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ANGULAR STRUCTURES OF EXTRAGALACTIC RADIC SCURCES

AND COSMOLOGY

SYNOPSIS

In this thesis we investigate the cosmological implications
of the observed angular sizes of extragalactic radio sources. Angular
sizes appear to provide a very useful statistical measure of thevdistances
of radio sources. Also, since the angle subtended by a source depends
on the cosmological world model, angular sizes can in principle be used
as a test of world models. Due to the difficulty of measuring redshifts
for a majority of radio sources the angular sizes have to be determined
over a wide range of observed flux density. Systematic mapping of source
structures with high angular resolutions has hitherto been limited to the
relatively strong sources, such as those in the 3C catalogue. The first
part of this thesis describes the measurement at 327 MHz, of the brightness
distribution of a large sample of weaker radio sources by the method of
lunar occultation, using the Ooty radio telescope. From the data on weak
sources and the available structural information on the stronger sources,
several important cosmological results are obtained in the second ﬁart of
the thesis.

The observations of lunar occultations with the Ooty radio
telescope, and the method of analysis of records are briefly described.
Accurate radio positions and brightness distributions with angular resolutions

varying between about 1" to 10" aré have been derived for over 250 radio



i

=205
sources, most of them in the flux range of 0.3 to 5 Jy (1 Jy = 10

Watt m~2 Hz;1) at 327 Miz: It is for the first time that the method of
lunar occultation has been exploited to obtain angular size information
on such a large sample of weak radic sources. For the purposes of a
statistical study; we use an unbiased sample of 164 sources for which
the derived angular structure, the observed flux density and the optical
identification are tabulated,

The correlation between the angular size ( © ) and flux density
(S) of radio soufces in the Ooty occultation sample and in the 3CR sample
of 199 sourées is investigated. It is found that the median value of
angular size, 8, » is well correlated with flux density, in the sense
that weaker radio sources have smaller angular ‘sizeS. " 'Tis CESEEEs Gm(S)
relation provides strong evidence that the weaker sources lie at stati—
stically greater distances. The relation also suggests that the lack
of any Hubble type correlation between redshift and flux density of radio
galaxies, noted earlier by other authors, results from the limited number
of redshift measurements, which suffer from obsérvational selection effects;
at any flux density, redshifts have preferentially been measured for the
optically brighter amd hence nearer radio galaxies.

The method of angular size counts or the log N-log © relation,
where N 1is the number of sources with an angular size greater than a
value © 'in a radio survey complete to a certain flux density, is investi-
gated to study cosmology. The N(8) relation depends on the world model,

‘the radio luminosity function (RLF) and the distribution of physical sizes

of radio sources (radio size function). The method of calculating the



1 Jsse

expected log N-log € relations for a uniform distribution of sources in
space is outlined for the case of power law luminosity functions, i.e.
190?)OC}7:Y dP, and an empirically derived size function.

The log N-log € relation is constructed for the complete sample
of 3CR sources, down to values of e = 10" arc, and compared with the
predictions of Einstein-de Sitter and Steady State cosmologies. Since
values of © ;3 100" arc arise only from sources of small z, the slope
of the N(8) relation for larger values of © is practically independent
of the world model, the size function, and any evolutionary effects in
source properties. It depends strongly on the form of the RLF and can
be used to determine the luminosity function for radio galaxies. The local

-2,1

luminosity function is derived to be of the form Jﬂ(P) o< P dP in

T s 10% W Hz™! ster™'. This is

{

the luminosity range of about 102
in good agreement with the RLFs determined from measured redshifts or

from the optical magnitudes of identified galaxies. It is also shown

that the RLF in the above luminosity range cannot be as steep as )/532.5,
even if possible evolutionary effects are taken into account.

We find that the observed Gm(S) relation and the log N-log 6
relation for the 3CR sample are not compatible with the predictions of
simple cosmological models in which the comoving density of sources remains
constant with epoch. It is difficult to explain the observations in the
simple Steady State cosmology even if (a) 0SOs are excluded from the
source samples and (b) the possibie local deficiency of strong sources
(which has been suggested to explain the log N-log S data) is taken into
account: the number of missing sources has to be rather large and the

physical sizes of the missing sources have to be small.
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Fvolutionary effects in source properties with epoch are necessary
to explain the angular size data. The simplest evolutionary scheme that
gives a fairly good fit to the observed N(6) and Gm(S) relations implies

(a) that the slope of the local RLF steepens considerably (¥ ~ 2.7 to 2.8)

2 pl P
for Piog 210%° Wz ster™'; |
(b) that the RLF changes with epoch as s 7)) = JP(P, z = F Il 55 2)5'5

26
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ster ” and

(c) that the maximum linear sizes of radio sources vary approximately as
e

Angular size counts of radioc sources thus provide new evidence
of evolutionary effects in source properties.. The steepening of the local
RLF and the increase in the co-moving density of high luminosity sources
implied by the angular size data are infact similar to what has been inferred
from flux density counts of radioc sources and from the Luminosity-Volume
tests for quasars. Angular size counts show in addition that similar’
evolutionary effects in numbers and physical sizes exist for quasars as

well as radio galaxies.
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Chapter 1

INTRODUCTION

i ot Radio Calaxies and Cuasars

The
extragalactic
two important
of the strong
The first was
galaxies. It

radio sources

tremendous excitemernt witnessed in the field of

radio astronomy during the last two decades followed frem
implications of the identification by Baade and Minkowskl (1954),
radio source Cyg-i with a galaxy of redshift =z = 0.056.

the realization of the high intrinsic luminosities of radio

is now well known that most of the galaxies identified with

are in fact strong 'radio galaxies' with power outputs in

the radio region, of about 1033 to 1637 Watt, a few orders of magnitude

greater than those for our own or other 'normal galaxies! such as M 31.

The source of

astrophysics.,

thege enormous energles Has been a challenging problem in

Secondly, the strong apparent intensity of Cyg-A implied that

similar radio galaxies should be observable to far greater redshifts, =o

that it should be possible to use radio sources to investigate the large

scale structure of the universe. Much effort has, therefore, been devoted

in the last two deeades to making systematie surveys of the sky, going

down to lower ap arent intensities. With steady improvements in receiving

techniques and the ecnstrueticn of more powerful radio telescovnes, radio

sourees 1 million times fainter than Cyvg-% can now be detected, and tens

of thousands of sources have already been catalogued by radio astronomers.



The largest redshift known for a radio galaxy today is
z = 0.46 (for 3C 295; Minkowski 1960). However, most galaxies with
measured redshifts still have =z < 0.3. The measurement of laréer
redshifts is limited by observational difficulties due to the faintness
of galaxy images, even when seen with the largest optical telescopes.

With the identification of the radio source 3C 273 with a 13th
magnitude stellar object by Hazard et al. (1963), and the measurement of
its redshift (z = 0.158) by Schmidt (1963), a new class of radio sources
of large redshifts was discovered. Hundreds of such 'quasi stellar objects!
(0SOs or 'quasars!') have since been identified and redghifls measured f on
some 250 of them. The measured redshifts for most £30s lie in the range
of z =1 to 2, much larger than those for radio galaxies. The largest
now known is 2z = 3.53 (Wampler et al. 1973) for the radioc source OQ i72.
Ever since the discovery of quasars there has been much lively discussion
in the literature on the nature of thelr redshiftss Although no suitable
alternative has been forthcoming, the cosmological nature of the redshifts
is still not entirely beyond question (e.g. Bﬁrbidge 172 s Lk sbhiciing
redshifts are of cosmological origin, 0SCs differ from radio galaxies mainly
in their larger optical outputs. In many of their radio properties they do
not appear to be very different from strong radio galaxies. Their radio

power output ranges from about 103& 5o 1038 Yatt .

| o2 Source Counts and Cosmology

The most widely used method of studying cosmology with radio
source surveys has been to count the number of radio scurces, N, above

successively decreasing flux densities, S, The log N-log S relation has



been extensively studied using radio surveys made with different
telescopes at different observing frequencies now going up to 5000 MHz
(Kellermann, Davis and Pauliny-Toth 1971). The most extensive work on
the subject has been carried out at 408 MHz, by Ryle and his group at
Cambridge (Pooley and Ryle 1968), from source surveys going down to flux

-26 W m= HZ—T). On the observational

levels of 0.0t Jy (Jy = Jansky = 10
side there appears to be a broad agreement in the shapes of the log N-log S
relations derived from surveys at different observing frequencies, if the
spread in the radio spectral indices of sources is taken into account
(Kellermann 1972). The same cannot be said of the interpretation of the
observed counts, for this has been 2 subject of much controtversy. The
principal conclusions of the most widely held interpretation (e.g. reviews
by Longair 1971; Rees 1972) may be summarized as follows:

(a) The steep slope of the log N-log S curve at high flux
densities does not agree with the predictions of uniform relativistic
world models.

(b) Evolution in the mean properties of sources with cosmic
epoch is necessary in the sense that there have to be many more high-
luminosity sources at earlier epochs than now. The evolution has to be

e Z)S Lipge dependence of the comoving

quite strong, something like a (
space density of sources with epoch. Differences in the predictions of
various world models are small in comparison, so that the counts cannot
be used to select the correct cosmological model. The evolutionary scheme

cannot also be uniquely determined since to do so one needs to know the

world model and the local luminosity function of radio sources, i.e. the



number of radio sources per unit volume of space (at small z) with ,
differeht intrinsic luminosities. There is considerable ﬁncertainty in
our khéﬁiedge of the local luminosity function, specially at its high
luminosity end. This is so because the intrinsically luminous sources
are seen at large redshifts and their volume density in the local space
cannot be determined without knowledee of the world model and without
correcting for evolutionary effects, which one is trying to determine!

A variety of evolutionary schemes can therefore be worked out within the
uncertainties of the world model and the luminosity function, to fit the
observed counts satisfactorily (e.g. van Hoerner 1973).

(¢) A cut-off or a drastic reduction in the density of sources
is required beyond epochs correspording to about 2z = 2 to 4, in order to
obtain the rapid convergence in the counts observed at very low flux
densities,

(d) The Steady State theory of the universe is unlikely to
be true, as it does not permit a change in the mean properties of radio
sources with cosmic epoch.

The above interpretation of source counts has often been
questioned (e.g. Hoyle 1968 ; Brecher et al. 1971; Kellermann 1972).

It is sometimes argued that the steep slope of the log N-log S relation
at high flux densities can equally well be interpreted as a deficiency
of nearby sources rather than as an excess of distant sources.

The controversy arises mainly becéuse the distaﬁces of most
radio sources are not known. The slope of the log N-log S relation at

a given flux levelvdepends on the cosmological world model and on the



average distance where such sources are located. There is no way of
estimating the distance of a radio source from radio observations alone;

it has to be obtained by identifying the source with an optical object

and measuring its redshift. Although the pfbblem of optical identification
has become considerably simpler with the continuous improvement in the
acéuracy with which radio source positions can be measured, it became

clear in the sixties that even at relatively high flux levels, many socurces
could not be identified as no optical object was seen at their locations

on the photographs of the Palomar Sky Survey. The percentage of such
unidentified sources in radio surveys made at low freguencies ( < 400 MHz),
where much of the work on source counts has been carried cut, appears to
increase with decreasing flux-density, from ~v 30 per cent in the 3CR
catalogue which has a limiting flux density of 9 Jy at 178 MHz, to ~ 90
per cent in the 5C catalogues (e.g. Parkes and Penston 1973) that go down
to ~~ 0.01 Jy at L0O8 MHz.

The measurement of the redshifts of identified sources presents
another problem. Since many of the identified galaxies are faint, the
measurement of the optical spectrum is difficult. As a result, redshifts
have been measured only for a very small fraction of the identified
galaxies, mainly confined to the strongest radio sources.

Thus, in the range of flux densities where a large excess of
weak sources is indicated by source counts, there is no direct evidence
that the sources are located at cosmologically significant'distances.

While the QS0s could be much nearer than indicated by their redshifts,

the radio galaxies (the cosmological origin of their redshifts has not



generally been questioned) have mostly been found to have 2z < 0.1. How
then can the source counts give us information about the properties of
radio sources at early epochs?

Although the observed counts do not appear to have been con-
vincingly explained in the Steady State theory (see e.g. Longair and
Rees 1972; Schmidt 1972) or in Friedman cosmologies without recourse to
evolutiomary effects, cosmological tests other than source counts are

highly desirable.

1.3  Angular Structures and Cosmology

Apart from flux density, the angular structure of a radio source
is another important parameter that can be measured by radio teiescopes.
From interferometric measurements, Jennison and Das Gupta (1953) were the
first to show that unlike in normal galaxies, the radio emission from
Cyg-A originated in two separate regions about 1.!5 arc apart, located
on either side of and well away from the optical galaxy. Later obser-
vations with better resolving power have shown the 'double structure! to
be the most common structural type exhibited by radio galaxies and quasars
(e.g. Fomalont 1969; Mackay 1971). The two radio comnonents are typically
of equal intensity and have separations of the order of 100 to 200 kpc,
while the components themselves are typically 10 to 50 kpc in extent.

Many sources have been found with more complex structure, such as having
three or four components, or with 'tails'! and 'bridges' between the com-
ponents. It is remarkable, however, that 95 per cent of the resolved
sources in a complete sample of the 3CR catalogue have their radio emission
concentrated along a narrow band on the sky which, in the case of identified

sources, passes through the associated galaxy or QSO (Mackay 1971).



It is generally agreed that the origin of the extended radio
sources lies in energetic events in the nuclei of galaxies or (0S0s, in
which vast amounts of ensrgy in the form of particles and magnetic ficlds
or in the form of low freauency electromagnetic radiation from pulsar-like
objects (Rees 1971) is released. The details ef how and in what form the
energy is transported from the nucleus to form the cempact radio emitting
blobs at large distances, and how it is confined te-the components over
pericds of 106 to 1O9 years, are far from understood: None of the theoretical
models that have been proposed can explain the observations satisfactorily
(the difficulties have been discussed in De Young and Burbidge 1973; Longair,
Ryle and 3cheuer 1973).

Apart from the question of generation and confinement of radio
sources that a detailed study of their angular strueture can help find
an answer te, angular siges of radio sources also provide a useful statistical
measure of their distaans, and are of considerable importance to observational
eosmology.. It is with these latter aspects of the angular size information
that the present thesis is mainly concerned.

The angular size subtemded by a source of fixed physical size
(a 'rigid rod') seen at various epochs depends on the cesmological world
model. It was pointed out by Hoyle (1959) that in relativistic cosmologies
with q, > 0 (where 9% is the deceleration parameter), the angular size
first decreases with inereasing z, reaches 2 minimum in the region of about
z = 1 to 2'and increases thereafter for larger redshifts. In the Steady
State theory on the other hand, the angular size should reduce continuously,
aprroaching a constant value asymntotically as z increases to oo . It
was hoped that by using the separation between components of double sources
as a 'rigid rod' it may be possible to choose the correct cosmological

model, by measuring the angular sizes of radio sources to large redshifts.



The practical application of the redshift-angular size test
1s made difficult by the dispersion in physical sizes of radio sources
and the problem of measuring redshifts for a large number of sources.

As large redshifts have been measured only for guasars, the test was
first apolied to quasars with known double structure by Legg (1970). It
appeared to indicate that intrinsic sizes of equasars were smaller at
earlier epochs. Later studies using larger samples of quasars have
provided further support to this conclusion.

A purely radio test that does not require the measurement of
redshifts and can therefore be used with large unbiased samples of sources
is to study the angular size-flux density relation. A meaningful statistical
application of this test requires only that the angular struetures of radio
sources be measured over a large range of observed flux density. Most of
the observations to obtain the detailed structures of radio sources have
been carried out using interferometers and aperture synthesis techniques.
The mapping of source structures by aperture synthesis is time consuming
and has generally been limited to relatively strong radio sources. Further-
more, the resolution obtainable with such interferometers was till recently
limited to tens of seconds of arc at cm A o It was demonstrated in the
early sixties by Hagzard (1961, 1962) that the method of Lunar Occultaticn
is another powerful means of deriving the structure of extragalactic radio
sources., It was soon realized that the method could be used to derive
radio positions accurate to about a second of arc and one dimereional
brightness profiles across sources with resolutions of the order of a
second of arc. However, the method was not fully exploited, due mainly

to the lack of a suitable large radio telescope.




Ta The Present VWork

The Ooty radio telescope (Swarup et al. 1971a)},designed
specifically to observe Lunar -occultations of a large number of weak
radio sources, came into operation in 1970, and occultations of over
L00 radio sources, going down to a flux density of about 0.2 Jy at
327 MHz, were obser§ed upto the end of 197t. We have used the observations
to derive accurate radio positions and brightness scans across the sources
with angular resolutions of about 1" to 10" arc.

For the purposes of the work reported here we have used the
angular size information derived from oceultations of about 280 radio
sources. We use an unbiased sample of 164 sources, most of them in the
flux density range of about 0.3 to 5 Jy. It is for the first time that
high resolution angular size information on a decently large sample of
sources extending to such low flux levels has been obtained.

In Chepter 2 we describe briefly the method of observation of
lunar occultations with the Qoty radio telcscore and the analysis of
occultation records.

The observed flux densities, the derived structural information
and the results of a parallel program of optical identifications, are
given in Chapter 3, A brief discussion of the angular structures is
also given in this chapter.

In Chapter L, we consider the angular size-flux density
relation for extragalactic radio sources. In order to cover a large
range of flux densities we have combined the occultation data fcr.weak
radio sources with the available structural information for the stronger

sources in the revised 3C catalogue (Bennett 1962) and in the recent
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All-sky catalogue (Robertson 1973). We find the median values of the
angular size, §,, for sources in different ranges of flux density and
show that a clear correlation exists between ©; and S, in the sense
that weaker sources have smaller values of 6. This correlation, which
is largely free of observational selection effects, can be looked upon
as a sort of 'Hubble relation', and is of immense cosmeclogical importance.
The cosmological implications of the angular size information
are examined in Chapter 5. We first consider the use of ‘'angular-size
counts' or the log N-log © relation in which for a radio survey complete
above a flux density S, the number of sources N, with angular size > 6
is plotted against ©. Such a relation depends on the cosmolegical model
and en the distribution of radio sources in depth. The angular size counts
are constructed for a complete sample of 3CR radio sources down to values
of © = 10" are. We show that the slope of the observed N(6) relation
for- o] 2;100” arc, the range of sizes which arise from sources at small
redshifts, can be used to derive rather stringent limits to the form of
the luminosity function for radio sources. The luminosity function is

26 W’Hz—1 s’c,er"1 at

well determined in the range of about 1023 Hela 1@
178 MHz, without the explicit use of redshift information, and is in
goed agreement with other determinations based on optical identifications
of radio sources.,

A cemparison with observations, of the predicted log N-log ©
relation and the 6, —S relation in the Einstein-de Sitter and Steady
State cosmolegies shows that the observations are incompatible with a

uniform distribution of radio sources in space and in particular, do not

agree with the predictions of the Steady State cosmology.
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The ebservations provide independent evidence of streng
evolutionary effects in radio source properties with epoch. The extert
of evolutionary effects recuired is investigated for the Finstein-de
Sitter world model. It is found that evolution is recuired both in the
space density and in physical sizes of radio sources. The amounts of
evolution determined independently from angular size data are in broad
agreement with those implied by the log N-log S data, the Volume-Luminosity
tests, ard the 8 -~ z relation for QS0s. Similar evolutionary effetts are
irdicated even if the identified 030s are excluded from Source samples,

The conclusions are summarized in Chapter 6.



