological Principle was adopted, by F. Hoyle, H. Bondi and T. Gold (1948)
[54], [76], which amounted to saying that the Universe was uniform in the large not only
in space, but also in time. The idea was that one could avoid mysterious beginnings, and
possible ends of time, this way. However, a price in the physics had to be paid; mysterious
creations of matter had to occur over infinite time, at a calculable rate of about a few atoms
per cubic centimeter a year, to maintain the time invariance of the local density of matter

within any region.

These questions of interpretation were finally settled by a combination of events; the
increasingly good statistics of larger and larger radio surveys of discrete sources, and the
discovery of the CMBR. The latter showed that the existence of a much hotter, dense state,
in the past, was the only way in which the photons and the present day abundances of
the light elements could have been formed at the observed levels. A steady, unchanging
Universe was manifestly inconsistent with the CMBR observations. Also, with regard to the
radio source counts, the statistics were undeniably inconsistent not only with the Euclidean
expectation, but also with both the Big Bang and Steady State predictions (see the review
by M. Ryle (1968) [119]).

Ryle’s conclusion was that the assumption of a invariantly bright population must have
broken down for the distant radio sources (some of the radio sources in the surveys were
actually optically-loud quasars with measurably high redshifts, so the approximate distances

to these, at least, were not only extragalactic, but cosmological to boot). In other words, the
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mean properties of the distant radio source population must have evolved over cosmic time,
in the sense that they were more active and luminous, perhaps in greater numbers too, in

the distant past.

The CMBR was evidence for the evolution of our Universe. The radio sources were
evidence for the evolution of distant luminous matter within our Universe. Thus, it seems
that there is incontrovertible evidence that physical laws must drive a non-trivial evolution

in the mean properties of gravitating objects, at least over cosmological time scales.

With these early stumbling blocks out of the way, the question still remained: what is

the power source behind the EGRS ?

Nowadays, we have the benefit of much more efficient instumentation, and other tools
such as ultrafast computers with which to test theories by simulation. As an example of
the advance in technology and technique, Figure 1-1 shows a Very Large Array aperture
synthesis map of the first EGRS discovered; Cygnus A. One can see all the features of a
typical ‘core double’ radio jet; the morphology and emission suggest a central core ‘engine’
ejecting highly collimated jets in two opposite directions. There are probably strong shocks
at the final ‘hotspots’ (peaks in radio emission), and the post-shock material forms a lobe
and perhaps in time develops into an enveloping ‘cocoon’. The remarkable linearity and
stability of the jet direction indicates a protracted period of energy release in the central
engine; at a projected size of ~ 200,000 light years per jet, and assuming the plasma flow
velocity is less than 10% of light speed (this is not unreasonable given the relativistic speed
in the core, and the fact that jet momentum must be lost through entrainment of the
IGM), a minimum duration for the current engine activity should be ~ 2 x 108 yr. If the
mean population jet advance speed is non-relativistic, at a level of ~ 0.01c, as I propose to
demonstrate from the MIT-VLA Snapshot Survey, then this time is extended to ~ 2 x 107
yr. From assuming about an equal amount of magnetic field and particle energy in the radio

lobes, brought about during the generation of the observed synchrotron radiation, mature,
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Fig. 10-21. Radio picture of Cygnus A oblamed by Perley, Dreher and Cowan (1984) with the
VLA at 5 GHz with data pr g and of detail done at JPL.  Overall extent is about
115 arc sec with resolution of 0.4 x 0.4 arc sec. (Photograph courtesy of National Radio
Astronomy Observatory, operated by Associated Universities, Inc., under contract with the
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Figure 1-1: NRAO Very Large Array Snapshot of a prototypical double lobed radio galaxy,
Cygnus A. The central radio source lies in the giant elliptical galaxy M87, residing in the
Virgo cluster of galaxies. There are two long jets leading from the central source to each of
the radio lobes; these lobes contain the residual shocked material after its passage through
the peak intensity hotspots. The high degree of symmetry, and the preservation of the jet
stability across many kiloparsecs, are typical of extended structures in EGRS. Inset is a
schematic diagram to aid in interpretation. This figure has been reproduced from Kraus

(1986).
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powerful, extended radio galaxies such as Cygnus A can be shown to have a minimum
equipartition energy of U,;, ~ 10°° erg, or more. This enormous figure corresponds to
about 10° times the total energy liberated in a the core collapse of a supernova explosion; it

could also be thought of as the total annihilation of 55,000 solar masses.

What can possibly cause the generation of this much power, and for so long a time ? Is
new physics demanded 7 How does the jet remain so stable, despite the fact that it travels
to distant regions far outside the MS87 host galaxy 7 To try to help answer some of these
questions, the AGN astronomical community has built up a ‘straw-man picture’ of the events
transpiring within the core of the galactic nucleus; one of these recently published ‘pictures’

appears in Figure 1-2.

The stability and symmetry of the radio jet axis in extended EGRS strongly suggests that
the infall of mass cannot be spherical, i.e. this idealized isotropic symmetry must somehow be
broken in jet-producing AGN. The most likely model proposed so far, for reasons of energy
and efficiency, would be one involving the extraction of rotational energy from a rapidly
spinning Kerr-Newman black hole. This would be energetically allowed by the Penrose
process, but a more realistic model would be one akin to the electromagnetic extraction
of energy via the torquing up of magnetic field lines threading both the black hole plasma
magnetosphere and the accretion disk in the equatorial plane (e.g. Blandford & Znajek 1977
[19]) The accretion disk can be either thin or thick, depending on the fraction of pressure
supplied by radiation as opposed to gas pressure; thick disks would tend to occur in AGN
accreting at around their maximum allowed rate, their Eddington luminosity Lgqy. If this
happens, a natural collimation mechanism would be predicted for the escaping jet piasma.
The accretion disk is itself probably fed from a much larger torus of galactic stars and dust.
The jet escapes relativistically along the black hole spin (symmetry) axis, and it must be so
highly collimated that it would be able to survive its long journey of order millions of years,

or more. The radio lobe and cocoon act as a ‘waste energy baskets’ for the collection of
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material, which has been sufficiently slowed down by some combination of strong shocking

and entrainment of external matter.

This picture seems to be qualitatively consistent with most of the AGN data available,
though these ideas are not yet at the level of predicting the events for an average EGRS,
for this would require 3-dimensional magnetohydrodynamic (MHD) plasma simulation over
many orders of magnitude in the physical variables. Near the hole, one also has to be mindful
of post-Newtonian GTR effects, such as the ‘frame-dragging’ of spacetime into corotation

with the black hole, as well as the gravitational lensing of the photons around the hole.

In parallel with the highly imaginative physical scenarios that have been proposed for
AGN, one must keep in mind that the constraints from the data, while always improving, are
still far away from being able to falsify the straw-man pictures. After all, we still do not have
hard evidence for the existence of bona fide black holes. The proof would require showing
that a massive object had a minimum compactness (M/R) greater than that allowed by
GTR. For even a billion solar mass black hole, the required maximum Schwarzschild radius
is about 3 x 10° km, which is just beyond the orbital radius of Jupiter about our Sun ! Due
to resolution and opacity effects, we are well beyond imaging a candidate MBH on these
scales; for our Galactic center MBH candidate of 2 x 10 Mg, a resolution as good as 0.1

parsecs would still fall short of the compactness requirement by a factor of fully 5 x 10°.

Turning to the acquisition of data on MBH candidates, the best resolutions have been
afforded by the various types of modern radio interferometer; the VLA with resolution down
to ~ 0.2") the Very Long Baseline Array (VLBA) with baselines of order ~ 10,000 km, and
with resolution ~ 1 mas; and the orbiting VLBI satellite Halca/VSOP, with resolution ~ 0.1
mas. At the VLA resolutions for the MIT-VLA Snapshot survey, one can only attempt to
investigate the kinematic details of the kiloparsec scale physics; much more model interpre-
tation would be required to guess at the events in the central engine, though one of the aims

of this thesis is to reach the milestone of setting forth a theoretical path for the systematic
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study of EGRS in the future.

One of the goals of my thesis research is to search for new examples of multiply imaged
gravitational lensing, predicted by the GTR, and first discovered for the ‘double quasar’
Q09574561 by Walsh, Carswell & Weymann [149] (1979). The subject of gravitational
lensing of the light from distant AGN by intervening massive galactic and cluster potentials
has not been discussed here, but the reader is directed to the excellent textbook by Schneider,
Ehlers and Falco (1992) {123] for further information.

Excellent review articles on AGN, aperture synthesis imaging, and EGRS may be found in

the following publications and books:

Verschuur & Kellermann (1974) [145], Blandford & Thorne (1979) [18], [66], Miley (1980)
[105], Landolt-Bornstein (1982) [68], Bridle & Perley (1984) [25], Rees (1984) [116], Begel-
man, Blandford & Rees (1984) [9], Blandford (1986) [19], Verschuur & Kellermann (1986)
[146], Thompson, Moran & Swenson (1986) [141], Perley, Schwab & Bridle (1988) [115],
Bertotti et al. (1990) [15], Blandford, Netzer, Woltjer (1990) [17], Hughes (1991) [77],
Blandford & Narayan (1992) [16], Antonucci (1993) [3], McCarthy (1993) [103], Wall (1994)
[147], [53], Megan Urry & Padovani (1995) [144], Kormendy & Richstone (1995) [86], Burke,
B. & Graham-Smith, F. (1997) (28], Dunlop (1997) [44], [78].
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1.4 Young Stellar Clusters

All non-primordial stars are thought to be born inside cool regions of giant molecular clouds.
These star forming regions are easily identifiable through their substantial infrared emission,
and their association with optical obscuration due to dust, and also with microwave emission
from molecular gas (e.g. carbon monoxide emission lines are almost always detected in these
clouds). Many of the youngest stars are known to be completely optically obscured, but
when some of these are observed in the visible, they are invariably seen to be descending
evolutionary tracks in the HR diagram, called Hayashi tracks. That is, as a star contracts
quasi-statically on its approach to main-sequence maturity as a stable H-burning star, it will
tend to decrease its luminosity and radius from the high values it had while still embedded
within the collapsing dust and gas. This suggests two things: that the star was initially
larger and hotter than its main sequence values, and that it is capable of dispersing its
surrounding material (star forming clouds only convert a fraction of their total mass into
stars — the process is not efficient under normal quiescent conditions). Indeed, young visible
and IR stars (the lower mass ‘T Tauri’ and higher mass ‘Herbig Ae/Be’ stars) are often
observed to have strong, rapidly variable emission lines of hydrogen, and some are even seen
in the ultraviolet and X-rays. In addition, over the past decade, many examples of bipolar
outflows have been collected in numerous observations of these young stellar regions. It is
probably not a coincidence that similar ‘jet’ and ‘hotspot’ features are seen on a very much
larger scale in AGN, and on a similar scale in XRB: the common divisor among these systems
is that they are: (1) collapsing and (2) possessed of a large quantity of angular momentum
due to their initial conditions. The basic problem of gravitational collapse is to build a
theory by which an object will lose its energy, accrete, drive an outflow at some point, and
still end up with only a tiny fraction of the initial angular momentum in the residual central
object. This is a difficult problem, and it is currently believed that the polar YSO outflows

and equatorial accretion disks are somehow involved in engineering these metamorphoses.
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Figure 1-3 shows an optical red (negative) image of the very well studied Rho Ophiuchus
cluster. The crosses mark the locations of IR sources believed to be young stars (which are

hidden from view by large columns of dust).

Figure 1-4 sketches a general picture of our current understanding of what goes on inside

the dark clouds.

To turn the clock backwards in the life cycle of a YSO, the Jeans instability criterion
predicts that a given stellar mass portion of a molecular cloud will collapse if it loses support
from a combination of magnetic. turbulent and thermal energies. The way in which this
is achieved is still unknown, but there have been theoretical models published for all three
of these effects. Evidently. GMCs of thousands of solar masses must somehow fragment
as they cool; provided sufficient breaking up can occur, stars of normal stellar masses can
be formed. During the collapse stage, the star will accrete matter and start to radiate its
gravitational binding energy away. Conservation of angular momentum favors the higher
angular momentum material to fall away from the rotation axis of the cloud, forming an
equatorial disk. Viscous processes (e.g. due to friction between dust grains, molecules and
atoms) will help to radiate some of the binding energy away, but the conservation of angular
momentum in a single star system would require that some matter be flung out, if the
overall gas velocity and temperature is to decrease with time. Through an unknown set of
mechanisms, possibly involving magnetized ionized gas in the disks, the angular momentum
of the central core does get removed; and outflows eventually appear (this is reminiscent of
models proposed for the evolution of MBHs in AGN). There is evidence that visible young
stars arriving at the main sequence tend to have very little rotation, though a small fraction

of YSOs are indeed fast rotators.

An important observational fact of the distibution of stars in the HR diagram is that
those with masses less than about 8 Mg are bounded above by a luminosity locus with

radius essentially a function of mass only: R < R(M) (Stahler 1983 [131]). This locus






1.4. YOUNG STELLAR CLUSTERS 63

Figure 7 The four stages of star formation. (a) Cores form within molecular clouds as
magnetic and turbulent support is lost through ambipolar diffusion. (6) A protostar with a
surrounding nebular disk forms at the center of a cloud corc collapsing from inside-out.
() A stellar wind breaks out along the rotational axis of the system, creating a bipolar flow.
(d) The infall terminates, revealing a newly formed star with a circumstellar disk.

Figure 1-4: The general theoretically assumed scenario for the birth and formation of a
star. The mimimal set of important physical effects that need to be understood by any
self-consistent physical theory of star formation, and early stellar evolution, should include
the following: the role of magnetic fields and turbulence; gravitational collapse accompanied
by radiative cooling; accretion probably through an equatorial disk which is a matter and
angular momentum repository; the role of magnetic fields; and the mechanism by which the
initial angular momentum is dispersed, and how this relates to the bipolar outflows that are
observed along the polar axes. This figure has been reproduced from Shu, Adams & Lizano

(1987).
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is called the stellar birthline for low-mass stars, and it can be interpreted essentially as
the locus of points where embrvonic protostars start to embark on their journey to the
main sequence. At about this critical stage, it seems that most YSOs are able to stop
accreting (thus forfeiting their membership as protostars), with the major mode of energy
output switching to a combination of convective and radiative loss of energy from both
fusion reactions and quasi-static contraction of the stellar layers. Residual accretion may
continue in some objects, but this will not be a major long-term effect at this stage of the
life cycle. This phase is known as the PMS stage in this thesis. Stars more massive than the

8 My limit completely bypass this stage.

Once on the main sequence, the stars are observed to follow a statistical mass distribution
that is, roughly on the average, invariant over the local solar neighborhood (Miller & Scalo
1979 [106]). It appears that the relative numbers of stars per unit mass, ®(A{), is approx-
imately a log-normal function (quadratic in the logarithmic quantities), with a high mass
power law form ®(A{) ~ M ~2% first identified by Salpeter (1955) [120]. It has traditionally
been assumed that this initial mass function could be obtained by simply transforming the

observed luminosity function ®(L) by using a calibrated (or theoretical) mass luminosity

relation M = M(L).

However, in the context of evolving YSOs embedded in molecular cloud cores, the as-
sumption of ‘no evolution’ is manifestly violated, as we see that the initial states (the cloud)
and the final states (the main sequence stars) are utterly incomparable in all of their mea-

surable physical properties.

Just as for the extragalactic radio sources, it is seen that whether we think about these
astrophysical populations theoretically or observationally, we are forced to the conclusion
that collapsing systems such as these need to have their evolution explicitly modelled as a

basic requirement for any broader physical theory.

It is the focus of this dissertation to predict both the mass and luminosity evolution
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of embedded young stellar populations, by use of a simple phenomenological model, The
inputs to the mathematical solutions of accreting populations of objects must ultimately
be set by the physics. It is not intended here to tackle this much harder problem; instead,
the plan will be to propagate the mathematical solutions for the evolving mass functions
of accreting protostars forwards in time, to the point that the stellar birthline is reached.
Stahler (1980) [133], [134], [135] has calculated the radius R and luminosity L for spherically
accreting protostars, as a function of their mass M Thus, given a mass spectrum predicted
from an assumed simple accretion law, and the mass-luminosity relation from the protostar
calculations, one can then automatically derive the protostellar birthline luminosity
function. Using pre-calculated modern evolutionary PMS tracks, one can then simply
evolve forward from this point to obtain the luminosity function of the young stellar cluster
as a function of time. There are evidently many approximations and assumptions that have
to be made, but this type of detailed mathematical calculation has not been done before (one
approximation is the assumption of the absence of another stellar companion, and another

would be the ignoring of the effect of an accretion disk).

The ultimate aim will be to see if the actual bolometric luminosity function of the Rho
Ophiuchus embedded stellar cluster can be reasonably modelled by an a priori luminosity
function of the expected age. It would be very interesting if this mathematical technique,

once perfected, could be applied to place confident ages on the stars buried in these clouds.

Excellent reviews for further information can be generally found in the papers of, e.g.,

Steven Stahler, Charles Lada, Fred Adams, and Frank Shu:

Stahler (1980, 1983, 1985, 1088, 1990, 1991, 1994), [130], [133], [134], [135], [131], [132], [136],
[137], [114], [138], [139]; Shu, Adams, Lizano (1987) [126].
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1.5 Summary

The natural physical evolution of bound gravitational systems is to lose their energy and
increase their entropy, via the process of accretion. Various luminous examples of this
activity are observed: accretion onto young protostars in molecular cloud clusters; and more
speculatively with massive black holes in the nuclei of active galaxies.

The number statistics of extragalactic radio sources can supply some very limited in-
formation on the cosmological model for our Universe, but it is clear that the observed
properties must be dominated mainly by the effects of the secular evolution of the global
population. It should be possible to understand this population evolution as the sum total
of the evolutions of individual EGRS, but it is expected that this unified model will neces-
sarily be highly complex and speculative, requiring much numerical calculation over a wide
range of physical regimes. However, even a comprehensive phenomenological model would
be a significant first step forward.

The number statistics of young stellar clusters have their own problems with the hoped-
for predictions. Using established physical predictions of the evolution and structure of
protostars and contracting PMS stars, it should be possible to build a mathematical model
to predict the evolution of the statistical distributions as a function of time. An important
boundary condition on the mathematical solutions is the matching of the late-time solution
to the observed final mass spectrum of mature main sequence stars, known as the initial
mass function.

The proposed phenomenological models are intended to be an initial bootstrap to more

physically representative theories.



Chapter 2

Observations

‘Why are sky surveys important in astronomy ¢’

The answer to this simple question is that sky surveys are the basic source of data required
for the systernatic scientific analysis of the myriad objects and structures existing within our
Universe.

In particular, radio wavelength sky surveys are especially useful for cosmological appli-
cations, as powerful extragalactic radio séurces can be seen from across the vast distances
spanning our observable Universe, back to a time of just ~10% of its current age. Closer
to home, the 21 cm H I spectral line emitted by large columns of neutral hydrogen have
greatly helped us discern the spiral structure in our own Milky Way, as well as the rotational
velocities of other spirals in our local patch of the Universe.

There are two types of survey: those which produce reasonably complete samples, and

those which do not. The latter are referred to as incomplete samples. Surveys can also come

67
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in two flavors: those which record the continuous distribution of surface brightness across
the sky, and those which concentrate on extracting the fluxes and positions of any discrete
sources. Finally, surveys can be executed using photons arriving in different parts of the
electromagnetic spectrum. The choice of telescope and observing frequency will affect the
resolution and sensitivity of the survey, and ultimately its completeness and reliability.

The ‘complete’ survey is a fiction; nobody can guarantee with absolute confidence that
a given survey is perfectly representative and reliable. However, the typical astronomer
will usually accept ‘essentially complete and reliable’ surveys for the purposes of statistical
studies of the sources of electromagnetic radiation in the sky; the level below which he will
reject the survey, on the grounds of statistical misrepresentation of the target population, is
not well defined. If a survey is estimated to be greater than 90% complete, and 90% reliable
to boot, then most astronomers will not object to the statistical use of such a survey.

An acceptably ‘complete’ and ‘reliable’ survey captures an accurate record of the photons
which arrive at a single epoch, at the Earth, from our past-directed light cone in the spacetime
of our Universe. Powerful extragalactic radio sources can act as beacons useful for probing
the depths of our Universe, sampling it at a wide range of locations and times down the light
cone surface. At radio wavelengths, they offer the distinct advantage of being unobscured
by intergalactic dust, which may be a more serious problem in the optical window.

The practical scientific uses of a complete and reliable survey are many:

o It forms a statistically representative database with which to constrain physical and
empirical models of the population of emitters. For example, differential source counts
can be compiled, which quantify the surface density of radio sources on the sky as a
function of radio continuum flux density cutoff. Such statistics, and others like these,
can provide some weak constraints on both source evolution models and cosmologies.
Stronger constraints on evolution can be gained if source redshifts for complete samples

are collected.
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e Uniform radio continuum surveys invariably contain information on new flux density

and position calibrators, for use in the calibration of other surveys.

o A series of such surveys can be used to assess the true completeness and reliabilty of

each one, as well as the time variability of the observed properties of a population.

¢ It may provide preliminary data on sources with interesting physical characteristics,

e.g. multiply-imaged gravitational lenses.

o Large-area sky surveys are necessary to provide supporting data on the large-scale

clustering and dynamics of galaxies in our Universe.

¢ In observing cosmologically distant sources, one can use their lack of significant proper
(i.e. ‘sideways’) motion to define an astrometric coordinate reference frame for the
purposes of time-keeping and navigation. Presumably such directional frames are non-
rotating with respect to the unique comoving frame at rest with respect to the mass-

energy within the observable Universe.

Radio continuum surveys have only been in progress since the 1950s. As electronic technol-
ogy has improved over the past 4 decades, the observing frequencies used in all-sky surveys
have been continually extended upwards, from low (~ 100 MHz) to high (~ 10 GHz) fre-
quencies. Along with a general increase in the collecting area of the primary antenna dish,
this yielded a concurrent increase in both sensitivity and resolution. With the advent of
radio interferometric telescope arrays (e.g. the National Radio Astronomy Observatory Very
Large Array [VLA] in New Mexico) using the principle of Fourier transform aperture syn-
thesis, sensitivity and especially resolution have far surpassed the original pioneering efforts.
The recent launch of the HALCA radio astronomy satellite of the Japanese-American VSOP
mission, for the purposes of orbiting-very-long-baseline-interferometry (OVLBI), is

proof of how far the radio astronomical community has progressed since the initial efforts
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of Karl Jansky and Grote Reber. With HALCA, one can discern details as fine as ~ 100
millionths of an arcsecond, which is the angular detail presented by the length of an adult
thumb viewed from a distance of 100,000 miles.

Starting in 1979, the MIT radio astronomy group has been executing surveys in the radio

and optical bands, of both types:

1. Complete and reliable all-sky scanning surveys of radio sources.

o

Representative, but incomplete, VLA interferometer surveys targeted at the brighter

sources in the MIT all-sky surveys.

3. Representative, but incomplete, optical follow-up imaging and spectroscopic surveys,

targeted at pre-defined sub-samples of MIT-VLA radio sources.

The most comparz;mble independent radio continuum sky surveys are those of the National
Radio Astronomy Observatory (NRAO) at Green Bank, which were made at roughly the
same time as the northern hemisphere MIT-Green Bank (MG) all-sky surveys. In fact, these
two parallel efforts utilized the same telescope (the Green Bank 91m diameter altitude-
azimuth-mounted paraboloid), the same receiver, at the same frequency: 4.8 GHz.

Within an American-Australian collaboration, the MIT group has also taken part in
an all-sky 4.8 GHz continuum survey from the southern hemisphere. This Parkes-MIT-
NRAO (PMN) survey was done with substantial help from the National Radio Astronomy
- Observatories of both the United States and Australia (NRAO & ANRAO, respectively).
The Parkes 64m diameter equatorially-mounted paraboloid, in conjunction with the NRAO
7-beam receiver used for the 91m Green Bank NRAO and MG surveys, were used for this
southern sky survey.

The result of these efforts was the publication of 8 radio source catalogs in the literature:
.4 MG source lists covering part of the northern hemisphere sky, and 4 PMN lists covering
all of the southern hemisphere sky, overlapping with the southernmost MG I survey. The
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concurrent work by the NRAO astronomers has produced the 87GB catalog. The more
recent GB6 catalog is a higher quality version of the 87GB list, based on the same raw data
from the Green Bank 91m telescope. In addition, the NRAO has published their own version
of the source list as extracted from the PMN raw data, and the agreement between the MIT

and the NRAO versions of the PMN survey is very good above a source flux density level of

~ 70 mJy, at 4.8 GHz.

It is certainly not redundant that the same areas of sky have been surveyed by different
groups at the same frequency; the comparison of the various independently-derived catalogs
has provided us with a good idea of the completeness, reliability, and the level of systematic
error inherent in the individual mapping techniques used. For the sources that sit well above
the sensitivity limit of each of these surveys, the agreement in position and flux density is
remarkably good. It is only as one proceeds down to the fainter sources that discrepancies
due to unknown systematic effects start to appear. It is suspected by both the MIT and
NRAO groups that these discrepancies, at the level of 7% in the fluxes of overlapping sources,

are mainly due to the different source finding algorithms adopted by each group.

