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1. GENERAL INFORMATION ON DISCRETE SOURCES
OF COSMIC RADIO EMISSION

ONE of the greatest astronomical discoveries of the
twentieth century was made in 1946. The British radio
astronomers Hey, Parsons, and Phillips, in an investi-
gation of the brightness distribution of cosmic 4.7-m
radio emission over the sky, observed in the Cygnus
constellation an unknown extraterrestrial source, the
radiation flux from which varied randomly with time. R
They concluded that they had observed a discrete
source of cosmic radio emission with relatively small
angular dimensions. The interference method was not
yet widely used in the then recently developed radio
astronomy, and the accuracy with which the coordi-
nates of the newly discovered source were determined
was very low. According to [1], the approximate co-
ordinates of the source were a = 208 and 6 = +43°.
From the fact that the relative fluctuations of the radio
emission flux from the source in the Cygnus constella-
tion reached 15%, it was concluded in [1], with allow-
ance for the dimensions of the principal lobe of the
antenna employed, that the angular dimensions of the
source did not exceed 2°.

In June 1947 Bolton and Stanley in Australia, using
a so-called ““marine’’ radio interferometer, determined
the coordinates of the Cygnus source with greater
accuracy, finding them to be o = 19h58M47S 4 105 and
6 =+41°41’ + 7'. In addition, they drew from their
measurements the important conclusion that the an-
gular dimensions of the source were in any case less
than 8’.

In the next year, 1948, Ryle and Smith in England,
using a two-antenna interferometer on 8.5 Mcs with a
500m base, obtained more precise coordinates for the
Cygnus source and, in addition, measured the spectral
density of the radio emission flux from this source,
finding it to be 1.4 x 10722 W/m? cps.[3] We note that

this is approximately the flux received on this fre-
quency from the sun during the very low period of its
activity. In the course of these investigations Ryle and
Smith observed in the Cassiopeia constellation another
more powerful discrete source of extraterrestrial
radio emission.

During the same 1948, Bolton observed with a
marine radio interferometer four additional, much
weaker sources located in the constellations Taurus,
Virgo, Hercules, and Centaurus.[%] The fluxes from
these sources turned out to be approximately one order
of magnitude lower than from the source in Cygnus. In
1949 Bolton, Stanley, and Slee [4] determined more ac-
curate coordinates for all these sources. They found
that the source in Taurus coincides, within the limits
of observational errors, with the famous Crab nebula
—the remnant of the 1054 supernova. This was the
first time in the history of radio astronomy that a
source of cosmic radio emission was identified with
an optical object, an event that led to important con-
sequences in radioastronomy, astrophysics, and
cosmic-ray physics.

The sources in the Virgo and Centaurus constella-
tions have coordinates o = 12h2gm & 378, 6 =12°41’
+ 10’ and o = 13022M208 + 108, & = 42°37 + 8, re-
spectively. These sources were identified with the
unusual “‘peculiar’’ (as they are referred to in as-
tronomy ) galaxies NGC4486 and NGC5128. These
rather bright galaxies (with visible stellar magni-
tudes 9.6™ and 7.6™ respectively) have attracted the
attention of astronomers for a long time, owing
to their unusual morphological singularities (see be-
low). Once first observations had been made of the
most powerful sources, the number of newly discov-
ered relatively weak objects started to increase
rapidly. In 1951 Stanley and Slee published in Aus-
tralia the first catalogue of 18 discrete sources, of
which 13 were new[5] An important feature of this
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work was that the observations were made at different
frequencies in the meter band. These were the first
observations of discrete-source spectra. Although a
comparison of results made at different frequencies

is a rather difficult task (because of the relatively
low accuracy of the absolute measurements in radio
astronomy ), the Australian observers have disclosed
the characteristic feature of the spectra of the cosmic
radio-emission sources, namely that the spectral den-
sity of the flux F, decreases with increasing frequency
in accordance with a certain power law

F, x v,

(1)

The quantity o has been named the ‘‘spectral index.”’
In addition, real differences were observed in [*] be-
tween spectra of the different discrete sources of cos-
mic radio emission. Thus, for example, the source in
Taurus, identified with the Crab nebula, has a very
‘“flat’’ spectrum, i.e., with a small value of @ (accord-
ing to later researches, this source has a = 0.25).

An investigation of the spectra of discrete sources
of cosmic radio emission is at present one of the most
important problems in radio astronomy. We shall re-
turn to this question many times.

In 1952 Mills (8] published an important catalogue
of 77 discrete sources which he observed with an
original type of radio interferometer on a wavelength
near 3m. The main purpose of this work was not so
much to obtain the coordinates and radiation fluxes
with maximum accuracy, as to analyze statistically
their distribution over the sky and to classify them.
Mills succeeded in demonstrating for the first time
that at least three sources (located in the constella-
tions Parus, Centaurus, and near the galactic center)
have measurable angular dimensions amounting to
about 30’. Mills subdivided the discrete sources ob-
served by him into two classes. Sources of class I
are characterized by relatively large radio-emission
fluxes and are all in the Milky Way. Further investi-
gations have shown that their angular dimensions are
as a rule relatively large (they reach 1—3°). Sources
of class II show no tendency to concentrate near the
galactic equator. They include practically all weak
sources. The peculiarity in the distribution of class-I
sources over the sky signifies that these objects are
located within our own stellar system, the galaxy. It
was demonstrated subsequently that they are identified
with a special type of filamentary nebula formed after
a supernova burst. A typical example of such a nebula
is the remarkable system of fine filamentary nebulas
inthe Cygnus constellation. Atpresentthereareabout15
known class I sources which are ‘‘remnants’’ of super-
nova bursts that took place at one time in our galaxy.
These include, in particular, the most powerful source
in Cassiopeia and the Crab nebula. An investigation
of these astonishing objects is of very great signifi-
cance for physics and astronomy. Closely associated
with these investigations are such major problems in
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modern nature study as the origin of cosmic rays and
the origin of the elements. In the present review, how-
ever, we shall barely touch upon class-I sources of
radio emission.

As already mentioned, class-II sources display no
tendency to cluster about the galactic equator. This
means that they are either located relatively close to
the solar system (for example, at distances of the
same order as the nearest stars or less) or, to the
contrary, are very far away beyond the limits of the
solar system, in the metagalaxy. Attempts were made
in 1952 to determine the annual parallactic shift of the
most powerful sources. The results proved to be
negative,[” thus leading to the conclusion that the
discrete sources are far beyond the limits of the solar
system. A similar conclusion follows also from the
fact that the sources are not seen to have any motion
of their own in the celestial sphere.l’] On the other
hand, as long ago as 1949 two rather powerful sources,
belonging to class Il according to Mills, could be iden-
tified with peculiar galaxies (see above). Later on
several such identifications were made, and these will
be discussed later. It follows therefore that they are
all grounds for assuming that class-II sources are
very remote objects located in the metagalaxy. The
totality of the facts available to modern radio astron-
omy confirms this important conclusion. The special
type of galaxies with which the class-II radio emission
sources are connected, are now universally called
‘‘radio galaxies.”” The present review is devoted to
an exposition and an analysis of all the data on radio
galaxies presently available in radio astronomy and
radio physics.

I is interesting to note that the tendency of various
objects to concentrate near the galactic plane has dif-
ferent manifestations in optical astronomy and in radio
astronomy. In optical astronomy the relatively bright
stars (for example those seen with the unaided eye)
exhibit no tendency to cluster about the Milky Way,
whereas the sufficiently weak stars are highly concen-
trated near the galactic equator. In the case of sources
of cosmic radio emission we observe exactly the oppo-
site. The reason is that the distances from us to the
bright stars are as a rule smaller than the thickness
of the galactic stellar ‘‘disc,’” about 500 parsec. The
galactic sources, which are remnants of supernova
explosions, include relatively few galactic objects,
which are thousands of parsecs away from us.

The Mills classification of sources was of great
importance to the development of radio astronomy,
since it disclosed the essential singularity of the
nature of discrete sources.

As a result of the research made by the Australian
and British radio astronomers, the number of known
sources had reached hundreds by 1952, the overwhelm -
ing majority not being identifiable with objects known
in optical astronomy. This raised the urgent problem
of devising a system of designations for both the old
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and the newly discovered sources. Several such sys-
tems were proposed. One still in use for the most
powerful sources consists of writing the name of the
constellation in which the source is located, followed
by a hyphen and a capital Latin letter. The letter A
denotes the most powerful source in the given constel-
lation, B the next powerful one, etc. Consequently,
historically the first discovered powerful source in
the Cygnus constellation is designated Cygnus-A, the
Crab nebula is denoted Taurus-A, etc. In another
widely used system the Cygnus-A source is designated
19N4A, that in Taurus-A 05N2A, etc. This code de-
notes in the case of Cygnus-A that the direct ascension
of the source lies between 198 and 208, the declination
is positive (‘‘N’’) and lies in the interval between 40°
and 50°, and that this is the most powerful source in
the designated interval of o and 6. Now, however,
when more powerful methods are increasing the num-
ber of observed sources very rapidly, a serial number
in an appropriate catalogue is usually employed. For
example, 3C-295 denotes the 295-th source in the third
Cambridge catalogue.

Altogether, the Cambridge group of radio astrono-
mers has published three catalogues of discrete
sources. All the observations were carried out by
an interference procedure at meter wavelengths. Thus,
for example, the second Cambridge catalogue, pub-
lished in 1955, contains the values of the coordinates
and fluxes for 1935 sources registered in the declina-
tion range between +83° and — 38°.[8] The interfer-
ometer used for these observations had four elements
with centers arranged in a 580 by 52 m rectangle. The
observations wavelength was 3.7 m. Each element was
a parabolic cylinder about 100m long and 12m high.
The radiating dipoles were located along the focal
line of the mirrors. The use of two bases permitted
a rough estimate of the angular dimensions of the
sources.

The third Cambridge catalogue, published in 1959,
contains only 500 sources. (9] The observations were

made with the same interferometer, but at half the
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FIG. 1. The Mills cruciform antenna.
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wavelength and were much more accurate than in the
second Cambridge catalogue. At the present time the
third Cambridge catalogue is regarded as one of the
best and is widely used in radio astronomy.

Mills proposed an exceedingly clever cruciform
antenna system, which possesses two seemingly mu -
tually exclusive properties—very high directivity (and
consequently very high resolving power) and rela-
tively low effective reception area (Fig. 1). The re-
solving power of his antenna was about 50/, the ob-
servations being made on 3.5m. In 1957 Mills and
Slee published a catalogue covering the sky region
8h > o > 00 and 0.10° > 6 > —10°. A total of 383
sources were observed in this region.[wj This cata-
logue covers everything down to flux values 2 x 1072
W/m? cps. At the same time, a considerable number
of weaker sources were also observed, with flux
~(1—2) x 10~% W/m? cps. The agreement between
the coordinates of the relatively weak sources of the
Mills catalogue and the second Cambridge catalogue
is not satisfactory, principally because of large er-
rors in the latter. However, the Sydney observations

‘are in good agreement with the third Cambridge

catalogue.

Along with interference procedures the principal
lobes of large antennas have been extensively used
and are still being used for observation of discrete
cosmic radio sources. Important results were ob-
tained with the giant 76~meter reflector of the Jodrell
Bank Radio Astronomical Observatory near Man-
chester (Fig. 2). Very valuable radio astronomical
observations were made with the large Pulkovo an-
tenna, which has an original design and operates on
a relatively short wavelength and with a very narrow
directivity pattern in one coordinate. Notice should
also be taken of the interesting observations of 9.6 cm
sources, recently made by A. D. Kuz’min and others
on the 22 m precision reflector of the Physics Insti-
tute of the Academy of Sciences near Serpukhov.,[“]
Figures 3 and 4 show photographs of Pulkovo and
Serpukhov antennas.
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FIG. 2. The 76-meter radio telescope of the Jodrell Bank Ob-
servatory.

Recent observations of a large number of discrete
sources were made with the 27m reflector of the
National Radio Astronomical Observatory in Green-
bank. Of particular significance are the discrete-
source observations carried out under Bolton’s guid-
ance with two 30m reflectors at the California Insti-
tute of Technology. These observations were made
on 31 cm, with the two large reflectors used in most
cases as elements of an interferometer (see Fig. 5).

Mention should also be made of Westerhout’s ob-

servations in Holland, made on the 25-meter reflector
of the Dwingeloo radio astronomical observatory, and

Metzger’s highly accurate observations on the Bonn
(West Germany) 25-meter reflector. Both the Dutch
and West-German observations were made in the 21
cm band. The results of all these researches will be
discussed below.

Starting with 1959, a large radio interferometer
has been in operation in Cambridge on 1.7m. It con-
sists of two large elements, one stationary and one
mobile. The stationary element is a parabolic cylin-
der more than 20m high and more than 450 m long.
The mobile element is a reflector of the same shape

FIG. 4. 22-meter preci-
sion radio telescope of the
P. N. Lebedev Physics In-
stitute, U.S.S.R. Academy
of Sciences.

FIG. 5. 30-meter reflectors of the radio interferometer at the
California Institute of Technology.

and height, but shorter, only 60m. The mirrors are
perpendicular to each other. The base is approxi-
mately 1 kilometer. (2] Figure 6 shows the arrange-
ment of the elements of this giant interferometer.
The capabilities of the new Cambridge interfer-

FIG. 3. Pulkovo ‘““fan’’ antenna.
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FIG. 6. Arrangement of the elements of the large Cambridge
radio interferometer.

ometer are very great, for it can discern about 10,000
sources in the sky. Some important results obtained
with this instrument will be discussed later.

Summarizing, we can state that progress in radio
astronomical research techniques has made it possible
by now to observe reliably in the entire sky about
10,000 sources, most of them radio galaxies. The
appreciable increase in the sensitivity of the receivers
used on the centimeter and decimeter bands, resulting
from the introduction of quantum amplifiers into radio-
astronomical research practice, uncovers exceptional
possibilities for the nearest future. Recognizing
further that many giant telescopes with reflector di-
ameters of several hundred meters are now planned
or partially completed in various countries, we can
imagine, albeit with difficulty, the number of radio
galaxies that will be investigated within 5 or 10 years.

By now the range of observed fluxes from galaxies,
ranging from the strongest to the weakest, comprises
a factor of about 10,000 or nearly ten stellar magni-
tudes. A considerable expansion of this range is to be
expected in the nearest future.

The circumstance that made it possible to discover
the first source of radio emission in the Cygnus con-
stellation was the variability of its flux (see above).
By 1950, however, it became already clear that this
variability did not describe the nature of the source
at all. Observations have shown the source flux fluc-
tuations in the meter band to have periods on the order
of seconds and minutes. British researchers have
shown, however, that all correlation between the re-
corded fluxes vanishes if the radio receivers are
spaced >4 km apart.[13-15] Similar results were
obtained in Australia. This means that the flux fluc-
tuation is not connected with the nature of the source
and is of atmospheric, more accurately ionospheric
origin. This is quite analogous to the well known flick-
ering of stars. Special investigations have disclosed
diurnal and seasonal variations in these fluctuations,
which are well correlated with the variations of the
characteristics of the E and F layers of the iono-
sphere. This ‘‘radio flicker’’ of the sources is due
to inhomogeneities in the electron concentration in
the ionosphere, which have dimensions of approxi-
mately several kilometers and move randomly at ap-
proximate speeds of several hundred meters per sec-
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ond. At present investigation of the source flux varia-
tions is a useful method of analyzing inhomogeneities
in the ionosphere.

Fluxes from cosmic radio sources are constant,
within the limits of errors (which reach approxi-
mately 5% even for the strongest sources). This
result is quite interesting if it is recalled that the
optical radiation flux from many stars is variable.

In the radio range, the radiation from the star closest
to us, the sun, is most variable. The fact that the cos-
mic radio emission from discrete sources has con-
stant flux means that these objects are hardly likely

to be stars. Indeed, further investigations have shown
that class-I sources are special galactic nebulas, rem-
nants of supernova bursts, while class-II sources are
peculiar extragalactic nebulas.

It is curious, all the same, that the direct cause
leading to the discovery of the cosmic radio sources
was a fact that had nothing in common with the nature
of the sources themselves. This, however, is not an
isolated example in the history of science.

Of decisive importance in the understanding of the
nature of discrete cosmic radio sources was the meas-
urement of their angular dimensions. The first re-
search in this direction dates back to 1950, when
practically nothing was known about the nature of
these sources. At that time the question of the possible
star-like nature of the sources (the so-called ‘‘radio
stars’’) was extensively discussed in the scientific
literature. Were this hypothesis to be correct, the
angular dimensions of the sources should be negligibly
small. Even in the few cases when these sources were
identified with peculiar galactic and extragalactic
nebulas, the question of the dimensions of the region
responsible for the powerful radio emission remained
open. Thus, in the case of the Crab nebula, an unan-
swered question was whether the radiation came from
the nebula itself or from a weak 16th-magnitude star
located inside this nebula, which by assumption was a
supernova in the past. In the first case the angular
dimensions of the Taurus-A source should reach about
5’, and in the second case they should be unmeasurably
small.

The problem of measuring the angular dimensions
of cosmic radio sources is related to the low resolving
power of the radio telescopes. Radio astronomy has
made outstanding progress towards overcoming this
difficulty. Interferometers with very large bases have
been built. In addition, observations in the principal
lobe of large antennas can also be made in many cases.

The attempts made prior to 1950 to observe finite
angular dimensions in the most powerful discrete
sources unavoidably yielded negative results. These
measurements made it possible only to estimate for
the angular dimensions an upper limit, which depended
on the resolving power of the interferometers em-
ployed.

[T T
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This problem was solved in 1951, practically si-
multaneously, by research groups in Manches'cer,[“‘:I
Sydney,[18] and Cambridge[1"] In Manchester, Jemni-
son and Das Gupta used interferometers with different
base lengths and different azimuths on 120 Mcs, and
the correlation method. (] The base lengths ranged
from 300m to 4km. It was shown first that the Cygnus-
A source had finite angular dimensions. It was further
observed that the source was quite asymmetrical. With
varying base azimuth, the source angular dimensions
ranged from 2’10” to 35”. Later on the ‘‘radio shape”’’
of Cygnus-A was subjected to considerable refinement,
as will be described in the next section.

Interference measurements on 100 Mcs were made
in Sydney by Mills.[!8] The base length ranged from
290m to 10 km and was varied by displacing one of the
elements of a two-antenna interferometer. The ampli-
tude of the interference pattern (‘‘depth of modulation’’)
from the four most powerful sources (Cygnus-A,
Taurus-A, Virgo-A, and Centaurus-A) continuously
decreased with increasing base length (Table D).

