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ABSTRACT 
960-Mc/s observations of thirteen galactic sources generally assumed to be supernova remnants 

are coupled with previous observations at other frequencies to derive spectral indices. Although several 
values of spectral index are found in the neighborhood of zero, arguments are presented that free-free 
transitions are not the primary cause of the radio emission. An interpretation of the relatively large 
range of spectral indices is suggested on the basis of an evolutionary sequence in which young, bright 
objects with relatively steep spectra gradually evolve into old, faint objects with flat or inverted spectra 

I. INTRODUCTION 

The radio investigation of supernova remnants was initiated in 1949, when Bolton 
and Stanley (1949) identified Taurus A with the remains of the galactic supernova of 
1054. Further radio work on supernovae has been hampered by the inability of radio 
techniques to resolve individual features of the distant galaxies in which most known 
supernovae have occurred. Therefore, radio observations have concentrated on the three 
known galactic supernovae, together with an ever increasing number of extended galactic 
sources. The latter sources are non-thermal radio emitters with optical features which 
often display a general expansion. Table 1 lists all such objects with which we are 
familiar. 

The present paper is based on part of the author’s thesis and is a study of the first 
thirteen sources listed in Table 1. These thirteen sources, hereafter assumed to be super- 
nova remnants, were observed at 960 Mc/s with a 90' parabolic antenna at the Owens 
Valley Radio Observatory. The receiver and the observing procedures have been de- 
scribed elsewhere (Harris and Roberts 1960; henceforth referred to as “CTA”). 

The smaller supernova remnants have been studied previously by many workers and 
do not lend themselves to extensive investigation with the present equipment. Therefore, 
most of the observational effort has been spent on the larger objects. The Cygnus Loop 
is one of the strongest sources of this type at 960 Mc/s and has been examined previously 
in more detail than most other similar remnants. Furthermore, it is significantly resolved 
with beamwidths such as ours (0?8). For these reasons, the Cygnus Loop is presented 
in this paper as a prototype of the larger supernova remnants. 

In Section II, 960-Mc/s flux densities are used in conjunction with measurements of 

* Now at the Instituto di Física “A. Righi,” Bologna, Italy. 
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Table 1 - Possible Supernova Remnants 

Object 

Cas A 
Kepler's SN 
Tycho's SN 
Puppis A 
W kk 
ICkk3 
Crab Nebula 
HB21 
Cygnus Loop 
Vela X,Y,Z 
HB9 
SlV7 
CTA1 

NGC6888 
CTB1 
CTB13 
V28 
Galactic Spur 

HB3 
HB7 
hb8 
Centaurus B 

S22 

No. 2 
No. 6 

s96o a 
(1950) 

5 
(1950) 

II 

A) Objects studied in the present paper 

3120±150 
22± 3 
51± 3 

132±. 12 
211± 9 
195* 24 

1030* 45 
180± 60 
265±. 50 

1560 * 
16 0± 30 
120± 60 
75* 18 

23h2lmll« 
17 27 40 
00 22 46 
08 21 20 
18 53 35 
06 l4 16 
05 31 30 
20 44 42 
20 50 
08 32 48 
04 57 30 
05 36 
00 02 35 

+58032 
-21 25 
+63 51 
-42 52 
+01 15 
+22 36 
+21 59 
+50 32 
+30 30 
-45 37 
+46 25 
+28 
+72 04 

111?7 
*.5 

120.1 
260.4 
34.6 

189.1 
184.3 
89.0 
74.1 

263.9 
16O.6 
180.O 
119A 

B) Other radio sources of similar type. 

56 
225 
240 

20 10 55 
00 00 18 
04 24 
17 58 12 
15 

+38 15 
+62 11 
+47 00 
-23 22 
-20 

75.6 
117.3 
156.4 

6.6 
340 

.II 

-2T1 
+6.9 
+1.4 
-3.3 
-0.4 
+3.1 
-6.2 
+ 4.7 
-8.7 
-3.2 
+2.8 
-1.7 
+9.8 

+2.3 
+0.1 
-1.2 
-0.1 

H-33 

References 

Minkovski (1959) 
Supernova observed 
Supernova observed 
Baade and Minkovski (1954) 
Leslie (i960) 
Minkovski (1959) 
Supernova observed 
Minkovski (1958) 
Minkovski (1958) 
Bolton (i960) 
Minkovski (1958) 
Minkovski (1958) 
Faint optical emission arcs 

Minkovski (1958) 
Van den Bergh (i960) 
Wilson and Bolton (i960) 
Westerhout (1958) 
Brovn, Davies, and Hazard (i960) 

Shklovsky's selection of extended galactic objects (1960b) 

02 16 
03 23 30 
04 02 
13 22 48 

+62 30 
+55 06 
+ 47 30 
-59 24 

132.8 
143-9 
153.3 
307.3 

C) Optical objects. 
Minkovski*s small objects. (1958) 

07 12 
01 27 28 
07 26 15 

-13 
+58 06 
+13 21 

227.2 
128.1 
205a 

Van den Bergh's filaments (i960) 

