Apparent superluminal separation velocities of the
components of extragalactic objects

L. . Matveenko

Institute of Space Research, Academy of Sciences of the USSR
Usp. Fiz. Nauk 140, 463-501 (July 1983)

Objects with active nuclei are reviewed. Their fine structure and its variation in time are considered. In a
number of objects, velocities of the components exceeding the velocity of light are observed. Models that

explain this phenomenon are discussed.
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1. INTRODUCTION

The last decade was marked by a sensational dis-
covery—motions of components with velocity exceed-
ing the velocity of light were discovered in a number
of radio sources. What are these objects and what is
their nature ?

Radio astronomers studied the spectra of radio
sources and, as they mastered first short centimeter
wavelengths, and then millimeter wavelengths, they
noted that some of the sources do not have the ordi-
nary power-law spectra of the type F ~v®, where F is
the flux density of the radio radiation, v is the fre-
quency, and a is the spectral index, but contain high~
frequency excesses. Figure 1 shows the power-law
spectrum of the giant elliptic galaxy Virgo A and spec-
tra with high-frequency excesses—of the quasar
3C 273 and the Seyfert galaxy 3C 84.!:2
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FIG. 1. Spectra of sources of cosmic radio emission: a giant
elliptic galaxy, the radio source Virgo A, the quasar 3C 273,
and a Seyfert galaxy, the radio source 3C 84. The broken
curves show individual spectral components.’
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As the accuracy of the measurements of the coordi-
nates of the radio sources was increased, it became
possible to identify objects having peculiar spectra with
faint stars. It was assumed that these stars belong to
our Galaxy, and therefore the sources with high-fre-
quency excesses in the spectra would not constitute
some new class of objects. The radio sources 3C 84,
3C 147, 3C 196, 3C 273, and 3C 286 were identified for
the first time on photographic plates obtained at the
Mount Wilson and Mount Palomar observatories.?® (The
designations in the Third Cambridge Catalog are
given.) After the Sun, these were the first stars for
which radio emission was detected. However, fur-
ther investigations showed that these are far from be-
ing ordinary stars and are objects of a special class—
quasistellar objects or quasars. For a long time, the
spectral lines of the quasars could not be identified
with the lines of known elements. It was realized sub-
sequently that this is due to their large red shift, which
reaches several tens of percent. Thus, the bright
emission lines observed in the spectrum of the qua-
sar 3C 273 could be identified with the Balmer series
of hydrogen only under the assumption that they are
shifted to the red by 16%. If this red shift is due to the
cosmological distance to the objects, then quasars are
at distances that reach several billion light years. But
they must then radiate an unusually high power ~10
erg/sec. The emission of the source will last for
~10000 years, and the total energy released by the
quasar will be ~10° erg. For comparison, the nuclear
energy released by complete transformation into hel-
ium of a mass if hydrogen equal to the solar mass is
only ~10%* erg; moreover, the process of transforma-
tion of hydrogen into helium would last ~10!° years.?

As was established by Ginzburg and Shklovskii, the
radiation of the majority of cosmic sources is due to
the synchrotron mechanism—the radiation of relativis-
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tic electrons moving in a magnetic field. In particular,
this found brilliant confirmation in the polarization of
the radio emission of the sources.

The higher the energy E of the electron, the higher
the frequencies it radiates, v~H, E?, but the more ra-
pidly it loses its energy: t~E2H/2, Thus, the high-
frequency excesses in the spectra of the radio sources
must be associated with sources of high-energy elec-
trons, since the lifetime of these electrons is appre-
ciably shorter than the lifetime of the object. The con-
nection between the high-frequency excess and a source
of electrons and their short lifetime indicates that the
region of the emission must be compact, so that in view
of the huge distances to the objects the emission region
must have exceptionally small angular dimensions.

Further theoretical investigations of the synchrotron
mechanism of radio emission*:® showed that the charac-
teristic low-frequency “dips” of the high-frequency ex-
cesses are determined by the absorption of radiation by
the relativistic electrons themselves (reabsorption) and
are related to their angular dimensions®:

plarcsec)= 1.4- 102y —SIHMY (4 4 2)'B,

where F and v, are the maximal flux density of the ra-
dio emission of the object and the frequency at the turn-
ing point of the spectrum (expressed in 1072 W-m™ -

Hz™ and GHz, respectively), H is the magnetic field

intensity in oersteds, and z is the red shift. The mag-
netic field has little influence on the angular dimensions
of the source; the magnetic field is usually < 1073 G 91°

The high-frequency excesses of the strongest radio
sources have F,=5-20 Jy (1 Jy=10%*W.m™.Hz™")
and v,=10-40 GHz. In this case, the expected angu-
lar dimensions of these sources must be ¢ <1 marcsec.
For sources for which the slope of the spectrum changes
at meter or decimeter wavelengths, the angular di-
mensions must be ¢ =071-001.

To determine the nature of the radio emission of the
quasars, it was necessary to measure their angular
dimensions. This cannot be done even with the most
powerful modern optical telescopes, let alone radio
telescopes. Radio waves are hundreds of thousands of
times longer than optical waves, and to achieve the
necessary angular resolution one would need an instru-
ment of the size of the terrestrial sphere. Itis for
this reason that even the largest radio telescopes with
bowls if diameters reaching tens of meters do not im-
prove on the angular resolution of the unaided eye.

Significant successes were achieved by the develop-
ment of the method of occulation. If the Moon occults a
source, a diffraction pattern is formed at the limb, its
form depending on the angular dimensions of the source
(the distribution of the radio brightness); its time of
occurrence depends on the relative position of the Moon
and the investigated object.!!:'2:® The accuracy in the
determination of the coordinates and the angular di-
mensions of sources at decimeter wavelengths reaches
~1”., In 1963-1964, one of the most interesting qua-
sars, 3C 273, was occulted several times. Observa-
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tions were made using large radio telescopes in Aus-
tralia and in the Soviet Union at the Deep Space Commu-
nication Center in the Crimea.!*''®* The Australian sci-
entists attached such importance to these results that
the obtained traces were copied and sent for analysis in
different aircraft. These observations made it possi-
ble to identify in the quasar two components—a nucleus
{component B) and an extended ejection (component A).
The diameter of the nucleus was found tobe 1", It
was the nucleus that was found to be responsible for the
high-frequency excess, the ejection having an ordinary
power-law spectrum (see Fig. 1); the spectral index of
the ejection is a = 0.65.'® Subsequent optical investiga-
tions confirmed the presence of the ejection, which is
at a distance of 19”5 from the nucleus and measures
2”x10”. It is oriented at angle 223°; at the position of
component B, a ~13™ star was discovered.’*

Further improvement in the radio-astronomical
methods made it possible to increase the angular resol-
ution further. When radio waves propagate through an
inhomogeneous ionized medium there is a focusing of
the radiation, as a result of which a radio source, like
stars in the optical range, scintillate. The magnitude
of the scintillation depends on the relative angular di-
mensions of the radio source and the “lens.” The
larger the angular dimensions of the source, the smal-
ler the amplitude of the scintillations. It is for this
reason that the planets do not scintillate —their angular
dimensions are appreciably greater than the dimen-
sions of the inhomogeneities of the atmosphere. Thus,
the interplanetary medium was found to be an “instru-
ment” with high angular resolution. %:2%:%.8¢ Qpgerva-
tions of the scintillation of quasars confirmed their
small angular dimensions. At meter wavelengths,
these were found to be ~0'1, and at decimeter wave-
lengths <0704.'*"*! Use of the interstellar medium
made it possible to raise the angular resolution still
further, to 107°-1077 arcsec. !%2%° Thus, a connection
was established between sources with high-frequency
spectral excesses and small angular dimensions of the
emission regions. It was then necessary to identify the
sources of the high-energy particles.

The process of injection of the high-energy particles
must be nonstationary, and one could therefore expect
the high-frequency radio emission of the objects to be
variable. Variability of the radio emission of objects
with active nuclei was observed for the first time at
centimeter wavelengths from the quasars 3C 345,
3C 273, and a number of other sources?®™?” and was
studied in detail in Refs. 24, 25, and 28-30. It was
found that the variability has a random nature and con-
sists of individual outbursts of radio emission (Fig.

2). ™28 The outbursts first appear at short and then at
longer wavelengths. At the same time, the magnitude
of the outbursts decreases and their duration increases.
At sufficiently high frequencies (at millimeter wave-
lengths) the time of appearance of an outburst and its
duration do not depend on the wavelength. Qutbursts
can appear fairly frequently and be superimposed on
one another, as, for example, in the objects 3C 84,

3C 273, and 3C 345, or they may occur seldom, as in
the object 3C 1203738125
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FIG. 2. Change in the radio emission of the Seyfert galaxy
3C 120 at different wavelengths.?

The characteristic time of variation of the radiation
intensity of a quasar is about 2 month, but in individual
cases the time of an outburst does not exceed a few
days. Just as rapid variations occur in the optical
range. 31,38,37

The dimensions of a radio source cannot exceed the
distance traversed by the radiation during the time of
existence At of the outburst, i.e., I <scAf. And this do
means that the angular dimensions of rapidly varying
sources do not exceed ¢ =0002-0.2.38

The radiation of objects with active nuclei is linearly
polarized, which indicates that it has a synchrotron
origin. The magnitude of the polarization and its posi-
tion angle vary. 3!+3:%7

The astronomical objects with active nuclei can be
divided into quasars, BL Lacertae objects, Seyfert gal-
axies, and ratio galaxies with active nuclei. In a num-
ber of cases this division can be somewhat arbitrary.
Some objects do not have identifications in the optical
range. This could be due to the fact that the regions
are obscured by dust or that they have little optical
radiation. Clear differences in the radio variability of
these objects are not observed, but the outbursts of
quasars and BL Lacertae objects are more intense,
corresponding to changes in radiated power of ~10%
erg/sec yr, whereas the outbursts in the nuclei of radio
galaxies are appreciably weaker, ~10* erg/sec yr.” In
recent years extended regions around a number of
quasars have been discovered and identified with galax~
ies. Thus, classical quasars such as 3C 273, 3C 48,
and 3C 37, 43 are the nuclei of galaxies,’*"!*? It is pos-
sible that the remaining objects are galaxies, the only
difference being in the activity of the nuclei.
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The radio emission of the nuclei of the objects and the
individual outbursts can be described fairly well by the
synchrotron mechanism. In particular, the observed
radiation of the regions of the outbursts can be repre-
sented as adiabatically expanding clouds of relativistic
particles whose magnetic flux is conserved. The
clouds of particles are ejected from the nuclei of the
objects as a result of active processes, 74747

