{ Chapter 4.- The Mature and Distribution of Radio Sourcas

. The basic observations in radio astronomy are the sky
surveys,which provide datails of the variations in radio
brightress across the sky, and 1lists of the positions of the
prominent radio sources derivad frcn.then. This is tedicus
and difficult work, calling for extremely stable equipment, a
detailed knowledge of the radiation pattern of the serial
system and of its inherent errors, and good phy:icil insight
in the interpretation of the results, The first such contour
rap of the radlo sky was drawn by Reber from his observations
at 160 and 430 MHz: it showed concentrations chisfiy in the
constellations of Cygnus, Cassiopeia and Sagittarius., Many
other observers have carrled out survsys at other wavelsngths,
mostly with aerials of low reseolving power, but two which were
outstanding at the time of their publications wers one made in
1938 by Hill, Slee and Mills in Australis (using the Cross
which bears his name) on 3.5 metrezs, and the other, also in
1958, by Yesterhout in Holland on 22 c=, Pertion of the Mills
survey is i1llustrated in Figure 1., It shows local concentra-
tions, the discrete sources, smbedded in a general background
of emissieon,

The first list of discrete radio sources was published

by Bolton from his observations at Sydney: it contained 22

entries, Shortly sfterwards Byle, Smith and Flsrore at

Cambridge (Fngland) compiled a catslozue of 50 radio stars. The
first of the major catalogues, however, was based on the secoend

Cambridge, the 2C, survey, carried cut in 1953, It used a four-

gerial interferometer at a wavelensth of 3.7 metres and listed

nearly 2000 sources. Rather poor agreenment with the results obs

tained by Mills in the case of sources located in the portion

of sky common to bLoth surveys highlighted the difficulties and

weaknesses of position measurements by means of intarfercmeters.

Interferoweters tend to have a many-fingered lobe patterm, so
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that sources can be recorded via side lobes oven when the
aerial is net pointing directly at them. A second csuse of
nmisleading results is that sources close together may blend
togethsr, unless the aerial beam 1s very narrow, to rroduce
2 composite deflection of the pen recorder, which may provide
a completely falso plcturs of the position and brightness of
the indlvidual sources, This effect i3 krown as confusion,
Mills®s survey had the benefit of 2 nominal percil deas in-
strument, and, although not without errors, was much more re-
liable. Most of the inherent errors wers overcome in ghn
later Cambridge 3C survey, which was done at s wavelength of
1.3 wotres ;nd 1ists 471 scurces.

The most reliable of 2ll source catalogues so far avail-
able is that made with the Parkes 210-ft radio teloscope, whose
surface accuracy and mechanical stability bad previously been
carefully studied. The Parkes 1ist includes over 2000 sources
in the declination range from 27° M, to the south celestial
pole. 'The initial finding survey om which this is based was
carried out at a wavelength of 75 c=, vherc‘thc telescope's
beanwidth is about 3/4“. Observations were made Ly scanning
the skies In & square sesrch pattern at a telescope drive rate
of 24° per minute: seme typical scans arve shown ia Figure 2.,
Sources ars usually visible on twe or thres ad¢jacent scans and
their positions can be gauped to sbout 5 minutes of arc. Fach
scurce was then observed again at a wavelength of 21 c» te bes
datermine’a pnore precise positien, which was confirmed by ob-
seyvations at 11 om and sowetimes also at & cm. An exanple of
the detail avallable at the latter wavelenpgth is given in
Figure 3. The Parkes catalogue thus provides s basic list of
positions which are accurate to ! minute of arc, together with
the intensity at three wavelengths - i.e, inferration about the
spectra of the sources. For soma 700 of these objects a
speclal series of observations sade nesr meridiasn transit have

ylelded position coordinates accurate to within 15 scconds of

arc,-
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Identifications with Opticsl Nbiscts

. The ratio of radio to optical brightness varios widely
azong radlo sources, most of the plane in our own solar system
being 2t the low ond of this range and only detectable because
of thsir relative nearness, while the spectacular emitters
Xnown as “radio galaxies" sre at the upprer end of the range.
These cbjects are of great cosmeological zipnificance because
they appear to offer means of prebing depths of the universe
that are beyond the useful range of optical talescopes.

