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- GALACTIC. RADIO SOURCES. II.
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-Green Bank West Virginia
The first. radio source to be 1dent1f1ed optically was the galact1c source
Taurus A, found to. be assoc1ated with, the Crab Nebula.< The nebula was known
to have opt1ca1 pecullar1t1es ‘which. d1st1ngu1shed it from. the usual !III reglon,
and 1t was’, 1n»fact 1dent1f1ed as the: remnant of a. supernova wh1ch was ob-'
served v15ually by the Chinese in. 1054.. The new,lnformatlon,that it was also‘?
a rodlo'sourcevprompted.a series.of importgnt-papers,}WHichjieo:tO'the foi;ow—"
ing two:cooclusions; | | - o | | |
(a) The electron temperature of the nebula .were. rt radlatlng 11ke an“
- HII reg1on would have to .be. ~ 5 X- 106°K to produce the observed flux at f‘;
meter‘wavelengths.z S1nce thls 1s ten t1mes greater than the upper. 11m1t put
-on the k1net1c temperature by the opt1ca1 observatlons a nonthermal mechanlsm‘-
is required‘ It was shown by Shklovsky that the‘oechanism of synchrotroo
‘rodiatioo;would sat1sfy the observations;}this.same mechanlsmehas 'ofVCOurse;»‘
been applled to the other nonthermal rad1o sources, both galactlc and extra-fgr'
-galactic Detection of polarization 1n the radlation from the Crab at both'
opt1ca1 and radio wavelengths, prov1dediconf1rmat1on of the theory
v‘(!) The search for rad1o sources assoc1ated w1th the other two supereil
novae observed v1sually - Tycho s of 1572 aad Kepler s. of 1604-«= ‘was suc-
cessfully-undertaken, and‘a,sourcecwas’aISO found‘to be,associated,with“the B

filamentary,ﬁebula in.Cygnus, the Cygnus Loop. In addition, optical studies
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it is worthwhile to review the data from optical studies.

D

made of the region.near Cas A resulted in the discovery of a number of'faint;'

high-veloci ty . fllaments now‘thought“to‘bevsupernova remnants.

At the present time all of the galactlc nonthermal sources, w1th the
important exceptidn of Sagittarius'A, are consldered as‘probable'supernOVae
remnantst Before discuSSing'thegradio propertiesvof these ohjects;'homever,

'Since there'have been only three,supernovae'observed visually in our .
galaxv,'our knowledge comes'almost-entirely, therefore, from thevohservations
of about one hundred;outbursts in extended galaxies.A'It ls assumed that -the
external supernovae have. properties S1m11ar to those in our galaxy.. Among

the hundred supernovae observed it is found that there are at least two dlS—

~ tinct classes, called Type I and Type II, although the most recent work

(cf. Zwicky; 1964) suggests that there may be as many as f1ve classes . The

follow1ng summary of propertles has been adopted from MlﬂkOWSkl (1964)

‘Type I supernovae are dlStlﬂgUlShed by their light curves Whlch -about
one hundred days after maximum, begin a sharp decllne wrth a half—llfe of

between forty and seventy days They have appeared in all classes of gal-v

-aX1es, from elllptlcal to 1rregu1ar,gand the frequency of occur rence is ap—'

parently 1ndependent of galaxy‘type._vThls Suggests rdentlflcatlon ofvape I

‘supernovae with the‘Pold" population'(population.ll), If the Crab Nebula ‘

is typical then the expan31on veloc1ty of the shell is in the range 1000 to
2000 km/sec From studies of external galax1es the estimated frequency
of occurrence rs one per galaxy every four hundred years

- It has been proposed by Hoyle and Fowler (1960) that such supernovae
would result;durlng normal evolution of a star ‘of mass approx1mately{one

solar mass, and is caused by the ignition of degenerate nuclear fuel in the

inner regions of the star.
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Qﬁ‘the basis of what is known about the Light curves, all of the three’
supernovae observed in our galaxy could be of Type I. The préperties of -
the remnaﬁté of thejsupernovae of Tycho and Kepler differ markedly from fhose
of the Crab, however, so that the classifipatioﬁ is by no heéns ceftain,

