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ABSTRACT OF THE THESIS

STRUCIURE OF RADIO SOURCES_ FROM -

INTERPL ANET ARY sciNTILLATIONs

. Understanding the origin and evolution of extra~
| galactic radio sources, emitting energies of the order of
A«1O6o ergs over their lifetime, has been one of the out-~
standing problems in radlo rastronomy eversince the identifi- .
'cation'ef‘radio sources with radio galaxies and QS0s were
madei Recent theoretical ang observational studies of the

;[};structure and morphology of extragalactic radio sources have

suggested that the relativistic particles respon51ble for
radio emission gre contlnually produced or accelerated in
bright compact 'hot-spots' having angular sizes less Lhan
about a second of arc and located near the outer extremetles‘
of the extended components, It is obviously important to
study these regions in as much detagil as possible with angular

resolutions finer than s second of arc.

Observations of the rapid fluctuations in the
intensity of a radio source, caused by the presence of
electron density inhomogeneities in the.interplanetary
Space, referred to gg interplanetary scintillations (IPs),
provide a convenient means of obtaining angular resolution

of the order or ov,1 arc, mostly independent of the wave-
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length of observations, The IPS technique has been used
extens1vely to examine the fine sub-arc second structure
',of radlo sources in the northern sky. Comparatively little
;attentwon has been paid to high resolution studies of g

,Vlarge number of radio sources catalogued in the southern

sky regions. Furthermore, no detailed study ox'Lhe rol1tlonp
Shlp between compact and extended features of radio source
structures has been carried out. The agim of the present work
is”to extend the IPS studies to radio sources in the southern
’sky and to use IPS data to investigate the role of compact

~scintillating components in extended extragalactic radlo

SOU.I‘C eSs.

The author undertook an Ips survey of a large

 number of radio sources stronger than about 1,5 Jy in the

southern sky, at 327 Mig using the Ooty Radio Telescope.
ReSults on the angular sigze and fractional flux densities

of scintillating compact components in about 200 Parkes

‘and L4C sources in the declination range 0° to ~30° are
presented. We have combined high resolution information
On’a large number of radio sources at meter wavelengthg
aVailable from IPS surveys made at Arecibo, Cambridge and
”Ooty'to study the relationship between the fine structure in

ﬁ\raaio\“ouroﬂs revealsd by IPS and “he overall structure ard

morpholoay known from high resolution aperture synthesis obser-

Vations,
It is shown, for the first time, that clear

Correlations exist between]scintillation Visibilityfx and
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ftheloverall angular extent & on the one hand and p and the

flux densﬁty 5 of radio sources on the other. These correla-

 t1ons between rk, and S could be interpreted as a distance

ffect - weaker sourced on the average are lOCWted farther

“away so as to have smaller overall angular extent and higher
’sclntlllailon visibility compared to the stronger souyces.

k,‘Implications of these results on the estimation of angular
siges of scintillating components in radio sources are

_discusgsed.

‘The Thesis is divided into seven chapters.

The first chapter dontains a genergl description
%of our present knowledge of the structure of extragalactic
wwﬂfrédlo sources. Existing TIPS studies of the solar wind
. plasma and the fine structure of radio sources are briefly
summariZGd ObJeCthGu and scope of the present work on IPS
'studles of southern sky sources are outlined at the end of

'Muschﬂmer.

The second CAthpr biriefly reviews the theory of
IPS for a point source in the thin-screen gpproximation used

for interpreting the present IPS observations. Expressions

\for CalculaLlon of expected scintillation visibility for

81mp11f1ed models of brlgthcss distribution representing

‘ the observed structures of stronp nearby sources are

develOped for comparison with observations.
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Chapter 3 starts with a brief description of the

characteristics of the antemna and the Teceiver system used

~ for IPS observations and then describes in detail the method

of bbéerthioh and analysis of IPS datsg obtqlned at 327 MHz

'”'fu51no the Ooty Radio TpleSCOpO. sttpmath 1ps- obseTVatlons

' of a few strong, compact point-like sources are used to

7Vdeterm1ne the average characteristics of small scale plqsma

'»»dens1ty irregularities in the interplanetary medium, Procedure

'f;‘for estimating the angular size and fractional flux den51ty

"of scintillating components in extended radio sources is

' outl1ned.

In Chapter 4 we present the results on the fine

":structure of 188 Parkes and 4C radio sources from the southern

v ~sky IPS survey., The criterig for selectlon of sources for

=jIPS observatlons are listed and an unbiased random sample of

 stronger 149 sources is defined for the purpose of statlstlcal

', stud1es. Incidence of compact scintillating components in

‘fdlfferent Classes of identified and unlaentlfled sources as well

_as w1th spectral index and fedbﬂlft is studied. Comnents on

}:the fine structure of 4 fey individual sources of interest

'are also 1ncluded in this chgpter,

- Study or statistical correlations between gcinti-

 1llation v151b111tv and other parameters of radio sources

' and thelr ‘interpretations forms the subject matter of

Chapters 5 and 6, An attempt is made to understand the IPS

data in terms

of known multicomponent structure of extended

‘ extragalactlc Tadio sources,



Using the presently available IPS data on radio
sources covering a widé range of flux density we have first

‘ inﬁéstigated the dependence ot scintillation visibility =

oh flux density g. Although large statisticgl uncertainties
 arekpresent, a correlation between median values of poand S,
. free from observational biases, is shown to exist, Weaker
égy;g@s on the average hagve larger values of'* compared to the
\sﬂthger ones.

FPor the statistically complete sample of 3CR sources
|  we;have.established a clear correlation between scintillation
' fVisibi1itny and overall angular extent e, Model curves
fdr variation of expectade with decreasing 6 were computed
for two simplified model brightness distributions represent-
ing high resolution structures of 3C33 and Cygnus A using
 the method outlined in Chapter 2, The observed incregse inrx
 with decreasing 8, when compared with model curves suggests
whgfhéﬁ\ét met er wavelengths most sources at 3CR flux density
lével‘should have multicomponent structures intermediafe
bétwéen those observed in 3C33 and Cygnus A. Also, at meter
wavelengths, g significant fraction of total flux density
'bf many 3C sources originates in components with slizes as

small as 1/10 to 1/50th of the overall size of the source.

These statistical relations betweenr4 s O and S
clearly provide a strong evidence that wesker sources gre

located farther away than the stronger ones.
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In Chapte 6 thﬂ‘su ggestion concerning tha use of angular
, 51ze of compact 'hot-spots! in strongly scintillating radio
:;SOurces'asf'rigid rods!' for cosmological studies by HEWlsh

!and coworkers at Cambridge, is critically examined, VWe

;jsuggest that due to the presence of multlcomponent structure

"1n extended radio sources, the measurement of angular size of

1ntlllaL1ng component based on the Slope of the scintillation

ndexgelongatwon curve would lead to an overestimagte of the
,jangular size of hot-spots, The estimgted angularrsize is

1likely to be'welghted by larger and 1arger 301ﬁt111at1ng sub—

fstructures in radio sources located at increasing redshifts z;

?fThls explalns the absence of smgll diameter sc:mtlllatlnD

f“components at large z and provides g non—cosmologidal inter-

i i pretat1on of’ the‘*’-z relation observed by Cambridge workers,

The main conclusions of the present study are summg-

izedﬁand discussed in the 1last chapter,

The work described in this thesis is based on the

'follow1n publications of the author made J01nily w1th other

{   members of the IPS group. Most of the observations, analyseo

:Hand lnterprotatlons described in this thesis  are, however,
,f»Made by the author. |

f

’?:1; ‘Diameter of PKS 15142k (= AP Lib)

S. Ananthakrishnan, A.P. Rao and Sall,

 Mature (P5) (1972) 235, 167

Bhandari
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CHAPTER 1

INTRODUCTTION

11 EXTRAGALACTIC RADTO ASTRONOMY

Understanding the origin and evolution of diéérete
cosmic radio sources has bheen g fascinating and challenging
- problem eversince the optical identification of some of‘ﬁhe
brightest radio sources, e.g., Cygnus A and Fornax A, with
external galaxies established their extragalactic nature.
Measurements of redshifts and distances of the associated
.galaxies provided estimates of radio luminosites and chat a-
cteristic, source dimensions. From the observed non—thermal
- spectrum and linear polariZation of radio emission, the
radigtion mechanism in these radio sources was correctly
identified as the incoherent synchrotion process. Assuming
rough energy equipartition between relativistic electrons
" and magnetic field, the minimum total energy required to
explain the observed radio emission was calculated to be
in excess of »J1058 ergs, Ixplanation of such enormous
energy content of radio sources led to many speculations

concerning the primary energy sources in galaxies.

Due to lack of our knowledge of the structure of
radio sources, the initial radio observations with poor
angular resolutions contributed little towards understanding

the origin of radio sources, Photographs of some of the
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'associated galaxies taken with.iarge optical telescopes, on
‘the other hand, showed a wealth of structure reminiscent of
some kind of catastrophic activity in their nuclei., Quite
‘naturally9 therefore, all imltial attempts to explain the
highly energetic phenomenon of extragalactic radio sources

were largely governed by the appearance of their optical
counterparts., A variety of exotic‘suggeStioms e.g..direct

collision between two galaxies in motion in a cluster, an

accelerated chain reaction of Supernova explosions in dense
central regions of a galaxy, explosive gravitational collqpse
of a supermassive stellar body in the nucleus of g galaxy

etc., were advanced to explain the generation of radio sources.

Improvements in radio astronomical techniques during
the last two decades have resulted in more than g million
fold incregse in sensitivity and resolving power obtainable
al radio wavelengths, Fxtensive observations with ingeneous

application of interferometric, aperture synthesis and lunar

occultation techniques have provided accurate positions,
optical identifications and structural details of hundreds

of radio sourcesg.

Most of the newly identified radio sources are
found to be associated either with radio galaxies of E, D
or N type or with SOs. In contrast to galaxies, QSOs
appear stellar and their emission and absorption line spectrg
show high redshifts. In SOlie cases emissions line redshifts

exceeding 3 have been observed. On bthe other hand, the
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7 1argést redshift measured for a galaxy associated with g

Tédi@ source is only about 0.8. 1If, as is conventional,
héffedshifts of both radio galaxies and QSOs are interpreted
bfbe wholly due to cosmological expansion of the Universe,
“the ihtrinsic properties of radio sources are observed to
spanl a wide range of values; their radio luminosities range
from N1OLH to 10#6 ergs/sec and their linear slzes range from}

 less than a kpc to a few Mpe,

The very first interferometric observations of
radio sources revealed a peculiar radio morphology. There
abbeared to be no direct correlation between the distribution

~ of radio and optical emissions, The radio emission, most

'Surprisingly, was observed to come from two extended regions
straddling t he optical galaxy. OSubsequent high resolution
studies of the detailed structure of these radio emitting
regions and the discovery of compact non-thermal radioc
structures within the miclei of some of the radio galaxies‘
‘have stimulated fresh efforts to understand the physics

of radio sources. A variety of new theoretical models have
been developed. While none of the existing models is

Capable of satisfactorily accounting for all known chara-

cteristics of radio sources, the new approsch, based on
observed structure and morphology of radio emitting regions,
has been guite fruitful. _Itkis now generally considered
that the brigin of radio sources is‘related to a continuOUS

o recurrent generation of energy in the nucleus of the parent
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galaxy or 4SO, rather than in g single catastrophic explosion
releasing all the reqﬁired energy instantaneously. The -
 nature of the ultimate source or energy and details of hoy
the central nucleus énergises the compact and extended radio
components situated far outside the associated galaxy or
(ﬂéso are far from understood,

Observations of the fine structure or increasingly
large and statistically complete samples of radio sources
and a study of the relationship between compact and extended
components in them are likely to provide clues for an improved

understanding of the physical processes occurring in radio

sources. The determingtion of angular siges and structures
of extragalactic radio sources also provides considerable
input to observationgal cosmology. Recent studies of variation

of overall angular sizes of radio sources with redshift and

with flux density have shown that g comparison of structure
of radio sources over a wide range of flux densities containg

useful information on the evolutionary nature of the Universe,

3

in this thesis we investigate the nature of compact
sub-arc second components in a large number of Tadio sources
as revealed by their interplanetary scintillation (IPS)
observations at meter wavelengths, In Section 1.2 we first
Summari ze the present knowledge of the structure of radio
sources and point out the divefse theoretical explanations
that have been broposed to explain the presence of compact

scintillating components in them. A brief account of the
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isting IPS studies of the plasmg density'lrregularltles

Jlnfthe interplanetary medium and of the fine structure of
 extragalactic radio sources ig presented in Section 1.3,

h’laimS’and objectives of the present study are outlined

Section 1,4, where g brief description of the org ganization

the subsequent chapters of the thesis 1s also provided.

'{,,‘;‘STRUCTUREJ OF EXTRAGALACTIC RADIO SOURCES

Extragalactic radio sources have invariably shown

ructural details down to the finest angular resolutlon

th Wthh they have been exammined ,

The most comprehen81ve"

data on their overgll structure and morphology come from high

’frequency aperture synthesis observations of sources from

~fﬁe‘"3CR complete sample" with angular resoluilons upward

f{a few seconds of arc (Mackay 1971, Jenkins et al. 1977 and

references therein),

From lower resolution aperture synthesis maps at

714 GHz Mackay (1971) showed that a large majority of sources

/10h could be adequately resolved show a prominent double

7structure with components placed more or less symietrically

about the associated galaxy or Q80, where identified, These

?}CQmponents are found to bhe extended along the line Jolining them
?nd remain unresolved perpendicular to it,The brightness distri-
/butlon 1s sharply peaked near their outer

edges‘with low
brlghtness '"tails!

extending inwards. Sometimes these

dlffu sed tails are observed to extend all the way to the
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_central optical object forming a 'bridge!

the outer components, In some Cases a third wegk component

_ coincident with the optical object is also detected. The

remaining sources show more complex structures e,g. with a

\a;rJQf components gy either side of the optical object etec,

wever, in nearly all sources the radio emission is observed

to come from g narrow9 stralﬂht or smoothly’curved band in

r>the sky containing 311 the peaks of emission.

Recently, observations with the Cambridge 5-km
_japerture synthesis telescope have provided detailed hlgh

sensitivity maps of g complete sample of 167 3CR sources at'

'k 5'GHz with an order of magnitude better resolution of 2ilxon

cosec § arc (Jenkins et g1, 1977 and references therein),

These maps reveal much fine structure within the extended
éomponents. The bright outermost regions of each of the

extended components are now known to contain one or more

compact high brightness regions called 'hot-spots!, In

addition to such compact regions near the heads, the low

*,brlghtness tails and bridges often show complex structure

with intermedigte angular scales. In an increasing fraction

of identified sources nighly compact radio components

c01n01dont with the nucleus of the associated optical

~"ObJ€Ct are observed,

The hot-spots usually subtend an angle smaller

than about a second of arc and except in a few nearby sources,

it has not been possible to directly resolve and study their

of emission between
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;étructurei Cygnus A and 3€33, being strong and nearby,
:haVe béen examined in great spatial detail. Cygrus A has been
 ’mapped at 5 and 15 GHg with angular resolution of ~soh and
ffj<\1" arc respectively (H largrave and Ryle 1974, .1976). Cygnus
'7~A beautlfully'11lustrques most morphological features of
  powerfu1 extragalactic radio sources and later in thig thesig
. (Fig. 5.7) we have included its brightness distribution map
‘~f§t 5 GHz. 3C33 has been studied with comparable high reso-
lutlon using lunar occultation and interplanctary 501nt111ation
’tecanlques at 327 NHz (Gopal-Kr shna et al., 1976) and by
fapcrtur@ synthesis at 5 GHz along with a Tew other sources
’(ﬂargrave and MeEl1lin 1975). These observations are of
kin@drtanoe in thai most of the emission from these sources,
1nclud1ng the compact hot-spots with siges ranging from about
half 4 kpc to ~ 10 kpc, has been resolved. The hOuuspOtS

in thesu sources represent structures on scales about a

actor of 40 to 700 times smaller than their total linear

extents.

The central components have been investigated
using very long baseline interferometry (VLBI) techni que
‘at short cm wavelengths and have been found to contgin

structures on angular scales of 1-10 milliseconds of garc,

It is OXL“cmely'interesting to note that in 4 few cases

(e.g. 3C111, 154, 236 and Cygnus A), the central components

exhibit double or elongated structures which are oriented

in roughly the sgme posltlon angle as the outer extended
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doubles (Kellermann ot a1, 1975, Fomalont and Miley 1975,

Mendn 1975, Pauliny-Toth et al, 1976). The concurrent

presence of central and outer components in 5 large fraction

. of radio sources identified with giant elliptical galaxies was

. - also noted earlier by Ekers and Ekers (1973).

The central components have extremely flat or

inverted radio spectra at cm wavelengths and are generglly

 self-absorbed at decimeter wavelengths, Hot-spots,on the

bﬁher hand, usually have normal steep spectra down to meter

wavelengths, Thus the compact features that contribute at

meter wavelengths are mainly the hot-spots located near the

ouber extremcties of double radio sources. Extensive lunar

occultation studics of t he str

ucture of radio sources at

327 MHz at Ooty have indeed shown that,down to about 1 Jy,

a majority of sources display a b

asic double morphology
(Kapahi 1975b),

Theoretical Models:

The presence of compact hot-spots in radio sources,
in regions farthest from the

Qf

optical nucleus pose a number

difficulties for many theoretical models of radio

sources. Both De Young- Axf ord i iqﬁertial confinement

mechanisms require unreasonably large component velocities

and thermal plasmg density within the components in order

to confine the hot-spots to small volumes for the lifetime

of the source. This is also supported by the observed
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~5kfofgsteepening in the radio spectra of hot-spots out to

~GHz whlch implies that the lifetime of electrons in the

‘@t-Spots is much less than the likely age of the source,

elativistic particles regponsible for radio emission from
ot~spots must therefore be replenished frequently or must
e acceleragted conLlnuously (Longair et al. 1973,

,nd Ryle 1974),

Hargrave

There are three general types of explanations for

he presence of highly relat1v1st1c particles a4t or near

"he/outer boundaries of radio sources. A detailed dTScussion

ofnvarlous theoretical schemes in relation to the energetics,

structure and morphology of radio sources has been provided

kln*maﬂy recent reviews on the subject (Long galr et al, 1973,

Blandford and Rees 1975, De Young 1976), 1In the following

e simply note the interesting diversity of physicgl

cond¢tlons involved in the formation of the hotwspots suggeﬁted

'by €ach of the models.

"In one class of models the douh

le radio sources are
:generated as a result of repe

ated ejection of relat1v1 stic
&“plasma clouds from the gssocigted galaxy or SO in two

*fopposite directions which are confined by the ram pressure

of the externgl medium (Christiansen et g1, 1976),
in these

Hot-gspots

models are identified with the fluid-dynamic instaﬁ
bilities which develop near the leading edge of the plasma

it is decelergteq by the external mediumnm, These

1nstabilitieg generate turbulence leading to in-situ particle
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/ggceleration by Fermi mechanism (Pacholczyk and Scobt 1976).

The second type o models suppose that the nucleus
'of the associgted galaxy ejects compact massive objects, e.g.A
spinars or black holes, in two opposite directions to form
the double radio structures (Burbidge 1967, Séslaw et al. 197k,
Rees and Saslaw 1975). These active massive objects-thenlk
provide continuous 1n-situ generationd energy within the
outer components, Hot-spots represent thesmassive objects

'or regions surrounding them, In gnother variation of thesel
k\ﬁmodels the hot-spots have been identified as the dlscrete
clouds ejected by the massive magnetised rotating body
located at the outer edges of each of the components (Flasar

] and Morrison 1976).

In the third class of models the energy is produced
in the active nucleus of the opticalvobject and transferred
continuously to the outer components in the form of highly
collimated beamsof low freguency electromagnetic waves

or relativistic plasma. The beam pushes out and escavates

a cavity in the intergalactlc medium (Rees 1971, 1976,

Blandford and Rees 1975). Hot-spots gre the regions gt
the ends of the beam where it intergets with the inter-
galactic medium and accelerates particles to relagtivistic ener-
gies, |

These models differ in that they prescribe
altogether different processes for transferring energy from

the central nucleus tb the outer components and for the
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formation of hot-spots, However, it is interesting to note
that in all current models hot-spots are the regions where
energy is input to the externded components on a more or less
continuous basis, The energetics, the structure and morp ho-
“flogy of the extended components therefore depend mostly on
- the generation ang escape of relativistic electrons from the
“heads and subsequent confinement by the thermgl or ram-pressure
of the external medium, Tt is obviously desirable to study the
spectral and structursl properties of the hot-spots with high
angular resolutions of finer than 5 second of arc over a

range of wavelehgths.

Long baseline interferometric and aperture synthesis

observations, due to their complexity and cost, have been
performed most advantageously at cm wavelengths, At meter
wavelengths interferometric observations require basclines of
a few thousard kilometers in order tQ achieve resolutions

of the order of ou1 arc. Observations of interplanetary
scintillations of compact radio sources, on the other hand,
offer g relatively inexpensive and rapid means of obtaining
useful information on the structure of radio sources with

anhgular resolution of ~0"1 arc even gt long wavelengths,

1e3 INTERPLANETARY SCINTILLATIONS

Scattering and diffraction of radio waves by
Plasma density irregularities in the interplanetary medium

(IPM) moving radially outwards with the solar wind produc e
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rapid, faster than about a second, fluctuations in the intensity
_df’fadio’éources possessing angular diameter less than ~1" arc,
rhégé fluctuations or scintillations are referred to as
11ﬁféfplanetary scintillations (IPS) in order to distinguish
fﬁhesé from analogous phenomena occuring in the ionosphere

and the interstellar medium. The phenomenon df_IPS, disco~
'#éred by Hewish and -coworkers abt Cambridge in 1964, hgs

’ffouni a number of applications in studies of the structure of
 §lasma‘density fluctuations in the interstellar and inter-
' planetary'space and of galactic and extragalactic radio
.SOufces.' A number of reviews covering dif ferent aspects of
:thé subject have been published (Cohen 1969, Hewish 1972,

~ Jokipii 1973, Coles et al. 197%, Riclkett 1977, Swarup 1978).

The characteristics of the observed scintillations
~depend on the spatial structure and dynamics of the inter-
planetary plasma as well as on the angular structure of
"ﬂfadio’source being observed. The two aspects are not
' independent, however, Only with a satisfactory knowledge of
kIPM, IPS data can be interpreted to yield useful information

on the structure of sources and vice versa.,

In recent years the IPS technique has bheen

_ established as a useful probe of the gsolar wind., Numerous
| Single and multi-station observation of IPS of compact
’Tadio sources over the last decade have provided valuable
new information on the general character of the small scale

density fluctuations mmd thc large~-scale dynamics of the solar
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wind, It is now known that irregularities‘of electron density
;responsible for IPS}héving a typical scale of ~ 100 km and
ffms'density’Variations of a few per cent of the baclkground
;déﬁsity, are a permanent feature of the interplanetary space
;6ﬁt to about 1.5 a.u. from the sun. Measurements of the solar
,:wihd‘velocity have been carried out by cross correlation of
the observed scintillation pattern at 3-stations separated

by distancesof the order of 100 km. Regular observations of

a number of strong compact radio sources now provide daily
measures of the solar wind velocity over g range of helio-

u centric distances and latitudes,

Systematic long term monitoring of day to day changes
in the IPS activity of a uniform grid of radio sources around

the sun have provided valuable ground based method of detecting

and studying the structure of corotating high speed streams
and flare associated shock waves in the interplanetary medium

(Kakinuma and Watanabe 1976 and references therein),

In addition to providing ground based support to in-
situ spacecraft observations of IPM, the IPS technique also’
enables us to probe the solar wind in regions of interpla-
netary spéce not yet accessible to space probes i.e. near
the sun and outside the ecliptic plane. A number of new
results concerning the origin of high speed streams in
corongl hbles (Watanabe et al. 1974, Rickett et al, 1976)
and the increase of solar wind velocity with increasing

helio-latitudes (Coles and Rickett 1976) have emerged.
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Based on our knowledge of the average characteristics

of the structure of interplanetary medium, observations of

. IPS have been extensively used to detect and study the compact

: . Sub-arc secord structures in a large number of extragalactic
radio sources. Comprehensive IPS surveys of radic sources
f 'lO¢ated in the northern sky have been carried out at fref
’quéncies ranging from 81,5 MHz to 611 MHz (Cohen et él. 1967 b,
Little and Hewish 1968, Harris and Hardebeck 1969, Readhead
 wHahd Hewish 1974). Relatively little attention has been paid
to high resolution IPS studies of southern declinagtion radib

sources,

1.4 AIMS AND OBJECTIVES OF THE PRESENT WORK

In this thesis therefore our aim is
i) to extend the IPS studies to a large number of radio
sources in the declination range of 0° to -30°. To
this end the author undertook a large scale IPS survey
of about 500 southern Parkes and 4C radio sources dt
327 MHz using the Ooty Radio Telescope,
1i) to study the average statistical properties of scintie
1lating components in radio sources of different classes
€.2., radio galaxies, QS0s and unidentified radio sources,
iii)to obtain large unbiased samples of radio sources by
combining all agvailable IPS studies made alb Ooty
and elsewhere and study the dependence of scintilla-
tion characteristics on distance dependent parameters

of radio sources e.g. redshift z, lux density 8 and
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V6Verall angular extent 8,
fiV) to ihvestigate the relationship between compact and

extended features of extragalactic radio sources.

; In the first part of the thesis (Chapters 2 and 3)
fﬁhe’theory of TIPS as applied to the anglysis and interpre-
 atiQn of single statioh of IPS data at 327 MHz is briefly.
dlSdUSsed. The details of the southern sky IPS survey carried
Uoﬁt by the author at Ooty and the results obtalned on the
ffine structure of first 188 sources are presented in Chapter
, ;, The correlation of scintillation visibility K with
~ﬁspéctra1 indexeol, redshift z and optical class are also
studied in Chapter 4. In the second part of the thesis
(Chapters 5 and 6) we have examined the statistical corre-
;lations betweenrthe scintillation VisibilityrA y the angular
giZere and the flux density S of radio sources. The use
inangglar size ¥V of compact scintillating components derived
’from tﬁeir TIPS observations at 81.5 MHz in cosmological
“ studies is examined. The last chapter summarises the main
~_conclusion of the present work and comments on gome of the
  more recent developments in the study of compact components

in extragalactic radio sources,



CHAPTER 2

THEORY OF INTERPLANETARY SCINTILLATIONS

2.1 INTRODUCTION

The phenomenon of interplanstary scintillations
(IPS) is caused due to the scattering of radio waves from 2
distant radio source by the irregularities of plasma density
situated in the interplanetary medium (IPM). The general
theory of scattering and diffraction effects which occur
when electromagnetic radiation traverses a medium containing
é large number of randomly distributed inhomogeneities of
refractive index, has been discussed exbtensively in the

literature (Ralclifte 1956, Salpeler 1967, Rums ey 1975 cund cfhere)s

Most attempts to explain and understand different

aspects of scintillation phenomenon are based on the so-called
'"thin- screen' approximation. Under this approximagtion the
scattering medium is considered to be equivalent to a thin-

transparent phase-modulating screen, located at a certain

distance from the observer, In passing through such a screen ‘
only the phase of the radio wave is perturbed; the amplitude

of the wave remains unchanged. Salpeter (1967) has provided

a clear summary of the thin-screen theory of IPS. Little

and Hewish (1966, 1968) and Cohen et al, (1967a,b) have dis-
cussed the gpplication of the theory of IPS to determine the
angular fine structure of scintillating radio sources, Slightly

different appfoaches have been used by the two groups.
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Hewlsh and coworkers base their estimates of the angular sige
of scintillating components on the variation of the scintilla-
\fion index of the source with distance from the sun. Cohen

and colleagues, on the other hand, determine angular diamet-
ers by estimating characteristics of the temporal power spec-

trum of observed intensity fluctuations.

In this chapter the theory of IPS relevant for deter-
mining the fine structure of radio sourceg from the IPs obser~
vations at 327 MHyz ig briefly reviewed. Theoretical relations
between the statistical Properties of the random electron
density fluctuations in the TPM and the random fluctuations of
intensity observed by an observer located on the earth are
derived in Section 2.2 for g point source in the thin-screen
gpproximation. Section 2,3 discusses the validity of the
thin-screen theory for the present IPS obéerVations at 327 MHgz.
The effect of the finite angular extent of radio sources on
the observed scintillations ig investigated in detail in
Section 2,4, Expressions for the expected scintillation
Visibility and angular size of scintillgting component gre
derived for the case of some simplified model brightness
distributions representing the observed structure and morpho-
logy of ‘extended extragalactic radio sources. A general dis-
cussion of the practical limitations of the IPS techmique
in determining the fine structure of radio sources is pro-

vided in the last section,
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242 THIN-SCREEN THEORY FOR A POINT SOURCE

The geometry of tne sltuation in which the fluctua-
tions in the intensity of a radio source due to TPg are produ-
ced and observed by an observer fixed to the earth is sketched
in Figures 2.1 (a) and (b). Radiation from an infinmitely dist-
ant radio source; situated angularly close to the sun in the
sky (angular Separation € ), passes throﬁgh.the IPM. The
solar wind plasmg containing irregularities of plasma density,
flows radially outwards from the sun and fills the interplanet-
ary space. The plane waves from the radio source arexscatte~‘
relin different directions as they encounter the density irre-
gularities. As the unscattered and scattered wave components
travel further into the IPM, they interfere with each other
to produce a random intensity diffraction pattern. Since
the irregularitiesg are convected across the radio path at the
solar wing velocity, the spatial intensity pattern is also
carried past g stationary obgserver at the Same speed. An
observer fixed to the earth, therefore, usually sees irregular
temporal intensity'fluctuations, which are termed interplanet-

ary scintillations (Ips).