In the adiabatic model, the ejected cloud initially has
large optical thickness 7>1, and the flux density of its
radio emission increases as F ~{%, This continues un-
til the cloud becomes optically thin, 7<1. At this time,
the flux begins to fall as F ~¢?”, where 7 is the expo-
nent of the energy spectrum of the electrons. In the
special case when the energy distribution of the elec-
trons is represented by a power law, the spectrum al-
so has a power-law nature, F ~v®, and the spectral
index is o =~-{y-1)/2,

The optical thickness of a cloud of relativistic parti-
cles depends on the frequency ¢, and the maximal flux
density of the radio emission is at the frequency
F =¥/ @) At frequencies v<v,,, the opti-
cal thickness is 7>1, and the flux density of the radio
radiation depends on the frequency as F ~1#-%, while at
frequencies v>v,,, 7<1 and F~v*, As the cloud ex~

pands, the frequency v, is shifted to lower frequencies
as ,..t'(4cu5)/ (0+2.8)

At high frequencies v>v,,,, the region of the radio
outburst is transparent, and the variation of the flux
density of the radiation occurs simultaneously at all
frequencies and reflects the rate of generation of the
high-energy particles or their “disappearance” due
to synchrotron loss and inverse Compton scatter-
ing. 4%4° The observed radiation will be determined
by the total number of particles, their energy distribu-
tion, and the magnetic field H. In this connection,
observations at high frequencies are the most effective
and make it possible to follow the evolution of non-
stationary phenomena in the early stage of development
of a outburst.

However, observations at frequencies v<v,,,
where the source has 7 >1, make it possible to deter-
mine the magnetic field intensity H. In this part of the
spectrum

H 2~ 0.5-10%75% [Oel,

where v is expressed in gigahertz and 7, in degrees
Kelvin.

The maximal brightness temperature of an optically
thick source of synchrotron radiation is limited by in-
verse Compton scattering. ”*® For a homogeneous,
isotropically radiating source the ratio of the power
L of the inverse Compton scattering to the power L, of
the synchrotron radiation is

£ong (FmE) vo[ 145 (F58) %)

It can be seen from this expression that for T=>10'?°K
the Compton losses increase sharply.

Lc (Tm")to

s T\ 1ot
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The exact value of T, ,, corresponding to L,/L,=1 de-
pends on the geometry of the source, the energy distri-
bution of the electrons, and the magnetic field intensity.
However, T, cannot differ strongly from T, =10'2°K
at all wavelengths. The limiting value of the magnetic
field in this case is H=10™yp,

If a compact source expands with conservation of the
magnetic flux, then T, depends on its radius as T_,,
~p "/ s ang in the case of a power-law energy
distribution of the electrons its spectral index is
a=-(y-1)/2. Fory=1, T, is almost independent
of p.

As follows from the variations in time, the angular
dimensions of the regions of the outbursts are ~0.01
marcsec, and the flux density of the radio emission
reaches ~10 Jy, which corresponds to the unusually
high brightness temperature T, =10'*°K and clearly ex-
ceeds the maximally permitted values. Another, no
less complicated question is the problem of the enor-
mous energy of the nuclei and the mechanism of its
transformation into the energy of the magnetic field
and the relativistic particles. To find answers to
these questions, it was necessary to measure the de-
tailed structure of the compact central regions of the
radio sources, their cores, to identify individual
components, and to follow their evolution. Initially,
it seemed that this problem could never be solved,
its resolution requiring an instrument with an angular
resolution <1 marcsec. Radio telescopes with such
resolution would have to have global dimensions.

The development of quantum radio physics, computa-
tional techniques, and antenna systems created the pre-
requisites for the solution of this problem. The founda-
tions of a new method were laid—radio interferometry
with very long baselines (VLBI).3® This method opens
a new epoch in astronomy—compact cosmic objects
such as the nuclei of quasars and radio galaxies and the
regions of formation of stars and planetary systems
became accessible to investigation. The best angular
resolution that can be obtained under terrestrial con-
ditions, <100 parcsec, has now been achieved, 552,97 98
However, the dimensions of the Earth are not a funda-
mental limit and present only certain technical diffi-
culties. Modern space capabilities already make it pos-
sible to carry a radio telescope into orbit around the
Earth- 53,54,181

2. VLBI

The method of radio interferometry with very long
baselines consists of receiving signals from the investi-
gated cosmic object (or any cther source of radio sig-
nals) with widely spaced antennas, their transformation
to the videofrequency band, and magnetic recording.
The coherent transformation of the signals and the
synchronization of the recording at the two points of
observation are made by means of high-stability
oscillators of atomic type. Usually, frequency stan-
dards of hydrogen or rubidium type are used. The for-
mer are more stable: <107 gver a time of ~10° sec.
The traces on the magnetic tapes are transported to the
computational center and are simultaneously analyzed
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FIG. 3. Radio interferometer with very long baseline. 1)
High-frequency amplifier, 2) signal frequency converter, 3)
video-frequency band amplifier, 4) atomic frequency standard,
5) magnetic recorder. The baseline of the interferometer is
B. At the bottom, we show the interference fringes on the
processor display 6 obtained from the quasar 3C 273 at wave-
length 1.35 ¢m. Crimea-Effelsberg baseline.

with specialized computers. From the data of cross-
correlation analysis the distribution of the radio
brightness of the object is determined. Thus, the ele-
ments of the interferometer are not directly connected,
and the distance between them can be made arbitrarily
great (Fig. 3).

In contrast to an ordinary mirror telescope (instru-
ment with filled aperture), the angular resolution of
the interferometer is determined by the distance be-
tween the antennas, and not their diameters. Only
the sensitivity of the interferometer depends on the
diameter of the antennas, and it is only in this sense
that their diameters limit the angular resolution.

A VLB radio interferometer is analogous to a Michel-
son interferometer in the optical range. In contrast to
a radio telescope with continuous aperture, it does not
detect the brightness of a particular area (point) of the
image of the object, T,(x, ), but rather one of the spa-
tial harmonics of its image—a Fourier component of
the distribution of the radio brightness,

A, v)= STb(I; y) exp [—j-2n (uz+vy)]dzdy,

where x and y are coordinates on the plane of the celes-
tial sphere, and # and v are the spatial frequencies.

The spatial frequency measured by the interferomet-
er (the response of the interferometer) is determined
by its baseline B, i.e., the distance between the an-
tennas and its orientation. These frequencies are

u=——cos Opsin (Ts— Tp),

o ¥

v =-— [sin 8p cos 85— cos Op sin 8 cos (T's — T'p)l,

where 35, §; are the declinations and T, Ty the hour
angles of the baseline and the source, respectively.
The vector of the baseline describes on the u, v fre-
quency plane the ellipse
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FIG. 4.
interferometer at wavelength 1.35 cm for different declina~

Projections of the baseline of the Crimea-Pushchino
tions 8 as a function of the hour angle {. This shows the cover-
ing of the u, v plane.
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whose semimajor axes are equal to

a= —% cos Op,

B .
b= < sin Sp cos 6g,

and the displacement along the v axis is

B .
vy=—~sin 8g cos Op,

where B is the projection of the baseline onto the equa-
torial plane.

Figure 4 shows the projections of the baseline of the
Simeiz (Crimea)-Pushchino interferometer for decli-
nations 6 = —20-60°.%* The projections are given in
wavelengths (A=1.35 cm). The marks indicate the
hour angles. Thus, the ellipse reflects the frequen-
cies that can be measured by the given interferome-
ter.

Observing the source of different hour angles, one
can measure a certain region of harmonics of the
Fourier distribution of the brightness of the investiga-
ted object. The distribution of the radio brightness
of the object is obtained from the spatial harmonics
by inverse Fourier transformation:

T(z, y) = SA (1, v)exp [j-2n (ux + vy)) du do.

However, for this all the frequencies and their phases
must be measured, i.e., observations of the object
must be made with radio interferometers with bases of
different lengths and orientations, i.e., one must obtain
a complete covering of the u, v plane, which is equiva-
lent to synthesizing an antenna whose aperture is equal
to the baseline base of maximal length. In practice,
the investigations into the structure of radio sources
by VLBI are made with existing radio telescopes, and
accordingly the vectors of the baseline are determined
by their relative positions. In addition, measure-
ments of the phases of the harmonics present certain
difficulties. For this reason, the distribution of the
radio brightness is not determined by inverse Fourier
transformation but in a model approximation—distribu-~
tions of radio brightness are specified, their spatial
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frequencies are calculated, and then the least-squares
method is used to determine the minimal deviation of
the calculated and measured values of the amplitudes of
the Fourier harmonics. As a rule, one uses the simp-
lest models with a limited number of components with
Gaussian brightness distribution. In the models, one
calculates the relative position of the components,
their dimensions, ellipticity, position angle, and flux
density of the radio radiation. **"*® The relative posi-
tion and size of the components are determined with an
accuracy up to fractions of the width of an interference
fringe. The accuracy depends on the sensitivity of the
telescopes.

In the meanwhile, improved methods of calculating
the models have been developed, these making it pos-
sible to determine the brightness distribution of indi-
vidual points of the source. A grid of point sources is
specified on some area with a definite step. The flux
densities of each of them is chosen such that the spec-~
trum of the spatial frequencies of the set of sources
has minimal deviation from the measured values. The
mosaic image is then smoothed by a Gaussian function
and “cleaned”—it is corrected for the diagram of the
interference system.%™% Figure 12 (see below) shows
a chart of the nucleus of the Seyfert galaxy NGC 1275
obtained by this method. %

Further improvement in the methods of image con-
struction involve the use of the so-called method of
closure phases. It was first used for radio interfero-
meters with short baselines. % It is a form of differ-
ential method. In observations with three antennas
forming three radio interferometers, the phases de-
termined by instrumental effects, including instability
of the heterodynes and the influence of the atmosphere
and the ionosphere, occur in the different interfero-
meters with opposite signs and cancel each other.
Thus, the spatial frequencies obtained using three
interferometers can be mutually matched in phase,
which appreciably raises the accuracy of the modeling.®
The method of closure phases reproduces with high
accuracy an image of the object, but it does not elimi-
nate the absolute error in the determination of the
position of the source on the celestial sphere. At the
present time, observations of radio sources are made
with a large number of radio telescopes simultaneously,
and the results are analyzed in “triplets,” which en-
sures mutual matching of the spatial harmonics of the
image of the object.