05 24 
18 02 

+42 56 
-23 40 

166.2 
6.7 

+1.6 
-1.1 
-3.4 
+2.9 

-1.0 
^4.1 

+14.2 

+4.4 
-1.1 

Peculiar double ring 

Lov density ring 

S960 18 tk® flu* density at 960 Mc/s measured in units of 10"26 Wm“2(c/s)"1 

* CTB flux density used (Wilson and Bolton i960). 
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SUPERNOVA REMNANTS 663 

various observers at other frequencies to determine spectra relative to the standard 
source, M87. Since the derived spectra of many large supernova remnants are charac- 
teristic of H ii regions, calculations based on optical observations are made to determine 
the extent of radio emission from free-free transitions. These calculations, given in Sec- 
tion III, indicate that most of the radio emission must be non-thermal. Section IV pre- 
sents evidence which suggests that the spectral index of any remnant varies with time. 
This hypothesis is based on empirical correlations found for the thirteen objects studied 
in this paper. When the spectral indices of the various remnants are plotted against the 
appropriate value of linear diameter or radio surface brightness, it appears that an initial- 
ly steep spectrum may flatten with age. 

II. OBSERVATIONS AND SPECTRA 

a) Intensity Measurements of the Cygnus Loop 

The present observations of the Cygnus Loop consist of about 30 drift-curves of 40 
minutes each, taken at intervals in declination between +27°30' and +33°30'. These 
intensity records, obtained between April and November, 1959, were normalized by a 
drift-curve taken each night at ô = +30°00'. Figure 6 (Appendix III) shows the resulting 
Cygnus Loop contours of antenna temperature where a linear subtraction for the galactic 
background has been made. The galactic correction was performed on the average drift- 
curves by noting the slope of the record of antenna temperature as the galaxy left the 
antenna beam before the source was encountered. 

Following Mathewson, Large, and Haslam (1961), hereafter referred to as “MLH,” 
the Loop was divided into three parts: A, B, and C. (The boundaries are indicated by 
the dotted lines in Fig. 6.) Each part was integrated with a planimeter, in order to derive 
a value of intensity for the individual sections as well as for the complete source. The 
intensity published earlier (CTA) was based on a preliminary contour diagram, and the 
value given here supersedes that. 

The maximum intensity occurs on the b = +30°00' records (Source A), and the aver- 
age of 7 observations gives a value of 0.104 ± 0.008 (p.e.) for the peak intensity relative 
to M87. The flux density from the entire source is then found to be 0.88 ±0.17 times 
that of M87: [(265 ± 50) X 10~26 Wm-^c/s)-1 if 6^87 = 300 X lO"26 Wnr^c/s)-1]. The 
error of ± 20 per cent consists of 12 per cent from the integration process and 8 per cent 
from the scatter in the observed peak intensity. 

h) Spectrum of the Cygnus Loop 

Observations made at other frequencies are presented in Table 2. For the purpose 
of deriving spectra, published flux densities have been normalized to the standard source 
(M87) whenever possible. The secondary calibrators Cas A/and 3C 295 were used to 
relate Westerhout’s 400-Mc/s measurement and the MLH values, respectively, to M87. 
The adopted spectra were as follows: ,Sm87 = 42000/-0 72, CTA; Seas a = 757000Z“0,8, 
Whitfield (1957) ; S295 = 948/-°-5, CTA, where S is in 10~26 Wm-^c/s)"1 and/ is in Mc/s. 
This normalizing procedure should not be viewed as a correction of published flux densi- 
ties; rather it is a method of deriving the spectrum of the Cygnus Loop relative to that 
chosen for M87. 

The adopted flux densities are plotted in Figure 1. The interpretation in terms of 
spectral index must rest on a subjective choice of which data to weight most heavily. 
MLH have suggested that Westerhout’s flux density of the Cygnus Loop at 1390 Mc/s 
may be low if the weaker sections of the source were not seen. The same comment may 
be made of the 915-Mc/s value of Eaton and Kraus. Costain’s measurement at 38 Mc/s 
employed a corner reflector with a 40° beam to half-power points in declination. As HB21 
is only 20° away and the galactic plane is even closer, his intensity measurement may 
suffer from confusion. If the spectrum follows a simple power law, as assumed in Figure 
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Table 2 - Flux Densities of Supernova Reanants 

Source Kepler's 
Ko va 

Puppis 
A 

ICkhl HB21 Cygnus 
Loop 

Vela 
X,Y,Z 

HB9 S14? CTA1 

Spectral 
Index 

-0.5*± 
0.10 

-0.50± 
0.20 

-0.37± 
0.10 

-0 17± 
0.20 

-0.10± 
0.15 

0.00±. 
0.15 

+0 20± 
0.20 

+0 45± 
0.8 

+0.56± 
0.6 

Frequency 
Mc/s Flux Densities in units of 10“2^ Wa“2(c/s)”1 

1420 

1390 

960 

915 
600 
408 

400 

178 

159 

92.5 

86 

81.5 

38 

19 

22±2 * 

58±12 
3£ 

77 MSB 
(110) 

132Ü2 

483±70 S 
(690±100T (660) 

