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Thesis Summary

Data for a sample of forty three Southern radio sour
es is presented. The majority

of the sour
es have spe
tra that are steep at high frequen
ies and that peak, or

at least 
atten markedly, below a few giga-hertz. The sour
es have been studied

through both single dish observations and VLBI.

A dual frequen
y (2.3 and 8.4 GHz) 
ux density monitoring program lasting

nearly two and a half years and 
omprising measurements of all sour
es at intervals

of between one and three weeks has shown that the in
iden
e of variability is

systemati
ally low in peaked spe
trum sour
es. This observation is 
onsistent

with the assertion that the energy sour
e powering the luminous 
ores in this

type obje
t is of a di�erent nature to that driving the 
ompa
t 
ores seen in

many powerful 
at spe
trum radio sour
es. In order that the observations 
ould

be performed on a regular basis with minimum user intervention, an automated

observing and data a
quisition system was implemented. To stabilise the re
eiver

gain, the system in
orporates a versatile software implementation of a noise adding

radiometer.

The re
ently established Southern Hemisphere VLBI Experiment (SHEVE)

array is des
ribed and its 
apabilities and limitations dis
ussed. The operational

pro
edures and spe
ial diÆ
ulties inherent in the operation of the array are ex-

plained.

Images for nine sour
es made from observations with the SHEVE array are

presented. For seven of the sour
es, images are available at both 2.3 and 8.4 GHz.

The images have a mean dynami
 range of 65:1 and provide a

urate measurements

of the detailed stru
ture in these sour
es, in
luding 
omponent sizes, 
ux densities

and spe
tral indi
es. All of the peaked spe
trum sour
es imaged are doubles and

few show any eviden
e of signi�
ant extended stru
ture. These data 
onstitute

the �rst high resolution observations for six of the sour
es.

Observations with a single baseline interferometer have provided the �rst sur-

vey of the 
ompa
t stru
ture in thirty eight of the sour
es in the sample. Simple

models representing the basi
 sour
e stru
tures have been �t to the data for all

obje
ts dete
ted in this survey. These models show that about two thirds of the

sour
es surveyed have more than one 
omponent at milli-ar
se
ond resolution. A


omparison of the models with the images is used to set limits on the reliability

of the model �tting results.

A database of all the sour
e properties obtained, both through the observations

des
ribed, and 
ompiled from the literature is presented. Numerous parameters

intrinsi
 to the sour
es are 
al
ulated using these data and are brie
y dis
ussed.
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Chapter 1

Introdu
tion

1.1 Ba
kground

Peaked spe
tra are believed to re
e
t the presen
e of syn
hrotron self absorption

pro
esses in radio sour
es. Syn
hrotron theory for relativisti
 ele
trons predi
ts a

steep high frequen
y spe
trum due to radiation losses, while at lower frequen
ies

the radiation is re-absorbed (or self absorbed) by the radiating ele
trons them-

selves. Consequently, the observed 
ux density does not in
rease monotoni
ally

towards lower frequen
ies. Instead the spe
trum is expe
ted to 
atten as pro-

gressively more radiation is self absorbed, and if the physi
al 
onditions allow,

the 
ux density a
tually de
reases for frequen
ies below some 
riti
al frequen
y

�

max

, whi
h usually lies near 1 GHz. Hen
e these obje
ts are often referred to as

Gigahertz Peaked Spe
trum sour
es, or GPS sour
es.

Peaked spe
trum radio sour
es have been attra
ting the attention of astronom-

ers from as early as 1963. In that year, Slysh (1963) re
ognised the relationship

between brightness temperatures and syn
hrotron self absorption pro
esses in ra-

dio sour
es and 
onsequently dis
overed a relationship linking the angular sizes

of self absorbed sour
es with the magneti
 �eld strength and 
ux density at the

frequen
y of the peak. On the same page of the issue of Nature in whi
h Slysh's

arti
le appeared, there was also a paper by Bolton, Gardner and Ma
key (1963)

announ
ing the dis
overy of a strong Southern radio sour
e, 1934�638, possess-

ing just the type of peaked spe
trum that Slysh's 
on
lusions 
on
erned. The

syn
hrotron radiation models assumed that the radiation was emitted by an ex-

panding 
loud of relativisti
 ele
trons and led some authors (Kellermann, 1966;

Shklovsky, 1965) to predi
t se
ular variations in both the 
ux density and fre-

quen
y of the peak for 1934�638. Kellermann used Slysh's expression to estimate

an angular size for the sour
e of only two milli-ar
se
onds, well below the angular

resolutions of radio interferometers of the day. VLBI te
hniques were 
ertainly

emerging at the time, but only with a limited number of baselines and only in

the Northern Hemisphere. It was not until 1969 that the �rst high resolution

observations of 1934�638 were made (Gubbay et al., 1971). However by then,

the evolution of 
ux density predi
ted for a few of the peaked spe
trum sour
es

had failed to eventuate, and the fo
us of extragala
ti
 radio astronomy at high

1
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resolution in the north was turning towards the obje
ts showing very high bright-

ness temperatures and exhibiting dramati
 
ux density variability and internal

motions on milli-ar
se
ond s
ales.

As a 
onsequen
e, the study of peaked spe
trum sour
es fell from the main-

stream and relatively few investigators showed any interest in the �eld. Notable

ex
eptions in
lude Mutel, Phillips and Hodges (e.g. Phillips and Mutel, 1982;

Hodges et al., 1984; Mutel et al., 1985 and Mutel and Phillips, 1987 ), and more

re
ently, O'dea, Baum, Stanghellini and others (e.g. O'dea et al., 1990; Baum et

al., 1990; Stanghellini et al., 1993; O'dea et al., 1991 and referen
es therein). Mutel

et al. postulated a link between peaked spe
tra and VLBI sour
es with two 
om-

pa
t 
omponents of similar size and morphology (so-
alled 
ompa
t doubles) and

are responsible for mu
h of the VLBI imaging of these sour
es in the north. O'dea

et al. have begun to assemble and investigate a Northern sample of GPS sour
es

at both radio (Stanghellini et al., 1990b) and opti
al (O'Dea, 1990; Stanghellini

et al., 1993) wavelengths. O'dea et al. (1991) provides the most 
omprehensive

review of the properties of GPS sour
es in the literature at present.

In the south, interest in these sour
es was rekindled in 1987 when a sear
h

for 
alibrators for the Australia Teles
ope Compa
t Array, using the Parkes{

Tidbinbilla Interferometer, revealed the existen
e at 2.3 GHz of several strong sub-

ar
se
ond s
ale double sour
es with very 
ompa
t individual 
omponents (Jaun
ey

1988, private 
ommuni
ation). These sour
es were found to possess peaked spe
-

tra and with their apparently simple basi
 stru
tures, strong 
ompa
t 
omponents,

and angular sizes between a few milli-ar
se
onds and one ar
se
ond, were ideally

suited to take advantage of the opportunity to make observations with the new

SHEVE array that was just being 
ommissioned at the time.

A parti
ularly enigmati
 feature of the GPS sour
es that was emerging was the

presen
e of highly luminous, small, bright 
omponents that were, in all respe
ts,

other than their spe
tra and (seemingly) their variability, indistinguishable from

the bright milli-ar
se
ond s
ale 
ores seen in variable 
at spe
trum sour
es. At the

time, very few peaked spe
trum obje
ts had been investigated with high angular

resolution in the Southern sky and it was apparent that a survey of su
h obje
ts

would yield mu
h useful new data. The aim of the investigation des
ribed in this

thesis is therefore to \revisit" the Southern peaked spe
trum sour
es to establish

a sizeable database from whi
h general properties of the sample 
ould be reliably

inferred, and to try and gain some insight as to the properties of the 
ompa
t


ores.

This general survey thus involved sele
ting a sample of Southern sour
es that

had, on the basis of the available 
ux density measurements, spe
tra with peaks

distributed over as wide a range of frequen
ies as possible. The reason for 
hoosing

a wide range of peak frequen
ies is simply that the peak frequen
y depends on the


onditions existing within the sour
e, so that sele
ting a large range ought to result

in the widest possible sampling of the potential parameter spa
e. The observations

envisaged involve three distin
t approa
hes. Firstly, a 
ux density monitoring

survey at a low and a high frequen
y (�1{2 GHz and �10 GHz) would be used to

test for variability in the sour
es. The 
hoi
e of widely di�ering frequen
ies enables

the variability in the 
ores to be separated from that in the extended stru
ture,
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whi
h is presumed to have the steeper spe
trum. Se
ondly, a small number of the

stronger sour
es known to have 
omplex stru
ture would be imaged with the full

SHEVE array to obtain detailed information about 
omponent sizes, orientations

and shapes, and the distribution of 
ux density with respe
t to angular s
ale. The

large e�ort required to mount full imaging experiments with SHEVE pre
ludes

the possibility of making images of more than a small fra
tion of the total sample.

Therefore, a third approa
h involves surveying as many of the sample obje
ts

as possible with a single baseline interferometer and to try and 
hara
terise the


ompa
t stru
ture by �tting models to the data.

An investigation su
h as this should allow the ful�llment of several worth-

while astrophysi
al goals. The images obtained for the individual sour
es provide

information about the spatial distribution of radio emission, leading to an under-

standing of the possible physi
al pro
esses at work in ea
h obje
t. The single

baseline data will make a very substantial 
ontribution to the total body of data

for GPS sour
es sin
e, being mostly a

essible only from the Southern Hemisphere,

very few of the sour
es will have been observed previously. If the sample is large

enough, it may be possible to draw meaningful statisti
al 
on
lusions and to de-

termine the 
orrelations and relationships that exist between various obje
ts, both

within this 
lass of radio sour
e, and also with other types of obje
ts.

1.2 Outline of the Thesis

This proje
t has involved work in observing system and software development, ob-

serving, data pro
essing and analysis. The 
hapters of this thesis des
ribe aspe
ts

of this work and present the results. A brief synopsis of the thesis is given here:

Chapter 2: The sele
tion 
riteria for the sour
e sample are outlined and the

sample is introdu
ed. DiÆ
ulties with the sour
e sele
tion pro
edure are

dis
ussed. Complete radio spe
tra 
ompiled from the literature, and also in-


luding data obtained during this investigation, are presented for all sour
es.

Chapter 3: The 
ux density monitoring survey 
ondu
ted at frequen
ies of 2.3

and 8.4 GHz is des
ribed. Pro
edures adopted to minimise instrumental

e�e
ts are explained. All the data are presented, analysed and dis
ussed.

Chapter 4: The SHEVE VLBI array is introdu
ed and its 
apabilities 
onsid-

ered. The pro
edures involved in the pro
essing and 
alibration of the VLBI

data are explained.

Chapter 5: Di�eren
e mapping pro
edures and image analysis are des
ribed as a

prelude to the presentation of images for nine sour
es in the present sample.

Images at both 2.3 and 8.4 GHz are given for all but three sour
es. All

images are examined in detail and sour
e parameters are measured from

them.

Chapter 6: Assumptions and te
hniques 
on
erned with the �tting of models

to visibility data are 
onsidered. An automated te
hnique for 
orre
ting the
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bias in in
oherently averaged visibility amplitudes is des
ribed. All data from

a single baseline interferometer survey of the sour
e sample are presented.

The parameters of the sour
e models �t to these data are given, together

with 
ontour plots of the sour
e brightness distributions so determined. A


omparison of the models with the 
orresponding images in the previous


hapter is used to establish the reliability of the sour
e parameters measured

through the model �tting analysis.

Chapter 7: Sour
e parameters and properties determined from the observations

in earlier 
hapters are 
ompiled and summarised. Data from the literature,

in
luding all known opti
al identi�
ations and redshifts, is 
ompiled for all

sour
es. This database of new results and earlier work is used to 
al
ulate

intrinsi
 sour
e parameters, in
luding brightness temperatures, sour
e sizes,


omponent extents, and magneti
 �eld estimates based on equipartition and

syn
hrotron self absorption models.

Chapter 8: The investigation presented in the thesis and its results are sum-

marised and brie
y dis
ussed. The future prospe
ts for VLBI in the South-

ern Hemisphere, and Australia in parti
ular, are 
onsidered.

Appendi
es: Two appendi
es follow the main body of the thesis. The �rst de-

s
ribes the equipment 
on�guration used in the 
ux density monitoring ob-

servations. A new implementation of a noise adding radiometer is des
ribed

and an analysis of its performan
e presented. A se
ond appendix gives all

the visibility amplitudes and 
losure phase data used in the making of the

images presented in Chapter 5. Fits of the 
lean 
omponent models from

the images to these data are shown.

Two Conventions

There are two alternative de�nitions of spe
tral index in 
ommon use, one for


ux density as a fun
tion of frequen
y, and one as a fun
tion of wavelength.

Throughout this thesis, the de�nition of spe
tral index is taken to be the former,

so that a positive index � implies a 
ux density S in
reasing with frequen
y �,

that is S / �

�

.

The radio sour
es studied in this investigation are drawn from the Parkes


atalogues of the Southern sky, and therefore are 
orre
tly identi�ed by their

Parkes 
atalogue names, in
luding the pre�x PKS and either a B or a J depending

on the epo
h of the 
oordinate system from whi
h their names have been derived.

In this thesis, for the sake of brevity, sour
es will always be referred to by their

B1950 names and the PKS pre�x will be omitted.



Chapter 2

Sour
e Sample

2.1 Introdu
tion

The numerous reasons why peaked spe
trum sour
es are of astrophysi
al interest

have already been dis
ussed. The remainder of this thesis is 
on
erned with an

investigation of the properties of a southern sample of these obje
ts. In Se
tion 2.2

the sour
e sample is introdu
ed. The pro
edures whereby this sample was sele
ted

and the diÆ
ulties inherent in the sele
tion pro
ess are explained. Radio spe
tra

for all the sour
es in the sample, 
omprising 
ux density measurements 
ompiled

from both the literature, and also new data obtained in this study, are presented

in Se
tion 2.3. A more 
omprehensive database of other sour
e properties appears

later in the thesis (Chapter 7).

2.2 Sele
tion Criteria

The 
andidate obje
ts for this investigation were 
hosen from the Parkes 
ata-

logue of southern radio sour
es, based on the Parkes 2700 MHz survey (Bolton

et al., 1979, and referen
es therein) and maintained by the CSIRO Division of

Radiophysi
s. The obje
tive of the sele
tion pro
ess was to 
hoose a group of

sour
es with peaks in their spe
tra spread over a range of frequen
ies up to ap-

proximately 2 to 3 GHz. The types of observations envisaged, namely 
ux density

monitoring with a 26 m antenna and interferometry with an adho
 VLBI array

(whi
h in
ludes several small antennas), required that appropriate de
lination and


ux density limits be set. Thus only obje
ts south of de
lination 0

Æ

and having

a 2.7 GHz 
ux density greater than 1.5 Jy were 
onsidered. Flux density mea-

surements at at least four, and preferably �ve, di�erent frequen
ies were required

before a sour
e was 
onsidered to be well enough sampled to be 
lassi�able on

the basis of the shape of its spe
trum. In addition to sour
es with simple peaked

spe
tra, obje
ts having both a spe
tral peak in the 1 to 3 GHz range and an

additional \opti
ally thin" 
omponent with a steep spe
trum at lower frequen
ies

were also deemed a

eptable.

Despite these simple 
riteria, the sele
tion of a sample of peaked spe
trum

sour
es in the Southern Hemisphere is a diÆ
ult task be
ause of the s
ar
ity of

5
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a

urate 
ux density measurements at the lowest frequen
ies. Often, and parti
-

ularly when few measurements are available, the 
lassi�
ation of a spe
trum as

peaked, or otherwise, depends 
riti
ally upon the 
ux densities at the ends of the

frequen
y range. However, in the south there has been no equivalent of the Cam-

bridge 3C or 4C surveys (whi
h only extend to Æ = �7

Æ

) at 178 MHz. The only

surveys at, or below, this frequen
y are the 80 and 160 MHz surveys made with

the Radioheliograph at Culgoora by Slee and Higgins (Slee and Higgins, 1973; Slee

and Higgins, 1975; Slee, 1977). While these surveys have limiting 
ux densities

of approximately 2 Jy, the un
ertainties asso
iated with the measurements below

10 Jy are of the order 20% and 10{15% at 80 and 160 MHz respe
tively. Fur-

thermore, the Culgoora instrument, designed to observe the sun, was unable to


over de
linations south of about �40

Æ

so the a
tual number of sour
es for whi
h

measurements exist is relatively small. The most extensive 
ompilation of low

frequen
y measurements is the 408 MHz Molonglo Referen
e Catalogue (Large

et al., 1981). Several less 
omprehensive surveys have also been made with Parkes

at 635 and 960 MHz (Wills, 1975).

The 
onsequen
e of this shortage of low frequen
y data is that 
onsiderable un-


ertainty surrounds the 
hara
teristi
s of the spe
tra of many sour
es mu
h below

a gigahertz. An obje
t may not have a low frequen
y measurement be
ause it is ei-

ther too-weak (in whi
h 
ase it is almost 
ertainly a peaked spe
trum sour
e), too

far south, or be
ause it is 
onfused with nearby obje
ts. For this reason, sour
es

with a steep high frequen
y spe
trum, and showing a 
ontinuous bending leading

to a pronoun
ed 
attening 
lose to 1 GHz or below, were also deemed a

eptable

for the purposes of this investigation. Although no data were available at lower

frequen
ies to 
on�rm the presen
e of a peak, its existen
e 
ould be inferred from

the similarity of the dominant trend in the spe
trum to that seen in sour
es with

well de�ned peaks. Inevitably this must lead to some 
ontamination of the sample

with sour
es that are not truly peaked. However this need not ne
essarily 
om-

promise the survey sin
e these obje
ts 
an always be removed from the sample, if

desired, when 
onsidering the properties of the obje
ts known to be truly peaked.

As is always the 
ase when sele
ting sour
es on the basis of their spe
tra, the

possibility exists that sour
e 
ux density variability 
an lead to erroneous 
lassi�-


ations unless measurements at di�erent frequen
ies are obtained 
losely spa
ed in

time. It is important to note also that the la
k of low frequen
y data renders the

prospe
t of sele
ting a southern peaked spe
trum sample of statisti
ally signi�
ant

size, that is in any sense 
omplete, virtually impossible. A

ordingly, the inves-

tigation presented in this thesis is not going to set �rm statisti
al limits on the


hara
teristi
s of these sour
es, but simply through the a
quisition of the �rst data

for them, will 
onstitute a survey of the properties of obje
ts of this type. Sin
e

the sample was sele
ted and observations 
ommen
ed, it has be
ome apparent, on

the basis of more 
omplete spe
tra or new data, that a small number of sour
es

that met the sele
tion 
riteria had been ex
luded, and 
onversely, some that had

no longer did. However, in view of the survey nature of these observations, it was

not 
onsidered worthwhile adjusting the sample to a

ommodate these 
hanges

sin
e to do so would leave less 
omplete data sets for new sour
es, and waste data

already 
olle
ted for those reje
ted.
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The sample of 43 sour
es eventually 
hosen is listed in Table 2.1. The sample

in
ludes two obje
ts whi
h did not meet the minimum 
ux density 
riterion but

were known to have peaked spe
tra. These two, 1354�174 and 1937�101, are

both high redshift (z > 3) quasars. The table gives the Parkes names, the radio

positions and the 
ux densities at 80 MHz (Culgoora), 408 MHz and 843 MHz

(Molonglo), 2700 and 8400 MHz (Parkes). The la
k of low frequen
y data is

evident. The 843 MHz Molonglo 
ux densities were obtained as part of this

investigation in 1993 on my behalf by D. Campbell-Wilson. The radio positions

listed in the table are the most a

urate available at present and, with only one

ex
eption, all have sub-ar
se
ond a

ura
y. Nearly half of the positions are from

our Tidbinbilla{Hobart VLBI astrometry program (Reynolds et al., 1994) and are

a

urate to better than 5 mas. Gala
ti
 
oordinates for all sour
es are also given

in the table. Complete spe
tra for all of the sample obje
ts are presented in the

next se
tion and their properties will be 
onsidered in greater detail in Chapter 7.

2.3 Radio Spe
tra

The radio sour
es sele
ted for this investigation were 
hosen largely on the basis of

four or �ve 
ux density measurements drawn from the Parkes referen
e 
atalogue.

The sour
e spe
tra shown here in Figure 2.1 in
lude data taken from a mu
h

wider range of the literature and provide a more 
omplete pi
ture of the spe
tral

properties of ea
h sour
e.

Most of the values 
ome from either the PKSCAT90 
ompilation (Wright and

Otrup
ek, 1990) or from K�uhr et al. (1981). PKSCAT90 is the most re
ent version

of the Parkes Catalogue and 
omprises observations mostly from Parkes, Culgo-

ora and Molonglo over several years at various frequen
ies. The 
ux densities in

PKSCAT90 are unreferen
ed. However, the literature referen
es 
an mostly be

found by 
he
king the referen
es given in K�uhr et al. for the 
orresponding fre-

quen
y as there is 
onsiderable overlap. K�uhr et al. adjusted the values drawn

from their literature sear
h to bring all data onto the 
ux density s
ale of Baars

et al. (1977). It appears from these spe
tra that most of the PKSCAT90 values

are two to three per
ent lower than those of K�uhr et al., however no attempt to

res
ale the data has been made here.

Additional 
ux density measurements from the literature were found by means

of a sear
h 
ondu
ted via the NASA/IPAC Extragala
ti
 Database (NED). These

data are drawn from a wide range publi
ations, and the referen
es are best ob-

tained by 
onsulting NED itself. These data, indi
ated on the spe
tra by open


ir
les, are not ne
essarily on the Baars et al. 
ux density s
ale. The 843 MHz

values are all from the Molonglo observations by Campbell-Wilson, mentioned in

the previous se
tion, and have not been published previously.

Measurements at 2.3 and 8.4 GHz from the 
ux density monitoring program

des
ribed in Chapter 3 are also plotted. For 
ompleteness, the 2.3 and 8.4 GHz


ux densities of the 
ompa
t stru
ture in these sour
es derived from the VLBI

observations in Chapters 5 and 6, are also shown on the graphs. All these data

are on a 
ux density s
ale 
onsistent with that of Baars et al..
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Sour
e Position (J2000) Pos. S

�

(Jy) (� in MHz) Gala
ti


name RA. DEC. ref. S

80

S

408

S

843

S

2700

S

8400

l

II

b

II

0008-421 00 10 52.5201 -41 53 10.788 R 6.61 6.70 2.49 0.58 329.7 -73.1

0022-423 00 24 42.9903 -42 02 03.953 R 0.83 1.88 2.84 0.93 321.3 -74.1

0023-263 00 25 49.21 -26 02 12.8 M 20.00 17.00 5.44 2.20 42.3 -84.2

0159-117 02 01 57.159 -11 32 33.0 V 9.00 5.70 3.68 2.00 0.85 173.1 -67.3

0237-233 02 40 08.1747 -23 09 15.74 R 3.67 5.16 2.20 209.8 -65.1

0403-132 04 05 34.0037 -13 08 13.6909 R 8.00 7.20 5.15 3.15 2.57 205.8 -42.7

0405-123 04 07 48.425 -12 11 36.62 V 25.00 7.70 4.25 2.35 1.19 204.9 -41.8

0454-463 04 55 50.756 -46 15 58.39 JA 12.00 4.25 2.91 2.36 1.58 252.0 -38.8

0506-612 05 06 43.9887 -61 09 40.999 R 5.03 2.68 1.89 1.38 270.6 -36.1

0624-058 06 27 10.10 -05 53 05.0 P 96.00 44.70 27.75 11.30 3.76 215.4 -8.1

0704-231 07 06 33.470 -23 11 37.57 P 12.00 7.37 5.03 2.50 0.93 235.3 -7.2

0733-174 07 35 45.80 -17 35 48.4 U 3.90 2.52 2.64 1.42 233.6 1.4

0741-063 07 44 21.655 -06 29 35.95 V 3.00 12.20 11.48 4.70 1.43 224.9 8.7

0743-673 07 43 31.6129 -67 26 25.54 R 8.61 5.30 2.74 1.40 279.5 -20.1

0823-500 08 25 26.8695 -50 10 38.491 R 1.88 3.73 5.03 1.50 266.6 -7.1

0834-196 08 37 11.22 -19 51 56.4 U 4.00 10.80 7.10 2.70 0.71 243.3 12.6

0859-140 09 02 16.8312 -14 15 30.8766 R 3.93 3.47 2.90 1.65 242.3 20.7

1015-314 10 18 09.27 -31 44 14.2 U 16.00 9.67 5.72 2.22 0.85 268.6 20.7

1127-145 11 30 07.0524 -14 49 27.386 R 3.00 5.07 5.28 6.73 3.18 275.3 43.6

1148-001 11 50 43.8711 00 23 54.205 R 4.00 3.43 2.58 1.02 272.5 58.8

1151-348 11 54 21.57 -39 05 28.89 MO 7.00 10.90 7.65 4.18 1.92 291.0 22.5

1215-457 12 18 06.23 -46 00 28.6 MO 14.00 9.59 6.60 3.30 1.27 296.9 16.5

1221-423 12 23 43.64 -42 35 27 U 7.00 5.08 3.25 1.62 0.63 297.5 20.0

1245-197 12 18 06.2531 -46 00 29.014 R 4.00 8.61 6.70 4.09 1.36 296.9 16.5

1302-492 13 05 28.3 -49 28 04 PK 14.00 8.30 5.00 1.69 305.3 13.3

1306-095 13 08 39.16 -09 50 32.6 M 15.00 8.30 5.44 3.01 1.11 310.0 52.8

1320-446 13 23 04.25 -44 52 33.0 U 6.91 4.60 1.79 0.52 308.8 17.6

1323-611 13 22 58.20 -61 07 05.78 L 6.20 2.11 306.7 1.5

1354-174 13 57 06.080 -17 44 01.93 V 0.91 1.23 1.28 0.67 324.3 42.4

1514-241 15 17 41.8137 -24 22 19.4733 R 1.78 1.52 2.00 1.76 340.7 27.6

1549-790 15 56 58.8706 -79 14 04.276 R 7.95 6.84 4.02 2.60 311.2 19.5

1733-565 17 37 35.7710 -56 34 03.152 R 13.00 11.00 4.40 1.45 335.4 -13.0

1740-517 17 44 25.457 -51 44 43.70 R 5.38 7.50 4.60 2.37 340.2 -11.5

1827-360 18 30 58.90 -36 02 30.3 MO 13.00 25.80 13.79 2.90 0.59 358.3 -11.8

1830-211 18 33 39.91 -21 03 40.1 R 11.50 12.44 9.30 6.59 12.2 -5.7

1934-638 19 39 25.006 -63 42 45.68 JB 6.24 13.50 11.10 3.00 332.7 -29.4

1937-101 19 39 57.2568 -10 02 41.517 R 0.99 0.90 0.79 0.54 29.3 -15.3

2052-474 20 56 16.3601 -47 14 47.627 R 13.00 4.15 2.20 3.00 1.68 352.6 -40.4

2126-158 21 29 12.1762 -15 38 41.037 R 0.43 1.17 1.08 35.9 -41.9

2135-209 21 37 50.01 -20 42 31.64 M 7.00 9.76 5.45 2.49 0.76 30.3 -45.6

2149-287 21 52 03.733 -28 28 28.11 V 11.00 5.68 4.10 2.00 0.75 20.2 -50.5

2204-540 22 07 43.7336 -53 46 33.813 R 2.55 1.94 2.70 1.09 339.9 -49.9

2311-452 23 14 09.3838 -44 55 49.240 R 3.55 3.19 1.81 0.93 344.0 -63.7

Table 2.1: The 43 sample sour
es. The radio positions are the most a

urate available. Key to

position referen
es is: R { Reynolds et al. (1994), V { VLA 
alibrator list, see White (1992), W

{ Wall and Pea
o
k (1985), L { ATCA position, Lovell, priv. 
omm. (1993), JA { Jaun
ey et

al. (1989a), JB { Jaun
ey et al. (1989b), P { Perley (1982), PK { Parkes, M { Morganti et al.

(1993), MO { MOST 
alibrator list, see White (1992), RS { Rao and Subramanyan (1988) U {

Ulvestad et al. (1981)
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Preston et al. (1985) 
ondu
ted a high resolution (typi
ally 2{3 mas resolu-

tion) VLBI survey at 2.3 GHz whi
h in
luded observations of many obje
ts in

this sample. These data are are shown on the spe
tra with a star, or where the


orrelated 
ux density is either less than 0.1 Jy, or an upper limit was spe
i�ed,

with a star and arrow. The in
lusion of these VLBI data permits a simple visual

estimation of the lower limit of the 
ontribution made by very 
ompa
t stru
ture

to the total 
ux density.
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Figure 2.1: Complete radio spe
tra for the 43 sour
es in the survey sample.

Sour
e radio spe
tra 
ontinued. . .
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Sour
e radio spe
tra 
ontinued. . .
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Sour
e radio spe
tra 
ontinued. . .
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Sour
e radio spe
tra 
ontinued. . .
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Sour
e radio spe
tra 
ontinued. . .
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Chapter 3

Flux Density Monitoring

3.1 Introdu
tion

Continuum 
ux density varibility at 
entimetre and de
imetre wavelengths was

dete
ted in extragala
ti
 obje
ts soon after they were �rst dis
overed (Dent, 1965;

Kellermann and Pauliny-Toth, 1967). Fra
tional 
ux density 
hanges from only a

few per
ent up to more than 100 per
ent o

ur over a broad range of times
ales

and frequen
ies. Whilst it is possible to �nd members of almost every spe
tral


lass that exhibit variability (Seielstad et al., 1983; Kesteven et al., 1977), the most

a
tive obje
ts are those whose emission is dominated by milli-ar
se
ond s
ale 
at

or 
omplex spe
trum `
ore' 
omponents, and the least a
tive generally have steep

spe
tra, often asso
iated with extended emission. The variability times
ale is a

very useful probe of the emission physi
s of extragala
ti
 radio sour
es sin
e it

pla
es, via light travel time arguments, stringent 
onstraints upon the physi
al

extent of the regions from whi
h the variability derives. This size 
an be used to

derive an apparent brightness temperature without the need for imaging. For 
at

spe
trum obje
ts it is not un
ommon for this quantity to be in ex
ess of the 10

12

K

limit predi
ted by syn
hrotron radiation models (Kellermann and Pauliny-Toth,

1969; Jones and Burbidge, 1973; Kellermann and Owen, 1988; Fanti et al., 1983).

Furthermore, it is often the 
ase that variability times
ales are 
hara
teristi
 of

the times
ales upon whi
h the angular stru
ture of the 
ores 
hange; that is, 
ux

density variability is usually an indi
ator of spatially a
tive sour
es.

Most Northern Hemisphere variability data for GPS sour
es 
omes from small

samples of these obje
ts that have been in
luded in larger 
ux density monitoring

surveys. In their survey at 5 GHz Rudni
k and Jones (1982) found the least

variability was exhibited by the peaked and steep spe
trum obje
ts. Fanti et

al. (1983) and Seielstad et al. (1983) reported similar results for steep spe
trum

sour
es in parti
ular, at 408 MHz and 10.8 GHz respe
tively. While some of these

surveys have prompted VLBI studies of the variable CSS sour
es (Mantovani and

Padrielli, 1990), and more re
ently, a 
onsideration of the low frequen
y variability

observed in the steep spe
trum sour
es (Mantovani et al., 1990), there is little

eviden
e in the literature of any systemati
 attempt to monitor the 
ux densities of

either CSS and GPS radio sour
es, parti
ularly at 
entimetre wavelengths (Fanti,

1990).

16
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It has been widely argued that the turnover in the spe
tra of GPS obje
ts is

due to syn
hrotron self absorption in 
ompa
t 
omponents whi
h be
ome opti
ally

thi
k at low frequen
ies (e.g. Kellermann, 1966, Jones et al., 1974 and Hodges et

al., 1984). Models of the pro
esses underlying the 
ux density variability ob-

served in extragala
ti
 obje
ts typi
ally assume expanding 
louds of relativisti


parti
les possessing simple peaked spe
tra, similar to those seen in GPS sour
es.

Invoking the self absorption me
hanism, authors of these models predi
t an evo-

lutionary de
rease of both the 
ux density and peaks in the spe
tra of su
h 
louds

(Shklovsky, 1965; van der Laan, 1966). Flux density monitoring of GPS obje
ts

should therefore permit a dire
t test of the appli
ability of su
h models.

The presen
e of high brightness temperature milli-ar
se
ond 
omponents in

GPS sour
es is well established and it is 
learly important to determine whether

these 
omponents are similar to the a
tive 
ores seen in 
at spe
trum sour
es,

being highly lo
alised sites of transient energy release, or whether their small size

is a 
onsequen
e of youth, old age, or some other me
hanism su
h as 
on�nement

by the surrounding medium of a stable but luminous energy sour
e. Given the ex-

tensive 
ux density variability observed in 
at spe
trum sour
es, a quanti�
ation

of the variability of GPS sour
es may well 
onstitute a measure of the importan
e

of the 
ontribution, or even presen
e, of 
ore 
omponents of this type. At present,

the s
ar
ity of variability data for GPS sour
es renders this question, if not unan-

swerable, then only 
onditionally so on the basis of the small number of obje
ts

observed in other surveys.

It is quite 
lear that there is mu
h to be gained by systemati
ally monitoring

a sample of peaked spe
trum sour
es, as a 
lass, for eviden
e of variability. For

many sour
es reliable 
ux density data 
an easily be obtained with a modest

single dish antenna. This 
hapter des
ribes a program of monitoring the present

southern peaked spe
trum sour
e sample using the 26 m antenna operated by the

Physi
s Department at the University of Tasmania. The observations were made

at 2.3 GHz and 8.4 GHz between O
tober 1990 and Mar
h 1993 at intervals

ranging from a few days to several weeks. The �rst ten months of the data

were analysed in 1991 by a student parti
ipating in an Honours program within

the Physi
s Department and whilst referen
e is made in the text to aspe
ts of

this earlier work (Lovell, 1991), all the data, presented here in its entirety, has

been independently pro
essed and analysed by the author using his own 
omputer

software. The present author was also entirely responsible for the development of

the data a
quisition system and asso
iated software whi
h are des
ribed in greater

detail in Appendix A.

3.2 Data A
quisition And Analysis

3.2.1 Contributions To A Flux Density Measurement

When an antenna is pointed at a radio sour
e, the output power from the re
eiver


ontains a 
ontribution due to the radiation re
eived from the sour
e. Unfortu-

nately that 
ontribution is superimposed over signals from a variety of origins and


annot be measured dire
tly. Furthermore, it is modi�ed and s
aled by fa
tors
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arising from the media between the radio sour
e and the antenna, and also prop-

erties of the antenna and re
eiver system itself. The 
auses of these 
ontributions

and fa
tors that in
uen
e the output power measurement are summarised here:

� The sky surrounding the radio sour
e, and 
onfusing obje
ts within the

antenna beam, will 
ontribute additional signal.

� The intensity of the radiation arriving at the antenna 
an be a�e
ted by s
in-

tillation in the interstellar and interplanetary medium giving rise to apparent


ux density 
hanges. This e�e
t is most important at lower frequen
ies, and,

in the 
ase of interplanetary s
intillation, at low solar elongations.

� A proportion of the radio signal 
an be absorbed by atmospheri
 water

vapour leading to a redu
ed apparent 
ux density measurement. Thus 
loud


over 
an 
ause ina

urate 
ux density measurements, parti
ularly at higher

frequen
ies.

� Radiation from the atmosphere and the ground will enter the re
eiver system

via both the main beam and sidelobes, adding noise power. This e�e
t is

parti
ularly severe at low elevations.

� Both terrestrial radio sour
es and the Sun are potential sour
es of strong

interferen
e and any observations a�e
ted by these need to be edited or

reje
ted.

� If the antenna is in
orre
tly pointed so that the radio sour
e lies in the 
entre

of the beam, then the apparent 
ux density will be redu
ed.

� If the antenna surfa
e distorts then the eÆ
ien
y with whi
h it gathers the

radiation from the radio sour
e will be a�e
ted leading to variations in the

measured power.

� Components within the re
eiver 
ontribute noise power of their own to the

system whi
h is independent of the sour
e 
ux density.

� The ampli�ers in the re
eiver are subje
t to gain 
u
tuations whi
h a�e
t

the measurement of signal level.

� All measurements are made by means of 
omparison with a referen
e signal.

This referen
e signal must be 
orre
tly 
alibrated and suÆ
iently stable that

it does not vary signi�
antly between 
alibrations.

The following se
tions des
ribe the approa
hes and methods adopted to over-


ome or minimise these e�e
ts, either during observations, or in subsequent anal-

ysis.
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3.2.2 Observing Te
hniques

The 26 Metre Antenna

The antenna used in these observations is a 26 metre diameter paraboloid lo
ated

at the Mt. Pleasant Observatory in southern Tasmania. It was originally 
on-

stru
ted as a tra
king antenna by NASA at Orroral Valley near Canberra and

was relo
ated to Mt. Pleasant in 1984. Unlike most antennas used in astronomy,

it has an XY-mount with the X-axis running east-west below the Y-axis whi
h

is aligned in the north-south dire
tion. This has the advantage that it 
an tra
k

sour
es either side of the zenith without having the `wrap' problems asso
iated

with azimuth-elevation (az-el) mounted antennas. It is fully steerable in both axes

and is operated under 
omputer 
ontrol. The re
eivers are lo
ated at the prime

fo
us.

Re
eiver System

The observing frequen
ies of 2.3 GHz and 8.4 GHz were 
hosen primarily be
ause

of the availability at Mt. Pleasant of a dual-frequen
y re
eiver operating at these

frequen
ies. Be
ause these frequen
ies are essentially the same as those used for

the majority of the VLBI observations, these data are dire
tly 
omparable with

the imaging data. 2.3 GHz is high enough that s
intillation is minimal and low

enough to be una�e
ted by absorption by atmospheri
 water vapour. However the

latter e�e
t is important at 8.4 GHz, ne
essitating 
areful inspe
tion and editing of

data obtained during periods of heavy 
loud or wet weather. At both frequen
ies

a single feed horn sensitive to right-
ir
ular polarization is used. Cryogeni
ally


ooled ampli�ers are used to minimise and stabilise the 
ontribution of re
eiver-

intrinsi
 noise. Typi
al e�e
tive system temperatures in situ are 750 Jy and 650 Jy

at 2.3 GHz and 8.4 GHz respe
tively. The 
orresponding pre-dete
tion bandwidths

are 55 MHz and 120 MHz for the two systems.

Temperature stabilised referen
e noise diode signals of approximately 100 Jy

are inje
ted into the re
eiver inputs at ea
h frequen
y to provide 
alibration of

the re
eiver and IF system. Software has been developed to rapidly swit
h this

`CAL' and digitally sample the dete
ted signals throughout ea
h observation. In

this manner a software noise-adding radiometer (NAR) is implemented allowing


ontinuous 
alibration of the system temperature and removal of re
eiver gain

variations. The CAL noise sour
es are en
losed within the re
eiver pa
kage and

extensive work by Lovell (1991) has demonstrated that they remain stable to

better than 1.5 per
ent over periods of �24 hours when measured against standard


elestial 
ux density 
alibration sour
es. The re
eiver system 
on�guration and

the NAR are des
ribed in greater detail in Appendix A.

S
anning

The signal due to the radio sour
e is superimposed upon a ba
kground 
omprised

of 
ontributions from noise intrinsi
 to the re
eiver, lo
al interferen
e, and from

other obje
ts in the sky that fall within the antenna beam. The antenna is s
anned
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a
ross the assumed sour
e position, allowing trends in the ba
kground 
ontribu-

tions to be modelled and removed. By making orthogonal s
ans, and �tting for

the sour
e position in ea
h, the e�e
ts of antenna pointing errors 
an be quanti�ed

and allowan
e made in the 
al
ulation of the sour
e 
ux density (see Se
tion 3.2.3).

Ea
h of the observations in this program is 
omprised of four s
ans, two at


onstant right as
ension and two at 
onstant de
lination, interse
ting and 
entred

at the assumed position of the obje
t. The s
an length is 2

Æ

, approximately six

times the full-width at half maximum (FWHM) of the antenna beam at 2.3 GHz.

This ensures that suÆ
ient data, una�e
ted by the sour
e, is available to enable

the baseline e�e
ts to be adequately modelled and subtra
ted. All observations

are made under the 
ontrol of a 
omputer whi
h s
hedules the observations, moves

the antenna, samples the dete
ted signals, and stores the digital data on disk for

subsequent analysis. This enabled the overwhelming majority of the data to be

obtained in absentia, human intervention being required only to set up and start

the observations and to retrieve the data afterwards. Limitations of the 
omputer

system make it impra
ti
al to perform any analysis of the data on-line, so it is not

possible to dete
t and repeat, in real time, s
ans whi
h have been 
orrupted by

transient interferen
e. However, the method for 
orre
ting pointing errors requires

that satisfa
tory s
ans in both dire
tions be obtained and the pra
ti
e of s
anning

twi
e in ea
h dire
tion provides some measure of prote
tion against interferen
e


ausing the reje
tion of all the data in one of the s
an dire
tions. In the absen
e

of interferen
e, the sensitivity of ea
h observation is in
reased by 
ombining the

data from ea
h of the s
an pairs.

Antenna Gain And S
heduling

Changes in antenna orientation 
ause gravitational deformations whi
h are mani-

fested as variations in antenna gain. With a 
onventional az-el mounted antenna,


ommon in radio-astronomy, these gain variations are generally independent of az-

imuth and 
an usually be 
hara
terised simply by measuring the gain as a fun
tion

of elevation. However for an XY mounted antenna, the gain is a fun
tion of both


oordinates, a surfa
e in X and Y. Therefore to des
ribe this fun
tion a

urately

a family of strong sour
es of known 
ux density `uniformly' spa
ed over the range

of de
linations of interest is required. Even if su
h a family of sour
es existed,

the observations required to perform this task e�e
tively would be substantial.

However be
ause the obje
tive of the monitoring program is to determine not the

absolute 
ux density of the obje
ts observed, but the variations thereof, we are

not 
on
erned with the exa
t 
ux density s
ale used. That is, it is important that

all the observations for a given sour
e be on a self-
onsistent s
ale but it is not

ne
essary that the same s
ale be used for all sour
es. This fa
t allows us to ignore

the e�e
t of gain variations by simply ensuring that all observations of any given

obje
t are made at 
lose to the same X and Y ea
h time.

Lovell (1991) has determined several gain 
urves (as a fun
tion of hour angle)

for the 26 metre antenna using sour
es over a range of de
linations at both fre-

quen
ies. They demonstrate that the gain is typi
ally `
at' to better than one

per
ent within a range of about �1.5 hours either side of the meridian, beyond
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whi
h the gain de
reases. Be
ause our sour
e sample is distributed over the full

range of right as
ension it is straightforward to s
hedule the antenna so that ea
h

obje
t is observed when 
lose to transit. A 
omplete sequen
e of observations

thus requires approximately 24 hours to 
omplete. Sin
e the observing program


ommen
ed, the order of the observations has not signi�
antly 
hanged and 
are

is taken to ensure that the s
hedule is always syn
hronised at 
lose to the same

phase with respe
t to the lo
al sidereal time.

It is possible that distortion of the antenna stru
ture by ex
essive wind load-

ing 
ould also 
ause transient gain 
u
tuations. Although strong winds are not

un
ommon at the observatory this is unlikely to be a problem sin
e the antenna

is unusually robust, a lega
y of its satellite tra
king pedigree, and is not operated

at wind speeds in ex
ess of 65 kmh

�1

.

