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Chgptir JX - QUASARS AND EXPLODING GALAXIES

Despite the current popularising of science on radio and
.lcvision many people still think of astronomers as membsrs of
a strangs and dotached cult who spend their nights with eyes
glued to their telescopes gazing out on a static and changeless
world of stars, No story better iilustrates how modern astronomers
go about their business, and how far from unchanging are the
starry skies above us, than that of the quasi-stellar objects,
or "duasars" - “crazy stellar object” according to the ten year-
old daughter of a wellknown American family of astronomers, the
Burbldges. These extraordinary objects are the most luainous
known in the Universe: they appear to emit up to one hundrad times
as much energy as the brightest galaxies yet are only about
one millionth the size of one of them, and their images in fact
appear as stars on plates taken with the largest optical telescopes.
The opening up of this new and momentous chapter was prisarily
the work of the radioastronomers but the next significant steps
caae from the optical side, amixzka 77?7 which illustrates how
fruitfully 77?7 radio and optical astronomy complemsnt each other.
Right from the outset zzidimaziraxsmxxx radio astronoamy has
demonstrated its uncanny knack for singiing out corners of the
Universe whers disturbances are in progress and dramatic svants
in course of unfolding: optical astronomers havs besn keen to
turn their telescopes on these unusual events but were hampersd
at first by the relatively crude directions that radiocastronomers
wsre able to give them, Steady progress came as they succeeded
in identifying more and mores of the optical objects which were
the source of the tell-tale radio emissions.

As we saw in Chapter , the first such identification was
with the remnants of 900-year-old stellar explosion. Radio
sources are concentrated in the diraction of the plane of the
Milky Way and many of them belong to our own Galaxy - often
assoclated with gaseous nebulae, regions in which the inter-
stellar gas is fonized and heated by ultra violet light from a

star within it until the electrons are energetic enough to emit
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ght and radio waves. Away from the Galactic plane, howsver,
& large proportion of the sources that have been identified lie
outside ocur own system i.e, are extragalactic remote "island
universes” which are resolved on photographs taken on large
telescopes 23 vast assozmblies of individual stars distributed
through a volume tons of thousands of light years across. The
firsg extragalactic source to be identified as such was that in
Cygnus, when in 1952 Baade and Minkowski found a faint object
with an unusual spectrua near a position obtained by F.5. Saith
of Cambridge: its red shift indicated a velocity of recession
of .05 that of ilight, which, though small by today's standards,
was at that time among the largest known, Further progress
was slow however until the early 1360's when the availabllity
of larger radio telescopes capable of working at shorter wave-
lengths (the combination providing substantially higher resolution)
has made more identifications possible, and also provided a
more detailed picture of the structure of some of the radio
objects. A charactsristic featurs of many is that the radlo
s=ission originates from two rogions om sither side of and symmet-
rically placed in relation to the optical gzalaxy, the whols
forming a dumb-bell shaped structurs, The separation between
the two components ranges from less than to several times the
diameter of the visible gslaxy. This suggests orizin in an
explosion in»the parsnt object, the emitting areas besing gas shells
soving rapidly outwards; polarization measurements indicate
that the magnetic field is aligned with the line joining the
t¥o componrsnts.

After Cygnus the next remots galaxy identifisd as a radio
source (1960) was a member of a cluster of galaxies associated
with the source 3C 295: its spectrum showed only one prominent
emission line, but if this wsre the oxygen line 3727 A® thenm it
had the large redshift value of 0.46, During the next few

years instances began to accumulate, howsver, where the star-£field
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round what waa undoubtadly a well-determined radio position
contained no obvicus galaxy, but ornly a faint object resembling
a star, Tho first radio source found to be associated with
one of these objects was 3C 48, whose optical counterpart was
an apparently fmxizkf insignificant star of 16th magnitude, A
new series of photographs taken with the 200" Palomar telescope
reyealed & faint wisp of nebulosity, and that the object enittad
nore strongly than usual at ultra violet wavslangths, Its
spectrum was also unusual and curtained soae broad emission lines
that did not correspond to those of any known star. This gave
rise to the pessibility that objocts of this kind were radio
galaxies 2t even greatesr distances, or that they represented the
initial stage of ths catastrophic explosions in the nucleus of
a galaxy which later developed into the more familiar double
structure which characteriso most of tha known radio galaxies,
The peculiar featurss shown by 3C 48 were vesponsible for initiating
2 closer study of these unusual celestial ocbjects which, for
want of 8 better nams were referrad to as quasi-stellar objects
er §.5.0's,

