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Chapter VII - Exploding Stars A
e

The advent of radio astronomy, with its flair for singling ]
out the more turbulent and cataclysmic processes of Nature, has
transformed the one-time view of the hesvens as the ultixate
in serenity, unchanging and izmutable. Ve now know that com-
motion and disorder are widespread on a celestial scale, and
that the heavens have seen some all-time highs in the way of
explosions, certainly of stars, possidbly of whole gdaxies, and
méyba of the entire Universe. . |

It is prodominantly by the light generated in stars that
we see the Universe around us. Study of the stars, the multi-
tudinous self-luminous Lodies which are still pin-points of
1ight even in the largest telescopes, has been the province of
the optical astronomers. Conturies of careful work have pro-
duced a genmeral picture of their nature and characteristics,
in gquite remarkable detail, considering how far away they are
and the slonder clues which they provide. The Sun, as we noted
earlior, is rslatively sedats and niddle-aged, outstanding only
because it is so very close on the scals of stellar distances
(8 1ight minutes). The basic star-buil#ing material, the

primordial gas clouds, zppears to be uniform in composition

throughout the Universe because the condensations within it

which finally become stars show remarkable similarities in

their cheamical composition, and in their total mass. The range
in sizes in relation to that of the Sun is surprisingly small:
fou hava‘ﬁore than ten times its mass and few less than one-
fifth. Within this limited range, however, their properties
differ quite markedly, In theprocess of convarting the energy
of the original gas cloud into light and heat the wost obvious

characteristic revealed by stars is the awount of light we re-

ceive from them,raferred to as their appavent brightness. The
Groek astronomer Hipparchus was the first to introduce a scale
of "magnitudes” 1ln specifying the appareat brightness of stars:
he divided the visible stars into five classes, the brightest

being of first magnitude and those which could just De distin-

gulshed by the naked eye were sald to be of the sixth magnitude
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The magnituds scala for stellar brightness used to-day
.15 based on that of Hipparchus, It is a2 logarithamic scals in
which 2 range of 5 wagnitudes corresponds to a ratio of 100 to 1
in brightness, the constants in the equation being chosen so
that the new scals conforms to that used by the ancients, If
two stars emitting flux densities 54 and 8, ars of magnitude ny
and ., respectively, then the difference in their magnitudes,
my- - @y, is glvea by
2
{tha negative sign and the numerical facter 5/2 being adopted
to conform with Hipparchus' scheme), The magnituds differance

depends on the spectrum of the radiation being compared, visual,

photographic, photometric and radio wagnitude scales being

those in common use., The xx visual wmagnitudes of some objects

are as follows:

The Sun r &
Yeoon 12
Venus, shout 4
Sirius 1.6

g Centaurl

Paintest naked eys
stars 6

Faintest stars visible
with 280" Palomar
tslescope 21
The quality of the light from a star, its spectrum, is

largely determined by its surfacs tesperature, and in the
spectral classification of stars astronomers use the letters
O, B, A, F, G, X, M, R, N, S*to indicate a progressive decrease
in surface temperature from sbout 35000° fer aarly C type to
6000° G, (the Sun) and 3400° for 4, . The brightness or spparent
magnitude of a star depends on how far away it is, and whether

its light has suffersé epy absorption om the way; a wmore funda-

sental preperty of a star is its ebsolute magnituds, which is

defined as the magnitude it would have if it were a2t a distance

® The mnemeonic used to raamember this is: "Oh, be a2 fine girl.
Kiss me rvight now, sweotheart.”
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of 10 parsecs., Absolute magrnitude is thus a measurs of the
.luminosity or totsl light fluy emitted by 2 star, It 1s closely
releted to the spectrum of its light and te 1ts mass, The range
in values covers at lesast 20 mapgnitudes, from abont -5 for some
short perled Cepheid varlables, thrvough +4.28 for the Sun to #13
for zome relatively rare stars which are cooler than spectral
type ¥. An interesting and fundamental property of stars is the
velationshlp between their 2iw luminosity (absolute magnitude)
and spectral class: this was flrst recognized by Herts and
Fussell and referred to as the H.R. or Pussell diagram. This is
indicated in Figure 1: the majority of stars ‘lie in =2 broad
band, the''main ssquence” through which they progress as they
gradually exhaust their full resources, but there are some which
are much more luminous than the general run (the piants) and a
few far below average {the white dwarfs): for these life Tuns
a2 briefer and more cheguerad course,