12
Chapter 2

LUNAR OCCULTATIONS OF RADIO SOURCES WITH
THE OOTY RADIO TuiussCOPs

208 The Ooty Radio Telescope

The obscrvation of lunar occultations of a large number of weak
radio sources requires a telescope of large collecting area capable of
tracking the Moon continuously. The Ooty radio telescope has been specially
designed to meet these requirements (Sitammp ofteads 19M0a)s T 'hes,a parabolic
eylindrical surface, 30 m wide and 529 m long, which is formed of 1100 thin
stainless steel wires supported by 24 parabolic frames. The cylinder is
equatorially mounted by making its long north+south axis paraliel to Sarth's
rotation axis. This has been done by locating the cylinder on a hill of
slope equal to the local latitude (+ 11°23v), Hour angle tracking is thus
achieved by a simple mechanicul rotation of the purabolic frames around the
long axis. The hour angle coverage exuends from —48 05™ to +5% 29 m.

In declination the telescope beam is steered electrically by means
of phase shifters and delay lines. The feed system at the local line of the
parabolic cylinder has been described by Kapahi et al. (1975). Briefly, it
consists of an array of 968 half-wave dipoles spaced 0.57 A apart and
mounted collinearly inside a 90° corner reflector., The array is divided
into 22 modules of 44 dipoles sach. The dipoles in each module are connected
in series (as shown in Fig. 2.1) through radio frequency (RF) phase shifters
and quarter-wave directional couplers whose couplings have been suitably

graded (Kapahi et al, 1975) in order to obtain a uniform illumination of the
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dipoles, The antenna beam for each module can be tilted in declination
by introducing identical phase shifts between successive dipoles in each
half of the module, This is done by actually varying the length of trans-
mission line between dipoles, through the phase shifters. The phase shifters
consist basically of U-shaped movable plungers (Fig. 2.2) connected to the
main rectangular coaxial line Wy means of quarter-wave EF choke joints., 4
wire and pulley arrangement links the plungers in each module to a common
dfive shaft which can be rotated by means of pulses from the control desk.
A rotation of the drive shaft is translated into a linear movement of the
plungers iH opposite directions in the two halves of a module. A perspective
view of a section of the feed system is shewn in Fig. 2.2.
The system allows the beam te be steered between +36° and -36°
in declinatien {(a range sufficient for tracking the Moon) in gteps of
about 1 min of arc. This accuracy is cuite sufficient as the half-power
beam width of each module is about 2° in declination. The final accuracy
of about # 0.25 min of arc in the beam setting is achieved by introducing
phase shifts at an intermediate frequency (IF) ef 30 MHz in the signal paths
from the 22 modules, before they are combined together (Sarma et al. 1975).
Fach module has a loss of about 1.2 db, and due to the careful
matching of the various components, the input voltage standing wave ratio
at each module is generally found to remain below about 1.3 as the beam is
steered in declination.
The receiver system of the telescope has been described by
Sarma et al. (1975). Signals from each module, after amplification by
low noise RF amplifiers (noise temperature of about 220 K) and conversion
to an IF of 30 MHz, are brought to the central control room through low-loss

underground cables, The signals from the 22 modules are then amplified
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and appropriately combined together in order to form 12 simultaneous begams,
separated by 3 sec® min of arc in declination. The 12 beams can be
operated in the 'total-power' mode as well as in the 'phase-switched'
mode. In the ‘phase-switched' mode (Ryle 1952), the output of the 11
modules in the north half of the antenna is multiplied (i.e. correlated,
Blum 1959) with that of the 11 modules in the south half, for each of
the 12 beams,
The telescope operates at the centre frequency of 326.5 Miz
and a bandwidth of 4 MHz is generally used, Narrowsr bandwidths are also
available for observing stronger sources. Bach of the 12 simultaneous
beams has a half power width of 2° in right ascension and 5.6 min of
arc in declination in the total-power system, and 3.9 min of arc in the
phase-switched system. The theoretical beam shapes are shown in Fig. 2,3,
The telescope has an effective collecting area of about 7000 e
and the system temperature is typically of the order of 400 K (about 220 K
due to receiver noise, about 60 K due to sky background and grouﬁd spillover,
and about 120 K from transmission losses etc.), so that the minimum
datectable signal (for a signal to noise ratio of 5) with a time constant

of 1 sec and a bandwidth of 4 MHz is about 0.6 Jy (1 Jy = 10726y 2 o
for the phase-switched system. For direct observations of the sky, the

telescope is confusion limited below avout 1.5 Jy (Kapahi, unpublished work).

2.2 __Observations of Lunar Occultations

Singce the telescope can detect occultations of sources much
weaker than those already catalogued in the Moon's path (e.g. the 4C

catalogue has a sensitivity limit corresponding to about 1.3 Jy at 327 Miz)
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the telescope was generally used to make a survey of sources by the
occultation technicue, rather than to observe the predicted occultations

of catalogued sources. Thea Moon was tracked continuously for about 9.5
hours at a time, from its rise to its setting at the telescope horizons.
The grid of twelve simultaneous beams was centred on the Moon at the

start of observations. [Im} hewr anglelthe grid remains éepntried ob Ehe

Moon since the rotation speed of the telescone can be suitably adjusted

to track the Moon, As the Moon moves slowly in declination, its continuous
coverage is achieved by the 'heam flipping system', illustrated in Fig: 2.4.
fach of the 12 beams can be instantaneously 'flipped! towards north or
south by 36 sec & min of arc, by a switch in the control room which
introduces the recuired delsys in the signals from various modules. As

the Moon leaves an end-beam, the beam is flipped to the other end. This
nrocess is repeated a2t suitable time intervals depending on the Méon's
drift rate in declination, so that the beams keep the Moon covered through-—
out, the period of observation, If the total declination movement in 9.5
hours exceeds 72 sec & min of arc, the RF phase shifters are readjusted

to a new declination setting.

Compared with the angular size subtended Wy the Moon's disc, the
relatively large beam width of 2° in hour angle ensures that no more than
about 5 per cent of the maximum sensitivity is lost due to the displacement
of the beam centres from the lunar edge where occultations take plase. The
loss in sensitivity due to the displacement of the beams in declination
with respect to the peak of the antenna pattern due to each module (beam
width in declination ~v.2¢ ) can be considerably larger. The average loss

for the flipped beams amounts to about 20 per cent.,-
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A problem often encountered in the observation of lunar

occultations 1s the presence steep gradients in the antenna temperature
as the Moon or the source enters the telescope beam, making it difficult
to recognize occultations of weak sources. This difficulty is largely
overcome in the case of the Ooty radio telescope by the use of the phase-
switched system, which greatly reduces the changes in receiver output
power as the Moon drifts in declination across any beam. The phase switched
system was used throughout the observations. Though the total power system
provides greater sensitivity by a faotof of 1.4 it was used mainly for
the extended solirces cor when the variations in the background and the
Moon's movemetit in declination were small,

| Vith a time constant of 1 sec, which was generally used for the
observations, an occultation of a source with a flux density of about
0.25 Jy could be readily recognized on the paper chart recorders that
were used to record the output of the 12 simultancous beams. All such
sources were recognized by eye and noted down for each day's observations.
Predictions of occultation times were continuously made both for the
catalogued sources in the Moon's path and for those sources observed for
the first time in the Ooty occultation observations. The list of sources
used for the predictions was regularly updated.

Very few occultations were spoilt by man-made interference.

However, about 10 to 15 per cent of the occultatipns were affected by
ionospheric secintillation which was sometimes observed, mainly during
a few hours after sunset., The analysis of the observed occultations was
urdertaken when at least two reasonably clean mccultations (each immersion

or emersion being called one occultation) were available.
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2.3 Analysis of Occultation Records

The theory of lunar occultations (e.g. Cohen 1969) and the method
of analysis to obtain the radio position and the brightness distribution
across a source are now well known, and will not be described in detail.
The position is obtained from the points of intersection of the apparent
limbs of the Moon at the times of occultations. In general there is an
ambiguity in the source position as there are two points where the lunar
limbs intersect. This ambiguity is, however, easily resolved in the case
of the Ooty telescope since the lunar 1limb is covered by 12 beams, each
of which is quite narrow in declination., The ambiguity was encountered
only in a very few cases in which the two possible positions differed by
less than about 0.5 min of arc in declination.

The method of deriving the strip brightness distribution across
a source has been worked out in a now famous raper by Scheuer (1962), who
first showed that the brightness distribution, as would be observed with
a narrow fan beam, can be reccvered from the observed diffraction pattern

by convolution with a suitable restoring function, i.e.
B(8) = 1I(8) % R(®)

where I(6) is the observed occultation curve, R(8) the restoring
function and B(8) is the restored strip scan of the brightness distri-

bution. The restoring function R({®) is given by
R(B) = 5(8) * i; (- o

where I; (6) 1is the second derivative of the diffraction pattern for a
point source, and S(6) is a smoothing function, which is generally taken

to be a Gaussian, say of half power width /3 « The restored brightness
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strip scan B(®), is thus the true distribution as it would be observed

with a Gaussian fan beam of width /3 » in a position angle perpendicular
to the Moon's limb at the paint of occultation. Scheuer (1962) has also
shown that the attainable angular resolution does not depend on the size
of the first Fresnel zone but is limited only by the signal to noise ratio
of the observation,

Scheuer's method of restoration has been investigated in detail
by von Hoerner (1964), who has also calculated the restoring funetions
for several Gaussian widths and developed a computer program to do the

restorations., von Hoerner has also investigated the accuracy of restoration

as a function of noise and receiver bandwidth. Most of the problems and
cemplications encountered in the actual analysié of occultation records
have been discussed by Sutton (1566).

The restoration procedure used by us was very similar to that
described by von Hoerner (1964). Since a stable digital recording system
became available only in late 1971 the observed occultation data were
manually digitized from paper chart records at uniform time intervals,
varying generally from about 0.5 to 2 sec, depending on the chart speed
and the signal to noise ratio. Visual estimotes of the times of occultation
from the chart records were first used to calculate the positions of the
lunar limbs and their points of intersection and other occultation parameters,
such as the position angle of occultation and the Moon's limb velocity in
the sky. The same computor program then used these parameters to perform
the restorations with specified Gaussian resolutions (half power widths),/a r
A coarse resolution ( ~s 15" or 30" arc) was first used to obtain more

accurate estimates of occultation times and the restorations then performed
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with increasing resclutions till the signal to ncise ratio on the
restored outputs became less than 5. The observed offsets in the
cqmponent positions with respect to the adopted origin (corresponding
to the occultation times) were combined graphically to obtain the final
radio positions, after applying corrections (generally £ 2" arc) for
irregularities of the lunsr limb at the points of oeccultation, as
determined from the limb maps of Vatts (1963).

Source sizes were determined from the observed broadening of
the strip scans with the Gaussian beam shapes of the restorations. The
effective resclution of each scan, /33 , was Tirst estimeted by allowing
for the effects of time constant, manval digitization and thé receiver
bandwidth (all these had negligible effect on the resolution for/B ZEUN
The broadening was estimated generally from the scans with the highest
resolutions that permitted a meaningful measurement of siges in the
presence of noise in the restored outputs (i.e. signal to nolse ratio 2, 5),'
For double sources the separation and orientation of the components were
determined graphically by combining the positions from two or more
occultations., It should be noted that if the two components are of
identical size and flux density there is an ambiguity in pairing them
from only two occultations. This was, however, rarely found to be the

case,.

A typieal occultation record of a source (OTL 1123+012;
8327 ms 1,2 Jy) is shown in Fig. 2.5 and the restored strip scans in
Fig. 2.6, With /3e = 1?3 arc the source appears resolved: in both the

position angles. Angular sizes in the two PAs are estimated to be about

2" and 3.5" arc respectively. _The source may be double in PA 1137,
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Chapter 3

THE OCCULTATICN SAMPLE COF WEAK RADIO SOURCES

Dol Angular Structures and Flux Densities

During 1970 and 1971, Lunar occultations of about 400 radio
sources, most of them in the flux density range of about 0.3 to 5 Jy
at 327 MHz were observed with the Ooty radio telescope. At least two
occultations {a single immersion or emersion being called one occultation)
were observed for about 330 sources, about one third of which were actually
occulted 3 to 7 times. Analysis of the occultations has been completed
for about 280 sources, virtually all those largely free from interference
or ionospheric scintillation. The results for 189 sources have already
been published (Swarup et al. 1971b; Kapahi 1971; Kapahi, Joshi and Gopal-
Krishna 1972; Kapahi, Joshi and Kandaswamy 1973; Kapahi et al. 1973; Joshi

et al. 1974; Kapahi, Gopal-Krishna and Joshi 1974; Kapahl, Joshi and Sarma

1974). Results for the other sources are to be published (Gopal-Krishna
and Subrahmanya 1975). (]

In determining the source structures, angular resolutions (/9)

of about 1" to 2" arc were generally achieved for compact sources with
8327 Al Jag taind ﬁ& = 2% o, 104 are fonyweaker ssolirigsssy i Bhey suilcilae

sizes were generally estimated from restored outputs with values of /3 -
thet gave a signal to noise ratio of 23 5. QCoarser resolutions were |

also used in all cases to look for any weak -nd/or extended components

in the brightness distributions. A source was considered unresolved if

the restored distribution with an optimum /3 (signal/moise ~s 5) was

broadened by less than about 1.3 or 1.4 times [5 s
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To calculate the total flux density of an occulted source, the
peak deflection was first estimated by fitting the amplitudes of the
occultation steps in 3 or I neighbouring beams with the known beam pattern

of the phase-switched system in declination. The flux was then determined

'by comparison with the peak deflections produced by calibration sources

(generally chosen from the 3C and Parkes catalogues) observed before or
after a day's observing session. The measured flux densities, in general,

had rms errors of +20% for sources with S Seir Jy and ~ 308 for'the

327
weaker sources.
In order to obtaih more accurate flux density information, most
of the occultation sources south of Sl = 20° were observed by Gy Swarup
and J. Sutton (to be published) at 408 MHz with the Molonglo Cross telescope

during August«September 1973, These measurements have estimated rms errors

of ~ 8% and are referred to the absolute flux scale of Wyllie (1969).

B Optical Identifications

Optical identifications were attempted for the occultation
sources from the prints of the Palomar Sky Survey, and the results are
given in the papers mentioned above. Most of the identification work
was done by Dr. M.N. Joshi and Mr. C.R. Subrahmanya. Details of the identi.
fication procedure and the measurement of accurate (better than 1" arc)
optical positions have been described by Kapahi et al. (1973). Because
of the accurate radio positions and structures’provided by the occultation
data, the suggested identifications should be highly reliable. It should
also be noted that the good agreement in radio and optical positions implies
that the Blue Stellar Objects (BSOs) identified with Ooty sources are almost

certainly QSOs, since the probability of chance coincidence within a few
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arc sec is necligible. Only about 30% sources could be “identified; ~17%

with galaxies and 135 with BSCs (Joshi 1975).

3.3 The Sample of 16/, Ooty Sources

For the purpose of investigating the cosmological implications
of the observed angular sizes, to be described in Chapters 4 and §, we
have selected an unbiased sample of 164 sources from the Ooty occultation
lists, on the basis of the following two criteria.

(i) We exclude sources which have a galactic latitude of
f R}‘<:1OO. This ensures that the sample consists almost entirely of
extragalactic sources. Although most of the excluded sources are also
likely to be extragalactic (sources suspected to be galactic from their
vefy large angular sizes.are not included in the lists of 280 sources)
it is difficult to make reliable optical identifications at low galactic
Iatitudes.

(ii) We also exclude those sources for which the extreme position
angles of occultations differed by < 300 or > 150° (considering the
position angles to lie between 0° and 180°). The angular size of a source
estimated from strip scans along a limited number of position angles is,
in general, smaller than the true size, since none of the directions of
scan need coincide with the direction of elongation of the brightness
distribution. Statistically, the uncertainty in the largest angular size
of ascurce due to the limited number of scans is greatly reduced if the

directions of scan are well serarated in angle.

The final list of 164 retained sources does not form a 'complete
sample' in the usual sense of containing all sourees above a certain flux

density in a given solid angle on the sky. Nevertheless, the sample should
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be 'representative' and unbiased with regard to angular sizes, since
sources have been analysed and chosen irrespective of their angular
structures. We have not made a detailed analysis of the total surface
area of the sky covered in the Ooty survey. An approximate analysis
shows that the area increases with flux density from about 0.014 ster for
sources in the range L.ZS to 0.5 Jy to ~ 0.1 ster for those in the range
of about 2 to 5 Jy.« The larger area for stronger soureces arises because
on many occasions observations were limited to predicted oceultations of
catalogued sources,

Data for the 164 sources is listed in Table 3.1, which is
arranged as follows:

Column 1., Source number. The last digit refers to the tenths of degree
in declination. Sources from List 1 (Swarup et al. 1971b), in which only
two digits were used for the declinaticn, have now been given 3 digits, as
in all the subsecuent lists.

Column 2. The corresponding source number from another catalogue
whenever available, Only one catalogue is mentioned although some of the
stronger sources may occur in several catalogues. References to other

catalogues are given in Dixon (1970), except for the following.

