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ABSTRACT

Three studies of compact, extragalactic radio sources

are presented.

In the first, VLBI maps are presented of the nuclear
cores of four radio galaxies which have large symmetric radio
lobes: 3C 111, 3C 390.3, Cyg A, and 0055+30. Each source
contains a nuclear Jjet having a scale of 1 pc, but no
counterjets are seen. The jets in 3C 111 and 0055430 point
directly at the outer radio lobes, but in 3C 390.3 and Cyg A

the jets are pointed from 4 to 6 degrees away from the lobes.

The implications of the maps and models of these sources
are considered in the second study. It is concluded that in
all four cases, the observed asymmetry reflects an intrinsic
asymmetry on a msec scale. The minimum pressure in the four
jets is calculated, and it is concluded that the jet in Cyg A

is very unlikely to be confined by gas pressure.

In the third study, an attempt is made to explain the
structure of compact radio sources with a precession-like
motion of a relativistic jet. It is found that the curvature
of these sources can be readily explained in this way. In
addition, the Kknots which are often revealed by VLBI

observations arise naturally in such a model. The main



problem with the model is that it cannot by itself explain

the arcsecond structure of asymmetric radio sources.
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INTRODUCTION

After the discovery by Baade and Minkowski (1954) that the
powerful radio source Cygnus A is coincident with a distant (z=.05)
galaxy, it became clear that a large fraction of the cataloged radio
sources (from low frequency surveys) were extragalactic. As higher
resolution observations became available, initially from Owens
Valley and Jodrell Bank, many of these sources were observed to be
double in nature, consisting of two 1large (a few to many kpc)

unconnected lobes (Miley 1980).

As higher frequency interferometers were developed, many (or
most) of these 'double’ sources were found to contain a third
component, situated approximately midway between the other two.
These central components were generally weaker than the other two at
centimeter wavelengths., They were unresolved with the available
resolution (a few arcseconds) and had flat or rising spectra (a)0,
where Saya), in contrast to the steep spectra (typically
-1.2<¢a¢~.5) of the two lobes. These central components, coincident
with an optical galaxy or quasar, were the obvious source of energy
for the 1lobes. In additiom, calculations of synchrotron lifetimes
in the brightest parts of the lobes made it clear that relativistic

particles are being continuously supplied to the lobes. This supply



probably, but not certainly, takes the form of beams (or jets) of

material from the core.

Observations of the central components are the obvious way of
determining the existence of this energy pipeline. VLBI
observations are capable of resolving these central components, but
in the decade or so after VIBI first became available, its
sensitivity was too low. In the late seventies, low noise cryogenic
receivers were installed at several telescopes, allowing .5-1 Jy
sources to be studied in detail by multi-station VLBI observations,
Chapter 1 of this thesis reports on such observations of the central
components of four 'double’ radio galaxies, in all of which
extensions, or jets, were found. The consequences of these
observations are explored in Chapter 2, where questions such as the
asymmetry and possible pressure confinement of these jets are dealt

with.

Not all radio sources in low frequency surveys are double (or
triple) in nature. A few were largely or entirely unresolved with
early instruments., Higher frequency surveys revealed many more of
these ‘'core’ sources. They typically have —.2<a<.5, much like the
central components of ’'double’ sources. These sources are often
very strong at high frequencies, and were the first objects to be
studied with VLBI. Several of them (3C 273, 3C 279, 3C 345) were
found to be double in nature on a msec scale. Observations at

several epochs produced the astounding result that the two



components of the double were separating with an apparent velocity
of more than twice the speed of light. Such 'superluminal’ sources
have received a great deal of subsequent study, much of it here at
Caltech. My participation in this effort is reflected in
co—authorship of five papers on the subject (Cohen et al 1977,
Seielstad et al 1979, Pearson et al 1981, Cohen et al 1981, and
Walker et al 1981). The following picture of ‘core’ sources in
general, and superluminal sources in particular, has emerged
(Kellermann and Pauliny-Toth 1981). A very small (K1 msec
diameter), self-—absorbed core has a one—sided jet emerging from it.
This jet curves continuously through 25°-40° in PA, and often leads
into a steep—spectrum, arcsecond jet, whose flux is a small fractiomn
of the total source flux. In the ’'superluminal’ sources, knots are
seen to move rectilinearly along the jet, away from the central,
self-absorbed core. The early modeling of 3C 273, 3C 279, and
3C 345 as doubles was apparently possible only because of the

existence of a bright knot in the jet, with a flux comparable to

that of the core.

The best explanation for these 'core’ sources seems to be that
they consist of a jet pointing nearly at us (Readhead et al 1978).
The apparent faster than light expansion can be explained in this
way with jet speeds less than that of light. Apparent velocities as
great as yB can be observed, depending upon the viewing angle. The
observed 1large curvature is explained as an amplification (due to

projection effects) of a slight intrinsic curvature.



In Chapter 3 of this thesis, a model of ‘core’ sources is
presented. The hypothesized intrinsic jet curvature is produced by
a precession—like motion of the base of the jet. The features of
the sources produced by this model are compared to the features imn

real sources.
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ABSTRACT

We have made VLBI maps of the nuclear cores of four radio galaxies which have large symmetric
radio lobes: 3C 111, 3C 390.3, Cyg A, and 0055+ 30. Each source contains a nuclear jet having a scale
of 1 p¢, but no counterjets were seen. The jet in 3C 111 points within 1° of the brightest region (hot spot)
of one of the outer lobes, but in 3C 390.3 and Cyg A the jets are pointed from 4° to 6° away from the hot
spots. The large scale structure of 0055+ 30 exhibits a range of position angles; this range includes the

position angle of our nuclear jet.

Subject headings: galaxies: nuclei — galaxies: structure — interferometry —

radio sources: galaxies

1. INTRODUCTION

Most observed extragalactic radio sources fall into two
classes (Readhead, Cohen, and Pearson 1978). In the first,
most of the emission comes from a compact core coinci-
dent with the optical object, and the remainder is asym-
metrically distributed on one side of the core. In the
second, the emission is largely from regions a few arcsec
to several arcmin in size, symmetrically located about the
associated optical object, and there is sometimes a weak
compact radio source associated with the optical object.

The compact components in both classes of objects
have sizes on the order of milliseconds, making them
good candidates for very long baseline interferometry
(VLBI). The first class of objects (asymmetric sources)
has been the best studied by VLBI, largely because the
strongest sources are in this category. In contrast, the
second class (symmetric sources), with much weaker
compact components, has received relatively little atten-
tion from VLBI observers. Several papers (Broderick and
Condon 1975; Walker et al. 1976; Preuss et al. 1977;
Schilizzi 1976) have presented VLBI detections of com-
pact cores in a number of these sources. More detailed
observations have led to a map of one, NGC 6251 (Cohen
and Readhead 1979), and models of two others, 3C 236
(Schi)lizzi et al. 1979) and 3C 111 (Pauliny-Toth et al.
1976).

In this paper the results of multi-station VLBI observa-
tions of the compact components of four radio galaxies
with symmetric, large-scale structure are reported.
Hybrid maps (Readhead and Wilkinson 1978) are pre-
sented for each source. A later paper will deal with
interpretation of the results. The sources, their redshifts,
and their linear scales on the sky (a value for H, of SOkm
s~ ! Mpc~! has been assumed) are given in Table 1.

In this paper we use the term “ jet ” to describe the radio
structures we observe, even when they are only elongated
by a few beamwidths. We feel that this is justified, because
our limited sensitivity and dynamic range allow us to
follow the elongations for only a short distance from the
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core. (The data for 3C 111 has the highest signal-to-noise
ratio, and the observed length of its jet is the greatest.)

