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SUMMARY

This thesis discusses observations on & number of
radio sources using widely separated radio telescopes as
interferometer pairs to study the smagll scale angular
structure of quasi-stellar ob jects which are less than one.
tﬁousandth of a second of arc across at 2,300 MHz, and their
secular variations. One‘radio telescope in Australia and at
least one radio telescope in California, U.S.A. were employed
in making simultaneous observations during each experimental
run. The telescopes and associated facilitiés belong to the
Deep Space Network of the Jet Propulsion Laboratories., Of
the two JPL radio telescopes in Australie and the three in
Celifornia, each has participated in at least one of three
experiments., The team of five experimenters who carried out
the investigations came from the University of Adelaide, the
Ownes Valley Radio Observatory, the Jet Propulsion Laboratories

and the Australian Department of Supply.

In June 1967 the two Australian radio telescopes were
successfully operated 28 an interferometer pair using the
Hanbury Brown technigque, However, when the same technique
and mode of operation were applied in a trans-Pacific
éxperimental assay in September of that year, the sensi-
tivity achieved was found to be inadequate for the smaller

components,
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The first experiment using the Michelson technique took
place on the 2nd and 3rd November 1967 and employed the
radio telescope at the Island Lagoon station in South
Australie and two radio telescopes in California separated
by a distence of a few miles. Data were recorded on mag-
netic tape at each station and dispatched to the University
of Adelaide for data reduction on the CDC 6400, In the
reduction process, the data are correlated, due allowance
being made for a difference in the timing standards at the
two stations, and then the spectrum about the predicted
doppler frequency is examined for significant correlation.

A separate search for actual clock difference was made when
this was in doubt, accepting the predicted doppler frequency
for the correlated data, or a constant error in this pre-

dicted frequency.

The sources were known and also shown to be totally
unresolved for the Californian baseline and therefore the
results for this baseline were suitable for calibrating the
correlation peaks observed using the trans-Pacific baseline
in terms of their correlated flux densities. However no
correlations were observed for the trans-Pacific baseline at

this timee.

On May 30, 1968 a second experiment was performed. This
time the Pioneer VIII spacecraft and pulsar CP1133% were
included in the list of sources to serve as controls. The

spacecraft was observed in order to obtain a correlation
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peak in the frequency domain to indicate the discrepancy
between actual and predicted values of the doppler differ-
ence frequency for the two stations. The pulsar data were
used in order to confirm the value of the clock difference
between the stations across the Pacific. Tﬁe data reduction
programme was refined and 16 minutes of recorded data on

each pair of tapes were reduced at the University of Adelaide
Computing Centre. Correlated flux was observed by the trans-
Pacific pair of stations for a number of sources known to

be variable.

The long baseline data taken in November 1967 were then
processed, taking into account the difference between the
predicted and actual doppler frequency indicated by the
Pioneer spacecraft result, and unresolved components were
observed for at least two sources. TFour separate observa=-
tions on 3C 273 had been made on the occasion of the first
experiment and the results we;e internally consistent. They
2lso corresponded in flux density with the observations in
May 1968 when two separate observations on this source were
obtained. Two such independent sets of records were obtained
on the first occasion for 3C 279 and it was evident that the
correlated flux density had increased markedly over the inter-
vening period. P 1510 showed a more moderate incrgase in
component flux density. A statistical evaluation of the

results is included in this work.

A further experiment was performed on the 9th June 1969,
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On this occasion only one station in California collaborated
with the station in Australia. There was again no signifi-
cant variation in the intensity of the 3C 273 component
whereas the intensities of the components for 3C 279 and

P 1510 had continued to increase. The history of the compo-
nent intensities for the three sources was compared with the
history of their total intensities observed at the same
operating frequency by G.D. Nicolson using a sister radio
telescope of the Deep Space Network near Johannesburg. TFron
the comparison of the secular values of total and component
flux densities, it appears that the variation in the flux
density of the unresolved component of 3C 279 is wholly res-=
ponsible for the variation in total flux density for this
source. 3C 273 and P 1510 do not show a correspondence of
this nature. Over a period of 19 months the flux density of

the variable component in 3C 279 had increased by about 250%,

The implications of the results as they bear on various
models for quasar variations and on the location hypotheses

are di scussed,.
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DREFACE

This thesis contains no material that has been
accepted for the award of any other degree or diploma
in any University, and to the best of the candidate's
knowledge and belief coﬁtains no material previously
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CHAPTER 1

REVIEW

In the two decades that have passed since the identi-
fication of the first galactic radio sources a number of
different classes of extragalactic radio objects have been
observed over the spectral region limited by the presence
of the neutral and ionized constituents of the earth's
atmospheric mantle.

The identification of some of these extragalactic radio
objects with optical obj;ots has allowed new developments in
the description of galactic energetic processes but little

is yet known about the formation of gal axies.

The identification of the radio source 3C 273 was made
possible by the development and employment of the occultation
technique by Hazard, Mackay and Shimmins, 1963 to obtain a
precise détermination of its position. -The emission spectrum
of the associated optical object in 3C 273 was interpreted as
the Balmer series of hydrogen by Maarten Schmidt in 1963 at a
red shift displacement of 0.158. This value of the red shift
was anomalously high and close inspection of the source
since that time has uncovered other unexpected character-
istics. A subsequent search for sources of similar character=
istics led to the discovery of the class of sources known as
quasi-stellar objects ﬂhich manifest emission line red shifts

from 0.158 for 3C 273 to 2.380 for 5C 2.56.



2.

Radio astronomers generally use the term gquasi-stellar
source, or the fore-shortened forms quasar or QSS to refer
to these bodies. However, the category includes sources
which exhibit radio spectra characteristic of quasi-stellar

objects but which have not as yet been identified.

The impact of the observations of quasi-stellar sources
on the fundamental concepts of astronomy in the first four
years, and the contending hypothesis relating to their loca-
tion, their nature and their cosmological implications are
reviewed in Appendix 4. We shall concern ourselves here with
developments since 1967 which have some bearing on observed
varietions in the centimetre and millimetre radiation from:
quasi-stellar sources. The short time scale of these varia-
tions appeared to provide cogent argument against the inter=-
pretation of their associated red shift as due to the effect
of Hubble expansion of the universe which would place them
at di stances commensurate with the limits of the observable

universe.

A comprehensive account of the probléms posed by the
quasi-stellar source is given in relatively recent reviewse.
Hunter, Sofia and Fletcher, 1966 represent the case for the
view that the QSS's are no further than the galaxies in our
immediate neighbourhood rather than at the cosmological
distance indicated when their large spectral red shif't is
interpreted in terms of Hubble expansion. The 1966 Christmas
address given by Dr. Sciama 1967 to the RBritish Astronomical

Association marks an important turning point as the author,
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who claims to have been a fervent admirer and supporter of
the 'Steady State' theory which requires that the location
of QSS's be local, considers cummulative evidence from
distributions of various classes of radio sources and back=-
ground black-body radiation and concludes that the 'Steady
State! theory is almost certainly wrong. Maran and Cameron
1967 reviewed the proceedings of the 'Texas Symposium' on
Relativistic Astrophysics held in New York in January 1967
where widely divergent views on QSS models and their location
was discus sed. It is noteworthy that Hoyle and Fowler who
are among the principal proponents of the'Steady State'theory
suggested that quasars lie at middle distances ® 100 mega-
parsecs of ~ 320 light years and ascribed their red shift as
partly due to the effect of gravitation. This represents a

modification of the orthodox 'Steady State' theory.

In general, the stage which investigations had reached
at the time of the conference may be summarized by a statement
due to Sandage, himself a supporter of the cosmological loca-
tion hypothesis for QSS's, demonstrating the quandary in which
the observationalist found himself, to the effect that no
crucial experiment had yet been performed to distinguish

between the rival location hypotheses.

The energetics of QSS's and thus their essentinl nature
devolves on measurement of their angular size and their
distance. The main problems relating to location, energetics

and evolution of QSS's and radio galaxies are reviewed by
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Longair, 1967. Difficulties were encountered in developing
an evolutionary sequence as it was assumed that the dimen-
sions of variable components could not e xceed the light
travel time across the component. The extremely high
photon energy-density that would follow as a result would
require that the relativistic electrons lose theilr energy
through inverse-Compton scattering of light photons, so that
energy is radieted in the form of X-rays and y-rayse. Longair
concludes that models of Q8S's in which radio and optical
emission originate from the same volumes and are produced by
the synchrotron process, are therefore not self-consistent,
However, the assumption that the‘light travel time must
determine the upper limit on the metric size of a variabdle
component is shown to be invalid by Rees, 1967 and as a result
of the present work, as discussed in Chapter 8. Rees, 1967,
Rees and Simon, 1968, Morrisson and Sartori, 1968, and Ozernoy
and Sazonov, 1968 demonstrated that where a component expands
at an ultrarelativistic velocity, the metric extension of the
source can be several orders higher than indicated by the
light travel time. To illustrate the basic argument, let us
considera spherically nymmetrical disturbance which begins
to. expand from some central point at a velocity close to the
velocity of light, and a remote observer at rest with respect
to the origin of the disturbance. An event A at the inter-
section of the expanding shell with the line of sight from a
remote observer to the origin of the di sturbance is followed

by an event B at the intersection at a later time. The
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proper time for the two events is tA and tB respectively so
that an observer travelling with the point on the expanding
sphere at which the two event s take place measures the

interval between the two events as tB-t o« However the time

A

between the two events té - tA, seen by the remote observer
must approach zero as the radial velocity of the disturbance
approaches the velocity of light, as subseguent events take
place at progressively closer distances from the remote
observer.- Hence té - tB < tA - tA and therefore t% - t; <

tB - tA. The argument for events at points moving transverse
to the line of sight is more complex but it has been shown
that observed time intervals can be many times shorter than
the corresponding intervel in proper time. The upper limit
to the metric size of an expanding shell is indeed determined
by the light travel time where the time refers to the age of

the source in the reference frame of a point on the expanding

envelope,

Kellermann and Pauliny-Toth, 1968 reviewed the observed
variations in the centimetre and millimetre spectrum of two
Seyfert galaxies and a number of QSS's, and concluded that in
every instance the variations conformed with the synchrotron
source model and the light travel time restriction on the
metric size derived from the frequency of the maximum flux
density of the variable component. Here the light travel
time referred to the age of tﬂe source as seen by a remote
observer at the earth, which is calculated from the rate of

change of intensity at the observing frequency after the
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manner of Sklovsky, 1961, Sklovsky, 1965 and Van der Laan,

1966,

Andrew, Locke and Medd, 1969 monitored the 2.8 cm and
L .8 cm emission from 50 sources in their variable source
observational programme. Three of these sources, P1510-08,
P0736+01 and NRAO 512 showed behaviour which did not conform
to the model of a uniform and spherical cloud of electrons
expanding adiabatically‘with'its magnetic field and radiating
through a process of magnetic bremsstrahlung, as described by
Van der Laan, 1966. These anomalous results may be due to
geometrical departures from the model and may be more amenable
to the rigorous relativistic treatment of secular variations
for ultra relativistic expansion rates. The mid-=1967 burst
associated with P1510 is further complicated by the apparent

protracted injection of particles into the radio emission zone.

McCrea, 1967 suggested that the rapid fluctuations in the
intensity of light from some quasars was due to the successive
occultations of the bright central core of a galaxy by a number
of its protostars. Appenzeller and Hiltner, 1967 and Viovan-
athan, 1968 have observed polarization in the visible region
for several quasi-stellar objects and Kinman claims that of
five sources studied, two have shown variable polarization.
Appenzeller and Hiltner conclude from their work that a degree
of polarization as high as that ob tained for 3C 279 is
infrequent at AZOOR, the observing wavelength, and that a

high degree of polarization may be characteristic of certain
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"active" steges in the evolution of quasi-stellar objects.
This suggestion seems to stand on better ground than the
occultation model of McCrea which sets an upper limit to

the luminosity of the sourgce which should be apparent at the
termination of each occultation. Variations in the optical
brightness and polarization of the quasi-stellar source

3C 345 reported by Kinman et al 1968 would place grave

restrictions on the model.

Opticel variations have also been detected in two
N-gaelaxies, Oke,.1967 observed 3C 371 to change in bright-
ness by one magnitude in two years. This N-galaxy has a very
bright concentrated nucleus producing non-thermal radiatioﬁ,
as has a Seyfert galaxy. The N-galaxy 3C 390.3 was seen to
vary by Cannon, Penston and Penston, 1968 who suggest that
quasi-stellar ob Jjects are in fact N-galaxies at such great

distances that only the core of these objects remains visible,

Earlier, Dent 1966 had drawn a similar conclusion from
his observation of a sharp increase in the flux density from
the quasi-stellar source 3C 273 at 8 GHz and by comparing its
behaviour with the Seyfert gelaxy NGC 1275 at the same observ-

ing frequency.

The clustering of red shift about certain values which
show a periodicity, as first noted by Burbridge and Burbridge,
1967 is not yet well understood. Burbridge and Burbridge,
1969 find that this evidence and the tendency of the red shift

of absorption lines to cluster about the value of 1.95



irrespective of the corresponding emission line red shift
point either to remarkable cosmological effects or to the
conclusion that intrinsic red shift components are important.
Quasi-stellar sources may ipdeed have been ejected from
larger primordial bodies to form galactic clusters as pro-
posed by Bell, 1969. This view which divides the observed
red shift into a larger positive component due to Hubble
expansion and a positive or negative component of smaller
absolute value due to an intrinsic velocity, cannot easily
be discounted. However lack of absorption shortward of
Lymen a inthe spectrum of the quasi-stellar object, short
term optical and radio variations and the extreme amounts of
energy involved in'such short apparent time scales, pose
serious problems which mus% be understood before any view

can hecome established

Some progress in the field of quasar energetics has been
made in the present work. New evidence on the expansion
velocities of variable components obtained in the course of
our observations is discussed in Chapter 8, as it bears on
the predictions of Rees, 1967 and of Rees and Simon, 1968.
Some of the ramifications of ultra-relativistic expansion
velocities of the variable components of quasi-stellar sources

are explored.
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CHAPTER 2,

ATMS OF THE EXPERIMENTAL INVESTIGATION

An interferometer experiment, using two satellite
tracking stations of the NASA-JPL Deep Space Network, was
performed by Gubbay and Robertson in June, 1967 following
a proposael which appears here as Appendix 4., The Hanbury-
Brown post detection technique was adopted, as discussed
in section 3.1 as it called for minimal modifications to
the standard tracking station configuration. The results
indicated that baselines of greater than ten million wave-
lengths would be required to determine the small scale

angular structure in 3C 273% (see Appendix 1).

The importance of these measurements of angular diameter
had become widely recognised as theoretical predictions of
the angular dimensions of variable quasi-stellar sources
based on the time scale of these variations differed widely
from predictions resting on the assumption that these sources
radiated through synchrotron action and were at cosmological
distances. In the Northern Hemisphere, two other groups,
Broten et al, 1967a, 1967b, in Canada and Bare et al, 1967,
in the U.S.A., one using digital and the other using analogue
data recording and reduction techniques, had conducted
similar experiments and at about the same time as those in
Australia., The resolving powers in both cases were of the

same order of magnitude and the results also showed that

interferometer baselines would have to be extended in order
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to test whether the cosmological location hypothesis was
viable in view of the observed variable behsaviour of some
sources. Interferometric observations were carried out

over increasing baselines in North America by Clark et al,
1967, 1968 and by Moran et sl , 1968. The experiments have
been reviewed by Cohen, Jauncey, Kellermann and Clark, 1968
and Bernard Burke, 1969. In common with the Australian
experiment the respective operating frequencies were derived
from rubidium frequency standards. However, each group
worked independently and conducted measurements at different

observing frequencies.

The measurement of anguler dimensions of the components
of a quasi-stellar source is tied to many questions of the
day in éstrophysics. In particular the optical line spectrum
of quasi-stellar sources or "gquasars" manifest a larze red
shift. If the red shift is interpreted as Hubble expansion,
quasars would appear to be the furthermost objects of our
physical universe, their distance being greater than that
of other objects seen hitherto by about 1 order of magnitude.
Their brightness would then appear to exceed that for known
galaxies by about 2 orders of magnitude. The temperature of
the source i1s proportional to the cube of its distance and
therefore, in consequence of temperature, luminosity and
light time consideration, quasars would be extremely large
and expending vest amounts of energy. On the other hand,
temporal variations which have been observed in the radio

region at centimetre and millimetre wavelengths, argue
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against anomalously large dimensions if the value of the

velocity of light is a constant for the physical universe.

Some independent measurement of the distance and size
of the quasar would assist in resolving the apparent con-
tradiction., If this hiatus were to persist in the light of
further evidence then we would appear to be seeing objects
over fifteen light years across, varying as much as three
fold in intensity in the space of a few months, or otherwise,
objects measuring a few light days across would all be seen
to be moving away from us at abnormally high velocities; yet
of' all such objects none has been found to be approaching
use. The first alternative was considered to require modifi-
cations to the fundamental assumption that the velocity of
light is independent of space and time, while the other
suggests the improbable egocentric view that these objects
were expelled from our gala#y and from no other galaxy
(within our neighbourhood at least). The only viable model
in such a case was the one expounded by Rees, 1967 and later
by Ozernoy and Sazonov, 1968 which appears to successfully
explain the observed red shift as well as the timé scale of
source variations on the basis of an ultra-relativistic
expansion of source components at distances indicated by
their emission line red shift in the optical region of the
spectrum. This model is a development of the quasi-
stationary synchrotron quel treated by Le Roux, 1961 and
the model of the variable source expounded by Sklovsky,

1960, 1965 and Van der Laan, 1966,
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The angular diameter of a source is related to both its
physical di ameter and its distance from the observer. A
measurement of angular diameter thus provides a coﬁstraint
on these physical quantities. The synchrotron model of the
radio source relates physical dimension to spectral shape
or temporal variation, both of these latter being directly
observable. Where the physical diemeter has been deduced
in this manner, the measurement of angular diameter leads
directly to a determination of range albeit inprecise, which
will, however, adjudicate between the rival quasar location
hypothesés. The "cosmological" hypothesis places these
sources between 109 and 1010 light years away while the
"local" hypothesis views these sources as objects origina-
ting at the gelactic centre and which, as the result of an
explosion some 107 years ago, were propelled outwards. They
would now appear to be receding in the intermediate di stance,

about 107

light years away, at relativistic velocities. In
order to obtain a determination of quasar location, the
statistical relation between angular dimension and red shift,
and between anguler dimension and temporsl variation off these
sources should be described. If, for instance, none of these
sources can be resolved with a 10,000 km Baseline interfer-
ometer operating at S-band, this indicates that the upper
limit of physical size is no more than light wonths or per-
heps a few light years. In this case, the "cosmological"
view can no longer be held as "incompatible" with the inten-

sity variation phencmena.
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The dependence of flux density on the metric diameter
of a spherically symmetricgl synchrotron source in which the
magnetic field is randomized and isotropic is described by
equations 93-105 of Le Roux, 1961. Values of the diameter
of well known simple non-thermal sources obtained with this
model are in fair agreement with observation. The model was
further developed independently by Slish, 1963 and Williams,
1963, Thus a measure of the distance of simple sources may

be obtained.