The initial source of hsating for a star is the compression
arising from aravitatienal attraction of the primardial gas: at
2 later stage nuclear nrocassas of increasing cemplexity becomse
nredominant and the subsequent history of the star is datermined
by the balance hetween the enersy released within it and the
extent to which this czn be successfully conducted to its luminous
extarior and radiated away. The Sun is typical of zux zost stars
nRXXiNNaNgXTREasaxeyax st xakaiaxnatryxestixxnyux in showing
rolatively stable dehaviour, with only quite minor changes in
comparison with its total energy output. Some, however, show
significant variations, both irregzular and veriodic, an important
group among the latter being the Cepheid variasbles (after

, the first to be vecegnized) whose variation is due to an
oscillaticon of their stmosphere, presumably under gravitational
forces, The relationskip between the period of the variation
and absolute wagnitude is so closs that the grrarent magnitude
of u Cepheld varieble provides a good indicstion of its distence,

Occasionzlly nom-recurring flare-ups occur which xxim raise

the brighktnuss of a star by 5-10 magnitudes in a ﬁeriod of o few
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deys: 3such flare-ups are known 28 novas and are usually ac-

'cnﬁp;nied by the explilsion of » shell of gas. Etill greater
catastrophes <¢a2n happen to stars, howsver, waich result in
their elevation to supernevae - snd it was in pinpointing ons
of the most interesting supernovas ans a2 pronminent radio source
that radio astronomy stepped beyond the solar realm and took
its first inportant step ocut into the Calaxy.

Whon Bolten and Stanley in Sydnay decided in 1547 to see
whother there wore any other radio stars in the skies bosides
the Sun they soon found several localised areas emitting radio
wavas which were effzctively roint sources, None of them co-

neided with bright stars but one in the constellation Teurus
was s¢ close in positicn to an unusual nebula, M1 in Messier's
list but more descrirtively knowm az '"the Crab" hecause of its
aprecrance, as to make it virtually certein that this was the
origin of the radic waves. A photograph of the Crab taken with
the 200" Palomar telescope appears as Plate + This much-
studied object first swam ipte the ken of the sstronowmers as a
result of p spectacular explosior on 4 July 1054, when from
presused invisibility it increased dranaticslly in brightress
and "was o3 visitle In full deylight a2s Venus, with spikes
leaving it 4r all directiens. Its colour wes reddish-white.

It was perfectly visidle for 23 dsys”. Strangely enough, there
sppears to be no menticn of this spparition in any European
chrenicles, The event was not missed, however, by astrologers
in the service ¢f the Chinese emperor, 2nd their recorded detail
of this unuvsusl “guest star” leaves no doubt that they witnessed
the swe-inspiring sizht of s ster undergoing one of the grestest
cztastrephes that cen befall 3 stellar bdody - the uncontrelled
rzlezse of fantastic amounts of enerzy in itz ocuter regions.
This cccurs wher conditions within the cors of a star are such
that a prossure halance can no longer te wmalntained. This state
of affalrs caz ariss rather late in the 1life of a star comparable
in size with our Sun, or much sarlier for a star which is corn-

sidarably uére massiva, and the supernovae which result are said
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be a Type I or Type II respectively, In each case the
explosion is an extremely violent one, with matter being ejected
at speeds of over 3 million miles per hour, but the total mass
involved in a Type II event is appreciably greater, of the
order one or more solar masses as against one fifth of this
for a Type I supernova. The visual brightness of Type I is
greater than that of a Type II but the latter produces strong
ultra violst emission and somewhat higher velocities of
ejection, and the overall radiation from a Type II supernova
is greater,

The Crab explosion is classified as a Type I

explosion, After the prodigal display of energy recorded
by the Chinese astrologers, during which it blazed away at a
rate one hundrad million times that of the Sun, it slowly faded
over a period of about a year. There remains near its centre
two faint ztaf stars of about the ninth man magnitude which
until recently were regarded as of no significance. As a result
of studies with the 200" Palomar teliescops Baade and Minkowski
identify one of these two stars, the south west prsceding com-
ponent, as the remains of the core of the original>explosion.
and report that wispy filaments zre still being ejected from
it from time to time. It turns out now that this star is not
anly‘a radio source, but a“puisar”, one of those curious ohjects
which emit short duration pulses of radio energy with the
regularity oé 8 suparb cleck., ({See Chapter . - For full