A high accuracy of measurement is also attained when
a reference detail is used. This form of differential
method is especially effective if a point source is pres-
ent within the limits of visibility of the directional dia-
gram of the radio telescope. Such a source can be one
of the details of the investigated object. It is for this
reason that one can measure with high accuracy the
relative positions of the components of a radio source.
This method is widely used for measurements of the
fine structure of maser sources, to study their dy-
namics, and also the structure of quasars with com-
paratively simple structure. °""57:% In a number of
cases, the accuracy reaches 50 parcsec. %9188
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3. RADIO INTERFEROMETERS WITH VERY LONG
BASELINES

Investigations into the fine structure of radio sources
by VLBI have become one of the most important direc-
tions of modern radio astronomy. Observations are
made in the entire spectrum of radio wavelengths from
meter to millimeter waves inclusively,?!54+65-81:88:126

All the largest radio telescopes of the world are used
in the measurements. The choice of the wavelength
is determined by a number of factors: 1) the angular
resolution, 2) the conditions of visibility of the fine
structure of the objects, 3) the technical possibilities
of the instruments, 3

The angular resolution of a radio interferometer is
Ag@ ~A/B; there is therefore a natural desire to shorten
the wavelength and increase the baseline B.

The conditions of visibility of compact sources are de-
termined by the transparency of the ionized medium
surrounding the nuclei of the quasars and radio galax-
ies; the transparency is proportional to A2, There-
fore, the observations of the deep layers of nuclei must
be made at the shortest possible wavelengths. The in-
crease in the flux density of the radio emission of com-
pact, optically thick components right down to the milli-
meter wavelength range facilitates this.

The maximum of the radiation of relatively <“old”
components is at wavelengths in the centimeter—deci-
meter range.

The technical possibilities of modern large radio tele-
scopes permit reliable operation in the complete range
of centimeter wavelengths. These possibilities are
determined by the accuracy in the construction of the
mirrors and the retention of their shape at different
angles of elevation, the accuracy of guiding the anten-
na, the sensitivity of the instruments, the stability
of the phase of the apparatus, including the heterodyne
systems, and, finally, the transparency of the atmos-
phere.

At millimeter wavelengths, the atmosphere seriously
limits the possibilities of interferometry on account of
not only absorption of the signal and its own radiation
but also on account of phase instability. Therefore,
millimeter-range instruments are built high in moun-
tains. The total electric path length in the atmosphere
varies as cosec h, where h is the angle of elevation,
and reaches 2 m in the direction of the zenith,™ For
decimeter and longer waves, the limiting factor may
be the ionosphere; its electric length at wavelength 18
cm is approximately equal to the length of the tropo-
sphere and is proportional to ~ 2.

The next restricting factors are the interplanetary
and interstellar media. They are inhomogeneous and
limit the angular resolution, smearing the apparent
angular dimensions of the sources, i.e., they play a
negative part, in contrast to the scintillation method.

As follows from the experimental data, the scatter-
ing angle in seconds of arc is

Oyear = 1078 A% | sin b |92,
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where A is expressed in centimeters. At low galactic
latitudes | b|<10°, the scattering increases sharply be-
cause of the influence of the matter concentrated in the
arms of the Galaxy and gas-dust complexes. For
wavelengths ~1 cm, the scattering angle is §,,,, > 107
sec, whereas at wavelength 1 m it is > 10™ sec. On
the basis of this, the limiting length of the baseline

in kilometers is

B << 10° | sin b [*% A%

At meter wavelengths, the baselines are shorter than
the Earth’s diameter, whereas at short centimeter
wavelengths the baselines may reach ~10° km. How-
ever, the limiting factor in this case may be the sen-
sitivity, which depends on the time T of coherent ac-
cumulation of signals, the noise temperatures T,, and
T, of the systems, the effective areas A, and A, of the
antennas, and the band Af of the received signal. The
limiting length of the baseline in kilometers in this case
is

B < A0TD (T 0y Tp) =28 (A A, AFT) 025,

where T, is the brightness temperature of the investi-
gated source. In the limiting case, the brightness tem-
peratures of the components of objects with active nu-
clei is T, =10 °K, and for maser sources emitting wa-
ter vapor lines it is T, =10'®°K, but the signal band is
determined by the width of the line and is equal to ~50
kHz. The limiting baseline for a space radio telescope
of diameter 30 m with noise temperature T, =50 °K of
the system and terrestrial diameter 100 m with noise
temperature 50 °K of the system is B <10° km; here,
the signal reception band has been taken to be 2 MHz,
and the time of coherent accumulation 100 sec.

The optimal radio wavelengths for radio astronomi-
cal investigations are 1. 35, 2.8, 6, and 18 cm.

Observations of radio sources are currently made
with a large radio interference network, which includes
virtually all the radio telescopes in the world (Table I).

Table I gives the location of the antennas, their di-
ameters, their coordinates X, Y, Z, wavelengths, and
type of employed frequency standard (H for hydrogen
and Rb for rubidium).

TABLE L
X ] Y , z
Location £, M A, oM
1073 ku

Crimea 22 H 1.35; 18 3.8 —2.6 4.4
Effelsberg 1 100 H 1.35;, 2.8; 6; 18 4.0 —0.5 4.9
Onsala 20/26 H 1.35; 2.8; 6; 18 3.4 —0.7 5.3
Dwingeloo 26 H 6; 18 3.8 —0.4 54
Jodrell Bank 26/75 Rb | 6; 18 3.8 0.2 5.1
Tidbinbilla 64/26 H 1.35; 3.75; 13; 2 4.4 2.7 3.7
Goldstone 64/26 H 2; 3,75; 13 2.4 4.7 3.7
Madrid 64 H 2; 3,75; 413 4.9 0.4 4.1
Green Bank 43 H 1.35; 2; 2,8; 6; 18 0.8 4.9 3.9
Maryland Point 26 H 1.35; 2.8; 6; 18 11 4.9 3.9
Fort Davis 26 | H |278'618 13 53 3.2
Owens Valley 40 H 1.306; 2.8; 6; 18 —2.4 4.5 3.8
New Mexico 26 Rb | 1.35; 2.8; 6; 18
Arccibo 300 Rb | 6; 18 2.4 5.6 2.0
Hat Creck 26 Rb | 1.35; 2.8; 6; 18 —2.5 4.1 4.1
Haystack 37 H 1.35; 2.8; 3,7; 6; 18 1.5 4.4 4.3
Algonquin 47 H ]2.8;3.7; 6; 18 0.9 4.3 4.8
Johannesburg 26 Rb | 3.7, 18 54 —2.7 —-2.8
Vermilion River 7 Rb | 2.8; 6; 18 0.2 49 4.1
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FIG. 5. Global radio interferometer network at wavelength
18 em.

The angular resolution of the network at wavelength
1. 3 cm reaches the limit ~50 parcsec under terrestrial
conditions. No other physical instrument has such a
high resolution. This resolution corresponds to the
angle subtended by the orbit of an electron in the hydro-
gen atom at a distance of 20 cm. The use of a large
number of radio sources ensures that the measure-
ments have a high information content (the number of
baselines formed from m instruments is m(m —1)/2)
and good covering of the u4, v plane. Figure 5 shows
the radio interference network used in 1980- 1981
to study the structure of quasars.'™

4. STRUCTURE OF COMPACT EXTRAGALACTIC
SOURCES

a) The Seyfert galaxy 3C 120

The Seyfert galaxy 3C 120 is one of the most interest-
ing objects. There is a clear high-frequency excess in
its spectrum (Fig. 6). The red shift of the galaxy is
2=0.0323, and the distance to it, under the assump-
tion that H="75 km - sec™ - Mpc™, is 130 Mpc. Un-
usually active processes, accompanied by intense out-
bursts of radio emission, occur in the nucleus of this
galaxy. Figure 2 shows the change in the flux density
of the radio emission at different wavelengths. ’»2®* The
outburst at the end of 1967 at wavelength 2 ecm reached
12 Jy, which exceeded by a factor 2 the level of the
“quiescent” radiation. At longer wavelengths, the
outbursts are delayed, and their intensity decreases.
The optical radiation of the nucleus is also vari-
able. 32,39,73

The first observations using VLB radio interfero-
meters at wavelengths in the 3-cm range established
a complicated structure of 3C 120,72:74-77:78.81.61.02

3¢ 120
\//c\
T 4

{v, frequency, GHz}

S

{F, flux density, Jy}

an
4
-
5]
<

FIG. 6. Spectrum of the source 3C 120, The broken curves
show the individual spectral details.”
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TABLE T1I.

Two components
Ring (dF
Time Distance, Diameter, Angle, Flux ameter),
marcsec marcsec deg :h__“’,':h,ngm total marcsec
28.02.71 0.98 0.5 95 6.5 9.2 1.44
25.06.71 1.3 0.7 85 4.5 7.6 1.8
03.11.74 1.7 1.3 85 7.0 10.7 2.5
%72 | <04 < 0.4 = — 9.8 -
06.06.72 — — — — 9.4 —
08.72 < 0.4 < 0.4 — — 13.1 —
28.08.72 <0.3 < 0.3 — — 13.4 —
10.72 0.6 < 0.4 ~ 60 — 15.8 —
07.11.72 0.99 0 65 12.0 15.8 [0.74; 10
05.02.73 1.0 0 65 10.4 14.4 1.17
15.03.73 1.4 0.9 62 8.0 19.4 -
0.6 7.2
30.03.73 1.1 — 65 10.2 16.5 1.65
17.05.73 1.23 — 65 7.8 14.7 1.98
15.06.73 1.3 0.9 65 2.9 13.6 —
0.8 7.2
22.02.74 2.8 0.8 65 2.2 101 —
0.9 3.3

Further investigations revealed a significant change
even during a few months. 7°:":8%%,% The results of
observations in the period February-November 1971
were represented in the form of two separated com-
ponents with position angle equal to 85— 90°, or in the
form of a ring. These models are given in Table II.
The diameter of the ring increased during 1971 from
1.4 to 2.5 marcsec, while in the case of two compo-
nents their separation increased from 1 marcsec to1.7,
the diameters increasing from <0.5 to 1.3 marcsec.
Bearing in mind the distance to the object, the observ-
ed changes took place-with superluminal velocity. In
the first half of 1971, the separation and expansion of
the components occurred at the veloities 1. 6¢ and 1. 2¢,
and in the second half at 2.1¢ and 3.1¢, respectively.
Further observations confirmed this structure. Fig-
ure 7 shows the change in the relative position of the
two components. ®® The data obtained at different wave-
lengths are generalized in this figure. The results lie
on two straight lines, reflecting two phases of activity
of the object. The observed difference between the po-
sitions of the components at the wavelengths 2.8 and
3.8 cm at 1974. 5 was explained by the spectral fea-
tures of the new pair of components. Figure 8 shows
the change in the flux density of the radio emission dur-~
ing this period, the observed changes belonging to
different outbursts. The main radiation of the source
in 1972.5-1974. 5 was determined by one pair of com-
ponents moving apart with velocity ~5¢, while in the
period 1974.5-1976 it was determined by a new pair
with velocity 8c. At 1974.5, the new pair was seen at

T T T T T T T
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FIG. 7. Change in the distance between the two components
in the source 3C 120.%°
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FIG. 8. Change in the flux density of the radio emission of

the source 3C 120 at wavelength 2.8 cm.

the wavelength 2.8 cm, but its radiation was still in-
sufficiently great at the wavelength 3.8 cm, which ex-
plains the observed difference.