Variable sources howeyer appear to be complex and in
general the smallest components can be expected to vary most
rapidly. The age of a variable component may be calculated
from the observed‘rate of change in flux density from the
source, as demonstrated by Van der Laan, 1966, The rate of
change of the frequency at which the varying constituent of
flux density is a maximum and the rate of change in flux
density at the spectral peak as it moves toward lower fre-
quencies are dependent on the radius and the rate of expan-
sion of an electron gas, cooling adiabatically as it expands

with its frozen-in magnetic field.

The immediate objectives of the present work may there-

ffore be enumerated as follows.

(a) TExtension of the visibility function of a population

of quasi-stellar sources in order to determine their
smell-scale angular structure and thus to compare the
values obtained against the predictions based on local

and cosmological location hypotheseés.
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(b) Classification of sources with small components

end identification of associated characteristics of

this class, such as observed secular variations,

(¢) Determination of the rate of expansion of compon-
ents associated with bursts in the wavelength region
shortward of 13 cm. Some information on the strength of
the magnetic field and the electron densities and temp=
eratures obtaining in the expanding components might be
derived when sufficient data on a number of sources
becomes available.

(d) Confirmetion that the co-ordinates of the observing
stations participating in the interferometer experiments

were correct to about 200 metres.

The results of the investigations are listed in Chapter
7 and observed variations in the contribution of unresolved
components to the flux density of some of these sources are

discussed in Chapter 8.

In Chapter 6, the effect of an error on the position of
each station is considered and a highly significant error
in one of the station co-ordinates originally provided, 1is

indicated,
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CHAPTER 3.

DESCRIPTION OF THE EXPERIMENTS

In the course of the investigation five stations of
the J.P.L. Deep Space Network participated on at least one
occesion. Two of these stations are located in Australia,
one at Island Lagoon (DSS L1), in South Australis and the
other at Tidbinbille (DSS 42), in the Australian Capital
Territory some 1,200 kilometers away. The other three stat-
ions are within fifteen kilometers of each other at Goldstone
in California, U.S.A. and are designated Mars (DSS 14), Echo
(pss 12), and Pioneer (DSS 11). The Mars station is equipped
with a 210 foot primary reflector on an X - Y mount whereas
each of the other stations has an 85 foot primary reflector
on & polar mount. The hyperbolic sub-reflector of the
Cassegranian system focusses the beam into the feed horn in
the Cassegranain cone. A maser immersed in liquid helium acts
as a selective amplifier and is centred at about 2295 MHz,

corresponding to a receiving wavelength of about 13cms.

The operational facilities at each station are described
in section 4 of this chapter. ZEach station complex has
identical basic facilities and this feature together with the
ease of intercommunication during the experiments have simpli-
fied the operational procedures.

301 Experiments Using the Post- Detection Technique

In June 1967, Gubbay and Robertson conducted a series
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of interferometric observations on 3C 273 using the
Australian Based stations DSS 441 and DSS 42. The published

report of this work appears here as Appendix 1.

The output of each receiver was passed through a mixer
amplifier, detector end filter and then recorded on magnetic
tape. The data recorded at each station were correlated
using the IBM 7090 at Salisbury, South Australia. This tech-
nique is primarily due to Hanbury Brown end Twiss, 1954 and
was employed by Jennison and Das Gupta, 1956a, 1956b to
describe the structure of Cygnus A and Casseiopeia. Phase
information is lost as the signal passes through the detector
but the technique is more sensitive where S/N power is greater
than unity than the pre-detection method and was originally
devised to overcome the difficulty of providing phase stable
transmission of data over long distances. The demands on
the frequency and timing standards are easily met and would

only require crystal clocks accurate to one part in 107,

The observations indicated that 3C 273 was only partially
resolved with a baseline of 1200 km or 9 million wavelengths,
Consequently Gubbay, Legg, Roﬂertson, Moffet and Seidel
collaborated in a trans-Pacific interferometer experiment
using the post-detection technique, in September 1967. Time
correlation of DSS 41 and DSS 14 stanl ards was obtained through
the use of a ranging transponder on one of the lunar orbiting
apacecraft. A pre-detection or Michelson interferometer

experiment had already been scheduled for November 1967 but
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as the post-detection technique required little modification
to station configuration and had sl ready been enployed
successfully it appeared that the use of the 210 ft. an*enns
at D3S 14 with the 85 ft. antenna at DSS 41 would provide
useful preliminary information. It was found that the corre-
lated flux density of all sources observed was below the
system threshold of 5 flux units. The list of sources in-
cluded 3C 273, 3C 279, 3C 286 as well as the Crab Nebula.

It was evident that the‘correlation threshold had to be
improved. This was achieved by employing the Michel son mode
of operation and by increasing the 3db bandwidth of +he

recorded date from 400 Hz to 1 kHz.

3s2_ Calculation of the Differential Doppler Freguency

Two stations on the surface of the earth, in general,
undergo dif ferential motion with respect to a celestial
object. The spectrum of the object seen at one station is
displaced by the differential doppler frequency with respect
to the other station. The value of this frequency is obtained
by expressing the difference of the station component veloci-
ties along the line of sight to the object in terms of the
wavelength corresponding to the operating receiver frequency,
If the displacement of the sfectrum of the object is greater
than the bandwidth of thée data, the only correlations that
might be perceived are correlations between different parts
of the spectrum of the object. The differential doppler

frequency was calculated prior to the experiment as the
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doppler difference was known to be several times greater
than the bandwidth and necessitated e relative shift in
receiver frequencies in order to view the same spectral

range of the source at each station.

The differential doppler frequency is identical to the
fringe or fringing frequency but the treatment deals with
each station separately and differential phase is simply
obtained by integrating the differential frequency. However
cross-terms between station doppler frequencies appear when
the object is within the solar system where, in non-
relativistic terms, proper motion,aberration and pérallax
have an effect. The relativistic treatment as given by Pauli,

1958 does not distinguish between these effects,

The frame of reference used is the N.A.S.A. 1966 earth
model ellipsoid, which has a semi-major axis of 6378.165 kn

and a flattening ratio of 1/298.3.

3:2.1__Sources OQutside the Solar System

The problem can be expressed in terms of three vectors,
W, the anguler velocity of the earth, l, the unit vector
along the line of sight which, in the case being consicered,
is identiceal for|each station, and R4,, the vertical dis-
tance between the two stations, which rotates about 4] (see

diagram).
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=

where v is the velocity of the station at any instant with
respect to the axis of the earth, and R is the radius vector
to any point on the earth. The component of the velocity of

station 1 along the line of sight can then be written

A
¥y = (wxRe) o1

and the differential velocity

[ >

Yy =¥, =1 x @+ (Re-Rp)

11 21

may be expressed in terms of wavelength of the signal to

obtain the differential doppler frequency Vps thus

" b
UD = Af = _]; X w * (B_t"_}},z)* -
(o}

where ¢ is the velocity of light and f is the receiving

frequency. This equation reduces to

cos(DECQ) (AX1*f1*sin(DLNG31)-AX2*fz%in(DLNGBZ))

ol e
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where

DECQ declination of the quasar

distance of station 1 from the axis of rotation

e
e
-
1]

AX, = distance of station 2 from the axis of rotation

-}
-
i}

receiving frequency at station 1

fa = receiving frequency at station 2

DLNG31= longitude of the sub-quasar point - longitude of
station 1

DLNG32= longitude of the sub-quasar point - longitude of

station 2.

The relaetive phase is then obtained by integrating Vp
with respect to time.
1
PHASE = — * cos(DECQ)*(AX(*f{*cos(DLNG31) = AX,*f,*cos(DLNG32))
c

3e2.,2 Sources Within the Solar System

For a source within the solar system the unit line of
sight vectors from each station cannot be considered to be
parallel. Further the effects of proper motion are, in
general, not negligible. The case of a satellite transmitting
et the Deep Space Network frequency has practical application.
In particular, the strong signals from Pioneer VITI some 30
million kilometers distant was used as an experimental control
(see section 3.4). Satellite tracking by two stations opera-
ting as an interferometer can also provide useful geodetic

data (see Chapter 6). .

Let Y be the velocity of the spacecraft with respect
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to the centre of the earth, The dopplef difference fre-
gquency between two stations operating at closely matching
receiving frequencies, now involves an additional term which
reduces to zero when 14 = 1l,, where 14 and 1, are the unit
vectors along the line of sight from the respective stations

to the spacecraft. This term, is due to the difference

Vys
in the components of the velocity of the spacecraft with

respect to the two stations and may be expressed:-

PR £
- - . - | R
vd = 'Y'S (1-_1 _]_-2) :
g X! P £
ery s (R E)C
. 1y 1,/ ¢
N v, le £
: { - == ¢ (Li=12) + ——- (11-12)} * -
Ll 1 c

The first term appearing in the brackets on the right

hand side can be rewritten as

=s
—— R12

14

and thus appears as a component of the angular velocity of
the spacecreaft along the interferometer baseline. The second
term appears when the spacecraft to steation di stances are
unequal. The value of the various teérms are given here for

a typical case when Pionecer VIII was observed at which time
Vp had almost obtained its maximum value and viewing condi-

tions from DSS 42 and DSS 14 were similar,
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<
i}

4L221.15 Hz

Va

=4.36 Hz + 0,48 Hz = =-3.88 Hz

Whereas vy was increasing at the rate of about 3 Hz/min.,

Va decreased only by about 0.02 Hz over 10 min.

In practice however the total doppler difference

frequency, was calculated from the equation:

1 A 2 : A
v(spacecraft) = —— (wxRq) * 14 =— (wxR,)*1,
e c

which represents the difference between two determinants of

the form
fw
— 0 0 1 |
c
XL ¢ YL, 7L,
L4 L4 Ly E
X4 Y4 Z 4 i

where the rows represent the components of the vectors w,

l1+ and R4 respectively, along the X, Y, and Z directions in
space centered at the earth. The X and Y directions of thg
reference frame lie in the equatorial plane and in the
direction of zero right ascension and 6 hours in right
ascension respectively. The z axis is coincident with the
axis of the earth and of the same sense as the radius vector
to the North pole. The values of the components of the
vectorial distance and of the velocity of the spacecraft with

respect to the centre of the earth, in this frame of
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reference, were supplied by the Jet Propulsion Laboratory.

242¢3 Assessment of the Effect of the Tracking Motion

of the Antenna

The tracking arm of the antenna will rotate in some
manner depending on the design of the mount in the course
of an observation., The station position represented by the
vector R may be expressed by two component vectors 35 and
El where Es represents the position of a fixed point F along
the moving arm or the extension of the moving arm, with

respect to the center of rotation, and R, is the vectorial

1

distance of the antenna from this fixed point (see diagram).

From above (section 3.2.1)

}-b

Vp = 7 (o x E) : i
f -
= = [(w % Es) « 1+ (w x El) - 1]

The second term is identically zero by virtue of the

A
fact that 31 is always parallel to 1. Geodetic experiments
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will therefore refer to the locetion of the point F which
should be accurately determined with respect to the centre

of the base of the antenna. For the X - Y mount of the 210
foot antenna at Goldstone the point F 1s independent of the
declination of the source but for the polar mounts which
support the 85 foot antenna of the Deep Space Network the
position of F is a function of the declination of the source.
However the locus of F as source declination is varied lies
along the polar axis of the mount which is set parallel to
the axis of the éarth. Consequently w x Bs is independent

of source declination and UD is unaffécted.

342.4 Refraction

At the receiving frequency of the Deep Space Stations,
i.es 2300 MHz, refractiép occurs principally in the tropo-~
\
sphere. Refraction in the solar plasma and in the ionosphere

is negligible and the treatment of refraction in the tropo-

sphere would apply egqually for these media.

The effects of refraction are two-fold. The path of
the ray suffers a deviation at the boundary of two media of

differing refractive indices according to Snell's law

sin 1

o= ——

sin r

where U is the ratio of the refractive indices of the media,

i and r are the angles between the vertical at the point
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where the ray undergoes refraction and the pathos of the
incident and the refracted rays respectively. For the

troposphere 4 is given by

76.6 L 800e
b =—=—1{P + -
T %40° ( T >
provided the operating frequency < 30 GHz.
Here T =~ 320°K, the temperature of the troposphere
p ® 1000mb, at the base of the troposphere
e ~ 20mb, the partial pressure of water vapour in the
troposphere,
From above, the doppler shift at an observing station vy can
be expressed

b A
vy == (0 xB) -1

The scalar value of the quantity in brackets is sin i
where 1 refers to the path of the incident ray. If i reflers
to the path of the refracted ray the scalar value becomes
sin r. The direction of the resultant vector however remains
unchanged as Ry, the path of fhe incident ray and the path of
the refracted ray are coplanar. Thus the effect of the
quantity in brackets alone would alter the value of Vp by

the factor sin r/sin i. ©Now the value of ¢, the'phase velocity

of light is modified by the same factor and consequéntly the
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nett effect of refraction on the doppler frequency shift is

identically zero.

The computer software which drives the antenna when
tracking a celestial source takes account of refraction
corrections so that no calculations for this effect were
necessary when producing predictions for antenna pointing.
During the experiments its value fell within the range 0.015o
to 0.0350. The angle between the electrical axis of the
antenna and the 3db point is about 0.200o for the 85 foot

antenna and 0.060° for the 210 ft. antenna.

3.2.5 Scattering and Scintillation

Radiation from celestial sources received at the earth
has passed through the solar plasma. The plasma acfs as a
scattering medium so that, to an observer at the earth, =a
part of the total radiation flux from the source appears to
come from a halo adbout the source. The power scattered into
the halo and its engular extent increases with the electron
density of the plasme and therefore with the distance of the
line of sight, at the point of closest approach,to the sun,
as shown by Cohen, Gundermenn and Harris 1967. An assessment
of the magnitude of this effect by Dr. Little, Dr. Cohen at
Cal. Tech. and by Dr. Dennison at the University of Adelaide
indicate that at 13 cm, the DSS receiving‘frequency, we would
be in a regime of weak scattering at any distance from the

sun greater than a few solar radii.
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When the opticel path is 4100 R, from the sun at its
point of closest approach, a point source would still look
like a point but would be surrounded by a halo of diameter
~ 0,002 containing about 1 per cent of the flux. Closer
in, the proportion of the flux in the halo increases. A
minimum distance of 100 from the sun was adopted as a crit-
erion in our selection of sources so that a maximum of ~5%
of the flux density from a point source would be lost from
the unresolved component seen with the trans-pacific

interferometere.

The effect of scintillation due to irregularities in
the solar‘plasma in the line of sight is to introduce a
secular variation in the apparent position and brightness
of the source., The bandwidth of the spectrum of these var-
iations is up to about 10 Hz, Secular variation in position
at frequencies above 0.05 Hz and an amplitude greater than
about 0.01o would have resulted in fluctuations and broaden-
ing of the correlation peaks due to Jitter in the doppler
difference frequency when the data streams were correlated
coherently over 100 seconds. However, the observed fluctua-
tions in the correlation peaks observed appear to agree
closely with the theoretical noise statistics for the data
reduction system (see Chapter 5) and in any case, instabili-
ties in the Rubidium atomic standard would tend to disguise
scintillation effects if these were present. Brightness

fluctuations are smoothed over the period of integration.
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The presence of el ectrons in the solar cavity increases
the value of c, the phase velocity of light, by a factor of
~ (1 + 10-12) resulting in 2 correction to predicted frequency

of the order of 10"C Hz which is negligible.

3,26 Rotation of the Earth About the Sun, Moon and

Planets

The rotation of the centre of graviity of the earth
about the other bodies of the solar system does not directly
affect the value of the diffefential doppler frequency except
insofar as the interaction with such bodies result in: pre-
cession and nutation of the axis of the earth. The rate of
change of displacement in the direction of the axis does not
exceed about 0.5" per day. The correction to the differential

doppler frequency due to the motion is << 0,001 Hz,

A further correction arises indirectly through the
differential signel arrival times for the two observing
stations. The velocity of the centre of mass of the earth
alters over the differential time interval. The earth's
orbital velocity therefore cannot be common to both stations
when the differential time O. However, for a differential
time of 10ms the correction to the doppler difference fre-

L

quency would not exceed ~ 5%10 = Hz,

3,2.7 Apparent Angular Motion of Source Due to Pre-

cesaion of the Earth's Axis
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The apparent angular motion of a source due to pre-
cession of the axis of the earth results in a correction
term in the formula for the differential doppler frequency

in the manner dealt with in section 3.2.2.

The correction term can be expressed approximately as

follows:-

where 0 represents the apparent angular velocity of the

source about the centre of the earth. For the trans-Pacific

baseline experiments,

R2 =Ry Rz
e f 2 ~— =~ 80 x 10°¢
c A

. 11

and as © does not exceed about 3 x 10" radians/sec,

[av] $ 0.003 Hz

3,2,8 Relativistic Effects

Let us consider a source at a great distance moving at
& speed v with respect to a point on the axis of the earth
and transmitting a signal at frequency fo in the source
reference frame. The relative velocity w of a station on

the surface of the rotating earth with respect to the source

is
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where u is the component of the instantaneous velocity of
the station relative to the point, along the direction of

the line of sight to the source. We obtein

The signal frequency £’ in the station reference frame is

w

1__.

c
£ = fq ——————

0
w
VA
cz

and by logarithmic differentiation with respect to u, Af’

is expressed in terms of Au

Au 1 dw
Af! = = == ! ————
c 1- w2  du
c2
or from above,
Au

A = e !
u\ 2
-0
c
The relativistic logarithmic increme nt Af? /! is indep-

endent of the radial velocity of the source, i.e. independent

of the value of the red-shift for the source,

Integrating the expression for Af’/f? from a time t¢ to
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t, to obtain the signal frequency f, in the stetion refer-

ence frame,

1 @ 2
tz (¢} tz
[}og f:[ = ¥ [log - ] + log 8
u
t1 1 + c t4

where g is & constant of integration. We can thus obtain

the expression

w4
fl (1__-_,2 2
= i g
u,
(o]

When u = 0, £’ = fi, where fi is the frequency observed on

the axis of the earth, but from above £’ = g when u = 0, so

that we have

1 == 4
C\72
1+ =

The differential doppler frequency for two stations on the

geoid becones

U4 Ua
1= == 4 1= ==
o e~ (8 - B
u ¢ Uo
(sTwv1)  (STN2) . hy
c c
neglecting second order terms
i - ! = = (ug = uz) fA/;
(STN1) (sTN2)

in agreement with the non-relativistic treatment. It should

be noted however that the frequency in the frame at rest
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with respect to the point on the axis appears here and not
the respective station operating frequencies. In practice
fi is approximated for the trans-Pacific geometricel con-
figuration where uy ® =-u, by averaging the frequencies in

the observing band at each station

s = {(f. + 30) + (£ + %b)}/z
where b is the common effective bandwidth of the signal.

The relativistic treatment by Pauli 1958, pege 19 and

on PL9 of the Explanatory Supplement to the Astronomical

Ephemeris, includes the effect of planetary aberration which

will therefore not be considered separatelye.

