ACCURATE POSITIONS OF 644 RADIO SOURCES
By A. J. Sumvmins,* MARGARET E. CLARKE* and R. D. ExErs*
[Manuscript received May 9, 1966]

Summary

The right ascensions and declinations of 644 extragalactic radio sources
have been determined. For most sources the estimated error is less than 15” arc
in each coordinate. The sources were selected from the Parkes Catalogue of Radio
Sources for the declination range +20° to —90°.

I. INTRODUCTION

A series of surveys of discrete radio sources has now been made using the
210 ft radio telescope of the Australian National Radio Astronomy Observatory
at Parkes, N.S.W. (Bolton, Gardner, and Mackey 1964; Price and Milne 1965;
Day, Shimmins, Ekers, and Cole 1966; Shimmins, Day, Ekers, and Cole, paper in
preparation). These surveys have provided lists of radio source positions with an
accuracy of about 1’ arc in both right ascension and declination. While these
positions are accurate enough to make optical identifications with galaxies brighter
than 17™, more precise radio positions are required to confirm identifications with
fainter objects. For this reason, a new series of observations has been undertaken
to provide such positions. The telescope pointing errors, which have been discussed
by Bolton, Gardner, and Mackey (1964), can occur in both the equatorial and
altazimuth coordinate systems. Considerable improvement in positional accuracy
can be achieved by restricting the observations to a range of 24° in hour angle about
the meridian, so that the significant errors occur only as a function of zenith angle.
These errors were determined empirically for each day by observing a large number
of calibration sources over a wide range of zenith angles. The positions for the
calibration sources were either accurate radio determinations from lunar occultations
or the optical positions of established identifications. Additional correction, as a
function of right ascension, was necessary for some of the observations when extreme
daytime temperatures or high winds affected the telescope pointing.

Six hundred and forty-four sources were observed, of which 462 are north of
—33° (the latitude of Parkes). Most of the sources were selected from the Parkes
Catalogue of Radio Sources (references given above). The remaining sources, which
lie at those declinations between +20° and -27° for which the Parkes catalogue
is not yet complete, were taken from the Cambridge 3C catalogue (Edge ef al. 1959;
Bennett 1962) and the MSH catalogue (Mills, Slee, and Hill 1958). Initially, the
sources selected from the Parkes catalogue were those with flux densities greater
than or equal to 1-8x10-26 W m~2 (c/s)~! at 1410 Mc/s. Thus, apart from a few
sources with abnormally steep spectra, most of the objects had flux densities at
2650 Moc/s greater than 10-2 W m-2 (c/s)"L. Weaker sources were also included

* Division of Radiophysics, CSIRO, University Grounds, Chippendale, N.S.W.

Aust. J. Phys., 1966, 19, 649-85



650 A. J. SHIMMINS, MARGARET E. CLARKE, AND R. D. EKERS

where examination of the Palomar Sky Survey plates in the catalogue positions
had suggested the possibility of an optical identification.

II. EquremeNT UsED

The equipment used for these observations is a 210 ft reflector on an altazimuth
mounting. A “master equatorial” system provides coordinate conversion for
operation in equatorial coordinates (Bowen and Minnett 1962). The observations
were made at 2650 Mc/s using a degenerate parametric switched radiometer (Cooper,
Cousins, and Gruner 1964) with a system temperature of 150°K and an i.f. bandwidth
of 40 Mc/s. With an output time constant of 2 sec, the peak-to-peak noise fluctuations
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Fig. 1.—Typical transit record of a source of flux density 1-3 x 10-26 W m~2 (c/s)-1.
Vertical markers indicate tens of seconds in sidereal time.

were approximately 0-2 degK, and short-term receiver instabilities were of the same
order. The beam shape was approximately Gaussian with a width of 7'-5 arc at
the half-intensity points. A typical record for a source of flux density 1-3x10-26
Wm~2 (¢/s)~! at 2650 Mc/s is shown in Figure 1.

III. EXPERIMENTAL PROCEDURES

The observations were carried out in eight observing periods between May 1964
and September 1965. Calibration sources, distributed over a wide range of zenith
angles, were observed each day. The gain of the receiver was calibrated at intervals
throughout the observations by injecting a noise signal into the line between the
feed and the r.f. switch.