Referen
e Calibration

Calibration of the referen
e signal is essential if sour
e 
ux densities are to be

determined a

urately. In the same way that the program sour
e 
ux densities are

measured by 
omparison with the CAL, the CAL 
an be measured by 
omparison

with sour
es of known 
ux density. Several observations of intrinsi
ally stable

strong sour
es are in
orporated into the standard s
hedule for this purpose.

3.2.3 Analysis Methods

Preliminary Data Redu
tion

As des
ribed in Appendix A, the data a
quired at the observatory are in the

form of a sequen
e of samples of the dete
tor outputs for su

essive CAL-o� and

CAL-on states, together with information relating sample number to the antenna

position on the sky. The �rst stage of the o�-line analysis of ea
h s
an involves

the automati
 removal of any data 
orrupted by transient interferen
e (less than

0.5 se
onds in duration), and the 
al
ulation of the system gain by di�eren
ing

su

essive points to enable the appli
ation of the NAR. In order to redu
e its

volume, this data is averaged into bins of approximately 1 se
ond duration, with

the bins separated by 0.5 ar
minutes on the sky (any variation in the bin-to-

bin integration time resulting from slight non-uniformities in the antenna s
an

rate). The produ
t of this initial pro
essing for ea
h s
an then is a sequen
e

of system temperatures, expressed in units of the CAL signal, 
orresponding to

uniform in
rements in angular position.

Fitting And Editing

The extra
tion of the sour
e 
ux density 
ontribution from the ba
kground e�e
ts

in a s
an is a
hieved by modelling the s
an with a fun
tion whi
h expresses the

two 
ontributions in a separable form. Representing the ba
kground part of the

s
an with either a linear or quadrati
 polynomial and the sour
e 
onvolved with

the antenna beam as a Gaussian fun
tion

f(x) = Ae

�

(x�B)

2

2C

2

+D + Ex + Fx

2

(3.1)
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proves very su

essful. A non-linear least squares method is used to derive the

parameters A{F, or A{E if only a linear baseline �t (F=0) is required. Wherever

possible a linear baseline �t is preferred to a quadrati
.

A �rst attempt to �t all the data is made automati
ally by the analysis soft-

ware. Ea
h s
an and �t is then inspe
ted and any s
ans a�e
ted by interferen
e or

bad weather are ex
luded from subsequent pro
essing. A substantial proportion

(�25�30%) of the 8.4 GHz data is reje
ted be
ause of the e�e
ts of in
lement

weather at this stage. The �ts to the data 
an frequently be improved by ex
lud-

ing parts of the baseline most distant from the sour
e, and in some 
ases it is

possible to re
over a good �t from interferen
e-a�e
ted s
ans by prudent editing.

Typi
al �ts are illustrated in Figure 3.1.

Considerable diÆ
ulty is experien
ed with the �tting of the strong 
alibration

sour
es at 2.3 GHz (e.g. 0915�118 in Figure 3.1) be
ause the signal strength is

suÆ
ient to expose the presen
e of the antenna sidelobes. Attempts to model the

sidelobe 
ontribution to the s
an are unsu

essful, largely be
ause of the diÆ
ulty

of separating the sidelobes from the baseline; there is an interplay between the two

leading to unrealisti
 ba
kground estimates in the vi
inity of the sour
e. Length-

ening of the s
ans to provide more data to �t the polynomial 
omponent of the

baseline also fails to provide a satisfa
tory solution sin
e the data so far from the

sour
e do not lead to reasonable representation of the baseline in the vi
inity of

the sour
e. The approa
h eventually adopted involves judi
ious editing and �tting

of every s
an so that the majority of the main beam is well �t and the baseline

passes through the �rst nulls of the beam pattern.

To minimise the e�e
ts of antenna gain variations and to keep a �xed sidelobe

pattern on the sky for ea
h sour
e, it is important that the observations of any

given sour
e are not widely separated in hour angle. It is 
onvenient at this stage

of the analysis to reje
t data points that lie far from the mean X and Y of all

the observations for ea
h sour
e. The typi
al distribution of observations as a

fun
tion of X and Y is illustrated for two sour
es in Figure 3.2. For ea
h of the

survey sour
es, observations are dis
arded if they lie outside a 
ir
le of diameter 25

Æ

in the XY plane, though for most obje
ts the points are more tightly distributed.

The 
entres of these 
ir
les almost always fall within a few degrees of the meridian

where the antenna gain 
hanges least rapidly.

Pointing Corre
tions

If the antenna is not pointed dire
tly at the sour
e then a redu
ed 
ux density

will be measured. However for an unresolved sour
e, if the shape of the beam and

the true lo
ation of the sour
e with respe
t to the tra
k of the s
an is known, then

a 
orre
tion 
an be made for the pointing errors. The following analysis, based

on the assumption of a 
ir
ular Gaussian beam and two perpendi
ular s
ans,

demonstrates this.

Consider a re
tangular 
oordinate system 
oin
ident with the two s
ans in

whi
h the radio sour
e is o�set from the origin and lies at position (x

0

; y

0

) (Fig-

ure 3.3). The two s
ans are one-dimensional sli
es through the surfa
e formed

by the 
onvolution of the beamshape with the sour
e (we ignore the ba
kground,
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0624-058

0915-118

1228+126

1323-611

1830-2112126-158

Figure 3.1: Examples of six s
ans and the �ts of Equation 3.1. The dashed line represents the

polynomial 
omponent (either linear or quadrati
) of the �tted fun
tion. The three s
ans on the

left were obtained at 2.3 GHz, the remainder at 8.4 GHz. None of the s
ans are shown to the

same verti
al s
ale. The 
urves diverge markedly from the data at the s
an extremities where

the data were ex
luded from the �tting pro
edure.
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Figure 3.2: Distribution of observations of 0022�423 and 1733�565 as a fun
tion of antenna

X and Y illustrating typi
al s
atter due to s
heduling variations. The number of observations of

ea
h obje
t is 63 for 0022�423 and 58 for 1733�565.

y0

X

Y

x0

Assumed Position

True Position
Ay

Ax

Figure 3.3: The 
oordinate system used for the dis
ussion of the pointing 
orre
tions. The

s
ans lie along the axes X and Y, and the 
on
entri
 
ir
les represent 
ontours of the surfa
e


reated by the 
onvolution of the sour
e with the antenna beam.
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assuming it has been su

essfully removed by the �tting pro
edure). This surfa
e

is des
ribed in terms of the pointing o�sets (x

0

; y

0

), the true sour
e 
ux density

A, and the beamwidth parameter C, by the following fun
tion:

f(x; y) = Ae

�

((x�x

0

)

2

+(y�y

0

)

2

)

2C

2

(3.2)

The beamwidth parameter C, and the quantities x

0

and y

0

, together with the

(redu
ed) apparent 
ux densities A

x

and A

y

, are determined as part of the s
an

�tting pro
ess previously des
ribed. Substituting these values into Equation 3.2

yields two expressions

A

x

= Ae

�

y

2

0

2C

2

and A

y

= Ae

�

x

2

0

2C

2

whi
h are trivially solved to yield two estimates of the true 
ux density viz.

A = A

x

e

y

2

0

2C

2

and A = A

y

e

x

2

0

2C

2

(3.3)

Note that while either expression 
an provide an independent estimate of the

true 
ux density, it is essential that there is a s
an in ea
h dire
tion to allow

determination of the pointing errors, x

0

and y

0

.

Examination of the beamwidth parameters obtained from �tting Equation 3.1

reveal no systemati
 di�eren
es between R.A. and De
. s
ans for either observing

frequen
y, justifying the assumption of a 
ir
ular beam. If some sour
es were

partially resolved by the antenna then we would expe
t the �tted beamwidths for

those sour
es to be larger than for unresolved obje
ts (re
all that the beamwidth

parameter a
tually 
hara
terises the width of the beam 
onvolved with the sour
e

brightness distribution). However a plot of the average beamwidths for ea
h sour
e

reveals no signi�
ant deviations from the mean, ex
ept possibly for two referen
e

sour
es 0915�118 and 1228+126, allowing us to 
on
lude that the survey obje
ts

are all unresolved, or at least nearly equally resolved (though still quite adequately

modelled by a 
ir
ular Gaussian). There is no eviden
e of any evolution of the

beam shapes over the duration of the entire observing program. This permits

the use of a mean value for the beamwidth when applying Equations 3.3, thereby

redu
ing the 
ontribution to the un
ertainty in the �nal 
ux density estimate.

Treatment Of Errors

The un
ertainty �

A

in the 
ux density derived from the �rst of Equations 3.3 and

expressed in terms of the input parameters and their 
orresponding un
ertainties

(A

x

; �

A

x

), (y

0

; �

y

0

) and (C; �

C

) is

�

A

= A

x

e

y

0

2

2C

2

2
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�
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x
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x

�

2

+

�

y

0

�

y

0

C

2

�

2

+

 

y
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�
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!

2
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(3.4)

A good estimate of the error in A

x

is the root mean square (RMS) deviation

of the �t to the data. In fa
t the 
orre
t value to use is

p

2 times the RMS sin
e

A

x

is derived from the di�eren
e of the �ts to the baseline and the Gaussian, the
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subtra
tion being impli
it in the �tting pro
ess. This error estimate is doubled

for the primary 
alibrator obje
ts at 2.3 GHz in order to provide a measure of

prote
tion against errors asso
iated with the �tting of the antenna sidelobes.

For almost all the observations at 2.3 GHz, and the majority at 8.4 GHz, we

have two s
ans in ea
h of the two 
oordinate dire
tions. The di�eren
e between

the two sour
e positions obtained from ea
h pair of s
ans is an indi
ator of the

un
ertainties, �

x

0

and �

y

0

, in the pointing errors. This quantity varies markedly

depending on the strength of the sour
e (that is, the signal to noise ratio) and

the antenna beamwidth. For all the observations of ea
h sour
e at ea
h of the

two observing frequen
ies, this quantity is 
al
ulated and the mean used as the

estimate of the pointing un
ertainty for that sour
e and frequen
y. Typi
al values

are approximately 1 and 0.5 ar
minutes at 2.3 GHz and 8.4 GHz respe
tively.

As des
ribed above, the beamwidth parameters are derived by taking the mean

�tted beamwidths of many observations of several sour
es. The RMS s
atter of

the data points about these means is taken as the standard error in the beamwidth

estimates. Only the �ve strongest sour
es have been used to 
al
ulate these values

whi
h are listed in Table 3.1.

Frequen
y C �

C

FWHM

2.3 GHz 8.48 0.25 20.0

8.4 GHz 2.22 0.15 5.22

Table 3.1: Average values and standard errors in ar
minutes for the beamwidth parameters

(C; �

C

) used in Equation 3.4. The 
orresponding half power beamwidths (FWHM) are also

shown.

Cal
ulation Of Sour
e Flux Densities

Flux density and error estimates, 
al
ulated using Equations 3.3 and 3.4, from up

to four s
ans are 
ombined by taking a weighted mean to yield a single estimate

of the sour
e 
ux density and a 
orresponding formal error expressed in units of

the referen
e 
alibration signal. For ea
h set of these measurements of a program

sour
e, a value for the 
alibration signal is obtained by 
al
ulating the weighted

mean of all observations of the 
alibration sour
es that lie within some spe
i�ed

time interval of the program sour
e observation. If no 
alibrator observation exists

within that time interval then the program sour
e observation is ex
luded from

further analysis.

3.3 Radio Light Curves and Results

Approximately 25000 individual s
ans have been obtained in about 65 observing

sessions over a period of 27 months until Mar
h 1993. These data were subje
ted to

the analysis pro
edures des
ribed in the previous se
tions. Not all of the observing

sessions ran to 
ompletion, due to reasons su
h as ex
essive wind, equipment
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failure, or other observing 
ommitments for the 26 metre antenna, so there is

some variation in the number of data points for ea
h obje
t. Data obviously


orrupted by interferen
e or, at 8.4 GHz parti
ularly, bad weather, have also been

removed.

3.3.1 Absolute Flux Density Calibration

The sour
es 
hosen as 
ux density 
alibrators are 0915�118 and 1228+126. The


ux densities of these obje
ts at ea
h of the observing frequen
ies used in this

investigation are obtained from an interpolation of the values published in Klein et

al. (1987) and are presented in Table 3.2. These 
ux densities were 
orre
ted

in a similar manner to that followed by Klein and Stelzreid (1976) to take into

a

ount the slight resolution of the obje
ts by the 26 m antenna beam. A further


orre
tion is required to a

ount for the di�eren
e in antenna gain between the

two XY positions at whi
h ea
h was observed. This is done by 
al
ulating a

nominal equivalent 
ux density for the 
alibration signal from ea
h 
alibration

sour
e observation independently. A s
aling fa
tor � is then determined so that

the quantity

n

X

i=1

(�U

i

� V

i

)

2

is minimised, the U

i

and V

i

being the two values of the 
alibration signal derived

from the two sour
es in the i

0

th observing session. The U

i

are all s
aled by � to

bring both sets of observations onto the same 
ux density s
ale.

It is diÆ
ult to adjust the measurements of the program sour
es onto a 
ommon


ux density s
ale be
ause of the problems involved with a

urately determining

the antenna gain as a fun
tion of sour
e de
lination (Se
tion 3.2.2). Therefore,

although the axes of the light 
urves in the next se
tion are labelled as Jansky,

the absolute s
ale is only a

urate to within a few per
ent. The magnitude of the

e�e
t 
an be gauged from the res
aling 
omputed for the two 
alibration sour
es

whi
h were typi
ally observed at elevations of 35

Æ

and 60

Æ

. The s
ale fa
tors � at

ea
h frequen
y were both 
lose to two per
ent so it appears that the gain is not a

strong fun
tion of the antenna X position, provided Y is 
lose to zero (sour
e 
lose

to meridian transit). In general, obje
ts with similar de
linations are on the same

s
ale sin
e they have been observed at 
lose to the same XY position.

Frequen
y 0915�118 1228+126

2.3 GHz 27.7 140.0

8.4 GHz 8.3 46.0

Table 3.2: Assumed 
ux densities (in Jy) of the two 
alibration obje
ts. These values were

derived from Klein et al. (1987).
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Figure 3.4: The radio light 
urves at 2.3 GHz and 8.4 GHz for the sour
es in the 
ux density

monitoring survey. Wherever the 
ux densities for a given sour
e are similar at the two observing

frequen
ies, the data for ea
h frequen
y are plotted separately. If two or more data points are

available for a sour
e on a given day, then only the weighted mean value for that day is plotted.

(a) (b)

(
) (d)

(e) (f)

(g) (h)



CHAPTER 3. FLUX DENSITY MONITORING 29

(i) (j)

(k) (l)

(m) (n)

(o) (p)
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(q) (r)

(s) (t)

(u) (v)

(w) (x)
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(y) (z)

(aa) (ab)

(a
) (ad)

(ae) (af)
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(ag) (ah)

(ai) (aj)

(ak) (al)

(am) (an)

3.4 Classi�
ation Of Variability

An analyti
 test of the 
ux density variability of ea
h of the sour
es was performed

following the method of Kesteven et al. (1976). Given n 
ux densities S

i

, ea
h
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having standard error �

i

, we 
an 
ompute the quantity

x

2

=

n

X

i=1

(S

i

� S )

2

�

2

i

(3.5)

where S is the weighted mean 
ux density. If the dispersion in the S

i

is due

solely to the underlying distribution of measurement errors, then x

2

should be

distributed as �

2

with n � 1 degrees of freedom. The probability p(x

2

) that x

2

should equal, or ex
eed the value 
omputed, is readily 
al
ulable from tabulations

of the �

2

distribution. The probability that x

2

should equal a given value, is the

probability that the sour
e is intrinsi
ally non-variable. Adopting the same 
rite-

ria as Kesteven et al., we 
lassify a sour
e as variable if p < 0:1% and `possibly

variable' for 0:1% � p � 1%. The results of this test for the sour
es at both ob-

serving frequen
ies are presented in Table 3.3. It should be noted that stri
tly the

�

2

test applies only if all the data points have errors drawn from the same parent

distribution. It is 
lear from the light 
urves in the pre
eeding se
tion that there is

some variation in the size of the errors for individual points. However analysis of

the measurement errors shows that the o

urren
e of errors lying more than two

standard deviations from the mean error is low and that the error distributions

are neither bimodal nor broad and 
at, indi
ating that the �

2

test is appli
able

for this data.

The x

2

value is not an ordered statisti
 so it is not able to dete
t slow trends

in the 
ux density measurements. A good example of this is 1127-145 for whi
h

the test is in
on
lusive with a probability of 0.002 (Table 3.3). However a visual

inspe
tion of the data reveals the obvious systemati
 de
rease in the 8.4 GHz 
ux

density immediately. With a longer data span, and assuming the trend 
ontinues,

the �

2

test would no doubt re
lassify the sour
e unambiguously. Nevertheless, it

is 
learly important that the �

2

test not be relied upon as the sole dete
tor of

variability, a visual test is also justi�ed.

3.5 Sensitivity Limits

The un
ertainties in a 
ux density measurement 
an be attributed primarily to

three sour
es; system sensitivity, pointing errors, and un
ertainty in the antenna

beamwidth, 
orresponding to the three terms in the summation in Equation 3.4.

The expe
ted sensitivity of a NAR system 
an be 
al
ulated using an appropri-

ate form of the radiometer equation and for these observations is approximately

0.20 Jy and 0.12 Jy at 2.3 GHz and 8.4 GHz respe
tively (Appendix A). For

a typi
al program sour
e, with 
ux densities at ea
h frequen
y of 6 and 2 Jy

and mean pointing errors of 1.5 ar
minutes, the ratio of the system noise term in

Equation 3.4 to those due to antenna pointing errors and beamwidth un
ertainty

is about 1 : 0.5 : 0.01 at 2.3 GHz and 1 : 3 : 0.3 at 8.4 GHz. The 
ontribution of

system sensitivity to the �nal un
ertainty at 2.3 GHz is thus about twi
e as large

as that due to pointing errors. However at 8.4 GHz, with the narrower antenna

beam, the un
ertainty is dominated by the pointing 
omponent. Un
ertainties for

a sour
e with 2.3 and 8.4 GHz 
ux densities of 6 and 2 Jy, after all four s
ans are

averaged, are � 0:12 Jy (2%) and � 0:20 Jy (10%) respe
tively.
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Program 2.3 GHz 8.4 GHz

Sour
e n x

2

p var. n x

2

p var.

0008�421 52 74.6 0.017 N 34 20.8 0.951 N

0022�423 50 56.7 0.211 N 36 15.3 0.998 N

0023�263 52 84.3 0.002 ? 40 34.9 0.656 N

0159�117 45 52.5 0.178 N 30 16.1 0.975 N

0403�132 46 70.9 0.008 ? 35 22.3 0.939 N

0405�123 48 63.2 0.058 N 33 22.7 0.887 N

0454�463 45 46.1 0.387 N 34 27.8 0.723 N

0506�612 47 33.6 0.912 N 35 37.2 0.324 N

0624�058 53 64.4 0.117 N 50 18.1 1.000 N

0704�231 49 67.8 0.032 N 37 28.7 0.802 N

0733�174 53 43.8 0.783 N 35 12.5 1.000 N

0741�063 55 71.7 0.054 N 34 23.8 0.881 N

0743�673 52 84.1 0.002 ? 38 40.7 0.310 N

0823�500 52 71.4 0.031 N 40 18.2 0.998 N

0834�196 51 52.3 0.384 N 36 41.9 0.197 N

0859�140 49 56.6 0.184 N 40 37.3 0.550 N

1015�314 53 77.2 0.013 N 35 31.1 0.608 N

1127�145 47 72.4 0.008 ? 34 61.0 0.002 ?

1151�348 51 60.3 0.151 N 32 17.6 0.974 N

1215�457 50 63.1 0.085 N 28 16.2 0.949 N

1221�423 50 61.9 0.103 N 30 11.1 0.999 N

1245�197 42 47.0 0.240 N 31 23.2 0.809 N

1302�492 55 62.1 0.210 N 35 25.0 0.869 N

1306�095 44 36.0 0.768 N 29 21.7 0.797 N

1323�611 53 79.0 0.009 ? 36 22.6 0.948 N

1354�174 38 49.9 0.076 N 24 7.3 0.999 N

1514�241 38 55.4 0.026 N 28 107.9 < 0.001 Y

1549�790 46 91.4 < 0.001 Y 37 39.6 0.313 N

1733�565 45 49.9 0.251 N 31 38.6 0.136 N

1740�517 46 133.6 < 0.001 Y 35 22.2 0.940 N

1827�360 43 62.2 0.023 N 21 13.3 0.862 N

1830�211 55 267.5 < 0.001 Y 55 2782.1 < 0.001 Y

1934�638 55 92.6 < 0.001 Y 44 28.6 0.955 N

1937�101 33 31.9 0.471 N 25 16.4 0.875 N

2052�474 42 64.2 0.012 N 39 46.6 0.161 N

2126�158 33 45.7 0.055 N 25 24.0 0.460 N

2135�209 35 63.1 0.002 ? 27 15.0 0.958 N

2149�287 37 50.3 0.057 N 28 22.1 0.730 N

2204�540 42 67.0 0.006 ? 36 19.8 0.982 N

2311�452 43 59.7 0.037 N 32 22.4 0.869 N

Table 3.3: Results of the �

2

test for variability dis
ussed in the the text. Key: Y=variable,

?=possible variable, N=non-variable.
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One further 
ontribution to the measurement errors is that due to the pres-

en
e of numerous weak sour
es lying within the antenna beam. This ensemble

of 
onfusing sour
es pla
es a fundamental limit on the pre
ision with whi
h any

sour
e 
ux density 
an be determined sin
e they imbue the sky with an inherent

roughness whi
h 
an be redu
ed only by improving the antenna resolution. Klein

and Stelzreid (1976) estimate that the magnitude of this e�e
t for a 26 metre

antenna operating at 2.27 GHz is � 0:12 Jy. Taking this into a

ount in the above


al
ulations raises the expe
ted un
ertainty at 2.3 GHz to � 0:14 Jy. Be
ause the

antenna 
onfusion limit depends so strongly on beam size this e�e
t is negligible

at 8.4 GHz despite the in
reased bandwidth and lower system temperatures.

Similar 
al
ulations to those des
ribed above, and performed for several of the

non-variable sour
es in this program, yield un
ertainty estimates that are in 
lose

agreement with the RMS deviations of the individual 
ux density measurements

about the mean for ea
h sour
e. This indi
ates that the 
al
ulation of the mea-

surement un
ertainties in
ludes all signi�
ant 
ontributing fa
tors and that the

quoted un
ertainties for ea
h data point are representative of the true un
ertain-

ties, a 
ondition whi
h must hold if the �

2

test is to be a valid test of sour
e

variability. An additional test of the internal 
onsisten
y of these measurements


an be performed by expressing the 
ux density of one of the 
alibrator obje
ts in

terms of the other. When this is done for 0915�118 and 1228+126 (Figure 3.5)

the �

2

test indi
ates that these two sour
es are indeed mutually non-variable.

Figure 3.5: The 
ux density of 0915�118 derived from the measurements of 1228+126. The


hi-squared test �nds this obje
t to be non-variable at both 2.3 GHz and 8.4 GHz.
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3.6 Variable Sour
es

General Comments

The �rst and most obvious 
on
lusion that 
an be drawn from the data presented

in this 
hapter is that, within the errors, most of the sour
es are intrinsi
ally non-

variable (as de�ned by the �

2

test). The impli
ations of this general result will

be dis
ussed in Se
tion 3.7, while the obje
ts for whi
h it does not hold (those

exhibiting variability) are dis
ussed below.

In general the probability that a sour
e is non-variable is less for the 2.3 GHz

data than for 8.4 GHz and there are several possible observational 
auses of this.

Be
ause the antenna beamwidth is greater at 2.3 GHz there is a greater 
han
e

that the baseline model derived from the s
an �tting pro
ess is in error, leading

to an error in the sour
e 
ux density estimate. Extreme examples of this problem

should be removed in the inspe
tion pro
ess but it is less likely that the more

marginal 
ases will be dete
ted simply be
ause of the redu
ed amount of the s
an

that is una�e
ted by the sour
e. Several of the obje
ts in this survey are highly


ompa
t and have the potential to exhibit the e�e
ts of interstellar s
intillation.

While this e�e
t should be small, even at 2.3 GHz, it is important for this reason

that very short times
ale 
ux density variations (of the order of a few days) not

ne
essarily be interpreted as sour
e intrinsi
.

One further 
ause for 
on
ern with the data presented in Figure 3.4 is the

presen
e of a weak apparent periodi
ity in the 2.3 GHz light 
urve for 1934�638.

The fa
t that this e�e
t has a period 
lose to one year suggests that it is very

unlikely to be intrinsi
. If the data for several of the non-varying sour
es are

taken and used to determine the strength of the CAL signal over the duration

of the survey then an annual periodi
ity is observed. This feature has the same

phase regardless of the right as
ension of the sour
e so it appears to be a genuinely

annual e�e
t. However the light 
urves for several of the stronger (nominally) non-

variable sour
es, su
h as 0624�058 and 1323�611, demonstrate that it is being

su

essfully removed by the 
alibration pro
ess. The observed variation may,

alternatively, originate in a diurnal e�e
t involving the CAL and/or the antenna

gain. This is possible be
ause ea
h obje
t is always observed at 
lose to the same

lo
al sidereal time throughout the year so that a diurnal e�e
t would be aliased and

appear in the light 
urve as an annual feature, at a phase dependent on the sour
e

right as
ension. This 
an be tested by taking the 
alibrated data for a sour
e not

exhibiting obvious variability and 
al
ulating a mean 
ux density, for the whole

of the data span, whi
h is used to normalise all the individual observations for

that sour
e. By plotting these normalised 
ux densities as a fun
tion of the solar

time at whi
h they were obtained, any diurnal e�e
t should be evident. However,

when this is done, no su
h e�e
t is apparent. An alternative approa
h, 
al
ulating

normalised 
ux densities for many obje
ts and then examining the evolution over

a year of a plot of normalised 
ux densities for a parti
ular observing session

versus sour
e right as
ension, also fails to expli
itly demonstrate the e�e
t. If it

is assumed that this e�e
t is observational in origin then it 
an only be 
on
luded

that it is so weak that 1934�638 is the only obje
t strong enough to reveal it

unequivo
ally. This 
ould be the 
ase for a diurnal e�e
t in parti
ular, for whi
h
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obje
ts observed at 
lose to the same time as the primary 
alibrators 0915�118 and

1228+126 are relatively una�e
ted (e.g. 0624�058), while those more distant (e.g.

1934�638) demonstrate it. The present quantity of data, 
omprising observations

of mostly weak obje
ts (relative to 1934�638) over two and a half years, is simply

insuÆ
ient to attribute the e�e
t 
on
lusively to a parti
ular 
ause. However the

apparently annual nature of the e�e
t suggests very strongly that the variation is

extrinsi
 to 1934�638.

0023�263

This obje
t exhibits a single, symmetri
 event of approximately 100 days duration.

There appears to be a brief de
rease in the 2.3 GHz 
ux density immediately

pre
eeding a steep rise of magnitude �1.5 Jy whi
h is followed by a slower return

ba
k to the pre-outburst 
ux density. There is no signi�
ant eviden
e of any


orresponding variation in the 8.4 GHz 
ux.

1127�145

Changes in the 
ux density of this obje
t are apparent at both frequen
ies. A

smooth de
rease at a rate of 0.33 Jy per year persists throughout the observation

span at 8.4 GHz. The variations at 2.3 GHz are equivo
al, depending largely on

three low measurements 
lose to Julian days 2448650 and 2448850.

1514�241

There is a pronoun
ed and steady in
rease in the 8.4 GHz 
ux density of 1514�241

of duration approximately 200 days and magnitude 0.7 Jy. There appears to be a

weak de
rease over the pre
eeding 600 days though the data are marginal. Some

tra
e of the high frequen
y event towards the end of the data span is visible in

the 2.3 GHz observations.

1549�790

Weak variations are present in the 2.3 GHz data for this obje
t. The VLBI imaging

in Chapter 5 show that this sour
e has a 
lassi
al 
ore-jet morphology with a


ompa
t 
at spe
trum 
ore whi
h is most probably the origin of the variability.

1740�517

There is eviden
e of weak de
reasing trend of nearly 1 Jy in the 2.3 GHz 
ux den-

sity of this sour
e in the � 700 days prior to Julian day 2448850. No 
orresponding

e�e
t is apparent in the 8.4 GHz data.

1830�211

The most dramati
 variable in the sample, 1830�211 shows substantial 
hanges

at both frequen
ies, in
luding a pronoun
ed peak of 11 Jy, more than double the

initial 
ux density, at 8.4 GHz. VLBI observations of this sour
e lead eventually
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to its identi�
ation as a gravitationally lensed 
ore-jet, in
luding a 
omplete Ein-

stein ring (Jaun
ey et al., 1991; Ko
hanek and Narayan, 1992). The 2.3 GHz 
ux

density, after de
reasing by about 1 Jy is now slowly in
reasing and 
ontinued

monitoring suggests that a new in
rease is beginning at 8.4 GHz. Our multiple

epo
h VLBI observations at 8.4 GHz (Chapter 6) indi
ate that the variation o
-


urs in the 
ompa
t 
omponents and not the ring, 
onsistent with the behaviour

expe
ted of the lensed 
ore. The strength of this obje
t and well de�ned peak in

the light 
urve mean that it is likely to be possible in future to measure the time

delay between the two 
ompa
t 
omponents.

2135�209

The larger s
atter in the 2.3 GHz data for this sour
e early in the survey is the

basis for the 
laim of the dete
tion of variability in this sour
e. The behaviour

is unsystemati
, apart from the dramati
 in
rease of nearly 2 Jy near Julian day

2448360, and un
hara
teristi
 when 
ompared with the remainder of the data

span.

2204�540

The variability in the 2.3 GHz data of 2204�540 indi
ated by the 
hi-squared

test depends largely on three widely separated data points that are substantially

displa
ed from their nearest neighbours and is probably a false dete
tion.

3.7 Con
lusions

The 
ux density monitoring program des
ribed in this 
hapter has demonstrated

that, with very few ex
eptions, the sour
es in this sample are non-variable, or at

best, marginally variable. This pla
es on a �rm foundation the result that the in-


iden
e of variability in these obje
ts is systemati
ally low. It is therefore unlikely

that the highly luminous 
ompa
t stru
ture observed in peaked spe
trum sour
es

is either powered by, or similar to the milli-ar
se
ond 
ores that dominate the

emission in the a
tive 
at spe
trum obje
ts. Both the quies
ent spe
tra, and the

transient behaviour are di�erent, despite the apparent morphologi
al similarities.

This does not pre
lude the possibility that GPS sour
es are either progenitors of

the more a
tive obje
ts that have not yet `turned on', or else remnants.

Alternatively the low variability may simply indi
ate that the 
at spe
trum


ores are very weak and 
ontribute so little of the total 
ux that their variability is

undete
table. If this were so then it would be natural to asso
iate the bulk of the

emission, the 
omponent giving rise to the peaked spe
trum, with matter eje
ted

from the 
ore, as appears to be the 
ase in many 
ore-jet sour
es 
ontaining

a
tive nu
lei. However, if the peak in the spe
trum is due to syn
hrotron self

absorption then this material must be suÆ
iently dense to remain opti
ally thi
k

at frequen
ies below the spe
tral peak. Two ways in whi
h this 
an o

ur are if the

sour
e is either very young (e.g. Mutel et al. 1985 ) or else 
on�ned or otherwise

impeded by the surrounding medium (O'Dea et al., 1991).
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The absen
e of variability dete
ted among these sour
es means that they are

potentially ex
ellent 
ux density 
alibrators for ar
se
ond s
ale synthesis arrays

at 
entimetre wavelengths. Indeed two of the obje
ts in this survey, 1934�638

and 0823�500, are primary and se
ondary 
alibrators respe
tively for the ATCA.

However the suitability of a parti
ular sour
e for this purpose depends upon not

only la
k of variability, but also the proportion of the total 
ux density not 
on-

tained within the 
ompa
t 
omponents. This information is most easily obtained

by means of the VLBI observations des
ribed in the next three 
hapters. It is also

ne
essary to 
ontinue monitoring the 
ux density for eviden
e of the emergen
e

of variable 
omponents.

This 
ux density monitoring survey also serves to emphasise the potential

for doing worthwhile observations with only a 26 m antenna. The a

ura
y of the

observations is 
ertainly 
ompromised by both redu
ed sensitivity and radio sour
e


onfusion. However these 
an be largely over
ome by taking 
are to minimise the


hange in sidelobe pattern on the sky between observations, and by more frequent

sampling. Demand for small antennas is often substantially less than for larger

more sensitive instruments so they are ideal tools for undertaking the type of

exploratory surveys su
h as that des
ribed in this 
hapter.



Chapter 4

SHEVE Observations

4.1 Introdu
tion

The VLBI observations presented in subsequent 
hapters of this thesis were ob-

tained with the Southern Hemisphere VLBI Experiment (SHEVE) array. This

array, 
omprising antennas at seven Australian lo
ations and one in South Afri
a,

is a des
endent of the original array used in the �rst SHEVE experiment in April

1982 (Preston et al., 1989). SHEVE is a 
ollaboration between the various in-

stitutions that own and run the individual antennas, and does not operate as a

\national fa
ility" in quite the same way that the US or European VLBI networks

do.

Not all sites are 
apable of supporting every frequen
y used by SHEVE. How-

ever observations with sub-arrays of three or more antennas have been made at

0.843, 1.6, 2.3, 4.85, 8.4 and 12.2 GHz. Rubidium vapour frequen
y standards were

used initially at all observatories ex
ept Tidbinbilla, where a Hydrogen maser was

installed. Parkes, Hobart and Hartebeesthoek have subsequently been equipped

with Hydrogen masers. All sites are instrumented with the MK-II VLBI re
ording

system and the four observatories with Hydrogen masers also support MK-III ob-

servations. The 
ontinuum data are normally 
orrelated at the CIT/JPL Blo
k-II

VLBI Pro
essor in California though some MK-III observations have been pro-


essed with the 
orrelator at Haysta
k Observatory in Massa
husetts. Subsequent

pro
essing and analysis utilise the NRAO AIPS software and the Calte
h VLBI

pa
kage (Pearson, 1991a).

The array has 
hanged substantially sin
e 1982 and the purpose of this 
hapter

is to des
ribe the 
urrent state and 
apabilities of the array and to detail the


orrelation and post-
orrelation stages of the data analysis, parti
ularly as they

apply to the 2.3 GHz and 8.4 GHz data that appear in subsequent 
hapters.

4.2 Antennas

Following the initial 1982 experiment, there was a lull in whi
h no observations

were made until O
tober 1987. During this time a more versatile and sensitive

antenna was a
quired by Hobart and a new antenna at Perth be
ame available

40
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so that, although the antenna at Fleurs was lost, the overall 
apability of the

array was substantially enhan
ed. The array has 
ontinued to evolve sin
e the

�rst observations with the new SHEVE in 1987 with the 
ommissioning and par-

ti
ipation of elements of the Australia Teles
ope lo
ated at Culgoora and Mopra.

A small number of experiments have also utilised the Molonglo Synthesis Tele-

s
ope (MOST) and more re
ently, a 27.5 m antenna at Perth. However as these

two antennas did not 
ontribute to the observations des
ribed in this thesis their

des
ription below is a

ordingly brief relative to the others. Ex
ept for Parkes,

Hobart and Ali
e Springs, whi
h are prime fo
us instruments, the paraboli
 an-

tennas are all equipped with 
assegrain feed systems. All of the 2.3 GHz and

8.4 GHz observations have been made using right-
ir
ular polarization. The basi


parameters of the most 
ommonly used SHEVE antennas and their re
eivers at

2.3 GHz and 8.4 GHz appear in Table 4.1.

2.3 GHz 8.4 GHz

Antenna Size Mount Re
eiver T

sys

T

sys

DPFU Re
eiver T

sys

T

sys

DPFU

(m) Type (Jy) (K) (K/Jy) Type (Jy) (K) (K/Jy)

DSS 43 70 Az-El TWM 15 16 1.025 TWM 20 18 0.921

DSS 45 34 Az-El HEMT 165 38 0.225 TWM 130 31 0.240

DSS 42 34 HA-De
 TWM 100 20 0.19 TWM 130 20 0.152

PRKS 64 Az-El HEMT 90 50 0.538 HEMT 90 40 0.45

HOBT 26 XYEW HEMT 750 77 0.1025 HEMT 650 65 0.1

CULG 22 Az-El HEMT 400 22 0.0549 HEMT 400 72 0.090

MOPR 22 Az-El HEMT 400 33 0.0813 HEMT 400 40 0.096

ALSP 9 Az-El FET 45000 305 0.00676 FET { { {

PRTH 15 Az-El FET 3300 124 0.0375 FET 6000 { {

HART 26 HA-De
 HEMT 400 40 0.102 HEMT 950 60 0.062

Table 4.1: Parameters of SHEVE antennas and re
eivers. The T

sys


olumns give the approxi-

mate system temperatures in both Jy and Kelvin. The ratio of these quantities is the parameter

DPFU (degrees per 
ux unit).

4.2.1 Tidbinbilla (DSS 43, DSS 45, DSS 42)

The Tidbinbilla antennas are all lo
ated at the Canberra Deep Spa
e Communi
a-

tions Complex and are part of the NASA Deep Spa
e Network (DSN), operated by

the Jet Propulsion Laboratory (JPL). Time not allo
ated to spa
e
raft tra
king is

often available for radio-astronomy. With the ex
eption of DSS 45 at 2.3 GHz, all

three antennas are equipped with 
ooled travelling wave maser (TWM) re
eivers

operating at 2.3 GHz and 8.4 GHz. A
tive subre
e
tors on ea
h antenna 
om-

pensate for the �rst-order e�e
ts of variations in the gain with elevation. MK-II

and/or MK-III VLBI terminals at the station 
an re
ord data from any of the

three antennas. A Hydrogen maser is used as a time and frequen
y standard. The

three antennas have parti
ipated in numerous SHEVE observations sin
e 1987,

though they are not often used simultaneously.
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DSS 43

This azimuth-elevation (Az-El) mounted antenna had a diameter of 64 m at the

time of the 1982 SHEVE experiment. It was enlarged to 70 m in 1986 to support

the Voyager Uranus and Neptune en
ounters and is now the largest fully steerable

antenna in the southern hemisphere. With 1.6 GHz and 12 GHz re
eivers, DSS 43

is the only Tidbinbilla antenna equipped to observe at other than 2.3 GHz and

8.4 GHz. The antenna has a slew rate of 12

Æ

per min and an elevation limit of

6.7

Æ

. The antenna gain and pointing are determined regularly as part of the

normal operation of the DSN and are usually monitored in the 
ourse of SHEVE

observations.

DSS 45

DSS 45 is a 34 m Az-El antenna lo
ated approximately 500 m west of DSS 43. The

antenna has an elevation limit of 8

Æ

and a slew rate of 23

Æ

per min. At 2.3 GHz

the gain is 
at and it has been a

urately measured at 8.4 GHz. The pointing

behaviour of the antenna is a

urate to between 15 and 20 ar
-se
onds rms.

DSS 42

DSS 42 is a HA-De
 antenna (HA limit �6:7hrs) 200 m north of DSS 43. Origi-

nally a 26 m antenna, subsequently enlarged to 34 m, DSS 42 is the oldest oper-

ational antenna at Tidbinbilla and has a poorer surfa
e whi
h degrades both the

pointing and gain performan
e at 8.4 GHz. The pointing is a

urate to between

0.5 and 1 ar
-minute.

4.2.2 Parkes

The 64 m antenna operated by the Australia Teles
ope National Fa
ility (ATNF)

at Parkes is a 
onventional Az-El instrument and has an elevation limit of 30

Æ

.

Numerous re
eivers are available for observations over a wide range of frequen
ies

and, together with Hobart, the Parkes antenna provides the greatest frequen
y

diversity available within SHEVE.

When SHEVE observations resumed in 1987, a MK-II re
ording system and

rubidium frequen
y standard were installed. In 1991, a Hydrogen maser and MK-

III re
ording system for 
ollaborative US-Australia astrometri
 VLBI program

(Reynolds et al., 1994) were sent to Parkes and these are now available for SHEVE

experiments.

It is normal pra
ti
e to monitor the performan
e and to re
alibrate the pointing

whenever ne
essary during an observing session. This 
an usually be done without

interfering with observations be
ause the 30

Æ

elevation limit means that sour
es

generally rise later (and set earlier) at Parkes than at the other antennas, leaving

gaps in the Parkes s
hedule.
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4.2.3 Hobart

The 14 m HA-De
 antenna used at Hobart for the 1982 SHEVE observations has

been modi�ed and relo
ated to the Mt. Pleasant Observatory several kilometres

north of the former site. However it has been repla
ed for VLBI by the main

instrument at the new observatory, a 26 m diameter XY-mounted antenna (Se
-

tion 3.2.2). Both instruments and the observatory are operated by the Physi
s

Department at the University of Tasmania.

As dis
ussed in Se
tion 3.2.2, the XY-mount su�ers from a more 
ompli
ated

relationship between antenna orientation and gain than the Az-El antennas that

are more 
ommon in radio-astronomy. Ideally it is ne
essary to determine antenna

gain 
urves as a fun
tion of HA for a range of de
linations in a manner similar

to that required for HA-De
 antennas. Fortunately the antenna stru
ture is suf-

�
iently robust that the gain de
reases signi�
antly only at the lowest elevations

and highest frequen
ies and modelling of the antenna behaviour with only a few

generi
 gain 
urves has proved suÆ
ient for the SHEVE VLBI observations.

The 26 m antenna has an elevation limit of approximately 6

Æ

and in 1991 the

drive motors were upgraded to in
rease the slew rates in both axes from 20 to

40

Æ

per min. The pointing performan
e of the antenna is a

urate to about one

ar
-minute. Although this is be
oming signi�
ant at 8.4 GHz, tests demonstrate

that the 
omputer 
ontrolled tra
king is stable to within approximately 15 ar
-

se
onds so that systemati
 
ux variations attributable to antenna pointing errors

are generally beyond the limits of dete
tability with the available re
eivers.

When SHEVE observations �rst 
ommen
ed with the 26 m antenna in 1987

a 2.3 GHz FET re
eiver with an e�e
tive system temperature of 1300 Jy was

used with a rubidium frequen
y standard. In 1989 this system was upgraded

to a 
ooled HEMT, 
on
entri
 2.3/8.4 GHz feed re
eiver whi
h was provided for

geodeti
 observations. At the same time a Hydrogen maser frequen
y standard

and MK-III VLBI terminal were installed. Numerous other re
eivers are available

for use with the 26 m antenna, the major 
onstraint for VLBI being the frequen
ies

that 
an be supported by other antennas in the SHEVE array.

4.2.4 Culgoora

The Australia Teles
ope Compa
t Array (ATCA) at Culgoora 
onsists of six 22 m

Az-El antennas on a 6 km east-west baseline. The �rst SHEVE observations at

Culgoora took pla
e in 1988 and used antenna 5. Subsequent observations used

antenna 1 until mid-1991, antenna 6 has been used ex
lusively sin
e then. It is

anti
ipated that it will be possible to use all of the antennas as a phased array in

the near future.

All ATCA antennas are equipped with 
ooled dual-frequen
y HEMT re
eivers

and feeds operating at 1.6/2.3 GHz and 5.0/8.4 GHz. The 8.4 GHz observations

presented in this thesis were made using a FET re
eiver with a system temperature

of approximately 800 Jy. The new re
eivers have a system temperature about half

this value. A MK-II re
ording unit and a rubidium frequen
y standard provide

support for SHEVE observations.
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The antenna pointing is monitored as part of the regular operation of the

ATCA, and it is always 
alibrated whenever the array is re
on�gured. The point-

ing is generally good to within 15 ar
-se
onds. Modelling of the variation of an-

tenna sensitivity with elevation as a 
onstant has proven satisfa
tory. The antenna

elevation limit is 12

Æ

.