(800) Rb 

120 HMH 
(160) 
19^±8 

(215) W« 
195±25 

256 PT 

305 SWH 
K250) 

270±40 
3Ç 

485 Rat 

180±60 

190±60? 
(158) Wb 

280±70 
(200) BH 

82+20 
(90) Wa 
265±50 
100±25 EK 

260±.50 
MLH 

286±50? 
(236) Wb 
(430±8o) 

BL 
350±70 

MLH 
220±100 

WB 

(470±150) 
B 

(750±200) 
C 

I56O CTB 

2200 Rbt 
3200) 

(960) Rb 

l6o±30 

145±25? 
120) Wb 

112dt28 
(80) BH 

120±60 

89+.40Î 
(74) Wb [37) Wb 

75±20 

45i20T 

Parentheses indicate published flux densities vhich have not been normalized to the standard 
spectrum of M87. 

? indicates the error is the present author's estimate. 
* CTA value corrected for pointing error. 
t Normalized to M87 by use of MS value of M87 and the Crab Nebula. 
t Rlshbeth gives an integrated flux density for Vela X, but only peak antenna temperature for 

Vela I and Z The value of 3200 is the present author's estimate of the total flux 
density, vhich becomes 2200 after normalization (described in the text). The lover 
point shovn on Figure 2 is the normalized intensity vhen only the peak values of 
Vela Y and Z are added to the integrated intensity of Vela X. 

B - Baldvln (1955) 
BH - Brovn and Hazard (1953) 
BL - Baldvin and Leslie (i960) 
C - Costain (reported by BL) 
CTB - Wilson and Bolton (i960) 
EK - Eaton and Kraus (1959) 
HMH - Hagen, McClain, and Hepburn (195*0 
MLH - Mathevson, Large, and Haslam (1961) 
MS - Mills and Slee (1957) 
MSB - Mills, Slee, and Hill (i960) 

PT - Piddington and Trent (1956) 
Ra - Rishbeth (1956) 
Rb - Rishbeth (1958) 
SWH - Seeger, Westerhout, and van de Hulst 
S - Sheridan (1958) 
Wa - Westerhout (1958) 
Wb - Westerhout (i960) 
WB - Walsh and Brovn (1955) 
3C - Edge, et al (1959) 

(1956) 
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SUPERNOVA REMNANTS 665 

1, the spectral index is xCl = —TO ± 0.15. The error quoted for this value was esti- 
mated by fitting lines of various slopes to the data of Figure 1 and is a probable error. 

The relative spectral index of each part of the Cygnus Loop may be obtained by com- 
paring the contour diagrams at 408 and 960 Mc/s. Fortuitously, our 960-Mc/s beam 
width is almost identical with that of the 250-foot telescope at 408 Mc/s. Therefore, the 
MLH contour map was divided by the same boundaries as the 960-Mc/s map, and the 
same integration procedure was used to evaluate each source. It was found that each 
of the three parts contributed essentially the same percentage to the total emission as 
it did at 960 Mc/s. This conclusion is confirmed for Source C by the estimate of Baldwin 
and Leslie (1960) that 40 of the total 430 X [10“26 Wm""2(c/s)_1] at 178 Mc/s could be 
attributed to the eastern hump in their contours—i.e., Source C. 

Table 3 lists the pertinent data. First, it compares the 960-Mc/s positions with the 
408-Mc/s positions. Then the results of the integrations are given, and spectral indices 
of A, B, and C are computed relative to the spectral index of the entire Loop. 

Fig. 1.—Spectrum of the Cygnus Loop. The values of flux density are given in Table 2 

TABLE 3 

Spectral Indices of the Three Parts of the Cygnus Loop 

Item Frequency 
(Mc/s) 

Source 
A 

Source 
B 

Source 
C 

a (1950). 

Ô (1950). 

Integrated intensity (per cent of 
total) 

Spectral index, relative to that for 
entire Loop. 

/960 
\408 

J960 
1408 

i960 
U08 
(l78 

/960-408 
1960-178 

20h481M: ± 0 3 
20 48 3±0 3 

-f-29052'±5' 
+29 40 ±5 

20h46rï16 
20 46 7 

+31°27' 
+31 28 

64 
62 

25 8 
28 

+0 03 - 0 09 

20h53^3 
20 53.3 

+31°37' 
+31 28 

10 2 
9 7 
9 3 

+ 0 06 
+ 0 05 
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666 D. E. HARRIS 

c) Spectral Indices of Other Remnants 

The spectral indices listed in Table 5 (Appendix II) are based on the values of the 
CTA list unless supplementary information would change the spectral index significant- 
ly. For the Crab Nebula, a value of —0.25 is adopted. This is an average between the 
CTA value of —0.21 and the Dutch value (Woltjer 1958) of about —0.3. Flux densities 
for sources examined in more detail are listed in Table 2 and plotted in Figure 2. The 
960-Mc/s values listed for HB9, HB21, and CTA1 are derived from the contour diagrams 
given in Appendix III. (The quoted flux density for HB21 has had the galactic back- 
ground subtracted.) 