The basic problem in the theory of IPS is to relate
the spatial structure of random electron density fluctuations
in the IPM to the intensity diffraction pattern at a certain
distance z below the scattering region. These relations can,

in principle, be obtained by solving the wave equation in g
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randomly inhomogeneous medium, Thig Poses difficult problems

aﬁd’  muﬂy$kai solulions have been obtained after making suit-

-bable approximagtions, Thege are discussed beloy,

. 2.2.1 Thin-Screen Approximation:

Due to the fact that irregularities gre presant

throughout the IPM, radio wave scattering takes

place virtually
211 a1

ong the line of sight to the source intercepted by the
f_IPM. However, since both the background electron density Ng

asvwell as the fluctuationsg in electron density ANy decrease

rapidly with Increasing distance R from the sup (approxi-
mgtely ag }fg), the scattering power of the medium fallg of

roughly gas ffh} Most of the scattering ang phase fluctuations

are therefore introduced in g localigeq region of the IPM in
the Vicinity of point 0 of the line of sight,

which is nNearest
”‘to the sun, As 1llustrated i

n Figure 2,1(b) the extended IPM
can be considered to be confined to a lay

er of equivalent
thickness L

situated at g distance gz from the observer, Ir

L iig defined as the distance between those pointsg along ﬁhe
\Iine of sight where the scattering falls to half itg maxd mum

Value at point 0, then we have

L o= 1.2 p il’] aoUC s o (201)

where p(= gin ¢ ) is referred to s the solar elongation of

the source and 1ig Measured in a,u. (see Fig. 2.1). Now if

L is small copared to the distance z of the observer from
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the scattering layer and if the following inequalities,

|7 S>> a S>> A cee (2,2)

where a is typical size of the electron density irregulari-
‘ties and A is the wavelength of the incoming radio waves, are
satisfied then the scattering layer of thickness I vcan be
replaced by an equivalent thin-screen. In passing through
such a thin-screen, the phase of the radio wave gets randomly
modulated but the amplitude remgins constant, It is also
assumed that the hypothetical thin-screen imposes the same
amount of phase fluctuations as the actual extended inter-
planetary medium, Salpeter (1967) has shown that thin-screen
treatment provides a reasonable explanation of the observed
characteristics of IPS. In what follows we derive the theore-
tical relations between the statistical parameters of the
screen and the parameters of the observed intensity fluctuat-

ions based on the thin-screen assumption.

The irregular electron density fluctusgtions in the
medium are characterized by a stochastic process which is
assumed to be spatially as well as temporally 'stationary'.
The random nature of irregularities suggests that these can
most usefully be described in g statistical manner, in terms
of their correlation functions and power spectra.

Let £(T) represent the spabiazl aubo-correlabion
function o(acf) of the electron density fluctuatiomgzﬁmeg then

— o e D .
C(r) = <A,I:«-«je(z;))ﬁ A.ue(ro-@;wl*) > /< ALL > voo (2,3)
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where <aN§>is the mean-square electron density fluctugtion,

and T is the spatial coordinate in the plane perpendicular

~ to the direction of propagation. @ (r) is normalized such

that @ (o) = 1.} There is some controversy regarding the

form of g(r), Jokipii (1973) and many others have argued

that both the large scale (~105“6km) fluctuations in the

solar wind parameters as well as the small scale (~1v021«:m)

density fluctuations responsible for IPS could be described

by a common bower-law wavenumber spectrum, Hewish (1972)

and others, on the other hand, support an independent gauss:Lan ‘

spectrum for IPS irregularities based on the observed llnear |

dependence of scintillation index on wavelength of observa-

tions and flattening of both the Spacecraft ags well as IPS

spectrg neal wavenumbers corresponding to proton vyro—radlus

in the IPM, We have assumed here a symmetrical gau881an form

for ¢ (r) due to its plausibility and analytical 51mp11c1ty.
P(r) = exp (~r%/2a2) ‘(e u)

The correlation length 'a' can be interpreted as the Lyplcal | ’

size of the plasma density irregularities, Bramley (1954%) has

shown that the two-dimensiongl phase fluctuatlonsgb(x,y) imposed

on the radio waves traversing the screen along z will also

have a gaussian acf with g correlation 1ength equal to““that of

the density fluctuations. The rms pllase f‘luctuatlon g)at the

exit plane of the screen will aepend on the wavelength ) of the

incoming Tradiation, the thickness I, o.[‘ the scattering

medium, +the sige g of the irregularities and,
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of course, on LkNe as

< §>%.: D ﬁﬂméir A(aL)2<£5N2 «ee(2.5)

l‘u}“-‘

whére re(: 2.8 x 10‘18 km) is the classical electron radius.

At this point i.e., when the wave just emerges from the thin-

j‘screen, it contains only random phase fluctuations., But as it

travels away from the screen, amplitude fluctuations builg up

vprogresulvely until a constant level ig reached at large digt-

arices.

Once the statistical properties of phase fluctuations

~at a plane just below the screen are specified, the propertles

_ of the intensity pattern T (X,y) at certain distance z, can be

~ determined by considering the propagation of the Phase-perturbeqd

wavefront in free space beyond z = o to the observer,

Let the statistical properties of the random diffrac-

tion pattern I, (i) at a distance z below the screen (see Fig,

2¢1 (b)) be described by the spatlal auto-correlation function

M (T) and the power spectrum M> (q) of the intensity. These

are glven by

CME) -l e(E) - (<1,G .1, G 8> -12] ) 72 cee(2.6)

where m_ 1s the scintillation index and is defined as the root
r4

flean square fluctuations in the observed intensity rclative
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to the total intensity of the incident radiation. If the.ina

tensity of the source is taken as T = 1 then
M(r) - I (B )T (F 4F) > -1 - (27)

M (q) is simply the Fourler transform of the auto-

correlation function Mz(r);
| SRR | |
2 ot 2. - "‘ia.f . : . . B
12 (3) =sz<1‘) gl Ty ve(2.8)
-8

The characteristics of the intensity pattern produ-
ced at any distance z depends fundamentally on whéther'the/rms
phase fluctuation qo is substantially smaller or larger than
1 radian, The scintillations in the two regimes, referred to

as the weak and the strong scattering conditions respectively,

are discussed below,
2.242 W%ﬁ%ﬁﬁxeMﬁngmumﬁn(@5((1):

Salpeter (1967) has shown that in the smallq? limit
the two- dlmen51onal spatial spectrum of 1nton31ty fluctuations

M (q) and the two~-dimensional phase spectrum<$ (q) at z = o

are directly related as

i

M() = b d5(@) sin®(Nackw)

1

4¢§@)sm@m%@§) .. (2,9)
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L
2

where gp = (WTU/A2)?, The term sin2(q%/q§) is called the
Fresnel filter, since it acts as g high pass fllter on

<§ (a); it strongly attenuates small wavenumber (q < qp) com-
ponents in the diffraction pattern without appreciably affec-
tlng the form of M> (q) at large wavwenumbers.  Thisg implies
that irregularities of sige equal to the diameter of the
flrst Fresnel zone 2 /Az or smaller are most effective in

N\ producing intensity fluctuations at a distance z from the

screen, Larger irregularities contribute mainly to phage

fluctuations,

The intensity spectra are usually described by two

Parameters; the total fluctugtion power
. -'-90 .
M2(3) dg .(2,10)
= e a d.q ¢ s, 2.10
- 00

where m_ is the scintillation index and the scale d, along
any direction x perpendicular to the line of sight

= [ @%@ aa / [ ¥25) ag (211

— 00

From eqn. (2,%) we have the phase spectrum ag

2 2
¢2<q> = (§%%/om) &7 a7/2 vea(2.92)
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Thus eqn. (2.9) becomesg

2 2
ME(a) = (40252270 &2 072 in2 (A2 cee(2.13)

Using the definitions provided in (2.10) and (2.11) we obtain

. m§ = 2@';/%1+(zo/22)2j and oo (2.14a)
qg = (1/a°) [1+2/ £1+(2z/zo>2}‘] oo (2.14D)
_where Z, = 2ﬂtag/%lis the 'Fresnel distance! of irregularities

of size a. In analogy with the diffraction at optical wave-
lengths the behaviour of scintillation in the near field
(z/2,<< 15 Fresnel region) and the far field (2/2 >> 1;

~ Fraunhofer region) is different as discussed below,
a) Z/Zd<<1

In the near-field case we have from egns. (2.14%)

§ = 8(2‘(% /zo)2 or m, ::\/—2_0\70(22/20) and eee(2.153)
G = a2 or q, =/3/a v+ (2.15b)

This means that, close to the screen the scintillation indeg

1s very small since both C?O and z/zO are less than one. Also

the scale of intensity fluctuations L ig smaller than a by

about /3, Thig is due to the effect of the Fresnel filter
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. discussed earlier,
) z/2 > 1

In this far-field case, the sin2 term in eqn. (2.9)‘
oscillates rapidly and can be replaced by its mean value of

1/2. This gives

a5 = (1/a°) or q, = 1/a ce(2.16D)

_Ihis shows that at distances from the gcreen lnrger than Zgys
\the intensity scintillations are fully developed and m, is
independent of z. Also the Fresnel filtering effects are
negligible gnd the pattérn scale R* is equal to the scgle of
phase fluctuations close to the screen, This is the simplest
case since, only when<P§Q(1 and z/z&8>1, the parameters of the
”observed diffraction pattérn can be directly related to the
properties of the scattering medium. As will be shown later,
mast of the present IPS observations at 327 MHz with p=20.2

. nllsatisfy these conditions and therefore can be used directly
to estimateZSNe and ‘a’ at different distances from the sun

(Cohen et al. 1967a, Rao et al, 1974, Rao 1975).
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2.2¢3 Strong-Scattering Condition GQ§>>1):

When@ 1 the analytical solution of the full wave
,éduation poses difficult problems. Until recently no satis-
,}actory theory was available for interpreting observations
_baken in strong scattering éonditions which occur when the
line of sight to the source passes through the denser corona
close to the sun. Earlier, using numerical methods, Mercier
;  (1962) and Bramley and Young (1967) computed the variation of
 ' the index and scale as a function of distance for valuesof<Qo
 up to about 3, Recently, numerical evaluation of the appropri-
ate integrals have been extended to arbitrarily large values
  ofc9O and at all distances z from the screen. Both the rms
\{ intensity.fluctuations as well as the intensity‘spectra are
evaluated as a function of gz for screens with gaussian as well
as power-law waverumber spectra (Buckley 1975, Rumsey 1975,

Marians 1975). Close to the screen geometrical optics approxi-

- mation is valid and irregularities act as individual lenses,

, randomly‘focussing and defocussing the intensity at different
points, Close to the screen, the scintillation index is small
but increases rapidly with increasing distance from the screen.
At distances comparable or equal to the focal length of irre-
gularities of size a (given by 275&%/2&90), the scintillation
index apﬁfoaches values close to ity and the scintillat-
ions have a 'spiky! appedrance. At distances much larger than

z, or zo,hgo the index asymplohically settles to unity. The



"2413"'

'}gcale:of the diffraction pattern L » however; always remains
Smaller than the correlation length a of phase fluctuations,

{'}When @ C2,>>1 and: z/z 21, we have

m = 1 and
qu \/Eq)o /a 000(2017)
2.2,4 The Observed Spectra of IPS:

In the sectlons above we have derived and dlscussed‘
- the relation between ng(q) and. M° -(d) in different condltlons.
Determlnatlon of M2 (q) requires sampling of I (x,y) over g
region much larger than the spatial scale-g of the pattern
t-and is therefore extremely difficult. Measurements of the
intensity pattern at the plane of the observer is however
made possible becguse thé‘solar wind plasma moves radially

outwards from the sun in g fairly ordered way, allowing the

observer to sample different portions of the intensity pattern
as 1t drifts past the observer. An observer located at g

fixed point on the earth therefore measures, not I(x,y) but

I(t) i.e. the intensity as a function of time. Scintillation
data therefore yield temporal rather than the spatial spec~
trum. Nevertheless, if the screen is assumed to drift acrogs
the observer without changing or restructuring itself over
time periods large compared to the time scales of intensity

fluctuations, the observed temporal spectra can be related
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to the spatial spectra. If, as indicated in Figure 2.1 (a) the
‘screen 1s assumed to move along the X-axis, with a velocity w,
then the two-dimensional spatial spectrum Mi(a) will be obser-

val as a temporal spectrum P(f);

400
P(f) = (27v4/V) fMi(ZTCf/v,qy) dq,  eea(2.18)

where the temporal frequency f is related to spatial fre-
quency by q = 27f/v . Thus the observed temporal spectrum
CP(F) is effectively a one~dimensional strip-scan of the two

\dimensional spatial intensity spectrum.

The second moment f2 of the temporal power spectra
P(f) can be evaluated using egns. (2.13), (2.14%) and (2.18).

For the thin-screen, weak-scattering case

fp = (vawa)® [142 / {14(22/2,)%3 ] c0(2.19)
(Rao et al, 197k).
Egn. (2.19) reduces to

f2 = V/21a ' ... (2.20)

for the far field (z/zo>>-1) case. It must be noted that the
measured width of the one-dimensional temporal power spectrum

corresponds to the width of the spatial power spectrum in the

F-direction.
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2.3 VALIDITY OF THE THIN- SCREEN APPROXTMATTION

In deriving the theoretical expressions for the
" kobserved intensity pattern produced due to the scattering of
i;,radio waves in the extended interplanetary medium, we have
ygireplaced the medium by a thin- ~phase screen., The advantages

;ﬁwe had were that the multiple scattering and diffractive eff-
ects leading to amplitude fluctuations within the medium could
be safely ignored. Salpeter (1967) has shown that the thin-
phase screen gpproximation can be considered valid if the

thickness of the medium I, satisfies the following conditiong,
i) L>>a>>% and
i) LK 7, L&z or L (2022 ).

First set of inequalities are a consequence of the
requirement that the scale sige over which the phase varies
must be large compared to wavelength and ensures small angle
scattering L>>»a requires that g large number of irregulari-_
ties contribute to phase fluctuations. Since L is of the
order of 0.1 - 1.0 a.t.; a=100 km and ‘A=10"3 km, theso in

equalities gre always satisfied strongly,

The second set of inequalities directly relate to
the validity of replacing the extendeq medium by a thin-screen.
The equivalent thickness I, of the scattering layer must be
smaller than its distance g from the observer, Further, in

order that no diffractive intensity fluctuations develop
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before the perturbed wavefront emerges from thé layer, L must

be much smaller than Zys the Fresnel distance of the irregulari-

ties.

Most IPS observations described in this thesis were
carried out at 327 MHz for 0.1£p<£0.7 a.u. Therefore, from

Figure 2.1 and eqn. (2.1) we have

1.0>z2>0.7 a.u.
0.1 L£0.8 a.u.

and zO=2Wa%kxOA5adLJ

The condition L < zé is therefore violated only when P> 0.3
al.and implies that intensity fluctuations may develop within
the scattering layer. For observations with p2Z0.3 a.u. the
effects of the thickness of the screen must be taken into
account. However, as will be shown later, for observations at
327 MHZ9<Q§<x:1 for p>,0.2 a,u. Any intensity fluctuations
within the layer therefore, are likely to be negligibly small
(Rao et al., 1974%)., The problem of scintillations produced by
an extended medium can still be treated by considering the.
medium to be made up of g number of independent thin-screens
lying on top of each other. The intensgity specfrum produced
under such conditions is the inbtegral of egn. (2.9) over the
thickness of the medium, and the scintillation index is equal
to the rms of indices produced by individual thin screens
(Little and Hewish 1968) . We must however make gsure that

the observer is located in the far-field for each of the
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, individual-screens, i.e. E:€>zo. This condition is satisfied

for p<£0.8 a.u.

Thus for IPS observations at 327 MHz for 0.2£pL0.7
a.U. , the thin-screen assumption is fully justified. The
a;theory discussed in Section 2.2 can be directly: applled to the
IPS data for determination of the propcrtles of the 1rregu1ar
 plasma density irregularities in the IPM or the deturmlnatlon

of fine structure in scintillating sources,

2,4 EFFECT OF STRUCTURE OF RADIO SOURCES ON IPS

In the theory outlined in Section 2.2 we have con~
sidered the radio source to be of negligibly‘small angular
extent i,e. the incident wave is pblane. Since the principal
aim of the present work is to study the angular structure of
radio sources by observing and analysing their scintillation
characteristics, we must evaluate how the diffraction pattern
produced at the earth gets modified if the source being observed

is not a point source,

In the case of radiation from a small extended source
incident normally on the thin—screen, different points of the
source will produce independent intensity patterns shifted
laterally by an amount zo where z is the distance of the obs-

erver's plane from the screen and © is some measure of the

angular extent of the source, These patterns will overlap

each other and will produce general smearing of intensity
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Qpa?ﬁernTOVer scales of the order of z0. If 26 is much smaller
1th5n\thé scale L of the pattern for a point source, the smegr-
' ing will be negligible and the source will behave as a point
source. LTy, on the other hand, 20 is comparable or larger
j than‘ﬂ-, the scintillations will be smeared and the pattern
‘fscale will be larger than that for a point source. This fopng
 the'physiCal basis for the common knowledge wviz. 'stars tWinkle
 énd planets do not’. Thus, by comparing the scintillation 1n~
’dex and the scale of intensity pattern produced by a point

source and an extended source, it should be possible to make

fmeasurements of the angular structure of scintillating compon-

ents in radio sources,

For typical values of 1 a.u. for z and 100 km for
' pattern scale A in the weak scattering case, significant

smearing will occur for O} a/z or»0"15 arc. For ObSGPVatlonS

close to sun taken in the strong scattering condltlons, howL
ever, the pattern scale { is much smaller than a and IPS obser—
vations can be used to resolve structures smaller than ~0% 05

f'arc or so (Cohen and Gundermann 1969),

Ir IZ(?) ié the intensity pattern produced by a
point source, then another point source, removed from’ther
first by a small angle © in the plane of sky, will pro&ucé
dh intensity pattern Iz(f - 2z0). 1If, instead of individﬁal
pbint sources located close to each other, the radio source

has a continuous distribution of brlghtnosg B(Q) extendlng




~2.19-

¢ver 9, then the intensity pattern produced by it is given by
the convolution of the point source pattern with the brightness
disﬁribution of .the source,

s

Loxt(F) = [ B(B).I (3-28) ao . (2.21)

Téking the Fourier transform and using the convolution theoréms

~

i(Bracewell 1965) we have

2 - 2 = N |
Mot (D) = ML(@). |V (zq/2m)] ves(2.22)

k “where V is the visibility function of the source and is given
o

D

V(zq/2m) :fe*i(7‘/2“')51'5 B(8) do ve.(2.23)

For a point source V = 1 and for any exbended source V<I1.\’
From eqn. (2,22) it is clear that the effect of finite size of

~ the source is to filter out high spatial frequencies from the

intensity spectrum. This results in a reduction of second
- moment and the scintillation power., Hffectively the gituation
‘is similar to an intensity interferometer where one measures
‘IV}E at a given baseline. The scintillation power spectrum,in
principle, has information about }V]g at all baselines, ranging

from zero to a certain cut-off., The observed power at a wave-

~ number ¢ corresponds to IVIE at an equivalent interferometer
baseline Dx~zq wavelengths., For z - 1 a.u., and an observed

cut-off in the temporal power spectrum at a few Hz, say 3 Hz,
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,COrrespondlng to g=£0. 05 k™ 1, Dx~7 x 106 wavelengths,

2,E,1 Characteristics of Observed Scintillations from
: Extended Extragalactic Radio Sources:

Many extragalactic radio sources show structure on
aﬁgular scales large compared to that essenhal  for producing
~ strong scintillations., A majority of them show two (of more)
peaks in their brightness distribution. High resolution aper-
ture synthesis, lunar occultation and VLBI obsefvations of .

. strong radlo sources have revealed multiple compact sub~ comp o~
r:nents w1th1n each of the main components. In the following
we estlmate the expected reduction in the index and the‘widﬁh
Of the scintillation power spectrum for simplified brightnesgs
distfibution representing the observed morphological structure
of extragalactic radio sources. We will assume that the obser—
vatlons satisfy the weak-scattering and far-field condltlons\

and. proceed in steps.

First we consider a double source with two symmetrical

gaussian components, having 16~ angular diameters of 201 and 2@2'

with fractional flux densities dﬁ and a(2 respectively and

separation Q4+ The brightness distribution for such a source

can be written as

B(0,,6,) = (& /on @‘12) exp (}(1/2@12) é(OX+9d /2>2+@§;§J

+ (0(2 /27 G§> exp [-(1/293) {(QX-Qd /2)2»}-@32,;1
(2.24)
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;Thé visibility function

4&{2 exp [~(22Q§/2)(qi+q§)7 »eXp(iqugd/g) .. (2.25)

‘and {Vi A , where A is the complex conjugate of V,

TIn order to obtain the power spectrum M2 t(q) pro-

duced by an extended source, we must first know the exact

fshape of Mpt(q) for a point source, Following Cohen et gal.

(1967 b) we assume that M%t(a) has a gaussian shape given by

> 9 20 o > 2., 2 2
Mot (ayray) = 27 %% nly <132 exp [-m/aa )(quarqv)]. . (2.26)

Substituting eqns. (2.25) and (2.26) in eqn. (2.22) we obtain

2 i .2 £ 2n2, 2 2.1
Mext(qu’qv) = M t(qu’qv) 1 oLy exp j -z 91(qu+qv>J

2 ¢ 202,02 o
+-AQ exp é-zggh%f%ﬂ}

+ 26(1m<2 expg; e r(@2+92)/2] (q +q22j
. (2.27)

The scintillgtion index meXt for an extended source can be

calculated by using the definition

o 4 o5 107 .2
%mt:(¢“'<1/) lyl%mﬁ%m%Jd%l&%
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| Oy = 1 [ﬁ+2(z@ /a)z] S 1+2(z@ /a)zj
2ol o [1-&-2(22/2&12)(@%-»9%)]—.
A
. exp [ 3(z0 /a) {1+2(z /2a2)(91+9 )} ‘] vo.(2,28)

which in terms of the half-power diameter ™V of the gaussian

defined in eqn. (2.24) becomes

| -1 -
mgxt = @(12 [1+O.36(Z'\P1 /&)2] +°C§ 1+O-36<Z(\{/2 /3)2]

+ 20C,l oC2 [‘I-&O.36(z“!’12 /a)2]:

o

- -1 '
. exp L—%(z@d /a)? 1140.36(a¥,, /2)?f ‘S ... (2.29)

where ’\V/l = 24 3)+ Q19 ,\kg = 2. 3)*‘ 92 and /\P$2 = ('Y,lg—}‘ﬁ\,/g)/.?_

These equations have been obtained with the assumption that

a point source would show Moy = 1 since 041+¢42 =1,

In order to simplify writing of equations, we rewrite eqn.

(2.29) as

> ) v 2 o
mg Ly = K m1+062 2+2c(1o(2m12.exp ~g(¢9d/a) my, | c..(2,30)
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where m has been used to denote expres
- 5 1

E?+O.36(z“ﬂ/a)2] o

sions of the form
with appropriate subscripts to m ang ¥
Similarly the second moment q, of the spatial power spectrum

for the extendd source along the solar wing direction can be

 obtained from

2 2.2 | .2
- D, ext :VZQ’qu'Mext(qu’qv)dqu dqv//‘ Mext<qu’qv)dqu dqy,
= v

~ Substituting Mixt from eqn., (2,27) and integrating we get
€ = (Ve (am) (2.31)
' q’29eXt — s 0o [

where A

2 % ooy L 2
c(,] my + el 5 m, +20<1 o, m, [}—(z@d/a) m12]

2
’and B = meXt

Since for a point source do = 1/a in the weak-scattering, far-

Tield conditions (Sec. 202,2) we have

=z

o
_%4§§§ = (A/B)
92, pt

Further the second moment dp Of the spatial spectra

is related to the second moment f2 of the observed temporal

spectra, under the assumption that the screen moves rigidly

across the observer with a constant velocity v along the
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X;direction, by

dp = 2T L,/v

:Then

(A/B) . lo-<2032)

where A and B are as above.

In order to proceed further and calculate expected
 501nt1llat1on index when multiple components gre present in
':eeach of the main components of the source considered above we
"nOW‘con51der the case when the separation Qd between the two
,con@onents is Zero, i.e. when the two gaussilan components
of size '+% and “P2 are located concentrically, TIn such g
Case, putting 94 = 0 in eqn, (2.30) we obtain the scihtill&-
tion index

.2 D 2 2 2 . (2:33)
&1m1+o<21n2+20(1o(2m12 oo C L

This can be easily extended to three or more components. Now

~1f, as is observed in radio sources (see Fig. 5.7), there is
a palr ef such components containing multiple sub-components
within each of them, the observed scintillation index will be
reduced by the presence of the exponential term similar to
that cccuring dn eqn. (2.,30). If the separation.@d 1s much
larger than the size of the first Fresnel gzone then the

resultant effect would be to reduce the - jndex m by /2.
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These considerations have been used later in
Chgpter 5 (8ec 5.5,2) for estimating the expected scintilla
kﬁion indices for simplified brightness distribution models

 répresenting the well-studied sources 3C 33 and Cygnus A.

:é;5~ DISCUSSION OF PRACTICAL COESIDEAATTONS

’ Egqn. (2,22) shows that the two dlmen51onal spatlal
fpower spectrum of 501nt111atlons produced by any source of
;finite angular size is simply the product of the spectrum thaﬁ'
kﬁéﬁld be produced by a point source and the spectrum of
langular distribution of brightness across the source. The
 sb1nt1llqt1on power spectrum contains 1nformatlon about the
structure of the radio source equivalent to that produced by
ka series of intensity interferometers operating 51mu1taneously
 over a range of baselines from gzero to gbout 106 wavelengths,
Thus if we can determine Mikt(a)(& Mﬁﬂaj it should be possible,
v7 in'princip1e, to obtain the squared magnitude of the source
' 3Visibility. In practice, it is not possible to measure the
true spatial spectrum, Usually, with a single antenna, IPS

is observed and recorded as temporal fluctuations of
intengity, which are analysed to yield the temporal power

_ spectra. Although, the temporal and spatial spectra are
related to each other, the relation is not straightforward.
Firstly, the observed temporal spectrum is one-dimensiongl
’vprojection.of the two-dimensional wavenumber spectrum along
the solar wind velocity vector. The observed temporal

intensity spectrum, therefore, provides information about the
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angular structure of the source only along the direction of

the solar wind,

Secondly, the conversion from frequency to wave-
number spectrum assumes that the screen moves rigidly across
the line of sight with a fixed velocity v, Howewer, since
the solar wingd plasmg moves radially outwards from the sun,
the transverse components  of the velocity of irregularities
located at different'poimts along the z axis will show a
spread around the maximum near point 0 (Fig, 2.1). Such g
dispersion will lead to smearing of some fegbures of the

wavenumber spectrum.,

Due to these difficulties, it is not possible to
recover the brightness distribution of the scintillating
sources from their temporagl intensity spectra, Some in-
formation on their structure can gtill be got by computing
and comparihg their observed temporal spectra with those of a

point source under identicgl circumstances,

In Section 2,4.1 we have computed the ratios
(mext/mpt) and <f2,ext/f2,pt)fér an ideal two component source,
Similar calculations have been mgde by Little and Hewish (1966)
and Cohen et al. (1967b) fror several simplified models of
brightness distribution. These ratios depend on the
parameter (z¥/a), where W represents the angular sige of
the scintillating components in the source, Since gz/a is
not g strongly'varying function of decreasing elongation

(see Chapter 3) different models give similar. values under




2.2

:Wéak scattering conditions. At sufficienmtly smgll elong o~

tions where Mg(ﬁ) as well as P(f) for a point source become

extremely broad due to combined effects of decreasing lrregu-

larity size ard strong scattering, the observed spectrum of

 the extended source directly reflects its visibility function

and it may be possible to distinguish sources with widely

 different compact component sizes., The difficulty of dig-

criminating between different models, however, limits the

amount of structurgl details which may be derived, IPsS

’ observations, therefore, are usually interpreted in terms of
2 slmple model (Cohen et a1, 1967b, Little 1976), having g

compact scintillating component with g gaussian half power

diameter V¥ and an extended component which does not contribute

_to scintillations. TIf the fractiongl flux densities in

these components are «£, gnd &, respectively then equations

(2.29) and (2.32)  give, after putting 8q = 0

(mext/mpt) [&1/(&1+°<2)] . [‘1+O.36(ZY/a)2J o and

* o0 (203%)

[}

f2,ext/f2,pt [1+O.36(z“%7a)21 12

This gives

/;“ﬁ/(«x1+=<é)

H

_é__
(mext/mpt) . [1+Q.36(Z§K/a)2:} and,

e (2,35)
V= Cern, e [1- (o et/ Ea 002 |

wvhere f

5 = v/27a 4 for the fractional flux density and

the angular sigze of the compact scintillating component

respectively,
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Hence, by measuring m and fo of the observed tempo-
ral power spectra of IPS of g point and an extended source
~_under identical interplanetary conditions, and by adopting

a model of the plasma density irregularities in the solar
wind, it is possible to estimate the scintillation visibility
:FX(defined as the ratio of the flux density arising from the
compact scintillating component to that of the whole source
ii.e.cﬁ,/(dL+d§)) and the angular size ¥ of the scintillating
¢omponent in the extended source, In the absence of measured
 VﬂMeoff2mt,almﬁullmmtontmamEM@rdimwa'chn

be arrived at from equation (2,35) as

V£ vW/(er £, oxt® | vee(2.36)

In the next chapter we describe extensive IPS
observations of several strong point-like radio sources
~at 327 MHz to determine the average values of Mot and f2,pt
in the range of distances 0.1 p<£ 1.0 a,u. from the sun,

_ Based on these observations a self-consistent model of the

/ éharacteristic scale size and the strength of interplanetary
irregularities responsible for IPS has been derived., These
hagve later been used to estimate gt and of compéct
scintillating structures in g large number of radio sources
from their IPS observations at 327 MHz under the assumption

that the brightness distribution in radio sources

can be represented by a simple core-halo type model.,
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As discussed in Section 2.4,1, many extragalacfic
radio sources possess complex structures with two or more
spatially distinct components of comparable intensity and
size. Usually the source is not resolved by the antenng
beamwidth and IPS‘of all components are observed collectively.
It is therefore important to estimate how the complexity of
sourée structure affects the egtimated values of M-and Y .
FCalculatlonb of these effects on the lines of Section 2,4, 2
cannot be made in the gbsence of a prlorzknowledge of the
fine structure of radio sources. In fact, IPS observations
are made to determine the characteristics of compact features
in them. Elementary considerations, however, suggest that
1f a source contains two or more scintillating components
sepaprated from egch other by more than the angular sige of
the first Fresnel zone (esg+ in the case of a double radio
source), their scintillations wlll add incoherently and &
will in general be an underestimate of the total flux
density orlglnatlng in the compact components, The estimated
angular diameter’%’will also be weighted according to the
size®and strengths of individual scintillating components
in the source., Some implications of these biases on the
interpretation of IPS data in terms of the overall structure

of radio sources are discussed in Chapters 5 and 6.