4.2.5 Mopra

The 22 m Az-El ATNF antenna at Mopra was 
ommissioned as part of the SHEVE

observations that took pla
e in November 1991. It has nearly identi
al re
eiver and

VLBI instrumentation to the 
ompa
t array antennas. Until the re
eiver upgrade

at Culgoora, the Mopra 8.4 GHz system was substantially better and provided a

mu
h lower system temperature of 400 Jy.

There is no dete
table variation in the antenna gain at Mopra as a fun
tion of

elevation and the pointing is 
omparable to that of the 
ompa
t array antennas.

The slew rates are 40

Æ

per min in azimuth and 20

Æ

per min in elevation. The

stru
tural elevation limit of 12

Æ

is slightly lower than the limits imposed by the

hills to the south-west of the antenna site.

4.2.6 Perth

The 15 m antenna at Perth is a satellite ground station operated on behalf of the

European Spa
e Agen
y by the Australian Overseas Tele
ommuni
ations Corpo-

ration (AOTC). The Az-El mount has a 5

Æ

elevation limit and a slewing speed

of 900

Æ

per minute. The antenna pointing is better than 0.5 ar
-minutes rms and

the variation of sensitivity as a fun
tion of elevation is dominated by the 
ontri-

bution due the atmosphere and is barely dete
table. A MK-II VLBI system is

normally used in 
onjun
tion with a rubidium frequen
y standard. An experi-

mental sapphire-
rystal based os
illator developed at the University of Western

Australia has been su

essfully tested as a frequen
y standard for this antenna in

several SHEVE observations.

In 1992 a 27.5 m Az-El antenna operated by OTC in New South Wales was

relo
ated to the Perth site. This instrument is equipped only with a 5 GHz feed

and re
eiver and has re
ently parti
ipated in SHEVE observing sessions.

4.2.7 Ali
e Springs

The 9 m antenna at Ali
e Springs is operated by the Australian Centre for Remote

Sensing and is a ground station for the LANDSAT satellites. The SHEVE observa-

tions utilise the 2.3 GHz satellite re
eiver, whi
h is based on ambient temperature

FET ampli�ers, and the system has an e�e
tive system temperature of approxi-

mately 45000 Jy. The auto-tra
k servo system is bypassed for the VLBI sessions

and the Az-El mounted antenna is 
ontrolled by a dedi
ated mi
ropro
essor based

system.

Be
ause of the high system temperature, it has been very diÆ
ult to dete
t,

let alone measure, the pointing and gain 
hara
teristi
s of this antenna. However
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being a small antenna, built to withstand slew rates in ex
ess of 100

Æ

per min,

neither of these e�e
ts are likely to be signi�
ant. A MK-II VLBI re
ording

system and rubidium frequen
y standard are taken to the station whenever it is

used for SHEVE.

4.2.8 Molonglo

The Molonglo Synthesis Teles
ope (MOST) is operated by the University of Syd-

ney Phyysi
s Department and is lo
ated approximately 40 km east of Canberra.

It 
onsists of the east-west arm of the former Mills-Cross antenna and has a 
ol-

le
ting area equivalent to a 150 m diameter antenna. The MOST operates only at

a frequen
y of 843 MHz. Only two other SHEVE antennas, Parkes and Hobart,


an readily observe at this frequen
y and 
onsequently its parti
ipation in SHEVE

has been limited to three observing sessions, for ea
h of whi
h a MK-II re
ording

system and rubidium frequen
y standard were spe
ially installed.

4.2.9 Hartebeesthoek

The 26 m HA-De
 antenna at the Hartebeesthoek Radio Astronomy Observatory

(HRAO) parti
ipates regularly in numerous VLBI experiments both with SHEVE,

as well as the EVN, US-Network, and geodeti
 sessions. A

ordingly it is well

instrumented and observations are possible at most frequen
ies supported by other

antennas. The VLBI instrumentation in
ludes both MK-II and MK-III re
ording

systems and a Hydrogen maser frequen
y standard.

The antenna has a �6:5 hr limit on the hour angle axis and slew rates of 22

and 28

Æ

per min on the hour angle and de
lination axes respe
tively. The pointing

and gain performan
e of the antenna are well understood.

4.3 The SHEVE Array

4.3.1 Introdu
tion

The SHEVE array is an ad-ho
 VLBI array 
omprised of a variety of instruments.

The purpose of this se
tion is to des
ribe fa
ets of the organisation and operation

of the array and to explain the 
onstraints a�e
ting the observations presented

later in the thesis. Two 
ommon observing modes are used by SHEVE. Besides

the \full array" experiments with four or more antennas that are the basis of

the VLBI imaging e�ort, numerous experiments have been 
ondu
ted using just

Hobart and one of the antennas at Tidbinbilla (usually DSS 45). The di�erent


hara
teristi
s and 
apabilities of the array experiments and these single-baseline

observations are des
ribed separately below.

4.3.2 Organisation

The antennas whi
h parti
ipate in SHEVE are owned and operated by a diverse

group of institutions based both within Australia and from overseas. The primary
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ollaborators are the ATNF and JPL who 
ontribute four of the observatories, the


orrelator and most of the VLBI re
ording equipment. A substantial role is played

by the Universities of Tasmania, Sydney, Western Australia and the HRAO. Time

is allo
ated on the ATNF antennas on a 
ompetitive basis in a manner typi
al of

\national fa
ility" instruments elsewhere. However, there is no spe
i�
 funding

support for the other antennas and the remainder of the array is provided through

a 
ollaborative e�ort by the other parti
ipants. Astronomers wishing to observe

with SHEVE therefore need not only to satisfy the requirements of the AT time

assignment 
ommittee, but also to 
ontribute dire
tly in the 
ollaboration. This

often involves assisting with the observing and/or 
orrelation, in addition to the

data analysis.

4.3.3 Frequen
ies

Between 1987 and 1989 all observations were made at a frequen
y of 2.3 GHz.

The 
hoi
e of this frequen
y was in
uen
ed mostly by the fa
t that, being a

standard spa
e
raft 
ommuni
ation band, it was available on all the antennas.

Sin
e then the provision of Hydrogen maser frequen
y standards at Parkes and

Hobart, and the availability of more re
eiver-antenna 
ombinations 
apable of

8.4 GHz observations, has lead to in
reasing use of the higher frequen
y. Culgoora,

Mopra and Perth have only rubidium frequen
y standards so the observations at

8.4 GHz are restri
ted be
ause the lower 
oheren
e time a�e
ts the minimum 
ux

sour
e that 
an be su

essfully fringe-�t (Se
tion 4.6). At the end of 1992, the

availability of the 27 m Perth antenna with a 5 GHz re
eiver only provided the

impetus to 
ommen
e observations at that frequen
y.

4.3.4 Array Experiments

S
heduling Constraints

Be
ause several of the SHEVE antennas are not operated primarily as radio-

astronomy resear
h instruments and are normally involved with spa
e
raft tra
k-

ing it is often diÆ
ult to s
hedule observations that utilise all the possible antennas.

Typi
ally the array observes three to four times a year with ea
h session lasting

between four and ten days. These sessions involve all the ATNF antennas and

Hobart. One or more of the Tidbinbilla antennas and Perth parti
ipate though

subje
t to their tra
king 
ommitments. It is often possible to arrange in advan
e

for observing time at these antennas.

Although the Ali
e Springs antenna is involved in tra
king LANDSAT for only

two or three hours a day, the poor sensitivity means that it is really only useful for

the strongest sour
es, and then only at 2.3 GHz on baselines to the more sensitive

antennas. Furthermore, a signi�
ant logisti
al e�ort is required to 
on�gure and

operate the Ali
e Springs station so it is seldom worthwhile now that the full


omplement of ATNF antennas is available.

Both Hobart and Hartebeesthoek are involved in geodeti
 VLBI experiments

unrelated to SHEVE whi
h 
an a�e
t their parti
ipation. However the lo
ation of

Hartebeesthoek, far to the west of the Australian array (Figure 4.1), 
onstitutes
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a far more severe restri
tion on its ability to 
ontribute be
ause of the limited

mutual visibility. Nevertheless, where the sour
es are suÆ
iently far south that

they 
an be tra
ked by the Australian antennas for long enough, Hartebeesthoek

makes a sensitive and valuable 
ontribution.

UV-Coverage

The lo
ations of all the SHEVE sites are are shown in Figure 4.1. Examples of

the uv-
overage a
hievable with the array 
an be found a

ompanying the images

in Chapter 5. The minimum fringe spa
ings a
hievable on all SHEVE baselines

at both 2.3 GHz and 8.4 GHz are presented in Table 4.2.

Alice Springs

Culgoora
Mopra

Parkes
Molonglo

Tidbinbilla

Hobart

Perth

Hartebeesthoek

Figure 4.1: Lo
ations of the antennas that parti
ipate in SHEVE.

The �ve sensitive antennas lo
ated in eastern Australia provide a reasonably

uniform uv-
overage for most sour
es with minimum fringe spa
ings of 20 mas and

5 mas at 2.3 GHz and 8.4 GHz respe
tively. However be
ause these antennas lie

almost on a north-south line, there are few observations for whi
h uv-tra
ks 
ross,

making a

urate a priori 
alibration imperative. The spa
ing of these eastern

antennas is su
h that for sour
es north of de
linations around �30

Æ

the uv-tra
ks

are so 
lose to being equally separated that the synthesised beam possesses severe

grating-type sidelobes (for example Figures 5.3 and 5.4).
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In addition to improving the a
hievable resolution by a fa
tor of two, the

antennas at Perth, and to a lesser extent Ali
e Springs (be
ause of its relative in-

sensitivity), serve to �ll out the uv-
overage in the east-west dire
tion and provide

numerous 
rossing points in the uv-plane thereby fa
ilitating improved relative


alibration of the eastern antennas. With minimum fringe spa
ings of less than

3 milli ar
se
onds, the inter
ontinental baselines to Hartebeesthoek provide the

highest resolution available for southern obje
ts. However the absen
e of any

antennas with baselines intermediate between Perth and South Afri
a leads to

large unsampled holes in the uv-plane and 
onsequently diÆ
ulties in the imaging

pro
ess.

The small number of antennas (6 in a typi
al experiment) means that there

are few 
losure relations available for use in imaging. This, 
ombined with the

limitations of the uv-
overage, means that the SHEVE array is not amenable to

a `snapshot' observing mode. Imaging experiments generally 
omprise long s
ans

of target sour
es separated by observations of strong 
ompa
t obje
ts whi
h serve

the dual fun
tion of being good fringe �nders at the 
orrelation stage and enabling

relative 
alibration of the antenna gains.

DS43 DS45 DS42 PRKS HOBT CULG MOPR PRTH ALSP HART

DS43 26.7 8.8 13.0 16.0 2.4 0.8

19 52 58 41 151 63

DS45 26.8 8.8 13.0 16.0 2.4 0.8

49 133 147 104 386 160

DS42 26.8 8.8 13.0 16.0 2.4 0.8

49 133 147 104 386 160

PRKS 98.3 98.5 98.4 6.7 22.8 35.4 2.4 0.8

17 56 43 110 122 87 321 133

HOBT 32.5 32.5 32.5 24.8 5.3 5.7 2.4 0.8

48 161 125 119 329 233 863 359

CULG 47.7 47.7 47.7 83.7 19.4 63.6 2.3 0.7

35 117 91 87 250 258 957 398

MOPR 58.9 59.0 58.9 130.2 21.0 234.0 2.4 0.8

35 117 91 87 250 183 677 281

PRTH 8.8 8.9 8.8 9.0 9.0 8.5 8.7 0.9

102 337 262 249 718 524 524 1043

ALSP 13.9 13.9 13.9 15.6 11.1 15.8 15.8 13.7

375 1244 968 919 2652 1936 1936 5562

HART 2.8 2.8 2.8 2.8 2.9 2.7 2.8 3.5 2.9

35 117 91 87 250 183 183 524 1936

Table 4.2: SHEVE baseline resolutions and sensitivities. The upper quantity in ea
h entry is

the minimum fringe spa
ing in milli-ar
se
onds for that baseline and the lower quantity is the

minimum dete
table 
orrelated 
ux in mJy for a two minute integration (5�S

ij

from Equa-

tion 4.1). The �gures in the lower triangle are for 2.3 GHz while those in the upper are for

8.4 GHz.
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Sensitivity and Imaging Capability

The noise in either the real or imaginary 
omponent of a visibility on an interfer-

ometer baseline is given by

�S

ij

= �

b

s

T

i

T

j

2�t��K

i

K

j

(4.1)

(Walker, 1989) where the T

i

and K

i

are the system temperatures and sensitivi-

ties of ea
h antenna and �t and �� are the integration time and pre-dete
tion

bandwidth respe
tively. The fa
tor �

b

a

ounts for various losses in the re
ording

and pro
essing system and is � 2 for MK-II VLBI data. The value of 5�S

ij

has

been 
al
ulated for all SHEVE baselines using an integration time of 2 minutes

and a 2 MHz bandwidth and is given in Table 4.2. Clearly, 
orrelated 
uxes of

the order of 100 mJy are readily dete
table with good signal to noise ratios on all

the baselines between the eastern Australian antennas.

The longer baselines to the ESA 15 m antenna are approximately a fa
tor of

three less sensitive and to be useful require stronger sour
es with a signi�
ant

proportion of their 
ux in 
ompa
t 
omponents. Table 4.2 also demonstrates the

limited usefulness of the Ali
e Springs antenna for any but the strongest obje
ts.

Despite the sensitivity 
onstraints imposed by Perth and Ali
e Springs, the

greatest impediment to high dynami
 range imaging with SHEVE is the limited

uv-
overage with its 
on
omitant high sidelobes in the synthesised beam. Typi
al

dynami
 ranges (ratio of image peak to peak in residual map) are of the order

50 : 1, though for some far southern obje
ts with long uv-tra
ks, images with

dynami
 ranges ex
eeding 100 have been produ
ed.

4.3.5 Single-Baseline Surveys

As a full SHEVE imaging experiment requires a great deal of organisation, 
oor-

dination and personnel at all stages it is only feasible to run three or four su
h

sessions ea
h year. It is therefore desirable to make preliminary observations with

a single baseline to survey sour
es for the presen
e of 
ompa
t stru
ture suitable

in intensity for imaging with the full array. Single baseline observations of several

hours duration are 
apable of providing a wealth of information about the gross

stru
ture of sour
es and 
onstitute an e
onomi
 and eÆ
ient means of surveying

a large number of obje
ts, despite the inherently limited uv-
overage.

Short periods of time (6 to 24 hours) are often available on one of the anten-

nas at Tidbinbilla, and whenever possible, these are utilised by forming a single

baseline interferometer with Hobart whi
h 
an usually be s
heduled at very short

noti
e. This interferometer is ideal for the types of test observations and surveys

just des
ribed. The a
hievable resolution on the Tidbinbilla{Hobart baseline is

suÆ
ient to reveal the presen
e of stru
ture suitable for imaging observations.

Both sites are equipped with sensitive re
eiver systems and Hydrogen maser fre-

quen
y standards allowing the dete
tion of most obje
ts that would be 
onsid-

ered for imaging observations (see Table 4.2). After set-up, routine operation at

Tidbinbilla is handled largely by the regular station sta�, while observations at



CHAPTER 4. SHEVE OBSERVATIONS 50

Hobart are automated to the extent that personnel need only be present every

four hours for the tape 
hanges. The stable 
lo
ks and generally reliable systems

installed at ea
h of these observatories mean that the 
orrelation pro
edures are

straightforward and the subsequent analysis is standardised and simpli�ed.

Most of the obje
ts in the peaked spe
trum sample des
ribed in this thesis

were observed with this instrument at 2.3 GHz (Chapter 6). Where these data

indi
ated the presen
e of 
omplex stru
ture, followup imaging observations were

made with the full SHEVE array where time permitted (Chapter 5). The astro-

physi
al observables are extra
ted from the single baseline data by the �tting of

simple models to the 
orrelated amplitudes. Short gaps in these data tend not to

severely redu
e the information that 
an be reliably obtained so a 
ommon ob-

serving mode often involved tra
king two nearby sour
es alternately with a 
y
le

time of 20 to 30 minutes ea
h.

In addition to the Tidbinbilla-Hobart interferometer, two days of observations

were made between Hobart and Mopra at 2.3 GHz in February 1993. While Mopra

is not as sensitive as the Tidbinbilla antennas and has only a rubidium frequen
y

standard, these data still provide useful information about the ten obje
ts ob-

served.

4.4 Correlation

All of the MK-II 
ontinuum VLBI data obtained with SHEVE is 
orrelated at the

CIT/JPL Blo
k-II VLBI pro
essor lo
ated at the California Institute Of Te
h-

nology in Pasadena, California. This 
orrelator was originally designed as a four

station MK-III pro
essor but was upgraded to pro
ess MK-II experiments with as

many as 16 stations in a single pass. In produ
tion mode the 
orrelator generates

eight delay lags of 250 ns ea
h for ea
h baseline. In fringe sear
hing mode 256 lags

(64 �s) 
an be generated for up to four stations simultaneously. In both modes the


orrelator 
ontrol 
omputer provides an on-line display of the data from a (user)

sele
ted baseline enabling veri�
ation of 
orre
t operation. The 
orrelator is in

prin
iple straightforward to operate, requiring a 
ontrol �le des
ribing the station

and sour
e positions, s
an times, the observing frequen
y and sideband, and the


lo
k o�sets and rates for ea
h station. The Blo
k-II 
ontrol software a

ounts

for the geometri
 delays, the e�e
ts of the motion of the observatories (due to the

rotation of the earth) and of signal delay in the troposphere. The frequen
y o�-

sets 
aused by measured 
lo
k rates 
an also be 
ompensated for. The 
orrelator

output 
onsists of the data for ea
h lag 
oherently averaged for two se
onds.

Although the Blo
k-II 
orrelator is routinely used for the pro
essing of large

US-Network experiments, there are several features of SHEVE that 
onspire to

make the pro
edure 
onsiderably more diÆ
ult. When SHEVE observations re-

sumed in 1987 only two of the stations, Tidbinbilla and Parkes, had antennas

at the same lo
ations as for the 1982 experiment. Consequently extensive e�ort

was required with ea
h of the new stations to determine a

urate positions. The

a priori positions, obtained through 
onventional surveying methods, were often

a

urate to little better than 100 m. A number of the rubidium standards used at
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the stations sin
e 1987 had substantial frequen
y o�sets relative to the maser at

Tidbinbilla (up to � �7�s per day). Several of the MK-II data formatters were

antiquated and prone to 
ausing dis
ontinuities in the times re
orded on the tapes

of several mi
rose
onds as often as several times daily. Furthermore, the positions

of numerous southern radio sour
es were not known with the few-ar
se
ond a
-


ura
y needed to a
hieve 
orrelation within the a

essible lag windows. Be
ause

the 
orrelator lag window is only two mi
rose
onds wide in produ
tion mode, the

margin for error in any of the timing or position parameters is stringent and ex-

tensive fringe sear
hing 
ampaigns, often involving measurements every few hours

throughout multi-day experiments, were required before 
orrelation 
ould be su
-


essfully a

omplished. A 
omputer program, written by John Reynolds, was used

to analyse the residual fringe delays and rates determined in the fringe sear
hing

to re�ne the un
ertain station positions prior to produ
tion 
orrelation.

Sin
e 1987 the formatting and re
ording equipment at most stations has been

progressively upgraded leading to more reliable and 
onsistent performan
e and

data quality. The poorest of the rubidium frequen
y standards have been repla
ed

as the Hydrogen masers be
ame available at Parkes and Hobart and the availability

of GPS re
eivers has fa
ilitated the a

urate monitoring of the 
lo
k behaviour

during the experiment itself. The station positions are now all determined with

a

ura
ies better than 1 m and the advent of astrometri
 VLBI programs (e.g.

Russell et al. 1994 and Reynolds et al. 1994), together with the 
ommen
ement

of operation of the Australia Teles
ope Compa
t Array, has lead to substantial

improvement in the sour
e position un
ertainties. As a 
onsequen
e, 
orrelation of

the more re
ent SHEVE experiments is 
onsiderably simpli�ed and is a relatively

routine pro
edure 
ompared with e�ort required for the earlier data sets.

The Blo
k-II 
orrelator host 
omputer (a VAX/VMS system) produ
es output

PCR �les (Post-Correlation Re
ords) amounting to some 15 Mbytes per hour.

Be
ause of the way the MK-II tape playba
k units are interfa
ed to the pro
essor,

several baselines are 
orrelated more than on
e simultaneously, leading to redun-

dan
y in the PCR �les. The Calte
h VLBI pa
kage program B2FITS reads these

�les and sele
ts the best data (in terms of the number of valid bits used in 
al-


ulating the 
orrelation 
oeÆ
ients) from ea
h baseline for ea
h sour
e and two

se
ond interval. Thus redu
ed in volume, these data are written to a FITS format

�le suitable for importing into AIPS.

4.5 Fringe Fitting

Fringe �tting of SHEVE data has all been undertaken within the NRAO AIPS

data analysis software system and has utilised the global fringe �tting algorithm

(S
hwab and Cotton, 1983) as implemented in the task CALIB, and more re-


ently, FRING. Global fringe �tting is a self 
alibration (self-
al) te
hnique based

on the fa
t that the residual phase gradients are separable into station based 
om-

ponents and satisfy 
losure relations around baseline triangles, thereby allowing

the phase 
orre
tions for ea
h station to be determined using all the baselines in

whi
h it parti
ipates. It is a powerful method of improving the dete
tability of
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fringes on insensitive baselines sin
e the phase 
orre
tions 
an be 
omputed from

the solutions determined on the more sensitive baselines. This is parti
ularly ad-

vantageous for SHEVE where fringes between the weaker antennas may not be

dete
table were it not possible to solve for the rates and delays using the more

sensitive Tidbinbilla and Parkes baselines for that station. Be
ause the solutions

are determined from all baselines involving a given station, global fringe �tting

also provides a means for ensuring the 
orre
t appli
ation of residual delays and

rates during the amplitude nulls 
aused by sour
e stru
ture on a baseline, thereby

enabling more stringent limits to be imposed on the depth of those nulls. Sin
e

it is a phase self-
al method, global fringe �tting requires a rudimentary model to

predi
t the astronomi
al 
omponent of the phase on ea
h baseline, and also the

absolute sour
e position is lost be
ause the instrumental phase for one (referen
e)

station is set arbitrarily to zero.

4.6 Os
illator Coheren
e

An important 
on
ept in the dete
tion of fringes and 
oherent integration of VLBI

data is that of 
oheren
e time. Phase noise, introdu
ed primarily by the frequen
y

standards used at ea
h station, but also by propagation e�e
ts, 
auses a loss of

amplitude when the data are 
oherently integrated. Coherent integration is a

pra
ti
al ne
essity in VLBI, both to a
hieve an adequate signal to noise ratio and

to redu
e the data volume to manageable proportions, so it is important to be able

to quantify the extent of the amplitude redu
tion due to phase in
oheren
e. Ulti-

mately phase noise limits the sensitivity of an interferometer by imposing an upper

bound on the 
oherent integration time beyond whi
h no further improvement in

signal to noise ratio is a
hieved.

An estimate of the 
oheren
e time �




of an interferometer pair is the time for

whi
h the rms phase error is one radian,

2���




�

y

(�




) ' 1 (4.2)

where � is the observing frequen
y in hertz and �

y

(t) is the two-sample Allan

varian
e (see, for example, Thompson et al., 1986, se
. 9.4). To 
hara
terise the


oheren
e behaviour of the frequen
y standards used in SHEVE observations it is

important to obtain the Allan varian
e from the data before it is fringe �t sin
e

global fringe �tting, being a self-
al te
hnique, modi�es the phases and 
an mask

the e�e
ts of poor os
illator 
oheren
e. To this end a program was developed

to read the data from strong 
ompa
t sour
es before fringe �tting, and to solve

for and remove the phase gradients due to the residual delays, and then average

together the separate frequen
y 
hannels. These averaged data were then used

to 
ompute the Allan varian
e. The top panels of Figure 4.2 illustrate examples

of these 
al
ulations for two representative SHEVE experiments at 2.3 GHz in

November 1988 and 8.4 GHz in November 1991 using data from unresolved or

barely resolved sour
es showing strong fringes. The line (2���)

�1

plotted on ea
h

graph emphasises the broad variation in the quality of the di�erent frequen
y

standards, parti
ularly at 8.4 GHz where the Mopra rubidium standard has a
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oheren
e time of only a few se
onds 
ompared with the masers whi
h are good

to more than ten minutes.

In an attempt to quantify the losses due to poor 
oheren
e, Rogers and Moran

(1981) de�ned the following 
oheren
e fun
tion for an integration time T

C(T ) =

�

�

�

�

�

1

T

Z

T

0

e

i�(t)

dt

�

�

�

�

�

(4.3)

where �(t) is the phase di�eren
e measured between the two stations. While

numeri
al evaluation of this expression provides a dire
t measurement of the 
o-

heren
e losses, it reveals nothing about the extent of the loss in
urred in the

unavoidable two se
ond 
oherent average performed by the 
orrelator. However

for the regime in whi
h �

y

is proportional �

�0:5

, 
orresponding to the �rst several

hundred se
onds in Figure 4.2, Rogers and Moran showed that

< C

2

(T ) >=

2(e

�aT

+ aT � 1)

a

2

T

2

(4.4)

where a = 2��

2

��

2

y

(�). The results of evaluation of this expression for ea
h of the

baselines in Figure 4.2 is presented in the middle panels of that �gure. The losses

after two se
onds of 
oherent integration are negligible for all ex
ept the DSS43{

MOPRA baseline in the 1991 8.4 GHz experiment, for whi
h the amplitude redu
-

tion is nearly seven per
ent. For experiments in whi
h su
h severe 
oheren
e losses

were evident, the above measurements were made at several times throughout the

experiment to ensure that the e�e
ts were 
onsistent and would not 
onstitute a

sour
e of time dependent 
alibration errors. With only one ex
eption this proved

to be the 
ase, the ex
eption being the November 1991 experiment for whi
h the

Mopra system exhibited two di�erent and 
learly de�ned modes. One mode is

shown in the �gure and the se
ond mode is similar to that shown for Culgoora in

the same experiment.

The residual delays and rates whi
h fringe �tting is intended to remove 
hange

slowly with time and best results are obtained when the solutions derived from

the data are smoothed over tens of minutes. However many instrumental and

propagation indu
ed phase errors o

ur on 
omparatively short times
ales (tens of

se
onds) and it is advantageous to follow the fringe �tting with another phase self-


al stage to align the phases. Sin
e os
illator introdu
ed phase errors are station

dependent, their e�e
t 
an be substantially diminished by this step, provided

always that the fringes are dete
ted in the self-
al solution time (usually 15 or

20 se
onds). In fa
t this pro
edure arrests the 
oheren
e losses 
ompletely at

about three to four per
ent for the worst stations for averaging times beyond

about twi
e the solution time. The lower panels of Figure 4.2 show the results of

evaluating the 
oheren
e fun
tion (Equation 4.3) using the same data as for the

other panels, this time after the �nal phase self-
al stage. To minimise 
oheren
e

losses the solution interval should be as short as possible. However 
are must be

taken that it is long enough to a
hieve a dete
tion, otherwise the losses due to


oherent integration 
an vary as a fun
tion of signal to noise ratio. Tests with

SHEVE data, made by 
omparing 
oherent and in
oherent averages of the same
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Figure 4.2: Examples of the performan
e of frequen
y standards in two SHEVE experiments at

2.3 GHz (this page) and 8.4 GHz (next page). The top panels show the Allan varian
e for ea
h

baseline involving DSS 43 derived from the 
orrelator output before fringe �tting. The diagonal

dashed line labelled (2���)

�1

interse
ts the Allan varian
e 
urves at the nominal 
oheren
e

time �




de�ned by Equation 4.2. The middle panels show estimates of the 
oheren
e fun
tion


omputed from Equation 4.4 using the data in the top panels as des
ribed in the text. The lower

panels show values of the Equation 4.3 evaluated on the data after it has been fringe �t and self


alibrated.
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Performan
e of SHEVE frequen
y standards. . .
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two-se
ond visibilities, demonstrate that the onset of this e�e
t is sudden and that

it only be
omes signi�
ant at the very low signal to noise ratios where the data

are of su
h dubious quality that they would normally be dis
arded anyway.

Sin
e the 
orrelation 
oeÆ
ients output from the 
orrelator are 
oherently

averaged for an interval of two se
onds, any residual fringe rate present in the data,

manifesting as a 
ontinuous winding in phase, will lead to a loss of fringe amplitude.

The estimate of the fringe rate determined by the fringe �tting pro
edure enables

a 
orre
tion to be applied to the data to 
ompensate for this e�e
t. The �nite

number of delay lags produ
ed by the 
orrelator means that the measured 
ross-


orrelation fun
tion approximates the true 
ross-
orrelation well only if the fringes

are 
entred in the lag window. A further 
orre
tion, dependent on the residual

delay, is applied to 
orre
t the fringe amplitudes when the separate frequen
y


hannels (
orresponding to the lag-domain bins) are averaged. Although small for

low residual rates and delays, both of these 
orre
tions bene�t from the smoothing

of the delay and rate solutions.

4.7 Post-Fringe Fit Pro
essing

The data for ea
h sour
e are fringe �t separately and the resultant dataset is

exported from AIPS and 
onverted to the MERGE �le format re
ognised by the

programs of the Calte
h VLBI pa
kage whi
h was used for all subsequent analysis.

This pro
essing involves the editing and averaging of the data, 
alibration, model

�tting and imaging analysis. The 
alibration is dis
ussed in the next se
tion while

the model �tting and imaging pro
edures are des
ribed in the next two 
hapters.

All available information, in
luding both the station logs from ea
h experiment

and the logs from the 
orrelator, are used to rigourously ex
lude any data that may

have been 
orrupted by equipment malfun
tion, antenna slewing delays, or the

various 
alibration pro
edures performed at ea
h station during the observations.

This is done prior to the fringe �tting to minimise the potential for this largely

automated pro
edure to be 
ompromised by su
h data.

If the fringe �t data are destined for imaging, then they are normally 
oherently

averaged for an interval 
onsistent with the signal to noise ratio, os
illator 
oher-

en
e, the rapidity of variation of the visibilities and the desire to produ
e a dataset

of a size pra
ti
al for 
onvenient analysis. Generally the 
oherent averaging times


hosen are between thirty se
onds and two minutes.

A di�erent averaging pro
edure was adopted for the single baseline data ob-

tained using the Tidbinbilla{Hobart and Mopra{Hobart interferometers. Sin
e a

single baseline provides no useful phase information and only the amplitudes were

to be used in the analysis, these data were in
oherently averaged. The pro
edure,

and impli
ations of this approa
h are dis
ussed in Se
tion 6.4.

No attempt was made to further edit the two-se
ond data points before the

averaging pro
edure sin
e it would involve manually inspe
ting an inordinate num-

ber of points. Furthermore, the relatively low signal to noise ratio of the individual

points threatens to 
ompromise any attempt to be obje
tive in the pro
ess. Hav-

ing been 
arefully 
agged before the fringe �tting, the averaged datasets generally
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required little extra editing. Bad data was easily re
ognisable either as individual

points that were signi�
antly lower (more than about twi
e the size of the error

bars) than their neighbours, or as simultaneous se
tions of anomalous visibilities

on all baselines to a parti
ular antenna. Very low signal to noise ratio data were

reje
ted if the phases were random and distributed uniformly between �180

Æ

.

The ex
eptionally poor phase 
oheren
e exhibited periodi
ally by the Mopra

rubidium frequen
y standard and LO 
hain during the November 1991 experiment

required some modi�
ation to the above pro
edures to enable re
overy of suÆ
ient

data. The data were �rst 
oherently averaged for ten se
onds and then edited by

hand. These edited data were then averaged for thirty se
onds to produ
e a dataset

of manageable size whi
h, where ne
essary, was edited further prior to 
alibration

and imaging. In this manner the worst a�e
ted data were eliminated before the

se
ond average, thereby permitting retention of a mu
h greater proportion of the

total dataset.

4.8 Calibration

Ideally 
alibration of a VLBI array should require only the appli
ation of 
or-

re
tions to 
ompensate for the attributes of ea
h of the individual antenna and

re
eiver elements. However, in pra
ti
e, the pro
edures used at ea
h antenna to

determine these 
orre
tions will di�er so that extra e�ort must be expended to

ensure 
onsisten
y amongst the di�erent baselines. Furthermore the gain of the

instrument as a whole must be determined to allow the measurements to be ex-

pressed as 
orrelated 
ux densities 
onsistent with an external, or absolute, 
ux

density s
ale. The te
hniques used to perform these 
alibration steps with SHEVE

are des
ribed here.

4.8.1 A priori Calibration

The raw 
orrelation 
oeÆ
ients produ
ed by the 
orrelator and subsequent pro-


essing have amplitudes dependent upon not only the fringe visibility, but also the

sensitivity of the various re
eiver systems used at ea
h station. The expression

relating the 
orrelated 
ux S

Cij

to the 
orrelation 
oeÆ
ient �

ij

on baseline i� j

for a sour
e with total 
ux S

T

is (Cohen et al., 1975)

S

Cij

= b�

ij

S

T

s

T

Si

T

ai

T

Sj

T

aj

= b�

ij

s

T

Si

g

i

T

Sj

g

j

(4.5)

where T

s

and T

a

are the system and antenna temperatures respe
tively, g is the

antenna sensitivity or gain (T

a

=S

T

), and b is a fa
tor 
hara
terising the re
ord-

ing system, 
orrelator and fringe-�tting software and is dis
ussed further in Se
-

tion 4.8.3. For an unpolarized sour
e the antenna gain is

g =

�A

2k

B

where � is the antenna eÆ
ien
y, A the area and k

B

is Boltzmann's 
onstant. The

antenna eÆ
ien
y � normally depends on elevation or hour-angle in a regular and
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repeatable manner and it is 
onvenient to separate the 
ontributions to the gain

as a produ
t of a normalised (with respe
t to the zenith) polynomial des
ribing

this dependen
e, and a 
onstant fa
tor, the degrees per 
ux unit (DPFU).

Calibration of the 
orrelation 
oeÆ
ients therefore 
onsists of monitoring the

system temperatures at ea
h station during the observations and the determina-

tion of the gain polynomials. The 
alibration program in the Calte
h pa
kage

(CAL) implements Equation 4.5 and applies the gain polynomials, DPFU fa
-

tors and system temperature data. Originally the program a

epted the system

temperatures tabulated as a fun
tion of time for ea
h antenna and performed a

linear interpolation when values were required between measurements. At most

antennas the system temperature is only measured at the beginning and end of

s
ans, and hourly in between, so there is potential for erroneous values severely

a�e
ting the 
alibration over periods of an hour or more. This was a signi�
ant

problem in several of the earlier SHEVE experiments for whi
h the 
alibration

pro
edures at some stations were then unre�ned and prone to generating noisy

system temperature measurements. The CAL program was modi�ed by David

Meier to a

ept a low-order polynomial des
ribing the variation of the system

temperatures as a fun
tion of elevation or hour angle in a manner similar to the

antenna gains. A separate program was written to determine the polynomial 
o-

eÆ
ients by means of a least-squares �t to the system temperature measurements.

This permitted the appli
ation of 
alibration data that varied smoothly with time

and whi
h re
e
ted the underlying trends in the measurements rather than point

to point 
u
tuations. A potential disadvantage of this method is that it assumes

a symmetri
 variation of system temperature about the meridian. In pra
ti
e

the data usually exhibited su
h symmetry, however where signi�
ant di�eren
es

between rising and setting were apparent either the original measurements were

used dire
tly, or polynomials were �t to the two segments separately and used

to generate smoothed measurements that were applied as tables. A progressive

improvement in the a

ura
y and reliability of the 
alibration te
hniques at ea
h

station has meant that the individual system temperature polynomials for ea
h

experiment are rarely ne
essary for the more re
ent SHEVE imaging experiments,

the tabulated measurements proving satisfa
tory.

For a small number of the single baseline experiments between Tidbinbilla and

Hobart little or no 
alibration data were available at one of the stations due to

either failure or unavailability of equipment. The 
olle
tion of system temperature

polynomials determined in other experiments permitted the re
overy of mu
h of

this data through the appli
ation of a system temperature 
urve for a sour
e at a

nearby de
lination whi
h re
e
ted a similar variation to that whi
h would be ex-

pe
ted for the sour
e for whi
h no data were available. This method 
ompensates

only for the variation of system temperature as a fun
tion of antenna elevation or

hour angle but does not ne
essarily 
alibrate the data to the 
orre
t 
ux s
ale. If

no 
alibration measurements at all were available for Hobart then it was usually

possible set the s
ale to within about ten per
ent by using a system tempera-

ture value determined from the most re
ent 
ux monitoring observations of that

sour
e (Chapter 3). At Tidbinbilla the pro
edure was less 
ertain, depending on



CHAPTER 4. SHEVE OBSERVATIONS 59

the weather, sin
e rain falling on the exposed 
assegrain feeds 
aused system tem-

peratures to 
u
tuate between experiments, and be
ause of the greater sensitivity

of the Tidbinbilla antennas these 
u
tuations were generally more important.

4.8.2 Internal Calibration

Before the data from several baselines 
an be 
ombined and used for imaging

or model �tting, it is essential that all data are 
alibrated to a 
ommon 
ux

s
ale internally 
onsistent within the VLBI array. However the pro
edures for

determining the system temperatures and antenna gains vary from station to

station and some di�eren
es between antennas are inevitable. All the methods

used to obtain estimates of the relative gains of the antennas are based on the

assumption that the observed visibilities V

ij;obs


an be fa
torised, in the absen
e

of noise, into terms representing the the true visibilities V

ij;true

and the individual

antenna gains g

i

so that

V

ij;obs

V

jk;obs

=

g

i

g

j

V

ij;true

g

j

g

k

V

jk;true

=

g

i

V

ij;true

g

k

V

jk;true

:

A traditional means of a
hieving 
orre
t internal 
alibration of a VLBI array

is to use the ratios of the 
alibrated visibility amplitudes at points in the uv-plane

where two tra
ks with a 
ommon antenna 
ross to determine the di�eren
e in

s
aling between the other two antennas sin
e the visibility amplitudes must be

equal at su
h points. Unfortunately this approa
h is of little value with SHEVE

be
ause, being a predominantly north-south array, the only 
rossing points almost

always involve either Ali
e Springs or Perth as the 
ommon antennas and sin
e

these are insensitive stations the visibilities tend to have a low signal to noise ratio

and are of limited usefulness.

A se
ond method relies upon the property of unresolved sour
es that they

should yield the same 
orrelated 
uxes on all baselines simultaneously, thereby

obviating the need for 
rossing points. This te
hnique is not as robust as the


rossing point method sin
e it is ne
essary to know a priori that the obje
ts

used are indeed unresolved, there being no means of testing this independently.

Furthermore, there are few strong sour
es whi
h are not at least partially resolved

by the longest VLBI baselines.

Two 
riteria were used in sele
ting sour
es for this purpose. First, with the

best possible a priori 
alibration, the visibility amplitudes were required to be


onstant with time, indi
ative of a point sour
e, and not more than about twenty

per
ent lower (the largest plausible 
alibration error) on the longest baselines.

Se
ondly the 
losure phases were examined for any eviden
e of sour
e stru
ture;

it should be noted that this test is not as stringent as the �rst sin
e, although

unresolved sour
es must have zero 
losure phases, the reverse is not ne
essarily

always true. On
e it has been established that a sour
e meets these 
riteria the

ratios of ea
h antenna s
ale with respe
t to all others 
an be determined by using

di�erent pairs of baselines, ea
h with a di�erent antenna in 
ommon. If for a

given pair of antennas these ratios are equal, to within the limits set by the noise
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intrinsi
 to the data, for several di�erent baseline 
ombinations then this is further

eviden
e that the sour
e is unresolved on the baselines 
on
erned.

Three sour
es whi
h meet these 
riteria, at least within the Australian base-

lines, are 0537�441, 1610�771 and 1921�293. These obje
ts have proven satis-

fa
tory internal 
alibrators for the antennas in Australia at 2.3 GHz and 8.4 GHz.

Typi
ally the s
atter in the 
orre
tions 
omputed for pairs of stations using dif-

ferent baseline 
ombinations and these sour
es is about �ve per
ent, and it rarely

ex
eeds ten per
ent. At 2.3 GHz 0537�441 begins to show eviden
e of stru
-

ture to Hartebeesthoek and has a fringe visibility (S


orr

=S

total

) of approximately

0.6. However, by assuming that this visibility redu
tion progresses uniformly with

in
reasing baseline length, it has still been possible to use this obje
t to derive 
or-

re
tions a

urate to within about ten per
ent for Perth sin
e the inter
ontinental

baselines are nearly four times as long as the longest within Australia. At present

there are no obje
ts known that are unresolved to Hartebeesthoek (Preston et al.,

1989) and 
alibration of that station relies entirely upon a

urate a priori 
alibra-

tion. A small number of other obje
ts are unresolved on the baselines in eastern

Australia and provide a useful 
ross
he
k on the 
orre
tions 
omputed from the

primary sour
es.

The third means of estimating the relative gains of the SHEVE antennas is that

of amplitude self-
alibration used in hybrid mapping (for example, Cornwell and

Wilkinson (1981)). This method is appli
able only when the imaging pro
edures

have rea
hed an advan
ed stage and a good model of the sour
e is available. As

su
h it is useful as a further gauge of the a

ura
y of the a priori 
alibration and the

s
aling fa
tors derived from the unresolved sour
es as des
ribed above. Typi
ally

the self-
al gain 
orre
tions were found to be less than �ve per
ent and only very

rarely do they ex
eed ten per
ent. By 
ombining the 
onsistent 
orre
tion fa
tors


al
ulated from imaging several sour
es in a single experiment, it is possible to

re�ne the antenna 
ux s
ales so that they have a relative a

ura
y better than

�ve per
ent.

4.8.3 External Calibration

The internal 
alibration of the SHEVE array is 
arried out 
arefully to ensure

that the antenna gains are all set to a s
ale 
onsistent with a parti
ular referen
e

antenna, usually one of the Tidbinbilla antennas. Provided the a priori 
alibration

of this antenna is 
orre
t, the 
orrelated 
uxes obtained with the array will be

tied to an external 
ux s
ale. The present 
ux s
ale was set through single-dish

total 
ux density observations of 0915�118 and 1228�126 (Hydra-A and Virgo-

A) (Klein and Stelzried, 1976) at both Tidbinbilla and Parkes. Flux density

measurements of se
ondary obje
ts using these antennas demonstrate agreement

to within one per
ent (Reynolds, 1993, private 
ommuni
ation).

Despite this apparent a

urate 
alibration, several strong sour
es, in
luding

0022�423, 0237�233, 0537�441, 0823�500, 1549�790, 1921�293 and 1934�638

exhibit fringe visibilities on the short baselines ex
eeding unity by as mu
h as

twenty per
ent at both 2.3 GHz and 8.4 GHz. This problem has persisted through-

out all the SHEVE experiments undertaken sin
e 1982 and is indi
ative of a s
aling
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error 
ommon to all the data. The most likely 
ause of the e�e
t is the use of an

in
orre
t value for the b-fa
tor in Equation 4.5. This quantity is experimentally

determined and for the Blo
k-II 
orrelator and fringe �tting in AIPS the a

epted

value has been 13.53. However two re
ent MK-II observations, one with the VLBA,

and another with an interferometer 
omprising DSS 45 and DSS 43, both suggest

that this value is signi�
antly in error and that it is too large by a fa
tor of between

ten and twenty per
ent (Reynolds, 1993, private 
ommuni
ation).