The correction required by special relativity to the
doppler frequency at either station where

u

=] ~ 40"
(¢

6

12 9

is less than 0.5 (f - f) 10~ i.ee less than 2 x 10

Hz.

As the earth rotates about its axis, each station will
appear to describe the section of a right circular cone, as
seen from the other station. This transverse motion results
in & differential transverse doppler shift of the signal for
the two stations. The effect for the experiments considered

is negligibles.

For two stations on the earth at different gravity
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potential levels the general theory of relativity states
that a signal at frequency v at the station of higher
potential appears at e frequency v + Av at the other stat-

ion where

where G the gravitational constant = 6.67 x 10-9 n® /Kg sec?
M, the mass of the earth = 6.25 x 10%* Kg
R  the radius of the earth = 6.4 x 10°n

¢ the velocity of light = 3 x 10® m/sec

and here h is assumed to be the differencein height above

sea level in metres for the two DSS stations.
Av < 2 x 1072 Hz

as the value of h does not exceed 1000 metres.

3.2.9 Calculation of Parameters for the Geometrical

Configuretion of the Observations

The calculations above ofthedoppler difference ffrequency
for any two observing stations is simplified by the use of
vector methods rather than co-ordinate geometry. In the
following the technique is extended to the calculation of
the baseline, the differential time of arrival of the signal
waveform at the two stations, the angle © between the line of
sight to the source and the direction of the baseline and

finally the orientation angle ¢ between the direction of the
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measured dimension of the Source and the axis of the earth.

The baseline B is then simply expressed as

B=Re - Rt = Reu

end

c

"where B(A) is the baseline distance in wavelength unitse.
N
The effective baseline is R4 %X 1 and the resolving power,

A
RP, of the baseline is equsal to c/@f|R,¢ x 1| .

The differential time of arrival of corresponding

features of the waveform, LAG, becomes

1 A 1 A
LAG = = (B-_z - 51) ° l = = Bz L I _:l-_
[¢] ]

where ¢ is the wave group velocity. If © is the angle
between the line of sight vector and the direction of the

baseline,
A A A A
sin® = 1 x Rp4 and cosd = 1 ¢ Ros

and if ¢ is the orientation of the measured dimension
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A I4) - A A
cos¢p = (; X Rpyq) x 1l -w

A

A A A A
=Ret * =19 (Rex + 1)

= Zza sin (declination of source)* —————
Ry ¢ . Rs

where Z,4 is the component of R4 in the direction of the

] A
axis, w.

For long baselines where the common sky is limited to a
few hours of right ascension, ¢ is principally dependent on
the declination of the sou;ce. When the stations are dis-
rosed so that the common sky covers many hours in right
ascension both ¢ and the effective baseline and therefore
the resolving power of the geometricel configuration, vary
over a wide range. The effect of a change in the orienta-
tion of the measured dimension can be studied separately by

employing different station pairs as interferometers,

3.3 The Intermediate Interferometer

Section 3.1 dealt with the reasons for the transition
from the post-detection toc the pre-~detection mode of inter-
ferometer operation. For reasons di scussed in section 4.3

the transition was not complete,

The pure Michelson or predetection technique would have
required detection subsequent to coherent integration of all
the data, whereas the post detection of Hanbury Brown tech-

nique can be represented as the limiting case of the
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Michelson treatment where detection occurs after correlation
of each data sample pair so that frequency and phase informa-
tion is lost. Detection took pl;ce in the reduction programnme
af'ter each 10 second block of data had been coherently inte-
grated. The two streams of data were slipped relatively in
time as required by the differential in signal arrival times
at the two stations and then coherently integrated over a
period of 10 seconds and a fourier search about the predicted
doppler frequency was effected before detection. The results
of each block of 10 seconds were added for corresponding

points of the fourier array.

For a given total observation time T, the threshold of
the system reduces as the length of the coherent block of

samples, t, increases in accordance with the relation

S S S
— o VtT B (—> <—>
N N N

{ 2

approximately that given by Clark 1968 for low values of

(fv, where B is the data bandwidth and <§> and (%\ are
1 /s

the signael to noise ratios at the respective stations.

The effect of t and T on the statistics of the calcu-
lated correlation coefficient is dealt with in Chapter 5.
For a given value of T, the totel number of independent

samples, the value of t must be optimized with regard to:-

(a) The phase stability of the primary f'requency

standards at the stations.



36

(b) The threshold required for the sources under study.
(¢) Thne inforpation sought, i.e. the visibility
function of the source or the secular varietion
in flux density of the source. In the latter
case statistical errors have to be constrained at

the expense of system threshold (see Chapter 5).

The visibility function is the fourier transform of the
spatial frequency composition of the source. Informetion on
the shape of the source, the relative intensities of the
shell structure or of the components in a dumbell or double

source structure can be obtained from the visibility function,

3.4 Design of the Experiments

After the interferometer experiment of June 1967 (see
section 5.1) was completed, Dr. Robertson of W.R.E. suggested
that other stations of the Deep Space Network could operate
jJointly in a similar manner %to extend and diversify the work-
ing baseline. In particular, an experiment employing stat-
ions in Australis and in California would be required to
adjudicate against the local and cosmologicel location of
quasars as the proponents of the rival views had predicted
quesar angular dimensions which were at variance and a trans-
Pacilic baseline experiment could discriminate between the

respective values for angular size (see Chapter 2).

A meeting was called by Justin R, Hall of J.P.L. and

took place on 12 September, 1967. The receiver and data
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recording configuration adopted at this meeting is shown in

figure 3.1. Data reduction was the responsibility of J.S.

Gubbay.

An experiment having the following objectives were

planned for November, 1967:-

(a)

(v)

(c)

To test the feasibility of a Michelson phase-
sensitive interferometer over longer baselines

than had previously been used.

To place upper limits on the diameters of a number
of quasi-stellar radio sources. The Michelson
interferometer offered two orders of magnitude
greater sensitivity than the post-detection
correletion interferometer, tried between DSS 41
and DSS 14 in September, 1967. Thus many fainter
sources could be observed in a given amount of

antenna time,

To examine the feasibility of the long-baseline
interferometer for checking the time difference
between two station clocks. The initial experiment
offered the possibility of synchronization to
within about 20us. Possible extensions of the
technique using wider recording bandwidth t?

reduce synchronization errors to less than 1@5 had
been suggested by Gubbay and Robertson, 1967 (see

Appendix 1).
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(d) Sources to be observed included 3¢ 273, 3C 279,

3¢ 286, 3C 287, 3C 298, NRAO 530, among others.

The actual source list (see Chapter 7) for the experi-
ment which took place on the 2 and 3 of November 1967 did
not however include 3C 286 end 3C 287 as they did not appear
to vary and were located in a region of high galactic back=-

ground.

Aol 1 Selection of Sources

The sources selected for immediate study fell into one

or more of the following categories:-

(a) Sources that hed exhibited an unresolved component

when observed 5&

(1) Gubbay and Robertson 1967, using the two
stations in Australia DSS 41 and DSS 42 at
e baseline distance of about 9 millien

wavelengths,

(i1) The Canadian group, Broten et al. 1967,
observing with a baseline of L+ million

wavelengths,

(1ii) NRAO group, Bare et gl. 1967, observing
across a baseline distance of 20 million

wavelengths.

(b) Sources with a hiéh red shift, i.e. Q.5.0."'s,
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(¢) Sources that exhibited scintillation when viewed

close to the sun by Cohen, Gundermann and Harris,

1967.

(d) Sources which had been ob served to vary in flux
density (at short wavelengths) by Dent, 1965
Epstein, 1965 and Low, 1965, as discussed in

Chapter 1.

(e) And those sources whose spectral flux maxima lay

at relatively high frequencies.

For practical reasons & right ascension bracket bf 4 to
5 hours containing the most interesting group was defined.
All of these sources lay within the declination limits of the
common viewing limits for the participatiné radio telescopes

i1.e. * AOO, and exceeded 1 flux unit in total flux density.

3.,he2 Calibration of the strength of the Unresolved

Component

In order to avoid systematic errors in the measurement
of the flux density of the unresolved component the source wes
viewed simultanequsly across a short baseline and ecross the

trans=Pacific baseline.

The short baseline station pair comprised an 85 foot
antenna and a 210 foot antenna at a baseline separation of
about 12 kilometers or 5 kilometers acoording to whether

DSS 42 or DSS 11 respectively were assisting in the observa-

tions with DSS 14. All the sources were known to b€
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unresolved at this distance and consequently the correlated
flux provided a measure of the total strength of the source.
The zero distance value for the visibility function of the
source could then be directly compared with the correlated
flux density for a baseline separation of 80 million wave-
lengths. The telescope pair making the trans-Pacific
observations wes equivalent to the short baseline pair in

that:

(a) The station in Australia essisting in the observa-
tions, DSS 41 or DSS 42 possessed the same standard
85 foot antenna and receiving system as did D3S 12
and DSS 11. The receiver noise temperature wes

closely similar for these four stations.

(b) The 210 foot antenna and equipment at the Mars
site, DSS 14, were common to both the long and

short baseline station peairs.

Thus the sensitivity of both station pairs could be
considered to match closely. The height of the correlation
peaks for the long and short baseline were considered in
arbitrary units in the first instance although the peaks
for the short baseline agreed closely with the anticipated
values calculeted from the total source strength, effective
antenna area and system noise temperature. The flux of the
component seen with the trans-Pacif'ic pair was quite simply
obteined from the catalogued values of total flux density at

various wavelengths to provide information on the spectral



}-l-1 °

curve at 13 em, and the ratio of the peak heights for the

short and long baselines.

The short baseline correlation peak heights were later
plotted against the total strength of a number of sources
in figure 1 of Gubbay, Robertson, Moffet and Seidel, 1969
(see Appendix 2 and Chapter 7). The source strengths were
obtained by interpolation of source strengths observed at
various frequencies. A linear relationship between the
logarithm of total strength and the square of the correla-
tion peak is required and the degree to which this condition
is fulfilled is an indication of the validity of the reduct-
ion process and the accuracy of the measurement of the
correlation flux. However an assessment based on this
criterion must be pessimistic.as factors such as source
strength interpolation errors and possible secular varia-
tions of total source strengths contribute to the scatter
of points about the calibration line adopted, perticularly
for the weaker sources. A detailed assessment of statistical

errors is given in Chapter 5.

¥hen no zero baseline measurement is made, as was
provided in this instance by the two DSN stations in
California, the calibration of the correlation peaks is a
somewhat more conmplex process. The source itself may con-
tribute significantly to the background noise. The system
noise temperature at DSS 414 is about ZOOK and this con-
tribution does at times raise the apparent system noise

temperature as much as 10°K. The correlation coefficient
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obtained will relate to the enhanced noise temperature. It
is therefore eséential to0 obtain noise temperature measure-
ments while observing each source. Where a concurrent zeré
baseline measurement is obtained this effect is accounted

for in the calibration curve thus obtained.,

2.4.3 Determination of Viewing Parameters

The observation of each source was timed to fulfill the

following conditions as closely as possible:-

(a) The contribution to background noise rose rapidly
for antenna elevation below about 150. In all
cases except for 3C 345 where the maximum elevation
at the Austrelian station lies somewhat below this
figure, observations were scheduled so that viewing

elevations were above 20o (see figure 7.2 to 7.5).

(b) For the 1967 and 1968 experiments observations were
scheduled (except for 3C 545) for those times when
the relative doppler difference fregque ncy was at or
close to its maximum value (see fi gure 7.2). In
1967 the trans-Facific baseline was the longest in
terms of metric distance and in terms of wavelengths
and therefore the fringing frequency was unprece-=
dently high and errors in data reduction would arise
from errors in predicted frequency. As the differ-
ential of frequency with respect to time approaches

zero, the difference between predicted frequency
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and actual frequency due to the least accurately
known parameters in the geometrical configuration,
e.g. declination of the source, approached a con-
stant value thus minimizing 'walking' of the pezk
due to change in the difference between the actual
and the predicted doppler difference frequency.
However although such divergences in the actual
frequency did exist, it was found that for the
standard mode of data reduction, (coherent inte-
gration of 10 second blocks of data, see Chapter
4), walking was imperceptable even when the fring-
ing frequency was decreasing repidly as was the

case for 3C 345,

For the 1969 experiment emphasis was placed on optimum
viewing elevations at the stations to minimize the effect of
ground reflections, rather than mainteining queasi-stationary
fringing frequencies. The fringing frequency for all observa-
tions were well in excess of 1 kHz, the bandwidth of the data
recorded, and the respective station synthesizers were set
30 that the doppler difference frequency was diminished to a

velue between 30 Hz and 60 Hz where possible,

The contours of resolution are mapped for the trans-
Pacifiq baseline over the area of common sky (see fige 7.3%).
The orientation of the measured dimension is defined as the
angle between the projection of the baseline on the plane

normal to the line of sight and the North Pole, measured in



Ly,

& clockwise direction. Contours of orientation are displayed

in Chapter 7.

Computer listings of the elevation and hour angle at the
respective stations, baseline distance in kilometers and
wavelength, angle of line of sight to the baseline, orienta-
tion of measured dimension, fringing freque ncy, and differ-
ential time of arrival for the station pair against UT as
argument, were on hand during the experiment. They were
employed in scheduling the observations and re-scheduling
them during the exper iment when problems with equipment made
this necessary. When an unlisted source was included during
the experiment, scheduling and synthesizer setting were
chosen by reference to the contour map for elevation and

fringing frequency.

3eltoeli  Experimental Controls

The simultaneous observation across a short baseline and
the trans-Pacific baseline with similar standard or common
equipment to calibrate the correlated flux of the unresolved
component directly agains; the correlated flux from the whole
Source was deseribed in section 3e4.2. It also provided a
means of indirectly calibrating the long baseline correlation

peaks in terms of flux density independently of a knowledge

of systen sensitivity.

The short baseline correlation peaks were easily seen but

as it was possible that no correlation peaks would be



L5,

observed for the trans-Pacific baseline it was necessary to

include two other experimental controls to ascertain the

correct functioning of the remote (Australian station) in

that event. Thus the following ancillary experiments were

performed in the course of the observations on quasars on the

30th May,

(e)

(b)

1968:-

The Pioneer VIII space craft which at that time
was at a distance of 30 million kilometers, was
observed using thle quasar observation configura-
tion. The very strong short baseline and trans-
Pacific baseline correlation peaks were equal (as
required) and appeared at the predicted frequency

within an acceptable tolerance (see Chapter 6).

During the experiment on the 2nd November, 1967

the settings for Universal Time were accidentally
tampered with and uncertainty in the setting for

UT extended the search for correlation flux. In
order to reduce the uncertainty in station clock
settings to + 1 ms, well within range of the pro-
gremme searching in the time domain ésee Chapter h),
pulsars CP 0950 and CP 1133 were observed in the
course of the observations of 30th May, 1968. The
relative clock displacements between DSS 14 and

DSS L2 were about 700 us away from the displacement
determined by the Moonbounce equipment (see Chapter

L). The system configuration was altered to the
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post detection mecde for collection of the pulsar
data. The relative clock displacement was deter-
mined from the position of the intensity correlation
peaks with respect to UT at DSS 42, This deter-
mination of relative clock displacement was carried
out by Dr. D.G. Singleton at W.R.E. in South

Australiae

The determination of relative clock displacement by the
Moonbounce procedure was found to correspond with the dis-
placement required by the correlation peaks for quasars. The
agreement was better than 50 ps as no divergence could be
detected from the Moonbounce and later quasar determination,
the noise equivalent bandwidth of the data (see Chapter 5)

being about 41250 Hz,.

3ahoe5 Mode of Station Operation

Dr. D. Robertson, A. Legg, and J. Gubbay conducted the
interferometer experiments at the Australian end\;nd Dr. A.
Moffet and Dr. R. Ekers conducted the experiments at the
American based station. All participating stations were in

voice contact throughout the period of the experiment.

The antennae were driven by compuéer in "star track
mode" using only the source coordinates as input. Antenna
polarizers were switched to right circular, and the maser
front end operated at a‘frequency between 2295 MHz and
22984333333 MHz., The Rubidium frequency standard drﬁve a

synthesizer. The synchronized frequency was multiplied by
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96 and fed to a mixer amplifier between the maser and the

50 MHz IF. A second synthesizer set at 20 MHz operated off
the same Rubidium in the 1967 and 1968 experiments. The
synthesized frequency was multiplied by 3 and mixed with the
50 MHz IF end the output of the mixer passed through a 2 KHz
band pass filter centred at a frequency of 10 MHz. The out-
put of the filter was mixed with 10 MHz from the same
Rubidium, passed through an isolating amplifier and finally
digitized at a sampling frequency of 5 kHz onto magnetic
tape at 200 bits per inch., The 3db bandwidth of the data
wes 1 kHz (see Chapter 5 f;r noise equivalent bandwidth of

the data).

The antenna pointing programme and antenna servo system
were checked by pointing at a relatively strong source, i.e,
above 10 flux units, which was easily visible on the noise
temperature chart recorder. The data was viewed on an
oscilloscope before it was digitized to check the AGC levels

and the computer output was examined for mean level and

symme try of data distribution.

The configuration was altered for the 1969 experiment
as concurrent observations were run by NRAO and by the W.R.E./
University of Adelaide/C.I.T. team using separate back ends.,
The resulting data parsmeters were effectively unchanged
except in that the NRAO rubidium which had a short term
stability of 10*12 was used so that an improvement in phase
stability in the data of about one order of magnitude was

expected (see Chapter 4).
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CHAPTER 4

DATA REDUCTION

At each of the observing stations the output of the
2 kHz centre frequency filter centred at 10 MHz, was
sampled and digitized by an A=D converter at the rate of
5000 6 bit samples per second and written from buffers onto
magnetic tape (see Section 3.4.5 and figure 3.1). The
sampling programme for the Scientific Data Systems 920
computer at the stations was written by the system analyst

at DSS 44, Mr. A. J. Legge.

The data from the stations were correlated on the CDC
64,00 at the Adelaide University Computing Centre using
programmes written by Dr. D. S. Robertson and Mr. J. S.
Gubbay for the IBM 7090 at W.R.E. and recoded for the CDC
6400 with the assistance of Mr, J. Weadon and Dr. Barbara

Kidman of the Computing Centre.

In general, the time of arrival of corresponding signals
differ for the two stations, depending on the relative posi-
tion of the stations with respect to the line of sight to the
source., Furthermore, an apparent differenceis introduced
when the clocks at the respective stations are not synchro-
nized. The rglative motion of the stations along the line of
sight results in a relative di;placement of the spectrum of
corresponding signals arriving at the respective stations.

The calculation of the expected time lag and the expecfed
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spectral displacement between stations pairs is shown in
section 3.2. The relative displacements in the time and
the frequency domain is illustrated in figure 4.1 for e
source which is closer to the horizon viewed from the

westemmost station than for the eastemnmost statione.

Possible Scomeﬁricol 2
disposition of stations s
corresponding Yo Fisure 4.1 i

I 77

S

—— o a— —— o—
Expecied doppler difference

AMPLITUDE OF SIGNAL
k0

FREQUENCY OF 9SIGNAL

Fig. k.1 Relative time and frequency displacements at inter-
ferometer stations.

