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ABSTRACT

Long-baseline interferometry has been used to study
the structure of thirteen compact radio sources at 606 MHz.
The baseline was 3324 kilometers long and nearly east-west
in orientation, so that the maximum éngular resolution was
about a hundredth of a second of arc for each source.

There were two series of observations, made on June
29 to July 1, 1971, and February 3 to 6, 1972, For most of
the sources observed in each session, the correlated flux
was measured from ten to forty times over a wide range of
hour angle, with a standard error for each measurement of
about 0.12 flux unit. A few sources were observed less
often. Simple source models were then fitted to the data
and compared to the models proposed by other observers.

The data for most of the sources were found to be
consistent with models containing an elliptical halo con-
centric with an unresolved core. 3C 147, 3C 273, and
3C 279 appear to be more complicated, however. The obser-
vations of 3C 84, 3C 279, and 3C 345 also show evidence of
weak structure at relatively large distances from the
strong central components.

P1345+12 and CTD 93 were observed only in the first
session, and 3C 120 and 3C 286 only in the second session.

CTA 21, 3C 84, 3C 147, 3C 273, 3C 279, 3C 345, 3C 380,
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CTA 102, and 3C 454.3 were observed in both sessions, and

all but CTA 21 and 3C 380 gave strong evidence of changes

in flux or structure during the interim. These changes

appear to be intrinsic to the sources, and not the result

of instrumental effects or scintillation phenomena.
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CHAPTER 1

INTRODUCTION AND THEORY

Introduction About fifteen years ago conventional

ideas of galactic evolution began to undergo a profound
change. At that time astronomers thought of galaxies,
generally speaking, as massive condensations of matter
whose angular momentum and mass had attained equilibrium
distributions billions of years ago and could be expected
to persist unchanged for billions of years to come. The
shortest time scales associated with important changes in
structure or external appearance were considered to be
those connected with the evolution of the stellar content
and the associated distributions of gas and dust; conse-
quently one pictured galactic evolution as proceeding with
majestic deliberation over intervals of millions of human
lifetimes.

More recently, however, we have come to believe
that in the dense central parts of galaxies and quasi-
stellar objects significant evolutionary events can occur
much more rapidly, on time scales of millions or thousands
of years, or even less. Indeed, it appears that in some
objects consequential developments can take place -- have
taken place -- within the experience of a single observer.

This revelation has been a dramatic one for observational
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astronomers, and theoreticians too; but at the same time
it has not, as yet, become revolutionary in the sense of
introducing new principles or novel physical processes.
Rather, it has come about primarily through the accumula-
tion of a large and growing, though still very poorly
understood, body of observations.

Although the evidence accumulated slowly at first,
a definite trend had certainly developed by 1959, the year
in which the Burbidges and Prendergast's reinvestigation of
NGC 1068 (16), together with Woltjer's theoretical specula-
tions (107), spurred a renewed interest in Seyfert galaxies.
By 1963 a spectacular series of developments culminated in
a comprehensive review article by Burbidge, Burbidge, and
Sandage (20), in which the authors brought together for the
first time all the evidence of violent activity in galactic
nuclei (including quasars), clearly defined the problems
involved, and pointed out their enormous importance. Now,
almost ten years later, we are more acutely aware than ever
of the crucial role played by galactic nuclei in almost
every phase of extragalactic astronomy. Yet new and
puzzling discoveries continue to follow one another with
such bewildering rapidity that even now we are better able
to measure our progress by the questions we have learned to
ask than by those we have been able to answer. As Geoffrey
Burbidge put it in a 1970 review paper (18, p. 453),

"Clearly we are only at the beginning as far as both



-3

observations and theory are concerned. Further studies of
nuclei are essential if we are ever to make real progress
in understanding the formation and evolution of galaxies,
the overall energetics of the Universe, and cosmology."

Throughout the brief history of these studies radio
observations have occupied a position of special importance.
In the beginning, the detection of nonthermal radio emis-
sion was often the first indication of violent activity in
extragalactic sources, and served to draw attention to
whole classes of interesting objects. More recentlyvradio
methods owe their ascendancy to their superior resolving
power, which can be exploited by three different kinds of
observations: lunar occultation, scintillation, and inter-
ferometry. (Cohen's review article (29) delves into the
history and techniques of all three.) The first two
methods, though, are strictly limited in their scope by the
uncontrollable and usually inconvenient parameters of the
measuring apparatus -- namely the moon and the inter-
planetary plasma. For resolutions better than 0Y2 or so,
or for carefully controlled, reproducible studies of arbi-
trarily chosen sources, long-baseline interferometry is
really the only practical alternative.

Interferometric methods have been used to study
radio source structure since 1946, but the baselines of
conventional systems are severely restricted by the need

for a direct electrical connection between the two stations
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during the observations. As a result the angular resolu-
tion of these systems is limited, for practical purposes,
to about 0?01 even at short centimeter wavelengths.
Shortly after the discovery of quasars, however, it became
apparent that many compact sources were likely to have diam-
eters of 0.001 or less, so that new techniques would be
required in order to study them. In subsequent vears
several such systems have been developed (29), all of which
employ independent local oscillators at the two observing
stations and use magnetic tape to preserve the output wave-
forms for later correlation. Since these systems are
limited in resolution only by the accessibility of remote
sites, the technique has come to be known, regrettably, as
"very~long-baseline interferometry" or VLBI -~ a term that
misses the essential point completely. "Independent-
oscillator interferometry" would be more apropos, but the
current terminology is firmly entrenched and not likely to
be supplanted.

During the past five years VLBI has contributed
greatly to our knowledge of compact sources, yet the tech-
nique is far from realizing its full potential. It has
been used at frequencies ranging from 18 to 22,200 MHz and
on baselines of 200 meters (for tests) to 10,600 km, with
most of the observations devoted to compact extragalactic
objects. Resolutions of 0.001 or less, sufficient to detect

structure as small as a parsec at the distance of the
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Perseus cluster, are commonplace. Optical methods cannot
as yet even approach this resolution for objects as faint
as quasars, and so VLBI will remain for some time to come
our only means of probing many of the most interesting
compact objects.

On the other hand much of the work to date has been
exploratory, and many of the results rather crude. The
first studies were principally surveys designed to test the
equipment and to determine the approximate sizes of a large
number of sources. More recently interest has concentrated
on a relatively small number of the most interesting
sources -- principally those whose smallest-scale structure
varies markedly in time. As a result the bulk of these
more detailed observations have been made at the relatively
short wavelengths, less than 21 cm, at which the wvaria-
bility was thought to be most pronounced. Increasingly,
the emphasis has been on combining results from different
baselines and frequencies to produce crude maps of the
source structure.

My own program, the subject of the chapters that
follow, has been an attempt to build on the earlier work by
selecting a few of the strongest and most interesting
sources and observing them as thoroughly as possible (on a
single baseline) at a frequency and resolution that had
previously been neglected. The NRAO-Cornell-Caltech group

had already amassed a large body of data at 6, 13, and
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18 em (22,23,24,33,34,58,59,60), along with sparser glean-
ings at 2.8 and 3.8 cm (9,30,31,97); and the Canadian team
had published a sizable mass of observations at 67 and
73.5 cm (11,12,13,28,45). Between 18 and 67 cm, however,
was a wide lacuna containing only a single small set of
published results (55). To help bridge this gap I selected
an observing frequency of 606 MHz (49.47 cm wavelength).
This frequency was convenient because it lies in a protected
band and because appropriate radio-freguency amplifiers
were readily available. In addition I hoped it would allow
a really fruitful comparison with the Canadian results, in
which I was particularly interested. Together with the
antennas selected, the 130-foot at Owens Valley Radio
Observatory and the 140-foot at NRAO, the frequency estab-
lished a baseline having a maximum resolution of about 0.01.

The objective of the program was to learn something
about the structure of the sources observed, by fitting
simple models to the data and comparing those models to the
ones proposed by other observers. Therefore I tried to
design the experiment in such a way as to make the models
as veritable as possible and to escape some of the diffi-
culties encountered in previous work. More than anything
else I wanted to avoid the uncertainties involved with
interpreting a heterogeneous collection of data assembled
from observations made on different baselines, using differ-

ent equipment, at epochs months apart. Formerly, when a
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given source was customarily observed only a few times in
each observing session, one sometimes had to proceed in
this way in order to put together enough information to
derive a model; but the calibration problems entailed by
such a procedure are formidable at best, and if time-
varying components are involved they can become intractable.
In this second-generation experiment it was possible
to proceed more systematically. All the observations were
made on the same baseline using virtually the same equip-
ment and were reduced uniformly. Furthermore, although
there were two observing sessions separated by seven
months, each of the sessions was designed to be complete in
itself, so that the data from each could be reduced and
interpreted independently. As originally conceived the pur-
pose of the first session was to obtain fairly complete
data and a preliminary model for each source, and to iden-
tify especially complex or otherwise interesting sources
requiring more exhaustive study. Then the second series of
observations would be used to fill gaps in the first series,
resolve discrepancies, examine the most interesting objects
in more detail, and possibly to look at some additional
sources. The unexpected appearance of changes in the ap-
parent structure of several of the sources during the inter-
val between the two series later modified this plan, but it
also justified my concern with the problem of assembling a

self-consistent body of observations.
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In selecting sources I relied mainly on the pre-
vious results cited above but also drew on other observa-
tions when possible. Since I planned to construct source
models it was also necessary to choose from the strongest
sources, in order that the correlation amplitudes remain
well above the noise level even when the sources were fairly
well resolved. This restriction narrowed the field of can-
didates considerably but left a group of twelve that seemed
almost certain to have measurable structure in the range
being investigated: CTA 21, 3C 84, P0403-13, 3C 119, 3C 147,
3C 273, 3C 279, 3C 287, 3C 286, 3C 309.1, 3C 380, and
3C 410. Ten further sources comprised a list of secondary
interest: 3C 48, 3C 120, 3C 343, 3C 343.1, 3C 345, P2127+04,
P2135-14, NRAO 667, P2203-18, aﬁd 3C 446. Table 1-1 lists
the sources that were actually observed in one or both

sessions, along with their redshifts and 606-MHz fluxes.

Theory Several authors have written excellent
summaries of radio interferometry and aperture synthesis
techniques. Perhaps those of Bracewell (8) and Swenson
(102) are among the best. Here it will suffice to point
out that what one observes directly with a two-element
interferometer is a single point in the Fourier transform
of the (two-dimensional) brightness distribution of the

source. That is,



TABLE 1-1

The Sources Observed, with

Their Redshifts and Fluxes

SOURCE REDSHIFT (z) FLUX (606 MHz)
CTA 21 ? 9.2
3C 84 0.018 24
3C 120 0.033 5.4
3C 147 0.545 38
3C 273 0.158 46
3C 279 0.536 11.3
3C 286 0.846 19
P1345+12 ? 7.7
CTD 93 ? 3.9
3C 345 0.594 8
3C 380 0.691 26
CTA 102 1.037 6.7
3C 454.3 0.859 13
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f f B(X’y)e—i2ﬂ(ux + vy) dx dy
viu,v) = I (1-1)
[ | B(x,y) ax dy

In this formula V(u,v) is the observed quantity, usually
called the complex visibility function, and B(x,y) is the
corresponding brightness distribution over the source. As
formulated here x and y are in radians. The transform
variables u and v are physically the components in the
east-west and north-south directions, respectively, of the
projection of the interferometer baseline (see below) onto
a plane perpendicular to the line of sight to the source.
Their units are wavelengths at the observing frequency,
and they can be expressed in terms of the interferometer

and source parameters as

_ D _
u = ¥ cos 6i cos 0 and (1-2a)
v = -]% (sin §, cos 6 + cos §. sin §_ sin 6) (1-2b)
1 S 1 S

where D and A are the length of the baseline and the
wavelength, respectively,
Gi and GS are the latitude of the baseline and the
declination of the source, respectively, and

0 is an angle usually called the "interferometer

hour angle," or IHA.
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In terms of more familiar quantities,

8 = GST - ¢, - a_ = 12T- (1-2c)

where GST is the Greenwich sidereal time,
¢i is the longitude of the baseline, and

g is the right ascension of the source.

Observe that (l1-2a,b) are the parametric equations of an
ellipse, with 6 as the parameter. Thus, as the earth and
baseline rotate the observation point describes an ellipse
in the transform plane.

Finally, note that the word baseline, as used here,
means formally the line segment drawn from some reference
point at one of the two telescopes, to the corresponding
point at the other telescope. For convenience one often
thinks of the baseline as having been translated (without
rotation) so that its center lies at the center of the
earth. The longitude and latitude of the baseline then

refer to the axis along which the baseline lies.
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CHAPTER 2

EQUIPMENT AND OBSERVING PROCEDURES

Equipment All the equipment was virtually iden-
tical in the two observing sessions. Figure 2-1, which
applies to both stations, indicates schematically the ar-
rangement of the main components. The following para-
graphs describe each of these components in more detail.

The two telescopes were the 140-foot diameter para-
boloid at the National Radio Astronomy Observatory in Green
Bank, West Virginia, and the 130-foot paraboloid of the
Owens Valley Radio Observatory near Big Pine, California.
Table 2-1 lists the important parameters of the instruments
and the baseline. The local horizon generally limited
observations at both stations to zenith distances less than
75 degrees, and the hour-angle limit of the NRAO instrument
(at seven hours) further restricted observation of the most
northerly sources.

The feeds, designed at NRAO, were identical at the
two stations. They consisted of two center-fed half-wave
dipoles mounted perpendicular to one another over a ground
plane, and connected through a hybrid junction in such a
way as to receive radiation right-circularly polarized
(according to the IEEE convention) at the source.

Circularly polarized feeds are required in order to
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Figure 2-1. Simplified block diagram of the receiver.
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TABLE 2-1

Parameters of the Telescopes and Baseline

PARAMETER NRAO OVRO
Aperture diameter (m) 42.7 39.6
Aperture efficiency (606 MHz) =50% >50%
Longitude 79°50'09.5 118°16"'55.0
Geodetic latitude +38°26 15" +37°15 54"
Geocentric latitude +38°15 ' 02" +37°02"47"
Geocentric radius (m) 6,370,816 6,371,635
Height above mean 826 1216
sea level (m)

BASELINE*
Longitude 7°43'000
Geocentric latitude +1°49'09"6
Length (m) 3,324,155
Length in wavelengths (606 MHz) 6,719,442

*The baseline coordinates were determined interfero-
metrically. The values quoted are nearly, but not

exactly, consistent with the station coordinates.
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avoid the decorrelation of linearly polarized signals

caused by differential Faraday rotation. Late in the morn-
ing, at a frequency of 606 MHz, the difference in rotation
between the two antennas could conceivably exceed half a
radian. Unfortunately it is difficult to design a circular-
ly polarized feed that illuminates the dish efficiently.
Despite the fact that the dipole arms were tilted back
slightly toward the ground plane in an attempt to narrow

the beam, these feeds picked up about 100 K of spillover, a
substantial fraction of the total system temperature.

The radio-frequency amplifiers were identical one-
stage transistor amplifiers designed and built at the
National Astronomy and Ionosphere Center. They contributed
about 18 dB gain.

After being heterodyned down to an intermediate
frequency of 30 MHz (at NRAO, 150 MHz) and further ampli-
fied, the signals at both stations entered Mark II VLBI
recording terminals. These terminals, together with a
"reproduce terminal" (described in Chapter 3) and a set of
computer programs, comprise a complete system for recording
and analyzing VLBI data. Since this system has been de-
scribed in detail elsewhere (26), I shall here merely out-
line the operation of the record terminal.

Figure 2-2 is a considerably simplified block
diagram of the Mark II terminal. The i-f signal, at 30 MHz,

first enters a section called the i-f converter. Here the
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signal passes through two additional mixing stages, with
amplifiers and filters, which reject the upper side band
(in this case the r-f signal between 607 and 609 MHz) and
translate the lower side band, originally 605 to 607 MHz,
to the video band extending from 2 MHz down nearly to zero.
A clipper then transforms the video signal into a square
waveform suitable for sampling.

In the next stage a sampler, carefully synchronized
with the other functions of the terminal, samples the sign
of the clipped video at intervals of a quarter of a micro-
second (the Nyquist rate for a 2-MHz bandwidth) and sends
the digital data on to the format unit.

The function of the format unit is to prepare the
data for recording on video tape. The format itself is
largely imposed by two dominant considerations: the electri-
cal and mechanical aspects of the recording process, and
the need for precise synchronization when two tapes are
correlated. The recorder used in the terminal is the Ampex
VR660-C, a commercial model designed for television work.

The tape, two inches wide, moves at 3.7 inches per
second along a helical path around a cylindrical drum.
Inside the drum, spinning at 30 revolutions per second, is a
circular disk in which two recording heads are mounted on
opposite sides. The two heads write alternately on the tape,
for intervals of a sixtieth of a second. As it writes,

each head follows a diagonal path about eleven inches long,
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nearly from one edge of the tape to the other. Thus the
basic unit of recording time is a sixtieth of a second

(a "frame" in television parlance), and one function of the
format unif is to insert patterns of synchronizing bits at
the beginning and end of each frame. For convenience at
playback, coarse timing information of the same precision
is also recorded along an audio track near one edge of the
tape.

Since the coherence time of the video data is only
half a microsecond, however -- and since the recording and
playback processes are less than perfectly stable -- it is
necessary to supply timing information to the playback
processor more often than sixty times a second. Therefore
the format unit injects another short pattern of synchro-
nizing bits into the data every 512 microseconds. All the
timing bits displace data, of course, but the fraction lost
is negligible.

The last function of the format unit is made neces-
sary by the fact that the frequency spectrum of the data
waveform, extending over many octaves, is unsuitable for
recording. In the diphase encoder this waveform is trans-
formed to a higher frequency range where it occupies only
about one octave. The resulting signal, after being
clipped, is finally used to hard-drive the heads of the
recorder.

Among the remaining elements of the receiver,
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the most critical of all is the frequency staridard. When
VLBI experiments fail the cause, more often than not, is in
the phase stability of the receivers or in the timing. 1In
this experiment both stations used Hewlett Packard Model
5065A rubidium vépor frequency standards. The 5-MHz out-
put from these standards served to phase-lock the fre-
quency synthesizers which generated the local oscillator
signals, to synchronize the various functions of the Mark
IT record terminals, and to drive auxiliary clocks. Using
these standards at an observing frequency of 606 MHz, one
might hope to integrate the fringes for several minutes
without appreciable loss of coherence. Actually, in this
experiment ionospheric fluctuations were probably the
principal factor limiting the coherent integration time, at
least during the day.

The only other part of the system worthy of particu-
lar attention is the noise diodes used to calibrate the
system temperature. VLBI observations are insensitive to
receiver gain variations, but the total system temperature
is a parameter that affects the results directly, and so it
must be monitored. In theory one could use calibrated
noise sources to measure the system temperature directly,
but in practice it is difficult to make a reliable determi-
nation. Even without accurate calibration, however, rela-

tive system temperature measurements are easy and for my
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purposes were adequate.

Estimates of the absolute system temperature were
made in two ways -- by assuming an effective temperature
for the noise source, and by observing sources of known
flux density with an assumed aperture efficiency of fifty
percent. The results of the two methods were consistent
and indicated that the total system temperature at OVRO
was near 600 K during both observing sessions, while the
temperature at NRAO was in the neighborhood of 350 K.

Of the total, perhaps 15 K can be attributed to sky back-
ground, 100 K to spillover, 200 or 250 K to the r-f ampli-
fier, and the remainder to later stages of the receiver,

notably the first mixer and the first i-f amplifier.

Observing Procedures The first observing session

began at UT 1200 June 29, 1971, and ended at UT 2000
July 1, 1971. Between UT 1200 and 2000 on June 30 there
was an eight-hour interruption for the weekly preventive
maintenance at NRAO, so that 48 hours remained for set-up,
tests, and observations.

The main objective of the observations was to
measure the visibility amplitudes of CTA 21, 3C 84, 3C 147,
3C 273, 3C 279, 3C 345, and 3C 380 as thoroughly as pos-
sible as a function of hour angle, and the observing sched-
ule was organized so as to make the measurements efficient-

ly. In order to minimize the amount of time spent slewing
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the telescopes I grouped the sources in close pairs --
for instance 3C 273 and 3C 279, 3C 345 and 3C 380 -- and
generally observed each pair in alternation. This strata-
gem usually kept the transit time between sources under
four minutes, although it failed badly when CTA 21 and
3C 84 crossed the meridian on opposite sides of the zenith
at OVRO (where the telescope is on an altazimuth mount).
Certainly the most important question in planning
the schedule was how long to make the individual observa-
tions. Several factors influenced the decision. Before
each observation the observers at both stations fired their
noise tubes momentarily to measure the system temperature.
This measurement took a minute or so, and in order to in-
clude the source contribution it had to be made after the
telescope was properly pointed. Hence the minimum interval
between observations was sometimes as long as five minutes,
and it would have been inefficient to make the observations
shorter than the gaps. The requirement that the errors in
the measurements be smaller than five percent also imposed
a lower limit at about the same level, six or seven minutes.
On the other hand it is desirable to alternate be-
tween sources as rapidly as possible for two reasons: first,
to observe the accessible hour-angle range as uniformly as
possible, avoiding gaps in the data which would obscure or
confuse part of the source structure; and second, to make

as many independent measurements as possible, so as to have
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enough redundancy to be able to recognize occasional bad
data.