Investigations of the structure of 3C 120 using a multi-
element interferometer with five radio telescopes during
19721974 confirmed the two-component model. 857 At
the same time, one cannot rule out a model whose
components keep their position but change their bright-
ness; at the same time, the position angle remainsg
the same. '

Observations at wavelengths 2.8 and 6 cm during
1976-1977 with five radio telescopes confirmed that the
position angle of the object remained the same. Dur-
ing this period, its activity decreased (see Fig. 8),
and its extension increased. Analysis yielded a
hybrid chart containing three components separated by
~1 marcsec from one another (Fig. 9a).%%'* R can be
interpreted as a bright nucleus and components ejected
from it in the direction with position angle -108°. For
greater clarity, Fig. 9b shows the distribution of the
brightness along this direction. The nucleus and the
component nearesi to it have flat spectra, while the
far component has a power-law spectrum with spec-
tral index —-1. The velocity of the ejected components
is 1.85 marcsec per year or 5c assuming
H=55km-sec™ -Mpc™, ¢,=0.05, and 2=0.033.

- g
17978.92 2.8cm ("I [ic 709 A{2.8cm;
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Beam 87174 3y farcsec 2
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FIG. 9. Distribution of the radio brightness in the source 3C
120 at wavelengths 2.8 and 6 cm (a), and distributions of the
radio brightness along the major axis of the source (b).'™
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FIG. 10. Change in the flux density of the radio emission of
the source 3C 120 at the wavelength 2.8 cm and the corre-
sponding outbursts of radio emission.™

The complicated three- or even four-component col-
linear structure in the period 1976. 73 (at frequency
10 650 MHz) and at 1977.41 (at frequency 5010 MHz)
was confirmed in Refs. 93 and 95. A general decrease
of the radiation region was noted after 1976. It should
be pointed out that the considered model with super-
luminal separation of the components is not unique,
and one can construct an image of the source with sta-
tionary position of the components but variable bright-
ness, %3795

The osbserved variations in the brightness of the
components of 3C 120, their relative position, and the
variability of the radio emission are fairly well de-
scribed by the model considered in Ref. 44. The vari-
ability of the radio emission is represented by the
change in the emission of two plasmoids (clouds of re-
lativistic particles) ejected from the nuleus in two
opposite directions. Their radiation is determined by
the synchrotron mechanism. The velocity of motion
and the velocity of expansion of the components are
near the velocity of light.*® The outbursts of radio
emission are repeated approximately every 1-2 years
(Fig. 10). As follows from the model of Ref. 44,
component A, which moves in a direction close to the
direction to the observer, has a greater intensity than
component B, which moves in the opposite direction.
The maximum of the radiation of component B is ob-
served later than that of A. The figure shows pairs of
outbursts corresponding to the experimental data.

The relative intensity of the radiation of the com-
ponents is

SAmaxz( 1+BSEP cos )"375
SB max cos

'
"Bsep

where 6 is the angle between the direction of motion of
the components and the direction to the observer.

As is shown in Ref. 101, the expansion velocity of an
optically thick spherical cloud, v,,,=8,,,c, will appear
to be 27,,,(1 — 2,0 for an external observer. On
the basis of the experimental data, the expansion velo-
city of optically thick components will be 3,.,=0.63
(Table III). In the case of components, their separa-
tion velocity for an external observer will appear to
be

20 gep Sin B
arr 1—pi,, cos*B’

where v,

move.

is the velocity with which the components

It follows from the relative intensity of the radiation
of the two components and their apparent separation
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TABLE IIlL

Out- Expansion Separation
burst velocity, ¢ velocity, Bexp
c

iB 1.7 0.65
3A 2.9 <2.3 0.82
3B
4A >3.1 <h1 | 0.8
4B < 0.8 <0.37
gg <10 1,6 <0.45

velocity that 6§ = 60-80°, and the separation velocity
lies in the interval 8,,,=0.6—0.8.%

The high brightness temperature of the components,
even exceeding the Compton limit, can also be ex-
plained in the framework of this model. In the case
of motion of components with velocity near the velo-
city of light their radiation becomes directed.

b) The Seyfert galaxy NGC 1275

The Seyfert galaxy NGC 1275, the ratio source 3C 84,
is a powerful source of radio radiation in the centime-
ter wavelength range. The red shift of the galaxy is
2=0.0176. The distance to it is 110 Mpc, and 1
marcsec corresponds to 0.55 pc. According to one
theory, we have here colliding galaxies; according to
another, an exploding galaxy. 108.20% '

The object contains a system of filaments oriented at
the angles ~60° and -10°. The extension of the fila-
ments reaches ~100 kpe. It is assumed that the sys-
tem of filaments belongs to a galaxy of late E type or
SO type.! The velocity of the filaments and the nu-
cleus of the galaxy is ~5200 km/sec. The spectral
lines emitted by the nucleus of the galaxy are doubled.
The doubling corresponds to a relative velocity ~600
km/sec of the emitting regions.!'! In front of the cen-
tral part of the galaxy there is an absorbing medium,
extended in the direction ~60°, and dense, compact
bunches of matter that emit bright emission lines.
According to the observational data, the angular
dimensions of the absorption region in the neutral hy-
drogen line are 5X8 marcsec. There is a pre-
dominance of absorption in its eastern part, where the
number of neutral hydrogen particles on the line of
sight reaches 6x10% cm™.? This system is identi-
fied with an intruding galaxy. Its velocity differs from
the velocity of the filaments and is ~8200 km/sec.

At decimeter-meter wavelengths, the radio source 3C
84 (Perseus A) has diameter 5 and is identified with
NGC 1275 (Fig. 11).8-105:106.13 1t jg one of the first ra-
dio sources in which a high-frequency excess in the
spectrum was discovered (see Fig. 1).2%114115 1t fo]-
lows directly from the spectrum that besides the ex-
tended halo, which has an ordinary power-law spec-
trum, it must have a compact nucleus—a source of re-
lativistic particles whose synchrotron radiation deter-
mines the high-frequency excess. Its angular dimen-
sions must be <1 marcsec.

Variability of the radio emission of the source was
observed and investigated in a wide range of wave-
lengths. 242728 The currently observed excess radia-
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FIG. 11. Distribution of the radio brightness of the source
3C 84 at different “magnifications.” The hatched part is the
neutral hydrogen region.

tion belongs to an active phase that began in the middle
of the fifties. Since then, the flux density of the radio
radiation has systematically increased.!'” The varia-
tion is irregular in nature and is associated with defi-
nite phases of enhanced activity of the nucleus. Each
phase corresponds to a group of outbursts of radio
emission, which occurred, for example, in 1969-1973
and 1974- 1979. The outbursts are repeated fairly fre-
quently and are superimposed on one another., The
characteristic time of growth of an outburst is 1-1.5 yr.
and the duration is 2-3 yr, the spectral index

a =-0.25.11% The diameter of the region of emission
of an outburst is, on the basis of its duration, <0.3 pc.

Observations with VLB radio interferometers esta-
blished a complicated structure of the central region of
the object. At wavelength 75 cm, two components,
separated by 37 marcsec in the direction with position
angle —5°, were found.!!'®* Their diameters are 7.8
msec, and the brightness temperature is T, =10''°K,
The emission of these components corresponds to the
spectral detail B in Fig. 1. These components become
optically thin atfrequencies above 1 GHz. At wave-
lengths 6-21 cm one can separate emission of a central
component, measuring ~3 marcsec, with brightness
temperature T, ~ 10 °K, and a surrounding extended

structure measuring ~15 marcsec with
Tb =100 °K. 55,72,73,77,78,103~105,112

Further detailed investigations of 3C 84 using multi-
element interferometers in the 3-cm wavelength range
revealed a three-component structure oriented in the
direction -9° with components measuring ~0.3 marcsec
with brightness temperature T, =5x10" °K and separa-
ted by ~ 3 marcsec. 59787102 Comparison of these
data show that from 1971.5 to 1972 the distances be-
tween the components changed, the separation velocity
being ~5c.

Improvement in the methods of analysis and more ac-
curate measurements at 2.8 cm established a compli-
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FIG. 12. Distribution of the radio brightness in the source
3C 84 at wavelength 1.35 cm during 1976.5-1977.9.!%

cated structure of the central region of the source.
Overall, it repeats the three-component structure. 1%’
It was found that evolution of the source is associated
solely with a change in the brightness of the compo-
nents, their position hardly changing (Fig. 12).720.1%
The upper limit of the velocity is <0.05¢.

In 1976, regular investigations with a global radio
interference network were begun at 1. 35 ¢cm wave-
length.*® The angular resolution reached <100
parcsec. It was found that the nucleus consists of two
systems—an eastern and a western. Thev are parallel
and contain three groups of components—a northern, a
central, and a southern (Fig. 13). %133 The distancebe-
tween the systems is 0.7 pc, and the position angle
—8°. The relative position of the components corre-
sponds to the position at the wavelength 2.8 cm, but
their brightnesses are very different, especially in the
case of the eastern system. In Fig. 13, we show the

A=735cm

FIG. 13. Distribution of the radio brightness in the source
3C 84. a) At wavelength 2.8 cm in 1974.5, b) at wavelength
1.35 cm in 1976. The angular resolution in the two cases is
approximately the same.®
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brightness distributions of the nucleus of 3C 84 at the
two wavelengths with the same angular resolution for
greater clarity. The relative position of the individual
components is preserved during the considered period,
and only their brightness changes. At the end of the
period, the brightness of the details of the eastern sys-
tem decreased appreciably. At the same time, the
brightness of the nucleus of the western system in-
creased (see Fig. 12). The emission of the compo-
nents of the eastern system still continued to decrease
later. 21°

The central nuclei, in their turn, have a complicated
structure with orientation angle different from the ori-
entation of the object as a whole. The diameters of the
components are <0.2 marcsec, and the distance be-
tween them ~0. 5 marcsec.