measure it has recently been found to emit 1ligzht flashes in

synchronism with its radio pulses,

Messier thus showed remarkable insight in selecting
the Crab to haad his 1ist of prominent nebulas (Ml): it has
been of continuing interest to optical astronomers ever since.
Photographs of its spectrum have shown a strong background
continuum but with a superposed emission spectru= of hydrogen,
together with forbidden lines of oxygen and nitrogen, i.e, the

characteristic spectrum of interstellar matter., The lines,
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‘wever, are doubled zbout thoir normal position, Imdizatad
indicative of Doppler effects. The amount and direction of ths
displacements show that ona set of lines, froam the filamentary
structure in front of tho nebula, is approaching at a speed
of some 1190 km/sec (over 2 million miles per hour) while the
other seot, from behind the nebula, is recedins at the sanme high
spaed, The effect of the original explosion is thus still
continulng: on the assumption that the expansion has procesded
sysmetrically for ths past %00 odd ysars we can obtain an
approximate estimate of the nebula's distance from the fact
that it is now.about 4 minutes of arc in diameter, This turns
out to ba about 1100 parsecs, or 4990 light years. Alternatively,
w2 can work backwards from the présene rats of expansion (a2ssuming
it has not changed) 2o check when the explosion occurred - and
obtain an answer of sbout 200 years; there is little doubt,
therefore about the identification. Despite all that is known
about the Crad it continues to pose some unusual probleas,

Most other bright nsbulae are clouds of gas which
- have been heatod and ionizad by the ultra violet light from a
bright O or B type star in their midst: thelr temperaturss are
usually about 10030°K, In the case of the Crab, however, the
ohseryod 1ight intensity can only be accounted for if the tem-
perature ware hundreds of thousands of degrees: this would re-
quire a fantastically bright central star, but the only one in
the vieianity is certainly not rich snough in ultra violet: with
the discovery of its strong radio emission - spart from the Sun it is a
among the brightest radio sources in the sky - came further
anomalies: 4its spectrum iz rolatively flat, raseabling that
from thermal sources but its intensity is much too great to
bo accounted for by a thermal origin., ‘VWe saw in Chapter
that Alfven and Herlofson were the first to propound the
synchrotron process - the splralling of very high speed slectrons
in a magnatic field - as a possible source of the e=missions

from radio stars, It was the U,S5.S.R, theorist, Shklovsky,
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howaver who (in 1953) put forward the revolutionary idea that

th the 1isht and the radio waves from the Cradb Nebula originate
by the synchrotron process, as the only =x mechanisa which can
account for their intensity. This suggestion carried with it
the prediction that hoth the optical and radio radiation should
ba polarized - bacause the electrons producing the radiation
ara accelerated in one preferred direction (in a plane at right
anglés to the magnetic field) instead of in random directions,
s3 for the fres-free transitions which result in ordinary thermal
emission. Photographs of the Nebula were taken through polaroid
sat at differsnt angles and within a year Russian and Dutch
astronomers confirzed that the light from every part of the

nsbula is, in fact, plane polarized. RrIXNTIAITXBAITUXEXAX

Shklovsky also introduced a brightness measure as a means of

estimating the distance of supernovas, This is based on his
theoratical derivation of the surface brightness of an expanding
shell which 1s radiating by the synchrotron mechanisa, ¥hile
this does not take account of all the factors involved distances
chtained in this way are in reasonsble agreement with those
derived more dirsctly, where this is feasible.

Radie sstronomers set out to check whether the
Crab's radio emission was also polarized - a much more difficult
task‘because radio tolescopes lack the fine resolution obtainable
at optical wavelengths, and so tend to produce 2 smeared or
averaged resﬁlt for the arsa ceversd by their beam. Further,
the rotation of the plane of polarization produced by the
Paraday effect as the wavss travel through lonized regions,
tends to confuse the picture still further. Howaver Vitkevitch
in the U.S.S.R. could just detect the existence of plane polar-
ization at 3 ¢= and this was confirmed shortly afterwards by
Mayer McCullough and Sloanaker in the U.S.A. The direction
and desree of the polarization agreed well with that found
optically, so the reality of the synchrotron process as an

important mechanism in the production of cosmic radio waves
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was thus firmly establishad. Estimates of the strength of the
wpnetic field yleld a figure of 10'4 gauss, about ten times that
which exlists in interstellar snace, The tracery of filaments
which are so characteristic of the Crab Nebula cannot be the
result of ionization by a het star and it has besen suggested
that they may be velated to large-scalo electric currents cir-
culating in the magnetic field. The origin of the high speed
elocérans responsible for the radiation is not yet known with
certainty. Calculations indicate that they would lose most

of their energy in preducing optical emission in about 200
years, and since the nebula is over 900 years old a fresh source
of cosmic rays must exist.