The pro
edure for de
iding an appropriate b-fa
tor for the SHEVE observa-

tions involves 
onsideration of the errors in the visibilities 
ontributed by both the

total 
ux densities and the 
orrelated 
ux densities. As stated above, the indepen-

dent 
ux density measurements from Parkes and DSS 43 are in 
lose agreement.

The program sour
e 
ux density measurements were obtained at either Parkes

or Tidbinbilla during the VLBI experiments so any intrinsi
 variability should

have negligible e�e
t upon the visibility 
al
ulations, provided of 
ourse that the

obje
ts are truly unresolved so that the VLBI and total 
uxes are indeed equal.

However the relative error in the 
alibration of the VLBI stations is of the order

of �ve to ten per
ent so it is reasonable to expe
t s
atter of this magnitude in the

visibilities of several sour
es, all of whi
h are unresolved. After examination of the

fringe visibilities for all of the strong sour
es a s
aling fa
tor of 0.85, 
orrespond-

ing to a b-fa
tor of 11.50, was 
hosen and applied to the entire SHEVE data set.

This value results in most observations of the obje
ts without signi�
ant VLBI

stru
ture (0537�441, 1921�293, and 0237�233 on the short baselines) yielding

fringe visibilites within three per
ent of unity. After this s
aling no obje
t has

a fringe visibility in ex
ess of 1.05, the highest being 1934�638 at 2.3 GHz from

the November 1988 experiment with a value of 1.05, 
onsistent with the estimated

a

ura
y of the internal 
alibration of the array.

The 
ux s
ale of Klein and Stelzreid (1976) is 
alibrated to that of Baars and

Haartsuijker (1972) whi
h is the same as that of Baars et al. (1977) over the range

of frequen
ies of interest. Therefore the overall 
alibration of the SHEVE 
orre-

lated 
uxes is believed to be a

urate to within about �ve per
ent on the 
ux

density s
ale of Baars and Haartsuijker and 
onsistent at this level with observa-

tions obtained with other instruments.

4.9 A
knowledgements and Author's

Contribution

The brief des
ription of the experiment and pro
edures given in this 
hapter be-

lies the immense amount of painstaking work that is involved at ea
h stage. The

SHEVE experiment is obviously a large undertaking involving many people and it

is appropriate in a thesis su
h as this to outline the author's 
ontribution to the

proje
t. I have been involved in all stages of the data a
quisition, redu
tion and

analysis pro
ess. In parti
ular, I was responsible for the organisation and support

of pra
ti
ally all SHEVE observations at Hobart between 1988 and 1992, in
luding

all the single baseline experiments in addition to the imaging. I implemented the
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automati
 antenna 
ontrol and 
alibration pro
edures at the Mt. Pleasant Ob-

servatory. I gratefully a
knowledge the generous 
ontribution made by numerous

fellow graduate students in assisting with the operation of the observatory dur-

ing the long imaging experiments. Spe
ial thanks are due to Dave Jaun
ey, John

Reynolds and Tasso Tzioumis for supporting the Tidbinbilla and Mopra ends of

the single baseline observations.

During four visits to the Jet Propulsion Laboratory, totalling in ex
ess of ten

months, I played a 
entral role in the 
orrelation of SHEVE data in
luding fringe

sear
hing and determining the positions of new stations, Whilst big 
ontributions

to SHEVE 
orrelation and fringe �tting have been made by Don Hoard, Dave

Meier, John Reynolds, and Tas van Ommen, I was personally responsible for the

pro
essing of at least ninety per
ent of the data presented in this thesis, in addition

to a substantial volume of data whi
h does not appear here. The overwhelming

weight of responsibility for the 
alibration of SHEVE has fallen on the shoulders

of John Reynolds. Nevertheless I was responsible for 
alibration of all the single

baseline experiments and have also been 
losely involved in the 
alibration of

several of the large experiments and am familiar with all the pro
edures used.

The imaging and model �tting presented in the next two 
hapters is entirely my

own work.



Chapter 5

VLBI Imaging

5.1 Introdu
tion

Imaging provides a natural means by whi
h to in
orporate all available visibility

data simultaneously in the pro
ess of re
onstru
ting sour
e brightness distribu-

tions. Images provide a more 
omplete pi
ture of sour
e morphologies than 
an

be derived from the �tting of models to the visibility data. Furthermore, imag-

ing does not depend on the sour
e a
tually resembling the elements from whi
h

the models are 
onstru
ted and so is better able to a

urately represent the true

brightness distribution. Nine sour
es in the peaked spe
trum sample have been

observed in SHEVE experiments using antennas at up to seven sites in Australia

and South Afri
a. The images derived from these visibility data are presented and

analysed in this 
hapter.

Seven of the obje
ts were observed at both 2.3 GHz and 8.4 GHz. The resulting

pairs of images permit 
hara
terisation of the spe
tral properties of the di�erent

regions of the sour
es. This signi�
antly 
onstrains the models of the physi
al

pro
esses that give rise to the emission observed.

5.2 Methods and Analysis

Imaging Te
hniques

All the visibility data used to 
reate the images were subje
ted to the 
orrelation,

fringe �tting, averaging, editing and 
alibration pro
edures des
ribed in Chap-

ter 4. Images were formed using the self-
alibration algorithms of Readhead and

Wilkinson (1978) and Cornwell and Wilkinson (1981), and the de
onvolution pro-


edure CLEAN (H�ogbom, 1974), as implemented in the Calte
h VLBI pa
kage.

Initially most of the images were derived using the separate programs (AMPHI,

INVERT, CLEAN) to perform ea
h stage of the iterative imaging loop, as de-

s
ribed by Pearson (1991b). However, upon the release of the di�eren
e mapping

program Difmap (written by Martin Shepherd), as part of the Calte
h pa
kage all

the data were repro
essed and the images so formed are the ones presented here.

Di�eren
e mapping 
onsists of a pro
ess of progressive 
leaning of a residual

dirty image, that is, the di�eren
e between the sour
e model and the visibilities.

63
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This di�ers from the usual image formation method in whi
h the whole of the

visibility data are inverted, self-
alibrated and 
leaned repeatedly with ea
h (
om-

pletely new) set of 
lean 
omponents being used in the next self-
alibration stage.

In di�eren
e mapping the set of 
lean 
omponents is built up more gradually and is

used to self-
alibrate the visibility data periodi
ally as it be
omes more 
omplete.

The method has the advantage that stru
ture already 
leaned no longer appears

in the residual (dirty) map, so that it is possible to 
on
entrate on the di�eren
es

between the model and the data rather than sear
hing for those di�eren
es in the

presen
e of strong 
omponents. This allows 
onsiderably more 
ontrol over the


leaning pro
ess sin
e on
e stru
ture due to strong unresolved 
omponents has

been removed from the residual map, the 
lean windows 
an be reset to prevent

further 
omponents being subtra
ted from those regions.

Like 
onventional self-
alibration imaging methods, di�eren
e mapping is not

a `one-pass' te
hnique. A sequen
e of iterations is usually stopped when nega-

tive 
lean 
omponents are found, or when 
lean 
omponents smaller than some

experimenter-de�ned threshold are removed. For a good image the residual map

would 
ontain only random noise and no systemati
 stru
ture. The model derived

from one 
omplete set of iterations is used to self 
alibrate the original data and is

dis
arded, whereupon the pro
ess begins again. The �nal image from ea
h set of

iterations is 
onstru
ted by 
onvolving the 
lean 
omponents with a 
lean restor-

ing beam in the usual way, and adding the residual map. Difmap in
orporates

the entire pro
edure, in
luding image display, into a single program resulting in


omputational eÆ
ien
y and great 
onvenien
e. A brief des
ription of Difmap and

di�eren
e mapping 
an be found in Taylor (1993).

For the images presented below, the de
ision regarding what 
onstituted a

good �nal image was based on the following two 
riteria, that (a) the transform of

the 
lean model must agree well with the visibility amplitudes and 
losure phases,

and (b) that the images 
reated by su

essive sets of iterations, ea
h beginning

with an empty 
lean model and 
on
luding with a featureless residual map, di�er

only at the level of the residual noise. That is, the pro
ess must both �t the data

and 
onverge. In the 
ase of SHEVE observations, the small number of antennas

means that the �nal image quality is limited more by in
omplete uv-
overage and

amplitude 
alibration errors than by sensitivity. The residual map tends to be

dominated by sidelobes 
aused by image re
onstru
tion errors rather than thermal

noise, as 
an be seen in the images of 0023�263 and 1830�211 (Figures 5.4, 5.5

and 5.18).

The imaging algorithms are not 
onstrained to try and �t the sour
e stru
ture

with any parti
ular fun
tional forms, su
h as Gaussians, lines and disks. Therefore

the use of windows to 
lean only `real' sour
e stru
ture is 
ru
ial, otherwise the �nal

image is unlikely to bear mu
h resemblan
e to the genuine brightness distribution.

Real sour
e stru
ture ought not move about the image from one self-
alibration

stage to the next and should appear 
onsistently in the images. By 
onstraining

the 
lean pro
edure to operate in only these regions, and keeping the regions as

small as possible, the �nal model is less likely to 
ontain spurious 
omponents.

If the 
lean model 
ontains only real stru
ture then a natural de�nition for the

image dynami
 range is the ratio of the peak brightness in the restored image to the
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maximum level of the features in the residual map. The images presented in this


hapter have been 
ontoured at a level suÆ
iently low to permit assessment of the

magnitude of the residual noise. It is important to note, however, that although

di�eren
e mapping works by subtra
ting the bulk of the emission from an image,

and thereby fo
ussing attention upon minimisation of the \underlying" residual

noise, the residual noise is not ne
essarily a reliable guide to the a

ura
y of the

on-sour
e re
onstru
tion whi
h 
an depend on the uv-
overage, true brightness

distribution and 
hara
teristi
s of the imaging and 
leaning algorithms.

Measurement of Physi
al Parameters

The lo
ations and sizes of the separate 
omponents in the images were obtained

through the use of the AIPS program JMFIT whi
h allows Gaussian models to be

�t to the features present in the image. The program de
onvolves the 
lean restor-

ing beam from the �t and reports the estimates of the 
omponent size. Conway

et al. (1992) investigated the sensitivity of the parameters derived by JMFIT to

errors in image re
onstru
tion by generating simulated data sets resembling their

a
tual data, using spe
i�
 sour
e models. These data were then subje
ted to the

same imaging and �tting pro
edures and the results 
ompared with the original

models. Although the results of su
h tests might be expe
ted to vary with UV


overage, su
h a huge task is beyond the s
ope of the investigation presented here

and rather than perform similar tests, only their 
on
lusions are summarised. It

was found that 
omponent positions were a

urate to between �ve and �fteen per-


ent of the beamwidth, depending largely upon the UV 
overage. Six of the nine

observations des
ribed by Conway et al. involved between four and six antennas,


omparable to most of the SHEVE observations presented below. It is therefore

reasonable to expe
t that the errors in parameters derived from the SHEVE im-

ages are probably similar. The relative 
ux densities of 
omponents were a

urate

between ten and �fteen per
ent. Component sizes are generally in error by less

than twenty per
ent, provided they are larger than half the beam width. For 
om-

ponents smaller than this, the size measurement depends entirely, and sensitively,

on the 
orre
t amplitude 
alibration of the longest baselines. Many 
omponents

with su
h small measured sizes are probably unresolved. At some level, the errors

in the 
omponent parameters derived by JMFIT will depend on the appli
ability

of Gaussians to represent the sour
e stru
ture. There is no a priori reason to

expe
t that the sour
es should have a Gaussian form. The importan
e of this

assumption is best gauged by examination of the residuals to the �t.

The total 
ux density of ea
h dis
rete 
omponent was measured with one of

the AIPS routines IMEAN or TVSTAT whi
h 
al
ulate the 
ux densities within

re
tangular (IMEAN) or polygonal (TVSTAT) regions. These programs were pre-

ferred over JMFIT sin
e they do not make assumptions about the sour
e 
ompo-

nents resembling parti
ular fun
tional forms (su
h as Gaussians) and therefore are

not subje
t to the systemati
 biases that 
an o

ur when an inappli
able model

is used.
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5.3 VLBI Observations

5.3.1 Introdu
tion

The data presented here were obtained from �ve separate SHEVE experiments

at 2.3 GHz and/or 8.4 GHz over a �ve year period from November 1988 through

Mar
h 1992. Images of seven sour
es have been made at both frequen
ies, and

images of another two sour
es have been made only at 2.3 GHz. The observations

are summarised in Table 5.1. Additional low resolution images of three sour
es

(0237�233, 1549�790 and 1934�638) were made from subsets of the data by ex-


luding the baselines involving Hartebeesthoek. The �ts of the 
lean 
omponent

models to the amplitude and 
losure phase data for all ex
ept the three low resolu-

tion images are presented in Appendix B. The peak 
ux density, 
ontour levels as

a per
entage of the peak, and the size and orientation of the 
lean restoring beam

are shown beneath ea
h image. The restoring beam dimensions are determined by

a �t to the main lobe of the dirty beam. An abbreviated listing of the antennas

parti
ipating in ea
h observation appears at the top of ea
h image and should be

interpreted a

ording to the following s
hema: D,Dt=Tidbinbilla; P,Pk=Parkes;

Hb=Hobart; Cg=Culgoora; M=Mopra; A=Ali
e Springs, Pr=Perth; E=Harte-

beesthoek. Preliminary 2.3 GHz images using these data for 0237�233, 1549�790

and 1934�638 have been published by Murphy et al. (1993). However the images

presented here represent a new and independent analysis of these data.

Sour
e Epo
h Freq. Duration No. of Max. Baseline Dynami
 AF Figure

(GHz) (hours) Ants. M� Range Ref.

0022�423 89.93 2.29 10.75 5 73.6 70:1 1.43 5.1

0022�423 91.90 8.42 13 5 39.1 45:1 1.07 5.2

0023�263 91.34 2.29 11.5 5 10.5 60:1 2.16 5.4

0023�263 91.90 8.42 11 5 29.9 40:1 1.19 5.5

0237�233 88.86 2.29 11 7 75.2 90:1 1.34 5.6

0237�233 88.86 2.29 11 6 24.2 100:1 1.96 5.7

0237�233 91.90 8.42 10 5 38.0 45:1 0.95 5.8

0823�500 89.93 2.29 11 4 13.3 80:1 2.19 5.9

1151�348 91.34 2.29 11.75 4 10.7 70:1 1.62 5.10

1151�348 92.24 8.42 11 5 30.3 35:1 1.28 5.11

1245�197 91.34 2.29 11.25 4 10.2 75:1 1.29 5.12

1245�197 92.24 8.42 10.5 5 29.1 35:1 1.06 5.13

1549�790 88.86 2.29 9.5 7 75.2 120:1 1.31 5.14

1549�790 88.86 2.29 9.5 6 24.2 115:1 1.64 5.15

1549�790 91.90 8.42 11 5 29.2 85:1 0.99 5.16

1830�211 91.34 2.29 11.5 4 10.3 25:1 5.62 5.18

1934�638 88.86 2.29 15.5 7 75.2 35:1 1.87 5.19

1934�638 88.86 2.29 15.5 6 24.2 40:1 2.53 5.20

1934�638 91.90 8.42 13.5 5 35.11 60:1 1.45 5.21

Table 5.1: Observations and images presented in this 
hapter. Epo
hs are expressed as years

sin
e 1900. The dynami
 range indi
ates the ratio of the peak brightness in the image to the

peak in the residual map. The agreement fa
tor (AF) is the redu
ed �

2

of the 
lean 
omponent

model with respe
t to the visibility data and quanti�es the extent to whi
h the model represents

the data (6.2.2). Entries in the last 
olumn refer to the �gure in whi
h ea
h image appears.
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5.3.2 0022�423

The sour
e 0022�423 is a magnitude 20.6 (V) galaxy with a redshift of 0.661 (Wall

and Pea
o
k, 1985). The 2.3 GHz and 8.4 GHz images in Figures 5.1 and 5.2

show the simple double stru
ture of this sour
e. The phase self-
alibration used in

the imaging pro
ess means that the absolute positions of the 
omponents in the

two images are unknown. However the relative positions are a

urate and sin
e

at both frequen
ies the two 
omponents are separated by 28 mas at a position

angle (PA) of -62

Æ

, it is reasonable to assume that they are identi�ed with one

another. The 2.3 GHz data in
ludes baselines with Perth and Hartebeesthoek and

has a resolution 
omparable to that of the 8.4 GHz image, although in a nearly

orthogonal dire
tion.

Table 5.2 gives the results of the Gaussian model �ts to the two images. Com-

ponent A is unresolved at 8.4 GHz and is resolved at 2.3 GHz in the east-west

dire
tion only. The 2.3 GHz image shows that 
omponent B is extended towards

the east and the Gaussian model, whi
h was �t only to the western part of the


omponent, also indi
ates that the 
omponent is well resolved in the east-west di-

re
tion but not in the north-south dire
tion. It is unresolved at 8.4 GHz. All the

model 
omponents are roughly aligned with the overall PA of the sour
e, though

for the 8.4 GHz image this may re
e
t the alignment of the restoring beam with

the extended sour
e stru
ture rather than the 
omponents themselves.

The two 
omponents, in
luding the extension of B, 
ontribute 3.0 Jy of the

total 2.3 GHz 
ux density of 3.1 Jy so any stru
ture not seen in this image must be

very weak. Similarly the total 
ux density at 8.4 GHz (1.0 Jy) is almost 
ompletely

a

ounted for by the 0.95 Jy in the image. These results are 
onsistent with the

absen
e of emission on the few-ar
se
ond s
ale at 5 GHz reported by Morganti et

al. (1993). Assuming that the 
ux densities have not 
hanged signi�
antly in the

two years between these two observations, the spe
tral indi
es of both 
omponents

are found to be very similar (Table 5.2). If the extended stru
ture seen in B at

2.3 GHz is omitted from the 
al
ulation, then the spe
tral index of the 
ompa
t


omponent is even 
loser to that of A.

In both images there is eviden
e of some weak emission lying dire
tly between

the two strong 
omponents. However the relative positions di�er in the two images

and these features are not stable between su

essive mapping iterations. The two

images have been 
onvolved with larger restoring beams to sear
h for bridges or


ores in this region but nothing reliable was found.

Component Frequen
y Flux Density Maj Min PA �

8:4

2:3

(GHz) (Jy) (mas) (mas) (

Æ

)

A 2.3 2.209 3.76 0.68 -67 -0.86

A 8.4 0.726 3.49 0.85 -63

B 2.3 0.764 5.40 1.14 -54 -0.93

B 8.4 0.228 2.94 1.73 -29

Table 5.2: Gaussian �tting of 0022�423.



CHAPTER 5. VLBI IMAGING 68

A

B

Figure 5.1: 2.3 GHz image of 0022�423.

A

B

Figure 5.2: 8.4 GHz image of 0022�423.



CHAPTER 5. VLBI IMAGING 69

5.3.3 0023�263

Wall and Pea
o
k (1985) identify 0023�263 with anm

V

=19.5 galaxy. The redshift

is 0.322 (Tadhunter et al., 1993). Both of the images, presented here in Figures 5.4

and 5.5, show the basi
 double stru
ture of the sour
e, and also show that neither of

the 
omponents is simple. At a de
lination of -26

Æ

, the uv-
overage obtained from

the eastern Australian array 
omprises a series of almost equally spa
ed tra
ks

(Figure 5.3) that result in large regularly spa
ed sidelobes in the dirty beam,

making de
onvolution diÆ
ult. Tra
es of these sidelobes are visible as ar
s in the

low level 
ontours and grey-s
ales of both images. Consequently all the features in

the images away from the two main 
omponents are most probably artifa
ts. In

the dis
ussion below the 
ompa
t part at the north of the north-west 
omponent

(at 2.3 GHz) is referred to as A, and the south-east 
omponent is 
omponent B,

and is 
omprised of B1 and B2 as shown on the images.

The angular separations of A and B1 are 655 mas at 2.3 GHz and 652 mas

at 8.4 GHz. The position angle of A relative to B1 is -34

Æ

at both frequen
ies.

The spa
ings and position angles of B2 relative to B1 are 33 mas and -37

Æ

and

31 mas and -52

Æ

at 2.3 GHz and 8.4 GHz respe
tively. The di�eren
es in these

values are easily a

ommodated, given the di�erent resolutions and signal to noise

ratios, allowing the three 
omponents seen at one frequen
y to be unambiguously

asso
iated with the three at the other.

Gaussian models were �t to ea
h of the 
omponents at both frequen
ies; the

parameters of the resultant models are shown in Table 5.3. The �t to B2 at the

high frequen
y was unreliable and only the integrated 
ux density is shown in

the table. Component A is slightly resolved in the north-south dire
tion at both

frequen
ies. The extension seen at 2.3 GHz is almost absent in the 8.4 GHz im-

age, some asymmetry just being visible. Sin
e A is so marginally resolved, little

weight should be attributed to the apparently orthogonal orientations at the two

frequen
ies. The two 
omponents in B are quite distin
t and the Gaussian models

�t the data well at the lower frequen
y. B1 is probably unresolved while B2 is well

resolved and has angular dimensions 38�23 mas. Both B1 and B2 are substan-

tially weaker in the 8.4 GHz image and are 
ertainly resolved at this resolution.

The misalignment of B1-B2 
ompared with B-A is approximately 18

Æ

at the high

frequen
y and 
ould indi
ate that 
omponent B is the terminus of a jet with B1

and B2 hotspots (sho
ks?) 
aused by the disruption of the jet.

Within the 
alibration un
ertainties (�ve per
ent), 
omponents A and B1 have

the same spe
tral index (�-0.5). In 
ontrast B2 has a very steep index of -2.1,

though the low signal to noise ratio means that this value is very un
ertain (�50%).

The total 2.3 GHz 
ux density of the whole northern 
omponent (in
luding both A

and the extension) is 1.62 Jy and is denoted in the table as A

0

. Similarly, the entire

southern 
omponent has a 
omparable 
ux density of 1.22 Jy. The sum of these,

2.84 Jy, is only about forty per
ent of the total 
ux density (7.1 Jy). Although the

di�eren
e between A and B1+B2 is mu
h greater at 8.4 GHz the ratio of VLBI


ux density to total 
ux density is almost identi
al at both frequen
ies. Evidently

the substantial extended stru
ture not seen in either of these images has a similar

spe
tral index to the 
omponents that are visible here.
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A 5 GHz MERLIN image of this obje
t, with a resolution of approximately

100 mas, shows the presen
e of a bridge of emission lying between the two 
om-

pa
t 
omponents (Muxlow et al., private 
ommuni
ation). However low resolution

images, made by 
onvolving the VLBI data here with larger restoring beams, give

no indi
ation of this stru
ture. The absen
e of any stru
ture on few-ar
se
ond

s
ales (Morganti et al., 1993) suggests that all emission in this obje
t originates

either in, or between, the two 
ompa
t 
omponents.

Component Frequen
y Flux Density Maj Min PA �

8:4

2:3

(GHz) (Jy) (mas) (mas) (

Æ

)

A 2.3 1.349 12.1 10.4 -46 -0.58

A 8.4 0.638 5.27 4.42 45

B1 2.3 0.354 18.7 5.08 52 -0.52

B1 8.4 0.180 17.3 9.95 59

B2 2.3 1.134 37.8 22.8 -8 -2.11

B2 8.4 0.074

A

0

2.3 1.622

B 2.3 1.223

Table 5.3: Gaussian �tting and 
omponent 
ux densities of 0023�263. The 
ux densities of B1

and B2 at 2.3 GHz are derived from the Gaussian model �ts be
ause they are too 
lose to ea
h

other to a

urately measure with IMEAN or TVSTAT. The last three lines of the table give 
ux

densities obtained by integrating 
omponents that were not amenable to �tting with JMFIT

(explained in the text).

Figure 5.3: 2.3 GHz uv-
overage of 0023�263.
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A

B1

B2

Figure 5.4: 2.3 GHz image of 0023�263.

A

B1 B2

Figure 5.5: 8.4 GHz image of 0023�263.
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A

B

Figure 5.6: 2.3 GHz image of 0237�233 in
luding the Hartebeesthoek baselines.

Figure 5.7: 2.3 GHz image of 0237�233 without Hartebeesthoek data.
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5.3.4 0237�233

The redshift of the m

V

=16.6 quasar 0237�233 is 2.223 (Burbidge and Burbidge,

1969). Three images were made of this obje
t, two at 2.3 GHz with and without

the South Afri
an baselines (Figures 5.6 and 5.7), and one at 8.4 GHz (Figure 5.8).

The sour
e is 
learly a very 
ompa
t double at both frequen
ies. The separations

and relative position angles of the two 
omponents are 9.3 mas and 52

Æ

at 2.3 GHz,

and 9.9 mas and 53

Æ

at 8.4 GHz. The di�eren
e between the two 2.3 GHz images


learly demonstrates the value for some sour
es of the extra resolution provided by

Hartebeesthoek. The lower resolution image only indi
ates the presen
e of some

extension towards the south-west of the otherwise unresolved sour
e, and does not

show that this stru
ture is due to a distin
t 
omponent, as 
an be seen in the full

resolution image. Although the image in Figure 5.6 has a dynami
 range of 100:1,

some signi�
ant imaging artifa
ts are visible in the image as elongated stru
tures

running in a north-south dire
tion between the two main 
omponents. The 
lean


omponent model �ts the visibility data very well (AF=1.34) but �tting Gaussian

models to the visibility data (a te
hnique des
ribed in detail in Chapter 6) shows

that the sour
e 
an be adequately represented with only two 
omponents. This

false stru
ture is more likely to result from diÆ
ulties asso
iated with properly

de
onvolving the dirty beam (there is a large hole in the uv-
overage between the

Australian and South Afri
an baselines) rather than 
alibration errors.

The results of the Gaussian model �ts to the 
omponents in the full resolution

2.3 GHz image and the 8.4 GHz image are listed in Table 5.4. At 2.3 GHz 
ompo-

nent A is just resolved in only the south-west dire
tion. The 
omponent is better

resolved at 8.4 GHz where it has an angular size of 5.5�3.0 mas and a similar

orientation (within 20

Æ

) to that found at 2.3 GHz. The south-west 
omponent B

is unresolved at the high frequen
y and probably is at 2.3 GHz also.

The high and low resolution 2.3 GHz images have total integrated 
ux densities

of 5.22 Jy and 5.16 Jy respe
tively, values whi
h bra
ket the total 
ux density of

5.17 Jy measured with the 70 m antenna at Tidbinbilla during the experiment.

The integrated 
ux density of the 8.4 GHz image is 2.59 Jy 
ompared with the

approximate measured total 
ux density of 2.4 Jy. Clearly all the emission in this

obje
t 
omes solely from the two milli-ar
se
ond size 
omponents seen in these

VLBI observations. This result is 
onsistent with VLA observations at 1.4, 1.6,

5.0 and 23 GHz that show no eviden
e of stru
ture on s
ales from about 100 mas

to several ar
se
onds (Stanghellini et al., 1990a).

The 2.3 GHz emission is dominated by the steep spe
trum (� = �0:7) 
om-

ponent whi
h 
ontributes more than seventy per
ent of the total 
ux density.

However the very 
ompa
t 
omponent B with a spe
tral index of +0.6 
ontributes

almost half the 
ux density at the high frequen
y. Component B is thus likely

to be a 
ompa
t 
ore separated from the more di�use 
omponent A. The di�er-

en
e in 
omponent separation (0.6 mas) dete
ted between the images at the two

epo
hs is not suÆ
ient to 
laim a dete
tion of relative motion sin
e it is less than

half the maximum resolution a
hieved by the uv-
overage and furthermore, be-


ause the images are at di�erent frequen
ies, the unknown spe
tral dependen
e of

the morphology means that it is not possible to align the 
omponents with any
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ertainty.

Component Frequen
y Flux Density Maj Min PA �

8:4

2:3

(GHz) (Jy) (mas) (mas) (

Æ

)

A 2.3 3.758 4.15 1.93 47 -0.70

A 8.4 1.52 5.45 2.96 66

B 2.3 0.490 6.14 1.30 13 0.60

B 8.4 1.07 0.00 0.00 {

Table 5.4: Gaussian �tting of 0237�233. The 8.4 GHz 
ux densities are from the model �tting,

not integration. However their sum is equal to the total 
ux density found by integrating the

whole sour
e, and the models �t the data very well, so the values are probably reliable.

A

B

Figure 5.8: 8.4 GHz image of 0237�233.

5.3.5 0823�500

This obje
t has a very pronoun
ed peak in its spe
trum near 2 GHz but unfor-

tunately there is no opti
al identi�
ation. Only a 2.3 GHz image (Figure 5.9) is

available from the SHEVE observations to date. No emission is apparent apart

from the two simple 
omponents. The double stru
ture is resolved on all but

the shortest baseline (Appendix B) and shows that the two 
omponents have an

angular separation of 24 mas at a position angle of -56

Æ

.

The results of Gaussian �ts to the two 
omponents, designated A and B as

shown in the �gure, are listed in Table 5.5. The resolution of both 
omponents
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B

A

Figure 5.9: 2.3 GHz image of 0823�500.

is marginal and depends mostly upon the longer baselines involving Ali
e Springs

that are relatively insensitive and diÆ
ult to 
alibrate a

urately. Consequently


omponent sizes are not very reliable. Both 
omponents appear to be aligned with

the overall position angle of the double stru
ture. However these measurements

are very un
ertain and really more resolution is needed, either from observations

at a higher frequen
y, or involving the Perth antenna.

The integrated 
ux density of the two 
omponents is 5.75 Jy, three per
ent

less than the total 
ux density of 5.95 Jy so there is unlikely to be any extended

emission asso
iated with this obje
t. The 
omponents A and B 
ontribute to the

total 
ux density in ratio 3:2. The absen
e of any observations at other frequen
ies

prevents determination of any spe
tral properties of the 
omponents in this sour
e.

Component Frequen
y Flux Density Maj Min PA

(GHz) (Jy) (mas) (mas) (

Æ

)

A 2.3 3.56 17.5 10.6 -72

B 2.3 2.23 10.7 7.5 -69

Table 5.5: Gaussian �tting of 0823�500.

5.3.6 1151�348

The radio sour
e 1151�348 is identi�ed with an m

V

= 18:0 quasar having a red-

shift z = 0:258 (Jaun
ey et al., 1978). The 2.3 and 8.4 GHz images (Figures 5.10
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and 5.11) show two 
omponents, labelled as A and B, with a relative position

angle of 72

Æ

and an angular separation of 91 mas. At the high frequen
y the two


omponents are distin
t. However there appears to be a weak bridge of emission

running between them at 2.3 GHz. The reality of this feature was investigated

by 
onvolving the image with smaller restoring beams to test for the presen
e of

extensions between the main 
omponents. These images show that there is indeed

some weak extended stru
ture present, however not at a level that 
an be regarded

as 
onvin
ing. Other images, made at the same resolution as the one presented

here, do not show the bridge at the same level but do indi
ate the extension in

the south-west of 
omponent A. Although the 
lean 
omponent model is a good

�t to the data (Appendix B), further pro
essing with tighter 
lean windows may

give a better indi
ation of how real this bridge a
tually is; in the interim it should

be regarded with some suspi
ion.

The results of �tting Gaussian models to ea
h 
omponent at both frequen
ies

are listed in Table 5.6. At 2.3 GHz both A and B are slightly resolved along the

north-south dimension. This be
omes more pronoun
ed at the higher frequen
y

with both 
omponents well resolved along position angles -27

Æ

(A) and 40

Æ

(B),

or roughly orthogonal and parallel to the overall sour
e orientation respe
tively.

The measured 
omponent separations at the two frequen
ies di�er by only half a

milli-ar
se
ond, permitting unambiguous asso
iation of ea
h 8.4 GHz 
omponent

with its 
orresponding lower frequen
y 
ounterpart, and hen
e, 
al
ulation of the

spe
tral indi
es of ea
h 
omponent. Component B is the steeper of the two with

� = �1:1.

At both frequen
ies, the milli-ar
se
ond 
omponents seen in these images 
on-

tribute only about seventy per
ent of the total 
ux density. However, save for the

tenuous bridge in the 2.3 GHz image, there is no eviden
e of any emission on larger

s
ales. Morganti et al. (1993) �nd the sour
e unresolved when observed at 5 GHz

with the VLA (resolution 3 ar
se
onds). Using the total 
ux densities at the low

and high frequen
ies (4.6 and 1.8 Jy respe
tively) and assuming that the stru
ture

giving rise to the missing 
ux density is homogeneous, its spe
tral index 
an be


omputed. This 
al
ulation yields a value of -0.7, very similar to 
omponent A,

possibly indi
ating that the emission is simply resolved, di�use, extensions of the


omponents seen here.

Component Frequen
y Flux Density Maj Min PA �

8:4

2:3

(GHz) (Jy) (mas) (mas) (

Æ

)

A 2.3 2.20 14.06 9.38 -70 -0.68

A 8.4 0.909 9.07 6.38 -27

B 2.3 1.32 17.2 14.0 -79 -1.12

B 8.4 0.310 12.5 8.9 40

Table 5.6: Gaussian �tting of 1151�348.



CHAPTER 5. VLBI IMAGING 77

A

B

Figure 5.10: 2.3 GHz image of 1151�348.

A

B

Figure 5.11: 8.4 GHz image of 1151�348.
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5.3.7 1245�197

With z = 1:275 (Mantovani et al., 1992), 1245�197 has the highest redshift of any

of the galaxies in this survey. The digitised UK S
hmidt plate (from the COSMOS

database, Yentis et al., 1992(1992)) gives the J magnitude as 21.6. The 2.3 GHz

SHEVE image (Figure 5.12) shows two distin
t 
omponents separated by 130 mas

at position angle 88

Æ

. The stronger of the two is elongated in a north-easterly

dire
tion and there is also extension towards the north-west. Restoring the image

with a 
lean beam one third smaller than that shown resolves the stronger 
ompo-

nent enough to demonstrate that it is 
omposed of two very 
ompa
t 
omponents,

designated A1 and A2 in the �gure. These are quite distin
t in the higher reso-

lution 8.4 GHz image (Figure 5.13) and have an angular separation of 17 mas at

PA=55

Æ

, 
onsistent within the un
ertainties with the 19 mas and 55

Æ

measured at

2.3 GHz. Component B is very weak at the high frequen
y. Attempts to window

only 
omponent A when 
leaning the image failed to remove 
omponent B from the

residual map and the �t of the 
lean 
omponent model is signi�
antly improved by

its in
lusion, parti
ularly on the DSS43{Hobart baseline (Appendix B). Gaussian

model �ts are inappropriate for this 
omponent, however the emission above the

one per
ent 
ontour shown in the image has a 
entroid lying only 5 mas to the

west of the lo
ation predi
ted from the 2.3 GHz measurements, assuming that the


omponents labelled A1 in ea
h �gure 
an be asso
iated without ambiguity.

Component Frequen
y Flux Density Maj Min PA �

8:4

2:3

(GHz) (Jy) (mas) (mas) (

Æ

)

A1 2.3 1.311 12.5 5.8 81 -0.60

A1 8.4 0.600 5.17 3.55 67

A2 2.3 1.726 19.9 8.90 82 -0.91

A2 8.4 0.528 16.75 4.41 70

B 2.3 0.363 20.4 8.46 76 -1.44

B 8.4 0.056 { { {

Table 5.7: Gaussian �tting of 1245�197. The 
ux densities for A1 and A2 at 2.3 GHz are

the results of the Gaussian �tting be
ause the two 
omponents are too 
lose to be a

urately

separated for integration. The �t for 
omponent B at 8.4 GHz was unreliable and only the

integrated 
ux density is given.

The results of the 
omponent size measurements from Gaussian �tting of all


omponents, together with the integrated 
ux densities, are listed in Table 5.7. At

the low frequen
y A1 is probably unresolved, though some extension towards B

is apparent in pro�les through the 
omponent in an east-west dire
tion. The

nearby A2 is 
ertainly resolved in a similar dire
tion. Component B is slightly

extended towards the south-west but otherwise unresolved. The extension of A2

is more obvious at 8.4 GHz, but A1 may still be unresolved, although there is

eviden
e of extension in the south-west. Despite being almost 
ompletely resolved

at the higher frequen
y, the remnant of 
omponent B is oriented in the dire
tion

of the extension seen at 2.3 GHz.
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The spe
tral indi
es of all three 
omponents are steeper than -0.5, with the


attest being the unresolved 
omponent A1 (� = �0:6). The more extended A2,

whi
h 
ontributes as mu
h of the total VLBI 
ux density as the other two 
ompo-

nents 
ombined at 2.3 GHz, is weaker than A1 alone at 8.4 GHz and has a steeper

spe
trum. The 
ux density of B at 8.4 GHz is un
ertain and while the spe
tral

index is very steep, the value given in Table 5.7 
ould be in error by as mu
h as

�0:8.

The sum of the 
ux densities of all the 
omponents seen in these VLBI images

is less than the total 
ux density of 1245�197 at either frequen
y, the fra
tions

being 85 per
ent and 75 per
ent at 2.3 GHz and 8.4 GHz respe
tively. In a VLBI

survey at 2.3 GHz with a resolution of 2.6 mas Preston et al. (1985) reported an

upper limit to the 
orrelated 
ux density for this sour
e of only 6 mJy, indi
ating

an absen
e of highly 
ompa
t stru
ture on angular s
ales mu
h smaller than those

resolved by the 8.4 GHz SHEVE image. VLA observations at 5 GHz with three

ar
se
ond resolution show no extended stru
ture (Morganti et al., 1993) and Man-

tovani et al. (1992), using the same instrument and frequen
y with a resolution

of 450 mas, report 96 per
ent of the total 
ux density is lo
ated in an unresolved


ore on whi
h they pla
ed an upper limit on the angular size of 150 mas. It would

seem therefore that the two SHEVE observations shown here 
over the range of

angular s
ales present in this obje
t and that there is not a great deal of stru
ture

remaining undis
overed.

A1

A2

B

Figure 5.12: 2.3 GHz image of 1245�197.
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A1A2

B

Figure 5.13: 8.4 GHz image of 1245�197.

5.3.8 1549�790

This z=0.149, m

V

=18.5 galaxy (V�eron et al., 1990; Prestage and Pea
o
k, 1983)

has the most extended radio stru
ture of any sour
e shown in the SHEVE im-

ages presented in this 
hapter. All three images, Figures 5.14, 5.15 and 5.16,

show the same overall features, 
omprising a strong 
ompa
t 
omponent with a

short extension pointing towards the north-east, and a long elongated stru
ture

at PA=120

Æ

about 80 mas further to the east. The elongated feature is mu
h

weaker at 8.4 GHz and a natural interpretation of this morphology is of a 
at

spe
trum 
ore with a one sided steep spe
trum jet that bends through approxi-

mately 60

Æ

. Several 
omponents 
an be distinguished in the far-jet (beyond the

bend) at 2.3 GHz and the near-jet also shows 
omplex stru
ture in Figure 5.14.

Both jet 
omponents are either weak or resolved at 8.4 GHz and only a small

remnant is visible in Figure 5.16. The image in Figure 5.15 is made from the same

data as in Figure 5.14 but without the baselines involving Hartebeesthoek. The


ore region and extended jet are dis
ussed separately below. The brightest part of

the 
ore in ea
h image is designated 
omponent A1, as shown, and it is assumed

that all three images 
an be aligned with one another at this point, that is, the


ore serves as a 
ommon referen
e point between the two frequen
ies and epo
hs.

Core and Near-jet

Considering �rst the lower resolution 2.3 GHz image (Figure 5.15), the 
ore is

resolved into two distin
t 
omponents (A1 and A3) separated by 19 mas at posi-

tion angle 64

Æ

. The results of Gaussian �ts to the 
ore 
omponents are given in

Table 5.8. The strongest 
omponent, A1, appears to be resolved towards A3, but
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Component Frequen
y Flux Density Maj Min PA �

8:4

2:3

(GHz) (Jy) (mas) (mas) (

Æ

)

A1 2.3 3.102 7.67 2.36 64 0.00

A1

0

2.3 2.161 3.61 0.73 52

A1 8.4 3.132 4.73 1.09 46

A2

0

2.3 0.985 5.30 3.95 -72

A3

0

2.3 0.163 10.90 6.98 89 steep

Table 5.8: Gaussian �tting of 1549�790. Components are labelled as shown in the �gures and

those measurements made from the high resolution 2.3 GHz image are denoted with a

0

.

is unresolved perpendi
ular to the jet. Component A3 is resolved.

The image made by in
luding the trans-o
eani
 baselines to South Afri
a (Fig-

ure 5.14) permits a more detailed examination of the 
ore region and shows the

very bright, and unresolved, 
omponent A1 lying at the western extremity. The

�ts of models to the 
omponents in this image are also listed in Table 5.8 but

are distinguished there from the measurements made using the lower resolution

image by a

0

(e.g. A1

0

). The near-jet, whi
h has a peak brightness of about 25 per-


ent that of the 
ore, begins immediately to the east and its intensity diminishes

gradually before terminating in a 
omponent identi�ed with A3 from the lower

resolution image (�� and PA relative to A1 of 20.5 mas and 62

Æ

respe
tively).

The jet is very narrow, only be
oming resolved transversely when it rea
hes A3.

Between A1 and A3, two uniformly spa
ed blobs, or ripples, 
an be seen in the

jet. The parameters of the strongest of these, A2, are given in the table. However

the reality of both these features is un
ertain. The in
lusion of the Hartebeesthoek

data 
reates a large unsampled gap in the uv-plane between 25 and 60 M�, leading

to substantial sidelobes in the dirty beam, so these apparent knots may a
tually

result from a 
ombination of the pla
ement of the 
lean windows and a failure of the


lean pro
ess to de
onvolve the dirty beam a

urately. To investigate whether or

not these features are genuine, or only a 
onsequen
e of the imaging pro
edures,

models were �t to the visibility data. This approa
h has the advantage that

simple models with basi
 
omponents (su
h as points and lines) 
an often meet

the demands of the visibility data by dire
t Fourier inversion, without the need

for 
ompli
ated de
onvolution and self-
alibration pro
edures, and are therefore

often able to provide a more reliable, if somewhat less detailed, des
ription of

the overall sour
e brightness distribution. The results of �tting su
h models to

the data from baselines in
luding the South Afri
an station (�3 mas resolution)

showed that only a single point and a linear 
omponent are needed. When the

baselines between the eastern Australian antennas and Perth are added (�10 mas

resolution), a third linear 
omponent is required to a

ount for the slight bend in

the near-jet. A sequen
e of two or three point sour
e model 
omponents is unable

to a

ount for the behaviour of the visibilities nearly as well so it is likely that the

blobs seen in the image are artifa
ts or, at the very least, the near-jet is dominated

by linear stru
tures rather than knot-like 
omponents.
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Another subtle indi
ation of the 
are needed when interpreting these images

is that although 
omponents A1 and A3 have the same relative lo
ations in the

two 2.3 GHz images (whi
h, in
identally, have the two highest dynami
 ranges of

all the images presented here), the near-jet appears to kink in opposite dire
tions

between them. Convolving the high resolution image with the low resolution

beam shows that this is, in part, an illusory e�e
t 
aused by the emergen
e of the

near-jet slightly to the north of A1 (rather than due east). However this does not

entirely a

ount for the di�eren
e seen and indi
ates that there is some un
ertainty

(�5 mas) in the a
tual position of the near-jet in the dire
tion of least resolution

(north-south).