ACCURATE POSITIONS OF 644 RADIO SOURCES 651

(@) Right Ascension Measurements

The following method of making measurements of right ascension was used
in the first five periods. With the telescope locked on the meridian and set at the
appropriate zenith angle, a source was observed through transit. The receiver
output was recorded on a paper chart run at 3 inches per minute. Sidereal time
markers were recorded at 10 sec intervals on the same trace as the receiver output.

A different method was used for the last three observing sessions. The telescope
was set, under master equatorial control, to the declination of the source and in
turn to each of a series of hour angles within 23° of the meridian. Thus, a number
of drift scans were observed as the source crossed these pseudo-meridians. In the
case of weak sources, where the main source of error is receiver noise fluctuations,
the large number of observations more than offset the small errors introduced by
operating under master equatorial control.

(b) Declination Measurements

All the declination measurements were made under master equatorial control
and within 2}° hour angle of the meridian. The telescope was set to the right ascension
of the source, and several scans in declination were made at a rate of 0°-25 per
minute through the source position in each direction. The receiver output was
recorded on a paper chart run at 3 inches per minute. Markers were recorded on
the same trace at every 5’ arc in declination.

IV. ANALYSIS OF OBSERVATIONS

The records were all analysed by hand. For sources where the records showed
no sign of beam broadening or asymmetry, the apparent right ascensions or declin-
ations were determined from the centre of symmetry of the right ascension drift
scans or the declination drive scans. In some cases where there was evidence of a
small confusing source, or second component of a double source, an attempt was
made to estimate the positions of both objects. Table 2 (Section IX) contains
notes on all sources that appeared extended or in any way confused.

For the declination observations, the effect of receiver time constant and
backlash in the telescope drive are equal and opposite for scans made in opposite
directions. Where odd numbers of scans were made for a source, a correction equal
to half the difference between opposite scans was applied before the average of
the set was determined. In the case of the right ascension measurements, the set
of drift scans through the pseudo-meridians were averaged; effects of the receiver
time constant were removed by the calibration procedure described in Section V.

All the observed right ascensions and declinations were then reduced to epoch
1950-0, using the Independent Day Numbers as described in the Astronomical
Ephemeris.

The flux density of each source was obtained by measuring the peak amplitude
of the smoothed record relative to the baseline, which was averaged out to +15
arc from the centre of the source.
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V. CALIBRATION OF PoSITION MEASUREMENTS
(a) Right Ascension Measurements

The right ascension a of a source is given by

o = T+t +f(z)secd +g(t),

where

T is the observed transit time;

t is a time correction, which includes the receiver time constant and any
clock error;

f(2) is an unknown and slowly varying function of zenith angle, caused by
beam squint, structural distortions of the dish and feed system as the
telescope tilts, and any error in the telescope azimuth;

8 is the declination of the source;

g(¢) is a diurnal pointing error of the telescope, significant only when high
temperature gradients cause distortion of the turret structure of the
telescope.

The diurnal variation in pointing error, g(t), was significant in only two of the
observing sessions. ‘A preliminary estimate of the magnitude and form of g(¢) was
made by comparing the positions of sources common to both the affected series of
observations and other observations in which g(¢) was negligible.

The function f(z) was determined for all the observations using the positions
of the calibration sources listed in Table 1. There were sufficient strong calibration
sources on the northern meridian to calibrate each day’s observations independently.
South of declination —33°, where there are fewer good calibration sources, all the
observations were reduced to a standard session by comparing the measurements
of sources common to the different sessions. One calibration curve was then used
to calibrate all the measurements.

The zenith angle variation f(z) having been determined, the function g(f)
was re-evaluated using the calibration sources. It was found that a sinusoidal
variation with period 24 hr was the simplest form of correction consistent with the
observations.

Some sample calibration curves are shown in Figure 2. Figure 2(i) shows the cali-
bration of a single day’s observations north of the zenith as a function of zenith angle;
g(f) was negligible on this occasion. Figure 2(ii) shows the combined calibration
south of the zenith.