Source Catalogue Reference
Designation
O - Oz Ohio Survey; Ehman, Dixon & Kraus (1970)
Southern part
B2 Bologna Survey Colla et al. (1972)
BEs + ,° Parkes 2.7 GHz W2ll, Shimmins & Merkelijn (1971)

Survey




TABLE 3.1

Lunar Occultation Sample of 164 Radio Sources

30

(1) (2) 3y W (5) 6y () ter
el R N R R S e
000L+0L0 Oub 0.28 < 8 6
0006+0L6  OB+O13 1.0 1.01 ~16 c é
0011+054  4C 05.03 ) 3.95 D 3.5 3 3
0023+058 0.6 Gl38 < Q? 5
0038+086  LC 08.05 315 347 D 91 1 s} g
00L,2+082 0.3 0.30 ~ g A
00574105  4C 10.04 {io R ~ 17 6
0116+128 047 0:75 ~ 29 G 6
IO117+138 Ol 0.30 ~ 22 6
10133+146 o a1 & 9 ’
13142 40 10,07 25 = 1468 c ~ 30 5
10139+155 0.8 0.90 = 2 C 1
'owz+2+153 0.6 0.85 ~12 c 1
b20e+183] 0.8~ = Ge19 < 2 0 3
| { 4C 18.08
‘0209+181+§ 0.8 0.65 <47 3
D210+190 0.8  0.48 R 5
‘?-0216+19o 0.5 0.41 <5 il
ozz+0+208’ 0.4 0.4 34% £ 5 A
24,0+210 0.4 0.34% ~ b G L

0.5 0. 425 ~ 23 6
LC=24.07 118 1.63% § ~ 36 G g
327+2L6 152 1525% c ~ 50 6., W

0
325+238
327+211
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m-ble 3.1 (Continued)

(1) (2) (3) (1) (5) (6) (#B)--—(8)- i
0328+24,8  LC 24.08 4 145" D 6.5 1 3
03414251  LC 25.13 2 1.,373%% D 17 1. 3
0358+251 B2 Ok 0.8l¢ 42 6
0L00+258  OF 200 1.0 1 oLy < 1.2 Q 2
0405+258 B2 10 1,113 ~ 2 L
OL10+4266  LC 26.15 241 2,07 B 3 1.7 1
OL16+270  4C 27.13 2.8 2,203t D i 2.4 L
OL33+262 B2 1.7 0,83 D 16 ool 6
OL31+269 o 0.34% : ~ 2.7 6
0L35+270 0.6 0.53% D 10 1.5 L
OL37+273 B2 OL37+27A Q4 0.34% ~12 G b
04,50+270 B2 0.5 0.53%% <15 6
0638+273  OH 264 1.0 0.95% < g 5
06424266  LC 26,24 ot NEE C ~18 3
06L8+263  LC 26.25 2.3 1,913 D 16.5 1.3- G 3
0710+257  4C 25.20 el 1,29 D 17 20 3
07104241 4C 24,14 0.5 0.42% ~a 37 6
0719+248 B2 Oub 0,363 <8 G 6
0725+24,8 B2 0725+24,B 0.7 0.63% <10 5
0802+212 § 0.4 O3l | - ~ 18

{ PKS
0803+214 | o 0.63% D 13 ol 6
0805+225  4C 22.19 g 1.43% D 15 1 3
0806+210 u 0.5 0.42% ~ 20 6. -

0814+201  H 0814+20 0.5 0.40 <15 6



Table 3.1 (Continued)
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60 (2) (3) (4) (5) (6) (F)—=£83~-+9)
08104227  L4C 22,20 2.5 2.5% D 23" Tk =@ 3
08154238  L4C 23.19 LE5 1808 e Q 1
0815+229 0.6 0.50% ~13 8 L
08174212 03 D5 D 11 o 5
0818+214 0J 236 0.6 0.54% ~12 D

| 08204225  LC 22,21 3.5 3a5% A2.% 0 1
0823+207 0¥ 0.63% ~ 3 2
0840+184  4C 18.25 1405 1.00% ~ 6.5 6
08L8+181  4C 18,26 1.0 0.87 D 16 1 # 3
0854+191 0.25  0,22% <3 5
0856+178 Q%5 Qigd6 ££6 5
PESTH171  CLCMTLT 213 1.58 D 13 1.5 9
0907+185  PKS 2.0 82 ~~ 5.5 5
B 119, 50 17948 530 L.88 D L6 3 Q 3
0914+175 VRO 17.09.02 1.2 1.23 ~ 10 A

© 0939+140  3C 225A i 1 Lot D 7.5 2 PgT ge
0943+123  LC 12,35 1o 1o34% D 12 2.8 0 6
09514131 0i5 0.42 Al 6
0954+125 0.5 0.42 .<; 4 | 5
09544126 0.4 O /115 =10 5
0958+113  LC 11.33 Bt 237 D 6 1 3
1003+130 o 1.04 < 3.5 1
1020+ 104 0.7 0.68 ~ by A
1023+078  LC 07.31 1.9 1.50 D 102 1 B




33
Table 3.1 (Continued)

(1) (2) (8} (&) (5) (6) CARCICI N
1025+076 0.35  0.30% ~8" 6
1037+067 § p ) 1.68 % 3 5

LC 06.41
1038+064 § ind 1.49 <% 4 4 5
104L,0+062 P &y D 15 a8 6
1041+058  LC 05.45 1.8 2.19 ~ 8 K
1104+058  LC 05.48 2.0 2.04 <10 G 3
1108+034  4LC 03,21 lhn? 3.85 D 8 2 1
BI23+012  PKS # 4° 142 bald ~ 3.5 G 5
Qi27+012, . LC 01.30 vk §| 1.64 C ~ 52 G 4
1129+014 015 0.52 X 5 L
1130+009  PKS + 4° Q4 5 0.42 D 12 s R 2
1132-000  4C-00.L5 3.0 2.93 < Nah S 2
1140-021 et 0.48 < 2 6
114,2-002  LC-00.46 3.0 3.20 D 29 o L
$155-029  PKS + 4° 0.9 0.90 <6 G 5
1159-023  4C-02.5@ 2.4 2.4 < 155 1
1215-052 0.4 0.32 <5 6
1216-069  PKS 3.5 FedBa B 49 3 6
1225-083  ON-043 2.2 1.85 ~ 10 G 6
124,1~089 0.3 0.25% < 8 &
1257113 18 0.83 D 150 1.5 6
1302-112 Rt 0.66 ~ 20 L
1304-101  CP-107 1508 1.60 ~ L L
#1311-122  PKS 2.2 1oy £ 2 L




Table 3.1 {(Continued)

R (1) )R ¢ | R (5) (6). .\ (7). {8)-— S
1350-154 1.0  0.38 ~ 3" 1
1354-174 § 15 0.84 £ 1.3 Q 2

{ PK3

1354-176 | 248 2,68 D 10,5 1.8 Q 4
1402-177 0.4  0.34 ~ 16 4
1411-191 0.9  1.08 Z g 1
1417-192 PKS 5.5  4.58 c ~ 60 5
1426-195 @=T 0.83 £ 2 4
1514~241 PK3 &5 1% 18 < 0.8 G 7
1527-242 0.8 0.7 D 2il 1.3 G 2
1529-246 0.5  0.20 ~ 23 G 6
1547-254 0.9 0.74 ~ 5 ' 5
1556-260 0.6 0.92 ~l4 7
1556-262 0.8  0.82 ~10 6
1557-263 0.9  1.02 ~ 21 '
1559-265 0.4  0.64 ~ 5 i
0627272 08 122 D 24 3 i
1628-278 05 I ~ 5 4
1628-268 MSH 16-205 8.0  5.48 G I ~105 5
1854-261 0.5  0.42 ~ 11.5 6
1859~274 ot 3 ¢© ~ 30 4
2.005--253 04 B3R ~ 16 6 |
1906-272 ‘ 0.4 0,34 £ 3

1907-256 0.3 0.25 < 8

1912~-269 MSH 19-203 6.3 5588 G ~ 125
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Table 3.1 (Continued)

(1) (2) (3) (4) (5) -(6) (7) 8- e

1 928—23;? 0,6 0436 ~ 23" 6

L 1945-250 0.8 0,61 ~ o L
) 1950249 1;0 0.52 4 42 L
1951-232  OV-286 0.6 0.54% < 8 6
1952231, 0.3 0.25% ~ 9 6
1952~236 0.5 033 = G A
2006-238 8.y 0.66 D 17 2 Ui

. 2010-231 0.9 0.8 D 13 3 QR
2019-202  OW-232 0.9 1,02 ~ 2 Q 6
2020-211  OW-233 o 1,42 D 86 e .8 5
2023-200  OW-248 0.4 0.68 €7 6

L 203,-198  OW-257 0.8 0.72 £ 3.1 G 5
| 2040-219 1»,3 0.98 c ~ 20 G A
§ 2012212 OW-271 o.lé 0.5 ~ 10 G L
f 2050.;188 PXS 2.1 t.91 D 2.6 1.2 5
!': 2053-201  PKS 5;6 6; 56 D 27 1 G L
2054,-198 0;6 O.:62 ~ 15 L
R057-179  PKS 2.2 2472 D 10 236 5
2058-179  PKS 348 2.99 ~ L Q 5
2103-195  0X-105 o.ré o.@ ~ 28 k
2109-188 0.6 @Ol5h D 9% ) 1
2110-160  PKS 21 2631 D 10 pLD I g 6
2111-185 0¥X-119 Y, aehl D 16 ] Q? 1

B 13-163 043 0.46 D 145 i 5



Table 3.1 (Continued)
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E () (2) B ) (5) ) (1) (8 (9
2120-166  PKS ey 57 D " 5
2125-153,1 O3 Ot <8 5
2125-153,2 0X-143 (S 0.48 &3 G 5
2127-157  PKS 2126-15 0.7 0.73 <7 5
2150-142  OX-183 o.é 0.55 £ 2.2 1
215i-u,o ox_iés_ 17 1.?;3 ~ 16 L
2153-119 0;5: o.@z* e e 6
2154L-117  PKS 3.0 3.93 D 21 1.6 5
2154-129 1 .d 1 .23 & ~ 29 G 5
2200-130 Q7 0.63 D 27 K € L
20L=-115 o.é Igli® ~ 6 b
2232-062 § il 0.67 ~15 6
2232-068§ oS 1.6 157 D 16 1.3 6
225,-039  0Y-092 12 1. 4 g ~19 6
2255065 0.5' 0.641 o G b
2256-05L  0Y-09l 0.9 1.02 D 19 3.3 L
2257-04,8  LC-OL.86 1 .5. 1.64 ~ 242 3
2301-043  0Z-003 o.3l 0.38 <4 U A
2302-025  4C-02.87 3.0 2.62 D 36 1.4 6
2310-033 ( 0.5 0.58 £7 5
2321-012 0.k 0.42 £ 25
2333-002  0Z-056 0.6 0.62 £20




37

Columns 3 and 4, Flux densities at 327 and LO8 MHz respectively.

Flux densities at 408 MHz are based on measurements at Molonglo (Swarup

and Sutton 1975). Values of SAO8 marked by one asterisk (%) have been
taken from the Bologna Catalogue (Colla et al. 1972), and multiplied by
1.08 to conform to Wyllie's (1969) scale. Values marked with two asterisks
have been co;verted from 8327 measured at Ooty Ly:multiplication with
appropriate factors determined from observations of other occultation
sources at Molonglo.

Column 5, 6 and 7., Structural informationi The overall angular size

8, is given in column 6. The value of © depends on the structure type.
The following criteria have been used.
If a source is clearly double (marked 'D' in column 5), 8 refers

to the separation between the two components. In such cases, the ratio
of the intensities in the two components (stronger/weaker) is given in
column 7. For sources with complex structure ('C' in column 5), & refers
to the largest angular size associated with the structure. For single
and partially resolved sources, © gives the half power width of a gaussian
fit to the distribution along the position angle in which the size was
found to be the largest. Upper limits to & are given for the unresolved
or marginally resolved sources.

Column 8. Optical identification. The symbols used are G = Galaxy,
C = Blue Stellar Object; S = Stellar Object. Question marks are used if
classification is uncertain.

Column 9, Reference to the occultation list where the structural and

identification information has been given., For a few sources additional
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occultations observed subsequently have been used to improve upon the

information given in the original lists. The references are,

(1) Swarup et al. (1971b)

(2) Kapahi, Joshi & Kandaswamy (1973)
(3) Kapahi et al. (1973)

(4) Joshi et al. (1974)

(5) Kapahi, Joshi & Sarma (1974)

(6) Gopal-Krishna and Subrahmanya (1975)
(7) Kapahi (1971)

(8) Kapahi, Joshi & Gopal-Krishna (1972)
Some revisions to List 1 (Swarup et alt 1971b) are giveh in the Appendix (p.46).

3.4 . Discussion of Source Structures

In general, the types of source structures revealed by the
occultation observations at Ooty have been found to be similar to those
known for ;trohger sources from aperture synthesis observations (e.g.
Mackay 1971). As the distances of radio sources in the Ooty sample are
not known the intrinsic sizes associated with source structures cannot
be estimated. We therefore discuss briefly, some aspects of the observed
structures that do not depend on distance.

The angular resolution achieved indetermining the source structure
from a lunar occultation depends on flux density and anguler extent of a
source. In the Ooty sample of 16h>sources the resolution varies generally
between about 1" to 10" arc, It is interesting that nearly 70 per cent of
the sources in the entire sample have been resolved. The numbers and
percentages of resolved and resolved sources in four flux density ranges

of the sample are listed in Table 3.2. The partially resolved sources
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TABLE 3.2

Statistics of resolved and unresolved sources in the Ooty sample

Flux Number of Number Number

Range sources resolved unresolved or

(1,08 MHz) partially resolved

2 1.5 Jy LC 34 (85%) 6 (15%)

L tbe A9 Jy 30 21, (80%) 6 (20%)

0.50 to 0.99 Jy 50 30 (60%) 20 (40%)

< 0.5 Jy Lb 25 (57%) 19 (43%)
Total 164 113 (69%) -3

(which appeared broadened by less than 1.3 or 1.4 times the effective
resolution, /Gé) have been grouped along with the unresolved (no noticeable
broadening) sources. The fraction of resolved sources is s~en to decrease
appreciably with flux density. This is explained partly by the generally
poorer angular resolution at lower flux levels and partly by the decreasing
overall angular extents of radio sources with decreasing flux density (the
relation between angular size and flux density is investigated in detail in
the next Chapter). The best data, from the point of view of sensitivity as
well as angular resolution, are those for the 40 sources with SAOS 2 1.5 Jy

(with a median value of S, .,~ 2.2 Jy, which is about 3.5 times smaller than

408
for the 3CR sources that have been well studied by the Cambridge group at
high frequencies). In the subsequent discussion we shall confine oufiselves

mainly to this smaller sample of Ooty sources.
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3.@.1 Sources with SAO8 ;3 L5 Jy

(a) Overall structure

" Of the 4O sources with Sadé > 1.5 Jy, 34 (~ 85 per cent) are
found to be resolved. vOf theéé 3L resolved sources, as many as 23
( ~ 60%) show a basic double structure, while 5 have more complex distri-
bution of brightness ard 6 appear to consist of a single compenent. None
of the 6 single sources is highly resolved, (with resolutions of about 2"
to 10" arc) and it is possible that most of these may also exhibit double
or complex structure when observed with higher angular resolution. It
appears then, that almost all the resolved sources show a double or more
complex diétribution of brightness. Sources with complex structure have
either 3 or more components (so that it is difficult to make a two dimen-
sional model of the brightness distribution from scans along 2 or 3 position
anglés) or have a 'head and tail! type structure (e.g. OTL 1417-192 or
OTL 1628-268; Kapahi, Joshi and Sarma 1974). None of the séurces has a
clear 'core-halo' type of structure.

" Flux densities for all the 40 sources are known at 1.4 GHz and
in most cases also at 2.7 GHz from measurements made by Dr. T.K. Menon
with the NRAO 300 ft. telescope, or from measurements reported in the
literature, It is interesting to note that of the six sources that are
unresolved (5 with angular resolutions in the range of 1" to 3™ arc and
1 with (36 = 10" arc; the angular resolution on-this source, #7104 + 508,
is limited by ionospheric scintillation in the records, but there is some
evidence of partial resolution) two, viz. 0820 + 225 and 1514~241 have a

flat spectrum (spectral index X < 0.5) between 408 MHz and 2.7 GHz. On
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the other hand, none of the 34 resolved sources has a spectral index < 0.5,
in the above range of frequencies. Of over 200 Ooty sources down to
~0,5 Jy at 327 MHz for which flux densities are available at 1.4 GHz
(T.K. Menon and V.K. Kulkarni, private comminication) only 10 appear to
have a spectral index & £ 0.5.  These obsérvations confirm the following
general conclusions that have been reached by several investigators in the
last few years. -

(i) Sources with flat spectra are almost always associated with
compact components, and

(ii) the fraction of sources with flat spectra is quite small

(i 5 per cent) in surveys made at low frequencies (f, 40O MHz ). -

(b) Flux ratios for double sources

The distribution of the ratio of flux density in the stronger
component to flux density in the weaker component for the 23 double sources
is shown in Fig. 3.1, It 1is clear from the distribution that the components
of double sources tend to hive similar intensities, as is well known for
the 3CR sources (Mackay 1971). The rare occurrence of sources with flux
ratios exceeding ~r 3 is unlikely to have been caused by observational
difficulties since the sensitivity of the observations should have enabled
flux ratios as large as ~s 6 to be detected if the components were well
separated. If the components are close together (within ~ 2" or 3" arc),
however, 1t is possible that the weaker component is not detected in the
occultations; but the number .of such sources cannot be aprreciable since

most of the sources have, in fact, been resolved into two or more components.
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(¢) Structure of individual components

Due to the limited number of position angles along which each
source has been scanned and due to the limited angular resolutiohf it
has not been possible to investigate the structures of individual components
in detail for most sources. ,A few interesting inferences can, however,
be drawn from the data on double sources in the range SAOB >1.5 Jy.

() In about half the double sources at least one of the two
components is not resolved (with resolutions of ~ 2" to 5" arc), implying
that the ratio of component separation to component size G/GC, can often
be > 5. Interferometric observations of about a hundred Parkes sources
of comparable flux density, made at 408 MHz with a base line of 24 km have
in fact revealed values of e/@C > 10 in over half of the double sources
(Critchley, Palmer and Rowson 1972). |

(ii) In a majority of cases the brighter component arpears to be
the more compact, as is the case for the 3CR sources at 1400 MHz (Mackay
ety ) .Only in 2 out of the 11 sources with unequal component intensities
and apprecilably unequal component sizes, has the fainter component been
found to be more compact.

(i) Only in 5 double sources were 'tails' of emission extending
inwards from one or both components detected. Although weak 'tail! or
'bridges! might have gone undetected in some cases due to observational
difficulties, it seems unlikely that such diffuse components accounting

for a sizeable fraction of the total flux are very common at 327 MHz.

p
¥*

It may be pointed out that higher angular resolutions are expected to
be achieved for the occultations observed at Ooty since 1973 due to
(2) digital recording of data on magnetic tapes and (b) the use of an
-optimum deconvolution technique for data analysis developed by Subrahmanya
(1975), which gives a marked improvement in resolution over Scheuer's
. restoration technique.




(iv) In none of the 23 double sources (except for one possible
exception in OTL Ou16+270),.has a compact central component, (associated
with the optical objcct or lying between the two components in the case

of unidentified sources) contributihg more than about 10% per cent of the

source flux density, been detected., Such components are often seen at
high frequencies, Their absence in the occultation sources 1is consistent

with the central components having flat spectra.

(d) Location of scintillating components

Information on the presence of components of angular extent
5:1” arc can be obtained also from observitions of interplanetary scinti-
llation (IPS) of radio sources. The IPS surveys at low freguencies
(fa 430 MHZ), and at flux levels corresponding to ~ 2 Jy at 408 MHz, indicate
that about 50 to 60 per cent of all sources have such scintillating components
(Harris and Hardebeck 1969; Bhandari, Ananthakrishnan and Pramesh Rao 1974;
Readhead and Hewish 1974). These observations do not, however, give infor-
mation on the location of scintillating components within the overall
structure of radio sources. Although the occultation observations have
not provided sufficient resolution to resolve such compact components in
many sources, statistically the observations provide strong evidence that
in a large fraction of sources (;3 25 per cent) the scintillating components
are likely to be located within the pair of components of double sources,
This conslusion follows from the fact that about 70 per cent of the Ooty
sources with S

408 Z

evidence of compact central components. Recent observations of Cyg-A

1.5 Jy are found to be double or complex with no
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(Hargrave and Ryle 1974) with the Cambridge 5 km telescope indicate the
presence of compact components with sizes of 2 to 3 kpc at the outer edges
of the two main components. Similar compact 'heads! have also been observed
in a recent occultation of 3C 33 at Ooty (Gopal-Krishna, Joshi and Anantha-
krishnan 1975). From the above discussion it appears likely that compact
components at the leading edges of double sources as in Cyg-A and 3C 33

are fairly common.