Table I
Depth of modulation
Source Base | Base Base Base
0.29 km| 1.02 km|5.35 km [10.01km
Cygnus-A 1 1 0.3 0,05
Taurus-A 1 0.55 0.4 0.1
Virgo-A 1 0,40 0,1 0.1
Centaurus-A 1 0.30 0.1 0.1
L

It is quite evident from Table I that the angular
dimensions of the Cygnus-A source are much smaller
than those of the other sources measured by Mills.
For example, at a base length of 1.02 km the depth of
the modulation in Taurus-A, Virgo-A, and Centaurus-A
decreases considerably. This means that at this base
length the angular dimensions of these sources are of
the same order as the lobes of the interference dia-
gram, i.e., A/d, where d ~ 1 km. Since A = 3 km, the
angular dimensions are approximately 10’. Yet in the
case of Cygnus-A the depth of the modulation remains
constant at a base length of 1.02 km. Consequently, its
angular dimensions are much smaller than 10’. Only
at d = 10 km, after the interference pattern from other
sources has long disappeared, does the interference
pattern due to Cygnus-A vanish. It follows directly
from this that the angular dimensions of Cygnus-A
are approximately five times smaller than those of
other sources measured by Mills.

Similar results were obtained in Cambridge by
Smith,!1"3 who used an interferometer with variable
base (up to 400A) on a wavelength of 1.4m. The an-
gular dimensions of various sources were subse-
quently determined many times. The most impor-
tant of these determinations will be discussed later.

The determination of the angular dimensions of a
source is merely a rough estimate of the radio bright-
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ness distribution within the confines of the source.
This distribution, as shown by observation, can be
quite complicated. Modern radio astronomy tends
whenever possible to obtain the ‘‘radio image’’ of

the source. The source brightness distribution in
radio beams is of primary importance, and much at-
tention is now been paid to it. In principle the prob-
lem of obtaining the radio image of the source can be
solved by two methods. Observation with large single
mirrors, using as narrow a lobe of the directivity
pattern as possible, is the essence of the first method.
Such observations are particularly advantageous at
high frequencies. First, for a fixed mirror dimension,
the principal lobe of the diagram will be narrower at
the higher frequencies. Second, receiver sensitivity
at centimeter and decimeter wavelengths has greatly
increased of late, in view of the remarkable progress
made in quantum radiophysics. Of course, it is essen-
tial to satisfy in such observations the condition that
the angular dimensions of the source be considerably
greater than the dimensions of the principal lobe of
the directivity pattern.

Another method of obtaining the radio image of
some source is by making interference observations
with variable bases placed at different azimuths. From
such observations it is possible to calculate the distri-
bution of the radio brightness within the limits of the
source, If, for example, the interferometer axis is
located in a “‘west-east’’ direction, then the theoret-
ical brightness distribution in direct ascension is
given by the formula

B;= K A cos (B, -+ o?) do,
0

@

where A, and 6, are the amplitude and phase of the
Fourier component of the recorded curve. If we as-
sume that the source brightness distribution has cir-
cular symmetry, then 6, = 0, so that we can calculate
the sought brightness distribution B; from the ob-
served values of A, using formula (2). This formula
yields essentially the ‘‘integrated’’ brightness, where
the integration is along a straight line perpendicular
to the projection of the interferometer axis on the
source. If the intensity distribution within the limits
of the source does not have circular symmetry, inter-
ference observations must be made, with bases ori-
ented in different azimuths. The number of azimuths
can be relatively small if a certain hypothesis is made
concerning the type of symmetry of the sources. Thus,
for example, if we assume that within the limits of the
source the isophots are ellipses with a common cen-
ter, the brightness distribution can be obtained by
means of interference observations (with variable
bases) in three azimuths only. This was precisely
what Mills did in 1953.[1*] The results of his obser-
vations will be discussed in the next section.

Recently the most important problem of obtaining
more or less rough radio images of individual sources
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has attracted much attention. We shall report later
the most important results of these researches.

2. RADIO GALAXIES

In the preceding section we already mentioned that
as long ago as in 1949 two powerful radio emission
sources—Virgo-A and Centaurus-A—were identified
with the peculiar galaxies NGC4486 and NGC5128. We
shall discuss the main results of observations of these
galaxies both in the optical region and in the radio re-
gion, carried out essentially in recent years. We shall
then present an analogous discussion for other galaxies
identified with discrete sources. To conclude this sec-
tion, we shall consider the main properties of the radio
galaxies, obtained from an analysis of the observed
optical and radio astronomical data.

NGC4486 (M-87). This spheroidal galaxy is among
the brightest members of the known galactic cluster
in the Virgo constellation. Its visible magnitude is
9.6™, The angular dimensions of NGC4486 are about
5/, and the brightness is highly concentrated at the
center. Incidentally, such a high brightness concen-
tration is common in spheroidal galaxies. At first
glance the spheroidal galaxy M-87 does not differ in
any way from other spheroidal galaxies which are not
powerful sources of radio emission. It has long been
known, however, that this galaxy has a remarkable
feature, observed long before the advent of radio
astronomy, by Curtis in 1918. [20] 1n the central
brightest portion of NGC4486 there is a remarkable
“‘jet’” 20” in length and of average width 2”. The
jet itself consists properly of several condensa-
tions or ‘‘nodes’’ that lie on one straight line. Fig-
ure 7 shows a photograph of the central part of
NGC4486, obtained by Baade with the aid of the large
Mt. Palomar reflecting telescope (California), with
5m mirror diameter. The spectrum of the jet
is remarkable. It is considerably ‘‘bluer’’ than the
integral spectrum of the galaxy itself, and is strictly
continuous, i.e., it is completely free of either ab-
sorption or emission lines. (2] Ap investigation of
the nature of the radiation in the jet has led to

FIG. 7. Photograph of central part of the NGC4486
radio galaxy.
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a discovery of fundamental importance, which will
be discussed in the next section.

Another feature of NGC4486 is the spectrum of its
core. Interesting results were recently obtained by
Osterbrock.[%2] In the core of NGC4486 one observes
a rather intense emission line of ionized oxygen A3727.
This forbidden line is usually the most intense in the
galactic diffuse gas nebulas. It is observed quite fre-
quently in the cores of the galaxies, including some
elliptic ones. What is unusual in the case of NGC4486
is the high intensity and the profile of this line, shown
in Fig. 8. This profile is a superposition of two Gauss-’
ian profiles, separated by A\ =11 13, corresponding to
AV =900 km/sec. The most intense component is not
shifted with respect to the Fraunhofer spectrum of the
galaxy. The half-width of the unshifted profile corre-
sponds to a spread of about =500 km/sec in the mi-
croscopic velocities of the gases emitting the A3727
line. The angular dimensions of the region emitting
the A3727 line is only 1”. It is very interesting that
the emission is concentrated exactly in the core of
NGC4486 and does not extend to the region of the
jet.

Attention should be called to the tremendous num-
ber of spherical clusters contained in NGC4486 (Fig. 9).
They number at least several thousand, and only the
brightest of these objects are observed. From an
analysis of these clusters, Baum estimated the dis-
tance to NGC4486 to be 11 megaparsec. From this it
follows, in particular, that NGC4486 is a giant galaxy.
Its absolute stellar magnitude is about —21™, The
length of the above-described jet (more cor-
rectly, its projection on the plane of the figure),
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FIG. 8. Profile of the spec-  Z0f
tral A3727 emission line in the 15
core of NGC4486. 10
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reaches about 1000 parsec, with node dimensions of
about 100 parsec. The region in the core of NGC4486,
which emits the A3727 line and has angular dimensions
of 1”, is quite small, merely about 50 parsec.

It can be assumed that the NGC4486 mass is very
large. In fact, in elliptic galaxies the ratio of the mass
to luminosity (in solar units) reaches as a rule rather
large values of about 50—100 and even more. I
NGC4486 is not an exception from this rule, its mass
should be greater than 10!2 solar masses, which is at
least one order of magnitude greater than the mass
of our galaxy.

Another argument in favor of the large mass of
NGC4486 is afforded also by an analysis of the profile
of the A3727 emission line in the core of this galaxy
(see above). We shall assume that the line component

which is not shifted relative to the Fraunhofer spectrum
of the nucleus corresponds to the gas retained in the re-
gion of the core by gravitational forces. Then the mean

square velocity of the random motions of the gas
masses in the core of NGC4486 will be about 500 km/
sec. Incidentally, according to observations made by
Morgan and Mayall, (23] the absorption lines in the
spectrum of the NGC4486 core are broad and smeared
out (the ‘‘absolute magnitude effect’’ in galactic spec-
tra, see [23]). This means that the stellar cores that
emit a Fraunhofer spectrum are in a state of rapid
disorderly motion. Assuming the radius of the A3727
emitting region to be 25 parsec (see above), and the
circular velocity at this distance to be about 10% cm/
sec, we find that the mass of the core is about 6 x 10°
Mg . Recognizing that the core of NGC4486 is weaker
than 14™, i.e., its emission is almost 100 times
smaller than that from the entire galaxy (assuming
that the stellar composition of the core does not differ
from the composition of the entire galaxy), we find
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FIG. 9. Photograph of NGC4486 (negative).

that the total mass of NGC4486 should be close to

5% 10! M. The conditions in the core of this galaxy
are quite unusual: the mean stellar density reaches

5 x 10* per cubic parsec, which is approximately
500,000 times greater than the mean stellar density
in the vicinity of the sun and about 50 times greater
than in the core of our own galaxy. At these high
stellar densities, ‘‘head on’’ collisions between stars
become quite feasible.

The calculations above are of course tentative in
character and must be made more precise in the fu-
ture by setting up special observations. Nonetheless
they give a certain idea of the specific conditions in
the NGC4486 core. We shall later return to a discus-
sion of the unusual conditions in the core of this gal-
axy.

Of great significance are data on the distribution
of radio brightness in the vicinity of the source. A
comparison of the ‘‘radio image’’ of the galaxy and
of its optical image enables us to disclose very inter-
esting regularities, which will be summarized at the
end of this section.

A rough radio image of the Virgo-A source was
first obtained by Mills on 3 meters by the interference
method (1% (see Sec. 1). Figure 10 shows the Mills
radio images of the sources Virgo-A and Centaurus-A,
identified with the NGC4486 and NGC5128 galaxies.
For comparison, the optical images of the galaxies
are shown on top. It is seen from Fig. 10 that on
radio wavelengths the spheroidal galaxy NGC4486
becomes sharply elliptical. The dimensions of the
axes are 6’ and 2.5°. It is interesting that the major
axis of this ellipse is almost perpendicular to the
direction of the jet. It must be emphasized
however, that in the derivation of the intensity distri-
bution from the observational results, Mills used es-
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cal (above) and
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and NGC5128.
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sentially the hypothesis that the distribution is ellip-
tical, and having postulated this hypothesis, he obtained
the elements of the ellipse. Such a hypothesis, how-
ever, is hardly correct, and therefore the true distri-
bution of the radio intensity in NGC4486 may differ
considerably from that shown in Fig. 10. In the case
of Centaurus-A, the brightness distributions obtained
by Mills under the same hypothesis have been found

to be totally in error, as shown by later observations
(see below).

Nevertheless, it follows from the Mills observa-
tions that on a wavelength A = 3m the angular dimen-
sions of the source are quite large, about 5’. Although
rather long bases were used, up to 34002, it was im-
possible to observe a source with small angular di-
mensions connected with the jet. Yet observation
of such a source, the existence of which was pre-
dicted by the theory (see Sec. 3), was of great inter-
est. One can conclude from Mills’s observations that
the A = 3m emission from the jet does not exceed
10% of the emission from the entire radio galaxy.

In 1960, Biraud, Lequeux, and Le Roux[?*] using
an interference procedure on 21 c¢cm, and Yu. N. Parii-
skii[25] using the ‘‘fan’’ antenna of the Pulkovo Obser-
vatory on 9 cm, observed almost simultaneously a
bright source, of small angular dimensions, con-
nected with the jet. For example, it is shown in [24]
that at a wavelength of about 21 cm Virgo-A consists
of an extensive (~ 10’) source and a very small
(~ 40”) elongated source, oriented in the same direc-
tion as the jet. The fluxes from the small and
“‘extensive’’ sources are 112 x 10726 gnd 74 x 1026
W/m?-cps, respectively. The latter source is identi-
fied with the galaxy NGC4486 itself. It was apparently
also observed by Mills. The fact that the small source
connected with the jet was not observed by Mills can
be attributed to its spectral peculiarities.

French investigators have shown quite recently
that even the small source connected with the jet
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is in turn a double source.f267 Both components have
practically the same intensity, and their centers are
separated by 31”, the angular dimension of each com-
ponent being 23”.

In 1956 Smith reported that he observed near
NGC4486 an extensive (~ 1°) source of low surface
brightness.F2")  According to Mills’s observations
this source is shifted away from the center of
NGC4486 towards the jet. In 1960 Wade, using
the Harvard radiotelescope with 27m reflector on a
wavelength of 21 cm, showed that this weak source
(its flux is 25 times smaller than that from Virgo-A)
is connected with the M-84 galaxy, which is 1.5° away
from M-87, in the same direction as the jet. (28]

NGC5128. As already mentioned in Sec. 1, soon
after the discovery of the discrete sources, one of the
most powerful sources, Centaurus-A, was identified
with the peculiar galaxy NGC5128. Figure 11 shows
a photograph of this galaxy. Its angular dimensions
are large, about 30’. It could be fully classified as
elliptic, were it not crossed by a broad heavy dark
band due to light-absorbing material. One should also
notice that photographs of this galaxy, taken in red
light with a 48-inch Schmidt-system telescope, show
a weak projection in the direction of the 45° position
angle, approximately perpendicular to the dark band.
On the basis of this morphological feature of NGC5128,
Minkowski (213 concluded that what is observed in this
case is an ‘“‘end view’’ of a collision between an ellip-
tic galaxy and a spiral. Such an interpretation, how-
ever, as well as other ‘‘collisions’’ of galaxies dis-
cussed by the same author, meets with great difficul-
ties and is not shared at present by anyone else. It is
hardly doubtful at present that NGC5128 is a single
peculiar galaxy.

A spectrogram of NGC5128 discloses bright emis-
sion lines of the hydrogen Balmer series and the known
A3727 forbidden line of ionized oxygen, superimposed
on the class-G Fraunhofer spectrum which is the usual
one for galaxies. The radial velocities of the lines are
about 450 km/sec. The profiles of the radiation lines
indicate that the emitting gas masses have consider-
able macroscopic velocities.

E. Burbige and G. Burbige[?®] investigated in 1959
the rotation of NGC5128 by spectroscopic means and
were able to estimate the mass of this galaxy. They
determined the radial velocities from the A6584 line
of the ionized nitrogen. It was shown that NGC5128
rotates about an axis that is approximately perpen-
dicular to the dark band. A rough estimate of the
mass leads to a value 2 x 10'! My, which we be-
lieve may be an underestimate. Notice is also taken
in (297 of fluctuations of the macroscopic velocities
(especially about the center of the dark band), which
reach 100—200 km/sec.

According to photoelectric observations made by
Sersic [3%7 the visible photographic magnitude of
NGC5128, corrected for the absorption inside this
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galaxy, is 7.6™, With the aid of some additional as-
sumptions, which are incidentally quite natural, the
distance to NGC5128 is found to be 3.8 + 0.4 mega-
parsec.[”] Hence, taking into account the absorption
in our own galaxy, the absolute photographic magni-
tude of NGC5128 is —21.2™, i.e., this galaxy, like
NGC4486, is an object of most gigantic luminosity.

It will be shown later on that this tremendous optical
luminosity is a common feature of all radio galaxies.

According to de Vanconleurs,[3!11 the angular di-
mensions of NGC5128 are 28’ by 20’, which at a dis-
tance of 3.8 megaparsec corresponds to linear dimen-
sions of 31 x 22 kiloparsec.

Recent radio astronomical observations have dis-
closed remarkable properties in the distribution of
the intensity of radio emission from the Centaurus-A
source, identified with NGC5128. It has been known
for a long time that this source consists of two com-
ponents, one quite extensive (about several degrees),
with relatively low brightness, and one bright source
with small angular dimensions. According to Mills’s
interference observations 1% the small bright source
was represented by an ellipse with axes 6.5’ x 2.5/
oriented along the dark equatorial band of the galaxy
(Fig. 10). It was shown in 1959 by Wade [32] andin 1960
by Bolton and Clark[®%] that the extensive component
of Centaurus-A is a double one. Figure 12 shows iso-
phots of this source obtained by Wade on a wavelength
near 3.5m. What is striking is that both components
of the extensive source are symmetrically situated on

-both sides of the optically observed galaxy. We shall
see below that this unique arrangement of the radio
sources relative to the galaxy with which they are
identified is a characteristic feature of many if not
the majority of radio galaxies.
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FIG. 11. Photograph of the radio galaxy NGC5128.
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The dimensions of the extended source are tremen-
dous. The entire radio-wave emitting region has di-
mensions exceeding 0.5 megaparsec, i.e., more than
ten times greater than the dimensions of the optically
emitting galaxy. The distance between the center of
the two components of the extensive source is about
200 kiloparsec, and the dimensions of each of these
(determined from the half-brightness values) are
about the same.

In 1960 it was observed on 21 cm that the small
bright source situated inside the optically observed
galaxy is itself a double source.[3] This was dem-
onstrated finally in 1961 by interference observations
made with the large reflectors of the California Insti-
tute of Technology (see Fig. 5).(3%] Observations
were carried out at wavelengths of 31.3 and 21.6 cm

Wwidth of antenna
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with variable bases and different azimuths. Figure 9
shows in suitable scale the positions of both compo-
nents of the small source relative to NGC5128. 1t is
striking that both small bright sources are situated
symmetrically on both sides of the dark equatorial
band approximately in the direction of the axis of the
radio galaxy. The same feature is seen also in the
distribution of the extended components of Centaurus-A
(see Fig. 12). Such a remarkable symmetry can
hardly be accidental.

Observations made on different frequencies enable
us to determine the spectral index of Centaurus-A.
According to Heeshen [36] this index is approximately
equal to 0.77, i.e., it is approximately the same as
in most other radio galaxies.

NGC1316. In 1952 the author and P. N. Kholopov
identified the rather strong source in Fornax-A with
the spheroidal galaxy NGC1316.03"1 In addition to the
good agreement in the coordinates, our deduction was
based on the similarity in the morphological features
of NGC1316 and NGC5128, which at that time was re-
liably identified with the Centaurus-A source. Our
identification was criticized by Minkowski,[m] but
was later on fully corroborated.

