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ABSTRACT

The linear polarization properties of 206 radio sources from the
3CR Catalogue have been measured--in most cases at 21, 18 and 6 cm.

The observing scheme also allowed the establishement of upper limits for
the degree of circular polarization. The Oﬁens Valley Radio Observatory
90' interferometer was used for these observations, and it operated with
the many advantages of a crossedffeed interference polarimeter over a
single~dish system.

With the use of all available data, the Faraday rotation measures
of 354 radio sources, mostly extragalactic, héve been computed with
careful attention to ambiguities and uncertainties; a novel quality
grading system has been employed. These rotation measures constitute a
powerful probe of the magnetic field structure and electron density of
the local spiral arm. If the electrons in the local regions of the
galaxy form a disk 200 pc in thickness and 2 kpc in radius, then there
is a uniform, linear component of the galactic field in the direction
1 =094 £ 3° b = -8° + 8° with a strength of ngB = 0.12 electrons-cm™ -
ugauss, or B = 2.0 ugauss for ng = 0.06 cm"3. Distributions of the dif-
ferences between this model and the actual rotation measures show that
regions of magnetic loops and field reversals or electron concentrations
of 100 to 200 pc in size have values of neB two to three times that of
the average linear field of the model, implying a high degree of disorder.
Most of the very large rotation measures seem to be produced by small-

scale structure in the galaxy, although a very few may be intrinsic to
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the source. The linear field model compares well with hydrogen line
Zeeman splitting, pulsar dispersion and rotation measures, and other
magnetic field data. The apparent discrepancy with field structures
given by stellar polarization can be resolved by differences in the
distributions of electrons and dust and by the large-scale loops and
field reversals.

Searches for correlations between rotation measure and source
type, depolarization, or redhsift have all led to negative results.
The upper limit for a uniform, linear component of the intergalactic
magnetic field, based on the failure of the last correlation, is

nB < 2 x 10713 ep~3 gauss.,
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CHAPTER I .

INTRODUCTION TO FARADAY ROTATION

A. Introduction

Magnetic fields play important roles in the dynamics and evo-
lution of many astrophysical phenomena; indeed, they can be the dominate
forces. The spiral structure is doubtlessly closely linked with the
intensity and form of the associated magnetic field. Whether there was
a field existing before the epoch of galaxy formation or such fields
were created or greatly intensified by the evolution of such large-scale
concentrations of matter is a quéstion of prime importénce to one study-
ing the mechanics of galactic structure and cosmology. If megnetic field
strengths of a few microgauss exist throughout the galaxy, then the mean
energy density of the fields is on the order of 10712 ergs/cm3, vwhich is
identical with the energy density of cosmic rays (Spitzer, 1968), an
order of magnitude greater than the total energy density of starlight
(Spitzer, 1968) and the 3° K microwave background radiation, two orders
of magnitude greater than the thermal energy of H I regions (based on
data from Spitzer, 1968), but four orders of magnitude less than the
galactic gravitational binding energy of the average mass density in the
solar neighborhood (based on data from Schmidt, 1965b). Thus, while the
overall structure of the galaxy will be largely determined by gravita-
tional effects, magnetic fields will be at least as important as other

phenomena in determining the energetics and evolution of the system.



Therefore, a sound knowledge of the magnetic fields is a prereguisite to
g detailed understanding of galactic structure.

Faraday rotation of the polarized radiation from extragalactic
radio sources constitutes a powerful probe for examining magnetic field
structures and electron distributions. The plane of polarizatiom of
linearly polarized radiation passing through a region containing both
magnetic fields and charged particles is rotated by an angle directly
proportional to the line-of-sight integral of the product of the field
strength and particle density and proportional to the square of the
wavelength of the radiation. This phenomenon is termed "Faraday
rotation” in honor of its discoverer.

If observations of the position angle of the polarized radiation
from a radio source were available at several different frequencies, the
idealized plot of the position angle versus the square of the wavelength
would be a straight line. The slope of the line in units of rad/m2 is
defined as the "rotation measure'., A positive rotation measure indicates
a field directed towards the observer for negatively charged particles;

a negative value, a field away from the observer. The magnitude provides
the product of the magnetic field strength and the electron density.
Prior to the present work many such measurements of the Faraday rotation
of gelactic and extragalactic radio sources have been made.

By 1963 enough data had been collected to enable Gardner and White-
oak (1963) to demonstrate the dependence of the magnitude of the rotation
measure upon the galactic latitude of the radio source. Figure 1-1 shows

this dependence for the data known in 1966. Since sources closer to the
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Fig. l-1.--Dependence of the absolute values of the rotation
measures on galactic latitude. The curves are given by !RMI = 30|cot b!
and |RM| = 15|cot b|. From Berge and Seielstad (1967).

galactic plane tended to have greater rotation measures, the probability

of some, if not all, of the Faraday rotation's taking place within our

galaxy seemed to be high.
By 196k enough polarization data had been accumulated to enable

the caleulation of the rotation measures for 37 sources. Morris and

Berge (196ha) were able to show that, on the basis of these data, a
somewhat loose dependence of rotation measure upon galactic longitude

existed. This dependence seemed to indicate a field directed along the

local spiral arm above the galactic plane, and in the opposite direction
below the plane. This was later supported by Berge and Seielstad (1967)
on the basis of approximately 80 sources. As Hornby (1966) indicated,

these observations could be explained by a highly sheared helical field
of small pitch angle with axis directed along the arm. This was reas-

suring since the interstellar polarization of starlight caused by mag-



netically aligned dust grains could also be explained in terms of a
similar helical field (Mathewson, 1969). Figure 1-2 shows the data of
Berge and Seielstad (1967) plotted on galactic coordinates.

Unfortunately there was no unanimity among interpreters of the
polarization data. Gardner and Davies (1966) offered an alternate
interpretation based upon data yielding 86 rotation measures, some of
which were considered by Berge and Seielstad (1967) to be questionable
on the basis of additional data. For their 86 sources, Gardner and
Davies postulated a linear field directed towards 1 = 95° at latitudes
lower than 20°.! This is supposed to be a linear field along the spiral
arm extending 100 pc above and below the plane. At intermediate lati-
tudes the field points in the opposite direction; there are other com-
plicating features which are rather difficult to justify on the basis of
the extremely limited data. |

In 1969 Gardner, Morris, and Whiteoak (1969a) published the
results of a very extensive survey of the polarization properties of
Parkes radio sources at several frequencies. Using these new data, they
derived rotation measures for more than 200 sources and interpreted
(Gardner, Morris and Whiteoak, 1969b) the galactic distribution of these
as being due to g linear field along the local arm with a loop in the
neighborhood of the north galactic spur. Figure 1-3 shows the plot of
their data and indicates that things were becoming fairly complicated by

this time.

New galactic coordinates, 1L ana bII, are used throughout this
paper. The 'II' has been deleted.
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At this time very little information was available for northern
hemisphere sources, and the quality, as well as the quantity, of the
data was not sufficient for the degree of interpretation taking place.
The data shown in figure 1-3 include many sources for which polari-
zation data at only two frequencies existed. Since an individual polar-
ization measurement is always ambiguous by any multiple of 180°, the
position angles taken were those yielding the smallest possible absolute
value of the rotation measure. Even some of the rotation measures
based upon three or more polarization measﬁrements were similarly ambig-
uous. Since the method used for deciding the proper rotation measure
required the value to match the neighboring points as closely as pos-
sible, the map is no longer quite so imposing. However, if rotation
measures which were ambiguous were eliminated from the plot, there no
longer remained sufficient data to allow the determination of very much
about the structure of the field in the local arm.

The present work was conceived as an effort to close the gap in
the data in the northern hemisphere and to upgrade the quality of the
"known' rotation measures in the hopes of resolving the local magnetic
field structure. For that purpose, plans were made to measure the
polarization parameters of as many new sources as possible in the north-
ern hemisphere and to include observations of some sources for which the
present data were not sufficient to obtain reliable rotation measures.

At the time of the inception of this project, some new interpre-
tations of the rotation measures were put forth. While almost all of

the Faraday rotation observed in an average source was felt to be caused



by our own galaxy, there was enough scatter in the data for some to
suspect that some rotation originated either within the source or
within the intergalactic medium. Sofue, Fujimoto and Kawabata (1969)
and later Reinhardt and Thiel (1970) believed that they had obtained a
correlation of rotation measure with redshift. Reinhardt and Thiel
felt the evidence supported a uniform, linear component of an inter-
galactic magnetic field running from 1 = 280°, b = +30° to 1 = 100°,
b = -30° with a magnitude less than 1 to 3 x 10-7 gauss. These
deductions were based on somewhat unreliable rotation meésures, as
described above. If the unreliasbility of the data is disregarded, the
statistiecs or the correlation are still marginal. The existence of such
a field is of such cosmological importance, however, that this method of
detecting intergalactic magnetism ought to be very carefully examined.
This possible correlation provided é very sound reason to restrict
the polarization observations to that group of sources for which more
redshifts are known than for any other--the 3CR survey sources. The
number of these sources for which no adequate data were available was
sufficient to occupy the entire observing progfam.
Since the initiation of the program, several other papers have
appeared on the subject of the rotation measures of extragalactic and
have set forth some novel interpretations. The need for more reliable

data and increased skepticism for the methods of deciding upon the

proper rotation measures has become very apparent.



B. Polarization Notation

The polarization characteristics of any electromagnetic wave may
be described in several fashions, some of which .are particularly useful
for the present purposes. The most common way to present polarization
date is to specify the fraction, p, and position angle, ¢, of the
linearly polarized component, the fraction (including sign) of the cir-
cularly polerized component, and the total flux density. These four
perameters completely specify the polarization state of the electro-
megnetic waves, and are useful in comparisons with physical properties

£ the source and in calculating the Faraday rotation parameters. This
scheme is not, however, particularly convénient for understanding the
origins of the polarization, the propagation of the wave through a
magneto-plasma, or the method of observing the polarization.

To gain.a better understanding of polarizetion processes, it is
useful to comsider two orthogonal directions, x and y, in a plane per-
pendicular to the path of the radiation. For the polarized portion of
the radiation only, the electric field can be expressed as

E=E; sin (wt) & + E, sin (ut + §8) ¢ (1-1)
vhere % and § are unit vectors, w is the circular freguency of the radi-
ation, and El9 E2 and 6 are constants. For ¢ = 0, the electric vector is
that of linearly polarized radiation with position angle ¢ = tan”l(EQ/El),
and ¢ = tan™t ('E2/El) for § = w. For 6§ = w/2 and Ey = E,, the wave is
circularly polarized in the right-hand sense, i.e., clockwise rotation
when viewed in the direction of propagation. The left-hand sense is

given by 8§ = 3n/2. Any other combination of these three constants yields



an electric vector which follows an elliptical path with time; and, of
course, the situations detailed above are but special cases of ellip-
tical polarization.

The fourth constant which must be specified in this notation is
the amount of unpolarized radiation present. The electric vector for
this radiation may be written as

E

Einpo1 = Ba(t) sinlut+ ()] 2 + B (¢) sinlut+s ()] 9 (1-2)

where Ea* Eb, 61 and 62 are independent, randomly varying functions of

time. The r.m.s. value of E is sufficient to specify the unpolar-

—unpol

ized radistion. Although these four constants, E,, E_, <E? >, and ¢,
1”72 unpol

illustrate the structure of the wave quite well, they are not the most

convenient for analysis.

The Stokes parameters are a set of four constants based upon the
time~averaged electric vectors:

I

i

<E2> + <E2>
X J

Q = <E2> - <E§> Ip cos 2y

U= <2ExEy> cos § = Ip sin 2y

V= <2BE > sin § (1-3)
where E; and E_ are the instantaneous components of the total electric

field, polarized and unpolarized:

E, = E; sin (wt) + Ea(t) sin [wt + 61(t)]

By

I is the total intensity, Q and U determins the linear polarization, and

Ey sin (wt +8) + E (t) sin [wt + §5(¢)] (1-L)

V determines the circular. The utility of these parameters will be made

clear in the section dealing with the observing method and data reduction.
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One final notation that will be useful in exemining the linearly

polarized emission of radio sources is the complex polarization

P =pexp (2iy) = Q + iU (1-5)
I

which expresses the linear polarization only.
All of these notations are in commdn uéage, For more detailed

information consult Kraus (1966) or Gardner and Whiteoak (1966).
C. Faraday Rotation and Depolarization Mechanisms

This section presents a description of the origins of Faraday
rotation and the various depolarization mechanisms, largely without
derivations. For a detailed examination of many aspects of the polari-
zation of radio sources, the review article by Gardner and Whiteosk
(1966) is excellent. The paper by Burn (1966) provides sound infor-
mation on the subject of Faraday depolarizations, and the series of
papers by Pacholczyk and Swihart (1967, 1970, 1971 and 1973) covers many
topics for careful readers.

The normal modes for propagation of electromagnetic waves within
a magneto-ionic medium are determined by the relative values of the
freguency of the wave, the plasma frequency, m% = hﬂnez/m9 the electron
gyro freguency, wp = eB/mc, and the collisional freguency, Voo where
gaussian units are used throughout. Typical values for media of present
interest are given in Table 1-1. In every case the collisional fre-

quency is so much smeller than the others (v is always greater than

obs

400 MHz) that collisions may be neglected. The real part of the index
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TABLE 1-1

‘PARAMETERS FOR SELECTED MAGNETO-IONIC MEDIA

Neutral H ‘H II Ioncsphere

Region Region
T 102 °K. 10% °K. [102-10% °%,
B, 10~ 2em™3 1 em 3 106 cm~3
Ve 1077 Hz 10-% Hz ]102-103 Hz
B 10-%-10"%g. | 107°-10"%g. 0.5 g.
wy 10-100 s™! 10-100 s-! 107 s71
Wy 103 s~ 0% sl 107 g1
6@00 10~2 rad. 102 rad 1072ragd.

of refraction for the magneto-ionic medium can then be expressed as the

V. = 0 approximation of the Appleton formula (see Davies, 1966, for a

derivation and more complete explanation of the following treatment):

221 2X(1-x) (1-6)
2(1-X%) - yé + J&; + h(l—x)zyi

= 2 2 = = 3 3
where X = wp/wo, YL = C(wB/wo) cos 6, Y, = c(wB/wo) sin 0, w, is the
circular frequency of the wave, and € is the angle between the line-of-
sight and the direction of the magnetic field. In all the cases of
Table 1-1, the media are so tenuous that B and H are equivalent.

Two normal modes of propagation are permitted here and are called

the "ordinary wave" and the "extraordinary wave'. Their exact compo-
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sitions are difficult to derive so that in practice one of two approx-
imations is made. BEither the "quasi-longitudinal' solution or the
"quasi-transvers" solution will often apply. The criteria for deter-

mining which spproximation is appropriate are

Quasi-longitudinal Y. << h(l—X)ZY%

L
Quasi-transverse Yq >> h(l—X)ZYi (1-7)
In Table 1-1, akoois the maximum value of Ie—w/QI for which the quasi-
longitudinal (QL) case does not apply at 400 MHz. As can be seen, the
QL solution is sufficient for almost all possibilities except when the
magnetic field lies exactly at right angles to the line-of-sight, a
vanishingly slight probability.
For QL propagation, the two normal modes are plane-waves with
opposite senses of circular polarization. The ordinary wave is that

with right-hand polarization for a wave traveling in the direction of

B. The indices of refraction for the two waves are given by
B o= (l - ,._}S_._ )1/2 (lm8)

This causes a difference in phase for the two circularly polarized waves
as they traverse the medium; and, since a linear polarization can be
represented as the sum of the two circular polarizations with relative
phase determining the position angle, the phase differential causes a
rotation of the plane of linear polarization. For all cases of Table 1-1
U is very close to unity so that the expansion

wel- %X(leL) (1-9)
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is valid. This yields

bu =y -y = XYL = XY cos © (1-10)

SO tﬁat the position angle of a linearly polarized wave is given by
V= by + RMeA2 (1-11)
where RM is the "rotation measure" and is given by
RM = K [ nBed} (1-12)

where the integral is along the line~of-sight. Notice that the sense is
such that RM is positive for propagation in the direction of the mag-
netic field. An observer sees positive rotation measures when looking
against the field and ﬁegative ones when looking along the field. The
"intrinsic position angle", y,, is the position angle of the polarization
of the wave before it entered the magneto-ionic medium. The constant K

13 for c.g.s.-gaussian units throughout, except that RM

is 2.62 x 10~
is expressed in rad/mzo For astrophysical purposes, it is convenient to
take K = 8,12 x 10° for n in electrons/em3, B in gauss, and 1 in pec.
This derivation has assumed that the negatively-charged electrons
cause all the rotation. Positive protons cause rotation in the opposite
sense, but the factor of 1/m? mekes such rotation only 10"6 that of the
electron.

As long as the region of Faraday rotation is external to the source

of polarized radiation and is uniform across the angular extent of the

source, the rotation has no effect upon the degree of polarization.
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When these conditions are not met different portions of the emitting
region experience differing degrees of Faraday rotation. Therefore, at
progressively longer wavelengths, the polarization vectors of small
sections of the source will diverge more and more, yielding a lower net
degree of polarization. This is the source of Faraday depolarization.

Burn (1966) defines the rotation depth for emission from a point

r
K [ nBedr (1-13)
0

¢(r)

so that the position angle, as seen by the observer, of the emission
from point r is

p(r,2) = alr) + ¢(r)r? (1-1k)
where a(r) and ¢(r) are the intrinsic position angle and rotation depth
for the radiation emitted in the volume element at r. This formulation
allows the complex linear polarization 6f the integrated source to be

expressed simply as

P(x2) = Jf elx,2) plr) exp {2ifa(z) + ¢(x)r?]}av (1-15)
[[ elx,2) av

where e(r,A) is the volume emissivity at the point r and wavelength A

in the direction of the observer. This integration can be performed for
simple models, the most illustrative of which is the case in which the
emitting region consists of a slab at right angles to the line~of-gight.
The emission (from relativistic electrons) and the Faraday rotation
(from thermal electrons) are assumed to be uniformly distributed. The

magnetic field is also assumed to be uniform. Figure 1-4 illustrates
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this situation. Relativistic electrons would also contribute to the
Faraday rotation with K replaced by K/YZ9 but this lowered value of K
and the fact that thermal electrons are usually considerably more popu-
lous mean that the rotation due to the relativistic electrons is gener-
ally insignificant. In the case indicated by Figure 1-4, equation 1-15
yields P(22) as shown in Figure 1-5. The complex polarization for a
uniform spherical emission/rotation region is also shown. Further
examples are given by Gardner and Whiteoak (1966) for distributions
which differ for thermal and relativistic electrons. The important
facts to consider here are that Faraday depolarization always leads to

a degree of polarization which eventually decreases with increasing
wavelength and that the position angle of the integrated polarized radi-
ation is usually expected to be linear with A2 only at wavelengths
shorter than that at which the source has depolarized to one-half to one-
third the maximum. Polarization curves which show plateaus at high or
low frequencies can be éxplained by Faraday depolarization as well as by
other means.

There are other mechanisms of depolarization. An obvious one would
affect a source that has two or more components with differing degrees
of polarizations and power spectra. Such a source could either decrease
or increase in degree of polarization with wavelength, or could be
nearly constant but have a non-linear position angle curve. Both Burn
(1966) and Gardner and Whiteoak (1966) discuss this possibility. The
Pacholesyk and Swihart papers have explored the effects of other phenom-

ena such as synchrotron self-absorbtion, which can lead to a nearly con-
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stant, non-zero polarization after the initial depolarization. At
present it is difficult to separate these various processes since

several may lead to exactly the same wavelength dependence for the polar-
ization and since they may all be contributing to a single source. This
topic will be further discussed in Chapter IV. The basic fact that the
rotation curve ought to be nearly linear until the source is 50% or

more depolarized can, however, provide clues to the nature of the

sources and the constitution of the intervening medium.
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CHAPTER II

THE OBSERVATIONS

A, Selection of Sources and Frequencies

Selection of sources requires that the objectives of the project
be clearly stated. The primary purpose of this research was to obtain
as many relisble and previously unknown rotation measures of the inte-
grated polarization of radio sources as possible in order to probe pos-
sible galactic and intergalactic magnetic fields. Secondary goals were
to increase the knowledge of the integrated polarization parameters of
the 3CR list of radio sources, preferably making complete a survey of
2ll 3CR sources down to a given limit of the flux density of polarized
radiation, and to confirm certain previously measured polarization para-
meters. Although not an original objective, a search for circular polar-
ization was a by-product since the observing scheme was sensitive to all
Stokes parameters.