L6

Chapter 3A

APPENDIX

Revisions to List 1

A reanalysis of the occultations of 25 radio sources in the first
published list of QOoty occultations (Swarup et al. 1971b) shows that the
positional and structural information for a few sources in this list needs
some revision., The reanalysis was undertaken in the light of experience
gained in the interpretation of occultation records and in view of additional
occultations observed subsequently for some sources. It should also be noted
that the radio positions quoted in List ! were bascd on Newcomb's equinox,
whereas those in the subsequent lists nave been referred to the ¥K4 eguinox.
Howéver, the differences in the two equinoxes amount generally to « 0OU5 arc,
which is smaller than the standard errors for most sources.

The revised structural information differs appreciably from the
published information only for 3 sources and is given in Table 3A-1. The
revised positions for 5 sources are given in Table 3A-2. The optical
identifications for the above sources are not affected by the revisions
in position.

In the case of OTL 0556+28, we should like to thank Dr. C.M. Wade
of the NRAO for communicating to us a difference of ~ 5" arc in the occul-
tation position and the radio position mensured by him with the NRAO inter-
ferometer, which led to the detection of an error in the sign of the limb
correction applied in the Ooty occultation analysis. The revised position

for this source is in good agreement with Dr. Wade's measurement.
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TABLE 3A-1

Revised Structural Information for 3 sources in List 1

Observed data Derived Structure
@ Source Flux No. of PA Ang. Size |
327 Scans F of of PA Coxp. Bl
OTL MHz © Scan - components A to B Sern. Ratio
A B
| 0018+05° 2.0 Jy 0 243 . gael ra g oo gl 160 75 1
3.2 198 <3 ~ 5
- 1627-27 0.8 6 P . QLI AT 08 2L 3
2.2 306 Sal o ~505
§ 2109-18 0.6 2 8 103 <8 <5 92 92 =51
l 8 189 <S48 <15

£ * Not in the sample of 164 sources as all three PAs lie within 30° of each other..

o

TABLE 3A-2

Revised Positions for 5 sources in List 1

Radio Position (1950.,0)

Source No. of -
OTL oscultations Right Ascension -~ Declination
0139+15 ) o1 39m 00354 + oS0, 4150 32" 1203+ OU5
0556+28™ 2 05 56 30.98 0.07 +28 18 10.1 1
155626 L 15 56 23,39 0.07 26 05 17.8 1
1627-27 6 ApstBY. 27 . 55,77 . 0,05  -27fa1fy Aol S G
BY16 27 57.35 0.1 e S U I TE vy
2109-18 2 A Y20t 09~ 29,00 T0.1. S8 62 ELEEss
BL 20> 00 35658 0.2 —48, . 5250 iR

Not iﬁ tHe sample of 164 sources, as its galactic latitude is < 10°.
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Chapter 4

THE ANGULAR SIZE - FLUX DENSITY RELATICN

Ll Introduction

A correlation bstween the observed angular sizes and flux
densities of extragalactic radio sources is of considerable cosmological
interest, since both © and S depend on the world model. In the absence
of redshift information for most of the known radio sources, the measured
angular sizes can also provide important statistical information on the
location of fainter and unidentified sources. It has not so far been
possible to study the 8 - S correlation, mainly because of the limited
range of S over which source structures have been determined with adequate
angular resclution. Moreover, it is important that ﬁnbiased samples of
sources, free of observational selection effects be used for such a
statistical study. By combining the data for the weak occultation sources
(Chapter 3) with the available structural information on complete samples
of stronger sources, Swarup (1975) has recently shown that a clear corre-
lation exists between the median values of angular size 8 , and flux
density S, in the sense that the fainter sources have smaller angular
sizes. In view of the importance of the em(s) relation as a cosmological
test ,- to Be discussed in the next Chapter, we shall review and reexamine
the derivation of the Gm(S) relation by Swarup in this Chapter, paying
particular attention to the effects of cbservational and instrumental

selection effects in the data.
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[he structural data for the Ooty sources has already been
described in Chapter 3. Data for the stronger sources from the complete
samples of the 3CR and All-sky surveys is considered in Section 4.2. These
data will be used also in the next Chapter to study the angular size counts
of radio sources. The relation between the median values of 6 and S is
derived in Section 4.3 and the possible selection eoffects in the data
investigated. A discussion of the observed em(s) relation is given in

Section 4.4.

482 The Data for Strong Sources

4.2,1 The 3CR sample

The 200 sources in the 3CR catalogue (Bennett 1962), in 4.25
steradian of Yhe U5 BEFIHER p-—or P10 e FB; >10°; forn & complsts
sample with 8178.2 9 Jy. BExcluding 3C 326, which is perhaps a galactic
source (Mackay 1971) the structures of 199 sources have been determined
by aperture synthesis with the Cambridge One-mile telescope (Macdonald,
Kenderdine and Neville 1968; Mackay 1969; £lsmore and Mackay 1969) at the
principal frequency of 1407 MHz, with an angular resolution of 23" arc in
right ascension and 23" x cosec 8§ arc in declination. In most cases the
observations allowed scurces with angular sizes as small as about 10" in
RA and 10" x cesec S in declination to be partially resolved. But for
a total of 59 sources in ths complete sample it has been possible only to
place an upper limit to 6 (mostly in the range of 8" to 30" arc). However,

observations with highsr angular resolutions, made with other interferometers
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at different frequencies, or data from lunar occultations, are available
for 4O of these 59 sources. ' For these 4O sources we use the best available
value of © from the references listed in Swarup (1975). For the other
19 sources definite values of © are not known and we use only the upper
limits =iven in the Cambridge observations. For the resolved sources we
use the values of o measured with the Cambridge One-mile telescope at
1407 MHz, although for several sources observations at higher frequencies
and resolutions are now available. . The differences in the estimates of &
in most such cases are not significant. We take 6 to be the largest
angular size of a source (the same as LAS of Miley 1971) as defined in the
last Cﬁapter (difficulties in defining © for some structural types are
considered in Section 4.3.1). Comments on some individual sources are
given below.

(i) The sources 3C 83.1B and 3C 8LA in the Perseus cluster are

considered as indenendent sources and the angular sizes taken to be the
half power widths of the 'tail' and 'halo'! components respectively, at

408 MHz (Ryle and Windram 1968). The origin of the extended low surface
brightness component enveloping the two sources (Ryle and Windram 1968)

is not clear; it could possibly arise from the interaction of relativistic
electrons that have diffused out from several active galaxies with an
intracluster magnetic field (Miley et al. 1972). Similarly, the size of
3C 274 (Virgo-A) has been taken to be that of the halo component at 408 Miz
(Macdonald et al. 1968).

(ii) 1In the case of 3C 66 and 3C LL2 we assume the compact

components about 6! and 30" arc away respectively from the extended

components in the two sources to be physically unrelated to the extended
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components, as suggested by Mackay (1971) from statistical and structural
arguments. The compact component in 3C 66 has recently been identified
with a possible WSO (Wills and Wills 1974). We have also regarded the
two main components of 3C 225 to be physically unrelated (Kapahi, Joshi
and Gopal-Krishna 1972). In each of the above three sources, only the
component with 8178 > 9 Jy has been included in the complste sampls.

(iii) We take © = 2340" arc for 3C 236, as observed recently
by Willis, Strom and Wilson (1974).

(iv) It is not clear if the components of 3C 435.1 and 3C 437.1
(6 = 3348" and 3800" arc respectively) represent genuine structure or
result from chance coincidence of unrelated sources. We have assumed
the components in both cases to be physically related.

In deriving a © - S relation we use the flux density information

for the 3CR sample both at 178 Miz as well as at 408 MHz., The use of
178 Miz appears preferable as the 30 survey was made at this frequency.*
Although the sample is liksly to oe¢ less complete at 408 MHz, there is
the advantage that flux densities for the 3CR as well as most of the Ooty
gources are available at this frequency. At 178 MHz wo use the flux
densities tabulated by Kellermann, Pauliny-Toth and Williams (1969) and

at 408 MlIz those measured by the Cambrldge group with the Onc-mile radio

—_—— —— —

. o e —— e i o g e e i

¥ Improved flux densities tabulated by Kgllermann et al. (1969) show that
18 sources have Sy, < 9 Jy, so that the sample is not strictly complete
even at 178 MHz. Also the source 3C 133 with a galactic latitude of
b = -99,92, should not strictly be included in the sample of 199 sources,
as appsars to have been done by the Cambridge grodp. These minor
uncertaintics in the 3CR sample are unlikely, however, to change the
© - S statistics appreciably.
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telescope. In a few cases flux values at 408 MHz had to be interpolated
from those at neighbouring frequencies given by Kellermann et al., (1969).
Flux densities at both the frequencies are based more or less on the CKu
scale (Conway, Kellermann and Long 1963), which appears now to be too low
by about 10 per cent (Wyllie 1969; Braude et al, 1970; Conway and Munro
1972; Roger, Bridle and Costain 1973). We have therefore multiplied the
flux densitieg at both frequencies by a factor of 1.10 in order to conform
approximately to the Wyllie (1969) scale which has also been used for the

Ooty sources measured at Molonglo (Swarup and Sutton 1975).

4,242 The All-Sky catalogue

The All-sky catalogue of Robertson (1973), which is complete
for S,qg 2> 10 Jy (on the Wyllie scale) consists of 160 sources in 10.2
ster, the area of the entire sky excluding the galactic plane, ]bl<1100,
and the region of the Magellanic clouds. Unfortunately, systematic
observations of angular sizes, particularly at the lower flux levels, are
not available for the entire sample. A gearch of the literature shows that
while no angular size information is available for 10 sources, only one
dimensional structures are known for a large number of the remaining sources.
Reasonably complete data are available only for sources with S,,4 % 16.5 Jy.
We therafore restrict the use of the All-sky catalogue only to the 62
sources with 8408;2 16,5 Jy, in order to improve the statistics for the
strong sources in the 3CR sample. Of the 62 sources, 26 are common tO
the 3CR sample. Angular size information for the other 36 sources has
been taken from Cooper, Price and Cole (1965); Fomalont (1968); Eksrs (1969);
Fomalont and Moffet (1971); Bridle ot al. (1972); Schwarz, Cole and Morris
(1973); and Wall and Cole (1973). Most of these observations have been

made between 1400 and 5000 MHz.
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k.3 Correlation-in.. 8 and S

Figure L.1 shows a plot of 6 against SAOS for the 164 Ooty
sourcesf 199 3CR scurces and 36 All-sky sources. Different symbols have
been used to distinguish between QS0s, identified radio gnlaxies and the
unidentified sources. The optical identifiecation data for the stronger
sources have been taken from the comnilation of Veron and Veron (1974).
Identifications from the recent deep optical surveys of Kristian, Sandage
and Katem (1974) ard of Longair and Gunn (1975) have been included. Sources
with doubtful identifications have been treated as unidentified.

Although there is a fairly large spread in angular sizes at any
flux density, it is clear from Fig. A4.! that the fainter radio sources
tend to have smaller sizes. This is also evident from the histograms of
angular sizes in different ranges of flux density which are shown in
Fig. 4.2. Before considering a guantitative relation between 6 and S,
it is important to investigate the effect of possible observational or

instrumental selection effects in the data.

W3k Instrumental and observational selection effects

(i) While the 3CR sample is selected on the basis of flux density
at 178 MHz, the angular sizes have been determined generally at 1400 MHz.
It has thus been assumed that the overall angular extents of sources are
indevendent of the observing frecuency. Angular structures with eomparable
resolutions at frequencies ;z 400 MHz have been detcrmined for many sources,

mostly from the 3C catalogue. Although the flux ratios of components of

* The source OTL 2053-201 which has the highest flux density (S 08 ™ 6.56 Jy)
in the Ooty sample, has not been included by Swarup (1975) in his analysis.
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many double sources are seen to change with freguency duc to spectral
differences, the angular separations of componcnts do not appear to
change aprreciably with frecuency (e.g. Macdonald et al. 1968; Wilkinson,
Richards and Bowden 197L). Observations with the Cambridge One-mile
telesBope, even at 2.7 and 5.0 GHz, of several 3CR sources (e.g. Branson
et al. 1§72) do not also show significant differences in the overall angular
extents of most radio sources, compared to those at 1400 MHz.

(ii) If the intrinsic luminosities of components of double
sources were highly unequal, it is possible that the weaker component
can go undetected, resulting in 2 source being erroneously classified
as single. Such an effect would be more important at the wesker flux
levels due to the limited sensitivity of the observing instrument. For
the 3CR sample Mackay (1971) has given two arguments which suggest that
the number of such sources cannot be aprorecisble. First, the histogram
of flux ratios of comnonents of double sources peaks arourd a value of
unity, and 90 per cent of the sources have flux ritios 2050 T Pltsteats
likely to be an intrinsic effect since flux ratios of upto ~~ 10 would
have been detected in the Cambridge observations. Secondly, no systematic
difference is found in the nositions of single radio sources and the
assoclated optical objects, as would be expected if one of the components
had not been detected.

For the Ooty sourees with S 1.5 Jy, we have already argued

108 7
in the last Chapter (Section 3.4.1) that flux ratios of components of
double sourees > 3 are quite rare. If the distribution of flux ratios

is similar for the weaker sources as well, the possibility of having

missed the weaker-cemponent in an appreciable number of sources is likely
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to be important only at flux levels of £ 0.5 Jy. It is possible that
the angular sizes of upto 25 per cent of the weakest sources in the Ooty
sample have been underestimated due to this observational difficulty.
(iii) Unlike the case of double or multicomponent sources where
the definition of © 1is generally straight-forward and has a clear meaning,
the definition of 6 for 'core-halo' or 'head-tail' sources is not always
clearcut. In such sources the value of € can be quite sensitive to the
relative intensities ofvthe compact vs. extended components and to the
angular resolution of the observations. The sizes of extended components
in some sources appesr a2lso to deperd on the observing freguency due
perhaps to the different limiting sensitivities in surface brightness
for telescopes at different frequencies.

However, the number of sources with 'core-halo! or 'head-tail'
structures appears to be quite small (only 4 or 5 in the 3CR sample and
a similar number in the Coty sample).

(iv) Another possible selection effect concerns the observational
bias against sources of very large angular extent. Although the 3CR
catalogue is known to be somewhat incomplete for sourees of 6 2 5' arc
(Bennett 1962), it is unlikely that an appreciable number of such sources
have been missed (Mackay 1971). The differential angular size counts for
the 3CR sample, considered in the next Chapter, do not also show any
noticeable deficit of very large diameter sources.

“ Iarge diameter sources can be missed in the Ooty occultation
observations if their surface brightness is so low that the occultations
cannot be distinguished from the slow gradients in the received power due

mainly to the Moon's drift in declination. At flux levels of > 1 Jy, this
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problem is not expected to be important for sources with an extended
distribution of brightness over angular extents of < 3' arc, £t the
weakest flux levels of the Ooty data (0.3 to 0.5 Jy) sources of 6 <1!

arc should have generally been recognized. The observed decrease in the
number of Ooty’sources at angular sizes considerably smaller than the

above limits (sse Fig, 4.2), suggests that only a small number of extended
sources, particularly at the lowest flux densities, are likecly to have been
missed.

To summarize, it is possible that a few sources of large angular
extent have not been recognizcd both in the 3CR and Ooty samples and that
the angular sizes of a few sources have been under-estimatoed due to the
observational difficulty of detecting very weak or extended components
in their brightnoss distributions. Nevertheless, these and other selection
cffects in the data are unlikely to have altered the obscrved © - S

correlation seriously.

4.3.2  The 8,,4(S) relation

Due to the large spread in angular sizes, and the fact that
only upper limits to 86 arc available for many sources, the use of median
value of © appears to be the most practical for deriving a quentitative
relation between © and S. We have estimated the median values 8,
in several ranges of S as listed in Tables 4.1 to 4.3 and shown in the
histograms of Fig. 4,2. The flux ranges have becen chosen as a compromise
between having a large number of ranges and at the same time having snough
sources in each range in order to obtain reasonable stutigtics. The results

are not highly sensitive to the choice of flux range. Valucs of 6, were
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TABLE 4.1

Median Values of © and S for the All-Sky Sample

408

Flux Range Number of Sy O
(Jy) Sources (Jy) (arc sec)
> 39 15 103 160 ¥19%
= 63

25 to 39 21 il op ¥ 18
=

16.5 to 24.9 2% 19,5 100 * 28
- 37

TABLE 4.2

Median Values of € and SAOS for the Ooty Occultation Sample

Flui Range . Number Sm Qm Correction g (Corrected )
of Factor,n™
(Jy) Sources (Jy) (arc sec) e o
> 2.0 28 2 13.0 1.05 ) ! 2R
"'LI»-S
0 \ +3.3
.90 to 1.99 48 EE) 10.0 1.09 10:9 o
N5
0.50 to 0.89 Ll 0.66 9.0 .2 10,1 -
H2 ol
0:20kt0. Q.49 Ll 0.36 7.5 1Eel 8.6

-2.1
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TABLE 4.3

Median Values of @, 5178 and SAOS for the 3CR Sample

Flux Range Number Sy Sy e

Frequency of (Wyllie ~
(Jy) Sources (Jy) Scale) (arc sec)

(Jy)
+45
> ; Q)

178 MHz S8 285 28 L6.6 5046 0 7

' +20
16.0 to 24.9 39 19.5 21.5 33 12.5
5L
11.5 to 15.9 68 13,0 14.3 2 )
+ 6.9
< 11,5 bl 10.1 1Mk 20 51

+43

408 MHz S50 215 28 25.5 28.0 8
9.6 to 14.9 38 i Tpe® 121 L1 +:g‘5
6.5 to 9.5 67 7.5 8.25 20 el
- 4.2
< 6.5 66 5.2 5.7 T

= 4.9
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estimated by making cumulative plots of number against € in each flux-:
range and by fitting a smooth curve near the value of ©6p. The cumulative
plots for the three source samples considered are shown in Figures 4.3
to 4.6. The median values of S in each flux range were estimated similarly..
Only for a very few sources, particularly in the lowest flux density ranges
of the 3CR and Ooty samples, do the upper limits to angular sizes of
unresolved sources exceed the median values of ©, and do not therefore
affect the values of Qm aprreciably.

In the N( >>8) plots of Figs. 4.3 to L.6, the dots present the
N( > ©) curves if the upper limits of © for the unresolved sources are
taken to be definite values, while the crosses indicate the shapes of the
N( > 6) curves if the actual values of 6 for the unresolved sources are
much smaller than the uprer limits. The true N(> 8) curves should lie
in between the above two extremes. It is clear from the N( > 6) plots
that the uncertainty in the actual © values of the unresolved sources
does not have an appreciable effect on the determination of ©p, except
perhaps for the lowest two flux ranges of the Ooty and 3CR samples. The
uncertainty in the estim»tion of 8, even for these flux ranges is, in
any case, expected to be of the same order or smaller than the standard
errors in 8.

