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SUMMARY

Thls thesls d.lscusses observatlons on & number of

rad-lo sources uging w1d.e3-y separated. rad.io tel escope s a s

lnterferometer pairs to stud.y the smaIl scale angular

st.ructure of quasi-stel1ar ob jects which are less than one.

thousand.th of a second. of arc across at 2rtOO \l'Hz, and. thelr

secular variations. One rad-io teLescope ín Australia and. at

least one rad.io telescope ín Californ:La, U.S.A. were ernployed.

in making simultaneous observatlo ns d-uring each experj-mental

pürro The telescopes and, assoclated- facil-ities belong to the

Deep Space Network of the Jet Propulsion Laboratories. 0f

the two JPL rad.io telescopes 1n Australia and- the three in

Cal-ifornia, each has participated. in at least one of three

experiment's. The team of five experinenters who carried out

the investigations c&me f rom the Universlty of Ad.elaid.e, the

Ownes VaI1ey Rad.io Observator¡rr the Jet Propulsion Labo¡ptori.es

and the Australian Department of Supp1y.

In June 1967 th e two Australian rad.io telescope s rvere

successf ul1y operated. as a.n interf erometer pa i-r using th e

Hanbury Brown technique. Howeverr whe n th e aame techni-que

and. nod.e of operation vr.ere applied. in a trans-Paclfic

experimental assay in September of that year, the sensi-

tivity achieverl was found. to be inadequate fo:: the smo.ller

components.
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The flrst experíment us5.ng the Mlohelson technique took

place on the 2nð' and 3td November 1967 and employed' the

radio teLescope at the Tsland. Lagoon station in south

Australia antl two rad-io tele scope s 1n Calif ornia s eparated'

by a d.istance of a few mileg. Data were record-ed- on na8-

netic tape at each station and. d.ispatched. to the university

of Aclelald.e for d.ata red-uction on the CDC 6J+0O' In the

red,uction process, the d.ata are correlated., due allowance

being mad.e for a d.lfference in the timing standard-s at the

two stations, and. then the speotrum about the pred-icted'

d.oppler f requency is examined. f or si gnif tcant correl-ation.

A separate search for actual clock ¿Iifference was made when

this was in d-oubt, accepting the p red.icted. d.oppler f requency

for the correlated. d.ata, or a constant error in this pre-

d.i ct ed. f r e que Dcf, o

The sources were known and also shôwn to be totally

unresolved for the cal ifornian baseline and. therefore th e

results for thÍs baselÍne were suitable for calibratin¡4 the

correlation peaks observed. using the trans-Pacific baseline

in terr[s of their correlated. flux clensities. However no

correfa tions w ere

this time.

observed. for the trans-Pacific baseline at

0n llay 30, 1968 a seco nd e xperime nt was

time the Pioneer VIII spaceçraft and pulsar

includ.ed. in the l.ist of "orr""u" to serve as

spacecraft v/as observed in orcLer to obtain a

performed, Thís

CP113J vrere

con+,roLs. The

correlation
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peak in tfr e f requency d.omai n to indicate the di screpancy

betv¡een actual and. pred.icted. values of the d-oppler d-iffer-

ence frequency for the two stations. The pulsar data v¡ere

used. in order to co nf irm the vaLue of th e cloclc d-if f erence

between the stations across the Pacific. The aata reduction

programne was refined and- 16 minutes of reoord.ed. d-ata on

each pair of tapes were red.uoed. at the University of Adelaid-e

Cornputing Centre. Correlated. ff-ux was observed- by the trans-

Pacific pair of stations for a number of sources known to

be variable.

The long baseline d.ata taken in November I 967 were then

processed., takíng into account the d.ifference between the

pred.ícted. ancl actual cloppler f requency ind.icated. by the

Pioneer spacecraft resul-t, and. unresolved. components were

obserVed for at least two sourCês. Four separate observa-

tions on tC 273 had. been mad.e on the occasíon of the first

experiment an d. the re sults were int ernal ly c onsi stent . They

al-so c orresponded- in fl ux d-ensity with the observations in

Ì'4ay 1968 when two separate observations on this source were

obtained.. Two such ind.epend.ent s ets of re coni.s were ob tained-

on the f i rst occasion f or 3C 279 and- it vr as evid.ent that the

correl-a. ted. fl- ux d-ensity had. inc reased. marked.l-y over the inter-

venÍng period.. P 151O showed, a more mofierate increase in

component flux c1 ensity.' Â statis'tical evaluation of' tlte

results is inclurl ed in this vrork.

A further experiment was performed. on the 9th June 1969.
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0n this oocasj-on only one station in California collaborated.

with the statíon ín Austrelia. There was again no signifi-

cant variation 1n the intensity of the ,C 27t component

whereas the lntensities of the conponents for 3C 279 and

P 151O had. contLnued to l-ncrease. The history of the conpo-

nent l-ntensities ior the three sources was compared. with the

history of their total lntensities observed at the same

ope rating f requency by G.D. Nicolson using a sister rad.io

telescope of the Deep Space Network near Johannesburg. From

the comparison of the secular values of total and component

flux d.ensitíes, it appears that the variation ín the flux

d.ensity of the unresolved. component of 3C 279 is wholly rea-

ponsible for the variation in total flux d.ensity for this

source. 3C 273 and P 1510 d.o not show a correspondence of

this nature. Over a period of 19 months the flux clensity of

the variabl-e component in JC 279 had increased by about 25O/r.

The implications of the

mod.els for guasar variations

are òi scus sed..

th ey þear on vari ous

location hypotheses

re sults as

and on the
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PREFACE

This theeÍs oontalns no materlal that has been

aoceptecl f or the award of any oth er itegree or dlploma

in any Unlverslty, and. to the best of thê canrj.id.atets

knowled.ge and. bel-ief eontains no materiaL previously

published. or written by another person, except whe re

d.ue ref erence 1s mad.e in the text of the th esis.

Jacob SamueI Gubbav
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CH.APTER 1

REVTEIV

In the two d ecad.e s that have pa ssed- slnce th e id.entí-

fication of the first gal-actic rad.io sources a nunber of

d.ifferent classes of extragalactic radlo obJects have been

ob served over th'e spectral region l lmit ed. by th e pr e sence

of the neutral and. ionized. oonstÍtuents of the earthrs

atmospheric mantle.

the id.entification of some of these extragalactic radio

obJects with optical o¡i åcts has allowed new d'evelopments in

the description of galactic energeti-c proceases but l-itt1e

is yet known about the formation of gä1axies.

The identification of the rad,io source 1C 273 was nade

possible by :the d-evelopnent and. em ployment of the occultati on

technique by Hazarcl,, illackay anc]. shimmins, 1961 to obtain a

precise d.eterminatíon of its position. The emission spectrum

of the associatetL optical obiect in tC 271 was interpretecl as

the Balmer serie s of hyd,rogen by Maarten Schmid.t in 196J àt a

red. shif t d.i splacement of O.1 58. Thls value o f th e red- shif t

was anomalously high and. close inspection of the source

since that tlme has uncovered. other unexpe cted' character-

istics. A sub sequent search for sources of similar character-

istics led- to the d-lscovery of the class of' sources known o.s

quasi-stellar ob jects which manifest emission line red- slt ifts

f rom O.'1 58 fo r 3C 273 to 2.380 f ot 5C 2.56.
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Raê1o a,stronomers generelly use the term quasi-ste11ar

source, or the fore-shortened. forms qua,ser or QSS to refer

to these bod.ies. Hovrever, the category includes sources

which exhib j-t rad-io sp ectra ch aracterístÍc of quasi-stellar

objects but whÍch have not as yet been l-d.entified..

The impact o,f the observations of quasi-stelLar sources

on the fund.amental concepts of astronomy in the fl- rst fo ur

years, and- the contentling hypothesis relatln6 to theÍr loca-

tion, their nature and. their cosmologíca1 1nplícations are

revlewed. in Append.ix h. We shal-} ooncern ourselvos here with

developnents slnce 1967 w|i.ch have some bearing on observod

varlations in the centimetre and. millimetre rad'iatlon from'

quasí-stellar sources. The short tine scale of these varia-

tions appeare¿l to provide cogent argument against the inter-

pretation of theír associated. red' shíft &s d'ue to the effect

of Hubble expansion of the universe which would. place them

at d.i stances commensurate with the limits of the observable

universe.

A comprehensive account of the problems posed. by the

quasl-stellar source is given in relatively recent revi€ws¡

Hunter, Sof ia and, Fletcher, 1966 repr esent th e case f o r th e

view that the QSSIs are no further than the galaxies in our

imrned.late nelghbourhood. rathe r th an at th e co snoì-ogical-

d-i stance incl-icated. when their large spe ctraL red shif t is

lnterpreted. ín terms of Hubble expanm.on. The 1966 Christmas

ad.dress given by Dr. Sclama 1967 to the Britlsh Astronoroical

Associatíon marks an important turning point as the author,
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n'ho cLains to have been a f ervent . ad.mlrer ancl supporter of

the rstead.y stater theory which requires that the location

of 8ss t s b e 1oca1, co nsi rlers cumrnulat ive evidence f rom

d.istributions of vari ous cI asses of rad-io sources and back-

ground. blaok-bod.y rad.iatlon and conclud.es that the I Stead-y

Stater theory is alnost certainly wrong. Maran and Caneron

1967 reviewecL the proceedings of the rTexas synposlumr on

Relativistic Astrophysics held. in New York 1n January 1967

ivhere wl¿ely d-ivergent views on QSS models and. their location

was d.iscus sed.. It is not ewo rthy that Hoyle and Fowler who

arE among the principal proponents of therstead.y Statettheory

Þuggested. that quasa,rs Ile at middle d.istances È 1OO me6a-

persecs of - 52O J-i6ht ye ars and. ascribed. their red- shif t as

partly d.ue.to the effect of Sravltation. This represents a

rnodif ication of the orthodox I Stead-y State t theo ry'

Ingeneralrthestagewhichinvestigationshad'reached

at the tlme of the conference may be summarizeð. by a statement

due to Sand-age, hinself a supporter of the cosmological loca-

tion hypothesis for QSSrs, demonstrating the quandary in which

the observationallst found. himself, to the effect that no

crucial experiment had- yet been performed t o d-i stinguish

between the rival locat1-on hypotheses.

The energetics of QSSr s and thus their e ssenti l'l- nature

devolves on measurement of their angular size and- their

d-istance. The main problems rel- ating to 1oc ation, en ergetics

and. evoluti on of QSS t s and- ra{-io gal axies are revi ewed. by
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Longeir, 1967. Diff iculties were encountered' in d'eveloplng

a.n evoluti onary sequence as it îras aasumed. th at th e d-i men-

sionsofvariab]econponentgcould.notexceed.thelleht

travel time across the componen:t. The extremely high

photonenergy-densitythatwould.followasaresultwou]-c[

require that the rel-ativistic ele ctrons lose the j.r energy

through inverse-conpton scattering of light photonst so that

energyisrad.j.ated-intheformofX-raysandy-ro"ys.Longair

conclud.es that mod-els of QSSts in which rad-io and' optical

emi ssion origi nate f rom the a8,me volumes and' are produced- by

the synchrotron processr &xe therefore not self-consistent'

HoweverrtheasBulnptionthattheti8httraveltimemust

r].eterminetheupperlimitonthem,etricsizeofavariable

conponent is shown to be invalid by Rees t 1961 and- as & resurt

ofthepresentwork¡&sdiscussedinChapterB'Rees'1967'

Rees and_ simon, 1968, Morrisson an,l sartori' 1968, and- 0zernoy

and sazonov, 1968 d.emonstrated. that where a component expand-s

atanu]-tr&relativisticvelocity,themetricextensionofthe

source can be sÞveral- ord-ers higher than ind'i cated- by the

Iighttrave]-time.Toil]-ustratethebasicarSument,letus

consid.eraspherlcalì-yoymmetrícaId-isturbancewhichbegins

t o. expand f rom solne c ent ral point at a vel oci ty cf os e to th e

velocity of 1ight,,and. a remote observer at rest with respect

to the origin of the disturbance' An event A at the inter-

sectionoftheexpand'in.3shellwiththelineofsightfrom&

remote observer to the origin of the d'isturbance is fo-LÌowed

byaneventBattheintersectionatalatertime.The
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B respectívely so

o n t he exp and.i ng

measures the

a

proper tirne for the two events is tO and. t

that an observer traveLling with the polnt

sphere at which the two event s take place

interval between the two events as tB-tA.

the two event" tå tl, seen by thebetween

However the time

re¡note ob server

nust ap pro ach zeto as the rad.ial velocity of the d.i sturbance

approaches the velooity of lightr &s subsequent events take

place at progressively closer d.i stances f ron the remote

observer. Henc" t; tg <

t¡ - tA. The argument for events at points noving transverse

to the l1ne of slght is more complex but it has been shown

that observed. time intervals can be nany times shorter than

the correspontling Ínterval in proper tine. the upper limit

to the netric size of an expancling shel-1 is ind.eed- determinecL

by the 1lght travel time where the time refers to the age of

the source in the reference frame of a point on the expand-ing

e nvelope.

Kellerrnann and- Pauliny-Toth, 1968 reviewed- the observed-

variations in the centimetre and ¡ûillimetre spectrum of two

Seyf ert gal-axie s and. a number of QSS t s, and c o ncl ud-ed. th at in

every instance the variations conformed. with the synchrotron

source model and. the 1i6ht travel time restriction on the

m et r j-c si.ze d.e rive cI f rom th e f re que ncy of th e maxi mum f lux

d.ensity of the variable conponent. IJere the light trave]

time referred. to the e7e of the source as seen by a remote

observer at the earth, which is cal-oulated. from the rate of

change of intensity at'the observing f requency after the
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nanner of Sklovsky, 1961, Sklovsk¡ 1965 and Van der Laan,

1 966.

Andrew, Locke and Med.c[, '1969 nonitorecl the 2.8 cn and

4.8 cm emission from 50 sources in theír varíable source

observational programme. three ctr th ese sourcesr P151 O-08t

PO736+01 and NRAO 512 showed. behavlour which dícl noi conform

to the motiel of a unif orm and spherical cI oud of e1 ectrons

expand.ing ad-labaticalIy.with its nagneti-c field and ratliating

through a process of magneti-c bremsstrahlung, as d.escrj-bed. by

Van der Laan, 1966. These anomalous results nay be d.ue to

geometrical d.epartures from the model and nay be nore anenable

to the rigorous relativístic treatment of secular variati-ons

for ultra relatívistlc expansion rateg. The mid-1967 burst

associated. with P1 51O is further oonplicated. by the apparent

protracted. injection of particles into the rad.io emission Zorlso

Mc0rea, 1967 suggestetl that the rapíd fluctuations in the

intensity of Ilght from some quasars was due to the successive

occultations of the bri-ght central core of a galaxy by a number

of its protostars. Appenzeller and. Hiltner, 1967 and. Viovan-

athan, 1968 have observed. polarization ín the visible region

for several quasi-stelf'ar obJeots and. Kinman claims that of

five sources stud,ied., two have shown variable polarization.

App"nzelLer and. Hiltner concl-ude from their work that a degree

of polarization as high as that obtained. for 3C 279 is

inf requent at 1+2008, the ob serving vravele ngth, and. that a

high d-egree of polarization may be characteristic of certain
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fractlvert stages in the evolution of quasi-stellar obJects.

Thls suggestion seems to stand. on better ground. than the

occultation mod.eI of Mc0rea which sets an upper llmit to

the luminosity of the source whích should. be apparent at the

terminatlon of eech ocoultation. varlations in the optical

brightness and. polarizatlon of the quasi-stellar source

3C 345 reported. by Kinman et a1 1968 would. place grave

restrictions on the mode1.

Optical varlations have aJ-so been d.etected. in two

N-galaxies. Oke, 1967 observed 3C 371 to change in bright-

ness by one magnitud.e in two years. This N-galaxy has a very

bright concentrated. nucleus prod.ucing non-thermar rad-iation,

as has a Seyfert galaxy. The N-galaxy tC 390.3 was seen to

vary by Cannon, Penston and. Penston, 1968 who suggest that
quasi-stellar objects are in fact N-galaxies at such great

d.istances that only the core of these objects remains vi sibLe.

Earlier, Dent 1966 had- d.rawn a similar conclusion from

his observation of a sh arp increase in the flux d.ensity f rom

the quasi-stellar source 3C 273 at I GHz and by comparing its

belraviour rùith the seyfert galaxy NGc 1275 at the same observ-

in6 frequency.

The clusterÍn6 of red. shift about certain values which

show a period.icityr &s fi rst not ed by BurL¡ridge and Rurbrid.ge,

1967 Ís not yet well ,nrlerstood. Burbridge and. Burbridge,

1969 f ind. that this evid.ence and. th e tendency of the red shift

of absorption lines to cruster about the value of i.9i
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lrrespectLve of the correspond.ing emlssion line red. shift

point eLther to remarkable cosmologlcal effects or to the

conclusi on that lntrinsic red- shift components are important.

Quasi-stellar sources may i.d"ed. have been e jected. from

larger primord.ial b od.le s to f or m gala ctic clusters as pro-

posed by Bell, 1969. This vlew which divides the observed.

ied. shift into a larger positive conponent d.ue to Hubble

expansion and. a positive or negative conponent of smaller

absolute value d.ue to an intrinsi-c velocity, cannot easily

be d"iscounted.. However lack of absorption shortward. of

Iyman a inthe spectrum of the quasi-stellar object, short

term opti ca1 and. rad.io variatio ns and. the extreme amounts of

energy involved. 1n'such short apparent time scale s, pose

serious problems whicn must be und.erstood. before any view

can becone established.

Some progress in the f ie Id. of quass.r ene rgetics ha s b een

made in the present wo rk. New evid.ence on the expansion

velocities of vr.lriable compotrents obtained. 1n th e course of

our observations is d.iscussed. ín Chapter 8, as it bears on

the pr ed-ictions of Rees , 1967 and of Ree s an d Simon, 1968.

Some of the ramifications of ultra-relativistic expansj-on

veloclties of the variable components of quâsi-stellar sources

are explored..
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CHAPTER 2.

AIMS OF THE EXPERTMENTAI, INI¡ESTIßÂTTON

An interferometer experiment, using two satellite

tracking stations of the NASA-JPL Deep Space Network, was

perforned by Gubbay and Robertson,in June, 1967 following

a proposal which appears here as Append.ix 4. The Hanbury-

Brown post d-etecti on technique wa.s ad.opted., as d.iscussed.

in secti-on 3.1 as it ca11ed for minimal mod.lfications to

the stand.ard. tracking statlon confÍguration. The results

ind.i cated. that baselines of greater than ten nillion wâvê-

lengths would be required. to determj-ne the smalI scale

angular structure in tç 27t (""e Appendix 1).

The importance of these measurements of angular d.iameter

had. become wi d.ely rec06nised. as theoretical pred.ictions of

the angular dimensions of variable quasi-stelLar sources

basecl on the time s cale of the se variations d-jf f ered. wid.ely

from pred.ictions resting on the assumption that these sources

rad-iatecl th rough synchrotron action and. were at co smological

d.istances. In the Northern Hemisphere, two other groups,

Broten et aI , 1967a, 1967b, 1n Canad.a and, Bare e t aI, 1967 t

in the U.S.A., one using d.igitat and- the other using analogue

d.ata recording antl. reduction techniques, had. cond.ucted.

similar experiments ancl at about the same time as those in

Australia, The resol"vlng powers in both cases were of the

sarne ord.er of magnitud-e and the resul-ts al so showed. that

interf erometer baselines wo uLd. have to be exten<ied. in orcler
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to test whether the cosmological locatíon hypothesis was

viable 1n rri ew of the observed- variable beho,viour of some

sourcês. rnterferometric observations were carriecl out

over increasin6 baseli-nes in North Amerlca by crark et el,

1967, 1968 and. by Moran et eI, 1968. The experiments have

been reviewed. by Cohen, Jauncey, Kellermann and. C1ark, 1968

and. Sernard. Burke, 1969. rn common with the Australian

experíment the respective operating frequencies were derived.

f rom rubidj- um f requency stand ard.s. However, each group

worked. ind.ep end.entJ-y and. conducted. neÉ.surements at d.íf f erent

observing frequencies.

the measurement of anguLar d.lmensions of th e conponents

of a quasi-stel-Iar source is tied- to many questions of the

day in astrophysics. rn particular the optical l-ine spectrum

of quasi-stellar sources orttqrasarsrt manif est a large red-

shift. rf the red. shift is interpreted. as Hubble expansion,

quasars would- appear to be the furthermost objects of our

physical universe, their d.istarþ e being greater than that
of other objects seen hítherto by about 'i ord.er of na¿;nitud.e.

'rheir brightness v¿ould. then appear to exceed. that for known

galaxies by about 2 orclers

the source is proportional_

therefore, in consequence

fight time consideration,

and. expend-ing vast amounts

t,emporal variations vrhich

regi on at centimetre ancl

of magnitud.e.

to the cube of

temperature of

d-istance and.

The

its
of tenr¡.rerature, lurninosity and

qua.sars wouId. be extrernely large

of en ergy. 0n th e o th er h and.,

h'ave been observed. in the rad.io

millimet re lvavele ngths, argue
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against anomalously large d.i-menslons if th e value of the

velocity of Ileht ís a constant for the physical universe.