Polarization observations of the 3CR sources were quickly dis-
covered to be far from complete. In fact, the 3CR sources for which
reliable rotation measures could not be calculated on the basis of
existing data were sufficient almost the whole of the observing list.
These sources are particularly interesting due to the high percentage of
known identifications and redshifts. All 3CR sources for which adequate
data were felt to exist were discarded from the list as were sources

showing structure greater than three minutes of arc in the east-west
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direction so that resolution effects would‘not be significant at 100°
E-W spacing and 5000 MHz. Only two sources observed were partially
resolved. The only source discarded from the list on the basis of low
flux density was 3C318.1, which has an unusually steep spectrum. As the
observations progressed, additional selection criteria were used to
eliminate some of the sources from the later observing sessions, as will
be explained shortly.

Although some time was spent in determining the best possible set
of frequencies to allow the unambiguous determination of the rotation
megsure, the actual selection of the observing frequencies was dictated
by the available receivers. In particular, the 18 and 21 cm parametric
receivers had the best sensitivity, stability and reliability of those
available. The ideal third frequency for unambiguous Faraday rotation
determinations would have been between 10 and 13 cm, but low-noise equip-
ment was not available in that range. With three weeks of observations
at each of 18 and 21 cm, and with about 200 sources, an ultimate r.m.s.
noise level of about 0.003 flux units could be expected. An hour of
observation for each of the two senses of polarization would provide
this level based on the parameters given in Table 2-2 with a 10 Miz
bandwidth. In practice uncertainties in excess of 10° in the measured
position angle of the polarization cause multiple ambiguities to enter
the rotation measure calculations, and measurements with standard errors
greater than 20° are virtually worthless. Many of the sources are only
one or two flux units at 18 and 21 cm. Such a source with a 2% linear

polarization could then yield an unambiguous rotation measure calculation.
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Excellent parametric receivers for 8000 MHz were available, but
most sources are so weak at this frequency that a polarization in excess
of 10 to 15% would be required to obtain adequate results within the
observing time allotted. The 6 cm paramps, with a noise temperature of
about 150° K., were finally selected by Hobson's choice. As explained
in Chapter III, this selection of frequencies would give no ambiguities
in the rotation measure determination under #250 rad/m? assuming uncer-
tainties of 5 to 10° in position angle. Also, a 0.5 fu source with 5%
linear polarization could be expected to provide satisfactory results,
because the observing time could be increased. Many of the sources
already had 6 cm polarization dats supplied by Gardner, Morris and
Whiteoak (1969b) and others, so that they could 5e deleted from the
source list. Additionally, no calibrating sources would be observed at
6 cm, as described in the section on instrumental polarization. This
provided more time. Finally the last selection criterion came into
effect; those sources which had shown insufficient polarization at 18

or 21 cm could be dropped.
B. Equipment and Observing Method

The Owens Valley Radio Observatory interferometer consists of two
90' parabolic antennas mounted on two tracks at right angles permitting
spacings as large as 2200' E-W or 1600' N-S. This interferometer has
been described in detail by Read (1963) and many others. In addition,
there is a 130' parabolic antenna 3500' east of the intersection of the

two interferometer tracks. This antenna may be used separately or as an
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element of the interferometer in conjunction with one or both of the
90" antennas.

Many of the difficulties of single-dish polarimetry, motably the
highly polarized ground spillover and the galactic background radiation,
can be eliminated by the use of an interferometer, the elements of
which have feeds of opposite senses of polarization. Since the objec-
tive of the observations was to measure the polarization parameters of
the integrated radiation from radio sources, the higher resoluticn of
the interferometer would be a handicap, not an advantage. Therefore,
the ideal instrument for polarization studies would be the 90' inter-
ferometer with the antennas set at 100' E-W, the closest spacing pos-
sible. The N-S spacings would be impractical due to the shadowing of
the north dish by the south for low declination sources. The 100! E-W
spacing prohibits the tracking of sources for more than 1B uom either
side of transit, but this proved no handicap with the proposed observing
scheme.

Although, for resolution purposes, the 100' spacing would have
been ideal, solar radiation was found to interfere severely with the
observations at 21 cm during the hours when the sun was near the zenith.
In order to reduce this effect, the spacing was changed for some of the
low frequency observations to 200' E-W so that the sun would be more
completely resolved. This provided considerable relief and did not
affect the observations in any way since sources were generally less
than 3' in diameter.

The focus of each antenna contained the parametric receiver
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packages with linearly polarized feed horns attached. The entire
receiver package was mounted in a rotating ring with remote control and
readout in the observing room. Each feed could be independently rotated
through an arc of 360°. The readout was in hundredths of degrees and

was repeatable, as checked with a sensitive level, to about 0.02°. The
zero reference of the readout was fixed and did not vary at any time
during the entire year during which observations were made. The physical
orientation of the feed horns was compafed with the indicator by means

of a level vwhenever the receiver packages were newly mounted.

Figure 2-1 is a block diagram for the interferometer as used for
the polarization observations. The receiVers worked double sideband,
single conversion to an intermediate frequency of 10 MHz with e bandpass
of approximately 5 MHz located 10 MHz either side of the local oscillator
freqﬁency. .The local oscillator was generated in the base of each
anteﬁna by phase-locking an oscillator one.MHz above the appropriate
harmonic of a 30 to 31 MHz signal, which was adjusted to obtain the
desired L.O. frequency. Both the 30 MHz and 1 Miz referenées wvere gen-
erated in the observing room, with the 1 MHz line to one antenna running
through & phase-shifter. This phase-shifter was computer-driven to
create an artificial fringe rate of 1/60 Hz.

The response of such an interferometer to a distribution of unpol-
arized radiation has been described by Moffet (1962). Following the
notation of Morris, Radhakrishnan and Seielstad (196L), the response is
given by

R(t) = 1 G(t) A St gl(sx,s ) exp [i(-2m s 0t + y(t)] (2-1)

5 J
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where A = JK;K;} the geometric mean of the antenna areas, Si is the
integrated flux of I, the total intensity., and él(sX’Sy) is the complex
visibility function for the distribution of I. The components of the
interferometer spacing in wavelengths are given by 84 and Sy’ while G(t)
and Y(t) are the receiver gain and instrumental phase, respectively.
These last two are, in practice, slowly varying functions of time. They
will be considered as constants for the rest of this discussion; the
effects of their variability will be examined in the next section.

The distributions of the Stokes parameters can be treated sepa-
rately, and the resultant response to a polarized source distribution
will be a function of all four. Morris, Radhakrishnan and Seielstad

(1964) give the total response of the interferometer as

e

R(t) = l?:_k { I [cos(¢1-9,)cos(81-8,5) + 1 sin(¢;-6,)sin(67+6,)]

4=

o

[cos(¢l+¢2)cos(el+82) + i sin(¢l+¢2)sin(el—62)]

+

=

[sin(¢l+¢2)cos(el+62) - i cos(¢l+¢2)sin(6l—92)l

+ [cos(¢l~¢2)sin(el+e2) + i sin(¢l~¢2)cos(el—62)]}

H

(2-2)

where I = S' B (s_,s ). Q, U and V are similarly defined for the distri-

L I = J
butions of the remaining Stokes parameters, and k is given by GA exp

[-i(2m s, 0t +)] and is assumed to be known. The polarizations of the

vhere ¢ is the orientation of

two antennas are given by ¢ls 6, and ¢29 e

1 2

the major axis of the polarization ellipse and 6 is the ellipticity.
This is the general formula for the response of an interference polari-
meter. The project undertaken here allows several simplifying assump-

tions to be made.



The first assumption is that 61 = 92 = 0, that is, that the anten-
nag are both linearly polarized. This has been found to be not strictly
true since there is some ellipticity of the feed-dish combination and
therefore some crosstalk between linear and circular modes. Since no
sources have been found to be strongly circularly polarized, and the
primary purpose of this paper is not to examine circular polarizations,
the effects of this departure from strict linearity is not terribly
important and will be discussed later. The assumption will be treated
as exact.

Next, all the sources examined are essentially point sources for
the relatively short baselines used. This allows the substitution of
Is= Sivfor_l, and similarly for the other Stokes parameters. That is,
we are no longer dealing with complex distributions, but only with a
single real value, the integrated Stokes parameter. Two errors can be
introduced by this assumption: some sources are at least partially
resolved, and uncertainties in the position of the cenitroid of the
source can affect the calculation to a small degree. These problems
will also be discussed in the following section.

Finally, the cbserving scheme utilized only those combinations of
¢ gnd:¢2 involving feeds parallel or at right angles. For parallel
feeds, ¢; = 9, = 9, equation (2-2) reduces to

R{t) = R(%) = k (I + Qcos2¢ + Usin2¢) (2-3)
and is wholly real wfth R(t) defined as the real part of R(t). Note
that the total intensity, I, may be obtained by adding any two obser-

vations with orthogonal ¢'s, as might be expected. If there is an
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error, €, in the orientations of the feeds (so that they are no longer
parallel), the response is unchanged to first order in e.
For orthogonal feeds the response reduces to
R(t) = k (-qQ sin 2¢, + U cos 2¢; - iv) (2-k)

2
¢l + 7/2, which is the case for all observations in this paper.

for @2
For ¢ = 0°, the real part of the response gives U and the imaginary
gives V. The value of Q may be obtained by setting ¢ = 45°, In this
instance, the introduction of an error in the setting of the feeds does
enter the response in first order. The response is now
R(t) = %_[I sin(eg—el) - Q sin(2¢l+el—€2) + U cos(2¢l+el—52)
- iv cos(e2—el)]
;q% {1 (52—51) - Q [sin 29, + (eq-ep)cos 241
+ U [cos 2¢; - (e -e,)sin 2¢;] - iV} (2-5)

to first order in €y and €55 where ¢1 is mistakenly set at ¢l + €, and

1
9o, at ¢2 +e5e The change in the Q and U terms is due to the effective
rotation of the axes. Typically €; and ep were less than 1° so that the
effect of these terms was fairly insignificant, especially when compared
with the magnitude of the I term. The fractional values of Q and U
(Q/I and U/I) were usually a few percent. If (gj-ep) = 1°, then
sin (ej-€p) = 0.018 and the I term could easily have dominated the
others. Considerable effort was required to keep the value of (€1=€2)
as low as possible.

The observing system used to separate Q, U and V was the one used

at the Owens Valley Radic Observatory by Berge and Seielstad (1972).

The types of observations and the resulting responses are listed in
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TABLE 2-1
INTERFEROMETER RESPONSES FOR VARIOUS

FEED ANGLE COMBINATIONS

Code Feed Angles Interferometer
¢1 ¢2 Response
1 0° 0° k (I + Q)
2 0 90 i_(u - iV)
3 b5 45 12_(1 + U)
L L5 135 fg(—Q - iV)
5 90 90 _}2; (1 - Q)
6 90 180 lgg (-U - iV)
T 135 135 §, (1 - u)
8 135 225 g:; (@ - iv)

Table 2-1.

The actual observation of an individual source usually consisted
of the sequence of codes 1-2-5-6-3-4-7-8-1, with 20 minute records for
the crossed-horn positions and U4 minutes for the parallel. The parallel
horn records on either side of the crossed-horn record were used to cal-
jbrate the instrumental phase and gain--recall that k(t) is actually a
slowly varying function of time. Codes 2 and 4 would have been suffi-
cient to determine the polarization completely, but codes 6 and 8 were
added in order to have some check on the verious calibrating procedures.

This redundancy improved confidence in the entire procedure and partic-
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ularly in the calibration method detailed later.

No attempt was made to obtain an absolute system gain calibration.
Therefore, only three of the Stokes parameters were obtainable, the
fractional values Q/I, U/I and V/I. The extra observing time required
to make an absolute flux determination for each source would have
degraded the polarization observations, and new flux determinations
were hardly called for for the sources on the observing list. The only
flux value presented is that obtained by assuming that the gain remained
constant fhroughout the entire session and detérmining a fixed fringe
amplitude to flux ratio from the few calibrators that were observed.

The values for ¢y in Table 2-1 are those read directly from the
readcﬁt in the observing room. As discussed before, the cbrrespondence
between these values and the physical orientation of the feed horn was
- determined by means of a level. The cbrrelation between the physical
orientation and the actual polarization ellipse is discussed in the next
section. The values for $¢p were not exactly those listed in the table,
but differed slightly due to mechanical differences in the mountings of
the receiver packages and to various electrical differences. The
required value of ¢2 was determined by making a series of observations
of ORI A, CAS A, and CYG A énd determining the orientstion, within 0.01°,
giving the minimum interferometer response. This method assumed that the
three above sources were completely unpolarized at the freguency in
question. Any errors in this assumption, as well as in procedural
errors, were absorbed in the method for correcting for instrumental

polarization. The method used for the 6 cm observations was somewhat
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different, as will be described.

The proper determination of k requires an accurate knowledge of the
baseline. The baseline parameters were determined from observations of
several known calibrating sources and are accurate to better than 0.005X.
Accurate pointing was established by the method of Greisen (1972),
except that correction charts were established as a function of declin-
ation only. Almost all sources were observed within one hour of tran-
sit; the antennas were individually pointed on those that were not.
Pointing was checked periodically and found to‘be good to within one arc
minute on calm days.

There were five separate observation periods with the parameters

tabulated in Table 2-2.

TABLE 2-2

EQUIPMENT PARAMETERS FOR THE OBSERVING RUNS

Run  Date Length Sources E-W Frequency Tsys

(weeks) Observed Spacing (MHZ) (°k)
1 SEP T1 1 Lo 1007 1395 75
2 DEC T1 3 170 100! 1665,55,40 80

MAR-

3 APR T2 3 186 200° 1ko1 80
L MAY T2 1 60 200" 1640 80
5 AUG T2 3 150 1007 5000 165

The various observation frequencies for run 2 were not an attempt to
get information at more than one frequency for each source, but resulted

from efforts to avoid several severe interference difficulties.
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C. The Linear Polarization Observations

and Reductions

The observations consisted of a voltage sample of the one minute
fringes recorded on tape every five seconds. Using the accurate value
for the baseline, the position of the source and the delay and phase of
the 1 MHz phase shifter, which were also recorded on the tape, the
period and phase expected were calculated. A sine wave of this period
was then fitted to the observation points and an amplitude and phase
difference were obtained as well as the r.m.s. errors for these values.
For a parallel-horn record the phase obtained is just ¢(t), the instru-
mental phase, as long as the position of the source is accurately known.

Similar phases and amplitudes, and their uncertainties, were
obtained for at least one eaéh of the code 2, 4, 6 and 8 records, as
well as for the parallel-horn records flanking these. The instrumental
phase and gain drifts were reﬁoved in an iterative procedure devised by
G.L. Berge. On the first pass the source was assumed to be totally
unpolarized, making the responses of all the parallel horn records equal
to (k/2)I. The amplitude and phase calibration for the intervening
crossed-horn record was then linearly interpolated between the two
parallel-feed records. For codes 2 and 6, U/I could then be obtained
from the real component of the observed fringes; and V/I, from the imag-
inary component. Similarly, Q/I can be taken from the code 4 and 8
records; and V/I, again, from the imaginary component. If Ao and ¢o

denote the instrumental gain and phase, and A and ¢, the observed ampli-
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tude and phase for the crossed-feed record, then the following equations

may be written:

Code 2: u= A cos (¢-¢,)
Ag

v = -A sin (¢-¢5)
Ao

Code k: q=-A cos (¢-9,)
A
o

v =-A sin (¢-¢,)
Ao

Code 6: u=-A cos (¢-¢)
Ay

v =-A sin (¢—¢O)
Ao

Code 8: a= A cos (¢-¢,)
Ag

v = -A sin (¢-¢,) (2-6)

Ag

where u = U/I, g = Q/I and v = V/I are the fractional Stockes parameters.

All thevvalues for g, u and v were averaged and errors assigned on
the basis of the r.m.s. errors in A and ¢. For the second iteration,
adjustments were made to the code 1, 3, 5 and 7 fluxes since q and u
were no longer zero. Now A, was replaced by A /(1+q) (for code 1), and
the entire procedure was repeated. Since no observed polarizations were
greater than 20%, this procedure converged very rapidly; usually after
no more than two or three repetitions the resultant values were stable
within 0.001%.

This procedure provided polarizations which were in no way indepen-

dent of the instrumental polarization. Observations of completely unpo-
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lerized radio waves at the same time and from the same place as the
source observations would have provided the ideal corrections. The
resultant Stokes parameters, all but I being due to instrumental polar-
ization, could then be subtracted from the parameters observed for the
source to obtain the corrected values. This, of course, was impossible,
and the alternative of making observations on a few calibrating sources
defined to have zero polarization (Table 2-3 gives upper limits on the
degree of polarization for these sources) was adopted. (Correction

curves were then plotied as a function of source declination. Depen-
TABLE 2-3

REPRESENTATIVE UPPER LIMITS FOR DEGREE OF

POLARIZATION OF CALIBRATING SOURCES

Source Maximum p Wavelength Reference
(%) (cm)
CAS A 0.1 6 Sastry, Pauliny-Toth and
Kellermann (1967)
CYG A 0.2 21 Morris and Radhakrishnan
(1963)
ORI A 0.1 6 Sastry, Pauliny-Toth and
Kellermann (1967)
HYD A 0.1 2L Gardner, Morris and
0.2 18 Whiteoak (1969a)
3c123 0.k4 11 Morris and Berge (196Lb)

3C1kLT 0.3 21 Morris and Berge (196La)
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dence of these correction curves on hour angle was considered irrelevant
since sources were observed within one hour of transit, a very small
range. Additionally, each of the varioug codes for each source and
calibrator was observed at nearly the same hour angle so that the
effective range of hour angle for each curve was less than 0.5 hour.
Several calibrators were observed at *1.5 hours, and no departure from
the established curve was seen.

The sources used were Orion A, Cygnus A, Cassiopeia A, Hydra A
and 3C123. In addition, 3C147 was used as a check on the procedure--
that is, it was processed as an unknown source and later found to have
zero polarization, as exéected. Correction curves for the linear and
circular components of the code 2, 4, 6 and 8 responses were then
plotted as a function of source declination and used for the instrumen-
tal polarization correction. This procedure was satisfactory at 21 and
18 cm, but broke down for 6 cm because all the calibrators were either
resolved or were no longef believed to be unpolarized.

The second calibration scheme was to assume that, since the source
sample was entirely random and should therefore have randomly distributed
position angles, the averasge values of g, u and v for all the sources
should be zero within statistical limits. That is, if all the real com-
ponents (u) of the code two observations were averaged together for all
sources, the resultant value of u should be zero. If not, the non-zero
value must be entirely due to the instrumental polarization. For each of
the four codes, both the sine and cosine components of all sources were

convolved with a Gaussian with a standard deviation of 40° in declination
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to yield a calibration curve similar to the one based upon the cali-
brating sources. This width was chosen so that the smoothed curve
would have about the same degree of freedom as the calibrator curve. A
smaller width would make the curve too inaccurate. A larger one would
make it too insensitive to declination. All g's and u's greater than
5% were discarded before averaging since their numbers were small and
their effect upon the average, large. Plans were made to check the
eliminations after the éalibrations were performed, but the calibration
curves, in most cases, barely departed from zero and any additional
corrections were inconsequential. This left approximately 150 sources
for observing runs 2 and 3. The distribution of the linear Stokes
paremeters for these sources were roughly gaussian (truncated at #5°,
of course) with a standard deviation of about 3%. When the sources were
convolved with the 40° gaussian, the middle declination range had a
weight (effective number of sources) of about 100. This tapered to half
that at the extremes of the declination range. The uncertainty for this
curve would then be 3%/v100 = 0.3% at the middle and tapered to 0.43%
at the endé. The values for the circular curves were lower, sbout 0.14%
and 0.2%, respectively, since the v values had a much narrower distri-
bution. These are the uncertainties in the instrumental polarization
correction procedure for the averaging method.