Type II'supernoQae are .at maximum probably fainter, by about 1~1/2

magnitudes, than those of Type I, and have\light curves which decline ir-

" regularly. They have been observed only in spiral galaxies, and about two-

thirds have appeared‘right in spiral arms. Thus, it is fairly certain that

'supernovae of this type belong to the very young population of stars (extreme

v

population'I). The-ehvelopéAhas large mass (severa; solar masses), expands
rapidly (5000 km/sec), and is apparently rich in hydrogen. The fréquency

of occurrence is not knewn accurately — it certainly is as great as 1 per

~ galaxy per four hundred years, but it could be as much as ten times greater.

. Hoyle and\Foﬁleriéqggeéf thaf massive stars (3O sélar masses)_might
undefgo a catéstrophic imﬁl@Sion gf the core. The‘fesuitant explpsion‘wquldvb
Blow bff the stellar envelope, which could cohtain as much as one-third of
the total mass.

. Three of the prominent galactic radio sources ~ Cas A, the Cygnus Loop,

“and IC 443 — appear to be remnants of this class of radio source.

There‘?re now about fifteen discrete sources which have béep suggested
as supernovae remnants. The most extensive survey of the radio properties
ié that of Harris (1962), aithough for individual sourcés there are mor'e.~
detailed aiSCUSSions.' His reéults can bélsummarizéd as follows:ﬁ

(a) .There is a ﬁide range in spectral:index, from -0.8 for Cast‘to\
aboutAO.O fbrvseme of fhevlargeufaint sourceS'suchvas S'147.i Harris actually
assigns positive indices”to‘a few, but the Qbservatioﬁs are very uncertain.

Because fhis range‘inéludes the index for themmal radiation («0;1),“there
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is a‘possibility thét free-free emission may contribﬁte in some cases.
However, Harrisysh@ws thét‘for three of the b?ighter‘sourceé the free-free
emiésion, predicted on‘the basis of the,opti;al surface brightness,‘must
be less than 10 percent of the total. | |

.(b)' There is a strong corfelation betweeﬁ‘the radio spe;tfal index -
and fhe_linegf dimension of thé'source. Since the distancés are very un- .

certain, this conclusion wés checked by comparing the surface brightness,

which is independent'of distance, with the spectral index; again a correlation

'is found. It is in the sénse that a source with a steep spectrum, like

Cas A, has .a smaller dimension and.higher surface brightness than the Cygnﬁs
Loop, whose épectru@ is fiat.”»Sihce the age of CaS‘A‘is ~ 250 yegrs{ and
that‘ofvthe Cygnus Lb@p ~‘5 x 104'years,ithe imﬁediate inference from this
cqrrelation is that it represents én.evolufianéry effect.

Qe thereforé must consider the question of how tﬁese‘objects change
with time. ~One posSiﬂie‘mode‘has been pr0pdsed by Shklovsky (1960), with
quite‘spectaculér success, AsSume that the nebﬁla expands, that the de-
crease in magnetic field strengtﬁvduriﬁg'this expansion obeys a power law,
and thatvthe.number of relativistic particles does not increase during the
expansion.