The earliest identifications with objacts ocutside our
solar system were put forward by Bolton and Stanley based on
their observations with the c1iff Interferometsr near Sydney and
during sn expedition to New Zealand. They weare able to rut an
upper limit of about 7 minutes of arc to the sisze of sources
in the constellations of Taurus, Virge and Centaurus, and batter
than this on a source in Cygnus that had previously been reported
by ey in Englard , and were the first to establish that theo
scurces werg discrete entities. WwWhern stavy charts for these
regions were searched for unusual cobjects the firat throe
zentioned abeve were found to coincide to within the error
limits, with visible nebulous objects. The first of them, the
Crab nebula, was known to be the remnanta of a suvernova, and
the asscciatsd expansion turbulence end high elactron tempera-
ture kaown to exist from optical observations suggested that
conditions favouring the production of radio frequency emission
might well be present also. The othef two objects also had
unusuzl featurss; one of them M87 in Virgo is uniqua in having
a prenocunced jet smerging from its nucleus, and the other,

KGEC 5128 in Centaurus, s proncuncad bar of ebsorption across
it, Thore was no apparent ¢ptical counterpart for the Cygnus
source, and daspite 2 number of zttearts it was not until some
thres years later that this, the second mest reverful radio
star in the skies, was identified. The Australians, Mills and

Thomas, after along and careful series of observations with the
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%ills Cross, found that many fsint stars and one extragalactic
nebula lay within the ervor limits of their position, and
when Saith of Canbridge obtalned a aisilar position with
smaller nrobable errors Reade and Hinkowski =ade & close ex-
asinastion of it with the 200" Palomar talescopa. They found
that wist had appearsd to be one galaxy was an irregular-
shaped object whose spactrum showed enlssion lines of unusually
high excitation, and a rod shift indicating a distance of
550 miilion light ysara (ses Plate XIX). TRiIn wos orizinally
interpreted as two galaxies in the process of colliding wizh
gach ether, the energy for the radio eaissien coming from that
roloased in the collishbn . This explsnstion iz no longsr ac-
cepted, however, and Cygnus A ts new regarded as ons of a
spocial class of objects which havs been christened radie
galaxies, The source of thaly enersy Tolsase 13 still @
mystery.

The difficulties experienced in tracking down the
nowarful dut extragalsctic seurce in Cygrus suggested that
soma st least of the several thousand other known SOuTcCss Ray

well be of similar type but even further sway frow us, and

tepce evan fainter opticslly, The rats st which new identifica-
7

tions hsve been made in subsequant ysars has tanded to confirm
;his. The process of searching for jdentificztions has been
to examine a star chart of the region surrounding the source
pesitien, é.g., the Palomsr 4B-inch Sky Survey. The large

ssount of dstail shown on thess plates in wost parts of the sky

exnhasices the difficulty in securing identifications unless the

radio pesition can b2 sccurately specified, The numder of new

{dontificazions has increased in recsnt years with the availability

of more accurnte position data, but a 1limit is nezessarily set
by the faintest cbjects recorded on the suvrvey plates. This is
rapidly being approached, Of the 2500 scurces 1ist in the

parkes catalogue, for exszple, soms 450 have been identified,

of which 38% correspond to galaxies, 263 to quasi-stellar objects

|
I
|
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(s2e Chapier Y. The reralindsy have 5ot yst been identifled -
..-esuz.sa’aly nost of them sre galaxles dsycnd the linmit of the

Sky Survey plates. The task of soarching fer idsntifications

has beon somewhat sizplifisd with the afld of modera computers,

a typlcal procedure taing to stere coerdinates of a selection

¢f the brighter visidls stors snd when » zource position has

bean found have tho cemputer produce a ple? en a transpersncy

of the ten nearest visible stars, tegether with the rectangle

for tho radio source. This overlay cenm ther ™o “Incéd direct

over a Sky Survey plete with the aid of the reference stars,

Tyres of Sources

Sources can conveniérntly be grouped according to their

distance frem us, 1.e., within the solar system: galactice,

i,e, belonging to our Milky Way system; and more romote

extragalactic obfects.