For the northern meridian, the r.m.s. scatter of the calibration sources about
the calibration curve was 5" arc, except for two days of unfavourable observing
conditions when it increased to 73" arc. Between —33° and —60° the r.m.s. scatter
was 7" arc, and south of —60° the scatter was 15" arc. These values are not signifi-
cantly different from those expected from random errors (see Section VI) and
uncertainties of calibration sources (quoted in Table 1).
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Fig. 2.—Differences between calibrator right ascensions (Table 1) and

observed radio right ascensions, plotted against declination: (i) typical

calibration for an observing session on the northern meridian; (ii) final

calibration for the southern meridian. Open circles are the mean of more

than one calibrator. Errors shown are due to receiver noise, uncertainties

in the calibrator right ascensions, and probable misalignment between optical
and radio centroids (Section VII).
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TaBLE 1
(@) POSITION CALIBRATORS NORTH OF DECLINATION —33°

I 2) (3) (4) (5) (6) (7
Parkes Other Right Ascension Declination Refer-
Catalogue Catalogue S50 Remarks*
Number Number h m s ° ’ 4 encesf
0021 —29 M 00—29 00 22 00-59(4-0-05) —29 45 27-4(4 1-0) 15 19 QSO 9
0051 —03 3C 26 00 51 35-3 (40-07) —03 49 51 (4 1-0) 1-1 19™ ¢ 7
0157 —31 MO01—315 01 57 58-3 (+40-4) —31 07 54 (+12) 2-1 19 QSO 1
0222 —23 M 02—27 02 22 46-2 (+0-4) —23 26 12 (412) 1-3 18m QSO 1
0240 —00 3C 71 02 40 07-10(+0-03) —00 13 31-5(4 0-4) 3-1 9-8™ SO 4
0316416 CTA 21 03 16 09-11(40.2) +16 17 40-3(4-10) 4-7 Occultation 2
0451 —28 04 51 14-0 (40-5) —28 12 36 (+12) 2-2 19™ QSO 1
051816 3C 138 05 18 16-5 (--0-06) +16 35 30 (4+ 1) 6-4 18™ QSO 8
0855414 3C 212 08 55 55-7 (£0-3) +14 21 23 (4 2) 1-4 Occultation 5
0915—11 Hydra A 09 15 41-2 (4+0-03) —11 53 04-4(4 0-4) 23-5 16 E 4
1040412 3C 245 10 40 05-89(0-06) +12 19 17-6(4 1) 2-0 Occultation 5
1226 4-02 3C 273 12 26 33-0 (4+0-1) +02 19 38 (4 2) 40-4 Occultation C 6
1327 —21 13 27 23-7 (4+0-1) —21 26 34-1(4+ 1) 1-1 17 QSO 3
1416 +06 3C 298 14 16 38-2 (£0-03) +06 42 21-6(4 0-4) 2-6 18 QSO (d) 4
1453 —10 14—121 14 53 12-3 (4+0-5) —10 56 30 (410) 2-4 Occultation C 5
1648 405 Herc A 16 48 40-0 (40-8) +05 04 35 (412) 21-9 9™ g 11
2115—30 M21—34 21 15 11-1 (40-1) —30 31 50-1(4 0-7) 1-3 17 QSO 3
2230+11 CTA 102 22 30 07-71(4-0-05) +11 28 22-8(4 1-0) 5-3 17 QSO 10

* ¢ indicates that an estimated centroid at 2650 Mc/s has been used
object (d) in the list of Griffin (1963); other abbreviations are as for Table 2 (see text, Section IX).
+ References to positions used are: 1, Bolton, Clarke, and Ekers (1965); 2, Clarke and Batchelor (1965); 3, Ekers and Bolton (1965);
4, Griffin (1963); 5, Hazard, Mackey, and Nicholson (1964); 6, Hazard, Mackey, and Shimmins (1963); 7, Sandage (personal communication);
8, Sandage, Veron, and Wyndham (1965); 9, Veron (personal communication); 10, Veron (1965); 11, Williams, Dewhirst, and Leslie (1961).

(quoted errors include errors in this estimation);

(d) indicates
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Fig. 3.—Differences between calibrator declinations (Table 1) and observed radio

declinations, plotted against declination: (i) typical calibration for an observing

session on the northern meridian; (ii) final calibration for the southern meridian.