In the rest of this chapter, the MIT surveys will be described in detail. A clear discussion
of each survey will be provided, as it is very important in statistical studies of radio sources
to establish the completeness and reliability of any given population sample. In the case of
incomplete or unreliable surveys, the manner and extent of these shortcomings should be
clearly addressed. In the following sections, more details on the MIT all-sky surveys will be
provided. Then, the MIT-VLA program to find new examples of gravitational lensing will
be described. Finally, the optical identification, imaging and spectroscopic work on selected
sub-samples of MIT-VLA radio sources will be described, with emphasis placed on the later

observations starting from December of 1993.
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Survey Q0 Qmin  Qmazr Jmin (S'maz- N>5¢r Smin

sr hr hr deg hr mJy
MG 1.87 0".0 24%.0 -0°.5 +419°.5 5974 53-106
MGII 151 40 210 +17°.0 +39°.2 6182 41
MGIII 111 160 50 +17°.0 +39°.2 4761 40
MGIV 0504 15%5 2k5 4+37°.0 +51°.0 3427 41
PMNE 1.90 0".0 24h.0 -9°.5 +410°.0 11774 40
PMNT 2.01 0*.0 24*.0 -29°.0 -9°.5 13363  42-55
PMN Z 0.667 00 240 -37°.0 -29°.0 2400 72

PMNS 2.50 0.0 240 -87°.5 -37°.0 23277 20-50

Table 2.1: The MIT 4.8 GHz Sky Surveys

2.1 The MIT Sky Surveys

The MIT-Green Bank (MG) surveys were made in 4 sections distributed over a large part of
the northern hemisphere sky, in the period from 979 to 1988. The Parkes-MIT-NRAO (PMN)
surveys were made in another 4 sections distributed over all of the southern hemisphere sky,
as well as along an equatorial declination band in the northern hemisphere sky. The PMN
observations were carried out during the course of two separate months in 1990.

Table 2.1 shows the details relevant to each of these 8 survey sections. To aid the reader,
a plot of the coverage for each of the MG Northern sky surveys is reproduced in Figure 2-1.
In addition, the coverage of the PMN and 87GB radio sources is shown in Figure 2-2. In the

following pages, details of each of the survey sections are presented.

2.1.1 The MIT-Green Bank Surveys

The MIT-Green Bank (MG) surveys used the NRAO 91m-diameter (300 foot) meridian-
transit paraboloid radio telescope at Green Bank, West Virginia, USA. The mapping method

was simply to slew the telescope antenna beam continuously in the north-south direction
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Figure 2-1: A plot of the sky areas observed in each of the MIT-Green Bank 4.8 GHz Sky
Surveys MG I, II, III and IV. The Galactic latitudes b = —10°,0°,410° are marked by the
dashed lines. This figure has been reproduced from Griffith et al. 1991.
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along the local sky meridian, at a rate much faster than the Earth’s rotation. Unlike in
optical astronomical observing, radio astronomers are not excluded from taking data during
the day, provided the radiation from the Sun does not significantly enter the main lobe or
sidelobes of the antenna beam. The 24-hour observing sessions cover all right ascensions

with a series of adjacent scan strips oriented roughly in the north-south direction.

The First MIT-Green Bank (MG I) survey used a dual-beam receiver centered at
4775 MHz, with a 580 MHz bandwidth. The nominal full-width-half-power (FWHP) angular
width of each of these two beams was 2.8, and they were separated by 7’.6 on the sky.
Scanning along the meridian was done at 6 times the sidereal rotation rate, in roughly north-
south-oriented strips within the declination range —3° < § < +20°. Eight separate observing
sessions were required to complete the MG I survey, which was in progress from 1979 to 1983.
There were 2400 observations made, of known strong radio sources, in order to ascertain the
variation of telescope gain with zenith angle (i.e. the ‘gain curve’: Bennett, Lawrence &
Burke 1984 {10] ), and thus set the flux density scale. These extensive data were also used
to solve for residual telescope pointing errors. The reduction of the survey data made use of
the standard CLEAN deconvolution algorithm (Hégbom 1974 [74]) to extract reliable source
lists of positions and flux densities. Two such lists were published (Bennett et al. 1986 [12]):
a ‘strong source’ catalog of 5974 sources with measured flux densities Sy 5 > 50, and a less
complete and less reliable ‘weak source’ list of 3836 sources, with flux densities in the SNR
range 40 < Syg < 50. The positional errors were estimated using MG I sources that were
found to be unresolved at the VLA (Lawrence 1983 [97] ; Lawrence et al. 1984 [94] ). From
this analysis, the rms errors in the right ascensions were estimated to be o, = 28”, and those
in the declinations were o5 = 22"”. All the MIT sky survey catalogs provide an estimate
for the error in the quoted flux density of each detected source. In addition to giving the
corrected position of the source in both B1950.0 and J2000.0 coordinates, an estimate of the

radio spectral index a is obtained (S, « v*), whenever possible, from positional correlations
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with radio sources detected in the lower frequency uniform catalogs; for MG I, the Texas

365 MHz catalog (Douglas et al. 1980 [42] ) was used to porvide this spectral information.

The flux error is usually quoted as the quadrature sum of a flux-independent base-level
error (attained only for a zero flux source) and an error that is proportional to the flux
density. For the 4.8 GHz MG I survey, the base error is 0o = 18.4 mJy, and the mean error
for a 100 mJy source is 10 mJy, giving a total flux denéity error of 20.9 mJy. In the case
of the MG I survey, there are additional errors due to the CLEAN deconvolution process,
and due to miscalibration for the telescope gain-curve. The latter is strongly dependent on
declination, and so the MG I catalog is complete down to varying levels: around the celestial
equator (6 ~ 0°) the catalog completeness flux density cutoff can be as high as 106 mJy,
whereas closer to the Green Bank zénith this level is allowed to decrease to as low as 53
mJy at § ~ +19°.5. The latitude of Green Bank is +38°.43; evidently, this behaviour of the
survey sensitivity is caused by a systematic decrease in the telescope gain by a factor of ~ 2
in going from a zenith angle of 19° to one of 38°.5. The final result is that a 100 mJy MG
I source has a quoted signal-to-noise-ratio (SNR) of somewhere between 5 and 10, which

corresponds to absolute flux density errors in the range from 10 to 20 mJy.

The reliability of a survey is the fraction fg of sources appearing in the source list that
are actually real. Based on Green Bank re-observations of a randomly selected sample of

MG I sources, this is estimated to be fr = 96 £+ 1.5% for the MG I survey.

The completeness of a survey is the fraction of real sources in the sky, with flux densities
above the catalog limiting flux density, that appear in the source list. VLA re-observations

of the stronger MG I sources leads to a rough estimate of fo = 95+2% for the MG I survey.

Further details for the MG I survey can be found in the published catalog paper (Bennett
et al. 1986 [12] ). More detailed information can be found in the MIT Ph.D. theses of Charles
Lawrence (1983) [97] , and of Charles Bennett (1984) [14].
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The Second MIT-Green Bank (MG II) survey used a new seven-beam dual-circular-
polarization receiver built by George Behrens of the NRAO. All 7 feeds were centered at 4830
MHz, each with a 500 MHz bandwidth. The nominal full-width-half-power (FWHP) angular
width of each of these 7 beams was the same as for the MG I survey: 2’'.8. The 7 beams
were arranged in a perfect hexagonal pattern of 6 beams equidistant from a central beam.
The angle between the scanning direction and the nearest symmetry axis of the hexagon
was fixed at 19°.1; this geometry allowed simultaneous scanning along equispaced paths on
the sky, by all 7 beams. The separation between adjacent sky paths was ~ 1’.4 (about a
single FWHP beamwidth). Data were interpreted to arise from the same radio source if
independent observations showed signal within a 3'.6 diameter circle. The RA coverage was
only partial: 4* < a < 21*. The complementary RA coverage of the same declination strip
was carried out in the companion MG III survey made later in the year (July - August
1987). Scanning along the meridian was done at 8 times the sidereal rotation rate. With the
great increase in rate of sky coverage compared to MG I, the entire survey was completed
in the month of April 1987. To estimate and improve the completeness and reliability of
the final MG II list, it was desirable to timeshare between two independent overlapping
surveys; a north scanning survey from declination § = +19°.0 to § = +39°15, and a south
scanning survey from declination § = +37°.15 to 6 = +17°0. The published MG II catalog
(Langston et al. 1990 [91] ) lists averaged flux densities and positions for 6182 sources found
in both surveys. Essential in the analysis of the completeness and reliabilty of this survey
was the comparison of the north and south scanning surveys in their region of overlap. This
comparison region consists of the declination band 19°.0 < § < 37°.15, with the exclusion of
all sources south of galactic latitude b = +10° (i.e. excluding the region confused by a high

surface density of Galactic radio sources).

The flux scale was set by daily observations of 3C48, for which the assumed 4.83 GHz flux

density from the Baars et al. scale (1977) [5] was 5.42 Jy. Ten other radio sources, drawn from
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the Kuhr et al. (1981) [88] list, were also observed daily in order to establish the telescope
gain curve. Previous observations by Bennett, Lawrence and Burke (1984) [10] showed that
the system gain was weakly dependent on the zenith angle, for the declination range in the
MG II survey. This was confirmed by the daily observations of the non-varying Kuhr et al.
source calibrators, whose measured fluxes were consistent with the scale set by the primary
3C48 flux calibrator. The final MG II source list contains 6182 sources detected with SNR
> 5, with 41 mJy being the lowest flux density recorded. For sources detected in only one
of the two independent surveys, the flux density errors are a quadrature sum of a constant
7 mJy rms variation in the system temperature along a scan, and a flux-proportional 12%
error estimated from the the rms differences between fluxes measured in the north and south
scan surveys. For a 50 mJy source, this amounts to 9.2 mJy (SNR ~ 5.4). However, the
flux error is smaller for those ‘common sources’ detected in both north and south scanning
surveys, with a 5 mJy rms system temperature variation and only an 8.2% flux-proportional

error; in this case, a 50 mJy source would have a 6.5 mJy flux error (SNR ~ 7.7).

The position errors were similarly gauged by the rms offsets between the positions of
‘common sources’ found in both north and south scanning surveys. For sources found only
in one survey, these are o, = 21” and o5 = 27”. For the sources found in both, the errors
decrease to o, = 15” and o5 = 19”. The ‘single survey sources’ have about the same total
position errors as for those in the MG I survey, but the ‘common sources’ have significantly

better positions.

There is also a resolution bias: the source detection algorithm fails for sources which
are larger than a few tens of arc-seconds. For example, 3C 223 is a well-known classical
double-lobed galaxy with a projected angular size of 5.9 from lobe to lobe, which is a full
2.1 FWHP beamwidths. In the MG II survey, it is fully resolved into two apparently separate
sources, each with roughly half the full flux density of the actual radio source. Such effects

are hard to quantify in the analysis of source counts, but nevertheless one must keep these
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issues in mind when interpreting the statistics of even a reasonably complete sample.

By careful analysis of the statistics of the numbers of sources found in each of the north
and south surveys in the ‘comparison region’, it was ascertained that the completeness of
the MG II survey is ~ 94.8% at the lowest measured flux densities ~ 40 mJy, rising to >
99.9% for sources brighter than 90 mJy. A lower limit on the reliability, estimated from the

ratio of sources seen in one survey to those seen in both, is 97% at 90 mJy.

Finally, the spectral indices were estimated from the positional cross-correlation of MG
IT source positions with local peaks in the FITS maps resulting from the NRAO-Green Bank
1400 MHz northern sky survey (Condon & Broderick 1985 [34]). Only 1400 MHz peaks both
brighter than 50 mJy and within a search radius of 5’ of the MG II position were used in the
calculation of the spectral index. It should be noted that spectral indices are notorious for
falling prey to corrupting resolution and confusion effects. The NRAO-Green Bank beam
at 1400 MHz covers a region of sky that is ~ 18 times larger than the 4.83 GHz beam; the
resolution bias results simply from the collection of more photons per unit time for those
sources that are resolved out by the smaller (2'.8) beam. In addition, the greater solid angle
of the larger beam will now and then collect other independent radio sources that happen to
fall within its expanded grasp, i.e. the original source at higher resolution becomes subject
to confusion bias due to the presence of interfering sources. This can be a serious problem
when approaching the Galactic plane region. Both these effects lead to higher flux densities
at 1400 MHz, and thus to more negative spectral indices (S, ~ v*) in the MG II catalog.
There is also the expected broadening of the spectral index distribution arising simply from

the flux density errors at each of the two frequencies.

Further details on the MG II survey may be found in the published catalog paper
(Langston et al. 1990 [91]), and in the MIT Ph.D. thesis of Langston (1987) [90] .

The Third MIT-Green Bank (MG III) survey was essentially a continuation of the MG
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II survey. The aim of MG III was to complete the RA coverage for the same declination strip
scanned in MG II: +17° < § < 439°.15;16%.5 < a < 5".0. In doing this, the MIT group
ensured that there was substantial overlap in the sky coverage at the neighbouring boundaries

of each of these two surveys. This provided a valuable extra check on the completeness and

reliability of both the MG II and III surveys.

As the details for MG II and MG III are identical in some respects, only the differences
between these two surveys will be focused on here. The lowest flux density recorded for MG
III was 40 mJy, above which there are 4761 sources listed in the published catalog (Griffith
et al. 1990 [60]). The absolute flux density scale was set using 3C 286, for which the Baars
et al. (1977) [5] value is 7.41 Jy. A set of 9 Kuhr et al. (1981) [88] strong sources were
observed to calibrate the gain curve, and ensure consistency with the 3C 286 flux scale. A
different ‘comparison region’ to the one in MG II was used, with sources now excluded north
of galactic latitude b = —10°. The flux density and position errors, that were estimated from
the correlation between the sources detected in the north and south scanning surveys for MG
I11, were found to be mostly comparable to those in MG II: for sources found only in a ‘single
survey’, the catalog flux error is a quadrature sum of 7 mJy rms in the scan records, and a
flux-proportional error of 11% estimated from the repeatability of measured fluxes in the two
independent surveys. For a 50 mJy source, this amounts to an 8.9 mJy error (SNR ~ 5.6).
For the more reliable ‘common sources’ detected in both surveys, these values ameliorate
to a level of 5 mJy, 8.1% and 6.4 mJy (SNR ~ 7.8), respectively. The positional errors for
‘single survey’ sources were o, = 34” and o5 = 29”. Those for the ‘common sources’ were
oo = 24" and o5 = 20”. It seems that the positional errors are ~ 30% worse in MG III, as

compared to MG II. As always, the resolution bias exists, at the same level as in MG II.

Using the survey comparison technique, the MG III completeness was estimated to be
93.3% at 40 mJy, rising to > 99.9% for sources brighter than 100 mJy. The lower limit on
the reliability is 96% at 90 mJy. These values are close to those for MG III. ’
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The estimation of spectral indices between 1400 and 4830 MHz was performed in exactly
the same manner as for MG II, and the resulting statistical distributions are very similar,
- with both Galactic and non-Galactic populations exhibiting a heavily skewed distribution

with mean a ~ -0.63, and a mode of o ~ -0.95.

Further details on the MG III survey may be found in the published catalog paper
(Griffith et al. 1990) [60] .

The Fourth MIT-Green Bank (MG IV) survey used the same instrumentation and
procedure as for the three earlier MG surveys. However, only six of the seven feeds of the
NRAO 4830 Mhz receiver were operational for this survey. In July 1988, two overlapping
surveys were made over the declination range +37°.00 < § < +50°.98 (B1950.0). The north
survey scanned from +39°.00 to +50°.98, while the south survey scanned from +48°.98 to
+37°.00. The comparison region used lay between +39°.15 and 48°.83, excluding the Galactic
Plane strip —10° < b < +10°.

Unfortunately, the MG IV survey was abruptly cut short halfway through the program,
by the sudden structural failure and collapse of the 30-year-old 300-foot telescope. Thus,

the RA coverage is incomplete, and spans the range 15.5 < a < 2*.5.

The flux density scale was set by observations of 3C 286, and cross-verified with 5 other
known strong sources from Kuhr et al. (1981) [88]. ‘Single survey sources’ had 7 mJy rms
scan errors and 15.0% flux-proportional errors. Thus a 50 mJy source has a total flux error
of 10.3 mJy (SNR = 4.9). The positional errors for the single survey sources were o, = 25"
.and o5 = 29”. ‘Common sources’ had 5 mJy rms scan errors and 10.5% flux-proportional
- errors. Thus a 50 mJy source has a total flux error of 7.25 mJy (SNR = 6.9). The positional
errors for the common sources were o, = 18" and o5 = 20”. The source detection algorithm
- was successful for sources smaller than 100", so the resolution bias is somewhat less severe

for MG IV as compared to the earler MG surveys.
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The MG IV completeness was estimated to be 92.4% at 40mJy, rising to > 99.1% for
sources above 90 mJy. The MG IV reliability was estimated to be > 90.5% at 90 mJy.

More elaborate algorithms and stricter criteria were used in the extraction of correspond-
ing 1400 MHz fluxes from the NRAO FITS maps; a search radius criterion was adopted such
that if the closest peak was further than 50 away, the source was deemed confused instead
of identified. Faint 1400 MHz sources below 50 mJy were deemed non-detections, as before.
However, even with these precautionary measures, the resulting spectral index distributions
for Galactic and non-Galactic sources were much the same as for the previous MG surveys.

Further details o.n the MG IV survey may be found in the published catalog paper (Griffith
et al. 1991) [59].

In summary, the four MIT-Green Bank surveys have painted a fairly uniform and consis-
tent picture of a large part of the 4.8 GHz northern hemisphere sky. Based on the defailed
analysis of completeness and reliability, it can be stated that each of the MG catalogs forms a
reasonably complete and reliable extragalactic radio source sample that would be amenable
to further statistical analysis, as well as for the definition of representative or complete
sub-samples for targeted follow-up observations.

We now turn to the MIT involvement in mapping the other half of the 4.8 GHz radio

Universe.

2.1.2 The Parkes-MIT-NRAO Surveys

The Parkes-MIT-NRAO (PMN) 4850 MHz surveys used the ANRAO 64m-diameter equatorially-
mounted paraboloid radio telescope at Parkes, New South Wales, Australia. The two previ-
ous major large-area radio continuum surveys of the southern hemisphere sky were under-

taken at lower frequencies: at 408 MHz with the Molonglo Cross phased-array ‘pencil beam’
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telescope (Large et al. 1981 [92] ), and at 2700 MHz with the Parkes 64m single-dish tele-
scope (Bolton et al. 1979 [20]). The resulting catalogs have been published as the Molonglo
Reference Catalog (MRC), and the PKSCAT90 Catalog (Wright & Otrupcek 1990 [151]).

The main aim of the new PMN surveys was to make a uniform, complete, deep and effi-
cient survey of the entire southern hemisphere sky at 4850 MHz. Before the PMN survey, the
only high (~ GHz) frequency large-area southern sky catalog was the one resulting from the
1960s effort by J. Bolton and collaborators, using the Parkes 64m amongst other radio tele-
scopes. These multiple efforts over the years, often at different frequencies, have been orga-
nized by Wright & Otrupcek into the electronically-readable PKSCAT90 catalog. The many
individual Parkes surveys are known to be collectively incomplete and non-uniform, and
hence restricted in their usefulness for statistical studies, such as source counts or anisotropy
searches. A secondary goal of the PMN surveys was to complement and cross-check the
NRAO Green Bank 43m 4850 MHz survey of the part of the southern sky accessible from
the Northern hemisphere (—40° < § < +5°; Condon et al. 1991 [35] ). This survey used
a smaller telescope scanning at relatively large zenith angles, and hence its limiting flux

density is not as ‘deep’ as the PMN surveys.

Thus, the four PMN surveys extend the Northern Hemisphere 4850 MHz surveys to the
Southern Hemisphere sky, with approximately the same sensitivity as that of the NRAO 91m
telescope surveys at the same frequency. The new Southern surveys partly complement and
partly supersede the existing large-area southern sky surveys observed at lower frequencies;
the resulting PMN source statistics confirm that the radio source surface density has been

increased by significant factors (~ 5) over the older Parkes and Molonglo surveys.

The four sections of the entire PMN survey series were named after the corresponding
_geographic areas directly ‘beneath’ each part of the sky: in order, going from the south to

the north, they are the Southern, Zenith, Tropical and Equatorial surveys.

The combined PMN and 87GB survey source lists generated from the mapping of the
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The Sky at 4850 MHz.
RA (hours)
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Figure 2-2: The radio continuum sky at 4850 MHz. An Aitoff (equal-area) projection plot
of all PMN and 87GB sources with flux densities greater than 80 mJy. The 87GB sources
are plotted for the declination range +10° < § < +75°. This figure was originally produced
by M. Griffith in 1995.
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4.85 GHz radio continuum sky are plotted in Figure 2-2. Only those sources with S g5 > 80
mJy are plotted here, this being well above the completeness and reliability flux density
limits for all of the individual sky surveys. The North celestial cap was not surveyed in
87GB (Gregory & Condon 1991 [56]). The dark, curved band across the southern part of the
map is the Galactic plane. This is not apparent in the northern 87GB data, since Gregory
& Condon excluded most Galactic sources from their catalog. The two broad blanked areas
in the PMN Zenith and Equatorial regions were excised due to corrupting solar radiation
unavoidably entering the Parkes telescope beam sidelobes. In the far south can be seen the
Large Magellanic Cloud at o = 5*.5,§ = —69°, while the closest powerful radio-loud AGN,
Centaurus A, is visible at a = 13".0,8 = —42°.

The Parkes-MIT-NRAO Southern (PMN-S) survey spanned the declination band
—87°.5 < 6§ < —36°.0. The four PMN surveys were made over two separate sessions in
1990: thé ‘June’ and ‘November’ sessions. After the conclusion of the companion NRAO
4.85 GHz survey using the Green Bank 43m telescope, the 7-feed dual-circular-polarization
receiver was brought over to Parkes for use in the PMN series. This receiver was the same one
that survived the collapse of the Green Bank 91m telescope in 1988 (this incident abruptly
brought the MIT-Green Bank IV survey to a halt). The receiver suffered only minor damage
in the crash, and the opportunity was taken to upgrade the original GaAsFET amplifiers to
more sensitive ones of the low-noise HEMT (high electron mobility transistor) type. There
were 14 channels, each set at the same 4850 MHz center frequency, with a 600 MHz band-
width. These channels were fed in dual-circular-polarization pairs from 7 beams, arranged
in the same regular hexagonal plus central feed arrangement as was utilized in the Northern
sky surveys. The FWHM of each of the circular beams was measured to be 4.2 + 0'.1, and
the 7-beam geometry was rotated to the unique PA that would give rise to equispaced beam
tracks while scanning along the local north-south meridian. At this orientation angle, the

inter-track spacing was about one FWHM beamwidth (~ 4'.2), and the breadth of the entire
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7-beam scan array was ~ 28'. In the Southern survey, the scan rate was ~ 11.1° min~};

high scan rates were required to compensate for the long-period ‘1/f noise’ arising from the
combined effects of the atmosphere and receiver, as well as to guarantee completion of the
survey in a reasonable time. The scanning was done through four independent surveys: 2
sets of ‘Regular’ scans, one set going north along the meridian, the other south; and 2 sets of
‘Nyquist’ scans, which are a parallel set of equispaced scans interleaved at positions midway
between the Reguiar scans; the combination of the parallel, interleaved Regular and Nyquist
scans ensured the minimum Nyquist sampling rate required to adequately sample the sky
brightness distribution (see, e.g. Bracewell 1986 [24]). The final result was that there were
4 independent sets of scan data covering the same area of sky. This offered valuable cross-
checking and averaging between the separate sets of raw data. Scans missed due to solar,
lunar or planetary radiation, impulsive interference and bad weather were assigned to be
repeated again in ‘mopping up’ sessions later in the survey period. In this way, almost all
of the sky area below +10° declination was covered in a uniform fashion (however, some sky
patches still remained unavoidably affected by the solar sidelobe interference problem by the
end of the second session in November 1990).

M. Griffith and A. Wright developed an entirely new and elaborate technique for reducing
the large-area PMN multi-beam sky survey data. In order, the following steps were taken to

produce the final catalog from the raw survey data:

1. Telescope pointing calibration: regular observations of known, accurate positions
of > 20 selected PKSCAT90 strong sources were made at many different telescope
pointings, in order to correct for differential solar heating and gravitational deformation

of the telescope.

2. Individual Beam Position calibration: the positions of the beams relative to the
central beam were measured using succesive drift scans of each of the beams through a

strong point source. Only the position of the central beam and the PA of the hexagon
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fiducial symmetry axis were recorded during the programmed scans; the actual sky
positions of the other 6 beams could be fixed in th post-observation reduction, by the

relative positions measured in this preliminary procedure.

. Gain vs. Zenith Angle calibration: the two strong radio sources PKSB 0521-365

and PKSB 1921-293 were observed at zenith angles spanning the range covered by
each of the surveys. This allowed the gain variation to be measured as a function of
telescope elevation, for each of the 7 feeds. The typical rms uncertainty introduced in

the use of these general gain curves was repeatably 1.6% for the PMN surveys.

. Absolute Gain calibration: observations of the strong source PKSB 0915-118 (Hy-

dra A) were used to set the absolute flux density scale, and noise-calibration signals
injected before the start, and after the end, of every scan allowed this flux calibration

to be propagated to individual sky scans.

. Conversion from Raw Counts to Flux Density: this was achieved by division of

each scan by the averaged counts recorded for the injected noise calibration signal, and
then scaling the result with respect to the averaged noise counts as recorded during the
calibration scans through the absolute flux calibrator (Hydra A). The assumed absolute
flux density for this source is the Baars et al. (1977) [5] value, and the consistency of
this scale with the fluxes for 23 strong point sources from the Kuhr et al. (1981) [88]
list was verified during the final production of the PMN catalogs.

. Removal of Baseline Gain Variation: a polynomial ‘canonical’ baseline fit, of

the instrumental flux as a function of zenith angle, was removed from each of the
beam scans. This variation results from the varying amount of contaminating ground

radiation as the dish moves between the zenith and the horizon.

. Removal of Data corrupted by Solar Sidelobes: structures much broader than

the telescope beamwidth occuring roughly simultaneously in all of the scan records were
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excised if the corresponding positions were calculated to be within 3° of the expected
solar sidelobe positions. Data on real extended objects such as the Galactic Plane,
LMC, and Centaurus A were also checked for, but not excluded as they fell outside

the solar sidelobe contaminated regions.

