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Summary

In the four chapters in this thesis are presented studies of

compact quasars using Very Long Baseline Interferometry at 329 MHz.

The first chapter presents hybrid maps of two quasars, 3C147 and
3C286, made at 329 MHz from VLBI observations taken in 1975 with a
three station interferometer, The observations presented in the first
chapter were used to make the first detailed maps of compact radio
structure at this frequency. Both objects consist of an unresolved
core; an extended, asymmetric jet; and an even larger, completely
resolved halo. For 3C147 it is possible to decompose the spectrum
into individual component spectra; at 329 MHz the core of 3C147 is
found to be strongly self-absorbed. For both sources the spectral

index decreases monotonically from core to jet to halo.

The second chapter presents further observations of quasars at
329 MHz. These observations were taken with a seven—station
interferometer and were used to produce high dynamic range maps of the
quasars 3C48, 3C147, 3C309.1, 3C380, and 3C454.3, These maps, made
with the most extensive low—frequency VLBI observations to date, are
the first reliable, high dynamic range maps at this frequency, and
reveal extremely complex source structure in four of these sources.
All five of the objects are seen to have asymmetric structure that can
be interpreted in the 'core—jet” picture of compact extragalactic
radio sources. The jets observed in these objects are not straight,

but bent; three of these quasars have bends in their structure
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greater than 90° on scales of 1 - 10 kpc.

Chapter three deals with the analysis of the two maps of 3C147
presented in chapters 1 and 2, Comparison of those maps reveals that
the core of 3C147 is a low—frequency variable radio source which has
brightened by a factor of two in six years. In combination with X-ray
observations, this is wused to demonstrate that bulk relativistic
motion is taking place within the core, and leads to the prediction
that 3C147 is a member of the class of "superluminal” radio sources.
It is also found that the inclination to the line of sight of the

underlying bulk relativistic motion is less than 10°.

A self-consistent picture of 3C147 as a low-frequency variable is
thus developed which is consistent with the available observationms,
yet does not require an extreme value of the total energy: the total
energy of the core of 3C147 is found to be ~ 1054 ergs. Together with
NRAO 140 there are now two extragalactic low—frequency variable radio
sources in which bulk relativistic motion has been demonstrated. Thus
it may well be that bulk relativistic motion is responsible for the

required time—scales in most, if not all, low—frequency variables,

In chapter four, the observations presented in chapter two of
3C48, 3C147, 3C309.1, 3C380, and 3C454.3 are analyzed using standard
synchrotron emission theory in order to discover the physical
conditions occurring in these objects., For 3C48, the suggestion in
chapter 2 of this source as a '"core—jet” source is seen to be

reasonable, with fields, energy demsity, and pressure all decreasing
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with increasing distance from the supposed core. For 3C48, the
suggestion in chapter 2 of this source as a "core—jet” source is seen
to be reasomable, with fields, energy density, and pressure all
decreasing with inecreasing distance from the supposed core. The
pressure in the jet in 3C48 is extremely large, implying that the jet
cannot be confined by external gas pressure, unless the surrounding
medium has extreme values of the temperature and density. In the case
of 3C147 (which was analyzed extensively in chapter 3), the halfwidth
of the observed jet implies that collimation of the jet is occurring;
the jet in 3C147 is definitely not a "free” jet., For 3C309.1, the
329 MHz observations give an upper limit to the turnover frequency for
synchrotron self-absorption significantly lower than that available up
to now; this limit, in combination with Einstein X-ray observations
of 3C309.1, implies that bulk relativistic motion is occurring within
the core of 3C309,1, Thus, the core of 3C309.1 may be very similar to
the core of 3C147, and is a candidate for being both a superluminal
source and a low—frequency variable. For 3C380 and 3C454.3, the
limited spectral information available allows broad limits to be put

on their properties.
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Introduction

This thesis presents studies of quasars using observations at
329 MHz, an observing frequency substantially 1lower than any used
until now for the detailed mapping of the cores of quasars, The
observational results, presented in chapters 1 and 2, yield maps of
quasars on the arcsecond scale with 20 milliarcsecond resolution, an
angular scale previously inaccessible, For comparison, the highest
resolution available to the VLA is about 80 milliarcseconds (at 90
times the frequency!), while VLBI maps up to now have had little
information about structure beyond the ~ 0.2 arcsecond scale. Some of
the implications of these observations are presented in chapters 3 and
4. The observations allow conclusions to be drawn about both the
inner, most compact cores of these gquasars, as well as the larger,

kpc—scale structures that are observed.

This thesis may be considered part of the observational effort at
Caltech to understand the compact cores of radio—loud quasars. The
primary focus in the VIBI group here at Caltech has been the use of
VLBI to produce reliable high-resolution maps of the cores of compact
objects, in order to derive physical 1limits on the processes and
conditions occurring in compact extra-galactic radio sources. One
continuing program has been the monitoring of "superluminal” radio

sources, objects whose radio structure changes with an apparent speed



-2 -

greater than c¢. My contributions to these studies of the superluminal
objects are included in several papers (Cohen et al., 1979; Cohen
et al,, 1981; Cohen et al,, 1983; Pearson et al.,, 198la; Pearson
et al,, 1981b; Unwin et al., 1983a; Unwin et al., 1983b; Walker

— " —

ﬂ_ a_l_a' 1982) .

In addition to the above work, I have made contributions to the
Caltech VIBI data reduction software. Two of these programs are

described in appendices to this thesis.

The chapters of this thesis are intended to be submitted for
publication to jourmals; as a result there is some slight repetition
between them, particularly in the reference 1lists. Chapter 1 has

already appeared in print (Simon et al., 1980); chapter 3 has been

submitted to Nature.
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ABSTRACT

We present hybrid maps of two quasars, 3C 147 and 3C 286, made at 329 MHz from VLBI
observations. Both objects consist of an unresolved core; an extended, asymmetric jet; and an
even larger, completely resolved, halo. For 3C 147 it is possible to decompose the spectrum into
individual component spectra; at 329 MHz the core of 3C 147 is found to be strongly self-
absorbed. For both sources, the spectral index decreases monotonically from core to jet to halo.

Subject headings: interferometry — quasars — radio sources: general — radio sources: spectra

I. INTRODUCTION

The observations described in this paper form part
of a systematic program whose object is studying a
representative sample of compact (< 1”) extragalactic
radio sources over a wide range of frequencies. A
number of objects have been observed at 609 MHz
(Wilkinson er al. 1977: Wilkinson et al. 1979), at
1671 Mtz (Readhead and Wilkinson 1980; Pearson,
Readhead, and Wilkinson 1980), and at 5011 MHz
and 10,651 MHz (Readhead er al. 1979). We present
here observations at 329 MHz of 3C 147 (- = 0.545)
and 3C 286 (= = 0.846). This is the lowest frequency
at which extensive V9B observations have been made,
and these are the first detatled determinations of source
structure of compact objects below 600 MHz. These
two objects have complex structures; and low-fre-
quency, high-resolution observations are needed 1o
determine the spectral indices of different components
within them. The hybrid mapping procedure (Read-
head and Wilkinson 1978) has been used, and al-
though the network consisted of only three telescopes
we are confident that the maps presented here are
substantially correct.

I, OBSLRVATIONS

The observations were made in 1975 March, using
left-circular polarization at 329 MH.. The details of
the stations and antenna characteristics are given in
Table 1. The data were recorded with standard NRAO
MK terminals with a bandwidth of 2 MHz (Clark
1973). The videotapes for 3C 286 were correlated on
the NRAO processor, and those for 3C 147 on the
CIT JPL processor. Neither processor had three-
station capability at the time of processing, and thus
three passes were required. Owing 10 the poor quality
of videotape which was used at Jodrell Bank, ap-
proximately 5 hours of data on 3C 147 could not be
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used. A notable difference was observed in the co-
herence of observations made at day and at night.
The poorer quality of the daytime observations was
attributable to the effect of ionospheric electron den-
sity irregularities which caused phase fluctuations on
time scales > 10s. At OVRO there was considerable
man-made interference at nearby frequencies. This
was alleviated by a special filter and judicious choice
of observing frequency.

1I1. THE HYBRID MAPS OF 3C 147 AND 3C 286

The hybrid mapping technique has been described
in detail by Readhead and Wilkinson (1978). In
general, this has been found to work with simple
sources observed with four or more telescopes. With
only three telescopes the hybnd map is not as rehable
and should be interpreted with caution. In the present
case the use of the hybrid mapping technigue on data
limited to only three stations is justified for the
following reasons: _

1. These objects have been mapped previoushy at
both 609 MHz and 1671 MHz, and these maps show
the same features as the present hybrid maps; te,
there are no new components in the 329 MHz maps.
Therefore, we believe that the 329 MHz maps are
substantially correct.

2. In both cases the solutions converged rapidly
to a map which gave an ewcellent fit 1o the amplt-
tudes and closure phases. The maps changed very
little in subsequent iterations.

3. For both sources substantially better fits were
obtained by hybrid mapping than by model fitting.

In the case of 3C 147, we first tried to fit the data
to a model consisting of a set of elliptical Gaussian
functions with no constraints except the amplitude
data. We found two models for which the fits to the
amplitude data were good, but the closure phase dats
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TABLE 1
INTERFEROMETER ELEMENTS
Diam- System .
eter Noise  Sensitivity
Location (m) (K) (KJy-1)
Jodrell Bank Observatory. .. 76 188 0.84
NRAO Green Bank........ 43 330 0.20
Owens Valley
Radio Observatory....... 40 200 0.176

did not fit at all, indicating that the models were com-
pletely wrong. We therefore decided to use our knowl-
edge of the source structure from other observations
(Wilkinson et al. 1977; Readhead and Wilkinson 1980)
in order to fit the 327 MHz data. We tested the 13-
component model of G. H. Purcell (Wilkinson et al.
1977), by plotting the visibility amplitudes we would
have observed on the present three baselines. All of the
observed maxima and minima were correctly repro-
duced by this model. However, the amplitudes were
different, indicating that there are significant differ-
ences in spectral index in some of the components.
We then varied the parameters of the model, and
rapidly converged on a new nine-component model
which gave a moderately good fit to both the ampli-
tude and closure phase data. In our experience the
closure phase is a powerful discriminant between dif-
ferent models which fit the amplitude data equally
well, and we were therefore confident that the model
was substantially correct. In principle we could have
continued model fitting until we achieved an excellent
fit to the data. However, we have found that the
hybrid mapping procedure converges rapidly if one
has a fairly good starting model, and we therefore
decided to use this procedure. On the first iteration a
significant improvement in the fit was obtained. Sub-
sequent iterations did not significantly change either
the fit or the structure of the source.

In the case of 3C 286 we obtained a fairly good fit
to both the amplitude and closure phase data from
an independent starting model, i.e., without using
obscrvations at other frequencies. The first iteration
of hybrid mapping produced a very good fit, and
in subsequent iterations there were no significant
variations.

a) 3C 147

The 329 MHz hybrid map of 3C 147 is shown in
Figure la, and the fits of the delta functions which
constitute this map are shown in Figure 1b. In Figure
la we also show the hybrid maps of 3C 147 at 609
MHz (Wilkinson er al. 1977) and at 167] MHz (Read-
head and Wilkinson 1980), convolved with the 329
MHz beam. 1t is clear that the gross structure of the
source is the same at all three frequencies: it consists
of a bright core, A, and a long, narrow, asymmetric
Jet containing two knots (B and C). We stress that the
details of the 329 MHz map are not as reliable as
those of the 609 MHz and 1671 MHz maps. In par-
ticular, the exact shapes of knots B and C are not well

Vol. 236

determined. However, the overall shape, the positions,
and the relative strengths of the features must be
substantially correct in order to give the good fit of
Figure 15.

The most striking difference among the maps shown
in Figure la is the relative strength of the core (A)

- 3C 147

N

DS
© o'os0 N
1671 MHz E

FiG. 1a.—3C 147. Hybrid maps at 329 MHz, 609 MHz, and
1671 MHz. For all three maps the restoring beam is a cir-
cular Gaussian with FWHM 07018. For each map, the con-
tour levels are 0.25,0.5,1,1.5,2,2.5,3,4,5.6, 7. and 8 x 10°
Jy arcsec™2; at 329 MH2 the maximum contour is 3 x }0°
Jy arcsec™?, and at 1671 MHz the maximum contour is
7 x 10° Jy arcsec 3,
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Greenwich Sidereal Time

Fi1G. 1b.—-3C 147. Fringe amplitude and closure phase data used to produce the 329 MHz map. The solid curves are predicted
from the array of point sources which are the basis for the 329 MHz map in Fig. la.

at different frequencies. At 609 MHz and at 1671
MH: the brightness temperature of the core is much
greater than that of the knots (B and C), whereas at
329 MHz they are comparable. Thus the core has a
flatter spectrum than the extended features in the jet.
A similar effect is found in 3C 286 (see below), and
the same behavior has also been seen in 3C 120,
3C 273, and 3C 345 (Readhead et al. 1979).

3C 147 also has a halo component of angular size

~075 as measured by interplanetary scintillation at
81.5 MHz (Readhead and Hewish 1974), which must
be the same component seen by Donaldson and Smith
(1971). This component is completely resolved on all
baselines at all three frequencies. In Table 2 we show
the lower limit which can be placed on the size of the
halo from the observations at 329 MHz. Observations
of 3C 147 with the Cambridge 5 km telescope (Ryle,
private communication), and on the VLA (Readhead
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609 MHz 1671 MH2z
o"osoww
999
3C 286 E

Fi1c. 2a.—3C 286. Hybrid maps at 329 MHz, 609 MHz, and 1671 MHz. For all three maps, the restoring beam is an elliptical

Gaussian with FWHM 070125 x 070425, P.A.

—26°. For each map, the contours are 0.75, 1.5, 2.25,3,4,5,6,7,and 8 x 1(®

Jy arcsec™2; at 329 MHz the maximum contour is 7 x 10° Jy arcsec~2, and at 1671 MHz the maximum contour is 6 x 10° Jy

arcsec ~ 2. On each map the straight line has P.A. = 47°,

et al. 1980) place upper limits of £077 on the size of
this component.

b) 3C 286

In Figure 2a we show the present 329 MHz hybrid
map together with maps at 609 MHz (Wilkinson et al.
1979) and 1671 MHz (Pearson, Readhead, and Wil-
kinson 1980), convolved with the 329 MHz beam. The
fits of the delta functions to the data are shown in
Figure 2b. Asin 3C 147, we see that the gross structure
is the same at all three frequencies. The source is un-
resolved in P.A. = 133° and extended in P.A. = 47°,
At 329 MHz approximately 157, of the source lies in
an extended region of low surface brightness, which
was completely resolved on our shortest baseline, and
therefore has angular size >07l. Previous observa-
tions of this component have been discussed 1n detail
by Wilkinson er al. (1979). In Figure 3 we show sec-
tions through the maps along P.A. = 47° at the three
frequencies. The calibration error in each case is be-
lieved to be less than about 5%,. It is clear that again
the object consists of a flat spectrum core and an

TABLE 2
LimiTs oN THE S12E OF THE HALO COMPONENT OF 3C 147
Angular
Frequency Size
{(MH2) (arcsec) Method Reference
81.5...... 04 1PS Readhead and
Hewish 1974
1518 0.3 1PS Duffett-Smith and
Readhead 1976
329 ...... >0.10 VLBI present work
2,695....... ~0.5 LBI Donaldson and
Smith 197}
4,885....... < 0.6 Synthesis Readhead er al.
1980
15,035....... <05 Synthesis Readhead ez al.
1980
15,035....... < 0.7 Synthesis Ryle, private

communication

asymmetric extended structure having a steeper
spectrum.