Open circles are the mean of more than one calibrator. Errors shown are due to

receiver noise, uncertainties in the calibrator declinations, and probable misalignment
between optical and radio centroids (Section VII).
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(b) Declination Measurements

The declination & of a source is given by

8 = D+m(z)+n(t),

where
D is the declination indicated by the master equatorial;

m(z) is an unknown, smooth, and slowly varying function of zenith angle,
which includes the effects of beam squint, misalignment of the master
equatorial unit and distortion of the dish, feed system, and master
equatorial unit as the dish is tilted, and atmospheric refraction;* variation
in refraction owing to changes in temperature and pressure during the
observations was negligible;

n(t) is the time-dependent variation in pointing error analogous to g(¢) above.

m(z) and n(t) were determined by calibration procedures similar to those described
for the right ascension observations.

Some sample calibration curves are shown in Figure 3.

North of the zenith the r.m.s. scatter of the calibration sources about the
calibration curve was 5" arc, increasing to 73" arc when observing conditions were
unfavourable. The r.m.s. scatter between —33° and —66° was 7" arc, and south
of —60° it was 15" arc. ‘

VI. ERRORS IN POSITION MEASUREMENTS
The error e in right ascension and in declination has been calculated from
o2(8) 402 b
— (B % o)
t g

n

H
)

where
n, is the total number of scans of a source;

nq is the number of days on which the source was observed;

o, is the r.m.s. error in the determination of the centre of the source
profile relative to the sidereal time markers or to the declination indicators
of the master equatorial unit;

o,(8) is the r.m.s. error, for a source of flux density S, due to receiver noise;
op is the r.m.s. error due to small changes in the dish and feed system;

0oa(d) is the r.m.s. error, for a source of declination §, in calibrating the
measurements.

Analysis

For the strong sources, for which the effects of receiver noise are negligible,
the uncertainty in the determination of the centre of the scan is about 2" arc, and,
as there are also slight irregularities of about 2” arc in the positions of the markers
on the records, for these sources the total uncertainty is about 3” arc.

* For normal operation, electrical compensation is injected into the error detection system
to correct for refraction. This compensation was disconnected for the declination measurements,
since it could have been a source of additional error.
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Receiver Noise

The error due to receiver noise was estimated by calculating the r.m.s. scatter
between successive declination scans of a source and between successive drift scans
when multiple transits were observed. These scatters, plotted as a function of
flux density, are shown in Figure 4. They include the 3” arc error, independent of
receiver noise, discussed above.

w
=
I

RMS. error per scan (sec arc)
5 S
T T

| 1 ! | J
0 1-0 20 3-0 4-0 50

Flux density at 2650 Mc/s (10-26 W m-2 (c/s)'l)

Fig. 4.—The r.m.s. receiver noise error per scan plotted against flux density at 2650 Mc/s.

Random Pointing Errors

The magnitude of the random pointing errors was estimated from a number
of cross comparisons of different series of observations, using the measured positions
of sources common to two or more series after systematic variations with right
ascensions and declination had already been eliminated. This error was always greater
than that expected from noise alone. After allowing for the estimated error due
to noise, the residual scatter was calculated for each day’s observations. This error
varied from 6" arc in right ascension and 4” arc in declination for most observations
to 12" arc in right ascension and 7” arc in declination for the observations made in
unfavourable conditions.

Calibration Errors

The uncertainty in each calibration curve was estimated as a function of
declination from the scatter of calibration sources about the calibration curve in
different ranges of flux density. The calibration uncertainty for both right ascension
and declination varies from about 2” arc north of declination 0°, where there is a
number of small diameter radio sources with accurately known positions, to 15" arc
south of declination —40°, where the calibrators are mainly sources identified with
galaxies brighter than 17m. For sources south of —40° the calibration error is
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the most significant. A re-evaluation of the present results will be worth while
when better calibration sources are available.

