THE LINEAR POLARIZATION OF RADIO SOURCES BETWEEN 11 AND
20 CM WAVELENGTH

I. OBSERVATIONS
By F. F. GARDNER,* D. Mogrgis,* and J. B. WHITEOAK*
[Manuscript received August 26, 1968]

Summary

Observations are presented of the linear polarization of 366 sources observed
with the Parkes 210 ft telescope at frequencies of 2650, 1660, and 1410 MHz. Para-
meters derived from the results, namely rotation measure, intrinsic polarization
angle, and depolarization, are tabulated together with other pertinent physical
properties. The source list includes 64 quasars, 119 radio or normal spiral galaxies,
and 31 galactic objects; the remainder are unidentified objects or doubtful

identifications.

I. INTRODUCTION

During the last few years, several investigations of the linear polarization of
discrete radio sources have been carried out with the Parkes 210 ft reflector. They
range from the initial limited 20 cm observations of Gardner and Whiteoak (1962)
to an extensive survey at wavelengths between 11 and 74 cm (Gardner and Davies
1966). The need for more observations to fainter flux limits became apparent with
the discovery that the galactic distribution of the Faraday rotation of polarization
reflected the distribution of line-of-sight components of the galactic magnetic field
(Gardner and Whiteoak 1963). In addition, a considerable number of the faint
sources at decimetre wavelengths are quasars; a comparison of their polarization
properties with those of radio galaxies has some bearing on the validity of the unified
theory of source evolution proposed by Heeschen (1966) and Ryle and Longair
(1967).

The present survey provides polarization data at 11, 18, and 20 cm for 366
sources with declinations less than +27°. In addition to data for sources hitherto
unobserved for polarization, the results include the more reliable observations of
previous investigations at Parkes and new observations to improve the previous
data of lesser quality. Of the sources, 64 are quasars, 119 are associated with radio
or normal spiral galaxies, 31 are galactic objects, and the remainder (152) have
doubtful or unknown identifications.

In this paper the observations are presented together with associated source
properties; interpretation of the results will be discussed elsewhere (Part 1I, present
issue pp. 107-19; Gardner, Morris, and Whiteoak, unpublished data).
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II. OBSERVATIONAL DETAILS

The main characteristics of the receiving systems are listed in Table 1. At
2650 MHz, the feed system had a greater illumination taper and a more circular
beam than that used by Gardner and Davies (1966), and the secondary beamwidth
was consequently greater than their value (7'-5 by 7'-2). At 1660 MHz the polarized
radiation was measured by switching between orthogonal polarizations (Gardner,
McGee, and Robinson 1967) at a rate of 140 Hz while the feed system and receiver
front end was rotated through 360°. The source intensity was given by the total
power output; the relative gains of switched and total power channels were
established by means of a calibration signal from an argon discharge tube that was
injected in series with one probe.

TABLE 1
GENERAL CHARACTERISTICS OF THE RECEIVERS

Central LF. System Noise

Frequency Bandwidth Temperature Feed System Bea,m}w1dth
(MHz) (MHz) (°K) 0
2650 50 180 Flared circular horn with 8-3
choke rings
1660 10%* 400 Dual-mode circular horn 12-0
1410 10 150 Double-dipole unit 14-1

* Double sideband receiver with passband centres 20 MHz apart.

The general details of the techniques of polarization measurement have been
given by Gardner and Davies (1966). The basic differences for the observations under
discussion were as follows:

(1) Full 360° rotations of the linearly polarized feed system were made in all cases
to facilitate the removal of any spurious variation with a 360° period. The
receiver output was recorded on paper tape at 5° intervals of rotation and, by
means of a CDC 3200 computer, a sinusoid of period 180° was fitted to the
results. At 2650 and 1410 MHz rotating joints were incorporated and feed
rotations were carried out in only one sense. At 1660 MHz, because of the
necessity for cable connections to the rotating package, forward and reverse
rotations were made at each telescope position.

(2) With the improved feed system at 2650 MHz, correction for the variation
of gain with rotation was unnecessary, since the effect was less than 0-39
compared with the value of 1-3%, that previously existed.

(3) At 1410 and 1660 MHz the principal source of error was due to galactic back-
ground variation. To minimize this effect, the source polarization was deter-
mined relative to adjacent positions 420" from the source in declination and
4-2m (or 2m sec & for Dec. § less than —45°) from the source in right ascension.
The sequence of observations was such as to minimize the variation in zenith
angle during a set of “on-source” and comparison “off-source” observations.
This technique reduced the errors from galactic background polarization
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considerably below those of Gardner and Davies (1966), who used off-source
positions 4-4m from the source in right ascension. Prior to each polarization
observation, the telescope was pointed at the source by determining the
direction of maximum source intensity to an accuracy of a few tenths of a
minute of arc. Therefore, for small diameter sources no spurious polarization
could result from the source being observed off-axis.