The photographic magnitude of NGC1316 is 9.8™,
which corresponds, for the 15.8 megaparsec distance
assumed in [38], to an absolute magnitude 21.2™, i.e.,
precisely the same as NGC5128. The angular dimen-
sions of NGC1316 are 6’ x 4.2’, corresponding to linear
dimensions of 28 x 19 kiloparsec—almost the same as
NGC5128. Unlike NGC5128, no emission lines were
observed in the NGC1316 spectrum. This galaxy dis-
closes a dark band of ragged structure, similar to
that observed in NGC5128, but much narrower. This
feature, exceedingly rare in spheroidal galaxies, em-
phasizes the general similarity between NGC1316 and
NGC5128.

The latest radio astronomical observations made
by Wade in the principal lobe of the 27-meter Harvard
radio telescope on 10 cm (3% have shown convincingly
that the Fornax-A source has two components. Figure
13 shows the isophots of this source. The distance be-
tween the centers of the two components is about 30’.
As in Centaurus-A, they are symmetrically situated
on both sides of the optically observed NGC1316 gal-
axy. Again as in Centaurus-A, the distance between
the two components and the centers of the correspond-
ing galaxies are not equal. However, while the two
components of Centaurus-A are practically identical
in size and brightness, one of the components of
Fornax-A is almost twice the brightness and the
size of the other.

The distance between the centers of the components
of Fornax-A is about 140 parsec. Since we are dealing
in all cases with the projection of the true distance on
the plane of the figure, it can be assumed with full jus-
tification that the true distance between the components
is about 200 kiloparsec in both Fornax-A and in
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FIG. 13. Isophots of the source Fornax-A. The dotted line
designates the optically observed galaxy NGC1316.

Centaurus-A. The spectral index of Fornax-A is 0.77,
the same as of Centaurus-A. Recognizing that 25% of
the flux from Centaurus-A is produced by the small
bright source situated inside NGC5128, it is possible
to determine from the known distances to these radio
galaxies that the total radio luminosity of Fornax-A
is approximately twice that of Centaurus-A.

There is no doubt that future observations will dis-
close new structural details in Fornax-A. In particu-
lar, sources with small angular dimensions may pos-
sibly be observed in the region of the galaxy NGC1316
itself.

Summarizing, the radio galaxies NGC5128 and
NGC1316 should be regarded as essentially similar
objects.

NGC1275. This galaxy is reliably identified with
the rather powerful source Perseids-A. It belongs to
the rare type of galaxies, investigated by Seyfert, [39]
which are characterized by very broad emission lines
in the cores. NGC1275 has a magnitude 13.3™M. Min-
kowski believed that what is observed in this case is
a collision between two spirals—one of later and one
of earlier type. (21l We cannot agree with either this
interpretation or with the other ‘‘collisions.’’ The
NGC1275 spectrum, part of which is shown in Fig. 14,
is very interesting. The lines on the photograph can
indicate the position of the spectograph slit relative to
the galaxy. In many cases the A3727 line is split. The
corresponding radial velocities are 5200 and 8200 km/
sec. Minkowski saw in this a confirmation of his col-
lision hypothesis. But we have seen in the case of the
NGC4486 core that the difference in the velocities of
the two line components reaches 1000 km/sec, although
there is no doubt that only one galaxy is observed in
this case. The distance to NGC1275, corresponding
to a red shift of 5200 km/sec,* is found to be equal to
70 megaparsec (with a Hubble constant H = 75 km/
sec-megaparsec), so that the absolute photographic
magnitude is —21™, i.e., approximately the same as
in other radio galaxies. In addition to A3727, other

*This is the central radial velocity of the galactic cluster to
which NGC1275 belongs.
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very broad emission lines, as a rule of high degree
of excitation, are also observed in the vicinity of the
core.

Of great interest is the distribution of radio bright-
ness in the region of NGC1275. According to Bolton (40l
there exists in a center of NGC1275 a bright source
with small (< 0.8) angular dimensions, surrounded
by an extended (~5’) ‘“halo.”” In such a case the
dimensions of the latter should be about 100 kilopar-
sec. According to recent high-grade interference ob-
servations, carried out in Cambridge [4!] with a lobe
width 13.6’, a bright source with angular dimensions
1’ (i.e., the same as of the optically observed galaxy)
is situated precisely at the location of the NGC1275
galaxy, while at a distance ~ 30’ from it there is an
extensive source measuring 26’, the fluxes from these
sources being practically the same (~ 4 x 10725 W/m?
cps on 178 Mcs). Although this extensive source is
within the limits of a rich galactic cluster, the bright-
est among which is NGC1275, it is apparently not due
to the integral effect from all the galaxies in the
cluster. If the distribution of the radio brightness of
the cluster were to be proportional to the distribution
of the optical brightness due to the members of the
cluster, this source would have considerably greater
dimensions and its brightness would be relatively
weakly concentrated towards the center. It is pos-
sible that the extensive source in the Perseids-A is
genetically related to the radio galaxy NGC1275 (sim-
jlar to the extensive sources NGC5128, see above).

In this case the linear dimensions of the source are
about 0.5 megaparsec, i.e., approximately the same
as of the extensive sources near NGC5128 and
NGC1316. What is striking, however, is the absence
of symmetry with respect to NGC1275, i.e., there is
no other extensive source on the other side of the
galaxy.

Cygnus-A. So far we have considered relatively
bright (optically) radio galaxies, which have been
known to astronomers for a rather long time and
which were identified with the sources of radio emis-
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FIG. 14. Spectra of NGC1275, obtained at different
orientations of the spectograph slit.

sion directly, i.e., essentially from the coincidence
of the coordinates. This method was used to identify
a few bright galaxies, along with those listed above.
In particular, the Seyfert galaxy NGC1068 was reli-
ably identified with a relatively weak source. We re-
call also the analogous identifications for NGC1218,
NGC4261, NGC6166, and a few other objects. How-
ever, many sources, including some very powerful
ones, could not be identified for a long time. In par-
ticular, for five years after its discovery the most
powerful source Cygnus-A could not be identified
with any optically observed object. All that could be
concluded was that there was no bright star or nebula
whatever in the location of this source. After the co-
ordinates of Cygnus-A became known with sufficient
accuracy, following Smith’s interference observa-
tions,[“zj it became possible, using the most powerful
optical telescopes, to attempt to observe some object
at the location of this source. This was done by
Baade and Minkowski,[43] who used the largest re-
flector in the world, that in Mount Palomar. [43]

They observed at the location of the Cygnus-A
source a weak galaxy, which was quite unusual in
many respects. The splendid agreement between the
coordinates of the radio source and those of the gal-
axy makes this identification perfectly reliable. In
fact, according to [42] the coordinates of Cygnus-A
are a = 19157M45.38 + 15 and 6 = +40°35.0" + 1,
whereas the coordinates of the galaxy observed by
the American investigators are « = 19157™M44.95 and
6 = +40°35’ 46.3” (all the coordinates are referred
to the 1950 equinox). A magnfﬁed picture of the gal-
axy identified with the Cygnus-A source is shown in
Fig. 15. It is seen on this photograph that the central
part of the galaxy consists of two bright condensations
2” apart. The position angle of the line joining the
centers of these condensations is 115°. The bright
central region in which this condensation is located
measures 3” x 5” and is surrounded by a weaker
elliptical nebula with dimensions 18” x 357, the major
axis of the ellipse having a position angle 150°.
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The unusual form of this galaxy, and its clearly
pronounced duality, have caused Baade and Minkowski
to conclude that this is a practically head on collision
between galaxies—spirals of the later type. They sub-
sequently assumed that in almost all cases when an
extragalactic radio source is identified with an op-
tically observed object, the latter comprises collid-
ing galaxies. Recent research, however, has shown
that radio galaxies are not colliding stellar systems
(see Sec. 3).

Spectra of the bright central region of the peculiar
galaxy identified with Cygnus-A were obtained with
the aid of a nebular spectograph with grating, in-
stalled in the principal focus of a 5m reflector and
the Newtonian focus of a 2.5m reflector. Figure 16
shows the spectrum of the Cygnus-A radio galaxy.

In the photographic region, the dispersion is 435 A/mm.
These spectra are quite unlike the spectra of ‘normal’’
galaxies. More than 50% of the radiation is concen-
trated in emission lines which as a rule are for-
bidden and belong to strongly ionized atoms. The lines
are quite broad and diffuse. The corresponding Dopp-
ler velocities of the radiating gas masses are about
400 km/sec. The A3727 [OII] line stretches over the
entire length of the slit, i.e., 30”. The small inclina-
tion of this line indicates rotation of the galaxy.

The red shift of the spectral lines reaches a large
value, 16830 km/sec. So large a line shift clearly in-
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FIG. 16. Optical spectrum of Cygnus-A.
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dicates that this object is extragalactic. Taking the
Hubble constant to be H = 75 km /sec-megaparsec
(we shall henceforth use only this value of H), we
find that the distance to Cygnus-A amounts to 220
megaparsec, i.e., a tremendous value. The visible
stellar magnitude of this galaxy, according to photo-
electric observations, is approximately 17™. Taking
into account the interstellar absorption, which amounts
to about 2™, we obtain for the Cygnus-A radio galaxy
an absolute value —21.5™, j.e., it has very high
luminosity.

The radio galaxy Cygnus-A is unique in its class
in that its radio emission flux integrated over the
frequencies is 6—7 times greater than the flux of its
optical radiation. Consequently, its radiation power
in the radio band exceeds by as many times its radi-
ation power in the optical band. Moreover, the optical
luminosity of this galaxy is approximately one order
of magnitude greater than that of our own stellar sys-
tem, which in itself is a giant spiral of the later type!

The radio spectrum of Cygnus-A was determined
many times by analysis of various observations made
on different frequencies. The most reliable determi-
nation was made by A. D. Kuz’min et al,[“] shown in
Fig. 17a. It has a striking ‘break’’ at f; = 1500 Mcs,
whereby the spectral index is « = 0.75 for f < f, and
a =1.23, i.e., greater by about one-half, for f > f.
Quite recently Barret, investigating the radio emis-
sion from several sources on 1.8 cm with a 27m radio
telescope, plotted the ‘‘relative spectrum’’ of Cygnus-A
and Cassiopeia-A. %] This spectrum (more accu-
rately, the flux ratio of Cygnus-A to Cassiopeia-A at
different frequencies) is shown in Fig. 17b. It follows
from this figure that there is not so much a ‘‘break”
as a ‘‘slash’’ in the spectrum (i.e., a reduction in
flux that progresses with increasing frequency),
starting with » ~ 1500 Mcs. Such characteristic
changes in the spectrum should have a deep physical
meaning (see later, Sec. 3).

Quite unexpected results were obtained in radio-
interference observations of the brightness distribu-
tion within the Cygnus-A source. The first precise
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FIG. 17. a) Radio spectrum ‘of Cygnus-A. b) Ratio of Cygnus-A
and Cassiopeia-A fluxes at different frequencies.
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observations by Jennison and Das Gupta 5] showed
it to be a double source consisting of two components
symmetrically situated on both sides of the radio
galaxy, at a certain distance from it. Later observa-
tions by Jennison, Latham, and Rawson disclosed the
following pattern of brightness distribution. From
observations on 127 Mcs with a phase-sensitive radio
interferometer it follows that the Cygnus-A source
consists of two components, the fluxes of which differ
by only 20%. The distance between the centers of the
components amounts to 82” at a position angle of 97°.
Figure 18 shows two models of the source brightness
distribution at a 90° position angle. The angular di-
mensions on the source along the minor axis are
smaller than 30” on 127 Mcs.

Analogous observations on 3000 Mecs, carried by
the same workers, gave similar results. 4] On this
frequency the position angle of the major axis of the
source is 109°. Both components of Cygnus-A have
practically the same angular dimensions as on 127
Mcs, but are separated by somewhat greater angular

distance, 101” (between the centers of the components).

The source dimensions in the direction of the minor
axis are about 20”.

The tremendous value of the radio flux from
Cygnus-A (which is practically the same as from
the sun on meter wavelengths), in conjunction with
the small angular dimensions, shows that its surface
brightness is exceedingly large. On 100 Mcs, the
brightness temperature of this source is Tp ~ 108,
some 100 times that of the quiet sun.

Recently Lequeux and Heidmann [26] carried out in
the Nancy radio astronomical observatory interference
observations of various sources, including Cygnus-A,
on 21 cm. The length of the (variable) base reached
6950\ in the east-west direction. According to these
observations, the brightness distribution of Cygnus-A
in the E-W direction has the form shown in Fig. 19.
The distances between components are 1007, the half-
width of each being about 25”. What is striking is the
very sharp outer boundary of the source. The ratio
of the fluxes from the two components is 55/45.

Last year Yu. N. Pariiskii, using the Pulkovo an-
tenna on 3.5 cm, was able to resolve Cygnus-A into
two components. This was possible because on this
wavelength the width of the lobe was about 1’. The
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FIG. 19. Distribution of radio
brightness of Cygnus-A measured
along one coordinate on 21 cm.
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practical resolving power was about 30”. Thus,
Cygnus-A was resolved for the first time into two
components by a ‘“direct’’ and not by an interference
method. It is remarkable that the ratio of the inten-
sities of the components of this source is the same
on 3 cm as on 127 Mcs (A =236 cm ). This means
that the spectral indices of the components are the
same within 1—2%. These observations have dis-
closed, in particular, that both components are ap-
proximately at the same distance from the optically
observed bright central part of the Cygnus-A galaxy.
We have stopped to discuss Cygnus-A in detail be-
cause this source has been investigated relatively
well, owing naturally to its tremendous power. At
the same time, objects of this type should constitute
an appreciable if not the major part of all the ob-
served class-II sources. Although their spatial den-
sity is very small, they can be observed from very
large distances, owing to their tremendous radio
luminosity, and this is of very great significance to

cosmology.
Hercules-A. Until most recently this rather power-

ful source could not be identified with any optically ob-
served object. This was due to a large extent to errors
in the determination of the coordinates of this source.
Only quite recently, in 1961, was it possible to identify
Hercules-A with a close pair of galaxies of 18th mag-
nitude. The distance between the centers of the galax-
ies is 3” at a position angle 130°. This identification
was made possible by interference observations on
81.5, 159, 178, and 408 Mcs, performed in Cambridge.
[47] These observations have shown that Hercules-A
is, like Cygnus-A, a double source.* The distance be-
tween the components is 1.95° = 0.1’ in the « direction
and 0.32 + 0.60’ in the & direction. The fluxes from
both components of Hercules-A are practically equal.
According to [, the distance between components is
1.82’, the half-width of each component is 477, and the
position angle of the direction joining the components
is 98° £ 5°.

Although the galactic latitude of Hercules-A is quite
appreciable (b ~ 25°), the interstellar absorption of
light in this region is still considerable. It is here that
one observes the ‘“‘tongue’’ of the zone of disappear-

.

*The duality of Hercules-A was first observed in 1960 on 21 cm
by Boischot,[‘?] who used an interferometer with variable base.
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ance of the galaxies, due to the interstellar absorption
of light. In*] the absorption of light was disregarded,
and consequently the values obtained there for the dis-
tance of Hercules-A (630 megaparsec) are in error.
We shall estimate this distance in the following fashion.
We can assume, that, like other radio galaxies, the
Hercules-A system has an absolute photographic mag-
nitude close to —21™. Assuming the absorption of
light in the direction of Hercules-A to be 1.0™—1.5M
(which is quite admissible), we find that the distance
to this radio galaxy is about 300 megaparsec, i.e.,
somewhat greater than to Cygnus-A, but appreciably
less than obtained in [7J,

The linear dimensions of the Hercules-A system
are approximately 1.5 times greater than those of
Cygnus-A, and reached about 160 kiloparsec.

Unfortunately, the optical spectrum of the Hercules-
A radio galaxy has not yet been found. It would be in-
teresting to verify our conclusion concerning the dis-
tance to Hercules-A on the basis of the red shift of the
emission lines. The relative position of the two com-
ponents of the source and of the galaxies is very remi-
niscent of Cygnus-A. It is curious to note that the
position arigle of the line joining the two components
of the source is quite close to 130°, and consequently
close to the direction of the line joining the centers of
the two galaxies. The same pattern is observed in
Cygnus-A.

In general it can be stated that the Hercules-A
source is quite similar to Cygnus-A, except that its
dimensions are somewhat greater and its radio lumi-
nosity is approximately 20—30 times smaller.

3C-295. According to the third Cambridge cata-
logue, the flux from this source is 70 times less than
from Cygnus-A. Since the angular dimensions are
small, there are grounds for assuming that this is
an object of the same type as Cygnus-A, but much
farther away. In 1960 Minkowski, using the 5-meter
reflector of Mount Palomar, found at the location of
this source a galaxy cluster containing about 60 ob-
jects of 21st magnitude in a region measuring 37, [49]
The center of the cluster had coordinates « = 14009, gm
and 6 = +52°27’ (1950). Spectrograms of two of the
brightest galaxies of this cluster were obtained with
the aid of a nebular spectrograph. The brightest of
these galaxies had a visible magnitude of 18.9™. Its
spectrum, however, disclosed no particular singulari-
ties. On the other hand, the galaxy next in brightness,
with stellar magnitude 20.5, disclosed an amazing
spectrum, a strong A5447.8 emission line seen against
the background of weak traces of a continuous spec-
trum. Analysis shows that is the well known ultra-
violet A3727 line, red-shifted into the orange part of
the spectrum. Therefore v/c = 0.4614 + 0.0002. This
galaxy moves away at a rate of 147000 km/sec, or
almost half the speed of light. This is the largest of
the red shifts known to date. The absolute photo-
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graphic magnitude of the 3C-295 galaxy is Mp
= —20.9™M, and the distance to it is 1990 megaparsec.

Interference observations were made in Manchester,
using very long bases (300001), aimed at disclosing
discrete radio emission sources with small angular
dimensions .[503 In particular, it was found that the
angular dimensions of 3C-295 was 4.5”, Thus, this
source is four times brighter than Cygnus-A and oc-
cupies for the time being first place among all known
sources. Its linear dimensions are half those of
Cygnus-A, and its radio luminosity is 156—20 greater.
The large distance still does not allow us to conclude
that this source is a multiple one, as is quite probable.
This source is of outstanding interest to radio astron-
omy, astrophysics, and cosmology.