The spectra of S147 and CTA1 are not well determined because they depend on only 
two points of low accuracy (960 and 400 Mc/s). These two sources are included in the 
discussion only to present the observational data, and they may be ignored in Figures 
4 and 5. As in the case of the Cygnus Loop, the 400-Mc/s intensities of Westerhout 

Fig. 2.—Spectra of supernova remnants The values of flux density are given in Table 2 

were changed slightly, in order to achieve a spectrum relative to that of M87. For HB9 
and HB21, flux densities are also available at 159 Mc/s (Brown and Hazard 1953). An 
attempt to normalize the Brown and Hazard values to the 3C intensity scale was made 
by adopting a multiplying factor of 1.4. This figure is the ratio Szc/Smm. for Cas A. 
Finally, the 85-Mc/s flux densities taken with the Mills cross have been multiplied by 
0.7. This reduces the value of M87 published by Mills and Slee (1957) to that derived 
from our adopted spectrum of M87. The necessity of making these gross adjustments 
clearly demonstrates the merit of a single observatory operating at several widely spaced 
frequencies. 

The slopes of the straight lines of Figure 2 are listed in Table 2 as well as in Table 5 
(Appendix II). The quoted errors were estimated by fitting lines of different slopes to 
the plotted flux densities. 

III. FREE-FREE EMISSION 

Harris and Roberts (1960) showed that most radio sources have spectral indices of 
— 0.62 ± 0.25. The notable exceptions to this rule are the galactic sources, which may 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
62

A
pJ

. 
. .

13
5 

. .
66

1H
 

SUPERNOVA REMNANTS 667 

have flatter spectra with indices in the neighborhood of zero. Since this is the value of 
spectral index expected for optically thin H n regions,* the occurrence of a nearly flat 
spectrum is often classified “thermal,” with the implication that free-free transitions in 
ionized hydrogen are the source of the radiation (e.g., Wilson and Bolton 1960). 

This line of reasoning has been extended to the Cygnus Loop by Mathewson, Large, 
and Haslam (1961), who treated the spectrum of Source C as the combination of a 
“thermal” component with x = 0 and a “non-thermal” component with x = —0.5. This 
interpretation was encouraged by the observation of MLH that the spectrum of the 
prominent optical region (Source C) was flatter than that of the prominent radio region 
(Source A). However, the comparison of the 960- and 408-Mc/s results (Fig. 1 and Table 
3) suggests that the spectrum of each part of the Loop is flatter than that found by MLH 
in the 159-408-Mc/s range. Therefore, it seems advisable to reconsider the importance 
of free-free emission in the various parts of the radio source. 

From an order-of-magnitude count of filaments throughout the Cygnus Loop, it ap- 
pears that Source A should have about half as much thermal emission as Source C. How- 
ever, the integrations of Table 3 show that A contributes over six times more radio emis- 
sion than does C. Thus, even if Source C were entirely thermal, Source A should be 90 
per cent non-thermal. Furthermore, Figure 3 shows that the radio emission of Source 
A is centered well away from the main group of filaments. These considerations indicate 
that the nearly flat spectrum of the Cygnus Loop does not necessarily imply the existence 
of free-free emission. 

However, the emission from Source C is generally considered to be a combination of 
thermal and non-thermal radiation (Baldwin and Leslie 1960; MLH 1961). To derive an 
independent estimate of the importance of the free-free process in Source C, we have 
used optical measurements to calculate the expected radio emission (Appendix I). These 
calculations are based on Chamberlain’s observations (1953Ô) of the surface brightness 
in Ha of several filaments in the Cygnus Loop. It has been assumed that absorption of 
the Ha emission by interstellar dust is negligible. Star counts made in selected regions 
extending from the Loop toward the galactic plane by Bok and Warwick (1957) seem 
to justify this assumption. Although their blue plates revealed 1-4 mag. of absorption 
at 500 or 1000 pc, the red (X 6300) absorption was generally small, and in the immediate 
vicinity of the Loop it was less than J mag. 

The chief source of error in the calculation of expected radio emission is due to the 
uncertainty of the estimated area that is appropriate for the surface-intensity measure- 
ments of Chamberlain. We have taken the area as 250 filaments of size quoted by Oster- 
brock (1958): 1''8 X 4Í5. This figure may contain an error of a factor of 2. The calcula- 
tions predict that 4 per cent of the total radio emission from Source C is contributed 
by free-free transitions in the filaments. An additional 2 per cent may come from a 
hypothetical sheet of ionized hydrogen which is undetected by even the deep-red plates 
of the 48-inch Schmidt. 

Appendix I also contains estimates of the free-free emission from HB9, where it has 
been assumed that the optical source is due to Ha emission. We have used the “plate- 
limit” calculation of Appendix I, as HB9 is barely visible on the E plate of the Survey 
but is quite evident on Minkowski’s deep-red plate (Fig. 10). The calculations give an 
expected free-free emission equal to 2.5 per cent of the total radio emission from HB9. 
Although there are two galaxies visible at the southwest edge of the source, the most 
uncertain quantity in this calculation is the interstellar absorption. If 2 mag of absorp- 
tion were present, it would raise the computed 2.5 per cent to 16 per cent. 