As batter radio positions became available other quasi-
stellar objects appesared. A major step forward occurred waen
Hazard, Mackey and Shimmins, using the 210-ft radio telescope
at Parkes, observed the radio sourcse 3C 273 during its occultation
by ths Moon on 5th August 1962, and obtained a very accurate
position for it, There was 2 claar indication that it con-
sisted of two componsnts which they designated A and B, separated
by 19,5 seconds of arc: they noted that component B coincided
with a starlike object of 13th magnitude. Maarten Schmidt of
the Mt, Wilson and Palomar Observatories definitely identified
the 0SO =xxm associated with 3C 273 and found that, like 3C 48 it
had a wisp of nebulosity but in the form of a falat, visible jet.
The jet appeared to protrude from component A and the radio

source, 3, lay at the end of the jet (see Figure ).



Chapteor IX - § -

By this time a number of other quasi stellar objects had
@:on 1ocazed, 3C 147, 3¢ 196, and 3C 286, which all showsd con-
siderable ultra-violet excess, and the mystery deepened when
they too showod unidentified emission lives in their optical
spectra., The exciting breakthrough xzam cane in 1963 when
Schmidt recognized that four harmonically-spaced lines in the
spectrum of 3C 273 would fit those of hydrogen 1f there were a
red shift of 16 per cent: one of the romaining lines then
corresponded to a forbidden 1ine of doubly-ionized oiygon
(i,e. stripped of two electrons) shifted towards the red by the
%zm sams amount, Subsequently it was found that the first line
of the hydrog;n sories, Ha, whose undisturbed wavelength is
6563 angstrom units, had been shifted into the infra red region,
to about &R 7590 angstrom units. Schmidt thus provided the
c;ﬁa that solved the puzzle of ths unicdentified emission lines.
Matthews and Creenstein found that lines in the spectrum of
3C 48 fitted those from sinply ionized hydrogen snd doubly and
guadruply ionized neon shifted toward tho rod by 47%, lLater
Schmidt aad Matthews deduced redshifts of 42 and 54 percent
respectively for the other-(S0's, 3C 47 ond 3C 147,

Since the pioneer work of Idwin Hubble at Mt, #ilson it
had been kmown that 1ight from distant galaxies shows a redshift
which increases as the distance increases, the commonly accepted
sdx explanation being that the Universe is expanding and all the
galaxies sre receding from us and from each other. The largest
seasured redshift in 1983 was 4631, for a very distant galaxy
which was assoclated with the radio source 3C 295. The large
cbsarved redshift for 3C 273 and 3C 48 came therefore as 2
surprise hecause their optical appearance suggests that they
are not distant objects st all, On the ususl distance-red shift
scale SC 273 is sbout 2000 million 1ight years away, and
3C 48 about twice as far, I1f this interpretation of the red
shift is the right one then this raises a further puzzle: Thow

can they look so bright, both optically and by radio, if they



Chapter 1X - 5 -

are 30 far sway? An averags bright galaxy at the distance of
.C 43 has a visuasl magnituds of 20-22 and can only be photographed

with the largest telescopes: 3C 48 however is of 16th magnitude.

On the other hand if 3C 48 were an ordinary galaxy clcse enough

to sppear of 16th magnitude, thaen our big telescopes would be

able to resclve some of the stellar detail within it {which they

cannot); or if it were actually a star - in which case it would

have to be within our own Calaxy - then how could it possibly have

such a large red shift?