They may be left over from the original explosion,
perhaps are still being supplied or may arise from nuclear
reactions which occur when cosmic rays collide with atoms of
the gas,

¥hen American scientists began to use rocket-borne
Zatactors to see whether there were any prominent sources of
Y-rays in the skies they were not surprised to find that one
of sevaral such sourcos was located in the Crab. Extrenely
energetic electrons are needed to make X-rays and thelr life
would be unlikely to exceed one year, so the supply mhkx must
ebviéusly be replenished. Astrcnomers are not yet decided
whether zmm their scurce is sssociated with wisps of brightness
which appearrut intervals from the centre of Crab, or whether
the cloud expelled at the time of the original explosicn is
still hot enocugh - 10°°C or more - to provide thea. It is
scarcely a matter for surprise too that tha Crab should be
invelved in yet another of the current & unresolvsd mysteriss,
that of the pulsating stars or pulsars. Late in 1968 American
obsarvers found one of them lying in the direction of the Crab -
pethaps another side offesct of the cataclysm that brought it
into beiny - not only sending out regular radio pulses but
sizultaneous light flashes as well, the first pulsar to emit

both visible and radio,
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Othar Supernova Remnants

The prosinsnce of the Crab 23 a radio source promptad
a ssarch throuzh historical records for other supernovas
eppearances, and for radio sources which posssss characteristics
similar to theosa of the Crab., Thers are caly two recorded
instances of supernovae since 1254: Tycho 3rahe, the Danish
astronomsr who achievad fame as the first to make accurate
ohssrvations of the position snd movexents of the planets,
sa¥ a bright supsrnova ia 1572; and Johannes Xepler, whe
used Tycho Brahe's observations to show that the planots followed
elliptical orbits, reportsd the second in 1504, Although
n2ithar had the use of 2 telescope their recording of the
position of thess bright stars was good enough to allow the
razains of thess explosions to bs located: they are much lass
conspicucus thaa the Crad, appearing only as faint wisps of
£23, but moviag outwards: thares is alsc sn associatad radio
saurcs in sach case, which is weak but with non-thermal
chsracteristics sizilar to the Crad,

A careful search of past records has ylelded a
nezher of instances of undoubted supernovas, of which the most
putstanding is that of A.D. 1096, vecorded from both Chiness
and Arsbian sources. At maximum it was so bright that objects
could bs seon by its light, which was comparsd to that at half-
200n, 50 it probably outshone the Crab at its peak by 3 to S
zagnitudes. ; Recogaition of a radio source associated with
this supernova has not been e9asy since the method of recording
pecsitions used in oriental records (by thelr direction relative
to noarby stars and to the locatlon of the Moon) EBXRAREXEX
xtarsxzadxtaxzxaxiszatiax loads to uncertainties of up to 10°,
0f two possibla sources NGC 5332 and the Parkes source 1453-41,
both of which are more than ssventy times weaker than the Crad,
tha latter 13 mors likely the remains of this explesien.
Ancisnt Chinese records include also the followling listings
which froa their doscr%&?ion are probably genuine supernova

explosions,
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Position Possible assocliated
Compent Date RaAs Dec, radio sourcs
’:overad during day- A.D.185 14" -60°  PXS 1439-52
tine: visibla to naked
aye for 20 months
A big yellow star which 396 47 20®* None known
outshons all othors
visible during daylight 437 6D0™ 20* sL 34 : 1C 443
“As big as . peach” 902 1M20® 75* CTA1l : HB 3

SHEN

Nature 221 1039
Mareh 15 1369

Two wellkaown nebular objects, the Loop in Cygnus aand
1C 443 whose origin was praviously unkaown wore recognized as
supernova remnants froa the properties of the radio sources which
are assoclated with them. Photographs taken at Palomar coenfim
& shell-like structurs which is ezp#nding. Altogether there ars
soze 40 radio sources tentatively classified asz ramnants of
supernovs which have appearad in the Calaxy, The characteristics
which indicate that a radio source is a supernova rasmnant are:-
(i) 2 non thermal radio spectrun
{ii) radio brightness distrlbution consistent with a shell structure
{iii) if 1t is vizidls optically it should show .scome filamentary
structurs
{iv) angular size largs snough toc oxclude the possibility of its
balng an external galaxy
{v} iocntion within 25¢ parsecs of the galactic plane (i.e.
8 populstion I menber)
Details of those which are confirmed or are most probably supernova
remnants are glven in Table . One of the most Interesting
of these is Cassiopeia A.