Figure 2-2 illustrates both sets of calibration curves for all
eight values for observation run number two, a three-week run conducted
at 18 cm. The eight vertical scales are ir. percent and are the cosine

(linear) or sine (circular) components of either the calibrators or the
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average of all sources. Note the possible sign differences between
these values and g, u and v. In every case the averaged curve coincides
with the calibrator curve within the established errors. A similar
situation holds for the other three sets of observations at 21 and 18
cm, although runs one and four are not nearly so significant since the
number of observed sources was so small. The excellent agreement
between the two calibration methods at 18 and 21 cm supports the use of
the averaging method for the 6 cm observations, where no really good
unpolarized calibrators exist. A final check was the observation of a
few sources with previously observed 6 cm polarizations; these all
agreed within the uncertainty limits.

The calibration procedure introduced additional errors into the
derived values of the Stokes parameters due to uncertainty in the actual
correction curves. The accuracy of the curves obtained from calibrators
was felt to be *0.09% due mostly to backlash and repeatability limits in
the feed rotator system, as will be discussed later. Additional error
could be introduced by any of the calibrators' not having exactly zero
polarization. Since reliable work by others indicated a degree of polar-
ization of less thgn 0.1%, this is considered unlikely. Polarizations
of the order of 0.1% would affect the calibration by a similarly small
amount .

This correction procedure corrects both for the instrumental polar-
ization inherent to the structure of the feed, dish, and supporting
booms, and for that caused by inaccuracies in determining the exact

crossed-horn position angles. Once the angles were determined as a
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function of declination, they were used for all observations and for the
calibrating sources, s0 that setting errors would presumebly be constant
and therefore part of the instrumental correction. No long-term vari-
ation of the null angles was observed when they were measured several
times throughout the run; the only short term variations were those due
to setting errors and to backlash, amounting to less than 0.05°. It

was not possible to separate the structural instrument polarization from
this feed-setting error, nor was there any need to.

The calibration uﬁcertainty for the 6 cm observations, based on
the average of 150 sources as described for the smoothed 18 and 21 cm
calibrations, was somewhat larger, being 0.4% near the center of the
declination range and increasing to 0.55% at the ends. This increased
uncertainty was due to the larger average polarizations for the sources
at 5000 MHz. The calibration uncertainty for both 18 and 21 cm was 0.09%
throughout the declination range based on the calibrating sources.

Once the calibration curves had been established, each source was
run through the entire iterative procedure again, this time correcting
each value of g, u, and v as generated. The additional errors from the
calibration process were not entirely random. There was a random com-
ponent due to the imperfect repeatability of the horn rotators, but
non-random errors arose from the actual inaccuracy of the correction
curves. Since there was no way to separate the random from the non-
random errors, the entire error was treated as systematic and added in
quadrature to the uncertainty for q, u or v for the average of all

records of a given crossed-horn position. That is, if two separate
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crossed-horn records of type two were taken for a source, the cali-
bration error would be added in quadrature to the net error after aver-
aging the two values of g and not to the individual errors before aver-
aging.

Once this procedure had been completéd, the information for each
source consisted of the best values for g, u and v and their uncertain-
ties. The accuracy of both the instrumentai polarization correction
procedure and the calculation of the uncertainty could be checked since
observations of a relatively large number of sources were available.
Since g and u had two independent determinations, the code 4 and 8 or
code 2 and 6 crossed-feed observations respectively, the distributions
of the residuals could be compared with the gaussian distribution
expected for the Stokes parameters. Figure 2-3 shows this distribution
for the values of g and u for the 6 cm observations. The lower and
broader curve in each case is a gaussian with ¢ = 1. The more sharply
peaked curve represents the actual distribution of the measurements in
terms of the standard error. If the sample had been infinite and all
calibration and error analysis procedures exact, this curve alsoc would
have been a gaussian with a standard deviation of one. The fact that
the actual distribution curves are slightly more sharply peaked and have
smaller standard deviations, 0.889 and 0.812 respectively, indicates that
the error analysis has been somewhat pessimistic or that the calibration
curves were slightly more accurate than expected. The same behavior was
observed for all the other data taken and increases confidence in the

entire procedure.
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If the individual measurements of g or u deviated by more than
the computed uncertainty--i.e., if they were to lie beyond #1 in Figure
2-3--the uncertainties were increased by this "excess error" factor.
The values of q and u were converted into a degree of linear polari-

zation and position angle and their uncertainties:

p=vVgZ + w2 (2-7)
= L gan-1 F% (2-8)
2 g
= {fop)2 42 4 [3p)2 42]2/2 = 2 52 4 42 g2 )1/2 o
?P iau) ut [acu qu { upzou ¥ quaq ) : (2-9)
= [Taw)2 2 . [sw)2 .ol1/2 2 2 .2 _231/2
Ow {5%) ot [fa’& Géﬂ = 2;; E g*TuP Iy + —-z-—qup g } rad. (2-10)

The probability distributions for p and ¢ are gaussian only in the limit
% << p. The distribution for P is actually Rayleigh for p << Ops and
that for ¥ is considerably more complicated, when cq is teken equal to
0,> 88 is usually approximately correct. Berge (1965), in the appendix
to his doctoral thesis, develops the mathematical equivalent of this
problem, with the restriction that cq =0 =0 The original develop-
ment concerns the derivation of an amplitude and phase from a sine and

cosine value. In the language of the presént paper, he finds that the

expectation value for po5 the actual degree of polarization, is given Dby:
<p,> = o v2/n [1F(1,15 ~p2/2¢2)17% (2-11)

where p is the measured value. When ¢ is of the same order as, or
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greater than, p, the measured value will overestimate the actual value.
Similarly, cp itself will be overestimated’and the error distribution
will be considerably skewed. Figure 2-L4 illustrates the distribution
for various values of Po/°' This distribution is given by

P(p) = p, I (pp /o?) exp [-(p? + p2)/20?] (2-12)
g .

where I, (x) is the Bessel function of zeroth order and imaginary

argument. When the actual polarization goes to zero, this distribution

has the limiting form
P(p) v p exp (-p?/20%), (2-13)
o}

which is the Rayleigh distribution illustrated as the first curve of
Figure 2-L. Notice that if the actual polarization is zero, there is no
‘chance of making a measurement with the correct value. For the limit

Py >> 9> the distribution becomes

P(p) v _1 _ exp [~(p-py)?/202] (p/py), (2-14)
/21 o

which is & gaussian for p = Py For o as great as p/3, the departure
from the gaussian is less than 30% and mostly much less than that for p
in the range of p, * 0.

The case for the angular distribution is much the same, although
the integrations required are much less tractable. Figure 2-5 illus-
trates the angular probability distributions. When the polarization is
zero, the distribution of ¥ is clearly uniform from 0° to 180°. For

Py >> 0, the distribution is gaussian for ¥ within a few standard devi-
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ations of wo. This can be seen to be true because the lines of constant
¥ are nearly parallel at the maximum of the circular gaussian distri=-
bubion, and therefore one dimension of the g-u distribution is simply
integrated out--as long as (y-y,) is of the same order as o/p. For
intermediate cases the distribution is more flattened than a gaussian,
and the wings do not taper off so rapidly to the cutoffs at ($5290°).
Waen p/o = 3, equation 2-10 gives ow = 10°. 1In this case numerical
integration shows less than 10% departure from a gaussian within two
standard deviations of y,. Even for ow = 20° the departure from gaussian
is still less than 20%.

The additional effect of allowing differing values for %q and o4
is negligible as long as the o of the above discussion is taken as the
maximum of the two for purposes of déciding which limits hold. The
significance of all this as far as the data presented here are concerned
can be summarized briefly. First, whenever p 5 g, p overestimates the
actual polarization.i For p = 0, the correction factor is only a few
percent. Since polarizations of such doubtful quality are generally
regarded only as upper limits in any case, no corrections have been
applied. Second, the ¢ distributions are quite gaussian for ow < 20°,
except for the elevated wings, with standard deviations well-represented
by equation 2-10. For larger Sy the distribution becomes markedly non-

gaussian with a maximum standard deviation of 51.96° for p = 0. To

adjust for the changing distribution, ow was replaced with

ol = { 1/[(51.96)2 + (5,)72] 12 (°) (2-15)

y
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This artifice causes no significant change for Ty < 20° and sets the
meximum et 51.96°. Since, as is pointed out in the next chapter, polar-
ization measurements for which Iy > 20° are essentially worthless for
determining rotation measures, the departure from gaussian and adjust-
ment of the standard deviation are inconsequential. For each observa-
tional paper there is a different technique for determining and
reporting Oyo which is regrettable since the technique is often not
described. The important thing to remember here is that a G¢ of‘52°
indicates that there is no knowledge about the position angle, partie-
ularly in view of the fact that the probability distributions are
actually periodic in Y if there is no knowledge of how meny rotations
have occured from some reference value.

Once the polarizations had been converted to a degree and
position angle, the correction for misalignment between the indicated
‘angles for the feed horns and the actual orientations could most easily
be made. With the west antenna pointed at the southern horizon, a level
was used for the compariscn. When the level showed the feed horn to
be loceted at 0° position angle, the readout indicated 0.00°+0.10 for
the 21 cm package, 1.46°+0.10 for the 18 cm and 1.87°+0.10 for the 6 cm
receiver package. These values did not change with subsequent removals
and remountings.

Although the physical orientation of the feed horns was known to
about 0.1°, the actual position angle of the polérization of the antenna
was not quite as well known. The position angles for 3C348 at 18 and 21

em agreed within 2° with the data of Gardner, Morris and Whiteoak (1969a),
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but this gave no information about the absolute calibration of the
position angles. The derived cross-feed position angles were always
within 0.5° of 90° when the differences in the physical orientations of
the feed horns on the two antennas were accounted for. This, combined
with the four-fold symmetry of the antenna focus support system, indi-
cated that a systematic error in the position angle of not more than 1°
was reasonable. Therefore an additional uncertainty of 1° was added in
gquadrature to the value calculated for the position angle for all

sources.

Jonospheric Faraday Rotation

Since radiation from all extraterrestrial radio sources must pass
through the earth's ionosphere where both the electron density and mag-
netic field are non-zero, there must be some amount of Faraday rotation
contributed by this region. Specifically, the electron density reaches
a peak value of the order of 106 electrons/cm3 between 200 and 500 km
above the surface of the earth. The total line-of-sight integral of the
electron density at the zenith ("total electron content') typically
ranges from 0.5 x lO13 electrons/cm2 at night to 5 x 1013 in the daytime
with wide day-to-day variations. The earth's magnetic field in the
region of the meximum concentration of electrons is approximately 0.35
gauss for middle latitudes. Assuming a source directly overhead and a
magnetic field perpendicular to the surface of the earth, we obtain from
equation 1-12 a value of about L rad/m2 for the typical maximum daytime

ionogpheric Faraday rotation. This amounts to 10° at 21 cm, and can
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clearly be of major importance when data taken at different times and
from different locations are combined. Therefore correction for iono-
spheric Faraday rotation was necessary.

Most methods used to determine the total electron content and the
distribution of electrons with height are either insensitive beyond the
first maximum in electron density, or so complex that they are not
easily and regularly carried out. With the introduction of earth-
synchronous satellites a method exists for measuring the ionospheric
Faraday rotation directly. A satellite sends linearly polarized radi-
atioh to earth where a ground station continuously monitors the position
angle and hence the Faraday rotation.

The data used in the present work are those obtained by the Radio-
science Laboratory of the Stanford Electronics Laboratories from the
stationary satellite ATS-1l. The observed Faraday rotation angle, ©, was

converted by the Stanford Leboratory to the vertical electron content, I,

by
T = L.ok x 10711 £2 o electrons/cm® (2-16)

BL sec X

where B, is the longitudinal component of the earth's magnetic flux-
e

density in webers/me, X is the zenith angle of the ray-path, and f is

the frequency in Hz. Since most of the electrons are located near LOO ¥m
above the earth, BL sec X was computed at this height on the ray-path.
This guantity does not vary quickly with height near the zenith, so that
the approximation of assuming that all electrons are at this height is

a good one. The data as provided by Stanford consist of daily plots or

tables of zenith total electron content at the "ionospheric point", i.e.,
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where the ground station-satellite line-of-sight reaches 400 km above
the surface. For Stanford to ATS-1, this point is located at 34.2° W,
125.5° W. The Owens Valley Radio Observatﬁry is located at 37.2° N,
118.3° W. The latitude difference of 3° can be ignored since the change
in electron density profiles and therefore the total electron content
with latitude is significant only near the magnetic equator and the
magnetic poles (Davies, 1966). Only 2 or 3% difference can be expected
between 30° and 40° N latitude. The quoted uncertainty in the Stanford
data is 10% or S5 x lO12 electrons/cm2, whichever is the greater, and
therefore completely overshadows any error due to the difference in lati-
tude.

Since the diurnal variation of the gotal electron content is
primarily caused by the transit of the sun across the sky, it is expected
that whatever content was observed at 125.5° W would have been observed
29 minutes earlier at 118.3° W. Differences could only be due to
changes in the solar UV and X-ray flux, the solar wind, or a solar pro-
ton event (Ratcliffe, 1972). While significant changes can occur on a
time scale shorter than 29 minutes, such changes are rare. Moreover,
the typical observation of the present work extends over a period of two
hours, and the value of the total electron content is obtained by aver-
aging the Stanford data over that period. The assumption that the
observed total electron content derived from the Stanford--ATS-1 line-
of-sight represents the total electron content at the Owens Valley
Observatory 29 minutes earlier would seem to be a highly plausible one.

The second part of the data required for the determination of the
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Faraday rotation due to the earth's ionosphere is a knowledge of the
gecmagnetic field for the region in question. This was obtained from a
computer program using a multipole expansion developed in 196L for the
National Aeronautics and Space Agency by R.H. Eckhouse, Jr., of the
Electrical Engineering Research Laboratory of the University of Illinois.
This program was provided by B.D. Mulhall of JPL. The field model pro-
duced by the program was compared with standard tables and agreed within
1%. Secular variation of the field since 1962, the year for which the
coefficients were computed, is negligible. In addition, the changes in

the earth's magnetiec field due to the solar wind and ionospheric currents

b

are also negligible, 8ince they are of the order of 107" gauss or less,

and the geomagnetic field at 400 km above the surface is approximately
0.35 gauss.

Corrections for the ionospheric Faraday rotation were computed and
abplied in the following manner. The source position, date, and average
time of the observation, To’ were used to compute the zenith angle, Z,
and azimuth of the line-of-sight. The ionospheric point, P, was then
calculated as the intersection of this line and the 400 km height plane.
The longitude difference between this point and the observatory was con-
verted into time, At, in minutes. This quantity is positive for a source
west of the observatory. The zenith total electron content was then
taken from the Stanford data for the time (T, + 29 - At). The Stanford
date had previously been smoothed in time by a gaussian with a standard
deviation of 30 minutes. The magnetic field was calculated at the point

P and the total Faraday rotation due to the ionosphere was calculated
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according to

" = 2.62 x 10-13 reB I(T,+29%-At) A2 sec Z [rad] (2-17)

ionos

where r is the unit vector in the direction of the line-of-sight, B

is the magnetic field in gauss, I is in electrons/cmg, and A is the
observing wavelength in m. The correction to the observed position
angle of the polarized radiation was then taken as the negative of this
guantity and was added to the observed position angle to obtain the true
position angle. This precedure was applied once,.for the midpoint of
the 2 hour observation, and not for each 20 minute code 2, 4, 6 or 8
record independently. The uncertainty in the total electron content
increased the uncertainty in the position angle by either 10% of Y3 onos
or wionosﬂ which was computed from equation 2-1T7 by taking I equal to

5 x lO12 electrons/cme, whiéhever was the greater. Thgs additional
uncertainty was added in quédrature to the previous value.

Some observations at 21 and 18 cm had been repeated in different
months and therefore at different times of day. These would have consti-
tuted an excellent check on the ionospheric correction method, except
that the observational uncertainties were usually on the same order as
the ionospheric correction for the sources repeated. Moreover, very few
of the measurements were repeated at exactly the same frequency so that
Faraeday rotation might increase the spread. Nevertheless, the iono-
spheric correction usually did improve the correspondence of the two
observations. For the 13 observations repeated at 21 cm the r.m.s devi-

ation before the correction, in terms of the individusal uncertainties,



52

was 1.1l 0. After the ionospheric rotation was removed, the r.m.s devi-
ation dropped to 0.98 g. For 13 sources with accurately determined
uncertainties, the value should have been 1.00 + 0.28 if no systematic
effects were present. Therefore, although the test is not conclusive
due to the large uncertainties in the position angle measurements for
the sources repeated, the ionospheric correction procedure does reduce

the systematic effects.

Additional sources of error

Backlash and repeatability of feed rotators.--After the observations

were nearly conplete backlash was discovered in the gear train of the
feed rotators. For the west antenna, the backlash was 0.10° * 0.03°;
for the east, 0.05° % 0.03°. The repeatability for each was 0.02°.
Scatter in the observations of the strong, unpolarized calibrators had
been noticed, and the individual points seemed to cluster at either end
of the range of scatter. This and the fact that the total range of the
scatter of the calibrators was about 0.09%, corresponding to a 0.06%
angle error, for the linear terms indicate that the scatter was caused
by this backlash. Different conditions of preloading surely exist for
different hour angles and declinations and with different receiver pack-
age and cable combinations. Therefore, correcting the problem by elways
rotating the feeds in the same direction to the desired number would
probably be ineffectual. In any case no such measures were carried out
for the program presented here. This is the source of the 0.09% cali-

bration uncertainty, and would have no other effect on the observations.
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Corrective measures will be needed if more accurate observations are to

be undertaken.

Pointing errors, feed ellipticity, and cross-polarization lobes.--In

addition to the primary beam of the parabolic antenna, which preserves
the sense of polarization of incoming waves, there exist cross-polarized
side-lobes which effectively rotate the plane of polariiation by 90°.

As reported by Silver (1965), the worst of these lobes lie at 45°, 1359,
225° and 315°‘to the feed orientation and have maxime at only about A/D
radians from the axis of symmetry vhere D is the diameter of the dish.
These maxima lie at 0.5°, 0.3°, and 0.1° off-axis for 21, 18 and 6 cm,
respectively. Their peaks are at least 16 db down from the méin beam.
Ideally there is no cross-polarization at all on the E and H axes of
symmetry.

If an unpolarized source were inadvertently placed off-axis in the
direction of one of the cross-polarized lobes, the cross-feed records
would no longer indicate zero polarization. If the source were on the
meximum of the cross-polarized lobe, the signal from antenna's primary
beam would correlate with the cross-polarized signal of the other even
though the feeds were crossed. Polarizations as high as 100% could be
recorded in this way, although the fact that the total flux was so low
would surely meke the investigator suspicious. Even at points midway
between the primary beam and the crossed-polarized side-lobe (13" off-
axis for the 90' antennas at 21 cm) a polarization of 15% could be indi-

cated. However, these side-lobes have nulls at the center of the main
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lobe and along the E and H symmetry planes, so that their effects close
in are minimal. To estimate the importance of the cross-polarization
lobes for the present work, observations of a source were made with

both antennas offset by 10' in the direction of one of the cross-polariged
side~lobes at 21 cm. The degree of polarization increased only 1%.
Pointing errors for only one antenna gave slightly less severe results.
Recalling that all pointing was accurate within 1°', the effects are
expected to be much less than 0.1% even at 6 cm. No attempt was made

at a detailed measurement of the cross-polarizgtion pattern, but this
information would be useful, especially so for those making polarization
synthesis maps of extended sources.