II. OBSERVATIONS

All observations were made at 10.65 GHz, using left
circular polarization. The telescopes involved were: the
100 m telescope of the Max Planck Institut fiir Radio-
astronomie (BONN), the 37 m telescope of the Northeast
Radio Observatory Corporation (HSTK), the 43 m tele-
scope of the National Radio Astronomy Observatory
(NRAO), the 46 m telescope of the Algonquin Park
Radio Observatory (ARO), the 26 m telescope of the
Harvard Radio Astronomy Station (FDVS), and
the 40 m telescope of the Owens Valley Radio Observa-
tory (OVRO). Typical system temperatures and gains (in
K Jy~') for each telescope are given in Table 2. The
schedule of observations is listed in Table 3.

TABLE 1

REDSHIFTS AND LINEAR SCALES

Scale
Source z (kpc/”)
0055430 ...ooiniieiiinnns 0.0167 0.48
3CHI 0.0485 1.4
3C390.3 .. 0.0561 1.6
(0 0.0565 1.6
TABLE 2

TyPICAL PARAMETERS OF TELESCOPES AT 10.65 GHz

Station Typical T,, Ky !
BONN ..., 80 1.28
HSTK .......oooinniee 95 0.125
ARO...c.ooiiiiniinnnn. 115 0.223
NRAO ........ccooeee. 120 0.270
FDVS ... 280 0.055
OVRO .......ccoeinenn. 80 0.223
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TABLE 3

OBSERVING SCHEDULE

Source 197893 197944 197975
BCI e HAGFO  BHGO
3C3903 i HAGFO BHO
CYBA weovereeieieeeiraneeieens HAGFO  BHGO
0055430 coeveeeereeeerneeaenns HAGFO  BHGO

Note.—B = BONN, H = HSTK, A =ARO, G=NRAQ, F=
FDVS, and O = OVRO.

Data were recorded with the NRAO Mark II system
(Clark 1973; Moran 1976) using a bandwidth of 1.8 MHz.
Hydrogen maser frequency standards at each station
allowed a coherent integration time of 6 minutes. In some
cases the data were then averaged incoherently for 12 or
18 minutes.

III. DATA REDUCTION

The correlation coefficients were converted to cor-
related flux densities by the standard procedure (Cohen et
al. 1975). One complication in the present case arises from
the extended nature of the sources. This causes some flux
from the outer lobes to be picked up by the beam of the
telescope, so that the core flux cannot be measured with a
single antenna. To overcome this difficulty, the flux of the
central components 0f 0055+ 30and 3C 111 at 10.69 GHz
were measured with the Stanford 5 element
interferometer! for the epochs 1978.93 and 1979.44. The
flux of the central component of 3C 390.3 was measured
for the epoch 1978.93, but not for 1979.75, because the
Stanford telescope had been shut down. This telescope
could not measure the central component of Cyg A
because of the large flux from the outer lobes. Therefore,
the core flux was assumed to be the same as the peak
correlated flux on the shortest baseline.

Another complication arises from the low signal-to-
noise ratio (S/N) of the data, particularly on baselines
involving FDVS. This leads to two types of bias on the
visibility amplitudes. These are discussed in the Appen-
dix. Phases were not affected.

After the corrections for these biases had been applied,
models of the brightness distribution, consisting of 2-4
Gaussian components, were fitted to the amplitudes and
closure phases for each source. These models were then
used as input to the hybrid mapping procedure desctibed
by Readhead and Wilkinson (1978). It was found that
with sufficient effort in the model-fitting stage to get a
good fit, the hybrid mapping procedure converged on the
first or second iteration. The output of this procedureisa
set of several hundred §-functions, whose Fourier trans-
form fits the observations. The maps shown below were
obtained by convolving the 8-functions with an elliptical
Gaussian which has the same FWHM as the synthesized
DIRTY beam.

! The observations at 10.69 GHz were supported by the Department
of Electrical Engineering at Stanford University.

IV. RESULTS

a) 3C 111

The central component is coincident with a magnitude
18 object (Longair and Gunn 1975) which was recently
found to be a galaxy with a bright stellar nucleus (Gunn,
private communication). It has a broad emission line
spectrum with a redshift of 0.0485 (Sargent 1977), but
little else is known about its optical properties because of
heavy foreground obscuration (b = —9°).

The central component has a steeply inverted radio
spectrum (a > 0, where S ~ v*), which is strongly variable
on a time scale of a few months (Wills 1975). In late 1974
or early 1975, a large outburst occurred in which the 90
GHz flux increased by a factor of 5. 3C 111 had the
strongest central component of the four sources that we
observed (Syo=185+01 Jy in 197893 and
S10.6 = 1.54 + 0.05 Jy in 1979.44). It was detected as an
X-ray source by HEAO 1 (Marshall et al. 1978).

On a larger scale, 3C 111 exhibits the classical triple
structure, as shown in Figure 1 (Laing 1980). The NE lobe
is more compact than the SW lobe (2" versus 10”)and has
a more pronounced low surface brightness tail extending
inward toward the central component. A substantial
amount of the flux comes from low surface brightness
emission, distributed between the two heads.

Previous VLBI observations (Pauliny-Toth et al. 1976)
were made with three long baselines just after the large
outburst of 1975. They yielded a model consisting of two
components separated by 0.6 ms in position angle (PA)
58°, with a 180° ambiguity due to the lack of phase
information.

In 197893, we obtained very good data at all five
stations, allowing an excellent hybrid map (Fig. 2) to be
made. The fit of the d-functions comprising this map to
the data is shown in Figure 3. A long (6 ms) straight jetat
PA 63° + 3° points directly at the NE lobe. A bright
extension near the core and two knots (at 4.1 and 6.0 ms
from the core) stand out on the map (the outer knot
shows up more prominently with a different choice of
contour levels), but there is also a smooth component to
the jet. The jet is very one-sided—the counterjet (if
present) is at least 15 times weaker than the jet.

PA errors in this paper were determined by rotating the
components of the model or map about the core and
observing how much this rotation degrades the fit to the
data. Rotation by the quoted values makes the model or
map inconsistent with the data; we consider it very
unlikely that our values for the PA could be off by this
much. In Figure 4, the 5-functions from the map in Figure
2 have been rotated by +3° (our PA error for that map),
and the resulting fit to the data is shown.

Wills (1975) proposed a model of the central source
consisting of an optically thick, self-absorbed component
(8 <1 ms) and an optically thin, straight spectrum
component (072 < 6 < 3"). Using the simultaneous
observations with VLBI (resolution ~1 ms) and the
Stanford interferometer (resolution ~20”), we conclude
that 3C 111 has less than 0.16 + 0.2 Jy in structure
between 0701 and 3" at 10.65 GHz (versus 0.8 Jy from the
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Fi1G. 1.—Map of 3C 111 at 2.7 GHz, made with the Cambridge 5 km telescope. The contour interval is 100 mJy per beam area. The cross marks the
position of the associated optical galaxy. Included with the permission of Robert Laing.

model of Wills). Even in structure between 07002 and 3”
there is 0.57 + 0.2 Jy, only marginally consistent with the
extrapolated flux of Wills’ optically thin component.
The map from the 1979.44 data has much poorer
dynamic range, due to fewer baselines (6).-and shorter

3CHl

1978.93

N
0.001
E

F1G. 2.—Hybrid map of 3C 111 from 1978.93, five-station VLBI
observations. The contour interval is 2.8 x 10° K, with the lowest
contour at 14 x 10° K. No negative contours appear at the
—1.4 x 108 K level. Eighteen contours have been omitted in the
unresolved core. The crosshatched ellipse shows the half-power beam.

tracks (an average of only 6 hours per baseline). The map
shows an unresolved core and a short (1.5 ms smooth jet
at PA 57° 4+ 9°. No knots are seen, but the knots shown in
the 1978.93 map would be beyond the dynamic range of
the 1979.44 data. The flux density dropped from 1.85 Jy to
1.54 Jy between 1978.93 and 1979.44, but we have no
evidence for change in the structure during this interval.
The lower 1979.44 fiux presumably refiects a weakening
of the unresolved core.

b) 3C 390.3

3C 390.3 is in many ways similar to 3C 111. Its central
component is coincident with a 12.8 mag galaxy (Wynd-
ham 1966) with a redshift of 0.0561 (Sandage 1966). The
galaxy has a very bright stellar nucleus; its spectrum has
narrow H and forbidden lines, and very broad (10* km
s~ !), asymmetric H lines, which are variable in both
intensity and profile (Osterbrock, Koski, and Phillips
1976). The central component is a variable X-ray source
(Marshall et al. 1978).