A similar figure holds for HB21, which is even fainter optically and slightly brighter 
at 960 Mc/s than HB9. Furthermore, comparatively strong optical emission (presumably 
Ha) to the southwest of HB21 produces a barely detectable radio flux (compare Figs. 
10 and 11). Assuming that the radiation from these objects is primarily non-thermal, a 
search for linear polarization would be pertinent. Such an attempt was made for the 
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668 D. E. HARRIS 

Cygnus Loop during November, 1959. Unfortunately, the techniques used were not ac- 
curate enough to provide positive detection of any polarized component less than 30 per 
cent of the total radio emission. 

IV. EMPIRICAL SPECTRAL INDEX VARIATION 

In this section we propose the hypothesis that the spectra of supernova remnants flat- 
ten with age. This idea was suggested by the loose correlation of flatter-type spectra 
with increasing angular size which is apparent in Table 5 (Appendix II). Unfortunately, 
reliable age estimates are available for only a few objects. Therefore, we have chosen 
two physical parameters which assume the role of age indicators: the linear diameter 
and the radio surface brightness. Although neither of these variables can be expected 
to maintain a strict one-to-one correspondence with age, the correlation should be satis- 
factory if each type of supernova forms a homogeneous group. 

a) The Linear Diameter as a Time Parameter 

The large uncertainties in our knowledge of diameters follow directly from inadequate 
values of the distance to the remnants. Reliable distances are available for only Cas A, 

TABLE 4 

Filament Diameters 

Source Diameter* 
(sec. of arc) 

Distance 
(pc) 

Diameter* 
(pc) 

Cas A 
Knots  

Crab Nebula filaments 
Faint, thin... . 
Bright, thick 

Cygnus Loop 
Filaments.. 
Knots . . . 

Adopted size 
Filaments 
Knots.. . 

1-2 

1.6±0.6 
4 6±0.6t 

5 0 + 1 8|| 

3400 

1100 

770 

0 016 - 0.033f 

.0085± .003 

.024 ± .003 

.0067 

.018+ 0 006 

007 
0.02 

* The ± values are an indication of the range of measurements for different filaments, 
f Minkowski (1959). 
Î Measured from a reproduction of Baade’s 200-inch plate (1956). 
§ Osterbrock’s measurement of 100-inch plate (1958). 
II 48-inch Schmidt print 

the Cygnus Loop, and the Crab Nebula. An order-of-magnitude estimate of other dis- 
tances may be obtained from both optical and radio observations. 

(i) Optical methods of distance determination,—We introduce the assumption that the 
physical diameter of structural details does not vary greatly from remnant to remnant. 
This assumption appears satisfactory for the three sources of known distance. We dif- 
ferentiate between the long, thin filaments prominent in the Cygnus Loop and the thicker 
knots of Cas A. Knots also occur in HB21, in Pup A, and in the southern section (Source 
A) of the Cygnus Loop. The knots of Source A are about three times thicker than fila- 
ments but are about the same size as the knots in Cas A. 

The measurements which determine the filament sizes are given in Table 4. Unfor- 
tunately, high-resolution plates were not available for all the sources, and angular diam- 
eter measurements were often made from the 48-inch Schmidt plates. This method suffers 
from the lack of resolving power inherent in the small scale of the Schmidt telescope, 
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Fig. 3.—Comparison of the radio and optical emission from the Cygnus Loop. Contours of antenna 
temperature (arbitrary scale) are the same as in Fig. 6. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
62

A
pJ

. 
. .

13
5 

. .
66

1H
 

SUPERNOVA REMNANTS 669 

and the use of Schmidt plates is therefore limited to objects closer than 2 kpc. Distances 
computed from filament sizes are listed in Table 5 (Appendix II). 

On the basis of this estimate of distance, the diameter of each remnant has been com- 
puted and plotted against the spectral index (Fig. 4). The open circles represent objects 
for which distances were derived from optical measurements. The constant filament size 
hypothesis was used for all objects except Cas A, the Crab Nebula, Kepler’s and Tycho’s 
supernovae, and the Cygnus Loop. Distances of these sources were inferred from radial- 
velocity and proper-motion observations (Minkowski 1958, 1959). 

Most of the plotted points lie in the neighborhood of a line constructed through Cas A 
and the Cygnus Loop. This line is tentatively identified as the path taken by evolving 
type II remnants. Type I remnants, such as the Crab Nebula and possibly Tycho’s Nova, 
Kepler’s Nova, and CTA 1, might follow a similar path characterized by much smaller 
diameters. This interpretation of Figure 4 would suggest that a supernova remnant forms 

Fig. 4.—Relation between spectral index and size of supernova remnants. Open circles denote that 
diameters depend on “optical” distance determinations, while the smaller dots indicate the use of 
Shkovsky’s method. The horizontal line in the lower right shows the magnitude of a ±20 per cent error 
in the diameter. Source abbreviations are defined in the legend under Fig. 5. 

with a steep spectrum and small diameter. As it evolved, its path would stay close to 
the line drawn, the spectral index becoming less negative as the remnant expanded. 