Hydra-A. After the coordinates of one of the most
powerful class-II sources in Hydra-A were measured
sufficiently accurately in Sydney and in Cambridge,
the source was reliably identified with a peculiar sys-
tem of spheroidal galaxies.[’!] Observations at the
California Institute of Technology have finally con-
firmed this identification. %] The galactic system
with which Hydra-A is identified consists of two gal-
axies, a considerable distance apart, the brighter
component of which consists in turn of two neighbor-
ing cores in a common envelope. The spectrum of
this peculiar system shows weak broad [OII], [OIII],
and also Hg lines. The visible stellar magnitude of
the system is 15.9™, and the measured red shift of
the spectral lines corresponds to an outbound speed
of 15900 km/sec. Consequently the distance from us
to this object is the same as to Cygnus-A. It follows
therefore that the absolute magnitude of this radio
galaxy (disregarding interstellar absorption of light)
is —20.6™, We note that the absorption can reach as
much as 0.5. Thus, this radio galaxy is also a super-
giant.

FIG. 20. Photograph of Hydra-A radio galaxy.

[T 3



380 I.

Figure 20 shows a magnified photograph of the
Hydra-A radio galaxy.

The brightness distribution in the Hydra-A source
is quite complicated. Approximately 80% comes from
a region measuring 42”, corresponding to about 40000
parsec,[z“] and 15% of the radiation comes from a
source with very small angular dimensions (< 10”).
Finally, from the latest interference observations
carried out at the California Institute of Technology
it follows that the small bright source is inside a
weaker more extensive source (~5’), the flux from
which amounts to 5—10% of the total flux from Hydra-
A (see the corresponding curve on Fig. 22).

We have considered several cases when the sources
of radio emission could be identified with peculiar
radio galaxies, and analyzed their main characteris-
tics. It must be emphasized that only a small fraction
of the Class-II sources have been identified to date.
There is no doubt that in the nearest future, as the
source coordinates are more precisely determined,
some will be identified with peculiar galaxies of 18th—
20th magnitude. It is hardly likely, however, that most

sources will be identified, since it is quite possible that

the corresponding galaxies are too far from us to be
observed optically. We have seen, with 3C-295 as an
example, that a source which is far from weak is
identified with an exceedingly weak peculiar galaxy.

If the majority of weak sources are analogous in their
radio luminosity to Cygnus-A and 3C-295 (and there
are many factors favoring this statement), these will
obviously never be identified.

»
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axy has an anomalously blue-green color, and its
integral spectrum is of type A. It is possible that

in this case the radiation has a thermal character
and is due to a large quantity of ionized gas contained
in this stellar system.

Still another important exception is the anomalous
spectrum of the eruption of NGC4486, which will be
discussed in the next section.

With Cygnus-A, Hercules-A, Centaurus-A, and
Fornax-A as examples, we can verify that duality is
quite common among Class-II sources. According to
[40] | approximately 30% of all the sources are double
objects, with both components having practically the
same intensity. Moffet and Maltby have observed[55]
88 sources with the aid of the large interferometer of
the California Institute of Technology. The observa-
tions were on 31.3 cm, with variable base up to 1600A
and two mutually-perpendicular azimuths. [5%]
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FIG. 21. Histogram of relative spectral indices of radio
galaxies.

It was observed that most sources with angular di-
mensions > 1.5’ have a complicated structure. 3C-75,
3C-111, 3C-134, 3C-219, 3C-210, 3C-270, and 3C-445
are definitely double sources with components of equal

intensity. Some 26 sources can be interpreted as double
with components of unequal intensity. Ten sources with
angular dimensions (along one coordinate) from 1.2’ to

On the other hand, as the number of observed
sources increases, some will be identified with or-
dinary relatively bright (> 12™) galaxies or with

‘‘semi-peculiar,”” rather bright objects such as
NGC1068, NGC4782/3, etc, to which we referred
above. In the present review we do not concern our-
selves with radio emission from ‘‘ordinary galaxies,”’
although at the present time some 20 of these have
been identified with late spirals and some with ordi-
nary elliptic galaxies and irregular systems in the
Magellanic Clouds (see, for example, [53]).

We shall stop briefly to discuss the ‘‘statistical’’
characteristics of radio galaxies. It must be noted
first that the spectra of the sources identified with
radio galaxies are quite uniform. This question was
investigated by Bolton and his co-workers.[54] Fig-
ure 21 shows a histogram of ‘‘relative spectral in-
dices,”” defined as the difference between indices of
Virgo-A and the given source. It follows from this
histogram that the radio spectra of Class-II sources
are quite similar and close to the spectral index of
Virgo-A, which is nearly equal to 0.75. Incidentally,
there are exceptions. For example, the spectral in-
dex of NGC1068 is noticeably smaller, 0.4 according
to (49, It was observed recently that an almost
‘“flat’’ spectral index is possessed by the source
identified with the peculiar galaxy M-82. This gal-

2.5" are highly prolate with an axis ratio ~2:1. Four
sources have a unique structure consisting of a small
bright nucleus and a currounding ‘‘halo.”” No definite
conclusions could be drawn for 39 sources with dimen-
sions < 1.27.

It is quite remarkable that there is no correlation
between the duality of the radio-emission source and
the duality of the corresponding radio galaxies ob-
served optically. For example, the radio galaxy
NGC1316, which is known to be single and spheroidal,
corresponds to a double source, while the multiple
radio galaxy Hydra-A corresponds to one rather com-
pact source. Incidentally, in the latter case our infor-
mation concerning the distribution of the radio bright-
ness is still insufficient. It is also necessary to bear
in mind the influence of the orientation of the source
and of the radio galaxy with respect to a terrestrial
observer.

Quite recently the California radio astronomers
have completed an extensive program of interference
observations, with variable base in two azimuths, on
a large number of sources.[%] They published many
plots of the depth of modulation of the interference
pattern vs. the base length. Some of these curves
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Table II. Summary of radio galaxies and class II sources.
Columns: 1—designation of source, 2—direct ascension of source, 3—declination, 4—angular dimensions, 5—flux density on 85 Mcs
(if there are no data on the flux at this frequency, A is calculated by extrapolation with spectral index a = 0.7), 6—type of galaxy with
which the source is identified, 7—photographic magnitude of this galaxy, 8—radio index, 9—distance to a source in megaparsec,
10—absolute radio magnitude of source, 11—energy of relativistic particles and of magnetic field in the source, 12—average value of
magnetic field intensity in source.

F, - 1028 Identifi i
Source o 5 ° (w_n:)-: . ntification my m, —my, » (Mps) M, E (erg) H (Oersted)
0002 00 10™00s 40°37" ~0",5 20 E+E 18m 4 18m —gm 580 —30.5 /2,8.1059 5.1075
3C-26 00 51 39.5 | —03 43 ~ &0 23 80-1-Sb 17 417 —9 320 —29 1.6.1089 61073
3C-33 01 06 15.6 13 04,3 1,3 95 EO 18.5 —41.4 630 —31.9 - —
NGC545/7 | 01 23 26,5 | —01 36,1 ~45" 88 SO+-EO 13 413 —5.7 40 —24.8 1,9-1057 1.4-107¢
3(-66 0219 01.7 42 45.8 ~15 33 E 13 —5.3 83 —26,3 1.8.1050 41075
02-110 02 35 24 —19 43 ~30” 44 (d) 18 —10 580 —30.4 5.0- 1059 6-1075
NGC1068 | 02 40 07 —00 13,5 ~45" 35 SO 10 —1.8 11,8 —22,2 5'0. 4056 1.4.4074
3C-75 02 55 03 05 49,5 ~5" (d) 51 EO-+S0 15,5--15.5 —7 31,6 —24.,3 5.5.1059 1.8.10-5
NGC1218 | 03 05 50.3 03 55,2 4 4+<0',8 34 E 15 —8.4 125 —29 1,1-1059 1,4.1078
Per-A 03 15 54 41 00 26’ 105 — — — 70 —27 '2.40%9 '8.10"6
NGC1275° | 03 16 30 41 19 1 110 Sepec 13.3 —6.3 70 —27,3 1,2-1038 8.4078
NGC1316 | 03 20 48 —37 2% 40" (d) 950 SO 9.6 —5.2 15,8 —26.8 1.8.10%9 1.10-5
03-03 03 31 44 —01 25 ~35" 64 ? 18 —11 580" —32 8§.8.108° 6-10°5
3C-98 03 56 10.5 10 17,5 ~3’ 80 E2 16 —8.7 400 —29,2 2.6-1080 2.10-5
08103 08 19 54 06 07 ~30" 125 S48 17,54+47.5 —8.5 440 —29 4. 2.1059 9.10-5
Hyd- A 09 15 41 —11 53.1 0,8 690 E--E 16 —10,5 200 —30.9 '3. 1059 1.9.10-2
10-018 10 46 18 —-02 33 ~30" 20 ? 17 417 —7 320 —28.4 6.7-1058 6.5.1075
NGC4261 12 16 50 06 06.2 7’ 100 E 11 -5 13,2 —24.6 2,3-1087 2.5.1075
NGC4374 12 23 04 413 05.7 6' %3’ 65 E1 10 —2.4 13,2 —23 1:3-1087 2.5.10°5
NGC4486 12 28 18 12 40 10742 20" 1800 EO 10 —6 1372 —26.6 1.8.1058 41075
NGC4782/3 | 12 51 59 —12 17 20,2 53 SO+4EO 13 +13 —5.4 45 —25,8 7.5.1087 41075
NGC5128 13 22 28 —42 45.6 62° (d) 1100 Spec 7.6 —5.6 3.8 —26.0 2.8.1089 5.1076
3C-295 14 09 33.4 52 26.5 ~4 200 ? 20 —13.6 1990 —35,0 3.1-1080 41074
3C-310 15 02 47.7 26 12.4 | ~17,5 (@ 67 E1+EO 18.5-+18.5 —10.9 630 —31,4 - _
3C-315 15 11 30.9 26 18,5 ~1' 35 E-4E 19 119 —10.7 800 —31,2 — _
3C-317 15 44 17 07 12.3 ~0',17 50 S0 12,5 —4,7 40 —25.2 1,0-1087 1.0.10-4
15405 15 14 17 07 11 ~40" 140 EO 151/, —9 160 —28.7 1.7.1C59 1.0-10-4
Her-A 16 48 44 05 04 1,9 (d) 890 () 18 —12.5 300 —31,3 2.7-1080 6.1075
3C-327 15 59 55.5 02 06.3 27,2 65 SO 17 —9.4 320 —29,9 8.6-1069 7.1075
NGC6166 16 26 56 39 39,5 1.5 85 E 1 —6.0 130 —27.3 6-1059 5.4075
Cyg-4 19 57 44.5 40 35.8 17,2 (d) 13000 (pec. d) 15,54-15.5 —13,6 220 —34.9 4,2.1080 2.10-4
3C-433 21 21 30 21 51.4 0’.5 35 DI ) 17 —8.7 320 —29,2 - _
2209 22 21 23 —02 18 ~45" 60 (pec) 17 —9 320 —29.8 2.1088 7.10-5
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FIG. 22. Dependence of the amplitude of the interference pat-
tern on the base length, for several sources.

are shown in Fig. 22. It follows from these curves
that all the sources have a rather complicated inten-
sity distribution. It must be assumed that reduction
of these extensive data will soon yield many radio
images of the sources. We must remember, however,
that the results obtained are not always unequivocal.

Identification of a rather considerable number of
sources with radio galaxies the distances to which
are known has uncovered a possibility of plotting the
‘‘radio luminosity functions’’ of these objects. The
radio luminosity of galaxies varies over a very wide
range. For example, the flux from Cygnus-A on 960
Mcs is 1.2 times greater than from the extensive
source Centaurus-A. Yet the former is 58 times
farther away from us. It follows therefore that on
this frequency the luminosity of Cygnus-A is approx-
imately 4000 times that of Centaurus-A. Since the
optical spectra of both sources (with the exception
of the high-frequency region) are the same, the total
luminosity (i.e., integrated over all frequencies) of
Cygnus-A will be several thousand times greater than
that of Centaurus-A.

In place of the fluxes and luminosities of the sources,

“radio stellar magnitudes’’ are frequently used, in
analogy with optical astronomy. The latter are ex-
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pressed in terms of the radio emission flux from the
sources on 160 Mcs in the following fashion:

m, = —53.4— 2.5logF,, (3)

where F is expressed in units of W/m? cps~!. The
value of m, so defined is close to the photographic
magnitude for ‘‘normal’’ galaxies—late spirals. The
difference my —mp between the radio stellar and
photographic magnitudes, (called the radio index)
characterizes the relative radio luminosity of any
galaxy. The radio indices are listed in Table II. The
greatest negative radio index (- 13.6™) is possessed
by the most powerful radio galaxies Cygnus-A and
3C-295. Knowing the radio stellar magnitude and the
distance to the galaxy, we can obtain in the usual man-
ner the absolute radio stellar magnitude, which char-
acterizes its radio luminosity

M,=m,-+5—5logr, 4)

where r is in parsec.

By ‘‘luminosity function’’ of a radio galaxy is
meant the number of radio galaxies per cubic mega-
parsec, the absolute radio stellar magnitudes of which
lie in a given interval. On the basis of known identifi-
cations, Bolton has compiled the luminosity function
shown in Fig. 23 (circles). In addition, Bolton ob-
tained the luminosity function by a different method,
assuming that the dispersion of the linear dimensions
of the sources connected with the radio galaxies is
small (there are serious arguments in favor of this
hypothesis, see Sec. 3). We can then estimate from
the observed angular dimensions the distance to the
radio galaxy, and consequently their absolute radio
stellar magnitude. Consequently, the luminosity func-
tion is obtained in this case from the distribution of
the sources over the angular dimensions. The initial
material used by Bolton were angular dimensions of
the sources, measured in California and in Manchester.
The corresponding data are represented by the black
circles in Fig. 23.
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FIG. 23. Luminosity function of radio galaxies.

Both methods give very good agreement at low
radio luminosities. At very high luminosities a cer-
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tain systematic discrepancy is noted. It is also pos-
sible to obtain a radio luminosity function by counting
the number of radio galaxies in a given interval of
radio stellar magnitudes (straight line in Fig. 23).
The so derived luminosity function agrees well with
the function obtained from the distribution over the
angular dimensions. The latter method gives appar-
ently a more reliable result, particularly if we con-
sider the difficulties connected with identifying weak
objects that are quite far. We note that an almost
analogous luminosity function was obtained by Mills 571

A fact worthy of attention is the negligibly small
spatial density of the most powerful radio galaxies
such as Cygnus-A or 3C-295 (My ~ —34.6). The
densities per cubic megaparsec do not exceed 1071,
This means that the average distance between two
similar objects in the metagalaxy is somewhat greater
than 1000 megaparsec. From this point of view, we
are accidentally located very close to Cygnus-A, the
distance to which is ‘“merely’’ about 200 megaparsec.

The slope of the dotted log N vs. My curve is
close to 0.5. It turns out in this case that the contri-
bution to the integral brightness of the sky from
sources with visible magnitude in the range from my
to my + 1, will be larger than the contribution from
all the sources that are brighter than m,. In other
words, the surface brightness obtained for the sky in
this manner is represented by a divergent expression.
The expression for the brightness of the sky converges
if the slope of the log N vs. M, line is = 0.6. This
calls for an increase of approximately one order of
magnitude in the number of radio galaxies with My
= —35. This is precisely how the straight line of
Fig. 23 is obtained as a luminosity function based
on calculations of the number of radio galaxies up to
a given value of my.

Another interesting question is whether at low
values of luminosity, M, > ~22™, the luminosity
function goes over into the luminosity function for
the ‘“‘normal’’ galaxies with My ~ —18™ or -—1971,
Extrapolation of the curve of Fig. 23 to M = - 18.5
yields log N = —2, a quantity which is apparently
smaller than the density of normal spirals. However,
the curve can also bend upward, so that the question
of the possibility of a continuous connection between
the radio galaxies and the normal stellar systems,
within the framework of statistical analysis, still re-
mains open. It is important to note that the radio
luminosity per unit volume of the metagalaxy, as
follows from the luminosity function, is determined
predominantly by the radio galaxies with low lumi-~
nosity. This fact is of great importance in cosmology.

What distinguishes radio galaxies from other gal-
axies, other than their exceedingly powerful radio
emission? First, radio galaxies are objects which
as a rule have very high optical luminosity. Accord-
ing to (4], the average absolute photographic magni-
tude of identified objects with known red shifts is

—20.8M, 1t is curious that for the radio galaxy
NGC4782/3 the absolute photographic magnitude was
found to be — 17.6™ according to the old data, which
so to speak ‘‘disturbed the harmony.’’” At Bolton’s
request, Greenstein obtained the spectrum of this
galaxy. From the red shift obtained for the lines in
this spectrum it followed that the absolute magnitude
of this system was —20.4M, and everything fell into
place. 8] Most radio galaxies are clusters, of which
they are usually the brightest member. The clusters
contain such objects as Cygnus-A, 3C-295, Virgo-A,
Perseids-A, etc. At the same time, objects are en-
countered which do not belong to clusters, such as
Centaurus-A. As a rule, the radio galaxies are gi-
gantic spheroidal systems (E and SO according to
Hubble’s old classification). Yet objects are en-
countered with all the attributes of a spiral structure,
for example NGC5128. Incidentally, in the latter case the
bright spheroidal core is exceedingly large and pro-
duces most of the luminosity.

A typical spiral is the Seyfert galaxy NGC1068. In
this case, however, the source of radio emission is
connected with the bright and extensive core of this
stellar system and has no relation at all to its spiral
structure. Another spiral of irregular structure with
a large core is NGC1275. It must be noted that
such rare objects as Cygnus-A and 3C-295, where the
greater part of the optical emission is concentrated in
spectral lines, do not fit at all into the existing classi-
fication systems. On the other hand, most radio gal-
axies do not have spectral singularities distinguishing
them from other analogous objects. Spheroidal galax-
ies exist with tremendous luminosities, which are not
powerful sources of radio emission, for example M-86,
which is in line with NGC4486. The remarkable jet,
which is the most interesting morphological feature of
NGC4486, is a most interesting formation, and may not
be observed at all in the case of more remote galaxies.
We note in this connection that the radio galaxy 3C-66
has a similar formation with even greater relative
dimensions than in NGC4486.

What is striking is the large prevalence of duality,
and multiplicity in general, in galaxies identified with
sources of radio emission. According to [40] | eleven
out of the 25 reliably identified systems are dual. As
already emphasized above, the duality of a radio source
is not necessarily connected with optical duality of the
corresponding radio galaxy.

Summarizing, it must be pointed out that so far
there are no known reliable optical criteria by which
to classify some particular galaxy as a radio galaxy
without data on its radio emission.

Of great interest is the classification of radio gal-
axies. Do they include, for example, sequences,
branches, or simple groups? Apparently, these
should exist, although the shortage of observation
data greatly hinders research in this important di-
rection. We recall that the Herzsprung-Russel dia-
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gram has played a tremendous role in the development
of astronomy. The empirically established principal
sequence, the branch of giants, and other branches and
sequences have been shown in the last decades to have
significance from the evolutionary point of view. It
would be quite desirable to have some analog of such

a diagram for radio galaxies. So far, only a first
attempt was made in this direction.