Short-period Errors in the Master Equatorial

Errors that occur in declination over a range less than 10° still remain after
calibration. The results of the optical measurements made for the initial calibration
of the master equatorial, and other accurate position measurements (Roberts and

(i_) rms. (Aee) = 10"
15+
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4 L . H M 1 A 1 M )
5 —60 —-40 -20 0 20 40 60
<] . . .
2 Difference in right ascension (Aa) (sec arc)
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4
(ii) rms. (A8)= 95"
15
10
5 -
ol 1 1 1 1 H LM
—60 —40 -20 0 20 40 60

Difference in declination (A8) (sec arc)

Fig. 5.—Histograms of differences between optical and radio positions for
quasi-stellar objects, in (i) right ascension and (ii) declination.

Ekers 1966), have indicated that these short-period errors are less than a few seconds
of arc. Since the scatter of the calibration sources in the present observations is
not significantly greater than expected from a consideration of the errors discussed
above, short-period errors have been ignored.
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Complex Brightness Distribution and Confusion

No allowance has been made for confusion, since the density of sources to
the level of the receiver noise is 1 per 400 beam areas. Notes are given in Table 2
(Section IX) in cases where there is a complex brightness distribution or a nearby
confusing source. The uncertainty in position for the affected sources was estimated
subjectively.

15
(i) rm.s.(Aa) = 11
10}
51
0 [ 1 [_‘ M 1 1 L A 3 1
§ —60 —40 -20 0 20 40 60
3 Difference in right ascension(Aa) (sec arc)
n
]
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-8
E
“1s5r
(i) rms.(A8) = 137
10F
5 -
0 ['I I"I I 1 I—I I 1 I I 1 l ]
—60 —40 -20 0 20 40 60

Difference in declination(A8) (sec arc)

Fig. 6.—Histograms of differences between optical and radio positions for identified
galaxies fainter than or equal to 17™, in (i) right ascension and (ii) declination.

Total Error

Two-thirds of the sources observed have errors of less than 15" arc in right
ascension and less than 12” arc in declination.

VII. PositioN CoMPARISON WITH OPTICAL IDENTIFICATIONS

The optical fields of all the sources observed in this program with declination
north of —44° have now been examined on the plates or prints of the 48 in. Palomar
Sky Survey. Most of the results of this optical search have been published: declinations
—20° to —44° (Bolton, Clarke, and Ekers 1965; Bolton and Ekers 1966a), declin-
ations 0° to +20° (Bolton and Ekers 1966b; Clarke, Bolton, and Shimmins 1966),
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and declinations 0° to —20° (Bolton and Ekers 1966¢). Brief optical data for these
identifications are included in Table 2. These include identifications and optical
data originally published by other authors, but no references are given here since
further details are given in the publications quoted above.

A comparison between the optical positions and the radio positions measured
in these observations has been made. The results are shown in Figures 5, 6, and 7,
which show the distributions of the differences between the optical and radio
positions. For the quasi-stellar objects, the 10” arc r.m.s. scatter of the differences

151
(i) rms.(Aa)= 177
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» I_1 1 1 1 1 1 1 ]
8 —60 —40 -20 0 20 40 60
§ Difference in right ascension(A) (sec arc)-
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Z 15r
(ii) rms. (A8)= 17"
101
5 -
ol 11 I ] 1 1 | I O J
—60 —4 =20 0 60

leference in declmatlon(AS (sec arc)

Fig. 7.—Histograms of differences between optical and radio positions for identified
galaxies brighter than 17, in (i) right ascension and (ii) declination.

between the optical and radio positions in each coordinate can be attributed entirely
to the uncertainty of at least 6” arc in the optical positions estimated from the
Palomar Sky Survey prints and the average error of +8” arc in the radio positions.

The r.m.s. scatter for galaxies fainter than 17™ is 12” arc and for galaxies brighter
than 17™ is 17" arc. Since the accuracy of the radio positions is independent of the
type of identification, the increasing scatter with increasing brightness indicates a
real discrepancy in radio and optical centroids.