Since the spectral index would not be expected to change without limit, an exponential 
curve has been fitted to Cas A and the Cygnus Loop. As r approaches infinity, we have 
let the spectral index approach +0.5. The asymptotic behavior for r close to zero has 
not been fixed, as we have no knowledge of the spectral index for very young remnants. 
The equations associated with type II supernova are then found to be 

% — 0.765 (log 3) — 1.26, straight-line fit, (i) 

x = —2.11i/~0-36 + 0.5, exponential fitted to the form (2) 

x — a exp(—6 log 3) + 0.5. 

Equation (2) may be expressed as 
r = 172i3-2 74 (2a) 

where d = diameter (parsecs), r — radius (parsecs), x = spectral index, and ß = 2y = 
2(1 - 2x). 
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670 D. E. HARRIS 

(ii) Radio method of distance determination.—Shklovsky has recently published two 
papers on supernova remnants (1960a, b). In the first paper he formulated an expression 
for the radio emission of a remnant as a function of size, and in the second he used this 
expression to obtain the distance of particular remnants. The basic assumptions of 
Shklovsky’s approach are as follows: (a) Synchrotron radiation is responsible for the ob- 
served radio emission, {b) Initial conditions do not vary significantly from remnant to 
remnant. For this reason, the discussion is restricted to type II remnants, (c) The mag- 
netic-field strength is given by I? = ^o^o/O2- id) The energy of the relativistic electrons 
is degraded chiefly by the expansion of the remnant: dE/dt = — (V/r)E. From this, 
Shklovsky derives 

k-k’(c?T\Î)' 

where K is the amplitude of the electron-energy distribution: 

dN(E) = KErydE 

and ro is the radius at some initial time, and #o are K and H evaluated at that time, 
V is the velocity of expansion of the remnant, E is the energy of an electron. 

The power emitted by a remnant due to the synchrotron mechanism is given to suffi- 
cient accuracy (Shklovsky 1960a) by 

f>(2.8 X 108)(7“1)/2//j.7+i)/V1~7>/2 . (3) 

When K and H are replaced by the expressions given above, the surface intensity (rather 
than the emission of the whole nebula) becomes 

[f^HiírkH K1*“ O-8 X ‘O* ^)"/’] [(2-8 X 10- 
or 

02 fß+2 » 

where Bv = (2.8 X lO^o/V)174^, ^ = ^ux density arriving at the earth, 0 = angular 
radius of the remnant, and R = distance to the remnant. 

Shklovsky then substituted r = R<i> to calculate the distance from the observed sur- 
face intensity and angular size. Unfortunately, individual values of spectral index were 
not available to Shklovsky, and he assumed that all the older remnants had a spectral 
index of —0.5. Thus he was able to lump the constants Av and together and use only 
the Cygnus Loop as the normalizing condition. With the present values of spectral 
index, equation (4) has been used to recalculate distances where the Cygnus Loop and 
Cas A serve as the conditions necessary to determine Av and Bv. On the basis of these 
revised distances, diameters have been computed, and these values are shown as filled 
circles in Figure 4. 

The question arises as to how sensitive the calculated distances are to assumptions 
c and d. To answer this question in part, distances were computed when either c was 
replaced by H = I?o(roA) or d was replaced by dE/dt = —const, (the approximate case 
for ionization losses). These changes varied the calculated distances for the type II rem- 
nants by 40 per cent or less, and therefore the only values of diameter given are those 
based on the original assumptions. 

b) The Radio Surface Brightness as a Time Parameter 

Another approach to the proposed time variation of spectral index is possible if the 
surface brightness is assumed to decrease with age. Figure 5 is a plot of a source’s surface 
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intensity at 960 Mc/s against its spectral index. The surface-intensity errors shown were 
derived from flux-density errors and estimated errors of the radio diameter. The line 
drawn in Figure 5 demonstrates the behavior that might be expected of a remnant from 
considerations of the previous section. This line is a plot of equation (4), where r has 
been replaced by the use of equation (2a) : 

l0g[f(] =l0g A,, + P logB- (0 + 2)log Qßji)- (S) 

Even though the exact form of equation (4) depends on assumptions c and d, the general 
behavior of the surface intensity described by equation (5) is not very sensitive to moder- 
ate changes in c and d. 

Although the plotted points of Figure 5 do not lie exactly along the line, they are 
consistent with the expectation of low surface intensity occurring with flat spectra. This 
correlation, which does not rely on a knowledge of the remnant’s distance, tends to sup- 
port the inference of Figure 4. 

Spectral Index 

ß 

Fig 5.—Relation between spectral index and surface brightness of supernova remnants. The unit 
of surface brightness is 10-26 Wm-2 (c/s)”1/[iy* Type I remnants are circled by dotted lines. T = Tycho’s 
supernova, K = Kepler’s supernova, P = Puppis A, / = IC 443, W — Westerhout 44, F = Vela 
X, Y, Z, S = Shajn 147, Cr = Crab Nebula, Ca = Cassiopeia A, CL — Cygnus Loop, 21 = HB21, 
9 = HB9, 1 = CTA 1. 