Some indepe ndent measurement of th e d-i stance antL s ize

of the quasar would. assist in resolvlng the apparent con-

trad.iction. 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 tbree

fold. in intensity in the sps.ce of a few months, or otherwise,

ob j eots measuring a f ew light d.ays acro ss 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

us¡ the first alternative was consid.ered- to require nod.ifi-

cations to the fundamentaI assumption that the velocity of

l-ight is independent of space and. time, while the other

suggests the improbable egocentric view that these objects

were expell-ed. from our gal.axy and f rom no other gal ax.y

(within our neighbourhood- at least). the only viable mod.el

in such a case lïas the one expounded. by Rees, 1967 and. later

by 0zernoy and Sazonov, 1968 whích appears to successfully

explai-n th e observed. red. shif t &s well a s th e ti mé scale of

source variations on the basis of an ultra-relativistic

expansion of source components at d-j-stances:ind-icated. by

their emission line red- shift in the optical region of the

spectrum. This mo<Iel j-s a d,evelopment of the quasi-

stationary synchrotron model treated- by Le Roux, 1961 and.

the mod.el- of the varíabl-e source expounded. by Sktovsl<Ïr

1960, 196 5 an cl Van d.er Laan , 1966.
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The angular d.j-ameter of a souroe is related- to both its

physioal diameter ancl its d-istance from the observer. A

meB,surement of angular d.lameter thus provides a constraint

on th ese physical qu antities. The synchrotron mod.el of the

rad.io so urce relates physi cal d-imension to spe ctral shape

or tenporal varíation, toth of the se latter bein6 d.írectly

observable. lThere the.physlcal diameter has been d.ed.uced

in this manner, the me asurement of an¡5ular d-i arneter lead's

d.irectly to a d.eternination of range albeÍt inprecise, v¡hieh

vlille horveverr adiud.icate betr¡een the rival quasar location

hypotheses. The rrco smologicalIt hypothesis places th ese

sources between iO9 an<l- 1010 liSht years away vrhile the

rrlocaltr hypothesis vi-evrs tltese so urces as ob jects origina-

ting at the galactic c entre a.nd. wh ich, as the r esult of an

explosion some 107 years a6or lYere propsll-ed' outwards. They

rvould noy¡ appear to be reced.ing in th e int ermediate di- st&ncet
-7

about 1Ot Iight years arvay, at relativístic velocities. Tn

ord.er to obtain e d,eter:nination of quasar focatj-on, the

statisticat relation betr¡een angular d,i mensi on and red shift,

ancl b etvleen angul&r ùi rne':nsi on a.nd. temporB.l v &ri ati on of these

sources shouLd- be describecl . ff , for insl;ancer none of these

sources can be resolved- wi th a 10r000 l<n b¿iselinc interf er-

orneter operating at S-banr], this incLicates th¿Lt the upper

I irnit of physical si ze is no more than light ¡nonths or per-

he.ps a fevr light years. fn this case, the rtcosmolo¡;ica-Lrr

viev¿ cÐ.n no lorrger be Ìre ld- as 1r.i.ncornpatiblerr ','ri th th e íntcn-

si1;y va.riatj.o n p?tenolnena..
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The depend.ence of flux d.ensíty on the metric d.i ameter

of a sphericatly symnet"f"rf synchrotron source ín which the

magnetic fi eld. is rand.omlzed. and. lsotropic is d.escribed. by

equations 93-105 of Le Roux, 1961. Values of the diameter

of well known si-urp1e non-thermal sources obtained- v¡ith this

mod,el are in fair agreenent with observatÍon. the nod.el was

further d-eveLoped i-ndependently by SJ-ish, 196J and Vfilliam's,

1965. lhus a measure of the distance of si-mp1e sources nay

b e obt ained..

Varíable sources however appear to be complex and- in

general the smallest components can be expected. to vary most

rapid.ly. The age of o. variable conponent may be cal culated.

from the observed. rate of chan€5e ín flux d.ensity from the

sour ce, as d.emonstrat ed. by Van d. er Laan , 1966. The r at e of

change of the frequency at which the varying constituent of

flux d.ensity is ? maximum and. the rate of change in fl.ttx

density at the spectral peak as it moves toward- loler fre-

quencies are d.ependent o n the rad.f us and the rate of expe.n-

sion of an electron gas, cooling ad-iabatically &s it expands

rvith its f rozen-in magnetic fi eId..

The ímmed.Íate objectives of the present v¡ork may there-

f ore be enumerated. as fol-1ov,rs.

(r) llxtension of th e visibility function of a popuÌation

of quasi-stel1ar sources in ord.er to c1 etermine their

smel-1-scale angular structure and. thus to compare the

values obtained. against the pred.ictions based- on l-ocal

and- co smological Lo catio n hypothe s es.
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(t) Classificatlon of sourees with sna1l cornponents

ancl icleñtif icatíon of associated- ch aracteristícs of

this cIass, such as observbd. secular variations.

(") Determina.tion of th e rate of expa.nsion of compon-

ents assocl ated. rvi th bursts in th e wavel ength regí on

shortward of 13 crno Sorne inf ornatio n on th e strength of

the ma Bn etic fi e1d- and- the eI e ctron d-ensitie s an d temp-

eratures obtaining in the expanding components might be

d.erived wh en suf f icient d.ata on a number of sources

becomes available.

(¿) Conf ir¡nation th at the co-ord.inates of th e observing

stati ons parti cipating in the int erferome ter experi ment s

were correct to about 2OO metres.

The result s of the investlg ations are listed. in Chapter

unresol-ved7 and. ob sel'ved. varíations in the eo ntribution of

components to the fLux d.enslty of some of these

d.iscussed Ín Chapter B.

so urce s &re

In Chapter 6, the effect of an error on the position of

eacLr station is consid-ered and a highly significant error

in one of the station co-ord.inates originally provid-ed-r is

indieated..
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CHAPTER 3.

DESCRIPTION OF THE EXPERTMENTS

rn the course of the investigation five stations of
the J.P.Ir. Deep space Network participated. on at least one

ocoasion. Two of these stations are located. in Australia,
one at f sl and Lagoon (lSS I+1 ) r . in South Australie and_ the
other at Tidbinbilla (lSS 42), in the Australian Capital
Territory some 1 ,2oo kiLo¡neters away. The of her three stat-
ions are withln fifteen kilometers of each other at Goldstone

in california, u.s.A. and. are designated Mars (oss 1t+), Echo

(nss 12), and Pioneer (nss l1). The Mars station is equipped.

with a 21o foot primary refrector on an x - y urount whereas

each of the other stations has an Bf foot primary reflector
on a porar rnount. The hyperboric sub-reflector of the
casse6ranÍ-an system focusses the beam ínto the feed. horn in
the cassegranaÍ-n cone. A maser immersed. in liquld. helium acts
as a serective anplifier and. is centred. at about 2295 lttïz,
correspond.lng to a recelving wavelength of about 1Jcms.

The operational faciliti es at each station are d.escribed.

1n section J+ of this ch apter. Each station co mplex has

id'entical basic facilities and. this feature together with the
ease of intercon¡nunication d.uring th e experiments have simpli-
fied. the ope rational pro cedure s.

1.1 Experi¡nents Using the Post-
¡

Detecti on Tech ni que

rn June 1967, Gubbay and. Robert son co nd.ucted a serie s
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of interferometrlc observations on tC 27t using the

Australían Basecl stations DSS Ll and DSS 42. The p,ublish ecl

report of this work appears here as Append.ix 1.

The output of eaoh receiver was passed. through a mixer

amplifier, d-etector and. filter and. th en recorcled. on magnetio

tape. îhe data record.edl at each stati on were oorrela ted

uslng the IBM 7O9O at Sallsbury, South Australla. This tech-

nique ls primarily due to Hanbury Brown and. Twiss, 1951+ and.

was enployed. by Jennison and Das Gupta, 1956a, 1956b to

d.escribe th e structure of Cygnus A arrd. Casseiopeia. Phase

information 1s lost as the signal passes through the d.etector

but th e technique is more sensiti-ve where S/N povrer is greater

than unity than the pre-d.etection method. and was originally

d.evised- to overcome th e d-ifficulty of provid.lng phase stable

transmission of d.ata over long d.lstances. The d.emand.s on

the frequency and t irnlng stand.ards are easily met and. would.

only require crystal clocks accurate to one part in 1O7.

The observations ind icated th at 3C 27t ,¡Ias only partially

resolved. wlth a baseline of 120O km or 9 million vvavelengths.

C onsequentty Gubbay, Iregg, Robert son, Moff et an d. Se id-e1

coll-aborateC- in a trans-Pacific interferometer experínent

using the post-detection technieue r in Septernber 1967. Time

correlation of DSS 41 and DSS 1l+ stanl ard.s was ob tained- through

the use of a rangíng transpond-er on one of th e lunar orbiting

spacccraft. A pre-d.etectíon or Michelson interferometer

experlment had. alrcacly been sched.ulerl f'or Novernber 1967 but
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as the post-detection technique required. littIe mod.ification
to statíon conflguration and. had. el read.y been employed.

successf ulÌy it appe ared that the use of th e 21o ft. a.ntenna

at DSS '11+ vríth the 85 f t. antenna at DSS f+1 would_ pr ovide

useful preliminary infornation. It was found. that the corre-
l-ated. flux d.ensity of alI sources observed was below the
system threshold. of J flux units. The list of sources in-
cluded 3c 273t 3c 279,1c 286 &s well as the crab Nebula.

rt was evi-d.ent that th e correr-ation threshold. hacl, to be

improved.. This was achieved. by employing the Micher son mod.e

of operation and- by increasing th e Jdb band.v,'idth of the

record.ed. d.ata f ronn l+00 llz to 1 k{z.

3.2 Calcu1atl on of th e Differential Doppler Fre que ncv

Two stations on the surface of the earth, in general,

undergo d.if ferentÍal motion vrith respect to a cel_estial
obJect. The spectrum of the object seen at one station is
d.isplaced by the dlfferential doppler frequency wlth respect
to the oth er .statio n. The value of this f requency is ob tained.

by expressing the differenoe of the station co mponent ver oci-
tics along the line of sight to the object in terms of the

wavelength c orrespond.ing to the opere.tin6 receiver f requency.

rf the d-i splacement of the spe ctrun of th e ob ject is greater
than the band-v¡idth of the d.ata, the only correl_ations that
might be perceived. are correlations betvreen d.ifferent purts
of the specl;rum of the object. The d.ifferential- cloppler

f reo.uency wo.s c al-cuIated. pr.ior to the experiment as the
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clopprer d-tfference was known to be several times greater
than the bandwidth and. necessltated. a relatlve shift in
receiver frequeneies in ord-er to view the same spectral
range , of the so urce at e ach st ati-on.

The differential doppler frequency is id.entical to the
fringe or fringing frequency þrt the treatnent d.eals with
each station separately arr¿ aifferential phase is slmply
obtained. by integratÍng th e d.if f erentiar f requency. I{o1r,ever

cross-terms between station d.oppler frequeneies appear when

the ob j ect is wi th in the so rar syst em vrhere, in non-

rerativistic terms, proper motionraberration and. pararlax

have an eff ect. The r elativistic treatment a s gi.ven by pauli,

1958 d.oe s not d.ístinguish betvreen these ef f ects.

The frame of reference used. is the
mod.el- elIip soid., whic h ha s a s emÍ_-maJ or

and a fl. attening ratio of 
'1/Z9B.t.

N.A.S.A. 1966 earth

axis of 6378.165 km

7.2 .1 Sources Outside the Solar Svstem

The problem can be expressed. in terrns of three veetors,

9, the angular velocity of the earth,1, the unit vector
along th e l-ine of si 6ht which, in th e c ase bei ng co nsiclered.,

is irl-entical for,ea.ch stati_on, ancl Irzr the ve::ticaI dis-
tance betrveen the tv¡o stations, v¡hieh rotates about rl (.see

d.i agram) .
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where I is the vefoolty of the station at

respeet to the axis of the earth, and R is

to any point on the earth. The component

station 1 alon6 the li.ne of sight c&n then

.toI to

L ---+

anv

the

instant with

rad.iu s ve ct or

of the velocity of

be written

3=9xB

rtr (o x Br) 1

and the differential velocity

rtr !zt =1xu

:
c

xID

(nt-nr)

may be

obtain

v¿here c is

fr e que ncy .

expressed. in terms of wavelength of the slgnal to

the d.iff erential tl"oppler f requeney , D, thus

u Af (rr, (n,-I, ) *

the velocity of llght ancL f is the r eceiving

This equation red.uces to

,D

STNI

9 rr'z

@

= : cou(DEcQ) (¡xr *f r *sln(DLNGlt )-lx, +f ,Brn(¡r,lre¡e) )c



where

20.

of rotati on

of rotation

DECQ =

AXr =

AXz =

4rl =

4L2 =

DLNGJl =

DLNGJ2=

d.ecllnation of th e qu asar

d.istance of station 1 from th e axls

d.lstance of station 2 f rom th e axis

receivlng frequency at station 1

receivlng frequency at station 2

longituC.e of the sub-quasar point

station I

longltud-e of th e sub-guasar point

station 2.

longltude of

longitude of

The relative phase is then obtained. by lntegratin6 ,D

with respect to tlme.

PHASE cos(DEcQ¡ *(axr *fr *oos(olmeSt ) LX"*,¡. *cos(OlWe¡Z) )

t.2.2 Source s ltflthin th e Sol ar Svs tem

For a source wíthin th; solar system the unlt line of

sight vectors from each station cannot be consldered to be

paralIeI. Further the effects of proper motion are, in

general, not negligible. The case of a satellite transmitting

at the Deep Space Network frequency has practical application.

fn particularr the strong signals from Pl-oneer Vfff soae ,O

million kilometers d.istant \¡ras used. as an experimental control
(see section 3.4). Satellite trackj-ng by two stations oper&-

ting as an interferometer can aIso provid.e useful geod.etic

data (see Chapter 6).

1

=-t*
c

Let v_ be the velocity of the spacecraft with respect-s
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to the c ent re of th e earth.. The d.oppler d.tef erence f re-

quency between two statlons operating at closely natching

receiving frequoncies, now involves an acld-itional term which

red.uces to zeto when f r = L", where 1¡ and fz are the unÍt

vectors along the line of sight f rom the r espectivei' stati ons

to the spacecraft. This term, vd-, is due to the d.ifference

in the components of the velocity of the spaceoraft with

respect to the two stations and. may be expressed:-

(i, -i, ) . 1
c

t-d. -s

). :
v
L2

v

-f
L

t]-¡

\r,,

v

1r
(rr-r' ) +

l2E

v .1,

;;--
(rr-r" )l :

c

t

The first term appearing in the brackets on the right

hand. síde can be rewritten as

v

=s1r

and thus appears as a component of the angular velocity of

the spacecraft along the l-nterferonneter baselj-ne. The second-

term appears when the spacecraft to station d,lstances are

unequal. The value of the various terms are given here for

a typical case wh en Pioneer VIII Tvas ob served. at wh ich time

uñ had. almost obtained. its maxinum value and. vi ewing cond.i-
t)

tions from DSS l+2 ancl- DSS 1)+ I/vere similar.
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,D I+221 .'15 Hz

v -l+.56 Hz + O.48 Hz -3.88 Hz
d.

\{herea" ,D was lncreasÍ-ng a.t the

,d. d.eoreasecl only by about 0.02

about J Hz/nin. e

1 0 nin.

(oxRr ).12

Z1

rate of

Hz over

In practlce hovrever th e total d.oppler {if f erence

f requency, !vas calculat ecL f rom the e quati on:

f¡ f2
y( spaoeoraf t) ux I) I

whlch represents the

the form

f t'l

3
c

difference between two d.etermlnants of

XLr YLr ZL¡

Lt Lt Lt

(

X¡ Yr

00 1

c

where the rows represent the components of the vectors !r

f r and. Rr r€spectively, along the X, Y, and. Z ði- recti ons in

space centered. at the earth. The X and- Y d.l-rections of th e

reference frame lie Ín the equatorial plane and 1n the

d.irection of zel^o right ascensj-on and. 6 hours in right

ascension respectíveIy. The z axÍ-s is coincid.ent with the

axis of the earth and. of the same sense as the rad.ius vector

val-ue s o f th e co mponent s of th eto the North pole. The

vectorial d.is tance and. of the velocity of the spacecraft with

of the earth, in this frame ofre spe ct t o th e centre
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reference, were supplletL by the Jet Propulsion Laboratory.

3 .2.3 Assessment of the Effect of the lrackins Motion

of th e Antenna

The tracking arm of the antenna will rotate in some

nanner d.epend.ing on the d.esign of the mount ln the course

of an observation. the station position represented. by the

veotor R may be expressed. by two component vector" E" and.

R- where R_ represents the positlon of a flxed. point F along
-J-
the moving arm or the extension of the moving a.rm, with

respect to the center of rotatÍ-on, *a 3f is the vectorial

di- stance of th e antenna f rom this f ixed point ( see d iagram)..

lF

F I

From ab ove ( seoti on 3.2. 1)

+

zero by virtue of the

,D :
c

:
o

(e"3)

[(g x 3")

1

I l( R,)xûJ l

The second. t erm is id.entically

fact that R, is always parallel to
-I

t̂- Geod.etic experlments
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wÍII therefore refer to the locatlon of the pol-nt F which

should be acourately determined. rrith respect to the centre

of the base of the antenna. For the X Y mount of the 21O

f oot antenna at Gold.stone the point F l-s Í-nd.epe nd.ent of the

d.eclination 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 d-eclínation of the soürceo

However the locus qf F as sou"'ce d.eclination is varied. lies

along the polar axis of the mount w?rÍch is set paralleL to

the axis of the earth. Consequently g " 3" is indepencl.ent

of so urce d.eolination and. uO 1s unaf f ecteil.

5.2.l+ Ref racti on

At the receiving frequency of the Deep Space Stations,
li.€. 23OO lúHz, refracti0.n
/
\

occurs principally in the tropo-

sphere. Refraction j-n the solar plasma anrl in the ionosphere

is negligible and. the treatnent of refraction in the tropo-

sphere wo uld. apply equally f or th ese me d.1a.

The effects of refractlon are two-fold.. The path of

the rey suff ers a d.eviati on at the boun<lary of two med.ia of

d.iff ering ref ractive ind.ices accord.ing to Snell I s law

sLn l-
, I 

- -----

sl-n r

vrhere U is +.he ratio of the refracbive lnd-ices of the med.ia,

i and. r are the angles between the vertical al the point



yrhere the ray undergoes refraction and the pathos of the

incid.ent ancl. the refracted. rays respectively. For the

troposphere U is given bY

2)r.

refers

76.6
('tt - ---

T r.106

l+BO0 e

)

JO GHz.

the t roposphere

tro po sphe re

of water vapour in the

T

provid.ed. the operating freguenoy <

Here T È 3ZOox, the temperature of

p - 1OOOmb, at the base of the

e - 20mb¡ the Partial Pressure

t rop o sphere .

From above, the d.ofPler shift at an

be expressed

observing station ,D can

fR
=-g

The scalar value of th e quantity j-n b racket s i s

/\
v¡here I refers to the path of the incid.ent f&)'o Ïf

to the path of the refracted- ray the scalar value becomes

sin ro the d.irection of the resultant vector horever remains

unchanged as Rr r the pa,th of, the j-ncid.ent ray and. the paih of

the refracted. Tay ere coplar¡ar. Thus the effect of the

quantity in braclcets al-one v¡ouId- alter the value of '¡ 
by

the factor s:ln r/sin j-. Irlorv the value of et the phase velocity

of Iight is nod-ified, by the same factor anô consequently the

I
f

vD = - (g " 3)
c

A(I"l)
o

I
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nett effect of refraction on the d.oppler frequency shift is

i d-e nt ic ally zeto o

The oomputer software which d-rives the antenna when

tracking ø. ce1est1al source takes account of refraction

corrections so that no calculatlons for this effect were

necessary when prod,uoíng pretLictions for antenna pointing.

During the experiments its value fell wlthin the range O.0150

to O,O55o. the angle between the e]-ectrical axis of the

antenna and the ldb poínt ls about O.2OOo for the 85 foot

antenna and. O.0600 for the '21O f t. antellrlêo

1.2.5 Scatterlng anrl. Sclntillation

Rad-iatíon from celestÍaI sources received at the earth

has passed. through the solar plasma. The plasna acts as a

scattering med.ium so that, to an observer at the earth, a

part of the total radíation flux from the source appears to

come fron a halo about the source. The polver scattered into

the halo and. its angular extent increases with the electron

d.ensity of the plasma ancl theref ore wi th the d.istanoe of the

lÍne of sight, at the point of closest approachrto the sun,

as shown by Cohen, Gundermann and Harris '1 967. An a.ssessnent

of the ma6nltud.e of this effect by Dr. Little, Dr. Cohen at

CaI . Tech. a¡d by Dr. Denniæ n at the University of Ad.el- aj-d.e

ind.icate that at 1J cm, the DSS receiving,f requencyr we would.

be in a regime of weak s cattering at any d-i stance f rom the

sun Breater than a few solar rad.ii.



26.

I[hen the optical path ls 1OO R. from the sun at its

point of closest approach, a polnt source would. still look

llke a point but woulcl be surround.ed. by a halo of di o¡ eter

È O.OO2 containing about 1 per oent of the fIux. Closer

in, the proportion of the flux in the halo lncreases. A

ninimum d.i stance of 1Oo f rom th e sun was ad-opted. as a crit-

erion in our selection of sources so that a maximum of -5lo

of the flux d.ensity fron a point source would. be lost from

the unresolved. component seen with the trans-pacific

interferometer.

The effect of scintillation d.ue to irregularities in

the solar plasma in the line of sight ls to introd.uce a

secular variation in the apparent position and. brightness

of the Boürcoo The bandwid-th of th e spectrum of the se var-

iations is up to about 1O Hz. Secular variation in position

at frequencies above 0.05 Hz and. &n amplitud-e greater than

about O.01 o would have result ed in fluctuations and broad-en-

ing of the correlation peaks due to Jitter 1n the d-oppler

d.if f erence f requency wh en the d.ata streams w ere co rrelated.

coherently over 1OO second,s. However, the observed fluctua-

tions in the correlation peaks observed' appear to agree

closely with the theoretical ,noise statis tic s for the d-ata

reduction sy stem ( ee" Chapter 5) an<L i n any case, ins tabili-

ties in the Rubid"ium atomic stand.ard wo uld t end. t o di sguise

scintillation effects if these were present. Brightness

fl-uctuations are smoothed over the period. of integration.
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The presence of eJ-ectrons in the sol-ar cavity increases

the value of c, the phase veloclty of lightr by a faotor of

i. (f + 1O-12) ""sulting in a correction to predicted- frequency

of the ord.er of lO-8 llz which is negligible.

3.2.6 Rotation of the Earth About the Sun, Moon and.

PI anet s

The rotation of the centre of gravity of the earth

about the o ther bod.ies of t he s ol-ar sy stem does not d-i rectly

af f ect the value of th e d,iff erential d-oppler f requency except

insofar as the interaction with such bod.ies result in'pre-

cession ancl nutation of the axis of the earth. The rate of

change of d.isplacement in the d.irection of the axis d.oes not

exceed. about 0.5ttper d.ay. The correction to the d.:l-fferential

d.oppler frequency d-ue to the motion is << 0.001 Hz.

