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Abst rac t . Observa t ions of t he r a d i o emiss ion f rom supernova r e m n a n t s a re reviewed with emphas i s on 
the dissimilarity between the C r a b N e b u l a a n d the o ther r e m n a n t s . F r o m this we conc lude tha t there 
m a y be several non - the rma l sources in the G a l a x y with t h e s a m e central ly filled s t ruc ture as the C r a b . 
These are , however , m o r e evolved, a n d clearly there is n o o t h e r source of the s ame age a n d type as 
the C r a b N e b u l a . 

1. Introduction 

The identification of the radio source Taurus A, the Crab Nebula, with the supernova 
of 1054 AD, is undoubtedly correct. However, as many have remarked, Tau A bears 
little resemblance to the other discrete non-thermal galactic radio sources also gener­
ally supposed to be the remnants of supernovae. The extremely high radio brightness 
of Tau A leaves little chance that another object of this type (and evolutionary stage) 
remains undiscovered in the Galaxy, but there is still the possibility that among the 
known supernova remnants (SNRs) there exist old, well-evolved, objects of the Tau A 
type. In this paper we review the results that have been obtained from radio obser­
vations of SNRs with this possibility in mind. 

2. Basic Observable Quantities: Flux Density, Spectrum, Size 

There are now more than 100 SNRs known in the Galaxy. A catalogue listing over 
90 of the brightest objects was published recently (Milne, 1970a) and a dozen addi­
tional objects of low brightness have since been found in 408 and 5000 MHz surveys 
(Shaver and Goss, 1970). A complete catalogue of these objects with their radio para­
meters, angular size, 1 G H z flux density, spectral index and surface brightness is given 
in Table I. This is a revised version of Milne's catalogue with the Shaver and Goss 
objects added. A discussion of the possible evolutionary effects shown by the sources 
in the original catalogue has been given by Milne (1970a) and the general conclusions 
are not altered by the revisions or the inclusion of the additional SNRs. A brief 
account of this work is given here. 

Firstly, the spectral index of these objects has an average value of - 0 . 4 8 + 0.1. 
There does not appear to be any relationship between spectral index and surface 
brightness or diameter (contrary to Harris ' (1962) findings). There appears to be a 
relationship between surface brightness, 2", and linear diameter, D. This relationship, 
derived from 15 SNRs with known distances and for an average type SNR, is 

Z = 9.52 x 1 0 " 1 5 D ( - p J i 5 4 W m " 2 H z - 1 s r " \ (1) 

with the further possibility that for type I SNRs the surface brightness is lower than 
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D I A M E T E R ( p c ) 

Fig . 1. T h e re la t ionship be tween 1 G H z surface brightness a n d l inear d iameter for 15 S N R s whose 
dis tances are k n o w n . T h e filled circles represent those objects believed t o be type I S N R . T h e n u m b e r s 
agains t each a re the ca ta logue n u m b e r s of Tab le I. Possible evolu t ionary t racks for each type of S N R 

and the m e a n t rack (Equa t ion (1)) a re indicated in this figure. 
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for the type II objects of the same diameter. This relationship is displayed in Figure 1. 
The decrease in surface brightness with increase in diameter and with SNR type (and 
hence initial energy) is consistent with Shklovsky's (1960) evolutionary theory, al­
though the power of D in Equation (1) ( — 4.54) is not as high as was predicted by 
Shklovsky (—6.0). Kesteven (1968) points out that if the emitting region were a shell 
expanding at constant thickness then this value of —4.5 would be correct. This 
assumption of constant shell thickness is however contrary to the observations quoted 
in Section 3, and an alternative model satisfying Equation (1) should be sought. Van 
der Laan's (1962a, b) shell models, whilst accounting for the structure and polari­
zation in SNRs, are not able to explain the high-surface-brightness objects (e.g. 
Cassiopeia A) or the evolutionary track in the I-D plane. It does seem that the 
observed evolution of the radio emission supports a degradation of the magnetic 
field and particle energy density (Shklovsky) rather than an intensification (van der 
Laan). 

Using the average I-D relation (Equation (1)) Milne computed the linear dia­
meters and distances of the SNRs and showed that the galactic distribution has cer­
tain features coincident with the H i spiral arms. This distribution, for the SNRs in 
Table I, is shown in Figure 2. The majority of SNRs are within + 200 pc of the 
galactic plane with a half-density thickness of 80 pc, a population I distribution. The 
total SNR contribution to the galactic radio power (from 10 MHz to 10 GHz) is 

240 220 180 140 120 

F i g . 2. Galac t ic dis t r ibut ion of S N R s derived from the distances in Tab le I. T h e out l ined reg ions 
indicate the d is t r ibut ion of neut ra l hydrogen . 
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5.5 x 1 0 3 6 erg s ec" 1 , or about y ^ - of the total radio emission from the Galaxy. The 
cumulative size distribution obtained for these objects, Doz[N ( Z > ' < Z >) ] 2 / 5 oc f 2 / 5 

(where N (D'<D) is the number of SNRs with diameters D' less than some given 
diameter D and t is the age of a SNR with diameter Z>), suggests that SNRs follow 
Sedov's (1959) treatment for an adiabatic explosion in a gas of constant heat capacity, 

D ( P C ) = 4.0 x 1 0 " 1 1 (E0lnH)ll5t2&, (2) 

where E0 (erg) is the initial energy of the explosion and nH ( c m " 3 ) is the ambient 
hydrogen number density in the medium. 