The observations were obtained during a period of moderate and increasing
solar activity, and at the lower frequencies, particularly for daytime observations,
it was found necessary to correct for the Faraday rotation produced by the terrestrial
ionosphere. The rotation {2 was calculated from the formula for a thin plane iono-
sphere located 400 km above the Earth, namely

0Q = —0-33 Br,A%tsecz(foF2)2 radians .

Here By, is the line-of-sight magnetic field (in gauss) in the direction of the source,
A is wavelength in metres, z is the zenith angle, ¢ is the thickness in units of 1000 km,
and foF is the ionospheric critical frequency in megahertz. Values of By and the
diurnal and seasonal variations of ¢ were obtained from satellite observations.*
The values of foFg were taken from the Series D publication of the Australian
Tonospheric Prediction Service.

The observed sources generally had flux densities exceeding 1-5fu. at
2650 MHz or 2-5 f.u. at 1410 MHz. For declinations south of 420°, they were mostly
selected from the Parkes catalogue (Bolton, Gardner, and Mackey 1964; Price and
Milne 1965; Day et al. 1966; Shimmins et al. 1966). Additional sources were chosen
from other catalogues of regions not observed at Parkes, e.g. near the galactic equator,
and from some hitherto unpublished Parkes data.

III. RESULTS

The observations are listed in Table 2. Column 1 contains the catalogue
numbers as they appear in the Parkes Catalogue of Radio Sources (1969). Apart
from individual components of a single source which are grouped together, the listing
is in order of increasing right ascension. The new galactic coordinates of the sources
are given in columns 2 and 3. The remaining ten columns show for each of the three
frequencies of observation: the percentage polarization (P); the direction of polari-
zation (P.4.), i.e. the position angle of the electric vector measured east of north;
and the peak flux density (S) that was observed during the polarization measurement.
An additional column (7) is shown for the 1660 MHz data, because several sources
with high Faraday rotation were also observed at nearby frequencies f to eliminate
ambiguities of rotation measure. The flux densities are on the scale adopted by
Kellermann (1964). The asterisks appearing with the polarization data at 1410 MHz
indicate that the variation of background polarization near the sources may have
resulted in an incorrect source polarization.

A comparison of polarization results for sources observed both at Parkes and
by investigators at the California Institute of Technology (Morris and Berge 1964;

* Kindly communicated to the authors by Mr. B. Armstrong, Upper Atmosphere Section,
CSIRO, Camden, N.S.W.
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Maltby and Seielstad 1966) and at the U.S. Naval Research Laboratory (Bologna et al.
1965) is shown in Figure 1. The results of the comparison are listed in Table 3. At
1410 MHz, the median values of the position angle differences may result from the
absence of corrections for ionospheric rotation in the CIT and NRL data. At 2650 MHz,
however, the value must be due to some other systematic effect. The asymmetry
in the distribution of AP.A4. for the (NRL-Parkes) comparison may be due to a residual
instrumental polarization, presumably in the NRL transit observations with the
300 ft telescope, since the presence of this effect in the 210 ft observations would
mainly be reflected in an increased scatter in the comparison plot.

90 - 90y,
30+

301

-30}

AP.A. (CIT-Parkes)
o

AP.A. (CIT-Parkes)
(=]

AP.A. (NRL -Parkes)

-60} -60[

I

AP (CIT-Parkes)
(=)
AP (CIT-Parkes)
o
t
AP (NRL-Parkes)

zor (a) L. 201 (b)

0 5 10 15 0 4-0 80 0 40 80
11 cm percentage polarization (Parkes) 20 cm percentage polarization (Parkes)

Fig. 1.—Comparisons between California Institute of Technology (CIT) and U.S. Naval Research
Laboratory (NRL) observations with Parkes observations of () 11 cm and (b) 20 cm polarizations.