Weighing the various considerations I settled on
ten minutes as a standard observation time. This choice
made it possible to observe most of the sources twice an
hour with adequate precision. Occasionally the schedule
allowed longer observations, up to an hour in several
instances.

In addition to the seven principal sources there
were four presumed calibrators on the schedule -~ P1345+12,
CTD 93, CTA 102, and 3C 454.3 The presumption was that at
least one or two of the four would be completely unresolved,
would yield a constant fringe amplitude independent of hour
angle, and could be used to establish the flux scale for
the other sources. But all four turned out to have inter-
esting structure, which in at least two cases varies marked-
ly in time. This development was exciting, but it inter-
fered badly with the flux calibration, as discussed in
Chapter 3. In any case I observed these sources less often
than the rest, emphasizing disparate baselines to assure
that they really were unresolved. Furthermore I observed
them for only five minutes at a time instead of ten, hoping
that each source could be represented by a single average
fringe amplitude.

The second set of observations lasted from UT 1300

February 3, 1972, until UT 1300 February 6, 1972, although
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it was interrupted several times by bad weather and atten-
dant problems at NRAO. It closely resembled the first
series, and the few changes were more tactical than strate-
gic. The basic observation interval remained ten minutes,
and we still monitored the system temperature by firing a
noise source just before each observation. Of the sources
from the first session the principal seven (CTA 21, 3C 84,
3C 147, 3C 273, 3C 279, 3C 345, and 3C 380) were again on
the schedule, now joined by 3C 120 and 3C 286. I had given
up as hopeless the notion of calibrators, and abandoned
P1345+12 and CTD 93 entirely; but CTA 102 and 3C 454.3
returned as interesting objects in their own right.

The additional observing time in the second session
made it possible not only to repeat most of the observa-
tions from the first, and to fill in gaps, but also -- as I
had hoped -- to reexamine some of the most complicated
sources in more detail. In fact, there was enough time to
observe 3C 84, 3C 147, and 3C 279 continuously through an
entire apparition.

Tables of all the observations, for both sessions,

will be found in Chapter 4 along with the source models.
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CHAPTER 3

REDUCTION PROCEDURES

The reduction of the data on the video tapes
involves three distinct phases which I shall describe in
turn: recovery of the fringes, calculation of the fringe
amplitude, and application of several Correction and cali-
bration procedures.

It would not be far from right to say that there are
no data on the video data tapes =-- nothing in the way of
information about £adio source structure, at least. Rather,
the information resides in the relation between the tapes --
to be precise, in the correlation coefficient of the two
bit streams. This fact is brought home with crushing clari-
ty, from time to time, to the hapless "VLBer" who runs an
ostensibly perfect experiment only to discover that he
doesn't know the time, or perhaps the baseline, well enough
to recover the fringes. Half a loaf is better than none,
but half an interferometer is more on a par with half a
pair of pliers or half a telephone number; and even two
halves won't work unless they are fitted together in just
the right way.

In the Mark II VLBI system the unit that does this
fitting, or correlation, is the reproduce terminal. The

reference previously cited (26) describes the terminal
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thoroughly, and Appendix A discusses a few of the features
relevant to statistical considerations. To summarize, the
terminal consists of two tape players, a correlator, and
other digital hardware, including a Varian 620-I computer
that performs various control functions and writes out the
calculated correlations on a standard nine track tape for
further processing. An ASR 33 teletype also is available
for auxiliary input-output functions. The tape players
are Ampex VR660-C's, practically identical to the ones
used in the record terminals.

When the processor correlates a pair of tapes, the
computer begins by reading in the baseline parameters,
source position, observation time, and other information
needed to control the processor. This information has been
written in advance on the first few inches of the "output"
tape. Then the data tapes begin to run. Reading first the
coarse and then the fine timing information, the processor
aligns the tapes in time, offsetting them just enough to
compensate for the difference in propagation time from the
source to the two stations, and for any difference between
the station clocks.

As the processor reads the two data tapes it first
decodes them and then sends each of the resulting sequences
of bits into a buffer. Operationally each of the buffers
is like a circular array of 2048 bits, with a load pointer

going round and round dropping successive bits into
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consecutive storage locations. At the same time an unload
pointer follows along about half a cycle behind, picking up
the same sequence of bits. This device stabilizes the
correlators against small fluctuations in the rates at
which the data come off the tapes.

Leaving its buffer, one of the bit streams next
encounters a phase rotator, which supplies two auxiliary
bit streams approximating sine and cosine waves at the
natural fringe rate. The input string is multiplied by
each of these auxiliary sequences, and the two outputs go
to the correlators. This manipulation reduces the apparent
fringe rate to a value near zero, making it possible to
accumulate correlations over hundreds of thousands of bits
without smearing over an appreciable fraction of a fringe.
Since the phase of the fringes is still unknown, both the
sine and the cosine mixing are necessary in order to recover
that phase and the full fringe amplitude in the subsequent
processing. |

In the correlators the outputs from the phase rota-
tor finally meet the output from the other buffer. The
present configuration uses thirty-one adjacent delay
channels, permitting an uncertainty of plus or minus four
microseconds in the overall timing. A thirty-second channel
stores the total number of pairs of bits correlated, for
normalization. The correlations are accumulated for a

fifth of a second; at the end of that interval the contents
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of all sixty—~four channels (thirty-two sine and thirty-two
cosine channels) are written onto the output tape along
with some identification words and error information. This
entire process continues to the end of the data on the

input tapes, when the processor automatically stops.

The second stage bf reduction is the recovery of
the fringes. First, in many cases, it is possible to com-
press the data even further by averaging the correlation
coefficients over an interval of a second or two using a
program in the Mark II package called VLBAVG. In addition
to the averaging, which saves time -- and money! -- further
down the line, the program also can perform certain editing
and correcting operations. (Reference (26) gives details
of all the programs.)

Next the data tape passes to a program called
VLBAMP, which averages the fringes coherently for a pre-
determined interval by doing a fast Fourier transform on
the sequence of correlation coefficients. This process
entails a search for the fringes through some range of
residual delay and fringe rate, but at this stage one usu-
ally knows the delay within a microsecond, and the rate
within perhaps forty millihertz, so that the search is not
very extensive. For each integration interval the program
computes and prints the time, the length of the integration,

the fringe rate and delay, the fringe amplitude and phase,
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and other information, including a summary of the errors
detected in that interval during the first stage of reduc-
tion. The more important quantities also are punched on
cards.

The choice of an integration interval is important.
It must be long enough so that the signal emerges clearly
above the noise, but not so long that fluctuations in the
fringe rate reduce the coherence appreciably. Often there
is considerable latitude in the choice. I used fifteen
seconds in the first series of observations and reduced
most of the second with both fifteen and seventy-five
second integrations. The longer interval introduced a
decorrelation of about two percent, but it reduced the
noise level substantially and produced slightly better
estimates of the fringe rate and delay. Because of their
lower noise level I used the results of the seventy-five
second integrations in the succeeding steps.

The next step is to edit the cards from VLBAMP., I
began by partitioning the longer observations into sub-
observations about ten minutes long, each of them destined
to be a single point on the final visibility curves. Then
I removed the obviously "bad" data. Some cards were merely
redundant, the result of multiple first-stage processing.
When something had been manifestly wrong during the observa-
tion -- a telescope mis-pointed, say, or a noise tube inad-

vertently left on for a minute -- naturally the
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corresponding cards were rejected. Others were thrown out
because of dangerously high error rates during correlation.
In still other cases the data themselves supplied the only
indication of pathology. Wildly discordant delays and
fringe rates, accompanied by fringe amplitudes near the
noise level, were the usual symptoms. Some of these anoma-
lies probably resulted from momentary instability in one of
the local oscillators, others possibly from undiagnosed
errors in correlation.

Despite this careful pruning some bad data inevi-
tably got through. Mild decorrelation of unknown cause is
impossible to detect at this point. Only in the visibility
curves does it become manifest, and sometimes not then.
Nearly every VLBI experiment produces a few observations in
which the correlation amplitude is unaccountably five, fif-
teen, possibly forty percent lower than it "ought" to be.
The four points clustered around -5 hours in Figure 4-11b
are an obvious case, as is the point at 3.1 hours in
Figure 4-5a. But the two points at the far right in
Figure 4-l1lb are more in doubt.

After editing, the cards in each sub-observation go
into a program that computes the weighted mean values and
standard errors of the important parameters of the observa-
tion: the residual delay, residual fringe rate, and correla-
tion amplitude. Except for the amplitude, these values are

final. 1In addition the program determines the mean time of
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the observation, its length, and its mean coordinates in

the visibility (u,v) plane.

The third and last stage of the reduction procedure
applies three corrections to the raw correlation amplitudes,
attempts to establish the relation between the amplitude
scales for the two sets of observations, and finally tries
to relate these correlation scales to an absolute flux
scale.

Appendix A deals with the correction procedure in
painstaking, if not painful, detail. Here it will suffice
to observe that three corrections are necessary. First,
the seventy-five-second coherent averages must be increased
1.8 percent to compensate for the empirically determined
decorrelation due to small fluctuations in the apparent
fringe rate. The decorrelation of the fifteen-second
averages is negligible. Second, the presence of noise in
the measured correlation coefficients causes the derived
correlation amplitudes to be, on the average, a little too
large. A small downward correction counterécts this effect.
Third, all the amplitudes have to be scaled upward by a fac-
tor proportional to the geometric mean of the total system
temperatures at the two stations (see equation (A-17)).

The estimated errors in the final, corrected corre-
lation amplitudes are a by-product of the same analysis that

produced the corrections. Apart from a scaling factor these
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errors are exactly the ones that appear in the data tables
and visibility curves of Chapter 4, and that determine the
weighting factors in the model calculations. They account
only for the statistical uncertainties inherent in the meas-
urement of a signal in the presence of noise. In particular
they include no contribution due to the uncertainty in the
measurement of the relative system temperature, a factor
that was occasionally significant during the second observ-
ing session. Nor do they account for sporadic or systematic
errors such as would result from temporary instability in a
local oscillator or from antenna gain varying as a function
of zenith distance. Fortunately these additional contribu-
tions to the measurement error are generally either negli-
gibly small or so large that they command individual atten-
tion.

More interesting than the correction factors, from
a scientific standpoint, is the calibration of the two
observing sessions against each other and against an abso-
lute flux scale. During the planning of the experiment it
seened natural to suppose that these calibrations would be
more or less trivial. The flux and structure of the
sources would remain constant; therefore the shape of the
visibility curves would be the same for both sets of obser-
vations. If the estimates of the system temperatures for
the two sets were consistent, then the curves would be iden-

tical. Otherwise they would differ only by a scaling
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factor that would be apparent from the curves. With nine
pairs of curves to compare (one for each of the nine
sources common to both sessions) one could determine the
scaling factor quite accurately even if several of the
curves were incomplete,

The flux scale was to have come from the calibra-
tors in an equally direct way. The dearth of previous
observations at comparable wavelength and resolution made
the choice of calibrators difficult, to the extent that the
best information about some candidates came from scintilla-
tion surveys. Nevertheless four sources seemed more promis-
ing than the rest: P1345+12, CTD 93, CTA 102, and 3C 454.3.
If any one of these four had been completely unresolved =--
and constant in flux -- it would have established the ratio
of correlated flux to correlation amplitude and thereby
solved all the calibration problems at a single stroke.

This simple-minded scheme disintegrated rapidly.

The first series of observations revealed that none of the
four calibrators was even close to being unresolved. Worse,
the results of the second series showed definite evidence of
changes in structure in five sources, with a sixth (3C 147)
so equivocal as to be useless for calibration purposes. To
complete the disaster, only two of the remaining three sour-
ces common to both sets of observations could be put on a
flux scale consistent with the first set. It was clearly

going to be necessary to resort to indirect means to
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establish the calibrations.

The more crucial problem was the establishment of
internai consistency between the two parts of the experi-
ment, because that calibration would affect directly the
character and interpretation of the temporal variations.

I began by making the simplest possible hypothesis indepen-
dent of the observations -- namely, that no calibration

was needed. More precisely, I supposed that the best (low-
est) geometric mean system temperature measured during the
first part was equal to the best temperature measured during
the second part. This assumption was plausible because,
after all, the systems were virtually identical. The
estimates of absolute system temperature made at both
stations during the two sets of observations provided
additional support. Of course, it wouldn't do to compare
arbitrarily chosen observations from the two series, since
the temperatures were rather worse at some times than at
others; but it seemed reasonable to suppose that at its
best the system would be about equally good in the two
sessions.

This hypothesis drew more compelling corroboration
from the observations. Of the three sources that had not
shown evidence of changes in structure, 3C 380 was the most
thoroughly observed in both parts of the experiment. For
this source at least, the provisional normalization pro-

duced excellent agreement between the two sets of points.



-34-

The agreement was especially heartening since 3C 380 is a
relatively large source with apparently simple structure
and a history of only marginal variability even at high
frequency (61, p. 425). BAmong all the sources observed,
3C 380 would have to be considered one of the least likely
to change appreciably during a seven-month interval.

The observations of a second source, CTA 21, also
were consistent with the provisional normalization, al-
though the second set of data was woefully incomplete.

For the third source, 3C 273, the agreement was less good.
It appeared that if the structure had remained constant the
total flux must have increased by about ten percent (see
Figure 4-5). On the other hand the long gap in the data
from the second series made it impossible to rule out the
possibility that there had been a change in structure as
well. Moreover, 3C 273 is known to be an extremely active
variable source at short centimeter wavelengths (106,31)
with at least one component smaller than 0.005 (58,60).
Compared to 3C‘380, at least, 3C 273 seems a relatively
likely candidate for rapid variations at 606 MHz. Relying
on the preponderance of the evidence, I adopted the pro-
visional normalization permanently.

The flux calibration posed a more perplexing prob-
lem. The ideal calibrator would have been a completely
unresolved source of known flux; unfortunately the observa-

tions discovered no such source. 1In fact it is quite
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possible that no good calibrator exists for an experiment
at this frequency, resolution, and sensitivity.

The next best calibrator would be a source of known
flux and structure in which all the flux is in incompletely
resolved components. In that case one could derive the
correlation amplitude of the unresolved source from the
model. Several sources in this experiment satisfied at
least the requirement that none of the components be com-
pletely resolved. The problem is that in no case is the
structure known precisely enough to assure that the model
provides a reliable value of the unresolved correlation
amplitude. Specifically, almost all of the models involve
extended components for which the flux depends sensitively
on the size.

A more embarrassing difficulty is that no one knows
just what the fluxes of some of the sources (in particular,
the calibrators) were at the epochs of the observations.

In retrospect, we should have measured the fluxes ourselves,
concurrently with the interferometry. At the time, though,
flux measurements seemed superfluous: the sources all had
been measured carefully before, and it was "well known"

that at the low frequency of 606 MHz the fluctuations were
slow and small. Not until I had read a preprint of
Hunstead's paper (64) describing large changes in the total
flux of CTA 102 and 3C 454.3 on a time-scale of months, did

I begin to have confidence in my own observations of rapid
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variations ~-- and to realize the full dimensions of the
calibration problem. The irony was (what is really quite
natural) that my two most compact sources, which still held
out the best chance for an accurate flux calibration, were
the very ones that were varying most erratically.

For a time there seemed to be some hope of finding
the needed fluxes by extrapolating from neighboring epochs
or frequencies., Hunstead's published fluxes at 408 MHz
extend from mid-1967 to late 1970 for CTA 102, and from
mid-1967 to mid-1971 for 3C 454.3. He also quotes two
isolated measurements of 3C 454.3 at 610 MHz, made at
Jodrell Bank in 1969 and 1970. 1In addition the group at
Arecibo has measured the fluxes of both sources at irregu-
lar intervals, at frequencies of 318, 430, and 606 MHz.
Figure 3-1 summarizes the few available observations made
since the middle of 1969. Although the trends at the
several frequencies are fairly clear, the relation between
variations at different frequencies is obscure. There
certainly is no way to estimate what the 606~MHz flux of
either source was in 1971.5 or 1972.1, with a probable
error less than fifteen percent.

None the less a flux calibration was vital to the
experiment, and there was no choice but to rely on the four
original calibrators in working it out. The other sources
were simply too far resolved for their models to account

reliably for all the flux. Even in one of the most favorable
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cases, 3C 345, the model flux could easily be in error by
fifty percent. The calibrators, by contrast, were much
less resolved and the model fluxes correspondingly more
trustworthy. The paucity of observations and the uncer-
tainty in the fluxes of CTA 102 and 3C 454.3 were damaging
handicaps to be sure, but by no means lethal ones.

Table 3-1 lists the calibration data, while the
sections in Chapter 4 on the calibrators give the observa-
tions and the models. The tabulated values of the correla-
tion coefficient corresponding to one flux unit of corre-
lated flux, for the four sources, are remarkably consistent
with the exception of the second value for 3C 454.3. This
single discordance is hardly surprising in view of the
marked change in source structure -- and flux -- that seems
to have taken place during the seven months between the
two sets of observations. The mean of the remaining values
is 21.86, and I set the calibration factor equal to 22.0;
that is, a correlated flux of one flux unit produces a
(fully corrected) correlation coefficient of 0.00022. All
the flux tables in Chapter 4 were computed from the correc-
ted correlation coefficients by applying this conversion
factor.

The error in this determination is due, as we have
seen, to uncertainties in both the models and the source
fluxes, Inspection of the numbers in Table 3-1 suggests an

error of about ten percent if we agree to ignore the entry
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TABLE 3-1

Flux Calibration Data

FLUX CORRELATION CORRELATION
SOURCE (F.u.) UNITS* UNITS PER
IN MODEL FLUX UNIT
P1345+12 7.5 169.1 22.5
CTD 93 3.9 76.7 19.7
CTA 102 (1971) 6.7 162.6 24,2
CTA 102 (1972) 6.7 150.2 22.4
3C 454.3 (1971) | 13.0 266.3 20.5
3C 454.3 (1972) | 13.0 175.1 13.5

*One correlation unit corresponds to a correlation

coefficient of 10°.
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13.5, which is surely irrelevant. Considering the probable
errors in the models and fluxes, however, I suspect that
the consistency in the Table is partly fortuitous, and that
fifteen percent is a more realistic estimate of the error.
If the tabulated flux of CTD 93 is correct then the value
19.7 is certainly a lower limit, since the model was com-
pletely unresolved at the time of one of the observations
(at +2.2 hours in Figure 4-10). We can also compute an
upper limit on the conversion factor by using formula
(A-17) , because observed correlations are invariably smaller
than the formula predicts. Substituting 0.5 for n, and n,,

350 K for T,, and 600 K for Tz, we find p/S = 0.0003342,
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CHAPTER 4

SOURCE MODELS

Preliminary Considerations The need to proceed

from visibility curves to source models arises from the
motivation for the experiment -- our desire to understand
the physical processes occurring in the source. In order
to do so we want to know what the source "looks like" --
that is, what is the brightness distribution over its sur-
face. Ideally, with a large (but finite) number of well
chosen observations one could perform a complete aperture
synthesis and compute the brightness distribution directly
to some limiting resolution. This technique is standard in
short-baseline interferometry.

In long-baseline work, on the other hand, one has
very little freedom to choose his observations. The immo-
bility of the antennas restricts the observation point in
the Fourier transform plane to the single elliptical path
(for each pair of antennas) given by formula (1-2).
Furthermore, present techniques allow only the amplitude,
and not the phase, of the fringes to be measured. Even
with continuous measurements along the track, then, direct
computation of the source brightness distribution by inver-
sion of the visibility function is out of the question.

At the same time it is evident that even the few
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data available conceal considerable information about the
source structure. One might hope at least to discover
whether the source is simple or compound in structure; and
possibly to find out something about the number, size,
shape, arrangement, and relative strengths of the compo-
nents. Model-fitting techniques have proven themselves to
be a useful, though indirect and hazardous, means of
extracting some of this information.