Here T1 and T, designate the time of arrival of corresponding
signals at the two stations with reference to an arbitrary
zero time, and v¢ and v, refer to the lower limits of the
spectrum viewed at the two stations were the zero datum is
arbitrarily defined and the index 1 corresponds to the western

station while the index 2 refers to the eastern station.

The reduction programme corrects for the time displace-
ment T¢-T», arising from the difference in the physical distance
of the two stations from the source, by slipping the data
stream from one of the stations with respect to U.T.

before

the two data streams are cross correlated. The t ime
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displacement is recalculated and the correction made once

each second,

If the same receiving frequency were selected at each
station, the spectrum of the radiation from a celestial
source appearing within the 2 kHz pass band would be relat-
ively displaced for the two stations by the doppler difference
frequency, v, discussed in Chapter 3. As v was greater than
1 kHz for the trans-Pacific observations, the source spectra
contributing to the output of the audio filters at the two
stations would not be common or overlapping bands of the
emission spectrum. On the other hand, if different receiving
frequencies £y and f, were selected to take account of the
relative spectral displacement a correlation peak would appear
et zero Hertz as a result of cross-correlating the two data
streams, when the source contains a component which is not
resolved at the effective baseline separation of the two
stations. Although bias levels are set to obtain a closely
symmetrical distribution of data values about zero, in general
some small D.C. offset will remain and after cross—correlatiog
the normalized product of the respective D.C. components would

also contribute to the correlation at zero Hz.

This problem is simply overcome by choosing receiving
frequencies at the respective stations so that the difference
between them does not fully compensate for the doppler induced
relative spectral displacement. Thus the operating frequenc=-

ics were s0 chosen that the relative spectral displacement
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appearing at the outputs of the respective audio filters

lay in the range 10-60 Hz where possible. The upper limit

was exceeded when the change in doppler difference freq-

uency over the 18 minutes'of recording was greater than

50 Hz, The receiviné frequency at each station was selected
by setting the frequency of a synthesizer before the X96
multiplier shown in figure 3.41. The syn@hesizer frequencies
at the Californian stations were equal and werelnot changed
throughout the period of the experiment as the doppler
difference frequency was small but sufficient to provide a
relative spectral displacement of between 1-6 Hz., As very
little change occured in the value of v during any record-
ing period the lower limit was deemed quite safe even where
the starting time for an observation had to be delayed by a
few minutes. Compensation fér the doppler displecement across
the trans-Pacific baseline was effected at the Australian-

based station.

When the waveforms represented by the data streams from
the two stations are cross-correlated, the signal would
appear at the sum and difference of the expected doppler
differencé frequency and the difference in the respective
operating frequencies. The sum frequency is not accepted
by the filter and in any case is not constant through the
observed spectral band. The lower or difference frequency
which is chosen to be much less than the extent of the data
spectrum conveys information on the unresolved celestial

components in the common viewing area of the sky.
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The correlation of the data consists of correcting for
the diff'erence in time of arrival of the corresponding wave-
forms at the two stations and then cross correlating the data.
The resulting date stream then goes through a process of
numerical filtration as follows. A sub-routine generates
the difference frequency, discussed above, at which the
signal is expected to appear and two streams of data are
generated by multiplying tﬂe correlated data with the_sine
and withlthe cosine of the phase derived from the generated
frequency. The result of this is effectively to find the
quadrature components of the generated frequency in the
correlated data. The data streams are then separately summed
over a given period of coherent integration and the sqguare
of the sums are added and the result is normalized so that
unity represents the results of correlation of identical data
streams from the respective stations. One of the reduction
programmes repeats this pr'ocedure for a range of values of
time displacements, T41-T», fOor a given value of the expected
frequency, the other assumes a given time displacement and
searches over a range in the frequency domain about the
expected frequency. In each case the dif'ference between the
separate values of the square of the correlation coefficient
and the mean value of the correlation coefficient is calculated
and displayed. The mcan level and some statistical fluctua-
tion about this mean derives from the random noise due to the
receivers. The significance of the peak values of the devia-

tion from the mean value, pz- <p2> (where p? refers to the
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peak values and <p>> refers to the mean value of the array)
is assesed in Chapter 5 in terms of fluctuations arising
from noise originating in the equipment and uncorrelated

background.

The peak values of p? - <p?> are also interpreted in
terms of signal strength by reading the corresponding value
of flux density obtained using the results from the short
baseline shown in figure 1 of Gubbay, Legg, Robertson, Moffet,
Seidel, 1968. The phase history of the expected signal
frequency depends on the geometrical configuration of source
and station and upon the phase of the rubidium frequency
standards at each station which is not known and which can
vary stochastically over the recording period. It is there-
fore necessary to obtain the quadrature components of the

signal.

The calculated values of p? for each coherent block are
progressively calculated, added and normalized and the value
of p? = <p%?> at each frequency in the search range is pro-
gressively displayed. This process is continued through the
period of integration, T (i.e. 16 minutes). The period of
coherent integration, t, is varied to determine its optimum
value which is entirely dependent on the phase stability of

the rubidium clocks driving the synthesizers.

4.1 Experimental Determination of Time Displacement

Errors in the predicted displacement of signals at any



5’+o

two stations may arise from errors in the measured clock
dif'ference and from errors in station or source co-ordinates
and from minor effects due to various second order terms
discussed in section 32 which are ignored in the reduction
programme in the interests of simple economy. To ascertain
the divergence between the true and calculated values of

time displacement the first programme is used %o search

for the position of the peak value of p2 =~ <p?> in the time
domain using a source known to have a strong unresolved com=
ponent. TFor all the experiments, the divergence has been
shown to be less than 50 pus. A divergence below ~ 50 us does
not affect the results and is not discernable for the experi-

mental parameters employed.,

Various techniques were used to ascertain the relative

clock displacements,

For the November 1967 experiment a time correlation
between the clocks at DSS 41 and DSS 14 was achieved by com=
paring the arrival times of signals from a lunar orbiter space
craft, for some days prior to the experiment and again after
the experiment. The relative clock difference during the
experiment was obtained by interpolation of these results and
the relative frequency setting of the clocks was calculated,
For the same ‘experment, a Caesium clock was transported
between the Californian stations D3S 14 and DSS 12 to provide
a time correlation and the_rélative frequency setting of their
clocks was also calculated. The correlation procedures con-

firmed the time and frequency determinations carried out by
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Mr. F. Borncamp and Mr., F. Parker of JPL,

The relative time and frequency settings were deter-
mined for the May 1968 experiment by reflecting a signal
of f the moon. A coded signal was transmitted from DSS 13
in California and received at DSS 42 near Canberra. The
received signal was compared with the local time standard.
This procedure was repeated 'daily as part of the station
time-keeping routine. A rough time correlation was al'so
achieved by observing the pulsar, CP 1133. The period

9

between pulses is about 1.187911171 9x10- secs and com-
parison of the arrival times of the pulses at the respective
stations provided a time correlation during the experiment,
The determination was carried out by Dr. D. G. Singleton of
W.R.E. and the time correlation between the three stations
agreed with that obtained using the "Mbonbounce" technique

to within about 800 ps. The extent of the clock displacement
obtained from the signals reflected off the moon was flound to
be correct to within 50 gs. The pulsar determination was made
in order to guard against accidental chanxzes in clock settings
as had occurred between the observations of the 2nd November
and those on the following day. A ceasium clock was again

transported between the Californien stations to maeke similar

determinaetions.

The "lMoonbounce® procedure was repeated to obtain the
time correlation and relastive frequency setting for the third

experiment which took place on the 9th June, 1969. On this
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occasion however the respective station receiving frequenc-
ies were synthesized from high performance rubidium
frequency standards installed by the National Radio

Astronomical Observatory for an experiment run concurrently.

The station rubidium timing standards are stated to
have a short term frequency stability of 2 parts in 10”,
wherees the NRAO rubidium standard was stable to 1 part in
10'2 and therefore comparable in performance to the ceasium

clocks transported between the Californian stations,

L.2 Experimental Determination of Relative Doppler Diff'erence

Although the adoption of the Michelson technique in
November, 1967 had reduced'thé correlation noise threshold
below that for the post-detection technique, no results were
immediately obtained for the trans-Pacific interferometer.

The reasons for the delay were as follows:-

(a) The unresolved components of the sources-observed

were all below or near the threshold.

(b) The baseline was the longest to that time and
possible degradation of the correlation peak in
the passage of the signel thrcugh an intervening
medium, through.errors in station position, time
correlation between station, refraction etec. (see

section 3.2) as well as the phase excursions of

the rubidium had to be considered.

~~
o]
~—r

The redncetion programme was undevegoing conversioen
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for CDC 6400 operation. Later when the computing
costs were reduced by a factor of 4 it was possible
to extend the trial runs over a period of 16

minutes of record time.

In order to prove that the system was operated correctly,
the Pioneer VIII spacecraft was included in the source list
for May, 1968. Pioneer VIII was at a distance of about 30
million kilometres in the direction within the scheduled right
ascension viewing bracket. The crystal controlled 2292,
1158089 MHz transmission was observed by the three staetions
DSS 42, DSS 14 and DSS 11. Both long baseline and short base-
line pairs gave the same correlation peak height, i.e. the
correlation peak value was 0,18 in each case. As the res-
pective station system temperatures at thet time were roughly
estimeted as 42° (DSS 42), 23° (DSS 14) end 42° (PSS 42) the
equivalent noise temperature of the signal was about 5.60
(see Chapter 7 for station system temperatures). However the
frequency at which the correlation peak appeared was about
0.45 Hz below the predicted frequency (see section 6). The
quasar deta were then processed with a correction to the
predicted doppler difference frequency and the data from the
May 1968 experiment were reduced. The procedure was immed-
iately repeeted for the November, 1967 data and the results
from the two experiments were compared (see Chapter 7). It
was evident that an unresolved component of 3C 279 < 0.001
second of arc had increased in intensity in the intervening

period,
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The calculations for the predicted doppler difference
frequency for the case of a spacecraft was discussed in
section 3;2. The position and velocity data for Pioneer
VIII, based on orbit P8203, was kindly provided by the
JPL Deep Space Network Manager for Future Projects, Mr.

Justin R. Hall,

The correlation peak height for Pioneer VIII was well
above noise after only 5 seconds of coherent integration of
the long baseline data. It was thus possible to ascertain
whether there was any variation in the correction to the
predicted frequency through the 10 minute period of observa-
tion., No variastion in the value of the correction was
discernible and consequently the total period of integration

of deta from station pairs was extended to that order of time.

Lo3 OSystem Parameters

The viewing conditions imposed on a source under observa-
tion are determined by the station parameters, the geometrical
configuration of the source aﬁd any two stations, and the
integration parameters used in the reduction programme., The
value of these parameters affect the detectable threshold of
flux density, angular resolution, the orientation of the
measured dimension of the source or its unresolved components

and the frequency of the radiation received.

The factors which bear on these viewing conditions are

assessed below.
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Lh.3.,19 Station Parameters

Table 4.1 lists the main characteristics of the equip=-

ment of the participeting stations.

Location ILS Tidbin- Goldstone Goldstone :Goldstone
billa CALIF. CALIY. CALIP,
ACT

DSN Designa~- DSS DSS u2 DSS 14 D3S 11 D3S 12

Een 41 (Mars) (Pioneer) (Echo)

Antenna 85 85 240 - 85 85

diameter

Receiver noise  =====-- See Chapter 7 ~—===-=

Temp

A1l stations operated at a receiving frequenecy close
to 2295 MHz. The polarization mode selected for interfero-
meter observations was right hand circular. The 3db band-
width of the filtered IF was effectively 41 kHz. The filter
output was sampled to an accuracy of 6 bits at the rate of
5000 samples per second. The digitized data was written
on to magnetic tape at 200 bpi. The capacity of the £ape'
corresponded to an observation time of about 18 minutes and
20 seconds. At all stations the rubidium frequency standard

is not worse that a few parts in 10''.

L.3%3.2 Geometrical Configuration

The celestial position of each source was precessed for
each experiment, using the 1950.0 positions supplied either
by Dr. A. F. Moffet or the C.3.I.R.0. Radiophysics catalogue

of sources. Station positions were obtained from the
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geodetic latitude, longitude and height above sea level
referenced to the NASA 1966 ellipsoid (see sectionﬁ}.Z).
Calculations of the X, Y and Z coordinates were checked
against values provided by Mr. A, Bomford of the Department

of National Mapping.

Figure 7.2 is a chart depicting the elevation limits
about the common sky, from stations DSS 42 and DSS 14. The
tracks of sources observed in May 1968 are al so displayed.
Figure 7.5 shows the tracks of sources observed in June 1968,
It will be seen that the common sky is limited in declination

to + 40°.

The re solution and the orientation of the measured source
component for tﬁe station pair alters with declination and
time. The value of these quantities are simply ascertained
by following the course of the sub=source point on fiéureé
7¢3 and 7.4 respectively. OSimilar sets of charts are avail-
able for each station and were drawn from computer listings

by Helen Fleming and Marjory King of the computing staff.

Le%3e3 The Intermediate Type Interferometer for

Correlation Measurement

The relative merits of the interfcecrometer technique
due to Michelson, sometimes called coherent or phase coherent
interferometry, and that due to Hanbury Brown and Twiss have
been di scussed by Hanbury Brown and Twiss, 1954. In essence,
the Michelson mode of operation acheives a lower correlsation

threshold but is much more sensitive to phase path length
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variations in the medium and to erratic phase behaviour of

the frequency standard at the stations.

During the November 1967 experiments, Dr. Moffet
observed the phase behaviour of the fringes obtained at
DSS 14 by mixing the output of the 2 kHz filter transmitted
from DSS 412 via land line, with the output of the local
filter., He observed that the fringe pattern suffered var-
iations in phase of the order of 180o with a cheracteristic
time between 50 seconds and 80 seconds. Dr. Robertson al so
noted that some sources were observed within a few degrees
of the sun and that variations in the relative phase path
due to the intervening solar plasma might occur. It was
found thst by dividing the data from each pair of tapes into
blocks of 10 seconds, then treating each block of data as a
separate Michelson experiment and adding corresponding values
of p? from each block of data, the correlation peaks obtained
were reproducible. About the same time Dr. Clark, 1968
described the characteristics of this technigque designating
it as an interferometer of intermediate type. The length of
the coherent block must be optimised for each system, having
regard to the total number of independent samples obtaincd,
to provide the lowest correlation threshold consistent with
reproducibility of the result. The optimum coherent period

was experimentally determined to be about 10 seconds.

The square of the correlation coefficient p? is calcu-

lated in the fourier search programme through the formula
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I 2 2
. (= X, Yoo r Coswt)®+(Z Xy Yoor Sinwt_)-_
2 2
Z Xt Z ¥t+r

where Xt and Yt%r

streams for times displaced by an interval T rep-

are the samples from respective data

resenting'the geometrical difference in arrival times
of corresponding signals at the two stations,
and w, the searching angular frequency, is varied in

steps over a selected band.

The DC component of p? (see Chapter 5) was subtracted

to obtain the component due to the signal p2 - <p2>.
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CHAPTER 5.

STATISTICS OF CORRELATION NOISE

As discussed in Chaptér 4, the data are correlated and
then ;ntegrated-in a phase coherent manner in blocks of 410
seconds. For any .given value of frequency over the range
of the search in frequency, the values of p? (the square of
the correlation coefficient) for each 10 second record are
progressively added and averaged over the total number of

blocks,.

A mean value, <p?>, is calculatedlfrom all computed
values of p? in a frequency range of 1\Hz. The values of
p? = <p?> are then listed for each of the 20 values of
frequency in the range. The statistical distribution of
p? - <p?> resulting from noise will be derived in the

following sections in order to assess the significance of

the results presented in Chapter 7.

The length of the phase coherent block is determined by
the stability of the rubidium frequency standard. The use
of a hydrogén maser as the frequency standard however, would
allow greater phase coherent integration times and an increase
in sampling rate and bandwidth would improve the sgystem

correlation threshold, The problem is treated generally in

order to assess the value of system modifications,
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According to the expression for signal to noise ratio
due to Clark, 1968, discussed in Chapter 4, the threshold
of the system is unchenged if either 100 blocks of 10
seconds of phase coherent data are summed or a single block
off 100 seconds of phase coherent data is taken alone. The
latter mode of processiﬁg appeared to have the advantage of
better defining the doppler difference frequency of a
correlation peak so that a change of 0,02Hz in the difference
between the observed and predicted values of the frequency
over a period of 16 minutes could easily be detected. How-
ever it immediately became apparent that such treatment of
the data caused unexpectedly high noise peaks to occur. The
occurrence of the high noise peaks conforms with the statis-

tical theory discussed in this chaptere.

51 __Coherent Integration - First Stage

The first stage of the integration process may be rep=-
resented as & phase coherent integration of a predetermined

number of independent samples, n, where

and B is the predetection equivalent bandwidth of the audio
filter and t is the length of time over which phase coherent
integration is sustained. The relationship between the
predetection equivalent bandwidth of a centre frequency

filter and its measured half power bandwidith has been
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discussed by Kraus, 1966,

The ﬁrobability distribution of the values of the
correlation coefficient obtained by coherent integration
of random noise was obtained by Lord Rayleigh and is pres-
ented by Deming in the form,

-r?/n

f dr - re dr

where £ dr is the probability that the correlation will have
e value within the renge r #* % dr after phase coherent
integration of n independent noise samples, This probability
curve does not fall off as rapidly as a normal curve centred
at the mode, for values of r above the model value. It will
be shown thet long coherent times can give rise to unexpect-

edly high peak values of correlation noise.

As the relative phase between the generated wavefcrm
correlated agsainst the data and any fringe waveform in the
data is unknown, the data is correlated in quadrature and the
sum of the sqguares of the correlation with the sine and the
cosine of the predicted angular frequency is obtained. “hen
the generated frequency is equal to the sactual fringe fre-
guency the relative phase between the two waveforms is con-
stant but unknown. OConsequently values of r?/n are obtained
after normalization, corresponding to p?, the square of *he

correlation coefficient. The probability distriduiion feor %

where t = r?/n, is now
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f,dt at

i
0]

We may however treat the quantity r? and normalize

the results later. If we put

S = T
1
then fsds = = e-s/n ds
n
and €8> = n .

52 Non=coherent Integration - Second Stage

The second stage may be represented as a summation of
the values of r? or r?/n over a predetermined number of phase
coherent records, each of time t, for each value of frequency
in the search renge. If T is the totael number of samples,
T/n is then the number of phase coherent records N, which
are summed to obtain p%., Let the value of s so obtained be
Spe The process of coherent integration is represented by

the condition that N is unity.

