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’AQOngstvthe various.nonthérma1 radid sourcés:found_in the galaky
»aré a‘ﬁtmbervhaving lérge ghgulaf (several minutés) diameter ﬁhicﬁ‘ha?é?
:beeﬁ'identified as the remnants of superﬁova expleiops, Tﬁése have beenr
of great interest because:they'qan give information aﬁout this stage of
sfellar evolution,‘énd because they ma? be the pfi&éry-source of cosmic
rays. -V“ f o , i .
| I. SUPEﬁNOVAE IN EXTERNAL GALAXIES

Because of the i;frequency.of supernovae in the galaxy, the'prqp—
erties of SN themselves must be determined by 6bserVation éf events in
external gélaxies. Due principally‘to“fhe.work of Zwicky, we éaﬁ ideﬂti—

fy at.least five types of SN.

Type I - Originally identified by light curvé, ndw‘by éolor
(relatively red, B-V 0.5 to 0.9) but espeéially by spectrum. . The time
near maximum is about 50 déys, and the subsequeﬂt decay is exponential,
with the 1l/e time varying between 50 and 70 days. 'The difference in mag-
nitude between the peak and Fhe stellar remnant is between‘l'Sm and 20™.
.The.maximum apparent photographic magnitude is -18. They appear with-
roughly equal freqﬁency in all types of‘galaxies,vsuggesting that they

are old stars of roughly solar mass.
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 V2z2é‘Ii - The light.curve'shows great:vaxiatidns and cannot
vbe hsed'aloﬁe for type identifibation.v If bhoﬁometry'isvavailéble, they .
can be distingﬁished by the ﬁlt#éﬁiolét}excéss..‘Thé best distinction
is made‘by means-of the spectrum. . The maximum apparéntAphotogfaphic magni-
.tﬁde is.—l6m, péfhapsvnot significantly fainter than for Iyée I. _Théf‘
,_appgéi:only'in spirgl or irgegular galaxies, often.acfuallyAwithin sPi:al
;béfﬁs;i A T v AN . e T .A

| Type IIT = >C1early different from Type II, although moré;iike
it than liké Type I. The veidcity is high, &_12,000. The shell is very -
dense, sinée it remains'bpaque~for‘several weeks, and the total maés ejected

“must be great.

Type IV - Only one object of this type is known. It is gen-
erally similar to Type I, but differs inldétail,; g
ngé V' - Probably dwarf supernovée or massive novae. The

energy release is smaller, the velocities are low, ~ 2000 km/s.

II. GALACTIC SUPERNOVAE
There are four objects now weilhestablished from botb optical
and radio evidence as beingvsupernqvae. These are SN 1006, SN 1054,
SN 1572, and SN 1604; In addifion, there are two or three objecté that
were observed‘visually,-but with positions too inaccurate for identifi—
‘éationé. These may ultimately be identified--for example, an identifi—
cation of‘SN 1437 has recently been pfoposed. There was a supernova in

Cas in AD 368, which might also be identified dltimately,'sinée there
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-are a number of peeuliar“objects:in thie region. -Of these supernovae,
_SN 1054 SN 1572, and SN 1604 are all classed as Type I, on the basis of

light curves, . and for SN 1572 because of 1ts color. There-is no 1nforf

matlon on SN 1006. However, I think that: it is essentlally meanlngless

}to try to match types with light curves.. As for SN 1572 the observation
was that near max1mum, it was whitlsh "llke Venus", reddened with tlme,

E then became whiter again. Such color changes are not suff1c1ent to dis- -

tinghish'the twovtypes‘either, It seems thenithat perhaps the radio
properties,can.bé used for this aistinction.
_ The object that does Stand‘Out by itself is the Crab Nebula

SN 1054. It is a strong radio source, it has optical synchrotron radia-

vtlon, acceleratlon of the expan31on, and acceleration of particles, and

thus it is unique. To lump it in with the rest of the remnants is to
confuse matters, so it will be left to the end.