The following section will expose some of the lia-
bilities of the method. For the present, several desirable
features are apparent: it provides a way to proceed where
none existed; it is intuitively plausible; and it lends
itself readily to analytic mathematical treatment and to
systematic statistical procedures like least-squares analy-
sis. In addition it allows us to incorporate other infor-
mation obtained independently. We already know from
previous observations, for example, that most extended
radio sources consist of one or two, or rarely three, more
or less discrete components, with the flux in each compo-
nent concentrated toward the center. Indeed, the essential
accuracy of early crude determinations of the structure of
these extended sources is the principal justification for
faith in the results of model-fitting on compact sources.

Additional information can be incorporated into the

model too. Most sources containing compact components have
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complicated spectra which give reliable information about
the number and size of the components. Equally important
are previous models of the same source, even at different
frequencies. At the present primitive stage in the develop-
ment of VLBI technique it is not always apparent what rela-
tion observations made at 18 cm wavelength in 1968, say,
bear to observations at 50 cm in 1972. Gradually these
relations are being sorted out, however, and frequently

they provide valuable clues.

The Modeling Procedure Physical plausibility and

mathematical tractability were the paramount considerations
in deciding on the general form of the models. Four types
of cémponents, all with elliptical isophotes, were avail-
able to the fitting program: uniformly illuminated disks,
limb-darkened disks, rings, and Gaussians. However, for
the limited range of baselines spanned by the observations,
the first three kinds proved virtually indistinguishable
from the Gaussians, which I used exclusively in the final
models. Each source, then, is supposed to consist of a
small number (generally not more than three) of elliptical
components with Gaussian brightness distributions. Each
component, in turn, is specified completely by six param-
eters: its amplitude (or flux), the distance and position
angle of its center with respect to some arbitrary origin

in the source, the length of its major axis, its axial
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ratio, and the position angle of its major axis. Models
constituted in this way are versatile and easy to manage,
and they conform well to the known brightness distributions
of extended sources.

Appendix B dealslwith the mathematical features of
the model-fitting scheme. Briefly, it is an iterative,
nonlinear least-squares procedure: it attempts to vary the
parameters in such a way as to find the model that repro-
duces the observations as faithfully as possible. As a
starting point for the iteration, the program requires a
moderately good initial guess. At the end of the computa-
tions it produces estimates of the standard errors in the
parameter values it has determined, along with an error
correlation matrix which is invaluable in assessing the
model. The program also allows one to hold any desired
parameters fixed -- to require that a particular component
be circular, for instance, or that all the components lie
along some given line.

In judging the results of the modeling procedure
one principle prevails: the best model is the simplest one
providing a reasonable fit to the data and consistent with
trustworthy independent information about the source. An
exéellent numerical criterion for a model is its chi-square
per degree of freedom (see formula (B-19) and the accompany-

ing discussion). For a correct model, with accurate error
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estimates, its value should be near one, The square root
of this quantity, which I have called the "error factor," is
given with each of the models in the final section of
this chapter.

Behind this simple principle lurk various traps.
Many of these problems have their origin in the initial
model. In contrast to other situations in which least-
squares analysis is habitually applied, the theory here
gives no specific idea of what kind of fitting functions
one should use. One obvious effect of this uncertainty is
a weakening of the assumptions underlying the least-squares
analysis. Another is that it is hard to know where to
begin the iteration. Because of the nonlinear nature of
the problem it is entirely possible for two or more dis-
similar models to fit the observations equally well. It
often happens, for instance, that several combinations of
separation and position angle fit a double source equally
well. The two models of CTA 21 (A and B in Table 4-2)
exemplify another kind of ambiguity. One of the two may be
correct; at least one is utterly wrong; yet the experiment
fails to discriminate between them. The implication for the
other models is perfectly clear. (0f course the likelihood
of this kind of duplicity increases rapidly as the number
of variable parameters approaches the number of data points,

one reason why simple models are inherently preferable.)
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A more likely situation occurs when the errors in
some of the derived parameter values are highly correlated.
The flux and size of an extended component generally fall
into this category, as do the separation and orientation of
a double source when the observations span only a small
range of position angles. In these cases there can be a
whole continuum of indistinguishable models.

Another ambiguity applies to almost all the models,
and the reader should keep it in mind. Because the phase
of the fringes is unknown, any model can be rotated through
180° to give a completely equivalent model. Ordinarily
this rotation is of little interest, as its effect on the
structure is nugatory; but when the model consists of a
single strong component and two or more much weaker ones,
any of the weak components can be rotated to the opposite
side of the strong component to give a model that is nearly
equivalent. Such a partial rotation does change the
structure materially. The three-component models of 3C 279
(Table 4-11) are good examples.

Despite these various hazards source models can be
enormously useful. The point is, that one must interpret
a model skeptically, realizing that at best it can provide
only a good approximation to the structure of a source.
Often it 1is just a single representative from a consider-

able family of equally plausible relatives. At worst it
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may misrepresent the source entirely.

The Models In this section are presented the

complete data from all the observations in both series,
along with the most likely model, or models, and a brief
discussion of each source. For those sources that were
observed in both sessions I computed first the models for
the larger set of data and then used the results as start-
ing points in fitting the smaller set.

The following Key explains the organization of

the data in the different tables and figures.
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Key to the Tables and Figures

Tables of the Observations The data are arranged

in five columns:

Column 1 contains the mean interferometer hour
angle (IHA) for the observation, expressed in hours. It
is jidentical to the angle 6 in formula (1-2).

Columns 2 and 3 contain u and v, the coordinates of
the observation point in the visibility plane. These
coordinates are defined in formulas (1-2a,b).

Column 4 contains the observed correlated flux,
expressed in flux units (10 "?® watts per square meter per
hertz). An asterisk following the flux indicates that the

value is suspect and has been ignored in the model-fitting.
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Column 5 contains the estimated standard error, in
flux units, of the flux in column 4. These estimates are
based on the statistical considerations discussed in

Appendix A.

Tables of the Models Each component occupies two

lines. The first line lists the parameter values, in
ordinary type, and the second gives the corresponding error
estimates, when applicable, in italics. 1In all cases the
units of the error are the same as those of the parameter
to which it refers.

The tabulated errors are standard deviations based
on the linearized least-squares analysis described in
Appendix B. Often when several parameters are highly
correlated the errors computed in this way carry the model
far beyond the valid range of the linear approximation. In
these cases I have simply put "L" for the error, to indicate
a large value. Occasionally an error was difficult to
estimate for some other reason, and in such cases the
column contains a question mark to indicate an unknown but
presumably moderate-sized value. Where no error entry
appears the parameter was not considered variable and was
held constant during the fitting.

(A final warning: the error estimates, particularly
when they are small, tend to invest the parameter values

with a meretricious infallibility. Remember that unless
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the model represents the source correctly, the parameter
values and their errors are equally meaningless.)
The meanings of the column headings are as follows:
Column 1 is simply a serial number for reference.
Column 2 contains the component flux, in flux units.
Columns 3 and 4 contain the polar coordinates of
the center of the component. r is expressed in seconds of
arc, and 6 in degrees. The origin is arbitrary but
usually has been placed at the center of the strongest
component. North corresponds to 6 = 0°, east to 6 = 90°.
Column 5 gives x, the full component length to
half-maximum intensity along the major axis. The units are
seconds of arc.
Column 6 contains o, the axial ratio (0 < o < 1).
Column 7 gives ¢, the position angle of the major
axis, in degrees. In accordance with the usual convention

north is 0°, east 90°.

Figures In the figures the data are presented
together with the corresponding models. Interferometer
hour angle, in hours, is plotted along the abscissa, and
flux, in flux units, along the ordinate. Note that the
flux scale does not, in general, begin at zero. The
error bars attached to the data are the same standard

deviations that appear in the tables.
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The meanings of the plotting symbols are as follows:

from the first series, June 29 to July 1, 1971;
as o, but data not used in model computations;
from the second series, February 3 to 6, 1972;

as @ , but data not used in model computations.
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CTA 21

A certain aura of mystery surrounds CTA 21, the
strongest source at intermediate radio frequencies without
an optical identification. Despite the renewed efforts of
Kristian (6&§), who has probed to twenty-second magnitude,
the visual counterpart of this source remains as elusive
as ever.

A less romantic reason for interest in the struc-
ture of CTA 21 is the fact that it was the primary cali-
brator in the extensive survey of radio scintillation made
at Arecibo between 1965 and 1968 (32,49). At that time the
source was still completely unresolved (1,79,4,40), and the
investigators at Arecibo assumed that its scintillation
index (that is, the fraction of the source scintillating)
was 1.0 at 430 and 611 MHz. The discovery of appreciable
structure larger than a few hundredths of a second of arc
would invalidate that assumption and upset the entire
calibration,

CTA 21's curved spectrum (35,57), which peaks at
about 900 MHz, suggests the presence of two compact compo-
nents. Both are self-absorbed at 606 MHz, but the larger
component can be expected to dominate the flux. At pro-
gressively higher frequencies the smaller component should
become more and more prominent, causing the apparent size

of the source to diminish.
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Previous VLBI observations support this model.
Observations at 18 cm (23,24) indicate a size near 0.01.
Kellermann and others, combining data at 6 and 18 cm,
derived a size of 0.008 for a simple source model (58),
but later, with more extensive data, suggested a core-halo
structure in which the halo is about 0701 in diameter,
while the core is less thén 09002 (60). Broderick and
others (10) laudably forebore to propose a model based on
their scanty data, but their 13-cm observations indicate a
size somewhat smaller than 0.01.

Data at relatively low frequencies, including the
present observations, imply a somewhat larger size in
agreement with the core-halo model. Early Canadian work
(12) suggested a diameter of about 0?02 in position angle
95°, The same group's more recent model, however, is
rather different: two equally intense unresolved components
separated by Ofll in position angle 70° (28). This model
is founded on a larger but less homogeneous body of data
(11) than the earlier one. The large separation is defi-
nitely inconsistent with other observations.

The 606-MHz data are listed in Table 4-1 and plot-
ted in Figure 4-1. The hour-angle coverage in 1971 was
fairly complete, although the point at -2.82 hours is
unquestionably bad. In the 1972 data there are only four

reliable points, so that it was impossible to do more with
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them than check for consistency with the earlier observa-
tions. A sizable fraction of the data after 3.8 hours had
to be deleted because of anomalously low correlation ampli-
tudes, and evidently the same contagion, whatever it was,
infected the rest of the observation as well. The apparent
maximum in the visibility is therefore almost certainly
spurious.

Modeling was difficult because the visibility curve
is of a particularly simple form that submits to a variety
of interpretations.. (Note, however, that circularly sym-
metric forms are impossible.) Model A (Table 4-2), an
equal point double, fits well but has a serious deficiency:
it accounts for only about 66 percent of the flux. Model
B, an elliptical model that fits equally well and accounts
for all the flux, is more consistent with the earlier ob-
servations, although it lacks an unresolved core. Similar
models with a core do equally well however: model B' (which
is not plotted) shows that as much as 20 percent of the
source flux can be concentrated at the center of the ellip-
tical halo without disturbing the observed visibilities in
the least. The large error estimates in this model reflect
the uncertainty in the flux distribution.

Thus, while the observations confirm the trend of
earlier work, they still fail to define clearly the struc-

ture of the source. If one allows the model to supply less
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than the total source flux a variety of equal and unequal
double models are possible in addition to the simple ellip-
tical forms, with and without cores.

In fitting models to the four points from the
second session I simply tried to verify that the data were
compatible with models A and B. For each model only the
flux was allowed to vary, and the resulting small changes
and excellent fits show that the data are indeed compatible
with the prior models. This absence of secular variation
is also consistent with the total-flux observations at
Arecibo, in which no significant changes have been seen at

318, 430, or 606 MHz over a period of several years (56).
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TABLE 4-1

Observations of CTA 21

EPOCH THA u (Ax10°) | v (Ax10°) | CORR. FLUX | ERROR
1971 | -3.824 3.622 -1.390 5.11 0.10
-2.822 4.966 -1.070 3.97* 0.10
-1.784 5.997 -0.648 4.36 0.10
-0.951 6.509 ~0.262 3.97 0.10
+0.054 6.715 +0.232 4.11 0.10
0.720 6.597 0.559 4.19 0.10
1.974 5.839 1.140 5.08 0.10
2.136 5.693 1.209 5.05 0.10
2.302 5.533 1.278 5.08 0.10
2.470 5.360 1.345 5.07 0.10
2.638 5.178 1.410 5.34 0.10
2.761 5.037 1.457 5.23 0.14
3.056 4.678 1.563 5.33 0.10
3.222 4.465 1.619 5.55 0.10
3.388 4.243 1.672 5.69 0.10
3.557 4.009 1.724 5.78 0.10
3.723 3.771 1.771 5.71 0.10
1972 1.342 6.306 0.856 4.53 0.12
2.344 5.490 1.295 4.717 0.11
2.845 4,937 1.488 5.14 0.11
3.348 4.297 1.660 5.51 0.11
3.959 3.420 1.834 5.24% 0.18
4.178 3.084 1.887 5.34% 0.11
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3C 84

Optical astronomers are more familiar with 3C 84 as
NGC 1275. The brightest member of the Perseus cluster, it
is a classical Sevfert galaxy (96), but one with some
rather bizarre refinements all its own. Unlike the other
classical Seyferts, which are all relatively nearby spiral
systems, it defies precise classification, but it clearly
is neither a regular spiral nor an elliptical (74). Easily
its most remarkable feature is the enormously extended and
rapidly moving system of filamentary structures that seems
to have been ejected from the nucleus (73,14). As Lynds
(68) points out, his Ha interference photograph centered at
6694 R bears a striking resemblance to the Crab nebula --
on a vastly greater scale.

The radio source in the neighborhood of NGC 1275 is
no less extraordinary. On the largest scale there seems to
be an extended source of low surface brightness spread over
a large part of the whole Perseus cluster (83). Centered
on the galaxy is a smaller component about 5' across having
a considerably steeper spectrum. This component is typical
of strong radio galaxies. Finally, at or near the optical
nucleus are two compact components both of which vary in
time (61, p. 438).

The smaller of the two compact components is more

actively variable and dominates the flux at wavelengths
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shorter than 11 cm. Early measurements at Jodrell Bank
(6,79,40), made at 21, 11, and 6 cm, established progres-
sively smaller upper limits on its size and ultimately
showed it to be smaller than 0?01 at 6 cm. As VLBI obser-
vations accumulated at 6 and 18 cm (58,24,60) a model con-
sistent with Kellermann's partition of the curved spectrum
emerged, in which the smaller component has a size near
0?001 while the larger has a diameter of 0?02 to 0?03.
Other observations, however, indicate that the smallest-
scale structure may be more complicated, with several com-
ponents in the OYOOl range (31).

At frequencies between 300 and 1400 MHz the larger
compact component should predominate, but the Canadian
model (28) takes no cognizance of it, proposing instead a
double source consisting of two equal components 0?0008 in
diameter separated by 0?037 in position angle 175°. Such a
structure is difficult‘to reconcile with the source's
highly suggestive flux spectrum, not to mention the exten-
sive interferometry at short centimeter wavelengths.

The 606-MHz data (Table 4-3 and Figure 4-2) are
incompatible with a point double source, but a single ellip-
tical component fits them, and Kellermann's flux partition,
rather well. As usual in a model of this sort the esti-
mates of size and flux are closely interdependent, and

foreknowledge of the flux is a great help. In the case of
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3C 84 we know from the spectrum that the extended component
contributes about eight flux units at 606 MHz, so that the
model needs to supply only about sixteen.

The 1971 data (Figure 4-2a) deviate about twice as
far from model A (Table 4-4) as one would like, but the
correspondence of overall trends is clear. Besides, even
the largest deviations amount to only about three percent
of the total flux in the compact components, and so the
departures from a perfectly smooth gaussian brightness dis-
tribution, needed to produce them, are very small. It
would be easy to dismiss the two low points at 1.29 and
2.35 hours as examples of mild anomalous decorrelation,
except for the fact that they coincide so well with minima
in the more complete 1972 data.

The 1972 data (Figure 4-2b) are systematically and
unmistakably different from the 1971 set, strong evidence
that a change in structure has taken place. Yet surpris-
ingly, the change in model A required to reproduce the
change in the visibility curve is rather small. In fact, a
shortening of the major axis by six percent is the only
significant difference. In deriving this model I assumed
that the flux had remained constant. Those who prefer that
their sources expand, rather than contract, can achieve the
same effect by making the minor axis -- or, if you like,

both axes -- longer and increasing the flux at the same
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time. The increase will have to be uncomfortably large,
though, and the whole procedure violates the principle that
models for the two epochs should be as nearly alike as
possible.

Model B in Figure 4-2b was inspired by the fact
that the discrepancies between the data and the simple
elliptical source model were smaller and more systematic in
the second session. The locations and shapes of the two
additional components are quite uncertain and definitely
not to be taken seriously. At the same time the ripples in
the data appear to be authentic, and the model gives a good
idea of the amount of flux and the distances involved in
accounting for them. A single extra component matches
admirably the data after -1 hour but is inevitably 180°

out of phase with the four points at the far left.
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TABLE 4-3

Observations of 3C 84

EPOCH

u (Ax10%)

IHA v (Ax10%) | CORR. FLUX | ERROR

1971 | -5.473 0.923 ~4.240 3.87 0.10
-5.308 1.209 -4.210 3.66 0.10
-5.146 1.490 -4.172 3.89 0.10
~4.974 1.781 ~4.123 3.86 0.10
-4.808 2.061 ~4.068 3.74 0.10
-4.677 2.280 -4.018 3.80 0.13
-4.084 3.230 -3.735 3.93 0.10
~3.582 3.973 -3.422 4.01 0.10
-2.553 5.271 ~2.593 4.28 0.10
-2.046 5,775 -2.108 4,00 0.10
~1.216 6.379 -1.230 4.08 0.10
~0.255 6.701 -0.137 4.52 0.10
+0.029 6.716 +0.194 4.68 0.10
0.568 6.642 0.819 4.81 0.10
1.066 6.456 1.383 5.07 0.10
1.294 6.334 1.636 4.33 0.10
1.663 6.090 2.033 4.94 0.10
2.348 5.486 2.722 4.29 0.13
3.026 4.717 3.322 4.74 0.14
3.722 3.772 3.835 4.16 0.10
4.087 3.224 4.057 4.10 0.13
4.217 3.023 4.127 4.00 0.10
4.292 2.904 4.165 3.96 0.10
4.383 2.759 4.210 4.03 0.10
4.550 2.489 4,286 3,93 0.10
4.716 2.215 4.354 3.77 0.10
4.854 1.985 4.404 3.82 0.10
4.928 1.860 4.428 3.38 0.12
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TABLE 4-3 =~ Continued
EPOCH IHA u (Ax10®) | v (Ax10°)| CORR. FLUX | ERROR
1971 | +5.081 1.601 4.474 3.44 0.10
5.254 1.304 4.518 3.32 0.11
5.419 1.018 4.551 3.25 0.12
1972 | -4.572 2.453 -3.975 4.42 0.14
-4.399 2.733 -3.898 4.63 0.13
-4.222 3.015 -3.810 4.92 0.12
-3.997 3.362 -3.686 4.71 0.13
-0.942 6.513 -0.925 4.41 0.12
-0.780 6.577 -0.741 4.55 0.12
-0.613 6.630 -0.549 4.58 0.12
-0.450 6.669 -0.363 4.51 0.12
+0.224 6.705 +0.420 5.07 0.12
0.391 6.681 0.614 4.87 0.12
0.558 6.645 0.806 4.86 0.12
0.725 6.595 0.998 5.02 0.12
0.892 6.534 1.188 4.69 0.12
1.059 6.460 1.376 4.60 0.12
1.254 6.357 1.593 4.60 0.14
1.400 6.270 1.753 4.61 0.12
1.568 6.158 1.932 4.73 0.12
1.735 6.035 2.109 4.75 0.12
1.902 5.901 2.282 4.47 0.12
2,064 5.759 2.446 4.41 0.13
2.250 5.584 2.628 4.41 0.15
2.396 5.438 2.767 4.24 0.13
2.563 5.260 2.922 4.52 0.13"
2.730 5.072 3.072 4.53 0.13
2.897 4.875 3.216 4.11 0.13
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TABLE 4-3 -- Continued

EPOCH IHA u (Ax10®) | v (Ax10°) | CORR. FLUX | ERROR

1972 | +3.064 4.669 3.353 4.34 0.13
3.441 4.170 3.643 4.25 0.10
3.650 3.876 3.788 4.48 0.13
3.818 3.632 3.897 4.40 0.13
3.985 3.381 3.998 4,24 0.13
4,152 3.124 4,092 4.04 0.13
4.301 2.889 4.170 4.35 0.14
4,745 2.168 4.365 4.02 0.19
4.912 1.888 4.423 4.02 0.19
5.079 1.604 4.474 3.80 0.19
5.246 1.317 4.516 3.86 0.19
5.406 1.041 4,549 4,01 0.20
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3C 120

Shimmins, Clarke, and Ekers (98) identified 3C 120
with a galaxy of magnitude 14.4 whose stellar nucleus and
strong, broad emission lines make it appear to be an
unusually luminous Seyfert galaxy (89).