Let us first consider the case where N = 2

The probability that the value of s will be egqual to Sm after

integration of two coherent records is the product of the

probebility that the value of s for the first record is some,

value sq¢ where 0 € s8¢ £ sT and the value of s for the
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second record is s,, where s, = Sp=81, and is expressed as
AL S
N 2 S T
f(s ) ds = <—> f o e T e dsq

T

T i
(o]
Let us now take the case where N = 3,
S' 2 32. / 3&
o Sr

If we consider first that sy is defined, then the problem
becomes that for N = 2 where sy is substituted for the

origin and s, is substituted for s4y. Thus

s¢N 5o N (sT-sz)N
Nz .. .8 - T
f(sT) ds = <—> e T f T e T e E dssp
T
51
However, sy can take any value O € s4 ¢ Sms therefore
S1N SzN (ST"Sz)N
N\ 3 »8 T T T s ST T oTmTmTTTT
f(sT)ds = (—) [ £ e T f T e T e L dsp,dsy
T

(e] Sq

We can now express the probability distribution of Sm for any

value of N as follows,

s¢N SzN ssN
NN Fep T fSpTSt v fSpTS1-S2 T
f(ST) ds = [ = f e e e
. o) o} ‘o
S =S54¢4=85 -5 — _S.E:?:§ -S8S4=53 - SN:_'_1N
T 1 2000 N_3 T [ST .1 2esoe SN-Z L ‘-""'T—'—-
L L BN ) e J e

o o
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e . ds ds d

N=1 N=2 SN_3000d53d.SzdS1

where Sq4,8,,83 °*°°* are the respective values of =

SN-1
corresponding to the first N-1 phase coherent records. Inte-

grating the above expression with respect to d%¢1we obtain,

fsTfsT-S1fST-S1-Sz [ST—S1-SZOOO-SN_3

o} o} (o] o)

£(sp)ds = <H>N e

S =383¢=Sp eese=8
T N=-2
[sN_1] dsN_zdsN_3009d53d52d31
[o] :

and after carrying out all stages of integration, the right

hand side of the equation reduces to
N
]
T
0 N=1

N D s
G " oo

It Sy is the normalized value of Sps

—s i . N=1
£(sy)dsy = ¥ N ol as),
(N=1)!
2
where SN = sT/n N
The distribution of SN? the square of the correlation

coefficient, p, is thus represented by a gamma function of

the variate sNT. To obtain the probability that Sy will
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exceed a lower limit, L, the function is integrated by parts.

4

N (L)

[”f(sN)dsN = e_LT-E e
7 N=1 r(n)

Thus the probability that Sy will exceed L can be
expressed 1in terms of L and any two of the inter-related

quantities T, N and n.

When N is unity, the probebility falls exponentially and
when L is zero, the probability is unity, as required. The

expected value of sg is N/T, or

N 1
€S,.,> = = = =
s T n
where
SN <sN> = p <P >

This quantity is the end result of the data reduction process,

N
Ifl:L--
T

The probability w(1l) that p? - <p?> will exceed some velue 1,

is then

5s3 Comparison against Experimental Results

The simple relationship between the probabi lity that



70.

p? = <p?> will exceed a specified value and any two of the

three quantities T, n or N was tested agaeinst experimental
results. The values of the parameters of the statistical

distribution function were:-

=
]

96 phase coherent integrations

n =238 %%t = 1250 Hz * 10s = 12500 independent samples

The population of values of p? = <p%> was obtained by
including the results for all sources observed in November
1967 and May 1968 where a significant peak did not occur at
the expected value of doppier difference freguency (after
allowance was made for the offset in frequency indicated by
observation of Pioneer VIII). Where a peak occurred within
+ .05 Hz of the expected value, within the search range of
1 Hz, the results for that source were omitted. The popula-
tion of 390 points accounted for roughly 75% of all results
obtained before the experiment of June 1969, The results
of the later experiment in June 1969 justified the exclusion

of the remaining points (see Chapters 7 and 8).

The curve in figure 5.3.71 represents the theoretical
probability that p? = <p?> will exceed the corresponding
value along the ;bsisca. The points marked with a cross
denote values obtained from the statisticel population. The
degree of agreement indicates that the noise equivalent band-
width of the system was within + 50 Hz of the estimated value,

The scale slong the right hand side refers to the curve on the

right in the figure which is a continuation of the curve on
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the left hand side.

The scale inside the left ordinate refers to a normal
distribution, For N = 96, the distribution is near to

normal and probabilities can be quoted in terms of o values,

A similar graph for N = 1 phase coherent integration
n = 1250 Hz * 100s = 125000 independent samples appears in

figure 5.3-2..'

The S/N power, di scussed in Chapter 4, is not markedly

different whether N = 1, n = 125000 or N = 96, n = 12500 as:-
S/N « VTt B

where here T

total integration time in seconds,

t length of coherent integration in seconds,

B

bandwidth of the data.
Thus

S/N &« YN "n~

It is readily seen however, from a comparison of figure
5+¢3+.1 and 5.3.2, that large values of p? - <p?> arising fronm
noise are more likely in the case of the longer coherence
time of 100 seconds although the values of S/N in each ¢ ase
are sensibly equal, as‘observed at the beginning of this

chapter,

The selection of the integration parameters t and T are

of vital importance when the investigation concerns secular
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variation in the correlation coefficient corresponding to the
unresolved component in a celestial body. This will be evi-
dent when the results are discussed in Chapter 8. Basically,
to improve the correlation threshold of an interferometer
system, the total number of independent samples should be

increased where possible.

In order to illustrate the above, the data from a pair
of tapes were correlated using a coherence time t of 100
seconds and N = 1. This process was repeated eight times
through the tape, so that a total of 800 seconds of data was
used to produce the eight populations. Tach population con-
tained 20 values of p? = <p?> corresponding to an array of
generated frequency functions over a search range of 1 Hz,
Correlation peaks of '4o' and '50' appeared. The semblance
of signal correlation was heightened by the correspondingly
low values of p? = <p?> over the rest of the spectrum. Apart
ffrom statistical considerations developed above these results
might have provided strong evidence for rapid changes in the

celestial source or in the intervening medium.
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CHAPTER 6

GEODESY

Phase coherent radio interferometry requires an accurate
knowledge of the position of the observing stations. The
degree of accuracy necessary to predict the frequency at
which the correlation peak will appear depends on the record
time over which coherent integration takes place (see Chapter
4). Conversely, the discrepancy between the predicted doppler
difference frequencies and the frequency at which the corres-
ponding observed correlation peaks esppear may determine t he
error in the assumed positions of the stations in terms of
errors in station longitudes and errors in the distance of each
station from the axis of the earth (see section 3.2). A deter-
minetion of station position by this means is independent of
the direction of the locally determined vertical in contrest
with astronomical or satellite determinations of station
position by that station alone. Furthermore, the accuracy
of interferometer measurements of position is not affected by
the distance between stations as is the case when geodetic
determinations are made by extended triangulation from some

baseline.

Thus the interferometer offers a technique for geodetilc
measurements directly related to the figure of the earth,
which 1s independent of the vagaries of the earth's gravi-

"tational field.
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6.1 Errors in Predicted Doppler Freguency

Using the symbols as defined in section 3. 2.1 we cen
calculate the expected doppler difference fregquency, Vg for
two stations viewing & source, at a common receiving f'requency,

f,
£

A
vy = Lxuw+ (Ri-Re) * -
c

The error in Va arising from errors in station location
when represented_by the vectors Ry and Ra respectively is
given by
f

X_w ° (31 = £z) * -
c

1=

Av =

where the true value of Ry is equal to the vectorial sum of
the assumed value of Ry and Iy and similarly the true value
of R, is the vectorial sum of +the assumed value of R, and Tz,
Thus if r, = r1, then the true value of Rp=R¢ is equal and
parallel to its assumed value and Av

A
rp,-ry along the direction of w and 1 do not contribute to

g = O. Components of

>

Aud. The direction normal to w and 1 lies in the equatoriel
plane and along the radius vector 90O west of the sub-source
point, defined in Chapter 7, when the declination of the
source is positive. Thus Avd is independent of the quanti-
ties R4,R2 and of Rp,-R4, the vectorial separation of the
observing stations., The value of Avd is determined by the
vectoriol difference in the components of the errors in Rq

/\
and R, along the direction defined by 1 x u.



75

The doppler diffefence frequencies of the observed
correlation peaks ﬁere found to differ from the corresponding
predicted frequencies., The periocd of coherent integration,

t, selected for data reduction was 10 seconds, and the
observed doppler difference frequencies could be read to

+.03 Hz. Coherent integration of successive 100 sec blocks

of data indicated that correlation peeks were generally spread
over .04 Hz, due to short term instability in the rubidium
frequency standards. The deviations from the predicted fre-
quencies were significantly greater than the possible reading

error.

Observations made in May 1968 were scheduled for s period
when the doppler difference frequency for each source approached
its maximum value, as the reduction process is simplified when
the doppler differential frequency is close to its stationary
value, As & result, observations were made when the ground
track of each source was passing through or near the same fixed
longitude (see figure 7.2), except for 3C 345, the northernmost
source. In this latter.case, the source did not attain a
satisfactory elevation from D3SS 42, the southern station,
until the doppler difference frequency was well past its
stationary value. The deviations of the observed doppler
difference frequencies from the predicted values, which we
shall. call the offsets, were grouped about a value of -0.40 Hz,
including the of fset for Pioneer VIII. The offset for 3C 345
however was not clearly defined as two correlation peaks

appeared, both of which haod small of fsets,
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The experiment carried out in November 1967 was also
scheduled so that the doppler dif ference frequency for each
source was close to its maximum value and again the of fsets
were grouped about =-0.40 Hz after correction for the differ-
ence between the clock rates at the two stations. On this
occasion 3C 345 was not observed with the 210 ft. antenns
at DSS L4L2. However, three separate observations were made
on 3C 273, the first, as the doppler difference frequency
was approaching its stationary velue, the second at the
stationary value and finally when the frequency was decreas-

ing from its stationary value.

Had the offset arisen from a gross error in the time at
both stations, the offset would have reversed in sign between
the first and third observations. However, the offsets for

the three observations agreed to within + 0.03 Hz.

As the result for Pioneer VIII was in agreement with the
quasar offsets, the cause of these of fsets was unlikely to be
ouitside the solar system or indeed any further than the
Pioneer spacecraft itself. The offsets could not have been
due to a differential propagation of the radiation from the
source through the solar plasma as the order of relative
proximity to the sun of the lines of sight from the source
to the respective stations for November, 1967 was reversed

in May, 1968.

For the experiment on June 1969, sources were ob served

when the source elevations from the interferomecter stotions
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were about their optimum value (see figure 7.5). In conse-
quence, the ground tracks of the sources spanned some 50
degrees in longitude. The offset for each source is plotted
against longitude of its ground track in figure 6.1. When
these results are considered with the results of the earlier
experiments, it can be seen from figures 7.2 and 7.5 that
source declination cannot be primarily responsible for the

of'fsets observed.

Other possible causes of the offsets that were investi-
gated include refraction, tracking movement of the antenna,
movement of the axis of the earth obtained from listed secular
independent day numbers, rotation of the earth about the moon
and sun, aberration etc. which are dealt with in section 3.2,
Mechanical effects such as possible variation in the Iength
of feed as the antenna rotated about its axes were elso
assessed., The maximum offset arising from the effects enum-
erated above was less than 0.1 Hz. Comparison of sfation

timing and frequency standards are dealt with in Chapter L.

The offsets for the observations in June, 1969 are plotted
against longitude of the ground track of the source in figure
6.1. The pattern of offset values was first considered to
have arisen from an error in the assumed value of one or more
of the astronomical or geodetic constants used in data reduc-
tion. The offsets for the observed correlation peaks lie

between the values +0.3 Iz and -0.8 Hz.
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6.2 Effect of Errors in Common Parameters

The doppler difference frequencies for the observations
made by DSS 42 and DSS 14 in May, 1968 were in general ebout
4,200 Hz, whereas the corresponding frequencies for the
observations made by DSS 41 and DSS 14 in November, 1967

lay about a value of 4700 Hz.

The order of magnitude of the fractional errors,
Av/v,in predicted doppler difference frequency displayed in
figure 6.1 was therefore about 10—h. The formula for the
calculation of doppler difference frequency obtained in
section 3.2.1 includes the quantities w, the angular velocity
of the earth about its axis, and ¢, the velocity of light.
As these quantities are factors common to both stations the
fractional error in the values chosen for w and ¢ would have
been reflected in an cqual fractional error in Vpe the pre=
dicted doppler frequency. Neither the known secular variation
in w or the estimated error limit in the value of ¢ (see
Weast 1967-1968) exceeds a fractional variation of about
7

10" in order of magnitude. Short term variations in w may

however exceed this value.,.

Had the observed of fsets been due primarily to either w
or ¢, the offsets for the observations on 3C 273 and 3C 279
made with the DSS 41/DSS 414 pair in November, 1967 would have
exceeded those made with the DSS 42/DSS 414 pair in May, 1968

end June, 1969.
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6.3 Geodetic Data

The ;eference frames for the pgeodetic coordinntes of
the stations were di scussed in Chapter 3. The station
longitudes, geodetic latitudes, and height above sea level
with respect to the reference ellipsoid, were obtained from
satellite observations and provided by the Jet Propulsion
Laboratory of the California Institute of Technology. The
coordinates were converted to the X, Y and Z frame of ref-
erence described in Chapter 3 and used to calculate the
relative time displacement (see section Let), the local
hour angle of the source from each station and the distance
of the station from the axis of the earth. The axis of
rotation of the earth was assumed to coincide with the 2

axis of the reference ellipsoid.

The shape of the offset curve of figure 6.1 conforms
with the offset pattern that would arise from an error either
in local hour angle or in axial distance. As the two stat-
ions in the June 1969 experiment are close to 90 degrees apart
in longitude, the affect of an error in the local hour angle
from either station, appearing in the argument of the sine
term is difficult to distinguish from the affect on vy of an

error in the axial distance of the complémentary station.

If vy = K*cos(DECQ) (FREQY *AX4 *sin(DLNG31)

- FREQ2*AX2*sin(DLNG32))
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dv '
— D K#*cos(DECQ)*FREQ1 *sin(DLNG31) e« sin(DLNG31)
a(ax1)
dvD
- K%cos(DECQ) #*FREQ4 *cos(DLNG31) « cos(DLNG31)
d (DLNG31)
2 e D
a(ax2) a(DLNG31)
as FREQ1 = FREQ2

and SIN(DLNG32) = cos(DLNG31).

Similarly,’

dvD dvD

o

a(axa) d(DLNG32)

where the symbols retain the definitions of section 3.2.1.

" Thus it is difficult to separate the errors in station
positions related as above., However it may be seen from
figure 6.1 that the offset is negative most of the time and
has a value of about -0.40 when the doppler difference fre-
quency reaches its maximum value. Such an offset pattern
would arise if the primary source of error lay in the value
assumed for the D3SS 14 station longitude or for the D3S 42
axial distance. The offset curve rises to positive values
which cannot be ascribed to the presence of either-or both
such errors. The positive or lesser effect could arise from
an error in the assumed value for the DSS 42 station longi-

tude or for the DSS 1) axial dis tance. Thereis however some
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constraint on the possible combination of errors. If the
offsets were due purely to errors in the longitudes of the
two stations, the errors though differing in magnitude would
be of the same sense. The effect on Vp would be precisely
that for a timing error equivalent to the lesser error in
longitude plus an affect due to the difference between the
two errors. The possibility of a timing error common to
both stations, an error in the right ascension of the mean
sum or the right ascension of all sources was considered in
section 6.1 and ruled out as the primary source of error on
the basis of three consecutive observations on 3C 273 in
November, 1967. Further evidence is provided by the fact
that the.offset curve of figure 6.1 does not cross the zero
line at or near the stationary value of Ve Consequently the
error in one of the assumed station longitudes, that of DSS

L2, is negligible in the present context.

A computer programme wags written to calculate the effect
of varying the station longitudes and axial distances on the
pattern of offsefs. The four quantities were made to vary
in steps of 0.0020 and 0.2 km respectively over a range of
about + 0.02O and + 2.0 kXm about their assumed value. It
was found that for an offset curve lying between * 0.10 Hz,
at least one of the station coordinstes was in error and that
the maximum correction required was about 1 km in axial distance

or an equivalent shift in longitude.

The investigation was not carried further because, for
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a pair of stations separated in longitude by 94°, there is
an essential difficulty in separating the errors in station
coordinates for offsets that were only correct to * 0.1 Hz.
An experiment designed for geodetic purposes would have
included zn observation of 3C 345 west of DSS 42 as the
effect of an error in the longitude of this station;wodld

have reversed as the source ground track crossed the longitude

of the station.

A comparison between the gecdetic systems of Australia
and of the U.S.A. would be more easily obtained from observéQ

tions mede by the DSS 4,41/DSS 14 pair. These stations are

107 degrees apart in longitude and the affect of errors in

the co-ordinates of the two stations are more readily separ-
ated than for the DSS AZ/DSS 14 pair. The observations would

be scheduled to cover the widest possible range in local hour

angle including the local meridian at each station whe re

possible. Offsets could be determined to within + 0,041 Hz

so that accuracies of *+ 20 metres would be achieved, Observa-
tion of a spacecraft similar to the Ploneer VIII spacecraft

in transmission power and in distance would be very suitable,

Determinations of accurate station positions would allow
accurate redeterminations of source positions. An accuracy

apercaching 1 second of arc in locel hour angle or in declina-

tion would be pocsible for an offset readirg accuracy of

+ 0,01 Hz. These accuraciecs would be easily achnievable if

hydrogen masers were substituted for the present rudbidium

freoounncy standards at the Neen Srace SHationn,
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6.4 Residual Offsets After Correction

Station co-ordinates obtained by the application of
doppler tracking techniques using individual stations were
very recently supplied by the Jet Propulsion Laboratory
following an enquiry based on the above considerations.

This section has therefore been added in a posteriori

fashion after the final draft of this work. The main correc-
tion was that for the longitude of DSS 14, amounting to ~0,011
degrees or some 700 metres, well outside the assumed uncer-
tainty of the value previously supplied. The correction to
the longitude of DSS 42 however was only ~0,001 and in the
opposite sense. The estimated value of the axial distance
for DSS 42 was substantially unchanged but that for DSS 14

was reduced by ~150 metres.

Curve A in figufe 6.2 describes the offset pattern
corresponding to the corrected co-ordinates for stations
D5S 42 and DSS 14. The degree of symmetry of the curve about
the line representing zero offset suggests & common timing
error or a corresponding error in the right ascension of all
sources. The value of the offset at the extremes where it is
most sensitive to timing or right ascension error indicates
an error of 2 seconds. As the extent of this error was too
great to be ascribed to station timing or the right ascension
of the mean sun, the 1950.0 position of the sources were
precessed using a computer precession programme compiled
carlier in the investigation for the purpose of o rrectly

pointing the antennae during each observation, rather than
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using precessed positions thaet had been supplied. The
resulting offset pattern shown as curve B in figure 6.2
suggests that the precessed positions obtained using the

local programme were the more accurate.

The source positions at 1950.0 were obtained from the
Parkes Catalogue of Radio Sources for the declination zone
+ 20° to - 900, and from "Positions for 3C Revised Radio
Sources" published by Fomalont, Wyndham and Bartlett 1967,
except that for P2134 + OO4 which is given by Shimmins et

al 1968.