An interesting feature of Figure 5 is the apparent similarity of the surface intensity 
of Kepler’s and Tycho’s supernova remnants to that of the type II remnants rather than 
to that of the Crab Nebula (see also Biraud, Lequeux, and LeRoux 1960). Moreover, 
if the distances to these remnants are computed by the “revised Shklovsky method,” 
which is calibrated by Cas A and the Cygnus Loop, the resulting diameters satisfy equa- 
tion (2) for type II remnants (the two unlabeled points near Pup A on Fig. 4). The dis- 
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tances required for this interpretation are listed in parentheses in Table 5 but seem un- 
reasonably large when a moderate amount of optical absorption is assumed. In any event, 
the seeming discrepancy between the radio and optical observations may be resolved 
when the differences, if any, between the radio surface brightnesses of type I and type 
II remnants are more fully understood. 

c) Remarks 

The physical explanation of the proposed spectral index variation poses a difficult 
problem. The well-known relation between the spectral index of the radiation, x, and 
the exponent of the electron energy distribution, 7, is given by 7 = 1 — 2x. Thus, when 
a power law of the form N = const. Ery is assumed for the number of electrons with 
energy E, the spectral index of the radio emission uniquely determines 7. If the radio 
spectrum does flatten with age, the energy distribution of the electrons responsible for 
this radiation must alter in the sense of an ever decreasing relative number of low-energy 
electrons. Although we have no satisfactory explanation for this behavior, two alterna- 
tives have been considered: a selection effect, which would separate particles of different 
energies, and a temporal effect, which would modify the energy spectrum by a change in 
the energy-loss mechanism for the relativistic electrons. The latter of these two possibili- 
ties seems to be the more feasible alternative. Although a quantitative treatment has 
not been successful, a qualitative description of how the physical parameters might allow 
a suitable change in the energy-loss mechanism is outlined in the author’s thesis (Harris 
1961). 

V. DISCUSSION 

a) Spectral Index Variation 

If the remnants do follow the evolutionary line of Figure 4 rather than expanding 
with constant spectral index, there should be a secular decrease in spectral index which 
would be most noticeable for young, rapidly expanding remnants. From equation (2) 
the annual change in spectral index for Cas A is calculated to be 0.0015. For the Cygnus 
Loop the expected change is 10~6 per year. Although these changes are very small, in 
20 years the spectral index of Cas A should change by 0.03. Extrapolating back in time 
for Cas A yields a lower limit of Aæ = +0.3 for 200 years. At that time, Cas A would 
have been at the steep end of the spectral index distribution of all radio sources. 

Shklovsky has argued that the surface brightness of remnants with steep spectra will 
decrease more rapidly than that of remnants with flatter-type spectra. This follows from 
the dependence of the emission on ¿?('H'1)/2 and the assumption that H= Ho(r0/r)

2. Since 
observational selection will discriminate against sources of low surface brightness, one 
should find a correlation between flat spectra and old remnants, even if the spectral index 
of each remnant does not change with time. This process would be most effective in reduc- 
ing the population of sources lying to the right of the line in both Figure 4 and Figure 
5 (steep spectra, together with large diameter or low surface intensity). However, this 
selection should not discriminate against flat spectra concomitant with small diameter 
or high surface intensity (significantly to the left of either line). The observations to 
date do not place any type II remnants in these regions. Therefore, the absence of small, 
bright objects with flat spectra is the only empirical evidence to support the time varia- 
tion of spectral index, rather than Skhlovsky’s interpretation of a fixed spectral index. 

b) Conclusion 

If the synchrotron process is responsible for the radio emission of most sources, the 
variation in spectral index implies a variation in the energy distribution of the relativistic 
particles in the sources. We may expect this distribution to depend on some other physi- 
cal parameter, which in turn may be thought of as reflecting either an initial variation 
or an age variation. We suggest that the spectral index distribution of supernova rem- 
nants illustrates the domination of age-dependent parameters. 
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APPENDIX I 

Calculation of Expected Free-free Radio Emission 

a) Source C of the Cygnus Loop 

This calculation of free-free emission is based on the observed Ha surface brightness meas- 
ured by Chamberlain (19536). In order to find the ratio of free-free emission in the radio con- 
tinuum to the Ha line emission, we make the usual assumptions about conditions in the fila- 
ments: (1) the optical depth is small at 1000 Mc/s and also in the Ha line, but large for Lyman 
line radiation; (2) the Rayleigh-Jeans approximation of the Planck function is valid for com- 
puting the free-free emission at 1000 Mc/s; (3) the electron temperature is 40000° K, and the 
electron density is constant throughout the emitting volume; (4) collisional excitation is re- 
sponsible for the ionization (if radiative excitation predominated, bn would be lowered, and the 
radio emission would be larger by a factor of about 3) (Chamberlain 1953a). 

Under these assumptions, the volume emissivity for free-free emission is (Osterbrock and 
Stockhausen 1960): 

iiooo = 4.6 X NeNiTe 
1/2 ergs cm-3s ‘(c/s)-1, «►) 

where Ne = electron density, Ni = ion density, Np = proton density, and Te = electron 
temperature. 