Another effect isvmixed in with this. If the illumination pattern
of the feed is elliptical rather than exactly circular, the flux level
received from an off-axis source changes with the feed position angle.
For single-dish polarimetry, this effect is indistipguishable from a
genuine polarization. The elliptical feed, and hence elliptical beam,
affects interferometric polarimetry only in the second order; there is
no cross-polarization so there is no first order effect in the crossed-
feed records for linear polarization. Equation 2-2 does show a term in
the first order in I and 6, the ellipticity, but this is imaginary and

affects only V.

Wind.--Excessive wind can chemge the pointing of an antenna and cause
errors in the polarization as discussed asbove. Wind fluctuations within

a record can cause variations in the signal and increase the r.m.s
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noise, particularly at 6 cm. Finally, the‘wind can be sufficient to
flex the antenna and alter its figure and therefore the instrumental
polarization. More than twenty sources were observed in various winds
and, later, in the calm. These observations were taken at several fre-
quencies. In not one case was the degree or position angle of the

- measured polarization significantly altered by winds as high as 30 mph.
For example, 3C249.1 was observed on August 1k, 1972 at 5000 MHz with
winds gusting to 30 m@h, The measured polarization was 4.3% %+ 2.0% at
12° £ 15°. On August 26, when the wind was less than 5 mph, the values
were 3.8% = 1.7% and 179° % 12°., The noise levels were increased by

the wind, but the polarization was essentially unchanged. Nonetheless
other observers have reported wind effects on the Owens Valiey Interfer-
ometer, particularly for somewhat extended sources. Therefore the table
of polarization observations contains a note on the wind for the few
observations taken on a windy day--wind greater than 15 mph--for which

no confirmation could be had on 2 calm day.

Gain and phase drifts.--The reference gain and phase for a crossed-feed

observation are obtained by linear interpolation from the immediately
preceding.and following parallel-horn records. These records are
usﬁally not separated by more than 22 minutes; their r.m.s phase uncer-
tainty is always less than 0.4°, and their amplitude uncertainty is
usually less than 2%. If, however, the instrumental gain or phase show
significantvdeparture from linearity on a short time scale, the observed

relative phase or amplitude of the crossed-feed record could have uncer-
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tainties in excess of that calculated on the basis of r.m.s scatter
zlone. Assume that r.m.s. uncertainty of the observed phase is zero,
and that the uncertainty due to non-linearity of the instrumental
phase-time curve is €. This has the effect of mixing the reeal and imag-
inary parts of the response. In particular, if v = 0 for the source,

v will now appear to be q sin € for a code ! observation. For g = 10%
and € = 10°, v will appear to be 1.7%,'which is tremendous compared with
the expected calibration error of 0.1%. Clearly short term phase sta-
bility is of the utmost importance in trying to measure the circular
polerization of sources with high linear polarization, or the linear
polarization of sources with high circular polarization--none of which
exist, as far as is known. The linear components are ndt so severely
affected when v = 0, for now q would seem to be q cos €, or about 0.98g
in the above example.

To measure the short term phase stability a few long series of
short observations of a strong calibrator were made. The departure of
the phase from a linear time dependence on a scale of 10 to 20 minutes is
0.001 to 0.002 lobes--0.36° to 0.72°--on the average, but never more than
0.004h lobes. This is sufficient to make the circular polarization deter-
minations of moderately to highly polarized sources very questionable,
but to have no significant effect upon the linear polarization. The
expected large scatter of the individual determinations of v for strongly
polarized sources has been observed, but was originally attributed to the
inability of the feed-antenna system to completely separate the modes of

polarization. The phase instability is the more likely explanation.
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This will be mentioned again in the comments on the circular polarization
table.

The amplitude or gain stability was found to be better than 5% in
20 minutes. This would have no significant effect on the polarization
determinations and was ignored. Again, this demonstrates the power of
the crossed-feed interference polarimeter and its null technique. To

ignore a 5% gain change in single-dish polarimetry would mean disaster.

Cross~talk, or cross-polarization in the feed.--No feed can completely

isolate one mode of polarization from the other, but separations of 30

to 40 db are typical. The minimum responses obtained at the optimum
crossed-horn orientation for the strong, 'unpolarized' calibrators were
less than 0.1% of the parallel-horn value, indicating an isolation of at
-least 30 db for the entire system for an on-axis source. The values at
the 45-135 and 135-225 positions were consistently highgr than those at
the 0-90 and 90-180 positions. This most likely was related to the four
focus-support booms at 0, 90, 180, and 270°, but was insignificant as the

_ worst case still indicated an isolation of 30 db.

Spillover.--Ground radiation is highly polarized and, in single-dish sys-
tems, can contribute a polarized flux of several flux units. Moreover,
this is a function of the precipitation, humidity, wind and orientation
of the antenna, and therefore poses very difficult problems when attempts
are made to separate out the few hundredths of a flux unit of polarized
signal from the source. For an interferometer the ground "source'" is of

such large extent as to be totally resolved. Any residual fringes are
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apt to be at a rate very different from those of the source. Spillover
will, of course, contribute to the system temperature, mostly at large
zenith angles. The zenith angle for these observations rarely exceeded

50° so that spillover was not significant in any respect.

Galactic background emission.--At the lower frequencies the galactic

background contributes a substantial polarized flux density, particularly
near the galactic plane. Since the scale size of this emission is gen-
erally greater than 2 or 3 degrees of arc (Berkhuijsen, 1971), one

would expect it to be totally resolved at the spacings and baselines
used. A few observations were made of areas which were devoid of known
sources, and no detectable polarized emission greater than 0.01 fu was
seen. This was at or below the noise level of most individual obser-

vations and was therefore ignored.

Resolution effects.--Morris, Radhakrishnan and Seielstad (196L4) have

given the response of the interferometer to an extended distribution of
polarized emission (equation 2-2 of the present work), and this can be
used for a detailed examination of what happens when a source becomes
resolved. Since only two sources at 6 cm show resolution effects, a
general understanding will suffice. If all four Stokes parameters were
distributed across the source in exactly the same way then the partial
resolution of the source would have no effect upon the polarization
determination. High resolution polarization maps show that such sources
probably do not exist, and that the actual distributions of Q and U are

very complex and quite different from each other and that of I. The g,
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u and v obtained from a partially resolved source will probably bear
little relation to those obtained for the integrated radiation. The

5000 MHz observations of the two sources listed as being partially
resolved should be treated with some skepticism; the rotation measures
derived for these sources are uncertain anyway, so that no further degra-

dation of their quality is necessary.

Confusion.~-Two types of confusion are relevant here. One consists of
having a strong source, polarized or not, either near the primary beam
or on some sidelobe; the other, of éne or more small, polarized, perhaps
unknown sources in the main beam in addition to the source being
observed. The first is important for a few sources, such as 3C011.1,
which are known to be confused at the spacings used, and for meny other
sources observed in the daytime when the sun was inconveniently located.
Usuelly the fringe rate for the sun was sufficiently different from the
'1/60 Hz of'the source that thé two could be separated with no more effect
than an increase in noise. When such was not the case, the observation
was discarded and hopefully repeated at a more appropriate time. Little
could be done to correct those sources known to be confused as it was
almost impossible to determine the direction of the effect. Such sources
have been included with a note to that effect and must be considered with
some caution.

The sort of confusion consisting of small, unknown sources proved
to beiinsignificant at 21 cm and therefore, presumsbly, at the higher

frequencies. Several blank regions were observed and found to have less
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than 0.01 fu of polarized emission, as mentioned in the section on the
galactic background. This limit was at or below the noise level of

most of the observations and was therefore ignored.

The Linear Polarizations

Table 2-4 presents all the polarization observations made in the
course of this research. The first two columns of the table give the
3CR source name and an alternate. The alternate list is not complete -
and contains only names which have been useful in preparing this paper.
In the event a source is not a 3CR source, the decimal point is omitted.
Alternate names of the form 0003-00 are all Parkes sources; other names
are self-explanatory.

The third column gives the‘observing frequency in MHz, end column
four contains the observed flux. The reader is again cautioned that no
attempt was made to perform absolute flux calibrations during these
observations and that these flux densities are approximate and ére
inecluded only for comparisons with the polarization and errors. Errors
of 10 to 20% in these fluxes are not uncommon.

The fifth and sixth columns give the percentage of linear polari-
zation of the source and the uncertainty for this measurement, respec-
tively. The seventh and eighthivcolumns give the position angle of the
polarized radiation, measured from north to east, and its uncertainty.
All sources of error have been included, and all corrections have been
performed.

The ionospheric correction applied to the observed polarization is
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supplied by the ninth column. This cbrrection is in degrees, and has
already been added to the observed position angle to obtain the values
tabulated in column seven.

The next two columns give the date and Pacific Standard Time of
the observation in hours. If observations on more than one day have
been averaged together, the date and time given is that for the obser-
vation contributing the largest share. In such cases the ionospheric
corrections are calculated separately for each day, and the tabulated
value is the mean of these corrections.

The somewhat cryptic symbols in the final column consist of one

or more of the following:

C, or CONF This source may be confused, as explained in the
section on confusion, page 59.

W Often followed by an integer. This observation was
taken on a day when the wind was greater than 15
mph, and could not be confirmed by an observation
on a calm day. The effects of the wind are dis-
cussed on pages 54-55.

Ql.4, U1.8 This indicates the ‘excess error' in Q, U or both.

or QU2 This is more completely developed on page 41. Any
necessary corrections have already been applied to
the other figures tabulated.

3.3 Indicates the E~W dimension of the source for the
two 6 cm observations for which the source is
partially resolved. The polarization parameters
for these observations are suspect. See page 58.

The final digit in the Notes column indicates the session during

which the observations were made. The numbers 1 through 5 refer to Table

2-2 of page 30 which provides all the equipment paremeters.
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TABLE 2-k4
LINEAR POLARIZATION OBSERVATIONS

SOURCE ALTERNATE| FRIQ FLUX [P(B) ¢/= [PUSITION ¢/=| IONOS| OUBS.

NAYE MHL Fu VATE
3C002.0 0003=00 | 1640 3.7 0.7 002 14603 Be3 ] =lo4 12728771
3C006.1 NRAJIG 5000 0.91 0.6 1.6) 149, elo =0a2 8717772
1640 3.5 0.5 0.2 Se 12, =0.8 j12/2¢/71
1395 3.6 100 0ot 636 120 =1e0 9/22/71
3C011.1 NRAD25 1640 2.8 0.7 005 132, 19. =07 12726/ 71
1540 2.2 304 07 118.1 To7 =367 5/13/72
1395 3.1 o7 0.7 6246 39| =100 9/23/ 7L
3C013.0 &L +39,01) 5000 0.42 206 203 118, 25, =062 8/13/72
1640 1.7 L1 0.5 92« 12. =17 (12729471
1401 1.9 1.0 N.4 33, 13, =65 bf 27472
3C014-0 0033¢18 [[1665 1.8 1o 0. 102.8 79| =0.8 112/18/7L
1401 2.1 0.2 007§ 159, 7. =8,6 &) /72
3C014.7 4C¢58.02) 5000 0,60 1.2 2. 136, 3%, =0e2 8/18/72
' 1640 2.1 2.0 0.5 59.0 6.9 =3,3 5/16/72
1401 2.4 20 6 003 7967 %00 =97 &) 8/72
3C016.0 0035¢13 | 1665 1.8 5.9 0.5} 103.3 262 =0.9 [12/13/771
1401 1.9 604 007§ 159.7 205|100 &/ 9772
3C017.0 0Q035=02 j 1640 %05 0.9 003§ 172.0 6.8 =502 5/15/772
1601 5.8 03 0.2 3. 19, ([=1208 /11772
3C019.0 4C¢32.03] 5000 L.15 402 Jolj 120.0 7.5 =002 8713772
16640 206 0.7 0.7 400 26, =30 & 5/16/72
1601 3.2 0.5 03] 150, 16, (=10.9 &f12/72
3C021.1 NRAD37 1401 0.7 2.3 1.8 21e 17, {=10e6 4/13772
30022.0 4C¢50,06] 5000 0.62 5¢7 Llab 9.2 9ol =062 8/20/72
1640 1.8 1.5 0.6 49, 11, =406 5/17/772
1401 2.2 40 003} 170.9 2.7f =809 &/16/72
3C028.0 0053¢26 | 5000 0013 j13.3 10,5 51. 17, -6.2 8/10/72
: 1665 1.5 loe 0.5 51. 11, =1l.1 [12/16/71
1395 1.5 lol 0e57 124 150 =1.3 9721471
3C031.0 4L+32,05] 5000 1.6 3.5 V.8 20,0 6.6) =062 8722772
1640 5.0 3.2 0.2 97.6 2.0F =10 {12/25/71
1640 3.4 28 002 8459 2637 =602 5720/ 72
1395 4.8 1.9 0.4 %302 3.0 1.1 9/26/ 71
3C033.1 4C¢72.,01) SO000 0.67 606 2011 13004 Yo1j =062 8/23/72
1665 3.0 3.7 0.3} 106.7 201 =0.6 }12/20/71
1601 2.7 3.0 0.3 89,0 bo6)=10.6 37239772
30033.2 4&4C#57.04 5000 0,81 1.6 1.1} 158 19. =002 8/16/72
1640 104 0:7 007§ 1656 250 =4,l 5/13/72
1401 1.0 1.6 0.6 6e3 I.8) =Tos /15772
3C034.0 4L+31.02) 5000 0.38 9.1 3.4§ 170 10, =062 8/25/72
1640 1.5 1.7 Qo7 51, 11, =40 5/16/72
16401 1.9 0.6 0.5 3. 26, =9,3 4/16/72
3C035.0 NRADJGY 5000 0,27 7.9 3.8 31, 15, =001 8/12/772
1655 262 33 0.6 156.3 3ebf =005 fl2/716/71
1401 1.6 2.6 0.5 68,2 5.00=10.8 &/ 8/72

AVG NOTES

PSY

17.28

1.98
17.89
0.11

17,89
80 56
00 lq

2009
17.5%
11.83

11.18

2.24
8,642
10080

18,67
1062

- Bo%9

10051

2028
8063
10-56

1146

2.19
9,32
10.92

2,79
18,91
0.90

2.51
18.58
8059

0.83

2:50
19.02
12,31

3,09
10.24
11.05

2.79
10,01
10.77

3068
19,52
1238

[N

@lo7 1
Quac 2
Ql.7C4
Qu2c 1

Glo% 5

Ay w N

Qu2

w S W

Qu2

WHEw WS WN

uz2

2PNV wew W

Ul.2

u2

W& w w N W = g W

WY Wew
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TABLE 2-4——Continued

SOURC: ALTERNATE[FREQ FLUX | PI8) +/=[POSITION +/=| IONOS! QBS, VG | NOTES
NAME MHZ FU ANGLE CORR o ‘DAT E pPST
m:—m
3003600 60065.03]5000 0036 | 1.9 3.3| 78. 35, | =0.1 | &6/11/72 3.68 5
1640 1.0 1.8 lo4) 124.  16e | =kok | 5/15/72 10.26 &
1401 163 163 007] 97c 13. | =7.0 | &/ /72 12.78 3
3C061.0 4C032.0615000 1.36 | 5.6 1.0 S8e4  503] =0.2 | 8/16/72 3.85 5
1665 3.8 Tol Vo2 94,8 1.0 20,9 [12/717/7) 19.47 2
1401 3.2 Tod 005] 4loé 1oT|=11.3 | 3/30/72 12.53 3
3004200 4C¢28,06]5000 1204 | 102 103 9% 2To | =0.2 | 8/10/72 4,00 5
1640 2.7 3.1 0o3] 103.0 2.9] =004 |12/28/7L 18099 2
1601 2.7 2:9 0o4] 6609 3.8[=10.6 | &/ 9/72 12.23 3
3C043.0 0L27¢23 [5000 1.11 | 3.1 1.1] 1660 1lo | =0.2 | 8/15/72 3.81 5
1640 2.4 0.8 005) 119, 23, | =3.8 | 5/12/72 9.86[Q1.5 &
1401 2.8 165 006 17203  6ob| =801 | 4/ 1/72 13.10(Q1.7 3
3C06%.0 0128406 [5000 0.37 {1103 30&| 9402 95| =002 | 6/1T/72 3.99 0
16640 1ol 80U 0ol 102.8 3.8] =7.1 | 5/20/72 10.04|Ul.5 &
3C066.0 4C#37.05.5000 0023 [ 1602 4ok| 14808 dol| =003 | 8/26/72 3,13 5
1655 1027 [ 1000 0o7] 17168 2.2 =005 [12/21/71 19.65 2
1401 1.2 Bo2 006§ 10905 2.6}=11.5 | 4/12/72 12.15 3
30049.0 0138+¢13 [1640 2.6 Dok Qo3| 560 220 | =05 |12/27/71 18.9% 2
3C052.0 4C+53,02)5000 1.7 1.3 0.8] 143, 16. | =02 | 8/ 9/72 6431 5
1665 ol 3.2 002 5le7- 1e8] =0.4 |[12/15/71 20.10 2
1601 3.8 1.9 062 1776 2.T7i=1le4 | 4/13/72 12.65 3
3005400 4C¢43006(5000 0e59 | 5«2 205| 38e 1lo | =002 | B8/13/72 4,38 ]
16640 1.8 ol 0650 1111 3.2 =0.7 §12/22/71 19.51 2
1601 1.8 o7 0o5] 49.7 3.0 =9.6 | 4/16/72 12,56 3
305500 4C¢28.05/5000 0.57 | 009 2.2] 16040 9.4 =0.2 | 8/18/72 4,19 5
1640 2.4 569 Qs3] 17008 1.5] =0.7 [12/23/7% 19047 2
1401 2.2 507 1ol 102.8 5.6 =9.7 | 4/15/72 12.72 3
3C058.0 4C+640,02/1640 32.6 | 1.7 0.1 1.0  1.6] =0.6 |12/24/71 19,35 2
1601 1804 | 102 0Ool| 119.4 1.8] =7.9 | 3/31/72 12.90 3
3006500 4L ¢39,07]5000 0083 13,7 1o3] 14406 2.7 =0.2 | 8/20/72 4.00 5
1665 302 209 003| 2v.9 2.7 =0.7 {12/18/71 20.29 2
1601 3,2 0:9 0602 122:2 ToB| =60b | 4/ 2/72 13,67 3
3C06600 NRADLI02 {5000 1.8 263 0o7] 696 8.7| =0.2 | 8/19/72 4.22]6° 5
1640 6,3 207 0,3] 1173  2.6| =003 [12/26/71 19.78]U2.5 2
1395 2.8 1.3 003] 88.9 6.8} =13 | 9/22/71 2.23 1
3C067.0 4C+27.08{5000 1o064 | 2.8 0.9] 5402 8.3] =0.2 | 8/21/72 4.01 5
1665 3.0 5 Do3| 105.3 5.6 =0.9 [12/19/71 29.34% 2
3C06801 40 ¢34.08/5000 082 | 5.7 2e2| 79¢6 67| =0.2 | 6/22/72 6,26 5
1640 2,3 6s3 003} 135.7 letoj =1lo& §12/29/71 19,96 2
1395 2.5 505 0ob| 96e8 2.0 =1.3 | 9/23/71 2.23 1
3C068,2 NRAJI08 {1640 0.7 45 3.2 9. 160 | =366 | 5/16/72 10.96 IS
1401 08 301 Jo7) 129.6 7.9 =9.6 | «/ 9772 13.84|w) .4 3
3C069.0 4C+58,08[5000 0.86 | %05 1o5] 68.6 9.7] =0.2 | 8/23/72 6.61 5
1560 3.3 960 0.5| 123.0 1.2]| =0.3 [12/25/71 20.35[U2 2
1401 3.2 49 0e3] 1717 1.7{=10.8 | 4/11/72 12.76 3




TABLE

6l

2-L--—Continued

SOQURCE

3C071.0

3C075.0

3C083.1

3C089.0

3C091.0
3C093.0
3C093.1

3C0099.0

3€103.0
3CL107.0

3C114.0

3C219.0

3C124.0
36125.0

3€130.0

ALTERNATE

0240=00

0255+05

40261 .06

0331-01

4C#+50.10

03460+04

4C+33,08

0358+00

4C¢62.11

0409=-01

0617¢17

4C¢61o43

06394+ 01

4C#39,15

NRADL 96

§Faee

1665
14601

5000
1665
14079

5000
1665
1640
1640
1395

1640
1401

5000
1665
1640
1401

1640
1401

5000
1655
1601

1640
1401

5000
1665
1401

5000
1665
1201

5000
1665
1401
1395

1665
1640
1601
1395

5000
1640
1401

5000
1640
1401

5000
1640
1660
1401

NN W H e O e
e o

o o
o

@~ [CURC < W& OO

W N W g

A 3
<

0035
1.32
1.5

00 2‘
0.98

4.0

2.8
1.5

o o
~Nw ®

WS
°
(SRl AN

O O
°
-~ O W W

062
0.1

0.5

¢/= POSITION ¢/=

56,
99

9%
59.0
133,

1060%
167.2
149.8
1556.0

2409

132.
17902

2541
161.7
140.0

5061

150.0
159.9

81.
113,
1756

5602
29.1

65.5
17108
143.4

930

3204
15.0

121.