1V. ANALYSIS OF THE SPECTRA OF
3C 147 AND 3C 286

The hybrid maps shown in Figures la and 2a pro-
vide an excellent basis for analyzing the contributions
of different components to the spectra of 3C 147 and
3C 286.

a) 3C 147

In Figure 4 we show the total spectrum of 3C 147
(Wilkinson et al. 1977), 1o which we have added
the 31 and 86 GHz points of Kellermann and
Pauliny-Toth (1971), and the spectra of the three
major emitting regions within the source, viz, the
*halo,” the core (A), and the jet (which includes
knots B and C). The points on this plot are derived
from the present observations, from VLBl ob-
servations at 408, 609, and 1671 MHz (Legg er al.
1977; Wilkinson et a/. 1977; Readhead and Wilkin-
son 1980), from long-baseline interferometry ob-
servations at 2695 MHz (from the re-analysis by
Fort 1970 of the data of Donaldson and Smith 1971)
and from recent observations on the VLA at 4888
and 15,035 MHz (Readhead e a/. 1980).

The present observations show clearly that the
spectrum of the core turns over below 1| GHz. Like-
wise the jet and halo show maxima in flux density at
successively lower frequencies. Scott and Readhead
(1977) have shown that synchrotron self-absorption is
probably responsible for the turnover in the halo
spectrum, and that the halo is near equipartition.
Since the lower surface brightness regions have maxima
at lower frequencies, it is reasonable to attribute all
three low-frequency cutoffs in Figure 4 to synchrotron
self-absorption (Wilkinson er al. 1977). For the re-
mainder of this discussion we will assume that this is
indeed the case. We now discuss the regions separately.
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No. 3, 1980 OBSERVATIONS OF 3C AND 286 1
3C 286 329 MH2 L S S B L
Mar 1975 Total Flux = 23.5 Jy 3C 286
T T ] T T
OVRO - NRAO - JBNK _ Ph= a7
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x Ve
3C 286 329 MHz o P/ e Sl
Mar 1975 Totol Flux = 23.5 Jy o 30 c -0 -& . -SC -Z
Y T T T r r T T T Anguior separation from brightest component
{mitliarcseconds)
a0l NRAQ - JBNK . ) .
: Fi1G. 3.—Sections of 3C 286 along the lines of Fig. 2a. The
- . inset shows the restoring beam along the same position angle.
- | —
2.4 spectral indices. The equipartition angular size of the
= — core (Scott and Readhead 1977) is 9 + 2 milliarcsec;
thus the particle energy must be greater than the
0.81 B magnetic field energy (Wilkinson et al. 1977).
:D; S O\'/RO' JB'NKT S B The Jet
= 25 7] The spectrum presented here is consistent with that
= - - of Wilkinson et al. (1977). The present data confirm
L. I that the peak occurs at 550 + 150 MHz, and there is
° 3 | N some evidence that the spectrum steepens above
© | _ 5 GHz. This might be attributable to synchrotron
© losses, but further observations are needed to confirm
& 0.5} - this effect.
U L d
——t iii) The Halo
251 OVRO - NRAO . The spectrum is consistent with that of Wilkinson
B et al. (1977). The spectrum (¢ = —1.35 + 0.1) is
B steeper than that of the core or the jet. This could be
15k - due to the complex structures of the core and jet, i.e.,
it is likely that they contain a8 number of small fea-
[~ B tures which become self-absorbed between 1 and
s} _ 10 GHz, and hence make the spectra flatter. Alter-
natively, the electron injection spectrum could be dif-
B _13 L (1) e 3 S ferent in the three regions, or synchrotron losses

Interferometer Hour Angle
F1G. 2b.—3C 286. Fringe amplitude and closure phase data.

i) The Core

The spectrum of the core is well determined since
this component is a distinct compact region which
stands out strongly in all of the maps. The peak in the
spectrum is at 900 + 100 MHz, and the high-fre-
quency spectral index is « = —0.49 + 0.1 (where
S, « »%). Readhead and Wilkinson (1980) have shown
that the core itself consists of a double source embed-
ded in a 9 milharcsec “halo.” Thus it is likely that
these different regions within the core have different

might account for the steeper spectra in the larger,
presumably older, features.

b) 3C 286

The angular resolution of the present observations
enables us to decompose the source into three com-
ponents: a core, a jetlike extension, and a halo. The
spectral indices of these components are not as well
determined as for 3C 147 but the same trend is seen,
in which the more extended components have steeper
spectra. In 3C 286 we find a = —0.29 £ 0.15;
ay, = —0.55 + 0.1, and ay,,, < —0.8, for 329 MHz
< v < 1671 MHz.
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Fic. 4.—Total spectrum and individual component spectra for 3C 147. At 329, 609, and 15,035 MHz core and jet fluxes
were determined directly from hybrid mapping and/or model fitting; the halo fiux was then determined by subtracting the sum of
core and jet fluxes from the total flux. At 408 MHz, the model of Legg et al. (1977) (based on 1 baseline of VLBI data) was
assumed to give a good representation of the flux of the sum of core plus jet, so that subtraction gave the halo flux, and an inter-
polated value of the core flux determined the jet flux. At 1671 MHz, there are two independent VLBI observations that have been
used. First, core and jet fluxes were directly determined from model fitting by Legg er a/. (1977) to 1 baseline of VLBI data;
the halo was then determined by subtraction. Second, hybrid mapping by Readhead and Wilkinson {1980) gave a reliable core flux;
subtraction of the sum of that core flux plus an interpolated halo flux from the total gave another value of the jet flux. The
4885 MHz halo flux is taken from the VLA hybrid map of Readhead, Napier, and Bignell (1980).

V. CONCLUSION

The morphologies of the two sources, 3C 147 and
3C 286, are similar, as are the variations of spectral
indices within the sources. Both objects consists of a
compact (~0701), flat spectrum core, an extended
asymmetric jet, and a steep spectrum halo (>071)
which is located within 1" of the core and jet. Similar
morphology has been seen in a number of other
sources (Readhead er al. 1979; Wilkinson ef al. 1979),
and a brief discussion of the statistics has been given
by Pearson, Readhead, and Wilkinson (1980). The
possible significance of this morphology has been
discussed by Readhead et al. (1979) and by Scheuer
and Readhead (1979).

The present observations demonstrate the feasi-
bility of hybrid mapping at 329 MHz and enable us
to make good estimates of the spectral indices of

individual components. They show that it is necessary
to make further observations on a wider range of
baselines, especially shorter ones, in order to deter-
mine the structures of the more extended features in
3C 147 and 3C 286.
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CHAPTER 2

High Resolution Maps of Five Quasars

at 329 MHz
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Summary

Five quasars (3C48, 3C147, 3C309.1, 3C380, and 3C454.3) have been
mapped with high resolution using Very Long Baseline Interferometry at
a frequency of 329 MHz. These maps, made with the most extensive
low-frequency VLBI observations to date, are the first reliable, high
dynamic range maps at this frequency, and reveal extremely complex
source structure in four of these sources. All five of the objects
are seen to have asymmetric structure that can be interpreted in the
"core—jet" picture of compact extragalactic radio sources. The jets
observed in these objects are not straight, but bent; three of these
quasars have bends in their structure greater than 90° on scales of

Subject Headings: interferometry — quasars — radio sources: general
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Introduction

In any effort to gain further insight into the physical phenomena
occurring in compact, radio—loud quasars, observations are needed over
a wide range of wavelengths and resolutions, Up to now, 1little
information has been available on the structural characteristics of
quasars in the angular range of 0.02 to 0.2 arcseconds. This range of
angular scale falls between that accessible to the 1largest
connected—link radio interferometers and that accessible to Very Long
Baseline Interferometry (VLBI) at centimeter wavelengths. In an
effort to bridge this gap, we have undertaken extensive VLBI
observations at a frequency of 329 MHz, which corresponds to a

wavelength almost twice as long as any used for previous VLBI maps.

A number of interesting phenomena in extra—galactic radio sources
can be observed easily only at meter wavelengths, Chief among these
is the phenomenon of low-frequency variability; as will be seen in
chapter 3, long—wavelength observations can play an important role in
constraining the kinematics and radiation mechanisms occurring in a
low-frequency variable source. A second phenomenon that typically
occurs in the meter—wavelength range is the turnover of the radio
spectrum for compact radio sources, Observations at 329 MHz, in
combination with observations at higher wavelengths, are essential to
differentiate between the contribution to the radio spectrum from the
most compact cores of the radio sources and from the more extended

arcsecond structure.
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In this chapter we describe the observations and data analysis,
and present the observational results and maps, from a VLBI experiment
at 329 MHz. Detailed interpretation will be mostly reserved for

chapters 3 and 4 of this thesis,

There are four major sections in this chapter, In the first we
describe how the the quasars observed were selected. In section II we
discuss the observations and calibration in detail, since this is the
first time that a large number of stations have participated in a VLBI
experiment at 329 MHz in which accurate calibration was attempted. We
also briefly discuss the effects of the ionosphere on these
observations, Contained in the next section is an explanation of the
mapping techniqué used, and a detailed description of the map of each
object observed. Finally, in section IV we compare the maps of the
five sources and attempt to draw some conclusions about the structure

seen in these compact quasars at this observing frequency.

I. Source Selection

In the present study, we have undertaken VLBI observations of
five quasars (see table I) at 329 MHz, as a start téward a
representative‘sample of compact quasars, The selection of these
sources was based on a number of factors, including practical
observational constraints; therefore, while these quasars may be
representive of compact quasars, they do not form a complete sample.

All of these quasars satisfy the following selection criteria:



(1)

(2)

(3)
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Known compact structure. In the past, several low-frequency
surveys have been conducted using either VLBI or
interplanetary scintillation to measure approximate angular
diameters of many sources, to find those which have
substantial compact structure (Broderick and Condon, 1975;
Broten et al., 1969; Clark et al., 1975; Cohen et al.,
1967a; Galt, et al., 1977; Harris and Hardebeck, 1969;
Readhead and Hewish, 1974). As a result, it is possible to
select a number of compact radio sources known to have
milliarcsecond (mas) structure. In addition, a number
sources had been mapped with VLBI at 609 MHz (Wilkinson et
al., 1977; VWilkinson et al., 1979), indicating which sources
have structure on an angular scale appropriate for 329 MHz

observations, Thus, the source list we used may be biased

towards sources with complex structure.

Overall radio spectrum turns over in the ~ 0.1 to ~ 1.0 GHz
range, This is a further constraint on the angular size,
assuming a low—frequency cutoff due to synchrotron

self-absorbtion (Scott and Readhead, 1977).

Declination greater than 10°, This is primarily a practical
consideration, based on the limitations of interferometric
mapping; the beam shape degrades rapidly at low

declinations,
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(4) Galactic latitude greater than 10°, Below this 1latitude,

interstellar scattering may significantly blur source

structure.

(5) High flux density. Each of these sources is included in the
complete sample of Jenkins et al., (1977) of 166
extragalactic 3CR radio sources brighter than 10.0 Jy at
178 MHz, Requirements (3), (4), and (5) are the same as the

selection criteria used for that complete sample,

(6) Optical identification. Each of these objects has been
identified as a quasar, and has a measured redshift (Smith et

al,, 1976, and references therein).

Finally, 3C454.3 was selected on the basis of its being ome of
the most active known low—frequency variable radio sources (Hunstead,
1972; Condon et al., 1979; Fanti, et al.,, 1981; Fisher and
Erickson, 1980; Spangler and Cotton, 1981), in addition to satisfying

the above requirements,

II., The Observations

The observations for this work were taken during a 54-hour VLBI
experiment from 1800 UT on 30 January 1981 to 2400 UT on 1 February,
1981. A seven station interferometer (see table II) was used at a
center frequency of 329,1 MHz. With the exception of 3C454.3, each

source was observed for about 12 hours, in order to maximize the UV
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sampling for each map; table I 1lists the equivalent number of
baseline~hours observed on each source. Fortunately, there were mno
major problems at any station lasting more than a few hours, so the
observations of each source are very extensive, In Figure 1 are
presented diagrams of the sampling for each source in the transform
("UV") plane. It is the fourier transform of this sampling which
determines the beam pattern for each source and is also one of the

factors which influences the map dynamic range,

The observations were recorded at each telescope on magnetic tape
in standard Mark II format (Clark, 1973), with an effective recording
bandwidth of 1.8 MHz. The choice of the exact recording frequency was
fortunate, since two of the stations (JBNK and IOWA) experienced
potentially disabling RF interference just outside the passband
(coincidently, the interference at JBNK was 0.5 MHz above the
passband, while that at IOWA was just below). After the experiment,
the tapes were processed in three passes on the 5—-station California
Institute of Technology / Jet Propulsion Laboratory VLBI Correlator in

Pasadena.

After correlation of the data it was necessary to edit the data,
removing spurious and degraded data points from each source. There

were several potential causes of such degradation,

First, severe problems were encountered due to loss of coherence
in the fringe phases., The maximum usable coherent integration for

each source was set by the timescale for phase variations due to
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electron density fluctuations in the ionosphere and, in the case of
3C454,3, perhaps interplanetary scintillation, Because these
observations were taken mnear the maximum in solar activity in 1981,
the ionosphere was in a relatively disturbed state, and coherence
times were typically on the order of 30 to 60 seconds. This contrasts
with observations made at this frequency in 1975 (Simon et al., 1980
(chapter 1 of this thesis)), for which the coherence time was on the
order of four minutes, Furthermore, the coherence time was not
constant throughout the experiment, but varied strongly with position
on the sky and weakly with time of day. For example, in the case of
3C309.1, while the typical coherence time was ~ 30 seconds, near the
start of observations on 3C309.1 the coherence time was less than 15
seconds, This rendered the source undetectable at first on most
baselines, However, by the end of the tracks on 3C309.1 the coherence
time had improved to greater than 30 seconds on all baselines, and was
as much as 60 seconds on a few baselines. For the other sources,
coherence times seemed to vary by up to a factor of two, with a weak
day-night effect: coherence times were slightly longer when it was
nighttime at both stations on a baseline. Another effect that was
observed was that the coherence time was a weak function of the length
of baseline up to about 103 km in length, with the shortest baselines
having the longest coherence time, This suggests a scale size of
hundreds of kilometers for disturbances in the ionosphere that affect
VLBI observations at meter wavelengths., This 1length scale is much
longer, however, than the roughly 2 - 10 km scale size observed in the

ionosphere by Hewish (1952), and is much more comparable to the scale
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sizes observed in the interplanetary medium (Readhead, Kemp, and
Hewish, 1978). It is possible that the interplanetary medium played a

role in determining the coherence times on all the sources.

In the case of 3C454.3, the observed coherence times were
qualitatively different from those observed for th other sources, with
coherence times as short as as 6 seconds. The observations of this
source were taken in three periods spread over the 54 hour experiment,
but the extremely short coherence time was not observed to vary as a
function of time, and only weakly as a function of baseline. One
possibility is that interplanetary scintillation was the dominant
cause of the lack of coherence; 3C454.3 was ~ 35 degrees away from
the sun at the time of observation. Since the strength of
interplanetary scintillation peaks near that solar elongation
(Readhead, Kemp, and Hewish, 1978) with timescales of seconds (Cohen
et al., 1967b; Milne, 1976), this is a reasonable hypothesis. The
only reason observations of this source were successful is that the
source is only slightly resolved with little structure, so that the
fringe visibility was large on all baselines; the poor sensitivity
offered by 6—second integrations was still sufficent to detect 3C454.3

on all baselines.