Standard errors in the median valucs, estimated from the grouped

freouency distributions, are given by (Yule & Kendall 1950)

o (on) = JB/(28,)

in units of the class interval of log 6, where n is the total ‘number

of sources, and fp the smoothsd ordin~te value of the freguency distribution
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at the median value, obtained from the histogram of Fig. 4.2. The

procedure does not use the stand 'rd deviation of the distribution, and

is expected to be adecuate; since the frequency distributions in units

of log © (Fig. 4.2) do not aprear to depart radically from normal distributions.
The values of 6, for the Ooty sources,. estimated as above,

are likely to be somewhat smaller than the true values since the estimate

of ©, obtained for many sources from strip scans along only two position

angles, is likely to be smaller than the true value. An approximate statistical

correction for this effect can, however, be applied (Swarup 1975) as follows.
Consider the case of a source scanned along two position angles,

PA1 and PA2, separated by an angle 208 (see Fig. 4.7). Without loss of

generality we refer the angles with respect to the line bisecting the

two position angles, and assume the major axis of the source (considered

to be linear) of angular extent 6 in the plane of the sky to make an

angle }“ with the reference axis. The angle ‘yﬂ can lie anywhere

between — A /2 and + A /2, and since we have excluded sources for which

0° < 20 « 30° and 150° £ 20 « 1809, the angle 20 is expected to

be uniformly distributed between 30° and 1500, which is indeed found to

be the case for the occulted sources. Now, devending on wheather the

source axis lies in quadrant I or II (Fig. A.V), the projected size would

be greater along PA1 or PA2 respectively and would be taken as the measured

size. The projected size ep, along the aporopriate PA is given by

&p = 8. cos (A% - 9)

The ratio of the average value of the measured projected size to the
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true projected size is, therefore, given by
Z, o M.
[T ] [cosr-my+ s (r-rty
,n:_é@_e_; = "0 k! 0

<@ 7 : ¢2 e
j de [ dw
¢f ~A/2.
where ¢1 = 15° and ¢2 = 750. The above equation, on integration gives

Ui 0.86, suggesting that the estimsted values of ©p should be increased
by about 16 per cent. However, the above correction applies only to single
or partially resolved sources observed in two position angles. The corre-
ction would be smaller for sources observed along more PAs. Moreover, no
correction is necessary in the case of double sources since the component
separations in almost all such sources are unambiguously determined even
from two PAs. Considerine the statistics of source structures in different
flux ranges we have multiplied the estimated ©p values by factors ranging.
from 1.14 for the lowest flux rénge to 1.05 for the highest flux range of

1, and the corrected values

the Ooty sample. The correction factors VL'
of 6, for the Ooty sample are given in Table 4.2. The final plots of
On vs. 5, for flux densities at 178 and 408 MHz ~re presented in Figs.
4.8 and 4,9 respectively. In the latter Figure, Sm values for the All-sky
and Ooty samples have been converted to 178 MHz using a constant spectral
index of X = 0.75. Standard errors in S, are negligible in comparison
with those for 6.

In the lowest flux density ranges of both the 3CR and the Ooty

samples, the values of 6, lie only slightly above the observational angular

resolutions for many sources. If a source is only partially resolved its
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angular extent estimated by fitting a single Gaussian component is somewhat
higher than the component separation of a double source model. The extent
of.'overestimation of angular size depends on the amount of resclution and
can be as high as ~v L0% for some Ooty sources. The effect is not likely
to be serious, however, since we have generally used only upper limits to
angular sizes in the case of partially resolved sources. Nontheless, in
order to check that the limited resolution does not affect the form of the
Gm(S) relation appreciably, we have also estimated 90.67 (67 percentile
values of ©) values in each flux rangze and these are marked in Fig. 4.9

by crosses., The 8 values are well above the resolution limits and

0.67

show a similar trend with flux density as the 6, values.

4.3.3 Samples excluding 0S0Os

In view of the possible non cosmological nature of QSO redshifts,
we have also estimated the values of 8, fromall the three samples by
excluding the known QS0s. The frequency distributions of © for these
reduced samples are shown in the histograms of Fig. 4.10« The results

-5 relation,

are given in Table 4.4 and shown plotted in Fig. 4.11. The 8,

which now refers to radio galaxies or optically unidentified sources,
shows a similar behaviour as the total sample, except that the Op values,
particulsrly at the higher flux levels, are somewhat larger due to the
exclusion of a few compact sources associated with QSOs.

As in the case of the complete 3CR sample, the use of flux
densities at 178 MHz or at 408 MHz does not have a significant effect

on the form of the em(s) relation.
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SAMPLES EXACLUDING Q308
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TABLE 4.4

Median Values of © and S for source samples excluding ©SOs

Source Flux Range No. of Sm ®n

Sample - Sources arc sec
(Jy) (Jy)
A11-sky gov e me 18 85 180 "113
408 MHz Los -7
+ 58
165 6 2 140
5 tlof 35 3 2, L iy
' il s + 5
3CR St ety > Ol 2l 1 By 10
i g
13.0 to 23.9 55 17.9 g :
<13 75 T Fspa sl
. - [-}-7
ot 280 St 20 BiErrt B LS
4,08 MHz 4,08 = T8
0 2 28 13.8 2
| ..9“t‘o.1.99 3 E 3.8 4
0.5 to 0.89 38 TR
3 AN,
0.2 to 0.49 13 0.36 Eals ;?

The nature of the unidentified sources is of vital importance
in interpreting the statistics of source samples obtained by excluding

the known 0S0s. Bolton (1969) has presented four arguments to suggest
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that most of the unidentified sources in the low frequency catalogues at
moderately strong flux levels (corresponding to the 3CR and Parkes surveys),
are likely to be radio galaxies, presumably too distant to be seen on the
plates of the Palomar Sky Survey. The arguments are based on the observed
distributions among radio galaxies, QS0s and unidentified sources of

a) optical magnitudes b) percentage of sources showing interplanetary
scintillation, c) spectral indices and d) polarization parameters. Further-
more, recent optical surveys in the positions of selected 3C sources and
going to fainter limiting magnitudes than the Palomar Sky Survey, appear

to provide some direct observational suprort to this conclusion (Kristian,
Sandage and Katem 1974; Longair and Gunn 1975).

Even for the weaker Ooty sources the distribution of optical
magnitudes of the identified 0SOs, unlike that for galaxics, peaks con-
siderably above the plate limits of the Sky Survey, suggesting that identi-
fications with QSOs are largely complete (Joshi 1975). The scintillation
characteristics of sources in the Ooty IPS survey, going down to about
2 Jy at 327 MHz (Bhandari, Ananthakrishnan and Pramesh Rao 1974), also
support the hypothesis that most unidentified sources are likely to be
distant radio galaxies. The samples obtained by excluding the 0SOs are

therefore likely to consist mainly of radio galaxies.
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holy Discussion

Lpalpst Are the fainter sources farther away?.

‘Figs. 4.8, 4.9 and 4.11 show that the value of ©p decreases
continuously from neariy 200" arc at the highest flux densities (fv 100 Jy
at 408 MHz) to only A~ 10f arc in the lowest flux range of the Ooyy data
(0.2 to 0.5 Jy). The simplest explanation for this correlation, which .
is'substaﬁtially free from observaﬁional‘eelection effects, is that
statistically the weaker sources z2re located at greater distances. If
this explanation is correct, there should be a correlation between flux
density and redshifts of radio sources. But it is known that in the 3CR
catalogue, for which the best redshift.data are available, flux densities
are not correlated with 2, both for QSOs (e.g. Longair and Scheuer 1967)
as well as for radio galax1es (e. g Hoyle and Burbidge 1970) It must |
be noted however that the redshift data for radio galaxies (thelr
redshlfts have generally been accepted to be cosmologlcal), which constitute
the majority of 3C sources, are incomplete and also likely to be seriously
biased in favour of the brighter and therefore nearer galaxies at any
flux density, due to the difficulty of measuring redshifts of faint galaxies.,
The followiné arguments based on the observed statistics with regard to
flux densities, angular sizes and.optical magnitudes can be given to
demonstr;te this bias.

(a) In theASCR sample of 199 sources, 94 sources are reliably
identified with radio galaxies but redshifts are known for only 51 galaxies.
(redshlft data from Burbldge 1970 Lynds 19745 Burbidge and Strittmatter

1972; Tritton 1972; Spinrad and Smith 1973; Kristian et al. 1974; Longair .
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and Gunn 1975). In Table 4.5 we give the statistics of radio galaxy
identifications and of measured redshifts for the sample, divided into
four ranges of flux density (fhe same ranges as used for the ém—S
relation) at 178 MHz. The marked observational bias with regard to
redshift measurements of‘radio galaxies is evident from Table 4.5. While
z is known for 81 per cent of ﬁhe identified galaxies in the highestvflhx
density range, only about 31 per cent of the galaxies in the lowest flux
range have had their redshifts measured. Itis in thelower ranges of S
that the identified galaxies would be expected to have the largest redshifts
if S and 2 were correlated. TFurthermore, the fraction of unidentified
sources.in the lower flux ranges is seen to be considerab1y more'than in
the higher flux ranges, suggesting that fainter sources are likely to be

farther away.

TABLE 4.5

Statistics of redshift measurements for galaxies in the 3CR sample

Flux Range Number No. identi=- No. with Percentage” of
of fied with measured .z gals. with
(J9y) Sources galaxies T measured z
Symg > 25 Jy 28 i SRS 17 81%.(100%, 62%)
16.0 to 21,.9 39 20 1, 70% (908, 508)
11.5 to 15.9 68 i 11 6% (58%, 33%)
5, et 6l i 31% (48%, 14%)
Total 199 . 51 5u% (798, 30%)

Values in brackeis refer to the identified galaxies arranged 5ccording
to decreasing 8. -
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(b) If the identificd galaxics in each flux range of Table 4.5
are arranged in order to decreasing angular size 0, and divided into two
equal classes according to 6, the p=rcentage of galaxies with measured
redshifts in the uper and lower © classes are listed in the ldst c¢olumn
of Table 4.5. It is seen clearly that redshifts are known for' a larger
fraction of the galaxics of higher © than for those with lower Q;VShOWihé’
the bias against smaller 6 galaxies which are expected to be more distant;:

(e) While the 51 galaxies of known =z have a median optiCal
magnitude of ~v 15.5m,,that for the other 43 galaxies in the 3CR samﬁlé
is 2 19m, indicating a distance effect. This in fact is the moStviikely
cause for the observational bias since redshifts are difficult to measure
for faint galaxies,

The lack of any Hubble-type correlation betwen S and 2z for
the 3CR galaxies can thus be explained to some extent by selection effectS~
in the redshift data (a fairly large scatter invthe correlation woﬁid’in'
any case be expected due to the spread in the intrinsic luminosities of
ragio galaxies). From the above considerations and the fact that ho fiew
class of optical objects have been identified or radio structures scen
amongst the weaker Ooty sources, it secems ocuite reasonable to conclude that
statistically the fainter radic sources (at least those identified with
galaxies and the unidentified sources) are located farther away, rather
than being neapby objects of low luminosity. On the assumption that the
fainter sources, as a class, have similar physical sizes as the stronger
sources, an approximate estimate of the location of fainter sources can

be obtained from the angular size - data as follows. .
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In the 3CR sample the median values of z ana © for the 51
galaxies of known redshift are':szxr0;075 and 8y ~r 125" respectively.

For the remaining 103 sources that are either unidentified or are galaxies
of unknown -z, we find -8j~ 25" arc. Assuming -8, to decrease linearly
with Zgy (the FEuclidean case), the median 2z for the 103 sources is given,
to a first approximation, by “z = 0.075 (125/25) = 0.375. At the flux
levels of the Ooty samples, 'z~ is likely to be even higher since “8p
decreases further to ~s 10" arc. It would appear then, that a large
fraction of the Ooty sources (excluding QSOs) are likely to be located

at redshifts > 0.5.

Due to the small number of 0SOs in' the source samples it is' not
practical to study the 6 - S relation for them separately. It is interest-
ing to note, however, that the values of 6, for all the CSOs‘in the 3CR
and Ooty samples are ~ 9" ard ~s 5" arc respectively, which might'indiCate
a distance effect; the number of QSO0s (18) in the Ooty sample is, however,

too small for this conclusion to be statistically significant.

Les.2 The form of the ©€,(S) relation

It is of considerable interest to examine the form of the
©n - S relation in more detail. In a static Euclidean universe, for a

given class of sources of luminosity P and physical size £ ., we have

R = Kh” and S=Ph’2

so that

D
!

- (b iy sz
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For any other class of sources of different P and 2 , one woula find
60c 57, One would thus expect @ o¢ 52 ‘for any distribution of P
and & , provided the distributions are independent of distance r.

A least square fit of the log 8y - log S, data with a straight
line of slope 0.5 is shown in Fig. A;9. Although the data do not show
statistically significant departures from the expected relation in an
Buclidean universe, there appears to be a suggestion that the slope of
the log € - log Sy relation becomes considerably smaller than 0.5 at
the lowest flux densities. It must be remembered also that the possible
bias against sources of large angular size at the lowest flux values of
the Ooty data may have resulted in und r-estimating the values of &
somewhat. The Ooty data thus suggest that the value of 6 at lower
flux levels may be asymptotically approaching a constant value in the
region of about 6 to 8" arc. It is of course possible that ©, may
start increasing .again at very low flux levels. Angul-r size measurements
with resolutions considerably better than 10" arc are necessary to extend
the Gm(S) relation to fainter flux levels than the Ooty data.

The limited angular size information in a recent deep survey.
with the Westerbork synthesis telescope 2t 1415 Mig (Katgert and Spinrad .
1974) aprears to provide some evidence that the value of Qm; does not
continue to decrease as Syh. In the Westerbork survey complete down
Eoary G.OT Jy at 1415 Mz (S_ = 0.024 Jy), there are a total of 53 sources,
of which 36 have an angular size > 10" arc, the limit of resclution :of
the survey. The aprroximite 67 percentile value of © ( ~ 10" arc) for

this survey is shown in Fig. 4.9, plotted at the median (0.046 Jy)

*SAO8
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obtained by assuming a constant spectral index of & = 0.52, the average
value found by Katgert and Spinrad (1974)between 1415 and 610 MHz, Consider-

ing the ratios of 6

0.67 and 6p for the Ooty sources, the value of 6y
for the Westerbork survey is estimated to lie between 5" amd 8" arc, which
is well above the value of about 2.5" arc expected from the Fuclidean fit
of a straight line shown in Fig. 4.9. It should be noted also that the
Westerbork survey has been made at é frequency much higher than that of
the 3CR or Ooty surveys and would, therefore, comtain a larger proportion
of flat spectrum sources which generally have compact unresolved angular
structures. A low frequency survey to comparable flux densities would be
expected to have somewhat higher value of 8.

There is thus some evidence that at flux densities below~1! Jy
at 4,08 MHz, the Sm(S) relation may be showing an increasing departure
from the Euclidean relation. High resclution observations of source
samples at these flux levels are extremely desirable.

In an expanding universe, the form of the ©,(S) relation would
de~end on the cosmological world model, the radio luminosity function, amd
on the distribution function of source sizes. These aspects of the 6p(S)

relation are investigated in the next chapter.



Chapter 5

ANGULAR SIZES AND COSMOLOGY

Introduction

\ 1
.

It is widely believed that the flux density counts of extragalactiec
radio sources do not agree with the predictions of uniform world models
and provide evidence of strong evolutionmary effects in the mean properties
of sources with epoch (Reviews by Longair 1971; Rees 1972). In Chapter f
(Section 1.2) we have argued about the desirability of performing other
independent cosmological tests in order to investigate the spatial distri-
butien of extragalactic radio sources. In this Chapter we shall show how
the statistics of angular sizes of radio sources observed over a range of
apparent flux density can be used for such tests. We first summarize
(Section 5.2) the results that have so far been obtained from cosmological
tests with atigular slzes of extragalactic objects. We shall apply two
additidnal tests that have not hitherto been used; (a) the 6,(S) relation
which was discussed in the last Chapter and (b) the counts of angular sizes,
i.e. the N(8) relation. In Section 5.3 we outline the method of estimat-
ing the expeéted N(@) and Gm(S) relations for a uniform distribution
of sources in space. The observed angular size counts for a complete
sample of the 3CR sources are constructed in Section 5.4. A comparison
of the predicted relations with observations (Section 5.5) provides
independent support to the evolutionary interpretation of flux density
counts of radio sourees. It is difficult to explain the angular size data
in the Steady State cosmology. In Section 5.6 the nature and magnitude of
evolutionary effects are investigated for the Einstein-de Sitter cosmology.
It is shown that evolution is reouired both in the space density (or

luminosity) and in the linear sizes of radio sources with epoch.
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5,2 Cosmological Tests Using Angular Siges

5.9 % ie~tlz) —rasi

It is well-known that the angular size 6, subtended by a class
of extragalactic objects of constant physical size placed at different
redshifts, derends on the world model. Observations of angular sizes can

thus provide, in principle, a determination of g

lqs the deceleration parameter

(Hoyle 1959; Sandage 1961).

In the case of optical galaxies, the ©(z) test has had only
limited application largely because the test refers to 'metrie! diameters
whereas one generally measures the ‘'isophotal! diameters of gaiaxies from
their optical images (Sandage 1961, 1972). However, Baum (1974) has dis=
cussed a preliminary determination of dy from measurements of metric
sizes of elliptical cluster galaxies: The possibility of applying the
8(z) test to clusters of galaxies by using ah empirically derived normalized
cluster radius, has recently been reported by Austin and ?each (1974.).

In all the above apvlications of the 6(z) test, there are two additional
problems in determining qo.

(i) It is difficult to record and measure galaxy images at
large redshifts (z 2;0.5) where differences in the predictions of various
world models become important.

(ii) The necessary corrections that may be aprlicable to intrinsic
sizes due to light travel times are not well understood.

The difficulties associated with uéing optical galaxies to
determine q, are largely overcome in the case of radio sources. Since
most radio sources, at least in the low fregquency surveys, have a double

structure, the angular sevaration between the components which is used
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as a measure of the angular extent is a metric size. Angular structures

of many quasars at large redshifts have already been determined. Moreover,
the effedt of correetions due to light travel time are eXpected to be

Less important for radio sources since their typical life times (106 to 107
years) are appreciably smaller than the characteristic Hubble timeé, and

the sources seen at large redshifts are, therefore, not likely to be
individually younger. However, the test is made difficult by the fact

that there is a large observed spread in angular sizes at any redshift,
implying that radio sources do not have a fixed Yinear size. The dinferred
linear sizes can range from < 1 kpe to over 1 Mpes

Plots of the largest angular size © (which refers to the
angular sepdration of the two components for double sources, or to the
largest angular scale assoclated with more comnlex source structures ),
against 2z for radio galaxies and CSOs have been investigated by Legg
(1970) and Miley (1971). Wardle and Miley (1974) have recently extended
the © - z plot to include a total of 166 QSOs. The main conclusions
from these studies may be summarized as follows.