Mention should be made first of all of the interest-
ing attempt made by Heeshen,[*®] who investigated
several sources on 68.2 and 21.4 cm. The ratio of the
fluxes from the source to the flux from Cassiopeia-A,
used as the standard, was measured. The radio stellar
magnitudes were determined from these measurements
[using formula (3)] for these wavelengths, after which
the ““radio color’’ was obtained

C=my 4 —myg,.

If the spectra of the sources can be represented in the
interval 21 < A < 68.2 cm by means of the power law
(1), then it is easy to show that ‘‘radio color’’ should
be proportional to the spectral index, i.e., C « a.
Knowing the distances to several extragalactic
sources, Heeshen was able to determine their abso-
lute radio stellar magnitudes, after which he plotted
the C vs. Mgq , diagram shown in Fig. 24. It follows
first from this diagram that the sources are distrib-
uted between two branches. The horizontal branch
contains objects of low radio luminosity. These are
normal galaxies, which have a great variety of spec-
tral indices which do not correlate with Mgg 5. On the
other hand, there is a C-M correlation for radio gal-
axies in the sense that objects with very high radio-
luminosity have the steepest spectrum. We note,
however, that the number of points on the diagram is
small and that spectral measurements are among the
most difficult ones in astronomy. The presence of
the horizontal branch may follow from the simple fact
that the dispersion of M, in the branches is small,
and C is not reliably determined. We doubt the very
existence of a ‘“C-M’’ dependence for radio galaxies.
For example, according to measurements made by
Heeshen himself, the spectral index for Fornax-A
and Centaurus-A is 0.77, whereas according to [4]

it is approximately equal to 0.80 for Cygnus-A at

A > 21 cm. We note also that in Cygnus-A there is a
sharp break in the spectrum in the vicinity of 20 mm
(see Sec. 3), whereas in Centaurus-A and Fornax-A
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FIG. 24. The Heeshen diagram.
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FIG. 25. ‘The Pskovski¥ diagram.

there are apparently no such breaks. The presence of
a break in crude measurements may give rise to an
apparent increased slope of the spectrum.
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FIG. 26. Dependence of the absolute radio magnitude on the
linear dimensions of the metagalacti ¢ sources.

Pskovskii, independently of Heeshen, arrived at
nearly the same conclusions, using the known data on
the fluxes and spectral indices of the sources. 53 He
also obtained the correlation between the spectral in-
dex and the absolute radio magnitude. The ordinates
of Fig. 25 are the differences o — «;, between the
spectral indices of the sources and that of Virgo-A.
The dependence obtained is even better than that ob-
tained by Heeshen, and is furthermore based on much
more extensive experimental material. Nevertheless,
much more knowledge of the spectral indices and of
the distances to the radio galaxies is necessary before
we can finally accept the Heeshen-Pskovskii diagram.

We have plotted the effective linear dimensions of
the sources vs. their absolute radio stellar magni-
tudes, using all the known observation data on the
identification of class-II sources. 81 The results
are shown in Fig. 26. We must emphasize that the
concept of “‘effective dimension’’ has a somewhat
arbitrary character, since the sources have compli-
cated structures. It was necessary to treat each
source as individually as possible. Figure 26 shows
separately the extensive source near NGC1275 (which
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we call ““Per-A’’), it being assumed that the distance
to this source is the same as to the indicated galaxy.

For several objects there are discrepancies be-
tween the different observations, particularly those
made in the USA[%] and in Australial5"7 In those
cases where there were no additional observations,
we used the data of [57], The black circles on Fig. 26
pertain to different radio galaxies. Their designations
in the various systems are indicated alongside.

In spite of the rather large scatter of the points
(which is apparently due to the insufficiency and in-
homogeneity of the observed data), the correlation
between My and the linear dimensions of the sources
is quite pronounced. We see first of all on this dia-
gram the sequence in which the ‘‘radio luminosity”’
increases statistically with increasing R. This se-
quence can be called “‘principal.”’ It is quite curious
that the Sagittarius-A source, which is identified with
the core of our own galaxy, is situated in this se-
quence. Further, following this sequence towards the
upper right, we encounter galaxies in which the radio
emission in the region of the cores has much greater
power and comes from considerably larger regions.
This includes such objects as NGC1068, M-84, and
NGC4261. Further in the sequence are the radio gal-
axies with rather high luminosity, among them
NGC4486, NGC1275, and Hydra-A.

The radio galaxies of the principal sequence lie on
a line corresponding to an approximate dependence of
the radio luminosity on the linear dimensions R

L, x R*®, (®)

Such a dependence denotes that the average radiation
from a unit volume decreases very slowly with increas-
ing R. An important feature of the sources of this se-
quence is that they lie within the limits of the corre-
sponding galaxies.

The second sequence of the radio galaxies can be
called ‘‘the sequence of giants.” It extends from the
strongest of the presently known sources, Cygnus-A
and 3C-295, through Hercules-A, to objects with large
linear dimensions and small surface brightness such
as Centaurus-A and Fornax-A. A characteristic of
this sequence is the rapid decrease in the radio lu-
minosity with increasing R. Another important fea-
ture of this sequence is the sharp disagreement between
radio and optical radiations. As a rule, the sources of
this sequence consist of two components symmetrically
located at a considerable distance from the ‘‘optical’’
galaxy.

Of course, future observations will introduce ap-
preciable corrections to the diagram of Fig. 26. Ap-
parently, however, the main sequences first disclosed
by this diagram remain the same as before. In Sec.3
we shall discuss the possible interpretation of the se-
quence of giants.

3. THE NATURE OF RADIO GALAXIES
A major accomplishment of theoretical radio as-
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tronomy was the determination of the mechanism
whereby the radio emission of discrete sources is
produced. Knowledge of the mechanism of radio
emission enables us to estimate many of the most
important characteristics of the sources, and above
all the energy consumed in their formation. Of course,
we could not attempt to discover the nature of the
sources of cosmic radio emission without knowing
anything about the mechanism of generation of radio
waves in these sources.

During 1946 —1950 there was no lack of hypotheses
concerning both the emission mechanism and the na-
ture of the sources. All, however, turned out to be
inconsistent. One can readily understand the desire
of astronomers and physicists to interpret a new phe-
nomenon somehow even when few facts are still avail-
able.

In 1950 Alven and Herlofson[%2] advanced a new
hypothesis concerning the nature of cosmic radio
emission. An analogous hypothesis was suggested
almost simultaneously by Kiepenheuer.[%] According
to this hypothesis, cosmic radio emission is caused
by bremsstrahlung of relativistic electrons in inter-
stellar and near-stellar magnetic fields. In those days
information on cosmic radio emission was still most
scanty. Therefore, for example in [623, use was made
of rather strange and absolutely incorrect notions
concerning these sources, which were regarded to be
singular regions near certain stars.

In the USSR, all the potentialities of this hypothesis
were immediately appreciated. The theory (speaking
of its physical aspects) received further development
in the works of V. L. Ginzburg, G. G. Getmantsev,

N. V. Razin, and others, which in turn were based on
earlier research by Soviet physicists (see, for ex-
ample, the review [64]). In particular, a formula was
derived relating the spectral index of the source with
the energy distribution parameter of the relativistic
element. Starting with 1952, the author of the present
article applied the new theory to various specific radio
astronomical objects (the corona of our galaxy, the
Crab nebula, Virgo-A, and others). The theory ex-
plained all the main features of the radiation from
these sources. Itisparticularly importantthatwe were
able to predict on the basis of this theory a few prin-
cipally new important phenomena, concerning the ex-
istence of which nothing was known at all at that time,
and which shortly following the predictions were ob-
served as a result of setting up special observations

(polarization of the optical and radio emission from
the Crab nebula, the NGC44886 jet, the secular decrease

in the flux of radio emission from Cassiopeia-A). By
the same token, the theory turned out to be completely
correct and has assumed a leading role in many radio
astronomical researches. In particular, its greatest
success was the creation in our country of a radio
astronomical theory of the origin of cosmic rays.

It was only then that the West began to pay attention
to the ‘‘magnetic-bremsstrahlung’ theory of cosmic
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radio emission, which was then applied to various
specific problems. By now this theory has gained full
recognition. The mechanism itself has been named the
‘‘synchrotron’” mechanism, a term we shall use from
now on. We give below a brief summary of the main
formulas of synchrotron radiation which we shall use
henceforth. The derivation of these formulas is con-
tained in the review (8], The energy radiated by a
relativistic electron per second in the frequency from
v to v+AV is
3
P(E, v)=166—H¥p<(§l’—n>, (6)

me?

where wp, = (eH/mc )(E/mc?)? and H, is the field
component perpendicular to the electron velocity; p
is a certain function which reaches a maximum
(=0.10) at w =~ 0.5 wy. We have p~ (w/wm)1/3 for

small w/wpy, and p = exp[~% w/wy, | for large w/wpy,.

The intensity of radio emission from a given source
is

2kT 1
<k =HS P(E, v)N(E, r)dEdr, @

where Ty, is the brightness temperature, and N (E,r)
=K/ Ey the differential energy spectrum of the rela-
tivistic electrons in a small region of the source with
coordinates r. Calculations yield (assuming that N
is independent of r)

3 SEH | [2eH —1/2
I,=%0_3 (2n)‘*V/2e~,,L7;L(%3;3L)Y u (VERv!-v/2
=1.3-10722 (2.8 10%) Y~ 20 (y) KHY " VERAYTVE, (8)

where u(vy) is 0.37, 0.16, 0,125, and 0.087 for y = 1.3,
5, 2, and 3 respectively, while R is the dimension of
the source.

Formula (4) leads to an important relation be-
tween the spectral index a of the source, defined by
formula (1), and the exponent y in the differential
energy spectrum of the relativistic electrons:

a=137. 9)

Thus, the power-law character of the spectrum of a
radio source is naturally explained by the power-law
character of the differential energy spectrum of the
relativistic particles. Direct experiments have con-
firmed that the differential energy spectrum of the
primary cosmic rays near the earth indeed follows a
power law. This is undoubtedly connected with their
acceleration mechanism, and we must assume that
the main features of this mechanism have a similar
character in different cosmic objects. It is possible
that such acceleration is brought about by some modi-
fications of the Fermi classical mechanism.

A major success of the theory was the explanation
on the optical emission from the jet of NGC4486
(discussed in Sec. 2) as being due to synchrotron
radiation.T8"] The radiation is produced in this case
by electrons of rather high energy, ~101—10!? keV,
whereas the low-energy electrons are responsible

SHKLOVSKI]

for the radio emission of NGC4486. On the basis of
this theory, we have predicted that the radiation from
this jet is linearly polarized, as was soon observed
in practice (see below).

The great significance of formula (8) lies in the
fact that it enables us to estimate the total energy of
relativistic electrons from the measured radio fluxes
from the sources, from the measured spectral index,
and from the measured distances to the sources; under
some natural assumptions it also enables us to esti-
mate the total energy of all relativistic particles, as
well as the total magnetic-field intensity in the sources.
It goes without saying that this is of exceeding impor-
tance for the understanding of the nature of these
sources.

The first such estimates were made as long ago as
1953—1955., [86:87) 1 1958 Burbige [%8) made similar
calculations for several galactic and metagalactic
radio sources. Rather detailed calculations were made
by A. A. Korchak.[69]

Without going into details of these calculations, we
cite only the results. Formula (8) enables us to deter-
mine the total energy of relativistic electrons in any

source
Ey

E =uKSE‘—YdE,

e
Ey

where v is the volume of the source (the values of
the integration limits are discussed in [%%3), The mag-
netic field is assumed known. Generally speaking,
radio astronomical observations do not enable us to
determine H, at least at present. There are grounds
for assuming, however, that the total energy of all the
relativistic particles (essentially heavy nuclei) can-
not exceed the magnetic energy of the source. Other-
wise the relativistic particles could not be retained
in the vicinity of the source. 0] we note, however,
that this statement cannot yet be regarded as rigo-
rously proved. We therefore make the simpler as-
sumption that the total energy of all the relativistic
particles is proportional to the magnetic energy, i.e.,

H? 4 kH?R3
E,=hEy =k R =

3 6’ (10)

Where R is the radius of the source. It is assumed
further that the total energy of the heavy nuclei (pre-
dominantly protons) is k, times greater than that of
the relativistic electrons and positrons responsible
for the synchrotron radiation, i.e.,

E,=kFE,. (11)
We then have
y 1/2
H= <6 ’;—: % ) (12)

The accuracy of these calculations is estimated in (2]
at 10%. The radio fluxes from the strong sources are
known to the same degree of accuracy. The distances
to the sources are known much less accurately (among
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other reasons, owing to the indeterminacy in Hubble’s
constant). It seems to us, however, that the compli-
cated distribution of the brightness within the limits
of the sources (for example, the duality of the
sources ) can lead to rather appreciable errors.
Later on, when the ‘‘radio images’’ of the sources be-
come more clearly outlined, such calculations can be
repeated for specific objects. Let us point out still
another circumstance. Equation (8) contains H 1»
whereas (10) contains the total value of H. In order
for the calculations to be meaningful, it is necessary
to assume that H; is approximately equal to H. This
condition is most likely to be satisfied, although in
individual cases we can have H| « H. We note also
that when k = 1 the value of the summary energy

Ep + Epp obtained for any source is a minimum.

We have recalculated Ep + Epy and H for several
objects, including those not considered in [68] gpq 691,
The calculations were made for a model with k; = 1
and k, = 30; the limits of the frequency spectrum of
the sources were v; = 107 and v, = 101 cps. The as-
sumption that k, = 30 was made in analogy with the
cosmic rays near the earth. This assumption is quite
natural if we recognize that the relativistic electrons
in the sources are of secondary origin (i.e., they were
formed by nuclear collisions between relativistic and
semi-relativistic protons), and if we take into account
the fact that the relativistic electrons moving in the
magnetic field experience considerable losses to
synchrotron radiation. Nonetheless, we cannot ex-
clude the possibility that k, may be considerably less
in individual sources, for example ~ 1; calculations
were made for this case, too, but were not listed in
Table II.

The total energy of the relativistic particles and
of the field will be proportional (approximately) to

EP i EM qu/er/,(P—*’/v <%>—3/7 , (13)
1
and the magnetic field intensity is proportional to
H o Fy'r=21q=%/, (14)

where r is the distance to the source ¢ —its angular
size. The last and next to the last columns in Table II
contain the results of these calculations for certain
sources of class II.

To make the significance of the numbers in Table II
even clearer, we recall that our own galaxy, as well
as other large spirals of later types (for example, the
Andromeda nebula, M-31) have a radio luminosity
~ 10%8 erg/sec, i.e., several million times smaller
than Cygnus-A. The total energy of the cosmic rays

contained in our galaxy can be estimated to be 10% erg.

We know that the last quantity can by no means be re-
garded as small. It is useful to compare the energy of
the relativistic and semi-relativistic particles in the
radio galaxies, and the magnetic energy of the gal-
axies with the maximum energy resources of a ‘‘nor-
mal’’ giant galaxy (say M-31). For example, the ki-

netic energy of rotation of such a galaxy is ~ 10% erg,
and the gravitational potential energy (i.e., the energy
of the gravitational coupling between all the stars and
nebulas contained in the galaxy) is only a little greater.

Thus, the energies on the order of 109°—10%! erg,
which were drawn from some sort of ‘‘reservoir’’ to
form a sufficiently large number of relativistic par-
ticles and the magnetic field, are exceedingly large.
What kind of energy reservoir is this? Under what
circumstances does it operate? Theory should be
able to answer this basic question. For this purpose
it is necessary first to analyze most thoroughly all
the known facts on the individual radio galaxies, and
only then can we attempt to fit them into a single or-
derly noncontradictory system. We note that the last
problem is exceedingly difficult and so far has no uni-
versally accepted solution.

We now consider individual objects, the optical and
radio astronomical characteristics of which are known
relatively well, and attempt to analyze the physical
conditions in these objects.

NGC4486. The use of the ‘‘synchrotron’’ theory in
the interpretation of the observations reported in Sec. 2
turns out to be particularly successful in the case of
this galaxy. In 1954 we advanced and subsequently
proved the hypothesis that the optical radiation of the
jet referred to in Sec. 2, is of synchrotron nature.
(873 The brightness of the jet was estimated in (67
at 13M, (This estimate was confirmed by obser-
vations reported in L™J.) Using the usual calcula-
tion procedure, based on formulas (18)— (10), we esti-
mated that H| ~ 107* and consequently the energy of
the relativistic electrons responsible for the optical
radiation of the eruption is E ~ 5 x 10! eV. The
values of both H| and E in the jet of NGC4486 are
sufficiently close to the corresponding values in the
Crab nebula, for the optical radiation of which (with
a continuous spectrum) a similar hypothesis was ad-
vanced by us as long ago as in 1953. [66] However,
the space-time scale in NGC4486 is many orders of
magnitude greater than in the Crab nebula.

If the optical radiation is of synchrotron origin,
we can expect it to be linearly polarized. This pre-
diction was indeed made in [$7J. The following year
the expected polarization was observed by Baade with
the 5-meter Palomar reflector.["2] He photographed
the central part of NGC4486 through a polaroid filter
placed in two orientations. These photographs (Fig.
27) show quite clearly the strong polarization of the
condensations of the jet. Figure 28 shows the results
of electrophotometric polarization observations made
by Hiltner £37

The polarization of individual consensations reaches
about 30%. What is striking is that the polarization
has different directions in different jets (the differ-
ence almost reaches 90°). An interesting regularity
was traced in four condensations, in that the direction
of the polarization approximately repeated every other
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FIG. 27. Photograph of the jet of NGC4486 taken through a
polaroid filter.

condensation. From the theory of synchrotron radia-
tion it is known that the direction of the magnetic field
is perpendicular to the direction of the polarization.
Therefore a rough scheme of the direction of the mag-
netic fields has the appearance shown in Fig. 29.