CHAPTER 3

| OBSERVATION AND ANALYSIS OF INTERPLANETARY SCINTILLATIONS AT
327/ MHz

3.1 INTRODUCTION

Observation of scintillations of radio sources pro-

' vides a uniqﬁe method of probing the irregular plasma whiéh
imposes phase and amplitude fluctuations on the radio waves
propagating through it. Extensive observations of amplitude
scintillations of natural radio sources over the last decade
:ﬁgve resulted in important information agbout the sige, strength
and velocity of the piasma,density irregularities present in

’ the ionosphere, interplanetary and interstellar medig (see e,z,
. Aarons 1975; Cohen et al, 1967a, Hewish and Symonds 1969,
Jokipii 1973, Rao et al. 1974, Coles et al. 1974; Guelin 1973,

Rickett 1977 for recent reviews).

It was shown in the previous chapter how the observa-
tions of interplanetary scintillations (IPS) canm be used to
derive information on the angular sigzes and fractional flux
densities of compact scintillating components in radio
sources provided the properties of the plasma density irreg-
larities in the interplanet ary medium (IPM) are sufficiently
well determined. 1In this chapter we use systematic IPS
observations of strong compact point-like radio sources
at 327 MHz to derive the chagracteristics of the small scale

irregularities in the IPM.
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The observations were carrled oub at the Radio Astronomy
Centre, Ootacamund using the Ooty Radlo Telescope. The antenna
and the receiver system used for IPS observations are described
in Section 3.2. Observations of strong point sources to deter-
mine the average response of the IPM at 327 MHz are discussed
in Section 3.3. The method of analysis of the scintillation
data, obtained by a single antenna, to estimate the scintilla-
tion visibility and the angular size of the scintillating com-

bact components in radio sources is outlined in Section 3.4,

3.2 THE 00TY RADIO TELESCOPE

The Ooty Radio Telescope (ORT)}shown in Figure 3.1,

is the only instrument available in India for extragalactic
astronomy in the radio band., It was designed and constructed
by the Radio Astronomy team of the Tata Institute of Funda-

mental Research, Bombay, mainly for studying the high resolu-

'tion structure of weak radio sburces using the method of
Lunar Occultation, Consequently,it has the following import-
ant features; large collecting area, full E-W steerability
and N-S steerability of + 350 arouhd the equator so as to
provide full coverage of the moon's changing position’in the
sky. The above features also make ORT suitable for carrying
out. observations of interplanetary sbintillations of’a large

number of radio sources locabted close to the equatorial and
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the ecliptic plane. The ORT operates at a frequency of 326.5
MHz. The choice of operating frequency, although ébverned
‘}iargely by the requirements of the lunar occultation observa-
tions, also allows scintillations‘tokbe observed over a’wide |
: rénge'of distances from the an. In thisg section we describe,
in brief, the antemnna, the receiver system and the mode’of
operation of ORT employed in the IPS observations.r For a de~

' tailed description of the ORT the reader is referred to papers
by Swérup et al. (1971), Kapahi et al. (1975) and Sarma et al.
(1975). | i

3.2.17 The Antenna and the Receiver:

The antenna consists of an equatorially mounted
parabolic cylindrical trough reflector having dimensions of
530 m and 30 m in the N-§ and BE-W directions respectively.

It provides an effective collecting area of about 7500 mg.

By mechanical rotation of the reflector around the polar
axls, it is possible to track or scan any region of the sky
within an hour angle range of -4.0 to +5,5 hours. 4 radio
source can therefore be tracked continuously, if needed, for
about 9.5 hours. The N-8 steerability of + 35° around the
equator is achieved by appropriate electrical phasing of the
dipole array placed at the focal line of the reflector. The
dipole array consists of 968 half-wave dipoles and is divided
into 22 sections of Ll dipoles each. On either side of the

center of each section, the 22 dipoles are connected in series



fhrough equal but variable lengths of coaxial transmission
"iineCTrombone type RF phase-shifters), The telescope is

i‘ steered in the N-S direction, in steps of 0.5 arc, by remote
control of the length of the variable transmission lines bet-
ween individual dipoles. The signals from 22 dipoles inJeach/
half section are combined and amplified in the RF amplifiers
located at the center of each section., The amplified signals
are then mixed with the local oscillator signal fed to each

~ section through a X'mas branching system, The 22 IF (Inter-
‘mediate Frequéncy = 30 MHz) outputs are brought to the receiver
’system, and amplified again to compensate for the cable losses.
Phases and time delays between one section and anotherrare .
then introduced at the intérmediate,frequency. Signals from
each of the 11 north and 11—south sections, all in phase at
this stage, are divided into 142 equal parts and correspondlng
'parts are combined in two different ways to 31multaneously
synthesize 12 total-power (TIP) and 12 phase-switched (@)
beams. The half-power width of these beams in the E-W direc-
tion is about 2° and the N-g separation between adjacent

beams 1s 3' (sec & ) arc, & being the declination of the
direction in which the center of the beam system is pointed

in the sky. The half-power widths of the TP and <?»~switched
beams in the N-S direction are 5!6 (sec & ) arc and 3!l9 (secSﬁ

arc regpectively,




-3.5-

After the beams are formed, the signals from each of
“the beams pass through g final stage‘of amplification where the
slgnal bandwidth is limited to ~ 4 Mz, This is followed by g
_'squarpalaw detector and an integrator (low-pass fllter) circuit.
\‘Outputs with different RC time constants are avallable for
dlgltal and analogue recording. Figure 3.2 shows the block
diagram of the phase-switched system from the final amplifi-

cation stage onwards,

In addition to the above, the receiver system pro-
vides a facility to independently shift (flip) the position of
any of the beams by 36' arc north or south of its original
position, instantaneously. This feature, designed for track-

 ing the moon in declination in a step mode, has also proved

useful in the IPS observations. Also several IF amplifiers
with narrow bandwidths (~ 800 and 300 kHz) are available and
can be plugged in place of broad-band (~ LMHz) amplifiers

whenever desired,
3.2.2 Sensitivity of the Phase- Switched Systems

Although the total power system provides /2 times

higher sensitivity than the Phase~switched system, we used the

latter because of its better stability. In the @ -switched
mode the signals from the two halves of the antenna are multi-
plied and correlated (Blum 1959). This eliminates the slow

drift due to the broad background sky fluctuations and makes
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Table 3.1 - Parameters of the ORT in the Phase-Switched Mode

Beam Width (Half-Power) 2% arc  B-W

Effective Collecting Area A 7500 w2

System Temperature T: 400°K

 Pro-Detection Bandwidth AV ~Y MHz

Post-Detection Time Constant T 1,0 sec Analogue
S recording

0.1, 0,05 Digital

sec recording
for IPS.

 *Sum of the contributions from sky background, antemna
splllover, RF amplifier noise, cable losses and receiver

noise,
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- Table 3,1 = Parameters of the ORT in the Phase-Switched Mode

Beam Width (Half-Power) 2% arc  E-W
3:9 arc N-S

Effective Collecting Area A, 7500 w2
System Temperature T: | | L00°K
Pre-Detection Bandwidth AV ~4 MHgz

Post-Detection Time Constant ‘T 1.0 sec Analogue
. recording

0.1, 0,05 Digital

sec recording
for IPS.

T ST e S D e S T S S e e e s ot o M e . o 2 ol s b2 e ot A P 8 ot S ot v om "

*Sum of the contributions from sky background, anterna
spillover, RF amplifier noise, cable losses and receiver

noise,
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the @ -~switched records more stable than the Tp records,
where thevtwo slgnals are simply added in phase, Further,
the phase-switching technique also helps in rejecting the

| local interference which is likely to be uncorrelsted in the
two halves of the antenns. The‘parameters of‘the<9-SWitched

system used for IPS observations are summarized in Table 3.71.

With these parameters, a source having g flﬁx dén—
sity of ~ 0.5 Jy produces 2 signal to noise ratio of 5 when
T = 1.0 sec. This is the sensitivity limit of the telescope.
However, because of the broad EW beam, the observations are

affected by confusion below sbout 1.5 Jy.

3«3 RESPONSE OF THE INTERPLANET ARY MEDIUM

As discussed in ChapterIQ, the interplanetary‘medium
casts a diffraction pattern on the earth which is a convolution
of the brightness distribution of the radio source with the
response function of the interplanetary medium (the screen) for
a point source. In principle, theréfore, if the point source
response of the interplanetary medium can be determined, it
should be possible to obtain the brightness distribution of.any
eitended radio source by measuring the diffraction pattern pro-
duced by it. In practice there are two difficulties. Firstly,
by observation at one or g few points on the earth, it is not
possible to sample the diffraction pattern completely and

secondly, even if it is possible to sample the pattern at many
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dlfferent points, the occurrence of random changes in the res—
ponse of the medium and hence the dlffractlon pattern w1th tlme
pose a severe llmltatlon The best one can hope to do is to
idetermlne the average statlstlcal response of the 1nterp1anet-
ary medium for point sources and use this to derlve 1nformat-
dlon about the fine structure of extended sources. In the fOlr
lowing we describe observations of IPS of a .few strong point
*épurces:gnddetermine the averagé properties of the interplanet-

ary medium,
7f&3;1 Observation of Point Sources:

During 1971 we carried out systématic IPS obgervat-
ibns of nine compact extragalactic radio sources in order to
calibrate the effect of the irregular interplanebary medium
(IPM) on the incoming plane waves at 327 MHg. Soufces.Seleoted
for observations were sufficiently strong and were known to be
’extremely compact from earlier IPS (Harris and Hardebeck 1969)
and VLBI observations (Broten et al. 1967, Clark et al, 1968,
Kellermann et al, 1968). These sources, namely 302, 0115-01,
0116408, 3C49, 0202+41%, CTA 21, 3C138, 220318 and 3CWL6, were
also chosen to be close to the ecliptic plane so as to allow
us to probe the IPM at all distances from the san upbo about

ta.u,

The 6 central beams(Beams 4 to 9) of the phase
switched system of the ORI were used to-observe the source

and monitor the signals from the neighbouring background.
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he declination was set in such a way that the main response
e to the source appeared in beam 7. The positioning of the
eams in the sky is such that the adjacent beams (Beams 6 and
’),produce a null response for the source and the next adjacent
eams‘(Beams 5 and 9) produce a reduced negative response for
_the source. This multibeam response pattern is very useful in
. ting the sources as well as in distinguishing between
enuine scintillation spikes and spikes due to local interfer-

| The analogue outputs from these beams are displayed on

aper chart recorders running at speeds of 1 inch/min. The

}he signal from beam 7’onVWhich the source is observed,is also
,displayed on charts with a time constant of 0.7 sec fOr,the
burpose of observing IPS. Another output of beam 7 with

lﬂ: = 0.1 sec (later changed to 0.05 sec) is digitized and
npled every 20msecusing a 12 bit analogue to digital con-
,érter,(ADC). Sampling and recording of data on magnetic
Ltapesyfor off-line analysis were carried out using the Varian

620/1 on-line computer.

After setting the antenna at the declination of the
source and taking an BE-W scan over the source region, the
kantenna was made to track the source and the ON-gource scintil-
lations were recorded. Computer is programmed to-take 2750
samples of the signal at the rate of 50 samples/sec ., put

the samples in the form of g record on the magnetic tape,
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'calculate mean and variance of data points and print them on
ﬁtﬁeﬁteletype for quickelook analysis; Normally 6 to 10 minutes
;ef scintillations are recorded using this procedure, The in-
 formation concerning the name of the source, position of the‘ﬂ
antenna, time of observations etc. was included asla legendt
record on the magnetic tape. The antenns is then moved to a
'anearby cold region of the sky and 3 to 5 mlnutes of OFFLsource
dataqvererecorded in the above manner while the antenna is
ttrachlng4the OF?Lsource region. Occa51ona11y!when 1t was no*ﬂw
'pOSSlble to arrlve at a nearby clean OFELsource reglon by'E;W
movement of the antenna, it was made to look 36! arc north or
;&squth using the beam flipping facility described earlier. The,
arecords were mostly disturbance free but whenever disturbance
occurred, it was noted down and thc affected records were not
utlllsed in the analysis of scintillations. Typlcally an
observing session consisted of obschatlons of 4to 5 p01nt.i
sources as described above, A flux callbrator was also_obSéfved,
although the IPS analysis in itself does not need aﬁy flux cali;
bration. Observations of point sources were‘carried out as f?e-
‘xquently as possible so astto provide maximum coverage of the
 Tange of elongations between 0.1 and 1.0 a.,u. Analogue chart
recording of the data were maihly used for the purpose of dis-

_ tlay during the observations, All quantitative analyses were
performed with the digital data using the CDC 3600 computor
system at TIFR, Bombay.
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3.3.2 Reduction and Analysis of Data:
The random intensity fluctuations are characterized

by their statistical moments €.8. Mean, variance and the guto-

_correlation function (acf) and its Fourier transform, the power

spectrum,

In the following we estimate the Variance and the
power spectrum of the observed intensity fluctuations using the
Fast Fourier Transform (FFT) algorithm (Cooley and Tukey 1965),
With the availability of FFT algorithm it is faster to calculate
the power spectrum of the data directly by squaring the Fourier
coefficients rather than calculate the acf and transform it to
~ obtain the power spectrum, Also the power spectrum facilitates
~a simpler and more direct interpretation of scintillations.The
Taw power spectrum of observed fluctuations however does not
represent the gctugl spectrum of interplanétary scintillations
since instrumental effects wmodify the frequency characteristics
of the incoming sighal, The observed variance and the power
spectrum must therefore be sultably corrected for the effects
of finite antemngy slze, receiver bandwidth and the time con-

stant used at the receiver output,

On~-line Analysis:

The mean and variance of each of the 55 sec data

recordvmrecxmmuted on-line and printed on the teletype during



After the ON and OFF source data were acquired

the scintillation index was calculated using the definition

m

I

(Var. ON - Var. OFF)?/Intensity

e
(Var, ON - Var. OFF)®/(Mean ON:Mean OFF)

he on-line alalysis provided an on-the-spot ideg of the

trength of scintillations and was useful in planning further

observations of the source,

The scintillation index computed above is an under-
estlmate of the actual index since the low pass filter used

at the output of the Tecelver attenuates the high frequency

_ Dower present in the scintillations. It isg possible to correct

the scintillation index for this attenuation ir both the power
transfer characteristics of the filter L(f) and the true

Spectrum of IPS are knoyn. The low pass filter used was g

simple RC circuit with T =0.1 sec.

Its characteristics were

Casily determined by easuring the power spectrum of the

» recelver for OFF source white noise. The power spectrum of

IP89 Pr(f), is determined by observations of point sourceg

described below. The Variance of true agnd observed scintillations

are then related by
/ P (f)df//P (£) 1(£) as

atlon index is obtained by multi~-

~ The corrected scintill
iqﬂplying the on-line index by « . The multiplication factor

Can be estimated only after Pr(f) is determined off-line.,
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Off-line Analysis:

The scintillation data in digital form were recorded

on magnetic tapes in the following manner. Iirst the parameters

of the observations are put as a label record. Then 2750 sam-
ples of data, acquired at the rate of 50 samples/sec for 55 sec
are put as a data record, Successive minutes of data, acquired

with a 5 sec gap in between, are put as individual records. At

the end a file mark is written. Thisg procedure is followed fbr

recording ON and OFF source dats for every source. Power spec-

 trum of each data record was estimated separately and power
spectra of gll data records in a file were added cumulatively

to obtain a stable ON or OFF power spectra. After correcting

;the power spectra for the instrumental effects, the OFF source
\power spectrum was subtracted from the ON source spectrum‘ to

obtain the final spectrum of scintillations produced by the

__Source. Power spectrum calculations were performed using the

FFT algorithm and only the important steps in the analysis are

described below.

Bstimation of Power Spectrg:

In order to remove slow drifts and possible contri-
 bution from lonospheric scintillations, a running mean over
i512 data points (i.e. over 10.24 sec) was subtracted from
@ach data record giving rise to g time series of length about

b5 sec, and having zero mean. The variance of the record at -
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this stage was printed out for calculation of scintillation
index. The effect of the subtraction of the running mean in
_ the frequency domain is to multiply the power spectrum by the

wfunction

2
H(f) = [1— {sin(wf.1o.24)/(5rf.1o.24)}]

While effectively removing the power below~0.1 Hz it affects

the higher frequency components also. The calculated power

spect rum must therefore by corrected for the effect of H(f).
The high pass filter also removes some genuine low frequency

Cpower due to IPS but this effect is very small and was neglec-
ted.

Since the FFT aglgorithm requires 27 data points,

_where n is an integer, only first 21 (=2048) data points were

retained. In order to avoid sharp discontinuities at the

ends, the data (200 points on either side) were tapered using

a cosine bell weightage. The Fourier transform was then com-

puted and the Fourier coefficients were squared to give the

power spectrum. Since the spacing between the datg points

was 20 msec, the Fourier transform consisted of 2048 pointsg

equally spread over -25 to +25 Hz. Power spectrum values at

intervals of (50/2048) ~ 0.025 Hz were thus generated by the

program,

In order to correct for the effects of running mean

high pass filter H(f), these raw power spectral estimates
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were divided by H(f), except in the casc of gzero frequency
:(dc) Value, which is gzero due to removal of mean from the
data. The statistical uncertainty in the power spectrum esti-
7ﬁates P so computed is given by (Cooley et al. 1970)

i.e. the rms uncertainty in P is equal to 100% of P itself.
The raw power spectrum is therefore gz highly unreligble esti-
- mate. In order to obtain more reliable spectral estimates
“four adjacent values of P were aVeraged. This led to an
improvement in the stability of estimates by a factor of 2 at
the cost of poorer resolution of 0.1 Hz, which is sufficient

for our purpose.

The power spectrum with g resolution of 0.1 Hz was
corrected for the high frequency attenuation due to RC time
constant by dividing it by the frequency response L(f) of the
filter, L(f) was determined by calculating the power spectrum
of a long strech of broad band recelver noise. The ON source
spect rum Ps(f) at this stage is the sum of the true speectrum
of IPS P1(f), the OFF source spectrum Py(f) vhich is a con-
stant (independent of frequency) and another constant due to
- Increased system noise because of the presence of the source
in the beam, Since there ig negligible scintillation power
beyond about 15 Hz the sum of constants due to receiver noise
constitute the constant power beyond about 15 Hy in Py ().

The value of this constant, determined from the high frequency
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??1ateau of the ON source spectrum itself, was subbracted from
7PS(f) to arrive at the fingl spectrum of the scintillation

produced by the source,

The final rms error of PI(f) values is given by

AP(£) = (pp(0)/ VT ) [+ {egtepgen]

NP = No. of spectral estimates (usually four) over which
averaging is done to obtain stable spectrag with g

lower resolution,

Nrec = no. of data records whose power spectra were cumu-

latively added,

P4 (f)

i

spectrum of ON source scintillationsand

Py (£)

i1

spectrum of OFF source noise

The term within brackets arises due to subtraction

of OFF spectra from the ON spectra and contributes more and

more to the error at high frequencies, where noise power be-
comes comparable to scintillation power. For the hormal
Observations with N rec = 0 and N, = H the term outside the
brackets is 0.2 PI(f). The second moment fo and the correction
& to the scintillation index m vere estimated for  each power
spectrum using the relagtions

f T
£2 = % % Po(£) / z; Pr(f)
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ﬁére fe is the cut-off frequency beyond which the ON source
pégtrum settled to the constant OFF source value. The

orrection factor € was found to be generally less than 10%

fér observations at p > 0.2 a.u. Gloser to sun where scintillation
spécﬁra broaden considerably, « increased steeply with decreg-

sing p as expected.

FEffects of Anntenna Aperture and Receiver Bandwidth :

In the above analysis we have not considered the
'foects of finite antenna aperture and receiver bandwidth
on the observed scintillations. TFollowing discussion shows
that both these effects are negligible over the range of

elongation where most IPS observations were carried out.

Aperture Smoothing - The intensity pattern is
observed with an antenna of large dimensions. Consequently
any intensity fluctuations which have spatial scale comparable
to or smaller than the antemns aperture are likely to get
smeared. For IPS observations at p >0.2 a.u. in the weak
',Scattering region at 327 MHgz, the spatial scale of intensity
ipattern over the ground is ~ 100 km (Rao et gl. 1974),
/The largest dimension of the antenng (ORT) used is only
~0.5 km and this does not lead to any smearing. Closer
to sun than ~0.2 8+.U., the pattern scale decreases due to

decreasing irregularity size in the solar wind and due to
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strong scattering effects at 327 MHz. For values of p as
small as 0.05 a.u. the pattern scale is still~95 km or
more (Rao 1975). DMNo correction for aperture smoothing is

*fequiredAfor present IPS observations with ORT,

Bandwidth smearing - Little (1968) has shown that

the scintillations are strongly correlated over a limited

bandwidth and significant smearing takes place when -

> - Ny N %“K‘ﬁﬂ&%ﬂc /. i
AV 2 8 yfec A B 2 Yo

where ¥ is the frequency of observations and &% is the pro-
detection bandwidth. TFor the present observations with
Y =327 MHz and Ay =4 MHgz, the bandwidth smearing can be

serious only when the pattern scale £4£ 5 km which, as noted

parameters for p>0.1 a.u. are therefore not affected by the
finite bandwidth of the receiver employed for IPS obser-

vations at 327 MHgz.

3.3.3 Results -~ Average m-p and f

~-p Curves for Point
Sources:

2

For each of the nine compact sources selected, we
have made about 20 to 30 IPS observations covering the
range of elongations 0.1 « p< 1.0 more or less uniformly,
For each observation, the scintillation power spectrum was

calculated and values of m and f2 were derived using the

procedure described above, Before utilizing these

above, occurs for p<£0,05 a.u. The calculated scintillation
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  observations to define the characteristics of the inter-
planetary plasma relevant to IPS, we must first make
- sure whether the sources observed approximate to the
fpoint source! description., For a point'source we
expect m to increase with decreasing p till at a certain
:3p:where scattering becomes sufficiently strong, m satu-
rates to a value of unity, Scintillation power spectra
should also widen close to sun unless the presence of
finite structure in the source cuts off high frequency

components,

We have therefore studied the variation of
‘observed m and f2 as a function of decreasing elongation;
It is found that all sources observed show a similar
variation of m with p, although at any given elongatlon
their m values differ considerably. First, with decre-
asing p from 1,0 to ~ 0.2 a,u. m increases and then:
for p-upto ~0,1 a.U. remains near the peak ﬁalue.
Closer to sun than 0.71au,the trend is reversed; m decreases
with decreasing p. The pealt value of m observed for tﬁe'
strongesﬁ scintillating source is only about 0,6 in com-
parison with the theoretically expected vaiue of 1. This
observéd behaviour of m-p curve indicates that either ail
the 9 sources observed are broader in angulsar extent Lhan
anticipated or they contalu appreciable extended (non-

scintillating) components, The First possibility can be
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checked from their f2 measurements, It is seen that |

3 sources viz, 0202 + 14, 3C 138 and 3C 446 show values

of f2 which are significantly lower than the remaining
sources over certain ranges of elongationg, indicating

that measured T, values are affected by finite source

size. These sources were therefore excluded from*further
analysis on point sources. Interesting structures for the
scintillating components in these sources have been deducéd'

from the present IPS observations (Rao et al, 1974) .

The remaining 6 sources show equally high values
of f2 and their strong-scattering spectra widen rapidly with
decreasing p, as expected for an as yet unresolved source,
We can derive an upper 1limit on the angular diameter "
of scintillating components in thesec éources from the
observed values of f2 from eqn, (2.36). Using the maximum
observed value of f2 of about 2 Hz'at P ~ 0.1 asu, and
assuming z = 1 a.u., and v = 300 km s~ for TIPS observations
at p ~ 0.1 a.u., we obtain V<& O#g6 arce  The sintil-
lating components in these sources can thus be regarded as
point sources for IPS observations in the weak-scattering
condition, The effect of source structure on the observed
values of f2 appears in the form [1 + 0.36 ( z"\,u/a)2 J %;
Hence for p # 0.2 a,u, it can be seen that the above
assumption will introduce < 5% error,taling the scale

slze a to be about 100 km (see next section). However,
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~even these sources show peak values of m much less than
the theoretically expectcd value, - The origiﬁ of this
kdiscrepanqy is not entirely clear, The simplest expla-
nation is that ali the observed sources have extendéd

halo components contaiming apprecigble ( ~30% or so)
fraction of total flux density. Since these components

do not contribute to observed scintillations, their angular

sizes should be 3 085 arc.