The central component has a lower radio luminosity
than that of 3C 111, and its spectrum and behavior with
time are consequently not as well known. Interferometer
measurements (Bentley et al. 1975; Hargrave and McEI-
lin 1975; and Stull et al. 1975) show that it has an inverted
spectrum between 1.6 and 10 GHz, but apparently not as
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3C 11 1978,93  Amplitudes steeply inverted as that of the central component in
T T T T T T 7 3C 111,

HSTK-OVRO " All single-dish flux measurements are contaminated by
contributions from the two extended lobes. Measure-
A i ments with the Stanford five-element interferometer at
'r W P D 10.7 GHz in 1974 and 1978.93 provide the only positive
- { evidence for variability (a decrease from 0.83 t0 0.68 Jy in
. ; — i . ; 4 years).
| The arcmin scale structure of 3C 390.3 is shown in
2r 1 Figure 5 (Laing 1980). Unlike 3C 111, the central com-
. ponent and the two outer hot spots are very nearlyin a
line, at PA 144°-324°. Both the north and south lobes are
' i L resolved into two components by the 5km telescope. The
i 1 components of the north-preceding lobe are approxi-
4 3 8 0 2 7} i6 mately 2" in size, and are separated by 25" in PA 117°;

GREENWICH SIDEREAL TIME those of the south-following lobe are less than 17 in size,
and are separated by 2”77 in PA 60°. The most compact
component of the south-following lobe is at PA 14476.
Both lobes, particularly the northern one, have some
diffuse, steep spectrum emission, and there is some very
low surface brightness emission extending from one lobe
to the other.

In the 1978.93 observations of 3C 390.3, the OVRO
data were very poor, and a map could not be made. A
two-component model, with a very thin component

3

CORRELATED FLUX (Jy)
z
%
B
o
I
o)
<
Pl
o

:
r

F1G. 4.—Fit of rotated 1978.93, 3C 111 map to data, showing
degradation in the fit. The é-functions of the map in Fig. 2 have been
rotated by +3°.

3C390.3 7" BEAM 2.7GHz
T l ' I ' r

—T 79° 45' 00"

_ —  79°43' 30"
Q
— “ 7 - 79° 42' 00"
30"
i CI28 Z5 Kpc
] | | ) ]
18" 46" 00° 18" 45303 18" 45%00°

F1G. 5.—Map of 3C 390.3 at 2.7 GHz, made with the Cambridge 5 km telescope. The contour interval is 28 mJy per beam area. The cross marks the
isition of the associated optical galaxy. Included with the permission of Robert Laing.
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TABLE 4
1979.75 3C 390.3 MoDEL
Displacement from
First Component
~———————  FWHM Major Axis® FWHM Minor Axis
Component Flux d (ms) PA (ms) (ms) PA

41 0.0 0.0 0.59 14 —40°1

2 06 0.53 146.3 0.26 17 29.8

3 03 1.22 141.1 11 .10 573

* Elliptical Gaussian components.

extended in PA 136° and a 50 mJy 2.4 ms FWHM halo, fit
the data well. Because of pointing problems at OVRO,
the evidence for the halo is weak, and the error in the PA
is +12°.

In 1979.75 high quality data were obtained at BONN,
HSTK, and OVRO. This allowed a good model (Table 4)
and a good hybrid map (Fig. 6) to be made. Because only
three stations were involved, the dynamic range is sub-
stantially worse than in maps of other sources from
1978.93. The data, with the fit from the map in Figure 6,
are shown in Figure 7. The very large range of correlated
flux on the BONN-OVRO baseline provides a tight
constraint on the PA of the jet (140° + 3°). Combining
the results from the two epochs, we conclude that the jet is
at PA 139°?5 + 3° (i.e,, misaligned with the SE lobe witha
very high level of confidence).

¢) Cygnus A

The central radio component was discovered in 1974
by Hargrave and Ryle (1974). It is coincident with a 15th
mag cD galaxy with a prominent dust lane (Baade and
Minkowski 1954). It has narrow (500 km s~ ') H and

3C 390.3 1979.75

O

F1G. 6.—Hybrid map of 3C 390.3 from 1979.75, three-station VLBI
observations. The contour interval is 16 x 10® K, with the lowest
contour at 8 x 10® K. No negative contours appearat the ~8 x 10® K
level. The crosshatched ellipse shows the haif-power beam.

N
0:0003

E

forbidden lines, but unlike 3C 111 and 3C 390.3, it hasno
very broad H lines (Osterbrock and Miller 1975). An
extended (2') X-ray source is centered on the galaxy
(Fabbiano et al. 1979).

The outer radio lobes are very strong and the central
component is difficult to detect, much less measure. For
this reason its spectrum is only approximately known,
and, although it would be expected to vary with time,
there is no evidence for or against variability. Its spectrum
appears to be slightly inverted between 1 and 100 GHz
(Hobbs et al. 1978).

The arcsec scale structure of Cyg A is shown in Figure 8
(Hargrave and Ryle 1974). The line between the two outer
hot spots of the SE lobe is at PA 109°; the hot spot of the
NW lobe is at PA 290°. Higher resolution observations at
15 GHz (Hargrave and Ryle 1976) show that the NW hot

3C 390.3 1979.75 Amplitudes
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Cyg A

spot breaks up into two components. The more compact
of the two is at PA 288°9; the other is at PA 293°1. Both
hot spots have very sharp (~ 075) leading edges; toward
the galaxy the intensity of the lobes drops off more slowly,
with low surface brightness tails reaching over halfway to
the center. The sharpness of the leading edge of the SE hot
spot led Hargrave and Ryle to conclude that the radio
axis lies within 25° of the plane of the sky. Simkin (1977)
has measured the rotation axis of the central galaxy, and
finds it to be 6° from the plane of the sky and oriented at
PA 116°.

Previous VLBI observations of Cyg A (Kellermann et
al. 1975) had limited U-V coverage and indicated only
that the central source was elongated and aligned approx-
imately with the outer structure.

Our 1978.93 observations yielded the map shown in
Figure 9. A straight jet emerges from the core at PA 284°
(+5° —4°). The jet is shorter than the jet in 3C 111; its
PA is therefore not as well determined. The evidence for
the knot 5 ms from the core is very good, but the exact
distance is uncertain. There is no evidence for a counter-
jet; an upper limit of {5 of the flux of the jet can be set to its
flux.

The 1979.44 observations were plagued with calibra-
tion problems because BONN was mispointed for the last
half of the track. To surmount these problems, a hybrid
map (Fig. 10) was made using both closure phase and
closure amplitudes, as described by Readhead et al.
(1980). This eliminated systematic errors, but reduced the
dynamic range. The map supplements the 1978.93 mapin
several ways. The new PA (283° + 5°, —6°) agrees with
the previous PA. The higher resolution (BONN was not
used in 1978.93) enables us to see that the jet is straight
from 0.5 to 5 ms, and that it is less than 1 ms wide.

Combining the results from the two epochs, we get a
PA of 283°5 (+4° ~3°5). This is 5°4 from the most
compact component of the NW lobe—we consider it
highly unlikely that our value for the.PA could be off by
this much.

1978.93

Cyg A

J
N
0.001

E

FiG. 9.—Hybrid map of Cyg A from 1978.93, five-station VLBI
observations. The contour interval is 1.4 x 10° K, with the lowest
contour at 0.7 x 10® K. No negative contours appear at the
~0.7 x 108 K level. Sixteen contours have been omitted in the core.
The crosshatched ellipse shows the half-power beam.