The 8.4 GHz image (Figure 5.16) shows the 
ore 
omponent but the near-jet

is pra
ti
ally absent. This image has more surfa
e brightness sensitivity than

the high resolution 2.3 GHz image (almost twi
e the beam area and 
omparable

antenna system temperatures) so the near-jet is not just resolved, it must have

a steep spe
tral index. The 
ore 
omponent is slightly elongated along PA=49

Æ

(Table 5.8), 
lose to the position angle of the near-jet seen at the low frequen
y.

Comparison of the integrated 
ux densities of the 
omponent A1 at the two fre-

quen
ies shows that it has a 
at spe
trum; within the errors the 
ux densities are

identi
al at the two epo
hs and frequen
ies. This is true for the high resolution

2.3 GHz data also, provided the 
ux densities of A1 and A2 are 
ombined. With-

out more resolution at the high frequen
y, it is not possible to 
omment separately

on the spe
tra of the 
omponents A1 and A2 seen in the high resolution 2.3 GHz

image.

A1

A2

A3
X

Figure 5.14: 2.3 GHz image of 1549�790. The X marks the lo
ation of the jet 
omponent seen

in the 8.4 GHz image.
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A1
A3

Figure 5.15: 2.3 GHz image of 1549�790 without Hartebeesthoek data.

A1

Figure 5.16: 8.4 GHz image of 1549�790.
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Jet

Beyond 
omponent A3, no emission is dete
ted in the 2.3 GHz images until ap-

proximately 20�30 mas (depending on the beam size) further east, where the long

(�80 mas) jet stru
ture appears. The jet undergoes a bend of more than 60

Æ

to-

wards the south whilst traversing this region where it is not dete
ted. The absen
e

of emission from this area indi
ates that the jet is either very weak, di�use, ob-

s
ured or otherwise o

luded here. Unless obs
uration is the 
ause, this suggests

that there are no hotspots or tightly 
on�ned stru
tures in the bending region so

it might be reasonable to infer that the bending is 
aused not by 
ollision or de-


e
tion with some entity su
h as the external medium, but rather by a 
hange in

orientation of the near-jet over time as the jet material is eje
ted. If this were the


ase then the apparent gap in the jet 
ould arise from either orientation e�e
ts, or

it may indi
ate that the 
ore emission pro
esses are episodi
, a hypothesis possibly

supported by the segmented nature of the jet.

1549-790      2290.000 MHz
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Figure 5.17: A pro�le of surfa
e brightness along the length of the jet of 1549�790 at 2.3 GHz.

The abs
issa in
reases towards the west and the 
omponents B1 and B2 
orrespond to the two

highest 
ontours in the jet in Figure 5.14

Both of the 2.3 GHz images show the same basi
 stru
ture in the jet. It

is 
omposed of three segments, ea
h about 20 to 30 mas long, and essentially

lying in a straight line. At no point along its length is the jet resolved a
ross

its width. The slight \S-bending" visible in the high resolution image 
annot

be 
onsidered signi�
ant given the resolution and sensitivity a
hieved. Less easy

to dis
ount, however, are the series of 
ompa
t features lo
ated within the two
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strongest jet 
omponents. These 
omponents are most 
learly shown, labelled

B1{B4, in Figure 5.17 whi
h is a pro�le of the surfa
e brightness along the length

of the jet shown in Figure 5.14. The pro�le shows that, with the ex
eption of B1,

all of these features are unresolved, the restoring beam width in this dire
tion being

approximately 3 mas FWHM. It 
ould be argued that these apparent hotspots are

a
tually another artefa
t of the de
onvolution pro
ess. However, examination of

the visibility amplitudes on the Perth baselines (Appendix B) indi
ates that one

or more weak 
omponents some distan
e from the 
ore are present. An extension

of the visibility model �tting, des
ribed above, shows that at least two point-like


omponents lying near the axis of the jet are needed to do this, but the data do

not 
onstrain either their position or number well. Furthermore, the approximate

lo
ation of the peaks seen in the image do not seem to depend on the windows used

in the 
leaning, although their relative strengths 
an vary. However more imaging

tests using di�erent tapering and weighting s
hemes are required to establish the

reality of these 
omponents beyond doubt.

The 8.4 GHz image shows only a fra
tion of the jet stru
ture visible at 2.3 GHz.

Clearly the whole of the jet, in
luding the hotspots, has a steep spe
trum. The

strongest 
omponent that 
an be seen in the jet at this frequen
y is well resolved

and while the position of all the jet stru
ture in the image is very un
ertain simply

be
ause it is weak, the lo
ation of this 
omponent relative to A1, 
an be measured

(��=97 mas, PA=83

Æ

). This position is marked on the high resolution 2.3 GHz

image (Figure 5.14) by an X and 
learly does not lie on the 
entre of the jet.

Whether this results from un
ertainties asso
iated with the imaging pro
edures,

or re
e
ts either a spe
tral or temporal e�e
t within the jet remains unknown.

By permitting quanti�
ation of any 
omponent motion, a se
ond epo
h image of

this sour
e, at either frequen
y, should provide some indi
ation of the 
ause of

this e�e
t. A se
ond epo
h at 2.3 GHz would also be helpful for investigating the

hotspots in the jet.

The 
ore to jet 
ux density ratio is almost 2:1 at 2.3 GHz and nearly an order

of magnitude greater, 20:1, at the higher frequen
y. Nevertheless, the proportion

of the total 
ux density 
ontained within the VLBI stru
ture is high (�95 per
ent)

at both frequen
ies. Therefore there is unlikely to be mu
h di�use emission beyond

the eastern end of the jet.

5.3.9 1830�211

This strong radio sour
e has been identi�ed as an Einstein ring by Jaun
ey et

al. (1991) but, to date, has no opti
al 
ounterpart. The 2.3 GHz SHEVE image

presented here (Figure 5.18) shows the 
ompa
t 
omponents believed to be the

two images of the 
ore of the lensed sour
e (Ko
hanek and Narayan, 1992). These

two 
omponents are separated by 973 mas along position angle 42.2

Æ

. With only

four antennas and a low de
lination, these data show severe ar
 sidelobes similar

to those seen for 0023�263 (
f Figure 5.3). Strong fringes are obtained on all

baselines ex
ept Hobart{Culgoora (Appendix B) so the poor dynami
 range (25:1)

of this image results, not from a la
k of sensitivity, but mostly from diÆ
ulties

asso
iated with de
onvolving the dirty beam and dete
ting the substantial amount
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A

B

Figure 5.18: 2.3 GHz image of 1830�211.

of extended stru
ture known to exist in this obje
t (e.g. Jaun
ey et al., 1991).

The results of Gaussian model �ts to the 
omponents seen in the image, de-

noted A and B, are listed in Table 5.9. Both 
omponents are well resolved and

have similar angular sizes of 35�13 mas and 25�17 mas. Component A is the

more elongated of the two and is oriented at a position angle of -55

Æ

. Although B

is more 
ir
ular, it 
learly has a di�erent orientation. Comparison with the lower

resolution MERLIN and VLA images presented by Jaun
ey et al., suggests that

this di�eren
e is signi�
ant and shows that the SHEVE image is sensitive to the

\tails" on the 
ompa
t 
omponents that merge into the lensed ring stru
ture.

Component Frequen
y Flux Density Maj Min PA

(GHz) (Jy) (mas) (mas) (

Æ

)

A 2.3 1.683 34.72 12.76 -55

B 2.3 0.988 24.54 16.50 -71

Table 5.9: Gaussian �tting of 1830�211.

At the time of the observation, the total 2.3 GHz 
ux density of this variable

sour
e was 9.1 Jy. The sum of the 
ux densities in the two 
omponents is nearly

2.7 Jy, still less than thirty per
ent of the total. The bulk of the di�eren
e is

probably a

ounted for by the di�use ring stru
ture upon the 
ir
umferen
e of

whi
h these 
omponents lie. However, as 
an be seen from the �t of the 
lean

model to the visibilities (Appendix B), there remains unmodelled approximately

0.5 Jy in stru
ture to whi
h these observations are sensitive. Component A has
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almost sixty �ve per
ent of the 
ux density in the 
ompa
t stru
ture though this

ratio must ne
essarily remain un
ertain until enough time 
an be expended to

improve the �t of the 
lean 
omponent model to the visibilities. Without an

image at another frequen
y it is not possible to 
omment on the spe
tral indi
es

of the 
omponents. In any 
ase, the dramati
 variability found in this obje
t

(Chapter 3) requires that any 
al
ulation of the spe
tral properties be made on

the basis of measurements separated by no more than a few weeks.

5.3.10 1934�638

The 
ompa
t radio sour
e 1934-638 was identi�ed as anm

V

=18.4 galaxy by Keller-

mann (1966) and the redshift was �rst measured by Peterson and Bolton (1972).

An improved redshift determination (z = 0:183) was subsequently made by Pen-

ston and Fosbury (1978). Ea
h of the three SHEVE images presented here (Fig-

ures 5.19, 5.20 and 5.21) shows the same basi
 near-equal east-west double stru
-

ture reported by earlier observers (Gubbay et al., 1971; Tzioumis et al., 1989).

The image in Figure 5.20 is made from the same data as was used for that in

Figure 5.19, but without the baselines involving Hartebeesthoek. However it has

resolution 
omparable to the 8.4 GHz image be
ause it in
ludes baselines involv-

ing Perth and Ali
e Springs. The relative 
omponent positions from these two

images are ��=41.3 mas at PA=89

Æ

at 2.3 GHz, and 42.3 mas at 88

Æ

at 8.4 GHz.

The higher resolution 2.3 GHz image resolves the western 
omponent into three

sub
omponents (B1, B2 and B3 shown in the �gure). The separation of A and

B2, the strongest of these, is 42.0 mas at PA=89

Æ

. Thus all three measurements

agree to within a milli-ar
se
ond, substantially less than the resolution for the two

images made using the Australian baselines only, and the measurement from the

high resolution image is bra
keted by the other two. The three images all show

that 
omponent A is extended in an east-west dire
tion and that 
omponent B

has a nearly orthogonal north-south orientation.

Gaussian models have been �t using JMFIT to all 
omponents seen in the three

images and the parameters of these �ts are given in Table 5.10. Considering �rst

the two images based upon data from the Australian baselines, all the 
omponents

are resolved at both frequen
ies. The angular sizes at the low frequen
y are

approximately 7�3 mas (A) and 8�6 (B). The dimensions measured at the higher

frequen
y for 
omponent A are about 75 per
ent less than those at 2.3 GHz.

Similarly, the size of 
omponent B is about 65 per
ent less at 8.4 GHz. The

values obtained for the 
omponent orientations are 
onsistent to within about 20

Æ

between the two images. The high resolution 2.3 GHz image yields almost identi
al

parameters for 
omponent A (labelled A

0

in the table) as the low resolution image.

As des
ribed above, the stru
ture in the western 
omponent 
an be des
ribed

by three 
omponents whi
h are indi
ated in Figure 5.19. The residuals of the

three-Gaussian �t to this ensemble of 
omponents are approximately ten per
ent

of the peak brightness so the parameters derived ought to be regarded more as a

guide to the 
omponent sizes and orientations rather than pre
ise measurements.

Components B1 and B2 are almost 
oin
ident (within 0.5 mas east-west) and
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Component Frequen
y Flux Density Maj Min PA �

8:4

2:3

(GHz) (Jy) (mas) (mas) (

Æ

)

A 2.3 5.429 6.76 3.32 94 -1.04

A 8.4 1.409 4.83 2.40 85

B 2.3 6.900 7.93 5.96 11 -1.28

B 8.4 1.320 5.24 3.94 32

A

0

2.3 5.300 6.13 3.14 94

B1 2.3 1.823 4.87 1.59 -30

B2 2.3 3.411 8.00 3.33 28

B3 2.3 1.089 3.43 2.07 44

Table 5.10: Gaussian �tting of 1934�638. The east 
omponent in the high resolution 2.3 GHz

image is denoted A

0

to distinguish it from the 
omponent measured in the lower resolution image.

The 
ux densities of B1, B2 and B3 listed are from the Gaussian �tting and sum to 6.32 Jy, less

than 1.5 per
ent more than the 6.24 Jy obtained by integration.

lie at the western extremity of B. Both are oriented in an approximately north-

south dire
tion and are resolved in both dire
tions. The third 
omponent, B3, lies

dire
tly between A and B1 only 5 mas to the east of B1. It too is resolved and,

although only slightly elongated, is oriented towards the north-east. Two other

weak features are visible in the image in Figure 5.19, a slender 
omponent running

north-south just west of 
omponent A, and a small 
ir
ular lobe on the west side

of B. These 
omponents were ex
luded from the windows used in the 
leaning

but their presen
e persisted, even after many iterations of the self-
alibration

and 
leaning 
y
le. The 
ir
ular 
omponent is probably an artefa
t 
aused by the

more 
ompli
ated de
onvolution required for 
omponent B. However the elongated

feature seems to be asso
iated with a broad tongue of very weak emission present

in the residuals that originates from A and extends for about 20 mas at a position

angle of about -80

Æ

. The 
omponent seen here lies almost on top of a sidelobe

from 
omponent A, so while it is 
ertainly worthy of more extensive investigation,

it is inappropriate to regard it as real at present.

The spe
tral indi
es of the two main 
omponents (A and B), 
al
ulated using

the 
ux densities obtained by integration from the two images without Harte-

beesthoek data, are also given in Table 5.10. They are very similar but not iden-

ti
al, with the larger 
omponent B having a signi�
antly steeper spe
trum. For

the spe
tral indi
es to be the same, it is ne
essary to 
ontrive errors well in ex
ess

of �ve per
ent in the 
ux densities of all 
omponents, and not only is this beyond

our estimated 
alibration un
ertainties (Chapter 4), but the errors need to be of

opposite sign for the two 
omponents at the same frequen
y. Given the high signal

to noise ratio in these data, the possibility of random errors of this magnitude 
an

be 
onsidered remote. Of 
ourse with su
h a strong sour
e the potential to under-

estimate the systemati
 errors asso
iated with the imaging pro
ess is in
reased.

However if the 
ux density ratios of the two 
omponents were substantially in

error then the 
lean 
omponent models would not �t the visibilities, parti
ularly

in the amplitude maxima and minima. Examination of the data in Appendix B
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shows that this is 
learly not the 
ase.

A

B1

B2

B3

Figure 5.19: 2.3 GHz image of 1934�638.
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A

B

Figure 5.20: 2.3 GHz image of 1934�638 without Hartebeesthoek data.

A B

Figure 5.21: 8.4 GHz image of 1934�638.
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The 2.3 GHz images 
ontain the whole of the total 
ux density of 12.2 Jy while

the 8.4 GHz image a

ounts for 88 per
ent of the 3.1 Jy total at that frequen
y.

Thus these VLBI images most likely in
lude all the stru
ture that 
ontributes

signi�
antly to the total emission. This sour
e has been used as the primary


alibrator for the Australia Teles
ope Compa
t Array for six years and there is no

eviden
e for even weak emission from stru
ture on ar
se
ond s
ales between 1.4

and 8.4 GHz.

5.4 Summary

Nineteen VLBI images of nine radio sour
es made from data at two frequen
ies

have been presented and des
ribed in this 
hapter. With a mean dynami
 range

of 65:1, these images demonstrate the unique 
apa
ity of the SHEVE array, often

operating with only four or �ve antennas, to produ
e useful information about

the milli-ar
se
ond s
ale stru
ture of southern radio sour
es. Measurements of

the angular sizes and separations of 
omponents dete
ted in the images have been

made by �tting Gaussian models to the images, wherever su
h models are ap-

propriate. Integrated 
ux densities 
al
ulated from these 
omponents have been

used to 
al
ulate spe
tral indi
es and/or infer the extent and properties of any

extended stru
ture.

The obje
tive of the dis
ussion and evaluation of these data has been to fo-


us upon the measurement of parameters that 
an be dedu
ed from the images

without the need for assumptions about underlying physi
al models, su
h as an

appropriate 
osmology (whi
h permits 
al
ulation of linear sizes) or spe
i�
 emis-

sion me
hanisms (relevant to energy densities and magneti
 �elds). As su
h, this


hapter has established a database of reliably determined sour
e properties whi
h

are not likely to 
hange with advan
es in physi
al understanding, but from whi
h

physi
al parameters 
an be 
al
ulated using models of 
urrent interest. Su
h 
al-


ulations, using both these data and the other new data presented in Chapters 3

and 6, appear later in the thesis.



Chapter 6

VLBI Survey Model Fitting

6.1 Introdu
tion

The obje
tive of the single baseline VLBI survey between Tidbinbilla and Hobart,

and later Mopra and Hobart, was to determine rudimentary information about

the presen
e, extent and form of 
ompa
t stru
ture in as many of the sample

sour
es as possible. Be
ause of the substantial logisti
al overheads involved in

the organisation, running, and 
orrelation of full SHEVE array experiments, it is

simply not pra
ti
al to make imaging observations of all the sour
es in the peaked

spe
trum sample. Furthermore, when so little is known about these obje
ts, there

is little point in investing valuable array time to dis
over that they are either

unresolved or 
ompletely resolved. However the single baseline interferometer is

a reliable, 
onvenient, eÆ
ient and e�e
tive tool with whi
h to probe the sub-

ar
se
ond stru
ture of southern radio sour
es, both as a �lter to �nd the obje
ts

for whi
h imaging observations are worthwhile, and in its own right as means of

investigating basi
 sour
e stru
tures.

Being only a solitary tra
k in the aperture plane, and therefore providing a

highly restri
ted and sele
tive sample of the potential spatial information present,

there are limits to the 
apability a single baseline observation has in the reliable

determination of sour
e stru
ture. Attempts to derive the brightness distributions

of sour
es from single baseline data by dire
t Fourier inversion of the visibilities

are often 
onfounded by the masking e�e
ts of the 
ontorted beamshapes asso
i-

ated with su
h sparsely sampled data. A far more fruitful approa
h is to represent

the radio sour
e in the image plane by simple models whi
h are transformed into

the aperture plane and re�ned through dire
t 
omparison with the visibility data.

However this is a potentially hazardous pro
edure be
ause it permits the observer

to \guess" the sour
e stru
ture, and also be
ause many stru
tures 
an be 
on-

sistent with the same set of visibilities (e.g. Bra
ewell and Roberts, 1954). It is

therefore essential that the pro
ess be governed by a set of rules whi
h en
ourage

the generation of simple models rather than more 
omplex models whi
h, be
ause

of their inherently greater 
apa
ity to a

ommodate the visibility data, are less

likely to represent the true brightness distribution of the sour
e.

This 
hapter dis
usses the me
hani
s of model �tting, sets out the rules that

92
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were applied to 
ontrol the pro
ess, and presents the single baseline survey visibil-

ity data and �ts from the sour
e models produ
ed a

ording to the rules outlined.

In addition to the single baseline survey, a small number of experiments were


ondu
ted between Tidbinbilla, Hobart, and one other station, either Ali
e Springs

or Hartebeesthoek. Also, some two or three antenna data is available from the

earlier less su

essful imaging experiments. Several of these imaging experiments,

parti
ularly in 1988 and 1989, were plagued by equipment malfun
tions at two or

more stations, and often the resultant data set was sparse. All of these data, whi
h

are almost as resistant to 
onventional imaging as are single baseline observations,

were also analysed by modelling and appear in this 
hapter.

The su

ess or failure of the model �tting pro
edures adopted below, must

be judged on the basis of a 
omparison between the models and more 
omplete

images 
onstru
ted from multi-baseline array observations. Thus a third sour
e of

data presented here derives from the Tidbinbilla-Hobart baselines of the imaging

data sets that appeared in Chapter 5. These data were subje
ted to the same

modelling pro
edures as the remainder of the data in this survey and, through a


omparison with the full array images, demonstrate the 
apability of the modelling

to a

urately reprodu
e sour
e stru
ture (Se
tion 6.7). Altogether, a total of 52

data sets, 
omprising 2.3 GHz and/or 8.4 GHz observations of 34 sour
es have

been modelled with the pro
edures des
ribed below and appear here.

6.2 Methods of Model Determination

6.2.1 Inspe
tion

The approximation of visibility data by models in the inverse Fourier domain is

a non-trivial undertaking. However, armed with a basi
 understanding of the

properties of the Fourier transform and a little experien
e, it is usually possible

to dis
ern from an inspe
tion of the visibility data and uv-
overage some of the

overall 
hara
teristi
s of some sour
es. Bra
ewell (1986) provides an extensive

pi
torial 
atalogue of Fourier transform pairs whi
h is useful in the formulation of

initial models. Another helpful di
tionary is that of Fomalont and Wright (1974)

whi
h gives the visibilities that would be expe
ted from a variety of one and two


omponent models.

The types of parameters that 
an be estimated easily, with varying degrees of

a

ura
y, are the orientation of solitary elongated 
omponents or doubles, the 
ux

ratio of doubles, and sometimes the relative angular size of two 
omponents. This

is possible be
ause these 
hara
teristi
s generally produ
e well de�ned lo
alised

features in the uv-plane, su
h as distin
t maxima and minima.Determination of

sour
e stru
ture by inspe
tion qui
kly be
omes more diÆ
ult with in
reasing

sour
e 
omplexity and uv-
overage, and to obtain a model for even a sour
e with

only three distin
t 
omponents by this method often 
onstitutes a 
hallenge.
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6.2.2 Analyti
 Model Fitting

Although inspe
tion 
an provide qualitative insights into the stru
ture of radio

sour
es, a more quantitative approa
h involves the a
tual representation of the

visibility data by analyti
 models. Provided they are 
omposed of simple 
om-

ponents, an analyti
 form 
an be found for the transform of these models and

if these are formulated appropriately, numeri
al methods 
an be used to adjust

the model parameters to maximise the agreement between the transformed mod-

els and the visibility data. A useful fun
tion for these purposes is an ellipti
al

Gaussian, parameterised by the lo
ation of the 
entroid, the position angle and

length of the major axis, an axial ratio and a 
ux density. This fun
tion has the

advantage that it has an elementary analyti
 form and several simpler stru
tures,

su
h as points, 
ir
ular Gaussians and lines, 
an be represented as spe
ial 
ases of

the more general form.

These simple obje
ts are the basi
 building blo
ks from whi
h sour
e models

are 
onstru
ted. Model �tting only works be
ause most sour
es that have been

imaged have been found to be des
ribable by these types of basi
 stru
tures. The

pro
edure 
an fail 
ompletely when applied to a sour
e that 
annot be represented

by a small number of su
h 
omponents (for example, extended regions of uniform

brightness) and it is essential that the observer remain 
onstantly alert to this

possibility.

The Calte
h pa
kage program MODELFIT implements a non-linear least-

squares method to 
ompute model parameters that best �t the visibility data.

The \goodness" of the �t of the models to the data is quanti�ed by the �

2

statis-

ti
 de�ned as

�

2

=

N

X

i=1

(

[y

i

� y(x

i

; a

j

)℄

2

�

2

i

)

where N is the number of independent data points, (x

i

; y

i

) are the visibility mea-

surements (x=uv-position, y=visibility amplitude or 
losure phase), �

i

is the error

(un
ertainty) asso
iated with ea
h y

i

and y(x; a

j

) is the �tting fun
tion parame-

terised by the a

j

. The obje
tive of the MODELFIT program is to minimise the

value of �

2

by varying either a subset, or all, of the a

j

.

The program reports its progress through a quantity termed the \agreement

fa
tor" (AF) whi
h is the square root of the redu
ed �

2

, that is

AF =

s

�

2

�

where � is the number of degrees of freedom, de�ned by � = N � n, n being the

number of parameters in the model. For a good �t the deviation of the model

from the data is, on average, 
omparable to the un
ertainties, and so �

2

! � and

the agreement fa
tor de
reases towards unity.

The �tting pro
edure requires an initial model as input. The observer in
or-

porates the essen
e of the stru
ture determined from inspe
tion of the visibilities

into this initial model to start the numeri
al pro
ess in a region of parameter

spa
e that is (hopefully) 
lose to the global minimum in �

2

. The numeri
al pro-


edure then progresses in two separate iterative stages, the �rst being a gradient
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sear
h 
ontrolled by the partial derivatives of �

2

with respe
t to the parameters

a

j

, and then se
ondly a grid sear
h in whi
h the �t is �ne-tuned by stepping ea
h

parameter in small in
rements to minimise �

2

on
e the gradient has \levelled out".

6.2.3 Parameter Un
ertainties

The MODELFIT program permits the 
omputation of models that best-�t the

data in a least squares sense. However it provides no numeri
al estimates of

the un
ertainties or a

eptable ranges of the parameter values 
al
ulated via this

method. To 
al
ulate su
h values in any general way is a formidable task. In

fa
t it is not always possible sin
e the sour
e may, in reality, be quite di�erent

in stru
ture from the model whi
h has been �t to the restri
ted visibility data.

Furthermore, be
ause there is often a strong 
orrelation between the di�erent

parameters in a model, the un
ertainties in one parameter are very sensitive to

the spe
i�
 value of another. The strength of this 
orrelation varies from model

to model and data set to data set. Also, some model parameters may simply be

poorly 
onstrained by the data, depending on su
h fa
tors as the uv-
overage and

signal to noise ratio and it is un
lear how to quantify this in a general fashion.

To produ
e meaningful results, formal statisti
al approa
hes to the problem of

un
ertainty 
omputation rely on the data points, and their asso
iated un
ertain-

ties, being truly independent. This is rarely true in the 
ase of VLBI data, there

being 
orrelations between adja
ent points on an hourly times
ale due to 
alibra-

tion errors, and possibly throughout an experiment be
ause of antenna s
aling


alibration errors. In su
h 
ases, the data points themselves are not only related,

but the error bars are quite probably systemati
ally wrong also. A bias 
aused by

a subset of 
orrupt data in fringe-�tting 
an also lead to an error whi
h is 
orre-

lated between data points within a solution interval, or even longer, depending on

the extent to whi
h the fringe �tting solutions have been smoothed.

In spite of these obsta
les, the program ERRFIT in the Calte
h pa
kage at-

tempts to implement a formal 
al
ulation of the parameter un
ertainties to esti-

mate 
on�den
e limits. It requires a user input estimate of the number of degrees

of freedom and ignores the un
ertainties asso
iated with ea
h data point, 
al
u-

lating them instead from the s
atter in the data themselves. The program help

�le suggests that the number of degrees of freedom is the number of stations times

the number of hours of data (assuming 
alibration is applied hourly). The 
al
u-

lated parameter un
ertainties s
ale with the inverse square of this number, whi
h

for the single baseline survey observations is often relatively small, and given the


on
o
ted nature of the 
alibration pro
edures for some of the experiments (in

terms of the use of T

sys

versus elevation 
urves from other observations) is diÆ
ult

to estimate obje
tively. Thus the parameter un
ertainties derived via this method

are themselves un
ertain and prone to systemati
 error. In the light of these dif-

�
ulties, and 
onsidering the e�ort required to 
orre
tly, though always at best

subje
tively, estimate the number of degrees of freedom for ea
h experiment inde-

pendently, it was de
ided that this method of error estimation was inappropriate

for the data presented here.

Another semi-numeri
al approa
h to the estimation of 
on�den
e limits in the
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�tted parameters is that of boundaries of 
onstant �

2

. This method involves

taking the best �t model, perturbing a parameter away from its best �t value,

and then holding it 
onstant at this value while the other parameters are varied

until the model on
e more is the best �t to the data (in the sense that �

2

is

minimised subje
t to the 
onstan
y of the parameter of interest). This pro
edure

is repeated until the �

2

of the �t has in
reased by some spe
i�ed amount, usually

one, and then the amount by whi
h the parameter has been displa
ed is related

to its 
on�den
e interval. On
e again this pro
edure depends 
ru
ially upon the

extent to whi
h the error bars really represent the un
ertainties in the data and so

it is diÆ
ult to apply to VLBI data. Also it is not a simple pro
ess to automate,

sin
e it requires repeated re�tting of the data, and is therefore obviously very

labour intensive.

In view of the dependen
e of model parameters both upon one another, and on

the pe
uliarities of ea
h data set, it is not feasible to 
ompute by any automated

pro
edure meaningful un
ertainties for all the parameters obtained through the

model �tting pro
ess. Any pro
edure for un
ertainty estimation needs to in
orpo-

rate the experimenter's knowledge of the behaviour and sensitivities of ea
h model

with respe
t to the data used in its formulation. A method whi
h does this, and

adopted for these data, is modelled on the ideas of the boundaries of 
onstant �

2

method just dis
ussed, but relies upon as a measure of the quality of the �t, not

the �

2

, but a purely visual assessment of the agreement between the data and the

model. This pro
edure, des
ribed by Tzioumis et al. (1989), involves stepping the

parameter of interest away from the best-�t value and repeatedly re�tting until

the model no longer appears to be in agreement with the data. In this manner

the range of a

eptable values for the parameter of interest 
an be explored with

due regard being given to the in
uen
e of its parti
ular value on the (subje
tive)

quality of the �t. Also the experimenter has the dis
retion of pla
ing extra em-

phasis on the ability of the model to represent parti
ularly sensitive features in the

data, su
h as the lo
ation of amplitude minima for a double sour
e or dis
ontinu-

ities in the 
losure phases. Although this method does not formally in
orporate

the measurement errors asso
iated with the data, they 
an be taken into a

ount

by the experimenter in assessing the quality of the �t. The range of parameter

values obtained is thus a reasonable estimate of the un
ertainty sin
e it indi
ates

the s
ope of variation in ea
h parameter that 
an be a

ommodated by the data.

Be
ause it is also a very labour intensive pro
edure, this method was only used to

estimate the a

eptable ranges of parameters of parti
ular interest, for example,

the separations of two 
omponents at di�erent epo
hs.

6.3 Model Fitting Strategy

Model �tting is 
learly a subje
tive pro
edure, the experimenter having 
ontrol

over both the initial model and the 
hoi
e of whi
h parameters are free to vary

in the �tting pro
edure. In an attempt to make the pro
ess of �tting these data

as obje
tive as possible, so that all data are treated equally, a s
heme 
onsisting

of a set of simple rules for de
iding whi
h parameters 
ould be varied, and the
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ir
umstan
es under whi
h new parameters 
ould be added, was 
hosen and then

adhered to throughout the pro
ess for all the data.

The obje
tive of the model �tting is to 
onstru
t the \simplest" models 
on-

sistent with the available visibility data and the types of stru
ture that has been

found in other high resolution VLBI observations of radio sour
es (sin
e this is

what our model building blo
ks are good at representing). It is quite easy to

�t almost any data just by allowing the model suÆ
ient freedom in terms of the

number of 
omponents and free parameters. However, su
h over-parameterised

models are unlikely to be unique, and many of their parameters will be poorly


onstrained by the data. In the event that the experimenter allows this to o

ur,

the whole pro
edure be
omes meaningless sin
e the model is free to �t any one

of a number of lo
al minima in �

2

, few of whi
h will be in the vi
inity of the

global minimum, or in other words, the 
han
e that the model re
e
ts the true

sour
e stru
ture be
omes small. By restri
ting the number of free parameters the


apa
ity of the models to represent false stru
ture is limited.

The simplest models are 
omposed of the most rudimentary 
omponents (su
h

as points, lines, 
ir
ular and ellipti
al Gaussians) and the minimum number of

these 
omponents required to a

ommodate the visibility data are used. Su
h

models are usually well 
onstrained by the data be
ause, in addition to �tting the

visibilities well, they are \rigid" in the sense that they have insuÆ
ient residual


exibility (or freedom) to assume other 
on�gurations without severely degrading

the quality of the �t. The model �tting strategy des
ribed below is thus a set of

rules designed with the obje
tive of keeping the number of parameters (and 
om-

ponents) low and preventing elementary models from evolving to more 
omplex

forms in ex
ess of what 
an be justi�ed by the visibility data.

1. A model with fewer but more elaborate 
omponents is favoured over a model

with more distin
t 
omponents. For example an ellipti
al Gaussian would be

preferred over a 
oin
ident point and 
ir
ular Gaussian unless a substantially

better �t 
ould be a
hieved by the latter.

2. Be
ause 
omponent sizes are not easily separated from 
ux densities, point

sour
es are preferred over 
ir
ular Gaussians, and similarly lines ahead of

ellipti
al 
omponents. This leads to the derivation of minimum possible


omponent 
ux densities rather than a
tual values.

3. When adding new 
omponents, they are �rst tried 
oin
ident with those

already in the model so that the lo
ation of the 
entroid does not require

two extra parameters immediately.

4. When it is ne
essary to permit a 
omponent of a double model to be
ome

elongated, or to add a third 
omponent, every e�ort is made to try and

keep the position angles in 
ommon, and the 
omponents 
ollinear, so that

the elongation is aligned with the orientation of the double, or the third


omponent lies along the position angle de�ned by the other two 
omponents.

The pro
edure for the �tting of models begins then with inspe
tion of the data,

and with the above rules borne in mind, models 
onsisting of either a point sour
e,
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or an equal double point sour
e if the data show obvious beating 
hara
teristi
 of

doubles, are tried. These point sour
es are allowed to vary in 
ux, and relative

position in the 
ase of doubles. If ne
essary they are then permitted to be
ome


ir
ular Gaussians. If it is then apparent that 
omponent orientation is signi�
ant

a line is tried, and only as a last resort, a full ellipti
al with six free parameters.

Only when this stage is rea
hed, if the model is 
learly still inadequate, is 
onsid-

eration of an additional 
omponent entertained. The pro
edure for adding new

parameters then is driven solely by the demands of the data in the aperture plane,

and not the desire to produ
e some parti
ular type of model in the image plane

(subje
t to the 
onstraint that only a limited variety of image plane 
omponent

types are available to a
hieve this).

If an extra 
omponent is added, then an attempt is made to pare ba
k the pre-

vious model so that it 
onsists of the simplest possible 
omponents. For example,

if an ellipti
al Gaussian did not �t well, then rather than try a 
oin
ident point

and ellipti
al, a 
oin
ident point and line would be tried. In this manner, adding

the new 
omponent e�e
tively in
reases the degrees of freedom within the model

by less than would otherwise be the 
ase.

When more than one baseline is present in the data, the approa
h followed is to

try and �t the longest baselines �rst. This is simply be
ause the longest baselines

are sensitive to only the most 
ompa
t stru
ture whereas the shorter baselines

\see" both these 
omponents and larger more extended features. That is, larger


omponents will be resolved out and need only �t the short baselines. An example

of this in these data is 0454�463, in whi
h a line 
omponent �ts the trans-o
eani


baselines quite adequately, but is not suÆ
ient to explain the shorter Australian

baselines.

6.4 Treatment of the Visibility Amplitudes

For the single baseline observations only the amplitudes are used when �tting

models to visibility data. It is therefore suÆ
ient to average the two se
ond data

output by the fringe �tting in
oherently, rather than 
oherently (Se
tion 4.7). This

approa
h has the bene�t of eliminating the loss due to any phase noise present in

the observing system (beyond the initial two se
ond integration performed by the


orrelator). Unfortunately the pro
edure is 
ompli
ated by virtue of the visibility

amplitudes, in the presen
e of noise, following a Ri
e distribution whi
h has a

mean that is systemati
ally higher than the true mean (Moran, 1976; Thompson

et al., se
. 9.3). It is ne
essary to 
orre
t the amplitudes for this bias if in
oherent

averaging is to be used.

The e�e
t was simulated by generating a large number of visibility ve
tors of

a �xed amplitude V and adding Gaussian noise ve
tors with amplitude standard

deviation �. The mean amplitudes of the resultant ve
tors were then evaluated.

The results of this simulation for signal to noise ratios (V=�) between zero and

twenty is shown in Figure 6.1. Thompson et al. suggest that a good estimate of

the true visibility amplitude is V '

p

Z

2

� �

2

, where Z is the measured amplitude

of the resultant ve
tor. However, as the authors point out, this estimate deviates
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substantially for signal to noise ratios less than about three (Figure 6.1). To

des
ribe the bias e�e
t at low signal to noise ratios, a degree six polynomial was

�t to the simulated data and is also shown in Figure 6.1.

Figure 6.1: The apparent signal to noise ratio (Z=�) of a visibility amplitude measured in the

presen
e of an additive random (Gaussian) noise ve
tor. The 
rosses indi
ate the simulation

data dis
ussed in the text, and the solid line is the degree six polynomial �t to these data. The

dashed line is the 
orre
tion Z=� =

p

(V=�)

2

+ 1.

A program was written to 
orre
t this bias by applying the analyti
 
orre
tion

at high signal to noise ratios, and using the polynomial at lower signal levels. The

step in the 
orre
tion fun
tion at the 
hangeover point between these two methods

was minimised by making the 
hangeover at an apparent signal to noise ratio of

15 where the two methods are in 
lose agreement. Note that these 
orre
tions

are based on mean amplitudes and assume that we never measure an amplitude

(Z=�) less than

q

�

2

(Figure 6.1)

1

. In pra
ti
e of 
ourse, at low signal to noise

ratios, the measured amplitudes will be distributed right down to zero, though

even for zero signal to noise ratio their mean will be greater than or equal to

q

�

2

. The program over
omes this diÆ
ulty by �rst 
omputing a running mean

of the amplitudes with a user spe
i�ed averaging time. The 
orre
tion is then


al
ulated from the value of this running mean, but is applied to the individual

visibilities. This ensures that neighbouring visibilities, whose amplitudes ought to

be 
orrelated, are 
orre
ted by similar amounts, and prevents wild 
u
tuations in

the magnitude of the 
orre
tion applied when the mean of the data lies 
lose to

1

The value of

p

�

2

is the mean value of a Rayleigh distribution with unit mode. A Rayleigh

distribution is the spe
ial 
ase of a Ri
e distribution whi
h applies for a signal to noise ratio of

zero (see Figure 6.2 and a

ompanying text).
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the asymptote in the 
orre
tion fun
tion Z=� �

q

�

2

.

The program requires an estimate of the amplitude of the noise in order to

apply the bias 
orre
tion. Before 
alibration of the visibility amplitudes, the noise

amplitude is dependent solely on the 
hara
teristi
s of the re
ording system, 
or-

relator and fringe �tting software. Any two un
orrelated signals will always pro-

du
e the same distribution of 
orrelation 
oeÆ
ient amplitudes for a given one-bit

re
ording system and 
orrelator be
ause there is no amplitude information en-


oded in the two re
orded bitstreams, the signal amplitudes arising only from the

degree of 
orrelation between the two. The properties of the noise distribution

were measured by taking the raw fringe-�t two se
ond amplitudes from an exper-

iment in whi
h the sour
e was undete
ted (phases random) and �tting a Rayleigh

distribution fun
tion,

p(Z) =

Z

�

2

e

�

Z

2

2�

2

as shown in Figure 6.2. The mode of this distribution (�) is the standard deviation

of the underlying Gaussian noise amplitude distribution (Thompson et al., 1986).

This value is used by the bias 
orre
tion program to normalise the un
alibrated

visibility amplitudes so that the required 
orre
tions 
an be 
al
ulated from either

the analyti
 estimate or the polynomial dis
ussed above.

Figure 6.2: The amplitudes of of the 
orrelation 
oeÆ
ients 
omputed by the 
orrelator for two

un
orrelated input signals follow a Rayleigh distribution with mode � = 6:2 � 10

�5

and mean

p

�

2

� = 7:8� 10

�5

.

The e�e
tiveness of the 
orre
tion pro
edure is illustrated in Figure 6.3 whi
h

shows the results of a test of the method using a simulated data set. The top panel

of the �gure shows the un
orre
ted two se
ond visibility amplitudes and the model
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visibility fun
tion. The data is generated with the Calte
h program FAKE and

the amplitude noise is produ
ed by adding noise ve
tors with standard deviation

0.1 Jy to the model visibilities. The middle panel shows the result of in
oherently

averaging these data into thirty se
ond intervals and the presen
e of the bias is

evident in the amplitude nulls, parti
ularly the 
usp. The e�e
t of applying the

bias 
orre
tion program to the two se
ond data and then averaging in
oherently

is shown in the bottom panel and demonstrates how mu
h better the data re
e
t

the true visibility amplitudes. The redu
tion in the error bars at the very lowest

amplitudes is a 
onsequen
e of the \pin
hing" of the noise distribution that o

urs

be
ause the 
orre
tion is mono-dire
tional (the error bars in the averaged data are


omputed from the s
atter in the data input to the averaging). As an indi
ation of

how important this bias 
orre
tion 
an be, simple two 
omponent models, based

on the model used to generate the data, were �t separately to the two averaged

data sets shown in the �gure. The original model was 
omposed of a point sour
e

and a linear 
omponent of equal 
ux density. For the un
orre
ted data, the best

�t model 
omponents di�ered in 
ux density by nearly twenty per
ent, for the


orre
ted data the di�eren
e was less than one per
ent.

It was ne
essary to modify the Calte
h program AVERAGE in order to perform

the in
oherent average 
orre
tly. Originally the program, in addition to 
oherent

averaging, only provided in
oherent averaging in whi
h the errors of output points

are 
al
ulated from the errors asso
iated with the input data. However the two

se
ond visibilities output by the fringe �tting are not a

ompanied by meaningful

errors and in the 
ase of the 
oherent average, the errors are 
al
ulated from the

s
atter intrinsi
 to the input data points. The program was modi�ed so that it


an 
al
ulate a hybrid average in whi
h the amplitudes were averaged in
oherently

and the phases 
oherently, with the errors in both 
omputed from the s
atter in

the data in a manner similar to that used for the 
oherent average. In addition to

produ
ing realisti
 un
ertainties for the output data and permitting an in
oherent

average, this has the bene�t that phase 
losure relations are preserved so that the


losure phases 
an be 
al
ulated and used in the model �tting if multiple baselines

are present in the data set. Ex
ept where otherwise stated, all the visibility data

presented in this 
hapter has been subje
t to this averaging pro
edure, and the

bias 
orre
tion des
ribed above.

6.5 Results

The results of the model �tting for the peaked spe
trum survey sour
es are pre-

sented in Table 6.1 and Figures 6.4 and 6.5. Pe
uliarities of the individual models

will be dis
ussed in the next se
tion. General features of the models and the

problems en
ountered in their formulation are dis
ussed below.

Of the 49 models, 15 have a single 
omponent, 27 have two 
omponents and

only seven 
onsist of three 
omponents. Most of the parameters in the models that

are zero, or in the 
ase of the axial ratio, either zero or one, were not permitted to

vary in the �tting pro
edure. Thirty nine of the models have agreement fa
tors less

than two indi
ating good agreement with the data. A further nine have agreement
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Figure 6.3: The top panel shows the un
orre
ted two se
ond visibility amplitudes. The mid-

dle panel and bottom panels show the results of in
oherently averaging for thirty se
onds the

un
orre
ted and 
orre
ted amplitudes respe
tively. The solid line in ea
h graph is the visibility

amplitude of the model used to generate the data.
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fa
tors between two and four, and only one is worse than this.

The poorer �tting models were all tried with more free parameters and more


omponents. However when this led to only slight improvements in the agreement

fa
tors, the best �tting simpler model was 
hosen sin
e the extra parameters were

either unjusti�ed by the improvement in the �t or very poorly 
onstrained. In all


ases these simpler models re
e
t the overall 
hara
teristi
s of the data well and,

though la
king in detail, 
an be 
on�dently regarded as representing the essen
e

of the sour
e stru
ture.

It is pertinent that several of the models with the worse agreement fa
tors

involve a baseline in
luding the 70 m antenna DSS 43. High signal to noise ratio


ontinuous data 
an be very demanding on a sour
e model sin
e they 
an require a

very a

urate model to �t perfe
tly, yet they generally provide insuÆ
ient spatial

information to give any 
on�den
e that su
h a model is unique. Thus in these 
ases

it was also 
onsidered more appropriate to 
hoose the poorer �tting simple model,

rather than a more 
ompli
ated one in whi
h one or more of the 
omponents is

quite possibly 
ompletely wrong. A further hazard asso
iated with �tting the most

sensitive baselines is that the error bars re
e
t only the s
atter in the two se
ond

data points that were averaged, and do not take into a

ount 
alibration errors.