A further correction.arises ind.írectly through the

d.ifferential signal arrival times for the two observing

stations. The velocity of the centre of mass of the earth

alters over the <LLfferentiâl time interval. The earthrs

orbital velocity therefore cannot be common to both stations

v¡hen the d-ifferential time O. However, for a d-ifferential

time of lOms the correction to the d-oppler d.ifference fre-

quency would. not exceed. - 5*1O - Hz.

t.2 .7 Appar:ent Angular lvl otion of Source 'Due to Pre-

ces ion of the Ear hrs Axis





where u Ls the component of the lnstantaneous velocity of

the station relatlve to the point, a1on6 the d.irection of

the line of si ght to th e soürc€ o lVe ob taín

d.w
1-

d.u (
\

1+

The s5-gna1 f reque ncy f t in the stati on ref erence f ran e i s

¡r fo

ancl by logarithmlc. differentiatlon with respect to u, Àf'

is expressed. in terms of Au

îhe relativistic logarithmlo

en,lent of the rad.iaL velocity of

of the value of the red-shift for

29.

d-w

d.u

increme nt Af ' /f' .is ind.ep-

the source, i.€. ind-epend.ent

the source.

vz

c'
uv\2
;;)

1- E

___9_-

/;":
2

Af,
Au
-- f,
c

c

1

1- q
w-

"'

or from above,
uA

Af' f,

Integrating the expressi-on f or ùf '/ft frorn s. time tt to
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t2 to obtain the signal frequency f, in the station refer-

ence frame,

1
g
c

åF T""tr
og +1ogg

1+ u

where I is a constant of lntegratlon. YiIe c an thus obtain

the expressÍon

r,

whe re l-9

I

the frequency observed on

abovef'=gwhenu=Orso

ïÌthen u = 0, ¡t =

the axis of the

that we have

rrttÀat
'At

earth, but from

,|

2
¡r

lhe d.iff erential cloppLer f reque ncy for two stations on the

geoid. becomes
llI

1- 1

2
1-

fi

¡t
( srtrtr )

f,
( srnz )

gt
( srllr )

¡r
1 srnz )

/ c\
l--¡l

\ "r)1+

lr2

tl2
c

i

,Ll.

\.

neglecting secontL order t erms

(t, U2

in agreement with the non-relativistlc

be noted. hovrever that the frequency in

'l+

treatment. It shouLd.

the frame at rest

cc

)
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wíth respeot to the poínt on the axis appears here and not

the respective station operating frequencies. fn practice

fi 1s approximated. for the trans-Paclfj-c geometrical oon-

figuration where üt 'r -üz by averaging the frequencies in

the ob servi.ng band. at each station

L,',
ol e*A åu) å¡) I

)
+ (r" /z

where b i-s the common effective band.wíd-th of the signal.

the relativistic treatment by Pauli

on Plr9 of the Explanatory Supplement to

Ephemeris, j-ncludes the effect of

1958¡ page 19 and.

the Astronomical

planetary aberration which

separately.will therefore not be considered-

The correction required- by spocial relativity to the

d.oppler frequency at either station where

-6
u

c
10

is less than 0.5 (f f ) 10-12 i.ê. less than 2 x 1o-9 Hz.

As the earth rotates about its axis, eaeh statÍon will

appeer to d.escribe the section of a right circuLar coner âs

seen from the other station. This transverse motion results

in a d.ifferential transverse d.oppler shift of the signal for

the two statiors¡ The effect for the experiments considered-

is negligible.

For two stations on the earth at d-ifferent gravity
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potential Levers the general theory of relativity states

that a signal at frequency v et the statlon of higher
potenti-aI appears at a frequency v + Lu at the other stat-
ion where

bv Meh
e--=

u R2c2
e

where G the

the

the

thec

and. here h 1s agsumed. to

sea Ievel in metres for

Av<2

gravltatíonal constant = 6.67 x 10

mass of the earth = 6.25 x 1O2. Kg

racl-ius of the earth = 6.4 x 1O6rn

velocity of lÍght.= 3 x 1Oe n/sec

'9 n2 /Ke secz

d-iff erence in heisht above

DSS stations.

M
e

R
e

be the

the two

-4x 10 / Hz

as the value of h does not exceed. 1O0O metres.

1.2.9 Calculation o f Parameters for th e Geometrical

C onf igure.ti on of th e 0b servati ons

The calculations above ofthed-oppler òifference frequency

for any two observin8 stations is simplifíed. by the use of

vector methocls rather th an co-ord.inate geonetry. rn the

following the technique is extend.ed. to the calcuLation of
the baseline, the d.ifferential time of arrival of the signal
waveform at the two stations, the angle 0 betvreen the rine of
si6ht to the source and the direction of the baserj_ne and

finally the orientation an¿3Le $ bet'een the direction of the
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neasured. d.imension of the source and. the axis of the earth.

ô

The baseline Ð is then si-mp1y expressed. as

-I --v-

I

ancl th e re solving pow er,

to ./of l\, '

3I!zP 3

:
c

and.

R, I

where B(X) is the baseline distance in wavel-ength units.

B( ?\)

The effective baseline is !z r

RP, of the baseline is equetl

xl
xl a

the d.if f erential ti ne of arrj-va1 of correspond.i-ng

features of the wavefgrmr LAG, becornes

LÂG

where c is the ïrave group

between the line of sight

baseline,

si n0

1

- 3"t

If 0 is the angle

th e d.i re cti on of th e

R!
c

(n, t) l1

velocitJ¡.

ve ct or and.

R-l
A A,

= 1 X R2 1 and. o o s0

antL if ó is the o,rientation of the measurecl d-imension
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û,

AA
x Rr'r) x f

s-f

(]c osþ

!e I

6

(n, l' )I

z¿t
Rzr

LAG'tc
sin (aectination of source) t' -----

,' Rzt

where Zz t is the component of Re I in th e d.i rection of th e

axi s, ûl¡

For 1on6 baselines where the conmon sky is limited. to a

f ew hours of ri ght ascension, ó is principally d.epend.ent on

the d.eolinatl on of th e "orr""". Vfhen the statÍons are di s-

posed. so that the common sky covers many hours in ríght

ascension both þ and. the effect.ive baseline and. therefore

the resolving power of the geometrícaI confJ-guration, vary

over a wid.e range. the effect of a change in the orienta-

tion of the measured. d.j-mension can be studied. separately by

employing different station pal rs as interferometers.

1.3 The fntermed.iate fnterferometer

Section 3.1 d,eaÌt with the reasons for the transition

from the post-detection to the pre-d.etection mocle of inter-

ferometer operation. For reasons di scu ssed in sectj. on 4. J

the transition v¡s.s not c omplete.

The pure ldicheLsorr or prec'letection technique wouId. have

required. d.etection subseque nt to coherent integra.tion of all

the d.ata, wheres.s the post d.etection, of Ilanbury Brorvn tech-

nique can be represented. as the limiting case of tlte
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Michelson treatnent where d.etection occÌrrs after correl¡rtion

of each d.ata sanple pair so that frequency and. phase informa-

tion is l-ost. Detection to ok pf äce in th e r ed.ueti on progractme

e.f ter each 10 second. bl ock of d.ata had. been coherently inte-

grated.. The two streams of data tvere slipped, reLatively in

time as requLred. by the d.iff erential j-n signal arrival time s

at the two stations and then coherently integrated, over a

period. of 10 seconds and. a fourier search about the pred-icted.

d.oppler f requency waÊ ef f ectecL bef ore d.etection. The r esult s

of each block of 10 second.s were ad.ti.ed. for corresponding

points of the fourier €rpralr

For a given total observation time T, the threshold of

the system red.uces as the length of the ooherent block of

sarnples, t, increases in accordance with the relation

y'tr B

ö(;)
2

by Clark 1968

band.wid-th anrl

a

N
I

approximately that
/.e\
få1. where B 1s the
\N/',
the signal to noise

given

dat a

for

(f),
low

ancl.

value s of

are

ratios at the respe ctive statlons.

The effect of

1e.ted- eorrelation

For a given value

samples, the value

t ancl T on the

coeffici-ent is

of T, the to te.l-

statistics

d ealt wí th

number of

of the calcu-

in Chapter 5.

i nd.epe nd ent

of t rnust be optimized. with regard, to:-

( ) illh e lrhase

stand ard s

sto.b:i.J.ity of th tl p rinary f'rcrluency

at the static¡ns.

[I
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(¡) The threshold. requlred. for the sources under stucly.

(") The Ínfor,na.tion sought, i.e. the vi sibility

f unction of the source or th e secular varie.tion

ln flux density of the source. fn the latter

case statistícaI errors have to be constrained. at,

the expense of syst.em threshold. ("e. Chapter 5).

The visibility function is the fourier transform of the

spatl-al frequency conposition of the source. fnformetion on

the shape of th e source, the relative íntensiti es of the

she1l structure or of the components in a, dumbell or d-oub1e

source structure can be obtained. from the visibility function.

t.l+ Desien of the Experiment s

After the interferometer experinent of June 1967 (see

section 1.1) vras oompleted., Dr. Robertson of r¡/.R.8. suggested.

that other stations of the Deep Space Network couLd operate

jointly in a similar manner to e xtend. and. d.iversify the vro rk-

ing baseline. fn particula.r, an experinent enploying stat-

ions in Australia. and. j-n Cal-ifornia would be required" to

ad.jud-icate against the l-ocal and cosmologica.l loca.tion of

qua,sars as the pr oponents of the rival vi ews had- pr ed-icted.

quasar angular dÍnrensi ons whích were at varj-ance and- a trans-

Pacific baseline experiment coufd. d-iscriminate betrveen the

respective values f or angular si ze (see Cha.pter' 2).

A neeting vras callecl by Justin R. HaIl of J.P.L. and.

took place on 12 Septenrber, 1967. The recelver antL data



reoordlng c onf iBurati on ad.optod.

figure 1.1. Data reduction was

Gubb ay .

at thís neeti-ng is

the re sponsibiJ.lty

t7.

sh ov¡n in

of J. S.

An experinent having the following objectives were

planned. for November, 19672-

(") To test the feasibillty otr a MicheLson phase-

sensltive interferometer over longer basellnes

than had. PreviouslY been useil.

(U) To ploce upper 1i¡oits on the dlameters of a number

of quasi-ste1l-ar radlo sourcês¡ The lr'lichelson

lnterferometer offered two orders ofl magnitude

greater sensitivity than the post-detection

correle.tion interferometer, triecl between DSS 41

and. DSS 14 in Septentber, 1967. Thus ma'ny f aint er

sources could- be observed in a Siven amount of

antenna time.

c) To examine the feasibíIity of the long-þaseline

interferometer for checking the time d-ifference

between two station clocks. The initial experiment

offered the possibitity of synchronization io

within about 20lts. Possible extensi ons of 
:n"

technique using vricler recording bandwi d-th to

reduce synchronj zation errors to less than ltts had-

been suggested. by Gubbay and Robertson, 1967 (see

Append,ix 1 ).

(
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(a) Sources to

tc 286, tC

be observed included- jC 275t

287t tc 298t I\TRAo 51O, anong

tc 279 t

others.

The actual source list (see Chapter 1) for the experi-

nent whích took place on the 2 and. l of lÌovember 1967 did

not however i-nclude JC 286 and' 3C 287 as they d'ld' not appear

to vary and. v¡ere located' in a region of hish galactic back-

ground.

.l+. 1 S ect io of Source

Thesourcesselected.forimmed.iatestud.yfeltlntoone

or more of the folLowing categories:-

(u) Sources that had- exhibited' an unresolved' component

when observed bY

(i) Gubbay and Robertson 1967 r üsing the two

stati ons ln Australia DSS 4t and' DSS I+2 at

a baseline d.istance of about 9 milLion

wavelengthst

(ii) The Canadian 8roup, Broten et al

observin¿ç with a baseline of I*+

wavelengthst

( i.ir ) l¡ano gro up , Bare et aI ' '1 ) 67 t

across a baseline d-istance of

wavelengths.

. 1967,

miIli on

ob serving

20 million

(t) Sources vrith a high red' shif t, i'e' Q'S'0' r s'
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(") Sources that exhibited. scintillation when viewed.

close to the sun by Cohen, Gund-ernann and' Harris,

1967.

(a) Sources whioh had. been cbserved. to va.ry in flux

density (rt short wavelengths) by Dent, 1965

Epstein, 1965 and Low, 1965r ês d.iscussecl in

Chap ter 'l .

(") And. those sources whose spectral flux maxíma 1ay

at relatively hlgh frequencie s.

For practical reasons a right ascension bracket of 4 to

oontaining th e most interesting group ïtas d.ef ined-.5 hours

All of

co mmon

i.€. t

these sources lay wi th in th e cleclination limits of the

vievring limits for the participating rad.io telescopes

4Oo, and exceed.ed. 1flux unit in total flux d-ensity.

c ibration of the tren h of the Unresolve

Component

In ord-er to avoid. sys.tematic errors in the meaaurement

of the flux d-ensity of the unresolved- component the source was

viewed- si multaneously across a short baseline and ê.cro ss the

trans-Pacific baseline.

The short baseline station pair comprised an 85 foot

antenna antì. o. 21O f oot antenna at a baseline sep arati on of

about 12 kilometers or' ! lcilometers acoord.ing to whether

DSS 12 or DSS 11 respeotively were assj-sting in the observa-

tions with DSS 14. All_ the sources yrere knov¿n to be
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unresolved at this dlstance and conaequently the correl-a,ted-

f l-ux provid"etl a neasure of the total strength of the soLlrcê o

The zero d.istance value for the vlsibility functj-on of the

source could then be di rectly c ompared. v¡ith th e correlated-

flux d.ensity for a baseLine separation of 80 milllon wave-

lengths. the telescope pair making the trans-Pacific

observations was equivalent to the short basel-ine pair in

that:

a) The station in Australia as sisting l-n the ob serva-

tlons, DSS 41 or DSS 4Z possessed- the sane standard.

85 foot antenna and roce5-ving system es d.id- DSS 12

and. DSS 11. The receiver noise temperature was

closely similar for these four stations'

(¡) The 21O f oot antenna and equipment at th e ¡lars

site, DSS 14, were conmon to both the long and'

short baseline station PaL rs.

îhus the sensitivlty of both station pairs could- be

consid.ered to natch closely. The hei ght of th e correleti on

peaks for the long and short baseline were consid-ered in

arbitrary units in the first instance although the peaks

for the short baselÍne agreed. closely v,ith the anticipe'ted'

values cafcula.ted. from the total source strength, effective

antenna area and. sy stem noise tempe rature. The f l-ux of the

conponent seen with the trans-Pacific pair was quite sinply

obtained" f rom the c atal-ogued" values of total flux d-ensitY at

the spectral

(

varioua Ìv¿tvelengths to provid-e i'nformation oll
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curve at 1, cnr and. the ratio of the peak heighte for the

short and. lon¡¡ b asellne s.

The short baseline correlatlon peak heights were later

plotted. against the total strength of a number of sources

in figure 1 of Gubbay, Robertson, Moffet and. Seid.el , 1969

(see Append.ix 2 anð, Chapter 7). The source strengths ïrere

obtained. by interpolati.on of source strengths observed. at

varíous frequencies. A linear relationshj-p between the

J-ogarithrn of total strength and. the square of the correla-

tion peak is required and. the d.egree to which this condition

is f u1f i11ed. is an ind-ication of th e valld-ity of the r ed.uct-

ion process and- the accura.cy of the neasurement of the

correlation flux. However an assessnent based. on this

criterion must be pessimj-stl-c .as f actors 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 ad.opted., perticuJ-arly

f or the weaker sources. A d.etalled a ssessment of statistice.l

errors is gJ-ven in Chapter 5.

zero baseline measurement is nad.er âsVíhe n no

provid.ed- in

California,

this instance by

the calibration

the two DSN stations

Ìvas

in

óf th e c orrel ati on peaks is a

somewhat more coraplex process. The source itself may con-

tribute éignif icantly to the b ackground, noi,'-r e. The system

noise temperature at DSS 14 is about 2OoX and this con-

tribution d-oes at times raise the apparent system noise

temperature &s much &s 1OoK. The correlation cc¡efficient
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obtal-ned. will relate to the enhanced. noise temperature. It

is therefore essential to obtain noise temperature measure-

ments whLle observing each BoUrCê. riYhere a concurrent zeîO

baseline measurement is obtainerd. this effect is accounted.

for l-n the calibration curve thus obtainei[.

t.)+.. 1 Determination of Víewlng Parameters

The observation of

following conditlons as

was tined. to fu1ftll the

possible:-

each source

closely as

(r) The co ntributi on to background noise ro se rapíd.1y

. In allofor antenna elevation below about 15

cases except for 3C ,+5 where th e maximurn elevation

at the Australian station 11es somewhat below this

figure, observations ïvere scheduLed- so that viewing

elevations were above 2Oo (see figure 7.2 to 7.5).

(U) For the 1967 anð 1968 experlments observations were

scheduled. (except for tC 145) for those times when

the r elative d-oppler d.a f f erence freque ncy was at or

cl-ose to its'rnaximum value (see fi6ure 7.2). fn

'1967 the trans-Pacific baseline was the longest in

terms of metric distance and. in terms of wavelengths

and- therefore the frínging frequency wlcrs unprece-

d.ently high and. error s 1n d"ata red.uc{:ion woul-d. arise

f rom errors in pred.i cted- f requency. As the diff er-

ential of f reclue ncy wit h respe ct to time s.pproaches

zero, the d"ifference betv¡een pred-j.cted. frequency
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and. actual f reo.uency due to th e l-east accurately

known parameters 1n the geometrical configurationt

ê.gr d.eclj-natíon of the sourcer approached. a con-

stant value thus minimizing rwalkingr of the peak

<Iue to change in the d.if ference between the actual-

and. the pred.icted. d.oppler difference frequency.

Hovrever although such d.lvergences in the actual

frequency d.id. exist, lt was found. that for the

standarcl mod.e of data red.uction, ("oherent inte-

gration of 1O second. blocks of datar s€e Chapter

4), walking was imperceptable even when the fring-

ing f requency vras d-ecreasing rapid.ly as was the

ca.se for 3C 5l+5.

For th e 1969 experiment emphasis was placecl on optimum

viewing elevations at the stations to minimize the effect of

ground refl-ections, rather than mainto.ining quasí-stationary

fringing frequencles. The fringing frequency for alÌ observa-

tions r/ere v¡eIl in excess of 1kHz, the banclwidth of the data

record.ed., and the respective station synthesizers were set

so that the d,oppler d.ifference frequency was d-iminished. to a,

value between 30 Hz an<L 60 Hz where possible.

The contours of resol-ution are no.ppe d f or the trans-

Pacific baseline over the area of common sky (see fig. 7.t).

The orientation of the measured- di mension i s defined. as the

angÌe between the projection of the baseline on the plane

normal to the line of sight ancl the North Pol-er measu¡'ed. in
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a" elookwl se

in Chapter 7

dlrection. Contours of orientation are d.isplayed.

c ornput er r-is t in6s of t h e eI evati on an d hour angl e at th e

respective stations, baseline d.is tance in kil_ometers s.nd.

wavelengthr ar¡gIe of line of sight to the baselíne, orienta-
tion of measured ðinension, fringing freque ncyt and. differ-
ential time of arrivar for the station pair a.gaínst ur as
argumentr rere on hand- d-uring the experiment. They were
employed in sched.uring the observations and. re-scheduring
them during the experiment when probrems with equipment mad-e

this necessary. vlhen an unlisted. source was includ.óa d.uring
the experlment, sched.uling anrr. synthesi-zer setting were
chosen by reference to the contour map for elevation and.

fringing frequeric¡to

E erinental C ont rol s

the sinultaneous ob se¡vation across a sh ort b aser-ine and-

the trans-Pacific baserine with similar stand.ard. or common

equipnent to caribrate the correrated. frux of the unresorved.
component d'irectly ugtirr"ì the correlated. flux from the whole
source was d-eseribed. in section 3.r+.2. rt al so provid.ed. a

means of ind-lrectly car.íbrating the Ìong be.serine correr-ation
peaks in terms of f lux density indepe ndently of a knowled.ge
of systen sensitivity.

The short baseline

as it was po ssibl-e th at

correla.tion peaks were easily seen but
no correlation peaks would. be
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observed. for the trans-Pacifio basellne it was neoessary to

includ.e two other experlmental controls to ascertain the

correct functioning of the renote (.e.ustrallan station) in

that event. Thus the followlng anc1l1ary experiments were

perforned.ln the course of the observations on quasars on the

lOth May, 19682-

a) The Pioneer VIII space craft which at that time

was at a d-i stance of J0 nillion kllomet ers r was

observetl using thte qua.sar observation confiSura-

tion. The very strong short baseline ancL trans-

Pacific baseline correlation peaks were equal (""

requtred) and. appeared at the pred.icted. frequency

within an acceptable tolerance (see Chapter 6).

(¡) During the experiment on the 2nd. November, 1967

the settings for Unlversal lime were accid.entally

tampered. w:i th and. uncertainty fn the setting f or

Uî extend.ecl the search for correlatl-on flux. fn

order to red.uce the uncertainty l-n station clock

settings to t 1 ms, well within rang: of the pro-

grenme searchin6 in the tf.me domain ("e" Chapter 4),

pulsars CP O95O and. CP 11ri were ob served. in the

course o f th e ob servations of 30 t'ln May, 1968. The

relatlvo clock d.isplacements between DSS 1l+ and

DSS l+2 were abou.t 7OO ps away from the d.isplacenent

d-etermined- by thg Moonbounce equipment (see Chapter

4). The system conf iguratio n was altered. to th e

(
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poEt d.etection nod.e fo r colLectio n of the pulsar

d.ata. The reL ative cl ock d.lspIa ce¡nent vras deter-

mined- fron th e poslti on o,f the intensity correlatl on

peaks with respect to UT at DSS l+2. This d.eter-

mination of reLative clock d.isplacenent was carried.

out by Dr. D.G. Singleton at W.R.E. in South

Àustralia.

the d.etermination of relative clock d.Ísplacement by the

Moonbounce proced.ure was fo und t o co rrespond. with the d.is-

placement required. by the correlation peaks for quasars. The

agreement was better than 50 ls as no d,i vergence courcl be

d.etected. from the Moonbounce and- later quasar d.eterminatÍ- on,

the noise equivalent bandwidth of the data (see Chapter 5)

being about 1250 Hz.