1979.44
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E

FiG. 10.—Hybrid map of Cyg A from 1979.44, four-station VLBI
observations. The contour interval is 8 x 108 K, with the lowest
contour at4 x 10® K. No negative contours appear atthe —4 x 108 K
level. The crosshatched ellipse shows the half-power beam.

d) 0055+ 30

The central component of 0055+ 30 is coincident with
a normal 12.5 mag elliptical galaxy (NGC 315), with no
observed emission lines (Colla et al. 1975). It was not
detected as an X-ray source by the 4U survey (Forman et
al. 1978). This source has not been studied as well as the
other three, and there is no evidence for or against
variability. The spectrum of the central source is slightly
inverted (Fanti et al. 1976).

The total angular extent on the sky of 0055+ 30 is
almost 1° (Bridle et al. 1979). It has a Z-shaped symmetry,
with both a jet and a counterjet (Fig. 11). Both the jetand
counterjet wander in PA, with the PA of the jet varying
roughly between 308° and 315°, with 311° the PA for the
innermost structure seen with the VLA. The counterjet is
a factor of 10 weaker than the jet and is more diffuse.

Our 1978.93 observations of 0055+ 30 produced the
map shown in Figure 12. The PA of the jet is not constant,
but varies from 306° near the core to 314° in the outer
parts of the map. Maps without this curvature are also
consistent with the data, although the fit is not as good;
we are therefore not certain that the jet is curved. The
outer PA (314°) is fairly well defined (+5°).

The 1979.44 observations yielded the map in Figure 13.
The jet is straight (PA 314° + 3°), but there may be a hint
of the curvature present in the previous map (PA less than
314° at a distance of 2.5 ms from the core). The curvature
seems to be more in the form of a kink in the jet than a
systematic change with radius, as both the innermost
region (~ 1.6 ms from the core on the 1979.44 map) and
the outermost (4.5 ms on the 1978.93 map) have the same
PA, with intermediate regions having a lower value.

No evidence for a counterjet is present on either of the
maps. An upper limit of § of the flux of the jet can be set for
any counterjet with millisecond structure.

V. CONCLUSIONS

Four sources with symmetric, large-scale structure
show one-sided jets on a millisecond scale. None show
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FiG. 11.—Contour map of 0055 + 30 at 610 MHz, made with the WSRT by Bridle et al. The cross is at the position of the optical galaxy. Reprinted
with the permission of Bridle et al.
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F1G. 12.—Hybrid map of 0055+ 30 from 1978.93, five-station VLBI observations. The contour interval is 2 x 10® K, with the lowest contour
at 108 K. No negative contours appear at the — 10° K level. The crosshatched ellipse shows the half-power beam.

F1G. 13.—Hybrid map of 0055 + 30 from 1979.44, four-station VLBI observations. The contour interval is 4 x 10® K, with the lowest contour at
2 x 10® K. No negative contours appear at the —2 x 10% K level. The crosshatched ellipse shows the half-power beam.
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any systematic change of PA with distance from the core,
in marked contrast to the asymmetric sources, which
bend by 20° to 45° with increasing distance from the
center (Readhead, Cohen, and Pearson 1978). The align-
ment between the jets and the outer lobes is quite
good—within 8° in all cases. Thisis in agreement with the
properties noted for symmetric sources. In two sources
(3C 111 and 0055+ 30), the alignment is perfect (within
the errors), but in the other two (3C 390.3 and Cyg A),
the jet and outer lobe are misaligned by a few (4-6)
degrees. This, together with a similar finding for NGC
6251 (Cohen and Readhead 1979), shows that in a
substantial fraction of symmetric sources the jets are bent
by a few degrees from core to outer lobe.

In three of the four sources (3C 111, 3C 390.3, and
0055+ 30), one of the two outer lobes is significantly more
compact than the other. In all three, the nuclear jet points
at or near the more compact lobe.
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APPENDIX
BIAS IN THE VISIBILITY AMPLITUDES

I. THE DISTRIBUTION FUNCTION

Our fringe-fitting procedure yields fringe amplitudes which are biased, because we are detecting a sine wave in noise.
The case of Gaussian noise and analysis with a one-dimensional Fourier transform is well known. The amplitudes have a
Rice distribution (Purcell 1973; Moran 1973) with a mean larger than the true fringe visibility. However, we have used an
iterative four-dimensional, nonlinear least-squares fitting procedure, and the probability distribution of the amplitudes
has not yet been calculated. Instead, the bias has been determined empirically, by doing fringe-fitting on many scans at a
wide range of coherent integration periods for each scan. The S/N for a given scan varies like

S/N ~ Tcoh”2 » (1)

so this procedure produced amplitudes of many different S/N’s for the same data. Applying this procedure to sources
having very strong fringes, for which the bias should be negligible, gave the correction for loss of coherence with
increasing integration time. Applying it to scans of different inherent S/N’s showed that the bias is dependent only on S/N,
not on integration time. Table 5 gives this bias, and the bias due to a Rice distribution, for several values of the S/N. Raw
fringe amplitudes are too high and were corrected by division by the values in Table 5.

TABLE §

FRINGE AMPLITUDE Bias

Rice Distribution Least Squares

S/N* Bias Procedure Bias
3 e 1.096 1.145
L 1.037 1.100
S 1022 1.066
[ 1015 1.042
T e 1.011 1.026
B 1.008 1016
O 1.006 1.009
10 oo 1.005 1.006

* The measured fringe amplitude divided by the noise level.
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II. TRUNCATION

The second type of bias arises from the use of a S/N cutoff in the fringe-fitting procedure. (This cutoff is set at a level
where the procedure begins to converge on noise a nonnegligible fraction of the time.) When the mean S/N of data isnot
too far above this cutofl, the low S/N tail of the distribution will be truncated. The mean of the resulting distribution will
then be greater than the mean of the parent distribution. In order to correct the measured mean value for this effect, a
particular parent distribution must be assumed. In this case it was chosen to be a Rice distribution. This is known to be
wrong, as explained above, but the magnitude of this effect is relatively insensitive to the detailed nature of the parent
distribution. This correction was only necessary on baselines to FDVS on the sources 0055+ 30,3C 390.3,and Cyg A, and
on the baseline BONN-OVRO for the source 3C 390.3 (at the visibility minimum only). On 3C 111 and on all other
baselines, the S/N was high enough that truncation did not occur.
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CHAPTER 2

PARSEC-SCALE JETS IN DOUBLE RADIO GALAXIES.

INTERPRETATIONS
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I. INTRODUCTION

In Chapter 1, VILBI observations of the central components of
0055+30, 3C 111, 3C 390.3, and Cyg A were presented. This chapter

deals with the interpretation of these observations.

In all four sources, a narrow, one—sided jet was seen emerging
from the core, Within the dynamic range achieved by these
observations, no counterjets were seen. The implications of this on

the source geometry are considered in part II.

The most likely physical mechanism responsible for the radio
emission from these sources is synchrotron radiation. If one assumes
this to be the case, then the observed radiation properties can be
converted to information on the physical conditions in the source. In
part III, the observed brightness temperatures of the sources are
compared with the range produced by synchrotron radiation. In
addition, the magnetic field, internal emergy, and pressure (assuming
equipartition between the magnetic and particle energy densities) of

the various components of these sources are calculated.

An important question in connection with jets in radio sources is
whether or not they are confined by the gas pressure of the surrounding
medium. The pressure calculated in part III places constraints on the
proposed confining medium. Various physical considerations, combined

with observations at X-ray wavelengths, allow additional constraints on
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this medium; this is covered in part IV. Two alternatives to pressure

confinement are briefly discussed.

II. IMPLICATIONS OF OBSERVED JET-COUNTERJET RATIOS

All four sources are more or less symmetrical om a large
(arcsec—arcmin) scale. All four display approximate structural
inversion symmetry (a pair of lobes in 3C 111, 3C 390.3, and Cyg A; a
pair of scythe—shaped features in 0055+30) about the central component.
That symmetry is broken in detail, however. The ratio of distances
from the central components varies from 1.1 (Cyg A) to 2 (0055+30),
The flux ratio also varies widely, from near unity in Cyg A to ~10 in
0055+30. (The exact value of the flux ratio is frequency dependent,
and is difficult to determine due to the range of angular scales

present in these sources.)