Therefore, attempts to �t these data very well may result in sour
e models that

are more representative of the pointing and 
alibration nuan
es of the antennas

rather than the sour
es themselves. An extreme example of this is the model of

1934-638 designated (an) in the table and �gures. This model has the poorest

agreement fa
tor of 7.3, yet it appears to �t the data very well. The error bars

on these data are so small that any dis
repan
ies between model and data make

a huge 
ontribution to the �

2

. However it is not possible to di�erentiate between

systemati
 observational e�e
ts (pointing, 
alibration et
) and subtle 
hanges in

the visibilities due to sour
e stru
ture. If the error bars asso
iated with this data

were to be in
ated to a

ount for pointing and 
alibration errors then a lower

value of the agreement fa
tor would result, though the �t itself ought not 
hange.

Experien
e during the �tting pro
ess indi
ates that the minimum 
omponent


ux densities, and for the doubles, the spa
ing and relative 
omponent position

angles, are all well determined (in the sense that the quality of the �t of the model

is sensitive to 
hanges in these parameters). Where the uv-tra
ks are long enough

(>� 6 � 8

hrs

) the position angles of elongated 
omponents are usually reliable.

Component sizes are mostly unreliable. This is hardly surprising sin
e measure-

ment of a 
omponent size requires data obtained at widely di�erent spa
ings in

the uv-plane. A single baseline 
an be approximated by an ar
 of a 
ir
le 
entred

at the origin, at least over a limited hour angle range, so any determination of the

size is very sensitive to the visibility amplitudes and 
an easily be substantially in

error. Even in the 
ases where a single baseline does 
over a wide spa
ing range,

the e�e
t of the 
hange in baseline orientation 
an a�e
t the size measurement

unless the 
omponent is 
ir
ular. Given this un
ertainty in the sizes and the diÆ-


ulty of separating 
omponent size and 
ux, the de
ision to prefer minimum 
ux

densities and point or line 
omponents would appear justi�ed.

The degree of 
omplexity of these models is dependent partly upon the amount

and quality of the data. For example, the sour
e 0403-132 (model-k) has so little
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data that only a point sour
e is justi�ed, whereas for 1934-638 (model-ap) the high

signal to noise ratio and long uv-tra
ks (16

hrs

) permit, and in fa
t 
all for, a more


omplex three 
omponent model. Almost 
ertainly all the sour
es for whi
h data

are presented below are more 
ompli
ated than the a

ompanying sour
e models

imply, but it is not possible to say so for 
ertain on the basis of the available

uv-
overage. Where a model has obvious short
omings when 
ompared with the

visibility data it is in prin
iple possible to infer something of the additional stru
-

ture but with little 
on�den
e. By favouring the simplest models with minimum

stru
ture it is probable that the maximum reliable stru
ture has been determined.

Table 6.1: Parameters of models derived from �ts to visibility data. The letter entries in the �rst


olumn refer to the 
orresponding plots in Figures 6.4 and 6.5. Note that the agreement fa
tors

apply to the best �t model. However the values presented in this table have been rounded so

that the 
ux densities are quoted with a pre
ision appropriate to the 
alibration un
ertainty and

the parameters des
ribing the relative positions and orientations of the 
omponents are suÆ
ient

to reprodu
e the best �t model with an a

ura
y of one milli-ar
se
ond, whi
h is always �ner

than the best resolution a
hievable given the uv-
overage. Where 
losure phases have been used

in the �tting pro
ess, the phase 
losure agreement fa
tor is quoted separately and appears in

bra
es immediately beneath the a

ompanying amplitude agreement fa
tor. The epo
h is the

fra
tional year sin
e 1900.

Fig. Sour
e Obs. Epo
h Total Cpt. Centroid Major Axial Posn. Agr. Fa
.

ref. name freq. f.d. f.d. Radius Angle axis ratio angle Ampl.

(GHz) (Jy) (Jy) (mas) (

Æ

) (mas) (

Æ

) (Clo.Ph.)

(a) 0008-421 2.3 89.93 2.9 1.7 0 0 12.5 0 90 3.559

1.1 124 89.9 29.2 0 90 (2.696)

(b) 0022-423 2.3 89.93 3.1 2.22 0 0 0 1 0 1.035

0.84 28 119 0 1 0

(
) 0022-423 8.4 90.05 1.0 0.303 0 0 3.9 0 -62 1.151

0.087 28 119 0 1 0

(d) 0022-423 8.4 91.90 1.0 0.69 0 0 4.0 0 -70 1.667

0.26 28 119 3.2 0 15

(e) 0023-263 2.3 90.30 6.1 1.1 0 0 17.0 0 -60 1.658

1.64 657 145.9 25.5 0 29

(f) 0023-263 2.3 91.34 7.1 0.90 0 0 8.0 0 -78 2.981

0.29 654 145.9 13.6 0 53

(g) 0023-263 8.4 91.90 2.2 0.72 0 0 5.1 0.8 46 1.879

(h) 0159-117 2.3 91.91 2.1 0.70 0 0 13.2 0 -40 1.228

0.12 1594 -4.12 0 1 0

(i) 0237-233 2.3 88.86 5.2 5.2 0 0 7.8 0 53 1.232

(j) 0237-233 8.4 91.90 2.4 1.61 0 0 4.5 0 21 1.496

0.75 10 -127 0 1 0

(k) 0403-132 2.3 93.15 3.5 0.36 0 0 0 1 0 1.267

(l) 0454-463 2.3 89.93 1.7 0.61 0 0 1.2 1 0 1.604

0.41 22 77 17.4 0 89 (1.139)

(m) 0506-612 2.3 89.86 1.6 0.38 0 0 0 1 0 1.244

0.24 107 35 50.8 0 83

0.17 144 50.3 59.6 0 -65

(n) 0733-174 2.3 93.15 2.7 1.9 0 0 8.5 0 34 1.094

(o) 0741-063 2.3 93.15 5.6 1.14 0 0 0 1 0 1.301

0.80 141 84.9 22.6 0 -73

0743-673 2.3 88.56 3.2 0.99 0 0 48.0 0 -86 1.132

0.61 0 0 0 1 0

0743-673 2.3 89.93 3.2 0.81 0 0 52.8 0 -87 1.575

0.71 0 0 0 1 0

(p) 0743-673 2.3 both 3.2 0.86 0 0 52.5 0 -86 1.651

0.69 0 0 0 1 0

Sour
e model parameters 
ontinued. . .
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Sour
e model parameters 
ontinued. . .

Fig. Sour
e Obs. Epo
h Total Cpt. Centroid Major Axial Posn. Agr. Fa
.

ref. name freq. f.d. f.d. Radius Angle axis ratio angle Ampl.

(GHz) (Jy) (Jy) (mas) (

Æ

) (mas) (

Æ

) (Clo.Ph.)

(q) 0823-500 2.3 88.77 5.7 2.0 0 0 0 1 0 1.990

2.5 21 127 8.5 1 0

(r) 0823-500 2.3 89.93 5.7 2.0 0 0 0.0 1 0 1.921

4.2 22 130 12.7 1 0

(s) 0834-196 2.3 91.48 3.1 0.63 0 0 13.8 1 0 1.622

0.56 104 149 59.1 0 -55

1.44 104 139 15.2 1 0

(t) 0859-140 2.3 91.48 2.6 1.1 0 0 9.6 0 -68 1.026

(u) 1015-314 2.3 91.48 2.4 0.249 0 0 0 1 0 1.078

0.864 0 0 35.1 0 2

0.080 71 93 33.4 0 -80

(v) 1127-145 2.3 93.15 5.1 4.9 0 0 7.4 0 26 1.208

(w) 1148-001 2.3 93.15 2.6 3.0 0 0 13.1 0 23 1.004

(x) 1151-348 2.3 89.93 4.6 1.8 0 0 10.7 0.76 -48 1.614

1.0 93 -108 13.4 0.85 -33 (1.788)

2.0 46.5 -108 77.1 1 0

(y) 1151-348 2.3 91.34 4.6 1.6 0 0 10.1 0 -57 1.934

1.1 92 -108 12.8 1 0

(z) 1151-348 8.4 92.24 1.8 0.248 0 0 2.7 0 -37 1.237

0.030 88 -104 0 1 0

(aa) 1215-457 2.3 88.75 3.6 1.5 0 0 12.0 0 50 1.185

(ab) 1245-197 2.3 91.34 4.0 1.16 0 0 0 1 0 2.577

1.18 19 56 0 1 0

0.32 148 87 22.0 0 74

(a
) 1245-197 8.4 92.24 1.6 0.36 0 0 4.9 0 -78 1.276

0.37 21 55 6.8 0 29

(ad) 1320-446 2.3 89.83 2.1 0.77 0 0 0 1 0 1.362

0.47 33 72 45 0 83

(ae) 1354-174 2.3 91.48 1.7 1.1 0 0 10.3 0 -86 1.672

(af) 1549-790 2.3 88.86 4.9 3.1 0 0 12.3 0 76 2.823

1.5 83 83 41 0 -73

(ag) 1549-790 8.4 91.90 3.6 2.9 0 0 4.2 0 46 1.837

(ah) 1733-565 2.3 91.51 5.6 0.44 0 0 0 1 0 1.152

(ai) 1740-517 2.3 89.93 5.2 4.3 0 0 6.7 0.86 67 1.663

1.1 52 13 10.2 0 24

(aj) 1827-360 2.3 90.30 3.7 0.69 0 0 74.2 0 0 1.998

(ak) 1830-211 2.3 91.34 9.1 0.44 0 0 8.8 0 -37 3.286

1.14 974 -137.7 21.6 0 -38

(al) 1830-211 8.4 90.51 5.8 0.85 0 0 6.6 0 -60 1.945

0.63 972 41.7 8.7 0 -60

(am) 1830-211 8.4 92.24 10.8 3.1 0 0 4.4 0.39 -64 2.001

5.0 971 41.6 4.9 0.34 -25 (1.640)

(an) 1934-638 2.3 88.86 12.2 5.8 0 0 0 1 0 7.262

5.1 42.2 91 0 1 0

(ao) 1934-638 2.3 92.05 12.2 5.7 0 0 10.1 1 0 1.483

6.8 41.2 89 8.8 1 0

(ap) 1934-638 2.3 92.05 12.2 0.27 0 0 1.3 0 -58 3.106

0.81 43.7 91 4.1 0 -66

0.43 42.3 89 1.9 0 70

(aq) 1934-638 8.4 90.08 3.1 0.77 0 0 2.9 0 5 3.355

1.33 42.4 87 4.9 0 88

(ar) 1934-638 8.4 91.90 3.1 1.80 0 0 4.7 0 43 1.478

0.41 41.1 86 0 1 0

2126-158 2.3 88.93 1.1 1.0 0 0 0 1 0 1.327

2126-158 2.3 93.15 1.1 0.79 0 0 0 1 0 1.026

(as) 2126-158 2.3 both 1.1 1.2 0 0 7.4 1 0 1.203

(at) 2135-209 2.3 91.48 2.6 0.88 0 0 9.2 0 11

0.75 167 52.0 24.7 0 -20 1.809

0.62 149 53.0 21.8 0 -7

(au) 2149-287 2.3 91.48 2.7 0.073 0 0 15.3 0 -22 1.526

0.404 396 30.9 33.6 0 62

(av) 2204-540 2.3 91.50 1.5 1.0 0 0 5.8 0 24 1.103

2311-452 2.3 88.72 1.9 1.3 0 0 4.9 0 -21 2.067

2311-452 2.3 93.15 1.9 1.1 0 0 7 0 -22 1.216

(aw) 2311-452 2.3 both 1.9 1.5 0 0 9.3 0.8 -46 1.666
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Figure 6.4: Contour plots of the sour
e models in Table 6.1. The images have been 
reated by


onvolution of the models with a gaussian beam (shown shaded) appropriate to the uv-
overage

of the data used in the �tting pro
ess. The 
ontour levels are at 1, 5, 10, 20, 35, 50, 65, 80, 95

per
ent of the peak value. The antennas 
ontributing to the visibilities from whi
h these models

were derived are denoted by the letters at top of ea
h plot as follows: D=Tidbinbilla (DSS 42,

43 or 45), P=Parkes, H=Hobart, M=Mopra, E=Hartebeesthoek and Pr=Perth.

(a) (b)

(
) (d)

Sour
e model 
ontour plots 
ontinued. . .
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(e) (f)

(g) (h)

(i) (j)

Sour
e model 
ontour plots 
ontinued. . .
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(k) (l)

(m) (n)

(o) (p)

Sour
e model 
ontour plots 
ontinued. . .
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(q) (r)

(s) (t)

(u) (v)

Sour
e model 
ontour plots 
ontinued. . .
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(w) (x)

(y) (z)

(aa) (ab)

Sour
e model 
ontour plots 
ontinued. . .
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(a
) (ad)

(ae) (af)

(ag) (ah)

Sour
e model 
ontour plots 
ontinued. . .
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(ai) (aj)

(ak) (al)

(am) (an)

Sour
e model 
ontour plots 
ontinued. . .



CHAPTER 6. VLBI SURVEY MODEL FITTING 113

(ao) (ap)

(aq) (ar)

(as) (at)

Sour
e model 
ontour plots 
ontinued. . .
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(au) (av)

(aw)
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Figure 6.5: Fits of the sour
e models presented in Table 6.1 to the visibility amplitude and


losure phase data.

(a)

(b)

Sour
e model visibility �ts 
ontinued. . .
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(
)

(d)

(e)

Sour
e model visibility �ts 
ontinued. . .
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(f)

(g)

(h)

Sour
e model visibility �ts 
ontinued. . .
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(i)

(j)

(k)

Sour
e model visibility �ts 
ontinued. . .
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(l)

Sour
e model visibility �ts 
ontinued. . .
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(m)

(n)

(o)

(p)

(p)

Sour
e model visibility �ts 
ontinued. . .
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(q)

(r)

(s)

(t)

Sour
e model visibility �ts 
ontinued. . .
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(u)

(v)

(w)

Sour
e model visibility �ts 
ontinued. . .
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(x)

(y)

Sour
e model visibility �ts 
ontinued. . .
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(z)

(aa)

(ab)

Sour
e model visibility �ts 
ontinued. . .
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(a
)

(ad)

(ae)

(af)

Sour
e model visibility �ts 
ontinued. . .
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(ag)

(ah)

(ai)

(aj)

Sour
e model visibility �ts 
ontinued. . .



CHAPTER 6. VLBI SURVEY MODEL FITTING 127

(ak)

(al)

Sour
e model visibility �ts 
ontinued. . .
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(am)

Sour
e model visibility �ts 
ontinued. . .
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(an)

(ao)

(ap)

(aq)

Sour
e model visibility �ts 
ontinued. . .
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(ar)

(as)

(as)

(at)

(au)

Sour
e model visibility �ts 
ontinued. . .
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(av)

(aw)

(aw)

6.6 Notes on Individual Sour
e Models

Features of parti
ular models are dis
ussed below on a sour
e by sour
e basis.

The dis
ussion in
ludes only the details relevant to the formulation of the models,

together with 
on
lusions regarding sour
e stru
ture that 
an readily be dedu
ed

from the model �tting results. Dis
ussion of the physi
al parameters determined

by the model �tting pro
ess will appear in subsequent 
hapters 
on
erning the

properties of the sour
e sample. Cal
ulation of spe
tral indi
es for double sour
es

is 
ompli
ated by the 180

Æ

orientation ambiguity arising from the absen
e of phase

information inherent in single baseline observations.

0008-421 (a): These data from an 2.3 GHz imaging experiment in November

1989 are well des
ribed by a model 
omprising two aligned linear 
omponents.

Allowing the 
omponents to be
ome ellipti
al only resulted in a few per
ent im-

provement in the agreement fa
tor.

0022-423 (b,
,d): These three models both �t the data well and the separation

and relative orientation of the 
omponents agree well at all three epo
hs and both
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frequen
ies. At 8.4 GHz the stronger 
omponent has the same size and orientation

within 8

Æ

. Unfortunately the 
alibration of the January 1990 data (
) is very

un
ertain and it is not possible to 
omment on 
hanges in the 
ux density of the


omponents. However the range of parameters method was used to set limits on

the 
hange in separation of the 
omponents; these limits are 28:11

+0:75

�1:00

mas (
)

and 28:51

+0:65

�0:75

mas (d), or 0:22masyr

�1

, 
onsistent within the errors with with no

signi�
ant relative motion in the 1.85 years between the two observations. If the

two models (b) and (d) have the same relative orientation, so that the strongest


omponent in (b) is 
orre
tly identi�ed with the strongest 
omponent in (d), then

both 
omponents have spe
tral indi
es of -0.9. Otherwise they are -1.6 and -0.2.

0023-263 (e,f,g): All of these models 
ontain substantially less than the total


ux of the sour
e indi
ating the presen
e of mu
h extended stru
ture. Only one


omponent was dete
ted at 8.4 GHz (g) and though the simple ellipti
al Gaussian

model does not �t these data 
ompletely, there is no eviden
e for a se
ond 
ompo-

nent. The 2.3 GHz models have very similar 
omponent orientations and relative

sizes. The separations of the 
omponents in these two models are 657:1

+5

�6

mas (e)

and 653:6

+1:5

�1:0

mas (f), 
orresponding to a de
rease in separation of �3:4masyr

�1

,

whi
h in not signi�
ant given the estimated un
ertainties. Identifying the soli-

tary 
omponent in (g) with the stronger more 
ompa
t 
omponent in (f) yields a

spe
tral index for this 
omponent of -0.17.

0159-117 (h): This simple model 
omposed of a line and a point �ts the data

very well but 
ontains only 40 per
ent of the total 
ux of the sour
e. With

a 
omponent separation of 1.59 ar
se
onds, this model has the largest angular


omponent separation of any obje
t in the survey.

0237-233 (i,j): Both of these models, at 2.3 GHz and 8.4 GHz, 
ontain the total


ux of the sour
e, demonstrating that any extended stru
ture is either ex
eedingly

weak or absent. The 2.3 GHz model (i) does not have suÆ
ient resolution to

distinguish two separate 
omponents. If the 
ux densities of both 
omponents of

model (j) are 
ombined, the spe
tral index is -0.6. If the spe
tral indi
es of one of

the 
omponents is 
atter, then the other is steeper than -0.6.

0403-132 (k): Very little data was obtained for this sour
e (owing to diÆ
ulties

with equipment at Mopra). The low 
orrelated 
ux density is barely ten per
ent

of the total.

0454-463 (l): The simple model for this sour
e �ts both the trans-o
eani
 base-

lines and the shorter Australian baselines very well, suggesting that there is no very


ompa
t stru
ture in the weaker 
omponent whi
h is resolved to Hartebeesthoek.

0506-612 (m): Considerable e�ort was expended in trying to �t this sour
e

with only two 
omponents however no satisfa
tory model was found. The �nal

model, with three 
omponents 
omprising nearly half the total 
ux density, is

more a

eptable and indi
ates that there are basi
ally two separate 
omponents,
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one of whi
h is 
omplex.

0733-174 (n): A 
ir
ular Gaussian 
omponent was not suÆ
ient to represent

these data. The sour
e is slightly elongated and the peak 
orrelated 
ux density

of 1.7 Jy suggests that 0733-174 is partially resolved at this resolution.

0741-063 (o): These data are well �t by two 
omponents that together 
ontain

only 35 per
ent of the total 
ux density.

0743-673 (p): Two di�erent baselines separated by sixteen months in time,

and both from unsu

essful imaging experiments, are available for this sour
e.

Both data sets are �t well by two similar but independent models. Model (p),

plotted in the �gures, was derived by merging the two data sets and �tting both

simultaneously. It is very similar to the individual models and 
ontains about half

the total 
ux density.

0823-500 (q,r): Both these observations are adequately �t by models 
onsisting

of a point and a 
ir
ular Gaussian. The sour
e has 
learly 
hanged signi�
antly

in the fourteen months between the two observations. The minimum 
orrelated


ux density in the 1989 data is 0.5 Jy 
ompared with 0.0 Jy in the earlier observa-

tion. The 1988 data demonstrates the importan
e of the amplitude bias 
orre
tion

dis
ussed in Se
tion 6.4. Examination of the unaveraged amplitudes and phases

in the vi
inity of the minimum indi
ate that the earlier 
orrelated 
ux density is

indeed zero. It is worth noting that even 
oherent averaging does not produ
e the


orre
t result for these data. In prin
iple, 
oherent averaging should yield a zero


ux density be
ause of the random phase distribution in zero signal to noise ratio

data (Moran, 1976). However this relies on a suÆ
iently large number of points

being averaged; for these data a two minute 
oherent average yielded a minimum


ux density of 0.14 Jy.

No total 
ux density measurement is available for the 1988 observation, how-

ever the 4.5 Jy in the model is signi�
antly less than the mean of 5.5 Jy observed

during the subsequent 
ux monitoring survey (Chapter 3). Unfortunately the

6.2 Jy in model (r) is nearly nine per
ent in ex
ess of the total 
ux density mea-

sured during the experiment (5.7 Jy) and the dis
repan
y is larger than 
an be

a

omodated by reasonable estimates of the 
alibration un
ertainties. This prob-

lem most likely arises be
ause the size of the 
ir
ular Gaussian 
omponent is not

well 
onstrained by the data whi
h 
over only a very narrow range of spa
ings

in the uv-plane between 4.8 and 6.2 M�. However the only simpler model, two

point sour
es, is a mu
h poorer �t to the data and therefore makes it mu
h more

diÆ
ult to set limits on the a

eptable parameter ranges. The underlying 
ause

of the problem is probably that the 
ir
ular Gaussian 
omponent is not the ideal

obje
t with whi
h to represent the the sour
e, though these data neither require

nor 
onstrain more 
ompli
ated 
omponents.

Table 6.2 gives the parameters and limits on the 
ux densities and 
omponent

separations of the models �t to ea
h of the two data sets. The measurements show

that there is no signi�
ant 
hange in the spa
ing of the two 
omponents and that
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the 
ux density of the unresolved 
omponent has remained 
onstant. However,

although the quoted limits 
an just a

omodate no 
hange in the extended 
om-

ponent, it appears to have undergone an in
rease in 
ux density of approximately

seventy per
ent. If the 
onstraint that the 
ux density in the model is not permit-

ted to ex
eed the 5.7 Jy measured total 
ux density is applied, then this estimate

is 
loser to �fty per
ent.

Despite the diÆ
ulties involved in quantifying the exa
t magnitude of the


hanges in this sour
e, a straightforward visual inspe
tion of the two sets of visi-

bilities makes it quite 
lear that there has been a 
hange of at least 0.5 Jy in the

relative 
ux densities of the two 
omponents.

Epo
h Flux Density Radius Angle Size Agreement

(Jy) (mas) (

Æ

) (mas) Fa
tor

88.77 1:96

+0:13

�0:12

0 0 0 1.99

2:5

+1:2

�1:0

21:3

+0:6

�0:4

127 8.5

89.93 2:02

+0:06

�0:07

0 0 0 1.92

4:2

+2:0

�0:8

21:7

+0:4

�0:6

130 12.7

Table 6.2: Model parameters and limits for 0823-500.

0834-196 (s): The 
hanging spa
ing of the amplitude maxima and minima in

the uv-plane for this sour
e signify that more than two 
omponents are required

to �t these data. The �nal model, 
onsisting of a point sour
e and two partially

resolved 
omponents that appear to both be part of the same stru
ture, �ts the

data very well and a

ounts for 85 per
ent of the total 
ux density.

0859-140 (t): The slow 
hange in visibility amplitude for this obje
t indi
ates

that it is only slightly resolved. However, the 
omponent giving rise to the 
or-

related 
ux density on this baseline 
ontains less than half the total 
ux of the

sour
e.

1015-314 (u): This three 
omponent model 
onsists essentially of two distin
t


omponents, one of whi
h has additional 
omplexity. Before GST 21:00 the model

only just �ts the data, within the error bars, and it is likely that more data at

di�erent spa
ings would lead to a somewhat di�erent model. There is 
ertain to be

other stru
ture sin
e the model a

ounts for less than half the total 
ux density.

1127-145 (v): 1127-145 is only slightly resolved between Hobart and Mopra. Al-

most the total 
ux density is present on this baseline, indi
ating minimal extended

emission.

1148-001 (w): The thirty per
ent drop in 
orrelated 
ux over the duration of

this observation strongly suggests that this sour
e is partially resolved. However

the single 
omponent model has a 
ux density of 3.0 Jy, 
onsiderably in ex
ess of
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the 2.6 Jy 
omputed by interpolation from the Parkes Catalogue values. Unfortu-

nately this obje
t was not in
luded in the 
ux monitoring survey and there is no

independent measurement of the total 
ux so it is not possible to gauge whether

this dis
repan
y arises from variability or 
alibration errors.

1151-348 (x,y,z): The 2.3 GHz data from 1989 (x) require an extended third


omponent to �t the short baselines. This 
omponent does not appear in the other

two models sin
e they are based only on the longer baseline or higher frequen
y

data. The three 
omponent model has slightly more than the total 
ux density of

this sour
e so there is unlikely to be very mu
h emission from any other extended


omponents. The eviden
e for the se
ond 
omponent at 8.4 GHz (z) is not strong

and the data do not 
onstrain its lo
ation very tightly. The sour
e is well resolved

with the model 
ontaining only �fteen per
ent of the total 8.4 GHz 
ux density.

The separations of the two 
ompa
t 
omponents in models (x) and (y) are 93:0

+1:2

�0:5

mas and 92:1

+1:0

�0:8

mas respe
tively (�0:6masyr

�1

), 
onsistent with no signi�
ant


hange over a period of 1.4 years. Identifying the two strongest 
omponents in

(y) and (z) with one another yields a spe
tral index of -1.4. The 
ux density of

the weak third 
omponent in (z) is poorly determined, simply be
ause of the low

signal to noise ratio, but it appears to posses an even steeper index of -2.8.

1215-457 (aa): A single linear 
omponent model �ts these data well but provides

less than half the total 
ux density.

1245-197 (ab,a
): The three 
omponents in the 2.3 GHz model posses almost

sixty per
ent of the total 
ux density of the sour
e. The short segment of data

from the DSS 42 baseline is 
ru
ial in the determination of the double stru
ture of

the strong 
ompa
t 
omponent. The single beat on this baseline 
an not be �t by

a two 
omponent model, although a moderately good �t 
an be a
hieved for the

DSS 43 baseline with only two 
omponents. The 8.4 GHz model 
learly resolves

the strong 
omponent to reveal the two 
ompa
t `
ores' whi
h a

ount for nearly

half the 
ux density at this frequen
y. Both have spe
tral index -0.9, with only

slight variation (2%) if the orientation is in error by 180

Æ

. Eviden
e of the weaker


omponent seen at 2.3 GHz is absent in the 8.4 GHz data.

1320-446 (ad): The model of this obje
t �ts the data well but approximately a

third of the total 
ux density is missing in the model, probably owing to substantial

resolution of the an extended elongated 
omponent.

1354-174 (ae): The dete
tion of slight elongation in 1354-174 depends rather

tenuously upon a

urate 
alibration of the data. While the model �ts better than

would a point sour
e, the agreement between the model and measured visibilities

is not entirely 
onvin
ing. This is parti
ularly so near the end of the observation

where the most substantial dis
repan
y o

urs, possibly due to poor 
alibration

as the sour
e set.

1549-790 (af,ag): The 2.3 GHz model (af) is an ex
eptionally good �t to



CHAPTER 6. VLBI SURVEY MODEL FITTING 136

the data and 
ontains more than ninety per
ent of the total 
ux density. The

8.4 GHz data is taken from an imaging experiment in November 1991 for whi
h

the Tidbinbilla{Hobart baseline observed for only two hours. The Hobart{Mopra

baseline, with more than ten hours of data, was sele
ted for model �tting instead.

Sin
e several of the single baseline survey sour
es have been observed on this base-

line these data 
an provide a 
he
k of the su

ess of the model �tting (
ompared

to the images) on the longer baseline. The single 
omponent a

ounts for eighty

per
ent of the total 
ux density and has a spe
tral index of -0.05.

1733-565 (ah): There is no eviden
e for any milli-ar
se
ond s
ale stru
ture in

these data whi
h are well �t by a point sour
e. The model has only eight per
ent

of the total 
ux density so there is 
learly mu
h extended emission.

1740-517 (ai): These data 
ome from an imaging experiment in De
ember 1989.

No 
orrelations were dete
ted between Hobart, Perth and Ali
e Springs for this

sour
e. The model is good �t to the shortest baseline but does not a

ount for

the longer baselines so well, indi
ating either the presen
e of more 
ompli
ated


omplex 
ompa
t stru
ture or else poorer 
alibration of the less sensitive stations.

The total 
ux density of 5.2 Jy is slightly less than the 5.4 Jy of the model. Thus

all the emission is 
on
entrated in the modelled 
ompa
t 
omponents.

1827-360 (aj): Very few 
on
lusions 
an be drawn from this short data set whi
h

demonstrates only that a weak 
ompa
t 
omponent is present in this sour
e.

1830-211 (ak,al,am): Both the 2.3 GHz and 8.4 GHz models of the single

baseline data (ak,al) �t the observations well. However neither a

ounts for more

than 25 per
ent of the total 
ux density so there is 
learly substantial emission from

stru
tures with larger angular sizes to whi
h these observations are insensitive.

The orientations of both the 
omponents in all the models derived from the three

independent data sets are all 
onsistent within 35

Æ

so the data do 
onstrain these

parameters for this sour
e.

The extensive data set on whi
h model (am) is based 
omes from an imaging

experiment in 1992. The data were not amenable to imaging be
ause the uv-


overage was too limited. Only four hours of data were available and no Tidbinbilla

antenna parti
ipated resulting in a very large gap in the uv-plane between the

baselines between the three ATNF antennas and the baselines to Hobart. However

the model, 
omposed only of two ellipti
al Gaussians, �ts the data very well. The

severest dis
repan
y is on the shortest baseline (Culgoora{Mopra) indi
ating the

presen
e of emission from 
omponents with an angular size of several hundred

milli-ar
se
onds.

The di�eren
e between the model and total 
ux density for model (al) is 4.3 Jy,

whereas for the 1992 data set, taken only a few weeks after the peak in the 8.4 GHz

light 
urve (Chapter 3), the di�eren
e is 2.7 Jy. This 
orresponds to an apparent

de
rease of, at most, 1.6 Jy (37%) in the extended stru
ture 
ompared with a 6.6 Jy

(450%) in
rease in the 
ompa
t 
omponents. Clearly the 
ux density outburst

observed in this sour
e is 
on
entrated in the 
ompa
t stru
ture, and it is not
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on�ned to just one of the 
ompa
t 
omponents, both have in
reased greatly in


ux density. The apparent de
rease in the 
ux density of the extended stru
ture

may not be real, re
e
ting rather the limitations of the modelling pro
edures

when 
onfronted with a very 
ompli
ated sour
e. The substantial 
ux density

variations seen in this obje
t mean that spe
tral index measurements must be

based on observations 
lose, if not 
oin
ident, in time.

While there is still missing extended 
ux in the model derived from the 1992

data set, the observation is still sensitive to some of the extended stru
ture. This

makes it very diÆ
ult to test for 
hanges in the separation of the 
ompa
t 
om-

ponents sin
e the previous 8.4 GHz observation (model al) be
ause the large s
ale

emission has the potential to interfere with, and bias the separation measurement.

To test whether this e�e
t is important the three baselines to Hobart, whi
h are

sensitive to only the most 
ompa
t 
omponents, were sele
ted and the model was

re�t using these alone. The pro
edure was repeated also for just the Parkes{

Hobart baseline whi
h, as well as being the most sensitive, is the 
losest in the

uv-plane to the Tidbinbilla{Hobart baseline in the 1990 observation. The separa-

tions determined from these di�erent data groups proved to be very similar and

the limits on these values were also in good agreement; ea
h of the three mea-

surements a

ommodating the others within the error estimates. The mean value

is 971:46

+0:15

�0:45

mas. This is 0.44 mas smaller than the 971:90

+0:25

�0:15

mas separation

obtained from the 1990 data, 
orresponding to a rate of 
hange of �0:25masyr

�1

.

It is not 
ertain that this measurement of a de
reased separation is a

urate sin
e

the baselines are di�erent and, given the apparent 
omplexity of the sour
e, the

two observations may well be sensitive to di�erent stru
tures. However, it would

perhaps not be surprising if su
h a marked 
hange in the total 
ux density were

not a

ompanied by some stru
tural 
hanges.

1934-638 (an,ao,ap,aq,ar): The very high signal to noise ratio a
hieved on

the Tidbinbilla{Hobart baseline leads to a large agreement fa
tor of 7.3 for model

(an). Whilst this 
ould re
e
t the presen
e of genuine sour
e stru
ture it is more

probable that the error bars fail to adequately des
ribe the 
u
tuations in visibility

amplitude that o

ur on times
ales greater than the averaging time and are not

a

ounted for by the 
alibration pro
edures. The range of parameters method

for determining the limits on the 
omponent separation worked well for these

data, depending as it does on the visual �t rather than the �

2

whi
h 
hanges

extremely rapidly when the error bars are so small. The spa
ing found for the two


omponents is 42:2

+1:1

�1:6

mas.

The data sets (ao) and (ap) both 
ome from the same three station exper-

iment in January 1992. However the Australian baseline is sensitive to a very

di�erent s
ale of stru
ture to the Hartebeesthoek baselines so these were modelled

separately. No model with less than �ve separate 
omponents was found that sat-

isfa
torily �t all three baselines simultaneously. The well 
alibrated Tidbinbilla{

Hobart baseline (ao) is very sensitive to 
hanges in the 
omponent separations

and the value obtained is 41:2

+0:5

�0:6

mas, whi
h taken with the 1988 measurement,

yields a rate of �0:31masyr

�1

that, within the errors, is 
onsistent with no relative

motion. The sum of the 
ux densities of the two 
omponents ex
eeds by 0.3 Jy
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the total 
ux density of 12.2 Jy, probably be
ause the 
omponent sizes are not

well 
onstrained by the uv-
overage, but do indi
ate that there is no signi�
ant


ux density in extended stru
ture. The trans-o
eani
 baselines (ap) resolve the

two main 
omponents and reveal 
ompli
ated milli-ar
se
ond s
ale stru
ture. The

three 
omponent model reprodu
es all the beats in the data very well but does

not �t all the peaks and troughs perfe
tly. These three 
omponents a

ount for

only 1.5 Jy of the total 
ux density of 12.2 Jy and are separated by approximately

1.5 mas more than the 
entroids of the two 
omponents seen on the Australian

baselines.

The resolution on the Tidbinbilla{Hobart baseline at 8.4 GHz is nearly 8 mas,

and is approa
hing that a
hieved by the Australia{Hartebeesthoek baselines at

2.3 GHz. Unfortunately the two 8.4 GHz observations (aq,ar) 
over almost mu-

tually ex
lusive hour angle ranges and the 1991 measurement does not 
onstrain

the 
omponent positions well. The 1990 model (aq) does not a

ount for all the

stru
ture dete
ted in the observation and the two 
omponents posses two thirds

of the total 
ux density. The ranges of 
omponent separations for the two models

are 42:40

+0:25

�0:2

mas and 41:1

+1:0

�1:5

mas in 1990 and 1991 respe
tively.

While the 2.3 GHz data are 
onsistent with no separation 
hange over 3.2

years the 8.4 GHz data, taken at fa
e value, indi
ate that a signi�
ant de
rease in

separation has o

ured during the intervening 1.82 years. This result is however

equivo
al be
ause of a number of `systemati
' e�e
ts not a

ounted for by the

quoted errors. Firstly, the two models do not have identi
al 
omponent types, so

there is s
ope for variation in 
omponent separation as the two models a

omodate

the data in di�erent ways. Se
ondly, model (aq) is not a perfe
t �t to the data

and it is diÆ
ult to know how to quantify the extent to whi
h this a�e
ts the �nal

separation measurement, or even how to judge an already askew model as being

`signi�
antly worse', as required in the range of parameters limit-setting method.

Attempts to �nd a slightly more 
ompli
ated model that �t the data signi�
antly

better were unsu

essful. A mu
h more reliable test of sour
e 
hanges would be

possible if another data set that substantially overlapped one of the others were

available.

There are several possible 
ombinations of 
ux densities that 
an be used to


al
ulate the spe
tral indi
es for this sour
e. The simplest approa
h is to assume

that the strong 
omponents (� 6 Jy) seen at lower resolution at 2.3 GHz(an,ao)

are identi�ed with the 8.4 GHz 
omponents, in whi
h 
ase the spe
tral indi
es lie

between -1 and -2.5. Alternatively, if it is argued that the bulk of the 2.3 GHz

emission arises from extended (10 mas) stru
ture with a steep spe
tral index whi
h

is not dete
ted on the Hartebeesthoek baselines (ap) or at 8.4 GHz, then the indi
es

of the residual 
ompa
t stru
tures are mu
h 
atter and possible values lie in the

range -0.9 to 1.45. Treating the two nearby 
omponents in (ap) as one, and then

asso
iating the 
omponents with the largest 
ux densities at 2.3 GHz and 8.4 GHz

with one another, the range of spe
tral index for the 
ompa
t 
omponents is 0.14

to 0.5.

2126-158 (as): Two di�erent observations of this sour
e were made using �rst
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the Tidbinbilla{Hobart baseline, and then the longer Mopra{Hobart baseline. Al-

though these two data sets were taken 4.2 years apart, a single 
ir
ular Gaussian


omponent model �ts both well and a

ounts for the whole of the 
ux density of

this sour
e. The parameters of point sour
e models �t separately to ea
h data

set separately also appear in Table 6.1, though only the joint model is plotted in

Figures 6.4 and 6.5.

2135-209 (at): Although this model has three 
omponents, two are separated

by only eighteen mas and re
e
t the presen
e of detail within a single stru
ture

whi
h is approximately 150 mas from the third 
omponent. The model a

ounts

for 85 per
ent of the total 
ux density and �ts the data well so there is little

emission arising from extended stru
ture.

2149-287 (au): The 
ompa
t stru
ture in this sour
e is so weak (S

model

<

0:03S

total

) that the bulk of the data lies very 
lose to the asymptote (Z=� �

q

�

2

)

in the bias 
orre
tion fun
tion dis
ussed in Se
tion 6.4 (Figure 6.1). Consequently

small variations in the noise dramati
ally a�e
ted the 
orre
tions, despite the

smoothing applied to to stabilise the 
orre
tion. In view of the serious potential

this had for the introdu
tion of false stru
ture, it was de
ided to integrate these

data 
oherently. The resulting data are mu
h smoother and are reasonably well

�t by the model. The data were extremely diÆ
ult to �t be
ause the large beat at

the start of the observation dominated the �

2


al
ulation and the small beats near

the end, whi
h 
learly 
ontain useful stru
tural information, were largely ignored

by the �tting program. The model presented was obtained by repeated 
areful

adjustment, by hand, of the trial model until it was in very 
lose agreement with

the data. The model �tting program was then used to re�ne ea
h parameter in

turn before being allowed to sear
h for the global minimum by varying all the

(�tted for) parameters simultaneously.

2204-540 (av): The dete
tion of elongation in this obje
t depends 
ru
ially

upon the a

ura
y of the 
alibration. However the single linear 
omponent model

re
e
ts the trend in the data well and �ts with a signi�
antly better agreement

fa
tor than a point model (AF=1.1 rather than 1.6 for a point sour
e). The model

a

ounts for two thirds of the total 
ux.

2311-452 (aw): The two observations of this sour
e, separated by 4.4 years,

and using di�erent baselines are both well �t by a single ellipti
al Gaussian model


omponent. The single 
omponent models �t to ea
h data set separately are shown

in Table tab:sr
mod but only the joint model is plotted.

Undete
ted or Unobserved Sour
es

Five sour
es were observed with either the Tidbinbilla{Hobart or Mopra{Hobart

interferometer but no fringes were dete
ted. In all 
ases these observations were

bra
keted by, or interleaved with, su

essful observations of other sour
es so it is

improbable that the dete
tion failure results from equipment malfun
tions su
h



CHAPTER 6. VLBI SURVEY MODEL FITTING 140

as 
lo
k errors. The sour
es are 0624-058 (0.07), 0704-231 (0.11), 1221-423 (0.09),

1302-492 (0.11) and 1323-611 (0.11). The quantity in bra
es is the upper limit on

the possible 
orrelated 
ux density (Jy) assuming the non-dete
tion resulted from

the sour
e being totally resolved.

Five obje
ts, 0405-132, 1306-095, 1514-241, 1937-101 and 2052-474, were not

observed during the survey.

6.7 Comparison with Imaging Data

The sour
e models 
onstru
ted and des
ribed above are based on a very limited,

usually one, number of baselines and have been formulated a

ording to a stri
t set

of rules designed to prevent the introdu
tion of false stru
ture. However, before

pro
eeding to use or interpret the information 
ontained within these models, it is

appropriate (and prudent) to test the su

ess of the pro
edure and establish the

reliability of the one baseline model parameters. To this end, a single baseline from

ea
h of the imaging data sets presented in Chapter 5, has been taken and subje
ted

to the same modelling pro
edures and rules as the single baseline survey data.

The Tidbinbilla{Hobart baseline was 
hosen in ea
h 
ase, ex
ept for 1549�790 at

8.4 GHz where the Tidbinbilla{Hobart baseline 
omprised only two hours of data

and the Mopra{Hobart baseline was used instead. The models derived from these

data have already been presented but are summarised here in Table 6.3.

Sour
e parameters, in
luding 
omponent 
ux densities, angular sizes and sep-

arations, have been measured from the images 
reated using the 
omplete data

sets (Chapter 5). These values 
an be used to assemble simple models represent-

ing stru
ture observed in the images and so permit a dire
t numeri
al 
omparison

with the 
orresponding single baseline data models. These \image models" are

also listed in Table 6.3.

A general 
omparison of imaging and model �tting for the array data 
an be

made simply through examination of the images (Chapter 5) and the 
ontour plots

of the single baseline models (Figure 6.4). The referen
es to the relevant 
ontour

plots are given, together with the image �gure referen
es, in Table 6.3.