1.4.! Mod.e of Statlon 0peration

Dr. D. Robertson, A. Iregg, and. J. Gubbay conducted.

interf erometer experj-ments at th e AustraLian end and. Dr.

Moff et and. Dr. R. Ekers cond.ucted the experinents at th e

American based- station. All participating stations were

voice contact throughout the period. of the experiment.

the

A.

l_n

the ant ennae r,yere d. riven by co mput er in trst ar traclc

mod.errusing only the source coord.inates as input. Antenna.

polarlzers were switched. to right circular, and the m&ser

front end. operated. at a,frequency between 2295 \ftriz and-

2298.33t3Jj l,l,Hz. The Rubidium frequency stand.ard. d.rove ¿r

synthesizer. The synchronízeð. f requency was rnultiplíed. by
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96 and. fed. to a nixer amplifler between the maser and. the

50 MHz IF. A second. sy nth esizer set at 20 l,lHz operated. of f

the same Rubidium in th e 1967 and 1968 experlrnents. The

synthesized frequency was multiplíed by J and. nÍxed wíth the

50 lúHz IF and the output of th e mixer passed. through a 2 RHz

band. pass filter centred. at a frequenoy pf 10 MHz. îhe out-

put of the filter was mixed. with 10 MHz frorn the same

Rubid.i-unr pessed. th rough an isolating arnplifier an,i. f inal1y

d.igit izeð. al, a sampling f re quency of 5 kKz ont o nagn eti c

tape at 200 bits per inch. The ldb bandwid.th of the data

was 1 kHz (see Chapter 5 for noise equivalent band-wld-th of

the d.ata).

The antenna pointing progranme and antenna servo system

were checlced by pointing at a rela tively stro ng so irrce, i. e.

above 1O flux units, which was easÍ1y visible on the noise

temperature ohart record.er. the clata was vi ewed. on an

oscilÌoscope before it was d.tsiti-zeð, to check the AGC 1eve1s

and- the computer

symme try of d.at a

output was examined. for mean 1evel and

d.i stributl on.

The configuration was altered. for the 1969 experiment

as concurrent observations were run by NRAO and. by the 'l't.R.E./

University of Ad.el aið,e/C. f .T. team usi ng sep arate b aclc e nd-s.

The resulting d.ata pare,rneters were effectively unchanged.

except in that the NRA0 rubid.ium which had. a short t erm

stability of 1O-12 was usecl so that an improvement in phase

stability in the d-ata of about one order of magnitud.e vras

expected (see Chapter 4).
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CI{APTER ¿å

DATA REDUCTTON

.A,t e ach of the ob serving stati ons the output of the

2 kF-z centre frequency filter centred at 1O 'trllHz, vtas

sampled. and. iligítized. by an A-D converter at the rate of

SOOO 6 ¡ft samples per second and- written fron buffers onto

magnetic tape (see Section t.4.5 and. figure t.1). The

sampling programme for the Scientific Data Systems 92O

computer at the statlons was written by the system analyst

at DSS 41, Mr. A. J. Legg.

The d_ata from the stations were correlated. on the cDc

6400 at the Ad.el aid.e University Conputing Centre using

programmes wrltten by Dr. D. S. Robertso n an<i- Mr. J. S.

Gubbay for the IBM 7O9O at' l¡.R.8. and recoded- for the CDc

6400 with the assistance of Mr. J. VtIead.on and. Dr. Barbara

Kid.man of the Cornputing Centre.

In general, the tine of arrival of correspond.ing signals

d"iffer for the two stations, d.epending on the relative posi-

tion of the stations with respect to the line of sight to tho

source. ¡iurthermore r êD apparent d-if f erence is introd-uced-

when the clocks at the respective stations are not synchro-

nj-zed_. îhe relative notion of the stations along the line of

sight results in a relative d.isplacement of'the spectrum of

correspond.ing signals arrivi'ng at the r esp ective stati ons.

The calculatíon of the expected- time lag and. the expected-



l+9.

spectral d.ispl&cement between stations pairs is shown in

section 3.2. îhe relative d.ispLacements 1n the tj-ne and.

the frequency domaín is illustratetL in flgure 4.1 for a

from thesource whÍch 1s closer to the horizon viewed

western¡nost station than for the eastgrrnost station.

Possibt¿ gcomclci¿ol
disposition of slotions
COr' FaspoñdiñS fo Figure 4.1

NI

<f

L----+
Expccled dopPlec diçference

FRÊOuENcY oF SIGNAL

Fig.4.1 Relative time and frequency d,isplacements at inter-
feroneter stations.

Here T1 and. T2 d.esignate the time of arrlval of correspond-i.ng

signals at the two stations with referenoe to an arbitrary (

zeto time, and u1 and- v2 refer to the lorver limits of the

spectrun vlewed. at the two stations were the zero datum ís

arbitrarily d. ef ined. and. the j-nd.ex 1 c orre sp onds t o th e we stern

station whiLe the ind.ex 2 refens to the eastern statlon.

The red.uotion programrne corrects for the time displ&cê-

ment Tt-Tz arising f rom the d-iff erence in th e physical d.istance

of the two stati- ons f rom the source r by slipping the d'ata

stream froln one of the stations with respect to U.T. before

the two d.ata streams are cross correlated. The tine

I

4.

z
9
íl

tt
o
t¡J

o),)
0
t
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d.isplacenent is recalculated. and. the correctíon mad.e once

each secon¿l.

rf the sane receiving frequency were selected- at each

statlon, the spectrum of the rad-iation from a cerestial

source appearlng within the 2 kBz pass band- wouId. be relat-
ively d.isplaced. for the two statlons by the d.oppter d.ifference
f requencJ¡r u, d.iscu ssed. in Chapter 3. As u y¡as greater than

1 kHz for the trans-Pacifíc observatlons, the souroe spectra

contributing to the output of the audio filters at the two

stations wourd not be comnon or overlapplng bands of the
emission spectrünc 0n the other hand., íf different receiving
frequencies f¡ and. f2 were selected. to take acoount of the

ràlative spectral d.isplacement a correl ation peak woulcL appear

at zero Hertz as a. result of cross-correlating the tv¡o d.ata

streans, when the source contaíns a cogponent which is not

resolved. at the effective baseline separation of the two

statiorrs¡ Although bias levels are set to obtain a crosely
symmetrical d.istributíon of data values about zero, in general

some smal1 D. C. of f set will remain and. af ter cros s-correl"tf orl

the normalizeð. prod.uct of the respective D.C. components rvould.

also contribute to the correl_ation at zeto Hz.

This problem 1s simply overcome by choosing receiving
frequencies at the respective stations so that the d.ifference
between thern d-oes not fuIly compensate for the d_oppler ind_uced.

relative spectraL d.ispJ-acement. Thus the operating freqr:enc-
ies vrere so chosen that the relative sp ectral d.i-splacement
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appearing at the outputs of the respective aud.io fílters

Iay in the range 1Q-6O Hz where possible. The upper limit

was exceecled. when the change in d.oppler d.ifference freq-

uency over the 18 minutes.of record.ing was greater than

50 Hz. The receiving frequency at each station was selected-

by setting the frequency of a synthesízer before the X96

multiplier shown in figure 3.1. the synthesizer frequencies

at the Callfornian stations were equal and were, not changed-

throu6hout the period. of the experiment as the d.oppler

d-ifference frèqUency tyas small but sufficient to provid.e a

relative spectral d.isplaoement of between 1-6 Hz. As very

Iittle change occured. in the value of v d.uring any re c.ord.-

ing periocl the lower liurit vras d.eemed. quite safe even where

the startíng tíme for an observation had. to be d-elayed by a

f ew mínutes. Compensation f or the d.oppler d.isplacement acrosa

the trans-Paclfic baseli.ne was effeoted- at the Australian-

based station.

lYhen the waveforrns represented. by the d-ata streams from

the two stati ons are cro ss-correIated., th e si.gnal wo u1d.

appear at the sum and- d. if f erence of the exp ect ed. d.oppler

d.j-fference frequency and. the d_ifference in the respective

operating frequenci-eg. The sum frequency is not accepted.

by the f il-ter and. in any c ase is not constant throu.gh the

ob served. spectral band.. The lower or d.iff erence f requency

which is chosen to be much less than the extent of the d-ata

s¡:ectrum conveys information on the unresolved. celestial

components in the common viewin6 area of the sky.

N
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The correlation of the d"ata conslsts of correcting for

the d.lfference in time of arrival of the correspond-ing wave-

forms at the two stations and. then cross correlating the d-ata.

The resulting d.ata strea¡n then goes through a process of

numerical filtration as follows. A sub-routine generates

the d.iff erence frequency, d-iscussed. above, at whj-ch the

signal is expected. to appear and two streams of d-ata &re

generated- by mul-tiplying the correlated. d.ata with the sine

and- with the cosine of the phase derived. fron the generated

frequency. îhe result of this is effectively to flnd. the

quadrature components of the generated- frequency in the

correlated. d.ata. The d.ata streams are then separately sunmei[

over a given period- of coherent integration and. the square

of the sums are add.ed. and. the re sul-t ís normalizeð- so that

unity represents the results of correlation of id.entical d.ata

streams from the respectj-ve stations. One of the reduction

programmes repeats this pr'ocedure for a rsnge of values of

time d.isplacements t Tt-Tz t f or a given value of the expected.

frequency, the other assumes a given time d-isplacement anrl

searches over a range in the frequency d.onain about the

expested frequenc¡r. In each case the d.ifference betv¡een the

separ.ate values of the square of the correlation coefficient

a.nd the mean value of the correlation coefficient is ca1 cul-ated.

anrl- cl isplayed.. The mcan level- an d some stati sticaL fluctua-

tion about this mean d.erives from the ranclom noise d.ue'to ttre

receiver"s. The significance of the peak values of the devia-

t-ion f rom the mean value, Pt - <p2 > (urhere p2 ref'ers to the
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peak values a,nd. <p2 > refers to the mean value of the array)
is assesed. ln chapter ? in terns of fluctuations arising
from noise orl-ginating 1n the equipnent ancl uncorrelated.

b ackgr ountl.

îhe peak values of pz <p2> are also interpreted. in
terms of signar strength by read.j-ng th e correspond.íng value
of f l-ux d.ensity obtained. usíng the result s f rom the short
baseline shown in figuie 1 of Gubbay, Legg, Robertson, lÍoffet,
Seid.el, 1968. The phase history of the expected signal
frequency d.epend.s on the geometrícal configuratíon of source

and- station and. upon the phase of the rubid.ium frequency

stand.ard-s at each station which is not known and. which can

vary stochastically over the record.ing period.. rt is there-
fore neceBsary to obtain the quad.rature components of the

sígnal.

The caicurated. values of p2 for each coherent br-ock are

progressivery calculated., ad.d.ed. and. nor.mal j-zed, and. the val-ue

of pz <p2> at each frequency in the search range is pro-

gressively d-isp1ayed.. This process is continued. through the

period- of integration, T (i.u . 16 minutes). The period. of

coherent int egrati on, t, is varj.ed. t o rl etermine it s optinum

value which is entire]y dependent on the phase stability of

the rubid.ium clocks d.rivÍng th e synth esizers.

4.1 ExPerimental Determin¿¿ti on of Time Displacement

Errors in the pred.icted. d-isp.Lacement of signals at any
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two stations may arise from errors Ín the measur:ed clock

d-ifference and, from errors in station or source co-ord-inates

and. from rnlnor effects d.ue to various second- ord-er terms

d-iscussed. in section 1.2 whlch are Í-gnor:ed. in the red.uction

progra,rnme in the interests of simple economy. To ascertain

the d-ivergence between the true and. c alcul-ated. values of

time d.isplacement the first prograrnme j-s used. to search

for the position of the peak value of pz <p2> in the time

d.omain usÍng a source known to have a strong unresolved com-

ponent. For all the experiments, the d.ivergence has been

shown t o be less than 50 ¡rs. A d.ivergenee belorv - 50 ¡,ts does

not aff ect the results and- i s not d.iscernable for the experi-

mental paraneters employed.

Various techniques were used. to aseertain the relative

clock d.i splacement s.

For the Novenber 1967 experiment a time correlation

between the clocks at DSS 4l and DSS 1l+ w&s achieved. by com-

parln.<; th e arrival tlmc's of si53nals f rom a lunar orblter space

craf t, f or some d-ay s prior to the experiment and- again af ter

the experiment. The rel ative clock d.if f erence during the

experiment was obtained. by interpolati on of the se re sul-t s and-

the relative frequency setting of the clocks was calculated..

For the sarne 'experment, & Caesium cI ock was transported-

between the Californían stations DSS 1l+ an<1 DSS 12 to provid.e

a time correlation ancl the.retative frequency setting of their

cloclcs was a1 so calculated-. The correlati on proced.ures con-

fi-rmed- the time and- f requency d.eterminations carried. out by
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Mr. F. Borncarnp and. ltÍr. F. Parker of JPL.

The relative tlme and. frequency settings were d.eter-

mi.ned. f or the May 1968 experiment by refl ecting a signal

off the moon. A ood.ed. signal was transmitted. from DSS I5

in California and- received- at DSS 42 neat Canberra. The

received. signal was comparecl with the 1ocaI time standarcl.

This proced.ure was repeatecl'd.aily as part of the station

time-keeping routine. A rough tine correlation was also

achieved. by o'bservÍng the pulsar, CP 1111. The period'

between puls es is about 1.187911171 9x'tO'9 secs and- con-

parison of the arrival tirnes of the pulses at' the respective

stations provid.ed. a tirne correlation d.uring tho experiment.

The d,etermination was carried. out by Dr. D. G. Síngl eton of

Vf .R.E. and. the tine correl-ation between the three stati ons

agreed. with that obtained using the trMoonbouncett teehnique

to within about 800 lJe. The extent of the clock d-isplacernent

obtained. fron the signal-s refl-ected off the moon was f'ound- to

be correct to within 50 ¡,ts. The pulsar determinati on was marl-e

in ord.er to guard. against accj-dental chanries in clocl< settings

as had. occurrecl betyreen the observations of the 2nd. liovernber

and. those on the f otlovring day. A ceasium cloclc v¡ as again

trarrsportecl between the Californio.n stations to make sinril-ar

cl et erm:ineti ons.

'f he rrl/i oonbouncen proccdu.re v{as repeated- t o obtain the

tine cot'rel-¡:ti on and rel-&tive f'relqLlency

experinrent whj-ch took pl-ace on tlre 9th

settin¿5 for thc tÌrird-

June, 1969. on thls



56.

occasion hotvever the respective statlon receíving frequenc-

ies were synthesized. from high perfornance rubidium

frequency stand-ards installed- bJ'the National Rs'd'io

Astronomical 0bservatory for an experiment run eoncurrently.

the station rubiclium timing standard-s are stated- to

have a short term frequency stabitity of 2 parts in 1Ott,

wheree.s the NRAO rubidium standard v¡as stable to I part in

1012 and. therefore comparable in performance to the ceasíun

clocks transported betv¡een the CaIif ornian stati olrs'

l+.2 Experinental Determínati on of Relative Donpler Diff'erence

Although the acloption of the llichelson techni-qu.e in

Novernber, 1967 had- red.uced- .th'e correlati on noise threshold.

below that for the post-detection techniguer no results were

immed.iately obtained- for the trans-Pacific interferorceter.

The reasons for the d.e1ay tvere as f ollows:-

à The unresolved- components of the aources observed.

were all below or near the threshold-"

)(

(¡) the baseline was the longest to that tine and

possible d.egrad.ation of the c ol'relati on peak in

the passage of the sig;na1 thrcugh an intervening

med,ium, through errors in stati on position, time

correlati on between s tati on, r efraction e tc. ( see

sectiori 3.2) aa wel-l as the phase excursions of

the rubíd.iu¡n had. to b e consi. d.ered.

(") 'llb¡: r'er.l rrt:ti. orr lìr'oíirnurrnc ïJ a s uttrler'¡'.o'i.n¡1 11 L)nvi:l'sl t:tr



for CDC 6400 operatlon. tater

costs were reduced by a factor

to extend. the triaL runs over a

minute s of re cord ti me.
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when the computing

of 4 it was possible

pe ri od. of 16

In order to prove that the system was operated correctlyt

the Pi-oneer IIII sps.cecraf t was includ.ed. in t he source list

for May, 1968. Pioneer VIIÍ was at a d-istance of about JO

mil-l-ion ki'l-ometres in the directi on within the sched,uled- right

ascension vÍ-ewing bracket. The crystal co nt roll-ed- 2292o

1158089 MHz transmission v¡as observed, by the three stations

DSS 42, DSS 14 and DSS 11. Both long baseline and short base-

line peirs gave the same correlo.tion peak height, í.e. the

correl-ation peak value vÍas 0.18 i-n each case. As the reE-

pective station system temperatures at the.t time lvere roughly

estime.ted. ea 42o (nss 42) , ?-to (oss 1¿+) and. )+2o (oss t+2) th e

equivaJ-ent noise tenpe r'ature of the signal waa about 5.60

("ee Chapter 7 for statlon system temperatur"s). Horvever the

frequency at v'rhich the correlation pee.k appee.red. was ¿rbout

O.)+5 Hz belov¡ the pred.icted. frequency (see section 6). The

quasar d.e.ta were then processed. with a c orrection to the

pred-icted- d.oppler d-ífference freouency and. the d.eta from the

l[,ay 1968 experiment r¡Íere red-uced.. The proced-ure v¡as immecl-

ieLtely repeeted, f or the November, 1967 d.ata end. the results

fron the two experirnents ',vere compared (se" Chapter 7). ft

y¿B.s evident th at an unre solved. coml)onen'r.; of 1C 279 < 0.O01

second. of ar^c had. increased- in intensity in the intervenin6

period.
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The oaIoulatLono for the predleted. d.oppler d.ifference

f requency f or the case of a spacecraf t Tvas d.iscus sec'l in

sect íon J.2. The position and, velocity d.ata f or pioneer.

VIïI, based- on orbit P82O3; rvas kind.ty provi'd.ed. by the

JPL Deep Space Network Manager for Future Projects, llr.

Justin R. Hall.

the correlation peak heÍght f or Pioneer VIff ,¡ras rryeII

above noise after only 5 second.s of coherent integration of

the long baseline d.ata. rt was thus possibLe to ascertain

whet he r there was any v e.ri ati on in the c o rre ct ion to t he

pred.icted. f requency through the 1o minute period- of ob serva-

t ion. No v aria.ti on in the va1 ue of t he corre ct ion wa. s

d.iscernible and. consequently the total period of integration

of d-ata from station pairs was extend.ed. tó that or<Jer of tine.

l+.3 Svstenl Parameters

The vi-evring cond.itlons lmposed. on a soul:ce under observa-

tion are d.eternined- by the station parameters, the geometrical-

configuration of the source and. any two stations, and. the

integration parameters used- in the red.uction progranme. The

value of these pararneters affect the d-etectable threshol-d. of

flux d.ensity, angular resolution, the orientation of the

measured. dinension of the source or its unresol-ved. components

and the frequency of the rad.iation receivecl .

The faetors which bear on these vievring conditi ons are

assessed belov¡.
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l+.3.1 Station Parame ters

TabIe ,+.1 lists th e main characterístics of th e ' equip-

ment of the participatlng statiorls¡

DSN Deslgna-
t ion

Tidb in-
b il1a

ACl
DSS 42

Location ILS Gold.stone
CAI IF .

D SS 1l+

(uars)

210

G old. st one
CAL TF.

r'G o1d. st one
CAL TT"

DSS

4t

85 85

DSS 11

(ri onu er )

B5

DSS 12

(nciro )

85Ant enna
d.iameter

Receiver noise
Tenp

See Chapter 7

Al-1 stationb operated- at a receivin6 frequency close

to 2295 l,llïz. The polarizal,ion mod.e selected. for interf€?o-

neter observations was right hand. cl rcular. The ldb band.-

width of th e f iltered IF was ef f ectivel-y 1 k1dz. The f ilter

output was sanpled. to an accuracy of 6 bits at the rate of

5000 sample s p er second.. The di gitized. d-ata was written

on to magnetic tape at 2OO bpi. The capacity of the tape'

correspond.ed- to an ob servation time of about 18 minutes and-

20 second.s. At all stations the rubíd.ium frequency standard.

is not worse that a f evr parts in 1O11.

)+.3 .2 C, eo me tri c al C onf ígu rati o n

the celestial position of each source wos precessed. for

each experi.rnentr uÞin6 the 1950.O posítions supplied. either

by Dr. A. F. Moff et or th e C. S. I.R.0. Rad-iophysics catal-ogue

of sources. Station positions were ob tained fron th e
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geodetic latltud.e, longltud.e and. height above sea leveJ-

r,ef erenced to th e NASA 1966 ellipsold (see sectí on J.2).

Calculations of th e X, Y and. Z eoord.inates v¡ere checked.

against values pr ovided by Mr. A. Bornf ord. of the Department

of National lt[apping.

Figure 7.2 is a chart d.eplctlng the elevation limits

about the conmon sky, fro4 stations DSS 4Z and. DSS 1l+. The

tracks of so urces observed. in May 1968 Lre al so d.isplayed-.

Figure 7.5 shov¡s the tracks of sources observed. in June 1968.

f t will be seen th at th e common sky is limited. in d-ecl- j-nati on

t o + l¡Oo.

The re solution and. the orientation of the measured source

conponent for th e station pair aI ters with d.ecl-inatl on and.

time. The value of these quantities are sinpÌy ascertained-

by following the course of the sub-source point on figuree

7.3 and. 7.)+ r espe ctively. Similar sets of charts are avail-

able f or each stati on arrcl. were d.rawn from computer listíngs

by Helen Fleming and. [larjory King of the computÍ-ng staff .

The fnterm ediate e fnte::ferometer for

Correlation Measurement

The rel¿.tlve merits of the ínterforometer techniqtte

due to Ì4iche1son, so metirnes calleò coherent or phase coherent

interf eronretry, anrl- th at due to Hanbury Brown and Trvis s have

been d-i scussed by Hanbury Brown and TwÍss, 1951+. In essencet

the Michelso n mod,e of oper ati on acheives a Iolver col'rel-o.ti on

threshold. but is much more sensitive to phase path length
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variations 1n the ned.ium and to erratic phase behaviour of'

the frequency standard. at the stations.