Thers was no end and certainly no answer to the intriguing
questions rai§od by the enigmatic quasars, Thol£ discovery came
at a tize when astronomers were still wrestling with the problem
of accounting for the snergy broadcast by the radio galaxies.

The brightest of these emit radio frequency energy at the rate
of 10‘5 ergs per second - as well as unknown quantities of infra
red, ultrs violet snd X-radiation ~ and 1§§§§ have presuaasbly
Seen doing this for at lesst a miliion years (judging by thelr
distance from ua), COver the years their output hes, thorefore,

58

excepded the fantastic total of 197" ergs, which means that the

enorgy originally stored in the particles and the nagnetic fieid

must have been even greoater, of the order 1060

orgs. As an
indication of what this Zzxm implies the complete conversion to
aucloar energy of a mass of hydrogen oquivalent to that of our
Sun would yicld only 1052 ergs, so tha original explosion which
producad the radio galaxy must have had a driving force equivalent
to the total nuclear snorgy output of more than 100 nillion Suns!
Thooreticians have been struggling for years with the problea

of eavisagiang how 30 many solar massos of hydrogen can be nads
20 explode simultaneously, and how this can be convarted into
the high speed electrons and magnetic fields which are obviously
the sourca of tho enission picked up by radio telescopes. No
satisfactory solution has besn reached: and now, the discovery

¢f a completsly now clasa of ohject with even nore mystifying

propsrtios has compoundsd the prodlea still further,
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@ ™o ysars following the identification of the true naturs of
SC 273 saw fevsrish activity to find mors of these strange objects.
Sevaral new or revisad catalogues of radio sources became avall-
able in 1965-66, notably the Parkes (PXS), the Cambridge 4C and
the National Radio Astronomy Observatory, and the big telescopes
of the Mt, Wilson and Palomar Chservatories, and tha Lick Ob-
servatory have been busy photographing likely areas. The fact that
QS0's radiate strongly in the ultra violst means that'thoy usually
appear brighter on blue-sensitive than on red-sensitive plates

and thls feature has been ons of thoss widely used in idsantifying
Q30's. Sandage at Mt, ¥ilson usad the 100" telescops to make
successive exposures on blue-sensitive plates, ons through a blue
and the other through an ultra-viclet filter, Ths telescops was
displacsd slightly betwsen exposures: =& norzal star gave images
of about the same intemsity but one showing ultra vioclet excess
was liksly to be a (SO, If it lay within the error rectangle

of the radio position, and in additicn, had s stellar appearance,
broad szission lines in its spectra which showed a largs redshife,
and perhaps & varying light output it was 2imost certainly 2
guassr, Doliton and his assoclates ia Auvstralis, in ecollaboration
with astronomers of the Lick Ubservatory, have been responsible
for the identificstion of more than 100 guasars. 3Solton used

the precise positions cbtained with the Parkey 200" tolescope

ts derive, by means of a computer, transparent overlays with
which he searched the Palomar Sky Ati=s>for objects showing a
blus excess. Most of the gquasi stellar objects found in this

way wsre subsequently confirmed optically by astronomers at

Lick, or Mount Wilscn and Palomar Observatories in California,

or at the Mt., Stromlo Observatery in Australia. An important
result established in ths course of this work at Parkes is

that a certain type of radio source can be distinguished as

a quasar by having a distinctive flat or curved spectrum at

radio wavelengths; #axhzax further, for quasars of this type

the red shift can be forecast with reasonable accuracy from the
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ctrua, One such object, PKRS £237-23, is one of the most
distant sourcos known: on the basls of its red shift of 2,223
it is receding at a speed of more than 80 per cent that of 1light,
and the radio waves which wo are now receiving from it have been
travellling on their way ot us,for two to three times the age of
the Earth,

Dy no means all stars showing a stroag ultra violst excess
are quasars. Defore the ldsntification of 3C 273 a nusber of
astronomers had found and listed blue stellar objects which oc-
curred at about four per square degree of sky: the brighter of
these are almost cortainly galactlec stars, Those fainter than
about 15" optical magnituds however have propertles very similar
to those of quasars, oxcept that only a suall proportion of them
are the powerful radio emitters through which the whole class of
objocts was first discovared. So far only a fow of the blue
stellar objects which have no detectable radic enmission show a
pronounced red shift, snd we do not know whether the quasars
which are such poworful radic smitters belong to the same class
~and so have the sawme physical origin as these which have marked
uizra violet excuss, a stellar appearance and appreciable red

shift but no or insignificant radio emission.