The northern and southern groups of components of
both systems are at distance 3—-4 marcsec from the nu-
clei, their angular diameters are 0.2-0. 5 marcsec,
and the brightness temperatures are on the average
~1011°K,

In 1976, the spectral index of the eastern system was
a=4,3-.5, which differs appreciably from the spec-
tral index of an optically thick source of synchrotron
radiation (¢ =2.5). The observed difference can be
explained by the absorption of the synchrotron radiation
of this region by an ionized medium. The existence
of such a medium also follows from the optical obser-
vations. 3*:¥ The density of the ionized medium is
directly related to the activity of the nucleus, which is
indicated by the variability in the lines and also by the
polarization of the radiation. The electron density of
the ionized medium of the eastern system varies with
the distance from the nucleus as » =4 X101 30-5
where L is expressed in centimeters. At the same
time, the magnetic field intensity decreases more
slowly: H = 10°L°*5 Qe. %

The magnetic field inteusity in the compact compo-
nents reaches ~0.5 Qe, and in the region of optical
emission 1-100 Qe 3¢:37:11

The electron density of the ionized medium surround-
ing the western system is significantly lower, (1.7-5)
x10% em™, and has an influence only at wavelengths in
the decimeter range.88:230

The observed complicated distribution of the radio
brightness of the central region of the galaxy, the per-
sistence of the relative position of the compact compo-
nents, and the change of their brightness can be ex-
plained by the structure of the magnetic field and the
change in the filling of the magnetic tubes of force with
relativistic particles. Each of the nuclei is surrounded
by spiral magnetic fields observed edge-on. The planes
of the spirals are parallel to each other. The position
angle of the axes of rotation of the nuclei relative to the
plane of the spirals is ~45°. Relativistic electrons
ejected from the nuclei move along the magnetic lines
of force, and the observer sees bright regions in the
tangential directions, where the number of electrens
on the line of sight is maximal. The diameters of
these regions correspond to the transverse dimension
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of the arm, and the structure of the magnetic field de-
termines the fine structure of each of the components.
A change in the number of electrons or their de-
excitation leads to a change in the brightness of the
components, but does not change their relative position.
The direct emergence of the particles from the nuclei
is observed in the form of two pairs of compact details.
The nucleus itself, or rather the relativistic electrons
surrounding it, is observed as a “point” source.

The difference between the position angles of the fine
and hyperfine structure is explained by the gradual
rotation of the rotation axes of the nuclei, which are
not rigidly connected to the surrounding magnetic
fields. 94,121,155

With increasing distance from the nuclei, the mag-
netic field intensity falls, so does the energy of the
relativistic particles, and the radiation of the com-
ponents is shifted to lower frequencies.® Besides re-
lativistic particles, thermal plasma is ejected from the
nuclei, its radiation being observed in the form of
emission lines. The nuclei are gravitationally bound
and rotate around each other with velocity ~600 km/sec;
their period of revolution is ~10* years and their mass
is ~10®°M_. The large mass and small diameter, ~0.1
pc, indicate that these are supermassive compact
bodies of the type of magnetoids'® or black holes.

211-213

¢) The quasar 3C 273

The quasar 3C 273 is one of the best known quasars.
Its red shift is 2=0. 158, and the distance to it ~500
Mpc. It may be the nucleus of a galaxy.*® It is one of
the first radio sources in whose spectrum a high-fre-
quency excess was observed (see Fig. 1), 7»24.25,114,115
Variability of the radio emission was soon establish-
ed.?48 The characteristic time of variability is several
months. It follows that the angular dimensions of the
regions of the outbursts are <0.1 marcsec. The flux
density of the radio emission of the individual out-
bursts reaches tens of janskies. The spectrum of the
outburst at the end of 1966 has a bend at millimeter
wavelengths. '” Its angular dimensions must be ~0, 05
marcsec.

Besides the compact nucleus, the quasar has an ejec-
tion in the direction at angle 223°; it is at a distance
1975 and measures 107x2”.1%° The spectral index
of the ejection is ~0.65.1% The ejection contains dense
components, whose spectrum corresponds to component
A in Fig. 1; there diameters are ~075, and the spec-
tral index of the extended part of the ejection is -2.%

Radio interference observations at meter wavelengths
with angular resolution 0”1 made it possible to identify

TABLE IV.
(. Ratio Ratio
o Fo, |Fy4-Fa ) mare- 'S Fy, 'marc- %1, Fa, {marec- %2,
Epoch -‘OY e | ¢ deg J; e :)Ecs deg | gy ¢ :{cs deg
1975.40 19.07 | 0.79 | 1.49 [104.63.57| 0.6 | 0.8 106 | 3.55 0.8 | 0.8 106
1976.14 [8.65] 0.91 | 1.59 [102.8)4.04) 1.1 | 0.4 114 1 3.80 ;0.4 ] 1.0 105
1976 .38 {8.89] 0.80 | 1.71 {103.5(3.92| 1.2 | 1.0 13 [3.22 1.3 ) 0.6 164
1976.56 |5.84) 0.84 | 1.82 {105.914.51 | 1.0{ 0.8 140 {291 1 1.4 0.4 157
1976.73 §8.43| 1.04 | 1.69 1100.7]5.01) 1.2 | 0.9 139 [ 3.76 | 0.7 | 0.8 72
1977.13 (8.16{ 1.04 | 1.89 {100.5(6.37{ 0.8 { 0.9 { 106 { 2,12 0.8 | 0.8 106
622 Sov. Phys, Usp. 26(7), July 1983
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FIG. 14. Change in the flux density of the radio emission of
the quasar 3C 273 at wavelength 3.8 cm (a) and change in the
distance between the components (b),%

a halo of the quasar—component B in Fig. 1,88 At
wavelength 75 cm, two components measuring 01

X 0"04 and 07027 X% 0701 with brightness tempera-
tures 10'° and 10! °K, respectively, were found. %8
A finer structure was observed at 18 cm wave-
length?:78:122,:123.136 apd 13 cm wavelength.™:77'92 The
two components are separated by 11.3 marcsec in the
direction 43°, i.e., in the direction of the ejection.
Their diameters are ~2 marcsec and the brightness
temperature is Ty=5X 10! °K.

Investigations of the quasar using intercontinental
baselines with resolution ~1 marcsec at 6 cm made it
possible to identify two components separated by 7
marcsec. Betwen them is the nucleus, ~0.4 marcsec,
whose spectrum corresponds to component D. The
brightness temperature of the nucleus is
T,*2x10"%°K, 5% 72,7%:135 The most complete measure-
ments have been made at 3-cm wavelength. The ob-
tained data showed that at the end of 1970 and the be-
ginning of 1971 the quasar had two components sepa-
rated by 1. 55 marcsec. Their brightness temperature
was 7,~10'?°K. The fine structure is surrounded by
an extended region of ~2.5 marcsec with 7', < 10" °K.

The first observations already established motion of
the two components relative to one another with velo-
city v=(2-10)c. *""1% Further observations in 1972-
1978 confirmed high separation velocities of ~5. 2¢. %3:95
In Table IV, we give the parameters of the two-
component model of the quasar 3C 273 in 1975.4-
1977.1, and in Fig. 14 we show the change in the dis-
tance between the details; the separation velocity is
5.2c. The separation began at 1967. 6 and coincided
in time with the increase in the flux density of the radio
radiations. ®® It is assumed in Ref. 95 that the addi-
tional outbursts of radio emission are partly blended
with the radiation of the two components, without, how-
ever, significantly changing the basic picture.
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TABLE V.

F1 Fa Fa i F Fy
Epoch 3
Jy

February 1971 5.4 17.9 19.6 43 51
March 1972 8.9 6.2 21.3 36
April 1972 7.8 48 230 36 56
June 1972 6.6 9.5 21.0 37 54
August 1972 8.9 4.7 21.9 36 53
October 1972 9.4 4.8 20.0 34 51
November 1972 6.9 2.0 18.3 38 5

A more complicated but more physical picture is a
distribution of radio brightness in which the components
are associated with individual outbursts—ejections of
high-energy particles, %3-87:94,119,129,131,132 pApqlygig of
the results of observations using the Goldstone-Hay-
stack baseline at wavelength 3.8 ¢m revealed a three-
component distribution of brightness oriented in the
direction ~65° with components separated by 0.9 and
1.3 marcsec from the center. Their brightness
changes with time, but the relative position remains
the same. In Table V, we give the flux densities of the
components in 1971-1972.'%° Qbservations using the
Goldstone-Haystack-Alaska radio interferometer in
1972-19'73 confirmed the three-component model.®* A
similar conclusion was reached by the authors who in-
vestigated the quasar at wavelength 2.8 cm with a mul-
tielement interferometer including five radio telescopes
during the period 1972-1973. The relative position of
the outside components changed by 0.9 marcsec in a
year, which corresponds to velocity v=12c.%” In
June-July 1974 there was still a three-component
structure, and the velocity of the components was the
same; Table VI gives the parameters of the model.
However, after March 1973 the separation velocity de-
creased strongly. 13

Detailed radio charts at the wavelengths 2.8 and 3.8
cm were obtained in 19721973 (Fig. 15).!*! During
this period, the relative position of the components re-
mained unchanged and was the same at both wavelengths,
only the brightnesses changing. In July 1977, the ob-
servations were continued at the wavelengths 2.8 and
6 cm.® Besides the nucleus, a chain of three compo-
nents, oriented in the direction of the ejection, is
observed. ''® The brightness distribution is approxi-
mately the same at the two wavelengths. The spectral
index varies from - 0.9 in the northeastern part to
- 0.7 in the southwestern part, while the nucleus has
a=0-1., At wavelength 50 cm, the ejection reaches
~100 marcsec, and the presence of an antiejection is
also confirmed. In 1977.5-1980.6, the structure of the
quasar at wavelength at 2. 8 and 6 cm was oriented at
angle — 116° (Fig. 16).'% The separation velocity of the
components during this period was v=(9. 6 +0. 5)c.

