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IV. A DISCUSSION OF 24 IDENTIFIED SOURCES 
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ABSTRACT 
Radial distances, linear dimensions, and total luminosities are given for 24 identified extragalactic 

radio sources, 19 of which have measured radial velocities. Using the synchrotron theory, the total energy 
and magnetic-field strength required to account for the observed luminosity are estimated for each source. 
Eight sources are found with energy requirements exceeding 1060 ergs. Typical field strengths are ^lO-5 

oersted. The linear diameters range from less than 1 to 290 kpc. Illustrations of the radio and optical 
brightness distributions are given for 11 sources. 

I. INTRODUCTION 

At present there is no way of determining the distance of a radio source from radio 
observations alone. Thus it is fortunate that a number of radio sources can be identified 
with optical objects, because the optical red shift is known to be a reliable distance indi- 
cator, If the distance of a source is known, the observed radio intensities and brightness 
distributions can be used to obtain the total luminosity and the projected linear dimen- 
sions of the emitting regions. Estimates can then be made of the physical conditions 
within the source. 

In previous papers, observations of radio-source brightness distributions at a wave- 
length of 31 cm have been described (Moffet 1962, Paper I; Maltby 1962, Paper II), and 
radio descriptions of a number of extragalactic sources have been given (Maltby and 
Moffet 1962, Paper III). Identifications are available for some of these objects, and in the 
present paper we consider a group of 24 identified sources for which the radio positions 
and brightness distribution data are complete, or nearly so. The identifications are used 
to provide distances and hence to obtain some of the intrinsic parameters of the radio 
sources. The radio positions, measured with the Caltech interferometer (Matthews and 
Read, in preparation), have been combined with the radio brightness distributions to 
show the relative location of radio and optical counterparts in the various types of 
sources. 

The 24 sources considered here include some previously identified sources (see Bolton 
1960), as well as some new identifications which have resulted from the Caltech programs 
of position and brightness distribution measurements. These and other identifications 
will be the subject of a forthcoming article by Matthews; hence a detailed discussion of 
the evidence for these particular identifications will not be given here. 

II. OBSERVATIONAL DATA 

Optical and radio data for the sources are given in Table 1. Column 1 contains the 
name or 3C catalogue number (Edge, Shakeshaft, McAdam, Baldwin, and Archer 1959) 
of each source, while column 2 gives NGC numbers, where they exist, for the associated 
optical objects. In column 3 are given the photographic magnitudes of the optical objects. 
These were estimated for us by E. R. Herzog from the blue plates of the National Geo- 
graphic Society-Palomar Observatory Sky Survey. The estimates should be correct to 
within 0.5 mag. for galaxies brighter than wPg = 17, with a somewhat greater uncertainty 
for fainter objects. 

* Present address: Institute for Theoretical Astrophysics, University of Oslo, Norway. 

153 

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



T
A

B
L

E
 1

—
O

pt
ic

al
 a

n
d
 R

ad
io

 P
ro

p
e
rt

ie
s 

o
f 

24
 I

d
e
n
ti

fi
e
d
 S

o
u

rc
es

 

s oo LO 

.s I § ä 

•S g a 
^ 5 ^ 
^ Q 

Oh T W p O 60 Q. —h Ö aj ^ < C/3 

60 » ö .5 

U W Oi ÇU 
O H (n 

g w 2 
W M ^ 

On VO '•-i ro O LO CO . CO 
VO O 
O T~' 

LO LO O CN tH 

^ + OJ>* «O On 
V 

o ^ LO TH Oî CO LO 
+ + + + “^ ^ ^ OOrfCNCOfOOLO ( 

2 00 'vH 
00+++2 O GO ^ 

O 00 LO O oo CM CN tH On O lo ro Q O O On tH • rh CN On CN 00 CS ^-l CS ^ AI 

LO VO OÏ 
T-i I CN I w io^On V cs oo 

O O VO LO O CO CO • 1—1 • CNJ CN T—I 00 CN CO ^ 
S++++?S++^ CN VO O vO On lo O rt CO • • • CN I GO tH CO T-H 

O VO LO i-< r<i co 
^+++$ O VO LO O CN CO 

00 !>• 
CO LO 

ONi>* 
On CO CN O O 03 

CO 
lo 00 On lo lo 
tH CS i-H 

AI 

LO LO O 00 x>* LO OJ ¿i 

^>+2+    , , 
V 03 TH 00 T-l o LO VO 03 CO © © rH \/ • °0 • • © rH V tH • 03 © tH o 