Let's look at one of the remnants in detail in order to show the

type'of observational material that can be obtained. As the prototype,

" we ll take Cas A, because it has the best data generally, since it is

the brightest, and‘has been known the longest.

III. THE OBSERVED PROPERTIES OF CAS A —- RADIO

(a) The radiated power as a function of frequency, i.e., the

spectrum. Over most of the renge, the spectrum is a power law

Ay
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‘awhetev s is the fluxxdensity at frequency v
a ?5"is.the'SPegtral,index.~.For moét radio sources in the
 ,regionvof 103 MHz o > 0. For an optically thin thermal
1sourcé o= 0.1. :
Note that S, 1is usually measured in flux units.
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Therevis, however, a "10w4frequency" turnover at about 20 MHz. The powerl'
from Cas A in the radio spectrum:
R . o -10 -1 -2
. . The total flux is fsv dv = 1.8 x 10 °~ erg s © cm = radiated

10

' between 107 and 107~ Hz. The total power for a distance of 3400 pc is

4ndz'fsv dv = 2.5 x‘logsverg st

(b)  The radio btightnessidistribution.  The soufce is about;S'
'in diameter so that little was known about it until recent ﬁeasures at
high frequency with single dishes, and with the aperturé,synthesisrtech-
-nique. 'Thé figure shows brightness distribution of the small compoﬁents
at 11 cm obtained with NRAO tracking interferometer. The coﬁtour interval
is 1750° K, and the outermost contour is 5200° K. The size of‘the‘smallest.'
features is not known -- they could certainly be optically thick at
20 MHz. |

(¢) Radio polarization. —Again not much is yet known -- it

was thodght until recently that Cas A wasvunpolarized; ~Work by Mayer



iat 1;55 cm (beam\l!7) shoWedia deére§>0f polarization of ~n SIPercent; 
with.o:ientatioq of the_electric field Qefy_peérly'éircumferential,”def
..  fiﬁing,.under the synchrotron radiétion ﬁypotheSis;'a radial component ;
of magnetlc field associated w1th polarlzed radlatlon. ‘fhevobservedl
gdecrease of polarlzation radlatlon to zero at the center of the soufce
'vmay be a resolutlon effect, or 1t could be produced by a truly radlant
dmstributlon in three dlmen31ons of the magnetlc fleld assoc1ated w1th

the polarized radiation.

(d) Variation of radio flux with time. The idea vtha}t‘-thbe flux
density of a fadio sourée should vary with time is now»wideiyiaccepted,
but in 1960, when Shklovsky first‘proposed'thét the flux from Cas should
be decreasing, it was ré&olutionary. A number of groups‘havevstudied

b3

the problem, finding that

%? v 1.1% per year.

.-

(e) Distance fr6m3studies éfvthe 21Lcm absofpfién. This source,
because of its strength, was one of the first to be u;ed in H I,absorption
studiés. There are three prominent abs;rption features —-— oﬂevcoré
responding to the loéal gas»éoncentration in thé Orion Spur,bor arm, and
two more in‘the Perseus Arm,.at a distance of 3 kpé. On the basisAof a 
detailed study of the absorption, conélude that the distance is 34C0 +

400 pc.



. iﬁ THE OBSERVED PROPERTIES OF CAS A - OPTICAL

The f1e1d was 1dent1f1ed by Baade and Mlnkowskl about 15 years .
~ago. There are a 1arge number of wisps, or fllaments; perhaps up to 200~;
‘About 20 fllaments are very red show Ha and [N I1], [0 1], and [0 III},
'with low radlal velocities -30 km/s., The - radial velocities are’not a
fnnctlon of positlon within the nebula., The line widthn&AOO km/s AnThe-
vother f11aments, numberlng perhaps 200, iare blue, and show no Ha or
;A3727 [0 II]. Lines of‘[OfI];»[O III] are present. Broad emission linaa;
many neaksfﬁithin a given filament. The radial velocities are a function |
~ of angular‘distancé from the center. Proper motions have also been
“measured and reach O0V4/year at distances of 100" from the‘center.

vaom‘the proper‘motions, vankdén Bergh'haé deduceddthat fheA

éxpansion began in AD 1667+8. The disﬁance is 3400 pc.