Removal of Data corrupted by Impulsive Interference: short-term (narrow)
“spike” or “impulsive” interference features were excised if they were found to occur
simultaneously in all scans. Again, this filter was turned off when scanning near real

extended emission, such as that from the Galactic Plane.

Averaging of Two Polarization Channels: the signal-to-noise ratio was increased
by averaging the right and left circular polarization scans for each feed, on the as-
sumption that none of the actual radio sources were circularly polarized. If one scan
was already flagged as ‘bad’, the other polarization was used without the benefit of

averaging.

Median Filtering of Residual Baseline Gain: a residual baseline gain variation,
remaining after the initial canonical baseline was divided out, was removed by use of
a broad 57" median filter (covering 65 scan samples). This caused flux densities to be
biased downward, so Monte-Carlo source injection tests (see below) were needed to

estimate the required positive bias correction as a function of flux density.

Removal of Outlying Spikes in Data: a ‘spike’ filter was applied to the scan data:
those points which differed from the average of its neighbours by both (1) > 100mJy,
and (2) > 45%, were blanked.

Correction for Declination Lag: a 20” lag in declination was corrected by finding
half the difference between the positions of a few bright sources as measured in north-

going and south-going scans. This was done for each PMN survey separately.
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Gridding of Unconvolved June and November Data: the (unconvolved) cali-
brated data points were placed on a Aa = 1’ by A§ = 1’ grid. This is about one quarter
of the beam resolution; each of the individual samples were accumulated on the nearest
grid point. This and the following computations were performed on the MIT Cray-1
supercomputer (now retired), and the gridded data were stored in computer files for

further processing.

First Pass of Source Finding and Gaussian Profile Fitting: Three types of
least-squares Gaussian fits were tried, and all results were logged. An automatic deter-
mination of clearly suitable and clearly unacceptable fits was made on a case-by-case
basis. The intermediate case of sources with ‘questionable fits’ was ignored for this first
stage. From this Gaussian profile fitting, the two classes ‘good’ and ‘poor’ were sub-
tracted, and blanked, respectively, from the gridded data, in preparation for a second

stage of fitting.

Second Pass of Source Finding and Gaussian Profile Fitting: The same fitting
procedures were performed on the modified grid, except that the ‘questionable fits’
were now recorded as ‘good’ ones. The ‘good’ sources from both passes were combined

to form a preliminary source list.

Removal of Spurious Weak Signals aroung Strong Sources: A resolution-
angular separation distance criterion was used to automatically search for spurious
faint sources around strong sources with Syg > 100 mJy. This was necessary to avoid
recording the beam sidelobes that inevitably occur near the bright radio sources. Those
sources which are both faint and near a strong source were dropped from the prelimi-
nary source list. After this was done, the June and November 1990 preliminary source

lists were combined for the final catalogs.

Analysis of Synthetic Radio Universes using Monte-Carlo Source Injection
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Simulations: Monte-Carlo simulated ‘synthetic radio universes’ were constructed that
had known sources injected into real data scans in such a way that the real sources
were subtracted out, leaving only the noise and the synthetic sources. With exactly
the same procedure applied to these synthetic scans, an accurate estimation of both
flux and position biases, introduced by the entire pipeline reduction, could be made.
The expected biases arise from the use of: (1) the median filter, (2) gridding, and
(3) fitting Gaussian profiles in the presence of noise; and there could well be others.
However, effects due to the telescope gain, and variation in ground radiation, could
not be reproduced exactly in these simulations. These Monte-Carlo analyses also were
crucial for making exact estimates of the survey completeness, reliability and limiting

flux density cutoff (see below).

Correction for Flux Bias Errors: The flux densities are affected by small biases,
such as from the application of median filtering to each scan, from the data gridding
process, and from the fitting of an assumed Gaussian profile to the noisy, gridded,
data. More details on some of these well-known effects may be found in Condon et
al. 1989. From the Monte-Carlo artificial source injection tests, a bias function B(S),
which is defined as the difference between the true and the fitted flux density S, was

determined as a fitted linear function in the logarithmic of S:-

B(S) - _20-66 + 14.66- loglo(s),

where the bias B and flux density S are both in mJy. It was found that this bias
function B(S) is essentially the same in both the the Southern and Tropical PMN
Surveys. The effect of faint confusing sources on this bias was estimated to be less

than 1%.

Estimation of Flux Density Errors: There are four main contributors to the stan-
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dard error on the flux density of each source. Firstly, there is the background confusion
from faint sources not appearing in the catalog; this was given an adopted value of EC
= 2 mJy for the Parkes telescope, at 4850 MHz (Wright 1992; private communication).
Secondly, there are errors EG induced by gain fluctuations, which are estimated to be
proportional to the flux density, at a level of ~ 1.6%. Thirdly, there are errors EB
introduced by correcting the fitted source flux densities for the biases mentioned above.
These were typically about 1 mJy, or 0.6 log,(S), whichever was greater. Lastly, there
is the error EF in the source fitting process resulting from the random noise in the grid-
ded data; this had to be determined using the Monte-Carlo tests for each declination

band in turn. In the Southern Survey, the flux-fitting error was found to be:
EF? = (11.8 4 0.0856)2 + (0.050.5)?
The total standard error ES is the quadrature sum of the above four errors:-
ES? = EC? + EG?* + EB* + EF*

With sufficient accuracy, the total standard error ESS for the Southern Survey can be

calculated from the following formula:-
ESS? = (12.3 4+ 0.0856)* + (0.052.5)*(mJy)?

For a source of 50 mJy at § = —60°, the total standard error in its flux density is then
7.7 mJy, which is 15%. For a 100 mJy source at the same declination, the corresponding

values are 8.9 mJy and 8.9%.

In the source lists, those errors exceeding 99 mJy are recorded as “99” because of space
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limitations.

. Correction for Positional Errors: Using 265 known, strong, PKSCAT90 sources

having accurate (standard error < 2”) positions, a cross correlation was made with the
PMN preliminary source list. Small, systematic pointing errors were removed from the

calculated positions of the PMN counterpart sources.

Estimation of Positional Errors: The remaining random residual standard errors
in the positions were determined from the Monte-Carlo source injection tests: these
random errors were found to be well fitted by the quadrature sum of a flux-independent

error and a flux-inverse-proportional error. For the Southern Survey, the errors in each

- of the PMN right ascensions and declinations were:

22.

ok = 6%+ (1300/5)2,
oipc = 42 + (1100/9)2.

where the errors are in arc-seconds and the flux density S is in mJy.

For a 56 mJy source, the standard error in its RA is then 26.”7, and it is 22.”.4 in DEC.
For a 100 mJy source, the corresponding values are 14.”3 and 11.”7. These errors are
small enough that VLA follow-up imaging at X-Band A-array would be well suited
for determining much more accurate positions, as well as for mapping both unresolved

and almost all extended radio sources.

Estimation of Differential Reliability: In the establishing of a essentially complete
and reliable source catalog, an estimate of both the completeness and reliability, as a
function of the catalog flux density, is required. Once this is known, a decision can

be made as to where to draw the limiting flux density ‘line’ for the faintest catalog
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sources. In this way, those sources, from the preliminary list, that end up in the catalog

are known to be complete and reliable at a well-determined level.

What is differential reliability 7 The adjective ‘differential’ indicates that this will
be a function of the (final catalog) flux density S. The reliability of the set of all
catalos ources above a certain flux density S is called the integral reliability. We expect
normally that a given catalog will be most reliable at its mid- and upper-range, and
pregressively less reliable as the S/N ratio decreases nearer the catalog limit. Crucial to
the definition of reliability is the specification of what is meant by a ‘reliable’ source.
According to the adopted definition for the PMN Surveys, such a source is defined
as one having a final catalog flux density close enough to its original measured flux
density. From the Monte-Carlo tests, the difference between these two flux density
values was found to be a small fraction of the fluxes, which indicates the all-round
high reliability of the PMN catalog sources. Over a small flux density range, the
differential reliability R(S) is defined to the the fraction Nrgrrapre/Ncararoc of
‘reliable’ sources to catalog sources within that flux density bin. Full details of the
variation of differential reliability with declination can be found in the pﬁblished PMN
papers. As the catalog flux density limits were set at the 90% differential reliability
level, we can rest assured that a firm lower limit to both the integral and differential

reliabilities, for all of the PMN catalogs, lies at the 90% level.

Estimation of Differential Completeness: Reliability refers to the fraction of
sources in the catalog which are ‘real’. What is differential completeness ? This is
the fraction of real sources in the sky that are recorded in the catalog. Note that the
denominators of these two fractions are defined over different populations. Reliability
refers to the catalog sources. Completeness refers to the sources actually in the sky. For
the PMN surveys, a more restrictive definition was used for differential completeness:

this is the fraction Ngrgar-cararoc/Nactuar of actual sources in the flux density and
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solid angle ranges surveyed, that are also in the catalog, and in addition are ‘real’ in
the sense as defined before for the differential reliability. For the PMN catalogs, the

differential completeness is greater than 95% for all declinations.

Due mainly to the convergence of meridional lines as one approaches the equatorial
coordinate singular point at the South Celestial pole (SCP), the sensitivity of the
PMN Southern survey increases dramatically as one nears the SCP. For these reasons,
the differential reliabilities and completenesses in the PMN Southern Survey improve
markedly near the SCP. For the associated reason of non-convergence near the Celestial
Equator, these quantities remain essentially constant in the Tropical and Equatorial
surveys. The Zenith Survey was scanned using an entirely different techique; this is
reflected in its relatively low levels of reliability and completeness near the Parkes

zenith declination. Again, full details are provided in the PMN publications.

Assignment of Survey Limiting Flux Density: The publications of previous radio
surveys typically assume a 50 flux density cutoff limit for the catalog. This was not
done for the PMN surveys, since the scan data noise statistics are not Gaussian. In
addition, this proposed limit is only suitable if the underlying source population has
a differential source count slope of dlog(dN/dS)/dlog S = —2.5 (Murdoch et al. 1973
[108]). The same analysis applied to the PMN survey, which is expected to have a
differential source count slope of -1.6 (from the 4.8 GHz source counts of Bennett et
al 1985 [11]), shows that the appropriate limit is 4.4c. This yields the same reliabilty
as the 5o limit for the slope of -2.5. However, this method does not take into account
the complex details of the non-Gaussian PMN noise statistics, and the full reduction
procedure with its associated biases and introduction of various sources of noise. As
the reliabilty of the catalog is being called to question at the faint flux density limits,
it was deemed more appropriate to use a 90% differential reliability criterion for the

establishing of the PMN catalog flux density cutoff limit. As this is a function of
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declination, the PMN limiting flux density Sjm is variable. For the PMN Southern

Survey, the relevant equation for this flux limit is:-

Stim = 79.8 +0.7936mJy; —75° < § < —37°,

Stim = 20mJy; —87.5° < § < —T75°,

At a declination of —60°, the PMN Southern Survey catalog flux density limit is then

~ 32 mly.

It turns out that these two different methods yield comparable values for the catalog
flux density limit, to within a difference of 5 mJy, except for the region near the PMN
Zenitk Survey; this is because the Murdoch et al. method is insensitive to problems
with the baseline definition near the ends of the scans in each Survey, whereas the PMN

method takes this, and other problems, into account via the Monte-Carlo simulations.

Comparison of Overlapping Sources: Finally, 400 sources in a comparison region,
observed in the two separate June and November observing sessions, were analyzed
to reveal their soruce surface density and flux density differences; the results were
entirely consistent with the Monte-Carlo determination of the PMN completenesses

and reliabilities derived above.

. Cross-correlation with Previous Surveys: The PMN source positions were cross-

correlated with 2 previous Southern radio source large-area surveys: the multi-frequency
PKSCAT90 catalog (Wright & Otrupcek 1990 [151]) and the Molonglo 408 MHz cat-
alog (Large et al. 1981 [92]). If a PKSCAT90 source appears within 2’ of the PMN
source, a letter ‘P’ for that sources is recorded in the PMN catalog. Similarly, a letter

‘M’ is recorded for a Molonglo radio source within a 2’ radius.

The preliminary analysis reported in the Proc. ASA 1991 [58] conference article showed
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that the PMN source catalog is significantly more sensitive and complete than earlier
small-area surveys (such as the Parkes selected regions). Thus the PMN source surface
density of ~ 2 deg™? is expected to be truly representative of the actual radio source

surface density in the sky at 4850 MHz.

27. Spectral Index Estimation: The spectral index a was computed between the
PKSCAT90 2700 MHz value and the current PMN 4850 MHz value. This index is
defined by the equation for the spectral flux density: S, o« v°.

28. Production of Final Catalog: The final PMN catalogs include the following infor-
mation: the PMN J2000-derived name; the J2000 RA and DEC; the 4850 MHz flux
density in mJy (from the fixed-width Gaussian fit); the estimated standard error in the
flux density; the spectral index where available; and a list of 7 letter ‘indicator codes’,
which include the ‘P’ and ‘M’ flags already mentioned. Also listed is the ‘S’ flag for
the case of possible solar contamination (PMN source within 5° of the Sun), and the
‘G’ flag for possible Galactic confusion (PMN source within 10° of the Galactic plane).
Also, the zenith ‘Z’ flag indicates that the PMN source is weak (S485 < 60 mJy), and
lies within 6° of the Parkes zenith. These sources may have residual problems in the

baseline removal, and these PMN source data may be of lower quality.

The PMN surveys are optimized for detecting point radio sources at 4850 MHz. Here,
‘point’ means a source whose angular extent is less than the 4.2 FWHM of the Parkes
telescope beam. Very extended objects will either have been missed in the source detection
procedures, or else recorded as a collection of multiple fainter sources; the most obvious
examples are e.g. the Galactic plane, Centaurus A, and the Magellanic clouds. Thus, for
~ the purposes of extragalactic source sample definition, source count and anisotropy and
clustering analyses, these objects should be excluded from the sky region being analyzed.
The flux densities of extended sources in general are underestimated by the published fixed-

width Gaussian fitted flux density.
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Very bright sources (Sss5 >~ 30 Jy) are not included in the PMN catalogs, as they

invariably saturated the raw data scan records.

An alternative reduction of the PMN data has also been published; this consists of a
series of FITS/AIPS image data made by convolving the independently calibrated PMN scan
data with a ’restoring beam’, into a grid of maps (Condon et al. 1993 [36]). Radio source
parameters were extracted using the standard DAO-PHOT package, and an independent
PMN catalog was published from these independent results (Gregory et al. 1994 [57]). There
are residual problems in the comparison of the flux densities of each of the PMN surveys,
as well as with the Northern 87GB survey. These slight mismatches in the flux densities of
common (overlapping) sources is no greater than about 7% of the flux, for sources fainter than
70 mJy. Those brighter than this limit show good general agreement in their fluxes. It is not
known what is the precise set of causes for these flux density mismatches at low fluxes, and
uncorrected systematic errors in the calibration process are thus strongly indicated. However,
all the various Northern and Southern sky 4.85 GHz catalogs are mutually consistent at the

~ 10% flux density level for all detected sources, and complete and reliable as well.

We continue with a description of the differences and peculiarities of the other three PMN

surveys.

The Parkes-MIT-NRAO Zenith (PMN-Z) survey spanned the declination band —37°.0 <
§ < —29°.0. This lies in a declination strip beween the Southern and Tropical Surveys.
For the Zenith survey, a meridian scan could not be performed, as the telescope mount
is alt-azimuth. Therefore, a special scaﬁning technique was devised, such that the beam
was rastered along a predetermined track off in the Western sky. This path was chosen
to preserve the equal lateral separation between the beams. In the time available, a fully
sampled (Nyquist) survey could not be completed, so the flux limit for the Zenith survey is

significantly higher than for the other PMN Survey zones.
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The data reduction procedures were essentially the same as those described above for the
Southern Survey.
With sufficient accuracy, the total standard error ESZ for the Zenith Survey flux densities

can be calculated from the following formula:-

ESTZ2 = (11.0)% + (0.070.5)*(mJy)?

For a source of 50 mJy at § = —33°, the total standard error in its flux density is then
11.5 mJy, which is 23%. For a 100 mJy source at the same declination, the corresponding
values are 13.0 mJy and 13%.

For the Zenith Survey, the errors in each of the PMN right ascensions and declinations

were:

o4 = 10 + (2050/5)2,

ocbpe = 112 4 (2250/S)>.

where the errors are in arc-seconds and the flux density S is in mJy.

For a 50 mJy source, the standard error in its RA is then 42.”2, and it is 46.”3 in DEC.
For a 100 mJy source, the corresponding values are 22.”8 and 25.”0.

As mentioned in the description of the PMN survey procedures above, the differential
reliability and completeness is significantly worse for the PMN Zenith strip than for the other
PMN zones. The 90% differential reliability flux density limit for the PMN Zenith Survey

sources is:

Stim = T2mJy; —37.0° < § < —29.0°.

There are systematic differences in the flux densities between the Zenith and neighbouring
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PMN Survey zones, at the level of a few percent.

The Parkes-MIT-NRAO Tropical (PMN-T) survey spanned the declination band —29°.0 <
é < —9°5.

The data reduction procedures were essentially the same as those described above for the

Southern Survey.

With sufficient accuracy, the total standard error EST for the Tropical Survey flux den-

sities can be calculated from the following formula:-

EST? = (10.5)% 4 (0.052.5)*(mJy)?

For a source of 50 mJy at § = —10°, the total standard error in its flux density is then
7.7 mJy, which is 15%. For a 100 mJy source at the same declination, the corresponding

values are 8.9 mJy and 8.9%.

For the Tropical Survey, the errors in each of the PMN right ascensions and declinations

were:
ok, = 6%+ (1300/5)3,

oipc = 4% +(1100/5)2.

where the errors are in arc-seconds and the flux density S is in mJy.
For a 50 mJy source, the standard error in its RA is then 26.”7, and it is 22.”.4 in DEC.

For a 100 mJy source, the corresponding values are 14.”3 and 11.”7.

The 90% differential reliability flux density limit for the PMN Zenith Survey sources is

approximately:
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Stim = —70.7 — 4.33dmJy; —29° < § < —26°,

Stim = 42mJy; —26° < § < —9.5°,

At a declination of —26°, the PMN Tropical Survey catalog flux density limit is then ~
42 mlJy.

The Parkes-MIT-NRAO Equatorial (PMN-E) survey spanned the declination band
-9°.5 < 6 < +10°.0.

The data reduction procedures were essentially the same as those described above for the

Southern Survey.

With sufficient accuracy, the total standard error ESE for the Equatorial Survey flux

densities can be calculated from the following formula:-

ESE? = (9.1)* 4 (0.052.5)*(mJy)?

For a source of 50 mJy at § = 0°, the total standard error in its flux density is then 9.5

mJy, which is 19%. For a 100 mJy source at the same declination, the corresponding values

are 10.5 mJy and 10.5%.

For the Equatorial Survey, the errors in each of the PMN right ascensions and declinations

were:

ok, =62 +(1300/9)%,

U%EC = 42 + (1100/3)2.
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where the errors are in arc-seconds and the flux density S is in mJy.

For a 50 mJy source, the standard error in its RA is then 26.”7, and it is 22.”.4 in DEC.
For a 100 mJy source, the corresponding values are 14.”3 and 11.”7.

The 90% differential reliability flux density limit for the PMN Zenith Survey sources is

approximately constant:

Stim = 40mJy; —9.5° < § < +10.0°,

The fullest account of the data reduction procedure and scientific results for the PMN
surveys can be found in the MIT Ph.D. thesis of M. Griffith (1993) [62] . Many of the

important details can also be found in the publications quoted above.

2.2 The MIT-VLA Snapshot Program

As the results from the MIT large-area surveys became available, the MG and PMN catalog
positions were targeted for higher resolution narrow-field ‘snapshot’ imaging using the NRAQO
Very Large Array (VLA) interferometer located near Socorro, New Mexico. In the 14 year
period from 1981 to 1995, the MIT group has been using the VLA, mostly in its largest
(A-array) configuration, to obtain sub-arcsecond-resolution snapshots of the fields in the
direction of the brighter MG and PMN radio sources.

The main goal of the MIT-VLA snapshot program is to identify new examples of multiply-
imaged ‘strong’ gravitational lensing of background radio sources. To date, 7 confirmed
radio-loud gravitational lenses have been found in the Northern hemisphere MG I, MG II
and MG III regions that have been searched using the VLA. These gravitational lenses
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are mentioned by name in the next chapter. In this thesis, I will be documenting new
candidate gravitational lenses in the next chapter. It should be noted ahead of time that
these candidates are not yet proven to be bona fide gravitational lenses; on the other hand, if
a new radio-loud gravitational lens exists in the MIT-VLA snapshot sample, it is very likely
that it will be in our list of candidates.

The MIT-VLA follow-up surveys are re-observations of selected sources from previous
snapshot programs; as such, they do not expand the membership of the MIT-VLA sample,
but they represent an attempt to obtain better, or further, data on the selected sources.
With four major series of MIT-VLA observations, there are four prefixes used for naming

the “observing days”:

e CDAYn refers to the 1981-1986 MIT-Green Bank-VLA C-Band (MGVC) A-Array

Snapshot Survey series.

e XDAYn refers to the 1989-1993 MIT-Green Bank-VLA X-Band (MGVX) A-Array

Snapshot Survey series.

e XSDAYn refers to the 1991-1995 Parkes-MIT-NRAO-VLA X-Band (PMNVX) A-

Array Snapshot Survey series.

e FDAYn refers to the 1994-1995 follow-up re-observations of sources from the 1990s
MGVX and PMNVX Snapshot Survey series; these occured at both C-array and A-

array.

Table 2.2 shows the main differences between the three MIT-VLA Snapshot Surveys of the
(originally selected samples of) MG and PMN radio sources: listed are the observing epochs,
frequencies, sky coverage, and approximate number of MIT radio sources assigned for VLA
- observations.
Table 2.3 gives the journal of observations for the entire MIT-VLA snapshot program,

including the follow-up re-observations (‘FDAYn’) of selected radio sources. The upper
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Survey  Observations v(GHz) Omin Omaz  NvLa
MGVC 1981 — 1986 4.87 +0°.0 +20°.0 ~ 4100
MGVX 1989 — 1993 8.44 +20°.0 +40°.0 ~ 3700
PMNVX 1991 — 1995 8.44 -30°.0 -—-0°0 ~ 2100

Table 2.2: The MIT VLA 4.8 and 8.4 GHz Snapshot Surveys.

portion of the Table lists the older 1980s C-Band A/B-array observations, while the lower
portion lists the more recent 1990s X-Band A-array search efforts.
In the following sections, further details are provided for each of these four MIT-VLA

snapshot surveys.

2.2.1 The MG-VLA C-Band Surveys

The first VLA gravitational lens surveys were targeted to find new examples of gravitational
. lensing within flux-density-limited (but randomly selected and incomplete) bright source
samples drawn from the MG I catalog. This search sample is given the name ‘MGVC’ in
this thesis. With the occasional excursion to just outside the MG I sky region, the MIT-VLA
sources imaged in the 5-year period 11 May 1981 through 22 April 1986 lay mostly within
the declination range 0° < § < +20°. These observations were made in 12 separate VLA
observing runs: in this thesis, they will be known by names such as ‘CDAY1’ and ‘CDAY11’,
where the initial letter represents the radio frequency band used [following standard radio
terminology, C-Band is ~ 5 GHz (6 cm) and X-Band is ~ 8.4 GHz (3.6 cm)].

The selection of the MGVC sources was made from flux-limited, relatively bright, samples
of MG I catalog sources. As many of the brightest sources in the flux density range 1000 <
S48 mJy have already been observed in bright-source VLA and MERLIN calibration finding
- surveys, this subset was excluded from the MIT-VLA search program at the outset. Many
of the VLA flux and position calibrators fall within this range of flux density. The general
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-algorithm used to produce the final VLA OBSERVE file (which is the electronic file that is

used by the VLA computer to schedule the radio source observations) is as follows:-

1.

o

Select a suitable flux density range (Smin < S48 < Smaz) of MIT catalog sources to

observe. The range should be commensurate with the list of MIT catélog sources not

yet observed at the VLA.

Select a suitable sky area (@min < @ < Omaz; Omin < 8 < 6maz) to observe. The area
should be commensurate with the list of MIT catalog sources not yet observed at the
VLA, and also with the range of Local Sideral Time (LST) at the VLA, that has been

assigned for observations.

Extract all MIT catalog sources falling in this range.

. Exclude all MIT catalog sources lying within 10° of the Galactic Plane; i.e. exclude

those sources falling within the —10° < b < +10° galactic latitude band. This will
produce a sample that is almost entirely dominated by extragalactic radio sources, as
opposed to foreground supernova remnants, planetary nebulae, star forming and HII
regions within the disk of our Milky Way. By this point, we still have an (essentially)

complete sample of MIT catalog sources.

Exclude all MIT catalog sources that have previously been assigned for MIT-VLA

Snapshot Survey observations.

Sort the MIT catalog sources in RA, and insert a suitable number of VLA position
calibration sources. There should be a primary flux calibrator (usually 3C286 or 3C48),
and a polarization angle and polarization feed calibrator if such measurements are de-
sired. When using the largest VLA A-Array configuration in poor weather conditions,
it is highly desirable to insert a position calibrator at least once every 10 minutes,

so that the winding of the atmospheric phase for each antenna and baseline can be
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tracked closely enough to ensure reasonable self-calibration (more details will be given
of these data reduction procedures in the next chapter). Also, it is recommended that
the angular distance between the VLA calibration sources be as close as possible to the
final program sources, so that changes in the phase, due to the range of paths through
an unstable atmosphere, are minimized. The usual integration time for adequate detec-
tion of MIT-VLA sources is in the range 60 to 120 seconds, with 2-3 minutes assigned
per position calibrator, and 4-5 minutes for at least two widely separated observations

of the flux calibrator.