At short centimeter wavelengths this object has a
complicated history of violent variability involving com-
ponents ranging from a few thousandths of a second in
diameter on down (80,60,97). There is also an extended
component about 10' in diameter that has a spectrum typical
of radio galaxies (43). This component predominates at low
frequencies but of course is completely resolved in all
VLBI measurements.

Between these two extremes is another component,
denoted "B" by Kellermann and others (58), which they
characterize as quiescent or slowly varying. Its size is
uncertain but probably less than 0?003, and its strength at
606 MHz must be in the neighborhood of one or two flux
units (80). According to Kellermann's model this is the
only component one would expect to see in low-frequency
VLBI, and the few observations seem to bear the model out.
The Canadians' two reliable measurements at 448 MHz (11,28)
establish only that the correlated flux is less than two
flux units; but Jauncey and others, at 610 MHz, measured

about 1.7 flux units on baselines between four and five
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million wavelengths (55).

The source is really too weak to belong in the
present program. I added it to the second session only to
fill in some spare time, and then lost most of the observa-
tions anyway because of bad weather in West Virginia. The
six surviving measurements appear in Table 4-5 and Figure
4-3., Despite a hint of varying resolution the point-source
model is really the only one justified by the data and the
preexisting evidence. It corresponds well to the B compo-
nent, although the flux seems a little smaller than that
measured by Jauncey's group a little more than three

years earlier.

TABLE 4-5

Observations of 3C 120

EPOCH IHA u (Ax10°%) v (Ax10°) | CORR. FLUX ERROR

1972 -0.152 6.711 0.188 1.27 0.12
1.347 6.303 0.427 0.93 0.18
1.855 5.940 0.502 1.07 0.14
2.392 5.441 0.576 1.09 0.18
3.276 4,394 0.681 1.45 0.09
3.635 3.898 0.717 1.42 0.09
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3C 147

3C 147 was identified by Schmidt and Matthews (95)
with a nondescript quasar of visual magnitude 16.9 (19).

The radio observations are thoroughly confusing, if
not contradictory. Most of the early work concentrated on
low frequencies. Rowson, at Jodrell Bank, proposed a
double structure at 158.6 MHz with more or less unresolved
components separated by 2?4 in position angle 35° (82);
and subsequent scintillation studies by Hewish and others,
at 178 MHz, confirmed the presence of structure rather
smaller than a second (51). However recent VLBI measure-
ments, made at 121.6 MHz on a baseline comparable to
Rowson's, find the source completely unresolved and thus
cast doubt on the larger-~scale structure (42).

At a somewhat higher frequency, 408 MHz, Anderson
and Donaldson (4) proposed an elliptical gaussian structure
0?52 X iOTZl, elongated in position angle 55°. Their data
are also consistent with a double structure of somewhat
smaller elongation, but not with the one propounded by the
Canadian group (11,28). In the latter model, based mostly
on 448-MHz data, half the flux comes from a completely
resolved component between one and two seconds in size;
and the rest is divided equally between two unresolved

"

components separated by 0.24 in position angle 85°.

Observations at still higher frequencies only
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aggravate the atmosphere of uneasy accommodation among the
various results. The most thorough and accurate study of
3C 147 to date is that of Donaldson and Smith (79,41), who
obtained continuous, twenty-four-hour observations on the
Malvern-Jodrell Bank baseline at wavelengths of 21 and 11
cm. In their model 80 percent of the total source flux
comes from a region they call 3C 147B, consisting of two
elliptical gaussian components, 0?07 X 0?04, separated by
0?14 in position angle 55°. The individual components are
elongated along the separation axis, and their flux ratio
is 1.3 to 1. The remaining flux emanates from a less well
defined region called 3C 147A, about 0?55 away in position
angle 28°, It too is elliptical, but much larger, about
0?6 X 0?15, with the major axis near position angle 4°.
While this model bears a suggestive resemblance to some of
those described above, the authors' assertion that their
3C 147B is consistent with the Canadians' 448-MHz data is
something of a surprise -- particularly when it comes
coupled with the remark that the separation seems to be
smaller at the lower frequency, perhaps as small as 0?09.
Such are the vagaries of model-fitting!

The only other significant body of data at a com~
parable frequency is that of Clark, Kellermann, and others

at 18 cm (24,60). These investigators, who are seldom at a

loss for an explanation, say only, "This source does not
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appear to possess symmetry about either the position angle
of 55° suggested by Anderson and Donaldson (1967) or the
angle of 85° suggested by the 75-cm data. It is clear that
in both position angles there is structure at least as
large as 0?07 as well as appreciable structure smaller
than 0?02" (60, p. 15).

My own observations, unfortunately, contribute
nothing to relieve the confusion. The 1971 data (Table
4-7 and Figure 4-4a) evidence unusually complex structure,
apparently involving more than two discrete parts. But the
points are so few, and so scattered compared to the scale
of significant variation, that it would be hopeless to try
to fit a model to them. 1In 1972 I attempted to fill in the
visibility curve by observing the source continuously
through an entire apparition, a period of over eleven
hours. Fate intervened, however, in the form of a slowly
failing battery and inexorably rising receiver temperature
at the focus of the 140-foot telescope. As a result more
than two hours of observations were lost completely and the
value of the preceding three hours badly compromised.
These data are plotted in Figure 4-4b.

The trustworthy data, principally those before -1
hour, fully confirm the impression created by the earlier
set. If the source can be characterized as an ensemble of

discrete components then surely there are at least three of
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them. Some of them, or at least the source as a whole,
must be larger than OTO3 in order to be so highly resolved.
(The largest visibility, at -3.42 hours, is only 0.12.)

The rapid alternation of extrema, too, implies component
separations of at least 0?08. On the other hand there
appears also to be structure on rather smaller scales, and
the deep minima, if real, argue against a large number of
strong components.

In spite of these tantalizing indications I have
been unable to put together any adequate model. Variations
of the Canadian and Donaldson-Smith schemes, although they
resemble the observations in character, fail to match them
in detail. So do numerous other attempts. Partly this
failure reflects the inadequacy of the data; but the main
problem is clearly that the source is exceptionally complex
and contains significant compact structure spanning a wide
range of scale sizes. To complicate the picture even more,
this structure seems likely to be a strong function of
frequency, or time, or both. Notice in this connection
the poor correspondence between the data of Figures 4-4a
and b. Further detailed studies of 3C 147 are going to

produce some exceedingly interesting results.
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TABLE 4-7

Observations of 3C 147

EPOCH IHA u (Ax10°%) v (Ax10°) | CORR. FLUX ERROR
1971 | -5.779 0.388 -4.987 2,45 0.10
-4.694 2.252 -4.698 3.05 0.13
-3.885 3.531 -4,228 3.01 0.11
-2.594 5.226 -3.087 2.71 0.12
-2.066 5.757 -2.505 3.05 0.11
-2.002 5.815 -2.431 3.11 0.10
~1.556 6.167 -1.896 2.55 0.14
-1.330 6.313 ~1.614 2,79 0.11
-1.061 6.459 -1.270 2.80 0.13
-0.816 6.563 -0.951 2.19 0.13
-0.374 6.684 -0.365 2.78 0.13
+0.230 6.704 +0.446 2,94 0.19
1.022 6.477 1.495 2.76 0.13
1.631 6.113 2,263 2.64 0.12
2.182 5.650 2.913 2.77 0.11
2.760 5.037 3.532 2,22 0.19
2,873 4,904 3.645 2,04 0.15
3.046 4,691 3.811 2.19 0.15
3.683 3.829 4.354 3.48 0.10
3.850 3.583 4.479 3.49 0.10
4,002 3.355 4.584 3.36 0.12
4,738 2.179 4.993 3.20 0.10
4,907 1.896 5.061 4,05 0.10
1972 | -4.965 1.798 -4.808 3.42 0.13
-4.766 2.132 -4.,730 3.58 0.15
-4.599 2.408 -4.654 3.48 0.15
-4.432 2.680 -4.569 2.88 0.15
-4,262 2,952 -4.473 3.28 0.15
-3.613 3.930 ~-4,025 4.28 0.13
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TABLE 4-7 -- Continued
EPOCH THA u (AXlOS) v ()\XIOG) CORR. FLUX ERROR

1972 | -3.425 4,193 ~3.872 4.65 0.15
-3.257 4.418 -3.728 4.12 0.15
-3,065 4.667 -3.,553 3.70 0.17
-2.919 4.849 -3.414 2.44 0.15
-2.752 5.047 ~3.248 3.25 0.15
-2.585 5.236 -3.076 3.56 0.15
-2.418 5.415 -2.898 3.59 0.15
-2.252 5.582 ~2.717 3.79 0.15
-1.916 5.888 -2.331 3.88 0.14
-1.749 6.024 -2.132 3.61 0.14
-1.582 6.148 -1.928 2.88 0.14
-1.415 6.260 -1.721 3.03 0.14
-1.248 6.361 -1.510 3.28 0.14
~1.085 6.447 -1.301 3.15 0.15
-0.889 6.535 -1.047 2.60 0.16
-0.754 6.586 ~0.868 2.15 0.16
~0.576 6.640 -0.634 2.24 0.14
~-0.419 6.676 -0.425 2.36 0.15
-0.255 6.701 -0.205 1.58 0.20
-0.082 6.715 +0.028 2.55 0.14
+0.109 6.713 0.285 3.72 0.23
0.224 6.704 0.439 3.23 0.21
0.430 6.674 0.714 1.63 0.28
0.579 6.639 0.913 1.95 0.22
0.744 6.589 1.132 2.84 0.20
0.908 6.527 1.346 1.59 0.26
1.247 6.361 1.784 3.36 0.22
1.435 6.247 2.021 3.37 0.22
1.592 6.141 2.215 4.27 0.20
1.767 6.011 2.428 4.31 0.22
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TABLE 4-7 -~ Continued
EPOCH| TIHA u (Ax10°%) v (Ax10%) | CORR. FLUX | ERROR
1972 | +1.926 5.880 2.618 3.75 0.20
2.084 5.741 2.801 3.22 0.22
4,428 2.687 4,842 2.56 0.10
4,592 2.420 4.925 2.20 0.10
4.760 2.143 5.002 1.91 0.10
5.347 1.142 5.196 2.75 0.12
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3C 273

3C 273 is the quasar nonpareil. In both the opti-
cal and radio realms its fund of exciting surprises seems
inexhaustible. Since Schmidt's explication of its line
spectrum in 1963 (92) it has led the way in optical (101)
and radio (38,61)‘variability, in VLBI (13), and, with
3C 279, in the controversy over anomalous rates of
expansion (106,31).

The radio structure of 3C 273 is complex, like that
of 3C 147, but presumably somewhat better understood.
Early occultation observations (50,52), supplemented later
by intermediate-baseline interferometry (4), showed that
the largest-scale structure corresponds to the optical
features noted by Schmidt (92). There is a compact source
(3C 273B) at the position of the quasar, and a much more
diffuse component (3C 273A) situated close to the far end
of the jet, about 20" away in position angle "v44°,

3C 273A is completely resolved by all VLBI, but the
B source has been studied thoroughly. After a false start
(1,5) the British group, working at 21, 11, and 6 cm, found
it unresolved, and hence smaller than OTOl, at their high-
est resolution (79,40). BAn extensive series of 6-, 13-,
and 18-cm observations with the Mark I system (22,23,24,58,
59,60) established that the B source is itself compound

and contains at least three parts: B, which has taken over
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the o0ld designation, has a size of about 0?022, C is
%0?002, and D must be i0?0004.

The relative positions of these subcomponents are
less clear. 1In reference (60) the authors opined that all
the components are contained in a region comparable in size
to component B; but after considering additional data they
were more circumspect (10). There is also evidence of
changes in the flux and structure of the source (46 (but
see also 76),106,31). These observations show that the
smallest components, especially, are evolving on time
scales of months. They move rapidly relative to one
another, and new ones seem to be created.

The Canadian observations at 408 and 448 MHz (12,
11,28) introduce further complications. Interpretation of
their data is hampered by the circumstance that most of the
observations are near position angle 90°; however, at least
two models fit reasonably well. 1In the first, sixty per-
cent of the flux iS in a component 0?10 X <0?04, and the
rest is in a component 0?027 X <OY01; both are elongated
along position angle 33°. The unsettling thing about this
model is that although the second component resembles B,
the first is like nothing seen at higher frequencies. 1In
the alternate model two identical components about OTOl in
diameter are separated by 0?08 in position angle ~100°.

The dissimilarity of the two models is a measure of the
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ambiguity of the data; nevertheless the two have an arrest-
ing feature in common: structure on a scale considerably
larger than had previously been observed.

Table 4-8 and Figure 4-5 show the present observa-
tions. They share the shortcoming of the Canadian data in
being clustered tightly around position angle 90°. The
1972 observations suffer also from a long gap and some
anomalously low points. I deleted those at 0.03 and 2.87
hours from the model-fitting, though it is mildly disturb-
ing that the latter point falls so close to the low point
in the 1971 data at 3.12 hours.

Since the data are ambiguous I restricted the
search for models to three particular types: those resem-
bling component B as described above, those resembling the
Canadians' models, and those highly elongated along posi-
tion angle ~v44°, the axis of the gross radio and optical
structure. Starting with the first-session data, I tried
unsuccessfully a variety of single components, core-halos,
and doubles in other configurations. Model B (Table 4-9,
not plotted) is the only one of this type that performed
tolerably well. Model A, involving three point sources,
fits equally well, but unlike model B it adapts readily to
the 1972 data. Notice that the strength of the second com-
ponent is the only parameter that changes markedly. Model

B, in contrast, firmly resisted all attempts to twist it
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into a form compatible with the 1972 data. For this reason,
at least, it seems much less plausible than model A.

Model A itself is far from compelling, however,
and we ought to ask ourselves which of its features are
essential and which possibly accidental. The total flux is
probably not far from right, though only about half the
amount implied by the spectrum (60). One could restore
part of the deficiency, if desired, by making the compo-
nents slightly diffuse, or more neatly by positing an addi-
tional large, completely resolved component like the one in
the Canadians' first model. Much smaller values, on the
other hand, are definitely ruled out by the data.

The configuration and even the number of the compo-
nents are very poorly determined. None the less we can
draw one definite conclusion directly from the asymmetry of
the visibility curves around hour angle zero. In a éource
so close to the celestial equator this asymmetry implies
that there is important structure in the north-south direc-
tion at distances large compared to the typical resolution
of the instrument. In this particular case the distances
must be similar to those deduced by the Canadians, 0?06 to
0?08. More specific inferences are less reliable, although
the rough alignment of the model along position angle 45°
is certainly suggestive. Similar models in which all the

components are forced to lie along a straight line do
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nearly as well, especially when the position angle is

near 40°.
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TABLE 4-8

Observations of 3C 273

EPOCH| TIHA u (Ax10°%) v (Ax10°) | CORR. FLUX | ERROR
1971 | -3.066 4.667 0.027 7.91 0.12
-2.907 4,863 0.035 7.75 0.10
~2.740 5.061 0.043 7.44 0.10
~2.573 5.249 0.052 7.01 0.10
~2.456 5.375 0.058 6.40 0.16
-1.978 5.835 0.085 5.30 0.10
~1.449 6.239 0.117 4.50 0.11
~0.944 6.512 0.150 4.50 0.11
~0.397 6.680 0.186 4.02 0.10
+0.275 6.699 0.232 4,36 0.11

0.856 6.548 0.271 4.11 0.10

1.315 6.322 0.301 4.51 0.18

1.863 5.933 0.335 4.71 0.10

2.616 5.202 0.377 5.99 0.10

3.122 4.595 0.402 4,95% 0.10

3.708 3.793 0.427 7.56 0.10

1972 | -3.335 4.315 0.015 9.18 0.14
~-3.178 4.523 0.022 8.82 0.13
~3.011 4,735 0.030 8.59 0.13
~2.844 4.939 0.038 8.41 0.13
~2.718 5.086 0.044 8.39 0.19
+0.030 6.716 0.215 3.58% 0.15

0.601 6.633 0.254 4,48 0.13

1.195 6.390 0.293 4.78 0.12

1.796 5.987 0.330 5.73 0.12

2.366 5.468 0.363 6.91 0.13

2.867 4.912 0.390 6.65% 0.12

3.458 4.147 0.417 7.89 0.12

3.588 3.964 0.422 8.54 0.14
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3C 279

3C 279 is a quasar remarkably similar in many
respects to its neighbor 3C 273. Wyndham and others made
the identification (88,109,87), and Burbidge and Rosenberg
measured the redshift (17). At optical frequencies the
source is strongly polarized, and both the brightness and
polarization vary markedly in intervals as short as a week
(63). The radio flux too is highly variable, especially
at short wavelengths (61).

The radio spectrum (Figure 4-6) is complex and
suggests the presence of four components (58). The most
extended, A, has a diameter of about half a minute of arc.
It has a so-called normal radio spectrum and dominates at
low frequencies (2), but is invisible to VLBI. Components
B, C, and D are much smaller. Pre-VLBI observations be-
tween Jodrell Bank and Malvern at 21, 11, and 6 cm (5,79,
40) failed to resolve them; however the Mark I observations
at 6, 13, and 18 cm (10,22,23,24,58,59,60) showed that B is
about 0?022 in diameter while C is about 0?001. D remained
unresolved (i0?0004), but more recent observations at 3.8
cm (64,106,31) show it to be compound and evolving rapidly.

According to this model component B should predom-
inate at sufficiently low frequencies, a prediction appar-
ently verified by the Canadian observations at 408 and 448

MHz. Preliminary measurements (12) suggested a size of
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about 0?03, but more thorough observations indicate a diam-
eter of NOTOl in position angle 90° * 15° (11,28).

In the present investigation 3C 279 produced some
rather startling results. Whatever conviction these
results carry is due in large measure to the excellent
quality of the data (Table 4-10 and Figure 4~7). No points
had to be rejected, and the hour-angle coverage was uniform
in both sessions. Most important, in the second series of
observations we were able to observe continuously from the
time the source became visible at Owens Valley to the
moment it passed out of range at NRAO.

Looking first at the 1972 data (Figure 4-7b), we
notice two striking features. First, although the declina-
tion of the source is near zero, the visibility function is
asymmetric around the interferometer meridian. Inasmuch as
the sense of the asymmetry (higher amplitudes at positive
hour angles) is opposite to that found for the nearby
source 3C 273, an instrumental origin is practically out of
the question. Hence we can conclude, as in the case of
3C 273, that 3C 279 contains significant structure in the
north-south direction on a scale larger than OTOS. And
second, there is an unmistakable small-scale ripple in the
curve. This ripple is the signature of structure at an

even larger distance.

Model A (Table 4-11 and Figure 4~7b) accounts for
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both these features but requires careful interpretation.
Keep in mind, to begin with, that the position-angle dis-
crimination of the data is very poor. Nevertheless the
distance between components 1 and 2 is so large that we can
locate them fairly accurately with respect to one another.
Their relation to the third compoﬁent is more equivocal,
however. The evidence that the component exists is strong.
For the benefit of skeptics I have plotted model B, which
is just A without the third component. (Not surprisingly
it is also practically identical to the best-fitting two-
component model.) Whether one gauges by eye or by error
factor, the fit is not nearly as good. On the other hand
the location of the third component is ambiguous. Although
the quoted location gives the best fit, a position angle of
about 82° (at the same distance) is also reasonable, and
other locations are conceivable.

It is natural to ask whether this three-component
model bears any comprehensible relation to the four-compo-
nent model. On the basis of the spectrum plotted in Figure
4-6, at 606 MHz there should be about 6 flux units in compo-
nent A and something like 5 flux units in the compact part
of the source. Of this total component B should account
for about 2 flux units and C for 3 or so, with D making up
the scant remainder. Comparing this division with the

present model, we find the correspondence almost



~95-

preternaturally good. Component 1 associates itself with
C, 2 with B, and 3 with D. The size and flux of component
2 are closely interdependent, but the choice made gives
excellent agreement with the expected values of both.

Consider now the observations from 1971. The
character of the asymmetry seems different (see Figure
4-7a), and the details are less clear because there are
fewer points. Nevertheless I used model A as a starting
point and was surprised to see the model converge rapidly
to the parameter values given in the Table.