Similar observations on the behaviour of m-p and
f2~p curves for compact sources e.g.rCTA 21 etc., have been
made earlier (Cohen et al, 1967a, Cohen and Guhdermann
1969). Usually, without regard to the shove discrepancy,
in past CTA 21 has been used to represent an ideal point
source and its observed m and f2 have beeh used to inter—
pret structure in other radio sources (Harris and Hardebeck
1969). Although CTA 21 1s known to be very compact frdm
interferometric studies at 408 and 610 MHz, the possibility
of double or complex structure on angular scale of ~ OT1
arc or the presemeof weak ( ~20%) extended meter wavelength

component can not be mMiled out (Clarke et al. 1969, Purcell

1973, DBroderick and Condon 1975, Armstrong 1977), However,
in order to be consistent with the existing large scale

IPS survey of radio sources at a nearby frequency of 430 Mig
(Harris and Hardebeclk 1969) we also assume that the obscrved

values of m and f2 for CTA 21 represent mpt and f2,pt' It
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must howeﬁer be kept in mind that the estimated values of
'(m/mpt) for any source using My, for CTA 21 could thus be
overestimated by as much as a factor of 2 since the peak

value of m observed for CTA 21 is about Oﬁ53-

Presently, therefore, we normalige the observed m
values for the remaining 5 sources to those of CTA21 and
l combine them to study the average mpt—p variation. Since
all sources observed showed similar shape of m-p curve
for p 2 0.25 a.u, normalization was achieved by multiplying
their m values by a constant scaling fdctor, sﬁch that
their m-p curves for p »0.25 a,u. coincide with that of
CTA 21, Thé scaling factors used for this normalization
and the limits on the angular sige of scintillating com-
ponents in these sources derived from their f2 values
close to sun, are listed in Table 3.2, 3C 2 beihg a
relatively weak scintillator has been omitted. It is
interesting to note that in one source, PKS 0115-01, values
of m consistently higher than those of CTA 21 by about
10% were obscrved. However, in view of the above discussion

we have multiplied its m values by 0.9,

Thus by ensuring that the scintillating components
in the 5 compact sources namely 0115-01, 0116408, 3C 49,
CTA 21 and 2203~18 behave as unrcsolved point sources,

we can use the observed values of m and f2 to derive the
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_average Variation of mpt and fg,pt as a function Qf elon~
gation, In Figures 3,3 and 3,4% we have plotted the norma~
lized scintillation index @pt and the square root second

i\moment f, respectively, for the five sources mentioned
above, Each point is typiéally a result of 6 min of ON |
source and 4 min of OFF source data. Often longer (15-20
min) streches of data were recorded and used, The smooth
curves drawn in these figures represent the average vari-
ation of mpt and f2,pt for point sourées at 327 MHz as a’
function of elongation, The substantial scatter around
the mean values is mostly due to genuine changes is the
activity of the IPM, The statistical uncertainties in

the estimation of m and f2 are comparatively small, being

o 10
3¢3.% Model of the Interplanetary Meidum:

As discussed in Section 2.2.2, the parameters of

the observed intensity pattern for point sources can be

directly related to the properties of the electron density
irregularities in the IPM when the weak-scattering and

far-field conditions are satisfied. At 327 MHz, these

conditions are satisfied for IPS observations with elon-
gations between ~v 0,25 and 0.7 a.l. Observations of

point sources described in the earlier section show that
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1.6

mp-t(p‘> = 0,056 p~ and

f2,pt(p) = constant=0,6 Hz,

- The observed scintillation index and second moment for
point sources depend on the rms phase fluctuation ;) and

the scale sige a of the irregularities and from egns, (2. 16a)

and (2.20), we have

i

ié mptﬂﬁ'and

v/(zfrfg,pt),

It‘is known from systematic multi-station IPS observations
of a number of compact radio sources as well as from in-situ
spacecraflt measurements that, in agreement with theoretical
models, the solar wind flows radially outwards from the sun
with an average velocity of ~L400 km g™ which i g roughly
constant between 0,3<p< 1.0 a.u. (Coles et al.1974). Due
to integration along the line of sight the resultant trang-
verse component of solar wind velocity i;e. the effective
velocity with which the pattern moves across the observer,
i1s less by about 10% (Jokipii and Lee 1973). We therefore

use v=350 km g~ ! for converting temporal frequencies to
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gpatial scales and obtain

1.6

() = 0.0% p” and

a(p) 100 km,

It

In order to derive a model of Variagtion of ABNé and a as

a function of radial coordinate R from the sun, numerical
‘calculations were made incorporating a more realistic
multiple-thin screen model for the extended IPM, Power law
dependence on R was assumed for both the quantities and |
best-fit exponents were determined by comparison with
observed m and T, variation, The results for R>0.25 a,u,

are

AN_(R) = 0.08 R 2:05 electrons cm 3 and

a(R)

gt

I

100 RO+ 17 1p,

where R is in units of a,u, (Rao et al, 197%, Rao 1975),

Since L&Ne&‘ng‘OS, the scattering power of the
medium falls of gg R7M‘1. Most of the scattering and scin
tillations therefore arise due to that region of the line
of sight which is closest to sun, From the geometry of
Fig, 2.7, the distance 7z to the‘scattering layer is
2 = (1~p2)%. Most IPS observations pertinent to measure-
ments of the structure of radio sources at 327 MHj were
made when p<0, Y4 s U, and hence z can be taken as 1 a.i,

without much error,
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f'3 4 PROCEDURE FOR ESTIMATION’OT THE STRUCTURE OF
SGDHH&MEM}bMEmﬁ

Once the average characteristics of the electron
density irregularities in the IPM have been determined from

’the observed variation of m bt and f ~+ with elongatlon for

2,p
p01nt sources, the structure of any scintillating source
_ can be derived from g comparison of its observed m and fg
values with the corresponding point source valueg at the
same elongation, For thig purpose, IPS observations must
f’bé carried out near the sun where SClHtlllathﬂS are SU¢f1~
01ently strong and the effect of finite size of the source
can be easily recognized, At 327 MHz, the scintillations
are appreciably reduced outside the region 0.1 £ p £ 0% a.u
In gection 3,3,3 we have shown that our measurements of m b
and f2 ,pt for the 5 compact sources observed, represent que
point source response of the IPM only for p 2 0,25 a,u. Thus
for observations made in the region p > 0.25 a,u, eqgns. (2,35)
can be directly used to estimate ﬁ&and'ﬁ’of the s01nt111atlag
component in radio sources, For observations closer to sun,
the measured fg,pt vValues themselves could be a result of

cut off due to finite size of the sources studied. Values
of ¥ derived using eqns. (2,35) will therefore be underestl-
mates of the angular size of the scintillating component,
Bgn, (2,36) however provides a stronger upper limit on %

for observations with p < 0.25, since in thig region q%> 1
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and the point source spectrum is very broad. We have adopted
the follow1ng procedure for estimation of’rkand’Y40f radio

sources from their IPS observations,

Observations of IPS of radio sources were made at
327 MHz when the elongatlon was within the range O.1—O.5 a4,
For each observaticn the power spectrum of scintiilations
was calculated and values of m and f2 were derived. The
methods of observations and analysis were the same as those
described above for point sources., A source was considered
to be scintillating if the power spectrum showed_the charac~
teristic excess towards low fluctuation frequencies (gero to
a few Hz) and the observed index at different elongations

roughly followed the expected behaviour,

For the scintillating sources if the ratio (f2 eyt/
7 g9
s pt) was found to be less than 0,8, the source was consgi-
, _
dered to be resolved and the angular diameter Y of the

scintillating component was estimated using eqn, (2,35);

Y= wawe, e, [i- (T, oxt/To pt V2|7
with v = 350 km s~ 7 ana z = 1.5 x 108 km, Once “¥is deter-
mined the scintillation visibilityfk‘was'estimated from
eqn. (2,3%) as |

1
fo= Wext/ M) - [1+0.36 (a7y /)2 ]2

where the irregularity size a was taken to be 100 km,
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| If the ratio (fg,ext/fQ,pt) was‘210f8, the sciF% 
tillating component was considered point-like and an upper

1imit to its angular size was obtained from eqn. (2.36) as

Y/ T ext z)

’For observations ncar p ~ 0.25 a,u, this limit turns out
to be ~0"15 arc. Often it was possible to make obser-
vations closer to sun and obtain an improved upper limit
on~y . We have however set a uniform limit of 0715 arc
for unresolved scintillating components in our IPS obser-
vations, For such sources with ~V<0U15 arc, the corré~
ction ﬁo observed m due to source sige is negligibie and

ﬁ& was estimated from

fk: mext/nbt°

The division at <f2,ext/f2,pt) = 0.8 was decided arbitrarily‘
in view of the day to day changes ( ~ 15% rms) in the

observed values for point sources,

Somé sources did not display any scintillations
above the receiver noisec fluctuations either because of
small flux of the scintillating component or due to the
fact that observations could be madé only at 1érge p where
scintillations become very weak. These source werc called

non~scintillating. No estimate of " is possible in such
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cases, An upper limit on the flux of any compact scintil-
lating component in the sources, if present, can however
be obtained from a consideration of the system noise. As
a simple criterion we have assumed that any contribution
due to scintillations does not exceed half.the observed ON
source variance, This provided a rough upper limit on

index m given by
~ 1
2 3
Mext < [(Var. ON)/EJ / Intensity.

Upper limit on ri for these sources was then derived by
dividing this wvalue of Mot by the obseryed gpt value at

the elongation of the observationsg.

3.5 CONGLUSIONS

In this chapter we have described the methods of
observation and analysis of IPS at 327 MHz. The observe
able in IPS is the random temporal fluctuations in the
intensity of a radio source. Information about the elec-
tron density irregularities in the IPM as well as the
fine structure of the scintillating source is contained
in this fluctuating signal and can be extracted by
examining its various statistical properties. In most
TPS work, statisbical propertics of order 2 1i.e. the
variance and its Fourier decomposition, the power

spectrum, have been studied for this purpose, Some
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avtempts to use the third and fourth moments of the prob-
abllity histogram of IPS intensities have also been made

(Bourgois and Cheynet 1972, Milne 1979, Armstrong 1977).

In Sections 3.3 and 3.4 we have discussed the proced-
ures for determining the characteristics of the inter-
planetary irregularities and the structure of radio éources
from measurements of the scintillation index m and the
width f2 -of the temporal power spectrum of IPS. The
present method, based on the power spectrum analysis of'
intensity fluctuations, was developed and used by the
Arecibo IPS group in interpreting the fine structure of
radio sources in the IPS survey at 430 MHz (Cohen ot al.
1967b, Harris and Hardebeck 1969). In low frequency IPS
surveys undertaken at Cambridge, on the other hand, an
alternative procedure based on measurements of m alone
has been employed (Little and Hewish 1968, Readhead 1971,
Readhead and Hewish 1974)., In this method both o and ¥
of the source are estimated by comparing the observed
shape of the m wvs, p variation (its slope, defined by
the ratio m(350)/m(900),and its peak value) with that
computed theoretically for different source diameters.

In these computations, the IPM ig specified by gaussian
irregulafities whose scale is taken to Vvary roughly as
R1'5 with distance R from the sun (Readhead 1971). Our

observations of a constant value of f, for p > 0.25 a.u.
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and a sharp increase in f2 below 0.2 a,u, for compact

point sources observed at 327 Miz do not support any

Variation in scale size faster than ~ RO.QS' A detailed
discussion of the origin of thisg discrepancy, which may
arise due to the correction to the observed scale sizes
applied by the Cambridge workers for the finite siZe of
the observed source 3C 48, has been given by Rao (1975)
and will not be repeated here., As discussed in

Section 3,3,3 our measured values of fg,pt for

P2 0.25 a,u,, presented in Fig. 3.4, represent true
point source parameter of the IPM and do not require any
correction, We have therefore taken g =~ 100 km for

0.25 € p £ 0.7 awu, in all our calculations,

The power spectrum method is suitable for carry-
ing out ragpid surveys of the fine structure in radio
sources by IPS technique as only one or a few observa-

tions under suitable circumstances allow religble esti-

mates of fMoand Y to be obtained. The m-p curve
Imethod,on the other hand, fequires a large number of IPS
observations over an extended period of a few months,
Also the angular digmeter V¥ obtained from f, measure-
ments near the sun is lesg dependent on the adopted
model for the IPM than those determined using m, This 1is
so because I, is more sensitive to high frequency tail of

the scintillation power spectrum which is determined
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mainly by the cut-off due to source structure, Further-
more, f, is also sehsitive to soufoe structure along the
position angle (p.a.) of the solar wind scan whereas: m,
being the integral under the power speetrum,/is/invariant.
By making IPS observations of a source on diffefent days
as the sun-source orientation changes, it is possible to.
combine £, measurements along various p.a., and study its
two~dimensiohal structure., In this manner elongated
components have been found in g number of radio sources
from their TIPS observations at 327 MHz (Rao et al, 197k,
Ananthakrishnan 1976). The diameter estimates used in
the present work are average gaussian half-power diameters
of the scintillating components which are gssumed to be

circularly symmetrical,

Using the power spectrum method we have undertakeﬁ
an IPS survey of known radio sources in the southern sky
accessible with ORT. At the observing frequency of 327 MHz,
the IPS technique is sensitive to components with angular
sizes £ 0.5 arc  which is the angular size of the first
Fresnel zone at z - 1 a.U. Since most of the sources
observed during the survey were weaker (g few Jy at
327 MHz) than strong compact sources observed for calibrat-
ing the response of the LPM, the statistical uncertainties
in the derived estimabes of r& and Y from g single IPS

observation were large and comparable to the errors due
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THE’IPS SURVEY OF SOUTHERN SKY SOURCES AT 327 MHgz

In this chapter we present the results on the angular

’Sizes and flux densities of the s01nt111at1ng components found
in the southern radio sources studied durlng the IPS survey at
Ooty at 327 MHz. In Section 4.1 the criteria for selection of
 sources for IPS observétions are given and a Sample'of stronger
sources is defined for the purpose of statistical studies. A
comparison of the IPS results with other high resolution stﬁdiéék
of radio sources in the survey is made in Section 4.2. The

" dependence of scintillsation properties on optical class, spect-
~ral index and redshift is investigated in Section 4.3, Flnally,
in Sectlon 4.4 a detailed discussion of the radio and optical
structure of one of the interesting sources in the IPS survey,

- namely PKS 1514-24, is presented.

4.1 THE IPS SURVEY AT QO0TY

| The phenomenon of IPS has been used extensively to
study the fine structure in radio sources. Soon after the dig-
covery of IPS at Cambridge (Hewish et al. 1964), the Cambridge
uas well as Arecibo groups have been actively engaged in studying
the nature of compact components in radio sources by observing
their IPS at meter wavelengths. A number of TIPS surveys have
been carried out. The most extensive ones arc i) the IPS surmﬂ
of about 500 northern ecliptic sources stronger than about 2 Jy

at 430 MHz made by Harris and Hardebeck (1969) using the giant
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Arecibo_telescope and (ii) the Cambridge IPS survey by Readhead
and Hewish (1974) in which more than 1500 radio sources covering
_entire northern sky are studied at 81.5 MHz. In contrast,.no
systematic IPS studics of radio sources in the southern sky haﬁe.
;been made so far, There have been references to the IPS obser—
 yations of southern sources at Parkes (Ekeré 1967, Ekers 1969,
Gardner = et al, 1969) and Molonglo (Milne 1975). However, no
‘Quantitative estimates of the compact components in southern
ffadiorsources have been published. In 1970, we therefore deci-
ded to undertake an IPS survey of southern sky sources at 327
fMHz using the Ooty‘Radio Telescope.
' For selecting the radio sources for observations, two
comprehensive catalogues of known radio sources in the southern
sky werc available at nearby frequencies of 178 and 408 MHZ.The, 
4C catalogue at 178 MHz (Gower et al. 1967) covers a declina-
tion strip of 0° to -7° and the Parkes catalogue (Ekers 1969)
- covers the whole of the southern sky excluding the galactic
plane region. Sources werc selected for IPS observations from

these two catalogues according to the following criteria:

i) beI] > 10°,
ii) Declination (8) between 0° and -30°,
iii) Expected flux density S at 327 MHz greater than or

roughly equal to 1.5 Jy and

iv) Right Ascension (R.A.) between O9h and OSh.

The region of the sky to be‘surveyed was limited to

the above R.A. range for the following reason. At 327 MHz, a



giveh gsource is observed to exhibit appreciable Scintillations
when the sun-source elongation is in the range of about lOOmSOO,
Oﬁtside this range the scintillations are considerably reduced.
Iﬁ'fhe region of the sky between 0° and-—BOO declinations, only
sources in the above specified R.A. range (i.e. between O9h,and
CBh) attain solar elongations of less than about 300; at some
ﬁime of the year or other. TFurther when the sun was passing the

région of sky between the R.A. of 17h to 22h

only some‘selected
étfong point sources were observed due to the limitations of

telescope time. The IPS survey of sources was therefbre’initi«
ally restricted to regions between 09h and l6h and between 22h

and 03h of R,A.

Out of a list of more than 600 radio sources prepared
 for IP3 studies we were able to make IPS obsérvations of about
SOO of them during the southern declination passage of the sun
in 1970-71 and 1973-74. For most of the sources more than 2
fobservations were carried out while the elongation of the
”Source was within the range 10° - 300. For the purpose of‘
calibration of scintillation data several strong point sources
were observed regularly so as to cover a wide range of elonga—.
_tions, In the following we present the IPS results on the 188

14

sources which were observed during 1970~71.

4.1,1 The Ooty IPS Sample:
Since the ORT is also used for a number of other prog-
rammes, IPS observations could not be carried out daily so as to

observe cach and every source in a given area of the sky. Rather,
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%e attempted to observe sources Wﬁose IPS could be observed

most favourébly during a given observing session. The 188
’éoufces studied therefore do not cohstitute a complete sample
in the usual sense of including all sources above é given flux -
dengity within a specified area of the sky. For the purpose of
“stétistioal studies concerning the average properties of Scinf
 tillating fadio sources we have therefore selected a éample of

149 sources according to the following criteria:-

(1) 3327 Z 2.5 Jy - We included sources with expected

8327 greater than or equal to 2.5 Jy for the following reasons.

(a) TFor sources with 8357 < 2,5 Jy there is no find~
ing survey which provided a homogeneous list of known radio
sources. Sources weaker»than 2.5 Jy were in fact those for
which either the Parkes catalogue listed flux densities only

at 1415 MHz or only 4C fluxes at 178 MHz were available. Obser-
vations of these weaker sources at 327 MHz may therefore be

biased against flat or steep spectrum sources respectively.

(b) 1In defiving the scintillation index m deflec—
tion produced by the source on the observed records is used to
represent the total intensity. Due to the broad ®~W beam of
the teiescope the observations are confusion limited below
about 1.5 Jy. Therefore, depending upon the background near
the source, the observed deflection will be affected, making

the calculated value of B less reliable for weaker sources.

(ii) [bIIfz 20° - A1l sources having galactic latitude

o) .
less than 207 were excluded since
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(a) For sources close to the galactic plane the
béerved angular size might be affected by interstellar soatm
ering (Readhead and Hewish 1972), specially since the present,
0@£héfn sky observations correspond to longitudes towards’fhe-

alactic center.

(b) To keep the sample free of any galactié rédio
;sQUrces.

‘ With the above criteria i.e. with 83é7 > 2.5 Jy and
II > 200, we are left with a sample of 149 extragalactic
adio sources. Since sources were observed independent of
their scintillation behaviour, we consider this sample to be
reasonably random and unbiased for the purpose of statistical
sfudies. In Table 4.1 the values of p and ¥ alongwith other
,pafameters'for thege 149 sources are listed. The entries\are
arranged in increasing order of right ascension. The informa-
tion given in various columns is as follows:

fdol. 1 -~ DName of the source in Parkes notation.

Col. 2 - 3¢/4C name; whenever source is not listed in the
’ Parkes catalogue, the 4C name is underlined.

Col. 3 =~ Optical identification from one of the following

: references: Parkes catalogue (Fkers 1969), Munro
(1971la,b) and Veron and Veron (1974). Usual desig-
nations for galaxies (G) unidentified (-) and

Q808 (Q) have been used.

Col. 4 -~ HExpected flux density of the source at %27 MHz on the
i 5 N '

and 5 KPW scale and the spectral index o« at 327 MHz
defined as S « v~ % respectively. The values of S327

and a were determined by compiling the spectra of
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10003-00
0005-06
. 0016-12
0018-09
0018-01

0019~ 00
0020- 08
0023-13
0027-12
0029~ 01

. 0031-07
003401
0035-02
004702
0051-03

0056- 00
0115-01
0117-15
0119~ 0k
0123-01

-——— - - —

e

Table 4.1 The Ooty IPS Sample of 149 Radio Sources with

' SNNE RN o)
Sy7 22,5 Iy ana bl > 20

-y v - o

3¢/4C  Optical Expected Visib- Angular
name Identi- S Ky ility  sigze
fication 5/ 327 | B
Jy ﬁk "arc
L D . I ) B C O 7)
3c2 Q 10.5 0.7 0.6 <0.15
3C3 G 4,5 1.0 0.8 ~0.25

- - 6.4 0.7 < 0,2 -

- - 2.5 141 < 0.3 -
~01.01 - 3.5 0.5 0.7 <0.15
+00,02 - 3.6 0.2 1.0 <0,15

-~ - 3.5 0.7 <0,3 -

- - Y. 04 0,3 <0.15

- - 4o Okt <04 -

- 01,02 G 2.7 0.9 < 0,5 -

- - 3,2 1.2 0.3 ~0,20
3C15 G 11.5 0.7 < 0,1 -
3C17 G 18,0 0.8 < 0.1 -
~03.02 Q 4,0 1.0 <0.2 -
3C26 G 6.6 0.8 0.5 <0.15
- 00,06 Q .3 0.3 1.0  €0.15
-01,07 G 4,0 0.0 1.0  <0.15
3C38 Q 1.0 0.6 L 0,2 -
~ O, Ol Q 3.k 0.6 0.8 =<0.15
3Ck0 G 15.0 1.0 < 0,1 -

._.._..._.....—.-._..-....._.-.._,—._....——.....—.._—-..-—.—....—....--_.-.--.....—__----.......——-..-....-__-.—..—....._._.

contd, ., .
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1026~ 05
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1031~ 11
1036~ 0l

(2)

__05.07
-02.,08
3053

3063
~00.12
-0k, 06

3C71

- 04,31

3C224

~ 0k, 36
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5.6
13.0
2.8
4,8

13.0
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4.0
3.5
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1127~ 1Y
1131-19
11132-00
1136-13
1142-00

1148-00
1212-00
1229~ 02
1239~ Ok
12hh- 11

1245419
1247-19
1252-12
125305
1306-09

(-05.46)
3C253

(~05.47)
3C255

7.0
4o
17.0
1.2
940

1.0
< O')‘%‘

1.0 < 0.15

< 0.2
< 0.7

1.0 < 0,15

<0.5
<0,7

0.3
< 0,6

u—.—._-—-—-......--.......-.-...q....--...._--—---..--........-.-._..........-..-~..—-————~——._.—~_.—....»....-—.—--.........._....._.._.-..-_-...



309- 22
31 2-18
316~ 06

1327~ 21
1330~ 14
1331-09
1334-29
133417

1335-06
1339-12
1342~ 00
134407
1348- 12

- 1358-11
1401-05
1401~ o4
1403-02
1404~ 01

1411-05
%12-10
1hH10- 1k
T4 4= 21
114-03

Sy ot o o oot o -
— — ETST e et e o b o ey o sy ey

<0.3
0.8
1.0
< 0.5

T e et s ey ot e S s

contd..
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(2) (3) () (5) (6) (7)
- G 45 0.5 <0,6 -
- G 5.0 0.9 <0.5 -
- Q 7.2 1.1 0.3 ~0.25
- Q 7.6 0.9 <0.7 -
- Q 47 4.2 <0.3 -
30300, 1 G 8.2 0.7 0.2 ~0.25
~03.52 - 3.5 0.8 1.0 ~0.19
- G 5ok 0.5 0.7 ~0.15
- - 2,7 0.4 1.0 £0.15
- G 9.3 0.8 <0.2 -
3C306. 1 G 5.2 1.0 £0,2 -
- Q 9.0 1.0 0.5 ~0.35
-02.62 - 2.6 0.3 1.0 <0.5.
- - 2.6 0.9 <0.5 -
- Q 4.7 0.3 1.0 ~0.15
-059.6 - 3.7 0.8 «0.9 -
- - 3.3 1.0 <0.k4 -
i} - 3.1 0.9 <0.Y% -
-0k, 55 - 4.3 0.7 <0.5 -
- Q 5.k 0.2 1,0 <0,15
- Q 3.6 1.0 <€0,2 -
153412 - - 3.0 0.4 0.6 ~0.15
1537~ 14 _ - - L. 0.0 <0.5 -
1537-05 ~ -~05.68 - 3.1 1,0 0.9 ~0.20
- 1539-09 - - 2.5 1.0 1.0 ~0.25

e e man o on o v ot o s ot T ot e S oo it i ana W? o S m b Ve ko o St w T St 06 e 4 e B4 e S e et T S gme S v W R S ma [ A b S

contd...
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2313-16
12318-16
2320-12
2325-15
52329—16

2329-10
2335-18
2337-06
 2338-16

2347~ 02

Qe @

2 @

3.2
9.0
749
5.7
3.8

%

2.5
2.9
5.2

(6) (7)
0.7 <0.15
<0.3 &
<0.2 -
<0,2 -
<0,2 A
< 0.5 -
0.8 «0.15
< 0,2 -
0.5 <0.15
< 0.3 -
< 0,2 -
0.4  <0.15
0.5 ~0.15
1.0 < 0.15
0.5 <£0.15
O+ <0.15
0.7  ~0.2
<0.3 -
0.3  ~0.45
0.9 £ 0.15
0.5 ~0.2
0.3 <0.15
1.0  ~0.15
0.2 £ 0.15
0.9 <0.15
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all the sources in the survey using all available
flux measurements. Values of a derived by extra-—
polation from only one measurement at a higher. or
lower frequency are enclosed within brackets, indi-
cating that these values are leSs‘reliable. |
Col. 6 =~ The derived scintillation visibility p of the

o and 7 source and the half power angular diametér‘“?of the

scintillating component respeétively.

The IPS results on sources which fail to satisfy the
criteria for inclusion in Table 4.1 are listed in Table 4.2,

- which is arranged in the same fashion.

24.2 COMPARISON OF IPS MEASUREMENTS WITH OTHER HIGH RESOLUTION
STUDIES AT METER WAVELENGTHS

Before attempting to study the characteristics of
compact featuresin radio sources found by the IPS method it is
dmportant to establish the reliability of the scintillation
‘measurements,. For this purpose we compare the visibility esti-
matés derived by independent methods of obgservations and ana-
lysis. There are 65 sources in the Ooty IPS‘survey for which
eithef IP3 observations are available at more than one freq~
uency or high resolution long baseline interferometric (LBI)
or lunar occultation (LO) observations are available at meter -

Wavelengths with resolution better than ~ 9' arc.

Table 4.3 summarises the fine structure information
on these 65 sources. Column 1 gives the source name. Column
2 gives the values of u and ¥ derived from IPS observations
at various frequencies. Long baseline intérferometrio obser-
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- Table H;2 Sources in the Ooty IPS Survey with

S30p <2597 or M| < 20O
Source - 30/4C  Optical  Expected Visib- Angular
name name Tdentifi-~ S « ility size
. cation 327 327 p
Jy a o Mare
(1) (2) (3) () (%) (6) (7)
0013-00 - Q 1okt 1ol 0.7 ~0.2
0016~10 - - 2l 1.3 <0,2 -
00405  -05,03 - 1.6 0.9 0.6 <0.15
00k6-06  -06.04 - 1.1 1.0 <0,k -
0047-10 - Q 1.3 Okt 1.0 <0.15
0122-00 - Q 1.1 =0.2 0.6 £0.15
0131=00 (~00.11) G 1.1 1.2 0,8 <£0.15
0140-07 - - 1.7 (0.8) <0.6 -
0140-01  -01.09 - 2.2 0.9 < 0.7 -
0153-05 -05,08 - 1.6 0.6 0.9 <0.15
- 0232-02  ~02,72 Q 1.9 1.0 0.4 <£0.,5
0300-00  ~00,1% Q 2.1 1.0 <04 -
0902-04%  =04%,30 - 1.6 1.2 <€0,3 -
0955-01  ~071.20 - 2.1 0.0 0.5 <0.15
1007-03  ~03,40 G 1.7 1.5 < 0.k -
1017~ 02 - - 1.8 0.2  <0.6 -
1044-00  -00.39 - 2.0 1.5 <0k -
1052-00 -00.41 Q 1.9 0.7 <0.7 -
1101-0% =04, 37 - 1.8 0.6 <0,k -
1105-02  =02.45 Q 1.8 0.6 < 0,4 -

T e i o e e e e ey e S i s et e e R i ok e b o) P P s Y s o e S e e o ot B e e bk e e e i o oot ovss " T i b

contd., ..
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(1) (2) (3) () (5) (6) (7)
1115-02 - 02,46 - 2.4 1.0 0.3 =0.15
1158-05 - - 2.0 0.6 7.0 ~0.3
1257-00 -00.49 - 1.8 0.7 <«0.5 -
1322~ 01 -01.28 - 1.8 0.8 <0,6 -
133305 ~-05.58 - 2.3 0.6 <0.5 -

140406 -06,37 - 2.2, 0.6 «0.5 -
1408-03 -03.49 G 1.3 1.6 <0,3 -
1410- 06 - G 2.3 1.0 1.0 ~0.3
1433-05 -0k, 51 - 2.2 0.5 1.0 <0.15

- 1503-00 -00.58 - 2.3 0.6 <0,5 -
151l 2L - G 1.5 0.0 0.8 <0.15
1524 0k -04.56 - 2.0 1.2 <0,7 -

- 1542-05 -05.69 - 2,2 0.3 1.0 <€0.15
1609, 14 - - 2.1 0.k 1.0 £0.,15
1622~ 29 - - 4,5 ~0.2 1.0 <0.15
1640~ 15 - - 5.9 (1.1) <0.3 -
2239-10 -~ - 2.2 0.4 1.0 €0.15
2300~18 ~ G 2.4 1.0 Ol

‘ ( 2.4 0.5
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vations of fringe vigibility vy and angulqr Size‘?’are given
in Column 3 and similar information derived from lunar ocecul~
itation observations is listed in Column 4 of the table. Refer-
ences to IP3, LBI and LO observations at various frequencies

’é:e listed in the 'Notes! following Table 4.3.