TABLE VI

Fo. Fy, marc- l;ralio Yo marc- %
Iy Iy 1% |axes deg sec deg
3C 273 | 44.2) 8.4 0.7 1.0 — 0 —
11.7) 0.8 ; 0.8 18 0.94 68
1.2 2.4 0.5 42 3.21 67
9.8 3.9 1.0 -~ 0.3 75
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LT S R S S R §
-ac 275 10.65GH2]
o 797756
Lo M i
L #878.24 4

T T T

T T T T T T T

B

FIG. 16. Distribution of the brightness of 3C 273 at the wave-
length 2. 8 cm during June 1977—June 1980,18¢

L. I. Matveenko 623



From the velocity of the components, one can estimate
the time at which the ejection appeared, which is found
to be 1970.1 +0.6. At this time, enhanced radio emis-
sion was observed. The irregular nature of the varia-
bility and the fragmentary data on the structure of the
quasar make it impossible to establish a rigorous de-
pendence between them.

At the longer wavelength 50 cm a more extended part
of the ejection, ~100 marcsec was found, and the pres-
ence of the antiejection observed at shorter wavelengths
was confirmed. %4:131.13 In Ref. 185, at wavelength 6
cm, an extended component with position angle different
from the small-scale structure was observed. !%

At short centimeter wavelengths, the structure basic-
ally corresponds to the 3-cm data. In Februrary 1973
at wavelength 2 cm three collinearly arranged compo-
nents had orientation ~63°; their diameters did not ex-
ceed 0.7 marcsec and they were separated by 1.4 and
1.6 marcsec from the central component.!!® In 1976~
1977 at wavelength 1. 35 ¢cm two compact components
measuring ~0.2 marcsec and separated by 0. 84
marcsec were observed, together with two more ex-
tended components whose diameters reached 2.4 and
3.2 marcsec. Their positions correspond to the posi-
tions of the details at 3 cm in 1974. 5.3

Thus, there are two points of view with regard to the
dynamics of the quasar 3C 273. According to one of
them, there is a change in the brightness of the com-
ponents, which, however, hardly change their posi-
tion, According to the second point of view, the outer
components are moving apart with an apparent velocity
greater than the velocity of light.

d) The quasar 3C 345

The quasar 3C 345 is a fairly strong source of radio
emission in the centimeter—millimeter wavelength
range. Its red shift is z=0.585, and the distance to
it ~2500 Mpc. The spectrum of the quasar is compli-
cated, consisting of three details (Fig. 17). In the
case of synchrotron radiation, their angular dimen-
sions must be ¢, = 0714, @p= 07006, and ¢ = 07001,
respectively. The line part of the spectrum is de-
termined by the extended component. The quasar
is surrounded by a halo of ~14 kpc and at a dis-
tance of 21 kpc has an ejection in the direction - 31°.
The ejection measures 17 kpe, and its spectral index is
a =-1,190,149.35L,152 T the game direction as the ejec-

T ) T
30 345
1974.5)
- 5 -~
z .
7+ % §
E |
1 1 i
i 7 7
Frequency, GHz
FIG. 17. Spectrum of the quasar 3C 345.'%
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tion but at a distance of 13 Mpc a weak source is detec-
ted at wavelength 6 cm, the flux density of the radio
emission being ~59 mJy; in the opposite direction there
is a source with flux ~40 mJy at 11 Mpc. The western
source is joined to the nucleus by a “bridge, ” and be-
tween the eastern source and the nucleus there is an in-
termediate source.

The quasar 3C 345 has a fine structure of its nucleus
which consists of several components, 35 ~37:72:74:77.78,122,127
Their angular dimensions are close to the calculated
values ¢ ,=2", ¢g= 07010+ 07005, and yc <1 marc-
sec. According to the data of observations at wave-
length 3.5 cm with limiting angular resolution using
the Crimea-Goldstone baseline, the diameter of the
nucleus is <0, 4 marcsec. 32" The structure of the
source has been represented in the form of a compact
nucleus and two components symmetrically placed with
respect to it; the brightness temperature of the nucleus
is T,=1.5x10!2°K, and the components are oriented
at angle -103°.

In Februrary 1974 two components were found to be
responsible for the main radiation of the quasar at the
wavelengths 2 and 2.8 cm. They were separated by
1.23 marcsec in the direction ~105° and had angular
dimensions 0.55 marcsec. !*° During the time that had
elapsed since 1971, the distance between the compo-
nents had changed by 0. 37 marcsec.'?” Further ob-
servations at 2.8 cm showed that at 1974. 15 the sepa-
ration of the components continued with velocity
~8c.8%14 A gimilar phenomenon was observed at 3.8
cm. Comparison of 16 cycles of observations made
during 1971~ 1974 confirmed the superluminal separa-
tion of the components at »=0. 09 £0, 03 marcsec/year
or v=(2.5+0, 8)c.%%141,143,145 The direction of the mo-
tion hardly changed.

During 1975-1977, observations were made with the
QOwens Valley-Fort Davis—Green Bank-Algonquin~
Effelsberg radio interferometer network at the wave-
lengths 2.8 and 6 cm.®*® Figure 18 shows the cor-
related fluxes for the Owens Valley~Green Bank radio
interferometer. The distance between the minima has
increased since 1974.15, and they were not so clearly
expressed. This indicates an increase in the angular
dimensions of the components, a change in their rela-
tive emission, and an increase in the distance between
them. Table VII gives models of the source.®® The
change in the distance between the components is shown
in Fig. 19. The velocity of the components is
v=(6.7+0.4)c. The separation of the components does
not depend on the wavelength. The time of ejection of
the components corresponds to 1966. 3 and the start of
the increase in the flux. !’

An important experiment on the determination of the
motion of the source was made using the Haystack-
Green Bank— Owens Valley interferometer at wave-
length 3.8 cm. %7 The position of the quasar 3C 345
was measured relative to the quasar NRAO 512. The
position of 3C 345 at the epoch 1950. 0 was found to be
a =16"41™17. 634759, 5=39°54'10795838, and the
relative position of the two sources to be
Agq =2™29°. 43668 +0. 00003 and A5 =1'40"726= 0.0003.
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FIG. 18. Correlated fluxes of the source 3C 345. Obtained
with the Green Bank—Big Pine radio interferometer during
1974-1977.%

The velocity of 3C 345 at the epoch 1973. 0 was found

to be »=10700025= 0700020 per year. The accuracy

of the obtained results does not yet establish whether
there is superluminal velocity of the components of

3C 345, but further observations will resolve this equa-
tion.

The emission of the quasar 3C 345 is variable, the
variability being irregular.?"%132 However, some
authors assume that after the outburst in 1967 the flux
remained constant. In reality, the enhanced radiation
is determined by a large number of outbursts superim-
posed on one another (see Fig. 19).1% Thus, the pre-
sently observed activity of the nucleus is accompanied
by frequenct outbursts of radio emission, and each
outburst must correspond to a separate component. In
1977-1979, hybrid charts of the quasar were ob-
tained at the wavelengths 2.8 and 6 cm (Fig. 20). %187
The optical thickness of the nucleus is 7>1, while for
the ejection 7<1. For this reason, the emission of the
nucleus is predominantly at shorter wavelengths. An-
alysis of the observational data at 3. 8- cm wavelength
confirmed this structure (Fig. 21a). Clouds of parti-
cles, observed in the form of a chain of components,
are ejected from the nucleus. '™ The determination of
the velocity of the components causes certain difficul-
ties in this case, since it is directly related to the

TABLE VIIL.
First component Second component
Distance of Angle,
Epoch components, deg F, @, X, F, marc- %®,
marcsec | Jy marcsec | deg Iy sec deg
197549 1.49 104.6 3.57 0.6 106 3.55 08 106
197614 1.5¢ 102.8 4.04 1.1 114 3.80 0.4 | 105
1976.38 1.71 105.5 3.92 1.2 13 3.22 1.3 | 161
1976G.56 182 105.9 4.5 1.0 140 2.91 1.4 ) 157
1976.73 1.69 | 1007 5.01 1.2 130 | 3.76 | 0.7 ] 72
1977 .13 1.89 [ 100.9 6.37 0.8 106 2.12 0.8 | 106
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ponents in the source 3C 345 at the 3-cm wavelength range.®

identification of the details, but v <c¢ has not been
found.

At wavelength 1. 35 em, the distribution of the bright-
ness can also be represented in the form of a nucleus
and a chain of components ejected from it (Fig.
21Db). 133.155 The observations were made with a global
network with angular resolution ~0.1 marcsec. The
main emission of the quasar at this wavelength is due to
its nucleus (~4.7 Jy), whose angular dimensions are
~0.5 marcsac; the greater part of its radiation is as-
sociated with an unresolved component measuring
<0.1 marcsec (F=3.3 Jy). The fine structure of the
nucleus is shown in the top left-hand corner of Fig.
21b. It consists of the nucleus itself and two compact
components displaced relative to it in two opposite
directions. The brightness temperature of the nucleus
is = 10'2°K. It is very characteristic that during the
considered period component B changed its brightness
but kept its position, which agreed with the position at
longer wavelengths.

In Ref. 187, a change in the position angle of the ejec-
tion from —85° at the nucleus to -75° at distance 3
marcsec from it is noted. At the longer wavelength
6 cm, the position angle was found to be —65°. At the
shorter wavelength 1.35 cm, the position angle directly
next to the nucleus was —135°, Investigations by means
of the global radio interferometer network at 18 cm
made it possible to obtain the detailed structure of the
ejection and, thus, follow the process of its forma-
tion!®.21% (Fig. 21c). Clouds of relativistic particles
are ejected along the rotation axis of the nucleus of the
quasar in the direction -135°, As they move away, the
direction of motion changes from -135° to —65° at a dis-
tance of about 5 marcsec. Here there is an accumula-
tion of the particles. Their energy is lower than at the
initial time, and they radiate mainly in the decimeter
wavelength range. In a preceding period of activity an
ejection oriented at angle —-31° was formed; it is sepa-
rated from the nucleus by ~37,148,148,149,210 The diffe-
rence between the position angles is determined by the
change of the position angle of the rotation axis of the
nucleus of the quasar.

e) BL Lac (VRO 42 22 01)

BL Lac is the nucleus of a giant elliptic galaxy; its
red shift is z=0.07.1%° The distance to it is ~300 Mpc.
The nucleus is distinguished by an exceptionally high
activity, and the change in the flux density of the radio
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radiation in the centimeter wavelength range takes
place during a period of a few weeks or even

days. %:34,1%8,158 The radiation is polarized, and the
plane of polarization changes with the same character-
istic time. The optical emission is also variable,
variations taking place over a time of the order of a
day, though even more rapid variations by 0703 take
place over a period of a few minutes. 1%°:18! Figure 22
shows the change in the flux density at the wavelengths
2.8 and 4.5 cm. 3157 At the longer wavelengths, the
outbursts are delayed by 4—8 days.