For the purposes of this work, the exact causes of these effects
on coherence times are unimportant; their primary impact is to force
adjustments in the coherent integration times. To minimize the
effects of coherence losses, we were forced to use relatively short

integration times. In Table I is 1listed the typical coherent
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integration time used for each source.

With the coherent integration time chosen near the maximum
coherence time, occasional data points still suffered significant
reduction in fringe amplitude, and possibly a rotation of the fringe
phase, due to brief 1losses of coherence on individual baselines,
Since such changes would affect both the observed amplitude and phase
in a baseline—dependent way, closure phases and closure amplitudes are
also substantially affected. It was therefore necessary to delete any
data points which were suspected of suffering from incoherence, in
order to preserve the closure relationships (the various techniques
for mapping with closure data (Readhead and Wilkinson, 1978; Cornwell
and Wilkinson, 1981; Readhead et al., 1981) are unable to correct for
baseline—-dependent errors., Each source had up to a few percent of its

data deleted for this reason,

A second problem which occurred during these observations was RF
interference, Typically, a burst of interference will affect all data
to a particular station for a brief period of time. The resulting
increase in system temperature causes a reduction in fringe amplitude,
and would reduce the reliability of the final calibration, To the
extent possible, anomalously low fringe amplitudes and their
associated phases were simply deleted from the data sets prior to

calibration,
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After editing, the data were incoherently averaged to either
three minutes (3C380), four minutes (3C48, 3C147, and 3C309.1), or six
minutes (3C454.,3), and then calibrated using the procedure of Cohen
(1973). Due to large inconsistencies (up to 30%) in the reported
antenna temperatures among the stations, and very unstable system
temperature measurements, it was not possible to produce a final
calibration for the entire experiment from the calibration data for
each individual station alone., As a result, the final calibration for

each source was not derived until the maps were generated,

The primary errors remaining in the calibration for these
observations are baseline dependent effects, These occur for several

reasons, listed below in approximate order of importance:

(1) Incomplete removal of data affected by partial coherence.
This was probably the dominant source of error in these

observations.

(2) Positive bias in the correlated flux density on weak
baselines. Noise in the measured fringe amplitudes biases
the observed amplitudes positively. While this effect is
significant below a signal—to—noise ratio of about 10, it is
possible to correct for this empirically down to an SNR of
about 3 (see appendix B). After correction, however, there
is probably still a residual error of a few percent on the

weakest baselines.
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(3) Non—identical antenna polarizations at each station,
resulting in an effective aperture for each station that is a

slight function of baseline.
(4) Varying bandpass shapes recorded at each station,

(5) Baseline dependent errors in the correlator. These are
estimated to be small, however, and were probably
insignificant, The estimated errors from the correlator are
{ 1%, based on repeatability tests on standard tapes (S.C.

Unwin, private communication).

With the exception of the baseline NRAO-FDVS, the cumulative
baseline~dependent amplitude errors are about 3-4%, Errors (3) and
(4) were probably not important for any of these maps except possibly
the map of 3C380, since errors from those causes would have had
similar effects on all sources throughout the experiment: Since the
map of 3C380 has the lowest noise level of the five maps, it sets the
upper limit for the effects of those two sources of error. In the
case of the baseline NRAO-FDVS, large gain errors occurred for unknown
causes, which became apparent only when mapping began. On all five
sources, that baseline was the only one for which a satisfactory fit
of the map to the data could not be produced. Therefore, except for
3C309.1, all of the data for that baseline were deleted from the data
set for each source prior to making the final maps, In the case of

3C309.1, the miscalibration of NRAQO-FDVS was apparently not as severe

(see the fit of the data to that baseline in figure 4b); deletion of
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that baseline would not affect the observed structure significantly,

if at all,

The final maps produced from these data have a dynamic range
which is 1limited by these errors to about 50:1 or less, depending on
exactly which errors occurred for each source. Table III includes an
estimate of the dynamic range for each map which is based only on the

amplitude of the negative features appearing in the map,

III, The Maps

After initial calibration, each source was mapped using the
iterative mapping procedure of Cornwell and Wilkinson (1981) to
improve the calibration of the visibility amplitudes and, in effect,
derive the phases from the closure phases, This improvement of the
amplitude calibration was successful because of the relatively large
number of stations (for VLBI) involved in this experiment. The system
temperatures and telescope gains listed in table I include the results

of this final calibration step.

In order to preserve as much of the original information as
possible, so that the final map fit the initial calibration of the
data set as closely as possible, the following procedure was used for

mapping:



(1)

(2)
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A crude model consisting of two or three gaussian components
was guessed at from the data, and then fitted approximately
to the data. These rough models predicted the gross features
of the observed visibilities (approximate locations of
amplitude minima in the UV plane, approximate changes in the
closure phases), but were certainly inadequate as
representations of the fine details of source structure, In
the case of 3C454.3, an initial model consisting of a point
source was used, due to the small amount of structure in the
visibility data, In the cases of 3C309.1 and 3C380 it was
essgntial to begin mapping with a two—component model which

reflected the wide double—structure seen in these sources.

This model was then used to solve for the station—dependent
phase errors using the Caltech algorithm AMPHI, which is
based on the CORTEL algorithm (Cornwell and Wilkinson, 1981).
On subsequent iterations, the most recent map was used for
the AMPHI input model, and, in addition to finding a phase
solution for each time interval in the data, an option was
used to find a single gain—correction factor for each
telescope for the entire observing interval. This latter
correction was essential to produce the maps, due to the poor
agreement among the stations for antenna gain calibration.
Note that this gain solution was made relative to the
original calibrated data, so that the original calibration

was preserved as closely as possible,
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(3) The output from AMPHI was then convolved and gridded into the
UV plane and fourier—inverted to produce the so—called
"dirty” map. This map was then CLEANed using either the
Hogbom (1974) clean technique, in the cases of 3C147 and
3C380, or the Clark (1980) array—-processor cleaning
algorithm, in the cases of 3C48, 3C309,1, and 3C454.3. The
delta functions from the output of CLEAN then formed the

input model for the next iteration,

The above procedure was repeated until the agreement of the
output map to the visibility data ceased to improve., It should be
noted that of these five sources, only one (3C454.3, the most compact)
was very straightforward to map, The others all have a substantial
amount of extended structure, so that even the short baselines showed
complicated structure. For example, the outer component of 3C309.1 is
more than 50 beam diameters away from the core, In the case of 3C48,
an additional step was added to the above procedure to speed
convergence towards the final map: after each clean iteration,
several gaussian components were added to the output map and the
parameters of these gaussians were fitted (in a least-squares sense)
to the visibility data, This extra step (see Appendix A) helped
compensate for the failure of CLEAN to find low-level extended
structure, and significantly improved the fit of the map to the data.
For 3C147 and 3C380, adequate maps were produced by starting with the
final CLEAN map and then fitting the parameters of two (3C147) or

three (3C380) gaussian components plus the CLEAN map to the data.
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This extra step greatly improved the fit of the map to the data on the
short baselines, and gave an indication of the 1location of faint

extended structure.

In the discussion which follows, we have assumed a Hubble
constant of H, = 60 km s"1 M’pc—1 and q, = 0.5 in order to translate
angular measurements into distances. For each object, Table III lists
the parameters of the clean beam used, the scale at the object in
pc/mas, the observed peak brightness, and the approximate dynamic

range of the final map. We now discuss the map of each source in

order of complexity.

A, 3C454.3

This quasar was the the farthest south of those observed and was
observed for only part of the possible time, due to scheduling
constraints. As a result, it had the poorest UV-coverage and the
largest sidelobes in its dirty beam of any of these sources. In spite
of this, a high—quality map (shown in figure 2a, with the fit to the
data of the delta functions which compose this map shown in figure 2b)
with a dynamic range of ~ 25:1 was produced from these observations.
This was possible because of the extreme compactness of the structure
in 3C454.3, which is still ~ 30% wunresolved even on the 1longest
baselines. The restoring beam wused in figure 2a is an elliptical
gaussian whose axes have FWHM that are equal to those of the "dirty
beam” (the dirty beam is the calculated response of the interferometer

to a point source, and depends on the UV~coverage).
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The map reveals that 3C454.,3, at the resolution we used, is a
barely resolved, asymmetric blob with an extension to the northwest.
To parameterize this source we fit to the data a rough model
consisting of two gaussian components. A model this simple was not
entirely satisfactory. It suggested, however, that the brightest
component had a flux of about 5.5 Jy and a diameter less than 20 mas,
while the second component was about 10 mas away in PA ~ 60° + 10°,

elongated along PA 45°, and with a flux of ~ 4.5 Jy.

There is weak evidence in the observed visibilities for extended
structure (of the sort seen in the other sources). For example, on
the baseline NRAO-HSTK there seems to be some slight residual beating
in the amplitude data that is not fitted by the map, but there is too
little information to determine even an approximate location for such
structure. At the time of these observations, we note that 3C454.,3
was in the midst of a flux density outburst, and was about 1 -2 Jy
brighter than either 5 months before or 10 months later (Payne et al.,
1982) at both 318 and 430 MHz. Since the increased emission was most
likely occurring only in the core of the object, the increase in
brightness could have helped to mask any larger scale structure in
this map. As discussed above, the dynamic range on a map is set
mainly by the calibration errors in the data, so that increasing the

peak brightness also increases the apparent noise level on the map.

B. 3C380
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The complete map of this source is presented in figure 3a, and
the fit of the delta functions which compose this map to the data is
shown in figure 3b. The apparent dynamic range on this map is very
high, due to the relatively simple structure in the dominant
components of this source and its comparatively high flux density.
There 1is, however, some structure on the shortest baselines that is
not well represented by the map, indicating the existence of weak,

extended structure.

The basic structure of 3C380 at this frequency is a wide,
0.72 arcsecond double. Each component is partially resolved, but only
the bright, southeastern component contains a substantial amount of
unresolved structure. The SE component is observed with VLBI at
higher frequencies (Phillips and Shaffer, 1983; Readhead and
Wilkinson, 1980; Pearson and Readhead, 1981), since Readhead and
Wilkinson detect a weak component whose position angle and separation
from the bright component is about the same as that seen for the NW
component in this map. We therefore identify the SE component as the
central core of 3C380. The position angle of the NW component,
relative to the SE ome, is —500, the same to within the errors as that

seen in the 1671 MHz map of Readhead and Wilkinson.

To show the structure in the core more clearly, in figure 3¢ is
plotted a small area centered on the core, with the same contour
levels as in figure 3a, On its mnorthwestern side, the core is
elongated in  approximately the position angle defined by the

northeastern component, and is nearly unresolved in width. Southeast
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from the peak in the core component there is a slight bend, so that
the position angle of elongation changes from ~ 130° to ~ 110° before
it fades into the noise, This bend in the core is real. 1In contrast,
the northeastern component is resolved in both dimensions, although

the edge towards the core is only slightly so.

There is significant extended structure in 3C380 which is only
seen on the shortest baselines in this experiment. In figure 3d is
the map of 3C380 convolved with an 80 mas beam in order to show this
faint structure; for comparison, in figure 3e is a 5 GHz map
(P.N, Wilkinson, private communication) made with the Multi—-Element
Radio-Linked Interferometer (MERLIN) (Davies et al.,, 1980) with the
same angular resolution, There is clearly a third component of the
source to the northwest, and also an additional region of weak

emission about 0.45 arcseconds north of the core.

C.. 3€C309.1

Due to the large range in both angular scale and brightness
encountered in this source, the map has been presented in three
separate figures. In figure 4a is shown an overall map of the source
convolved with the nominal beam consisting of a circular gaussian of
20 mas FWHM; figure 4b shows the fit of the delta functions which
make up this map to the data., Associated with the brightest component
in figure 4a are short, concentric arcs of positive and negative
noise, probably caused by calibration errors in the data and more or

less centered on the brightest component, About 0.95 arcseconds to
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the east, however, is an extended feature which is real, as shown by
the strong beating on the short baselines. The beating, which is
especially prominent on the baselines HSTK-NRAO and OVRO-HCRK,
corresponds exactly to that caused by a double with the separation and

relative position angle of the bright core and weak eastern component,

In order to show the relationship of two components more clearly
we have convolved them with a circular beam of 80 mas diameter in
figure 4c. In figure 4d is shown an enlarged map centered on the
brightest component of 3C309.,1, in order to show its detailed

structure,

The bright, western component of 3C309.1 has an elongated, curved
structure whose dominant position angle varies smoothly from -10° at
the northern end to about -50° at the southern, There is weak
emission on this map about 0.1 arcseconds to the east of this
component which, if related to the brightest component, would imply
that the dominant postion angle bends sharply through an additiomnal 90
degrees. That this may be the case is shown by figure 4e, a
preliminary map of 3C309.1 with 80 mas resolution made with MERLIN at
a frequency of 5 GHz, Taken together, these maps imply that 3C309.1
has a jet—like structure which undergoes a smooth, continuous change
in position angle of ~ 1300. This curvature is also apparent in the

0.03-arcsecond resolution map of 3C309,1 made by Kus et al. (1981) at

1666 MHz.
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The faint, eastern component in 3C309.1 is tightly constrained in
position relative to the dominant western component, but does not have
a well defined surface brightness or angular size, owing to the small
number of baselines which detected it. Based on the amplitude of the
beating observed on the short baselines, the flux density of the

compact structure in the eastern component is about 2 Jy.

D. 3C147:

This was the strongest of the five sources observed, and yielded
the map shown in figure 5a, The fit of the delta functions which
compose the map are shown in figure 5b. The only serious difficulty
encountered in mapping 3C147 was the existence of extended structure
that was only weakly detected on the shortest baselines. In spite of

that, the dynamic range for the map of 3C1l47 is ~ 30:1.

The inner structure of 3C147 consists of an unresolved core at
the northest end of the source and a jet of ~ 0,2 arcsecond (1.2 kpec)
length extending to the southwest. While emission in the jet occurs
along its entire length, two knots of emission are prominent., At this
frequency the jet is relatively smooth, as compared to its appearance
in other, higher—frequency VLBI maps (Readhead and Wilkinson, 1980;
Wilkinson et al., 1977). A feature seen in this map and not seen in
other maps of 3Cl47 due to either insufficent semsitivity (Wilkinson
et al.) or too much resolution (Readhead and Wilkinson) is the bend
which occurs near the southwestern end of the jet. The total change

in the position angle of the jet before it fades to invisibility is
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about 100 degrees.

Associated with 3C147 is a substantial amount of emission which
is only detected on the shortest baselines. It is impossible to fit
the data on the shortest baseline, OVRO-HCRK, without including this
emission in the map. In figure 5c¢ is the map of 3C147 convolved with
an 80 mas restoring beam to show more clearly the approximate location
of the extended emission, There are regions both to the north and to
the southwest which show this extended structure, although the exact
shape and location of these regions is not well defined. The reality
of these large components is confirmed by maps at higher frequencies,
both at 15 GHz (Readhead et al., 1980) and at 5 GHz (see figure 5d, a
preliminary map produced by P.N. Wilkinson with the MERLIN array which

has the same resolution and angular scale as figure 5c¢).