This large scale symmetry is in sharp contrast to the asymmetry
observed on a msec scale. The observations in Chapter 1 showed
extensions on only one side of the core in each source. Lower 1limits

to the jet/counterjet flux of 8 (0055+30) and 15 (3C 111 and Cyg A)

were established.
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This msec asymmetry could be due to an intrinsic asymmetry between
the jet and (presumed) counterjet. This seems likely in the case of
0055+30, where the flux of the arcsec and arcmin jet, and of the
diffuse NW 1lobe, is 10 times that of the flux from the corresponding
structures on the other side (the msec jet points in the same direction
as the stronger of the two large scale omes). In 3C 111 and 3C 390.3
there is some evidence of jet/counterjet asymmetry in that in each
source ome of the two outer lobes is significantly more compact than
the other. In both cases, the msec jet points at the more compact
lobe. In Cyg A, however, the two lobes are very similar, with both
being about equally luminous and equally compact. There is no a priori

reason to suspect an intrinsic jet/counterjet asymmetry in this source.

An intrinsic asymmetry could take the form of a difference in
time—averaged power, but this is unlikely except in 0055+30 because of
similar lobe fluxes. It has been suggested by many people that jets
become visible only when there are inefficiencies in the transport
path. This is certainly possible, but the fact that the msec jets in
3C 111 and 3C 390.3 point towards the more compact lobe argues against
it. A more acceptable explanation may be that the nuclear jet is
one—sided, but intermittent, pointing first towards one lobe and then
the other. This is in agreement with recent MTRLI observations
(Lonsdale 1981)., However, if this is a common situation, the switching
time must be very long (>10° yr) for some sources (e.g. NGC 315

and NGC 6251).
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If the jets are intrinsically similar, their very different
observed luminosities could be due to a non—isotropic distribution of
electron pitch angles, or to differential Doppler boosting of a
relativistic jet/counterjet pair. With a suitably chosen pitch angle
distribution, onme can make a jet all but invisible (e.g. Van Gronigen

et al), but this seems contrived.

If two jets are intrinsically equal, but have an observed ratio R

due to different Doppler enhancements, then

2-a
1+Bcos 4 =R
1-Bcos 8
where 9 is the angle between the jet and the line of sight.
1

R

= s
cos § (R"“ ..).I

The condition B<1 yields
-
a - ’
({ —
N
D 3=
R+ |

cos& =
max Bmin

1

{cos

Table 1 gives B Bm

quoted in Chapter 1 (a spectral index of —.5 has been assumed); the

, and Ynin for the values of R

max’ in

R=100 entry demonstrates what could be achieved with suggested VLBI
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arrays. Note that the values of R gquoted in Chapter 1 are lower
limits; the angles in Table 1 are thus strong upper 1limits and the
values of P and ¢y lower limits. At €=‘9max’ p=1; bdut for

B<h . ~10°, B remains roughly constant.

The constraints imposed by the values in Table 1 have particular
significance for Cyg A. The lower limit to R of 15 (Chapter 1) implies
that 9 must be less than 60°, and is almost certainly less than 55°
(or else a very large y—factor would be required). This is in contrast
to the value of 90°+250 gjiven by Hargrave and Ryle (1974), based on
the broad but sharp termination of the southern hot spot. They allow
the possibility that the northern lobe has a lower inclination to the
line of sight than does the southern lobe, but the high symmetry of
this source makes such a possibility seem unlikely. It therefore seems
nearly certain that in Cyg A the jet and counterjet must have intrinsic
differences, the similarity of the two lobes notwithstanding. If the
limit on R can be raised significantly by future, high-dynamic range

VLBI observations, this conclusion could be strengthened.
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ITI. PHYSICAL CONDITIONS FROM SYNCHROTRON THEORY

In this and the following section, the radio emission from the
four sources observed in Chapter 1 will be assumed to be due to
incoherent synchrotron radiation. With this radiation mechanism, and
in the absence of bulk relativistic motion, the peak brightness
temperature must be less than 1012 K. If it did exceed this value,
the photon density would be so great that the electron cooling time due
to Inverse Compton radiation would be very short. In Table 2 the peak
brightness temperatures of the four sources for each epoch are given.
Models of the brightness distribution consisting of two or three
gaussian components were used for these calculations. In those cases
where the model-fitting procedure assigned a dimension of <.2 A/d to a
gaussian component, that dimension was increased to .2 A/d for the

brightness temperature calculation.

The peak brightness temperatures range from 1.8 x 1010 K to

7.0 x 1010 K. In no case are they large enough to be in conflict

with inverse Compton lifetimes. For weak sources such as these,

earth-based observations are insufficient to detect brightness

temperatures as large as 1012 K.

To determine the physical conditions inside these sources, a power
law spectrum has been assumed. Actually, this is terminated at some
frequency by synchrotron self-absorption, but this does not affect the

following calculations of U _, and B ., The energy in
min eq
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relativistic electrons is

-1.5
U «
e LB f(VI’VZ’a)’

where L is the synchrotron luminosity (neglecting self-absorption), B
is the magnetic field, L& and )3 are the minimum and maximum
frequencies of the power—law spectrum, and a is the spectral index. f
is a fairly weak function of )GJ )&, and a. The values of
)/1, Y., and a assumed for each compoment of each source are

listed in Table 3.

The energy in relativistic protons has been assumed by different
people to be from O to 100 times that in relativistic electroms. A
value of 0 has been assumed here, so that a firm lower 1limit on the

total energy and pressure in the source can be calculated.

The total emnergy in particles and magnetic field is

_ -1.5
Utot-con + cle

Assuming equipartition (i.e. U__ =7 ) gives

Varying B to minimize U . gives

U .=,997T
min eq

Varying B to minimize the pressure P gives
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U
min=+93 —%9 » where V is the component volume

, and P for each component of
min

Table 4 gives B, U .
eq’ min
each source. Hb=50 has been assumed. The values of Beq are
similar for each source; Beq~.l Gauss in the core, dropping to
.01-.02 in the outer parts of the jet. The values of Umin are also
similar from source to source, except for 0055+30. This source is at
one third the distance of the other three; a given angular resolution
therefore corresponds to a volume E% as great as in the other
three. From the variation time scale in 3C 111 (a few years) and the
values of Umin for the core components in Table 4, an energy input
M
0 g -
rate of ~5 x 10°0 &X& _ 3 . 1974 e can be derived.
yr yr
This is well within the range that could be provided by a massive black
hole. The jets have larger values of Umi than the cores, but they

n

presumably accumulate their energy over a longer period of time.

Electrons radiating via synchrotron radiation have a half life

T <161 yr, where Y,.____EL____ 1z
sy g2, 1.2 x 108

Values of t for B=B_ and V=10.6 GHz are given in Table 5.

syn eq
The electron lifetimes in the cores are not much longer than the light
travel times across them, suggesting at least mildly relativistic
outflow velocities. The electron lifetimes in the jets are a few times
longer than the light travel times from the core. This suggests

relativistic jet velocities, but does not require reacceleration within

the jets.
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Most compact radio sources are observed to be self—absorbed at low
frequencies, The observations of Chapter 1 are at only one frequency,
and therefore cannot be used to obtain spectral information. However,

the optical depth can be estimated from the equipartition magnetic

field. y a=2.5
1.5-2a
Ky =NyB 19
1.25 x 10

where the spatial density of relativistic particles is N()Eza-_1

(Nb can be calculated from the observed luminosity).

In Table 5, the calculated optical depths at 10.6 GHz, and the
frequencies at which t=1 are given. These values are for homogeneous
components whose dimensions are the FWHM of the gaussian models.
Because of this, the sources will start showing optical depth effects
at frequencies higher than  predicted by these calculations.