The spectrum of the source has a clear excess of
radiation down to the shortest millimeter wavelengths.
This agrees with the high activity of the nucleus and
requires the presence of components of very small
angular dimensions. The first observations confirmed
this. During September—October 1969, the angular
diameter of the source at 6 cm was found to be 0.5
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FIG. 21. Distribution of brightness in 3C 345 at the wave~
lengths 3.7 cm (April 1978,'%) (2), 1.35 cm (August, 1977)
(1), and 18 cm (1980) (c).*®
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1979.25

FIG. 20. Hybrid charts of 3C 345 at
the wavelengths 2. 8 and 6 cm. ¥

978,92

£
4 marcsec

marcsec. ™ The observations were made using the
intercontinental Crimea-Green Bank baseline.

In February 1971 two components were found in the
source at wavelength 3. 75 cm; they were separated by
0.9 marcsec in the direction 174°, and the flux den-
sity of the radio emission of the components was 8.8
Jy. Observations in June 1971 using the Crimea-
Green Bank-Goldstone radio interferometer at wave-
length 3. 55 cm established that the components had ap-
proached each other to 0.5 marcsec. The correspond-
ing velocity was v=10c. %57 The position angle re-
mained virtually the same. On the basis of the usual
models, it was difficult to understand this phenomenon.
During the considered period, there was an outburst of
radio emission in the source, the start of it corre-
sponding to the middle of May (Fig. 22a). Thus, in
June the appearance of a new compact component—a
“point” central source—was observed. Its flux must
have been 6.8 Jy. Analysis of a three-component mod-
el showed that the distance between the outer compo-
nents was 0.85 marcsec, and the flux of each of them
3.4 Jy. The brightness temperatures of the compo-
nents were T, =1.3X10*? for the outer and T, =4 x10%
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FIG. 22. Change in the flux of the source BL Lac at the wave-
lengths 2.8 cm (1) and 4.5 cm (2) (2) and model explaining the

appearance of the new components (b).'*
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FIG. 23. Synthesized image of the source BL Lac.!3?

for the central component. 6+57,1%6:3%  Eyrther observa-
tions in the 3-cm range (the times of observations are
indicated by the arrows in Fig. 22) confirmed a compli-
cated structure consisting of pairs of chains of sources
moving in opposite directions (see Fig. 28). A pair of
components corresponded to each outburst. With in-
creasing distance from the nucleus, the radiation of the
components decreases, the components lose velocity,
and they pile up. 138357

A different model in the form of a nucleus and an
ejection is also possible (Fig. 23).'%*® Such a dis-
tribution was obtained in June~July 1974 at wavelengths
2 and 2.8 cm. At this time, the flux density of the
radio emission was near a minimum.'” The ratio of
the fluxes of the components was near 3:1, and the
separation of the components in the direction ~10°
reached 1.25 marcsec or 2.5 pc. The angular dimen-
sions of the nucleus were 0.2x0. 6 marcsec (0.4X1 pc).
At 6 cm, the distribution of the brightness was simi-
lar, 13

f) The radio source OJ 287

The radio source OJ 287 is a BL: Lacertae object.
In its nucleus there are active rapidly varying processes
accompanied by outbursts of optical and radio emis-
sion. 1627184 A phase of high activity began in 1970.5 and
lasted to the end of 1975. Changes in the radio emis-
sion takes place over a few days and even a few hours,
which requires exceptionally small angular dimensions
of the outbursts.!!” The rapid variability of the radio
emission of the source makes it difficult to construct
its spectrum, simultaneous observations being re-
quired. However, one can distinguish in the spectrum
two components—a high-frequency and a low-frequency
component (Fig. 24).3 The low-frequency part hardly
changes and has a maximum at ~1 GHz; the high-fre-
quency part is subject to appreciable changes. It pas-
ses through a maximum at around ~20 GHz, the flux
density of the radio radiation at this point being in the
interval (4-10) Jy. In this case, the angular dimen-
sions of this region must be ~0.1 marcsec. The red
shift of the object is not known, and therefore the dis-
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FIG. 24. Spectrum of the source QJ 287.3%

tance to it cannot be determined. However, knowing
the dimensions of the components, the angular distances
between them, and the durations of the outbursts, one
can make corresponding estimates, which give a dis-
tance of ~200 Mpc. ?® QObservations using the trans-
continental Goldstone-Haystack interferometer at wave-
length 3.8 cm in February 1971 showed that the source
is effectively unresolved, <1 marcsec.?’ It was also
unresolved with the intercontinental Crimea-Goldstone
baseline.%:®*7 Its diameter was <0.15 marcsec, and
T, 24x 10" °K. Directly before the observations an
outburst was observed in the source; this lasted for
~0.1 year, which agrees with the obtained result. La-
ter observations at 3 cm confirmed the compactness of
the source; in May 1974, its diameter was 0.3 marcsec,
and its flux 6 Jy.®® In February 1974, the correspond-
ing values were 0.6 marcsec and F =4 Jy, and in July
1974 they were 0.4 marcsec and F=3.2 Jy.'*2 One ob-
served a decrease in the angular dimensions of the
source with increasing flux density of the radio emis-
sion, which indicates the presence of a more extended
component, its diameter being several milliseconds of
arc; the spectral index is -1 (Ref. 89) and corresponds
to the low-frequency component.

g) The quasar 3C 279

The quasar 3C 279 has red shift z=0. 538, and its
emission is variable.!'” Its structure has been studied
in detail by VLBI, "+77:78,90,92,124,127,138,165 The gtructure
of the quasar consists of four components correspond-
ing to the details in its spectrum. Component A deter-
mines the long-wavelength part of the radiation, B the
decimeter part, C the short-wavelength part, and,
finally, D the part with highest frequency. The angular
dimensions of the components are ¢, = 22, ¢, =1,
and ¢, =0.4 marcsec. The two last components are
associated with the fine structure of the nucleus. Dur-
ing 1969-1972 the distance between the compact com-
ponents was found to change with velocity v={8-20)c,
and after 1972 even with 45c¢.'®*® However, further
detailed observations, including some at 2 cm, esta-
blished that the double source is only an approximate
model. In reality, there are three collinearly arranged
components separated from each other by 2. 2 marcsec.
The position of the components is stationary, but their
relative brightness changes. 11912
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h) The quasar 4C 39.25

The quasar 4C 39. 25 has z= 0.698, and is at a dis-
tance of ~3000 Mpc. Its spectrum has a high-fre-
quency excess and varies with time. At centimeter
wavelengths one observes emission of two compact
components separated by (2.02 £0.05) marcsec. The
angular diameters of the sources are ~0.3 marcsec,
their brightness temperature is T,=10'2°K, and the
position angle is 81°. The fine structure is surrounded
by an extended region of ~20 marcsec, and its radiation
is predominant at decimeter wavelengths. The struc-

ture of the source remained unchanged during 1972-
1975. 56,57,78,140,145,187

) The quasar 3C 454.3

The quasar 3C 454.3 has 2=0.859. The high-fre-
quency part of the spectrum is determined by the emis-
sion of a compact nucleus measuring ~0.2 marcsec
and a halo measuring ~0.4 marcsec. At decimeter
wavelengths, its dimensions increase to 200 marcsec
(wavelength 75 cm). Depending on the stage of the
activity of the nucleus, the fine structure can be
represented in the form of an elongated ellipse with
axes 1X 9.5 marcsec or two components separated by
3.5 marcsec in the direction 115°,55:77:78,86.88,122,127,132,140
The last investigations in the centimeter wavelength
range show that the structure hardly changes with time,
the brightness of the details merely changing. %

j) NRAO 150

NRAQ 150 is an unidentified object, has a complicated
spectrum, and consists of three details, At decimeter
wavelengths, the emission of component B, whose di-
ameter is 10~15 marcsec, is predominant. At centi-
meter wavelengths a three-component collinear struc-
ture is observed. Two components are separated by
1.1 marcsec and their brightness temperature is
T,=10'2°K; the diameter of the third is 0.7 marcsec
and T,~ 10" °K. The position angle of the source is
~60° (Fig. 25),56,57:78,89,132,133,140 Phe nucleus is
oriented at angle ~152°, the ratio of its axes is 0.6,
and the length of the major axis is 0.2 marcsec.

The length of the major axis of the second component
is 0.4 marcsec, and the ratio of the axes is 0.7. The
position angles of the components differ from the posi-
tion angle of the structure as a whole. The distribu-
tion of the brightness remained unchanged during 1972-
1975, 167

k) Simple structure of nucleus,

A simple structure of the nucleus is observed in the
giant elliptic galaxy M 87 (the radio source Virgo A)
and the nearest galaxy to it, which is M 81. The angu-
lar dimensions of the nucleus of M 87 decrease with the
wavelength from 17 at meter wavelengths to ~6 marcsec
at decimeter wavelengths and ~0.3 marcsec at centi-
meter wavelengths. The diameter of the nucleus at
centimeter wavelengths is 3X10% a. u., and its bright-
ness temperature is T, =10 ° K, 38:56,57,74,77,104 The
change in the angular dimensions with the wavelength
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FIG. 25. Distribution of the radio brightness in the source
NRAO 150 (a) and the corresponding correlated fluxes ob-
tained with radio interferometers (b).14?

as ~A? is determined by the electron energy distribu-
tion and the magnetic field intensity. Such a depen-
dence can also occur in the case of scattering of the
radiation of a compact source by inhomogeneities of an
ionized medium, but in this case the brightness tem-
perature of the unscattered source will reach excep-
tionally high values at meter wavelengths, consider-
ably in excess of the Compton limit.* The diameter of
the nucleus of M 81 is ~1300 a.u., and T, ~2 > 101°°K;
if we take a brightness temperature equal to the Comp-
ton limit, then its diameter is ~200 a. u. %8

The low brightness temperature of the nuclei of ob-
jects of this type is probably due to their insufficiently
high activity. This does not rule out their having had a
much higher activity earlier, as is indicated by the
ejection of a jet of matter from the nucleus of M 87,324
The length of the jet reaches ~22”.

There is also a clear ejection of matter from the
elliptic galaxy NGC 6251, which has z=0.023,% Qb-
servations of the object were made with the new instru-
ment in New Mexico, and its fine structure was investi-
gated by a radio interferometer network in the United
States. The brightness distribution of the object is
shown on different scales in Fig. 26. The position an-
gle of the ejection is (300.5 +2)°. The emission of the
large-scale components is predominant in the decime-
ter range; the emission of the small scale details, in
the centimeter range. The brightness temperature of
the fine structure is T, =~5x10°K.