If the optical radiation of the NGC4486 jet is syn-
chrotron radiation, we can also expect radio emission
from it; this was predicted in 871, Such emission was
indeed observed five years later on 21 cm (see the
figures of Sec. 2). This was followed by observation
of a weak (~3%) polarization of the jet on the same
waveleéngth. (14] 1t is not surprising that the observed
degree of polarization of the radio emission of the jet
is considerably lower than that of its optical radiation.
Since the individual jet condensations cannot be ob-
served and the radio band (their dimensions are ~ 2”)
and the polarization directions differ greatly, the inte-
gral polarization effect will of course be small. V. L
Moroz analyzed the available data on the spectrum of
NGC4486 and its jet in the radio and optical bands.
From the fact that Mills observed no radio emission
on A =3m from the jet (although the bases he used
reached 3400, corresponding to an angular resolu-
tion ~ 1) it is concluded in ("] that in the 100 < »
< 1400 Mcs region the spectral density of the radio
flux is practically independent of the frequency (spec-
tral index a ~ 0), and becomes steeper at higher fre-
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FIG. 28. Polarization of the central portion of NGC4486 in
accordance with electrophotometric observations.

quencies. The ‘break’’ in the spectrum occurs some-
where in the 10—20 cm range, and the spectral index
increases by approximately 0.5—~0.6. According to ["1J,
the total synchrotron radiation power of the jet, inte-
grated over all A > 3400 A, amounts to about 1043 erg-
sec.*

The “‘break’’ in the spectrum can be attributed to
the energy consumed in synchrotron radiation of the
relativistic electrons moving in the magnetic fields.
According to (4], if the relativistic electrons are
continuously injected with a spectrum E™Y, then syn-
chrotron radiation will cause them to have a ‘‘steeper’’
spectrum E~Y*D starting with an energy

8.35-108

E>&:7€?, (15)
where t, is the injection time (in years). From (15)
it follows that

H |~ T00vy g ™3, (16)

where vy =2.9 x 107" EZH, is the frequency of the
point of inflection in the synchrotron-radiation spec-
trum. The spectral index a for an E~(Y*1) gpectrum
will be larger by 0.5 then for an E~Y spectrum
[a=(y~1)2]. According to ["], this is precisely
the “‘inflection’’ observed in the spectrum of the
NGC4486 jet. Therefore, assuming ty ~ 108 years,

vg ~ 10° cps, it was found in ("] that H) ~ 1074, I
light of Bless’s most recent work, this question should
be reviewed (see the last footnote).

*Recently Bless [Astrophys. J. 135, 187 (1962)] carried out a
spectrophotometric investigation of the optical radiation of the
NGC4486 jet. The stellar magnitude of the jet (in blue light) turned
out to be 14.1. The color index (A 4350—-6300) is 0.73 + 0.15, which
corresponds to a spectral index a =2.56 + 0.30. Consequently
y =6.2. Thus, the synchrotron radiation of the jet rapidly
““collapses’’ at optical frequencies. The total radiation power in
the frequency interval 2.5 x 10** <» < 10*° is 0.8 x 10*? erg/sec.

We shall use this value of the power below.
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FIG. 29. Diagram of
magnetic fields in the cen-
ter of NGC4486.
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We now proceed to estimate the energy of the rela-
tivistic particles and of the field in the jet. The jet
radiates about 102 erg per second. On the other hand,
the time t,/, during which the electron radiating in the
magnetic field loses half its energy is

0.00835

ti/z:_l‘i_i:Eﬁ (17)

years,

where E is in units of 10% eV. It follows from (17)
that when H] ~ 10™* and E ~ 5 x 102 BeV, we have
tipp = 1.5 X 103 years. On the other hand, the lifetime
of the jet is about 3 X 1013 sec, i.e., much longer than
ti;. This means that it is reasonable to assume that
the electrons are continuously replenished in the jet.
Such an injection may be caused by some rather pow-
erful acceleration mechanism, which compensates for
the radiation losses. Another source are nuclear col-
lisions, which result in the formation of relativistic
electrons and positrons following the pion decay. We
shall consider only nuclear collisions here. We can
then readily estimate the energy of the relativistic
(heavy) particles contained in the jet. Assuming that
in each nuclear collision about 5% of the initial energy
of the relativistic protons is transferred to the relativ-
istic electrons and positrons, we find that the sought
energy is

Fp~1012.3.1013.20 = 6.10% erg. (18)

The length of the jet, within the framework of these
concepts, is determined by the nuclear lifetime of the
relativistic particles contained in it, thye > typ. We
denote by n the concentration of the gas in the jet con-
densations by ¢ = 2.5 x 1072 ¢m? the effective cross
section of nuclear collisions of relativistic protons, by
V the velocity of the jet, and by [ its length; we then have

fogees =L (19)

cng ¥V

According to (19), n = V/clo em™3, If V=3 x 108 cm/
sec and I =5 x 10*! cm, then n ~ 30 cm~? and the
density is p ~ 1072 g/cm?. Since the volume of the
jet is about 5 x 108! ¢cm3, we find its mass to be M
~5x%x10%~ 2 x 10°M 4, and the kinetic energy of the
moving gas is about 2 % 10% erg. If the velocity of
the jet is about 5 x 10% em/sec, then the kinetic en-
ergy is comparable with the energy of the relativistic
particles and magnetic fields contained in the jet. In
this case each of these forms of energy amounts to
1057 erg, and the lifetime of the jet is 200,000 years.
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We note that if V =c¢ in this scheme, then M = 2
x 108 M, and the kinetic energy of the jet becomes
incommensurably larger (> 10% erg).

The deduction that the jet should contain gas
with mass ~ 108 Mg follows also from other inde-
pendent considerations. Let us examine the physical
conditions in the core of NGC4486. As can be seen
from the profile of the A3727 line observed in the
core of this galaxy (see Fig. 8), a considerable por-
tion of the interstellar gas located there has macro-
scopic velocities close to or exceeding the parabolic
velocity. The radial component of this velocity is
about 900 km/sec. It can be assumed that the total
velocity will be about 1500 km/sec. At such a veloc-
ity, obviously, the moving gas masses should leave
the core of NGC4486, the dimensions of which are ~50
parsec, within a time t ~ 5 x 10! sec or 15,000 years.
As can be seen from the profile of the A3727 line in
Fig. 8, the total intensity of the ‘‘shifted’’ component
is one third that of the ‘‘unshifted’’ one. This means
that practically all the ionized interstellar gas con-
tained in the core of NGC4486 should leave it within
50,000 years. On the other hand, the emission from
the NGC4486 core, fN‘Z3 dr, can be estimated in ac-
cordance with the available data 121 at roughly ~ 10°.
Thus, allowing for the dimensions of the core, we can
estimate that Neg ~ 45 cm‘3, which corresponds to an
average interstellar ionized gas density pgas = 107%
g/cm3. Consequently, the total mass of the ionized
gas in the core of this galaxy is about 4 % 1038g or
2x10° Mg .

It is quite probable that the ‘‘shifted’” component
of the A3727 profile, corresponds to the next ‘‘conden-
sation’’ of the jet, now ‘‘being formed’’ in the NGC4486
core. Within about 108 years, about 10 ‘‘plasmons’’
will be ejected from the core of this galaxy, with a
total gas mass ~ 108 Mg ,* in accord with the inde-
pendent estimate made above.

Two questions arise in connection with the fore-
going calculations:

a) What replenishes the gas in the core of NGC4486?
To replenish the reserve of interstellar gas in the
core of NGC4486 it is necessary to ‘‘inject’’ there
> 1034 grams or 5 Mg every year (since the core
may still contain a considerable quantity of neutral
gas). This gas, generally speaking, may be supplied
by the stars (for example, supernova flares, forma-
tion of planetary nebulas by stellar collisions, etc).
It is most likely, however, that these sources are
clearly insufficient. Another possible mechanism is
the entry of gas into the core from the surrounding
space. The NGC4486 core is a rather deep ‘‘potential
well’”” where intergalactic gas can ‘‘seep in.”” Even
about ~ 100 kiloparsec from the NGC4486 core the
parabolic velocity is about 400 km/sec. Conse-

*Because the core may also contain neutral gas (see below).
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quently if the kinetic temperature of the intergalactic
gas is below several million degrees, and its density
is about 107%% g/cm3, then it can be readily shown that
the equivalent of many dozens of solar masses will be
continuously captured and enter the core (for more
details see [611),

It must be noted that escape of gas from galactic
cores is a rather widespread phenomenon. This is
observed, in particular, in our own galaxy and in M-31.
It is very clearly apparent in Seyfert galaxies. Even
in these cases, the question of the mechanism whereby
the cores are replenished with gas is quite acute. In
all cases the “‘reservoir’’ is apparently the intergalac-
tic medium.

b) Why are no emission lines, particularly A3727,
observed in the condensations of the jet, where a con-
siderable amount of interstellar gas can exist?

There are two possible explanations: 1) for some
reason or another the gas becomes very hot after
leaving the core, 2) the gas becomes cold and neutral.
The first possibility is not very likely. The known
forbidden coronal lines should be observed even at
Te = 10%. Only at very high temperatures (= 107)
will the emission lines be weak. The second possi-
bility is more probable. If there are no sources of
ionization, then it can be readily shown that when
Ng ~ 50 cm™3 the hydrogen and oxygen ions should
recombine during the time that they move in the core
(~5x 10 sec). On the other hand, calculations show
that even a high concentration of cosmic rays in the
jet cannot appreciably ionize the neutral gas contained
there.

That the jet should contain very little ionized gas
follows from the observed polarization of its radiation
on 21 em. ™ If the amount of ionized gas were suf-
ficient, there would be no polarization at all in the
presence of a magnetic field, owing to the Faraday
effect. In fact, according to [75], the polarization
plane is rotated by an angle

P=10%- N Hlcosa

(I —length of the magneto-active medium, o —angle
between the vector H and the line of sight). When
H>10"% 1=2x10® cm (thickness of jet), cos?w
=Y, Neg<0.01cm73, if y <1.

If the jet contains considerable amounts of neutral
hydrogen, then, recognizing that more than half of the
21 cm radiation from Virgo-A is in the jet,[%] we
should expect a weak rather broad absorption line in
its radio spectrum (approximately 1 Mcs). It should
be shifted by — 1.6 Mcs from the standard 1420 Mcs
frequency. It would be very interesting to verify this
assumption by means of special observation.

Ifitis assumed thatelectrons of very high energy are
continuously injected into the jet because of nuclear
collisions, then NGC4486 should be a powerful source
of a very hard radiation. In fact, in the case of nuclear
collisions of the type under consideration approxi-
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mately twice as much energy goes over into y radia-
tion as into relativistic electrons and positrons. The
energy of the produced y quanta will be of the same
order of magnitude as that of the relativistic elec-
trons and positrons, i.e., 3 x 1011—1012 ¢V, The flux
of these quanta on earth will be about 107° ergf/cm2
sec. Modern physical experimentation techniques per-
mit such radiation fluxes to be detected. Either a
positive or a negative result of such observations
would be extremely valuable, since it would afford a
confirmation or a refutation of the hypothesis of nu-
clear collisions as injectors of ‘‘radiating’’ relativ-
istic electrons in NGC4486.

We have assumed above that V = (1—5) x 108 em/
sec. One could start at the very outset from a differ-
ent point of view. Namely, let us assume that the jet
and its condensations result from motion of relativis-
tic particles (generated in the region of the core of
NGC4486) in an external almost homogeneous mag-
netic field. In this case the velocity of the radiating
agent is approximately equal to c, and the lifetime
of the jet is ty ~ 5 % 103 years. However, under such
an assumption, assuming that a break in the spectrum
exists at v = 10%, we would get from (16) Hf ~3x 1073,
and consequently, according to (17), t;p ~ 10 years
<« t5. It cannot therefore be assumed that the radiat-
ing agent that produces the NGC4486 jet moves with
velocity c.

The assumption that the condensations of the jets
are clouds of magnetized gas and relativistic particles,
ejected for some reason from the NGC4486 core (we
shall henceforth call such clouds “‘plasmons’’) raises
a serious difficulty. It is seen from Fig. 7 that the
angular dimensions of the condensations (~2”), as
well as their brightness, are practically independent
of their distance to the core of NGC4486. Yet the
length of the jet exceeds 1000 parsec. It is utterly
impossible to understand why the condensations do
not broaden (as the result of magnetic pressure and
the pressure of the relativistic particles) and, con-
sequently why their brightness does not decrease
rapidly. If the total energy of the relativistic par-
ticles in each condensation is Ep ~ 10% erg (see
above ), then the magnetic field required to confine
it to a limited region with volume ~ 10%! cm? is
H ~ 1072G, a very large quantity. At first glance
one might think that the rate of expansion will be of
the order of the hydromagnetic velocity Vy=H/V4mp
~ 1.5 x 10° cm/sec, and that within a time ~ 3 x 1013
sec the jet condensations will expand to ~ 10¢ parsec,
which is a hundred times larger than that observed.
One could assume that the jet condensations move in
an external rather strong (~2 x 10”%) magnetic field.
It is very difficult, however, to understand why this
field should be practically homogeneous over about
1000 parsec (otherwise the condensations would
spread).

A possible explanation of the lack of a noticeable
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expansion of the condensations in the jet of

NGC4486 is as follows. The plasmons, moving with
faster than magnetohydrodynamic velocity, ‘‘crush”
the force lines of the weak external magnetic field
and ‘‘draw’’ them along. At the same time, a unique
‘“boundary layer’’ is created around the jet, where
the external field (parallel to the direction of motion)
is greatly reinforced. This field ‘‘pinches’’ the mov-
ing plasmon and prevents it from expanding rapidly.
The rate of its expansion will in this case be close

to the magnetohydrodynamic velocity in the medium
surrounding the plasmon. If, for example, H ~ 108
and p ~ 107% ip this medium, then Vg =H/V4rp

=3 x 10% cm/sec, and the plasmon will not expand
appreciably after 3 x 1013 sec.

The presence of a preferred direction, in which
the ejection of individual plasmons takes place, is
also an interesting and difficult problem. It is pos-
sible that this direction is close to the axis of rotation
of the NGC4486 core. An analogous phenomenon is
observed also in NGC5128 (see above).

There is no doubt, apparently, that the relativistic
particles located in an extensive source (~ 5’) in the
NGC4486 galaxy are due to earlier jets. The total en-

ergy of these particles is ~2 x 10% erg (see Table II),

i.e., some 40 times greater than in the jet. One must
bear in mind, however, that the energy of the particles
in the jet has not been estimated with sufficient relia-
bility, since it depends on the assumed lifetime of the
jet. Under all conditions we obtain a rather interesting
result: the age of the ‘‘radio emitting phase’’ of
NGC4486 is ~ (2—~5) x 107 years. It would be very
important to obtain as detailed a picture as possible
of the brightness distribution of the extensive source
in NGC4486. We can expect some curious and unex-
pected discoveries, which will help understand the
nature of this remarkable radio galaxy.

NGC5128. This radio galaxy has two bright sources
of small angular size (see Fig. 11), which apparently
are completely analogous to the NGC4486 jet. In both
cases ejection of plasmons from the cores of the cor-
responding galaxies is observed. The only differ-
ence is that the synchrotron radiation of the NGC4486
jet is observed also in the optical part of the spectrum,
while in NGC5128 it is observed only in the radio band.
This, however is not a principal difference. In the
case of NGC5128, the plasmons are ejected from the
core in a direction close to the axis of rotation of this
galaxy. There is no doubt that the two extensive
sources, symmetrically situated on both sides of
NGC5128, are ‘‘replenished’’ by the plasmons ejected
from the core.

From formulas (8) and (10) we can estimate, using
the existing observdtion data, the energy of the rela-
tivistic particles contained in each of the two small
bright sources located not far from the core of
NGC5128. Calculations yield Ep ~ 10% erg, i.e.,
about 300 times less than in the entire extensive
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Centaurus-A source (see Table 1I). It follows from
the same calculations that H ~ 2 x107%, i.e., 10 times
larger than in the extensive source. On the other hand,
the small source in NGC5128 has a radio luminosity
that is only three times smaller than the extensive
source of Centaurus-A. From an examination of the
energies of the relativistic particles and the fields in
the extensive and small sources of Centaurus-A it
follows that for the formation of the extensive source
it is necessary to have several hundred ‘‘plasmons’’
of the type that now are small bright sources. We thus
arrive at the important conclusion that when the ‘‘plas-
mon’’ enters the region of the extensive Centaurus-A
source its radio emission power decreases by 100 times.
This phenomenon must be attributed to the reduced mag-
netic field intensity in the plasmons. This reduction is
a natural explanation for the expansion of the plasmons.
We have developed in (el 5 theory of the secular
decrease in the radio luminosity of expanding sources
and derived there a fundamental formula

Ly ox R™2Ga4) (20)

where « is the spectral index of the source and R its
radius. Formula (20) has been obtained under the as-
sumption that H ~ R™2. The secular decrease in the
radio emission flux from Cassiopeia-A, predicted in
(%] was indeed observed,[' thus proving the cor-
rectness of (20). According to (20), when o = 0.7,

in order for L to decrease to one-hundredth R should
increase approximately threefold. In this case H
should decrease to one-tenth, in good agreement with
the independent estimate made above.

Thus, the assumption that the extensive Centaurus-
A source is made up of several hundred components
(plasmons), each of which expands as it moves away
from the core of NGC5128, can be regarded as dem-
onstrated.

Cygnus-A. It is seen from Fig. 17a that the spec-
trum of Cygnus-A experiences a break at vy = 1500
Mcs, wherein the spectral index is o = 0.75 £ 0.05
for v < 1500 Mcs and « =1.25 £ 0.1 for v > 1500
Mecs. Such an increase in ¢, amounting to 0.5, can
signify that an effective ‘‘modification’’ of the energy
spectrum of the relativistic electrons is produced in
the source, by losses to synchrotron radiation. A
similar case is encountered in the jet of NGC4486.
The analysis of the ‘break’’ in the radio spectrum
of Cygnus-A is the subject of an interesting paper by
Kardashev, Kuz’min, and Syrovat-skii. [78]

It is shown for the first time in ["8) that if the
““initial”’ differential spectrum of the injected elec-
trons has the form dN(E) = KE"YdE, then the syn-
chrotron radiation losses give rise to the following
changes in the spectrum:

a) the spectrum has the form dN(E) = K,E™Y dE
in the low-energy region.

b) the “‘primary’’ spectrum dN(E) = K,E"VdE is
retained at intermediate energies.
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c) dN(E) = K;E(Y*1D) in the region of high energies.
It follows from (16) that the age of the source is

to=1.9.10%. H /*vgy M2, (21)

It is assumed here that the rate of injection remains
constant during the entire evolution of the source. The
value of H| can be taken from Table II. If the rela-
tivistic particles in Cygnus-A are predominantly elec-
trons (i.e., ky = 1), then H| =2.6 x 107° and at the
frequency of the spectrum ‘‘break,”” v, = 1500 Mcs
we have ty = 3.3 x 10% years. On the other hand, if
the summary energy of the relativistic electrons in
Cygnus-A is 100 times larger than that of the elec-
trons, {i.e., k, = 100), then H| = 1074 and tp=5

x 10% years. If in accord with [*1] the spectrum
‘‘collapses’’ starting with v ~ 1500 Mcs (see Fig.
17b), this means that the effective injection of the
relativistic electrons has ceased only several hun-
dred thousand years ago (if H; ~ 10™*) or several
million years ago (if Hj; ~ 2.6 x 10~%), and the dura-
tion of the ‘‘ejection stage’’ is relatively short.