Here again some comments are in order. Admittedly,
the way in which the model fits the data looks a little
pecuiiar -- possibly more like an aerial view of a slalom
course than a legitimate example of curve-fitting. Quite
likely this is not the model one would elect if the data
began and ended with these ten points. Remember, though,
that the model is merely a modification of a preexisting
model for which the evidence is much more convincing.
Observe too that the modification is not very drastic: only
three of the parameters (the position of component 2 and
the strength of component 3) had to be changed substan-
tially in order to accommodate the new data. Besides, the
fit is remarkably good -- notwithstanding the fact that
there are only two more data points than variable param-

eters. Model B (which again is just model A without
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component 3) now fares even worse by comparison to A than
it did before, mainly because the third component seems to
have been much stronger in 1971.

Taken at face value the fact that such similar
models fit so well the rather different-looking visibility
curves from the two epochs suggests that the models are
authentic and that the apparent changes in source structure
are real. I shall return to this point in Chapter 5. On
the other hand skepticism guides any sensible discussion
of source models, and model A certainly poses some per-
plexing questions. For example, is the model really iso-
morphic with the four-component model? If so, why have
large component separations not been observed at higher
frequencies? What kinds of motion are implied by the
apparent changes in source structure, and what do they
tell us about the nature of the source? Since questions
like these apply to some of the other sources as well,

I shall defer them, also, to Chapter 5.
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TABLE 4-10

Observations of 3C 279

EPOCH| IHA u (Ax10®) | v (Ax10%) | CORR. FLUX | ERROR
1971 |-2.850 4,932 0.660 3.46 0.10
-2.155 5.675 0.565 3.13 0.10
-1.648 6.101 0.488 3.02 0.11
-0.609 6.631 0.317 2.95 0.13
+0.069 6.715 0.200 2.89 0.11
0.657 6.617 0.099 3.12 0.10
1.161 6.408 +0.015 3.67 0.10
1.917 5.888 -0.105 4.05 0.10
2.415 5.418 -0.177 3.81 0.10
2.994 4.756 -0.253 3.87 0.10
1972 |-2.872 4.905 0.663 3.50 0.13
-2.705 5.101 0.642 3.47 0.13
-2.538 5.287 0.619 3.28 0.13
-2.371 5.463 0.596 3.55 0.13
-2.204 5.629 0.572 3.15 0.13
~2.054 5.768 0.550 2.93 0.15
-1.868 5.929 0.522 2.97 0.14
-1.711 6.053 0.498 3.12 0.13
~1.544 6.175 0.472 3.06 0.13
-1.377 6.284 0.445 3.00 0.13
-1.210 6.382 0.418 2.67 0.13
-1.055 6.461 0.392 2.91 0.14
-0.865 6.545 0.360 2.54 0.15
-0.708 6.601 0.334 2.78 0.14
~0.541 6.649 0.305 2.53 0.14
-0.374 6.684 0.277 2.80 0.14
-0.207 6.706 0.248 3.05 0.14
-0.052 6.715 0.221 2.99 0.15
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TABLE 4-10 ~- Continued

EPOCH| TIHA u (Ax10%) | v (Ax10°) | CORR. FLUX | ERROR

1972 | +0.338 6.690 0.154 2.99 0.13
0.505 6.658 0.125 2.69 0.13
0.672 6.612 0.097 2.80 0.13
0.839 6.555 0.069 3.06 0.13
1.006 6.484 0.041 3.04 0.13
1.186 6.395 +0.011 3.18 0.12
1.420 6.257 -0.027 3.04 0.16
1.556 6.167 -0.049 3.46 0.13
1.723 6.044 -0.075 3.23 0.13
1.890 5.910 -0.101 3.34 0.13
2.057 5.765 -0.126 3.38 0.13
2.224 5.610 -0.151 3.70 0.13
2.440 5.392 -0.181 3.86 0.13
2.607 5.212 -0.204 3.85 0.13
2.778 5.016 -0.226 4.11 0.13
2.952 4.808 -0.248 4.36 0.13
3.115 4.604 -0.268 4.25 0.13
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3C 286

3C 286 is an undistinguished quasar of visual
magnitude 17.4 first identified by Matthews and Sandage
(71). Oke measured the redshift (78).

Interferometrically the source has been studied at
6, 11, 21, and 73 cm at Jodrell Bank (1,79,4), at 13 and
18 cm by the NRAO~Cornell-Caltech group (24,59,60,10), and
at 67 and 73 cm by the Canadians (12,11,28). ©No variabil-
ity has been detected (38), and all the results agree in
showing that the brightness distribution is generally
smoother and larger in angular extent than in the typical
source in this investigation —-‘more like 3C 380, say,
than 3C 273 or 3C 279. The spectrum implies the presence
of at least two components, the larger of which dominates
at wavelengths longer than 70 cm (4,60) and has an overall
extent of a few tenths of a second of arc. The smaller,
which has a size on the order of 0?03, is more prominent at
higher frequencies (79,24,60). There is some indication,
however, that the distinction between the two components is
fairly indefinite. Although the higher-frequency measure-
ments show no evidence of structure <OY002, the Canadian
observations do suggest the presence of a weak unresolved
source. Their model, which seems consistent with all the
previous studies, involves three components: A, accounting

"
for 30 percent of the flux, is >0.2 in position angle 38°
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"
and v0.026 in position angle 128°; B, elongated in the same

n "
direction, is 0.053 x 0.026 and contributes 60 percent of

the flux; and C, which is iO?OOS, supplies the rest.

At 606 MHz I observed the source only in the 1972
observing session and was unable to obtain uniform hour-
angle coverage even then. Nevertheless the visibility
curve that resulted has a distinctive form that confirms
the general features, if not the details, of the Canadian
model (see Table 4-12 and Figure 4-8). A two-component
model (Table 4-13) fits the data tolerably well, though the
discrepancies between the model and the data are uncom-
fortably large, particularly along the low portion of the
curve. These discrepancies may be due to measurement
errors, but a more likely possibility, in my opinion, is
that irregqularities in the source structure are at least
partly responsible,.

Be that as it may, the data definitely show pro-
nounced elongation in approximately the direction specified
by the Canadian model, along with a weak, nearly unresolved
core similar to theirs. I was compelled to endow the core
with a little structure, however, in order to reproduce the
slight slope in the low portion of the curve. Unfortunate-
ly the parameters of each of the elliptical components are
extremely interdependent; consequently the fluxes, sizes,
and position angles are really only plausible guesses

chosen to be consistent with the previous observations.
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TABLE 4-12

Observations of 3C 286

EPOCH| TIHA u (Ax10°®) | v (Ax10®) | CORR. FLUX | ERROR
1972 |-4.687 2.264 -3.040 11.16 0.12
-4.526 2.528 -2.989 10.99 0.11
-4.374 2.774 -2.935 10.58 0.15
~-4.190 3.065 -2.863 9.88 0.12
-3.886 3.530 -2.729 9.12 0.09
~0.744 6.589 -4.794 1.99 0.12
-0.142 6.711 +0.056 2.01 0.12
+0.491 6.661 0.622 2.85 0.16
1.050 6.464 01.113 2.71 0.14
1.579 6.150 1.559 3.24 0.15
2.164 5.667 2.021 2.95 0.13
2.829 4.957 2.494 3.45 0.13
2.986 4.767 2.595 3.41 0.12
3.153 4.555 2.699 3.12 0.12
3.349 4.296 2.815 3.39 0.10




-105~

(*8y obed uo Aoy o9s

uorjeuRTdx® I04)

é 7 T 7
*zZ I030®J I0IX
0°9% €LV "0 9%0°0 - 0°0 $S ST z Lv*c 3oe4q g
é 7 T 7 OTeH °*ITd pue 310D
6°GVT T6v°0 8T0°0 -— 0°0 68°¢€ T 2161
2 © X 8 I XOTd | °dwod

98Z Ot 3O T°POKW

€T-9 JdTdVYdL




-106-

‘98z O¢

I03J STopou JO

‘6 obed uo Aey

VHI

.Hl

*ZL6T yooddm
SUOTFOTIpPaId pue SI9XNTI POIRTDII0D PIAISDSQ

‘g~ °Inb1g

-

1

Xnp




-107-

P1345+12

Clarke, Bolton, and Shimmins (27) identified
P1345+12 with a galaxy of photographic magnitude 17, which
they characterized as S0 to indicate a spherical system
with a suggestion of a dust lane. It is known to be a
strong scintillator (32) and hence smaller than about OYZ;
but it appears to have been completely resolved in high-
resolution VLBI measurements at 13 cm (47,59), so‘that it
must be larger than 0?001.

Although the source seems to be of little intrinsic
interest, I included it in the first series of observations
in the hope that it would serve as a calibrator. It turned
out not to be unresolved, but the few observations (Table
4-14 and Figure 4-9) are consistent with a simple ellip-
tical structure (Table 4-15). The parameters of the
ellipse are quite uncertain, especially the position angle
of the major axis and the axial ratio. A circular form is
apparently out of the question, however, and the size is
fairly well determined if we assume that the observed

component accounts for the total flux.
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TABLE 4-14

Observations of P1345+12

EPOCH IHA u (Ax10°%) v (Ax10%) | CORR. FLUX | ERROR
1971 |{-3.499 4.090 -0.938 5.26 0.15
-1.241 6.365 -0.253 3.28 0.15
+0.844 6.553 +0.525 2.44 0.15
2.607 5.212 1.120 3.23 0.16
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CTD 93

Merkelijn's original identification of CTD 93 with
a faint stellar object (72) was incorrect, as the object is
definitely a star (94). The correct identification is
apparently an even fainter galaxy about half a minute of
arc southwest of the star.

Like P1345+12, CTD 93 seems to be of little interest
in its own right; but previous VLBI measurements at 13 and
18 cm (58,59) had shown it to be 0?003 or smaller at those
wavelengths, and so I included it in the first observing
session as a possible calibrator.

The observations (Table 4-16 and Figure 4-10) seem
to indicate a compound rather than simple structure; indeed,
the point double model proposed in Table 4-17 fits the data
rather well. There are grounds for considerable doubt
about this interpretation, however. 1In the first place the
spectrum, which peaks around 900 MHz, gives no hint of com-
pound structure; and the previous observations, while
extremely limited, also are consistent with a single compo-
nent. Moreover, three of the five observations in the
present group are compatible with a point source. Only the
points at -1.12 and +0.49 hours are out of line, and on
them rests the present interpretation. On the other hand
the previous data are insufficient to rule out the double

model, and the coincident observational errors required to



-112-

produce the two vagrant points, while not impossible, are

rather unlikely.

TABLE 4-16

Ohservations of CTD 93

EPOCH{ IHA u (Ax10°%) v (Ax10®) | CORR. FLUX | ERROR
1971 | -4.337 2.832 -2.552 3.37 0.18
-1.117 6.431 -0.681 0.87 0.36
+0.486 6.662 +0.575 1.92 0.20
2.182 5.650 1.825 3.61 0.30
4.810 2.059 3.069 3.23 0.14
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3C 345

3C 345 is a quasar strikingly like 3C 273 and
3C 279. Sandage and Wyndham (88) made the identification,
and Lynds and others (69) measured the redshift. The opti-
cal flux is strongly polarized, and both the total emission
and the polarization vary markedly in intervals as short as
a week, as they do in 3C 279 (63). Another intriguing
peculiarity is the variability in the flux and frequency of
the strong Mg II A2798 doublet, first noticed by the
Burbidges (15) and later confirmed by Wampler (1065).

At radio frequencies too the emission is polarized,
and both the polarization and flux vary in time (38,3,61).
Together with the complex form of the spectrum, this varia-
bility constituted the first evidence of compact structure.
It was soon supplemented by intermediate-baseline interfer-
ometry between Malvern and Jodrell Bank, which established
that all or nearly all of the flux at 11 and 21 cm is con-
fined to a region smaller than a few tenths of a second of
arc (5,79,40). Observations with the Mark I VLBI system at
6, 13, and 18 cm (24,58,59,60,10) confirmed the earlier
findings and added details. Apparently the source consists
of three components. A, the most extended part, seems to
be no larger than a few tenths of a second of arc at centi-
meter wavelengths, but at 158 MHz (2) it appears to be much

1]
larger, perhaps 10 in diameter. B, the next smaller
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component, is around 0.01l; and C, the smallest, is in the
neighborhood of 0?0007. The most recent measurements (317)
indicate that C may be double. All this evidence is con-
sistent with the shape of the flux spectrum.

At relatively low frequencies the only substantial
body of previous VLBI observations is that of the Canadian
group, who worked at 408 and 448 MHz (12,13). The model
they propound (28) merely confirms the one described above,
however. They put 48 percent of the flux in component A,

" "
>0.05, and the rest in a component ~0.005 that corresponds

to B.

Surprisingly, the present observations reveal con-
siderable detail not detected in the Canadian work. The
data are tabulated in Table 4-18 and plotted, along with
the models, in Figqgure 4-11, while the models themselves are
listed in Table 4-19. 1In the 1971 data I rejected the
points at 0.77 and 1.26 hours, which seem too low, as do
the points at -5.18, =-5.01, -4.85, and -4.68 hours in the
1972 data. The 1972 point at -3.83 hours resulted from an
incorrect system temperature measurement. For both series
of observations the preferred model, A, consists of three
components, only one of which is appreciably resolved.
Since the third component is very weak I have also plotted,
for comparison, model B, which is simply A without the

weak component.
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Several features attract immediate attention. The
structure is manifestly different in the two sets of obser-
vations, but the character of the curves is similar, and
they show pronounced resolution over the range of observed
baselines. This result was unexpected on the basis of the
Canadian model noted above, although it does not contradict
the hiéher—frequency observations by any means. Closer
study makes it clear that neither circularly symmetric
models nor single gaussian components fit the observations
adequately. The elliptical core-halo structure of model B
works well, however, even though the distribution of flux
between the core and halo is rather poorly determined.

As usual we should try to interpret the present
observations in terms of the preexisting model, and in this
case the two provide an especially interesting comparison.
The 606-MHz model preserves the core-halo structure seen at
higher frequencies, although the low-frequency core and
halo both seem to correspond to component B alone.

C should be almost completely self-absorbed at 606 MHz, and
A contributes about 2 flux units, which leaves 6 flux units
or so in B -- just about the amount in the model. Further-
more the flux of B appears to decrease below its cutoff
frequency (about 800 MHz (58)) more slowly than one would
expect for a simple component, and it is tempting to asso-

ciate this flattening of the spectrum with the broadening
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of the structure that appears at the same frequency. The
broadening also seems to connect well with the more
extended low-frequency halo noted above. Overall, a pic-
ture emerges of a source possessing a core-halo strucﬁure
over a wide range of frequencies, with the halo continu-
ously becoming more diffuse as the frequency decreases. It
remains to be seen, unfortunately, how the 408- and 448-MHz
observations can be made to conform to this representation.

Returning to the data at hand, we see that between
the two series of observations there was a definite, if
somewhat difficult to characterize, change in the apparent
basic structure of the source (model B). The models
account for the change adequately, but as mentioned above,
the relation between core and halo is rather nebulous.

Then, in addition to the basic core-halo structure
there is strong evidence of a third component in both sets
of data. This component brings to mind the similar fea-
tures in the visibility curves of 3C 279 and 3C 84, and
points out once more that structure far below the normal
detection threshold is easily detectable when it modulates
a strong "carrier" component. But here again, the details
of the extended structure are open to a wide range of

interpretation.
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TABLE 4-18

Observations of 3C 345

EPOCH| IHA u (Ax10%) | v (Ax10°) | CORR. FLUX | ERROR
1971 | -5.107 1.555 ~4,024 3.30 0.12
-4.678 2.278 -3.886 3.32 0.11
-4.262 2.952 -3.703 3.23 0.11
-3.763 3.712 ~3.424 3.24 0.11
-3.231 4.453 -3.059 2.67 0.12
-2.725 5.078 -2.653 2.53 0.11
-2.190 5.642 -2.171 2.43 0.16
-1.478 6.129 -1.461 2.61 0.11
-0.898 6.531 -0.838 2.46 0.12
-0.395 6.680 -0.281 2.48 0.12
+0.444 6.671 +0.663 2.59 0.11
0.610 6.631 0.849 2.67 0.10
0.772 6.579 1.028 2.07% 0.14
0.947 6.511 1.220 2.54 0.11
1.106 6.437 1.392 2.68 0.11
1.258 6.355 1.555 2.32% 0.13
5.144 1.492 4.361 3.85 0.10
5.729 0.476 4.458 3.63 0.10
1972 | -5.345 1.145 -4.078 2.98 0.12
-5.178 1.434 -4.042 1.97% 0.10
-5.011 1.719 -3.997 1.99% 0.10
-4.847 1.997 -3.946 2.02%* 0.10
-4.682 2.271 -3.887 2.17% 0.10
-4.,522 2.535 -3.822 2.84 0.09
-3.831 3.612 -3.465 3.70% 0.16
~3.247 4.432 -3.070 2.37 0.10
-2.746 5.054 -2.671 2.20 0.10
-2.246 5.588 ~2.224 1.91 0.10
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TABLE 4~18 ~~ Continued
EPOCH| IHA u (Ax10%) v (Ax10%) | CORR. FLUX | ERROR
1972 | -1.744 6.028 -1.734 2.09 0.10
~1.243 6.363 ~1.213 2,27 0.10
-0.184 6.708 -0.044 2.43 0.11
+0.363 6.686 +0.573 2.86 0.15
0.613 6.630 0.851 2.63 0.14
0.867 6.544 1.132 2.94 0.16
1.441 6.244 1.749 2.96 0.12
2.200 5.632 2.509 3.28 0.15
2.871 4.907 3.103 4.16 0.15
3.507 4.079 3.584 3.98 0.15
4,040 3.297 3.914 4.30 0.14
4.620 2.374 4.190 4.21 0.14
5.128 1.519 4.357 3.89 0.14
5.620 0.667 4,447 3.88 0.16
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3C 380

Wyndham and Sandage (88,109) discovered the quasar
associated with 3C 380 in the same search that led to simi-
lar identifications for 3C 279, 3C 345, and CTA 102. Lynds,
Stockton, and Livingston (69), among others, measured the
redshift.

Compared to most of the sources examined in this
study 3C 380's history is conspicuously undramatic. At
radio frequencies, in particular, its spectrum falls off
steadily above 30 MHz; and as noted in Chapter 3 it is only
marginally variable even at short centimeter wavelengths
(61). As a result VLBI investigators have paid little
attention to it. The few observations that have been made
(65,79,40,24,60) all are compatible with the core-halo model
proposed by Kellermann and others (60). In this model the
core, 10?002 and optically thick at 6 and 18 cm, provides
about 30 percent of the flux at those wavelengths, while a
halo, %0?03, supplies the rest. There is also evidence
that at 158 MHz the source has an extended envelope several
seconds in diameter (2).