5. DISCUSSION OF RESULTS,

The fine structure of objects with active nuclei is
directly determined by the activity of their nuclei. In
the case of low activity, one observes the emission of
the relativistic plasma surrounding these nuclei; the
diameters of these regions are ~0.01 pc, the magnetic
field intensity is H =107%? Qe, the energy of the relati-
vistic particles is E = 10°*% erg, and T,= 10" °K. The
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FIG. 26. Structure of the source NGC 6251.!%

nuclei of the galaxies M 81 and M 87 are objects of this
type.

Bright compact components are associated with more
active processes in the nuclei and correspond to ejec-
tions of clouds of relativistic particles, which give out-
bursts of radio emission. To each cloud of relativistic
particles there corresponds a bright compact source.
In the case of sufficiently frequenct repetition of the
ejections, they can be observed in the form of a string
of components, which become a jet, as, for example,
in the quasar 3C 345.2!° The active nucleus is itself
also observed in the form of a compact component.
Components can be observed symmetrically placed
with respect to the nucleus, but, as a rule, one-
sided ejections are observed; in many cases, this also
applied to the large-scale structure-the ejections in
3C 273, 3C 345, Virgo A, and others. The dimen-
sions of the individual components are several tens of
parsecs, and their brightness temperatures are
T,~10'°K, even reaching ~10'*°K in the initial
stages. Especially bright components are observed
at decimeter wavelengths,? % but their nature is not
clear.

As a rule, apparent superluminal'velocities of the
components are associated with two-component struc-
tures. This is the case for the sources 3C 120, 3C
273, 3C 345, and others. It follows from the latest
studies that the simplified models are not sufficiently
accurate, and models in the form of one-sided ejec-
tions or two components with different fluxes reflect
the observational data better. In particular, this ap-
plies to 3C 345, but even in this case the velocity of
the components may exceed the velocity of light. The
apparent velocity of the components in the objects 3C
120, 3C 273, and 3C 279 is in the interval 5¢ < v <40c.

The magnetic field intensities associated with the out-
bursts is H=0.01-0.1 Oe, and the energy of the rela-
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tivistic particles E = 10% erg. % The maximal radiation
of the outbursts is in the centimeter-millimeter wave-
length range. In some cases, the duration of the out-
bursts does not exceed a few months, and sometimes
even a few days. According to the polarization obser-
vations, the ejection of matter takes place along the
magnetic field for the objects 3C 120, 3C 273, 3C 345.
In other objects such a dependence is not observed, but
this may be due to a different orientation of the mag-
netic field near the nucleus. *"+13

The observed superluminal separation velocities of
the components have been considered in many papers
(see Refs. 44, 47, 79, 113, 150, 170~ 173, 175, 176,
185, and 204) and can be given the following expla-
nations:

1. Rapid motion of the components.

2. A significant deviation of the Hubble constant or a
noncosmological origin of the red shirt of the objects,
and also inaccuracy of the cosmological model, 1997192

3. An echo effect: reflection of radiation. !¢
4. A gravitational lens,!9%:19

5. A systematic change in the optical thickness of the
object. 1%

6. Synchrotron or curvature radiation of electrons in
a dipole magnetic field. 1967198

7. Various kinematic illusions associated with the
finite signal propagation time. 8:1%°

The last explanation is the one that has been most
widely accepted. 8-2°° Initially, this model was used to
interpret the rapid variability of the radio emission.
The radio source was represented in the form of an
expanding cloud of relativistic particles. Because of
the finite propagation time of the radiation, the dura-
tion of an event in a source moving with near luminal
velocity will be y =(1 ~82)™*® times shorter for an ex-
ternal observer. 4”113 The gbserved angular diame-
ter will be ~y times smaller, and its brightness tem-
perature T\, will be ~y* times greater, This last result
is due to the fact that the emission of the source be-
comes anisotropic and takes place in a cone of width
¢~y~'. Accordingly, the observed flux density of the
radio emission is increased compared with a source at
rest by

DO 32 (1 —BeosB)x-3 times.
o

The values of the observed fluxes for different 8 are
shown as functions of the angle 6 in Fig. 27.2°*

In the case sinf=1/y and & =0 the flux density of the
radio emission of a source moving toward the observer
is F, = 8Y°F,, while for one moving away it is F, =yF/
8. This phenomenon is considered in detail in Ref. 44
Simultaneously with the change of the apparent emission
there is a change in the velocity. The apparent velocity
of a cloud of relativistic particles moving with velo-
city v will be!®:202

_ _vsinf
Vs =7"Bcosd"
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FIG. 27. Directionality of the emission of a source moving
with near luminal velocity.2®

Figure 28 shows the dependence of v, on § and 6. For
8=90°, the influence of the finite signal propagation
time on the apparent velocity is slight and v, =v. But
for 8=1/y the apparent velocity is equal to the maxi-
mal value v, =yv. The observed velocities can signif-
icantly exceed the velocity of light. Thus, this model
explains both the high brightness temperatures and
the velocities. However, the velocities v ~c also give
rise to a number of problems.?%3

1. One needs additional energy in the form of the ki-
netic energy of the cloud of relativistic particles and
the magnetic field energy.

2. The cloud of relativistic particles is within a re-
gion that emits optical emission lines, and if the
cloud moves with such velocity it will interact with the
surrounding medium, which must lead to a significant
change of the spectral lines.

3. The high velocity leads to a high directionality of
the emission and a correspondingly small probability
of observation of the phenomenon. But many objects
are observed with variability of the radio emission,
limiting brightness temperatures, and superluminal
motions.

§ N R U N 0N SN T OO R N O TS N SO NN A N )

FIG. 28. Apparent velocity v/c of the source as a function
of the direction 8 and the velocity of its motion (8).2"
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4. The observed flux densities of the radio emis-
sion of the components are nearly equal in magnitude
(two-component model), whereas they should differ
appreciably at the measured values of the velocities.

All these difficulties can be largely attributed to the
insufficiently complete picture of the observed pheno-
mena. At the present time we have at our disposal
only the first data about the fine structure of the nuclei
of active objects and their evolutionary development.
And by no means always do they make it possible to fol-
low the evolution of the outbursts in a wide range of
radio wavelengths. It is very probable that the compo-
nents moving away from us are indeed not seen be-
cause of the effect of the directed emission. This could
explain the asymmetry of the ejections, but only in the
initial stage. After the loss of velocity, both compo-
nents should be seen. This point of view was put
forward for the first time to explain the asymmetry of
the ejections in the objects M 87 and 3C 273.20%:20¢ The
observed second component could be the nucleus it-
self. It should also be noted that the number of sour-
ces in which motion of components with high velocity
has been measured is small. Indirect estimates of
possible superluminal motion based on high brightness
temperatures of the components are not convincing and
could have a different explanation; in particular, inco-
herent synchrotron radiation permits such high tem-
peratures.!® In this connection, great importance at-
taches to measurement of the velocities of the compo-
nents and their variation in time, as follows from the
majority of models. However, it has not yet been pos-
sible to establish deceleration. ''*:!%° In the presence
of fairly frequenct outbursts observed at different dis-
tances from the nucleus, it is difficult to eliminate the
possibility of apparent superluminal motion of the com-
ponents.?°® Such a phenomenon is observed in the
galaxy 3C 84, %5.69,120,130 The pogition of the compo-
nents is determined by the structure of the magnetic
field.®:180

Extended components, whose dimensions reach sev-
eral parsecs, are found at large distances from the nu-
cleus and are the result of accumulation of particles
generated during many outbursts; they are the result
of generation during definite epoch of activity. Usually
the brightness temperature of these components
does not exceed T, =10'"°K, and their magnetic field is
H=10"% Oe. The maximal emission is at decimeter
and partly centimeter wavelengths. The energy of the
particles is E = 10% erg. *°

The emission of both the compact and the extended
components is determined by the synchrotron mechan-
ism. Differences between the properties of the com-
ponents of different objects are not obersved. Super-
compact components correspond to the initial stage of
the ejection of particles, and their high brightness tem-
perature, which exceeds the limiting 10**°K, can be
explained by a near luminal velocity. On the other
hand, the high brightness temperature may exceed the
limiting value and be determined by the energy of the
electrons and the stability of the magnetic field. '®

One of the most important questions in the investiga-
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tion of objects with active nuclei is the question of the
source of the high-energy particles, the source of the
energy of the nucleus and the mechanism of its transfor-
mation into relativistic particles, and the mechanism
of ejection of particles to distances of hundreds of
kiloparsec. The source of energy could be a compact
star cluster, an accreting black hole,2!!"2!3 or a super-
massive rotating magnetoplasma body—a magnetoid.
This supermassive rotator, whose rotational, thermal,
and magnetic energies are approximately equal, is a
generator of high-energy particles. 4”1’ The genera-
tion of the particles is determined by the interaction of
the relativistic and thermal plasma with the magnetic
field. A strong low-frequency electromagnetic wave
accelerates particles to energies E/Mc2=~10%.1" The
irregular ejection of matter is due to stretching of the
magnetic lines of force. In this way the gravitational
energy of the massive body is transformed into rela-
tivistic particles. Such a model corresponds to the
observational data—the unchanged position angle of

the direction of the ejections within a definite epoch of
activity of a nucleus. *:%® Thus, the position angle of
the hyperfine structure characterizes the position of
the rotation axis of the magnetoid or some other su-
permassive body, for example, a black hole, A
change in the position of the rotation axis of the nu-
cleus could be due to the ejection of huge amounts of
matter during each of the periods of activity. The
mass losses reach M/M =1077 per year, and the mass
of a nucleus is 10"-10°M '™

Exceptional possibilities for investigating the nuclei
of quasars, BL Lacertae objects, and galaxies have
been opened up by VLBI. They have been found to have
a complicated structure and to vary with time. 1Itis
possible that they are objects of only one class, differ-
ing only in the scales of the activity of their nuclei or
the phase of the activity. At the present time, syste-
matic observations are being made of these objects us-
ing radio interferometer networks in a wide range of
radio wavelengths. This will make it possible to study
both the small- and the large-scale structures and to
understand the process of their formation and evolu-
tion. When space radio telescopes are out into orbit
around the Earth and space communication lines are
established, it will be possible to obtain images of in-
dividual outbursts with the necessary angular resolu-
tion. The first steps in this direction have already
been taken. 54,174,181,183
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