(a) The upper envelope of the angular size data shows a clear
correlation with 2z 1in the sense that sources at larger =z have smaller
9. This correlation, together with the continuity in the points for radio
galaxies and quasars, is a strong argument in favour of the cosmological
origin of quasar redshifts. The scatter below the upper envelope of the
® -~ z plot is explained largely by the spread in the intrinsic sizes of
radio sources and partly*sy the fact that the sources are secen in projection

on the nlane of the sky.
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(b) At large redshifts (z ~v 2) the angular sizes of gquasars
fall well below the values expected in either the Steady State cosmology
or in Friedman cosmologies. The angular size in fact decreases with 2
scmewhat as 2'1, the relation expected in Euclidean geometry. The observed
8 - z relation can, however, be explained by invoking evoluticn in the
linear sizes of quasars with epoch. Although the exact form of evolution
can not be determined from the data, a reasonable fit is obtained to the
upper envelope of the data if the linear sizes vary as (1 + z) S Saikfalta W)
in the range of ~1 to 3. The data cannot be used to determine the value
of qo, since model differences are small compared to the evolutionary
effects,

Reinhardt (1972) has pointed out that Miley's (1971) data for
QS0s are consistent With 5 Hon evolving (with respect to size) population
of ©S0s in low density Friedmann universes (which predict & 6 - z relation
closer to the Buclidean relation): He has also suggested he possible
existence of two classes of (0SOs; those with intrinsic sizes « 0.23 Mpe
and those with a strong concentration between about 0.33 and 0.43 Mpc
(for H = 50 km sec™! Mpe~™! and Q = s, 11, where £2 = 20, 1 Hhe
ratio of the actual and critical mattcr density in the universe), The
discontinuity in the linear size distribution could, however, arise
from observational sclection effects (van der Kruit 1973). Jackson (1973)
and Richter (1973) find that the upper envelope of the 6 - z relation
for 0SOs can be explained reasonably well without the need for an
evolttion An' source dizes, 1f it is’ddsumed that 'the inirimsic lumindeifiies
of QSOs decrease with time (as e.g. in the model of Ryle and Longair 1967),
for then the sources of high luminosities (i.e. lorge 2z) would be seen

younger (therefore of smaller size). Such an explsnation predicts an
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anticorrelation between luminosity and source size, which is not cvident
in the data (this point is considered further in Section 5.3.1).

A study of the © - z plot is limited to sources with known
redshifts, and can therefore be affected by complex selection effects.
Also, it does not tell us if the sizes of radio galaxies evolve as well,
because large redshifts have not been measured for galaxies.

A test combining the 6 -~ z relation ard source counts has
been applied in a limited sense by Longair and Pooley (1969), who compared
the number of sources with 8 > 70" arc observed in the 5C surveys down
to flux limits of 0.03 Jy at 408 MHz, with the number expected in different
cosmologies, as predicted from the properties of the stronger sources in
the 3CR sample. The observed number was found to be larger than predicted
in reasonable world models and could be explained by evolutionary effects
in the space density of intermediate luminosity sources with epoch. A
similar test covering a smaller range in flux density has been performed

by Fanaroff and Longair (1972).

5. 2.2 . Dheatiiche et

Since the variation of both angular size ard flux density with
2z, depends on the world model, the © - S relation can also be used as
a statistical test of cosmology. Although such a relation introduces
additional spread in the data due to the radio luminosity function, it has
the advantage that comnlete or unbiased samples of sources can be used.

We shall apply this test in this Chapter to the observed em(s) relation

discussed in Chapter 4.



S Angular size counts

The smwaller spread in the linear sizes of most radio sotirces
compared to their luminosity, and the apparently rare occurrence of sizes
larger than about 1 Mpc, suggest that it may be fruitful to study the
angular size counts of radio sources, i.e., the log N-log ® relation, in
which the number of sources N, in a given region of the sky, which have
an angular size greater than a value 6, is plotted against ©, in a
manner analogous to the log N-log S of radio source counts. The flux density
information is implicit in such a study as we are considering angular size
caunts in a survey which is complete above a certain flux density, S. It
is clear that such an N(S,8) relation contains information on the cosmo-
logical world model as well 4s on any evolutionary effects in the properties
of the source popuiation with epoch.

As an ideal case, consldet a survey of the sky in which the
sensitivity limit is so low that every source is detected. If the sources
are uniformly distributed in space and have a constant physical size, then
in tﬁe case of Huclidean geometry, the number of sources varies with distance

as r3, and the angular size 8 as r'1, so that

N( > 8) o< 9"3

The above relation would be true for any distribution of linear sizes,
pr;§ided the distribution is independent of epoch, since each range of
linear sizes will give N( >8) o 9—3. In an actual survey that is complete
above a flux density S, not all sources in the sky will contribute to

the angular size counts at any ©, since some sources, though near enough

to subtend sn angle greater than 6, will not be luminous enough to have

I g 1

M i B
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a flux density greater than S and will not therefore be included in

the catalogue. The slope of the log N~log 6 relation would thus be flatter
than -3; the actual slope would depend on the space density of sources

of various luminosities i.e. the Radio Luminosity Function.

Since it is important in studying angular size counts that
complete samples of sources be used, the 3CR sample of 199 sources appears
to be the best available sample for this purpose. In Section 5.4 we hawe
used the available angular size information to construct the counts for
the 3CR sample, down to 6 = 10" arc. The method of calculating the expected
N(S,8) and em(s) relations from our knowlcdge about the radio source
population is first outlined in Section 5.3.

We shéll assume throughout that QS0s are at cosmological distances
implied by their redshifts and treat them as indistinguishable from radio
galaxies for the purposes of angular size counts. Since there seems to
be little controversy about the cosmological mature of the redshifts of
radio galaxies, we shall also consider slightly reduced samples of sources
obtained.by excluding the known QSOs from the complete samples. We shall

come to very similar conclusions for the samples with and without 0SOs.

5.3 Prediction of Angular Size Counts

In order to calculate the expected angular size counts, i.e.
the N(S,Q) relation, we shall first assume that radio sources are

uniformly distributed in space. We need to know the cosmological world

model and the Luminosity Size Function, éﬁ e, Q), which can be defined

such that the number of radio sources in a unit volume of space, which
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have radio luminosities (at 2 fixed emitted frecuency) in the range P
to P + dP, and projected linear sizes in the range € to g +dl 555

given by
b, Lr al

5434 The luminosity-size function

We shall express the luminosity-size function as a product of

the Luminosity function and the radio size function, ie. -

de by pe ) RSy

where the radio size function ﬁu (@), is normalized such that,

ffp(({) dbi .= {

o]

The factorization of eq. (1) appears to be justified as there is little
evidence of a correlation between the size and luminosity of radig sources.
An anticorrelation between P ~and @ might be expected if at large redshifts
(therefore high luminosities) sources are seen to be individually younger
(therefore of small size). But since the life times of most radio sources
have generally been inferred to lie in the range of about 106 to 109

years, which is much smaller than the Hubble time, their age distribution
should be practically independent of z. A plot of the projected size
against luminosity P178 for the complete sample of 3CR sources appears

to be more or less a scatter diagram, with only a slight tendency for
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sources with small physical sizes to have high luminositiecs (Longair and
Mzcdonald 1969). This tendency refers mainly to a few QSOs and does not
necessarily imply a correlation of size with luminosity. It can arise in
part from evolutionary effect in the sizes of sources at large redshift®
that is indicated by the 6 - z plots for QSOs. Furthermore, very compact
angular sizes are generally associated with 0SOs of flat or inverted radio
spectra, but the fraction of such sources in low frequency catalogues 1s
known to be quite small ( f}5%> even at the lower flux levels of the Ooty
survey (Kapahi, Joshi and Kandaswamy 1972; see also Chapter 3, Section
3.&.1). In order to minimize the inclusion»of possible evolutionary effects
in source sizes in considering a possible P-¢ correlation, one can

}ook only at sources of small 2. Mackay (1973) has made an a -P plot
for an approximately complcte sub-set of 64 sources from the 3CR sample
which are either known or estimated (from their optical magnitudes) to
have 2 < 0.3. The plot is clearly a scatter diagram with a similar spread

23

in the E values at different luminosities, which range from about 5 x 10

/ Mpc"’)

to 5 x 1026 W Hz“ ster_.1 (for a Hubble constant of H = 50 km sec™
at 178 MHz. This sub-set consists almost entirely of radio galaxies.

For sources of higher luminosity it becomes necessary to consider samples
of QS0s of large z. From the © - z data for QS0Os, Strom (1973) and
Wardle and Miley (1974) have noted that the effects of any possible anti-
correlation between luminosit& and size do not appear to exist in the data.
It appears quite reasonable, therefore, to assume the radio size function

to be independent of the luminosity function. We shall later consider the

possible dependence of source sizes on z.
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5.3.2 The radio luminosity function (RLF)

There is considerable uncertainty in the observationally
determined form of the radio luminosity function (RLF), due largely to
the difficulty of estimating the distances of radio sources. For instance,
von Hoerner (1973) has plotted several existing determinations of the RLF
and concluded that (a) there is an‘uncertainty of about a factor of 10 in
the scale of the luminosity function and (b) if the luminosity function
is expressed as a power law, JG(P) oC P_V’ dP, the exponent appears to
have a value Y = 2.5+ 0.5 over the entire range of luminosities relevant
to radio galaxies and 0S0s.

Fer our purpose we shall, for simplicity, assume the radio

luminosity function to be given by a truncated power law of the form,

kP"Y, for P <

y = <
.Jﬁ(P) IJ“P178" Pu
v. 02}
and = 0O otherwise
' = = - L
we shall take PL = 1023 W Hz ster p and Pu =2 X 1028 W Hz 1 ster s

at 178 MHz, as indicated by the known luminosities of radio galaxics and
QS0s. Our conclusions do not dererd critically on these limits. We show
in Section 5.5 that by comparing the predicted N(S,G) relations for

such a luminosity function with the observed counts for the 3CR sample,

26

the value of the exponent Y can, in fact, be determined for P‘ < 10

78
W Hz™! ster-1, and useful limits can be put on the value of Y for higher
luminositics. Necessary modifications to the single power low form of

eq. (2) at high luminosities are considered in Section 5.6.
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DoSIas) Radio size function

The spread in the inferred sizes of radio sources is likely
to be caused by a number of factors such as projection effeets, distribution
of source ages, the spread in initial conditions in the energetic events
that give rise to the two radio components and the process of confinement
of the source components. Since most of these factors are not well under-
stood, the expected form of the size function is not known. We shall
therefore use a purely empirical method to derive a simple form of the
size function, that is consistent with observations.

Like the luminosity function, the size function can also be a
function ‘of epoch in the relativistic cosmologies. Since the relation
between 2 and © depends on the world model, and since we do not know
the exact form of the possible variation of { with z, the local size
function has to be derived from a2 complete sample of sources of small =z,
so that the geometrical effects of the world model and evolutionary effects
in source sizes are not important. For the approximately complete sample
of 64 3CR sources with z<¢0.3 (Mackay 1973), a histogram of the distribution
of projected linear sizes, calculated from the obscrved angular sizes in
the Einstein-de Sitter model, is shown in Fig. 1(b). The histogram represents
the distribution of projected sizes, @%‘(K), and we need to know what
distribution of actual sigzes «f*a ( Ba), will give rise to the observed
distribution. For this, we first work out how 2 distribution of true

linear sizes is affected by random projection effects.
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If the major axis of a radio source makes an angle g (o I( 90°)
with the line of sight, the projected size e = Ea sin - Consider
the range of projected sizes e to Q+ d?, . A source of true size
between P’a and Qa + d@a will give a prcjected size in the above range

if the angle ; lies in the range 3‘ and ; + d; , where
; = si,n'1(£/ e@) < e (3)

Now the probability that Z is between ; and ; * d; is given by

/b(;) d; = 54’»; a/;'

» 7 T—
“ [ z‘ »(wa,)j A
fmm eg,.(3).

Therefore, the fraction of sources from the range ea to Z% + d«ﬁa

that gives a projected size in the range Eto £+ dﬂ Ls

o (k) @be) (£2-02) 4 A,

and the fraction that have the projected size in the above range:from
the maximum possible range of actual sizes Ea = f, to '-Za = ;’{‘Zo\,

where éo is the maximum actual slze, is given by

W)l = Zall/ Y (la) Ao (4
Z [/gl é»Z
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(i) Let us first consider, following Legg (1970), a simple size
distribution in which all true sizes from O to a maximum value gcy

are equally probable (see Fig. 3(a)i), i.e.
vl dl,, = Ma/lo .. (5)

By integrating equation (4) we get

wil) dl = _;_ cog'f(Z/Zo) 4L el G

The above distribution, for the value of £k>==l_Mpc is compared with
the observed histogram in Fig. 3b, It is clear that the size function
of eq. (6) predicts too many sources of large projected sizes as compared
to the observed number.

(ii) We now try another anmalytically simple distribution of true
sizes in which the probability of a size ga'reduces linearly with

increasing 4€a,‘(Fig. LY iRt v S
lyddy = 2 (1~Lo) dl i
W (L) 2 (1-ge) dha )

From equation (4) we find for this distribution,

W)l = 2 [cosl/L) - (e/z)én[hm/z]dj (8)
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The size function of eg. (8) gives a reasonable fit to the observations
as shown in Fig. 3(b)hand we shall use it for calculating the angular
size counts and the em(s) relation.

It should be noted that the recent discovery of two double radio
galaxies of small gz, having projected linear sizes of 2.0 and 5.7 Mpc
(Willis, Strom and Wilson 1974) indicates that the local size function may
have a weak tail extending to sizes larger than 1 Mpc. The exclusion of
a few such large sources from the function of eg. (8) is, however, not

likely to change our conclusions appreciably.

5.3.4 The N(S,0) relation

3ince evolutionary effects in source propertiecs may be more
important than the geometric differences in world models, we shall work
out the expected N(S,8) relations only in the Einstein-de Sitter model
( AA— =0, g, = 0.5) and in the Steady State model. For simplicity, we
first illustrate the procedure in a static Euclidean universe and then
include the necessary modifications in the two world models.

The basic relations to be used are

g
i

(e/H)* 22 5 e k9)

and

D
1

L /(c/H) 2 PR 1L

where c¢ 1is the velocity of light and H is the Hubble constant,
which we take to be H = 50 km se{;1 Mpc-‘. For a given sensitivity

limit S , the lower limit PL to the RLF implies that all sources
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nearer than a redshift 2z, given by

a2 ae) (B s Y

have a flux density 2> S,. At the redshift z,, a source of maximum

linear size 2 02 subtends an angle 9y given by
o, = (a/e) (Lo/z) |

An observed angular size 6 > 6, can thus arise only from the region
z £ 2,s In the angular size range of © > 8, the counts do not depend
on the lumincsity functioh, and it 1s readily seen that

N( >S5, >8) o< 6

independent of the radio size function. Now for the 3CR sample we have
2 L =
So = 9 Jy, and for values of PL = 10 3 W Hz 1 ster and Ec)==1 Mpc,

we get
2 =0e0057 » _ad 6, = 6000" ame
As the largest angular size of a source in the 3CR sample is only A~ 3800"

arc (for 3C 437.1), it is clear that the range © > 6, is of little

practical importance.

—

Pl e
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In the case of 6<6,, most of the contribution to the
angular size count comes from the region of =z > 2y At any z greater
than 2, only those sources that are sufficiently luminous to be seen
above the survey limit can contribute to the angular size count, and since
the fraction of such sources is controlled by the RLF, its form plays an
important part in determining the counts. In order to see the importance
of the RLF in determining the slope of the N(8) relation, let us for simplicity
assume for the moment, that the power law RLF of eq. (2) has no lower or
upper cutoffs.
The number of sources per steradian from the shell =z to =z + dz,

with luminosities P to P + dP and sizes .& to Q T de, is
n(z,p,0)az aP al = ()’ 22 dzk p~7 P EAL

and the number that have a flux S > 5, 1s given by

o0

n (z, >so,€‘)dz al = (c/H)3 o e k P—Y 4P yﬁ(é)dg
P = SO(C/H)2 72

kK
(V1)

(c/H) Sk 2 az AW (Ll
Changing the variable z to & from eq. (10), we can write

n (>sw@€ )ae ¢l =k§”y 27 -6 a8 QSQY V‘(ZM@
(¥v-1)
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and the differential angular size count as

Lo
n (>5 ,6)d8 . g3V W f L 32 p (al

(N =i} A

The integral count is given by

o0

n(> SO,G)dG

8 l,

b 42T AL {g%ﬂ Aw (bdl oy
( ¥m1):45-273)

it

N( > S, > 9)

H

for 1()’( 2.5

As the integral With respect to a in ed. {11) does not depend on 8,
the slope of the log N-log € relation in a static Euclidean universe is

indeperdent of the radio size function. It is, however, very sensitive

to the exponent 7 of the RLF. If [ is the slope of the log N-log ©

relation, we have

FE vy -s

For calculating the angular size counts for the assumed RLF
of eq. (2), with lower and upper cutoffs in luminosity, we shall express
the N(S,8) relation as an integral with respect to z. In the range of
interest, © <IG%, contribution to N(S,0) comes from both the regions
(1) 2 < 2% and (ii) z >z, although for the 3CR sample, since the range
of © we are interested in is very much smaller than 8,;, the contribution
from the first region should be quite small.. Let us consider the two

regions separately.
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Region (i1); z € zx

We have,
n (>So,z,e)dz al, = fo(c/H)B 22 dz M (Q)dg/
2%
where jao = /f(P)dP =(_;._D{ PL“ Y__ B P&- Y}

R

If these sources have to subtend an angle > 6, their projected sizes
must be greater than E. = (¢/MH)z8. Let 0Q(z,9) be the fraction of
sources in a shell at =z that have a projected size > Q = (c/H)z8.

We have

{e
az,0) = | @l

Bt (o /map

which on integration of the size function of eg. (8) gives

Qlz,6) = (’1-51)’/%52%{ 4 +(f~§"’-)"2-} —2cs'E (2
5

where g = (C/H) z@/ﬁo LN (15)

We can now write,

]

n(>sy, »6,2)dz = L(cM)’ 22 dz Q(z,8)

e

£ (/i) 22 Q(2,0)dz  .en (14)

It

and N( > S,, > 8)
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Raeion Joid el oy o2t

In this Gase) Po
A K £
h(>SO;>Q, z) = (c/H)szzo{zf kP "dP Q(z6)
P=(c/n)?2%S,

(C/H) k (C/H)Z -2¥ 54z ZYS‘ Yz Pl Y) Qz0) dz
o0 | J

and.

N<>509>9)= (c/H)’k [{(C/ )2 Z)' =Yg 2-2¥ P } Qe edz| --.015)
oD

v-i(—

The upper limit of the integration, z in the above equation

u2

is th = Q i V&
s the smaller of z,(6) = O/(c/H)@ and zu(P) = (H/c) (P /S5)

The total count for the case © < 6, is the sum of egns. (14) and (15)

N(>s,,>8) = (FH)’k ﬂ =P ’)( 2 Q(z,0) 42

(r-1) L

Fd

+J {(C/Hﬁ‘ﬂso'"’zz'?‘\”-— P r2°Qeeydz | ...(16)

%

5.3.5 The 6,(S) relation

In order to calculate the median value €y, of angular size
as a function of flux density, we need to calculate the angular size

counts for differential ranges of flux density, i.e. the N(S5, > 6)dS
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relation. We have
- 4
n (P,z, > 8)dz dP = k(c/H)3 22 dz P dP Q(z,9)

Changing the variable P to S, from eg. (9), we get

Be2 ) ZL,_zY =

n (s,z, > 86)ds dz = k(c/H) S ds Q(z,0)dz

s

» A 4 Wb
L2 Q

and. WL (S, > 8)dsS = k(c/H)5'2 S ds z (z,0)dz ‘o RITH

£l
where the lowet limit of integration, z = (H/e) (PL/S)Vz , and the
upper limit of integration z = is decided, 2s in eq. (15), either by
the maximum size Q‘o’ or by the maximum luminosity Pu. The values

of ©p can be estimated by plotting the N(S,»®©)dS relations for

different values of S.