3. Structural Characteristics of Supernova Remnants 

Of approximately 55 objects listed in Table I for which observations of sufficient 
resolution have been made, 30 show a peripheral distribution of radio brightness 
indicating a shell structure, 6 show possible shell structure, a further 6 have a crescent 
structure which could indicate a rudimentary shell, and there are 3 well-resolved 
double sources. Thus a total of 45 SNRs exhibit a peripheral brightness distribution. 
There are possibly 9 objects which, although sufficiently well-resolved, do not appear 
to have any structure in their brightness distributions. The Crab Nebula is the brightest 
of these objects and has been observed with the highest resolution. 

In Figure 3 we show characteristic contours (generally i, \ and \ power isotherms) 
of 43 of the resolved SNRs. The peripheral brightness distribution interpreted as shell 
structure can be seen in at least 36 of these. In this figure the SNR diagrams have been 
arranged in descending order of surface brightness and therefore, according to Figure 
1, in order of increasing linear dimensions. The diagrams are (with the exception of 
SNR 93, Cas A) all drawn to the same linear scale corresponding to the distance 
given in Table I. The galactic plane is horizontal in these diagrams. There is nothing 
of an evolutionary nature immediately obvious in the structure of these objects nor 
does there seem to be any preferred orientation relative to the galactic plane. On this 
first point Shaver and Goss (1970) found for 19 well-resolved shells with diameters 3 
to 40 pc that the relative shell thickness is fairly constant at near 15% of the diameter. 
However, these estimates are subjective and rather uncertain with the individual 
thickness/diameter ratios varying from 8% to 25%. It does seem though that the 
relative shell thickness is reasonably constant throughout Figure 3 and certainly they 
do not evolve at the constant shell thickness required by Kesteven (1968) in his inter­
pretation of the I-D relationship (Figure 1, Equation (1)). 

Another point raised by Shaver's work from 18 sources is that the brightest regions 
of a SNR lie each side of a diameter parallel to the galactic plane (Shaver, 1969). 
This result does not appear to be borne out in the examples shown in Figure 3. There 
are 30 SNRs in Figure 3 for which an axis of symmetry can be defined; the average 
angle made by these axes and the galactic plane is 45°. Nor does the situation improve 
much if we delete those SNRs which are more than 50 pc from the galactic plane; 
the average angle then is 52°, a slight but inconclusive shift towards Shaver's result. 
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2pc 2 27a~28 ^rV^y 1 9 4 9 & 5 0 59 43 

- 3 7 ~ 2 0 ^68 /̂ Ĉ 

—38 - 3 1 2 3 a 

( y^^^^t ) ^ \ r-^jTI m \ Omitting 
) r^^^/ / V ^ - a V f \ \ m\\ No 93 

Fig . 3 . T h e s t ructura l character is t ics of 43 well-resolved S N R s . T h e c o n t o u r levels shown are 
quar te r -power , half-power a n d th ree -quar te r power ( shaded) : in a few cases one-e ighth power con tou r s 
a re shown (broken lines) a n d for S N R 19 t h e 9 0 % con tou r level is s h o w n shaded to indicate the shell. 
W i t h the except ion of S N R 93 (Cas A) the i so therms are all d r a w n to t he same l inear scale cor respond­
ing t o the distances given in T a b l e 1. T h e d iagrams a re a r ranged in o rde r of surface brightness. T h e 
galact ic p lane is hor izonta l in each case. T h e observing beamwid th is indicated o n each d iagram. 
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Detailed analyses of the radial distribution of SNR brightness (e.g. Hill, 1967; 
Baldwin, 1967; Kesteven, 1968; Wynn-Williams, 1969; Rosenberg, 1970) show that 
for several SNRs the central part of the source is not as bright as expected from a 
uniform and isotropically emitting shell model fitted to the outer rim emission. 
Rosenberg has offered an explanation (for Cas A) in terms of a preferred direction of 
the synchrotron emission from the shell, this being due to a partial radial alignment 
of the magnetic field. 