118.3
1074
107.1

115,
148,

82,
139,

12,
89,
105

47,
54.8
50.7

163.2
9.6

128,

12402

500
603
3,3

=0.6
=11.1

=0.3
=0.9
=13.7

=02
=006
=05
=3.8
=11

=08
=804

=0.2

=004

=5:5

=117

=062
=00 %
5.6

=063
=0.6
=11.3

=0.3
=0.6
=11.6
=1e5

=006
=0.3
=10.8
=1.2

=0.6
=87
=963

=0,3
=6o 7
=800

-092
=0.9
=67
=5,3

12/716/71
3/30/72

8/1L/72
12720771
3/29/72

8/10/72
12/17/71
12/727/7%

5/12/72

9/24/71

12/723/71
3/31/72

8/12/72
12/146/71
5/19/72
&/ &/72

12/22/71
&/12/72

8/ 9772
12/21/71
4/13/72

12/726/71
©/146/772

8/13/72
12/735/71
%/ 2472

8/15772
12/19/71
$/15/72

8/18772
12718771
4/11/72
9722771

12/16/71
12/26/71
4/12/72
9/23/7%

8/20/72
5/20/72
44 3772

8/16/72
5/13/72
3729772

8/19/72
12/29/72
5/15/72
3/730/72

20,72
140,23

5663
21,10
l4s18

5093
21045
20.63
11.56

2092

20,79
14061

5.65
22020
11.43
1641

21.03
13,97

5052
21.53
16635

21 .56
14,30

5.54
22046
15.37

552
22031
14,57

6.03
22,13
16.62

4019

22076
21.99
15,97

4043

bozé
12.67
15,51

6099
13015
15.99

5,77
22.37
13.36
16,07

QU2

Ul.3

Q2

CONF?

U2.4

WHwm weHwm

=0 W N WNWM O whw __WwN Whe W weNwm W =rolWm WG W

VEWYM W




TABLE 2-4--Continued

SOURCE

3C131.0

3C132.0

3C137.0

3C139.2

3C141.0

3C147.0

3C152.0

3C154.0

3C158.0

316500

3016600

3C169.1

3CL173.0

3C173.1

3C175.1

ALTERNATE
NAME

4L +31.18

4C+22.11

4C¢50.16

428,15

4C+32.18

NrAD221

0601 ¢20

0610426

&0ele 17

0040¢23

0642+21

4Le65,12

6L #3819

4C+T6,12

0711+14

FREQ FLUX

MHZ

° e © 9
=2 g BN

CON OO0 OO
WORN PMANNN WwWoe

oO~OoON [« N=NeoNe]
° o o

N SN =0

° e ° @
VNN O S
VB Wy

e 0o e o o

°

[eN =N [eNoR R

=P s
QoC
e ¢ o
WO W

o ©o @

C =0
¢ o o

OO

e ©° o
O - e
© o o
Tt

°

Ll
c o O ® =
® ° o
SV W=

N oW PR )
o oCnN oonN

POSITION ¢/=

ANGLE

60,6
61.0
15802

12607
94‘6

3404
3001
22.7
34,5

152,
109.7
14201

39,7
3561
37,3

14409
164,
1.

121.
97.9
1‘301

8.8
3362
72,0
7.

141.
1550
176,
121,

9308
174.8
25.
49,2
"501

59.0
3440
111.9

30.
7909
83.7

9’_’
153.7
15604

43,
176.0
151.7

121.0
2102

I0NGS

CORR o

=0.3
=0.&
=808

=065
=505

=0.3
=065
=706
=069

=0.3
=06
looir

=0,6
=47

=0.%
=0.5
=609
=8.1
=209

=066
=800
=504

=004
=00 %
=2.9

=063
=0.6
=2.8

=063
=0.3
=4l

=0.6
=662

UBS .
DATE

87117172
12/28/7}%
&/ 8/72

12/27/71
&/ &/72

8/16/72
12/20/71
&/ 9/72
9/24/ 71

8/15/72
12/21/71
3731772

8/12/72
12717771
&) T/72

8/267472
12722772
&/ 2772

8/ 9772
12/718/71
&/ 3/72

12716/ 7}
5712772
%/12/72
9722771

8/13/72
12720/71
12/25/71

&/ 1/72

8/14/72
12/15/71
S/19/72
4/15/72
9/23/7%

12/47/71
5/15/72
3/29/72

8/15/72
12/25/7%
3/30/72

8/711/72
12/721/71
3/34/72

8/16/72
12/27/71
&/ &/72

12/713/71
&/ T/72

PSY

AVG

7.04
22.12
15,65

22035
16601

7.02
230,04
15.7¢

40,95

7049
23041
16,43

7.30
23,40
16,00

759
23631
16.49

8.21
23,97
16.59

0,65
14045
16.53

6.26

B8.69
0.16
23.53
17.54

9.00
0.90
14637
16.70
6042

0.82
14082
17.82

8032
0-30
18-10

9038
0.81
18,29

9.29
0,42
17.70

1.27
17.62

NOTES

01 05

Ql Gb

W15

Qle5
W25

Gl.%é

Gle5

w N w N,

= W AN W

HPWHEN WY WM BB W

WNWm WHEN =WBHNW WA NW

w N W wWNwm

w N
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TABLE 2-h--Continued

SOURCE

3C197.1

3C177.0

3C180,0

3C181.0

3C184.0

3C184.1

3C186,0

3C187.0

3C190.0

3C191.0

3C194.0

3C196.0

3C196.1

BC196.0

3C200.0

3C204.0

3C€205.0

ALTERNATE
NAME

0721¢15

0725=01

0725+14
4C+T70.06
"NRAD2T1

4C+38,21

0742¢02

0758+14
0802¢10

4L +62025

NRAD285
0812-02

4 e67.28
0819+06

C%#29.29
4C¢65.09

4C+58.16

FREQ FLUX
MH{ FU

5000 0
1640 1o
1601 1.

(S

1640
14601

~n N
°o o

o

5000
1540
1401

w S\ [e ] P PN e

NN O
e © 0o

5000 0.5
15655 2.1
1401 2.6

5000 076
1640 2.5
1401 3.0

5000 0.25‘
I3

1665 1
1640 1.
1601 1
5000 0,36

1665 1048
1295 1.5

1660 2.4
2.5

1401

1640 165
101 1.9

5000 0066
1640 1.6
16401 2.1

1640 10.7
1401 14,1

1640 1
1401 1

5000 0,65
1640 1.9
1395 1.6

5000 0.28
1640 103
1401 1.8

5000 0
1665 1
1601 2
5000 0
1665 1
101 1

5000 0.5
1640 2.4
1401 2.2

==l ] ooN
® o o
sd0 0 OO

© C =
FNRVRY

o o ©

©C ow
e ° o

¢ oo~

comn
e & o

[TV

ANGLE

2%.6
"139.1
7.0

400 b
87.3

95,
16205
2500

l64,
19,0
802

58e
4008
25,1

127,
85$
72,7

1620

5405
9308
125.2

148,
101,

710
139,

6T7e3
2504
50.

10%.2
148,

52
18

163,
159.5
154.3

105.8
14562
165,0

46465
60.1
T3.2

152.4
85,
86,

T4,
4208
37.1

POSITION ¢/=

240
33,

13,
5.9
3.6

8/L7/72
12/23/71
&) 2/72

12/24/71

“/ 8772

8/18/72
12726771
&/ 9/72

8712772
12/30/71

&f 3/72

8/20/72
5/12/72
4/10/72

8/2L /72
12719771
5720472
LYR S VA ¥A

8722772
12/20/71
1 9/21/71

1272877}
«/ 1/72

5/13/72

©/12/72

8/ 9/72

5/16/72
&/13/772

5/15/72

L6 672

5/16/72
%/14/72

8/23/72
12725771
9/22/71

8/26/72
S/19/72
&/ 1772

8/25/72
12/16/71
3729/72

8/26/72
12/717/71
3/30/72

8/13/772
12727771

2.5

3731772

8,54
1006
18.59

Jo 96
17.77

9043
1.20
17.85

9,90
0.80
18.82

9,53
1569
17.99

9,21
1.65
15.8#
17,88

9.36
1.83
756

1.03
19,20

16,04
18617

10063

16.15
18,19

16635
19.29

15.99
18.30

2,70
1.94
8021

9.61
15093
19,26

9. 86
2,74
19.64

10.22
2085
19,89

11,06
2.14
19,98

<
[
°
w
DN\ WpWw Wi w AW

5
&
3
5
2
&
Ql.% 3
F)
Ul.3 2
1
2
3
Qle.5 &
3
5
&
u2 3
%
3
&
3
5
2
1
5
&
3
5
ue 2
3
5
2
3
wis 5
2
Ql .5 3

NOTVES
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TABLE 2---Continued

SOURCE  ALTERNATE|FREQ FLUX | P1&) +/-|POSITION </= | 1UNOS| 08S. AVG | NOTES
NAME MHL  FU ANGLE CORR. | DATE PST
— #}: —— —

30208.0 0850¢14 1665 2.5 0.2 0.5] 79. 35, | =0.6 {12/15/71 3.18 2
1640 2.2 0.7 05| 119, 18. |[=0.5 [12/29/71 2.07 2

1395 2.4 1.0 0o4| 132¢  1lo | =405 | 9/23/71 8.53|CONF?1

3208.1 0851¢14 5000 0,77 4ol 1.7| 1060 10. | =05 | 8/14/72 10.66]01.5 S
1665 204 lo4 063] 17063 702 | =07 [12/18/71 2.21 2

1401 1.6 1.6 0.4 4,5 8.1 | =60 | 4/15/72 18.70)CONF?3

3C210.0 4C+2802115000 0042 | 605 2o7] 89e lée | =003 | 8/15/72 10091 5
1640 1.3 1.0 0.8 15. 20, | =302 | 5/12/72 L7056 &

1401 1.6 008 0.6] 46, 15, | =61 | &/ 8/72 19,60 3

30212.0 0855¢14 |1640 2.6 1e6 008 13749 6.4 | =0.8 [12/23/71 2.94{U2.5 2
. 1401 2.0 1e4 0ob] 5642 7.5 | =605 | 4/16/72 18,76 3

30213.10 4C229,33{5000 070 3.9 18] 152 13. | =0e% | 8/11/72 11.35 5
1665 2.1 304 0.5[ 62,2 4.3 | =006 (12721471 2,71 2

1401 1.9 204 0e3] TTo? 38| =308 | 4/ 9/72 19.63 3

30215.0 0903416 [5000 0oé6 | 609 3eb| 72 16. | =0.6 | 8/16/72 11.28 5
1640 1.6 le4 005] 135 106 | =005 [L2/24471 260 2

1401 1.5 109 0ok 165.7 6.5 | =1.7 | &/ 2772 20.26 3
302160  4C+43,17] 1640 3.1 05 003] 39o 31 | =603 | 5/13/72 17076 Q109 &°
1601 4.1 0.3 0e2] 35, 16, | =3.b | 4/12/72 19.86 3

3C217.0 4C¢38026[ 5000 0038 5.7 306] 10s 150 [ =004 | 8/17/72 11026 5
1640 2.2 1.7 0o6] 10,8 6.7] =0.6 [12/26/7L 2.88 2

1601 2.1 202 0.4 3004 4.5] =3.9 | 4/10/72 19.66 3

30220.1 4C¢79.06]5000 0,230 8.5 4o5] 150, 15. | =0e4 | 8/18/72 11.48 5
1640 2.0 0s6 06 22, 18, | =0.8 [12/30/71 2.76j4le3 2

1601 2.2 Oe 3 003 L% 27 =200 /13772 19,81 . 3

30220.2 4C¢36015| 5000 0.46] 208 302] 140. 24, | =0.5 | 8/19/72 11.53 5
1640 1.5 GeT 0oT] 430l 4ol | =40t | 5/15/72 18.20] &

1401 1.8 2.5 0ok 6003 4.6 | =3,0 | &/16/72 12.9% 3

3022003 NRAO323 | 5000 0032] 5.8 6o4| 180 200 | =004 | 8/12/72 11091 W20 5
1660 2.2 0.3 0.0] 121. 39, | =200 | 5/16/72 17.85U1.5 &

1401 209 0.3 0.3] 178 32. | =let | &/ 3/72 20.49jU2 3

30222.0 0933404 | 1640 0.7 1.5 0.9] 142. 16. | =5.5 | 5/19/72 1771 4
1401 1.0 07 Oo7] 39. . 2To | =lo7 | &/ 1/72 20489 3

30223.0 NRAD328 [ 5000 0,91 | 7.7 1.3] 8269 5.5| =0.6 | 8/20/72 1147 5
1665 3.6 709 0.&] 107.2 1.3 ] =0.6 [12/20/71 3.57 2

1401 304 703 0o2f 119.8 1ol | =3.2 | 4/15/72 20034 3

30223.1 NRAOD329 | 5000 0074 0e6 lo7| T72. 430 | =006 | 8/21/72 11.13 5
. 16640 1.6 302 006 5lel  5eb | =203 | 5/12/72 19022 o

1601 2.0 3.2 004l 537 3.3 =2,2 | &/ 4/72 20,85 3

3022500 0939¢14 | 5000 0092 409 2e6] 1060 120 | =005 | 8/22/72 11.43/Q2 5
1660 4.0 1o6 002 5600 306 [ =006 [12/29/71 3,31 2

1401 4.2 el 0e2] 476 6.6] =4.1 | 4/16/72 20.36 3

3C226.0 0961410 (1060 2.2 5,3 005] 90.2 1.9 =0.4 [12/28/71 3.13]Q1.5 2
1395 2.1 6e0 005] 9604 3.5] =5.3 | 9/21/71 950 1

3C231.0 M82 1660 8.5 0.4 0.2] 155, 14, | =0.3 |12/25/71 3.57u2 2
1601 To7 0e3 0ol] 62. 11. | =2.3 | &/11/72 20072 3
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TABLE 2-4--Continued

SOURCE ALTERNATE [FREJ FLUX | P(s) /= POSITION +/=| 10ONUS

NAME MHZ  FU ANGLE CORR o
3C234.0 NRAJ343 15000 1.20 | 1.0 1.3 4o 260 | =0o% | 8/ 9/72 1201 5
1640 4.0 1.2 03] T1e0 5.8] =3.7 | 5/13/72 19.38 4
14601 5.2 105 002] 115.3  3.7| =2.3 | 3/29/72 21.33jU2 3
30236.0 NRAJ344 5000 1,37 )| 2.7 1.0) 10le6 Se8) =0.6 | 8/23/72 11.70 5
1640 3.0 362 0e3] 13205 2.6 =0.4 [12/27/71 3.8% 2
16401 3.3 1.0 0.2 700  6ol| =2.0 | 4/ B/T2 21.02 3
3023900 4C¢46020(5000 0031 | 306 4o0f 1280 27e | =005 | 8/24/72 11.60 5
1640 1239 | 1.7 006] 125.1  9.0| =006 (12/24/T71 <022 2
1640 1.2 1ol 0o6| 1660 1o | =3.1 | 5/20/72 18040 4
1401 1.5 Lol 0.5 161. 12. | =2.0 | 4/ 7/72 20,91 3
3C241.0 1019422 [1640 138 | 0.3 006§ 127  306o | =0.7 [12/22/71 4,00 2
~ 1395 1.8 003 006] 142, 34, | =4.6 | 9/22/7L 10,09 1
3024401 4C¢58,21§5000 060 | 5.9 lok| 167c1  To5| =004 | 8/13/72 12.55 5
1665 400 3069 003] 1071  2.0) =05 |12/17/70 4.58 2
1401 3.9 3.2 00l| 1107 12| =0.8 | 3/30/72 21063 3
3024700 4C#6320[5000 0068 | To2 1o8] 179.5 7.9 =04 | 8/11/72 13.33]3.3° 5
1665 2.4 5.0 0.4]| 5268 21| =05 (L2/15/T1 5,13 2
1395 2.9 302 0:5] 6009 4oT| =4o5 | 9/23/71 10.61142 1
30249,1 4CoT7.0215000 057 | 3.8 1,7| 179  12. | =0.4 | 8/16/72 12.84 5
1640 2.3 2.8 0.&| 16163 3.7} =05 (12/21/71 4,85 2
1601 2.3 1.5 003} 115.0 5.6] =1l.1 | &/ 2/72 21.99 3
3C250.0 1106425 (5000 0020 | 603 60&| 4bo 23, | =0.3 [ 8/15/72 13.L7| W20 5
16640 1.11 | 369 0.7f 111.0 5.4 =0.5 |12/26/71 4.53 2
1401 1.0 200 007] 9500 9.8 =2.6 | &/ 9/72 21.52 3
3C252.0 4C¢35.2515000 0,25 | 12.5 4o5] 104o 12, | =0.4 | 8/16/72 13.32 5
1640 130 | 1.0 0.6 B8le 16. | =08 [12/23/71 4.80 2
1401 1.3 1e2 005| 64o 13, | =3.1 | &/10/72 21.51 3
3255.0 1116-02 |5000 0.07 } 2009 L6.3) 34o 19, | =0.6 | 8/17/72 13,59/ w20 5
: 1665 1647 | 1ol 065 34e 120 | =0e5 [12/16/71 5045 2
1401 1.7 0.3 0.4] 70. 3l. | =204 | &/ 3/72 22.26 3
3C25600 1118¢23 5000 0630 | 6.0 3.2| 57. 14. | =0.6 | 8/18/72 12.94 5
1660 1029 | 1.0 0e6] 77. 16 | =0o6 [L2/28/71 4.75 2
1401 1.4 007 005) 148e  18o | =202 | 4/ 4/72 22,40 3
3C257.0 1120¢05 [ 5000 00,43 | 6.3 3,0) 1670 13. | =0.5 | 8/19/72 13.52 S
1640 1.4 bo& 0oT) 2709 408 =3,2 | 5/16/72 19,46 4
1601 1.6 3.5 0.4 6o8 4.0 =209 | 4/13/72 21.56 3
3€258.0 1122¢19 {1640 0.8 0e2 le2) 79 500 | =3.2 | 5/15/72 20,10 4
1401 0.9 1.6 0.8 8c l4. | =1.5 | &/ 1/72 22.59 3
3C263.0 4C¢56013[5000 0,86 | 2.5 3.4| 36, 18. | =0.4 | 8/12/72 13,89 w25 5
1665 3.1 2.1 0.3} 44,6 6,2} 20,5 [12/20/71 5046 2
1660 2.9 201 0o 3409 409§ =0,8 [12/30/71 4,21 2
1401 3.1 lo4 002] 80,7 6o7] =204 | 4/12/72 21075 2
3C26301 1140622 | 1640 2,7 206 0.3 123.6 3.7} =0.4 [12/25/71 5.24 2
1601 3.1 1o0 0c2] 14065  Te5| =2.6 | 4/16/72 21,51 3
1395 3.1 166 0.4} 128.6 7.0} =601 | 9/20/71 11056 1
3026600 1142419 | 1660 5,2 006 0o02] 12367  Be2} =0o4 |12/29/71 5000 2
1401 5.0 005 0.2 160,32  bB.3| =2.9 | 4/15/72 2199 3
1395 4.5 Uo7 0.9] 2670 260 | =602 | 9/21/71 11.53 1
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TABLE 2-L--Continued
SOURCE ALTERNATE]FREW FLUX | P(s) </={PQOSITION ¢+/= { IONJS 08S. AVG NOTES
NAME MHZ FU ANGLE CORR o DATE PST