CO lo © 03 VO co tH 00 
^.++° 

LO 
© © 

,M.+ ++0. t-H LO CO • • • y-t © O 

C=>t> i3^:HMl3PWIi!WWtr|wW!=!z;S'wl='a!W&Hm 

8 a S 8 <L> <U 0) 0) a a <0 <u a a (D (D 

On*^ 00 On 00 00 © OO lo vO lo lo CO CO 
O O 03 03 

I I 
O O ON 03 03 tH 

I I I 
i © On t—i On 00 © © 0303t—I03t—It—10303 -rH © 03 03 

I I I I I I II I I 

NO LO T-H T—C 
t—i On t-h t-h 03 rH 03 03 
Il II 

00 CO LO LOTH0300-t^03©©©THT-CCO nO t-h -C''» On t-h On LO vO 03 t-h t—i ^ 03 T-H LO 
0©0©t—i©lo©On 00 © On 00 On no no -O- Lo- co 03 co 03 

a xi 
88 00 co io 

8S6 LO co 03 Tf T-l 03 vO t-h 

TJcääooä’ö'ü® t3 «« ©©ooo©©© © o CO O O © O On 03 © IO O 03 © On © © 03 co ^ O t-h On lo lo 03 03 t-h rjc 00 03 t-h lo CO 

O © © O oo O © VO ©03 t-h 00 On vo lo Jo Ttf TH 

03 03 VO 
íoc0’^|03L0L000v0c000t-It^©©c0 
LOj_CO^ON_|_TtHONl04>-lOONCN©4_ t-H I t-H t—I I t-H t-H t-H t-H t-H t-H t-H I _J_ ON 03 

CO ^ CO 

03 CO 
On vo 00 03 O CO LO 
© _J__l_0- co On co lo I 03 I I t-H t-H t-H t-h t—I I 03 00 LO 

vo Th 

LO tH LO O- I ^ T-h lo 
LO 

00 00 VO NO t-h t-H © 03 co 
2 T-h vo 03 00 NO 00 00 03 03 ^ i>* t-h TjH Ttf LO 

co O CO ^ 
UU co co 

• • • • 00 «¡f On © .00 LO 00 00 On ^ t-h l>- 1^» l>-1>- ^ On t-h -q 03 03 ^ 03 
O O O O ro o O CJ-^CJ cOcocOcoPhcocohMcOcoÍ>co 

NO .     VO l>-1>- o- 
• iO©LOX^OO;coJo3 •< ON t-h T-H C3 CO <! LO << T+c 03 co co co co u co 

u u o u u ^ u r>^u cococococomhcowco 

03 

0^0 03 M VO ö 

1 « a g In 60 
P o <D 
ISä'S 

És On W 

'u § 
iS uT 

¿¿O g 
3 ^p ^ rsON 0 d 

a Pn 

Is o « 
’cn ^ »H «« 

i in ^ - M a PQ 

a ^ o 
CO 
-ö O 

vo a 
'P rH 
U o co «2 

cn <D 
3 o 

<D > 
"O <D H-> o (D 
Ü O CD 

CO - 
Sg OON 
co rt 

cn • 
2 g 
o-S 

ka 
^ 8 
£a 
r s 

(D 
tí 

.ÎG 

ëIâ-I tí y ^ en *tí O 
< S N § 
* <S Æ o g ‘ 

T-H VO ^ÜN 

J-S 
^ § 

11 CÖ ^ 
If G 
a ceo 

8 G.\ 

I s ó T! tí J 
^WC 

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



19
 6

3A
pJ

. 
. .

13
7.

 .1
53

M
 

DISCRETE RADIO SOURCES 155 

Radial velocities for 19 of the selected objects are listed in column 4, together with 
references indicating their origin. Seven of these measurements have been made recently 
at the Palomar Observatory and have been communicated to us in advance of publica- 
tion. We are deeply indebted to Drs. M. Schmidt, J. L. Greenstein, and R. Minkowski for 
permission to make use of these important results. 

On assuming a value for the Hubble parameter of Ho = 100 h km s_1 Mpc-1, the radial 
velocities have been converted to the distances given in column 5. The distances and the 
apparent magnitudes have been used to derive absolute magnitudes, as given in column 
6. The absorption within our own galaxy was assumed to be 0.25 esc b mag. In the cases 
where the radio source is identified with a multiple galactic system, the absolute magni- 
tude of the brightest component has been given. No redshift correction has been applied 
to the absolute magnitudes, as it is not entirely clear that the usual redshift corrections 
are applicable without modification. The more distant objects, for which this correction 
would be greater than a few tenths of a magnitude (Humason, Mayall, and Sandage 
1956), all have spectra characterized by strong emission lines. However, there seems to 
be no significant difference in absolute magnitude between objects with normal spectra 
and objects with spectra showing strong emission lines. _ 

The mean of the absolute magnitudes in column 6 is MPg — 5 log h = —20.5, with a 
standard deviation of 0.8 mag. Approximate distances have been derived for the remain- 
ing five galaxies on the assumption that they have absolute magnitudes equal to this 
mean. These distance values, inclosed in parentheses, are given in column 5. If the true 
Afpg of one of these objects should differ from the assumed mean value by an amount 
equal to the standard deviation in the mean, the derived distance would be in error by a 
factor of 1.5. 