Durtn6 th e November 1967 experiments, Dr. Mof'f.at

observed. the phase behavi.our of th e f ri nges obtainecl. at

DSS 1)+ by mixing th e output o f the 2 kHz f l-Iter transrnitt ed.

from DSS 12 via Iand. line, with the output of the loca1

filter. He observed. that the fringe pattern suffered. var-

iations in phase of the ord.er of lBOo with a characteristic

time between 50 second-s and 80 seconds. Dr. Robertson al so

noted. that some sources were observed. w1 thin a. ferv d.egrees

of the sun and. that variations in the relative phase path

d-ue to th e lntervening solar pla sma might occur. f t vras

f ound. the,t by d.ivid-ing the Ceta f rom each pair of tape s i nto

blocks of 10 second-s, then treating each block of data as a

separa.te Michelson experi-nent and. ad-tting c orrespond.ing value s

of pz from each block of d.ata, the correlrLtion peaks obtained-

'Frere reprod.ucible. About th e sane time Dr. CIark , 1968

describecl the characteristics of this technique d-esignating

it as an interf erometer of intermed.iate ty pe. The l-ength of

the coherent block must be optirnised- for each sy stem, having

regard. to the total number of inflepenclent samples obtaincdn

to provide the Ior'¿est correlation thresholcl consistent with

reprorlucibility of the reslrlt. The optimurn coherent period-

was experimentall-y determined, to be about 10 second-s.

The square of the correlation coe.fficient p2 is ca.-Lcu-

1ated. in the fourier seanch prorjra.mme through the for.mula
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(r x Yt t+¡ Coecot)u*(¿ x Y Slnot ) 
2

p2 t t+r
D, X? DY?t t+T

Xt antl. Y* 
" 

are the sampleo from respective d.ata

streams f or tl ne s cll spla cecl by an int erval- r rep-
:

resenting th e geo netrÍeal d.lf f erence in arrival- tlme s

of corresponiting sl gnals at the two stations,
ut, the searching angulat frequency, is varied. 1n

ste.ps over a selected. band.

DC oonponent of p2 (see 0hapter 5)

where

and.

The

to obtain th e component du e to th e sJ- gnal pz

was subtractecl.

lpz ).
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CHAP'TER 5.

SlATTSlIUS OF CORR.l1I¡.1TON NOrSE

As d.iscussed. in chaptdr 4, the data are correlated. and.

then integrated. .1n a phase coherent manner in blocks of I o

second.s. For any,given value of f requency over the ran8e

of the search in frequency, the values of pz (tir" square of

the correl"ation coefficient) for each 1O

ad.d.ed. a nd. averaged. over t he

second. record. are

total number ofprogressively

bl-ooks.

A nean value, 1þ2), ís calculated_from a1l computqd-

values of pz in a frequency range of 1 Hz. The values of
pz <p2> are then listed. for each of the 20 values of

frequoncy in the range. the statistical d-istribution of

pz - <p2> resulting from noise will be derlved. ln the

followj-ng sections in order to.assess the significance of

the results presented. in Chapter 7.

The length of the phase coherent brock is d.etermined. by

the s tability of the rubld.ium f requency st an d,ard.. îhe us e

of a, hyd-roBe n maser as the f re quency stand.ard- how ever, v¡ould.

allow greater phase ooherent integration t imcs an<l- a.n increase
in sampling rate and. b and.wj-d.th would. improve the systern

correratÍon threshold.. The problen is treated gene::aJ_}y in
ord.er to &ssess the val-ue of system morLificationso
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Accord.Íng to the expression for signal to noise ratio

d.ue to C1ark, 1968, d.iscuesed. 1n Chapter l+, the threshold

of the system is unchanged. if either 1O0 blocks of 1O

seconds of phase coherent d.ata e,re summed- or a single bl-ock

of 100 seconds of phase coherent d.ata is taken al-one. The

latter mod,e of processing appeared. t o have the ad.vantage of

better d.efining the d,oppler d-ifference frequency of a

correlation peak so that a change of O.O2fr.z in the d.ifferenee

between the ob served. and. pred.icted. values of the f requency

over a pe riod. of 16 minutes coulcl e asily be d.etected.. How-

ever it in¡ned.iately became apparent that such treatment of

the d.ata caused. unexpected.ly high noise peaks to occur. The

occurrence of the high noise peaks conforms with the statis-

tical theory d.iscussed. ín this chapter.

5.1 Coherent fntegrat ion First Staee

The first stage of the inte6ration process may be rep-

resented. as a phase coherent integration of a pred.eterrnined.

nunber of ind.ependent samples, n, where

rI=Bt

and- B is the pred.etection equivalent band-wid.th of the aud-io

filter and. t is the length of time over which phase coherent

integration is sustained-. îhe relationship between the

predetection e q,uivB.lent bantl-rvid-th of a centre f requency

f ilter and- its'measured- hal-f power bancìwid.th has been
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discussetl by l(raus, 1966.

îhe probability d.istríbutlon of the val-ues of the

oorrels.tion coefflcient obtainecl by coherent inte'12'ation

of randonr noise-vIB,s obtained- by Lord. Rayleigh and. is pl:es-

ented by Derníng in the f orm,

re -rt /n dr

where f d.r is the probabillty that the oorrelatíon vrill have

a value vrithin the re.nfe r t + d.r after phase coherent

integration of n independent noise sarnples. thls probability

curve d oe s not f aLl- off as rapid.ly a s a normal" cul:\re centred

e.t the nod.e, f or value.s of r above the mod.al va1ue. Ït wilL

be shown',;he.t long coherent tímes can glve ríse to unexpect-

ed.ly hlgh peak val-ues of co rrel¡:ti on noise.

As the relative pha.se between the Eenerated wavefcrm

correle.ted. ago,inst the d ata and. any fringe wavef orm in the

d.ata is unknown, the d ata is c orrel.ated, in quad-rature and- the

sun of the squarcs of the correlation with the sine and the

cosine of the pred-icted. angul o.r frequency is obtainetl . lllhen

the generated. fr.equency is equal to the s.ctual- fringe fre-

quency the rel¿rtive phase between the two vravef orm s is con-

stant but unknotvn. Consequently values of "'/n are o¡¡¿¡a::r,rr1

af'Ler norrnalization, corresponcling to þ" ri thc squsre of l:'!ie

correl-a.iion coeffj-cient. The probability cli strib'.:-';ion i-e:' t

where t

?
n
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-tf dt e d.t

the quantity ?2 and. nornal-ize

put

t

ilIe xûay

the result s

how ever

Lat er.

treat

ffvre

2r

!
n

f ds /n d.s-sthen es

and.

5.2 Non-coherent ïntegration Second Stage

The second stage may be represented, as a sunmation of

the values of î2 or rt/n over a pred.eterminetì. number of phase

coheren'u recorcls, each 'of time t, f or e ach value of f requency

in the search rs.nge. ff T is the total number of samples,

T/n is then the nunber of phase coherent records N, v¡hich

are summed. to obtain p2. Let the value of s so obtai¡reC be

sT. The process of coherent integratÍon is representecL by

the c ond-ition that N is unity.

Let us first consid.er the case where N 2

2¿

(S) = n .

s.

The probabitity that the value of s

inte¿;ration of two coherent r.ecord-s

proba.bility that the value of s for

value s1 where 0 ( sr a "T anci the

.€î

will be equaf to "T after

is the product of the

the first r,ecord is sonle.

value of s for the

o
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second. record. is szr where s2 sî-Sr, ancl is expressed. as

srN ("r-sr )N
2 T

e

Let us now take the case where N 2).

o.

r("-) ¿" = d\' \r/
TI

0

ff we consid.er first that e¡

becomes that for N = 2 where

origín and- s2 is substituted.

srN

dsr

5r

is d ef ined., lhen the probl,en

a1 is substituted. for the

for sl. Thus

szN ("r-sz)N

I T T
dsz

t

srN

T T T

uT for o.ny

d.s2 d.s 1

St

S¡N

e
T T-st-sz

e

"m-1 
N

e

J,s,

r(sr) ds e
T

er
s

e

e
T

eIe

However, s1 can take any value O ( sr ( 
"T¡ therefore

szN ( 
"r-sz )N

r(sr)ds

lVe c an now

value of N

express the probability distri.bution of

as follows,

srN szN

r(sr) d.s rIr
\t/

iu=¿I

N

e
T-s tT T

rlo

r"
o

T

/sr
T Te e

o

a

- S 1 - 52 o o o - S N-l T-st-52...-SN_2
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T
d.s d"N_ed"U_J. . . ds3d.s2 d.s 1N-1

where s¡ ¡ 52 ¡ 95 . . ' . "N_1 
are the respe ctive values of s

correspond.ing to the first N-1 phase coherent records. Inte-

gratin6 the above expression with respect to d1.rwe obtaín,

N

"T

r(sr)as
ö

N T

f"'f"'
oo /sr

o

-st -sl-sz -S I -92 o r . -"N_J
e

i N-1 l
o

ST-"t-52...-SN_2
o d"N_Zd"W_J.. . ds¡d.s2 d.s1

and. after earrying out all

hand- sid.e of th e e quati on

of integration, the right

to

stages

red.uces
N

D
T N-1
T"T

If "N is the normalized, value of sTt

ê

s

(m-t ) I

r ( s*) as* T ø

sr/n

N-N

N

T N-1
N

(n-t ):
ds

N

where 2

N

The d.i stribution of "N, the square of th e correlation

ooeff icient, g e is thus represent ed. by a fjamma f une';ion of

the variate uNT. 1o obtain the probabí1íty that s* rvi11
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exceed. a 1ov¡er 1imlt, L, the function is integrated. by parts.

N

Nis

zeto,

value

)d"¡r - "-ot*l
(rr)N-1

r r(w)

ïfhen

when L i-s

expe ct e d

Thus the probability that s, will

expressed.ln terns of L and. any two of

quantitles T, N and. n¡

excoed. L can be

the inter-related.

<p2> wj-II exceed- some va1 ue I,

(rr*N)N-1

unlty, the probabtlJ.ty falls exponentially and.

the probabÍIity 1s unityr êe requÍ-red_. The

of "N is N/T, or

N

'"rt = i'
!
n

where

d"N N
p <p2 ><s

Thi s quantlty 1s the end resuLt of the d.ata red.uetíon processo

Ifl=t
N

T

The

l_s

probability z.(f) that pz

then

''(r)
- (rt+l¡) N

¿
N t r(x)

5.3 Conparison o.ea.inst Ex¡erimental Re sul-t s

The si'p1e relationship betrveen the probnbi lity that
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three quantities Tr n or
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specifled. value and any two of the

I{ was tested. against experimental-

the paraneters of the statistical

were:-

re sult s. îhe value s

di stributí on functí on

of

N = 96 phase ooherent integrations

D = B t t =1250 Hz *'lOs = 125OO ind.ependent sarnples

The population of values of p2 <p2> was obtained. by

includ.ing the results for all sources observed. in Novernber

1967 and. May 1968 where a s"igníficant peak d.id not occur at

the expected- value of doppler d-ifference frequency (after

al-lowance ryas ma(1.,e for the offset in frequency ind.icated. by

observation of Pioneer VIII). TIhere a peak occurred. withín

!.05 Hz of the expected. va1ue, withÍn the gearch range of

I Hz, the results for that source were omitted.. The popula-

tion of 19O points accounted for roughly 75E, of all results

obtained before the experinent of June 1969. The results

of the later experiment in June 1969 justífied- the exc]usíon

of the ï'emaining points (see Chapters 7 and 8).

The curvu 1tt f i-gure 5.t.1 represents the theoretícaÌ

probability that p2 <p2 > will e xceed. the c orre spond,ing

value along the abslsca. The points marked. with a cross

denote val-ues obtained. fronr the statistical populati-on. The

clegree of agreement ind.icates that the noise equivaf ent band.-

wiclth of the systen yras wi';hin I 50 Hz of' the estinrated. value.

The scale along the right ha,nd. sicle refers to the curve on the

right in the figure v¡hich Ís a continuation of the curve on
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t he lef t h and. si d.e .

The scale insi-d.e th e ref t ord.inate ref ers to a nornal
d-istribution. For N = 96, the d.i stribution i s near to
normal and. probabilities can be quoted. in terms of d values.

A sinilar graph

n = 1250 Hz t 100s =

figure 5.3.2.'

The S/N power,

d.ifferent whether N

for N = 1 phase ooherent integration

125OOO lnd.epend.ent sarnples appe ars in

d.iscussed. ín Chapter l+, i-s

srl¡l o. 'ÆT- B

not marked.l¡'

n = 125OO a.s!-

where here = total integration time 1n second.s,

= length of coherent integration in seconds,

= band.width of the d.ata.

Thu s

S/U æ ''Æ---ñ -

rt is read.ily seen hovrever, from a comparison of figure

5.3.1 and. 5.3.2, that large values of p2 <p2> arising fron
noise are more 1ikely in the àr"" of the longer coherence

time of 100 second"s although the values of s/}[ in each case

are serlsibly equal r âs observed. at the beginning of this
chapter.

T

t
B

The

of vi tal

s el ection of th e in'uegration parame ters t and r alle

importanee vrhen the i-nvestigation co ncerns sec'1ar
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variation in the correlation co ef f ici.ent correspond.ing t o the

unresolved.. component in a celestial bod.y. This will be evi-

d.ent when the results are discussed in Chapter 8. Basically,

to improve the correlation threshold- of an interferometer

system, the total number of ind.epend.ent samples sh ould. be

increased. where pos sib1e.

ïn or d.er to illustrate th e above, th e d-ata f ro m a pair

of tapes were correl ¿rted. using a coherenc e ti rne t of 10O

second.s and. N = 1 . this process was repe ated. eight times

through the taper eo that a total of BOO seconds of d.ata vras

used. to produce the eight populations. Each population con-

taine d. 20 values of pz <pz > correspond.ing to an array of

generated. frequency functions over a search range of I Hz.

Correlation peaks of t4dt and. t 5c' appeared-. The semblanoe

of signal correlatl on was hei6htened- by the corresponclingl.y

l-ow val-ues of p2 <pz > over the rest of the spectrum. Apart

frorn statisticaL consid.erations d.eveloped. above these results

might have provided. strong evid-ence for rapid. changes in the

celestial source or in the intervening medium.
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CI]ÀPTER 6

GEODESY

Phase coherent rad-io interferometry requires an accurate

knowled.ge of the position of the observing statlons. The

d.egree of accuracy necessary to pred-íct th e f reque ncy e'l'

which the correlation peak will appear depend-s on the record-

time over which c oherent integration talce s place (see Cha.pter

l+). Conver.seIy, the discrepanoy between the preclictecl dopplcr

difference frequencíes a.nd the frequency at whj-ch the corres-

pond.ing ob served correlo.ti on peaks ep pe a'r may determine t he

error in the assumecl posÍtions of the statj- ons in terms of

errors j-n station l-ongitutles anrl errors in the d-i st&nce of e¿rch

station f rorn the axis of the earth (see section 1.2). 1\ d-eter-

mina.tion of station position by this means is ind-epend.ent of

the clirecti on of the local-1y d.etermined. vertical in co rrtre'st

rvith astronomioal 0r sa.tel-lite determinations of stati-on

position by th¡rt station al one. Furthermore, the accur&cy

of inte¡f erorileter measurenents of posi tío n is not aff ected by

the clistance betv¡een statio ns as is th e c ase when geo detie

d_etermin¡.Lti-ons are nade by extended. trian6ulation from some

baseline.

Thus the interf erometer of f ers a technique f'o r geodetic

neasurements clirectly rel¿Ltecl to the figure of the eartht

which is independent of the v8.8ari.es of the earthrs gravi-

t at i onal f'i- e 1d-.



74.

6.1 Errors in Pred-icted- Donnl er F:'e que ncy

Using the sYmbols

calculate the expected-

tv¡o stations viewing a

ÃLt

The error in uU

when represented- bY

given by

as def ined- in s ection 1o 2.1 Yre

d.oppler d.ifference frequencyt

so urce, at a common recei-ving

c e.n

uð,, for

f re que ncf r

a.ri sing f rom

the vectors R

rn

in station loc ation

respectivelY is

I
c

^v- = l- x ú,
ct-

:
c

)r

(B' -a" )

err or s

t and !z

,\
Au- = I x û)(l

( L2 '¡

where the true value of 3r is ec1ua1 to the vectoria.l sun of

the assumed value of !r and. rt ancl simila,rly the true val-ue

of !z is the vectorial sum of the assumed. value of !z û.ntl 12.

Thus íf lz = !1, then the true value of R"-Rr is equal ancl

paraIle1 to its s,ssumed- value and ÀuU. = O' Conponents of
 

!z-!talongthed.irectj.onoft,lanclld.onotcontributeto 
Au - . The d-ircction normal to (¡J and- I lie s in the equatorie.l
-'c1 -

plane and along the radius vector 90o v¡est of the sub-source

point, def ine d. in chapter 7 , when the decli-nation of the

source is positi-ve. Thus ard- is indepenrl"ent of the quanti-

t j-es 3r ,R, and of !z -!r, the vectorj-aI sepa ration of the

observinS stations. The ve.lue of ard. is d.etermined. by the

vectoria.l. d.ifference in the components of the errors in !r
A

a.ncì !z- al ong the direction d-ef ine d- by I x 9'
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the d-oppler d.ifferetlce frequencies of the observed.

correlation peaks r¡ere found. to d-iffer from the correspond.ing

pred.icted. f requencie s. The pe riod. of coherent int ergrationi

t, selected. f or d-ata red.uction v/a.s 1O sec ond.sr ancì. the

observed d.oppler d.ifference frequencies could. be read. to

¡.OJ Hz. Coherent integrati-on of successíve 100 sec blocks

of cl-ata ind-icated. that correlation pealcs were generaJ-ly spreacl

over .OL Hz, d.ue to short term instability in the rubiôium

freguency stand-ards. The d-eviations fronr the predicted" fre-

quencies vrer'e signif icantly greater th an the possible rea.d.in5

er r or.

0bservations made in lt4ay 1968 were scheduled for a. perÍ-od.

v¡hen the d-oppler d.íff erence f requency f or each sourîce appro a,ch ec1

its naximum valuer âs th e reðuetion process is simplified- rvhen

the doppler d-if f erential f reque ney is cl ose to its stat:Lonary

vaIue. As a result, observations vtere made when the ground

track of each source v/a,s passing through or near the s a.me f ixed-

longitud-e (see figure 7.2), except for 3C 345, the northernmost

source. f n this latter. c B.se, the source did. not attain a

satisf actory elevation f ron DSS )r.2, t,he southern stati ont

until the d,oppler d.if f erence f reque ncy vras well pa st its

stationary value. The d.eviations of the observed. d.oppler

d-if f erence f requencle s f rom the pred-icted va.Lue s, wh ich vre

shal-l- call- the offsets, were grouped. about a value of -O.40 TIz,

including the offset for Pioneer VIIf. The off'set for 3C 1Lr5

however was not cl earl-y d,eJîincd- a s two co rrelation pealcs

n.J)tr)o¿rrcd, both of vrh-i.eh hacl sna. 1.1. olfsets.
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The experlment carried out in November 1967 w8's also

sehed.uled. so that the d.oppÌer d-if f erence f'requency fo r each

source was close to lts maxinum value and. again the offsets

were grouped about -0.40 Hz after correction for the díff'er-

ence between the clock rates o.t the two stations. 0n this

occasion 3C 
'+5 

was not observed- vrith the 21O ft. g.rtenng.

at DSS I+2. IIovr ever, th.ree separate ob servations vlere mad-e

on 3C 273¡ the firstr, as the d-oppler d.ifference frequency

rrras approo.ching its stationary value, th e s econd' at the

stationary value and. fi naf Iy wh en the f requency was d-ecr€ âs-

ing from its stationarY vaIue.

Had- the offset arisen from a gross error in the time at

both stations, the offset would. have reversed in siSn between

the f irst and- third- ob servatio ns. However, the of f sets f or

the three observations agreed- to within t O.0J Hz.

As the ::e sul-t f or Pioneer vIII was in egreement with the

quasar offsets, the ce.nse of these of f sets rvas un1ikely to be

outside the soLaz'system or ind-eed any further than the

Pioneer spacecraft itself . the of f sets coul d" not he,ve been

d-ue to a d.ifferential propagation of the raC.iation from the

Bourc0 through the &01&r pla$n0, as the order of rel"rtive

proximity to the sun of the lines of sight from the source

to the respective stations fo r November, 1967 was reversed'

in ìlay, 1968.

For the experlnent on June 1969r sources vlere observed-

whon the sorrrce el-e.r'ati.ons f r:orn the lntorf erometer st-,nbi olts
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rvere about th eir optinum val-ue ( see fi gure 7 .5). In conse-

quence, the ground. tracks of the soul:ces spanned. some 50

d.e6rees j-n longitud-e. The offset for each source is protted-

against longitude of its ground- track in figure 6.1 . VIhen

these results are considered- v¡ith the results cf the earlier

experiments, it can be s een f rom f ígure s 7.2 ancl 7.0 th at

source d.ecl-ination cannot be prínarily responsibre for the

offsets observed..

0ther possible caus es of the of f sets that ,n¡ere investi-
gated. include rerraction, tracking movement of the antenna,

novement of the axis of the earth obtaíned- from l-isted. secul-ar

ind.epend.ent day numbers, rotatio n of the eerth about the moon

and- sunr aberration etc. which are d.ealt v¡i th in section J.2"
l'{echanical effects such as possible variation in the ren6th

of feed- es the antenna rotated. about its axes were e. lso

assessed.. The maximun offset arising from the effects enum-

erated- above \,vas 1e ss than 0.1 Hz. Comparison of stati on

timing ancl frequency stand-ard.s are d.ealt with in Chapter 4.

The offsets

agains t longitud.e

6 .1 . The pat t ern

have a.risen fron

ob servatÍ ons in June, 1969 are

g:ro und. t rack of th e source in

c onsid.ered

for the

of the

plotted-

figure

to

an

of offset val-ues rvas first

e rror l-n the e s sume tJ. v alue of o ne or nolre

or geod.etic constants used- in clata red.ric-

for the ob"serveC correl-a.tion ner.rlcs 1i-e

+0.J IIz ancl. -O.B Ilz.

of the a strononica.l

tion. The offsets

between the values
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2Ef ect f Errors i n Common Parameters

The d-oppler Aif f erence f requencies f or the ob servations

mad.e by DSS J+2 and. DSS 14 in llay, 1968 r'ere in general ebout

l+2OO Hz, v¡hereas the correspond-inB f requencies f or the

observations made by DSS r+1 and. DSS 11+ in November, 1967

lay about a value of 4700 llz.