5.3.6 Calculations in Einstein-de Sitter cosmology

In cosmological models the expression for the element of
proper volume, dV, in shell 2z to =z + dz at the present epoch and
the basic relations between P & S and between © & L get modified.

The modified relations in the Einstein-de Sitter model are

. 2 - N
av . L{c/n)> { A z)-%‘} (1 + z) 3/2 dz oan{18)
4K

Sie
P(9) = wem” s {1-ae 0™ asa" Lae
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and

Iy (1 + 2)

g & =i TR0y
2(c/H){ 1w (14 z)"/z‘}

where the source is assumed to have a power law spectrum of the form
St ) e v-m. The spectral index distribution of radio sources at
low frequencies is known to peak around & = 0.75 with a relatively
small dispersion. For simplicity we shall assume all sources to have
a constant spectral index & "= 0.75.

It is clear from equations (19) and (20) that both the P-S
and © A-Q relations are not invertible, i.e. z(P, S) and z( 2 8)
cannot be got analytically, but have to be determlned numerlcally. Thé
most itportant feature of this model is that for a4 given size, © does
not decrease monotonically with 2z, but has a minimum at 2z = 1.25.

With the above modifications, the N(S,8) relations can be
worked out in a manner similar to that in the Euclidean cases it is

easily shown that, for the case © <8,

N(>S,,>8) = 4 0k f Qe e dz
(>%:,>8) = (\“)(P ) T

z,
[ Cart 2 1o 2T (i-) e ) 56 20)dz|..(21)
b {47 TR % f—-;;;.gQ( (

and
Zy
2:Y 5;2}' d ( 4 -2Y Q(E,B)di -« (B2
N(s,>6)ds = k4* 5 ) TTEY =025

AL
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where

c/H
(1 +z)

X=(1 -1 "2

@
i

<
1

and Q(z,6) is as given by eq. (12), but with the value of g; (eq. 13)

modified to

13 =(2x6)/( L, 7 12 (28D
E-45

Due tc the minimum in the =z - & relation, the second integrand
in eg. (21) and the integrand of eq. (22) are integrated in general over
two ranges on elther side of 2z = 1.25. Referring to Fig. 5.2, the first

integration is from =z, to =z

3 1 and the second from Z.2 to =z,, where

z  is decided by the maximum luminosity i.e. z(SO,Pu). The lower limit

of integration in eq. (22) is decided by PL’ i.e. ZL(S’PL)'

5.3.7 Calculations in Steady State cosmology

(c/i)> 22 az

Here f%ii =
4x (1 + Z)B
P(Y) = (M) SV 2 (1 +a)tE
E (1 +2)
and 8 =

(c/H)z
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of intsgration with respect to g for
anguisy eles coumts B > @), in the
Sitter cosmology.
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For the case & £ 6,, we now get,

Zn
T =Y 1Y 22
N(>$.,>6) a [(PL R 7o) U+Z)3Q@,e)d2
o

(v-1)

_*70 o 022y U-Y 2- 2\/ 175(—\’) p }Q(Z,Q)d;--'(z‘?)

and

. 5 =27 34 27
N(s,>e)ds = = e jU*rZ)"’”*’ ZbQ(z,e\)dz._ ... (25)

where g in Q(z,8) of eo. (12) is now given by

(c/H)6 z
&5 T 0 (, y Z)

The upper limit of integration =z  is the smaller of 2( (Lﬂ,e)
u v

and z(Pu,S). In the Steady State universe, 6 approaches a minimum
value Q/(C/H) asymptotically as z — .
The calculations of N( > S_, > @) and N(S, » ©)dS relations

were performed numerically in a computor. r
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5.4 The Observed Counts for the 3CR Sample

We have already used the complete sample of 199 sources from
the 3CR catalogue in the last Chapter for studying the angular size-
flux density relation. Remarks on some individuel sources were also
given there. We use the same values of & as in the last chapter,  For
constructing the log N-log 8 relation, it is reguired to go down to as
low values of © as possible, The Cambridge observations have been made
with an angular resoclution of 23" x 23" cosec 8 arc. In order to
minimize the effects of insufficient angular resoluticn at low declinations,
and to avoid using angular size information obtained with different
instruments at different observing freguencies, we have also considered
a smaller subset of the 3CR sample defined by 8 > 40° and ]tﬁl )-100,
covering 1.72 steradian of the sky. For larger angular sizes (6 >60")
we count the sources from the entire sample of 199 sources, but at
smaller angular sizes (10"« 8 € 60") we restrict the counts to the
smaller sample and normalize them to the area of the complete sample.
Since the upper limits to the angular sizes of unresolved sources in the
complete sample and in the smaller sample are about 40" and 10" arc
respectively, the counts so derived are unlikely to have been seriously
affected by insufficient resolution. The angular resolutions of the
existing observations do not permit a meaningful extension of the counts
to & < 10" arc at present. Due to the small fraction of 0SOs. (e~~~ 22 per
cent)in the 3CR sample, it does not also appear worthwhile to construct

angular size counts for guasars separately.
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TABLE 5.1

Angular Size Counts for the 3CR sample

6 N N( > 9) N N('> 8)

————

(arc sec) (in 1.72 ster) (in 1.72 ster) (in 4.25 ster) (in 4.25 ster)

1 3
1000 1 3 %.1.7
1 3
500 2 6 20
3 8
250 5 1+ 3.7
7 18
125 12 32 4 5.6
7 22
52 19 L4 + 7.3
16
31 . 35, &'9.9 86 + 14.6
7
18 L2 + 6.5 104 + 16
14

10 56t 7.5 138 + 18.5




1C9

The counts are tabulated in Table 5.1, and shown plotted in
Fig. 5.3a for the complete sample of 199 sources. Counts for the sample
excluding 0S0s (Fig. 5.3b) differ from those for the total sample only
for values of ©<65" arc, since this is the largest value of © for a
QS0 (3C 323.1) in the sample. The errors shown are statistical errors.
We have already considered possible observational or instrumental selection
effects, in the last Chapter and found these unlikely to be serious.
Counts for the total sample in the differential form are shown in Fig. 5..
These show no evidence of an appreciable number of sources of large ©
(z 5' arc) having been missed in the 3CR sample.

The observed log N-log © relation appears to be linear in
the range © ;z125” arc and can be expressed as N( > 8) o< 6-rv SWathe
maximum likel&hood estimate of |7 from the ungrouped data (Crawford,

Jauncey and Murdoch 1970) is found to be
[ = 1.1 40.25

The slope of the log N-log ® relation flattens gradually for values

of © 1less than ~v 100" arc.

i Comparison of Predicted Counts with Observations

The angular size counts for the 3CR sample ealculated for
different exponents of the RLF, as outlined in Section 5.3, are compared
with the observed counts in Figures 5.4 and 5.5. The value of the constant

k of the RLF for each -}f has been chosen to fit the observed counts at
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the large © end.  The value of the constant k depends on the lower
Limit P; of the RiUF and on the exact form of the radio size function,
’Y"(Z ). We shall be interested mainly in the exponent Y of the RLF.
The strong dependence of the counts on ¥ 33 quite apparent in Fig. 5.5,
In interpreting the angular size counts, let us first consider the large
angular size part (say © > 125") of the observed counts.

It is clear from the radio size function, }“ (2) of eq. (8)
and Fig. 5.1 (b) that a vast majority of the sources that have 8 > 125" arc
must have small z. In the Einstein-de Sitter model about 90% of the
sources with © > 125" arc should have 2z £ 0.25, There are 32 sources
with @ > 125" in the 3CR sample and 28 of these are identified with
galaxies.’ Of the remaining 4, one (3C 33.1) lies in an obscured region
of the sky and two (3C 437.1 with & -v3800" and 3C 435.1 with © ~ 3348"
arc) have the largest angular sizes in the sample, which possibly explains
the lack of unambiguous identifications for them, Most of the 26 galaxies
for which redshifts are known have 2z < Q.1, the largest value being z = 0,239
for 3C 284 (Burbidge and Strittmatter 1972)., It is clear, therefore, that
the sample with © > 125" arc consists essentially of radio galaxies of
small redshifts with luminosities in the range of about 1023< P178~< 1026
W Hz™1 ster-l. Due to the small values of 2 dinvolved, the slope of the
log N-log 6 relation for these sources depends mainly on the form of the
radio luminosity function and is practically independent of the cosmological
model and the radio size function. Any evolutionary cffects in the space
density or sizes of radio sources with epoch should also be relatively

unimportant because of small z.
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SreDtedl The luminosity function for radio galaxies

The best fit to the observed log N-log © relation in the range
8 > 125”is provided by a value of ¥ = 2.05 in the Einstein-de Sitter model
and ¥ = 2.0 in the Steady State model. Considering that the inclusion
of a few radio sources of large angular size (e 2:500" arc), that may have
been missed in the 3CR catalogue, would tend to flatten the observed log
N-log 8 relation slightly, we shall take the local luminosity function of
radio galaxies in the range of about 1023 2 P1 L 1026 W Hz™! ster™ to

o
be given by

P£(P) o< p=2.1 1 0.15

How does the value of ¥ = 2.1 *+ 0.15, determined from angular
size couhts for the 3CR sample compare with other determinations of the
luminosity function? Merkelijn (1971) has determined the luminosity function
at 400 MHz from the optical magnitudes of radio galaxy identifications in
selected regions of the Parkes catalogue. In the range of about

2] 6

A.102 St OO‘Z b,.lO2 W Hz™ ster”, she finds that the RLF can be expressed

L
as a power law with ¥ = 2,06 (no error is given on this value, but from
her tabulated values we egstimate the error to be comparable to that obtained
frem angulsr size counts). Sholomitskii (1968) has determined the RLF for
normal galaxies and radio galaxies by noting the increase in the number of
sources stronger than a limiting flux density with redshift. He estimated

6

¥ = 2.18 for the entire range of about Db P178< 6.10%° w Hz-T ster™! 3.

covering both normal and radio galaxies, (no error was estimated. Also,
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the value of ¥ could have been affected somewhat by incompleteness
of data with regard to z). More recently, Mackay (1973) has determined
the RIF from sources in the 3CR sample for which the redshift is either
known to be, or estimated (from optical identifications) to be < 0.3. He
estimates Y = 2.16 *+ 0.15 in the range of about 1022<: P178<: 5.1026
W Hz™ ster™!.

The value of Y determined independently from the N(©) relatien,
without the explicit use of redshift data, is thus in good agreement
with other determinations based on measured redshifts or on the optical
magnitudes of identified galaxies.

It is also clear from Fig. 5.5, that power law luminosity
functions for radio galaxies with Y 2 2.5 in the range P178 f31026 RTE
s’cer"I are quite inconsistent with the observations. An RLF of the form

0 P s Yien suggested by Hoyle & Burbidge (1970) on the

Jp(P) o< P
basis of the redshift distribution of only those radio galaxies in the

3CR catalogue whose redshifts have been measured. Such a sample, as we

have already pointed out in the last Chapter, suffers from serious optical
selection effects. Valucs of \Y.B,Q.S‘ére, in fact,iincompatible with
observations even if evolutionary effects are taken into consideration.
Although evolutionary schemes can be worked out for the ¥ = 2.5 function
to fit the log N-log S observations (as shown by von Hoerner 1973), it

is difficult to fit the log N-log & relation at the high 6 end, ﬁhere
sources have small redshifts. For instance, if one considers simple density
evolution of the form (1 + z)ﬁs , values of /3 > 10 are requifed for sources

26

= -1
OIfgiE £ 1077 W Hz 1 ster to fit the observed slope at high 6. Such

W85
an evolutionary scheme predicts a large fraction of the fainter sources
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to be of low luminosity and small 2z, and cannot explain the observed
8,(S) relation at small S (Section5.5.2).. We conclude, therefore,

that steep luminosity functions ( Y 22.5) in the range of about 1023

26

to 10 W’Hz—1 ster'_1 can be ruled out on the basis of the observed
angular size data.

In order to obtain information about the form of the RLF fqr
P178 2;1026 W I—Iz—1 ster“, we have to consider also the small angular
size part of the observed N(8) relation for the 3CR sample. Since smaller
values of © can arise from sources at large redshifts, the counts would
depend significantly on the cosmological model and on any evolutionary
effects in the properties of radio sources with epoch. The N(8) relation
cannot thérefore be used to determined the RLF at high lﬁminosities
unambiguously.. Before considering the possible form of the RLF at high

luminositiesy we shall first examine if the angular size data can be

explained in uniform world models without cvolutionary effects.

5.5.2 No evolution

It is seen fromnfig; 5.5 that a valué of Y =2 in the entire
range of luminosities gives a reasonable fit to the observed N(8) relation
down to the lowest values of ©:. The fit could however be fortuiﬁous., To
check this we must now look at the 6;-5 relation.

The Gm(S) relation

We calculate the N(S, > ©€)dS relations for different values of
flux density: S, as outlined in Secticn 5.3 and estimate the value of 8
as a function of S. In Fig. 5.6 the predicted Gm(S) relations for

various luminosity functions are compared with the observed relation
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derived in Chapter 4. It is clear from Fig. 5.6 that no power law
luminosity function can fit the emns' relation over the entire range

of flux density. The function given by Y =2 predicts very little
change in ©p with flux density, because for such a luminosity function
there is a sizeable contribution to angular size counts from large values
of 2z, even at high flux densities., Only steep luminosity functions with
7’2‘2.5 predict a substantial reduction in 6 with decreasing flux
density, but such functions predict very much higher values of Gm at

any S than observed. This is because most of the contribution to counts
for these RLFs comes from nearly sources. The data cannot also be explained
by making the RLF steepen with luminosity, for that would imply even higher
values of ©p at the lowest flux densities as compared to the ¥ = 2
function.

Fig. 5.6 illustrates the cosmological importance of the em(s)
relation, which can be considered as a form of Hubble relation, analogous
to the S~ 2 relation considered by van Hoerner (1973). The use of Gm
in place of Z (mean value of z) has the advantage that complete or
unblased samples of sources can be considered even at low flux densities,
whereas redshifts are not known for all sources even at high flux densities.

We note also from Figs. 5.5 and 5.6 that the differences in the'
predictions of the two world models considered are much smaller than the
discrepancy with observations. It appears thus that the angular size
data are incompatible with the predictions of simple cosmological models
in which the co-moving density or physical sizes of radio sources do not
change with epoch and in particular with the predictions of the simple

Steady State cosmology.
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365089 Steady State cosmology and the deficit of strong sources

The differential flux density counts of radio sources indicate
(Kellermann 1972; Mills, Davies and.Robertson 1973) that in the range of
about SAOB =10 to ' Jy, the slope of the N-S relation does not differ
significantly from that expected in a static Euclidean universe and that

the steep slope of the log N-log S is confined to sources with S >10 Jy.

LE@8 ™
In a uniformly filled exparnding univecrse the Fuclidean slope can result
only if the redshifts of the sources in the corresponding flux range are
extremely small. Since the measured redshifts of many radio galaxies in
the ébove flux range are §:0.1,'it is often pointed out that the'évolutiohény“
inter;retation-of source counts rests only on the acceptance of quasar
redshifts being cosmoiogical. In the Euclidean region of the 4C8 MHz

counts we note that the value of ©_ decreases continuously with decreasing:

m
flux density, which, as was argued in Chapter Ly itsed dicElyrito thenduerite

a distance effect. Moreover, by comparing the values of Cad forgradio'
galaxies of known 2 1in the 3CR sample, with those for galaxies of unknown
z and fer the unidentified sources in the 3CR and Ooty.samples, it was
estimated in Chapter /4 that the median value of 2 for sources other

than QSOs, in the flux range of SAOB =10 to 1 Jy was likely to be
considerably greater than O.1. . At such redshifts the observed slope of

the N-S 'relation should be appreciably flatter than the Euclidean value
(see e.g. Longair & Rees 1972), and cannot be explained in the simple

Steady State theory, unless the redshifts of radio galaxies have a non-

cosmological origin. .
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It has also been suggested that the steep observed slope of the
log N-log S relation at high flux densities can be interpreted as a local
deficiency of strong sources rather than as an excess of weak sources
(e.g. Hoyle 1968). The difficulties with such an interpretation with
regard to the size of the local 'hole' and the observed isotropy in the
distribution of radio sources are well-known (e.g. Ryle 1968; Longair
and Rees 1972). Kellermann (1972) has estimated that an addition of
only 30 to 50 strong sources over the whole sky would bring the slope
of the N-S relation to the Euclidean value for the stronger sources as
well. From the 408 MHz differential counts tabulated by Mills et al.
(1973), which for the stronger sources are based on the All-sky catalogue,.
we estimate the deficiency of sources with SAOS > 10 Jp be ter Grdicl
sources ster™'. It must be stressed, however, that the above estimates
of the deficiency are with respect to the expected number in a static
Euclidean universe. The deficiency would be much larger with respect
to the predictions of cosmological models because the effect of redshift
should reduce the slope of the log N-log S curve continuously with
decreasing flux density. For instance, von Hoerner (1973) has pointed
out that for Steady State cosmology, the luminosity function ( Y = 2)
that fits the differential counts reasonably well at the lowest flux

values implies a large deficiency of sources with S > 1 or 2 Jy,

408
which we estimate to be atleast 200 sources ster-Jv_
Apart from the gquestion of the number of ‘'missing sources'
it is interesting to enquire about the angular sizes of such sources.

If the angular size distribution of the ‘'missing' sources is similar

to that for the observed sources, as would be expected if the deficiency
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were to be caused by a statistical fluctuation, the observed Gm(S) relation
should not be affected by the addition of the 'missing‘ sources. The
observed data would, therefore, still be incompatible with the Steady
State cosmology,

A secord possibility is to consider the 'missing' sources to
have large angular sizes. In fact it is conceivable that some of the
deficiency arises from the difficulty of recognizing sources of large
angular extent (6;2 500" arc) in radio surveys. The effect of adding
such 'missing' sources would be to flatten the observed lbg N-log 6
relation (Fig. 5.5) and consequently to steepen the local RLF ( Yoo e
It is clear from Fig. 5.6, however, that a steeper RLF would only increase
the discrepancy between the observed values of em at the lowest flux
densities, where‘presumably there are no missing sources, and those
predicted by the Steady State theory.

The most favourable case for the Steady State theory appears to
be to assume the missing sources to have small angular sizes for the RL#J
of ¥~ 2. At the lowest flux values of Fig. 5.6, the Y = 2 RLF predicts
8, values about 4 times larger than those observed. To it the observations
at the smillest S, the missing sources (of large S) are required to alter
the distribution of linear sizes in local space so as to reduce the observed
median value of ef of n 200 kpe (Fig. 5.1b) to only about 50 kpc. -Such
a modified size function would, however, imply €, of only ~ 15" arc at
high flux densities. To reduce the observed 6, » the missing sources
must thercfore have angular sizes < 15" arc. If the size of the loeal
hole is to be less than say 100 Mpc (Hoyle 1968), the missing sources
should have linear sizes less than ~» 8 kpc. It is hard to see how such

sources could have been missed.
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It seems then, that the angular size data cannot be explained
in the Steady State cosmology even if the known ©S0s are excluded from
the source samples and a local deficiency of strong sources is postulated.
Evolutionary effects with epoch in the radio luminosity function and/or
in the-radio size function must be postulated in order to explain the

angular size data; these effects are investigated in the next section.