V. GENERAL PROPERTIES OF SUPERNOVA REMNANTS
Theré are now about 100 objects known't0'be or suggested to
be SN remnants. With such a large number, it is possible to see what the

characteristics of these objects are:

1. Optical Observations of Other Remmants

"(a) SN 1572 - Observations of the lightﬁcqrve and color clearly
suggest Tyne i supernova, although the evidence is certainly not vary
- strong. The radid prqperties afe in many ways similar_to Cas A.v The color

question is badly confused by interstellar réddening.”'



The:temnant_ie seentaeitwo filaﬁente and an ara whiehrsﬁffice to
'deterﬁine:the eenter5bf ekpansioﬁ; The rediel‘veldcities arefeeat zero,
:“suggesting that tﬁe‘featuree are'etvthe edge;i Hewever, eﬁen so there is
a serious problem, s1nce the nebula is young, how does such a rapld de—
celeratlon occur’ If the whole shell is decelerated to 200 km/s in 400
' ”years; then the llnear dlmen81on must be less. than 10 18 cm, and the dls-
tance ~ 25 pc, clearly 1mposs1b1e. |

(b) SN 1604 = nght curve 31m11ar to Tycho s. There are'several
filaments showing Ha, [N II], and [0 1] in more or less normal tntens1ty.
The»radial velocities are v 200 km/s. : ' ‘.' o .

| . For both‘of theeetyéung temnants the low velecities are very
puzzling; Tﬁe most reaégneble explanation ie that the filemehts are
1nterste11ar matter whlch has been swept up in a halo, llke the statlonary-
filaments in Cas A. ‘

' (c) Cygnue Loop - This is a famous object'shoWing-well—developed
fitamentary structure. In fact, part of it is so bright,that it earned
'ﬁGCvnumbers - NGC 6992/95.

There are more optical data ebout'this remnant than aeyvother,
thanks to the work of R. Parker. There is a wealth of detail, bﬁt.the
generai picture is that the filaments’are actually  thin eheets of
nebulosity seen edge-on. There is evidehce fé; temperature'stratificatien
behind a shock front -- the presence‘of 0 III lines is best explainee

by a region of > 5 x 104° K, while the other lines, H, N, 0, S arise in



a region of témperatute 2 x:ié4°AK. Ihé abuhdancés 6f-these atoﬁé.aré
‘ndrmallif‘stratification is aééqmed._.Tﬁévtotal mass of gas in NGC 6992/95
 is &,3'MC)' leéding to a total mass for thé Whole:compleX-§f.5—lO MC),‘
‘Note that since up to 100.M<)vcould have beeﬁ originally contained in

this volume, thefevmay be how a lot'of cool gés‘which-is not seén. o

From study of the- proper motlons and radlal veloc1t1es, conclude

» that the age is 5 x 104 years, and that the distance is 700 pc.

2. Radio Properties of the Supernova Remnants

(é), Radio structure. There ére now 35 objects which have‘béen
studied in detail with high—reéolgtibn radio telescopes, and most éf these.
: show a shgll—struéture, sometimes heavily fragmented, of ﬁith'éondensations;

The Crab Nebﬁla is of course an exéeption, and there are a few others‘as
‘well. |

At this_time theorists are still WOrking on a simple shell model
for SN remnants. The next étage'of cémplexity will be.to'expiain the
preseﬁce of theicondensaﬁions, or at least thé éﬁﬁérent'duplicityg which
charactefizes.many remnants. 'One Qay is to require asymmetricvexplosions,
while another is to have'a highly vériable distribution of interstellar
clouds. | |

Théré has 5een a receﬁt suggestion that the holes in the shell
were preférentially éligned ﬁarallel to the galaétic equator, implying

perhaps an.interaction between the shell and the genefal galactic field.

. However, I can see no alignment with the general magnetic field evident

in the structure of these objects.