In column 7 the presence of strong emission lines in the optical spectrum is indicated 
by ml. If emission lines are present but not strong, an em is entered. A dash indicates 
that no emission lines are observed in the spectrum. 

The letters in column 8 give the structural classification of the sources, as defined in 
Paper III. Sources with two equal intensity components are designated by an “E”; 
sources with unequal components by a “U”; core-and-halo objects by an “H”; simple, 
roughly circular sources by an “S”; and objects which were not resolved in our investiga- 
tion by an “N.” Columns 9 and 10 contain the angular dimensions of each source, while 
the corresponding linear dimensions in the plane perpendicular to the line of sight are 
given in columns 11 and 12. The radio diameters refer to half-intensity diameters of 
Gaussian models approximating the various components of the sources. Full details have 
been given in Paper III. 

For each source the ratios of the radio dimensions to the optical diameter of the galaxy 
identified with the source are given in the last two columns. If more than one galaxy is 
involved, then the optical diameter refers to the largest galaxy of the group. The angular 
diameters of the galaxies were measured on the red plates of the Sky Survey. The true 
extent of a galaxy is several times larger than the size measured on the Sky Survey plates 
(Humason, Mayall, and Sandage 1956, Appendix A). The over-all extent of a radio 
source is also several times greater than the half-intensity diameter. Thus the ratios in 
column 13 should be reasonable comparisons of radio and optical diameters, while those 
in column 14 may exaggerate the separation of the radio source from the galaxy. 

The distance of an object with red shift z = AX/X has been assumed to be equal to 
cz/Ho- In fact, the distances which should be used in determining linear dimensions and 
distance moduli contain additional terms which are non-linear in z (see, for example, 
Sandage 1961a). The coefficients of these additional terms depend on the cosmological 
model which correctly describes the universe, and a wide choice of models is compatible 
with current observational data (Sandage 1961&). Hence no attempt has been made to 
include these non-linear terms. The general effect would be to make the distant objects 
smaller and brighter than is indicated in Table 1. Some specific examples will be given in 
connection with the computation of the energies of the sources. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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156 P. MALTBY, T. A. MATTHEWS, AND A. T. MOFFET 

Figures 1, 2, and 3 give combined radio and optical pictures of several of the sources, 
indicating the position of the radio-emitting regions with respect to the associated gal- 
axies. The circles indicate the approximate size of the various radio components. In the 
asymmetrical double sources there is more uncertainty about the component sizes, and 
they are indicated with dashed circles. The numbers give the relative intensities of the 
components. The photographs of the galaxies in Figures 1 and 2 have been copied from 
the red plates of the Sky Survey. The photograph of NGC 5128 in Figure 3 was copied 
from a red plate taken with the 48-inch Schmidt telescope by R. Minkowski. 

III. REMARKS ON INDIVIDUAL SOURCES 

The following remarks will serve to describe the objects in Figures 1-3 and to give 
references for those identifications which have previously been reported. 

3C 33.—This identification was first suggested by Dewhirst (see Elsmore 1959). As can 
be seen in Figure 1, a, the galaxy lies very close to the centroid of the radio emission. 

3C 40.—Minkowski (1958) originally suggested that this source might be associated 
with the close pair of elliptical galaxies NGC 545-547, although he pointed out that an 
accurate position by Mills was definitely earlier in right ascension. Our position and 
brightness distribution, shown in Figure 2, a, indicate that the source has two unequal 
components, with the radio centroid southwest of NGC 545-547 in the direction of a 
third elliptical galaxy, NGC 541. According to Zwicky (1961), there is a luminous bridge 
connecting NGC 545-547 to NGC 541, with a fainter extension toward the spiral seen in 
the lower right-hand corner of Figure 2, a. It seems possible that all three galaxies, which 
are the brightest members of a cluster, may be associated with the source. 

3C 66.—The identification of this source with a single galaxy having a jetlike feature 
is due to Minkowski (quoted by Harris and Roberts 1960; see also Bolton 1960). The 
radio structure, shown in Figure 2, very much resembles that of 3C 40. In this case, 
however, the galaxy lies close to the radio centroid. 

3C 71.—This source has been identified with the well-known Seyfert galaxy NGC 1068 
(Seyfert 1943; Mills 1955; Burbidge, Burbidge, and Prendergast 1959; Woltjer 1959). 
The position and diameter measurements confirm the suggestion of Burbidge et al. and 
of Woltjer that the radio emission comes from the nucleus of the galaxy. The radio 
spectrum is remarkably flat. 