The order of magnitud.e of the fractional errorst

Lu/u, Ín predicted. coppler dif f erence f requency d.i splayed. in

figure 6.1 was therefore a.bout f O-ù'. The formula for the

calculation of d.oppler d.ifference frequency obtained" in

section 3.2.1 incl-udes the quantitie s ù), the angular velocity

of the earth about its axis, and- c, the velocity of light.

As these quantities are fe.ctors common to both stations the

fractional error in the values chosen for'ûJ and. r.ìlrou.l d he.ve

been reflected. in an cqual fractíonalerror in upr the p're-

d-icted- d-oppler frequency. Neitherthe known secul-ar variation

in ür or the estimated error l-imit in the value of c (see

lVeast 1967-1968) exceed.s a f ractio nal vari-ation of about

--l1O- r in or.d.er of rne.gnitud-e. Short term vari- etions in u may

hovrever exceed- this value.

Had. the ob served of f sets been due primÐ.rj.ly to either ür

or c, the off sets f or the observations on 3C 213 e'nd 3C 279

made with the DSS 41/DSS 14 pair in November, 1967 t'¡ould have

exceed.ed those mad.e with the DSS l+Z/nSS 14 pair in llay, 1968

e.nC. June , 1969 "
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6 .3 Ge od.et i c Dat a

The r ef erence f rames f or th e geod.etf o coordl-nû.tes of

the stations were di scussed. in Chapter 3. The station

longitud.es, geodetic latitudes, and height above sea leve1

with respect to the reference e1lipsoid., were obtalned. from

satelllte observations and, provided. by the Jet Propulsion

Laboratory of the California fnstitute of îechnolo8Ï. Tìre

coord.inates were co nverted. to the Xr Y and Z f rame of ref -

erence d.escribed, in Chapter 3 and. used- to calculate the

rel-atlve time d-isplacement ( see section 4. 1 ) , th e 1oca.1

hour angle of the source from each statíon and. the d.i stance

of the station frorn the axis of the earth. The axis of

rotation of the earth was assumed- to coi-ncide with the Z

axis of the reference ellipsoid.

The shape of the offset curve of fiSure 6.1 conforms

with the offset pattern that woul-d. arlse f ro¡n an error either

in local hour angle or in axial clistance. As th e tlvo stat-

ions in the June 1969 experinrent are close to 90 degrees apart

in longÍ-tude, the affect of an error in the l-ocaL hour angle

from either station, appearing in the argument of the sine

term is d.ifficu'lt to d.istinguish from the affect on ,D of' an

error in the axial d.istance of the complementary station.

If ,D K'¡eo" (nncO) (nn¡q1 *AXl 'ksin(olnc¡t )

- Ì'REQ 2tFItXz*s in ( Olme¡Z ) )
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du
D K'ncos (orcQ) *rnnQt *sin(uL¡¡e¡t ) si n ( or,ne lt )G

a(.lxr )

ð.u
D K'rcos(nrcQ) *rnrQt rcos(nluc¡t ) {Ê cos (DtNcli )

d.

ð-v
D

ð.u
D

d(AX2) a(nluc¡r )

as FREQI 22 FREQ2

and srN(or,ne5z) . cos(DINGJl).

Simllar1y,

d.u
D

d.u
DË

d(,rx1 ) ¿(oluc¡z)

where the symbols retain the d.ef initi ons of s ection 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 vafue of'about -O:/r-O when the doppler diff'erence fre-

quency reaches íts maximum value. Such an offset pattern

wouId, arise if the prinary source of error la.y in the value

assumed. f or the DSS 1l+ statio n longitude or for the DSS lu2

axial clistance. The offset curve rises to positive values

which cannot be'asc::ibed- to the presence of either or both

such errors. The posi-tj-ve or lesser eff'ect could" a.rise from

an error in the assumed value for the DSS ¿F?- sluation longi-

tude or f or the DSS 1)r axial- d-,Ls tance. Thereis however sonìe

(olne¡r )
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constraint on the possible combination of errors. If the

offsets were d-ue purely to errors in the l"ongitudes of the

two stations, the errors though d.iffering in magnitud"e woul-d'

be of the same gense. The eff ect on ,D wou1d. be preci seJ-y

that for a tirninS error equivalent to the lesser error in

Iongitud.e plus an af f ect d.ue t o the d.iff erence between the'

two errors. The possibility of a timlng error common to

both stations, an error in the right ascension of the mean

sum or the right ascension of aI I sources lvas consirJ-cred' in

section 6.1 and ruled- out as the primary source of error on

the basis of three consecutive observations on tc 27i in

November, 1967. Further evid,ence is provid.ed. by the facl

that the of f set ourve of figure 6.1 d.o es not cross the zeto

1íne at or near the stationary value of ,D. conseqr-rently the

error in orr" of the assumed. station longitudes, that of DSS

t+2, is negligible in the present context.

A computer programme was wrj-tten t,o calcul-ate the effect

of varyin6 the station ton6;i tud.es and axLal- distances on the

pattern ol'offsel,8. lthe four qua¡titíes were made to vary

in steps of O.oo?-o and. o.z km respectiveJ-y ovet' & ranse of

ab out t O. O2o ancl t 2.O km ab out th ei r a ssumed. value . It

was found- that for an offset curve lying betleen t o.1O Hzt

at Ieaet one of the station coord.inp-tes was in error and- that

the maximum correction required vras about I km i.n axial ciists"nc€

equivalent shift in l-ongitude.or &n

The investigation was not carried. further because, for
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[g4 _ne slagal_Ofrss!L{!ter_C olregti on

Statt on co-ord.inates obtained" by the appÌication of

iloppler tracking t echniqr es using individ-ual stations yrere

very recently supplletl by the Jet Propulsion Laboratory

f ollolving an enquiry based. on the above consi d.erations.

This section has therefore been ad-d.ed. in a posteriori

fashion after the final d.raft'of this work. The main correc-

tion Ìvas that for th e longrr,rU" of DSS 14t amountin6 to æ0.01 1

d.egreee or some 70O metres, well outsid-e the assumed uncer.-

tainty of the value previousJ-y supplied.. The correction to

the longitud.e of DSS 4Z holever was onÌy -O.OO'l "nq in the

opposite sense. The estimated- value of the axial d.istance

f'or DSS 42 was substantial-Iy unchanged but th at for DSS i1+

rvas red-uced by -150 metres.

Curve A in figure 6.2 clescribes the offset pattern

corresoond.ing to the corre.cted. co-ordi-nates for stations

DSS l+2 and. DSS 14. The d.egree of symme try of the curve about

the line representing zero off set sug gests e common tirning

error or a correspond-ing error in the right ascension of al]

sources. The val-ue of the olfset at the extremes where i-t is

most senaitive to tlming or ri6ht ascens-ion error indie¿¡.tes

an error of 2 seconds. Âs the extent of this erl:ot. tvns too

great to be ascribed to station timing or the right ascens:l on

of the mean sun, the 195O.O position of the sources ì/{ ere

precessed. using a cornputer precession pr oßramrne cornpíled-

carl-ier in the investigatio n for th e purpo,ie of (Ð rrec t-t y

pointing the antennae d-urin6 each ob servation, rather tha.n
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uõ1nB precesseA positions that had. been supplied.. The

resulting. offset pattern shown as curve B in figure 6.2

suggests that the precessed. posltlons obtained. using the

local programme were the more accurate.

The source positlons at 195o.o were obtained. from the
Parkes catalogue of Radlo sources for the decllnation zone

+ 2Oo to 9Oo, and. f rom rrPogitions for jC Revis ed. Rad.io

sourcesft published. by Fo.mal-ont, '!Tyndham and. Bartlett jg67 ,
except tjhat for p21tt+ + 0Ol+ whtch is given by Shimmins et

al 1968.

The r¡ m¡ 9¡ errors f or positions f rom the pa.rkes'

Catalogue are typically tlOtt and for the Owens Valley

determinations by Formalont et a1 the estimated. error in
right ascension is given as t o.f/cosine (Declinatíon),. =

3"/Cosine (Dectination)r and t 6r/Cosine (elevation) for
measurement of source d.ecl inatíon, These errors couId.

account for the resid.uar offsets of curve B in figure 6.2

but it is poesible that the posítion of the object identi-
f i ed. as 3C 3l+5 by the LOO f t. interf erometer of Fom a l_ont

et aI does not correspond- with the position of the unresoLved.

component associated with tc 3l+5, seen by the trans-Pacific

int erferometer.

rn the record.ed. d.iscussion following a presentation of

a technique for position d.eterminations for rad,io astronomy

by B. G. clark 1967, Luyten remarked that BurbrÌdge had found

a ch ange in th e red. shif t in tc J45 correspond.ing to a cha nge
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in radial veloclty of 4OOO kn/sec ancL reported. th at Carnpbell-

had. suggeste¿L that thi.s might be due to increased. emission

from a ¿tlfferent part of the quasar anrL that one mi6ht d.etect

the shift in the centre of the optical emission. Simi-1ar

consid-erations may well apply equally to eny rad-lo source

and. its component observed- across a trans-Pacific base1lne.

If the of fset were entirety d.ue to this effect, the separa-

tion of the aoti-ve component from the main source is roughly

8 ". The tleclination of tc 145 places it outside the zone

where source structure can be stud.led by occultation.

The estinatedl error f or th e ri6ht ascension of P21tl+ is

t Z3O and.20tt in d.eclination. The reLatively large uncer-

taint j.es Ln sou rce positi on easily account fo r th e of f set

f or P2131+ shown in curve B.

The posÍtion for tc 271 at 195O.O obtained from the

Parkes Catal-ogue corre"porras to the optical obJect as-soc-

iated. with the source, which í s wi-thin ztt of the position of

the B rad-io component obtained- by occultation of the so'r-lrce¡

The separation between the A and. B components is 19".5.

These positions have been obtained. to accuracies of better

than 1rr. The established. errors ba::ely account for the

observed. offset shown on curve B. As the angular diameter

of the A component is 2n and, that of the B component is 0l'15

they would be easily resolved- across the trans-Pacific base-

line. The co rrelations ob'served. for this source are du e to

components of angular d-i ameter < o:OO1 . These components are

id.entified. in Chapter B. Some weak evidence is provi<l.ed.
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here in support

component of tC

of the source.

findlng that the unresolved.

corresponcl to the B component

of our later

275 does not

These consld.erations on the sources for which the larg-

est off sets tflere obtained. are of ê. speculative nature and.

&re presented- here as an Lndicatlon of the value of stable

frequency stand.ard-s such as the hyd.rogen maser and. of' accur-

ate station positions, to astrophysÍcal observations. The

effect of e. frequency standard. of increased. stability on the

accuracy of geod.etic measurements has aI reacly been d.iscussed..

Vfhen hydrogen meser frequency stand.ard.s are available the

higher order effects contributing to the pred.icted. d.oppler

d.iff erence f requency a3 d-i scussed. in s ection 3.2 must be

includ.ed. in cafculating the cffsets for each soürcêo

There are three sources of error remaíningr &trY one of

whlch may be primarily responslble for or may contribute

significantly to the offsets whj-ch determine curve B in

fi6ure 6.2. These are:

(t) Values for the 1950.O position of the sources and-

and. assumption that positions obtained. for the source

with apertures of no more than 40Ot coruespond- with

the position of componq:ts which are unresolved. across

the trans-Pacific baseline.

(z) The precession prosr&mmeo

(¡) Station positi oÍrs¡

Statistical errors in the source position for 1950.O
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will result ln a ranclom scatter of the source off sets about

a val-ue of zeîo. Systematic errors however vril1 result in

a pattern. To check the positi on of a source it should be

trs.cked. when its sub-source'point i s cl ose to the longitucle

at wh ich the d.oppler d.iff erènce f requency is s tatj-o nary and"

as long before and. after reaching this point as possible.

An error in the declina.tion of a source can be easily d-is-

tinguished. from an error in right ascension. The affect of

a d.eclination error is to red-uce the absolute value of the

offset of'the source a.s the sub-source point eppros-ches a

stetionary value for the d-oppler d.ifference frequency and'

thereafter the change 1n the value of the offset reverses in

d-irection so that the sign. of the of f set d.oes not alter.

However, if the right ascension alone is in error, the sca.lar

value of the offset reduees to zelo about the time the sub-

source point crosses the longitude at which the d"oppler cliffer-

ence frequency is a maximltm. The off set will therl reverse ín

sign. Thus a d-iscrepÐ,ncy between the position of the compon-

ent and that of .the main source observed- at ttzero baseli-nerl

can be recognised and neasured provid.ed" al-l other erroIS have

a significantly small_er effect on cffset values.

6.1+.1 Assessment of Statio n Positi on Accurac¡'r

The offset values shown &s curve B of fj-gure

ranil om

val ue s

process.

conr prises

ab out th e

6.2 d.o not

IIol'¡ever,

o nly

she.pe of

appear to have been derived from a

as the total- popul-e.tion of off'set

seven points, no conclusion can be d.ravrn
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the curve o

îhe main sources of error which contribute to a

scatter in the vaLue of the apparent doppler d-ifference

frequencies are read.lng error and excrusions of the rubl-

d.ium frequency standard.. For the interferoneter experiments

the maximum composite error eoultL be as hi-gh as t O.06 Hz.

the co-ord.inates of DSS l+Z and. DSS 1l+ were varied. about

the values obtai-ned f rom sÍngIe station d.oppler observationst

and. station co-ordinates f or wh ich all of f sets \¡¡ere ]-e ss than

! 0.06 Hz were studied. The solution vrhich most closely

agreed. with the assumed valu'es, requi-red. no change to either

c o- ord"inat e of DSS l+2 or to th e 1 ongl tu d.e of DSS 1 ¿+. The

value thus obtained. f or the axial dÍ stance of DSS 1l+ however

yras ^r iSO metres less than the a.ssumed values.

There were no sol-utione for the co-ord,inates of the

stations when the lirnit on the offset values was red-uced- to

< 0.056 Hz. This means that at least one offset value is in

error by > O.056 Hz or that there remains some resid.ual effect

d-ue to one or nore of the three sources of error listed ín

this section.

The sub stitution of a hyd.rogen m&ser f or the pr esent

rubid.ium stand.ard. shoula "ua.r"e the composite rand.om.error

in the appo.rent offset values to wel-l- within t 0.0'1 Hz.

Offsets outsid.e this range v/ouLd. be d,ue to errors in source

co-ord.inat es and station co-ordinateg. Errors in source

co-ord.ine.tes may be isol-ated. by vievri-ng the source und.er

vari ou s g eontetrical configuratio ns ab it s sub- source point
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travels across the d.oppler difference pattern shown in

f igure i7.5 and. di s ouss ed. in this s ectio n. An unamb i6uous

solution for the co-ord.inates of interferometer stations to

an aocuracy of better than 20 metres shoul-d. ,then be possibl-e.
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CHAPTER 7 O

EXPM IUENTAI RESULTS

The results of three lnterferometer experiments which

took place on the 2nd/lrd Novenber, 1967 the lOth lJTay, 1968

and. on the gt.}, June, 1969 are presented, in thís chapter.

Sources seleoted for obset'vation are each l-isted in table

6.1 against their total intensitle s meo.sured at 2650 lftlHz e

and. their an6ular: d.iameters derived. from scintillati on

neasurements as dlscussed. in section 3.4. the values of red'

shift listed. in table 7.1 are taken from Burbrid,ge and-

Burbrid-ge, 1969, the value of source íntensity at 2650 \r'Hz,

and. the clo.ss of the so urce are those appearing Ín the Parkes

Catalogue of Rad-io Source s and. the angular size d.etermina-

tions were mad-e by Gard.ner, Morrís and 'iVhit eoak , 1969:

The observl-ng stations and. their system temperatqres at

zenith are l-isted- in tabl e 7.2 o.gains t each epoch.

The value of the correLated. flux d.ensity from each

source observed by DSS Jl¡ and-'DSS 11 on day 151 , 1968 across

a Callf ornlan baseline of -lr.B km is Ll-sted- in table /.6' The

relationship between source lntensity and- pz <p2> (see

Chapter 5) for this baseline is ptotted in figure 7.1. The

relationship thus provid-ed. a callbration curve which was used-

to interpret the results of all values of pz <p2> obtained-

from the trans-Pacific pair of stations, DSS l+l/OSS 1l+ on day

306/1O7, 1967 or DSS trZ-/nSS 1tr at thc sceond nrrrL th:ì.rd epoch



(see table 7.2), 1n terms of the intensity of

component after a scaLe factor for that epoch

I(unresolved)= f(V) as given by flgure 7.1

the

ha d-
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unresolved.

been applied.

whe re y= p2 <p2 >I
J

'¡S

'and.' the scale factor S is given by

L

where

rsys(¡)¡orsyr(rt)"
rsys(r r ) orr"r(rt*)

system tenper ature

at epoch

system tenperature

system tenperatr-u'e

at th e Aus tralian
SYS E

rsys(r+)u

rr"r(t r ) is th e

1 968

and. Tsys(14) is the

'1968,

relates the values of pz

pair to the values of pz

baseLine on day 151, 1968.

at elevations'between 2Oo

z enith li st e d- in tabl e 7 .2

I (r) 1s the

station
ís th e at DSS 1l+

at DSS 11

at epoch

on day 151,

system temper ature at DSS 1l+ on d ay 1J1 ,

<pz > obtained. using a t,ran.s-Pac if íc

<p2> obtained- across the Californian

As so urces were in general ob served-

and 4Oo, the systern temperatures at

are incremented by 5olt in calculating

the scale factor.

The techniques employed. in th e measurement of d.if f erence

betrveen the time stand.ard.s at each station as well B.s the

experimental co ntrols used-. to check the proper funetioning

of the interferometer system have been d"ealt with in Chapter

Lr. The epoch cod.e 1i sted. a6ainst the corresponding d-ate is
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used. 1n t he d.1 sou ssion that f ollows in Chapter B to cl enote

the respeotive epoch.

lables 7.3 through to 7.6 list the results of all

observations for the three experi-ments against the Seometri-

caI paraneters ctef ining the cond.itions of ob servation. The

intensities of source conponents Iísted in tables 7.1, J.l+

and. 7.5 will be reconsid.ered. in Chapter Ir where evidence

for secular variatlon in the strength of the unresolved. com-

ponent of severaf sources','ri11 be presented.. The orientation

of the d-imension of the source observed is measured- from the

projection of the earthrs spin vector in the plane nor¡nal to

the l-ine-of-sÍght to the source. The sense in which the angle

is measured- f ron the pro jection of the e arthrs spin vector is

anti-clockwise about the direction to the source.

îhe angle between

the source d-etermines

the baseline

the effective

and. the l-ine-of-sight to

r esolving porver of that

of r esult s. Re so Ivi-ngtablesbaseline an<1" appears in the

por¡er, RP, ís here d.ef ine d. as

RP

where f (l) is the eff ectiv" b?seline d"i stence in wavelength

units and appears in the fiîth col-umn of tabl-es 7.3 through

to 7.6. The error quoted. against each calcul-ated. 
"ornnonent

intensity correspontl-s to 1 standard. d.eviati on of statistical-

noise. An account of statistical noise eppears in Chapter 5.

L, u(^)J
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The eLevation contours in these figures d.efine the conmon

sky for the trans-Pacif ic pair of s',,ations af ter correeti on is

mad.e t o the Univcrsal lime scale D. cros s the top of the f i gl-lres

f or each source and each e'poch. The.correction is rnad-e ì-ry

subtra.cting the right ascension of the sun fron the right

a.scension of the source and- then incrementi-ng the time scale

by the result. source latitud-e is plot ted- verticaJ-1y and-

longitud-e east of Greenwich appe ars 8-cross the bo ttom of the

figurþs.

The intersectíon of the line-of-síght from the centre of

the earth to the source and. the surface of lh" earth d-escribes

a rrgro und. tra.ckr as the e arth rotates. The ground tre.cks of

"o'.r""o" observed. during the second. expel:iment, vrhicli took

plaee on ð.a,y 151 t 1968t ãte ehov¡n agairtst corrtotlr:s of tloppler

d-iff erence frequency in figure 7.2, against contours of

resolving power in figur:e 7.31 and- against còntonrs of orienta-

tion of the measured dinensjon in f igure J.l¡. The orientation

of the measured dimension is shoyn to 1ie between about 35o

to about 5oo f or all- sour ces observed. with the nbs 4z/nss 14

station pair. lIo',yeverr the NASA-JPL Deep spa.ce Netrvo r'lt

inclucJes DSS 51 , û ¡:tation near Johannesburg in Sou.th Africa

a.nd- another, DSS 61 , near llaclrid- in Spain. The conmon sky

d.ef inecl by the el-eve.ti on co nt ours f or the DSS 51/DSS )+1 sta't:lon

pa,ir wouId. aI lotv roughly two houls of observing tinre at e1e-

vs.tionr; above ?-Oo f ronr both stati-o ns fo r soul'ces south of the

celr¡stial- equator. The orientatio n of th e ne asttrecl dinlensi on

f or the DSS 51/DSS l+l s tation pai.r is arouncl Boo to 12oo .
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It is expected. that the trans-Pacific interferometer experi-

ments will be cornplemented. shortly with experiments using

the DSS 51/DSS 41 station pair and. the source list witl

includ-e s everal of t he se ob served. by the DSS l+Z/nSS 1t+

station pair. The South Afrlca-AustraLia observations will

fol1ow the Australia-Californía observa.tions within a space

of about two months in ord.er to obtain i-nf ormation on'uhe

structure of the respective so urc€so Figure 7.5 shows the

ground- tracks of sources observed- in the third. experiment on

day 160, 1969, f or which correlo.tion pea.ks were observed.,

against contours of d,oppler d.ífference f::equency. Forrnul-ae

for the calculati on of d.oppler d.ifference frequencyr rêso1u-

tion and. orientatj-on of the measuz,ed- d-imension are presented-

in section 3.2.9.