The result of this 
omparison is that the number of model 
omponents and

their relative positions agree well with the images. Even for 1151�348 at 8.4 GHz

(model-z), where the eviden
e for the se
ondary is very weak, the model �tting

has lo
ated the 
omponent with remarkable a

ura
y. In only three 
ases, all

at 8.4 GHz (0023�263, 1245�197 and 1549�790), the single baseline models do

not re
ognise a weak and extended se
ondary 
omponent that is visible in the


orresponding images. This is be
ause the Tidbinbilla{Hobart baseline (or in the


ase of 1549�790, the Mopra{Hobart baseline) has insuÆ
ient surfa
e brightness

sensitivity to reveal the presen
e of these 
omponents. The model of 1934�638

made from the baselines to South Afri
a (model-ap) does not reprodu
e the de-

tailed stru
ture in the resolved 
omponent very a

urately (
f Figure 5.19), but

it is readily apparent from the �t of the model to the data that this model is

not 
ompletely adequate. In no 
ases do the models 
ontain more 
omponents

than are seen in the images, indi
ating that the restri
tive model �tting rules have
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Fig. Sour
e Obs. Cpt. Centroid Major Axial Posn.

ref. name freq. f.d. Radius Angle axis ratio angle

(GHz) (Jy) (mas) (

Æ

) (mas) (

Æ

)

(b) 0022-423 2.3 2.22 0 0 0 1 0

0.84 28 119 0 1 0

5.1 0022-423 2.3 2.20 0 0 3.8 0.2 113

0.76 28 118 5.4 0.2 126

(d) 0022-423 8.4 0.69 0 0 4.0 0 110

0.26 28 119 3.2 0 15

5.1 0022-423 8.4 0.73 0 0 3.5 0.2 117

0.23 28 119 2.9 0.6 151

(f) 0023-263 2.3 0.90 0 0 8.0 0 102

0.29 654 145.9 13.6 0 53

5.4 0023-263 2.3 1.6 0 0 12.1 0.9 134

1.2 645 146 33 0.7 143

(g) 0023-263 8.4 0.72 0 0 5.1 0.8 46

5.5 0023-263 8.4 0.64 0 0 5.3 0.8 45

0.25 646 146 31 0.5 128

(i) 0237-233 2.3 5.2 0 0 7.8 0 53

5.7 0237-233 2.3 4.9 0 0 6.7 0.4 48

(j) 0237-233 8.4 1.61 0 0 4.5 0 21

0.75 10 -127 0 1 0

5.8 0237-233 8.4 1.52 0 0 5.5 0.5 66

1.07 9.9 -127 0 1 0

(r) 0823-500 2.3 2.0 0 0 0.0 1 0

4.2 22 130 12.7 1 0

5.9 0823-500 2.3 3.6 0 0 17.5 0.6 -72

2.2 24 124 10.7 0.7 -69

(y) 1151-348 2.3 1.6 0 0 10.1 0 123

1.1 92 -108 12.8 1 0

5.10 1151-348 2.3 2.2 0 0 14.1 0.7 110

1.3 91 -108 17.2 0.8 101

(z) 1151-348 8.4 0.248 0 0 2.7 0 -37

0.030 88 -104 0 1 0

5.11 1151-348 8.4 0.9 0 0 9.1 0.7 -27

0.3 91 -108 12.5 0.7 40

(ab) 1245-197 2.3 1.16 0 0 0 1 0

1.18 19 56 0 1 0

0.32 148 87 22.0 0 74

5.12 1245-197 2.3 1.31 0 0 12.5 0.5 81

1.73 19 55 19.9 0.4 82

0.36 130 88 20.4 0.4 76

(a
) 1245-197 8.4 0.36 0 0 4.9 0 102

0.37 21 55 6.8 0 29

5.13 1245-197 8.4 0.60 0 0 5.2 0.7 67

0.53 17 55 16.8 0.3 70

(af) 1549-790 2.3 3.1 0 0 12.3 0 76

1.5 83 83 41 0 107

5.15 1549-790 2.3 3.1 0 0 7.7 0.3 64

1.4 86 80 45 0 107

(ag) 1549-790 8.4 2.9 0 0 4.2 0 46

5.16 1549-790 8.4 3.1 0 0 4.7 0.2 46

(ak) 1830-211 2.3 0.44 0 0 8.8 0 143

1.14 974 -137.7 21.6 0 142

5.18 1830-211 2.3 1.68 0 0 37 0.4 125

0.99 973 -137.8 25 0.7 109

(an) 1934-638 2.3 5.8 0 0 0 1 0

5.1 42.2 91 0 1 0

5.20 1934-638 2.3 5.4 0 0 6.8 0.5 94

6.9 41.3 89 7.9 0.8 11

(ar) 1934-638 8.4 1.80 0 0 4.7 0 43

0.41 41.1 86 0 1 0

5.21 1934-638 8.4 1.41 0 0 4.8 0.5 85

1.32 42.3 88 5.2 0.8 32

Table 6.3: Models derived from single-baseline subsets and images. The �rst 
olumn gives the

referen
e to either Table 6.1 (for the single baseline models) or the relevant �gure in Chapter 5

(for the models from the images).
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su

essfully prevented the introdu
tion of spurious 
omponents.

Having thus established the general validity of the model �tting pro
edures, a

value by value 
omparison of the two sets of models (derived independently from

the single baseline data and the images) 
an be undertaken. Flux density ratios

of 
orresponding 
omponents, relative angular separations, orientation di�eren
es,


omponent size ratios and position angle di�eren
es are listed in Table 6.4. Al-

though the relative orientations of the single baseline model 
omponents may be

�xed, it is possible to rotate the entire model through 180

Æ

on the sky without

a�e
ting the �t be
ause of the orientation ambiguity arising from the absen
e of

phase measurements with single baseline data. This has been done for several of

the models here when 
omparison indi
ated an in
onsisten
y between the rela-

tive 
ux densities of double sour
e 
omponents (e.g. the models of 1934�638 at

2.3 GHz).

Sour
e Obs. Centroid

name freq. S

mod

/S

im

R

mod

/R

im

j�

mod

� �

im

j r

mod

/r

im

AR

mod

/AR

im

j�

mod

� �

im

j

(GHz) (

Æ

) (

Æ

)

0022-423 2.3 1.01 { { 0/3.8 1/0.2 {

1.11 1.00 1 0/5.4 1/0.2 {

0022-423 8.4 0.95 { { 1.14 0/0.2 7

1.13 1.00 0 1.10 0/0.6 44

0023-263 2.3 0.56 { { 0.66 0/0.9 32

0.24 1.01 0.1 0.41 0/0.7 90

0023-263 8.4 1.13 { { 0.96 1.0 1

0237-233 2.3 1.06 { { 1.16 0/0.4 5

0237-233 8.4 1.06 { { 0.82 0/0.5 45

0.70 1.01 0 0/0 1/1 {

0823-500 2.3 1.16 { { 0.72 1/0.6 {

0.91 0.91 6 0/10.7 1/0.7 {

1151-348 2.3 0.72 { { 0.72 0/0.7 13

0.84 1.01 0 0.74 1/0.8 {

1151-348 8.4 0.28 { { 0.3 0/0.7 10

0.01 0.97 4 0/12.5 1/0.7 {

1245-197 2.3 0.89 { { 0/12.5 1/0.5 {

0.68 1.00 1 0/19.9 1/0.4 {

0.89 1.13 1 1.08 0/0.4 2

1245-197 8.4 0.60 { { 0.94 0/0.7 35

0.70 1.24 0 0.40 0/0.3 41

1549-790 2.3 1.00 { { 1.60 0/0.3 12

1.07 0.96 3 0.91 0/0 0

1549-790 8.4 0.94 { { 0.89 0/0.2 0

1830-211 2.3 0.67 { { 0.58 0/0.4 17

0.44 1.00 0.1 0.35 0/0.7 34

1934-638 2.3 0.94 { { 0/6.8 1/0.5 {

0.84 1.02 2 0/7.9 1/0.8 {

1934-638 8.4 1.28 { { 0.98 0/0.5 42

0.31 0.97 2 0/5.2 1/0.8 {

Table 6.4: Comparison of sour
e parameters obtained from model �tting and imaging.

The data in Table 6.4 show very 
learly the ex
ellent 
orresponden
e a
hieved

for the 
omponent separations and relative positions between the single baseline

models and the models based on the images. Ex
luding the results for 1245�197,

the separations are all 
onsistent to within four per
ent, and the relative po-

sition angles di�er by less than 6

Æ

. The di�eren
es between the position an-

gles of individual 
omponents are also relatively small, ex
eeding 45

Æ

in only one
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ase, for 0023�263 where substantial extended stru
ture is not dete
ted on the

Tidbinbilla�Hobart baseline. The 
ux densities are not so well determined, par-

ti
ularly for sour
es with extended stru
ture. The e�e
t of the preferen
e for point

and line 
omponents during the model �tting is apparent with model 
ux densities

more than ten per
ent greater than those in the images o

uring in only �ve of

the thirty 
omparisons. Generally the model 
ux densities lie between 60 and 110

per
ent of the image values with the best agreement a
hieved for sour
es with

the least extended stru
ture. The 
omponent size measurements from the model

�tting are least reliable. Even so, a third of the size estimates di�er by less than

twenty per
ent. This does not seem to depend on either the sour
e de
lination

(uv-
overage), 
omponent size to separation ratio, or the presen
e of extended

stru
ture. In many 
ases a dire
t 
omparison is not possible be
ause the model


omponents are often only lines or points as a 
onsequen
e of the 
hoi
es made

in the �tting pro
ess. If this restri
tion were relaxed then the 
omponent 
ux

densities would be mu
h less 
onstrained, and hen
e, unreliable.

Note that 
omparison with images is a very strong test of model reliability. The


on�den
e with whi
h model �ts are normally regarded, usually 
omes from several

workers independently deriving the same, or similar, models. It is important to

re
ognise that this provides no guarantee that ea
h will not make the same errors,

leading to a popular, but misleading, model. However, although the level of detail


an most 
ertainly in
rease, the overall 
hara
teristi
s of sour
es derived from

images do not generally 
hange with in
reasing numbers of antennas, resolution,

or sensitivity. Moreover, despite their dependen
e on various assumptions about


on�ning 
leaning to parti
ular windows et
., images are the \state of the art"

when it 
omes to investigating sour
e stru
ture; they provide literally the best

representation of what a sour
e a
tually looks like

2

. Images 
an therefore be

regarded as a very stringent ben
hmark by whi
h to measure the su

ess of a

model �tting approa
h. The 
omparison above vindi
ates the 
hoi
e of rules made

prior to embarking on the analysis by showing that the models do not mislead as

regards the overall sour
e stru
ture, and that some parameters are a
tually very

well determined by this method. Where the models do not show all the 
omponents

seen in the images, the reason is more to do with the limitations of the one baseline

data than in the model �tting pro
edure itself.

6.8 Summary

This 
hapter has des
ribed the model �tting approa
h to VLBI data analysis and

presented the results of its appli
ation to a substantial volume of data with a

limited number of baselines. Through a 
omparison with images made from more


omplete data sets, the overall reliability of the model �tting te
hnique has been

demonstrated 
onvin
ingly. The a

ura
y of the �ts of the models to the visibility

data shows that the assumptions regarding the suitability of the types of basi



omponents from whi
h the models are 
onstru
ted are well founded.

2

This does not ne
essarily make them right
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Parti
ularly noteworthy is the demonstration that useful and reliable informa-

tion about the stru
ture of radio sour
es, albeit with some well determined lim-

itations, 
an be obtained using only a one baseline interferometer. Multi-station

VLBI experiments in Australia are more diÆ
ult to organise and require a very

large investment of personnel and resour
es. In the south, where resour
es are

parti
ularly s
ar
e, the Tidbinbilla{Hobart interferometer has been shown here to

be an eÆ
ient and e�e
tive means of gathering a great deal of information about

basi
 sour
e stru
tures where none previously existed. The data obtained with

this instrument and presented above, will be used in subsequent 
hapters of this

thesis.



Chapter 7

Results and Sour
e Parameters

This 
hapter draws together and summarises the data obtained for the survey

sour
es from the investigations in the pre
eding 
hapters. In addition, extensive

literature sear
hes have been used to assemble a database of other sour
e proper-

ties, in
luding opti
al identi�
ations, magnitudes, redshifts and radio polarisation.

Brightness temperatures, or limits, are 
al
ulated for all sour
e 
omponents. Op-

ti
al and radio luminosities are 
omputed for sour
es having a known redshift.

Component sizes and separations are also evaluated using the angular sizes of

these obje
ts. The sizes of the 
omponents measured in the images are more

reliably determined than those found by model-�tting and are used to tabulate

estimates of magneti
 �eld strengths and energy densities prevailing within the

sour
es.

7.1 Cal
ulation of Sour
e Properties

Linear Dimensions

If a radio sour
e has an identi�ed opti
al 
ounterpart with a measured redshift

it is possible, given assumptions about an appropriate 
osmologi
al model, to


ompute a 
onversion between angular and linear size. Following Lang (1980),

the luminosity distan
e (for whi
h the apparent radiation intensity falls o� as the

square of the distan
e) is

D

L

=

z


H

0

where z is the redshift, 
 the velo
ity of light (km:s

�1

) andH

0

the Hubble Constant

(km:s

�1

:Mp


�1

). The form of this relation depends on the a
tual 
osmologi
al

model 
hosen; for a standard Friedmann-Robertson-Walker model, parameterised

by H

0

and a de
eleration parameter q

0

, the appropriate expression is

D

L

=




H

0

q

2

0

�

q

0

z + (q

0

� 1)(

q

1 + 2q

0

z � 1)

�

The angular size distan
e D

�

= D

L

(1 + z)

�2


an be used to 
al
ulate a linear

size (proje
ted onto the plane of the sky) of

l = D

�

� =


�

H

0

q

2

0

(1 + z)

2

�

q

0

z + (q

0

� 1)(

q

1 + 2q

0

z � 1)

�

:

145
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For 
al
ulations in this se
tion, a value of q

0

= 0:5, 
orresponding to a \
riti
al"

universe, neither open nor 
losed, will be assumed. The prevailing un
ertainty

asso
iated with the value of the Hubble Constant will be expressed by the in
lusion

of a dimensionless s
aling parameter h and adopting a value of

H

0

= 100h km:s

�1

:Mp


�1

:

With these assumptions, the linear size relation redu
es to

1mas = 29:1

1 + z �

p

1 + z

(1 + z)

2

h

�1

p
:

Luminosities

The luminosity of an obje
t at a distan
e D metres and with redshift z is

P

�

= S

�

D

2

L

(1 + z)

1��

W:Hz

�1

:sr

�1

:

� is the spe
tral index at frequen
y � where the 
ux density is S

�

W:m

�2

:Hz

�1

and D

L

is the luminosity distan
e (m). This expression is equally appli
able for

both radio and opti
al luminosities, though for opti
al measurements it is �rst

ne
essary to 
onvert magnitudes to 
ux densities using

S = S

0

� 10

�

m

2:5

W:m

�2

:Hz

�1

:

The value of S

0

depends on the magnitude system being used. Johnson (1966)

gives S

0

= 1:77�10

�23

W:m

�2

:Hz

�1

for J-magnitudes and S

0

= 3:81�10

�23

W:m

�2

:Hz

�1

for V-magnitudes.

Brightness Temperatures

For bla
kbody radiators at radio frequen
ies, the brightness (
ux density per stera-

dian) is given by the Rayleigh-Jeans law,

B =

S




=

2�

2

kT

B




2

where S is the 
ux density of the sour
e whi
h subtends solid angle 
 (sr), � is the

frequen
y (Hz), k is Boltzmanns 
onstant, 
 the velo
ity of light, and T

B

the equiv-

alent bla
kbody temperature of the sour
e, known as the brightness temperature.

The brightness temperature then is

T

B

=




2

S

2k�

2




:

For an ellipti
al sour
e with major and minor axes A and B (radians), the e�e
tive

solid angle is


 =

�AB

4 ln 2

:

For sour
e 
omponents with measured sizes and 
ux densities, the brightness

temperature is readily 
al
ulable. However, if a 
omponent is unresolved, then

only a lower limit 
an be pla
ed on the brightness temperature.
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Equipartition Magneti
 Fields

Miley (1980) gives expressions for 
al
ulating the magneti
 �eld strength (B

me

)

and minimum energy density (u

me

) 
orresponding (almost) to equipartition of

energy between the magneti
 �eld and the relativisti
 parti
les in a syn
hrotron

radio sour
e. Provided the sour
e redshift is known, only the 
ux density, S, and

angular size (�

x

; �

y

) of the sour
e are required:

B

me

= 1:51� 10

�4

(1 + z)

1:1

�

0:22

"

S

�

x

�

y

l

#

2

7

u

me

=

7

3

B

2

me

8�

:

Here the angular sizes are in ar
se
onds, the 
ux density in Jy, the frequen
y �

in GHz, and B

me

and u

me

are in Gauss and erg:
m

�3

respe
tively. The quantity

l is the path length through the sour
e in kiloparse
, and is usually taken as

the largest angular dimension (
onverted to a proje
ted linear size). Numerous

assumptions are made in deriving these expressions, in
luding that the ratio of

energy in the heavy parti
les to the ele
trons is unity, and that the radiation

is emitted uniformly from a 
omponent, not from unresolved �laments. Miley

des
ribes the assumptions in 
onsiderable detail.

Magneti
 Fields from Syn
hrotron Self Absorption

For self absorbed syn
hrotron radio sour
es, the presen
e of the peak in the radio

spe
trum 
an be used to 
al
ulate the magneti
 �eld strength in the emitting

regions. Kellermann (1974) gives the appropriate relation:

B � 2:3� 10

�5

�

S

m

�

2

�

�2

�

5

m

(1 + z)

�1

Gauss:

Here S

m

is the peak 
ux density (Jy) o

uring at frequen
y �

m

(GHz), and � is

the sour
e size in milli-ar
se
onds. The strong dependen
e on angular size and

frequen
y of the peak means that the un
ertainty in the result 
an be large; errors

of about eighty per
ent in sour
e size, or sixty per
ent in the frequen
y of the

peak 
orrespond to an order of magnitude 
hange in the magneti
 �eld.

7.2 Opti
al Properties and Luminosities

Opti
al 
ounterparts for 34 sour
es in the survey sample were found via a sear
h of

the published literature. Two more obje
ts were tentatively identi�ed by querying

the COSMOS/UKST database of digitised S
hmidt J-plates (Yentis et al., 1992).

Of the remaining seven sour
es without any opti
al ID, all have jbj < 12

Æ

, and

are either not 
overed by the COSMOS database, or the digitised plates show no

obje
ts within several ar
se
onds of the best radio positions (see Table 2.1).

The identi�
ations, magnitudes and redshifts for all sour
es are listed in Ta-

ble 7.1, together with their referen
es; the key to the referen
es is in Table 7.2. The
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lassi�
ations given in Table 7.1 are: G=Galaxy, G?=probable galaxy, Q=quasar,

Q?=probable quasar. The two sour
es listed as probable quasars (1320�446 and

2149�287) were identi�ed via the COSMOS sear
h. The digitised �elds show a

stellar obje
t within an ar
se
ond of the radio position for 2149�287, and two

stellar obje
ts within three ar
se
onds for 1320�446. However spe
tros
opy is

required before these identi�
ations 
an be 
onsidered se
ure.

The redshifts of most sour
es were found in the literature, mostly via the


ompilation of Hewitt and Burbidge (1993) for the quasars, and through Wall and

Pea
o
k (1985) and Tadhunter et al. (1993) for the galaxies. Referen
es for obje
ts

with redshifts not given by these authors were generally found through a sear
h

of the NASA/IPAC Extragala
ti
 Database, NED. All the referen
es are listed in

Tables 7.1 and 7.2. Five of the galaxy and probable galaxy redshifts are estimates

given by Wall and Pea
o
k, who estimated the redshifts of these galaxies, whi
h

are indi
ated in the table, using a Hubble diagram 
omprising ninety galaxies.

Four other sour
es in the survey sample had redshifts estimated in this manner by

Wall and Pea
o
k but have sin
e had values measured and all but one show the

estimated values to be a

urate to better than thirty per
ent. It is inappropriate

to 
ondu
t a similar estimation for the two potential quasars sin
e (a): the Hubble

relation is mu
h less well de�ned for quasars (e.g. Wall and Pea
o
k, 1985) and

(b): redshifts are needed to 
on�rm that these obje
ts are indeed quasars and not

stars. Column �ve of Table 7.1 gives the luminosity distan
es for the obje
ts with

redshifts (either measured or estimated).

The COSMOS �elds were 
he
ked for all sour
es with opti
al identi�
ations

in an attempt to obtain a homogeneous set of magnitude measurements. Wher-

ever possible, the J-magnitudes from the COSMOS �elds are given in Table 7.1.

J-magnitudes quoted in the table not from COSMOS often 
ome from literature

sour
es that have used the original UK IIIaJ S
hmidt plates. The other magni-

tudes listed are generally V-magnitudes, or magnitudes 
onverted by authors to

the V s
ale. Opti
al luminosities have been 
al
ulated for all sour
es using the

expressions given in the previous se
tion assuming an opti
al spe
tral index of

unity, a value typi
al of the indi
es 
al
ulated for the sour
es for whi
h both V

and J-magnitudes were found in the literature

1

. The opti
al luminosities, together

with the radio luminosities at 2.3 GHz, are listed in Table 7.1. The radio spe
tral

index used in the 
al
ulation was estimated from the slope of a line drawn tangent

to the radio spe
tra (Figure 2.1) at 2.3 GHz, the main frequen
y of the present

survey.

7.3 Radio Spe
tra

Complete radio spe
tra for the sour
es in the survey sample were presented in

Se
tion 2.3 and the origin of the 
ux density measurements plotted were also

given. Examination of those spe
tra show that while there are mostly peaked

spe
trum sour
es in the sample, some obje
ts do not fully satisfy this 
riterion,

1

This may re
e
t an intrinsi
 sour
e property or, alternatively, a 
ommon 
hoi
e of method

by authors when 
onverting their observations to visual magnitudes.
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Sour
e ID m

J

z D

L

log

10

P

opt

log

10

P

2:3

Refs.

name (Gp
) (W.Hz

�1

.sr

�1

) ID,m,z

0008-421 G? 22.0 (1.600) 5.9 21.4 27.7 1,1,2

0022-423 G? (20.6) (0.661) 2.2 21.2 26.4 2,2,2

0023-263 G 20.22 0.322 1.0 20.3 26.0 3,4,3

0159-117 Q 16.3 0.669 2.3 22.6 26.3 3,4,3

0237-233 Q 16.4 2.223 8.6 24.0 28.3 8,4,7

0403-132 Q 16.78 0.571 1.9 22.3 26.4 8,4,8

0405-123 Q 14.45 0.574 1.9 23.2 26.1 8,4,8

0454-463 Q 18.1 0.858 3.0 22.2 26.5 8,9,9

0506-612 Q (16.85) 1.093 3.9 23.3 26.7 8,8,8

0624-058 G? (21) 10,10,{

0704-231 {

0733-174 EF 5,{,{

0741-063 EF 5,{,{

0743-673 Q 16.17 1.511 5.6 23.6 27.7 8,4,8

0823-500 {

0834-196 G? 22.7 (0.692) 2.3 20.1 26.6 1,4,2

0859-140 Q (16.59) 1.339 4.9 23.7 27.2 8,8,8

1015-314 G? 21.2 (0.550) 1.8 20.5 26.2 1,1,2

1127-145 Q 16.95 1.187 4.2 23.0 27.3 8,4,8

1148-001 Q 17.13 1.980 7.5 23.6 27.8 8,4,8

1151-348 Q (17.84) 0.258 0.82 21.3 25.6 3,8,3

1215-457 Q 18.96 0.529 1.8 21.3 26.3 8,4,8

1221-423 G (18) 0.171 0.53 20.9 24.8 11,15,14

1245-197 G 21.57 1.275 4.6 21.3 27.4 16,4,16

1302-492 G 9.41 0.002 0.006 20.0 21.3 6,4,6

1306-095 G? 24.25 0.464 1.5 19.1 26.1 3,4,3

1320-446 Q? 17.7 4,4,{

1323-611 {

1354-174 Q 3.147 13 28.1 18,{,18

1514-241 Q 16.4 0.049 0.15 20.0 23.6 8,4,19

1549-790 G 19.4 0.150 0.47 19.9 25.1 3,4,3

1733-565 G 17.23 0.098 0.30 20.3 24.8 3,4,3

1740-517 G 20.2 (0.347) 1.1 20.4 26.0 1,1,2

1827-360 {

1830-211 {

1934-638 G (18.9) 0.183 0.57 20.6 25.7 17,13,13

1937-101 Q 18.27 3.787 16 24.0 28.2 12,4,12

2052-474 Q (19.1) 1.489 5.5 22.8 27.1 8,8,8

2126-158 Q 16.60 3.266 13 24.5 27.7 8,4,8

2135-209 G 20.4 0.639 2.2 20.9 26.4 3,1,3

2149-287 Q? 21.40 4,4,{

2204-540 Q 17.92 1.206 4.3 22.7 26.8 8,4,8

2311-452 Q 19.09 2.883 11 23.3 28.2 19,4,26

Table 7.1: Opti
al identi�
ations and luminosities of sour
es in the survey sample. The refer-

en
es given in the last 
olumn are listed in Table 7.2. Entries with bra
kets are V magnitudes

and redshifts estimated by Wall and Pea
o
k.



CHAPTER 7. RESULTS AND SOURCE PARAMETERS 150

1. Prestage and Pea
o
k, 1983 11. Ulvestad et al., 1981

2. Wall and Pea
o
k, 1985 12. Lanzetta et al., 1991

3. Tadhunter et al., 1993 13. Penston and Fosbury, 1978

4. COSMOS Database 14. Simpson et al., 1993

5. Saika et al., 1987 15. Bolton et al., 1965

6. Burbidge and Burbidge, 1972 16. Mantovani et al., 1992

7. Burbidge and Burbidge, 1969 17. Kellerman, 1966

8. Hewitt and Burbidge, 1993 18. Savage et al., 1990

9. Jaun
ey et al., 1989a 19. White, 1992

10. Perley, 1982

Table 7.2: Referen
es for opti
al properties in Table 7.1.

Sour
e S

max

�

max

Sour
e Frame Spe
tral

name (Jy) (GHz) (GHz) Index

0008-421 6.8 0.58 1.51 -1.1

0022-423 3.1 1.80 2.99 -0.8

0023-263 22.0 0.16 0.21 -0.6

0159-117 10.0 <0.10 <0.17 -0.6

0237-233 7.7 1.00 3.22 -0.9

0704-231 11.0 <0.10 -0.6

0741-063 11.0 0.50 -0.8

0823-500 5.3 2.10 -1.1

0834-196 10.5 0.34 0.58 -0.9

1015-314 19.0 0.11 0.17 -0.7

1127-145 7.0 1.05 2.30 -0.5

1151-348 10.5 0.21 0.26 -0.6

1215-457 14.0 <0.07 <0.11 -0.7

1221-423 7.0 <0.08 <0.09 -0.7

1245-197 8.1 0.40 0.91 -0.8

1354-174 1.8 1.30 5.39 -0.6

1733-565 13.0 0.60 0.66 -0.8

1740-517 7.1 0.89 1.20 -0.5

1827-360 24.0 0.31 -1.15

1934-638 15.0 1.40 1.66 -1.0

2052-474 2.2 3.20 7.96 -0.6

2126-158 1.2 4.00 17.06 -0.6

2135-209 11.0 0.20 0.33 -0.6

2311-452 3.8 <0.18 <0.70 -0.5

Table 7.3: Maximum 
ux density and frequen
y of maximum for sour
es in the sample with

peaked spe
tra. The frequen
y of the peak in the sour
e frame and the high frequen
y spe
tral

index are also shown.
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and are either steep spe
trum sour
es that do not have a spe
tral turnover at low

frequen
ies, 
at spe
trum obje
ts that have been in
orre
tly 
lassi�ed be
ause of

variability or insuÆ
ient data, or else 
at spe
trum obje
ts with opti
ally thin low

frequen
y 
omponents. It should be remembered that the initial sour
e sele
tion

was not made on the basis of spe
tra with as many points as those shown, and

that the s
ar
ity of low frequen
y data meant that an otherwise straight spe
trum


ould appear 
onvex depending upon whi
h points were available at the time of

sele
tion and their relative 
ux density s
ales.

Table 7.3 lists sour
es in the sample that are judged to be genuine peaked

spe
trum obje
ts from inspe
tion of the spe
tra in Figure 2.1. The peak 
ux

density, and the frequen
y at whi
h the peak o

urs are also listed. For sour
es

with measured redshifts, the frequen
y of the peak in the sour
e frame has been


al
ulated (�

sour
e

= (1 + z)�

observer

). The spe
tral index at high frequen
ies,

measured from the plotted spe
tra, is given for ea
h sour
e, and is never greater

than �0.5. Attempts were made to de
ompose the spe
tra of 0733�174 and

2052�474 into steep and peaked 
omponents, however in ea
h 
ase there were

insuÆ
ient reliable data near the ends of the spe
tra to enable the pro
edure to

be performed with any 
on�den
e.

Although Table 7.3 lists only 24 sour
es, there are several others in the sample

(e.g. 0624�058, 1320�446 and 2149�287) whi
h have 
onvex spe
tra that are 
er-

tainly bending downwards at lower frequen
ies but do not 
atten out 
ompletely.

These obje
ts may be exhibiting the same self absorption pro
esses as are believed

to operate in the obje
ts having distin
t peaks in their spe
tra.

7.4 Radio Polarisation

Linear polarisation measurements for 41 of the 43 sour
es in the survey sample

have been made either by Gardner et al. (1975) or Perley (1982). The observa-

tions by Perley with the VLA at 1465 MHz and 4885 MHz in
lude nineteen of

the sour
es. The survey by Gardner et al. at Parkes, undertaken at frequen
ies

of 1.42, 1.6, 2.7 and 5 GHz, in
ludes a total of 36 obje
ts from the sample. A

study of polarisation variations at 5 GHz by Komesaro� et al. (1984), also us-

ing Parkes, in
ludes �ve of the sample sour
es (0237�233, 0624�058, 1127�145,

1306�095 and 1934�638), none of whi
h were found to be variable. Polarisation

maps from Parkes at 4.75 and 8.55 GHz with ar
minute resolution have been pre-

sented by Harnett et al. (1989; 1990; 1991) for one of the survey sour
es, 1302-492

(NGC4945).

Measurements of the per
entage of linear polarised 
ux density and the position

angle of the polarised 
omponent are 
ompiled for referen
e in Table 7.4. The

values for 5 GHz and 1.4 GHz quoted without error all 
ome from the VLA.

Perley provides a generi
 error estimate for the two frequen
ies of 0.20% and 0.25%

respe
tively. The remainder of the measurements in the table are from Parkes,

and with the ex
eption of the 5 GHz values for 1306�095 and 1934�638, whi
h are

from Komesaro� et al., all are taken from Gardner et al.. The sour
e 0624�058

was almost 
ompletely resolved at the VLA at 5 GHz and no measurement is
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Sour
e 5 GHz 2.7 GHz 1.66 GHz 1.4 GHz

name % (PA

Æ

) % (PA

Æ

) % PA(

Æ

) % PA(

Æ

)

0008�421 0.1 -33 0.6�0.6 89 0.3 -27

0022�423 0.3 -1 0.4�0.2 180�3 0.1 13

0023�263 0.1 { <1.0 0.7�0.2 96�4 0.1 9

0159�117 2.1�0.4 21�4 2.0�0.7 40�8 1.5�1.0 60�25 2.9�1.0 40�8

0237�233 4.2 -37 3.4�0.5 143�4 1.7�0.4 167�4 1.2 12

0403�132 2.6�0.3 177�3 2.8�0.3 1�3 2.2�0.2 24�5 1.8�0.6 19�7

0405�123 0.7�0.3 84�13 1.2�0.6 155�10 <1.5

0454�463 2.8�0.3 14�2 3.5�0.8 30�10 5.4�1.0 38�9 5.6�0.8 45�3

0506�612 2.2�0.4 168�5 4.6�1.3 59�5 1.6�0.4 46�7 1.8�0.8 50�10

0624�058 4.9�0.3 -58 10.1�0.2 173�2 9.5�0.2 133�2 9.6 12

0704�231 5.0�0.4 16�2 1.7�0.9 137�10 <1.1

0733�174 0.1 38 0.3�0.2 0.2 1

0741�063 0.1 53 0.4�1.0 156 0.1 58

0743�673 1.4�0.3 25�5 1.7�0.6 97�15 2.8�0.8 86�12 5.5�1.0 57�3

0823�500

0834�196 0.5�0.4 5�13 1.8�1.8 95�25 1.5�0.2 0�7

0859�140 2.0 77 2.9�1.0 88�10 2.1�0.2 96�4 3.2 -72

1015�314 0.1 10 <0.7 0.1 16

1127�145 4.9 -30 1.9�0.7 4�10 3.6�0.3 46�3 4.9 75

1148�001 4.1 -37 3.6�0.7 159�8 3.2�0.3 151�4 4.5 -27

1151�348 0.5 20 1.6�0.8 165�10 0.2 -14

1215�457 1.7�0.3 95�4 1.6�0.7 14�12 0.9�0.8 153

1221�423 2.4�0.5 6�8 1.9�0.4 145�13 2.0�0.5 72�9

1245�197 0.1 16 0.7�0.8 101 { {

1302�492 0.5�0.2 145�12 0.1�0.5 <0.4

1306�095 0.8�0.2 29�7 0.8�0.6 159�25 0.7�0.8 83

1320�446 0.8 72 0.4 -25

1323�611 6.8�0.2 48�1 6.9�0.7 150�4 4.0�0.3 1�2 3.6�0.5 119�5

1354�174 4.4�0.5 20�3 4.0�1.2 3�8 0.7�1.2 131

1514�241 7.4 50 4.4�1.0 37�4 4.9�0.3 9�3 6.0 37

1549�790 1.0�0.3 41�10 1.1�0.4 155�7 0.5�0.5 109

1733�565 1.5�0.8 30�12 0.5�0.5 30 1.9�0.5 169�5

1740�517

1827�360 0.2 56 0.5�0.5 88�25 0.1 23

1830�211 0.4�0.2 129 0.5�0.2 136�20 1.0�0.5 137�10

1934�638 <0.1 <0.3 <0.2

1937�101 2.1 -88 { {

2052�474 5.1�0.3 176�2 3.6�0.8 22�5 3.7�0.7 71�10 4.4�0.8 86�7

2126�158 0.4 25 0.3 25

2135�209 0.3 -16 0.2 -25

2149�287 3.4�0.5 133�4 5.5�0.8 103�5 5.0�1.1 55�12 4.4�0.8 30�6

2204�540 1.1�0.2 144�7 2.9�0.2 149�3 3.5�0.4 10�5

2311�452 2.5�0.3 10�4 1.6�0.2 16�7

Table 7.4: Sour
e polarisation at 5, 2.7, 1.66 and 1.4 GHz.
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available. However the lower resolution of Parkes enabled Komesaro� et al. to

obtain the value given here.

7.5 Compa
t Stru
ture and Variability

The two and a half year duration 
ux density monitoring survey of the sample

obje
ts was des
ribed in Chapter 3 and demonstrated the overall la
k of variability

among these obje
ts. Flux density variability is normally asso
iated with the

most 
ompa
t stru
ture in extragala
ti
 sour
es. Table 7.5 lists the fra
tion of

the total 
ux density for ea
h sour
e 
ontributed by the stru
ture seen in the

VLBI observations des
ribed in Chapters 5 and 6. Measurements are available for

all but six obje
ts at 2.3 GHz. Sour
es that were observed but not dete
ted are

listed as 0.0. A few of the ratios ex
eed unity either be
ause the sour
e models

in
luded a 
omponent that had a poorly 
onstrained size, or be
ause of 
alibration

un
ertainties. The ratio of VLBI 
ux density to total 
ux density is also given in

Table 7.5 for obje
ts that were imaged at 8.4 GHz.

The fra
tional variability of a radio sour
e is de�ned as the magnitude of the


u
tuations divided by the mean 
ux density. However, quantifying the variations

simply by taking the di�eren
e of the maximum and minimum 
ux densities is

not a robust approa
h sin
e it 
an be very sensitive to noise in the measurements.

A more reliable alternative method whi
h uses all the data, and not just the

extrema, 
omes from re
ognising that the root mean square (RMS) variation of the


ux density measurements is (approximately) the quadrature sum of 
ontributions

due to the intrinsi
 variability and the measurement errors (Fanti et al., 1978).

The range of the variability then 
an be 
al
ulated as

�S = 3

p

RMS

2

� �

2

where � is the mean measurement error. The fa
tor of three 
onservatively a
-


ounts for the property of Gaussian noise of having an RMS typi
ally between a

third and a �fth of the peak to peak variation. The fra
tional variability (�S=S)

of obje
ts listed as either variable or possibly variable in Table 3.3 is also given in

Table 7.5.

7.6 Component Motion

Table 7.6 summarises the measurements of relative motion des
ribed in Chap-

ter 6. The velo
ities are given in units of the velo
ity of light. For 0823�500 and

1830�211 whi
h have no measured redshift, the 
onversion from milli-ar
se
onds

to linear s
ales (p
) has been a

omplished by assuming a redshift of z=1.2

whi
h 
orresponds to the maximum linear s
ale (4:3p
:mas

�1

) a
hievable with

the adopted metri
 (q

0

= 0:5; H

0

= 100h). Note that all velo
ities in Table 7.6

s
ale as h

�1

.

With the ex
eption of 1830�211, and 1934�638 at 8.4 GHz, all the measured

velo
ities are 
onsistent with no motion. As was explained in Chapter 6 these
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Sour
e ID 2.3 GHz 8.4 GHz

name S

vlbi

Fra
. S

vlbi

Fra
.

S

total

Var. S

total

Var.

0008-421 G? 0.97

0022-423 G? 0.97 0.95

0023-263 G 0.40 0.09 0.41

0159-117 Q 0.39

0237-233 Q 0.99 0.98

0403-132 Q 0.10 0.10

0405-123 Q

0454-463 Q 0.60

0506-612 Q 0.49

0624-058 G? 0.0

0704-231 0.0

0733-174 EF

0741-063 EF 0.35

0743-673 Q 0.50 0.18

0823-500 1.01

0834-196 G? 0.85

0859-140 Q 0.42

1015-314 G? 0.50

1127-145 Q 0.96 0.09 0.15

1148-001 Q 1.15

1151-348 Q 0.76 0.68

1215-457 Q 0.42

1221-423 G 0.0

1245-197 G 0.86 0.72

1302-492 G 0.0

1306-095 G?

1320-446 Q? 0.59

1323-611 0.0 0.07

1354-174 Q 0.65

1514-241 Q 0.37

1549-790 G 0.96 0.11 0.93

1733-565 G 0.08

1740-517 G 1.04 0.15

1827-360 0.19

1830-211 0.29 0.13 0.26{0.75 0.80

1934-638 G 1.00 0.05 0.90

1937-101 Q

2052-474 Q

2126-158 Q 1.09

2135-209 G 0.87 0.23

2149-287 0.18

2204-540 Q 0.67 0.44

2311-452 Q 0.79 0.24

Table 7.5: Ratios of VLBI 
omponent 
ux densities to total 
ux densities and fra
tional vari-

ability (see text) at 2.3 and 8.4 GHz.
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two measurements that, taken at fa
e value, are suggestive of real motion are best

treated with some 
aution. Both are based on observations at either di�erent

hour angles or with di�erent baselines. Sin
e both obje
ts are known to have


omplex stru
ture, the likelihood is that the apparent motions are a 
onsequen
e of

measurements of di�erent 
omponent 
entroids and as su
h ought not be regarded

(yet) as true dete
tions of relative 
omponent motion. Further observations on a


ommon baseline or at the same hour angles are needed to 
on�rm or disprove

these results. Note also for 1830�211, Jones et al. (1993) have found signi�
ant

stru
tural 
hanges at 5 GHz from observations before and during the 
ux density

outburst seen in the data presented in Chapter 3. Su
h stru
ture 
hanges may be

the 
ause of the apparent 
hanges in separation, sin
e the two 8.4 GHz o

ured

before and during the outburst.

Sour
e Freq.

_

� Maximum Minimum Velo
ity �t

name (GHz) (mas:yr

�1

) (
) (years)

0022-423 8.4 0.22 1.11 -0.60 2.8 1.85

0023-263 2.3 -3.4 3.8 -9.1 -31. 1.04

0823-500 2.3 4.91 14.44 -9.67 (4.8) 1.16

1151-348 2.3 -0.64 0.43 -2.06 -5.2 1.41

1830-211 8.4 -0.254 -0.081 -0.659 (-3.56) 1.73

1934-638 2.3 -0.31 0.35 -0.85 -2.0 3.19

1934-638 8.4 -0.71 -0.06 -1.68 -4.6 1.82

Table 7.6: Summary of 
omponent relative velo
ity measurements. Values in bra
es are upper

limits (see text).

7.7 Sour
e Sizes and Brightness Temperatures

Proje
ted linear sizes 
an be 
al
ulated from angular sizes for all sour
es with a

known redshift. This has been done for ea
h of the sour
e models 
onstru
ted

in Chapter 6 and presented in Table 6.1. The results are shown in Table 7.7.

For 
omponents with measured angular sizes the 
al
ulation is straightforward.

However many of the model 
omponents are either point sour
es or lines of zero

width. For su
h 
omponents, only an upper limit, depending on the resolution,


an be pla
ed on the angular sizes. It is usually possible to dete
t sizes between

a third and half the angular resolution, so a reasonable upper limit to the size is

a third of the beam width. For point model 
omponents, the angular size limits

then are just one third the dimensions of the e�e
tive synthesised beam. For line


omponents, the length of the proje
tion of a normal to the 
omponent onto the

synthesised beam has been 
al
ulated and one third of this value is used as the

size limit.

Brightness temperatures for all model 
omponents are also given in Table 7.7.

The upper limits for the angular sizes of 
omponents translate into lower limits
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on the brightness temperatures. The only 
omponents for whi
h brightness tem-

perature lower limits � 10

11

K are dete
ted are the 
ores in 1934�638. However

measured values and lower limits of � 10

10

K are not un
ommon.

Similar 
al
ulations of brightness temperatures have been made for the 
om-

ponents seen in the images of Chapter 5. These values are given in Table 7.8

and overall, are similar to those found from the model �tting. For 0237�233

at 8.4 GHz, the model �t to the image indi
ated that 
omponent B was a point

sour
e (Table 5.4). In Table 7.8, limits have been set on the size of this 
omponent

by 
onsidering the synthesised beam in a similar manner to that for the sour
e

models, as dis
ussed above. All measured spe
tral indi
es are also summarised in

the table. Three obje
ts have brightness temperatures >� 10

11

K.

Table 7.7: Proje
ted linear sizes, separations, and brightness temperatures for 
ompo-

nents of VLBI sour
e models. Note that all sizes and separations s
ale as h

�1

. The �rst

four 
olumns 
orrespond to those in Table 6.1.