There are 34 sources for which the IPS observations

‘are available at two or more frequencies. The valuesof scin-

'tiilation vigibility derived from IPS observations at 327 MHz
are in good agreement with those of Harris and Hardebeck”(i969)
at 430 MHz. Comparison between 81.5 ané 327 MHz indicates that
in some cases (e.g. PKS 2243-03) the 81,5 MHz ViSibilities are
~sliphtly higher. This could be due to the fact that a compara-
tively larger component produces coherent scintillations at
lower frequencies. There is however a pdssibility that larger
vqlues of B arise due to the method by which scintillation

data is analyzed to obtain u at 81.5 MHz (see Chap. 6, and
Ananthakrishnan 1976). |

The LBI observations are available for 28 of the
survey sources at frequencies ranging from 111 MHz to 610 MHz ,
”Most of these are strongly scintillating (p=1.0") sources.
Whenever the IiBI studies have rcsolutions comparable to IPS,
the agreement is good. In other cases where LBI studies have
resolutions oonéiderably poorer than IPS studies,.it is only
possible to check whether LBI and IPS results are consistent
with each other. 1In all the cases where broad or complex

structure is indicated by LBI observations, little or no
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cintillations were observed. No inconsistencies are found
'Xéept in the case of PKS 2329-16, which is known to be a
idély separated double (separation ~ 3' arc) with compact
pm@onents. The high value of p observed for this source

' oo
mplies component sizes X 0.15 arc.

Furthermore, 11 sources in Tables 4.l and 4.2 have

been studied by LO and except for PKS 1453»10, results for all
7qfher sources agree well with the IPS results. In the case of.
PKS 1453~10, both IPS and LO observations find the source tO‘Ee'
resolved. The different resolutions of IPS (OTBB arc) and LO
( ~ OT8 arc) observations at 327 and 410 MHz might explain the :

observed discrepancy in u .

Thﬁs it is seen that the fractional flux densities
of compact componenfs in radio sources obtained by IPS measure-
ments at 327 Miz are'quite consistent with independent-measure«
ments of compact components using different techniques. There
‘ are three 3CR sources which appear to show a systematic change
'of ) >with frequency, implying frequency dependent compact

- structures. These are discussed below:

’(l) 0003-00 (3C2)

The IPS observations at 178, 318, 327 and 430 MHz as
lwéll as the lunar occultation observations of Lyne (1972) at
408 MHz show that about 6070 of the total flux of this source
originates in a compact domponent of size S Oql arc. The IPS

observations of Readhead and Hewish (1974) at 81.5 VHz ,however,

give p = 0,9. In addition to the compact component, the
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;"';Table 4, 3 Comparison of IPS/LBI/LO Measurements of Fine
Structure of Sources in the Ooty IPS Survey

ot A S s oy Sy bt Mk e S s e s G Pat St A A S aan a oo et B e e e e T e I
- - - -

Source IPS LBI LO
Name Froq. - ' (Freq.) (Freq.)

MHz - Yarc ¥ ﬁ“grc v A*"arc--
(1) (2) (3) Wy
0003-00 53 ~0,7 - (430) (L08)

0.07 =0.05 0.6 «0.7

81.5 0.9 0.5

111 ~0.7 -

151.5 1.0 0.k

7 87 £0

318 ~0.6 %

327 g,? £0.06

W% 86 €0.06
0005-06 81,5 >0.55 <€0.,L

327 0.8 ~0.25
0013-08 318 >0.5 = -

327 0.7 0.2
0018-01  81.5 1.0 ~0.15

327 0.7 £0.15

130 1.0 <0.19
0019-00 327 1.0 £0.15 (430)

0.66 £0.05
(610)

~1.,0 ~0.015

0029-01  81.5 >0.65 <0.3
318 %£0.,3 -
327 <0.5 -
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1) : (2) (3) (4)
03401 81,5 20.15 & 1,4 (3@8)
. ' Complex

178 <0,2 - 3 coms
327 < 0,1 - each ~2"avye
- 430 < 0,1 -
0035-02 81,5 < 0.2 -
178 <0,2 -
327 <Oo1 -
0051-03  81.5 >0.45 <0.6
- 327 0.5 <£0.15
0056-00 327 1.0 =<0.15 (430)
, . ~0,60 <0.09
430 1.0 =0.08

0115-01  81.5 > 0.8 < 1,2

| 327 1.0 £0,1
- 0122-08 327 0.6 <0.15 (610)
430 1,0 <0.2 '
. 0123-01  81.5 <0.15  -- Complex

178 0,2 -
195 < 0,05 -
327 < 0.1 -

- 0129-07 81,5 0.2-0.9 <1.0

327 1.0 £0.15
0144-02 81,5 >0.7 <0.3
327 0.6 £0.15

0150-03  81.5 1.0 ~ 0.k
327 0.7 £0.15

contd. ...
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- 0232-04

- 0240-00

0919-1k4
09340k

0944-13

0958-00
1008-01

1059-01

1110-01

327
327

(2)
<O-2 bl
<002 hend
<:Oo1 -
>0,35 2 0,7
0.6 < 0,5
0.3 <0.,6
<’O.3” -
<0.1 =<0,3
0.3 <O.5
<0.5 -
20.35 <0.,7
<0,2 -
(O,? -
<0.35 -
'<002 -
~0.,15 -
< 0.3 -
<0,2 -
<O.2 -
0.3 <0,
0.7 =£0,15
<0.,3 -
0.3 -

~L, 20~

(3) (4)

- . ot W

(430)
<0.01  <0,05

(408)
Double
comp. ~ 3" ey

(408)

Single ~UM gope

(408)
Double

.__...........—.-.—..—......—-.-.—-—.....-—-—~.—...-__...-.....-—..._.__.—-...._._-....._._. e - o .
— D
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(2)

116-02  81.5  0.L5

: 178 Oa?"’]oO

327 1.0
1127-1% 327 1.0
1132-00 327 1.0
1136-13 327 <0,2
1148-00 327 1.0
430 1.0

1212-00  81.5 >0.5

| 327 <0.5

1229-02 318 0.2
327 0.7

1239-0%  81.5 1.0
151.5 1.0
178  0.5-1.0
327 0.3

1253-05 81,5 0.3-0.8
151.5 0.6
327 0.5
Ho% e Oely

—.—.—.-.--.............‘..--._.q.....-....—..—.—-..—-.-.............-....-............._...M_.—.._—--_..__.._...—.._.._._.....

<0.15

A
O
.

Tl

<0

RS2%

(3) (L)
(408)
1.0 £0,01
- (327)
1.0 <1,L4
(L08)
Double
comp. ~3"ae
(111)
1.0 <0.2
(196)
~0.,8 €01
(408)
1.0 ’"0003
(157)
1.0 £3.5
(408)
~ 0.45 0,3
(L08) (81.5)
~0,3 ~0.02 04z 2,5
(240)
NO.)+ <O¢5
(408)
NO‘; (005
complex
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(1) (2) (3) (W)
1306-09 81,5 0.3-0.6 <0.5
: 327 0.7 ~ 0.3
1309-22 327 0.8 <0.15 (408)
’ some struc-
ture of ~ QL AYC
1330-14% 327 < 0.6 - (408)
double,comps.
<UNo arve
1335-06 81,5 >0.15 <1.5 (240)
SO ook
: tended
1344-07 327 0.3 =~0,25 | (408) :
0.7 <1x %5
- double

1411-05  81.5 »0.45 <0.6

_ 327 < 0,3 -
1412~ 14 327 1.0 =~ 0.2 (408)
- 1.0 <3
1103 81.5 >0.3 =<1.0 (408)
_ 1.0 ~2x &1
327 1,0 ~0,4
1416-15 327 < 0,6 - (408)

€04 «3

1425-01  81.5  >0.% <0,65

178 < 003 el
195 0.1 £0.,3
327 0.2 ~0.,25
1433-05"  81.5 1.0 ™0.15
327 1.0 40,15

—— - — bt et e bne et e e S S T e o A T S Attt et $% e eSS S pem it e e W N vt v s oo
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i o e tnh W oot P b fat Sk Gk S mad S b M men Rne e e S e e ik N Sm s bt ep s W e e b Mt At Mh TN g g W e tokn eas bt e P o e S ey o PO

(2)

(3)

(%)

i g ampeapReR— SRR el e e R e e e Tl R et R

1537~ 1%
1609- 1k

1635=- 1k
1640-15
2235~ 1k

2237-0k

327

327

327

327

*
- 327

327

327

327

327

327

0.7

< 0.2

0.5

0.5
1.0

<0.5

<0.3

~0.15

~0.35

~0.15
:50.15

<0,15

<0.15

<0,15

(408)

— 2 x <5

(408)
double

comp. L"cfc

(408)
<0.8 ~0,03

(408)
1.0 £3.0

(408)
<04 4,0

(408)
1,0 ~2,5

(408)
double,
comp. <L "AYc

(408)
double,
comp, ~ 67afc

(L08)
double,
compa. ~ 2@ e

1.0

~0.8"%.8

double

(327)
£0.8



(1) (2) (3) (W)
2318-16 327 0.7 ~0,2 (408)
~1.0 ~2.5
2325-15 327 0.3 ~0.45 (408)
double,
comp. ~ L4 gae
2329-16 327 0.9 %0.15 (4+08)
double,
comp. < 3% e
2345-16 327 0.5 =<0,15 (408)
2347-02 81,5 >0.6 5‘0.35
327 0.9 <0.,15
2348-16 327 £0,3 - (408)
double,

COMPa ~~ 2" Az

* Sources from Tagble 4,2

Notes to Table 4,3 (References)

TIPS Studies

FREQ. (MHz) Ref.

53, 111, 318 Harris (1974%)

81.5 Readhead and Hewish (197L4)

191.5 ' Duffett-Smith and Readhead (1976)
178 Little and Hewish (1968)

195 Cohen et al. (1967a).

318 Harris (1973)

Wog Milne £1975)

430 Harris and Hardebeck (1969)

contd, ...




LBI Studies

FREQ. (MHz)
111, 196
151, 408
408

408, 4u8

430
610

LO Studies
FREQ., (MHz)
81.5
327
%08
410

-, 25-

Ref,

Clark and Erickson (1973)

Wraith (1972)

Critchley, Palmer and Rowson (1972)

Broten et zl. (1969) and Clarke etk
al. (1969) : '

. Broderic and Condon (1975)

Jauncey et al. (1970)

Ref'.

Collins and Scott (1969)
Kapahi (1975Db)

Lyne (1972) 

Hazard and Sutton (1971)
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lunar occultation observations at 408 MHz show that, the
source has an elongated (jet) component which is about §:X<d:5‘
arc in p.a. 2400. This component is inferred to have a steep
spectrun (Lyne 1972); contributing about 60 Yo of the total
flux atASO MHz., Increase in scintillation visibility beloWl?S
MHz, also noted by Harris (1974) at 53 and 111 MHz ,indicates -
the presence of fine structure in the elongatéd jetAcompbneﬁf

"
known to have its transverse dimension < 0.5 arc.

(2) 1116-02 (3C 255)

_The décreasing value of ﬁ with decreasing freq-
uency observed for this source can be explained in terms of a
core-halo structure. The core being compact scintillates, has
a self-absorbed spectrum and contributes to most of the flux
of the source above 200 MHz. Bélow 200 MHz the nQn4scintillaf
ting halo dominates resulting in the decrease in the value of
i) .‘ The total spectrum of the soﬁrce shows a break which is
indicativé of’the presence ofua oompact and an extended compd—

nent.

(3) 1239-04 (3¢ 275) |

Both IPS and LBI obsgervations show that p  increases
with decreasing frequency. Interferometric observations of
Wraith (1972) at 151 and 408 MHz are in agreement with all the
IP3 observations. Wraith has fitted a core~halo model to the
interferometric observations at 408 MHz, The increase of
viglbility with the decreasing frequency of observation seen

in Table 4,% is difficult to explain, however, in terms of the
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core~halo model unless one assumes that the spectrum of the

extended halo ig flatter than the core.

4.3 TINE STRUCTURE IN RADIO SOURCES AT 327 MHz

About half of the radio sources observed exhibited.
detectable interplanetary scintillations at 327 MHz indicating
‘the presence of small scale components with angular size & d:S
~arc in them., For the remaining sources which did not shoﬁ‘
scintillations we have been able to put upper limits on their
scintillation visibility, As seen from Tables 4.1 and 4.2, in
some cases these upper limits are poorly determined‘(0,4 or
more).. Some of these sources may indeed be moderate or weak
scintillators. Thus the actual percentage of sources which

scintillate may be considerably higher than 50 ?o.

In Pigure 4,1 we show the distribution of - b for the
149 sources in the Qoty sample, Sources with adjacent values
of p (e.g. 0.1 and 0,2, 0,3 and 0.4 etc.) have been grouped
énd the upper limits are plotted as blank areas with arrows. In
Tablev4.4, we gilve the peroentages of sources having u 2 0.3,
W2 0,5 and p=1,0, It is seen that at least 48 Yo of all
sources have U > 0,3, We must, however, note that the “
scintillation vigibility is derived on the assumption that
‘radio sources have g gimple core-halo étruotur@ in which only
the compact core contributes to scintillation and the halo has
a non-scintillating, broad structure. However, since a majority
Qf’radio sources are known to be double or complex, the_derived

visibility will almost always be an underestimate of the
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Table 4,4+ Occurrence of Scintillating Fine Structure
in Radio Sources in the Ooty Sample:

.....———-————-—————--——_—s....——......-....q—...—--.--—....__.—--....,_,___...___._._.......,_........_........

Source Total No, Percentage of sources with ,
type of sources J 20,3 20,5 p= 1.0
a1l 149 > 48 ~ 37 16
Galaxies 38 > 37 ~ 32 10
Unidentified .
sources 7 > 49 ~ 36 h

RS0s 34 > 56 ~ Ll 26
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fractlonal flux deﬂ81ty Ooriginating in compact components, TFor
example, in the case of a double source with point components
'w1th Separation exceeding the size of the first Fresnel zone,
we would observe u = 0,7 1nstead of 1. O | Thus,‘we see that
in more than half the sources 30 to 50 /o or more of their
.flux density may arise from compact components, Further, inv

about 15 Y% of all the sources, there does not seem to be any

~stfﬁgtﬁre With angular scales 2 0?5 arc. vAll these reéults
show that compact components are an impoftant feature of ali
extragalactic radio sources. Their relationship with the over-
all structure and morphology of thé sources is discuSsed in the

next chapter.

For studying the OCCurrenQe of fine structure in
different élasses of radio sources, we have divided the samplé
into three categories; galaxies, unidentified sources and QSOS.
There are 38 galaXies, 77 unidentified sources and 34 QSOS in
the Ooty sample of 149 sources. The histograms showing the
distribution of p for these three classes are shown in the

lower part of Figure 4.1,

4.3.1 TIdentified Radio Galaxies and QSOs !

From Pigure 4.1 and Table 4.4 it 1s seen that the

frequency of occurrence of acintillation ag well as the average
scintillation vigibility of (SOs is higher than that of galax-—
ies. Also percentages given in Table 4.5 indicate that the
scintillating components in QS0s are more often unresolved

"than in the case of galaxieg, Although these results areAbased




Table 4,5 Percentage of Scintillating Sources with
Resolved and Unresolved Components in the

Ooty Sample
Source No., of Scint,
type Sources Resolved Unresolved
A1l 76 28% 72%
Galaxies 16 37 63
Unidentified L0 31 69

sources

QS0s 20 15 85

._.--.....-.o-—----—-u-.-———-———__——-—_.—-.-—-..--.—-—...—--.-.....-—-.—-—-._.——--—...-..-..»._.
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on small nuﬁber of Q30s and galaxies in the sample, high aver-
age value of p  together with higher Percentage of unresolved
scintillating cOmponenté in Q30s suggest that QSOS have more
compact angular structures than galax1es. Studles of structure
>of radio galax1os and QSOs with angular resolutlons ranging from
f{ 1" arc to a - few tens of seconds of arc (Miley 1971 etec. )have
also indicated that as far as their overall radio dimensions

are concerned, QSOs are scaled down versions of radio galaxies.

4.3,2 Unidéntifiéd Sources !

- In all radio source catalogues there ig a large frac-
tion of sources for which no obvious optical counterpart can be
located on the Palomsr Sky Survey plates. The fraction'of'such
unldentlfled radio souroes increases with decreasing flux'den~
sity llmlt of the radio survey. Typically at meter wavelengths,
in surveys complete down to about 2 Jy, about half of the
sources remagin unidentified to apparent magnitude of ~ 21, The
B distribution Ffor the 77 unidentified sources in the Ooty
sample of 149 gources with 5327 > 2.5 Jy is sh0wn in Figure 4.1

alongwith that for radio galaxies and QSOs,

- Since unidentified sources represent a large fraction
of all radio sources, it is important, in the study of extra-
galactic radio sources, to investigate whether these are similar
to identified galaxies or Q80s or they represent a new class ofA
Objects. Various authors have tried to study the nature of
uhidentified sources by comparing their Oobserved properties w1th

those of galaxies and Q30s. Bolton (1966).and many others
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( Braccessi_ et al. 1970, Munro 1971c, Wall 1972) compared the
distribution of Spectral indices of identified and unidentified
sdurces.at various frequencies and reached the conclusion that
unidentified Sources should mostly be galaxies fainter than the
limiting magnitude of the Sky Survey plates. Bolton also showed
that among other things, ©.g. comparison of the slope of log N-
log S relation, polarization and distribution of optical magni-
tudes of identified galaxies and 0S0s, the angular structure data
provided by IPS‘can also be used to infer the nature of unidenti-
fied sources. Since, qualitétively, the radio properties of
 these sources are similar to +the identified sources, we will
assume that they consist of some mixture of galaxies and QSOs
only. On the basig of this assumption, a guantitative estimate

| - of the proportion of galaxies and QSOs in the unidenfified
sources can be made by comparing the scintillation characteris-~

tics of the three classes. of sources.

First, we compare the relative frequencies of oceur-—
rence of scintillation in the three classes. = Tor this purpose
we use only the bercentage of sources with [ > 0.5, since below
B = 0.5 the presence of a large number of upper limits on V)
make a quantitative estimate unreliable. We find from Table 4.4
that about 32(76 of galaxies, 36 ?b of unidentified sources and
44 ?o of 0S0s have pu > 0.5, If the unidentified sources are a
mixture of galaxies and QS0s, this would require the composition
of unidentified sources to be suéh that for every QS0 there are

two galaxies. Again a comparison of'percentage of fully scintil-
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lating sources with p = 1,0 (from the last column of Table
4.4), indicates that about 75 %5 of the unidentified sources
should be galaxies, Independent support +to the above conclu-
sion is provided by the statistics of angular sizes of sointii—
lating components. From Table 4.5, We find that about 69 ?d'of

" + » . O
unidentified sources have unresolved components whereas 63 /o

of galaxies and 85(yo of (Q30s have unresolved oompoﬁénts. Now,
if indeed unidentifieqd soﬁrces are maihly galaxies located
relativély farther away so as to appear fainter than the sky
survey limit, then we would expect them to be generally ﬁofe
compact than the sources already identified with galaxies.‘ On
the other hand, if they are similar to Q80s they should appear
even more compact.than Sources already identified with QS0s.
The percentageé mentioned gbove support the former hypothesis
that unidentified sources are predominantly galaxies having
similar absolute magnitudes as the identified galaxies but are
located farther away S0 as to appear fainter than ~ 20 to 21
nag.
4.3.5 Correlation of Scintillation Visibility with Spectral
Index -

It is known from the earlier studies of IPS of radio
sources that the flat spectrﬁm radio sources are generally more
compact than the steep speotrﬁm sources (Harris and Hardebeok
1969). In Pigure 4.2 we have plotted scintillation visibility
b against spectral index o around 327 MHz for galaxies,'

unidentified sources and QS30s separately Ffor the Ooty IPS sample.
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The upper limits on n for non-scintillating sources are

plotted with a horizontal bar attached to the points. It is

‘seén that, in general, all the flat spectrum sources (o < 0.4)
have high scintillation visibility, For normal; steep spectrum
sources, however, there does not seem to be any significant

correlation between pu and « ; at any o sources are digt-

ributed over g large range of pu .

| Flat spectrum sources in general are characterised by
their high scintillation vigibility and extremely small angular
size (S OTlS.arc). This stands out more clearly for Q30s;
all Q30s with o < 0.4 in the Ooty sample have p =1.0 and
angular size “Ps 0?15 arc, Similarrconciusion is reached by
Wills (1974) who, using the largest angular size © of QS0s,
at 2700 MHz, showed that most QSOs with « & 0.5 remain unres dl-
ved with 6 & 2" gre while QS0s with a > 0,5 (steep) havelangum
lar gizes uniformly distributed in the rahgé ~ 2" to 40" arc,
That QS50s may be separated into two classes by their radio
spectrum is also brought out by the observation that only flat
spectrum QSOs show radio.and optical variability, high polari~
zation and extremely compact structures (Kraus and Gearhart
1975 and references therein), On the other hand, steep spect-
rum 0Q50s have radio structures and other radio properties

8imilar to radio galaxies.

4.3.4 Correlation of scintillation Visibility with Redshift :

Redshifts of radio galaxies are believed to be due to

the cosmological expansion of the Universe and therefore can be




used to detefmine,their diétaneeé. The cosmological»interpre~
tation of redshifts for Q90s, although generally accepted, has
been gquestioned by many workers. A study of the variation of
the properties of radio sources with redshift may therefore be
impértant in exploring whether both radio>galaxies and QS0Os ére
lbcated at distances indicated by their redshifts. Miley (1971)
was the first to establish a correlation of the lérgest angular
size © of Q308 with redshift =z . Alsb a redshift»magnitudé
cbfrelation, similar to that seen for radio galéxieg was>shown
to exist for (S0s (Setti and Woltzer 1973) indicating that thé
redshlft of these objects should also be largely cosmologlcal

In such a case we would expect a correlation between g and z
- for radio galaxies and QS0s in the sense that L increases
with increasing =z . This is because with‘increasing redshift,
a larger and larger fraction of the source would subtend anA

angle small enough to produce IPS.

Using IPS data on 22 (SOs with known =z Cohen et al.
(1967b) studied the correlation between U and Az . No corre-
lation was seen; high values of p for some of the QS0s were
found to be due to their flat radio spectra and not due to
high redshifts. Later Harris and Hardebeck (1969) and Harris
(1973) from the same group, studied tho dependence of U on
apparent magnitude of 67 radio galaxies and on redshift of 95
Q508 respectively. The effect of the correlation between )
and o (Cohen et al. 1967b, Sec.4.3.3) was howeﬁer not congi-
dered. In the following therefore we study the dependence of

scintillation visibility on redshift for a large number of
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radio galaxies and (SOs having steep radio spectra. Since in
the Ooty sample, the identified sources for which redshift
measurements are available, are not large in number, all pub-
lished IPS observations have been utilized for studying‘the
Wz correlation.. Redshift values for radio gélaxies were
taken from a list kindly supplied by Prof. A.T. Moffet and
values of redshifts of (S0s were taken from various compila-~ .
tions available in the literature (e.g. Burbidge and 0'Dell
1972, Bell and Fort 1973). There are 131 Q8S0s and 107 galax-—
ies for which both B and 2z are available. Using spectral
information provided in Table 4.1 and 4.2vand by Kraus and
Gearhart (1975) we have excluded all QSOS which show flat éndb'
centimeter excess spectra from the analysis. In case of galax~
ies no extensive compilation of their radio spectral déta»
exists and depending on the availability of spectral informa-~
tion, flat spectra sources have been rejected. In Figure 4.3,
we show the histograms of distribution of p in 6 different
ranges of redshift for 104 galaxies and 88 (SO0s with normal
spectra. The redshift ranges for QS0s were chogen in such g
way as to ha&e approximately equal number of sources in each
range, so0 that the histograms represent comparable statistics.
It is evident from the figure that the B distribution ghifts
to higher and higher values of b with increasing redshift,
The distribution of p  in the redshift range 0.1 < z < 0.5
is plotted separately for radio galaxies and QS0s and the two
distributions are seen to be very much alike., A small tail in

the p  distribution of galaxies is almost certainly due to
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the presence of flat spectrum gources which could not be removed
from the sample due to lack oF spectral informationu It must
‘however be noted that the observed correlation between p and
7z may not be free of complex selection effects prese@t in the
determination of redshifts of the identified sources. For
example,in the case of radio galaxies, it has been shown that
redshifts have been measured preferentially for relatively
bright and nearby galaxies. In the next chapter therefore we
gtudy the correlation of scintillation visibility with other
distance dependent parameters of radio sources e.g. flux den-
'8ity and angular size, which allow large unbiased samples to be

obtained.

since only a few galaxies and.QSOs have resolved

scintillating components in them, we do not have sufficient
data to study the dependence of “YCWL Zz . ‘Phis has, however,
been done by Hewish et al. (1974) by choosing a small sample of
2% strongly scintillating 3CR sources from the 81.5 MHz IPS
survey of Readhead and Hewish (1974). The sclection effects
present in their restricted sample as well as the overall vali-
dity of cosmological results derived by them is discussed in

Chapter 6.

4.4  OBSERVATIONS Of PKS 1514-24 (AP Lib)

During the last few years = number of radio sourc
have been identified with variable stellar objects, called
'Lacertids' -~ after BL Lacertae, which is the prototype of the

objects in this class. The nature of their radio emission
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the determination of o fedghift off 0,07 for BL Lac by Oke

jon

n

A

and Gunn (1.974) indicate that these objects may be extragalac-
tic (Altshuler and Wardle 1975). One of the radio gources in
the southern sky IPS survey carried out by us,namely PKS 1514-24,
is identified with an interesting opfical object AP Librae,
haVing optical properties similar to BL Lac, In this section we
Present the observations of it interplanetary scintiilations

at 327 MHz and discuss its known optical and radio structure.

Optical Propertics:

The radio source PKS 1514-24 has aniinterestihg opti~
cal history. Barlier, on the basis of its photographic appear-
ance and UBV color; Westerlund and Wall (1969) classified it as
an N galaxy. DIater,Bond (1971) and Biraud (1971) almost simul-
taneously pointed out that PKS 1514-24 ooinéides in nosition
with the known optical variable AP Lib. The identification bf
PES 1514~24 with AP Tib has been confirmed by Hunstead (1971)
and Kapahi (1971) who determined its accurate optical and radio
positions. Hunstead also noted that the optical object has a
non-stellar appearance. The stellar image is surrounded by
irregular nebulosity ( ~ 10 "arc ) having jets and raylike
structures. Many workers have studied its color and intensity
variations (e.g. Andrews et al. 1974, Miller et al. 1974). It is
known to vary over time scales ranging from fraction of an hour

to years, sometimes brightening by as much as 0.5 mag within a

period of about half an hour. The intensity variations are
also accompanied by color changes; the object becomes redder

as 1t gets fainter.
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Both BL Lac and AP Lio are similar in appearance to
N galaxiesland are shown to have a composite light distribution,
made up of a diffused R galaxy and an unreeolved bright QSOéhLe
core (Oke and Gunn 1974, Disney et al. 1974). Disney et al.
(1974) carried out spectroscopic observations of AP Lib, using

different apertures to study the spectrum of the two components

eeperqtely. Absorption lines oharacteristlo of elliptical
galaxies were observed from thefdiffueed underlying galaxy
component leading to a redshift g = 00,0486, Emis sion lines
were, however, seen only on one oooasioh; when the object as a
whole was brighter in blue and UV. The observed occurrence of
emisgion lines when the object is Mhluer, alongwith the fact
that the object becomes redder when it is fainter (Andrews et
al. 1974), suggests that only the QS0 component iﬁ AP Lib is

variable. The situation is similar to that of the well studied

N galaxy 3C 371 (Miller 1975),.

Radio Structure and’IPS Studiesg:

The. radio source PKS 1514~24 is located very close

to the ecliptic plane and is thefefore suitable for observa-

tions of its interplanotary SClntlllPthHu. We carried out

its IPS obgervations at 327 MHz on a number of days in November

l97l when the elongation was in the range qbout 6° to 25°

Longer stretches of data, than the usual 6 minutes, were taken

on many days since the source had a flux deneity of only ~ 1.5
Jy at 327 MHz, Strong scintillations, similar in appearance

to a point source were observed, IFigure 4.4 shows a bypical
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record of scintillations observed on November 10, 1971 when
the elongation wag about 8°., The power spectrum of scintilla-

~%ong, shown in Figure 4.5,1s similar to that for a point gource.

‘The analysis shows that the source remained uﬂfesolved at all‘
elongations (minimum elongation 605. The scintillation visi-
bilitj was estimated to be 0.8 + 0.2 and the angular size of
the scintillating component was estimated to be less fhan
ébout 0?035 arc, ILunar occultation observations,aiso at 327
MHZ'(Kapahi 1975b), show that most of the radio emission from
fhe source originates in a region of size < OTS arc. Inter-
ferometric observations of PKS 1514-24 at 408 MHz (Conway énd
Stannard 1972) however indioéfe the possible presence of af‘
component with a size of ~ 4" arc, located ~ 20" arc east of
the main (cqmpact) component and contributing abouﬁ 259ﬂ3 of
the total flux density of the source. ‘The presence of a weak
broad component is consistent with u = 0.8+0,2 derived above
and,as noted by Conway and Stannard (1972),perhaps is the cause
of thersmall discrepancy between radio positions given by

Hunstead and Kapahi,

Figure 4.6 shows the overall radio, IR andcoptical‘
spectrum of the gource. We hdve‘also inciuded the flux den-
sity meaéurements By Slee and Higgins(1973) at 80 MHz. The
radio spectrum is flat in the range 0.% GHz to'about 10 GHz.
Using the flux density of the compact component at 327 and 408
Mz we have fitted a synchrotron self-absorbed (SSA) oompoﬁent;
~to the total spectra as ghown by broken lineg in the figure.