5,6  Bvolutionary Effects

It is evident from Fig. 5.6, that in order to fit the observed
Gm(S) relation at low flux densities we require that at lower flux levels,
either (2) there should be a greater contribution from sources at larger
redshifts (to get more sources of smaller 8), ie. 'densiﬁy evolution' or
'luminosity evolution', or (b) that the intrinsic sizes of radio sources
pust d ecrease with redshift, ie. 'size evolution'. It is also possible
that both (a) and (b) are neeessary. Let us first consider the case of

size evolution,

5.6,1 Size evolution -

It is easily seen that erolution in source sizes alone can not
explein the observations. If the mean linear size of a source: is taken
to vary as (1 + z)—n with epoch, such evolution reduces the number of
sources N( > ®©) at any 6, since a smaller range of 2z now contributes
to the counts at ©., But at large and very small values of 8, size
evolution has little effect on N( > ©). This is because large © values

arise from small 2z where evolution is unimportant, and in the limit
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© = 0, all the sources luminous enough to be seen zbove the survey limit
must still contribute to N( > 8) so that the total is not affected.
Size evolution would therefore effect the log N-log © relation only at
intermediate values of 6.

In order to incorporate the effects of size evolution in the
Einstein-de Sitter cosmology, we replace the a - B relation of

eq. (20) by

(1 + 2)1-.‘n 8
2(c/H) {1 -(1 + z)_yz}

where P, is now the source size at 2z = o. We assume the distribution
of actual sizes at any 2z to be of the same mathematical form as eq. (7),

: -n
but with the maximum linear size Qo decreasing with z 2as (1 + z) ; i.e.

Zq,) ¢ & - [‘" dga_
llary Zo(/+z)‘n . Efira)

ard. btz

/ }42'(&,_ )z) dé’av: /

2]
In the corresponding expression for Q(z,8) of eq. (12), the value

of § is now given by

130
EE_dS = (2x0)/(Q 1),
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instead of by eg. (23). With the above modifications we calculate the

N( >'So)>'9) and Gm(S) relations in the Einstein-de Sitter cosmology

as before. It should be noted that size evolution can remove the occurrence
of a minimum in the =z ; ® relation. For n >1, the value of 8 corres-
poﬁding to a size 8 at z = O becomes a monotonically decreasing function
Ol Nzys

The predicted log N-log © relation for the 3CR sample, and the
8np - S relation for Y = 2,0 and 2.5 are shown in Figs. 5.7 and 5.8
respectively, for values of n = 1,0 and 3.0. While the log N-log ©
relation for Y = 2 is still in fair agreement with observations, the
O, = S relation is not. Sigze evolution only reduces the value of 8
at all flux densities (Fig. 5.8).

It is thus clear from Fig. 5.8 that the observed Sm(S) relation
cannot be explained by a uniform distribution of radio sources in space,
even if possible size evolution is taken into account. An increase with
2z, in either the co-moving space density of radio sources or in the mean
hmhmﬂthsoffmﬂosmmws,ashmlmalhﬁaTm.ﬁmnﬂwimgNJ@gS
work, is therefore needed. There has been much discussion in the literature
on whether 'density evolution' or "luminosity evolution' gives a better
fit to the observed source counts. It seems clear, however, that it is
not possible from source counts to distinguish between the two possibilities;
both appear to be equivalent (Longair and Scheuer 1970). In the case of
angular size counts, since we have no clear evidence that the maximum linear
size of a source is related to its luminosity, it would not also seem
possible to distinguish between density and luminosity evolution. We
shall therefore consider only the simple case of density evolution and

work out the amount of eveolution necessary to explain the angular size data.



B Sl D
i
Size Tvolufion
':.;:}%f::;m i RS
5 N 2= O
i‘: T \‘“\ E‘}. :“N\ .
o - g n= {0
r':’\ e
e o \\ ""%\
(e} - /?/‘\Q\?\
A ] n€20 \Nu
ol \‘f‘-{}
“ v \}\\
S
E i O
L f *\L
i i ) q 1§ i ; FY 3 \ 1 s g
Lo i p b bbb bod LLLaHg Lo b Al DL e R
e Te) 10°
O N e
glarc sec)
AGs 5.7  The cbaswved lop H-log ¥ re :‘%ﬁinn for the ICE mavple

compared with the expe
ot s of alss evelut
with ¥ = 2.0,

mtions foy diffarent

chad re
ion, in teineds Sitter modal




1326

Slegm Evolution

#
e Ly

T
N = = L [
%) io = M’”‘:‘:‘:ﬂ'_’ ":,.-« s gij 5 E £ }" = .

T ! I -
) Tt :’ 23 ‘\:gg = 3.0 L J‘l =

> = T e -
L e - *‘-MiﬂnQ”‘ e N i
o n=0Q S 7 A
Ly & il __,—«-'f ,.a“’
o —— pamiicd T ] .
. o o— Ly : -
B . RN Or 4 em
E I e
o ke e e T
Q) b oo o é”éﬁ ¥
8 L e 3.0
,b"
1Y
h 1}4!111 & 3 L,iil)}i A *,JAF\;:? - | ) y e ] | ri!
{ 1O 0%

i 2 ""Qr' ¥ "? oo
S!rfgf. ?Q &b Wm S Hz !)

FIG. 5.8 The obsepyed 5‘{,3( 5) relation cumparsd with modeis
for alrs evoluwtion.



5.6.2 Density evolution

The simplest mathematical form of density evolution that has
most commonly been considered is P (z)eo< (1 + z)/3 . We shall also
consider this form of evolution although it must be remembered that there
is no clear astrophysical reason why the evolution should be of this
particular form (see eg. Rees 1972). This evolutionary term has to be
incorporated into the radio luminosity function. We have seen in Section

5.5.1 that the luminosity function in the range 1023:5 P < 1026

178
implied by the log N-log © relation for the 3CR sample is given by
Jﬂ(P)OCJP'z’]. It is clear that if there is to be density evolution, the

6

-1
local luminosity function must steepen considerably for P1 2:102 W Hz

78
ster—j; otherwise the number of sources at small € would be much more
than observed. (It may be pcinted out that for ¥ =2 in the entire
range of luminosities, van Hoerner (1973) has shown that a density
evolution of the form (1 + z)h upto a cutoff redshift, z_ =4, is in
fair agreement with the observed log N-log S data. This evolutionary
scheme is not consistent with the log N-log © relation for the 3CR sample
since it predicts far more sources at small © than observed. Such an
RLF in fact fits the data without any evolution)., A steepening of the
RLF at high luminosities is réquired also to fit the observed em(s)
relation at high flux densities. For mathematical simplicity we shall
assume the local luminosity function to be given by a power law with

two slopes, of the form

"
o
jav}
o
(c)

jO(P,z o)

t
e

~
jav)

!

'
Q
o)

and
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where foF Continuley at F = P el k pmwﬁ");

we must have k 3,

m?

was argued in Section 5.5.1 that evolution for sources of P < 1026 W Hz"1

ster™!  is relatively unimportant because of small z. We therefore
consider density evolution only for the high luminosity sources, so
that we take f (P, 2 =0) for P<LP, to be independent of 2 and

write

_)i

FP,2) =k’ P 1+ 2)P ap

for Pm<P$Pu

’ -1 -1 ;
We take ¥, = 2.1, P = 10%® Wz~ ster™ and determine the unknown

parameters in the following sequence.

(1) Since sources of the largest S have small =z, the
value of 6 at high S should be practically independent of evolutionary
effects, depending principally on the RIF. We therefore calculats the
Gm(S) relation for different values of 72 (yz >Y1), ignoring evolu-

tionary effects and determine Y, by requiring a fit with observations

2
at high S.

(ii) With the local RLF thus determined, we estimate the log
N-log © relation for the 3CR sample for different amounts of density
evolution and determine the value of /3 that best fits the observed
relation at the smallest values of ©, where size evolution has little

effect on the results, as was argued in Section 5.6.1, ard is clearkfrom

Mo, 9.7
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(1ii) A comparison of the calculated 6,(S) relation, including
the amount of density evolution determined as above, with observations now
shows that in order to fit the data at low flux densities size evolution
is also necessary (see Fig. 5.10). We therefore repeat the calculations
after including size evolution for sources of all luminosities as outlined
in Section 5.6.1, for different values of N and determine the value of N
that best fits the observed ©,(S) relation.

As a result of the above procedure we find that reasonable fits
to the log N-log © and the 6,(S) data can be <*tained for values of P in

26

- ¥ -
the range of A~ 107" to 5.1026 W Hz . ster 1; Y in "o range of ~ 2.7

2
to 2.9; /3 in the range of ~ 5 to 6; and yL in the range of Ar 1 to 1.5,
One set of parameters that gives a good fit to the data is listed in
Table 5.2, and the fits are shown in Figures 5.9 and 5.10.

In computing the N(8) relation for the 3CR sample, the upper
limit of integration (zu = 2,3) is determined by the high luminosity cutoff
in the radio luminosity function. In the em(s) relation at lower flux
densities where the limit of integration is higher, we have assumed a cutoff
in the source density beyord G = 3. The cutoff is however not very critical
at the lowest flux values of the data and values of 1z, =5 or 6 can still
orovide a reasonable fit to the data.

The log N-log © and the 6,(S) relations for source samples
obtained by excluding the known QSOs can be explained reasonably well by
the same set of parameters as in Table 5.2, but with the upper cutoff to
the RLF reduced to P, = 5.1027 W Hz_1 ster~!, A lowering of Pu is
recuired to prevent the possibility of high flux density radio galaxies

from having large redshifts. The fits with the data are shown in Figures

5.9() and 5.11,
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TABLE 5.2

Parameters of a Satisfactory Evolutionary Model

1. Local Luminosity Function

(178 MHz)
72 = 2,8
S —2.1 s 23 -1 -—1
PP ) o< P I PLé_ BEml P =10 W Hz = ster
Se ' 26 =4 -1
P(P)ec P &P , P < PP P, =107 WHz™ ster
~\
P, = 2,10°° G e A
2. Density Evolution
PP,z) = F(P,z =0) , P < PRy
P(P,2) = f(R,a=0) (1+3)f B=5.5
Far- ER< R X P,
3. Size Evolution
-n
Z(z)= g(z=0) (1 %) ER T |

L. Cutoff redshift

i

/O(P,z) it o z, = 3.0
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Chapter 6

SUMMARY AND COMMENTS

In this Chapter we summarize the principal results from46ﬁr“ﬁ
analysis of the cosmological implications ef the observed angular sizes
of extragalactic radio sources in low freguency catalogues. We also '
comment on the limitations of the present study and on the péésibilities
of further lines of investigation.

(1) We have shown that the slope of the log N-log © relation
for the 3CR sample for large values of 6, which arise from smll =z,
depends mainly on the local luminosity function and ?s practically inde-
pendent of the world model arnd any evolutionary effects in ﬁhe properties

B

of radio sources. The local luminosity function in the range of about'102

26 1

to 10°° W Hz—1 ster™ at 178 MHz is found to be of the form

f?(P)OQP-Z'1 + 0,15 i

which is in good agreement with the conventional determinations of the
luminosity function from measured redshifts and optical magnitudes of
identified radio galaxies. In the log N-log & relation the redshift
information for’radio sources has been used only to derive the radio size
function which, in any case, is not very important in determining the
slope of the log N-log © relation at large ©. The knowledge of the
range of redshifts involved, however, is important in order to determine

the range of luminosities to which t he RLF refers.



The above derivation of the luminosity function is bassd
essentially on the 32 sources in the 3CR sample in a region of 4.25 ster
of the sky, that have an angular size greater than 125" arc. It should
be possible to reduce the uncertainty in the exponent of the luminosity
function by using the angular sizes of sources over a larger area of the
sky or by using surveys to lower limiting flux densities. Such large
samples of data are not available at present. It is interesting to note
that the above form of the RLF is consistent with the log N-log © relation
for the All-sky sample of 5,08 > 16.5 Jy as shown in Fig, 6.1. However,
this sample has only 29 sources with 6 > 125" arc, of which 11 are common
to the 3CR sample.

(2) We find that the observed em(s) relation over a flux
density range of about 300 to 1 does not agree with the predictions of
reasonable world models for any local luminosity function. The data
provide independent evidence of strong evolutionary effects in the mean
properties of the source population with epoch; Moreover, evolutionary
effects appear to be more important than the geometric differences in world
models.

The data cannot, in particular, be explained in the Steady State
theory of the universe, even if the QSOs are excluded from the analysis
and a local deficiency of strong sources is postulated, as has been proposed
to explain the flux density counts of radio sources. Apart from the known
result that the number of such 'missing' sources has to be rather large
the angular size data indicate that the 'missing' sources must be mainly
of small angular size (< 15" arc). It is difficult to understand such
a deficlency of compact sources as a statistical fluctuation or as

arising from observational difficulties.
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In calculating the expected angular size counts we have taken
the distribution of physical sizes of radio sources to be independent of
luminosity, an assumption that seems reasonable from the existing data,
atleast for sources selected from low freguency surveys and when the small
number of QSOs with flat spectra is excluded. It must be noted that the
effect of a possible anticorrelation between luminosity and physical size
is qualitatively similar to that of assuming sources to have smaller
physical sizes at earlier epochs. This is because of the close apparent
correlation between redshift and radio luminosity. We have seen in
Chapter 5 (Section 5.6.1) that size evolution alone cannot explain the
observed Qm(S) relation. The observations cannot, therefore, be explained
in the Steady State theory even if there is an apparent anticorrelation
between size and luminosity.

(3) In order to explain the angular size data we have shown
that evolution is required both in the space density (or luminosity) and
in the physical sizes of radio sources with epoch. We have estimated the
amount of evolution necessary to fit the data, in the Einstein-de Sitter
world model. The broad features of the evolutionary scheme may be summarized
as follows:

i) The local Juminosity function steepens considerably for

6 -1

luminosities P178 %;102 W Hz—1 ster™ .

26

ii) The comoving density of high luminosity sources (2 10
W Hz™! ster™") changes with epoch approximstely as (1 + z)s's.
iii) The physical sizes of radic sources evolve approximately

as (1 + z)"1.
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The form of the local RLF indicated by the angular size data
is similar to that inferred from the log N-log S work (e.g. Longair 1971).
The local RLF derived by Longair (1971) from the known optical identifications

and a model fitting technioue to fit the observed flux density counts,
2L

steepens continuously with increasing luminosity for P178 > 10 W Hz™!
ster"1. The simplified power law RLF with two slopes, 1.e.
~2.1 23 26 -1 ~1
P@Elocrp dP  fer 107 P, $10°" WHz  ster
' -2 8 28 o w1
g PR X ek, e 10263 Plog$ 2100 W Ha " ster

derived by us from tHe angular size data appears to be a reasonable
approximation to Longair's model RLF.

The amount of density evolution required to explain the angular
size data is also found to be of the same order as reqﬁired to explain
log N-log S data (e.g. Longair 1966; Doroshkevich, Longair and Zeldovich
1970) or as inferred from the Volume-Luminosity (V/V,) tests for guasars
(e.g. Schmidt 1968).

It should be noted that the form of the RLF and the amount of
evolution implied by our work are largely independent of flux density
counts, for we have made no use of the available log N-log S data, except

to reguire the total number of sources with S g > 9 Jy in the 3CR catalogue

17
to agree with the observed number.

The type of size evolution indicated by the observed 6p(S)
relation is also similar to what has been inferred from the observed

€& -~ z relation for QSOs. In Friedman cosmologies an epoch dependance

of source sizes is readily explained by models that reguire an intergalactic
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medium to decelerate and confine the radio source cemponents (DeYoung

and Axford 1967), because the intergalactic density should increase as

(1 + Z)B. For instance DeYoung (1971) has estimated from detailed numerical
calculations that the ram pressure of an intergalactic medium should limit
the extent of double radio sources approximately as (1 + z)_o'8. This is

in fair agreement with the size evolution reguired to explain the em(s)
relation.

Evolution in source sizes can arise also from the 'snuffing out'
of source components at high redshifts before they have reached their maximum
extent (e.g. Rees and Setti 1968; Christiansen 1969). The 'snuffing out'
can be produced by inverse compton losses against the universal background
radiation whose enetgy density should increase ad (1 + z)h. In single burst
models of double radio sources the maximum life times of electrons due to
synchretron and inverse cempton losses (van der Laan and Perola 1969) imply
that the maximum source extents should vary even faster than (1 + z)—3=5
(Wardle and Miley 1974). Such rapid evolution in source sizes is not
supported by the angular size data (see Fig. 5.10) even allowing for the
possible uncertainty in the local size function. Other difficulties with
such models have been considered by van der Laan and Perola (1969) and by
Wardle and Miley (1974).

Our simple evolutionary schemes for density and size evolution
have been chosen for ease of computation and are admittedly oversimplified
in several respects.- For instance we have considered only the case of power
26

low density evolution that starts abruptly above a luminosity Pm (~10

W Hz™! ster_1). One can of course consider other functional forms of
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evolution, such as e xponential, jO(P,z)oC P (B, A Cle

(e.g. Rowan-Robinson 1968), where t 1is the cosmic time. One may have
other types of evolution such as !'luminosity scale', 'luminosity slope!
or 'luminosity range!' evolution (van Hoerner 1973). The amount of
evolution could also be a function of luminosity (e.g. Schmidt 1972a).
It is doubtful, however, if more detailed computations are warranted by
the data in view of the uncertainties in the world model, the luminosity
function and the radio size function.

(4) Ve haﬁe also seen that the exclusion of known €3S0s from
the source samples has little effect on the amoﬁnt of evolution required
to explain the angular size data. This is because of (a) the relatively
small number of sources identified with 0SOs ( ~ 22% of the 3CR sample
and ~13% of the Ooty sample) and (b) because of the general continuity
in the physical parameters of radio galaxies and guasars, particularly
so far sources of normal radio spectra. If most of the unidentified
radio sources in the low frequency catalogues are indeed distant radio
galaxies, as is suggested by several arguments, then the angular size
data show that similar evolutionary effects in the radio luminosity
function and in source sizes exist both for QSOs as well as radio galaxies.

(5) High resolution angular size data is not yet available
below the flux levels of the Ooty occultation survey. The Ooty data
together with the limited angular size information in a recent deep
survey with the Westorbork synthesis teleccope at 1415 MHz (Katgert
and Spinrad 197,) suggest that the median value of © may be approaching

a constant value in the region of about 5" to 8" arc at flux levels of
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SAOS'\’O‘1 Jy. This is in broad agreement with the predictions of the
evolutionary scheme that we have reported in this thesis to explain the
em(s) relation down to flux levels of the QOoty sample. High resolution
observations of weaker radio sources should provide valuable information
concerning the evolutionary behaviour of radio sources of intermediate
and low luminosities.

(6) We have attempted to investigate the evolutionary behaviour
of radio sources independently of the vast amount of available data on the
number .flux density relation for radio sources. By combining the N(S) data
with the angular size data it should be possible to further our understanding

of the evolution of radio sources.
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