Lastly, one might expect that objects well off the galactic plane, where density 
variations of interstellar gas are less severe, would show the most uniform structure. 
However, in Figure 3, where \z\ ranges up to 700 pc, no obvious differences in struc­
ture are apparent. It is still possible that the expansion rate is greater for those objects 
away from the plane, but this should not affect their structural appearance, nor the 
I-D relationship. 

4. Polarized Radio Emission from Supernova Remnants 

Using a resolution sufficient to clearly resolve the shell structure, linearly polarized 
radio emission of the order of a few per cent is observed from most of the brighter 
SNRs. Seventeen SNRs are known to be polarized and detailed polarization maps 
at several frequencies have been constructed for at least 14 of these objects. The main 
feature is the low degree of polarization usually found, showing matgnetic field dis­
order. In only a few cases is the degree high enough to suggest a simple model. A 
radial magnetic field is suggested for three of these sources: Cas A (Mayer and 
Hollinger, 1968), 1 4 5 9 - 4 1 (SN 1006 AD) (Kundu, 1970) and I C 4 4 3 (Milne, 1971), 
although in this latter source there is a possibility that the magnetic field, initially 
parallel to the galactic plane, has been blown out by the expansion in the transverse 
directions (see Figure 4b). In other SNRs the magnetic field is directed predominantly 
along the shell (a tangential field). Examples of this are found in 1209 — 51/52 
(Whiteoak and Gardner, 1968), W44 (Kundu and Velusamy, 1969), Ve laX (Milne, 
1968a) and W28 (Milne and Wilson, 1971 and Kundu, 1970). 

With a particular source, in mind (1209-51/52) Whiteoak and Gardner (1968) 
interpret these two predominating field directions in terms of van der Laan's models, 
the radial magnetic fields being observed when the line of sight is along the ambient 
magnetic field and the tangential field when viewed transversely to the magnetic field. 
The SNRs in which the field is radial should show circular symmetry in their radio 
structure (a more complete shell) whilst tangential fields should be observed in SNRs 
exhibiting, ideally, a double crescent brightness distribution. There does not seem to 
be a great deal of verification of these principles in the examples we have. The situation 
is, however, not generally as simple as Whiteoak and Gardner suggest; local irregular­
ities are common, and in many SNRs there are regions where the field is radial along­
side other regions where a tangential field is suggested (e.g. W28 (Milne and Wilson, 
1971), Puppis A and MSH 1 4 - 6 3 (Milne - unpublished data)). 

It is only in those SNRs where a fairly uniformly directed field extends across the 
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Fig . 4a. 5000 M H z iso therms super imposed on a red 4 8 ' Schmidt p h o t o g r a p h of I C 443 (Mi lne , 
1971). T h e shell s t ructure in this supe rnova r emnan t is well defined a t b o t h r ad io a n d optical wave­

leng ths ; the good rad io-opt ica l agreement shown here is the except ion r a the r t h a n 
the ru le amongs t S N R s . 
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06 h 16 m 06 h 14 m 06 h 12 m 

RIGHT ASCENSION ( 1950 ) 

Fig . 4b . T h e projected direct ions of magne t ic field in I C 4 4 3 ; the con tou r s a re those of F igure 4a . 
T h e magne t i c field is p redominan t ly radial (Mi lne , 1971). 

source, or where the polarization is from a small region, that polarization is detectable 
at low resolutions; examples of this are W44 and Tau A. One object which exhibits 
relatively high polarization and has no shell structure is MSH 1 5 - 5 5 (SNR No. 36), 
which consists of an I T x 9' central core imbedded in a halo 30' diam. (Milne, 1969); 
this SNR has polarization up to 10% at 6 cm (Gardner et al, 1969). It has a high 
surface brightness and has been suggested as a possible X-ray source (Poveda and 
Woltjer, 1968; Milne, 1970b). 

5. Optically Identified Supernova Remnants 

There are seventeen galactic SNRs well identified with visible nebulae. Most of these 
can only be seen as a few faint, often sharp, filamentary wisps (e.g. Cas A, Pup A 
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and Kepler's Nova). In a few cases they are moderately bright and clearly exhibit a 
shell structure (e.g. IC 443, S 147, the Cygnus Loop and Vela X). In most cases the 
agreement between radio and optical brightness distribution is very poor in detail 
but as a general rule one can say that the optical filaments outline the region con­
taining the radio emission. It has been demonstrated that these filaments are 'sheets 
seen edge on', possibly the best argument for this model being the observations of 
temperature gradation within the filaments - difficult to justify physically with a 
circular filament model (Parker, 1964, 1969; Milne, 1968b). 

One exception to the rule of poor detailed radio-optical agreement is in IC 443 
(Figure 4a), where the brightest radio emission coincides with the optical shell. Milne 
(1971) finds that the spectral index is flatter (more thermal) around this shell and 
most likely is a blend of thermal and nonthermal components. An appreciable free-
free radio contribution in IC 443 is in fact deduced by this author from the Ha 
intensity; contrary to an earlier calculation (Hogg, 1964), this would explain the 
detailed radio-optical agreement. 