E, 3C48:

This source was the most difficult of the 5 sources observed to
map, for several reasons. First, HSTK began observing 3C48 late, so
that the UV-coverage for this map was somewhat reduced as compared to
the other sources (see figure 1). Second, this source is relatively
far south, so the resulting beam shape is worse, making it more
difficult to map extended structure. Finally, and most important,
3C48 is the most complex of these 5 sources, without a single dominant
component at this frequency. It has the most complicated structure
ever mapped with VIBI; only 3C84 (Readhead et al., 1983) is of

comparable complexity. As a result of these factors, the final, full
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resolution map of 3C48 has a dynamic range of only ~ 10:1,

The map of 3C48 is presented in figure 6a, and the fit of the map
to the data is shown in figure 6b. The contour levels have been
selected to reflect the reliability of the map, with linear 10%

intervals between the contour levels.

There are a number of striking features on the map of 3C48 that
deserve some comment, The map reveals that 3C48 has several knots and
bends, so that its structure defies simple classification. It is
certain, however, that the structure we see in 3C48 is not an artifact
of the mapping technique; the complexity of 3C48 is clearly implied
by the structure seen in the visibility and closure phase

observations,

The source may be divided into four major regions, three of which
contain substantial substructure. In figure 6¢ we have redrawn the
contour map and included labels for the various regions. The division
of the source in this way is for convenience, and may or may not be
physically significant. In the discussion which follows, we have used
the redshift of 3C48 (z = 0.367) to translate the observed angular

scale to physical distances; the conversion used is 1 mas = 5.1pc.

Region 1: This region consists of a bright, compact component and a
short, jet-like feature., The compact component is extended only
along position angle (PA) —300, and is unresolved perpendicular
to that PA, This southermmost component blends into the short

jet~like feature, with a sharp bend of about 75° in the dominant
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PA between the compact component and the jet—like feature.

Region 2: This region contains another bright, compact component
which is only slightly resolved. Extending from the bright,
compact peak are three features, in position angles ~ 140, ~ -35,
and ~ -135 degrees, The feature at PA 140 does not maintain a
constant position angle, but rather bends through about 30
degrees wuntil it almost joins with a feature in region 1., The
extension of the compact peak in PA -135 is the most prominent,

and, after a bend, merges into the jet of region 1,

Region 3: This region consists of three or four components partially
blended together, The central and southwestern components are
each extended in PA ~ —300. so that they form an odd structure
whose components are extended in a direction more or less
perpendicular to their separation. The most northerly component
is extended also, but along a PA nearly perpendicular to that
seen in the other components in region 3, This gives this region

an overall backwards—S shape,

Region 4: The moderately weak feature seen in this region is real,
based on two arguments. First, it is the brightest feature on
the map outside of the main source (regions 1, 2, and 3), with a
peak brightness just over 25% of the overall peak. There are no
other features with this brightness anywhere else on the map.,
Second, if the map is convolved with an 80 mas FWHM restoring

beam (figure 6d) the feature seen on the map in region 4 is
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nearly identical with a feature on the 1 cm, 80 mas resolution
VLA map (figure 6e; R.A. Perley, private communication). There
is insufficent dynamic range in this map to determine reliably
the connection of this structure with the main source, although

it is apparently connected to region 3.

Outside of the four regions of figure 6a there is some low—level
emission which does mnot show up well in the map owing to the small
number of sufficently short baselines in the UV plane, In figure 6d,
the map of 3C48 has been convolved with an 80 mas beam, so that the
faint, extended, arcsecond-scale structure which seems to exist in
this source can be seen, The most probable location of this emission
is to the SE of the main source, at a distance of ~ 0.4 arcseconds, as
suggested by model fitting, but this is uncertain; there may also be
emission ~ 0,3 seconds to the SW of region 1., It is mnot clear how
this extended emission is related to the rest of the source. We note
that the map of 3C48 accounts for about 18 Jy, implying that there are
about 25 Jy in the source at this wavelength which are unaccounted for

by these observations,

A possible interpretation of the first three regions described
above is as a single, oscillating jet. In this case the wavelength
for such an oscillation is about 70 to 130 mas, or 350 to 650 parsecs
in projected length, The overall projected length of this jet is

about 0.3 arcseconds, or ~ 1.5 kpc,

IV, Discussion
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These five sources have several common features. Most prominent
is the strong asymmetry seen in each of these objects. The asymmetry
ranges from the slight NW extension in 3C454.3 through the core—jet
type of morphology seen in 3C48 and 3C147 to the extremely asymmetric,

double—structure seen in 3C309.1 and 3C380.

The asymmetry in the structure of 3C48 is less obvious until the
high—frequency map of figure 6e is compared with the map in figure 6d.
Since no absolute positions are possible with VLBI maps, due to the
loss of absolute phase information, the relative alignment of the two
maps must be done on the basis of the observed structure at the two
frequencies, Fortunately, there are features in both of these maps
which allow an approximate alignment to be made. First, the region to
the east of the main source (region 4 in figure 6¢c) is present on both
maps. Second, the position angle connecting the two main "blobs” in
the source at this resolution is the same, at about 100, and the
dominant position angles within each of the main blobs are roughly the
same in each map, ~ 0° PA The primary difference between the two maps
is that the southern blob is considerably more elongated in the 22 GHz
map than in the 329 MHz map. With the alignment suggested by the
crosses in figures 6d and 6e, this difference must be caused by the
existence of a component in 3C48 that is not seen at 329 MHz and which
has a negative spectral index o (S = f ) between 329 MHz and
22.5 GHz, Assuming a detection 1limit of ~ 0.1 Jy at 329 Mhz, the
spectral index of this "missing component” is { -0.5. Note that it is

possible that this component has a spectral peak somewhere between the
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two frequencies, so that the spectrum would be rising even more

steeply at 329 MHz.

Vith the above alignment, the structure of 3C48 becomes somewhat
easier to interpret, We identify the "missing component” as the
central core of 3C48, on the basis of its rising spectrum. This core
is analogous to the cores of other compact objects such as 3C147
(chapter 3, this thesis), 3C273 and 3C345 (Cohen et al., 1983; Unwin
et al.,, 1983), and 3C84 (Readhead et al., 1983) in which the central
core has a rising spectrum at 1low frequencies, while the morxe
extended, jet—like structures have positive spectral indices. The
complex structure seen in the 329 MHz maps of 3C48 can then be
interpreted as a one—-sided jet, much like that seen in 3C147, but with
many bends and twists to its structure. Like 3C147, 3C48 must be
classified as a "core” object (Readhead et al., 1978; Readhead, 1980)

in view of its asymmetric, bent jet.

3C309.1 and 3C380 also seem to be in the same class as 3C147 and
3C48. Each also has a compact core with a bent, one—sided jet
emerging from that core, There is an intrinsic difference, however,
in the bending which occurs in 3C380 and that which occurs in the
other three sources. For 3C380, the bending is seen in the inner few
tens of parsecs at high frequencies (Pearson and Readhead, 1981);
then there is no evidence either of emission or of a change in
position angle until the compact, mnorthwestern component is
encountered 0.72 arcseconds (~ 5 kpc projected distance) from the

core, On the other hand, 3C48, 3C147, and 3C309,1 all show clear
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evidence for bent, onesided, kiloparsec—scale jets.

In the case of 3C454.3, the dominance of the core at 1low
frequencies may be masking a structure that is similar to that seen in
the other sources. Higher frequency VLBI observations indicate that
3C454.3 is elongated along position angle -65° at 2.29 GHz (Cotton et
2l., 1981) and at position angle -56° at 1.67 GHz (Pearson et al.,
1980). In the observations presented here, the dominant position
angle of ~ -45° (far from the core, from modelfitting) is the same
(within the errors) as the position angle observed by Browne
et al, (1982) with MERLIN of the extended arcsecond-scale jet., Thus
the dominant position angle in this source rotates smoothly through
about +15° as the scale size increases. This behavior is similar to
that discussed for 3C380 above; as a result, 3C454.3 can also be
classified as a core object with an asymmetric, bent beam of radio

emission,

In three of these quasars, in addition to the apparent core—jet
morphology, there is evidence of weak emission on the side of the core
opposite to the main beam or jet. This is most obvious in the case of
3C147, where the MERLIN map of P,N, Wilkinson in figure 5d shows weak
emission roughly opposite to the jet to the mnortheast; a puzzling
feature in that map, however, is the emission to the southeast of the
core. Both these areas of emission were also detected at 329 MHz,
confirming their reality. In 3C309.1, the emission opposite to the
MERLIN arcsecond jet is in the form of a weak component about 0.9

arcseconds to the west (Cornwell and Wilkinson, 1981; Kus et al.,
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1981). Im 3C380, it is the core which shows elongation in a direction
nearly opposite to the position angle defined by the strong
northwestern component, This elongation is slight, however;
observations at a higher frequency (e.g., ~ 0.6 GHz) with improved

resolution are needed to confirm this.

Conclusions

Without exception, the five quasars mapped show asymmetric,
mostly one—sided structure at 329 MHz. Although there may be weak
counter—jets in three of these objects, such counter—jets are not

prominent (in terms of surface brightness) at this frequency.

With the exception of 3C454.,3, these sources have extremely
complex structure. Although their structure may be classified as
"core—jet”, the jets in these objects are undergoing sharp bends on
the 1 - 10 kpc scale; bends greater than 90° are seen in 3C48, 3C147,
and 3C309.1. The bending occurring in 3C380 and 3C454.3 is more
gradual, but still apparent when higher frequency VLB observations are

taken into account.

Acknowledgements

We wish to thank the US VLBI Network and the observers and
technical staff of all the Network observatories involved in this
work, In particular, we are extremely grateful to R, L. Mutel at

North Liberty Radio Observatory who generously built an entire



- 42 -

receiving system for these observations. We also wish to thank
R.A. Perley for the use of the 3C48 VLA map in advance of publication.
This work was supported by the National Science Foundation via grant

AST 79-13249 to the Owens Valley Radio Observatory.



- 43 -

TABLE I

Sources observed at 329 MHz

I.A.0. 329 Flux Baseline Typical
Name Desig. z Density Hours Coherence Time
3C48 0134+32 0.3670 43.5 Jy 115 60 sec
3C147 0538+49 0,545 53 204 60
3C309.1 1458+71 0.904 16 215 30
3C380 1828+48 0.691 42 174 60-120

3C454.3 2251+15 0.8600 13.6(var.) 57 <6
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TABLE II

Interferometer Elements

Station System gensitivity
Name Location Diameter Temperature K/Jy
JBNK Jodrell Bank, 76 m 270 K 0.63
Cheshire, UK
*
HSTK Haystack, 46 220 0.21
Ma., USA
*%
NRAO Greenbank, 43 125 0.21
W Va., USA
IOWA North Liberty, 18 160 0.042
Iowa, USA
FDVS Fort Davis, 26 340 0.06
Tx., USA
OVRO Big Pine, 40 195 0.018
Ca,, USA
HCRK Hat Creek, 26 210 0.06
Ca., USA

System temperatures at HSTK were about 360 °k for the observations

on 3C48 and 3C309.1, and part of the observations on 3C454.3.

The National Radio Astronomy Observatory is operated by Associated

Universities Inc., under contract to the National Science Foundation.
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TABLE IIX

Parameters for the Maps

Restoring Beam Peak Brightness
Minor Major Position  Scale 8 o Dynamic
Name Axis Axis Angle pc/mas 10" K Jy/beam  Range
3C48 18 mas 39 mas -3lo 5.1 151 0.94 ~10:1
3ci47 18 20 -20 6.1 637 2.03 ~30:1
3C309.1 18 - - 7.0 938 2.70 ~50:1
3C380 18 20 =20 6.6 568 1.82 ~100:1

3C454.3 16 71 -19 6.9 596 6.02 ~25:1
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Figure Captions

1, The sampling in the transform ("UV”) plane for each of the
sources mapped. The projected baseline is plotted as a dot
for each UV-sample; on short baselines the points merge to

form continuous lines with the scale plotted.
(a) UV coverage for 3C48

(b) UV coverage for 3C147

(c) UV coverage for 3C309.1

(d) UV coverage for 3C380

(e) UV coverage for 3C454.3

2. 3C454.3 figures:

(a) Map of 3C454.3 at 329 MHz. The clean components which
compose this map have been convolved with an elliptical
gaussian restoring beam with FWHM dimensions of 0.071 by
0.016 arcseconds, and a position angle of ~19°, In this
and all other maps, the hatched area plotted in the lower
left represents the FWHM shape of the clean beam and the

scale of the map is given by the scale plotted in the
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lower right of the map., The contour levels in this map
are -3,3,9,15,...,99% of the peak on the map; in this
and all subsequent maps the negative contours are dotted.
The peak brightness for the full-resolution map of each

of the five sources is listed in table III.

The fit of the delta functions which compose the map of
3C454.3 to the visibility data. In this and all
subsequent plots of visibility amplitudes and closure
phases, observations are plotted as vertical bars whose
length represents the uncertainty in the data, while the
predicted amplitudes and closure phases from the maps are

drawn as a continuous line,

3. 3C380 figures:

(a)

(b)

Map of 3C380. The beam wused for this map was an
elliptical gaussian with FWHM 0.018 x 0.020 arcsecond in
position angle -20°, The contour levels on the map are
-1,1,2,4,8,16,32, and 64% of the peak brightness (see

caption for figure 2a).

Fit of the delta functions which compose the map to the

visibility data for 3C380 (see caption for figure 2b).
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(d)

(e)
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Map of the core of 3C380. This is the southeastern
component in figure 4a enlarged to show detail. The
restoring beam and contour levels are the same as those

used for figure 4a,

Map of 3C380 convolved with a large beam, The components
of the map of 3C380 have been convolved with a circular
gaussian of 0,08 arcsecond FWHM to show the faint,
extended structure which exists in this source. The
contour levels used in this map are -2,2,4,8,16,32,64% of
the peak on this map; the peak brightness temperature is

5.38x10°, which equals 3.06 Jy/beam.

MERLIN map of 3C380 at 5 GHz, and a resolution of 0.08
arcseconds, While the scale in this map is the same as
for the map in figure 4e, the contour levels used are

-0.3,.3,.6,.9,1.2,1.,5,2.0,2.5,...,10% of the peak on the
map. This map and the two MERLIN maps for 3C309.1 and
3C147 are reproduced from as~yet unpublished work with

the kind permission of P.N, Wilkinson,

4, 3C309.1 figures:

(a)

Full resolution map of 3C309.1. The beam used for this
map was a circular gaussian with FWHM 0,018 arcseconds.
The contour levels on the map are -1,1,3,5,10,20,40,60

and 80% of the peak brightness (see caption for figure
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2a) .

Fit of the delta functions which compose the map to the

visibility data for 3C309.1 (see caption for figure 2b).

Map of 3C309.1 convolved with a 1large beanm. The

components of the map of 3C309.,1 have been convolved with

a circular gaussian of 0,08 arcsecond FWHM so that this

map may be compared with the MERLIN map of figure 4de.

The contour levels used in this map are

-2,2,4,8,16,32,64% of the peak on this map; the peak
10 o

brightness temperature is 1.07x10 K, which equals 6.07

Jy/beam,

Map of the core of 3C309.1. This is the western
component in figure 4a enlarged to show detail. The
restoring beam used is the same as for figure 4a, but the
contour levels are -2,2,4,6,10,15,20,30,40,...,90% of the

peak brightness of the source.