The second assumptibn_implies that the,gehefal structure of the field

remains constant.

e : o '
.52) . ()

where H0 is the field strength at radius 0 aﬂd H that atvrédius'r;
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':The»relativistic-electrons;will.lose energy during the expénsioh, through

 the Fermi mechanism. The rate of loss is

where V is the vélotity of expansion. ‘Therefore,

"r, R o S S S
E=E (-&) ' o (D)

r

All electrons lose energy in the same ratio. Thus, if the electrons are dis-

tributed initially in energy, according to

. N(E) = KOE*@{' SR (3)
where N(E) ié the density of electroné with energy E, thén}ﬂ will_rémain con-
stant, but the K term will vary as

S o o : K='K
S : o

“2) (“‘2) A W@
r . ' . TR :

The flux S

‘f:om anéynchrofrbﬁ source (sée'pagev7f) isvgivenJEyv‘ .f

o .,. B : | el : s 584'
»Sv(r) a (Volume) x (H; ) - ® XKy =

ey
a S (r.)’(,,),_ : B :
L ’jv O r . , . . ‘v 7’
and, if there is no deceleration of fhelexpahsiOn rat, andrfherefére

t.

- Sv‘,t) a S\?(to) ( T

) " (5)
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,Bquation (5) shows that the radio. flux from.a nebula of this type-will

decrease with time, but that the spectral index“a =‘32*%~i~ will be constant -

'

Moreover,_the flux from sources w1th steeper spectra (1 e, 9‘ large) w111 de—

crease much.more rapxdly.than_for‘those'sources with flat spectra;. we'would,

therefore expect toﬁsee no'old, 1arge remnantS‘with'steep spectra. .Thus,

the theory pred1cts in a qualitativenwav; the correletioh‘foundwby:Harris -

Slnce the. spectrum of. the flux from Cas A is so steep, the theory would

predlct thatllts.flux is rapidly decrea31ng.h It can;ea51lv~be-shown_from N

i
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.After this prediction-wesrmade in 1960’.obeervers checked back over their

\
N

-records and found that the flux from: Cas A was indeed decreas1ng,‘at a rate

¢ »

of about one per centﬁ(cf Heeschen and Meredith, 1961) . '._ —
o Shklovsky s theory is not complete1y<satlsfactory,.especially‘for the

older remnants, because there clearly.haevbeen;interaction between'the ex-

' panding shell and- the géneral ihteretellar,medium.'”ln two. more recent papers,

van der Laan (1962 a, b) has attempted to’ 1nc1ude the effects of this 1nter-

;actlon. He proposes “that supernovae mlght evolve along one of two paths

‘(a) The radlatlon of the nebula 1n1t1a11y is due to 1nternally generated

relativistlc,partlclesvand»magnetlc‘fleld,‘ The tlme decaonf the.em1551on '

“will be proposed by Shklovsky. - As the expansionuproceeds, however, the ambient

cosmic rays andfmagnetiC'fields'will be compressed, and a.shell will form,
The shell will, of course, also radiate at radio’waveiengths. As the ex- |
pansion proceeds; the radiation from the‘sheli‘will‘exceed.that from the‘inner.

spherical region, and a:.shell source of emission is left. The source is weak
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.with a spectral index like that of the galactic ﬁackground radiation.
_ (b) The process is asv&escribed above? except that the particles in
the final shell are nét'cosmic rays which have been swept up, but rather
are particleé that were generated in the original outburst: and_havefbeen
trapped in thefexpanSi@n. The vplumeiemissivity iﬁ this case can be‘much
greater than that of (a), and the spectral index ﬁéed‘nmt be that of tﬁe
batkgrouqd radiation.A fhe'@bject will still appear as a shell s@urée, how-
.ever.. - |
Theltheory of van der Laan has been su?ceésful, at least quaiitatively;
in that’é number’of shell sources are now known - to exist, 'Quantitative
Qerificatign must éwait the ggmplefimn“af_fﬁrther higﬁeresolution studies of
SupernoVae remnaﬁfs, .
In order to illustrate the t?pe of infmrmatlan Whlch may be obtained
vfrom radlo 0bservat10ns ©f supernovae remnants, the measured volume emis~
" sivity in IC 443 will be used to estimate‘th@.magnetic field strength and
relativistic electron density. | | |
The power\in ergs/sec/cps emitted by a high enefgy electron is, after

TOort and Walraven (1956)