.(B). Radio Spectrum. The spectral indices vary from 0.8 to 0 15,

There has been until recently a serious selection effect for SN with

| flat spectra (i. e., near the thermal index of 0. 1), many of these obJects

_ have been confused with H IT reglons. Now, we can distlnguish SN remnants,"

from low—temperature H II,regions by means of recombination 1ines.. For
‘high-temperature regions, where the recombination 11ne 1ntens1ty may be
weak ‘this test is still not definitive._" | |

One critical question is whetherbthevinden Qaties across the
source. Three.objects ﬁhich hane-peen-extensively studied - Cygnuvaoop,‘
1C 443,’and'HB 21 ~- alt show;good evidence fot'a variation ot spectral
index with position in the soutce;, | |
| For the Cygnus,Loop NGC 6992-95; the spectral index iss% 0.1 in

the‘region 40—200 MHz,fandvit teepens to 0 5 °t 1000 MHz. Sim11a1 values

obtain for IC 443, HB 21 in the north has a flat spectrum a= 0, steepenlng,

to a = 0.4 at higher frequenc1es. What can be the cause of this break
in index? | |
| (1) .The distribution of particle energies is different in
different parts of the nebula; due for example to a different’acceieration
process. Could‘the acceleration in the expanding shell be differentvif
the sheil‘runs into an interstellar cloud? |

(2) The distribution of energies is different oecause the
tadiating particles are cosmic rays swept up by the shell. The spectrum

of radiation should be that of the galactic background, shifted higher



1n freqﬁeﬁcy by ‘the compre351on ratlo. ‘This‘mightfwo:k'in_the Cygnus Loop,
bnt certalnly w111 not for HB 21. ; B o - | i

(3) Thermal free—free absorption. This.;an.jus; be made to wofk,
'*ﬁitﬁin_the largg:observational errors of the spéctruﬁ}» If the observa- |
giohs,iﬁprove evén a-little bit,’iﬁlwiil be possible to decide if this.
mechanism operates..

‘(c) Polarization. SN 1604, 3C 58, and the CygnusiLoop all have

some polarlzatlon data. Tycho s SN is very 31mllar to Cas A, in that it
shows a radial fleldf For the others the data are still fragmentary,

and since they have been made at a low frequency, the positions of the
,,electric vectors. do not neéessariiy éivg the orientation of the magnetic.

' field.

'(d): Variation of fihx"dénéity'ﬁifﬁ'ﬁime. Not observed for

any supernovalféﬁhéni 6£he£'thaﬁ CasrA.: |
VI. THE ORIGIN OF SUPERNOVAE

Theories of the orlgln of supernovae fall into two general classes
depending upon the mass and energy released at the tlme_of the explos;on.
If it is bglieved that a Type II SN is associated with the evolution
of a very massive star, of éay 5-20 My, then the.work of Fowler and Hoyle
may apply. In an advanced evolutionary stage of a star hydtrogen is fused
into succéssively heavier nuclei until the iron group elements are reééhed.

Then nuclear-energy generation can cease and photo-disintegration set in.
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.‘ihis raéidl&*éréduces‘éﬁ‘endothérmic ifon to heliuﬁ-neutron phése éhangé K
in the iﬁner_core, and‘airesultanfiimplosioﬁ of the material. ‘Then per-
'vhapsAthe'energy necessé#y to dispefse'the sgér might come frém burning.
6f an outér shell of quéen (Fowler and Hoy}g)ior by enetgy'transfgr to
 the‘mantle from thevgore by the emission and deposition of neutrinos
(Colgate andthite)f' In eithérfgase bne might éxpect‘é fémhant,vﬁresﬁmably
é neutron's£ar. ‘If the méss is much greatér than 20.Mtj an énvelopevﬁight
Se ejected, but-fhe femnant»woﬁld bé a "cpllapéar"! |

If the amount 6£ maﬁérial in}ﬁﬁe»shell ié éﬁali, and such may well
~ be so evén‘ianype'II (Po§eda¢andonltjer), thén much less‘energy iS’re~
, duired and the mechanism éould bedana1°8°uS té novae, i.e., an instability
:iin a helium;bUrning,shellvcoﬁld cause an explosion and sﬁbSequent ejection
of material. This thgory would predict a remnan£l(but not a neutron
star) and as yet none have béen.f0und.