MERLIN map of 3C309.1 at 5 GHz, and a resolution of 0.08
arcseconds, While the scale in this map is the same as
for the map in figure 4c, the contour 1levels used are

-0.3,.3,.6,1.2,1.8,2.4,...,9.6% of the peak of the map.
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3C147 figures:

(a)

(b)

(¢)

()

Map of 3C147, The beam used for this map was an
elliptical gaussian with FWHM 0.018 x 0.020 arcsecond in
position angle -20°, The contour levels on the map are
-3,3,9,15,21,...,99% of the peak brightness on the map
(see caption for figure 2a), There is low—level emission
outside the window of this map which is shown with a

large beam in figure Sc.

Fit of the delta functions which composse the map to the

visibility data for 3C147 (see caption for figure 2b),

Map of 3C147 convolved with a large beam. The components
of the map of 3C147 have beemn convolved with a circular
gaussian of 0.08 arcsecond FWHM to show the faint,
extended structure seen in this source. The contour
levels used in this map are
-2,2,4,6,10,15,20,30,40,50,70,90% of the peak on this
map; the peak corresponds to a brightness temperature of

1.55x102%, which equals 8.81 Jy/beam.

MERLIN map of 3C147 at 5 GHz with a resolution of 0.08
arcseconds, While the scale in this map is the same as
for the map in figure 5d, the contour levels used are
-0.4,.4,1.2,2,0,3.6,5.2,8.0,11,14,17,20,25,30,35,...,75%

of the peak on the map.
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3C48 figures:

(a)

(b)

(¢)

(d)

Full resolution map of 3C48. The beam used for this map
was an elliptical gaussian of FWHM 0,018 x 0.039
arcseconds with position angle —190. The contour levels
on the map are -5,5,15,25,...,95% of the peak brightness

(see caption for figure 2a).

Fit of the delta functions which compose the map to the

visibility data for 3C48 (see caption for figure 2b).

Map of the inner area of 3C48 with the regions discussed
in the text identified. The dashed 1lines form the
divisions between the areas. The beam and contour levels
in this figure are the same as for figure 6a; the scale

has been increased for clarity.

Map of 3C48 convolved with a large beam., The components
of the map of 3C48 have been convolved with a circular
gaussian of 0,08 arcsecond FWHM so that this map may be
compared with the VLA map of figure 6e, The countour
levels used in this map are -10,10,20,,..,90% of the peak
on this map; the peak corresponds to a brightness
temperature of 4.81x109 K, which equals 2.73 Jy/beam.

The small crosses on this map and the map in 6e represent

a possible alignment of the two maps (see text).
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VLA map of 3C48 at 22.5 GHz, with a resolution of 0.08
arcseconds. While the scale in this map is the same as
for the map in figure 6d, the contour 1levels used are
-2.5,2.5,5,10,20,30,50,70,90% of the peak of the map;
the peak corresponds to 0.22 Jy/beam. This map has been
reproduced prior to publication with the permission of

R.A, Perley.
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Summary

VLBI observations of 3C147 reveal that the core of 3C147 is a
low—-frequency variable radio source which has brightened by a factor
of two in six years., In combination with X-ray observations, this
implies that bulk relativistic motion is taking place within the core,
and leads to the prediction that 3C147 is a member of the class of

"superluminal®” radio sources.

Subject Headings: interferometry — quasars — radio sources: spectra -

radio sources: variable — X-rays: sources
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Changes in 3C147 at 329 MH

Low-frequency variability in extragalactic radio sources poses

22

some theoretical problems1 since the time-scales involved imply

brightness temperatures which exceed the inverse Compton limit® of
1012 K. One possible solution is that the radiating regions are
moving towards us with a relativistic bulk speed, but this may lead to
very large values of total energy, or require special source
geometryz’4. We report here the first direct observations of
component variability in an extragalactic radio source at low
frequency. An analysis of the radio and X-ray observations reveals

that at least part of the radio emission region must be moving towards

us relativistically with a Doppler factor & ) 6.

We have observed the quasar 3C147 (0538+49, z = 0,545) using Very
Long Baseline Interferometry (VLBI) at 329 MHz at two different
epochs. The first observations were made in March, 1975 using a three
station interferometer consisting of Jodrell Bank, Cheshire, UK
(JBNK); Green Bank W.V., USA (NRAO)"; and Big Pine, Ca., USA (OVRO).

These observations have been discussed elsewhere®., In February, 1981,

The National Radio Astronomy Observatory is operated by Associated

Universities Inc., under contract to the National Science Foundation.
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we re—observed 3C147 with a seven station interferometer including the
above three stations and four additiomal stations in the US:
Haystack, Ma,; North Liberty, Iowa; Fort Davis, Tx.; and Hat Creek,
Ca. A full discussion of the details of this second observation is in
preparation‘. Hybrid maps’ made from the two data sets are shown in
Figure 1. The 1981 map has been convolved with the beam appropriate
to the 1975 map, and both maps have the same absolute contour levels
in order that they may be compared directly. Each map can be
described roughly as an unresolved core with a partially resolved jet
consisting of two knots extending to the SW. Due to the very low
dynamic range of the 1975 map, only the positions and the =relative
brightnesses of the three components are well determined®. The shapes
of the components in the 1975 map are poorly defined and in
particular, the width of the jet is mnot strongly constrained. In
contrast, the 1981 map is very reliable with a dynamic range exceeding

25:1,

Comparisons between the two maps reveal that the barely resolved
core has increased in flux demnsity by a factor of about 2 in the six
years between observations, from 0.9 Jy in 1975 to 2.0 Jy in 1981.
This is the first direct observation of a change in the flux of a
component of an extragalactic radio source below a frequency of 2 GHz,
as well as the first positive detection of low—frequency variability
in 3C147, While Fischer and Erickson® found 3C147 to "show evidence”
of variability below 1 GHz, Fanti et g;l’ failed to detect 3C147 as a

low—frequency variable, with an upper limit to any variations at 408
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MHz of ~ 5% of the total flux,

Readhead et gl;lo first pointed out that there is an advantage in
using VIBI to study low frequency variability, since the visibility on
the largest baseline would be sensitive only to the most compact, and
presumably varying, structure. In the present case the advantage of
VLBI over single dish observations is clear, since the observed flux
density increase of 1 Jy amounts to only 2% of the total source
intensity, but corresponds to a factor of 3 increase in the correlated

flux density on the longest baseline (JBNK—OVRO),

Despite their wuse of VIBI, Readhead et al, detected no
appreciable variation in structure in 3C147 between December 1973 and
March 1975 at 609 MHz, and succeeding observations at this frequency
have been marred by repeated failures at one or more telescopes.
Their failure to detect variation interferometrically is possibly due
to three factors, First, the 1long time constant of the variation
requires observations spaced by several years., Second, a reduction in

the amplitude of variability at higher frequencies is implied, with

the spectral index of the variable component ~ 1 (the flux density S

f

at frequency f is related to the spectral index a by S, = f-a). This

f
is consistent with an observed property of other low-frequency
variables, mnamely, the amplitude of variability decreases as the

observing frequency increases ', Finally, variability in the core may

occur intermittently,



- 108 -

The evidence for variability in the source can be seen directly
in the closure phase data, In Figure 2 is shown part of the closure
phase measured for the triangle JBNK—NRAO-OVRO for both 1975 and 1981,
Since the closure phase is free of both calibration and systematic
errors (to approximately the 2 degree level), the large differences
between the two data sets (up to ~ 50 degrees) imply significant
changes in the source structure. At 16.2 hours GST the closure phase
for both observations undergoes a large phase jump, corresponding to a
deep minimum in the visibility amplitude on the baseline NRAO-OVRO,
The 1981 data undergo the larger phase change because the amplitude
minimum was deeper in 1981 than in 1975. This was caused by the
stronger beating (in 1981 as compared to 1975) of the core against the
knot at the end of the jet, due to the increased flux density of the
core, Detailed modeling6 indicates that the core has increased in

brightness by a factor of 2.2 + 0.2,

In addition to the low frequency variability, the 10.6 GHz flux
density has been slowly decreasing over the past decadelz, which is a

further indication of activity within the source,

Relativistic Bulk Motion

The direct evidence for relativistic bulk motion comes from a
comparison of the predicted inverse Compton X-ray emission with the
observed emission, and the assumption that the observed X-ray flux
density is an upper limit to the inverse Compton X-ray flux density.

Marscher and Broderick were the first to apply this method of analysis
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. . 413,14
in detail™ "’

» and successfully predicted superluminal motion in the
quasar NRAO 140*°, 1In order to perform the analysis and make this

comparison it is first necessary to determine the spectrum shape and

the size of the radio emitting region.

Readhead and Wilkinson® made a hybrid map of 3C147 at 1671 Miz
in September 1976, Combining this map with those at 329 MHz’ and 609
MAz'? from March 1975, the 2,3 GHz map of Phillips and Shafferla, and
including more limited data at 2.7 GHz, 15 GHz, and 86 GHz (see Simon
et gl;s and references therein) enables us to determine the spectrum
of the core (see Figure 3). Note that the 86 GHz core flux density is
based on the total flux density minus the flux density extrapolated
for the jet. The observations of the core show that it is optically
thick at 329 MHz and that the spectrum has a maximum between 609 MHz
and 1671 MHz. We have fitted the spectrum to that of a spherical,
homogeneous, self-absorbed synchrotron source. Suck a spectrum is
completely specified by three parameters: a, the high—frequency
(optically thin) spectral index; and fﬁ and Sm, the frequency and
flux density, respectively, at the maximum in the spectrum., Note that
we define Sm as the flux density at fﬁ extrapolated from the optically
thin spectrum. For the core of 3Cl147, we find that a = 0.45,
fm = 0,8 GHz, and Sm = 4.7 Jy (the actual peak flux density is
4,0 Jy). The estimated errors for these parameters are ~ 10%, and do
not significantly affect the calculations which follow. Furthermore,
these three parameters are not independent; in the calculations

below, an error in the determination of one of these parameters will
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be partially compensated by changes in the values of the other
parameters (see Figure 3, and equation(l); equation(l) is insensitive

to «a, while Sm and fﬁ are roughly proportional and vary monotonically

with a).

The observed Einstein X-ray flux’’ of 3C147 in the .27-3.28 keV
. -13 -1 -2 . .

band is 2.9x10 erg s cm ., After correction for galactic
absorption this corresponds to an X-ray flux density of 6.5x10_8 Jy at
1.29 keV. Rather than directly comparing the observed X-ray flux Sx
to the predicted inverse Compton X-ray flux as a function of the
equivalent Doppler factor &, it is more convenient to express & in
terms of observable source parameters. & is defined as

5 = [7(1—Bcos¢)]—1, where y is the Lorentz factor (y = (1—52)_1/2).

B
is the bulk velocity in units of ¢, and ¢ is the angle between the
direction of motion and the 1line of sight. We have followed the
standaxd procedureszo for calculating the inverse Compton X-ray
emission for the radio emitting region, For an assumed uniform,
spherical, synchrotron source, the following relationship applies“’22
between the Doppler factor, &, the angular diameter of the core in
m arc s, 0, the X~ray flux density in Jy at 1.3 keV, Sx' the turnover

frequency for the core spectrum in GHz, fﬁ, and the extrapolated peak

flux density in Jy, Sm:

For a=0.45, &5 ) 029 ¢1°°° §7:20 5 -1.30 (1)

The above is for a redshift z = 0,545, as is appropriate for 3C147,

and assumes that the optically thin spectrum is straight to a
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frequency fz ~ 100 GHz, Substituting the parameters for the radio
spectrum and the observed X-ray flux yields the following relationship
for the Doppler factor, which depends only upon the angular diameter ©

in m arc s:

5 » 206197 (2)

This relationship is independent of distance, but does depend upon our
assumptions of simplified source geometry and negligible absorption of

the inverse Compton X-rays.

We can therefore get an estimate of & that requires no
assumptions about the distance to 3C147, given a measurement of the
angular diameter of the core, If the overall angular size of the core
is wused for ©® (~5marcs), & ) 2.2. Unfortunately, the core of
3C147 is complex, so that equation (2) will only yield a lower 1limit
to &, In fact, the core consists of at least two componentsls’zs,
with angular sizes of ( 2.5 and ~ 3.5 m arc s, Thus, 5 m arc s is an
over—estimate of the equivalent angular diameter for the core, and
5 =2,2 is a strong lower limit to the Doppler factor, Since the
individual spectra of the components within the core are essentially
unknown, we cannot further improve our limit to 8. However, we mnote
that equation (2) is relatively insensitive to the high—frequency
spectral index in the range .25 < a < .75, due to the 1limits on the
total core spectrum, so that different spectral indices for the
components within the core will not significantly affect our lower

limit for &,
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An additional constraint on 8 and © can be derived from the

variability timescale tv’ if causality is not to be violated®®:

6 ¢ .13 tv 5 =t m arc s , (3)

where r is the co~moving coordinate distance in Gpc, and (following

Burbidge et al,”) the variability timescale t at 329 MHz is defined
—_— e v

by
t = lala s,, ) /atl ™ (4)
v 329 :
In the present case we have tV = 7.5 years, We assume throughout
that H, =60 Km s © Mpc 'L and gq, = 0.5;  then for z = 0.545,

r = 2.0 Gpc. From equations (3) and (4) we can now derive a second

expression for & which, again, depends only on 6:

5 )y 210 . (5)

Taken together, and allowing for errors in the measurement of
parameters for the core, equations (2) and (5) imply that & 2 6 (see
Fig. 4). Thus, we have demonstrated that bulk relativistic motion is

occurring in the core of 3C147,

Further VLBI observations are planned (at 1.6 GHz in October,
1982) to test for bulk relativistic motion in 3C147. That this motion
is likely to be "superluminal” (with f(apparent) > 1) can be seen from
a consideration of the angle between the direction of motion and the

line of sight. For & > 6, the angle to the line of sight must be
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$ < 100. If ¢ were distributed randomly up to this limit, the most

likely observed velocity is %(apparent) ~ 8(1+z) (see Unwin et 2s

al,
for plots of & vs %(apparent) for various values of ¢y and ¢). Thus,
with no a priori knowledge of 9, the most 1likely situmation is that

%(apparent) ~9; wve therefore predict that 3C147 is a superluminal

source.