7. Randomly exclude program sources without reference to their flux densities,
such that the total slew time for the final OBSERVE program source list is minimized
to the extent where the total observation time is as close as possible to, but does not
exceed, the assigned time. This is done by hand, through an iterative trial-and-error
process. Normally, the record of flux densities is not retained after extraction from
the MIT catalogs, so it is highly unlikely that the observational selection procedure
will bias the distribution of MIT-VLA source properties within each flux density bin;
in other words, a sufficiently wide flux density bin, that exists within the range of
MIT-VLA source flux densities, should contain a fair sample of the actual number of
MIT catalog radio sources in that bin, provided only that sufficiently large numbers of
MIT-VLA program sources from that bin were successfully observed. This argument
is extremely important for considerations of the statistical representativeness of the
properties of radio sources imaged in the incomplete MIT-VLA sample. Here, the
criterion of ‘sufficiently large numbers’ can be quantified in terms of simple binomial
probabilities, but it is shown later that for all flux density bins above ~ 70 mJy, the
fraction of MIT catalog sources in the sky areas imaged exceeds 50%, and that this
completeness fraction rises to above 90% of all MIT catalog sources for flux densities

exceeding 150 mJy.
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8. Make final checks for unintended contingencies, such as antenna shadowing, zenith and
horizon limits, antenna cables wrapping round further than the allowed amount, and
observing extremely bright radio sources such as the Sun, Moon or a planet. Normally,

the NRAO software provided for the construction of the OBSERVE file will warn the

user of these undesirable events.

9. Submit the final OBSERVE list to the VLA computer for observations.

The fully-operational VLA has 27 antennae, and thus 27 x 26/2 = 351 baselines, each of
which measures the time variation of the complex visibility (i.e. a relative amplitude and
phase) for the source on the sky-projected baseline. With the symmetric Y shape of the
VLA, and the progressively larger inter-antenna spacing as one travels out along each of
the arms, the coverage of the source complex visibility plane is typically very good. The
large number of aﬁtennae yields an over-determined system of equations for the solution of
the antenna complex gains as a function of time. Even in a few minutes, the VLA Fourier
. coverage of the visibility plane allows essentially unambiguous reconstruction of the source
total intensity distribution; a good snapshot can be made from these data, and it is possible
‘to observe at least a few hundred sources a day. More details on the data reduction are given
in the next chapter.

For the purposes of defining the adopted observing method, the C-Band observations
naturally divide into two parts; CDAYS 1-3, and CDAYS 4-11. Charles Lawrence planned
and executed CDAY1, 2 and 3B. Charles Bennett planned CDAY 3A. The first 3 CDAYs
are distinguished from the others by the use of just a single intermediate frequency (IF)
‘channel tuned to 4885.1 MHz. For the later CDAYs, two IFs were used, and they were set at
the standard 4835.1 and 4885.1 MHz frequencies. The VLA IF bandwidth is invariably set
to the standard value of 50 MHz for all the MIT-VLA snapshot observations. In addition,
-CDAYs 1 and 3A/B were made using the smaller B-Array configuration, which provides
significantly lower resolution (1”.1 FWHM as opposed to the more typical 0”.35 for the VLA
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in A-Array C-Band). For the earlier sessions CDAYs 1-4, only a preliminary MG I list was
available, for which a different technique was used to extract positions and fluxes from the
raw MIT-Green Bank scan data. The final MG I list was used as the parent sample from
CDAY5 onwards. In addition, the alloted time per source was about 3.6 minutes for the
earlier observations; this includes overhead in slewing and set-up time. The useful on-source
integration time was just under ~ 3 minutes, which yields a theoretical noise limit of ~ 0.25

1 and a maximum dynamic range of 200 for the faintest compact sources in the

mJy bm~
sample (these have flux density ~ 50 mJy at 4.8 GHz). VLA calibrators were observed about
once every 30 minutes, which was found to be sufficiently frequent to track the fluctuations

in the antenna complex gain due to the variable atmosphere.

Starting with CDAY5, it was decided that more rapid observations of sources would be
feasible, and the time per source was decreased to 2.6 minutes for the rest of the MGVC
program. With an on-source integration time of ~ 2 minutes, the theoretical noise is 0.20
mJy and the maximum dynamic range is ~ 250 for the faintest copact sources (with flux

density ~ 50 mJy at 4.8 GHz).

From the first MGVC observation on 11 May 1981 to the last one on 22 April 1986,
there were ~ 247 hours of VLA C-Band observations, in either A or B array, scheduled
in the MIT-VLA OBSERVE files. In all, there were ~ 449 calibration observations, and
4062 target sources imaged: this represents an overhead of ~ 10% in observing calibration
sources. Not counted here is an extra time, amounting to just ~ 3% of the time spent in
C-Band observations, devoted to observations of targeted sources at other frequencies. The
OBSERVE files have not yet been examined to find out what these targeted sources were,
but certainly a large fraction of these incidental observations were multi-frequency data on
gravitational lens candidates; according to the lensing hypothesis, the ratio of radio fluxes is

-determined by the nature of the lensing geometry, and hence the flux ratios should remain

constant in going from one observing frequency to another.
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Not all MGVC program sources consist of MG I catalog sources. For example, in the
first session, CDAY1, 79 flat-spectrum sources, for which 600 MHz fluxes were available from
Arecibo data, were selected for snapshot observations.

As mentioned above, the source selection was done within predefined flux density and
sky coordinate ranges. Since the flux density information was discarded immediately after
selection from the parent MIT single-dish catalog, there should be no bias in the source
samples within each flux density bin, except for the explicit selection criteria adopted during
the original sample definition. Thus, it is expected with very high confidence that the MIT-
VLA surveys, even though incomplete in a well-defined quantifiable manner, nevertheless
form a statistically representative sample (i.e. a random sample) within each flux density
bin, in the range from 50 to 500 mJy at 4.85 GHz. It is estimated that the MG-VLA
sample of snapshots is essentially complete for the range 110 to 500 mJy, and the fractional
completeness drops off to ~ 50% at 50 mJy. The completeness fraction as a function of flux
density, for each of the three MIT-VLA surveys (MGVC, MGVX, PMNVC) is given in the
next Chapter.

A detailed discussion of possible selection effects is given in Lawrence’s 1983 Ph.D. thesis

[97], as well as in Lawrence et al. 1986 [12]. Here, 6 possible cases are listed:

1. Confusion: Weak sources falling below the MG catalog flux limit are too sparsely
distributed to cause much error in the flux of a stronger source. Sources which are
extended on the scale of about the beam separation may be listed as two or more
separate sources; in this case, the much higher resolution at the VLA will resolve the
detail immediately. Also, independent MG catalog sources that happen to lie close
together on the sky, within about 3 to 7 arc-minutes of each other, may be ‘confused’
as a single source. Again, the radio source surface density is so low that this happens
rarely. From the statistical analysis of the MG and 87GB catalogs, it has been found

that radio source clustering is only weakly detected on these angular scales, if detected
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at all; hence this real physical phenomenon is fortunately limited in its effect on the

interpretation of the data.

Resolution: Large, extended extragalactic radio sources, of angular sizes about the
size of the beam separation, will be recorded as separate sources in the MG catalog.
However, independent high resolution interferometer maps have shown that such large
sources are highly unlikely to occur in practice, at least for the case of extragalactic
radio-loud emitters. However, there is a distinct possibility that resolved sources, of
a few arc-minutes in angular size, will have their fluxes underestimated. More about

this last factor is discussed in the next item.

. Variability: At the upper and lower flux density limits, the time variability of some

radio sources will cause them to be improperly included or excluded in the MIT-VLA
sample. Due to the fact that there are more fainter sources than brighter ones, the net
effect is that the coverage in flux density is shifted somewhat downwards at both the
upper and lower cutoffs. This effect is much less away from the predefined flux cutoffs.
For steep-spectrum sources, this flux density shift is expected to be small, as the
variability of extended emission is negligible. It is the flat-spectrum compact sources
that are expected to vary on timescales of weeks to years. In the case of resolved sources
with underestimated fluxes, these will be under-represented near the lower cutoff, and
over-represented near the upper one. However, as discussed previously, it appears that -
sources as large as a few arc-minutes are rare exceptions amongst the actual population
of extragalactic radio sources, and so the biasing effect is ignorable for these particular
sources. The conclusion is that as long as one is prepared to accept poorer sample
definition at the selected flux boundaries, the MIT-VLA surveys will together remain

a statistically representative sample of extragalactic radio sources.

4. Flux Errors: The same effect is mimicked by the presence of errors in the MG catalog



110 CHAPTER 2. OBSERVATIONS

flux densities. Again, if these are random errors, the biasing effect will be small away

from the flux cutoffs.

5. Spectral Index: There was no selection by spectral index from the parent MG catalog,
so this bias was not explicitly incurred. It should be noted that it is probably the
case that steep-spectrum, diffuse, extended emission from the older, less-energetic,
population of electrons that exist in the ‘lobes’ and ‘bridges’ of mature radio sources
will not be successfully imaged in the MIT-VLA snapshots. Older sources without
active cores or hotspots will fail to be detected in the VLA snapshots, and hence will
be conspicuous by their absence from the final VLA maps. However, this is not a
bias in the definition of the MIT-VLA sample, only one in the classification of the
radio source morphology based on the maps. Often, the presence of extended flux
will be ‘given away’ by the rising visibility amplitudes for the shortest baselines. Lori
Herold has worked on this problem using the MGVX sample, and she has shown, in
her Ph.D. thesis, that these missing sources are almost all recoverably detectable with
observations using the VLA in a more compact configuration (she found that the VLA

C-Array will recover most of the resolved sources).

6. Non-representative sky region: As pains are taken in the MIT-VLA campaign
to observe as many radio sources as possible over the selected sky areas, this is not
a problem; as far as the author is aware, the scheduled observations were almost all

successfully made.

In short, any biases that exist in the MIT-VLA sample are expected to arise: (1) near the
flux density limits, and (2) from those in the parent MIT catalogs. As these are essentially
complete and reliable, it is not expected that significant bias exists due to the 2nd factor.
Thus, the MIT-VLA sample is expected to be unbiased in the intermediate flux density range

50 to 500 mJy, with a caution that this may start to be untrue near these limits.
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For the early MGVC observations, the data were hastily calibrated and mapped at the
NRAO, in intensive data reduction and analysis sessions. While this was good for the rapid
discovery of new gravitational lenses, the resulting calibration and map quality was fairly
mediocre, and sometimes quite poor. Only starting with the later CDAY (and XDAY &
XSDAY) surveys were the data brought back to MIT for further, and more careful, analysis.
This reduction and analysis are described in detail in the next chapter. Over the last two
years, the author has taken the pains to organized the raw (i.e. uncalibrated) data into
a convenient collection of Data-Certified Media-Recognition-System (MRS) Digital Audio
Tapes (otherwise known as DAT tapes) at MIT. These data are also held in the NRAO VLA
Archive, and may be requested for analysis, provided that notification is given to principal
investigator Professor Bernard Burke (MIT); permission for use is not required, as the NRAO
proprietary period is just 18 months. However, it is possible that some of the data have not
yet been archived from the old magnetic tapes to the more modern and convenient DAT and
EXABYTE tapes yet; in such a case, Bernard Burke at MIT should be contacted for data
retrieval.

Finally, much more detail on the observations, reduction and analysis of these data can

be found in the following papers, conference proceedings and theses: Lawrence 1983 Ph.D.
thesis [97]; Lawrence et al. 1984 [94]; Lawrence et al. 1986 [95]; Hewitt 1986 Ph.D. thesis
[72]; Hewitt et al. 1989 [72]; Burke 1990 [27], [104]; Conner 1998 Ph.D. thesis [38].

2.2.2 The MG-VLA X-Band Surveys

Starting in 1989, the MIT group started a new series of VLA A-Array snapshot observations

at X-Band, instead of C. This was primarily for two reasons:

o Better resolution at higher frequency: 0”.21 instead of 0”.35. This is especially impor-
tant, as multiply-imaged gravitational lenses may have fine detail on these and smaller

scales, especially if there is extended ring or arc-like emission present in the map.
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o Better receiver sensitivity at X-Band, by a factor of ~ 45%.

For the Northern Sky MGVX observations, all except XDAYs 1 through 3 used all 3 arms
of the VLA A-array, as per the normal mode of operation. There was a power failure in the
North arm for these affected XDAYs. The observations continued until January of 1994.

The observing procedures were very similar to those for the MGVC survey. In all, there
were 9 XDAYs, with observations of 3670 MG target sources in flux-limited samples drawn
from the MG II and MG III catalogs. The standard 8414.9 MHz and 8464.9 MHz IF
frequencies were used, and in dual R and L polarization. The bandwidth was a standard 50
MHz width. The observing times were about 2 minutes per source, with about 90 seconds

of on-source integration time. The synthesized beam FWHM resolution was 0.”22.

2.2.3 The PMN-VLA X-Band Surveys

In the period 1991-1995, a Southern hemisphere search for new gravitational lens candi-
- dates was started, with an entirely similar procedure as for the contemporaneous MGVX

observations. The major differences with MGV X were the following:-

¢ Elongated NS beam for PMNVX.
o Fewer PMNVX sources and thus a brighter sample.
o Flat spectrum selection for PMNVX sources in XSDAYs 3 and 4.

e A competing Alok Patnaik VLA A-array survey of PMN flat-spectrum sources, which
were deselected in XSDAYs 1993 and 1994.

In XSDAYS5, A. Fletcher attempted a completion of the sample of brighter PMN sources.
Also included in XSDAYs 3,4 and 5 were multi-frequency 5 minute integrations on both
MG-VLA and PMN-VLA lens candidates. |
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2.2.4 The MG-VLA and PMN-VLA Follow-Up Surveys

These are the FDAYs: they do not increase the membership of the set of MIT-VLA sources
initially imaged in the MIT-VLA program. These provide missing data, or further data.

Conner and herold selected program sources for FDAY1. Fletcher selected program
sources for FDAY2,3.4.

FDAY1,2,3: C-Array survey to recover extended and ‘missing’ A-array radio sources from
MGVX. These suffered from severe resolution bias at the VLA A-array. 12 % of the original
MGVX sources fell in this category, and almost all were recovered with the VLA in C-array.
The MGVX close doubles were reduced by Lori Herold for her 1996 Ph.D. thesis Further
details can be found in 1996 Ph.D. thesis of Lori Herold [69].

FDAY4: Fletcher selected program sources. Multiwavelength CXU-band observations of
a sample of MGVX and PMNVX close radio doubles. These data are un-reduced.

2.3 Optical Observations of MIT-VLA Radio Sources

Optical identifications of counterparts of radio sources are important in establishing the
nature and redshift of the EGRS. Once a redshift is determined from the emission lines in
the optical spectrum, the distance to the radio source can then be estimated precisely within
an assumed cosmological world model. Thus, optical imaging is the next logical observing
step after the accurate VLA A-array coordinates are obtained. Optical imaging will provide
photometric magnitudes, and optical colors if more than 1 filter is used. With colors, one
can often obtain a crude estimate of the (‘photometric’) redshift of the optical counterpart.
The brightnes of the counterpart will also be important as a selection criterion in further
optical spectroscopic work.

With the color photometry, identification of the redshift, and the species and strengths of

the emission and absorption lines, one can get a good picture of the nature of the counterpart,
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e.g. whether it is an AGN in a host galaxy, or else a foreground star from our own galaxy.
With the redshifts, one can also estimate the monochromatic specific intensity of the source at
any wavelength, as well as the projected linear size of its associated extended radio structures

(jets, hotspots and lobes).

Optical identification of almost 1000 MIT-VLA MG I optical counterparts were attempted
using Schmidt wide-field optical plates from the Palomar Observatory Sky Survey (POSS).
A full analysis of the results can be found in Lawrence et al. 1986 [95]. The same work is

also documented in Lawrence’s 1983 Ph.D. thesis [97].

Optical identification of 2004 MIT-MG II and MG III counterparts were attempted using
the CD-ROM disks of the Digitized Sky Survey (DSS), which in turn are derived directly
from the electronic scanning of original Schmidt plates of the Northern POSS and Southern
ESO/SERC Schmidt surveys. The results of this work are documented in Lori Herold-
Jacobson’s 1996 Ph.D. thesis.

In collaboration with Edwin Turner of Princeton University, some important optical
imaging and spectroscopic work was done in the early 1980s by the first group of students
active in the MIT-VLA survey (C. Bennett, C. Lawrence, J. Hewitt, G. Langston, S. Con-
ner, J. Lehar, M. Heflin & C. Carilli) using the Kitt Peak National Observatory (KPNO)
and Michigan-Dartmouth-MIT (MDM) telescopes. This optical effort was very successful
in identifying 6 bone fide gravitational lens candidates, including the first discovery of an
Einstein Ring (which occurs when the alignment of the lens and background source is near
perfect). This fruits of this optical identification work appear in the refereed literature (see
Chapter 4). The MIT-VLA: gravitational lenses are MG 2016+112, MG 113140456, MG
041440534, MG 1654+1346, MG 154943047 & MG 07514-2716). Preliminary versions of
most of these results, as well as other lens candidates that have been rejected or incompletely

- investigated, also appear in the Ph.D. theses of: C. Lawrence, J. Hewitt, G. Langston and
J. Lehar.
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The MIT radio group is collaborating with Hyron Spinrad (UC Berkeley) on obtaining
MG radio source identifications and redshifts. These are available through private commu-

nication with Hyron Spinrad.

While a Ph.D. graduate student at the University of Cambridge, Isobel Hook included
Joseph Lehar’s XDAY0 and XDAY?2 radio positions in her high redshift (z > 3) radio-loud
quasar search sample. Optical identifications were readily available through the work of
her advisor (Richard McMahon), in which an electronic Automated Plate Machine (APM)
database of optical source positions, magnitudes and morphologies was compiled and made
freely available over the Internet. The important result from her research was the isolation
of a sizeable sample of high redshift quasars, from which she could place useful limits on the
shape and evolution of the quasar luminosity function at high fedshifts. This is important
in constraining the epoch of peak number densities in the evolution of quasars in the early
Universe. This important body of research can be found in Isobel Hook’s 1994 Ph.D. thesis
[75].

Over the past few years, a new optical campaign was started by the second generation
of students involved in the MIT-VLA survey: the optical data were taken mostly by A.
Fletcher, L. Herold-Jacobson, and S. Conner, with assistance from E. Gaidos, J. Blakeslee,
C. Becker, A. Cooray, D. Haarsma, F. Crawford, J. Cartwright and B. Burke. The MDM
1.3m and the CTIO 1.5m telescopes were used. Most of the work was targeted at a new
sample of small angular size radio double-lobed galaxies, which henceforth will be referred to
as ‘close doubles’, in this thesis. The Northern MGVX close doubles were primarily extracted
from the MIT-VLA snapshots by L. Herold, while the Southern PMNVX close doubles were
extracted by A. Fletcher.

Some images and spectra of a few close doubles were taken by P. Garnavich (Cfa) using
the MMT, CFHT and KPNO telescopes. Images and spectra of gravitational lens candidate
ring MG 0248+0641 were taken by both P. Garnavich using the MMT, and also A. Fletcher,
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A. Cooray and Christopher Becker (MIT), using the MDM 2.4m telescope. The full results
of this work, which also includes KPNO 2.1m infrared imaging data, MERLIN L-band deep
radio imaging, and upper limits on Xray emission from ROSAT images, appears in a paper
recently accepted for publication: Conner et al. 1998 [37].

The latest optical work was done by our Cfa collaborators Emilio Falco, Christopher
Kochanek and Jose Mufioz. They were interested in optical identifications and redshifts for
MGVX sources from L. Herold’s thesis. Using this and other samples, they were able to
estimate the radio luminosity function for a representative sample of MGVX radio sources
(Falco et al. 1997 [47]). This is useful, amongst other things, for estimating the probability
of multiple-image lensing of EGRS.

In addition, a new binary quasar was discovered in the L. Herold’s thesis sample; this
research was submitted recently for publication (Mufioz et al. 1997 [107]).

The following sections report on the 10 major optical observing sessions performed by
MIT students in the period 1994-1996. A Journal of Observations is presented in Table 2.4.

-In this thesis, only observations of MGVX and PMNVX close doubles, gravitational lenses,

and a control sample of randomly selected sources are reported in detail.

2.3.1 Gravitational Lens Candidates

Most of our effort was concentrated in an investigation of the field of MG 0248+0641, which
was identified as the most promising of our gravitational lens candidates; it was discovered
in 1994 by Samuel Conner in his remapping of the old MGVC data, and it has a standard
Einstein ring morphology expected from lensing by an ellipsoidal galaxy-mass potential.
In November 1995, Christopher Becker assisted A. Fletcher and A. Cooray with optical
spectroscopic observations of MG 024840641, as well as 3 other sources within 1 arcminute of
the MG 024840641 counterpart. The purpose of obtaining spectra for the nearby sources was

to investigate whether there was a galaxy cluster assisting with the proposed gravitational
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The 1993-1996 MIT Optical Surveys

Telescope ) First Last Dark  CCD Pixel  Filt/Spec  Amount of Sre Pl Comments
& Diameter  no Date Date  Time? Scale Data
(")
MDM 1.3m 7.5 Pec83 T DecY3 No  Wilbur 20482 0.635 I1RV- Nare= 8 GC- LH Poor Flatficlds
MDM 1.3m 135  03Fcb94  06Fch94  Some  Wilbur 2048 0.353 I1RV- Neen= 380 GC-  SC
MDM 13m 75 07Feb91  11Fcby4 No  Wilbur 2048? 0.635 1R— Nyre= 6 GC-  LH
MDM 1.3m 7.5 125cp94  27Sep94  Some  Wilbur 2048% 0.635 IRV- Neep=1051  GC- AF
MDM 1.3m 7.5 23Jan9s  02Fcbh95 Some  Wilbur 20482 0.635 [IRV- Neep= 727 GCR AF
MDM 1.3m 7.5  08Mar95 922Mar95  Some  Wilbur 2048 0.635 IRV- Neep= 979 GCR AF
MDM 1.3m 7.5 130195 190¢t95  Some  Nellie 2048% 0144 1RVBU Neep= 639 GCR AR
MDM 1.3m 7.5 21Dec9h  27Dec9d Dark  Wilbur 2048 0.635 IRVBU Neep= 805 GCR AF
MDM 24m 7.5 02Nov95  05Nov95 No  Charlotte 20482 MKHISp Ny e=6 GC- AF Moon&Clouds
CToO1.5m 7.5 11Feb96  14Feby6 No ‘lekQuad 10242 0434  1RVB- Neep= 631 GC- AF  Good South Sceing
MDM 1.3m 75 27Feb96  07TMar96 No  Wilbur 2048* 0.635 IRVB- Neep= 708 GCR AF

‘TIable 1: Journal of Observations for the 1993-1996 MI'T Optical Runs. The principal observation planners were: S. Conner (SC), A. Fletcher (AF) and L.
Herold (LH). The sources are coded: G=lens candidate; C=close double; R=random source.
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lensing in this source.

In December 1995, Peter Garnavich (Cfa) obtained an MMT spectrum of the counterpart;
this showed it to be a typically blue AGN galaxy, with emission lines placing it at a redshift of
0.57. Further details of the investigation into this radio ring source can be found in Chapter
4.

Other lens candidates from the MGVX and PMNVX snapshot surveys were also imaged.
These are listed in Table 2.5.

MGVX and PMNVX Lens Candidates with Optical Data

Source Telescope  Images? Spectra?
MG 024840641 MDM 1.3m Y

MG 024840641 MDM 2.4m Y

MG 024840641 MMT Y

PMN 0837-1156 MDM 1.3m Y
MG 101143155 MDM 13m Y

Table 2.5: MGVX and PMNVX lens candidates: optical observations

2.3.2 Close Radio Doubles

From the new 1990s MGVX and PMNVX data, we defined 2 samples: ~ 120 close radio
doubles, and a Random Source Control Sample consisting of ~ 60 MIT-VLA radio sources.

Our adopted empirical definition of a ‘close double’ was:
e 4.8 GHz Flux Density: 50 < S48 < 500 mJy.

e 8.4 GHz Angular Size: 0.”2 < 6 < 2.70.

e Roughly Symmetric Double VLA Morphology.
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Appendix A lists the close radio doubles and random sources that we chose from our
MIT-VLA data. Appendix B lists the MIT-VLA lens candidates that we selected from the
1990s MIT-VLA imaging data.

In November 1995, We had a little time on the MDM 2.4m to obtain mediocre-quality
spectra of two close doubles. For these observations, we were hampered by poor weather, and
a bright Moon. The guiding was manual and hence tedious and difficult. Nevertheles, we
succeeded in obtaining some low S/N MDm 2.4m spectra, with the assistance of C. Becker
(MIT), who had a parallel and independent observing program at the same time. C. Becker
took care of the calibration and reduction of the final spectra that appear in Chapter 4.

For all the optical observations, standard methods were used to record and reduce the
data: the optical reduction software Vista and IRAF were used. More details may be found

in the next Chapter (Data Reduction).

2.4 Summary

Surveys are the basic data sources for astronomy and astrophysics. For reliable statisti-
cal model fitting, essentially complete and reliable surveys are required to be gathered.
For incomplete and unreliable surveys, scientific results may still be extracted provided the
shortcomings of the survey selection process are well understood or otherwise quantifiable.

At MIT, single-dish surveys were made to record the 4.8 GHz sky completely and reliably.
An extensive follow-up series of VLA snapshot continuum imaging surveys of the brighter
single-dish catalog sources was performed in the period 1981-1995. Incomplete selection in
the VLA samples arose due to the practical constraints of minimizing the slew time between
the final observed set of program sources and VLA calibrators. However, the incompleteness
in the final MIT-VLA snapshot program sources is reasonably well understood, and can be
precisely quantified relative to the essentially complete and reliable parent MG and PMN

single-dish catalog surveys.
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The aim of the MIT radio astronomy group surveys was to compile accurate lists of 4.8
GHz radio sources outside the Zone of Avoidance (Milky Way Galactic Plane), and also to
obtain a representative sample of high-resolution images of mostly extragalactic radio-loud
AGN. The initial priority was to search among the VLA snapshots for new examples of
gravitational lensing; but it is clear, from the careful systematic nature of our work, that
our database of single-dish catalogs and VLA images can be used for many other purposes:
cosmological applications, cross-checking with other radio surveys, definitions of other types
of representative samples of EGRS (extragalactic radio source), to name just a few of the

more obvious examples.