Finally, for.stais of smallier mass there is some duestioh as
“to ﬁﬁétber they go thfougﬁ a supernovae stage. Some starsAéertainly pass
‘through thé léss violent planetéry hebula stagé. One possibility for
Type I SN is the theoiy of Hoyle and Fowler in which inbadQAnced é§o—
lutionary stage; of stars of 1.2-1.5 M, degenerate ﬁuclear fuel such as .
'0;2,016,Ne20 ignites, and fo? high enough cen;rai temperatpre; detonateégv

One question not answered within the theofy sketched above;—if

the Crab is the remnant of Type I, where did the neutron star come from?
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VII. THE CRAB NEBULA

P Details‘of the ObServéd>OutburstA

o | The outburst of 1054 waé fully rec;rdéd in Chinese énd Japénese
chronicies, but not in the west. The principél values’obtéinea‘ffqm these .
observations are (i)‘the date of the SN, (ii) the position of thé SN and
_(iii)Ta crude lightvcufve."Thus,iﬁ is noted that it was:visible during-
'vthe daylight (i.e., ﬁ < - 3.5) forv23 days and visible all tsld'for 650
days. Both of these suggest that at the peak m‘# -5. Although originally
considered to be a Type I SN; more recently that classification has been

quéstioned, and in fact Minkowsky does not now attempt a classification.

2. Distance of the Remﬁant ]

bThe definitive work is by V. Trimble. It will bé difficult to
improve upon this,

In this work proper motions were measured for 250 of the emission~
.'1ing‘filaments. Of these, about onefhalf also have measured radial ve-
locities, so.that given a distance a three-dimensional picture of the
nebula can be derived. However? the nébula is obviously an gllipéoid,
and the distance is critically dependent upon whether it is prolate or
oblate. That is, in the center the radial velocity is obéerved to be
Vr = 1450 km/s. Along the major axis the largest proper motions corre-
spond to 0Y22/year, and are fairly well—beha&ed, but along the minor axis
not only are the expected values of ObIS/yeaf fouﬁd, but larger values,

of up to OV17/yr. The distance is, in pec,
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B - Y S e, " .
D T 70 wlth V.in km/s,_u in /yr.

s .

from which‘

—:1.4 kpc wu

L}

o
o

10.22 oblate

o
]

2.0 u = 0.15 prolate
" The best estimate is that it is prolate spheroid, of distance 2 kpc.
Besides the distance,.the propér motion studies show that thé ex—

~pansion has been accelerated since if the motions are assumed constant

and extrapolated backward in time, they converge about 1140 AD.

3. ThebPhysical Condi;ions in the Nebula

o fhe bes# study even now is that by Woltjer; using 200~inéh'platesv>
from Baédé. It appears that the ionization in'the'filameﬁts can be main-
3_téined,by §he ﬁlﬁ%aﬁiélct‘é§ﬁéﬁ%§£f§ﬁ }édiéfioh;;éithoughAﬁhe distribution
of N, 0, and S ambhéstvtﬁg vafiqﬁs ionization stafes'is‘not well understood.

The temperature is 1.7 x 104, the density 103, and the'total mass 1/20 Mq.

4. Observed Properties of ﬁhev"Amorphous" Component

Within a central region outlined By the filaments is a bright
continuum source, erroneously referred to as>thevamorphous mass. It was
originally considered to be‘radiétingvby‘free—free and bound-free transitions
in thevstrongiy'iohized gas. However, the great difficultiés with this.
mechaniém —-—- the lérgé mass of ionized material, the absence of émission

lines, the existence of "cold" filaments within the central region, the



14

e
étrong tadio emission 4—'ied”8hkloysky to prbpose thét.the radiation waé
. _ﬁonthermai% in faét synchrotron. The synchrotron theory seems to account
for most_of.the rédiation, but there aré some anpmalies as'Well. |