POSITIONS OF RADIO SOURCES NORTH OF DECLINATION —33°

TABLE 2(a)

1) (2) (3) (4) (5) (6) (7 (8) (9 | (10) { (11) (12) (13)
Est. Est.
Parkes Other Right r.m.s. I\i?' No. r.m.s. I\Z)?' No.
Catalogue | Catalogue . Error of Declination | Error of S50 Identification Remarks
Number | Number Ascension in R.A. Days Scans in Days Scans
Obs. Obs.
Dec.
h m s s 7 ° c ”
0000 —17 00—11 00 00 47-9 0-7 10 1 4 —17 43 54 9 1 2 1-4 17-56™ g
0002 412 00 02 17-9 1-5 22 3 3 +12 31 59 9 1 4 0-8 19-5™ ¢
0003 —00 3C2 00 03 48-6 0-7 10 2 2 —00 20 57 12 1 3 2-3 QSO
0007 412 00 07 18-2 1-2 18 3 3 +12 27 59 9 1 4 1-0 17-7= E3
0010+-00 3C5 00 10 36-0 0-8 12 3 5 +00 34 56 8 2 5 0-9
0016 —12 3C8 00 16 16-6 0-9 13 1 2 —12 59 19 13 1 6 1-3
0017 +15 3C9 00 17 50-0 1-5 21 1 1 +15 24 18 9 1 6 1-1 18-2m QSO
0019 —00 00 19 51-3 0-7 10 1 3 —00 01 30 9 1 2 1-8
0020 —25 00—27 00 20 38-7 0-9 13 2 2 —25 18 56 11 1 6 1-3
0020 —08 00—06 00 20 46-9 2.1 31 1 2 —08 02 24 24 1 4 0-4
0021 —29 00—29 00 22 00-2 0-8 11 3 6 —29 45 25 8 3 20 1-6 20m QSO
0023 —26 00—210 | 00 23 17-9 0-8 11 2 2 —26 18 45 9 1 4 5.6
0030419 3C 12 00 30 01-2 0-8 11 2 2 +19 37 34 10 1 2 1-2 19 D?
0032 —20 00—216 | 00 32 38-1 1-1 16 2 2 —20 20 18 13 1 6 0-9
0033 +18 3C 14 00 33 29-3 0-7 10 2 2 +18 21 37 13 1 4 0-9
0034 —01 3C15 00 34 29-9 1-0 15 1 1 —01 25 32 9 1 4 2-6 18m  EO
0035413 3C16 00 35 08-8 2-1 31 1 1 +13 03 35 12 1 3 0-9
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VIII. FLux DENSITY MEASUREMENTS

Since flux densities at 2650 Mc/s have not been previously published for some
of the sources, and since the observations were all made under similar conditions
with constant feed angle (E = 0°), the measured flux densities are given here
(Table 2). The flux density scale was calibrated by assuming that the flux density
of Hydra A was 23-5x10-26 W m~2 (¢/s)~2. The average value of the error in the
flux densities was 89,, as estimated from comparisons between measurements of
the same source on different occasions.

IX. TABULATION OoF RESULTS

The results of the work described in the present paper are contained in Table 2,
which is presented in two parts; the results for sources north of the zenith are given
in Table 2(a) and for those south of the zenith in Table 2(b). Information concerning
the use of this table is given below.

Column 1.—Source number from the Parkes catalogue of radio sources.

Column 2.—Other catalogue number.

Column 3.—Measured right ascension (epoch 1950-0).

Column 4—Estimated r.m.s. error in right ascension, given in both seconds of
time and seconds of arc.

Column 5.—Number of days on which right ascension measurements of the source
were made.

Column 6.—Total number of drift scans used in deriving the final measurement of
right ascension.

Column 7.—Measured declination (epoch 1950-0).

Column 8. —Estimated r.m.s. error in declination, in seconds of arc.

Column 9.—Number of days on which declination measurements of the source were
made.

Column 10.—Total number of scans used in deriving the declination.

Column 11.—Measured flux density at 2650 Mc/s, in units of 10-26 W m~2 (¢/s)—1.
Column 12.—Type and estimated photographic magnitude for optical identifications.
E: elliptical galaxy; D: spherical galaxy with extended envelope; SO: spherical
system with dust lane; db.: dumb-bell or double system; N: compact galaxy with
very bright nucleus; g: galaxy too faint for identification; QSO: confirmed quasi-
stellar object; QSO?: suspected quasi-stellar object.

Column 13.—Remarks and miscellaneous data.

For a few sources measurements were made in one coordinate only. The
other coordinate, taken from the Parkes catalogue, has been included and is bracketed
to distinguish it from the present observations.
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