Systematic optical identifications using Schmidt plate material have been attemped only
for 3500 MIT-VLA sources in the MG-I, MG-II, and MG-III regions. Optical identifications
have also been attempted for much smaller samples of various specific types of EGRS: about
120 small-angular-size double-lobed radio galaxies, ~ 70 gravitational lens candidates, and
a randomly selected sample of ~ 60 radio sources drawn from the newer MIT-VLA X-band

snapshots.

The limiting factor in the optical follow-up was the faintness of the optical counterparts.
For this reason, optical spectra were taken for only a tiny fraction of the close radio doubles
and gravitational lens candidates, mostly in the accessible magnitude range 15 < R < 19
(any fainter would require many hours at the MDM 2.4m telescope). The optically faint
sources and ‘empty optical fields’ are better done with higher efficiency using larger 4-10m
class telescopes, eg. the Multiple-Mirror-Telescope (MMT), the Keck 10m and the planned
Magellan 8m telescopes. Redshift identification of complete samples is absolutely essential
for deriving useful statistical population functions for the purposes of doing global physical
and empirical model fitting; there is a very large body of work to be done in the future, with

the accurate MIT-VLA radio source positions.

The results of 15 years of radio and optical observations have been organized into an
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archive by the author. A substantial fraction (~50%) of the 10,000 radio VLA snapshots
reside as AIPS FITS files on magnetic DAT tape, and hardcopy plots are also readily available
for these. For a further ~ 30% of the MIT-VLA sources, hardcopy information on both
optical and radio observations have been made readily available in labelled folders place in

filing cabinets at MIT. The derived VLA radio source parameters will soon be uniformly

organized for 60% of the MIT-VLA sources at MIT, by the author.
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Chapter 3

Data Reduction

In this chapter, I will describe the processes used to reduce both the radio and optical data
currently existing in the MIT-VLA Archive. This comprises the efforts of ~70 person-
years of work done by at least two generations of MIT Ph.D. students. For the record,
it is important to document at least some of the major evolutionary changes that have
~occurred in the reduction of the VLA interferometer radio data. Due to the sparsity of
such documentation for a large part of the older (1980s) MGVC snapshot survey, the record
contained herein will be only a best personal guess as to the true details of these reduction
procedures. This second-hand information was relayed to the author through incidental
conversations with a more senior graduate student (S. Conner), in the period 1990 through
1994. Details may be found in the current draft of his Ph.D. thesis (1998, in progress [38]).
Some of the details may also be found directly from the source: see Lawrence et al. 1984
[94], 1986 [95].

The data reduction was performed primarily with the standard radio and optical software
packages: AIPS, Vista and IRAF. Customized software was written using the AIPS POPS
scripting language, by C. Lawrence and G. Langston, for the reduction of the 1980s MGVC

VLA data. This older software was extensively rewritten, expanded and greatly enhanced

123
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by Samuel Conner for his Ph.D. thesis re-reduction of the old MGVC sample. A series of
AIPS pipeline reduction procedures (the MIT-VLA Pipeline) was created, developed and
tested by S. Conner, for the purposes of high quality efficient reduction of the VLA data
that had accumulated in the MIT-VLA Archive. Lori Herold and the author used Conner’s
later versions of this AIPS pipeline code to reduce their own MGVX and PMNVX datasets.
In the process of creating the MIT-VLA Pipeline, S. Conner found it highly desirable to
insert new tasks into the then-installed 15 April 1992 AIPS distribution software (these were
internally known as ‘experimental’ modifications). The advantage of this was an increase in
efficiency and also better systematization of the information processing through intermediary
data reduction stages. However, the disadvantage was that these experimental tasks could
not be easily transported in later updated releases of the AIPS software distribution, so the

benefits of having these faster, improved and debugged AIPS distributions could not be had.

The author has been in charge of the construction and making of backup DAT tape copies
of the MIT-VLA Archive for the past 2 years. There are over 100 DAT and Exayte tapes of
radio and optical data. Almost all of the post-1989 data is included in this database, a large
fraction of which consists of raw data and also data in intermediate stages of reduction. For
the 1980s MGVC survey, only the raw VLA data (and no raw optical data) are available.
The processed MGVC radio and optical data were, unfortunately, either deleted after inspec-
tion for lens candidates, or else stored on now aging 9-track magnetic tapes at MIT; these
data were also written in many different incompatible formats, mostly by a now-defunct
proprietary Apollo operating system. It is not worth the effort and time to try to retrieve
these old (and probably corrupted) data; a better strategy would be to take advantage of
the new sophisticated MIT-VLA pipeline routines, and much faster UNIX operating system
computers, to re-reduce the old MGVC radio data.

The major part of the extensive optical data on survey sub-samples remains unreduced or

inaccessible. Optical data on the highest priority sources, i.e. the promising gravitational lens
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candidates, have been reduced and analyzed more thoroughly, but there are still unreduced
1990s data even for these sources. Further details of the status of the data reduction, and

the reduction procedures themeselves, may be found in the following sections.

3.1 Aperture Synthesis Imaging

The major aims and procedures of aperture synthesis imaging were summarized in Chapter
1. The goal is to reconstruct a sky surface brightness distribution that is a faithful as possible
to the true one, given the finitely sampled Fourier transform (visibility) data collected by
the aperture synthesis array.

The VLA synthesis array is a 27-antenna interferometer located outside of Socorro, New
Mexico, USA. It is in the shape of the letter ‘Y’, with equal angles between its 3 arms,
and 9 antenna per arm. To avoid redundancy in the coverage of Fourier spatial frequencies,
these antennae are spaced apart from each other according to a geometric series. There are
" 4 configurations: A, B, C and D, in order of decreasing size (this again is in a geometric
series, but with a different factor). The maximum baseline is ~ 36 km in the largest A
configuration. As the ultimate resolution of any interferometer is governed by the ratio of

the observing wavelength A and maximum baseline length B:

A
Orawm ~ B (3.1)

the highest resolution will be obtained in the largest (A-array) configuration. At X-Band
(8.4 GHz) in the VLA A-array, the typical resolution for Northérn declination sources is
~ 0."2. The VLA A-array is the one that is primarily used in the collection of the MIT
radio data, as we expect that cosmologically distant sources, lensed by typical galaxies, will
have an angular separation of the order of 2”. The highest affordable resolution is necessary

to be able to confidently resolve out the various multiply-imaged components of bona fide
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gravitational lenses. It also turns out, though this was not clear in the planning stages of
the MIT-VLA program, that extragalactic fadio sources (EGRS) at these frequencies have a
median angular size that is not far different from that seen in the gravitational lenses. Thus,
high angular resolution is also necessary for the study of the details of EGRS morphology,
and ultimately the physics thereof.

With N = 27 antennae and N(N — 1)/2 = 351 simultaneuos baselines that give a very
good instantaneous coverage over the visibility plane, the sensitivity of the VLA is also quite
remarkable. In a typical MIT-VLA ‘snapshot’ of an EGRS, the on-source integration time
is typically ~ 90 seconds; this affords us a theoretical rms map noise level of about 0.2
mJy/bm, and thus a dynamic range, for a typical 80 mJy compact source, of up to 400.
With an overhead of ~ 40 seconds in slewing, pointing and settling of the array, and a
further 10% overhead in observing calibration sources, it is possible to observe up to 600
sources a day. At this rate, it is theoretically expected that each MIT-VLA observing ‘day’
will contain about 1 bona fide lens, on the average. Thus the potential reward from just 24
hours of VLA data is quite large. In this respect, the VLA is a unique interferometer array,

with strengths in resoution, sensitivity as well as eficiency and reliability in operation.

The general VLA reduction procedure is straightforward; first, establish a preliminary
calibration using the VLA calibrators assigned for that session. This must include a calibra-
tion for flux and position, and also for polarization, if that information is desired. Secondly,
make an initial Fourier transform of the calibrated visibility data, producing what is called
the dirty image. This contains the full effects of the convolution with the VLA synthesized

beam, whose time development is precisely known from the accurate positions of each of
the VLA antennae. A deconvolution algorithm is employed to remove this instrumen-
tal beam, leaving a cleaned image. Using this as an input model to the next stage of
an iterative deconvolution-calibration cycle, new improved values of the complex gains of

each of the antennae are calculated. This technique is known as self-calibration, as now
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the snapshot source itself is used to improve its own calibration, rather than an external
VLA calibration source. Provided sufficiently good constraints and parameters are supplied
to the initial stages of this self-calibration cycle, the process will eventualy converge to an
acceptable unique solution for both the calibrations and the final resulting snapshot image.
Most of this cycle is automated in the Conner AIPS Pipeline routines, and in fact there is
a second automated self-calibration/mapping pass after an important user-interactive step
(more details on this will be given in the next section). Finally, each of the resulting snapshot

images needs to be analyzed according to a pre-planned and uniform scheme.

Using the notation introduced in Chapter 1, the aim in all calibration procedures is to
find the “best” time-dependent values of the antenna-based complex gains G;(t), G;(t), and
also the baseline-dependent complex gain G;;j(t), such that the true visibility V;;(t) can be
recovered from the observed visibility V;;(t). If the time-variable additive complex errors in

observed visibilities are denoted ¢;;(t), then the relation that applies is the following:-

Vii(t) = Gi;().Gi(t).Gi(2). Vi () + €:(2). (3.2)

The antenna-based errors usually arise from expected causes, such as the rapid variation
of the path length through the atmosphere to particular antennae (these are ‘atmospheric
phase errors’), the variation of path length in the transmission path from the antenna to the
VLA correlator (these are ‘instrumental amplitude and phase errors’), loss of antenna point-
ing or otherwise interruption of the data stream, and impulsive radio frequency interference.

In the last two cases, the data from the affected antennae must be discarded.

Normally, the baseline-dependent errors can be ignored. They could arise from errors
in the operation of the VLA correlator for particular baselines. It is also possible that
there are errors in the assumed positions of the VLA antennae, which lead to errors in the
assumed baseline vectors. This often happens after the array has moved to a new configu-

ration. Fortunately, the baseline-dependent errors can be quickly solved for, by use of the
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self-calibration technique on bright compact VLA calibration sources. Once the appropri-
ate baseline-dependent errors have been incorporated on-line, subsequent observers need no
longer assume that the G;;(t) cannot be ignored.

With the mathematical goal clear in mind, I now give a brief summary of the standard
VLA calibration procedure. More details can be found in the AIPS Cookbook (1990, NRAO
[110]).

Standard AIPS Calibration Procedure

1. FILLM: Read in the raw VLA visibility data.

2. Observing Log: Obtain and inspect the log for the times where the smooth recording of
data may have been disrupted. The data for these times, and for the affected baselines

and antennae, may need to be edited out in next data editing (‘flagging’) stage.

3. TVFLG: Inspect both the amplitude time-variation versus baseline, and rms ampli-
tude variation versus baseline, on the TV screen. Edit out outliers in the data. Include
a precautionary ‘quacking’ procedure if necessary: since the VLA takes a little time
to settle down in its pointing, the initial integration records for a source may need to
be discarded. Most important is to first edit bad data for all the calibration sources.
The program sources can be edited later, or else the outlying visibilities for all sources

could be excised using a S/N criterion.

4. SETJY: Set the flux density scale the assigned VLA ‘flux calibrator’ (usually 3C286
or 3C48). Do this for each IF frequency, using the standard values from the Baars et
al. (1977) [5] flux density scale. This scale was set assuming a given flux density for

the Galactic supernova remnant Cassiopeia A.
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. GETJY: Set the flux densities for the other (position and polarization) calibrators,

by simply scaling according to the averaged visibility amplitudes. In this step, it is
important to specify the correct visibiity amplitudes for the averaging and scaling pro-
cess; resolution effects are important for most VLA calibrators; at long baselines, the
source may start to lose visibility amplitude due to the presence of small-angular-scale
slightly-resolved structures, which are nevertheless slightly larger than the VLA syn-
thesized beam resolution. At short baselines, the presence of extended diffuse emission,
e.g. from radio lobes, bridges and haloes, may appear as rapidly rising visibility am-
plitudes at the very shortest baselines. In either case, the absence of unresolved point
structure for the affected baselines means that we cannot use these particular data for
the setting of a single flux density level. The VLA calibrators usually have a non-zero
range of baseline lengths for which the source will appear neither slightly resolved nor
with extended emission. It is only for these known baselines that the flux density level

can be reasonably set, and it is these values (which can be obtained from the VLA

Calibrator Book [111]) which are used as inputs into the GETJY task.

. CALIB: Solve for the complex gains G; for each of the VLA calibration sources,

assuming point models for these sources, with flux densities given by GETJY values.
These sources are assumed to be at the the phase centers of their respective fields, and
so the position calibration is tied to the coordinate reference frame of the pre-assigned
VLA calibrator positions. Typically, these positions are known very accurately, to
much better than 1 arc-second, but the systematic plus random errors in the final

VLA positions can be as large as 0.”2.

The system of equations defined by the VLA data stream is an over-determined system:
there are plenty more data constraints than model constraints, so the least-squares or
some other similar minimization algorithm can be most profitably used to solved for the

‘best’ values of the antenna-based complex gains. As part of the calibration process
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CALIB, the so-called closure errors are calculated, which comprise the percentage
amplitude deviations of the individual gain amplitudes, and the round-the-loop closure
phases. For the assumed point source VLA calibrators, the gain amplitudes should be
uniform, and the closure phases should all be zero (the sum of the phase errors around
any closed loop should cancel in equal and opposite pairs, thus giving a total error
of zero). Typically, one aims for gain amplitude errors of no more than 10% for all
antennae, and closure phase errors of no more than 10 degrees for any baseline. The
reported closure errors are good diagnostics for which combinations of (time, baselines

and antennae) to consider for further data flagging.

Iterate from step (2) until all significant gain amplitude and gain phase closure errors
are removed to beneath the levels of 10% and 10 degrees, respectively. Once a good
calibration is in place, all of the residual complex gains should be as close to unity as
possible, i.e. the corrected visibilities should be equal to the true visibilities, at least

in a statistically quantifiable sense.

CLCAL: Once the complex gains G are established for the VLA calibration sources,
this calibration of flux density and position is propagated to the entire observing run,
i.e. the time-series G;(t) is established for each antenna i. This is usually done by

simple 2-point interpolation.

PCAL: If polarization information is desired, the VLA polarization calibrators need
to be used to solve for (1) the intrinsic polarization properties of the VLA antennae
themselves, and (2) any systematic phase offsets between the two systems of orthogonal
polarization. For the first task, the ideal VLA polarization calibrator should possess
essentially zero linear polarization; thus, any observed polarization in this calibrator
would be entirely due to the leakage of polarization between the two orthogonal (Right

and Left) channels. This can normally arise from small imperfections in the (electrically
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polarized) feeds. For the second task, a second VLA calibrator is required, preferably
one with significant and constant linear polarization at the observing frequency. Any
systematic phase offset between R and L will cause an apparent rotation of the observed
linear polarization vector position angle. From the observed difference between the
observed and expected position angles, one can insert a simple phase offset in one of

the R or L data to de-rotate the vector back to its expected position.

Having established an initial calibration for the entire data set from a given VLA observ-
ing day, we can now proceed to the improvement of the work in this initial phase, via the
use of custom-bulit semi-automated AIPS procedures. This is the subject of the following

section.

3.2 The MIT-VLA Pipeline

The MG C-Band data were reduced in an era when the self-calibration procedure was not
in common use. Typically, only one cycle of CLEAN deconvolution was performed, and the
map noise is dominated by poor deconvolution.

The initial data reduction of the early 1980s MGVC data did not have the benefit of a
well-desgined Pipeline procedure. In fact, the currently-used deconvolution task MX was not
available, and the technique of improving the maps via self-calibration was not implemented
in public AIPS releases. Thus, the first maps enjoyed only a single iteration of CLEAN,
using a less rigorous deconvolution procedure than MX. The resulting maps were of poor
quality, in some cases suffering quite severely from the effects of supra-thermal noise arising
from poor deconvolution. These early maps were just good enough for a student to be able
to recognize the gravitational lenses. In the mid-1980s, Glen Langston wrote an automatic
mapping program, called MAPIT, which included cycles of MX deconvolution and self-

calibration for individual program sources. The maps made from this program were of much
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better quality. Finally, in the early 1990s, Samuel Conner was able to contruct an entire
pipeline series of tasks for the current version of the MIT-VLA Pipeline.

We now provide a descriptive account of the individual Conner tasks in the current

MIT-VLA Pipeline.

1. PRELIM: This makes preliminary maps of all sources, using an automated mapping
procedure. As inputs into the batch job run file, crude visibility information is provided
to PRELIM; this allows appropriate constraints to be put on the location of assumed
real source emission, in the form of restrictive CLEAN boxes placed in the field of view.
For example, for sources that were slightly resolved or unresolved could profitably be
CLEANed within small boxes of only a few arc-seconds in extent. Those that were
clearly extended on the short baselines would be better mapped using much larger
CLEAN boxes, of order 10 arc-seconds or so in size. The specification of automatic
CLEAN boxes is thus not entirely automatic, as the user must generate and inspect
the visibility amplitude vs. baseline plots for every source. However, once this task is
done, the mapping is automatic, lasting anywhere from 10 to 40 minutes per source.
The CLEAN component models for the extended sources were more complex due to
the nature of the emission. The results are written as standard AIPS FITS files, and
details of the mapping and self-calibration cycles, such as noise statistics and numbers

of CLEAN cbmponents used, are written to disk as text log files.

2. SETBOX: The PRELIM maps are then inpsected by hand, using the procedure SET-
BOX. User-defined CLEAN boxes are set down on all regions of suspected real emission,
and an option is allowed to map and self-calibrate the data for the current source, for
the purposes of advance viewing of the map that would result. Once the user is satis-
fied with the placement and size of the CLEAN boxes, their coordinates are stored for
later use by the final stage of mapping (MAINMAP). SETBOX is the main bottleneck
in the entire MIT-VLA Pipeline process; only Herold and Conner have been through
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this and the rest of the Pipeline. About 2500 final MAINMAP maps are presented in
the Ph.D. thesis of Herold (1996) [69].

3. MAINMAP: With the user-defined CLEAN boxes to restrict the areas of the image
that are searched for true sources, essentially the same mapping and self-calibration
procedures as for PRELIM are let loose on the original calibrated data check this.
There are options to generate polarization maps (Stokes Q, U and V), a wide-field
map, uniform and natural-weighted maps, and a super-resolved map. The results are
written as standard AIPS FITS files, and the mapping and self-calibration details are

again written to disk as text log files.

4. ANALYZE: This routine automatically gets the next map, allows the user to select a
field for study, and extracts the radio source parameters of the components appearing
above the noise; peak intensities, integrated component fluxes, and peak positions.
The user must record separately the radio morphology of the source, and also a note
should be made as to its suitability as a gravitational lens candidate. If there are other
sub-samples being compiled, such as the close radio double sample, then these must

be noted on a case-by-case basis.

5. AUTOPLOT: This routine generates the final plots as Postscript figures, with the
final synthesized beam shape, size and position angle indicated in the corner. Also, an

angular scale is drawn on the plot itself.

The MG X-Band data from XDAY0, XDAY2 were automatically CLEANed and self cal-
ibrated by J. Lehdr using his routines MGVXMAP. The quality of these maps is comparable
to those from Langston’s MAPIT procedure. However, this is not the best one can do, as
the extended and diffuse structures are poorly imaged, and there are sidelobe emissions still

visible in a large fraction of the maps.
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The PMN X-Band data were similarly automatically CLEANed and self calibrated by
A. Fletcher (XSDAY1, 2, 3, 4) using S. Conner’s custom procedure PRELIM. The difference
between Lehar’s and Conner’s procedures is the use of extra information in the running of
PRELIM, i.e. the extent of the resolution of the radio source as judged from the visibility
amplitude vs. baseline length plots. As expected, the map quality here is visibly better than
in Lehdr’s maps using MGVXMAP. However, residual sidelobes are still faintly visible in
some maps, and the thermal noise limit is approached but not reached.

The best maps were made by L. Herold and S. Conner, for their MG-VLA sources. See
their Ph.D. theses (1996, 1998). To date, complete passage through the MIT-VLA pipeline
has only been fully documented by Herold in her Ph.D. thesis.

3.3 Analysis of MIT-VLA Snapshots

Once the maps are made, the next problem is their analysis; the results appear eventually
in an electronic file that can be used for future scientific analysis. The various radio source

parameters that might appear in such a file are listed here:

1. MIT Catalog Source Name: This is the name from the MIT single-dish 4.8 GHz
catalog. It is derived either from the B1950.0 or J2000.0 coordinates. In the case of
a VLA calibrator, the closest MIT radio source name is reported here, provided it is

within 4 arc-minutes of the the accurate position from the VLA Calibrator Manual

(1997 version).

2. MIT 4.8 GHz Catalog Flux Density: This is the total flux density (mJy) from
the MIT single-dish 4.8 GHz catalog. The beamsize was ~ 4 arc-minutes. In the case
of a VLA calibrator, the value is taken from the latest VLA Calibrator Manual if the
MIT catalog value is not available.
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. MIT 4.8 GHz Catalog Flux Density Error: This is the estimated error (mJy) in

the total flux density from the MIT single-dish catalog. In the case of a VLA calibrator,

a nominal error of 20% is used if the MIT catalog value is not available.

. MIT 4.8 GHz Catalog Spectral Index: This is the estimated integrated radio

spectral index (F, ~ v*), derived from the MIT catalog single-dish flux density and
from the corresponding flux density at a lower frequency. In the case of a VLA cal-
ibrator, an estimate is made using the average from the other flux density values as
reported in the latest version of the VLA Calibrator Manual. Due to resolution and
variability effects, these indices are only meant to be approximate guesses as to the

true (solid-angle) integrated value.

. MIT-VLA Day: This is the internal name for the particular VLA observing run in

which the initial snapshot observation of the source was made.

. VLA OBSERVE Source ID Number: This is the internal VLA source identifica-

tion number, as reported by the AIPS LISTR task. The VLA OBSERVE sequential
scan number is not used here, as the same source may have been observed multiple

times in the same observing session. No source ID number is given for VLA calibrators.

. VLA OBSERVE Source Name: This is the VLA OBSERVE file name adopted for

the radio source. In the case of a VLA calibrator, the name is taken from the latest

version of the VLA Calibrator Manual.

. VLA OBSERVE Position: This is the VLA pointing position used for the initial

snapshot observation. In the case of a VLA Calibrator, the value from the latest VLA

Calibrator Manual is reported.

. VLA Calibrator Code: This is a code that gives an idea of the accuracy of the

position as reported in the latest VLA Calibrator Manual.
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A: Positional accuracy < 0.002”

B: Positional accuracy 0.002” to 0.010”

C: Positional accuracy 0.010” to 0.150”

T: Positional accuracy > 0.150”

If a positional accuracy of < 0.1” is required, then only the ‘A’ and ‘B’ calibrators

should be trusted.

VLA Best Position: This is the best estimate of the VLA radio source position,
for the purposes of optical identification. There is no clear algorithm for determining
which particular position should be used from the radio total intensity distribution on
the sky, as this requires extra knowledge of the detailed correspondence between the
regions of radio and optical emission for the individual source. However, typically the
fitted position of the brightest peak in the VLA map is used, unless the source has a
typical double (DB), core-double (CD) or almost-collinear triple (TR) morphology. In
this case, the ‘central position’ is reported, which is the average of the positions of the

two peaks in the case of the double (DB) morphology.

VLA Best Position Epoch/Equinox Code: A ‘B’ here means that the VLA po-
sitions reported here are in B1950.0 coordinates. A ‘J’ means the coordinates are

J2000.0.

VLA Observing Frequency: This is the VLA observing Frequency in GHz. In the

case of 2 IF frequencies, the mean is reported here.

VLA Total Flux Density: The integrated total intensity (flux density) in mJy is
reported here. This is usually the sum of the VLA component flux densities, but there
may be differences arising from resolution effects. In the case of sources that are clearly

extended at the VLA, a lower limit on the VLA flux density is given, which is signalled
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by the symbol ‘>’. In the case that a source is not clearly detected, an upper limit is

given, signified by a ‘<’.

VLA Total Flux Density Error: This is the estimated error in the VLA flux density

(mJy), where this was available from the original data reduction.

VLA Component Position: This is the best estimate of the peak total intensity
position of an individual radio component of the source. The positions of all clearly

detected individual radio components are reported on separate lines.

VLA Component Peak Intensity: This is the estimated peak total intensity in

mJy beam™!, for the radio component.

VLA Component Flux Density: This is the estimated integrated total intensity
(flux density), in mJy, for the radio component. To obtain this, the smallest possible

rectangular box is usually specified in AIPS.

VLA Component Flux Density Error: This is the estimated error in the integrated
total intensity (flux density), in mJy, for the radio component. To obtain this, the

smalles't possible rectangular box is usually specified in AIPS.

VLA Radio Morphology: This is the radio morphology reported by either L. Herold
or A. Fletcher, according to the latest version of the MIT classification (see the Pro-
posed Scheme for Extragalactic Radio Source Morphology Classification
below, for the adopted definitions). Note that, in the intérests of uniformity, these
codes may differ from the ones reported originally; the original ones may have been
derived according to an older (1984) version of the MIT classification scheme, or from
an entirely different scheme altogether. As always, it is important to realize the some-

what subjective nature of the adopted classification reported here, and also that the
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scheme itself is especially prone to resolution and sensitivity (radio surface brightness)

effects.