3C 75.—Minkowski (1960a) suggested that this source could be identified with a close 
pair of galaxies. As can be seen in Figure 1, by the radio source consists of two roughly 
equal components whose centroid falls about 1' northeast of this pair. Closer to the radio 
centroid there is an inconspicuous galaxy of about mPg = 18, but for the purposes of this 
paper we shall assume that the correct identification is the fifteenth-magnitude pair. 
Recent measurements by Read (private communication) indicate that the source com- 
ponents may not be so nearly symmetrical as was indicated in Paper III. The position of 
the radio centroid will not be changed appreciably, however. It is possible that another 
member of the cluster of galaxies, of which the double is a member, may also be associ- 
ated with the radio source. 

3C 78.—The identification with NGC 1218 has been noted by Mills (1960) and by 
Bolton (1960). Figure 1, c, shows that the radio structure is simple and fits nicely over the 
galaxy. 

Fornax A.—The radio source is large, about Io in over-all extent, and is thus heavily 
resolved by the Caltech interferometer at its closest spacing. Wade (1961) has shown that 
the source has two components of unequal intensities and diameters. The centroid of the 
radio emission lies within the optical boundaries of NGC 1316. The identification with 
NGC 1316 was suggested independently by Shklovskii and by de Vaucouleurs (see the 
review by Minkowski 1957). 

3C 98.—Thç CTA position measurements first suggested this identification (Harris 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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Fig. 1.—Radio and optical brightness distributions for (a) 3C 33, (b) 3C 75, (c) 3C 78, (d) 3C 98, (e) 3C 219, 
(/) 3C 278. The cross below each source indicates the probable error limits in the placement of the radio object with 
respect to its optical counterpart. North is at the top, and east is to the left. Each field is 10' X 10'. 
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Fig. 3.—Radio brightness distribution for the central component of Centaurus A superposed on a photograph of NGC 
128. Field is 50' X 40'. See legend for Fig. 1 for other details. 
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DISCRETE RADIO SOURCES 157 

and Roberts 1960; Bolton 1960), and it now seems quite certain. The centroid of the 
unequal double source lies very close to the galaxy, as is shown in Figure 1, d. 

3C 198.—The radio source consists of a 3Í5 halo with a rather faint core of small 
diameter. It coincides in position with a loose cluster of galaxies. The brightest member 
of this cluster has a slightly asymmetrical image on the red Sky Survey plate, and 
Schmidt has found strong emission lines in its spectrum. The ratio of radio to optical size 
for this source is particularly large; the linear diameter of the radio source of 250 h_1 Mpc 
is among the largest known. 

Hydra A.—The source consists of a large halo with a non-circular core. Measurements 
by Lequeux and Heidmann (1961) have shown that about 20 per cent of the flux from the 
core originates in a component of very small diameter. The optical identification, first 
noted by Minkowski, is a very close pair of elliptical galaxies having a common enve- 
lope (Dewhirst 1959). 

3C 219.—The identification with a pair of nineteenth-magnitude galaxies was sug- 
gested by Dewhirst (1959). Figure 1, £, shows that the two components of the source 
straddle these galaxies, which are the two brightest members of a cluster. Sandage has 
obtained a red plate with the 200-inch telescope, and it shows that the fainter, southern 
member of the pair has jetlike extensions in position angles 120° and 240°. In addition, 
there is a faint bridge between the galaxies. A spectrum obtained by Schmidt shows that 
the northern object has strong emission lines. The linear size and the ratio of radio to 
optical size are both very large. 

3C 270.—The identification with NGC 4261 is due to Mills, Slee, and Hill (1958). It 
seems to be well confirmed by the present data, as shown in Figure 2, c. The galaxy is a 
normal elliptical. 

Virgo A.—This was one of the very earliest identifications (Bolton, Stanley, and Slee 
1949). Extensive optical studies have been reported by Baade and Minkowski (1954Ô), 
Baade (1956), and Hiltner (1959). The radio measurements, which were reviewed in 
Paper III, show that a 7' halo surrounds a small-diameter core that is presumably to be 
associated with the jet in NGC 4486. The measurements of Lequeux and Heidmann 
(1961) have shown that the core consists of two components with an east-west spacing of 
0Í5. Baldwin and Smith (1956) have found evidence at meter wavelengths for a very 
extended halo component with a diameter of about 50'. In the absence of spectral infor- 
mation about this component, we shall ignore it in computing the total energy require- 
ments for the radio source. The core will be assumed to consist of two cylindrical com- 
ponents, each 1.5 h-1 kpc long and 0.6 h”1 kpc in diameter. 

3C 278.—The identification with the close pair of galaxies NGC 4782-4783 was first 
suggested by Mills, Slee, and Hill (1958). The galaxies have been discussed by Greenstein 
(1961). Figure 1,/, shows that they lie, at least in projection, within the single radio 
source. 