The d.oppler d.iff erence frequency at wh ich th e t abulated"

correlation pea.ks, for the trans-Pacific experiment appeared,

d.if f ered- f rom the predicteä value between the l-imit s of

-O.75 Hz for P1510-08 and. +O.25 Hz for 3C 1\-5. The pe.ttern

of these d-ifferences between the pred.icted- a.nd. actual fre-

quencies and. the primary ca.use is discussed- in Chapter 6.

The results of th e f irst and. secor¡d. j-nterf eronìete:: experi-

mentB suggestcd. that soulces for which spectrel variations

had- been observed- by Dentr 1965r 196B, Epstein 1265, Lour 1965,

Pauliny-Toth and. Kel-Lermann 1966, Kellermann and. Paul-i.ny-Toth

1968a, 1968b vrere most like1y to have unresolved- components

and- the source l-ist for the t hird. experiment we.s revised to

includ.e this class of sources a s vrelI as a number. of others
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satisfying the selection criteria of

had. been outsid.e the restriotions of

ascensi on window.

The interpretation of the several d-ata in

through 7.5 will be d.iscw sed. in the following

otr

section J.l+.'1 but v¡hich

our previous right

tables 7.3

chapter.
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CIIAPîER 8

DTSCUSSTON OF RESUTTS

Comparison of the resul-ts of the 1967 experiment with

those of the 1968 experiment presented in tables 7.3 Pnd

J.I¡ respectively, strengthened the view that there '!va,s &

greater l-ikelihood- of find.ing unresolved. components in those

sources for v¡hich Kellerma'nn and Pauliny-Toth 19651)' had'

reported. some spectral variations. rt was aI so appa.rent

thalL the unresoived. component. in 3c 279 had. increased

markeclly in intensity between November 1967 ( see ta.bl e 7.3)

and_ ìlay 1968, whereas the unresolved- component in 3C 273 had-

probably d.ecreased slightly overî the sane period. The i-nten-

sity of the unresolved component in Pî51()-08 was rreai< at both

epochs and the probable slight increâse ov (lr th at ti me w&s

hj-dd.en in the relatively large statistical elîr'ors.

'Ihese sources, anong others, were observe<1 ogain i-n June

1969. 3C 279t tC 271, P|510-OB, P?-1J)'ç-+OO, 3c )+5t+'J and crA

1O?- t¡¡ere found. to contain unresolved- components vrhereas no

significant correlati on coeff icients \¡/ere obtainecl f or

IIRAO 51O o.t' f or P 02J7-2-3. NP.A0 5JO is & Type rTr ¡jo \II'ce

but P o?-17-2J is a quasí-steI1a:: ob iect with an emi'ssion red-

shift of 2..?-28 and :is li-sted- in the Parkes catalo¿lLrc as hav:Lng

Ð.n intensity of 5.1 flux units at 2650 ìrHz. Spectral- va.ria-

t ions have not bee¡ lreportcr'1. as yet f or th:Ls source.

The results from tbe oxperi.ment of lla.y 1968 r''{ere nlore
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easily obtained. than those for the previous epoch because

the search f or the correlatio n peak about th e pred-ie ted.

doppler d-ifference frequency vras simplified by the appear-

ance of a highly si gnifi ce.nt correlatio n peak f or 3C 279 t

(about 7a)t at this seeond epoch, and. by the observation of

a Ploneer spaceeraft &s d.escribed. in Chapter 4. Correlation

peaks f o r other so urces observed- 1n 1968 and. ín 1967 ri/ere

subsequently found at closely similar offsets from the pre-

d.icted. frequency by red.ucing 16 minutes of recorded. d.ata.

There is some i-nherent selectivity in sources known as var-

iables Ín that these were ín fact sources seen in the Frev-

ious f evr years to vary at f requencie s high er than 23OO IfHz

and consequently at the first epoch, self-absorption of

11cm rad-iation in those .ruriable components was possibly

still too great to allow highl-y signif icant correlation

coeffieients in November 1967 from their unresol-ved. compon-

ents. This did. not apply to the variable component in 3C

273 uth ich rhov,'ever, vras alread.y al most cornpletely reso-l-ved.

(see figure 8.2). The consequences of this find.ing are of

prime importance and are d.iscus sed. in section 8.3.

The observation of a Pioneer spacecraft d.uring the 1968

exDeriment al so greatly faci-litated- the red.uction of data

( see Chapter /+). The of f set f rom the predi cted- d-oppler. f re-

eLlerrcy at wh i-ch the correl- ation p eaks f or Fioneer and. f or

the unresolved" celestial objects apÞe&r, inc'licated. that the

loca.tion of the observin6 statj-ons with r:esnect to the axi-s

ol the earth, c1 eternined- f rom int erf erorne ter observa,ti- ons
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d-iff'ered- from station loeations obta.ined by single station

optica.l observa.ti ons on satel l-ites antl cele stial souì:ces

and- requíring a knowled-6e of th e loeal vertical at eaeh

station. As the interferometer pair DSS )+2 and. DSS 14 for

which calcul-ations were nade are separated. by just over 90o

and- the offset frequency only deternined to an accurac.y of

æ t 0.06 Hz it was not possibl e to avoíd. multipl-e soluti-ons

f or the four position coord-inates but re sults indicated.

mínimum errors of some hundred-s of metres in at least one of

the stations (se" Chapter 6). It was l-ater found that the

assumed- position of DSS 14 was incorrect by several hundred.s

of meters. The use of DSS l+1 and. DSS 14 anrl- the substitution

of hydrogen masers for the rubid.ium frequency stand-ard- ín an

experiment d-esi6ned. primarily for geod-etic purposes would

yield- important d-ata of a geod.etic nature as well as informa-

tion on the d.egree of corresÞond.ence of the position of à

nominal source and- any unresolved. component associatecl vrith

t hat so urce.

The trans-Pacific baseline seems ic1eally suited- to 13 cm

observati ons on th e secular variatio ns of the unre sol-ved- con-

ponmts of ouasi ste'llar sources. Statistical errors of the

order of the ob servecl variations vroul-d. greatly red-uce the
/\

value of any results and- care ha s been tal<en to rninimize

stat j.stical erï'ors though this ha s marginally increased- the

intensi-'uy ',,hr esliold. oC the system ("ee Chapter L and- Chapter

q\
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At each e!och multiple observations were taken on some

of the sources where pos sible cf tables J.3t 7.4e 7.5 and.

8.1. Four observations 1ïâLe mad.e on 5C 271 d.uring the first

experiment and the d.egree o.f varÍation among the four results

of the set was found. to be consistent with the statisiical

errors quoted- in the tables.

8.1 Secular Variations of the Conponents

In fígure 8.2, the fringe amplitudes of the unresolved-

conponents of the sources 3C 279, 3C 273t P 1510-OB are

compared- against th elr total fl ux d.ensitie s measured by

G. D. Nicholson, for the three epochs of observation. Dr.

Nicol-son I s o'bserva.tions vr ere med.e at the NASA-JPI Deep Space

Station 51 near Johannesburg in South Africa, at the same

observing frequenc¡rr i.e. 23OO lilHz. these results are d_is-

cussed. by Gubbay, Legg, Robertson, Ekers, lr4offet, Seid,e1,

1969b (ltppendix 3) . The fol-Iowing di scus si on Í s an amplif i-

cation of this earlier work.

e:L1-- 29.-?U.

The trend toward.s increasing values of frÍn¿1e amplitude

of the unresolved component ancl of total flux d.ensity of'the

source, as shown ín figltre 8.2, are closely similar. The

variation in tl'le total- f lux d-ensity of the source may there-

fore be ascribed prime.rily to the unresol-vecl component. Thus,

the fringe arlplitude has increased. 2+: times over a period- of

nineteen nronths, and the cha.nges in fringe amptitud-e and. in
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flux d-ensity between th e second. and' thlrd. epochs are equal-'

Note, however, that the rate of increase in fringe amplitud-e

over the first 6 - 7 months is significantly greater than

the rate of increase ín flux d-ensity of the source over this

period-. Spectral observations on tC 27g by Kellermann and'

pauliny-Toth, 1968a ind-icate the existence of a component

which d-ecreased. from 1964 to 1967. this d,ecrease Yras follorved'

by an increase at 11 cm qorrespond.ing to a sharp increase in

f Iux d_ensity at sh orter w avelengths. Pauliny-Toth and-

Kellermann, 1966 calculated- the time of inception of the

d-ecreasing component, tor to be about 1956 'O and' for the

younger event seen as a sharp inerease in 1966 at 2 em, t6

È 1965.O. Interferometric observations by Kellermann et al-'

september 1968, aL 6 em and- 1B cm across a trans-Atlantic

baseline of 6119 km in January-February 1968 iniLica.te that

the angular d.iarneter of . th e d.ecreasing component vras -oloo2

while the younger conponent was -Oli0o1 . the decreasing com-

ponent which is component c of KeLlerm&nn et af. september

1968r wâs thus fully re solved. by the t'rans-Pacif ic baseline

at the first epoch so that its red.ucing contributíon to the

flux d.ensity of the source between November, 1967 ancl lvlayt

1968 d.id. not af f ect the f ríng e a¡nplitud'e for the unre solved

component, the unresolved. cornponents seen with the Deep Space

Netvrork trans-Pacific interferoneter being about O.OO1 âr'CSeco

The cl-ose colîresponclence between the increase in flux d'ensity

and- the fringe amplitud.e between the second. antl third epochs

indicatesthat the change in f lux d.ensity over this pe riod. is
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due so1ely to variation in the young conponen t¡ ioêr colllpo-

nent D of Kellermann et 41. September 1968 and. that this

component vfas less than O.OO1 arcsec in June 1 969, at wh ich

d.ate the apparent ege of the source wes t++ years. At the

red-shift cl1 stance of 3C 279 the source wouId. be partially

resoLved. if it s apparent metric d.imensi ons extended. beyond.

20 1.y. Rees 1967 d.emo'nstrated. that if v is the vel ocity of

expansion of a spherically symmetrical shell as seen by an

observer at ite centrer. the source will eppear to a remote

observer to expand with an apparent transverse velocity

Fv, where B = (, - =1)-". Thus for component D of 3c 279t
\ c2/

a vafue of the Lorentz factor, P < 2 is consistent with the

observations. A value of P as d.i stinct f rom a limit will be

established. once component D becomes resolved-.

For a universe where qo = 1t the observed- apparent

angular diameter 0' is given by

o, = o (r + z)'

where 0 is the aÞparent angular diameter of the source if the

velocity of recession were zeTo and- z is the red--shift of the

source. For 3C 279 tz=O.5J8 so th a.t th e metric d.i ameter of

the source in the reference frame of the aource is red.uced.

to B.i+5 1.y. and_ hence th e apparent exte nsi on of th e so urce

does not then exceed. its equivalent light travel time of

9I.y. Thus, the i¡ferrecL ager the lcnov¡n red. shi.flt and. the

results of the observations reportecl here re1 a.ting to the

completeì-y unresolved. nature of component D of Kellermann
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et 41, in June 1969 are sel-f consistent and. explicabr-e in
terns of the source mod.el in wh ich an ele ctron gas expand.s

with i-ts magnetic fielcL as d.escribed. by van cler Laan 1966.

8.1 .2 1C 27t

As shown in figure 8oz, the flux density from 3c 27t

has red.uced. by 4..l+ flux units over níneteen months so that
the component primarily responsibÌe for the varj_ation must

be optically thin at ltr. cm¡ Furthermore the component

was almost completely resolved. as the degree of concurrent

variation ln f ringe amplitu d-e 1s very smal 1, even between

the first and. s econd. epoch when Kellermann et al . septernber

1968 found- a component Á o.0006 arcsec, i.ê. component D.

component D is associated. with vs.riatíons ar mm and- short
cn wavelengths but which as yet have no counterpart at our

observing frequency. The variations at j3 cm must be clue to
cornponent c for v¡hich the apparent angula.r d.iameter 0 at

epoch January/rebruary 1968 is given as o.oo25 t o.oo1 arcsec

by Kellermann et aI. septernber 1968. This component first
appeared. as a sud.clen incr.ease in fl-ux d-ensity in 1966 at 2 cm

and subsequentry peaks appeared- at lovrer frequencies, as shown

in fi6ure 2 of Kel"l-ermann and. Pautiny-Toth, j96Ba who d-erived.

B. value of te = 1965.7. At the red-shif t d.istance of 3c 273,

the a.ngular d-iameter of . component c represent s a rne tric
racLius of -9.5 Ì.y. so that th e Lorent z f actor B = )+!1 .

KeIle.rmann and Pauliny-Toth, 1968a d"id- not id-entify conponent

c of Kel1eÉmann et aI . september 1968 with the var.iations for
which Kell"ernann an<1 Pauliny-Toth, 1968a caf culeted.
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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 les s than the l- ight t ravel tl me c orre spond'ing to

the apparent age of the source. Assuming the interpretation

of the red. shift as due to a recessíon velocity following the

Hubble expansion.,lawr rêsul-ts f rom the trans-Pacif ic ob serva-

tions reported. here provid,e the f irst d-irect evidence of

highly relativistic expansion velocities in variable sourcêsr

Rees 1967 has suggestetl t,hat one of the components of

3C 27t may be expanding at á hÍ6h1y reLativistic velocity

and chose a Lorentz factor of 4 to 111-ustrate his mod-e] . He

showed. that the minimum limits for the total energy of the

particles in a variable componen t was thus r ed-u ced. and- co n-

sequently the strength of the magnetic fie1d. could- exceed-

1O-'t gauss. The illustration he has chosen can therefore

be taken as a cLose representation of tC 273Cr &s established-

herein. For his mod.el Rees, 1967 assume¿l a nagnetic fieId.

strength of 50 gauss when the age of the component, t, is 1

year. As the source expanÇs ad.iabatically the fi e1d. strength

decreases to O.1 gauss when t = 1 years. The 1966 outburst

in tC 273 was ob served. by AJ-ler and. Had.d.ock, 1967 to be

&s sociated. wi th a m&rked- incre&se in p ola.rizati o n at I GHz

which woul-d- ind.lcate the influence of & well ord,ered. rnagnetic

field.

If the electron energy di stributi on i n the solll: ce has

the form



-vn(r) dE KE d.E

and. rad.lo emission is the result of

I O4.

synchrotron actiont

for which the source isth en r ad.iati on

optically thin

at any frequencyr v,

is given by

s(r)

where d. = (l-V)/2. For 3C 275C KelLermann and Pauliny-Toth

1968a clerlve a value of y between 1 and- I .5 f rom the lvay

peak flux d.ecreases with increasing wavelength so that 0 <

q.<

any frequencyr for d. = O anrL a Lorentz f actor of L ls com-

pared. in figures J and- 4 of Reês 1967 to variatlons for

other values of P anð. d., assumlng the s&me given values for

the fie1d. st.rength and. ele ctron d.ensity af ter unit time. The

d.ecreasing phase steepens as the Lorentz factor increases and.

as d reduces. Rees and Simon 1968 ded.uced values for the

Lorentz factor, the megnetic fie1d. and. the total electron

energ¡r from the f lux d.ensity history of th e 1966 outburst

shov¡n in f i gure 2 of Kel lermann and Paul-iny-Toth, 1968a. The

f indings of Rees an.f Simon and. th e contrary .riu*u expressed.

by Pauliny-Toth and Kellermann 1968, Kellermann et aI. 1968

and Kellerm&nn ancl Pauliny-îoth 1968a, are discussed in

section B. J. The re sult s reportecl here are us ed. to ad. jud.i-

cate betv¡een respective argument s presentei[.

,dG

As th e rate of expansion is nov¡ d. etermined.,

KeI l- e r rn& nn

repetiti on

et al .of the trans-Àtl-antic ob servatio ns of
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September 1968 at 18 cm should provide a value for the

d.eceleratlon coefficÍent, pr which is d.efined by the

p r op ort i onal ity

r..tP

where r is the rad.j-us of a spherically isotropic expand-ing

electron g&sr As p increasea, the ratio of fractional-

increaõe and. subsequent d.ecreaae in flux d.ensity, steepen.

/t knowled.ge of p will provid.e inf ormati-on on th e strength

of the associated. magnetic fieId.. The trans-Pacific inter-

ferometer d.istinguished. between component C which it resolved.

and. component D which was n of resolved. The variations in

3C 273 must be d-ue to the resolved. component as shown in

f igure 8.2 and not to the unre solved. component which shows

very little varj-ation over th e interval Novernber 1967 to

June, 1969. The unresolved. component appears therefore to

be stil-l opaque at 13 cm in June 1969. The rate of expan-

sion of component C is inferred. fron the age of the cornpon-

ent given by the movement of the.spectral pealc in tC 273 by

I(ellermann and. PauLiny-loth 1968a, whj-ch is responsible f or

the rise in flux d.ensity at 1J cm during the period. of our

experiment, md fronn the d.iameter of component C d.etermined.

by Kell-ernrann et a1. September 1968, ancl id-entified- as the

cause of the varíations at 11 cm b.y us. The rate of expan-

sion is calculated here to be ul-tra relat:ivistic an<L to

validate the pred.ictions of P.ees 1967, Rees and. Sinon 1968

in a sp ectular n&nner.
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8.1 . 3 P1 51 0-O8

In figure 8.2, the flux d.ensi-ty of P ,l 51O is shown to

have d.ecreased. over th e pe riod November 1967 to June 1969,

whereas the fringe amplitud.e for the trans-pacifÍc baserine,
increased- signif icantl_y.

The res.olved part of the source therefore d.ecreased. in
f lux d.ensity f aster than the unre solved. co rnponent had,

increased..' 0ver the interval of observati on the unresolved.

component was optically thick whereas the resotved variable
conponent was optically thin.

Let us desi.gnate the resolved. variable component, the A

conponent and. the unresolved. variable component will be

ref errecl to here as th e B component. The resul-t suggests

that v¡hen viewed. wíth the NASA-JPL trans-Pacific interfer-

ometer, a variable component of this source may become

resolved- as it passes from the optically thicl< phase to the

optically thin phase. vle appear to have seen a single var-
iabl-e component in 3c 27g an<l- jc 27 j, v¡hich were o¡rtical-ry
thick a¡rd. unresol-ved in the first instB.nce a"nd. optical--ly thin
aud alnrost compl-cteIy resol-ved. in the second-. The red. shif't
distanoe to 1c 279 is about three tj-nes greater than that to

Jc 273 and. th e resor u.tion of the variabl-e co rrponent of the
nearer source night have becn asc::ibcd. J_argeì y t o ii,s closer
d-istanoe. The tvro ve:riab-l.cs íJeen i¡l p 151o hoy¡cver Ð.J)lear

concÌ).r'rently al 11 crn as an j-ncrees:inij .unresorved cornponent

ancl aa ar decreasing resol-ved conrponent, aÍi shor,yn :in figr,rre
OaUc )t
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The oomparative rates of change of th e tvro co mponents

need. to be expla.ined. Figure 2 of And.rew, Locke and lleCd-

1969 sholvs'the time variation characteristic of a variable

rarLio cornponent expand-ing ad.iabatically an<L rad.iating

through synchrotron action in the manner proposecl by Van d.er

Laan 1966. .The f ractional rate of increase in f Iux densi ty

d.uring the optically thick phase exceed.s the fraetional- rate

of d. ecrease durin6 the urr"rr:-.rg opti cally thin phase, provi d.ed-

that y < 1.5t a cond.ition which nornally pertains for v&r-

iable components. As our resul.ts (figu"e 8"3) show, the

fractional rate of d-ecrease in the A component to excecd.

the fract j-onal rate of i-ncrease in the B component, the A

component would appear to be the stronger component. IJow-

ever, this co nch¡sion should. be treated. vli th ¡Jome cauti on

since the ob servat ions of Locl<e et al . 1969 at 2. B cm ancl

lr.6 cm show thüt at least one of the two bursts v¡hich

appeared. at 2.8 cm in 1967 ís anomalous in that the fl.ux

density of th e so urce clecreaserl more rapidly th ¿rn it ha<ì

increased. an d th at th e. amplitud-e of th e rj- se o.t the t vro

frequencies ïvere eeua'ì instead. of reducirrg with increasing

wavelength as pred-icted, for a typical burst. This burst

appearecl in the latter half of 1967. The s eclr-ì-ar ch anges

in the flux d-ensity of P 1510 at 2.8 crn antl" L.6 cn are shown

in figure 1 of Locke et aI. 1969.

rise to the late 1967 burstïf the eomponent

were always opti cally

peak arnpliturl.e at 2.8

v¡hi-ch gave

thin at l+.6 crr then the cor'r,'espond-ing

or less thancm shoul-d- be equal to
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the peak due to the varíable component at l+'6 Gfrr for a value

of | =.¡| o.r > 1 respectively. A similar explanation waa

offered by Kellerma,nn and- Pauliny-Toth 1968, for the 1961+

burst on 11 cm in the source 1C 3l+5. The rise in flux

d-ensity would. then f ollow the process of inJecti- on of relat-

ivistÍc particles, with y = 1¡ pr:'i-or to ad"labatíc expansion

of the cloud of Particles.

Vthatever the reason f or the anomalous profile of fl-ux

d_ensity at 2.8 cmr it is evident that the fall in fl-ux

clensity thro,gh April/N{ay, 1967r w&s marke¿ly steeper than

the rise frorn May throuSh November, 1967. The burst of early

i967 therefore may correspond- to the A component and the

burst in the latter half of that year may corresponcl to the

appearance of the B component at 2.8 cfl¡ The delay betv¡een

the oecurrence of the se bursts in the low centimetre spectral

region and. their appearance at 11 cm by about e year is

typical of severaf such events. The interferometer mea.sure-

ments provide the stren6ths of th e componcnts índ-ivid-ua1ly

which cannot be eeen from the flux d-ensity history of P 151O.

The burst of 1968 at 2.8 cm is well behaved in all respects

but cannot correspond to either the A or B component through

the vrhole peri.od. of observation. It coul-d not have contr:L-

buted- significantly to the B component at 13 cm everl at the

Jrd epoeh.