e —
3C26500 4&C¢31.37(5000 0654 33 2.2 52 17, =0,6 8/20/72 13.5¢ 5
1640 2.1 565 063 33,8 lob | =3,7 5/19/72 19.86 &4
1401 2.7 Se2 0e3 35,6 12 [ =201 3/29/72 23.09 3
3C266.0 4L+50.33{5000 0,31 {105 3.5 90,7 8.6 | =065 8721772 13.48 5
1640 1.3¢ 009 006 140, 19 =03 [12/27/7L 5,53 2
1401 lo& 1.4 0.5 9e 10. =22 /11772 22032 3
3026851 4C473,11;1640 5.6 069 002] 17568 6o j=lob 5/12/72 2092 &
1401 6.4 1.0 0.1} 15808 3.7 | =15 &/ B/T2 22,71 3
3C2680.2 4C¢31.39(5000 0639 To% 267 89 11, =005 8/22/72 13.82 5
1640 1.07 43 066} 118,0 Lo | =07 {12/22/7L 6.00 2
1401 1.2 %8 1.0} 129.6 305 [ =109 &) T/T72 22o59)Uk-7 3
3C2680.3 4L45%.146(5000 1.12 1.1 1.2 93, 260 =0.6 8/23/72 13,65 5
1640 3.6 0.3 002 61, 16. =0.7 }12/30/71 5,50 2
1401 366 02 062 19, 2%, =0.9 3/31/72 23.35 3
3C268.4 40+%3.23]5000 0.58 | 11.3 2.3 4502 506 | =063 8/ 9/72 14.70( 5
1640 169 9.2 065 3502 lo% | =066 (12/26/71 5.79 2
1401 1.9 8.0 0.4 38.06 163 | =069 3/30/72 23.31 3
302701 4C+33.29{5000 0083 {123 165 9203 450 | =063 8/10/72 14,51 5
1665 2.8 7.7 0.3 9.5 1el | =009 [12/17/71L 6034 2
1401 2.6 566 0.3 977 1o | =203 /16772 22:26 3
1395 267 5.9 0s5 30,4 2.% | =5,0 9/22/71 12.05 1
3C272.0 4C+62.35/5000 0,32 | 11.9 209 112.5 6.8 | 0.6 8/24/72 16,07 5
1640 leo4é 567 0.6 109.8 209 | =05 [12/726/71L 6.13 e
1401 1.3 9 005 105.5 3.1 =103 &/ 2472 23.64 3
3C27%.0 VIR A 1640 0o3 0ol 46,0 6% |=3,1 5/20/72 20.45 &
1601 0o % 0.1 173-9 A.8 =265 /16 /T2 22.68 3
3C275.0 1239=04 (1640 3.5 13 002 62.1 5.2 {=lo& [12/21/71 6,71 2
. 1395 3.3 5.8 1.2 %602 3.8 | =6.3 9/23/7L 12.55tU3 1
3C277.0 4C¢50635)5000 0025 406 Sl 550 33, | =0.5 8/11/72 15.32[Q1.4 S
11665 1,10 4,3 0.8 Te6 5.6 | =13 [12/13/71 6.8% 2
1401 1.0 %o& 07T lo2 bote | =2,0 4f /T2 23,99 3
BC277.1 &L +560.40{5000 0.60 502 2.5 159, 28, =0.4 8/13/72 150.04{Ul .4HS
: 1640 2.5 Do Go4 73 25. =08 [12/23/71 6.41 2
1640 2.0 03 0.5( 164, 35, =1.5 5/14/72 21.07 &
1401 2.4 1.0 0.3 Vel 8o& | =203 ©/10/72 23,17 3
32772 1251¢15 [5000 Q042 8.2 2.9 93,8 B8s3 | =07 8/25/72 146,39 5
1640 1.5 %0 0.5) 14869 3.8 | =2.0 5/13/72 21.39 &
1401 1.9 %402 0Qo%| 153.3 206 | =201 &/ 3472 23092 3
3C277.3 COM A 5000 1,10 53 1.1 %e5 Se% | =065 8/146/72 16030 S
1640 2.8 20 003 Qo7 402 | =06 [12/28/71 6038 2
1601 3.1 1.6 0,62 17.9 4ol | =252 &/ 9/T72 23.28 3
3028000 4L+4T7036)1640 5.1 19 0062 11.1 208 | =08 112/25/71 6087 2
1401 5.0 1.9 062 3.1 203 | =2.1 &/13/72 23.24 3
3C280.1 4C¢40.32] 5000 0,33 7.3 265 26405 908 | =063 8/15/72 15012 5
1665 1.30 19 0.7) 12,7 963 | =1lo2 [12/19/71 6,98 2
1640 1.1 2.8 lel| 17666 9.5 | =2.2 5/15/72 21.43 4
1401 1.3 . 202 005] 15900 Tol | =lo% 4/ 2/72 0629 3
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TABLE 2-U--Continued

SOURCE ALTERNATE|FREQ FLUX [ PUE) ¢/=fPOSITION ¢/=§ 10ONUS 0BS. AVG NOTES

NAME MHZ FU ANGLE CORKe DATE PST

= ; — - -
3C284.0 NRAJD&2L (5000 0.36) 12,5 3, 2600 8.9 =07 8/ 68/72 15,82 5
1665 1.9 8o 1 Qe b 662 1o4 =103 12/16/471 Tel9 2
16401 1.8 To5 0.6 6.0 lLeb || =205 4/12/72 23,37 3
3C285.0 NRAD422 5000 0.52 78 263 8209 8o3 ) =03 8/16/72 15045 5
1665 2.1 5.6 0.6 46,07 2.0§ =1.5 [12/15/70 7,50 2
1401 1.9 6ol 0.6 38.3 362} =26 &/31/72 23.92[Wl.T 3
3C288.0 ¢€+39.39)5000 0.86 1.6 2.2 15, 28, =0.4% ‘8/12/72 15.92 Q1765
1640 3,3 0.3 0.3} 107, 22, =102 112/26/7L T.3% 2
1401 3.4 06 002 37. 11. =11 3731772 0,99 3
3C288.1 4C+60.18]5000 0,30 5¢2 %o 1@8. 2. =0.4 8717772 15.92 5
1640 Lo25 lo&® Vo7 lélo 13. =1l.0 [12/27/7% 7,18 2
1401 1.5 0.5 0.5] 143, 256 | =1.7 3/30/72 0-83 3
3C289.0 4C+5037(5000 0062 5063 le% 8760 Ted ) =Vok 8/18/72 15.52 5
1660 2.2 1.2 0.3 179.6 TeTj =10 [12/23/71 6.80 2
1601 2.3 0.2 0.3 e 430 =200 4/16/72 24400 3
1395 2.2 0.2 0,50 113, 39. =59 9/21/71 13,53 i
3C293.0 NRAD433 ;5000 L.49 1.0 0.7 78. 22, =0.6 8/19/72 15.78 5
1665 409 1o7 0.2 6502 3.5 =1.7 112720471 7,66 2
1401 4.5 1.5 0.2 5848 2.9 =lol &/ L/T72 1.06 3
3C293.1 1352#16 15000 0.16 17,2 9.8} 128, 11, =0.6 8/20/72 15.70 5
’ 1640 0.5 605 200) 145.2 ToBj =lo4 5/12/72 22.72 &%
1401 0.8 48 1e0) 14901 5051 =109 44 /72 0Qo4% 3
3C294.0 40+34.38{5000 0,27 1.8 2.9 17, 3%, =0.3 8/10/72 16045 5
1640 1.38 2o1 065 84,2 503] =103 [12/26/73 To48 2
1601 1.2 0c4 Qo4 16. 29. =1e5 4/ 3772 0045 3
3C295.,0 4L¢52.30(5000 6.2 0o2 066 93, 25, =063 8/ 9/72 1677 5
1640 21.3 0.4 002 135.7 To2f =1.9 [12/22/71 T7.80}U2 2
1401 1.1 0.0 Q.1 %00 %7, =20% /11772 0,76 3
3C298.0 1616¢06 11640 407 | 0.2 0.2 24, 260 =1.7 5714772 22.42 &
1401 5.9 01 0ol 19. 32. =248 4/16/72 0.23 3
1395 5.8 1.0 0.2) 112.7 Te2f =765 9/20/71 1l4.16 1
BC299,0 64C¢41.27)5000 0,95 1.2 1.3] 143, 28, =0k 8721772 16,04 S
1640 2.4 0.2 0.6 36 39J. =201 5/15/72 22,56 %
1601 3,0 Job 0.2 79, 11. =1.7 4/ 4/72 1,57 3
3C300.0 1420419 1640 3.7 lo6 0.3 8507 4.98 =2.1 §12/23/71 8,06 2
1395 3.5 1.5 0.3 85.3 %.9) =407 9/22/7L 14,10 1
3C300.1 1425-01 {1665 2.6 1ol 0.4 60.4 Job6§ =4ol |12/18/7L 8069 2
1601 2.7 0.4 0,27 173, 17, =203 3/29/72 1.80 3
3€303,0 4045243315000 0.96 b7 0.9 44,7 6.0} =0.¢ 8/13/72 16,83 5
1640 2.6 8.¢ 0.5 73.5 28] =2.6 §12/28/71 8051 ({Ul.8 2
1401 2.5 5.2 0.3 82.3 lo4g =1.2 4f 2/72 1.97 3
3C303.1 NRAD%453 1665 1.47 0.7 1.0 9%, 28, =1.9 §12/19/71 8.69 2
1401 2.4 0.3 0.3 9l. 240 =1.7 4/ 5/72 1.61 3
3C305.0 NRAO%56 {5000 0.96 4.1 1.0 69.3 7.2f =003 8/22/72 16,62 5
1640 2.9 0.7 002§ 159, 13, =1.6 §12/26/70 8,07 2
1401 2.8 0ol 0.3] 104, 37. =1.7 /17772 125 3
1395 3.0 Oc& Qo%ff 126, 22 . =3,9 9/23/71 14,52 1
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TABLE 2-4--Continued

SOURCE ALTERNATE |FREQ FLUX | P(&) /= POUSITIUN ¢/= | LUNOUS UBS o AYG MOTES
NAME MHZ FU ANGLE CORR o DATE PST

e P

3C305%.1 &4C+T7716)5000 0.37 4ol 3.4) 107, 2l =0.3 8/11/72 17.38 5
16460 1.09 0c6 1.3 220 &0, =1.6 [12/25/71 8,51 2

16401 2.3 e 3 063 141, 26, =1c6 &6/10/72 117 3

3030601 1452=0%4 }1640 1.6 9.8 0.4 7600 le2 | =3.0 5/19/72 22.69 &
1431 2.0 863 0o% 7265 1e2] =363 &/13/72 1.08 3

30309.1 4C4T1.15]1640 709 1.9 001f 159.9 201 =205 |[12/29/71 8047 2
: 16401 8.2 0.8 0ol 33,3 303 =1o8 6/16/72 1.2 3

3C31%.1 &L ¢70.16§5000 0,22 1le5 4.0 91. 62, =003 B8/16/72 1T.26 5
1665 1.37 lo1 0e6] 1300 180 =lo8 [12/15/71 9.52 2

1401 1.4 1.7 0.5} 132. 10. =2.0 ©/12/72 1.52 3

3C317.0 1514407 | 1640 4.1 0ol 0,2 730 35, =263 5720472 23,04 &
1401 5.4 0.2 0.2f 105, 25, =2.1 3/30/72 2.5%)0Q2 3

3C318.,0 1517420 (1640 2.1 0.3 0.%] 110. 29, =l 5/13/72 23,76 &
1401 2.6 Job6 003 156, 12. =1.2 3/31/72 2.70 3

3C319.0 6L+56:36] 5000 0.69 5.2 1.3 90.2 67! =05 8/ 8/72 17.42 5
1640 2.6 2.8 004 112.7 3.6 =169 |12/24/7h 8,95 2

1401 2.5 205 0.3 106006 3.0 =10 “f 1772 2086 3

3C320.0 4C+35.36(5000 0049 05 2.4 79, 49, =03 8/16/72 17.55 5
1640 1.5 0.7 0.7 126 25, =l.2 5/13/72 0.36 &

16401 1.8 0.5 Qo&f 126 21, =1.7 4/ 9/72 2025 3

130322.0 4C¢55,31) 5000 0,42 1.9 2.5 109. 300 =0.3 8712772 17.42 5
1665 1.7 1s6 068 S51. 23, =25 §12/20/71 9.51)Ql.9 2

1401 1.8 0.9 0.4 0. 12, =203 /10772 2.33 3

3C323.0 4C+60.21f 5000 0.32 To6 3.6] 132. 12, =004 8/20/72 1780 5
1640 1.25 1.7 1.1 1. 23, =2.3 12716471 3017 2

1401 1.3 1.2 0o5] 118, 11, =1le2 &f 3/72 2.92 3

3C324.0 1547421 [1640 2.4 2.8 0.5 36.6 502§ =2.8 | 12/26/71 9,35 2
1401 2.5 3.9 063 8805 1.9 =2.5 4/16/72 1.96 3

1395 2.5 400 Oo& 89,8 2:0] =4%ob 9721/ 71 1562 1

3C325.0 4C¢62,25) 5000 0,78 763 400 89.1 6.0f =0.% 8/17/72 18.02{Q2.0 5
1640 2.9 3.2 0.3 6702 207f =102 5/15772 0039 L3

1401 3.5 3.3 0.2 573 lo8f =14 &/ «/T72 3.0 3

3€327.1 1602¢01 [ 1640 3,3 0.9 Ue3f 107.9 9.1 201 5/16/72 0.53 4
140% 3.8 0.3 0.2] 125, 16, =1.7 3/29/772 3.58 3

3C332.0 4C221.47/5000 0,90 9.1 1.0] 12004 301 =003 6/ 9/72 18011l 5
1640 2.2 6.0 0Qo&f 127.5 2:40 =305 12/30/71 9.16 2

L1401 2.5 3.2 0035 12604 2e06f =10 4/ 2/72 3,61 3

30334.0 1618¢17 (1640 1.8 o6 0o7f 127.7 ol =2.9 §12/27/7) 10.24 2
1401 1.9 3.3 0.3 150.6 2.9 =2ot 6/15/72 2.52 3

1395 1.9 2065 0e5f 158,17 5¢9f =306 9/22/71 16006 )8

30337.0 4L¢44,28) 5000 0.81 2.0 1.4 T6, 19. =0.4% 8/19/72 18.21 5
1640 2.8 562 0e3] 1375 260f =205 [12/25/71 10.33 2

1401 3.0 4e3 063] 166.0 1.7} =2.0 4/10/72 2.85 3

3C338.0 4L¢39,45]5000 0046 4o7 3.2 856 256 =063 8/18/72 180,47jQU2 S
1665 3.1 0.9 0ot} 119 13, =503 §12/13/71 10.63 2

1401 3.4 0.5 0.2 Tl. 13, =l.6& &4 S/72 3.22 3
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TABLE 2-4--Continued

SBURCE ALTERNATE) FREQ FLUX | PLE) #/=jPUSITION ¢/=] IONOS 08S. AVG NOTES
NAME MHL FU ANGLE CORR DATE PST

EE— = =
303400 4C+23.64] 1665 2.5 4.9 0.3 40,1 2010 =3,9 §12/19/771 10.60 2
16401 263 41 063 5701 263 =2.5 /13772 2.69 3
30341.0 4C&27.3315000 0546 2lo9 1.5] 14702 1.9f =063 8/10/72 18,75 5
1665 1.8 18,4 0.6 1.1 lo7i =768 |12/17/71 10.434U2 2
1401 1.8 135 O0o% 1561 1ol =201 4417772 2087 3
1395 1.7 19.5 0.5 1665 1olj =3.8 9/20/71 16,34 1
3C343,0 4C¢62.261640 3.9 003 002 246 17, =108 5/20/72 0,81 &
1401 4.9 0.5 0.l T6o7 T.0f =16 4/16/72 2.87 3
3034301 4C¢62627) 5000 1o16 3.0 lolj 147, 11, =006 8/23/72 18033 5
1640 4.8 0.3 0,2 4Te ~ 1lbo =205 || 12/24/71 10,57 2
140] 4.8 0.7 0.1l 101.2 5.8f =19 /12772 3,25 3
3034600 1661417 1640 3,0 2.1 0.2} 110.3 3.1f =2.0 5721772 1.0% 4
1401 3.6 1.7 0.2 84,3 3.2] =1l.0 3/323/72 4o18 3
3C348.,0 HER A 1640 32.6 1.8 0.1 4603 1.5f =2.9 112/28/71 10.30 2
1395 &2.0 1.4 0.1 4%, 6 2¢3) =563 9/723/71 16054 i
30349,0 40¢467.4555000 1.22 3.8 1.1 40,0 7o5)] =0.3 8/11/72 1937
1640 3.1 4,3 063 62,1 200 =303 [12/22/71 10,61
1401 303 403 002 6807 1o6}f =100 37317472 .43
3C351.0 4C+60624) 5000 1o22 201 0.9 172 il. =003 8/13/72 18,90
1640 2.8 12 065 9e 17 =303 §12/29/7) 1036
1403 3.2 0.3 0.2 40, 19, =1e5 &/ 9/72 3.87

204 Llo5 62s 17. =003 8/15/72 19.10
2.7 0.5 78,3 565 =3.4 112/26/71L 10,97
2.7 0.5} 102.7 4.6) =1.0 &/ 1772 6.531Q1.5

3C352,0 4L e4%6034] 5000 0,5

16460 2.0
1401 1.8
3C356.0 4C¢51.36]5000 0,39 8.2 2.6} 135.2 =0.3 8714472 19.21

H.g
1665 1.49 %e8 0e6) 14065 4oll =2.8 [12/15/71 1ll.64&
1401 1.5 3.8 005] 15201 3o&f =1.3 &/ /T2 &-68

34,2 803 =0.% 8/ 8/72 19.46

3C357.0 NRAJS28 {5000 0,92 3.5 0
o9l 111le 27 =365 | 12/20/T71 11.20jU2.7
3
.3

5
1640 202 0.7
1640 2.0 0.6
1401 2.4 1.8

136, 15. =le4 5/13/72 1.88
6l.4 4o =102 &/ 3/72 4054

1f 156, 260 =0,3 8/12/72 20.34[H20
6 47« | 25 =4e3 fLl2/16/71 12.21
5 15.1 0.5 =204 4/1L/T2 4.56
9 11. 14 =3.1 9/2%/71 17.88

3C368.0 1802¢11 {5000 0.22 5.8 &
1640 1.09 Co8 O
1401 1.1 2.3 O
1395 1.1 1.7 O
0
o]