Model Sour
e Freq. Epo
h Separation Extent T

B

ref. name (GHz) (p
) (p
) (K)

(a) 0008-421 2.3 89.93 53�<21 >6.2�10

9

527 124�<21 >1.7�10

9

(b) 0022-423 2.3 89.93 <43�<17 >1.1�10

10

109 <43�<17 >4.2�10

9

(
) 0022-423 8.4 90.05 15�<4.4 >1.2�10

9

109 <14�<4.3 >3.8�10

8

(d) 0022-423 8.4 91.90 16�<4.5 >2.6�10

9

109 13�<11 >4.9�10

8

(e) 0023-263 2.3 90.30 49�<11 >3.8�10

9

1883 73�<48 >8.9�10

8

(f) 0023-263 2.3 91.34 23�<12 >6.0�10

9

1875 39�<15 >9.3�10

8

(g) 0023-263 8.4 91.90 15�12 6.0�10

8

(h) 0159-117 2.3 91.91 52�<18 >2.7�10

9

6279 <39�<13 >8.3�10

8

(i) 0237-233 2.3 88.86 31�<21 >2.9�10

10

(j) 0237-233 8.4 91.90 18�<10 >2.4�10

9

40 <12�<4.5 >3.8�10

9

(k) 0403-132 2.3 93.15 <23�<10 >4.9�10

9

(l) 0454-463 2.3 89.93 5.0�5.0 9.8�10

10

91 73�<4.5 >5.1�10

9

(m) 0506-612 2.3 89.86 <44�<20 >1.8�10

9

459 218�<22 >2.1�10

8

618 256�<21 >1.4�10

8

(n) 0733-174 2.3 93.15 >1.2�10

10

(o) 0741-063 2.3 93.15 >1.1�10

10

>2.8�10

9

(p) 0743-673 2.3 89.93 224�<16 >1.0�10

9

<42�<16 >4.4�10

9

(q) 0823-500 2.3 88.77 >1.2�10

10

8.0�10

9

(r) 0823-500 2.3 89.93 >1.1�10

10

6.0�10

9

(s) 0834-196 2.3 91.48 55�55 7.7�10

8

413 235�<19 >4.7�10

8

413 60�60 1.4�10

9
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Model Sour
e Freq. Epo
h Separation Extent T

B

ref. name (GHz) (p
) (p
) (K)

(t) 0859-140 2.3 91.48 41�<20 >5.8�10

9

(u) 1015-314 2.3 91.48 <42�<15 >1.3�10

9

130�<38 >5.6�10

8

262 123�<16 >1.3�10

8

(v) 1127-145 2.3 93.15 32�<22 >2.9�10

10

(w) 1148-001 2.3 93.15 54�<36 >6.0�10

9

(x) 1151-348 2.3 89.93 27�20 4.8�10

9

233 34�29 1.5�10

9

116 193�193 7.8�10

7

(y) 1151-348 2.3 91.34 25�<12 >7.9�10

9

231 32�32 1.6�10

9

(z) 1151-348 8.4 92.24 6.8�<8.2 >4.9�10

8

221 <19�<2.6 >6.5�10

7

(aa) 1215-457 2.3 88.75 43�<17 >6.3�10

9

(ab) 1245-197 2.3 91.34 <30�<19 >8.8�10

9

82 <30�<19 >8.9�10

9

638 95�<19 >7.6�10

8

(a
) 1245-197 8.4 92.24 21�<5.1 >1.1�10

9

91 29�<7.9 >5.2�10

8

(ad) 1320-446 2.3 89.83 >4.2�10

9

>5.8�10

8

(ae) 1354-174 2.3 91.48 37�<15 >5.7�10

9

(af) 1549-790 2.3 88.86 21�<12 >8.1�10

9

142 70�<11 >1.3�10

9

(ag) 1549-790 8.4 91.90 7.2�<2.1 >9.5�10

9

(ah) 1733-565 2.3 91.51 <12�<6.1 >2.0�10

9

(ai) 1740-517 2.3 89.93 20�17.2 2.6�10

10

155 30�<6.3 >1.2�10

10

(aj) 1827-360 2.3 90.30 >1.0�10

8

(ak) 1830-211 2.3 91.34 >2.0�10

9

>2.2�10

9

(al) 1830-211 8.4 90.51 >1.9�10

9

>1.1�10

9

(am) 1830-211 8.4 92.24 7.1�10

9

1.1�10

10

(an) 1934-638 2.3 88.86 <37�<11 >1.3�10

10

84 <37�<11 >1.2�10

10

(ao) 1934-638 2.3 92.05 20�20 1.3�10

10

82 17�17 2.0�10

10

(ap) 1934-638 2.3 92.05 2.6�<0.91 >1.0�10

11

87 8.1�<0.86 >1.0�10

11

84 3.8�<0.81 >1.3�10

11

(aq) 1934-638 8.4 90.08 5.8�<4.2 >2.2�10

9

84 9.7�<3.4 >2.7�10

9

(ar) 1934-638 8.4 91.90 9.3�<9.1 >1.5�10

9

81 <9.1�<2.6 >1.2�10

9

(as) 2126-158 2.3 93.15 26�26 5.1�10

9

(at) 2135-209 2.3 91.48 36�<38 >2.3�10

9

649 96�<26 >1.0�10

9

579 85�<32 >8.0�10

8

(au) 2149-287 2.3 91.48 >1.9�10

8

>4.8�10

8

(av) 2204-540 2.3 91.50 25�<30 >5.7�10

9

(aw) 2311-452 2.3 93.15 34�27 5.0�10

9
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Sour
e Cpt. Freq. S


pt

�

8:4

2:3

Maj Min T

B

name (GHz) (Jy) (p
) (p
) (K)

0022-423 A 2.3 2.21 -0.86 14.78 2.67 2.0�10

11

A 8.4 0.73 13.72 3.34 4.2�10

9

B 2.3 0.76 -0.93 21.22 4.48 2.9�10

10

B 8.4 0.23 11.55 6.80 7.8�10

8

0023-263 A 2.3 1.35 -0.58 34.73 29.85 2.5�10

9

A 8.4 0.64 15.12 12.69 4.8�10

8

B1 2.3 0.35 -0.52 53.67 14.58 8.6�10

8

B1 8.4 0.18 49.65 28.56 1.8�10

7

B2 2.3 1.13 -2.11 108.49 65.44 3.0�10

8

B2 8.4 0.07 Component is too weak

0237-233 A 2.3 3.76 -0.70 16.60 7.72 1.1�10

11

A 8.4 1.52 21.80 11.84 1.6�10

9

B 2.3 0.49 0.60 24.56 5.20 1.4�10

10

B 8.4 1.07 <10.44 <3.96 >7.2�10

9

0823-500 A 2.3 3.56 (17.50) (10.60) 4.4�10

9

B 2.3 2.23 (10.70) (7.50) 6.4�10

9

1151-348 A 2.3 2.20 -0.68 35.29 23.54 3.9�10

9

A 8.4 0.91 22.77 16.01 2.7�10

8

B 2.3 1.32 -1.12 43.17 35.14 1.3�10

9

B 8.4 0.31 31.38 22.34 4.8�10

7

1245-197 A1 2.3 1.31 -0.60 53.88 25.00 4.2�10

9

A1 8.4 0.60 22.28 15.30 5.7�10

8

A2 2.3 1.73 -0.91 85.77 38.36 2.3�10

9

A2 8.4 0.53 72.19 19.01 1.2�10

8

B 2.3 0.36 -1.44 87.92 36.46 4.9�10

8

B 8.4 0.06 Component is too weak

1549-790 A1 2.3 3.10 0.00 13.12 4.04 4.0�10

10

A1 8.4 3.13 8.09 1.86 1.1�10

10

A1

0

2.3 2.16 6.17 1.25 1.9�10

11

1830-211 A 2.3 1.68 (34.72) (12.76) 8.8�10

8

B 2.3 0.99 (24.54) (16.50) 5.6�10

8

1934-638 A 2.3 5.43 -1.04 13.38 6.57 5.6�10

10

A 8.4 1.41 9.56 4.75 2.1�10

9

B 2.3 6.90 -1.28 15.70 11.80 3.4�10

10

B 8.4 1.32 10.38 7.80 1.1�10

9

A

0

2.3 5.30 12.14 6.22 6.4�10

10

B1 2.3 1.82 9.64 3.15 5.4�10

10

B2 2.3 3.41 15.84 6.59 3.0�10

10

B3 2.3 1.09 6.79 4.10 3.5�10

10

Table 7.8: Intrinsi
 properties of 
omponents seen in images. Component sizes for sour
es

without redshifts are given as milli-ar
se
onds and are indi
ated by bra
es. The 
omponent

labelling is the same as that used in the individual tables of Chapter 5.



CHAPTER 7. RESULTS AND SOURCE PARAMETERS 159

7.8 Magneti
 Fields

For sour
es with known redshifts, equipartition magneti
 �elds and minimum en-

ergy densities have been 
al
ulated for the 
omponents measured by �tting Gaus-

sian models to the SHEVE images (Chapter 5). The values obtained are listed

in Table 7.9. Typi
al �eld strengths are � 10

�2

Gauss, very similar to the values

found in other 
ompa
t radio 
ores (e.g. Conway et al., 1992, Miley, 1980).

The task of a

urately 
al
ulating the magneti
 �elds from syn
hrotron self

absorption is a more formidable task. The 
al
ulation must be performed using

the angular size and 
ux density of the 
omponents at the frequen
y of the peak

in the spe
trum. For none of the images of sour
es with distin
t peaks, do the

peaks lie at a frequen
y 
lose to that of the observations. Therefore the 
omponent

sizes and 
ux densities must be 
al
ulated by extrapolation or interpolation of the

measurements at other frequen
ies. Every sour
e for whi
h images were obtained

has at least two 
omponents so it is further ne
essary to try and de
ompose the

total spe
trum into the spe
tra of the individual 
omponents to 
al
ulate the

relevant 
ux densities. This 
an be a very un
ertain pro
edure if 
omponent 
ux

densities are measured at only two frequen
ies, as they are here, sin
e the spe
tral

turnovers for the various 
omponents may o

ur at di�erent frequen
ies. Moreover,


ux density arising in unmodelled extended stru
ture 
an further 
ompli
ate this

pro
ess.

Nevertheless, it is possible to attempt the 
al
ulation for some sour
es by mak-

ing some straightforward assumptions. Sele
ting the obje
ts for whi
h the VLBI

stru
ture a

ounts for essentially the whole of the total 
ux density removes the

un
ertainty asso
iated with the 
ontribution due to extended stru
ture. Four

of the obje
ts imaged satisfy this 
riterion, 0022�423, 0237�233, 0823�500 and

1934�638. Unfortunately no redshift is known for 0823�500. The three remain-

ing sour
es are basi
ally doubles with measured spe
tral indi
es between 2.3 and

8.4 GHz.

For 0022�423 and 1934�638, the ratio of the 
omponent 
ux densities at the

peak 
an be 
al
ulated by assuming that the individual 
omponent spe
tral indi
es

are 
onstant at frequen
ies above the peak and that they both turn over at the

same frequen
y. In pra
ti
e this pro
edure yields total 
ux densities in ex
ess of

those measured, but it does allow the relative proportions of the total 
ux density


ontributed by the individual 
omponents to be estimated in a manner that gives

regard to the di�erent spe
tral indi
es. For two 
omponents with a 
ux density

ratio estimated thus, the total 
ux density at the peak 
an be used to solve for

the individual 
omponent 
ux densities.

For 0237�233, if it is assumed that the inverted spe
trum 
omponent has a


onstant spe
tral index below 8.4 GHz, so that the peak in the total 
ux density

spe
trum is due entirely to the 
omponent with the steep high frequen
y spe
trum,

then provided these two 
omponents still 
ontribute the whole of the 
ux density at

frequen
ies in the vi
inity of the peak, the 
ux density of the peaked 
omponent at

the frequen
y of the peak 
an be 
al
ulated by subtra
tion. Sin
e the non-peaked

spe
trum 
omponent does not have a 
at spe
trum, the frequen
y of the peak

in the other 
omponent will di�er from that of the peak in the total 
ux density
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Sour
e Cpt. Freq. S


pt

B

me

u

me

name (GHz) (Jy) (Gauss) (erg/

)

0022-423 A 2.3 2.21 5.3�10

�2

2.6�10

�4

A 8.4 0.73 5.0�10

�2

2.3�10

�4

B 2.3 0.76 2.7�10

�2

6.9�10

�5

B 8.4 0.23 3.2�10

�2

9.6�10

�5

0023-263 A 2.3 1.35 9.1�10

�3

7.8�10

�6

A 8.4 0.64 2.0�10

�2

3.8�10

�5

B1 2.3 0.35 6.0�10

�3

3.3�10

�6

B1 8.4 0.18 5.6�10

�3

3.0�10

�6

B2 2.3 1.13 3.6�10

�3

1.2�10

�6

B2 8.4 Component is too weak

0237-233 A 2.3 3.76 8.9�10

�2

7.3�10

�4

A 8.4 1.52 6.9�10

�2

4.4�10

�4

B 2.3 0.49 4.4�10

�2

1.8�10

�4

B 8.4 1.07 >1.3�10

�1

>1.6�10

�3

1151-348 A 2.3 2.20 9.8�10

�3

8.9�10

�6

A 8.4 0.91 1.4�10

�2

1.9�10

�5

B 2.3 1.32 6.7�10

�3

4.2�10

�6

B 8.4 0.31 8.1�10

�3

6.0�10

�6

1245-197 A1 2.3 1.31 1.7�10

�2

2.7�10

�5

A1 8.4 0.60 3.4�10

�2

1.1�10

�4

A2 2.3 1.73 1.2�10

�2

1.4�10

�5

A2 8.4 0.53 1.6�10

�2

2.4�10

�5

B 2.3 0.36 8.0�10

�3

5.9�10

�6

B 8.4 Component is too weak

1549-790 A1 2.3 3.10 2.3�10

�2

4.9�10

�5

A1 8.4 3.13 5.0�10

�2

2.3�10

�4

A1

0

2.3 2.16 4.4�10

�2

1.8�10

�4

1934-638 A 2.3 5.43 2.6�10

�2

6.2�10

�5

A 8.4 1.41 3.1�10

�2

9.0�10

�5

B 2.3 6.90 2.1�10

�2

4.2�10

�5

B 8.4 1.32 2.5�10

�2

5.9�10

�5

A

0

2.3 5.30 2.8�10

�2

7.1�10

�5

B1 2.3 1.82 2.8�10

�2

7.4�10

�5

B2 2.3 3.41 2.1�10

�2

3.9�10

�5

B3 2.3 1.09 2.8�10

�2

7.1�10

�5

Table 7.9: Magneti
 �eld estimates 
al
ulated assuming energy equipartition for the 
ompo-

nents measured in the images. The 
al
ulation 
an not be performed for the two sour
es without

redshifts.
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spe
trum. However, in this 
ase, when the subtra
tion is performed the e�e
t is

found to be insigni�
ant.

The 
omponent sizes at the frequen
y of the peaks are diÆ
ult to estimate as

there is no obvious systemati
 relationship between the 
omponent sizes at dif-

ferent frequen
ies for all the three sour
es and the measurements do not bra
ket

the frequen
ies of the peaks. In view of the un
ertainties inherent in attempting

to estimate the 
omponent sizes under su
h 
ir
umstan
es, the values measured

from the 2.3 GHz images were adopted for the 
al
ulations. All the the param-

eters used in these 
al
ulations, and the results, are given in Table 7.10. The


orresponding equipartition �eld strengths are 
al
ulated for 
omparison. Bright-

ness temperatures are also shown. The SSA magneti
 �elds are typi
ally smaller

than the equipartition �elds, suggesting that the equipartition 
ondition holds in

very few of the 
omponents. For the sour
es in whi
h the SSA �elds are smaller,

the majority of the energy must be 
arried by the parti
les and not the �eld. All


omponents have very high brightness temperatures at the frequen
y of the peak.

Sour
e Cpt. Freq. S


pt

Maj Min B

ssa

B

me

T

B

name (GHz) (Jy) (mas) (mas) (Gauss) (Gauss) (K)

0022-423 A 1.80 2.30 3.76 0.68 3�10

�4

1�10

�2

3�10

11

B 1.80 0.80 5.40 1.14 2�10

�2

6�10

�3

5�10

10

0237-233 A 1.00 7.40 4.15 1.93 8�10

�6

2�10

�2

1�10

12

1934-638 A 1.40 6.10 6.76 3.32 1�10

�3

5�10

�3

2�10

11

B 1.40 8.90 7.93 5.96 3�10

�3

5�10

�3

1�10

11

Table 7.10: Magneti
 �eld strengths from syn
hrotron self absorption (SSA). The 
hoi
e of

parameters is dis
ussed in the text.

7.9 Summary

This 
hapter has assembled an extensive database of the properties of all the

sour
es in the survey sample, drawn both from the literature and the observa-

tions presented in earlier 
hapters. The single dish and VLBI 
ux density mea-

surements were already in
orporated into the sour
e radio spe
tra presented in

Chapter 2. The spe
tral properties of the sour
es showing distin
t peaks have

been summarised and radio polarisation measurements from the literature pre-

sented. All known opti
al identi�
ations found in the literature were 
ompiled,

and the measured redshifts used to 
al
ulate luminosities, distan
es, 
omponent

sizes, separations, and relative motion, all based on the data from the VLBI and

single dish observations. The fra
tion of the total 
ux density 
ontributed by the


ompa
t stru
ture was 
al
ulated for all sour
es observed with VLBI. Brightness

temperatures, or limits, have been tabulated for all VLBI stru
tures. Cal
ulations

of magneti
 �eld strengths in the 
omponents of the imaged sou
es were 
al
ulated

assuming equipartition of energy between the parti
les and �elds. Magneti
 �elds

in three sour
es were estimated from syn
hrotron self absorption theory.



Chapter 8

Con
lusions

This thesis has presented an extensive 
olle
tion of new data for a sample of South-

ern radio sour
es with spe
tra dominated by 
omponents that are steep at high

frequen
ies and that 
atten or peak at frequen
ies below 2{3 GHz. The sample in-


ludes a small number of additional obje
ts with spe
tra whi
h were subsequently

found to have been in
orre
tly identi�ed as members of this 
lass on the basis

of insuÆ
ient data. However for almost all of these obje
ts, the data presented

are the �rst at high angular resolution at radio wavelengths. The observations of

these sour
es en
ompass investigations of the emission in the spatial, spe
tral and

temporal dimensions and have used single dish antennas, single baseline interfer-

ometers and a multi-station VLBI array.

Astrophysi
al Impli
ations

The primary thrust of the investigation has been dire
ted towards an examination

of the properties of the 
ompa
t stru
ture in these peaked spe
trum sour
es. A

dual frequen
y 
ux density monitoring program using a 26 m antenna revealed

that strong 
ux density variability, most frequently observed in 
at spe
trum


ompa
t sour
es, is virtually absent in the surveyed obje
ts. This result points

strongly to the 
on
lusion that the types of a
tive 
at spe
trum 
ores seen in

many extragala
ti
 obje
ts do not make a large 
ontribution to the totality of

the emission from peaked spe
trum sour
es. It does not however pre
lude the

possibility that 
ompa
t stru
tures exist in su
h obje
ts.

A measure of the 
ontribution made by 
ompa
t stru
ture was obtained through

VLBI observations. Twenty two of the 37 obje
ts (�sixty per
ent) observed at

2.3 GHz have more than �fty per
ent of their 
ux density in 
omponents with

sizes of the order of tens of milli-ar
se
onds. Considering only the sour
es with

peaked spe
tra (see Table 7.3), the proportion is somewhat higher at sixty �ve

per
ent (15 out of 23 obje
ts). At 8.4 GHz the emission of �ve of the six peaked

spe
trum obje
ts is dominated by the VLBI stru
ture. It is therefore 
lear that

these obje
ts do in
lude strong, bright 
ompa
t 
omponents (
ores). Coupling this

observation with the low in
iden
e of variability, it is not unreasonable to suggest

that sin
e these 
ore-like 
omponents do make a substantial 
ontribution to the

total 
ux density for many sour
es, they are intrinsi
ally stable 
omponents and,

as su
h, are distin
t from other 
ompa
t 
ores. This parti
ular feature of peaked

162
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spe
trum sour
es (the presen
e of stable milli-ar
se
ond stru
ture) makes them

good 
andidate 
ux density 
alibrators for ar
se
ond-s
ale synthesis arrays.

A total of thirty eight obje
ts in the sample were observed at 2.3 GHz with

at least a single baseline interferometer having a resolution of between twenty

and thirty milli-ar
se
onds. All but �ve of the sour
es were dete
ted. Of the

thirty three dete
tions, only thirteen 
ould be adequately modelled with a single


omponent at this resolution. This proportion is approximately the same if only

the peaked spe
trum sour
es are 
onsidered, so 
omplex stru
ture is evidently not

unusual in these obje
ts. When multiple 
omponents are found in sour
es, it is

natural to question what their relationship to one another is. For the sour
es with

two or more 
omponents, there is often a more 
ompa
t 
omponent a

ompanied

by a larger partially resolved elongated stru
ture similar to 
ore-jet type sour
es.

In at least one 
ase (0023�263) it appears that the two bright 
omponents are

hotspots at the terminations of weak jets. Whatever the me
hanism responsible

for the transport of energy between the strong 
omponents, it is either episodi


(and turned o�), extin
t, or is undete
table for some other reason. However it

might be expe
ted that some me
hanism must exist in order to sustain the highly

luminous VLBI 
omponents.

Two obje
ts whi
h are parti
ularly puzzling are 0022�423 and 1934�638,

whi
h both 
omprise 
ompa
t, widely separated 
omponents possessing high bright-

ness temperatures that 
ontribute virtually the whole of the total 
ux density.

Moreover, the spe
tral indi
es of the two 
omponents are very similar. These

observations 
annot easily a

ommodate models involving jets as there is very

little spa
e in the 
ux density budget for any other emission. A possibility is

that one 
omponent has been eje
ted from the other and is moving away indepen-

dently. However, 
onsidering the strong 
ux density variability often asso
iated

with eje
ta in 
at spe
trum obje
ts, this type of behaviour is at 
learly odds with

low in
iden
e of variability in these sour
es. Furthermore, arguments based on

angular size to angular separation ratios and physi
al limits to expansion rates

(see for example Mutel et al., 1985) indi
ate that 
on�nement of the eje
ta is

taking pla
e. However if this 
on�nement is due to pressure from the external

medium then it might be expe
ted that a 
omponent moving with some bulk ve-

lo
ity through it would show 
onsiderable distortion; 
learly for these sour
es this

is not seen. An alternative interpretation of these double sour
es is that they may

be a 
onsequen
e of gravitational lensing. This explanation has the bene�t that

no bridges, jets or relative motion are required sin
e only one luminous 
omponent

is involved. Detailed measurements of the spe
tra of the two 
omponents will help

to show whether or not this me
hanism is appli
able for these obje
ts.

VLBI imaging of several sour
es has permitted reliable measurement of 
om-

ponent sizes and 
ux densities, and in turn, 
al
ulation of magneti
 �eld strengths

and energy densities. The typi
al �eld strengths 
omputed are generally of the

order �10

�2

G, assuming that energy in these sour
es is shared equally between

the �eld and the parti
les. For three sour
es with peaked spe
tra, the magneti


�eld strengths have been 
omputed by assuming that syn
hrotron self absorption


auses the peak. In all 
ases the magneti
 �eld estimates so 
omputed are 100{

1000 times less than those expe
ted from equipartition, leading to the 
on
lusion
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that parti
les are the dominant energy 
arriers in these 
omponents. The lesser

importan
e of the magneti
 �elds a

ords with the in
iden
e of low polarisation

in most of the sour
es.

A small number of sour
es have been observed at more than one epo
h al-

lowing limits to be set on relative motion between the 
omponents. However the

measurements are generally not well 
onstrained and most of the time baselines

are only of one to two years duration so the limits are not very stringent. For

most sour
es, the relative positions of the 
omponents measured at two epo
hs

are 
onsistent with no relative motion.

The brief dis
ussion above shows that there is 
learly a very great deal of as-

trophysi
s still to be extra
ted from the data presented here. The dataset is large

and 
ontains the �rst detailed information for many of these sour
es. With regard

to the VLBI data presented, a great deal of e�ort has been expended in developing


orre
t pro
edures and establishing the integrity of the data produ
ed by the new

SHEVE array. As su
h, this thesis represents only the �rst step in the investiga-

tion of Southern peaked spe
trum obje
ts. Now that the instrument (SHEVE) has

been 
reated and understood (in terms of its pra
ti
al limitations and 
apabilities)

the fo
us of the investigation will inevitably turn more towards the astrophysi
s.

Many of the sour
es 
ould pro�tably be imaged with VLBI at lower frequen
ies to

further 
onstrain the individual 
omponent sizes and 
ux densities in the vi
inity

of the spe
tral peaks. Of the peaked spe
trum sour
es with opti
al identi�
ations,

the division between quasars and galaxies is about equal. Several sour
es remain

unidenti�ed however and more work is needed to �nd their opti
al 
ounterparts

and measure the redshifts. It is also ne
essary to obtain reliable redshifts for those

sour
es for whi
h only estimates are presently available. VLBI astrometry pro-

grams, su
h as that already undertaken by members of the SHEVE team between

Tidbinbilla and Hobart (Reynolds et al., 1994), will 
ontinue to be ne
essary to

provide the a

urate radio sour
e positions essential to the identi�
ation pro
ess.

Observational Consequen
es

From an observational standpoint, the data presented in the foregoing 
hapters

have demonstrated the 
apability of the SHEVE array to produ
e high-resolution

images of Southern radio sour
es. The work involved in the pro
essing of both the

single baseline survey and the imaging observations has required the solution of

numerous problems asso
iated with the establishment of a 
ompletely new VLBI

network, in
luding a

urately lo
ating new stations not previously used for VLBI,

the 
hara
terisation of their operating parameters for the purposes of 
alibration,

investigation of the properties and 
apabilities of a variety of available frequen
y

standards, and the familiarisation of a large number of parti
ipants with new

observing pro
edures and equipment.

The 
omparison of the single baseline model �tting results with the images

showed the su

ess that 
an be a
hieved with only a single baseline interferom-

eter, provided some stri
t rules are adhered to when interpreting the data. The


omponent separations, orientations, minimum 
ux densities, and often 
ux den-

sity ratios, are well determined by these types of observations. Considering the
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small investment of e�ort and resour
es required to perform su
h a survey, the

te
hnique provides an ex
eptionally e
onomi
 means of obtaining useful detail

about sour
es at high resolution.

The SHEVE array is now well established as a unique tool for the investigation

of Southern radio sour
es at high resolution. The future prospe
ts for the array

appear very good. The Mark-II VLBI re
ording system is presently being repla
ed

with an S-2 system, and a 
orrelator for this format is under 
onstru
tion at the

ATNF headquarters in Sydney. This will permit more sensitive observations to be

made more frequently and easily as the delay and expense asso
iated with using

an overseas 
orrelator will be eliminated. Several antennas are being equipped for

observations at 22 GHz, a step that will double the resolution a
hievable. The

advent in the next few years of spa
e VLBI, in whi
h Australian observatories will

a
tively parti
ipate, is going to permit Southern radio sour
es to be studied with

unpre
edented resolution. In parti
ular, earth-spa
e baselines will allow observa-

tions of peaked spe
trum sour
es at frequen
ies at or below those of the peaks

with a resolution 
omparable to the 
entimetre wavelength observations des
ribed

here.

SHEVE observations have already in
orporated antennas outside Australia and

South Afri
a. Experiments involving Chinese, Japanese and Russian stations have

been performed and 
orrelated. More re
ently, joint observations with the VLBA

have taken pla
e. There is a prospe
t of a se
ond-hand 30 m antenna be
oming

available within two years. This antenna is a de
ommissioned 
ommuni
ations in-

strument lo
ated at Ceduna, near Adelaide, about halfway a
ross the Australian


ontinent. Should this antenna join the array, it will 
onstitute a sensitive and

versatile repla
ement for the Ali
e Springs antenna whi
h is now rarely used. The

east-west baselines between this antenna and the east 
oast stations will �ll the gap

in the uv-plane between Perth and the east 
oast leading to a substantial improve-

ment in the dynami
 range a
hievable in images. Furthermore, these new, and

more sensitive, east west baselines will generate many more 
rossing points in the

uv-plane, 
onsiderably easing the task of ensuring the 
orre
t internal 
alibration

of the array.

Overall, the prospe
ts for VLBI in the Southern Hemisphere are very good and

will undoubtedly permit more detailed future investigations of peaked spe
trum

sour
es that will 
apitalise on the foundations laid by the observations presented

in this thesis.



Appendix A

Flux Monitoring Re
eiver And

Sampling

A.1 Introdu
tion

This appendix elaborates upon the des
ription given in Chapter 3 of the re
eiver

and IF system used for the 
ux monitoring observations. The implementation of

the noise-adding radiometer and issues relating to the signal digitisation are also

dis
ussed.

A.2 RF and IF Stages

A simpli�ed s
hemati
 of the analogue hardware used for the 
ux monitoring obser-

vations is presented in Figure A.1. The 
hoi
e of the pre
ise observing frequen
ies

was in
uen
ed by a variety of limitations imposed by the available equipment.

The 
entres of the passbands entering the dete
tors 
orresponded to frequen
ies

on the sky of 2302 MHz and 8436 MHz. The 
omponents labelled `DC ampli�ers

and time 
onstants' are in
luded for the purpose of 
onditioning the dete
ted sig-

nals so that they are suitable for input to the digitisers. They s
ale, o�set and

low-pass �lter the dete
tor output voltages so that they fall within the operating

range of the digitisers and ensure that the sampling theorem is satis�ed.

The observations are 
ontrolled via a PDP-11 
omputer whi
h handles s
hedul-

ing, interfa
es with the antenna 
ontrol 
omputer, and swit
hes the CAL signal

while sampling the data whi
h it stores on disk for o�-line analysis.

A.3 Noise-adding Radiometer

System temperature 
u
tuations 
aused by re
eiver gain instabilities limit the a
-


ura
y with whi
h 
ux intensity measurements 
an be obtained. One means of

over
oming this diÆ
ulty is to 
alibrate the system gain by inje
ting a signal of

known strength into the re
eiver input with suÆ
ient frequen
y to 
hara
terise

the gain variations over time. When this 
alibration is performed throughout

an observation, the re
eiver 
on�guration is known as a noise-adding radiometer

166
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UNIBUSUNIBUS

2020 MHz

255 MHz 296 MHz

Dual-frequency feed horn

Front-end amplifiers
(In cooled dewar)

Amplifiers

CAL

Focus

Cabin

Control
Room

55 MHz 121 MHzLow-pass filters

Computer controlled IF-switches

Broadband detectors

A-D converters (VFCs)

DC amplifiers & time constants

8080 MHz

Figure A.1: Re
eiver and IF 
on�guration used for the 
ux monitoring observations.
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(NAR). Early implementations of NAR systems employed spe
ialised analog ele
-

troni
 hardware to perform the gain 
alibration and apply appropriate 
orre
tions

to the system temperature measurements (for example, Jelley and Cooper (1961),

Batelaan et al. (1970) and Yerbury (1975)). However the 
omplexity of su
h sys-

tems tended to 
ompromise their 
exibility and reliability. The NAR developed for

the 
ux monitoring observations reported in Chapter 3 utilises a digital 
omputer

in pla
e of the additional hardware and is de
ribed below.

Theory Of Operation

A NAR operates by swit
hing a 
alibration signal (CAL) repeatedly throughout

and observation and measuring the dete
tor outputs for the CAL-o� and CAL-on

states separately, allowing 
ontinuous monitoring of the re
eiver gain. This is

illustrated in Figure A.2. The voltage v

0

is due to o�sets set in the DC ampli�ers

and is determined to establish the zero point for the measurements of the system

temperature prior to ea
h observation by opening the IF-swit
hes (Figure A.1) so

that there is no dete
tor output signal. The voltages v

0

1

and v

0

2

then are

v

0

1

= v

0

+ v

1

= v

0

+GT

sys

v

0

2

= v

0

+ v

2

= v

0

+G(T

sys

+ T


al

)

)

(A.1)

where G is the system gain, T

sys

and T


al

are the system and CAL temperatures,

and v

1

and v

2

are the dete
tor voltages when the CAL is o� and on respe
tively.

The system temperature is the sum of the re
eiver noise (T

Rx

) and antenna tem-

peratures (T

A

). The quantity

v

R

=

v

1

v

2

� v

1

=

T

sys

T


al

(A.2)

is then proportional to T

sys

but independent of the gain G. In this manner, pro-

vided the CAL remains stable on times
ales greater than the gain 
u
tuations and

the system temperature does not 
hange signi�
antly between the measurement

of v

1

and v

2

, the system temperature 
an be determined reliably.

The primary disadvantages of this approa
h to the removal of gain 
u
tua-

tions is that system sensitivity is redu
ed be
ause time is spent measuring the


ontribution of the CAL, and any error in the determination of the denominator in

Equation A.2 in
reases the un
ertainty in the result. These two limitations oppose

one another sin
e any redu
tion in the duty 
y
le (d) of the CAL swit
hing leads

to a de
rease in the a

ura
y of the CAL measurement itself. The determination of

the CAL 
an be improved by making the CAL as large as possible 
ompared with

the system temperature. However the maximum size of the CAL is 
onstrained by

the need to operate the re
eiver system in the range of signal levels over whi
h it

is linear. An alternative method of improving the sensitivity of the system follows

from the re
ognition that if the system gain is 
hanging slowly 
ompared with the

CAL swit
hing 
y
le, then many su

essive CAL measurements 
an be averaged

to yield a more a

urate result. This is true even if the system temperature is


hanging (when s
anning a
ross a strong sour
e for example), sin
e the CAL mea-

surements are independent of T

sys

provided the CAL is being swit
hed suÆ
iently

rapidly.
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Volts

Time

v0
T
dT

v2=v0+v2

v1=v0+v1

Figure A.2: The dete
tor output voltage at the beginning of an observation with the NAR.

The three voltages are explained in the text.

A derivation of the sensitivity of a NAR with CAL averaging is presented here.

In what follows, the bar over a quantity x denotes an average of x over N samples.

The mean value of the CAL is thus

C =

1

N

N

X

i=1

(v

2

i

� v

1

i

) = v

2

� v

1

Provided that the fra
tional 
hange in v

1

and v

2

over the averaging interval is

small, and sin
e v

1

and v

2

are independent, the error in this value is

�C

2

= �v

1

2

+�v

2

2

where

�v

1

=

v

1

p

NB(1�d)T

and �v

2

=

v

2

p

NBdT

Here B is the pre-dete
tion bandwidth and T is the CAL swit
hing period, so that

(1�d)T and dT are the integration times when the CAL is o� and on respe
tively

(Figure A.2). The un
ertainty in the CAL average is thus

(�C)

2

=

1

NBT

 

v

1

2

1� d

+

v

2

2

d

!

If Equation A.2 is now modi�ed to take into a

ount the averaged CAL, then the

new value of v

R

is

v

R

=

v

1

C

=

T

sys

T


al

(A.3)

Although C depends on v

1

, provided N is large enough the dependen
e is suÆ-


iently weak that the un
ertainty in v

R


an be written

�v

R

2

=

 

�v

R

�v

1

!

2

(�v

1

)

2

+

 

�v

R

�C

!

2

(�C)

2
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whi
h be
omes

�v
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v
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If the minimum dete
table temperature T

min

is de�ned to be the temperature that


auses v

R

to 
hange by �v

R

, then from Equation A.3

�v

R

=

T

sys

+ T

min

T


al

�

T

sys

T


al

=

T

min

T


al

(A.5)

Combining this with Equation A.4 and substituting the averaged form of Equa-

tion A.1 yields the result

T

min

=

T

sys

p

BT

8

<

:

1

1� d

+

1
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2

4

1
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+
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al
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;

1

2

(A.6)

Re
all that the swit
hing period T is 
hosen so that the di�eren
e between v

1

and v

2

due to 
hanging T

sys

is negligible for ea
h pair of CAL-on and CAL-o�

measurements. Then if the re
eiver gain is known to be stable over a times
ale � ,

the number of 
y
les N , over whi
h the CAL 
an be averaged is given by N = �=T .

Having so �xed T and N , the optimum value of the duty 
y
le d, to yield the

smallest T

min


an be found by di�erentiating Equation A.6 whi
h gives

d =

1

1 +

v

u

u

u

t

N+

�

T

sys

T


al

�

2

�

1+

T

sys

T


al

�

2

(A.7)

Note that for the spe
ial 
ase where d = 0:5 and N = 1, Equation A.6 redu
es

to

T

min

=

2T

sys

p

BT

2

4

 

1 +

T

sys

T


al

!

2

�

T

sys

T


al

3

5

1

2

in agreement with Yerbury (1975)(pp 177). Furthermore, in the absen
e of gain


u
tuations, if N !1, then Equation A.7 indi
ates d! 0 and

T

min

=

T

sys

p

BT

whi
h is just the 
onventional expression des
ribing an ideal radiometer.

The validity of Equation A.6 was tested by 
omparison with measurements

obtained from the NAR applied to the 2.3 GHz re
eiver with a range of di�erent

duty 
y
les and averaging times for the CAL. Graphs showing the results of these

tests as a fun
tion of CAL averaging time (upper 9 panels) and duty 
y
le (lower 9

panels) are presented in Figure A.3. The swit
hing frequen
y of the CAL is 23 Hz

and the ratio T

sys

=T


al

' 6:6. The ordinate in ea
h graph represents the root mean

square deviation of the CAL-o� measurements from ea
h CAL-
y
le (no averaging

of the output a
ross 
y
les having been applied), 
al
ulated over an interval of
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Figure A.3: Comparison of predi
ted (solid line) and a
tual (
rosses) performan
e of the NAR.

See text for details.
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45 se
onds. The predi
ted sensitivity of an ideal (gain-stable) radiometer operating

under the same 
onditions (bandwidth, system temperature et
.) is approximately

� 0.43 Jy. For CAL averaging times up to about 15 se
onds Equation A.6 predi
ts

the behaviour of the NAR very well. Beyond that time, re
eiver instabilities render

further averaging ine�e
tive. For an averaging time of 15 se
onds, Equation A.7

indi
ates that the preferred duty 
y
le for this system is � 0.28 and it 
an be

seen from the graphs that the performan
e of the NAR is indeed 
lose to optimal

for this value. The uniform o�set between the predi
ted 
urves and the measured

points indi
ates that the noise intrinsi
 to the re
eiver/sampling system has been

underestimated by between 5 and 10 per
ent, possibly be
ause of an in
orre
t

estimate of the e�e
tive RF bandwidth or a 
ontribution from quantization errors

in the sampling pro
ess. The dis
repan
y 
ould also arise, in part, from genuine

variations in the antenna temperature during data a
quisition. It is not feasible

to remove these e�e
ts as part of the analysis pro
ess without 
ompromising the

sensitivity measurements themselves.

Implementation

The NAR, antenna 
ontrol, and sampling are integrated within a single program

that runs on a PDP-11 
omputer. The NAR program works by repeatedly sam-

pling the dete
tor output voltage and swit
hing the CAL state after the appropriate

number of samples to simulate the desired duty 
y
le (Figure A.4). All samples

obtained in either the CAL-o� or CAL-on state are averaged in real-time to yield

measurements of v

1

and v

2

for ea
h 
y
le whi
h are bu�ered in memory before be-

ing periodi
ally written dire
tly to disk storage. Depending on the post-dete
tor

time 
onstant, one or more of the samples immediately subsequent to a CAL state


hange are dis
arded so that no data is re
orded whilst the dete
tor voltage is

in transition. This has the e�e
t of marginally degrading the NAR performan
e

sin
e these data make no 
ontribution to the output.

VFC sample points

Cal switch Cal switch Cal switch

Antenna interrupt

1st sample
CAL-off

1st sample
CAL-on

D
et

ec
to

r 
ou

tp
ut

 (
V

)

Figure A.4: The operation of the NAR over one CAL swit
hing 
y
le showing the relationship

between the VFC sampling, CAL state and antenna interrupts. The samples represented by

dashed lines are reje
ted sin
e they 
orrespond to neither the CAL-o� or CAL-on states.
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Sampling of the dete
tor voltage is a
hieved by means of analog to digital 
on-

verters based on a voltage to frequen
y 
onverter (VFC), a devi
e whi
h produ
es

a periodi
 output signal with a frequen
y proportional to the input voltage. If

the number of 
y
les of the output is 
ounted for a �xed interval, the sum is a

quantity proportional to the integrated input voltage. The sampling rate is deter-

mined by a programmable synthesiser whi
h drives a Pulsar Timing Unit (PTU),

a spe
ialised pre-s
aler that generates signals suitable for produ
ing interrupts on

the PDP-11 UNIBUS. These signals halt 12-bit 
ounters in all the VFCs simul-

taneously. The 
ontrol 
ir
uitry then automati
ally lat
hes the 
ounter 
ontents

into registers a

essible from the UNIBUS before resetting and restarting the VFC


ounters. The same signal that triggers the VFCs is used to invoke an interrupt

request on the PDP-11 (Figure A.5). The routine that servi
es the interrupt is re-

sponsible for reading ea
h VFC register and storing the data appropriately before

the next interrupt is requested by the PTU.

PTU

UNIBUS

Frequency

Synthesiser

VFC

Cal Control

Sampling Interrupts

Antenna Interrupts

PDP 11/60
~

Figure A.5: Con�guration of devi
es integral to the fun
tioning of the NAR. The interrupt

signals are a
tually delivered to the PDP-11 via the UNIBUS but are shown as separate signals

for 
larity.

Unless operated 
orre
tly, VFCs 
an be prone to severe quantization noise for

very short sample intervals (or, equivalently, high sampling rates). The average

quantization error in any digital sample is half the least-signi�
ant bit. For a

sample-and-hold digitiser, this is not normally a problem sin
e the input voltage


an usually be s
aled so that the least-signi�
ant bit is small 
ompared with the

digitizer output. However for a VFC, the output 
ount is dire
tly proportional to

the sampling interval, so for high speed sampling half the least-signi�
ant bit 
an

represent a substantial fra
tion of the total 
ount. By averaging N samples to-

gether the e�e
t of this sampling error 
an be redu
ed by a fa
tor of approximately

1=

p

N . However, if the sampling time is instead in
reased by a fa
tor of N , then

the sampling error will be redu
ed by 1=N . This is an important 
onsideration

for the NAR sin
e it is desirable to operate the VFCs at as high a rate as possi-

ble to a
hieve the maximum possible resolution for adjustment of the duty 
y
le

and the interval over whi
h samples are reje
ted following a 
hange in the CAL
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state. In pra
ti
e it is usually possible to operate the system with a suÆ
iently

low sample rate so that this e�e
t is insigni�
ant sin
e the sensitivity of the NAR

depends only weakly on the pre
ise duty 
y
le used. The lowest sampling rate is

determined by the rate at whi
h the VFCs run (250kHz per volt input) and the

number of bits available in the 
ounters before over
ow o

urs. For the 12-bit


ounters the minimum sample rate for a 1 volt input signal is 61 Hz.

The VFC's have a linear operating range of 0.2�2.0 volts. The DC-ampli�ers

ensure that the input signals stay within this range, even when there is no in-

put to the dete
tors. As des
ribed in the previous se
tion, this is a 
ondition

established immediately before and after ea
h observation when the IF-swit
hes

(Figure A.1) are opened to determine the zero level (v

0

in Figure A.2) for the

system temperature measurement. The zero level measurements are made either

side of ea
h observation so that the e�e
t of any drift in the DC ampli�ers 
an

be minimised by interpolation. This method of measuring the zero level (open-

ing the IF-swit
hes) depends 
riti
ally on the linearity of the dete
tors and was


hosen instead of the more 
ommon te
hnique of insertion of a known attenuation

into the IF-system primarily be
ause of hardware availability. The linearity of the

whole IF and sampling system was 
he
ked at intervals throughout the observing

program and great 
are was taken to ensure that pre
isely the same 
omponents

were used for all observations.

An interfa
e to the antenna 
ontrol 
omputer permits the NAR 
ontrol pro-

gram running on the PDP-11 to request the antenna motions ne
essary to observe

ea
h sour
e. It is important to be able to register the dete
tor output samples

with the antenna position so that pointing e�e
ts 
an be 
orre
tly quanti�ed. The

antenna 
ontrol system 
an be requested to s
an the antenna at a 
onstant rate

and to generate a signal at uniform angular in
rements. This signal is used to

generate an interrupt on the PDP-11 whi
h results in the re
ording of the number

of VFC samples that have been taken. This list of sample numbers is used in

subsequent pro
essing to as
ribe position information to the sampled data. There

is no syn
hronization between the sampling and antenna interrupts so it is im-

portant that the sampling rate be large enough that the time when an antenna

interrupt is delivered is well de�ned. The �rst interrupt generated by the antenna

in ea
h s
an initiates the sampling pro
ess, ensuring that a 
ommon zero-point is

established.
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Imaging Visibilities

The visibilities from whi
h the images in Chapter 5 were made are presented in

Figure B.1. The visibility amplitudes and 
losure phases are shown, together with

the model 
omposed of the image 
lean 
omponents, plotted as a solid line. The

data from the images of the three sour
es 0237�233, 1549�790 and 1934�638 that

were made using only the Australian baselines are only subsets of the 
omplete

data sets and are not shown here separately.

Figure B.1: Complete visibility amplitudes and 
losure phases for the data used to produ
e

the images in Chapter 5 appear on the following pages.
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