Solary Systap

The Sun is ths outstending epitter of the selar aystom,
Soth of thermal radiatfon e2s a result of the high temperatures
existing {r lts gaseous corona, and of nen-therm=al erission
associated with radio srots (amalogous to the well known
<un spots) and accompanying sterms and explosions within -
zha sun itself. These ars discussed in detsil in Chapter §
below,

Therral radiatien from the Meon shows that on the whole
{1t hohaves like e black bedy at 250%%, Considarably higher
sensitivity 1s required to detect thermal radistien from the
planets, Mars was the first to bs dotected (1958) at a wave-
length of 3,15 cm, follewed by Venus, Saturn, Mercury and
Jupiter., Jupiter, however, had figured in s surprise discov-
ery in 1335, vhon Burke aad Pranklin announced that they had
observed intense and varfable bursts of emission fro= it in
wavelengths of 13,6 and 2.6 motres. TFollowing this announce-

ment Shaln found that thers were nany instances of Jupiter's
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‘ burs? en records he had chiained st Sydnay, vith 8 longey wave
verzion of the Mills Cresas, They had haen mistaken for bursts
of static, which they vesembled, This radlation is strongly
polarized, indlieating the presence of a magnetic field on
Jupiter, and has been identified as origzinating from synchro-
tren precesses inm Van Allen belts surrounding Jupiter. FHon-
thermal radiatio£ bas not baen detected from any of the other
clanets, ]

Bzdio emission from the nlanats is dealt with more fully in
Chapter 5.

GCalactle Sources-

The rodern view of ounr galaxy as one of a countness
number of star systems, eor island universes, encrzsusly --sote
from each other and floating separately in the Tathomless
depths of space, stems lareely from the work of Hubble and
kis successors with the ald of the 100-inch telescope at Mount
¥ilsen ond the 20C-inch at Palemar. Our Sun and the whole
solar systen omount to an insignificant speck on this assem-
blage of some 10,800 nmillien stars which are distribuzed as
a2 lens- or diszc-shaned augrevate of diameto; about 30,000 par-
secs,®*whirling majestically about a commea centre once avery

vears {see Fig. 4). The Sun i3 some 10,000 parsecs
froa the centre of the Calaxy, which i2 situated in the cen-

our view

stellation Sagittarius, but is not visible hecause/in that
direction is severely curtailed by clouds of absorbing material,
Ontical ohaarvations show that most of the stars are situated
in the galactic disk but that thoras are also s large number
of globular clusters distridbuted zlmest uniformiy within a

srhers of Jdiametor 48,000 rarsecs, In soms aress there are

#Astronomers specify distances In elither parsecs or 1lght
years. A parsec 1s the distance at which the Farth's orbit
would subtend an angle of 1 secend of are: e light year
the distance travalled by light iIn one year 2t . . rats of
186,000 miles per second - i.e, riles. One parsec egquals
3.26 light vears.
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clcuds of hot icnized hydrozem, or 411 regzicns. In addition,
.and severely restricting ths optical view in mzrny dirsctions,
thare sre clouds of adserblina paterisl, referresd to as “dust”
clouds and conslsting of stomic debris large encuph to inter-
cept light waves - possibly predominantly of carbon. The
dust clouds, howavar, sre effactively tryansparant to radilo
waves so that vadio astronomy makes ft rossidble to “sae™
regions which have previously baesn hiddan from ua, and thus
to supplenmsnt in important ways the nicturs of the skioes as
derived from optical ohsorvatioas,
The warious ssurces of radic frogqusncy emisston within
the Galaxy are as follows:

Background Coantimuum

Sky surveys show that radiaticn coverinpg the whole ranje
of wavelangths nbservabls in radls astronomy i3 recelved fron
the Milky YHay, On metye wavslangths this 1s extromely strong
hut wesk at centinmetys wavalensths, It ig pmade up of two com-
ronsnts, 8 narrow band s few deagrsos wide which follows the
zalactic e2quator, 2rd & wasker component extending ovsr the

whele sky, The former ip veferrad to as the disk compensnt

and the latiar as tde hale., Numerous mere compact sources
ars superimposed on this radiation, azs menticned bealow,

The brishtness tsmporature of the background at long
wavelengths (in oxcess of 250,000%% at 15 metres) is so graat
that it clearly cannot ba of tharmal origin; for many years
its origin wn= a mystory but thers i3 new no doubt that it
comes from high-energy electrons spirallins in a magnetic
field. The sxistencs of lhizh snersy electreas in intarzellar
space is clearly indicated by the presence of the cosmic rays
as chseyrvedon Earth, and of magnetic fields in the Galaxy by
the polarization of lizht from atars, and also by the Faraday
effects observed by Cardner et al. on radio sources., The disk
component is generated in the macnetic field which exists with-

in the spiral arms; the haleo is almost certainliy vroduced also
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by the synchrotrorn process acting in the wmore germeral but
.uea!zer fleid in whieh the Culaxy is immersad.

At decimatre ard shorter wavelennths thermal wvadiation is much
wesker and difficult to detect, A lavge part of the radiatien
received at these wavelengtihs comas from a very concentreted
soue aleng the plane of the Calaxy and consists of thermal emis-
ajon frem the lonized aydrogen which is present between the
starse: at o wavelengtl of 22 cn the therwal and nor-thermal

components of the disk vadiation are about aqual,

Caseous Hebulag - Hot Hydrogen

The ultra-violet radiation from 2 star will heat any
hydrozen clouds which hapren to be in the viciuity - up to
154 parsece sway for the hotzest stars - to a temperature of
the order of 15,000°, In this mass of ionized pas;free elec-
trons are accaleratsd as they pass near protons (freze-free
collisions) snd emit radio waves over a centinunus spsctrupm -
i.¢, the energy radiated rer unit frequency interval is In-
derandeunt of frecquency, Some llzht is also emitted frem the
ionizad gas clouds, net only that characteristic of hydrogesn
tut also that of other ionized atems present, such as helium,
oxygen, 2ic.

Thae Jdimensions of most of the kas clouds are rather s=zall,
but the larger on2s, particularly the closer ones from some of
the attractive nechbulae %o Ha seen with a small telescope or

“on photographic, ZIxamples arve the Oriom nebuls, the Rosette
nabula, the Omega nebula (ses Plate IV, rage ). Mast of
the visible nedulse ef this kind are radic sources, and in
sddition s number whick are not visidls optically, presumably
because of shscrbing materiel in thelr line of sight,

Nsutral lHydrogen - B Paglions

Iz the vicinity of stars the interstellar gas chiefly of
hydrogen is Lot end fonized but in the vast spsceo® bhetween the

stars it is cold, 100K or celder, and optically invisible.