= W N B WHMNWM WA W W AN W w N [CRCRTY

3C371.0 4L+69.26(1665 2.3 306 ol 1901 3.4f =Tol §L2/17/771 12,21 2
140} 2,2 3.6 3 210 20.7f =1.0 &/ 2/72 5.25 3
3C37%9.1 4Ce74.23] 5000 0.61 4e3 lok) 1L5.1 94| =002 8/ 9/72 20.87 5
1665 1.8 2.1 006 39, 12, =3.0 J12/718/71 12.51[Q1l.4 2
1401 1.8 2,8 0.3 276 302F =loé @/L5/72 4069 3
1395 1.7 3.7 0.5 15.8 42 =201 9/22/71i 18,07 i
3C381.0 NRADS68 | 5000 1043 %s0 066 8006 bolll =002 8/10/772 20691 5
1655 3.3 o0 0o6) 112.9 3.8§ =3.2 | 12/21/71 12.15]W4l.3 2
1401 3.7 %e3 002) 137.5 l.2f =2.0 4/16/72 &.72 3
1395 3.6 45 1leQf 13869 262} =203 9/20/71 18.37]U4H201
3€382.0 CTA 80 5000 2.0 e 0.5 53.8 ToT| =062 8/16/72 20,09 5
1640 5.2 lo2 065§ 16303 Telj =4e6 [ 12/2277 1204410205 2
14601 5,2 1.2 0.1 55,1 3ol =2.2 3/30/72 5.80 3
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TABLE 2-L4--Continued

SOURCE ALTEKNATE[FKEY FLUX | P(¢) 4/=|PUSITION ¢/=| IONOS| UBS. AVG | NOTES
NAME MHZ  FU ANGLE i
3C388,0 NRAJSTT 5000 1.7 Yo7 005 165.7 Be3 ) =063 8/17/72 20637 5
1665 3,9 1.8 0.3 16002 %o =4 o6 12/19/71 lZo‘?Z 2
1401 5.6 0. 0.1 82, 14, =1.7 3/31/72 6.02 3
30389.0 4(=03,.70]5000 2.1 Lo2 0Do& 7604 9.7 =0.% 8/19/72 20,30 5
1640 11.0 209 0.2} 16765 2.3 =47 ||12/25/7) 12.23 2
1601 4.2 lo7 002 1809 209 =306 &/ /72 5.56 3
3C390.0 1643¢09 1640 5.1 1.3 0.2 79,5 Lol =409 | 12/26/70 12,27 2
1401 6.7 0.9 0.2) 1203 bobr | =203 &©/12/7/72 5002 2
3C390.3 NRAJS5B2 [ 5000 3.1 %9 003 1603 lo8 =0.2 8/18/772 20,66 5
1640 8.4 To& 0o2 o5 1old =205 §12/28/71 12038 2
140t 9.9 6ol 0.1} 1.8 1.1 =lo2 ©/13/72 4.92 3
3C391.0 1846-00 |1640 1644 07 002 11806 902 =309 [ 12727770 12,47 2
1401 12,5 0.2 0.1 97 11, =2,5 /L7772 4.86 3
1395 13.4 0.2 0ol 4Te 11 =2.8 9/23/71 18.69 i
3C394,0 4L+12.6715000 0,85 5.4 1.0} 123.5 527§ =0e2 8711772 21,37 5
1665 2.7 3.0 U.6 T8o4 3.3 =bol [12/26/71 12069 2
Y640 2.3 209 0.4 2605 bos )l =lob 5/15/72 3.70 &
1401 2.6 1.5 0.2 45,7 3.81 =202 &/ 1772 6.23 3
30399.1 4C+30035/5000 0085 [ 15.3 1.0 élaZ 2.0 =063 8/13/72 21.38jW15 5
1660 2.8 10.92 0.6 901 200F =3.8 §12/20/71 13.24)Uc.5 2
1640 2.4 11.9 0.4 10.5 1ol =165 5/1&6/72 3.50 &%
1401 267 ilel 0.2 55.8 1.1 =251 &/ 3772 5.96 3
3C40L.0 4C+60.,29;5000 1. 1o 0.7 17, 11. =0.3 6/ 8472 22431 5
1665 465 Vo 0e2) 142. 5. =4o3 [ 12/17/771 13.9% 2
1401 4.9 0.2 0.2 19, 260 =2:7 | 4/ 2/72 6.92 3
3C%409.,0 2012423 {5000 3.5 261 Qo4 93,3 4.l =002 8/12/72 22.15 5
1665 2.1 0.2 0.1} 102, 17. =3.0 |12/19/71 14.32 2
1401 3.2 0.2 Q.1 %32.3 602 =60l 3/30/472 To4l1 3
1395 3.4 0.3 0.1} 136.3 T =200 9/21/71 19.99 )
BC415.2 4L¢53.46]5000 0.25 9.5 2.9] 13%.% 8.2 =001 8/ 9/72 22,68 5
1665 1.07 3.0 1.4 138. 15, =2.8 | 12/18/71 14.643Q2 2
1640 0.96 409 10§ 168,33 5.20 =3.6 112/23/71 14,08 2
1401 1.2 1.0 0a.%f 102, 126 =363 &/ 3/72 T.31 3
1395 1.1 lo6 0.8} 140, 15, =1l.% 9/22/71 20.22 1
3C418.0 4L+51.42f5000 3.5 204 QDo 9% 6 4o8f =002 8/10/72 23.03 5
1640 4.8 2o 0031 172.6 2.6 =3.8 | 12/22/71 14.43 2
1401 5.1 2.0 0.1 l66.8 1.7 =563 /11772 T.04 3
1395 407 2.2 002} lo6l.9 20kl =200 9/20/71 20654 1
3C427.1 4L+76.,13] 5000 Q.92 53 1.0 51.5 Se&f =002 8/11/72 22.95 5
1640 307 007 Oo%f 169 17 =30 | 12/24/71 14,70 2
1401 3.6 0.2 0.2 80. 4lo =3.7 &/ 1/T72 T.97jUR 3
3C628.0 4(¢49.26;5000 0052 | 1169 1.5§ 16601 3.7 =002 8/17/72 23,29 5
1665 1.9 3.3 0.5} 100.2 ol =209 | 12/20/71 14.88 2
1640 1.9 2.9 005 93,1 o7 =301 [ 12/26/71 16,48 2
1640 1.7 44 0.5 87,3 3.7} =2.3 5/164/72 5.22 &
1401 2.1 41 O.% 2546 28} =409 3/31/72 B.55 3
3C%32.0 2120416 {5000 0039 3.2 1.9 13, 17. =002 8/16/72 23.58 S
1640 1.41 2.5 1.3 25, 12, =27 | 12/27/71 14.54% 2
1640 1.2 1o 7 0,78 129, 1. | =2.06 5/15/72 5.60 &
1401 1.7 2.0 0.4 57 .8 5.9] =5.0 &/ 2/T72 8.55 3
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TABLE 2-L4--Continued

SOURCE ALTERNATE] FREw FLUX | PLE) f/'fVUSITION ¢/= § 10NOS 08Se AVG NGTES
NAME MHE Y | ANGLE COKk o DATE PSY
30635.0 2126+07 § 5000 0.59 39 206 1546 19. =0.2 8/19/72 23.14j4Ye8 5
1640 1.8 lo7 Q05§ 123.6 Bod | =205 |[12/28/74 16,72 2
1640 1.6 1.7 0e4} 129.1 6.0 j =3.6 5720012 5.48 %
1401 201 lo6 0o4 ] 153,2 603 f =507 &/ /72 Bo34 3
3C436.0 NRADG665 5000 1010 To7 0.9) 151.9 3.1 | =0.3 8/ 8/72 23.72 5
1665 3.2 6ol 003 T1e7 lot | =300 j12/17/71 15065 2
1401 3.4 407 Qo2 33.4 lob | =707 3729772 8.90 3
3C438.0 4C+37.63)5000 1.42 lol 009 9le 25, =0.2 8/13/72 23,956 5
1555 6.7 006 002 73, 13, =3,0 §12/21/71 15.57} 2
1640 5.4 0c¢ 0.2 82, 11. =2% 5/16/72 6,12 3
1401 6.8 0e2 063§ 1760 326 =865 3730772  9.09fQu2 3
3C441.0 4L¢29.65(5000 0.73 9.7 1le2f 1491 3.4 | =0.2 8/28/72 0,09 5
1640 2,5 566 Qo4 | 120.5 2.7 =300 §12/23/71 15.73(Qlo% 2
1401 2.5 ol 002 32,3 1.8 || =5.0 4/ 3772 B8.93 3
1395 2.5 4e3 004 2500 2.5 | =18 9/21/7L 22.01 1
3C446 2223=05 {5000 4.3 3.9 0e3§ 171.9 203 | =0.2 8/23/72 0,33 5
3C4649.0 NRAJE92 {5000 1,11 7ol 008 6806 363 | =062 8/10/72 071 5
1665 3.3 bol 002§ 140.0 1.7 | =208 [12/16/T71 16,71 2
1640 3.4 3.7 0.2j 131.5 200 | =2.0 }12/26/71 16415 2
1640 2.6 400 UVebli 1327.8 2606 § =301 5/14/72 6079 %
1401 3.1 1oe8 062 23.0 3.8 | =6.8 &/ 1/72 9,79 3
1395 3.0 206 0.3 10.7 503 i =1l.3 9/22/71 22.19 U2 1
3C454.1 &4C2T1l.2075000 0,28 208 3.7 17. 30. =0.1 8/11/72 0,70 5
1665 1.4l 0.7 0.8 124, 23, =1.3 [12/18/71 15.60 2
1401 1.5 163 005 31. 10. =Tet &f 8772 9.16 3
1395 1.6 1.2 0.6) 171, 14, =0s8 9723771 22.72 1
30656.2 4L456,2615000 V.67 0.6 1.1f 121 37. =0.2 8/L2/72 0,70 5
1665 2.3 0.8 0.5§ 110, 16 =le6 [12/19/7L 16,59 2
1401 2.2 Qo7 Qoéy 1233 250 =563 &f 2/72 10.221Q2 3
1395 2.3 0.3 0.4 67, 35, =1le2 v/20/71 22.62 i
3C460.0 2318¢23 5000 0.31 42 3eb 89, 260 =002 8/16/72 137 5
1665 1.49 1.0 0.5§ 122, 15. =209 §12/17/71 17.51 2
16640 1,38 o4 0.6f 140, 12 =1.6 [12/25/71 16.75 2
1401 1.5 202 0e6f llé, 15. Fli.7 3/29/72 10.5442.4% 3
3C465.0 2335¢26 1665 T.1 1.5 0.1 37.5 206 1=1.0 [12/15/71 17.96 2
1640 5,01 1.8 0.2 19.1 3.0 | =10 §12/27/71 17.28 2
1401 5.3 2.1 0.2F 11%.8 3.2 fr1l.l 3/30/72 10.79 3
3046801 4L+64,25}5000 1.00 1.5 1.1§ 153, 20. =0.1 8/ 9/72 2.30 5
1655 4.5 0.8 0.3§ 177, 12, =009 [12/21/71 17,80 2
1401 4.6 0.3 002f 177, 15, =509 %/15/72 Q.52 3
3C469.1 4C+79.,23{5000 0,37 9.3 206 91.3 8ol | =002 8/15/72 1.33 5
1640 1.5 3.8 0.6 99,3 “od =10 |12/23/71 17050 2
1640 lo4 5.8 069 93.2 5062 | =27 5/17/72 7.0l &
1402 1.7 403 0.7f 105.% 3.9 f =1l.2 4/ 3/72 2211 Q) .4 2
3C470.0 4&C¢%3,5915000 0,50 | 15.5 2.1] 123.4 306 | =062 8/146/72 1.36 5
1640 1.7 100 0.5 93.6 1ol § =1o6 [12/22/7) 17.66 2
1401 1.8 B3 Oo® Tho 4 108 f =808 3/31/72 1140 3
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D. Circular Polarization

Table 2-5 presents the circular polarization information obtained
for each source. For almost all sources the observed circular polari-
zetion was less than three standard errors in magnitude. In these cases,
the quoted figure is an upper limit and is three times the standard
error, For the few cases which arebquoted as a detection, the result
is listed as v % o,. The figure in parentheses is the degfee of linear
polarization. There are 542 separéte observations listed here. On the
basis of probability alone, one or two could be expected to exceed three
standard errors. There are seven such cases, but none of these are con-
firmed at other frequencies and 3C125;0, and especially 3C341.0, have
large linear polarizations which may lead to errors in the circular
polarization determination as discussed in the preceding section. Of
the five remaining, 3C043.0, 3C280.1, 3C357.0, 3C388.0 and 3ckh9.0, a
few may be genuine detections. The most likely candidate is 3C0L43.0
since the upper limits for the other frequencies do not contradict the
possible detection.

The question marks shown in vearious entries indicate that the
observed scatter of the various determinations of v for the source in
question was considerably larger than might be expected on the basis of
the calculated uncertainties. Such scatter might logiéally be caused by
some medium-scale structure producing some resolution effects or by some
confusing source; the circular polarizatiorn is considerably more sensi-.

tive to this than is the linear polarization. Likely prospects for this
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TABLE 2-5

UPPER LIMITS FOR CIRCULAR POLARIZATION (%)

Source 21 em 18 em 6 cm Source 21l cm 18 em 6 em
3C002.0 0.6 0.5 3C075.0 0.4 0.kb 2.8
3C006.1 0.6 0.5 3.2 3C083.1 0.5 0.3/7 ?
3C011.1 0.6 ? 3C089.0 0.6 0.5

3C013.0 0.9 1.0 L.k 3C091.0 0.5 0.5 1.5
3c01k.0 0.9 0.9 3C093.0 0.6 0.6

3C014.1 0.7 1.0 b7 3C093.1 0.9 0.9 2.3
3C016.0 ? 1.0 3C099.0 1.0 1.1

3C017.0 0.4 0.5 3C103.0 0.3 0.k 1.8
3C019.0 0.6 0.7 2.3 3€107.0 1.1 1.3 5.9
3C021.1 2.3 0.5 ~3C11k4.0 1.8 1.8 7.0
3C022.0 0.8 1.2 3.6 3C119.0 0.3 0.3

3C028.0 1.2 1.2 9. 3c12k.0 1.5 0.6 15.
3C031.0 0.5 0.k 1.7 3C125.0 .95%+.27(5.9) 1.4 3.2
3C033.1 0.8 0.6 4.5 3C130.0 0.6 1.3 2.7
30033.2 1.2 1.5 2.4 3C131.0 0.6 2.7
3C034.0 1.4 1.k 7.1 3C132.0 0.5 0.5

3C035.0 1.1 0.8 8.5 - 30137.0 0.8 0.9 3.5
3C036.0 1.k 2.5 6.9 3C139.2 ? ? 6.3
3C041.0 0.8 0.5 2.1 3ciki.o 0.7 0.8 3.2
3cok2.0 0.8 0.6 2.7 3C147.0 0.3 0.3 0.k
3C043.0-.81+.20(1.5) 1.1 2.4 3C152.0 0.7 1.1 5.2
3C0kk.0 1.5 7.5 3C154.0 0.k 0.3

3C046.0 1.k 1.6 0. 3C158.0 0.7 0.9 4.6
3C0L9.0 0.6 3C165.0 0.9 0.6 3.8
3C052.0 0.3 0.4 1.6 3C166.0 0.6 0.6

3C054.0 1.0 1.0 .7 3C169.1 1.2 1.5 11.
3C055.0 2.3 0.7 b7 3C173.0 1.1 1.0 5.6
3C058.0 0.5 ? 3C173.1 0.6 0.7 hoh
3C065.0 0.5 0.6 2.7 3C175.1 0.9 0.8

3C066.0 0.7 0.3 ? 3C177.0 1.3 1.5 16.
3C067.0 0.7 0.6 1.8 3C180.0 0.6 0.6

30068.1 0.8 0.7 2.7 3C181.0 0.7 0.8 4.5
3C068.2 2.0 5.6 3C184.0 0.5 0.6 5.1
3C069.0 0.5 0.6 3.2 3C184.1 0.6 0.9 3.5
3C071.0 0.3 0.4 3¢186.0 1.2 1.6 11.
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TABLE 2-5--Continued

Source 21 ecm 18 em 6 cm Source 21 em 18 em 6 cm
3¢187.0 1.4 1.0 6.4 3C250.0 1.5 1.5 13.
3C190.0. 0.6 0.7 3C252.0 1.1 1.3 10.
30191.0 0.8 1.5 3C255.0 0.9 1.0 30.
3C194.0 0.7 1.3 4.0 3C256.0 1.1 1.2 6.5
3C196.0 0.3 0.3 30257.0 1.0 1.6 6.2
3C196.1 0.8 1.k 3C258.0 1.6 2.5

3C197.1 1.2 0.9 5.3 3C263.0 0.5 0.7 6.2
3C198.0 0.8 1.2 9.5 3C263.1 0.6 0.7

3C200.0 0.7 0.9 3.6 3C264.0 0.3 0.h

3C204.0 1.k 1.6 7.9 3C265.0 0.5 0.6 4.6
3C205.0 0.7 0.7 5.5 3C266.0 1.1 1.3 7.1
3C208.0 0.9 0.8 2.6 3C268.1 0.3 0.4

3C208.1 1.0 0.7 3C268.2 1.2 1.3 5.8
3¢210.0 0.9 ? 6.2 3C268.3 0.4 0.4 2.5
3C¢212.0 0.8 0.7 3C268.4 0.8 1.0 L.8
3c213.1 0.7 1.0 3.8 3C270.1 0.6 0.6 3.2
3C215.0 0.9 1.0 T.b 3C272.0 1.1 1.2 6.1
3C216.0 0.4 0.7 3C274.0 0.3 0.3

3C217.0 0.7 0.8 4.9 3C275.0 ? 0.5

30220.1 0.7 0.7 9.7 3C277.0 1.5 1.7 10.
3C220.2 0.8 1.5 6.1 3C277.1 0.6 0.8 b7
3C220.3 0.6 1.1 9.2 3C277.2 0.8 1.1 5.5
3¢222.0 1.6 1.9 : 3C277.3 0.5 0.6 2.2
3¢223.0 0.5 0.8 3.0 3C280.0 0.3 0.4

3c223.1 0.8 1.3 3.5 3¢280.1 1.1 -1.b7%.45(2.8) 5.4
30225.0 0.L 0.4 3.1 3Cc284.0 ? 1.0 4,9
3C226.0 1.0 0.8 3¢285.0 ? 0.8 4.8
30231.0 0.3 0.3 30288.0 0.h4 0.6 3.1
3c23k4.0 ? ? 2.4 3C288.1 1.0 1.5 9.0
3C236.0 0.5 0.6 2.0 3C289.0 0.8 0.7 2.9
3¢239.0 1.0 1.2 8.1 3C293.0 0.3 0.4 1.6
3C2k1.0 1.2 1.2 3C293.1 2.0 3.9 16.
3Cc2hkl,1 0.3 0.5 3.2 3C29k4.0 0.9 0.9 6.2
3C247.0 0.7 0.8 4.0 3C295.0 0.3 0.3 0.5
3c2k9.1 0.3 0.8 3.6 3C298.0 0.3 0.5
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TABLE 2-5--Continued

Source 21 ecm 18 em 6 cm Source 2l em 18 em 6 cm
3C299.0 0.5 0.8 2.8 3C371.0 0.7 0.9

3C300.0 0.6 0.5 3C379.1 0.7 1.3 3.0
3C300.1 0.5 0.8 3¢381.0 0.4 1.0 1.3
3C303.0 0.5 0.9 2.0 3¢382.0 0.3 0.5 1.0
3C303.1 0.6 1.8 3¢388.0 0.3 -.59%+.19(1.8) 1.1
3C305.0 0.6 0.6 2.2 3¢389.0 ? 0.5 0.9
3C305.1 0.6 2.5 7.1 3C390.0 0.4 0.5

3C¢306.1 0.8 0.8 3C390.3 ? 0.3 7
3C309.1 0.3 0.3 , 3C¢391.0 0.3 0.4

3C314.1 1.2 1.4 7.1 3C394.0 0.4 0.9 2.3
3C317.0 0.3 0.3 3C399.1 0.k 0.9 2.3
3C318.0 0.5 0.8 3ck01.0 0.4 0.5 1.6
3C319.0 0.5 0.8 2.6 3¢409.0 0.3 0.3 0.6
3C¢320.0 0.8 1.5 5.3 3ck15.2 1.7 2.0 6.0
3C¢322.0 0.8 1.5 5.3 3ck18.0 0.3 .61x.17(2.4) 0.8
3C¢323.0 1.1 2.0 7.2 3ck27.1 0.k 0.8 2.1
3c¢324.0 0.6 1.0 3ck28.0 0.8 1.0 3.2
3¢325.0 0.4 0.6 3.5 3ck32.0 0.9 1.k 4.0
3C327.1 0.k 0.6 3c435.0 0.7 0.8 4.3
3C332.0 0.6 1.0 2.1 3ck36.0 0.k 0.6 1.8
3C334.0 0.7 1.4 3C438.0 0.3 0.k 2.1
3C337.0 0.5 0.7 3.0 3ckh1.0 0.5 0.8 2.5
3¢338.0 0.4 0.8 k.9 3CL4h6 0.7
3¢340.0 0.7 0.7 3ckls9.0 0.5 0.5-1.82+.56(7.1)
3c341.0 1.1 1.76%.36(18.4) 3.2 3chsh.1 1.1 1.5 7.7
3¢34k3.0 0.3 0.4 3cksk.2 0.7 1.0 2.5
3C343.1 0.38%.10(0.7) 0.4 2.4 3Cc460.0 0.4 1.1 5.1
3¢346.0 0.4 0.5 3ck65.0 0.4 0.4

30348.0 0.8 0.3 3ck68.1 0.4 0.6 2.3
3C349.0 0.4 0.6 2.3 3ck69.1 1.1 1.2 5.5
3C351.0 0.5 1.2 1.8 3CcL70.0 0.8 1.1 4.3
3C352.0 0.8 1.1 3.1

3C356.0 1.0 1.3 5.5

3C357.0 0.6 1.0 2.2

3C368.0 1.1 1.4 13.
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effect are 3C139.2 and 3C23L4.0 with such entries for both 18 and 21 cm.
Another possible cause of the excessive scatter would be the linear to
circular cross-talk due to phase uncertainties. Several sources with
high linear polarizations (e.g., 3C284.0, 3C285.0, and 3C341.0) show
question marks.