Optical Identification: This is the original optical identification as reported by C.
Lawrence et al. (1986) [95], L. Herold (1996) [69] or A. Fletcher (1997) (this thesis).

The categories adopted were:

e O: object, probably unresolved on Schmidt plate (though a faint galaxy identifi-

cation remains a possibility).
e G: clearly a galaxy.
e F: object is faint, and morphology cannot be clearly discerned.
e E: empty field; object is below the Schmidt plate limit.

e U: unknown optical morphology; identification remains to be done.

It should be noted that since these identifications were done by eye, there is some room
for error. In addition, the resolution in the Schmidt plates is typically ~ 1.”7, so an
‘unresolved S’ identification reported here may turn out to be a galaxy ‘G’ at higher

resolution.

Filter: The color of the filter used in making the optical magnitude estimate is given,

according to the standard UBVRIJHKLM scheme. In the case of the POSS/SERC
Schmidt Plates, this will be from the O (blue) or E (red) plate, and the associated errors
are at least 0.5 mag. If there are more accurate estimates available from direct CCD
imaging, these are reported instead; in this case, the accuracy would be considerably

better: ~ 0.1 mag.
Magnitude: The optical or IR magnitude corresponding to the chosen filter.

Redshift: The optical or IR redshift, as identified from emission lines in a spectrum

of the optical counterpart.
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24. Comments: Miscellaneous comments are made here. Codes for standard comments
are reported for brevity; a list of these codes may be found in the key attached to the
MIT-VLA List.

It should be noted that not all the above parameters were recorded for each source. As
there were many students working on the MIT-VLA survey over an extended period of 15
years, the recording and interpretation of the maps, mostly of widely variable quality and
fidelity, was extremely difficult. It is the author’s intention in the near future to construct a

final reasonably uniform electronic Master Archive File (MAF) of the MIT-VLA sources.

As regards, the detailed recording of positions, fluxes and intensities, there were at least

5 different methods employed in the construction of the final MAF.

Firstly, there were ~ 1000 sources processed in a uniform manner by Lawrence et al.
1986 [95]. The author was able to scan these data in from the 1986 paper, and also modify

the information to make it more readable by future computer programs.

Secondly, there are about ~ 3000 sources with (only) hardcopy plots placed in filing
cabinets at MIT. These were generated by the first generation of MIT students in the 1980s.
Each source has its own manila folder, and Fletcher was able to laboriously log most of the
important information for 600 of these MG sources for the purposes of this Ph.D. thesis.

Thirdly, there were the ~ 800 sources from Lehar’s XDAY0 and XDAY?2 observing runs.
The XDAYO0 data were first thoroughly analyzed by Lehar for his 1991 Ph.D. thesis [101],
and then both XDAY0 and XDAY?2 were re-analyzed by him in 1996, using his own software:
the MGVXMAP mapping routine and the MGVXLOG source analysis routine. All of these

results were made available to the author in the form of electronic files.

Fourthly, most of the rest of the MGVX data (2450 sources) were analyzed in a uniform
manner by Herold for her 1996 Ph.D. thesis. The thesis results for the radio sources were

made available as an electronic BTEXfile to the author.
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Fifthly, the PMNVX data (1750 sources) were analyzed by the author using Lehar’s
MNVXLOG AIPS procedure.

Of particular difficulty in the logging of the source radio parameters, is the somewhat
subjective assignment of radio morphology to each source. This was first systematized by C.
Lawrence et al. in their 1984 paper. This scheme is both sensitivity and resolution dependent,
as would be any other scheme that tries to water down the abundance of detailed information
in the maps (in some cases in the presence of considerable noise). The Lawrence scheme was
discarded by Lehar for his 1991 Ph.D thesis, and replaced by a simpler and more direct
scheme. Lehar’s routines enforce the assigning of radio source morphologies according to the
Lehar scheme.

The following newer version of Lawrence’s scheme was first used by Herold for her 1996
Ph.D. thesis; it includes an extra 3 categories that were found to be of practical necessity:
the over-resolved (OR), non-detections (ND) and uncataloged (UN) categories. Apart from
the addition of these codes, the rest of the scheme remains essentially unchanged from the
1984 Lawrence proposal. This new Herold scheme was also used by Fletcher for his own
PMNVX data, as well as in the logging of the old MGVX hardcopy plots. Figure 3-1 shows
the variety of assignments proposed by Lawrence et al. 1984 in their paper. A detailed
description of the latest Herold/Fletcher scheme follows:-

Proposed Scheme for Extragalactic Radio Source Morphology Classification

o Point (PT): These are unresolved by the VLA synthesizéd beam. At a redshift of 0.1
in a standard Big-Bang Friedman-Lemaitre-Robertson-Walker (FLRW) homogeneous,
isotropic cosmology, with Hy = 70 km s™! Mpc™!, Q = 1 and Ag = 0, this corresponds
to a projected linear size that must be less than 1 kpe, while the corresponding limit
at z = 11is 10 kpc. These sources are the most common type of morphology for EGRS,
and they are thought to correspond to the active cores of radio galaxies and quasars.

Depending on the map noise level in the surrounding sky, any associated extended
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Figure 3-1: Extragalactic Radio Source Morphology Classification Scheme (reproduced from

Lawrence et al. 1984).



CHAPTER 3. DATA REDUCTION

flux may have been missed in the map, so the fractional percentage of EGRS in Point

sources 1s an upper limit thereof.

Quasi-Point (QP): These are primarily point sources, but there is evidence of some
extended emission adjacent to the ‘point’. This extension is only slight, and is thus not
as fully developed as the clear jet-like linear extensions seen in the other categories.

At lower resolution, many of thesc Quasi-Points would be classified as Points.

Core-Jet (CJ): These consist of a compact peak (the core) and a nearby one-sided

jet or lobe of emission (the jet).

Core-Double (CD): These consist of 3 major components; the two lobes of a typical
double source, with a clear detection of a central core source in between. Often, the
central core source is coincident with the optical host galaxy. If the three components
are not almost collinear, then the Triple category is more appropriate. Typically,
the outer two components of a true Core Double are seen as extended lobes of radio
emission, though the presence of extended emission may depend on the map dynamic

range and the size and brightness of the hotspot peaks in the lobes.

Double (DB): These consist of just two major components; the two lobes of emission
of a typical radio galaxy, with no clear detection of a central source in between. In
the original scheme proposed by Lawrence et al. (1984) [94], a clear distinction was
drawn between the Double category and two others: the Core-Jet and the Cometary.
Specifically, if the 6% contour enclosed both components and the dominant peak is
compact, the source is categorized as Core-Jet. If both components are enclosed and

the dominant peak is resolved, the category is Cometary.

It should be noted that the Cometary category may in some cases not be indicative

of the true overall morphology of the radio source; Cometary sources are likely to
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represent just a single lobe of a wide Double source. In this case, the other lobe has,

by chance, fallen outside the region mapped at the VLA.

It is also possible that some of the wide Doubles (angular size >~ 60") may actually
be two unrelated radio sources. In this case, the absence of an optical host galaxy in
between the radio positions, and the presence of one or more optical galaxies coincident
with the radio lobes would be telling evidence against the Double nature of the radio
source; a more appropriate morphology would come from the separate classification of

the two radio components.

Many of the over-resolved (OR) sources mapped by Herold in the VLA C-Array snap-
shot program turned out to be Wide Doubles.

e Triple (TR): These consist of three major components that are not arranged in a

collinear fashion as for the Core Doubles.

e Multiple (MU): These consist of four or more major components. If there are 4 un-
resolved peaks, the radio source automatically becomes a prime gravitational lens can-
didate, of the quadruply-imaged type. Two of these confirmed ‘quad’ lenses have been
found in the MIT-VLA Archive to date: MG 041440456 and JVAS/MG 142442255.

e Jet (JT): These consist of two-sided relatively symmetric emission arranged in a
roughly linear (jet) geometry. There may or may not be a central peak, but there
would be no other evidence of compact emission (as may occur in the Core Double or

Double categories).

e Cometary (CM): These consist of a resolved peak of emission, with an associated area
of extended emission. As noted above for the Double category, this is the appropriate
category for sources which have 2 components that are both enclosed by the 6% contour;

however, this level of precision in the analysis of the contour levels was only adopted by
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Lawrence et al. (1984 [94], 1986 [95]). A less stringent classification was performed by
Herold and Fletcher; if the lowest radio contour enclosed both components (whatever
the level of the contour), and the peak was resolved, this was sufficient reason for

classification as a Cometary source.

S. Conner was the first student to dispute the validity of this category, for the reasons
given above. This has some support from the relatively low optical identification rate
for Cometary sources: anywhere from 18% (Herold 1996 [69]) to 23% (Lawrence et al.
1984 [94)). '

Diffuse (DF): These consist of resolved, often amorphous emission. There may or
may not be a well-defined peak. If there is a peak inside a ‘blob’ of extended emission,
this is often called a ‘core-halo’ source (though this term is not used in this classification

scheme).

Some of the Diffuse sources may, like the Cometary sources, represent the single lobe
of a larger source, whose other components were either too far away, too faint, or
otherwise over-resolved, to be detected in the A-array map. The Diffuse sources are
best followed up with lower resolution VLA observations; Herold (1996) was able to
recover almost all of the MGVX Diffuse sources through snapshot imaging using the
VLA C-array.

Over-resolved (OR): This is a new category that was not specified in the original
1984 scheme. It was first systematically used by Herold for her Ph.D. thesis (1996)
[69]. These consist of sources which cannot be detected ni the VLA A-array map, but
which nevertheless show clear evidence for extended emission on the shortest projected
baselines in the visibility amplitude vs. baseline length plot. Almost all of a subset
of these sources were recovered by Herold using VLA C-array follow-up observations.

Many of these were found by her to be wide—angle‘double—lobed radio galaxies; such
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weak radio emission from an aging population of electrons may be expected from large
radio galaxies that have inactive cores and lobes that are no longer energized by jets

and internal shocks.

¢ Non-detections (ND): This is a new category that was not specified in the original
1984 scheme. It was first systematically used by Herold for Herold’s Ph.D. thesis (1996)
[69]. These consist of sources which cannot be found in either the VLA map nor in the

visibility amplitude plots.

These Non-Detections may represent truly large radio galaxies whose structures consist
of only extended radio emission regions each with size greater than ~ 7”. It is also
possible that the original MG or PMN sources are actually spurious, resulting from
corrupted data in the single-dish survey scans, or otherwise from an error in the original
reduction of these scan data. In her Ph.D. thesis, Herold noted that some of these Non-
Detections occured in groups of adjacent sources in the sky, which may be an indication
of errors in the parent MIT catalog lists. The recognition of such errors is important for
providing upper limits on the reliabilities of the parent MIT radio catalogs, but such
an analysis will have to await a more complete and uniform reduction of the entire

MIT-VLA Archive data.

Several of these sources were re-observed by Herold using the VLA C-array, but the

author has no further information on the outcome for sources in this category.

e Unclassified (UN): This is a new category that was not specified in the original 1984
scheme. It was first systematically used by Herold for her Ph.D. thesis (1996). These
consist of sources which were not classified; the reasons for this are varied. Some
MIT-VLA days remain unreduced as of December 1997 (e.g. XDAY1 and XSDAYS5).
Some sources assigned for observations were lost due to bad weather affecting the phase

information irrecoverably. Many MGVC sources from the 1980s mapping do not have
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an available contour plot stored in the filing cabinets at MIT, and so no information

was available for these.

Other sources may contain too little compact emission to survive the multiple attempts
at automatic self-calibration by PRELIM or MAINMAP, and so no final maps were
made for these sources; though, in principle, given more time, these sources could be
remapped by hand (a laborious task). Since this is only meant to be a preliminary list,
and as the main objective here is to place the entirety of work completed to date into
a uniform format electronic file, these sources will be left for work to be done in the

future.

In view of the complicated nature of the above proposed classification scheme, the au-
thor adopted a relatively straightforward algorithm for manoeuvering through the multiple

definitions, as follows:

Firstly, if there is no plot or map available for classification, the source is left UNCLAS-
SIFIED (UN). If there is no clear detection of emission either in the visibility plot, or in the
map, the source is a NON-DETECTION (ND). If the source is not visible in the map, but
there is clear emission over the shortest VLA baselines, then it is OVER-RESOLVED (OR).

At this point, all remaining sources must have a clear detection in the VLA map.

Next, the number N of clearly detected map peaks is counted. Firstly, we consider the
case that N < 1. If there is 2-sided relatively symmetrical linear emission, with or without a
central peak, the source is a Jet (JT). However, if the source is amorphous, with or without
a clear peak, it is diffuse (DF).

If it is clear that N=1, and the peak is unresolved with no clear extension, the source is
a POINT (PT). If instead there is a slight extension, but not to the extent of being a single
jet or lobe, the source is a QUASI-POINT (QP). If the extension is a single jet or nearby
lobe, the source is a CORE-JET (CJ).
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If the source peak is resolved, with associated extended emission, the source is Cometary
(CM).

In the case of N=2 clear peaks, where these are together enclosed by the lowest positive
radio contours, and they are not comparable in flux density, then the source is either a
CORE-JET (CJ). if the peak is also unresolved, or else COMETARY (CM) if it is not. If
the two peaks are clearly separated, then the source is a DOUBLE (DB).

In the case N=3, if the arrangement is approximately collinear, then the source is a
CORE-DOUBLE (CD), otherwise it is a TRIPLE (TR).

In the case N > 4, the source is a MULTIPLE (MU).

By this point, all types of radio source should have been classified in one of the above
categories of the New Proposed Scheme (1997).

The MAF will be made available by anonymous ftp, or otherwise through Professor
Bernard Burke at MIT; a blank DAT tape would be required to hold the data in the electronic
files.

3.4 Optical Identifications of MIT-VLA Radio Sources

The first step, after the extraction of the radio source parameters from the final maps, would
be to ascertain the presence or otherwise of an optical counterpart to the radio source. In the
1980s and early 1990s, this was best done by direct inspection of the Northern POSS and
Southern ESO/SERC Schmidt plates or the photographic print copies thereof. Lawrence
et al. were able to do this for ~ 1000 sources from the MGVC survey (see the 1984 and
1986 papers). Lehdr did this for ~ 350 sources from XDAYO0, using the Minnesota Plate
Measuring Machine (see Lehdr’s 1991 Ph.D. thesis [101}). The same type of procedure was
a very laborious process to undertake at MIT, where a makeshift measuring engine with a
microscope had to be used to calculate accurate offsets from known bright stars. Due to the

crudity of this apparatus at MIT, this was only done for a handful of individual sources of
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interest, mostly gravitational lens candidates.

Starting in 1993, this work could be much more efficiently and accurately done using the
Digitized Sky Survey (DSS) series of CDROMs. ! This rather expensive collection of disks
was made available on loan from the MIT Center for Space research library. These are a set of
compact discs that store hundreds of megabytes of optical sky survey data in digitized form.
Through the use of a supplied program ‘getimage’, one could simply specify the coordinate,
epoch and equinox (either B1950.0 or J2000.0), and the getimage program would return the
optical field centered on the specified point, as a standard FITS file. This made optical
counterpart identification trivial. There is no easy way, nor any software provided, to obtain
accurate estimates of the optical magnitudes of the counterparts, though this information
can be gotten through Internet access to various electronic databases, e.g. the Automated
Plate Machine (APM), COSMOS and SUPERCOSMOS catalogs. The catalog magnitudes
are obtained by fitting source profiles to the digitized optical sky survey data.

The size of the extracted DSS finder chart field can be specified by the user, and it is
convenient to choose one that is 10 arc-minutes on a side, for the purposes of easy identifica-
tion of bright Hubble Space Telescope Guide Star Catalog (HST GSC) stars. These are used
for astrometry in the optical data reduction, and they are also very useful at the telescope
for the verification of the telescope pointing and field orientation.

In her Ph.D. thesis (1996) [69], Herold attempted optical identifications for all of her
MGVX sources with available VLA radio coordinates (XDAYS 3 through 8; ~ 2500 sources).
She extracted 3 arc-minute-square fields around each of the VLA radio component peak

positions; this cautious procedure is necessary if the fewest assumptions are to be made

!The image data on these compact discs are based on photographic data obtained using the Oschin
Schmidt Telescope on Palomar Mountain. The Palomar Observatory Sky Survey (POSS) was funded by
teh National Geographic Society. The Oschin Schmidt Telescope is operated by the California Institute of
Technology and palomar Observatory. The plates were processed into the present compressed digital form
with their permission. The Digitized Sky Survey was produced at the Space Telescope Science Institute
(STScl) under U.S. Government grant NAG W-2166. '
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regarding the correlations between radio and optical emissions. The resulting DSS FITS files
were loaded into AIPS, and finder plots were produced as Postscript files using the AIPS
tasks GREYS/CNTR and LWPLA. These Postscript files were visually inspected by her for
optical counterparts that had a good positional coincidence with the VLA component peak
position. A ‘good’ coincidence was taken to mean that an optical object was found within
one DSS pixel (~ 1.”7) of the VLA radio peak position. According to the thorough analysis
of Lawrence et al. (1984 Ph.D. thesis [97], 1984 [94], 1986 [95]), this offset represents a formal
30 random error in radio-optical positional correspondence. This may be an underestimate
of the true error in the radio and optical coordinates, which should correctly include a
contribution from the unknown systematic error made in going between the adopted radio
and optical coordinate reference frames. It is believed that the radio-optical offset can
be as large as 1.”5 near the plate edges, due to the inevitable physical distortions of the
Schmidt plate from the forces that kept it mounted in its holder (Paul Schechter, MIT;
private communication). If one chooses to adopt a proxy random statistical error in place of
this unmeasured systematic offset between the VLA and Schmidt plate reference frames, a

suitable 1 o value would be ~ 0.”5.

The 1.”7 coincidence radius criterion was relaxed by Herold in cases where the optical
object is plac-ed in a ‘likely’ position between the VLA radio counterparts, e.g. in the case of
a Double source, where a likely optical identification was accepted if it simply lay near or on

the line joining the two peaks in the radio lobes.

The author made systematic identifications only for select subsamples of (1) 70 new
MG+PMN gravitational lens candidates, (2) 120 MGVX+PMNVX close doubles, and (3) 60
MGVX and PMNVX randomly selected sources. The results of these identification attempts

are presented in the next Chapter.

Further details of the MIT-VLA identification attempts may be found in the published

papers on MIT gravitational lenses, the papers by Lawrence et al., and in the Ph.D. theses
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of Lawrence, Lehar, and Herold.

3.5 Optical Data Reduction

In the period 1994 through 1996, both optical imaging and spectroscopy were performed
on the optical counterparts of MGVX and PMNVX gravitational lens candidates and close
radio doubles. The data reduction procedures for imaging and spectroscopy are described

separately in the following sections.

3.5.1 Optical Imaging

For the new post-1992 optical data on MGVX and PMNVX counterparts, the reduction of the
optical images was done mainly by L. Herold (1996) and A. Cooray (1997) [39]; for full details,
see their respective theses. The only student to have reduced any optical data for the 1994-
1996 period is Cooray, who reduced 2 weeks of MDM 1.3m data (September 1994 observing
run). The reduction of the optical spectra were done by P. Garnavich (Cfa) and C. Becker
(MIT). The author’s role was to plan and execute the optical imaging observations using
the MDM 1.3m and CTIO 1.5m telescopes, and also the optical spectroscopic observations
using the MDM 2.4m. The author also supervised the optical data reduction of the MDM
1.3m September data by A. Cooray for his 1997 BS thesis. A summary of the optical data
reduction techniques employed by these other students is provided here for completeness.

The standard optical data reduction chain was employed, using publicly available pack-
ages, mainly IRAF and Vista, with a few small custom-built FORTRAN routines supplied
to us by Eric Gaidos (MIT). The general procedure was straightforward:

1. Bias Correction: The CCD images were corrected for pixel bias, which is an additive
base level that exists even when no light falls on the pixel. The unilluminated part of

the CCD was used to define this ‘pedestal’ level. This is the overscan region, which
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for the Wilbur Loral 20482 CCD, binned at 2x2 pixels, consists of the columns 1024
to 1035 on the righthand side of the CCD. The IRAF task CCDPROC was used to

perform the bias correction.

At the CTIO, the CCD consisted of 4 separate areas, each with its own amplifier; for
these data, the local task QUADPROC was used. This task is essentially the same
as CCDPROC, but with appropriate modifications for the use of separate data frames
for each of the 4 amplifiers. The task QUADPROC was used to pre-process all of the
CTIO 1.5m data during the observing run.

Overscan Trimming: As part of the standard pre-processing done by CCDPROC,

the overscan region is removed at the same time that each frame is debiased.

Outlier Removal: Also part of the standard pre-processing done by CCDPROC is
the removal of individual pixels which deviate more than a given number of rms noise
deviations from immediate neighbors. These pixels are almost all due to cosmic rays.

The resulting gaps are then interpolated over using standard functions within the task

CCDPROC.

Flat Field Construction: Two types of flats were generally used at MDM and
CTIO; twilight flats taken either at late dusk or early dawn, and sky flats constructed
from the average of multiple target frame images that do not share the same telescope
pointings. Dome flats were occasionally taken at MDM, and for each of the CTIO
nights; these were found in practice to be not very useful compared to the other two
types of flats. In general, the twilight flats provide ‘smooth’ flat fields, i.e. their pixel-
to-pixel response is very good. The averaged sky flats, on the other hand, provide an
excellent measure of the large-scale illumination response, provided a sufficient number

of suitable component CCD frames are used.

Separate flats are constructed for each of the filters used in a particular observing
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run. The IRAF task IMCOMBINE was used to combine multiple CCD images to
make the each of the twilight and sky flat field frames. In the construction of the
averaged flat field frames, it is important to avoid the introduction of ‘bad’ frames,
e.g. those which have common telescope pointings to within ~ 20", those are affected
by contaminating illumination from the Moon, and those with stars or galaxies bright
enough to have caused saturation of some pixels. For the September 1994 MDM 1.3m
observing run, Cooray found that flat fields had to be constructed using CCD frames
from multiple nights, rather than a single night; this was because of the heavy lunar

illumination during the ‘bright time’ of this run.

It was found that an excellent flat field frame could be constructed from the combina-
tion of information from each of the two types of flat field; using the task CCDPROC,
the averaged sky flat is divided by the averaged twilight flat for each of the filters. This
gives an illumination correction frame for each filter. This frame is then applied by
the IRAF task MKSKYFLAT to the original smooth twilight flat field for that filter.
This yields a final flat field that is ‘smooth’, and which also has the correct large-scale
illumination response garnered from the statistics of multiple target field CCD frames

accumulated over the night.

Flat Field Correction The final (illumination-corrected) flat field of the appropriate
filter is divided into each bias-corrected object CCD frame, using CCDPROC. At
this point of the data reduction, the resulting image will have been corrected for both

the additive and multiplicative instrumental responses.

Image Registration: The next step is to increase the signal-to-noise ratio (SNR) for
those target sources for which multiple observations are available in the same filter.
This is done by first registering the separate pre-processed target frames onto a common

image coordinate reference frame, and then averaging the frames together.
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The IRAF task DAOFIND was used to automatically locate ~ 50 to 100 stars in
each of the images to be combined, according to a user specified threshold level (that
is chosen by trial and error). A set of FORTRANT7 routines, provided by E. Gaidos
(MIT), was then used to estimate the accurate offset vectors required to shift each of the
‘slave’ images to a common image reference frame, defined by a user specified ‘master’
image. The FORTRANT7 program that calculates these shifts is called shifter. Then,
using the output from shifter, the IRAF tasks GEOMAP and GEOTRAN are used
to actually perform the required shifts on the slave CCD images (now within IRAF).

Image Combination: After checking on the results of the previous image registration
step, using the IRAF TV display to inspect the master and slave images, the IRAF
task IMCOMBINE was then used to average these registered images together. The
appropriate scaling according to the integration time was used by IMCOMBINE, and

the option to reject cosmic rays is still retained here.

. Astrometry: The astrometry was performed using the Vista package. To set the

absolute optical coordinate reference frame, the known positions of the Hubble Space
Telescope Guide Star Catalog (HST GSC) stars were used. These are publicly avail-
able over the Internet through the Astrophysical Data System (ADS) site. The routine
‘markstar’ within Vista was used to specify the absolute J2000.0 coordinates of typ-
ically 5 to 10 bright stars in the 10 arc-minute square field of the CCD frame. The
astrometric plate solution was calculated automatically by markstar, and absolute co-
ordinates on the HST GSC optical reference frame could thereafter be obtained for

any desired pixel on the CCD image.

Estimation of Astrometric Errors: The estimated accuracy of the astrometry is
documented in Cooray’s 1997 BS thesis. These errors are dominated by the unknown

systematic errors between the VLA radio coordinate reference frame and the optical
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reference frame as defined by the HST Guide Star Catalog, which can be as high as ~
1.5" on the rare occasion that a GSC star falls near the edge of the Schmidt plate; the
unmeasured systematic error can be conservatively taken to have a 1o rms variation
of ~ 0.6”. On the other hand, the random internal errors from the Vista markstar
astrometric plate solutions are typically in the range from 0.1” to 0.3”. Thus, the total
astrometric (random + systematic) error is conservatively estimated to be 0.7” at the
lo rms level. It should be noted that there was no attempt to correct for the systematic
offsets between the radio and optical reference frames, which is the major reason why
a conservative estimate of the astrometric error is assumed here. A more thorough
astrometric analysis would require a detailed investigation into the correspondence
between accurately known positions for sources that emit both in the radio and optical
wavelengths, e.g. radio-loud quasars. However, this task is quite time-consuming, so
we rely on the more readily available second-hand information from discussion with
knowledgeable optical astronomers; the 1.5” worst-case Schmidt plate distortion error
quoted above came from discussions with Paul Schechter (MIT), who was able to

ascertain this number through comparing independently derived optical positions from

the APM and GSC catalogs.