Such a rapid expansion (separation?) of the core would be readily
observable, The corresponding increase in size of ~ 1,8 m arc s in
six years (for % =9, p=x0.3 marcs yr—l) is many times the
estimated error in measuring either the separation between the core
components or the overall angular size of the core at 1.6 GHz.
Failure to detect significant motion in the core would imply that
either the dominant emission mechanism in the core is not incoherent
synchrotron radiation, or that the motion is occurring nearly along
the line of sight, so thatf << 8(1+z). In the latter case, the angle
to the 1line of sight would be ¢ < 30. In either case, if proper
motion in the core in six years is less than the minimum detectable
(0,2 marcs at 1.6 GHz), then %(apparent) { 1. Therefore the
planned observations will be a stringent test of our prediction of

superluminal motion in the core of 3C147,

A weak test of this prediction can be made, based on VILBI
observations at two frequencies. In the September 1976 18cm map of
Readhead and Wilkinson, the core had a partially resolved double

structure with a separation between components of 2.6 m arc s. In

January, 1981 it was observed with VLBI at 6 cm>®; the core had a
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separation of ~ 3,6 m arc s, corresponding to a possible proper motion
of n 20,23 m arc s yr—l. Including the time dilation correction
factor due to the redshift, this implies an apparent separation

velocity of ~ 7, This is suggestive, but not conclusive, since the

o4

possibility exists that the different separations could have been due
to strong spectral gradients across the individual components in the
core, rather than motion of the components., Such a spectral gradient

is suspected in the quasar 3C380%°’2*

» while no gradients are observed
across the components in the superluminal quasar 3C3452%; widely

spaced observations at a single frequency are necessary to distinguish

the two possibilities,

The Energy

In spite of the bulk relativistic motion occurring in the core of
3C147, an extreme value of the total energy is not required. From

2,20

standard synchrotron formulae we can estimate the energy densities

u, in the relativistic electrons and Uy in the magnetic field, in the
rest frame of the emitting region. Due to the complex structure of
the core, we shall assume © = 5 marcs and & = 10 as the most
conservative values for these parameters consistent with the
observations and with the constraints on & and ©. We find that
-7 -3 -6 -3
v, o~ 4x10 ergs cm  and Uy~ 2x10 ergs cm . The total energy of
the core is then UT ~ 1054 ergs (about the rest mass energy of a one

solar mass object) and ue/uM ~0.2., In addition, for the core of

3C147 the following relationship for the ratio ue/uM applies:
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u
e

il sx10° o 17 fm‘” sm8 877 (1+n)® 1,

(6)
In figure 4 we have plotted the relationship between © and & for three

different values of ue/uM. We see that ue/uM ~ 1 (within ~ 2 orders

of magnitude) is certainly allowed by the constraints on © and §.

Therefore, within the rest frame of the radiating region the core
is near equipartition of energy density between the magnetic field and
the relativistic electrons (cf. Scott and Readhead®®). In contrast,
lower frequency observations®>® have shown that the 1large scale
structure in 3C147 (~ 0.5 arcseconds, or ~ 3 kpc) is also near
equipartition, but only if no bulk relativistic motion is assumed for

that structure.

The total energy we have found can be compared with the total
energy required for the radio core of 3C345, for which

UT ~ 105 ergszs, or the even more extreme possibilities discussed by

Burbidge et al®.

Implicit in the derivation of this relatively reasonable value of
the total emergy is the assumption that any relativistic motion which
is occurring is in the form of component motion nearly along the 1line
of sight, and not in the form of relativistic expansion., Furthermore,
we have assumed that any contribution to the total energy from
non-relativistic matter swept up or entrained by the moving components
of the core is mnegligible or, equivalently, that the motion is
occurring in a channel of mnegligible density. This model is

essentially the relativistic beaming model discussed by Readhead et
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217 28731

al, and others

to explain asymmetric core radio sources.

We see that a self-consistent picture of 3C147 as a low-frequency
variable has emerged which is consistent with the available
observations, yet does not require an extreme value of the total
energy. The key to understanding both the rapid flux increase of the
core at 329 MHz and the strength of the observed X-ray flux is the
occurrence of bulk relativistic motion within the core. Together with
NRAO 140 there are now two extragalactic low-frequency variable radio
sources in which bulk relativistic motion has been demonstrated.
Furthermore, Condon and Dennison®? have wused the 1lower 1limits to
angular sizes implied by the lack of interstellar scintillation to
infer that bulk relativistic motion is required in three other
sources: DA 406, CTA 102, and 3C454.3. Thus it may well be that bulk
relativistic motion is responsible for the required time—scales in

most, if not all, low-frequency variables.

We wish to thank the US VLBI Network and the observers and
technical staff of all the Network observatories involved in this
work. In particular, we are extremely grateful to R, L. Mutel at
North Liberty Radio Observatory who generously built an entire
receiving system for these observations, Ve also thank
R. D. Blandford and S. C, Unwin for helpful comments. This work was
supported by the National Science Foundation via grant AST 79-13249 to

the Owens Valley Radio Observatory.
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Figure Captions

1.

Hybrid maps of 3C147 at 329 MHz, In each map, the lowest
contour corresponds to a brightness temperature of 3x109 K,
and the contour interval is 6x109 K. The delta functions
which compose each map have been convolved with a circular
Guassian restoring beam (lower left) of 20 m arc s diameter.
The arms of the L in the 1lower right are 40 m arc s in

length,

(a) Map from March, 1975. The core (the most mnorth-easterly
of the three components) is only slightly greater in peak

brightness temperature than the two knots in the jet.

(b) Map from February, 1981, The core is substantially

brighter than it was in 1975,

Closure phase observations on the triangle JBNK-NRAO-OVRO
at329 MHz from 1975 and 1981, The 1975 data are plotted as
open circles with error bars; the 1981 data as filled
circles (the 1981 data are connected with a solid line for
clarity) . The error bars for the 1981 data are approximately

the same size as the symbol used.

The radio spectrum of the core of 3C147. Measurements are
represented as open circles with error bars. The solid line
is the best—fit of a model (in a least—squares sense) to the

data, The model consists of a homogeneous, spherical,
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incoherent synchrotron source.

Limits on the equivalent Doppler factor & and the angular
diameter © for the core of 3C147., The dotted line is a lower
limit to © based on the requirement that the observed X-ray
flux cannot exceed the predicted inverse Compton X-ray flux,
The solid 1line is an upper 1limit to © based on the
variability timescale observed for the core, and assuming the
cosmological distance to the source. The hatched area
represents the region of allowed values of & and ©. The
three dashed lines are the curves of © vs 8§ for three

different values of ue/uM (see text):

0.01 (field dominated).

(a) ue/uM

(b) ue/uM 1 (equipartition).

(c) ue/uM 100 (particle dominated),
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CHAPTER 4

Physical Implications of Compact Structure in Quasars

from Low-Frequency VLBI Observations
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Summary

Observations of 5§ quasars (3C48, 3C147, 3C309.1, 3C380, and
3C454.,3) are analyzed using standard synchrotron emission theory in
order to discover the physical conditions occurring in these objects.
For 3C48, the suggestion in chapter 2 of this source as a "core—jet”
source is seen to be reasonable, with fields, energy density, and
pressure all decreasing with increasing distance from the supposed
core, The pressure in the jet in 3C48 is extremely large, implying
that the jet cannot be confined by external gas pressure, unless the
surrounding medium has extreme values of the temperature and density.
In the case of 3C147 (which was analyzed extensively in chapter 3),
the halfwidth of the observed jet implies that collimation of the jet
is occurring; the jet in 3C147 is definitely not a "free” jet. For
3C309.1, the 329 MHz observations give an upper limit to the turnover
frequency for synchrotron self-absorption significantly lower than
that available up to now; this limit, in combination with Einstein
X-ray observations of 3C309.1, implies that bulk relativistic motion
is occurring within the core of 3C309.1. Thus, the core of 3C309.1
may be very similar to the core of 3C147, and is a candidate for being
both a superluminal source and a low-frequency variable, For 3C380
and 3C454.3, the limited spectral information available allows broad

limits to be put on their properties.

Subject Headings: quasars — radio sources: general — X-rays: sources
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Introduction

Using the observations presented in chapter 2, it is possible to
derive physical parameters for the five sources observed. Questions
of interest include the physical conditions (field strengths, energy
densities, overall motion) in the emission region, characteristics of
the observed jets, and constraints on the collimation and confinement

mechanisms which operate in the jets observed in 3C48 and 3C147.

In the analysis which follows, several assumptions have been
made. The key assumption is that it is electrom—synchrotron radiation
which is responsible for the observed radio emission from each quasar,
A related assumption is that the electron velocity vectors are
distributed randomly relative to the magnetic field in the rest frame
of the field so that, assuming a tangled magnetic field, the
synchrotron radiation is isotropic in the rest frame of the fields and

particles.

Due to differences in the available information for each source,

it is convenient to discuss each separately.
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I, 3C48

A, Observational Parameters

The structure of this source is extremely complex (chapter 2),
but seems to afford a relatively simple interpretation: 3C48 is a
core—jet source (Readhead et al., 1978) which has a strongly
self-absorbed core at 329 MHz. The core is sufficently weak that it
is not seen in the 329 MHz map in chapter 2, although it is relatively
bright in the unpublished 22 GHz VLA map of R, A, Perley (see

chapter 2). Because the core was not detected, only inferred, 1little

more can be said about it.

In chapter 2, the compact structure in 3C48 was divided into 4
regions, This analysis will be looking at a single component in each
region, as follows:

Region 1: The bright, southern—most component in the compact
structure is relatively distinct from the lower—brightness jet
that extends to the northeast in this region., From here on this
component shall be referred to as component 1. Vhile this
component obviously does mnot include all the emission from
region 1, it is the dominant component in that region.

Region 2: Even though the low level structure in this region is
complicated, with emission extending in three directions, the
dominant component is well defined; "component 2” will be used
the refer to this dominant component. Again, as for component 1,

the obviously related low-brightness emission in this region is



- 131 -

not included in component 2.

Region 3: As seen in chapter 2, the emission in this region occurs in
several components blended together to form an s—shaped
structure. For the purposes of this paper, the overall emission
shall be considered as coming from a single component
("component 3”) whose size and shape approximates the observed
emission,

Region 4: This region contains relatively low-brightness emission
spread over about 0.1 arcseconds., Component 4 will be taken to
include virtually all the emission in region 4, to about the 5%

level on the map.

Each of the components selected is dominant in its region, and
reasonably well defined. Each component is also at least partially
resolved, so it is possible to derive a reliable estimate of their
angular sizes, In Table 1 are listed the parameters which describe
each component, These parameters were derived by measuring the
full-width—hal f-maximom (FWHM) for each component both parallel and
perpendicular to the long axis of the component, and assuming that the
observed component shape was elliptical. It was then straightforward
to derive an estimate of the actual shape of each component by
de—convolution of the measured shape with the restoring beam. This
simple-minded procedure was justified because all the components are
significantly resolved in all directions, except perhaps for component
1, where the halfwidth of the observed shape is only ~ 20% wider than

the beam,
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In the cases of components 1 and 2, the underlying components
vere sufficently small that it was possible to assume that the long
axes of those components were parallel to the beam. In region 3, the
emission is extended enough so that the actual position angle could be
estimated. For region 4, the emission is so extended that the
broadening due to the convolution with the beam is insignificant, and
could be neglected. Because of the ill-defined shape of component 4,
only an estimate of the diameter was derived., The derived major and
minor axes for each component after deconvolution are listed in
Table 1, Also 1listed in Table 1 are the observed peak brightnesses
and flux densities of the (assumed) elliptical-shaped,

gaussian—tapered blob which describes each component.

It should be emphasized that the angular sizes derived in this
way are reliable, since the observed structure was unmistakably
resolved, In order to deal with these components in a convenient
form, an equivalent gaussian diameter © equal to the geometric mean
of the axes was assigned to each component (see Table 1). Finally,
since the formulae involving the angular sizes that will be used all
involve the equivalent diameter of the emitting component, a final
correction factor of 1.8, appropriate for a partially-resolved,
optically thin component (see Marscher, 1983), was applied to convert
the equivalent gaussian diameter Gg into the equivalent angular size,
6. O, also tabulated in Table 1, is what will be meant by the angular
diameter of a given component, This angular diameter is the diameter

of the optically—thin sphere which represents each component; it is
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also a reasonable estimate of the overall angular diameter observed on
the map for each component. The angular sizes derived in this way are
estimated to have no more than a 20% error. A more formal procedure
to derive angular sizes was not justified in view of the complexity of
the source, Any additional precision in the measured sizes would
require more assumptions concerning the underlying source structure,

but would not significantly change the sizes listed in Table 1.

Individual spectra are not available for the components described
above, In order to proceed, it shall therefore be assumed that the
spectral index for each component is a = 0.8 (S « f %), the observed
spectral index for the entire source (Veron et al., 1974; Scott and
Readhead, 1977). It will further be assumed that each of these
components is optically thin at 329 MHz, The first assumption is
justified by the relative constancy in the relative flux densities
observed for these components between 329 MHz and 22 GHz (see
chapter 2), and the smoothness of the overall spectrum, The second

assumption will be seen to be justified in the calculations below.

B, Physical Conditions in the Components

Each of the compomnents is assumed to be an optically—-thin sphere
radiating by means of incoherent electron—synchrotron radiation,
Then, from standard synchrotron theory (Jones, ©O'Dell, and Stein,
1974; Burbidge, Jones, and O'Dell, 1974; Gould 1979) the following
relationship can be derived between the energy density in relativistic

electrons L the energy density in the magnetic fields L the
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redshift z, the co-moving coordinate distance r, an equivalent doppler
factor &, the frequency in the spectrum at which the emission is a

-a,

»

maximum fﬁ, the angular diameter 6, the spectral index a (S =
the extrapolated peak flux density Sm [following Marscher
et al, (1979), S, is defined as the flux density at fﬁ extrapolated

from the optically thin (high-frequency) spectrum], and the cutoff

frequency in the electron spectrum f,:

i
u 1+z 1+z 8 17 -17
- = Ala) T [ 8 ] Sm o fm
m
x 1 - By s, 2 2] (1)

In the above, it is assumed that the 1lower cutoff to the electron
spectrum corresponds to fﬁ, to minimize the required total energy.
A(a) is a function that depends only wupon a., For o =0.8, as is
appropriate for the integrated spectrum of 3C48, and with r in GPc, Sm
in Jy, © in milliarcseconds, and fﬁ in GHz, A(a) = 3.0x109. B(a) is

the ratio of the frequency fn at the intersection of the extrapolated

optically thick and thin spectra to fh, to the (a — 1/2) power. For

alpha = 0.8, B(a) = 0.94. Equation 1 depends only weakly on f, (in
the ¢ = 0.8 case), so it is acceptable to assume f, ~ 100 GHz, roughly
the highest observed radio frequency for this quasar (Kellermann and
Pauliny-Toth, 1971). If the upper and lower limits to the electron
spectrum were increased or decreased by an order of magnitude,
respectively, the value of ue/um would increase by less than a factor

of 2. In order to apply equation 1 to the individual compoments in

3C48, it is useful to assume that 329 MHz is well above the individual
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self-absorbtion frequencies for each component, so that Sm may be
expressed in terms of S,, the observed flux density at the observing

frequency f, (329 MHz), fﬁ, and o as

Sm = S, [ ;% ] - . (2)

The redshift to 3C48 is 0.367 (Smith et al., 1976). Making the
assumption that H, = 60 km s--1 Mpc -1 and q, = 0.5 (values to be used
throughout this paper) then implies that =z = 1.4 Gpc. Equation (1)

may now be expressed in a form that is valid specifically for 3C48:

u
-2 - 1.9x107 5,8 &7
u

m

f;~23'4 8—7 . (3)

It is obvious that little can be learned about ue/um from the above,
in the absence of more spectral information, due to the large
exponents on the right—hand side of the equation. For example, if the
measured angular sizes of the components are used, and the observed
spectral turnover for the entire source of 70 MHz (Scott and Readhead,
1977) 1is assumed to be a lower bound to fﬁ, then un—interesting upper

limits of ~106 for ue/um are derived, with a large uncertainty.

An alternative approach that is much more wuseful is to assume
equipartition between u, and u s and examine the field strengths and
energy density under those conditions, Since this is approximately
the minimum energy condition, the limits which can be derived are of
interest. Given that S, and © are observed quantities, it is
convenient to define fequi as the "equipartition turnover frequency”.

For a component in equipartition, fequi = fm. In terms of the
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observed quantities for 3C48 (and assuming & = 1),

_ 0.34 ~0.73
fequi = 2.0 8§, o . (4)

From the above, it is clear that fequi is a good observable, in that

it depends only on small powers of the observed angular size and
observed flux density. fequi is the converse of the equipartition
angular size discussed by Scott and Readhead (1977); in their case,
they were dealing with radio sources whose angular size was poorly
known, but whose overall spectrum was well measured. Table 2 lists

f

equi for each of the four components under consideration.