Quantities derived from the observations together with other pertinent source
properties are listed in Table 4. Columns (2)—(5) concern the polarization observations.
The polarization ratio D (column 2) is P(1410)/P(2650); the values in parentheses
are considered somewhat doubtful and are not used in analyses of the results. For
column 3, the rotation measure Ry (Gardner and Whiteoak 1963) is the rate of change
of position angle of polarization with (wavelength)2 between 11 and 20 cm. For isolated
cases, the 5000 MHz observations of Morris and Whiteoak (1968) were used to remove
ambiguities. In column 4, the intrinsic direction of polarization 6o is given by extra-
polation of the Faraday rotation curve to zero wavelength. The numbers 1, 1—,
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and 2 in column 5 indicate the reliability of the corresponding values of Ry and
bo; high reliability is designated “1”. An asterisk shows that only two frequencies
were used for the Faraday rotation curve and that the listed value of Ry was numeri-
cally the smallest possible. For sources more than 30° from the galactic plane the
results are probably unambiguous.

Columns 6 and 7 contain spectral data. The spectral index « is defined by the
relation flux density oc (frequency)~=. For the calculation of «(408, 1410), the spectral
index between 408 and 1410 MHz, flux densities at 408 MHz were generally obtained
from the Parkes catalogue. The spectral curvature C' (column 7 ) is defined as
(1410, 2650) — «(408, 1410). Tt is positive for a spectrum that steepens with frequency
(on a log{flux density}-log{frequency} basis). In determining spectral indices the
flux densities of sources moderately extended compared with the 2650 MHz beam
have been corrected for the effect of partial resolution. For more extended objects,
it was felt that integrated flux densities could not be calculated with sufficient
accuracy, and no spectral indices were derived. Spurious positive curvature would
result if resolution corrections were neglected.

TaBLE 3
COMPARISON OF POLARIZATION OBSERVATIONS

AP.4. (°) AP (%)
. f ] Lower Upper . Lower Upper
Comparison (MHz) ~ Median o tile Quartile ~ Median o tile Quartile
CIT-Parkes 2650 —2 —8 4 0-2 —0-5 1-1
CIT-Parkes 1410 2 -7 12 0-0 —0-5 0-3
NRL-Parkes 1410 2 —13 7 0-1 —0-7 0-4

Columns 8-14 refer to source characteristics that may be related to polarization.
Columns 8 and 9 show source dimensions in minutes of arc and the corresponding
reference number to the source of information given in the footnote to the table.
Values derived from studies of interplanetary scintillation (such as for PKS 0003 —00)
are usually shown at the fraction of the total intensity I that is contained within a
specified angular size. The letters “H” and “C” are associated with halo and core
dimensions respectively; values in parentheses refer to the position angles at which
the listed dimensions were determined. A considerable proportion of the sources
appear to be double in nature. They are described as follows: angular dimension(s)
of one component, angular dimension(s) of the other, component separation (sep),
direction of major axis (p.a.). Various forms of this nomenclature arise depending on
whether the components are considered to be elongated, of the same size, or of
undetermined size. Alternatively, the source may have been observed only at a single
position angle so that the direction of the major axis is unknown. For sources com-
prising three or more major components only the maximum separation (max. sep.)
is generally quoted. The appropriate references are listed in the footnote to the
table; many of them comprise compilations of data and are not necessarily the
original investigations.
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Source identifications and associated reference numbers are given in columns
10 and 11. Data without references were kindly provided in advance of publication
by J. G. Bolton. Objects considered as galactic are shown as ‘“‘galactic”, “HII"”,
“S.N. rem.”, or merely by name. The significance of the roman numerals is explained
in Bolton, Gardner, and Mackey (1964). Apart from double galaxies (db), Seyfert
galaxies (Sey), and galaxies of unknown type (g), the symbols are self-explanatory.

Redshift data and corresponding reference numbers are shown in columns
12 and 13 respectively. Redshifts without references are from unpublished data
supplied by J. G. Bolton.

The division of sources into scintillators (sc) or non-scintillators (n) is shown in
the last column. The results in parentheses refer to sources observed only by Cohen,
Gundermann, and Harris (1967). The remainder were derived by observations at
Parkes (Whiteoak, unpublished data); for sources also observed by Cohen, agreement
is excellent. Low frequency studies of interplanetary scintillation for sources within
about 50° of the Sun are most useful for a coarse discrimination of angular size
(Hewish, Scott, and Wills 1964). The Parkes observations, available for about 409, of
the sources in the table, were obtained mostly at 154 MHz. On several occasions
additional observations at frequencies ranging from 408 to 2650 MHz were recorded.
The higher frequencies provided scintillation data for flat-spectrum sources too faint
at 154 MHz for observation. For a source shown as a scintillator, it generally holds
that at least 309, of its total intensity at 154 MHz emanates from a region of angular
size less than 0”-3. Although the selection of sources for scintillation study was
based mainly on flux densities at 408 MHz, it is believed that most sources listed as
non-scintillators are sufficiently intense at 154 MHz for the lack of detected scin-
tillations to be physically significant.
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