Cptical variations

Astronowers repulariy photograph the skies as part of their

search for new stars and to keep & watch on those which are

known to vary in light output, Some of these fluctuate in
brightness with grest regularity, like the dJouble-star systems
periodically eclipso sach othor as they rotate around their
common centre of gravity, or the Cepheids, with atmospheres
pulseting under gravitational forces; others show sudden
unpredictable variations from the barely perceptible to the
cataclysnic explosions of the supernﬁvae. The latter are
sometimes easily visible by the naked eye but the majority of

variable stars cam only be detected by a careful comparison of

%
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.hotographlc platss taken at different tlnes, On such nlates
the majority of stars ars of fixad luminesity aand sorve as
rofarencs points: varlablo stars aro distinzuished by changes
in brightnass rolativo to othaors in thoir viclinicy,

Following the discovery of the first quasi-stellar object,
3C 43, it was natural 2o look through old photograpaic records
to check on its past history., The old plates were poor and
nothing certain was found, but accurate photooloctrik neasura-~
monts In 1963 (by Matthews and Sandage) revealed an eptical
variation of sbout 0.4 megnitude over a peried of about 13 months,
together with- an indication of night-to-night veriations of
much smaller sazounts, Plates taken at Harvard snd Pulkova
Observatories over the past 70 years shewed & that 3C 273 had
apparently varied by = factor of 2 cver the years, and that
thers may hevs been shorter period varistions of wseks or months.
Siace then 2 caraful wateh for optical and spectroscepic
changes has been maintained: 1t seozs probable that optical
variability is 2 com=oa property of guasi stallar objects,
although only a =minerity of them show 2ajer or short peried
fluctuations,

One of tho neost spectacular of these is 3C 345 which has
5een‘studigd by Kinman at Lick Chservatory. It filuctuates over
a parled of about one ysar but evory thres months or so it
doubles in drightness iz a couple of weeks and just as rapidly
decreases again: spectroscopic studies indicate that this is
associsated with strong magnotic flelds. Another quasar, 3C 279,
behaves in much the same sort of way but outdoas 3C 345 in its
short-period flashes during which {ts light output goes up by a
factor of sixteen. The largest varistions of short period
that have so far been observed In quasi-stellar objects occur
in 3C 446: this odject has shown alzost continuous variation
since its discovery im 1263: iIn a 10 day peried in July 1966
it fell in brizhtness by about twe magnitudes but then increased

sgain, on several occasions by 0.5 to 0.3 magnitudes within a
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’r or so. A high degree of linear polarization of the light
has been observed, fxix thus confirming that it has a syachrotron
origin, The short-duration light variations also set an upper
1imit to the sizs of the region which is varying. It cannot

be larger than the time taken by light to traverse it, and for

3C 446 this means & maximum extent of about one light-day.

Variations in Radio Emission

That thers is also a variation in the radio output from
some quasars is now undoubted, although initially thare was
some disagrsement between various observers on this point. The
£irst to kx be confirmed as = variable is 3C 273 B, whose flux
is increasing at the rate of about 17% per annum: significant
changes also occur over periods of months or weeks at a wave-
longth as short as 3.4 mm, Another variable is 3C 345, which
iz also a striking performer at optical wavelengths. The
variations at radio wavelengths for the quasars so far confirmed
23 variabla ars, howsver, of larger pariod that at optical
wavelengths, The upper limit to their size .as derived from
the poriod of their variastions is invariadly smaliar thaa that
indicated from long base line intsrfsrometry OT scintiliation

techniques.