(a) In the frequency rénge 25-100 MHz: The bulk of the observed

‘radio emissipn comes from an éiliptical region centered on the Crab and
‘having orientation [150°] also aboﬁt the same. it is définitelf 1argef
ho&ever with/sjze 5!5 x 3!5. Within this region, in fact at a poéition
coinciding with the puisar, is a sﬁrong point source with a peculiar spectrum.
The source accounts for abéut 20% of the total flux at 38 MHz and about

10% at 81.5 MHz.  Between theée two frequencies; the sﬁectral index is

+1.2; at higher frequencies it must steepen, to about 1.8+2.0. 1Its size

is uncertain, but scintillation meaéurements put it at 0V2+40.1, implying

7

that at 38 MHz H < 2x10° g, E mblojoverg in relativistic partigles, if

the source is radiating‘by synchrot;on emission. This field is ~ 10—3
»that 6f‘the nebula which is a little difficulﬁ to iﬁagine; An alternative
is that they are ﬁlasma oscillations induced by currents of fast particles.

- Note that at this time it is a éood aséumption that this source is as-
sociated witﬁ the pulsar, but there is no proof. An attempt has been
made with a VLB, but no results askyet.

(b) In the frequency range 102—-104 Miz. The nebula has a

. straight spectrum with index 0.28. The general shape is still elliptical

but the size decreases with increasing wavelength--on the order of

413 x 310 at 2-5 cm. However, there are also high resolution observations
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v

'the éxéct'dimensions cannot-réally be_defined.v

.

showing that theré is ﬁﬁch struéﬁurg ih'cbe fadiaﬁién as'wéll; so‘thaﬁ
In‘this frequency range we see polarization in the radiatioﬁ,

eéﬁecially at.the'high frequeﬁcy eﬁds.v,In.tHe région of 3 cm; tﬂe observed

poléfizatidn amounts to 127, éﬁd could bevevenbhigher if we observed with

greater :ésolution. The source beéomes.depolarized at longer wavelengths,

to & 12 at 21 cm. The position angle of the observed polarization rotates

sollz, showing Faraday rotation effects. It is difficult to obtain the

- observed depolarization on the basis of differential Faraday rotation,

although the most recent high resolution maps of polarization may help
considerably.

(c) Millimeter waves and infrared. There are a number of

fluxes in the range 1-3 mm and 1-~5pu. Considerable caution must be exercised

in using these results -~ often only the flux from the center is measured,

_and the total flux is guessed at. The observations of Ney and Stein are

the best from this standpoint, but even so they probably have missed a
part of the radiation by using too small a diaphragm.

(d) Optical wavelengths 3000 A-10,000 A. There is no doubt
1

that between 10 1and lOl3Hz the spectrum breaks, but it is very difficult

to. tell by how much it breaks; the observations are not too bad, but the

_correction for interstellar reddening is all important. A review is given

~ by Scargle, but look elsewhere, e.g., Ney and Stein for the data. For

a reddening of 1!5 which seems to be an acceptable value, the spectral

index is a n 1, although it might be as flat as 0.7..



T
v

16

(e) X&rays in the range 1 kev-100" kev, Gamma-rays in the range
17 20

"‘100 kev-600 kev (v = =107 Hz). The Crab Nebula was the flrst X-ray

‘source to be identified. It is very strong, and thus has been quite _'
‘well-studied. It is now known that the X—ray and v131ble llght dlstrlbutlons'
“have a coﬁmoﬁ center, i.e., the pulsar to within the error of the p051t10n
 of.the X-ray source‘(15"), aﬁd thét the source has finite extent: .The

A distribution of X-ray emission has not been determined--it could be a more

uniform distribution of diameter ~ 100".
In summary, 637 of the radiated power'appears in the ultraviolet

and X-ray region (X < 3000 A), 14% in the optical (3000-10,000 A), 23% in

”.the infrared (lu— 1 mm) and ~ 1/2/ in the radio (A > 1 mm). The total

power radiated for a distance of 2 kpc is 1 x 1038 erg.
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