The r.mes. errors for positions from the Parkes
Catalogue are typically #10" and for the Owens Valley
determinations by Formalont et al the estimated error in
right ascension is given as + 0.2Ycosine (Declination)‘pE
3" /Cosine (Declination), and * 6"/Cosine (elevation) for
measurement of source declination, These errors could
account for the residual offsets of curve B in figure 6.2
but it is possible that the pésition of the object i1denti-
fied as 3C 345 by the 400 ft. interferometer of Foma lont
et al does not correspond with the position of the unresolved
component associated with 3C 345, seen by the trans-Pacific

interferometer.

In the recorded discussion following a presentation of
a technique for position determinations for radioc astronomy
by B. G. Clark 1967, Luyten remarked that Burbridge had found

a change in the red shift in 3C 345 corresponding to a change
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in radial velocity of 4000 km/sec and reported that Campbell
had suggested that this might be due to increased emission
from a different part of the quasar and that one might detect
the shift in the centre of the optical emission. Similar
considerations may well apply equally to any radio source

and its component observed across a trans-Pacific baseline.
If the offset were entirely due to this effect, the separa-
tion of the active component from the main source is roughly
8", The declination of 3C 345 places it outside the zone

where source structure can be studied by occultation.

The estimated error for the right ascension of P2134 is
* 2?0 and 20" in declination. The relatively large uncer-
tainties in source position easily account for the of {'set

for P2134 shown in curve B.

The position for 3C 273 at 1950.0 obtained from the
Parkes Catalogue corresponds to the optical object assoc-
iated with the source, which is within 2" of the position of
the B radio component obtained by occultation of the source.
The separation between the A and B components is 19".5.
These positions have been obtained to accuracies of better
than 1", The established errors barely account for the
observed of fset shown on curve B., As the angular diameter
of the A component is 2" and that of the B component is 005
they would be easily resolved across the trans-Pacific base-
line., The correlations observed for this source are duc to
components of angular diameter < 0%001. These components are

ijdentified in Chapter 8. Some weak evidence is provided
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here in support of our later findihg that the unresolved
component of 3C 273 does not éorrespond to the B component

of the sourcee.

These considerations on the sources for which the larg-
est offsets were obtained are of a speculative nature and
are presented here as an indication of the value of stable
frequency standards such as the hydrogen maser and of accur-
ate station positions, to astrophysical observations. The
effect of a frequency standard of increased stability on the
accuracy of geodetic measurements has already been discussed.
When hydrogen maser frequency standards are available the
higher order effects contributing to the predicted doppler
difference frequency as discussed in section 3.2 must be

included in calculating the of fsets for each source.

There are three sources of error remaining, any one of
which may be primarily responsible for or may contridbute
significantly to the offsets which determine curve B in
figure 6.2. These are:

(1) Values for the 1950.0 position of the sources and

and assumption that positions obtained for the source

with apertures of no more than 40O' correspond with
the position of components which are unresolved across
the trans-Pacif'ic baseline.

(2) The precession programme.

(3) Station positions.

Statistical errors in the source position for 1950.0
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will result in a random scatter of the source offsets about

a value of zero. Systematic errors however will result in

a pattern. To check the position of a source it should be
tracked when its sub-SOurce'péint is close to the longitude
at which the doppler difference frequency is stationary and
es long before and after reaching this point as possible.

An error in the declination of a source can be easily dis-
tinguished from an error in right ascension. The affect of

e declination error is to reduce the absolute value of the
offset of the source as the sub-sourEe point spproaches a
stationary value for the doppler difference freguency and
thereafter the change in the value of the offset reverses in
direction so that the sign'of the offset does not alter,
However, if the right ascension alone is in error, the scalar
value of the offset reduces to zero about the time the sub-
source point crosses the longitude at which the doppler differ-
ence frequency is a maximum. The offset will then reverse in
sign. Thus a discrepancy between the position of the compon-
ent and that of the main source observed at "zero baseline"
can be recognised and measured provided all other errors have

a significantly smaller effect on of fset values.

6.L.1 Assessment of Station Position Accuracy

The of fset values shown as curve B of figure 6.2 do not
appear to have been derived from a random process. However,
as the total populetion of offset values comprises only

seven points, no conclusion can be drawn about the shepe of
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the curve.

The main sources of error which contribute to a
scatter in the value of the apparent doppler difference
frequencies are reading error and excrusions of the rubi-
dium frequency stanmdard. For the interferometer experiments

the maximum composite error could be as high as + 0,06 Hz.

The co-ordinates-of DSS 42 and DSS 14 were varied abouf
the values obtained from single station doppler observations,
and station co-ordinates for which all offsets were less than
+ 0,06 Hz were studied. The solution which most closely
agreed with the assumed values, required no change to either
co-ordinate of DSS L2 or to the longitude of DSS 14. The
value thus obtained for the axieal distanée of DSS 14 however

was ™ i50 metres less than the assumed values.

There were no solutions for the co-ordinates of the
stations when the limit on the offset values was reduced to
< 0.056 Hz, This means that at least one offset value is in
error by 2 0,056 Hz or that there remains some residual effect
due to one or more of the three sources of error listed in

this section.

The substitution of & hydrogen maser for the present
rubidium standard should reduce the composite random error
in the apparent offset values to well within * 0,01 Hz.
Offsets outside this range would be due to errors in source
co~ordinates and station co-ordinates. Errors in source

co-ordinates may be isolated by viewing the source under

various geometrical configurations as its sub-source point
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travels across the doppler difference pattern shown in
figure 7.5 and discussed in this section. An unambiguous
solution for the co-ordinates of interferometer stations to

an accuracy of better than 20 metres should then be possible,
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CHAPTER 7o

EXPFR TMENTAL RESULTS

The results of three interferometer experiments which
took place on the 2nd/3rd November, 1967 the 30th May, 1968
and on the 9th June, 1969 are presented in this chapter.
Sources selected for observation are each listed in table
6.1 against their total intensities measured at 2650 lMHz,
and their angular diameters derived from scintillation
measurements as discussed in section 3.4. The values of red
shift listed in taﬁle 7.1 are taken from Burbridge and
Burbridge, 1969, the value of source intensity at 2650 MHz,
and the class of the source are those appearing in the Parkes
Catalogue of Radio Sources and the angular size determina-

tions were made by Gardner, Morris and Whiteoeak, 1969.

The observing stations and their system temperatures at

zenith are listed in table 7.2 against each epoch,

The value of the correlated flux density from each
source observed by DSS 14 and DSS 14 on day 151, 1968 across
a Californian baseline of ~4.8 km is listed in table 7.6.The
relationship between source intensity and p? = <p?> (see
Chapter 5) for this baseline is plotted in figure 7.1. The
relationsﬁip thus provided a calibration curve which was used
to interpret the results of all values of p? - <p%> obtained
from the trans-Pacific pair of stations, DSS 41/DSS 14 on day

306/307, 1967 or DSS hZ/DSS 14 at the second and third epoch
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(see table 7.2), in terms of the intensity of the unresolved

component after a scale factor for that epoch had been applied.

I(unresolved): I(y) as given by figure 7.1

where y = {pz - <p2>} * 3

and: the scale factor S is given by

Toys(A)p*Tgys(14)g
(TSYS(‘I‘I)*TSYS(M.) )
where
TSYS(A)E is the system temperature at the Australian
station at epoch
TSYS(14)E is the system temperature at DSS 14 at epoch
TSYS(11) is the system temperatuwe at DSS 11 on day 151,
1968
and TSYS(1A) is the system temperature at DSS 14 on day 151,
11968,
relates the values of p? -‘<pz> obtained using a trans-Pacific
pair to the values of p® = <p?> obtained.across the Californian
baseline on day 151, 1968. As sources were in general observed
at elevations between 20° and 400, the system temperatures at
zenith listed in table 7.2 are incremented by 50K in calculating

the scaele factor,

The techniques employed in the measurement of difference
between the time standards at each station as well as the
experimental controls used to check the proper functioning

of the interferometer system have been dealt with in Chapter

Lt The epoch code listed against the corresponding date is
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used in the discussion that follows in Chapter 8 to denote

the respective epoch,

Tables.7.3 through to 7.6 1list the results of all
observations for the three experiments against the geometri-
cal parameters defining the conditions of observation. The
intensities of source components listed in tables 7.3, 7.4
and 7.5 will be reconsidered in Chapter 8, where evidence
for secular variation in the strength of the unresolved com-
ponent of several sources will be presented. The orientation
of the dimension of the source observed 1s measured from the
projection of the earth's spin vector in the plane normal to
the line-of-sight to the source. The sense in which the angle
is measured from the projection of the earth's spin vector is

anti-clockwise about the direction to the sourcee.

The angle between the baseline and the line-of-sight to
the source determines the effective resolving power of that
baseline and appears in the tables of results. Resolving

power, RP, is here defined as

RP = {vr B(?\)j—1

where B(K) is the effective bgseline distance in wavelength
units and appears in the fifth column of tables 7.3 through
to 7.6. The error quoted against each calculated comﬁonent
intensity corresponds to 1 standard deviation of statistical

De

-

noise, An account of statistical noise appears in Chapter
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The elevation contours in these figures define the common
sky for the trans-Pacific pair of stations after correction is
made to the Universal Time scale across the top of the figures
for each source and each epoch. The .correction is made by
subtracting the right ascension of the sun from the right
ascension of the source and then incrementing the time scale
by the result. Source latitude is plotted vertically and’
longitude east of Greenwich appears sacross the bottom of the

figures.

The intersection of the line-of-sight from the centre of
the earth to the source and the surface of the earth Qescribes
a "ground track" as the Farth rotates., The ground trecks of
sources observed during the second experiment, which took
place on day 151, 1968, are shown against contours of doppler
difference frequency in Pigure 7.2, against contours of
resolving power in figure 7.3? and against contours of orienta-
tion of the measured dimension in figure 7.4 The orientation
of the measured dimension is shown to lie between about 350
to about 50O for all sources observed with the DSS AZ/DSS 1L
station pair. However, the NASA-JPL Deep Space Network
includes DSS H51, a station near Johannesburg in South Africa
and another, DSS 61, near Medrid in Spain. The common sky
defined by the elevation contours for the DSS 51/DSS 41 station
peir would allow roughly two hours of observing time at ele-
vations above 20° from both stations for sources south of the
celestial equator. The orientation of the measured dimension

for the DSS 51/DSS 41 station pair is around 80° to 120°.
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It is expected that the trans-Pacific interferometer experi-
ments will be compleﬁented shortly with experiments using
the DSS 51/DSS 41 station pair and the source list will
include several of these observed by the DSS 42/DSS 14
station pair. The South Africa-Australia observations will
follow the Australia=-California observations within a space
of about two months in order to obtain information on the
structure of the respective'sources. Figure 7.5 shows the
ground tracks of sources observed in the third experiment on
day 160, 1969, for which correlation peaks were observed,
against contours of doppler difference frequency. Formulae
for the calculation of doppler difference frequency; reéolu-
tion and orientation of +the measured dimension are presented

in section 3.2.9.

The doppler difference frequency at which the tabulated
correlation peaks, for the trans=Pacific experiment appeared,
differed from the predictea value between the limits of
-0.75 Hz for P1510-08 and +0.,25 Hz for 3C 345. The pattern
of these differences between the predicted and actual fre-

guencies and the primary cause is discussed in Chapter 6,

The results of the first and second interferometer experi-
ments suggested that sources for which spectral variations
"had been observed by Dent, 1965, 1968, Epstein 1965, Low 1965,
Pauliny-Toth and Kellermann 1966, Kellermann and Pauliny-Toth
1968a, 1968b were most likely to have unrecsolved components
and the source list for the third experiment wes revised to

include this class of sources as well as a number of others
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satisfying the selection criteria of section 3.4.1 but which

had been outside the restrictions of our previous right

ascension window,

The interpretation of the severel data in tables 7.3

through 7.5 will be discus sed in the following chapter.



Total Intensity| Sointillation Bstimagted
Source Z pA at 2650 MHz (min. of arc) | Class | Magnitude
em abs (1’.\1.)
P1055401 3.5 < 0.0008 0 18
P1116+12 | 2.118 |1.947 1.8 20,002 0 19.3
P1148-00 | 1.982 2.7 < 0,0008 Q30 17.6
30273 0,158 26 (2) < 0.0003 Q%0 13
(B component)
3C279 0.538 11.8 < 0.0003 Q0 17.8
P1345412 3.6 < 0,003 S0 17.0
3298 1.439 |1.419 2.7 0.61€0.003 Q0 16.8
P1453-10 0.935*) 2.6 £ 0.3 QS0 175
P1510-08 [ 0.361 (04351 3.1 < 0.0008 Q80 17.8
P1603400 1.4 < 0.3 E4 1645 -
36345 | 0.595 A3 Q0
(2841 MHz)
MRAO 530 4.9 < 0.3 I
P2134400 | 1.94 7.44) Q0
CTA 102 1,037 5.6 QS0 17.3
30454.3 | 0.859 10.5 < 0.0004 Qs0
TABLE T.1

REFSs= (1) Moffet A.T., Schmidt M., Slater C.H., and Thompson A.R. - Astrophysical J. 148
283 1967, '
(2) Hazard C., Gulkis S., Bray A.D., - Nature 212 pp 461-463, October 29y 1966.
(3) Howard W.E., and Maran S.P. - Astrophysical Journal, Supplement Series, No. 93
Vol. X p 132 March 1965.
(4) Shimmins A.J., Searle L., Andrew B.H., Brandie G.W. - Astrophysical Letters
1 pp 167-169 1968.



Australien Station Californian Station Californian Station
Bpoch Epoch 85' Antennma ' 210' Antenna 85' Antenna
Day/Year Code Station | System Temp.| Station System Temp. Station| System Temp.
at Zenith at Zenith at Zenith
°K) (°k) (°k)
306/1961 1 DSS 44 45 DSS 14 28 DSS 12 45
307/1967
151/1968 2 DSS 42 42 DSS 14 18 DSS 11 42
160/1969 3 DSS 42 40 DSS 14 22

TABLE T+2  SYSTEM TEMPERATURES AT ZENTTH
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Source [32‘<{32> I Ba?zﬂ;%ne lz?gzlini Or.'(szzg:a;ion flii‘éaﬁ?ﬁi;ﬁt ﬁieoge;‘;zgg fR_;asolution
(10-%) (£ou.) . (dag.) & Baseline (gee) Fseo. of eroy
36273 12.47 1.96%.41 11009 84.4 50.7 29/32 88.5 778
36279 10.82 1.83%.38 10994 84.3 50.8 33/26 86.6 <179
P1055:01  6.088 1.37%.84 11012 | 84.4 50.7 31/29 89.2 778
P1148-00|  4.846 1.22%.18 10950 84.3 50.6 26/34 86.3 .780
3C273 15.38 2.18%.32 10940 83.9 50.7 23/31 83.4 .183
3€273 10.48 1.82%.40 11003 84.4 50.7 28/33 87.5 178
3273 10415 1.782.40 11009 84.4 50.6 32/29 83.4 .778
36279 6.724 1.432.86 10929 83.8 51.0 37/23 83.9 .784
P1345412]  7.042 1.48%.87 10894 83.5 51.5 22/38 81.6 .786
36298 6.850 1.45%.84 10980 84.2 50.9 26/35 85.5 .780
P1453-10|  5.888 1.34%.82 10953 84.0 5141 35/23 84.0 782
P1510-08  6.090 1.37%.83 10907 83.6 51.3 38/22 82,0 785

TABLE 7.3 CORRELATED FLUX INTENSITIES OF SOURCES OBSFERVED ACROSS THE PACIFIC
FROM DSS 41 AND DSS 14, ON DAY 306/307 1967.
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Source e 2 f I Baseline | Bassline | Orientation | Elevation of | Angle between| Resolution
& (icm) (106X (deg.) Line of Sight| Line of Sight [i53sec. of
(107°) (£.u.) (2ez.) ang.ﬂfgs?line aro)
P1116412 6.900 1.31F 40 10220 78.3 47.5 19/49 75 .838
3C213 10.49 1.63 % 30 10540 80.8 46 28/39 85 .813
B component _
36273 11.21 1.67 T .32 10580 81.1 4641 32/36 88 .809
B component
30279 0.12 [ 2.78 % .48 | 10530 80.7 46.3 40/28 84 .813
P1345+12 7.091 1.33 % g4 10500 80.5 46.5 26/40 82 .815
30298 7179 1.35 % .84 10570 81.0 46.1 30/37 81 .810
P1453-10 3.795 ¢ mean error| 10500 80.5 46.6 41/26 82 .816
P1510-08 11.00 1.68 L 10550 80.4 46.6 43/25 81 .819
P 1603400 9.191 1.52 ¥ .34 10590 81.2 46.0 33/35 89 .809
NRIO 530 8.497 1.45 ¥ .99 | 104% 80.4 46.6 41/25 82 .816
30345 11.14 1.68 ¥ .30 10260 1847 43.8 11/31 76 .834
:g.ss :?86 .2
TABLE 7,4 CORRELATED FLUX INTENSITISZS OF SOURCES OBSERVED ACROSS THE PACIFIC

FROM DSS 42 AND DSS 14, ON DAY 151, 1968.
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(dee.) (deg.)
36279 60.62 4.02 ¥ .12 | 10563 81.0 45.1 29/31 86.1 811
30273 10. 14 1.64 ¥ .34 | 10587 81.2 46.0 34/34 89.5 809
P1510-08 18.51 2.21 .25 | 10585 81.2 4541 32/34 89.3 .809
P1510-08 24.18 2.54 ¥ .22 | 10581 81.1 45.7 35/31 88.0 .810
NRAO 530 8.730 1.52 % ,38 | 10528 80.7 46.2 39/21 " 83.9 813
36345 17.12 2.14 ¥ .26 | 10487 80.4 31.2 14/28 82.1 817
P2134400 21.20 2,371 ¥ .23 | 10588 81.2 46.0 34/34 89.5 .809
$2134400 21.3 2,69 % .20 | 10572 81.0 45.9 37/31 86.9 .810
CTA 102 11.23 1.73 % .32 | 10568 81.0 43.8 35/28 86.6 811
3045443 194.2. 7.21 ¥ .15 | 10588 81.2 43.1 31/31 89.8 .809
P0237-23 8717 1.52 % .8 | 10571 £1.0 42.9 32/26 86.1 .810

FROM DSS 42 A¥D DSS 14, ON DAY 160, 1969.

TABLE 7,5 COBRELATED FLUX INTENSITIES OF SOURCES OBSERVED ACROSS THE PACIFIC
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(07°) (fou.) Sight (qeg.) & Peecoline wiggs of
P1116+12 19.3 2.20%.23 4.76 36.5 132.2 49/49 83 1.80
36273 2500 25.5%.05 4.79 36.7 132.6 39/39 88 1.79
B comp.
32713 2500 25.5%.05 4.17 36.6 132.6 36/36 84 1.80
B comp.
3C279 462 10.8%. 10 4.78 36.7 133.3 28/28 87 1.79
P1345+12 19.4 2.22%.23 4.64 35.6 131.2 40/40 75 1.85
30298 40.8 3.21%.47 4.71 36.1 132.2 31/31 80 1.82
P1453-10 17.8 2.13%. 14 4.79 36.7 132.9 26/26 81 1.79
P1510-08 48.6 3.51%.14 4.79 36.7 133.4 25/25 90 1.79
P1603+00 5.9 1.22.78 4.78 36.6 132.7 35/35 86 1.79
NRAO 530 103 5.12%.12 4.71 36.6 132.6 25/25 85 1.80
36345 137 5.82%.14 3.44 26.3 114.7 31/31 46 2.49

TABLE 7,6 CORRELATED FLUX INTENSITIES OF SOURCES OBSERVED ACROSS THE CALIFORNIAN

BASELINE FROM DSS 14 AND DSS 11, ON DAY 151, 1968.
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CHAPTER 8.