The volume emissivity of Ha is taken as 

/h» = 2.8 x 10 ~lsNpNeT7s/2 ergs cm-3 s-1 . m 

For the surface intensity we have averaged the three values given by Chamberlain (19536) for 
Source C filaments. This figure was then reduced by 56 per cent to correct for the contribution 
of [N n] (Minkowski 1958). The resulting surface intensity is 

0Ha = 14 X 10-4 ergs cm-2 s_1 . 

Chamberlain has corrected for resolution, but no estimate of his error is given. 
If there is no self-absorption for the radio or Ha emission, then 

,7iooo __ Q'looo 
jHa G Ha 

and, from equations (6) and (7), 

G1000 =: 10~20 Wm-2(c/s)-1(for|^= l.l), 

where aiooo is the rate of energy flow per m2 in unit-frequency interval at the surface of a fila- 
ment. To obtain the brightness or specific intensity: 

¿looo = —— = 3.2 X 10“21 Wm_2(c/s)_1 str”1 . 
7T 
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The surface of the filaments subtends a solid angle, Q/, which is estimated by 250 filaments 
of size 1''8 X 4í5 (Í2/ = 2.8 X 10-6 str). 

The integrated flux density at the earth will then be 

Siooo = Œ/*iooo = 9 X 10-27 Wm_2(c/s)_1 , 

or 4 per cent of the observed 960 Mc/s flux density of Source C. It is felt that the chief source 
of error in this calculation enters from the uncertainty in correcting for the resolution of the 
telescope (24-inch Schmidt). 

b) Free-free Emission from Regions Optically Invisible 

If the ionized hydrogen of the Cygnus Loop is in the form of sheets rather than filaments, 
one would expect the apparently vacant areas to be sheets of ionized hydrogen seen face-on. 
The emission measure would be too small to allow detection of the Ha radiation on the 48-inch 
plates, as the path length would be very small. The following calculation gives an estimate of 
the flux density at the earth from free-free emission in ionized hydrogen which would be at the 
limit of detection on the E plates of the Sky Survey. Abell (1960) quotes the following figures: 
25.5-26 mag. per square second of arc for the limit of visibility of the E survey plates; 2.004 X 
1032 ergs s-1 for the total energy output of the sun contained in the spectral band pass used; 
and —27.1 as the apparent photored magnitude of the sun. These figures reduced to surface 
brightness are 

and 
— 27.1 + 2.5 log (area of sun) = —11.0 mag/D 

Energy of sun 

// 

<7 photored 
Area of sun 

3.3 X 109 ergs cm-2 s-1. 

Therefore, the plate limit is 36.5 mag. fainter than the sun, and 

o-photored(plate limit) = 8.3 X 10~6 ergs cm-2 s-1 . 

However, this figure needs a correction factor of 1.3, since the sensitivity-curve of the E 
plates lowers X 6563 (Ha) by 22 per cent from the maximum of the band pass which was normal- 
ized on the sun. Therefore, 

öHa(plate limit) = 10-8 Wm-2 . 

Using the ratio of surface brightnesses aiooo/^Ha computed earlier, 

<7iooo(plate limit) = 7.3 X10“23 Wm_2(c/s)_1 

and 

Z> = — = 2.3 X 10-23 Wm-2(c/s)_1 str-1. 
7T 

For an area of 2 square degrees (roughly the area of Source C), the flux density at the 
earth will be 

S10oo= 1.4X10-26 Wm~2(c/s)~1 , 

or 5 per cent of the observed integrated flux density of Source C. On the deep-red plates taken 
by Minkowski, this value may be lowered by a factor of 3 or 4. 

c) Free-free Emission from HB9 

HB9 is barely visible on the E plates, while it shows quite well on the deep-red plates taken 
by Minkowski (Fig. 10). The total area of HB9 is about 6 square degrees, or three times larger 
than the area of Source C, and therefore the flux density arriving at the earth would be 

Shb9 = 4.2 X 10-26 Wm-Hc/s)-1 , 

or about 2.5 per cent of the observed integrated flux density from HB9. This figure ignores the 
effect of interstellar absorption of the Ha line intensity. 
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APPENDIX III 

I 

05m 2lh00m 55m 50m 45m 40m 35m 

RIGHT ASCENSION (1950) 

Fig. 6.—Radio contours of the Cygnus Loop. Dotted lines show boundaries of Sources A, B, and C, 
while dashed lines show approximate loci of right-ascension peak intensities Contours of antenna temper- 
ature are in an arbitrary scale, and a linear subtraction of the galactic background has been made. The 
primary antenna beam is shown at the upper left. 

Fig. 7.—Radio contours of HB9. Antenna temperature contours are given in an arbitrary scale. The 
shaded area shows the position of a small H n region. Co-ordinates are for 1950 
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Fig. 8 —Radio contours of HB21. Co-ordinates are for 1950 

CTA 1 

'/iii' 

RIGHT ASCENSION (1950) 

Fig. 9 —Radio contours of CTA 1. The sawtooth lines indicate the positions of four faint-emission 
arcs. 
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