The residual flux density values at lower frequencies define a
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e¢0rd of scintillations observed.on November 10, 1971 when

e elongation wés about 8%,  The power spectrum of scintilla=
q&a‘shown in Pigure 4.5,is similar to that for a point source.
hé*analysis shows that the source remained uﬁfeéolved at éll /
eldngations (minimuwm elongation 605; The scinfillationlvisi~
,1it? was estimated to be 0.8 + 0.2 and the angular size of
’éﬁgcintillating component was estimated to be less fhan

/uﬁ OYOBS arc, ILunar occultation observations,aiso at 327
’Hz'(ﬁapahi 1975b), show that most of the radio emission from
e source originates in a region of size < OTS arc. Inter-
rometric observations of PKS 1514-24 at 408 MHz (Conway and
annard 1972) however indicéte the possible presence of a{5
mponent with a size of ~ 4" arc, located ~ 20" arc east of

e main (compact) component and contributing about 25 %o df
éktbtal flux density of the source. ‘The presence of g wéak
dgd(gomponent is consistent with p = O.8iQ;2 derived abdve
;‘noted by Conway and Stannard (1972),perhaps is the cause
“t eismall discrepancy between radio positions given by

unstead and Kapahi.

Figure 4.6 shows the overall radio, IR and cptical.
Sécfrum of the gource. We haVe also inciuded the flux den-
ty’meaéurements Ey Slee and Higgins(1973) at 80 MHz. The
1o spectrum is flat in +the range 0.% GHz to'about 10 GHz.

ng the flux density of the compact component at 327 and 408
we have fitted a synchrotron self-absorbed (SSA) compoﬁent;
‘hé total spectra as shown by broken lines in the figure.

residual flux density values at lowyer frequencies define a
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steep spectrum component with o &~ 1, 4, which may be 1dent1fle&i7
with the weak extended component found at 408 MHz. For the SSA

component having pegk flux density of 2.5 Jy at around 700 MHz,

angular size of gbout O 0015 agre could be derived assuming g
magnetic field of ~ 10 ~4 Gauss. This is consistent with the
~upper limit on angular size set by the present IPS obseTVatlons.

It should be possible to confirm the existence of the broad

uencies; no seintillations should be Seen at frequencies below
about 200 MHz, As expected the extended steep spectrum compo-
| nent is not observed at 11 and 3.7 cm (Prof. T.K. Menon, Private

communication).

No significanf variations in the radio emission from
PKS 1514-24 were observed by Hunstead (1971), Nicolson (1971)
and Altschuler and Wardle (1975). Recent interferometric |
measurements at cm wavelengths show some changes in its flux
density (Prof., T.X. Menon, Private communication). A variable
Y-ray sources is thought to be assoéiated with it (Frye et al.
1971).

Thus AP Lib, although similar to BL Lac and other
lacertids in its optical broperties, seems to ghow some differ-~
ences in its radio behaviour. Tt probably has an extended
radio component and does not show large and rapid radio vari-

ability characteristic of other lacertids. Tt has been

Suggested therefore that it may represent an evolutionary link

between BL ILac objects and radio galaxies..

component with a steep Spectrum by IP3 observations at low freq-,”
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In view of the association of such radio sources with

composite optical objects discussed by Sandage (1973), it would
- be worthwhile to carry out low frequency, high resolution IPS
~and VLBI observations of a large number of such objects recently
discovered, to detect and study the compact and extended coﬁpd-
nents. Such observations may lead to an improved understanding
of fhe evolutionary behaviour of these objects. SpecthSCOPic ’
studies, on the other hand, using techniques simila;’to those
used by Disney et al, (1974), are important to separate the

contribution to observed optical emission from thermal and non-

thermal processes.

4.5 CONCLUSIONS

The interplanetafy scintillation observations of a

new sample of about 200 southern declinétion radio sources have
allowed us to estimate the angular size and flux density of the
scintillating components in them. These observations provide
useful data for further VLBI observations to study the low "
frequency spectra and structures of compact components in these
southern sources. The fine structure data on a sample of 149
stronger sources, obtained by the IPS method, has sh0wﬁ that at

- meter wavelengths: -~

1. About 50‘?0 of all extragalactic radio sources
with S8 > 2,5 Jy at 327 MHz show appreciable scintillation i.e.
they contain more than 30(70 of their total flux density in

"
components with sizes < 0.5 arc. These results confirm the
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findings of Harris and Hardebeck (1969) and Readhead and Hewish
(1974) who studied IPS of a larger number ‘of northern sky

sources at 430 and 81.5 MHz respectively.

2. The average sointillation.properties show,a,
progression from galaxies to unidentified sources to.QSOs.While
gaiaxies scintillate weakly, most QS0s have‘streng compsct
scintillating components in them. - The unidentified sonrces
have 1ntermedlate properties. The relativebfrequenoy of
occurrenoe of 801ntlllatlon as well as the relative fraction of
resolved and unresolved scintillating components for the three
clauses of radlo sources have been used to estlmate the prop -
tion of (QS0s and radio galax1es among the unidentified sources.
Present conclusions support Bolton's .inference_that a majo-
rity of unidentified'sources should be galaxies fainter than
the plate limit of the Palomar Sky Survey. Recently, deep/sky
photographs of the optical fields of many unidentified 3CR
sources to fainter (21 to ~ 24 mag.) limiting megnitudes by
Kristian et al;.(l974) and Longair and Gunn (1975) have shown
that almost all the new identifications appear to be with

galaxies.

5. A study of the eorrelation between spectral index
and scintillation visibility shows that flat spectrum sources
represent a separate class. Most of these have'high scintilla-
tion visibility and a large percentage of them have unresolved
scintillating components. This is more pronounced in the case

of QS30s.
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4, Combinig the present data with all other IPS
data, we have investigated the dependence of tk on redshift gz
for a larger‘number‘of galaxies and QSOs., Since flat spectrum
QS0s do not show a smooth variation of their properties with
redshift and since they behave differently on the flud; plot
(Fige W.2) it is meaningful to study the r;ez relation.only
for steep spectrum sources, USingrA and z data for 88 QSOs
and 104 radio galaxies with st§€§§t$3 find thatld increases
statistically with increasing z, Further, in the region of
overlap of redshifts of galaxies and QS0s, the scintillapion
properties of the two classes are very much similar, Thié
smooth and continuous increase ofrx.with increasing redshift,
from galaxies to QSOs, tends to support thevcosmological inter-

pretation of redshifts for steep spectrum QSOs.,

5. Our discussionvof the radio spectrum and stru-
cture of the radio source PKS 1514=24, associated with the

BL Lac object AP Lib, suggests the presence of an extended

- radlo component having a steep low frequency spectrum and
accounting for most of the flux of the source below about 200
MHz, Becently, Gopal~-Krishna(1977) has detected such extended

( >1" aré) radio haloes around compact cores in two more BL Lac

sources, A0 0235+164 and 4C 03,59, from their LO and IPS

studies at 327 MHgz,



CHAPTER 5

CORRELATION OF SCINTILLATION VISIBILITY WITH FLUX
DENSITY AND ANGULAR SIZE OF RADIO SOURCES

5.1 INTRODUGTION

Radio source surveys with inéreaséd.sensitivity and
 resolution are made with a two~fold aim: 1) to measure the
 phySioal dimensions of the radio emitting regions and study
their morphology tb enable us to understand the mechanism whioh
produces and replenishes the large amount of energy emitted by
’the radio sources and ii) to study‘the variation of the proper-
ties of radio sourées as a function of distance to allow us'fo’
choose the correct cosmological model. Some progress has been
made in the case of the former and many aspects of the dynamics
and confinement of extragalactic radio sources by the ambient
intergalactic medium are beginning to be understood. A major
drawback which has prevented the full use of radio sources in
cosmological studies, however, is the fact that radio sources
display an extremely wide range of intrinsic properties. It has
not been possible as yet to find any class of sources which can
serve as a tgtandard candle' or a 'rigid rod'. Any approach to
use radio sources for cosmological studies must therefore essen-
tially be based on statistical studies by comparing the average
properties of statistically complete samples of radio sources
at different distances and hence at different epochs. Several
authorgs have carried out such statistical studies invoiving
correlations bebtween radio source parameters which depend on

distance e.g., the flux density, the angular size etc.
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The most familiar source count or log N-log 5 analysis,
the V/Vm tesﬁ and the © -~ z correlation for QS0s have indicated
that the observational data do not agree with the predictions of
any reasonable non-evolutionary model of the Universe. These
studies point out the presence of a strong gsecular dependence of
space density, luminosity and size of radio sources (see review
by Longairi1971). Recently, the detérmination of the angulsr
structure of much weaker radio sources at Ooty has providéd
independent support to the evolutioﬁary picture of the Universe

(Kepahi 1975a,b).

As discussed in the last two chapters, IPS observa-
tions provide a convenient means of obtaining high resolution

information on a large number of radio sources in relatively

[0

hort time. FBxisting IPS surveys provide fine Stfuctuse data
on about 2000 radio sources covering a wide range of flux dehm
sity. In this chapter, we presentva detailed study of the‘éoryew
lations of scintillation vigibility (p) with flux density’(g)
and angular size (0) of radio sources. The observed correla;k
tion between scintillation visibility and angular plre is used
to investigate the relationship between the small scale struc-
ture studied by IPS and the known overall morphology of extrg-
galactic radio sources, This relationship is valuable in under
standing the physical processes in radio sources as well as in
properly defining the use of angular size of compact scintilla-

tine sources for studying the geometry of the Universe.
5 . o (T
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Tn Section 5.2 a brief summary of important statis-
\\tical tests and correlations involving S and o is given,
Sections 5.3 and 5.4 describe the present work on the L~S and
pn-o correlatibns. Discussion and interpretation of these
statistical correlations in terms of the observed multicompd—
nent structure of radio sources is provided in the 1aét’sec?:

tion.

ANGULAR SIZE OF RADIO SOURCES

(a) The earliest and most popular approach to the cosmo-
logical problem using radio obserﬁations has been to count and
compare the relative number of radio sources at differeht flux
density levels. The most extensive of these source count
gtudies have been carried out at Cambridge and source counts
at 408 MHz now span a flux density range of about SOOOzl(Pode
and Ryle 1968). A comparison of the observed source counts
with the ?redictions of all reasonable world models indicates
that there is an excess of weak radio sources. This means théﬁ
the sources at earlier epochs were either more numerous or
more luminous than now. Longair (1966) has shown that the
observéd excess of faint sources (8408 ~ 2 Jy) could be expl-
ained by a strong evolution, of the form (1 + 2)5, in space

density of radio sources with epoch.

It is also possible to test the uniformity in the
distribution of radio sources in space by carrying out the

luminosity-volume or the so called V/V  test devised by
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‘Sbhmidf (1968). This, however, reéuires rédshifﬁ méasuremgﬁfé/
of all sources in a radio as well as optiqally domplgﬁg'sample;
,Assumiho 030 redshiffs to be cosmologioal Sbhmidt (1972, 11974); 
_carrled out V/V test on complete samples of 0S0s from 3C and
‘40 oataloguep aﬂd concluded thaf ﬁSOs are non- un1¢ormly dlStr1~
buted. Thelr space density 1ncreases w1th increasing dlstance.
To account for the hlgher value of < V/Vm > observed?:Schm;dt‘
(1974) found that an evolution in the aspace density of QSQs;/at:
least as strong as found for all radio sources by Lbngair frqm

the source count analysis, is required.

These tests have indicated that radio source popula-
tion evolves with time, This is in conflict with the predictions
of the strict Steady State theory, in which any change in radio

source properties with cosmic epoch is not allowed.

(b) An alternative approach to cosmology lies in studying
ﬁhe variation of the angular structure of radio sources wi%ﬁT

redshift or with flux density, since both angular size and flux
density vary with redshift in a way which depends on the speoi4 

fic world model,.

The correlation between angular size of radio galaXEs
and QSOS with =z has been studied by Legg (1970) and Miley
(1971). The plot of the largest angular size (LAS) 8 of radio
galaxies and Q30s having symmetrical doublg structure and steep
radio'spectra? against redshift shows some scatter but has a

well defined upper envelope. The upper envelope of data

shows that © decreases monotonically with increasing =z and
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Uthis trend continues up to z = 2 and beyond (Wardle and Miley
1974). ‘There is no evidence for a minimum or a reverse trend
in O(z) even at values of =z > 1., A similar COfrelaﬁiOniiS
5élso pfesent if one uses the angular sizes of individual compo~
fents in double radio sources (Swarup 1975b) in place of © .
This is in contrast to the expectations of all relatiVistic
world models and indicates that the linear size bf QSOsk weré
smaller at the earlier epochs. The observed linéar dééfeaéé in:
the linear sizes with 2z may be expected if fhe radiofsourdes
are confined by the ram pressure of the intergalactic medium
since its density varies as (1 + z)? in all Triedmann models

(Vardle and Miley 1974).

Longair and Pooley (1969) and Fanaroff and Longair
(1972) have used a combination of log N-log S and the ©(z)
test described above. They compared the relative number of
large diameter radio sources ( =~ 60" arc) at different flux
density levels using data from 3C and 5C survey$ which odﬁéf é'
wide range of flux density. They concluded that a moderateiy‘
strong (1 + z)? evolution in space density of radio SOurces>is
necessary to explain the observed excess of large diameter

radio sources at the low flux density levels.

Recéntly, high ansular resolution information on a
largernumber of weak sources have been obtained through the
obsgervation of lunar occultations at Ooty. Swarup (197%a) has
- made a compariéom of largest angular sizes © of the weak

gources studied at Ooty with thogse of the strong 3CR sources.
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Over a flux density range of about 300:1 he showed that the

median value of & decreases with decreasging flux approximately

as 0, < 5% as expected in BEuclidean Universe. Below %408‘~ 1

Jy, there is some indication that Qm does not decrease as fast

o

a8 given by ©_ « S° relation but reaches asymptotically to a

value of ~ 8" arc. Kapahi (1975a) has used the obseryéd Qm(ﬁ)
‘relation together with the angular size counts of radio sources
to show that the angular size data are in conflict with non-
evolutionary cosmological models and density and/or luminosity
and gize evolution of the form inferred earlier isg necessary to

explain the observed 0-3 correlation.

With the availability of large scale IPS surveys.
which provide angular resolution of ~ Oﬁl arc, it has now
become.possible to choose large unbiased samples of radio
~gources and study the variation of scintillation parameters

over a large range of flux densities and angular sizes.Recently,
Readhead and Longair (1975) have applied the V/V_  test to the
gcintillating radio sources in the 3CR catalogue and have conc-~
“luded that strong evolution is necessary to bring < V/Vm > to

0.5 for strongly scintillating radio sources. TFor weakly scin-

tillating sources, however, the evolution needed is relatively

much weaker. The above results are also supported by observed
counts of scintillating sources at different flux density
levels, reaching up to about 6 Jy at 81l.5 MHz (Readhead and

Longair 1975).
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In the following sections we present the analysis and
results of ourstudy on the correlationg of scintillation visibi-

lity p  with flux density 8 and.overalllangularisize 6 of

radio sourcesg.

5.3 SCINTILLATION VISIBILITY-FLUX DiNSITY(p - §) CORRELATION

5.3.1 DBarlier Studies:

As- soon as IPS dbservations were available for a . sub~
gtantial number of Sources, Cohen et al.‘(1967b) and Harris and
Hardebeck (1969) studied the relation between source intensity
and the distribution of p . No large and significant differ-
ences between the p~distributions at three flux density levels
over a 2-20 Jy range were found. A small increase in the rela-
tive percentage of sources that scintillate strongly was present
at the lowest flux density levels but this could be explained as
due to the poor /N ratio when observing weak sources (Harris
and Hardebeck 1969). Hunstead and Jauncey (1970) opmpared the
average scintillation vigibility of an arbitrarily defined
sample of 27 weak sources at 430 MHz with those of stronger
sources., No difference in the occurrence of scintillating
gources was found;

In the following we analyse scintillation data using
large and statistically unbiased samples of sources which oovef
a much larger range of flux density and show that there exists
a correlation between scintillation visibility and source inten-

gity.
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5.3.2 Observational Data used for the Present Study :

[

In the analysis of the correlation between L oand 8
we have made use of scintillation data available from the follow-

ing IPS surveye.

(a) The Cambridge 81.5 MHz TIPS Survey:

The IPS survey carried out at Cambridge by Readhead
and Hewisgh (1974) providés scintillation observations of about
1500 radio sources in the declination range -12° to +9OO. Esti-
mates of u and Y are given, In cases where it was not possi-
ble to obtain a detailed m-p curve only upper or lower limits to
W are given. In the case of sources where a range of values of

¥ are given, we have taken the mean value of the range.

The catalogue of Readhead and Hewish (1974) also lists
8l.5 MHz flux dengities for all the above sources. These flux
density values are derived from extrapolations from lower or
higher frequency observations and are referved to the S (Scott
and Shakeshaft 1971) scale. This scale of flux density is
about ZOCVO higher than the KPW (Kellermann, Pauliny~Toth and
Williams 1969 ) scale at 8l.5 MHz. The survey lists IPS obser—
vations of gources az wealk asg 4.4 Jy. However, since the sengi~-
tivity of the survey is not uniform over the area of the sky
surveyed, it is not complete above the minimum flux density
listed. We have therefore restricted the analysis to complete
samples as defined below:
Sample 1 -

We have selected all sourceé‘with 881 5 > 12,0 Jy
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which lie in the area of the sky defined by ~7O < 6‘< +9OO and

’ IT O . P e _ . a

Ib ] > 107, Within an area of approximately 6.9 sterad of
the sky included, there are 685 sources which satisfy the'above\\
criteria, A number-flux density analysis shows that this Saﬁplé
is nearly complete above about 12,0 Jy. Out of these 685 sources
we have rejected 30 sources, IPH observations of which were
contaminated by the presence of another scintillating séurce in
the beam (these sources are marked with an asterisk in the last
‘column of the catalogue of Readhead and Hewish). Thus we are

left with a sample of 655 sources. This will be referred to as

Sample 1.

Sample 2 -

As mentioned above, the 81.5 MHz survéy has nonuni-
form sensitivity ahd it is possible to identify some regions of
the sky where the sensitivity is sufficiently high to detect
sources much weaker than 12 Jy. These high sensitivity regions

have been defined and used in the study of weak sources by

=J

Reacdhead and Longair (1975). In order to extend the p-S rela=-
tion to weaker sources, we consider a sample of all sources with
SBl 5 > 1.1 Jy selected from these regions. There are 60 sour-

ces in this sample which we shall refer to as Sample 2.
(b) The Ooty 327 MHz IPS Survey:

Sample 3 -~
The TIP3 survey of southern sky radio sources carried

out at Ooty has been fully described in Chapter 4 of this

thesis., Table 4.1 lists a random sample of 149 sources with
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S5p7 2 2.5 J7, }bII! > 20° and -30° < & < 0° alongwith their p

and 3 at 327 Mz on the XPW scale. These 149 sources congtie-

tute the Sample 3.

(c) The Arecibo 430 MHz IPS Survey:
Sample 4 -

Harris and Hardebeck (1969)have published IPS observa-
tions of about 500 radio sources at 430 MHz. These sources were
selected from Parkes and 4C catalogues in the area of the sky
defined by 0° < § = +380, jbII‘ > 10° and ecliptic latitude
B = 20°. Different criteria, regarding the flux density of the
- sources, were employed while selecting sources from the two
catalogues; sources were included from Parkes catalogue if

.

3408 R 2.0 Jy and from 4C catalogue if 3178 < 4.0 Jy.

As noted by Harrie and Hardebeck, such a selection
process produces some biases regarding the spectral characteris-
tics of radio sources, especially at the lowest flux density
levels and the survey may not be complete'down to 2.0 Jy at
‘v 408 MHz. From Table I of Harris and Hardebeck, we have there-
fore selected a sample of 173 sources (Sample 4) with 8408 >
4.0 Jy. Plux densities for all the sources in the survey were
derived from interpolation or extrapblation'of measurements at
various frequencies available in the literature (Slee and
Higgins 1973, Gower et al. 1967, Fkers 1969, Munro 1972). The

flux density values at 408 MHz are referred to the KPW scale.
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5.%3.3 Analysis:

The samples 1 to 4 described above cover a flux
density range of about 7 Jy to 1850 Jy at 8L.5 MHz. We have
divided sources in each of‘the four samples into a number of
flux density ranges. Figure 5.1 shows the histograms of scin-
tillation vigibility p for sources in Samples 1 and 2} and
Figure 5.2 shows the same for Samples 3 and 4. Shaded areas
represent definite values of b and unshaded areas with
arrows indicate lower or upper limits on p . It is seen from
these figures that for higher flux density ranges}’thé aistrim
bution of W shifts more and more towards left, i1.e. towards
lower values of W . As flux density decreases a larger frac-
tion of sources tend to be strong scintillators, compared to
the situation at the high flux density end, where most of the

gources are either weak or non-scintillators.

In order to investigate the relationship between [
and 8 quantitatively we must define some characteristic of
the p distribution in each flux density range and.then study
its variation with flux density. Due to the presence of upper
and lower limits to p at all flux density levels it is not
possible to estimate the mean value of the diétfibutions. The
parameter which can be estimated with reasonable accuracy in
the presence of limits is the median value. The estimates of

the median values of W and S were made by plotting the

cunmulative number distributions of p  for sources in each flux
density range. TFigures 5.3 and 5.4 show these cumulative dist-

ributions., Crosses show the lower limite and open circles show
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the upper limits -on p . A smooth curve was fitted to the
points in each of thege cumulative distributions and the median
value of | was estimated. The value of § at which the cumu-~
lative number reaches half the total number is merked with a

-

+ sign on the fitted curves., While doing this it has been»
assumed that the gources with lower liwmits to p (shown by
crosses) have p = lower limit and sources with upper_iimits
(o“en circles) have p = O, Since upper limits are present only
in the case of Samples 3 and 4 these have heen assumed to be at
p =0, From FPigure 5.1 it can be seen that significant number
of lowér liﬁits\occur only for sources weaker than about 20 Jy
at 81.5 MHz and in these cases the éssumptioms made above ?ill
'iead to an underesfimate of the median value of p . For
strongér sources very few'lower limits are present. Purther,
since most of the upper limits occur below the median value,the
error due to the assumption that they are at p = 0 , is small.
It is however possible to make & rough estimate of any syste-
matic error that is introduced in curve fitting owing to such
an aSsumption as follows. Usine Figures 5.3 and 5.4 we esti~
mate an upper and a. lower limit to the median wvalue from cumu~
lative p distributions by fitting the curves through the

| upper and lower limit points respectively. As a congervative
estimate, we have taken half the difference between these and
the previously estimated median value as the rmé value of the
systematic error{

In addition to the sgystematic error, the estimated

median values have a statistical error associated with them due
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to finite number of sources present ih Tfinite size of the class
intervalsgs sed in the histograms. The rms error of the median
values is equal to Vn/(2f) in units of the class interval,where
n is the total numbe of sources under the histogram and f is
the number of sources per class interval at the median value
(Yule and Fendall 1950). The value of f was determined from
the smooth curve Fitted to the cunmulstive distributions; Vari+
ances of the two errors were added to calculate the finél TIMS

errors. Median values of flux dengities were also found by

plotting the cumulative number-flux distributions. Errors in
the estimation of median values of flux densities were,hoWever,:
negligible, In Tables 5.1, 5.2 and 5.3 we have listed the
number of sources, the estimated median values of bm and 3
and the rms error of the median value - 'A“ﬂwin egch of the

flux density ranges for samples 1 to 4 used in the anaglysis.

Figure 5.5 is a plot of the median values of I
against S at 8l.5 MHz. The flux densities are referred to the
scale of Scott and Shakeshaft. Flux densities at 327 and 408
UMHz for 3amples 3 and 4 respectively were converted to those atJ
81.5 Mz by assuming a spectral index of 0.75. The 81.5 NHgz
flux densities so derived were increased by 20 9b to correc? fof
the difference between EPW and 38 scale. The increase in the
median value of u with decreasing flux density is clearly
evident -in the figure where results Trom all the samples are
superposed. The interpretation of the observed U3 correlg-

tion is provided in Section 5.5.
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Table 5.1 Median values of (L and Sg, 5 for Samples 1 and 2

n—..——.—_.....—..-—.....--....«.-.-—..—....-.-.——.-—_....-..-._..—-.-..................-.——.....—--.........._«u-u-..--.-...-.u—_...—

Flux Density No. of Median Medi an Final rms
Range sources £ error Qf
381.5(Jy) n 881.5(Jy) P | thegnedlzan
/ .Hm
7.9-11.9" 60 9.1 0% % 40.1
. _0.1
12,0-14,9 173 13.3 0.29 ol +0,06
-0.04
15,0-19,9 179 16.5 0.27 ok +0.07
' -0,05
20,0-29.9 161 23.2 0.25 28 +0.05
o ~ ~0.03
30.0-49.9 N 36.0 0,24 13 +0,05
. "OQOLI"
= 50,0 53 75.0 0.12 13 +0. 0k
~-0.0%

e wn = o o os am o ~ n r Som T S i T et n S St e S e T e g SR vem me e S S S S e e S SR e e
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Table 5.2 Median Values of ji and 8327 for Sample 3

__..._..--..—......._———...._-.......-—_...-_-—....-.....—--—...-......_--_-..-.....'-..'..._..-u......a.....-............a..'.

Flux Density No, of Median Median Final rms .
Range sources f error of
' , the medlan

8327(Jy) n 8327(Iy) #%1 Ap

245-3.9 67 31 0,43 7 +0.08
-0,06

L,0-7.9 61 4.8 0.29 9 +0,09
-0,04%

=8,0 21 11.5 0.23 3 +0.09

- 0,08

e e e ——— - . - " L Sy Bt o o e eSS i PP e R Gt G e e e e A e B G B e G A R G TN Gy e e G 0SS e S s e
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Table 5.3 Median Values of | and & for Sample W
f 408

......—-—....-..............-...._.._4.._...._._...-....._............-—-...._..-..-..-.-._.-.-_.—_..--.———-—----uu—-——.—....-.._.——-——_._.__.

Flux Dengity No., of Median Median Final rms
Range sources : T error of
. the median
SL080JY) = S08(9y) K m Ap
4.0_5.9 92 )’h8 0033 | 12 +0.0)+
-0, 0k
6.0-8.9 46 7.1 0.28 8  40.05
-0.0k4
> 9.0 35 1347 0.15 11 +0. 04
~-0,03
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At this'point it should be noted that Samples 1 and
4 are derived from IP3 surveys of same region of the sky and
therefore are not independent of each other. However, since
their IPS observations were carried out independently at two
different frequencies and were analyzed in two different ways
to yield p , these two samples have been considered separa-
tely in the p-5 study. We have also separately studied the
w=3 correletion for the JFCR sample of stronger sources. A
gilgnificant correlation was found between p and 5 when the
analysis is done including as well as excluding the known (503

in the 3CR sample.

V)

5.3.4 Congideration of Selection Fffects:

In the following we discuss important observational
selection effects which misght produce a spurious correlation

between p and S.

(1) As a result of the limited sensitivity of the tele-
scope used for the TPS survey , it may not be possible to
detect scintillations if the flux density of the scintillating
component falls below the sengitivity limit. This effect will
be more goerious for weak sources since the total flux of the
source itself is small. In such cases it ig only possible to
put an upper limit, based on the system noisge, on the Fflux in
the scintillating component and hence on the scintillation visi
bility p . This effect is seen in Migures 5.1 and 5.2_Where
more and more upper limits on P  appear at low flux density

levels, These sources are usually termed non-scintillators.
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Further, since the obser&éd scintillation index
.depends on the solar‘elongation of the source the scintilla-
tions are observed at a reduced level for sources located away
from the ecliptic. Therefore the percentage of sources which
can be detected as 'scintillators' with a given sensitivity
(instrument) will décrease as the ecliptic latitude increases
'beyénd about 30° for observations at meter wavelengths, This
was 1in fact observed by Little and Hewish (1968) for 3C sources,
and a similar effect is most likely to be present, especially
for weaker souroes; in the IPS survey of Readhead and Hewish
(1974) where sources as far as 80° or 90° ecliptic latitude

“have been observed.

Therefore, if p~S analysis is carried out for
SCintillating sources glone, then instrumental sensitivity
itself will introduce an artificial correlation between o)
and S 1in the same sense as is observed. Only strong scintil-
lators will be detected at weakest flux density levels. On the
other hand, if we use data on gll sources above a certain flux
density limit, irrespective of the efficiency with which their
scintillations have been observed, the resulting p~S corre-
létion will be free of the above observational bias. In other
words, we must analyse complete samples of gources, including
scintillators ws well as non-scintillators. The statistical
completeness of fhe samples éan be ensured by carrying out a
source count analysis. This procedure has in fact been Followed

in the analysis of p-3 correlation leading to Pigure 5.5.
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The inclusion of non-scintillating sources for which a definite
value of p  is not known, only adds to the uncertainties in

the determination of median value of u .