Centaurus A.—The identification with NGC 5128 was made by Bolton, Stanley, and 
Slee (1949). Optical data on this galaxy have been given by Baade and Minkowski 
(1954&) and by Burbidge and Burbidge (1959). The radio emission comes from two ex- 
tended regions on opposite sides of the galaxy and from two small regions situated within 
the galaxy (see review in Paper HI; also Maltby 1961). The central source is shown super- 
posed on the galaxy in Figure 3. The photograph was printed rather darkly, in order to 
show the outer regions of the galaxy. The major axis of the central radio source is seen 
to correspond roughly with the direction of elongation of these outer regions. 

3C 295.—This object has been discussed by Minkowski (1960#). Allen, Palmer, and 
Rowson (1960) have found its east-west angular diameter at meter wavelengths to be 
4''5. Although the brightness distribution is not well known, this source has been in- 
cluded here because of its high luminosity and its relatively small ratio of radio to optical 
diameter. In order to calculate the energy requirements, we shall assume that the source 
is spherical, with an angular diameter equal to the measured east-west diameter. 
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158 P. MALTBY, T. A. MATTHEWS, AND A. T. MOFFET Vol. 137 

3C 310, 3C 315.—These identifications were made by Dewhirst (1959) and are con- 
firmed by subsequent position measurements. Data on the radio structure of these 
sources are not so complete as for most of the others in Table 1. 

3C 327.—The identification was given by Bolton (1960). Our radio position and 
brightness distribution differ from those published by the Cambridge group (Elsmore, 
Ryle, and Leslie 1959; Leslie 1961), but the latter measurements were probably influ- 
enced by the source of comparable intensity situated about Io to the southeast. 

3C 338.—The identification with the NGC 6166 group of galaxies has been discussed 
in detail by Minkowski (1958, 1961). The radio source is of class S and agrees well in 
position with the group of galaxies. 

Hercules A.—The correct identification seems to be that suggested by Williams, 
Dewhirst, and Leslie (1961, their “object b”)- It is confirmed by our position and bright- 
ness distribution measurements and by a spectrum taken by Greenstein (1962). As seen 
in Figure 2, d, the galaxy, which has an unusual distribution of intensity, lies near the 
centroid of the two radio components. The sharp image 3''3 northwest of the galaxy is 
probably a foreground star. 

3C 353.—A seventeenth-magnitude elliptical galaxy noted by Mills (I960) agrees well 
with the position of this strong source. The amount of galactic absorption and hence the 
distance derived from the apparent magnitude are rather uncertain. 

Cygnus A.—The optical features of this object have been described by Baade and 
Minkowski (1954a) ; the radio features are summarized in Paper III. 

3C 442.—This source in many ways resembles 3C 278. A spectroscopic investigation 
of NGC 7236-7237 is described by Greenstein (1962). 

IV. RADIO AND OPTICAL PROPERTIES 

The sources shown in Figures 1-3 illustrate the variety of combinations of radio and 
optical structure that seem to occur. Not all the combinations are illustrated, since no 
example of the core-and-halo type of radio source is shown. Among the examples avail- 
able so far, there seem to be no particular correlations of the optical appearance (e.g., 
close double galaxy, single galaxy, distortions, etc.) with any of the classifications of radio 
structure. The galaxies identified with radio sources exhibit a wide range of peculiarities 
on the direct photographs. Some galaxies have unusual absorption features, while others 
have barely visible jetlike features. A few of the identifications show no peculiarities. 
Some of the identifications are close binary or multiple systems of galaxies which are 
imbedded in a common envelope. A few of these pairs of galaxies have highly distorted 
envelopes and nuclei. More subtle peculiarities will undoubtedly be noticed when the 
galaxies are studied more intensively (see below). 

As was shown in Paper III, an important result of the present investigation of source 
brightness distributions is that a majority of all the extragalactic sources consist of two 
widely separated components. The examples of this type of source which have been illus- 
trated in the present paper show that in these cases the radio-emitting regions are usually 
well separated from the associated galaxy. The galaxy is typically found at, or very close 
to, the centroid of the radio emission. A few cases in which the optical object may be dis- 
placed from the radio source have already been noted and discussed in Section III. 

Spectral information is available for 19 of the identifications listed in Table 1. Ten of 
these show unusually strong emission lines; the others show no spectral peculiarities. 
There seems to be a correlation between the intrinsic radio emission from the source and 
the occurrence of unusually strong emission lines in the spectrum. The probability of 
occurrence of the X 3727 emission line in elliptical galaxies (Osterbrock 1960) is near 15 
per cent, and the strength ofjthe emission line is from weak to moderate. The seven 
sources in Table 2 having L > 5 X 1041 ergs/sec and for which spectra exist, all have 
strong to very strong emission lines. Of the nine sources having L < 5 X 1041 ergs/sec 
and for which spectra exist, two (3C 71 and Vir A) have strong emission lines, three (Cen 
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A, 3C 338, and 3C 442) have emission lines of the intensity found occasionally in normal 
ellipticals, and the other four show no emission lines in their spectra. The frequency of 
occurrence of emission lines is higher in the later-type systems, and so the significance of 
the above remarks must await a discussion of galaxy types and of the emission spectra. 