To summarize the assumptions which have gone into equation (4):
(a) fm/fz ~ ,07/100. The dependence on this assumption is weak; the
value of f'm/fz used is appropriate for the integrated spectrum.
(b) ue/um =1, Note that changing ue/um by a a factor of 10 only

changes fequi by 10%. (c¢) fequ’ < fo+ This assumption is reasonable

1

(see Table 2); for all the components, f < folf2. (@) 8 =1,

equi
This was assumed in the lack of information to the contrary; in any

case, ¥ . does not depend strongly on &.

equi

It is now possible to evaluate the magnetic field strength B in
each of the components, Again, from standard synchrotron theory, it
is possible to derive a relationship for B in gauss, From Burbidge,

Jones, and O’'Dell (1974), or Marscher et al. (1979),

_ -1
B = K(a) o% fm5 sm2 [1—;1] . (5)

For 3C48, a = 0.8, so that K(a) = 3.8x10—5; using z = 0,367, assuming
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5 =1 (as above), and wusing equation (4) yields the following

expression for B (in gauss) valid for 3C48:

B = 1.9x1072 300’26 0070 | (6)

This expression for B uses the same assumptions which allowed the
derivation of equation (4), the key assumption being that ue/um =1,
As others have pointed out (see, for example, Burbidge, Jones, and
0'Dell 1974), this expression for the equipartition magnetic field
depends only on small powers of the observables, so that the

equipartition field strength is well determined.

The total energy density in particles and fields is
oot T % + u . The pressure in the components can then be determined

from

Po= [ _§ T ] ‘ (7

The lifetimes for synchrotron losses can be compared to the overall
source dimensions, to see if reacceleration of the electrons is
required for the observed emission, From Burbidge, Jones, and O0'Dell
(1974), the 1limit to the radius in the absence of particle

reacceleration T is given by

-1/2

5 g2 o , (8)

rL ~ 10

where f is the frequency of observation in GHz, B is in milligauss,
and T is in parsecs. T is simply the maximum possible size of the

source if the radiating electrons were to move away from the core with



~ 138 -

a velocity of c¢c for a synchrotron lifetime. Finally, it is possible

to estimate the total emergies in particles and fields Uto using the

t’
redshift to the source to estimate the distance,
The results from these calculations for

B' P’

equi’ “tot’ Vtot’

and T for each of the components selected in 3C48 are presented in
Table 2. For comparison, dc, the approximate distance of the

component from the core is also tabulated.

C. Discussion

It is clear from inspection of Table 2 that the properties of the
components in the jet vary monotonically along the jet, if component 4
is assumed to lie further along the jet than component 3. There are

several inferences that can be drawn from the pressure and magnetic

fields,

First, the jet cannot be confined by external gas pressure from
moderate temperature galactic gas alone, Boroson and Oke (1982) have
shown that the optical nebulosity near 3C48 consists of stars, so that
3C48 is clearly 1located within a galaxy. Even assuming the extreme
values for the number density of particles and the gas temperature of
n~10 and T x 104 still gives a gas pressure some 3 to 4 orders of
magnitude less than that derived for the observed jet. The inequality
is even greater if the radio emitting region is very far from

equipartition,
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It is possible, however, that the jet could be confined by
extremely hot, dense gas. Tananbaum et al. (1983) report that the
corrected Einstein X~ray flux density of 3C48 is 3.4x10-'7 Jy, which
corresponds to an X-ray luminosity of 1.7x1045 ergs 5-1. Assuming
that this gas radiates via free—free emission, and that the pressure
in the gas is sufficient to confine the radio jet in 3C48, allows the
gas density and temperature to be estimated. This analysis gives

n, ~ 102 and T ~ 107 °k,

The oscillating structure in the jet suggests that the binary
black hole models of Begelman, Blandford, and Rees (1980) may be
relevant to this source. An interesting point about such a model is
that with ‘"reasonable” values of the parameters (masses ~ 107 solar
masses, separation ~ 0,01 pc), the model can reproduce the observed
bending scale of ~ 100 pc, if enough assumptions about jet velocity
and inclination angles are made. Furthermore, Begelman, Blandford,
and Rees predicted that their model would cause the forbidden lines in
the QSO emission spectrum to be displaced from the permitted lines in

the galaxy spectrum, Boroson and Oke (1982) observed such an effect

1

in the spectrum, with the difference amounting to 300-500 km s

The limits to r; are all much greater than the projected source
size, so that only mildly relativistic flow in the jet (~ 0.1 c) may
be required to supply the observed components., If ¢, the angle to the

line of sight of the jet axis, is small, highly relativistic flow in

the jet, or in situ particle acceleration could be required. The rL’s

in Table 2 become comparable to the deprojected distances in the jet
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when ¢ < 50.

II, 3Cl147

The physics of the core of 3C147 was discussed extensively in
chapter 3. Given that the source exhibits core—jet morphology, one

question which may be asked is whether or not the jet is a free jet.

The map of 3C147 presented in chapter 2 allows the halfwidth of
the jet to be determined in detail. In Figure 1 is presented a plot
of the observed full width to half-maximum (FWHM) of the first 0.14
arcseconds of the jet in 3C147. The jet begins to curve strongly
beyond this point, so that the half-width is not well defined further
out. Also shown in Figure 1 is the estimated (deconvolved) FWHM of
the underlying structure, assuming that the profile across the jet has
a gaussian shape, It is clear from Figure 1 that the jet is not a
free jet, since its half-width does mnot vary as the expected
(Blandford and Rees, 1974) r—l. Also on Figure 1 is plotted the peak

brightness on the jet as a function of distance from the core. There

is no obvious correlation of the halfwidth with the peak brightness,
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III, 3C309.1

A, Observational Parameters

Kus et al. (1981) present a spectrum of 3C309.1 in which they
separate the contribution of the compact core from the total spectrum,
Using the observations in chapter 2 it is now possible to extend the
spectrum of the core to 329 MHz, Figure 2 reproduces their spectrum,

but with the 329 MHz core flux from chapter 2 included.

Using the data in Figure 2, it is possible to determine the
parameters of the core spectrum in 3C309.1, With the simplifying
assumption that the core may be described by a single component,
a=0,4+0.1; Sm = 6.4 +0.5 Jy; and fﬁ = 0,35 + 0,05 GHz. This
spectrum is plotted as a dashed line in Figure 2. Note that this fﬁ

is significantly below the peak frequency of 0.55 GHz suggested by Kus

t al,, due to the availability of the lower frequency observations.

From the map in chapter 2, the equivalent angular size of the
core in 3C309,1 is © =~ 17 + 3 milliarcseconds. This agrees well with
the estimate of Kus et al,, who found © ~ 15 milliarcseconds. It is
clear from the map in chapter 2 that the structure in the core could
be modeled by several components very much smaller than this size, so
17 milliarcseconds is a good estimate of the maximum equivalent size

of the core.
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Finally, the other useful observational parameter is the X-ray
flux., Zamorani et al. (1981) observed 3C309.1 with Einstein and
measured a flux of 2..41:10—12 ergs sm1 in the 0,28 to 3.09 keV energy
band. This corresponds to an estimated flux demsity of 1.0x10--7 Jy at
1.05 keV after correction for galactic absorption, 3C309.1 is thus a
luminous X~ray source, with an X-ray luminosity of

3.3x1027ergs s'-1 Hz_-1 at 2 keV in its rest frame,

B, Evidence for Bulk Relativistic Motion

Assuming that the core of 3C309.1 may be modeled as a spherical,
homogeneous source radiating via incoherent electron-synchrotron
emission, the following relationship for the expected inverse—Compton
X-ray emission Sx applies (Burbidge, Jones, 0'Dell, 1974; Jones,
0'Dell, Stein, 1974; Marscher et al., 1979; Marscher, 1983):

4+2a
_ 44+2a (3a+5) _—(6+4a) [ltz
Sx Cla) S f e [ 5 ]

B m m

E" In(f,/f) .(9)

where Ex is the X-ray observing energy in keV and Sx is in Jy. For
a = 0.4, Cla) = 5.72x10—5. Using the observed values for the
parameters in equation (8) yields the following relationship between &
and 6, applicable to the core of 3C309.1:

5 > 230 3% | (10)

The inequality comes from the assumption that the observed X-ray flux
is an upper 1limit to the inverse—Compton flux. Equation (10) is
analogous to equation 2 in chapter 3, which was applicable to the core

in 3C147. The above has used the redshift for 3C309.1 of z = 0,904
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(Smith et al., 1976) and assumed than f, » 10 GHz, so that fz/fm =~ 30.
For the estimated angular size of 17 milliarcseconds, this implies
that & ) 2.6, which implies that bulk relativistic motion is occurring
in the core of 3C309.1, with a bulk velocity of § > 0.74c. The actual
velocity could be much higher if the angular size has been

overestimated.

C. Magnetic Fields and Energy Densities

The magnetic field B may be calculated using equation (5) above.

For a = 0.4, K(a) = 2.0x10—5, so that B x 4x10-—4 gauss, From

equation (1), with A(a) = 1.7x1010 for a =0.4, the ratio of the
energy density in relativistic electrons to that in magnetic fields
becomes ue/u.m ~ 130. Thus the core may not be too far from
equipartition, in view of +the usual 1-2 orders of magnitude of
uncertainty in ue/um due to thé large exponents in equation (1). The
energy density in the core of 3C309.1 is then Uiot ~ 10_6 ergs cm

and the pressure in the core is P ~ 3x10—7 ergs cm_s. Note that these
calculations have assumed & = 2.6, Otherwise, ue/um would be more
than three orders of magnitude greater. Conversely, assuming
equipartion would imply that & =~ 5,1 if the other parameters were
unchanged. The limit to the radius T is o~ 60 kpc, far larger than

the core size of ~ 300 pc, so that reacceleration of the electrons is

apparently not required anywhere in the core of 3C309.1.
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The total energy of the core, with the above parameters, is
Utot ~ 2.5x10556rgs, a number comparable with both the total energy in
the core of 3C147 (chapter 3) or the individual knots in 3C48. If
delta were unity (that is, no bulk relativistic motion), the total
energy would be increased to ~4x1057 ergs, and the source would be
completely dominated by relativistic electrons. It appears, however,
that the core of 3C309.1 is near equipartition in the relativistically

moving frame of the fields and particles.

D, Discussion

Taken together, these calculations imply that 3C309,1 has bulk
relativistic motion occurring within its core. There are several
similarities between the core of 3C309.1 and the core of 3C147
(chapter 3), suggesting that not only may 3C309.1 be a superluminal
source, but also that it may be a low frequency variable, If the
latter is true, the variations in the total flux density in 3C309.1
should be easier to detect than they are for 3C147, since the core
brightness in 3C309.,1 is such a large fraction of the total source
flux density at meter wavelengths, Using the peak on the map in
chapter 2, the smallest, completely unresolved portion of the core has
a flux density of about 2.7 Jy at 329 MHz (note that the calculations
above included the entire core of 6.1 Jy). If the core in 3C309.1
were varying with the same fractional amplitude as the core in 3C147,
the expected amplitude of variation in total flux density might be

~ 1-2 Jy, or about 5-10% of the total source flux density. For
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comparison, the variations observed in 3C147 amount to ~ 2% of the
total flux. Such large variations in 3C309.1 would be detectable by
several of the current programs to monitor low-frequency variables
(see, for example, Condon et al., 1979; Fanti, et al,, 1981; Fisher
and Erickson, 1980; Spangler and Cotton, 1981), Unfortunately,
3C309.1 has not been included in any of these monitoring programs to

date,

Finally, Kus et al. (1981) pointed out that the large bends in
the structure of 3C309.1 might be due to a small angle between the
line of sight and the axis of the jet. With the above value of &, the
limit on the inclination of the jet to the line of sight is ¢ < 20°,
If equipartition were assumed, the required value of & would be & 25,
implying that ¢ ¢ 10°, In either case, this tends to confirm the idea
of Kus et al.; the core of 3C309,1 is extended nearly along the line

of sight.

IV, 3C380

A, Observational Parameters

The structure in this source is dominated by two widely separated
components (chapter 2). To the SE is the bright core of 3C380 (see
chapter 2) and to the NW is a weaker, partially resolved component.
Since a detailed radio spectrum is not yet available, the analysis of

this source will similar to that for 3C48.
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It is possible to model this source with a two—component model.
While such a model is an over simplification, it does yield the
following angular diameters and flux densities for the two brightest
components in the source: 6, = 14, S, =~ 3.0, ©, =~ 75, and S, =~ 1.3,
where the subscripts 1 and 2 refer to the core and to the weaker,
0.72—-arcsecond distant component, respectively. The model wused
assumes that the core is optically thick at the observing frequency,

since (see below) 329 MHz is below fequi for the core.

B, Physical Conditions

It is possible to derive an equation similar to equation (4) and

valid for 3C380:

f - 2. 5,035 7074

equi . (11)

Equation (11) is not valid, however for the core of 3C380, since the
equipartition frequency calculated is larger than the observing
frequency, violating one of the assumptions going into equations (4)
or (11). ©For the core, a similar formula can be derived, but the
observed flux density is wused as an upper 1limit to the maximum

observable flux density, S

peak® From standard synchrotron formulae,

Speak/sm = 0,78 for a wuniform sphere with a = 0,75, Assuming

equipartition, equation (1) then implies that for 3C380 (z = 0.691,

r = 2,3 Gpe)

f 4.4 8, e . (12)

equi S
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From the above two equations, fequi ~ 0.098 GHz for the weaker NW

component, and fequi £ 0.45 GHz for the core. Both of these values

have assumed that there is no relativistic motion occurring in either

component,

Using appropriate versions of equations (6), (7), and (8) then

allows B, P, and T to be estimated for the two components in 3C380.

3 7

The results are B  1.8x10 ~ 6, u_ ¢ 1.2x1077 ergs em >, P { 1.7x1077,

and T 2 60 kpc for the core, while for the NW compoent,

B =~ 4..51(10_3 G, R 8x10_7 ergs cm—s, Pz 10_6, and o= 8 kpc. If
the total energies are added up, for the core Utot ~ 3x1054 ergs, and
for th NW component, Utot ~ 2x1057 ergs. The core is seen to be

roughly similar to the cores in both 3C147 and 3C309.1 in terms of

total emnergy.

V. 3C454.3

The analysis by Jones, 0'Dell, and Stein (1974) of this source is
still wvalid, since the angular size at 329 MHz reported in chapter 2
is consistent with the diameter reported by Clarke t al. (1969) at

408 MHz.

The difficulties noted by Jomes, 0’'Dell, and Stein regarding the
large energy required for relativistic expansion into an ambient
medium strongly suggests that the simplest interpretation of both the
asymmetric structure and the rapid variability times is that there is

bulk relativistic motion occurring in the core, The asymmetry in this
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quasar is also seen in the larger—scale structure by Browne
et al, (1982), Future low—frequency observations could put firmer
limits on & for the core (as compared to those in Jones, 0'Dell and

Stein) by determining what fraction of the core is actually varying,

and by possibly determining a size limit to the variable component.