It follows from the discussion given in (78] that
Cygnus-A is an exceedingly young object. Knowing
the dimensions of the source (~ 50 kiloparsec) and
its lifetime, it is easy to estimate the velocity of the
relativistic-particle cloud. If ty~ 3.3 x 10% years,
then V ~ 2 x 10* km/sec, while if t, = 5 x 10° years,
then V ~ 10% km/sec.

Assuming the rate of expansion to be close to the
magneto-hydrodynamic velocity, the density of the
medium is estimated in ["®] to be about 3 x 10729
g/tm?, which may correspond to the density of the
intergalactic gas.

According to (8], the development of the Cygnus-A
source proceeds in the following fashion. Some 10°
years ago a tremendous number of relativistic par-
ticles was formed in the galaxies identified with this
source. These particles could not be confined within
the region where they were generated and ‘‘broke out’’
into the surrounding intergalactic space. As they
moved, they reinforced the weak intergalactic mag-
netic field so that the energy of the magnetic field be-
came equal to the energy of the relativistic particles,
after which the expansion continued with magnetohydro-
dynamic velocity.

The short ‘‘lifetime’’ of Cygnus-A causes great
difficulties in the interpretation of this radio galaxy.
This time can be increased if it is assumed that H)
is considerably less than the values given above, with
H » H|. For example, if H| ~ 5 x 1078 then ty~ 4
x 107 years and V ~ 1000 km/sec. Assuming k, = 1,
the total energy of the relativistic electrons should
then be increased by about 18 times and reaches ~ 3
% 10% erg. To retain the relativistic electrons in a
limited region of space the required field is H ~ 2
x 10~%, Consequently, H| /H ~ 0.025. We note that
if k, = 100, the values of the relativistic-particle
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energies in this model are found to be extraordinarily
large.

It is difficult to say at present whether our assump-
tion that the ratio H; /H is small actually corresponds
to reality. In any case, we can conclude that the age
of the Cygnus-A source does not exceed several times
ten million years, and the possibility that this age is
< 10% years is not excluded.

An interesting question arises regarding the further
evolution of Cygnus-A. It is quite probable that its
dimensions will increase. Even if we assume that the
injection of relativistic electrons is presently contin-
uing in this source, it will eventually be unable to
compensate for the reduction in its radio luminosity
and brightness due to the expansion, and described
by formula (20). For example, the radiation power
decreases by about 30 times if the dimensions of this
source are doubled. It is curious that the source
Hercules-A has approximately twice the linear dimen-
sions of Cygnus-A but about Y, the power. It is there-
fore natural to assume that the Hercules-A source is
a somewhat later phase in the development of an object
similar to Cygnus-A. Favoring this statement is also
the near equality of the total energies of the relativ-
istic particles in both sources (see Table II). What
will be the final fate of such powerful sources? They
will expand more and more, and the power of their
radio emission and the brightness will decrease
rapidly. At the same time, their characteristics will
be close to those of such sources as Centaurus-A and
Fornax-A.[™] In fact, the linear dimensions of each
of the components of Centaurus-A and Fornax-A (at
the half-power level) are ~ 150,000 and ~ 120,000
parsec, respectively, whereas for Cygnus-A the value
is ~ 30,000 parsec. With a spectral index « = 0.75
we have according to (20)

L,~R%

Consequently, if Fornax-A and Centaurus-A were
later stages of evolution of sources similar to
Cygnus-A, their values of L would be respectively
1000 and 3000 times weaker than for Cygnus-A. Yet
it follows from the observational data that L is 2300
times smaller for Fornax than for Cygnus-A, and
3700 times smaller for Centaurus-A. The agreement
can be regarded as very good, and this confirms our

conclusion. 80" ) '
As was shown in (8%, in the adiabatic expansion of

nebulas containing relativistic particles, the energy of
each such particle decreases as R"l, where R is the
radius of the nebula. According to Table II, the ener-
gies of the relativistic particles in Centaurus-A and
Fornax-A are respectively 2.8 x 105 and 1.8 x 10%,

If we multiply these quantities by %4 and 5, we obtain
the energies of the relativistic particles during the
epoch when the dimensions of these sources were the
same as those of Cygnus-A. These energies will be
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1.1 x 10% and 9 x 10% ergs, which is sufficiently close
to the energy of the relativistic particles in present-
day Cygnus-A.

Figure 30 shows the total energy of the relativistic
particles and of the magnetic field vs. the linear di-
mensions of the sources, compiled from the same ob-
servational data as Fig. 26. Both diagrams show the
same sequences of radio galaxies—a ‘‘main sequence’’
and a ‘‘sequence of giants.”” All the points on the se-
quence of giants fit quite well on the straight line
log E = const — log R.

Thus, during the course of their expansion, sources -

similar to Cygnus-A will evolve into sources of the
type Fornax-A and Centaurus-A. Can we state that
in the past the sources of the type Fornax-A and
Centaurus-A were without exception objects similar to
Cygnus-A? Insistence on such an apparently natural
point of view leads to considerable difficulty. The
point is that the linear dimensions of Centaurus-A
and Fornax-A are merely several times larger than
those of Cygnus-A. Therefore, if we assume that the
expansion of the sources has the same rateatall times,
then the ages of Centaurus-A and Fornax-A should be
only several times that of Cygnus-A. But if this were
so, then the spatial densities of all these sources
would be approximately the same. Yet, as follows
from the observation, the spatial density of objects
such as Centaurus-A and Fornax-A is at least 1000
times that of Cygnus-A.

If it is assumed that in the past all the sources of
the Centaurus-A type passed through the Cygnus-A
state, there is the inescapable conclusion that the
‘‘age’’ of the former should be on the order of sev-
eral million years. But this is difficult to tie in with
the fact that the centers of gravity of the radio emit-
ting extended clouds near NGC5128 and NGC1316 are
relatively close to the centers of these galaxies
[~(3—5) x 102 cm]. The average velocity of the
radio emitter away from the core is found to be
~(3—5) x 10% cm/sec, which is several times smaller
than the parabolic velocity. It is easy to suggest an
effective deceleration mechanism for the radio emit-
ting agent moving from the core. Obviously, this de-
celeration should be due to the intergalactic medium.
However, to guarantee effective deceleration it is
necessary to ascribe to this medium too high a den-
sity.

It can be assumed that the plasmons ejected for
some reason or other from the cores of the radio
galaxies have initial velocities that are smaller than
parabolic and do not go into intergalactic space. After
reaching about 100—150 kiloparsec, they are continu-
ously slowed down in the gravitational field of the
radio galaxy and then fall back. The falling time is
about 108 years, whereas the ‘‘activity’’ of the core
continues for several billion years. This hypothesis
makes it possible to explain qualitatively (and per-
haps even quantitatively) the very presence of two
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FIG. 30. Dependence of the total energy of relativistic
particles and magnetic fields on the linear dimensions of the
radio galaxies.

symmetrically situated extended sources. In addition,
it enables us to understand why the distances between

the components of the sources Cygnus-A, Hercules-A,
Centaurus-A, and Fornax-A are so close to each other
(100—200 kiloparsec).

Because of the random motions (‘‘rises’” and
‘“falls’’) of the gas condensations in regions of the
‘““apogees’’ (more accurately, ‘‘apogalactees’’), the
magnetic field will have a random character. The
relativistic particles brought into these fields by the
plasmons or directly escaping from the cores of the
radio galaxies will diffuse in these fields.

It is essential to emphasize that the ‘‘spreading”
of the extensive sources around Centaurus-A and
Fornax-A has the character of diffusion (and not
propagation of an explosive shock wave in the inter-
galactic medium ). This follows from the singularity
of the isophots of Centaurus-A and Fornax-A. The
maximum concentration of the relativistic particles
is observed in the central parts of the extended
sources, and not on the periphery, as would occur
in the case of a strong shock wave. To the contrary,
in the case of Cygnus-A, the outer edges of the
source are very sharp, indicating the possibility
that a strong shock wave is formed there. This can
be related with the ‘‘youth’’ of this source.

According to diffusion theory, the displacement of
a relativistic particle in a random magnetic field
after a time t is

L=V3V, (22)

where [ is the extent of the quasi-homogeneous field
and V ~ 101 cm the velocity of the particle. Putting
L=5x10%cm and t = 10" sec we get I ~ 10 cm
or ~ 30 parsec. The smallness of this quantity is a
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serious difficulty. We cannot, however, exclude the
possibility that the field has such a ‘‘fine-cellular”’
structure, particularly if we bear in mind the continu-
ous disturbing action of the rising and falling plasmons.

Attention must also be called to the following fact.
1t follows from the observations that the ‘‘activity’’ of
the core of NGC5128 is continuing even now, since we
observe near it two symmetrical small bright sources
(see Fig. 11). The lifetime of these plasmons does
not exceed several million years (since their velocity
should be not less than parabolic). Consequently at
the present level of “‘activity’’ approximately 103 such
plasmons should be ejected from the NGC5128 core in
107 seconds. This precisely is the number ejected
(see above). But this means that NGC5128 had in the
past approximately the same radio luminosity as now
(or slightly more). It was therefore unlike present
Cygnus-A, where approximately the same number of
relativistic particles were ejected in a much shorter .
time. In this sense the process in Cygnus-A had and
perhaps still has an explosive ‘‘catastrophic’’ char-
acter.

If the plasmons ejected by the cores of the radio
galaxies are not slowed down (either by the gravita-
tional field of the corresponding galaxies, or by the
intergalactic medium ), the age of an object such as
Centaurus-A or Fornax-A should not exceed 10® years.
To explain the sources symmetrically located away
from the cores of the radio galaxies, it must be as-
sumed that the ‘‘activity’’ of the cores was previously
several dozens of times greater than now, and that
the duration of this phase was (1—3) x 107 years. At
that time Centaurus-A and Fornax-A had radio stel-
lar magnitudes My ~ —29™ or —30™, and the radio
sources had considerably smaller dimensions and
were located inside the corresponding galaxies. It is
possible that we are observing at present a similar
picture in the case of Hydra-A.

It is difficult to say at present which ‘‘age scale”’
is correct for the radio galaxies such as NGC5128 or
NGC1316—the ““long’’ one (= 3 x 10° years) or the
“‘short’’ one (= 10% years). It is even possible that
both cases are realized in nature. This problem can
be conclusively resolved only after a thorough analy-
sis of new observations.

This concludes our theoretical analysis of the ob-
servations on some relatively well investigated radio
galaxies. This analysis will be useful for the critical
survey of the hypotheses concerning the nature of
radio galaxies, to which we now proceed.

Historically the first attempt to understand the
nature of the radio galaxies was the colliding-galaxies
hypothesis of Baade and Minkowski.[3] At that time
(1951) there was still little information on radio gal-
axies, not enough to analyze this hypothesis in detail.
The colliding-galaxies hypothesis of Baade and Min-
kowski was undoubtedly suggested by their photograph
of Cygnus-A (see Fig. 15), which shows clearly two
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galaxies very close to each other. Attempting to jus-
tify this hypothesis by using more extensive observa-
tions, Minkowski saw ‘‘collisions of galaxies’’ in many
objects, for example, NGC5128, NGC1275, and others.
These attempts were in any case debatable. The col-
liding-galaxies hypothesis as an explanation of radio
emission was subsequently very popular. It had the
attractive feature that it apparently offered a natural
answer to the most important question of where the
energy necessary for the formation of a tremendous
amount of relativistic particles came from. It was
tacitly assumed that this may be the kinetic energy
of the interstellar gas clouds in the colliding galaxies.
However, the weaknesses of this hypothesis were soon
evident. V. A. Ambartsumyan has already emphasized
the very low probability of such collisions, which con-
tradicts the observed number of radio galaxies.[3!]
The probability becomes even lower if we recall that
both components of the radio galaxies (if they are
dual) are peculiar objects of very high luminosity and
apparently of large mass. Recently some new difficul
ties were encountered, raising objections to the ‘‘col-
1[is§on” hypothesis. We shall list those briefly (see
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).

1) The number of radio galaxies known to be single
is appreciable (for example, Virgo-A, Fornax-A, etc).
Consequently, these need a different hypothesis to ex-
plain the energy reservoir of the relativistic particles.

2) In the case of Cygnus-A, where E ~ 10% erg,
there is clearly not enough interstellar-gas energy
even in the giant galaxies. Incidentally, spectroscopic
data indicate that the relative radial velocity of the
Cygnus-A components does not exceed 100—200 km/
sec. In addition, there is very little gas in double
elliptic radio galaxies (which are the typical ones).

3) The colliding-galaxies hypothesis is unable to
explain the peculiarities of the spatial distribution of
the radio emitting clouds relative to the optically ob~
served galaxies (see Sec. 2).

4) By far not all radio galaxies are in galactic
clusters, in which case there can be no talk what-
ever of colliding galaxies.

We have indicated that duality is quite widespread
among the radio galaxies. Duality, however, does not
mean at all that a collision is observed. One can state
with much greater probability that in these cases we
observe systems consisting of two (and more) closely-
lying components of common origin, in analogy to close
pairs of double stars.*

Finally, an analysis of the conditions in specific
radio galaxies, as presented in the beginning of the
present section, completely excludes the collision
hypothesis. The facts speak in favor of clouds of rela-
tivistic particles being ejected for some reason or

another from the cores of the radio galaxies.

*V, A. Ambartsumyan believes that in the case of multiple
radio galaxies we are observing the splitting of a single
galaxy,[“] but does not propose a mechanism for this splitting,
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Table III
Formation of
Solar flare | ra4io galaxies
Linear scale ~109 em ~1023 cm
Characteristic time ~10 sec ~1011 sec (?)
Total energy ~1032 erg | z10%8 erg

The “‘collision’’ hypothesis has by now been re-
futed by an overwhelming majority of investigators,
and replaced by new ideas. There is no unified point
of view, however. We shall now discuss the new hy-
potheses.

a) Recently Hoyle proposed to explain the origin of
radio galaxies with a curious hypothesis, which can be
called the ‘‘galactic flare hypothesis.”” [#2] He ad-
vanced an analogous hypothesis earlier to explain
solar flares.[”] In Hoyle’s opinion, solar flares
and ‘‘galactic flares’’ are phenomena of the same
order, but of essentially different scales. Table III
offers a comparison of these two phenomena.

According to this hypothesis a reservoir of magnetic
energy is accumulated over a long time. During some
period of time this reservoir is ‘‘emptied’’ at a cata-
strophic speed and the accumulated energy goes into
other forms, particularly into energy of a large num-
ber of relativistic particles. It was shown in (82) that
under certain conditions the merging of two regions
containing magnetic fields with opposite orientations
can lead to the annihilation of the magnetic field, and
a considerable portion of the magnetic energy goes
over into heat and into kinetic energy of matter. The
magnetic field diffuses through a gas layer of thick-
ness S between these regions in a time ¢8%/c?, where
o is the electric conductivity. In most cases ¢ ~ 108
sec™! and if t ~ 10! sec then S< 3 x 10% cm.

According to Hoyle, such thin ‘‘partitions”’ can ac-
tually be formed between regions with oppositely ori-
ented fields under certain conditions. The ‘‘compres-
sion’’ of the gas between such regions to the required
thickness (when the effective merging of the field be-
gins) continues under solar-flare conditions for one
or two days, while in radio galaxies it lasts ~ 10? years.
Upon ‘‘annihilation’’ of the magnetic field, an electric
field is formed, which contributes to the conversion
of the magnetic energy into other forms. In Hoyle’s
opinion, the catastrophic character of the ‘‘annihila-
tion’’ of the magnetic field guarantees acceleration
of the individual charged particles to very high ener-
gies, with the electrons accelerated to the same ex-
tent as the ions.

According to (821 suitable magnetic-field configu-
ration can exist in two forms.

1) The reservoir of magnetic energy is concen-
trated in the cores of radio galaxies, which are quite
massive and rotate at high speed. By way of an ex-
ample (which in our opinion is not too well chosen),
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Hoyle chooses NGC4486. Inthis case the mass of the gas
should be ~ 10'% M@. We add that the average mag-
netic field required there should be about 1G.

2) The magnetic energy reservoir is contained be-
tween the components of the double galaxy, and its
mass is ~ 102 Mg, Since the most massive galaxies
are elliptic ones, Hoyle sees a support for his hy-
pothesis in the fact that many of the sources have
been identified with double elliptic systems.

However, it is difficult to agree with Hoyle’s hy-
pothesis, which is as superficial as it is clever. Hoyle
simply disregards the observational data, which pat-
ently contradict his hypothesis. For example, in
NGC4486 the process of formation of relativistic
particles occurs literally in front of our eyes. Yet,
according to spectroscopic observations which have
been quite unequivocally interpreted, the mass of the
interstellar gas in its core can hardly exceed 108 Mg,
(were the mass to be 109, the strongly forbidden line
[O11]1A3727 would not be observed, owing to the high
density).

We note also that the very mechanism proposed by
Hoyle raises still another great difficulty. As soon as
the field ‘‘annihilation’” and the release of Joule heat
begin, the plasma becomes rapidly heated, the conduc-
tivity of the gas increases sharply, and the merging
of the fields stops immediately. Thus, this mechanism
has an ‘‘automatic stop’’ which makes it quite ineffec-
tive.