The 606-MHz observations shown in Table 4-20 and
Figure 4-12 also indicate a core-~halo structure, although
the core is relatively much weaker than at the higher
frequencies cited above. Table 4-21 gives the parameters

of the models. Similar models without a core fit the data
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nearly as well; but the pronounced flatness of the visi-
bility curve between -3 and -1 hours, where the halo is
almost entirely resolved, strongly suggests the presence of
an unresolved component. Concerning the halo I made the
natural assumption that it provides virtually the total
source flux, about 26 flux units. The reader should under-
stand, however, that smaller halos containing much less
flux -- as little as 5 flux units -- fit the data just as
well. In other words, the data are equally compatible with
a model in which most of the 606-MHz emission comes from a
much more extended halo like the one seen at 158 MHz.
Notably, 3C 380 is the only source thoroughly ob-
served in both sessions that shows no convincing evidence
of structural changes in the interim. The apparent dis-
crepancy between the two curves at large positive hour
angles is due almost entirely to the single high point in
the 1972 data at 3.60 hours. This point is suspect since
the observation to which it refers immediately preceded one
that had to be rejected because of a violently discordant
system temperature measurement. Otherwise the agreement
between the two sessions is good. In fact, as the Table
shows, a model fitted to the combined data of both series
actually fits slightly better than the model computed on
the basis of the second series alone. To facilitate com-
parison the visibility of this consolidated model (model B)

is also plotted in both parts of the Figure.
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TABLE 4-20

Observations of 3C 380

EPOCH| 1IHA u (Ax108) v (Ax10°%) | CORR. FLUX | ERROR

1971 | =5.778 0.391 ~4.898 3.39 0.14
-5.289 1.243 -4.820 3.03 0.12
-4.758 2.145 -4.643 2.44 0.12
~4,250 2.971 ~-4.386 2.56 0.13
~3.670 3.847 -3.997 1.77 0.16
-2.998 4.752 -3.426 1.27 0.21
-2,410 5.423 -2.837 1.42 0.20
-1.912 5.892 -2.281 1.40 0.19
-1.621 6.120 ~1.937 0.86 0.39
~1.249 6.360 ~1.480 1.22 0.19
-1.066 6.456 ~1.249 1.72 0.16
-0.905 6.528 -1.044 1.55 0.17
-0.729 6.594 -0.817 1.24 0.20
-0.557 6.645 -0.592 1.64 0.17
+0.266 6.700 +0.492 1.59 0.16
0.439 6.672 0.720 1.60 0.15
0.615 6.629 0.950 1.92 0.14
0.770 6.580 1.152 2.20 0.13
0.940 6.514 1.370 2.09 0.13
1.621 6.121 2.219 2.60 0.12
1.772 6.006 2.400 2.80 0.10
1.936 5.872 2.590 2.74 0.11
2.108 5.719 2.787 3.00 0.10
2.231 5.602 2.924 3.31 0.14
2.777 5.018 3.495 3.78 0.10
2.943 4,819 3.656 4,02 0.10
3.109 4.611 3.810 4.05 0.10
3.694 3.812 4,296 4.30 0.10
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TABLE 4-20 -~ Continued

EPOCH| IHA u (Ax10°%) | v (Ax10®) | CORR. FLUX | ERROR
1971 | +4.199 3.050 4.638 4.48 0.10
4,987 1.760 5.012 4.17 0.10
5.590 0.720 5.159 3.27 0.10
1972 | -5.848 0.267 -4.903 2.70 0.11
-5.354 1.131 -4.835 2.58 0.11
-4.777 2.113 -4.650 2.21 0.10
-4.274 2.932 -4.401 1.94 0.10
-3.772 3.698 -4.073 1.65 0.12
~3.272 4.398 -3.674 1.50 0.10
-1.669 6.085 -1.996 1.58 0.16
-1.163 6.407 -1.373 1.66 0.16
-0.663 6.615 -0.731 1.24 0.19
+0.030 6.716 +0.180 1.62 0.13
0.757 6.585 1.135 2.24 0.15
1.426 6.254 1.981 2.64 0.15
2.009 5.808 2.675 2.94 0.15
2.511 5.316 3.225 3.84 0.15
3.096 4.628 3.799 4.43 0.14
3.598 3.950 4,223 5.05 0.15
4.086 3.226 4.568 7.01% 0.21
4.378 2.766 4,740 6.22% 0.26
4,598 2,411 4.852 5.82% 0.20
4.742 2.173 4.917 5.71% 0.20
5.764 0.414 5.179 3.77 0.16
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CTA 102

The quasar associated with CTA 102 belongs to the
group identified by Wyndham and Sandage (88,109). Schmidt
(93) measured the redshift.

CTA 102 created a brief sensation in 1965 when
Sholomitskii (99,100) reported that its 32.5-cm flux was
varying quasi-sinusoidally by about 30 percent, with a
period of a little more than a hundred days. But after
efforts by numerous other observers failed to confirm the
report (7,70,77,104) it languished in mild disrepute for
almost eight years. Recently, however, Hunstead's convinc-
ing observations of similar variations in this and other
sources, at 408 MHz (54), have thoroughly rehabilitated
Sholomitskii's work. In this case at least, it appears
that the Soviets really did discover it first.

In view of these intense fluctuations it is not
surprising to find that CTA 102 is an exceptionally compact
object. The entire source scintillates (32), and inter-
mediate-baseline interferometry at 11 and 21 cm early
showed it to be smaller than OY025 (1,79,40). Mark I VLBI
observations at 13 and 18 cm (23,24,58,59,60) have resolved
part of the source, and they imply a more complicated
structure than one would infer from the simple spectrum.
There appears to be a core iOYOOB that generates about half

the flux at 18 cm, together with a somewhat larger halo,
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20?007, that supplies most of the rest. There is also some
evidence of more extended structure, particularly at the
lower frequencies investigated by the Canadian group (12,
11,28). But since this evidence consists principally in
the observers' failure to account for the expected flux =--
in a source that has since been discovered to vary in flux
by more than the observed discrepancy -- it has to be
regarded as precarious.

The present observations (Table 4-22 and Figure
4-13) also admit a core-halo model (Table 4-23), although
the halo is definitely larger than at the higher frequen-
cies cited above. Of course the model generated by the
three data points of 1971, when the source was supposed to
be a calibrator, should not be taken literally; and even
the 1972 observations, which had to be terminated prema-
turely, are open to a considerable range of interpretation.
In particular the distribution of flux between the core and
halo is so uncertain in both cases that I felt justified in
supposing, for modeling purposes, that the flux in the halo
was the same at the two epochs. Nevertheless two interest-
ing and unambiguous conclusions do emerge: first, that the
source contains appreciable structure larger than OTOl; and
second, that a substantial change in the apparent structure

occurred during the seven months between the two observing

sessions.
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TABLE 4-22

Observations of CTA 102

EPOCH| IHA u (Ax10°%) v (Ax10°) | CORR. FLUX | ERROR
1971 |-2.841 4.942 ~-0.704 4.83 0.14
+0.539 6.649 +0.399 4.68 0.15
4,159 3.113 1.404 5.75 0.14
1972 |-3.837 3.604 -0.929 6.18 0.11
-3.331 4,320 -0.824 6.01 0.12
-2.822 4.965 -0.699 5.71 0.12
-2.329 5.506 -0.564 5.78 0.12
-1.818 5.970 -0.409 5.37 0.13
-1.326 6.315 -0.250 5.41 0.12
-0.829 6.559 -0.081 5.48 0.13
-0.312 6.694 +0.099 5.04 0.13
+0.847 6.552 0.506 5.22 0.12
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3C 454.3

3C 454.3 is a quasar similar in many respects to
CTA 102. Wyndham (110) corrected the original misidentifi-
cation and first drew attention to the source's optical
variability. Lynds (67) measured its redshift.

At radio frequencies the source is known to be
exceptionally compact, and like CTA 102 it has a scintilla-
tion index of 1.0 at 430 and 611 MHz (32); but unlike
CTA 102 it is strongly variable at short centimeter wave-
lengths and has a peculiar, complicated spectrum that sug-
gests the presence of several components. VLBI measure-
ments made by the NRAO-Cornell-Caltech group (23,24,58,69,
60) revealed a core-halo structure that accounts for all or
nearly all of the flux between 6 and 18 cm. These investi-
gators had difficulty in estimating the size of the halo
because of flux variations concurrent with their measure-
ments, but it seems to have been on the order of 0?004.

The core, on the other hand, appeared unresolved even at

6 cm and so must have been iOTOOO4. Subsequent observations
at 3.8 cm by the same group (31) indicated an intermediate
size of about 0?0012.

Analysis of lower-frequency observations is compli-
cated by the same factor that interferes in the case of
CTA 102 -- the large and rapid changes in flux (and by in-

ference structure) first observed by Hunstead (54). In
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this connection the Canadian results are especially
puzzling. Their early observations at 448 MHz (13,12)
yielded unexpectedly weak fringes, and they reasonably
inferred a source size of about 0?6. Later, in their more
extensive investigation (11,28), they again found that the
correlated flux accounted for only a fraction of the source.
While 62 percent fitted into a compact component of about

0.015 diameter, they had to relegate the remaining 38 per-
cent to an invisible component larger than l". Extended
low-frequency envelopes are not uncommon among quasars, but
this particular instance is hard to reconcile with Jauncey
and others' (55) observation at 610 MHz about a year ear-
lier, in which the source appeared completely unresolved,
iOTOlS. The scintillation data also bear heavily against
it. On the other hand one cannot explain the discrepancy
away on the basis that the assumed 448-MHz flux was too
high. As a matter of fact comparison with Hunstead's flux
curve shows that the Canadians' values were accurate in
both 1967 and 1968.

It is hard to say whether the present observations
compound the mystery or help to explain it. The data appear
in Table 4-24 and the models in Table 4-25; and both are
plotted together in Figure 4-14. As in the case of CTA 102

the data are lamentably incomplete, and the models should

be considered provisional at best. Since a single circular
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component reproduces the data I made no attempt to fit
more complicated mbdels, but an elliptical shape is emi-
nently poséible, and an unresolved core could easily be
substituted for a large fraction of the very compact
gaussian brightness distribution.

Notwithstanding the shortcomings of the data, it is
clear that quite a profound change has taken place in the
apparent structure of the source. Independent of any model
the point at 3.79 hours from 1971 represents 79 percent of
the assumed source flux, whereas in 1972 the source appears
not only weaker, but much less resolved: once again, about
40 percent of the source seems to have vanished. This
result provides not only a striking corroboration of
Hunstead's findings, but also a basis for reconciling the
Canadians' data with the 610-MHz results and the scintilla-
tion observations. At the same time the source's behavior
makes an interesting contrast to that of the high-frequency
variable VRO 42.22.01, which consistently appears larger

when its flux is relatively low (25).
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TABLE 4-24

Observations of 3C 454.3

EPOCH| TIHA u (Ax10%) | v (Ax10%®) | CORR. FLUX | ERROR
1971 |+0.074 6.715 0.241 7.78 0.13
3.789 3.674 1.754 10.29 0.16
1972 |-3.920 3.480 -1.378 7.36 0.13
-3.436 4.177 -1.244 7.22 0.11
-2.922 4.845 -1.077 6.94 0.14
-2.436 5.395 ~0.897 7.02 0.12
-1.933 5.874 -0.692 6.72 0.11
-1.431 6.250 -0.472 6.85 0.12
-0.929 6.518 -0.241 6.27 0.12
-0.387 6.682 +0.018 6.34 0.10
+0.240 6.703 0.321 6.37 0.12
0.742 6.590 0.563 6.30 0.12
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CHAPTER 5

DISCUSSION

Freely interpreted, the question of what the obser-
vations mean would invite a widely ranging discussion of
emission mechanisms, source evolution, and cosmology.
Within the context of limited information and even more
limited understanding, however, it seems preferable to
limit consideration to those issues most directly related
to the data at hand, with emphasis on what is novel or
unexpected. Although the discussion impinges on other
areas, it dwells principally on morphology and the problems

connected with rapid changes in source structure.

Morphology It is natural to begin by inquiring how

well the models derived from the 606-MHz data correspond to
those of other observers at neighboring frequencies.

Table 5-1 summarizes the individual discussions in Chapter
4 by rating, for each source (column 1), the agreement of
the 606-MHz model (column 2) with the model of the NRAO-
Cornell-Caltech group (column 3), based mostly on 6- and
18-cm data, and that of the Canadian group (column 4),
based on 67- and 73.5-cm observations. For nine of the
thirteen sources the three models are basically similar,

and in several instances even the details agree well. 1In
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two other cases, CTA 21 and 3C 84, the discrepancy is due
to the Canadians' preference for a double structure rather
than a single elongated component. One of the remaining
sources, 3C 147, is exceptionally complex and has so far
defied all attempts to unify different sets of observations,
while the other, 3C 273, is difficult to analyze because of
the poor angular discrimination of the data. On the whole,
especially in view of the ambiguities inherent in model-
fitting, the consistency of the three sets of results is
remarkably good. It encourages faith in the individual
models and suggests that even in unusually active sources
the structure is not likely to depend strongly on the
frequency or resolution of the observations. |

Table 5-2 examines this dependence in more detail
by summarizing the informa;ion from Chapter 4 on qll known
structure in the sources studied. Columns 1 and 2 again
contain the source name and the basic structure observed in
the present study (scale size 0.0l to 0?1), while columns
3 and 4 indicate the structure seen on smaller and larger
scales. The most conspicuous feature of the Table is the
preponderance of core-halo sources. Though not typical of
quasars or radio galaxies in general, this kind of structure
is quite characteristic of compact objects with flat
spectra. Hogg (563, notice especially Figure 4) in particu-

lar has pointed out the dichotomy between extended, double



-145-

UMOUI SUoU
poWITIUOD DUOU
*09S MII n OTeY *baxg-moT
*09s MOJ ~ OTRY ‘*baaz-moT
uMmouy Suou
uUMOU3 Ouou
¢.0n oTey Adusnbaxg-mot
,0€v oTey Aousnbaaj-moT
*dwoo 9snjJTp puooss
xaTdwos
, 0T oTey Aousnbexj-moT
x3T7dwoo

UMOUY SUOU

92100 Apusnbaaz-ybry
uMouy duou
uMOUY 8suou
uMouUy duou
uMOUuy Suou
UMOUY Suou
UMOUY duou

buTtaTOA® pur XSTdAWOD

butaTOa® pur xoTdwod
uUMOUY Buou

putaTosd® pur XaTdWOO

purtaTosd puer x5TdwoOd

2100 Aousunbaaz-ybty

*dwoo JeTnOoITO [leus
OTeY IBINDIATO-3I0D
oTey TeoT3dITI9-9I00
oTey TeoT3dITTo-9I00

éotqnop jutod
dwoo TeoT3xdITI® °TbUTS
oTey [eorT3dITTo-9100
sjusuodwod HbuoIls g
se0anos jutod ¢
(xo1dwoo) Topou ou
@oanos jutod
*dwoo TeotTadITT® STbuTs

*duoo TeoT3dITTe o1buTs

€°vSy O¢
¢0T ¥Y@LO
08¢ D¢
sve O¢
€6 dLO
CI+SPETd
98¢ O¢
6LZ Ot
€LC Ot
LT O
0CT O¢
78 Ot

T¢ ¥Y&LO

HINLONYLS ddDYUNY'T

HANLONTLS HATIVHAS

T:0 OL T0;0 ZMAIONULS

J0dNos

S9ZTS ©TROS JUSIDIITA IB POAISSCO 9INFONIAJS SDIANOS

¢=g dIdVYL




-146-

gquasi-stellar sources and compact core-halo objects of low
spectral index, while Fomalont (44) has made the same point
with respect to radio galaxies. Thus, eight of the objects
listed in the Table are definitely core-halo types, al-
though in two, 3C 84 and 3C 120, the core appears to be
compound. In two other cases, P1345+12 and CTD 93, the
indications are less clear because the data are so limited,
but a core-halo structure is certainly possible. On the
other hand 3C 147 and 3C 273 are definitely more compli-
cated, containing several well separated components.

The most troublesome object to classify in this
respect is 3C 279. 1Its structure is certainly core-halo in
the sense that it contains components spanning a wide range
of scale sizes, with the smallest components (<0?001)
dominating the flux at high frequencies and the largest
(®30") dominating at low frequencies in the usual way (see
Figure 4-6). At the same time it is not at all clear that
the various components are even approximately concentric:
the present observations, in fact, indicate strongly that
they are not. Ignoring for now the fine structure in the
visibility function, we still have to explain an asymmetric
curve (model B in Figure 4-7) that apparently requires the
two strong components -- presumably the ones designated B
and C by Kellermann and others (58) -- to be about a tenth
of a second apart. Yet if this explanation is correct,

the separation should surely have been detected in the



-147-

numerous 1l8-cm observations (23,24,58,60) as well. This
discrepancy is puzzling to say the least.

Aside from 3C 279, however, none of the sources
that exhibit core-halo structure in the present study has
its halo offset noticeably from the core. This result is
of considerable interest theoretically, particularly in its
bearing on the various processes that might account for the
intermittent explosions which evidently fuel the emission
from these objects. As De Young has observed (39), the
models proposed to explain these outbursts fall into two
general classes: those in which successive outbursts take
place in a single relatively small region, and those in
which they occur independently at more or less random
points in a much larger volume. To the extent that VLBI
‘and other observations show cores and halos to be concen-
tric, they support the first class of models.

At the same time one should keep in mind that the
experimental evidence on this point is equivocal in several
respects. One difficulty is that although we observe
violent activity in the nuclei of a few sources, it is far
from obvious that the compact and diffuse parts of most
sources result from distinct events. Fomalont (44), for
example, argues from the rarity of simple diffuse source
structure that halos and their cores must be coeval.

Another problem is that the distinction between core and
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halo is often hard to define experimentally. To a certain
extent this difficulty arises because some sources, like

3C 286 and 3C 345, exhibit almost a continuum of scale
sizes when observed at different frequencies and resolu-
tions. But a more important factor is that in many experi-
ments, including this one, the observations span a rela-
tively narrow range of baselines. In that case, as we have
seen in Chapter 4, one may exercise considerable freedom in
dividing the source flux between core and halo. A further
point, not brought out in Chapter 4, is that the position
of the core within the halo is also rather poorly deter-
mined -- particularly if one allows the halo to be ellip-
tical. The uncertainty is not unlimited, however; and it
is quite clear from the entire body of available data that
in general cores and their associated halos are at least
approximately concentric,

Another noteworthy feature of the core-halo models,
revealed by Table 5-2, is that most of the halos are
noticeably elliptical. In fact, only the most compact and
poorly observed sources (3C 120, CTA 102, and 3C 454.3)
fail to show evidence of elongation. The obvious implica-
tion is that either the mechanism producing the source is
itself directional (a collision of gas clouds, for example,
as in Daltabuit and Cox's model (36)); or the source is

expanding into a medium that restricts its motion to a
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particular axis. It would be interesting to compare these
axes of elongation to those observed at higher and lower
resolutions, but the information available is not yet com-
plete enough to make such a comparison worthwhile. For
core-halo sources at least, previous investigators have
usually contented themselves with a single number to repre-
sent the scale size of each component.

Information on magnetic field alignment, as derived
from polarization measurements, is more plentiful; but the
significance of correlations with source structure is open
to considerable doubt, as pointed out by Mitton (75). If,
as seems likely, the integrated polarization of most
sources results from the superposition of several randomly
oriented domains, then the absence of a high level of
correlation is less than surprising. Table 5-3 compares
the polarization and elongation axes of the four sources
in the current study for which both angles are reliably
known.

Another parameter associated with a source's mag-
netic field is its maximum possible brightness temperature.
In a synchrotron source this temperature is limited by the
kinetic temperature of the electron gas ((91), p. 341; see
also (62) and the summary of a more rigorous derivation

given by Terrell (103)):

. 1
(Tb)max N ym0c2/3k v (% ]'Qmoc2/3k (5-1a)
g
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TABLE 5-3

Comparison of Elongation and

Polarization Axes for Four Sources

SOURCE ELONGATION P.A. | POLARIZATION P.A. | DIFFERENCE
(DEGREES) (DEGREES) (DEGREES)

3C 273 nad 152 108

3C 286 nAG 31 1s

3C 345 n141 16 o5

3C 380 n140 68 -

(The intrinsic polarization angles were kindly
provided by Wright (108). Note that for an
optically thin synchrotron source the intrinsic
polarization angle is perpendicular to the

projected magnetic field.)
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where Ymoc2 is the energy of a typical electron,

k is the Boltzmann constant, 1.38 x 102° joule/K,
v is the observed frequency, and
Vg is the electron gyrofrequency, given (in

Gaussian units) by Vg = eB/2mm c.

Substituting their values for the constants, we can rewrite

(5-1a) as

A v Y2
(Th) axe ~ 1-18 x 109[§] (5-1b)

where Ty, is expressed in kelvins, v in MHz, and B in gauss.

- - 4 ' 2
Thus, for v = 606 and B = 10™, (Tp) oy © 2:9 X 10!2 K.

Experimentally the brightness temperature is given by

o = —S¢2_ (5-2a)
b 2kv - AQ
where S is the observed flux and

A is the solid angle subtended by the source.

For the case of an elliptical Gaussian brightness distribu-
tion, with v = 606 MHz, we can rewrite (5-2a) as
T, = 3.33 x 105>

b Wny

(5-2b)

in which Ty is the brightness temperature at the center
of the source,
S is expressed in flux units, and

Wx and Wy are the full widths to half
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maximum intensity along the major and

minor axes of the source.

Computing Tb for the various models in Chapter 4,
we find values typically well below the limit imposed by
(5-1). The highest Tb ~~ for a resolved component, at
least -- is 4.2 x 10'! K for 3C 454.3 in 1972. Consegquent-
ly the models are entirely consistent with magnetic fields
in the emitting regions of 10" gauss or even higher.

Certainly the most remarkable morphological feature
of the models is the presence of weak structure far from
the strong components in 3C 84, 3C 279, and 3C 345. The
evidence for the existence of this structure is strong:
it resides in the fact that simple one- and two-component
models fail to fit the data adequately and that the devia-
tions of the data from the simple models are systematic.

At the same time the evidence is highly ambiguous. From
the character of the deviations one can get an idea of the
separations involved, but more specific inferences are
unreliable. Hence the models proposed in Chapter 4 should

be considered as merely suggestive of the undetermined

structure.

Nonetheless, even the existence of the weak com-
ponents is a matter of considerable interest. Contrary to
the conclusion drawn earlier from the symmetry of core-halo

sources, the large distances separating these weak sources
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from the strong components suggest that they result from
independent events. Much more precise and thorough obser-
vations are necessary, however, before we can discuss with

confidence the details of this weak, extended structure.