(r,,°=(9—2. where B is the angular size assumed for the source)
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IV. PRESSURE CONFINEMENT OF THE JET IN CYGNUS A

If the jets in these sources are confined by thermal pressure,
then the pressure in surrounding medium must be greater than the value

of Pmin calculated in part III.

nkT>P .
min

min
1.95k

(1) n_T)

Additional constraints are possible (Readhead et al 1978). Cyg A
will be the only source discussed here; it was chosen because of its
historical interest and because an excellent upper limit to its nuclear
X-ray flux exists. In the following calculations, a spherically
symmetric gas cloud centered on the core has been assumed. The 1978.93
Cyg A observations have been chosen because they ha?e a higher dynamic

range than the 1979.44 observations.

The source model of Cyg A for 1978.93 accounts for over 80% of the
flux of the central component. The optical depth at 10.6 GHz of the
surrounding gas cloud must therefore be less than 0.2. For free—free
absorption, this is mnot a significant constraint, but for Compton

scattering it is:



~29-

where R is the cloud radius (equal to the length of the jet component
being considered). Induced Compton scattering (Wilson 1978) will be
significant at these brightness temperatures, but it will result in
rhotons being scattered within the beam (not into or out of it). It
changes equation (2) by only a small (<2) factor, and has therefore not

been included.

From HEAO-A X-ray observations, preliminary results indicate that
the flux from 2 point source centered on the core of Cyg A is less than
1042 erg/sec in the ,5-4.5 keV band (Ethan Schreier, private
communication). Assuming this to be from thermal bremsstrahlung yields

the following constraint

1042

e — =258 —.5a
-23 i /2 4 3 T -
14220z, ffiﬂ’l’ IR [@ -

~

(3) n

A fourth constraint is imposed by bremsstrahlung cooling. The

total free—free emissivity per unit volume is

4nfj,dy ~ 1.4 x 10727 T°5n82

It is of interest to equate this to a heating time. The radiative
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heating time from the central source

~ Uthermal

is ,» which is very 1long for

Lnonthermal Tef
frequencies above the self-absorption cutoff and values of n, and T
not already excluded by other processes. Mechanical heating will

probably dominate. The heating time for this is not so obvious. An

upper limit, given sufficient emergy input, is the sound speed crossing

time,
- ~-R__R_
heat

eat es  q0%T3

There will be some local mechanical heating on shorter time scales, but
this will result in temperature inhomogeneities, significantly
increasing the emission measure. The X-ray observations would them be
an even stronger constraint. To account for some local heating, a more

conservative estimate of the heating time can be chosen:
theat—3c
s

The condition rheat<tcool leads to

12
10°°T
(4) n_ <——R

The constraints imposed by equations (1)-(4) on the outer jet

component of Cyg A are shown in Figure 1. If the jet is pressure

confined, T must be greater than 2 x 109 K.
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In the absence of a massive black hole in the center of Cyg A, the
nuclear potential could not confine a gas with Tzlos K.
However, there is quite possibly a black hole powering the radio
source; this would dominate the potential at the distance of the jet.
Requiring gas at B to be bound by the potential of the hole

2

gives (for the outer jet component)

(5) T¢7 x 107

Mhole

where M, =
? 10° M,

9’

If a gas at 2 x 109 K is to be bound, then M9230.

Therefore, unless there is a black hole with M23 x 1010 L
in the center of Cyg A, the observed msec jet is very unlikely to be
pressure confined. If there were a large outflow of gas from the core,

this comstraint would not apply, but this outflow gas would have to be

hotter than 107 K.

If the jet is not confined by extermal pressure, it is either
self-confined by its own magnetic field, or is a free jet. If it is
freely expanding, the observations of Chapter 1 indicate a full opening
angle &<10°, implying a Mach number W126. In the absence of

non-relativistic jet material, this implies a large jet gy—factor

(7){I§).
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V. CONCLUSIONS

Four sources, chosen for their 1large scale symmetry, all have
strong small scale asymmetry. In all four cases, this is probably due
to an intrinsic asymmetry, rather than to geometrical or radiative
effects. The model of two identical but oppositely directed jets

(Blandford and Rees, 1978) does not apply to these sources.

Physical arguments based on synchrotron theory show that these
sources must have at least weakly relativistic core outflow and jet
velocities, The jet in Cyg A (the best studied of the four sources) is
almost certainly not confined by external pressure. A better
measurement of its width at various distances from the core could help
ascertain whether or not it is a free jet. If it is not, it may be

self-confined by magnetic pressure,
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Table 1

Jet Angles and Velocities

R Gmax ﬂmin Xﬁin
8 66.8° .394 1.09
15 60.4° .495 1.15
100 43.4° .726 1.46
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Table 2

Peak Brightness Temperatures

Source Epoch Maximum Tb
3¢ 111 1978.93 7.0 x 100
3C 390.3 1978.93 4.1 x 1019
3C 390.3 1979.75 5.3 x 1010
Cyg A 1978.93 2.7 x 1010
Cyg A 1979.44 3.4 x 10%°
0055+30 1978.93 2.8 x 1010

10

0055+30 1979.44 1.8 x 10
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CHAPTER 3

A PRECESSING JET MODEL OF COMPACT RADIO SOURCES
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ABSTRACT

An attempt is made to explain the structure of compact radio
sources with a precession—like motion of a relativistic jet. It is
found that the curvature of these sources can be readily explained in
this way. In addition, the knots which are often revealed by VLBI
observations arise naturally in such a model. The main problem with
the model is that it cannot by itself explain the arcsecond structure

of asymmetric radio sources.

I. INTRODUCTION

Many extragalactic radio sources fall into one of two
categories: symmetric and asymmetric (Readhead et al 1978).
Symmetric sources typically have a large (up to several Mpc) overall
projected size on the sky, and show little or no change in position
.angle from their innermost structure to their kpc scale structure
(head-tail sources show curvature farther out). Asymmetric sources
have a strong, very asymmetric core (Readhead et al, 1979), and a
small (generally a few tens of kpc or less) projected size on the
sky. They generally show curvature of 20°-40° from the nucleus to
their outer structure. This has been interpreted by Readhead et al
(1978) as a consequence of different angles between a relativistic

jet and the line of sight., In this scheme, all jets are assumed to
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be slightly curved — asymmetric sources show a much larger curvature
because of projection effects. The intrinsic curvature of these jets
could be due to a flow along a fixed, curved path, or to a motion of
the source of the jet. This paper deals with one of the two gemeral
types of jet motion — rotation. Precession has been chosen for study
because it is well-defined and easy to calculate. However, except in
the special case of SS433 (Abell and Margon 1979), the jet’s motion
is probably more complicated. Translational motion of a2 jet may be
important in some sources, e.g. 3C 31 (Blandford and Icke, 1978) and

3C 449, but will not be covered here.

The precession model is described in Section II. Section III
explains the choice of parameters, and Section IV presents some

results. Conclusions are given in Section V.
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II. THE MODEL

In this model, a special case of the one proposed by Blandford
and Konigl (1979), a jet and an identical counterjet are ejecting
material smoothly at a constant relativistic velocity'ﬂc. The jet
(and counterjet) precess at a constant rate gg around a cone,
with a cone half-angle of'yﬁ The cone axis makes an angle o to the
line of sight., The emissivity per unit length is assumed to decay as
a power of the distance (8“r-k) from the core, corresponding to
an optically thin jet. At a distance Rmin from its source, the
jet becomes optically thin at the emitted frequency — for R(Rmin
the jet has a self-absorbed spectrum, and its intensity drops off
sharply towards smaller R, This optically thick core is a prominent
feature on VLBI maps. Over the range of emitted frequencies spanned

by the jet's precession cycle (a constant observing frequency is

assumed), R jn is assumed to vary as 1/) This has an

m emitted’

interesting consequence in the implied jet/counterjet flux ratio,

For a stationary jet,
1-k
tOtkain
(1) R (counterjet)=:U2—a R . (jet)
min min
(¥ is the Doppler factor for the jet),

(counterjet)=y_2(2_a’) ?’—2(3—1:) Stot(jet)

- ;7—2+2a+2 (k-4) o

compared to the canonical

4+2a
Stot

(2) Stot

tot(jet) ’

(3) (counterjet)=3F" (jet).

stot

Essentially all of the counterjet's flux comes from R<<Rmin(jet)'

and would therefore be part of the unresolved core in VLBI maps made
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with earth—~based arrays. However, for small y (y<2), it would reduce

the shift of the position of this core with observing frequency by a

measurable amount.