We shall not dwell here on another attempt by Hoyle
to interpret radio galaxies[®] (for a criticism see
(851 Apparently Hoyle himself rejected his earlier

hypothesis, since he does not even mention it in (a2l

b) Supernova bursts were suggested in (19l as pos-
sible energy sources for the formation in the galaxy
of a sufficiently large number of relativistic particles
and magnetic fields. We started there from the fact
that the relativistic particles formed in a supernova
burst have a total energy that reaches, according to
observations, 104950 ergs. The initial cause in this
case is apparently the release of a large amount of
nuclear energy during the flare. There are sufficient
grounds for assuming that the supernova bursts are
the main source of relativistic particles (i.e., pri-
mary cosmic rays) in our own galaxy. In other words,
the synchrotron radio emission of the galaxy is due to
supernova bursts. However, a difficulty arises im-
mediately. In order to guarantee the release of 10—
108! ergs (and this is the energy observed
in Cygnus-A, Hercules-A, 3C-296, and others), one
must have at least 101°—101! such bursts. Since the
characteristic lifetime of Cygnus-A is 105—107 years
(and perhaps even less, see above), we must of ne-
cessity assume that during the time of maximum
“activity’’ up to 104 supernovas have burst annually
in Cygnus-A (or perhaps still do). In NGC4486 there
should burst at present, in the vicinity of the core,
several supernovas annually. Taking into account the
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rate of decrease of the supernova brightness with time,
the number of simultaneously observed supernovas
should be some 10 times smaller. In the case of the
core of NGC4486, this does not contradict the obser-
vations.* However, the absolute stellar magnitude of
Cygnus-A during its highest activity should reach —26
to —27M, In view of its short duration, such a phe-
nomenon can with full justification be called a ‘‘super-
nova’’ or ‘“‘exploding’ galaxy. The fact that the abso-
lute magnitudes of Cygnus-A and 3C-295 are approxi-
mately —21™ does not contradict this hypothesis ex-
plicitly. It merely denotes that the ‘‘active phase’’ of
the radio galaxy has already been passed, although
only recently. The reason for so high a frequency of
the proposed supernova bursts may be the vigorous
star formation process which is going on in these
galaxies. This in turn is connected with the high den-
sity of interstellar matter. According to present-day
notions regarding the rate of formation of massive
stars (which can burst as supernovas during the
course of their evolution after several million years)
[s6] jg approximately proportional tothe cube of the av-
erage density of interstellar gas D87 For example,
according to [79], when our galaxy was very young
(~10° years), the number of supernova bursts in it
was approximately 100 times larger than now, when
this process has ‘‘quieted down.’”’ On the basis of
this it was concluded in ['%] that at that time our gal-
axy had all the characteristics of a ‘‘radio galaxy.”
According to L8] radio galaxies are young objects
which have relatively recently condensed out of the
intergalactic medium, where there is much gas, and
star formation and nuclear genesis proceed vigor-
ously. The latter, according to modern notions, pro-
ceeds only during flares of supernovas. Cygnus-A
and 3C-295 stand out among other such objects in
their large mass and appreciable average density of
the interstellar gas.

As already indicated above, this hypothesis does
not contradict the observations explicitly. If that
rarest of occurrences, the ‘‘explosion’’ of a galaxy
(in the sense indicated above) occurs deep in the
universe, then, since the distance is ~ 104 parsec,
we should observe a peculiar emitting object, weaker
than 141, In principle it may be that such objects do
exist. They could readily escape observation.

In connection with our hypothesis, let us point out
another curious possibility, which was not discussed
in (™). According to (™1, the reason for the tremen-
dous brightness of the supernovas of Class I at the
maximum of their brilliance is synchrotron radiation.
But synchrotron radiation is a rather capricious mech-
anism. If, for example, for some reasons (as yet un-
clear) the relativistic electrons produced have an en-
ergy only several times smaller than ‘‘optimal,’’ or if

*It was proposed in [7] to observe the core of NGC4486
systematically so as to detect possible changes in its bright-
ness.
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the magnetic fields are weaker, then the radiation will
shift sharply into the far infrared. Such ‘‘invisible’’
supernovas of Class I (with absolute photographic
magnitude > —10™) will yield approximately the same
number of relativistic particles as the ‘‘ordinary”’
supernovas. At the same time, 10,000 simultaneously
radiating objects of this type can produce the same
optical effect as a single object of —20™,

Assuming the radio galaxies to be young forma-
tions, V. L. Ginzburg attempted to explain the gener-
ation of cosmic rays in these galaxies without resort-
ing to the hypothesis that the frequency of the super-
nova bursts is high. 83 According to 8], such gen-
eration can be caused by gravitational compression
of the intergalactic medium, from which the galaxy
was formed. The presence of inhomogeneities and
macroscopic movements in such a contracting system
creates, generally speaking, conditions favorable for
the acceleration.

As was already emphasized above, the feature of
the hypotheses developed in [" and in [%8] is the
notion that the radio galaxies are very young systems.
At the same time, this notion is the most difficult part
of these hypotheses. It is possible that there are very
young objects among the radio galaxies. All the same,
it is difficult to regard such galaxies as NGC4486 or
NGC5128 as young. Many distinguishing features
(for example, the integrated spectrum, the presence
of a heavy spiral-like band of absorbing matter in
NGC5128, and others) indicate that these objects have
already passed through a long evolution. Another ar-
gument favoring this is the very small amount of gas
in the core of NGC4486.

A very interesting development of our notions con-
cerning the decisive role of supernovas in the forma-
tion of radio galaxies is a recent hypothesis by Bur-
bige.[ssj He, too, rejects the collision hypothesis,
regarding it as inconsistent. It is quite natural to
attribute the tremendous energies contained in the
form of relativistic particles and magnetic fields to
nuclear sources. The most effective nuclear energy
release mechanism now known in astronomy is the
burst of a supernova. Since the overwhelming major-
ity of radio galaxies are elliptical, it is useful to
analyze the main properties of such stellar systems
and to see which of these properties can potentially
contribute to the appearance of radio galaxies. It
follows from spectral and colorimetric observations
that the luminosity of the central regions of elliptic
galaxies is due predominantly to giant stars of Class
K, with mass 1—1.5 Mg. During the course of the
evolution, some part of the stars contained in such
a galaxy burst as supernovas of Class 1. If it as-
sumed that the relativistic particles are formed
during supernova bursts, then no less than 108 bursts
are necessary to explain the observed number of such
particles in the ‘‘average’’ radio galaxy (~10% erg),
which would consume about 10! years under ordinary
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conditions. Yet the formation of the observed number
of relativistic particles in the radio galaxies has oc-
curred apparently within a much shorter time interval
and has an almost catastrophic character, so that we
can speak of a ‘“‘burst’ or ‘‘explosion’’ of a galaxy,

or more accurately of its core. The corresponding
time estimates were made above in the analysis of the
physical conditions in Cygnus-A and NGC4486.

In order to guarantee a large number of supernova
bursts within a relatively short time, we have as-
sumed ["¥] the radio galaxies to be young objects,
where the star formation and nuclear genesis proc-
esses proceed with great vigor. In the case of several
radio galaxies, however, this meets with the difficulties
referred to above. Burbige rejects the idea that radio
galaxies are young objects. He assumes that under
certain conditions, at a definite stage of evolution,

a ‘‘chain reaction’’ consisting of successive supernova
bursts can occur in the cores of elliptic galaxies.

The densities in the cores of elliptic galaxies can
reach rather high values. In Sec. 2, with NGC4486 as
an example, we have seen that in a volume of ~ 25
parsec radius the average stellar density can reach
5 x 10 parsec™3. Burbige assumes that in the inner-
most regions of such a galaxy, measuring about 1
parsec, the stellar density can be 108—107 parsec2.
Let us assume that a supernova has burst in such a
core. Let the explosion energy be E; and let.the av-
erage distance to the nearest star be D. So long as
D is small (~10%—3 x 108 cm ), the flux of hard ra-
diation from the exploding star through the surface of
its ‘‘neighbor’’ will be rather large. Assuming, for
example E; ~ 10% erg, we find that the ‘neighbor”’
absorbs 10¥*—10!7 erg per unit surface.

In order to absorb this radiation (assumed in [88]
to be predominantly 7y quanta), several g/ cm? are
sufficient. In the case of giant stars, this corresponds
to 104—10° cm, and in the case of stars such as the sun
this corresponds to several meters of the stellar at-
mosphere. It is easy to show that when such a layer
absorbs so much energy (disregarding any mecha-
nisms by which heat can leak away) it can become
heated to 108—10° deg K. This is accompanied by nu-
clear reactions, predominantly with C, N, O, and H.
A detonation wave can be produced under certain con-
ditions and propagate inward. This in turn can cause
a star located so dangerously close to the supernova
to explode. The next star will then explode, etc. With-
in about 100 years the region of the core (~ 30 parsec)
will be enveloped by a catastrophic chain reaction.
The chain reaction will stop in the place where the
stellar density is appreciably reduced. During the
time of this phenomenon, the brightness of the star
can increase by 10™ or even more. The ‘‘induced”’
stellar explosions will be accompanied by the emis-
sion of large amounts of ionized gases. Powerful
emission in the lines [OII], [OINI] and [ NII] will
occur. It must be noted that if a conducting medium
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(v~ 108 cm) is subject to random macroscopic mo-
tions, the charged particles can become effectively
accelerated by the statistical mechanism.

The radio galaxies in which intense emission is
now observed ‘‘exploded’’ relatively recently. It is
therefore of interest to search for the peculiar emit-
ting objects (about which we spoke, earlier). Such
objects as NGC1068, NGC1275, and the like can have
sufficiently dense cores. Strong sources, according
to Burbige, are produced in the denser elliptic gal-
axies, which of necessity must be more massive.
Since a considerable number of radio galaxies are
multiple systems, it is concluded in (8% that the
core densities are higher in such systems.

These are the main outlines of Burbige’s hypothe-
sis. One should note, however, that it meets with
great difficulties, of which we mention only two.

a) The ‘‘induced explosion’’ mechanism is itself
quite unclear. The absorption of hard radiation by
the surface layer of the ‘‘neighbor stars’’ can extend
over a considerable time interval (> 10 days). It is
very probable that the heated layers will have a chance
to mix with colder ones, so that the net temperature
rise can be relatively insignificant and no nuclear en-
ergy is released. Even if we imagine that the tem-
perature in a thin surface layer has risen to 108—10°
it is not clear, without a detailed analysis (which was
not carried out in [89]), whether a nuclear explosion of
the entire neighbor star will take place.

b) It is not clear why the dense core of the elliptic
galaxy did not explode in 10'® years, although super-
nova bursts undoubtedly occurred there (with an ap-
proximate frequency of once every 10,000—30,000
years). In order to eliminate this difficulty it is nec-
essary to introduce a possible evolution of the core
(in the sense of its becoming denser), which can lead
at a certain stage to an ‘‘explosive instability.”’ It ap-
pears, however, that such an evolution should be too
slow.

Nevertheless, one cannot deny that Burbige’s hy-
pothesis is attractive. Its undisputed merit is that it
raises the question of a qualitatively new phenomenon
of unprecedented grandeur in the universe—the explo-
sion of the cores of several galaxies. The possibili-
ties of such an explosion as applied to NGC4486 was
pointed out to us as long ago as 1955, [87] although no
specific mechanism was proposed in (67, The same
can be said of the hypotheses of V. A. Ambartsumyan.
(8] A specific although debatable mechanism is con-
tained in (8981,

Burbige’s mechanism can be modified in the follow-
ing fashion. If D= 3 x 101 cm, then the shell of the
bursting supernova will reach the neighboring star in
10 years and ‘‘inundate’’ it. The relativistic particles
contained in this shell will enter the outer layers of
the star from all sides. It can be shown that the en-
ergy flux reaches ~ 10! erg/cm? sec, and such ‘‘ir-
radiation’’ will last for several years. Apparently
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this method of ‘‘heating up the neighboring star’’ is
more effective than that proposed by Burbige.

In any case, the very high stellar density in the
cores of the radio galaxies is a fact worthy of most
persistent attention.

We failed to mention still another hypothesis, ac-
cording to which the source of the relativistic particles
in the radio galaxies is the annihilation of matter and
antimatter. [*) Unfortunately, this hypothesis was not
supported by any specific calculations. Its main defect
is that it is impossible to obtain in the annihilation
process an energy greater than 10° eV per nucleon.
Yet we have already seen that the jet of NGC4486 con-
tains particles with energies 1011—10!2 ey, Such en-
ergies can be attained only through acceleration by
some ‘‘macroscopic’’ mechanism of the Fermi type.
Further evidence in its favor is also the observed
power-law energy spectrum in cosmic-radio emission
sources. On the basis of these considerations, the ‘‘an-
nihilation’’ hypothesis cannot be given serious atten-
tion.

We now consider a new hypothesis regarding the
mechanism whereby relativistic particles are gener-
ated in radio galaxy cores. Above, in the analysis of
the physical conditions in the NGC4486 core, we have
seen that the most probable source by which this core
is replenished with interstellar gas is falling inter-
galactic gas. Since the parabolic velocity in the re-
gion of the NGC4486 core (as in the case of other
similar objects) is very high, Vo ~ (1—2) x 108
cm/sec, the intergalactic gas will bring with it a
considerable amount of energy. Let us assume that
approximately 10 Mg or approximately 10%" g/sec
falls in the core every year.* Then at a velocity of
1.5 x 10% cm/sec the energy flux into the core of the
galaxy will be ~ 10% erg/sec. This is sufficiently
close to the power necessary to generate relativistic
particles in the cores of radio galaxies.

If the gas masses falling in the core carry with
them a frozen-in magnetic field (as would be natural
to assume), very favorable conditions are created for
the acceleration of the charged particles to relativistic
energies. In this case a mechanism whereby acceler-
ation is produced between two ‘‘magnetic walls’’ mov-
ing towards each other becomes feasible. The Fermi

*In the case of NGC4486 such an assumption signifies that
the amount of neutral gas in its core is approximately twice the
amount of ionized gas, which is permissible. Since the jet con-
tains ~5 x 10°° g of gas, and since the time of its formation is
~3 x 10** sec, the jet carries away from the core on the average
10?¢ g/sec. In order to prevent accumulation of the gas in the
core, it is necessary to assume that the neutral hydrogen con-
tinuously flows out of the core without regard to the formation
of plasmons in the jet. As is well known, an outflow of hydro-
gen is observed, albeit on a smaller scale, in the central regions
of our own galaxy. If the ideas developed here are correct, the
NGC4486 should contain a large amount of neutral hydrogen
(10°~10*° M), which should produce a depression in the spec-
trum of Virgo-A near v = 1475 Mcs..
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acceleration parameter is o = V/R. If the relative
velocity is V~ 3 x 108 cm/sec and R ~ 10%° cm then
@ ~ 3 x 1072 sec™l. Consequently, during the time of
formation of the next jet condensation in the core

(5 x 101 sec), the accelerated particles will increase
their energy to Mc%®f ~ 1011—10'2 V. Under favor-
able conditions the number of particles accelerated
will be very large. When the pressure of the relativ-
istic particles exceeds a certain limit, they break
away from the core together with the magnetic field
and the gas. ‘‘Plasmons’’ similar to those now ob-
served in NGC4486 are then expelled from the core.

Naturally, such a ‘‘break-away’’ cannot occur with
equal ease in different directions. It can be assumed
that it is easiest for the ‘‘plasmons’’ to break away in
the direction of the core’s axis of rotation, particularly
if a regular axially-symmetrical field is present there
(which is quite probable). It thus becomes understand-
able why the ‘‘jets’’ occur in two diametrically oppo-
site directions.

In order for an effective acceleration of the type
considered above to occur, it is necessary to satisfy
several additional conditions. One such condition is
quite obvious: it is necessary that the ‘‘lifetime’’ of
the accelerated high-energy particles, determined by
the nuclear collisions, be longer than the characteristic
acceleration time, i.e.,

1 5 1 a 1 v
wer O PSETETF Roo- (23)

In the case of the NGC4486 core, V/5Roc ~ 103cm™3,
and condition (23) is satisfied even if the neutral gas
contained in the core is taken into account.

The acceleration mechanism would become inoper-
ative if (in accordance with our hypothesis) the den-
sity of the interstellar gas in the NGC4486 core were
several times higher. Thus, the effectiveness of the
mechanism considered depends quite critically on the
conditions in the galactic cores. These conditions can
vary during the evolution of the galaxies, and when
they become favorable, a large number of relativistic
particles begins to be generated in the core. On the
other hand, the amount of intergalactic gas falling into
the core should depend on the density of the gas in this
part of the metagalaxy where the galaxy under consid-
eration is located. This density should also change
during the evolution of the galaxy, if it is recognized
that during 100 years the galaxy covers a distance of
several megaparsec. Periods may occur when the
galaxy passes through unique clouds of intergalactic
gas with increased density (for example, 10728 g/cm?
or even higher). During such epochs the mass of gas
entering into the cores of the galaxies will be equiva-
lent to many tens or even hundreds of solar masses.
The energy flux into the core can reach 10%, and if
the conditions in the core are favorable, vigorous
generation of relativistic particles will set in.*

*This may explain the tendency of radio galaxies to be lo-
cated in galactic clusters, where the density of the intergalactic
matter should be considerably above average.
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In a certain sense this process can be treated as a
‘“‘collision’’ of a galaxy with a very extensive and rela-
tively dense cloud of intergalactic gas. In this con-
nection it should be noted that at the present time we
know practically nothing concerning the characteris-
tics of intergalactic gas.

It is important to call attention to still another fact.
Since the interstellar gas does not accumulate in the
cores of the radio galaxies, but is periodically ejected
by the pressure of the cosmic rays, the cores of the
galaxies and the surrounding intergalactic medium
can be regarded as a periodically acting engine—

a giant cosmic accelerator. In particular, one cannot
exclude the possibility that the gas in the plasmons
ejected from the core returns to the core, and is then
ejected again. Of course, such a process should have
a definite damping decrement, since a noticeable part
of the energy of motion of the gas masses is converted
into cosmic rays.

The fact that almost all the radio galaxies are
spheroidal systems with large masses is naturally
explained within the framework of this galaxy by the
circumstance that only such galaxies have a deep
gravitational potential well in a small region surround-
ing the core. This hypothesis enables us to understand
why in the central regions of such galaxies as NGC1068,
NGC4234, NGC4261 and a few others we observe on a
more moderate scale the process of generation of
relativistic particles. It becomes possible to under-
stand the nature of the ‘‘main sequence’’ radio gal-
axies, referred to in Sec. 2. Finally, the fact that by
far not all Seyfert galaxies or likewise all giant
spheroidal systems (for example M-86) are radio
galaxies, can be naturally explained by the ‘‘capri-
cious’’ nature of the conditions necessary for effec-
tive generation of relativistic particles in galactic
cores. Of course, even this new hypothesis raises
great difficulties. Thus, for example, it is difficult to
visualize how to interpret objects such as Cygnus-A
by this method.

It is possible that in such cases there is a certain
specific mechanism, connected with the duality of such
galaxies. We note in this connection that the potential
energy of the close pair of galaxies of Cygnus-A can
reach 108°—10%! erg. During the process of orbital
motion of the galaxies, a considerable intensification
of the magnetic field may occur in the surrounding
medium, and a certain instability may arise. This
important problem calls for additional research,
however.

We have discussed in this section the main hypoth-
eses concerning the nature of radio galaxies. We have
seen that these hypotheses are quite varied in their
premises and frequently contradict one another. This,
of course, is quite natural and expected for so diffi-
cult and new a problem. There are, however, all
grounds for assuming that progress in radio astro-
nomical and optical observations of radio galaxies
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will soon disclose new important facts, which will
enable us to make a final choice between the differ-
ent hypotheses.
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