Cassiopaia A

The most powerful radio source in the skies liass in the
constallation Cassiocpeia: 1t was discoverad by the Cambridgs
group in 1943 in the course of observing the powerful sourcs
in Cygnus whose existence had hMax bheon suspecisd by lisy and which
Bolton had shown to ba of small dimensions. Tho Cassiopeia

source was too far north to be visible from Sydney, Daspite
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its exceptional radio brilliance thers appearsd to ba no optical
c’ect +o account for it so F.G. Swmith set up special equipment -
using some old Cerman radar serials - to try to obtain an accurate
position. The information he obtained was passed to Dewhirst
of the Cambridge observatories, who wes able to show that there
was a very faint nebula close to the radio position. Photographs
taken by Baads and Minkowski with the great Palomar 200" telescope
confirmed this identification beyond any sdoubt: despite the
faintness of the nebulosity which constitutes the stili-axpnnding
romains of a supernova, spectroscopic evidencs showed that sonme
of the filaments are moving at speeds around 5000 km/sec
(200,000 miles per mimxm minute). They ars moving 30 fast, in
fact, that it is possible to see dofinite changes in their form
on photographs taken only a fow months apart. Theoy are also very
hot and highly lonized which combined with the turbulent motion
provides the ideal conditions for the gemarstioa of radio waves.
The interpretation of this unusual radio sourvrce
prasented difficultles at first becauss, mixed up with these
rapidly moving parts of the nebuls, wers other faint fiiaments
which were almost statiomary. As further phétographs becane
ayallable over a pariod of a few years the true picture became
clear, The fast moving patchas wers indeed moving outwards,
and from their speed the date of the original explosion from
which they came was placed, within a few years, at A.D, 1702.
~hare is no record of an unusually bright new star appearing
at that time but this is scarcely surprising because although
it appears to belong to the Type II or =more powerful class of
supernovae it is about 10,000 1ight yesars from us and at that
distance it might not have reached Sth magnitude even st its
peak, This would make it only just visible to the naked eys
and certainly not a comspicuous object. The stationary pntchis
of nebulosity mentloned above have a different spectrum from
tha exploding shell and are probably the result of collisions
betwoan the cold interstellar gas and the expanding filaments,

as s result of which, they fall behind the main body of the
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ﬁxpanding shall,
e next victim?

ileavy stars tend to have short and merry l1ives and sre sure

candidates for fireworks. %2 need have no faars about our Sun
howevar, aven though it is currently consusing its own hydrogan
at the rate of 500 million tons a socond: soms thousands of
millicns of years hence it may swell in size snd swallow up the
inner planets but things will stay as they are {or our lifotime
and indesd for the next thousand million ysars at lzast. Thae
1ife history of stars, thouzh, is very depenceat upon their

mass: had our Sun rotained as little as 233 norxe of tha natsri#l
from xsxizk which it condensed it would havs aiready burnad
itself out - and this talo would not have been told.

Big stars exhaust their capital in quick tiae, ¥ith
their greatar gravity they Lecome much hotter inside 3s they
collapse, and mors complicatad nuclsar rsactions become possible
than the sipple hydregen aand helium burning which suffice for
stars 1ike the Sun, Successively heavier elements build up
in the star's interior until so muci irea is sccuaulatad that
coolingz sets in, the trigger that detonates the seriss of sveatls
that culainate ia the final fireball.

Thers has been no recordsd supermova since Xepler's of 1604,
whic& occurred just a few ysars befors the introduction of the
talescope, The next cne will be of enormous iatsrest to the
astronomers, provided it doesn’t o off in ocur izmediate neighbour- -
hood: perhaps it has already occurred in one of theso quietly
shining stars of tha Milky Way, and the light end radlio waves,
with their tell-tale story of tae catastrophe, are well on
their way to us, in the =eantize aatronosers have o content
themsslves with watching for supernovae in other galaxies: their
brilliancs is so dazzliing that taey are easily recognizable at
enoraous distances on photographs taken with the world's greatest

telaszcopes.,
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