Many of the radio sources are much larger than the size of the galaxy involved; some 
are only a few times the optical size. A few are smaller than the associated galaxy; for 
instance, 3C 71 is less than one-tenth the size of NGC 1068. 

Two of the large radio sources—Hydra A and 3C 198—are identified with galaxies in 
clusters. They are both core-halo type objects, and the linear diameters of the halos are 
230 and 250 kpc, respectively. These very large sizes might be due to the influence of 
other members of the cluster, but we have no indication that this is so. However, with 
these large sizes it is very probable that one or more other galaxies exist inside the radio- 
emitting region. There are at least two double radio sources having separations >170 
kpc whose optical counterparts are members of clusters (3C 219 and 3C 327). Again the 
sizes are larger than the average separation between the galaxies in clusters. 

Several of the galaxies identified with radio sources show an unusual distribution of 
light across the galaxy. Minkowski (1961a) has mentioned the lack of a central concen- 
tration in NGC 6166, and Greenstein (1961, 1962) has found similar unusually flat light- 
distributions in NGC 4782 and NGC 7237, each one a member of a pair of galaxies, and 
also in the galaxy identified with Hercules A (object b). Several other identifications also 
show the same effect to a varying degree—for instance, 3C 465 (NGC 7720), 3C 295, 
3C 433, and probably 3C 33, 3C 88, and 3C 98. Not all identifications have this property; 
for instance, M87 seems normal in this respect. 

V. LUMINOSITIES AND ENERGY REQUIREMENTS 

When the distance of a source is known, as well as its flux density as a function of fre- 
quency, the radio luminosity may be calculated. We have done this for the sources de- 
scribed above, using the distances given in Table 1 and spectral information from a vari- 
ety of observers. We have assumed a simple power-law dependence of the flux over the 
frequency range of 107-1010 c/s. The observed intensities have not been corrected for 
displacements in wavelength due to Doppler shifts because of our limited knowledge of 
the spectral behavior near the cutoff frequencies. For each source the power emitted (L) 
between the above frequency limits and the spectral index which gives a best fit to the 
observed intensities are given in Table 2. 

It is seen that the luminosities have a range of nearly five decades, from weak emitters, 
such as 3C 71 and 3C 270, to the three strongest sources, Cygnus A, 3C 295, and Her- 
cules A. As has already been mentioned, the luminosity distance, which should properly 
be used in deriving the total luminosity from the observed radiation flux, is a function of 
the cosmological model. The distance in Table 1 was assumed to be cz/H^, which happens 
to be the correct luminosity distance for a closed, elliptical universe characterized by a 
deceleration parameter g0 equal to +1 (Sandage 1961a; see also Sandage 1961&). Smaller 
values of go would yield higher values for the luminosities of the distant sources, with the 
steady-state model (go == — 1) giving a correction of (1 + z)2. Thus, in a steady-state 
universe, 3C 295 would be more luminous than Cygnus A. 

It is generally believed that non-thermal radio emission is produced by the synchrotron 
mechanism. As several authors have demonstrated, the theory of synchrotron emission 
permits an estimate of the energy requirements for a source, once the emitting volume 
and the radio luminosity and spectral index are known. Using rather limited data on the 
physical sizes of radio sources, Burbidge (1959) has already shown that the energy re- 
quirements for the more luminous sources are very great. We have thought it worthwhile 
to repeat these calculations for the sources described in this paper, inasmuch as the infor- 
mation presented here on source sizes and luminosities is considerably more detailed than 
that which has previously been available. We follow here the derivations of the Burbidges 
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(G.R. 1956Ô; G.R. and E.M. 1957). Burbidge has given a short discussion of the assump- 
tions underlying these calculations (1956æ). 

It is known that a non-thermal spectrum characterized by an intensity proportional 
to vx, where x is the usual spectral index, may be produced by a cloud of electrons cir- 
culating in a magnetic field H (in the following, H denotes the effective magnetic field) 
and having a number spectrum which varies with energy as E2x~l. Each electron radi- 
ates most strongly near its critical frequency, given by vc ^ BE2) hence the cutoff fre- 
quencies assumed for the radio spectrum can be used to assign rough cutoff energies for 

TABLE 2 

Required Magnetic-Field Strengths and Energies 

Source Spectral 
Index 

Emitted 
Power 

(ergs/sec) 
Volume 

(cm3) 
H 

(oersted) 
Et 

(ergs) 

3C 33 
3C40 . 
3C 66 
3C 71 
3C75 . 
3C 78 
For A 
3C 98. 
3C 198 

H^Ate 
3C 219 
3C 270 

3C 278. 