There is also the random error in the VLA radio coordinates; from the NRAO VLA
Observational Status Summary Report (R. Perley 1995), this is typically in the range
0.1” to 0.2”, relative the coordinate reference frame defined by the VLA calibrators.
Typically, these all have highly accurate positions, and this is increasingly true the
greater the percentage of calcode ‘A’ and ‘B’ calibrators that appear in a given VLA
observing run. For the 1990s VLA MGVX and PMNVX observing sessions, there was
a conscious decision to use primarily these more accurately positioned VLA calibrators.
For the 1980s MGVC sessions, there were fewer accurate positions available for VLA

calibrators. Thus, a conservative estimate of the rms error in the VLA positions is
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0.2".

Adding the: total optical random error, radio random error, and the estimated radio-
optical rms offset error, we obtain a conservative estimate of the total radio-optical 1o

rms error of 0.7”.

A more complete discussion of the astrometric errors may be found in both Lawrence

et al. 1986 [95), and Cooray 1997 [39].

Extinction Correction: The instrumental magnitude is defined from the ratio of the
number of counts Nosje.: OVer a given selection of CCD pixels, divided by the integration
time t. Assuming that the CCD response is linear, this gives an effective photon flux
incident on the chosen set of pixels. One usually corrects for the number of counts

Niiy simply due to the sky surface brightness:

Nobject = Ntotal - Nsky (33)

Once this is done, the instrumental magnitude can be calculated:

Neounts
Minstrum = — 2.5 lOgm( : : ) (34)

The correction of the instrumental magnitude:, for the transmission through the Earth’s
atmosphere, was made using observations of Landolt stars, which are distributed near
the celestial equator. These have known, constant optical fluxes in each of the stan-
dard UBVRI filters. Following standard analysis, we assume that the instrumental
magnitude and the actual apparent magnitude, of each Landolt star, has the following

relation:-

Mepparent = Minstrum — Mzero — asec(z) - ﬁcolor (35)
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Here, the zero-point correction m,,, translates from the instrumental magnitude scale
to the photometric scale defined by the observed Landolt stars. It is the instrumental
magnitude of an object with an apparent magnitude of precisely 0, at the top of
the Earth’s atmosphere. The extinction coefficient o depends on the atmospheric
transparency during the night of observation. It is assumed that this is constant
throughout the night, though of course this may not be a good assumption. Due to
the sparsity of good Landolt field data for most of the ‘bright time’ September 1994
run, Cooray was forced to adopt a single fit to the extinction law for the entire 2 week
observing period. This was justified by spot checks on the constancy of the extinction
law coeflicient o from night to night. Since the aim of the observations did not include
photometric accuracy better than 0.1 mag, this procedure seems to be justfied. The
variable z is the zenith angle, which is the angle to the source as measured along a
great circle bassing through the zenith point. Thé secant function gives the standard
Ist-order variation of air mass as a function of the zenith angle; the air mass is unity
when looking up at the zenith, and increases thereon to effectively infinite air mass
when looking at the horizon (obviously there are higher order terms that come into
play at large zenith angles, but these can be ignored in any useful integration. During
observing sessions, we always tried to stay at as low an air mass as possible. Rarely
did we exceed 3 air masses). The implicit assumption in the above equation is that
the optical scattering and absorption effects increase linearly as the air mass. Lastly,
there is the color term, which monitors fine-scale differences between the standard
Kron-Cousins photometric system, as employed by Landolt in the observations of his
standard stars, and the local photometric system defined by the combination of the
local atmospheric conditions, the local telescope filters used, and the details of the
photometric data reduction procedures. As mentioned in the next step, we had no

good reason to attempt to track the color term in our observations of close doubles
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11.

12.

and gravitational lenses, and so we set this to zero identically in our photometric

reduction.

Color Correction: For the September 1994 MDM 1.3m run, the MDM R and I in-
terference filters used were specially constructed by KPNO to be in close agreement
with the standard Kron-Cousins filter bandpasses. However, the filter responses are
convolved with the CCD respohse, and so there is a need for an extra color correc-
tion if one desires magnitudes measured according to an exactly defined photometric
system. Since the optical magnitudes were only desired to be known to within ~ 0.1
mag accuracy, there was no effort made to correct for the relatively small color term.
This corrects for the precise bandpass shape of the combination of the telescope filter
and CCD response, and brings the resulting magnitude into a standard photometric
magnitude system. This correction is normally necessary because the telescope filter
is inevitably different from the Kron-Cousins filters used by Landolt for his standard

star aperture photometry.

Another reason for bypassing the color correction, apart from the lack of a good scien-
tific reason to make such an effort, was that this fine tuning of the optical photometry
would require photometric observations of most of our sources; as most of the data
were taken in non-photometric conditions, the color correction terms could not even

be confidently ascertained.

Photometry: The photometry for the MDM 1.3m September 1994 data was per-
formed by Cooray for his 1997 BS thesis, using standard IRAF routines. Two methods
were tried: aperture photometry and point spread function fitting photometry. The
September 1994 PMNVX counterparts that were observed underwent just aperture
photometry, while the MGVX counterparts, from the same observing run, underwent
both types of photometry. In this way, the merits, failings, and discrepancies between

the two methods could be gauged. In general, it is expected that aperture photometry
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will be necessary for sources with non-standard profiles (either non-stellar or non-
ellipsoidal), and also for images in which the sky noise is not too high. Point spread

fitting will perform better for sources of standard morphology that reside in noisy sky.

For the standard (Landolt) star photometry, aperture photometry was used to estimate
the variation of the extinction coefficient from night to night over the September 1994
observing period. Cooray reports in his thesis that there were no significant variations
in the extinction from night to night, to within the estimated accuracy of the final
photometry; on the basis of his finding, a better estimate of the extinction coefficient
was obtained by calibration using all of the good Landolt star photometry for the
entire run. The extinction calibration curves and final coefficients appear in Cooray’s

BS thesis.

It should be noted that the December 1993 and February 1994 MDM 1.3m data for
Herold’s MGVX counterparts was plagued by severe saturation problems in the Landolt
standard stars; this makes any photometric calibration of these data extremely difficult.
Fortunately, most of the target sources in these early runs were purposely re-observed
in subsequent runs, and so the photometry can be recovered from these later frames. It
should still be possible to combine frames between these separate runs, for the purposes

of increasing the SNR for the detection of faint counterparts.

The DAOFIND package in IRAF was used for automatic detection of optical sources
in the target frames. A SNR criterion was supplied to DAOFIND; any collection of
adjacent pixels with peak count greater than 50, but still remaining unsaturated, was
regarded as a useful detection of a bona fide optical source. Once this list of objects is
established for a frame, the IRAF task PHOT in the DAOPHOT package was used to
extract an instrumental magnitude. Typically, a 10-pixel radius aperture photometry
measurement was employed. The aperture radius was decreased to a 5 pixel radius for

the case of dense optical fields, e.g. MG counterparts close to the Ecliptic plane.
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More details of the optical photometry may be found in Cooray’s 1997 BS thesis.

13. Estimation of Photometric Errors: The estimated accuracy of the observed fluxes
is ~ 0.1 mag, on a typical image of good quality. This may worsen to a few tenths
of a magnitude on an image of poor quality. The CCD determined magnitudes are
nevertheless all much more accurate and precise than the ones estimated by Lawrence

et al. 1986, where the accuracy was estimated to be 0.5 mag at best.

More details of the optical photometric errors may be found in Cooray’s 1997 BS thesis.

3.5.2 Optical Spectroscopy

We now turn the reduction of the optical spectroscopic data. The 1980s efforts are not
known, except for those published spectra of gravitational lenses and candidates that appear
in the literature, and also in the MIT Ph.D. theses of Lawrence, Hewitt, Langston, Lehar,
and Herold. Here, I summarize the data reduction of the more recent 1990s spectrocopy
of a handful of (relatively bright) optical counterparts of MGVX and PMNVX close radio

doubles and gravitational lens candidates.

The standard procedures within IRAF were used by Christopher Becker to reduce the
MDM 2.4m data. Standard lamps were used to calibrate wavelength, and the standard

spectra of a few stars were used to calibrate the flux.

Further details, and examples of the few Close Double spectra that were obtained by P.
Garnavich, using the MMT, appear in Herold’s 1996 thesis.

The same was done by Peter Garnavich in reducing the spectrum of the Radio Ring
Source MG0248+0641. Details appear in the paper by Conner et al. (1998) reproduced in
Appendix C.
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3.6 Summary

15 years of VLA snapshot imaging of MG and PMN radio sources are summarized. Almost
10,000 targets were imaged at the VLA. About 8000 of these have had maps made by various
MIT students in the course 6f their Ph.D. thesis research.

The mapping algorithms have gone through 3 stages of improvement, from the extremely
crude single CLEAN deconvolution in the 1980s, to the full-blown Conner semi-automated
mapping using CLEAN boxes set by hand, in the 1990s.

The best and worst maps are of very different quality, and it would take at least a few
person-years to bring all of the data up to a uniform level.

There are about 4000 CCD images of the counterparts of various types of radio sources:
high luminosity QSOs, cloée radio doubles and gravitational lens candidates.

The confirmed gravitational lenses are all published.

Only a few of CCD images of the gravitational lens candidates have been reduced. It is
estimated that all of the PMN and MG candidates published in IAU 173 have faint optical
magnitudes in the range 19 < R < 23. |

About 50 Close Radio Doubles have been reduced by Cooray, with results and interpre-
tation appearing in both his thesis and Herold’s.

A lot of effort has gone into the follow-up of MG 0248+0641, an apparent Einstein Ring.
Details of observations and reduction can be found in the next Chapter, and in the paper in

Appendix C.



Chapter 4

Results

The results of the entire set of observations resulting from the MIT surveys of extragalactic

radio sources can be organized into four categories:

e Global Results arising from the entire sample of ~ 10° MIT sources, and also from

10* MIT-VLA sources.
e Large Sample Results arising from ~ 102 MIT-VLA sources.
e Small Sample Results arising from ~ 10! MIT-VLA sources.

e Individual Source Results arising from single MIT-VLA sources.

Section 4.1 is a cumulative summary of the scientific results obtained to date by MIT stu-
dents, working on the both the single-dish and VLA interferometer surveys. It is included
here as a concise and solid base of work upon which to form a good idea of the statistical
properties of EGRS at radio continuum frequency 5 GHz.

The particular contribution of the author, which was the extraction of the largest angular
size (LAS) distribution for a large sample of 4741 MIT-VLA sources, appears in the 1997

Canary Islands conference paper in Appendix C. The reference for this paper is:
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A.B. Fletcher, B. Burke, S. Conner, J. Lehar, & L. Herold, 1997, “The Angular Size
Distribution of 4741 Radio Sources from the MIT-VLA Snapshot Archive”, in conference on
“Observational Cosmology with the New Radio Surveys”, eds. M.N. Bremer, N. Jackson, &
I. Perez-Fournon, Instituto de Astrofisica de Canarias, Puerto de la Cruz, Tenerife, Canary

Islands, Spain, 11-13 Jan 1997, in press.

The author also had varying degrees of involvement in the projects decribed in following

Sections: 4.2, 4.3, 4.4 and 4.5.

Radio and optical results for the new sample of MIT-VLA close double-lobed radio galaxies
(here: close double, or CD for short) are discussed in Section 4.2.

Radio and optical results for the new crop of MIT-VLA gravitational lenses (that the author
is currently aware of) are discussed in Section 4.3.

Results from multi-frequency observations of the unusual radio galaxy MG 0248+0641 are

discussed in Section 4.4.

Results from radio and optical observations of the binary optical QSO MGC 221443551 are

discussed in Section 4.5.

The distribution of MIT-VLA largest angular sizes (maximum separation between emitting

radio components) is presented in Section 4.6.

This chapter is concluded with a summary of what was found.

4.1 Cumulative Results

-The following is a summary of the observational and scientific results established from the
MIT Survey work so far. The relevant literature and dissertation citations are included, and

these serve as entry points into the available literature on the MIT results.
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Global Results

Isotropy: Each of the 4 Northern MG and 4 Southern PMN source catalogs are consistent
with a remakably uniform sky distribution of EGRS (see each of the MIT survey papers
written from 1986 to 1996, by Bennett, Langston and Griffith). There is a total of about
71,000 EGRS over 86% of the sky, in the MIT catalogs; each of these has been estimated to
be greater than 90% complete. Hence the observed isotropy is a robust statistical result, and
it is also consistent with reasonably complete radio continuum surveys at other frequencies
and epochs. The Galactic plane must be deselected in this analysis; a suitable cut in practice

is to ignore the 20 degree wide Galactic strip centered on the Galactic Plane.

Source Counts: The only published differential source counts dN/dS are from the work
of Lawrence (1983) [97], and from Bennett et al. (1985) [11]. It was found that the 5
GHz EGRS surface density seen in the MG I Catalog (Bennett et al. 1986 [12]), and at
the VLA (Bennett et al. 1983 [13]), was consistent with the the trend seen in independent
radio surveys. This trend is signalled by a marked decrease or convergence in the surface
density on going to lower flux densities, by a factor of ~ 10? below the expectation from a
non-evolving population embedded in a static Euclidean universe. This 100-fold decrease is
suffered in traversing 3 decades of flux density down from the source count peak at ~ 500

mJy.

Clustering: Isotropy refers to possible ‘clustering’ on 180 degree scales. In contrast, any
expected source clustering due to gravitational interactions between distant EGRS would be
expected to have been seen on much smaller scales; an R = 100 Mpc cluster at an intermediate
distance of D = 1 Gpc would subtend ~ 6 degrees. Angular correlation function searches for

such clustering have been made on the MG I catalog (Bennett et al. 1986 [12]), the MG II
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catalog (Langston 1987 Ph.D. thesis [90], 1990 MG II paper [91]), and in the PMN Southern
and Equatorial catalogs (Griffith 1993 [61]). In all cases, there have only been marginal
detections of possible weak clustering, at a level of typically 2 to 3 times the expected
Poisson number count error. Thus, there is no conclusive evidence for angular clustering of

EGRS at these sensitivity levels ~ 30 mJy at 4.8 GHz continuum frequency.

Radio Spectral Indices: Each publication of an MIT survey paper has been accompanied
by a cross correlation in frequency with other large-area surveys, such as the low frequency
365 MHz Texas and 408 MHz Molonglo surveys, the Southern hemisphere sky Parkes 2.7
and 8.4 GHz surveys, and the Northern Hemisphere sky NRAO 1.4 GHz maps (available
on CD-ROM). With a positionally coincident source found in both surveys, as estimate of
the power-law spectral index may be made. The spectral index histograms appear in the
published survey papers, and in the theses of Lawrence (1984), Langston (1988) and Griffith
(1993). For the MIT sources detected at 4.8 GHz, all of the spectral index distributions are
bimodal, consisting of a minority of 30% of all sources with spectral indices flatter than 0.5
(F, ~ v™%), and the majority residing in a broader steep-spectrum distribution centered on

a spectral index of ~ 0.75.

Cosmic Dipole Search: A search for a cosmic dipole distribution was made by Fronefield
Crawford; this effect would possibly arise due to small Doppler and special relativistic aber-
ration effects resulting from our motion with respect to the global rest frame of the distant
EGRS. Presumably this frame is coincident with the rest frame of the CMB recombining
hydrogen atoms, for which the COBE satellite did indeed confirm a Doppler motion of about
~ 600 km/s from the subtraction of a cosine perturbation in the sky intensity. However,
there is no evidence yet that the two frames should coincide, though a clear detection of a

relative motion between the CMBR and the EGRS would indeed be a surprising (and hence
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important) result.

A preliminary analysis pointing out the inability to extract useful information on a possi-
ble cosmic dipole has been reported in a joint Canary Islands conference paper (Crawford et
al. 1996), which appears in Appendix. C. Due to unknown systematic effects on the setting
of the flux density scale, which are different in different surveys and can vary with the time of
observation, it is not possible to obtain better than 7% agreement, in the fluxes of coincident
sources, between two independent but overlapping sky surveys that used the same 4.8 GHz
receiver: the Northern NRAO GB8T survey and the Southern PMN Equatorial Survey. This
difference only starts to set in below about 70 mJy, so there is indeed good agreement above
this level. This would suggest that the discrepancy arises from the different ways in which
the same raw data were reduced; there can be a biasing in the relative flux levels for faint
sources depending on how one treats the contribution from noise in the data, and from the
noise which may be introduced by the source and flux extraction algorithms. This suggested
viewpoint has been relayed to the author by Jim Condon, the principal investigator of the
NRAO sky surveys, and it has been recorded here for those who would care to investigate

this calibration problem further.

Notwithstanding these disappointments, Crawford did indeed find a curious (but unsup-
portable) result: from running Monte-Carlo simulations that compared the PMN and GB87
surface density counts with those expected from a motion of the Earth with respect to the
EGRS population, he consistently found a best fit velocity much larger than the one mea-
sured from the CMBR by COBE. This velocity is ~ 10* km/s, which amounts to about 3%

of light speed. If this is assumed to be a real result, it would be an important discovery. The
direction of the best fit velocity vector is (11.7 hr, -63 deg), which is within a few degrees of
the ‘Great Attractor’ (GA) region. It may be possible that the suspected mass concentration
in the GA is ‘pulling’ us relative to the distant EGRS frame. However, the mystery arises
that it apparently is not causing a similar Doppler pull on us relative the CMBR. This would
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indicate the possible existence of a unexpectedly fast large-scale flow, on cosmological scales,
between the EGRS frame and the CMBR. Such a detection would go far beyond the volume
sample in the controversial claimed detection of a 689 km/s large-scale bulk flow of the Abell
cluster reference frame with respect to the CMBR (e.g. Lauer & Postman 1994 [93]).

If these large velocity flows relative to the CMBR are indeed real, then one possible
explanation would be that mass perturbations on scales of 100 to 3000 Mpc (the horizon
scale) are not consistent with a homogeneous and isotopic distribution of matter. This would
be a fundamental breakdown in the assumption of the Cosmological Principle. The cause of
such large matter fluctuations might be understood as the inflation of much smaller (sub-
horizon) sized perturbations generated by natural means prior to the inflationary epoch.

However, at this point, this is pure speculation, as it is already known that the statistical
robustness of the raw MIT survey data fails for fluxes fainter than about 70 mJy. As long as
flux calibration to better than 1% cannot be routinely achieved by large scale radio surveys,
it will not be possible to detect any cosmic bulk flow of ~ 10,000 km/s of the EGRS with
respect to the CMBR. At this point, it is not possible to support the claim that the vector
is real, due to the known 7% mismatch in the flux densities between the NRAO and MIT

surveys, at low flux level.

Large Sample Results

Radio Morphology: The morphologies of the large sample of MIT-VLA EGRS have been
extensively classified, analyzed and cataloged by Lawrence et al. (1984), Lehdr (1991 Ph.D.
thesis), Herold-Jacobson (1996 Ph.D. thesis), and also by the author in course of this dis-
sertation. A standard classification scheme was initially proposed by Lawrence, with a few

additional categories attached by Herold-Jacobson for her thesis research. The resulting
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scheme has been documented by the author in Chapter 3. The resulting fractional per-
centages in each category are fairly stable from each section of the MIT-VLA survey to the
next, showing that the original source selection criteria are basically the same. This is not
surprising, as the only criterion for selection that is related to the source parameters is the
flux density, and the range of flux densities over the entire MIT-VLA survey is within just

a factor of 10.

The resulting structures are fairly standard in comparison with those discussed in the
classic review by Miley (1980) [105]. An EGRS in an active phase of its life will be expected
to look like one of the following: a compact ‘point’ core source; a core with an emerging linear
structure; a core with two emerging linear structures; diffuse emission surrounding terminal
hot spots placed at the ends of the linear structures; in some cases, the symmetric distortion
of the initially linear structures can be seen to come in two types — inversion symmetric and

mirror symmetric.

There is one category that is probably not physically meaningful in itself; the cometary
class may sometimes arise from our truncated view of a classical double lobe source that
happens to extend beyon the image boundaries. In this case, the source should really be a
‘double’; but it may also be possible that some sources do indeed have an intrinsic cometary
structure, so this category is probably best retained, in the interest of not making any

unwarranted assumptions.

It should be noted that the classification of an individual source depends on frequency
and resolution. Large diffuse radio emitting lobes, bridges and cocoons will tend not to
appear in these high resolution VLA maps, as the Fourier response to intensity angular
scale fluctuations larger than about 6 arc-seconds (for A-array X-band) is much reduced
from the response for more compact sources. A source in this state would be classified as
‘over-resolved’ in the current scheme. By contrast, high surface brightness features such as

hotspots, active jets, and cores, will be detected with ease. Herold-Jacobson describes in
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her thesis (1996) how she was able to recover almost all of her ‘over-resolved’ sources with a
much lower resolution snapshot program using the VLA in the smaller C-array configuration.
- By far the most populated category is that of an unresolved ‘point’, at ~ 30%. The
‘doubles’ follow at ~ 20%. Most of the points are flat spectrum, and most of the doubles
are steep-spectrum; the correlation between steep spectral indices and extended structure is
very well established in other surveys. The least populated category is the ‘multiple’, at ~
1%, and it is in this one where the standard quadruply-imaged gravitational lenses (‘quads’)

might be found.

Optical Morphology:

This was studied in detail by Lawrence et al. (1983 Ph.D. thesis [97], 1984 [94], 1986
[12]), Lehar (1991 Ph.D. thesis [101]) and Herold (1996 Ph.D. thesis [69]). The overall
success rate at finding an optical identification on the POSS plates is ~ 40%, but this is
most likely a complicated function of the radio flux density and spectral index, in addition
to any variations in the local optical magnitude limit on the plate, which has a nominal
detection limit of about 20 to 21 magnitudes, depending on whether the blue or red plate is
used.

The positional coincidence between the optical counterpart and the radio emission is
generally as good as 0.5 arc-seconds rms (see Lawrence et al. 1986 [95]), at least in those
cases where a clear choice for the optical core position can be found by inspecting the radio

snapshot.
There is a distinct trend for sources of weaker radio flux density and steeper spectral
‘index to be harder to detect optically (i.e. these sources have relatively lower identification

rates). An example of this trend for the close doubles appears in Cooray’s thesis (1997 [39]).

Close Doubles: An account of the results on the MIT-VLA Close Doubles is presented in
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Section 4.2.

Angular Size Distribution: Based on the work of the author, the distribution of maximum
angular separations for 4741 available MIT-VLA sources is presented in Section 4.6. With
this extensive dataset, the aim will be to set an upper limit on the mean advance speed of

the jets seen in the large sample of MIT-VLA EGRS.

Small Sample Results

Gravitational Lenses:

To date, 7 examples of multiply-imaged gravitational lensing have been discovered in the
MIT-VLA Survey region, 1 of which was found during an independent flat-spectrum radio
source survey carried out by the Jodrell Bank VLA Astrometric Survey/Cosmic Lens All
Sky Survey, a collaboration between the Jodrell Bank and Caltech groups (JVAS/CLASS
B1422+4231 = MG 1424+2255).

The remaining 6 gravitational lenses and the references to the initial discovery papers
are:

MG 2016+112 (Lawrence et al. 1984 [96]); MG 11314045 (Hewitt et al. 1988 [71]);
MG 1654+1346 (Langston et al. 1989 [89]); MG 041440534 (Hewitt et al. 1992 [70]); MG
154943047 (Lehar et al. 1993 [100], 1996 [99]); MG 075142716 (Lehar et al. 1997 [98]).

Of these 7 lenses, 4 are Einstein rings, 2 are quadruples, and 1 is a triple. Rings and
quads are common lensing configurations in systematic radio surveys such as the MIT-VLA
and CLASS efforts, and can be understood in terms of lensing of the background source

through an ellipsoidal potential (Burke et al. 1992 [26], [83]).



170 CHAPTER 4. RESULTS

The range in lens redshifts is 0.25 to 1.01, with a mean of 0.47 (see Keeton & Kochanek
1996 [84]). The range in source redshifts is 1.74 to 3.62, with a mean of 2.82. Thus it appears
that these and other lensing data strongly support the cosmological interpretation of the
observed redshifts; all the lenses are found to be closer to us than their respective sources,
with the lenses situated invariably at low to intermediate redshift, and the background

sources at very high redshift.

The lenses and sources have about the same mean optical magnitudes, ranging from
the brightest at 16th magnitude, to the faintest detectable one at 23rd, the mean being
20th magnitude. By the time an object is a faint as the 23rd magnitude, one needs a long

integration on a large telescope in order to secure a good chance of obtaining the redshift.

Finally, there is a modest spread in maximum image separation, ranging from 0.8 to
3.8 arc-seconds, with mean 2.0 arcseconds. At distances of ~ 1 Gpc, a simple point mass
model predicts a Einstein radius of 1 arc-second for a mass M ~ 10’ Mg. The angular scale
goes as the square root of the mass, so the range in mass in the MIT-VLA lenses should be
from about 10'°Mg to 4 x 10" M. These are consistent with the known masses of typical

galaxies.

Gravitational Lens Candidates:

Over the 15 year period of the MIT-VLA survey, many lens candidates have been selected
from the thousands of MIT-VLA snapshots. These ha.\;'e in general been very liberal selec-
tions of sources with one or more of the following features: a double consisting of compact
sources, non-collinear triple, quadruple, multiple, arc-like or ring-like morphology. These
compilations have usually appeared in the theses of MIT students: (Lawrence 1983 [97], He-
‘witt 1986 [72], Langston 1987 [90], Lehar 1991 [101], Herold-Jacobson 1996 [69], and Fletcher
1998 (this thesis)).

An account of the results on the latest crop of MIT-VLA lens candidates is presented in
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Section 4.3.

Individual Source Results

Discovery of a Radio Ring Galaxy: An account of the observational results and prelim-
inary interpretations, of the unusual and highly polarized elliptical ring in MG 024840641,
appears in Section 4.4. This work has been published in collaboration with other co-authors

(Conner et al. 1998 [37]).