A striking feature of this list is that fhere are no truly con-
vincing detections, certainly none with circular polarizations of a few
percent. Any circular polarizations are much less than the average

degree of linear polarization in radio sources.
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CHAPTER III

DERIVED POLARIZATION PARAMETERS

A. Rotation Measure Calculations

and Error Analyses

Faraday rotation of the radiation from a particular source can be

determined by fitting all the available data to the equation .

b=, + RMeAZ (3-1)
in a least-squares sense. This method presupposes that all the gquoted
uncertainties are standard errors, that all sources of error have been
included, and that the ionospheric Faraday rotation has been removed
from the data. Unfortunately the authors of the vérious polarization
observations are far from uniform inbtheir analyses, primarily because
several different observational techniques have been used and these
techniques have been changing over the years since the first measure-
ments were made. Therefore, before any attempt at calculating the
rotation measure and intrinsic position angle can be made, the data must
be made more homogeneous.

Several papers--e.g., Gardner, Morris and Whiteosk (1969a)--1ist
probable errors for their results. In such cases the quoted error was
increased by a factor of 1.48 to obtain the standard error, assuming a
gaussian distribution. For large angular errors, this assumption is no

longer valid, but observations with such large uncertainties are essen-
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tially useless in determining rotation measures, as will be explained.

Other papers neglect to specify the derivation of the tabulated
errors. In such cases the uncertainties were treated as standard
errors. This could lead to slightly worse fits than could be obtained
by treating these as probable errors, but, as Table 3-2 illustrates,
most fits were quite good. Other problems, however, were not so easily
resolved.

Quite often not all sources of error were considered when deriving
the uncertainties published alongbwith the‘data. Gardner and Davies
(1966v) 1list two sets of errors for their observations of the degree of
polarization. The first includes all instrumental effects and the r.m.s.
noise of the observation; the second adds the uncertainties introduced
by correction for the polarization of the galactic background. Since
their observations are single-dish, these corrections and the subsequent
uncertainties can be very large. Consequently the second error is gener-
ally slightly larger and often much larger than the first. Their 21.5 cm
polarization for PKS 1151-34 becomes 2.4% + 2.0% instead of 2.4 + 0.5,
and clearly the larger error is the more realistic. The angular error,
however, is not similarly treated, and is guoted as 139° % 5°. 1In light
of the large degree error, this small uncertainty is highly suspect. One
would expect & value on the order of &y = tan (Ap/p), or about 35°,
instead, meking the observation useless for a reliable determination of
the Faraday rotation. Therefore, rather than accepting the quoted errors
at face value, a comparison of the degree and position angle errors was

made. If necessary, the angular uncertainty was increased, or the entire
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observation was discarded from the calculation.
Ionospheric Faraday rotations are not made in many of the earlier
works--e.g., Berge and Seielstad (1967). For such data, an additional

ionospheric uncertainty was determined by taking
ayr = 5 (A2/462) [°] (3-2)

where A is in cm. ‘The 5° value for 21 cm observations was determined by
examining the distribution of the ionospheric corrections for the 21 cm
observations of the present work. When reflected about the origin to
provide for corrections of the opposite sign the distribution formed
something close to a Baussian with a standard deviation of about 5°.

The additional uncertainties for all observations were then assumed to
follow a similar distribution. If all data published in the future were
to be supplied with ionospheric corrections, or at least with date and
time of observation, this rather unsatisfying procedure could be dis-
pensed with. For this work, no polarizations without corrections at
wavelengths longer than 21 cm were used, and this additional error was
not applied shortwards of 10 cm. For the remaining cbservations, the
uncertainty was then added in quadrature to the previously determined
standard error.

The beamwidths used by the various observers differ greatly depené-
ing.on the instrument and frequency used. Partial resolution of the
source can make the apparent polarization quite different from that of
thé integrated radiation. Beyond discarding those observations for which

the authors claimed partial resolution or combining observations of sep-
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arate components to simulate the larger beam of the low-frequency obser-

vations, no detailed beamwidth correction program was carried out. Most

of the sources are fairly small sb that the effects are probably minimal.
The variation of beamwidth could explain some of the high-frequency scat-
ter observed.

As described in Chapter I, there is no reason to expect the polar-
ization position angles of a source to follow a A? law once the source
has been depolarized. With this in mind,-an‘attempt was made to discard
all polarization observations with frequencies below'that at which the
degree of polarization was reduced to one-third of the maximum degree
attained at high frequency. Whenever this reéulted in an unacceptably
ambiguoué determination of the rotation measure, the observations were
not deleted.and e note was included in Table 3-2 to that effect. Sources
which do use depolarized data should be viewed with some skepticism as
the quoted value of the rotation measure could be based on the incorrect
multiple of 180°. Some sources show a marked depolarization towards
both the high and low frequency ends of the data, aﬁd some show complex
behavior with several plateaus. These have been treated individually and
are described in the notes to Table 3-2.

Once the data were edited and the quoted errors corrected, equation
3~-1 was fitted to the remaining points. In order to examine all tﬁe pos-
sible rotation measures, the position angles for all but the highest
frequency observation were taken as Yy = wobsi + n;m where n; was any
integer and i ran between 2 and N, the number of observations; ny is

fixed at zero. At first, all combinations leading to |RM| £ 300 rad/m?
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were examined. In practical terms, this required letting n; range
between -4 or -5 and +4 or +5 at 21 cm. The basis for selecting the

best set of the ny was the x2 of the fit, defined as

2 . lg._@i - p(v;)|2 _ 1§ |(obsgrmym)-v ()12 (5 4

X
i=1 a2 i=1 a2
i i
where 0; is the standard error of the ith observation, and ¥(v;) is the

value of the fitted line at the frequency of the jth

observation. This
is just the weighted sum of the squares of the residuals. For a perfect
fit x* = 0, and it increases with increasing poorness of fit.

Table‘3-l illustrates the relationship between x2 and the quality of
the fit. If a set of K observations be.made a large number of times
upon & relationship which can be expressed by a certain function, in
this case y(v), then P(xg) is the fraction of those sets of observations
which can be expected to have a y2 at 1eaét as high as xg. Table 3-1
gives XZ(P) for various values of n, the number of degrees of freedom of‘
the data. In our case, where the frequency is considered to be com-
pletely determined, n = N - 2, since we are employing a two parameter
fit. As an example, if a sample of 5 measurements is fitted to equation
3-1 and results in a x2 of 1.21, thenn =N - 2 = 3 and ¥2(.75) = 1.21
from Table 3-1. This means that there is a 75% probability of obtaining
a xz of 1.21 or higher for our 5 measurements if the fitted curve were
actually representative of the parent distribution. This relationship

between x2 and P is based on a gaussian distribution. For the data

actually used in calculating the rotation measures, this is a good
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TABLE 3-2

RELATIONSHIP BETWEEN x2 AND GOODNESS OF FIT

x2(P)
P

n .99 .90 .75 .50 .25 .10 .05 .01
1 .0002 .016 .102 455 1.32 2.71 3.84 6.63
2 .020 211 575 1.39 2.77 L.61  5.99 9.21
3 .115 584 1.21 2.37 h,11 6.25 7.81 11.3
l .297 1.06 1.92 3.36 5.39 7.78 9.49 13.3
5 .554  1.61 2.67 4.35 6.63 9.24 11.1 15.1
6 872 2.20 3.45 5.35 7.84 10.6 12.6 16.8
T 1.2k 2.83 h,25 6.35 9.0k 12.0 1kh.1 18.5
8 1.65 3.49 5.07 7.3 10.2 13.k 15.5 20.1
9 2.09 .17 5.90 8.34 11.4 k.7  16.9  21.7
10 2.56 L.87 6.74 9.34 12.5 16.0 18.3 23.2
11 3.05 5.58 7.58 10.3 13.7 17.3 19.7 2. T
12 3.57 6.30 8.bh  11.3 14.8 18.5 21.0 26.2
13 .11 7.0L 9.30 12.3 16.0 19.8 22.h 27.7
1k 4,66 7.79 10.2 13.3 17.1 21.1 23.7 29.1
15 5.23 8.55 11.0 14.3 18.2 22.3 25.0 30.6

assumption since departure from a gaussian takes place at large angular
errors, and position angles with errors over 20° are useless. See pages
L1 to 45 for a discussion of the actual distribution of the position
angle measurements.

Once the x?'s for the various combinations of the nj were calculated
the best set of n; and hence the best rotation measure and intrinsic
position angle could be established by choosing the set yielding the -
lowest xz. If one particular set of the ny for N = 3 were to result in

) x2 of 12.3, that set would be unlikely to be the correct one. If, how-

ever, one set yielded x2 = 1.32 while another gave 2 = 0.455, there



86

would be almost no basis for selecting one over the other; the obser-
vations would be ambiguous--more than one set of the n; would give a

satisfactory fit. In order to define quite clearly the relative cer-
tainty of the rotation measure for a particular source, the following
quality codes were established:

Code 6.--The fit of the data to a straight line was such that
P(x?) was greater than 1%, unless higher values of x? could be accounted
for by excessive scatter of the data rather than by systematic effects.
At least four well-separated frequencies were available such that the
removal of any one frequency would not lead to an ambiguity. There were
no ambiguities for |RM| z 300.

Code 5.--Same as for code six, except that only three well-separated
frequencies can be used.

Code L4.--There are no ambiguities forllRMI < 500 rad/m?, but the
x? of the fit is so high that P(x2) is less than 1%. This may indicate
that an individual point is in error, that the polarization is variable,
that the w/kz plot is actually curved, that the quoted errors for an
observation are too optimistic, or that the rotation measure is actually
higher than 500 rad/m?.

Code 3.~~There are at least three well-separated frequencies and
the fit of the data to the chosen rotation measure is good. However9
there is at least one other set of the n; leading to a |RM| < 300 rad/m2
with a x% such that P(x?) is greater than 1%. This other possibility has
been eliminated by the fact that P(x2) for the chosen set of the n; is

much greater than that for the rejected one, and because the selected
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rotation measure is much lower in absolute value than the rejected one.

Code 2.-~The same as for code three, but both possibilities are of
comparable magnitude. Rejection is on the basis of goodness of fit
only.

Code l.--The same as for code three, except that bbth possibilities
fit equally well. Rejection is on the basis that one has a much higher
rotation measure than the other.

Code 0.--Reserved for special problems which are explained in the
notes to Table 3-2.

Some of the terms used here require a more complete definition.
"Well-separated" frequencies depend on the uncertainties of the observed
position angles. If the change in position angle:for, :say, a rotation-
measure of 100 rad/m2 between two frequencies is several times greater
than the standard error, then the fre@uencies can be considered well-
separated. That is, the two separate observations together help to elim-
inate some ambiguities with [RMl < 300 rad/m? which each taken separately
cannot do. Measurements at 1640 MHz and 1680 MHz with standard errors
of 15° are not significantly better than one measurement at 1660 MHz; the
two frequencies are not "well-separated'. Measurements at 1400 MHz and
1640 MHz with errors of 5° are. In practice, 6 cm, 10 cm, 18 cm, 21 cm
and 30 cm are usually well-separated regions, while frequencies within
these bands are not.

The low frequency observations at about 600 and 400 MHz are not
usually helpful. Occasionally, when the error is particularly lbw and

the circumstances are just right, one of these observations will relieve
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an ambiguity; but they usually do not. For a rotation measure of 200
rad/m? the polarization vector has already gone through 35 turns of 180°
by the time 400 MHz is reached. Often the data at 400 MHz can then be
changed by one multiple of 180° in either direction without affecting
the fit very severely. It is not then surprising that a n; can be
chosen to match low frequency data to almost any rotation measure. There-
fore, except in unusual circumstances, data at these frequencies cannot
be conéidered in determining whether a rotation measure determination is
of eode 6 or code 5 quality.

As described in the explanation of code six, a "good" fit is one
for which P(x2) is greater than 1%. This is a somewhat arbitrary divid-
ing line based primarily on the obsefvations that most fits were consid-
erably better than the 1% criterion, or considerably worse; i.e., either
P(x?) > 5% or P(x2) < 0.1%. Since there were only 354 rotation measures
determined, it seemed most unlikely that such a low P(x?) would be indi-
cated by a legitimate set of the n;. Doubtlessly some of those fits with
»P(xz) = 1% are in error, too, but there are not many with such a poor fit.

In cases where there were many points at or near the same frequency
one of three conditions would apply. The points would have the same
value within quoted uncertainties, leading to a good fit. One point
would be notably discrepant compared with the others; it would be dis-
carded, leading to a good fit. Finally, the points could indicate scat-
ter in considerable excess of their errors, indicating either a variable
source or over-optimistic error analysis. In such a case the P(x?) would

be expected to be quite low. If the scatter were sufficient to explain
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the value of P, the fit could still be considered "good", but a note
was added to that effect.

The other criterion for rejecting a particular rotation measure
was its magnitude, The distribution of the code six rotation measures
provides the guideline for the rejection of possibilities on this basis.
Figure 3-1 is a histogram of the distribution of the absolute values of
the code six rotation measures. The most striking aspect is that TO% of
the sources have an absolute value of the rotation measure less than 30
rad/m?, 86% are below 50 rad/m?, and only 3 (1.5%) have rotation measures
greater than 300 rad/m2. One would expect that if two possible values
for the rotation measure of a given source were 5.7 and -217 rad/m°, fhen
the former would much more likely be the correct value; and one would be
justified in eliminating the latter. If, however, the values were 5 and
25 rad/m?, there would be little basis for making such a choice. The set
of rotation measures presented in Table 3-2 does npt include any for
which there is no substantial reason for selecting a particular value.
Certainly the practice common in some of the earlier papers of selecting
a rotation measure on even a small difference in absolute.value has been
evoided, as has that of presenting rotation measures derived from only
two polarization measurements.

The distribution of the code six rotation measurements was also
used as a basis for selecting the 300 rad/m2 limit on the initial search
for fits and ambiguities. Some limit must be used merely to limit com-
putation time. In addition, no matter how excellent the data, no matter

how many points, it is always possible to find ambiguity if no limit is
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Fig 3-1.--Distribution of the code 6 rotation measures.
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plaéed on the rotation measure. For the-three frequencies observed in
the present work, errors of the order of 10° lead to ambiguities at

about %250 rad/m2. The next ambiguity occurs at well over TO0O rad/m2,
and is unlikely at best. The limit of 300 rad/m?® allows the first to

be examined. Of course, if no suitable rotation measure is found under
300, the search is extended until one is found or until it becomes appar-
ent that factors other than the magnitude are responsible for the failure.
Of the 35h rotation measures of Table 3-2, only 9 are greater than 300
rad/mz, and only two of these are greater than 400 rad/m?. In addition,
there are 5 sources for which enough data exists to allow one to expect

a well-determined rotation measure, but for which none has been found.
These are explained by structure effects and by curvature of the /A2
curve and will be exemined in detail later.

The distribution of the code six rotation measures is not without
its selection effects. First, as seen in figure L4-3, the distribution
of the code six sources in galactic coordinates is not gquite the same
as for the entire collection of sources. There are not as many code
six sources near the galactic equator where the Faraday rotation is
higher, thus one might expect a code 1 source to be more reliable if it
is some distance from the plane rather than in it. In fact, all the
code 1, 2 and 3 sources--the ones with ambiguities--are probably more
reliable at higher galactic latitudes. This will be kept in mind in
examining the various distributions in Chapter IV.

Another selection effect that may have importance is that there is a

basic difference between most of the code six sources and the remaining



92

ones. The code six sources require at least four independent measure-
ments, implying considerable work. In general, only those sources whiCh
are particularly strong or attracting interest by being somewhat peculiar
are apt to haVe sufficient data to be classified with the highest reli-
ability. There could, conceivably, be a correlation between the internal
rotation measure and its flux or type. Anyone attempting careful examina-
tions of the polarization characteristics of classes of sources should
consider this as a possible effect.

More should be said about the curvature of the ¢/A2 plot. As described
in Chapter I, internal Faraday depolarization can lead to a departure
from the A% law. An indication of curvature could be evidence of the
internal depolarizétion and could provide clues to the structure of the
source as discussed in detail by Burn (1966). Unfortunately determination
of curvature involves at least three parameters, and the typical polari-
zation data consist of only three points. Even apparent curvature can
be caused by scatter or variability. For only a few of the sources has
curvature beén reliebly detected, and this is indicated in Table 3-2.

Later a few of the more interesting sources will be examined in detail.
B. Rotation Measure Tables

Table 3-2 lists all the sources for which an at least partially unam-
biguous rotation measure is known, and is based upon all available polar-
ization data, including those presented in this work for the first time.
In addition to the polarization characteristics, other parameters of

interest are included for convenience and are used in various correlations
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presented in Chapter IV.

The first column contains the source and an alternate name. Source
names of the form '0003-00' are Parkes sources and are always in the
alternate name position. Sources belonging‘to the 3CR list are identi-
fied by a decimal point following the three digit number; the 3C sources
not on the 3CR list have no decimals (e.g., 3C032). Sources of the form
MO0-210 are MSH sources and B0511-30 indicates a sourcé of the second
Bologna list. The rest are self-explanatory.

The galactic coordinates 111 ana bII'comprise the second column.
The identification and redshifts, where known, constitute the next two
columns. The first part of the identification is the_visual magnitude,
and the second is the optical identification. The symbols are primarily
those used by Wyndham (1966) derived from the type notation of Matthews,
Morgan and Schmidt (1964). Some of the symbols are defined below:

I Highly obscured region with no galaxies visible. Identifi-
cation with an extra-galactic object is very unlikely.

II Obscured region with some galaxies visible. The field is
usually crowded.

III:. No.obscuration visible. There are objects within 30" of
the radio source position.

IV Blank field. No obscuration and no objects within 30" of
the radio position.

N N type galaxy.
E E type galaxy.

G A galaxy which is too faint to have been more completely
differentiated.

C Used as a suffix and indicates that the galexy is a member of
a cluster. When used as a prefix it indicates a super-giant
D galaxy in a cluster.
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