Ms 
3C 295 
3C 310. 
3C315 
3C 327 
3C 338 
Her A 
3C 353 
Cyg A 
3C 442 

-0 70 
-0 85 
-0 65 
-0 25 
-0 65 
-0.35 
-0 75 
-0 65 
-0 95 
-0 65 
-0 65 
-0 70 
-0.70 
-0 30 
-0 95 
-0 85 
-0 70 
-0.95 
-0 50 
-0 95 
-0 80 
-0 
-1 

75 
10 

-0 90 
-0.45 
-0 75 
-1 10 

0X1042 

6X1041 

7X1041 

4X1039 

8X1041 

7.0X1041 

2 5X1041 

8.6X1041 

1.6X1042 

1.0X1043 

1.4X1042 

2 2X1043 

2.3X1040 

1.6X1041 

1.3X1041 

1 4X1041 

4.8X1040 

1 6X1041 

4.4X1044 

3.8X1042 

6.3X1042 

6 5X1042 

5 0X1041 

1 1X1044 

2.2X1042 

4 4X1044 

2.6X1041 

4 3 X1069 

1.0X1068 

2 1X1068 

<6 4X1064 

4 8X1068 

3.7X1068 

2.2X1070 

6 0X1068 

4X1071 

5X1069 

9X1071 

7X1070 

0X1067 

5X1064* 
4X1068 

4X1068 

3X1066 

5.3X1070 

5 0X1068 

5.7X1069 

4 2X1070 

6X1070 

0X1068 

1X1070 

0X1068 

3X1069 

0X1069 

3X10-6 

4X10“6 

3X10“5 

>9X10~6 

2X10"5 

3X10"5 

8X10“6 

3X10-6 

SXIO"8 

5X10-5 

IXIO-5 

2X10“5 

3X10“6 

3 X10“4 

3X10-8 

2X10-5 

SXIO”5 

6X10-« 
2X10"4 

3X10-5 

2X10“6 

2 X10"5 

4X10-5 

5X10-5 
4X10-5 

2X10-4 

2X10-5 

3X1069 

1X1058 

2 X1058 

<4X1055 
2X1068 

3X1068 

1X1059 

5 X1058 

IXIO60 

3X1059 

3X1060 

2XlOeo 

2X1057 

2X1056 

IXIO68 

2X1058 

7X1056 
2X1069 

1X1069 

4X1059 

IXIO60 

7X1059 

5X1058 

SXIO69 

7X1068 

3X1060 
IXIO59 

* Assumed to consist of two cylindrical components, each 1.5 kpc long and 0.6 kpc in diameter. 

the electron spectrum. The electron spectrum can then be integrated between cutoffs to 
give the total electron energy, 

L /2 + 2x\Ef+1-Elx+1 

e H2 Vl + 2x/Ef+2-Ef:+2' 

Here Ei and Eh are the low and high cutoff energies, L is the radio luminosity, and C is a 
constant, approximately equal to 422.3 for c.g.s. units. If the cutoff frequencies are re- 
garded as fixed, while the field strength H is left as a free parameter, the electron energy 
may be written as 

Ee = CfLH~zl2, 

where Cf now includes a slow dependence on the cutoff frequencies and on the spectral 
index. 

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



No. 1, 1963 DISCRETE RADIO SOURCES 161 

Let a be the ratio of heavy-particle energy, Ev, to the electron energy, Ee. The value 
of a is somewhat uncertain. Burbidge (1959) uses a = 100 on the assumption that the 
energy Ep is gradually transferred to secondary electrons produced by heavy-particle 
interactions. However, this process can be effective only in regions where the heavy- 
particle density is > 10-2 cm-3. 

The magnetic field energy Em may be set equal to times the volume occupied by 
the field. It has been customary in treatments such as this to assume that the magnetic 
field and the relativistic particles trapped in it are homogeneously distributed over the 
source volume. This may be the case, but it may also be that the source consists of 
tangled filaments and knots filling only a portion of the source volume. We let this por- 
tion be given by a filling factor <j>. Then, if r is the radius of the emitting region, the 
magnetic field energy is 

Em, = 
H2 

Stt 
^7T r3 — = 0 

#2f3 

6 * 

The total energy of the source (including the magnetic field and particles) is then given 
by 

£i = (1 + a) C'LH~ZI2 + (4>n2r3)/6 . 

As can be seen from the dependence of the two terms on H, the total energy will have 
a minimum not far from the value of H for which the particle and field energies are 
equal. The functional dependences of the minimum energy and of the field required for 
minimum energy are as follows: 

EmiriK(\ + *yE<t>WLWrW , 

H (Emin) <* ( 1 + a ) 2/70“2/7Z,2/7 r-6/7 . 