6. The Association of Supernova Remnants with Pulsars and X-Ray Sources 

The discovery of a pulsar in the Crab Nebula (Staelin and Reifenstein, 1969) and in 
Vela X (Large et al, 1968) led to searches in other well-known SNRs but without 
success. There is no acceptable positional agreement between the 41 pulsars listed by 
Radhakrishnan (1969) and Large et al (1969) and the SNRs in Table I except for the two 
already noted. Large (1970) has in fact predicted that pulsars would be undetectable in 
all but the closest SNRs, with the present limitations on sensitivity and dispersion. 

A similar comparison with the X-ray sources has yielded far better but possibly 
fortuitous results because of the large probable errors in the X-ray positions. Milne 
(1970b) lists seven SNRs within the error circles for the X-ray sources. Of these three 
have been identified with SNRs: Tycho's Nova, the Crab Nebula and Cas A. Of 
special interest is the SNR close to Nor X - 2, MSH 15 - 56 (SNR 36), already singled 
out in this review; this source has, like the Crab, high surface brightness (hence 
comparatively young), fairly flat spectral index, high polarization and an absence of 
radio structure. The other possibly significant suggested identification is that of 
G X 5 - 1 with A4 (SNR 56). The source G X 5 - 1 has a well-established position (1-2 ' 
error radius) and lies within SNR 56; it is suggested here that this is a definite identifi­
cation. 

7. Conclusions 

Summarizing the radio observations we find that : 
(1) There is an average evolutionary relationship 

I = 9.52 x 1 0 " 1 5 D _ 4 ' 5 4 , 

with variations from this probably dependent on the initial energy 
able evolutionary effect on the spectral index. 

( i ) 

. There is no notice-
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(2) The expansion probably follows Sedov's equation 

D = 4.0 x 1 0 " 1 1 (E0lnH)l/5t2/5. (2) 

(3) Almost all of the resolved SNRs exhibit some form of peripheral brightness 
distribution indicating possible shell structure. The relative shell thickness is fairly 
constant. 

(4) There seems to be no preferred galactic orientation and no latitude effects in 
the structure. 

(5) Radio polarization of the order of a few per cent has been found in many 
SNRs, but generally the direction of polarization varies so much across the source 
that polarization is not observed until the shell is well resolved. The magnetic field 
distribution is mostly tangential; however, in many objects there are regions with 
tangential field adjacent to other regions in which the field is clearly radial. 

(6) There is generally no detailed radio-optical brightness correlation. The source 
IC 443, one of the few objects that show a strong agreement, has a large thermal 
component. 

(7) There are two known SNR-pulsar associations and possibly 7 SNRs which 
emit X-radiation. 

Briefly summarizing the properties of the Crab Nebula in relation to the other 
SNRs, we have: 

(1) It has a high surface brightness and its position (No. 9) on the I-D diagram 
(Figure 1) is well off to the low initial energy side of the average evolutionary track. 
It is still possible that it is an average type I SNR, if such a classification exists. From 
Equation (2) we obtain an initial energy/ambient hydrogen density ratio (E0/nH) of 
1 0 4 8 erg cm 3 , considerably lower than any of the other SNRs with known ages. 

(2) Taurus A has a spectral index of —0.25, flatter than most SNRs and possibly 
flatter than all of the SNRs with well-determined spectral indices. 

(3) Even at high resolution Tau A exhibits a relatively amorphous brightness distri­
bution (Hogg et al, 1969). In this respect it is unlike almost all of the other resolved 
SNRs. We have however pointed out that there may be eight other SNRs with no 
apparent structure and these may well form a Tau A type class. 

(4) At low resolutions the percentage radio polarization from Tau A is greater than 
is found in most other unresolved SNRs, and the high resolution observations of 
Mayer and Hollinger (1968) show that the magnetic field is uniformly directed over 
most of the source. 

(5) The Crab Nebula contains both a pulsar and a source of X-rays. 
In conclusion, are there any other Tau A type objects within the Galaxy? Certainly 

there are no other known Tau A type objects at the same stage of evolution. Possibly 
MSH 15 — 56 (SNR 36) is a later stage in the evolution of these objects, and it is 
further possible that the flat spectrum SNRs W-54 (SNR 21) and A4 (SNR 56) are 
also well-evolved members of this class. High-resolution searches locating more 
amorphous non-thermal galactic sources should yield the answer to this question. 
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Discussion 

L. Woltjer: H o w does one k n o w tha t all these objects a re really s u p e r n o v a r emnan t s? 
V. Radhakrishnan: O n e conc ludes tha t they mus t be f rom their spec t rum, size, etc . There is n o 

abso lu te proof as far as I k n o w . 
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