Discovery of a Binary QSO: An account of the observational results and interpretation of
the optical binary QSO MG 221443551 appears in Section 4.5. This work has been published
in collaboration with other co-authors (Mufioz et al. 1998 [107]).

Environmental Effects: It may be reasonably speculated that MG 024840641 and MG
221443551 may be rare cases where the observed phenomena are the direct results of dy-
namical interactions between the host galaxy of the EGRS and a nearby companion galaxy.

See the discussion in Sections 4.4 and 4.5.

4.2 The MIT-VLA Close Radio Doubles

The new sample of MIT-VLA Close Doubles is presented in a table in Appendix A. The
author was responsible for the collection of most of the CCD imaging data, and also for
supervising the data reduction presented in Cooray’s MIT BS thesis (1997) [39]. The main

results come from the reduction of 2 weeks of data from the MDM September 1994 run, and
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they appear in the theses of Cooray (1996) and Herold (1996) [69].
Radio Angular Size: the CDs were selected from the MIT-VLA X-Band snapshots by an

angular size criterion: § < 2". For a source at a distance of 1 Gpc, this would correspond to
a radio structure no larger than 10 kpc. Probably due to the limit of ~ 0.25” to the VLA

resolution, no CDs were found to be smaller than 0.6”.

Radio Flux Densities: these spanned the entire range represented in the MIT-VLA sample:
70 to 500 mJy.

Radio Spectral Indices: the spectral indices were subsequently found to be mostly steep
spectrum, ranging from 0.2 to 1.6 (F, ~ v~%), with the usual mean of ~ 0.8 for steep
spectrum sources. Thus, the MIT-VLA sample of CDs is a subset of the Compact Steep
Spectrum (CSS) class of radio galaxies.

Radio Flux Ratios: the ratios of the fluxes in the 2 components range from 1 to 3,
suggesting that differential Doppler boosting, due to a radio source axis pointed close to the
line of sight, is probably not a major factor in determining the observed total flux density,

nor the ratio.

Optical Identifications: provided that CCD imaging could reach as faint as 23rd magni-
tude in R or I, there was great success (> 85%) in locating likely optical counterparts at
the accurately known interferometric radio positions for MIT-VLA CDs. Herold has found
that most of the optical counterparts (56%) are unresolved (called ‘stellar’) in the prevailing
atmospheric seeing. Visible galaxies are about 32% of the optically imaged sample, while the
remaining 12% have no identifications to the limiting magnitudes reached with the MDM
1.3m (this can range from 21st to 23rd magnitude depending on the prevailing observing

conditions, and on whether multiple CCD exposures were co-added or not).

- Optical Magnitudes: these range from about 17 to 23 in the red R and infrared I filters,
with more CDs found at the fainter levels. The MIT-VLA CDs are fairly faint, with a
mean magnitude of about R = 19.5, which is not far from the detection limit of the POSS
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and ESO sky surveys. The remaining ‘empty field’ CDs are likely to be further away than
the majority, and would require deeper imaging in better seeing conditions, in order to be

detected.

Optical Colors: the CDs have a marked tendency to be infrared bright compared to amount
of red light emitted; in astronomical jargon, these sources are still labelled ‘red’, as an
indication of the sense of the slope of the optical continuum. The color index (R-I) ranges

from -1 (infrared faint) to +5 (infrared bright), with a mean of +0.7.

Optical Color versus Magnitude: shows a clear trend for optically fainter sources to be

redder in color.

Optical Detection Rate versus Radio Spectral Index: shows a clear trend of decreasing

optical brightness with increasing radio spectral indez.

Optical Spectra: for a small sample and highly incomplete optical sample of 8 MIT-VLA
CDs, the redshifts range from 0.3 to 1.1, which shows that the CD population extends
from low to intermediate cosmological distances; to probe further in distance would proba-
bly require imaging to 25th or 26th magnitude, but the requisite spectroscopy for redshift

identification would be difficult to justify, at these very faint levels.

The spectra themselves show typical AGN emission lines (Balmer Ha, [OII] A3737, and
[OIII] A4959/5007), and stellar features commonly seen in the spectra of normal galaxies (Ca
H and K absorption). The forbidden oxygen lines are probably from the narrow line region
(NLR), as they are seen with widths less than 1000 km/s in FWHM. However, in one case
(MG 0821+1747) Herold found that the [OIII] lines were remarkably broad (AV > 3000
km/s), and that there was evidence for Faraday depolarization in one of the radio lobes, but
not the other. This particular source could be interpreted as having an energetic NLR core
region , with a high amount of ionized gas collected in the halo of the host galaxy. This
may be evidence for a recent or current galactic interaction or merger causing the dumping

of large amounts of gas onto the core, and with an attendant release of much gas into the
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halo of the AGN host galaxy.
High-resolution morphologies from MERLIN: Herold has found 3 types of morphology
for the CDs, using the larger MERLIN array (at 60 mas angular resolution): doubles, core-
jets and complex shapes. The complex sources may be interpreted as having their jet axes
close to the line of sight, causing a marked exaggeration of any bending in the jet due to
projection. Herold has provided a complete analysis of the interpretation of her own sample
of CDs observed with the MERLIN array. Her results are incorporated into the account in
the next section.
Interpretation of the MIT-VLA Close Double Data:

The first question that springs to mind is: why are these MIT-VLA CDs so small in
angular size, when compared to typical extents of 5 to 20 arcseconds seen in other extended

sources 7 Five possibilities might be considered, for any individual CD:

e Projection: the CD radio axis is pointed close to our line of sight.

Gravitational Lensing: the CD is actually a gravitational lens.

e Distance: the CD is a normal double at high redshift.

Frustration: the CD is an intrinsically normal double whose jet growth has somehow

been stunted by reason of a dense enshrouding enviroment (e.g. a dense IGM).

Youth: the CD is intrinsically youthful, and has been caught in the initial stages of
pushing out jets into the IGM.

The Projection hypothesis has been shown by to be untenable for the CSS population as
a whole (Fanti et al. 1990 [49]); at least 70% of the CSS sources must be intrinsically small
in their linear sizes; for the MIT-VLA CDs, which are evidently members of the CSS class,
Doppler boosting from source jets pointed close to our line of sight is certainly not suggested

by the measured low flux ratios.
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The Gravitational Lens hypothesis is probably untenable for the population as a whole,
as the empirical experience from the MIT-VLA radio survey is that cosmological galaxy scale
lensing is expected at a rate not exceeding about 1 in 500, given the current sensitivity limits
in the radio and optical detections (see the theoretical prediction by Turner, Ostriker & Gott
1984 [142]). As the CDs form about 2 to 3% of the MIT-VLA population, the probability
of lensing for the majority of CDs is clearly excluded. However, the close double sample is
just the type of source set that should be carefully inspected for the rare lensing case that

may happen to be contained within.

The Distance hypothesis, by itself, is unlikely, as there is no reason why the CDs should be
systematically further away than the general EGRS population, which has been statistically
estimated to be at redshifts of order ~ 1 (Condon 1984ab [32], [31]). In fact, the few spectra
that have been collected show that the redshifts tend to be in the low to intermediate range

(less than about 1), so they are clearly systematically closer than the majority of EGRS.

The Frustration hypothesis has been shown by Herold (1996 Ph.D. thesis [69]) to be
unlikely. She argued that the jets in the CDs would have enough mechanical power to not
be confined even by a dense IGM. Instead, she concluded that the most likely hypothesis for
the majority of CDs is that of Youth.

It is not clear to the author that Herold’s conclusion is completely warranted; it is quite
possible to have a young radio galaxy with intrinsically young and weak jets, that are easily
frustrated by a dense cocoon of infalling gas liberated by a tidal interaction between the
host galaxy and a companion. Thus, the Frustration and Youth hypotheses are not mutually

exclusive, and may even be connected in reality precisely for the set of young radio sources.

The Youth hypothesis can be invoked in another way; as an evolutionary link in a chain
linking the structures seen at a wide range of available resolutions: VLBI, MERLIN, VLA.
It has been proposed in the past that VLBI sources (some of which are also CSS sources)

have relativistic jets that eventually must grow (after probably many thousands of years)
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to appear on kiloparsec scales in the MERLIN and VLA maps. In this scenario, the MIT-
VLA sources would be a set of ‘missing links’ between the small parsec-scale VLBI sources
and the larger 100 kpc-scale classical extended doubles. Thus, the the VLBI sources have
just recently been born, and the MIT-VLA CDs are simply the result of jet growth after a
relatively short period of time compared to mature EGRS population. This idea has been
presented by the author and Cooray in a 1996 AAS poster and press release (Cooray et al.
1996 [39]), which is reproduced in Appendix C.

The fact that the MIT-VLA CDs tend to be infrared bright may be understood as
evidence for enshrouding dust, which is usually attended by a proportionate fraction of gas.

This prediction could be put to the direct test by deep CCD infrared imaging data.

The optical dimming of the steeper spectrum sources may be interpreted as a redshift
dilution effect (otherwise known as the cosmological K-correction). In this scenario, the
relatively older CDs will have fewer energetic electrons at high radio frequencies, with spec-
tra curving downwards with frequency. On redshifting the radio photons to the observed
frequency of 8.4 GHz, the apparent spectral slope will indeed be as steep as that seen in the
MIT-VLA CD sample. As a corollary, the older sources are likely to be less energetic overall
than when they were younger, which would be a possible explanation for the reason why
they are dimmer optically. It has been known for some time that high redshift radio galaxies
have a good correlation between radio and optical brightness (McCarthy 1993 [103]), and the
evidence indicates that the cause is due to an energetic interaction between the radio jet and
the ambient ISM and IGM of the host galaxy. A similar mechanism may also be operating in
the MIT-VLA CDs (at lower redshift), as these young radio sources will essentially have no
choice but to push out their jets through the ISM and local IGM. The work done by the jet
while entraining the ambient medium into its path would be expected to deplete the energy

_reserves of the central engine, at least temporarily. This may then be a possible explanation

for why the core is radio weak relative to the lobes, and also for why the optical brightness
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of the AGN core seems to fade with the age as inferred from the steepening of the spectral
index.

Overall, it seems that the most likely hypotheses for the MIT-VLA CDs are ‘Youth’ and
‘Frustration’ during the earlier stages of jet production. It would be be interesting to test
the Frustration theory by direct IR imaging and spectroscopy of the expected large amounts

of gas and dust that are here proposed to be the barriers to jet growth.

4.3 The New MIT-VLA Gravitational Lens Candidates

About 70 new gravitational lens candidates have been found from the 1990s efforts of MIT
students. This includes three very promising candidates from Conner’s 1998 Ph.D. thesis
research (in progress [38]). The candidates known to the author have their names and coor-
dinates, and a subjective estimate of lensing likelihood for the PMN candidates, documented
in a table in Appendix B. From the sample of 1750 PMN sources imaged at the VLA by the

“author, about 30 PMN candidates were culled, and these plots are included after the table.
Plots from Herold’s and Conner’s thesis are also included on the MG candidates.

These lens candidates will be studied in detail by P. Schechter and J. Hewitt (MIT) in

the near future.

4.4 The Unusual Radio Galaxy MGJ 024840641

This radio galaxy was discovered initially by Conner during his Ph.D. thesis research. It
contains an elliptical and highly polarized radio ring in the western half of a classic core-
double structure. At first, the elliptical ring was thought to be a prime Einstein ring lens
candidate, but imaging down to 25th magnitude using the MDM 2.4m telescope failed to
show up a possible lens, despite the fact that a normal galaxy of the mass implied by the
ring size should already have been detected at about 18th magnitude. An unlikely set of
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alternative hypotheses relying on the chance interposition of a supernova remnant, nova,
planetary nebula or H II region was found to be very unlikely, given the lack of optical
evidence for Galactic sources of these types in the vicinity of the ring, and also given the
fact that the radio spectrum is non-thermal, which would automatically rule out all of the
proposed interlopers except for the supernova remnant.

It only became clear, in the final stage of writing the paper, that there is a marginal
optical and IR detection of a faint source located close to the western hot spot, just on the
edge of the ring. If this optical source can be shown to be at the same redshift as the AGN
core (which has been spectroscopically measured to reside at z = 0.57), then the distinct
possibility arises that this faint source is a small galactic companion to the host galaxy of
the AGN. Though a detailed model for the production of the ring from a strong dynamical
interaction between the galaxies has not been given any serious thought, it is suspected that
the jet has somehow been disrupted by such an interaction in the recent past. The rarity of
this phenomenon is also implied by the fact that this type of radio structure is one of a kind
in a sample of about 8000 VLA maps.

Further profitable study would include a detailed investigation of the faint optical com-

panion.

4.5 The New Binary QSO MGJ 221443550

This radio source was routinely cataloged in Herold’s thesis research. A collaboration was
organized between Falco, Kochanek and Munoz (Cfa) and MIT to start a redshift survey
of a selected sample of MG radio sources, and MG 221443550 was included in the target
list. During optical observations, it was noticed that there was an optical double in the di-
rection of the radio position, and the subsequent spectra were found to be almost identical.
Unfortunately for the gravitational lensing hypothesis, it later transpired that significant dif-

ferences between the optical spectra would entail a consideration of non-lensing hypotheses.
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In addition, the expected lens was never found in either the radio or optical.

The author’s role was to measure the radio surface brightness at the positions of the two
optical quasars. In this way, the radio brightness ratio was shown to be very different from
the optical ratio, which poses further problems for galactic gravitational lens models.

The data, analysis and conclusions are presented in a paper for which the author had
some significant input. This paper is reproduced in Appendix C.

It is finally proposed that MG 221443550 is an example of a binary QSO, i.e. two
quasars in host galaxies separated by a distance of order the size of a galaxy or galaxy halo.
In this configuration, there would be some interaction expected between the two galaxies,
and indeed the Southern one has a clear core-jet morphology typical of radio-loud AGN. It
is not known why the Northern galaxy has no similar radio emission; evidently, it is either
‘turned off’ at the current epoch, or else the presence of significant galactic interaction is
not a sufficient condition for the activation of a galaxy nucleus. It is also possible that the
jet will eventually ‘turn on’ in the future, given the fact that there may not yet have been
enough gas and stars supplied to the central regions of the Northern host galaxy.

One important realization that came partly as a result of this work, and which was intially
proposed by the Cfa collaborators, is that the sizeable sample of optical QSO doubles that
now exists are more likely to be systems similar to MG 221443550, rather than gravitationally
lensed pairs. It would be interesting to see whether their probabilistic arguments, which are
based on galaxy merger models, could be applied to the case of close double radio galaxies. In
general, one would expect that the low rate of multiply-imaged gravitational lensing seen in
distant AGN would argue against the lensing hypothesis for the majority of distant galaxies,

independent of their detailed physical natures.

4.6 The MIT-VLA Angular Size Distribution

The following results in this section have arisen exclusively from the author’s own research.
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There can be no direct proofs of the morphological evolution of an individual source, as
the expected dynamical timescale for a jet travelling on kiloparsec scales is at least thousands
of years (this limit is set by causality). However, physical arguments would lead one to expect
an overall increase in the largest angular size (LAS) of an individual source with time, due
to the forward propagation of jet material. Indeed, the motion of the knots in the jet fluid
has been seen in some sources, though this velocity refers to the flow velocity vr, rather
than the morphological velocity of advance of the jet head vy. By momentum conservation,
it is expected that the jet advance velocity will set a lower limit on the jet flow velocity:
vy < vF.

In Figure 4-1 is shown the distribution of maximum angular separation for 4741 MIT-
VLA sources, that had been organized by the author in March 1997. Resolution limits a
statistical analysis to angles greater than ~ 0.25”, and the field of view chosen during the
snapshot reduction limits the analysis to angles smaller than ~ 120”. In principle, it would
be possible to extend the field of view by searching for flux in individual cases, but this
would be too time-consuming. It is already clear from the available angular window that
most MIT-VLA EGRS are found to be fairly compact. 74% of all sources reside within a 5"
circle, and 82% lie within 10”. Most of the sources in the smallest 5” bin are found to be
point sources, the majority of which are flat-spectrum. Removing the flat spectrum sources
does not significantly affect the statistics in the larger angular scale bins.

These firm statistical results are the first to come from a detailed analysis of the angular
sizes of a large sample of thousands of radio sources. The histogram presented here appears
in the Canary Islands paper in Appendix C; in that paper, a simple jet model is proposed,
and more discussion of the the modelling of radio sources is presented in Chapter 5.

It is intended to place tentative upper limits on the mean jet advance velocity vy in the
MIT-VLA EGRS population, via a theoretical estimate of the mean age of the jets; this
work is also detailed in Chapter 5.
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MIT-VLA Largest Angular Size Distribution
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Figure 4-1: The MIT-VLA Largest Angular Size (LAS) Distribution for 4741 extragalactic
radio sources as imaged at the VLA at 4.8 and 8.4 GHz. The angular resolution is only
as good as 0.25"”. The contribution from ~ 1000 flat spectrum sources mainly shows up
as compact and unresolved sources near the resolution limit. On removing this spectrally
biased subsample, the LAS distribution is not thereby affected on scales larger than ~ 10”.
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4.7 Summary

The MIT single-dish surveys have shown that the EGRS population is consistent with an
isotropic distribution of evolving radio sources. At the sensitivity limit of ~ 30 mJy at 4.8
GHz, the MIT sources are sufficiently sparsely populated that they do not show conclusive
evidence for clustering on large scales. An attempt to statistically measure the velocity of
the Earth with respect to the EGRS population was rendered ineffective by the discovery of
flux calibration mismatches between independent radio survey catalogs. However, if the data
are left untreated, a very interesting velocity of 10,000 km/s towards the Great Attractor
appears to fit the sky distribution of source counts best.

The morphologies and spectral indices are consistent with a unified model in which the
‘young’ flat-spectrum radio core evolves by the ejection of large quantities of magnetized
plasma, turning eventually into source with physical extensions of the plasma on scales far
exceeding 1 kpc. In the process of growth, the electrons adiabatically lose energy, creating a
steep spectrum for most of the extended structures observed. As an exception to the strong
correlation between angular size and spectral index, the class of CSS sources has been shown
to contain the new crop of MIT-VLA close doubles, which are invariably faint and red, with
typical AGN .spectral lines indicating low to intermediate redshifts for the brighter CDs. It
is most likely that the CDs are sources intermediate in age between those seen on VLBI
scales, and those classical doubles seen on 100 kpc scales in other surveys. The hypothesis
that CDs are small due to ‘frustration’ by a large quantity of gas, supplied possibly by a

galactic interaction, can be put to the direct test via IR CCD imaging.

The existence of a stable morphological classification scheme suggests that the underlying
physical processes govering the individual source evolutions are similar across the board for
the global population. Thus, there is a hope that a Unified Model for EGRS might be able

to reproduce the relatively small number of configurations seen.

In rare cases, one does find a source that does not fit the general pattern for morphology.
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This has been a strong criterion for identifying new examples of gravitational lensing, but it
appears that the MIT-VLA survey is coming to a ceiling in detection of obvious lenses; of
the 70 new candidates culled over the past 5 years, the best (Einstein ring) candidate has
turned out to probably be the result of a recent violent instability in the jet, and another
promising binary quasar was found to be consistent with a galactic merger hypothesis.

If these ‘red herring cases’ are indeed as rare as the phenomenon of graviational lensing,
an immediate statistical result would be that the timescale of radio emission caused by dy-
namical interactions would be much shorter than the mean lifetime of the EGRS population
as a whole; at a frequency of 1 in 1000, the active radio lifetime would then be about 108
years, assuming a mean age of 10° yr for AGN in general. This seems to be a reasonable
duration for a ‘fast’ galactic encounter. For the prospects of a Unified Theory, it seems that
while dynamical interactions are essential to the formation of powerful AGN, the formation
process itself is probably well modelled as a Poisson rate C(t) of AGN core creation events
as a function of time, with the level of activity in the Universe determined mainly by the
probability of strong galactic encounters, which in turn should be a calculable function of
the cosmic epoch, given a theory for structure formation on galactic and cluster scales.

Finally, the specfic work of the author was to organize the detailed results for 4741
available MIT-VLA snapshots, and hence show that the largest angular size distribution
should place strong constraints on any models that propose a mean relativistic advance

speed of the jet into the IGM. This development wil be detailed in Chapter 5.
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Chapter 5

The Nature and Evolution of

Extragalactic Radio Sources

In this chapter, the observed physical properties of AGN will be reviewed, in preparation
for a more detailed discussion of the subset of radio-loud AGN. The many different types
of intrinsically powerful AGN that are classified by their apparently different observational
parameters are believed by most to be be driven essentially by the same mechanism: grav-
itational infall of large masses of stars and gas into a central relativistically deep well. If
this is true, then the different classes of powerful AGN should be able to be unified into
an overall scheme, that ultimately would be able to explain the different observational class
membership criteria as incidental to the underlying similarity between the classes.

The main astrophysical contributions that are put forward in this Chapter are in connec-

tion with the following two issues, both related to the physics of extragalactic radio sources:
1. The Evolution of the Masses of the Central Accreting Objects.

2. The Evolution of the Lengths of the Radio Jets.

After briefly reviewing the observations that have been made so far of radio-loud AGN,
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a formal, descriptive statement of a radio-loud AGN model will be proposed to unify these
observations. It is clear that almost all of the component parts of the proposed model have
already been published by many different authors. However, a unifying synthesis is not
so easily found. Further, there are no publications that deal in detail with the 2 issues

mentioned above.

With regard to the first issue above, a general model for the statistical distribution
of a population of accreting objects, and of their non-accreting descendants, is constructed
starting from basic principles; the system of differential equations, and the resulting solutions,
are presented in Section 5.6. Any model builder who needs a mathematical framework for
representing the evolution of the masses of populations that evolve through continuous (not
sporadic) accretion, would be encouraged to consult the solutions in that Section. The
condition that the accretion be continuous, in a single-burst, is simply to avoid the ill-
posed mathematical problem of evolution though states in which the mass does not change.
However, in principle, the accretion solutions proposed here may be modified for repeated
use in a sporadic accretion scenario, provided one has a model for when the accretion starts

and stops, and how the dynamics of accretion may change from burst to burst.

It is emphasized at this point that the models outlined in this Chapter are not predictive.
They are simply there to define a mathematical language and formalism for the purpose of

later insertion of physically predictive theories.

For the second issue, it is shown that the morphological speed of advance of the jet head
in the radio-loud AGN in the MIT-VLA survey is likely not to be relativistic in the mean.
‘Here, one must make a reasonable assumption about the mean ages of jets, and the timescale
set by the evolution of the central engine will play an important role in constraining the jet

age.

While these two contributions are modest steps forward, as far as the author is aware,

they are original.
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In more general terms, the major problem with the understanding and modelling of
AGN has always been the search for a power source vigorous and compact enough to last
for millions, perhaps in some cases a billion or so, years. A consideration of the energetics
of an accreting black hole, and its evolutionary timescale, are key factors to keep in mind
when constructing a unified model for AGN. In the case of radio jet-producing AGN, it
seems that the most efficient energy extraction mechanisms utilize an accretion disk that is
magnetically tied to the plasma magnetosphere that corotates with a central Kerr-Newman
black hole. Further quantitative discussion of the energetics, and timescales of AGN growth

and evolution, may be found in Section 5.3.

As for the question of how such a compact object would come into existence in the
center of the host galaxy, one very attractive idea posits that fairly rare galaxy interaction or
merging events may allow the dumping of a sufficient amount of stars and gas into the center
of the proto-EGRS. It is also possible that the bars found in some galaxies may encourage
gas to propagate inwards more efficiently, once given an external impulse from an interacting
galaxy companion. The merging and interaction hypothesis is promising because many radio
galaxies are identified with ellipticals, and some of these are noticeably disturbed or peculiar
in morphology, as if having engaged in a recent violent encounter (see the review by Barnes &
Hernquist (1992) [7]). Also, these events are probably rare enough to be compatible with the
relatively few galaxies in our Universe that are powerful AGN. However, the evidence for the
galaxy merging and interaction hypothesis for AGN remains somewhat indirect (though not
entirely speculative, as one of the first EGRS identified with an optical galaxy, Centaurus A
(NGC 5128), is clearly seen to reside in an elliptical of peculiar morphology, with a massive

planar dust lane running directly over a very luminous bulge of spheroidal shape).

The rest of this Chapter is organized as follows: in Section 5.1, the classification, uni-
fication and physics of all types of AGN will be reviewed. In Section 5.2, the focus will

converge on the properties of radio-loud AGN. In Section 5.3, the energetics and timescales
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of AGN growth are considered. In Section 5.4, a few brief cautionary remarks will be made
in regard to actual survey samples of radio-loud AGN. In Section 5.5, a descriptive model
will be outlined for radio-loud AGN. Many of its component sub-models will also be appli-
cable to other powerful (but radio-quiet) AGN. In Section 5.6, details will be given for a
proposed mathematical formalism for the evolution of accreting astrophysical populations.
In Section 5.7, an example of a Monte-Carlo algorithm will be given, for the express purpose
of modelling the evolution of jets in EGRS. In Section 5.8, an estimate of the mean advance
speed of jets in the MIT-VLA sample will be given, using reasonable 90% confidence limits
on the various potentially observable parameters. The database used is the distribution of
largest angular sizes in the MIT-VLA sample. In Section 5.9, a summary will be given of

the scientific contributions of this chapter.

5.1 Active Galactic Nuclei

Active Galactic Nuclei (AGN) is a generic name for many different (and rare) types
of galaxy, including quasars (QSOs), radio galaxies (RG), blazars, Seyferts, LINERs and
strong infra-red luminous galaxies. These all show energy output not usually associated
with normal stellar processes, coming from a compact region within the nucleus.

An object may be classified as an AGN if it meets at least one of the following criteria:
e Compact nucleus brighter than the one seen in_galaxies of similar Hubble type.

e Non-thermal continuum radiation from the nucleus.
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