It is seen that these quantities are most strongly dependent on the radius of the emitting 
region, which emphasizes the need for accurate brightness distributions in order to deter- 
mine the physical characteristics of radio sources. The field is seen to be quite insensitive 
to changes in a or 0, the total energy only moderately so. 

On the assumption that a = 100, that 0=1, and that the field and particle energies 
are equal, the total energy requirements and the magnetic field have been calculated for 
each source, using the physical size obtained in Table 1, column 10. The results appear in 
the last two columns of Table 2. It is seen that the sources of small physical diameter, 
such as 3C 71 and the core of Virgo A, have magnetic fields near 10-4 oersted and com- 
paratively low energy requirements of about 1056 ergs. The large, very luminous sources 
have energy requirements between 1060 and 1061 ergs. 

As was mentioned earlier in this paper, the linear diameter of a source has been as- 
sumed to equal the product of the angular diameter and the distance. For the more dis- 
tant sources, non-linear terms which depend on the choice of world model should be in- 
cluded in this calculation. As an example of the effect of this correction, the linear dimen- 
sions in Table 1 should be reduced by a factor of (1 + z)-1 for a steady-state universe or 
by (1 + z)~2 for a “^o = +1” universe. The correction for the source diameter will enter 
into the calculation of the energy, as will the correction for the source luminosity. The 
effects nearly cancel in the case of the steady-state universe, but for the case of go = +1 
the energy (£*) of 3C 295 would be reduced by a factor of (1 + z)~18/7 « 0.38. 

VI. DISCUSSION 

In three of the sources examined, the radio core component is double (Centaurus A, 
Virgo A, and probably Hydra A). It is tempting to suppose that these double cores repre- 
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sent new sources which have recently been formed in the nuclei of their respective galaxies 
and which may in time add to the radio halos already surrounding these galaxies. 3C 71 
is even smaller in proportion to the galaxy and may also be such a “new” source. The 
observations further suggest that a radio source is formed in or near the nucleus of a 
galaxy; initially its diameter is of the order of 103 pc or less. As the two components of a 
source grow older, they move away from the galaxy; at least some of the double sources 
finally reach distances of about 150 kpc from the galaxy and diameters of about 100 kpc. 
The energy input for the radio source probably lasts for only a relatively short interval 
of time when the components are near the galaxy, and subsequently the source lives on 
its stored energy. Since a given electron radiates away its energy in a time shorter than 
the minimum source lifetime found below, the radiating electrons cannot form the main 
energy reservoir. 

Using this hypothesis, one may derive from the sizes of the sources some information 
about their ages. In Hercules A we detect emission from a distance of at least 180 hr1 kpc 
from the galaxy; in 3C 219 a projected distance of 210 hr1 kpc is observed. In Centaurus 
A there is quite definitely emission at a distance of 5?2, or about 360 kpc (Bolton and 
Clark 1960). An expansion velocity equal to the speed of light would give a minimum age 
for these objects of the order of 106 years. An expansion velocity typical of the velocity, 
va, of hydromagnetic wave propagation in a galactic halo—va ^ 2 X 108 cm/sec, as- 
suming n ~ 10~3 cm-3 and H ~ 3 X 10-5 oersted—would give very much greater ages 
of the order of 108-109 years. 

A rough upper limit on the source lifetimes may be obtained from total energy con- 
siderations. The total mass-energy of a large galaxy is ^1066 ergs. It is difficult to imagine 
an efficiency greater than ^lO-4 for any process which might convert the mass of stars 
into clouds of high-energy particles and magnetic fields. This suggests that our minimum 
total energies for the stronger sources of ^1061 ergs (Table 2) are also close to the maxi- 
mum energies which the sources have ever possessed. Dividing 5 X 1060 ergs by a radia- 
tion rate of 1044 ergs/sec, we obtain an estimated remaining lifetime of ^lO9 years. 

A very high total energy is required to explain the observed radio emission of the more 
luminous sources. For seven sources in Table 2, Et is more than 1060 ergs. These energies 
could be reduced if the ratio of Ev to Ee were much smaller or if the filling factor were 
much less than unity. On the other hand, if the magnetic and particle energies are not 
approximately equal, then the total energy must be larger. An amount of energy equal 
to 1060 ergs is perhaps best visualized as the total mass energy of 5 X 105 stars of solar 
mass; all this energy must be available in the form of relativistic particles and magnetic- 
field energy. The energy problem in radio sources has recently been considered by Shklov- 
skii (1960), Hoyle (1961), and Burbidge (1961). The variety of the mechanisms proposed 
is probably the best indication of the theoretical difficulties which this problem presents. 
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