Most of the flux from the source arises from the region near

Rmin' Thus, the integrated spectrum is very sensitive to the
variation of optical depth and emissivity through this region.
However, no effort has been made to fit observed source spectra by

adjusting the behavior of these properties,

At frequent intervals in the precession cycle, the path of the
jet and counterjet (taking time delay effects across the source into
account), as well as the intensity per unit 1length (projected onto
the sky) were calculated. For the intensity calculations, an
enhancement °f';P3—a over the emissivity in the rest frame of the
material has been assumed. (F=[y(1-Pcos (-3)]_1 and
e=d 1n S/d Inv; @B is the angle between the direction of emission
and the line of sight:) The jet (and counterjet) were convolved with
a circular gaussian to simulate VLBI maps, The jet was assumed to be
unresolved perpendicular to its length (as observations indicate).
This implies that the opening angle £<10° sin é. Since
7—1~sin b, (as discussed in section III), §$%;. E~1/m ,
where 7L is the Mach number of the flow. Therefore M26v, which is
easily satisfied for a mnon-relativistic fluid ('7"=.>;La if 7772—::1;,

b

K6nigl 1980), but not for a relativistic ome (M= Y8 ).
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III. CHOICE OF JET PARAMETERS

In order to restrict the region in parameter space to
investigate, a source luminosity function (in both intrinsic flux,
Sy» and jet y—factor, y=1/ I—ﬁa') was selected, and the

distribution in viewing angle for the range of observed flux, S, and

Y was calculated. The luminosity function chosen was
—p-1 —§ — X
dN=SOb 1y 5e T, (i.e. a power law in v,

with an exponential cutoff to prevent very large (2100) values of v

from contributing).

b was chosen to be 1.5, consistent with results obtained from
source counts (e.g. Wall et al, 1981). A flat spectal index (a=0.)
was used, consistent with the overall spectra of most compact
sources. 5 and Y, Were chosen to satisfy two criteria., 1) A
substantial fraction QzSO%) of the sources at a given S should have
v<2. This 1is mnecessary, because the central components of a large
number of symmetric sources, whose jets should be nearly in the plane
of the sky, are visible. 2) A nonnegligible fraction should have
lgobsn (ﬂobs=ﬂsiné /(1-Bcosé)), since this is the value
recently measured for 3C 273 from VLBI observations (Pearson et al,
1981) ., (They calculate a different value of obs due to a
different value of Bb; HO=75 and q0=.05 are assumed in
this paper). Typical values of 8 and 7. which satisfy these

criteria are 6=1.8 and yc=10, but a fairly wide range of values

is allowed.
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The very different Doppler boosting for different viewing angles
has been used by Scheuer and Readhead (1979) to explain the large
range in the ratio of radio to optical flux from quasars. Recent
radio surveys of optically selected quasars (Strittmatter et al, 1980
and Condon et al, 1981) imply that other factors besides geometry
contribute to this ratio. However, several features of compact radio
sources are well explained by the simple geometric model, and it has

been used here.

Because the distribution in y is independent of SO' the
distribution in ¢ and 9 is the same for all S. Two things are
readily apparent in the results. First, the mean of the distribution
in v is larger for fixed S than for fixed SO' (i.e. The sources
one sees are biased towards those with large v). Second, most
observed sources have 9 between .37—1 and 7—1, with the peak
occurring ~.87_1 (except for y<2, for which <§» ~.9~1.1y_1).

The average ﬁ%bs is .8yﬁ for all y. Therefore, if superluminal
expansion with apparent velocity ﬁzbs is seen in a source, a
y~-factor of only ~1.3 szs is implied. These results apply even

for rather different luminosity functions.

For parameters, values of €o between .4 7—1 and 7-1 were
used. The precession angle #’ was chosen to be 1° or 2°, The
spectral index for the optically thin part of the jet was taken to be
-.6. Values of v ranging from 1.2 to 15 were used. The period of
precession was varied from values so long that no curvature would be
seen over the size range covered by VLBI observations to values so

short that curvature in several directions would be visible. The
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intermediate case, moderate to large curvature in one direction, was
studied the most, since that is what is observed in compact
asymmetric extragalactic sources. The value of t that produces this
depends on the radius at which the jet becomes optically thin. If
the observed radius for which the jet becomes optically thin is 5 pc
(1 msec at z=.5), k~2.2, and éo=-3‘{_1, then <t~1000 yrs, roughly

¥

independent of y. These values produce a bend of approximately z
(4

in 50 msec, as observed in 3C 273. If the observed R.min

(=Rmin sinf) is independent of v, Rmi;Y' This is physically
reasonable, since )%mwy_l, and Rminmllp%mwy. Values

of k (the coefficient of emissivity per unit length) between 2 and
2.5 were used in all the models, consistent with VLBI observations of
3C 273 and 3C 345 (Readhead et al, 1979 and Wilkinson et al, 1979).
For comparison, k=1-7a/3=2.4 for adiabatic loss of particle energy,

B“R-l, and no radiative losses. For the jet flux to be fimite, k

must be greater than 1.

IV. RESULTS

The range of parameters that were used yielded a wide variety of
simulated source shapes. Three typical ones, which resemble VLBI
maps of 3C 345, are shown in figure 1. Note that if the precession
period were a factor of 5 greater, very little curvature would be
seen; if it were a factor of 5 less, several bends would be present.
The source curvature is greatly reduced during certain phases of the
precession cycle; this straightening out may have been seen in the

innermost part of 3C 273 (Pearson et al, 1981), but not in 3C 345,
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The jet's position angle varies during the cycle. This has not been
seen in extragalactic sources, but VLBI observations have been made
for only a very small fraction (~.01) of the assumed precession
period of 1000 years, Because it is precessing, the jet does not
have its flux boosted by precisely ;PZ_Q, However, the
precession considered here is sufficiently slow that the jet'’s flux
is always within 10% of Sojyz_a (7 is the Doppler factor at

the base of the jet), so that the effect is too small to

significantly change the observed luminosity function.

With many (though not all) choices of parameters, hot spots
(regions of enhanced emission) appear in the models. They are up to
8 times brighter than the surrounding regions of the jet, and
maintain» their identity for from omne to many precession periods
(depending upon the parameters). They result from a ‘piling up’ of
material along the 1line, rather than from an increased Doppler
enhancement during part of the precessionm cycle. This latter effect
causes very broad regions of enhanced emission, and generally becomes
noticeable only when y is at least 4-5; the hot spots are relatively
small (sometimes very small) in extent, and occur with all values of
Y. Figure 2 shows a jet with a hot spot moving outwards

superluminally.

To see why hot spots form, consider the time variations in
: . ) ot
ﬁ%bs’ The maximum possible F%bs occurs forg?-cos ﬁ. When @
. |
is changing towards cos ﬁ, ﬂ increases, and ejected material
obs
tends to catch up with material ejected earlier, If ;1 (the angle in

the plane of the sky) is nearly constant during this time, the
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material will pile up more or less along the line of sight, forming a
hot spot. }Z is slowly varying only near the edges of the precession
cone; this is where hot spots form. If h%—coiJPl>?’(the usual
case, given the small values of ¢y used here), then hot spots will
form only on one side of the precession come. If ﬁ%—cos”ﬁ/(ﬁ”, hot
spots can form on both sides, but those on one or both sides are very
weak. If ﬁ%bs varies slowly with time, the material will bunch

up a long distance from the core; the hot spots will sharpen as they
move out, and will last a long time. This is generally the case for

. 3 Pobs .
low yQSZ), since 7;Zr is small, These 1long-lived hot spots have
been seen in in 88433 (Hjellming and Johnston 1980). For larger
P ﬂabs )

v(24), 32 is larger and /9obs changes rapidly with time; in

such a case the hot spots will form near the core, remain sharp for a
precession period or less, and then begin to disperse. (From another
view, if a hot spot is sharp at omne epoch, it disperses both forwards
and backwards in time at a rate proportional to the dispersion in
ﬂ!hﬁ of the material comprising it.) In both cases, the motion of
the hotspots is very nearly rectilinear, with both /gobs and &

retaining almost the same values for as long as the hot spot is

visible.