380's and Galaxies

In the earlier radio surveys no distinctlon was made in
listing what we now know to be quasi-stellar objects and radio
galaxies: it is of interest, therefore, to compars thair
proparties,

Aa outstanding difference is in their appearance. Galaxies,
the largest units of matter in the Universe, shine by the light +
of the thousands of millions of individual stars which they |
contain, and appear as extended sources: tha quasi-stellar
cbjects, as their name indicates, ave scarcely distinguishable

from stars. The apparently smaller size of the QS0's 1s
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confirmed from other considerations: the observed fluctuations
the radio and 1light output indicates a dlameter of the order
10™% that of a normal galaxy, and measursments of the angle
subtended by several quasars, using very long baseline interferometer
techniques, confirm that they =must indesd be very small if they
are at cosmological distancss,

The property of (QS50's which created so much interest is
thelr spectrum, consisting of red-shifted lines charqcteristic
of a hot gas, together with a continuum of neon thermal (almost |
certainly synchrotron) origin. The spectrum of a normal galaxy
is predominantly a composite of those of the stars which it con-
tains, but the radio galaxies often show strong emission lines
in their spectra, superimpesed on a continuum, which are com-
parsble to thoss of Q30's, The Seyfart gzalaxies, a special
class which ars mostly spirals with a bright star-like nucleus,
hsve spectra which are similar to Q30's: st loast ons of thems
azs been found to emit strongly ia the infra red. Anothar
unusual type of Galaxy, N-type m of which only a2 few are known
ar9 also sizllar 2o Q50°'s, except that they havae sizes of a fow
seconds of arc and ars thus not star-iike in ;ppaarancs.

The radlo output of quasi stellar chjects iz very similar
to that of the radio galaxies: if they are at the distances
suggested by their red shifts them they are comparable to the
strongest radio galaxies, while if ther ares relatively local,
to the weaker radio galaxies. A convugiont way to compars
the radio properties of Q30's and rvadic galaxies is to consider
thoir radio lusinosity in relatfon 2o their surface brightness,
In Pig. the absoluta radio luminosity (L) is plotted
against the surface bdbrightness {3) (both computed from measure-
ments at 1400 Miz) for QSO's, radio galaxies and spiral and _
irregular galaxies: the (S0's are assumed to be at cosmological
distances indicated by thoir redshifts,

The points suggest that the QS0's fit into an orderly

evolutionary sequence in the sense that a small but very intense xmuxrx
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source (a Q30) grows into the large double radio source which
.onstitutos a radlo galaxy; this gradually expands still further
and grows weaker in the process, The apparently samooth forn
of the curve can also be taken to support the interpretation of
tha Q30's ;ed shift as cosmological,
Thus, while thers ars some apparent similarities betwsan
050's and galaxies there are many differences. A more detalled
comparlson botween them 1s difficult in the absence of any satis-
factory undarstanding of the origia of quasars and the mechanism
by which they radiate. The bulk of the faint radio sources
have neot yet been identified with optical objescts and further
work in this direction would be helpful, They could contain
a proportion of fainter or more distant QS0's, or perhaps consist
only of radio galaxies whose optical zam counterparts are fainter
than the limit recorded on ths plates of tha Palomar Sky Survey.
Bolton favours ths latter on the basis of his observations at
Parkes, which show that the spectra of the unidentified sources
resembles that of radio galaxies, This is indicated on Pig.
from which it can be seen that the spectra of QS0's is recog-
nigably different,

Summary of QSO propertiss

Since the discovery in 1962 that QSO's were a startling
new Xind of object further cdservations have shown succassivaly
larger red shifts, with some mysterious clustering around
particular values: largs changes in 1ight output in a short
time: and variatioms in radie flux. On the theoretical side
howsver not oven gualitatively satisfsctory models have been
advanced to explain these properties. As a preface to con-
sidering the various problems that are aswaiting solution it is
rolavant to summarise the observsd properties of (SO's, These
are: -