in the greund state of the unlenized hydregen atem, however,
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there happens to bLe two posusible levels, the quantum of energy
given out whon the clactron flipz from one rosition to tie
othoy beinyg aypropriate 2o 2 ridio wave of just over 21 cm

wavelenpth (enzel frecuency 1429.403). The prebability of this

hapyrening for an individnal atom is very low - only once in some
millicns of years - and the denaity of interstollar gas is slse
very low - 1 to 108 bLydrogen Atemz ner cublic ceatimstre - yat
the dimensiony of the F:laxy are 50 grest that theye are csough
transitions taking plsce o nreducs H-line radiation that can

be detected. Hadlo emission oriszipating in this way turn3 out
te be extresely iwportant Lecauss it vrovides the only avail-
able meuns &€ logatins the neutral hydregen im the Galaxy,

wvhich amovnts to 1-2% of its total mmss. In Chapter 2 wo wiil
saa how dotalled studloes of the distribution of the unionized
nydrogen revesl toat it i3 located inm distinct arps sad hence
thut ocuy ewn Galaxy 2as the spiral catherine~ubeel structure that
wg can Se® im sq wmany of the other palaxics izland universe
with which the skies are studdes,

Sureruova Resnants

~

The jFzes first discreta zource to te separated from the
zalactic background was 2 superreva, the Crab nebula, discovered
by Belton and Stanler at Svdney in 1247, This well-Xnown
nebula, M1, the first entry in a catslogne of nebulse cempiled
Sy the Freach astresezer Msssier In 1784, is =11 that remains
of a2 star that cxpleded to 2 brightness greater tham that of the
rlanet Verim fer a few brief deys In 1054 A,P. Tie rsmnants zre
5till expsnding, Cenditions fevourimg the productior of radio
waves re present in such bodies, and & necber of other super-
reva reepants have zlse beex found te be redic sources, After
the Crab that in Cessiopeia 13 perbaps the next best knewn, and
thie is the brightest of all the radie sources. These are dis-
cuszed in pevre detall in Chepter 7,
Flare Stars

The rrdio emission frem cur sun during its nmost active

periods (see Chapter 5) reaches levels which suggested that
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enission of this kind from stars of similar typo could perhaps
.bo astectad. Cortain stars, known as “flare stars” are ob-
served to eoxhibit occasional short-period increases in
visual brightness and a number of those have therefore been
kept undér observation to see whether they also emit radio
waves at tinmes of these flaves. A nuaber of significant co-
incidences in iucreases in optical and radlo brightness have
been observed and there is little doudbt flare stars are to be
included irn the count of galactic sources. 3o far'star: can
bo listed in this categoery. Figure shows coincident
increases observed at Parkes for V371 Orionis.
Pulsars
A completoly new and different kind of source which rust
be countad as galactic are the pulsed radio sources or "pulsars”
which were discovered in 1968, These ohjects emit short pulses
of radio freguenty energy with reriods which are remarlably
constant and range for thez pulsars so far discovered from
about 1/10 sccond to 2 seconds, They probably repressat os-
cillatiens in ths outer levels of neutron stars -~ l,e.
stars in which the atoms have been completely stripred of elec-
trons and which therefore are fantastlcally dense. The wide
bandwldths and leng integration times used in radio astronowmy
to reduce background fluctuations snd so izprove sensitivity
have, of course, militated against the detection of scurces
which pulsats so rapidly, 2rnd thelr discovery was nore or less
accidental, Thoy are dealt with sere fully in Chapter 12,

£xtragalactic Sources

It was Mills whe peointed out as a result of the survey
carried out with the Mills Cross in Sydney in that that
radio sources appeared to fall into twe - groups: one
vhose epembers lie in or close to the = plane of the Calaxy
and ?rf probably zalactic, and a second group which are grouped
rore or less unifermly arcund us and are probably eobjects ocut-

side the Calaxy. This has beon amply confirmed.