Although the hot spot motion on the sky is rectilinear, the
motion of a hot spot in a compact radio source would not be observed
to be precisely rectilinear. This is because one measures relative
positions, mnot absolute positions, from VLBI maps. The position of
the unresolved core on a VLBI map of a jet corresponds approximately
to the point where the jet becomes optically thin (R=Rmin); this

point traces out a loop on the sky during a precession cycle. During
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the interval </100 (~10 years) after a hot spot first appears in
these models, its measured ﬁ%bs varies by .2% - 1.5% and its

measured PA varies by .02°-,8°, The magnitudes and signs of these
changes depend on the parameters used, but in those cases where hot
spots form near the core, the intial change in ﬁobs is an

acceleration. These changes would be very difficult to detect
observationally, and any deviation from a purely precessional motiom
of the jet’s mnozzle would further increase the difficulty of

measurement, During the course of an entire precession period, the
measured /gobs varies by ~+10% and the measured PA varies by

several degrees.

The above—mentioned properties of these hotspots are rather
insensitive to the value of k. Increasing Y causes /gobs to
vary more rapidly; the hot spots then form more quickly and die out
sooner. However, hot spots will form with a wide range (more than an

order of magnitude) of ?’values.

The conditions that give rise to hot spots also cause the path
traced out by the jet to bend sharply. Therefore, the knots in the
jet of 3C 147 (Wilkinson et al, 1977) are not caused by this
mechanism. The correlation between sharpness of hot spot and
sharpness of curvature is very high. Any sharp bend in a jet
resulting from precession will have enhanced intensity (always by at
least 30% — usually by a factor of 2 or more). The radio jet of the
quasar 4C 32.69 has two sharp bends, around which the intensity
remains constant (Potash and Wardle, 1980). Van Gronigen et al

(1980) use this to argue that the jet cannot consist of a
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relativistic flow through a fixed, curved path. The constant
intensity around the bends also implies that the bends cannot be
caused by a precession—like motion of the jet nozzle, regardless of
the jet velocity. The most likely explanation for the bends is a
translation of the nozzle perpendicular to the direction of the jet

flow (e.g. due to a close encounter between the quasar and a

companion object).

The sharp bend present at a hot spot in this model has not been
seen in any extragalactic source. This may be due to limited
resolution (the hot spot spends most of its time in parts of the jet

where it can be seen only by low frequency arrays).

Hot spots, or knots, are observed in many sources, and in at
least two sources, 3C 273 (Pearson et al, 1981) and 3C 120 (Walker et
al, 1981), these knots have been observed to move outward
rectilinearly through the jet. Such knots have often been explained
as clouds of gas or internal shocis that become entrained in the jet.
In this paper, an alternative, purely kinematic explanation for them
is given, one in which their rectilinear motion arises mnaturally.
The main problem with explaining knots in this way is that only one
hot spot (knot) is formed per precession cycle. 3C 273 has 3 or 4
knots within 50 pc of the nucleus, apparently all ejected within the
last 15 years. Therefore, one must resort to more conventional knot
origins, unless 1) the real motion of the source of the jet is much
more complicated than precession, and produces several or many bhot
spots per 1000 year 'period’, or 2) the random jitter at the base of

the jet is accompanied by explosive events, which cause an uneven
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flow in the jet. Quite possibly both mechanisms operate to some

extent.

Counterjets are not prominent in the maps made from this model,
since at a distance ROR . (jet) from the core, the jet/counterjet
flux ratio ~y¥2%, For 1{2, the counterjet would be visible with
currently achievable dynamic range, though for symmetric sources,
where y is probably this small, no msec counterjet is seen (Linfield
1981). Because of the different time dilation factors for the jet
and counterjet, the counterjet is much more strongly curved than the

|+ pcos b

jet, with [=p cos d times as many hot spots per unit length.

V. CONCLUSIONS

Precession can produce the curvature seen in asymmetric compact
sources. It can provide a purely kinematic explanation for hot
spots, moving out through a jet with superluminal velocities, such as
is observed in 3C 273 (Pearson et al, 1981). Its prediction of a
change in position angle with time is mnot in conflict with VLBI
observations, because of their small time base. However, precession
is in conflict with the narrow range of position angles exhibited by
the arcsecond structure in these sources (e.g. the large jet in
3C 273). At the very least, therefore, other factors are influencing
the direction of material flow on a scale of kpc. Such collimation
is in fact observed in SS 433, where the bulge in W 50 (Geldzahler et
al 1980) subtends a smaller angle at the core than the angle of the

precession cone at the core (Niell et al 1981). In the NGC 315 jet



~53-~

there 1is evidence for substantial collimation on a scale of a few

kpe. (Willis et al 1981)

If the curvature in asymmetric sources is indeed produced by a
motion of the jet’s source, that motiom is unlikely to be a pure
precession. The precession periods required (~1000 years) are too
short to be -easily explained via known mechanisms, Periods that
short are unlikely to occur with binary black holes (Begelman,
Blandford, and Rees 1980), unless one assumes very low masses
({104 Mg) for the black holes. Such low mass holes are probably
inadequate to power a radio source such as 3C 273. A more likely
situation is an irregular motion of the rotation axis of an accretion
disk (caused by stochastic events in the surrounding accretion disk,

such as infall of either stars or interstellar gas clouds.)

If large scale jets (e.g. those in NGC 6251 and NGC 315) should
prove to be relativistic (this is currently thought to be unlikely),
then this model could be used to explain their structures.
Precession periods of 105-107 years would then be needed; these are

fairly easy to explain.
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a)

b)
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FIGURE CAPTIONS

Simulated contour maps for 3 sets of parameters

¥=4 o~ .6 6L=6 %EQ k=2.2 A dynamic range of 30:1 has been
assumed in making this map, so that it can be compared to
current VLBI maps. The flux of this jet is boosted by a
factor of 130 over the flux seen by a co—moving observer.
The structure on the sky bends by 8° from the nucleus to the
farthest point visible on this map; the intrinsic bend angle

in the jet to that point is .75°.

The same map as in a), but with a dynamic range of 1000:1.
This is more than can be achieved with current or suggested
arrays, but a structure like this can be pieced together
from observations at different frequencies (and therefore
different resolutions), as has been done for 3C 273 and
3C 345 (Readhead et al 1978). Note the hot spot at the end
of the jet. The PA change shown on this map is 37°,
compared to an intrinsic ©bend angle of 4°. The scale on
this figure is smaller than in a) — the horizoatal bars in

a) and b) represent the same distance on the sky. The

contours in b) are more widely spaced than jin a).

y=10 a=.6 £,=2 ¥=1 k=2.2 A dynamic range of 30:1 has
been used here. The flux of this jet is boosted by a factor
of 2100. Its PA change is 6.4°, compared to an intrinsic

bend angle of 0.2°,
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Figure 2

Jet with a hot spot. These 4 contour maps display the same jet
at intervals of 20° in its precession cycle. The hot spot is
moving outwards at an apparent speed (lgobsc) of 5.6 ¢c. As
it moves outwards, its flux decreases, but its contrast with its
surroundings increases. The distance from the brightest part of
the jet (R;Rmin) to the hot spot is indicated. It increases
nonlinearly with time because of the effect discussed in Section
1V, The dynamic ranges of the four maps (the contour spacings
are different on each map) are 100:1, 200:1, 300:1, and 500:1.

For this jet, y=8, a=.6, {£,=4, ¥=2, and k=2.
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