1, Host oflthen ars radio sources. Ths majority have at least

one component of very small dimensions, but some are
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physically double (1ike radio galaxies) and others show two
distinct peaks in thelr radio spectra, suggestive of origin

in two separate sources, Thelr radio spectra are consistent
with a synchrotron origin,

Their optical spectra show broad emission lines whose relative
strongths are consistent with orizin in & hot gas of normal,
i.9, solar neighbourhood composition., The emission lines
show red shifts varying from 2 ~ 0,1 to about 2.4: several
QS0's show several difforent rsd shifes. In a nuabsr of thea
absorption lines ars also pressnt and, if so, with a red shift
corrospondi;g to that of the e=mission lines,

The rved shifts are not randoely distriduted over the above
range but seem to show marked clustering, the most prominent
peak besing at Z = 0,06, while there ars 2 nunmbor around

Z = 1.95. The nusbar of red shifts so far detarmined,
howsver, is not enough te rule ocut the peossibility that this
effect is due to inadequate sampling, (If their red shifts
are true Doppler shifts this suggests that thay lis near the
suter edge of tho expanding Universe.)

Variations in optical lumimosity of up to 3 magnitudes have
been observed {(a.g. 3C 446), and by s factor of twoe in one
cay: ia 3C 446, at least, this is accompanied by streag
linear polarization., Strikiag variations also occur in

the radioc enission from a number of Q30's, but these appaar

to be of a secular nature rather than short period fluctuations,

Problens raised by the 0S0's

The basic problem in explaining 0S0's is roconciliation of

their red-shifted spectra with their other properties, particularly

their radio and optical emission. Lot us consider the varlous

possibilities,

1.

They may genuinely be at the cosmological distances indicated
by their rad shifts,
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2.

3.

This is probadbly true i1f the red shifts originats from
Doppler effacts: the apparent simpliclity of tho radio
luminosity-surface brightness relationship (Fig. ;.
lands ﬁuallfied support to this, as also does the fact that
all the observed shifts are towards the rod, i.e. thers are
no blus shifts, The existence in szome ()50's of more than
one sories of red shifts could be accounted for if one is
appropriate to the receding QS0 and the others ars due to
the intoervening medium, but there are observational feaiures
which suggest that both series originate in the same source,
Tho outstanding difficulty in accepting this wmodel 13 to
account for the huge emission from a source of tho samall
dinensions which are indicated by the short-period fluctuations
ohserved, Heverthaless many of the known characteristics
of (SO's are still consistent with the idea that they ars
situated at vory great distances.

They are not situated at cosmological distances but the

rad shifts are gonuine Doppler effscts, so they must sither
be moving themselvss at relativistic speeds, or contain matter
that is,

One difficulty in accepting tais 2833388343715 ehae gso's
show only red shifts in their spectra i.e. none are cbserved
to be approaching us, This could be accounted for if the
explosion occurrad relatively noarbxﬁnd the ocbjects have aow
passed us, It i3 not likely howsver that all the Q30's
originated £from a single explosion, and if they are ejected
synnetrically from their parsnt gzalaxy thean a proportion of
ther should show blue Doppler shifzs, Apart from this it
is difficult to see how Q3S0's could be ejected at speeds
which are such an appreciable fraction of that of light;

the energy involved would be very great,

The QS50's are not at the cesaological distances suggested
by their red shifts, bacause the redshifts are duo te
gravitational fialds,
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. The outstanding difficulty in accepting this explanation is
the fantastically high densities that would be required to
produce the observed shifts; further the obsarved optical
spectrum is quite incowpatible with such high electron
densities,

4, A further possibility is that the rodshifts which ars proving
so difficult 2o explain are due to some physical meschaniss
which has not yot been discovstoed,

There is no particular veason for supposing that there are
isportant laws of physics yet to be rovealed - except that

in the Q50's a nsw class of object has basen discoverad seo

that a new theory to account for it may ba appropriate.

Modern radio and optical estronomers have thus concocted an
absorbing puszle for the theorsticians: further progress is
largely in their hands to produce a model based on established
physical principles which is able to setisfy the conflicting

observational svidencs.