The first of the external galaxies whose radio emissien
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was detected was the famous Andromeda nebula (Plate XIII), a
.3;“1?31 galaxy whose properties arse very similar te those of
our galaxy., Its radio spectrum is similar to that of the
non-theraal component of zalactic radio emission and coniirms
that it originates in the synchrotren process, This is true
also of radiation from all tie extragalactic sources: the
role of thermal exission from ionized hydrogen in palaxies is
thus only a minor one, XNumerous other external galaxies have
also been identified as radio sources, many cof the; being con-
siderably larger in extsnt than thelr eptical countorpafis -
i.,¢. they aprarently pozsess a halc analicgous to that of our
galaxy., Enough information is now avallable to provide a
comparison between the visual and radieo brightness of galaxies,
Astronomers have tholr own magnitude scale for brightness, and
for cenvenience radio flux dsnsities are rlso specified cn o
radioc magnitude (nr) scale, defined by B, ® -54.4 - 2,5 log Sr'
where Sr is the flux density in watts per square metre per
eycie per second at a wavelsngth of 1.9 metres, The comstant
was chosen 30 that the rvadio and optical msgnitudes would be
about the same for normal galaxies.

Figure 5 shows a8 cowparisen of the radio {nr) and optical
(an) nagaitudes of the palaxies which are also radic emitters.
The galaxies have been separvated into theiy usual astronomical
classifications of normal spirals, elliptical, abnormal er
double, and it can be seen at once thst the lower part of the
diagram is cccupied entirely by normal spiral galsxies, This
seans that for all these galaxies the ratlio of radio te optical
c=issicn 1s essentially the same, The mest pewerful radio
sources apypear to thae left eof the diagram, and the greater the
erdinate the greater the rvadio emission for a given optical
brightness. Ths extrazalactic galaxi:s thus fall into two
broad classes so far as thelr radio emission is concerned:

normal galaxies (like Andromsda) and the very much more power-

ful objects which are generzlly referred to as radio galaxies,

The latter categery includes a wide varlety of cobjects, imcluding
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spirals of the most common type (S, and 5., elliptical or

.:;;hcricnl zalaxies, and galaxies with two nuclei, one common

feature being large dimensicns and high intrin sic luminosity,
while wost of the radio sources are Jouble - i,e, have two main
cospenents. The first of the radic galaxies to Lie discovered
wes the hilstoric Cygnus A (Plate XI, page ). Many of the
ragnificent spectacles of the hesvens are included in this
catogoyy - e,g. Virpo A, with its peculisr jet (Plate XIV),
Centaurus A (XGC 5128, Plate III, page ). .

Astronexers have observed what aprear to be luminous
clouds ;cting as bridges between remote galaxies, suggosting
ust galaziis pay cccur in clusters. It has Leen suggested
by Shklovsky and Burbidge that the extragalactic radio scurces
rpay represent matter which has been ejectsd from zalaxles,
Hadio emission has been observed from clusters of galaxies at
lorger wavelongths, bdut st the rresent time there 1s far fros
sufficient inforsation to decide on the oripgin and nature of
these guormously powerful amitters,
Jupsars

The discovery of the guasi-stellar objéct: o7 quasars
has been one of the most important and stisulating later dis-
coveries of radieo asstronomy, The picturssque title of radlo
stars which was glvsn to the radieo sourcess when they were
first being discoversd was discarded as they were found to Be
sssociated with diffuse objects, nebulas perhaps, Lut certaialy
not stars. However, by the early 1558's several radie sources
uere kncwn which appeared to coincide with rather faint stars
in our ows galaxy; thes in 13621 csme the discovery of the
firzt gussar - a radio source associated with a visible object
which looked like & star on photographic plates, MNany of them
kave limes ip thelr spticzl spectruas from which Doppler or red
ehift can bde» obtained, and these fmply that the quasars are
sitvated at very great distancesz, If this is so thea they are
certainly the most lumirecus cbjescts knowsn, thelr emission being

az puch as one hundred times that of tho bdrigntest galaxies,
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The problem of such enormous cutput fyron so small a volume, and
.J-:;sti:er the measursd ved shifts are indeed cosmological in origin,
has posed scme of ths wost intriguing ruzzles of modarn astronomy,.

Cussars are discussed more fully In Chspter 1l.