DISCUSSTION OF RESULTS

Comparison of the results of the 1967 experiment with
those of the 1968 experiment presented in tables 7.3 and
7.4 respectively, strengthened the view that there was a
greater 1ikelihobd of finding unresolved components in those
gsources for whicﬁ Kellermann and Pauliny-Toth 1965b, had
reported some spectral variations. It was also apparent
that the unresolved component in 3C 279 had increased
markedly in intensity between November 1967 (see table 7.5)
and Yay 1968, whereas the unresolved component in 3C 273 had
probably decreased slightly over the same period. The inten=
sity of the unresolved component in P1510-08 was weak at both
epochs and the probable slight increase over that time was

hi.dden in the relatively large statistical errors.

"hese sources, among others, were observed again in June
1969. 3C 279, 3C 273, P1510-08, P2134-+00, 3C A454.3 and CTA
102 were found to contain unresolved components whereas no
significant correlation coelficients were obtained for
NRAO 530 or for P 0237-23. NWRAO 530 is =a Type IIT source
but P 0237-23 is a quagi—stellar object with an emission red
shift of 2.228 and is listed in the Parkes cataloguc as having
an intensity of 5.3 flux units ot 2650 ¥Hz. Spectral varia-

tions have not been reportcd as yet for this source,

The results from the experiment of Nay 1968 were more
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easily obtained than those for the previous epoch because
the secarch for the correlation peak about the predicted
doppler dif ference frequency was simplified by the appear-
ance of a highly significent correlation peak for 3C 279,
(about 76), at this second epoch, and by the observation of
a Pioneer spacecraflt as described in Chapter 4. Correlation
peaks for other sources observed in 1968 and in 1967 were
subsequently found at closely similar offsets from the pre-
dicted frequency by reducing 16 minutes of recorded data,
There is some inherent selectivity in sources known as var-
iables in that these were in fact sources seen in the prev-
ious few years to vary at frequencies higher than 2300 MHz
and consequently at the first epoch, self-absorption of

132 cm radiation in those vériable componénts was posgibly
51111 too great to allow highly significant correleation
coefficients in November 1967 from their unresolved compon=-
ents, This did not apply to the variable component in 3C
273 which ,however, was already almost completely resolved
(see figure 8.2). The consequences of this finding are of

prime importance and are discus sed in section 8.3.

The observation of a Pioneer spacecraft during the 1968
expefiment al so greatly chilitated the reduction of data
(see Chaptér h). The off'set from the predicted doppler fre-
guency at which the correlation peaks for Pioneer and for
the unresolved celestial objects appear, indicated that the
location of the observing stations with respect to the axis

of' the earth, determined from interferometer observations
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differed from station lécations obtained by single station
optical observetions on satellites and celestial sources

and requiring a knowledge of the local vertical at each
station. As the interferometer pair DSS 42 and DSS 14 for
which calculations were made are separated by Jjust over 90O
and the offset frequency only determined to an accuracy of

~ + 0,06 Hz it was not possible to avoid multiple solutions
for the four position coordinates but results indicated
minimum errors of some hundreds of metres in at least one of
the stations (see Chapter 6). It was later found that the
assumed position of DES 14 was incorrect by several hundreds
of meters. The use of DSS 41 and DSS 414 and the substitution
of hydrogen masers for the rubidium frequency standard in an
experiment designed primarily for geodetic purposes would
yield important data of a geodetic nature as well as informa-
tion on the degree of correspondence of the position of a
nominal source and any unresolved component associated with

that source.

The trans-Pacific baseline seems ideally suited to 13 cm
observations on the secular variations of the unresolved com=-
ponmts of quasi stellar sources. Statistical errors of the
order of tgp ob served variations would greatly reduce the
value of any results and care has been taken to minimize
statistical errors though this has marginally increased the
intensilty thr eshold of the system (see Chapter 4 and Chdpter

o
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At each epoch multiple observations were taken on some
of the sources where possible cf tables 7.3, 7eh, 7.5 and
8¢1. TFour observations ware made on 3C 273 during the first
experiment and the degree of variation among the four results
of the set was found to be consistent with the statistical

errors quoted in the tables.

8.1 Secular Variations of the Components

In figure 8.2, the fringe amplitudes of the unresolved
components of the sources 3C 279, 3C 273, P 1510-08 are
compared against their total flux densitigs measured by
G. D. Nicholson, for the three epochs of observation. Dr,
Nicolson's observations were made at the NASA-JPL Deep Space
Station 51 near Johannesburg in South Africa, at the same
observing frequency, i.e. 2300 MHz., These results are dis=-
cussed by Gubbay, Legg, Robertson, Ekers, Moffet, Seidel,
1969b (Appendix 3). The following discussion is an amplifi-

cation of this earlier work.

8e1e1 _3C 279

The trend towards increasing values of fringe amplitude
of the unresolved component and of total flux density of the
source, as shown in figure 8.2, are closely similar. The
variation in the total flux density of the source may there-
fore be ascribed primarily to the unresolved component, Thug,
the fringe amplitude has increased 2% times over a period of

nineteen months, and the chenges in fringe amplitude and in



Day 306/307 Day 151 Day 160
1967 1968 1969
3¢ 279 Total 11.4 12.1 13.3
Comp 1.64%0.29(2) | 2.78%0.18 4.02%0. 12
Comp® 1.94%0.18(4) | 1.65%0.22(2) 1.64%0.34
Comp® 1.37%.83 1.68%0.32 2.38%0.16(2)
TABLE 8, 1

TABLES COMPARING HISTORIES OF FLUX DENSITIES OF UNRESOLVED COMPONENTS
OF 3C 279, 3C 273 AND P1510-08 AGAINST TOTAL FLUX DENSITY FROM THE
SOURCE FOR THE CORRESPONDING EPOCHS.

NO. IN BRACKETS ( ) REFER TO NO. OF RECORDINGS USED TO OBTAIN READINGS.
FLUX DENSITIES ARE IN FLUX UNITS. ERROR LIMITS ON FLUX DENSITIES
CORRESPONDING TO FRINGE AMPLITUDES ARE FOR 1 ¢ .

INFORMATION ON TOTAL FLUX DENSITIES RECEIVED FROM IR. G.D., NICOLSON.
TOTAL FLUX DENSITIES ARE ON KELLERMANN SCALE AND ARE GOOD TO Y24 oR
0.1 FLUX UNIT (CONFUSION LIMIT FOR 85 FOOT DISH).
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flux density between the second and third epochs are equal.
Note, however, that the rate of increase in fringe amplitude
over the first 6 - 7 months is significantly greater than

the rate of increase in flux density of the source over this
period,. Spectral observations'on 3C 279 by Kellermann and
Pauliny=-Toth, 1968a indicate the existence of a component
which decreased from 1964 to 1967. This decrease was foilowed
by an increase at 11 cm corresponding to a sharp increase in
flux density at shorter wavelengths. Pauliny-Toth and
Kellermann, 1966 calculated the time of inception of the
decreasing component, to, to be about 1956.0 and for the
younger event seen as a sharp increase in 1966 at 2 cm, to

~ 1965.0., Interferometric observations by Kellermann et al.
September 1968, at 6 cm and 18 cm across a trans-Atlantic
baseline of 6319 km in January-February 1968 indicate that
the angular diameter of the decreasing component was ~00002
while the younger conponent was ~0"001. The decreasing com=
ponent which is component C of Kellermann et al. September
1968, was thus fully resolved by the frans-?acific haseline
at the first epoch so that its reducing contribution to the
flux density of the source between November, 1967 and May,
1968 did not affect the fringe amplitude for the unresolved
component, the unresolved components seen with the Deep Space
Network trans-Pacific interferometer being about 0,001 arcsec.
The c¢lose correspondence between the increase in flux density
and the fringe amplitude between the second and third epochs

indicatesthat the change in flux density over this period is
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due solely to variation in the young component, i.e. compo-
nent D of Kellermann et al. September 1968 and that this
component was less than 0.001 arcsec in June 1969, at which
date the apparent age of the source was e years. At the
red-shift di stance of 3C 279 the source would be partially
resolved if its apparent metric dimensions extended beyond
20 l.y. Rees 1967 demonstrated that if v is the velocity of
expansion of a spherically symmetrical shell as seen by an
observer at its centre,. the source will appear to a remote
observer to expand witg an apparent transverse velocity

Av, where £ = <1 - !;>_2. Thus for component D of 3C 279,

a value of the Loreﬁtz factor, f € 2 is consistent with the

observations. A value of £ as distinet from a limit will be

established once component D becomes resolved.

For & universe where gqgo ] 1, the observed apparent

angular diameter 6? is given by
8 = 0 (1 + z)?

where © is the apparent angular diameter of the source if the
velocity of recession were zero and z is the red-shift of the
source. TFor 3C 279,2=0.538 so that the metric diameter of
the source in the reference frame of the source is reduced

to 8.45 l.y. and hence the apparent extension of the source
does not then exceed its equivalent light travel time of

9 1.y. Thus, the inferred age, the known red shift and the
results of the observations reported here relating to the

completely unresolved nature of component D of Kellermann
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et al, in June 1969 are self consistent and explicable in
terms of the source model in which an electron gas expands

with its magnetic field as described by Van der Laan 1966.

8.1.2__3C 273

As shown in figure 8.2, the flux density from 3C 273
has reduced by 4.4 flux units over nineteen months so that
the component primarily responsible for the variation must
be optically thin at 13. cm. Furthermore the component
was almost completely resolved as the degree of concurrent
variation in fringe amplitude is very small, even between
the first and second epoch when Kellermann et al. September
1968 found a component é 0.0006 arcsec, i.e. component D.
Component D is associated with variations at mm and short
cm wavelengths but which as yet have no counterpart at our
observing frequency. The variations at 13 cm must be due to
component C for which the apparent angular diameter & at
epoch January/February 1968 is given as 0,0025 * 0,001 arcsec
by Kellermann et al. September 1968. This component first
appeared as a sudden increase in flux density in 1966 at 2 cm
and subsequently peaks appeared at lower frequencies,as shown
in figure 2 of Kellermann and Pauliny—Toth, 1968a who derived
a value of to = 1965.7. At the red-shif't distance of 3C 273,
the angular diameter of.component C represents a metric
radius of ~9.,5 l.y. so that the Lorentz factor 8 = Let,
Kellermann and Pauliny-Toth, 1968a did not identify component
C of Kellermann et al. September 1968 with the variations for

which Kellermann end Pauliny-Toth, 1968a calculated
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to ™~ 1965.7 and consequently they believed that the radii of
the variable components of the sources they had observed
were all less than the light travel time corresponding to
the apparent age of the source. Assuming the interpretation
of the red shift as due to a recession velocity following the
Hubble expansionlaw, results from the trans-Pacific observa-
tions reported here provide the first direct evidence of

highly relativistic expansion velocities in variable sourcese.

Rees 1967 has suggested that one of the components of
3C 273 may be expanding at 4 highly relativistic velocity
and chose a Lorentz factor of 4 to illustrate his model. He
showed that the minimum limits for the totel energy of the
particles in a variable component was thus reduced and con-
sequently the strength of the magnetic field could exceed
10-4 gauss. The illustration he has chosen can therefore
be taken as a close representation of 3C 273C, as established
herein. For his model Rees, 1967 assumed & magnetic field
strength of 50 gauss when the age of the component, t, is 1
year., As the source expands adiabatically the fiéld strength
decreases to 0.1 gauss when t = 3 years. The 1966 outburst
in 3C 273 was obsgrved by Aller and Haddock, 1967 to bve
associated with a marked increase in polarization at 8 GHz
which would indicate the influence of a well ordered magnetic

ffield.

If the electron energy distribution in the source has

the form
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N(E) aE = XE~Y 4E

end radio emission is the result of synchrotron action,
then radiation at any frequency, v, for which the source is

optically thin is given by
S(v) = v°®

where a = (1-y)/2. For 3C 273C Kellermann and Pauliny-Toth
1968a derive a value of Yy between 1 and 1.5 from the way

peak flux decreases with increasing wavelength so that O <

« € - 0,25, The predicted secular variation in intensity at
eny frequency, for « = O and a Lorentz factor of 4 is com=
pared in figures 3 and 4 of Rees 1967 to variations for

other values of f and a, assuming the same given values for
the field strength and electron density after unit time. The
decreasing phase steepens as the Lorentz factor increases and
es « reduces. Rees and Simon 1968 deduced values for the
Lorentz factor, the magnetic field and the total electron
energy from the flux density history of the 1966 outburst
shown in figure 2 of Kellermann and Pauliny-Toth, 1968a. The
findings of Rees and Simon and the contrary viéws expressed
by Pauliny-Toth and Kellermann 1968, Kellermann et al. 1968
and Kellermann and Pauliny-To£h 1968a, are discussed in
section 8.3. The results reported here are used to adjudi-

cate between respective arguments presented.

As the rate of expansion is now determined, repetition

of the trans-Atlantic observations of Kellermann et al.
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September 1968 at 18 cm should provide a value for the
deceleration coefficient, p, which is defined by the
proportionality

r <« tp

where r is the radius of a spherically isotropic expanding
electron gas. As p increases, the ratio of fractional
increase and subsequent decrease in flux density, steepen.
A knowledge of p will provide information on the strength
of the associated magnetic field. The trans=Pacific inter-
fferometer distinguishea between component C which it resolved
and component D which was n ot resolved. The variations in
3C 273 must be due to the resolved component as shown in
figure 8.2 and not to the unre solved component which shows
very little variation over the interval November 1967 to
June, 1969. The unresolved component appears therefore to
be still opaque at 13 cm in June 1969. The rate of expan-
sion of component C is inferred from the age of the compon-
ent given by the movement of the -spectral peak in 3C 273 by
Kellermann and Pauliny~-Toth 1968a, which is responsible for
the rise in flux density at 13 cm during the period of our
experiment, and from the diameter of component C determined
by Kellermann et al. September 1968, and identified as the
cause of the variations at 13 cm by us. The rate of expan-
sion is calculated here to be ultra relativistic and to
validate the predictions of Rees 1967, Rees and Simon 1968

in a spectular manner.



8e.1.3 P1510-08

In figure 8,2, the flux density of P 1510 is shown *o
have decreased over the period November 1967 to June 1969,
whereas the fringe amplitude for the trans-Pacific baseline,

increased significantly.

The resolved part of the source therefore decreased in
flux density faster than the unresolved component had
increased. Over the interval of observation the unresolved
component was opticelly thick whereas the resolved variable

component was optically thin.

Let us designate the r esolved variable component, the A
component and the unresolved variable component will be
referred to here as the B component. The result suggests
that when viewed with the NASA-JPL trans-Pacific interfer-
ometer, a variabdble comppnent of' this source may become
resolved as it passes from the optically thick phase to the
optically thin phase. We appear to have seen a single var-
iable component in 3C 279 and 50'273, which were optically
thick and unresolved in the first instance and optically thin
and almost complctely resolved in the second. The red shift
distance to 3C 279 is about three times greater than that to
3C 273 and the resolution of the variable component of the
ncarer source night have been ascribed largely to its closer
distance. The two veriables séen in P 1510 however sappear
concurrently at 17 cm as an increesing unresolved component
and as a decreasing resolved component, as shown in figure

8.3,
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107

The comparative rates of change of the two components
need to be explained. Figure 2 of Andrew, Locke and Medd
1969 shows the time variation characteristic of a va?iablé
radio component expanding adiabatically and radiating
through synchrotron action in the manner proposed by Van der
Laan 1966, The fractionel rate of increase in flux density
during the optically thick phase exceeds the fractional rate
of decrease during the ensuiﬁg optically thin phase, provided
that ¥y < 1.5, & condition which normally pertains for var-
iable compohents. As our results (figure 8e3) show, the
fractiongl rate of decrease in the A component to exceed
the fractional rate of increase in the B component, the A
component would appear to be the stronger component. How-
ever, this conclusion should be treated with some caution
since the observations of Locke et al. 1969 at 2.8 cm and
.6 cm show that at least one of the two bursts which
appeared at 2.8 cm in 1967 is an§malous in that the flux
density of the source decreased more rapidly than it had
increased and that the‘amplitude of the rise at the two
frequencies were equal instead of reducing with increasing
wavelength as predicted for a typical burst. This burst
appeared in the latter half of 1967. The secular changes
in the flux density of P 1510 a2t 2.8 cm and 4.6 cm are shown

in figure 1 of Locke et al. 1969.

If the component which gave rise to the late 1967 burst
were always opticelly thin at 4.6 cm, then the corresponding

peak amplitude at 2.8 cm should be equal to or less than
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the peek due to the variabdle component at 4.6 cm, for a valuec
of ¥y = 1 or > 1 respectively. A similar explanation was
offered by Kellermann and Pauliny-Toth 1968, for the 1964
burst on 11 cm in the source 3C 345. The rise in flux

density would then follow the process of injection of relat-

]

ivistic partiecles, with vy 1, prior to adiabatic expansion

of the c¢loud of particles,

Whatever the reason for the anomalous profile of flux
density at 2.8 em, it is evident that the fall in flux
density through April/May, 1967, was markedly steeper than
the rise from May through November, 1967 The burst of early
1967 therefore may correspond to the A component and the
burst in the latter half of that year may correspond to the
appearance of the B component at 2,8 cme The delay between
the occurrence of these bursts in the low centimetre spectral
region and their appearance at 13 cm by about a year is
typical of seyeral such events. The interferometer measure-
ments provide the strengths of the componcnts individually
which cannot be seen from the flux density history of P 1510,
The burst of 1968 at 2.8 cm is well behaved in all respects
but cannot correspond to either the A or B comporient through
the whole period of observation. It could not have contri-
buted significantly to the B component at 13 cm even at the

3rd epoche.

Even if the unresolved component included a part of the

component associated with the first burst or if the resolved
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component included a part of the component which gave rise
to0 the second burst in 1967 at 2.8 cm it is obvious from a
comparison between the flux density history of the total
source and the fringe amplitude that there are at least two
variable components and that the secular change in the flux
density of the resolved-component demands that the larger
component suffered a very rapid fractional decrease (figure
8.3). The explanation of the anomelies of the burst assoc-
iated with component B offered here agrees with one of three
alternative suggestions put forward by Andrew et al. 1969,
who stgted that if the red shift distance were correct, the
cd%reSponding variable component has the form of a jet and

is expanding at a highly relativistic velocitye.

The other slternatives suggested by Andrew et al. 1968
do not explain the equal burst strengths at the two observ-
ing frequencies or the simultaneity of the maxima as noted

by the authors.