(ii) As seen in Figure 5.1, for a substantial fraction of
weak sources ih Sémples 1 and 2 only a lower limit to p  has
been set by the observations of Readhead and Hewish. For these
‘sources it was not possible to estimaté the angular size of the
scintillating component and the lower limit to p  is derived
by comparing the observed scintillation'index with that of a
point source. Since a substantial fraction of sources have
,scintillating components which are resolved, the estimated
lower limit to p will, in general, be an underestimate,
Determinagtion of definite values of W vfor these sources,

therefore, is likely to enhance the observed p-S correlation,

The above discussion shows that the observed trend
in p~-8 correlation is unlikely to be significantly affected
by selection effects. We have used statistically oomplete
samples of radio sources, and we have included uncertainties in
estimation of median value of p arising from the presence of
uppef and lower limits on p . PFurther, it is interesting to
note that in’Figure 5.5, the median values of p derived from
IPS data at three different frequencies are in reasonable

~agreement.
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For studying the p-6 correlation we have restricted
our attention to soufces in the well known 3%CR completg sample,
since each of the 200 sources in thig sample has been mapped at
1407 MHz with an angular resolution of about 23" x2%" (cosec &)
arc using the Cambridge l-mile telescope (Macdonald et al.1968,
’Mackay 1969, Blsmore and Mackay 1969). 1In the case of some of
the sources, brightness‘maps with improved resolutions have
recently become available through the use of Cambridge 5-km
telescope (Pooley and Henbest 197%) and these have been inclu-—
ded. Bstimates of the overall angular size @ ('E projected .
angular separation between the outermost components of the
source and same as the largest angular separation (LAS) defined

by Miley 1971) are therefore available Ffor most sources.

The '3CR complete gample’ consists of 200 sources in
the revised 3C catalogue within about 4.2 sterad of the sky
defined by & > 100, ‘bII’ > 100 and having Sl78 = 9.0 Jy
(Méckay 1971). The TIPS survey of Readhead and Hewish (1974) at
8.5 MHz fully covers this region of the sky and provides a
hiomogenous. set of scinhillakion  gata for these stronger sources.
We have therefore used B values from Readhead and Hewish (1974 )

for the p-0 analysis.

Out of these 200 sources, we have excluded 13 sources

from the analysis of p-0 correlation for the following reasons:

i) 3¢ 326 ~ as 1t may be a galactic source (Mackay 1971)
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ii) 3C 435.1 and ~ ag these may be chance associations of
3C 437.1 unrelated, individually weak 4C sources
(Longair and Guan 1975)

iii) 3C 66 and -~ in each case high resolution observations
- 20 442 indicate the existence of g physically
unrelated component (Mackay 1971) and
existing IPS observations do not allow a
correct estimate bf.;u . The situation
is similar in the case of 30 225 (Kapahi
et al. 1972). Only 3C 225 B should be
considered in the 3CR gsample as the flux
of 5C 225 A is less than the 3CR limit,
Unpublished TIP3 observations at 327 MHz

arc available for individual comnonents
and give n ~ G.4 for 3C 225 B, Ve have

therefore retained 3¢ 225 B in the Sample,

iv) 3C 207, = a8 these are (030s known to contain extrenly
1 . . s
%g §4g’ compact components implied by thei conecave,
- ¢ b4 . .
3C 249.1, cm excess spectra and variability (Miley
3C 345, o Posar e - 877 ; -
36 380 ana 1571, Roger et al. 1973, Conway et al.
3C 454,% 1974).
v) 3¢ 371 ~ ~ since no IPS observations are available

for this source.

e are thus left with 187 extragalactic sources. We
se this sample of 187 sources in bhe analysis of the pu-0

correlation below.

figure 5,6 is a scatter plot of scintillation vigi-
bility p at 81,5 My against the overall angular gize © for
the sample defined ahove. The values of © were mostly taken
from the Cambridge observations at 1407 NHz but in some cases

© was taken from better and higher resolution observationg
O
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made by others (Swarup 1975a andireferences therein), Upper
1limits to FQ for unresolved:sources are shown in the figure by
a horizontal bar attached on the left side of the points. Upper
and lower limits to p are shown by a vértical bar below or
above the data points regspectively. The'point for 3C 33 is
shown encircled, Different symbols have been used for 030s,
unidentified sources and galaxies. Optical identification
data were taken from the Cambridge papers and from the compi~
lation by Veron and Veron (1974). Identifications bagsed on
deep sky surveys by Kristian, Sandage and'Katem (1.974) and
lLongair and Gunn (1975) have also been considered. All sources
for which identifications are not certain'have been pletted as

unidentified sources.

It is seen from the scatter diagram that there is g
clear trend for iﬂcfeasing b with decreasing © ., Although
a large amount of scatter is present, the absence of points in‘
the upper»right anéd lower left region of the diagram is strik-
ing. Q30s, unidentified sources and radio galaries éppear in
different but overlapping parts of +the diagram. 0508 are digt-
ributed towards regions of smaller © and higher p compared
to galaxies and unidentified sources, indicating that 0S0s in
general are more compact than other sources. The p-8  trend
is present even if all QS0s are removed from +the fipgure., Most
of the galaxies and uvnidentified sources (which are mogt likely
to be similar to radio galaxies) with 6 S 30" arc are found to

be moderately strong scintillators while a large majority of



~5, 23~
sources with © > 50" arc are non-gcintillators with relatively

small (0.2 or less) upper limits on p .

5.5 INTERPRETATION AND DISCUSSION

The observed'oorrelations of scintillation visibility
R with & and @ in Ficfuﬁ:'em 5 5 and 5.6 show thQU the strom@y
SCintillating soufces in generm] tend to have ~mmller flux
density and smaller overall angular extents., Ite cently Swarup
(1975a) has also shown that there exists a clear correlation
between © and 8 O -decreases statistically with decreas-
ing S approzimately as 0 « S%. These statistical cofrela~
tions between p , S5 and © clearly provide a strong Qvi%
dence that statistically the weaker sources sare laﬁated‘farther
away than the stronger ones. Decreasing flux and overallvangumk
lar size associsted with increasing p can simply be inter-
preted as a geometrical distance effect. This is also supﬁbfuﬂ-
by the observed correlations between p and =z (Chapter 4,
Harris 1973) and between 6 and z (Miley 1971) found for
galaxies and (SOs. The correlation between & and =z howema;
is not possible to observe due to heavy selection effects
present iu the determination of redshifts of identified sources
and the limited range of § over which redshifts have been

measured (Swarup 1975a,b, Kapahi 1975b).

5.5.1 Relation between Compasct and fExtended Structures :
So far most IPS observations have been carried out
at meter waveleng uh using single telescopes which,on their

own, do not have sufficiently high res olv1nb powers at these
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wavelengthe to resolve the basic features of the radio ﬁoﬁrce'
gtructure. The IPS observations have nevertheless revealed the
presence of compact components in radio sources at metef wave=
lengths. However, the precise location of the scintillating‘-
compact oomponents with réspeét to the overall extended brighté“
ness distribution cannot be found. The lunar occultation and‘.
aperture synthesis obserx & tions, on the other hand, have déliwiy
neated the overall structure over tlQ whole range of angular

sizes down to about = second of arc. From these studies it is
knovn that at meter wa velengths, a large majority of radio
sources have their radio emission originating in two eAuenoed

regions and whenever optical identification exists, these are

laced almost symmetrically, one on cither side of the assoclia~-

o]

ted galaxy or 030, Only at short cm wavelengths significant
emission is found to originate‘from the region of the optical
obiect.

We have shown in Chapter 4 that in all the TIPS
surveys more than 50 to 60 9b of the sources observed are found
to scintillate appreciably, thereby indicating the pre sence of
compact components in them., 3ince most of the radio sources
are double, the scintillating compact components must, in
general, be located in one or bhoth of the é&' nded components.
Recent high resolution aperture synthesis observations of

Cygnus A, 3C 3? and other sources at 5 GHz (Hargrave and Rylé
1974, Hargrave and Mefillin 19 975) and lunar occultation obser

vations of 3C 3% at 327 MHz (Copal-Kx 1“nhw et al. 1976) reveal
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;the presence of compact high brightness regions located near
the outer houndaries of each of the extended components. It is
lizely that scintillations mainly arise from gimilar compact

regions in most of the ralio sources.

The relative importance of compact and extended com-

ponents in producing scintillation in sources located at differ-

ent distances can be examined from the observed =0  correlation.

1,

The ratio of the angular sime of the sc cintillating component to
the oversall gize 1/8 can be inferred from Figure 5.6, It is
scen that most of the scintillating sources in the 30R Sample

have values of © in the range 5-50" arc, WNow, in order +to

m

scintillate appreciably, some component of thes source must have

ular diamster much smallsr than the dizmeter of the first

Q

an an,

- L

]

Fresnel zone which is about 2" arc at 81.5 HHz. Hence, fof
un11+111[t1ﬂ' gources a2 significant froction of their total
flux density should originate from components with angular size:
~ 08/10 to ~ 6/50. TInterferometric observations at meter wave-
lengths with resolution compsrable to IPS by Wil*inson et al,
{1974) have slso indicated the presence of simiiar compact com-
ponents in many 3CR and Parkes radio sources., In the case of
some of the double sources (3C 61.1, 234, 244.1, 263, 325, 380
and 38l) a significant flux is found to originate even in
components as small as /100 (Wilkinson 1972). 'The presence of
a sointillating component in the widely ~ separated double gource
3C 3% (Harris and fardebeck 1969, Gopal-frvishna et 2l. 1976)
having 0 ~ 250" sre, imnlies gtructures on angul&r scoles

reaching ~ ©/700. This ig in addition to the components with
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~ 0/50 and ~ ©/25 ete., discussed below., Prom these observa-
tions it is clear that even at meter wavelengths, fine struct-
'ure in radlo gources ezists over a wide range of angular sizesg.
:It ig interesgting to examine whether the multi~component Struom
iture seen in Ehe strong nearby radio ﬁourceé e.g.,Cygnﬁs A and
3C 33, can explain the observed correlaﬁions befwéén L, © and
S, undef the assumption thqt “the source morphology s p--;oxved
over the range of angular sizes and flux densities involved.
This assumption seems to be justified from the Fact that obser-
Vations of a la ge number of weak radio éources (also having
small © at 327 MHz) by the lunar ocoultation technigue with a
resolution of a few seconds of arc, also reveal morphological
structures similar to thoze found for the strong nearby séurces

(Kapahi 1975b).

Let us consider the hich resolution structure of
Cysnus A =and 3C 33, both of which are strong and nearby radio
galaxies with redshift =z ~ 0.06. These sources have been

mapped at 5 GHz with a resolution of a few seconds -of arc

(Hargrave and Ryle 1974, Hargrave and McBllin 1975). 3C 33 h
also been observed at 327 IMHz and its structure has been studied
with a resolution of 3" arc using the lunsar occultation tech-
nigue (Gopal-Krishna et gl. 1976). In addition to the usual
extended double structure, theme studies reveal the presence of
highly compzct 'heads' of emission located alt the outer edges of
the two main components. For Lhe purpose of illustration we
have reproduced iniw‘ sure 5.7 the brightness distribution map

of Cyenus A at 5 (Hz from Harerave and Ryle (1974). I+t has been
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'Suhuesfed that scintillations of radio sources arise from the
compact 'heads' of linear size 2-6 kpc, similar to those seen
in Cyegnus A (Fig.5;7), and that in strongly scinfillatingAra&m
gources aesubsfan%ial=fraction of the souroevflux must origi-
nate in these compact 'heads' (Hewish et al. 1974, Kapahi 1975b).
.However the above mentioned observations‘of Cyegnus A,'SC 33 and
many other radio sources, recently mepped at b Gz (Pooley and
Henbest 1974, Longair 1575) show that a(éonsiderable part of
the emismioh of thege soulrces algo arisé from the main 'body!

of each component (having an angWlar size nearly the game a8
that of the source along 1its minow azis) and Aiffused tails or
bridges connecting the {two compon qt,.> If Cygnus A and 5C 33
were located much farther away, so that © Dbecomes legs than

~ 15" arc, these extended components would also contribute to
scintillations in addition to the compact headsg, Since most of
the scintillating sources in the Bﬂx sample (Fig.5.6) have @
in the raﬁge'of 550" arc and since average ratio of component
separation to the size of +the 'body' subcomponent is about &
(Mackay 1971, Swarup 1975b), it is likely that in many of these
sources the extended components would also be smaller than 2!

arc and would give rise to scintillations.

5.5.2 Model Calculations :

In order to explain the obgerved corrcelations
between @, 8 and I we have approximated the observed bright-
negs digtributions of Cygnus A and 30 3% by a symwetrical double

model in which each component consiste of 3 concentric gaussgian
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sub-components; a compact head,'a less compact body and a
diffused tail, The relative flux densities of each of the sub-
bomponeﬂfm at 81.5 Mz were osﬁimat@d from high frequency
measgurements usiﬁg spectral information provided in the studies
.

mentionecd above. The ratio of angular separation to sub~compo--

nent sizeg'(g/”fh) and the fractional flux densitics in the

sub-components « used to represent Cygnus A and 3C 33 are

ek

given in Table 5.4,

Calculations to derive model p-0 curves were made

following the IPS theory of Readhead (1971) which was employed

2

by‘Readhgai and Hewish (1974) +to interpret their 8Ll.5 MHz IP
data. Trom the m~p curves given in Figure 8 of Readhead (1971)
for ﬁifféreﬁt angular dismeters of the scintillating cOmpdnenfs,
we Tirst estimate the scintillation index m at elongatioﬁs of
350 andYQOO that would be observed for eaéh Subwcomponent
separately. These m~p curves are reproduced here in Figure
5.8. As shown in Chapter 2 (Seo}&@) thb observed oc1nt1111tlon
index My for a source with three. concentrwc gau8811n compo-~
nents of angular sjze;*i,'ﬁé and’ﬁ% and containing fractional
flux'densltieg Gpy O and a3 respectively,is given by

2

i

= o, % 2 *m,? 2me? 4 2(aaom 2 4 o m, 3 + @z my )
172 12 273 371

where my o, M, and m3 are scintillation indices for individual

sub-components of Size’*%,”Yé and “, respectively, and me are
i o 7 p:



Variation of seintdllation index m with
slongation for sources with different
angular aizes at 81.5 MHs, This figurs
ia taken from Readhwad (1971). The angu
ler dismeter values mayked refer to (1/e)
ddnmet org, 28, of the gaussian,
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indices for components having equivalent sigzes

Yoy = LOL2 4 2)/27

‘where x aﬁd y take wvalues of 1, 2 aﬁd 5. Further
'al+a2+m3’: 1 = total flux of the gource. Now, in‘oase of a
pair of guch components (each component containing 3 sub%comPON
nents) with separation @ & 20 arc, the observed scintillation
index is reduced by a factor of V2 ., ¥rom the ratio of calcu-
lated my o at 55% to that at 90° and using Pigure 10 of Readhead
(shdwn in Fig.5.9) we derive the equivalent diameter’#éq‘ that
would be measured by Readhead and Hewish (1974). e thén pexe
back to Figure 5.8 and read off the wvalue of meq that would
bevobserved for an ansular size of’ﬁgq. at an elongation of
350. The expected scintillation vigibility for the model
source under oonsideration can be found by takking the ratio of

- 0 . . . ‘
my to meq Tor 35”7 elongation. Using this procedure we have

K=l

derived the expected values of p for decreasing values of @
for the models repregsenting Cyghus A and 3C 33, It must be
noted that for simplicity, we have assumed thit the ratio of
angular zize of the sub--components to angular Separation i.e.
1%/@ and fractional Flux dengsities of the subwcomponents an,
are independent of © , The derived -0  curves are shown in
Figure 5.6. These p-@ curves are then combined with the
observed 9~3  relation given by'thevbestwfit parabolic curve

of Swarup (1975a) shown in Mgure 5,10, .The u-5 curves so



28 tare ste)

7it, 59  The ratlo m{35°) /u{90%) as & function of
L gource size abt 81,5 Mz, This figure is
algo taken from Resthead (15713,
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obhtained are shown in the p-3 plot in Figure 5.5.

It is seen from Figurés 5.5 and 5.6 that the median
values of p lie closer to the model for Cygnus A for the
'strongér gources but approach the cufve for 3C 33 for the
weaker sources, This does not neceSsafily imply that stronger‘
and weaker sources have different.sub-structures in them,V‘If |
we assume a uniform distribution of sources of the type ranging
from Cygnus A to 3C 33 the calculated median values do not
fit the observed points very ﬁell. It is possible.however~to
find 2 model with arbitrarily chosen values bf a, and ﬁg/@
which'fits the observations but the model is neither unique nor
realistic. From Figure 5.6, in which the data for 187 3CR
sources are plotted, it is seen that the curve for Cygnus A
model lies near the lower bound of data points. This indicates
that at around 80 MHz the diffused features, althoﬁgh pr§ §ﬁt,

are not likelv to be as prominent as assumed by us for Cygnus A.

5.6 CONCLUSIONS

With the availability of large scale IPS surveys
carried out at Areéibo, Cambridge and Ooty it has become possible
to define statistically complete samples of radio sources for
the purpose of studying the dependence of seintillation visibi-
lity on flux dengity and overall angular extent of wradio sources.
Although large statistical uncertainties are present; we have |
shown that a clear correlation exists between median values of

b oand 8 , which ig free from observational selection effects.
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Farlier studies of the p—-3 correlation by Harris and Hardebeck
(1969) did not show any significant correlation perhaps because
the samples used by them»were not statistically complete and
thelr analysis distinguished between scintillating and none
scintillating sources. The separation between these two cate-
gories im a resgult of limited sengitivity of the instrument

used for detecting scintillations,

We havé further shown that p 1is also correlated
with overall angular extent 6 of radio sources in the 3CR
gample. On an average sources with smaller © tend td have
hisher u . These statistical relations between p, © and J
provide a strong evidence that statistically, the weaker sQurcés

are located farther away than the stronger ones.

The observed correlation between p and © could
be understood on the assumption that (a) most of the extraga-
lactic radio sources have mul ti-component structures inter-
mediate between those found in Cygnus A and 3C 33 and (b) the
values of o, and 7%/@ are independent of © - The models used
to represent Cygnus A and 3C 33 are congsiderably simplified but
broadly explain the observed correclations and’imply that a
significant fraction of the flux density of many radio sources
originates from components having angular sizes as small as
(1/10)th to (1/50)th of the overall size © . Detailed high

resolution observdti01s of a large number of radio sources,
providing information on the gizesand flux densities of indivi-

dual sub-components are necessary to find representative valies of
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a, and’W%/@ and to investigate whether these depend on flux

density or angular extent of radio sources.



CHAPTER 6

B S —

ANGULAR SIZE OF SCINTILLATING RADIO SOURCES AND COSMOLOGY

6,1 INTRODUCTION

Observaﬁions of interplanetary scintillations
provide two parameters of the compact components in fadio
gources, the scintillation visibility and the‘angular size
of the scintillating component. In Chapters 4 aﬁd 5 we
have restricted our attention to fhe scintillétion vigi-
bility parameter for studying the variation of scintilla-
tion properties of radio sources with distance i.e, with
flux density, angular extent and redshift of radio sources.
The sointiliation visibility was found to increase statis-
tically with decreasing flux density 8, decreasing overall
angular extent © and in case of identified. sources with
increasing redshift =z ., This indicated that weaker sour-
ces on the average are located farther away than the
stronger ones and that scintillation visibility may also
be used as a statistical distance indicator for radio
sources. However, in these correlations a large amount of
scatter was present and it was not possible to derive any

cosmological inferences from the scintillation data.

Measurement of angular sizes of radio sources
and their variation with redshift provide an important and
direct means of studying cosmology. In this chapter we

discuss the problems associated with the measurement of
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angular sizes by the method of TIPS and critically examine the‘
use of angular size of scintillating components in radio
sources for'studying the geometry of the Uﬁiverse. In par%ie
cular we point out thatkthe presence of multicomponent struc-
ture in radio sources would introduce an important selection
effect in,thé measurement of angular sizes of the scintillat-
ing components by IPS technique.

- Section 6.2 sﬁmmarizes results of observational
tests of commological theories based on angular size data and
Sections 6.3 and 6.4 describe and discuss the use of anguiar
size of sointiliatingZEOmponents as 'rigid rods' for cosmolo-

gical studies.

6.2 (COSMOLOGY FROM ANGULAR SIZE DATA ON_RADTO SOURCES

Tt is well known that the expected variation of
angle uubtended by an. obJect of constant linear size with
dlstﬂnce (redshlft) is dlfLerent in different oosmologlcal
models. _ior small redshifts, all models predict a linear
decrease of angular size with redshift similar to that expec-
ted in Buclidean cése. Beyond about z = 1 the angular size
predicted by different cosmological models become signifi-
cantly diffefent. In relativistic cosmologies the angle
subtended continues to’decrease uvp to some redshift and then
increages with redshift thereafter. This produces a minimum
in the angular diameter -~ redshift relation in all Friedmann
cosmologies. In the Steady State fheory, on the other hand,
the angular size first decreases with redshift and finally
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approaches a constant value. _Thus, as pointed out by Hoyle
(1959), the observational detection of a minimum in the angular
size - redshift relation for extragalactic objects provides a
means of discriminating between the Steady State and relativis-
tic models and to determine the value of deceleration para-

meter q, of the Universe.

The basic requirement is to search for certain feature
of extragalactic objects (e.g. linear sizes or separations of
components) which does not have much intrinsic scatter aSSQCi—
ated with it and then study the variatioﬂ*of'the'Corresponding
obSérvéd angular size with redshift. TI%t ghould also be possible
to observe these objects to large redshifts say z ~ 1 or gfeaterﬁ
where sufficiently large differences appear in the predictions’
of different cosmological models. However, because of Aiffi=-
culties in measuring thé angular diameters of faint optiéal
galaxies and clusters of galaxies, the data do not extend beyond
about z = 0.5 and it has not been possible to determine the

decelaration parameter 1, Satisfactorily.

Through the use of modern, large and sensitive radio
telescopes and interferometers it 1s 1NoWw possible to detect
and measure angular sizes of a large number of radio galaxies
and 0S0s extending to very high redshifts., While this makes
radio sources promising candidates for cosmological studies,
difficulties arise from the fact that radio sources ‘are charact-
erised by a large spread in physical sizes and it has not been

possible To find any intrinsic size measure which can serve as
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a satisfactory rigid rod. Miley(1971) made an attempt to use
the angular separation € between the componenfs of double radio
galaxies and 0QS0s, having steep spec%ra, as a rigid rod and
studied the dependence of O on z. The O - z relation has been
discussed earlier (Sec.5.2). Although a large scatter was
present, the © ~ z plot was Ffound to display a definite upper
~envelope showing ¢ « 1/z, as expected in Euclidean-géométry.
Thig apparent Euqlidean behaviour extended beyond z ~ 2 (Wardle
and Miley 1974) contrary to the expectations of any of the
reasonable cosmological models. The static Fuclidean behaviour
at large =z was explained as due to the'presenoe of evolution
in the linear size of Q30s  with cosmic epoch. A similar
situation persists in the study of Swarup (1975b) who studied
the correlation of angular sizes of individusl components

( v, and W, ) of double radio sources, instead of their separa-
tion, with redshift. The evolution in the linear sizes of
‘radio sources has also been inferred from a study of the angu-
1ar size - flux density correlation and the angular size counts

of radio sources (Kapahi 1975g).

Although these results do not support the Steady
State theory, the angular size and separation of components of.
double radio sources do not lead to a unique  estimate of qoe}sz
This is because the evolutionary effects seem large and are
difficult to estimate precisely. Turthermore the analysis is
made difficult due to large dispersion in the intrinsic size of

radio sources even when selected by certain criteria,e.g. radio
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spectrum or structure,which are helpful in reducing the scatter

in their properties.

Due to the above difficulties the component separa-
tion and component size of extragalactic double radio sources
do not serve as satisfactory rigid rods for cosmological studies.
One must therefore look for some other feature of the structure
of radio sources which is expected to have little intrinéio

scatter and which is relatively free of evolutionary effects.

6.3 STRONGLY SCINTILLATING RADIO SOURCES AS A RIGID RCOD

Recently Hewish et al. (1974) suggesfed that the
physical sizes of compact features .that are located ih the
outer regioms of strongly scintillating radio galaxies and
QSOB_, similar to the'hot spots!' found in Cygnus A, appear to
provide the best‘approzimation to a rigid rod for cosmological
tests. Angular size information on the scintillating compén@ﬁmv
in a large numbervof 5C sources provided by the Cambridge IPS
sufvey at 81,5 WHz (Readhead and Hewish 1974) was used by Hewish
et al, for studying the angular size - redshift relation.
several selection criteria were employed to obtain a sample of
23 strongly scintillating sources from the well-known 5CR comp—~
lete sample contained in the El.5 IMHz IP3 survey. The sources

selected were expected to be

~.

i) strongly scintillating sources (p > 0.4) for
which Readhead and Hewish have obtained high
quality data (denoted as class A sources in

their TIPS catalogue),
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ii) located at high galactic latitudes ( ]bII§> 20° ),

iii) non-variable, steep spectrum sources having typical
double morphology with overall angular extent not

lese than a second of arc and

iv) optically ideutified with magnitudes and redshiftg

measured.
Hewish et al. suggest that with these specifications

they obtain a closely defined range of objects suitable for

cosmological studies’ since

a) Non-variable, steep spectrum radio galaxies and 030s

generally have morphological structure similar to
that of Cygnus A and the linear size of the hot gpots
located in their outer regions seem to have a narrow

range of about 2 to 5 kpc. The aperture synthesis
maps of brightness distribution of many sources at
5 GHz also show that the morphological charscteristics
e.£. Tthe component sizes to separation ratios etec.
are preserved over a wide range of overall angular
sizes, and
b) strongly scintillating sources are from the highest .
luminosity class of sources (Readhead and Longair 1975).
+ _ At this stage 1t may be worthwhile to point out that
their sample of 23 sources (Prof.@.S warup, private communicag-
tion) does not seem to be quite uniform as some of the selec-
tion criteria seem to be only marginally satisfied.For example
< g AX

i) Two sources (3C 99, 237) are nof part of the FCR comp-
lete sawple, (ii) three sources have|b I]-< 2009, (iii) in the
case of scven sources no redshift measurements are available
in literature and for these redshifts indirectly estimated
from magnitudes have been used. In three cases (3C 67,153 and
455) values of redshift used by them differs from those avail-
able in literature (e.g. Xraus and Gearhart 1975), (iv) some
of the sources have their LAS close to 1" arc and (v) the
examples cited by them to illustrate the selection/rejection
criteria are of gources from outside the 3CR complete sample
S I .
being congidered. Contd. .
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The distribution of the angular sizes ¥ of the scintil-
lating components determined by the method of IPS (Readhead and
Hewish 1974) in these 23 sources has been studied by Hewish et
‘al. They found that there is a peak-in the distribution around
Ot4 arc; The paucity of sources with VS OTB arc in their sample
is quite evident. The absence of small diameter sources could
not be explained due to broadening of intrinsic angular diameter
by»interstellar scattering (ISS). Their 151 MHz IPS obserVation,

B have been vsee ' ‘

of some of the sources;show that the measured IPS dismeters at
k E N

81l.5 MHz are largely unaffected by ISS.

Another selection effect that has been considered by
them is that when g source is located far away so that the dia-
meter of its compact component is < OTB arc, its scintillating
flux density may become very small and the scintillation data
may not be of high gquality due to poor S/N ratio. The source
will then get removed from the sample. This was congidered
unlikely by Hewish et al. since it would have implied a correla.-
tion between angular sire and flux density which was not known
at the fime of their study. Recently a positive correlation
between flux density and overall angular size has been observed
(Swarup 1975a). However, the effect of such a correlation on
the Hewish et al. sample may not be Severe.in view of the Ffact

that decrease of flux density and angular size with distance

vo» oo This, coupled with the smallness of the saiple, used by
Hewish et .al.,makes it rather difficult to know how unbiased and
representative their sample is of the general radio source popu~—
lation. In what follows, however, we consider only those selec-
tion effects which are independent of the non uniformities of
the sample considered above.
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simultaneously involves an increase in scintillation vigibility

(Scintillating flux) of the source as shown in Chapter 5.

In order to understand the cauge of the peak in the
¥-distribution Hewish et al., plotted the angular size of scin-
tillating components in these sources againgt their redshift,
The “Pwa plot (Fig.?% in the paper by Hewish et 21.) appears
more or less like = scatuo“ diagram without any significant
trend. However, when the data are compared with the expected
variation of the angular size of a rigid rod of 3.5 kpc in
different cosmological models over a range of values of Ao &
Significant deficiency of sources withf*< OYS’arc emerges for
0.7 < & < 1.6, They consider this as real and conclude that
the obserﬁations are consistent with non-ITuclidean world models
with dq in the range 0.5 to 2.0. fven higher values of 4

would be obtained if evolution in the size of scintillating

l*;;

components, similar to that observed for overall linear size o

radio sources, is included.