Changes in Source Structure The most dramatic

result of the experiment was the discovery of apparent
changes in the structure of at least six of the nine
sources that were observed in both 1971 and 1972. This
finding was unexpected because early searches for low-
frequency variability had been uniformly unsuccessful

(see (61, p. 419 ff.) for a summary), and because it
contradicts the canonical model of a variable compact
source (66,61). According to this model a variable com-
ponent originates as an extremely compact, highly energetic
outburst of particles in a region containing a magnetic
field. 1Initially the compact source is optically thick at
low radio frequencies, so that it appears first at milli-
meter and short centimeter wavelengths, where a typical
outburst can increase the total flux of a source by a
factor of two or more. As time goes on and the radiating
region expands, it becomes optically thin and radiates at
progressively lower frequencies, but with reduced flux. By
the time the disturbance becomes visible at long decimeter
wavelengths, after two years or so, its amplitude is

practically negligible.
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Recently, however, Hunsﬁead (54) and others have
observed rapid changes in the 73,5-cm fluxes of several
compact sources, including CTA 102 and 3C 454.3. These
findings conflict with the canonical model in that the
fluctuations are large and appear to be unrelated to any
similar activity at higher frequencies. But at the same
time they form a basis for confidence in the current obser-
vations of changes in structure -- especially for CTA 102
and 3C 454.3, which exhibited the most dramatic changes.

The interpretation of the variations, both in
flux and in structure, is frustrating because every hypo-
thesis encounters serious objections. There are three
possibilities: (1) the variations are an artifact of the
measuring process; (2) they are imposed on a constant
source by the intervening medium; or (3) they are intrinsic
to the source. Possibility (1) we can dismiss immediately
since the flux changes, at least, have been corroborated by
several independent groups using different equipment and
procedures.

Possibility (2) requires more detailed considera-
tion, however. Evidently the medium imposing the scintil-
lations, if that is what they are, is neither the iono-
sphere nor the interstellar plasma, because the time scale
of the observed variations (on the order of a year) is far

too long. The modulating material has to be intergalactic,
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then, and the situation must be more or less as depicted in
Figure 5-1.

The behavior of signals passing through such a
medium has been considered by numerous writers, including
Salpeter (84) and Scheuer (90), who summarizes the results
in a compact and readable form. Yoshioka (7111) has applied
these results to the intergalactic scintillation of compact
sources, but his treatment is rather superficial. For our
present purposes we can summarize the relevant relations as
follows. (In the numerical relations A¢ is measured in

3

radians, Ane in em™, a and L in parsecs, and £, in Mpc.)

/s 2 7 /2
Ad v (2m) rek(aL) Ane v 6,82 x 107 (aL) Ane > 1

(5-3)
6 o (2n7 7 (L/a)y? An r A
sC e e
. (5-4)
v 2.46 x 107° (L/a)? An_
2 Yo -t 1
20 v 2ma“/AAg v 5750 a L Ané < 3000 (5-5)
1 AT X .
3'5-_T'm'§; if x << &, (5-6)
zesc > a (5-7)
X0, < a (5-8)

int
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Figure 5-1. Schematic representation of intergalactic

scintillation, with the important parameters labeled.



0.0033 < Ao —p— <1 (5-9)
- scC
T = 3 x 107 seconds << (5-10)

In these formulas,

r, is the classical radius of the electron,
2.8 x 1073 cm,

A is the observing wavelength,

a is the scale size of the electron density fluctua-
tions, which are supposed to have a Gaussian
spectral distribution,

Ane is the rms amplitude of the density fluctuations,

z is the distance between the refracting layer and
the source,

L is the thickness of the refracting layer,

X 1s the distance between the refracting layer and
the observer,

2, 1s a typical focusing distance for the refracted
rays,

A$¢ is the rms phase perturbation of a ray traversing
the refracting layer,

eint is the angle subtended by the (unrefracted)
source at the location of the observer,

3] is the rms scattering angle for a ray traversing

sSC

the refracting layer,

A-%—is the rms fractional intensity fluctuation of the
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observed signal,

AX is the bandwidth over which the observed intensity
fluctuations are correlated,

v is the speed of the refracting layer transverse to
the line of sight to the source, and

T is the time scale of the observed intensity

fluctuations.

The inequalities in the various formulas are conse-
quences of the observations, under the assumption that a
typical source distance is 1000 Mpc. In particular the
restriction in (5-5) results froﬁ the observation that the
intensity fluctuation amplitude in (5-8) exceeds thirty
percent in some sources; and the inequalities in (5-9) are
due to the fact that the fluctuations are correlated over
the bandwidth of the present observations (2 MHz) but show
little correlation between 408 and 318 MHz (see Figure 3-1).

These relations can be manipulated in various ways
to obtain limits on the parameters of the intergalactic
medium. All these results tend to show that intergalactic
scintillation is unlikely to be the cause of the observed
variations, but the most direct and telling argument fol-
lows from solving (5-7) for esc and substituting the result-
ing expression in the left-hand inequality of (5-9). We
can then rearrange the resulting formula to show that

a < (300Az)¥2 or, since z < 1000 Mpc, a < 0.0022 pc.
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However the intrinsic source size must be comparable to a,
or smaller (as indicated by (5-8)) in order for the rays
passing through different irregularities to interfere
coherently. Hence, if scintillation is causing the apparent
changes in flux and structure, we are compelled to suppose
that the scintillating part of the source is less than
0.0022 pc in diameter. A source of that size, with an
apparent flux of one flux unit, would require a brightness
temperature in excess of 6 x 10'® K even if it were as
close as 3C 273. Consequently we would have to invoke a
coherent emission précess, and with such a mechanism at our
disposal we would no longer need scintillation to produce
the observed time variations. The interferometric observa-
tions, on the other hand, indicate much larger sizes for at
least some of the varying regions, and brightness tempera-
tures well within the limits set by inverse Compton scatter-
ing. Another objection to the scintillation mechanism is
that the pattern speed of the fluctuations, given by (5-10),
is uncomfortably large (=2000 km/sec) even for the small
scale size derived above. In short, all the evidence we
can bring to bear militates strongly against possibility (2).
We are left, then, with the single remaining alter-
native: that the observed variations in flux and structure
are intrinsic to the sources. As a working hypothesis this

seems the least objectionable possibility, even though it
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creates more problems than it solves.

Foremost among these problems is the apparent
irreconcilability of the spatial and temporal scales of
variation. The linear size of a source component is

related to its apparent angular size by the formula

d = 0,D ’ (5-1la)

where d is the linear size of the source,
0, is its apparent angular size, and
D, the metric distance to the source, is

given by (85,86)

D = 'f——g_—_—"é{qoz + (q,-1) [ (1 + 2q,2z) ¥* - 11} (5-11b)
H,q, (1+z)

Here, c is the speed of light,
q, is the cosmological deceleration parameter,
assumed in the following discussion to be +1,
z is the (cosmological) redshift, and

H0 is the Hubble constant, taken to be 55 km/sec/Mpc.

Thus, for a typical source in this investigation an angular
size of O?Ol corresponds to linear dimensions of about 60
parsecs. If we accept the models of Chapter 4 and the
cosmological nature of the redshifts, then we have to con-
clude that at least some of the observed changes are taking
place in sources of about that size. At the same time, the

variations occur in intervals of a year or less, and these
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intervals are reduced by a factor of (1+z) in a frame
moving with the source. The apparent rate of propagation
of the disturbances, therefore, is more than 200 times
the speed of light.

How are we to avoid these unacceptable speeds?
Whitney and others (106) have considered the same problem
in connection with their own observations of 3C 273 and
3C 279 at 3.8 cm, in which they found apparent expansion
rates of a few times the speed of light. They suggested
several possible loopholes in the reasoning that deserve
reconsideration in the light of the new data:

1) The simple source models are incorrect. This is
certainly a plausible supposition, but the basic observa-
tional evidence depends very little on the particular
models used to represent it. The maximum resolution of the
present observations was about 0?01, and substantial
changes were observed in partially resolved structure
during an interval of seven months. Any model similar in
character to those suggested in Chapter 4, that accounted
for the time variations, would necessarily involve com-
parable speeds.

2) The emitting regions do not move or change in
size; rather, several components simulate motion by blink-
ing on and off independently (the "Christmas tree" model).

This model has some attractive features but also raises
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additional difficulties. There is no doubt that models of
this type can be constructed so as to reproduce the obser-
vations made to date. Such models would be very hard
pressed, however, to explain any long-term consistency in
the evolution of a source.

On the theoretical level, if the individual
"blinkers" were made small enough to overcome the propaga-
tion-time problem, they would have such high brightness
temperatures (greater than 10'"* K) that a coherent emission
mechanism would probably be needed in order to sustain them.
Mechanisms of this kind are certainly not implausible; in
fact, the lack of correlation between the low-frequency
outbursts and those seen at short centimeter wavelengths
lends considerable support to the idea that different
emission processes are operating. If this supposition is
correct, then an important observational consequence is
that the high~- and low-frequency variations may well be
spatially, as well as temporally, independent.

3) The apparent rates are phase, not group speeds.
This possibility is credible for apparent rates of a few
times ¢, but not for 100c,

4) The observations result from relativistic motion
of source components near the line of sight. This sugges-
tion is open to grave objections even for modest rates and

is entirely implausible in the present context.
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5) The fluctuations are due to scintillation -~
an unlikely possibility because of the arguments advanced
earlier.

6) The redshifts are not cosmological. No tenable
alternative has been proposed, but the idea is most

seductive,

Suggestions for Further Research In the light of

our present knowledge it would be presumptuous to suggest
a line of inquiry not likely to bear fruit. There is a
pressing need for more observations of compact sources at
all resolutions from a second of arc to a thousandth of a
second and beyond, particularly in the frequency ranges
that have been neglected. The observations reported here
should be repeated at intervals of no more than six months
in order to follow the history of the time variations and
determine their nature. Concurrent observations at other
frequencies are badly needed to establish the spectral
dependence of the variable structure and shed light on the
underlying mechanism. Additional baselines will also be
required in order to determine the structure more reliably,
particularly for the sources at low declination. Future
observations should emphasize low system temperatures,
fastidious calibration, and continous hour-angle coverage
so as to extract as much information as possible from

each baseline.
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APPENDIX A

THE EFFECT OF NOISE ON COMPUTED CORRELATION AMPLITUDES

This appendix deals with the most important statis-
tical considerations involved in the reduction of continuum
data on the Mark II VLBI system. Some of the pertinent
probability distributions are derived in the first section.
Most of these results are germane to a wide class of signal-
processing problems, and other writers have evolved them
from a more rigorous mathematical foundation. I hope,
however, that my heuristic approach will be more suggestive
to readers with a particular interest in VLBI. In the sec-
ond section experimental data are combined with the results
of the first section to estimate the bias and error in

fringe amplitude measurements.

Probability Distributions Consider the operation

of one delay channel in the Mark II reproduce terminal.

The inputs to the channel are the bit streams from two
record terminals. Each record terminal has limited its in-
coming i-f signal to a frequency range from near zero to
about 2 MHz, sampled the sign of the band-limited i-f at
intervals of 0.25 microsecond, and encoded the samples on
video tape. In general a portion of the signals on tﬁe two
tapes, due to a compact source, is correlated and will pro-

duce "fringes" ~-- that is, a correlation coefficient
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varying sinusoidally in time. The rest, including the
remainder of the signal from the source, is statistically
independent at the two stations.,

In the correlation process the reproduce terminal
first retards one of the two entering bit streams (call
them Bl and B2) by an integral number of bits to compensate
for the difference in propagation time from the source to
the two stations. Then it multiplies one of the inputs
(Bl' say) by two auxiliary bit streams that approximate
sine and cosine waves at the expected fringe rate, produc-
ing the outputs Bla and Blb‘ (The purpose of this multi-
plication is to shift the fringe rate to near zero. Both
components of the auxiliary sinusoid are necessary, because
the phase of the fringes is unknown and may, in fact, vary
irregularly during an observation.) Finally the terminal
correlates B2 with both B,_  and B and writes the result-

la 1b

ing correlation coefficients on an output tape at intervals
of 0.2 second.

In the next step of the reduction procedure a se-
ries of correlation coefficients in a particular delay
channel of the correlator output tape is Fourier trans-
formed to give the residual rate, the phase, and the ampli-
tude of the fringes in that channel. At this stage the
“"cosine" and "sine" parts of the correlation coefficient
assume the roles of the "real" and “"imaginary" parts of the

time series.
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Given this correlation procedure we can derive the
statistical properties of the resulting correlation ampli-
tudes. First consider the simple case of pure noise, in
which no part of the two i-f signals is correlated. Suppose
also that successive bits on each of the input tapes are
uncorrelated. (That this assumption is correct for i-f
signals having a square bandpass and sampled at the Nyquist
rate, as they are in this case, is evident from a direct
application of the Wiener-Khinchine theorem.)

Let N pairs of bits be correlated. The correlation

coefficient may be defined as

g £1,1%2,1
p = (A-1a)
(] €150 55,507
& 1,1 § 2,1
where fl i and f2 ; are corresponding members of the two
r ’

time series. An equivalent formula is

- e 1b
b= {<ff><f§>}1/2 (A-1Db)

in which angle brackets indicate a measured mean value

(not a statistical expectation). 1In this example fl i
14

and f2 4 assume the values +1 and -1 with equal probability,
14

so that the expectation values of both fl . and f

. are
) 1 2,1

zero. Furthermore, the correlation of each pair of bits is

a Bernoulli trial with a probability of success of 0.5,
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when success is defined as fl if2 i = +1. The probability
14 r

of n successes in N trials is then the binomial distribu-

tion function,

b(n;N,0.5) = 2‘N[§] (A-2)

and using our knowledge of f we can rewrite (A-la) as

Nz

p = —— (A=3)

o2

Finally, combining (A-2) and (A-3) with the familiar
asymptotic relation between the discrete binomial distribu-

tion and the continuous normal distribution, namely
b(n;N,p) v G(n;Np,Np(l-p)) (A-4)
where
G(x;u,0) = (2m02)Y2 expl[-(x-p)2/(202)] (A-5)

we can easily show that when the correlator operates on
pure noise the correlation coefficient has a normal

probability density function:

P{p} = G(p;0,N V%) (A-6)

Next consider what happens when the time series

of correlation coefficients undergoes a Fourier
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transformation. Suppose that a sequence of M correlation

coefficients is transformed to yield the spectral

coefficients
M-1 .
A = L o, e i2mtk/M t=0,1,...,M1 (A-7)
t - M, Pk

Remember that P has both real and imaginary parts (the

cosine and sine correlations), and the At are complex as

well. Recall also that if Py and p, are normally distrib-
uted random variables with means <pq> and <p,>, respec-

tively, and standard deviations o, and © and if

1 27
py = Apl + sz, then P is normally distributed too, with
<p4> = A<py> + B<p,> and 0§ = Azoi + Bzoé. Then by isolat-
ing the real and imaginary parts of (A-7) it is again

perfectly straightforward to show that the real and imagi-

nary parts of A Re[At] and Im[At], both are normally

t’

distributed with means

u(Re[At]) = u(Im[At]) =0, t=20,1,...,M-1 (A-8a)
and standard deviations
o(Re(A 1) = o(Im[a.]) = M Y25(p) = (MN)V2 ,
(A-8Db)

t=0'l'o--'M_l

in which MN is simply the total number of pairs of bits

correlated.
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Of course our primary interest is in the fringe

visibility, which is proportional to the modulus of Ags

modulus (B.) = lAtI = {(Re[At])2 + (Im[At])z}l/2 (A-9)

We can derive the probability density function P{lAt]}

from (A-8) by using a relation that will be helpful again
later on, the convolution formula for probability distribu-
tions. Given the probability density functions P,{x,} and
Pz{xz} of the random variables X, and X, let v = F(xl,xz)
and x = f(y,x,). Then the probability density function

P{y} is given by
— of
Ply(x,,x,)} = [ P {x }p {f} ‘_~8y ax, (A-10)

where the integration is performed over all values of X,
permitted by a particular value of y. Here, with X =
Re[At], x, = Im[At], P{x } and P{x,} as specified in (A-8),
and y = lAtI from (A-9), we find, carrying out the

integration (A-10), that
////ETTEET&\= i%%l exp[—lAtlz/(ZAi)] = R(]At[;AO),
0

\
)

A, = )Y = o(p) (A-11b)

- (A-11a)
0 < lAt] <

where

The function R in (A-lla) is called a Rayleigh distribution.
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One can also show by the same method that the phase of At

is uniformly distributed:
P{phase(At)} = 1/2w, 0 < phase < 27 (A-11lc)

A related function we shall need in the second
section is the probability density distribution of the
largest value among m independent samples drawn from a
Rayleigh-distributed population. In general, for a
distribution function ¢(x), associated with a cumulative

probability distribution function @(x) = [* ¢(£) df, the

>
—00

probability distribution of the largest among m independent

samples from ¢ is
6 (x) = mo (x) [0 (x) 1™ 1 (A-12)
For the Rayleigh distribution,

2 2 w2 2
R_(x;%,) =.§& =X /2% 1 - 7% /2xo}m 1 , 0 <x <o

< N

(a-13)

So much for the pure noise case. WNow suppose that
a source signal (the correlated part of the radio source
flux) is a component of both of the i-f bit streams. In

this case (A-1lb) may be written

<(n, + sl)(n2 + 8,)>

1
[<(n, + 5,)%><(n, + s5,)?>]"?

(a-14a)
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where n,, s,, n,, s,, are the noise and signal parts of the
i-f voltages at the two terminals. But since all the
cross-correlation terms except s,s, vanish,

<g 8 >
2

1
[<(n, + s)?><(n, +5,)°>]"

(A-14Db)

where both sides of the formula are now to be interpreted
in terms of expectations. The two factors in the denom-
inator of (A-14b) are proportional to the total (signal
plus noise) power available at the terminals of the two

receivers; that is, to
P = kTAv (A-15a)

where P is the available power,
k is Boltzmann's constant, 1.38 x 102°® joule/kelvin,
T is the total receiver noise temperature, and

Av is the receiver i-f bandwidth.

Furthermore the two factors in the numerator of (A-14b) are
proportional to the square root of the signal power avail-

able, which can be written as
P = kTSAv = SnAAv/2 (A-15b)

where PS and TS denote the signal (correlated)
contributions to P and T,

S is the correlated source flux,
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n is the antenna aperture efficiency, and

A is the geometrical antenna aperture.

Therefore we can use the relations (A-15) to rewrite
(A=14b). Remembering also to insert the Van Vleck clipping

correction,

(2/m) sin™ (p (A-16)

pclipped = unclipped)

(for which Clark (21) gives a good, simple derivation), to
account for the degradation of the correlation caused by
clipping, we may rewrite the correlation formula (A-14b),

in the low-correlation limit, as

/o 1/2
T T S(n,A n,A.,)
o = _% 1,s 2,s| _ 1712 i& (A-17)
Tsz TTk(Tsz)

where subscripts 1 and 2 now refer to the two antenna
systems, and subscript s again isolates that portion of the
system temperature due to the correlated source flux.
Equation (A-17) shows that the first-order effect
of uncorrelated system noise, whether due to the receiver,
antenna spillover, uncorrelated source flux, or other
causes, is to reduce the observed correlation by a factor
proportional to the geometric mean of the two system tem-
peratures. There is also a second-order effect, which
arises from the uncertainty introduced into the measurement

of p by the presence of the uncorrelated noise. The
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following paragraphs show how this effect introduces bias
into the correlation measurements.

Figure A-1 depicts schematically how the Fourier
transform operates on a waveform containing both correlated
and uncorrelated parts. The amplitude of the correlated
part (the signal) is S, and its phase is ¢. It is composed
of the real and imaginary (or if you prefer, sine and co-
sine) parts S

and S which are added in quadrature as
|

R I’

indicated in the Figure. In addition to the signal con-
tribution to the total amplitude, A, there is also a noise
part of amplitude N, whose components Np and N, combine

with SR and S, to give the component amplitudes A, and A

I R II

for which probability distribution functions are plotted
along the corresponding axes. The variances in the dis-
tributions of AR and AI are preciselyv those of (A-8b), but
the means are no longer zero because of the presence of the
signal.

We can now compute the probability distribution
function of A. Consider A as the composition of S, a fixed
vector in the plane, and N, whose distribution is given by
(A-11). Using (A-10) with Pl(N) = R(N;N_); P2(6) = 1/2m,

0 <6 < 2m; y=A-= (S>? + N> - 25N cos8) ¥2; and performing

the integral, we find that

p{a} ='§7exp[—(SZ+A2)/2N§] I,(AS/NZ), 0 < A < = (A-18a)
0
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where I, is the Bessel function of imaginary argument. A
more convenient form results when we scale the distribution

in units of N,: letting vy = A/N_, § = S/NQ,

242
Plyle} = ve" OTFY /2 1 (5y), 0 <y <= (A-18b)

in which the left member, to be read, "P of y given §,"
emphasizes the fact that the distribution of y is specified
in terms of a knowﬁ, fixed value of §. The distribution
(A-18a,b) is named the Rice distribution after the man who
first investigated it thoroughly (81). It approaches
R(A;N,) as §+0 and approaches G(A;S,N, ) as 6.