If, for component B, to ~ 1967.5, then at the third
epoch, the age of the source, t, ~ 1.5 years and at its red
shift distance the source would still have been substantially
unresolved, provided the Lorentz factor for the expansion of
the source $ ~ 5, The contribution from the A component will
vary slowly after thé third epoch and it will be possible to
recognise the time at which the B component becomes resolved
at 13 cm provided the source is observed with the trans-

Pacific interferometer at intervals of no longer than six
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months,

There is a time lag between the appearance of a com-
ponent at any frequency and the time at which it manifests
itself at a lower frequency provided that initially the
source was optically thick at the lower frequency. Varia-
tions at the lower frequency are slower according to the

equations

. 3p
S = e
v/Sv 5

for the optically thick phase and

_  =2yp
Sv/sv -

t

for the subsequent optically thin phase, as t, the age of

the source increases for increasing wavelength. Here

év/Sv is the fractional rate of change in flux density, and

p is the deceleration parameter of the expanding el ectron gas
of redius r «tP, It is thus possible for the contributions
of the components which gave rise to the two bursts seen at
2.8 cm in 1967 to merge at 13 cm so that the B component in
fact consists of two variable components, It is not possibdble
to predict the time lag between the appearance of the latter
burst at 4.6 cm and at 13 cm, as it is not known at which

frequency this component became optically thick in October,

1967.

In this section we have discussed the activity of two
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distinct components which have been distinguished for the
first time by the trans-Pacific interferometer and which
cannot be recognised from observation of the total flux
density of P 15{0 at 13 em. Continued observation of the
source with the trans-Pacific interferometer will provide
information on the expansion rate of the as yet unresélved
variable component, We deduce that these components are
probably. responsible for the anomalous spectral behaviour
of the source at 2.8 cm and 4.6 cm reported by Locke et al.
1969, The unresolved younger component is of particular
interest as it has not evincea spectral behaviour consistent
with the model of Van der Laan 1966 but instead appears to
expand before the protracted particle injection phase is

complete.

8s1eh 3C 345

Fringes were obtained from trans-Pacific interferometer
data on 3C 345 for the 'second end third epoch. It was not
possible to observe the source at the first epoch, within
the available observation time as either DSS 41 or D33 14
returned to other duties on the two days 306/307, 1967
before the source had ;isen. Tables 7.4 and 7.5 show that
the fringe amplitude increased between the second and third

epoche.

The variable component must be the C component observed
by Kellermann et al. September 1968, during their trans-

Atlantic experiment at 6 ecm and 18 em in January/Februany,
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1968, The delay between the increase in flux density at

2 cm, 3.75 cm and 6 cm in the interval 1966.0 - 1968.0 as
shown in figure 6 of Kellermann and Pauliny-Totha, indicate
that an increase could be expected to occur at 13 cm between
our second and third epochs., Our observation of the increcase
in fringe amplitude over this period therefore indicates
that component C is responsible for the increase in flux
density at 2 cm and at 3.75 cm between 1966.0 and 1968.0.
From the limited data available, it appears that to = 1964.0
if p, the acceleration parameter = 1, i.e. the component is
expanding linearly with time, At lts red shif't distance a

source 2 50 light years would be completely resolved.

No Californian baéeline observations were obtained for
the third epoch so that it is not possible to compare the
total flux densities in this manner. As the declination of
this source is outside the limits chosen by G.D. Nicolson
for his survey of secular variations at 13 cm, the change in
fringe amplitude cannot be compared against the change in
flux density and it is therefore not certain whether the
source is wholly unresolved at the third epoch, in which case
the Lorentz factor B would be.€ 1.5, or partially resolved,
for which case the value of B is given by 1.5 € f g 5. We
therefore adopt thée value B g 5, pending further observations.

In a universe for which Ay = 1, the corrected value of S g 2.

8.2 Source Model

The experimental observations of secular changes in
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flux density over the centimetre region of the spectrum of

the source and in fringe amplitude of their components

support the expending synchrotron model put forward by
Sklovsky 1960, 1965 and developed by Pauliny-Toth and
Kellermann 1966, Ozernoy and Sazonov 1968, Van der Laan

1966, Rees 1967, Rees and Simon 1968. Andrew et al. 1969

have found that of 50 variable sources, only three showed
fluctuations that were not simply explained by the model. The
development of the relativistic model represents an important

extension of the theory as proven by our results,.

Pauliny-Toth and Kellermann 1966: considered that the
large and nearly simultaneous outbursts of 1966 in 3C 273
and 3C 279, which are separated by only 10 degrees at the
earth, may have been caused by a local disturbance in the
line of sight to distant sources of constant intensity.
Figures 2 and 3 of Kellermann and Pauliny-Toth 1968a show
that the outburst in 3C 273 was more intense than that for

3C 279.

It is shown in section 8.1 that the variable component
in 3C 273 has an apparent angular diameter which is larger
than that of the variable component in 3C 279. This would
seem to rule against an explanation that the closely similar
variations were caused by common refractiqn or absorption
effects in a region local to the sun, unless the irregularity
which caused changes in both sources changed its refractive

properties significantly during the northern spring -of 1966
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when the outburst in both sources were seen.

8e3 Relativistic Expansion of the Variable Component in

28 273
Variation in the flux density of 3C 273 was first

reported by Dent, 1965 who had monitored its emissions at

8 GHz from July, 1962. He deduced the di stance to the

source from the requirement that the time scale for a signi-
ficant change in flux density must be greater thanthe light
travel time across the source and from occultation measure-
ments of the angular size of 3C 273B, and found the source

to be within 2 megaparsecs across. Lunar occultation
observations by Hazard et al. 1963 has isolated a flat
spectrum from a bright core about 0.5 arcsec in diameter

and this spectrum was ascribed to the component seen to vary
at 8 GHz so that if the source were at its red shift distance
and its angular diameter about 0.002 arcsec, the emission was
not due to synchrotron action as the synchrotron self absorp-
tion expected from a source of that angular diameter was not
evident. These conclusion; were shown by Field 1965_to be

incorrect if 3C 273B is a complex source.

The multiplicity of components listed by Kelle?mann et
al September, 1968 which had been observed to early 1968, and
the calculations by Rees 1967 of the effect of relativistic
expansion velocities on the time scale of source fluctuations
seen by a remote observer, alters the significance of Dent's

early observations and the expanding synchrotron source
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located at it s red shift distance is accepted as a viable
model on the basis of observations on the spectral variations
of numerous sources, An estimate of the distance to the
source may be obtained from the spectral characteristics of
the source provided the strength of the magnetic field is
known, The non-relativistic treatment of the expansion pro-
cess usually requires a field strength in the vicinity of

10° gauss if observations are to conform with the hypothesis
for the cosmological location of quasi-stellar sources. TFields
several orders higher are accdmmodated by the relativistic
treatment of cosmological sources. However, the lack ‘of
absorption on the short wavelength side of Lyman alpha in

the spectrum of their associated optical ob jects argues for
the view that quasi-stellar objects are much closer ‘than

their red shift distances,

A more cogent argument for their cosmological location
would come from evidence for an evolutionary sequence which
linked the quasi-stellar source to the N-galaxy, which stage
was thenfollowed by the Seyfert galaxy. The red shif't of
these galaxies are generally intermediate between those of
the closer galaxies and the range of values characteristic
of & quasi-stellar object. One could reason that if the red
shifts of the Seyfert galaxies and the N-galaxies were due to
Hubble expansion and that if the quasi-sﬁellar source mani-
fested other similar characteristics, dif' fering in degree
through overlapping in part, then .though such a process of

induction, the cosmological view would be strengthened; One
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such characteristic is the variation in the optical region
of the spectrum as observed for the N-galaxies 3C 371, by
Oke 1967 and 3C 390.3 by Cannon, Penston and Penston, 1968
who suggested that quasi-stellar objects are in fact the
more distant N-galaxies. If the galaxy is placed at its

red shift di stance the resulting attenuation through
increased distance may thus reduce the brightness of the
galactic halo to a level below visibility so that the relat-
ively bright core will appear as a stellar source. This
proposal is attractive. However the galactic halo may be
the consequence of explosions in variable gquasi-stellar
sources at the rate of say .01 to 1 explosionper year over
an alleged quasi-stellar phase of = 10° years, each of which
projects, on the average, the equivalent of one solar mass

into the neighbourhood of the source.

Variations in the radio spectrum of the Seyfert galax-
ies 3C 84 (NRC 1275) and 3C 120 have been observed by
Kellermann and Pauliny-Toth 1968a, b. The trans-Atlantic
interferometer observations at 6 cm and 18 cm by Kellermann
et al. September, 1968 revealed components down to ~ 001
arcsec in diameter in 3C 84 and multiple components in 3C 120,
the smallest of which was less than .0008 arcsec. The authors
reported that the varying components in the two Seyfert
golaxies did not expand with extreme relativistic velocities
in the manner suggested by Rees and Simon; 1968. Pauliny-
Toth and Kellermann, 1968 had found excellent agreement be-
tween observed variations in the radio spcetrum and

Lhe model of an elecktron elouvd  expanding  at  n
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rate € 0.6¢c corresponding to a Lorentz factor B € 1.25 and

a field strength of 0,01 gauss when the apparent age was

0.7 years. In their analysis Rees and Simon found that when
the relative strengths of the emissions in the radio, opti-
cal and X-ray regions were taken into account, # ~ 1.5. The
interferometer observations of Kellermann et al. September,
1968 seem to indicate however that the expansion velocity

of the variable component in 3C 120 € O0,7c, corresponding to

B g 1e4. The disagreement between this result and that of

Rees and Simon does not appear to be serious so that the
energy requirements of the model and the optical and X-ray

emissions may be reduced by adopting their relativistic

treatment,

In the same paper Rees and Simon find that the 1966
burst in 3C 273 originated in a highly relativistic explosion
ffor which # ~ 3, They suggested that an interferometer with
a baseline of 100 million wavelengths would resolve the var-
iable component in 3C 273, The trans-Pacific observations on
this source had commenced in 1967 and later observatibns
proved that the variable component was even then substantially
resolved with an interferometer baseline of 80 million wave=-
lengths. The value of the Lorentz factor g 3 3 given by
Gubbay et al. 1969b is somewhat conservative as shown in

section 8.1.2,

In the di scussion following their review, Kellermann

and Pauliny-Toth, 1968a state that it is generally accepted



118.

that significant variations in emission from components
cannot occur in & time much shorter than the light travel
time across the component. The trans-Pacific observations
of 3C 273 thus provide the first direct evidence for highly
relativistic expansion velocities, vindicating the conten-

tions of Rees 1967 and Rees and Simon 1968,

Whereas the magnetic field was limited to =~ 1O—L gauss
to account for the rate of spectral variations, in the non-
reletivistic treatment of Rees and Simon 1968, fields of up
to 10—1 gauss were possible for f = 3, reducing the role of
the inverse Compton effect and thus reducing the required
flux densities in the optical and X-ray regions and conse-
quently reducing the expenditure bf energy of the event from
>> 10°%ergs to ~ 10°%ergs. According to Colgate, 1967 the
maximum amount of energy which can be released in a super-
nova is ~ 10°%ergs, This led Rees and Simon, 1968 to
propose that relativistic particles in strong radio sources
are generated by a succession of supernovae within a dense
star cluster. Thus the case for evolution from quasi-stellar
source to radio galaxy is strengthened, and it scems reason-
able to suggest that the earlier phases in the evolutionary
sequence of the universe have indeed been seen to have the

greater values of red shift.

The trans-Pacific experiments reported here have led us
to conclude (section 8.1.2) that the variable component in

3C 273 has undergone ultra-relativistic expansion, It
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seems reasonable to assume that repeated explosive processes
in active sources will result in the formation of a surround-
ing shell of ejected material. As the explosions continue,
the particle density in the shell will increase until it is
dense enough to scatter sufficient light from the nucleus to
be seen as a halo around the nucleus. The characteristic
expansion rates for assocjiated explosive events during the
subsequent evolutionary phase gradually reduces due to the
resistive effect 9f the halo on the newly ejected material,
3o far there appears to be no evidence that the expansion
velocity corresponding to the value of the Lorentz factor f
calculated for component C in 3C 273 in section 8.1.2 has
been exceeded in an N-galaxy or Seyfert galaxy. The prob-
ability for ultra-relativistic expansion rates of galactic
components should be very low. It may be suggested on the
basis of our results that the value of B associated with a
class of objects serves as a degradation index in an evolu-

tionary sequence,
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APPENDIX A1

"Nine Million Wavelength Baseline Interferometer Measure-

ments of 3C 273B"

J.S. Gubbay and D.S. Robertson, 1967.



Gubbay, J. S. & Robertson, D. S. (1967). Nine million wavelength baseline
interferometer measurements of 3C 273B. Nature, 215(5106), 1157-1158.

NOTE:
This publication is included in the print copy
of the thesis held in the University of Adelaide Library.

It is also available online to authorised users at:
http://dx.doi.org/10.1038/2151157a0
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APPENDIX 2

"Prans=-Pacific Interferometer Measurements at 2,300 MHz"

J.S. Gubbay, A.J. Legg, D.S. Robertson, A,T. Moffet

and B. Seidel, 1969%9a.



Gubbay, J., Legg, A. J., Robertson, D. S., Moffet, A. T. & Seidel, B. (1969).
Trans-Pacific interferometer measurements at 2,300 MHz. Nature, 222(5195),
730-733.

NOTE:
This publication is included in the print copy
of the thesis held in the University of Adelaide Library.

It is also available online to authorised users at:
http://dx.doi.org/10.1038/222730a0
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APPENDIX 3

"Variations of Small Quasar Components at 2300 MHz"

J.S. Gubbay, A.J. Legg, D.S. Robertson, A,T. Moffet,

R.D. Ekers and B, Seidel, 1969b.



VARIATIONS OF SMALL QUASAR

COMPONENTS AT 2300 MHz

Received




In a previéus c_ommunicationl we have reported long-baseline
interferometer measurcements of several guasi-stellar radio
sources using stations of the NASA/JPL Deep Space Network
in Australia and California. Comparison of three sets of similar
observations now shows evidence for secular variations in the
apparent intensities of small-diameter components in several of
these objects. The results are compatible with the theory of
expanding synchrotron sources, buf an apparent expansion velocity
greater than that of light seems to be required for the recent
outburst in 3C273.

In our earlier paperl we described our instrumental tech-
niques and discussed a set of observations made in May 1968,
using stations DSS 42 at Tidbinbilla, A.C.T., and DSS 14 at
Goldstone, California, when we first found fringes over the trans-
Pacific baseline of about 8 X lO7 wavelengths. The observing fre-
quency is 2298 MHz, or a wavelength of 13.1 cm. We mentioned
that a previous set of observations, made in November 1967, between
DSS 41 at Island Lagoon, South Australia, and DSS 14 showed
fringes of different amplitude for several sources. Since then
we have obtained a third set of observations, in June 1969, using
DSS 42 and DSS 14. This last set confirms the observation of
fringe amplitude changes in several sources, and in this letter
we discuss the history of these changes in three sources, 3C273,
3C279 and P1510-08.

The total source intensities and apparent fringe amplitudes
of the three sources are sh;wn in Figure 1. The sourcc intensities

were measured at this frequency by Dr. G. D. Nicolson at DSS 51
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in Johannesburg, as part of a continuing program bf monitoring
radio intensity variations. It is evident that the fringe ampli-
tudes of 3C279 and P1510-08 have increased while that of 3C273
has remaingd nearly constant. At the same time the flux density
of each source has changed, 3C279 increasing and 3C273 and
P1510-08 decreasing.

The interpretation seems most clear in the case of 3C279.
The increase in ffinge intensity of 3.3 flux units is somewhat
greater than the increase in the flux density from the source
over the same interval in time. Observations of the intensity
variations in this source at various wavelengths (reviewed by
Kellermann and Pauliny-Tothz) show at 11 cm wavelength a slow
decrease from 1964 to 1967, followed Ey a rise beginning about
1967.0. This rise seems to be the first appearance at this
wavelength of an expanding component which was initially seéen in
a sharp outburst at 2 cm in eafly 1966. On the basis of these
spectral changes and interferometry at shorter baselines,
Kellermann et EL.B have proposed that 3C279 has four components,
three of size $0.002 arcsec and one, component D, of smaller
size. This last component they associate with the 1966 outburst
at 2 cm, and it must be this component which contributes almost
all our observed fringe intensity at 8 x 107 wavelengths
spacing. The increase in the total intensity at 13 cm is
somewhat less than the increase in the fringe intensity because

the 13 cm emission from components B and C is still decreasing.
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These results are completely in accord with thé generally-
accepted theory of expanding synchrotron sources. Itlwill be
interesting to follow the subsequent changes in the fringe ampli-
tude at this spacing, since the component we are observing should
soon become optically thin at 13 cm, after which its intensity
should drop. The calculated angular size of the .source when it
first becomes optically thin at this wavelength will depend on
the magnetic field in the source, but for fields ~10m4 gauss,
as found in other objects3, the angular size should be =0.001
arcsec. Thus after the intensity starts to decrease we might
. also expect to see the effects of resolution.

In the case of 3C273 the change in the total intensity is
not reflected in the fringe amplitude. In this source there was
also an outburst at short wavelengths in early 1966 (ref. 2),
and the decrease in the 13 cm flux density probably means that
this expanding component is now optically thin at this wave-
length. It must also be fully resolved by our interferometer,
indicating that its angular size, even in November 1967, was
>0.002 arcsec. This would be component C of Kellermann et EL.3,
for which they calculated an angular siée in early 1968 of
0.0025 + 0.001 arcsec. If we suppose that 3C273 is at the
cosmological distance indicated by its redshift, then the radius.
of this component in November 1967 must have been >2.5 pc.

Sihce the outburst was then about two years old2 the apparent rate
of expansion would have been at least three times the velocity

of light. Rees4 has shown that apparent expansion velocities
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greater than ¢ are the consequence of relativistic expansion,
and we conclude that this outburst in 3C273 prbbably has a
Lorentz factor y = 3. This is the first direct evidence that
the expansion in variable sources takes place at relativistic
'velocities, ‘

For P1510-08 we cannot make a simple interpretation be-
cause intensity variations have been observed in this source
with very short characteristic times and with a wavelength
dependence which does not fit the expanding source models. The
nature of these variations is still uncertain, and frequent obser-
vations with long interferometer baselines would be of considerable
help in deciding among several possible explanations.

We thank the staffs of all the stations for their help.
The use of the Deep Space Network facilities was by kind permis-
sion of NASA and the Jet Propulsion Laboratory; Messrs. J. R.
Hall, S. Anastos, T. Sato, D. Spitzmesser and F. Borncamp of JPL
were very helpful in making arrangements for us. It is with much
pleasure that we acknowledge helpful discussions with Professor
K. G. McCracken of the Uéiversity of Adelaide and thank G. D.
Nicolson for permission to use his unpublished intensity measure-
ments.
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APPENDIX L

"Quasars - a Review,and Proposals for the Measurement

of their Smell Scale Microwave Structure"

J. S. Gubbay, 1967.



Technical note APD 6, Gubbay, J. S. (1967). Quasars - a review and
proposals for the measurement of their small scale microwave structure,

Department of Supply, Australian Defence Scientific Service, weapons
research establishment.
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