6.4 DIFFICULTIES WITH THE COSMOLOGICAL THTERPRETATION OF THE
ORSERVED ¥ -z DELADION

s

by Hewish et al. (1974) +hat the 'hot

(¥

The swy

spots!' in strongly scintillatbing radio sources serve as a reli-
able rigid rod has important implications for cosmological
studies and needs critical examination. In the following we
consider some of ﬁhe problems in associating the ansular sizes

of gcintillating components measured by the method of Readhead

and Hewiegh(1974) with the angular size of 'hot spots! zlone.
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One of +the basic problems involved in using the
measured value of the angular size of scintillating component ¥,
by the method of Headhead and Hewish (1974), as representing the
angle subtended by a given linear feature‘of a radio soufce(e;g.
hot spots) arises mainly because of the fact that the océuirence
of IP3 is gensitive to angular,rather than lineéf size. A source
Wiii not scintillate at 81l.5 MHZ unless some component of it
sﬁbteﬁds ﬁn éﬁglé less than ~ 2" arc, With increasing distance,
i.e. at larger redshifts, componénts of larger and largér,linear'
éizesvcontribute to. obgerved scinfillations (at‘least up‘to a
distahce where cosmological broadéniﬁg is not'signifioant). Thé
angular sizé measﬁred by.IPS method.therefore may nof corresﬁond
to the same linear feature in fadio sources located at differenﬁ
redshifts. This characteristic property of IPS, therefore,
introduces difficuitieg in the use of ahgular gize of scintilla~
ting components asvrigid rods for cosmological studies. It should
be noted at this point that such a difficulty does not arise
when the largest ahgular separation © (5 LAS) is used for the
purpose,VSinoe at all distances the‘measured 0 refers to the

total linear extent of +the source.

Furthermore, in the presence of multicomponent struc-
ture in radio sources (Hargrave and Ryle 1974,7Pooley and
Henbest‘1974, Hewish et al. 1974), the above property of the IPS
phenomenon of being sensitive only to angular scales smaller than
a Qertain limit, provides a possible non-cosmological explanation
of the observed lack of small diameter ( < OTB arc)'scinfillatm

ing components. In order to illustrate how the angular sizes



measured by Readhead and Hewish (1974) are affected by the
simultaneous preuenc of more than one sc' llaulvo component,
let us congider a simplified headwbodjmtall stluoture for fqdlo
gsources (see geo.g.).g). When the source is located nenroy, no
component Sﬁbtendﬁ an ang 1e < 2" arc and it does not produoe
sointillétions; Jlth 1ncreaq1nﬂ dlstqnoe t1n head oomponeot
starts scintillating and ag long as the angle subtended by the'
body component does not becone qmall enough to colﬂtlllﬂte, IPS
observations w1ll orrpotly reveal the flux and the angular
gsize of the éointillating head Component. "Beyond thab dlqtgnce,
both the head ané the body compOnents sointillate and as shown
in Section 5.5.2 the angular size measured using the ratwo
m (35 9y /m (90°) will be an equivalent size oyeq, 1ntermcd1nte
between the size of head and body components. The actual value
of “Feé will depend on the relative angulal gizes and Flux den-~
gities of the scintillating components. In the termlnolo gy of
,Seotion 5.5.2 let us consider a source with a; = &, = 0.5 ( and
a3 = Q i.e. no extended tail component) and ’#é = 105¥i. Tow
ifothe source is located at such d digtance that ﬁi = 614 arc
and '#% 4.0 arc, then the measured size ’j%q will be ~ 0.4
arc since there is no contribution to scintillation from the
body component. At progressively larger distances i.e. when
' 1 " 1 1

s 01 ] .
¥, and ¥, are, say, 0.3 & 3.0, 0.2 & 2,0 and 0.1 < 1.0 arc

the angulax @izes “to derived by Readhead and Hewish (1974),

based on the method of feadhead (1971) and explained in Chapter
1" 1" 1

5 would be 0.37, 0.34 and C.30 arc respectively. This illust-

rotes that with increasing distance, when ”ﬁa has decreased
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linearly, the measured size’ﬁpq has remained at qulte a high
value. In other words, when the size of the head oomponent has
decreased by a factor of 4, the measured size has decreasedonkyby
a‘féctqr\N 1.3. This is due to the preéence of a larger‘bodj'
¢oﬁponent, which contributes to scintillations only at larger.
distances. Since’the IPS method measures 7%q‘and>ndt ’fi, we

do not expect to obgerve a continuous linear decrease of the

measured angular size with distance. This could explain the

observed behaviour of the V-z plot of Hewish et al. (1974).

Many of the 2; sources chocenkbvkﬂew1 sh et al with

u > 0,4 have their larg est anoular extent e Conuld rab1y mnll@r
than 30" arc, as can be seen from figure 5.6. As discussed
earlier the average ratio of the size of body ﬁubcomponent to
separatlon ig ~ 1/10 or 1/8 and the compact head subcomponent
hags a size almost an order of magnitude smaller (Hooley 1974,
Hargrave and Ryle 1974). These pubcomponents togethér érg
likely to’domstitute a major fraction of‘the total flux of the
source for the strongly scintillating 3CR soﬁrces conéideréd by
Hewish éf al. In the case of sources with overall angular
extents © < 10" arc, which are largely 0SO0s, all the three
components (i.e. the whole source) may be effective in produOWv
ing scintillations. The IPS measguremsnts would lead to ﬁ%q
which is intermediate between ’*i and ”%é . Now since ”Yéq is
greater than fﬂ& ’ observ?d sizes will be larger than expected

thereby explaining the observed deficiency of small diameter

scintillating components, especially at high z.
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With a sufficiently accurate knowledge of the fine
‘structure of the radio source in guestion, however; it may be
pogsible to interpret the observed m~p curves differently and
obtain some idea of “%i and “%é individually. Such an inter—
pretation of the IPS observation has been attempted earlier by
Cambridge workers for 3C 273. We have chosen to mention the
cage of 3C 273 since if is known to have multicomponent gtruc—
ﬁure at low\frequencies and since its IPS obserations at 81.5
MHz at Cambridge have been interpreted in two differeﬁt ways s

S

i)' TFrom interferometric and lunar occultation studies
3C 273 is known'to'consist of a compact and an’éxtended COmMpPO~—
Aebt At motoy wavelengths., Utilising this information Bell and
Hewish (1969) interpreted the observed m-p curve at 81.5 MHz as
showing the presence of two components. They could explain
their observations satisfactorily by assuming a two component
‘model for the source comprising of (a) a OTl? arc component
containing 40 % of the total flux and (b) a lﬁ7\arc oompOnent
containing the remaining 60 %3 of the flux, consistenf wi£h the
interferometric observations (Bell and Hewish 1969 and referen-
ces therein).
ii) When no consideration is given to the known structure
of the source an equivalent size ”%“ is determined for the

L

gcintillating component from the measured m-p curve at 8l.5 MHz.

a1

' o ‘ , . 0 )
Readhead and Hewish (1974) determine the ratio m(35 )/m(907) and

bt

using the method of Readhead (1971) routinely arrive at an angu-
131 n
lar size of 0.85 arc (quoted as 0.55 arc in Readhead (1972)) for

the scintillating component in 3¢ 273.
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This clearly indicates that the determination of
angular size of the sointilléting component in a radio source,
based on the observed slope of the m-p curve (Readhead 1971),
prov1des an answer which is a weighted average of the sizeg of

all the Scintillaﬁihg compact components present in the source.

o

Not much information is available on the detailed
fine structure of radio sources at meter wavelengths with:reso~
lution comparable to that of IPS in order to investig ate the
role of various compact components in the scintillation studies.
Recently some limited VIBI measurements at low frequenciés have
béCome'availéble. Resch (1974) has studied compact components
in a number of strong sources at 74 MHz using the VLBI'techniw
gue and compared the measured angular sizes with those obtained
from IPS stucies at 1.5 Mz by Readhead and Hewish (1974).
Direct compafisdn'was possible in the case of only 10 %CR SOufm
ces. Scintillation diameters were found to be siwnlflcantly
hl her than the corresponding VLBI diameters in the case of 6
sources. Pesc (1974) concluded that the angular diameters
measured by Readhead and Hewish were either too large by an
amoﬁnt Of Oﬁl_to 0?3 arc compared to VLBI diameters, or that the
presence of Sdurce structure confused the determination of
angular sizes in one or both of the bechniqueu. This result is
consistentvwith our sugzestion that the angular diameters
measured by Readhead and Hewish us sing IPS refer to the weighted
angular size of the compact head and diffused body subcompo-

nents in extragalactic radio sources.



CHAPTER 7

GONCLUSIOQONS

In this chapter we summarize the main conclusions of
our investigations on the characteristics of compact sub-arc
second angular structures in extragalactic radio sources

revealed by their IPS observations at meter Waveiengths;"

In view of the lack of quantltatlve IPS data on
compact components in southern radio sources, we carrled out
an IPS survey of about 500 radio sources 1ocated between= /
0° and ~30 declinations, at 327 Miz usirg the oetyRadioT
Telescope. The fesults onlthe derived angular'sizes“f ’and
fractlonal flux densities /¢ of compact scintillating compon—
ents in 188 sources observed during the flrst part of the
Ooty survey are presented, This survey extends aﬂd comple-
ments the existing IPS studies of northern sky sources at'/
430 MHz by the Arecibo IPS group, Simultaneously with our
survey, results of an extensive 81.5 MHz IPS survey were
published by the Cambridge group., Together these SUrveys
provide valuable high resolution information in more than
;1800 radio sources stronger than a few Jy at meter wavelenvths.
In th¢s the51s we havo studied the role of compact s01ntlllat~
'1ng compononts in cxtended extragalactic radio sources by
combining the high resolution information obtaihed from IPS
and the overall structure and morphology known from extensive

interferometric and aperture synthesis studies.
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" Determination of the fine structure of radio sources

using IPS techmique is necessarily indirect and depends on g

number of assumptions regarding the IPM and ﬁhe radio sourcesg,
By making IPS observations on compact point-like radio sources,
a self-consistent model of average characteristics of the
plasma density irregularities responsible for IPS is derived
and used in estimating the fine structure of extended radio
sources, In the present work, as well as in other IPS surveys,
it has been assumed that the electron density irregularities in
the IPM have a gaussian spatial wavenumber spectrum for which
~a correlation scale can be defined, The temporal spectra~of
scinﬁiilations for 5 compact sources observed at 327 MHz were
appfoXimately gaussian in shape and the measured width f2 of
these épectra were used to egtimate the irregularity sigze.
‘This was found to be = 100 km for 0,25 £ P £ 0.7 a,u. (Rao,
Bhandari and Ananthakrishnén 1974 .

Spacecraft in~situ measurements of the interplanetary
plasma, on the other hand, have indicated that the density
fluctuations in the IPM over the entire range of scales from
A’106 k@ to ~ 10 km, follow a power-law spectrum with index
close to the Kolmogorov value (Jokipii and Hollweg 1970,
Jokipii 1973). Information concerning the shape of the
irregularity spectrum in the high wavenumber region applic-
able to IPS, is contained in the observed scintillation
spectrum. Recently it has been shown that the high fre-

quency portion of the observed IPS spectra are better fitted
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- by a power law (Coles et al. 1974, Milne 1976, Pynzar et al,
1976). Also, numerical computations of the gcintillation
index-elongation curve by Mari ans (1975) baSed on thekstTOﬂg
scattering theory of Rums ey (1975) and’a powér law modél for
the ihterplanetary irregularities provide a good fit to‘thev
COmplete m vs, p curve for séveral sources, ihbluding the

crab pulsar, at 7% MHz (Sime 1976). However, the density
spectrum inferred from IPS as well as the spacecraft measure-
ments show significant flattening near wavenumber correspond-
ing to proton gyroradius in the IPM (Unti et al. 1973,'Coies
et al, 197%). In addition, spacecraft measurements frequently
reveal the presence of a small but statistically significant
enhancement at the proton gyroradius (Neugebauer 1975).

Power iaw indices vary from day to day and on the average,

the spacecraft spectrum is significantly steeper than that
found from IPS (Rickett 1973, Coles et al. 197%, Lotova 1975).
Thus the_Spectrum of density irregularities in the range of
scales applicable to IPS, departs significantly from the over-
ali background power law spectrum in such a way that the
scales near the proton gyroradius which is about 100 km near

T asU, 3 are most affective.

Hewish (1972) supported the gaussian spectrum on the
basié'of the observed m o N dependence from IPS observabions
over a large range of wavelengths and elongations, The'power
law spectrum predicts m < A1’25 or a steeper dependence on

wavelength and Hollweg and Jokipii (1972) have stressed that
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‘the existing IPS observations;madé~on different sources under
different solar-interplanetary conditions, do not rule this
out, Simultaneous multifrequency obserVations of iPS of well-
studied compact radio sources are needed to establish the

dependence of m on A precisely.

. Effect of the assumed form of irregularity spectrum
on the derived values of/u,and v from scintillation data has
been stUdied recently by Sime (1976) and Armstrong and Coles
(1978). It is shown that the diameters of the scintillating
components derived on the basis of power law model and Rumsey-
Mariaﬁs theory at 74 MHz are in reasonable agreement with
'thosé éstimated by Readhead aﬁd Hewish (1974) at a nearby
freqﬁency of 81.5 MHz assuming a gaussian spectrum., Power
law model was however found to lead to scintillating fluxes
or scintillation visibility M- about a factor of 1.5 smaller

than those derived by Readhead and Hewish,

vIt must be noted that in both the Arecibo and the
Ooty IPS SUIVGyS CTA 21 was assumed to represent an ideal
point source even though the maximum observed value of m for
it was £ 0,6. Recent IPS observations of PES 1148-00 and s
few other compact (Y < 0".02 arc) sources (PKS 0019=~00,
0056-00, CTA 21 and 2203-18) at 408 MHz at Molonglo (Milne
1976) and of PKS 1148-00 at 327 MHz at Ooty (Swarup 1978)
have indicated significantly higher values of m of 0.8 or 0.9.
The large difference in observed peak values of m for two

sources, namely CTA 21 and 2203-18, which are common between
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Molonglo and Ooty needs to be investigated carefully when
detailed scintillation index measurements from Molonglo become
avalilable, If more, detailed and systematic, observations corn~
firm higher observed values of m, the estimated values of p&
will have to be decreased by a factor of ~ 1.5. Such a
downward bias is also indicated by the maximum interferometric
fringe visibilities of many compact radio sources at #30 MHz
when normallsed u31ng a pulsar for a point source (Broderick
and Condon 1975). Being a constant bias this will not affect
our analysis since we have mainly concerned ourselves with
the relative properties of compact features in radio sources
of dlfferent types and at different levels of flux density
etc.  With these remarks on the estimation of structure of
radie sources from IPS we now summarize and discuss the

results obtained in the preceding chapters,

In Chapter 4, we have studied the occurrence of
scintillating compact structures in a statistically unbiased
and random sample of 149 sources with 8327 2 2.5 Jy selected
from Ooty IPS data. From thls study we have shown that :

(1) Compact sub-arc second components are a common fegture
of radio source structure at meter wavelengths, More than
50 to 60% of all sources contain appreciable scintillating

components with angular sizes < 05 arc.

(ii) The average scintillation properties show a progres-

sion from radio galaxies to unidentified sources to QS0s,
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While mostvgalaxies scintillate weakly, QSOs in general have
more pronounced_compact features.ythidentified sources. show
intermediate properties consistent with the hypotheéis'that

these are mostly powerful radio galaxies ioqéted\at greate: \

distances, -

(iii)  Flat spectrum sources in general are characterized by
high r&,and their‘scintillating components are extremelyf
compact ( ~ £ 0M5 arc). This is more pronounCed in the

case of QSOs. All QSOs with spectral index « < 0.4 in our
sample show' fAf: 1+ 0. Since flat and steep spectrum,QSOS

. are observed QVer similar ranges of redshift and flux,density,
it also implies that flat spectrum QS0s in general have smaller

physical sigzes,

(iv) Combining all available IPS measurements on identified
A radio sources with measured redshift z and excluding flat or
‘ihvefted spectrum sdurces, we have studied the dependence of
F&on z. - Using data on 104 radio galaxies and 88 QAS0s hqv;
ing nornal steep spectra we have shown that j increases
stdt+5010ally with increasing z. At higher redshlfts, large

percentage of sources are strong scintillators,

These results are in agreement with several high resolution
TIPS and inberferometric studies of‘compéct features in
independent saniples of radio sources at a number of frequen-
cies (Harris and %qrdebbck 1969, Broderick and Condon 197),
Bentley et al, 1976, Readhead and Hewish 1976 Warwick 1977,

Jenkins and McEllin 1977).
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In Chepter 5 we have investigated the correlgtion bet.
ween SCintillation visibility }A-and’flux dehsity S of extraé
galactic radio sources using large, statistically complete and
unblased samples drawn from the three TIPS surveys covering a
wide range of flux_density. Although large statistical ahd
estimagtion uncertaintiés are present due to Upper and lower
limits on px'for many sources, we have shoWn,afor the first
time, that a clear correlation exists between median values
of fi and S; Down to the flux density limit of the samples,
of about 7 Jy at 81 5 MHz (or about 2,5 Jy at 408 MHz ) ﬁ& is
observed to increase statistically with decrea31ng S. The
median value of = is found to increase from about 0,12 at

median 881 5 ~ 75 Jy to about O.h‘ at 881 5’ 10 J,V.

We have also established g strong inverse correlation
between M and overall angular extent @ (= LAS) of radio sources:
in the 3CR sample usimg data from the Cambridge TIPS and aper-
ture synthesis SUTVEeyS, kWith decreasing @, larger and
larger fraction of total flux density of radio sources is
found to originate in compact scintillating component g,

Though the nuﬁber of galaxies, QSOs and unidentified sources
in this Sample‘are small,bthe M~ 8 correlation seems to hold
individually for the three classes of radio sources. Most
scintillating sources, for which definite values of © are
available, have 6 in the range #»5 to 50" arc, This sug-

gests that even at meter wavelengths, appreciable fraction
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of flux density of many 3CR sources originates from componento,
with sizes (1/10) to (1/50)th of bﬂP overqll size. Readhead
and Hewish (1976} have confirmed the above correlation‘between
M and @ and have further shown that P&isvalso closely relatédf
.to~the overall linear size;'strongly scintillating radio |

galaxies and @SOs have total linear,extents smaller than

about 200 kpc.

The observed increase ofrx with decreasing § and e,

in conjunction with the observed statistical correlatlon
between @ and § (Swarup 1975a), provides a strong'évideUCe'
that weaker sources on the average are more distant than
stronger ones. ' ,

We have attempted to e'plaln the FA -0~ S CorrGTat-o
ons as a geometrlcal dlotqnce effect in terms of the
observed SLructur@ and morphology of two woll~resolvod and
well-studied nearby radio sources, JC 33 and Cygnus A, We
have oon31dered a hig hly‘olmpllfled 3 sub~ component struc-
ture for each'of the components in taese double sources.
Fractional’flﬁx‘densities & and angular sizes ‘VZ/Q of:/
tho sﬁb;components were derived from various observations
and were aésumed‘to'be independent of @ and §. Comput at—
ions of the expected rﬂ and for the models represcntlng
the ﬁwo ourco ‘were made following the procedure described

in Chapter 2. Ruclidean geometry was assumed and flwas



"7-9"

calculated at smaller and smgller © and S./ A'comparison,of
computed - © and M - & curves for the two sources witb)the
observed values shows that the average COmpéotness of 3CR
sources is 1nterﬂed1ate between that of 3C 33 and Cygnus A.
In genera 1, diffused features do not seem to be as prominent
as those observed in Cygnus A. DR

Recently, long baseline interferometers sensitiVe
to structures < 1" arc have ocen used at Jodrell Banlk to
investigate the occurrence of conpact components in diff-
orent SaMDleS of radio sources coverlng a mucn wider range
of flu; density than has been possible through IPs (Speed
1976, Wariick 1977 ) . Anderson et al. (1978) and Speed and
Warwick (1978) have reported the observed variqtion of the
fractlon p of sources with maximum interferometer lrlﬂge
v1s1b111ty ¢ > 0.5 over the range of flux den31t1es from
about‘Zg mJy to~ 100 Jy at 408 MHz. The parameter’ %m’,
providesra neasure of the fraction of total flux density
of the source arising from regions £ 1" arc and is COMpaf~‘
able to Scintillation visibilityfx.estimated from IPS obser-
vationg, The fraction P 1s observed to increase from
0.11 + 0.08 at median 8,,5~29 Jy to 0.39 & 0.1 near
SMO8'"1'5 Jy. They have also estimated the median value of
\*m which is found to increase from about 0,05 for most

intense sources to-~0.,30 at 8408’“1 Jy. Within the errors
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of_estimaﬁion.these results are fuwlly consistent with the
FA—S correlaiion observed by us, Between Jy and 25 mJy,
wherernorlPS observationg gre available, pkremains constant
at about 0,3 or possibly decreases gl lightly with decreas ing
fiux density. Calculations te'predlct Y dlotrlbutlon at
different flux deng sity 1evels, based on the obs erved ‘v
distribution for the most intense Sample of 3CR sources\‘
studied using the sgme 1nterferometer have been made by
Speed and Wdrw1ck (1978), They have shown that the observed
behav1our of Y-8 relatlon is difficult to ekplaln in qny
.standard cosm070@1cal model unless Durong evoluti on in spaee
density ag well as an evolution in linear siges of radio :
sources'with redshift gre 1ncorporaLed A reasonable fit to
Lhe ooserved P-S trend could he obtained by adopting convent-‘
ional forms for density ( p= f(1+z) ) and sigze (1= 1,(142)” T
evolutiong, Similar dengity evolutlon wes also suggested by
Readhead and Longair (1975) for explaining the non-uniform
space distribution of strongly scintillating high luminosity
eoﬁrcesbin the 3CR sallple, The (1+z)~1 evolubion of the
overall iinear eize of radio sources has been invoked earlier
to CXDlalH ‘the observed Q@ - z gnd 6 ~ & relations (Wardle and
Miley 197%, Kapahi 1975a). The important thing revesled by
the higher‘resolution‘interferometric and IPS studies of

( $71— S) relation ig that the linear gises of the compact

(g 11 arc) structures in radio sources should also evolve
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in a similar fashion, This implies that the ratios of sub-
component sizes to component separabtion Y%/@ remaln nearly
independent of z, Justifying the assumption made in our

computations of expected M as a function of @.

The implications of the use of angular diametefs'+
of compact scintillating components in radio sourcés, esti-
mated from their IPS observations at 81.5 Mz, in cosmologi~
cal angular sige-redshift relation and for models of evblu~
tion of double radio sources have been considered by Hewish
et al. (1974) and Readhead and Hewish (1976). In a complete
sample of apprecighly scintillating (p70.25) 3CR sources
theyobserved g significant deficit of sources with Lor.3
arc, specially at redshift z>0.7, Hewlsh et al. conjectured
thét compact features in high luminosity radio sources that
scintillate strongly are morphologically identical to the
compact (a few kpc in sige) hot-spots observed in the outer
conmponents. of nearby'powerful double radio sources‘e.g.
Cygnus A and due to their small size dispersion hot~spots
could serve as a reliable 'rigid_—rodi for cosmological
studies. Under the assumption that the measured diameter A4
for strongly scintillating high luminosity sources provides
a direct measure of the hot-spot size, they compared the
observed ¥-z relation with thaf expected for a rigid-rod of

size 3.5 kpc in cosmological models with different values of
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the decelerﬂﬁon’péremeterqo; The ebeefeed\&eficit of small
diameter coﬁbonents in high redshift source: was attributed
to aAhigh'po s1tive value of q y between 0,5 and 2.0. If 5

is to be smaller than about 0.5, the ObSGTVatWOHS would imply
that the average linear size of compact sclntlllatlns Compon~
ents incregses with o, These results are in eonfllct with
the (1+z)"’I evolution in linear sigzes of compact < 1" are
struetureS'suggested by the recent y-g studies deseribed’
above, '

In Ghdpter 6 we haVe subgested a p0551b1e non—cosmo~
loglcal expWanatlon of the observed lack of decrease of ¥
with increasing redshift z, in terms of an obserﬁational bias
which arises when radio sources with multlple sub-component
morpholog y of the type observed in 3C33 agnd Cy nus A
1nvest1gated by IPS. 1In nearby sources, only the most comp- -
act hot-spots are small enough.to scintillate and the estimated
values‘of‘PLand'#/correctly represent the fractional flux den.
sity and angulgr sizge, respectively, of hot~gpots, However,
when such sourceg are observed at high z, the hot spots as
well as the JnLermodlatc size (~10 to 20 kpe) subcomponent g
are likely to contribute to observed SCLntlllatloﬂs The
estimated Wtand'#fin this case will be welghted averages of
the corresponding values for the individugl scintillating

sub~componentg., Since with increasing Zy larger gnd larger
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substructures contribute to IPS, the resultqﬂt»LEJMfY will
be overestimates of the flux and angular size of hotnspdts,jin

partwcular for sources at high z,

On the basis of the aperture synthesis obéerVations

_of the brlghtness OLStleUthﬂ of dentwfled “CR sources
which are close enough to be mapped in some detall at 5 GHz,
Hew1sh and Reaqhedd (1976) have recently argued that the

extended outer components that are present are too_large‘
(>20 kpc) to scintillate. Furthermoré, from‘thé'obServed/
value'ofrx>o.7 for most powerful sources at high z~theyq“
imply that theée extended components do not contain endugh
flux to cause significant overestimation of-the angul ar size

of hot-spots suggested by us,

Tt must however be noted that thelr 1nterpretqtlon
of the ObonVCd ﬂf z relation in terms of a high value of
Ay is based on strongly scintillating (ﬁk>0-7) 3CR sources
of high luminosity (P178;L1027 Watts Hz‘1‘8tr”1)'at high 
redshift (z > 0.7). These sources,due to their high red-
shift, are all S0s. From the M~6 diagram for the 3CR
sample (Fig. 5.6) it isg clear that sources with/u?(h? have
overall angular extent 8<10" arc and in mally cases @ 1ig
even less than 21 gre. ,Readhead’and Hewish (1976) have
also shown that in high Juminosity sources, in generalg the

extended components remaln unresolved with the 5 km telescope
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and have linear sizes £ 20 kpc.- In some cases (viz. 3C 138,
286, 287, and 454 3) IPS as well qs ouher hlgh resolutlon
interferometric observations indicate that even the total
extent of the sourcé 18«10 kpe. Presently it is ndt POSS-
ible to résolvé ﬁnd map the structure snd morphology of high

lumlnoolty gources in any detail,

If it is assumed that these soufces havekmorphologif
cal characteristics, such as the ratios of componént sizes
to their separation y similar to those obtained dlrectly
from mapping the larger sources (Hew1sh et al.. 1974) ‘then
it is clear thab in adstlOH to the hot—spots, the extended
components will aiso scintillate Furthermore, when the
overall extent of the source is <40 kpc, IPS observationg
at 81.5 MHz can not distinguish individual scintillating
components in the source, Since all the scintillating
components of the source lie w1uh1n -1 arc, PLlS close
to 1 and the estimated ~ will be grossly deter ulned by the
angular extent of the source rather than by the size of
compact hot-spots embedded w1th1n i1t. This qualitatively

explains the observed behav1our of -z relation at high s,

It is also possible that the structure and morpho-
logy of the high luminosity @SOs differ somewhat from those
of nearby sources e.g. Cygnus A which, as secen from}¢~9~8

studies presented in Chapter 5, does not gecem quite typical
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of higleﬂscintillating radio sources. Strongly.scintillata
ing 3CR sources are in general more compact. Mbrphological
characteristiés of high luminosity 3CR sources have beenf_‘
investigated by Fanarbff and Riley.(197h)\and Biley and :
Jenking (1977). Although it was shown by PanaroFf and Riley
thalb sources with P, % 2x10° 2 yatts B str ! nave Sym-
metrical double morphology 51m11ar to Cygnus A with comp—
act hot-spots located near the outer boundaries of the
séurce, their study included very few QSOs. On the other
hand, Riley and Jenkins (1977) have compared the structures
of high luminosity (Py,g210% Watts a1 str 1) radio
galaxies and QSOs using the complete sample of 3CR sdurees
mapped at 5 GHz. They have found that, unlike gdlaxlos, an
appreciable fraction of QSOs appear to ~possess an asymmetrlc"
double (D2 type) structure and their central components are
in general much more luminous than thosc associatedkwith
galaxies. In an investigation of the fine structure of

a Complete sample of Parkes QS0s, Bentley et al. (1976) have
also noted that, even amongst steep spectrum QSOs, a sizable
fraction display D2 type morphology. I£ is likely that in
some high luminosity'high redshift sources the scintillating
component may be associated with the compact radio components
assoclated with the optical object rather than with the outer

hot-~spots,
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‘Due to these difficultics, the angular size ~ esti-
) g ,

mated from IPS observatioﬁsedoes,not unambiguously meaSUre

the size of a distinct structural feature, C.8, hot—spots, in
radlo sources ab all redshlfts. PUTtHQTMOLe’ 1t 1s adso

necess ary to understand (and ‘apply corlectlon for} the eVQ

'pre01se nature and form of the p0351b1e evolution in tne
linear sizes of Comonct SC1nulllaL1H¢ componenus w1th cosmic
epoch belore using the observed “F~z relatlon for inferring

the geometry of the Universe.
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