V3 e® v o

P(V) = == .H'L “;‘; S Kz (M) dT] | ‘ f ‘_' ' (6) '

v/v

The volume emissivity from an assemblage of electrons is

J(V) =/ Pp(v) 4 (vc) dvc
SR
: - . gﬂa‘i 2+ 1L

V3 e® 3 e = e o ; .
- 2 mc® (4nm3 ca) ‘ K HL B u@y v ® ‘ 7

L
Q

ergs/sec/cm®/cps
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where U(?') is a function given, for example, by Morrison (1961).
"It is customary fo assume that the field distribution and the angle

of inclination of the particle trajectofies are both randem. Thus

: 4-1 H+r1 17
J(v) = 1.35 x 1077 a(M (6.26 x 10%8) ° y " xv 2 (g

where a(?') is a function given by Ginzburg and Syrovatskii (1964).

The ihténsityAI(V) and flux S(V) are derived directly from the volume

eniésiVity. L
I =) - 4
v A | , .
VY = J(V) ¢ e ‘ : . '
S(Vv) ;( ) e J S R e

§

where d is the extent of the riebula in the line of sight

V is the volume of the emitting region

R is the distance.to the nebula
The volume emissivity in the»westerh part of IC 443 has a mean value

of 2.6 x 1076 ergs/cm§/sec/cps at 1400 Mc/s.  From equation (8)

KHi-40 = 1.8 x 10728 - | 1 (10)

The density of relativistic electrons g = / N(E) * E dE -
| Egp o

x/ B 7 gp
E

1.

0.37 k-0t (11)



: 1959) Hence

:"“g“’

& S s .

R o : . . _ EE - . B . . ’ . )
where the 1limits of integration*Ei and E, have been chosen appropriate to the-

~ frequency 1imits 107>end3101Q cps byvneens,qf‘fhe relation

2.08 x 1018 H |

B (12)

'erroﬁ'(ld),and (11)

| by =6.6 x 10719 H1.5

The only way of obtalnlng the value of the magnetlc f1e1d is by assuming .

”.fhe minlmum energy cond1t1on, 1n wh1ch the magnetlc energy den31ty 1s equal :
',to the partlcle energy denszty Equzpart1t1on w111 be assumed to obta1n be-u
'tween the f1e1d .and the relat1V1st1c protons whose energy dene1ty is of the'

' order of one hundred t1mes that of the electrons (Burbldge and Burbldge,.

HE

ﬁv5§.=>6.6“xv;0“?7 H*?js =8, = &n
from which H = 6 x 10-5 gauss -
"6E>=’i.4 &flOfiz ergé/cms"~"‘
K =15x 10712 cgs

1.2 %102 cm~3 -

| N(Efﬁﬁ )
T e

2.8'x-10?4 ergs}fl

. with E -
o

The value of the relat1v1st1c electron energy dens1ty feund here is be-

tween one hundred and" one thOusand times that 1n the galaxy as a whoie show1ng
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thaf IC 443 is, infact, a source of cosmic rays. It is lesé certain that

such remﬁants,can alone supply the‘entire population 6fvcdsmic rays .in the
galaxy. The tofal,energy of relativistic electrons in IC 443 is 3 x 10%° ergs.
If all of thesé particles can escape from,the'nebulagvperhaps after expansion
has proceeded, ahd if thgvrate of this type of supernovae is one in four huﬁdred
years,~then the energy suppliéd in électr@ns is approximately 3.x 10%8 ergs/sec°

The energy loss of the galactic electrons is more dlfflcult to estlmate, but

appears to be of order 2 x 10%8 - 1 x 1039 ergs/sec, or a full order of

magni tude greater than that supplied by‘pebulae'of the IC 443 type° The

. total energy in Cas A is, however, about 1 x 1048 ergs; if all supernovae

contain this much energy initially, they-cbuld'support the obéerﬁed galactic

cosmic ray population.

= o e an o en
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