By the same method we can also determine the dis-

tribution of the phase error of A, 8 = arg(A) - arg(S):

~-82 2,12
P{eld} = (1/2m)e $</2 + dcosB o §%sin“8/2

X

/8T
(A-18c)
x[1 + erf(Scosb/v/2)] , 0 < 6 < 2w
where
2
1 + erf(scosd/vI) = (2/m Y2 00088 ~X7/2 4 (a-184)

-0

(A-18b,c) are virtually identical to equations (8-115) and
(8-118) of Davenport and Root (37), who give a more formal
derivation in a less restricted context.

(A-18b) is not yet the form we want, however. It
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gives information about y when ¢ is known; but in practice
we measure A (that is, vy, if we know N ) and want to draw
inferences concerning S (or §). In order to "invert"
(A-18b) we have to interpret the right member as a bivari-
ate distribution, in y and 6§, and make some assumption
about the marginal density function for §. (There are
philosophical difficulties at this point which the reader
will have to resolve to his own satisfaction.) Proceeding
from the weakest possible assumption, that all values of §
are a priori equally probable, we obtain the desired rela-

tion by simply renormalizing (A-18b):

P{8|y} = p{y|s}/[" p{y|6} as
0

(A-19)

il

2 2
(2/m) V2o~ L(28"4Y D) /401 sy /1 (v2/8), 0 < 5 <

(A-11, 13, 17, 18, 19) are the fundamental rela-
tions needed to transform uncorrected correlation coef-
ficients to a scale strictly proportional to correlated
flux. How they are used in a particular case, however,
depends on the details of the reduction procedure. The
next section describes how they were applied to the data

of this experiment.
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Applications First let us understand a little

better the relationship between (A-18b) and (A-19). The
moments of the two distributions are of interest and can be
expressed in terms of familiar functions. In general,

} 82 2

"6 = ™2 r@ vy 2 F @+ 114 (a-20a)
where E{x} denotes the statistical expectation of x,

I'(x) is the ordinary gamma function, and

1Fl(a;b;x) is the confluent hypergeometric function.

For the values of the parameters with which we are con-

cerned |F, (a;jb;x) éan be expressed in terms of exponentials

or Bessel functions. Using these relations we find, for

the first two moments,

E{y|6} = /7/2 e84 35)10(52/4) + 2311(52/4)]
(A-20Db)

E{y?|s} = 8% + 2 (A-20c)

(Observe the implication of (A-20c): the power in the
signal-plus-noise is the sum of the signal power and the
noise power.)
Similarly,
1 e—YZ/4 n

E(8%y} = @*m¥rg+ 22— r &+ 11



-178-

and in particular,

2
E(s|y} = vZ7m ¥ /%1 (y2/a) (A-21b)
E{§2]y} = 1 + y*{II,(vy?/4) + I,(y%/4)1/2I,(y*/4)} (a-21lc)

Now we can compute corrected correlation amplitudes
in a simple case. Suppose that we have a single reliable
measurement of a correlation, Al First we compute the
noise level, Ay using either (A-11b) or an experimental
determination, and find y = Al/Ao‘ Then we merely multiply

A, by E{8|y}/y (using (A-21b)) to remove the bias and mul-

tiply the product by vI, T, -- or if necessary by

/T1T27n1n2 -- to give a corrected value that is independent
of the variable system parameters. If we like we can even

estimate the error in the result with the help of (A-21c).
In practice, however, two important considerations
disrupt this simple scheme. First, it is rarely practical
to Fourier transform a long observation -- fifteen minutes,
say —-- en masse. When the signal-to-noise ratio is high
enough it is usually better to subdivide the observation
into shorter segments, each typically a minute long, and
take the scalar average of the results. In this case it is
not correct to apply (A-21b) to the scalar average. 1In
fact the proper correction is a function not only of vy, but
also of n (the number of segments being averaged) as well;

and as n becomes large without limit, the correction
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converges to the function E{y|8§} given by (A-20b).

This paradoxical result is actually easy to under-
stand if we retrace a few steps of the derivation. When vy
is the average of n independent measurements, P{y|S8} is no
longer the right member of (A-18b), but rather the n-fold
self-convolution of that expression. Making the required
substitution, and calling the result P{y|n,8}, we can then
proceed as before to calculate P{S|n,y} and its moments.
Notice that as n-», P{y|n,8} approaches a delta function at
vy = E{y|8}. 1In that case P{S|n,y} approaches a delta func-
tion also, and E{§|n>»,y} becomes simply the inverse of
E{y|8}, as mentioned above.

The general expression for P{y|n,8}, so far as I
know, cannot be expressed compactly in closed form; but in
most practical situations n is large enough so that we can
make a very good approximation by using the central limit

theorem -- namely,
P{y|n>>,8} ~ G(y; E{y[S}, [%(E{yzld} - E2{y|8D) 1Y% (an-22)

in which the variance of the normal distribution is
evidently just 1/n times the variance of p{y|8}. This
approximation makes the succeeding numerical computations
gquite tractable, and I used it throughout the reductions.
The second additional consideration is most impor-

tant when the signal is only marginally detectable above
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the noise. It arises because the residual delay and fringe
rate are not precisely known a priori. Consequently it is
necessary to search for the fringes over a substantial
range of both delay and rate, with the result that the ef-
fective noise level is enhanced, and sometimes an especial-
ly intense noise point is mistaken for the signal.

Figure A-2 depicts the procedure schematically.

The reduction program computes correlation amplitudes on a
rectangular grid of thirty-five points in the delay-rate
plane and locates the point of largest amplitude. Then it
interpolates in the immediate neighborhood of that point to
estimate the true amplitude, rate, and delay of the fringes.
We need to know how often this procedure will pick a

"wrong" point -~ that is, a noise point remote from the
signal -- and how these errors will affect the distribution
of the measured amplitudes.

Details of the reduction procedure complicate the
analysis. To simplify it, suppose at first that the signal
falls precisely on a point in the grid (so that no interpo-
lation is necessary) and that the measurements at all
thirty-five points are statistically independent. In that
case the amplitude distribution at the signal point is
P{y|6} (A-18b), and at the thirty-four noise points it is
R(YNO; N,) (according to (A-1la)). The probability dis-

tribution of the largest among the noise points is
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R,, (YN ; N ), d la (A-13). If we define the cumulative
probability distribution functions associated with P{y|&}

and Rm(x;xo) as

P{y|8} = [Y p{g|8} dg (A-23)
0

and

A (xixg) = [0 Ry(Eix,) ag (n-24)

then the probability that the largest noise amplitude will
be larger than the signal-plus—-noise amplitude, for a given

signal-to-noise ratio, is simply
[ Ryy(yN 5 N ) P{y]|8} dy (A=25)
0

Of more immediate concern is the effect of these
errors on the distribution of the measured amplitudes --
an effect which obviously depends on how one deals with the
errors. There are several plausible ways. Probably the
most straightforward is to ignore them =-- to allow them to
persist through the succeeding stages of data reduction.

In that case the distribution P{y|8} is replaced by

P;{ylé} = P{y[8}R,, (YN ;N;) + P{yls}Rsu(yNo;No)  (A-26a)

Another way is to try to identify the errors (by

their discrepant fringe rates or delay values, for example)
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and excise them from the data. In this scheme, if the

detection procedure is perfect, P{y|8} is replaced by
Pg{yls} = P{YIG}R“(YNO;NO/{; P{y|8}R,, (YN ;N ) dy (A-26b)"

Now we had better return to our simplifying
assumptions and gauge their effect on the results. Neigh-
boring points in the delay-rate grid are, in fact, corre-
lated, so that the number of statistically independent
measurements must be rather less than thirty-five. To
compensate, at least partially, for this correlation we can
allow the parameter m in the analysis (formula (A-13)) to
assume a value smaller than thirty-four. The fact that the
signal is not concentrated in one point of the grid, but is
actually distributed over several points, also has an ef-
fect, in that it increases the likelihood that some noise
point will be strongest. We can reasonably hope to
counteract this effect too by varying m (in this instance
by raising it). Other factors are significant only when
the signal-to-noise ratio is so low that the measurement
is practically worthless.

At this point it finally appears that we have a
complete prescription for correcting correlation ampli-
tudes:

1) Determine the noise level, N,, either by using

(A-11b) or, preferably, by observing actual noise.
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2) Begin with P{y|é8} (A-18b). 1If the signal-to-noise
ratio is low, replace P by P; (A-26a) , Pg (A-26b), or
another appropriate form, using a suitable value of m in
the R and R distributions. One way to choose m is to
treat it as a variable parameter, reduce some of the
correlation tapes twice using two different coherent inte-
gration times, and pick the value of m that produces the
best agreement between the two sets of corrected results.

3) If the correlations being reduced are averages of
a small number of coherent integrations convert P*{y|§} to
P*{y|n,8} and thence to P*{§|n,y}. The approximation
(A-22) may be helpful.

4) Compute E{8} and E{§?}. Correct the measured
amplitude and estimate the error accordingly.

5) Eliminate the effects of variable system param-
eters by using (A-17).

Figure A-3 shows the result of applying the fore-
going method to the data of this investigation. I reduced
the data from the second observingvsession with coherent
integration times of fifteen and seventy-five seconds.

For fifteen-second integrations the measured noise level
was <p> = 0.0002938, in good agreement with expectation.
I used n = 30, a typical value for the fifteen-second

reductions, and varied m to fit the data of Figure A-3a,

in which the systematic difference between the two sets of
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amplitudes (in correlation units) is plotted as a function
of the fifteen-second amplitudes. The solid line is the
computed curve for m = 17, the optimum value. The computa-
tion also includes a 1.8 percent linear correction to the
seventy-five~second data. This correction compensates for
systematic decorrelation in the longer integrations, due

to fluctuations in the apparent fringe rate. In Figure
A-3b are plotted the corresponding correction curves for

the two sets of reductions.
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APPENDIX B

THE MODEL-FITTING ALGORITHM

This appendix discusses briefly the nonlinear
least-squares fitting procedure used in this investigation
to refine source models. Numerous writers have developed
the theory, including Hamilton (48, Ch. 4), whose treatment
is straightforward and thorough and whose notation I have
adopted; and Chapter 4 deals with some related practical
problems. Therefore I restrict myself here to stating the

theoretical results and describing the procedure.

If the two-dimensional brightness distribution of a
radio source can be partitioned into components in such a
way that each component is transformed into itself by a
180-degree rotation about its own center, then the complex

visibility of the ensemble can be written as

Vo= {zi Sivie—izﬂBri cos(¢—6i)h//zi S, (B-1)

where V is the complex visibility,
Si is the flux of the 7Z-th component,
v is the modulus of the visibility of the i-th
component,
B and ¢ are the length (in wavelengths) and position

angle, respectively, of the projection of the
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interferometer baseline onto a plane perpendic-
ular to the line of sight to the source, and

r. and ei are the radius (in radians) and position
angle of the 7-th component with respect to an

arbitrary origin in the source.

If the isophotes of the components are concentric,
similar ellipses, then each v, in (B-1) is the (zero order)
Hankel transform of the brightness distribution along the

semi-major axis of that component. That is,

v(Q) = f°: £(x) J,(2mQx) x dx/f: f(x) x dx (B-2a)

where f(x) (with x in radians) is the brightness distribu-

tion along the semi-major axis, and

Q@ = Blcos?(¢-2) ‘+ aZsin?(¢-r)]¥2 (B~2b)

in which ¢ is the position angle of the semi-major
axis, and

o is the axial ratio (0 < o < 1).

The normalization factor in (B-2a) assures that »(0) = 1.
The reduction program allows the user to specify

four particular types of elliptical components:

2 /.2
1) Gaussian: f(x) = (1/16)+X /%4 (x, being the

full width to half-maximum intensity)

-2 2
b = e (r/4 1n 2) (9x,) (B-3)
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2) Uniformly bright disk: £(x) = l

v o= JI(ZNQXO)/(WQXO) (B~-4)

3) Tapered disk: f(x) = 0

>

<
E]

[ [1 - (xz/xﬁ)]lﬁ, 0 < x<x

0,

v = 3(1T/2)1/2J3/?_(27r62x0)(ZTrQXO)'a/2
(B-5)
= TEF%Q—Ti[Sin(zﬂon) - 2Ter0 cos (2mgx ) ]
0
4) Ring: f(x) = 8§(x - xo)
v o= JO(ZWQXO) (B-6)

A component of a given type, then, is completely
specified by six numbers: its flux (S), the position of its
centroid (r,0), its semi-major axis (x,), its axial ratio
(a) , and the position angle of the major axis (¢). The
aggregate of these numbers, for all the components, is the
set of parameters sought by the fitting procedure. They
constitute a parameter matrix [X]m,l'

(A note on notation: [Z]X v means the matrix Z, of
4

X rows and y columns, containing the elements {zi j}. Its
14
1

inverse is [Z] ~ and its transpose is [Z]'.)

The observation matrix, [F]n 17 is a set of n
r
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observations of mod (V) (as defined by (B~1)). 1In the linear

case [F] and [X] are related by the formula

[Fl, ;= [Al _IX1 o)+ [E] (B-7)

m,1l

where [A], called the design matrix, is known (usually from
theory), and [E] is the matrix of random errors in observa-
tion. The {ei} are supposed to have a joint distribution

with zero means and a variance-covariance matrix [Mf]

n,n
in which

(mf) = E{eiej} = cov(fi,fj) (B-8)

i,J
where E{x} denotes the statistical expectation of x.

In many experimental situations, including this one,
all the errors may be assumed to be statistically independ-
ent., In other words, (mf)i 3 = 0 when i # j. It may also

14

be that the scale of the errors is uncertain:

- 2 -
Ml o= 0?IN] o (B-9)

where we know [N] but not ¢%*. 1In this experiment we have
excellent estimates of the errors, both from theory (see
Appendix A) and from the data themselves (the statistics
of the short coherent integrations). Even so it is worth-
while to preserve the factor o? in the calculations and

use 1t, as shown below, to gauge the quality of the models.
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Under the foregoing assumptions it can be shown
that there exists an estimate [ﬁ] of [X] that gives an
unbiased, minimum-variance estimate of any linear combina-
tion of the {xi}. Defining [P]n,n = [N]-l, we can write

that estimate as

(X1, 1 = [A]'[P1[A117 (A ' [P] [F) (B-10)

or alternately, if

(Bl o = [A]'[P]IA] (B-11)

then
[X] = [B1™1[a]'[P] [F] (B-12)

[B], or more commonly 02[B], is called the matrix of the
normal equations. Notice that [ﬁ] is independent of o?.
The method also enables us to compute the covari-

ance matrix for the desired estimates. Specifically, if

My o = BLURD - (XTT00X) - (X113 (B-13)

then

M1 = o2 [B] L (B-14)

If 0% is known we can calculate [MX] directly. Otherwise
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we can use an unbiased estimate of ¢?, namely

G2 = [v]1'[P][V]/(n-m) (B-15a)

where

vVl | = [F] = [A][X] (B-15b)

to compute an unbiased estimate of [MX]:

i)y o = (a=m VI RI VI [B] T (B-16)

Now let us relate this procedure more directly to
the problem of refining source models. The foregoing
formulas are not strictly applicable, because the relation
between [F] and [X] -- which is to say, the relation

between mod (V) and the parameters Si’ r., 6., x

. R a., and
7 7

0 e
L;r as defined by (B-1 to 6) =-- is extremely nonlinear.
Nevertheless, 7f we are able to make a good initial guess

at [X], say, [X°] = {xg, x°

o -——
1 eee 4 xm} then we can

simulate a linear problem by expanding the functional
relation between [F] and [X] in a Taylor series around
[X°] and truncating the series after the linear terms.

That is,

m
£, - £.(x3, X9, «.. , X°) = ) —= (x, - x3) (B-17)

In this form the relation can be identified with (B-7)
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if we make the replacements

dF.
(A1 = {a; 3} = {535 (=3, %3, .oo 4x2)} (B-18a)
[F] = {Afi} = {f, - fi(xg, XS, ... ,xgl)} (B-18Db)
[X] = {ij} = {xJ - xj} (B-18c)

With these substitutions and the error estimates [N] we
can complete the computations (B-10 to 16) just as though
the problem were truly linear.

In its crudest outline, then, the fitting proceeds
as follows. The program begins with the observations [F],
the diagonal error matrix [N], an initial estimate [X°] of
the parameters, and the relations needed to compute analyt-
ically the partial derivatives in (B-18). The elements
used in the error matrix are not the experimental sample
variances but rather theoretical values computed by the
methods of Appendix A. In addition to giving a better
estimate of the population variance this choice eliminates
the undesirable possibility of assigning an artificially
high relative weight to a single point. The initial model
usually is the mutual product, in varying proportions, of
previous experience, crude graphical analysis of the
visibility curve, and guesswork.

From the inputs the program first computes [A],
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[B], and [F°] = [A]l[X°]. Then it inverts [B], substitutes
[F] - [F°] for [F], and computes [ﬁ] according to (B-12).
Finally it increments the initial parameters to obtain a
(presumably!) improved set, [X'] = [X°] + [X]. The
program continues to iterate on the new parameters, follow-
ing the same pattern, until no further improvement is
possible,

After each iteration the criterion of goodness-of-
fit is the parameter G2, as given by (B-15), except that
the exact nonlinear relation is substituted for the linear
approximation [F] = [A][X]. 1In other words, at the i-th
iteration g2 is simply the weighted sum of the squares of
the residual differences between the observations and the
predictions of the model, divided by (n - m):

')—l[fgobs.)

j=1 J:s] J

i i i, .2
fj(x1' Xyy ees ,xm)]

(B=19)
in which the nj,j’ diagonal elements of the matrix [N],
are not to be confused with unsubscripted n, the total
number of observations.

The parameter G2 bears one of two interpretations,
depending on whether the error analysis or the model is
more reliable. If the scale of the errors is uncertain, it
is an unbiased estimate of the scale factor in (B-9).

. . 1] N .
But if, as in this case, the errors are known, then 0% is a
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parameter that characterizes how well the model fits the
data. It is, in fact, the statistic known as "chi-square
per degree of freedom," commonly used in hypothesis testing.
The square root of G2 is the number called the "error
factor" in Chapter 4. It tells roughly how many times
bigger the discrepancies between the model and the observa-
tions are, on the average, than one might expect for a
correct and complete model.

The simple scheme outlined above does not remove
the nonlinearity of the underlying problem, of course --
it merely obscures it; and this essential feature intrudes
at numerous points to complicate both the procedure and
the interpretation of the results. Interpretation is the
subject of Chapters 4 and 5. Here, in closing, two compu-
tational stratagems deserve brief attention.

The first arises from the fact that the increments
in the parameters recommended by (B-12) frequently are far
from the optimum values; occasionally they actually make
the fit worse. The program deals with this difficulty by
allowing the actual increments to take the form c[%],
where ¢ is a constant to be determined and [X] is the
recommended set of increments. The program tries several
values of ¢ and calculates G2 for each one until it detects
a minimum in the relation G2(c). Then it locates the min-

imum -- that is, the best value 0of ¢ -- by fitting a
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parabola to the three nearest points in the relation.

The second stratagem also helps to assure steady
convergence. Almost invariably, in the model-fitting,
there are parameters whose errors are highly correlated --
for example the flux and the size of a component. The
direct effect of this correlation on the fitting procedure
is that [B], the matrix of the normal equations, is nearly
singular and therefore hard to invert accurately (because
of round-off errors). Moreover the matrix [&] computed
from [B]_l according to (B-12) is likely to demand huge
increments, utterly beyond the range of the linear approx-
imation, in the correlated parameters. What we need to do,
is somehow to identify what linear combinations of the
parameters are poorly determined, isolate them, and hold
them fixed. In terms of matrix algebra, we want to diag-
onalize [B]. The matrix of the eigenvectors specifies the
independent linear combinations of the parameters, and the
associated eigenvaiues show immediately which ones are ill-
determined. (Recall from (B-14) that the covariance
matrix of the parameter estimates is proportional to [B]—l.
When the diagonalized [B] is inverted, small eigenvalues
become large variances.) We simply complete the calcula-
tion of the increments in the rotated parameter space,
suppress variation of the poorly determined parameters,

and retransform the results to the old coordinate system.
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By neutralizing the near-singularity of the normal
equations, this trick has been notably successful in

promoting smooth convergence.
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