Eveniftheunresolved.componentincluded&partoftho

cornponent associated- lrith the first burst or if the resolved
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component includ-ed- a part of the component which gave rise

to the second burst ín]967 at 2.8 cm it is obvious from a

comparison between the flux density history of the total

source and the f ri-nge aJnplitud-e that there are al least two

variable components and" that the secular change in the flux

d-ensity of the resolved. component deman<ls that th e le.rger

component suff ered. a v ery rapid. f racti onal decrease (ligrr"e

8.1). The expJ.anation of the anomalies of the burst assoc-

iated- with component B of fered here agrees rvith one of three

alternatj-ve suggestions put forward- by Àndrew et al . 1969t

who stated. that if the red. shift d-istance were correct, the

où""spond.ing vari-able component has the f orm of a. j et and.

is expand.ing at a highly relativj-stic velocity.

The other al-ternatives suggested by And-rew

d.o not explain the equal burst strengths at

ing frequencies or the simultaneity of the

by the authors.

the

et e.I . 1968

two ob serv-

maxima as noted.

If , f or component B, to - 1967.9 t then at the thircl

epoch, the age of the sourcer tt È 1.5 yeers ancl at its red-

shift d.istance the source wou1d. sti1l have been substantially

unresolved., provid.ed. the Lorentz factor for the exp8,lÌ.';ion of

the source | - 5. The contribution from the A conponent v¡í11

vary slovrl.y after the third epoch and. it v¡i11 be possible to

recognise the time at which the B component becomes resolved

at 11 cm provid-ed. the source is observed v¡ith the trans-

Pacific interferometer at i-ntervals of no longer than six
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month s o

There is a time lag between the appearance of a com-

ponent al any frequency and. the time at which it manifests

itself at a lower frequency provided. that inltialÌy the

source was optioally thick at the lower frequency. Varia-

tions at the lower f requeney are sl orver accord.ing to the

e quations
.Jp
sr/s, = ;

for the optically thick phase and

srls,v
-2y!,

t

for the subsequent optically thin phaser &s t, the age of

the source increases for incree.sing r¡ave1en6th. I{ere
o

S, /5, i s th e f racti onal rate of ohange in f lux d.en sity, and.

p is the d.ecel-eratlon parameter of the expand-ing eI ectron gas

of radius r .* tP. ft is thus possible f or the contributions

of the components which geve riee to the two bursts seen at

2.8 cm j-n 1967 to nerge at It cm so that th e B component in

f act consists of two varÍabl-e conponents. f t i s not possible

to pred.ict the time lag between the appearance of the latter

burst at l+.6 cm and. at 13 crr as it is not known at which

frequency this component became optically thick in 0ctober,

1967.

f n this section we have d-i scussed. the activi ty of two
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d.istinct oonponents which have been d.l-stlnguish ed. f or the

first t1¡ne by the trans-Paoific lnterferometer and. which

cannot be reôognised from observation of the total fl-ux

d.ensity of P '151O at 1t cm¡ Continued. ob servation of the

source with the trans-Pacific interferometer will provid-e

information on the expanslon rate of the as yet unresolved

variable conponent. I[e d.ed.uce that these conponents a.re

probably respons j-b1e f or th e anomalous spe ctral behaviour

of the aource at 2.8 cm and. I+.6 cm reported. by Locke et 41.

1969. The unresoLvecl younger component is of parti-cular

interest as it has not evinceå spectral behaviour consistent

with the model of Van der Laan 1966 but instead appears to

expand before the protracted. particle injection phase is

complete.

8,1 .4 1C tì+5

FrÍnges were obtalned. from trans-Pacific interferometer

d.ata on 3C 3l+5 for th e'second. a.nd. third" epoch. f t w&s not

posslble to obsorve the so urco at the f lrst epooh, wi-thin

the available observation tíme as el-ther DSS l¡1 or DSS 1)+

returned to other duties on the two d-ays tO6/3O7, 1967

bef ore the so urce had- rl- sen. Tables 7.1+ and. 7.5 show that

the fri.nge amplitud.e lncreased- between the second. and third.

epoch.

The varíable component must be the C component observed.

aI. September 1968, during their trans-by Kellerrnann et

Atl-antic exporiment at 6 cm and. 18 cm in January/February,
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1968. The d.elay between the .increase in f lux d.ensÍty at

2 cmr 3.75 cm and,6 cm in the interval 1966.0 1968.0 as

shown in figure 6 of Kellermann and- Paullny-lothar ind.icate

that an lncrease could. b e expected- to oc cur at 'l5 cm between

our seconal and third. epochs. Our observation of the increase

in fringe amplitud.e over this perlod. therefore indicates

that component C is responsible for the increase ín fl-ux

d.ensity at 2 am and. at 3.75 cm between'1966.O and 1968.0.

From the limited data available, ít appears that ts

if p r the acc elerat ion pâ.rame t er =

expand.ing linearly with time. At

source à 50 1íght years woul-d. be eompletely resoll,ved..

No Californian basetine 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 outsíd.e the limits chosen by G.D. Itricol-son

for hj-s survey of secular variations at 13 cflr the change in

f ringe amplitu de cannot be comparerl egains t th e c?r an¡;e in

flux d.ensity an<L it is therefo::e not certe.irt whr:ther the

source is whoJ. Iy unresolved a.t the thirrL epoch, in v¡hich case

the Lorentz f act or P would. be. ( 1 .5, or 1rortie.Ily resolved.t

f or v¡hioh case the value of P is given by 1.5 < É 5 5. lVe

therefor.e ad.opt thè value F S 5, pend.ing further observations.

In ù universe fÒr which g.- = I ' the corrected. ve.lue of F S 2.o'

8.2 Source Llodel-

)
1

1, i.€. the conponent is

ts red shif't tli stance a

The experirnental ob serva.tions o:fl seculal ch anges i.n
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flux itenslty over the centlnetre reglon of the spectrum of

the source and. Ín fringe anrplltucte of their components

support the expancllng synchrotron nodel put forward by

Sklovsky 196O, 1965 and d-eveloped by Pauliny-Toth and

Kellermann 1966, Ozernoy and- Sazonov 1968, Van der Laan

1966, Rees 1967t Rees and Simon 1968. Andrew et &1. 1969

have found- that of 50 v'ariable sourcesr only three shov¡ed

f luctuations that w ere not simply explaine d by the nod-el-. The

d.evelopment of the rel-ativistic model represent s an important

extension of the theory &s proven by our results'

Paul-iny-Toth and. Kellermann 1966, conslCered. that the

large and nearly simultaneous outbursts of 1966 in 3C 273

and. tc 279 t which are separated. by only 1O d.egrees at the

earthr may have been causecl by a. loca} d.istu¡bance in the

line of sight to dÍstant sources of constant intensity.

Figures 2 and. J of Kel-lernann and. Pauliny-Toth 1968a show

that the outburst ín 5C 271 was more íntense than that for

1C 279.

rt is shown in section 8.'1 that the vo.riable component

in 3c 27t ha s a.n apparent angular d.iameter which is 1ar6er

than that of the variable component ln 3C 219. this woul-d.

seem to rule against an explanation that the closely similar'

variations were caused by common refraction or absorption

effects in a region local to the sun, unless the irreguì-arity

which caused changes irr both sources changed its refractive

properties signlficantly during the northern spring of 1966
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when the outburst Ín both sources were sêono

8.3 Relativistic Expansion of the Varlable Component in

2c 2L2

Variatlon in the flux densíty of tC 27t was first

reportetl by Dent, 1965 who had nonitored tts emissions al

8 C,Hz from JuIy, 1962. He d educed. the ùi stance to the

source from the requi¡ement that the time scale for a signi-

ficant change Ín flux clensity must be greater than the light

travel time a cross the source and- f rom occul-tation measure-

ments of the angular size of ,C 27rB r âhd. f ounrl th e source

to be within 2 megaparsecs across. Lunar occultation

observati-ons by Ha zard. et aI . 196, has isolated. a fI at

spectrum from a bright core about O.5 arcseo in d.iameter

and. this spectrum was ascribed. to the component seen to vary

at B GHz so that if the source were at its red. shif't d.istance

and Íts angular d.iameter about O.002 arcsec, the emission was

not due to synchrotron action as the synchrotron self absorp-

tion expected from a source o'f that angular d.iameter vras not

evid.ent. These conclr"iorr" were shown by Field. 1965 to be

inco.rrect if 1C 27tB is a conplex source.

The mul-tiplicity of componen ts listed. by Kel-lermann et

aI September, 1968 which had. been observed- to early 1968rand

the oalculations by Rees 1967 of the effect of relativistic

expansion veloclties on the time scale of source fluctr.rations

seen by a remote observer, alters the signlfícance of Dentrs

early ob servations and. the expand-ing synchrotron source
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located. at 1t s retl shift d.istanoe l-s aocopted. as a viable

moclel on the b asis of ob servatio ns on th e spe ctral v ari ati ons

of numerous so urces. An estimate of tlie dl stance to the

source may be obtained. frorn the spectral characteristics of

the aource provid.ed the strength of the nagnetic f i eId. is

known, The non-relativistic treatment of the expansion pro-

cess usually requires a fieIcL strength in the vicinity of

1O 'r gauss if ob servatio ns are to conform wi th the hypothesis

for the cosnological location of quasi-stellar sources. FieId-s

several ord.ers higher are aocorrod.ated. by the rel-ativistic

treatment of cosmological sources. However, the lack'of

absorptlon on the sh ort wavelength sid.e of Lyman alpha in

the spectrum of their assoclatecl optical ob jects argues for

the view that quasi-stelÌar obJects are much closer;than

their recl shif t d.i stances.

A more cogent argument for their cosmological location

would. come from evidence for an evolutíonary sequence which

1ínkecl th e quasi-ste]-Iar source to the N-ga1axy, which stage

was thenfoll-ov¡ed. by the Seyfert galaxy. The red. shift of

these galexiea are generally intermediate between those of

the closer galaxiqs and. the range of values characteristic

of a. quasi-stellar object. 0ne oould. reason that if- the red.

shif ts of the Seyf ert galaxie s and. the N-galaxies were d.ue to

Hubb-Ie e xpansio n and. that if the quasi-stell-ar so urce mani-

fested. other si mllar characteristlcs, d.if fering in degree

through overlapping in part, then . t,hotrgh such a process af

ind.uction, the cosmologl cal vi ew woul-d. b e strengthened. One
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such characterÍstic 1s the variation in the optical region

of the spectrum as observed. for the N-galaxies JC 371, by

Oke 1967 and- 3C 39O.3 by Cannon, Penston and Penston, 1968

who suggested. that quasí-stellar objects s.re in f act the

nore d-istant N-galaxies. If the galaxy ls placed at its

red. shift d-istance the resultin6 attenuation throu¿h

increasêd. d.istance may thus red-uce th e brightness of the

galactic halo to a leveI below visibilíty so that the rel-at-

ively bright core will appear a.s a stellar source. This

proposal is attractive. Hov¡ever the galactic halo nay be

the co r-rsequence of expl-osions in variable guasi-stellar

sources at the rate of say.01 to'1 explosionper year over

an alleged. quasi-stellar phase of - 1Oe yearsr eech of which

proiectsr or the average, the ecluivalent of one solar mass

into the nei6hbourhood of the source.

VarÍations in the radio spr:ctrum of the SeyferL gal-ax-

ies jC 84 (WnC 1275) ancL SC 120 have b een observed by

Keller:rna.nn and. Pauliny-Toth 1968a, b. The trans-AtÌantic

interferometer observations at 6 cm and 1B cm by Kellerln&nn

et &l-. Septenrber, 1968 revealed components down to -.001

arcsec in diameter in 3C Bh and nultíp]e components in 3C 120t

the smallest of which r¡¿ts less tharr.O00B å.rcsec. lthe alttllors

reported. that the varying componen ts i-n the two Seyf ert

ga.la,xies d.id not expand with extreme,rela.tivistic vel-ocities

in the manner suggested. by Rees a.nrl Simon, 1968. Pauliny-

Toth a.nrl Kellermarln, 1968 ha<L founcl excel. lent &greement be-

tween observecl variations in the ra<ìio spccl.rltm artrl

l;lre rrorì r,. I of'nIì r',1 or:1,'r'orl al(rttrl ()xlìrttttlin¡¡ n. 1; n
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rate ( 0.6o correspondling to a Lorentz f aol,or Ê < 1.25 and

a fieltL strength of 0.0'f gauss wh en th e apparent aße was

O.7 years¡ In theír analysis Rees an¿l Sinon found. that vrhen

the relative stren6ths of the emlssions in the rad.io, opti-

ca1 and- X-ray regions were taken into account, P ¿ 1.5. The

interferometer observations of Kell-ermann et aI. September,

1968 seem to lnd.icate however that the expansion velocity

of the varíable component in tC 120 < O.7c r co rrespond-in.g to

Ê S 1 .lr. The d.l sagreement between thi s re sult and the.t of

Rees and. Simon cloes not appear to be serlous so that the

energy requirements of the mod.e1 and. th e optical- and- X-ray

emissions mey be reducec[ by ad.optln6 their relativistic

treatment.

In th e s€Ìme pap er Ree s an d. Simon f t nd- th at t he 1966

burst in tC 27t originatecl in a hi6hly relativistic explosion

f or whi.ch B - t. They suggestetl th at an interf erometer wj- th

a baseline of 1OO mitlion wavelengths wouLd resolve the var-

iable component in 3C 271. The trans-Pacific observations on

this source had. commenced. i-n 1967 and. l-ater ob servations

proved, that tþe variable component was even then substantially

resolved. with an interferometer baseline of B0 million wave-

lengths. the val-ue of the Lorenlz f actor þ à 3 given by

Gubbay et al-. 1969b is somewhat conõervative as sh ovrn in

section 8.1.2)

In the d.i scussion f ollowing th eir review, Kellermann

and. Pauliny-Toth, 1968a state that it is gene:raIÌy accepted
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tha.t signlfloant variations 1n e¡nission f ron components

cannot occur 1n a tLme much shorter than the ]lght travel

time across the component. The tra.ns-Pactfic observations

of 3C 273 thus provid"e the first direct evidence for highly

relativistlc expansion veLoclties, vind.icating the conten-

tions of Rees 1967 and. Rees and Simon 1968.

rrVhereas the magnetic field- was llmit ed. to - 1O-4 éteuss

to account for the rate of spectral variationsr in the non-

relativistic treatnent of Rees and. simon 1968, fÍ- e1d-s of up
-.1to 10 'gauss were possible for Ê = 1¡ red.ucing the rol-e of

the inverse compton effect and. thus red.ucing the required.

flux d.ensities in the optical and x-ray regions and. conse-

quently red.ucing the expend.iture of en ergy of the event f rom

maximum amount of energy whlch can bo released. in a. super-

nova is - 1054 ergs. This Ied. Rees and Simon, 1968 to
propose that relativistic particles in strong rad,io sources

are generatecl by a succession of supernovae wi thín a c1 onse

star cLuster. Thus the case for evolution from quasi-stellar

source to ratLib galaxy is strengthened., ancl it seems re&son-

able to suggest th at the earl-ie r phases ln the evol-utionary

sequence of th e unlverse have intì.eed. been seen to h¡,rve t he

greater val-ues of re d. sh1ft.

The trans-Pacific experinents reportetl, here have led. us

to concrud.e (section 8.1.2) trrat the variabre cornpo,nent in
3c 27J ha s unclei6one ultra-reLativistic expansiono rt
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seems reasonable to assune that repeated. exploslve processes

in active souroes w111 resurt in the formation of a surround--

ing sheIl of eJectett naterial. As the explosions continue,

thé particle clenslty 1n the shell w1lr increase until it is
d-ense enough to scatter suffioient light from the nucleus to

bê seen as a halo around. the nucleuso The characteristic

expension rates for associated- explosive events d.uring the

subsequent evolutionary phase grad.ually red.uces clue to the

resl*ive effect of the halo on the newly ejected. materlal.
so far there appears to be no evidence that the expansion

verocity corresponcLin6 to the val"us of the Lorentz :0actor p

caloulateci f or componmt c ln Jc 275 ln seotion 8.1.2 h¡rs

been exceed.ed. In an N-galaxy or Seyfert galaxy. The prob-

abllity for ultra-relativistlc expansion rates of galactic

cornponents should. be very 1ow. It may be suggested. on th e

basis of our results that the value of P associated. with a

cLass of obJects serves as a d.egrad.ation ind.ex in a,n evoÌu-

tionary sequence.
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APPTINDIX 1

Mil1i.on 1{avelength Baseline Interferometer I{easure-

of 1C 2738"

J. S. Gubbay and. D. S. Robertso n, 1967 .

ItNi ne

ments



 

Gubbay, J. S. & Robertson, D. S. (1967). Nine million wavelength baseline 

interferometer measurements of 3C 273B. Nature, 215(5106), 1157-1158. 
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APPENDIX 2

rf Trans-Paciflc Interf eroneter ì{easureme nts at 2t3OO l{Hzrf

J. S. Gubbay, A

and B, Seid-e1,

J. Legg, D.S. Robertsonr A.T. Moffet

I 969 a.
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Trans-Pacific interferometer measurements at 2,300 MHz. Nature, 222(5195), 
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ftVariatlons of Sma11 Quasar Component s at 2rOO MHzrr
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VARTATTONS OIT SMAI,L QUASAR

COMPONENTS AT 23OO ¡vili.z

Received



In a previous cornmunicationl we have reportecl long-baseliue

interferometer measurements of several quasi-stellar radio

sources using stations of the NASA/lpl' 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 smaII-diameter components in several of

these objects. The results are compatible with the theory of

expanding synchrotron sources, but tn apparent expansion velocity

greater than that of light seems to be required for the recent

outburst in 3C273.

ïn our earlier paperl r" described our instrumental tech-

niques ancl discussed a set of observations made in May 1968t

using stations DSS 42 at TidbinbiJ-la, A.C.T., and DSS L4 at

Goldstone, California, when r,ve first found fringes over the trans-

pacific baseline of about B X IO7 wavelengths; The observing fre-

quency is 2298 MlIz, or a wavelength of 13.I cm. We mentioned

that a previous set of observations, made in Novembcr L967, between

DSS 4L at Island Lagoon, South Attstralia, and DSS L4 showed

fringes of different amplitude for several sources. Since then

we have obtained a third set of observations, in June L969, using

DSS 42 ancl DSS L4, This last set confirms the observation of

fringe amplitude changes in several soLlrces, ancl in this le'tter

we cliscuss the history of these changes in three sources, 3C2'/3,

3C279 and P1510-08.

The total soltrce intensities and apparent fringe amplitucles

of the three sources are unorrr in Figure I. The soLlrcc intensities

wcre measurecl at this frequeney by Dr. G. D. NicoJson at DSS 5I
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in ,rohannesburg, âs part of a continuing prograrn of monitoring

radio intensity variations. It is eviclenL that the fringe ampli-
tudes of 3c279 and P15I0-08 have increased while that of 3c273

has remained nearly constant. At the same time the flux clensity

of each source has changed, 3c27g increasing and 3c273 and

PI5I0-08 decreasing.

The interpr:etation seems most clear in the case of 3C279.

The increase in fringe 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

Kerlermann and Pauriny-rotrr2) show at rr cm waverength a srow

decrease from 1964 to J-967, folrowed by a rise beginning about

L967 .o. This rise seems to be the first appearance at this
wavelength of an expanding component which was initially seen in
a sharp outburst at 2 cm in earry L966. on the basis of these

spectrar changes and interferometry at shorter baserines,

Kellermann et -I.3 have proposecl that 3C27g has four components,

three of size >0.002 arcsec ancl one, component D, of smaller

size. f-his last component they associate with the I966 outburst
at 2 em, and it must be this component which contributes almost

arr our observed fringe intensity at B x 107 wavelengths

spacing. The increase in the total intensity at 13 cm is
somewhat less than the increãse in the fringe intensity becar-rse

the 13 cm emission from components B an<l C is still clecreasing.
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These results are cornpletely in accord wit.h th.e generally-

accepted theory of expanding synchrotron sources. It wiIl be

interesting to foIIow the subsequent changes in the fringe ampli-

tude at this spacing, since the corrìponent we are observing should

soon become opLically thin at 13 cñ, after which its intensity

should drop. The calculated angular size of the .source when it

first becomes optically thin at thj.s wavelength will depend on

the magnetic field in the source, but 1-:or fields -lO-4 gauss,

as found in other objects3, the anguJ-a:: sLze should be =O.OOI

arcsec. Thus after the intensity starts to decrease we might

also expect to see the effecLs of r:esolttl-ion.

In the case of 3C2.73 the change in the total intensity is

not reflected in the fringe amplitude. In thi s source there was

also an outburst at short wavelengths in early L966 (ref. 2),

and the decrease in the 13 cm flux clensity probably means that

this expanding component is now optical.ly thin at this wave-

Iength. It must also be fully resolved by our interferqmeter,

indicating that its angular sLze, even in November L967, was

>O.OO2 arcsec. This would be component C of Kellermann =! "1.3,
for which they calculated an angular size in early 1968 of

O.OO25 t.O.OOI arcsec. If we suppose that 3C273 is cLt the

cosmological distance indicated by its redshift, then the radius

of this component in November L967 must have been >2.5 pc.

Since the outburst was then about two years old2 the apparent rate

of expansion would have been a'b Ieast three times the velocity

of light. R"e=4 ha" shown that apparent expansion velocities
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greater than c are the consequence of relativístíc expansion,

and we conclude that this outburst in 3c27: prbtrafly has a

Lorentz factor y > 3. This is the f irs'b direct. evid.ence that

the expansion in variable sources takes place 'at relativistic

velocities 
"

For Pl5I0-08 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 expancling source modeIs. The

nature of these variations is stitl uncertain, and frequent obser-

vations with long interferometer basel.ines would be of considerable

help in deciding among several possible explana'Bions.

We thank the staffs of aII the stations for their help.

The use of the Deep Space Network facilitj-es was by kind permis-

sion of NASA and the Jet Propulsion Laboratory; Messrs. J. R.

HalI, S. Anastos, T. Sato, D. Spitzmesser and F. Borncamp of JPL

were very helpful in making arrangements for us. It is with much

pleas.ure that we acknowledge helpful discussions with Professor

K. c. McCracken of the University of Adelaide and thank G. D.

Nicolson for permission to use his unpublished intensity measure-

ments.

Work in radio astronomy at the Owens Valley Radio Obser-

vatory is sponsored by the U.S. Office of Naval Research. This

report represents one phase of research carried out at JPL uncler

contract with NASA
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Technical note APD 6, Gubbay, J. S. (1967). Quasars - a review and 

proposals for the measurement of their small scale microwave structure, 
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