Burbidge, Jones and O'Dell (1974) calculate a first-order
inverse—Compton X-ray flux for the compact, high-frequency (6 GHz)
component in 3C454.3 that is ~ 3x10 > Jy at 10°% Hz. The Einstein
observations by Tananbaum et al., (1983) show that the observed X-ray
flux is more than 5 orders of magnitude less, with Sx ~ 1.2x10_8 Jy at
that £frequency. This large discrepency implies that & 2 10 in the
most compact structure of 3C454.3, thus implying that bulk
relativistic motion is occurring in 3C454.3. This result is in
agreement with the calculations of Jones, 0'Dell, and Stein (1974),
who showed that assuming 3C454.3 to be a canonical synchrotron source
at the distance implied by its redshift implied highly relativistic
effects were required to explain the rapid variability observed in the
source. Browne et al.’s (1982) inclusion of this quasar with known

superluminal quasars is clearly justified.

Conclusions

Both 3C48 and 3C147 are seen to have kiloparsec—scale jets. In
the case of 3C48, the jet is not confined by external gas pressure,
unless the gas is extremely hot and dense. The X-ray data for 3C48 is

consistent with such gas. For 3C147, the variation of the half-width
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with distance from the core rules out simple free expansion of the jet
and suggests that collimation is occurring. In the core of 3C309.1,
bulk relativistic motion is occurring close to the line of sight, thus
making 3C309.,1 both a likely candidate for superluminal motion and a
possible low—frequency variable. Relativistic motion is also seen to

be extremely likely in 3C454.3,

This work was supported by the National Science Foundation via

grant AST 79-13249 to the Owens Valley Radio Observatory.
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TABLE 1

Parameters for Components in 3C48

Component 1 Component 2 Component 3 Component 4
Region: 1 2 3 4

Measured axes

Major axis: 60 mas 57 ~ 98 -
Minor axis: 210mas 30o ~ 39o -
Pos’'n angle: -31 -31 -10 -

Deconvolved Axes

Major axis: 45 mas 42 91 ~ 54
Minor axis: 11 mas 31 33 -
Peak Brightness: 2.73 Jy/bm 2.70 2,13 0.71
Flux density: 1.7 Jy 2.2 4.1 ~1.4
Og: 22 mas 24 55 54
Angular size O: 40 mas 56 99 97

Physical size: 0.2 (kpc) 0.3 0.5 0.5
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TABLE 2

Derived Physical Parameters for Components in 3C48

Region:
O (mas)

f (MHz)

equi

B (mG)

-3
LY (erg cm °)

U . (1073

tot ergs)

P (erg cm—3)
T (kpc)

d, (kpc)

Component 1

40

167

1.1

10

1.3

7x10

18

0.3

Component 2

56

144

0.9

7x10

2.6

5x10

24

1.2

Component 3

99

118

0.7

4x10

7‘9

3x10

37

1.7

Component 4

97

82

0.5

2x10

4.3

1.5x10

55

2.5
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Figure Captions

Figure 1: Two measurements of the FWHM of the jet in 3C147 are
presented, along with measurements of the peak brightness along
the jet. The dashed curve is from measurements of the FWHM of the
jet, directly from the map of this source in chapter 2. The
dotted curve is the de-convolved FWHM, assuming a gaussian shaped
profile for the wunderlying jet. The error bars on this curve
include the effects that deconvolution introduced into the
original measuring errors. The solid line is the peak brightness

along the jet as a function of distance from the core.

Figure 2: The spectrum of 3C309.1, reproduced from Kus et al, (1981).
The solid dots represent measurements of the total flux; the open
circles are observations of the core flux from various sources
(see Kus et al. and references therein)., The flux density of the
extended structure is plotted as x’s. The single point on the
core spectrum from chapter 2 is plotted as an open square. Kus
et al. included curves of the estimated spectra for both the core

and the extended structure, shown as solid lines., My estimated

core spectrum appears as a dotted line.
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APPENDICES

A, The Modelfitting Program and

How to Use It

B. Calibration of Weak Fringes



- 158 -

Appendix A

The Modelfitting Program and How to Use It

Introduction

The program  MODELFIT fits a model to Merge—format
(Caltech—~format) VLBI data. The purpose of this appendix is to help
users of this program take full advantage of the features of the
program, without going into great detail on the inner workings of the

program,

The program operates by trying to minimze the agreement factor
AF, which measures the goodness—of—fit of the model to the data. The

agreement factor is defined as

(m, - 0,%) 1/2
AF={§[‘3‘——}—]/N] ' @

. e.
i i
where the sum is done over the amplitudes and closure phases, The m,
are the predictions of the model; o, are the observations; e, are
the 1o error limits; and N is the total number of independent data
points, Note that the closure phase measurements are not all
independent, so each closure phase is downweighted by a factor equal
to the ratio of the number of closure phases available at a given UT

over the number of those closure phases which are independent. In

addition, N is adjusted so that it is equal to the number of
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independent data points, rather than simply the sum of the number of
amplitudes plus the number of closure phases., With that definition,
the agreement factor is the reduced Chi-square measurement of the fit

to the data,

To improve the fit, the program searches for the minimum AF that
it can find by varying some or all of the parameters of the model, as
selected by the user, The actual FORTRAN code for this search for the
minmum is based on routines devised by Bevington (1969), with some
improvements to prevent divergence. The user of the program has a

choice of two search strategies:

1, Gradient Search: For each of the variable parameters
selected, the program numerically calculates the derivative
of the agreement factor with respect to variations in that
parameter, These derivatives are then used to determine the
gradient in the agreement factor with respect to all of the
variable parameters. All of the parameters are the changed
at the same time, to move down the gradient. The step size
for each parameter is adjusted so that for each individual
variable parameter a single step has the same effect on the

overall AF,

2. Brute Force: The program steps through the parameters one by
one, finding the minimum of the AF with respect to each
variable parameter in turn before going to the next. Only

one parameter is varied at a time,
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A question which arises is which search method to use at what
time, The gradient search is fairly good in moving towards a minimum
if the model is not yet close, By its nature, however, once it is
close to the minimum in the AF the speed of convergence will drop.
The brute—force search, however, is fair if a model has some
resemblance to the final model. The brute—force search will almost

always improve the results from an initial gradient search.

The gradient search is especially useful when a small number of
inter-dependent parameters are being adjusted, For example, the
radius and position angle of a component both describe its 1location,
Therefore, using a gradient search and varying those two parameters
together is equivalent to varying the location of a component, The
gradient search is less wuseful when a large number of component
parameters are being varied, as the step sizes are very small, and
many local minima can be found. As a result, the gradient search will
only rarely improve the fit significantly if many parameters are being
varied simultaneously. ©On the other hand, it makes no difference with
the brute—force search if all of the parameters are varied at one
time, If a model is close to some sort of overall minimum in the AF,
and is well constrained (see below), varying all of the parameters at
once with the brute—force search selected is wuseful as a final

tweaking up of the model,
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There is a useful analogy to the fitting procedure, and that is
to think of the AF as the altitude measurement in some mountainous
terrain, so that the search for the minimum in the AF is the analogue
of moving downhill as far as possible. If only two model parameters
are being varied, the analogy is exact; if more than two are being
varied, you will have to think in more dimensions! If your model has
little to do with the brightness distribution in the source, you may
spend considerable time wandering around in the high plains with
little overall improvement in the model, On the other hand, if you
have a model which is reasonable, this program will always make it

better, until it has reached a local minimum in the agreement factor.

A, Component Parameters

Each component in the model is described by six parameters in the
program, These are the flux of the component F, the distance from the
origin r, the position angle of the displacement from the origin 6,
the angular size a, the axial ratio of the component e (defined as the
minor axis over the major axis, so that e { 1), and the position angle
of the long axis of the component $. In addition, each component has
a specified model type. While the most popular type is gaussian (that
is, the profile of the component has a gaussian shape, with the
angular size refering to the FWHM of the component), it is also
possible to specify components consisting of a uniform disk, a tapered
disk (which is exactly equivalent to an optically thin sphere), a
ring, and a line, For these non—gaussian components, the angular‘size

refers to either the diameter or, in the case of the line, the length,
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The selection of model type can significantly influence the
results. In most situations, where an approximate model is desired,
guassian—shaped components are as good as any, However, if the wuser
is trying to measure the angular diameter of a component to use in a
theoretical calculation, he is well advised to use a model component
of the appropriate type., For example, calculations of inverse—Compton
X-ray emission often assume that the component under consideration is
a sphere (see chapter 3, and references therein), so that the tapered
disk (TYPE=3) should be used. If the sphere is optically thick, the
uniform disk shounld probably be used. The situation in which model
type can make a big difference is when trying to fit large-scale
structure (that is, structure in the map which is still partially
resolved, even on the shortest baselines). A gaussian—shaped
component has no limiting angular size, and as a result can spread
itself over a large area, with a large flux density to match. It is
possible, as a result, to greatly over—estimate the flux and angular
FWHM of the extended component. The tapered disks do not suffer from
those problems, and as a result will tend to have less flux in smaller

areas than gaussian—shaped components fit to the same data.

B, Failures of the Program

There are certain situations in which the program will give poor
results. This occurs primarily for two reasons. First, a poor
starting model was chosen, so that making a bad model better still
gives a bad model, Second, some of the parameters for some of the

components are unconstrained, producing exaggerated model
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characteristics.

The first situation can be remedied by guessing at a better
starting model, or going to mapping, It is not usually a good idea to
simply begin model fitting with a random model (for example, a very
close double) and wait for it to get better; it is much more
efficient to guess the separation distance and position angle based on
the occurrences of the maxima and minima in the UV-plane, and then let
MODELFIT loose on the data. Even if the source is barely resolved, it

is usually possible to get a position angle before starting MODELFIT,

The second failure occurs because some of the model parameters
are unconstrained, The most common example is probably the tendency
of the program to produce components with axial ratios << 0.1 ., This
is an indication that there is a barely resolved component, with a
shape that is not constrained by the data, It is often possible to
replace these components with small circular components, and vary the
size alone, Another example of this situation is the tendency of the
program to effectively remove components from the model. Users should
watch for, and perhaps remove, components with tiny fluxes and
extremely large angular sizes. Such components may have almost no

effect on the visibilities from the model, or the agreement factor.

C. Methods of Use

There are three basic ways of using the program, only one of

which seems to be common knowledge.
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1. Basic Modelfitting

In this mode of operation, the program is used to fit a model to
the data set. This is the most common method of using the program,
and has as its goal finding one or more components which represent the

structure of the source.

2, Improving a Map

There is a mode of the program which can be used to improve a
source map, It is especially useful when the source being mapped has
extended structure which is only just detected on the shortest few
baselines, To use this feature of the program, the user answers 'yes!
when the program asks if there will be an underlying constant model.
This implies that the program, after being told the appropriate file
names, will calculate the model visibilities from the underlying map
first, Then, when calculating the agreement factor of the overall
model, the program will add the model visibilities of the underlying
map to the visibilities of the variable components to find the overall
model visibilities, The procedure is exactly equivalent to
subtracting a map from the data set, and then fitting to the
residuals, It is a reliable method for locating extended structure,
but convergence may be slow, and care must be taken that pathological,
unconstrained components are not introduced. The maps of both 3C147
and 3C380 in this thesis were significantly improved with this method

(see chapter 2).
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This technique can also be used to speed convergence of a map
towards the final map as mapping iterations are proceeding. The basic
technique is to fit extra components and the CLEAN output map to the
data set before starting the next iteration through the mapping
procedure. Trial and error effort suggests that it is not a good idea
to modify the clean map before trying to find the extra components;
rather, simply use the clean map as the underlying model, and fit one
or two components on top of it to the data, If the data set is well
calibrated, the flow diagram in Figure Al is a useful guide to this
technique, It tends to produce a map which fits the original
calibrated data set as closely as possible, but which also represents
the most extended structure. There is probably no point in using
MODELFIT in this way until efforts at finding an ordinary CLEAN map
have reached an unsatisfactory conclusion. If the main problem with
the map is missing structure on the shortest baselines, only one
fitting step might be needed; in the case of 3C48 (see chapter 2),

several iterations through Figure Al were required.

3. Modeling a Map Component:

A final capability of the program is to model components in a
complicated source, Using the final clean map of a source, the user
subtracts all the delta functions from the region of interest, then
uses the leftover map as the input for the underlying model in
MODELFIT. It is then possible, for example, to find the parameters

which describe the core on a complicated map, and yet still have a
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model which fits the data as well as, or better than, the final clean
map. The parameters of such repacement components are usually tightly
constrained; the main difficulty is defining the area in which the

delta functions of the map are to be deleted.

C. Estimating Errors

It is possible to estimate the errors in the fit components,
From Bevington, a lo change in the AF corresponds to a change in the
AF of 10 = AF le/2 . The factor AF on the right side comes from
assuming that, for a perfect model, the difference between the AF and
1 is caused by incorrect estimation of the errors. This 1is wusually
the situation with VLBI data, since it is convenient to neglect the
systematic errors from calibration in the final errors on the data.
This is a statistically correct estimation of a 1o change, but is
difficult to apply in practice: for each component parameter for
which an error estimate is needed, it is necessary to first find the
best model possible, then find how far in each direction the parameter
of interest must be changed to produce a lo error, when the other
variable parameters of the model are allowed to change,
Alternatively, bounds on the lo error limits can be found by finding
the magnitude of change in the parameter of interest which causes a lo

change in the AF while the other parameters are held constant.
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D, Tricks

There are some tricks which can be used to improve the output
model, or speed the program on its way. They are recommended to

experienced {(or frustrated) users,

1. Averaging the data, Unless the user is trying to produce an
exact fit, averaging the data by a factor of two or three

will speed the program up by almost exactly the same factor.

2. Alternating component types. Once a model seems to have
reached a local minimum, you are stuck, unless you can "kick”
it on its way. One method for doing this is to change the
component types from gaussian to tapered disk, fit once
varying only flux and axis, fit again wvarying all the
parameters, then change the component back to the original
type and do another 2-step fit (axis and flux, then all
parameters). This will often significantly improve the
model, and is a way of getting out of local minima on your

way to a global minimum,

Reference
Bevington, P.R., "Data Reduction and Error Analysis for the Physical

Sciences”, McGraw—Hill, Inc., New York, 1969,

Caption for Figure Al

Flow diagram guiding the use of MODELFIT as an aid in mapping.
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Appendix B

Calibration of Weak Fringes

Linfield (1981) discusses a method for correcting for the bias in
the visibility amplitudes introduced by noise (Moran, 1976; Purcell,
1973), A difficulty with the procedure he describes for eliminating
the bias in very weak data is that it requires an estimate of the
fraction of data which failed to converge due to a 1limit on the
signal—-to—noise ratio (SNR), I have changed my original empirical
method of correcting the data (described by Linfield) so that this
estimate is mno longer required, and incorporated the new method into

the program UNBIAS.

In UNBIAS, an estimate of the average SNR for a given time
interval is determined from the data, and then a polynomial P(SNR) is
calculated to find the multiplicativé correction factor, The effect
on data is shown in Figures Bl and B2, In Figure Bl, the relative
fringe amplitude is plotted as a function of SNR (the SNR was varied
by varying the coherent integration time). The curve through the data
points in Figure Bl is the empirical correction curve applied to the
data to produce Figure B2. Note that the correction is applied only
to the amplitudes, and not to the errors, so that the lowest SNR data

have their SNR reduced even further,
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Figure Captions

Figure Bl: The relative amplitude as a function of SNR. The curve

through the data is the empirically derived correction function,

Figure B2: Amplitude data as a function of SNR after correction by

UNBIAS.
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